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Preface
 

The application of biotechnology in food sciences has led 
to an increase in food production and also enhanced the 
quality and safety of food. Food biotechnology is a dynamic 
field and the continual progress and advances in the field 
has not only dealt effectively with the issues relating to food 
security but also augmented the nutritional and health 
aspects of food. Food biotechnology, which began with 
exploring the role of microbes in fermentation of food, has 
now progressed to increasing the shelf life of food and 
enhancing the flavour of fermented foods. In recent years 
there has been a shift in the focus of biotechnological 
progress to find new approaches in food fermentation 
and develop multifunctional microorganisms to improve 
the nutritional and health benefits of foods. The use of GM 
foods with both technological and nutritional benefits is 
timely and relevant. The advent of modern biotechnology 
in food sciences has not been free of controversies and 
ethical issues. In the next few years food biotechnology 
will be all about improving food production and its 
quality and safety by using cutting-edge technologies 
and state-of-the art techniques. Biotechnology and its 
application in foods will undeniably offer great potential 
for developing novel food products and processes in the 
food industry. 

Advances in Food Biotechnology covers safety, quality 
and security aspects of biotechnological approaches in 
food. As food biotechnology is a wide subject, important 
issues that appeal to food scientists are covered in this book. 
The topics are multidisciplinary, covering subjects such as: 
advances made in the field of fermentation technology; 
progress in the development of functional foods and nutra
ceuticals; the application of enzymes in the food industry; 
techniques that are gaining importance in food processing 
without altering quality of the food; genetically modified 
foods with technological and nutritional benefits; and 
safety aspects of foods with respect to the detection and 
control of food-borne pathogens. The contributions on 
these topics are from the experts in the field. Although 
food biotechnology is a vast field, all the important aspects 
of food biotechnology have been covered by focusing on 
recent advances and providing a perspective on future 
trends in the field. This book provides comprehensive 

and exhaustive information and suits the needs of the 
targeted audience. 
The contents of the book are divided into seven parts. 

Each part has many chapters, each introducing, discussing 
and exploring the recent advances, current challenges and 
future trends of that particular field. 
Part I deals with global food security, and asks whether 

genetically modified organisms can provide the solution 
to the food security issue. Apart from improving food 
safety and quality, the major challenge for the food 
scientists has been to improve food production. Scientists 
are focusing on GM crops and transgene technology to 
solve the food security crisis. In this part, the use of 
GMOs to increase the quantity and nutritional quality of 
food, risk assessment of GM foods and also the ethical 
issues concerned with their application in food are 
reviewed. 
In Part II, the application of enzymes in the food industry 

has been discussed. The use of enzymes in the food industry 
and their role in food processing to improve the quality of 
foods are discussed. 
Part III covers the recent advances in fermentation 

technology. The use of rDNA technology and the ever-
increasing application of omics technologies to improve 
starter cultures and strain development are discussed. 
In Part IV, functional foods and nutraceuticals and 

their corresponding nutrition, health and safety aspects, 
their mechanisms of action and health benefits are 
analysed. 
Part V covers the subject of valorization of food wastes 

using biotechnology. The byproducts and wastes generated 
from food processing industries are valorized to obtain 
commercially valuable substances. Valorization of food 
products is an environmentally friendly process and has 
the potential to generate economically valuable products 
that can be reused in the food industry as starters, nutra
ceuticals and bioactives. 
The latest tools and molecular techniques used to detect 

and control food-borne pathogens and their toxins are 
discussed in Part VI on food safety. The various novel 
strategies that are being developed to combat pathogens and 
enhance food safety and quality are described. 
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Finally, Part VII deals with emerging techniques in food 
processing. Innovative techniques used in processing, 
packaging and preserving foods, both to maintain their 
integrity and improve their nutritional quality, are discussed. 
Advances in Food Biotechnology covers the fundamental 

aspects of food biotechnology from the perspectives of 
safety, security and quality of food. Important issues in the 
field are exhaustively covered by expert contributors. This 
book is valuable reference material for graduate students, 

researchers, scientists from food industry and food policy-
makers. 
I would like to thank all the authors for sharing their 

knowledge and expertise. My sincere thanks goes to my 
doctoral student Miss Jamuna Bai A for her immense help 
during the preparation of this edition. 

Dr. Ravishankar Rai V. 
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1.1 Introduction 

Human health can be directly attributed to the nutritional 
content of plants grown as food crops. The biologically 
active compounds found in food crops are high in number 
and wide in diversity. Food crops can however be nutri
tionally enhanced to improve the content and bio
availability of these essential nutrients. One approach 
that is rapidly gaining momentum is through the use of 
biotechnology. Specifically, plants can be genetically modi
fied to produce higher levels of much-needed vitamins and 
minerals. This chapter describes some of the recent advan
ces in agricultural biotechnology that has been undertaken 
to improve human health. 

1.2 The Case for Biofortified Food 

Currently, 1 billion people or 1 out of every 7 who live on 
this planet do not get enough food to eat each day. In fact, 
40% of the human race suffers from ‘hidden hunger’ or 
malnutrition resulting from the lack of essential micro
nutrients in their daily diet. In most cases, people who suffer 
from malnutrition consume meals which centre around a 
staple crop such as rice, maize or cassava but the wide 
variety of fruits and vegetables that are required in a healthy 
diet are either unavailable or unaffordable. Almost two-
thirds of childhood deaths worldwide are the result of 

nutrient deficiencies such as vitamin A, zinc and iron. 
The situation is confounded by the fact that the world’s 
population is expected to reach 10 billion by 2050, and the 
vast majority of this population increase will most likely 
take place in the developing countries. The looming spectre 
of climate change will present even greater challenges with 
respect to achieving global food security, through the 
increase of abiotic stresses such as drought, salinity and 
severe temperatures. One step towards providing relief 
from hunger and malnutrition will involve the introduction 
of nutritionally enhanced food crops. 
Traditionally, foods have been nutritionally enhanced 

through biofortification via a series of international efforts 
that involve providing the missing nutrients in the form of 
supplements. While some improvements have been made 
in the health and welfare of people who live in developing 
nations, the outcome still falls well short of the mark of 
the goals that have been set out by health organizations. 
Food supplementation and fortification programs can be 
expensive, and there is often an unacceptably high level of 
non-compliance among the populace that it is meant to 
help. To address the shortcomings with respect to acces
sibility to supplementation, the process of biofortification 
(i.e. the delivery of essential vitamins and minerals 
through micronutrient-dense crop) offers an approach 
that is at once more cost-effective, sustainable and realis
tic. Biofortified crops can be generated by traditional 
plant breeding or through the use of biotechnological 
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approaches such as the production of transgenic plants. 
Currently, many of the world’s staple food crops such as 
rice, wheat and maize are under development to produce 
higher levels of the most important micronutrients that are 
frequently at an insufficient density in the diets of devel
oping world, including the vitamin A precursor β-caro
tene, folate and iron (Mayer et al. 2008). 
The generation of biofortified plants requires some 

knowledge of the micronutrients themselves. While vita
mins are organic molecules that are plant-made, minerals 
are inorganic compounds that are taken up by the plant from 
the soil and by the plant for storage. Biofortified plants must 
also be able to generate high yields, so that they can benefit 
both the farmer and consumer alike. Regardless of whether 
the plant itself contains high concentrations of a particular 
micronutrient, the micronutrient also has to be readily 
bioavailable, or absorbed and utilized by the body, so 
that micronutrient status is improved in human subjects. 
These improvements in micronutrient status must be main
tained in the cultural processing and cooking practices of a 
particular culture. Finally, the biofortified crop must be 
accepted by communities and readily adapted by farmers in 
significant enough numbers to improve the general nutri
tion of a given population (Bouis et al. 2011). Successful 
implementation of all of these points will enable remote 
populations with a less-than-adequate infrastructure to 
have a fighting chance of securing better nutrition and a 
better life. 
The following sections provide examples of some of the 

biofortified food crops that are under development today. 

1.2.1 Biofortified Rice 

Three million pre-school-aged children have visible eye 
damage as a result of vitamin A deficiency. Each year, 
approximately 500,000 of these will go blind and two-
thirds will die shortly afterwards. β-carotene, the precursor 
molecule required for vitamin A biosynthesis, is not found 
in cereal grains such as rice. As a result, many with a largely 
monotonous diet such as poor SE Asians are at risk. Golden 
Rice, designed by Potyrus and co-wokers, provides a 
biotechnological solution to reduce diseases related to 
vitamin A deficiency. This transgenic crop, named for its 
golden colour when compared to conventional white rice 
due to its β-carotene content, was engineered with two 
genes from other organisms (daffodil and the bacterium 
Erwinia uredovoia) which reconstitute the carotenoid bio
synthetic pathway within the rice genome (Sperrotto et al. 
2012). The beta carotene loci can be transferred into high-
yielding local commercial cultivars via marker-assisted 

back-cross-breeding, and this has taken place in areas of 
great need within rice-based societies such as India, 
Bangladesh and the Philippines. 
Golden Rice represents the first in the line of transgenic, 

nutrient-rich crops that could act as a powerful tool against 
malnutrition. Biofortified crops such as Golden Rice could 
reach remote rural populations and provide essential 
nutrients for those not reached by supplementation programs. 
Similarly, high beta-carotene-biofortified maize, sweet 
potato and cassava have also been generated to combat 
vitamin A deficiency in Africa (Tanumihardjo et al. 2010). 

Other biofortification practices of rice through modern 
biotechnology are also underway. Iron deficiency affects 
one-third of the human race and impairs physical growth, 
mental development and learning capacity. Transgenic rice 
with increased ferritin content was demonstrated to replen
ish haemoglobin and liver iron concentrations in studies 
using rats as an animal model. Ferritin represents a storage 
centre for iron. Other genetically engineered japonica rice 
plants have been developed with six times the iron content 
of their non-transgenic counterparts by inserting plant 
genes encoding the iron transport protein, nicotianamine 
synthase, and ferritin into the rice genome. These two genes 
allow the rice plant to synergistically absorb more iron from 
the soil, where it can accumulate within the rice kernel. A 
third gene engineered into this rice line, encoding phytase, 
also prevents the plant antinutrient phytate from inhibiting 
iron absorption into the intestine, and increases the iron 
bioavailability of the plant (Gómez-Galara 2010). These 
experiments offer the possibility that this may be a feasible 
means by which to address iron deficiency in populations 
who use rice as a staple (Xudong et al. 2000; Murray-Kolb 
et al. 2002; Paine et al. 2004; Liu et al. 2008). Other groups 
have fortified rice with additional essential amino acids 
such as increased free lysine levels and other amino acids 
associated with the lysine metabolic pathway, including 
threonine and aspartic acid, by inhibiting lysine mRNA 
degradation through the use of RNA interference (RNAi) 
silencing technologies. These improvements in the nutri
tional quality of rice will improve general public health in 
these regions. Finally, folate biofortified rice has been 
developed as a means to reduce neural tube birth defects. 
De Steur et al. (2012) demonstrated that this transgenic crop 
could more cost-effective in alleviating folate deficiency as 
compared to conventional supplementation programs. 

1.2.2 Biofortified Maize and Cassava 

Maize has been biofortified with all of the micronutrients that 
are necessary to maintain health. This could provide a short
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term solution and maintain the health and nutrition status of 
subsistence farmers in times of need, when they do not have 
access to a diverse diet and are unable to obtain all of the 
micronutrients they need to maintain health. For example, a 
triple-vitamin-fortified maize containing high amounts of 
β-carotene, ascorbate and folate has been developed by 
genetically modifying several metabolic pathways within 
the maize plant (Jeong and Guerinot 2008). Another example 
of this approach has been realized in the BioCassava Plus 
project, which targets the nutritionally deficient staple of a 
quarter of a billion sub-Saharan Africans. 

The bioavailability of β-carotene from cassava is scarce. 
A study was conducted using cassava enhanced with vita
min A fed in the form of porridge to 10 healthy American 
women (Talsma et al. 2013). Blood samples taken from 
these women demonstrated a rise in β-carotene levels, 
suggesting that biofortified cassava could be used to pre
vent vitamin A deficiency. This program uses conventional 
means to produce a version of cassava which provides 
increased levels of iron, zinc and vitamin A, as well as 
pathogen resistance (Sayre et al. 2011). 

1.2.3	 Biofortified Wheat 

Wheat is now under development to become safer for 
people who suffer from celiac disease, caused by wheat 
gluten consumption and resultant damage to the small 
intestine. Experiments are underway to remove the 
celiac-causing gliadins in the wheat grain itself as well 
as increase levels of lysine, an essential amino acid that is 
generally scarce in wheat (Nemeth 2010). As an example, 
RNAi technology has been utilized to down-regulate glia
din expression in wheat lines. Bread-dough-making quality 
was analysed and found to be acceptable for the celiac 
community, therefore enhancing the diet of gluten-
intolerant or -sensitive populations (Gil-Humanes et al. 
2014). Wheat has also been biofortified for micronutrients 
using modern biotechnology. Similar to other staple cere
als, wheat contains low levels of iron and zinc and one-third 
of the human race suffers from iron and zinc deficiencies. 
Using knowledge gained from studying model grasses, 
transgenic varieties of biofortified wheat are currently under 
development (Borrill et al. 2014). 

1.2.4	 Oilcrops Biofortified with Omega-3 
Fatty Acids 

The metabolic engineering of fatty acids in plant seed 
storage oils has also been investigated. For example, a 
‘designer oilseed’ transgenic plant has been developed 

which synthesizes omega-3 fatty acids found routinely in 
fish oils (Ruiz-López et al. 2013). Omega-3 long-chain 
polyunsaturated fatty acids are of considerable interest, 
based on clear evidence of dietary health benefits and 
the concurrent decline of global sources. Omega-3 fatty 
acids eicosapentaenoic acid (EPA) and docohexaenoic acid 
(DHA) provide significant health benefits for brain function 
and development and cardiovascular conditions. 
However, most EPA and DHA for human consumption 

is sourced from small fatty fish caught in coastal waters 
and, with depleting global fish stocks, recent research has 
been directed towards more sustainable sources. These 
include aquaculture with plant-based feeds, krill, marine 
microalgae, microalgae-like protists and genetically 
modified plants (Adarme-Vega et al. 2014; Ruiz-López 
et al. 2014). 
Such overfishing and pollution-related concerns in the 

marine environment have directed research towards the 
development of a viable alternative sustainable source of 
VLC-PUFAs. As a result, the last decade has seen many 
genes encoding the primary VLC-PUFA biosynthetic activ
ities identified and characterized. This has allowed the 
reconstitution of the VLC-PUFA biosynthetic pathway in 
oilseed crops, producing transgenic plants engineered to 
accumulate omega-3 VLC-PUFAs at levels approaching 
those found in native marine organisms. Moreover, as a 
result of these engineering activities, knowledge of the 
fundamental processes surrounding acyl exchange and lipid 
remodelling has progressed (Ruiz-López et al. 2012a, b). 
Commercial cultivation of marine microorganisms and 

aquaculture are not sustainable and cannot compensate for 
the shortage in fish supply, however. Researchers have 
therefore been making efforts to engineer omega-3 fatty 
acids in oilseed crops. Ruiz-López et al. (2014) inserted a 
set of heterologous genes capable of efficiently directing 
synthesis of these fatty acids in the seed oil of the crop 
Camelina sativa (false flax), a relative of canola and a 
potential new source of biomass for biofuel production, 
while simultaneously avoiding accumulation of undesirable 
intermediate fatty acids. The authors had previously used 
Arabidopsis thaliana to determine the contribution of a 
number of different transgene enzyme activities, in addition 
to the contribution of endogenous fatty acid metabolism. 
These studies identified the minimal gene set required to 
direct the efficient synthesis of these fatty acids in trans
genic seed oil (Ruiz-López et al. 2013). This reconstitution 
of the VLC-PUFA biosynthetic pathway in oilseed crops 
produced transgenic plants that could accumulate omega-3 
VLC-PUFAs at levels approaching those found in native 
marine organisms (Ruiz-López et al. 2012a, b). It is 
interesting to note that some of these transgenic plants 
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which harbour the enzymes responsible for omega-3 fatty 
acid production exhibited higher resistance to abiotic 
stresses, such as salt tolerance (Wang et al. 2014). This 
salinity stress tolerance was demonstrated for tomato plants 
which expressed ER-type omega-3 fatty acid desaturase 
(Wang et al. 2014). 
Other fatty acids have also been made in plant seed oils, 

including γ-linolenic and stearidonic acid, as well as ara
chidonic acid (Haslam et al. 2013). Other plant species have 
been utilized for this purpose, such as microalgae (Adarme-
Vega et al. 2012). Other more novel oils can be produced 
from plants and single-celled organisms through bio
technology and may provide a solution to the public health 
problem of making these components available to all 
(Gillies et al. 2011). 

1.3 Nutritionally Enhanced Feed Crops 

Besides contributing to human health, nutritionally 
enhanced crops to address improvements in livestock 
and poultry feed are being designed. As the human popu
lation increases, so will the demand for meat consumption; 
as a result, more nutritious and environmentally friendly 
feed crops with lower undesirable components are under 
development. 
Animal feed crops with increased levels of limiting 

amino acids are being engineered, which enable agricul
tural workers to avoid the use of supplements as well as 
reduce the amount of nitrogen that is excreted into the 
environment. For example, transgenic maize with increased 
free lysine content has been engineered through the inser
tion of a gene from a common soil bacterium known as 
Corynobacterium glutamicum. Corn expressing higher lev
els of free lysine in this way resulted in poultry and swine 
with increased body weight gain, comparable to animals fed 
with Lys-supplemented diets. Similarly, poultry fed rice 
that expressed the transgene OASAID, which increased free 
tryptophan (Trp) levels in seed, also gained weight more 
quickly. Similar results were found for chickens fed with 
soybean that expressed a novel protein as well as narrow 
leafed lupin that expressed sunflower albumin. 

1.4 Plants with Other Health Benefits 

While nutritionally enhanced plants produce vitamins and 
minerals essential to human and animal health, food crops 
can also be designed which contain bioactive compounds 
that have health benefits or can reduce the risk of chronic 
diseases. An example is the increased expression of the 

anti-oxidant anthocyanin in tomato plants through meta
bolic engineering. Anthocyanins protect plants from sun 
exposure and are found at high levels in blueberries, black
berries and raspberries. Anthocyanins are also associated 
with protection against a broad range of human diseases 
such as cancer. Recently, fruit deep purple in colour from a 
transgenic tomato plant which produced anthocyanin was 
able to extend the lifespans of cancer-susceptible mice by 
up to 30% (Butelli et al. 2008). 

1.5 Biopharmaceuticals Produced in Plants 

The production of biopharmaceuticals in plants, or molec
ular farming, has now reached preliminary commercial 
stages and adds another dimension to the role of plants 
in human health. This field centres around the generation of 
pharmaceutical compounds such as vaccine proteins and 
monoclonal antibodies in plant tissue. The range of thera
peutic proteins produced in plants is large and diverse, 
ranging from human monoclonal antibodies against HIV to 
vaccine proteins against smallpox and other potential bio
logical warfare threats, and even an assortment of anti
cancer therapeutic agents for the newly emerging field of 
personalized medicine. 
Molecular farming was initially developed to address the 

need for safe and inexpensive therapeutic proteins in 
developing countries with poor medical infrastructure. 
These vaccines needed to be easily transportable and not 
require refrigeration, making them easily accessible by 
inhabitants of remote regions of the planet. Vaccines 
produced in plant tissues such as tomatoes can be directly 
consumed and effectively elicit an immune response to a 
particular pathogen. Plants expressing vaccine proteins can 
be raised using local farming techniques, and do not require 
sophisticated instrumentation for processing or trained 
medical personnel. Plant-made biopharmaceuticals may 
require only partial purification, therefore reducing the 
expense involved in producing therapeutic proteins. For 
example, vaccines produced in corn kernels can be ground 
into powder and stored as cornmeal, or tomatoes lyophi
lized into a powder and reconstituted months later as a juice 
(Hefferon 2013). 
Plant-made vaccines have been designed to combat 

infectious diseases which are major causative agents of 
infant mortality in the Third World today, including chol
era, rotavirus and Norwalk virus (Richter et al. 2000). 
Clinical trials for plant-derived monoclonal antibodies 
directed towards difficult-to-treat diseases such as HIV 
and Ebola virus are also underway (Lai et al. 2012). While 
some of these are produced in transgenic plants, others are 
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transiently expressed using plant virus expression vector 
systems. The advantage of using a genetically engineered 
plant virus is that large amounts of protein can be produced 
without the lengthy time requirements needed to produce a 
transgenic plant. However, transgenic plants are still pre
ferred in certain instances because they produce transgenic 
seed and therefore an endless supply of the production 
system used. Chloroplasts have also been engineered to 
express vaccine proteins. (Davoodi-Semiromi et al. 2010). 

More recently, plant virus expression vectors have been 
deconstructed into a series of modules to facilitate their use 
as vaccine production platforms. The expression of vac
cines against pandemic influenza virus epitopes using a 
tobacco mosaic virus (TMV) -based vector in tobacco 
plants is an example of successful employment of this 
technology (Roy et al. 2011). Vaccines produced in this 
way can be readily stockpiled en masse to be prepared for 
future pandemics. 

As an alternative to fully grown mature plants, therapeu
tic proteins can be continuously expressed from cell lines 
which provide environmental conditions that can be more 
easily controlled. Aquatic plants such as laemna cells or 
hairy root expression systems are also favoured because 
they can release vaccine proteins into the media to be 
harvested (Boothe et al. 2010; Lin et al. 2010; Talano 
et al. 2012). 

1.6	 Genome Editing for Nutritionally 
Enhanced Plants 

Much of the nutritionally enhanced food crops described in 
this chapter have focused on the use of transgenic plants 
and/or transformation technologies. More recently, how
ever, a new line of technological advances has produced a 
novel strategy by which to edit the genomes of a wide 
variety of organisms, from mammals to insects to plants. 
This nuclease-based form of genome engineering offers 
much promise in both medicine and agriculture by creating 
precise incisions, mutations and substitutions in eukaryotic 
cells with surprising ease (Gaj et al. 2013; Jankele & 
Svoboda 2014). These technologies offer a paradigm shift 
in the way biological research can be performed, including 
the design of novel varieties of crop plants. For example, 
multiple nucleotides can be inserted at precise locations 
within the genomes that are known to be transcriptionally 
active, or nucleotide substitutions can be made that can 
affect the regulation of a given gene or even the biological 
activity of a particular gene product. 

This new wave of technologies is distinct in their use of 
either the transcription-activator-like effector nucleases 

(TALEN) system of genome editing or the clustered regu
larly interspaced short palindromic repeats (CRISPR)/ 
CRISPR-associated (Cas) system. Each system has its 
own set of specific attributes. The TALEN system originated 
from recent advances in zinc-finger nuclease technology and 
involves the fusion of the Fok1 cleavage domain to a series of 
DNA-binding domains derived from the TALE proteins. 
The TALE can be custom-made to recognize almost any 
specific nucleotide sequence within the genome. By 
harnessing the double-stranded break repair machinery 
that exists in the cell, a highly targeted series of mutations 
can be introduced to a precise location in the genome. 
Similarly, CRISPR/Cas systems involve the introduction 
of short RNA species of a designed synthetic sequence 
that guides the Cas 9 endonuclease toward a target 
double-stranded DNA sequence, providing highly selec
tive gene disruption or integration. 
New tools such as the TALEN and CRISPR systems 

have the ability to completely revolutionize the way we 
generate food crops. By making small adjustments in 
protein specificity at a genomic level, advances in meta
bolic engineering to enhance the nutritional quality of 
plants can be more swiftly realized. Moreover, plants 
harbouring the small changes that are introduced in this 
fashion do not fall under the same set of regulations that 
currently exist for transgenic plants, which may very well 
help biotechnologists to avoid the same public controversy 
surrounding GMOs (Puchta & Fauser 2013). Genome 
editing has now been successfully accomplished, optimized 
and quantified in crops such as barley, rice, tobacco, maize 
and arabidopsis (Shukla et al. 2009; Townsend et al. 2009; 
Li et al. 2012; Zhang et al. 2013; Gurushidze et al. 2014; 
Liang et al. 2014). 

1.7	 Epigenetics and Nutritionally 
Enhanced Plants 

Epigenetics has emerged as a promising new field for better 
understanding the relationship between genomes, nutrition 
and the environment in humans, plants and other eukar
yotes. There is clear evidence of the epigenetic role that 
some food and crop nutrients and active compounds play 
with regard to human health (Barnes 2008). These compo
nents are involved in different mechanisms that affect 
human epigenetics at organ, tissue and cellular levels by 
altering chromatin structural patterns and features through 
DNA methylation/demethylation, histone its modifications 
and other epigenetic alterations. These bioactive and phy
tonutrient components can either directly affect the enzy
mes involved in epigenetic it is modifications, or indirectly 
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affect them by inhibiting the availability of substrates 
required for their activity (Choi & Friso 2010). 

1.7.1	 Epigenetics in Human Nutrition and 
Genetic Diseases 

Some crop phytonutrients (nutraceuticals) have shown 
promise as both antiproliferative activity entities and pre
ventative factors of some genetic diseases such as cancer, 
diabetes and heart disease (Mattoo et al. 2010). These take 
place through the epigenetic modification of the expression 
of many genes and their chromatin structures as some active 
compounds are involved in DNA methylation and 
demethylation, as well as histone modification, non-coding 
microRNA expression and DNA damage repair (Shankar 
et al. 2013). 
Examples of these important bioactive substances are 

folate, carotenoids, selenium, dially sulphide, flavonoids, 
isothiocyanates and soy phytoestrogens (Ovesna et al. 
2008; Huang et al. 2011; Scoccianti et al. 2011). Folate 
is also known to be a DNA methylation modulator, dem
onstrated in vitro in human WI-38 fibroblasts and FHC 
colon epithelial cells and in the presence of supra-physio
logical concentrations of folic acid, which leads to LINE-1 
methylation or gene-specific CpG island (CGI) methylation 
(Charles et al. 2012). Soy phytoestrogens such as genistein 
and daidzein also have inhibitory effects on some cancers 
such as prostate cancer. They work by decreasing the 
hypomethylation status of specific genes, including 
BRCA1 and EPHB2, in carcinogenic cells in which these 
tumour-suppressor genes are silenced (Adjakly et al. 2011, 
2013). Interestingly, some polyphenols such as resveratrol 
(red grape), quercetins (onion) and curcumin (turmeric) 
have shown a potential role in chromatin remodelling, and a 
modulation role in deacetylase activity (NF-κB activation) 
for lung cancer and COPD (Kode et al. 2008; Lawless et al. 
2009). 

1.7.2	 Epigenetic Approaches to Improving 
Crops for Human Health 

In plant breeding and plant biotechnology programs, vari
ous strategies have been envisioned for modifying crop 
genes, genomes and epigenomes relying on traditional 
breeding, genetic engineering, mutagenesis and application 
of specific chemical compounds known to be epigenomic 
modifiers and regulators. Various genetic engineering strat
egies have been successfully investigated for increasing the 
crop content of beneficial phytonutrients, such as carot
enoids and flavonoids in various crops such as rice, tomato, 

potato, soybean and alfalfa, and reducing deleterious 
metabolite concentrations such as glutelin content in rice 
(Mattoo et al. 2010). 
In genomics-assisted breeding and crop improvement 

programs, epigenetics has the potential to play a key role 
based on the screening for novel epialleles and the regula
tion of transgene expression for designing new pheno
genotypes with favourable epigenetic states of specific 
agronomical and nutritional traits (Varshney et al. 2005; 
Springer 2013). Variations in interesting agronomical traits 
can result from different epigenetic states of important and 
regulatory genes, and mutations at the epigenetic level are 
therefore an important potential source of inheritable traits 
and interesting new cultivars in main crops such as rice and 
ripening tomatoes (Seymour et al. 2008; Zhao & Zhou 
2012; Zhang & Hsieh 2013). 
Importantly, traditional breeding strategies have also 

been employed to induce epigenetic changes in crops by 
hybridization between a few species such as the wheat-rye 
2R and 5R monosomic addition lines (Fu et al. 2013), and 
the introgressive hybridization of rice and Zizania latifolia 
Griseb, which led to rice lines with different DNA methyl
ation patterns and features (Dong et al. 2006). As another 
example, a low-dose of laser irradiation (epigenetic muta
genic agent) was demonstrated to lead to the altering of 
whole-genome DNA methylation in sorghum (Sorghum 
bicolor L.; Wang et al. 2010). 
In addition to transgenics or mutant modulation of 

methylation and methyltransferase (epimutants) 
approaches, the generation of stable new phenotypes has 
been made possible through the alteration of crop epige
netic status. Examples include the hypomethylation of 
specific epialleles for seed yield and attaining new compo
sition traits by using specific chemical agents and sub
stances such as 5-Azacytidine (5-AzaC) for the selective 
targeting of 5mCG, as demonstrated in Brassica rapus 
(Amoah et al. 2012). Other epigenetic factors involved 
in heritable variation in plants are small RNAs (non-coding 
sRNAs from 21–24 nucleotides) and their role in DNA 
methylation, and transposons and transposable elements 
(Kantama et al. 2013; Bond & Baulcombe 2014). 
The diversity and discrepancies of ratios and spectra of 

interesting crop nutritional components and phytonutrients 
are related to specific loci in their genomes. Knowledge of 
the underlying chromatin structure and epigenetic traits is 
needed to decipher the necessary steps for their bio
synthesis, so that important agronomic traits and nutritional 
compounds known to have therapeutic effects in humans 
can be improved (Chen & Zhou 2013). Despite the pains
taking and laborious studies on these phytonutrient bio
synthetic pathways, only limited success has been achieved 
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(e.g. the case of carotenoid biosynthesis by gene stacking 
strategies; Bhatia & Ye 2012). The difficulty in improving 
these components in crop plants is due to the very complex 
variety of genes involved in the different steps of synthe
sizing and metabolizing phytonutrients (multi-gene traits). 
It might therefore be necessary to explore new strategies in 
plant phytonutrient metabolism, based on genomics, epi
genetics and epigenomic studies that decipher their regula
tion mechanisms and seek to increase their levels in various 
crop plants. 

1.8	 Risk Assessment and Regulation of 
Nutritionally Enhanced Crops 

This chapter has demonstrated that crops nutritionally 
enhanced through biotechnology have the potential to 
decrease both poverty and malnutrition in developing 
countries; however, constraints which prevent their imple
mentation remain as described in this section. 

All GM crops undergo a rigorous series of risk assess
ments which determine their effect on the environment and 
on human health. These regulations must be addressed 
before GM crops can be released for use and include 
concerns regarding the detailed molecular characterization 
of the crop, assessment of potential toxicity and/or aller
genicity as well as a nutritional analysis with bioavailability 
studies, and comparison to a conventional crop of the same 
kind. In Europe, this process has become hindered by 
political opposition, and GM crops which could do a world 
of good are now mired in a bureaucracy rather than 
providing aid to those who need them most. 

The strong views of European regulators can be attributed 
in part to the specific regulatory format that is followed in 
Europe, which tends to use the process involved in making 
the GM crop as key rather than the safety of the GM product 
itself, which is how the US and other nations tend to address 
agricultural biotechnology. The structure of this regulatory 
program has resulted in a virtual moratorium of GM crops 
across Europe. The path to regulatory approval in other 
countries, including the US, is still lengthy and costly; this 
blocks many from even considering advancing the research 
and development for humanitarian aid. 

Without argument, the most famous example of a bio
fortified GM crop which has languished in red tape is that of 
the nutritionally enhanced Golden Rice. In particular, the 
humanitarian group Greenpeace has used public pressure to 
block Golden Rice. Rather than ending the largest killer of 
children in the world, groups such as Greenpeace do not 
want to open the floodgates towards a global acceptance of 
GM food. 

The success of nutritionally enhanced crops depends on 
their ability to have a positive effect on a specific popula
tion, and will depend on more complex factors such as 
overall diet, cooking and food preparation and cultural 
influences and social norms of specific population groups. 
Some groups in Africa, for example, are reluctant to 
consume orange-coloured maize biofortified with pro
vitamin A because it more visually resembles animal 
feed rather than white maize (traditionally used for human 
consumption). Studies with respect to the food purchasing 
and eating practices of Kenyans were conducted in Nairobi 
and showed a strong preference for white maize over 
yellow. Kenyans were less interested in purchasing the 
biofortified product. In order for biofortified yellow maize 
to be accepted, a strong public awareness campaign must be 
conducted to educate consumers. In order for cultural 
changes to be realized, the involvement of both public 
health officials and the media is required (De Groote & 
Kimenju 2012). 

1.9	 Conclusions 

As mentioned in Section 1.2 the population of the world 
will approach 10 billion by the year 2050; the vast majority 
of this population increase will be in the developing world. 
As a result, food production on a global scale must increase 
by 70%, while available arable land and water will be 
reduced due to the predicted effects of climate change. To 
achieve food security and prevent malnutrition in the future, 
we must find a way to increase not only the quantity of food 
crops but also the nutritional quality of the crops them
selves. This chapter has described the integral role of 
biotechnology in providing more nutritionally enhanced 
crops and crops which are resistant to abiotic stresses such 
as drought, salinity and severe temperatures. While the 
purpose of this chapter was primarily to discuss nutrition
ally enhanced food crops, it must be stated that genetically 
engineered crops which confer pest resistance enables the 
population as a whole to avoid the use of toxic chemicals in 
agriculture and reduce the levels of mycotoxin-producing 
fungal pathogens which cause multiple health-related 
defects, contributing to a healthier population. 
While nutritionally enhanced staple crops have long been 

under development, improvements in so-called orphan 
crops (which are grown by smaller populations and act 
as staples within specific geographical areas) are still 
lacking. The genomes of crops such as millet, chickpea 
and sorghum, for example, are still incomplete and little has 
been done to improve their nutritional content. Much work 
involving the interactions of many disciplines including 
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plant breeders, molecular biologists, nutritionists and even 
social scientists will be necessary to enable these crops to be 
developed and utilized successfully for future generations. 
New crops which are developed must be tested for their 
nutritional benefits, and an extension framework must be 
set in place so that remote populations can be informed 
about how these advantages can make a difference to the 
lives of their families (Tanumihardjo et al. 2010). Finally, 
relationships must change between non-profit agencies, the 
commercial sector such as seed companies and healthcare 
officials before hunger can be truly eliminated from the 
world’s rural poor. 
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2.1 Introduction 

2.1.1 Metabolomics and Agriculture 

Plants are not only fascinating organisms with a range of 
specialized features, but they also represent the basis of life 
on Earth. Their capacity to assimilate carbon dioxide using 
the Sun’s energy which is stored in a range of products and 
to release oxygen make them essential for most other 
organisms. The chemical machinery of plants is capable 
of synthesizing a wide range of molecular structures, some 
of which are sources of food (directly for human consump
tion, or indirectly as feed for livestock), fuel (both fossil
ized, ethanolic and oil), polymers, fibres, adhesives, waxes, 
dyes, fragrances and biologically active natural com
pounds. It is therefore essential to understand these capa
bilities as well as the capacities of the production of those 
useful plant products, and to develop tools to make pro
duction as efficient as possible. 

The application of biotechnology methodologies and 
protocols in the food and agricultural industry is one example 
of the impact of biotechnology on humanity. In a world with a 
growing population, resulting in increasing food demands 
under changing climate conditions, it becomes more and 
more apparent that an understanding of plant genetics, 
physiology and biochemistry are of ultimate importance 
to manipulate plant growth and performance. Through 

biotechnology, researchers can improve a crop’s resistance 
to diseases and environmental stresses, or allow plants to be 
grown in areas where soil and climate were previously 
unsuitable for agriculture. Recent developments in bio
technology are expected to contribute to the development 
and production of more nutritious, tastier and healthier food 
products (Jube & Borthakur 2006). 
Plants are capable of producing a diverse range of com

pounds arising from the near-infinite possibilities of the 
combination of basic functional groups, for example, alco
hols, steroids, alkyls and benzyl rings, into unique com
pounds with different solubilities, melting points and 
chemical reactivities typical in plant metabolism (Tretheway 
2004; Roessner & Beckles 2009). In the past decades the 
advances in sophisticated high-throughput sequencing tech
nologies has allowed for the release of complete genomes of 
several plant species. Simultaneously, advanced analytical 
technologies have made it possible to take a comprehensive 
and unbiased look at the gene products, the biochemical 
complement of cells such as transcripts (transcriptomics), 
proteins (proteomics) and metabolites (metabolomics). 
Knowledge of the relationships and interactions between 
genome and gene products allow us to comprehensively 
determine a plant’s performance upon genetic or environ
mental stimuli. Metabolomics as an emerging field in the 
post-genomics era has attracted huge interest in the research 
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community and the development of advanced profiling 
technologies has opened avenues for the simultaneous detec
tion of hundreds of compounds within a single plant extract. 
In this chapter we aim to outline the role of metabolomics in 
plant research with an emphasis on food (from cereal crop 
plants) and beverage (wine from grapes) production. 

2.1.2 Metabolomic Technologies 

A key characteristic of the plant metabolome is its enormous 
variety in terms of chemical structures, representing a great 
diversity in chemical and physical properties (e.g. molecular 
weight and size, polarity, volatility, solubility; (Villas-Bôas 
et al. 2007). There is currently no single analytical technol
ogy capable of analysing this chemical diversity, requiring a 
number of analytical technologies to be employed to enable 
the separation, detection and quantification of chemically 
diverse compounds. To date, the most commonly utilized 
techniques are mass spectrometry (MS) in combination with 
liquid chromatography (LC-MS) or gas chromatography 
(GC-MS), as well as nuclear magnetic resonance spectros
copy (NMR), together with sophisticated data and statistical 
analyses. This allows for the identification of hundreds of 
compounds simultaneously, and the identification of patterns 
of metabolite responses upon different stimuli. 
GC-MS is well known for its superior separation power 

and reproducibility. It allows the analysis of compounds in 
the gas phase and is only amenable for compounds that are 
either volatile or can be derivatized to become volatile. 
Volatile plant compounds are well studied with respect to 
interactions between plants and other organisms (Holopai
nen & Blande 2012; Ueda et al. 2012). There are also a 
range of plant volatile compounds of great importance for 
the flavour and fragrancy of foods; however, most plant 
metabolomics studies are carried out on small, non-volatile, 
primary metabolites upon chemical derivatization. One of 
the greatest advantages of GC-MS is that the ionization 
mode used in this technique (electron impact ionization or 
EI) is highly standardized and reproducible across GC-MS 
systems from different vendors, allowing for the establish
ment of comprehensive GC-MS mass spectral libraries for 
compound identifications which may be both commercially 
(NIST; http://www.nist.gov/srd/nist1a.htm, Agilent’s 
FiehnLib; Kind et al. 2009) or publically (Golm Metab
olome Database; Kopka et al. 2005) available. In addition 
to highly reproducible mass spectra, some of those libraries 
also provide retention times or retention time indices under 
standardized conditions for each compound (Kopka et al. 
2005), increasing our confidence in compound identifica
tion. A GC-MS analysis of a typical plant extract (non
volatile derivatized; Hill et al. 2013) can separate up to 400 

compounds including sugars and sugar alcohols, amino 
and organic acids, amines, sterols and fatty acids. Due to 
the comprehensiveness and validity of existing GC-MS 
libraries, between 70 and 150 compounds can be unam
biguously identified. To increase the number of identified 
compounds, authentic standards need to be available to 
match mass spectra and retention time with compounds in 
the sample. Nevertheless, GC-MS is limited to the analy
sis of compounds smaller than 1000 Da, which are vola
tile or can be chemically altered to become volatile. 
However, GC-MS still remains a major analytical 
approach for metabolomics analyses due to its reproduc
ibility, robustness, ease of establishment and operation 
and its relatively low costs associated with purchase and 
on-costs. 
LC-MS has been widely used in the proteomics fields 

and is now attracting greater interest for metabolomics 
applications (Griffiths & Wang 2009) due to a number of 
advantages compared to GC-MS as a complimentary 
analytical platform. More importantly, compounds with 
higher molecular weights and lower thermostability are 
amenable for analysis. In addition, compounds do not 
require derivatization prior to analysis, allowing com
pounds to be detected in their native form. However, it 
must be noted that specific derivatization methods in LC
MS analysis often provide greater selectivity and sensi
tivity for the analysis of certain compound classes 
(Tang & Guengerich 2010; Boughton et al. 2011; Xu 
et al. 2011). 
Due to the sheer number of chemical classes, alternative 

separation chemistries (e.g. ion exchange, reversed phase, 
hydrophilic interaction chromatography and aqueous nor
mal phase separation) and ionization techniques (e.g. elec
trospray ionization or ESI; atmospheric pressure ionization 
or API) have to be used for the analysis of complex plant 
metabolite extracts (Beckles & Roessner 2011). Histori
cally, reversed phase (RP) separation has been the most 
common approach since it allows for the separation of a 
large number of hydrophobic compounds simultaneously 
including apolar amino acids, many secondary metabolites 
and lipids. Hydrophilic interaction (HILIC) or aqueous 
normal phase (ANP) separation has only recently become 
of interest with increasing efforts to analyse as many 
metabolites as possible (untargeted metabolomics; Calla
han et al. 2009). These two approaches allow for the 
analysis of mainly water or methanol soluble hydrophilic 
compounds such as polar amino acids, amines, sugars and 
organic acids. In order to be able to ionize both positive and 
negatively charged molecules, two types of ionizations have 
to be employed (e.g. positive and negative ESI). To com
prehensively analyse as many metabolites as possible using 
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untargeted LC-MS profiling approaches, at least four differ
ent configurations need to be employed (Beckles & Roessner 
2011; Hill et al. 2014; Hill & Roessner 2015). 

The most important advantage of using NMR in metab
olomics is that it is non-destructive and therefore allows for 
the sample to be used for other analytical analyses. 
In addition, NMR provides highly accurate quantification 
of compounds and the unambiguous identification of 
targeted compounds of interest. Furthermore, NMR 
is regarded as the ‘gold standard method’ of choice for 

the structural elucidation of unknown compounds if accu
rate mass measurements and mass fragmentation pattern 
analysis has not resulted in sufficient information for 
identification. 
For description of different analytical instrumentation 

commonly used in metabolomics, see Villas-Bôas et al. 
(2007), Roessner & Beckles (2009), Roessner & Dias 
(2013) and Hill & Roessner (2015). Figure 2.1 illustrates 
the general workflow of a metabolomics experiment, along 
with current areas of application. 

Figure 2.1 Workflow and application of metabolomics experiments in the field of agricultural biotechnology. 
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2.2	 Metabolomics of Cereals for Food 
Production 

2.2.1 Targeted Metabolomics 

Foods are usually evaluated based on major classes of 
biological molecules including proteins, fats, carbohydrates, 
fibres, vitamins or trace elements. Metabolomics has several 
applications that can add significant value to crop and food 
science, and therefore help deliver future food demands. 
Foods can be analysed at the molecular level using metab
olomics technologies and, depending on the extraction 
method and analytical technology used, hundreds or even 
thousands of distinct chemical compounds can be detected 
and identified (Moco et al. 2006; Ninonuevo et al. 2006). 
This is a unique opportunity to detect and analyse chemical 
compounds that give certain foods their taste, texture, aroma 
or colour, and can be used to assess their nutritional quality. 
Other potential applications include the assessment of genet
ically modified (GM) crops with the aim of developing a 
better understanding of potentially beneficial (or harmful) 
metabolites, and the discovery of biomarkers of food storage, 
shelf life or post-harvest processing (Sugimoto et al. 2010; 
Toffali et al. 2011). 
In quantitative metabolomics, or targeted profiling, the 

focus is to identify and quantify a set of compounds in 
biological samples (targeted approach). The cross-discipli
nary HEALTHGRAIN project is one recent example of an 
effective approach to discover metabolic markers to facili
tate nutrition-targeted breeding in the near future. It was 
aimed at improving the health of European consumers by 
increasing the intake of phytochemical compounds in 
cereals (Shewry et al. 2012). In this study, 150 genetically 
diverse bread wheat lines and 50 other lines of cereal crops 
including durum wheat, oats, rye and barley were grown on 
a single site in Hungary and their phenotypic variation 
systematically evaluated based on their metabolic compo
sition. Grains were harvested and milled, and a range of 
metabolites (including tocopherols, tocotrienols, sterols, 
phenolic acids, folates and alkylresorcinols) as well as 
the major functional components of dietary fiber (β-glucan 
and arabinoxylan) were analysed using a range of analytical 
instruments including high-performance liquid chromatog
raphy (HPLC), LC-MS, GC with flame ionization detection 
(FID), GC-MS and proton (1H) NMR spectroscopy. These 
measurements were combined with the evaluation of agro
nomically important traits such as yield, 1000 kernel 
weight, kernel hardness, protein content, gluten content 
and several traits related to processing and baking quality. 
Detailed comparisons of the bread wheat identified lines in 
which high levels of phytochemicals (tocols, sterols, 

alkylresorcinols, phenolics and folates) and dietary fibre 
components were combined with good yield, high seed 
weight and processing quality. A huge genetic potential of 
genotypes that could potentially be exploited by plant 
breeders was found for the amount of vitamin E compo
nents (tocopherols and tocotrienols) in bread wheats. Sig
nificant positive correlations were observed between total 
alkylresorcinols (phenolic lipids), total tocols (important 
lipid-soluble anti-oxidants) and bran yield, whereas signifi
cant negative correlations were found between total sterol 
content and 1000 grain weight. Other phenolic compounds 
including phenolic acids and lignans were a distinct target 
for the analysis of variation due to their known health 
effects. Folate and sterols were also included in the study 
because grains are important sources of these components 
in the diet. Metabolites such as folate were found to be 
differentially accumulated, separated into winter and spring 
types, with total folate content correlating positively with 
bran yield in the winter lines but negatively in the spring 
lines. 
It is likely that studies investigating the metabolic com

position of the economically important plants will become 
more common in the future and will include a far more 
comprehensive metabolomic analyses to facilitate breed
ing, selection or modification of enhanced crop plants 
(Wishart 2008). 

2.2.2 Untargeted Metabolomics 

Environmental conditions that can cause abiotic stress are 
drought, salinity, heat, cold, mineral deficiencies and tox
icities, and can cause constraints on plant growth and 
agricultural productivity. As predominantly sessile orga
nisms, plants have evolved and developed complex mech
anisms to survive changing environmental conditions. They 
adjust morphologically, physiologically and biochemically 
in response to abiotic stresses which can occur due to an 
excess or a deficit in their physical or chemical environment 
(Bray et al. 2000). 
Abiotic stress tolerance traits from greenhouse-/labora

tory-based experiments rarely translate into the field (Gau-
din et al. 2013) since they often use simplified and rapid 
methods to screen large plant populations in severely 
stressed conditions. However, abiotic stress symptoms 
often develop slowly under field conditions and quantita
tive trait loci (QTL), and transgenes previously identified in 
either laboratory or greenhouse studies need to be evaluated 
and confirmed under field conditions relevant to the target 
environment (e.g. aimed at maximizing agricultural pro
duction). Most published literature on plant metabolomics 
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describes studies that analysed less than 100 samples; in 
recent years however several research groups have pub
lished metabolomics experiments of large plant populations 
conducted in large field trials, analysed using an untargeted 
metabolomics approach with subsequent identification of 
many metabolites (Carreno-Quintero et al. 2012; Hill et al. 
2013). 

Furthermore, several groups (Schauer et al. 2006; 
Carreno-Quintero et al. 2012) used field-based approaches 
where they utilized metabolomics and genomics to define 
metabolite quantitative trait loci (QTL) to facilitate the 
identification of abiotic stress tolerance genes as well as 
breeding tools for the future. Hill et al. (2013, 2014 and 
2015) analysed samples derived from a doubled haploid 
(DH) population from a cross between drought intolerant 
(Kukri) and tolerant (Excalibur) wheat cultivars, grown in 
the field in South Australia in 2006 under severe drought. 
Metabolite profiling of the complete DH population was 
carried out using non-targeted GC-MS (Hill et al. 2013) and 
LC-MS (Hill et al. 2014, Hill et al., 2015) analyses to 
identify and quantify both known and unknown metabolites. 
Genetic linkage maps and marker scores allowed the genetic 
loci controlling metabolite traits to be defined, including 
novel metabolites onto the wheat genome which were sub
sequently related to QTLs identified through the analysis of 
plant growth and yield traits under drought stress. 

Recent advances in analytical chemistry have allowed for 
the generation of extensive metabolic profiles in response to 
biotic stresses including interactions between plants and 
pathogens or pests. Several studies have found differen
tially accumulated metabolites for different tissues, or 
among different species of plants and/or pathogens. Using 
sophisticated bioinformatics tools, clusters of identified 
compounds were created to find novel compounds that 
contribute to tolerance against biotic stresses or those 
characteristic of the defensive state of the plant, of potential 
use in agronomic applications as biomarkers for crop 
protection. For example, Bollina et al. (2010) identified 
c. 500 differentially accumulated metabolites (P � 0.05) 
using LC-MS in two barley cultivars that differed in their 
resistance to Fusarium head blight (FHB). Putative identi
ties were assigned to 50 metabolites from the resistance 
cluster (RR), mainly belonging to phenylpropanoids, fla
vonoids, fatty acids and terpenoids. For selected RR metab
olites, antifungal effects were confirmed by in vitro 
bioassays for antifungal activity. The enhanced knowledge 
of the identity of several RR metabolites could potentially 
be used to overexpress certain metabolites. Alternatively, 
some of the RR metabolites could be exploited as bio
fungicides (in particular capric acid, which had the lowest 
50% lethal dose or LD50) applied to spikes to manage FHB. 

2.2.3	 Safety Evaluation of Genetically Modified 
(GM) Crops 

Genetically modified (GM) crops were cultivated globally 
on more than 170 million hectares across 28 countries in 
2012 (James 2012) and are required to undergo extensive 
safety and nutritional assessments prior to marketing as 
human and animal feed in many countries (Kitta 2013). 
These extensive safety measures are taken prior to their 
release to exclude any effects which relate to unintended 
differences in biochemical composition between the GM 
plant and its non-GM progenitor, including the potential 
production of new allergens or toxins. 

There has been significant discussion and debate about 
the use of metabolomics as a possible novel evaluation 
technique for environmental risk assessment. Several stud
ies have been published that measured the overall metabolic 
composition and/or levels of selected metabolites of genet
ically engineered plants, comparing them to the metabo
lomes of their unmodified wild-type counterparts using 
targeted (Kogela et al. 2010) or non-targeted (Barros 
et al. 2010; Ricroch et al. 2011) analytical methodologies. 
Most publications report no or only insignificant differ
ences between genetically modified and unmodified crop 
plants, and conclude that the environment (such as different 
years of harvest or different harvest sites) has a greater 
impact on plant metabolism than the genetic background of 
the plants (Baker et al. 2006). 
In a recently published letter, Hall & de Maagd (2014) 

argue that the limited annotation of the plant metabolome 
and the lack of knowledge of the role of metabolites in 
plant–environment interactions currently limit the use of 
metabolomics as a tool for risk assessment of genetically 
modified crops. Furthermore, poor knowledge on the bio
activity of metabolites makes it impossible to link a specific 
alteration in the composition of the GM food crop metabo
lism to an increased environmental risk. In addition, 
unintended effects on the concentrations of plant metabo
lites often occur in traditional plant breeding programs 
through recombination or spontaneous mutagenic events, 
and can also be affected by other factors such as the genetic 
background of the cultivar in which the transgene has been 
introduced, the growth environment or the sampling or 
extraction technique. The effects of all of these factors on 
plant metabolism are very difficult to estimate, and mea
surements are therefore often not robust or reproducible 
enough to serve as potential indicators for environmental 
risk. 
Metabolic profiling of crops using a diverse set of 

analytical tools with a broad range of detection capabilities, 
in combination with bioinformatics and statistical tools that 
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can support high-throughput data analysis, have the poten
tial, when fully validated, to enhance the understanding of 
crop composition. Metabolomics has been shown to be able 
to discriminate between adulterated and unadulterated bev
erages (Cuny et al. 2007), or accurately monitor previously 
undetectable batch-to-batch quality and production site 
differences (Almeda et al. 2008). Together with continuous 
developments in analytical and bioinformatics tools, this 
suggests that metabolomics could potentially be employed 
in some aspects of food safety or quality assessment in the 
near future (Wishart 2008). 

2.3	 Metabolomics and its Application in the 
Production of Wine 

Wine, a traditional beverage of celebration, commiserations 
or abuse, is a complex mixture of a diverse range of 
metabolites including primary (e.g. sugars, organic acids 
and amino acids) and secondary metabolites (e.g. flavo
noids, hydroxycinnamates, hydroxybenzoates and antho
cyanins) present at varying concentrations (Fotakis et al. 
2013a). Chemical analysis has mainly involved the analysis 
of volatile compounds (sensory analysis), flavour, wine 
quality, mouthfeel (descriptors such as body, warmth, 
astringency and length), taste (sour, bitter and sweetness) 
and colour using various spectroscopic techniques such as 
GC-MS, LC-MS, UV-absorption spectroscopy, colouri
metric analyses, near infra-red (NIR), Fourier Transform 
infra-red spectroscopy (FT-IR) and acid-based titrimetry. 
More importantly, the determination of food composition, 
the presence/absence of harmful contaminants or residues 
(Almeda et al. 2008; Ravelo-Perez et al. 2008; Asensio-
Ramos et al. 2009) and their authenticity are critical in wine 
practices and to the consumers. Although wine is regarded 
as an investment, it has also been a target of economic fraud 
(Anastasiadi et al. 2009). Adulteration may be practised by 
grape juice fortification with sugars and/or colourants to 
increase the alcohol content and colour intensity or by 
mixing high-quality wine with poorer quality, often origi
nating from other geographical regions or countries (Anas
tasiadi et al. 2009). 
Nevertheless, metabolomics has also been applied in the 

food sciences; recent studies have revealed alterations of 
urinary metabolites after uptake of natural products 
(Solanky et al. 2005; Wang et al. 2005) and the potential 
to elucidate the role of bioactive foods in diseases (Davis & 
Hord 2005) and in identifying potential markers of authen
ticity. Near-infra-red (NIR) spectroscopy has gained wide 
acceptance within the food and agriculture industries as an 
analytical tool as it offers the advantage of a rapid, non

destructive analysis in which the spectra generated repre
sent a ‘fingerprint’ (Cozzolino et al. 2006). For decades the 
most utilized analytical platform is GC-MS; being amena
ble to volatile analysis, it provides insight into the aroma 
characteristics of wine. However, it is important to note that 
compounds influencing these attributes can be both volatile 
and non-volatile. The main analytical platform used in 
relation to wine is 1H NMR-based metabolomics 
approaches and has been extensively applicable to food 
science considering food quality, safety, regulation, micro
biology, processing and food nutrition (Wishart 2008; 
Cevallos-Cevallos et al. 2009). 1H NMR-based metabolo
mics provides useful information on understanding and 
characterizing wine, including the effects of climate and 
fermentative behaviour or mechanisms in wine, and grape 
and origin (Hong 2011). For example, 1H NMR in combi
nation with multivariate statistics is able to discriminate 
between wines fermented with different genera of lactic 
acid bacteria Oenococcus oeni and Lactobacillus planta
rum, track the alcoholic fermentation of grape varietals and 
monitor the aging process in wine production. 
In the following section, the application of metabolomics 

in relation to the wine-making process, fermentation, authen
ticity and wine characterization is discussed. According to 
Rossouw & Bauer (2009): ‘The process of winemaking on a 
large-scale agricultural and industrial level involves numer
ous interlinked factors that are to a large extent poorly 
characterized and even more poorly controlled.’ 

2.3.1 In the Vineyard 

For centuries, wine quality has been associated with freshly 
fermented grape juices since man lacked the technology to 
preserve wine under anaerobic conditions. Exposure of 
wines to excessive amounts of oxygen causes irreparable 
damage, leading to the production of off-flavours associ
ated with aldehydes and bacterial spoilage (Guasch-Jané 
et al. 2006). Wine micro-oxygenation is a globally used 
treatment and its effects were investigated by LC-MS to 
analyse eight different procedural variations, marked by the 
addition of oxygen and iron applied to a Sangiovese wine 
before and after malo-lactic fermentation (Arapitsas et al. 
2012). Arapitsas et al. identified various pigments and 
tannins along with known candidate biomarkers using mul
tivariate analyses. Correlations between oxygen and metal 
contents and changes in primary metabolites such as argi
nine, proline, tryptophan and raffinose and secondary metab
olites were identified, providing hypotheses regarding the 
formation and reactivity of wine pigment production during 
micro-oxygenation (Arapitsas et al. 2012). 
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The impact of oxygen has also been followed in port 
wine: Castro et al. developed a pipeline based on process 
analytical technology (PAT) multivariate analysis (MVA) 
and GC–MS data processing to provide a holistic view of 
the impact of the presence of oxygen and high temperatures 
during the ‘forced aging’ of a port wine matrix (Castro et al. 
2014). The production of dioxane and dioxolane isomers, 
furfural and 5-hydroxymethylfurfural was identified, which 
affected the final product through the degradation of the 
wine aromatic profile, colour and taste. High kinetical 
correlations between these key metabolites with benzalde
hyde, sotolon and several other metabolites contributed 
towards the final aromatic profile. The use of the kinetical 
correlations in time-dependent processes such as wine 
aging can further contribute to biological or chemical 
systems monitoring, new biomarkers discovery and meta
bolic network investigations (Castro et al. 2014). 

A winemaker would always state that ‘a decent bottle of 
wine begins in the vineyard.’ However, the chemical 
composition of grapes will depend on the grape variety, 
climate (temperature, rainfall, frost and ultraviolet light) 
and soil conditions and bacterial strains which can affect the 
vintage and final product. In one study, 1H NMR metab
olomics and multivariate analyses were conducted to inves
tigate the effects of grape vintage on the metabolic profiles 
of wine and the relationship between wine metabolites and 
meteorological data (Lee et al. 2009a). In this study, 
principal component analysis (PCA) showed a clear differ
entiation between Meoru wines that were vinified with the 
same yeast strain and Meoru grapes harvested from the 
same vineyard but with a different vintage (Lee et al. 
2009a). The discriminating metabolites were found to be 
2,3-butandiol, lactic acid, alanine, proline, γ-aminobutyric 
acid (GABA), choline and polyphenols. Markedly higher 
levels of proline, lactic acid and polyphenols were observed 
in the 2006 vintage wines compared to those of 2007 
vintage, showing excellent agreement with the meteorolog
ical data, highlighting the reliability of NMR-based metab
olomic data integrated with meteorological data (Lee et al. 
2009a). The analysis of grapevine (Vitis vinifera) berries at 
the transcriptomic, proteomic and metabolomic levels can 
also provide insight into the molecular events underlying 
berry development and post-harvest drying (withering). A 
detailed, integrated systems biology investigation by 
Zamboni et al. reported the identification of putative 
stage-specific biomarkers for berry development and with
ering (Zamboni et al. 2010). A multistep hypothesis-free 
approach was applied to data from four developmental 
stages and three withering intervals, with integration 
achieved using a hierarchical cluster analysis (HCA) strat
egy based on the multivariate bidirectional orthogonal 

partial least-squares discriminant analysis (OPLS-DA). 
Stage-specific functional networks of linked transcripts, 
proteins and metabolites provided important insights into 
the key molecular processes that determined the quality 
characteristics of wine (Zamboni et al. 2010). 
In one study, grapes were grown in three different 

regions of South Korea and were collected and separated 
into pulp, skin and seed; their metabolic differences were 
investigated using 1H NMR and multivariate analyses to 
assess grape quality (Son et al. 2009a). Discriminatory 
compounds among the grapes were sodium (Na+), calcium 
(Ca2+) and potassium (K+) cations as well as malate, citrate, 
threonine, alanine, proline and trigonelline according to 
PCA/PLS-DA. Grapes grown in regions with high sun 
exposure and low rainfall showed higher levels of sugars, 
proline, Na+ and Ca2+ together with lower levels of malate, 
citrate, alanine, threonine and trigonelline than those grown 
in regions with low sun exposure and high rainfall (Son 
et al. 2009a). In a subsequent study, 1H NMR spectro
scopic analysis coupled with multivariate statistical data 
was used to characterize wines vinified from four grape 
varieties: Muscat Bailey A (V. labrusca); Campbell Early 
(V. labrusca B.); Kyoho (V. labrusca L.); and Meoru (Vitis 
coignetiae) (Son et al. 2009b). 
With respect to the vineyard, a common fungus which 

attacks the skins of the grapes is the fungal pathogen 
Botrytis cinerea which is able to metabolize some of the 
acids within the grapes resulting in berries rich in sugar 
content with a stable level of acidity. Picking of Botrytis 
infected grapes usually requires individual bunch selection 
and of course results in the most tantalizing and expensive 
dessert wines (Scollary 2014). Known as ‘grey rot’, this is a 
major spoilage issue leading to berry splitting, allowing 
other fungi and bacteria to have access to sugar, ultimately 
producing undesirable characters (Scollary 2014). 
Recently, Hong et al. used 1H NMR-based metabolomics 
to understand the metabolic mechanisms linked to the 
infection process and identified the metabolites associated 
with B. cinerea infection of berries of healthy or botrytized 
bunches (Hong et al. 2012). Significantly high levels of 
proline, glutamate, arginine and alanine, which are accu
mulated upon plant stress, were found in berries of both 
healthy and botrytized bunches. Moreover, largely 
degraded phenylpropanoids, flavonoid compounds and 
sucrose together with glycerol, gluconic acid and succinate 
were directly associated with B. cinerea growth (Hong et al. 
2012). 
Another destructive disease that affects vineyards and is 

also leading to grape losses is Esca; there is limited 
information on this disease and its effects on V. vinifera 
plants, however (Lima et al. 2010). Lima and co-authors 
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studied the leaves from infected cordons and from asymp
tomatic cordons of V. vinifera cv. Alvarinho (Vinho Verde 
region, Portugal) using one-dimensional (1D) and two-
dimensional (2D) NMR approaches. There were significant 
increases in phenolic compounds in the diseased leaves 
compared to healthy leaves accompanied by a decrease in 
carbohydrates, suggesting the re-routing of carbon and 
energy from primary to secondary metabolism. Lima 
et al. proposed that increased levels of alanine and γ-amino
butyric acid in diseased leaves may be the result of the 
activation of other defence mechanisms (Lima et al. 2010). 
The concept of ‘terroir’ stems from the French ideal that 

‘a region’s soil and local vineyard topography together with 
a region’s macroclimate, including the meso-climate and 
vine microclimate defines the unique characteristics of a 
wine’ (Tarr et al. 2013). Tarr et al. used a direct injection 
analysis of V. vinifera juice samples on a LC-Orbitrap-MS 
sourced from two different vineyards. MS data were ana-
lysed using SIEVE 2.0TM to identify flavonoid compounds, 
suggesting distinct V. vinifera grape juice chemical signa
tures were present prior to fermentation (Tarr et al. 2013). 
López-Rituerto and co-authors utilized NMR metabolo
mics and chemometric approaches to track the winemaking 
process from must, through to alcoholic and malo-lactic 
fermentation, of nine wineries in the Rioja subareas (ter
roirs). The application of interval extended canonical vari
ate analysis (iECVA) demonstrated the discriminative 
power between wineries which are geographically nearby. 
Isopentanol and isobutanol-type compounds were found to 
be the key biomarkers for this differentiation (López-
Rituerto et al. 2012). 
An investigation by De Pascali and colleagues compared 

various ultrasound, cryomaceration using dry ice and tra
ditional winemaking technologies. Each vinification tech
nology was used for grapes grown by two different soil 
management practices, soil tillage and cover crop and by 
two different training systems: monolateral and bilateral 
Guyot (De Pascali et al. 2014). All statistical models 
applied on 1H NMR data discriminated ST (soil tillage) 
and CC (cover crop), showing a higher influence of the soil 
management practices compared to the winemaking tech
nologies. The differentiation among samples due to soil 
management practices was mainly caused by metabolites 
such as glycerol, 2,3-butanediol, malic acid, α/β-glucose, 
tyrosine and caffeic acid (De Pascali et al. 2014). 
The power of metabolomics has also been described in a 

study by Gougeon et al. who used an untargeted LC-MS 
approach combined with statistical analyses to analyse a 
number of barrel-aged wines (Gougeon et al. 2009). 
Intriguingly, results showed that the 10-year-old wine 
expressed a metabolo-geographical signature of the forest 

location where oaks of the barrel in which they were aged 
had grown (Gougeon et al. 2009). 

2.3.2 Wine Fermentation 

Dekkera bruxellensis is a yeast known for its ability to 
produce ethyl phenols from hydroxycinnamic acid in wine, 
affecting the quality of its flavour (Conterno et al. 2013). 
Conterno et al. analysed the yeast activity in the presence of 
varying amounts of ethanol of a D. bruxellensis strain 
isolated from wine. Several ethyl esters and phenyl ethanol, 
together with 4-ethyl guaiacol, were found to be produced 
in significantly higher amounts in response to the increase 
in ethanol stress. The cell metabolism of specific com
pounds also increased in response to a higher ethanol 
content, although yeast cell growth was limited (Conterno 
et al. 2013). Another yeast species involved in wine 
spoilage is Brettanomyces bruxellensis. Vigentini et al. 
described the innate resistance of 108 B. bruxellensis strains 
to various concentrations of sulphur dioxide (SO2) used in 
winemaking (Vigentini et al. 2013). The main effect 
observed was a decrease in cytoplasmic levels of polyols 
and an increase in the levels of alanine, glutamic acid, 
glycine, proline, 5-oxoproline, serine and valine, signifi
cantly accumulated in the presence of SO2. No alteration in 
the pentose phosphate pathway was observed, suggesting 
NADPH usage could be diverted to other pathways 
(Vigentini et al. 2013). 
Castro et al. evaluated the impact of Saccharomyces 

cerevisiae metabolism in a model wine during fermentation 
in a medium supplemented with minimal phenolic acids, 
analysed using various analytical targeted and non-targeted 
approaches (Castro et al. 2012). It was found that acetic 
acid, 2-phenylethanol and isoamyl acetate were the signifi
cant discriminating compounds. S. cerevisiae had the 
capacity to produce chlorogenic acid in the supplemented 
medium fermentation from simple precursors present in the 
minimal medium (Castro et al. 2012). Mazzei et al. used 1H 
NMR metabolomics approaches to profile a white ‘Fiano di 
Avellino’ wine obtained through fermentation by either a 
commercial or a selected autochthonous S. cerevisiae yeast 
(Mazzei et al. 2013). Multivariate analyses enabled wine 
differentiation as a function of yeast species and other wine-
making factors, contributing to objectively relating wine 
quality to the terroir (Mazzei et al. 2013). 

NMR-based metabolomics coupled with multivariate 
statistical analysis has also been applied to monitor wine 
fermentation and evaluate the fermentative characteristics 
of yeast strains and wines during aging (Son et al. 2009c). 
In one study, pattern recognition methods showed differ
ences for metabolites among musts or wines for each 
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fermentation stage up to six months. Valine, 2,3-butane
diol, pyruvate, succinate, proline, citrate, glycerol, malate, 
tartrate, glucose, N-methylnicotinic and polyphenol com
pounds were the discriminative markers. PCA scores plots 
showed continuous movements away from days 1–8 in all 
musts for all yeast strains, indicating continuous and active 
fermentation (Son et al. 2009c). 

Temperature is one of the most important parameters 
affecting the length and rate of alcoholic fermentation and 
final wine quality. Wine produced at low temperature is 
often considered to have improved sensory qualities 
(Lopez-Malo et al. 2013). However, there are certain draw
backs to low-temperature fermentations such as reduced 
growth rate, long lag phase and sluggish or stuck fermen
tations. Lopez-Malo showed that S. bayanus var. uvarum 
and S. kudriavzevii are cryotolerant yeasts. The metabo
lome of these species grown at 12 °C was compared to 
S. cerevisiae. Results showed that the main differences 
between the metabolic profiling of S. cerevisiae grown at 
12 °C and 28 °C were changes in lipid metabolism and 
redox homeostasis. Moreover, the metabolic comparison 
among the three species revealed that the main differences 
between the two cryotolerant species and S. cerevisiae were 
in carbohydrate metabolism, mainly fructose metabolism. 
Even though these two species had developed different 
strategies of cold resistance, S. bayanus var. uvarum 
presented elevated shikimate pathway activity, while 
S. kudriavzevii displayed increased NAD+ synthesis 
(Lopez-Malo et al. 2013). 

Lee et al. investigated the effects of five commercial 
O. oeni strains on the fermentative behaviours, and varia
tions of metabolites in Meoru (V. coigneties) wines during 
malo-lactic fermentation (MLF) utilizing GC-MS and 
NMR-based metabolomics approaches (Lee et al. 
2009b). In the development of MLF with various O. 
oeni strains, the fastest conversions of malic acid to lactic 
acid occurred in wines fermented with Enoferm R and 
Vinibacti111 strains. A total of 17 primary metabolites and 
65 secondary metabolites of volatile compounds in the 
wines were identified by 1H NMR and GC-MS, respec
tively. PCA and OPLS-DA pattern recognition models 
showed significant differentiations between wines showing 
the effects of O. oeni strains only on secondary metabolite 
production. Twelve volatile compounds and 2-ethyl-1-hex
anol contributed to the differentiation of wines according to 
O. oeni, including spontaneous MLF (Lee et al. 2009b). 

In a subsequent investigation, Lee et al. investigated the 
fermentative behaviour and metabolic effects of L. planta
rum during malo-lactic fermentation (MLF) and compared 
them with those of the commercial O. oeni strain through 
GC-MS and NMR-based metabolomics approaches (Lee 

et al. 2009). A total of 22 primary metabolites of amino 
acids, carbohydrates and organic acids and 55 secondary 
metabolites of volatile compounds were identified in wines 
by 1H NMR and GC, respectively. Their study demon
strated that different genera of lactic acid bacteria (LAB) 
affect both the primary and second metabolome in wine, 
providing insight into wine fermentation (Lee et al. 2009c). 
In another study, PCA showed differentiation between 

non- and induced-malolactic fermented wines by wine 
LAB and between wines fermented with various wine yeast 
strains. Metabolites such as glycerol, lactate, 2,3-butane
diol, succinate, leucine, isoleucine, alanine, valine, proline, 
choline, GABA and polyphenols contributed to these dif
ferentiations. Decreased levels of malate and citrate along 
with increased levels of lactate were the metabolites most 
responsible for the differentiation of induced-MLF wines 
from non-MLF wines. In particular, high succinate levels 
provided evidence of an inhibitory effect of S. bayanus 
against spontaneous MLF (Son et al. 2009d). 

2.3.3 Wine Characterization 

In a world filled with fraudulence, detection of markers for 
wine authenticity is valuable especially when determining 
geographical locality, vintage and grape varietal. The recent 
application of metabolomics to identify potential markers to 
the wine industry and consumers has also been utilized in 
the production of spirits (Fotakis et al. 2013b). Polyphenols 
are widespread in nature and display a number of biological 
activities; however, subtle structural variations and relative 
ratios are closely associated with botanical origin and the 
plant’s environment. These compounds, derived from 
grape tannins and anthocyanin pigments, are related to 
key sensory properties of red wines including colour, taste 
and mouth feel. The analysis of the polyphenolic composi
tion is therefore expected to highlight relevant biomarkers 
for quality assessment and authentication in relation to 
grape variety, production area and vintage (Boccard & 
Rutledge 2013). 
In a study by Ali et al., a 2D NMR-based metabolomic 

approach was used to profile varietals and vintages. Ries
ling wines were characterized by higher levels of catechin, 
caftarate, valine, proline, malate and citrate, whereas com
pounds such as quercetin, resveratrol, gallate, leucine, 
threonine, succinate and lactate were discriminated for 
Mueller-Thurgau. The 2006 vintage was dominated by 
leucine, phenylalanine, citrate, malate and phenolics, 
whereas valine, proline, alanine and succinate were pre
dominantly present in the 2007 vintage (Ali et al. 2009). 
Not only are the polar metabolites potential markers, but the 
presence of semi-/volatile and aminothiols in wine can be 
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associated with quality, price and taste (Inoue et al. 2013). 
Inoue et al. developed a fluorescence-specific derivatization 
of thiols using UPLC-TOF/MS to screen for unknown 
thiol-containing compounds. The screening assay consisted 
of monitoring the UPLC-TOF/MS peaks for unknown 
thiols, which decreased due to derivatization as compared 
to the non-derivatized thiols. L-glutathione in rice wine was 
reported on the basis of the available metabolomics data
bases and standard matching (Inoue et al. 2013). 
Anastasiadi and co-authors described a sensitive and 

simple method for the classification of wines according 
to variety, geographical origin and vintage using NMR-
based metabolomics (Anastasiadi et al. 2009). Polyphenol-
rich extracts were prepared from 67 varietal wines from the 
principal wine-producing regions of Greece, using adsorp
tion resin XAD-4. Wines were classified according to 
variety, region and year of production on the basis of their 
phenolic extract obtained by XAD resin and by NMR in 
combination with chemometric methods (Anastasiadi et al. 
2009). 
In a subsequent study, 51 wines representing three 

varieties (Cabernet Sauvignon, Merlot and Pinot Noir) of 
various geographical origins were sourced and analysed by 
LC-QTOF-MS to determine marker compounds (Vaclavik 
et al. 2011). Alternatives to characterize aspects of wine 
flavour and aroma are therefore highly desirable. In one 
study, wines (Cabernet Sauvignon and Shiraz grapes) were 
subjected to different levels of sun exposure in a commer
cial vineyard (Rochfort et al. 2010). Descriptive analysis 
revealed that the wines from the shaded treatment were 
significantly different from other wines for a number of 
flavour and aroma characters, particularly those related to 
mouth feel. Metabolomic analysis allowed the classification 
of the wines based on grape variety and shade treatment in a 
manner similar to that by sensory analysis, allowing for the 
assessment of wine quality (Rochfort et al. 2010). 
In another study, 1H NMR was used to investigate the 

metabolic differences in wines produced from different 
grape varieties and different regions (Son et al. 2008). 
The metabolites contributing to the separation were deter
mined to be 2,3-butanediol, lactate, acetate, proline, succi
nate, malate, glycerol, tartrate, glucose and phenolic 
compounds. Wines produced from Cabernet Sauvignon 
grapes harvested in the continental areas of Australia, 
France and California were also separated. PLS-DA load
ing plots revealed that the levels of proline in Californian 
Cabernet Sauvignon wines were higher than in Australian 
and French Cabernet Sauvignon, Australian Shiraz and 
Korean Campbell Early wines, showing that the chemical 
composition of the grape berries varied with the variety and 
growing area (Son et al. 2008). 

Skogerson and co-workers carried out GC-QTOF-MS 
and NMR-based metabolomics on Chardonnay, Pinot 
gris, Riesling, Sauvignon blanc and Viognier varieties 
(Skogerson et al. 2009). A total of 108 metabolites were 
identified by GC-TOF-MS and 51 by 1H NMR;  the  
majority of metabolites identified include the most abun
dant compounds found in wine (ethanol, glycerol, sugars, 
organic acids and amino acids). Compositional differ
ences in these wines correlated to the wine sensory 
property ‘body’ or viscous mouth feel, as scored by a 
trained panel, were identified using PLS regression. Inde
pendently calculated GC-TOF-MS and NMR-based PLS 
models demonstrated the potential for predictive models 
to replace expensive, time-consuming sensory panels 
(Skogerson et al. 2009). 
The structural identification of metabolites in wine and 

other biological systems is a bottleneck in metabolomics 
and relies heavily on in-house databases. Flamini et al. 
utilized UPLC-TOF-MS-based metabolomics profiling to 
qualitatively and quantitatively study grape stilbenes, the 
principal polyphenols associated with the beneficial effects 
of drinking wine, identified by grape metabolomics (Fla
mini et al. 2013). Eighteen stilbene derivatives were iden
tified in two grape samples (Raboso Piave and Primitivo) on 
the basis of accurate mass measurements and isotopic 
patterns, and identification was confirmed by MS/MS 
analysis (Flamini et al. 2013). 

In another example, Roe and colleagues enhanced the 
power of MS in identifying polyphenolics by using an 
isotope labelling method, based on a mild acid-catalysed 
deuterium (MACD) labelling, that introduces deuterium 
into polyphenolic compounds in a structure-dependent 
manner (Roe et al. 2014). This method was demonstrated 
in red wine where the extent of deuterium exchange, 
together with accurate mass information, led to the putative 
identification of an unknown compound. The identification 
was further supported by tandem MS/MS data, which 
matched conclusively the same compound in the Metlin 
LC–MS/MS library (Roe et al. 2014). 
Pinu and co-authors investigated the pathway for the 

biogenesis of varietal thiols, demonstrating that the pro
duction of these and other aroma compounds in Sauvignon 
Blanc wines is dependent not only on nitrogenous and 
sulphur compounds but is influenced by other juice metab
olites such as carboxylic and fatty acids. Pinu et al. stated 
that the concentrations of wine aroma compounds could be 
modulated by pre-fermentative manipulation of juice 
metabolite levels; such findings may have important impli
cations for the wine industry, allowing for the production of 
different wine styles based on the juice metabolite profile 
(Pinu et al. 2013). 



Current and Emerging Applications of Metabolomics in the Field of Agricultural Biotechnology 23 

Research conducted by Schmidtke et al. described a 
metabolomics approach to wine analysis, using multi
variate curve resolution techniques applied to GC-MS 
profiles coupled with full descriptive sensory analysis to 
determine the objective composition of various styles of 
Hunter Valley Semillon (Schmidtke et al. 2013). Over 250 
GC-MS peaks were extracted from the wine profiles. 
Sensory scores were analysed using parallel factor analysis 
(ParaFac) prior to the development of predictive models of 
sensory features from the extracted GC-MS peak table 
using PLS regression. The development of automated 
metabolomic data analysis of GC-MS profiles of wines 
can assist in the development of wine styles for specific 
consumer segments, and enhance understanding of the 
effects of production processes on the ultimate sensory 
profiles of the product (Schmidtke et al. 2013). 

2.4 Final Remarks 

In this chapter we have described examples of studies that 
have used metabolomics approaches to expose significant 
sources of variation in the metabolic composition of crop 
plants, including cereals and grapes for wine production, 
caused by different genetic backgrounds, growing environ
ment (including different growing sites and seasons) and 
agricultural farming practices. These targeted or untargeted 
analyses of the metabolome improve our understanding of 
the extent of variation in a plethora of metabolites relevant 
to human health and nutrition. It is likely that studies 
investigating the metabolic composition of plants will 
become more common in the future to facilitate breeding, 
selection or modification of enhanced crop plants. This has 
the potential to identify areas of metabolism that are of high 
importance to different agriculturally important traits, 
including yield or quality, or are relevant to the metabolic 
regulation in response to abiotic stresses. These outputs will 
provide potential targets for the engineering of metabolism 
to facilitate the improvement of important agronomic traits 
in the future. 
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3.1 Introduction 

Genetically modified crops are grown at an increasing pace 
of adoption around the word, totalling 175 million hectares 
of arable land planted with these crops in 2013 (James 
2013). Countries growing these crops are not homoge
nously distributed around the globe however, with countr
ies such as the United States, Brazil, Argentina, Canada and 
China accounting for more than 90% of the acreage planted 
with genetically modified (GM) crops. From these countr
ies, harvested and/or processed GM crops may also be 
exported to other countries for use as human food or animal 
feed. 

Most of the GM crops grown to date have been 
modified with traits of agronomic relevance, of which 
the most important are herbicide resistance and insect 
resistance. More recent and future developments include 
crops with consumer-oriented traits, such as improved 
fatty acid profiles of the seed oil or heightened vitamin 
levels in grain. 

Commercial cultivation of GM crops in many countries 
is only allowed after regulatory approval has been 
received. Different countries have different methods of 
incorporating the requirements for market approval into 
their regulations. Some regulations are more product 
oriented while others are more process oriented, the former 
referring to the ‘novelty’ of the product and the latter to the 
process of biotechnology through which the crop has been 

obtained. The regulatory requirements generally include 
pre-market assessment of the safety of these crops for 
humans, animals and the environment. Despite the differ
ences in regulatory requirements, the approaches towards 
this safety assessment are internationally harmonized and 
by and large follow the same path. This safety assessment 
for regulatory approvals can also be performed by different 
institutions within different nations, such as by advisory 
committees of independent scientists (e.g. European Food 
Safety Authority’s Expert Panel on Genetically Modified 
Organisms or GMOs), national agencies assigning scien
tific employees to this task or mixed versions of this (e.g. 
national agencies soliciting inputs from external academic 
experts). Moreover, the same or different agencies and 
committees may be responsible for different safety aspects, 
such as environmental safety versus safety of human food 
and animal feed uses. When it comes to food safety, these 
scientists nonetheless commonly follow the internationally 
harmonized approaches outlined by Codex alimentarius 
for food safety (and often in a similar way for animal feed 
safety). Some nations may require labelling of GM foods 
that have been approved for marketing, or allow for 
labelling of GMO-free products as such. The latter should 
not be interpreted as a safety warning, but generally relates 
to issues such as allowing consumers to make informed 
choices. 
In the following sections, more background is provided 

on the internationally harmonized approach for the safety 
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assessment for genetically modified crops. The recurrent 
items addressed during this assessment will be high
lighted, as well as potential future challenges for this 
assessment. 

3.2	 Safety Assessment of GM-Crop-

Derived Foods 

Long before the first GM crops entered the market, various 
international organizations has already contemplated the 
ways in which the safety of GM food could be assessed. 
These organizations included, for example, the Organiza
tion for Economic Cooperation and Development (OECD), 
the Food and Agriculture Organization (FAO) and the 
World Health Organization (WHO); the latter two are 
United Nations organizations. This history of GM food 
safety assessment is reviewed in more detail elsewhere 
(Kuiper et al. 2001). 
These international activities towards consensus and 

global harmonization eventually culminated in the publica
tion of internationally harmonized guidelines for the safety 
assessment of foods derived from crops obtained through 
modern biotechnology by Codex alimentarius (Latin for 
‘food law’). Codex alimentarius is the joint food standards 
program of the FAO and WHO, of which most countries in 
the world are a member (Codex alimentarius 2008). While 
the Codex guidelines do not have a regulatory status, they 
serve as a reference in case there is an international trade 
dispute. While countries can impose more rigorous require
ments than those established at an international level, such 
as Codex standards, these requirements should be corrobo
rated by scientific evidence. 
Recognizing the difficulties inherent in testing the com

plex mixtures that foods are and the fact that many crops 
currently consumed have gained a history of safe use, the 
approach that Codex alimentarius recommends in its guide
lines is comparative (Codex alimentarius 2008). The 
assessment is performed by comparing the GM crop 
with a conventional counterpart which has a history of 
safe use and is genetically as similar as possible. The 
conventional counterpart should have undergone the 
same treatments and been exposed to the same environ
mental factors as the GM crop (for example, both are grown 
in the same field trial before harvesting). This way, other 
possible confounding factors that might cause differences 
between the GM crop and its counterpart unrelated to the 
genetic modification can be avoided, in order to ensure that 
the differences seen can be linked to the genetic modifica
tion. For example, in the case of insect-resistant maize 
expressing an insecticidal protein, the comparison would 

entail the extensive analysis of the characteristics (compo
sition, plant appearance and behaviour, agronomic traits) of 
the GM maize and a conventional, near-isogenic non-GM 
maize as its counterpart. Additional varieties can be 
included in the field trial design in order to establish a 
background range of variability. This will provide insight 
into the range of levels of crop components to which 
consumers of the crop are commonly exposed when they 
consume the crop (as a proxy to what constitutes a history 
of safe usage of the crop as food). 
In the case of the insect-resistant maize, an obvious 

difference is the newly expressed insecticidal protein; other 
changes identified during the comparison and considered 
relevant for further assessment can also be included. Fur
ther testing of this protein may entail a number of in vitro, in 
silico and in vivo tests, as explained in further detail in 
Sections 3.3.3 and 3.3.4. 
The outcome of the comparison is therefore not an 

endpoint of the assessment but a starting point; based on 
the differences identified, it can be concluded whether these 
differences deserve further assessment for their safety. For 
example, if there are differences in levels of a certain 
component, safety data on the specific component that 
are already available are assessed as well as the variability 
of that component within the given crop (as evident from 
the included additional commercial varieties for food use in 
field trials and/or literature). Additional items assessed 
during the safety assessment of a GM crop usually include 
the molecular characterization of the inserted genetic mate
rial, its expression and any other changes that might have 
been caused by this insertion at the molecular level. Fur
thermore, an assessment is made of the safety of the GM 
crop for use as food and feed, unintended effects, its 
potential toxicity and allergenicity and nutritional impact 
(summarized in Fig. 3.1), as well as its potential impacts on 
the environment. In the following section, the various tests 
that are commonly performed in the frame of food and feed 
safety testing are elaborated upon. The environmental 
safety assessment (e.g. the impacts on the biotic environ
ment, including target and non-target organisms, and on the 
abiotic environment) and molecular characterization are not 
dealt with here in detail. 

3.3	 Recurrent Items Addressed during the 
Food and Feed Safety Assessment 

The comparative approach described implies flexibility 
regarding (1) the parameters to be analysed during the 
comparative assessment; and (2) the further tests to be 
performed; the crops that are genetically modified vary 
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Figure 3.1 Schematic representation of issues commonly encountered during the comparative analysis of a GM crop versus its 
non-GM counterpart, serving as input for the assessment of potential risks for human and animal health. 

widely as do the types of modifications and the impacts of and compositional characteristics; potential toxicity; poten
these modifications on the other characteristics of the crop. tial allergenicity; and nutritional impact. 
Various tests are commonly performed and assessed during 
the dossier evaluations, as these tests are frequently carried 

3.3.1 Molecular Characterization 
out by applicants submitting application dossiers to regu
latory authorities. Items addressed in these tests are dealt The molecular characterization of the genetically modified 
with in Sections 3.3.1–3.3.6 and include: molecular charac- crop includes a description of the deoxyribonucleic acid 
terization; comparative analysis of agronomic, phenotypic (DNA) used to transform the crop. Usually this is a DNA 
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construct (within a vector such as a plasmid) containing 
different elements such as promoter sequences, a coding 
sequence made up of introns and exons (encoding e.g. 
signal peptides and the protein to be introduced and termi
nator sequences), as well as any other intervening and 
flanking sequences from the vector. The method used 
for transformation should also be described. A common 
procedure uses Agrobacterium-mediated transfer of 
T-DNA sequences contained within the so-called 
T-borders of disarmed T-plasmids which are transferred 
to the plant tissues that it infects. Another method of 
introducing DNA is the so-called ‘particle gun’ or 
‘biolistics’ with which DNA-coated particles are acceler
ated and directed towards cultured crop cells. The DNA 
sequences used for transformation may have been derived 
from different species and may have been optimized for 
expression in the target crop (e.g. by using the DNA codons 
that are preferred by the plant for expression). After 
insertion, molecular analysis can reveal information about 
the integrity and structure of the insert, the number of 
inserts, the expression (e.g. newly expressed RNA or 
protein formation) and the sequences flanking the insert. 
Methods that can be employed for this purpose include: 
Southern blotting (with DNA probes after electrophoresis) 
and sequence analysis for the characterization of DNA; 
Northern blotting (with RNA probes, after electrophoresis) 
for that of expressed RNA; and immunochemical methods 
such as enzyme-linked immunosorbent assay (ELISA) and 
Western blotting (after electrophoretical separation) for 
that of newly expressed proteins. Additional information 
also pertains to the inheritance of the trait (for example, 
does this occur in a Mendelian fashion?) and the stability of 
the inserted trait and the insert. This information may also 
provide insight into whether the insert has potentially 
disrupted any native regulatory or coding sequences 
and, through comparison with sequence data in databanks, 
this can help to identify the possible function of any 
interrupted sequence and possible effects caused by the 
insertion. 

3.3.2	 Comparative Analysis of Agronomic, 
Phenotypic and Compositional 
Characteristics 

As explained above, the comparative analysis of composi
tional, agronomic and phenotypic characteristics is one of 
the key steps in the safety assessment of GM crops. The 
outcomes of these analyses will help to identify the 
intended and unintended effects of the genetic modification, 
and also to determine which further tests may be needed. 

The analysis of agronomic and phenotypic character
istics focuses on the crop’s physiology, its behaviour in the 
field (e.g. appearance, crop development and disease resist
ance) and the agronomic characteristics such as yield and 
other productivity and quality traits that are commonly 
assessed in conventional breeders’ practices. For example, 
plants with ‘off-type’ characteristics that breeders would 
want to exclude from the breeding process are identified, as 
are those with desired or other favourable characteristics. 
For the purpose of comparative assessment, changes in 

these characteristics may also indirectly give an indication 
of an unintended effect of the genetic modification, com
bined with the parallel compositional characterization of 
these plants. Altered characteristics in crop physiology, 
agronomic and phenotypic traits should be evaluated for 
their potential environmental impact, such as potentially 
enhanced invasiveness or weediness of the GM crop as 
compared to non-GM varieties. 
Many of these characteristics are typically evaluated 

during field trials. In some cases, applicants (which are 
companies filing applications for regulatory approval) have 
performed field trials with combined purposes, including 
the characterization of the agronomic and phenotypic char
acteristics as well as the composition, plus the analysis of 
the expression levels of the newly introduced proteins. 
Such field trials should preferably be carried out at multiple 
locations in order to capture the variability of the different 
environments. These field locations should represent the 
production areas and practices under which the GM crop, 
once commercialized, will be grown. Some of the tests may 
have to be carried out partly or wholly in confinement, such 
as tests for pollen viability and seed germination assays that 
are performed under various controlled conditions of tem
perature and humidity within climate chambers. 
With regard to the compositional analysis, this focuses 

on the edible parts of the crop that are commonly consumed 
as food or feed, such as maize kernels (food, feed) and 
forage (feed, i.e. whole plant cut above the ground, used for 
silage or fed fresh to livestock). For each particular crop, the 
food and feed products may furnish different types of key 
nutrients to the consumers and the livestock animals such as 
particular macronutrients (e.g. carbohydrates, protein, fat 
including essential amino and fatty acids) and micronu
trients (e.g. vitamins, minerals). The focus is also on 
antinutrients (e.g. phytic acid, trypsin inhibitors) and sec
ondary compounds (e.g. anti-oxidants such as polyphenols 
and carotenoids) that are relevant for the transformed crop. 
For the selection of the key parameters for compositional 

analysis, consensus documents with key recommended 
parameters have been published by the OECD’s Task Force 
for the Safety of Novel Foods and Feeds for a range of crops 
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such as maize, soybean, canola, cottonseed, rice, potato, 
wheat and various others (OECD 2014). As well as the 
recommendations for key parameters, these consensus 
documents also provide a background of the history of 
crop and its role in human food and animal nutrition, plus 
an account of the common processes applied to the raw 
agricultural commodity for food and feed production. The 
recommended analytical parameters are usually defined for 
the raw commodity (e.g. maize kernels), considering that 
processing may introduce additional confounding factors. 
Furthermore, if the compositions of the raw agricultural 
commodities between two varieties are similar, then most 
likely the processed products derived from them will also 
be similar (unless there is a specific reason to assume that a 
given factor in one variety may interfere with the process
ing; OECD 2014). These consensus documents are widely 
used by company scientists (preparing application dos
siers), risk assessors and other professionals as reference 
for these compositional analyses. 

This extensive analysis of crop composition may provide 
an indication of the presence or absence of potential 
unintended, unexpected effects of a genetic modification. 
The compositional data will also help to predict whether 
there has been any impact on the wholesomeness of the 
derived products for human and animal nutrition. 

For the abovementioned comparative compositional 
analysis of crops, targeted analytical methods are used to 
analyse pre-defined compositional parameters such as par
ticular amino acids, vitamins and minerals, each of which 
may require a special preparation and analytical method for 
quantification. An interesting development is that various 
studies have explored the utility of supplementary, non-
targeted ‘omics’ techniques for the purpose of characteriz
ing potential changes in the composition of a GM crop 
versus its non-GM counterpart. These ‘omics’ techniques, 
which are also referred to as ‘profiling’, will, in a single 
analysis, detect many different signals caused by the pres
ence of the various compounds. The outputs of these 
analyses are profiles composed of the signals/positive 
detects caused by these compounds, without necessarily 
knowing their identity. These compounds may include, for 
example, messenger RNA (mRNA) molecules formed 
through the transcription of active genes (‘transcriptom
ics’), the various proteins expressed within cells (‘proteo
mics’) or metabolites, that is, the biochemical compounds 
formed by cell metabolism (‘metabolomics’). 

Profiles may take various shapes, such as: cDNA micro-
array profiles summarizing the levels of thousands of differ
ent mRNA molecules within a cell; two-dimensional 
electrophoresis gels showing the bands of separated proteins 
present within the protein extracted from a crop tissue; or a 

nuclear magnetic resonance (NMR) spectrum of the organic 
molecules present within a crop extract. By comparing the 
profiles of a GM crop and its comparator, which is ideally as 
comparable as possible to the GM crop except for the genetic 
modification, differences in the profiles can be identified such 
as: certain differently expressed mRNA molecules; protein 
bands with changed intensity; or a changed peak in a 
spectrum of an extract containing organic molecules. 

Tracing the changed compounds as the cause of these 
differences in the profiles will then help to characterize any 
potential unintended change that might have occurred in the 
GM crop. A challenge will be to put into context the 
possibly many changes, part of which will only occur by 
chance, against the background of natural variability of that 
particular constituent in crops grown under the various 
conditions that may be encountered in real life and that 
represent the ranges that consumers are ordinarily exposed 
to. While an important role can be envisaged for the 
application of these techniques for characterization of 
GM crops in the early product development stages, their 
routine involvement in risk assessment would require prior 
harmonization, standardization and validation of these 
methods (e.g. Kok et al. 2010). Interestingly, a recent 
review concluded that for a wide range of ‘omics’ tech
niques applied experimentally to GM crops, the impact of 
environmental factors generally appeared to have been 
greater than that of the comparison GM crop versus its 
counterpart (Ricroch 2013). 

3.3.3 Potential Toxicity 

With regard to a potentially changed toxicity of the GM 
crop as compared to non-GM varieties, there are two items 
to be considered, namely: 

1.	 the potential toxicity of any newly introduced sub
stances, such as newly expressed proteins or metabo
lites newly formed by introduced enzymes; or 

2.	 any change in the toxicity of the whole product. 

With regard to the first item, the safety testing of newly 
introduced proteins encoded by the inserted genetic mate
rial entails a range of different tests including in vitro, in 
silico and in vivo testing. Information on what is known 
about the toxicity of the gene donor organism (and whether 
the protein has a role in it) is also taken into account, and 
whether the particular type of protein belongs to a group or 
family of proteins that are already present in food and feed. 
An in vitro test commonly performed with the newly 

expressed protein is a test of resistance towards the protein-
degrading action of pepsin, a stomach enzyme, in 
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‘simulated gastric fluid’ under conditions of low pH 
(optimal for its activity, i.e. pH 1.2 or 2 in diluted HCl/ 
NaCl) and a temperature of usually 37 °C. The idea is that if 
a protein (or certain peptides being released from the 
protein structure during degradation) is resistant towards 
the action of pepsin, it is more likely to sustain digestion 
after consumption of the food containing the protein and 
hence interact with tissues and cells within the consumer 
(and in theory also exert toxicity). 
After mixing the solution containing the target protein 

and pepsin, samples are taken from the incubation mixture 
at specific time points and analysed, for example through 
gel-electrophoresis and protein staining. The intactness of 
the target protein and the presence of protein fragments 
(peptides) that might result from the degradation at the 
different time points are then evaluated. This will provide 
insight into the protein’s resistance towards degradation, 
the fastness of the degradation and whether any stable 
fragments are formed in the process. 
The in silico approach involves bioinformatics, which 

entails searches with the aid of computer programs for 
potential similarities between the amino acid sequence of 
the newly expressed protein and sequences of proteins 
known to be toxic to humans and animals. If a similarity 
of a relevant degree is found between the newly expressed 
protein and a toxic protein, this could trigger further 
investigations into its toxicity. 
If a newly expressed protein is novel in the sense that 

there is no history of human or animal exposure to this 
protein, or if there are indications of potential toxicity (e.g. 
the weight of information such as toxicity of the gene 
donor, the particular class of proteins that it belongs to, 
bioinformatics, resistance to proteolytic degradation), then 
an in vivo study may be recommended. The European Food 
Safety Authority (EFSA) guidelines recommend a 
repeated-dose oral toxicity study for this purpose, for 
example. This could be in the form of a 28-day study in 
which rodents (mice, rats) receive the test protein on a daily 
basis, either mixed through their diet or via oral gavage 
(solution administered to the stomach via intubation with a 
syringe; EFSA 2011a). The control group should then 
receive a similar treatment but without the particular pro
tein, such as the same solution used as vehicle for oral 
gavage but then with a non-toxic control protein. Such 
studies may help to determine whether the protein indeed 
exerts an adverse effect on the animals, which could then 
trigger further testing focused on the particular effects 
found. This may result in additional animal experiments. 
Together, the in vitro, in silico and in vivo data provide an 

indication of whether the new protein that was introduced in 
the GM crop will be toxic or not. 

With regard to the toxicity of the whole product, the 
Codex alimentarius guidelines acknowledge the difficulties 
in testing the safety of whole foods, as foods are complex 
mixtures of different compounds all with potential impacts 
on consumer health (Codex alimentarius 2008). Conven
tional crops and food/feed products derived from these 
crops that are part of the human and animal diet have not 
usually been assessed for their safety per se, such as 
through animal testing. Long-term experience has shown 
that these crops and products are safe to eat. The testing of 
such foods in animals is compounded by factors such as the 
inherent variability of their composition, the bulk of the 
food, its palatability and the required nutritional balance of 
the diet. This means that only a limited range of doses can 
be applied when providing the foods to experimental 
animals. Moreover, no specific guidelines exist at the 
moment for testing whole foods in such animals; most 
experiments carried out for regulatory purposes therefore 
adapt guidelines for testing single, pure chemicals. As 
discussed in the above, a whole food cannot be provided 
to experimental animals in dose ranges as for purified 
chemicals, limiting the sensitivity of the assay. 
Various recent publications by EFSA further explore 

these issues, also highlighting the additional requirements 
for testing foods such as feed material characterization, diet 
preparation, housing of the animals and statistical power of 
the experiment (EFSA 2007, 2011b). Importantly, for long-
term experiments both EFSA and the OECD guidelines 
refer to the need for indications of adverse effects in order to 
be able to set dose ranges, specify a hypothesis that can be 
tested and select the test model (type of experiment, animal 
species) that best fits this purpose (EFSA 2013). The 
experiments must be performed in a comparative way, 
that is, by comparing the health of animals fed the diet 
containing the GM component to those fed a diet containing 
a conventional counterpart (which should be genetically as 
close as possible and also have undergone the same treat
ments as the GM crop). 

3.3.4 Potential Allergenicity 

The term ‘allergenicity’ refers to the propensity of a 
substance to act as an allergen, by eliciting allergic 
reactions in subjects (humans and also animals) that suffer 
from allergy (a particular type of immune hypersensitivity). 
Two stages can be discerned, namely the ‘sensitization’ of a 
pre-disposed (atopic) individual to an allergen, which 
primes the immune system to respond during a subsequent 
exposure, known as ‘elicitation’. The most serious allergic 
response, also known as ‘anaphylaxis’, may be accompanied 
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by various symptoms such as a drop in blood pressure 
(shock), nausea, vomiting, skin urticaria and formation of 
hives, and may in some cases be a serious health threat. 
Different types of allergy can be distinguished based on the 
route of exposure, including food, respiratory (inhalatory) 
and contact (skin) allergies. Some patients suffering from a 
respiratory allergy towards pollen (hayfever) or contact 
allergy towards latex, for example, may also develop a 
food allergy as pollen and latex proteins are similar or 
identical to proteins in food. As part of the prevention against 
allergic reactions, food allergy patients have to avoid the 
offending foodstuffs. This is why some countries require 
labelling of foods containing allergens causing the most 
prevalent food allergies. 

Similar to the assessment of toxicity, two main issues are 
considered when assessing the potential allergenicity of the 
GM crop, namely that of: (1) the newly expressed protein; 
and (2) any potential changes caused by the genetic modi
fication in the intrinsic allergenicity of the modified crop 
plant (e.g. through changes in the levels of endogenous 
allergens). Because none of the tests applied to test for 
allergenicity is completely predictive of a GM crop’s 
capacity to cause allergies, the Codex alimentarius guide
lines recommend a ‘weight-of-evidence’ approach in which 
the outcomes of different tests and data are combined to 
reach a conclusion on the likelihood or not that the GM crop 
is allergenic (Codex alimentarius 2008). 

Given that all known food allergens are proteins (while 
allergens only make up a minor fraction of all proteins), this 
raises the question of whether a newly expressed protein 
introduced in a GM crop may cause allergies. Within this 
domain, two particular pathways can be envisaged. First, 
the newly expressed protein may be very similar to an 
already known allergenic protein in food and is therefore 
recognized by the immune system of allergy patients 
already allergic to the latter protein, thereby triggering 
‘elicitation’ reactions. This phenomenon is called ‘cross
reactivity’. Second, the protein may be a new allergen in its 
own right and cause ‘de-novo sensitization’. 

With regards to the testing of newly expressed proteins 
for potential allergenicity, part of the tests to be performed 
are similar to those described for toxicity testing, namely: 
information on any known allergenicity of the gene donor 
organism; bioinformatics; and in vitro resistance to deg
radation by a protease (pepsin). Additional items may 
include clinical tests with sera from allergy patients, for 
example. 

In order to assess the possibility that a protein can cross-
react, bioinformatics are used to check whether the amino 
acid sequence of the newly expressed proteins is similar to 
any of the sequences of known allergens stored in sequence 

databases. For these searches for similarity, computer 
programs align and compare the sequence of the newly 
expressed protein with each of the database sequences for 
matching amino acids in both. Details on how to perform 
such searches are also provided in, for example, the EFSA 
GMO Panel’s guidelines (EFSA 2011a). 
As well as an overall alignment of the total sequences of 

the two proteins in each comparison, a ‘sliding window’ 
approach is also recommended. In this approach partial 
80-amino-acid sequences of the newly expressed protein 
are aligned with the whole allergenic protein (e.g. a newly 
expressed protein of 100 amino acids length would contain 
21 consecutive 80-amino-acid windows, each of which is to 
be checked for similarity). The aligned sequences are then 
checked for identical amino acids in either of the two 
compared sequences that match each other, while an overall 
identity of more than 35% of the window is considered 
relevant. 
If relevant identities are found, or when the gene coding 

for the newly expressed protein has been derived from a 
gene donor organism known to be allergenic, this protein 
should be tested for reactivity towards sera from patients 
allergic to the source of the allergenic protein with which 
the identity occurred. These sera are also referred to as 
‘immunoglobulin-E (IgE) sera’, as this particular class of 
immunoglobulin antibody is commonly involved in allergic 
reactions. With immunochemical techniques such as 
enzyme-linked immunosorbent assay (ELISA) and immu
noblotting after gel electrophoresis, the binding of antisera 
with the test protein can be verified. In the latter case this 
can be specifically linked to binding of the sera to the 
specific protein band in the blot of the electrophoresis gel. 
The in vitro protease resistance test recommended by 

Codex alimentarius is the ‘simulated-gastric-fluid’-type of 
assay (SGF) which is also used for toxicity testing (Codex 
alimentarius 2008). Some allergenic proteins are known to 
be stable to digestion, whereas others, such as those 
involved in oral allergy syndrome caused by apple and 
some other allergens, are not. Resistance to proteases is 
therefore not entirely predictive of allergenicity. On the 
other hand, proteins or protein fragments that resist diges
tion can still be large enough to act as allergens. They are 
more likely to interact with the immune system further 
down the gastrointestinal tract (such as within the gut-
associated lymphoid tissue), and consequently prime it for 
allergic reactions or elicit them, than proteins that are 
rapidly and completely digested. For the purpose of testing 
allergenicity of newly expressed proteins in GM foods, the 
recently updated guidelines of the EFSA GMO Panel 
(EFSA 2011a) and the detailed opinion on the assessment 
of allergenicity (EFSA 2010) recommend a more expanded 
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set-up with varying conditions. The in vitro protease test 
(SGF) is advised to be performed at different pH values or 
also after addition of food matrix components, as these may 
interfere with degradation of some compounds. These 
conditions would match more closely those encountered 
in vivo, such as the stomach pH, which will provide more 
insight into the resistance of the newly expressed protein 
under physiological conditions. 
With regards to endogenous allergenicity of the GM 

crop, the EFSA GMO Panel’s guidelines recommend that it 
is checked whether the genetic modification has caused any 
change in crops that are known to be allergenic, such as 
soybean (EFSA 2010, 2011a). For this purpose, it is 
recommended to analyse the ‘profile’ or ‘repertoire’ of 
endogenous allergenic proteins within the GM crop in 
order to verify if the levels of these proteins in the GM 
crop have changed as compared to those of the same 
proteins in the conventional counterpart. In this respect, 
these guidelines supplement those by Codex alimentarius 
(2008), as the latter only briefly refer to the analysis of 
endogenous allergens (as well as other key constituents) as 
part of the comparative compositional analysis of GM 
crops. 
Towards this end, techniques such as proteomics can be 

used, involving two-dimensional gel electrophoresis fol
lowed by immunoblotting with sera from patients allergic 
to the conventional crop. Most allergenic crops contain 
more than one allergenic protein, and allergy patients may 
therefore react to different proteins in the same allergenic 
crop. Sera from allergy patients usually bind to multiple 
proteins within an allergenic crop extract, while the sera 
from different individuals may bind to the same allergenic 
protein with different intensity or to different proteins 
within the same extract. The EFSA GMO Panel’s guide
lines therefore recommend the use of individual sera for this 
purpose so that less-frequently recognized allergens are not 
overlooked. In each individual patient’s case, a comparison 
needs to be made between the binding profile of the GM 
crop and that of the conventional counterpart (EFSA 2010, 
2011a). 

3.3.5 Nutritional Assessment 

As described in Section 3.3.2 for the comparative analyses, 
the compositional data on the GM crops and its comparators 
may already provide insight into whether changes in the 
levels of key macro-, micro- and antinutrients have occurred. 
In some cases, the purpose of the genetic modification 

may actually be to change the nutritional value of the crop, 

for example to increase the level of certain polyunsaturated 
fatty acids or vitamins with positive health attributes for 
human consumers. For animal feed, the modifications can 
be aimed at increasing certain levels of essential amino 
acids or to lower the level of antinutrients, such as by the 
introduction of the phytase enzyme degrading the antinu
trient phytic acid. 
If the nutritional value of the crop has changed through 

changes in the levels of nutrients or in their bioavailability 
caused by the genetic modification, the impact of this 
should be assessed. For some nutrients, there may already 
be a vast background of information on the nutritional and 
safety profiles given that they are widely used as food or 
feed additives, such as certain amino acids being added to 
feed. In the case there is no such experience with the 
altered component(s), feeding studies in target animals 
may be recommended. A popular animal model used by 
applicants for GM crop market approval is the chicken 
broiler, which grows to full marketable size within six 
weeks. Nutritional imbalances, if they occur, would be 
picked up rapidly as these would lead to altered perform
ance of the chickens. Other examples of rapidly growing 
or highly producing animals that are used for such 
purposes are lactating dairy cows, beef cattle, swine 
and catfish. Usually the performance of the animals fed 
diets containing the GM crop are compared to others fed 
diets containing the non-GM conventional counterpart. 
Whereas such studies are frequently supplied with appli
cation dossiers, this would not be necessary in many cases 
according to the considerations above such as for GM 
crops with agronomic traits which show no relevant 
changes in composition and for which the introduced 
trait does not affect nutritional characteristics. 

With regards to human nutrition, exposure assessments 
may be warranted in case changes in nutrients are found, 
such as in the intake of essential fatty acids after the 
replacement of oils used for food manufacture with oils 
derived from the GM crop with a changed fatty acid profile 
(EFSA 2011a). In case of substantive impacts, and in cases 
where verification of pre-market assumptions of exposure 
scenarios is needed, post-market monitoring may be 
required to check for the actual consumption in the market
place and whether this might indeed have had the expected 
impact. While risk assessment will focus on the potential 
adverse impacts also from a nutritional point of view, it can 
be envisaged that in some cases positive health impacts are 
attributed to certain deliberate nutritional modifications, 
such as vitamin-enhanced crops. This is usually within 
the domain of other assessors dealing with, for example, 
health claims linked to the product. 



3.4 Outlook and Future Challenges 

While the internationally harmonized approach of the 
comparative assessment was enshrined into Codex ali
mentarius guidelines over a decade ago and has been 
applied by risk assessors  across the globe, various 
developments in the field of biotechnology can be dis
tinguished that may call for development of additional 
tools and criteria to assess the safety of GM crops (Codex 
alimentarius 2008). 

•	 The development of GM crops with more complex types 
of modification, such as the introduction of whole new 
metabolic pathways in order to allow for the formation 
of compounds such as certain vitamins that do not 
naturally occur in the given crop parts. Two issues 
that may arise are: (1) the extent of the modification is 
so great and the characteristics of the host crop have 
been modified to such an extent that the non-GM 
conventional counterpart is not a good comparator 
for the comparative assessment; or (2) the likelihood 
of unintended effects has increased significantly. As for 
the lack of a proper comparator (case 1), the GM crop 
may have to be treated as if it were a ‘novel food’ with 
no prior history of safe consumption, similar to, for 
example, exotic foods, innovative food ingredients and 
foods derived from new production organisms (which 
also have to undergo a safety assessment before being 
admitted to the market in various countries). With 
regards to the increased chance of unintended effects 
(case 2), various advanced, non-targeted ‘omics’ ana
lytical techniques are being developed that may help to 
identify changes in crop components at the different 
levels of cell organization, namely gene expression 
(mRNA transcriptomics), proteins (proteomics) and 
biochemical metabolites (metabolomics). These tech
niques and their potential applications to GM crops are 
reviewed in more detail by Kok et al. (2010). Contrary 
to the conventional ‘targeted’ analysis of specified 
nutrients, antinutrients and secondary compounds, 
these ‘omics’ techniques will screen the GM crop in 
an indiscriminate way, focusing on any changes in the 
profiles that may occur between the GM crop and its 
comparators, which can then be further traced back to 
the component (RNA, protein, metabolite) linked to 
this change. It can be envisaged that such omics 
methods would also be useful in the stages of product 
development, when the product can be comprehen
sively characterized before embarking on further anal
ysis and development for marketing. For the purpose of 
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routine use within risk assessment, it would be neces
sary to have the methods standardized and validated, as 
well as to have background data available on the 
variability within the crop for the parameters that 
may show differences, in order to be able to interpret 
the outcomes of such tests in terms of relevance for food 
and feed safety. 

• New tools for genetic modification and types of modifi
cations that are at the borderline between conventional 
breeding and modern biotechnology: 
- Molecular tools employing nucleotides or nucleo

tide–enzyme combinations that can, with precision, 
cause point mutations in target genes, such as 
through the use of oligonucleotide-directed muta
genesis or certain zinc-finger nucleases. This would 
then be indistinguishable from other tools conven
tionally used for mutagenesis, such as chemical 
treatment, irradiation or somaclonal mutation 
through tissue culture. 

- Cisgenesis, the insertion of DNA including genes 
and constructs which already occur in the same 
species as the host crop or any closely related species 
that belong to the ‘gene pool’ of crossable species 
that breeders can also use with conventional crops. It 
can be argued that the same insertion could in theory 
also have been achieved through conventional 
breeding, although the latter might actually also 
suffer from linkage. It can be envisaged that, in 
some cases, the hazards associated with these crops 
will not be different from those obtained through 
conventional ways of breeding. Unless the molecular 
characteristics of the modification are known, this 
also raises issues regarding the detectability of 
GMOs for regulatory enforcement purposes, as there 
are no common ‘foreign’ DNA elements that could 
be screened for to identify it as a GMO. 

- Transient modifications that may accelerate the pro
cess of selection of desirable traits, but that are 
removed from the crop further downstream in the 
breeding process. 
This raises question as to whether the GM crop can 

be distinguished from any conventionally bred crop in 
the final product. Vice versa, it may also raise the 
question of whether any new trait introduced into 
conventionally bred crops can be regarded safe as 
well. 

•	 RNA interference, in which the gene product is not a 
protein but an RNAi molecule suppressing the activity 
of other intrinsic genes, such as that of fatty acid 
dehydrogenase leading to different fatty acid profiles 
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of oils from oilseed crops. This raises issues as to 
whether, for example, other genes than the target genes 
might be suppressed. Bioinformatics tools and the 
availability of genomic data may help to predict the 
likelihood of such interactions. 

On the other hand, it can be argued that with certain types 
of modification, such as with certain types of herbicide and 
insect resistance, familiarity has been acquired over the past 
few decades so that this may actually facilitate the assess
ment of these particular traits. 

3.5 Conclusions 

While genetic modification is a relatively new technology, 
its use in the field of agriculture for a number of commodity 
crops has been expanding widely. Interestingly, in a for
ward-looking manner, international organizations had 
already started developing principles for the safety assess
ment of these crops for human and animal health before 
they actually entered the market. The internationally har
monized approach of the comparative assessment between 
the GM crop and its non-GM comparators with a history of 
safe use has become (and is likely to remain) the key part of 
the safety assessment carried out by many regulatory 
authorities around the world. New developments in crop 
biotechnology in the near future, such as crops with com
plex modifications, may pose new challenges, and recent 
progress in the field of analytical ‘omics’ techniques may 
provide supplementary tools to characterize these crops 
thoroughly. 
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4.1	 Food Quality and Safety Assessment 
in the Era of Genomics 

The growing globalization of the food market has led to a 
corresponding increase in issues concerning the assess
ment of authenticity and safety of imported foods. Con
sumers are susceptible to any form of food alteration that 
may occur during the standard manufacturing processes 
and pay attention to food ingredients as these can influ
ence nutritional and health conditions (Galimberti et al. 
2013). The consumer is becoming more and more 
demanding in terms of food quality and safety, seeking 
products with exhaustive labelling containing information 
about the original raw materials and assurances that the 
product is free from harmful chemical and microbial 
contaminants. 

Historically, food authenticity involved efforts to 
ensure human safety by preventing the spread of specific 
diseases that were thought to be transmitted through food 
products of animal or plant origin (Myers 2011). Several 
studies have since been undertaken with the aim of 
understanding the role and association of microorgan
isms, especially bacteria, in food. These investigations 
have not been limited to pathogenic microorganisms, but 
also regard those bacteria or yeasts involved in food 
transformation (e.g. fermentation) or preservation (Ross 
et al. 2002). In the last years, sensitive and fast laboratory 

methods to isolate and identify microorganisms in food 
products have been developed (Elmerdahl Olsen 2000; 
Ray & Bhunia 2013; Ceuppens et al. 2014; Sohier et al. 
2014). Thanks to these technical advances, most of the 
commercial foods are routinely subjected to micro
biological analyses to exclude harmful biological con
tamination. This condition represented an essential step 
for the spread of studies and protocols to guarantee the 
highest food safety for the consumer. As well as micro
biological analysis, the development of food authentica
tion tests was also required by the market to identify food 
substitutions and economic frauds (Myers 2011). As a 
consequence, over the past 25 years there have been 
considerable advances in the development and use of 
molecular techniques for the rapid detection of food 
components and food microorganisms (both beneficial 
and pathogenic). These approaches are normally based on 
detecting specific DNA or RNA target sequences using 
amplification processes, in particular the polymerase 
chain reaction (PCR). In many instances, molecular tech
niques have almost completely replaced conventional 
culture detection methods (Galimberti et al. 2013; Ceuppens 
et al. 2014). In the last years the increasing demand for 
molecular traceability systems has led to the adoption of 
universal DNA-based approaches. One of the most-used 
methods is DNA barcoding: a standardized method providing 
species identification through the analysis of the variability in 
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a short DNA gene region (the ‘barcode’; Casiraghi  et al. 2010;  
Galimberti et al. 2013). 

4.2	 DNA Barcoding: General 
Characteristics and Applications for 
the Analysis of Modern Foodstuffs 

The basic idea of DNA barcoding, first proposed by Hebert 
et al. (2003), is quite simple: through the analysis of 
variability in a single or in a few standard molecular 
marker(s), it is possible to discriminate biological entities 
(hopefully belonging to the taxonomic rank of species). 
DNA sequence(s) can be used to identify different species 
in the same way a supermarket scanner uses the black 
stripes of the UPC barcode to identify any purchase. This 
method relies on the assumption that the genetic variation 
between species exceeds that within species. Consequently, 
the ideal DNA barcoding analysis mirrors the distributions 
of intra- and interspecific variabilities separated by a distance 
called ‘DNA barcoding gap’ (Meyer & Paulay 2005; 
Wiemers & Fiedler 2007). The principal barcode regions 
for animals, plants and bacteria are fragments of the mito
chondrial coxI, the plastidial rbcL + matK, and the ribosomal 
16s rRNA genes, respectively (Hebert et al. 2003; Hollings
worth et al. 2011; Chakraborty et al. 2014). These short 
sequences, referred to as ‘barcodes’, should be amplified 
using universal primers (Hebert et al. 2003; Hajibabaei et al. 
2007). Efforts in DNA barcoding development and manage
ment are coordinated by the International Barcode of Life 
project (iBOL; http://ibol.org/). 
In the case of unidentified samples, the molecular bar

code is compared with a library of reference sequences (e.g. 
the BOLD system, Ratnasingham & Hebert 2007, 2013), 
encompassing taxonomically defined species (Casiraghi 
et al. 2010; Sandionigi et al. 2012). The final goal of 
DNA barcoding pipeline is to build a robust, efficient 
and standardized system for species identification 
(Fig. 4.1). 
In the modern context of food traceability, DNA barcod

ing allows the characterization not only of food raw mate
rials but also of the associated microbial communities. A 
correct evaluation of the origin and safety of food compo
nents is also essential for new foodstuffs (e.g. the modern 
functional foods), where the microbial component plays a 
key role in enhancing their nutritional value. 
In this chapter we introduce a new concept of food 

traceability through the analysis of all biological compo
nents of food products. Each aliment should be considered 
as a sort of complex ecosystem, where one or more raw 

materials are combined with one or more microorganisms 
to obtain a commercial product with suitable nutritional 
value and safety for the consumer. 
Before introducing the advantages and fields of applica

tion of these molecular approaches, it is necessary to 
describe first the concept of food as ‘biological ecosystem’ 
(Giraffa & Neviani 2001; Montville & Matthews 2013) and 
the effects of biotechnological processes on the develop
ment and production of the new foodstuffs. 

4.3	 Microbiological Composition of 
Foodstuffs 

Biotechnology procedures have been involved in food pro
duction since time immemorial, mainly by taking advantage 
of environmental microorganisms and their metabolisms 
such as bacteria and yeasts transforming raw materials 
into enriched foodstuffs. Well-known examples include: 
wine and alcohol, where biotransformation increases their 
nutritional value and extends their shelf life; yogurt and dairy 
products, where microorganisms transform milk into prod
ucts exhibiting peculiar sensory characteristics (e.g. cheese); 
and bread and other bakery products obtained by the fer
mentation activity of selected yeasts. Pools of microorgan
isms can modify chemical and physical characteristics of raw 
materials to derive new metabolites and materials and there
fore influence the organoleptic, safety and nutritional prop
erties of the final transformed food products (Steinkraus 
1997; Caplice & Fitzgerald 1999; van Hylckama Vlieg 
et al. 2011; Bull et al. 2013). 

With the exception of traditionally biotransformed foods 
and beverages, an astounding number of edible products 
(including the emerging ‘functional foods’) involves micro
bial activities during at least one step of their production. 
An example is the large use of probiotics in dairy products. 
Microbes therefore play an important role in human food 
production and this trend is increasing with the manufacture 
of modern food products. Most sterile foods harbour one or 
more types of microorganisms with bacteria, yeasts, moulds 
and viruses being the most relevant. Some of these can 
potentially cause food spoilage because of their ability to 
grow in foods. At the same time, others have a key role in 
food transformation processes such as fermentation and 
biopreservation. 
Moreover, in some cases the same microorganisms can 

mediate beneficial transformations of food raw material or 
trigger spoilage phenomena such as moulds in cheese. This 
condition could be related to the relative abundance of the 
microorganisms, their growth rate and the time of exposition 

http://ibol.org/
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Figure 4.1 Flowchart of DNA barcoding approach. In order to provide a proper labelling of any foodstuff, each element in the 
food supply chain should be subjected to identification procedures (from the original organism and the microorganisms used 
during biotransformation to the final shelf-product). After sampling at any stage of food production, standard laboratory 
techniques are used to obtain DNA barcoding sequences. When morphological data of the original organism (or raw material) 
are available, DNA barcodes can be stored in private and/or public databases and used as a ‘reference’ to compare and identify 
other barcodes from unknown samples (e.g. processed raw material, fermented products). Identification results are used to assign 
a ‘molecular label’ to the commercialized products and to assess their quality and safety. 

of microorganisms to the raw/food material. For these rea
sons, biotransformation processes often require a final step of 
microbial inactivation as in the case of wine production, 
where sodium bisulphite is introduced to arrest alcoholic 
fermentation (Amerine et al. 1980). 

Currently, there are three main roles played by micro
organisms involved in food manufacturing at the industrial 
level: (1) fermentation; (2) biopreservation; and (3) the 
production of new metabolites or functions (i.e. functional 
foods). 
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4.3.1 Fermentation 

The fermentation process consists of the oxidation of 
carbohydrates to obtain a range of products with organic 
acids, alcohol and carbon dioxide as major end-products 
(Ray & Daeschel 1992). In addition a number of secondary 
metabolites, including vitamins, polyols or anti-oxidants, 
can be produced during fermentation thanks to the alterna
tive metabolic pathways of microorganisms. These prod
ucts may bring specific health benefits to humans (van 
Hyklckama Vlieg et al. 2011). 
Food fermentation has been practised for millennia, 

being one of the earliest technologies developed by 
humans. The period during which humans began deliber
ately to use yeast or bacteria to start fermentation is still 
unknown. However, a shared assumption is that household 
production of fermented dairy products and alcoholic bev
erages began with the introduction of agriculture and 
animal husbandry approximately 10,000 years ago in 
Asia and the Middle East (Cordain et al. 2005). Littoral 
foragers in Asia are believed to have fermented vegetables 
prior to the development of crop-based agriculture from 
8000 to 3000 BC (Lee 2009). At the same period, dairy 
fermentations were first adopted for cheese-making in the 
Middle East (Mesopotamia), likely following the domesti
cation of cattle (Fox 1993). Many historical sources seem to 
indicate alcohol from fermented fruits as the first product of 
fermentation to be discovered (Breidt et al. 2013). Indeed, 
archaeologists have found molecular evidence for the 
production of fermented beverages dated back to 7000 BC 
and 5400–5000 BC from China and Mesopotamia, respec
tively (McGovern et al. 1996, 2004). Later, more sophisti
cated fermentation skills for the production of alcoholic 
beverages were developed around 4000 BC by Egyptians 
and Sumerians (Sicard & Legras 2011). While in Asia 
alcoholic beverages were mainly obtained from rice fermen
tation, in Egypt and Mesopotamia they were mostly made 
from fruits (wine), honey (mead) and cereals (beer). At all 
these sites, naturally occurring yeasts were probably used to 
start the transformation reactions (Sicard & Legras 2011). 
The first evidence of the production of leavened bread from 

dough fermentation is also attributed to Egyptians (Samuel 
1996) at around 1300–1500 BC. Coarsely milled emmer 
wheat (Triticum dicoccum Schübl.) was used to prepare 
dough. Starting from those times, fermentation skills and 
techniques expanded throughout the Old World. Documen
tation for the history of some food products (e.g. bread) is 
scarce; in other cases however, the main steps of diffusion are 
better known as in the case of wine and beer (This et al. 2006). 
Wine production spread first in Mediterranean countries such 
as Greece (5000 BC), Italy (900 BC), France (600 BC), 

Northern Europe (100 AD) and finally to the Americas 
(1500 AD) (Grassi et al. 2002; De Mattia et al. 2009; Zecca 
et al. 2010). Brewing history followed two separate routes, 
depending on the characteristics of fermentation procedures 
(i.e. temperature and type of yeast). Ale beer technology was 
acquired from the Middle East by Germanic and Celtic tribes 
around the 1st century AD, whereas lager beer technology 
was introduced later during the Middle Ages in Europe 
(Hornsey 2003; Kodama et al. 2005). 
Although fermentation has been exploited as a food 

processing method for thousands of years, it was only in 
the last two centuries that bacteria, yeasts and other micro
organisms were recognized as key points in the fermenta
tion process (Ross et al. 2002). Pasteur made the first 
significant contribution to the development of modern 
food microbiology in 1857, when he demonstrated that 
alcohol produced through fermentation in beer and wine 
resulted from microbial activity rather than ‘abiotic’ chem
ical processes. A few decades later, in Denmark, Hansen 
developed the first technique using pure cultures of selected 
yeast strains for brewing (Carlsberg Yeast No. 1 Saccha
romyces carlsbergensis, now classified as a strain of Sac
charomyces cerevisiae). 
These theoretical and experimental advances emerged at 

the time of the industrial revolution: a period of population 
growing and concentration in larger cities. This phenome
non resulted in a substantial shift of food production from 
the artisanal level to large food industries to satisfy the 
increasing demand of expanding and globalized markets 
(Ross et al. 2002). Industrialization increased large-scale 
processes for the massive production of fermented foods 
and beverages using yeast to obtain beer and wine and lactic 
acid bacteria (LAB) for a great number of dairy, vegetable 
and many other foodstuffs. 
Subsequent advances in the sector of industrial fermenta

tion  arrived in the  first half of the twentieth century and 
encompassed, among others, the employment of Aspergillus 
niger (a mould) for the manufacturing of citric acid and 
Penicillium chrysogenum for the production of the antibiotic 
penicillin. Due to the continuous discoveries in biotechnology 
and genetic engineering in the last 20 years, fermentation is 
definitively recognized as an industrialized and life-science
driven technology (Waites et al. 2009). Fermentations 
today play the primary role in the manufacture of many 
different foods such as: production of vitamin supplements 
(Sybesma et al. 2004; Santos et al. 2008); the introduction of 
specific functional attributes in food (Pham & Shah 2009); the 
removal of unwanted compounds (Amoa-Awua et al. 1997); 
and the delivery of probiotics (Bull et al. 2013). 
Thanks to this long history and the advancement of 

biotechnologies, today there is an astonishing variety of 
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fermented foods deriving from a broad range of food sub
strates including plants, meat, milk and many others (Ross 
et al. 2002). In modern society, fermented foods substantially 
contribute to enrich the human diet providing a large amount 
of flavours, aromas and textures (van Hyklckama Vlieg et al. 
2011). Fermentation plays a key role in several food indus
trial compartments (Bourdichon et al. 2012) including: (1) 
food preservation (production of organic acid, ethanol and 
many others acting as inhibitory metabolites; Ross et al. 
2002; Breidt et al. 2013); (2) development of desired sensory 
properties (i.e. organoleptic quality; Singh et al. 2012; 
Dueñas-Sánchez et al. 2014); (3) improvement of nutritional 
value (van Boekel et al. 2010; Zhang et al. 2010); and (4) 
improvement of food safety through pathogen inhibition 
(Smaoui et al. 2010; Cizeikiene et al. 2013). 

Currently, fermented foods represent approximately one-
third of the human diet (Campbell-Platt 1994). For this 
reason, suitable tools for the control of fermented food are 
needed to characterize the composition of final transformed 
products. 

Food fermentations are classified today by categories, 
classes or commodity (see Steinkraus 1997), although the 
boundaries between the classification criteria are often 
hazy. For example, the principal categories are: alcohol 
(e.g. beer, wine); acetic acid (e.g. apple cider, vinegars); 
lactic acid (dairy products); carbon dioxide (e.g. bread); and 
amino acids or peptides from protein (fish fermentations 
and others). This general classification relies on the predic
tion of the product of the reaction (Steinkraus 1996; 
Johnson & Steele 2013). Although these categories include 
most of the food and beverages subjected to fermentation, 
this classification is not exhaustive because it does not take 
into account which microorganisms are involved in the 
reaction. Moreover, different microorganisms can produce 
a number of different secondary metabolites from the same 
raw material. An exhaustive molecular characterization of 
microorganisms involved in fermentation processes could 
help to clarify the characteristics of food (chemical, nutri
tional, etc.) and the effectiveness of the biotransformation 
process. A large portion of the industrial market is devoted 
to the production of new fermenting microorganisms that 
show peculiar properties in terms of growth rate, stability 
and yield of secondary metabolites production. A reliable 
molecular characterization system allows these strains to be 
differentiated and the intellectual property of bio
technological companies preserved. 

4.3.2 Biopreservation 

Being perishable, food and beverages require treatments 
that elongate their shelf life in order to maintain an 

acceptable level of quality and safety from manufacturing 
to consumption. Although there is evidence for early 
historical approaches to preserve food and beverages, the 
first scientific contribution was developed by Pasteur dur
ing the nineteenth century (Bulloch 1938; Ross et al. 2002). 
Pasteur introduced a food conservation approach consisting 
of a simple heating treatment, originally used as a way of 
preventing wine and beer from souring due to microorgan
isms. This treatment takes his name: pasteurization. 
Modern food preservation approaches act directly on the 

biological activity of microorganisms and/or their metabo
lites (Ross et al. 2002). These approaches are generally 
known as biopreservation. One of the earliest biopreserva
tion technologies is once again fermentation (Caplice & 
Fitzgerald 1999). Preservation by fermentation relies on the 
fact that the end-products of oxidation of carbohydrates 
(e.g. acids, alcohol and CO2) can control the growth of food 
spoilage microorganisms (Ross et al. 2002). Antimicrobial 
compounds, as well as proteinaceous substances able to 
inhibit or contrast food spoilage, are produced by starter 
microorganisms that were traditionally involved in natu
rally occurring fermentations. The exploitation of such 
naturally produced antagonists holds great potential, espe
cially in recent years as consumer awareness of so-called 
‘green technologies’ (i.e. minimally processed foods, free 
from chemical and harmful preservatives) has grown. This 
scenario has resulted in a large number of new biopreser
vatives (e.g. bacteriocins) which can also be combined to 
elongate shelf life and enhance quality of foodstuffs (Ross 
et al. 2002; Montville & Chikindas 2013). 
Modern industrial production now exploits the use of 

specific strain starter systems for biopreservation purposes. 
In western countries, a considerable number of starter 
strains (used mainly in fermented foods) are derived 
from the activity of lactic acid bacteria (LAB). LAB are 
among the best-studied microorganisms in biopreservation 
approaches and their biochemical and metabolic character
istics in mediating antibiosis are well known (Cizeikiene 
et al. 2013; Crowley et al. 2013; Johnson & Steele 2013; 
Sohier et al. 2014). The carbohydrate catabolism of LAB 
produces a wide panel of compounds. Some of these 
contribute to the flavour, aroma and texture of the final 
fermented products (see Johnson and Steele 2013 for a 
review), whereas others include molecules with antimicro
bial functions such as organic acids, ethanol, hydrogen 
peroxide and bacteriocins (Caplice & Fitzgerald 1999). For 
example, lactic acid, acetic acid and other organic acids 
have low pH environmental values, therefore impeding the 
growth of several pathogenic and spoilage microorganisms 
(e.g. bacteria, yeasts and moulds). LAB and other micro
organisms can also produce bacteriocins, peptides and 
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proteins with antagonistic activity against contaminant 
bacteria (Ross et al. 2002). More than 170 bacteriocins 
have been described, and they are usually classified accord
ing to their chemistry and molecular weight (Klaenhammer 
1993; Hammami et al. 2010). 
The last frontier of biopreservation is the use of microbial 

antagonistic molecules produced by other microorganisms 
to functionalize food packages. These types of packaging 
interact with the product or the headspace between the 
package and the food, achieving the reduction or inhibition 
of microorganism growth (Appendini & Hotchkiss 2002; 
Sofos et al. 2013). Active packaging systems include 
natural antimicrobials as additives including nisin, one of 
the most studied and commercialized bacteriocins 
(O’Grady & Kerry 2008). As an example, bacteriocins 
applied to food packaging materials were found to inhibit 
Listeria monocytogenes on meats (Ming et al. 1997; Gálvez 
et al. 2007). 
The widespread use of biopreservation approaches has 

largely reduced the adoption of physical techniques and 
chemical substances with antimicrobial activity, therefore 
enhancing food quality and safety. However, biopreserva
tion techniques involve the introduction of new micro
organisms and/or biomolecules into raw materials and 
final food products, which should be taken into account 
in a context of food traceability. An element of additional 
concern is that in some cases producers, with the intent of 
reducing the food alteration risk, use a mix of microorgan
isms without fully considering the characteristics of each 
biological component. In this case, a proper traceability 
system should address the identification of both the original 
raw materials and the microorganisms involved in the 
biopreservation process. 

4.3.3 Functionalization 

The continuous progresses in biotechnology, alongside the 
considerable change in consumer demands, are driving a 
new trend in food production towards the research and 
development of so-called ‘functional foods’ (Roberfroid 
2000). This term was first proposed and legally approved in 
Japan in terms of Foods for Specified Health Use (FOSHU). 
A recent working definition proposed by the European 
Commission on Concerted Action on Functional Food 
Science in Europe (FUFOSE; European Commission 
2010) is: ‘A food can be regarded as functional if it is 
satisfactorily demonstrated to affect beneficially one or 
more target functions in the body, beyond adequate nutri
tional effects, in a way that is relevant to either an improved 
state of health and well-being and/or reduction of risk of 

disease. It is consumed as part of a normal food pattern. It is 
not a pill, a capsule or any form of dietary supplement.’ 
Functional foods must meet three basic conditions. They 

must be (1) derived from naturally occurring ingredients; 
(2) consumed as a part of daily diet; and (3) directly 
involved in the regulation of specific processes such as 
delaying the aging process, preventing the risk of disease 
and improving immunological ability (Betoret et al. 2011). 
These types of food also showed several synonyms: 
designer foods, medicinal foods, nutraceuticals, therapeutic 
foods, superfoods, foodiceuticals and medifoods (Shah 
2007). Consumers are increasingly aware that foods con
tribute directly to their health (Jones & Jew 2007; Siro et al. 
2008). Indeed, in the current perspective, foods are intended 
not only as the primary source of nutrients but also to boost 
the immune system, reduce the risk of disease and enhance 
both physical and mental well-being (Stanton et al. 2005; 
Nöthlings et al. 2007; Sharma & Devi 2014). In this 
context, functional foods play an outstanding role (Betoret 
et al. 2011). 
To improve the quality of functional foods, microbiol

ogists have recently focused on those microorganisms and 
related compounds that have significant benefits for human 
health (Pfeiler & Klaenhammer 2013). This research had 
led to the spread of an emergent category of functional 
foods, including probiotics, prebiotics and synbiotics 
(Stanton et al. 2005). A probiotic (from the Latin and 
Greek words meaning ‘for life’) is a live microorganism 
which, when administered in adequate amounts, confers a 
health benefit on the host (Joint FAO/WHO Working 
Group). Differently from the antagonistic action of anti
biotics, the term ‘probiotics’ was initially adopted to 
describe substances produced by one or more microorgan
isms that stimulate the growth of other microorganisms in a 
host (Lilly & Stillwell 1965). Prebiotics are non-digestible 
food ingredients that stimulate growth and/or activity of 
other bacteria, with positive effects on the health of the host 
(Gibson et al. 2004; Pfeiler & Klaenhammer 2013). As an 
example, if the amount of prebiotics in the diet increases, 
healthy bacteria in the gut of the host also increase (Gibson 
et al. 2003). Food can naturally contain prebiotics as in the 
case of fermented foods; alternatively, they can be fortified 
with them during the manufacturing process, with the final 
aim of increasing probiotic efficacy in the host (Ranadheera 
et al. 2010). Finally, when both prebiotics and probiotics 
are present in the same food product, those functional foods 
are referred to as synbiotics (Sharma & Devi 2014). 
Although the beneficial properties of some fermented 

foods have been known of since the Roman era (Stanton 
et al. 2005), the concept of probiotic is usually attributed to 
the work of Metchnikoff at the beginning of the twentieth 
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century. He observed that the consumption of fermented 
milk could reverse putrefactive effects on the gut microflora 
of patients (Metchnikoff 2004). Metchnikoff theorized that 
the microbial flora of the human gut could be related to the 
occurrence of infections and other problems. He isolated a 
Lactobacillus culture from Bulgarian fermented milk 
(known for its healthy properties) and successfully 
implanted the strain in the intestine of patients, observing 
beneficial effects. Today, there is growing scientific evi
dence that the maintenance of healthy gut microflora may 
provide protection against gastrointestinal disorders, 
pathologies and even cancer (see Sharma and Devi 2014 
for a review of the principal findings). Moreover, further 
studies indicate that the use of probiotics not only leads to 
health benefits in the gastrointestinal tract, but also helps to 
maintain the natural balance of the autochthonous microbial 
population of the respiratory and urogenital tracts (Hao 
et al. 2011; Maldonado et al. 2012; De Gregorio et al. 
2014). As a direct consequence of this trend in the use of 
probiotics, a wide range of functional foods including 
probiotics and/or prebiotics became suitable for large-scale 
industrial production, with additional improvements to 
maintain good viability of microorganisms during storage 
(Stanton et al. 2005). Due to their health benefits, probiotic 
bacteria have been increasingly included in yoghurts and 
fermented dairy products. Today, they are also delivered 
through cereals, infant formulas, freeze-dried supplements 
(capsules, pills, liquid suspensions and sprays) and fruit 
juices (Sharma & Devi 2014). 

Another important research trend concerns the develop
ment of probiotic cultures for use in both agricultural and 
pets (Pfeiler & Klaenhammer 2013). The principal objec
tives of this strategy are the enhancement of animal growth 
and the reduction in the transfer of human enteric pathogens 
to the consumer. This issue is of primary importance 
because control of enteric pathogens at farm level can 
reduce the risk of subsequent food-borne illness. 

A great number of genera of bacteria are used as pro
biotics, but the main species showing probiotic character
istics are Lactobacillus acidophilus, Bifidobacterium spp. 
and L. casei (Bull et al. 2013). An example is the Italian 
product known as Enterogermina, registered and distrib
uted since 1958. 

Yeasts also play an important role as probiotics, with 
Saccharomyces boulardii as the most known probiotic 
fungus which has been successfully used for curing intes
tinal diseases (Guslandi et al. 2000; Czerucka et al. 2007). 
Several applications of probiotics and/or prebiotics have 
been studied, from the enhancement of immune response to 
positive effects in contrasting allergies and even AIDS or 
other pathologies. A complete list of references describing 

these applications can be found in Haller et al. (2010) and 
Sharma & Devi (2014). 
In functional foods microorganisms might also indirectly 

promote food health by producing bioactive metabolites 
during fermentation processes; these are known as bio
genics (Takano 2002). The most important of these are the 
B vitamins and bioactive peptides (see Stanton et al. 2005 
for detailed references). In most cases, probiotic strains are 
covered by patents and the development of specific primers 
or probes for their rapid detection could be challenging. 
As a general rule, the health or biopreservation benefits 

imparted by probiotic microorganisms are very strain spe
cific (Sharma & Devi 2014). A reliable traceability system 
is therefore essential to guarantee their quality and safety. 

4.4	 Pathogenic Microorganisms and 
Food Spoilage 

Microorganisms are able to alter raw materials and final food 
products, posing serious risks to the health of consumers and 
industrial economy. It has been estimated that about 30% of 
people in industrialized countries suffer from a food-borne 
disease each year and about 25% of global food production is 
lost due to microbial contamination (Bondi et al. 2014). 

In better cases, microbial spoilage leads to an alteration 
of food organoleptic characteristics, whereas a wide panel 
of exogenous microorganisms are responsible for serious 
threats to human health (Settanni & Corsetti 2007; Newell 
et al. 2010). The main cause of food spoilage is the growth 
and metabolism of bacteria which form volatile substances 
that cause, for example, off-odours (Nattress & Jeremiah 
2000; Gram & Dalgaard 2002). The microbial load in a 
food product is closely related to: (1) the conditions of the 
growing/farming environment; (2) the initial microbial 
concentration; and (3) the preservation method. Food-borne 
pathogens, as well as spoilage microorganisms, can already 
be present in the indigenous microbiota, or are introduced 
to the final food product by contamination during manu
facturing (Newell et al. 2010). There are over 200 known 
microbial, chemical or physical agents that can cause illness 
when ingested (Acheson 1999). Among microorganisms, 
there is a great number of species and genera traditionally 
associated with human diseases and for which every food 
product should be tested in order to ensure their absence. 
Salmonella spp. is one of the major pathogens responsible 
for food-borne disease outbreaks throughout the world in 
humans and animals. Salmonella spp. typically causes 
intestinal infection, fever, abdominal cramps and diarrhoea. 
S. enterica is the most frequently isolated species from 
food-borne outbreaks (Jackson et al. 2013). 
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Other important and frequently reported food-borne 
pathogens belong to the following genera: Campylobacter, 
Yersinia, Shigella, Vibrio, Clostridium, Bacillus, Listeria 
and Staphylococcus (Settanni & Corsetti 2007; Doyle & 
Buchanan 2013). Both culture-dependent and DNA-based 
tests were developed for the detection of these microorgan
isms in food matrices, and most of these tests are routinely 
used by monitoring food centres (e.g. Scheu et al. 1998). 
Although all detection methods show a consistent ana

lytical sensitivity, their universality is far from complete. 
For this reason, each food should be subjected to multiple 
analyses; this unfortunately involves long analytical peri
ods and high costs. Microorganism detection and 
unequivocal identification is an important issue for the 
food industry: a rapid assessment of a potential microbial 
risk can predict and enhance the shelf life of foodstuffs, 
avoiding health hazards and economic losses, through the 
application of preventive measures. A rapid and correct 
detection could enable appropriate medical care decisions 
to tackle an outbreak of pathogens, as well as can improve 
understanding of the epidemiology of food-borne infec
tions. For all these reasons, inexpensive and reliable molec
ular identification methods are necessary to detect and 
identify food microorganisms associated with infections 
and diseases. 
In most cases, species identification is not sufficient. An 

example is provided by Escherichia coli strains: most of 
them are harmless (Donnenberg & Whittam 2001), but 
many others are effectively or potentially harmful including 
the Shiga toxin-(STEC), the verocytotoxin-producers 
(VTEC) and the enterohaemorrhagic E. coli (EHEC). In 
these cases, molecular traceability systems are able to 
distinguish different strains. 
Similarly, many microbial pathogens belong to the same 

genera of bacteria and yeasts used for food transformation 
(fermentation, biopreservation) and production of func
tional foods. For example, some proposed probiotic strains 
include genera Bacillus and Enterococcus, which contain 
species that are identified as major food-borne pathogens 
(Pfeiler & Klaenhammer 2013). Also in this context, 
molecular tools used for microorganism identification are 
the best choice for detection, capably distinguishing dan
gerous microorganisms from harmless ones. 

4.5	 Towards a Molecular Identification 
of Food-Related Microorganisms 

The present taxonomy of bacteria is the starting point to 
identify a universal molecular approach for microorganism 
identification. This is a complex topic for biologists as well 

as an area of growing interest, partly because the definition 
of microbial species as a taxonomic unit lacks a commonly 
accepted theoretical basis (Felis & Dellaglio 2007). Micro
bial taxonomy directly influences a number of basic scien
tific and applied fields where microorganisms are involved, 
including food production, conservation and probiotic 
activity (Tautz et al. 2003). It has practical usefulness, 
for example in: (1) characterizing new isolates based on 
similarity to known taxa; (2) assessing and monitoring 
the use of industrial strains for food production; and 
(3) communicating to consumers which beneficial micro
bial ingredients are included or were involved during 
manufacturing. It should be underlined that microbiologists 
work with strains, as the strain is the microbial individual. 
Strains can show different functional or metabolic charac
teristics; however, when a large number of different strains 
are homogeneous under different criteria, it is possible to 
assign peculiar properties directly to the species. 

Several analytical methods could have a different reso
lution power when studying a microorganism. To better 
support the identification of a microorganism, results from a 
large number of techniques should be compared: this 
practice was also known as ‘polyphasic’ (Colwell 1970; 
Vandamme et al. 1996). 
An updated inventory of microorganisms commonly 

used in food/beverages production includes about 200 
bacteria and 69 yeasts and moulds species, often including 
dozens of strains (Bourdichon et al. 2012). 
Progress in bacterial taxonomy has always been depen

dent on advances in technology (Felis & Dellaglio 2007). 
To date, due to the shortcomings of conventional culture-
based methods, genetic techniques have become increas
ingly important in food microbiology being the most rapid 
and accurate in identifying bacteria and other microorgan
isms, either as a complement or alternative to classical 
methods (Ceuppens et al. 2014; Chakraborty et al. 2014). 

As well as increasing the sensitivity and specificity of the 
detection process, molecular approaches are less subjective 
in interpreting morphological and physiological or bio
chemical data (Settanni & Corsetti 2007). This tendency 
has made bacterial species identification by sequencing and 
phylogenetic analysis commonplace (Felis & Dellaglio 
2007). Genomics now underlies a renaissance in food 
microbiology, therefore accelerating food safety monitor
ing (Ceuppens et al. 2014). Molecular approaches to 
taxonomy demonstrate several advantages in comparison 
to the conventional culture-based methods, such as: 

1.	 The possibility of investigating microorganisms and 
strains, which are difficult (if not impossible) to culture 
in vitro (e.g. Campylobacter; Denis et al. 2001) or for 
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which a selective medium is unavailable (e.g. Bacillus 
cereus; Fricker et al. 2008). In order to increase sensi
tivity, traditional isolation methods include a selective 
enrichment and a facultative pre-enrichment step, both 
of which are laborious and time-consuming (Elmerdhal 
Olsen 2000). 

2.	 The time required for a molecular detection system is 
generally much shorter than that for conventional 
culture-based methods. PCR-based approaches permit 
the detection of food-borne pathogens in a few hours 
with high sensitivity and reliability (Cunningham et al. 
2010). Rapid detectability is of utmost importance 
when the target microorganisms are particularly slow 
growing: Salmonella, Shigella, Yersinia and Campylo
bacter required up to 5 days to grow and be identified 
(Cunningham et al. 2010). 

3.	 DNA-based detection methods can specifically detect 
and quantify species (or strain), also overcoming the 
problem of co-occurrence of other dominant popula
tions which could mask the target organisms (Solieri & 
Giudici 2010; Soler et al. 2012; Herbel et al. 2013). 

Similarly to other detection systems, DNA-based tech
niques have some limitations (Ceuppens et al. 2014). In the 
context of food quality and safety assessment, the principal 
drawback is the detection of DNA traces from dead micro
organisms, which can lead to false positives cases of 
contamination. However, several solutions now exist to 
assist for a correct interpretation of results (e.g. sample pre
treatments and PCR selective protocols; Ceuppens et al. 
2014). 

The integration of DNA-based methods in the identifi 
cation of microorganisms has led to a growing importance 
of molecular information in describing new species. The 
results of this innovative perspective in the study of 
biodiversity are well described under the concept of 
‘DNA taxonomy’ (Tautz et al. 2003; Blaxter 2004). 
One of the principal aspects of DNA taxonomy is a strict 
standardization, which allows the taxonomic approach to 
be extended to vast groups of organisms not deeply 
related (Casiraghi et al. 2010). It also provides a frame
work for routine identification and represents the primary 
database for DNA barcoding (Vogler & Monaghan 2007). 
Thanks to the advancement of sequencing technologies 
and bioinformatics, the scientific community has stan
dardized and ameliorated DNA sequencing approaches 
(Chakraborty et al. 2014). 

Short unique sequences may help to discriminate micro
organisms due to the existence of genetic variation in the 
closely related taxa. In this context, many scientists used 
PCR-amplified 16S rRNA gene for species-level typing of 

microorganisms (Schmidt & Relman 1994; Janda & Abbott 
2007). The use of this region as barcode reveals a fast, 
reproducible and inexpensive method for discrimination 
due to its peculiar properties (Patel 2001). First, 16s rRNA 
gene is present in all the bacterial species. Secondly, the 
function of the gene is conserved in almost taxa. Finally, 
being approximately 1500 base pairs (bp) long, it contains 
sufficient information to discriminate species and in some 
cases strains (Heilig et al. 2002; Muñoz-Quezada et al. 
2013). Last but not least, the 16s rRNA relies upon an 
impressive archive of reference sequences such as Green-
genes (De Santis et al. 2006, http://greengenes.lbl.gov/cgi
bin/nph-index.cgi) and SILVA (Pruesse et al. 2007, http:// 
www.arb-silva.de/Silva). For these reasons the 16s rRNA 
gene can be considered a sort of universal DNA barcode for 
microorganism identification. It can be evaluated for food 
traceability purposes because it can identify both pathogens 
and beneficial microorganisms (see also Table 4.1). 

4.6	 Towards a Standardized Molecular 
Identification of Food Raw Materials 

4.6.1	 From Molecular-Based Approaches 
to DNA Barcoding 

Besides biotransformation processes mediated by micro
organisms, the quality of food (e.g. nutritional value, 
sensory characteristics) is strongly related to the quality 
level of the raw materials (Konczak & Roulle 2011; Pereira 
et al. 2011). The analysis of raw materials is performed by 
various laboratory tests which represent the mandatory 
starting point for a proper food traceability system. In 
the last decades, the demand for efficient systems of 
food traceability has influenced the scientific research, 
leading to the introduction of a wide range of analytical 
approaches to the problem (Mafra et al. 2008; Fajardo et al. 
2010; Bottero & Dalmasso 2011; Hellberg & Morrisey 
2011). As in the case of microorganism detection and 
characterization, DNA markers have become the most 
effective instrument in the analysis of plant cultivars and 
animal breeds, and are also used to track raw materials in 
food industry processes (Woolfe & Primrose 2004; Mafra 
et al. 2008; Kumar et al. 2009). In the last 20 years, 
discontinuous molecular marker techniques such as 
RAPDs, AFLPs and their variants (i.e. ISSR, SSAP, 
SAMPL) have been used to characterize different kinds 
of raw material (Nijman et al. 2003; Grassi et al. 2006; 
Mafra et al. 2008; De Mattia et al. 2009; Fajardo et al. 
2010; Chuang et al. 2011). The selection of the most 
suitable molecular approach depends on the sample 

http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi
http://www.arb-silva.de/Silva
http://www.arb-silva.de/Silva
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composition, the time needed for the analysis, the cost/ 
effectiveness ratio and the expertise of laboratories. Fur
thermore, genomic techniques require high-quality DNA to 
work successfully because their efficiency can be nega
tively influenced by fragmented or inhibitor-rich DNA 
(Pafundo et al. 2007; Hellberg & Morrisey 2011). 
Regarding sequencing-based systems, single-nucleotide 

polymorphisms (SNPs) and simple sequence repeats 
(SSRs) are the most frequently used because of their 
high level of polymorphism and reproducibility (Kumar 
et al. 2009). These approaches are used both in the identifi
cation of plant cultivars (Pasqualone et al. 1999; Labra et al. 
2003) and animal breeds (Nijman et al. 2003) and in 
fraudulent commercial activities prevention (Chuang 
et al. 2011). However, being highly species specific, 
SSR and SNP approaches require access to a thorough 
knowledge of an organism’s genome (strains/varieties or 
ecotypes) and their application is often limited to a single or 
a few closely related taxa. 
Low levels of standardization and universality are the 

most relevant problems of DNA-based identification 
approaches. The introduction of DNA barcoding offers 
an innovative solution to this issue because it combines 
two important aspects dealing with modern taxonomy: 
standardization of the analytic procedure (i.e. amplifying 
a universal genomic region with universal primer pairs) and 
computerization (i.e. development and continuous 
improvement of a universal DNA database for all orga
nisms) (Casiraghi et al. 2010). The 5´-end portion of 
mitochondrial cox1 gene was suggested by Hebert and 
colleagues (2003) as standard DNA barcode region for 
metazoans. Based on preliminary results on cox1 discrimi
natory power, specimens have been correctly identified at 
the species level with a success rate ranging from 98 to 
100% in fish (Ward et al. 2005) and in several other animal 
groups (Hajibabaei et al. 2006; Ferri et al. 2009; Galimberti 
et al. 2012). 
In terrestrial plants, mitochondrial DNA has slower 

substitution rates than in metazoans and shows intra-molec
ular recombination (Mower et al. 2007), therefore limiting 
its resolution in identification. For this reason, in 2009 the 
CBoL (Consortium for the Barcode of Life) Plant Working 
Group (Hollingsworth et al. 2009) suggested the combina
tion of two plastidial loci (rbcL and matK) as core-barcode 
regions, because of the straightforward recovery rate of 
rbcL and the high resolution of matK. Among other poten
tial barcodes, the trnh-psbA intergenic spacer is easily 
amplified and has a high genetic variability among closely 
related taxa (Bruni et al. 2010, 2012; De Mattia et al. 2012). 
The nuclear ITS region was also indicated as a supplemen
tary DNA barcode region (Li et al. 2011) due to its higher 

evolution rate (Hollingsworth et al. 2011). The strength of 
this method relies on the availability of an international 
platform. Coordinated by the International Barcode of Life 
Project (iBOL), BOLD (barcode of life database) is a 
repository supporting the collection of DNA barcodes 
with the aim of creating a reference library for all living 
species (Ratnasingham & Hebert 2007, 2013). 

4.6.2	 Advantages and Limitations of DNA 
Barcoding in Food Traceability 

The most important advantages of DNA barcoding comes 
from the rapid acquisition of molecular data with relatively 
low analyses costs. In the field of food traceability and 
safety, DNA barcoding has nowadays gained a role of 
primary importance (Galimberti et al. 2013). 
Current technical advances have made DNA barcoding a 

sensitive, fast, cheap and reliable method for identifying 
and tracking a wide panel of raw materials and deriving 
food commodities (even in case of strongly processed food 
products), with several implications in the fields of forensic 
sciences, food traceability, diet analyses, monitoring of 
illegal trade of endangered species and use of foodstuffs 
or microorganisms for biotransformation (potentially harm
ful to human health). Due to its universality, DNA barcod
ing can be used in different contexts and by different 
operators. The cost- and time-effectiveness of DNA bar-
coding and the recent development of high-throughput 
sequencing technologies allow a certain degree of automa
tion in species identification, which is particularly useful in 
simultaneous monitoring activities of different food batches 
and of the microorganisms used for their fermentation or 
preservation (Galimberti et al. 2015). 
The growing use of DNA barcoding derives from a 

combination of some advantageous characteristics: (1) 
the falling cost of molecular analyses; (2) the increasing 
availability of equipped laboratories and skilled personnel; 
(3) the presence of freely available web-based resources to 
share and molecular reference data to consult; and (4) the 
increasing amount of informed consumers requiring high 
standards of quality in food products. This scenario has 
increased demand for a technique based on moleculariza
tion, standardization and computerization and, in this con
text, DNA barcoding is not only up to date but is the natural 
product of the 2000s (Galimberti et al. 2013). 
International agencies or institutions responsible for 

quality control of raw materials or food commodities can 
co-operate by exchanging their data, hence creating popu
lation reference databases; the lack of such databases is the 
main limit of the method. While some groups of organisms 
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(e.g. fish) are well represented, a lot of work is required to 
provide a reliable source of reference DNA barcoding data 
for groups which have been poorly investigated. As a 
diagnostic method, DNA barcoding approach can be 
more or less fallacious, and it should be taken into account 
that failures are mainly in the essence of biological species 
rather than in the method (see Casiraghi et al. 2010 for a 
review). As an example, the method cannot yet be easily 
applied to the differentiation of GM (genetically modified) 
food raw materials, based on the standard molecular mark
ers. The modified genomic tracts usually do not involve the 
plastidial or nuclear regions analysed in a classical DNA 
barcoding approach (DNA barcoding sensu strictu; Casir
aghi et al. 2010). However, given the increasing demand for 
a fast and reliable traceability system for these kinds of 
products, a panel of additional markers (i.e. promoters, 
reporter genes) could be applied in combination with 
classical DNA barcodes (DNA barcoding sensu lato; Casir
aghi et al. 2010). 

4.6.3	 DNA Barcoding and Food Traceability: 
An Overview 

The identification of raw materials is fundamental to ensure 
high standards of quality for the food industry and market 
(Novak et al. 2007; Myers 2011). DNA barcoding is 
effective in certifying both origin and quality of food 
raw materials and detecting food adulteration or species 
substitution in the industrial food chain (see Table 4.1). 

A clear example of DNA barcoding usefulness is the 
traceability of seafood (Becker et al. 2011) because: 
(1) classical identification approaches, based on morpho
logical analyses, are not reliable in many cases (with 
processed food in particular); (2) in comparison to other 
animal sources (e.g. cattle, sheep, goat, horse), the number 
of species is higher so there is the need for a rapid 
identification technique; and (3) in seafood, more than 
for other living groups, molecular identification can go 
further than the species level, allowing in several cases the 
identification of local varieties and hence identifying the 
origin of a certain product. Moreover, the mitochondrial 
coxI shows good discriminatory power in the identification 
of fish species (98% of probed marine species and 93% of 
freshwater species were successfully identified; Ward et al. 
2009). Successful results were also obtained from a starting 
small portion of fresh or processed material, thanks to 
the use of few universal primer combinations (Steinke & 
Hanner 2011). To date, more than 100,000 barcode 
sequences from 10,672 species (33% of the total) have 
been stored in the Fish Barcode of Life Initiative (FISH-BOL; 

www.fishbol.org), a framework of an international col
laborative research. For this reason DNA barcoding was 
proposed by the US Food and Drug Administration for the 
authentication of fish-based commercial products (Yancy 
et al. 2008). In particular, the US FDA planned to include 
DNA barcode data into the Regulatory Fish Encyclopae
dia, in order to help investigation of mislabelling and fish 
species substitution. 
DNA barcoding has also proven effective in tracking 

seafood after industrial processing, when a complex man
ufacturing process is required or in the case of fish sold in 
parts (e.g. steaks, blocks, surimi, fish sticks and fins; 
Barbuto et al. 2010). 
In the case of plant raw materials, DNA barcoding has 

been successfully used in several cases (for a review see 
Galimberti et al. 2014), such as for the recognition and 
traceability of spices. In this case study, De Mattia et al. 
(2011) analysed some of the most important groups of 
traded spices belonging to the genera Mentha, Ocimum, 
Origanum, Salvia, Thymus and Rosmarinus. The selected 
DNA barcode regions were the core-barcode (matK+rbcL) 
and the plastidial trnH-psbA intergenic spacer. Results 
suggest that many common spices can be identified; the 
only exclusions were marjoram and oregano (both belong
ing to the genus Oregano) which exhibited an intraspecific 
diversity higher than the interspecific diversity. Moreover, 
DNA barcoding showed high performances in discriminat
ing basil species: indeed, matK and trnH-psbA7 were able 
to distinguish commercial basil (Ocimum basilicum L) from 
other Ocimum species, as well as differentiate among the 
principal basil cultivars. 
In another case related to plant traceability, Bruni et al. 

(2010) evaluated the effectiveness of DNA barcoding in 
separating toxic from edible species, demonstrating a clear 
molecular distinction between cultivated species of the 
genera Solanum (Solanum tuberosum L., Solanum lyco
persicum L. group) and Prunus (Prunus armeniaca L., 
Prunus avium L., Prunus cerasus L., Prunus domestica L.) 
and their toxic congenerics. This study suggests that DNA 
barcoding is also useful to assess food safety, being able to 
distinguish edible species from their non-edible or toxic 
congenerics as confirmed by Jaakola et al. (2010). 
After the analysis of several case studies published in the 

field of food traceability, it is possible to state that the main 
limit of universal barcode markers is the low level of 
genetic variability of some cultivars and animal breeds. 
Most crops species and farmed animals derive from com
plicated breeding programmes; genetic differences among 
them and the parental taxa could therefore be extremely 
reduced and are not detectable if analysed with DNA 
barcode markers. 

http://www.fishbol.org
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In an attempt to bypass this shortcoming, Kane and 
Cronk (2008) proposed ultra-barcoding methodology 
which is based on the sequencing of the whole plastidial 
genome, together with large portions of the nuclear genome 
(Kane et al. 2012; Li et al. 2015). This combination 
provides enough information to highlight genetic diversity 
below the level of species, allowing hybrids to be differen
tiated from pure lines and showing higher sensitivity than 
traditional DNA barcoding (Parks et al. 2009; Nock et al. 
2011; Steele & Pires 2011). Kane et al. (2012) evaluated the 
effectiveness of ultra-barcoding on cocoa (Theobroma 
cacao L.), and found several plastidial and nuclear SNPs 
which were useful in discriminating several cultivars. This 
technique is promising and technically accessible thanks to 
the recent advances in the field of DNA sequencing (high
throughput sequencing devices). This will allow conven
tional barcode markers to be extended from a gene fragment 
to the entire chloroplast genome. 

4.7	 Next-Generation Technologies to 
Characterize Complex Food Matrices 
and their Microbiome 

DNA barcoding has moved fast in the last decade; universal 
DNA barcode regions have been identified for all of the 
most relevant group of organisms and PCR protocols and 
universal primers sets have also been defined (Chakraborty 
et al. 2014; Joly et al. 2014). These technical advances 
allow the identification of organisms starting from a small 
portion of tissue, without any morphological information 
available. In this context, DNA barcoding represents a 
suitable food traceability system, able to assess the quality 
and safety of a product during the different steps of the food 
supply chain from the field to the consumer’s table (Barbuto 
et al. 2010). However, most food products are composed of 
a mix of organisms and a complex microbiome. In this case, 
the use of universal primers produces several DNA barcode 
fragments, corresponding to the different species in the 
analysed food (raw material and microorganisms). Sanger
based DNA sequencing, although being effective when 
used for DNA barcoding, is therefore only a feasible 
approach in the case of food mixtures if preceded by a 
pre-treatment to separate or isolate amplicons. Several 
techniques, such as digestion with specific restriction 
enzymes (i.e. RFLP) or electrophoretic analysis (Mane 
et al. 2009; Teletchea 2009; Colombo et al. 2011), were 
used to separate different DNA fragments before the 
sequencing process. However, these methods are effective 
only when the food matrix comprises only a few species 
and when they have relevant differences in their DNA 

barcodes (i.e. different target regions for restriction 
enzymes and sequences of different length). In other cases, 
amplicons should be cloned into plasmid vectors and 
introduced into bacterial competent cells (Zeale et al. 
2011) in order to obtain single fragments. 
With the ultimate goal of characterizing the complete 

spectrum of ingredients in complex food matrices, as well 
as alterations or peculiarities in their microbial composi
tion, a cloning approach is inadequate to uncover this huge 
diversity. As a result, the requirement for high-throughput 
sequencing techniques grew by an unpredicted extent 
(Solieri et al. 2013). Several novel approaches evolved 
to replace the traditional Sanger sequencing method; these 
modern advances have been referred to as ‘next-generation 
sequencing’ (NGS) and, more recently, ‘high-throughput 
sequencing’ (HTS). HTS techniques are able to provide 
sequence data around a hundred times faster and cheaper 
than the conventional Sanger approach. Sequencers from 
454 Life Sciences/Roche (producing about a million 
sequences of length 800–1000 base pairs), Solexa/Illumina 
and Applied Biosystems SOLiD technology (producing 
over a billion sequences of length 50–500 base pairs) 
were produced as second-generation technologies and other 
competitive instruments appeared on the market such as the 
Ion Torrent and PacBio. Prior to reaching a taxonomic 
assignment of the whole biological content of a food 
ecosystem (i.e. including raw materials and food-borne 
microorganisms and viruses), sequences generated with 
HTS have to be filtered, denoised and analysed using 
bioinformatic tools. Another advantage of the use of 
HTS technologies concerns the possibility of preparing 
several DNA samples, from different extracts and marked 
with different DNA tags, at the same time. Thanks to these 
practical advantages, it is possible to analyse in parallel a 
very high number of samples and hence lower the analysis 
cost (Madesis et al. 2014). The reduction in cost and time 
for generating DNA sequence data has resulted in a range of 
new successful applications, including food traceability and 
especially food microbiology (Madesis et al. 2014; Galim
berti et al. 2015; see also Table 4.1). 
As an example, pyrosequencing has been used to identify 

fruit species in yogurts (Ortola-Vidal et al. 2007) and pollen 
composition in processed honeys (Valentini et al. 2010). 
The main limit of this identification approach is the reduced 
length of the sequenced barcode region, ranging in length 
from 50 to 500 base pairs (depending on the adopted 
technology). This issue has been partially resolved using 
minibarcodes, shorter fragments (about 150 bp) targeting a 
hypervariable part of the conventional DNA barcode region 
(Meusnier et al. 2008; Hellberg & Morrisey 2011; Little 
2014) suitable for HTS devices. The mini-barcode 
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approach provides enough information to identify species 
from different matrices (Hajibabaei et al. 2006, 2007, 
2011). The length issue is not fully resolved, as it does 
not always allow the discrimination of closely related 
species. 

Concerning food microbiology topics, information on 
the microbial taxonomy and/or diversity of culturable and 
unculturable bacteria in the food sample can be obtained 
from the generated sequences, usually based on 16s rDNA. 
The primary field of application of HTS in food micro
biology is the study of microbiota composition from an 
ecological perspective (e.g. to elucidate the molecular 
mechanisms and the interactions of microorganisms in 
food ecosystems). Such approaches could also provide 
information on the presence of beneficial or undesirable 
microorganisms in food matrices and could be used to trace 
fermented foods, especially concerning dairy products 
(Ercolini 2013). The HTS-driven advances have been 
exploited mainly to resequence strains and individuals, 
aiming at a better sampling of genomic diversity within 
microbial species (i.e. bacterial strains, yeast and filamen
tous fungi), opening the possibility of constructing ‘per
sonalized genomics’ for microbial active elements of food 
interest (see Solieri et al. 2013 for a review). 

4.8 Conclusions 

DNA barcoding can be used as a universal tool to identify 
foodstuff components and their related microorganisms. 
The growing importance of DNA barcoding is based on a 
combination of factors: (1) the falling cost of molecular 
analyses; (2) the increasing availability of equipped labo
ratories and skilled personnel; (3) the presence of freely 
available web-based resources; and (4) the increasing 
amount of informed consumers who require high standards 
of quality in food products. 

A huge number of case studies and technical advance
ments clearly indicate that DNA barcoding is a sensitive, 
fast, cheap and reliable method for identifying and tracking 
a wide panel of raw materials, their derived food commod
ities (even in the case of strongly processed food products) 
and pathogenic microorganisms potentially occurring in 
food matrices and generating food spoilage (or, at worst 
severe outbreaks). 

Due to its universality, DNA barcoding can be used in 
different contexts and by different operators. International 
agencies or institutions responsible for quality control of 
raw materials or food commodities can co-operate by 
exchanging their data, hence creating population reference 
databases. However, a lot of work is required to provide a 

reliable source of reference DNA barcoding data for groups 
of animals, plants, fungi and microorganisms involved in 
the food supply chain, which have been poorly investi
gated. For this reason DNA barcoding is likely to become a 
routine test in many fields in the near future, in particular for 
assessing quality, safety and traceability of the modern 
biotransformed foodstuffs. 
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and the adjacent Çeşme-Karaburun Peninsula (Turkey). Molec

ular Ecology Resources 12(4), 620–633. 
This, P., Lacombe, T. & Thomas, M.R. 2006. Historical origins and 

genetic diversity of wine grapes. Trends in Genetics 22(9), 
511–519. 

Valentini, A., Miquel, C. & Taberlet, P. 2010. DNA barcoding for 
honey biodiversity. Diversity 2(4), 610–617. 

van Boekel, M., Fogliano, V., Pellegrini, N., Stanton, C., Scholz, 
G., Lalljie, S., Somoza, V., Knorr, D., Rao Jasti, P. & Eisen
brand, G. 2010. A review on the beneficial aspects of food 



Towards a Universal Molecular Approach for the Quality Control of New Foodstuffs 59 

processing. Molecular Nutrition & Food Research 54(9), 
1215–1247. 

van Hylckama Vlieg, J.E., Veiga, P., Zhang, C., Derrien, M. & 
Zhao, L. 2011. Impact of microbial transformation of food on 
health – from fermented foods to fermentation in the gastro
intestinal tract. Current Opinion in Biotechnology 22(2), 
211–219. 

Vandamme, P., Pot., B., Gillis, M., De Vos, P., Kersters, K. & 
Swings, J. 1996. Polyphasic taxonomy, a consensus approach 
to bacterial systematics. Microbiological Reviews 60(2), 
407–438. 

Vogler, A.P. & Monaghan, M. T. 2007. Recent advances in DNA 
taxonomy. Journal of Zoological Systematics and Evolutionary 
Research 45(1), 1–10. 

Waites, M.J., Morgan, N.L., Rockey, J.S. & Higton, G. (eds) 2009. 
Industrial Microbiology: An Introduction. Wiley-Blackwell, 
Oxford, UK. 

Wallace, L.J., Boilard, S.M., Eagle, S.H., Spall, J.L., Shokralla, S. 
& Hajibabaei, M. 2012. DNA barcodes for everyday life: 
routine authentication of natural health products. Food 
Research International 49(1), 446–452. 

Wang, M., Zhao, H.X., Wang, L., Wang, T., Yang, R.W., Wang, 
X.L., Zhou, Y.H., Ding, C.B. & Zhang, L. 2013. Potential use 
of DNA barcoding for the identification of Salvia based on 
cpDNA and nrDNA sequences. Gene 528(2), 206–215. 

Ward, R.D., Zemlak, T.S., Innes, B.H., Last, P.R. & Hebert, 
P.D.N. 2005. DNA barcoding Australias fish species. Philo
sophical Transactions of the Royal Society B 360(1462), 
1847–1857. 

Ward, R.D., Hanner, R. & Hebert, P.D.N. 2009. The campaign to 
DNA barcode all fishes, FISH-BOL. Journal of Fish Biology 
74(2), 329–356. 

Wiemers, M. & Fiedler, K. 2007. Does the DNA barcoding gap 
exist? A case study in blue butterflies (Lepidoptera: Lycaeni
dae). Frontiers in Zoology 4(8), 1–16. 

Woolfe, M. & Primrose, S. 2004. Food forensics: using DNA 
technology to combat misdescription and fraud. Trends in 
Biotechnology 22(5), 222–226. 

Xin, T., Yao, H., Gao, H., Zhou, X., Ma, X., Xu, C., Chen, J., Han, 
J., Pang, X., Xu, R., Song, J. & Chen, S. 2013. Super food 
Lycium barbarum (Solanaceae) traceability via an internal 
transcribed spacer 2 barcode. Food Research International 
54(2), 1699–1704. 

Yancy, H.F., Zemlak, T.S., Mason, J.A., Washington, J.D., Tenge, 
B.J., Nguyen, N.L., Barnett, J.D., Savary, W.E., Hill, W.E., 
Moore, M.M., Fry, F.S., Randolph, S.C. Rogers, P.L. & Hebert, 
P.D.N. 2008. Potential use of DNA barcodes in regulatory 
science: applications of the Regulatory Fish Encyclopedia. 
Journal of Food Protection 71(1), 210–217. 

Yano, T., Sakai, Y., Uchida, K., Nakao, Y., Ishinata, K., Nakano, 
S., Yamada, T., Sakai, S., Urisu, A., Akiyama, H. & Maitani, T. 
2007. Detection of walnut residues in processed foods by 
polymerase chain reaction. Bioscience, Biotechnology, and 
Biochemistry 71(7), 1793–1796. 

Yu, J., Yan, H.X., Lu, Z.H. & Zhou, Z.Q. 2011. Screening potential 
DNA barcode regions of chloroplast coding genome for Citrus 
and its related genera. Scientia Agricultura Sinica 44, 341–348. 

Zeale, M.R.K., Butlin, R.K., Barker, G.L.A., Lees, D.C. & Jones, G. 
2011. Taxon-specific PCR for DNA barcoding arthropod prey in 
bat faeces. Molecular Ecology Resources 11(2), 236–244. 

Zecca, G.A., De Mattia, F., Lovicu, G., Labra, M., Sala, F. & 
Grassi, F. 2010. Wild grapevine: silvestris, hybrids or cultivars 
that escaped from vineyards? Molecular evidence in Sardinia. 
Plant Biology 12(3), 558–562. 

Zhang, W., Xiao, S., Samaraweera, H., Lee, E.J. & Ahn, D.U. 
2010. Improving functional value of meat products. Meat 
Science 86(1), 15–31. 

Zuo, Y., Chen, Z., Kondo, K., Funamoto, T., Wen, J. & Zhou, S. 
2011. DNA barcoding of Panax species. Planta Medica 77(2), 
182–187. 





5
 
Mass Spectrometry-Based Approaches
 

in Food Safety
 

Pasquale Ferranti1,2 and Gianluca Picariello2 

1 Dipartimento di Agraria, University of Naples ‘Federico II’, Parco Gussone, Portici , I-80055, Italy 
2 Istituto di Scienze dell’Alimentazione – CNR, Via Roma 52 A/C, I-83100 , Avellino, Italy 

5.1 Background 

Food can be a vehicle of diseases, can contain or be 
contaminated with hazardous substances and can serve 
as a growth medium for pathogenic microorganisms. 
Food safety concerns the development and accomplishment 
of a series of practices of selection of raw material, prepa
ration, storage and labelling to prevent food-borne illness. 
Safeguarding consumers and the correct management of 
production wastes are additional aspects related to food 
safety, with health and ecological implications. 

Practically all the developed countries have established 
regulatory agencies qualified to manage the systems of risk 
assessment and to issue guidelines for guaranteeing food 
safety. Regardless of the management system, thorough 
chemical and microbiological knowledge of a food product 
is a pre-requisite to assess the risk associated with its 
consumption. 

Conventional testing tools are progressively being 
replaced by new analytical technologies which provide a 
large number of advantages in terms of sensitivity, speci
ficity, high-throughput, range of information and time/cost
effectiveness. 

In combination with high-resolution separation methods 
and statistical and bioinformatics tools, mass spectrometry 
(MS) is the core of the analytical platforms on which the 
emerging ‘omic’ technologies, such as proteomics, pepti
domics and metabolomics, are based. Since their introduc

tion and pioneering applications in food science during the 
last two decades, MS-based-omics have matured into 
robust and potentially routine methodologies, progressively 
changing the way in which food safety is regarded. From an 
analytical standpoint, foods are considered as complex 
(bio)molecular interacting systems undergoing a dynamic 
evolution that encrypts the information about the nature of 
the raw material and the process of production, in the same 
way as biochemical entities. Due to the ability of MS to 
decipher the ‘molecular code’ concealed in a food product, 
it has rapidly evolved for the determination of quality, 
authenticity, functionality and safety issues, creating a 
global analytical approach that is inclusively referred to 
as ‘foodomics’ (Herrero et al. 2012). 

5.2 Instrumentation 

Foods are heterogeneous mixtures of different chemical 
compounds and reflect the complexity of the animal or 
vegetal tissue from which they derive; such a heterogeneity 
is further increased by technological treatments for food 
production and preservation. In this context, MS and 
tandem MS (MS/MS) coupled with high-resolution sepa
ration technologies constitute an array of platforms capable 
of providing a global analytical response (both qualitative 
and quantitative), representing powerful tools for the 
assessment of food safety. The main advantages afforded 
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by MS include the possibility to perform structural eluci
dation of unknown compounds and metabolites, molecular 
separation based on the mass to charge ratio (m/z) of  
analytes, and the quantification of components in both 
untargeted or targeted modalities. 
A further factor of strength is that MS analysis of 

complex samples can be performed either directly or after 
a separation step based on high-resolution techniques such 
as gas chromatography (GC), liquid chromatography (LC) 
or capillary electrophoresis (CE), essential to resolve com
plexity of food matrices. 
The essential components of an MS instrument are the 

ion source, where analytes are converted to gas phase 
ions, and the analyser, where the ions are separated and 
measured. Several modes of analysis are available in MS 
which differ markedly depending on the ion source. Since 
their introduction more than five decades ago on com
mercial MS instruments, electron ionization (EI) and 
chemical ionization (CI) have been successfully applied 
to the analysis of hazardous food contaminants including 
pesticides, halogenated hydrocarbons, dioxins, bisphenol 
and bacterial metabolites in food matrices such as veg
etables, milk and fish. More importantly, the straightfor
ward combination of EI and CI MS sources with gas 
chromatography (GC-MS) soon constituted a powerful 
tool to measure qualitative and quantitative aspects of 
food contamination. 
At that stage however, the determination of the largest 

part of possible harmful compounds in a food was still 
precluded (e.g. mycotoxins, microbial and algal toxins, 
allergens) because GC-MS methods are only able to 
analyse volatile or volatilizable compounds with a 
mass lower than c. 1 kDa. This limitation was overcome 
in the 1980s by the introduction of ‘soft’ ionization 
techniques, matrix-assisted laser desorption/ionization 
(MALDI), electrospray ionization (ESI) and atmospheric 
pressure chemical ionization (APCI), which allowed non
volatile and high-molecular-mass molecules to be meas
ured. For the first time it was possible to analyse intact 
peptides, proteins, polysaccharides and complex lipids, 
covering the whole set of constituents of biologic materi
als, food included. As for GC-MS some decades before, 
the possibility of coupling ESI and APCI with high-
resolution LC separation (LC-MS) techniques has 
allowed complex mixtures occurring in most food matri
ces to be analysed. Indeed, LC-MS has acquired a role of 
growing importance in food analysis, as attested by the 
wide variety of recent applications. 
The extreme accuracy of ESI-MS for measuring protein 

molecular weight is complemented by the capability of 
MALDI-MS to analyse proteins with a mass greater than 

100 kDa or polypeptides in complex mixtures. As well as 
proteins/peptides, MALDI and ESI-MS have been used to 
analyse practically all the other classes of food biomole
cules, including lipids, (poly)saccharides, (poly)nucleo
tides and metabolites. The technological development of 
mass analysers, devices which separate ionized molecules 
according to their m/z ratio, has also been a fundamental 
issue in proteomic research. Basically, four types of mass 
analysers have found large application in proteomics: 
quadrupole (Q), ion trap (IT), time-of-flight (TOF) and 
Fourier-transform ion cyclotron resonance (FTICR). The 
recently developed Orbitrap technology has significantly 
extended the potentiality of the MS analysers, combining 
performance, versatility and robustness. They basically 
differ in both the physical principles of ion separation 
and the analytical performances. ‘Hybrid’ instruments 
have been designed to combine the capabilities of different 
mass analysers. 
MS can provide direction information on the mass of a 

particular compound, for instance a peptide, but can also be 
used to generate de novo amino acid sequence information 
from MS/MS spectra obtained either by post-source decay 
(PSD) or, especially in the hybrid arrays, by collision-
induced dissociation (CID). The development of multi
stage instruments with enhanced mass accuracy (up to 
low ppm) and sensitivity (low attomole level) has therefore 
rendered MS an extremely powerful tool for structure 
identification. For these reasons, MS is the key analytical 
technique on which the emerging ‘omic’ technologies, such 
as proteomics and peptidomics, are based. In a similar way, 
the structure of complex oligosaccharides (glycomics) and 
lipids (lipidomics) and metabolites (metabolomics) can be 
determined. 
Analytical methodologies are based on traditional GC 

and LC techniques coupled with MS (GC-MS, LC-MS). 
Recently introduced to the field of metabolomics is the 
ultra-performance liquid chromatography (UPLC) system 
with narrow columns either monolithic or packed with 
small diameter particles, coupled to MS/MS instruments. 
Compared with the HPLC-MS system, the UPLC-MS 
system has a very short run time and higher sensitivity 
and resolution. Interfacing UPLC with MS has been 
enabled by the fast data acquisition of the next-generation 
mass spectrometers. 
Capillary electrophoresis MS (CE-MS) is also a meth

odology in food applications which provides an alternative 
to electrophoretic and chromatographic techniques for 
analysis of complex mixtures. It combines the high-effi
ciency separation of intact proteins with the unique infor
mation obtained by MS. The most recent applications of 
CE-MS to the analysis of food proteins include extracting 
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information about the protein composition with the aim of 
determining the origin of the ingredients and the techno
logical process employed to produce a particular food and 
the detection of high-quality products adulterated with 
products of inferior quality (García-Cañas & Cifuentes 
2008). Another research field closely related to food safety 
where MS and related techniques are being extensively 
applied as an alternative or complement to genomic meth
ods is the analysis of foods derived or suspected to be 
derived from genetically modified organisms. 

A basic issue in food safety analysis is quantification, 
which is best performed using an isotope dilution MS 
approach. The addition of a stable isotopically labelled 
internal standard at the beginning of the extraction enables 
the control of potential variation (for instance, partial loss of 
the compound of interest) that can occur during sample 
preparation. An internal standard should ideally be an 
isotopically labelled analogue (deuterium, 13C) which dis
plays similar behaviour (extraction, chromatography, ion
ization, ion suppression/enhancement) to the monitored 
analyte. Of course, these approaches require specific meth
ods to be developed and validated for each analyte or class 
of compounds. In the detection of harmful protein compo
nents (allergens, toxins from pathogens, antinutritionals) or 
for adulterated foods, protein monitoring is replaced by the 
analysis of short peptides contained within the protein 
sequence (‘proteotypic peptides’). These peptides are 
more easily detected that the parent protein. The targeted 
monitoring of mass and transitions of selected proteotypic 
peptides overcomes any bias due to the presence of a large 
number of dominant components. In absolute quantification 
strategy (AQUA), once proteotypic peptides are chosen it is 
possible to synthesize copies which are isotopically labelled 
to one or more amino acid positions in order to shift 
molecular mass, without influencing retention time and 
ionization properties. Hydrolysed protein samples are 
spiked with known amounts of standard AQUA peptides 
and both native and surrogate peptides are monitored by 
LC-MS operating in multiple reaction monitoring (MRM) 
mode. The absolute quantity of peptide(s) is determined by 
the ratio of the ion intensities of AQUA peptide and its 
native cognate (Fig. 5.1). 

5.3 Mass Spectrometry and Food Safety 

The application of MS in food science is aimed at even
tually defining the entire and detailed (bio)chemical com
position of a food and its modification throughout the 
production process to correctly evaluate its quality and 
safety aspects. For instance, food proteome retains 

information on the (bio)chemical processes which a food 
has undergone. In this respect, proteome analysis by LC-MS 
and LC-MS/MS also provides important information in the 
field of food authentication, in accordance with the compre
hensive system of authentication and traceability of food and 
feed recently established by the European Food Safety 
Authority (EFSA) in order to guarantee food safety. This 
issue, particularly urgent in the case of Protected Denomina
tion of Origin (PDO) products, also requires efficient trace
ability systems to ensure the correct application of the 
procedures throughout the productive processes and during 
distribution. The analytical response which includes sensi
tivity, specificity and speed in MS-based techniques repre
sents the most accurate strategy to face the challenging tasks 
in this field. 
The MS workflow to protein/peptide analysis for 

assessment of food contamination (voluntary) or adulter
ation (unintended) is illustrated in Figure 5.1. Several 
MS-based procedures have been developed to authenti
cate ‘raw materials’ used in the manufacturing of dairy 
products (Guy & Fenaille 2006; Mohamed & Guy 2011). 
The adulteration of milk of higher commercial value with 
cheaper bovine milk is quite frequent. Taking advantage 
of the species-specific amino acid substitutions along the 
homologous sequences which affect molecular weight of 
milk proteins, it is possible to define fingerprinting pro
files of milk from different species either by ESI or 
MALDI MS analysis of proteins (e.g. in the detection 
of bovine caseins in adulterated water buffalo mozzarella 
cheese). Direct MALDI analysis of the protein extracts 
may provide fast and accurate information on food com
position and authenticity. LC-ESI-MS analysis of casein-
derived tryptic peptides (‘proteotypic’ peptides; Fig. 5.1) 
represents an even more powerful approach to the ‘speci
ation’ of milk, allowing four ruminant species’ milk to be 
detected in a single experiment aiming to detect foreign 
milk in singles-species cheese-milk (Cuollo et al. 2010). 
Another exemplary case is the analysis of gluten residues 
in declared gluten-free foods and beverages, utilized in 
several studies. 
In the assessment of meat and fish genuineness and in 

food-borne bacterial identification, MS-based techniques 
have the ability to substitute or complement other available 
strategies such as the multiplex PCR assay. 
Proteolysis also occurs in frozen foods, but to a lesser 

extent. An example is the γ-caseins produced during the 
cold storage of buffalo curd, which are used as indicators of 
the illegal use of frozen curd in PDO Mozzarella cheese 
production (Di Luccia et al. 2009). Proteome changes have 
also been observed in ice-stored fish, in addition to the 
expected changes due to cooking. The peptides specifically 
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Figure 5.1 The proteomic approach workflow to food analysis. In the detection of harmful protein components or adulterated 
foods, protein monitoring is substituted for analysis of proteotypic peptides. The targeted monitoring of mass and transitions of 
proteotypic peptides overcomes the bias due to the presence of a large number of interlinked components. 

generated by proteolysis are molecular targets to distin
guish fresh from cold-stored materials, and therefore to 
assess the fraudulent use of not-allowed refrigerated or 
frozen ingredients. Proteolytic action of lactic acid bacteria 
corresponds to a more extensive proteolysis of fermented 
sausages. However, a few MS investigations have been 
published related to these products. MS identification of 
species-specific peptide biomarkers has been also proposed 
as a tool for determining the authenticity of meat for 
consumer defence and safety. 

5.4 Effects of Technological Processing 

A food product is generally the result of a series of physical 
and chemical processes including heat treatments, all of 
which induce deep structural changes in the food constitu
ents. While the characterization of constituents which are 
still in a relatively ‘native’ state in raw food materials can be 

considered quite standardized at present, MS analysis of 
processed foods remains a challenging task and requires 
properly designed approaches. For this reason several 
procedures, sometimes refined from classical biochemistry 
protocols, have recently been developed or adapted to 
obtain efficient protein extraction and characterization of 
processed foods. Modifications induced by thermal treat
ments include deamidation of glutamine residues, forma
tion of non-natural amino acids and non-enzymatic 
glycosylation caused by heat treatments. In these cases, 
several markers of heat treatments have been identified and 
used to set up procedures to monitor either the correctness 
of the treatment on food matrices (milk, soy, juices, jams) or 
to detect the fraudulent addition of prohibited ingredients in 
PDO products. For instance, lysinoalanine, an unnatural 
amino acid, has been proposed as a marker to demonstrate 
either excessive heat treatments or the addition of heated 
milks/milk powders to fresh milks destined for cheese-
making (Mamone et al. 2009). 
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In severely heated products, high levels of acrylamide 
have been found as a product of the Maillard reaction 
between amino acids and reducing sugars as a consequence 
of roasting, toasting and frying processes. Acrylamide is 
classified by the International Agency for Research on 
Cancer (IARC) as a ‘probable human carcinogen’. Methods 
for acrylamide analysis highlight the pivotal role of MS. 
GC-MS- and LC-MS-based procedures have been devel
oped for ppb-level quantification of acrylamide in foods as 
brominated derivatives. These methods find application in 
analysis of raw and treated materials, for instance hazelnuts 
or almonds where roasting is carried out to generate the 
typical flavours and to allow for storing and further trans
formation processes. They have also very recently been 
used to study the effect of cultivar and environmental 
growth conditions on the level of free amino acids in wheat 
grain and, consequently, on the final acrylamide levels 
during flour processing for the preparation of baked goods. 

5.5 Microbiological Issues 

The growing demand for ‘natural foods’, as indicated by the 
increased growth in sales of organic and chilled food 
products, has resulted in a move towards ‘mild’ food 
preservation techniques. This raises new safety challenges 
for the food industry, in particular for more efficient 
monitoring systems to be applied to the detection and 
control of food-borne bacteria. An accurate description 
of the contaminating microorganisms can be obtained by 
the integration of MS methodologies, able to provide either 
structural or quantitative identification of specific metabo
lites produced by the various spoilage microorganisms. 
Biogenic amines, which derive from bacterial 
decarboxylation of amino acids during decomposition, 
are well-known molecular indicators of food spoilage. 
UPLC-MS and HPLC-ESI-MS methods have been dem
onstrated as robust and effective for the one-step quantifi 
cation of biogenic amines in tuna and in cheese. These 
methods are being integrated to design sensitive sensors on 
a microchip surface for automated detection. MS-based 
methods are expected to be essential for the discovery and 
definition of the molecular targets of these electronic 
devices. 

MS can also help scientists to derive a better under
standing of the life cycles of microorganisms. Defining the 
mode of action of food-borne bacteria and the mechanisms 
that confer ‘stress resistance’ should improve the design of 
food preservation techniques, for instance using active 
antimicrobial compounds from natural sources. In addition, 
this information can also be used to identify critical points 

of the food chain that are most susceptible to microbial 
contamination. 
The technique of profiling based on MS, especially 

MALDI-TOF, allows the taxonomic classification of 
food-borne bacteria at the strain level via intact biomarker 
identification. Although requiring further development 
through advances in bioinformatics, these methods are 
promising for the rapid and time/cost-effective monitoring 
of pathogenic microorganisms in foods. 
In this respect, the analysis of pathogenic microorgan

isms (L. monocytogenes, S. aureus, E. coli, C. botulinum, 
various Salmonella species) is relevant as they can release 
protein toxins able to survive for a long time, even in foods 
after the bacterial cell contamination has been removed. 
Being heat-stable and resistant to proteases, these toxins 
represent a serious risk to the health of consumers. The 
monitoring of toxins at the protein level is even more 
relevant to assess food safety. The highly complex food 
matrix of proteins, lipids, carbohydrates and many other 
molecular species often interfere with the detection of 
toxins occurring at the low ppb amounts. For this reason, 
the combination of MS methodologies with immuno
chemical, chromatographic and electrophoretic isolation 
procedures is able to tackle the related analytical chal
lenges, as already realized in the case of some PDO Italian 
cheeses. 

5.6 Genetically Modified Organisms 

Many practices aiming to modify the genome of crop plants 
(or, to a much lesser extent, the animal genome) through the 
introduction or deletion of specific genes have been devel
oped or are currently under investigations. Genetically 
modified organisms (GMO) can demonstrate a higher 
resistance to environmental stress, pathogens and parasitic 
agents, increased organoleptic, nutritional and technologi
cal values or reduced level/complete inactivation of anti-
nutritional factors. Beyond merely ethical or environmental 
considerations, the use of GMO is still largely debated as 
the possibility of inducing harmful effects in humans is real 
and, perhaps, not remote. Gene alteration implies the 
modification of only a limited group of target gene prod
ucts, for example the modification of a protein set or the 
generation of novel proteins. Possible and difficult-to
predict side-effects of this technique can be an altered 
expression of the total proteome or the production of 
unexpected proteins with potential allergic and/or toxic 
character (Finnie et al. 2004). 
Current legislation requires the monitoring of all pro

duction steps from cultivation to transformation and 
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commercialization, the traceability of raw transgenic mate
rials and the labelling of the final GMO-derived products. 
Several studies demonstrated that the presence of GMO in 
food products can often be the result of accidental cross-
contaminations; legislation allows the commercialization of 
products containing levels of GMO-derived materials of 
<0.5% (Petit et al. 2007). However, raw materials can also 
be deceptively contaminated by GMO which are introduced 
to improve the quality of final products or to reduce costs of 
production. The determination of GMO and their possible 
contamination in foods and feeds requires routinely 
employable methodologies; these should be very specific 
in order to detect markers of GMO in a biomolecular asset 
strictly related to the corresponding ‘wild-type’ organism. 
One of the drawbacks of the assessment of GMO contami
nation is that the intrinsic heterogeneity of the plant protein/ 
metabolite classes is also complicated by soil and climate 
variability. 
The presence of GMO material is generally assessed by 

DNA profiling based on PCR methods. On the other hand, 
although the detection of DNA markers benefits from 
having a well-defined target gene, it must be noted that 
the phenotypic expression of the transgene traits is not an 
easily predictable effect of the genetic manipulation. Gene 
products, including proteins or metabolites as the ultimate 
products of a biosynthetic pathway, are therefore consid
ered more reliable target analytes that their gene counter
parts. The typical approach for GMO protein detection 
relies on the detection of recombinant proteins by immu
nochemical analysis and quantification by ELISA assays, 
which are basically dependent on the antibody specificity 
and suffer from bias due to interrelating compounds. In 
other cases it has been assumed that alteration in GMO lines 
could be restricted to a characteristic pattern of protein post
translational modifications (Careri et al. 2003), while the 
protein/metabolite expression is only affected to a minor 
degree by the genetic modification. In cases such as these, 
ELISA assays could be ineffective. 
MS-based proteomics or metabolomics overcomes the 

pitfalls of the classical techniques and enables both a 
targeted or a wide-angle biomolecular profiling, free of 
any (immuno)chemical recognition. The LC-MS approach 
has been demonstrated for the detection of GMO protein 
targets, with detection limits of <1% (Ocaña et al. 2009). 
With a proteomics-based approach, Islam et al. (2009) 
detected 66 discriminating gene products characteristic 
of transgenic pea lines, properly designed to express 
α-amylase inhibitor typical of common beans. 
In spite of its potential, only a relatively low number of 

MS-based studies have addressed the issue of the assess
ment of GMO in food products. Many studies are in 

progress however, and much extra research is still needed 
to define sets of analytical targets specific for GMO. 

5.7 Food Allergy 

Food allergy is an increasingly important issue for food 
safety. Although limited, the number of allergic patients 
has been steadily increasing in the last ten years, making 
this field of primary importance for food industry. MS-
driven identification of either genes for allergic diseases 
or allergenic proteins has recently been performed 
(Picariello et al. 2011). Systematic analysis of cereal 
and legume species such as wheat, rice, pea, soy and 
peanut using high-resolution separation techniques in 
combination with MS and multidimensional protein iden
tification allows the detection and identification of several 
previously uncharacterized allergenic proteins in seeds 
samples, therefore demonstrating the potentiality of MS 
approaches to survey food samples with regards to the 
occurrence of allergens. 
These encouraging results are now pushing the devel

opment and diffusion of automated allergen detection and 
quantification methods at low-ppm levels fully based on 
MS analysis, commercialized by MS instrument produc
ers to this purpose. Initial sample preparation stages have 
been simplified for rapid and easy-to-perform handling. 
Allergen quantification (1 ppm) is based on the monitor
ing of the MRM transition of proteotypic peptides using 
the MRM-initiated detection. The derived method for 
allergen detection is already finding applications by 
food control companies and agencies in the analysis of 
major allergens in baked foods, avoiding the drawbacks 
of ELISA tests. Indeed, in contrast to the ELISA assays, 
MS techniques are independent of the antibody and can be 
used to detected allergens in raw or processed foodstuffs. 
Furthermore, in contrast to PCR-based tests, MS targets 
the allergens themselves, rather than the DNA of the 
potential offending organism(s). The detection capabili
ties of this novel method were demonstrated by analysing 
commercial foodstuffs containing milk, egg, soy, peanut, 
hazelnut, walnut and almond antigens in food ingredients 
such as soy, milk, chocolate, cornflakes and rice crisps. 
One of the primary advantages of MS methods in the 
detection of food allergens is the multiplexing capabili
ties, so that a huge number of allergens can be monitored 
with a single analysis. 
Apart from a few exceptions, the prerequisite for any 

sensitizing-eliciting food allergen (type I food allergens) is 
stability to gastrointestinal digestion. In the analysis of the 
‘digestome’ (the pool of proteins/peptides surviving food 
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digestion), MS-based procedures are employed for their 
ability to analyse complex mixtures in order to verify the 
persistence of native allergens, the occurrence of epitopes 
and the formation of neo-allergens in the process. The most 
recent studies have been focused on milk and wheat 
products (Picariello et al. 2013). 

5.8 Food Metabolomics 

In the production of a food from raw materials, a variety of 
compounds are generated or modified and determine qual
ity, nutritional value and (absence of) toxicity of the final 
product. A food can therefore be fully defined in terms of 
the metabolic profile of the material concerned at a partic
ular time, that is, its metabolome. 

Most of these metabolites fall within the low-molecu
lar-mass range. A wide range of technologies are based on 
high-resolution chromatography linked to a range of 
detection methods, mainly mass spectrometry and nuclear 
magnetic resonance (NMR) spectroscopy. GC-MS anal
ysis (also in its two dimensional version, GC × GC-MS) 
has been extensively used in metabolomics because of its 
high separation efficiency and the easy interfacing of GC 
with EI-MS. It can be used to analyse a wide range of 
volatile and semi-volatile compounds. However, sensitive 
and specific LC-MS methods which do not require 
derivatization of polar/non-volatile metabolites are 
complementing or replacing GC-MS. MS ionization tech
niques such as atmospheric pressure chemical ionization 
MS (APCI-MS) are finding large application for their 
ability to analyse low-mass molecules which include the 
major range of metabolites of interest. On the other hand, 
NMR spectroscopy constitutes a powerful method for 
elucidating the structure of a molecule. It provides com
plementary quantitative information on the structure/ 
function relationship of bioactive compounds and drugs, 
the distribution of metabolites in tissues and organs, organ 
volumes and cellular functions. Sample pre-treatment 
requirements for NMR analysis are not very demanding. 
In their untargeted version, high-resolution chromatogra
phy-MS and NMR can be used as ‘pattern recognition 
techniques’ that, coupled with statistical analysis, may 
rapidly provide information about the processing or stor
ing conditions of a food. 

Metabolomic profiling ensures sensitive detection of 
pathogens or spoilage microorganisms affecting meat 
quality and safety during processing and storage. A 
more accurate description of the contaminating micro
organisms is achieved by integration of metabolomics 
with other methodologies able to provide either structural 

or quantitative identification of specific metabolites pro
duced by the various microorganisms. Detection of 
microorganisms using metabolic or protein MALDI
TOF-MS profiling is ongoing and dedicated instruments 
are already available, for instance the platform Bruker 
Biotyper. Integration of MALDI-TOF-MS analysis with 
antibiotic resistance-based testing platform commercial
ized by Biomerieux (Vitek MS), combining the two 
pieces of information to obtain identification of yeast 
and bacteria in just minutes, obtained clearance from 
the US Food and Drug Administration (FDA) for clinical 
use. To gain FDA clearance, more than seven thousand 
clinical isolates were analysed and identified with 94% 
accuracy. The current golden standard, 16 rRNA gene 
sequencing, requires longer analysis times by a factor of 
10. It is anticipated that these methods will shortly be 
applied in food safety analysis when designing sensitive 
sensors on microchip surfaces for the fast and automated 
detection of contaminants. 

5.9 Food Lipidomics 

The MS approach to lipid analysis is also increasing in 
importance in food safety. Lipid profiling, which is the 
basis of lipidomics, now makes extensive use of the 
‘omic’ technologies and in particular MS. Although 
the analysis of fatty acids remains the strict domain of 
GC and GC-MS, APCI or ESI are currently considered to 
be the methods of choice in lipidomics. Identification and 
quantitative evaluation of triacylglycerols (TAGs) of 
several edible oil and fats, including palm oil, cocoa 
butter, tallow, lard and chicken fats, have been accom
plished by LC-APCI-MS. Positive-ion-mode high-reso
lution ESI-FTICR (or Orbitrap)-MS for the detection of 
TAGs provides fingerprints that allow a straightforward 
differentiation of vegetal oils. The same technique can be 
applied to establish type, quality, adulteration and aging 
of vegetable oils. HPLC-APCI-IT MS/MS was also effec
tive in revealing the adulteration of olive oil with foreign 
vegetable oils. MS methods have been applied to charac
terize the thermally induced damage to edible oils and fats 
on a molecular basis. For instance, the secondary products 
arising from peroxidation of deep-fried oils or from 
chemical processing (e.g. hydrogenation), some of which 
have health concerns, can be easily monitored by ESI or 
MALDI MS-based analysis (Picariello et al. 2012). These 
techniques also offered TAG fingerprints that clearly 
distinguished vegetable from marine oils, confirming 
itself a powerful technology that could be extremely 
useful for authorities and industries. 
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5.10 Current Challenges and Perspectives 

MS is ideally positioned in the panel of analytical tech
niques to be applied in most areas of food science and 
technology, including food safety/authenticity assessment, 
food additives and contaminants analysis. The actual and 
potential contributions of MS in this field are so numerous 
that they cannot be adequately described here. However, 
the achievements of MS-based omics in food safety are still 
limited by a number of shortcomings. These can be roughly 
classified as one of two types as follows. 

1.	 Factors intrinsic to the analytical methodologies.Sam
pling and sample preparation cannot be up-scaled to a 
high-throughput level and are dependent on the opera
tors, as they are in general not immediately automat
able. In the analytical flowchart, pre-instrumental steps 
require completeness of the yields, satisfactory selec
tivity, minimized handling and environmental friendly 
chemicals. The performances of the modern instru
ments are shifting the perspective of the targeted 
analysis towards system-wide determinations that 
need to be complemented by adequate pre-analytical 
stages. Furthermore, in addition to the resources and 
skills required to manage increasingly sophisticated 
technologies, the enormous datasets that can be gener
ated with the omic approaches demand powerful soft
ware for extrapolating practically transferable 
information. 

2.	 Factors depending on the complexity of the food 
systems and on the rapidly evolving agro-food sce-
nario.Foods are in general very complex biomolecular 
systems, subjected to a spatio-temporal evolution. 
Thorough knowledge of a given food requires integra
tion of the omic patterns. Several challenges in the 
analytical assessment of food safety arise at the same 
rate as the achievements in the field of food science and 
in the chemical industrial development. For instance, 
the variety of toxic residues in the food chain quickly 
vary as a consequence of changes in agricultural prac
tices, new processes of production, newly developed 
pesticides and environmental pollution. Similarly, food 
deceptive practices and adulterations become progres
sively more sophisticated as the awareness of consum
ers increases and control procedures advance. 

In an increasingly globalized world, the concept of food 
safety has to be extended to a global perspective. The 
introduction of unusual nutritional habits, atypical food 
matrices and innovative processes exposes consumers to 
new and possibly harmful compounds, pathogenic agents 

and potential allergens. Examples include the risks associ
ated with raw fish-based Japanese specialities in western 
countries or the introduction in African countries of cereals 
typical of Europe and America. The huge volume of foods 
and feeds that move around the globe prevents the possibility 
of completely excluding the risk of food-borne events. 

The governance of food hazards is an issue of prevention 
and control of risk factors. In Europe it is defined in terms of 
‘adequate level of protection’ or the ‘same level of public 
health protection’ as in European standards (Reg. CE 178/ 
2002) for foodstuffs entering the borders; both concepts are 
difficult to parameterize, however. In any case, an urgent 
concern is the harmonization among countries of the pro
tocols of food safety governance. In this sense, reliable 
analytical technologies such as MS and ancillary techniques 
can support prevention, traceability systems and controls 
within the supply chain, contributing to a culture of trust 
and transparency all along the food chain. 
It is expected that automation and development of novel 

MS-based protocols and their validation will be the focus of 
research in the immediate future, in order to enforce or even 
replace the classical approaches currently employed to 
assess food safety. 
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6.1 Introduction 

This chapter does not attempt to provide an overview of all 
ways of feeding people. It deals only with feeding the world 
by agricultural products, that is, crops and not husbandry. 
We will therefore not address the issues of fisheries, 
seafood or aquaculture. This chapter is restricted to a certain 
part of biotechnologies as defined by the European directive 
2001/18 (European Commission 2001); synthetic biology 
and what is referred to as new plant breeding techniques 
(NPBT) in Europe are not discussed here. 

After a phase of hunter-gatherers around 6000 years ago, 
agriculture allowed man to determine and increase his food 
security. Humanity learned how to select plants, clear the 
land and increase output while domesticating various ani
mal species. Agriculture made it possible for man to 
conquer new spaces and to widen his zone of influence, 
generally with significant impacts (too often negative) on 
the environment. It also appears that the kind of cultivated 
crop influenced human social behaviour (Talhelm et al. 
2014). The era of industrial agriculture began in the second 
half of the twentieth century and involved a certain stan
dardization. Although standardization reduced the number 
of species used, it resulted in greater overall comfort due to 
a rise in the standard of living. 

With the advent of democracies, the right to food entered 
our legal framework at the highest level: the Universal 
declaration of human rights of 1948. It is stipulated in 
paragraph 25 that ‘Any person is entitled to a sufficient 

standard of living to ensure their health, the wellbeing of 
their family, in particular with regards to food’. 
After such a declaration, ratified by many countries adher

ent to the UNO, it was expected that the plague of famine 
would have been eradicated within the course of the second 
half of the twentieth century. This half-century was indeed 
the occasion of an explosion of agricultural production which 
generated important surpluses, easily exportable thanks to 
the unprecedented development of the means of transport. 
But reality did not follow such an ideal scenario, as the latest 
reports of the UN agencies point out. The challenge can be 
partly explained by history, always a rich source of teachings 
to understand the present as well as to manage the future. 

Diseases and climatic conditions were the cause of 
several famines. The Little Ice Age had caused famines 
in Europe from the seventeenth to the nineteenth centuries, 
for example in France or in the United Kingdom. Diseases 
such as potato blight in Ireland from 1845 to 1849 also 
caused famines and vast migrations. The impact of these 
climatic conditions and diseases is, above all, related to the 
particular conditions of organization of the affected agri
culture and especially to the land structure of the countries 
concerned. This structure and the organization of society 
were established for the benefit of a dominant class. 

Closer to us, certain famines still remind us how political 
and socio-economical conditions persist in being significant 
factors in the generation of famine. The 1974 Bangladesh 
famine was related to destabilizing speculations, while 
Bengal was affected in 1943 by the political conditions 
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resulting in ‘economic stagnation’; Chairman Mao starved 
his people for ideological reasons. Tens of thousands of 
Biafran people succumbed to hunger during the war of 
independence against Nigeria in 1967–70 which was sup
ported by the United Kingdom. 
The 2014 report of the FAO (FAO et al. 2014) reminds 

us how far we still are from a stabilized and satisfied world. 
Of 7 billion human beings currently on Earth, 805 million 
still suffer from hunger (1 person out of 9) in various 
degrees between famine and serious deficiencies. This 
figure would appear to be a rather astonishing reduction 
of 45 million people compared to the 2008 estimates and 
120 million compared to the 2010 estimates, that is, after 
the hunger riots of 2008 and the financial and economic 
crises of 2007–2009. Such variations call for prudence in 
considering the estimates. Many countries, including devel
oped countries, are still unable to correctly measure mal
nutrition and their ability to fight it (IFPRI 2014b). As well as 
these 805 million people suffering from hunger, nearly 
2 billion appear to suffer from an ‘invisible hunger’ due to 
a lack of micronutrients and minerals (vitamin A, zinc, iron, 
iodine, etc.; IFPRI 2014a). Malnutrition is a multiform 
phenomenon, which in itself acts as a brake on development. 
If the large majority of underfed people live in develop

ing countries (13.5%), the developed nations are not 
exempt as stated by the FAO with 19 million people 
suffering from malnutrition in 2010 (IFPRI 2014b). If 
malnutrition mainly affects Asia with 526 million people, 
globally it mostly concerns small farmers and more partic
ularly women farmers. A shocking fact is that if these 
women had access to the same resources as men, the 
number of people suffering from hunger in the world could 
have been reduced to 150 million. Beyond the human costs, 
malnutrition also has heavy economic costs which can have 
considerable repercussions on the activity of a country in 
terms of gross domestic product (GDP). FAO nutritionists 
have shown that malnutrition is related to over one-third of 
the diseases affecting mankind. The executive vice-presi
dent of FAO estimates that malnutrition in all its forms 
reduces economic prosperity by almost 5% in terms of lack 
of yearly production and additional costs. 
It is useful to bear these facts in mind before examining 

how hunger in the world can and must be approached when 
the great international agencies are forecasting, in a rather 
consensual way, an important increase in population during 
the next decades and a greater difficulty ‘to feed the world’. 
Research undertaken on the historical famines of the last 

century clearly shows that most of them did not come from 
a food shortage. The reason for these famines was mostly 
due to the victims being prevented access to food because 
of poverty or other troubles of political nature. This political 

and socio-economic dimension appears to be forgotten in 
the suggested solutions (mainly production techniques) to 
reduce the noted food deficit. More generally, food sover
eignty is an important normative concept insufficiently 
taken into account by politicians (Chaifetz & Jagger 2014). 
According to the current viewpoint, the lack of food has two 

reasons: either there is no food available, or the food is available 
but people do not have access to it due to lack of income. In the 
past (e.g. the ‘Green Revolution’), the emphasis was on total 
food availability. This point of view cannot explain present-day 
malnutrition however, when the food production is sufficient but 
the losses between sowing and places of consumption are over 
30% (nearly 1.3 billion tons; FAO 2011). 
The FAO estimates that the aggregate output of agriculture 

increased by 72% between 1980 and 2004, that is, at a rate of 
2.3% a year, whereas the population increased by less than 
1.2% a year. The average food intake per capita should 
therefore have increased by the difference, that is, 1.1% a 
year. However, the number of kilocalories (kcal) available 
per capita per day, established by FAO for 1980 and 2004, is 
2532 and 2808 kcal, respectively, which corresponds to a 
growth of only 0.4% a year. The difference between the 
vegetable primary production and the availability for the 
consumer was used to feed animals, of which the processing 
output varies from 8 to 10 calories depending on whether 
poultry or ruminants are concerned. The orientation of agri
cultural production (i.e. plant or animal oriented) is therefore 
not neutral with regards to its capacity to feed the world. 

The production and the trade of calories doubled between 
1986 and 2009, which with a level of 2700–3000 kcal per 
capita (largely higher than the minimal figures recom
mended by other authors, but necessary to give a sense 
of security) are sufficient to nourish the current population 
(D’Odorico et al. 2014; FAO et al. 2014). For obscure 
reasons, the FAO still considers the need for an increase in 
necessary calories per capita to 3050 kcal in 2050, that is, 
10% more than during the 2000–2010 decade. 

It is with this knowledge and the various assumptions, 
postulates, uncertainties and approximations of the experts 
and models that a technical solution can be considered, such 
as those proposed by biotechnologies, to solve the problem of 
feeding a probably expanding world population. In the last 
20 years over 200 million people were no longer suffering 
from malnutrition, but much is still to be achieved. 

6.2 Current Situation 

According to the Committee on Economic, Social and 
Cultural Rights of the United Nations Organization: ‘The 
right to adequate food is realized when every man, woman 
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and child, alone or in community with others, has physical 
and economic access at all times to adequate food or means 
for its procurement’. 

According to Olivier de Schutter, the UN Special Rappor
teur on the Right to Food, the right to food is ‘The right to 
have regular, permanent and free access, either directly or by 
means of financial purchases, to quantitatively and qualita
tively adequate and sufficient food corresponding to the 
cultural traditions of the people to which the consumer 
belongs, and which ensures a physical and mental, individual 
and collective, fulfilling and dignified life free of fear’. The 
right to food must therefore accompany a right to choice, 
according to personal, religious or philosophical convictions. 
This is not just a question of providing calories. 

This intake of calories does not express a nutritional status; 
there are 2 billion underfed people in the world. Negligence 
or ill-adapted feeding habits for infants as well as bad health 
care, poor water and hygiene also play a major part. As stated 
by the UN Special Rapporteur, even when the food supply is 
sufficient, unsuitable foods can cause deficiencies in micro
nutrients such as iodine, vitamin A or iron (to name only the 
most current deficiencies in most parts of the developing 
world). The right to choice implies the coexistence of various 
forms of agriculture, a pluralism which must be accompanied 
by its multifunctionality and consideration of the poor 
(Dundon 2003; Morgan et al. 2006). 

The greatest irony is that the small farmers, who were the first 
involved in food production, are the most affected by mal
nutrition today. In 2012, these small farmers represented 1.3 
billion inhabitants of the 7.1 populating the Earth, but accounted 
for only 2.8% of the  income  (Alston & Pardey 2014). 

Although food security is essential to ensure adequate 
nutrition and prevent hunger, the concepts of food security 
– optimal nutrition and lack of hunger and under-nutrition – 
are interlinked but not synonymous. Distinction and over
laps between anger, food insecurity, nutrition insecurity and 
under-nutrition are discussed in Benson (2004). 

In order to better understand the food challenges, it is 
necessary to examine in a critical manner the current data 
and the subjacent assumptions used to build the scenarios of 
the future. Solving the problem of hunger in the world, with 
a predicted population of 9 billion people on Earth in 2050, 
cannot be done without understanding the current situation 
of 805 million underfed and 2 billion malnourished people. 

6.2.1	 Is the Diagnosis of World Population 
Growth Shared? 

Since current food production is sufficient but unequally 
accessible, should the scenario of an increase in the 

population to nearly 9 billion people in 2050 be taken 
for reality? In other words, is the ‘P Bomb’ (described by 
Ehrlich in 1968) a really consensual and inescapable 
future? 
UNO and FAO describe three scenarios with the popu

lation varying from 7.9 to 12 billion people, which consider 
the margin of the models and the uncertainty despite all the 
precautions taken on the assumptions and models consid
ered. However, the demographic transition is not the most 
important factor and is modelled with difficulty (as shown 
by the UN estimates which have been unceasingly revised 
downwards during the last years). 
There are many debates concerning its pace or its 

stabilization (Gerland et al. 2014; Holt 2014; Lutz et al. 
2014). The majority of international institutions agree that 
the population will continue to increase. But would growth 
follow at a constant exponential pace as considered by 
Malthus? Or, on the contrary, as demographer JE Cohen 
highlights, no one simple model is able to describe the 
history of the world population. The standard of living 
could increase or not, the size of families could rise or fall 
and economic growth could slow down or even stop. 
Some even consider that a reduction in the population is 

plausible due to an improvement of the living conditions 
similar to that of Western countries. These new conditions 
of existence would then induce a fall in birth rate as 
observed in many of those countries. 
Without resorting to this assumption, it can already be 

noted that certain religious countries such as Iran observed 
a fall in fertility from 7 to 2 children. Eastern Europe and 
Russia are depopulating at a large rate while Canada, Japan, 
Brazil, China and India are already under the threshold of 
reproduction. The mechanisms at work in these population 
trends are currently obscure and highlight our abyssal 
ignorance of the demographic phenomena. It does make 
one wonder whether focusing on population growth is 
simply a way of avoiding questioning the structure of 
consumption of the richest and emerging countries. 
Estimating world population has always been related to 

anxiety regarding the limits of planet. Today, it has become 
a weapon in the competition for resources. The increase in 
population more generally increases the risks such as those 
related to waste disposal, as food production has an envi
ronmental price (Dawson & Johnson 2014; Institute of 
Medicine 2014). As the economists usually say, feeding 
has a price. 
If the scenarios of population growth remain so 

unverifiable in Karl Popper’s sense (Popper 2002), despite 
the dominating thesis regarding a world population 
increase, is it possible to solve the equation of hunger in 
the world through a different approach? Is it necessary to 
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fear a ‘demographic bomb’? Probably not, but there seems 
to be nothing we can do about it. 
The problem can be brought back to Malthus’s ever

lasting question: how many people’s needs can the Earth 
satisfy? This capacity of our world is obviously determined 
by natural constraints, put forward by some, and the human 
choices, as underlined by others. The Malthusian question 
has not changed. 

6.2.2	 How Many People Can Our Earth 
Provide For? 

The basic postulate is that the resources of our planet are 
limited. For the moment, it is not possible to benefit from 
the resources of another planet, inhabitable or not, in our 
planetary system or beyond. 

Consequently, there are a number of absolute limits to 
resources which restrict agricultural production over the 
short term. These may relate to energy, minerals such as 
phosphorus, water or cultivatable surfaces in a profitable 
and sustainable way. 
‘Modern’ agriculture is highly energy consuming, from 

the motorization of agricultural machines to the production 
of inputs such as nitrogen fertilizers and pesticides together 
with their application. The availability of electric energy is 
often put forward as a solution because it can be made from 
different forms of renewable energy, from nuclear power or 
from rarefying fossil energies. In addition to the problems 
of nuclear waste management and the use of rare minerals 
for photovoltaic energy, the transport of electricity, its 
storage and its output remain a problem for the mobile 
units. In a highly mechanized agriculture as in developed 
nations or BRICS (the emerging nations of Brazil, Russia, 
India, China and South Africa), in order to develop similar 
power electric tractors would have to carry enormous 
masses of batteries that would rapidly damage the soil. 
Fossil fuels are still the most appropriate source of energy 
currently used in high-intensity agriculture. Another impor
tant point is that the electronics necessary for storage and 
management of electricity results in the mobilization of 
significant amounts of minerals such as lithium or rare Earth 
element (REE). A method for recycling lithium has not yet 
been developed. The exploitation of REEs is highly pol
luting and even prohibited in certain developed nations. 
The present-day push for greater use of unconventional 

fossil fuels aims at decreasing our dependence on conven
tional oils and gases; such a push generates pollution and a 
water conflict however, and delays the need for changing 
energy policies. Furthermore, there is currently no replace
ment for resources such as phosphates, the source of 

manure and productivity in agriculture (Withers et al. 
2014). The agricultural use of water is still subsidized by 
taxpayers in many developed nations both in Europe and in 
the USA, as was recently pointed out for California 
(Alamaro 2014). The conflicts of use are increasing in 
this State, with farmers in direct conflict with non
agricultural uses such as that of safeguarding ecological 
zones useful for the reproduction of salmon and necessary 
to tourism. Indeed, due to the intensive use of water by 
agriculture (80% in California), California had to transport 
salmon to the ocean by trucks. 
Since the end of the sixteenth century, over 60 authors 

have tried to calculate the maximum population able to live 
on the Earth. The estimates varied from 1 billion (Ehrlich in 
the 1990s) to 50 billion through intermediates such as 5.5 
billion by the UN at the same time. These estimates are 
highly dependent on the professional origin of the authors; 
the lowest estimates are provided by biologists and ecol
ogists and the highest by economists and agronomists. 
The capacity of the Earth to nourish a certain population 

obviously depends on the minimum food intake necessary 
to each human being. This quantity was estimated at 2200 
or 2900 kcal per day depending on the author and also on 
physical activity (from the sedentary to the sportsman), for 
a basic metabolism of 1650 kcal/day. The current produc
tion estimate of 2800 kcal is at least 20% above the average 
present needs for an active human being. Accordingly, 
Africa would currently produce 8% of theoretical surplus 
of calories, Asia 18%, Europe 57% and North America 
67%. 
These disparities probably reflect different forms of 

consumption rather than production, and maybe even a 
form of ethics. The clear consensus is however that we are 
producing more than our needs and that we would like even 
more. This perpetual quest for more might be a conse
quence of the Easterlin paradox (Easterlin 1974). 

6.2.3	 Is There a Causal Relationship Between 
Increasing Population Growth and 
Food Needs? 

Is this predicted correlation between population growth and 
increased food demand inevitable? Although population 
growth is responsible for a sizeable fraction of this 100%, 
much is a result of the workings of what economists call 
Bennett’s Law: as people become wealthier, they switch 
from simple starchy plant-dominated diets to a more varied 
food input that includes a range of vegetables, fruit, dairy 
products and especially meat. The Western model, gener
ally used as a reference by populations, but more 
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importantly by international institutions such as the World 
Bank, varies considerably from the traditional lower-calorie 
and better-balanced diets of Crete, India or Japan. 

Since malnutrition is traditionally perceived as due to a 
lack of availability, during the past half-century agricultural 
interventions have been focused on the increase of food 
production and the improvement of agricultural productiv
ity. The extension of agriculture and irrigation with impor
tant chemical inputs are part of this kind of intervention; 
extensions are often made to the detriment of traditional 
practices and varieties better adapted to the local soil and 
climatic conditions, however. 

It became apparent during these decades of interventions 
that considering production alone was not enough. Igno
rance of distribution problems and troubled situations 
prevented the eradication of malnutrition. Various nutri
tional deficiencies already coexisted, despite an adequate 
availability in the production sectors. The policies of 
intervention changed in order to take into account incomes 
and diversified by promoting the dairy sectors, vegetable 
gardens or aquaculture as a way of treating the deficiencies 
via a diversification of the food sources. 

However, the search for an ever-increasing number of 
calories persists, despite various examples underlining the 
problems with this approach as demonstrated by the 20% 
increase in consumed calories in 40 years in the USA. As 
shown by a study of the RAND Corporation, the lower that 
food prices drop, the greater the number of individuals who 
gain weight and develop obesity and other health problems 
(Lakdawalla & Philipson 2014). 

According to the FAO: ‘the world agricultural produc
tion must increase by 70%, and double in the developing 
countries, by 2050, to answer the problems of the predicted 
9 billion inhabitants’. This futurology is very often referred 
to in debates on food safety, generally without specifying 
that it is only a conjecture based on various models and 
assumptions. The results of UNO scenarios and other 
studies such as AgriMonde differ, not only because of 
the models used but also because of other considerations. 
The various models have some factors in common how
ever, such as an increasing use of proteins of ‘noble’ animal 
origin (ruminant, poultry, pig) and a reduction in available 
arable lands related to climate change and increasing 
drought. 

The agricultural scenarios in the long run vary, even if 
the majority of these scenarios are based on the AgMIP 
model, as they require more precise and accurate data (von 
Lampe et al. 2014). As highlighted by various authors, the 
models of general stability should be handled with precau
tion and resulting projections considered with a very critical 
mind. 

Other works of futurology exist and a comparison of four 
projections shows a very broad range of estimates of the 
future food demand, in particular in animal products 
(Paillard et al. 2010; Nelson et al. 2014; Robinson et al. 
2014; Valin et al. 2014). These differences come from 
contrasting assumptions on the major variables which are 
food demography, economic growth and dietary intake 
patterns. For each of these variables, major uncertainties 
exist, ruptures are possible and several levers for action are 
available. The variation in food demand also reflects more 
immediate challenges of public health, environment or 
development. While the question of whether it is necessary 
to increase production in order to answer the future food 
demand is often raised, it is also crucial to see the possible 
ways of acting on it. 
In 2006, pasture occupied 26% of the ice-free terrestrial 

surface of the planet and 33% of arable lands were devoted 
to the production of fodder cultures (corn and soya in 
particular). The production of livestock occupied, by direct 
or indirect use, 70–80% of all agricultural lands, that is, 
30% of the terrestrial surface of the planet, providing only 
15% of the calories (FAO 2006). 
This meat consumption was expected to decrease 

because of the increase in the cost of raw materials (in 
particular because of subsidized agro fuels which account 
for 40% of the production of corn in the USA). There would 
also exist an inverted U-shape of growth in meat consump
tion because of the saturation of certain Western markets, a 
demand for better-quality products, the ethics of certain 
Western consumers and health reasons related to too 
much meat-based food (Stokstad 2010; de Boer et al. 
2014; Westhoek et al. 2014). However, recent statistics 
show that meat production and exchange, which decreased 
after 2008, were again increasing. There was a global 
increase of trade between Asia and South America in 
2013 of 14–16%. 
More generally, it appears that the consumption of 

various countries such as the EU and the USA is changing 
because of increasing health and safety concerns with 
regards to food products. Despite the new increasing trend, 
some Asian countries and more especially China are also 
expected to reduce their imports as a result of health 
concerns. These nutritional changes might explain the 
recent fall of obesity observed among US children. Nutri
tional quality might become a predominant factor of choice, 
instead of the ancient search for quantity. 

The impact of government subsidies on food also plays a 
negative part in agricultural production and in particular on 
food availability. These direct and indirect subsidies have 
however been reduced, mobilizing several agricultural 
lobbies both in Europe and in the USA. These changes 
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in subsidies are justified by the negative effects on the 
environment of agriculture (e.g. deforestation), and more 
generally by large carbon footprints and an often indefen
sible product life cycle. In the European Union the maxi
mum content of recommended biomass fuel was reduced 
when compared to the initial objectives, even if reaffirmed 
support from the subsidized agrofuel sectors did not make it 
possible to lower it as much as could have been hoped. In 
the same way in 2014 in the USA, in spite of the protests of 
the actors of the agrofuel sector, the EPA did not increase 
the recommended quantity of biomass fuel. In both cases 
agrofuel is indeed more expensive than the fossil fuel and 
the production quotas are generally already exceeded. As a 
consequence several American agrofuel factories stopped 
producing in 2014 despite tax incentives. The development 
of agriculture for agrofuel had unexpected effects such as 
creating reservoirs of corn pathogens (Spencer & Raghu 
2009). 
Whatever the tactics of the various countries in conten

tion, the potential of agricultural production is far from 
being attained if the latter were mainly directed towards 
man instead of animals. 

6.2.4	 Food as an Element of Speculation 
and Enrichment 

From time immemorial food has been an element of power 
and enrichment, often through speculation. 
Countries such as India, under pretext of assistance to 

their most deprived populations and of food sovereignty, 
intervene in the markets by setting lower prices. Stocks 
therefore comprise a significant part of the national rice 
production, of which only a part is actually redistributed 
(with much corruption) while another part is damaged and 
lost because of bad storage conditions. This ‘security’ of 
agricultural markets constituted a stumbling block on which 
the negotiations of WTO fell in 2013, until the recent clause 
of peace between the USA and India. 

In the same way, after the food crisis of 2008 and its food 
riots, the Thai government decided to intervene in the 
markets to guarantee a basic price to its producers. Impor
tant rice stocks were then constituted which quickly became 
unsellable because of low prices on the international mar
ket. The assessment of such opportunistic policies of 
intervention, amidst heavy promotion, is that of an impor
tant deterioration of the stored food and its unavailability on 
the market. The large sums subtracted from the budget of 
the Thai and Indian states would have been better spent on 
agricultural research and development and accompanying 
measures for farmers, and the construction of infrastructure. 

As a result of protectionism, speculation and corruption, 
much of human consumables are diverted from the initial 
goal. The situation of global food security clearly worsened 
after the suppression of stocks and the replacement of 
International Food Aid with commercial exports, as inaug
urated by the US Food for Peace Program. 
To these intrinsic and national factors, financialization of 

the markets was added from the nineteenth century 
onwards. From the ‘future markets’ to the more recent 
‘weather derivatives’, ‘cat bonds’, ‘applied insurance 
research’, ‘eqecat’ and ‘risk management solutions’ or 
‘environmental mortgages’, numerous tools for speculation 
were designed and implemented on the financial markets, 
for instance by the theorists of the Wharton School of 
Pennsylvania. The effects of El Niño, La Niña, wars, 
conflicts and tensions on food prices are now scrutinized 
in depth in financial models. 
Within the neoliberal logic where the market is always 

right, the monetization of nature and food production 
contributed to the recent bankruptcy of the markets, whose 
banks were rescued by governments. Regrettably, countries 
are very timid in their attempts to better regulate the 
worldwide markets of the highly volatile prices of agricul
tural products. 
It is difficult to quantitatively appreciate the impact of 

this financialization on the total availability of food. Prices 
however increase in reaction to a simple rumour or a very 
localized climatic impact, restricting the accessibility of the 
poorest to a balanced diet. 

6.3 Proposed Solutions 

We have previously seen that the quantity of produced food 
is currently not a restriction to a satisfactory and balanced 
quantitative and qualitative food supply of the world pop
ulation. Losses along sectors of production, low consumer 
income, conflicts, the absence or poor state of distribution 
infrastructures, speculation and corruption combine to 
explain famines and current malnutrition. We also saw 
that there are many uncertainties with regards to the 
evolution of the world population by 2050, a date generally 
chosen by most of the scenarios predicted by the FAO or the 
World Bank. 
In the following sections we temporarily accept the 

results of the various simulations in population increase 
and of an increasing need for food, and examine the various 
options generally recommended as solutions for feeding the 
world with a supposedly growing population. 
In this case, the ‘lamp-post syndrome’ could apply to 

statistics (meaning that a solution is searched for only in the 
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area of the field that is ‘lit up’ or in which data are 
available). It becomes useful, not to say essential, for 
lobbies to clarify only a certain part of the problem with 
their data. It then becomes possible to direct decisions 
towards the desired technological choice by creating the 
technological lock-in favourable to the interests they defend 
(Vanloqueren & Baret 2009). 

It is now notorious, as highlighted by the FAO, UNO and 
World Bank, that agricultural development was a largely 
forgotten aspect of the policies of developing countries in 
the last few decades. A contrario, a constant policy emerged 
in the developed countries: income growth of the most 
important farmers through an increase in subsidies for 
exportations, development assistance, agrofuels develop
ment and insurance against disasters whose expenses are 
covered up to 60% by government budgets. Further, 
indirect subsidies to farmers of developed countries include 
avoiding negative environmental effects, being effectively 
exempt from paying compensation costs of agricultural 
pollution and permissiveness on mandatory agricultural 
practices such as crop rotations and establishment of ref
uges zones in GM crops. 

If we accept the conjectures suggested by several inter
national agencies, the first observation we can make is that 
the agricultural production growth of these last years would 
not be enough; exact methods of production and the 
distribution of income are also important. The issue of 
solving the problem of hunger in the world is always hotly 
debated among researchers, for example between biotech
nologies and agro-ecology (Jacobsen et al. 2013). The 
attempts in North America and the EU to reorient part of 
the agricultural subsidies in a direction more favourable to 
the environment are strongly attacked by conventional 
farmers and the corresponding stakeholders. 

The implicit model aiming to satisfy food needs always 
rests on Norman Borlaug’s (1914–2009) assumption imple
mented in Asia in the 1960s. It is a technical model, aiming 
only to increase outputs. The subjacent idea is that this ‘Green 
Revolution’, despite saving millions of hectares in the form 
of specialization of the soil, however induced ‘land sparing’, 
rejected certain classes of population and facilitated rural 
depopulation (Ejeta 2010; Stevenson et al. 2013). Such 
assumptions of success serve to support the current ‘land 
grabbing’ in developing and developed countries. 

No information is however available on how the popu
lations would have evolved without agricultural subsidies 
or the effect of alternative agricultural practices (Ewers 
et al. 2009; Rudel et al. 2009). The Green Revolution has 
no doubt led to increased world food supplies, but at the 
same time it has caused several ecological, environmental 
and socio-economic problems, mitigating any 

achievements (Landy 2006; Dhaliwal et al. 2010). All these 
practices favoured the build-up of crop pests, with the result 
that the intensity of several pests has increased, many minor 
pests have assumed the status of major pests and several 
new pest problems have appeared in certain areas. In 
addition, the misuse and overuse of pesticides has led to 
problems of pesticide resistance, resurgence and contami
nation of the environment. Despite a variety of control 
measures applied against pests, crop losses have consis
tently shown an increasing trend. This is also true for 
cultivation methods implementing GMOs, as competition 
between parasites and crop plants continues (Wang et al. 
2008, 2009; Lu et al. 2010; Huang et al. 2014). 
Among the proposed solutions to feed the world, two 

main solutions (possibly complementary) are generally 
recommended: (1) a mainly local production with suitable 
adaptations such as the floating farms of Bangladesh during 
floods, or (2) an off-centred production with international 
trade and migration as variables of adjustment. This dis
connection between the places of production and consump
tion is a solution which has for a long time been favoured in 
certain developed nations, generally exporting ones. 

6.3.1 Common and General Solutions 

International trade and migrations are two important var
iables of adjustment. The current problems of uncontrolled 
immigration will be accentuated with climate change. The 
international trade of food products is the object of violent 
criticism. It is also accused of generating a strong specula
tion which encourages the hyper-volatility of prices, in spite 
of the recent implementation of an international observa
tory of this volatility. One of the main problems of the 
agricultural markets is a lack of stocks, currently below two 
months; this is a consequence of WTO activism on agri
cultural matter for the last 20 years. 
In such a context the instability of the agricultural 

markets can only increase, acting unfavourably in the quest 
for world hunger relief. The forecasts established by OECD 
and FAO indicate that this international trade of agricultural 
products will continue to grow by about 2% a year, that is, 
faster than the growth of worldwide production. Its organi
zation and regulation will constitute an essential challenge 
in fighting hunger in the world during the years to come. 
Without this increase in trade, other methods of satisfying 
the food needs of hungry populations in developing coun
tries are either immigration to developed countries or from 
an increase in local production and employment. The 
former has always been the most spontaneous method of 
managing these difficulties. 
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The liberalization of trade comes up against various tariff 
and non-tariff technical barriers such as standards. These 
barriers aim at protecting both local employment and local 
production to ensure food sovereignty. For centuries, his
tory has witnessed these barriers to imports set up for the 
same reasons and according to the same methods. From 
2008 to 2014, Russia, Argentina and India together set up 
240 protectionist measures. Over the same period, France 
set up some 140. 
The liberalization of the markets and trade in the last 

decades, theorized in particular by Robert Torrens 
(1780–1864) and David Ricardo (1772–1823) during the 
nineteenth century, has generally been to the detriment of 
developing countries, submerged by subsidized food from 
developed nations. Even if the interest of the ‘comparative 
advantage’ of these authors and the international division of 
work relied upon incorrect assumptions, such as full employ
ment, this classical economic theory still dominates all the 
international agencies (whose existence depends on it). The 
various financial and food crises have been dominated by 
personal and not general interest over the last two centuries. 
The significant number of barriers of any kind, the most 

important being in the developed nations, led to the imple
mentation of GATT (General Agreement on Tariffs and Trade) 
and then of WTO (World Trade Organization). The last round 
of these agreements failed for various reasons, including the 
refusal of certain developed nations and BRICS to remove 
certain barriers to agricultural imports. India refused the last 
mini-agreement of the cycle of Doha as being likely to 
decrease its food sovereignty. A temporary solution was 
recently found by an agreement between the USA and India 
with the signature of a ‘clause of peace’ between these two 
countries. The WTO sailed into rough waters in 2003 when the 
USA refused the request of the West African countries to stop 
export subsidies for the US cotton industry. 

This stagnation of the WTO multilateral agreement 
encouraged the states and regions to make a fresh start 
with the negotiations of bi- or multilateral agreements of 
free trade, mainly between developed nations (e.g. CETA 
between Canada and the EU; TTIP/TAFTA between the 
USA and the EU). These agreements aim to remove or 
reduce certain tariff and non-tariff barriers by at least 
‘adjusting’ standardizations. Other international authori
ties, such as the OECD, take part in the suppression or 
the recognition of standards (e.g. low-level presence of 
locally unauthorized GMO, LLP). Once again the mutual 
recognition of risk assessment systems for example is not so 
simple within sight of the reciprocal national interests and 
fears. The recourse to international organizations such as 
the OECD also aims to defuse certain conflicts, such as 
those resulting from the patents of certain US firms ridiculed 

in emerging countries (GAO 2001, 2008). Due to the weak
ness of the developing countries, these bilateral and regional 
agreements have the effect of reinforcing the power of the 
EU, USA and China in negotiations, reinforcing the power of 
those countries and resulting in the development of non
transparent arbitration courts. With the more than 20 years’ 
experience of the North American Free Trade Agreement, it 
is now obvious that these courts do not represent a democratic 
process and are highly disputed. 

Despite the recent USA–India agreement, these bi- and 
multilateral agreements have sounded the death knell of the 
WTO. This is a pity, as its ultraliberal policy could have led 
to a more balanced agreement taking into better account the 
interests of the developing countries. There currently 
remains little space for the developing countries to negoti
ate more balanced agreements. The law of ‘might is right’ 
will continue to be reinforced. 
The vision of ‘eccentric agriculture’ (also known as off-

centred agriculture, referring to the discrepancy between 
area of production and area of consumption) and of related 
international trade is built on the assumption that it would 
not be hindered by impracticable transportation routes. This 
may be less and less the case however, as exemplified by 
Louisiana Highway 1, a strategic road for the US oil 
industry. Food transport competes with other priorities or 
better-remunerated needs; for example, the rail transport of 
Dakota shale oil in 2014 resulted in important delays in the 
delivery of agricultural products to the factories, which cost 
the concerned farmers US$ 160 million. 
Finally, the paramount question is always of topicality: 

did the liberalization of trade improve food safety? Appar
ently not according to Bezuneh & Yiheyis (2014), whose 
results confirm a previous systematic review on the issue 
(McCorriston et al. 2013). 
As outlined in 1989 by Amartya Sen (who went on to win 

the 1998 Nobel Prize for Economics), there are examples of 
food export from famine-affected areas. The term ‘slump 
famine’ has been coined for this phenomenon, indicating 
that famine often arises from contractions in purchasing 
power in the affected areas. 
The liberalization of trade probably contributed to a 

certain improvement of wealth and of distribution, yet it 
remains an unbalanced system that was unable to solve the 
problem of hunger. 

6.3.2 Reduction of Losses along Supply Chains 

If eccentric production appears unable to solve the problem 
of hunger in the world, are there other causes for food 
unavailability? 
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This problem was generally approached in terms of 
production and storage (and therefore in terms of impact 
of bioaggressors) until this last decade. Recently associated 
with this analysis is the recognition that a large part of these 
losses was also due to the supply chains themselves (refusal 
and downgrading because of technical standards of size, 
weight, colour and marks) but also with the industrialists of 
agro-alimentary (expiry dates supporting a fast turnover) 
and with the consumers themselves. The World Bank 
recently estimated that 25% of the world calories and up 
to 50% of the total weight of the foodstuffs were wasted 
before being consumed. 

A 2011 study estimates that of 1.3 billion tons of food 
(estimated at US$ 165 billion) produced for human con
sumption, about one-third of the total is lost or wasted. In 
low-income countries, losses occur primarily as a result of 
inadequate storage and packaging and processing facilities. 
Together with a poor connection for the farmers to markets, 
this results in economic losses for food producers. 

In contrast, the levels of per capita food waste are much 
higher in rich countries than in developing countries: while 
a consumer in sub-Saharan Africa or South and SE Asia 
wastes 6–11 kg per year, this amount is 95–115 kg per year 
in Europe and North America (European Commission 
2010; ADIT 2013; Buzby et al. 2014). These losses are 
estimated as causing 3.3 billion tons of greenhouse gases 
(equivalent to the third-biggest emitter after China and the 
USA), a new negative externality not taken into account in 
the assessment of the current agricultural production 
scheme. 

To have enough food in quality and quantity therefore 
requires intervention in a drastic way to reduce these losses 
and to reach the full use of this production. Without this, 
any increase in agricultural production would do nothing 
but merely increase these lost quantities. 

6.3.2.1	 Losses in Production and Storage 

The estimates of losses due to the bioaggressors obviously 
vary according to the areas, the types of production and the 
bioaggressors themselves, but the world losses over the 
period 2001–2003 reached nearly 50% for wheat and 80% 
for cotton (Oerke 2006). 

Despite a drastic increase in the use of pesticides, crop 
losses have not significantly decreased during the last 40 
years. However, the use of pesticides has enabled farmers to 
modify production systems and to increase crop productiv
ity without sustaining the higher losses likely to occur from 
an increased susceptibility to the damaging effect of pests. 

These estimates differ from those of preceding studies. 
As well as differences in data sources and methodologies 

resulting in differing estimates, various changes in agricul
ture may have contributed to these differences. All the 
different factors involved in these losses, such as ill-adapted 
uniform varieties with high yield potential but high sus
ceptibility to diseases (e.g. due to the increased use of 
fertilizers) are well documented (Huber & Watson 1974). 
Losses in developing countries and in BRICS are par

ticularly important after harvest due to the lack of adapted 
storage structures, in addition to inappropriate storage 
conditions such as those built for food security in India 
or Thailand. In the latter, the estimates of food loss are of 
almost 70%, with 20% of the remainder being non-con
sumable. Altogether, these represent nearly US$ 15 billion 
of losses. 
Conversely, significant amounts of food substances are 

destroyed by the farmers of developed nations at times of 
overproduction, particularly of fruit and vegetables. Buy
er’s prices for fresh food are then often lower than the cost 
prices. This often noted destruction may result from local 
overproductions as well as low-cost imports. These destruc
tions particularly affect the producers of developed nations 
but can also concern the producers of developing countries. 
Subsidized American rice competes on the African markets 
with local productions. This unfair competition for rice, but 
also for cotton, unbalances the local markets. It leads to the 
disaffection and impoverishment of the local producers 
and, in most cases, to bankruptcies and further sale of 
the farms, inducing rural depopulation. 
These recurring questions of subsidized overproduction, 

with destruction or withdrawals from the market in certain 
countries and shortages in others, have not been solved by 
the international trade or by other regulatory mechanisms 
such as production under contracts with, for example, the 
conservation industries or the futures markets and their 
derived products. 
The influence of the food and distribution industries is 

therefore predominant, despite a better education of con
sumers. Altogether, these losses show once again that the 
global food production is sufficient, while famine and 
undernourishment are still present in our world. A better 
use of food appears necessary to avoid such losses in 2050. 

6.3.2.2	 Losses in the Food Industries 
and Distribution Companies 

The conditioning, transformation, conservation and distri
bution industries are the second-most important source of 
food losses. 
Significant losses are also observed in the distribution, 

either for already known criteria such as presentation faults, 
or by ‘anticipation’ of the effect of the deadlines of 
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consumption and even of deadlines of optimal use (‘best
before’ date or ‘optimal use-by’ date). These dates are often 
made as short as possible by the industrialists to cover 
themselves against health risks (e.g. for minced meat) or 
organoleptic default, but especially to encourage a fast 
renewal of the products on the shelves. In the absence of 
legal requirements in many countries (except for eggs and 
raw milk), these relatively arbitrary dates became a variable 
that the industrialists adjust according to their needs. 
A programmed obsolescence therefore prevails in the 

food industry, as in other industrial sectors. 

6.3.2.3 Losses by the Consumers 

Food losses are greater by the consumers of developed 
nations, despite better equipment facilitating the distribu
tion and good (low-temperature) storage conditions (Euro
pean Commission 2010; ADIT 2013; Buzby et al. 2014). 

In addition to the confusion and fear induced by certain 
expiration dates affixed by the industrialists, one of the 
main causes of the losses at this level is due to badly 
managed purchases. This lack of rigour in management is 
mainly due to the low cost of the food substances, con
tributing to obesity and induced mortality in the developed 
nations and becoming of concern in the emerging countries 
(Lakdawalla & Philipson 2014; Sturm & An 2014). 
A certain mobilization is perceptible in the world to 

reduce these losses. The EU launched a plan aiming to 
reduce food losses by half by 2020, an objective far from 
constraining. Since 2007 the United Kingdom has suc
ceeded in reducing its food losses by 21%, while China and 
South Korea have launched public awareness campaigns. In 
Massachusetts, USA producers of over one weekly ton of 
food waste are required to compost it, a ‘waste’-manage
ment element which is often not dealt with. However, it is 
where the needs are greatest (as in Greece since the financial 
crisis) that awareness of food losses is the largest. 
A large portion of the current agricultural production is 

lost. From the estimates of the losses, many authors believe 
that nearly 12 billion human beings could be easily and 
healthily nourished. Old habits die hard, however; only a 
small and slow reduction of such losses can be expected. 
We therefore examine other alternatives, such as an 
increase of the cultivated surfaces, with the aim of provid
ing sufficient food. 

6.3.3 Increase in the Cultivated Surfaces 

According to Graziano da Silva, FAO director, agricultural 
production has increased over the last 50 years by a factor 

ranging between 2.5 and 3. Increase in output and farming 
intensity contributed to 85% of this increase, while the 
increase in agricultural surfaces only contributed 15%. At 
the time of the preparation of the World Summit on Food 
Safety in 2009, FAO indicated that 90% of the new food 
needs at the horizon of 2050 should be satisfied by increases 
in the outputs of the currently cultivated fields and the 
remaining 10% should come from the extension of surfaces. 
The results proposed by the FAO remain controversial 
however, and hide important disparities between countries. 
According to the FAO, there was only a small variation 

in the total area either cultivated or in permanent meadow 
during 1992–2005, with 48.9 × 106 km2 in 1992 and 
49.2 × 106 km2 in 2005. This apparent stability hides 
important contrasts, however. In several developed countr
ies such as the USA, France and Australia the area of arable 
surfaces has decreased over the last decades due to urban
ization, reforestation, rural depopulation or drought. China 
is an example of those countries which should re-conquer 
fields polluted by fertilizers, acid and alumina chemicals, as 
well as by extraction activities (Kong 2014). Overall, 
6.4 × 106 km2 of arable lands were abandoned in at least 
34 countries (Rudel et al. 2009; Alcantara et al. 2013). 
With such a decline in cultivated surfaces, how is it 

possible that agricultural production increased so much? 
Between 1970 and 2005, prices reduced by 34%, popula
tion and incomes increased by 70% and 87%, respectively, 
while finally the quantity of food increased by 123% due to 
a strong increase in the agricultural outputs, especially after 
1980. 
The increase in agricultural productions would conse

quently only be due to the progress of the output by hectare, 
since the cultivated surface would have decreased over the 
same period (of 8%, i.e. a progression of the outputs of 
1.8% a year). 
However, UN and FAO statistics of 177 cultures also 

show that harvested surfaces would have increased in area 
by a factor of 4 between 2000 and 2011 (Ray & Foley 2013; 
Ray et al. 2013). By using a ‘harvest gap’ index, the authors 
are able to identify the countries that increased their fre
quency of harvest and those that have the potential to do so. 
An opportunity therefore exists to increase production, 
even though the authors clearly outline the possibility of 
social and environmental impacts. This result also high
lights the interest of ancient practices of many local pro
ducers in certain areas. This double harvest could also be 
facilitated by the fact that nearly 40% of the cultivated 
surfaces are in the cities or in their immediate vicinity 
(Thebo et al. 2014). 
This capacity of double harvest is particularly relevant in 

tropical countries such as Brazil, which is still engaged in 
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deforestation (unfortunately being carried out by private 
interests). The total balance between the profits of produc
tion after deforestation and the losses by uncontrolled 
urbanization and the extension of transportation routes, 
one of the major causes of loss of arable land, is precarious 
because there remain less and less forests in the countries of 
the south. Population growth, rising standards of living and 
very fast extension of transportation infrastructure consume 
more and more cultivatable surfaces. It therefore appears 
probable that the maximum limit of cultivatable land has 
been reached if forests are to be preserved. In preserving the 
natural elements such as the wetlands or the forests and 
more generally biodiversity to fight climate change and to 
continue to profit from ecosystem services, the margins of 
increase in cultivated surfaces remain very weak. 

Nevertheless, if we recall from Section 6.2.3 that the 
production of meat consumes c. 70–80% of the agricultural 
land and 30% of the surface of the planet to provide only 
15% of the calories, the margin of improvement of the 
cultivated surface intended directly for human consumption 
remains generous (FAO 2006). 

Beyond environmental problems, such as deforestation 
synonymous with an easy and fast increase of cultivated 
surfaces, the increase in the production must begin with the 
regaining of lost surfaces. It must continue with the main
tenance in good condition of the currently cultivated sur
faces, for example by reducing the salinity due to irrigation, 
and a reduction of the surface lost by urbanization and the 
deployment of the transportation infrastructures. 

The feeling that the limit of subsistence has been reached, 
proposed by certain authors and lobbies, may perhaps be 
reinforced by the directly observable loss of cultivatable 
soils, whether due urbanization or of desertification. Again 
this expansion of figures and these contradictions between 
the results and tendencies presented by various authors 
show the fragility of the data and of the models, and 
therefore of the conclusions and projections which can 
be extracted from them. They show above all that various 
solutions exist; the choice will depend on the convictions 
and on the pressures of the lobbies and stakeholders. 

As we saw in this section, the increase in the outputs was 
one of the principal factors of increase in the agricultural 
production, with accompanying increases in the environ
mental impact of agricultural practices. 

6.3.4 Increase in Output 

Following the Green Revolution initiated by Norman Bor
laug, various authors think that the best solution to an 
increased need for food production would be to improve a 
set of agricultural practices and to use the traditional 

varietal selection, assisted by molecular markers. They 
consider that this kind of action would increase the produc
tion probably faster than cultivating new surfaces. To 
increase the outputs is not so simple, however (Sinclair 
et al. 2004). With regards to the Green Revolution, many 
critics believe that it did not increase the outputs but more 
simply reduced the losses (an opinion which is far from 
being a consensus). 
According to several authors in agreement with the 

conclusions of the Green Revolution, this intensification 
would however be one of the best means of avoiding 
deforestation and more generally of saving soils and bio
diversity (Byerlee et al. 2014). It would then be possible to 
double the outputs of rice, wheat and corn in China, 
satisfying the requirements for animal food with no addi
tional environmental cost, by a better use of nitrogen 
fertilization (also contributing to the reduction of green
house gases; Chen et al. 2014). In the same way, African 
conservation agriculture could see its production double or 
triple with a series of better practices including rotations 
and soil coverage, in particular a better control of nitrogen 
fertilization (Vitousek et al. 2009; Scopel et al. 2013; 
Corbeels et al. 2014). If this were really the case, the local 
production would still be able to satisfy in the future the 
needs of the population, provided the production losses and 
conflicts decreased and an equitable access to the produc
tion was ensured. 

While discussing the increase in output the metrics to be 
used must be considered: should we measure the tons 
produced per hectare or the inhabitants nourished per 
hectare? An US hectare can feed 5.4 persons per hectare 
and a Chinese hectare 13.5, the world average being of 
6 people supplied per hectare. Accordingly, if the US mode 
of production were generalized for human consumption, 
only 4 billion individuals would be nourished in addition. 
Those figures agree with the FAO estimates of world self-
sufficiency for agricultural production. 

Agricultural production is in fact perceived as a means 
among others of supporting the economics of a country, as 
exemplified by the Obama administration wish to attempt to 
double American exports, including agricultural produc
tion, in 5 years. 

To increase the outputs requires combining a better use 
of water, inputs, new methods resulting for example from 
the agriculture of precision, and finally a varietal improve
ment, which can use (or not) biotechnologies, even syn
thetic biology. Nevertheless, until now the increase in 
outputs has been accompanied by an increase in pollution 
(Vitousek et al. 2009; Cassidy et al. 2013). 
In the intensive vision of agriculture, such an increase is 

also accompanied by a regional development of ‘land 
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sparing’ type, rather than ‘land sharing’. The United States 
constitutes a good example of this ‘land sparing’. On  
2 million farms (firms with minimum wages of US$ 
1000), 30% (c. 600,000) do not produce anything from 
the point of view of the markets, whereas 120,000 (c. 6%)  
contribute to 75% of the agricultural production found on the 
markets. The question is therefore to know if this model, 
similar to that of huge South American farms, is well adapted 
to sustainably satisfy the food needs. The choice of the 
production mode is a sovereignty and food security factor, 
with multiple social, economic and environmental impacts. 
Moreover, an L-shaped curve of the production costs 

suggests the presence of technology is not scale neutral. 
Larger crop farms use less labour and less capital per acre. 
Economies of scale seem to level out at some medium level 
of input (Sumner 2014). 
Some practices for increasing the outputs would there

fore be accompanied by a reduction in agricultural employ
ment, which would fuel rural depopulation and therefore 
the urbanization of the developing countries as well as their 
emigration. In other words, the increase in the outputs 
would be likely to increase the pressure on arable lands, 
the land pressure and the prices of farms. The cost benefits 
analysis over the medium term of such a system has not yet 
been made. 
However, the harvest increase is limited by numerous 

factors including water availability. Indeed, from the point 
of view of global warming and of the increase of outputs of 
various countries affected by the drought, a more effective 
use of water constitutes a major axis of improvement. 

6.3.4.1 Drought and Irrigation 

One of the slogans of agricultural industries, including seed 
companies, is ‘more crop per drop’. However, according to 
a survey of field trials, very few tests were effectively 
performed over the past 25 years on a better water use 
efficiency. It would therefore appear that this is not a clear 
objective of industry, in particular of biotechnologies. 
Nearly 15% of the world agricultural production could 

be lost as estimated by modelled droughts (Voosen 2011). 
Several drastic droughts of these last years, for example in 
Brazil, can be attributed to the massive deforestation of 
the Amazon and previously of the Atlantic forest (Nobre 
2014). 
In addition, irrigation in the semi-arid and arid countries 

would result in the loss of the equivalent of 2000 ha per day 
by salinization, alkalization or acidification of soils, accord
ing to a study of the University of the United Nations (Qadir 
et al. 2014). Twenty percent of the currently irrigated soils, 
the equivalent of the French cultivated surface, suffer from 

this salinization. Such an observation should encourage us 
to focus on rain cultures. These problems are not new, since 
the irrigation practised over centuries in Mesopotamia 
resulted in the loss of hundreds of thousands of hectares. 
In addition to the effect on the volatility of the prices, on 

the food safety and on the doubling of the quantity of 
calories transported between 1986 and 2009, a recent study 
on international trade highlighted a reduction in water use 
efficiency (D’Odorico et al. 2014). The new revolution 
intended to cope with new droughts could be used only to 
fill in the past deficiencies of agricultural practices and 
varieties with regards to the water use efficiency. The 
varietal improvement in the USA also seems to have 
been associated with a greater sensitivity to the drought 
(Lobell 2014; Lobell et al. 2014; Ort & Long 2014). 
More generally, the sensitivity of the crop plants to the 

drought seems to be largely underestimated (Bartlett et al. 
2014), highlighting the limits of the varietal improvements 
when only one goal, the output, is taken into account. A 
more global solution, taking into account the resilience 
capacities in a changing environment, appears to be neces
sary although this strategy looks difficult to follow. It also 
underlines the risk of the current plant breeding strategies 
with a high turnover of cultivars as it is market driven. 
Recent results concerning the plant’s ‘memory’ of drought 
episodes introduce new questions (Caldeira et al. 2014). 
The authors recommend a comprehensive approach of the 
varietal selection, in and out of conditions of stress, and 
therefore a strategy more complex than initially envisaged. 
Furthermore, the work of this team highlights a distinction 
between various ‘kits’ of genes and quantitative trait locus 
(QTL) varying according to the cultivars. These kits appear 
useful according to various types of drought. Again, it looks 
like the search for drought tolerance faces a complexity 
which is probably more easily controllable by traditional 
selection than by biotechnologies, which up to now cannot 
control such large and dispersed units. 
The development of irrigated surfaces since the 1960s 

was an essential component to nourish a world population 
in strong growth. This explains why 70% of fresh 
water taken from the rivers, the lakes and the groundwater 
go towards irrigation today, with peaks of up to 92% in 
Iran. 
Moreover, most of the erected dams are 100% paid for by 

the States and local communities. Public money also funds 
private local water reservoirs at more than 40%. Water is 
therefore provided almost free of charge to farmers, encour
aging wasteful consumption and providing no incentive to 
develop drought-tolerant crops and irrigation techniques. In 
this case, there still exists a hidden subsidy to farmers of 
developed countries. 
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Altogether, approximately 60% of this withdrawal is 
consumed, that is, transformed by the plants into steam. 
The remainder would return to the aquifers. 

Water is an abundant resource which is unevenly dis
tributed and often polluted; indeed, the arid and semi-arid 
dry zones cover 30% of the Earth’s land but collect only 
2.5% of continental water. However, the population of 
these zones, increased from 373 million inhabitants in 
1950 to 1.2 billion in 2000, is forecast to rise to 1.8 billion 
in 2025. Water, vital in these areas, is therefore always a 
limiting factor. It is even more limiting in many countries of 
the south of the Mediterranean, the Middle East and South 
Asia. Current irrigated agriculture is also endangered by the 
soil erosion caused by these types of irrigation. Before the 
end of the century, most reserves of the dams in the south 
and east of the Mediterranean will have been filled with soil 
if nothing is done. Note the same evolution in the USA 
where the purpose of many dams is questioned; they are 
often simply destroyed for reasons of both ecological 
restoration and their weak retention of water. In Africa, 
the estimates mention only 4% of the irrigated surfaces, a 
30% reduction due to lack of maintenance since 
decolonization. 

Some authors point out that in order to nourish the world 
the number of dams built should not be reduced. These 
considerations neglect the important social costs and the 
weak and unevenly distributed benefit of dams in the 
medium term however, in particular the largest dams 
(Whitelaw & MacMullan 2002; Duflo & Pande 2007). 

The availability of water is therefore an essential factor, 
but is often diverted to the detriment of small farmers as 
exemplified by Kenya and its production of exported roses. 
More generally speaking, the imports to developed countr
ies use an important part of the water of developing and 
emerging countries (Hoekstra & Chapagain 2008; Hoekstra 
et al. 2011). By their imports, the developed countries 
therefore have the largest water footprint of the world. 
This is also true when considering exports of developed 
countries, as exemplified by the agricultural production in 
California which suffers drastic droughts but still produces 
almonds for export. 

With the fall in level of the Ogalla aquifer in the Mid-
West, the dust bowl and the ‘haboobs’ are being redis
covered. The groundwater is also overexploited in the US 
Great Plains, the Indo-Gangetic plain and in the North of 
China. Since irrigated cultures produce 40% of the food 
from 18% of the arable lands, it is absolutely necessary to 
find a reasoned use of water. The American case is inter
esting because it is representative of a certain number of 
current and potential situations in the world and because of 
the US leadership in intensive agriculture. It directly show 

the effects of practices recommended by various US firms 
of biotechnologies or of other sectors, and recommended by 
several international institutions. 

Nonetheless, let us disregard extreme phenomena and 
consider the scenario most commonly considered in agri
culture: that of a general and relatively uniform rise in water 
levels, spread out ever a few decades as of heat and drought. 
On the assumption that in certain areas a generalized and 
uniform drought would become the standard, water use 
efficiency would become one of the major elements of the 
resilience of agricultural systems. One of the reasons for the 
current conceptual deficiencies with regards to effective use 
of water is that drought is a phenomenon with many facets, 
seldom taken into account due to their complexity. The 
effect of the drought and tolerance genes will differ accord
ing to whether the drought occurs at the beginning of the 
seedling growth, in the course of growth, or of flowering or 
grain filling. The longer the drought, the greater the severity 
of its effects. The complex physiological mechanisms are 
still poorly known and especially badly controlled 
(Richards 2006). One species can be tolerant thanks to 
moisture stored in the ground, whereas another may rely on 
rainwater. 
With the exception of some rare major genes of crop 

plants, many QTL were identified of which the use is not so 
simple since (in addition to epigenetic effects) the tolerance 
to drought is strongly influenced by the moment and 
conditions in which it will occur. It is therefore not suffi
cient to identify a gene or some QTL to solve the problem 
(Collins et al. 2008). Moreover, other factors such as the 
availability of nutrients or the ‘quality’ of the soils play a 
crucial role in the capacities of tolerance of the plants 
(Tuberosa & Salvi 2006; Ashraf 2010; Sinclair 2011). 
Finally, the models used for the adaptation of plants to 
climate change remain very simple and limited (White et al. 
2011). 
Generally, in order that a feature can be used for drought 

tolerance, its effect must be easy to measure and easily 
inheritable. Additionally, it must not result in penalties 
when the growth conditions are favourable, or be associated 
with negative pleiotropic effects of other important agro
nomic nature or marketing attributes. 
This difficulty in understanding drought and of propos

ing tolerant varieties through some genes is particularly 
visible with the varieties and biotechnologies issued, pro
posed by Monsanto, Syngenta or Pioneer Hi-Bred. The 
framework of the evaluation of such plants still remains to 
be defined (Nickson 2008). Although Syngenta had prom
ised a 15% improvement in drought tolerance, in the few 
cases tested in the USA these firms could not improve this 
tolerance to over 5–6%. At the same time, new varieties 
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bred by the CIMMYT (International Maize and Wheat 
Improvement Center) according to conventional plant 
breeding allowed improvements of output from 10 to 
34% in Africa (Tollefson 2011). A recent study also 
showed that conventional selection could provide more 
tolerant plants more quickly (La Rovere et al. 2014). 
Consequently, the development costs of GM varieties 
tolerant to drought could prove to be prohibitive compared 
to the traditional varietal selection. 
As well as conventional plant breeding and the use of 

local varieties or species, only a few techniques of more 
efficient water use such as drip or buried irrigation systems 
(even buried drip irrigation) have so far shown their 
effectiveness. These expensive installations requiring deli
cate maintenance are far from being available to field crops, 
particularly in the absence of public subsidies. In these 
circumstances we can again hope to observe better resil
ience by smallholdings (Sietz 2014). 
In general, genetic increases in yield go hand in hand 

with improved management practices and the relative 
contribution of management; breeding usually carries an 
equal weight. In countries such as Australia and France, 
there is however evidence of a slower rate of genetic 
progress in grain yield. 
An enormous volume of work therefore remains to be 

performed in the area of varietal improvement for improved 
drought tolerance. This seems particularly true as improve
ments aiming at the quality of the grain, the output or 
resistance to bioagressors appear to have been obtained to 
the detriment of the drought tolerance. 
The fact that 40% of cultivated soils (c. 67 million ha) 

with 24 million ha of irrigated surfaces are in towns or in 
their immediate periphery also means that new studies 
should also be conducted on the impact of urban and 
peri-urban agricultural production, on the management of 
and competition between water resources, the means of 
subsistence and world food safety. 

6.3.4.2	 Traditional Alternatives to an 
Increase in Output 

Many other alternatives exist to make it possible to increase 
the output in a world with limited resources. It is obvious 
that we cannot review them all here; many authors have 
already done so (Royal Society 2009; Paillard et al. 2011; 
STOA European Parliament 2013; Rosegrant et al. 2014). 
As we have seen, traditional plant breeding still remains a 

major driver of yield despite a rather long process. Varietal 
improvement aiming at bioagressor resistance or drought 
tolerance was much used during the twentieth and twenty-
first centuries and can now be boosted by new techniques. 

The sequencing of the genomes of various cultivated 
species and of varieties among these species to take into 
account their variability should further sustain the selection. 
The use of QTL, the identification of variants of genes or of 
their control systems, the use of screening robots or marker-
assisted breeding are some of the elements which should 
facilitate future selection work (Pennisi 2010; Cooper et al. 
2014; Desta & Ortiz 2014; Roy et al. 2014; Farokhzadeh & 
Fakheri 2014). These types of approaches may benefit from 
their concentration among the seed producers, which con
tinued with more than 50 companies bought over the 10 last 
years (Lemarié 2003; Bonny 2014). The resulting task force 
may facilitate innovation and the appearance of technical 
ruptures, but it is not possible to say whether it is the best 
way. Such a concentration of actors also unfortunately 
increased the uniformity of the cultivars by decreasing 
the choice among the commercialized varieties, generally 
better adapted to local conditions. 
Precision farming is also a sector which has developed 

enormously with embarked systems for precise distribution 
of the inputs. These systems may also take into account the 
local weather conditions and the edaphic factors such as the 
nutritive state of the soils (Gebbers & Adamchuk 2010). 
The seed producers such as Monsanto or Du Pont Pioneer 
were not mistaken in that area as they recently bought 
several companies of big data analyses, including weather 
forecasting such as The Climate Corporation. The farmer 
could become one of the suppliers of local data with the 
growing network connection and the continually decreas
ing price of small apparatus such as weather stations and 
smartphones, thus creating a goldmine of data not only on 
the local conditions but also on the farmers themselves. 
However, the price of farming machinery drastically 
increased, which encouraged farmers to increase the sizes 
of their farms to support the cost. The increase in tractor 
prices left numerous people on the side and increased the 
price pressure on farmland. 
Recall that, apart from the Western model of consump

tion described in Section 6.2.3, different sources of food or 
ways of proceeding could satisfy the estimated needs for the 
population. For instance, a recent FAO report reminds us 
that insects could be more edible than poultry and pigs, 
consume less feed and space and reduce the greenhouse 
gases emissions. 
Considering the significant amounts of vegetable pro

teins and other products currently integrated into hamburg
ers or minced ‘beef’, the substitution of insect protein 
should hardly be a problem for the food industry. Food 
is not just a business of proteins, micronutrients and calories 
however; many psycho-sociological aspects and the impact 
of tradition must be taken into account (Vince 2010). On 
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this side, biotechnologies are at the crossroads of some of 
these psycho-sociological barriers. 

Among the many contributions aiming to ensure food 
safety in 2050, the trend involving biotechnologies is 
noticeable. By biotechnologies we will limit ourselves 
here with those known to produce GMO within the mean
ing of the European Union, a more precise definition than 
that of the OECD (European Commission 2001). 

6.3.5 Biotechnologies to Nourish the World 

Biotechnologies cannot be mentioned without pointing out 
the reserve with which these are met in various parts of the 
world and which impedes their deployment. This reserve 
are expressed as much on the food level (fear of toxic 
products) as well as the environmental and the socio
cultural levels (patentability of live elements, type of 
subjacent agriculture and society), and complement in 
certain countries a rejection of expert testimony and a 
mistrust of public authorities (Demortain 2010, 2011; 
Bertheau & Davison 2013; Ludlow et al. 2014). 

Discursive foundations underlie the recommendations of 
whether to adopt biotechnologies or not. Part of the conflict 
also arises because of a conflict in the use of science or 
‘expertise’, and probabilities to accept risks which have 
societal and moral implications. The debate on biotechnol
ogies in the developing countries brings discordant views 
on the future of agriculture and rural areas of these countr
ies. These divergent views are represented by alternative 
paradigms; on the one hand transgenic technologies play a 
vital part, and on the other they are considered as an 
unnecessary and risky technology (Dibden et al. 2013). 

6.3.5.1 The Biotechnologies Context 

Work in the 1980s on crown gall disease allowed the 
transformation of vegetable cells and commercialization 
of this technique by the beginning of the 1990s of the first 
GM plants (Mannion & Morse 2012). Very soon a dichot
omy was established between countries (mostly those 
exporting agricultural commodities) enthusiastic about 
the newly opened possibilities, and other countries more 
reluctant for generally socio-economical reasons or choice 
of society reasons (Marris et al. 2005; Gaudillière & Joly 
2006; Morgan et al. 2006; Levidow & Carr 2007a; Lemaux 
2008, 2009; Koch 2010; Spök 2010; Devos et al. 2013; 
Dunwell 2014a). 

Important technological advances were also carried out 
in the pharmaceutical and animal fields. The commercial 
repercussions were smaller for the latter, such as transgenic 

salmon or mosquitoes. The production in confined areas of 
pharmaceutical molecules and the gene therapies were 
mostly not debated, in accordance with a traditional posi
tive cost-benefit analysis of the consumer-citizens. 
The promoters of GMOs developed various strategies to 

commercialize these products and to reduce criticism. 
GMOs are therefore at the same time presented as the 
logical continuation of the traditional plant breeding 
scheme, but also as a rupture of paradigm with many 
possible repercussions both for developed and developing 
countries. Considerable sums were invested both in com
munication campaigns for the general public and in lobby
ing for the decision makers. Consequently many promises 
have been made since the 1990s and still are concerning the 
foreseeable progress of these biotechnologies. In the mean
time, many reports and articles have presented a positive 
assessment of these innovations (Dunwell 1999, 2014b; 
Trewavas 1999; Stein & Rodriguez-Cerezo 2009; Brookes 
& Barfoot 2013, 2014). 
The promised benefits relate to the reduction of harvest 

losses as well as to an income growth, a greater flexibility in 
work, the reduction of input quantities and therefore a better 
environmental protection and a lower erosion of the soils by 
a generalization of not ploughing. However, one of the 
recurring difficulties in appreciating the interest of a tech
nological change is how to estimate the effect of a change of 
practice, which is seldom isolated from other effects. In the 
absence of solid experiments, it is then very difficult to 
really compare the impact effectively due to the GMOs to 
that of the other modifications of agricultural practices. 
In a general way, as underlined by various reports of the 

French High Council of biotechnologies, the reports of the 
companies submitted to the authorities in charge of eval
uation are often criticized for their lack of rigor, the absence 
of statistical power, insufficient environmental monitoring 
plans and fluctuations in a non-scientific manner. Criticisms 
are such that, 30 years after the first GMOs, evaluation 
agencies still have to establish several guidelines for risk 
assessment and environmental post-market monitoring 
(those that concern health monitoring have not yet been 
approached). We also see in 2014, 20 years after the first 
commercial release of GMOs, the European Food Safety 
Authority (EFSA) launching a call for tenders to define the 
statistical guidelines relating to agronomic tests and toxi
cological studies (EFSA Panel on Genetically Modified 
Organisms 2010a, b; McGinnis et al. 2012). 
This delay for establishing constraining guidelines, when 

compared to the authorizations requested by the petitioners, 
means that the current dossiers submitted to the authorities 
do not satisfy many current safety assessment tests. This 
timing discrepancy does not improve acceptance of these 
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products by the general public. This disputed situation arose 
despite various reports of academies highlighting no obvious 
problems, and therefore a contrario admitting the harmless
ness of the GMOs. This mistrust of the lay-people of certain 
regions with respect to the GMOs is parallel to that of the 
experts and more generally the evaluation authorities 
and governments (Funtowicz et al. 2000; Nowotny 2003; 
Jasanoff 2005; Wood & Mador 2013). 

The system of revolving doors between civil service, 
companies and evaluation agencies, both in the USA and in 
Europe, accentuates this rejection of a pre-supposed neutral 
scientific assessment (Dal Bó 2006; Kuzma & Meghani 
2009; Meghani 2009; Meghani & Kuzma 2011; Andreasen 
2014). Similar conflicts between a ‘science-based’ evalua
tion, the fear of ‘invisible colleges’ and ‘hidden agenda’ 
may be found in other fields, such as the tobacco and 
pharmaceutical industries or climate change issues (Everson 
& Vos 2009; Patel 2009; Demortain 2010, 2011, 2012; 
Oreskes & Conway 2010; Proctor 2012; Gould & Maibach 
2014). The biotechnology and seed companies have 
therefore been integrated into the world of the ‘industries of 
doubt’. It is therefore probable that the research program of 
US $25 million on the risk assessment of GMOs, recently 
announced by the American Seed Trade Organization 
(ASTA), will be rather counterproductive (Gillam 2014); 
previous communication campaigns of several million dollars 
nearly 10 years ago were not effective in the EU. 
A wrong use of ‘declarations of interest’ in scientific 

journals only increases this distrust by the general public 
with respect to the risk assessment and the cost-benefit 
analyses. Scientists are observed to declare ‘no conflict of 
interest’, although they were working for the concerned 
industry (see for example Van Eenennaam 2013). Industry 
consequently seems again to be defending its own interests 
to the detriment of the common good (Shavell 1984; 
Cassidy et al. 2013). The communication of the industrial
ists hardly varied from similar cases resorting to hoaxes, 
generally relayed by scientists (the ‘confirmation bias’ or 
‘myside bias’). The hoaxes on the total prohibition of DDT, 
or more recently in France regarding the delay in the use of 
chlorine at the time of a cholera epidemic in Haiti, are some 
examples concerning the connivance between industries 
and scientists engaged in this matter (Ridley 2012a–c). 
The several tens of millions of dollars used in certain US 

states to influence the votes regarding a request of public 
information by labelling consolidate this feeling of a rich, 
powerful stakeholder defending its own interests (Esposito & 
Kolodinsky 2007; Jones 2014). The US anti-GMOs also 
spent money on these campaigns, but very much less. Since 
the presidential mandate of G.W. Bush Junior, the routine use 
by the industrialists and their lobbies of expressions such as 

‘sound science’ became inaudible. Several people interpreted 
these expressions as ‘junk science’ and as an expression of 
the defence of corporatist interests. Generally speaking, the 
resulting amalgam between science and technical innovation 
is prejudicial to both scientists and society, to the expert 
testimony and to a calm democratic debate on the inherent 
societal choices. As a main result, several scientists are now 
developing in the public arena partial pro- or anti-GMO 
arguments instead of providing neutral and balanced analy
ses for informing the public and policy-makers. Mutual 
excommunication became a common trait in science from 
this interpenetration between science and its applications 
through innovation. 
The debate between scientists which still prevails on the 

best risk evaluation procedures and the cost-benefit analy
ses is darkened by the setting of ‘invisible colleges’ and the 
exclusion of critical experts. As soon as economic interests 
are involved, scientific discussions on alternatives to a 
scenario are no longer possible. Until now, the discussion 
between scientists about scientific applications has never 
reached the stage of debate or of dissensus which prevails in 
the legal domain. Technological applications are indeed a 
political act as they are able to lead to technological lock-ins 
(Winner 1980; Vanloqueren & Baret 2009; Prewitt 2013). 
A set of ‘novel’ technologies, referred to as NPBT (new 

plant breeding techniques), have been for several years the 
subject of intense negotiations in the EU with regards to 
their qualification as GMOs or non-GMOs and whether to 
be labelled as such. Some of these techniques can allow 
precise editing of the genome with no addition of foreign 
DNA (Lusser et al. 2011; Barrangou 2014; Stella et al. 
2014). Being a strange mixture of old and new techniques, 
NPBT acceptance is not as easy as expected. This reluc
tance may also come from the fact that old techniques such 
as plant grafting appear to have a greater impact than earlier 
contemplated; this secular technique appears to be able to 
give rise to new species (Fuentes et al. 2014). 
Some of these NPBT should make possible the creation 

of new instruments to activate, repress or repair target 
genes, but they are still not very effective. Also recall 
that the US federal agencies still do not know how to 
officially evaluate current GMOs (Kuzma & Kokotovich 
2011; Ledford 2013). Citizens are therefore faced with a 
legal framework that is not yet stabilized while numerous 
commercial dissemination dossiers are notified to the Com
petent Authorities. 
These techniques for editing the genome create indistinct 

regulating borders between the modified naturalness and 
organizations (Araki et al. 2014). Researchers and public 
authorities will therefore have to avoid any misinformation 
of the society and establish suitable regulations in a 
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proactive way. However, the companies’ communication 
about GMOs is very ambivalent. 

The scientific arguments aim to convince that the modi
fications are new, dissociated from preceding methods and 
a source of progress, but providing less changes in plant 
genomes as compared to conventional breeding. In parallel, 
the legal arguments aim to both convince of the novelty (for 
patenting purposes) but conversely as in continuity with 
conventional breeding in order to avoid the long course of 
the lawful authorization. Legal, societal, financial and 
technical arguments are all mobilized against the labelling 
of the products by presenting them as a follow-up of the 
traditional selection techniques. This last argument is also 
relayed by certain scientists who announce the inability to 
detect and therefore accurately label these ‘new’ products 
due to the absence of detection methods (Lusser et al. 
2011). Intentionally or not, they ignore several detection 
methods such as the LCR (ligase chain reaction). Also very 
curiously, the authors of this European Commission paper 
(Lusser et al. 2011) claim (as also argued by some compa
nies) that the ‘edited’ organisms are undistinguishable from 
organisms resulting from natural mutations. In a world 
where patenting and industrial protection are key words, 
such company arguments relayed by some public scientists 
is equivalent to shooting themselves in the foot. 

Lusser et al. (2011) also curiously point out in the 
same report that the qualification as GMO of these 
NPBT-resulting products might increase the cost of the 
authorization files. This argument is often used in the recent 
US disputes and votes about food labelling, but is not 
scientifically based. It has to be noted that some of the 
experts taking part in the writing of this European report 
(Lusser et al. 2011) were members of an association of 
lobbyists of the biotechnology industries, which does not 
improve the expertise landscape or transparency. 

This case is interesting as an example of the opportunistic 
way in which companies are playing with transparency, for 
instance about costs. While firms are ‘unable’ to provide 
figures of costs for the traceability or for the coexistence of 
GM products, it is astonishing that the cost of approval 
dossiers has been ‘estimated’ and is the subject of a 
‘consensus’ between firms. In the absence of official com
panies data, most of the quotations refer to an academic 
estimate of US$ 15 million per dossier (Kalaitzandonakes 
et al. 2006, 2007). This estimation could not have been 
performed without information from companies, whose 
reliability and impartiality are questionable. Similarly, in 
the absence of verifiable company data on traceability and 
coexistence costs, several people argued that the arguments 
recently used by the companies in the USA for fighting 
labelling vote proposals were far from being acceptable. 

This lack of transparency, in the name of industrial 
property and for better adapting their argumentation to 
negotiating, can be found in other controversial industries. 
The pesticide industries, for instance, point out that legal 
safety incurs a bill of authorization of US$ 250 million, as 
recently advanced by a Bayer’s VIP. Within sight of the 
dossiers received by the European evaluation agencies, it is 
extremely probable that the costs reported in the scientific 
literature and newspapers are very largely overestimated. In 
the absence of transparency regarding the data of traceabil
ity or authorization costs, note that it is once more, for the 
firms, a political argument of negotiation aiming at reduc
ing any inclination towards constraining regulation. This is 
also a useful financial argument to perpetuate an oligopoly 
by dissuading small companies to invest in GMO 
development. 
The argument against constraining regulations does not 

take into account the benefit that a firm can draw after 
having obtained a governmental approval in the event of 
harmful unexpected events. Most of the States help various 
industries by having established limited responsibility by a 
strict liability regime. Moreover, these authorization and 
labelling costs, integrated in the selling price of the seeds, 
hardly endanger the companies which sell on average 
approximately 10% more of their products than conven
tional seeds. The financing of the US anti-labelling cam
paigns, several times greater than to the announced costs of 
an authorization dossier, puts the complaints of the com
panies about such costs into perspective. 
We therefore find here all the ingredients of a polemic 

amplified to a set of technologies of which we now 
approach the results and the potential to feed 9 billion 
inhabitants in 2050. This polemic concerning the risks of 
GMOs is likely to develop with the current work of 
Syngenta and Precision Biosciences aiming at the creation 
of the first synthetic corn genome, or the use of RNAi as a 
pesticide. Indeed RNAs are suspected to cross the intestinal 
barrier and be able to interfere with genes of the consuming 
animal (Zhang et al. 2012). A new polemic started around 
this RNAi after what looks to have been company pressure 
on scientists. Roughly, RNAi expected to enter the human 
body for medical purposes should not enter it when origi
nating from modified crops. The amalgam of various 
technologies, from nanotechnologies to synthetic biology, 
will not facilitate the acceptance of the GMOs. 

6.3.5.2 Promises of Biotechnologies 

The real and supposed advantages of biotechnologies, the 
word used for the GMOs and some of the NPBTs, have 
been well described by many authors (Lemaux 2008, 2009; 
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Dunwell 2011, 2014b; Barrows et al. 2014; Brookes & 
Barfoot 2014). Recall that the majority of GMOs currently 
marketed and cultivated, with the exception of some fea
tures to resistance to viruses, primarily represent resistance 
to certain insects or tolerance to herbicides. They mainly 
relate to corn, canola, soya and cotton. Other cultures such 
as sugar beet, potato, eggplant or alfalfa arrived only 
recently on the market. GM sugar beet is an example of 
an unprecedented farming success. Several new products 
such as alfalfa, sugar beet and wheat also faced unusual law 
suits and trade disputes before effective commercialization. 

New traits are also proposed such as soya with improved 
contents of fatty acids or with stearidonic acid or higher 
contents of oleic acid, potatoes with reduced contents of 
acrylamide, alfalfa with better digestibility thanks to a 
lignin-reduced content or finally male sterile corn. 
Most of the newly proposed GMOs are still products 

tolerant to herbicides and/or resistant to insects, generally in 
the form of stacked genes. Indeed, this kind of GMO 
generally ensures a good and rapid return on investment. 
This is especially true as more herbicide-resistant weeds 
and Bt-toxin-resistant insects proliferate. This proliferation 
of resistance mainly results from wrong management by 
farmers and unwise recommendations from the agricultural 
advisors of the companies. 
With regards to the promises of increased outputs, the 

results have not lived up to expectations. In some case, they 
remain even lower than those obtained with traditionally 
selected crops (Fischer 2009; Hilbeck et al. 2013; 
Lemarié & Fugeray-Scarbel 2014; Tappeser et al. 2014). 
Various methodological defects, such as a lack of statistical 
power of the fields’ studies and too-short durations of 
experimentation, do not make it possible to clearly sustain 
the yield improvement claims of companies (EFSA Panel 
on Genetically Modified Organisms 2010c). Moreover, the 
effect of changes in cultivation methods cannot be dissoci
ated from the only use of GMOs (Gilbert 2013; Lemarié & 
Fugeray-Scarbel 2014). 
From the viewpoint of an increase in outputs, it is 

advisable to recommend innovations which would allow 
an increase of the outputs in normal agricultural conditions, 
in conditions of stress or under unfavourable soil and 
climatic conditions. Strong increases of c. 45–70% for 
most crops seem possible, provided the difference between 
the noted and the potential outputs are reduced. This only 
constitutes a quantitative vision of production and not the 
number of people fed per hectare (Mueller et al. 2012). 
Important progress would also be possible by reducing 
environmental impacts such as overuse of manure, while 
allowing an increase of almost 30% of the outputs of corn, 
wheat and rice. This ‘yield gap’ must be estimated by taking 

account of the existing constraints of the production sys
tems. Indeed, many farmers optimize their outputs and 
profits rather than trusting monocultures. In China for 
example, one, two or even three plants such as rice, corn 
and/or wheat are annually cultivated in the same field. 
Accordingly, the possible marketing of GMOs harbour

ing different traits (tolerance to hydrous stresses, better 
adaptation to climatic risks, resistance to diseases, better 
valorization of the inputs and modification of the techno
logical and food characteristics) implies an adaptation of 
the evaluation procedures of the impacts. Indeed, the nature 
of such evaluation systems is quite different from those 
used with insect-resistant or herbicide-tolerant traits, 
already wrongly assessed. Unfortunately, biotechnologies 
are still unable to integrate the complexity of the agronomic 
systems. In some ways, it can be imagined that they would 
consequently cause the highly productive integrated crop 
systems of several countries to regress. Highly simplified 
experimental systems used for assessing GM plants are 
biased because they are not representative of reality. Cur
rent agronomy is also based on such shortcuts, however. 
The complexities we are currently facing with agro-ecology 
remind us how far we previously simplified and artificial
ized agricultural systems in order to master them. 
In the register of broken promises, the lack of a more 

rapid production of new varieties is noticeable. The devel
opment of new GM varieties always requires, depending on 
the species, 10–15 years, a duration comparable to that 
needed for conventional varieties (Gepts 2002). This 
explains for instance the late adoption of GM soya in 
Brazil, where the farmers started to cultivate GM cultivars 
only after GM outputs finally reached those of the conven
tional varieties. Each time the crossing with local varieties 
proved to be necessary. This situation points out the similar 
observations made at the same time for the Green Revolu
tion in Asia. The soil and climatic conditions, such as 
rainfall, influence the capacity to produce more (Qayum & 
Kiran 2003). Apart from the methodological defects listed 
in the authorization dossiers, several American syntheses 
also estimate that, over the 15 years of commercial use of 
the GMO studied, GM seeds did not show a capacity to 
increase outputs (National Research Council of the 
National Academies 2010; Heinemann et al. 2013; 
Fernandez-Cornejo et al. 2014). 
At best, current GMOs appear to reduce the impact of 

certain pests, but without reducing the quantities of pesti
cides used. The use of some GM varieties however facili
tated certain agricultural practices which released time to 
farmers; such freed time is used in certain countries by 
farmers to improve their income by working outside. 
Conversely, the trust in technology and advice from 
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companies and the non-observance of good agricultural 
practices such as crop rotation and changing ways of 
fighting insects or weeding, has led to the rapid appearance 
of resistant insects and weeds. 

For years firms’ advisers appear to have concentrated on 
their immediate benefits and premiums by, for example, 
recommending the use of only one herbicide. The compa
nies have only recently changed their mind about this, but 
this is too late for maintaining good methods of managing 
pests. Any agronomist, as well as any company advisor, 
also knows how far the farmers’ practices can differ from 
the recommended best practices. It is therefore well known 
that the farmers try to increase their gross margin by 
reducing the quantities of herbicide spread or by suppress
ing non-GMOs refuges, then by gradually increasing them 
when resistant weeds appear (Gilbert 2013). These kinds of 
wrong practices are well known to favour the fast appear
ance of resistant weeds and insects, enhancing their resist
ance mechanisms even in the case of stacked genes 
(Tabashnik et al. 2013, 2014; Fernandez-Cornejo et al. 
2014; Gassmann et al. 2014; Huang et al. 2014; Perkowski 
2014). The companies are even suspected of not having 
revealed that the contents of Bt proteins were lower in some 
cultivars. Such unforeseen low Bt content is known to 
jeopardize the efficiency of the strategy of ‘high dose/ 
refuge zones’ recommended to delay the appearance of 
resistant insects. The main interesting outcome from these 
failures was the discovery of new herbicide-resistant mech
anisms such as genes duplication. 

A better consideration of the natural enemies of pests, by 
a traditional approach of integrated pest management, was 
also not implemented, which could have delayed the 
appearance of resistances. Generally speaking, the impor
tance of knowledge of the biology of insects and the effect 
of long-distance migrations of resistant insects was largely 
underestimated. In reaction to the absence of farmer’s 
compliance to guidelines of good practices, the firms 
reinforced their controls in the fields, developed more 
expensive stacked GMOs and reinstated older and more 
toxic herbicides. Moreover, these herbicides have been 
recently identified by the IARC (International Agency 
for Research on Cancer) of the WHO (World Health 
Organization) as possible carcinogens (Guyton et al. 
2015; Loomis et al. 2015). In fact, the firms still try to 
persevere in the same economic model by currently recom
mending the use of Bt and not Bt seed mixtures instead of 
refuge zones, for example. The success of such mixtures is 
highly disputed, because it depends very strongly on the 
biology of the considered insects. 

This return to the past, with the use of several toxic 
herbicides and ploughing, could have been avoided without 

this short-term trade policy, a bad US perception of the 
problem and a lack of complementary approaches, all 
rapidly reducing the interest of several GM traits (Johnson 
et al. 2009; National Research Council of the National 
Academies 2010; Bennett et al. 2013; Struik 2014). Over
confidence in a technical system combined with important 
short-time economic drivers led to reduced diversity in 
herbicide uses: an inconsistent and wasteful activity with 
heavy consequences for the global agriculture. 
As for the reduction of phytosanitary treatments, it seems 

to have only been effective at the beginning of the use of 
GMOs. Indeed, this reduction is much disputed in the 
medium term for the farmer himself but also for the 
more or less close cultures, which can on the contrary 
see treatments increasing (Pearson 2006; Cloutier et al. 
2008; Wang et al. 2008; IAASTD 2009; Lu et al. 2010). 
In a general way, questions of the impact of GMOs on 

plant health products (herbicides, insecticides, fungicides) 
appear particularly complex because the measurement 
indicators are imperfect. This issue of imperfect monitoring 
tools, based on volumes or application frequencies, is not 
specific to GMOs. It does however highlight how results 
can be manipulated according to the desired target if those 
precisions are not provided. 
Can we be satisfied with volumes or the number of 

applications when more toxic herbicides (2-4D, Dicamba 
used in the new stacked GMOs) will replace those that have 
already been overcome? Regular monitoring over the long 
term should allow the appearance of unanticipated noxious 
effects to be detected (Lu et al. 2010). Who will be able to 
mobilize such means over many years, even if citizen 
observation networks are implicated (EFSA Panel on 
Genetically Modified Organisms 2014)? Specific and gen
eral monitoring requires means that the current crisis makes 
it difficult to provide. 

Apart from a direct effect on output, in what other ways 
can GMOs contribute to the disappearance of hunger in the 
world? One of the approaches to feed a possibly increasing 
population would be to make available edible plants to 
which many consumers are allergic or have been made 
unsuitable for consumption by, for example, impregnation 
of toxic compounds. Nevertheless alternatives generally 
exist, such as enzymatic treatments for allergens, which 
would have the same effectiveness and would prove defi
nitely less expensive and controversial to produce and use. 
More than a decade after their production, numerous 
allergen-free GMOs are still not available, probably 
because of a lack of industrial interest or from unexpected 
biological effects as for instance a lower resistance to 
environmental pressures. In the case of toxic compounds 
such as terpenoids, their suppression has been announced. 
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Environmental and agricultural effects still have to be 
assessed, as these compounds also help plants to resist 
pests. 
GMOs were also proposed to fight insects which assist 

penetration of mycotoxin-producing fungi as a factor 
improving food safety, while reducing the quantities 
of pesticides (Wu 2006a, b, 2007; Wu et al. 2004, 
2011). The majority of the work concerning a reduction 
of mycotoxin content by using GMOs comes from almost 
only one team and somewhat simplifies the reality of the 
results. In certain tests the mycotoxin content was higher in 
Bt plants. In conditions of strong parasitic pressure, the 
GMOs proved to be unable to reduce the content of 
mycotoxin below the regulatory threshold. Actually, 
because of the specificity of Bt toxins used in the GMO, 
a reproducible reduction in the quantities of mycotoxins 
requires either continued use of pesticides and fungicides to 
fight against the other parasites, expensive genes stacking 
or the enrolment of biocontrol, a practice generally rarely 
considered and usually poorly mastered (Abbas et al. 
2013). In the initial studies, the tests with stacked genes 
carried out on small surfaces did not show significant 
effects on the mycotoxin content. 
Finally, the US irrigated cultivation conditions are par

ticularly favourable to the development of mycotoxin-
producing fungi. Bt plants would be less interesting for 
this reason in certain regions such as the EU, but they could 
be useful in Africa where similar culture conditions prevail. 
Much research remains to be performed before being able 
to confirm that insect-resistant plants reduce the contents of 
various mycotoxin in a reproducible way. Remember that 
production of uncontaminated seeds is the first prerequisite 
in fighting these diseases. 
Many genes have been identified which could be used in 

conventional selection against these fungal diseases. The 
selection of varieties resistant to Aspergillus flavus showed 
good resistance to this fungus together with reduced con
tents of mycotoxin, but no variety has yet been marketed 
(Brown et al. 2013). With the new proteomics and geno
mics tools, the identification of the gene mechanisms of 
resistance and the fast methods of selection markers, we 
believe that a whole range of resistance genes will soon be 
available, the mechanisms of which we will understand. At 
present however, there do not appear to be enough specific 
advantages of GMOs over conventional breeding. 
Referring to results in other production areas such as 

drought tolerance or increased output, as well as the relative 
advantages of traditional varietal selection and biotechnol
ogies, it can be seen why some doubt the capacity of current 
biotechnologies to effectively provide better cultivars than 
conventional methods, particularly markers-assisted plant 

breeding. Indeed, current positive results for GMOs were 
focused on the insect–fungi couples of some rare plants; we 
cannot engage the future on so few results. Several alter
natives have to be kept to sustainably fight insects and avoid 
mycotoxins. 
As we previously saw, the conquest or re-conquest of 

contaminated land is of great importance in fighting under
nutrition. The capacity of certain genes to reduce the toxic 
metal sequestration in seeds could play a significant role in 
food safety in areas such as the Indian sub-continent, where 
metals are present in large quantities and induce health 
problems (Song et al. 2014). Such genes could in theory be 
used to clean contaminated soils, although that does not 
appear very probable given the complexity of the depollu
tion mechanisms. The first step in using GMOs is the 
transformation of uncultivated plants to depollute soils in 
order to obtain newly arable soils; this has already been 
tested using some wild plants. No completed experiments 
have been able to indicate how long we should wait before 
being able to use these soils for cropping. The same could 
be true for soils polluted by men with PCB and dioxins, for 
instance. The investments in biotechnologies will mobilize 
important intellectual and financial means, which would 
undoubtedly be more useful elsewhere. 
If we consider that nearly 40% of arable soils would not 

be cultivatable because of their acidity and their aluminium 
content, the use of corresponding systems of resistance 
would constitute an important progress (Li et al. 2014). 
However, the complexity of the gene regulations to be 
controlled is not in favour of a rapid solution offered by 
biotechnologies. 
Generally speaking, it should not be forgotten that vari

ous socio-economic factors govern the production strategy 
choices. This is illustrated by the current fall in prices of 
commodities and the high prices of the GM seeds which 
currently encourage the farmers, American in particular, to 
turn towards non-GM seeds. Indeed, the availability of non-
GM seeds increased over the last years in the USA because 
of the appearance of glyphosate-resistant weeds and of the 
lower costs of production of non-GM plants despite the 
required pesticides. The issues of exports prevented by 
GMOs unapproved in targeted countries (e.g. China) also 
shows US farmers that they have to better meet the requests 
of international as well as domestic markets. 
The lawsuits launched over the last years by trading 

companies against seed companies and by farmers unions 
against trading companies do not simplify the economic 
landscape. The economic actors, including the farmers, are 
therefore making rapid decisions according to the changing 
economic and technical circumstances. These arbitrations 
are relatively easy to make unless a technological lock-in 
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was founded, for example by the absence of non-GM seeds. 
Because of long time involved in developments, the returns 
on investments of the firms will be more random and also 
over the longer term. This means that technical solutions 
which have not been prepared by the appropriate legal, 
financial and socio-cultural frames, before environmental 
and health evaluations, have a very small chance of being 
implemented to fighting undernourishment. 

Various biotechnological alternatives of development 
were proposed by public laboratories. Some are very 
futurologist and show the unlimited imagination of the 
scientists. Unfortunately, most of those proposals are 
also put forward by the needs of scientists to publish 
and are not anchored in reality. 

For instance, combinations of nanostructures could 
increase the photosynthesis of plants; the overexpression 
of photosynthesis genes of C4 plants would facilitate their 
resistance to drought and their adaptation to global warm
ing (Gu et al. 2013; Giraldo et al. 2014,). However, 
despite their potential interest in a context of climate 
change, the lack of regulatory and evaluation frameworks 
for nanostructures and possibly harmful new advantaged 
plants does not mitigate a rapid adoption of these 
proposals. 

In order to double the cultivation frequency, plants with a 
shortened cycle of production could be developed (as 
already realized in certain tropical countries). In such cases, 
the capacity to advance the dates of sowing and to shorten 
the cultivation duration would be facilitated by sowing 
without ploughing. This last agricultural practice is very 
much used with the GM herbicide-tolerant plants, although 
not only with them (Ray & Foley 2013; Ray et al. 2013). 
This ‘double cropping’ would be particularly interesting 
with intelligent agricultural practices, putting for example 
the integrated pest management and complimentary plants 
at the focus of activity (Zhu et al. 2007; Glover et al. 2012; 
Spiertz 2012). To increase the frequency of harvests could 
have environmental consequences however, and social 
impacts must be evaluated with great care. As far as we 
are aware no such projects are underway (at least for 
companies looking for a rapid return on investments), 
probably because of the complexity of the plant mecha
nisms and the necessary investment costs. Most work on 
these subjects is currently being performed in basic research 
laboratories. 

We have seen that farmers make constant arbitrations of 
practices in the absence of technological lock-in. One of the 
choice drivers, and probably the most important in devel
oped countries, is the ability provided by arbitration to 
increase income and improve welfare. Are the currently 
commercialized biotechnologies providing such income 

increases to farmers, that is, the food providers and the 
first impacted by undernourishment? 

6.3.5.3 Biotechnologies and Incomes 

We previously saw that poverty was one of the major 
factors of malnutrition. It is therefore important that, what
ever practices are used, farmers and the actors downstream 
gain sufficient income to both nourish themselves and enjoy 
a reasonable standard of living. 
Agronomic studies or studies of food safety can be biased 

by protocols or inappropriate statistics. Socio-economic 
studies are to be even more biased according to the experts, 
as they are often based on models with few empirical data 
and scarcely falsifiable in the meaning of Popper (2002). 
The studies do not incorporate repetitions and appropriate 
controls. The effect of the practice changes associated with 
the introduction of GMOs is not separately taken into 
account. In addition, the increasing dependence of public 
research on private funding often induces a bias in the 
results and more generally conflicts of interests, which are 
not always announced (Diels et al. 2011). This phenome
non is exacerbated by the induced competition between 
scientists for publications because of the growing financing 
part of research by calls for projects. Repeating experiments 
or checking out controls slow down fast and numerous 
publications. This lack of transparency and these concep
tual and methodological pernicious biases exist in the 
field of GMOs as well as in other fields such as the 
phytosanitary, pharmaceutical, medical or tobacco indus
tries (Levidow & Carr 2007b; Diels et al. 2011; Domingo & 
Giné Bordonaba 2011; Ioannidis 2011, 2013; Bes-Rastrollo 
et al. 2013; Sánchez-Bayo 2014). 
Various reports and studies, including a meta-analysis 

and a systematic review, seem to highlight a positive socio
economic impact with a revenue growth (Kaphengst et al. 
2011; Hall et al. 2013; Brookes & Barfoot 2014). The 
majority of the data used comes from studies under contract 
or from consultants, and can therefore induce a ‘bias of 
confirmation’, or has arisen from modelling, introducing 
errors from incorrect assumptions. Few empirical data are 
truly usable to confirm that the use of the GMO alone would 
effectively increase the income of farmers. 
Analysis of the economic impacts of the adoption of the 

GMO on the level of the farm creates odd methodological 
problems because of the diversity of the impacts studied, 
the heterogeneity depending on the farms and the difficulty 
in measuring some of these impacts (Lemarié & Fugeray-
Scarbel 2014). There is a significant paucity of recent 
studies on the economic impact of GMOs on farms, in 
particular in the USA where GMOs are largely widespread. 
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Studies carried out generally measure the impact on the 
levels of plots or culture, very seldom at the farm level and 
over the long term. The systemic effects on the crop 
rotations and the total profitability of the farms would 
therefore be worth analysing, allowing us to understand 
why so many farmers, US in particular, have a second 
means of income generation. 
The economic aspect of the environmental impacts also 

remains to be studied and a comprehensive assessment of 
the induced externalities is required. An example of such 
failings is that of the whole impact on farms with various 
crops as in the case of external outbreaks of secondary 
parasites or of extension of herbicide-resistant weeds. 
These total economic appreciations have to be supple
mented with the installation of post-market monitoring 
plans. A complete study would therefore be required to 
integrate the induced negative externalities on the level of 
society as a whole (currently not considered in these 
studies), as exemplified by post-market environmental 
monitoring of the ‘general surveillance’ (Lu et al. 2010). 

Overall, a strong heterogeneity of the results is made 
obvious depending on the geographical zones, the years 
considered and previous cultivation methods. The impact of 
GMOs on the gross margin appears limited, except when
ever the weeding or the fight against pests proves particu
larly complex. The strong rate of expansion of GMOs in 
North and South America is explained by other factors not 
directly related to the gross margin: a simplification of the 
weeding and of the fight against some pests; a larger 
flexibility; a reduction of working time; and ‘insurance’ 
against the risk of output losses. 
These positive impacts of GMOs could be measured over 

the medium to long term by the tolerance of weeds and 
resistance of insects. Management practices have to be 
implemented to limit this risk, but GMOs using more toxic 
pesticides are appearing on the market. In addition, the 
constant reduction in the price of the exported commodities, 
the high prices of GM seeds and new resistances have 
encouraged the American farmers to return to non-GM 
seeds and to pesticides over the last years. From an 
economic standpoint it would be advisable to attentively 
monitor these resistances in order to evaluate the long-term 
impact and therefore the induced externalities, not only for 
farmers but also for society as a whole. 
Finally, an economic analysis would not be complete 

without an evaluation of the impacts of GM cultivation on 
the downstream sectors. Indeed, the income of the players 
in the supply chains must be taken into account in the 
capacity to fight malnutrition. 
The results from the USA are not easily applicable to the 

rest of the world, since the pest and weed pressures are not 

the same. For the temperate countries of the Northern 
Hemisphere, certain cultivations are sown during the 
autumn (e.g. in France) while they are sown during the 
spring in North America. The structure of the farms and 
the activities of the farmers are also very dissimilar. 
The most recently available syntheses, which cannot be 

suspected of bias, show that the positive economic impact 
of GMO cultures and the profitability of the farms remain to 
be demonstrated, particularly over the medium to long term 
(Hofs et al. 2006; Fok 2010; National Research Council of 
the National Academies 2010; Fernandez-Cornejo et al. 
2014; Lemarié & Fugeray-Scarbel 2014). 
‘Feeding the world’ cannot be reduced to producing 

calories or to increasing the incomes of farmers in countries 
with subsidized agriculture. If the income of farmers does 
not appear to be increasing with the adoption of GMOs (nor 
the yield), how can they be expected to meet the needs in 
micronutrients of two billion human beings? 

6.3.5.4 Biotechnologies and Micronutrients 

Malnutrition has perverse effects because it is generally 
hidden. It however impacts the productivity of the people, 
the general state of society and wellbeing. This kind of 
question was only recently taken into account by the World 
Bank (Berti et al. 2004; World Bank 2007). 
Before considering the ability of GMOs to provide 

micronutrients, recall that a systematic review highlighted 
the lack of effect of agricultural interventions on the 
provision of micronutrients (Masset et al. 2011, 2012). 
Since GMOs are considered as agricultural interventions, it 
would therefore be pointless to expect a solution from them. 
This is even more so as many other foods could be usefully 
consumed, providing other useful and necessary com
pounds. In addition, certain voices underline the danger 
of uncontrolled nutritional complementation, such as iron 
deficiencies, zinc, β-carotene or vitamin A or cardiovascu
lar protectors such as omega-3 (Hathcock 1997; Puntarulo 
2005). A comparatively higher death rate is observed with 
iron excesses, whereas certain populations consuming too 
much β-carotene or vitamin A increase their lung cancer 
risks. It is however to these risks that the human populations 
would be exposed in the case of uncontrolled dissemination 
of fortified crops. To provide free access to certain kinds of 
medicine can induce disorders. This was recently pointed 
out for food supplements largely used by numerous people 
of developed countries (ANSES 2014). 
Basically, it is again the availability and the access to 

varied and balanced food which can offer a solution to these 
deficiencies. The hopes of the specialists in malnutrition 
relate more to access to varied food than to doped plants. 
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We could stop at this point, but it is interesting to 
consider an academic case: that of ‘Golden Rice’ and its 
production of pro-vitamin A (Enserink 2008). It is probably 
the best example to show how biotechnologists and agrono
mists, far from their field of expertise, may naively attempt 
to provide solutions without taking other advice into con
sideration, for instance from physicians and structures such 
as national and UN agencies fighting malnutrition, and 
taking into account unexpected effects such as large groups 
of the population eating too much pro-vitamin A. 

The β-carotene deficiency affects vast numbers of chil
dren, mostly of developing countries. The β-carotene pro
duction in the basic food of some of these populations, rice, 
was regarded as being able to reduce or eliminate this 
deficiency. The resulting GMO was the object of sharp 
criticisms however, perceived as ill-adapted to the problem. 
Moreover, as the first GMO was not producing enough 
β-carotene, new GMOs had to be produced to satisfy in a 
realistic way the daily needs (Paine et al. 2005). Similar 
transformation experiments then led to the same claims for 
corn and cassava. The nutrition results were mitigated as for 
the capacity of these products to solve the deficiency 
problems (Talsma et al. 2013; Owens et al. 2014). 

A researcher involved in the production of this Golden 
Rice then defended the GM product and called the public to 
react against those who were against this GMO. Surpris
ingly, this scientist blamed those opposing the GMO for the 
death of a large number of children, while at the same time 
he presented this GMO as a good example of the possible 
co-operation with the industrialists of the sector. This 
outrageous opinion was properly orchestrated in a cam
paign relayed by lobbies such as ‘think tank’ consultants 
but also committed scientists (Brooks 2013; Demont & 
Stein 2013; Wesseler & Zilberman 2014). 

This GMO benefits indeed from a partial license from the 
holders of patents for the developing countries. The license 
is however kept by the firms for the countries, which might 
in the end pay for the product. Such an in-between situation 
is both perverse and pernicious. 

Since then, despite several requests from the same 
scientist for a rapid commercialization, the International 
Rice Research Institute (IRRI) continues testing on this 
Golden Rice before allowing any form of marketing. 
Strangely, 2013 and 2014 IRRI press releases focused 
on studies in which the nutritional interest of Golden 
Rice had yet to be estimated. One of the IRRI targets 
was also to increase the yield which is currently lower 
than those of the local varieties, not counting the need for 
crossings with Oryza indica, the species cultivated in Asia. 
In an interview with the Wall Street Journal, an IRRI 
director recently defended the arguments for fortified rice. 

All the ingredients of misinformation so often used by 
industry are found here: the intervention of a scientist 
leading to ‘bias of confirmation’, also known as ‘myside 
bias’; neglect of the alternatives recommended by interna
tional agencies and specialists such as physicians; and 
finally a lobby campaign spreading the lies that refusal 
of their solution could cause millions of deaths. 
This kind of strategy is accompanied by a systematic 

denigration of opponents and a call to consider their ‘moral 
faults’. This is similar to those used by other industrial 
sectors, for example concerning the putative total prohibi
tion in agriculture of DDT, whereas restrictions of use were 
imposed to preserve its more direct utilization in human 
health protection. A similar kind of hoax was recently 
perpetrated by a French academic regarding the delay in 
using water chlorination in Haiti at the time of the cholera 
epidemic of 2010. In fact, this scientist was only attempting 
to attack by this bias the precautionary principle. In these 
two cases, the polemists falsely asserted thousands of dead 
because of ‘political decisions’, ‘junk science’ or in the 
name of the ‘precautionary principle’. This kind of practice 
hardly favours the defended cause here, that of GMOs. On 
the other hand, it supports the opponents of Golden Rice 
who see this GMO as a Trojan horse to facilitate the 
acceptance of GMO (Brooks 2013). 

Recall that many GMOs escaped (c. 200 US cases such 
as LL601 rice, Bt10 corn, wheat, etc. according to recently 
declassified documents or c. 400 incidents according to 
NGO accounting) in the USA and in China for example; it 
appears highly probable that the dissemination of Golden 
Rice would have an effect on the health of populations not 
suffering from deficiencies. 
This kind of escape problem brings to mind those issues 

on the coexistence of crops. As stated by the UN Special 
Rapporteur, people should keep access to the food they 
wish. It is therefore necessary to develop reliable means to 
sustainably maintain the coexistence between crops. How
ever, we can observe biases in studies on crops coexistence, 
with numerous unsolved issues such as the impact of a GM/ 
non-GM mosaic of fields on the production system and of 
the ‘first player’ legal principle, whereby newly established 
GM crop producers should be financially liable for related 
losses suffered by the previously established non-GM crop 
producers (Demont et al. 2008). For instance, although corn 
pollen is able to disseminate and pollinate over several 
kilometres, most of the current studies on the coexistence of 
GM and non-GM crops focus on dispersal distances of 
<100 m (Brunet et al. 2013; Hofman et al. 2014). This issue 
of corn pollen long-distance issue is well known by seed 
producers, who use production islets isolated by several 
kilometres of other corn productions. This kind of scientific 
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strabismus could be explained by political pressures, the 
convictions of scientists and technical issues: it is easier to 
look at pollen over less than 100 m instead of monitoring it 
over several kilometres (remember that viable pollen of GM 
Agrostis stolonifera disseminates over distances of 20 km). 
Again, as for other food security issues, GM and non-GM 
crops coexistence issues orientate towards either ‘land 
sparing’ or ‘land sharing’, according to the interests at 
stake. 
Such coexistence frame as defended by some authors 

also do not reflect the current practices of food industry, i.e. 
the use of a practical threshold 1/10th of the labelling one, to 
take into account the sampling and measurement uncer
tainties (Bertheau 2013). 
To conclude, it might be expected that biotechnologists 

should focus on solving the issue of the fall in micro
nutrients noted for C3 plants (i.e. those of three carbons, 
which describes most temperate-climate plants) as a result 
of climate change (Myers et al. 2014), rather than in the 
field of health. The dissent between scientists on the 
priorities for feeding the world is greater than between 
other players, a dissent not very perceptible to the lay 
people. When the illusion of the consensus is dissipated, 
exclusion starts. As for other citizens, scientists are indeed 
motivated by strong and solid beliefs and convictions 
(Montpetit 2011). A case study has been described in which 
scientists were demonstrated not to have the best interests of 
society at heart when engaging in a scientific project 
(Winner 1980). The goals of the research, the experiment 
and model design and sometimes even the methods of 
analysis can be influenced by the personal beliefs and 
aims of the scientists. 

6.4 Conclusion 

As shown in this chapter, the issue of feeding the world 
cannot be reduced to quantities of calories but instead 
mobilizes many sociocultural, political and sovereignty 
aspects. Negative externalities of intensive and ‘precision’ 
agriculture must be integrated into the cost-benefit analyses 
of an agricultural production mode. False technical solu
tions to solve problems may be proposed by scientists and 
companies driven by the need for innovation (Morozov 
2013). Food has become part of a game between stake
holders aiming for a larger slice of the cake which repre
sents agricultural subsidies. 
Technology alone cannot solve the problems of food 

supply. Innovation is required and GMOs may contribute to 
a global solution, but requesting solutions from numerous 
technical fields. As stated by the UN Special Rapporteur the 

right of consumers to choose their food has to be preserved, 
by appropriate labelling if necessary. Coexistence between 
agricultural production schemes therefore have to be either 
preserved or developed, regardless of pressure from the 
supporters of a solution. 
The choice of a technology is far from neutral, however. 

A country promoting GMOs, such as the USA, can become 
more cautious when the GMOs are not produced by its 
firms and could enter into competition with its productions 
and exports (GAO 2008). Policy and the financial interests 
are never far away when employment, benefits, takeovers 
and finally country pre-eminence are concerned. More 
generally, exporting countries (often called the ‘breadbas
kets’ or the ‘world’s granaries’) appear to set up dominant 
strategies to support the GMOs. Similarly to most the 
agricultural products, their success depends above all on 
the subsidies promoting the exports. As one can see from 
information made public by certain US whistleblowers, the 
State Department uses its interpersonal skills for the bio
technology firms as for other industrial sectors considered 
as strategic. This propensity of the national administrations 
to support their exporting industries is found to various 
degrees in all the nations, developed or not. 
Conversely, countries can find various technical argu

ments, such as presupposed effects on health, to ban 
agricultural products. This is currently the case for China 
and Russia, refusing GMOs for political reasons. The trade 
is indeed a political weapon and the tariff or technical 
barriers another. In connection with GM soya and residues 
of glyphosate, a moratorium of importation was released in 
April 2014 by the Chinese People’s army in an article 
entitled ‘We must face the harm caused by imported GM 
soybeans to 1.3 billion Chinese people’. The article 
included the assertion that ‘During the past 20 years, the 
health level of Chinese people has rapidly deteriorated with 
various disease rapidly increasing. The situation is shock
ing.’ It shows how politics and economic interests are 
present in our daily life. 
Overall there exist alternative solutions to the current 

intensive agricultural system dependent on strong inputs 
and subsidies. With its goal of durability, aiming in partic
ular at reducing the inputs, agro-ecology is an important 
research topic which should mobilize the public research 
community to a greater degree than present (Tirado et al. 
2010; Birch et al. 2011). By many aspects, agro-ecology 
appears more adapted to the smallholdings of the develop
ing countries which are known to show a better resilience, 
to climate change in particular, if a technological lock-in 
(such as an absence of non-GM seeds) is not established 
(Vanloqueren & Baret 2009; Tirado & Johnston 2010; 
Sietz 2014). In response to the growing demands of 
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the populations for a healthy environment and a more 
natural food, the concerns of safeguarding biodiversity 
and ecosystem services are more fashionable. The biotech
nologies companies were not mistaken in this aspect, and 
have ‘several irons in the fire’. These firms repurchase big 
data analyses start-ups, invest in the agriculture of precision 
and actively seek microorganisms usable in biocontrol and 
integrated pest management. 

It is anticipated that, beside conditions of appropriate 
incomes, efficient infrastructures and political stability to 
nourish the world now and in the future, various coexisting 
agricultural systems and techniques will be required in the 
developing and developed countries (Thornton & Herrero 
2014). 

As pointed out in 2014 by the chairs of three UN agencies 
of assistance, food insecurity and malnutrition are complex 
problems which cannot be solved by only one sector or an 
isolated actor. They must be treated in a coordinated way. If 
GMOs are a solution, it is only a partial one. 
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7.1 Introduction 

Enzymes used in the food and beverage industries are 
selective and basically transform complex molecules into 
simpler ones. The food enzyme market is at present expe
riencing a period of rapid growth. In 2012 this market was 
valued at US$ 1355.8 million/year but is expected to reach 
US$ 2306.4 million/year in 2018, with a Compound 
Annual Growth Rate (CAGR) of 8.0% for this period 
(Rohan 2014). 

Enzymes, which are biological catalysts used for bio
transformations, consist of a protein component and, in 
many cases, cofactors or prosthetic groups (Elnashar 2010). 
They are used for baking and for producing cheese, beer, 
wine, soy sauce and vinegar, and have been around for 
thousands of years (Soares et al. 2012). With the advances 
in science and the recent development of biotechnological 
processes involving synthetic biology, new enzymes with 

new functions and improved production are being intro
duced into the food industry. 
Enzymes come from numerous sources, but microbial 

enzymes show a series of advantages when compared with 
those from animal and vegetal origin. Some examples of 
main plant-derived enzymes are papain from the papaya 
plant, bromelain from pineapple, ficin from figs and amy
lase from barley. A common animal enzyme is rennet, an 
extract from the fourth stomach of a calf. These extracts are 
rich in rennin and pepsin. Both of these enzymes cause milk 
to curdle into cheese. Other animal enzymes are lipases 
extracted from the glands of animal tongues, or from the 
gullet of lambs and calves. Vegetal enzyme production 
depends on external factors such as climate, soil and seed. 
Both animal and vegetal enzymes present difficulties in the 
extraction process and other products of cellular metabo
lism can interfere with the enzymatic activity. However, 
one advantage of these enzymes is their low cost. Other 
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important factors related to limitations of animal enzymes 
are ethical parameters, shortages and the health and origin 
of the animals and organs. In contrast, the most important 
sources of microbial enzymes are prokaryotic microorgan
isms (bacteria and archaea), fungi and yeast. Here, the 
production control at all stages, the use of low-cost biomass 
for the fermentation process, genetic manipulation of the 
microorganisms and a simple extraction process are factors 
contributing to the overall high cost of microbial enzymes 
(Vermelho et al. 2013). 
The aim of this chapter is to describe the most important 

microbial enzymes and their application in the food indus
try. The focus of this chapter is on current research into 
enzymes such as cellulase, pectinases, lipases, amylase, 
transglutaminases, glicosidases and phytases, and we dis
cuss their use for humans and in animal feed. 

7.2 The Main Enzymes 

The most important enzymes found in food industry are the 
hydrolases (Section 7.2.1) followed by the transferases 
(Section 7.2.3). Most of these microbial enzymes are 
extracellular. The name of an enzyme is frequently derived 
from the substrate name with ‘-ase’ added. For example, the 
name lipase is used for enzymes that break down lipids 
(substrate) and the name peptidases/proteases is used for 
those capable of hydrolysing proteins. There are other 
accepted names but the systematic name and its Interna
tional Union of Biochemistry (IUB) Enzyme Commission 
(EC) number defines the classic nomenclature for enzymes. 
The most important enzymes, some of their characteristics 
and reactions as well as their classification are described in 
the following sections. 

7.2.1 Hydrolases (EC3) 

Hydrolases are enzymes of class 3 which catalyse the 
hydrolysis of various chemical bonds. Basically the 
reaction is: A–B + H2O → A–OH + B–H. In the food indus
try peptidases, cellulases, some amylases, lipases, pecti
nases and glycosidases are commonly applied to different 
processes. 

7.2.1.1 Peptidases and Keratinases (EC3.4.-) 

Peptidases are enzymes that are ubiquitous in nature and are 
found in prokaryotes, fungi, plants and animals. They are a 
complex class of enzymes with multiple types of classifi
cation. The peptidase database MEROPS (http://merops. 

sanger.ac.uk/) lists the currently internationally recognized 
classification and nomenclature for peptidases. They are 
classified based on different approaches including the 
catalytic mechanism (based on the catalytic amino acid 
or metal ion at their active site), the catalytic reaction 
(selectivity for the bonds they will hydrolyse) and in the 
molecular structure and homology on the MEROPS pepti
dase database. In Release 9.10, nine families of peptidases 
with hundreds of enzyme types are reported: aspartic (A), 
cysteine (C), glutamic (G), metallo (M), asparagine (N), 
mixed (P), serine (S), threonine (T) and unknown (U). They 
are divided into 54 clans (Rawlings et al. 2014). Kerati
nases are peptidases which degrade keratin, an insoluble 
protein found in dermic appendices. 

7.2.1.2 Cellulases/hemicelullases (EC3.2.1.4.-) 

In order to degrade the complex structures of plant biomass, 
microorganisms produce an array of holocellulases in 
nature that have different substrate. Cell walls of all plants 
contain lignocellulose. Holocellulose is the polysaccharide 
fraction of lignocellulose, comprising varying amounts of 
the carbohydrate cellulose (25–55%) and hemicellulose 
(8–30%). Hemicelluloses are composed of complex mix
tures of xylan, xyloglucan, glucomannan, galactogluco
mannan, arabinogalactan and other heteropolymers. 
Cellulose is a homopolymer of β-1,4-linked glucose mol
ecules that are hydrogen bonded with other cellulose 
polymers. The polymers form amorphous and crystalline 
regions; the latter are particularly recalcitrant to degrada
tion. Lignin (18–35%) is a plant polymer component of 
lignocellulose (Abubacker & Prince 2013; Huang et al. 
2014). The polysaccharide (holocelullose) is a very com
plex substrate with an extensive structural diversity, and 
several enzymes are involved in its hydrolysis. The enzy
matic systems include endoenzymes tht cleave internal 
glycosidic linkages, exoenzymes that cleave sugar residues 
from the main chain-end and debranching enzymes. Cellu
lases are the third-largest industrial enzyme product world
wide. Table 7.1 summarizes the major enzymes types. 

7.2.1.3 Amylases (EC3.2.1.-) 

Amylases are enzymes which hydrolyse starch molecules 
yielding diverse products. Starch is one of the most abun
dant polysaccharides on Earth and is the major reserve of 
carbohydrates in plants. Natural starches are mixtures of 
amylose (20–30%) and amylopectin (70–80%). The struc
ture is made of D-glucose units joined together by α-(1 → 4) 
linkages forming the linear structure (amylose), and 

http://merops.sanger.ac.uk/
http://merops.sanger.ac.uk/
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Table 7.1 Major celullases and hemicelullases, reaction type and classification. Enzyme nomenclature according to 
Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB). 

Enzyme Names Reaction EC no. 

Celullase Endo-1,4-β-D-glucanase, celullase 

Cellulose 1,4-β-cellobiosidase, non-reducing 
end or exo-cellobiohydrolase 

B-glucosidases (cellobiase) 

Hemicelullase 1,4β-D-Xylan xylanohydrolase or 
1,4-β-xylanase 

xylan 1,4-β-xylosidase or xylobiase; 
β-xylosidase; exo-1,4-β-xylosidase, 
1,4-β-D-Xylan xylohydrolase 

α-arabinofuranosidase, non-reducing end α-L
arabinofuranosidase α-L-Arabinofuranoside 
arabino-furanohydrolase 

Endohydrolysis of (1 → 4)-β-D-glucosidic linkages 3.2.1.4 
in cellulose 

Hydrolysis of (1 → 4)-β-D-glucosidic linkages in 3.2.1.91 
cellulose and cellotetraose, releasing cellobiose 
from the non-reducing ends of the chains 

Hydrolysis of terminal, non-reducing β-D-glucosyl 3.2.1.21 
residues with release of β-D-glucose 

Endohydrolysis of (1 → 4)-β-D-xylosidic linkages in 3.2.1.8 
xylans 

Hydrolysis of (1 → 4)-β-D-xylans, to remove 3.2.1.37 
successive D-xylose residues from the 
non-reducing termini 

α-arabinofuranosidase, non-reducing end α-L- 3.2.1.55 
arabinofuranosidase α-L-Arabinofuranoside 
arabino-furanohydrolase 

α-(1 → 4) linkages with ramifications α-(1 → 6) forming the 
amylopectin (Vermelho et al. 2013). 

Traditional methods of starch hydrolysis to low
molecular-weight dextrins and glucose were based on 
acid treatments of starch. However, enzymatic microbial 
amylases have successfully replaced the chemical 
hydrolysis of starch in starch-processing industries (Pal
oheimo et al. 2000). Amylases show high specificity and 
the products generated have well defined physico
chemical properties (Paloheimo et al. 2000). Variations 
in the extent of starch hydrolysis create important prod
ucts with different physical and chemical properties for 
the food industry (Amoozegar  et al. 2003). Some amy
lases are transferases (section 7.2.3.1). Table 7.2. lists the 
main amylases of the hydrolase class. 

7.2.1.4 Lipases 

Lipases or triacylglycerol lipase and triacylglycerol acyl-
hydrolase (EC3.1.1.3) are serine hydrolases commonly 
used to catalyse esterification (reverse hydrolysis), inter-
esterification and transesterification reactions. In the food 
industry they are used for texturing and also as flavouring. 
These enzymes commonly adopt a α/β-hydrolase fold, with 
a highly conserved Ser-His-Asp/Glu catalytic triad 
(Aravindan et al. 2007; Barbe et al. 2009). Figure 7.1 
shows the reaction catalysed by lipases. 

7.2.1.5 Pectinase 

Pectin is found in plants as the major component of middle 
lamella and primary cell wall of higher plants. This poly
saccharide is a branched, high-molecular-weight hetero
polymer made of linear chains of α-(1–4)-linked 
D-galacturonic acid with saccharides, such as D-xylose 
(xylogalacturonan) or D-apiose (apiogalacturonan), 
branching from the D-galacturonic acid backbone. Rham
nogalacturonan is made of repeating disaccharide 4-α-D
galacturonic acid-(1,2)-α-L-rhamnose carrying side chains 
of neutral sugars. The types and proportions of neutral 
sugars, mainly D-galactose, L-arabinose and D-xylose, 
vary with the origin of the pectin (Hoondal et al. 2002; 
Khan et al. 2013). Figure 7.2 depicts the pectin structure. 
Pectinases are enzymes that hydrolyse pectin and include 

polygalacturonases, pectin esterases, pectin lyases and 
others, depending on their mode of action or region of 
hydrolysis on the pectin molecule (Martin et al. 2004; 
Pedrolli et al. 2009). The acidophilic pectinases have 
extensive applications in the extraction and clarification 
of fruit juices and wine. Alkaline pectinases have been used 
for coffee and tea fermentations (Hoondal et al. 2002). 
Pectinases are classified into two groups: (1) hydrolases, 
esterases (hydrolase class involved in catalysis of cleavage 
and formation of ester bond), and (2) lyases (see Table 7.3; 
Fig. 7.3; Markovic & Janecek 2001; Uenojo & Pastore 
2007). 
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Table 7.2 Amylases of hydrolases class and their action mechanism and classification. Enzyme nomenclature according to 
Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB). 

Enzyme Names Reaction EC no. 

Endoamylase α-amylase, 4-α-D-glucan 
glucanohydrolase 

Exo-amylases β-amylase, 4-α-D-glucan maltohydrolase 

Glucoamylases, 4-α-D-glucan 
glucohydrolase 4-α-D-glucan 
glucohydrolase 

α-glycosidase, α-D-glucoside 
glucohydrolase 

glucan 1,4-α-maltohydrolase, glucan 
1,4-α glucano-hydrolase, 4-α-D-glucan 
α-maltohydrolase 

glucan 1,4-α-maltotetraohydrolase, 
4-α-D-glucan maltotetraohydrolase, 
exo-maltotetraohydrolase; 
1,4-α-D-glucan maltotetraohydrolase 

Starch-debranching Isoamylase, glycogen α-1,6
enzymes glucanohydrolase 

pullulanase, pullulan 
6-α-glucanohydrolase 

Endohydrolysis of (1 → 4)-α-D-glucosidic 
linkages in polysaccharides containing three 
or more (1 → 4)-α-linked D-glucose units 

Hydrolysis of (1 → 4)-α-D-glucosidic linkages in 
polysaccharides in order to remove successive 
maltose units from the non-reducing ends of 
the chains 

Hydrolysis of terminal (1 → 4)-linked α-D
glucose residues successively from non-
reducing ends of the chains with release of 
β-D-glucose 

Hydrolysis of terminal, non-reducing (1 → 4)
linked α-D-glucose residues with release of 
α-D-glucose 

Hydrolysis of (1 → 4)-α-D-glucosidic linkages in 
polysaccharides in order to remove successive 
α-maltose residues from the non-reducing 
ends of the chains 

Hydrolysis of (1 → 4)-α-D-glucosidic linkages in 
amylaceous polysaccharides, to remove 
successive maltotetraose residues from the 
non-reducing chain ends 

Hydrolysis of (1 → 6)-α-D-glucosidic branch 
linkages in glycogen, amylopectin and their 
β-limit dextrins 

Hydrolysis of (1 → 6)-α-D-glucosidic linkages in 
pullulan, amylopectin and glycogen, and in 
the α- and β-limit dextrins of amylopectin and 
glycogen 

3.2.1.1 

3.2.1.2 

3.2.1.3 

3.2.1.20 

3.2.1.133 

3.2.1.60 

3.2.1.68 

3.2.1.41 

7.2.1.6 Galactosidases (EC3.2.1.-) 

Carbohydrases find a wide application in industrial pro
cesses and products, mainly in the food industry where they 
are used in various processes such as sugar-syrup produc
tions. β-glucosidase has applications for the production of 
prebiotic and lactose hydrolysis in milk (Contesini et al. 
2013). β-galactosidase (EC3.2.1.23) is an exoglycosidase 
which hydrolyses the β-glycosidic bond formed between a 
galactose and its organic moiety. Its names include 

β-galactosidase and β-D-galactoside galactohydrolase, 
among others. The catalysed reaction is the hydrolysis 
of terminal non-reducing β-D-galactose residues in 
β-D-galactosides. 

7.2.2 Lyases (EC4) 

Lyases are a class of enzyme that catalyse the breaking of 
various chemical bonds (C-C, C-O, C-N) by means 

Figure 7.1 Reaction catalysed by lipases: triacylglycerol + H2O = diacylglycerol + carboxylate. 
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Figure 7.2 Pectin molecule. 

Figure 7.3 Reaction catalysed by pectinase or pectin pectylhydrolase. 

other than hydrolysis. Other chemical bonds include car
bon–sulphur, phosphorus–oxygen and carbon–phosphorus, 
for example. These bonds are cleaved by elimination 
reactions and the resulting product is the formation of a 
double bond or a new ring. As described above, some 
pectinases are lyases (see Table 7.3). 

7.2.3 Transferases (EC2) 

Transferases are a class of enzyme that transfer specific 
functional groups (such as a methyl or glycosyl group) 
from one molecule (called the donor) to another (called the 

acceptor). Some amylases are transferases as well as another 
important enzyme in food industry, the transglutaminases. 

7.2.3.1 Amylases (EC2.4.-) 

Some amylases belong to the transferase class. The most 
important enzymes of this class are: 

•	 Cyclomaltodextrin glucanotransferase (EC2.4.1.19): 
also knownas cyclodextrin-glucosil transferase, cyclo
dextrin glucanotransferase, (1 → 4)-α-D-glucan 4-α 
D-[(1 → 4)-α-D-glucano]-transferase (cyclizing)). The 
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Figure 7.4 Transglutaminase reactions: (a) acyl transfer; (b) cross-linking of Gln and Lys residues in proteins or peptides; 
(c) deamidation (Vermelho et al. 2013). 

enzyme cyclizes part of a (1 → 4)-α-D-glucan chain by 
formation of a 1 → 4)-α-D-glucosidic bond. 

•	 1,4-α-glucan branching enzyme (EC2.4.1.18): also 
known as branching enzyme, amylo-(1,4 → 1,6)-trans
glycosylase. The enzyme transfers a segment of a 
(1 → 4)-α-D-glucan chain to a primary hydroxy group 
in a similar glucan chain. 

•	 4-α-glucanotransferase (EC2.4.1.25): also known as 
disproportionating enzyme; dextrin glycosyltrans
ferase, (1 → 4)-α-D-glucan:(1 → 4)-α-D-glucan4-α-D
glycosyltransferase. The reaction catalysed is the trans
ference of a segment of a (1 → 4)-α-D-glucan to a new 
position in an acceptor, which may be glucose or a 
(1 → 4)-α-D-glucan. 

7.2.3.2 Transglutaminase (EC2.3.2.13) 

Transglutaminase, protein-glutamine γ-glutamyltransferase 
or protein-glutamine:amine γ-glutamyltransferase is an 
enzyme of the transferase class that catalyses the formation 
of isopeptide bonds between proteins. The reaction type is 
an aminoacyl group transfer (Kieliszek & Misiewicz 2014). 
The enzyme catalyses the acyl-transfer reaction between the 
γ-carboxyamide group of a peptide-bound glutamine resi
due and a primary amine. In this reaction the glutamine side 
chain serves as the acyl donor, whereas the primary amine 
functions as an acceptor (Fig. 7.4a). As a result, a covalent 
bond between the two substrates is formed and ammonia is 

released. In most cases, the primary amine is the ε-amino 
group of a lysine residue, and the reaction results in the 
formation of ε-(γ-flutamyl) lysine linkages (Fig. 7.4b). 
When primary amines are not available, water can function 
as the acyl group acceptor with the consequent deamidation 
of the glutamine residue (Fig. 7.4c). 

7.3	 Main Microorganism Producers of 
Enzymes 

Biologically active enzymes may be extracted from several 
sources of plants, animals and microorganisms. However, 
microbes are preferred to plants and animals as sources of 
enzymes as stated in the introduction (Uma et al. 2010). A 
wide range of microorganisms produce industrial enzymes, 
such as cellulases, amylases, pectinases, keratinases, pepti
dases, transglutaminases, lipases, invertases, β-galactosi
dases and glucose isomerases. Microorganisms represent 
an attractive source of enzymes as they can be cultured in 
large quantities in a relatively short period by established 
methods of fermentation. However, the enzyme production 
processes are specific for each microorganism strain; more
over, the enzymes often differ in composition and propert
ies. The most critical feature of microorganisms for 
producing industrial enzymes is their GRAS (generally 
regarded as safe) status, which implies that they must be 
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Figure 7.5 Morphological aspects of Trichoderma sp.: (a) macroscopic aspect on malt extract agar, after 12 days/28 °C; and 
(b) microscopic aspects 100×. 

Figure 7.6 Morphological aspects of Streptomyces sp.: (a) microscopic aspects 1000×; and (b) macroscopic aspect on malt– 
yeast extract agar, after 10 days/28 °C. 

non-pathogenic, non-toxic and should not produce anti
biotics (Hatti-Kaul 2004). 
The majority of enzymes used in biotechnological appli

cations are obtained from special strains of fungi and 
bacteria. There are various industrial processes where the 
production and extraction of microbial enzymes is econom
ically viable. The most important groups of industrial 
microorganisms are Aspergillus, Trichoderma (Fig. 7.5), 
Penicillium, Saccharomyces, Bacillus, Lactobacillus and 
Streptomyces (Fig. 7.6). The main microorganisms which 
have GRAS status are Bacillus subtillis, B. licheniformis, 
Lactobacillus lactis, Saccharomyces cerevisiae, Yarrowia 
lipolytica, Cladosporium cladosporioides, Aspergillus ory
zae, Penicillium roqueforti (Fig. 7.7), Mucor mucedo and 
Rhizopus oryzae (Bourdichon et al. 2012). Many of these 
microorganisms are capable of producing enzymes for the 
food industry (Table 7.4). 

The filamentous microorganisms, such as fungi and 
actinobacteria, are frequently inoculated with conidia and 
enzyme production using these microorganisms relies on 
good spore formation. Most of the bulk hydrolases are 
secreted by the microorganisms directly into the culture 
medium, while some enzymes are intracellular. For some 
applications, it may not be necessary to isolate the enzymes 
but the microbial cells themselves are used as the enzyme 
source (Hatti-Kaul 2004). 
Glucose isomerase catalyses the conversion of the alde

hyde sugar glucose to the corresponding ketone sugar 
fructose, which is about twice as sweet. This characteristic 
is used in the manufacture of high-fructose syrup (HFS) 
which contains approximately 42% fructose and 53–54% 
glucose. Because of the high sweetening power of fructose, 
HFS can replace liquid sucrose and inverted syrup in many 
food and beverage products such as soft drinks, baked 
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Figure 7.7 Morphological aspects of P. roqueforti: (a) microscopic aspects 200×; and (b) macroscopic aspect of fungi 
mycelium on Roquefort cheese. 

Table 7.4 Microorganism enzymes producer and their industrial applications 

Microorganism Enzyme Reference 

Yeast 
Candida tropicalis Lipases Treichel et al. 2010 
Yarrowia lipolytica Proteases, lipases Bankar et al. 2009 
Kluyveromyces marxianus β-galactosidases inulinases Fonseca et al. 2008 

Pectinases Fonseca et al. 2008, Alimardani-Theuil et al. 2011 
Saccharomyces cerevisiae Invertases Sivakumar et al. 2013 

Pectinases Sharma et al. 2013 

Filamentous fungi 
Aspergillus flavus Invertases Uma et al. 2010 
Penicillium roqueforti Proteases Larsen et al. 1998 

Lipases Larsen & Jensen 1999 
Cladosporium cladosporioides Invertases Uma & Gomathi 2012 
Aspergillus oryzae Amylases Gupta et al. 2003 

Proteases Hamada et al. 2013 
Aspergillus terreus Cellulases Narra et al. 2012 
Trichoderma viride Cellulases Lan et al. 2013 
Rhizopus arrhizus Lipases Treichel et al. 2010 
Penicillium occitanis Pectinases Maktouf et al. 2014 

Bacteria 
Bacillus amyloliquefaciens Amylases Gupta et al. 2003 
Bacillus subtillis Keratinases Harde et al. 2011 

Amylases Gupta et al. 2003 
Pectinases Ahlawat et al. 2009 
Proteases Qin et al. 2013 

Bacillus licheniformis Lipases Annamalai et al. 2011 
Amylases Bozic et al. 2011 

Bacillus thermoantarcticus Glucose isomerase Çalik et al. 2009 
Lactococcus lactis β-galactosidases Vincent et al. 2013 
Streptomyces cinnamoneus Lipases Jaeger & Eggert 2002 
Streptomyces sp. Invertases Kaur & Sharma 2005 

Glucose isomerase Ashby et al. 1987 
Amylase Santos et al. 2012 

Streptoverticilium sp. Transglutaminase Kirk et al. 2002 
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goods, canned fruit, ice cream, jam and jellies (Ashby et al. 
1987). The production of glucose isomerase can be carried 
out by Streptomyces murinus, Streptomyces rubiginosus, 
Actinoplanes missouriensis, Bacillus thermoantarcticus, 
Bacillus subtilis, Thermus thermophilus, Clostridium thre
mosulphurogenes and Anoxybacillus gonensis (Ashby et al. 
1987; Çalik et al. 2009; Karaoglu et al. 2013). 
Lipases are ubiquitous in nature and are produced by 

several plants, animals and microorganisms. Microbial 
lipases represent the most widely used class of enzymes 
in biotechnological applications and organic chemistry. 
Some of the most commercially important lipase-producing 
fungi are recognized as belonging to Yarrowia lipolytica, 
Candida tropicalis, Candida rugosa, Penicillium roque
forti, Rhizopus arrhizus, Rhizopus oryzae, Aspergillus 
niger and Geotrichum candidum (Table 7.1). Lipase pro
duction by fungi varies according to the strain, the medium 
composition, the conditions of cultivation and the type of 
carbon and nitrogen source (Larsen & Jensen 1999; 
Jaeger & Eggert 2002; Bankar et al. 2009; Treichel et al. 
2010). Besides fungi, bacteria are capable of producing 
lipases industrially. The biotechnological important 
lipase-producing bacterial genera include Bacillus sp., Pseu
domonas sp. and Burkholderia sp. (Treichel et al. 2010). 
Keratinases belong to the group of serine/metallo pepti

dases capable of degrading keratin. They have applications 
in traditional industrial sectors including feed, detergent, 
medicine, cosmetics and leather manufacturers. Several 
bacteria produce keratinase as an extracellular material. 
Most of these belong to the genus Bacillus (B. subtillis, 
B. liqueniformis) and fungi such as Aspergillus fumigates, 
which has been reported to use chicken feather flour as a 
carbon and nitrogen source (Harde et al. 2011; Cedrola 
et al. 2012). 
Invertase is used for the inversion of sucrose in the 

preparation of inverted sugar and high fructose syrup 
(HFS). Microbial invertase is used for the manufacture 
of calf food and food for honey bees (Kaur & Sharma 
2005; Sivakumar et al. 2013). This enzyme can be synthe
sized by the fungi Saccharomyces cerevisiae, Saccharo
myces carlsbergensis, Candida utilis, Thermomyces 
lanuginosus, Cladosporium cladosporiodes and Aspergil
lus flavus and actinobacteria Streptomyces (Uma et al. 
2010; Uma & Gomathi 2012; Sivakumar et al. 2013). 
Transglutaminase (TGase) catalyses an acyl-transfer 

reaction between the carboxyamide group of peptide-bound 
glutamine residues and a variety of primary amines 
(Motoki & Seguro 1998). There are three approaches for 
the industrial production of TGases: (1) extract and purify 
the enzyme from animals (fish, cattle and swine); (2) use 
host microorganisms (E. coli, Bacillus sp., Aspergillus, 

Streptoverticilium sp.) by genetic manipulation to obtain 
a large amount of TGase at low price; or (3) discover new 
TGase-producing microorganisms (Motoki & Seguro 
1998). The TGase enzyme produced from Streptoverticil
lium sp. is commercially available on a reasonable scale, 
and work is ongoing to increase the availability of the 
enzyme by recombinant production in Escherichia coli 
(Kirk et al. 2002). 
Pectinase enzymes have been used more commonly in 

processes involving the degradation of plant materials, such 
as speeding up the extraction of fruit juice from fruit 
including apples and sapota. Pectinases have also been 
used in wine production since the 1960s and clarification of 
fruit juices (Sharma et al. 2013). Pectinases are produced by 
several microorganisms in nature including bacteria, yeasts, 
actinobacteria and filamentous fungi. Pectinases have been 
reported in Rhodotorula sp., Saccharomyces cerevisiae, 
Aspergillus niger, Penicillium occitanis, Erwinia chrysan
themi, Pseudomonas solanacearum and Lactobacillus lac-
tis. The commercial pectinase preparations normally 
contain one or more types of microbial pectinolytic 
enzymes (depending on specific use), as well as cellulases, 
hemicellulases, peptidases and amylases (Sandri et al. 
2011; Sharma et al. 2013). 
Amylases are enzymes which hydrolyse starch mole

cules to yield diverse products including dextrins and 
progressively smaller polymers composed of glucose 
units. These enzymes are of great significance in pres-
ent-day biotechnology with applications ranging from 
food, fermentation and textiles to the paper industry. 
Although amylases can be derived from several sources, 
including plants, animals and microorganisms, microbial 
enzymes generally meet industrial demands (Gupta et al. 
2003). Amylase has been derived from several fungi, 
yeasts, bacteria and actinomycetes; however, enzymes 
from fungal and bacterial sources have dominated appli
cations in industrial sectors. Amylases have been reported 
in Aspergillus awamori, A. oryzae, Clavatia gigantea, 
Thermomyces lanuginosus, Fusarium oxysporum, Lipo
myces kononenkoae, Saccharomyces cerevisiae, Lactoba
cillus plantarum, Bacillus subtilis, B. amyloliquefaciens, 
Bacillus flavothermus, Streptomyces sp. and Thermomo
nospora fusca (Gupta et al. 2003; Bozic et al. 2011; 
Santos et al. 2012). 
Peptidases are a group of enzymes whose catalytic 

function is to hydrolyse peptide bonds of proteins and 
break them down into polypeptides or free amino acids. 
They constitute 59% of the global market of industrial 
enzymes (Ahmed et al. 2013). Peptidases have been inves
tigated not only in scientific fields such as protein chemistry 
and protein engineering, but also for practical purposes 
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which include potential cleaning and dehairing agents and 
as food additives (De Azeredo et al. 2004). The traditional 
proteolytic fermentation process depends on microorgan
isms naturally existing in the raw materials (Qin et al. 
2013). Among the most frequently isolated proteolytic 
microbes are Bacillus subtilis, B. licheniformis, B. cereus, 
B. stearothermophilus, Clostridium sp., Streptococcus sp., 
Streptomyces sp., Yarrowia lipolytica, Aspergillus oryzae, 
A. flavus, A. egyptiacus, Penicillium roqueforti (Fig. 7.3), 
Mucor racemosus, Rhizopus oryzae, R. oligosporus 
(Larsen et al. 1998; De Azeredo et al. 2004; Bankar 
et al. 2009; Ahmed et al. 2013; Qin et al. 2013). 

β-galactosidases, present in many organisms, catalyse 
the hydrolysis of lactose to glucose and galactose. Some of 
these enzymes moreover catalyse transglycosylation 
reactions allowing the transfer of galactose hydroxyl groups 
to the disaccharide lactose. Due to these activities, β-galac
tosidases hold an important place in the agro-food indus
tries where they are mainly used in dairy products. In 
addition, β-galactosidase is used to overcome the problems 
of lactose intolerance by individuals who are deficient in 
lactase (Dagbagli & Goksungur 2008; Vincent et al. 2013). 
Commercial β-galactosidases are produced from yeasts 
such as Kluyveromyces lactis and Kluyveromyces marx
ianus, and moulds such as Aspergillus niger and Aspergil
lus oryzae. β-Galactosidases have also been reported in 
Arthrobacter psychrolactophilus, Lactococcus lactis, Ther
motoga maritima, Lactobacillus acidophilus, Sulfolobus 
solfataricus, Enterobacter agglomerans and Bacillus 
licheniformis (Fonseca et al. 2008; Dagbagli & Goksungur 
2008; Vincent et al. 2013). 

Cellulase is a family of at least 3 groups of enzymes: 
endo-(1,4)-β-D-glucanase, exo-(1,4)-β-D-glucanase, and 
β-glucosidases. The exoglucanase (CBH) acts on the 
ends of the cellulose chain and releases β-cellobiose as 
the end-product; endoglucanase (EG) randomly attacks the 
internal O-glycosidic bonds, resulting in glucan chains of 
different lengths; and the β-glycosidases act specifically on 
the β-cellobiose disaccharides and produce glucose (Kuhad 
et al. 2011). 

In the food industry, cellulase enzymes are capable of: 
releasing the anti-oxidants from fruit and vegetable pom
ace; clarification of fruit juices; improved texture and 
quality of bakery products; improved viscosity of fruit 
purees; and improved texture, flavour, aroma and volatile 
properties of fruits and vegetables (Kuhad et al. 2011; 
Bansal et al. 2012). Commercially, the majority of cellulase 
enzymes are produced through submerged fermentation 
(SmF) due to easier control and stable fermentation factors 
using cheap substrates. Cellulases are produced by several 
microorganisms including bacteria, actinomycetes and 

fungi, but the latter are of great interest because they excrete 
their enzymes extracellularly (Bansal et al. 2012). Tricho
derma reesei is the most efficient producer of endo- and 
exoglucanases but does not excrete a sufficient amount of 
β-glucosidase for which Aspergillus strains (A. nidulans, A. 
oryzae, A. terreus and A. awamori) are known to be good 
producers (Bansal et al. 2012). Other cellulase-producing 
microorganisms described in the literature are Humicola 
grisea, Melanocarpus albomyces, Penicillium echinula
tum, Trichoderma longibrachiatum, T. harzianum, T. atro
viride, Mucor circinelloides, Thermoascus aurantiacus, 
Paecilomyces inflatus, Phanerochaete chrysosporium, 
Pleurotus ostreatus, Bacillus subtilis, B. pumilus, B. amy
loliquefaciens, B. licheniformis, Streptomyces viridobrun
neus, S.  drozdowiczii and S. lividans (Da Vinha et al. 2011; 
Kuhad et al. 2011; Bansal et al. 2012; Grigorevski-Lima 
et al. 2013; Lan et al. 2013). 
Enzymes are commercially produced by several indus

tries and are widely applied in fermentation, agriculture, 
animal feed and food. With modern biotechnology tools, 
especially in molecular biology, novel and new enzyme 
applications will be possible. Because of this, microorgan
isms are an attractive source of interest for commercial 
enzyme production. Microbial enzymes are preferred for 
their vast industrial applicability, biochemical character
istics, metabolic versatility and relative lower cost of 
production and recovery. 

7.4 Marine Microbial Enzymes 

The ocean covers more than two-thirds of the world’s 
surface and contains an extraordinary biodiversity. The 
majority of its biomass contributes significantly to all 
global cycles of matter and energy. Modern ‘-omics’ 
techniques have demonstrated that microbes represent 
the most important biological grouping on Earth in terms 
of phylogenetic and functional diversity. Enzymes have 
been isolatated from symbionts (with marine inverte
brates), marine sediment and seawater. Marine actinomy
cete enzymes such as cellulases, chitinases and others 
have been described (Subramani & Aalbersberg 2012) 
Extremophiles have been isolated from marine environ
ments. These microorganisms are characterized for their 
capacity of growth in habitats with high or low tempera
tures, extremes of pH, high salt concentrations and high 
pressure. The enzymes isolated show robustness and 
special properties. Enzymes with resistance to high tem
peratures have been characterized from Pyrococcus 
sp., such as peptidases and a glutamate dehydrogenase 
(Trincone 2011; Menyhárd et al. 2013). 
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Agarases that cleave agar from seaweeds and are used as 
emulsifying, gelling and stabilizing agents have been iso
lated from a marine proteobacteria (Alteromonas agarlyti
cus GJ1B) by Potin et al. (1993) and from the 
Pseudoalteromonas sp. BL-3 (Lee et al. 2005). Other 
enzymes potentially applicable to the food industry are 
amylases from a salt-tolerant Streptomyces strain isolated 
from marine sediments (Chakraborty et al. 2012), a glu
coamylases with catalytic activity at 60 °C over potato 
starch produced by the marine yeast Aureobasidium pul
lulans N13d (Li et al. 2007). Chymotrypsin and trypsin are 
serine proteases typically isolated from mammalian sour
ces. They respectively promote the hydrolysis towards 
peptides of amino acids with aromatic residue (deallege
nizing milk hydrolysates or processing fish sauce) and 
cleave peptides on the C-terminal side of lysine and argi
nine amino acid residues (pre-digest food in baby food; 
Klotz et al. 2010). Many other marine enzymes which 
could be used in the food industry are described by, for 
example, Fernandes (2014). 

7.5 Dairy Industry 

The first stage in cheese manufacturing is the coagulation of 
milk to form curds. Historically, this is achieved using 
rennets, enzymatic preparations from the abomasum of 
suckling calves. The main constituent of rennet is chymosin 
(EC3.4.23.4), an aspartic proteinase with low general pro
teolytic activity and extraordinary specificity toward 
κ-casein (Jacob et al. 2011). Casein, the main protein 
constituent of milk, is composed of four different poly
peptide chains linked by disulphide bonds named αs1-, 
αs2-, β- and κ-casein. The αs1-, αs2- and β-chains form the 
hydrophobic core of the casein micelle, while the hydro
philic negatively charged κ-casein is located on its surface 
(Dalgleish 2011). Chymosin cleaves the peptide bond 
between Phe105 and Met106 in the acidic C-terminal 
tail of κ-casein, resulting in a glycosylated peptide 
(Met106–Val169) that dissolves in the whey and para
κ-casein (Glu1–Phe105) that remains in the curd. The loss 
of the acidic tail decreases the charge repulsion that stabi
lizes casein micelles, leading to micelle aggregation, pre
cipitation and gel formation (Hidalgo et al. 2010). The 
increase in cheese consumption worldwide, the insuffi
ciency of traditional rennet production and the ethical issues 
related to the slaughtering of young calves have motivated a 
search for novel enzymes to replace bovine chymosin. 
Aspartic proteinases that have found applications in cheese 
manufacturing come from four main sources: animal, veg
etable, microbial and recombinant enzymes. Rennets from 

other animal origins have been traditionally extracted from 
the stomach of ruminants such as lamb (Baudys ̌ et al. 1988) 
and goat (Kumar et al. 2006; Moschopoulou et al. 2006). 
Nonetheless, none of these are able to reproduce the ability 
of bovine chymosin to produce high-quality cheeses. 
Plant proteinases represent another alternative for the 

substitution of bovine chymosin. The potential use of 
peptidases from vegetable origin, such as those from 
Cynara L., as milk-clotting enzymes has already been 
reported (Chen et al. 2003; Llorente et al. 2004). However, 
the higher proteolytic activity and broader specificity of 
plant proteinases compared to bovine chymosin leads to 
undesirable changes in the yield, texture and flavour of the 
cheeses (Low et al. 2006; Jacob et al. 2011). 
Microbial proteinases have gained considerable attention 

in the cheese-making industry. Among them, those from 
Endothia parasitica (Sardinas 1968), Rhizomucor pusillus 
(Arima et al. 1968; Etoh et al. 1979), R. miehei (Etoh et al. 
1979; Preetha & Boopathy 1997), Mucor bacilliformis 
(Areces et al. 1992), M. circinelloides (Fernandez-Lahore 
et al. 1999), Penicillium oxalicum (Hashem 2000) and 
Aspergillus oryzae (Vishwanatha et al. 2009) have been 
widely accepted as bovine chymosin substitutes. However, 
it is well known that most fungal aspartic proteinases show 
high enzymatic activity and thermal stability. This leads to 
extended proteolysis during cheese ripening, resulting in 
softer, pastier cheeses as well as the production of off-
flavour, bitter peptides. 
Microbial aspartic proteinases that have high milk-clot

ting to general proteolysis ratio and low thermal stability are 
therefore generally preferred. Aspartic proteinases from M. 
circinelloides were successfully used in the production of 
Cheddar cheese, leading to similar yields obtained with the 
commercial rennet (Sathya et al. 2009). It is worth noting 
that aspartic proteinases from mesophilic M. bacilliformis 
and M. circinelloides show high thermo-sensitivity and are 
easily inactivated by heat treatment (Areces et al. 1992; 
Fernandez-Lahore et al. 1999). Moreover, microbial aspar
tic proteinases can be produced either by submerged or 
solid-state fermentation. The latter employs agricultural 
wastes as culture media, representing a cost-effective 
source of enzymes (Aguilar et al. 2008; Sathya et al. 
2009). Finally, aspartic proteinases from both microbial 
and animal or vegetable origin can be recombinantly 
expressed in host microorganisms, specifically yeasts and 
filamentous fungi. This approach leads to the production of 
high amounts of aspartic proteinases and allows the use of 
protein engineering techniques to improve enzymic prop
erties, such as activity and selectivity. 
Recombinant bovine chymosin has been cloned and 

expressed in a variety of host microorganisms including 
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Saccharomyces cerevisiae (Mellor et al. 1983), Tricho
derma reesei (Harkki et al. 1989), Kluyveromyces lactis 
(Van den Berg et al. 1990), Aspergillus oryzae (Tsuchiya 
et al. 1993) and Pichia pastoris (Zhang et al. 2009). In 
addition, recombinant chymosin from other sources such as 
lamb (Rogelj et al. 2001), goat (Vega-Hernández et al. 
2004), camel (Kappeler et al. 2006) and buffalo (Vallejo 
et al. 2008), as well as recombinant aspartic proteinases 
from R. miehei (Gray et al. 1986) and R. pusillus (Yama
shita et al. 1987) are also available. 

Lipases catalyse the hydrolysis of carboxylic ester bonds 
in triglycerides, releasing free fatty acids (FFA), diacyl- and 
monoacylglycerides as well as glycerol. In non-aqueous 
media, lipases catalyse synthetic reactions such as ester
ification, interesterification, transesterification, alcoholysis, 
acidolysis and aminolysis. They are considered excellent 
biocatalysts due to their versatility, broad substrate speci
ficity and high enantio- and regioselectivity. Most regio
selective lipases cleave the carboxylic ester bonds at the sn
1 and sn-3 positions of triacylglycerols, while very few 
lipases are capable of cleaving the sn-2 position. They are 
widespread in nature, being found in animals, plants, fungi 
and bacteria (Anobom et al. 2014). 

Lipases have numerous applications in the dairy indus
try, mainly in the development of flavour and the altera
tion of certain aspects of dairy products. Fats play a major 
role in the development of flavour in foods, particularly in 
cheeses. Milk fat may undergo both lipolytic and oxida
tive reactions, leading to the development of flavour 
compounds. Nevertheless, oxidation is less favoured 
due to the low redox potential of milk and the presence 
of natural anti-oxidants (McSweeney & Sousa 2000; 
McSweeney 2004). Lipolysis is therefore the most com
mon biochemical modification  suffered by milk fat, lead
ing to the production of FFAs. Short-chain FFAs (mainly 
C4 and C6) are responsible for the pungent, tangy taste of 
certain types of cheese including Cheddar. In addition, 
short-chain FFAs can undergo simple chemical reactions 
and can be modified by the cheese micro flora, resulting in 
the formation of flavour compounds such as methyl 
ketones, secondary alcohols and aliphatic and aromatic 
esters (McSweeney & Sousa 2000; McSweeney 2004). 
Lipases have been extensively used for the development 
of flavour and acceleration of ripening in the cheese-
making industry. 

Lipases in cheese originate from six main sources: milk; 
rennet paste; starter, secondary starter and non-starter lactic 
acid bacteria; and exogenous lipases (Wolf et al. 2009). 
Among the exogenous lipases, pre-gastric lipases of animal 
origin and microbial lipases are the most commonly used. 
Numerous microbial lipase formulations are commercially 

available for this purpose, including those from Rhizomu
cor miehei (Palatase, Novozymes), Mucor miehei (Picc
nate, Gist-Brocades), Aspergillus niger and Aspergillus 
oryzae (Lipase AP, Amano), Penicillium sp. and Aspergil
lus sp. (Lipomod TM 621P-L621, Biocatalysts Ltd) and 
many others. 
Peppler et al. (1976) used an esterase from M. miehei as a 

calf pre-gastric esterase substitute to enhance flavour in 
Italian Fontina and Romano cheeses. Kheadr et al. (2003) 
reported the acceleration of Cheddar cheese ripening using 
an enzyme cocktail consisting of a commercial lipase 
(Palatase M) and a peptidase. Hernández et al. (2005) 
compared the ability of three different commercial lipases 
(A1 and A2 being pre-gastric and A3, fungal) to develop the 
sharp, characteristic flavour of Idiazabal (raw sheep milk) 
cheese. Lipase A1 showed the best results and was selected 
for commercial cheese production. Pérez (2007) used Lip
omodTM 621P–L621 in conjunction with other enzymes to 
accelerate Swiss cheese ripening, leading to an intensified 
flavour product with reduced rancidity. 
Lipases also find uses in the production of enzyme-

modified cheeses (EMC). EMCs are produced when cheese 
is incubated with enzymes at high temperatures, leading to 
high-intensity, concentrated flavours. They are used as 
additives in other food products such as dressings, sauces, 
dips, soups and snacks (Noronha et al. 2008). Hannon et al. 
(2006) described the production of a fast-ripened Cheddar 
cheese by the addition of enzyme-modified cheese powder. 
The EMC-added cheeses developed 4-month-old flavour 
profiles that were similar to those of the control cheeses 
obtained after 6 months of ripening. 
Lipases may also be used in the hydrolysis and modifi

cation of milk and butter fats for improving the nutritional 
qualities, as well as other specific functional and physical 
properties. These modifications include changes in fatty 
acid content, as well as changes in the position, length and 
degree of saturation of the fatty acid chains. Lipases are 
commonly used for designing milk with altered composi
tion for increasing human health, such as milk with reduced 
fat content and altered fatty acid profiles to include more 
healthy fatty acids such as conjugated linoleic acid (CLA) 
and omega-fats (Sabikhi 2007). Lipases are also used in the 
production of high-added-value products such as structured 
lipids, modified oils and fats with functional or pharma
ceutical applications, namely cocoa butter substitutes and 
human milk fat analogues to be used in infant formulas 
(Osborn & Akoh 2002). 
Lactases or β-galactosidases (β-galactosidases galacto 

hydrolases) are glycoside hydrolases that catalyse the 
hydrolysis of the β(1 → 4)-glycosidic linkage of lactose 
into its constituent monosaccharide glucose and galactose. 
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β-galactosidases also catalyse the transfer of galactosyl 
residues to the galactose moiety of lactose molecules, 
yielding galactooligosaccharides (GOS) (Panesar et al. 
2006; Oliveira et al. 2011). Lactose, the main sugar of 
milk, has low sweetness and poor water solubility. The 
accumulation of lactose in the large intestine leads to 
undesirable effects such as tissue dehydration, reduced 
calcium absorption and fermentation of the excessive lac
tose by the resident micro flora, resulting in pain, flatulence 
and diarrhoea. A large portion of the world population 
shows low levels of intestinal β-galactosidase and is there
fore unable to metabolize lactose properly, leading to a 
significant reduction in the consumption of milk and dairy 
products (Lifran et al. 2000; Adam et al. 2005; Husain 
2010). β-galactosidases find applications in the dairy indus
try for the manufacture of lactose-free milk and other 
products that can be consumed by the lactose-intolerant 
population. In addition, due to its poor solubility, lactose 
may cause a number of defects in dairy products, such as 
crystallization and changes in texture (Gänzle et al. 2008). 
Moreover, hydrolysis of lactose increases the sweetness of 
milk-derived products. For instance, hydrolysis of whey 
leads to the manufacture of a syrup that can be used as a 
sweetener in several processes in the dairy, confectionary 
and baking industries (Siso 1996). In conclusion, treatment 
of milk and milk products with β-galactosidases reduces 
lactose content and increases their potential applications. 
Another important application of β-galactosidases in the 

dairy industry is their use in the synthesis of galactooligo
saccharides (GOS). These sugars are important prebiotics 
and stimulate the growth and proliferation of bifidobacteria 
in the human intestine, protecting against pathogenic bac
teria colonization. GOS can be produced by employing 
β-galactosidases to transgalactosylate lactose from whey, 
adding value to a byproduct of the cheese-making industry 
(Gosling et al. 2010; Park & Oh 2010). β-galactosidases can 
be obtained from many sources including animals, plants 
and microorganisms (Panesar et al. 2006; Husain 2010). 
The properties of these enzymes can differ markedly among 
different sources. However, β-galactosidases of microbial 
origin are of great interest from an industrial point of view 
due to their high yields. Several microorganisms have been 
reported as β-galactosidase producers including a wide 
range of bacteria, yeast and fungi. Among them, those 
from the yeasts Kluveromyces lactis, K. marxianus and 
Atelosaccharomyces pseudotropicalis, as well as from the 
fungi Aspergillus niger and A. oryzae are the most com
mercially accepted (Panesar et al. 2006). Yeast β-galacto
sidases show neutral pH optima and are therefore very 
appropriate for applications in food (Biermann & Glantz 
1968), while fungal enzymes show an optimum pH range of 

2.5–5.4 and are therefore suitable for acid hydrolysis of 
whey (Widmer & Leuba 1979). Immobilization of β-galac
tosidases using various methods increases enzyme stability, 
activity and decreases its inhibition by glucose. The use of 
immobilized β-galactosidases for the hydrolysis of milk and 
whey as well as the synthesis of GOS has been previously 
reported (Panesar et al. 2010). Furthermore, the use of 
thermophilic β-galactosidases for industrial purposes has 
recently gained particular attention due to their increased 
thermo-stability and stability in organic solvents (Ji et al. 
2005; Park et al. 2008; Ansari & Satar 2012). 
Other enzymes that are employed in the dairy industry, 

albeit on a smaller scale, include: (1) lysozyme 
(EC3.2.1.17) of both animal and microbial origin, used 
in the preservation of dairy products due to its antimicrobial 
activity (Benkerroum 2008); (2) glucose oxidase 
(EC1.1.3.4) from Penicillium notatum, P. glaucum and 
A. niger, used for the generation of hydrogen peroxide 
in situ for cold sterilization and direct acidification of dairy 
products (Wong et al. 2008); and (3) catalase (EC1.11.1.6) 
from beef liver or A. niger, used for reducing the excess of 
hydrogen peroxide produced during cold sterilization 
(Seifu et al. 2005). 

7.6	 Microbial Enzymes Applied in the 
Beverage Industry 

As the demand for juice and wine continues to grow 
globally, the search for new technologies to improve the 
quality of these products has intensified and is of great 
interest to the food industry. Turbidity and viscosity are the 
main issues related to stability of juices and wines, espe
cially during the storage period. Several methods for their 
clarification have therefore been developed in order to 
obtain a bright, clear product with low viscosity, which 
is more attractive to consumers. Several clarification meth
ods have been describe in the literature, most of which are 
based on improvements of current processes such as 
membrane filtration, membrane ultrafiltration, the use of 
fining agents (bentonite, gelatin, silica sol and others) and 
microbial enzymes (Landbo et al. 2006; Hea et al. 2007; 
Onsekizoglua et al. 2010). Among the processes cited here, 
the use of microbial enzymes represents an interesting 
approach due to their specificity in targeting components 
of the alimentary matrix responsible for turbidity or haze, 
such as polysaccharides (pectin, hemicelluloses, starches), 
proteins and phenolic compounds (flavones, procyanidins, 
tannins) (Gil-Izquierdo et al. 2001; Pinelo et al. 2010; 
Dhiman et al. 2011). Some of the enzymes related to the 
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above-mentioned substrates, such as pectinases, cellulases, 
amylases and peptidases, are discussed below. 

Pectin is a polysaccharide composed of galacturonic acid 
polymers; it is negatively charged and occurs mostly in 
plant cell walls and middle lamella. Pectin particles are 
chiefly responsible for the turbidity observed in fresh juices, 
which is why they should be removed before juice proc
essing and storage. Pectinolytic enzymes (galacturonases) 
produced by various microorganisms (bacteria, filamentous 
fungi and yeasts) are widely used in the beverage industry 
to clarify fruit juices and wines. Depending on the pectinase 
activity, saturated and unsaturated molecules can be pro
duced. In fact, as a result of catalysis, small molecules such 
as monogalacturonate and/or digalacturonate are formed 
and the possibility of turbidity occurring becomes very low. 
However, the biggest challenge faced by microbial 
enzymes is reaching the optimal temperature and pH 
conditions to add the enzymes, as these conditions may 
vary according to the physicochemical characteristics of 
fruit pulps. Much research has therefore been performed in 
order to identify microbial enzymes that could be adapted to 
the natural physicochemical conditions of pulps before 
juice processing. Polygalacturonases and pectate lyases 
isolated from fungi demonstrate the ability to adapt to 
low temperature, allowing the hydrolysis of pectin mole
cules under conditions that prevent growth of spoilage 
microorganisms (Margesin et al. 2005; Padma et al. 
2011; Sahay et al. 2013). 

Apple juice is a good example for the microbial enzyme 
dilemma due to its high pectin content and low pH. An 
acidic endo-PG produced by Penicillium sp. CGMCC 
1669, originated from China, is able to promote pectin 
cleavage on apple juice at very low pH (3.5). In addition, 
this enzyme is very stable at cold temperatures and is even 
active at the freezing point of water (7.3% activity at 0 °C; 
Yuan et al. 2011). The acidophilic fungus Bispora sp. 
MEY-1 is also a producer of endo-PG and is able to 
significantly reduce the viscosity and increase the transmit
tance of apple juices. Nevertheless, despite the fact that this 
enzyme also presents optimum pH at 3.5, its activity is 
drastically affected by temperatures above 60 °C and below 
30 °C (Yang et al. 2011). The fungi specie Achaetomium sp. 
Xz8 is a promising source of endo-PG, especially for 
papaya juice clarification. This enzyme is active at low 
temperatures and presents optimal pH at 6.0, which is very 
close to that presented by papaya pulp (5.7). This enzyme 
was successfully cloned and expressed in Pichia pastoris, 
displaying high activity towards pectin (28,122 U mg�1; 
Tu et al. 2013). 

Filamentous fungi are the main source of commercially 
available pectinolytic enzymes used in beverage industry. 

However, yeasts represent another relevant source of this 
enzyme, mainly because most of them are able to provide 
high yields of pure enzymes. In addition, a desirable 
pectinase can be cloned and expressed in non-producing 
yeast species, which could foster its industrial application 
on a large scale. Among the producing yeasts, several 
species have been identified from extreme low-temperature 
habitats as part of a strategy to find microorganisms able to 
synthesize cold-adapted pectinolytic enzymes (Birgisson 
et al. 2003; Nakagawa et al. 2004). Cryptococcus liquefa
ciens strain N6 is a deep-sea yeast and a PG producer. This 
microorganism produces two low-temperature active 
enzymes, p36 and p40. The latter is able to maintain 30 
and 45% activity at 0 and 10 °C, respectively (optimum 
condition at 50 °C; Abe et al. 2006). An alkaline PL can be 
obtained from Mrakia frigida during its growth at 5 °C. The 
optimum active conditions for this enzyme are 30 °C and 
pH 8.5–9 (Margesin et al. 2005). In wine production, 
Aureobasidium pullulans is a promising source of cold-
active pectinases since this species demonstrates high 
pectinase production at conditions similar to the winemak
ing conditions (optimum temperature and pH of 12 °C and 
3.5, respectively). Pectinolytic enzymes play an important 
role not only in improving liquefaction, clarification and 
filterability of wine, but also in promoting the release of 
more pigments (phenolic compounds) and flavour com
pounds found in the grape skins (Cabeza 2009; Merína 
et al. 2011). 
Pectinolytic enzymes of bacterial origin used for juice 

and wine clarification are less common. The reason may be 
related to the fact that bacterial pectinase has no satisfactory 
activity at the natural physicochemical conditions of most 
fruit pulps. Most of the alkaline pectinases from the Bacil
lus genus are reported to have a pH usually ranging from 10 
to 11. Nevertheless, the search for pectinolytic bacteria 
continues to be a goal of various researchers (Pedrolli et al. 
2009; Prathyusha & Suneetha 2011). Bacillus sphaericus 
produces significant amounts of PG at 30 °C and pH 6.8 
(optimum conditions), and is a promising source of this 
enzyme for the clarification of juices with pH close to 
neutral such as banana juice (Jayani et al. 2010). 

The commercially available enzymes used in the clarifi
cation processes consist of a mixture of pectinases, cellu
lases (endoglucanases, exoglucanases and cellubiase) and 
hemicellulases (endo- and exo-xylanases, galactanases, 
xyloglucanases and mannanases) in order to obtain maxi
mum juice extraction and minimum turbidity and viscosity. 
Cellulases and hemicellulases are mostly obtained from a 
variety of microorganisms including fungi of species 
belonging to the Aspergillus and Trichoderma genera 
(Bhat 2000; Karmakar & Ray 2011). Endoglucanases, 
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exoglucanases and cellubiase (β-glucosidase) act in com
bination for the complete hydrolysis of cellulose into 
cellobiose and glucose. The first enzyme promotes a ran
dom cleavage of the cello-polysaccharide. Following the 
catalytic process, exoglucanases attack the non-reducing 
end of cellulose, releasing cellobiose as the final substrate 
for β-glucosidase which in turn splits the glycosidic linkage 
of the disaccharide-producing glucose (Karmakar & Ray 
2011). 
The catalytic activity of these enzymes is particularly 

important for the extraction of mango juice. Mango pulp 
has a high content of polysaccharides that interferes in the 
release of intracellular components, lowering juice yield. 
Consequently, a commercial enzyme complex composed of 
cellulases such as Novoferm 61 produced by Aspergillus 
niger and A. aculeatusby are widely used. However, 
Trichoderma sp. also produces highly active cellulases 
which permit an efficient mango juice extraction of 79% 
(Buenrostro-Figueroa et al. 2010). A. awamori produces 
high amounts of hydrolytic enzymes, including exo-PG, 
xylanase and cellulase (carboxymethylcellulase) suitable 
for the clarification of orange juice. This enzymatic com
plex decreases orange juice turbidity to the low value of 
24.25 NTU (Boussetta et al. 2011). 
In the brewery and wine industries, cellulases and hemi

cellulases play important roles as they can increase the 
concentration of fermentable sugars. Concomitantly, the 
addition of these enzymes prior to or during the fermenta
tion step of beer and wine production will provide addi
tional benefits such as low viscosity of wort and 
improvements in their filterability. In the beer-making 
process, β-glucanase prevents the jellification of β-glucan 
by its hydrolysis. High contents of β-glucan are often 
associated with the use of unmalted or poor-quality barley 
by brewers (Bhat 2000; Kuhad et al. 2011). Rhizopus 
microsporus var. microspores isolated from a malt silo 
produces high amounts of β-glucanase with specificity for 
1,3-1,4-β-glucan. This occurs with barley, rye, sorghum, 
oats and wheat, and is an interesting enzyme for the beer 
industry (Celestino et al. 2006). Bacteria glucanases are 
also employed in the brewing process, most of them from 
the Bacillus genus. However, these latter enzymes present 
low stability at temperatures above 50 °C. Nevertheless, the 
β-1,3-1,4-glucanase (lichenase) obtained from the thermo
philic bacteria Clostridium thermocellum is catalytically 
active in a wide pH and temperature range (4–11 and 
40–80 °C, respectively; Luo et al. 2014). 

β-glucosidases are very important enzymes responsible 
for improving the flavour of juice and wine since they are 
able to modify glycosylated precursors found in the pulp 
and wort, respectively. These enzymes promote the 

hydrolysis of terpene glycosides and other glycosylated 
compounds such as polyols and C-13 norisoprenoids (3
oxo-a-ionol and 3-hydroxy-b-damascenona), liberating the 
aglycone fraction responsible for the fragrance (Mateo & 
Jiménez 2000). The enzymatic treatment of apricot juice 
with β-glucosidase produced by Candida molischiana 
35M5N results in an increase of volatile compounds 
such as linalool, α-terpineol, 2-phenylethanol, α- and γ-ter
pinene and α-pinene. High amounts of free monoterpene 
alcohols (geraniol, nerol, linalool and cyclic alcohols) can 
also be obtained in Muscat wine after treatment with C. 
molischiana 35M5N β-glucosidase. This enzyme proved to 
be stable in the acidic conditions of juice and wine (pH 3.6 
and 3.8, respectively) and in the presence of 15% alcohol 
(Muscat wine) (Gueguen et al. 1996). Another β-glucosi
dase can be obtained from a yeast species isolated from 
tannat grapes and identified as Issatchenkia terricola. This 
extracellular β-glucosidase possesses high tolerance to 
glucose concentrations (100 g L�1) and ethanol, which 
enables its use prior to or during the fermentation process 
(González-Pombo et al. 2011). 
Cellulose and hemicelluloses together make up the main 

constituents of plant cell walls. While cellulose is com
posed of β(1 → 4) linked D-glucose units, hemicelluloses is 
mostly composed of heterogeneous polysaccharide (xylan) 
with β-1,4-D-xylopyranoside residues and short side-chain 
branches. Xylanase (β-1,4-D-xylanohydrolase) catalyses 
the hydrolysis of xylan into shorter and soluble sugar 
residues which have greater impact on the clarification 
of juice and wine. Bacteria and filamentous fungi are the 
most commonly used microorganisms as xylanase produc
ers. Substantial amounts of a thermostable xylanase are 
obtained from Bacillus licheniformis P11(C). This enzyme 
is able to reduce turbidity of pineapple, mousambi and 
apple juices by 70.1%, 76.4% and 78.8%, respectively 
(Bajaj & Manhas 2012). Xylanase from Aspergillus niger 
DFR-5 also promotes an increase in pineapple yield and 
clarity by 71.3 and 64.7%, respectively. However, when 
this enzyme is simultaneously used with pectin and cellu
lose, a synergistic effect is obtained and complete poly
saccharide degradation is achieved (Pal & Khanum 2011). 

Starch can be considered as one of the main causes of 
cloudiness in freshly produced juices. This polysaccharide, 
composed only of glucose units, possesses jellification 
properties which constitute an additional problem during 
the concentration or pasteurization processes. Other starch-
related problems in juice processing include decreased flow 
filtration and post-concentration haze (Carrín et al. 2004). 
Such issues help us to understand why starch-converting 
enzymes are so valuable for the beverage industry. Among 
the starch-converting enzymes, glucoamylase, α- and 
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β-amylases are certainly the most important. However, 
these enzymes present different degradation patterns on 
raw starch granules. Glucoamylases obtained from Asper
gillus and Rhizopus genera are more efficient in hydrolys
ing raw starch granules. α- and β-amylase are less active; 
however, the former is able to promote both centrifugal and 
centripetal hydrolysis on starch granules from different 
alimentary sources (Sarikaya et al. 2000; Sorrivas et al. 
2006). Despite this difference, both enzymes are important 
in several saccharification processes, for example during 
barley malting and wort preparation in beer brewing. 

Commercial glucoamylases from fungi species, such as 
Röhalase HT, are extensively used in apple juice clarifi 
cation. Apple pulps are known for their high starch content, 
mainly when unripe fruits obtained at the beginning of the 
harvest season are used. Röhalase HT is able to reduce the 
presence of starch to an undetectable level in pasteurized 
apple juice. Moreover, Tyazyme L300 (fungal α-amylase) 
also presents good results. This enzyme is active at acidic 
pH (3.4–4.6), but Ca2+ is necessary to stabilize the enzy
matic activity at a wider range of pH and temperature 
(Ceci & Lozano 2002; Sorrivas et al. 2006). α-amylase 
splits internal α-1,4-glycosidic linkages in starch generating 
oligosaccharides and other low-molecular-weight products 
(glucose, maltose, dextrins and maltotriose; Souza & 
Magalhães 2010). In banana wine production, the treatment 
of banana wort with pectinase followed by α-amylase 
increases total soluble sugars and reducing sugars yields 
by 15 and 39%, respectively. Aspergillus sp. and Bacillus 
sp. are examples of glucoamylase and α-amylase-produc
ing microorganisms, respectively. High amounts of these 
enzymes can be produced through solid-state fermentation 
systems. When used in combination, these enzymes effi 
ciently hydrolyse starch content of wheat flour mashes up to 
96%, and could therefore easily be used for both the 
clarification and alcohol purposes (Soni et al. 2003). 

Haze is the most frequent problem observed in the 
beverage industry, mainly in the beer and wine industries. 
What makes haze so hard to deal with is the fact that it 
occurs during the storage period, which seriously compro
mises the final product. Possible mechanisms involved in 
haze formation include interactions among polysacchar
ides, sugars, metal ions and proteins or, more commonly, 
protein–phenol interactions. Haze-active proteins contain 
significant amounts of proline-favouring hydrophobic inter
actions between the aromatic structure of phenolic com
pounds and the non-polar proline moiety in proteins. The 
occurrence of hydrogen bonds between phenolic hydroxyl 
groups and the carbonyl oxygen in the peptide backbone also 
contribute to the formation of haze (Asano et al. 1982). 
Proteins and phenolic compounds are commonly found in 

barley, grapes and other fruits, giving the products obtained 
from them a tendency for haze formation. Microbial pepti
dases are therefore employed in beer- and wine-making 
processes in order to inactivate haze-active proteins, prevent
ing protein–phenol interactions (Siebert 1999). 
Microbial peptidases currently available for clarification 

proposes are mostly produced by Aspergillus niger. Amano 
Acid Peptidase A, Denapsin 2P, Enzeco Fungal Acid 
Peptidase, and Sumizyme AP are good examples of com
mercial enzymes produced by A. niger. These enzymes are 
able to minimize the turbidity values of blackcurrant juice 
without any significant alteration to anthocyanin or pheno
lic levels (Landbo 2006). The use of a proline-specific 
peptidase from A. niger displays interesting results in the 
beer-making process. This enzyme targets the C-terminal 
side of proline residues, yielding peptide fractions that are 
unable to form haze. The addition of this uncommon acidic 
enzyme (optimum pH 4.0) in beer wort or even during the 
fermentation step prevents chill-haze formation in bottled 
beer (Lopez & Edens 2005). However, the search for 
peptidases that are effective in winemaking conditions still 
remains elusive. Nevertheless, promising results are being 
obtained with the use of Proctase (a mixture of aspergillo
pepsins I and II) as clarifying agents for grape juices prior to 
the fermentation phase. This peptidase treatment of the 
white wines Chardonnay and Sauvignon Blanc decreased 
the protein content by 27% and 60%, respectively (Mar
angon et al. 2012). 

7.7 Animal Feed 

The animal feed industry is an important agribusiness. Most 
of the total feed produced is for poultry and pigs. In order to 
achieve economic efficiency, a great deal of progress is 
necessary in terms of the health of the breeding stocks, 
handling and ambience techniques and nutrition, with the 
use of modern ingredients and modern techniques for 
nutritional requirements. Based on this latter requirement, 
the use of enzymes in the production of poultry and pig feed 
has increased significantly in recent years. This increase is 
in part due to increased costs of traditional raw materials 
and the fact that the alternative ingredients, such as barley, 
oat, rice, wheat and their byproducts, have a much lower 
quality. However, the use of microbial enzymes in animal 
feed has become the most efficient way of reutilizing the 
carbohydrates found in cereals with antinutritional factors 
(Ministry of Agriculture, Livestock and Food Supply, 
Brazil 2010; Bhavsar & Khire 2014). 
The commercial use of enzymes in animal feed began 

with the use of phytase. The new enzymatic technologies 
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focus on increasing the availability of food energy and 
improving protein digestibility with carbohydrases and 
peptidases, respectively. These enzymes are the most 
used in Brazil to act on maize, sorghum and soybeans, 
which are the main alternatives for more economic feed 
production (Bhavsar & Khire 2014). 
Feed enzymes can be classified as technological micro-

ingredients (Bertechinni et al. 2006). They are also known 
as nutraceuticals and pronutrients, which are used in animal 
feed in small quantities to improve the intrinsic value of the 
nutrient mixture of the diet (Paloheimo et al. 2011). Such 
substances work to benefit the nutrients, rather than con
tributing to nutrition. Many studies have shown that feed 
enzymes are mainly active in four specific areas: in reduc
ing the effects of antinutritional factors (Wiseman 2000; 
Gutiérrez-Allamo et al. 2008; Smeets et al. 2014); in 
increasing the digestibility of nutrients in food (Choct 
2001; Amerah et al. 2011; Svihus 2011); in increasing 
the digestibility of non-amylaceous polysaccharides 
(Adeola & Cowieson 2011); and in supplementing the 
production of endogenous enzymes (Van Campenhout 
2007; Amerah et al. 2011). 
However, we can also classify them based on their 

purpose since they can act directly, indirectly or together 
as enzymatic complexes in more than one specific area. 
Such enzymes can also be divided into two types: 

1.	 Enzymes that cannot be synthesized by these animals 
and, consequently, are not secreted even in the presence 
of substrates. Examples include phytases, cellulases, 
hemicellulases and xylanases. These enzymes have 
been applied on a large scale in poultry and pig farming 
systems. 

2.	 Enzymes to quantitatively supplement endogenous 
digestive enzymes (peptidases, amylases) and which 
are widely used in livestock feeds/diets. 

Phytases (myo-inositol hexakisphosphate phosphohy
drolases (EC3.1.3.8) are phosphomonoesterases that cata
lyse the stepwise hydrolysis of orthophosphate from 
phytate (Nys et al. 1996; Wodzinski & Ullah 1996). 
Industrial phytases are derived from fungi and bacteria, 
and of late by genetic recombination of Aspergillus niger 
and Aspergillus ficum fungi (Selle & Ravidran 2007; 
Lalpanmawia et al. 2014). This enzyme catalyses the 
release of phosphate from phytate, which is an important 
source of phosphorus, and is predominantly found in 
grains, cereals, legumes and oily seeds Most of the phos
phorus found in animal feed is in the phytate form. The 
interaction between phytates and proteins is through ionic 
bonds, which are dependent on pH. In the case of low pH, 

phytate forms electrostatic bonds with basic residues, such 
as arginine and lysine. The isoelectric point means that the 
protein is neutrally charged and it will bind to phytate. 
There are inhibitors of endogenous enzymes, such as 
pepsin, amylase or trypsin; they act by transferring the 
phosphate group from the substrate to the enzyme, and from 
the enzyme to the water. Penta, tetra, bi and monophosphate 
myo-inositol are produced as intermediate products (Liu 
et al. 1998; Almeida & Stein 2012; Krygier et al; 2014). 
Animals will not use all the nutrients ingested through 

raw materials, due to the availability of these in industrial 
food and the ability of their digestive tract. A lower 
digestibility of raw materials is, at first, due to the lack 
of endogenous enzymes that extract nutrients from food 
ingredients. Since monogastric animals do not have an 
enzymatic complex to digest many of these fractions of 
non-amylaceous polysaccharides, enzyme supplementation 
may improve the action of endogenous enzymes in the 
ingredients, therefore improving their nutritional value and 
the healthy growth of the animals. An example of this is the 
use of phytase to remove phytic acid which is bound to 
phosphorus found in plants, making it more available for 
animal use (Bhavsar & Khire 2014). This application has 
received considerable attention in recent years because it 
reduces faecal phosphorus and therefore has a lower envi
ronmental impact (Vohra et al. 2006; Selle & Ravidran 
2007; Lalpanmawia et al. 2014). 
There are attempts to establish requirements for the use 

of inorganic phosphate, in order to meet the phosphorus 
needs of pigs. However, pigs and poultry do not digest non-
amylaceous polysaccharides. Antinutritional factors are 
common components found in raw materials used in 
feed, such as the cellular wall components of barley grains. 
Since monogastric animals are generally unable to digest 
fibres (non-amylaceous polysaccharides), the use of exog
enous enzymes becomes important because they hydrolyse 
non-amylaceous polysaccharides which could be poten
tially used by the animal in the utilization of energy, for 
example. Another important consequence of this utilization 
is the reduction of the negative impact of these non-
digestible residues in the viscosity of the digesta. In oat 
and barley beta-glucans are the predominant non-amyla
ceous polysaccharides, whereas in wheat and rice arabi
noxylans prevail. The enzymatic activity specific for these 
polysaccharides can therefore be added to the feed, thus 
improving the nutritional quality of cereal grains such as 
barley, wheat, oat, rye and triticale. Consequently, in 
high-viscosity diets the enzymes help reduce the viscosity 
of the digesta and break down the complexes and soluble 
fibres responsible for the viscosity, therefore optimizing the 
digestion of nutrients, reducing water consumption and the 
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humidity of the poultry litter. In diets with low viscosity 
(maize, sorghum and soybean), some enzymes such as 
amylase, protease, lipase and xylanase are added (Santos & 
Ishii 2011). Improved digestibility is obtained with this 
addition, widely used in Brazil in animal production (Bae 
et al. 2008). 

It should be pointed out that the supplementation of 
digestive enzymes does not always yield a positive 
response. They act in specific substrates found in the 
diet, are dose-dependent and are not always able to over
come the stomach barriers (pH, proteolytic enzymes such as 
pepsin, temperature in feed processing). The digestive 
capacity of these enzymes in monogastric animals may 
vary with age, and can be inadequate for young chickens 
and pigs as compared to adult animals. In general, enzyme 
supplementation for these animals stimulates the produc
tion of endogenous enzymes (an important factor in 
improving the digestibility of the food) and promotes the 
use of the so-called alternative ingredients (Abdollahi et al. 
2013; Zhang et al. 2014). 

In particular, young pigs lack certain enzymes in their 
first weeks because the only substrate they have available 
is milk. During lactation, lactase is their fundamental 
enzyme to digest sugar. In the post-weaning stage, 
depending on the type of solid foods the animal received 
during lactation (feed), the young pigs may require sev
eral days in order to have the enzymes amylase, maltase 
and sacarase available in adequate quantities. This also 
occurs with the secretion of lipase and peptidase, which 
also depend on substrates for their activation. In nature, 
the piglet sucks milk for up to approximately 60 days, 
after which natural weaning will occur due to a lack of 
sow milk. In industrial and intensive farming systems, in 
order to achieve high productivity, weaning occurs when 
the piglet is still immature and produces too few enzymes 
with the exception of lipase. This problem is solved with 
the administration of highly digestive diets or even pre
digested diets, and diet supplementation with exogenous 
enzymes (phase of insufficient enzyme production). This 
phenomenon is also observed in poultry. Upon hatching, 
chicks have no enzymes that digest sugars and lipids. 
However, they already have peptidase. 

There is a considerable variation in the sources and 
quality of protein of different ingredients used in the diets 
of monogastric animals. Some of them have antinutritional 
factors, such as lecithins and trypsin inhibitors, which 
reduce the digestibility coefficient of amino acids. Proteins 
from different sources are used in various degrees of 
efficiency by the animals. The solubility and the hydrolysis 
rate of proteins in the gastrointestinal tract, particularly in 
the stomach and upper small intestine, are the first factors 

that limit the digestion of proteins. The addition of pepti
dases may neutralize the negative effects of the antinutri
tional factors, or even improve the utilization of proteins by 
young animals, by promoting a higher hydrolysis rate of the 
molecules. Peptidases may complete the production of 
endogenous peptidases, reducing the amino acid and 
energy requirements. These enzymes may hydrolyse pro
tein-based antinutrients, such as lecithins or trypsin inhibi
tors, increasing the efficiency of the use of amino acids and 
proteins by the poultry (Nahashon & Kilonzo-Nthenge 
2013). 
The pet feeding industry has also seen significant growth 

in the last few decades. Different from the livestock indus
try, this segment seems to be more closely related to the 
human food industry in that it provides safe, affordable, 
nutrient-dense foodstuffs that support health and well-being 
(Carciofi & Jeremias 2010). 
Enzymes have been used in the animal feed industry in 

Brazil, fostering enormous development in the livestock 
industry, and around the world. The search for alternatives 
in animal feed such as additives is ongoing; further studies 
are necessary in order to establish limits to their use and 
determine the conditions or environments in which they are 
feasible. We must also consider the environmental issues; 
although equally important, these are much harder to 
include in financial calculations. We can however conclude 
that enzymes are important in promoting a higher bio
availability and digestibility, taking sustainability into 
account (Meale et al. 2014). 

7.8	 Targeting Microbial Enzymes of 
Industrial Interest 

Microorganisms are able to provide different metabolic 
responses to precursors, products and environmental con
ditions. In this context, several studies have been conducted 
in order to establish the optimal conditions for microbial 
production of enzymes with industrial application. Meta
bolic engineering of selected microorganisms represents a 
significant tool to obtain large amounts of recombinant 
enzymes. Despite the efficacy of this type of approach, 
much more has been done to minimize cost and optimize 
enzyme synthesis. In this regard, investigation of the 
metabolic pathways responsible for synthesis of the desired 
enzyme is very promising. 
Targetedproteomicsusing liquidchromatographycoupled 

with mass spectrometry (LC-MS) consists of a quantitative 
methodology capable of detecting proteins of interest with 
high sensitivity and reproducibility. This technique provides 
quantitative data about specific metabolicpathways, enabling 
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Table 7.5 Values of independent variables (X1 and X2) used in central composite rotational design (CCRD), showing the values 
observed and predicted by the mathematical model for endoxylanase production by Trichoderma atroviride 102C1 (Oliveira 
et al. 2014). Results are the mean of two experiments; O: observed; P: predicted. 

Run Coded setting levels Actual levels %(w/v) Endoxylanase activity (U mL�1) 

X1 X2 X1 X2 O P 

1 �1 �1 1.5 0.3 99.70 109.84 
2 +1 �1 3.5 0.3 50.80 69.80 
3 �1 +1 1.5 1.1 147.28 132.94 
4 +1 +1 3.5 1.1 266.30 260.83 
5 �1.41 0 1.09 0.7 105.41 109.35 
6 +1.41 0 3.91 0.7 179.93 171.29 
7 0 �1.41 2.5 0.15 91.79 72.08 
8 0 +1.41 2.5 1.26 208.03 223.04 
9 0 0 2.5 0.7 241.41 241.67 
10 0 0 2.5 0.7 242.58 241.67 
11 0 0 2.5 0.7 240.97 241.67 

the identification of ‘bottlenecks’, metabolic pathways that 
directly interfere with the desired molecule synthesis. 
This information may lead to more rational microbe 
engineering and, consequently, to an increase in enzyme 
or metabolite production (Redding-Johanson et al. 2011). 
Targeted proteomics has been recently used for optimiz
ing the production of vanillin in Pseudomonas putida. 
Microbial synthesis of this phenolic aldehyde is usually 
impaired by its cytotoxicity. Large amounts of vanillin 
induce the conversion of P. putida to vanillic acid and 
protocatechuate by the producing microorganism, thereby 
decreasing the final yield. Using LC-MS/MS, 662 pro
teins from P. putida that participate in vanillin metabo
lism were identified. Proteomic analysis revealed that 
other aldehyde dehydrogenases are also important for 
vanillin degradation. Furthermore, these enzymes could 
be targeted in order to avoid vanillin lost by degradation 
(Simon et al. 2014). 
Targeted proteomics was also used to identify micro

bial enzymes responsible for the natural fermentation of 
pozol, a Mexican traditional fermented maize dough. LC
MS/MS analysis identified 572 proteins of bacterial origin 
(mainly composed of Lactobacillus and Acetobacter 
genus) and 446 from fungi (mainly composed of Asper
gillus genus). These results were important not only 
for comprehending the microbiota responsible for pozol 
fermentation, but also for opening new avenues for 
the discovery of enzymes with technological potential 
(Cárdenas et al. 2014). 

7.9	 Mathematical Models for Enhanced 
Enzyme Production 

Enzyme production by microorganisms has been widely 
studied by many researchers worldwide. When a researcher 
needs to optimize a bioprocess, such as enzyme production, 
it is necessary to plan an experimental procedure to assess 
the effects of the independent variables on the system. One 
method of evaluating these effects is through factorial 
design, which can be complete, simple or fractional. By 
adopting a full factorial design, 2–6 independent variables 
can be evaluated at the same time, generating 12–81 
different combinations assays. Once the matrix is com
pleted and the experiments performed, it is possible to 
evaluate the results using ANOVA, response surface meth
odology and the Pareto curve. Data can also be analysed 
using STATISTICA software. See Table 7.5 for an illus
tration of a matrix of full factorial design. 
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foods that do not cause a drastic increase of blood glucose 
levels to control diabetes mellitus (Bharath Kumar & 

There is today a growing proactive attitude towards the 

8.1 Introduction 

Prabhasankar 2014). To accomplish a healthy diet to 

prevention of illness and maintenance of the health and manage these well-recognized diseases, special-requirement 

health issues are commonplace within households. Current foodstuffs are needed. 

trends in foods include several health-related subjects such In the last years, the food industry has responded to 

as functional and healthy foods, prescriptive eating, healthy consumers’ demand by increasing its production for spe

diet, risk awareness and pharma foods (Stones 2012; Sloan cial-requirement foods several times. Among the most 

2014). Although functional foods are able to preserve popular of these products are gluten-free and low-glycae

health or delay the onset of diseases, to meet the dietary mic-index breads and bakery goods. However, consumers 

requirements of some already diagnosed diseases or phys believe that special dietary foods should taste good, and the 

iological conditions special foods are necessary. organoleptic properties of substitutes for wheat in some 

The prevalence of celiac disease and other gluten-related foodstuffs are not satisfactory (Mazzeo et al. 2014). Wheat-

diseases has increased around the world, and their treatment based gluten-free breads with reduced glycaemic index 

is a strict life-long gluten-free diet. Foods free from wheat, could therefore be one of the best solutions for many 

rye and barley proteins are required to avoid triggering consumers. In this chapter we present the advances of 

gluten-related disorders (Leonard & Vasagar 2014). enzymatic modification of gluten proteins and starches 

Another disease of epidemic proportion is diabetes, and for gluten-free and low-glycaemic-index cereal foods. 

sufferers require a low-glycaemic-index diet including We also describe general information on wheat constituents 
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which induce or trigger some diseases, their pathogenesis 
and the possible effects of these modified ingredients or 
foods. 

8.2	 Foods for Special Dietary Uses 

According to the Codex Alimentarius, the  ‘foods for special 
dietary uses are those foods which are specially processed or 
formulated to satisfy particular dietary requirements which 
exist because of a particular physical or physiological 
condition and/or specific diseases and disorders which 
are presented as such. The composition of these foodstuffs 
must differ significantly from the composition of ordinary 
foods of comparable nature, if such ordinary foods exist 
(FAO & WHO 2001). Sometimes they are misnomer medi
cal foods which are included within this category, but an 
important difference is drawn. Medical foods should be 
consumed under the supervision of a physician, while foods 
for special dietary uses do not require medical prescription. 
Many people buy these foods to treat specific health condi
tions by themselves or because they consider them healthier. 
The number of consumers of gluten-free products 

appears much higher than the projected number of celiac 
disease patients (Sapone et al. 2012). In the USA, just 20% 
of gluten-free products were sold to people for reasons 
linked to celiac disease or other gluten- or wheat-related 
diseases. The rest who bought gluten-free products believe 
them to be healthier and helpful for weight loss, or view 
them as an indicator of higher quality (Sloan 2011; NPD 
Group 2013; Choung et al. 2015). Gluten-free products 
were one of the most successful markets in 2013, and their 
global sales are predicted to reach a value of over US$ 6000 
million by 2018 (Miranda et al. 2014). 
Among the most popular gluten-free products at the 

supermarket are bread, pasta, pastry, biscuits, crackers, 
pizza, pies, cakes and breakfast cereals. These products 
are safe for those with celiac disease and available in 
European countries as Italy, Spain, Germany and Norway 
(Gibert et al. 2013), Canada and the USA (Sloan 2011, 
2014). However, just three years ago, the availability of 
these products was limited and more expensive than their 
counterparts; in London, only regular supermarkets and 
health food shops stocked such products (Singh & Whelan 
2011). 
The availability of gluten-free products is still low in 

developing countries. In Brazil, bread is the most desired 
product and there is dissatisfaction due to the poor quality 
of the gluten-free foods at the supermarket (Do Nascimento 
et al. 2014). Also in Mexico, the majority of gluten-free 
products were imported and some of them contaminated 

with gluten (Cabrera-Chávez & Calderón de la Barca 
2010a). 
Other great opportunities for new food formulations for 

special dietary use are those for reducing the diabetic risk. 
Products positioned to address insulin resistance, blood 
sugar control and metabolic syndrome represent large 
market opportunities (Sloan 2012). Aside from diabetes, 
long-term sustainable energy and weight control are the 
most marketable mainstream health linked to blood sugar 
control (Sloan 2014) due to the prevalence of obesity. 
Due to growing health concerns, the bakery industry 

worldwide has benefited from the consumption of baked 
products with a healthy nutritional profile; those rich in 
cereal fibre are associated with a reduced risk of obesity and 
diabetes (Cho et al. 2013). Breads and wheat goods for 
special dietary needs such as celiac disease and other 
gluten-related diseases, as well as those for persons at 
high risk of diabetes, have a promising future. 

8.3	 Wheat Constituents that may Trigger 
Adverse Reactions 

Cereals are the world’s most important commodities with 
more than 2400 million tonnes produced per year (FAO 
2014). They remain the most important food source, con
tributing more than 50% of calories consumed worldwide; 
the consumption of wheat has increased especially for 
developing countries (Kearney 2010). Wheat is therefore 
the most important cereal traded on international markets 
due to its unique nutritional and technological properties for 
the production of pasta, noodles, cookies, bread, crackers, 
breakfast cereal and cakes. 
As the amount of dietary wheat, along with all the 

molecules it contains, has increased, the prevalence of 
several diseases related to its intake has risen, although 
other factors have contributed to the disease development 
(Abadie et al. 2011). The human body can react negatively 
to other molecules besides gluten proteins, which are the 
wheat constituents responsible for celiac disease, IgE-medi
ated food allergy and herpetiformis dermatitis (Ludvigsson 
et al. 2013). Non-celiac wheat sensitivity is a newly 
described clinical entity, probably triggered by wheat mol
ecules distinct from gluten (Carroccio et al. 2013; Khamsi 
2014). 
Among wheat constituents related to a range of several 

non-celiac sensitivities, there are proteins different from 
gluten such as wheat germ agglutinin and α-amylase inhib
itor. They are able to stimulate intestinal and immune cells 
in vitro, as well as be recognized by serum IgA from some 
gastrointestinal disease patients (Pastorello et al. 2007). 
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Preliminary studies suggest that after gluten digestion, 
some peptides act as morphine and others as opiates. 
Finally, wheat contains carbohydrate in the form of fructans 
which are difficult to digest and induce extreme discomfort 
in some people (Biesiekierski et al. 2013). 

As much as 70–80% of the carbohydrates in Western 
diets are starches; many of them are supplied by wheat-
contained foodstuffs as baked goods, the market for which 
is worth more than US$ 10 billion per year (Sloan 2011). 
Despite the fact that starches do not induce a direct adverse 
immune reaction, they are recognized as the source of 
insulin resistance, poor blood sugar control and metabolic 
syndrome. The blood glucose levels in the postprandial 
period depend mainly on the consumed starches and other 
food carbohydrates; this is known as the glycaemic index 
which, when multiplied by quantity, defines glycaemic 
load. People with metabolic syndrome and diabetes patients 
must avoid foods with heavy glycaemic load (Brand-
Miller & Buyken 2012). 

Starches are classified on the basis of their gastro
intestinal digestion properties into rapidly and slowly 
digestible starches and resistant starch. After ingestion, 
blood glucose increases in fast or slow forms depending 
on the starch classes, but they are completely digested and 
absorbed in the small intestine. Resistant starch is not 
digested, but fermented in the large intestine (Fuentes-
Zaragoza et al. 2010). 

The technological properties of wheat flours are strongly 
related to their constituents. Due to their influence on 
functional properties of baked goods, gluten proteins are 
unique ingredients and the most important of all these 
molecules (Sapone et al. 2012; Khamsi 2014), indepen
dently of their effects on nutrition and health. When 
designing special dietary use foodstuffs, it is therefore 
important to maintain the integrity of the components 
and functionality as much as possible. 

8.4	 Gluten Proteins: Role in Pathogenesis 
of Gluten-Related Disorders 

The wheat major storage proteins, comprising about 
75–85% of the total protein of the wheat kernel, are 
collectively called gluten. This is the viscoelastic mass 
that remains when wheat dough is washed to remove starch 
granules and water soluble constituents (Wieser 2007). 
Gluten proteins can be classified into high- and low-molec
ular-weight glutenin subunits, and the alcohol-soluble gli
adins (Van den Broeck et al. 2009). 

Gliadins represent a highly heterogeneous group of 
monomeric polypeptides with molecular weights varying 

over the range 30–80 kDa, corresponding to four distinct 
groups, α-, β-, γ- and ω-gliadins (Delcour et al. 2012). 
Glutenins are a heterogeneous mixtures of polymers asso
ciated through disulphide bonds, with molecular weights up 
to several million Daltons. High-molecular-weight glutenin 
subunits have molecular weights of 65–90 kDa, while low
molecular-weight glutenin subunits have molecular 
weights of 30–60 kDa (Goesaert et al. 2005). 
Worldwide, more than 25,000 different wheat cultivars 

are grown (Sapone et al. 2012). In a single wheat cultivar 
there are up to several hundred different gluten proteins, 
differing only by a few amino acids (Sollid et al. 2012). 
However, all of them are proline- and glutamine-rich 
proteins and therefore also called prolamins. The high 
content of proline (about 15%) makes the gluten proteins 
resistant to proteolytic degradation in the gastrointestinal 
tract. Long gluten peptides of 15–50 residues therefore 
remain in the small intestine (Sollid et al. 2012). Given their 
heterogeneity, gluten proteins generate many distinct glia-
din- and glutenin-derived sequences and are able to elicit 
innate and adaptive immune responses (Sollid et al. 2012). 
It is recognized that wheat intake can induce autoimmune 

diseases with severe symptoms such as celiac disease, 
dermatitis herpetiformis and gluten ataxia. Wheat proteins 
are also related to immune-mediated diseases such as gluten 
sensitivity and IgE-mediated food allergy. The best known 
are wheat allergy and celiac disease (Sapone et al. 2012). 
Celiac disease is a chronic small-intestinal immune-

mediated enteropathy triggered by exposure to dietary 
gluten in genetically predisposed individuals (Ludvigsson 
et al. 2013). Food allergy is defined by an immediate 
response to wheat proteins. In both conditions, the reaction 
is mediated by T-cell activation in the gastrointestinal 
mucosa. While wheat allergy is the cross-linking of IgE 
by repeat sequences in gluten peptides that triggers the 
release of mediators such as histamine, celiac disease is an 
autoimmune disorder producing autoantibodies against 
tissue transglutaminase (Sapone et al. 2012). 
In celiac disease patients, gluten peptides are transported 

across the intestinal epithelial barrier to the lamina propria 
where the enzyme tissue transglutaminase deamidates 
them. After deamidation, peptides present a higher affinity 
for the major histocompatibility complex (MHC) class II 
molecules, HLA-DQ2 and HLA-DQ8, in antigen present
ing cells (Ciccocioppo et al. 2005; Ludvigsson et al. 2013). 
Adaptive responses to gluten are initiated when these cells 
phagocytose gluten peptides and present them to T-helper 
cells, whose activation is crucial for the development of 
celiac disease (Briani et al. 2008). The activated intestinal 
T-cells drive an inflammatory response that leads to the 
development of the characteristic lesions in celiac disease. 
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The mechanism of pathogenesis for IgE-mediated food 
allergy is different from that of celiac disease, but gluten 
proteins are also involved (Sapone et al. 2012). There are 
antigens which are preferentially recognized by celiac 
disease immune systems evidenced through humoral 
IgA, whereas others elicit IgE-mediated food allergy. 
The gluten immune-dominant subunits recognized by 
IgA from celiac disease patients are those of molecular 
weight 25–46 kDa, while serum IgE from allergic patients 
reacted to a great variety of molecular weight bands over 
the range 10–70 kDa (Constantin et al. 2005). 
In addition to celiac disease and wheat allergy, there are 

several other disorders related to wheat. Nowadays, non-
celiac wheat or gluten sensitivity could be a syndrome (or 
several different diseases) with different pathogenesis in 
people in whom celiac disease and wheat allergy have been 
excluded (Sapone et al. 2012). The intolerance in some 
patients may be manifested by abnormal permeability and 
abnormal innate immunity, while other patients can mani
fest intolerance to other wheat components which are not 
related to the celiac-toxic peptides (Cueto Rúa et al. 2013). 
Even the resolution of the symptoms by a gluten-free diet 
can fail in some of the non-celiac wheat-sensitive patients, 
because it is not known which components of wheat cause 
the symptoms (Carroccio et al. 2013). 
Gluten-associated disorders have different clinical mani

festations involving the gastrointestinal tract, the nervous 
system, the skin and other organs (Carroccio et al. 2013). In 
some cases there are symptoms of malabsorption as diar
rhoea or malnutrition or a syndrome indicated by growth 
failure, weight loss and steatorrhoea, muscle wasting, poor 
appetite and abdominal distension. In children, signs of 
emotional distress as change of mood or lethargy can 
appear. Other patients present anaemia, fatigue and abdom
inal pain and even reproductive disease and oral or cutane
ous manifestations (Ludvigsson et al. 2013). 
Signs and symptoms related to gluten or wheat usually 

disappear with the strict adherence to a gluten-free diet and 
reappear with wheat consumption. However, for many 
patients the diet is very restrictive and hard to maintain 
for various reasons, including psychological and social 
factors, a bad attitude towards diet and the lack of taste 
and palatability of gluten-free foods as compared to con
ventional wheat products (Verrill et al. 2013; Lamacchia 
et al. 2014). 

8.5 Enzymatic Modification of Proteins 

Proteins are used as ingredients in many food products 
because they contribute to the desired characteristics such 

as mixing behaviour, foaming, emulsification or gel forma
tion (Lazaridou & Biliaderis 2009). Additionally, proteins 
can be modified by enzymatic treatments not only to model 
the required physical functional properties but to meet 
special dietary requirements or needs. For many years, 
proteins have been enzymatically hydrolysed for products 
such as those for elderly with impaired intestinal absorp
tion, hypoallergenic infant formulas, sports nutrition and 
weight control diets (Calderón de la Barca et al. 2000). 
Enzymatic modification of proteins has also been per

formed to change the amino acid profile. The technique 
involves a mild hydrolysis using proteases, followed by 
covalent binding of amino acids to terminal alpha amino 
nitrogen. In this way, the methionine content of soy proteins 
was increased (Calderón de la Barca et al. 2000) and an 
amino acid profile was modelled for cirrhosis or metabolic 
stress, where 30% branched chain amino acids is required 
(Rodríguez et al. 2003). 
Wheat gluten proteins are recognized by their ability to 

develop strong and cohesive dough that retain gas during 
the fermentation which characterize bread, cakes and 
other goods (Lazaridou & Biliaderis 2009). To avoid 
gluten for people with gluten-related disorders, the 
food industry has developed products based on alternative 
grains. However, gluten replacement presents a major 
technological challenge, especially in baked goods which 
lack cohesiveness, elasticity, resistance to stretch and 
have low-gas-holding ability, resulting in low-volume 
and breakable breads (Gallagher 2009). 

Gluten proteins form, at the molecular level, during the 
dough development, a polypeptide network maintained by 
disulphide bonds. Such a network, in rheological terms, 
acts as a frame responsible for the elasticity and viscosity 
parameters, producing a viscoelastic matrix. In conven
tional gluten-free formulations, there is no formation of a 
viscoelastic matrix. For example, gluten-free doughs such 
as those based on amaranth have a higher proportion of 
elastic parts than wheat dough (Houben et al. 2010). It is 
therefore necessary to find ways to mimic that property 
from wheat dough in gluten-free bread made from alterna
tive flours. 
Attempts to improve the quality of gluten-free bread by 

using enzymes as glucose oxidase and laccase as structur
ing agents have been made. While laccase improves the 
bread specific volume and reduces crumb hardness, the 
effect of glucose oxidase is debatable. Perhaps it depends of 
the added amount and flour dough type, with formation of 
an artificial protein network in rice dough considered 
detrimental to the quality of oat bread (Gallagher 2009), 
possibly due to an extensive protein polymerization. 
According to Sciarini et al. (2012), although some 
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Figure 8.1 Acid lactic fermentation to completely hydrolyse the 33-mer peptide from α-gliadins. Fermentation for 24 hours by 
VSL#3 preparation containing Streptococcus thermophilus, Lactobacillus plantarum, L. acidophilus, L. casei, L. delbrueckii spp. 
bulgaricus, Bifidobacterium breve, B. longum and B. infantis is able to fully degrade the 33-mer immunogenic celiac peptide from 
α-gliadins (De Angelis et al. 2006). VSL#3 presents enzyme activities as proline iminopeptidase, aminopeptidase type N and A, 
dipeptidase, prolinase, prolidase, dipeptidyl peptidase, tripeptidase, prolylendopeptidase and endopeptidase. 

molecular changes were obtained by glucose oxidase addi
tion, the quality parameters of gluten-free bread were not 
improved. 

The majority of gluten-free formulations include differ
ent structuring agents such as starches, hydrocolloids, 
gums, fats, egg and dairy products to improve the sensory 
characteristics and mimic the viscoelastic properties of 
gluten. However, parameters of lower quality are obtained 
compared to their counterparts prepared from wheat 
(Sciarini et al. 2012; Lamacchia et al. 2014). The low-
quality characteristics of gluten-free foods create large 
unconformities in consumers. To solve these problems, 
several strategies to detoxify gluten by using the enzymatic 
modification have been addressed. 

The enzymatic modification of gluten has as its main 
objective the evasion of the activation of the immune 
response in celiac patients and also the preservation of 
the protein functionality as much as possible, as well as 
the handling of the dough and quality of the products 
(Huttner & Arendt 2010). The modification methods 
include the hydrolysis of gluten by specific peptidases 
and the transamidation of amino acids by proteases or 
transferases (Cabrera-Chávez & Calderón de la Barca 
2010b; Wieser & Koehler 2012). 

8.5.1 Hydrolysis of Gluten 

After finding that the pathogenesis of celiac disease was 
based on gluten immunogenic peptides unable to be 
digested by the gastrointestinal enzymes, different sources 
of peptidases to break gluten peptide sequences were 
sought. The best-known source was lactic acid bacteria 
used as proteolytic enzymes in the oldest method for 
leavening bread, the sourdough process. Traditionally, a 

part of sourdough is added as an ingredient to wheat or rye 
dough for baking, which confers a tangy or sour taste 
characteristic of lactic acid produced by lactobacilli 
(Cabrera-Chávez & Calderón de la Barca 2010b). 
For gluten-free bread, the idea is to detoxify gluten 

proteins by a heavy hydrolysis. In that way, a pool of 
selected lactic acid bacteria and fungal proteases, which are 
routinely used in bakery, cause the complete degradation of 
gluten during sourdough fermentation (Rizzello et al. 2007; 
De Angelis et al. 2010; Di Cagno et al. 2010). 
Sourdough fermentation of wheat flour has some limita

tions such as the long fermentation period (24–72 hours) 
required for reducing the toxic peptides of gluten (Fig. 8.1). 
This kind of fermentation abolishes the techno-functional 
properties of gluten and, when it is fully hydrolysed, it is 
unsuitable for making baked goods (Rizzello et al. 2007). A 
biotechnology protocol was therefore used by Rizzello 
et al. (2014) for preparing bread with an intermediate 
content of gluten. They used the same former sourdough 
lactic acid bacteria and fungal proteases, setting times for 
maintaining the texture and sensorial characteristics of 
traditional bread. At 28% reactive gluten reduction, senso
rial and technologically acceptable bread was obtained 
(Rizzello et al. 2014). 
Additionally to proteolysis, lactic acid bacteria produce 

homopolysaccharides such as those used in conventional 
bread-making. Their use in gluten-free baking is promising 
since they can potentially act as hydrocolloids (Wolter et al. 
2014). 
Other strategy of modification is the use of peptidases 

from germinated cereals, consisting of a mixture of endo
and exopeptidases specialized to hydrolyse the storage 
proteins (Wieser & Koehler 2012). Peptidases from germi
nated cereals are able to degrade gluten-isolated proteins as 
well as gluten peptides, but further research into which this 
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Figure 8.2 Transamidation or transpeptidation of immunogenic sequences from wheat gluten. ‘X’ refers to the amino acid used 
to generate the steric bulk that impairs the recognition by immune cells involved in the celiac pathogenesis. If transamidation is 
carried out, the bound amino acid should be Lysine (K) (Gianfrani et al. 2007) preferentially linked to glutamine (Q) at the position 
P_Q (X within a box) (Mazzeo et al. 2003); if transpeptidation is used, ‘X’ could be Methionine (M) (Cabrera-Chávez et al. 2010), 
Lysine (K) or Valine (V) (Heredia-Sandoval et al. 2014) with the amino acid bound to a glutamine residue at a random position. 

modification could be applied directly in a food system is 
required (Schwalb et al. 2012). 

8.5.2	 Transamidation and Transpeptidation of 
Gluten Proteins 

Gluten proteins contain up 35% glutamine residues, of 
which deamidation of the lateral amino groups is the key 
in celiac disease pathogenesis. This is because after dea
midation, gluten peptides are charged and recognized by 
the HLA-DQ2 and/or DQ8 molecules expressed in antigen-
presenting cells. Free amino acids can therefore be bound, 
by enzymatic transamidation using transferases or prote
ases, to the lateral amino group in glutamine residues of 
gluten proteins (Fig. 8.2). If the charge is changed, the 
immune recognition will be decreased; additionally, the 
bound amino acids produce a steric bulk that contributes to 
the lack of recognition by the immune cells (Kapoerchan 
et al. 2008; Cabrera-Chávez & Calderón de la Barca 
2010b). 

By transamidation, Gianfrani et al. (2007) bound lysine 
methyl ester to gluten proteins in a 12% (w/v) suspension of 
wheat flour by using microbial transglutaminase. They 
generated gliadin-specific intestinal T-cell lines from 
biopsy specimens from celiac disease patients, and chal
lenged them in vitro with the obtained preparations. The 
modification inhibited the interferon expression of the 
T-cell lines, and the binding to molecules HLA-DQ2 
was reduced but not abolished as it was studied in silico. 
Lysine methyl ester was effectively bound to the required 
sites in gliadins because, after transamidation, the modified 

gliadins were unable to induce an immune T-cell response 
in vitro after the challenge. 
Although no information on the functional properties of 

gluten after treatment was provided in the publication by 
Gianfrani et al. (2007), there are studies on the technologi
cal properties of wheat proteins treated with transglutami
nase. Wang et al. (2007) reported that the transglutaminase 
treatment of gluten proteins increases the gelation capacity. 
Also, the hardness of the food matrix is increased when 
gluten proteins are treated by transglutaminase (Wang et al. 
2011); according to the authors, that is mainly due to the 
increased gelatinization properties. 
A large-scale transamidation of wheat flour was per

formed using the same approach as Gianfrani et al. (2007). 
Following the 2-hour reaction time, the flour suspension 
was centrifuged. The precipitated material (pellet) was used 
as dough to manufacture bread. The product was evaluated 
in a 90-day trial in celiac disease patients in remission; the 
results indicated a reduced number of relapses in the 
challenged patients and a drastic reduction of gluten 
reactivity as detected by R5 antibodies (Mazzarella et al. 
2012). No bread or dough physical properties were 
described, just that the modified dough was able to produce 
bread. 
Another method of enzymatic modification to incorpo

rate a steric bulk into gluten peptides to abolish their 
immune recognition is the use of proteases acting as 
transferases, such as α-chymotrypsin to bind methionine 
in a 30% (w/v) gluten suspension (Cabrera-Chávez et al. 
2010). After reaction, the recognition of gluten peptides by 
IgA antibodies from celiac disease patients was signifi
cantly reduced. In addition, the modified gluten was mixed 
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with maize starch to prepare bread without any additives. 
The gluten content of the produced bread was reduced from 
100,000 to 57 ppm as evaluated by ELISA-R5. 

The greater part of the functionality of gluten proteins 
was preserved after the former enzymatic modification 
using chymotrypsin, although homogeneity of the crumb 
was not as uniform as in conventional bread and neither was 
the specific volume (Cabrera-Chavez et al. 2010). The 
problem was possibly the failure to homogenize and 
hydrate the mix of modified gluten and maize starch. A 
reaction was therefore performed adding chymotrypsin and 
free amino acids directly to the mix with wheat flour for 
preparing bread, as transamination is better carried out 
under conditions of low water activity (Heredia-Sandoval 
et al. 2014). Although the rheological and functional 
properties of the dough were improved with respect to 
other enzymatic modifications, the gluten immuno
reactivity reduction was limited to 30% of the initial result, 
not enough for gluten-free bread. In conclusion, further 
work is necessary on enzymatic modification as it appears a 
promising technology to obtain bread with all the desirable 
sensorial characteristics, but without risk for patients with 
gluten-related disorders. 

Enzymatic treatments to develop gluten-free products 
could be grouped into ‘reactions to modulate technological 
properties’ and ‘reactions to evade the immune adverse 
response’. The former seem to reach the objective of 
improving the quality characteristics of bread such as 
specific volume, firmness and crumb structure (Sciarini 
et al. 2012). This does not mean that consumers will 
appreciate the improvements, due to the increased cost 
as a result of expensive production. On the other hand, 
there are not yet commercially available products designed 
to ‘evade the immune adverse response’. However, this is a 
promising alternative for gluten-free food production since 
several of the sensorial and technological properties of 
wheat gluten are preserved. Moreover, modifications of 
this kind are recognized as future alternatives for the 
treatment of gluten-related diseases by specialists not 
only of food science and technology, but also gastroen
terologists, dieticians and nutritionists (Gianfrani et al. 
2007; Mazzarella et al. 2012). 

8.6	 Polysaccharides and the Glucose 
Response 

As described at the beginning of this chapter, to reduce the 
risk and progression of complications a low-glycaemic
index and a reduced glycaemic-load diet are needed to 
improve glycaemic control (Brand-Miller & Buyken 2012). 

As much as 70–80% of carbohydrates in Western diets 
are starches (BeMiller 2007; Chung et al. 2008). Nowa
days, one of the nutritional trends is to increase the pro
portion of slowly digestible and resistant starches with 
respect to rapidly digestible starches, as well as whole-
grain foods that provide a high fibre intake to prevent 
chronic diseases such as diabetes and hypertension (Barclay 
et al. 2008). 
Whole fruits, legumes and non-starchy vegetables are 

recognized as foods of reduced glycaemic index. However, 
breads and biscuits are still part of the breakfast and lunch 
of an increasing number of adults taking three meals daily. 
Additionally, despite consumers’ interest in healthy foods, 
desserts are still consumed and the in-store bakery business 
is more than US$ 10 billion per year in the USA. These 
include cakes, cookies and brownies, as well as other 
wheat-containing foodstuffs (Sloan 2012). Wheat-based 
foods are as widely consumed as ever despite the need 
for some consumers to reduce their post-prandial glycaemic 
response for medical reasons; modified wheat starch with 
reduced glycaemic index would therefore have a beneficial 
effect (EFSA 2012). 

8.6.1	 Polysaccharide Hydrolysis by Human 
Digestion 

One of the major nutritional functions of food polysacchar
ides is to provide energy. These are alpha-linked glucans 
susceptible to hydrolysis by mammalian alpha-amylase. 
The human diet includes mainly two types of polys
accharides: starches and the polysaccharides of the plant 
cell wall, sometimes referred as non-starch polysacchar
ides. Non-starch polysaccharides comprise the rest of the 
dietary plant polysaccharides, resistant to alpha-amylase 
(Anderson et al. 2009). 
The human digestion of starch begins at the mouth with 

salivary alpha-amylase, and the starch hydrolysis is com
pleted in the small intestine by pancreatic amylase. Amy
lase hydrolyses starches composed by amylose (linear 
polymer of glucose with alpha 1-4 glycosidic bonds) and 
amylopectin (branched polymer of glucose with both alpha 
1-4 and 1-6 bonds). The action of alpha-amylase produces 
not only linear fragments of amylose but also larger 
branched fragments containing alpha 1-6 bonds if the 
substrate is amylopectin (Mathewson 1998). 
After the salivary amylase action, the bolus formed at the 

mouth passes onto the stomach. The stomach glands pro
duce hydrochloric acid (HCl) and enzymes plus secreted 
water that hydrates starches, increasing their volume. 
Although amylases are not active at the stomach pH, 
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food polysaccharides undergo some changes that determine 
their physical properties before passing into the intestinal 
lumen (Perera et al. 2010). All different polysaccharides are 
integrated into a viscous stomach content called chyme, 
which passes through the pylorus reaching the duodenum. 
In the duodenum, alkaline secretions neutralize the acidic 

pH of the chyme and permit its further digestion by 
pancreatic amylase to produce disaccharides. These mole
cules are transformed into glucose, fructose and galactose 
by disaccharidases in the small intestine’s brush border 
(Barrett & Udani 2011). These monosaccharides are then 
absorbed into the intestinal cells and enter the bloodstream. 
The kinetics of the process from ingestion to uptake into the 
bloodstream defines the glycaemic index. 
There are some starch molecules that are not hydrolysed 

by amylases and therefore avoid absorption as monosac
charides. One approach to this characteristic is to reduce the 
susceptibility to amylase action by the re-arrangement of 
the starch molecules (Jenkins & Kendall 2000). For exam
ple, the reduced degree of hydrolysis in starch either 
chemically or enzymatically substituted is caused by the 
steric obstruction imposed by bulky substituents that con
vert the glycosidic bonds such that they are physically 
inaccessible to the active site of pancreatic alpha-amylase 
(Chung et al. 2008). 

8.6.2	 Glucose Response Depending on Food 
Matrices 

When Englyst et al. (1999) defined resistant starches, these 
were conventionally divided in three types. Type 1 are 
starches entrapped in other macromolecular structures and 
type 2 are crystallized starches that need a previous gelati
nization to be enzymatically hydrolysed. Type 3 are retro
graded starches, created when the crystalline structures of 
amylose and amylopectin molecules are lost due to hydra
tion forming a viscous solution. If the viscous solution is 
cooled or left at a lower temperature for a long enough 
period, the linear molecules, amylose and linear parts of 
amylopectin molecules retrograde and rearrange them
selves to a more crystalline structure (Morita et al. 2005; 
Zuleta et al. 2006). In this arrangement, the crystalline 
component of retrograded starches is the least-accessible 
part of the action of human amylases (Han et al. 2006). 
Recently, a new type of resistant starch was described as 
Type 4: chemically modified starch by conversion, substi
tution or cross-linking, to form atypical linkages which 
decrease its digestibility by human enzymes (Fuentes-
Zaragoza et al. 2011). 

igure 8.3 Modification of starches. (A) Starches are com

osed of linear (amylose) and branched chains (amylopectin) 
f glucose units. (B) In an aqueous system, the starches lose the 
rystalline original structure and enzymes such as pullulanase 
atalyse the de-branching of amylopectin, releasing linear 
olysaccharides. (C) The action of cyclodextrin glycosyl trans
erase forms rings of (1 → 4)-linked α-D-glucopyranosyl units 
rom amylose and amylopectin. The enzyme can form six-, 
even-, and eight-membered cyclic maltooligosaccharides by 
eans of an intramolecular transfer called cyclization (BeMiller 
007). 
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8.7 Polysaccharide Enzymatic Modification 

8.7.1	 Saccharidases for Producing Resistant 
Starches 

Between the two macromolecular components of starches 
(amylose and amylopectin, Fig. 8.3a), amylopectin is less 
susceptible to being retrograded due to its branches. A de-
branching (Fig. 8.3b) is therefore desirable before begin
ning retrogradation for making resistant starches (Han et al. 
2006). Although the α- and β-amylases can catalyse the 
hydrolysis of α-1,4 glycosidic bonds, the pullulanase is 
better for de-branching starches since it can hydrolyse the 
α-1,6 glycosidic linkage (BeMiller 2007; Van Oort 2010). 
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8.7.2	 Enzyme Cyclization to Reduce Starch 
Digestion 

Cyclodextrins are cyclic oligosaccharides composed of 
α-1,4-glycosidic-linked glucose residues with a cone-
shaped structure, hydrophilic outer and a hydrophobic 
internal (Buckley et al. 2006; Li et al. 2007; Qi et al. 
2007). The cyclic structure and hydrophobic core delay the 
ability of human amylases to hydrolyse them, thus slowing 
hydrolysis (Asp et al. 2006). Cyclodextrins are therefore 
food ingredients with the potential to attenuate the glycae
mic response of carbohydrate-containing foods (Buckley 
et al. 2006). 

The enzyme cyclodextrin glycosyltransferase is capable 
of converting starch into cyclodextrins (Fig. 8.3c; BeMiller 
2007; Li et al. 2007). The catalysis mechanism starts when 
the enzyme cleaves the α-1,4-glycosidic bond, resulting in a 
covalent intermediate (linked at the Asp 229 and Glu 257 of 
the enzyme sequence). The linear chain of the intermediate 
then takes a cyclic conformation followed by the α-1,4
glycosidic bond reformation with the terminal 4-hydroxyl 
group (generated from the Glu 257 interaction) of the 
intermediate (Li et al. 2007). 

The catalysed changes of the enzymes in starches, as 
described above, should have the common ability to pro
duce resistant polysaccharides for human amylase action. 
As in resistant starches, active sites of amylases are unable 
to find the glycosidic bonds because of a steric obstruction. 
The glucose response, after the intake of the foodstuffs 
formulated with the modified starches, will therefore be 
lower than the counterpart foods made from native starches 
(Brites et al. 2011). 

8.8 Conclusions 

The enzymatic modification of gluten proteins and starches 
to create gluten-free and low-glycaemic-index foods for 
special dietary uses is a promising technology for the next 
generation. Concerning immune reactions triggered by 
wheat gluten, the inclusion of steric bulk by enzymatic 
methods appears to be the best choice since it does not alter 
the length of protein; consequently, it can preserve at least 
part of the technological properties. Regarding the modifi 
cation of starches to reduce the glycaemic index of the 
formulated foods, the process should be combined with 
physical methods which modify food matrices as the 
glucose response is related to the complexity of the food 
matrix. 
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9.1 Introduction 

Our growing knowledge and technique improvement regard
ing protein extraction and purification has led to the produc
tion of many enzymes at analytical-grade purity for research 
and biotechnological applications (Homaei et al. 2013). The 
application of enzymes in different industries is continuously 
increasing, especially during the last decades. Industrial 
applications of enzymes include food (baking, dairy prod
ucts, starch conversion) and beverage processing (beer, wine, 
fruit and vegetable juices), animal feed, textiles, pulp and 
paper, detergents, biosensors, cosmetics, health care and 
nutrition, wastewater treatment, pharmaceuticals and chem
ical manufacture and, more recently, biofuels such as bio
diesel and bio-ethanol (Kjeang 2006; Brady & Jordaan 2009; 
Atadashi et al. 2010; Janaun & Ellis 2010; Parawira & Tekere 
2011; Homaei et al. 2013). However, all these desirable 
characteristics of enzymes and their widespread industrial 
applications are often hampered by their lack of long-term 
operational stability, shelf-storage life and by their cumber
some recovery and reuse. These drawbacks can generally be 
overcome by immobilization of enzymes, and a major 
challenge in industrial biocatalysis is the development of 
stable, robust and preferably insoluble biocatalysts (Durán 
et al. 2002; Kourkoutas et al. 2004; Homaei et al. 2014). 
Furthermore, since enzymes are able to catalyse reactions not 
only in aqueous solutions but also in organic media, immo
bilized enzymes can catalyse organic synthesis (Carrea & 
Riva 2000). 

An immobilized enzyme is therefore an enzyme which is 
attached to an inert, organic or inorganic, insoluble material 
such as calcium alginate or silica. Furthermore, the attach
ment of an enzyme to a solid support can increase its 
resistance to various environmental changes such as pH 
or temperature (Homaei et al. 2013). 

9.2 History of Enzyme Immobilization 

The first scientific observation that led to the discovery of 
immobilized enzymes was made in 1916 (Nelson & Griffin 
1916). It was demonstrated that invertase exhibited the 
same activity when absorbed on a solid, such as charcoal or 
aluminium hydroxide. This discovery was later developed 
to the currently available enzyme immobilization tech
niques. During 1950s and 1960s, different covalent meth
ods of enzyme immobilization were developed. Several 
hundred enzymes have been immobilized in different forms 
and more than a dozen immobilized enzymes have been 
used as catalysts in various large-scale processes. Continu
ing from 1960s, to date more than 5000 publications and 
patents have been published on enzyme immobilization 
techniques. According to PubMed database, in just the first 
6 months of 2010 many hundreds of papers on enzyme 
immobilization have been published. Today, in many cases 
immobilized enzymes have been revealed to be highly 
efficient for commercial uses. They offer many advantages 
over enzymes in solution, including economic conve-
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Figure 9.1 Classification of carriers commonly used in the enzyme immobilization. 

nience, higher stability and the possibility to be easily 
removed from the reaction mixture leading to pure product 
isolation (Homaei et al. 2013). 
The properties of supported enzyme preparations are 

governed by the properties of both the enzyme and the 
carrier material. So far, various carriers and methodologies 
have been used for enzyme immobilization in order to 
improve the properties of free enzymes. 

9.3	 Carrier Materials for Enzyme 
Immobilization 

The interaction between the enzyme and carrier provides 
an immobilized enzyme with specific chemical, bio
chemical, mechanical and kinetic properties. Carriers 
can be classified according to their morphology or their 
chemical composition (Fig. 9.1). The support can be a 
synthetic organic polymer, a biopolymer or an inorganic 
solid. The support should have the following properties: 
large surface area and high permeability; sufficient func
tional groups for enzyme attachment under non-denatur
ing conditions; hydrophilic character; water insolubility; 
chemical and thermal stability; mechanical strength; high 
rigidity and suitable particle form; resistance to microbial 
attack; regenerability; toxicological safety; and low or 
justifiable price. 

9.3.1 Biopolymers 

A variety of biopolymers, mainly water-insoluble polysac
charides such as cellulose, starch, agarose, carragenans and 
chitosan have been widely used as supports for immobiliz
ing enzymes. These matrixes form very inert aqueous gels, 

characterized by high gel strength even at low concentra
tion (van de Velde et al. 2002). Current techniques to 
conjugate polysaccharides to proteins include aldehyde, 
carbodiimide, epoxide, hydrazide, active ester, radical 
and addition reactions, some of which are suitable for 
in situ conjugation of materials while others are better 
suited for ex situ conjugation and purification. 

9.3.2 Synthetic Polymers 

The most common and widely used synthetic polymers 
used as support for enzyme immobilization are represented 
by acrylic resins, such as Eupergit C or Sepabeads 

EC-EP. They are macroporous copolymers of N,N´-meth
ylene-bi-(methacrylamide), glycidyl methacrylate, allyl 
glycidyl ether and methacrylamide. They are highly hydro
philic and stable, both chemically and mechanically, over a 
pH range from 0 to 14, and do not swell or shrink even upon 
drastic pH changes. A major drawback of hydrophilic resins 
is diffusion limitations, the effects of which, as would be 
expected, are more pronounced in kinetically controlled 
processes. Immobilization by covalent attachment to 
acrylic resins has been successfully applied to a variety 
of enzymes for industrial application (Katchalski-Katzir & 
Kraemer 2000; Boller et al. 2002). 

9.3.3 Hydrogels 

Enzymes can also be immobilized in natural or synthetic 
hydrogels or cryogels in non-aqueous media. Polyvinyl 
alcohol cryogels formed by the freeze-thawing method, for 
example, have been widely used for immobilization of 
whole cells (Tripathi et al. 2010). However, due to their 
smaller size free enzymes can diffuse out of the gel matrix 
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and are consequently leached in an aqueous medium. In 
order to entrap free enzymes the size of the enzyme must be 
increased, for example by cross-linking. An alternative 
method to increase the size of the enzyme is to form a 
complex with a polyelectrolyte. Due to their ampholytic 
character, proteins exist as polycations or polyanions, 
depending on the pH of the medium. They can therefore 
often form complexes with oppositely charged polyelec
trolytes (Homei et al. 2013). 

9.3.4 Inorganic Supports 

A variety of inorganic solids can be used for the 
immobilization of enzymes, for example alumina, silica, 
zeolites and mesoporous silicas. Silica-based supports are 
the most suitable matrices for enzyme immobilization in 
industrial manufacturing of enzyme-processed products, as 
well as for research purposes (Vianello et al. 2000; Pierre 
2004; Hudson et al. 2008). The overall surface area offered 
by silica gel matrixes is unparalleled. Furthermore, the 
silica gel can be easily fabricated to provide desirable 
morphology, pore structures and microchannels to allow 
substrate–ligand interaction. Additionally, silica gel is 
mechanically stable and chemically inert; it is therefore 
environmentally and solvent-friendly for industrial manu
facturing and processing (Blanco et al. 2004; Cabrera 2004; 
Ho et al. 2004; Jal et al. 2004). One of the simplest and 
most inexpensive methods of immobilizing an enzyme on 
silica is by simple absorption. For example, it is used to 
formulate enzymes for detergent powders which release the 
enzyme into the washing liquid during washing (Deere 
et al. 2002; Vinu et al. 2004). 

9.3.5 Smart Polymers 

A novel method of immobilizing enzymes is via covalent 
attachment to stimulus-responsive polymers which undergo 
dramatic conformational changes in response to small 
changes in their environment, for example temperature, 
pH and ionic strength (Klouda & Mikos 2008). The most-
studied example is the thermo-responsive and bio
compatible polymer, poly-N-isopropyl acrylamide (poly 
NIPAM) (Klis et al. 2009). Aqueous solutions of poly 
NIPAM exhibit a critical solution temperature (LCST) 
around 32 °C, below which the polymer readily dissolves 
in water. Above the LCST, it becomes insoluble due to 
expulsion of water molecules from the polymer network. 
The biotransformation can therefore be performed under 
conditions where the enzyme is soluble, thereby minimiz
ing diffusional limitations and loss of activity due to protein 

conformational changes on the surface of a support. Sub
sequently, raising the temperature above the LCST leads to 
precipitation of the immobilized enzyme, thus facilitating 
its recovery and reuse. 
An additional advantage of using such thermo-responsive 

immobilized enzymes is that runaway conditions are avoided; 
when the reaction temperature exceeds the LCST, the catalyst 
precipitates and the reaction shuts down (Virtanen & 
Tenhu 2000; Virtanen et al. 2000; Lozinsky et al. 2003). 

9.3.6 Conducting Polymers 

Polymers that exhibit electrical conductivity have now been 
successfully synthesized and the past two decades have 
witnessed unending interest in the synthesis and character
ization of such conducting polymers due to the potential 
technological applications of these materials. Conducting 
polymers are also of great interest in biotechnology 
(Krzyczmonik et al. 2015). A large number of organic 
compounds which effectively transport charge are roughly 
divided into three groups: charge transfer complexes/ion 
radical salts; organometallic species; and conjugated 
organic polymers. 
A new class of polymers known as intrinsically conduct

ing polymers or electro-active conjugated polymers has 
recently emerged. Such materials exhibit interesting electri
cal and optical properties previously found only in inorganic 
systems. Electronically conducting polymers differ from all 
the familiar inorganic crystalline semiconductors (e.g. 
silicon) in two important ways: polymers are molecular in 
nature and lack long-range order. Enzyme immobilization 
and biosensor construction are some of these applications 
(Cirpan et al. 2003). Many theoretical models have also been 
coupled with the electrochemical entrapment of enzyme for 
evaluation of the role of the thickness of polymeric layers, 
enzyme location, enzyme loading, etc. on the biosensor 
functioning (Gerard et al. 2002). 

9.3.7 Gold Nanoparticles 

The progress of nanotechnology in the 1990s was followed 
by the rapid growth of nanobiotechnology. ‘Nanobiocatal
ysis’ is one typical example. In the early approaches to 
nanobiocatalysis, enzymes were immobilized on various 
nanostructured materials using conventional approaches, 
such as simple adsorption and covalent attachment (Homaei 
et al. 2014; Novotna et al. 2014). This approach gathered 
attention by immobilizing enzymes onto a high surface area 
of nanostructured materials, such as nanoporous materials, 
electrospun nanofibres and magnetic nanoparticles. This 
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Figure 9.2 Representation of the main different methods of enzyme immobilization in two broad categories: irreversible and 
reversible methods. 

large surface area resulted in improved enzyme loading, 
which in turn increased the apparent enzyme activity per 
unit mass or volume compared to that of enzyme systems 
immobilized onto conventional materials. One of the par
ticularly advantageous features of nanostructured materials 
is the control over size at the nanometre-scale, such as the 
pore size in nanopores, thickness of nanofibres or nano
tubes and the particle size of nanoparticles. 
Recently, nanobiocatalytic approaches have evolved 

beyond simple enzyme immobilization strategies to include 
enzyme stabilization, wired enzymes and the use of enzymes 
in sensitive biomolecular detection, artificial enzymes, 
nanofabrication and nanopatterning (Homaei et al. 2014). 

9.3.8 Magnetic Nanoparticles 

With rapid development in nanotechnology, magnetic nano
particles are currently being widely studied. It has long been 
known that the physico-chemical properties of magnetic 
nanoparticles can be vastly different from those of the 
corresponding bulk material. For example, magnetic anisot
ropy, which keeps a particle magnetized in a specific direc
tion, is generally proportional to the volume of a particle 
(Selvan 2002; Ansari & Husain 2012). Among magnetic 
carriers, nanosized magnetic particles possess many advan
tageous properties. Particles such as cross-linked iron oxide 
(CLIO) (Schellenberger et al. 2002; Wunderbaldinger et al. 
2002), ultrasmall superparamagnetic iron oxide (USPIO; 
Kooi et al. 2003; Keller et al. 2004) and mono-crystalline 
iron oxide nanoparticles (MIONs; Funovics et al. 2004; 
Krause et al. 2004) were all developed as imaging agents 
in magnetic resonance imaging (MRI). Magnetic particles 
have been used to immobilize enzymes in order to enhance 
bioelement stability, ease separation from the reaction mix
ture and increase catalyst stability. They have been proposed 

for biotechnological applications (Kluchova et al. 2009) or 
for analytical devices, such as biosensors (Kouassi et al. 
2005; Tsang et al. 2006). 

9.4 Enzyme Immobilization Techniques 

In the last decades, thousands of protocols have been reported 
in the literature and various immobilization strategies have 
been envisioned. The enzymes can be attached to the support 
by interactions ranging from reversible physical adsorption 
and ionic linkages to stable covalent bonds. One way of 
classifying the various methods of immobilizing enzymes is 
in two broad categories: irreversible and reversible methods 
(Fig. 9.2). The strength of the binding is usually inversely 
related to the ease with which it can be reversed. These 
two conflicting objectives – stability and reversibility – are 
difficult to meet simultaneously. In addition, immobilization 
methods are often classified by the type of chemical reaction 
used for binding. Traditionally two methods are used for 
enzyme immobilization, namely: (1) support binding; and 
(2) entrapment (Fig. 9.3). 
Support binding can be physical or chemical, involving 

weak or covalent bonds. The support can be a synthetic 
resin, an inorganic polymer such as zeolite or silica or a 
biopolymer. Entrapment involves inclusion of an enzyme in 
a polymer network such as an organic polymer or a silica 
sol-gel, or a membrane device such as a hollow fibre or a 
microcapsule. However, all of the methods have a number 
of advantages and drawbacks. Adsorption is simple, cheap 
and effective but frequently reversible; covalent attachment 
and cross-linking are effective and durable, but expensive 
and easily worsening the enzyme performance; diffusional 
problems are inherent in membrane reactor-confinement, 
entrapment and micro-encapsulations. 
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Figure 9.3 Classification of main immobilization methods according to the binding capacity of the carrier material. 

9.4.1 Protein Adsorption 

Non-covalent methods of protein immobilization are 
widely employed and involve either passive adsorption 
onto hydrophobic surfaces or electrostatic interactions 
with charged surfaces (Fig. 9.4). As noted above, the major 
advantage of this kind of immobilization is that neither 
additional coupling reagents nor modification of the protein 
of interest is required. Adsorption of papain on gold nano
particles highly preserves its activity and enhances the 
stability, allowing the reuse of the linked enzyme many 
times without any significant loss of its catalytic perform
ance. In particular, kcat and KM values remain substantially 
unchanged, while the immobilized form shows a higher 
activity on a wider pH range, retaining 80% residual 
activity at 90 °C (Homaei et al. 2014). However, non-

covalent immobilization typically involves relatively 
weak and reversible interactions. As a result, proteins 
can leach out from the support, which in turn results in 
loss of activity with time and contamination of the sur
rounding media. Furthermore, since there is no control over 
the packing density of the immobilized proteins, their 
activity may be further reduced by excessive crowding 
(Beck 1992; Deere et al. 2002; Hartmann 2005). 

9.4.2 Covalent Binding 

For more stable attachment, the formation of covalent 
bonds is required, and these are generally formed through 
reaction with functional groups present on the protein 

Figure 9.4 Enzyme non-covalently adsorbed to an insoluble particle. (a) Physical adsorption: the enzyme adheres to the surface 
of a support which has not been specially functionalized for covalent binding. (b) Ionic adsorption: ionic binding is an established, 
simple way of immobilizing enzymes. The binding forces are ion–ion interactions and are stronger than those in simple physical 
adsorption. 
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Figure 9.5 Covalent binding: a water-insoluble carrier can be 
covalently bound to the enzyme via the reactive side groups of 
amino acid residues (e.g. amino, hydroxyl, thiol or phenolic 
groups) that are not associated with the active site or the 
substrate binding site. 

surface (Fig. 9.5). In common with non-covalent adsorp
tion, these methods can be used on unmodified proteins 
since they rely only on naturally present functional groups 
such as the exposed amine groups of lysine residues, and 
readily react with supports bearing active esters. 
Cysteine residues, bearing the thiol group, are also often 
employed for protein immobilization and readily undergo 
conjugate addition with unsaturated carbonyls to form 
stable thioether bonds (Cang-Rong & Pastorin 2009; 
Schückel et al. 2011; Bai et al. 2012). In recent years, 
several selective immobilization methods able to proceed 
under mild physiological conditions have received increas
ing attention. Typically, these methods rely on the labelling 
of the protein of interest with an azide moiety. In the 
Staudinger ligation, the reaction of an azide with a phos
phine forms an intermediate iminophosphorane that can 
then react with electrophiles to give a variety of products 
(Soellner et al. 2003; Köhn & Breinbauer 2004). 
Another related family of reactions is ‘photoclick chemis

try’, which relies on photo-irradiation to trigger pyrazoline 
formation between tetrazoles and alkenes (Song et al. 2008). 
An added advantage of this method is that the newly formed 
heterocycle is fluorescent, enabling the monitoring of the 
reaction progress. Although these are interesting develop
ments, at the moment these have not yet been applied for the 
purpose of protein immobilization (Homaei et al. 2013). 

Figure 9.6 Cross-linking: immobilization of enzymes has 
been achieved by intermolecular cross-linking of the protein, 
either to other protein molecules or to functional groups on an 
insoluble support matrix. 

9.4.2.1	 Cross-linked Enzyme Aggregates 
(CLEAs) 

Cross-linked enzyme crystals (CLECs) are highly active 
immobilized enzymes of controllable particle size, varying 
from 1 to 100 μm (Fig. 9.6). Their operational stability and 
ease of recycling, coupled with their high catalyst and 
volumetric productivities, renders them ideal for industrial 
biotransformations. However, CLECs have an inherent 
disadvantage: enzyme crystallization is a laborious proce
dure requiring enzyme of high purity, leading to their high 
costs. The more recently developed cross-linked enzyme 
aggregates (CLEAs), on the other hand, are produced by 
simple precipitation of the enzyme from aqueous solution 
as physical aggregates of protein molecules by the addition 
of salts, water-miscible organic solvents or non-ionic poly
mers (Sheldon 2007). These physical aggregates are held 
together by non-covalent bonding without perturbation 
of their tertiary structure, that is, without denaturation. 
Subsequent cross-linking of these physical aggregates ren
ders them permanently insoluble while maintaining their pre-
organized superstructure and hence their catalytic activity. 
This discovery led to the development of a new family of 

immobilized enzymes: CLEAs. This type of immobilized 
enzyme is a very effective biocatalyst as it can be produced 
by inexpensive and effective method. CLEAs can readily 
be reused and exhibit satisfactory stability and performance 
for selected applications (Homaei et al. 2013). The meth
odology is applicable to essentially any enzyme, including 
cofactor-dependent oxidoreductases (Sheldon 2007). The 
use of CLEAs to create penicillin acylase used in antibiotic 
synthesis has shown large improvements over other type of 
biocatalysts (Illanes et al. 2006). 
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Figure 9.7 The entrapment method of immobilization is based on the localization of an enzyme within the lattice of a polymer 
matrix or membrane. It can be classified into (a) lattice and (b) microcapsule types. 

9.4.3 Physical Entrapment 

Proteins or enzymes can be extremely fragile and easily 
aggressed by external agent such as proteases. Entrapment 
methods can be subdivided into gel entrapment and micro
encapsulation (Fig. 9.7). Encapsulation of enzyme in pre-
designed capsules can probably be traced back to the 
beginning of 1970s, when Rony reported that alternative 
microencapsulation could be achieved by use of pre-
designed hollow fibres containing enzyme solution within 
the hollow core, thus preventing the enzyme from diffusing 
from the microcapsules. In this case, the hollow micro-
sphere functions only as a microdevice (Rony 1971). A 
typical artificial cell of mean diameter 20 flom has an 
ultrathin membrane of 20 μm thickness and equivalent 
pore radius of about 1.8 μm. Numerous applications require 
artificial cells with cellular dimensions. This stresses the 
importance of procedures enabling a permanent control of 
mean diameter and size distribution of microcapsules dur
ing their formation (Poncelet et al. 1994). 

Although micro-encapsulation was initially developed for 
encapsulation of enzyme solutions, many variations of 
encapsulation techniques have been developed in recent 
decades; these include carrier-bound immobilization–encap
sulation, cross-linking–encapsulation and entrapment– 
encapsulation. Encapsulation of these fragile macromole
cules is a possible strategy for preventing their aggression 
and denaturation. A well-established technique to encapsu
late biological species such as enzymes, antibodies and other 
proteins in a functional state is based on the sol–gel chemistry 
method (Pierre 2004; Tsang et al. 2006; Hakala et al. 2013). 
Many encapsulation methods have been developed. This task 
can be achieved with lipid vesicles or liposomes, which are 
polymolecular aggregates formed in aqueous solution on the 
dispersion of certain bilayer-forming amphiphilic molecules, 
such as phospholipids. 

There are two main areas of applications of enzyme-
containing lipid vesicles: (1) in the medical or biomedical 
field, particularly for the enzyme-replacement therapy; or (2) 
in cheese ripening for acceleration of the process and control 
over flavour development. For both of these types of appli
cations, lipid vesicles are just carriers for the enzymes, 
containers which protect the enzymes from coming into 
immediate contact with the medium to which they are added 
(the blood circulation). In the case of the enzyme-containing 
lipid-vesicle-assisted cheese-ripening process, the entrapped 
enzyme is gradually released, allowing catalysing degrada
tion and modification reactions in the cheese matrix during 
the ripening period (Walde & Ichikawa 2001). 
Biodegradable polymers nanosystems are an attractive 

alternative to liposomes since they have the advantage of 
longer circulation in the bloodstream and generally higher 
drug-carrying capacity. Polymers such as poly(lactic acid) 
(PLA), poly(lactic-co-glycolic acid) (PLGA) have been 
extensively investigated for their biocompatibility and 
potential capability of releasing therapeutically proteins 
in a controlled way, even over a prolonged period of time. 
Many encapsulation methods have been developed, and 

this task can be achieved with lipid vesicles (also called 
liposomes) which are polymolecular aggregates formed in 
aqueous solution on the dispersion of certain bilayer-form
ing amphiphilic molecules, such as phospholipids. Under 
osmotically balanced conditions, the vesicles are spherical 
in shape and contain one or more (concentric) lamellae that 
are composed of amphiphilic molecules. These shells are 
curved and self-closed molecular bilayers in which the 
hydrophobic part of the amphiphiles forms the hydrophobic 
interior of the bilayer and the hydrophilic part (the polar 
head group) is in contact with the aqueous phase. The 
interior of the lipid vesicles is an aqueous core, the chemical 
composition of which corresponds in a first approximation 
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to the chemical composition of the aqueous solution in 
which the vesicles are prepared. Depending on the method 
of preparation, lipid vesicles can be multi-, oligo- or 
unilamellar, containing many, a few or one bilayer shell 
(s), respectively. The diameter of the lipid vesicles may 
vary between about 20 nm and a few hundred micrometres. 
Lipid vesicles are generally not a thermodynamically 

stable state of amphiphiles and do not form ‘spontaneously’ 
(without input of external energy); they are only kinetically 
stable, kinetically trapped systems. The physical properties 
of lipid vesicles depend on how and under which conditions 
lipid vesicles of a certain amphiphile (or of a mixture of 
amphiphiles) are prepared. The mean size, the lamellarity 
and the physical stability of the vesicles not only depend on 
the chemical structure of the amphiphiles used, but also on 
the method of vesicle preparation. Physical instabilities of 
lipid vesicle systems involve vesicle aggregation and 
fusion, possibly leading to vesicle precipitation and flat 
bilayer formation. 
The basic principles for the preparation of enzyme-

containing lipid vesicles in general do not depend on the 
chemical structure of the amphiphiles used. Care should be 
taken so that all mechanical treatments used during vesicle 
preparation, such as lipid dispersion, sonication or filtration 
through polycarbonate membranes, are carried out above 
the transition temperature (Tm). Below Tm, the saturated 
hydrophobic chains exist predominately in a rigid, 
extended, all-trans conformation, similar to their crystalline 
state. Above Tm the chains are rather disordered making the 
bilayer fluid (mechanically treatable), characterized by 
increased lateral and rotational lipid diffusion, rather similar 
to a liquid. It is this fluid state of the lipids in biological 
membranes which represents a fluid matrix for membrane 
proteins (Homaei et al. 2013). 
Kinetic properties of enzymes can also be altered during 

the entrapment process, allowing potential change of the 
protein specificity to its substrate. Gaining a clear picture of 
these basic properties will improve system design to increase 
the protein load, control the protein release and retain the 
protein integrity and efficacy (Di Marco et al. 2010). 

9.4.4	 Bioaffinity Interactions 

Over the years, a number of protein–protein and protein– 
small-molecule binding interactions have been harnessed for 
immobilization. These strategies exploit the selectivity of such 
interactions and are therefore highly specific with respect to the 
identity of binding partners as well as the location on the 
molecules at which binding occurs. Perhaps the most well-
known genetically encoded affinity tag is the polyhistidine tag. 

This small tag, usually consisting of six sequential histidine 
residues, chelates transition metals including Cu(II), Co(II), 
Zn(II) or Ni(II), although the latter is most commonly 
employed (Lauer & Nolan 2002; Block et al. 2009). 

Undoubtedly the most well-known and extensively 
researched protein-mediated immobilization technique 
relies on the non-covalent interaction of either avidin or 
streptavidin to proteins functionalized with biotin (Hutsell 
et al. 2010). The interaction between biotin and avidin is 
extremely strong (dissociation constant Kd � 10�15 M); 
combined with the fact that these proteins are unusually 
stable to heat, denaturants, extremes of pH and proteolysis, 
the binding is essentially irreversible. The widespread 
availability of supports such as microtiter plates, microarray 
substrates and magnetic particles that are coated with these 
proteins has also greatly contributed to the popularity of this 
method as a means of protein immobilization. In order to 
exploit this attachment for protein immobilization however, 
the protein of interest must first be labelled with biotin. 
Classically, this can be achieved with a number of non
selective chemical biotinylation reagents such as biotin 
NHS ester (Chattopadhaya 2009). 

9.4.5	 Immobilized Multienzymes and Enzyme-

Cell Co-Immobilizates 

Biocatalysts can be immobilized using either the isolated 
enzymes or the whole cells or cellular organelles. 
Immobilization of whole cells has been shown to be a 
better alternative to immobilization of isolated enzymes. 
Doing so avoids the lengthy and expensive operations of 
enzyme purification and preserves the enzyme in its natural 
environment, thus protecting it from inactivation either 
during immobilization or its subsequent use in continuous 
system. It may also provide a multipurpose catalyst, espe
cially when the process requires the participation of a 
number of enzymes in sequence. 
The major limitations which may need to be addressed 

while using such cells are the diffusion of substrate and 
products through the cell wall, and unwanted side reactions 
due to the presence of other enzymes (Mattiasson 1983). The 
cells can be immobilized either in a viable or a non-viable 
form. Immobilized non-viable cell preparations (which are 
normally obtained by permeabilizing the intact cells) for 
the expression of intracellular activity are useful for simple 
processes that require a single enzyme with no requirement 
for cofactor regeneration, such as hydrolysis of sucrose or 
lactose. On the other hand, immobilized viable cells, which 
serve as ‘controlled catalytic biomass’, have opened new 
avenues for continuous fermentation on heterogeneous 
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catalysis basis by serving as self-proliferating biocatalysts 
(D’Souza & Nadkarni 1980; Tampion & Tampion 1987; 
Tanaka & Nakajima 1990). Often a cell may not contain all 
the necessary enzyme compliments to carry out a required 
process. Saccharomyces cerevisiae, a potential ethanol fer
mentor, therefore cannot utilize lactose or starch since it lacks 
the enzyme β-galactosidase and amylase, respectively. 

There is considerable interest in genetically modifying such 
cells for the expression of the deficient enzymes. The success 
will depend on the plasmid stability, and quite often on the 
ability of these cells to secrete these enzymes for their action on 
the raw materials present in the growth medium. Recently, 
genetically engineered cells have been obtained which can not 
only produce the deficient enzyme but also transport it to the 
periplasmic place and naturally immobilize it (D’Souza & 
Nadkarni 1980). Another more practical approach is to 
immobilize the deficient enzyme directly on the cell wall. 
This approach, which is referred to as enzyme-cell co-immo
bilizate, permits the tailoring of a whole cell for specific 
complex chemical conversion by combining the biochemical 
potential of both the cell and the additional enzyme from 
another source (D’Souza & Nadkarni 1980; Murai et al. 1997). 

A wide range of biologically mediated methods are avail
able for site-specific protein immobilization. This area of 
research is notable because it is the culmination of a major 
multidisciplinary research effort spanning molecular biol
ogy, protein engineering, organic chemistry and materials 
science. The more recent introduction of biologically medi
ated methods for site-specific, particularly enzyme-mediated, 
immobilization of proteins from cell lysates should enable 
the future fabrication of more highly sensitive protein micro-
arrays and biosensors as well as finding new applications in 
nanotechnology and single-molecule enzymology. 

During the enzyme immobilization period, much 
insight was gained into the effect on the performance 
of the immobilized enzymes of factors such as the micro
environment effect of the carrier, the effect of the spacer 
or arm (Bulmuş et al. 1998; De Maioa et al. 2003; 
Agostinelli et al. 2007), different modes of binding 
(chemistry, position and number), enzyme loading, 
changes in the conformation of the enzyme, diffusion 
constraints, orientation of the enzyme, and the protective 
effect of substrate or inhibitor during immobilization, 
namely prevention of deactivation of enzyme due to 
modification of the active site. Consequently, many 
new strategies were developed to improve the perform
ance of the immobilized enzymes, for example the arche
type of site-specific enzyme immobilization on the 
micelle, the stabilization–immobilization strategy, intra
molecular cross-linking and complimentary multipoint 
attachment (Cao 2005). 

9.5	 Commercialization and Use 
of Immobilized Enzymes 
in the Food Industry 

For successful commercialization of an immobilized-
enzyme system, the economics of the overall process is a 
key factor. Some of the items that contribute to the cost of the 
immobilization, such as the support, the enzyme, the chem
icals involved in the immobilization of the enzymes and the 
specialized equipment that may be required, are the costs that 
can be listed directly. An equally important economic con
sideration is the stability and half-life of the immobilized 
enzyme and other operating parameters (Kilara et al. 1979). 
The world market for industrial enzymes exceeded US$ 3.3 
billion in 2010 and is projected to grow to around US$ 4.5–5 
billion by 2015 at a compound annual growth rate of 7–9%. 
Sales of enzymes for biocatalysis, many of which are used in 
immobilized form, were valued at US$ 160 million in 2010 
and are projected to increase to US$ 230 million by 2015 
(Dewan et al. 2012). Current sales of immobilized enzymes 
themselves amount to only a small fraction of the total 
enzyme market, down significantly from 1990 when they 
accounted for nearly 20% of all industrial enzyme sales 
(Mosier & Ladish 2009; DiCosimo et al. 2013). 
Various applications of immobilized enzymes can be 

found in the food industry, medicine and research (Homaei 
et al. 2013). Other industrial applications of immobilized 
enzymes include laboratory-scale organic synthesis and 
analytical and medical applications (Taylor et al. 2004; 
Brena & Batista-Viera 2006). 
Table 9.1 lists a selection of currently used immobilized 

enzymes in the food industry. In any commercial applica
tion, the choice of a specific immobilized enzyme or mode 
of immobilization must be based on a compromise of all 
advantages and disadvantages between free and immobi
lized enzymes. This suggests that the development and 
application of immobilized enzyme products requires a 
good understanding of both technical and economic factors, 
as well as a good sense of the larger market forces at play 
(DiCosimo et al. 2013). 

9.5.1 Applications of Immobilized Protease 

The broad class of hydrolases includes proteases of various 
types which are of economic consequence to segments of 
the food industry. Reports on the methods to immobilize 
proteases and the effects of immobilization on their opera
tional parameters have been extensively reviewed by 
Homaei et al. (2010, 2013, 2014). In general, proteases 
are very expensive enzymes and many of them are not listed 
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Table 9.1 Some important applications of immobilized enzymes in the food industry.
 

Enzyme EC number Substrate Product 

β-Galactosidase 3.2.1.23 Lactose Lactose-free milk 
Lipase 3.2.1.23 Triglycerides Cocoa butter substitutes 
Nitrile hydratas 4.2.1.84 Acrylonitrile Nicotinamide 
Aminoacylase 3.5.1.14 D,L-aminoacids L-aminoacids 
Raffinase 3.2.1.22 Raffinose Galactose and sucrose 
Invertase 3.2.1.26 Sucrose Glucose and fructose mixture 
Thermolysin 3.4.24.27 Peptides Aspartam 
Glucoamylase 3.2.1.3 Starch D-Glucose 
Papain 3.4.22.2 Proteins Removal of ‘chill haze’ in beers 
Tyrosinase 4.1.99.2 Pyrocathecol L-DOPA 

as generally recognized as safe (GRAS; Weetall 1973). The 
practical applicability of immobilized proteases in food 
processing is restricted to fluid processing, such as the 
chill-proofing of beer, continuous coagulation of milk and 
the oxidative rancidity in milk (Olson & Richardson 1974; 
Hicks et al. 1975; Homaei et al. 2010, 2014). 
Proteases immobilized to an ethylenemaleic anhydride 

copolymer have been used to chill-proof beer on a pilot-
plant scale (Wildi & Boyce 1971). In the manufacture of beer, 
soluble proteins from the malt produce a clouding of the beer 
when the product is chilled. This defect is called ‘chill
hazing’ and can be overcome by hydrolysing the proteins. 
The immobilized-enzyme treatment was carried out during 
the fermentation step. Glutaraldehyde cross-linked papain 
has also been used in attempts to chill-proof beer (Witt et al. 
1970). Homaei et al. also prepared enzymically active co
immobilized papain and its activator (Cysteine) using cyan
ogen-bromide-activated sepharose as the matrix (Homaei 
et al. 2010). Papain was also immobilized on gold nanorods 
as a heterogenous biocatalyst (Homaei et al. 2014). 

As well as used immobilized pepsin to study the feasibility 
of this system for the continuous coagulation of milk (Ern
strom & Wong 1974), another area where proteases can be 
effectively utilized is in the production of protein hydrolysates. 
Amino peptidases hydrolyse peptides splitting off N-terminal 
residues, whereas carboxy peptidases hydrolyse peptide, split
ting off C-terminal residues. The amino peptidases and car
boxy peptidases have been immobilized (Quiocho & Richards 
1966; Royer & Andrews 1972; Zaborsky 1973) and have been 
used in conduction with general proteases to produce protein 
hydrolysates (Bennett et al. 1971). 
The use of immobilized enzymes finds particular advan

tages using proteolytic enzymes. Papain, a thiol protease 
present in the latex of Carica papaya, exhibits a broad 
proteolytic activity and is an enzyme of industrial use and of 
great research interest. Papain has a variety of industrial 

applications, especially in the food industry. It is used to 
tenderize meat and meat products, in the manufacture of 
protein hydrolysate, in the brewing industry for clarifying 
juice and beer, in the dairy industry for cheese, in the baking 
industry and in the extraction of flavour and colour com
pounds from plants. Papain can also be used in forage 
industry to increase the utilization and transformation rate 
of proteins and in resolving plant and animal protein to 
make high-quality health products (Monti et al. 2000; 
Vlassiouk & Smirnov 2005; Homaei et al. 2010). The 
potential uses of papain include amino acid esters and 
peptide synthesis, treatment of acute destructive lactation 
mastitis, treatment of red blood cells prior to use in anti-
body-dependent cell-mediated cytotoxicity assays with 
lymphocytes and enzyme inhibition-based biosensors for 
food safety and environmental monitoring (Afaq & Iqbal 
2001; Shukor et al. 2006; Homaei et al. 2010). 
Inorganic immobilization supports such as particulate 

alumina have also been examined for immobilization of the 
proteolytic enzyme, papain. In this research, organic phos
phate linkers have been used for the creation of free 
carboxyl groups in a two-step process. Papain binding to 
these alumina derivatives was performed using the water-
soluble carbodiimide 1-ethyl-3-(dimethylaminopropyl) 
carbodiimide. It has been shown that immobilized papain 
had similar kinetic constants to papain in solution. By 
fluorescence measurements, it was concluded that the 
hydrophobic environment of the active site remained 
unchanged, while the structure of the rest of the protein 
was perturbed by its association with the negatively 
charged surface (Hyndman et al. 2004). 
Identification of proteins by liquid chromatography fol

lowed by mass spectrometry (LC-MS) is normally used as a 
suitable analytical method. In practice, proteins are sub
jected to proteolytic cleavage and a complex mixture of 
peptides is produced. The peptide mixture is then separated 
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by high-resolution LC-MS (Han et al. 2008; Kalli & 
Hakansson 2008; Tolmachev et al. 2008). Protein digestion 
is normally performed in a homogeneous aqueous solution 
containing the proteolytic enzyme and the sample (enzyme
to-protein ratio, 1:50). However, this method suffers from 
several problems that may interfere with identification of 
sample proteins. Some of these problems include long 
digestion times (up to 24 hours), autodigestion byproducts 
and limited enzyme-to-substrate ratio. 

Recent experiments performed with papain immobilized 
covalently with sepharose revealed that the immobilization 
of papain did not significantly alter any of the kinetic 
parameters of the enzyme (Homaei et al. 2010). This study 
suggested that the immobilization of papain conferred 
exceptional conformational stability on the enzyme and 
that the immobilized enzyme was only reversibly 
denatured, whereas the soluble enzyme was irreversibly 
denatured. There therefore exists a great potential for the 
use of proteases in processing liquid substrates; exactly 
when this potential will be realized is not known. 

9.5.2	 Applications of Immobilized Amino 
Acylase 

Developmental work on the first commercially successful 
process using an immobilized enzyme was initiated by 

Tosa et al. in 1966 and consisted of an L-amino acid acylase 
(Tosa et al. 1966, 1967). The reaction catalysed by the 
enzyme L-amino acid acylase can be represented as follows: 

amino acylase 
DL-acyl amino acid � H2O �����! L-amino acid 

� D-acyl amino acid 

In the production of amino acids by microbial fermenta
tion, a racemic mixture of acyl amino acids is produced. 
The desired product is the L-amino acid, which is used to 
supplement proteins in foods and in pharmaceutical prepa
rations. The resolution of racemic mixtures was performed 
by a soluble enzyme in a batch operation. The most 
satisfactory method of immobilizing the amino acid acylase 
was by linking the enzyme to DEAE Sephadex A-25 at pH 
7.0. Approximately 333 units of acylase could be bound per 
millilitre of the carrier, and yield of enzymic activity was 
reported to be 47%. Immobilization of the enzyme 
enhanced the thermal stability of the catalyst, and the 
Sephadex-aminoacylase column could be operated con
tinuously at 50 °C for 32 days with less than 40% loss of 
initial activity. The lost activity was compensated for by the 
addition of an amount of fresh enzyme, corresponding to 
the deteriorated activity (Gestrelius et al. 1973). The con
tinuous resolution of racemic mixtures of amino acids is 
depicted in Figure 9.8. The acylated DL-amino acids are 

Figure 9.8 Schematic for the process of L-amino acid production using immobilized aminoacylase. 
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tempered to 50 °C prior to passage through immobilized 
enzyme reactor. The reaction mixture after enzymic treat
ment is concentrated, and the L-amino acids are crystallized 
and separated. The acylated D-amino acids are then allowed 
to undergo chemical racemization. 
Tosa et al. also observed conversions with racemic 

methionine mixtures to be 88% of the calculated theoretical 
yields (Tosa et al. 1967). The use of an ion exchange rather 
than covalent linking provided an advantage in regenerat
ing the system. Circulation of a fresh enzyme charge 
through the reactor was sufficient to regenerate the system. 
The substrate used was easier to work with as it was devoid 
of macromolecules, such as proteins and nucleic acids. The 
economies affected by the use of immobilized amino 
acylase show the cost of producing a given quantity of 
the product by the immobilized enzyme system was only 
60% of that of a conventional batch process using soluble 
enzyme. In the batch process, purification steps have to be 
included in order to separate the product in a pure form from 
contaminating proteins and pigments, and this led to a 
decrease in the yield of the product. Automation of the 
process using immobilized acylase and the elimination of 
the purification step helped to lower labour costs and 
increased yields of the product. Sato et al. later covalently 
coupled amino acylase to halogenacetyl groups on cellulose 
and reported this system to be as effective as the DEAE 
Sephadex-acylase system (Sato et al. 1971). 

9.5.3	 Applications of Immobilized Glucose 
Isomerase 

Another immobilized enzyme that has been applied suc
cessfully on a commercial scale utilizes glucose isomerase. 
This enzyme isomerizes glucose to fructose and is used in 
the corn syrup industry for producing HFCS. Glucoamy
lases introduced in the 1950s were capable of hydrolysing 
corn starch to yield corn syrups with 95–97 dextrose 
equivalent (DE) sweeteners, but these high-DE syrups 
were still not as sweet as sucrose and the product tended 
to crystallize at room temperature. The isomerization of 
glucose to fructose not only eliminates crystallization 
problems encountered during shipping and storage, but 
also enhances the sweetening power of the syrup. 
Takasaki et al. reported that organisms of the Strepto

myces species isolated from soils could produce high levels 
of glucose isomerase when grown in culture media con
taining sources of xylan, such as wheat bran, corn cob or 
corn hull (Takasaki et al. 1969). This led to the economical 
production of the enzyme which could be used on an 
industrial scale to produce HFCS. Both the application 

requirements and the biochemical properties of glucose 
isomerase have driven the development of immobilized 
forms of the enzyme (Poulsen 1981; Pedersen 1993). 
Glucose isomerase could be fixed  in  the  cells  by heating the  

cells to 65 °C for 15 min (Takasaki 1969; Lloyd & Logan 
1972). Other methods of fixing glucose isomerase in cells 
include using entrapping cells in polyacrylamide gels (Strand
berg & Smiley 1971; Giovenco et al. 1973; Wang & Vieth 
1973) or covalently coupling the enzyme to porous glass 
beads (Strandberg & Smiley 1972). Glucose isomerase prep
arations used in a continuous manner enhanced stability of the 
immobilized enzyme, whereas batch processing was detri
mental to enzyme stability. Commercial processes have been 
patented by various workers (Davis & Williams 1969; 
Jensen & Rugh 1987; Cotter et al. 1971; Bengston & 
Lamm 1972; Antrim et al. 1979; Bhosale et al. 1996). 
Based on the success and economics of such processing, 

the Institute of Food Technologists awarded their 1975 
Industrial Achievement Award to Clinton Corn Processing 
Co., a division of Standard Brands Inc. (Mermelstein 1975). 
Clinton first produced a HFCS containing 15% fructose by 
a batch method using soluble glucose isomerase. This 
process was later improved to produce a corn syrup con
taining 42% fructose on a continuous process using immo
bilized glucose isomerase. Cornstarch was liquified and 
hydrolysed to dextrose which was refined, isomerized, 
refined again and concentrated to obtain the syrup. The 
process is shown schematically in Figure 9.9. The entire 
process is a combination of batch and continuous opera
tions in which hydrolysis of starch and subsequent prepa
ration for enzymic isomerization are batch processes, 
whereas the isomerization, refining and evaporation are 
continuous operations and the remainder of the process is 
semi-continuous. The entire operation is automated and 
controlled by extensive on-line process-control systems. 
The price of the HFCS has been lower than sucrose, making 
these syrups an attractive economical substitute for sucrose 
in various food formulations. 

9.5.4	 Applications of Immobilized Glucosidases 
Enzymes 

Glycoside hydrolases or glycosidases are categorized under 
the Enzyme Commission (EC) number 3.2.1 and catalyse 
the cleavage of individual glucosyl residues from various 
glycoconjugates including α- or  β-linked polymers of 
glucose. Glycoside hydrolases have a variety of uses in 
the food industry. 
One of the glycosidases used in the wet corn-milling 

industry is glucoamylase. This enzyme hydrolyses α-1,4 
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Figure 9.9 Schematic for high-fructose corn syrup production from cornstarch using immobilized glucose isomerize. 

glucan links in non-reducing ends of the starch chains. 
Weetall and Havewala conducted preliminary studies with 
glucoamylase immobilized on porous silanized support 
(Weetall & Havewala 1972). Although only two or three 
immobilized enzyme processes are being used commer
cially by the food industry, research is in progress to 
develop newer systems. Monsan and Durand immobilized 
invertase by a combination of adsorption and cross-linking 
using bentonite as the support (Monsan & Durand 1971). 

Invertase or β-fructofuranosidase, now called β-D-fructo
furanoside fructohydrolase, hydrolyses sucrose to glucose 
and fructose. Suzuki et al. (1966) adsorbed invertase on 
DEAE cellulose, whereas others have covalently bound this 
enzyme to polystyrene tubes (Filippusson & Hornby 1970) 
and porous glass (Mattiasson & Mosbach 1971). However, 
the use of immobilized invertase is still in the experimental 
stages, and the demand for an industrial process to invert 
sugar by immobilized invertase is not that great. 

Amylases are important to the starch industry and 
attempts have been made to adsorb α-amylase on cello
phane, prior to cross-linking with glutaraldehyde, onto 
diazotized polyamino styrene (Grubhofer & Schlieth 
1954) and on a variety of other supports (Wykes et al. 
1971) including polyacrylamide entrapment (Bernfeld & 

Wan 1963). Two problems that have been encountered 
are loss of activity of the enzyme post-immobilization and 
the leaching of enzyme from the support. α-amylase attacks 
the α-1,4 glucan linkages in polysaccharides (e.g. starch) to 
produce oligosaccharides, glucose, maltose, maltotriose, 
etc. Immobilization of this enzyme led to a change in 
specificity of the enzyme as evidenced by the enhanced 
rate of glucose production from starch (Kosugi & Suzuk 
1973). The use of α-amylase in ultrafiltration reactors has 
also been investigated extensively, and it has been sug
gested that coupling of α-amylase to form soluble-polymer 
derivatives is more desirable (Butterworth et al. 1970; 
Marshall & Whelan 1971). 
Another amylase, called β-amylase, degrades α-1,4 glucan 

linkages starting from the non-reducing ends of starch to 
produce maltose. This enzyme has been immobilized on 
polyacrylamide derivatives. Marshall and Whelan suggested 
that the degradation of potato starch by β-amylase in the 
presence of pullulanase to yield maltose was a feasible 
proposition (Marshall & Whelan 1971). Pullulanase cleaves 
β-1,6 glycosidic linkages and has recently been purified and 
immobilized by cross-linking to a copolymer of acrylamide 
and acrylic acid (Martenson & Mosbach 1972). Further 
development of such a process would lead to the utilization 
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of amylopectins to produce amylose. The overall develop
ments in starch-degrading enzymes have resulted in many 
potential uses. The obvious benefits of utilizing these 
enzymes in the corn-milling, brewing, grain-milling and 
baking industries and in the production of distilled alcoholic 
beverages can be readily visualized. However, some other 
potential uses for these enzymes lie in the area of waste 
treatment of starchy effluents from these industries and others 
such as effluents from paper mills. 

Lactase or β-galactosidase hydrolyses the glycosidic 
bond between glucose and galactose in the milk sugar-
lactose. This interest stems from reports that indicate 
individuals of certain ethnic groups suffer from a malady 
called lactose intolerance. This condition is believed to 
arise from a lack of β-galactosidase in the intestinal micro
villi (Kretchmer 1972; Talbert & Goddard 2013). Lactose 
also poses technological problems in the processing of 
dairy products, such as ice cream and concentrated milk. 
More recently, intensive efforts have been made to utilize 
lactase in treating cheese whey. Cheese whey is a byproduct 
of the cheese-making industry and consists of 63–69% 
lactose. It has been estimated that in the US alone nearly 
30 billion pounds of whey are produced. Of this, nearly 
40% is not utilized and is therefore wasted as an effluent. 
This wasted whey imposes a high biochemical oxygen 
demand on receiving waters. Apart from pollution potential 
by whey, it also constitutes a loss of valuable nutrients 
(Kilara et al. 1979; Ansari & Husain 2012). 
In an effort to reclaim these lost nutrients, immobilized 

lactases have been prepared and evaluated (Fischer et al. 
2013). Lactase has also been immobilized on porous glass 
beads, with a 75% retention of original activity (Woychikb 
& Wondolowski 1972). Further, no loss in enzyme activity 
was observed when the preparation was stored at 4 °C 
for 2 months. The most commonly used lactases for 
immobilization are those derived from E. coli and A. niger 
(Kay et al. 1968; Hustad et al. 1973). When this enzyme 
was immobilized on Teflon stirring bars coated with a 
polyisocyanate polymer, it was stable up to pH 8.75 and 
could be used continuously for 137.6 hours without appre
ciable losses in activity (Hustad et al. 1973). As well as 
immobilized lactase obtained from two different sources: 
one was from a fungus (called lactase M) and the other from 
a yeast (lactase Y; Weetall et al. 1974). The lactase Y which 
had a near-neutral pH optimum in the soluble form showed 
a dramatic shift of more than 3 pH units towards the acidic 
side upon immobilization. Lactase has also been immobi
lized on collagen membranes, in which case an additional 
factor contributing to the inhibition of bound lactase has been 
suggested to be the presence of divalent cations (Giacin et al. 
1974). Additionally, Wierzbicki et al. (1973) immobilized 

lactase from various microbial sources onto porous glass and 
concluded that many lactases, including one from A. niger, 
possessed enough activity and stability to be of economic use 
in the hydrolysis of lactose. 
Agarose has been used as a matrix to immobilize the 

neutral pH optimum lactase (Kilara et al. 1977). Agarose 
was derivatized to the succinyl amino ethyl form, and the 
enzyme was linked to the spacer arm by using N.N
dicyclohexyl carbodi imide. These techniques resulted in 
an insoluble derivative of lactase in which there were no 
significant changes in either pH and temperature optima or 
the kinetic parameters. This enzyme preparation was stable 
when stored at pH 7.5 and 4 °C for periods of up to 1 year, 
with no apparent loss in activity. Further, this immobilized 
lactase was capable of hydrolysing lactose in whey and 
milk. The safety aspects of many immobilized-enzyme 
systems, including immobilized lactase, are not very clear 
according to the Food and Drug Administration (FDA). In 
many processes for immobilization, however, bound toxic 
factors are converted to non-toxic forms during chemical 
reactions, and products which are not converted to non
toxic compounds are subsequently washed out. It is possi
ble that at some future date, if the processes are economical, 
the FDA may grant approval for the use of such systems. 

9.5.5	 Applications of Immobilized Enzymes 
in the Flavour Industry 

Apart from proteases and carbohydrases, upases are also 
important to the food industry. Lipases are used extensively 
for the enzymic modification of flavour of foods (Brígida 
et al. 2014; Dimitrov et al. 2014; Martins et al. 2014). A 
search of the literature revealed very little work pertaining 
to the immobilization of lipase. Kosugi and Suzuki (1973) 
were successful in fixing cell-bound lipase of Pseudomonas 
mephitica var. lipolytica. The fixed lipase retained 83% of 
the soluble lipase activity, and the optimum temperature 
and heat stability of the fixed lipase were the same as those 
of the soluble lipase extracted from the microbial cells. The 
fixed lipase could be used continuously for the hydrolysis 
of tributyrin or triacetin (Hernandez et al. 2011; Feng et al. 
2013; Brígida et al. 2014). Porcine pancreatic lipase was 
immobilized by entrapment in polyacrylamide gel (Mendes 
et al. 2012; Ozyilmaz & Yag ̆ız 2012). When the number of 
coupling groups on the surface of the beads was increased, a 
concomitant decrease in the specific activity of the bound 
enzyme was recorded. Additionally, the diazotization of 
lipase prior to coupling was also detrimental to enzyme 
activity. In another study, a fungal lipase on succinylami
noethyl agarose was immobilized (Kilara et al. 1977). The 
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immobilization of this lipase did not significantly alter any 
kinetic properties of the enzyme. However, this particular 
enzyme preferentially hydrolysed olive oil rather than 
butter oil. These experiments, preliminary in nature, may 
lead to newer methods of flavour modification. 

Among the other uses for enzymes in the modification of 
flavour are the use of naringinase and adenosine deaminase 
(Soria et al. 2012). Naringen is a glycoside of the flavonoid 
family which imparts bitterness to fruits, such as grapefruits 
and sour oranges (Puri et al. 2008; Ribeiro 2011). 
Naringinase is the enzyme which hydrolyses naringin to 
yield naringin-7,β-glucoside (also called prunin), which is 
not bitter (Ribeiro 2011). 

Naringinase immobilizes on different support, including: 
tannin aminohexyl cellulose (Ono et al. 1978); κ-carra
geenan (Ribeiro & Ribeiro 2008); packaging film (Soares & 
Hotchkiss 1998); and silicate (Lei et al. 2011) for fruit and 
vegetable juices debittering. The use of hollow fibre 
reactors for hydrolysis of naringin in unclarified grapefruit 
juice has also been evaluated (Olson et al. 1979; Gray & 
Olson 1981; Tsen & Yu 1991). 

The other flavour-modifying enzyme studied is adenosine 
deaminase. Adenosine deaminase converts adenosine to 
inosine and has been immobilized using polyacrylamide 
gels (Lucacchini et al. 1971). Inosine so produced could 
be chemically phosphorylated to form inosine 5´ monophos
phate (IMP) which is a strong flavour potentiator. Alterna
tively, an immobilized ATP deaminase has been employed to 
convert adenosine triphosphate to inosine monophosphate. 

9.6 Conclusions 

The technology of immobilized enzymes is still ongoing 
through a phase of evolution and maturation. Evolution is 
reflected in the ever-broadening range of applications of 
immobilized enzymes. Maturation is mirrored in the devel
opment of the theory of how immobilized enzymes function 
and how the technique of immobilization is related to their 
primary structure through the formation and configuration of 
their three-dimensional structure. There remains much room 
for the development of useful processes and materials based 
on this hard-won understanding. Immobilized enzymes will 
clearly be more widely used in the future; this is just the 
beginning of the immobilized-enzyme technology era. 

The use of soluble enzymes in food processing is well 
established. Additionally, numerous enzymes have been 
immobilized and tested for various applications in the food 
processing industry. Two processes – one utilizing amino 
acid acylase and another glucose isomerase – have become 
practical and economical. Various other enzymes and their 

applications are at different stages of development. As well 
as the applications discussed in this chapter, it has been 
suggested that enzymes may find extensive application in 
the production of flavourants in bread, beer, wine and other 
fermented foods as well as production of synthetic foods. 
Of course, numerous novel concepts have been 

attempted or are being pursued, such as: descaling of 
fish; modification of wort; beverage clarification; produc
tion of hydrolysate-based beverages for infants, geriatrics 
and invalids; enzymic determination as an index of food 
quality; food analyses; and removal of antinutritive factors 
from foods. The future of such processes and applications 
will depend heavily on economics and regulatory decisions. 
While it might be true that the implementation of immo
bilized-enzyme systems to date has not lived up to initial, 
optimistic expectations, the outlook is bright given current 
industry trends combined with the rapid evolution of 
immobilized-enzyme technology 
However, due to an expanding human population and a 

concomitant reduction in natural resources, the future use of 
enzymes, immobilized or otherwise, may increase signifi
cantly. As stated previously, enzyme technology is a solu
tion in search of a problem. 
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10.1 Introduction 

Enzymes found in nature have been used since ancient 
times in the production of food and beverage products, such 
as cheese, sourdough, beer, wine and vinegar. The indus
trial production of enzymes for use in food processing 
began in 1874, when Christian Hansen extracted rennin 
(chymosin) from calves’ stomachs for use in cheese man
ufacturing (Nielsen et al. 1994). Chymosin is now pro
duced through recombinant deoxyribonucleic acid (rDNA) 
techniques, and bovine chymosin expressed in Escherichia 
coli K-12 represents the first recombinant enzyme approved 
for use in food by the US Food and Drug Administration 
(FDA) (Flamm 1991). The use of recombinant gene tech
nology has allowed the commercialization of many 
enzymes that could not be produced previously. Several 
enzymes currently used in food processing are produced by 
recombinant expression. To meet the demand for the 
increasing sophistication of food products, a broad variety 
of enzymes displaying characteristics compatible with food 
processing conditions is needed. Nowadays, development 
of new genetic approaches for protein engineering allows a 
variety of tailor-made enzymes to be manufactured for 
specific applications. Moreover, recombinant gene technol
ogy has allowed the improvement of enzyme production by 

developing microbial strains engineered to increase enzyme 
yield through deletion of native genes encoding extracel
lular proteases. 
Enzymes are ubiquitous in fresh and processed foods and 

are consumed daily. Food and beverage enzymes comprise 
the largest segment of the industrial enzymes industry with 
revenues of nearly US$ 1.2 billion in 2010. This market is 
expected to reach US$ 2.1 billion by 2016, with a com
pounded annual growth rate (CAGR) of 10.4% (BCC 
Research 2011). 
The main functions of enzymes in food industry include: 

(1) controlling ripening reactions in fruits and vegetables; 
(2) starting and promoting spoilage after ripening (autoly
sis) by catalysing complete destruction of large molecules, 
breaking them into progressively smaller compounds; 
(3) avoiding destruction reactions and improving storage 
stability of some foods by heat inactivation (blanching) of 
enzymes; (4) catalysing reactions leading to changes in 
flavour, colour, texture and nutritional properties of foods; 
(5) use in many fermentation processes; and (6) food 
processing, by using commercially produced enzymes as 
additives to improve functional properties and the organo
leptic/nutritional quality of foods. 
In this chapter, applications of some of the main classes 

of food- and beverage-processing enzymes and tools to 
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improve their production and their properties are reviewed, 
along with the challenges to be faced for their future 
progress. 

10.2	 Application of Enzymes in Food 
and Beverage Industries 

The main advantages of using enzymes in food and beverage 
processing include: (1) their high efficiency and ability to 
catalyse reactions inmildprocessconditions, allowingenergy 
saving and less equipment cost; (2) their environmental 
friendliness (green process); and (3) high specificity with 
less unwanted byproducts. Moreover, another key aspect of 
using enzymes for food processing is the consumers’ accep
tance, since enzymatic reactions are a natural process. 

As shown in Table 10.1, the applications of enzymes in the 
food industry are highly diversified, ranging from texturizing 
to flavouring. A list of commercial enzymes used in food 
processing, obtained from the website of the Enzyme Tech
nical Association (http://www.enzymetechnicalassoc.org), 
is reported in Table 10.2. 

Applications of some of the main classes of enzymes in 
food and beverage industries and the use of enzymes for 
production of functional foods are described in the follow
ing sections. 

10.2.1 Glycoside Hydrolases 

10.2.1.1 Enzymes Hydrolysing Starch 

This class of enzymes includes α-amylase, β-amylase, 
glucoamylase and pullulunase. These enzymes find appli
cation in corn syrup production, baking, brewing and the 
fruit juice industry (Guzmán-Maldonado & Paredes-López 
1995; Pandey et al. 2000; van der Maarel et al. 2002; Dey & 
Banerjee 2014). 
Using a cocktail of enzymes, starch can be converted to a 

glucose syrup. The process starts with the starch liquefac
tion by α-amylase which breaks amylose and amylopectin 
down into smaller units, followed by glucoamylase reaction to 
finally obtain glucose monomers (Kumar & Satyanarayana 
2009). If maltose is desired, β-amylase and pullulanase are 
used. 

Table 10.1 Enzymes used in food and beverage industries and their applications. 

Industry Enzyme Application 

Starch Amylase Starch liquefaction and saccharification 
Amyloglucosidase Saccharification 
Pullulanase Saccharification 
Glucose isomerase Glucose to fructose conversion 
Cyclodextrin-glycosyltransferase Cyclodextrin production 
Xylanase Viscosity reduction (starch) 

Food (including dairy) Protease Milk clotting, infant formulas (low allergenic), flavour 
Lipase Cheese flavour 
Lactase Lactose removal (milk) 
Pectin methyl esterase Firming fruit-based products 
Pectinase Fruit-based products 
Transglutaminase Modify visco-elastic properties 

Baking Amylase Bread softness and volume, flour adjustment 
Xylanase Dough conditioning 
Lipase Dough stability and conditioning (in situ emulsifier) 
Phospholipase Dough stability and conditioning (in situ emulsifier) 
Glucose oxidase Dough strengthening 
Lipoxygenase Dough strengthening, bread whitening 
Protease Biscuits, cookies 

Beverage Pectinase De-pectinization, mashing 
Amylase Juice treatment, low-calorie beer 
ß-glucanase Mashing 
Acetolactate decarboxylase Maturation (beer) 
Laccase Clarification (juice), flavour (beer), cork stop 

http://www.enzymetechnicalassoc.org
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α-amylases are also important in the baking process for 
the hydrolysis of starch into dextrins, smaller polysacchar
ides further hydrolysed to maltose by β-amylase. The 
presence of fermentable sugars allows yeast to produce 
CO2, which is essential for the rising of the bread. In baking 
there is a further action of the amylases on the gelatinized 
starch, playing an important role in the final texture and 
quality of bread. Moreover, amylases added to bakery 
products can minimize staling. Thermostable α-amylases 
can be applied in the starch hydrolysis process combined to 
gelification step. Carried out at 115–135 °C, this allows the 
parallel liquefaction and saccharification of starch (Myat & 
Ryu 2014). As far as brewing is concerned, during the 
mashing (milled barley malt and water at 50 °C), the 
amylases present in barley malt hydrolyse starch to give 
maltose for yeast to produce CO2 and ethanol. A further 
description of starch and α-glucan acting enzymes is 
reported in Section 10.3.3. 

Amylases are used also in juice clarification. Recently, 
an α-amylase produced by Aspergillus oryzae (IFO-30103) 
was used in combination with a polygalacturonase for apple 
juice clarification, with the total phenolic content reduced 
by 19.8% after enzymatic clarification (Dey & Banerjee 
2014). 

10.2.1.2 Cellulase 

Cellulases include endoglucanases, exoglucanases and 
ß-glucosidases. In the food industry, cellulases are mainly 
used in the extraction and clarification of fruit and vegetable 
juices, the production of fruit nectars and purees and in the 
extraction of olive oil (Bhat 2000). Glucanases are added 
to improve the malting of barley in beer manufacturing 
(Barbesgaard et al. 1984), while in the wine-making indus
try the use of exogenous hemicellulases and glucanases 
favours better maceration and colour extraction (Bhat 
2000). Cellulases are also used for carotenoid extraction 
in the production of food-colouring agents (Karmakar & 
Ray 2011). 

10.2.1.3 Arabinofuranosidase 

α-L-arabinofuranosidases, arabinose-releasing enzymes 
(Chavez et al. 2006; Raweesri et al. 2008) are needed to 
achieve effective production of L-arabinose which has a 
great importance in food industry. In fact, L-arabinose can 
be used as a food additive because of its sweet taste and its 
low uptake due to its poor absorption by the human body 
(Matuso et al. 2000). It has been proved that L-arabinose 
can be used as antiglycaemic agent because of its ability to 
selectively inhibit intestinal sucrase in a competitive way, 

thus reducing the glycaemic response after sucrose inges
tion (Seri et al. 1996; Shin et al. 2003). 
α-L-arabinofuranosidases are able to greatly enhance the 

overall quality of bread, since the enzyme treatment delays 
the staling of the bread and increases the self-life of the 
bread, thereby yielding economic benefits to the bread 
industry (Jiménez & Martinez-Anaya 1999; Martinez-
Anaya & Devesa 1999; Gobbetti et al. 2000). Pentosans 
added to the dough may be hydrolysed by α-L-arabinofur
anosidases (Fessas & Schiraldi 1998; Jiménez et al. 1999), 
producing free pentoses (mainly arabinose and xylose). 
This way, it is possible to increase the availability of soluble 
carbohydrates in the dough (Gobbetti et al. 1999; Jiménez & 
Martinez-Anaya 1999; Martinez-Anaya & Devesa 1999; 
Gobbetti et al. 2000) needed for the metabolism of sour
dough lactic acid bacteria of Lactobacillus sp. (Gobbetti 
et al. 1999), increasing the acidification rates and the 
production of acetic acid. 
The wine aromatic fragrance is mainly due to mono

terpenes and terpenols (Giinata et al. 1988; Mateo & 
Jimènez 2000). A major portion of these monoterpenols 
in grapes musts, wines, other alcoholic beverages (brandy, 
bitters, etc.) and fruit juices (apple, apricot, peach, papaya, 
passion fruit, etc.) (Schwab et al. 1990; Biskup et al. 1993) 
are linked to disaccharide moieties, in which the major 
terminal non-reducing sugar is α-L- arabinofuranose 
(Biskup et al. 1993). The glycosidically bound volatiles 
can be released by cleavage of the glycosidic linkage by 
α-L-arabinofuranosidases, followed by the action of other 
glycosidases which then liberate the monoterpenols 
(Giinata et al. 1988, 1990; Wu et al. 1991; Marlatt et al. 
1992; Sánchez-Torres et al. 1996; Spagna et al. 1998, 2002). 
α-L-arabinofuranosidases treatment followed by the addition 
of other glycosidases can therefore be used for the enhance
ment of wine flavour by the release of free terpenols. 
An α-l-arabinofuranosidase (ABF3) from Penicillium 

purpurogenum was applied for the enhancement of wine 
flavour by Ravanal et al. (2012). A must from Muscat of 
Alexandria was used to isolate the glycosides. The total 
monosaccharide (glucose, arabinose and xylose) levels in 
the glycosides were determined after acid hydrolysis and 
compared with the results of enzymatic hydrolysis, sug
gesting that the arabinofuraosidase from P. purpurogenum 
may prove useful in this particular application. 
During the wine production process, arabinofuranosi

dase can be used as a tool to increase the resveratrol content 
of white wine. Resveratrol is a phenolic compound pro
duced in grapes which exhibits properties that contribute to 
the reduction of the incidence of coronary heart disease and 
other human health-related processes. González-Candelas 
et al. (2000) demonstrated that wines fermented with yeast 
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strain expressing arabinofranosidase from Aspergillus niger 
showed an increased amount of total resveratrol derivatives, 
particularly the non-glycosylated forms. α-L-arabinofura
nosidases also attract attention for their application in fruit 
juice clarification. The preparations of pectinolytic 
enzymes employed in fruit juice processing contain signifi
cant amounts of α-L-arabinofuranosidases (Pilnik 1982; 
Winterhalter 1990; Weaver et al. 1992). These enzymes 
specifically remove the 1,3-side chains present on the main 
1,5-linked arabinan chains, resulting in a precipitate (haze) 
consisting of 1,5 arabinans. The α-1,5 arabinanase acts on 
1,5 arabinans contributing to increase the solubility of the 
precipitate (De Vries et al. 1982; Churms et al. 1983; 
Voragen et al. 1988). In apple and pear juice production, 
haze formation due to the presence of solubilized arabinans 
(Churms et al. 1983) can be avoided by adding sufficient 
amounts of α-L-arabinofuranosidases and endo-arabinanase 
(Whitaker 1984; Voragen et al. 1988). 

10.2.1.4 Xylanase 

Xylanases may be employed in bread-making, together 
with α-amylase, malting amylase, glucose oxidase, prote
ases and lipases. Xylanases break down the hemicelluloses 
in wheat flour, making the dough softer and easier to knead. 
During the bread-baking process xylanases delay crumb 
formation, allowing the dough to grow. The use of xyla
nases provides an increase in bread volume, a greater 
absorption of water and an improved resistance to fermen
tation (Maat et al. 1992; Harbak & Thygesen 2002; 
Camacho & Aguilar 2003). It was demonstrated that the 
supplementation of wholewheat dough with thermo-alkali
stable xylanase, produced by a novel polyextremophilic 
Bacillus halodurans TSEV1, improved antistaling propert
ies, reducing sugar content and bread volume (Kumar & 
Satyanarayana 2014). Shafisoltani et al. (2014) studied the 
effects of glucose oxidase and xylanase on the quality of 
bread flour, showing that the addition of the enzymes 
favours dough properties and bread quality parameters 
such as specific volume, shape, texture and sensory qualit
ies. In biscuit-making, xylanases allow cream crackers to be 
lighter and improve the texture, palatability and uniformity 
of the wafers. 
Two family 11 xylanases from Achaetomium sp. Xz-8 

showed high catalytic efficiency and consequently potential 
application in the brewing industry (Zhao et al. 2013). They 
favoured xylooligosaccharides production and, under sim
ulated mashing conditions, the combination of these new 
xylanases with a commercial β-glucanase improved the 
filtration rate by 34.76%. Moreover, the enzymes had a 
synergistic effect on viscosity reduction (up to 7.08%). 

Xylanases, in combination with cellulases, amylases and 
pectinases, lead to an improved yield of fruit juices by 
means of liquefaction of fruit and vegetables, stabilization 
of the fruit pulp, increased recovery of aromas, essential 
oils, vitamins, mineral salts, edible dyes, pigments etc., 
reduction of viscosity, and hydrolysis of substances hin
dering the physical or chemical clearing of the juice or 
causing cloudiness in the concentrate. Xylanases are also 
used in coffee-bean mucilage (Wong et al. 1988; Wong & 
Saddler 1993). 
Thanks to the advances in molecular biology techniques, 

other uses of xylanases have been discovered. Recently, a 
recombinant wine yeast was engineered with the gene 
coding for a xylanase from Aspergillus nidulans, xlnA, 
resulting in a wine with a more pronounced aroma than 
the conventional product (Ganga et al. 1999). 
During beer manufacture, the cellular wall of the barley 

is hydrolysed and this leads to the release of long chains of 
arabinoxylans which increase the beer viscosity and its 
‘muddy’ aspect. Xylanases are therefore used to hydrolyse 
arabinoxylans to lower oligosaccharides in order to reduce 
the beer viscosity, consequently eliminating its muddy 
aspect (Debyser et al. 1997; Dervilly et al. 2002). 
Recently, the effects of an endoxylanase on the nutritive 

value of wheat-based broiler diets were studied (Francesch 
et al. 2012). It was shown that the supplementation of an 
endo-1,4-β-xylanase from Thermomyces lanuginosus fav
oured a significant improvement of protein, lipid and dry 
matter apparent digestibility coefficients of wheat-based 
broiler diets. 
Moreover, it has been demonstrated that wheat-flour

associated endoxylanases can alter part of the arabinoxylan 
in dough, changing the functionality in bread making and 
potentially affecting the properties of dough end-products 
(Dornez et al. 2007). 
A novel thermoalkaliphilic xylanase from Gordonia sp. 

was studied by Kashyap et al. (2014), showing properties 
such as salt, solvent and surfactant tolerance which make it 
a very good candidate for application in the food industry. 

10.2.1.5 Naringinase 

Excessive bitterness is the main cause of depreciation of 
juice value on the market (Puri & Banerjee 2000). Nar
inginase is an enzyme complex of α-rhamnosidase and 
β-glucosidase, having application in debittering juices 
through naringin hydrolysis (Ting 1958; Habelt & Pittner 
1983). The former enzyme catalyses the hydrolysis of 
naringin into rhamnose and prunin, and the latter further 
hydrolyses prunin to D-glucose and naringenin, a non-bitter 
component (Thomas et al. 1958; Ono et al. 1978). A 
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naringinase from Aspergillus niger was prepared and char
acterized to evaluate its effectiveness in debittering citrus 
juice (Ni et al. 2012). In this work, useful information on 
how to prepare, store and use the naringinase was provided. 

Naringinase is also important in food and beverage 
industries for the production of sweetener precursors 
(Manzanares et al. 1997), preparation of prunin (Roitner 
et al. 1984) and aroma enhancement in wine industry 
(Caldini et al. 1994). Immobilization of naringinase has 
been widely investigated to improve its industrial applica
tions (Puri et al. 2005; Sekeroglu et al. 2006; Busto et al. 
2007; Nunes et al. 2009). Although industrial relevance of 
naringinase is greatly growing, limited information is 
available for its commercial production. 

10.2.2 Pectinase 

Pectinases find their largest industrial application in fruit 
juice extraction and clarification. In fact, pectins contribute 
to fruit juice viscosity and turbidity. A mixture of pectinases 
and amylases was used to clarify fruit juices, giving a 
decrease of filtration time by up to 50% (Blanco et al. 
1999). Treatment of fruit pulps with pectinases provided an 
increase in fruit juice volume from banana, grapes and 
apples (Kaur et al. 2004). Pectinases, in combination with 
cellulases, arabinofuranosidases and xylanases, have been 
used to increase the pressing efficiency of the fruits for juice 
extraction (Gailing et al. 2000). Vacuum infusion of pecti
nases finds commercial application to soften the peels of 
citrus fruits for their removal, having the potential to replace 
hand cutting for the production of canned pieces (Baker & 
Wicker 1996). Recently, a novel endo-polygalacturonase 
from Achaetomium sp. Xz8 overexpressed in Pichia pas
toris has been proven to favour papaya juice clarification 
(Tu et al. 2013). 

Pectinase treatment accelerates tea fermentation and also 
hinders the foam formation when using instant tea powders 
by destroying pectins (Carr 1985). 

Citrus oils such as lemon oil can be extracted with 
pectinases, destroying the emulsifying properties of pectin 
which interferes with the extraction of oils from citrus peel 
extracts (Scott 1978). 

In red wine production, the addition of pectinolytic 
enzymes to macerated fruits before adding wine yeast 
results in improved visual characteristics (colour and tur
bidity) and greater stability (Revilla & Ganzalez-San Jose 
2003). Pectinases are generally applied to increase the 
firmness of fruit dices. For instance, the application of a 
new low-temperature-active pectinase from Penicillium 
chrysogenum was shown to improve the firmness of 

pineapple dices by 47.6% (Pan et al. 2014a). Gwanpua 
et al. (2014) studied the effect of pectinases on the firmness 
and the ethylene production during ripening of Jonagold 
apples, showing that pectin-related enzyme activities highly 
influence ethylene production. It is worth noting a common 
new trend to adopt low-temperature-active pectinases, due 
to the potential economic and environmental advantages 
which the food industry envisages by developing low-
temperature process (Adapa et al. 2014). 

10.2.3 Proteases 

10.2.3.1	 Chymosin (Rennin) and Recombinant 
Rennets for Cheese Manufacture 

Due to its action on milk proteins resulting in coagulation of 
milk, animal rennet (bovine chymosin) is traditionally used 
as a milk-clotting agent in dairy industry for the manufac
ture of quality cheeses. It shows a very specific activity in 
hydrolysing only one bond in к-casein, one of the many 
proteins that make up the milk casein protein complex (к-, 
α-, β-casein). This complex breaks up the casein complex 
(micelle) and aggregates it leading to a clot, the first step in 
cheese production. Most of the proteases are able to initiate 
the milk clot as for chymosins, but they would continue the 
casein hydrolysis producing bitter peptides and eventually 
breaking the clot. The effect of different coagulants, bovine 
calf chymosin and camel chymosin on the functional and 
sensory properties and performance shelf life of low-
moisture, part-skim (LMPS) Mozzarella has been recently 
studied. Properties such as blister quantity, strand thick
ness, hardness and chewiness were maintained for a longer 
ripening time when camel chymosin was used (Moynihan 
et al. 2014). 
The worldwide increase in demand for cheese produc

tion, coupled with the reduced supply of calf rennet, has led 
to the search for rennet substitutes that have been exten
sively revised (Green 1977; Farkye 1995; Fox 1998). 
Microorganisms such as Rhizomucor pusillus, R. miehei, 
Endothia parasitica, Aspergillus oryzae and Irpex lactis 
have been extensively used for rennet production in cheese 
manufacture. Although the proteolytic specificities of the 
three commonly used fungal rennets are considerably 
different from those of calf chymosin, these rennets have 
been used to produce acceptable cheeses. One major draw
back of microbial rennet use in cheese manufacture is the 
development of off-flavour and bitter taste. The microbial 
rennets are more proteolytic in comparison to rennet from 
animal sources, resulting in production of some bitter 
peptides during the process of cheese ripening (Green 
1984). Many studies havetherefore been carried out to 



174 Advances in Food Biotechnology 

express the gene for calf chymosin in selected bacteria 
(Foltman 1993; Tichý et al. 1993; Yonezawa et al. 1993; 
Rogelj et al. 2001), yeasts (Yamashita et al. 1987; Aikawa 
et al. 1990; Leeuw & Swinkles 1993) and filamentous fungi 
(Christensen et al. 1988), and to analyse cheese manufac
ture by recombinant chymosin (Mohanty et al. 1999; 
Rogelj et al. 2001; Hayes et al. 2002; Kappeler et al. 2006). 
The coagulating properties of various milk coagulants 

(especially animal coagulants) for cheese making have 
been recently revised along with advancements in genetic 
and protein engineering to produce recombinant chymo
sin and evaluation of its identity to the rennet available 
from natural sources (Kumar et al. 2010). The yeast 
Pichia pastoris is currently mainly used for recombinant 
expression of chymosins. For instance, a bovine prochy
mosin was constitutively expressed in Pichia pastoris and 
characterized from the catalytic point of view, showing 
milk-clotting activity with optimal activity at 37 °C and  
pH 4 (Jiang et al. 2012). 
Structural studies have been carried out in order to 

determine the relationships between chymosin structure 
and its cheese-making properties. An example is given 
by Langholm et al. (2013) who studied the activities, 
structures, thermal stabilities and glycosylation patterns 
of bovine and camel chymosins obtained from Aspergillus 
niger. It was shown that the improved electrostatic inter
actions arising from variations in the surface charges and 
the greater malleability, both in domain movements and 
substrate binding, contribute to better milk-clotting activity 
of camel chymosin as compared to bovine milk. 

10.2.3.2	 Other Applications of Microbial 
Proteases 

Alkaline microbial proteases have been used in the prepa
ration of protein hydrolysates of high nutritional value. 
Protein hydrolysates, which are normally mixtures of pep
tides and amino acids, have a wide range of nutritional 
applications and play an important role in blood pressure 
regulation in infant food formulations, specific therapeutic 
dietary products and in fortification of fruit juices and soft 
drinks. The production and use of protein hydrolysates 
differ in the type, level of hydrolysis and the peptide profile 
(Ward 1985; Neklyudov et al. 2000; Sujith & Hymavathi 
2013). For instance, bitterness in protein hydrolysates is 
associated with the release of peptides containing hydro
phobic amino acid residues which is one of the major 
undesirable aspects of protein. 
The alkaline proteases are used in hydrolysate production 

from various natural protein substrates. The commercial 
protein hydrolysates are derived from casein (Miprodan; 

MD Foods, Viby, Germany), whey (Lacprodan; MD Foods) 
and soy protein (Proup; Novo Nordisk, Bagsvaerd, 
Denmark). Rebeca et al. (1991) reported the production of 
fish hydrolysates of high nutritional value using Bacillus 
subtilis proteases. Matsui et al. (1993) reported on protease 
hydrolysates having angiotensin-I-converting enzyme-
inhibitory activity from sardine muscle obtained after treat
ment with B. licheniformis alkaline protease. Fujimaki et al. 
(1970) used alkaline protease for the production of soy 
protein hydrolysates. Perea et al. (1993) used alkaline prote
ase for the production of whey protein hydrolysate, using 
cheese whey which is also today an abundant liquid byprod
uct of the dairy industry with an estimated world production 
of 145 × 106 tonnes/year. O’Meara & Munro (1984) reported 
the upgrading of lean meat waste to edible products by 
alkaline protease hydrolysis of the meat waste, using com
mercial alkaline proteases. Ohmiya et al. (1979) reported the 
use of immobilized alkaline protease (on Dowex MWA-1 by 
gluteraldehyde) in cheese making. Using of immobilized 
biocatalysts in processing cheese whey has been recently 
revised by Kosseva et al. (2009). Proteases from B. lichen
iformis and Aspergillus orza were shown to produce whey 
protein concentrate hydrolysates with very high content of 
angiotensin-converting enzyme (ACE) inhibitors, often used 
in the treatment of arterial hypertension (Erdmann et al. 
2008). 
Anti-oxidants from fishery resources have attracted the 

attention of researchers as they are cheaper in cost, easy to 
derive and do not have side effects. Fish protein hydroly
sates and derived peptides of fishery resources are therefore 
widely used as nutritional supplements, functional ingredi
ents and flavour enhancers in food and beverage. For 
instance, Sheriff et al. (2014) used pepsin and papain for 
proteolytic digestion of Rastrelliger kanagurta backbones. 
The obtained fish protein hydrolysate exhibited potent anti
oxidant properties in all tested in vitro systems, maybe due 
to the size and the aromatic amino acid content of the 
peptides produced during digestion. 

10.2.4 Lipase 

Most of the commercial lipases are utilized for flavour 
development in dairy products and in the processing of food 
such as meat, vegetables, fruit, baked foods, milk products 
and beer (Nagodawithana & Reed 1993). Phospholipases 
have found industrial application in egg yolk treatment for 
the production of custard, mayonnaise, baby foods and 
dressings, in dough preparation and in the processing of 
sauces such as hollandaise, bernaise and cafe de paris 
(Reimerdes et al. 2004). 
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Lipases have been successfully used as catalysts to 
synthesize esters used as flavouring agents in the food 
industry (Ghosh et al. 1996; Sharma et al. 2001). An 
accurate control of lipase concentration, pH, temperature 
and emulsion content allows the production of flavour and 
fragrance to be maximized (Pandey et al. 1999). Uhling 
(1998) reported the preparation of lipase-modified butter fat 
which found wide application in various food processes. 
Oil from soybean is hydrolysed by lipase in making Koji, a 
traditional Asian food (Ang et al. 1999). Another soybean 
fermented food, tempeh, utilizes lipase from R. oligospo
rous (Shurtleff & Aoyagi 2001). 

The importance of lipase in the food industry is also 
linked to its use in the preparation of food additives. For 
instance, Liu et al. (2012) studied the biosynthetic ability of 
a recombinant lipase from Candida antarctica ZJB09193 
produced in the host Pichia pastoris. The recombinant 
enzyme was immobilized and used for vitamin A esters 
production, with a general yield of 78%, when reacting for 
7 hours at 30°C. 

Lipases have also been recognized as useful catalysts for 
the production of anti-oxidants such as isoascorbic acid 
esters, which can be used as food addictives (Sun et al. 
2013). 

10.2.4.1 Dairy Industry 

Lipases are extensively used in the dairy industry to 
modify the fatty acid chain lengths, to enhance the 
flavour of various cheeses, to accelerate cheese ripening 
and for the lipolysis of butter, fat and cream (Ghosh et al. 
1996; Sharma et al. 2001). The free fatty acids generated 
by the action of lipases on milk fat endow many dairy 
products, particularly soft cheeses, with their specific 
flavour characteristics. A range of cheeses of good 
quality was produced by using individual microbial 
lipases or mixtures of them (Nagodawithana & Reed 
1993; Ghosh et al. 1996; Makhzoum et al. 1996; 
Sharma et al. 2001). 

Gastric lipases have been used to accelerate ripening 
and for flavour development of many cheese types, 
including cheddar, provolone and ras cheeses, and to 
intensify flavour of Italian cheeses such as Paramesan, 
Provolone and Romano (Custry et al. 1987). Lipases and 
proteases have been used to accelerate ripening both 
individually and as a ‘cocktail’. Lipase addition enhances 
the rate of fatty acid liberation, accelerating flavour 
development (Custry et al. 1987; Maia et al. 1999). 
Adaptation of liposome technology for accelerated cheese 
ripening reduces bitterness and losses in yield (Custry 
et al. 1987). Cheeses made with intact capsules contain 

substantially more enzymatic end-products than those 
obtained by direct enzyme addition. Inherent milk lipase 
in cheese, prepared from unpasteurized milk, greatly 
affects lipolytic action. The cultures and secondary flora, 
such as P. roqueforti and P. camembertii in Blue-vein and 
Camembert cheeses respectively, produce lipases which 
are responsible for lipolysis. 

10.2.4.2 Fat and Oil Industry 

There are many studies on the hydrolysis of fats and oil by 
lipases used in pure immobilized and cell-bound form 
(Ghosh et al. 1996). Lipases allow fat and oil modification, 
replacing one or more fatty acid chains with new ones and 
therefore converting a relatively inexpensive and less desir
able lipid to a higher-value fat (Sharma et al. 2001; Gupta 
et al. 2003). Among the lipolytic conversions of oils and 
fats, esterification and interesterification are used to obtain 
value-added products, such as specialty fats and partial 
glycerides, and have greater industrial potential than fatty 
acid production in bulk through hydrolysis. Immobilized 
lipases have been developed for interesterification of com
modity oils and fats for the production of frying fats, 
shortening and margarine components (Kajilal et al. 
1999; Pearce et al. 2002) and for esterification of function
alized phenols for synthesis of lipophilic anti-oxidants to be 
used in sunflower oil (Buisman et al. 1998). 
Cossignani et al. (2004) studied the Rhizomucor miehei 

lipase catalysed acidolysis of soybean oil with oleic acid to 
increase oleic acid content. Lipase from Rhizomucor miehei 
was also used to carry out acidolysis, and a product with 
minimal modification of Sn-2 position fatty acid composi
tion was obtained (Tan & Yin 2005). 
In refining vegetable oils, the degumming step can be 

carried out with a microbial phospholipase (Lecitase Novo; 
Pearce et al. 2002). Novozym 435 (Candida antarctica 
lipase) was exploited to catalyse glycerolysis of commer
cial oils and fats to produce monoacylglycerides, providing 
a new environmentally benign ‘solution’ to the enzymatic 
modification of fats and oils with industrial potentials 
(Guo & Xu 2005). Tailored vegetable oils with nutritionally 
important structured triacylglycerols and altered physico
chemical properties have huge potential. Microbial lipases 
may be exploited for retailoring vegetable oils, upgrading 
cheap oils to nutritionally important structured triacylgly
cerols such as cocoa-butter substitutes, low-calorie triacyl
glycerols and polyunsaturated fatty acids, and oleic-oil
enriched oils (Kajilal et al. 1999). 
It is possible to change the physical properties of natural 

oils to convert them into margarines and hard butter with 
higher melting points, or into special low-calorie spreads 



176 Advances in Food Biotechnology 

with short- or medium-chain fatty acids. Chemical modifi
cations of fat and oil by using directed interesterification are 
energy intensive and non-specific. Lipase-mediated modi
fications are therefore likely to occupy a prominent place in 
the food oil industry for tailoring structured lipids since 
enzymatic modifications are specific and can be carried out 
in moderate reaction conditions (Gupta et al. 2003). A 
recent study was carried out by Pan et al. (2012). They 
worked with an active Geotrichum sp. lipase displayed on 
Pichia pastoris cell wall to improve fish oil properties. 
Particularly, the recombinant lipase was used to enrich 
eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA) in fish oil, up to 1.21- and 1.29-fold respectively, 
with a final total yield of EPA and DHA of 46.62%. 

10.2.4.3 Flavour Enhancement 

The production of low-molecular-weight esters as flavour 
compounds by biotechnological processes has a great 
interest for the food industry. Hexyl esters are widely 
used as flavour and fragrance agents in the food, beverage 
and pharmaceutical industries (Kazlauskas & Bornscheuer 
1998). Moreover, there is a growing demand for ‘green’ 
natural flavours such as hexanol (C6 alcohols) derivates. 
Due to their natural character, the biosynthesis of such 
esters catalysed by lipase has much current commercial 
interest (Shieh & Chang 2001; Chang et al. 2003). Methyl 
ketones are the major group of compounds contributing to 
cheese flavour and are derived from the fatty acids liberated 
by lipolysis. These fatty acids have been shown to be 
enzymatically oxidized by secondary flora into methylke
tones through the β-oxidation pathway. In addition, the 
oxy-fatty acids found in milk fat may also be the source of 
methylketones (Custry et al. 1987). 
Terpenyl esters are particularly interesting in the food 

industry as flavour compounds. Direct esterification of 
citronellol and geraniol with short-chain fatty acids cata
lysed by a free lipase from Mucor miehei was performed 
with high yields in 100% pure terpenyl esters (Laboret & 
Perraud 1999). Candida antarctica lipase B recombinantly 
produced in Pichia pastoris and displayed on the cell 
surface of P. pastoris was shown to possess a very high 
ability of flavour esters synthesis (Su et al. 2010). 

10.2.4.4 Bakery Industry 

In the baking industry, there is an increasing focus on 
lipolytic enzymes. Phospho-lipases can be used to substi
tute or supplement traditional emulsifiers, since the 
enzymes degrade polar wheat lipids producing emulsifying 
lipids in situ (Nova Nordisk; Collar et al. 2000; Kirk et al. 

2002). Lipase was primarily used to enhance the flavour 
content of bakery products by liberating short-chain fatty 
acids through esterification. Along with flavour enhance
ment, it also prolonged the shelf life of most bakery 
products, reducing the initial firmness and increasing the 
specific volume of breads (Monfort et al. 1999; Keskin 
et al. 2004). In fact, texture and softness could be improved 
by lipase catalysis (Loboret & Perraud 1999). 

10.2.5 Laccase 

Among oxidoreductases, laccases have high potential in the 
food industry for the stabilization and the quality improve
ment of different drinks, and the deoxygenation of perish
able products containing plant oils. The prospects of laccase 
applications in food industry are described in several 
reviews (Duran et al. 2002; Mayer & Staples 2002; Minussi 
et al. 2002, 2007; Couto & Herrera 2006; Giardina et al. 
2010). It is worth noting that laccases have also been largely 
used for the development of biosensors applied in the food 
industry, such us those used for phenol measurements in 
wine, must and beer (Shleev et al. 2004; Gamella et al. 
2006; ElKaoutit et al. 2007; Di Fusco et al. 2010). The 
various application types of laccases are described in the 
following sections. 

10.2.5.1 Wine Stabilization 

Wine stabilization is one of the main applications of laccase 
in the beverage industry (Minussi et al. 2002), since they 
are able to selectively remove polyphenols without 
undesirable alteration of the wine’s organoleptic character
istics (Tannoven & Eksi 2005). Additionally, a laccase has 
been commercialized for preparing cork stoppers for wine 
bottles (Conrad et al. 2000). The enzyme oxidatively 
reduces the characteristic cork taint and/or astringency, 
which is frequently imparted to aged bottled wine. 

10.2.5.2 Beer Stabilization 

The storage life of beer depends on different factors such as 
haze formation, oxygen content and temperature. As pre
viously reported, haze is produced by small quantities of 
naturally occurring proanthocyanidins (Mathiasen 1995) 
and it represents a persistent problem in the brewing 
industry (MacMurrough et al. 1999). Use of laccases for 
the oxidation of polyphenols as an alternative to the 
traditional treatment has been tested by different authors 
(Rossi et al. 1988; Giovanelli 1989; Mathiasen 1995). 
Laccases have also been used for the removal of oxygen 
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at the end of the beer production process (Mathiasen 1995) 
in order to remove the unwanted oxygen in the finished beer 
and thereby enhance the storage life of beer. Moreover, a 
commercial laccase preparation named ‘Flavourstar’, man
ufactured by Novozymes A/S, was marketed for its use in 
brewing beer to prevent the formation of off- flavour 
compounds (e.g. trans-2-nonenal) by scavenging the oxy
gen, which otherwise would react with fatty acids, amino 
acids, proteins and alcohol to form off-flavour precursors 
(FAO 2004). 

Recently, Dhillon et al. (2012) demonstrated the poten
tial of ‘in-house’ produced laccase using brewer’s spent 
grain for the clarification and flocculation of crude beer as a 
sustainable alternative to the use of traditional flocculants 
(e.g. stabifix and bentonite). 

10.2.5.3 Fruit Juice Processing 

Laccase preparations have been widely investigated for 
juice clarification (Minussi et al. 2007). The formation 
of haze or sediment in fruit juices is due to the interaction 
between proteins and polyphenols, and fruit juices are 
stabilized delaying protein-polyphenol haze formation 
(Siebert 1999). Several authors have investigated the use 
of laccase for the stabilization of fruit juices (Cantarelli 
1986; Cantarelli & Giovanelli 1990; Maier et al. 1990; 
Ritter et al. 1992; Giovanelli & Ravasini 1993; Stutz 1993; 
Sammartino et al. 1998; Artik et al. 2004; Neifar et al. 
2009). The results showed that he laccase treatment fol
lowed by ultra-filtration, improved he colour and he flavour 
stability in comparison to the conventional treatments 
(Cantarelli & Giovanelli 1990; Maier et al. 1990; Ritter 
et al. 1992; Stutz 1993; Artik et al. 2004; Neifar et al. 2009). 

10.2.5.4 Baking 

Laccases are of interest in baking due to their ability to 
cross-link biopolymers, resulting in an increased strength 
and stability and reduced stickiness as well as in an 
increased volume and an improved crumb structure and 
softness of the baked products (Si 1994; Labat et al. 2000). 

Selinheimo et al. (2006) showed that a laccase from the 
white-rot fungus Trametes hirsuta increased the maximum 
resistance of dough and decreased the dough extensibility 
in both flour and gluten dough, due to the cross-linking of 
the esterified ferulic acid on the arabinoxylan fraction of 
dough. Laccase-treated flour dough softened as a result 
of prolonged incubation. It was proposed that softening is 
due to radical catalysed break-down of the cross-linked 
arabinoxylan network. 

Renzetti et al. (2010) showed that a commercial laccase 
preparation significantly improved the bread-making per
formances of oat flour and the textural quality of oat bread 
by increasing specific volume and lowering crumb hardness 
and chewiness. The improved bread-making performances 
could be related to the increased softness, deformability and 
elasticity of oat batters due to laccase supplementation. 

10.2.5.5 Sugar Beet Pectin Gelation 

The sugar beet pectin is a functional food ingredient that 
can form thermo-irreversible gels, having great interest for 
the food industry as can they be heated while maintaining 
the gel structure. 
Norsker et al. (2000) analysed the gelling effect of two 

laccases and a peroxidase in food products, finding that 
laccases are more efficient as gelling agents in luncheon 
meat and milk than peroxidase. In addition, in many 
countries it is prohibited to add hydrogen peroxide to 
food products, making it impossible to use peroxidases 
as gelling agents. It is therefore more realistic to add laccase 
to food products. 
Kuuva et al. (2003) reported that by using laccases as 

cross-linking agents together with calcium, the ratio of 
covalent and electrostatic cross-links of sugar beet pectin 
gels can be varied and it is possible to tailor different types 
of gel structures.Littoz & McClemmens (2008) showed that 
laccase can be used to covalently cross-link beet pectin 
molecules adsorbed to the surfaces of protein-coated lipid 
droplets at pH 4.5, therefore suggesting that emulsions with 
improved functional performance could be prepared using a 
biomimetic approach that utilizes laccases to cross-link 
adsorbed biopolymers. 

10.2.6	 Enzymes for Production 
of Functional Foods 

Functional foods are foods designed to confer specific 
health benefits going beyond normal nutritive properties 
(Ashwell 2002; Hasler 2002; Hasler et al. 2004). Their 
effects on health are generally due to the enhancement of 
one or more physiological functions and/or to the reduction 
of disease risk (Ashwell 2002; Hasler 2002; Hasler et al. 
2004; Verschuren 2002). Examples of current products 
include fruit juices with elevated content of anti-oxidant 
polyphenols, yogurts with selected probiotic bacteria, milk/ 
chocolate milk with n-3 lipids, margarines, spreads and 
yogurts with phytosterols. 
The main issue for production of functional foods is 

providing evidence that particular dietary substances and 
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foods impart beneficial effects, since testing is expensive 
and time-consuming and measuring the subtle, sometimes 
multifunctional, early-event effects is different from eval
uating the clinical effects of pharmaceuticals (Ashwell 
2002; Hasler 2002; Hasler et al. 2004; Verschuren 
2002). Moreover, various unexpected interactions among 
nutrients may occur in the foods, in addition to the influ
ences of the presence of other dietary components during 
digestion and absorption. It is therefore difficult to predict 
the bioavailability, the dose-response effects and the impact 
of the functional foods on health. 

The targeted production of well-defined natural sub
stances to be incorporated in foods in specified concentra
tions is currently drawing increased attention. Many of the 
current candidate biofunctional compounds are newly dis
covered substances, having structures too complex to be 
synthesized via chemical routes. They may be enhanced via 
genetic modification of plant products, but genetically 
engineered products need complicated development and 
legislation stages and are controversial (Powell 2007). An 
alternative approach is to produce the target substances via 
microbial production or enzymatic modification. Enzymati
cally extracted and/or modified substances offer significant 
opportunities for exploiting natural tools to modify and 
produce specific potentially nutrifunctional ingredients. 
Enzymes are ideal catalysts for extraction, modification 

or synthesis of complex biofunctional substances of natural 
origin, due to their high specificity and regioselectivity, 
ability to work under mild conditions and in aqueous 
solution, and their susceptibility to tailoring of the catalyst 
properties (via protein engineering or directed evolution) to 
better fit either specificity/selectivity, stability or processing 
requirements. Moreover, the use of enzymes offers green 
tools to the food industry, helping it to meet the demand for 
clean and ‘green’ routes of production of new compounds. 
Some key examples of enzymatic tailoring of food 

components for improved health effects in humans and 
animal models include the use of phytase for 
dephosphorylation of phytate to increase iron availability 
in humans (Sandberg et al. 1996); use of lipase in produc
tion of 1,3 diacylglycerols to decrease the amount of plasma 
triglycerides (Nagao et al. 2000), increase energy expen
diture (Taguchi et al. 2000) and decrease body weight and 
abdominal fat stores (Maki et al. 2002) in humans; use of 
lipase to enhance incorporation of conjugated linoleic acid 
into triglycerides in order to decrease aortic fatty streak in 
mice (Lee et al. 2005); use of rhamnosidase in de
rhamnosidation of hesperetin-7-O-rutinoside (hesperidin) 
to increase bioavailability of hesperetin in humans (Nielsen 
et al. 2006); use of pectinase for modification of potato cell-
wall material to increase fermentability of fibre in humans 

(Olesen et al. 1998) and decrease weight gain in rats (Lærke 
et al. 2007). 
Particuarly interesting is the case of probiotics which can 

be obtained by the action of hydrolytic enzymes on differ
ent feedstock. For instance, xylooligosaccharides can be 
obtained from corncobs xylan through the application of 
xylanases. A new partially purified xylanase from Asper
gillus foetidus MTCC 4898 was applied to corncobs lead
ing to a maximum yield of xylooligosaccharides of 
6.73 ± 0.23 mg mL�1 after 8 hours of reaction time using 
20 U of xylanase at 45°C. In this condition it was possible to 
obtain a preparation, mainly containing xylobiose and 
xylotriose, characterized by a high thermal stability at 
low pH. The prebiotic effect of the obtained mixture was 
evaluated by in vitro fermentation, and the potential appli
cation of the mixture in food industry was demonstrated 
(Chapla et al. 2011). 
Such targeted enzyme-catalysed reactions provide new 

opportunities to design functional foods with significant 
health benefits. The provision of well-defined naturally 
structured compounds can, moreover, assist in obtaining 
a much-needed improved understanding of the physiologi
cal benefits of complex natural substances. 

10.3	 Tools to Enhance Use of Food 
Enzymes 

Recombinant enzyme technology and protein engineering 
are tools available to improve productivity and properties 
such as the catalytic efficiency, thermostability, pH stability 
and substrate selectivity of enzymes and their action in food 
and beverage industries. 

10.3.1	 Production of Food Enzymes from 
Recombinant Microrganisms 

As previously described, many enzymes currently used in 
food processing are derived from recombinant microorgan
isms. Production of recombinant enzymes typically 
involves development of the host microbial strain, con
struction of the expression vector, transformation of the 
host strain, identification of the best recombinant strain and 
its characterization, and optimization of conditions for 
recombinant production. The optimization of these steps 
depends on the identity and properties of the host organism 
and availability of genetic methods suitable for its modifi
cation and transformation. The majority of host strains for 
recombinant expression of food processing enzymes have 
been derived from a relatively small number of bacterial 
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and fungal species such as Bacillus subtilis, B. lichen
iformis, Aspergillus niger and A. oryzae (Olempska-Beer 
et al. 2006). These microorganisms are safe sources of 
native enzymes, display efficient growth, are easy to genet
ically manipulate and are able to secrete large amounts of 
enzymes. These characteristics make these microorganisms 
particularly appropriate as hosts for a variety of heterolo
gous enzymes. Microorganisms such as Escherichia coli 
K-12, Fusarium venenatum and Pseudomonas fluorescens, 
whose native enzymes are not used for the industrial 
applications, have been successfully adopted as hosts for 
the expression of food processing enzymes (Olempska-
Beer et al. 2006). The Gram-negative bacteria E. coli K-12 
(source of chymosin) and P. fluorescens Biovar I (source of 
α-amylase) accumulate heterologous enzymes; their isola
tion and purification therefore involve more steps than 
purification of secreted enzymes produced in the other 
hosts. 

The wild-type strains of several host microorganisms 
produce a variety of extracellular enzymes, and some of 
these may catalyse undesirable reactions in food. Extrac
ellular proteases are particularly troublesome because they 
tend to degrade heterologous enzymes. To increase recom
binant enzyme yield, protease-deficient host strains have 
been developed. Other modifications include the develop
ment of sporulation-deficient mutant strains. 

Particular interest has also been focused on yeasts as hosts 
for the recombinant expression of enzymes applied in food 
industry, with particular attention to the development of 
tailored wine/beer yeasts. In addition, Pichia pastoris is 

currently one of the main hosts used for food-enzyme 
production (Jiang et al. 2012; Liu et al. 2012; Tu et al. 2013). 

10.3.2 Protein and Metabolic Engineering 

Rational design and directed evolution (Fig. 10.1) represent 
the two general approaches available for protein engineer
ing. Rational design requires knowledge of the structure, 
function and catalytic mechanism of the protein in order to 
make desired changes via site-directed mutagenesis. How
ever, such understanding is lacking for most of the proteins 
of interest. In addition, although computational protein 
design algorithms were developed to predict optimal muta
tions at specific residue positions in the protein, only limited 
success has been achieved (Martí et al. 2008; Sterner et al. 
2008; Ward 2008). On the other hand, the directed evolu
tion approach only requires knowledge of the protein 
sequence. This approach involves repeated cycles of ran
dom mutagenesis and/or gene recombination followed by 
screening and selection for positive mutants (Zhao 2002; 
Johannes & Zhao 2006; Rubin-Pitel & Zhao 2006). A 
summary of directed evolution techniques has been recently 
revised by Tang & Zhao (2009). 
One of the most critical steps of directed evolution 

strategy is finding an enzyme with desirable properties in 
a library of thousands of mutants. Over the past several 
years, a multitude of screening and/or selection techniques 
have been developed to isolate the variants of interest 
(Leemhuis et al. 2009; McLachlan et al. 2009). Despite 

Figure 10.1 A general scheme of protein engineering used to improve enzyme properties. 
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the availability of a wide range of screening or selection 
tools, their applicability is often specific only to a particular 
substrate/enzyme combination; much effort is still required 
to customize and optimize a screening/selection method for 
different directed evolution experiments. 
Protein engineering strategies applied to modulating spe

cific properties of starch and α-glucan-acting enzymes, and 
improving their applications in the starch and food industries, 
are described in the following. Protein engineering in the food 
industry is generally aimed at the improvement of enzyme 
thermostability, pH optimum and catalytic efficiency. 
The high temperatures (up to 105°C) adopted for starch 

liquefaction give rise to the need for highly thermostable 
enzymes (Richardson et al. 2002). The development of 
stable and functional α-amylases in the absence of Ca2+ 

ions at high temperatures is also pursued. In fact, the high 
temperature requires the addition of calcium ions to stabi
lize the enzyme, but Ca2+ ions inhibit the glucose isomerase 
used in the final step of the starch conversion process. 
Starch-modifying enzymes isolated from highly hyper-
thermophilic bacteria may provide an alternative to such 
calcium-dependent enzymes. These highly thermostable 
enzymes may show poor reaction specificity or low pro
duction level, but they represent a genetic template to create 
a highly stable enzyme with the desired properties. 
Richardson et al. (2002) applied activity- and sequence-
based screening approaches to isolate three different 
α-amylases with one or more desired aspects from various 
environments: temperature stability; pH optimum; and 
lowered dependence on calcium ions and/or high reaction 
rate. The genes encoding these three enzymes were used as 
parental sequences for DNA shuffling in order to combine 
the best aspects of the three enzyme phenotypes. The two 
chimeric α-amylases found by high-throughput screening 
showed a 40-fold longer half-life activity in the absence of 
calcium ions at 90°C and pH 4.5. 
Alternatively, directed evolution strategies may be 

applied to enhance the thermostability of enzymes having 
favourable enzymatic properties in the absence of calcium 
ions. This strategy has not yet been described for an α
amylase, but the principle has been demonstrated for the 
xylanase from Cellvibrio japonicas where three rounds of 
error-prone PCR raised the inactivation temperature of this 
enzyme in the absence of calcium by 10°C, without affect
ing its catalytic properties (Andrews et al. 2004). 
The use of starch-modifying enzymes in industrial appli

cations often necessitates the adaptation of the enzyme to 
specific pH conditions. To improve the performance of 
amaltogenic amylase (Novamyl) as an antistaling agent for 
breads, two epPCR libraries of Novamyl were constructed 
and screened for improved thermal stability at 80°C and 

activity at pH 4.3 (Jones et al. 2008). A triple mutant showing 
a higher antistaling activity in bread made at pH 4.3 and 
displaying a 10°C increase of melting temperature at pH 4 
compared to the wild-type enzyme was isolated. 
The availability of high-resolution 3D structures cur

rently allows the application of site-directed mutagenesis to 
alter the optimum pH of an enzyme, thus reducing the time 
and cost spent on screening libraries. Saturated mutagenesis 
of the Cβ4 starch-binding domain of the α-amylase from B. 
licheniformis followed by selection for starch binding at 
low pH yielded a double mutant with an improved starch 
hydrolysis ratio of 0.13 at pH 4.5/7.5, compared to 0.05 of 
the wild-type enzyme (Verhaert et al. 2002). Saturated 
mutagenesis has also been proved successful in altering 
the pH optimum of food enzymes. For instance, the hydro
gen bond networks around the catalytic base residue, E380, 
of a soybean α-amylase were removed by point mutations, 
raising the optimum from pH 5.4 to a more neutral pH range 
between 6 and 6.6 (Hirata et al. 2004). 
Novel genetic techniques, such as metabolic engineer

ing, are also contributing to improvements in industrial 
processes in the fields of food and feed production. 
Amino acids, vitamins, organic acids and carotenoids are 

the metabolites of interest for the food industry that have so 
far been overproduced by mean of metabolic engineering 
(Adrio & Demain 2010). Metabolic engineering strategies 
have also been applied for the synthesis of complex poly
saccharides for food use, such as exopolysaccharides. 
Exopolysaccharides (EPS) made by bacteria such as Lac
tococcus and Streptococcus are an active subject of meta
bolic engineering. The in situ exopolysaccharides favour 
modulation of rheology, improve mouthfeel and textures of 
food products as well as yieldng some health benefits as 
prebiotics. Metabolic engineering efforts in improving EPS 
production have been mainly directed at the precursor 
synthesis. For instance, the overexpression of the UDP-
glucose pyrophosphorylase (GalU), an enzyme involved in 
UDP-glucose synthesis and under the control of a nisin 
inducible promoter, increased the enzyme specific activity 
in Lactococcus lactis by 20-fold, which in turn increased 
both UDP-glucose and UDP-galactose synthesis by 8-fold 
(Ruffing & Chen 2006). Similar studies have been carried 
out to design and construct microorganisms suitable for 
the production of aromatic amino acids and derivatives 
(Bongaerts et al. 2001). 
Lactic acid bacteria, used in the diary industry worldwide 

for the production of an enormous variety of fermented 
dairy products, represent the main case of metabolic engi
neering strategies at the levels of both the primary and the 
more complex secondary metabolism. As reported by 
Papagianni et al. (2012), the main target for metabolic 
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engineering aimed at increasing lactic acid production 
levels, are the enzymes involved in the pathway of sugar 
utilization and the subsequent glycolytic and lactate fluxes. 

The selection of improved variants of certain enzymes 
obtained through metabolic or protein engineering can be 
carried out by means of high-throughput techniques which 
are based on robotic instrumentation. In this way it is 
possible to screen thousands of clones expressing the 
new variants in a very short time. 

Interestingly, mass spectrometry imaging (MSI) has found 
application in the high-throughput analysis of enzymes. MSI 
is the fastest-growing subfield of mass spectrometry (MS), 
allowing the analysis of thousands of samples. As reviewed 
by de Rond et al. (2015), the most promising strategy for 
high-throughput targeted enzyme activity analysis in com
plex mixtures by MSI is the immobilization of analytes to a 
MS surface. The enzyme substrate can be pre-immobilized 
on the surface and the enzymatic reaction performed on the 
interface, or the reaction can be performed in solution with 
subsequent selective capture of the substrates and products 
onto the surface. 

10.3.3	 Other Techniques to Enhance Enzymes 
for the Food Industry 

Enzymes traditionally isolated from culturable microorgan
isms, plants and mammalian tissues are often not well 
adapted to the conditions used in modern food production 
methods. Such enzymes may be discovered by screening 
microorganisms sampled from diverse environments. 

Thermophilic enzymes are important in baking and 
starch processing. Several genes encoding such enzymes, 
including thermostable amylases and xylanases, have been 
isolated from thermophillic microorganisms and expressed 
in heterologous production strains. In particular, α-amylase 
is a well-established representative of thermostable 
enzymes and its description as a model for analysis of 
the structural basis of protein thermostability has been 
recently reported (Prakash & Jaiswal 2010). 

In the food industry, reactions often need to be carried 
out at a low temperature to avoid changes of food ingredi
ents due to undesirable side-reactions that occur at high 
temperatures. An example of the application of a cold-
adapted enzyme in non-aqueous biotransformation is the 
use of a lipase from Pseudomonas strain P38 for the synthesis 
of the flavouring agent butyl caprylate in n-heptane (Tan 
et al. 1996). Immobilized cold-active lipases from C. ant
arctica (CAL B), C. cylindracea AY30, Humicola lanugi
nosa, Pseudomonas sp. and Geotrichum candidum were 
used for the esterification of functionalized phenols for 

synthesis of lipophilic anti-oxidants to be used in sunflower 
oil (Buisman et al. 1998; Pandey et al. 1999). Whole-cell 
biocatalyst obtained by recombinant expression of mutated 
C. antarctica lipase B (mCAL B) as a surface-bound protein 
in yeast and its applications were investigated (Kato et al. 
2007) and a preference for short-chain fatty acids, represent
ing an advantageous property for producing flavours, was 
shown. Particular interest has been also focused on cold-
adaptive xylanase which shows, for example, performances 
in bread-making better than those of mesophilic xylanases 
(Dornez et al. 2011). 

As well as the isolation of novel microorganisms produc
ing food enzymes, the metagenomic approach, adopted 
worldwide as a new tool for developing new biocatalysts, 
can be adopted for the identification of new food enzymes 
(Urban and Adamczak 2008; Wong 2010; Ercolini 2013). 
Metagenomic screening is mostly based on either function or 
sequence approaches. Function-based screening consists of 
the isolation of genes that show the desired function by direct 
phenotypical detection, heterologous complementation and 
induced gene expression (Li et al. 2012). On the other hand, 
sequence-based screening is performed using either the 
polymerase chain reaction (PCR) or hybridization proce
dures. Different habitats such as volcanic vents, Arctic 
tundra, cow rumen, marine environments and termite guts 
have so far been studied for isolation of a wide range of 
microbial enzymes with potential for biocatalytic applica
tions (Adrio & Demain 2014). 
For instance, a novel lipase to be applied in the diary 

industry was isolated from a metagenomic library and 
expressed in E.coli. The novel enzyme showed high hydrol
ysis specificity for myristate (C14) and palmitate (C16), and 
has found application in imparting a distinctive and desir
able flavour and odour in milkfat flavour production (Peng 
et al. 2014). 
Commercialization of metagenomic technologies was 

started by companies such as Diversa, BASF, BRAIN 
and Genencor, which are conducting intensive research 
in the field of metagenomics for new industrial enzymes 
development (lypase, protease, esterase, metalloprotease 
and cellulase; Urban & Adamczak 2008). 
Along with protein engineering, enzyme immobilization 

represents a good way to enhance the performace of enzymes 
in the food industry, such as their thermal and operational 
stability, their specific activity and their product specificity, 
as well as favouring the possibility to reuse the biocatalysts in 
several cycles of process. Dwevedi & Kayastha (2009) 
reported the stabilization of a β-galactosidase (from peas) 
applied in lactose hydrolysis, by immobilizing it onto 
Amberlite MB-150 beads. The possibility to increase the 
stability of an amylase-immobilized biocatalyst was studied 
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by Rajagopalan and Krishnan (2008) who obtained a bio
catalyst which retains 90% of acitivity after 20 cycles of 
operation during starch hydrolysis. Several enzymes, namely 
chymosin, cyprosin, lactase, neutrase and trypsin, have been 
immobilized and applied in the food industry, as well as 
lipases, protease and naranginase as described in Sections 
10.2.4, 10.2.3 and 10.2.1.5, respectively (Ohmiya et al. 1979; 
Puri et al. 2005; Sekeroglu et al. 2006; Busto et al. 2007; 
Nunes et al. 2009; Liu et al. 2012). 

The laborious procedure of enzyme immobilization can 
be overcome by developing surface-displayed proteins. 
Such proteins are obtained by fusing them to surface 
proteins or anchoring domains, leading to their expression 
in the host cells, secretion to the cell surface and incorpo
ration into the wall/envelope moiety. 

Lipolytic enzymes are the proteins most frequently adopted 
for developing surface-displayed systems, as recently review
ed by Bielen et al. (2014). Recently, Pan  et al. (2014b) 
developed a green and cost-effective alternative food-grade 
whole-cell catalyst to commercial lipase. In particular, they 
produced a cell surface display system based on Aspergillus 
niger using the widely used lipase B (CALB) from Candida 
Antarctica fused to an endogenous cell-wall mannoprotein, 
CwpA, and functionally displayed on the cell surface. 
It is well known that several biocatalyses are enhanced 

by the use of enzymatic mixtures composed by proteins 
which co-operate for the release of the final product. There 
are several manuscripts regarding the application of 
enzymes mixtures – composed of pectinase, cellulase 
and hemicellulases – in the preparation of clarified juices, 
with an overall reduction in viscosity and an improvement 
in filterability (Jaleel et al.1978; Koffi et al. 1991; Shahadan 
& Abdullah 1995). Recentely, You et al. (2012) demon
strated a ‘one-pot’ enzymatic conversion of pre-treated 
biomass to starch through a novel enzymatic mixture 
composed of endoglucanase, cellobiohydrolyase, cellobi
ose phosphorylase and alpha-glucan phosphorylase origi
nating from bacterial, fungal and plant sources. As far as the 
food industry is concerned, rennet is so far the major 
example of enzymatic mixture which is applied in the diary 
field. In fact, it contains several enzymes which co-operate 
in the mik coagulation. Chymosin, a protease enzyme that 
curdles the casein in milk, is the key component of rennet, 
together with pepsin and lipase (Amore & Faraco 2013). 

10.4	 Conclusions, Challenges 
and Perspectives 

As reported in this chapter, enzymes are currently used in 
several food and beverage industrial segments and new 

applications are constantly being added. The introduction 
of enzymes as effective and highly specific catalysts able to 
work under mild conditions results in significant savings in 
energy and water resources and in lower waste production, 
benefiting both the industry and the environment. Enzyme 
technology displays great potential in helping the food 
industry to face the increasing population and the exhaustion 
of many natural resources. 

During the economic slow-down of 2009, food enzymes 
were successfully positioned as cost savers and process-
efficiency improvers in many application segments. This 
trend, along with increased R&D efforts, is expected to 
continue to attract new applications such as interesterifica
tion for the reduction of trans fats and as ‘meat glue’ 
(transglutaminases). The increased use of enzymes in 
applications such as fruit and beverage processing and 
wine making could also vitalize the market. The future 
of food processing enzymes will depend on their ability to 
be cost-effective, on their large-scale production and on the 
ease of their genetic manipulation to develop new tailored 
catalysts improved for specific processing conditions and to 
target enzyme catalysis in relation to tailoring of functional 
food products for health effects. Future perspectives in the 
starch processing segment, for example, include the directed 
evolution of glucansucrases and branching enzymes for 
synthesizing defined polysaccharides with different degrees 
of branching, glycosidic linkages, solubility and molecular 
mass (Hellmuth et al. 2007; Zuccaro et al. 2008). The 
synthesis of ‘resistant starches’ for example demonstrates 
a great potential for the food (health) industry because of their 
ability to reduce colonic and systemic immune reactivity (Le 
Leu et al. 2005; Nofrarias et al. 2007). The directed evolution 
of amylase and α-glucan-acting enzymes holds enormous 
potential in both enhancing enzyme functionality in adverse 
industrial conditions and developing novel natural and arti
ficial oligo- and polysaccharides for the food and health 
industries. 
The main challenges in the food enzymes market will be 

reducing manufacturing costs and improving the public 
perception of using enzymes. Several enzymes with poten
tial applications in the food industry have not been 
commercialized yet. The main problem preventing a wider 
usage of some enzymes is their currently limited availabil
ity at industrial scale. Although work is ongoing to increase 
the availability of the enzymes by recombinant production, 
commercialization of recombinant enzymes also has to 
overcome the problem of public acceptance. To meet 
this challenge, a clear communication of the advantages 
of using enzymes is required. 
The future of enzymes in food applications depends on 

their acceptance as process aids, providing better cost 
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economies for food manufacturers. Despite cost-cutting 
measures, enzyme manufacturers must still contend with 
considerable price pressure in most application segments. To 
meet this challenge, manufacturers can use novel materials 
such as cheaper and non-traditional carbon and nitrogen 
sources to reduce their production costs, but more research 
and development investments are needed. In addition, strong 
partnerships with other companies will help manufacturers to 
strengthen their position in the market. The most successful 
result will likely be obtained via concerted cross-disciplinary 
efforts towards a biorefinery-based economy, maximizing 
product yields and minimizing waste production through 
integration of the complementary processes of other factories 
(Akoh et al. 2008). 
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11.1 Introduction 

Enzyme inhibitors are substances that interact with 
enzymes and cause reduction of the catalytic activity of 
the enzyme. They accomplish this by binding specifically 
or non-specifically to the enzyme. Enzyme inhibitors have 
been used extensively for both food and non-food appli
cations, and traditional and emerging markets for enzyme 
inhibitors in these sectors are on the increase. Enzyme 
inhibitors are derived from both natural and synthetic 
sources with broad current or potential therapeutic appli
cations. The global market for enzyme inhibitors was 
valued at US$ 104.4 billion in 2010 and reached nearly 
US$ 104.6 billion in 2011 (BCC Report 2012). This value 
is expected to increase at a compound annual growth rate 
(CAGR) of 4% and reach nearly US$ 127.4 billion by 2016 
(BCC Report 2012). The US market for enzyme inhibitors 
alone estimated at nearly US$ 46.8 billion in 2010 and 
US$ 45 billion in 2011, is growing at a CAGR of 1.1% and 
is expected to reach US$ 47.5 billion by 2016. The Euro
pean Union (EU) market for enzyme inhibitors was valued 
at US$ 32 billion in 2010. The EU market for enzyme 
inhibitors increased to about US$ 32.4 billion in 2011, and 
is expected to grow at a CAGR of 3.6% and reach about US 
$ 38.7 billion by 2016. A better understanding of the 
mechanisms of action of emerging enzyme inhibitors is 
therefore of great interest to both the pharmaceutical and 
food industries. 

In the food industry, enzyme inhibitors are used to 
control the activity of enzymes during food processing 
(Table 11.1). This is important in maintaining consistent 
high quality and safe food products. For example, with 
regards to food quality, protease inhibitors can be used 
to control the level of proteolysis during processing. 
Flavonoids are used industrially during muscle food proc
essing to inhibit enzymes that cause the formation of 
heterocyclic amines (Felton & Malfatti 2006). Organic 
acids such as ascorbic acid have found useful application 
in the food industry for the inhibition of polyphenol oxidase 
(PPO) and peroxidase activities in fresh fruits and vegeta
bles (Simpson et al. 2012). Enzyme inhibitors have also 
been used in the food industry to control microbial growth 
and production of toxins to make them safe for consump
tion (Dave & Ghaly 2011). In the biomedical and pharma
ceutical industries, enzyme inhibitors have been used in 
various drug designs such as the angiotensin-converting 
enzyme (ACE) inhibitor drugs to control hypertension and 
amylase inhibitor drugs and lipase inhibitor drugs for 
weight loss control (Fennema et al. 2008). 

11.2 Types of Enzyme Inhibitors 

Enzyme inhibitors may be broadly categorized into non
specific and specific types based on their mode of action. 
The non-specific inhibitors usually denature the enzyme 
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Table 11.1 List of commercial enzyme inhibitors. 

Inhibitor Biochemical/physiological action 

ACE inhibitor (captopril) Angiotensin converting enzyme inhibitor. Inhibits the formation 
of angiotensin II. 

Acetyl salicylic acid (Aspirin) Blocks the production of prostaglandins by inhibiting 
cyclooxygenase, with greater selectivity toward the COX-1 
isoform. 

Allopurinol Inhibitor of xanthine oxidase. Used for the treatment of 
hyperuricemia and gout. 

Alpha-Amylase Inhibitor from wheat seed Competitive inhibitor of human salivary α-amylase. 
Alpha2-Macroglobulin from plasma A broad spectrum protease inhibitor. 
Amrinone Simple, non-glycoside cardiotonic agent, possibly via its 

phosphodiesterase III (PDE-III) inhibitory action. 
Amylase inhibitors Competitive inhibitors of human salivary α-amylase. 
Antithrombin III from plasma Serine protease inhibitor of thrombin and activated factor X (Xa). 
Aprotinin from bovine lung Competitive serine protease inhibitor. 
Azathioprine Has shown promise in treatment of alopecia areata 

(autoimmune hair loss). 
Chymostatin A strong inhibitor of many proteases, including chymotrypsin, 

papain, chymotrypsin-like serine proteinases. 
Colchicine Binds specifically with tubulin, thus interfering with microtubule 

organization. 
Cystatin from chicken egg white Inhibitor of cysteine proteases, including papain and dipeptidyl 

peptidase III. 
EDTA Metal chelator. 
Iodoacetate Glyceraldehyde-3-phosphate dehydrogenase inhibitor. 
Leupeptin Inhibitor of serine and cysteine proteases. Inhibits plasmin, 

trypsin, papain, calpain and cathepsin B. 
Melittin Binds calmodulin in a Ca2+-dependent manner; inhibits 

Na+-K+-ATPase. 
Ovomucoid from avian egg white Trypsin inhibitor. 
Pefabloc Irreversible serine protease inhibitor. 
Pepstatin Strong inhibitor of acid proteases (pepsin, cathepsin D, rennin). 
Protein phosphatase inhibitor-1 from Inhibitor of phosphorylase phosphatase. 

rabbit skeleton muscle 
Sulphites Oxygen scavenger. 
TPCK Irreversible inhibitor of certain serine proteases, for example 

chymotrypsin. 
Troponin from chicken muscle Inhibits muscle contractility by causing tropomyosin to block 

the myosin binding sites on actin in the absence of Ca2+ . 
Trypsin inhibitors from soybean, corn kernels, Trypsin inhibitors inhibit trypsin, chymotrypsin and plasmin to a 

lima bean or bovine pancreas lesser extent. The inhibition is both reversible and pH 
dependent. 

5-Fluorouracil A potent antitumor agent that affects pyrimidine synthesis by 
inhibiting thymidylate synthetase. 

and do not appear to have specific preferences for one 
enzyme versus another. On the other hand, specific enzyme 
inhibitors usually discriminate in the type(s) of enzyme(s) 
or group of enzymes that they inhibit. Enzyme inhibitors 
may also be distinguished as reversible versus irreversible 
inhibitors based on their mode of action (Table 11.2). 

The irreversible inhibitors interact with enzymes via 
strong covalent bonds, thereby inducing permanent changes 
in the conformation of the enzyme molecules. Their action 
invariably leads to the destruction of an essential functional 
group in the enzyme’s active site. Tosyl phenylalanyl chlor
omethyl ketone (TPCK) inhibition of chymotrypsin is a 
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Table 11.2 Types of enzyme inhibitors, their sources and role in food. 

Name Type Source Role in food 

Antipain Reversible Actinomycetes Inhibition of papain 
Artocarpesin Unknown Jackfruit Tyrosinase inhibitor 
Ascorbic acid Irreversible at Natural or industrially Oxygen scavenger 

high from glucose 
concentration 

Citric acid Non specific Lemon pH Control 
Cinnamaldehyde Unknown Cinnamon Phenylalanine ammonia-lyase 

inhibitor 
Cystatin Non-competitive/competitive Plant, animal Control of papain and cathepsin 

activity 
Epicatechin Competitive Podocarpaceae family Tyrosinase inhibitor 
EDTA Irreversible at high concentration Synthetic Chelating agent 
Erythorbic acid Irreversible at high concentration Vegetables Oxygen scavenger 
4-Hexylresorcinol Irreversible Synthetic Browning control of fresh and dried 

apple slices potatoes, avocados 
and shrimps 

Kaempferol Competitive Plants Tyrosinase inhibitor 
Kojic acid Non-competitive Aspergillus oryzae Chelator, anti-oxidant 
Leupeptin Competitive Actinomycetes Inhibition of cysteine and serine 

proteases 
Metallothionein Metal-binding/chelating Yeast Chelating agent 
Quercitin Competitive Plants Tyrosinase inhibitor 
Sulphites Irreversible Synthetic Oxygen scavenger 
Tropolone Competitive Synthetic Tyrosinase inhibition 

classic example of irreversible enzyme inhibition, where 
TPCK binds covalently with the active site histidine of 
chymotrypsin. Aspirin (acetylsalicylic acid) acts as a phar
macologic drug by inhibiting the enzyme cyclooxygenase 
through covalent acetylation of an essential serine residue in 
the active site of the enzyme (Pillinger et al. 1998). Iodoa
cetate (IAA) inhibition of the glycolytic enzyme glycer
aldehyde-3-phosphate dehydrogenase (GPD) is another 
example of irreversible inhibition, where IAA binds cova
lently to the sulphhydryl of an essential cysteine residue in 
the active site of GPD (Sharma 2012). By binding covalently 
and irreversibly with essential residues of enzymes, 
irreversible inhibitors decrease the concentration of the active 
enzyme(s) and ultimately the maximum reaction potential 
that could have been elicited by the enzyme molecule(s). 

Reversible inhibitors on the other hand bind reversibly 
with enzymes; their inhibitory effects may therefore be 
relieved or reversed by removing them from interaction 
with the affected enzymes. Reversible inhibitors have been 
categorized as competitive (CI), non-competitive (NCI) or 
uncompetitive (UCI) inhibitors depending on how they 
interact with the enzyme and how they affect the kinetic 
parameters, Vmax and Km ´ . 

CIs bear structural resemblance to their substrates and 
compete with them in binding to the active sites of 
enzymes, thereby obstructing binding of the substrate 
molecules. At high inhibitor concentrations, the ability of 
substrate to bind is significantly reduced. The opposite 
scenario results when the substrate concentration is 
increased significantly relative to the inhibitor concentra
tion. Kinetically, the CI binds the free enzyme reversibly to 
form an enzyme-inhibitor (EI) complex that is catalytically 
inactive and cannot bind the substrate. Thus, Km ´ of the 
normal reaction is increased while Vmax is unchanged. 
A classic example of competitive inhibition is malonate 
effect on succinate dehydrogenase (SDH) of the tri
carboxylic acid (TCA) cycle. Malonate reversibly inhibits 
SDH and slows down dehydrogenation of the actual sub
strate succinate into fumarate. Other less-potent CIs of SDH 
include oxalate, glutamate and oxaloacetate (Sharma 2012). 

Non-competitive inhibitors (NCIs) bind to sites on the 
enzymes other than their active sites and induce changes in 
the conformation of the enzyme molecules making it difficult 
for substrates to bind to the active sites of the enzymes. 
Binding of NCI with the enzyme is therefore not mutually 
exclusive with the substrate, and the presence of the substrate 
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has no influence on the ability of this particular type of 
inhibitor to bind an enzyme and vice versa. Thus, increasing 
substrate concentration even to saturating levels does not 
reverse the inhibition, leading to unchanged Km ´ but reduced 
Vmax. Reversal of the inhibition requires special treatments, 
for example dialysis or pH adjustment (Sharma 2012). 
Examples of NCIs are cyanide (CN�) and azide (N3 

�) and  
they are mostly poisons because of the crucial roles of the 
enzymes in the body. Cyanide inhibits enzymes with Fe or 
Cu as prosthetic groups or components of the active site, for 
example cytochrome c oxidase, a crucial enzyme in 
mitochondria required for cellular respiration. As for CN� , 
N3 

� can also interfere with cellular respiration and aerobic 
metabolism by preventing cells from using O2 with ominous 
consequences for the nervous and cardiovascular systems. 
Uncompetitive inhibitors (UCIs) bind with the EI com

plex to induce structural distortions of the active and 
allosteric sites of the enzyme that inhibits the catalysis. 
Both Vmax and Km ´ are decreased by this group of inhibitors. 
Increasing substrate towards a saturating concentration 
does not reverse this type of inhibition. A well-known 
example of inhibition by UCI is inhibition of sucrose by 
invertase. At high sucrose concentrations, some of the 
excess sucrose can form an enzyme-substrate-inhibitor 
(ESI) complex and slow down catalysis. The action of 
UCIs may be reversed through treatments such as increas
ing the enzyme concentration or by diluting out the sub
strate concentration. 

11.3 Sources of Enzyme Inhibitors 

Naturally occurring or endogenous enzyme inhibitors are 
ubiquitous, and they participate in varied life processes 
such as digestion, infection and physiology. These kinds of 
inhibitors are often proteinaceous in nature although some 
are polysaccharides or polyphenols, etc. To date, many 
enzyme inhibitory compounds such as protease inhibitors, 
carbohydrase inhibitors and lipase inhibitors have been 
identified or purified from natural sources including animals, 
plants and microorganisms. They may occur in living orga
nisms in the form of secondary metabolites, peptides and 
proteins where they serve to prevent premature inactivation 
of zymogens, for protection of the organism, or as physio
logical and metabolic regulatory systems (Habib & Fazili 
2007). Others may be synthesized artificially and added as 
processing aids to food, or in drug design. These inhibitors 
have found widespread application in various industrial and 
therapeutic processes. For instance, in the fresh produce 
industry, enzyme inhibitors are used to prevent browning 
which can affect consumer acceptability of foods. 

Plants serve as a source of various naturally occurring 
enzyme inhibitors. These inhibitors are mainly concen
trated in grains, nuts, pulses and seeds. Their primary 
role in plants is as a defence mechanism to attack the 
enzymes of incoming pests and pathogens, and thereby 
prevent consumption of the plant by other species, for 
example herbivores and pests (Habib & Fazili 2007). These 
natural inhibitors usually come as small organic molecules 
found in plants; examples include trypsin inhibitors found 
in soybean, amylase inhibitors found in cereals, invertase 
inhibitors found in Irish potato, α-amylase inhibitors found 
in beans, glycoalkaloids from Solanaceae family of plants 
and algal toxin microcystin (Simpson et al. 2012). 
Animal sources of naturally occurring enzyme inhibitors 

include egg white. The active principle of enzyme inhibi
tors from this source that inhibits serine proteases is 
ovomucoid. It makes up about 11% of egg white protein 
and it is a monomeric glycoprotein composed of 186 amino 
acids with molecular weight ca. 28 kDa. The inhibition by 
egg ovomucoid varies for different avian species. For 
instance, ovomucoid derived from chicken, ostrich and 
goose egg white only inhibits trypsin, while ovomucoid 
from turkey, penguin and duck egg white can inhibit both 
trypsin and chymotrypsin (Saxena & Tayyab 1997). Ovo
mucoid can cause allergic reactions in certain individuals, 
and this is of concern in the use of eggs in food processing. 
Ovomucoid has an affinity for trypsin, implying that it can 
be used to isolate trypsin. Egg white also contains two 
major cystatins (pl 6.5 and 5.6) and each has Ser-Glx-Asx 
as N-terminal sequence (Anastasi et al. 1983). Egg white 
cystatin can competitively bind to the active site of cysteine 
proteinases such as papain and cathepsins (B, H and L). The 
Ki values for inhibition by cystatin are <1 × 10�11M for 
papain, 8 × 10�10 M for cathepsin B, 2 × 10�8 M for cathep
sin H, and 3 × 10�12 M for cathepsin L (Anastasi et al. 
1983). ACE-inhibitory bioactive peptides have also 
been obtained by enzymatic hydrolysis of ovalbumin 
(Miguel et al. 2007). 
Milk is a well-known source of ACE inhibitory bioactive 

peptides. Several bioactive peptides, for example CEI12, 
CEI5 (Phe-Phe-Val-Ala-Pro) and CEI7 (Ala-Val-Pro-Tyr-
Pro-Gln-Arg), have been prepared from milk casein hydrol
ysate (Fitzgerald & Meisel 2000). 
Two other peptides isolated from yoghourt, Val-Pro-Pro 

and Ile-Pro-Pro, are also identified as ACE inhibitory 
biopeptides with potential antihypertensive effect. 

Other protein sources from which ACE inhibitory bio
peptides have been produced include wheat, blood and 
chicken and beef muscle hydrolysate. 
Natural enzyme inhibitors have also been identified from 

various mammalian tissues, such as aprotinin extracted 
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from bovine lung or pancreas which is currently used for the 
treatment of acute pancreatitis and also as a hemostatic 
agent. Aprotinin is a basic single polypeptide chain with 
molecular weight ca. 6.5 kDa. It can inhibit numerous 
serine proteases non-specifically, such as plasmin, kalli
krein, trypsin, chymotrypsin and urokanase. 

Other types include basic pancreatic inhibitor or Kunitz
pancreatic inhibitor and Kallikrein inactivator. Kallikrein 
inactivator is found in cow’s lungs and parotid glands, and 
has been shown to be similar to crystalline trypsin inhibitor 
isolated from bovine pancreas by Kunitz and Northrop; 
they are intracellular proteins only found in the organs of 
some ruminants (Mihalyi 1978). Kazal isolated pancreatic 
trypsin inhibitors from pancreatic secretions of mammals, 
and the Kazal trypsin inhibitors have been found to occur in 
all the mammals investigated (Mihalyi 1978). 

Blood plasma has several endogenous enzyme inhibitors 
and the best-known are α1-antitrypsin (α1-proteinase 
inhibitor), α1-antichymotrpsin, inter-α-trypsin inhibitor, 
antithrombin III, complement Cl component activator, 
α2-macroglobulin and plasminogen activation inhibitor 
(Mihalyi 1978). Alpha-1-antitrypsin is a glycoprotein 
that mainly controls elastase activity and inhibits most 
other mammalian serine proteases, albeit at a lower rate. 
Alpha-1-antichymotrypsin is also glycoprotein with molec
ular weight of 68 kDa; it inhibits chymotrypsin-like prote
ases by forming stable complexes. Antithrombin III is a 
glycoprotein with molecular weight ca. 60 kDa. It plays a 
major role in controlling blood clotting cascade by inhibit
ing serine proteases and others like plasmin, kallikrein, etc. 
Alpha-2-macroglobulin is a large 725 kDa glycoprotein 
composed of four identical subunits, found in animals 
where it can inhibit all four classes of proteases. 

Plants are major sources of endogenous enzyme inhibi
tors. In general, several different endogenous enzyme 
inhibitors are often present in the same plant (e.g. potato 
tuber, soybean and barley, etc.). For example, most storage 
organs (seeds, fruits and tubers) contain as much as up to 
10% of their proteins as proteinase inhibitors. Most plant 
proteinase inhibitors thus far characterized are polypeptides 
composed of 60–120 amino acid residues (molecular 
weights in the range 3.0–25.0 kDa) with few of them bound 
with carbohydrate moieties as glycoproteins. Low-molec
ular-weight plant protease inhibitors (4.0–6.0 kDa) have 
been found in potato tubers, egg-plant, mung beans, pine
apple and the Japanese belladonna. Some of these inhibi
tors, such as those present in soybean and wheat grains, can 
act as growth inhibitors and are suggested to have evolved 
as insect-resistant agents to inhibit digestive enzyme activ
ity of insects, in addition to their role in the regulation of 
protein turnover and plant development (Birk 2003). 

Serine proteinase inhibitors (aka serpins) are prevalent 
throughout the plant kingdom, and they constitute the most-
studied class of proteinase inhibitors; they have been 
reported in barley, wheat, soybean, rock cress, squash 
and flax, among others (Haq et al. 2004; Hejgaard 
2005). Plant cystatins (aka phytocystatins) are the sec
ond-most-studied class of plant inhibitors and have been 
characterized from several plants such as cowpea, potato, 
cabbage, ragweed, carrot, papaya, apple fruit, avocado, 
chestnut, sunflower, rice, wheat, barley, maize, soybean 
and sugarcane (Kuroda et al. 2001; Yoza et al. 2002). 
Cystatins are involved in a wide range of physiological 
applications and are also present in a broad range of 
organisms, from mammals, birds, fish and insects to plants, 
bacteria and viruses (Birk 2003). Rice contains two cys
tatins, oryzacystatin I (OC-I) and oryzacystatin II (OC-II). 
OC-II has higher affinity for cathepsin H (Ki = 10�8 M) than 
for papain (Ki = 10�6 M), while OC-I has a higher affinity 
for papain than cathepsin H. 
Since both papain and cathepsins have broad applica

tions in food processing, their control by use of cystatins is 
of interest. Unlike serpins and phytocystatins, metallo
protease and aspartic acid proteinase inhibitors of plant 
origin are not common, with the exception of the broad 
spectrum proteinase inhibitors isolated from the Japanese 
belladonna (Scopolia japonica) which was shown to inhibit 
the acidic proteinase pepsin (Sakato et al. 1975). Plant 
sources of metallo-carboxypeptidase inhibitors include 
tomato and potato plants. Furthermore, ACE inhibitors 
have been identified in pulses such as chickpea, pea, lentil, 
navy bean, black bean and small red bean (Rui et al. 2012), 
while α-amylase inhibitors have been found in diverse 
plants such as wheat, barley, sorghum, rye, rice, cowpea 
and common bean. Common bean (Phaseolus vulgaris L.) 
seeds contain proteinaceous α-amylase inhibitors; however, 
they are incapable of inhibiting α-amylase activity of plants 
and microorganisms, but they do inhibit the amylases from 
mammals and some insects (Yamada et al. 2001). 
Natural enzyme inhibitors are also found in microorgan

isms. These inhibitors may be in the form of macromolecular 
peptides, but many are of low molecular weight (Umezawa 
1982). For example, the proteinase inhibitors leupeptin and 
antipain have been isolated from Streptomyces spp. and other 
Actinomycetes, and shown to be effective against papain. 
Streptomyces albogriseolus has also been reported to pro
duce protein molecules that inhibit α-amylases and microbial 
subtilisin (Svensson et al. 2004). Geobacillus thermodeni
trificans is also a source of α-amylase and α-glucosidase 
inhibitors (Ezeji & Bahl 2006). At present, marine bacterium 
has been reported as a novel source to obtain proteasome 
inhibitors (Tsueng & Lam 2007). 
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Synthetic inhibitors are usually manufactured as food 
processing aids or as a pharmaceutical product for health 
management. Most food-grade synthetic inhibitors may be 
categorized into reducing agents (such as sulphites, eryth
orbates, ascorbic acid and gluconates), metal chelators 
(such as EDTA, phosphates and polycarboxylic acids) 
and acidulants (such as benzoates, sorbates, phosphoric 
acid and citric acid). Some other synthetic enzyme inhibi
tors are synthetic polypeptides and resorcinol. Examples of 
enzyme inhibitors used for health management include 
acyclovir, allopurinol, penicillin, aspirin, methotrexate, 
sulphinilamides and ACE inhibitor drugs. 

11.4	 Isolation and Purification of some 
Naturally Occurring Enzyme 
Inhibitors 

Various methods have been used to isolate and purify 
naturally occurring enzyme inhibitors from diverse living 
organisms. The common methods include ammonium sul
phate precipitation and column chromatographic tech
niques (such as gel filtration, ion-exchange and affinity 
chromatography) under different processing conditions. 
For example, cystatin from kiwifruit cortex was purified 

by the successive steps of homogenization of the cortex, 
filtration and centrifugation. The supernatant was then 
concentrated and subjected to affinity chromatography 
on a papain affinity column, and fractions with inhibitory 
activity were pooled and concentrated further. The sample 
was then applied to a SP column and the eluted fractions are 
applied to a C-18 reverse-phase column to separate the 
fractions containing papain inhibitory activity (Rassam & 
Laing 2004). 
A serine proteinase inhibitor was also purified from the 

skeletal muscle of white croaker (Argyrosomusargentatus) 
as follows. Minced white croaker muscle was suspended in 
borate buffer followed by centrifugation and the super
natant was subjected to ammonium sulphate fractionation 
and re-centrifuged. The precipitate was re-dissolved in 
borate buffer, dialysed and then applied onto a DEAE-
Sephacel column. The active inhibitory components were 
eluted with the unadsorbed fractions which were pooled, 
lyophilized, dissolved in water, subjected to a short heat 
treatment step and then centrifuged. The supernatant was 
applied onto SP-Sepharose column, and the fractions with 
inhibitory activity were pooled and purified further by a gel-
filtration high-performance liquid chromatography column 
of Protein PAK-300 (Cao et al. 2000). Alpha-amylase 
inhibitors from the seeds of tepary bean (Phaseolus 

acutifolius A. Gray) were isolated by chromatographic 
techniques using Concanavalin A (ConA)-Sepharose col
umn and CM-Sepharose column, followed by gel filtration 
on a Superose 12 column (Yamada et al. 2001). 

11.5	 Mechanisms of Action 

Inhibitors act either by blocking important metabolic path
ways or by various other mechanisms, some of which are 
described here. Sulphites act as inhibitors and are effective 
agents for controlling enzymatic browning in fresh foods 
such as fruits, vegetables and crustacean (Simpson et al. 
2012). Currently, there are five sulphite salts (potassium 
metabisulphite, sodium metabisulphite, potassium bisul
phite, sodium bisulphite and sodium sulphite) that are 
used as food additives to curtail the deleterious effects of 
enzymes; however, their use has become restricted due to 
the adverse effects which they elicit in some individuals 
(Simpson et al. 2012). Both SO2 and salts of sulphites are 
water soluble. Their inhibitory effects while in the aqueous 
form are affected to a large extent by pH, but minimally by 
ionic strength and temperature. Sulphites prevent enzy
matic browning by directly inhibiting polyphenol oxidase 
and also releasing sulphite ions which prevent the forma
tion of brown melanin pigments by combining with ortho-
quinone (Fig. 11.1; Embs & Markakis 1965). In the case of 
the most common substrate, catechol, inhibition of brown
ing has been shown to involve a nucleophilic attack by 
sulphite ion in position 4 of the ortho-quinone to give 4
sulphocatechol, which is unreactive towards PPO (Wedzi
cha 1987). Sulphites are also known to have a bleaching 
effect on melanin pigments if these pigments are formed 
prior to sulphite treatment. 
Enzymatic browning is also commonly controlled by the 

use of reducing agents such as L-ascorbic acid (Simpson 
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Figure 11.2 Inhibition of xanthine oxidase by allopurinol. 

et al. 2012). It acts to prevent enzymatic browning by 
reducing the enzymatically formed or endogenous ortho-
quinones back to their parent ortho-diphenols or by 
trapping them as colourless addition compounds. Ascorbic 
acid has also been shown to irreversibly inactivate PPO at 
higher concentration by abstracting the Cu ions present in 
the active site of PPO (Piliz ̌ ̌ubaric ́ 1998). Ascorbic ota & S
acid is also able to control PPO-induced browning 
indirectly by reducing the pH of the milieu since ionizable 
groups of the PPO can be affected by the pH of the 
surrounding medium. 

Ethylenediaminetetraacetic acid (EDTA) is widely used in 
the fresh fruits and vegetables industry to control enzymatic 
browning (McEvily et al. 1992). It inhibits browning by 
acting as a strong chelating agent, removing essential Cu ions 
from the active site PPO that the latter requires for optimal 
activity. Chelating agents act by forming complexes with 
pro-oxidative agents, such as Cu and Fe ions, through an 
unshared pair of electrons in their molecular structures 
(Wiley 1994). Chelators have been applied in various 
food processing applications. For instance, EDTA is used 
in the food industry as a chemical preservative. It is able to 

chelate Fe, Cu and Ca. Maximum chelating effect of EDTA 
has been reported to occur at the alkaline pH values where its 
carboxyl groups exist in a dissociated state (Dziezak 1986). 
Allopurinol (1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin

4-one) (aka Zyloprim) and its generic forms are synthetic 
enzyme inhibitors used widely in the health industry. It is an 
anti-gout drug, administered orally to treat hyperuricemia. 
It works by inhibiting the enzyme xanthine oxidase (XO) 
that catalyses oxidation-reduction reactions involving the 
conversion of hypoxanthine, through xanthine to uric acid 
(Fig. 11.2; Sharma 2012). XO is a molybdopterin-contain
ing flavoprotein comprising two identical subunits (Pacher 
et al. 2006). Allopurinol is rapidly oxidized by XO in vivo 
to its active metabolite oxypurinol which inhibits XO. At 
low concentrations, allopurinol acts as a competitive inhib
itor of the enzyme; at higher concentrations however, it acts 
as a non-competitive inhibitor (Pacher et al. 2006). 
Aspirin (acetylsalicylic acid) is a non-steroidal anti-inflam

matory drug. It acts by inhibiting cyclooxygenase (COX, aka 
prostaglandin synthase), thereby reducing the transformation 
of arachidonic acid to prostaglandins, prostacyclin and 
thromboxane (Fig. 11.3; Vane 1971). The active site of 
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C20H32O2 

Prostaglandin 

G2 (PGG2) 

C20H32O6 

Prostaglandin 

H2 (PGH2) 

C20H32O5 

Thromboxane 

A2 (TXA2) 

C20H32O5 

TXA2 increases platelet 
aggregation and 

vasoconstriction 

COX1 or COX2 

COX1 or COX2 

TXA synthase 

Figure 11.3 Schematic diagram of how aspirin reduces platelet aggregation by inhibiting cyclooxygenase. 
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COX consists of a long hydrophobic channel in which aspirin 
is able to bind (Vane 1971) covalently and irreversibly to 
serine 530 in the active site of the enzyme (Pillinger et al. 
1998) to cause inhibition of the activity of the enzyme. 
Angiotensin-converting enzyme (ACE) inhibitors are 

pharmaceutical drugs used in the management of hyper
tension. The first ACE inhibitor drug produced was capto
pril; currently there are various prototypes including 
benzapril, enalpril, fosinopril, lisinopril and ramipril. 
They function by inhibiting ACE or kinase II and thereby 
prevent the formation of angiotensin II, the hormone that 
increases blood pressure by stimulating guanosine nucleo
tide-binding (Gq) protein in vascular smooth muscle cells. 
ACE is also known to catalyse the degradation of bradyki
nin, a peptide responsible for the dilation of blood vessels 
(Johnston 1992). ACE inhibitors such as captopril act as 
competitive inhibitors of ACE and, in doing so, prevent the 
formation of strong vasoconstrictor angiotensin II by pre
venting the removal of two amino acid residues from the C 
terminus of angiotensin I (Simpson et al. 2012). 

Amylase inhibitors are naturally present in many plants 
foods, especially in legumes. Microbial sources have also 
been identified. Currently, amylase inhibitors are extracted 
on a large scale and used as drugs to control various 
carbohydrate uptake disorders such as obesity (Yankosky & 
Yankosky 2002) and diabetes (Van de Laar et al. 2005). 
Some common amylase inhibitor drugs on the market 
include acarbose (Van de Laar et al. 2005), phaseolamine 
(Hollenbeck et al. 1983) and voglibose (Matsuo et al. 1992; 
Vichayanrat et al. 2002). Acarbose is a well-known drug 
widely used for clinical treatment of diabetes mellitus. It is a 
pseudotetrasaccharide (Sales et al. 2012) and acts as a 
competitive inhibitor of pancreatic alpha-amylase. The 
mechanism of inhibition alpha-amylase has been attributed 
to an unsaturated cyclohexene ring and the glycosidic 
nitrogen linkage present in its structure that mimics the 
transition state for the enzymatic cleavage of glycosidic 
linkages in starch (Gyémánt et al. 2003; Yoon & Robyt 
2003). Tendamistat is another amylase inhibitor found in 
Streptomyces tendae (McConnell & Hoess 1995). It is a 
protein and binds to alpha-amylase through interactions 
between the inhibitor and highly conserved residues in the 
active site of the enzyme, causing blockage of substrate-
binding sites (Bompard-Gilles et al. 1996). 

11.6 Food Uses of Enzyme Inhibitors 

Enzyme inhibitors are used in food processing to control the 
activities of enzymes after those enzymes have been used to 
attain the desired transformation in food products, in order 

to stop continued transformation of the substrate that could 
render the final products undesirable. Some common 
undesirable effects of uncontrolled enzymatic transforma
tion of foodstuffs include texture deterioration (softening, 
even liquefaction of otherwise solid food material) and 
flavour damage (such as formation of bitter peptides in 
cheeses) and oxidative rancidity in fats/oils and fatty foods. 
For instance, excessive tenderization of muscle foods (e.g. 
beef, pork, chicken and fish) by enzymes is undesirable 
(Chéret et al. 2007). In the food industry, papain has been 
used as meat tenderizer to improve the tough texture in 
mammalian meats such as beef, but over-tenderization can 
cause loss of meat quality which is undesirable in seafood; 
cysteine protease inhibitors have been used to curtail this 
softening process. For example, rice oryzacystatin I (OC-I) 
has been used to effectively reduce the papain-induced 
over-tenderization in meats (Funaki et al. 1991). Gel 
weakening of cooked surimi gels from Pacific whiting 
carp, croaker, file fish and the arrowtooth flounder has 
been attributed to endogenous heat-stable proteases such as 
some cysteine proteases in the fish flesh (Sareevoravitkul 
et al. 1996). Endogenous food-grade protease inhibitors 
from various sources, for example beef plasma protein or 
BPP, α2-macroglobulin, egg white powder, oryzacystatin, 
whey protein concentrate (WPC), potato powder (PP) and 
tomato proteinase inhibitors (TPI), have been used to 
inhibit the endogenous proteases and to improve the texture 
and gel strength of food products (Reppond & Babbitt 
1993; Sareevoravitkul et al. 1996; Haard 1997; Wu & 
Haard 1998; Benjakul et al. 2001; Ramírez et al. 2002; 
Rawdkuen & Benjakul 2008). 
Rancidity and off-odours develop in edible fats/oils and 

fatty foods by oxidative or hydrolytic degradations. Endog
enous enzyme inhibitors from plants such as rosemary 
(Rosemarinus officinalis L.) extracts have been used to 
deactivate the enzymes, lipoxygenase and lipase that cause 
the rancidity (Chen et al. 1992). 
Enzyme inhibitors have a multi-dimensional influence 

on the food industry since some of them are naturally 
present in food while some are added as processing aids. 
While their antinutritional effects are of concern in food 
utilization, for example soybean and potato protein inhib
itors (García-Carreño et al. 2000), their use as processing 
aids is mostly seen as valuable for the food processing 
industry. They have found widespread use in the fresh 
produce (fruits, vegetables and seafood) industry, as well 
as in the dairy industry. Enzyme inhibitors employed in 
these industries range from natural (plant, microbial) 
sources and various synthetic compounds. For example, 
PPO potentiated enzymatic browning reactions in fresh 
fruits, vegetables and crustacean is a major concern for 
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food producers and distributors, and is suggested 
to account for significant losses in these industries 
(Whitaker & Lee 1995; Simpson et al. 2012). Browning 
in fresh fruits, vegetables and crustaceans can impact the 
colour, flavour and texture of the food material, which 
could render them unappealing to consumers. As men
tioned above, there are various inhibitors used to control 
enzymatic browning in these food products. 

The use of enzyme inhibitors can have implications in 
terms of off-flavours, food safety and economic feasibility, 
however (Loizzo et al. 2012). Nevertheless, various natural 
and synthetic compounds have been used in the past and 
present to prevent enzymatic browning by PPO. One of the 
current novel approaches to inhibit PPO is the use of a 
copper chelating peptide known as metallothionein (MT). 
These MTs are characterized by high cysteine content, 
unique amino acid sequence, lack of aromatic acids and 
exhibition of selective binding to a large amount of divalent 
metal ions such as Ag2+, Cu2+, Cd2+, Hg2+ and Zn2+ 

(Hamer 1986). 
A number of synthetic inhibitors from simple chem

icals are capable of inhibiting PPO activity. In the past, 
the most common synthetic agents employed to control 
browning by PPO was sulphites until restrictions were 
imposed by the US Food & Drug Administration (FDA 
1986). Most recently, formulations composed of ascorbic 
acid (reducing agent), citric acid (acidulant) and EDTA 
(chelating agent) are used in this regard (Marshall et al. 
2000); however, they are less effective than sulphiting 
agents, since ascorbic acid is quickly consumed in the 
process of reducing the quinones formed by PPO (Hsu 
et al. 1988). Substituted resorcinols have been reported to 
competitively inhibit PPO activity (McEvily et al. 1992). 
In this regard, 4-hexylresorcinol has been shown to be the 
most effective inhibitor for use in the food industry for 
browning control of fresh and hot-air-dried apple slices as 
well as potatoes, avocados and shrimp melanosis. The 
compound is water-soluble, stable, non-toxic, non-muta
genic and non-carcinogenic (Frankos et al. 1991). Tro
polone (2-hydroxy-2,4,6-cycloheptatriene) is also a 
synthetic compound that has been reported as one of 
the most potent tyrosinase inhibitors (Kim & Uyama 
2005). It competitively inhibits tyrosinase by effectively 
chelating essential Cu ions in the enzyme (Kahn & 
Andrawis 1985). 

Various authors have reported natural sources of tyro
sinase inhibitors. S ̧enol et al. (2010) isolated a tyrosinase 
inhibitor from Turkish Scutellaria species. Amentoflavone, 
recovered via hot water extraction of Inulaeflos, was shown 
to possess a very high tyrosinase inhibition, while a 
Raphanussativus extract was also shown to be a potent 

inhibitor of tyrosinase (Kamkaen et al. 2007). Similarly, 
Kubo et al. (2000) identified epicatechin from the Podo
carpaceae family as an effective inhibitor of tyrosinase. 
Furthermore, the compounds norartocarpetin, artocarpesin, 
steppogenin, isoartocarpesin and artocarpanone all found in 
extracts from jackfruit (Artocarpusheterophyllus) have all 
been shown to inhibit tyrosinase activity (Zheng et al. 
2009). Some flavonols possessing a 3-hydroxy-4-keto moi
ety, such as kaempferol and quercetin, competitively inhibit 
tyrosinase activity by their ability to chelate the Cu ions in 
the active site of the enzyme (Kubo & Kinst-Hori 1999; 
Kubo et al. 2000). 
Apart from higher plants, some compounds from fungal 

sources have also shown tyrosinase inhibition activity. For 
instance, kojic acid (5-hydroxy-2-(hydroxymethyl)-g
pyrone) produced by many species of Aspergillus and 
Penicillium has also been shown to have tyrosinase inhibi
tory activity (Parrish et al. 1966; Niwa & Akamatsu 1991). 
Other natural compounds that have been reported to inhibit 
PPO activity are morin, luteolin, glabridin, isoliquiritige
nin, anisaldehyde, cuminaldehyde and cinnamaldehyde 
(Kim & Uyama 2005). 
In the dairy industry, enzyme inhibitors have been used 

to reduce or eliminate the formation of bitter peptides and 
off-flavours in raw milk. The formation of these bitter 
peptides and off-flavours has been attributed to the action 
of milk xanthine oxidase (XO), a complex metallo-flavoen
zyme that catalyses the oxidation of xanthine to form uric 
acid. In the process, H2O2 or superoxide radical (O2 

�) is  
formed from O2 (Mondal et al. 2000). The enzyme trypsin 
has been applied to raw milk in the past to stop the activity 
of XO (Limi & Shipe 1972). Some metal ions such as Cu2+ , 
Hg2+ and Pd2+ have also been found to non-competitively 
inhibit the activity of XO (Mondal et al. 2000). Although 
metal ions have been shown as capable XO inhibitors, their 
use in industrial applications is limited due to toxicity of 
these metal ions; most are only needed in trace quantities by 
humans. Curcumin, a natural polyphenolic compound 
responsible for the yellow colour of tumeric, and its 
degradation products such as ferulic aldehyde, ferulic 
acid, feruloyl methane and vanillin, have also been reported 
to inhibit XO (Shen & Ji 2009). 
Safety is of primary concern in the application of enzyme 

inhibitors in the food industry. Most synthetic inhibitors 
have been shown to exhibit toxicity, especially at high 
levels, limiting their application in the food industry. 
On the other hand, endogenous enzyme inhibitors have 

great potential in the food industry. Because they occur 
naturally in food and agricultural materials, it is expected 
that their use in food and biomedical applications would 
meet with more acceptance from consumers. They are 
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generally considered as natural components of food and 
therefore safe from adverse side effects (Kim & Uyama 
2005). The discovery, characterization and use of novel 
natural enzyme inhibitors will therefore be important in 
determining their potential applications in improving qual
ity and nutritional value. 
There are extensive data on naturally occurring enzyme 

inhibitors, particularly on protease inhibitors (García-Carreño 
et al. 2000). Protease inhibitors (PIs) are widely found in 
animal tissues and fluids, in the storage organs of plants and in 
microorganisms. Studies on protease inhibitors date back to 
the 1930s/1940s (from the work of Kunitz) and have contin
ued until the present day with more novel protease inhibitors 
discovered and characterized from several living organisms. 
The PIs include serine proteinase inhibitors (serpins), cys
teine protease inhibitors (cystatins), aspartic acid proteinase 
inhibitors and metallo-protease inhibitors. They are often 
named after the source material and the enzyme inhibited 
(e.g. soybean trypsin inhibitor) and sometimes after the 
source and the name of the discoverer (e.g. Kunitz bovine 
pancreatic trypsin inhibitor). However, their nomenclature 
can be confusing because several PIs often co-exist in the 
same biological tissue, while some of them can inhibit more 
than one enzyme to varying degrees (Birk 2003). The endog
enous PIs display a range of molecular weight spanning 
<1000 to several hundred thousand, for example microbial 
leupeptin has a molecular weight of 0.5 kDa while soybean 
trypsin inhibitor (SBTI) is about 21 kDa. 
Bioactive peptides with ACE inhibitory activity were 

first described from the venom of the South American pit 
viper, Bothrops jararacaby (Ferreira 1965). Because bio
active peptides are derived from proteins, they are consid
ered as natural. Natural ACEI is generated by enzymatic 
hydrolysis of proteins from various vegetable and animal 
material and they are perceived as safer and easier to absorb 
than their synthetic counterparts. Recently, proteins from 
marine species have become a new source of angiotensin-
converting enzyme inhibitory (ACEI) bioactive peptides 
with potential as antihypertensive drugs. 
Naturally occurring inhibitors of carbohydrases have 

been identified and characterized since the 1930s from 
animal, plant and microbial sources. Examples include 
natural α-glucosidase inhibitors and α-amylase inhibitors. 
Some of these compounds are mainly alkaloids, flavonoid, 
terpene and phenolic in nature. Nonetheless, there are 
proteinaceous α-amylase inhibitors that have been found 
to occur in monomeric polymeric forms and display a range 
of molecular sizes from 5 kDa to c. 50 kDa (Kasahara et al. 
1996). Other known carbohydrase inhibitors include dex
trinase inhibitors from barley, 57.5 kDa proteinaceous 
inhibitors from sugar beet root (Giovane et al. 2004), as 

well as pectin lyase and pectin methyl esterase xylanase 
inhibitors (Trogh et al. 2004). These inhibitors act to 
suppress starch-degrading enzymes and inhibit the pectic 
enzymes and other non-starch polysaccharide-degrading 
enzymes. Their action can have a profound impact on 
food functionality, as in wheat flour and wheat products. 
Alpha-amylase inhibitors have important applications in 

medicine and insect control. Most α-amylase inhibitors are 
obtained from plant and microbial sources, especially 
Streptomyces, with only a few of them derived from 
mammals. Other well-characterized carbohydrase inhibi
tors are α-, β-, γ-cyclodextrins that are effective for porcine 
and human α-amylases inhibition, polypeptides such as 
paim and hairm produced by microorganisms and macro
molecular proteins found in plants and animals. 
Other natural enzyme inhibitors of importance are 

endogenous lipase inhibitors mainly derived from micro
bial fermentation products and from plants such as wheat, 
soybean and potato. Lipase inhibitors can inhibit digestion 
of lipids and dietary fats, so they can be used in obesity 
control. There is great interest in research on pancreatic 
lipase inhibitors derived from plants, as they are known to 
have negligible side effects (Slanc et al. 2009). 

11.7	 Health and Biomedical Uses of 
Inhibitors 

Enzyme inhibitors have been widely applied in the health and 
biomedical fields. Many marketed drugs currently in use 
function through the inhibition of enzymes mediating disease 
phenotypes (Brooks et al. 2004). Much research has been 
conducted to clarify the effects of enzyme inhibition on 
human health. In several cases they are deliberately used 
in order to improve human health. However, there are several 
other cases where either synthetic or natural inhibitors can 
have adverse consequences. Concerning their beneficial 
effects, enzyme inhibitors have been used to manage hyper
tension with the discovery of ACE-inhibitory drugs. ACE 
inhibitors now constitute one of the most important classes of 
cardiovascular drugs (Jackson 1996). Naturally occurring 
ACE inhibitors have been isolated from milk, beans and 
some fish products (Simpson et al. 2012). Following the 
success of captopril, a synthetic ACE inhibitor drug, many 
additional ACE inhibitors have been designed and synthe
sized. HIV-1 protease inhibitors are another example of 
synthetic inhibitor drugs, and their discoveries have been 
based on an understanding of the role of aspartic proteases in 
the life cycle of the virus (Topliss et al. 2002). 

The use of enzyme inhibitors has also been investigated for 
the treatment of certain form of cancers. For instance, two 
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important semisynthetic anticancer drugs, etoposide and 
tenoposide, are used to inhibit topoisomerase II, an enzyme 
involved in DNA unwinding (Hande 2008). Similarly, iron
otecan (topotecinTM, camptoTM), an antitumour drug, is a 
semisynthetic derivative of camptothecin and is clinically 
available for inhibition of topoisomerase I (Pommier 2006). 
To control carbohydrate metabolism in diabetic and obese 
patients, carbo-blockers and lipase inhibitors have also been 
commonly produced from natural sources. Carbo-blockers 
are usually amylase and sucrose inhibitors, and are highly 
abundant in beans and hibiscus extracts. 

Both natural and synthetic compounds continue to play an 
important role in the discovery and development of new 
pharmaceutical drugs. Natural compounds and synthetic 
compounds are, in many respects, complementary as ave
nues for new drug substances (Topliss et al. 2002). Most 
natural drugs therefore serve as a starting point for the 
development of effective synthetic drugs. It is however 
important to note that, whether natural or synthetic, drugs 
have many negative side effects as well. In spite of the 
success story of ACE inhibitor drugs, there are still some 
side effects. These side effects may be related directly or 
indirectly to reduced angiotensin II formation. These include 
hypotension, acute renal failure, hyperkalemia and problems 
during pregnancy (Izzo Jr & Weir 2011). Cough, angioe
dema and anaphylactoid reactions are also side effects from 
the use of ACE inhibitors due to increased kinins, since ACE 
is also a kininase (Taylor et al. 2011). 

Aspirin, a synthetic drug which works by inhibiting 
COX, is rapidly absorbed from the stomach and can 
have significant local gastric toxicity (Pillinger et al. 
1998). Some carbo-blockers have been reported to cause 
diarrhoea, flatulence, gastrointestinal disorders and liver 
damage when used in large quantities. Carbo-blockers have 
also been reported to cause the pancreas to go into overdrive 
to aid the production of more enzymes, which could lead to 
pancreatic hypertrophy and many pathological conditions 
including pancreatic cancer. 

In addition to the above, note that there are well-known 
enzyme inhibitors with antinutritive properties such as the 
proteolytic enzyme inhibitors, particularly trypsin and chy
motrypsin inhibitors (Gallaher & Schneeman 1986). Soy
bean proteinase inhibitors were shown capable of affecting 
intestinal trypsin activities in rainbow trout (Oncorhynchus 
mykiss; Krogdahl et al. 1994). It has been suggested that 
proteinase inhibitors from raw soybean may stop chymo
trypsin activity and severely reduce tryptic activity of 
humans (Holm et al. 1992). The enzyme inhibitors prepared 
from defatted raw soy flour and potato juice may induce 
pancreatic pathology after long-term exposure (Gumbmann 
et al. 1989). However, research on enzyme inhibitor 

toxicity has so far been conducted on small animal models 
fed with high doses, and there is a need to investigate the 
risks they may pose to human health. 

11.8 Future of Enzyme Inhibitors 

In the past new drug discoveries resulted from either the 
accidental observation of the biological effects of natural 
products or from screening organic compounds. Later, the 
structures of endogenous effector molecules such as 
neurotransmitters and hormones were taken as templates 
to design new receptor agonists and antagonists. The 
number of chemicals that can be used to control and 
inhibit enzymes in both food and health is limited due to 
factors such as development of off-flavours, off-odours, 
toxicity and economic feasibility. Most of the alternatives 
currently present are also less effective. This has led to a 
more rigorous research in this area, especially with 
respect to natural inhibitors. 

Major changes took place in the drug industry in the 
1990s, searching for lead structures for further development 
as therapeutics. This process involved new technologies, 
and processes such as high-throughput screening (HTS) 
and combinatorial chemistry were widely embraced and 
developed to a high state of performance. The first success 
story in structure-based design was the antihypertensive 
drug, captopril, an (ACE) inhibitor (Wermuth 2011). The 
use of this approach has become very successful due to the 
record high number of proteins with known three-dimen
sional structures. Furthermore, structures produced by 
structural genomics initiatives are beginning to become 
publicly available (Westbrook et al. 2003). This has led to 
recent advances in drug discovery through computational 
approaches that ‘dock’ small molecules into the structures 
of macromolecular targets and ‘score’ their potential com
plementarity to binding sites (Kitchen et al. 2004). Docking 
and scoring is conducted using high-throughput screening 
of all possible chemical spaces within the limits of com
pounds that exist in a particular collection. The docking 
process involves the prediction of ligand conformation and 
orientation (or posing) within a targeted binding site 
(Kitchen et al. 2004). 
Enzymes currently represent the principal hit identifica

tion tool for drug discovery for therapeutic purposes in the 
HTS of ligands for key target proteins (Bolognesi et al. 
2011). However, output depends on cost-based limitation of 
target availability, need of speed, automation and easy 
coupling of the enzyme assay with substrate (Sharma 2012). 
With regards to the food uses of endogenous enzymes, the 

current focus is on endogenous cysteine protease inhibitors 



202 Advances in Food Biotechnology 

because they are perceived to have no antinutritive effect on 
human digestive system (García-Carreño et al. 2000). None
theless, there is the need to assess the safety of endogenous 
enzymes for humans, to understand their mode of action and 
to evaluate and control their activities in food processing. 
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12.1 Introduction 

If we deviate from the classical definition of biotechnology 
and observe the definition of Convention on Biological 
Diversity (CBD) published by FAO (Food and Drug Orga
nization 2014), we see that biotechnology can be under
stood as ‘any technological application that uses biological 
systems, living organisms, or derivatives thereof, to make 
or modify products or processes for specific use’. When we 
apply this concept to food technology and list different 
products or processes whose production steps or modifica
tions make use of proteases, through processes of protein 
hydrolysis, it is clear that proteases are an important tool in 
food biotechnology. 

Protein hydrolysates constitute an alternative to intact 
proteins and elemental formulas in the development of 
special formulations designed to provide nutritional support 
to patients with different needs. Protein hydrolysates con
taining specific chain peptides are highly desired in clinical 
diets or specific formulations (Clemente 2000). Moreover, 
depending on the conversion degree, protein hydrolysis can 
change different physicochemical properties of food pro
teins. These processes include improving nutritional value, 
modifications of functional or sensorial properties and other 
health benefits such as the liberation of bioactive peptides 
or reduction in allergenic compounds (Panyam & Kilara 
1996; van Boekel et al. 2010). In some situations, even 
microorganisms or chemical processes could be used. 

Proteolytic processes, as opposed to chemical processes, 
are an attractive option as they preserve the chemical 
species present in the food samples and have a reduced 

environmental impact. When microorganisms are used for 
hydrolysis, it is unlikely that only one enzyme acts. Hydrol
ysis is performed by a mixture of enzymes and, after 
liberation of the first peptides, depending on the specificity 
of the enzyme that released the first peptides, distinct amino 
acids will be present at the extremities of the fragments. As 
result, distinct amino acid residues will be liberated over 
time by the other exopeptidases (Castro & Martín-Hernádez 
1994; Otte et al. 1997; Verdini et al. 2004; Milesi et al. 
2009; Seratlic ́ et al. 2011). 
The use of specific enzymes can be interesting to produce 

specific changes and more controlled action (Fig. 12.1). 
The enormous variation among protease specificities is a 
very important feature to take into consideration the choice 
of protease according to the protein source to be hydrolysed 
or intended products. The appropriate choice of the enzy
matic processing can provide specific and preserved pep
tides. Furthermore, the choice of enzymes and the 
hydrolysis degree must be accomplished by taking into 
account specific desirable properties of the hydrolysate 
product (Lahl & Braun 1994; Tavano 2013). 

12.2 Protease Characteristics 

Proteases (also termed peptidases, proteolytic enzymes and 
peptide bond hydrolases) are intimately associated with 
vital biological pathways. The range of variants and speci
ficity reflect their association with evolutionary processes 
and modifications experienced (Tsugita & Scheffler 1982; 
Neurath 1984; Perona & Craik 1997; Page & Di Cera 
2008). The evolutionary complexity of living organisms 
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Figure 12.1 Protein hydrolysis has wide-ranging applications. The differences between protease specificities must be taken into 
consideration. The same protein chain can produce very different hydrolysates using different proteases, changing many food 
characteristics. 

provides an enormous range of different proteases with a 
large repertoire of functions and, subsequently, a wide 
ambit of structures and specificities (Krem et al. 2000; 
Puente et al. 2003). 
The specificity of a protease determines the position at 

which the enzyme will catalyse peptide bond hydrolysis 
(Table 12.1). The enzyme active site has a characteristic 
arrangement of amino acid residues which define the 
enzyme–substrate interaction (Neurath 1984). The knowl
edge of the specificity of proteases provides information that 
can improve choice in acting on a specific substrate  or  
intended products (Storer 1991; Ménard et al. 1993). A single 
protein chain can produce very different hydrolysates using 
proteases with different catalytic action (Figs 12.2, 12.3). 

Advances in the chemical characterization of active sites 
and structure analysis mean that proteases can be grouped 
by common mechanism or by similar structural features 
(Neurath 1999). Their forms of classification can serve as a 

Table 12.1 Examples of protease specificities. 

guide for the first steps towards the best choice. For 
example, the mode of action can define proteases as 
exopeptidases or endopeptidases, which are the two main 
subclasses based on substrate interaction. The peptide 
substrate runs through the entire length of the active site 
of an endopeptidase framework and is cleaved in the middle 
of the molecule. On the other hand, exopeptidades act near 
the end of polypeptide chains. Furthermore, exopeptidases 
are termed aminopeptidases if they act at the n-terminus, 
and carboxypeptidases are those acting on peptide bonds 
from the c-terminus. Some enzymes present both carboxy
and aminopeptidase forms, such as cathepsins, since they 
can have structural elements that provide negative charge 
(cathepsin H) to bind the positively charged amino terminus 
of the substrate, or positive charge (cathepsin X) to bind the 
negatively charged carboxyl terminus of the substrate 
(Tipton & Boyce 2000; Turk 2006). Finally, in describing 
the specificity of endopeptidases, the term oligopeptidase is 

Protease Preferential cleavage site 

Aminopeptidase A (EC3.4.11.1) (P1-/-P1´) P1  = N-Terminal Leu, but also may be other amino 
acids, including Pro, except Arg- or Lys-

Aminopeptidase B (EC3.4.11.6) (P1-/-P1´) P1  = N-Terminal Arg- and Lys-, when P1´ is not a -Pro 
Carboxypeptidase A (EC3.4.17.1) C-Terminal amino acids, but little or no action with -Asp, -Glu, 

-Arg, -Lys or -Pro 
Carboxipeptidase B (EC3.4.17.2) C-Terminal -Lys or -Arg 
Trypsin (EC3.4.21.4) (P1-/-P1´) Preferential P1 = Arg- or Lys-
Chymotrypsin (EC3.4.21.1) (P1-/-P1´) Preferential P1 = Tyr-, Trp-, Phe-, Leu-
Pepsin (EC3.4.23.15) Hydrophobic amino acids, preferably aromatics 
Papain (EC3.4.22.2) Preferably amino acids bearing a large hydrophobic side chain 

at P2 position 
Thermolysin (EC3.4.24.27) Preferably (P1-/-P1´) P1  = Leu- or Phe-

Adapted from BRENDA (BRaunschweig ENzyme DAtabase), http://www.brenda-enzymes.org 

http://www.brenda-enzymes.org
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Figure 12.2 Due to the differences in specificity between proteases, the same protein chain can produce very different 
hydrolysates. 

used to refer to those that act optimally on substrates 
smaller than proteins. 

In the international system for the classification and 
nomenclature of enzymes (EC number) developed in the 
1950s (Webb 1993), all enzymes are divided into six 
classes and proteases are designated as class 3. Proteases 
were divided between 13 subclasses on the basis of their 
catalytic reaction. Nowadays, since the protein structure of 
the enzymes is better known, other forms of classification 
have been proposed that consider their chemical structures 
and therefore contain information about their evolutionary 
families, such as MEROPS databases (peptidase database; 
Rawling & Barrett 1993, 2012; Rawling et al. 2008). 
Considering the tertiary structure of the protein and its 
catalytic sites, proteases can be classified in clans and clans 
divided into families. Every clan provides information 
about the catalytic structure of the proteases. Their names 
reflect the iconic amino acid or metal present in the active 
site: Aspartic peptidases (A); Cysteine peptidases (C); 
Metallo peptidases (M); Serine peptidases (S); Mixed 
catalytic type (P); and Unknown type (U) (Rawling & 

Barret 1993; Polgár 2005; Rawling et al. 2008). The 
structure around the active site of the protease determines 
how the substrate can bind to the sites of the protease. The 
surface of the protease that is able to accommodate the 
chain of the substrate is called the subsite, which determines 
the substrate specificity of a given protease (Turk 2006). 
However, although most enzymes present a large chain/ 
structure, only a few amino acid residues are in fact 
involved in the active site. Serine proteases, for example, 
are known for their classical catalytic triad. The geometric 
relationship between Asp102, His57 and Ser195 of chy
motrypsin, the first structure reported for a peptidase, is 
very well documented (Perona & Craik 1997; Polgár 2005). 

12.3 Seeking a More Appropriate Protease 

As described above, proteases present an enormous range 
of variants and specificity. The differences in specificity 
between proteases are very important to take into consid
eration when selecting a protease, according to the protein 
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Figure 12.3 Knowledge of the specificity of proteases provides information that can lead to a better choice to act on a specific 
substrate. 

source to be hydrolysed or predicted products. Achieving 
the objectives requires an appropriate choice of protease, 
and often modification of this protease is required for best 
results in the desired application. Although evolutionary 
processes make it possible to optimize the functions of 
proteases, the goal of these natural evolutionary modifica
tions do not necessarily reflect industrial needs. In the latter 
case, often the processes are performed under conditions 
that may depart significantly from physiological states of 
enzyme organism source such as high temperature, pH or 
concentration of chelating agents. Many hydrolytic pro
cesses occur under conditions which are at the limit of 
enzyme utilization, such as low reaction rate or enzyme 
chain instability. Moreover, foods can be considered a good 
culture medium (thanks to their rich nutrient composition), 
and processes at high temperatures can be advantageous, 
since this procedure can accelerate the reaction and hence 
avoid microorganism growth. Problems regarding action or 
enzyme stability have been overcome due to advances in 
chemical and molecular methods, as well as the constant 
search for new sources of enzymes (Burton et al. 2002). 

12.3.1 Finding the Best Source 

Proteases can usually be recovered from animal, plant or 
microbial sources, but the latter two are especially interesting 
as they can be cultured on a large scale during a short-term 
process of fermentation (Devasena 2010). Both submerged 
and solid-state fermentation are often used in the production of 
proteases from cultures of microorganisms. Fungal cultures 
are particularly applied and have relative advantages depend
ing on the type of medium used in their culture. Submerged 
fermentation has advantages in process control, and can 
provide easy recovery when extracellular enzymes are pro
duced. However, the produced enzymes are dilute in culture 
medium. Solid-state fermentation has attracted the interest of 
many researchers. Its advantages include simplicity, lower 
production costs, low wastewater output and its static process 
avoid mechanical energy expenditures, although problems 
such as temperature and pH control have been encountered 
(Sandhya et al. 2005). Whatever the chosen enzyme source or 
methodology of production, downstream processes (under
stood as recovery and purification steps of the products from 
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their sources) are crucial for enzyme applications. However, 
these processes can become expensive and time-consuming in 
the production of proteases. Considering this fact, production 
methods which avoid many downstream steps can be very 
advantageous. 

As well as the relative ease of use of cultures of micro
organisms, the enormous number and variety of microorgan
isms available allows the most appropriate source to be 
sought, using the traditional culture ‘screening’. The isola
tion of enzyme variants from organisms living in extreme 
environments, for example, can be used to obtain microbial 
enzyme source variants whose stability may be very attract
ive (Eijsink et al. 2005). These microorganisms, called 
extremophiles, naturally produce enzymes that are functional 
under extreme conditions such as pressure, radiation, salin
ity, pH and temperature (Van den Burg 2003). 

Thermostable enzymes, for example, have been isolated 
from thermophilic microorganisms; at high environmental 
temperatures, such proteases can acquire enhanced mobility 
to act, but remain rigid enough to resist denaturation while 
mesophilic enzymes can suffer unfolding (Fontana et al. 
1998). Their application in processes development at high 
temperatures is a real advantage. For treatment of industrial 
wastes, such as hard-to-degrade animal proteins generated in 
the meat industry, thermostable proteases can be used at high 
temperatures to induce protein thermal denaturation and 
result in greater proteolysis susceptibility (Suzuki et al. 2006). 

Two other important routes can be taken to find new 
microbial enzyme source variants. Microorganisms can be 
‘engineered’ in which new enzymes, often with desirable 
characteristics (including overall stability, solubility and 
especially new specificities), are generated via ‘classical’ 
protein engineering such as rationale-based mutagenesis or 
directed evolution. Directed evolution is based on generation 
of diversity followed by selection/screening. As described by 
Cobb et al. (2012), directed evolution refers to the application 
of selective pressure to a library of variants of a target 
biological entity with the intent of identifying those with 
desired properties. Although ‘laboratory evolution’ acceler
ates the individual steps of the natural evolution, this proce
dure is limited by the size of possible libraries and can be very 
time-consuming at every cycle of library generation and 
screening/selection (Cobb et al. 2012). Classical protein 
engineering utilizes information on enzyme structure and 
on the molecular basis of stability to rationally predict 
stabilizing mutations (Eijsink et al. 2005), applying tech
niques for site-directed mutagenesis (including insertions, 
deletions or/and recombination of amino acids). 

One of the first successful trials in altering proteases was 
achieved and described by Craik et al. (1985). They modified 
eukaryotic genes by site-specific mutagenesis and expressed 

in mammalian cells, replacing the glycine residues at posi
tions 216 and 226 in the binding cavity of trypsin by alanine 
residues. This resulted in three trypsin mutants, which 
yielded a reduced catalytic rate but increased specificity. 
Other proteases have been successfully engineered for the 
enhancement of their innate properties. A number of other 
studies have shown that subtilisin has been successfully 
engineered for various purposes (Li et al. 2013). 

12.3.2 Managing Protease Performance 

As described by Fágáin (1995) the protein/enzyme stability 
can be referred to as ‘a protein’s resistance to adverse 
influences such as heat or denaturants, that is, to the 
persistence of its molecular integrity or biological function 
in the face of high temperatures or other deleterious influ
ences’. A large number of factors contribute to protein 
stability at the same time: Van der Waals forces, hydrogen 
bonds, salt bridges, torsion potentials, bond stretching, 
planarity of conjugated systems, pi–pi stacking, the entropy 
of water, ionic interactions, loop tension, helix dipole 
interactions and disulphide bridges (Eijsink et al. 2004). 
Temperature variation or drastic conditions of manipulation 
during food processing can lead to structural changes and 
cause important functional consequences (Wang et al. 
2009; McGeagh et al. 2011; Talbert & Goddard 2012). 
Proteases still present a particular problem: the problem of 
autolysis (Bickerstaff & Zhou 1993; Mildner et al. 1994). 
Understanding the nature of the enzyme makes it possible 
to manipulate and modify the enzyme to optimize the 
hydrolysis process. The prevention of enzyme dissociation 
and unfolding rate via enzyme immobilization methods, 
cross-linking with chemicals or chemical modification of 
the amino acid side chains can be achieved by a number of 
chemical methods for alteration of enzyme stability and 
activity. These stabilization methods can also be used as 
complementary approach to site-directed mutagenesis and 
directed evolution processes. 
Chemical stabilization methods typically involve amino-

acid side chains which have reactive functional groups 
which can react with reagents by cross-linking or intra-
and intermolecular or covalent coupling (Fágáin 1995), 
aiming to improve or keep protein chain stability and/or 
activity via restriction of enzyme surface mobility (increas
ing the protein resistance against unfolding and subunit 
dissociation), and even by creation of a barrier of resistance 
to attack by chemical reagents and inhibitor compounds. 
Different components have been used for chemical modifi
cation of different enzymes, such as succinic anhydride 
which reacts specifically with the ε-amino groups of the 
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side chain of the lysine residues and changes its charges 
from positive to negative. Glutaraldehyde cross-linking has 
been used to stabilize enzymes by introducing inter
molecular cross-linking in protein chains. Finally, covalent 
attachment of caboxymethylcellulose to the enzyme surface 
via reductive alkylation with NaBH4 improved enzyme 
thermostability and pH stability (Villalonga 2000). 
Enzyme immobilization refers to a process that confines 

or localizes the enzyme in a certain defined region of space 
while retaining the catalytic activity, and which can be used 
repeatedly and continuously (Brena & Batista-Vieira 
2006). Immobilization procedures include enzyme entrap
ment, protein cross-linking or covalent coupling on a solid 
support. The use of irreversible methods can be very 
important in protease applications for food processing, 
avoiding loss of a catalyst (detachment of enzymatic chain) 
to the food environment. Methods based on the formation 
of covalent bonds, especially multipoint techniques (more 
than one covalent enzyme-support bond) can be a good 
choice. Multipoint enzyme immobilization can enhance the 
stability of enzymes via prevention of subunit dissociation, 
and the unfolding rate of protein chains, promoting ‘rigidi
fication’ of three-dimensional enzyme structures, results in 
a higher resistance to the conformational changes induced 
by heat, organic solvents or pH (Ulbrich-Hofmann et al. 
1999; Mateo et al. 2007; Garcia-Galán et al. 2011). In 
addition, enzyme properties can be altered including: 
improvement of stability, reduction of inhibition, possibil
ity of reuse, reduction of enzyme chain aggregation and/or 
autolysis (Mateo et al. 2007; Garcia-Galán et al. 2011; 
Rodriguez et al. 2013). 

12.4	 Modifications in Functional and 
Sensorial Properties of Food Proteins 

12.4.1 Functional Properties 

Functional properties of proteins represent the physico
chemical properties which govern the behaviour of protein 
in the food environment (Kinsella & Melachouris 1976). 
Protein hydrolysis is a powerful tool in the modification of 
the functional properties of proteins in food systems, 
including solubility, gelation, emulsifying and foaming 
characteristics. Proteolysis, as well as decreasing the molec
ular weight, also increases the number of ionizable groups 
and can expose hydrophobic groups, which can change 
physical or chemical environmental interactions (Sanchez & 
Burgos 1996; Jung et al. 2005; Creusot & Gruppen 2008; 
Amarowicz 2010; Zhao et al. 2011). However, the hydrol
ysis conditions need to be controlled to avoid excessive 

protein hydrolysis that can impair functionality and cause 
unfavourable effects, such as production of bitter-flavoured 
peptides (Jung et al. 2005). 

12.4.1.1 Solubility 

Protein solubility depends on hydrophilicity and electro
static repulsions. The improvement of solubility is the most 
notable effect on protein functional properties after the 
hydrolysis process (Panyam & Kilara 1996). Increased 
solubility of the hydrolysed protein is proportional to the 
increase in the number of small peptides, and the corre
sponding increase in the ionizable amino and carboxyl 
groups. However, the hydrolysis processes need to be 
controlled to improve solubility. Hydrolysis can expose 
hydrophobic peptides which increase peptide attractions/ 
aggregation, causing a decrease in solubility. Highly hydro
phobic and sulphhydryl disulphide interactions contributed 
to protein insolubility, even after a high degree of hydroly
sis (Creusot et al. 2006; Paraman et al. 2007; Creusot & 
Gruppen 2008). 

12.4.1.2 Gelation/Foaming/Emulsion 

Gelation, foaming and emulsifying characteristics are 
important properties of food proteins which improve its 
utilization in food formulations. Protein gelation requires 
association between protein strands, usually preceded by 
unfolding of the native protein structure. As a result, 
gelation requires a solution of proteins of substantial chain 
size as the starting material. Although proteolysis can result 
in impaired gelling properties due to the small size of the 
products, low degrees of hydrolysis can collaborate to 
improve gelling properties. Better gelation properties and 
even better foaming capacity were reported when the 
protein hydrolysis was conducted over a short period 
(Sanchez & Burgos 1996; Totosaus et al. 2002). 
The same can be observed with respect to the emulsi

fication property of proteins. Emulsion activity and stability 
increased with augmenting protein solubility and hydro
phobicity. The highest emulsification capacity is obtained 
with a low degree of hydrolysis of the protein and an 
increase in the availability of large peptide units at the 
oil–water interface, causing greater emulsion formation 
(presumably because the small peptides formed lose the 
capacity to interact with both aqueous and non-aqueous 
phases). Proteins can present amphiphilic properties, self-
aggregate and form continuous and homogeneous mem
branes around oil droplets through intermolecular β-sheet 
interactions. Flexibility, amino acid composition and hydro
phobicity are therefore involved in protein emulsification 
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properties (Panyam & Kilara 1996). Partial proteolysis can 
expose hydrophobic groups, which in native protein structure 
are buried inside the core of folded chain, increasing the 
hydrophobic surface. 

12.4.2 Taste Modifications 

Although hydrolysate formulas produced by extreme 
hydrolysis are appropriate for many purposes, such as 
hypoallergenic formulas or high-solubility proteins, when 
planning to use these hydrolysates for human consumption 
an important factor to consider is the formation of taste. 
Mammals can perceive bitter taste and this can be a reason 
for product rejection. This may be an adaptive reaction for 
the avoidance of foods that are potentially poisonous, 
which usually have a bitter taste (Glendinning 1994). Bitter 
peptides can be produced during protein hydrolysis, as their 
properties vary depending on the type of protein and 
enzyme used. Studies indicate a correlation that exists 
between bitter peptides and chain length, hydrophobicity 
and the amino acid present in N- and C-terminus (Saha & 
Hayashi 2001; Maehashia & Huang 2009). The correct 
enzyme choice can therefore reduce unpleasant taste for
mation during protein hydrolysis. 

Kodera et al. (2006) obtained protein hydrolysates using 
D3 protease (a purified enzyme from germinated soybean 
cotyledons) significantly less bitter than subtilisin, pepsin, 
trypsin and thermolysin hydrolysates. Due to D3 substrate 
specificities, most hydrophobic amino acid residues in the 
hydrolysate are not presumed to be located at the peptide 
terminus, as could occur if pepsin were used. 

Arai et al. (1970) found that each of the several bitter 
peptides isolated from peptic hydrolysates of soy protein 
had a terminal leucine residue but, when carboxypeptidase 
was used, which degrades the C-terminal structures, the 
bitter flavour was markedly decreased. 

Wroblewska et al. (2004) studied the influence of dif
ferent enzymes and doses on changes in the hydrolysates’ 
immunoreactivity, using alcalase, papain and pepsin. Dif
ferences in sensory acceptability of protein hydrolysates, 
according to their peptide composition, were observed. 
Alcalase followed by papain hydrolysis demonstrated the 
lowest intensity of bitter taste and the highest degree of 
general acceptance. 

At the same time, bitter peptides can be desirable as for 
example in cheese production. During the manufacture and 
ripening of cheeses, gradual proteolysis is generally con
sidered to be a prerequisite for the development of the 
correct flavour of cheeses, such as camembert or brie. 
Exogenous proteases can be carefully added to accelerate 
ripening changes (Engel et al. 2001; Singh et al. 2003). 

12.5 Cheese-Making 

Proteolysis events are present among the main biochemical 
modifications in cheese production, taking into account that 
cheese is generally produced via enzymatic coagulation, as 
well as important transformations of flavour and texture. The 
latter may be significantly altered according to the hydrolysis 
ratio during the ripening process (Fox 1989). As discussed 
here, small peptides generated by proteolysis can have 
greater taste than intact casein or whey proteins (Lawrence 
et al. 1987). Moreover, the initial proteolitic liberation of 
amino acids, which can act as precursors for catabolic 
reactions of microorganisms, is thought to be the principal 
process of cheese flavour development (McSweeney 2004). 
Traditionally calf rennet is used as coagulant, a two-prote

ase extract (chymosin and pepsin extract), which has a double 
role in cheese-making. Chymosin is the major component and 
its principal role is specifically to hydrolyse the Phe105
Met106 bond of the κ-casein, a micelle-stabilizer, leading 
to the milk protein coagulation. Rennet also contributes to the 
occurrence of proteolysis during cheese ripening. Most of the 
coagulant activity added to the milk is lost in the whey, but 
some rennet remains in the curd (Sousa et al. 2001). Although 
chymosin is the main component due to its specificity, 
peptide-bond hydrolysis of aromatic amino acids by pepsin 
contributes to proteolytic changes during cheese ripening. 
When employing rennet from different sources, such as lamb 
or kid, the ratio of chymosin to pepsin in rennet is of major 
importance (Moschopoulou 2011). 
Several proteases have been investigated as likely rennet 

substitutes (animal, microbial or plant enzymes). Different 
enzymes can be used to intentionally produce new flavours 
or textures and are also interesting for the manufacture of 
‘ovo-lacto-vegetarian’ cheese (Fox & Stepaniak 1993; 
Sousa et al. 2001). A study of the effect of aqueous extracts 
of flowers of Cynara cardunculus and animal rennet on 
cheese proteolysis showed marked differences between the 
cheeses coagulated with the two types of enzymes 
(Fernandez-Salguero & Sanjuan 1999). Casein hydrolysis 
was more extensive and faster and the levels of insoluble 
Tyr and Trp were higher when using vegetable enzyme 
rather than traditional animal rennet. 
For many cheeses, proteolysis is not limited to the action of 

added enzymes but also to enzymes from microorganisms 
already present. A classic example is the blue-veined cheese 
category, where the presence of blue moulds gives a charac
teristic appearance and the enzymes of these moulds produce 
the typical aroma and taste. This is true for the mould surface 
in cheeses such as brie and camembert (Sousa et al. 2001; 
Seratlic ́ et al. 2011). Proteolysis can be extremely complex. 
For camembert, at least five proteases are active during 
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ripening – chymosin and bovine pepsin (in rennet), plasmin, 
aspartylprotease and metalloproteinases from Penicillium 
caseicolum – each having a complementary and sequential 
role (Trieu-Cuot & Gripon 1982). 
When microorganisms are used for hydrolysis, it is 

unlikely that only one enzyme acts. Hydrolysis will there
fore be performed by a mixture of enzymes and, after 
liberation of the first peptides, these will be susceptible 
to the action of carboxypeptidases or aminopeptidases. 
Depending on the specificity of the enzyme that released 
the first peptides, distinct amino acids will be present at the 
extremities of the fragments and, as a result, distinct amino 
acid residues will be liberated over time by the exopepti
dases. This will result in a wide variety of hydrolysed 
species (Castro & Martín-Hernández 1994; Otte et al. 1997; 
Milesi et al. 2009; Seratlic ́ et al. 2011). The use of specific 
enzymes can be interesting for producing specific changes 
and controlled action. 

12.6 Food Additives 

Due the efficiency and pH/temperature stability of some 
proteases, these enzymes can be commercially available as 
food additives (Table 12.2), conforming to the General 
Specifications and Considerations for Enzyme Preparations 
Used in Food Processing (Panyam & Kilara 1996). Papain 
is the most commonly employed, followed by pepsin, ficin, 

Table 12.2 Examples of proteases in food processes. 

bromelain and other fungal or bacterial proteases, such as 
proteinase produced by the controlled fermentation of 
Streptomyces fradiae or the endo- and exo-peptidases 
from non-toxicogenic and non-pathogenic strains of Asper
gillus oryzae. Major applications of these additives are in 
brewing industries (proteins contribute to the chill haze of 
beer, which can be avoided using protease addition) and 
tenderizing meat (the natural tenderization process begins 
just after slaughter via natural meat proteases, but additional 
proteolitic tenderization can be desirable, usually by sprin
kling commercial preparations of powdered protease, espe
cially papain, or using protease solutions). Proteases are 
also very useful in the baking industries. In cracker or wafer 
production, little or weak gluten is desired which can be 
produced via partial gluten hydrolysis. 

12.7 Special Diets 

Diets can be specially designed to provide some particular 
protein nutritional needs or even complement nutrition 
necessities or health benefits. In specific situations, when 
the supply of intact proteins is not possible, the supply of 
amino acids should be made with mixtures of free amino 
acids or small peptides. Although both free amino acids and 
peptides can be absorbed, short-chain peptides are often 
preferred due their better absorption kinetics. Moreover, as 
described by Clemente (2000), protein hydrolysates 

Protease Action Sources Applications in food processing 

Bromelain Hydrolyses linkages especially 
involving basic amino acids, 
leucine or glycine. 

Papain Hydrolyses linkages especially 
involving basic amino acids, 
leucine or glycine. 

Protease from Hydrolysis at the N-terminal, 
Aspergillus serine and aspartic acid 
oryzae bonds 

Ficin Hydrolyses at linkages 
especially involving basic 
amino acids, leucine or 
glycine. 

Protease from Hydrolyses proteins and 
Streptomyces peptides with no clear 
fradiae specificity 

Ananas comosus and 
Ananas bracteatus (L) 

Carica papaya (L) (Fam. 
Caricaceae) 

Non-toxicogenic and 
non-pathogenic strains 
of Aspergillus oryzae 

Derived from the latex of 
Ficus sp. 

Streptomyces fradiae 

Chill-proofing of beer, tenderizing of meat, 
preparation of pre-cooked cereals and 
production of protein hydrolysates. 

Chill-proofing of beer, tenderizing of meat, 
preparation of pre-cooked cereals and 
production of protein hydrolysates. 

Preparation of meat and fish products, 
beverages, soup and broths, dairy and 
bakery products. 

Preparation of meat, beverages and bakery 
products. 

Preparation of beverages 

Adapted from Compendium of Food Additive Specifications, FAO/WHO Expert Committee on Food Additives, Geneva, Switzerland (FAO/WHO 
2000). 
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obtained via enzymatic process contain peptides with 
defined characteristics and molecular size, highly desired 
for specific formulations. When the general provision of 
amino acids is the goal, supplying the nutritional require
ments via protein hydrolysates, an extensive hydrolysis 
degree can be desirable using less-specific proteases or even 
a sequence or mixture of different enzymes. On the other 
hand, when a specific peptide is the focus of the formulation 
(e.g. bioactive peptide) or even a specific cleavage of 
peptide bonds (such as hypoallergenic formulas), these 
situations usually require that the most appropriated prote
ase is selected with its particular specificities. 

12.7.1 Reduction of Food Protein Allergy 

Food allergy is defined as an adverse immunological 
response to food which can be mediated by IgE antibodies. 
Food allergens are generally proteins and are related to 
disorders mediated by IgE; the portion of the protein 
recognized by IgE is called the epitope. The epitope can 
be ‘linear’ or ‘sequential’, depending on the primary struc
ture of the protein, or conformational, three-dimensional 
form. Conformational epitopes are more easily disrupted by 
food preparation processes, such as thermal treatment. 
However, to manage linear epitopes it is necessary to reach 
specific amino acid sequences in the protein chain and, in 
these cases, cleavage of peptide bonds is one solution 
(Martins & Galeazzi 1996; Sicherer 2002; Sathe & Sharma 
2009). Careful choice of enzyme and the methodology 
employed can drastically reduce protein allergenicity, 
which depends on the degree of hydrolysis and even 
filtration techniques used posteriorly to remove residual 
proteins. The ideal process involves the minimum number 
of downstream steps (Burton et al. 2002). Many proteins 
need a high degrees of hydrolysis to alter their allergenicity; 
it is not just any protease that can accomplish this effect. 
Moreover, a low degree of hydrolysis, such as superficial 
hydrolysis, can aggravate the reactivity by exposing epit
opes present in the core of the protein chains. 

Cabanillas et al. (2012) studied roasted peanut protein 
which was hydrolysed by Alcalase and Flavourzyme. 
When Flavourzyme was used, a 65% decrease in IgE 
reactivity was noted after 300 min of hydrolysis; however, 
at 30 min treatment with Flavourzyme an increase in IgE 
reactivity was detected by ELISA, whereas a 100% reduc
tion in IgE reactivity was observed for Alcalase treatment 
(Cabanillas et al. 2012). Trypsin and pepsin were used to 
change other legume proteins (Pinto et al. 2009), and the 
response was observed to be appreciably different between 
sweet lupin, chickpea and lentil proteins. Chickpea and 

lentil lost their immunogenic capacity after a few minutes of 
enzyme treatment, but the antigenic activity of hydrolysates 
from sweet lupin major globulin was progressively 
reduced. The antigenic epitopes present in the hydrolysate 
were completely destroyed by trypsin hydrolysis after 
30 min, differently from pepsin which still presented about 
23% of the antigenicity. In many instances, a large range of 
allergen peptides can be listed. Soy protein presents at least 
16 IgE-binding soy proteins with molecular masses from 
7.5 to 97 kDa, which may be involved in clinical allergy. As 
a result, a considerable quantity of research is directed at 
controlling soy allergy and assessing enzymatic methods to 
decrease soy allergenic reactivity (Cordle 2004). 
Although the importance of maternal milk is 

unquestionable, when its consumption is impossible cow 
milk is usually used. However, in young children cow milk 
proteins, together with eggs, peanuts, soy and wheat, 
account for the most important food allergens that can 
manifest reactions against the three major proteins found 
in milk: α-lactalbumin, β-lactoglobulin and caseins 
(Sharma et al. 2001). Although cow milk protein hydroly
sates are reasonable alternatives, it is not always easy to 
obtain an allergen-free formula. Extensively hydrolysed 
formulas are used in these cases, and for this purpose a 
mix or sequences of enzymes are used. Boza et al. (1994) 
studied hydrolysates of casein and whey proteins using a 
protease mix containing Bacillus Licheniformis enzymes, 
obtaining hydrolysates with peptides smaller than 8 kDa for 
whey protein and 2.5 kDa for the casein fraction. These 
hydrolysates present high nutritional values and the same 
amino acids as the native proteins, indicating that enzy
matic hydrolysis preserves the original amino acids. More
over, the potential antigenicity of the whey protein, 
measured in vitro by ELISA, was reduced by a factor of 
103 for the whey protein hydrolysate and by a factor of 104 

for the casein fraction. For whey proteins, the minimal 
molecular mass to elicit immunogenicity and allergenicity 
appears to be between 3 and 5 kDa, so the molecular weight 
cut-off value of the filters required must be in this range 
(van Beresteijn et al. 1994). 
Regarding allergenic proteins, gluten also deserves atten

tion. Celiac and non-celiac gluten-sensitive patients exhibit 
a small intestinal enteropathy characterized by compro
mised epithelial barrier, chronic inflammation of intestinal 
lamina propria, villous atrophy and increased epithelial 
permeability. In celiac patients, dietary gluten triggers 
production of anti- transglutaminase-2 and anti-gliadin 
antibodies. In non-celiac gluten sensitives, only the anti-
gliadin antibodies are produced. Gluten proteins present 
two main fractions: aqueous alcohols soluble fraction 
(gliadins) and the insoluble fractions (glutenins). The 
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abundance of proline residues in gluten (12–17% of pro
tein) renders it highly resistant to complete proteolytic 
degradation by human gastric and pancreatic enzymes, 
interesting to researchers who seek to apply the use of 
non-digestive proteases for gluten hydrolysis. Prolyl 
endoproteases from Aspergillus niger for this purpose 
(Matysiak-Budnik et al. 2005; Stepniak et al. 2006; 
Sestak & Fortgang 2013). 

12.7.2 Liberation of Bioactive Peptides 

As defined by Biesalski et al. (2009), ‘Bioactive compounds 
are essential and nonessential compounds (e.g., polyphenols) 
that occur in nature, are part of the food chain, and can be 
shown to have an effect on human health’. These natural 
constituents in food can provide health benefits beyond the 
basic nutritional effects, such as ‘extranutritional’ constitu
ents (Kris-Etherton et al. 2002). Bioactivepeptides have been 
defined as specific protein fragments that have a positive 
impact on body functions and may influence health (Kitts & 
Weiler 2003). Numerous different peptides appear to 
have beneficial health effects on cardiovascular, digestive, 
immune and nervous systems, depending on their amino acid 
composition and sequence (Sirtori et al. 2009; Hernández-
Ledesma et al. 2011). 
Milk proteins are well-documented as ‘sources’ of bio

active peptides (Otte et al. 2007). In addition to their 
potential to form antihypertensive and anti-oxidant pep
tides, antithrombotic, opioid or immunomodulating pep
tides have been reported (Silva & Malcata 2005). Nagaoka 
et al. (2001) identified a hypocholesterolemic peptide (Ile-
Ile-Ala-Glu-Lys) from the tryptic hydrolysate of beta-
lactoglobulins. Pedroche et al. (2007) observed a reduction 
of cholesterol, anti-oxidant capacity and inhibition of 
angiotensin-converting enzyme activity by peptides 
between 1.8 and 1.4 kDa, obtained by sequential hydrolysis 
with immobilized trypsin, chymotrypsin and carboxypep
tidase A of the Brassica carinata protein. 

Although the most common route to produce bioactive 
peptides is through protein hydrolysis via natural digestive 
processes or microbial fermentation, other in vitro enzy
matic processes have been widely studied (Korhonen & 
Pihlanto 2006; Agyei & Danquah 2011; Hernández-
Ledesma et al. 2011). Pepsin, chymotrypsin and especially 
trypsin have been the most employed enzymes and can 
simulate the gastrointestinal digestion effect on food pep
tide releases. Other enzymes such as Alcalase or Thermo
lysin, different from those liberated by digestion, have also 
been studied for production of peptides. Different enzymes 
can produce peptides with a wide range of actions. Due to 

their different specificities, non-digestive enzymes can 
release fragments with size, sequence and –terminal amino 
acids differentiated from those naturally released during 
food protein human digestion. Although the bioactive 
mechanisms of such peptides are not entirely understood 
some studies have reported on the structure–activity rela
tionship, pointing out certain characteristics that can indi
cate which protease should be chosen to produce the desired 
fragment according to the effect required. Some examples 
are discussed in the following sections. 

12.7.2.1 Antihypertensive Peptides 

Antihypertensive peptides exert their activity by inhibiting 
angiotensin-converting enzyme. Angiotensin I-converting 
enzyme (ACE) is a peptidyldipeptide hydrolase associated 
with the renin-angiotensin system that regulates blood 
pressure and cardiovascular function. ACE inhibition 
results in lowering of blood pressure. A great number of 
ACE-inhibitory peptides have been isolated; these are 
usually small fragments, containing 2–12 amino acids. 
Studies indicate that tripeptide residues play an important 
role in competitive binding to the active site of ACE and 
that the most effective ACE-inhibitory peptides contain 
hydrophobic (aromatic or branched side chains) amino 
acids at C-terminal positions or are positively charged by 
Lys (ε-amino group) and Arg (guanidine group) as the 
C-terminal residue (Schmelzer et al. 2007; Hernández-
Ledesma et al. 2011). This can help to explain why pepsin 
(preferential cleavage between hydrophobic residues) or 
trypsin (preferential cleavage in Arg- and Lys-) hydrolysis 
can be successfully used in antihypertensive peptide pro
duction (Mullally et al. 1997). In the whey protein, Ala-
Leu-Pro-Met-His-Ile-Arg peptide, a β-lactoglobulin
derived, exercises a potent ACE-inhibition and it can be 
released by a simple trypsin action (Ferreira et al. 2007). 
Supplementary studies indicate ACE-inhibitory peptides 
with a proline residue at the carboxyl terminal. Proline 
is known to be resistant to digestive proteases however 
(Li et al. 2004; Korhonen & Pihlanto 2006), so bacterial 
and fungal proteases can be used. Moreover, some 
sequences of the peptides obtained by Lactobacilus 
enzymes from β-casein, such as Ser-Lys-Val-Tyr-Pro-
Phe-Pro-Gly-Pro-Ile or Ser-Lys-Val- Tyr-Pro, are markedly 
stable to digestive enzymes as well as to acidic and alkaline 
pH (Korhonen 2009). 
This could be interesting for nutraceutical proposes when 

the administrated peptides are assumed to be absorbed by 
intestinal mucosal without any additional cleavage. Bio
active peptides released via digestion or by other enzymes 
have been extensively studied for their nutraceutical 
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potential reached when used in dosages that exceed those 
obtained from conventional foods (Espın et al. 2007). 

12.7.2.2 Anti-Oxidant Peptides 

The anti-oxidant properties of peptides are not fully 
understood but are suggested to be due to metal ion 
chelation, free radical scavenging and singlet oxygen-
quenching potential (Erdmann et al. 2008). Peptide anti
oxidant capability is observed to be associated with the 
presence of certain amino acid residues in the peptides 
such as tyrosine, histidine, methionine, proline and tryp
tophan. Furthermore, anti-oxidant peptides can be applied 
to inhibit deleterious changes during lipid oxidation, 
when the hydrophobicity of the peptide (containing 
hydrophobic amino acid residues such as Leu or Val at 
the N-terminus) seems to be an important factor due to 
increased accessibility to hydrophobic compounds, such 
as fatty acids. As a result, anti-oxidant properties of the 
hydrolysates clearly depend on the enzymes employed 
during hydrolysis (Amarowicz 2008). 

Klompong et al. (2007) reported that the anti-oxidative 
activity of protein hydrolysates from yellowstripe trevally fish 
species (Selaroides leptolepis) also depends on the degree of 
hydrolysis, as well as the enzyme employed. At low degrees 
of hydrolysis (5%), Alcalase hydrolysate exhibited a better 
DPPH radical-scavenging activity than at high degrees. 

Opioid peptides exhibit their activity by interaction 
with opioid receptors, yielding an opiate-like effect. A 
‘typical’ opioid peptide from milk proteins can be 
obtained when the N-terminal sequence Tyr-Gly-Gly-
Phe is formed, including the tyrosine residue at the 
N-terminal and another aromatic amino acid at the third 
or fourth position, permitting binding with opioid recep
tor structure (Silva & Malcata 2005). 

12.8 Conclusion 

The application of proteases is an important ally in food 
biotechnology processes. Proteolysis is a powerful tool in 
the modification of the properties of proteins in food 
systems, including changes in solubility, gelation and 
emulsifying and foaming characteristics, the reduction of 
protein allergy, taste transformation or bioactive peptides 
liberation. Proteases present an enormous range of variants 
and specificity, allowing hydrolysates to be obtained with 
specific and preserved peptides. The growing application of 
proteases is dependent on constant innovation studies, 
searching for new enzymes or proposing improved per
formances to those already established. 

References 

Agyei, D. & Danquah, M.K. 2011. Industrial-scale manufacturing 
of pharmaceutical-grade bioactive peptides. Biotechnology 
Advances 29, 272–277. 

Amarowicz, R. 2008. Antioxidant activity of protein hydrolysates. 
European Journal of Lipid Science and Technology 110, 
489–490. 

Amarowicz, R. 2010. Modification of emulsifying properties of 
food proteins by enzymatic hydrolysis. European Journal of 
Food Science and Technology 112, 695–696. 

Arai, S., Noguchi, M., Kurosawa, S., Kato, H. & Fujimaki, M. 
1970. Applying proteolytic enzymes on soybean. Deodoriza
tion effect of Aspergillopeptidase A and debittering effect of 
Aspergillus acid carboxypeptidase. Journal of Food Science 
35, 392–395. 

Bickerstaff, G.F. & Zhou, H. 1993. Protease activity and autodi
gestion (autolysis) assays using Coomassie blue dye binding. 
Analytical Biochemistry 201, 155–158. 

Biesalski, H., Dragsted, L.O., Elmadfa, I. et al. 2009. Bioactive 
compounds: definition and assessment of activity. Nutrition 25, 
1202–1205. 

Boza, J.J.,  Jimenez,  J., Martinez, O.,  Suarez, M.D. & Gil,  A.  1994.  
Nutritional value and antigenicity of two milk protein hydrolysates 
in rats and guinea pigs. Journal of Nutrition 124, 1978–1986. 

Brena, B.M. & Batista-Vieira, F. 2006. Immobilization of 
enzymes: A literature survey. In Immobilization of Enzymes 
and Cells (ed. J.M. Guisán). Human Press, New Jersey, 
pp. 15–30. 

Burton, S.G., Cowan, D.A. & Woodley, J.M. 2002. The search for 
the ideal biocatalyst. Nature Biotechnology 20, 37–45. 

Cabanillas, A., Pedrosa, M.M., Rodríguez, J. et al. 2012. Influence 
of enzymatic hydrolysis on the allergenicity of roasted peanut 
protein extract. International Archives of Allergy and Immu
nology 157, 41–50. 

Castro, M.A.M. & Martín-Hernández M.C. 1994. Determination of 
aminopeptidase activity in cheese. European Food Research 
Technology 198(1), 20–23. 

Clemente, A. 2000. Enzymatic protein hydrolysates in human 
nutrition. Trends in Food Science & Technology 11, 254–262. 

Cobb, R.E., Si, T. & Zhao, H. 2012. Directed evolution: an 
evolving and enabling synthetic biology tool. Current Opinion 
in Chemical Biology 16, 285–291. 

Cordle, C.T.J. 2004. Soy protein allergy: incidence and relative 
severity. Journal of Nutrition 134(5), 1213S–1219S. 

Craik C.S., Largman C., Fletcher T. et al. 1985. Redesigning 
trypsin: alteration of substrate specificity. Science 228, 
291–297. 

Creusot, N. & Gruppen, H. 2008. Hydrolysis of whey protein 
isolate with Bacillus licheniformis protease: aggregating capac
ities of peptide fractions. Journal of Agricultural and Food 
Chemistry 56, 10332–10339. 

Creusot, N., Gruppen, H., van Koningsveld, G.A., de Kruif, C.G. & 
Voragen, A.G.J. 2006. Peptide–peptide and protein–peptide 
interactions in mixtures of whey protein isolate and whey 



218 Advances in Food Biotechnology 

protein isolate hydrolysates. International Dairy Journal 16, 
840–849. 

Devasena, T. (ed) 2010. Enzymology. Oxford University Press, 
Oxford. 

Eijsink, V.G.H., Bjørk, A., Gaseidnes, S. et al. 2004. Rational 
engineering of enzyme stability. Journal of Biotechnology 113, 
105–120. 

Eijsink, V.G.H., Gåseidnes, S., Borchert, T.V. & Van den Burg, B. 
2005. Directed evolution of enzyme stability. Biomolecular 
Engineering 22(3), 21–30. 

Engel, E., Septier, C., Leconte, N., Salles, C. & Le Quere, J. 2001. 
Determination of taste-active compounds of a bitter 
Camembert cheese by omission tests. Journal of Dairy 
Research 68, 675–688. 

Erdmann, K., Cheung, B.W.Y. & Schröder, H. 2008. The possible 
roles of food-derived bioactive peptides in reducing the risk of 
cardiovascular disease. Journal of Nutritional Biochemistry 19, 
643–654. 

Espın, J.C., Garcıa-Conesa, M.T. & Tomas-Barberan, F.A. 2007. 
Nutraceuticals: Facts and fiction. Phytochemistry 68, 
2986–3008. 

Fágáin, C.Ó. 1995. Understanding and increasing protein stability. 
Biochica and Biophisica Acta 1252, 1–14. 

FAO/WHO. 2000. Compendium of Food Additive Specifications. 
Joint FAO/WHO Expert Committee on Food Additives, 
Addendum 8, 55th session, Geneva. FAO, Rome. 

Fernandez-Salguero, J. & Sanjuan, E. 1999. Influence of vegetable 
and animal rennet on proteolysis during ripening in ewes’ milk 
cheese. Food Chemistry 64, 177–183. 

Ferreira, I.M.P.L.V.O., Pinho, O., Mota, M.V. et al. 2007. Prepa
ration of ingredients containing an ACE-inhibitory peptide by 
tryptic hydrolysis of whey protein concentrates. International 
Dairy Journal 17, 481–487. 

Fontana, A., De Filippis, V., Laureto, P.P., Scaramella, E. & 
Zambonin, M. 1998. Rigidity of thermophilic enzymes. Prog
ress in Biotechnology 15, 277–294. 

FDA (Food and Drug Administration) 2014. FAO Statement on 
Biotechnology. Available at: http://www.fao.org/biotech/fao
statement-on-biotechnology/en/ (accessed 22 June 2015). 

Fox, P.F. 1989. Proteolysis during cheese manufacture and ripen
ing. Journal of Dairy Science 72, 1379–1400. 

Fox, P.F. & Stepaniak. L. 1993. Enzymes in cheese technology. 
International Dairy Journal 3, 509–530. 

Garcia-Galán, A., Berenguer-Murcia, A., Fernandez-Lafuente, R. 
& Rodrigues, R.C. 2011. Potential of different enzyme 
immobilization strategies to improve enzyme performance. 
Advanced Synthesis & Catalysis 353, 2885–2904. 

Glendinning, J.I. 1994. Is the bitter rejection response always 
adaptive? Physiology & Behavior 56(6), 1217–1227. 

Hernández-Ledesma, B., Contreras, M.M. & Recio, I. 2011. 
Antihypertensive peptides: Production, bioavailability and 
incorporation into foods. Advances in Colloid and Interface 
Science 165, 23–35. 

Jung, S., Murphy, P.A. & Johnson, L.A. 2005. Physicochemical 
and functional properties of soy protein substrates modified by 

low levels of protease hydrolysis. Journal of Food Science 70, 
C180–C187. 

Kinsella, J.E. & Melachouris, N. 1976. Functional properties of 
proteins in foods: A survey. Critical Reviews in Food Science 
and Nutrition 7(3), 219–280. 

Kitts, D.D. & Weiler, K. 2003. Bioactive proteins and peptides 
from food sources. Applications of bioprocesses used in isola
tion and recovery. Current Pharmaceutical Design 9, 
1309–1323. 

Klompong, V., Benjakul, S., Kantachote, D. & Shahidi, F. 2007. 
Antioxidative activity and functional properties of protein 
hydrolysate of yellow stripe trevally (Selaroides leptolepis) 
as influenced by the degree of hydrolysis and enzyme type. 
Food Chemistry 102, 1317–1327. 

Kodera, T., Asano, M. & Nio, N. 2006. Characteristic property of 
low bitterness in protein hydrolysates by a novel soybean 
protease D3. Journal of Food Science 71, S609–S614. 

Korhonen, H. 2009. Milk-derived bioactive peptides: From science 
to applications. Journal of Functional Foods 117, 177–187. 

Korhonen, H. & Pihlanto, A. 2006. Bioactive peptides: Production 
and functionality. International Dairy Journal 16, 945–960. 

Krem, M.M., Rose, T. & Di Cera, E. 2000. Sequence determinants 
of function and evolution in serine proteases. Trends in Car
diovascular Medicine 10, 171–176. 

Kris-Etherton, P.M., Hecker, K.D., Bonanome, A. et al. 2002. 
Bioactive compounds in foods: their role in the prevention of 
cardiovascular disease and cancer. American Journal of Medi

cine 113, 71–88. 
Lahl, W.J. & Braun, S.D. 1994. Enzymatic production of protein 

hydrolysates for food use. Food Technology 48(4), 68–71. 
Lawrence, R.C., Creamer, L.K. & Gilles, J. 1987. Texture devel

opment during cheese ripening. Journal of Dairy Science 
70(8), 1748–1760. 

Li, G., Le, G., Shi, Y. & Shrestha, S. 2004. Angiotensin I-
converting enzyme inhibitory peptides derived from food 
proteins and their physiological and pharmacological effects. 
Nutrition Research 24, 469–486. 

Li, Q., Yi, L., Marek, P. & Iverson, B.L. 2013. Commercial 
proteases: Present and future. FEBS Letters 587, 1155–1163. 

Maehashia, K. & Huang, L. 2009. Bitter peptides and bitter taste 
receptors. Cellular and Molecular Life Science 66, 1661–1671. 

Martins, M.T.S. & Galeazzi, M.A.M. 1996. Alergia alimentar: 
considerações sobre o uso de proteínas modificadas enzimati
camente. Revista Cadernos de Debate 5, 89–110. 

Mateo, C., Palomo, J.M., Fernandez-Lorente, G., Guisan, J.M. & 
Fernandez-Lafuente, R. 2007. Improvement of enzyme activ
ity, stability and selectivity via immobilization techniques. 
Enzyme and Microbial Technology 40, 1451–1463. 

Matysiak-Budnik, T., Candalh, C., Cellier, C. et al. 2005. Limited 
efficiency of prolyl-endopeptidase in the detoxification of 
gliadin peptides in celiac disease. Gastroenterology 129, 
786–796. 

McGeagh, J.D., Ranaghan, K.E. & Mulholland, A.J. 2011. Protein 
dynamics and enzyme catalysis: Insights from simulations. 
Biochimica et Biophysica Acta 18014, 1077–1092. 

http://www.fao.org/biotech/fao-statement-on-biotechnology/en/
http://www.fao.org/biotech/fao-statement-on-biotechnology/en/


Proteases as a Tool in Food Biotechnology 219 

McSweeney, P.L.H. 2004. Biochemistry of cheese ripening. Inter
national Journal of Dairy Technology 57(2), 127–144. 

Ménard, R., Carmona, E., Plouffe, C. et al. 1993. The specificity of 
the S’ subsite of cysteine proteases. FEBS Letters 328, 
107–110. 

Mildner, A.M., Rothrock, D.J., Leone, J.W. et al. 1994. The HIV-1 
protease as enzyme and substrate: mutagenesis of autolysis 
sites and generation of a stable mutant with retained kinetic 
properties. Biochemistry 33, 9405–9413. 

Milesi, M.M., Vinderola, G., Sabbag, N., Meinardi, C.A. & Hynes, 
E. 2009. Influence on cheese proteolysis and sensory character
istics of non-starter lactobacilli strains with probiotic potential. 
Food Research International 42, 1186–1196. 

Moschopoulou, E. 2011. Characteristics of rennet and other 
enzymes from small ruminants used in cheese production. 
Small Ruminant Research 101, 188–195. 

Mullally, M.M., Meisel, H. & FitzGerald, R.J. 1997. Angiotensin-
I-converting enzyme inhibitory activities of gastric and pan
creatic proteinase digests of whey proteins. International Dairy 
Journal 7, 299–303. 

Nagaoka, S., Futamura, Y., Miwa, K. et al. 2001. Identification of 
novel hypocholesterolemic peptides derived from bovine milk 
b-lactoglobulin. Biochemical and Biophysical Research Com
munications 218, 11–17. 

Neurath, H. 1984. Evolution of proteolytic enzymes. Science 224, 
350–357. 

Neurath, H. 1999. Proteolytic enzymes, past and future. Proceed
ings of the National Academy of Sciences 96, 10962–10963. 

Otte, J., Zakora, M., Qvist, K.B., Olsen, C.E. & Barkholt, V. 1997. 
Hydrolysis of bovine beta-lactoglobulin by various proteases 
and identification of selected peptides. International Dairy 
Journal 7, 835–848. 

Otte, J., Shalaby, S.M., Zakora. M., Pripp, A.H. & El-Shabrawy, 
S.A. 2007. Angiotensin-converting enzyme inhibitory activity 
of milk protein hydrolysates: Effect of substrate, enzyme and 
time of hydrolysis. International Dairy Journal 17, 488–503. 

Page, M.J. & Di Cera, E. 2008. Evolution of peptidase diversity. 
The Journal of Biological Chemistry 283, 30010–30014. 

Panyam, D. & Kilara, A. 1996. Enhancing the functionality of food 
proteins by enzymatic modification. Trends in Food Science & 
Technology 7(4), 120–125. 

Paraman, I., Hettiarachchy, N.S., Schaefer C. & Beck, M.I. 2007. 
Hydrophobicity, solubility, and emulsifying properties of 
enzyme-modified rice endosperm protein. Cereal Chemistry 
84(4), 343–349. 

Pedroche, J., Yust, M.M., Lqari, H. et al. 2007. Obtaining of 
Brassica carinata protein hydrolysates enriched in bioactive 
peptides using immobilized digestive proteases. Food 
Research International 40, 931–938. 

Perona, J.J. & Craik, C.S. 1997. Evolutionary divergence of 
substrate specificity within the chymotrypsin-like serine prote
ase fold. The Journal of Biological Chemistry 48, 
29987–29990. 

Pinto, S.E.S.C., Neves, V.A. & Medeiros, B.M.M. 2009. Enzy
matic hydrolysis of sweet lupin, chickpea, and lentil 11s 

globulins decreases their antigenic activity. Journal of Agri
cultural and Food Chemistry 57, 1070–1075. 

Polgár, L. 2005. The catalytic triad of serine peptidases. Cellular 
and Molecular Life Science 62, 2161–2172. 

Puente, X.S., Sánchez, L.M., Overall, C.M. & López-Otín, C. 
2003. Human and mouse proteases: a comparative genomic 
approach. Nature Reviews 4, 544–558. 

Rawling, N.D. & Barrett, A.J. 1993. Evolutionary families of 
peptidases. Biochemical Journal 290, 205–218. 

Rawlings, N.D., Morton, F.R., Kok, C.Y., Kong, J. & Barrett, A.J. 
2008. MEROPS: the peptidase database. Nucleic Acids 
Research 36, D320–D325. 

Rawlings, N.D., Barrett, A.J. & Bateman, A. 2012. MEROPS: the 
database of proteolytic enzymes, their substrates and inhibitors. 
Nucleic Acid Research 40, D343–D350. 

Rodrigues, R.C., Ortiz, C., Berenguer-Murcia, A., Torres, R. & 
Fernández-Lafuente, R. 2013. Modifying enzyme activity and 
selectivity by immobilization. Chemical Society Review 
42(15), 6290–6307. 

Saha, B.C. & Hayashi, K. 2001. Debittering of protein hydroly
zates. Biotechnology Advances 19, 355–370. 

Sanchez, A.C. & Burgos, J. 1996. Thermal gelation of trypsin 
hydrolysates of sunflower proteins: Effect of pH, protein 
concentration, and hydrolysis degree. Journal of Agricultural 
and Food Chemistry 44, 3773–3777. 

Sandhya, C., Sumantha, A., Szakacs, G. & Pandey, A. 2005. 
Comparative evaluation of neutral protease production by 
Aspergillus oryzae in submerged and solid-state fermentation. 
Process Biochemistry 40, 2689–2694. 

Sathe, S.K. & Sharma, G.M. 2009. Effects of food processing on 
food allergens. Molecular Nutrition & Food Research 53, 
970–978. 

Schmelzer, C.E.H., Schops, R., Reynell, L. et al. 2007. Peptic 
digestion of b-casein. Time course and fate of possible 
bioactive peptides. Journal of Chromatography A 1166, 
108–115. 

Seratlic ́ ́ ́ ́, S.V., Miloradovic , Z.N., Radulovic , Z.T. & Mac  ej, 
O.D. 2011. The effect of two types of mould inoculants on 
the microbiological composition, physicochemical properties 
and protein hydrolysis in two Gorgonzola-type cheese vari
eties during ripening. International Dairy Technology 64, 
408–416. 

Sestak, K. & Fortgang, I. 2013. Celiac and non-celiac forms of 
gluten sensitivity: shifting paradigms of an old disease. British 
Microbiology Research Journal 3(4), 585–589. 

Sharma, S., Kumar, P., Betzel, C. & Singh, T.P. 2001. Structure 
and function of proteins involved in milk allergies. Journal of 
Chromatography B 756, 183–187. 

Sicherer, S.H. 2002. Food allergy. Lancet 360, 701–710. 
Silva, S.V. & Malcata, F.X. 2005. Caseins as source of bioactive 

peptides. International Dairy Journal 15, 1–15. 
Singh, T.K., Drake, M.A. & Cadwallader, K.R. 2003. Flavor of 

cheddar cheese: A chemical and sensory perspective. Com
prehensive Reviews in Food Science and Food Safety 2, 
139–162. 



220 Advances in Food Biotechnology 

Sirtori, C.R., Galli, C., Anderson, J.W. & Arnoldi, A. 2009. 
Nutritional and nutraceutical approaches to dyslipidemia and 
atherosclerosis prevention: Focus on dietary proteins. Athero
sclerosis 203, 8–17. 

Sousa, M.J., Ard, Y. & McSweeneya, P.L.H. 2001. Advances in 
the study of proteolysis during cheese ripening. International 
Dairy Journal 11, 327–345. 

Stepniak, D., Spaenij-Dekking, L., Mitea, C. et al. 2006. Highly 
efficient gluten degradation with a newly identified prolyl 
endoprotease: implications for celiac disease. American Jour
nal of Physiology – Gastrointestinal and Liver Physiology 291, 
G621–G629. 

Storer, A.C. 1991. Engineering of proteases and protease inhibi
tion. Current Opinion in Biotechnology 2, 606–613. 

Suzuki, Y., Tsujimoto, Y., Matsui, H. & Watanabe, K. 2006. 
Decomposition of extremely hard-to-degrade animal proteins 
by thermophilic bacteria. Journal of Bioscience and Bioengin
eering 102(2), 73–81. 

Talbert, J.N. & Goddard, J.M. 2012. Enzymes on material surfaces. 
Colloids and Surfaces B: Biointerfaces 93, 8–19. 

Tavano, O.L. 2013. Protein hydrolysis using proteases: An impor
tant tool for food biotechnology. Journal of Molecular Catal
ysis B: Enzymatic 90, 1–11. 

Tipton, K. & Boyce, S. 2000. History of the enzyme nomenclature 
system. Bioinformatic 16, 34–40. 

Totosaus, A., Montejano, J.G., Salazar, J.A. & Guerrero, I. 2002. A 
review of physical and chemical protein-gel induction. Inter
national Journal of Food Science & Technology 37(6), 
589–601. 

Trieu-Cuot, P. & Gripon, J. 1982. A study of proteolysis during 
Camembert cheese ripening using isoelectric focusing and two-
dimensional electrophoresis. Journal of Dairy Research 49, 
501–510. 

Tsugita, A. & Scheffler, J.J. 1982. A rapid method for acid 
hydrolysis of protein with a mixture of trifluoroacetic acid 
and hydrochloric acid. European Journal of Biochemistry 124, 
585–588. 

Turk, B. 2006. Targeting proteases: successes, failures and future 
prospects. Nature Reviews 5, 785–799. 

Ulbrich-Hofmann, R., Arnold, U. & Mansfeld, J. 1999. The 
concept of the unfolding region for approaching the mecha
nisms of enzyme stabilization. Journal of Molecular Catalysis 
B: Enzymatic 7, 125–131. 

Van Beresteijn, E.C.H., Peeters, R.A., Kaper, J. et al. 1994. 
Molecular mass distribution, immunological properties and 
nutritive value of whey protein hydrolysates. Food Protection 
57(7), 619–625. 

van Boekel, M., Fogliano, V., Pellegrini, N. et al. 2010. A review 
on the beneficial aspects of food processing. Molecular Nutri
tion & Food Research 54, 1215–1247. 

Van den Burg, B. 2003. Extremophiles as a source for novel 
enzymes. Current Opinion in Microbiology 6(3), 213–218. 

Verdinia, R.A., Zorrilla, S.E. & Rubiolo, A.C. 2004. Character
isation of soft cheese proteolysis by RP-HPLC analysis of its 
nitrogenous fractions. Effect of ripening time and sampling 
zone. International Dairy Journal 14, 445–454. 

Villalonga, R., Villalonga, M.L. & Gomez, L. 2000. Preparation 
and functional properties of trypsin modified by carboxyme
thylcellulose. Journal of Molecular Catalysis B: Enzymatic 10, 
483–490. 

Wang, S., Liu, T., Zhang, L., Chen, G. & Yang, P. 2009. 
Chymotryptic proteolysis accelerated by alternating current 
for MALDI-TOF-MS peptide mapping. Journal of Proteomic 
72, 640–647. 

Webb, E.C. 1993. Enzyme nomenclature: a personal retrospective. 
The FASEB Journal 7, 1192–1194. 

Wroblewska, B., Karamac, M., Amarowicz, R. et al. 2004. Immu
noreactive properties of peptide fractions of cow whey milk 
proteins after enzymatic hydrolysis. International Journal of 
Food Science and Technology 39, 839–850. 

Zhao, G., Liu, Y., Zhao, M., Ren, J. & Yang, B. 2011. Enzymatic 
hydrolysis and their effects on conformational and functional 
properties of peanut protein isolate. Food Chemistry 127, 
1438–1443. 



Part III
 
Recent Advances in Fermentation Technology
 





13
 
Application of Metabolic Engineering in
 

Industrial Fermentative Process
 

Mahbuba Rahman 

Division of Experimental Biology, Sidra Medical and Research Center, Burj Doha, Doha, Qatar 

13.1 Introduction 

Microorganisms can be considered as small chemical fac
tories because of their ability to produce a variety of 
substances through a complex series of biochemical 
reactions in a process called metabolism (Pelczar et al. 
1986; Lee et al. 2011; Curran & Alper 2012; Furusawa 
et al. 2013). Under natural conditions of growth, these 
processes are operated by the organism’s tightly controlled 
regulatory systems consisting of genes, proteins and metab
olites. The regulatory systems, together with the complex 
biochemical networks that they control, are generally 
known as metabolic pathways. The principal metabolic 
networks of cells consist of the central metabolic pathway 
and metabolic pathways associated with protein and lipid 
metabolism. Of these, the central metabolic pathway further 
consists of the glycolytic pathway, pentose phosphate path
way, fermentative pathway, TCA cycle and the glyoxylate 
shunt. These pathways are associated with carbohydrate 
metabolism and are thereby involved with energy genera
tion, biomass formation, organic acid production or syn
thesis of precursor metabolites for other biosynthetic 
pathways (Lehninger et al. 1993). 

Fermentation is one of the metabolic pathways of carbo
hydrate metabolism that naturally takes place under anaero
bic conditions of growth in both eukaryotic and prokaryotic 
systems. However, fermentation is also used as a technology 
for industrial production of a great variety of useful sub
stances. These substances are either (1) primary metabolites 

which are synthesized during growth of the organism, for 
example acetic acid, lactic acid, etc.; (2) secondary metabo
lites which are synthesized during stationary phases of 
growth, for example antibiotics, exopolysaccharides, etc.; 
or (3) the microbial biomass, for example baker’s yeast etc. 
Improved production of these commercially important com
pounds through manipulation of metabolic pathways of 
microorganisms is central to the field of metabolic engineer
ing, which has become an important part of the industrial 
fermentative process (Cameron & Tong 1993; Rahman 
2013). Metabolic engineering approaches are now widely 
used in fermentation technology-based industries for various 
product lines, such as food, pharmaceuticals, textiles and 
biofuels (Bailey 1999; Lee et al. 2009). 

Although metabolic engineering originally evolved from 
genetic engineering, it is much more than mere genetic 
alteration of living cells. In traditional genetic engineering, 
random mutagenesis has been applied for genetic modifica
tion. Ultraviolet (UV) rays, nitrosoguanidine, ethylmethane
sulphonate or other type of mutagens were generally used for 
this purpose followed by a screening process for an appropriate 
microbial host and target metabolite. Drawbacks of this 
approach include the laborious screening process and a ran
dom mutagenesis process that may often lead to unwanted 
physiological changes in the host microorganisms. As a result, 
there could be batch-to-batch variation in the yield of the target 
metabolite and increased byproduct formation, both of which 
are disadvantageous for industrial processes (Cameron & 
Tong 1993; de Vos 2001). 
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Again, recombinant DNA technology applied for over-
expression or deletion of one or more genes from specific 
metabolic pathways of the organisms to increase the yield 
of a specific product or metabolite, without considering the 
consequence of this modification to the overall physiology 
of the organism, may result in unwanted byproduct forma
tion (Klein-marcuschamer et al. 2010). To overcome these 
difficulties metabolic engineering was introduced, which 
uses a rational approach taking into account the complete 
metabolic network of cells while choosing one or more 
gene targets to be engineered (Bailey 1991). 
The discipline of metabolic engineering has been sub

ject to continuous development since the 1980s. There has 
been gradual development in the tools of metabolic 
engineering which include tools for modifying, analysing 
and modelling metabolic fluxes. These tools increasingly 
consider the cell as a whole system instead of focusing on 
specific metabolic pathways only (Klein-marcuschamer 
et al. 2010). At present, metabolic engineering is a multi
disciplinary subject built on principles from chemical 
engineering, computational sciences, biochemistry and 
molecular bio-logy, which ensures that engineering prin
ciples of design and analysis are applied in a manner 
consistent with a particular goal and are associated with 
product attributes or yield (Bailey 1991; Stephanopoulos 
1998, 1999). A major interest in applying metabolic 
engineering in fermentation industries is to construct 
industrially important microbial strains. During the last 
several years, fermentation techno-logy also underwent 
enormous improvements combining the expertise from 
chemical engineers, biochemists and genetic engineers. 
Two major improvements were brought to this field: 
technology improvement and fermentation process improve
ment (Binod et al. 2013; Carvalho et al. 2013). 

Technology improvement encompasses improvement of 
bioreactor and propeller design, with fully automated systems 
of monitoring and controlling temperature, pH, media level, 
oxygen, carbon dioxide and agitation speed. On the other 
hand, process improvement includes selection of the correct 
organism, strain improvement, culture preservation, media 
development, small-scale fermentation and large-scale pro
duction. Among these, selection of the correct organism and 
strain improvement play a central role to the economics of 
fermentation industries (Parekh et al. 2000; Fernandez & 
Tomasini 2003; Jube & Borthakur 2006; Binod et al. 2013; 
Carvalho et al. 2013). In other words, to keep the fermentation 
industries competitive, a continuously improved industrial 
strain is of great importance and this can be achieved mainly 
by applying metabolic engineering strategies. 
Microorganisms used for industrial purposes are to some 

extent different in their genetic background from the 

microorganisms used in laboratories for research purposes. 
One such example is that industrial strains are capable of 
utilizing substrates that are not naturally performed by the 
laboratory strains (Parekh et al. 2000). The genetic back
ground of the industrial strain is modified according to the 
need of industry. In food industries, metabolic engineering is 
applied to improve the following characteristics of the micro
organisms: (1) capability to grow on complex, cheap cellu
losic material or waste materials and convert them to simple 
carbon sources such as glucose, xylose, fructose, galactose, 
mannitol, glycerol, etc.; (2) enhancement of substrate uptake 
rate and consumption of multiple carbon sources; (3) reduc
tion of the carbon flux towards undesired byproducts by 
removal of the unnecessary pathways or regulators; (4) toler
ance to low pH and end-product inhibition; (5) resistance to 
acid stress and osmotic pressure; (6) maximize target metab
olite synthesis, yields, titres and productivities; (7) improve 
process performance, that is, the organism can be efficiently 
isolated and purified at the end of the fermentation process; 
(8) ease of maintenance and cultivation; (9) genetic stability, 
that is, less prone to mutagenesis; and (10) safe for human 
use. In the United States, microorganisms used in food 
industries requires approval from Food and Drug Adminis
tration (FDA) to be generally regarded as safe (GRAS). The 
strain improvement is also expected to shorten the lag time 
during fermentation, decrease batch-to-batch variation, min
imize the post-processing and make downstream operations 
simple and inexpensive (Parekh et al. 2000; de Vos 2001; 
Pometto & Demirci 2005). 

In the following sections we discuss various strategies, 
tools and applications of metabolic engineering used for 
industrial strain construction or improvement. However, a 
detailed discussion on this broad topic is beyond the scope 
of this chapter; discussion will therefore be limited to 
fermentative food industries only. For applications of 
metabolic engineering to fermentation industries other 
than food industries, the readers are referred to excellent 
reviews which are widely available in the literature (Bailey 
1999; Iwatani et al. 2008; Lee et al. 2009; Shimizu 2009; 
Lee et al. 2012; Na et al. 2012). 

13.2	 Metabolic Engineering Strategies for 
Microbial Strain Improvement 

Metabolic engineering (ME) approaches for industrial strain 
development include: (1) rational or traditional metabolic 
engineering; (2) evolutionary engineering; and (3) inverse 
metabolic engineering. ‘Rational metabolic engineering’, 
also known as ‘traditional metabolic engineering’, refers 
to the engineering of enzymes, transporter proteins or 
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regulatory proteins based on existing knowledge, thus opti
mizing protein activities to achieve desired metabolic flux or 
phenotypic trait. One advantage of this strategy is that genetic 
modifications that are known to improve the industrial 
production quality of a strain can be transferred to a different 
strain when necessary. However, in many instances this type of 
approach worked well in laboratory strains but not in the 
industrial strains. A complete understanding of the complex 
metabolic and global regulatory network in response to 
changes in environmental conditions would enable the predic
tion of secondary response in this type of approach, and may 
therefore improve the outcome of applying this approach. 

‘Evolutionary engineering’ employs different methods 
of empirical strain improvement such as random mutagen
esis, recombination or shuffling of genes or pathways, 
followed by screening for the desired phenotype. This often 
involves multiple cycles of random genetic perturbation 
and selection process. Evolutionary engineering can only 
be applied to specific phenotypic improvements, for which 
a suitable selection process is available. In a sense, this 
strategy is distinct from ME as this is based on random 
mutagenesis. However, this is sometimes applied in inverse 
metabolic engineering. 

‘Inverse metabolic engineering’ is a subdiscipline of ME. 
Here, strain selection is more related to conventional or 
traditional strain selection process. The strategies include: 
(1) identifying or calculating a desired phenotype; (2) deter
mining the genetic or environmental factors that confer the 
phenotype; and (3) transferring that phenotype to another 
strain or organism through targeted genetic or environ
mental manipulation. In inverse ME, the host strain is 
exposed to different environmental conditions before testing 
whether a desired trait is present in a variant, which is more or 
less related to the host organisms. The evolutionarily evolved 
variant of the host strain is then selected based on phenotypic 
differences. The genetic basis of such differences then must 
be determined through transcriptomic, proteomic, metabo
lomic and fluxomic studies. Advantages of the inverse ME 
approach include the fact that no prior knowledge of the 
proteins/enzymes and pathways of the host strain is required, 
and this strategy facilitates the possibility of discovering 
novel genetic targets for strain improvement (Yarmush & 
Banta 2003; Nevoigt 2008). 

13.3	 Stages and Tools of Metabolic 
Engineering 

The construction of an optimal industrial strain requires 
integration of different levels of information to better 
understand the holistic functioning of a cell that occurs 

through numerous, complex interactions between genes, 
proteins and their products of the metabolic pathways. To 
achieve this, the contemporary metabolic engineering 
model has been simplified into two parts: a synthesis 
part and an analysis part. These are performed in a cycle 
of synthesis by: (1) genetic engineering; followed by 
analysis by (2) phenotype characterization; (3) systems 
analysis with high-throughput ‘omics’ data; and (4) com
puter simulation and metabolic modelling (Fig. 13.1) 
(Yang & Bennett 1998; Ostergaard et al. 2000; Iwatani 
et al. 2008; Kumar & Prasad 2011; Lee et al. 2012). Of 
note, close interactions between synthesis and analysis 
parts are essential for strain improvement. 

13.3.1 Synthesis 

Controlling protein activity is the single-most important 
factor in metabolic engineering because of the fact that 
metabolic flux through a given pathway depends on the 
activity and biochemical properties of constituent enzymes, 
transporters and regulatory proteins specific to that path
way, as well as their interactions with other factors and 
pathways. Protein abundance and their biochemical prop
erties can be controlled or modified through genetic modi
fication (Nevoigt 2008). In the synthesis part of ME, 
recombinant DNA technology is used for pathway manip
ulation in the microbial strain. Initially, a metabolite with 
commercial importance is selected followed by proposal of 
genetic modification based on the metabolic models gener
ated at the analysis part, which precedes synthesis in the 
cycle. At this step, selection of the correct microbial strain is 
of vital importance as the organism must have the capability 
to perform the desired metabolic conversion. 
The availability of genetic engineering tools such as 

expression vectors, transformation protocol, tools for clon
ing, subcloning or site-directed mutagenesis, chromosomal 
gene knockout or integration system all are essential. These 
tools are used for single gene deletion, single gene over-
expression or multiple gene manipulations with the intro
duction of a novel metabolic pathway or modification of the 
existing pathway for the synthesis of targeted metabolites in 
a fully balanced manner. 
Sometimes, simultaneous overexpression of multiple 

genes might lead to metabolic burden to the cell and affect 
the growth rate, product yield and related physiological 
functions. To overcome this, additional changes may be 
required such as establishing new metabolic pathways, 
increase carbon fluxes towards the desired product, shut 
down of fluxes to the undesirable product or balance the 
metabolic fluxes for optimal product formation. Since these 



226 Advances in Food Biotechnology 

Figure 13.1 Schematic diagram of different stages of metabolic engineering. 

fluxes are regulated by complex metabolic networks, meta
bolic engineers require solid understanding of the cellular 
and microbial physiology as well as the metabolic networks 
and the regulatory systems of the organism (Ostergaard 
et al. 2000; Kim et al. 2008). 
Currently several databases such as KEGG, BRENDA 

and MetaCyc are available that provide information on the 
genomics of the organism. Information from these data
bases is used for modification of expression levels of 
individual or multiple genes by engineering the promoters, 
codons, global transcriptional factors and intergenic 
sequences. Again, genetic engineering approaches applied 
to control the expression of a target protein can be obtained 
by: (1) re-engineering the translational control to adjust the 
copy number of homologous or heterologous genes; 
(2) using promoters of appropriate strength, that is, by 
expressing inducible promoter or constitutively expressed 
promoters that subsequently switch ‘on’ or ‘off’ the expres
sion of the target genes; (3) using antisense RNA, ribo
zymes, riboregulators, RNA interference etc. to control 

protein abundance via degradation control; or (4) regulating 
the control of gene expression level by modulating the 
transcriptional machinery of the cells (Ostergaard et al. 
2000; Papini et al. 2010). Overall, the key point of the 
synthesis part is that all the genetic manipulation needs to 
be performed in a coordinated and systematic manner to 
develop a superior industrial strain. 

13.3.2 Analysis 

13.3.2.1 Phenotype Characterization 

After genetic manipulation, the genetic and physiological 
backgrounds of the host microorganism need to be thor
oughly examined to choose the appropriate host. The host 
must provide an optimum intracellular environment and 
generate sufficient amount of precursors or redox com
pounds that regulate genes for successful biosynthesis of 
the target metabolite (Yang et al. 1998; Woolston et al. 
2013). Currently, phenotype microarrays are used to 
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determine the phenotypes of the genetically modified strain. 
However, for industrial purposes, information on growth 
characteristics (e.g. specific growth rate, substrate con
sumption rate, product yield, etc.) is essential. Initially 
this information is obtained by growing the organism in 
small-scale fermentation either in shake flasks or in bio
reactors with 1–5 L capacity. Industrial fermentation is 
operated under three different modes: batch mode, fed-
batch mode and continuous mode. Of these, batch and 
continuous modes are used both for small-scale fermenta
tion and large-scale production, whereas fed-batch mode of 
fermentation is generally used for large-scale production 
only (Kaur et al. 2013; Rahman 2013). 

While small-scale fermentation operated under the batch 
mode provides phenotypic information mentioned above, it 
also ensures the feasibility of the organism to grow on a 
simple medium using inexpensive carbon substrates which 
is associated with cost-effectiveness of industries. Batch 
modes in large-scale provide information on the product 
inhibition, substrate level inhibition, high osmolarity, low 
pH, byproduct formation and toxicity that are important 
factors to be considered for cost effectiveness of large-scale 
production. 

On the other hand, continuous mode of fermentation 
provides information on the specific growth rate at which 
byproduct formation or removal occurs (Binod et al. 2013; 
Rahman 2013). Different techniques used at this step to 
obtain limited data on the growth characteristics of the host 
organism or other factors associated with the formation of 
the final products may include: (1) optical density (OD) 
measurement to determine the growth rate of the organism; 
(2) enzymatic assays for extracellular and intracellular 
metabolite measurement; (3) Western blot to detect specific 
proteins of interest; and (4) polymerase chain reaction 
(PCR) or real-time PCR to determine the expression level 
of specific genes. Some of these techniques can also be used 
to detect or analyse individual genes or a set of genes 
associated with osmotic tolerance or unnecessary byprod
uct formation. However, a complete understanding of these 
factors and their effects on the metabolic pathways can be 
obtained by systems analysis using high-throughput 
‘omics’ data. 

13.3.2.2	 Systems Analysis with High-Throughput 
Omics Data 

The metabolic pathways consist of thousands of molecules 
and regulators, which include both common and variable 
components in different microorganisms. Unravelling the 
complexity of this network is a constant challenge for 
biological researchers. Metabolic regulation occurs at all 

levels of cellular control and include regulations at the 
transcriptional level, at the translational level, at the post
translational level and even through metabolite and enzyme 
levels. In recent years, the availability of different high-
throughput technologies enabled systems-wide analysis of 
genes, transcripts, proteins/enzymes and metabolites 
known as genomics, transcriptomics, proteomics and 
metabolomics/fluxomics, respectively. Integration of these 
types of information have provided a global view of the 
relationship between the expression of genes, the resulting 
phenotypes and the effect of the phenotype on the expres
sion and effects of other genes or systems (Gameiro et al. 
2012; Lee et al. 2012; Woolston et al. 2013). 

The high-throughput next-generation sequencing (NGS) 
technology, which is capable of sequencing millions of 
DNA sequences in parallel, can now reveal the whole-
genome sequences of microorganisms in a matter of few 
hours. Different sequencing platforms and technologies are 
available such as Illumina, 454 pyrosequencing, SOLiD, 
Sanger sequencing, etc. Genomic data obtained from these 
sequencing techniques are currently available in different 
databases. Again, data extracted from DNA microarrays, 
tiling arrays, RNA sequencing, etc. provide information on 
the transcriptional level expression of a gene under specific 
conditions. As a result, the analysis of differential expres
sion of entire set of genes, intergenic regions, splicing 
variation and untranslated regions (UTR) are possible. 
‘Proteomics’ is the analysis of the entire set of proteins 
present in a cell in certain conditions and provides infor
mation on protein–protein interactions, post-translational 
modification, protein identification and characterization, 
etc. Methods used for this purpose include two-dimensional 
polyacrylamide gel electrophoresis (2D-PAGE), protein 
arrays, gas chromatography mass spectrometry (GC
MS)/liquid chromatography mass spectrometry (LC-MS) 
and phosphoproteomics (Vemuri & Aristidou 2005; Papini 
et al. 2010). 
Another omics, metabolomics, is the measurement of all 

metabolites including intracellular and extracellular metab
olites for the identification and quantification of metabolites 
as key compounds to elucidate a certain metabolic behav
iour. Techniques used for this purpose include differential 
quenching and extraction methods, lyophilization, GC-MS, 
LC-MS, HPLC, spectrometric assay, etc. However, only a 
limited number of extracellular or intracellular metabolite 
concentrations can be measured in this way. Labelling 
experiments are therefore performed to obtain information 
on multiple metabolites at certain time (Klapa et al. 2003; 
Fischer et al. 2004). 
Fluxomics is the measurement of the ensemble of meta

bolic fluxes active in the cell under a certain condition. It 
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provides information about the activity of the pathways and 
about the topology of the metabolic networks (Wittmann 
2007; Iwatani et al. 2008; Kim et al. 2008). 13C labelling 
experiments are now a days used for detailed information 
on the fluxes of multiple intracellular metabolites under 
certain physiological conditions. The continuous mode of 
fermentation is generally used where a certain percentage of 
uniformly labelled 13C labelled glucose (or 13C labelled 
acetate) are fed into the growth medium. 13C enrichment 
patterns of metabolites are analysed using information on 
the proteinogenic amino acids, because the actual concen
tration of intracellular metabolites is very low (Fischer & 
Sauer 2003; Klapa et al. 2003; Fischer et al. 2004; Sauer 
2006). Nuclear magnetic resonance (NMR) or GC-MS are 
used for acquisition of proteinogenic amino acid data 
followed by interpretation of the data through mathematical 
models using computer software tools. 

13.3.2.3	 Computer Simulation and Metabolic 
Modelling 

Typical gene manipulations by traditional or recombinant 
DNA technology do not include methods for detailed 
analysis of cells to understand the consequence of genetic 
manipulation on metabolic fluxes and their control under 
in vivo condition. To this respect, metabolic flux analysis 
(MFA) and metabolic control analysis (MCA) are impor
tant research methodologies for metabolic engineering. 
MFA, also known as flux balance analysis, is based on a 
known biochemistry framework. It provides information on 
a set of metabolic fluxes that describe the cell’s physiology 
in response to genetic and environmental perturbations. In 
conventional MFA, the extracellular and or intracellular 
fluxes of metabolites are quantified. Information on extrac
ellular fluxes is limited. The complete network of intra
cellular reactions is therefore considered and the fluxes 
through the individual branches of the networks are quan
tified. Material balances are set up for each metabolite in the 
network, assuming the metabolite concentrations are in a 
steady-state condition. In addition, information on the 
cofactors (NADH/NADPH) or energy states (ATP) of 
the cell are also included. In this way, a set of algebraic 
equations relating the fluxes is obtained. Fluxes through the 
branches of the network are then calculated using linear 
programming (Lee et al. 2005; Sauer 2006; Gameiro et al. 
2012; Wittmann & Portais 2013). 
A major limitation of conventional MFA is that it cannot 

calculate recycled fluxes, bidirectional fluxes and parallel 
fluxes. Furthermore, detection techniques to measure cofac
tors (NADH/NADPH) and energy (ATP) state are not 
unique. Isotope-labelled substrates are therefore used. 

13C labelled glucose or acetate or 14N labelled glutamine 
are used to determine the metabolite levels under pseudo
steady-state conditions followed by flux calculation using 
computer software tools such as MATLAB, UNIX/Linux, 
etc. The data obtained in this way provide relatively accu
rate estimation of intracellular fluxes of metabolites 
(Fischer & Sauer 2003; Klapa et al. 2003; Fischer et al. 
2004). 
Other than 13C labelling experiments, constraint-based 

flux analysis is also used to construct metabolic models that 
allows prediction of appropriate gene targets to be engi
neered. In constraint-based flux analysis, initially an in 
silico model is developed where information on a set of 
genes provides a wide range of flux values or deletion of a 
gene is set to zero flux value. The model is then simulated 
by linear optimization technique using an appropriate 
objective function and constraints that restrict the solution 
space within the cell’s capacity. Constraint-based flux 
analysis enables systematic prediction and evaluation of 
the effects of genetic and/or environmental perturbations on 
the cell on a global scale. Algorithms such as OptKnock, 
OptGene, OptReg, etc. are used to construct constraint-
based models in genetically engineered organisms 
(Edwards & Palsson 2000; Lee et al. 2011, 2012). 
Although MFA is an extremely valuable approach to 

understand and compare the metabolic states and estimate 
unmeasured internal fluxes, it cannot provide information 
on individual flux control under perturbed conditions. To 
address this, metabolic control analysis (MCA) has been 
developed. MCA is used to measure the resultant fluxes 
generated from environmental or genetic perturbations and 
calculate the level of control that each enzyme has on the 
flux through the pathway. This is estimated using the flux 
control coefficient (FCC). FCC is the percent change in flux 
divided by the percent change in the activity of an enzyme 
that is responsible for that flux change. According to this 
concept, an enzyme with a FCC value of 1 is defined as rate 
limiting. In reality however, such quantitative values are 
unusual as control of flux through a metabolic pathway is 
shared between several enzymes; the group of enzymes 
with the largest level of control are therefore being targeted 
for genetic manipulation (Yang et al. 1998; Stephanopoulos 
1999; Yarmush & Banta 2003). 
The computational and mathematical model approaches 

are useful tool for the construction of metabolic models as 
they provide information to study pathway interactions, 
quantification of flux distribution around branch points, 
identification of alternative pathways (if such pathways 
exist), calculation of non-measured extracellular fluxes 
and calculation of maximum theoretical yield. However, 
such information will vary depending on the algorithms 
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used for model construction or the tracers used for label
ling experiment. In addition, these models may not provide 
information on the cell’s physiology in a holistic manner. 
For example, the metabolic models of the simplest bacteria 
E. coli using MFA and MCA is mostly available for the 
central metabolic pathways, that is, the glycolytic path
way, pentose phosphate pathway and the TCA cycle, and 
limited information is available on the amino acid or other 
biosynthetic pathways (Edwards & Palsson 2000; Iwatani 
et al. 2008; Shimizu 2009; Matsuoka & Shimizu 2012). 
These pathways are not only regulated by single enzymatic 
reactions or metabolites, instead a number of metabolic or 
stress regulators play crucial role to help the bacteria to 
adapt under different physiological conditions (Stephano
poulos 1999). It is possible to obtain detailed information 
on the metabolic regulation by global regulatory proteins 
by integrating high-throughput omics data at different 
culture conditions (Fig. 13.2; Rahman et al. 2006,  
2008; Rahman & Shimizu 2007; Matsuoka & Shimizu 
2013; Shimizu 2013). 

On the other hand, there is limited information on 
the MFA and MCA of the simplest eukaryote, S. 
cerevisiae. This is due to the presence of compartmen
talization, which affects the energy state or cofactors 
of the cell under different physiological conditions. Much 
information on the cellular physiology to construct metabolic 
models of S. cerevisiae is therefore mostly dependent on the 
transcriptomics data (Raghevendran et al. 2004; Niklas et al. 
2010). 

The area shaded light grey represents the central meta
bolic pathway; the text box at the bottom of the figure 
includes important extracellular metabolites that are also 
commercially important products. Genes encoding the 
central metabolic pathway enzymes include the following. 

•	 Glycolytic pathway: glk: glucokinase; pgi: phosphoglu
cose isomerase; fbp: fructose bis-phosphatase; fba: 
fructose bisphosphate aldolase; gap: glyceraldehyde-
3-phosphate dehydrogenase; eno: enolase; pyk: 
pyruvate kinase; pps: phpsphoenol pyruvate synthase; 
pck: phosphoenol pyruvate inase; ppc: phosphoenol 
pyruvate carboxylase; poxB: pyruvate oxidase. 

•	 Fermentative pathway: ldh: lactate dehydrogenase. 
•	 Pentose phosphate pathway: zwf: glucose-6P dehydro

genase; gnd: 6-phosphogluconate dehydrogenase; tkt: 
transketolase; tal transaldolase. 

•	 TCA cycle: gltA-citrate synthase; icd: isocitrate 
dehydrogenase; sdh: succinate dehydrogenase; fum: 
fumarase; mdh: malate dehydrogenase. 

•	 Glyoxylate shunt: aceA: isocitrate lyase; aceB: malate 
synthase. 

Other pathways include: 

•	 Acetate metabolism: acs: acetyl CoA synthatase; ack: 
acetate kinase. 

•	 Global regulators: rpoD- RNA polymerase sigma fac
tor RpoD; rpoS- RNA polymerase sigma factor RpoS; 
soxR- SoxR protein; soxS- SoxS protein; crp- catabolite 
gene activator; fadR- fatty acid metabolism regulator 
protein; iclR- repressor protein IclR. ‘+’ indicates that 
the gene is positively regulated by the global regulator 
and ‘�’ indicates negatively regulated by the global 
regulator. 

Whether it is a prokaryotic system or a eukaryotic 
system, the best metabolic model can be constructed by 
integrating computational and mathematical data with high-
throughput omics data to address the missing links between 
molecules and physiology. Such models will enable devel
opment of an improved strain with a greater metabolic 
capacity for targeted metabolite production. In reality 
however, such models are absent except for E. coli. 
Most of the eukaryotic industrial strains are developed 
using metabolic models generated from high-throughput 
genomic and transcriptomic data without MFA (Yang et al. 
1998; Kumar & Prasad 2011; Lee et al. 2011; Curran & 
Alper 2012; Furusawa et al. 2013; Xu et al. 2013). 
In the following section we discuss some commonly 

used microorganisms that have been subject to strain 
improvement with the application of metabolic engineering 
for the production of food and food ingredients. 

13.4	 Applications of Metabolic Engineering 
in Fermentation-Based Food 
Industries 

Humans have used microorganisms such as yeast (Sec
tion 13.5), bacteria (Section 13.6) and moulds and fermen
tation techniques to process and prepare foods in bread 
making, wine and beer production, yogurt and cheese 
making and in many other traditional food preparations 
such as sausage, pickles, sauerkraut, soy sauce, vinegar, 
beer and cider production for thousands of years (Caplice & 
Fitzgerald 1999; Zheng et al. 2005; Gonzalez 2006; Ola
supo 2006; Rao & Varadaraj 2006; Lindner et al. 2013). 
Today, along with these traditional products, microorgan
isms are also being used for the production of a great variety 
of metabolites and enzymes that are used as food, drink or 
food additives (Table 13.1). A great proportion of these 
products are obtained from metabolically engineered 
microorganisms produced through fermentative processes. 
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Table 13.1 Food and food ingredients produced by microorganisms in fermentation industries. 

Biochemical Product type Product Organism References 
group 

Biomass Starter culture Cultured buttermilk, Lactococcus lactis or Streptococcus Pelczar et al. 
cultured sour cream cremoris and Leuconostoc 1986; 

citrovorum or Leuconostoc Klaenhammer 
dextranicum (mixed) et al. 2008; 

Bulgarian milk Lactobacillus bulgaricus Papagianni 
Acidophilus milk Lactobacillus acidophilus 2012; Yebra 
Yogurt Streptococcus thermophilus et al. 2012 

Lactobacillus bulgaricus 
Kefir, kumiss Lactococcus lactis 

Lactobacillus bulgaricus 
Lactose fermenting yeast 

Baker’s yeast Saccharomycyse cerevisiae 
Probiotics Fermented milk, yogurt, cheese, Lactobacillus casei Shirota Papagianni 

dried powder, capsule Lactobacillus johnsonii 2012; 
Lactobacillus casei Tholozan & 
Bifidobacterium animalis Cayol 2013 
Lactobacillus acidophilus NCFM 
Streptococcus thermophilus, 
Enterococcus faecium 

Primary Alcoholic Beer, wine Saccharomyces cerevisiae Sarma et al. 
metabolites beverages 2013 

Preservative/ Lactic acid Lactococcus lactis Papagianni 
acidulants 2012 

Intermediate Nutritional L-tryptophan, L-phenylalanine, Corynebacterium glutamicum Renault 2002; 
metabolites supplements/ L-tyrosine, L-threonine, Lactic acid bacteria Schallmey 

neutraceuticals L-isoleucine, L-histidine, Bacillus subtilis et al. 2004; 
vitamins Kern 

Flavour enhancer/ Isoprenoids, diacetyl, Saccharomyces cerevisieae et al. 2007; 
aroma acetaldehyde Lactic acid bacteria Wittmann 
compounds 2010; 

Sweetener Xylitol, L-alanine, Saccharomyces cerevisiae Papagianni 
Mannitol, Sorbitol Lactic acid bacteria 2012 

Acidulants/ Citric acid, acetic acid, lactic Lactic acid bacteria 
preservatives acid, succinic acid, pyruvate Escherichia coli 

Secondary Functional food/ Resveratrol (flavonoid) Saccharomyces cerevisiae Ostergaard et al. 
metabolites neutraceuticals Escherichia coli 2000; 
(non- Food colouration Carotenoids Saccharomyces cerevisiae Kern et al. 
antibiotic) Escherichia coli 2007; 

Prebiotics Exopolysaccharides Lactic acid bacteria Papagianni 
2012 

Secondary Preservatives Bacteriocins Bacillus subtilis Schallmey et al. 
metabolites 2004 
(antibiotic) 

Enzymes Lipase, Used to degrade cellulosic Aspergillus niger Pelczar et al. 
α-amylase, substrates into simple Aspergillus oryzae 1986 
α-galactosidase carbohydrates for industrial 

fermentation process 
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13.5 Yeasts 

There are different types of yeasts, of which Saccharomy
ces cerevisiae is the most studied. It is a unicellular, 
eukaryotic organism, which is a facultative anaerobe. In 
food industries, S. cerevisiae has long been used in the 
production of alcoholic beverages and baker’s yeast. In 
recent years, significant progress has been made in improv
ing S. cerevisiae strains for a balanced and efficient com
mercial production of various S. cerevisiae products. 
Several databases for S. cerevisiae genome sequences 
have now become publicly available. Genomic data, along 
with the availability of appropriate genomic tools, have 
enabled construction of many genetic variants of S. cer
evisiae for which phenotypic characterization has also been 
completed. Currently this organism has been given the 
GRAS status, making it an attractive production platform 
for various applications in food industries (Hansen & 
Kielland-Brandt 1996; Akada 2002; Förster et al. 2003; 
Nevoigt 2008). The following sections provide some exam
ples of the application of metabolic engineering using 
S. cerevisiae strains for the production of food and food 
ingredients such as alcoholic beverages, baker’s yeast, 
xylitol, isoprenoids and vitamins. 

13.5.1 Alcoholic beverages 

S. cerevisiae has long being used to prepare alcoholic 
beverages. Alcoholic beverages include fermented bever
ages such as wine and beer and distilled beverages such as 
liquor and spirit, which are generally known to be derived 
from fermented beverages (Sarma et al. 2013). As dis
cussed in the following sections, metabolic engineering has 
been applied to develop industrial strains of S. cerevisiae 
for both wine and beer production in order to improve 
product yield, product quality or process performance. 

13.5.1.1 Wine Yeast 

Wine is a naturally fermented fruit juice and is commonly 
produced from grapes. Winemaking involves two major 
steps: propagation of the yeast and wine fermentation. Wine 
yeast is propagated in molasses. Molasses is also used to 
propagate baker’s yeast and brewer’s yeast (Ostergaard 
et al. 2000; Donalies et al. 2008; Sarma et al. 2013). 
However, there are several control points that required 
genetic modification of the yeast to grow in molasses. 
We discuss these modifications in the baker’s yeast section 
(Section 13.5.2). In this section, several major modifica
tions required for wine production are discussed. 
Increase ethanol yield: Grape must is generally used for 

wine production. Initially the grapes are crushed and then 

yeasts are applied for natural fermentation without the 
addition of external sugars, acids, enzymes or nutrient 
solution. To increase ethanol yield, recombinant DNA 
technology was applied to manipulate the carbon metabo
lism pathway of S. cerevisiae. Overexpression of the 
glycolytic pathway enzyme phosphofructokinase improved 
ethanol productivity under aerobic conditions of growth 
(Ostergaard et al. 2000; Nevoigt 2008). 
Increase biomass yield: There is an imbalance of carbon 

and nitrogen sources in grape must. In grape must, proline 
and arginine are the major amino acids, accounting for 
30–65% of total amino acids. However, they are not 
assimilated during fermentation, which affects the biomass 
of the yeast during fermentation. Deletion of the nitrogen 
catabolite repression transcriptional regulator (URE2) that 
represses the proline permease (PUT1) and proline-
carboxylate dehydrogenase (PUT2), through genetic engi
neering, increased assimilation of these amino acids and 
increased the biomass yield of the mutant strain compared to 
the wild-type strain (Ostergaard et al. 2000; Nevoigt 2008). 

Improve product quality: Reduction of acidity is one 
specific goal in wine production. During alcoholic fermen
tation, production of malic acid contributes acidity to the 
wine. To reduce acidity, malic acid needs to be decarboxy
lated into CO2 and lactic acid, which also increases the 
flavour and quality of the beverage. To achieve this, a 
genetically stable industrial yeast strain was developed by 
inserting a linear cassette containing the Schizosaccharo
myces pombe malate permease gene (mae1) and the Oeno
coccus oeni malolactic gene (mleA) under control of the 
S. cerevisiae phosphoglycerate kinase 1 (PGK1) promoter 
and terminator sequences into the orotidine-5´-phosphate 
(OMP) decarboxylase (URA3) locus. This malolactic yeast 
strain is able to perform complete decarboxylation of malic 
acid in Chardonnay grape must, and is the first genetically 
engineered wine yeast used for commercialization with 
GRAS status from the FDA (Ostergaard et al. 2000; 
Donalies et al. 2008; Nevoigt 2008). 
Glycerol overproduction is another target to be improved 

in wine yeast as glycerol improves the body of the wine and 
leads to reduced ethanol formation, which is a valuable 
strategy to produce low-ethanol (10–14% alcohol v/v in 
wine) beverages. Glycerol overproduction was achieved 
by: (1) overexpressing the enzyme glycerol phosphate 
dehydrogenase, GPD1, which is the rate controlling 
enzyme in glycerol biosynthesis; (2) deletion of the cyto
solic aldehyde dehydrogenase gene (ALD6); and (3) expres
sion of Aspergillus niger glucose oxidase gene in 
S. cerevisiae (Ostergaard et al. 2000; Nevoigt 2008). 
Another important factor to be considered in winemak

ing is to reduce carcinogenic compounds such as ethyl 
carbamate. As already mentioned, grape must contain 
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arginine. The yeast metabolizes arginine into ornithine and 
urea. However, the yeast is not able to metabolize urea 
completely. Urea later reacts spontaneously with the etha
nol in wine and produces ethyl carbamate, which is carci
nogenic. Both arginine and urea are a secondary nitrogen 
source and are under the control of nitrogen catabolite 
repression (NCR). Metabolic engineering strategies were 
applied to constitutively express urea metabolizing gene 
DUR1,2, which encodes urea amidolyase under the control 
of the S. cerevisiae PGK1 promoter and terminator signals 
in an industrial wine yeast, resulting in reduced production 
of ethyl carbamate by 89.1% (Coulon et al. 2006). 

Improve process performance: Grape must contain poly
saccharides such as xylan, glucan and pectin. These affect 
the filterability as well as colour and flavour of wine. Their 
derivatives are also responsible for turbidity, viscosity and 
filter stoppages. Several recombinant yeast strains have 
been developed that are able to express and secrete pecti
nases and glucanases, which degrade the above polysac
charides. One approach was the development of a 
glucanolytic wine yeast expressing fungal or bacterial 
β-1,4-glucanase. Another approach was heterologous 
expression of Trichoderma reesei XYN2 xylanase gene 
to degrade xylan and Butyrivibrio fibrisolvens END1 glu
canase to degrade glucan. These genes were separately 
integrated into the genome of the commercial wine 
yeast strain of S. cerevisiae to increase the filterability 
(Ostergaard et al. 2000; Nevoigt 2008). 

13.5.1.2 Brewer’s Yeast 

Beer is another fermented beverage obtained by brewing of 
starches such as malted barley or malted wheat. Its alcohol 
content varies from 4% to 6% (v/v). Beer-making requires 
two types of yeasts: (1) lager or bottom-fermenting; and (2) ale 
or top-fermenting yeasts. The ale yeasts are S. cerevisiae strain, 
whereas the lager yeasts are genetically modified strains of 
Saccharomyces pastorianus species (Ostergaard et al. 2000). 
As for wine yeast, brewer’s yeast is also engineered using 
metabolic engineering with the following aims. 

Enhance carbohydrate and nitrogen assimilation:Malt
ose is the major fermentable sugar whereas maltotriose is 
the second most, and dextrins make up about 25% of the 
carbohydrates in brewer’s wort. Several genes associated 
with maltose and maltotriose uptake have been identified 
in S. cerevisiae. Overexpression of the maltotriose uptake 
gene MTT1 showed significant uptake of the sugar in the 
yeast strain. On the other hand S. cerevisiae cannot hydro
lyse dextrin, which is necessary for the production of low-
calorie beer, due to the lack of the amyloglucosidae 
(AMG) enzyme. However, overexpression of the dextran
ase gene (DEX) of the yeast S. diastaticus in S. cerevisiae 

enabled extracellular AMG production, which hydrolyses 
dextrin into glucose and can be further metabolized by 
S. cerevisiae (Perry & Meaden 1988; Ostergaard et al. 2000). 
In addition to carbon utilization, nitrogen uptake is also 

challenging for brewer’s yeast. Proline is the most abundant 
amino acid in brewer’s wort and is unassimilated during 
fermentation. To increase its assimilation, the PUT4 gene 
that encodes a highly specific proline permease has been 
overexpressed in S. cerevisiae. This modification reduced 
degradation of the Put4 protein and had no negative impact 
on the quality of beer (Ostergaard et al. 2000; Nevoigt 
2008). 
Reduce byproduct formation: Diacetyl is a byproduct of 

the brewer’s yeast fermentation process. It is formed in 
lager beer at 2–3 weeks of fermentation and forms an 
unwanted butter-like flavour in green beer and causes 
off-flavour if present in finished beer. Diacetyl is formed 
from a non-enzymatic oxidative decarboxylation of 
α-acetolactate. α-acetolactate is an intermediate of the 
amino acid (valine) biosynthesis pathway. During the 
maturation stage of beer, diacetyl is enzymatically con
verted to acetoin and then to 2,3-butanediol. 2,3-butanediol 
has a much higher taste threshold than diacetyl or acetoin. 
To reduce diacetyl formation, bacterial gene encoding the 
enzyme acetolactate decarboxylase (ALDC) has therefore 
been cloned and expressed in brewer’s yeast. ALDC gene 
from Enterobacter aerogenes, Klebsiells terrigena, Lacto
coccus lactis and Acetobacter aceti variant xylinum were 
cloned in brewer’s yeast. Another approach was modifica
tions of the valine biosynthetic pathway in the yeast without 
the use of bacterial genes through deletion of the ILV2 gene 
that encodes acetolactate synthase or overexpression of 
ILV5 gene that encodes the enzyme reductoisomerase, 
which converts α-acetolactate into dihydroxyisovalerate 
and thus reduce diacetyl formation by two fold in beer 
(Ostergaard et al. 2000; Nevoigt 2008). 

Improve process performance: During beer fermenta
tion, flocculation is highly desirable. Flocculation is an 
asexual, reversible aggregation of yeast cells leading to the 
formation of flocs when lectins on the yeast cell wall bind to 
sugar residues on the walls of the neighbouring cells. 
Flocculated cells can be easily and efficiently separated 
after sedimentation, highly desirable in the brewing indus
tries. However, many industrial yeast strains are unable to 
flocculate or are far from optimal flocculation. Flocculation 
should start at the correct time during the fermentation 
process. Too-early flocculation results in incomplete fer
mentation and abnormal aroma formation. On the other 
hand, too-late flocculation results in difficulty in yeast 
separation at the product recovery or downstream process
ing stage. In general, flocculation starts at the onset of the 
stationary phase and external factors such as ethanol 
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concentration, temperature, osmotic stress, nutrient availa
bility, pH, calcium and zinc ions, oxygen as well as growth 
phase and cell density can affect flocculation during 
fermentation. 
Studies have shown that flocculation is dependent on 

genetic factors. Different genes are responsible for this 
behaviour in yeast cells. Flo genes encode glycoproteins 
(lectins), also known as flocculins. Two major phenotypes 
have been observed: NewFlo phenotype is observed in 
brewer’s strain and Flo1 phenotype is observed in labora
tory strains. Overexpression of the FLO1 gene that encodes 
a cell surface protein in a non-flocculant brewer’s strain 
showed constitutive expression of flocculation throughout 
the fermentation process, which is not desirable. Since 
flocculation at the stationary phase is most desirable and 
this is regulated by HSP30 promoter, one group replaced 
the FLO1 promoter with HSP30 promoter in a laboratory 
strain. Another group proposed HSP26 and HSP30 pro
moters for phase-specific gene expression under brewing 
conditions. On the other hand, in NewFlo phenotype, 
flocculation is triggered at the end of the exponential phase 
of growth during which glucose, nitrogen or oxygen level 
decreases. While this is most desirable, the genetics behind 
this phenotype is still under investigation (Ostergaard et al. 
2000; Donalies et al. 2008; Nevoigt 2008). 

13.5.2 Baker’s Yeast 

Baker’s yeast is used for dough leavening of bread and 
bakery products. It also influences the taste and textures of 
these products. Metabolic engineering was applied for 
baker’s yeast strain improvement in relation to their versa
tility and efficiency of substrate use. 

13.5.2.1	 Extension of Substrate Utilization 
Pattern 

Molasses is used as the cheap cellulosic substrate to grow 
baker’s yeast under aerobic fermentation conditions. It is a 
complex media and consists of glucose, maltose, fructose, 
sucrose, raffinose, melibiose and galactose. A major chal
lenge in using molasses to grow yeast is that the presence of 
glucose exerts ‘glucose repression’, which is a regulatory 
mechanism of carbohydrate metabolism in yeast. Glucose 
inhibits simultaneous utilization of other carbohydrates 
even if it is not the primary carbohydrate in the medium. 
As a result, this increases the fermentation process time 
until glucose is completely depleted. Genes, proteins and 
promoters associated with glucose repression have been 
studied. It was observed that the protein Mig 1p regulates 
the expression of several genes that are associated with 

maltose and sucrose metabolism such as galactose (GAL), 
maltose (MAL), melibiose (MEL1) and the invertase gene 
(SUC2). MIG1 binds to the promoter region of the above-
mentioned genes and suppresses their activation for metab
olism of the respective carbohydrates during propagation. 
The protein Mig2 also binds with SUC2 gene. Deletion of 
mig1 and mig2 genes in an industrial strain showed allevi
ation of glucose control in complex media, with the increase 
in growth rate of baker’s yeast. Other than manipulating the 
regulatory proteins, constitutive expression of the maltose 
transporter proteins (MALT and MALS) also improved 
maltose consumption on glucose–maltose mixtures. In 
addition to maltose and sucrose metabolism, strain 
improvement was performed to enhance metabolism of 
melibiose, by expressing the melibiase gene MEL1 of 
Saccharomyces pastorianus in S. cerevisiae. This was 
performed by integration of MEL1 in the LEU2 site of 
S. cerevisiae genome or on a multicopy vector. The MEL1 
gene was then integrated into the genomic loci of MIG1. 
This was performed on a strain with industrial background 
and led to successful engineering of a melibiose-utilizing 
strain with the alleviation of glucose repression (Ostergaard 
et al. 2000; Raghevendran et al. 2004; Donalies et al. 2008; 
Nevoigt 2008). 

Other cost-effective media used for yeast propagation are 
whey, starch, lignocelluloses, cellulose, hemicellulose, 
melibiose, raffinose, lactose, xylose or arabinose. Notably, 
S. cerevisiae is unable to grow on starch unless starch-
degrading enzymes, such as α-amylase, β-amylase, pullu
lanase or isoamylase and glucoamylase, are either added 
before fermentation or the yeast strain is genetically modi
fied to overexpress the starch-degrading enzymes. 
However, as for molasses, growth of the yeast cells in these 

media is challenged by glucose repression and the ‘Crabtree 
effect’. The Crabtree effect is another regulatory mechanism 
of carbohydrate metabolism in yeast. It is also known as 
overflow metabolism and occurs even in the presence of 
0.1 g L�1 of glucose, during which ethanol is produced under 
aerobic conditions of growth. Since optimal biomass yields 
occur under glucose-limited conditions, several approaches 
were taken into account that included selection of the fer
mentation fed-batch mode and application of metabolic 
engineering for strain improvement. Of the metabolic engi
neering strategies, reduction of the overflow mechanism was 
achieved by constructing fusions of the hexose transporter 
proteins, HXT1 and HXT7. This abolished the Crabtree 
effect. Other approaches included expression of a water-
forming NADH oxidase from Lactococcus lactis in S. cer
evisiae. This genetic modification reduced ethanol fermen
tation in batch mode (Ostergaard et al. 2000; Donalies et al. 
2008; Nevoigt 2008). 
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13.5.2.2 Improve Product Quality 

The main ingredient of bread is wheat flour. It is composed of 
starch, maltose, sucrose, glucose, fructose and glucofructans. 
Baker’s yeast is supplemented with the enzymes amylase, 
hemicelluloses, proteases and lipases. These enzymes alter 
the physicochemical properties of the dough and the quality 
of the bread by adding flavour, changing dough rheology and 
increasingshelf life.Enhancementofdough fermentationand 
CO2 production are also requirements to improve the bread 
quality. During baking, the enzyme amylase continuously 
releases maltose from wheat flour. Efficient fermentation of 
maltose is crucial for dough leavening. However, the pres
ence of glucose induces glucose repression and the Crabtree 
effect, inactivates the maltase enzyme and increases the 
fermentation process time. To overcome these limitations, 
the native enzymes (promoters of which are controlled by 
glucose) were replaced by constitutively expressed enzymes. 
This increased the leavening property of the bread by produc
ing CO2 more quickly than conventional baker’s yeast  
(Ostergaard et al. 2000; Donalies et al. 2008; Nevoigt 2008). 

Metabolic engineering was also applied to improve 
freeze–thaw stress tolerance (also known as cryoresistance) 
and increase osmotolerance of the yeast in sweet frozen 
dough. It is known that amino acids such as proline, arginine 
and glutamate have cryoprotective activity and proline also 
has an osmotolerance property. Overexpression of PRO1 and 
PRO2 encoding γ-glutamyl kinase and γ-glutamyl phosphate 
reductase, respectively, increased production of proline. 
Again, car1Δ arginase mutant accumulated higher levels 
of arginine and glutamate, which increased leavening ability 
during the frozen-dough baking process. Another improve
ment in freezing tolerance was heterologous expression of 
antifreeze proteins from the polar fish grubby sculpin. The 
impact of unsaturated fatty acids on freezing tolerance was 
also studied. The multicopy overexpression of the enzyme 
fatty acid desaturase FAD2-1 or FAD2-3 from sunflower in 
S. cerevisiae increased its freezing tolerance (Ostergaard 
et al. 2000; Donalies et al. 2008; Nevoigt 2008). 

13.5.3 Xylitol 

Xylitol is a sugar alcohol which is used as a sweetener in the 
food industry. Although industrial production of xylitol is 
dependent on chemical synthesis, the yeast S. cerevisiae is 
engineered for biobased production of xylitol. Xylitol is a 
byproduct of xylose utilization; it is a pentose sugar and 
metabolized at the non-oxidative branch of the pentose phos
phate pathway. Overexpression of XYL1 gene that encodes 
xylose reductase in Pichia stipitis into S. cerevisiae enabled 
95% xylitol conversion from xylose (Jeffries & Jin 2004). 

13.5.4 Isoprenoids 

Isoprenoid is used as flavour enhancer and food colourants 
in food market. Although naturally produced by plants, 
heterologous protein expression in S. cerevisiae increased 
isoprenoid product yield. Acetyl-CoA is an important 
precursor for isoprenoid biosynthesis. Overproduction of 
acetaldehyde dehydrogenase (ALD6) gene and acetyl-coA 
synthetase from Salmonella enterica increased its produc
tion in S. cerevisie (Lee & Schmidt-Dannert 2002). 

13.5.5 Food Supplement Iron 

Some genetically engineered yeast strains can store a large 
amount of iron via the overexpression of heterologous ferri
tin, an iron storage protein. These recombinant yeast strains 
have the potential to be used for the production of iron-loaded 
ferritin at an industrial scale, to be used as iron supplement for 
patients with iron deficiency (Nevoigt 2008). 

13.6 Bacteria 

Several bacteria are used for the production of organic acids 
or amino acids that have commercial importance in food 
industries (Gonzalez 2006; Kern et al. 2007). Below are 
examples of some bacteria, which have been improved 
through application of metabolic engineering. 

13.6.1 Lactic Acid Bacteria (LAB) 

LAB have been used in fermentation processes from pre
historic times (Rhee et al. 2011). The major LAB used in 
food industries are Lactobacillus species, Lactococcus 
species and Streptococcus species (de Vos 2001). In 
food industries, both the biomass and products of primary 
metabolites of LAB are used (Table 13.1). The organism is 
suitable for use in food industries and metabolic engineer
ing applications since: (1) the complete-genome sequence 
of the lactobacillus species used in food industries are 
available; (2) it is a food-grade organism with GRAS status; 
(3) there is an absence of endotoxin or inclusion bodies; 
(4) the plasmid selection mechanisms are food grade and self 
cloning; (5) the nisin-controlled gene expression (NICE) 
system can be used for genetic modification; (6) there is 
an availability of genetic tools; and (7) the bacteria can be 
grown under simple fermentation condition. Lactobacilli are 
commonly used to produce lactic acid, diacetyl, acetalde
hyde, mannitol etc. in food industries (Renault 2002). 

13.6.1.1 Lactic Acid 

Lactic acid is widely used in dairy industries as a preserva
tive or acidifier and also as a flavour enhancer in food 
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industries. Lactococcus lactis is the main organism used for 
industrial fermentation process. Lactic acid is produced 
either as a homofermentative product during anaerobic 
fermentation or as a heterofermentative product during 
aerobic fermentation in carbohydrate-rich medium. A 
homofermentative process is desirable industrially because 
it reduces the cost of product recovery. Lactic acid exists in 
two forms: D-lactic acid and L-lactic acid. The L-lactic acid 
is the non-toxic form whereas the D-lactic acid is harmful to 
human beings. Industrial production of lactic acid therefore 
aims for the L-form of lactic acid. Increased production of 
this form using ME approaches involved manipulation of 
the sugar utilization pattern to increase glycolytic flux 
towards lactic acid production and decrease unwanted 
byproduct (e.g. diacetyl) formation. 
Research has shown that the glycolytic enzyme phospho

fructokinase (PFK) plays a positive and important role in 
regulating both the glycolytic flux and lactic acid flux. In 
addition, the glucose transport system and ATP level also 
play essential roles in regulating these fluxes. Furthermore, 
overexpression of pfkA gene from Aspergillus niger into the 
L. lactis strain doubled the maximum specific glucose 
uptake rate and lactic acid yield. Interestingly, lactate 
dehydrogenase (LDH), which is the last enzyme in 
converting sugar to lactic acid (or, more specifically, con
verting pyruvic acid into lactic acid), does not exert any 
control on the glycolytic flux and/or lactic acid production. 
Instead, LDH is responsible for the formation of D or L form 
of the lactic acid by the genes ldhD and ldhL, respectively. 
Inactivation of ldhD by deleting the promoter region of the 
gene in L. helviticus showed increased production of the 
desirable L-lactic acid formation in the modified strain 
(Singh et al. 2006; Papagianni 2012; Yebra et al. 2012). 

13.6.1.2 Diacetyl 

Diacetyl is used as a flavouring agent in the food industries. 
It contributes the typical butter aroma in butter, buttermilk 
and several cheeses during dairy processes. Lactic acid 
bacteria produce diacetyl from citric acid in co-fermentation 
with lactose. The intermediate product of fermentation, 
α-acetolactate, is the precursor for diacetyl, and acetoin is 
produced as an intermediate of this process. Efficient pro
duction of diacetyl from lactose rather than citric acid has 
been the subject of metabolic engineering. One approach 
involved construction of ldh-deficient strain which, under an 
aerobic fermentation process, showed a remarkable shift of 
pyruvate metabolism towards acetic acid and acetoin for
mation with α-acetolactate as an unstable, intermediate 
molecule of the process. Another approach involved 
inactivation of the ldh gene and overexpression of the 
α-acetolactate synthase gene (als). However, these strains 

were not successful for industrial scale-up as the strains 
produced only a very low level of diacetyl. 
Another approach is controlled expression of the cofactor-

associated NADH oxidase (NOX) gene in L. lactis. 
Overproduction of NOX at regulated aeration levels allows 
the NADH: NAD+ ratio to be controlled and results in the 
complete shift of homolactic acid production towards the 
mixed fermentation products. Introduction of this system into 
a strain inactivated with αldB gene led to the efficient 
production of α-acetolactate and diacetyl from pyruvic 
acid. This combination is a very successful strategy for 
diacetyl production under aerobic condition. 
Another metabolic engineering approach is through the 

engineering of the promoter region in L. lactis. Using 
selected promoters for constitutive expression of NADH 
oxidase gene, NOX activity increases by a factor of 58.17 
under aerobic condition and, through this altered NADH/ 
NAD+ ratio, the flux from pyruvate to lactate is rerouted to 
diacetyl production. Diacetyl formation in the newly con
structed strain increased by a factor of 4, compared to the 
wild-type strain. 
Other strategies included improved production of diace

tyl in L. lactis strains through the deletion of ldh gene and 
overexpression of NOX. This increased the flux through 
the alpha acetolactate synthase (ALS) branch from 0 to 
75% of measured product formation rates (Papagianni 
2012). 

13.6.1.3 Acetaldehyde 

Another food aroma is produced by lactobacilli and com
monly used in dairy industries. LAB produces acetaldehyde 
by several pathways. One such pathway is conversion of 
glucose into pyruvate and acetyl-coA. Other pathways are 
conversion of amino acids or other molecules into pyruvate. 
Of these, the most important pathway is during the metab
olism of the amino acid threonine into acetaldehyde and 
glycine. The enzyme involved in this process is threonine 
aldolase. Engineering strategies for the scale-up of acetal
dehyde involved overexpression of the enzyme serine 
hydroxymethyltransferase (SHMT) encoded by glyA 
gene in Streptococcus thermophilus that performs the 
similar enzyme activity of threonine aldolase in L. lactis. 
This increased acetaldehyde production by 80–90% com
pared to the wild-type strain. Another approach was over-
expression of pyruvate decarboxylase (PDC) gene from 
Zymomonas mobilis in L. lactis. As a result, pyruvate 
metabolism was rerouted towards acetaldehyde formation. 
Further modification in this engineered strain was of 
NADH oxidase gene (nox). This double mutant converted 
almost 50% of the consumed glucose into acetaldehyde 
under anaerobic condition of growth (Papagianni 2012). 
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13.6.1.4 L-Alanine 

L-alanine is an amino acid and used as food sweetener. 
L-alanine is produced from pyruvate by microbial activities 
in a single enzymatic step. The bacterium L. lactis is 
genetically modified for efficient production of L- alanine 
in industrial fermentation processes. In L. lactis, heterolo
gous pathway was introduced through cloning and expres
sion of the key enzyme alanine dehydrogenase (ALAD) 
encoded by alaD gene of Bacillus sphaericus. alaD was 
cloned in L. lactis under the control of the nisA promoter. 
Overexpression of alaD resulted in efficient production of 
alanine (30–40%) as the pathway rerouted lactic acid 
towards the formation of alanine in resting cells grown 
on glucose and in the presence of excess ammonium. 
Introduction of this system into LDH-deficient lactococcal 
cells showed complete conversion of glucose into alanine 
(Papagianni 2012). 

13.6.1.5 Mannitol 

Mannitol is a six-carbon sugar used as a sweetener in food 
industries. Mannitol can be produced either by chemical 
process or by microbial synthesis. Chemical process leads 
to 25–30% yield only and sorbitol is a co-product of the 
process. Separation of mannitol from sorbitol increases the 
cost of production. Since several microorganisms including 
lactobacilli are capable of producing mannitol, interest in 
industrial production of mannitol is therefore inclining 
towards the use of bacterial fermentation process. Lacto
bacilli produce mannitol from fructose by using the enzyme 
mannitol dehydrogenase (MDH) via the heterofermentative 
pathway. Although sorbitol is not co-produced, lactic acid 
and acetic acid are produced as co-products. While co
fermentation of fructose and glucose increased mannitol 
yield, other strategies were construction of a strain that 
overproduces mannitol. One approach was inactivation of 
lactate dehydrogenase genes ldhD and ldhL in the strain 
L. fermentum. However, the strain still produced lactic acid 
or pyruvic acid or 2,3 butanediol as a co-product of 
mannitol under anaerobic condition. 

Another approach was therefore to enhance mannitol 
production in homofermentative LAB (e.g. L. Lactis) by  
inactivating the ldh gene so that mannitol and mannitol-1
phosphate (Mtl1P) is produced; this is an alternative way 
to satisfy the redox balance during catabolism of glucose 
into fructose-6-phosphate (F6P) to Mtl1P. Further modi
fication was performed by inactivating mannitol transport 
system in the ldh-deficient L. lactis strain to inhibit 
mannitol uptake and utilization by the bacteria. This 
double gene knockout mutant converted 30% of glucose 
to mannitol. Another group achieved 50% conversion of 
mannitol from glucose by using ldh-deficient L. lactis 

strain in which mannitol-1-phosphate dehydrogenase 
gene (mtlD) of L. plantarum and mannitol-1-phosphate 
phosphatise gene of the protozoan parasite Eimeria ten
ella were overexpressed (Ghoreishi & Shahrestani 2009; 
Papagianni 2012). 

13.6.1.6 Sorbitol 

Sorbitol is a six-carbon sugar alcohol and is used as a 
sweetener in food industries. Traditionally sorbitol is pro
duced by catalytic hydrogenation of glucose. However, few 
microorganisms are able to produce it. The bacterium 
Zymomonas mobilis converts fructose and glucose to sor
bitol for osmoprotection. Among lactobacillus species, two 
strains (L. plantarum and L. casei) have been metabolically 
engineered to produce sorbitol. In L. plantarum, the 
enzymes mannitol phosphate dehydrogenase (MPDH) 
and lactate dehydrogenase (LDH) were inactivated with 
overexpression of the sorbitol dehydrogeanse (SDH) gene. 
Both the MPDH and LDH enzymes use fructose-6
phosphate (F6P) as a substrate. Inactivation of MPDH 
increases the F6P flux towards the production of reduced 
sorbitol-6-P by SDH. Metabolic engineering approach in 
L. casei involved integration of sorbitol-6-P dehydrogenase 
gene (gutF) into the chromosomal lactose (lac) operon and 
further deletion of ldhL gene. This elevated NADH pools in 
the cell, leading to increased conversion rate of glucose to 
sorbitol (Papagianni 2012). 

13.6.1.7 Exopolysaccharides 

Exopolysaccharides (EPS) are non-digestible poly
saccharide. These are used as prebiotics as they provide 
specific nutrients to beneficial bacteria hosted in the colon. 
In addition, EPS also have improved viscosifying, thicken
ing, stabilizing, gelling and emulsifying activities over 
some other commercially used polymers such as guar 
gum, locust bean gum and gum arabic. These are therefore 
also used to improve the texture of food, mouthfeel, taste 
perception and stability of the final food products. 
LABs are a good source of EPS. However, under natural 

condition, this synthesis is very slow. ME strategies have 
therefore been applied to improve the production of EPS. 
Improvements are focused at the precursor synthesis levels. 
During EPS synthesis, there are two control points at the 
precursor synthesis level. One of the control points is 
conversion of glucose-6-phosphate (G6P) to glucose-1-P 
(G1P), catalysed by the enzyme phosphoglucomutase 
(PGM), and the other control point is the synthesis of sugar 
nucleotide UDP-glucose from G1P, catalysed by UDP-
glucose phosphorylase (GalU). Although the overexpres
sion of GalU under the control of a nisin-inducible pro
moter increased the specific activity of the enzyme by a 
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factor of 20 and increased the synthesis of both the UDP 
glucose and UDP galactose, these did not enhance the yield 
of EPS significantly. Other approach of EPS production 
included controlling the culture conditions or by controlling 
the formation of EPS structure by introducing new or 
existing glycosyltranferases into LAB (Papagianni 2012). 

13.6.1.8 Vitamins 

Vitamins are generally known as neutraceuticals. Neutra
ceuticals are food or part of a food that are used to provide 
medicinal and health benefits including the prevention and 
treatment of disease. LAB produces folate and riboflavin 
(vitB2), which are among the B-vitamin classes. These 
vitamins are essential co-factors in the biosynthesis of amino 
acids and nucleic acids, and enrich fermented foods. Indus
trial production of vitamins and their incorporation into foods 
through fermentation is thought to compensate the B-vitamin 
deficiency in developing and even developed countries. 
Metabolic engineering is applied to increase the folate level 
in L. lactis, L. gasseri and L. reuteri. An increase in folate 
production was achieved by overexpression of targeted genes 
that are associated with folate production. For example, 
GTP cyclohydrolase is the first enzyme of folate biosynthesis 
and its overexprssion in a L. lactis strain using the NICE 
system lead to three-fold increase in folate production. The 
gene folkE, that encodes biprotein 2-amino-4-hydroxy-6
hydroxymethyl dihydropteridine pyrophosphokinase and 
GTP cyclohydrolase-1 and was overexpressed in L. lactis 
subsp. Cremoris, increased the extracellular folate produc
tion by a factor of 10. In addition to B-vitamin, riboflavin is 
another vitamin used extensively as neutraceuticals. Its over
production was obtained by overexpressing the four genes 
ribG, ribH, rib and ribA in  L. lactis. This engineering 
converted the strain into a riboflavin-producing factory 
(Papagianni 2012). 

13.6.2 Escherichia Coli 

E. coli is used as a model organism for metabolic engineer
ing. The availability of its complete genome sequence, 
together with its fast growth rate, genetic amenability, 
well-known metabolic networks, ability to grow on various 
substrates, produce organic acids and grow on simple 
growth media, plasticity of metabolism and high theoretical 
yield have all made the organism ideal for genetic engineer
ing and use in food industries. Metabolically engineered 
E. coli is currently used for production of organic acids 
(acetic acid, L-lactic acid, succinic acid, pyruvic acid) and 
amino acids (L-phenylalanine) in food industries (Na et al. 
2012). Metabolic engineering was applied to improve 

E. coli strains for the industrial formation of various 
products such as succinic acid, acetic acid, pyruvic acid 
and L-phenylalanine. 

13.6.2.1 Acetic Acid 

Acetic acid is used as vinegar and meat preservative in food 
market. Several microorganisms are currently used in the 
production of acetic acid. However, an E. coli strain was 
recently engineered to produce acetic acid from glucose 
under anaerobic fermentation conditions, and the product 
was obtained in less than 24 hours. The newly constructed 
strain converted 60 g L�1 of glucose into 34 g L�1 of ace
tate. The modifications were the deletion of oxidative 
phosphorylation gene (ΔatpFH), disruption of the tri
carboxylic acid pathway gene (ΔsucA) and elimination 
of the native fermentation pathway genes (ΔfocA-pflB, 
ΔfrdBC, ΔldhA and ΔadhE). The strain also grew well 
in a mineral salts medium and had no auxotrophic require
ments. In addition, the glycolytic flux was twice of that of 
the wild-type strain (Causey et al. 2003). 

13.6.2.2 Succinic Acid 

Succinic acid is used as acidulants or food preservative in 
the food industry. Commercial production of succinic acid 
is dependent on chemical synthesis. However, due to the 
increased cost of petrochemicals, biotechnology companies 
are currently interested in biobased production processes 
using fermentation technology. E. coli is mostly used for 
commercial production of succinic acid. Under natural 
conditions, succinic acid is produced as a mixed fermenta
tion product with lactic acid and formic acid under 
anaerobic conditions of glucose metabolism. Metabolic 
engineering was applied for strain improvement to increase 
the succinic acid yield in E. coli. 
One approach was to increase the flux of succinic acid 

production by overexpressing phosphoenol-pyruvate (PEP) 
carboxylase. This increased the percentage yield of succinic 
acid from 12% to 45%. Another approach was to direct 
pyruvate flux to succinic acid production. This was 
achieved by transforming a wild-type E. coli strain with 
a plasmid that expresses the pyruvate carboxylase of Rhi
zobium etli. This strategy increased succinate percentage 
yield by 17%. Further modification was performed to 
prevent the accumulation of undesired byproducts such 
as lactic acid and formic acid. An industrial E.coli strain 
was modified to reduce the byproduct formation by mutat
ing the genes lactate dehydrogenase (ldhA) and pyruvate-
formate lyase (pfl) and overexpressing the malic enzyme 
gene of Ascaris sum. Another strain that was derived from 
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the same industrial strain with spontaneous chromosomal 
mutation produced succinic acid with 70% yield when it 
was grown on glucose under anaerobic condition with 5% 
H2 and 95% CO2 (Liu & Jarboe 2012). 

13.6.2.3 Pyruvic Acid 

Pyruvic acid is used as a dietary supplement and is therefore 
a neutraceutical. Although several microorganisms are 
capable of producing pyruvic acid, E.coli produced it 
with the highest yield and in the shortest period of time. 
The major modifications were brought to the inactivation of 
pyruvate consumption pathway by pyruvate dehydrogenase 
complex. The E. coli strain accumulated 25.5 g L�1 pyru
vate from 50 g L�1 glucose in 32 hours. Pyruvate produc
tion was further improved by introducing a mutation in F1
ATPase and the new strain was designated TBLA-1. It 
produced more than 30 g L�1 of pyruvate from 50 g L�1 of 
glucose in 24 hours (Kern et al. 2007; Liu & Jarboe 2012). 

13.6.2.4 L-Phenylalanine 

L-phenylalanine is used to make the low-calorie sweetener 
aspartame. Under natural conditions, the synthesis of 
phenylalanine is strictly regulated by a group of genes, 
which restrict the secretion of the amino acid into the 
extracellular medium. To enhance its secretion in the 
medium, phenylalanine production-associated protein 
PheA was overexpressed in E. coli. In addition, genes 
that are resistant to the feedback inhibition of phenylalanine 
such as aroG and aroK and genes that reduce the lag phase 
of glucose such as ydiB were overexpressed in E. coli. This 
increased the concentration, yield and productivity of 
phenylalanine in fermentation medium compared to the 
wild-type strain (Liu et al. 2013; Liu & Jarboe 2012). 

13.7 Perspectives 

The efficient production of a desired product using fermen
tation processes requires extensive knowledge of the meta
bolic pathway of the organism as the products are generally 
synthesized as intermediates or end-products of the meta
bolic pathways. We have discussed the application of 
metabolic engineering in the production of food and 
food ingredients using yeasts and bacteria, emphasizing 
the need for an optimization of cellular metabolic pathways 
through genetic modification in various bioprocesses for 
higher productivity. However, many of such genetic modi
fications made for strain improvement are not limited to 
metabolic pathways but may also have been expanded to 

other intracellular machineries involved, such as transporter 
proteins (e.g. proline transport proteins in S. cerevisiae) or  
biomass and growth-associated proteins (e.g. ethanol yield 
in S. cerevisiae) as required. Again, some changes were 
related to improve product quality and process performance 
(e.g. baker’s yeast and wine yeast). The stress tolerance of 
microorganisms during the bioprocess is another critical 
factor for consideration. It is apparent that, in the food 
industries, the application of metabolic engineering is 
versatile. Depending on the product of interest, genetic 
modifications are applied to the central metabolic pathway, 
biosynthetic pathway or even at the transporter proteins 
associated with substrate utilization and product formation. 
Metabolic engineering has so far contributed to the 

establishment of a number of industrial strains for efficient 
production of various metabolites in food industries. In 
some cases, integration of high-throughput omics data has 
enabled manipulation of the metabolic network of micro
organisms to increased production of target substances that 
are only produced in limited amounts under natural condi
tions of growth. In this review, only the most common 
microorganisms that have been genetically modified and 
are already in use in food industries are discussed. There are 
many other microorganisms such as Bacillus subtilis, Cor
ynebacterium glutamicum and Aspergillus species which 
are currently undergoing metabolic engineering in the 
process of application to food industries (Schallmey 
et al. 2004; Levin 2006; Wittmann 2010; Wang et al. 
2012; Narayanan et al. 2013). 
Metabolic engineering is a continuously growing field. 

The integration of omics data has enhanced our understand
ing of the complex metabolic network of industrially impor
tant organisms. However, the overall metabolic network and 
regulation of this network by different global regulators are 
understood only for a few microorganisms such as E. coli. In  
case of E. coli, there are more than 40 global regulators 
including transcription factors or other regulatory proteins. 
These regulators either play the dominant role or co-ordinate 
with other regulators to regulate the metabolic pathway 
genes. The networks of E. coli have been extensively 
studied, and this was possible due to the relatively simpler 
nature of this prokaryotic organism. In comparison, S. 
cerevisiae is a more complex, eukaryotic organism which 
still requires additional laboratory-based and bioinformatics 
studies for complete understanding of its metabolic regula
tory networks. This demands massive investments in labo
ratory and computational resources. While data mining is a 
major problem, especially in cases of eukaryotic organisms, 
metabolic engineering is still among the most robust tech
niques for strain improvement, especially for fine tuning of 
the genetic features of the organism. 



240 Advances in Food Biotechnology 

Until now, many substances of industrial importance are 
chemically synthesized. Even in the food industries sub
stances such as xylitol, mannitol and succinic acid are still 
mainly synthesized by chemical process. However, with a 
growing interest in a shift of paradigm from fossil-fuel
based processes to bioprocesses for a sustainable future, 
increasing public awareness of the nutritional value of 
fermented foods and ingredients and increasing demand 
for the growing world population, it appears likely that 
fermentation-based food industries will see a great expan
sion in the near future. This may involve new products, new 
features in a product or production capacities that will 
accompany more and more input from the research benches 
equipped with next-generation, high-throughput technolo
gies, bioinformatics capabilities and modern tools for 
building sophisticated metabolic models. The combination 
of systems biology with metabolic engineering, which is 
now referred to as systems metabolic engineering, has 
changed the goal of utilizing microbial cell in food produc
tion to using them as small food factories. Systems meta
bolic engineering is superior to traditional metabolic 
engineering in several ways because it is more informed 
and holistic in nature. As a result, application of this 
approach is expected to contribute to the production of 
cheaper, higher-quality products and therefore play a more 
prominent role in the bioprocess-based food industries. 
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14.1 Introduction 

A fermented food or beverage can be defined as an edible 
product prepared from raw or cooked materials of plant or 
animal origins, whose production involved the action of 
enzymes or microorganisms either naturally or by adding a 
mixed or pure culture (Campbell-Platt 1994; Holzapfel 
2002; Tamang & Fleet 2009). The principal objective of 
fermentation is the preservation of supplies; nonetheless, 
the metabolic activities of microorganisms will also contrib
ute to the development of characteristic properties such as 
taste, aroma, visual appearance, texture, enrichment of food, 
improvement of digestibility and safety (Holzapfel 2002; 
Motarjemi 2002). Furthermore, fermentation is an affordable 
technology with the potential to enhance food safety by 
controlling the growth and multiplication of numerous path
ogens in foods and therefore play an important role in human 
nutrition, particularly in developing countries where eco
nomic problems are a major barrier to ensuring food safety 
(Motarjemi 2002). Remarkably, fermented foods and bever
ages are consumed worldwide and represent approximately 
one-third of food intake (Campbell-Platt 1994). 

Among the microorganisms capable of fermenting and 
used in the production of beverages and foods, the most 
important eukaryotic group is the yeasts (Tamang & Fleet 
2009). These microorganisms are single-cell fungi and 
occur at diverse ecological niches and geographical areas. 
The yeast species with the greatest relevance are involved in 

the production of alcoholic beverages and bread fermenta
tion, and belong to the Saccharomyces genus which can 
grow in the absence of oxygen (aerobic yeasts) by using 
fermentation metabolic pathways (Pronk et al. 1996; 
Olsson & Mo 2001). This process involves the transforma
tion of a carbohydrate such as glucose into ethanol and 
carbon dioxide. Remarkably, when there is a high concen
tration of carbohydrates the fermentation can occur even in 
the presence of oxygen since the respiratory pathway is 
repressed by the glucose repression circuit (Johnston 1999). 
This fermentation occurrence under aerobic conditions is 
occasionally referred to as the Crabtree effect, and yeasts 
capable of this feat are referred as Crabtree-positive yeasts 
(Pronk et al. 1996). After glucose depletion and ethanol 
accumulation, in the presence of oxygen, these yeasts can 
thereafter change to respiration process using ethanol as a 
subtract (Sicard & Legras 2011). 
Several Saccharomyces species, such as S. cariocanus, S. 

mikatae, S. paradoxus and S. kudriavzevii have been used 
for making beverages or bread; however, they have only 
been used on a small scale (Naumova et al. 2005). Other 
species such as S. uvarum have been isolated from cider and 
wine fermentations (Naumova et al. 2005), and S. bayanus 
is involved in lager beer fermentations (Naumova et al. 
2005; Nakao et al. 2009). Nonetheless, the most commonly 
used specie is S. cerevisiae which is involved in ale 
beer, sake, wine, palm and bread fermentations (Fay & 
Benavides 2005; Legras et al. 2007). 
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Wine fermentation is an ecologically complex process 
compromising the growth, development and succession of 
non-Saccharomyces and Saccharomyces species and 
strains (Fleet 2008). Such complexity challenges the con
trol of fermentation, although knowledge of species and 
strain growth and dominance is required when selecting or 
designing yeast cultures since these define the final product 
characteristics (Fleet 2008). 
The dynamics of yeast growth during wine fermentation 

is affected by several factors, namely: grape juice compo
sition; dissolved oxygen concentration; pesticide residues; 
sulphur dioxide addition; ethanol accumulation; tempera
ture; killer factors; and quorum-sensing molecules (Yap 
et al. 2000; Fleet 2003; Nissen et al. 2003; Hogan 2006; 
Pérez-Nevado et al. 2006). However, knowledge of how 
these factors affect species and strain population dynamics 
is still scarce (Fleet 2008; Zott et al. 2008). Even so, 
increasing ethanol concentration is cited as a major factor 
for modulation of yeast population dynamics where the 
microorganisms that are more sensitive to ethanol succumb 
first, before yielding to the more resistant (frequently 
Saccharomyces) species. Despite this, species belonging 
to Hanseniaspora, Candida and Kluyveromyces genera 
with high ethanol resistance have been recently isolated 
from wine fermentations (Pina et al. 2004; Xufre et al. 
2006; Nisiotou et al. 2007). 
Indeed, most wine fermentations are carried out by 

selected single strains of S. cerevisiae, which are added 
to grapes after crushing. This guarantees an increased 
control over the fermentation, with more predictable results 
and a decreased probability of spoilage by other micro
organisms. There are several commercial yeast strains 

available, and their specific use impacts the final character
istics of the produced wines as they differentially produce 
secondary metabolites, thus releasing many aroma com
pounds from the inactive precursors (Swiegers et al. 2005; 
Swiegers & Pretorius 2007). Any genetic variation present 
within S. cerevisiae strains and involved in the production 
or release of molecules with sensorial relevance will there
fore affect wine characteristics (Chambers & Pretorius 
2010). Swiegers and collaborators demonstrated that inoc
ulum of different commercial yeast strains produce wines 
with different volatile thiol profiles; it is these thiols which 
are responsible for the passion fruit, tropical fruits and citrus 
flavours (Swiegers et al. 2009). 
In this chapter, we will cover the metabolic impact of 

these yeasts on the production of fermented products, with a 
special focus on wine fermentations, as well as the existing 
methods to recover and identify fermentative yeasts, meth
ods for selection and improvement of yeast strains, pheno
typic and genetic characterization methods and existing 
approaches that link the genome to phenotype. A special 
relevance will be given to wine yeasts throughout. 

14.2	 Microorganism Relevance in Wine 
Production 

Grapes and wine musts harbour a complex microbial 
ecology which play a crucial role in wine fermentation 
as they impact on wine flavour (Table 14.1) and, conse
quently, on its quality and value. Indeed, this consortium 
involves not only yeasts, which are responsible for obtain
ing wine, and lactic acid bacteria that contribute to the 

Table 14.1 Yeasts other than Saccharomyces cerevisiae that can alter wine organoleptic characteristics. 

Candida albicans Debaryomyces membranaefaciens Pichia anomala 
Candida cantarellii Debaryomyces vanriji Pichia farinosa 
Candida flavus Dekkera bruxellensis Pichia fermentans 
Candida lipolytica Hanseniaspora guilliermondii Pichia guilliermondii 
Candida norvegensis Hanseniaspora occidentalis Pichia kluyveri 
Candida olea Hanseniaspora osmophila Pichia kundriazevii 
Candida oleophila Hanseniaspora uvarum Pichia membranifaciens 
Candida silvae Hanseniaspora vineae Saccharomyces bayanus 
Candida stellata Issatchenkia occidentalis Saccharomyces kluyveri 
Candida tropicalis Issatchenkia terricola Saccharomycodes ludwigii 
Candida wickerhamii Kloeckera thermotolerans Schizosaccharomyces pombe 
Candida zemplinina Kluyveromyces marxianus Torulaspora delbrueckii 
Citeromyces matritensis Kluyveromyces thermotolerans Zygoascus hellenicus 
Cryptococcus albidus Metschnikowia pulcherrima Zygosaccharomyces bailii 
Debaryomyces hansenii Metschnikowia reukaufii 
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enrichment of wine organoleptic characteristics, but also 
spoilage microorganisms that can make unpleasant contri
butions to the wine (Pozo-Bayón et al. 2012). 

Of all the molecules present in wines, phenols are a class 
of major relevance, especially in red wines. Their phenolic 
content is influenced by several factors, namely grape 
variety, maceration temperature, length of grape pomace 
contact, yeast metabolism and other vinification conditions 
(Caridi et al. 2004). Indeed, wine sensory characteristics 
such as colour and astringency are greatly dependent on the 
type, quality and quantity of phenolics, namely anthocya
nins, flavonols, catechins and other flavonoids (Caridi et al. 
2004). 

Anthocyanins, extracted from grapes during maceration, 
are responsible for the red colour of wine (Suárez-Lepe & 
Morata 2012). During the production of red wines however, 
the colour is affected by interactions with yeasts molecules. 
Indeed, the anthocyanins can be adsorbed by the yeast walls 
through weak and reversible interactions, or by yeast 
metabolites such as pyruvic acid and acetaldehyde which 
react with several phenolics and stabilize colour pigments 
during wine maturation and ageing (Caridi et al. 2004). 
These metabolites are produced during fermentation when 
glucose is converted into pyruvate to produce energy, 
which is then metabolized into acetaldehyde that acts as 
a terminal electron acceptor. Additionally, the produced 
pyruvate and acetaldehyde molecules diffuse out of the 
yeast cytoplasm, providing precursor molecules for the 
production of highly stable pyranoanthocyanins adducts 
(Suárez-Lepe & Morata 2012). These pyranoanthocyanins 
englobe vitisin A and B, which are pigments formed by the 
condensation between the anthocyanin malvidin-3-O
glucoside (the predominantly occurring anthocyanin in 
must) and pyruvic acid or acetaldehyde, respectively (Morata 
et al. 2003). Another process to form stable colour pigments 
is carried out by yeasts with hydroxycinnamate 
decarboxylase (HCDC) activity. These yeasts decarboxylate 
hydroxycinnamic acids and form vinylphenols which con
dense with anthocyanins and form colour-stable vinylphe
nolic pyranoanthocyanin adducts (Morata et al. 2007). As 
several non-Saccharomyces strains shows higher HCDC 
activity, several authors have suggested the addition of these 
yeasts to increase the formation of vinylphenolic pyranoan
thocyanins during fermentation. One of these yeasts is Pichia 
guillermondii; however, because it has a low fermentative 
power, therefore S. cerevisiae should be added to complete 
the fermentation once the vinylphenolic pigments are formed 
(Benito et al. 2011). 

Several compounds responsible for the numerous aromas 
are formed during wine production, namely higher alcohols 
and esters. The catabolism of sulphur-containing amino 

acid (methionine), aromatic amino acids (phenylalanine, 
tyrosine and trytophan) and branched-chain amino acids 
(leucine, valine and isoleucine) results in the formation of 
fusel alcohols and fusel acids (Hazelwood et al. 2008). 
Additionally, the obtained higher alcohols are involved in 
the ‘winey’ aroma of fermented musts, and their intensity 
depends on the concentrations and types of alcohols 
(Lambrechts & Pretorius 2000). Nonetheless, the produc
tion of higher alcohols is dependent upon the winemaking 
techniques, the musts composition and its initial oxygen
ation, the fermentation conditions and the yeast strains used 
(Suárez-Lepe & Morata 2012). 
Yeasts also produce esters during fermentation, which 

are the second-most-abundant volatile compounds in wine 
and give fruity aromas to wine. Esters are produced by 
esterases, alcohol acetyltransferases and lipases (Sumby 
et al. 2010). Additionally, yeast strains produce diverse 
amounts of esters, reflecting a variety of wine aromas 
profiles (Lambrechts & Pretorius 2000; Cadière et al. 
2011). Ethyl acetate is the most abundant ester in wine, 
and is formed by a reaction between acetic acid and ethanol. 
When at low concentrations (<100 mg L�1) it imprints a 
fruity aroma, but when at higher concentrations (>100 mg 
L�1) it turns into a solvent/nail polish aroma. The type and 
concentration of esters in wine depend on the grape variety 
and amino acid profiles in grape, as well as on the nitrogen 
content of the musts (Richter et al. 2013). 
Nonetheless, during wine production several spoilage 

microorganisms such as moulds, yeasts and lactic acid 
bacteria might develop and negatively impact the wine 
quality or even present food safety issues for the consumer. 
Indeed, the health of the wine consumer might be jeopardized 
by the production of several types of molecules by micro
organisms present during the wine fermentation, namely 
ochratoxin A, ethyl carbamate and biogenic amines. 
Ochratoxin A (OTA) is a mycotoxin and a possible 

carcinogen, which has also been reported to be nephrotoxic, 
hepatotoxic, inmunotoxic and teratogenic in animals and 
probably in humans (Pozo-Bayón et al. 2012). This myco
toxin is produced by several Aspergillus and Penicillium 
species. From the genus Aspergillus 21 species were shown 
to produce this toxin, in particular those Aspergillus belong
ing to the Circumdati, Flavi and Nigri sections. Addition
ally, from the genus Penicillium only Penicillium 
verrucosum and Penicillium nordicum were reported to 
produce OTA (Abarca et al. 2014). During fermentation in 
the wine cellar, some measures can be implemented to 
minimize levels of OTA in wine such as the addition of 
phenolic anti-oxidant compounds that suppress OTA pro
duction in several Aspergillus species, the removal of 
sediments and yeast cells after fermentation and the 
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addition of fining agents and/or yeast mannoproteins to 
bind OTA (Pozo-Bayón et al. 2012). 
Ethyl carbamate (urethane) is a compound with poten

tially carcinogenic properties whose main precursors are 
produced by fermentative yeasts, namely urea and ethanol, 
in a reaction that is favoured at high temperature and low 
pH (Pozo-Bayón et al. 2012). Additionally, during malo
lactic fermentation, lactic acid bacteria can produce other 
precursors: carbamyl phosphate and citruline (Pozo-Bayón 
et al. 2012). To minimize the presence of ethyl carbamate in 
wine, spontaneous malolactic fermentations by undefined 
bacterial strains should be avoided. 
Regarding biogenic amines, they are low-molecular

weight compounds containing one or more organic substit
uents bonded to a nitrogen atom, are derived from aromatic 
or cationic amino acids and have a hydrophobic skeleton. 
They can be classified as aliphatic (putrescine, cadaverine, 
spermine, spermidine), aromatic (tyramine, phenylethyl
amine) or heterocyclic (histamine,tryptamine) amines. 
Those amines found in wines are mainly formed by fer
mentative processes and during aging and storage. Addi
tionally, biogenic amine toxicity can be increased by the 
ethanol and acetaldehyde present in wine, as these inhibit 
the enzymes responsible for detoxification that are present 
in intestinal tract. The reaction caused by biogenic amines 
vary from rash, edema, headaches, vomiting, diarrhoea, 
hypotension, palpitations and heart problems for histamine, 
to hypertension and other symptoms associated with vaso
constriction for tyramine and phenylethylamine. Interest
ingly, even those biogenic amines that are not toxic per se 
can increase the toxicity of the other biogenic amines by 
interfering in detoxification reactions (Pozo-Bayón et al. 
2012). 
Yeasts are minor producers of biogenic amines in wines 

(Torrea & Ancín 2002). Indeed, malolactic acid and lactic 
acid bacteria are the major producers of biogenic amines via 
the synthesis of decarboxylate enzymes for the correspond
ing precursor amino acid. It should be highlighted that the 
capacity to produce biogenic amines varies among bacterial 
strains. Although several enological practices such as lon
ger maceration periods or over lees aging might enhance 
wine complexity, care should be taken as they also increase 
amino acid precursors for biogenic amine production. 
Additionally, yeasts can indirectly influence the production 
of biogenic amines by modulating amino acid composition 
of the must during fermentation or during yeast autolysis 
(Pozo-Bayón et al. 2012). To reduce the presence of 
biogenic amines in wines, current strategies include the 
use of selected bacteria starter without amino acid 
decarboxylase enzymes activity, such as O. oeni strains, 
that are inoculated in wine fermentation and avoid the 

production of biogenic amines. Other strategies include 
the application of clarification substances, such as bentonite 
and PVPP, as these compounds can adsorb some biogenic 
amines (Pozo-Bayón et al. 2012). 
Regarding wine aging, this process can also be impacted 

by the lees of microorganisms. Such lees are mainly 
constituted by debris of alcoholic fermentation yeasts 
and some bacteria and, in minor proportions, by several 
inorganic compounds and tartaric salts (Rodrigues et al. 
2012). The aging of wines on lees have as sensorial 
objectives the reduction of bitterness and astringency, 
the enhancement of structure, roundness and body of 
wine, the increase of complexity and persistence of wine 
aromatic notes (Del Barrio-Galán et al. 2011) and even the 
improvement of colour stability during aging of red wines 
(Escot et al. 2001). Furthermore, yeast lees increase bacte
rial activity and growth throughout malolactic fermentation 
(Rodrigues et al. 2012). During this aging process, lees go 
through a self-degradation mechanism called autolysis 
where the cell wall is degraded and compounds such as 
polysaccharides, mannoproteins, amino acids, peptides, 
fatty acids and lipids are released, impacting the wine 
characteristics (Tao et al. 2014). 
Lees can also decrease the content of volatile compounds 

in wines throughout sorption of these compounds by lees 
cell walls (Pozo-Bayón et al. 2009). Indeed, it was reported 
that lees are able to reduce the content of 4-ethylphenol and 
4-ethylguaiacol, both undesirable at high concentrations 
(Chassagne et al. 2005). Further, lees can attenuate the 
impact of wood in wines by binding oak-related com
pounds such as eugenol, furfural and 4-methylfurfural 
(Jiménez Moreno & Ancín Azpilicueta 2007). Molecules 
as 4-propylguaiacol, 4-methylguaiacol and 5- cell-wall 
mannoproteins have amphilic character and polarity and 
are involved these sorption phenomena (Tao et al. 2014). 
Consequently, mannoproteins are the main factor respon
sible for wine astringency reduction, tannins retention and 
the binding of anthocyanins and other volatile compounds 
(Rodrigues et al. 2012). Considering that cell-wall propert
ies vary depending on the yeast species, the selection of 
non-Saccharomyces strains to obtain lees with different 
properties was suggested by several authors. For example, 
wines aged over lees with Schizosaccharomyces have 
scored well in sensorial tests when compared to wines 
aged over lees with Saccharomyces (Suárez-Lepe & Morata 
2012). 
Other compounds released by yeast lees during aging are 

nitrogenous substances that can act as precursors for aro
matic compounds, enhancing the final wine bouquet of 
wine. For example, the aging of Chardonnay wines over 
lees resulted in the enrichment of active flavour compounds 
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such as ketones, lactones, terpenoids, esters and aldehydes 
(Liberatore et al. 2010). The use of lees also has some risks 
however, namely the production of bad volatile compounds 
and sulphur odours. To avoid these undesirable traits, 
periodic stirring during aging on lees is suggested (Tao 
et al. 2014). Indeed, the phenolic profile of wines can be 
affected by lees because phenols can also be adsorbed on 
lees. For example, flavan-3-ol derivatives and coloured 
compounds formed from phenolic condensation and oxi
dation in white wines can be retained by yeast cell walls 
(Rtega et al. 2002). This capacity to adsorb phenolic 
compounds is suggested to be related to yeast membrane 
sterols (Márquez et al. 2009). Additionally, wine aging 
over lees can result in significant increases in hydroxycin
namate analogues and a moderate increase in several 
benzoate derivatives (Karathanos et al. 2008). These 
have anti-oxidant activities, so might increase the nutri
tional value of wine (Fernández-Pachón et al. 2006). 

One strategy to improve the wine aging is the selection of 
yeast strains to produce lees. The traits with more relevance 
are the composition of yeast cell walls, autolysis and release 
of polysaccharide and wine colour stability during aging 
(Tao et al. 2014). 

14.3	 Methods to Recover Fermentative 
Yeasts 

Several beverage and food industries have standardized 
microbiological methods for sanitation, quality control and 
fermentation monitoring. In the brewing industry, interna
tionally marketed brands are dependent on their product 
consistency over the years and uniformity across the globe 
(Boundy-Mills 2006). Conversely, in the wine industry the 
product temporal and regional variation is accepted and 
recognized, being defined in terms as vintage or terroir 
(Boundy-Mills 2006). 

The sample picking for fermentative yeasts recovering is 
not trivial, as to obtain maximum information and to 
recover the maximum of biodiversity it is important to 
be aware of all the methodological details. For instance, if 
the sampling target is grape berries, and considering that 
bunches carry different microorganism populations, it 
would be preferable to collect smaller samples of brunches 
and analyse them individually, instead of blending them 
into a larger sampling (Barata et al. 2008). Another detail is 
the exact sampling locations; sampling should be carried 
out at several locations in the vineyard to capture the 
uneven microbial spatial distribution and to better under
stand the behaviour of these natural microbial populations 
(Barata et al. 2012). 

There are several methods to dislodge yeast from grapes. 
Combina and collaborators compared the yeast recovered 
by rinsing and shaking, jet streaming and blending and 
crushing into a sterile bag. The method that showed the 
highest number of yeast counts was blending and crushing, 
followed by jet streaming and finally rinsing and shaking 
(Combina et al. 2005). For all these methodologies the 
recovered yeasts can be posteriorly plated, thus unveiling 
the microorganism diversity. 
When the grape juice is allowed to spontaneously fer

ment, it undergoes an enrichment phase. To capture the 
maximum microorganism diversity, the addition of sulphur 
dioxide at this step should be avoided since it will affect the 
sensitive species (Barata et al. 2012). While fermentative 
species such as S. cerevisiae are present at very low 
proportions on healthy grapes (Rosini et al. 1982; Martini 
et al. 1996), with the increase of ethanol concentration the 
proportion of this ethanol-tolerant species rises (Boundy-
Mills 2006). Such enrichment will therefore allow for 
recovering and detecting the fermentative and most tech
nologically relevant species and strains. The enrichment 
step may also be conducted with culture media where 
berries, diluted suspensions or juices are applied (Barata 
et al. 2012). 
The selection of culture media is critical for screening the 

microbial population, since it will dictate which micro
organisms will be recovered. General-purpose culture 
media will favour the recovery of frequent and faster-
growing species (Barata et al. 2012). Yeasts are fungi, 
however, being saprophytic and unable to perform photo
synthesis or nitrogen fixation, so they will require carbon 
and nitrogen sources. On the other hand, the required 
vitamins, minerals and other growth factors are dependent 
on the yeast species (Boundy-Mills 2006). Generally, 
media include a carbon source (glucose, fructose, sucrose), 
a nitrogen source (peptone, tryptone) and a complex sup
plement (yeast extract). The rich media that is widely used 
for yeast cultivation is YEPD, which is constituted by yeast 
extract, peptone and dextrose (Boundy-Mills 2006). 
It should be highlighted that the abundance and identity 

of yeast species are dependent on the biochemical compo
sition of the medium and sampling methods (Boundy-Mills 
2006). Consequently, a representative sampling method is 
essential to capture the maximum microbiological diver
sity. Samples with high concentrations of yeasts must be 
diluted before plating, to allow for the estimation of the 
original sample yeast concentration (Boundy-Mills 2006). 
Also, microorganisms may not be uniformly distributed in 
the target sample (Boundy-Mills 2006). For example, in the 
grape surface, yeasts will be more abundant in the areas 
with skin wounds where juice might have escaped than in 
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healthier areas of the grape. The general approach used to 
capture new and indigenous wine fermentative yeast strains 
consists of sterile collection of grapes, aseptically squeez
ing them and allowing fermentation to occur (Cappello 
et al. 2004). 
Finally, it is important to recall that fermentation is a 

complex process involving both yeasts and bacteria, and 
that the isolation of yeasts from these samples can be 
impaired by diverse factors. For instance, the higher growth 
rates of bacteria, together with the production of deleterious 
metabolites by these microorganisms, can inhibit yeast 
growth, preventing their detection and isolation (Smithee 
et al. 2014). The use of inhibitor compounds against 
bacteria, such as creatinine hydrochloride, can resolve 
this problem (Smithee et al. 2014). 

14.4 Identification of Fermentative Species 

The correct identification of microorganisms is critical for 
the complete understanding of microbial communities. 
Classical identification techniques were dependent on the 
morphological, the physiological and the biochemical state 
of cells, which could be very heterogeneous, hence result
ing in incorrect identifications or in ambiguous species 
attributions (Barata et al. 2012). Currently, the identifica
tion and detection of fermentative yeasts is mainly based on 
DNA methods. These methods have high specificity, are of 
easy application, deliver information on the phylogeny of 
detected species and are independent of morphological, 
physiological and biochemical criteria, unlike classical 
identification (Boundy-Mills 2006; Begerow et al. 2010). 
DNA amplification allows for the detection of all the 
species present, independently of the metabolic state of 
the cells (i.e. microorganisms can be active or dormant). 
Also, complementary DNA synthesis by reverse transcrip
tion of messenger RNA (mRNA) allows for the detection of 
metabolic active microorganisms (Boundy-Mills 2006). 
The ribosomal genes (5.8S, 18S and 26S) are the main 

target for amplification by PCR-based identification meth
ods. These genes are clustered in tandem, repeated 100–200 
times throughout the genome and are transcribed as a unit 
by the RNA polymerase I. Afterwards, post-transcriptional 
processes split this unit and remove the two internal 
transcribed spacers (ITS1 and ITS2; Carrascosa et al. 
2011; Schoch et al. 2012). 
A simple and powerful method is based on PCR ampli

fication of the 5.8S gene and the adjacent intergenic regions 
ITS1 and ITS2, followed by restriction analysis of ampli
fied products (Guillamón et al. 1998). This approach allows 
for the identification of 191 yeasts associated with food and 

beverages (Esteve-Zarzoso et al. 1999; de Llanos Frutos 
et al. 2004). In this method, the PCR product is digested 
with the restriction enzymes HaeIII, HinfI, CfoI and DdeI 
and compared with known restriction profiles, and only 
those inconclusive profiles will then be sequenced (Barata 
et al. 2012). 
The most commonly sequenced region of the ribosomal 

DNA are those encoding the 26S (Kurtzman & Robnett 
1998) and 18S (James et al. 1997) subunits. In eukaryotes 
the 18S ribosomal small subunit is less variable than its 
prokaryote homologue 16S, and therefore the 26S nuclear 
ribosomal large subunit (LSU) rRNA gene is preferred for 
eukaryotic species identification. Indeed, the available 
DNA sequences for the D1/D2 region of LSU in DNA 
databases allows for the identification of yeast species when 
the sequence homology is greater than 99%, and this can be 
complemented with the sequencing of the ITS regions 
(Kurtzman & Robnett 1998; Scorzetti et al. 2002; Schoch 
et al. 2012). 
The identification and quantification of microorganisms 

can be achieved by real-time PCR. This technique is based 
on detection and quantification of a fluorescent donor dye 
emission, where the intensity of the emission is directly 
proportional to the quantity of the PCR product and is 
highly specific and sensitive. However, it is highly depen
dent on the correct design of primers and probes (Barata 
et al. 2012), which is sometimes difficult to achieve. The 
main genes or genomic regions selected for these approach 
are the ITS and the D1/D2 rDNA regions (Kurtzman & 
Robnett 1998), the nuclear gene actin (Daniel 2003) and the 
mitochondrial gene COX2 (Belloch et al. 2000; Kurtzman & 
Robnett 2003). Previous studies have demonstrated the 
power of this technique, by monitoring Saccharomyces 
and Hanseniaspora species during ethanol fermentation 
(Hierro et al. 2006, 2007). When the nucleotide sequence 
similarity between species undermines the design of the 
primers, the construction of specific probes may be carried 
out by using random amplification of polymorphic DNA 
(RAPD), selecting and sequencing specific bands obtained 
by RAPD and then designing the primers from this region 
(Martorell et al. 2005; Salinas et al. 2009; Barata et al. 
2012). 
Recently, the advent of next-generation sequencing 

(NGS) tools has paved the way for metagenomics, which 
allows for the study of the complete landscape of microbial 
ecosystems, including uncultured organisms (Huson et al. 
2007; Simon & Daniel 2009; Illeghems et al. 2012). Such 
NGS technologies have steadily improved since their 
release, both by the increase in the read length and the 
improvement of assembly quality, and by becoming more 
cost-effective and less labour-intensive (Forde & O’Toole 
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2013). These improvements, along with the increasing 
number of genomes available in public databases, greatly 
contribute for the increasing robustness of this approach 
(Forde & O’Toole 2013). Nonetheless, it should not be 
assumed that these genomes are representative of the 
microorganisms present in the ecosystem (Illeghems 
et al. 2012). To unveil the yeast diversity in the microbial 
ecosystem, the regions that are normally targeted for 
sequence are ITS1, ITS2 and D2 rDNA (Illeghems et al. 
2012; Pinto et al. 2014; Bokulich et al. 2014). 

14.5	 Strain Identification 

Wine spontaneous fermentations involve a myriad of dif
ferent yeast species, whose biodiversity, both inter- and 
intraspecies, has been extensively studied (Csoma et al. 
2010; Di Maio et al. 2012; Schuller et al. 2012; Wang & 
Liu 2013). Interestingly, there is a report from one fermen
tation batch where 43 different S. cerevisiae strains were 
identified (Schuller et al. 2012). The methods generally 
used to differentiate yeast strains are based on DNA 
amplification, such as microsatellites and RAPD. Regard
ing S. cerevisiae strains differentiation an additional 
method may be used, namely amplification of interdelta 
sequences (Carrascosa et al. 2011). Microsatellites are 
repetitive regions of genomic DNA with a tandem motif 
shorter than 10 base pairs, which vary substantially in 
length. Several studies highlighted the high level of dis
crimination and reproducibility of this approach (Legras 
et al. 2005; Schuller et al. 2012) and pointed out several 
hypervariable loci for discriminating S. cerevisiae strains 
(Pérez et al. 2001; Legras et al. 2005). Legras used such an 
approach to infer the genetic diversity among 651 
S. cerevisiae strains from different technological and geo
graphical origins (Legras et al. 2007). After genotyping 12 
microsatellite loci, he identified 575 different genotypes 
organized by technological origin as bread, beer, wine and 
sake. The groups that showed a higher degree of relatedness 
were bread strains, which displayed a combination of 
alleles intermediate between beer and wine strains. Fur
thermore, strains for rice wine and sake were most proximal 
to strains for beer and bread. Interestingly, up to 28% of 
genetic diversity between these technological groups was 
related to different geographical origins, suggesting local 
domestications (Legras et al. 2007). 

The other approach to identify S. cerevisiae strains is 
based on the amplification of interdelta sequences. Gener
ally these interdelta sequences are 300 bp elements that 
flank Ty1 retrotransposons (Cameron et al. 1979). Approx
imately 100 copies of these elements are present in the yeast 

genome and may occur isolated from Ty1 retrotransposons, 
occurring with higher frequency in genomic regions adja
cent to transfer RNA genes (Eigel & Feldmann 1982). 
However, these elements vary enough in number and 
localization to allow for intraspecific discrimination of 
S. cerevisiae (Carrascosa et al. 2011). This technique has 
been optimized by the design of newer primers located near 
the previous ones, greatly increasing the discriminatory 
power of this technique (Legras & Karst 2003), reaching 
twice the strains differentiation in some studies (Schuller 
et al. 2004). Nevertheless, this technique has several dis
advantages such as the influence of DNA concentration 
(Fernández-Espinar et al. 2001; Schuller et al. 2004) and 
the low annealing temperature (42°C) during PCR in the 
obtained amplification profile. Nonetheless, these problems 
may be minimized by using standardized DNA concentra
tions and by increasing the annealing temperature to 55°C 
(Ciani et al. 2004), which results in a more stable amplifi
cation profile (Carrascosa et al. 2011). A study compared 
the interdelta patterns profile from the same 12 S. cerevisiae 
strains, conducted in two different laboratories, and con
cluded that the highest impact factors on reproducibility 
were the amplification enzyme Taq DNA polymerase and 
the technical differences between laboratories. The study 
also demonstrated that the interdelta fraction of bands with 
intermediate sizes 100–1000 bp were the most reproducible 
(Franco-Duarte et al. 2011). 

14.6	 Fermentative Yeast Phenotypic 
Characterization 

The application of starter cultures is general practice in 
the fermentation industry, as it guarantees the consistency 
of the final product. However, some boutique wineries are 
become more and more aware of the importance of the 
local microflora which can be regarded as a distinctive 
feature, and are increasingly promoting spontaneous fer
mentation to produce wines with more complexity, sty
listic distinction and vintage variability (Pretorius 2000; 
Steensels & Verstrepen 2014). 
Spontaneous fermentation is a privileged source for non-

conventional yeasts with the potential to be used as starter 
cultures, although these yeasts must have several industri
ally relevant characteristics. These yeasts normally occur at 
low rates and, normally, fermentation is started by non-
Saccharomyces and fast glucose-utilizing yeasts (normally 
Crabtree-negative) such as Hanseniaspora uvarum, Can
dida stellata, C. zemplinina and Metschnikowia pulcher
rima, most of which are frequently associated with the 
grape surface (Pretorius 2000). Despite not reaching high 
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concentrations during the fermentation, these yeasts do 
produce volatile compounds that can influence the final 
organoleptic profile of the resulting wines. Afterwards, with 
the steady increase in ethanol in the fermentation medium, 
these yeast populations start to decline and die (Fleet 2003). 
Eventually, the more ethanol-tolerant yeasts such as 
S. cerevisiae, S. bayanus or even Pichia kudriavzevii 
(Wang & Liu 2013) overtake the fermentative process 
(Steensels & Verstrepen 2014). 
Nevertheless, it should be pointed out that during alco

holic fermentation yeasts experience several other factors, 
besides ethanol, increasing concentration. In the case of 
wine production, the grape juice with high sugar levels, low 
pH, diverse nitrogen sources with variable concentration, 
temperature variation and sulphur dioxide are some exam
ples (Barbosa et al. 2014). 
The characterization of the strains of these microorgan

isms is of major importance for the selection of a micro
organism with traits of interest. Indeed, several authors 
suggest that autochthonous yeasts isolated from local vine
yards are better adapted to the grape and the region climate 
from where they were isolated. Additionally, these prac
tices could guarantee the improvement of wine complexity 
and maintenance of regional characteristics (Suárez-Lepe & 
Morata 2012). However, testing these numerous individual 
strains by small-scale fermentations can be too laborious; to 
overcome this problem, a phenotypic screen for pre-select
ing strains with industrial interest is frequently carried out. 
As described by Pretorius, a desirable S. cerevisiae strain 

for wine fermentation should have several properties which 
can be divided into four categories: fermentation properties; 
flavour characteristics; technological properties; and meta
bolic properties with health implications (Pretorius 2000). 
The fermentation properties include rapid initiation and 
efficient fermentation, ethanol and osmotic tolerance. The 
desired flavour characteristics comprise low formation of 
sulphide/DMS/thiol, low production of volatile acidity and 
higher alcohol, liberation of glycosylated flavour precursors, 
high glycerol production, hydrolytic activity and enhanced 
autolysis. The technological properties that should be exhib
ited by a desired strain are elevated genetic stability, sulphite 
and desiccation resistance, low foam formation, low
sulphite-binding activity, low nitrogen demand, proteolytic 
activity, genetic marking, zymocidal (killer) properties, floc
culation properties and compact sediment. Finally, for meta
bolic properties with health implications, strains should have 
low sulphite and biogenic amine formation and low ethyl 
carbamate (urea) potential (Pretorius 2000). 
The most relevant phenotypic characteristics however, 

which are generally physiologically screened, include: 
fermentation rate and optimum fermentation temperature; 

low foaming production; tolerance to sulphur dioxide (SO2) 
ethanol, temperature variation, osmotic stress, copper and 
low pH; completion of alcoholic fermentation to dryness 
(residual sugars <2 gL�1); killer phenotype; hydrogen 
sulphide (H2S) production; glycerol and acetic acid pro
duction; β-galactosidase and proteolytic enzyme activity; 
synthesis of higher alcohols; production of interesting 
aroma components and lack of off-flavours (Mendes 
et al. 2013; Barbosa et al. 2014; Bag ̆der Elmacı et al. 2014). 

Compounds such as esters, higher alcohols and acetal
dehyde are important for the aroma profile of wines. The 
quantification of these volatile components in yeast strains 
can be conducted in fermentation samples by gas chroma
tography (Steensels et al. 2014a). 
When the phenotypic screen assay aims to evaluate the 

fitness advantage, it is generally conducted by plating the 
yeasts in media including nutritional cues, temperature and 
a variety of stress conditions; the growth progression is 
subsequently monitored (Kvitek et al. 2008; Barbosa et al. 
2014). 
However, when screening aims to target the production 

of improved flavour, the assay conditions may prove to be 
challenging because differences in flavour production do 
not manifest in a phenotype of easily selectable fitness 
advantage (Steensels et al. 2014b). Instead of performing 
laborious intensive fermentation experiments, several strat
egies that use chemicals to select strains with a higher 
production of flavour were developed (Steensels et al. 
2014b). The use of several amino acid precursor analogues 
in screening media allows the selection of cells with 
decreased feedback inhibition of amino acid synthesis 
and increased production of aromatic alcohols. For exam
ple, the amino acid precursor analogues for leucine, 5,5,5
trifluoro-D,L-leucine or for tyrosine, 2-fluoro-L-tyrosine 
can be used for the selection of increased production of 
isoamyl alcohol and tyrosol, respectively (Fukuda et al. 
1991). 
Another example is the selection of strains with increased 

isoamyl acetate yield, but not increased ethyl acetate pro
duction, which can be carried out by screening for resist
ance to pregnenolone, a steroid that is detoxified by Atf2, as  
this enzyme is involved in isoamyl acetate production but 
not ethyl acetate production (Kitagaki & Kitamoto 2013). 
To select S. cerevisiae strains with increased ethyl ester 
production, cells are cultured in medium with cerulenin, 
an inhibitor of fatty acid synthesis, which will favour 
the growth of strains with increased fatty acid synthesis 
(Vicente et al. 2006; de Souza et al. 2012). 
The wine colour is a sensory feature of great importance. 

The red wine colour is dependent on the content of antho
cyanins, phenolic molecules formed by a glycosulated 
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Figure 14.1 Summary of all steps involved in the selection of feral or wild yeast strains with industrial potential. 

flavylium ion; monoglucoside anthocyanins are the most 
abundant (Mazza & Francis 1995). Additionally, these 
anthocyanins are hydrolysed by the action of a yeast peri
plasmic anthocyanin-b-D-glucosidase (b-D-glucosidase or 
anthocyanase), releasing glucose and corresponding antho
cyanindin which spontaneously converts to undesirable 
brown or colourless compounds. Despite b-D-glucosidases 
being involved in red wine colour loss, they are also reported 
to be involved in enhancing wine aroma by converting 
terpenylb-D-glucosides into terpenols (Valle et al. 1999). 
The measure of b-D glucosidase activity can be carried out by 
using rnitrophenyl-b-D-glucoside (pNPG) as substrate, and 
measuring the release of r-nitrophenol spectrophotometri
cally at 405 nm (Valle et al. 1999). 

The combined use of these strategies (Fig. 14.1) can 
contribute to narrowing down the selection of strains with 
industrial potential (Steensels et al. 2014b) for posterior 
small-scale fermentations. 

14.7 Yeast Improvement Strategies 

The generalized application of Saccharomyces spp. as 
starters in industrial fermentations limits the fermentation 
characteristics; furthermore, it is not known if the generally 
used S. cerevisiae strains are optimized for their tasks, since 
several strains show several flaws such as the production of 
off-flavours (Steensels & Verstrepen 2014). There are 
several approaches to improve yeasts, such as using non-
genetically modified organisms (non-GMO) or GMO orga
nisms, depending on the techniques applied. 

14.7.1	 Production and Selection 
of Non-GMO Yeasts 

A great number of industrial strains have characteristics 
which may impair the applicability of sexual hybridization, 
namely polyploidy or aneuploidy, low sporulation efficiency 
and/or low spore viability (Mortimer et al. 1994; Codón et al. 
1995). Even so, the sexual hybridization of yeast by direct 
mating, rare mating, mass mating and genome shuffling may 
result in new and differentiated strains. 

14.7.1.1 Direct mating 

This approach is based on the selection and crossing of two 
parents with desirable phenotypes (Steensels et al. 2014b). 
Depending on the parental yeast sexual cycle, the method 
varies from cell to cell, spore to cell or spore to spore 
mating. In this approach cell cultures from stable haploid 
yeasts are mixed and then screened for diploid cells. 
In cell-to-cell mating, haploid parents can be phenotyped 

before the crossing experiment, increasing the probability 
of selecting a desired hybrid. In addition, no inbreeding can 
occur since cells from the same parental strain type have 
just one mating type (Lindegren 1949). The homothallic 
nature of most industrial and feral yeast makes it impossible 
to the use this approach, (Steensels et al. 2014b). However, 
recently a mutation in the HO endonuclease gene which is 
responsible for mating-type switching has been described 
in feral strains (Katz Ezov et al. 2010), enabling them to 
be used in cell-to-cell mating (Steensels et al. 2014b). A 
genetic transformation, involving the disruption HO 
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endonuclease gene, would therefore in principle enable 
homothallic strains to be the target of cell-to-cell mating 
(Walker et al. 2005; Blasco et al. 2011). This genetic 
transformation yields a GMO however, which is conse
quently subject to GMO legislation (Steensels et al. 2014b). 
Furthermore, since many industrial strains are heterozygous 
for complex phenotypes, the identification of descendant 
haploids with the desired parental phenotype can be labo
rious (Steensels et al. 2014b). 
Spore-to-cell or spore-to-spore mating is preferable when 

one or both parental strains are homothallic, and it is not 
possible to obtain stable haploid segregants. The direct 
mating is achievable by placing two single spores of the 
parental strains near each other on an agar surface; any 
possible hybridization event, which only occurs when the 
spores are from the opposite mating type, can then be 
monitored (Steensels et al. 2014b). A major disadvantage 
is that is it not possible to pre-screen the spores before the 
mating (to check they have the desired parental strain 
phenotype) because of the segregation of the alleles 
(Steensels et al. 2014b). 

14.7.1.2 Rare Mating 

This approach is based on the use of the rare occurring diploid 
cells that are homozygous for the mating type locus (a/a or α/α) 
and are forced to mate with diploid cells with the opposite 
mating type (Gunge & Nakatomi 1972). The rare mating 
experiment involves the blending of dense cell suspensions 
of parental strains, which are typically a respiratory-deficient 
and an auxotrophic strain. The resulting hybrids are then 
submitted to a strict selection stage, and are only selected if 
they possess the required respiratory proficiency and proto
trophy (Pretorius 2000; Steensels et al. 2014b). 

14.7.1.3 Mass Mating and Genome Shuffling 

Mass mating involves the use of a large number of haploid 
cells which are allowed to randomly mate. As yeasts have a 
short life cycle, is possible to quickly carry rounds of 
crossing. This approach is suitable for homothallic strains, 
that is, strains with low mating efficiency, and can be used 
on interspecific hybridization when strong selective mark
ers for outbreeds are available (Kunicka-Styczynska & ́

Rajkowska 2011). 
The genome shuffling approach is based on the observa

tion that populations are heterogeneous and cells within the 
same population, although displaying an identical pheno
type, might be genetically different, thus harbouring bene
ficial mutations (Steensels et al. 2014b). The successive 
rounds of genetic recombination (either by protoplast 

fusion or by mass mating) and selection of this population 
will assemble different beneficial mutations in the same 
cell, leading to additive or synergistic effects on the phe
notype under study (Santos & Stephanopoulos 2008). This 
technique has the objective to enhance a phenotypic trait, 
which is generally obtained by mutagenizing a single strain. 
Subsequently, the resulting mutants are screened for the 
desired phenotype, and those showing an improved pheno
type are selected as a starting population for multiple 
rounds of genome shuffling, typically with an increase in 
the selective condition intensity. The exploitation of the full 
population genetic diversity is pointed as being the major 
benefit of this approach. Nonetheless, the strains that were 
selected for an improved phenotype might be inferior in 
other important traits, by harbouring deleterious alleles that 
were not selected (Steensels et al. 2014b). 

14.7.1.4 Protoplast Fusion 

Protoplast fusion, or spheroplast fusion, is a technique that 
aims to combine traits of multiple parents in one hybrid 
strain. This approach is applicable for strains unable to mate 
with each other, showing unstable mating type, incapable of 
sporulation or yielding inviable spores (Pretorius 2000). 
This approach combines three major steps: yeast cell-wall 
degradation (protoplasts generation); hybridization induc
tion; and cell-wall regeneration (Steensels et al. 2014b). 
With this method interspecific or intergeneric crosses are 
possible (Pretorius 2000). However, the success frequency 
of the hybrid formation is greatly dependent on the prox
imity of strains and the fusion protocol used (Peberdy 1980; 
Pina et al. 1986; Kavanagh & Whittaker 1996). The dis
advantages of this technique are the possibility of generat
ing mitotically unstable hybrids with chromosomal loss, or 
even dissociation in parental strains (Pina et al. 1986). 
Strains obtained by this technique can also be considered as 
GMOs in some regions (Steensels et al. 2014b). 

14.7.1.5 Cytoduction 

This approach is based on the fact that some desired traits 
are not harboured in the nuclear DNA, but rather in the 
mitochondrial DNA or even in the cytoplasm. The cyto
duction is the technique used to transfer this desired trait 
from a donor strain to a recipient strain, without affecting 
the nuclear integrity of recipient strain (Pretorius 2000). 
This method involves the use of a donor strain that harbours 
a dysfunctional KAR1 gene and, subsequently, is unable to 
perform karyogamy after hybridization (Conde & Fink 
1976; Georgieva & Rothstein 2002). As a disadvantage, 
it must be pointed that the engineering of kar1 mutants 
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requires genetic modification, which could hinder the use of 
this technique in industry (Steensels et al. 2014b). 

14.7.1.6 Mutagenesis 

In this approach random mutations are induced in the 
microorganism by physical or chemical agents, and subse
quently these mutant cells are phenotypically selected 
(Steensels et al. 2014b). 

This method consists of two steps, namely mutagenesis 
and screening. Normally the mutagenesis experiment con
sists of the growth of the strain of interest, followed by 
exposure to the mutagenic agent and finally a recovery step. 
Nevertheless, the type of genetic alteration required to 
improve a trait of interest and produce the most appropriate 
mutagen agent is difficult to predict. Consequently, the type 
of mutagen agent should be altered, and several rounds of 
mutagenesis performed to capture the maximum types of 
different genetic changes (Rowlands 1984). Another criti
cal detail is the intensity and the dose of the mutagenic 
agent applied. Very low doses will result in a low propor
tion of mutants, whereas high doses will generate mutants 
which can harbour multiple mutations, some of these 
deleterious, and a large proportion of unviable cells. This 
approach is normally applied with the objective of purging 
undesired monogenic traits (Giudici et al. 2005). 

14.7.1.7 Direct Evolution 

This approach is based in population genetic variation and 
further selection of its diversity. In this method, a popula
tion of cells is grown during numerous cell generations 
under continuous selection processes for the desired trait. 
After some time, mutations will occur and the population 
will evolve towards the selected trait. The genetic and 
phenotypic variation of the population can be increased 
by the use of sexual hybridization or mutagens. When a 
mutation results in an advantageous phenotype, the variants 
with the best match to the selective conditions will conse
quentially enrich the population. Since yeasts have a short 
generation time and are easily cultivated, directed evolution 
is a fast approach that can produce yeast strains with 
improved phenotypes (Elena & Lenski 2003; Buckling 
et al. 2009). Generally, directed evolution is applied to 
adjust a phenotype that is already shown by the chosen 
strain but is not yet optimal (Steensels et al. 2014b). 

14.7.2 Production of GMO Yeasts 

Genetic modification is the best strategy to improve yeasts, 
because this approach involves the modification of an 

organism’s genome in a controlled and precise manner 
using recombinant DNA and molecular techniques 
(Steensels et al. 2014b). The aim of this strategy is to 
change a characteristic of interest and, subsequently, to 
achieve genetic and phenotypic variability. By doing so, 
existing biochemical pathways are modified or heterolo
gous biochemical pathways are introduced. The use of 
GMOs is broadly accepted in the pharmaceutical industry; 
however, the application of GMOs in the food or biofuel 
industries is controversial and still under discussion. 
This approach has several differences when compared 

with traditional yeast improving strategies. Firstly, the 
genome of the organism is modified only at the predeter
mined targets, avoiding changes to the rest of the genome. 
Theoretically, the targeted phenotypes can be altered with
out negatively altering other traits, reducing the risk of 
generating crippled strains. Further, this approach is not 
confined to mutations that occur naturally or were randomly 
induced. The existing technology allows DNA transfer 
between different species which can even belong to differ
ent kingdoms, and artificial construction of DNA frag
ments, chromosomes or genomes (Gibson et al. 2008; 
Dymond et al. 2011). 
Genetic modification has several limitations, such as the 

requirement to know which genetic alterations must be 
accomplished to obtain the desired phenotype. However, 
this limitation can be surpassed by the use of inverse 
metabolic engineering, as described in Section 14.7.2.3 
below. Another limitation is that the methods used in 
genetic modifications must be optimized for each organism 
(Steensels et al. 2014b). 

14.7.2.1 Recombinant DNA Technology 

The efficient expression of DNA fragments in yeast is 
generally accomplished by the use of plasmids, by the 
integration of the DNA fragment in the host’s genome, 
or even by the combination of both strategies. The selection 
of the plasmid vector, allows the copy number of DNA 
fragment introduced to be varied over the range 10–40 
copies per cell in YEp vectors, and 1–2 copies per cell for 
YCp vectors (Clarke & Carbon 1980; Christianson et al. 
1992; Romanos et al. 1992). Nonetheless, the low-copy
number plasmids YCp are more stable because they possess 
an origin of replication and centromere, resulting in higher 
segregation stability. Conversely, multicopy plasmids have 
lower segregational stability and, subsequently, its use 
results in a higher predisposition for population heteroge
neity (Steensels et al. 2014b). 
The integration of DNA fragments in targeted genome 

sites is achieved by homologous recombination and, for 
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S. cerevisiae, flanking regions of 30–45 bp from the desired 
target is generally enough to guarantee a successful inte
gration (Manivasakam et al. 1995). The yeast genome 
locations preferred for heterologous DNA fragment inte
gration are rDNA genes (Lopes et al. 1989) and delta 
sequences (Sakai et al. 1990; Lee & Da Silva 1997). 
Additionally, when multiple DNA fragments need to be 
integrated, instead of being inserted tandemly, their inser
tion should be carried out in diverse locals of the genome in 
order to guarantee its stability (Da Silva & Srikrishnan 
2012). 

14.7.2.2 Genetic Metabolic Engineering 

This strategy aims to optimize or establish metabolic path
ways for the synthesis of diverse products (Ostergaard et al. 
2000; Stephanopoulos 2012). The main targets for these 
modifications are enzymes, transporters, transcription fac
tors and regulator regulatory proteins (Woolston et al. 
2013). Additionally, this approach requires the information 
of the genetics behind a phenotype or a pathway of interest. 
With this information, it is possible to infer which genetic 
modifications are required to improve the desired trait; such 
modifications can consequently be carried out by recombi
nant DNA technology. Nonetheless, this strategy has sev
eral important points which must be considered. Firstly, 
high expression of heterologous genes might result in a 
significant metabolic burden for the cell. Secondly, the 
increased concentration of enzymes does not necessarily 
result in the best conditions for the synthesis of the com
pound (Jin et al. 2003; Steensels et al. 2014b). Thirdly, the 
expression levels of genes involved in a pathway might 
require fine-tuning in order to guarantee its metabolic flux 
balance; indeed, the optimization of promoter and termina
tor regions of the targeted genes is of major importance for 
metabolic engineering. Finally, as well as regulation at the 
transcription level, protein synthesis also depends on trans
lational efficiency which is affected by specific codon 
usage. Codons from heterologous genes might therefore 
need to be optimized, achieved by changing codons for 
codons of highly expressed genes. Remarkably, codon 
optimization of endogenous genes can also result in 
increased protein expression (Brat et al. 2012). 

14.7.2.3 Inverse Metabolic Engineering 

The underlying objectives of this are to understand the 
genetics behind the phenotype or the pathway of interest, 
followed by the optimization of the yeast strain. The first 
step of this approach can be carried by screening for the trait 
of interest in a heterogeneous yeast collection (Steensels 

et al. 2014b). The link between the genotype and 
phenotype must be resolved, which can be achieved by 
genetic mapping, genetic analysis or even by using omics 
technology. Finally, this knowledge is applied to improve 
a strain by targeted genetic modification (Steensels et al. 
2014b). 

14.7.2.4 Synthetic Biology 

The main aim of synthetic biology is to engineer new 
biological components which can range from single gene 
fragments, reconstruction of biological systems, metabolic 
pathways to even the creation of new organisms. This 
approach encompasses two different strategies: either the 
use of natural components to assemble a system that acts 
unnaturally, or the use of designed DNA fragments to 
mimic natural components with the objective of engineer
ing artificial life (Steensels et al. 2014b). 
With the advent of the ability to chemically synthesize a 

designed DNA sequence, it is possible to construct individual 
genetic elements, referred to as biobricks, which can be 
assembled to form a more complex system such as metabolic 
pathways. Furthermore, it opens the possibility of the syn
thesis of artificial chromosomes or even totally synthetic 
cells, as the natural outcome of the synthesis of ever-increas
ing strings of DNA (Stephanopoulos 2012). Nonetheless, it is 
highly unlikely that an optimal functional yeast with be 
produced from a blueprint in the very near future (Steensels 
et al. 2014b). The limitations of this approach include the 
availability of biobricks, which restricts the assembly of the 
metabolicpathway and the diminutive information of cellular 
functions (Stephanopoulos 2012). 

14.8 From the Genome to Phenotype 

Stress tolerance and several phenotypical traits are multi
factorial and difficult to engineer. Consequently, 
approaches that do not require prior information between 
phenotype and genotype are preferred, namely directed 
evolution (Cakar et al. 2005), global transcription 
machinery engineering (Alper et al. 2006) and breeding 
(Benjaphokee et al. 2012). Nonetheless, these approaches 
may be problematic; despite improving knowledge on the 
relationship between phenotype and genotype, the selected 
strains may also harbour disadvantageous mutations (Swin
nen et al. 2012). Additionally, inverse engineering is an 
approach which aims to identify the genetic determinants 
involved in the selected phenotypic characteristic, and then 
improve the genetic targets of the selected strain (Bailey 
et al. 2002). This approach uses the information available 
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for yeast biodiversity and phenotypic variation within the 
S. cerevisiae species as well closely related species (Fay & 
Benavides 2005; Carreto et al. 2008; Kvitek et al. 2008; Liti 
et al. 2009; Schacherer et al. 2009; Csoma et al. 2010). 

14.8.1 Quantitative Trait Loci (QTL) 

The genetics underlying phenotypic variation is a very 
complex process. With the development of new methodol
ogies however, such as whole-genome sequencing, tran
scriptomics and metabolomics, an explosive amount of data 
is being generated, improving the knowledge of phenotypic 
variation at the molecular level and genetic contributors to 
variation (Borneman et al. 2013a, b). To efficiently exploit 
the genetic resources of strains, it is important to link 
genotypic variation with phenotypes (Borneman et al. 
2013a, b). The main approach used to tackle this is 
quantitative trait loci (QTL) mapping (Borneman et al. 
2013a, b). 

This is based on crossing strains that differ in the trait of 
interest (e.g. a high and low producer). Generally, the 
parental strains are haploid and the strain bearing the trait 
of interest (referred as the trait+ parent) is mated with a 
strain lacking this trait (referred as the trait- parent). The 
obtained diploid hybrid strain is then sporulated and the 
meiotic recombination events, which occur during meiosis 
(Mancera et al. 2008), produce genetically different segre
gants (Swinnen et al. 2012). The segregants with a trait 
similar to parental strains will harbour the genetic deter
minants important for the trait expression, whereas the 
segregants with lower trait expression will lack several 
of these genetic determinants (Swinnen et al. 2012). 

Subsequently, segregants with a phenotype similar to 
trait+ parent strain are selected, and the QTL positions are 
calculated with on the principle of meiotic recombination, 
responsible for the correlation concerning the relative dis
tance between two loci on a chromosome and their propen
sity to co-segregate in a cross. When the loci are positioned 
far apart from each other on the same chromosome, there is a 
high probability that cross-over will occur separating them in 
the cross. In this event, the recombination frequency of these 
loci is approximately 50%, which is a similar value for loci 
positioned on different chromosomes. When loci are closely 
positioned on the same chromosome, cross-over between 
loci is improbable and the loci generally segregate together in 
the cross. Consequently, the recombination frequency is 
approximately 0% for loci very close together. This meiotic 
recombination principle is based on the assumption that 
genetic determinant enrichment is important for the chosen 
phenotypic trait in the selected segregants, and this 

enrichment is deducible with genetic markers that co
segregate with the genetic determinants. Nevertheless, the 
significance of this enrichment has to be assessed by statisti
cal analysis (Swinnen et al. 2012). 

14.8.2 Selective Genotyping 

Selective genotyping is in its essence a QTL mapping 
strategy, but where the segregants with extreme phenotypic 
traits are selected. The advantage of this strategy is the high 
probability of finding a QTL (Lander & Botstein 1989). 
Nonetheless, when the ratio of extreme segregants obtained 
is low (suggesting that a large number of QTL is involved in 
the selected phenotype), it is advantageous to use the 
genotypic and phenotypic information of all segregants. 
It should be highlighted that, for QTL mapping, phenotypic 
variation between parents is not required; however, the 
segregant population must exhibit variation in the pheno
typic trait of interest. As each parent strain can harbour 
several loci with phenotypic opposite effects, the pheno
typic difference between these strains can be insignificant, 
although the segregants whose loci were separated should 
exhibit a more pronounced phenotypic trait (Rieseberg 
et al. 1999). 

14.8.3 Association Mapping 

Another strategy to identify genetic determinants of quan
titative traits is association mapping, where mapping is 
carried out at the population level including several strains 
instead of two parent strains. Association mapping pre
sumes that the strains which display the phenotype of 
interest have a higher probability of harbouring the impor
tant/responsible sequences than the strains that do not 
display the phenotype. This strategy is preferably used in 
higher organisms, in which experimental crosses are diffi
cult or even impossible to carry out (Risch 2000). None
theless, it has also been be applied to yeasts in a study where 
the complete genome of several S. cerevisiae strains from 
different origins (Liti et al. 2009) was sequenced, and then 
compared to information for approximately 200 phenotypic 
traits. The results concluded that genotypic and phenotypic 
information overlapped (Liti et al. 2009). While the main 
focus of this study was not the identification of the deter
minants responsible for the traits, these results indicate that 
association mapping might be a promising route in 
S. cerevisiae (Swinnen et al. 2012). This approach has 
the advantage of identifying the genetic determinants more 
easily, because it uses information at population level with 
subsequent larger diversity polymorphism from distinct 
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yeast isolates instead of just two parents or information of 
the segregants from a single cross (Schacherer et al. 2009). 
Disadvantages of this method include the fact that espistasis 
is not considered, where different genetic determinants may 
control the same trait in different strains, and reliable 
identification of a QTL defining a trait at population level 
is extremely difficult (Swinnen et al. 2012). 

14.8.4 High-Resolution QTL Mapping 

High-resolution QTL mapping approaches are possible 
with the development of new technologies and techniques, 
such as whole-genome re-sequencing and high-density 
oligonucleotide arrays. To detect the genetic variation 
between strains, a comparison of the profiles from gene 
expression microarrays allows genetic variation between 
strains to be detected, but not sequence alterations 
(Winzeler et al. 1998; Swinnen et al. 2012). Further, these 
gene expression arrays are designed to detect genetic 
variation of protein encoding genes, therefore only varia
tions regarding these regions are detected. It is also impor
tant to point out that the commercially available arrays are 
designed on the basis of the S. cerevisiae strain S288c 
genome sequence (Cherry et al. 1997); it must be high
lighted that the inferred QTL might only correspond to 
differences between the strain under study and S288c. 
Additionally, the QTL mapping power is dependent on 
the number of genotyped segregants and the use of gene 
expression arrays for each individual segregant is a labori
ous and expensive technique. To minimize these limita
tions, bulk-segregrant analysis was applied in QTL 
mapping (Segrè et al. 2006). In this analysis, two pools 
of segregants are constructed, namely the selected pool and 
the control pool. The selected pool is constituted by numer
ous segregants that exhibit the trait of interest, whereas the 
control pool is constituted by numerous segregants that do 
not exhibit the trait of interest. The genomic DNA from 

Table 14.2 Starter culture characteristics. 

each pool is then extracted and genotyped, the genetic 
regions that are overrepresented in the selected pool are 
compared against the control pool, and finally the loci 
contributing to the trait of interest are inferred (Swinnen 
et al. 2012). 
Whole-genome re-sequencing is another method used 

for high-resolution QTL mapping, which became available 
with the development of next-generation sequencing and 
subsequent production of an enormous volume of 
inexpensive sequence data (Metzker 2010). This technol
ogy opens the possibility of scoring large number of single-
nucleotide polymorphisms (SNPs) as markers. However, 
the whole-genome re-sequencing of numerous individual 
segregants is very expensive. Consequently, this technique 
is applied in combination with bulk-segregant analysis. 
Basically, the selected pool and control pool are sequenced, 
compared to parental sequences and the SNP frequency and 
chromosomal position of the selected and control pool are 
compared and statistically analysed (Swinnen et al. 2012). 

14.9 Future Perspectives and Challenges 

The use of S. cerevisiae and a few related species or hybrids 
in industrial fermentation reflects the desirable properties 
exhibited by these organisms, namely: fermentation per
formance; stress tolerance; the production of desirable 
aromas; and the lack of toxic metabolites production 
(Steensels & Verstrepen 2014; Table 14.2). However, 
the application of pure S. cerevisiae starter cultures has 
the drawback of limiting the development of new products 
with different features (Steensels & Verstrepen 2014). 
Furthermore, the rise of next-generation sequence technol
ogy has allowed the genetic characterization of yeasts with 
high-resolution levels, and exposed the low genetic diver
sity among the industrial strains that are currently used 
(Steensels et al. 2014b). These observations have high
lighted the importance of isolating, phenotypic screening 

Fermentation process performance Organoleptic characteristics Industrial properties 

Capable of fast, vigorous and complete 
fermentation of grape juice sugars to 
high ethanol concentrations 
(>8% v/v); tolerant to sulphur dioxide 
added to the juice; uniform dispersion 
throughout the fermenting juice; 
minimal foam production; fast 
sedimentation (after fermentation) 

Balanced array of flavour metabolites; 
lack of excess production of volatiles 
(acetic acid, ethyl acetate, hydrogen 
sulphide and sulphur dioxide); not 
prejudicial to wine colour or its tannic 
characteristics; allows the grape 
varietal character to be perceived by 
the consumer 

Cost-effective production; tolerant to the 
stresses of drying, packaging and 
storage; capable being rehydrated and 
reactivated 



Isolation and Selection of Conventional and Non-Conventional Fermentative Yeasts 257 

and genomic characterizing yeast strain collections of 
natural origin to select new yeast strains with superior 
characteristics. Furthermore, the non-conventional yeasts 
have already shown characteristics of industrial interest, 
such as the production or liberation of aroma compounds, 
antimicrobial activities and atypical carbon metabolism 
(Steensels & Verstrepen 2014). The isolation of such yeast 
strains involved in natural fermentation and posterior 
screening for industrially relevant features is therefore cited 
as a method of improving and/or differentiating fermented 
beverages (Steensels & Verstrepen 2014), and conse
quently innovating this industry. 

However, these strains might also display several 
undesirable characteristics such as the production of poten
tially harmful compounds such as biogenic amines, metha
nol or urea. The safety of these yeasts must therefore be 
tested before industrial application. Another flaw that 
might be displayed by these yeast strains is the inferior 
fermentation efficiency when compared with S. cerevisiae, 
which can be refined by the ensemble of mixed cultures 
with Saccharomyces and non-Saccharomyces yeasts 
(Steensels & Verstrepen 2014). 

One strategy to generate diversity and attenuate or 
increase characteristics of these non-conventional and 
non-optimized yeast strains is by the use of improvement 
techniques such as mating, mutagenesis, protoplast fusion 
and directed evolution. These approaches can be applied to 
the already in-use industrial strains or to fine-tune new yeast 
strains isolates, and the final result is always a non-GMO 
yeast strain which can be used in the production of bever
ages and food, unaffected by legislation or consumer 
reception (Steensels et al. 2014b). This approach is how
ever limited by what is present in nature or possible by 
mutations or hybridization (Steensels et al. 2014b). 

The alternative strategy is to improve yeast strains by 
genetic modification. With the advent of the various omics 
fields, and the increasing accessibility of these technolo
gies, the identification of genetic determinants responsible 
for industrial characteristics is becoming precise and fast. 
These approaches, in collaboration with the rise of synthetic 
biology, will permit the engineering of new fermentative 
yeast strains with improved fermentation features and 
differentiated organoleptic properties, as demanded by 
the consumer (Borneman et al. 2013a, b). However, strains 
produced using this strategy may face additional challenges 
as they are considered to be GMOs, and therefore must 
comply with all the regulatory constraints (Chambers & 
Pretorius 2010). 

Several factors will dictate the direction of the beverage 
and food industries; nonetheless, the main force will be 
consumer acceptance and preference. 
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15.1	 Lactic Acid Bacteria: Ecology, 
Taxonomy and Metabolic Activities 

Lactic acid bacteria (LAB) are historically defined as an 
ubiquitous and heterogeneous family of microbes sharing 
many physiological features. Traditionally, LAB have been 
considered to include Gram-positive bacteria that are used 
as starters for industrial food fermentations. Taxonomi
cally, LAB species are found in two distinct phyla, namely 
Firmicutes and Actinobacteria. Within the Firmicutes phy
lum, LAB belong to the Lactobacillales order and include, 
among others, Aerococcus, Alloiococcus, Carnobacterium, 
Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, 
Oenococcus, Pediococcus, Streptococcus, Symbiobacte
rium, Tetragenococcus, Vagococcus and Weissella, which 
are all low-GC (guanine–cytosine) content organisms 
(31–49%). Within the Actinobacteria phylum, LAB belong 
to the Atopobium and Bifidobacterium genera, with a GC 
content of 36–46% and 58–61%, respectively (Klaenhammer 
et al. 2005; Pfeiler & Klaenhammer 2007). Generally speak
ing, however, the term ‘lactic acid bacteria’ does not reflect a 
phyletic class, but rather the metabolic capabilities of this 
heterogeneous bacterial group, the most important of which is 
the capacity to ferment sugars primarily into lactic acid. LAB 
are characterized by being Gram-positive, catalase-negative, 
facultative anaerobic, non-sporulating, non-motile and acid-

tolerant microorganisms (Pfeiler & Klaenhammer 2007). 
Physiologically, the LAB are a group of organisms with a 
diverse metabolic capacity. This diversity makes them very 
adaptable to a range of conditions and is largely responsible 
for their success in acid food fermentations. As a key and 
well-known example, LAB can be divided into three groups 
based on fermentation characteristics: obligately homofer
mentative, facultatively heterofermentative and obligately 
heterofermentative. The former group produce essentially 
lactic acid, while the two latter groups are also able to 
accumulate a variety of fermentation end-products, including 
lactic, acetic and formic acids, ethanol and carbon dioxide 
(Klaenhammer et al. 2005; Claesson et al. 2007; Pot 2008). 
Besides lactic acid, LAB metabolism produces a variety of 
compounds such as diacetyl, acetoin and 2-3 butanediol from 
citrate, and a vast array of bioactive peptides and volatile 
molecules from the catabolism of proteins and aminoacids 
(Mayo et al. 2010). 
The LAB are one of the most industrially important 

groups of bacteria and have a very long history of use in 
fermentation. These organisms are used in a variety of ways 
including food production, health improvement and pro
duction of macromolecules, enzymes and metabolites. 
LAB are undoubtedly second only to yeasts in terms of 
importance in their services to mankind. They have 
been used worldwide in the production of safe, storable, 
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organoleptically pleasant foodstuffs for centuries. Today, 
LAB play a prominent role in the world food supply, 
performing the main bioconversions in fermented dairy 
products, meats, and vegetables. LAB also are essential 
for the production of wine, coffee, silage, cocoa, sour
dough and numerous indigenous food fermentations 
(Giraffa & Carminati 2012). The ability to growth in 
such a variety of foods is a direct consequence of the wide 
metabolic versatility of this group of bacteria. It is there
fore not unexpected that LAB have been used for decades 
in food preservation, leading to their widespread human 
consumption, and that they are generally recognized as 
safe (GRAS). LAB are also widely used in numerous other 
industrial applications, ranging from probiotics in dietary 
supplements to bioconversion agents (Klaenhammer et al. 
2005). 
Due to the limited biosynthetic abilities and their high 

requirements in terms of carbon and nitrogen sources, the 
natural habitat of LAB is represented by nutritionally rich 

environments and materials, including vegetables, milk and 
dairy products, cereal and meat products, where fermenta
tion can take place. Some species also colonize the respi
ratory, intestinal and genital tracts of humans and animals 
(Giraffa 2014). Many LAB species, especially belonging to 
the genus Streptococcus, Lactococcus and Lactobacillus, 
are naturally present or deliberately added as starters for the 
manufacture and preservation of many fermented foods. 
These fermentations, together with probiotic products, 
represent a total global market value of over 100 billion 
euro (de Vos 2011). Economically, by far the most impor
tant products derive from industrial dairy fermentations and 
the associated enzymatic activities of LAB, which are of 
utmost importance in defining the final organoleptic, rheo
logical and nutritional characteristics of the final products 
(Giraffa 2014). 
Overall, LAB play a key role and find wide industrial 

application in the dairy field (Table 15.1). The most com
monly dairy-associated genera belong to Lactococcus, 

Table 15.1 Common lactic acid bacteria in fermented dairy products. 

Species Function∗ Products 

Lactococcus lactis subsp. lactis LA Fermented milks and creams (e.g. Kefir, Viili, Dahi, buttermilk, 
Lactococcus lactis subsp. LA sour-cream); fresh and soft cheeses (e.g. Cottage, Quark, Feta, Brie, 

cremoris Camembert); blue cheeses (e.g. Stilton, Roquefort); semi-hard 
Lactococcus lactis subsp. lactis DY cheeses (e.g. Gouda, Edam); Hard cheeses (e.g. Cheddar) 

biovar. diacetylactis 
Leuconostoc mesenteroides OA, AR, CO2 Fermented milks and creams (e.g. Viili, Dahi, buttermilk, sour-cream); 

subsp. cremoris fresh and soft cheeses (e.g. Cottage, Quark, Camembert, Brie); blue 
cheeses (e.g. Stilton, Roquefort, Gorgonzola); hard cheeses (e.g. 
Cheddar) 

Leuconostoc mesenteroides OA, AR, CO2, PS Fermented milks (e.g. Kefir) 
subsp. dextranicum 

Pediococcus pentosaceus AR, PR Hard cheeses (e.g. Grana and other long-ripened cheeses) 
Streptococcus thermophilus LA Yogurt; fresh soft cheeses (e.g. Mozzarella, Crescenza); ripened soft 

cheeses (e.g. Gorgonzola, Taleggio); semi-hard cheeses (e.g. 
Montasio, Caciocavallo); hard cheeses (e.g. Gruyere, Emmental, 
Grana, Provolone) 

Lactobacillus delbrueckii subsp. LA Yogurt and fermented milks; fresh soft cheeses (e.g. Mozzarella, 
bulgaricus Crescenza); ripened soft cheeses (e.g. Gorgonzola, Taleggio); 

semi-hard cheeses (e.g. Montasio, Caciocavallo); hard cheeses 
(e.g. Gruyere, Emmental, Provolone Grana, Pecorino) 

Lactobacillus delbrueckii subsp. LA Fermented milks (e.g. Kefir); hard cheeses (e.g. Gruyere, Emmental, 
lactis Provolone Grana) 

Lactobacillus helveticus LA, PR Fermented milks (e.g. Kefir, Skyr); soft cheese (e.g. pizza cheese); hard 
cheeses (e.g. Emmental, Provolone Grana) 

Lactobacillus acidophilus LA Fermented milks (e.g. acidophilus milk, Koumiss) 
Mesophilic Lactobacillus LA, AR Fermented milks (e.g. Kefir, probiotic milks); hard cheeses (e.g. Grana 

(i.e. L. plantarum, L. casei, L. and other long-ripened cheeses) 
paracasei, L. rhamnosus) 

∗ LA: lactic acid; DY: diacetyl; OA: organic acids; AR: aroma compounds; PS: polysaccharides; PR: proteolysis 
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Lactobacillus, Leuconostoc, Pediococcus and Streptococ
cus (Pot 2008). 

15.2 Role of LAB in Dairy Products 

The LAB play different roles in dairy processing. The key 
property of LAB is to drive the fermentation that affects the 
manufacturing processes, the composition and the quality 
of fermented dairy products. The LAB functions that have a 
significant impact on final products are: 

•	 Products preservation through production of mainly 
lactic acid as the major or unique product of lactose 
fermentation, the reduction of the pH and the synthesis 
of other inhibitory metabolites (such as ethanol, bacte
riocins, etc.) which can minimize the growth of spoil
age and pathogenic microorganisms, improving 
commercial and hygienic quality of dairy products. 

•	 Contribution to sensorial characteristics by forming 
various aroma compounds from lactose and citrate 
metabolism, as well as from degradation of milk pro
teins and fat, and from metabolism of amino acid and 
free fatty acids. 

•	 Improve the nutritional value and health-promoting 
properties. 

To control the spontaneous fermentations which the 
LAB and other microorganisms naturally present in the 
raw milk and in the dairy environment can cause, the use of 
lactic starter cultures has been improved. To address the 
fermentation process, the practice of backslopping has been 
adopted. A small portion of a fermented product is used to 
inoculate the raw material. In this way, the best-adapted 
LAB strains selected by the process conditions are allowed 
to drive the subsequent fermentation, therefore affecting the 
resulting product characteristics (Leroy & De Vuyst 2004). 
These cultures, defined as ‘artisanal or natural starters’, are 
still used today to produce traditional raw milk cheeses in 
Europe, many of which bear the PDO (Protected Designa
tion of Origin) status. They are mixtures of undefined LAB 
strains and species, continuously evolving as they are 
prepared without any special precautions with respect to 
environmental contamination, and as a consequence of 
abiotic (i.e. temperatures, pH, salt, etc.) and biotic (i.e. 
phages) stresses which occur during the production process. 
The intrinsic variability of these starter cultures implies a 
risk of fluctuations in starter composition, leading to a 
variable performance that may not be acceptable at an 
industrial level. Large industrial-scale manufacturing of 
fermented dairy products, such as cheeses, yogurts or 

fermented liquid milks, requires specific starter cultures 
that provide reproducible fermentation performances. To 
control the fermentation process towards maximum 
efficiency in terms of yields and standardization of the 
end-product, there are two different approaches: (1) the 
propagation of natural starter cultures under laboratory-
controlled conditions (the so-called undefined mixed cul
tures), to improve the stability of the composition and 
performance; and (2) the preparation of cultures with labora
tory-purified selected strains, blended to give a mixed culture 
with desired properties (the so-called defined-strain starters). 

15.2.1	 LAB as Dominant Microbiota 
in Dairy Products 

The LAB represent the main microbial group in fermented 
dairy products. As well as dominating the microbiota when 
added as lactic starter cultures (inoculated at around 
106 colony-forming units per millilitre, or CFU mL�1), 
they also constitute the main microbial flora in products 
made without the addition of starter cultures (essentially 
artisanal cheeses), since their ability to ferment lactose for 
growth prevails in milk-based products. Their diversity is 
influenced by the milk composition and the microbial load, 
as well as the differences in manufacturing and ripening 
practices (Duthoit et al. 2005; Alegría et al. 2009; Casalta 
et al. 2009). Interest in the LAB microbiota of traditional 
dairy products, such as raw milk cheeses, is related to the 
recognized need for new LAB strains to complement or 
replace the industrial strains (Hansen 2002; Wouters et al. 
2002). Traditional dairy products harbour a huge recog
nized reservoir of phenotypic and genetic microbial diver
sity, which may have many potential biotechnological 
applications (Wouters et al. 2002; van Hylckama Vlieg 
et al. 2006; Topisirovic et al. 2011). Strains with improved 
or new properties may be useful to fulfil the needs of 
traditional dairy fermentations or be used for the formula
tion of new dairy products. Industrially interesting LAB 
starter cultures are developed by studying the phenotypic 
traits required and how to select for these traits at the 
genotypic level using high-throughput screening approa
ches. Applying this knowledge to starter culture research 
programs is enabling scientists to develop superior starters 
and novel products for market expansion. 

15.2.1.1 Acidifying Starters 

The primary function of the dairy starter cultures is acidifi
cation, which is related to the ability of LAB to produce 
lactic acid from lactose at a consistent and controlled rate. 
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This process is closely associated with the bacterial growth, 
and the progressive accumulation of lactic acid has conse
quences on the physicochemical and microbiological char
acteristics of the products: pH lowering; destabilization of 
the casein micelles and milk coagulation; influence on the 
syneresis (i.e. expulsion of whey from the curd); influence 
on flavour; and growth reduction of pathogenic and spoil
age microorganisms (Powell et al. 2003; Mucchetti & 
Neviani 2006). 
All the factors able to influence the growth of starter LAB 

have a direct consequence on acidification, for example: the 
substrate composition, the temperature and the presence of 
bacteriophages. At an industrial level, the main factors 
influencing the acidification rate are the type and the 
dose of starter cultures, and the temperature profile of 
the manufacturing process. Under defined operating condi
tions, the acidifying activity of a starter culture depends on 
the species and strains composition. Since LAB strains can 
have a different acidifying activity, and can interact both 
positively or negatively when grown in association, the 
development of a dairy starter culture is a slow and complex 
process. For any cheese or dairy fermented product, the 
starter culture has to be designed to obtain a defined 
acidification profile. It is fundamental to control pH evo
lution at all production steps to avoid important modifica
tion of the quality and of the organoleptic characteristics of 
the product. For example, it is important to limit the lag 
phase after inoculation to counteract the possible develop
ment of acid-sensitive harmful bacteria such as coliforms. 
For fresh cheeses, a slow and regular acidification is desired 
to ensure the structure of the final product. For fermented 
milks it is important to achieve a pH stability and limit the 
phenomenon of post-acidification during cold storage of the 
product (Monnet et al. 2008). In yoghurt production, the pH 
can decrease below 4.0 upon storage. This undesirable post-
acidification, which is generally determined by the activity 
at low temperature of L. delbrueckii subsp. bulgaricus, 
leads to an acid taste. Lactose-negative mutants have been 
selected to obtain less acid products (Mollet 1996). 

15.2.1.2 Aroma and Ripening Cultures 

Dairy starter cultures are recognized to contribute to the 
sensory characteristics of dairy products. Specialized LAB 
cultures can be used as primary or secondary (or adjunct) 
starter cultures according to the biochemical features and 
the product specifications. Primary starter LAB (SLAB), as 
well as ensuring the proper acidification, may also address 
the sensory properties of dairy products both directly, 
through the formation of various aroma compounds from 
metabolism of the principal constituent of milk (i.e. lactose, 

citrate, proteins and fat), and indirectly by lowering the pH 
which affects the activity of both natural milk and coagulant 
enzymes (Powell et al. 2003). However, to enhance the 
flavour of fermented dairy products and/or improve the 
ripening of cheeses, the use of adjunct LAB cultures not 
involved in milk acidification is increasing. 
Strains are also selected among non-starter LAB 

(NSLAB) for their enzyme potential and autolytic propert
ies, in order to influence the aromatic pattern of a product 
(van Kranenburg et al. 2002; Hayes et al. 2007; González 
et al. 2010). The complexity of the proteolytic system of 
various LAB, which may be composed of different pro
teinases and peptidases, is responsible for the hydrolysis of 
milk proteins and oligopeptides, derived from primary 
proteolysis in cheese, to smaller peptides and free amino 
acids (FAA) (Upadhyay et al. 2004; Milesi et al. 2008, 
2009). Lactococcus and thermophilic lactobacilli, which 
are used as starters for fermented milk and cheeses, have a 
similar proteolytic system consisting of cell-envelope pro
teinases (CEPs) and intracellular peptidases, that allow 
peptides and amino acids required for growing in milk 
and important for cheese-ripening events to be obtained 
(Jensen et al. 2009). Moreover, the cells of Lactococcus and 
thermophilic lactobacilli lyse rapidly after curd manufac
ture, releasing the intracellular peptidases which are active 
in cheese. To facilitate the in situ autolysis of the LAB, thus 
accelerating the maturation process of cheese, genetic 
strategies for the induction of phage holins and lysins 
have been applied (Crow et al. 1996). Bacteriocins have 
also been shown to cause cell autolysis (Morgan et al. 1997; 
Martinez-Cuesta et al. 2001). 
In contrast, mesophilic lactobacilli are generally recog

nized to have only intracellular peptidases and to grow well 
in cheese but not in milk. They do not die off rapidly in curd 
and these NSLAB dominate the viable microbiota of cheese 
during ripening. NSLAB from raw milk or added as adjunct 
cultures are responsible for secondary proteolysis (i.e. 
modification of peptide profiles and increase of FAA), 
which contribute to the acceleration of proteolysis thus 
enhancing cheese flavour and texture (Chamba & Irlinger 
2004; Milesi et al. 2008, 2009; Nieto-Arribas et al. 2009). 
The catabolism of FAA leads to the formation of a range of 
aromatic compounds, including acids, alcohols and alde
hydes. A key enzyme is the glutamate dehydrogenase 
(GDH) that catalyses the deamination of glutamate to 
α-ketoglutarate, the main acceptor of amino groups for 
the reaction of transamination (De Angelis et al. 2010). The 
enzyme activity and the gene expression of GDH have to be 
evaluated in cheese as they are affected by temperature, pH 
and NaCl values used for cheese ripening (Williams et al. 
2006; De Angelis et al. 2010). LAB with high enzymatic 
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potential for conversion of methionine (Met) to volatile 
sulphur compounds (VSCs) are also carefully selected 
(Hanniffy et al. 2009). The formation of VSCs depends 
on the catabolic pathways of Met leading to methanethiol, 
and LAB strains with high-VSC-producing abilities can 
have a strong effect on cheese flavour (Bustos et al. 2011). 

15.2.2 LAB as Functional Cultures 

Functional starters are cultures that can be used to comple
ment a primary starter or that act themselves as primary 
starters. They can contribute to food safety and/or offer one 
or more organoleptic, technological, nutritional and health 
advantages. Bacteriocin and exopolysaccharide (EPS) pro
duction and bacteriophage-resistance are traits of bio
technological interest to be sought for the application of 
LAB in the dairy industry. EPS are known to increase the 
viscosity and firmness, improve the texture and contribute 
to the mouthfeel of low-fat products. The in situ production 
of EPS has been reported in several LAB species (Leroy & 
De Vuyst 2004). Health benefits have also been attributed 
to EPS, such as a decrease in blood pressure, immune-
modulation, epithelium protection, antimicrobial and anti-
tumour activity (Ahmed et al. 2013). Bacteriophage inhi
bition of LAB fermentations is still a serious industrial 
concern and the dairy industry has relied on several strate
gies to control phage infection. Improved sanitary condi
tions, process changes, the strain rotation and the use of 
phage-resistant strains are the main measures implemented 
to control phage infections in industrial fermentation (Daly 
et al. 1996; Forde & Fitzgerald 1999; Coffey & Ross 2002). 
In particular, the research on phage-resistant LAB com
bined with the understanding of phage diversity and phage-
host interactions are the basis for the future development of 
the LAB strain selection process and for optimizing anti-
phage mechanisms (Garneau & Moineau 2011). 

15.2.2.1	 Antimicrobial Properties of LAB and 
Production of Bacteriocins 

Within the functional LAB cultures, a key role is played by 
the so-called ‘protective cultures’; these are specialized 
cultures designed on the basis of a biological approach 
to preservation. In this context, LAB represent the micro
bial group most commonly associated with the protective 
cultures used in the dairy industry as they are present in all 
fermented dairy products and have a long and recognized 
history of safe use. Protective effects are due to metabolic 
end-products such as organic acids (and the concurrent 
reduction of pH), hydrogen peroxide, diacetyl and reuterin, 

as well as more specific metabolites such as fatty acids, 
bacteriocins and related proteinaceous compounds and 
antibiotics (Topisirovic et al. 2011). 
Within the extensive range of metabolites that are indus

trially used in the biopreservation of dairy products, bacte
riocins are the most widely explored. Bacteriocins of LAB 
are exocellular, low-molecular-mass peptides or proteins, 
with an antibacterial mode of action usually restricted to 
related Gram-positive bacteria. Virtually all LAB species 
synthesize bacteriocins. Among these, in addition to 
nisin are found pediocins, sakacins, enterocins and many 
other bacteriocins with broad spectrum activity against, 
among others, Clostridium botulinum, L. monocytogenes, 
S. aureus, Bacillus cereus and Clostridium tyrobutyricum 
(Galvez et al. 2011). Several studies have demonstrated the 
potential of bacteriocins to combat microbial contamina
tion. Bacteriocins may be used by in situ synthesis (directly 
in the food) by producer strains or by directly adding the 
compounds obtained ex situ, isolated from the culture broth 
and purified. It is suggested that the in situ production of 
bacteriocins by LAB strains may increase the competitive
ness of the producer strain in food matrices and contribute 
to control of spoilage or pathogenic bacterial strains 
(Hammes & Vogel 1995; Leroy & De Vuyst 2004). 

15.2.2.2	 Health-Promoting Cultures 

It is accepted that LAB exert beneficial effects through two 
mechanisms: (1) direct effects of the live microbial cells, 
known as the ‘probiotic effect’; or (2) indirect effects during 
fermentation, where these microbes act as cell factories for 
the generation of secondary metabolites such as peptides 
with immune-modulating, antibacterial, antihypertensive 
and opioid-like activities (Korhonen & Pihlanto 2006; 
Hayes et al. 2007). 
Probiotics are defined as ‘live microorganisms which, 

when administered in adequate amounts, confer health 
benefit on the host’. The maintenance of healthy gut 
microflora is one of the multifaceted benefits of probiotics, 
which may provide protection against gastrointestinal dis
orders, including gastrointestinal infections and inflamma
tory bowel diseases. Dairy products are the most widely 
used food carriers to deliver probiotics. Among the known 
health-promoting or probiotic microorganisms, the probi
otic LAB species most often belong to Bifidobacterium 
bifidum, Bifidobacterium breve, L. acidophilus, L. gasseri, 
L. helveticus, L. johnsonii, L. (para)casei, L. reuteri, 
L. plantarum, L. rhamnosus and L. fermentum (for a 
review, see Tamime et al. 2005). However, clinical evi
dence demonstrating their functional efficacy in human 
models is available for only a few probiotic strains. 
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Research prospects in the field of probiotics should essen
tially be focused on a deeper understanding of in vivo 
functionality and stress factors which influence the survival 
of selected cultures through the intestinal tract (Giraffa 
2012). Probiotics should also present some desirable fea
tures, such as maintenance of viability during storage, ease 
of application in products and resistance to the physico
chemical processing of the food (Prado et al. 2008). 
The viability and the maintenance of functionality of 

probiotic bacteria in dairy products depends on several 
factors, including the interaction between species present in 
the starter and the final acidity of the product, but also the 
availability of nutrients, the concentration of sugars, the 
presence of dissolved oxygen and oxygen permeation 
through package (especially for Bifidobacterium spp.) 
and the fermentation time (Oliveira & Damin, 2003). 

As well as probiotic LAB, certain strains of LAB are able 
to produce/release and/or increase specific beneficial com
pounds in foods. These functional ingredients are some
times referred to as nutraceuticals, a term that describes a 
food (or part of a food) that provides medical or health 
benefits, including the prevention and/or treatment of a 
disease. These ingredients can be macronutrients, micro
nutrients (such as vitamins) or non-nutritive compounds, 
and can be naturally present in certain foods or added 
during processing (LeBlanc et al. 2011). The ability of 
LAB (Lactococcus lactis, Streptococcus thermophilus, 
Leuconostoc spp. and Lactobacillus plantarum are the 
most-studied species) to spontaneously produce vitamins 
can be commercially exploited in view of the high cost of 
chemical synthesis or extraction from the raw materials of 
these essential nutrients The next generation of dairy 
products should contain emerging LAB species, such as 
L. plantarum, L. helveticus or Bifidobacterium adolescen
tis, with interesting properties for the development of pro
biotics and nutraceuticals. 
The species L. helveticus, an important food-associated 

species traditionally used in the manufacture of Swiss-type 
cheeses and long-ripened Italian cheeses such as Emmental, 
Gruyere, Grana, and Provolone, might be of interest. Even 
though L. helveticus is not a gut microbe, it is intriguing that 
it is closely related to commensal GI lactobacilli. Conse
quently, it would be expected that it could have some 
probiotic potential (Slattery et al 2010). 

15.3 LAB Selection and Improvement 

The natural biodiversity which exists in LAB offers new 
possibilities when explored and applied in practice. Tools 
and models for the screening of functional microorganisms, 

both health-promoting or technological, are discussed in 
this section, as well as genomics tools allowing prediction 
of these capacities. The application of such tools will make 
the rational design of improved industrial cultures with 
attractive properties possible (Fig. 15.1). 

15.3.1 Classical Selection and Characterization 

The dairy market, especially the segment of cheese starters 
and probiotics, is continuously looking for innovative 
products to diversify the available range. Nevertheless, 
the selection of new strains is a complex, multiphase 
process which starts from the choice of matrix isolation 
and continues with its in-depth identification and charac
terization. Before reaching the market, new starters or 
probiotics must be identified to the strain level and retain 
their properties, vitality and functional activities until the 
end of the commercial life of the carrier product. 
Pro-technological traits such as proteolytic, aminopepti

dolytic, lipolytic and autolytic activities and EPS production 
have been used to design appropriate cultures for cheese 
manufacture (Hannon et al. 2003; Nieto-Arribas et al. 2009; 
González et al. 2010). A combination of phenotypic and 
genotyping approaches allowed the ability of domesticated 
and environmental L. lactis ssp. lactis strains to produce 
diacetyl and acetoin to be explored (Passerini et al. 2013). 

The currently used in vitro tests for the selection of pro-
biotic strains include resistance to low pH, bile acid resist
ance, transit tolerance to simulated gastrointestinal juices, 
adherence to mucus and/or human epithelial cells and cell 
lines, antimicrobial activity against potentially pathogenic 
bacteria, ability to reduce pathogen adhesion to surfaces and 
bile salt hydrolase activity. In most cases, however, the large 
number of strains to be tested has led to the introduction of 
‘subtractive screening’ approaches, which consist of a 
sequence of selections to gradually reduce the number of 
candidate probiotic strains. At the end of the screening, the 
selected strains will demonstrate the maximum number of 
useful properties and, concomitantly, no negative traits. 

As an example, Lactobacillus spp. isolates were recently 
subjected to a subtractive system of in vitro analyses, which 
included desirable and undesirable traits (Delgado et al. 
2007). All the isolates were tested for their resistance to 
bile; the resistant strains were then further checked for their 
ability to grow and survive at low pH values. Again, those 
resistant to low pH were tested for the possibility of 
displaying harmful activities. 
Zago et al. (2011, 2013) used a similar approach to select 

L. plantarum strains isolated from dairy products to use as 
probiotics and as starters in fermented table olives. In 
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Figure 15.1 Traditional and DNA-based techniques for improvement of LAB. 

particular, in these studies a stepwise selection was applied. 
The procedure coupled genetic and microbiological char
acterization with the aim of choosing a limited number of 
strains on which technological assays were performed. Koll 
et al. (2010) used the same procedure to choose intestinal 
lactobacilli that could be used for the development of novel 
gastrointestinal probiotics. 

Zhang et al. (2007) performed two rounds of screening 
on seven Lactobacillus strains, to define proper probiotic 
and prebiotics for suitable symbiotic combination for 
cholesterol removal. Strains were first screened for the 
ability to ferment prebiotics; further screening involved 

the bile-tolerance improvement of candidate probiotic 
strains in the presence of fructooligosaccharides (FOS) 
and prebiotics. 
The health benefits of probiotic bacteria also include the 

synthesis of vitamins or bioactive compounds, and studies 
were carried out to select LAB isolates producing vitamins 
(Gangadharan et al. 2010) or γ-amino butyric acid (GABA) 
(Siragusa et al. 2007). The use of vitamin-producing micro
organisms is a natural and economically viable alternative to 
fortification with chemically synthesized pseudo-vitamins, 
and it would allow the production of foods with elevated 
concentrations of vitamins without undesirable side effects. 
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This is possible through the selection of an adequate combi
nation of producer strains. Concerning the folate production, 
it is known that the ability of microbial cultures to produce or 
utilize folate varies considerably, being a strain-dependent 
trait. The proper selection and use of folate-producing micro
organisms is an interesting strategy to naturally increase the 
folate levels in foods. In a study conducted by Lin & Young 
(2000), a phenotypic approach was performed to increase the 
folate levels in yoghurt by adding lactose or calcium chloride 
in reconstituted milk. Results indicated that lactose increased 
the cell counts and folate levels in milk fermented with yogurt 
bacteria. 

15.3.2	 Genomic and Metagenomic Selection 

The number of genome sequences of LAB available is 
rapidly increasing (Makarova et al. 2006). Ultimately, this 
knowledge is used to improve the sensory and health 
characteristics of dairy and other fermented food products 
by supporting the strain selection process. Consequently, 
high-performing starter cultures can be developed by care
ful selection and combination of strains with desired activ
ities, because comparative genomics approaches now 
provide the opportunity of in silico prediction of metabolic 
potential and strains performance under industrial condi
tions as in dairy fermentation (Liu et al. 2010). Knowledge 
of the variations in proteolytic system components may 
allow the prediction of proteolytic and flavour-forming 
potential of bacterial strains, and could direct future exper
imental tests into the phenotypes of various LAB. 
Ayad et al. (2001) described the mutual complementa

tion of two L. lactis strains that have incomplete 3-methyl 
butanal-producing pathways by their combination, but not 
individually. Comparative analysis of genomes can gener
ate insight into this proto-co-operation of bacteria; it was 
shown that one strain was highly proteolytic but lacked a 
decarboxylating enzyme necessary for producing 3-methyl 
butanal, and the other strain contained the decarboxylating 
enzyme but lacked the proteolytic activity to provide 
sufficient amount of leucine. 
The genomic tools (e.g. the genome-scale models) allow 

the prediction of flavour-forming capacities of microorgan
isms, allowing the rational design of improved industrial 
cultures with attractive flavour-forming properties. Genome-
scale metabolic models provide an overview of all metabolic 
conversions in an organism based on its genome sequence 
and make it possible to visualize different metabolic path
ways, such as amino acid metabolism. These models can be 
used to understand the metabolism and can be applied for a 
directed study of functionality (Teusink et al. 2006; Pastink 

et al. 2009). In situ transcriptome information during fer
mentation, application or intestinal residence can be 
employed to identify stress-tolerance factors, which may 
allow the design or selectionof more robust strains or cultures 
on the basis of stress-tolerance factor expression patterns. 
Recently, this strategy was used to unravel the adaptive 
behaviour of S. thermophilus during the late stages of 
milk fermentation, revealing strong regulation in sugar 
metabolism pathways (Herve-Jimenez et al. 2008). Tran
scriptome profiling and DNA protein interaction, combined 
with an in silico analysis, allowed the construction of an 
interactive regulatory network model to study the response of 
Bifidobacterium breve towards heat, osmotic and solvent 
stresses (Zomer et al. 2009). 
This knowledge aims to underpin the potential of geno

mic approaches to unravel the molecular processes in LAB 
used in food biotechnology that determine their functional 
performance under the harsh conditions encountered in 
industrial processing, product conditions or even post-
consumption in the gastrointestinal tract. A variety of 
post-genomic approaches is geared to accelerate identifica
tion and functional characterization of the molecules deter
mining microbial stress tolerance. Such knowledge is 
crucial for the rational design-driven selection, production 
and/or engineering of LAB starter and probiotic strains and 
cultures with enhanced robustness. 

15.3.3	 Metabolic Engineering: LAB as ‘Cell 
Factories’ 

Post-genomic tools have been developed to identify the 
bacterial effector molecules and regulatory mechanisms 
that determine robustness of industrially applied LABs. 
In the dairy field, one of the most economically important 
LAB is certainly S. thermophilus since it is employed 
worldwide as a starter in the production of fermented milks, 
yoghurts and cooked cheeses. Because of its extensive 
exploitation for several millennia, some genes seemed to 
be acquired from other dairy species such as L. lactis 
(Delorme 2008), thus revealing an optimal evolution for 
the adaptation to the milk environment. In L. lactis, meta
bolic engineering has been very successful in the re-routing 
of lactococcal pyruvate metabolism to produce important 
compounds other than lactic acid (Kleerebezem et al. 
2000). Current metabolic engineering approaches tend to 
focus on more complex, biosynthetic pathways leading to a 
nutritional overaccumulation of technologically important 
end-products such as vitamins, enzymes or EPS. 
Sybesma et al. (2003) increased the production of folate 

in L. lactis by metabolic engineering. In this species, the 
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dihydrofolate is synthesized from the precursors GTP, 
p-amino-benzoate (pABA) and glutamate, in seven enzy
matic steps. The overexpression of the gene folk (coding for 
a bifunctional enzyme) resulted in a more than two-fold 
increase in total folate production. Five genes essential for 
folate biosynthesis in L. lactis (folB, folKE, folP, ylgG and 
folC) were cloned and transferred to the folate auxotroph 
Lactobacillus gasseri, thereby transforming a folate con
sumer into a folate producer (Wegkamp et al. 2004). Folate 
production can also be increased by overexpressing other 
genes involved in the biosynthetic pathway of related 
metabolites such as pABA. However, while overexpression 
of the pABA genes alone did not increase folate production 
levels in L. lactis, folate overproduction was observed when 
pabBC overexpression was combined with overexpression 
of the folate biosynthetic genes (Wegkamp et al. 2007). The 
overproduction of riboflavin in L. lactis using the NICE 
system (NIsin Controlled Expression) results in a three-fold 
increase of riboflavin. Current studies are focused on 
obtaining variant strains that display increased riboflavin 
production by selection for resistance against purine and 
riboflavin analogues, such as roseoflavin, leading to 
deregulation of riboflavin production (Hugenholtz et al. 
2002). In particular, in L. lactis both metabolic engineering 
and exposure to analogues have been applied with success 
(Burgess et al. 2004) Recent studies have reported the 
selection of riboflavin-overproducing strains to be poten
tially applied in the manufacture of vitamin B2-enriched 
dairy products (Capozzi et al. 2011). 

Genomic information on major LAB species indicates 
that the biosynthetic pathway of EPS is regulated by several 
housekeeping and specific EPS-related genes. Generally, 
the EPS gene clusters are considered to be highly diverse 
even within the same species. They might be associated with 
mobile genetic elements (mostly plasmids), thus explaining 
the diversity encountered (Hols et al. 2005) and the possible 
loss of this character after prolonged propagations. Differ
ent EPS screening methods have been proposed (Kralj et al. 
2003; Tieking et al. 2003; van der Meulen et al. 2007). The 
EPS metabolic pathway includes: (1) synthesis of sugar 
nucleotide precursors; (2) assembly of the repeating unit; 
and (3) polymerization and export. This complexity implies 
that genetic information may not be sufficient to assess the 
production of EPS, and should be combined with pheno
typic analysis (Mills et al. 2010). As EPS are effective 
bio-thickeners, the production in liquid media is often 
monitored by viscosity measurements although it is not 
necessarily proportional to the EPS yield. The overexpres
sion of EPS can be achieved through metabolic engineering 
either by increasing the EPS plasmid copy number (Boels 
et al. 2003) or by manipulating the genes encoding the 

enzymes involved in the EPS pathways (Freitas et al. 2011). 
The genetic manipulation of EPS-producing strains has 
been attempted even though a successful production of 
EPS has not always been obtained, mostly because the steps 
and regulation of the EPS pathways are not completely 
understood (Remminghorst & Rehm, 2009). 

15.3.4	 Exploitation of GMOs and Major 
Concerns 

The opportunity to use a GMO opens up an enormous 
potential for tailored biotechnological processes that are 
suitable for high-value medical purposes, such as tissue 
engineering, or food applications, such as the production of 
vitamins and polysaccharides (Levander et al. 2002; 
Burgess et al. 2004). A microorganism whose genetic 
material has been artificially altered to favour the expres
sion of desired physiological traits or bioproducts is defined 
as a genetically modified microorganism (GMM). The 
insertion or rearrangement of DNA in a newly generated 
LAB could cause unintended and unpredictable effects, 
however; for instance, the overproduction of a metabolite 
may result in undesired cellular responses. Consequently, 
there is the need to avoid any adverse reaction to human 
health or to the environment. 

15.4 Final Remarks 

LAB play a key role in fermented dairy products, in 
particular with respect to preservation, organoleptic quality 
and nutritional value. The impact on product quality is 
highly strain dependent and is caused by differences 
between strains with respect to their range of metabolic 
activities. LAB include highly diverse organisms and their 
genomic and metabolic diversity reflects their adaptation to 
different ecological niches. The biodiversity of LAB recov
erable from natural food fermentations is an important 
resource for the selection of starter cultures for dairy 
products with an optimal combination of functional meta
bolic traits. The selection of suitable strains with the 
‘perfect’ combination of properties frequently requires 
the screening of large strain collections. Once the relation
ship between the genetic make-up of the cultures, their 
metabolic activities and their performance in food fermen
tations is established, this screening can be based on high-
throughput analysis of gene expression and/or metabolic 
engineering strategies. Due to the permanent difficulties in 
allowing the use of genetically modified LAB in food 
production, the huge amount of unknown LAB present 
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in the environment as well as the thousands of strains stored 
in the public and private culture collections represent 
invaluable reservoirs of bacterial diversity still to be 
explored for potential industrial application. 
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16.1 Introduction 

The use of sourdough in bread-making has recently trig
gered interest due to the superior quality and extended shelf 
life of sourdough products over yeast-leavened breads. 
Numerous research efforts are described in the scientific 
literature reporting the increase of bread shelf life regarding 
microbial spoilage or physicochemical (staling) deteriora
tion. Most of these studies are focused on the addition of 
chemical preservatives such as sodium sorbate, propionic 
calcium and benzoic acid (Suhr & Nielsen 2004). The 
emerging interest in the extension of bread shelf life using 
natural technologies has led both industry and research to 
return to the use of sourdough starter cultures. The main 
advantages of the application of sourdough in bread-making 
technology are: (1) the ability to delay spoilage and staling; 
(2) more appealing organoleptic properties towards yeasted 
breads; (3) ameliorated nutritive value; and (4) satisfaction of 
consumer demands for safer products with reduced chemical 
preservatives (Ryan et al. 2008; Plessas et al. 2011a). 

In order to optimize the sourdough procedure, several 
factors should be taken into account such as the selection of 

starter culture, the flour type and the temperature, time and 
pH of sourdough fermentation. However, the most impor
tant parameter is the proper selection of the starter culture. 
A sourdough starter is a specific microbial preparation of a 
high numbers of cells that is applied for the production of a 
fermented food by accelerating and steering its fermenta
tion process. The efficiency of the starter culture is usually 
determined by additional parameters, such as the ability to 
produce antimicrobial substances, flavour-enhancing com
pounds, enzymes or nutraceuticals. Such features are 
mainly satisfied through the application of lactic acid 
bacteria that occupy a central role in these processes 
(Ravyts & De Vuyst 2011). On the other hand, several 
enzymes, usually proteolytic, have been proposed for 
improving specific volume, imparting softness or extend 
the shelf life of breads. Enzymes are used in baking as a 
useful tool for improving the processing behaviour or 
properties of baked products (Songré-Quattara et al. 2008). 
The objective of this chapter is to analyse and assess data 

available in the literature regarding the implementation of 
starter cultures in sourdough bread-making. In addition, the 
application of enzymes is discussed and analysed. 
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16.2	 Effect of Sourdough on Product 
Quality 

16.2.1	 Effect on Textural and Sensory 
Properties 

When used in optimized proportions, sourdough can 
improve the volume, texture, flavour and the shelf life 
properties of bread by retarding the staling process and 
microbial spoilage (Plessas et al. 2011a). These positive 
effects are associated with the metabolic activities of 
sourdough-resident microorganisms such as lactic acid 
fermentation, proteolysis and lipolysis, exopolysaccharides 
(EPS), enzymes and antimicrobial compounds production, 
and synthesis of flavour-active byproducts (Tieking & 
Gänzle 2005; Arendt et al. 2007; Gobbetti et al. 2010). 
The increase of preservation time is due to the higher 
acidity and higher concentrations of organic acids and other 
antimicrobial compounds such as bacteriocins compared to 
yeast-leavened breads. The improvement of sensory prop
erties is mainly due to the presence of significant volatile 
and non-volatile byproducts of lactic acid fermentation as 
well as proteolytic and lipolytic reactions that can enhance 
bread flavour. Organic acids and low pH can affect bread 
texture and delay staling by increasing the action of prote
ases and amylases, thus affecting the protein and starch 
fractions of flour. EPS can also act as viscosifying, stabi
lizing, emulsifying or gelling agents; EPS produced by 
LAB could therefore replace more expensive hydrocolloids 
used as bread improvers (Arendt et al. 2007; Tieking & 
Gänzle 2005). 

16.2.2	 Influence on Nutritional Value 

Sourdough imparts a huge positive effect on the nutritional 
value of baked products. This matter has been extensively 
studied during the last years. It has become well established 
that sourdough fermentation may decrease the glycaemic 
response of baked goods, increase the mineral bio
availability, increase the concentration of bioactive and 
functional compounds (e.g. essential fatty acids, phenols 
and dietary fibre), decrease the hydrolysis index and 
increase the anti-oxidant capacity (Rizzello et al. 2014). 
Lopez et al. (2001) showed that pre-fermentation of bran 
with LAB increased the phytate break-down (up to 90%) 
and increased magnesium and phosphorus solubility. Phy
tate is usually present in grains in quantities ranging from 3 
to 22mg g�1 (Poutanen et al. 2009). As reported in the 
literature, the intake of breads with higher amounts of lower 
myo-inositol phosphates has a positive effect on human 

health by increasing the bioavailability of minerals (Shi 
et al. 2006; Haros et al. 2009). The absorption of zinc, 
magnesium and iron was also higher in rats fed sourdough 
baked bread (Lopez et al. 2003). In addition, sourdough 
fermentation may increase the absorption of important 
vitamins such as thiamine, vitamin E and folates. Finally, 
bioactive peptides, vitamins, free amino acids and other 
bioactive compounds (e.g. methionine, lysine, γ-amino 
butyric acid, arginine- and glutamine-containing dipepti
des, conjugated linoleic acid, etc.) with a large spectrum of 
biological functions (antihypertensive, antimicrobial, anti
oxidant, antimutagenic, etc.) may be released during sour
dough fermentation (Gobbetti et al. 2010). 

16.3	 Application of Starter Cultures for 
Sourdough Bread-Making 

16.3.1	 Lactic Acid Bacteria (LAB) as 
Sourdough Starter Cultures 

The proper selection of starter culture in sourdough bread-
making is a pivotal issue. The main prerequisites that the 
starter culture should satisfy are: efficient enzymatic activ
ity; production of antimicrobial compounds; efficient acid
ification rates, that is, production of adequate amounts of 
lactic and acetic acids in the correct ratio; and efficient 
technological performance regarding overall product qual
ity (Edema & Sanni 2008; Siragusa et al. 2009). The most 
common microorganism group applied for sourdough 
bread fermentation is LAB (Table 16.1). Lactobacilli are 

Table 16.1 Starter cultures implemented for sourdough 
fermentations in the recent literature. 

Strain Reference 

Lactobacillus Ravyts & De Vuyst 2011 
fermentum 

L. plantarum Van der Meulen et al. 2007 
L. crustorum Ryan et al. 2008 
L. sakei Ravyts & De Vuyst 2011; Plessas 

et al. 2011b 
L. delbrueckii ssp. Plessas et al. 2008a 

bulgaricus 
L. sanfranciscensis Siragusa et al. 2009 
L. brevis Komlenic et al. 2010 
L. namurensis Scheirlinck et al. 2007 
L. acidophilus Chae et al. 2011 
Enterococcus faecium Chae et al. 2011 
Weissella confusa Gaggiano et al. 2007; Ricciardi et al. 

2009 
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Table 16.2 Lactobacillus species generally associated with 
sourdough fermentation or found in fermented sourdoughs 
(Gobbetti et al. 1995, 1999; Foschino & Galli 1997; Jenson 
1998; Vogel et al. 2002; Succi et al. 2003). 

Obligately Facultatively Obligately 
heterofermentative heterofermentative homofermentative 

L. acidifarinae L. plantarum L. amylovorus 
L. brevis L. pentosus L. acidophilus 
L. buchneri L. alimentarius L. delbrueckii 

subsp. 
delbrueckii 

L. fermentum L. paralimentarius L. farciminis 
L. fructivorans L. casei L. mindensis 
L. frumenti L. crispatus 
L. hilgardii L. johnsonii 
L. panis L. amylolyticus 
L. pontis 
L. reuteri 
L. rossiae 
L. sanfranciscensis 
L. siliginis 
L. spicheri 
L. zymae 

the predominant LAB species used, although Leuconostoc, 
Lactococcus, Pediococcus and other genera have been 
isolated from sourdough (Table 16.2). The main reasons 
are the achievement of high acidification rates, contribution 
to aroma development through the production of certain 
volatile compounds, development of ameliorated bread 
texture through the production of enzymes acting on sugar 
polymers (exopolysaccharides), reduction of antinutritional 
factors such as phytic acid resulting in increased bio
availability of minerals and the production of natural anti
microbial compounds such as organic acids, diacetyl and 
hydrogen peroxide (Katina et al. 2002; Ryan et al. 2008). 
All the above features are influenced by the types of LAB 
strains used (Pepe et al. 2004). 

Many defined starter cultures have been proposed for 
sourdough preparations such as the lactobacilli Lactobacil
lus sanfranciscensis, L. delbrueckii ssp. bulgaricus, 
L. brevis, L. helveticus, L. paralimentarius and L. sakei, 
as well as Pediococcus pentosaceus, Enterococcus fae
cium, Weissella cibaria, W. confusa, Kluyveromyces marx
ianus, etc., (Plessas et al. 2008a). 

16.3.2 Mixed Sourdough Starter Cultures 

A new trend in sourdough preparations is the implementa
tion of defined mixed cultures containing different genera, 

Figure 16.1 Overview of alcoholic fermentation. 

exploiting the various functions of each culture. It should be 
clarified here that in the microbiological system defined as 
mixed culture, yeast is not included since baker’s yeast 
(Saccharomyces cerevisiae) is usually added in the sour
dough process for better bread leavening. It is well known 
that yeasts provide mainly CO2 through the alcoholic 
fermentation of sugars available in flour (Fig. 16.1) while 
LAB, and especially the homofermentative LAB, mostly 
produce lactic acid, other organic acids and flavour-
enhancing compounds (Fig. 16.2). 
The complex microbial associations between yeasts and 

other microorganisms (mainly LAB) seem to act in a self-
regulating manner, controlling the functionality of sour
dough and resulting in a positive general impact on the 
produced bread (Katina et al. 2002). Recently, the combina
tion of K. marxianus (IFO 288), L. delbrueckii ssp. bulgar
icus (ATCC 11842) and L. helveticus (ATCC 15009) as 
starter cultures for sourdough bread-making was examined. 
The results showed that the mixed cultures increased the total 
titratable acidity and lactic acid concentrations of the pro
duced breads. Likewise, the breads showed a higher resist
ance to mould spoilage. The implementation of these cultures 
also ameliorated the flavour of the produced sourdough 
breads (Plessas et al. 2008a). This was proved mainly by 

Figure 16.2 Overview of lactic acid fermentation. 
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the higher level of complexity observed regarding the num
ber of aroma volatile compounds, and by the increased 
concentrations of certain volatile compounds. Specifically, 
high concentrations of esters were determined in these 
breads, which are considered key volatile compounds for 
the flavour of bread and fermented foods in general. In the 
same manner, the use of L. acidophilus and L. sakei in 
sourdough bread production led to extended preservation 
times and better organoleptic properties as proved by senso
rial tests and gas-chromatography mass-spectrometry (GC
MS) analysis (Plessas et al. 2011b). An interesting aspect of 
this research was that both cultures were able to grow in 
cheese whey (an abundant food industry waste) through an 
environmentally friendly process, which decreases the over
all cost of culture production. 
Sourdoughs were also produced using six different LAB 

cultures (L. plantarum or Pediococcus cerevisiae) com
bined with S. cerevisiae for the production of pan breads 
(Elhariry et al. 2011). The combination of S. cerevisiae with 
L. plantarum led to breads with lower staling and mould 
spoilage rates and better physical and sensory character
istics, with pre-fermented sourdough being the best treat
ment for preparing flat bread. 
An interesting research approach was also reported 

recently, involving the use of S. cerevisiae and three pro
biotics (Bifidobacterium longum, E. faecium and L. Acid
ophilus) for sourdough bread preparation. The achieved 
acidities and bread pH were acceptable and, regarding the 
sensorial properties, the produced breads were character
ized by improved flavour and taste and better overall quality 
(Chae et al. 2011). 
Interesting results were also observed when combinations 

of L. sanfranciscensis and S. cerevisiae, including in combi
nation with the complementary species L. brevis, L. para
limentarius, P. pentosaceus and W. cibaria, were used 
(Paramithiotis et al. 2005). The outcome showed that 
L. paralimentarius had a negative impact on L. sanfrancis
censis growth, while L. brevis, W. cibaria and P. pentosaceus 
did not affect L. sanfranciscensis growth. This is very 
important since L. sanfranciscensis is considered as one of 
the best starter cultures for sourdough bread-making; signifi
cant parameters should therefore be taken into account when 
other cultures are applied with it. On the other hand, all 
sourdough breads produced exhibited accepted organoleptic 
properties. The best results were achieved by the combina
tion of S. cerevisiae, L. sanfranciscensis and L. brevis. 

16.3.3 Novel Sourdough Starter Cultures 

Non-traditional species such as W. cibaria and W. confusa, 
which are fast-growing heterofermentative strains, have 

been used as novel starter cultures for sourdough bread-
making (Ricciardi et al. 2009). The significance of these 
species is that they exhibit functionality even at 45°C and 
are able to produce high dough yields and be incubated at 
higher temperatures. Another advantage is that W. cibaria 
produces exopolysaccharides that could be used to replace 
bread texture conditioning additives. W. cibaria was suc
cessfully combined with L. casei and L. fructivorans to 
produce a semi-liquid sourdough starter, concluding that 
W. cibaria is suitable as starter culture in mixture with 
homofermentative LAB strains (Gaggiano et al. 2007; 
Ricciardi et al. 2009). Another study regarding the use 
of W. confusa revealed its potential implementation in 
sourdough applications. Specifically, L. casei DPPMA27, 
W. confusa DPPMA20 and L. fructivorans DPPMA8 
exhibited accepted acidification properties and adaptability 
to various technological conditions (Gaggiano et al. 2007). 
Interesting findings were also reported recently regarding 

the use of kefir grains for sourdough bread production. 
Kefir is a natural mixed dairy culture that contains primarily 
LAB (Lactobacillus, Lactococcus, Leuconostoc, etc.), 
yeasts (Kluyveromyces, Candida, Saccharomyces, Pichia, 
etc.) and sometimes acetic acid bacteria (Table 16.3). Kefir 

Table 16.3 Composition of dairy kefir grains (Athanasiadis 
et al. 2001; Plessas et al. 2008a, 2011a, b; Mantzourani et al. 
2014) 

Genera Species 

Lactobacilli Lactobacillus brevis 
L. cellobiosus 
L. kefir 
L. kefiranofaciens 
L. casei 
L. helveticus, 
L. derdruevkii 
L. lactis 
L. acidophilus 

Streptococci/ Lactococcus lactis ssp 
Lactococci Streptococcus salivarius ssp. 

thermophilus 
Enterococcus durans 
Leuconostoc cremoris 
L. mesenteroides 

Yeasts Kluyveromyces lactis 
K. bulgaricus 
K. fragilis 
K. marxianus 
Candida kefir 
C. pseudotropicalis 
Torulopsis sp. 
Saccharomyces sp. 
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was applied in normal (using baker’s yeast) and sourdough 
bread-making, improving the sensorial properties and 
expanding the shelf life of breads by preserving their 
freshness and overall quality characteristics (Filipcev 
et al. 2007; Plessas et al. 2011a). The maintenance of 
bread freshness was also indicated by solid-phase micro-
extraction (SPME) GC-MS analysis during storage, show
ing that sourdough made with kefir retained more types and 
higher numbers of volatile compounds for longer periods 
and with lower loss rates compared to the control samples. 
Differences in the percentages of esters were also observed, 
with kefir sourdough breads having higher amounts of 
esters on total volatiles. These findings were further verified 
through sensorial tests proving that sourdough breads 
prepared with kefir grains were of better overall quality 
compared to the control samples. Moreover, kefir grains 
were successfully cultured in cheese whey, offering an 
alternative to the biotechnological exploitation of this 
difficult-to-treat waste and at the same time decreasing 
the cost of kefir production as other researchers have 
proposed (Athanasiadis et al. 2001). 

The use of kefir grains also showed a direct impact 
towards rope spoilage caused mainly by Bacillus sp. 
(B. subtilis, B. licheniformis and B. cereus) (Mantzourani 
et al. 2014). More specifically, spoilage in the produced 
sourdough breads appeared during the 15th day of storage, 
while the control samples (sourdough breads prepared with 
wild microflora) were spoiled by around the 7th day. 
Denaturing gradient gel electrophoresis (DGGE) analysis 
confirmed the above macroscopic observation since Bacil
lus spp. were detected on sourdough breads prepared with 
kefir grains after the 15th day of storage. The content of 
organic acids that play a synergistic role regarding the 
extension of bread shelf life was considered to be the 
main reason for the above results. Lactic acid and acetic 
acid concentrations in the sourdough breads made with 
kefir were 41–82% and 0.5–1-fold higher, respectively, 
than in the control samples. The concentrations of some 
other minor organic acids were also found to be higher. 

Other species that have recently used for sourdough 
bread-making include Bifidobacteria spp. The main pur
pose of selecting these for sourdough fermentation was 
their phytase activity (Palacios et al. 2008; Sanz-Penella 
et al. 2012). Bread is a good source of calcium, potassium, 
magnesium, iron and phosphorus. However, their availa
bility is usually limited by the presence of phytate 
(Poutanen et al. 2009). Sourdough fermentation seems to 
be satisfactory in dealing with this matter. In this respect, 
Bifidobacterium pseudocatenulatum ATCC27919 was 
implemented as a starter in whole-wheat sourdough fer
mentation (Sanz-Penella et al. 2012). The results showed 

satisfying adaptation to the dough ecosystem and contribu
tion to different acidification degrees, mainly through the 
promotion of phytate hydrolysis. The Bifidobacterium 
strain increased phytate hydrolysis during fermentation 
due to the activation of endogenous cereal phytase and 
its own phytase. Likewise, the produced bread had signifi
cantly lower phytate levels (1.45–7.62 μmol g�1 of bread in 
dry matter). The production of sourdough with bifidobac
teria led to the formulation of whole-wheat bread with 
positive changes in the thermal properties of starch and 
delayed (and decreased) amylopectin retrogradation, thus 
reducing the bread staling rate. In addition, the incorpora
tion of Bifidobacteria resulted in increasing levels of 
organic acids in the fermented dough and bread. In particu
lar, L. plantarum, L. brevis and Leuconostoc spp. are 
reported to produce lower quantities of lactic acid and 
acetic acid in dough that has undergone fermentation 
with sourdough (Robert et al. 2006). Rolland et al. 
(2005) confirmed that the proteolytic activity of the Bifi
dobacterium strain during the sourdough incubation period 
attacks gluten-associated proteins and results in weakening 
of the gluten network, providing breads with lower specific 
volumes. 
A certain probiotic strain, Bifidobacterium animalis, was 

recently evaluated for probiotic sourdough bread produc
tion with very interesting results (Zhang et al. 2014). 
Specifically, the results showed that the viability of the 
probiotic bacteria after baking for 12 min at three different 
baking temperatures was not negligible as expected. How
ever, B. animalis is a kind of anaerobic bacteria and the 
aerobic conditions during bread-making cause a significant 
limitation of their survival. Nevertheless, their findings 
open new perspectives for the production of probiotic bread 
using certain probiotics (mainly Lactobacillus ssp.) by 
controlling the baking temperature. 

16.3.4 Enzymes in Sourdough Bread Production 

16.3.4.1 Proteolytic Enzymes 

Proteolytic enzymes acting on gluten proteins determine the 
bread-making capacity of wheat flours, contributing to 
dough water and gas retention (Wieser 2007). Their solu
bility and susceptibility to enzymatic degradation is 
increased with acidification and accumulation of low
molecular-weight thiols (Thiele et al. 2004). Primary pro
teolysis depends on endogenous proteinases, and extensive 
proteolysis requires addition of malt or fungal enzymes 
(Gänzle et al. 2008). Additionally, intracellular peptidases 
increase the concentration of amino acids (Gobbetti 
et al.1996; Di Cagno et al. 2002). 
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16.3.4.2 Polysaccharide-Degrading Enzymes 

It is widely known that wheat and rye grains exhibit 
α-amylase, β-amylase and glucoamylase activity, produc
ing maltodextrins, maltose and glucose, respectively, from 
starch during sourdough fermentation. Sourdough contain
ing LAB that produce extracellular amylases is usually 
applied for this purpose in substrates with low amylase 
activity such as sorghum, pearl millet and corn (Songré-
Quattara et al. 2008). When the crumb is heated to 100°C 
during baking, active amylase and gelatinized starch co
exist and may lead to rapid starch degradation. Important 
LAB applied in sourdough fermentation such as L. fermen
tum, L. sanfranciscensis and L. reuteri are highly adapted to 
maltose (Gobbetti et al. 2005). More specifically, L. san
franciscensis exhibits constitutive expression of maltose 
phosphorylase. This gene is highly preserved in genomes of 
cereal-associated lactobacilli, a fact that indicates its sig
nificance in carbohydrate metabolism (Gänzle & Follador 
2012). Nakai et al. (2009) indicated that α-(1-6) and 
α-(1-4)-glycosidic linkages in maltodextrins and iso
maltodextrins are hydrolysed by the intracellular glycosyl 
hydrolases MalN and MalL. Maltose is a high-strength glyco
syl-acceptor for LAB glucansucrases, and glucose is transferred 
to a glycosyl-acceptor. Suitable acceptors for reuteransucrase or 
dextransucrase enzymes include water, maltose, pentose oligo
saccharides (POS) and reuterin or dextran. 
When degradated, flour araboxylans in rye sourdoughs 

result in the production of soluble polysaccharides of high 
molecular weight (Loponen et al. 2009). Arabinose and 
xylose sugars are produced by degradation of araboxylan of 
rye and wheat sourdoughs after addition of pentosanases 
(Loponen et al. 2009). The pH range 3.5–5.5 is the optimum 
for the activity of rye and wheat xylanases (Rasmussen et al. 
2001; Gebruers et al. 2010). 

16.3.4.3 Other Enzymes 

Feruloylated sugar esters are hydrolysed by feruloyl ester
ases in intestinal lactobacilli (Wang et al. 2004; Hole et al. 
2012). L. plantarum exhibits activity of tannin acyl hydro
lase (tannase), an esterase with specificity for galloyl ester 
bonds present in gallotannins (Iwamoto et al. 2008). Phe
nolic acid metabolism in LAB is mediated by reductases 
and decarboxylases. This effect is strain specific, attributed 
to metabolism of phenolic acids by individual strains or to 
differentiated specificity of feruloyl esterases (Hole et al. 
2012). Phytate hydrolysis in dough is mainly mediated by 
cereal phytases, although phytase activity during sour
dough fermentation is yet to be investigated (De Angelis 
et al. 2003). Lipoxygenases oxidize linoleic acid to 

hydroxyperoxy acids. Flavour-active aldehydes are pro
duced as final degradation products of enzymatic or non
enzymatic reactions. More specifically, wheat lipoxygenase 
forms 9-hydroperoxy-linoleic acid and rye lipoxygenase 
forms the 13-hydroperoxy isomer. Potent biological activi
ties of hydroxyl fatty acids have been observed. Coriolic 
acid ((9Z,11E)-13-hydroxy-9,11-octadecadienoic acid) and 
its associated antifungal activity more than double the shelf 
life of bread when added (Black et al. 2013). Lipid oxida
tion is enhanced by homofermentative lactobacilli; mean
while obligate heterofermentative lactobacilli decrease the 
oxidation-reduction potential of sourdoughs and accumu
late glutathione or thiol compounds (Capuani et al. 2012). 

16.3.5	 Immobilized Starter Cultures in 
Sourdough Bread Production 

An interesting biotechnological approach for sourdough 
preparation is the application of immobilized cell tech
niques. For example, L. casei cells immobilized on brew
er’s spent grains and kefir immobilized on orange pulp, 
orange peel and on a starch–gluten–milk matrix (traditional 
fermented cereal food trahanas) were successfully used for 
sourdough bread-making (Plessas et al. 2007, 2008b). All 
the produced breads retained their moisture and freshness 
for longer compared to the control samples, and obtained 
positive scores during consumer evaluation regarding both 
taste and flavour. In addition, the produced breads con
tained aroma volatiles in considerable concentrations as 
determined by GC-MS analysis. 

16.3.6	 Application of Sourdough for 
Gluten-Free Bread Production 

The use of sourdough for the production of gluten-free (GF) 
breads is also of great importance. A category of consumers 
suffers from celiac disease, which is an immune-mediated 
enteropathy caused by the ingestion of gluten (Gallagher 
et al. 2004). Mainly based on starch, these products have 
very low contents of various nutrients, are considered of 
low quality (exhibiting poor crumb and crust character
istics), have poor sensory properties and undergo fast 
staling (Gallagher et al. 2004; Ahlborn et al. 2005). On 
the other hand, sourdough fermentation improves the qual
ity of GF breads by improving both their sensory and 
nutritional character. For example, the application of mixed 
cultures consisting of the lactobacilli L. alimentarius, 
L. brevis, L. sanfranciscensis and L. hilgardii was shown 
to almost completely hydrolyse gliadin, leading to bread 
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that was tolerated by sensitive patients (Brandt et al. 2004). 
Finally, LAB can also produce gluco- or fructooligosac
charides that have been well described for their prebiotic 
effects (Monsan et al. 2001). 
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17.1	 The Return of Non-Saccharomyces 
Yeasts to Oenology 

The advent of inoculated fermentations involving S. 
cerevisiae, with its high fermentative power, good toler
ance to ethanol, low-level volatile acidity production, 
strong resistance to SO2 and appropriate production of 
volatile metabolites, virtually banished non-Saccharomy
ces yeasts from the wine industry. Indeed, until the 1990s, 
yeast selection was entirely directed towards optimizing 
the properties of S. cerevisiae. However, interest in non-
Saccharomyces yeasts is now growing, a consequence of 
their influence on wine properties and quality. Several 
yeast manufactures now produce them on an industrial 
scale (Table 17.1). 

The selection of non-Saccharomyces yeasts, their poten
tial oenological applications (the improvement of wine 
colour, aroma, taste and wine stabilization) and the tech
nological advantages they offer have been discussed in a 
number of reviews (Fleet 2008; Ciani et al. 2010; Suárez-
Lepe & Morata 2012; Jolly et al. 2014). The physiological 
and metabolic properties of these yeasts can be very 
different to those of S. cerevisiae. They may also differ 
in terms of their shape, with apiculated, spherical and 
cylindrical forms all recorded (Fig. 17.1), as well as their 
cell-wall structure and thickness (a reflection of their 
osmophilic properties). The use of non-Saccharomyces 
yeasts modifies the chemical composition of wine, affecting 
its sensorial quality. During fermentation, the formation of 

pyranoanthocyanins may be increased by fermenting with 
Pichia gillermondii (Benito et al. 2011) or Schizosacchar
omyces pombe (Morata et al. 2012a), glycerol levels can be 
raised using Candida stellata (Ferraro et al. 2000) or 
Lachancea thermotolerans (Gobbi et al. 2013), and poly
saccharide (Giovani et al. 2012) and aromatic compound 
contents increased with Torulaspora delbrueckii (Comitini 
et al. 2011). 
The presence of apiculate yeasts affects the chemical 

composition of a wine (Fleet & Heard 1993) since these 
increase the production of fermentation metabolites such us 
glycerol, ethyl acetate and acetoin (Romano et al. 1997). 
Kloeckera apiculata (anamorphic form) and Hansenias
pora uvarum (teleomorphic form) are of particular interest 
in this respect. These yeasts can be isolated easily from 
grapes (they are the main species growing at the beginning 
of spontaneous alcoholic fermentation). Apiculate yeasts 
are quite sensitive to SO2 and are normally controlled in 
winemaking through the use of this additive. The produc
tion of esters with positive sensorial repercussions on 
wines, such as 2-phenylethyl acetate, can be increased 
by fermenting with some strains of H. guilliermondii (Rojas 
et al. 2001). The metabolic interactions between non-
Saccharomyces yeasts and S. cerevisiae can also positively 
affect the growth and fermentation behaviour of the latter 
(Ciani & Fatichenti 1999). 
Candida pelicullosa and Pichia (hansenula) anomala 

are ascomycetous yeasts that are also active during early 
spontaneous fermentation (Renouf et al. 2007). They have 
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Figure 17.1 Electronic and optical microscope images of several non-Saccharomyces yeasts found on grapes and in wines, 
many of which have potential applications in oenology: (a) Kloeckera apiculata; (b) Pichia anomala; (c) Schizosaccharomyces 
pombe; and (d) Saccharomycodes ludwigii. 

an ovoid or ellipsoid morphology and reproduce asexually 
by multilateral budding. P. anomala is the teleomorphic 
form. The number of hat-shaped spores per ascus is 1–4 
(Fig. 17.1). Candida/Pichia are quite sensitive to SO2. P. 
anomala, which shows high osmotolerance, has tradition
ally been considered a spoilage yeast because of its exces
sive production of acetic acid and ethyl acetate (Plata et al. 
2003). However, this species increases the production of 
esters (mainly ethyl acetate but also isoamyl acetate) during 
fermentation (Rojas et al. 2001). It can also be used as a 
bioprotective agent against moulds such as Botrytis on 
grapes in the field (Fleet 2003). 

Candida pulcherrima and Metschnikowia pulcherrima 
(ascomycetous) can be found in early spontaneous fermen
tations when the alcohol content is below 5% v/v. C. 
pulcherrima is the anamorph form, and Metschnikowia 
the teleomorph form (with one or two acicular spores 
per ascus). This yeast is able to ferment musts up to about 
5% v/v of ethanol. In mixed fermentations with S. cerevi
siae however, its population declines when the ethanol 
concentration reaches 2–3% v/v (Cocolin et al. 2000). Its 
morphology is globular, and the cell contains a large oil 
droplet easily observed under the optical microscope due to 
its high refringence. Its sensitivity to SO2 is quite low. 

Metschnikowia produces a biocidal pigment known as 
pulcherrimin (Türkel & Ener, 2009) that is released into 
the growth medium; it probably works via iron depletion 
(Sipiczki 2006), but it also degrades patulin (which is 
required by some bacteria) in food and beverages (Reddy 
et al. 2011). Metschnikowia has been used with Saccharo
myces to increase glycerol contents, volatile acidity and 
total acidity (Sadineni et al. 2012). Certain metabolic 
compounds (e.g. esters) produced by Metschnikowia 
improve the flavour of some wines (Parapouli et al. 2010). 
Lachancea (Kluyveromyces) thermotolerans (ascomyce

tous) reproduces asexually by multilateral budding. Sexual 
reproduction is possible, with 1–4 ascospores per ascus 
formed after optional conjugation. This yeast can grow and 
ferment at 37 °C, producing lactic acid from sugars as well 
as alcohol. Some strains produce up to 9.6 g L�1 of lactic 
acid (Kapsopoulou et al. 2005), allowing the wine to reach 
a final alcohol content of 7% v/v. This yeast is unable to 
grow at 9% v/v of ethanol. When used in sequential or 
mixed fermentations with Saccharomyces, it causes pH 
reductions and enhances the production of 2-phenylethanol 
and glycerol (Comitini et al. 2011; Gobbi et al. 2013). The 
yeast polysaccharide content of wine is also increased when 
Lachancea is used in mixed fermentations with 
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Saccharomyces (Comitini et al. 2011; Zara et al. 2014). 
It also seems to influence the sensorial profile of wines. 
Candida zemplinina (an ascomycetous anamorph) shows 

asexual reproduction by budding. Its cells are ellipsoid to 
elongated in shape. It is frequently isolated in botrytized 
musts, and shows a good tolerance to high sugar levels 
(osmotolerant) and low fermentation temperatures (psy
chrotolerant). These properties make it useful for ferment
ing sweet, botrytized musts (Sipiczk 2003) such as those 
used in the manufacture of Tokay (Hungary) and Sauternes 
(France) wines. This species is closely related to Candida 
stellata, which is also common on overripe grapes and often 
seen during the fermentation of sweet wines. However, 
considerable differences exist between the 26S and 5.8S– 
ITS rDNA sequences of C. stellata and C. zemplinina 
(Sipiczk 2003). Sequential fermentation with C. zemplinina 
and S. cerevisiae reduces the level of acetic acid in wine and 
improves the response to osmotic stress in sweet wine 
fermentations (Rantsiou et al. 2012). The fructophilic 
metabolism of C. zemplinina allows it to completely ferment 
the must sugar (Tofalo et al. 2012; Pfliegler et al. 2014). It 
also produces high levels of glycerol (9.9–11.6 g L�1), and a 
number of strains produce high levels of SH2 (Tofalo et al. 
2012). The association of C. zemplinina with other ubiqui
tous apiculate yeasts (Hanseniaspora uvarum/Kloeckera 
apiculata) strongly influences the composition of wine 
(Tofalo et al. 2012). 

Torulaspora delbrueckii (ascomycetous), formerly 
known as Saccharomyces delbrueckii or Saccharomyces 
rosei, has an anamorph form known as Candida collicu
losa. This non-Saccharomyces yeast has metabolic and 
physiological properties of great interest in oenology. 
Torulaspora shows high fermentation purity, ensuring 
that volatile acid (Bely et al. 2008; Renault et al. 2009), 
ethyl acetate (Plata et al. 2003) and acetaldehyde (Ciani & 
Picciotti 1995) production is low. Its production of 
unpleasant volatile compounds, such as H2S (Comitini 
et al. 2011) and acetoin (Ciani & Maccarelli 1998), is 
also low. The tolerance of this yeast to SO2 is quite high 
(Comitini et al. 2011), and it can biotransform terpenes 
(King & Dickinson 2000) to increase the production of 
certain aromatic compounds (Azzolini et al. 2012). It also 
produces appreciable amounts of lactic (Valli et al. 2006) 
and succinic acids (Ciani & Maccarelli 1998). It is therefore 
a potentially good complement to S. cerevisiae when 
seeking to improve wine quality. 
Schizosaccharomyces pombe is an ascosporogenic or 

sporulating ascomycetous yeast. It reproduces vegetatively 
by binary fission via the formation of a wall at the centre of 
the cell. The genus Schizosaccharomyces is composed of 
the related species S. japonicus, S. octosporus and S. pombe 

(Vaughan-Martini 1991), distinguished by the number of 
spores per ascus and the capacity to ferment maltose, 
melibiose and raffinose. Grape musts can be completely 
fermented by S. pombe which has a fermentative power of 
10–13% v/v ethanol under anaerobic conditions and nearly 
15% v/v with slight aeration. The oenological uses of 
Schizosaccharomyces have been extensively reviewed by 
Suárez-Lepe et al. (2012). S. pombe can perform maloal
coholic fermentation, turning malic acid into ethanol and 
CO2 (Mayer & Temperli 1963). The reduction in the initial 
malic acid content can range from 75 to 100%, depending 
on the strain (Palomero et al. 2009). S. pombe has tradi
tionally been regarded as a spoilage yeast however, since 
many strains produce large amounts of acetic acid 
(0.8–1 g L�1; Benito et al. 2012). However, this can be 
controlled when it is used with S. cerevisiae in mixed or 
sequential fermentations (Benito et al. 2013). The two-layer 
structure of its cell walls increases the release of polysac
charides into the developing wine, affecting its mouthfeel 
(Palomero et al. 2009). S. pombe can ferment musts with 
low levels of yeast-assimilable nitrogen (Benito et al. 
2012). It also increases the formation of stable pigments 
during fermentation (Morata et al. 2012a), and can use 
gluconic acid under aerobic conditions, a property useful 
when using grapes affected by botrytis (Peinado et al. 
2004). The urease activity of S. pombe can also help reduce 
the content of ethyl carbamate precursors, improving wine 
safety (Barnett et al. 2000). Finally, its low alcohol yield 
reduces the amount of ethanol in wines (Palomero et al. 
2009). 
Saccharomycodes ludwigii (an apiculated, ascomycetous 

yeast) is commonly found on grapes and in musts. Its lemon 
shape and large size show it to undertake asexual repro
duction by polar budding. It is also a teleomorphic yeast 
with 1–4 spherical spores per ascus. It has traditionally been 
considered a spoilage yeast that is difficult to control given 
its high resistance to SO2 (>100 mg L�1), ethanol, DMDC 
and sorbates (Stratford et al. 1987; Romano et al. 1999; 
Estela-Escalante et al. 2011). Its excessive production of 
ethyl acetate (>100 mg L�1) and acetoin (frequently >150 
mg L�1) (Romano et al. 1999) reduces the aromatic quality 
of wines if it is used as the sole fermenting organism. This 
problem can be minimized by using mixed or sequential 
fermentations with S. cerevisiae. Its volatile acid produc
tion is moderate (0.4–0.6 g L�1) (Estela-Escalante et al. 
2011), and its 2,3-butanodiols and glycerol production 
low (Romano et al. 1998; Estela-Escalante et al. 2011). 
The osmophilic nature of this yeast, and the particular 
structure of its cell wall, lead to increased polysaccharide 
contents appearing in the wine during fermentation and 
ageing over lees (Palomero et al. 2009). 
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Figure 17.2 Potential applications of non-Saccharomyces yeasts in red and white winemaking. 

Non-Saccharomyces yeasts can be used at different 
stages during winemaking (Fig. 17.2). Their first use is 
as protective bioagents on the grapes themselves, their 
presence helping to reduce unwanted moulds and other 
microorganisms. Hanseniaspora uvarum is reported able to 
control Botrytis cinerea by inducing plant resistance (Liu 
et al. 2010). Its effects can be enhanced by the application 
of tea polyphenols, salicylic or sodium carbonate (Geng 
et al. 2011; Qin et al. 2013). Certainly, the addition of some 
non-Saccharomyces cultures to grapes before pre-process
ing can improve their food safety. Some yeasts can control 
post-harvest disease spoilage organisms by competing for 
space and nutrients (Janisiewicz et al. 2000) by the pro
duction of hydrolytic enzymes such as β-glucanase and 
chitinase, and by the induction of resistance (EI-Tarabily & 
Sivasithamparam 2006). Currently, the control of moulds 
on grapes is performed chemically, mainly using SO2; the 

application of non-Saccharomyces provides a biological 
method that could achieve the same result. 

Non-Saccharomyces yeasts can also be used in alcoholic 
fermentation. It is here where new yeast species offer the 
greatest potential for improving wine quality or facilitating 
its production. Specific species of yeast can be used to 
improve red or white wine fermentations (Fig. 17.2). In red 
wines, non-Saccharomyces yeasts can enhance the ferment
ative formation of aromatic compounds, increase the syn
thesis of stable pyranoanthocyanin pigments and provide a 
smoother mouthfeel by releasing polysaccharides and 
forming polyalcohols. In white wines, they can improve 
the formation of aromatic compounds (mainly esters) and 
the biotransformation of aromatic precursors to form odor
ant molecules. They can also be used to increase the 
structure of wines via the formation of polyalcohols and 
the release of polysaccharides. 
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The production of esters that improve the sensorial 
profile of wine can be increased via the use of several 
non-Saccharomyces species. For example, compounds 
with rose petal aromas (Swiegers et al. 2005), such as 2
phenyl ethanol, or its ester with acetic acid 2-phenyl ethyl 
acetate, can be produced. The lower sensorial threshold of 
the latter renders it more perceptible at low concentrations. 
The formation of these compounds can be enhanced by the 
use of Hanseniaspora guilliermondii (Rojas et al. 2001), 
H. vinae (Viana et al. 2011), Zygosaccharomyces florenti
nus (Domizio et al. 2011), Lachancea thermotolerans, 
Metschnikowia pulcherrima and Torulaspora delbrueckii 
(Comitini et al. 2011). In some cases these can be used to 
control the production of volatile acidity and ethyl acetate 
(Comitini et al. 2011). The aroma of ethyl lactate is creamy 
and fruity and its formation can be increased via the use of 
Lachancea thermotolerans (Comitini et al. 2011), which 
overproduces lactic acid. Isoamyl acetate, the main impact 
aroma in banana, can improve the sensorial profile of some 
white wines with scant varietal aroma. P. anomala is a 
strong producer of isoamyl acetate (Rojas et al. 2001), as is 
M. pulcherrima (Comitini et al. 2011). 
Recently, some yeasts have been used in the formation of 

stable pigments via the increased synthesis of pyranoan
thocyanins such as vitisins and vinylphenolic pyranoan
thocyanins (Morata et al. 2003, 2006, 2007). These 
compounds possess a heteroaromatic pyran ring that 
improves colour stability at different pH levels (Bakker & 
Timberlake 1997) and under oxidative conditions. Addi
tionally, carbon number 4 is saturated, rendering nucleo
philic attack by bisulphite ions impossible, thus preventing 
SO2 bleaching (Bakker et al. 1997; Romero & Bakker 
1999, 2000). Colour stability is therefore increased. Fer
mentation using selected S. cerevisiae strains that produce 
metabolites of interest (pyruvic acid and acetaldehyde), and 
that have hydroxycinnamate decarboxylase (HCDC) activ
ity, increase the formation of pyranoanthocyanins (Morata 
et al. 2006). Some non-Saccharomyces yeasts also increase 
the formation of pyranoanthocyanin pigments (Fig. 17.3) 
via the over-excretion of pyruvic acid (a precursor of vitisin 
A), or via higher HCDC activity. Schizosaccharomyces 
pombe can undergo maloalcoholic fermentation, and also 
over-excretes pyruvic acid. Some strains of S. pombe 
produce five times the amount of pyruvic acid produced 
by S. cerevisiae (Morata et al. 2012a), while others show 
notable HCDC activity. Pichia guillermondii also shows 
high extracellular HCDC activity that correlates with vinyl-
phenolic pyranoanthocyanin production (Benito et al. 
2011). The examination of new non-Saccharomyces spe
cies for the formation of pyranoanthocyanins may help to 
further increase colour stability during ageing. 

Wine structure is improved during fermentation by the 
production of polyalcohols and the release of polysacchar
ides from yeast cell walls. Polyalcohols such as glycerine or 
2,3-butanodiol improve a wine’s sweetness and softness by 
increasing its viscosity and structure. At the same time, they 
reduce astringency and bitterness. Cell-wall polysacchar
ides can also be perceived in the mouth via their increasing 
wine texture. Interactions between these latter compounds 
and polyphenols improve the integration and sensorial 
perception of both fractions. 
Glycerol is produced during the early stages of sugar 

fermentation to generate NADH2, the functions of which 
are related to redox balance, osmotic and oxidative resist
ance, the regeneration of cytosolic inorganic phosphate and 
nitrogen metabolism (Prior & Hohmann 1997). Quantita
tively, glycerol is the third most common compound in 
wine, ranging from 5 to 8 g L�1 (Boulton et al. 1996), and 
its effect on sensory quality is strong. 2,3-butanediols are 
also fermentative polyalcohols. In S. cerevisiae metabolism 
their precursors are pyruvic acid and acetaldehyde, which 
are produced in the glycolytic-fermentative pathway, and 
α-acetolactate (Ng et al. 2012). These compounds form 
acetoin which, under reducing conditions of fermentation, 
are mainly metabolized to 2,3-butanediols. 
Some non-Saccharomyces yeasts have recently been 

studied given their ability to increase polyalcohol produc
tion in must fermentation. Compared to pure cultures of 
S. cerevisiae, Lachancea thermotolerans, Candida zempli
nina and Metschnikowia pulcherrima in mixed fermenta
tions with S. cerevisiae all increase the concentration of 
glycerol produced (Comitini et al. 2011). The amount 
produced correlates with the non-Saccharomyces popula
tion size. Similar results have been returned by C. stellata 
(Ciani & Ferraro 1998; Soden et al. 2000; Jolly et al. 2003; 
García et al. 2010), C. cantarelli (Toro & Vazquez 2002) 
and Saccharomycodes ludwigii (Ciani & Maccarelli 1998; 
Domizio et al. 2011). 
The cell-wall polysaccharides of S. cerevisiae are mainly 

formed by three polymers: chitin, β-glucan and mannopro
teins. These polysaccharides (which are in fact formed from 
15% protein and 85% polysaccharides), make up approxi
mately 30% of the dry weight of the yeast (Nguyen et al. 
1998). In mixed fermentations with S. cerevisiae, L. ther
motolerans, C. zemplinina and M. pulcherrima all release 
larger amounts of polysaccharides than S. cerevisiae alone. 
However T. delbrueckii produces up to three times as much, 
depending on the cell ratios (Comitini et al. 2011). Sequen
tial cultures involving S. cerevisiae and either H. osmo
phila, P. anomala, S. ludwigii or Z. florentinus also produce 
significantly larger amounts of glycerol than S. cerevisiae 
alone (Domizio et al. 2011). 
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Figure 17.3 The formation of pyranoanthocyanins during fermentation, a potential application of non-Saccharomyces yeasts. 

Low must acidity is a traditional winemaking problem, 
especially in warm regions. Normally, must acidity is cor
rected using tartaric acid, although biotechnological options 
are available. For example, strains of S. cerevisiae that release 
malic acid during fermentation (0.5–1 gL�1) can be used 
(Yéramian et al. 2007). Some strains are also appreciable 
producers of lactic acid, which is well adapted to the sensorial 
profile of red wines. Lachancea thermotolerans can produce 
>2 gL�1 of lactic acid in industrial fermentations when 
coinoculated with S. cerevisiae; in sequential fermentation 
over 6 gL�1 lactic acid can be obtained (Gobbi et al. 2013) 
with an accompanying pH reduction of 0.2 units. 

Malolactic fermentation performed by acid lactic bacte
ria is necessary in red winemaking for microbiological 

stability to be reached, but this also improves the sensorial 
profile of wines. Alternatively, malic acid can be metabo
lized during fermentation by certain Saccharomyces spe
cies; indeed, 30% degradation can be achieved with S. 
paradoxus (Redzepovic et al. 2003). Schizosaccharomyces 
pombe also performs maloalcoholic fermentation (Van 
Rooyen & Tracey 1987; Taillandier et al. 1995), and can 
degrade 90–100% of initial malic acid concentrations in the 
range 2–8 g L�1 (Benito et al. 2012, 2013). Currently, S. 
pombe is produced encapsulated in alginate dry beads for 
adding to musts when malic acid needs to be removed; later, 
alcoholic fermentation can be performed by S. cerevisiae 
(Table 17.1). Sequential fermentations involving S. pombe 
and S. cerevisiae can be used to control malic contents in 
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order to produce wines with analytical profiles similar to 
those of wines produced by S. cerevisiae alone (Benito 
et al. 2012, 2013). 
Non-Saccharomyces yeasts can help prevent, or at least 

reduce, the formation of certain toxic molecules in wines. 
The formation of toxic and carcinogenic ethyl carbamate 
depends on the presence of urea, its main precursor 
(Uthurry et al. 2006). It has recently been reported that 
S. pombe possesses urease activity (Deák, 2008); it can 
therefore reduce urea concentrations and thus the formation 
of ethyl carbamate during ageing (Benito et al. 2012). This 
yeast needs lower levels of assimilable nitrogen than S. 
cerevisiae and can also metabolize malic acid. This avoids 
malolactic fermentation, the process largely responsible for 
the formation of biogenic amines by lactic acid bacteria 
(Benito et al. 2012). Some carcinogenic metabolites pro
duced by fungi can be removed from musts via their 
adsorption onto the yeast cell walls. Ochratoxin A levels 
in wine can be reduced by adsorption onto those of S. 
cerevisiae (Caridi et al. 2012). The composition of the 
external cell wall may influence ochratoxin A adsorption, 
and some non-Saccharomyces yeasts might better extract it 
from wine. This technology might therefore be used during 
fermentation or even with final wines, making use of dried 

yeasts or cell-wall-based products. S. cerevisiae has been 
used in this way to remove ochratoxin A and other com
pounds such as aflatoxin B1 (Joannis-Cassan et al. 2011). 
Sequential and mixed fermentations (Fig. 17.4) are 

commonly used when fermentations with the properties 
of non-Saccharomyces are required. Many non-Saccharo
myces are unable to completely ferment normal grape must, 
which has a typical sugar content of 220 g L�1 or higher. S. 
pombe and Saccharomycodes ludwigii can deal with this 
amount of sugar, but even then co-fermentation with S. 
cerevisiae improves the analytical quality of the final wines 
(it reduces the volatile acid and ethyl acetate production; 
Benito et al. 2011, 2013). 
The prevalence of metabolites produced by non-Saccha

romyces yeasts depends on the time they are allowed as 
the sole fermenters and the amount of sugar metabolized. 
The modification of the sensorial profile of S. cerevisiae 
fermentations therefore correlates on the time of inoculation 
in sequential fermentations, and on the non-Saccharomy
ces/Saccharomyces inoculum ratio in mixed fermentations 
(Comitini et al. 2011; Domizio et al. 2011). S. pombe 
fermentations need about 25–30 days to finish (Morata 
et al. 2012a); when S. cerevisiae is added in mixed 
fermentations it is better to use a relatively small population 

Figure 17.4 Development of populations in (a) mixed or (b) sequential fermentations of non-Saccharomyces yeasts and S. 
cerevisiae. 
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to give S. pombe the best chance of producing the concen
tration of metabolite required. Specific nutritional require
ments should be taken into account in all sequential and 
mixed fermentations. 

17.2 Influence of Yeasts on Wine Ageing 

Non-Saccharomyces yeasts can improve the sensorial qual
ity of wines during ageing. Ageing over lees is the matura
tion of wines over yeast lees either from the fermentation 
process or that have been added. This technique is used in 
the production of natural sparkling wines (Champagne, 
Cava), biologically aged wines (Sherry) and even white 
and red wines. It improves the aromatic profile via the 
formation or release of volatile compounds derived from 
cell structures, and improves wine structure and softness 
via the release of cell-wall polysaccharides into the wine. 
Several non-Saccharomyces yeasts (especially those with 
osmophilic natures such as S. pombe and S. ludwigii) 
release larger amounts of cell-wall polysaccharides, and 
do so more quickly, than S. cerevisiae (Palomero et al. 
2009). They can therefore reduce the associated costs of this 
type of ageing. The use of pure lees from non-Saccharo
myces yeasts or selected strains of S. cerevisiae can reduce 
the microbiological problems associated with traditional 
ageing over lees (Suárez-Lepe & Morata 2009), leading to 
improved wine quality (Loira et al. 2013). 

17.2.1	 Emerging Technologies for 
Controlling Microorganisms in 
Grapes and Wines 

Grapes are not normally cleaned or sanitized before making 
wine; the traditional way to control microorganisms is to 
add SO2. However, ways of reducing the use of SO2 are 
required since some people are allergic to it. Technologies 
are now emerging that physically destroy unwanted micro
organisms. These include the pasteurization of grapes at 
low temperature, the use of high hydrostatic pressures 
(HHP; Delfini et al. 1995), pulsed electric fields (PEF; 
Puértolas et al. 2009), ultrasound (US; Nafar et al. 2013) 
and ultraviolet radiation (UV; Guerrero-Beltrán et al. 
2009). Typical yeast and bacteria populations in grapes 
can be controlled by HHP with treatments of 400–600 MPa 
for 2–10 min (Delfini et al. 1995). PEF treatments differ in 
terms of the wave shape (square, exponential, bipolar) used, 
the number of pulses, pulse duration and electric field 
strength, and are affected by the conductivity of the grapes. 
The optimum US treatment might be 135 kHz at 31 °C for 

40 min (Nafar et al. 2013). In UV treatments, a UV-C 
wavelength of 254 nm is the most effective since it damages 
DNA by forming pyrimidine dimers. Typical irradiation 
levels are 8–10 kJ m�2 for 15 min from a distance of 10 cm 
(Fava et al. 2011). The extraction of grape anthocyanins, 
procyanidins and aromatic compounds can be increased by 
HHP (Corrales et al. 2009), PEF (López et al. 2008; Delsart 
et al. 2012) and US (Ferraretto et al. 2013) acting on the 
grape skins. 
Separating the skins from the must reduces the wild 

grape microorganism population in the latter. The early 
crushing and separation of skins and musts therefore 
reduces the number of yeast and bacteria present and makes 
it easier to use selected strains of yeasts (Suárez-Lepe & 
Morata 2004). This is especially true when using weak non-
Saccharomyces fermenters; it affords them a greater chance 
of competing. 
Some of the above technologies can also be used to 

stabilize and control microbial counts in wines during 
ageing and bottling. For example, HHP has been used 
against spoilage yeasts such us Brettanomyces/Dekera; it  
strongly reduces their initial populations and works at low 
temperature (Morata et al. 2012b). Brettanomyces and 
Lactobacillus can be controlled by PEF (16–31 kV cm�1 

and 10–350 kJ kg�1 at 24 °C), reducing the initial load in 
wines by 99.9% (Puértolas et al. 2009). 

17.2.2	 Systems Biology and Metabolomics 
in the Selection of S. cerevisiae and 
Non-Saccharomyces Strains for 
Wine Production 

Metabolomic techniques can be used in the selection of 
S. cerevisiae and non-Saccharomyces wine yeasts. High-
throughput analytical tools such as liquid chromatogra
phy, gas chromatography or capillary electrophoresis 
coupled with mass spectrometry (single quadrupole, triple 
quadrupole, quadrupole-time of flight), or coupled with 
nuclear magnetic resonance, can examine large numbers 
of yeast strains for the production of metabolites of 
oenological importance (aroma, colour and mouthfeel) 
during or after the fermentation of a must or model 
medium. The large amount of data generated must be 
processed statistically to detect which yeasts improve 
the sensorial quality of wine. These techniques can 
also be used to check the oenological value of yeasts 
produced by genetic engineering or traditional breeding/ 
hybridization. All checks should ensure that yeasts of 
interest do not also produce compounds with a negative 
repercussion on wine quality. 
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17.2.3	 Biogenic Amine Production by 
S. cerevisiae and Non-Saccharomyces 
Yeasts: Detection and Control Methods 

Biogenic amines (BA) are produced via the decarboxylation 
of amino acids. Although common in fermented foods, high 
concentrations can cause headache, low blood pressure, 
palpitations, nausea, diarrhoea and other symptoms (particu
larly in sensitive people) (Bauza et al. 1995). BAs such as 
histamine, tyramine and putrescine have been detected in 
wine (Lehtonen 1996; Landete et al. 2005) in which they are 
produced by lactic acid bacteria (LAB; Moreno-Arribas et al. 
2003). Indeed, the only bacteria with histidine-, tyrosine- and 
ornithine decarboxylase activities isolated from wine have 
been LAB strains (Lonvaud-Funel 2001; Smit et al. 2008). 
Very few studies have described the production of BAs by 
yeasts, although isoamylamine, ethylamine and ethanolamine 
can be produced (Caruso et al. 2002; Torrea & Ancin 2002). 
A recent study reported 11 non-Saccharomyces (Aureo

basidium pullulans, Candida boidinii, H. guillermondii, 
H. uvarum, Hansenula mrakii, K. apiculata, M. pulcherrima, 
P.kluyveri, P. membranaefaciens, P. pinus and R. rubra) and  
20 strains of S. cerevisiae not to produce histamine, tyramine, 
phenylethylamine, putrescine or tryptamine in a synthetic 
medium, wine or fermenting must (Landete et al. 2007). BA 
production in wines therefore has little to do with yeast 
activity; indeed, they may be able to prevent it. BA produc
tion by LABs is strongly correlated with nitrogen levels; the 
use of non-Saccharomyces yeasts able to deplete nitrogen, 
or that function at low levels of assimilable nitrogen and 
therefore avoid the need for higher nitrogen concentrations, 
may therefore help prevent BA formation by these bacteria 
(Benito et al. 2012). The substitution of malolactic fermen
tation by maloalcoholic fermentation via the use of S. pombe 
provides another way of reducing BA formation by LABs 
(Benito et al. 2012) (malic acid is used as a carbon and 
energy source by LABs). The most versatile and sensitive 
techniques for the detection and quantification of BAs in 
wines are based on derivatization reactions followed by 
reverse-phase liquid chromatography separations and detec
tion by the UV-absorbance or fluorescence of the derivatized 
BA. N-(9-fluorenylmethoxy-carbonyloxy)-succinimide, o
phthaldialdehyde and diethyl ethoxymethylenemalonate 
have been used as derivatization agents for the detection 
of BAs (Gómez-Alonso et al. 2007). 

17.2.4	 Use of Non-Traditional Fining Agents 
and their Impact on Wine Attributes 

Traditional protein fining agents – milk casein, egg albu
min, gelatine, fish proteins – are all of animal origin. 

Animal additives have their drawbacks, however. For 
example, the appearance of bovine spongiform encephal
opathy (BSE) has led to increased concern regarding the use 
of gelatine. There is therefore much interest in finding 
alternatives that avoid the risk of disease transmission. 
Plant proteins, such as gluten and proteins derived from 
peas and white lupins, are an emerging option (Chagas et al. 
2012). Plant proteins are cheap, their use is compatible with 
the Codex Alimentarius and they are more acceptable to 
vegetarian consumers. Wines clarified with plant proteins 
may also have a better phenolic content and colour and 
more acceptable sensory attributes than wines treated with 
animal proteins (Cosme et al. 2012; González-Neves et al. 
2014). However, some plant proteins can be allergenic (e.g. 
celiac disease is caused by an allergy to gluten). Other 
alternatives include yeast-derived proteins. Traditionally, 
wines aged over lees are more limpid and clear, the 
colloidal properties of yeast mannoproteins helping to 
clarify the wine. Yeast proteins, polysaccharides and dry 
yeast preparations can improve the sensory properties of red 
wines by reducing green tannins, thus increasing the 
roundness of the wine and its softness on the palate (Del 
Barrio-Galán et al. 2012). Yeast protein extracts can be 
used to improve tartaric acid stability in wines, thus avoid
ing undesired crystallizations (Caridi 2006), and be used to 
minimize browning in white wines via the adsorption of 
phenolic compounds, procyanidins and coloured molecules 
(Bonilla et al. 2001; Lopez-Toledano et al. 2004). 

17.3 Future Possibilities 

Natural alcoholic fermentation is a batch process in which 
S. cerevisiae counts reach 108 colonoy-forming units per 
millilitre (CFU mL�1); it is also a slow process that usually 
requires more than 8 days to complete. It can, however, be 
accelerated by working with populations of 109 

–1010 CFU 
mL�1. This can be accomplished using technologies such as 
polymeric bead-encapsulated yeasts and membrane bio
reactors (Fleet 2008). The use of immobilized yeasts in 
glass foams keeps fermentation going for 3.5 months 
(Bonin et al. 2006). However this long period reduces 
the yeast cell count and affects yeast morphology. Contin
uous technology can also be used in special fermentative 
processes such as low-temperature fermentation (5 °C) 
involving psychrophilic yeast strains adsorbed onto porous 
volcanic materials. Fermentations proceed over 75 days and 
produce wines with little volatile acidity and a constant 
alcohol content (Bakoyianis et al. 1992). Similar results 
have been obtained using other porous substrates such as 
slices of fruit over a period of 95 days (Kourkoutas et al. 
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2002). Continuous fermentation can also be used to provide 
high non-Saccharomyces populations in musts and there
fore improve the sensorial profile of wines. Fermentation 
can then be finished using S. cerevisiae. It can also be used 
to ferment must fractions with non-Saccharomyces yeasts 
after conventional fermentation with S. cerevisiae has 
proceeded for some time. 

17.4 Conclusions 

The use of non-Saccharomyces yeasts in new ways of pre
processing grapes, fermenting musts and stabilizing and 
ageing wines is opening up novel means of improving their 
sensorial quality and safety. Their use may also afford 
technological advantages. These yeasts are certainly no 
longer ignored by the winemaking industry, and may have 
important roles to play in wine production in the future. 
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18.1	 The Market for Yeast and 
Yeast Products 

Despite their small physical size, yeasts have a large market 
presence. The global yeast market reached US$ 5.9 billion 
in 2013 and is projected to reach US$ 9.2 billion by 2019, 
with a projected 5-year compound annual growth rate 
(CAGR) of 7.9% (März 2014). The total global production 
of yeast is in excess of three million tons, and the yeast 
industry is the second largest segment within the fermenta
tion industry. Table 18.1 provides an overview of some of 
the yeasts utilized in the food industry. Annual European 
production of yeast is now 900,000 tonnes, of which over 
60% is consumed in the European Union. The largest 
portion of this market is for fresh yeast for bakery uses, 
with over 600,000 tonnes of baker’s yeast produced every 
year. Yeast for use in the brewing of beer, wine, sake and 
spirits also occupies a large portion of the market. In 
addition there are large markets for yeast and yeast products 
for bioethanol production and as additives to animal feed. 

In 2012 the global market for products manufactured from 
yeast, such as yeast extract and yeast beta-glucan, was valued 
at US$ 550 million. Yeast extract is used in many processed 
and ready-to-eat foods as a replacement for salt due to the 
presence of glutamic acid, while yeast beta-glucan has a wide 
variety of applications in both food and animal feed. The 
current popularity of probiotic and functional foods (and 
other innovative products) is also contributing to growth in 
this market. There is growing market demand for the devel
opment of food products that use yeast as an innovative 

natural source of ingredients and additives (e.g. flavours, 
colours, anti-oxidants, vitamins and minerals). 

18.2	 The Baking Industry 

In 1990, the first recombinant yeast strain was introduced to 
the food industry for use in baking. A baker’s yeast was 
genetically engineered so that the bread dough would rise 
faster. This involved putting the genes that break down 
the sugar maltose under control of a stronger constitutive 
promoter to speed up the process. However, due to negative 
consumer perceptions regarding genetically modified (GM) 
organisms (i.e. GM yeast), this yeast has not been used in 
the baking industry. 
Current research on developing new baking strains is 

more focused on traditional strain improvement techniques. 
For example, evolutionary engineering of baking strains is a 
strategy that not only avoids the use of recombinant DNA 
technology but also the problems encountered with muta
tion techniques. Although mutation can yield a strain with 
the desired specific characteristic, it may also leave the 
strain with deleterious mutations and therefore less hardy 
and robust. Evolutionary engineering is defined as a con
tinuous evolution procedure based on the application of a 
selection procedure to obtain the desired phenotype. By 
using selective pressure over repeated cultivations, the 
desired phenotypes such as freeze–thaw or ethanol stress 
resistance can be selected (Çakar et al. 2012). This process 
works much better with laboratory haploid strains however, 
and is much more difficult to achieve with industrial strains 
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Table 18.1 Examples of yeasts used in the food industry.
 

Process Yeast 

Baking Primary: Saccharomyces cerevisiae 
Others: Saccharomyces exigus (sour dough) 

Brewing Primary: Saccharomyces cerevisiae (ale) and Saccharomyces pastorianus (lager) 
Others: Saccharomyces diastaticus, Saccharomyces bayanus, Dekkera/Brettanomyces 

Distilling Saccharomyces cerevisiae 
Sake Saccharomyces cerevisiae 
Wine Primary: Saccharomyces cerevisiae, Saccharomyces bayanus 

Others: Hanseniaspora (Kloeckera), Candida spp., Pichia spp. 
Rum Schizosaccharomyces spp. 
Ciders Primary: Saccharomyces cerevisiae, 

Others: Hanseniaspora valbyensis, Metschnikowia pulcherrima 
Food Saccharomyces cerevisiae, Candida spp. 
Soy fermentation Aspergillus sojae, Aspergillus oryzae 
Flavours and savoury Saccharomyces cerevisiae 
Carotenoids Rhodotorula spp., Sporobolomyces spp., Xanthophyllomyces dendrorhous (Ex. Phaffia rhodozyma) 
Nutritional yeast Saccharomyces cerevisiae, Candida utilis (Pichia jadinii) 
Probiotic function S. boulardii 
Food colourant Monascus purpureus 
Fermented meat Debaromyces hansenii, Yarrowia lipolytica, Candida spp., Rhodotorula rubra 

products 
Cocoa fermentations Hanseniaspora spp., Saccharomyces cerevisiae, Kluyveromyces spp., Pichia spp., Candida spp. 
Cheeses Kluyveromyces spp., Debaromyces hansenii, S. unisporus, Candida spp., Pichia spp., Yarrowia lipolytica, 

Clavispora lusitaniae, Trichosporoninkin, Torulospora delbrueckii 
Chymosin enzyme Kluyveromyces spp., Saccharomyces cerevisiae 

since they are usually polyploid and often also aneuploid. 
The patent literature indicates that there are numerous yeast 
strains for use in baking with patents claiming aroma, 
antimoulding and nutritive properties for industrial use 
via non-GM techniques. 
There is great interest in strains that can produce carbon 

dioxide more quickly and survive the freezing process for 
frozen dough products. Randez-Gil et al. (2013) recently 
reviewed the desired characteristics of a baker’s yeast and 
the challenges that are involved based on the needs of the 
industry, mainly better stress tolerance, especially regard
ing desiccation, osmotic imbalance and temperatures 
below 0 °C. 

18.3	 Brewing and Distilling Yeast 
Developments 

Over 25 years ago the prediction was that genetically 
modified yeast would be used to produce beer and distilled 
spirits. These strains would be bred with specific character
istics that would expand the range of substrates that the 
yeast could use; the flavour profile of the final product 

would then be adjusted using these designer strains 
(Stewart & Russell 1986). Although many such strains 
have now been produced in the laboratory (mainly as 
haploid strains), the mainstream industry is still very reluc
tant to use any of them commercially due to public oppo
sition; the first GMO brewing yeast received government 
clearance in the United Kingdom as early as 1994. A beer 
was produced by the Brewing Research Foundation Inter
national (BRFI) in the UK as a ‘test case’ for the industry. 
The product brewed with this yeast was a light beer (brewed 
for research purposes only) using a yeast that had a specific 
gene (glucoamylase) introduced to help it break down some 
of the residual starch in the beer. To date, genetically 
modified yeasts are not present on the market in EU 
countries and they are not used commercially for brewing 
purposes on a large scale in the industry. This does not 
however mean that researchers are not using the new 
molecular techniques such as genome sequencing of brew
ing ale and lager strains to better understand the industrial 
yeast genome and allow tweaks to be made that do not 
require the use of GM organisms (Borneman et al. 2011). 
The entire genome sequences of over 30 different industrial 
strains (food, fuel and laboratory) have now been published 
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and this information is of great benefit in strain improve
ment efforts (Stewart et al. 2013; Mattanovich et al. 2014). 

18.4	 Sake Yeast Developments 

Sake production requires the use two organisms: the koji 
mould Aspergillus oryzae and the yeast Saccharomyces 
cerevisiae. Sake yeasts, whose genomes have been geneti
cally modified but which do not contain any extraneous DNA 
sequences at the end of the manipulation process (designated 
self-cloning yeast), are exempt from labelling under the 
Japanese guidelines for genetically modified foods. Much 
research has been performed on optimizing sake yeast, and 
examples include: (1) strains with the desirable low foam 
character; (2) strains that do not produce urea, which leads to 
the formation of the carcinogen ethyl carbamate; (3) strains 
with ethanol resistance, since 18–20% ethanol is formed in a 
sake fermentation; and (4) strains with specific flavour char
acteristics that can overproduce compounds such as isoamyl 
alcohol and ethyl acetate (Kitagaki & Kitamoto 2013). 

18.5	 Wine Production and the Creation of 
Engineered Malolactic Yeast (ML01) 

Bacterial malolactic fermentation is used in wine produc
tion to de-acidify high-acid grape must to obtain a well-
balanced wine. A malolactic engineered yeast (designated 
ML01) received approval for commercial use in winemak
ing from the US FDA (2014) and from Health Canada 
(2014). Researchers developed this yeast to avoid the 
problems that can arise when using bacteria for the malo
lactic fermentation process (a process that is a secondary 
bacterial fermentation, which can lead to sluggish fermen
tations and the production of undesirable biogenic amines 
in the wine). Wines produced using this specialized yeast 
(which carries genes that enable it to perform malolactic 
fermentation) are said to be free of allergenic bioamines and 
precursors to carcinogens that can be produced by lactic 
acid bacteria. These wines are reported to be of improved 
quality by Husnik et al. (2006, 2007). 

While many countries have now banned the use of GM 
organisms for food and beverage production, regulations in 
the USA and Canada allowed the first release of a commer
cialized GM yeast to the market in 2005. In these two 
countries, wine yeasts are classified as ‘processing aids’ by 
the regulators. Consequently, wines are not required to be 
labelled as using a GM yeast. Due to the current anti-GMO 
sentiments of consumers however, these yeasts are being 
used on a very limited scale. 

Ethyl carbamate is a carcinogen and is formed in alco
holic beverages from the reaction of ethanol with urea. 
There are some wine yeast strains that have been produced 
using recombinant DNA technology, such as strain 
ECM001, to combat this problem. Yeast ECM001 has 
an extra copy of a Saccharomyces ‘yeast’ gene inserted, 
reducing the formation of ethyl carbamate by degrading the 
urea precursor. In Chardonnay wine, the level of ethyl 
carbamate was reduced by almost 90% by using 
ECM001 (Dahabieh et al. 2009). Since this yeast strain 
does not contain genetic material from any other organism, 
it has been approved by the Canadian Health Regulatory 
Agency and the FDA for commercial use as a GRAS 
organism (Coulon et al. 2006). 
In addition to novel Saccharomyces strains, another area 

of interest that is being explored (not only in the wine 
industry but also in other fermentation industries) is the use 
of non-Saccharomyces yeast. In a recent review, Jolly et al. 
(2014) discuss how some of these non- Saccharomyces 
yeast can be employed in winemaking to obtain specific 
flavour-active characteristics and how, although most 
research to date has been conducted on Saccharomyces 
strains, the techniques and knowledge are also very appli
cable to non-Saccharomyces strains. 

18.6	 Food Yeast 

Food yeast is defined as yeast that is a baker’s or brewer’s 
yeast (S. cerevisiae) or a lactic yeast (Kluyveromyces) that 
has been inactivated by heat. It is often used as a health food 
ingredient or as a seasoning. Food yeast is usually rich in B 
vitamins (B1, B2, B5, B6 and PP) as well as trace minerals 
(e.g. iron, chromium, manganese, selenium and zinc), 
depending on how the yeast is propagated (EURASYP 
2014). 

18.6.1 Mineral-Enriched Yeast 

Mineral-enriched yeasts are produced by growing the yeast 
in a medium containing the particular mineral(s), and the 
yeast then converts the mineral from the inorganic form to 
the organic bioavailable form. Selenium-enriched yeast is a 
good example of a very popular product on the market 
today due to the many reported human health benefits 
(Schrauzer 2009; Xiao et al. 2014). It is produced by 
growing the yeast S. cerevisiae in a selenium-rich media 
to produce the organic bioavailable form of food selenium. 
In addition, selenium yeast supplementation of animal feed 
has led to the development of selenium-rich functional 
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foods such as selenium-enriched milk, meat and eggs 
(Fisinin et al. 2009; Cobo-Angel et al. 2014). In a similar 
manner, other inorganic trace metals have been converted 
to their organic bioavailable forms. Enriched inactivated 
zinc, chromium and iron yeast products are also now on 
the market for human consumption. These products can be 
labelled as ‘natural’ since they are produced by fermentation. 

18.6.2 Yeast Byproducts 

In 2012, ‘yeast byproducts’ had a global market revenue of 
US$ 550 million. This product group includes yeast extract, 
yeast beta-glucan and yeast cell walls. The largest portion 
of this market is yeast extract, which is produced as a 
hydrolysate or as an autolysate. Labelling is important in 
the food industry; it should be noted that yeast extract is 
usually considered to be an ingredient, while yeast beta
glucan is usually considered to be an additive. 

18.6.2.1 Yeast Extract 

Monosodium glutamate is often being replaced in products in 
the food industry by yeast extracts due to an increasing 
demand for natural ingredients and health concerns. Auto-
lysed yeast product (also referred to as yeast autolysate) is 
often used as a low-cost replacement for monosodium 
glutamate since it contains glutamic acid. Yeast extract 
contains both soluble and insoluble components derived 
from the entire whole cell. When used for snack foods, it 
enhances the flavour and gives pleasant notes of roasted, 
toasted and cereal. With its mix of protein compounds, yeast 
extract brings a savoury taste to food, similar to the use of 
spices. Projecting a very good image, it is the preferred choice 
for clean-label products and can act as a replacement for salt. 

18.6.2.2 Yeast Beta-Glucan 

Yeast beta-glucan is being utilized more and more as a 
nutraceutical as it has been shown to reduce serum choles
terol in humans. Clinical trials looking at the oral intake of 
insoluble yeast beta-glucans indicate that they have an 
immune strengthening effect (Stier et al. 2014). In addition 
to the health benefits, as a food additive it is a source of 
fibre, a fat substitute and can act as a thickening agent. 

18.6.2.3 Yeast Cell Walls 

Yeast cell walls are produced as a co-product during the 
production of yeast extract. In foods, they can act as a non
specific stimulator of the immune system. One of the 
constituents of yeast cell walls is beta-glucan. Beta-glucans 

possess the ability to activate leukocytes, stimulating their 
phagocytic activity, in order to help overcome bacterial 
infections (Brown & Gordon, 2001). 
Yeast cell walls also contain another constituent that has 

been shown to have significant health benefits when used in 
animal feeds and for the control of pathogens in the food 
chain (Jordan et al. 2014). This constituent is a mannano
ligosaccharide (MOS), which is widely used in animal feed. 
As a pre-biotic, MOS can bind to pathogenic bacteria in the 
intestinal tract, preventing them from binding to and colo
nizing the intestinal wall, and then carry the bacteria out of 
the body. MOS has pre-biotic activity and is a source 
of nutrients to grow beneficial gut bacteria. Combinations 
of pre-biotic and pro-biotic activity are reported to have 
shown greater benefits than either on its own in animals 
(Awad et al. 2009). 

18.7 Soy Sauce Fermentation 

A number of different organisms are used in the soy sauce 
fermentation process and improvement in these strains, 
using a variety of techniques, has been ongoing in a similar 
manner to those being developed for other food products. 
One recent example that allows the use of a clean label (i.e. 
non-GMO) is ‘genome shuffling’, which has been used by 
Cao et al. (2012) on non-Saccharomyces yeast to improve 
flavour formation in a soy sauce fermentation. The mutants 
selected in this way had an enhanced salt tolerance and 
produced more of the desired aroma compounds during the 
fermentation. Another example of recent innovative 
research has been conducted by Yuzuki et al. (2015): genes 
for key hydrolases from Aspergillus were successfully 
expressed in a salt-tolerant Zygosaccharomyces rouxii 
yeast strain, enabling the yeast to ferment the soy sauce 
more effectively. These examples are only a few of the 
many types of improvements being made in the strains used 
in the soy fermentation industry. 

18.8 Chymosin for Cheese Production 

In terms of the introduction of ‘enzyme’ recombinant gene 
technology in the food industry, the first engineered enzyme 
food product was a chymosin for cheese production. It 
received approval for use in 1988 (Border & Norton 
1988) and was first produced using E. coli. Today it is 
produced primarily using the engineered GRAS organisms 
Aspergillus niger var awamori and Kluyveromyces lactis. 
After fermentation the particular organism used to produce 
the enzyme is killed and the enzyme is isolated from the 
broth. After isolation, the product used for food production 
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does not contain any GM organisms. Strain improvements in 
this area continue to be made, but the strains tend to be 
proprietary as major companies each have their own unique 
strains. 

18.9	 Flavour Compounds Produced 
Using Yeast 

The global vanilla market is currently valued at over US$ 600 
million. Natural vanilla is produced from vanilla beans and 
makes up just 1% of this market, as it is very expensive to 
produce. The rest of the market consists of chemically 
synthesized vanillin, which is mainly petrochemical or lignin 
derived. 

A good example of what is happening in yeast and 
biotechnology in terms of flavour (and aroma) compounds 
is demonstrated by a Swiss biotechnology company (Evolva 
SA), whose technology platform is based on engineering 
yeast cells and using fermentation to create compounds in a 
novel manner (Hansen et al. 2014) The first engineered 
product launched into the flavour market was vanillin. By 
inserting the additional required genes into a baker’s yeast  
cell, they were able to produce a glycoside precursor of 
vanillin by fermentation; the precursor is then converted to 
vanillin after removal of the yeast. This avoids the problem of 
the S. cerevisiae yeast dying due to vanillin accumulation 
inside the cell. Since the vanillin produced in this manner 
comes from a yeast fermentation, it can still be legally 
labelled as a natural food additive. As one would expect, 
the concept of a vanilla flavour produced using a bioengi
neered yeast that has been produced with new molecular 
techniques (synthetic biology in this example) is resulting in 
as much controversy as did the original yeasts that were 
bioengineered with the older techniques back in the 1990s. 
Evolva SA has announced that they intend to launch addi
tional products using engineered yeast, including a fermen
tation-derived stevia in 2015 and saffron in 2016. 

Solvay SA, a Belgian specialty chemical company, is the 
largest producer of synthetic vanillin. They also make a 
vanillin that uses a fermentation process with a naturally 
occurring yeast using ferulic acid as the substrate (extracted 
from rice bran); the yeast used in this process has not been 
genetically engineered to avoid any problems with GMO 
consumer regulations and perceptions (Bomgardner 2014). 

18.10	 Carotenoids from Yeast 

Carotenoids are organic pigments (yellow, orange and red), 
some of which can be turned into vitamin A by the human 

body. Their presence in food is important for the increase in 
the nutritional value of the food, as they also act as anti
oxidants. Yeasts utilized for carotenoid production include 
Rhodotorula spp., Sporobolomyces spp. and Xanthophyllo
myces dendrorhous (Ex. Phaffia rhodozyma). Carotenoids 
are used as safe and natural colourants not only for food but 
also in the feed and cosmetic industry. It is estimated that the 
carotenoid market will be greater than US$ 1.4 billion by 
2019. Currently, most of the carotenoids on the market are 
produced by extraction from vegetables or chemical synthe
sis. There has been much research into working with yeast as 
the ideal organism to produce carotenoids (Mata-Gómez 
et al. 2014; Reyes et al. 2014). Although it is difficult to 
work with strains of higher ploidy to produce products such 
as carotenoids rather than with haploid strains, it can be 
accomplished with extra effort and time. 

18.11	 Saccharomyces Yeast in Non-Food 
Developments 

S. cerevisiae strains have now been constructed that are 
tailored to produce codeine, morphine, hydromorphone, 
hydrocodone and oxycodone (Thodey et al. 2014). The 
next steps in the process are to construct them to use simple 
sugars rather than feeding them the thebaine precursor. In 
the future this will have a global impact as it will serve as a 
substitute for opium poppy fields. 

Recent research (Yan et al. 2014) has reported on the 
metabolic engineering of S. cerevisiae to produce a com
pound traditionally only available from ginseng, a ginseno
side with a number of health bioactivities such as anti
inflammatory activity. 
S. cerevisiae is also helping in the search for drugs to 

combat malaria, which kills over half a million people every 
year. Artemisinin, which comes from a scarce botanical 
source, is a recommended treatment from the World Health 
Organization but it is very expensive to produce. In 2005, 
the company Amyris received a Bill and Melinda Gates 
Foundation grant to supplement the scarce botanical supply 
of artemisinin by developing a genetically modified yeast 
solution (Ro et al. 2006). Since 2014, commercial drug 
producer Sanofi SA has supplied more than 16 million anti
malarial treatments derived from semisynthetic artemisinin 
to endemic countries in Africa. 

18.12	 The Synthetic Yeast Project 

In 2010, Craig Venter’s group created the first synthetic 
bacterium (Gibson et al. 2010). In 2014, researchers 
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successfully constructed an entire synthetic chromosome 
(Annaluru et al. 2014). Chromosome 3 was chosen for this 
construction as it is the third shortest chromosome (a 
haploid yeast cell has 16 chromosomes), and was the first 
yeast chromosome sequenced previously as it contained the 
genes controlling how yeast cells mate. The researchers 
used the blueprint that was available for this yeast, edited it 
and then joined together small snippets of man-made DNA 
to construct the chromosome. The DNA was then inserted 
into S. cerevisiae and demonstrated to be functional. This 
was the first time that this has been accomplished in a 
eukaryotic cell. This project now continues with the goal of 
synthesizing all 16 yeast chromosomes in this manner. As 
the technologies for performing these types of experiments 
in molecular biology continue to become faster to accom
plish, and reagents and equipment become lower in price, a 
new world of yeast biotechnology innovation possibilities 
is opening up (Church et al. 2014). 

18.13 The Future 

At one time the term biotechnology was used primarily for 
fermentation processes related to yeast; it is said that 
fermentation is the oldest biotechnology process, harking 
back to the first fermented beers and foods. Today, the 
public often only think of biotechnology in terms of orga
nisms that have been genetically manipulated. The bio
technology of yeast is about a collection of techniques 
however, some using molecular biology tools to create 
novel yeasts – which would be classed as GM according 
to government regulations – while other strain improve
ment methods are totally unrelated to the use of GM 
organisms. 
There are a number of strategies to obtain superior 

industrial yeast and these have recently been reviewed 
by Pretorius et al. (2012) and Steensels et al. (2014). 
They include natural and artificial diversity, mutagenesis, 
sexual hybridization, spheroplast fusion, cytoduction and 
evolutionary engineering. In terms of natural genetic diver
sity there is a huge unexplored pool of organisms that have 
not yet been examined in detail or even categorized as to 
genera and species. Only a small percentage have been fully 
classified to date. 
With the strategy of genetic modification, using an 

organism classified as GMO in the food industry brings 
additional perception problems with it. It is important to 
remember that ‘non-GMO’ techniques have important 
limitations when dealing with industrial strains. Most 
industrial strains are polyploid or aneuploid and not very 
amenable to classical hybridization techniques. Rounds of 

mutation tend to leave the strains ‘crippled’ in a number of 
areas; although they have the new ability that has been 
selected for, they are often no longer ‘hardy’ strains. When 
using a genetic modification technique that only involves a 
small modification of an organism’s genome, there is less 
chance of producing a ‘crippled’ strain. The DNA transfer 
can come from very different sources, offering many more 
options for sourcing areas of interest (other species, genera, 
kingdoms) or artificial man-made molecules (i.e. synthetic 
biology). 
It appears that the consumer has little issue with the use 

of GMO in the field of medicine, but the use of GMO with 
food production continues to be an issue. Human insulin 
was the first pharmaceutical product that was manufactured 
using recombinant DNA technology in the 1980s. It 
changed the treatment of diabetes forever and was quickly 
embraced by the market. However, there is still much 
debate and controversy over the use of GMO for food 
processes and fermentation and this is not likely to change 
much over the next few years. 
Future approaches to improving industrial food strains 

will probably best move forward using a combination of 
techniques: searching for natural diversity in the yet-
unexplored world of organisms; traditional non-GMO 
techniques for strain improvement; and new knowledge 
from genome sequencing and indeed from the production 
and use of GMO organisms. Regulations and public per
ception are continuing to change in this area, depending on 
the country and the environment (Linnhoff et al. 2014), and 
it is important to address consumer issues in terms of areas 
of unfounded fears based on non-factual, non-scientific 
information and to distinguish these fears from areas of 
true concern in what is needed in food regulations to ensure 
public safety. 
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19.1 Health and Functional Foods 

Consumers all over the world are aggressively demanding 
more from their food products, over and above traditional 
expectations. They want foods to sustain a long life, 
promote health and wellness, provide energy, improve 
digestive health, manage weight, reduce obesity and sup
port immunity. Consumers want to counter the effects of 
their busy lifestyles with foods that taste great and are ultra-
convenient. To satisfy this consumer demand and regula
tory limits, food and nutraceutical products have been 
developed incorporating functional bioactive ingredients 
derived from milk, fruits, vegetables, cereals, herbs and 
spices. 

A food can be regarded as ‘functional’ if it is adequately 
demonstrated to affect beneficially one or more target 
functions in the body, beyond adequate nutritional effects, 
in a way that is relevant to an improved state of health 
(De Roos 2004). Functional foods should generally be 
whole natural foods; however, when bioactive substances 
are extracted from plant or animal tissues, concentrated and 
added back to food, the resultant functional food may be 
called a nutraceutical. Functional foods enriched with 
vitamins, dietary fibres or specific fatty acids, or foods 
that are designed to be low in sodium or saturated fat, can 
therefore make a valuable contribution to diet. 

19.2 Need for Encapsulation 

The development of new and innovative functional foods is 
a challenging process. In recent years, the food industry 
requires the addition of functional compounds in food 
products. These compounds are usually highly susceptible 
to environmental processing, and/or transit through human 
gastrointestinal conditions. When bioactive substances are 
extracted from plant or animal sources, concentrated, added 
back to food formulations and made into new products, the 
stability of these substances during food processing and 
storage as well as during transit through the gastrointestinal 
tract may be reduced. Further, the bioavailability of these 
bioactive components may also be reduced. 
Controlled-release systems that provide protection to the 

bioactive components during processing and transit 
through the human gastrointestinal tract are beneficial as 
they could enhance the stability, solubility and rate of 
absorption of the bioactive substances and prevent loss 
of viability in the case of beneficial bacteria such as pro
biotics. These protective systems also enable different rates 
of release (slow versus fast) of the bioactive components, 
targeting specific areas in the gastrointestinal tract. 
Controlled release through bioencapsulation has become 

a significant tool in biotechnology in the administration 
and gastrointestinal delivery of functionally bioactive 
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compounds to prevent the deterioration of the physiologi
cally active bioactive compounds, to improve their 
bioavailability and viability as well as to reduce their 
interaction with other components of food into which 
they are incorporated. A wide variety of cores (bioactive 
substances) and wall-forming biopolymers and encapsula
tion technologies are available for administration and deliv
ery in the functional foods and nutraceutical arena. 
There is a multitude of possible benefits of encapsulated 

ingredients in the food industry. Encapsulation aims to 
preserve stability of bioactive components during process
ing and storage as well as prevent undesirable interactions 
with the food matrix. In encapsulation, the bioactive food 
components are essentially separated from the environment 
such as food processing, storage, food matrix and gastro
intestinal conditions, thus offering stability and protection. 
The bioactive compounds would profit from encapsulation, 
since it slows down the degradation process (e.g. oxidation, 
hydrolysis) or prevents degradation until the product is 
delivered at the desired sites. The bioactive components 
would therefore be kept fully functional. Encapsulation 
may provide barriers between sensitive bioactive sub
stances and the environment and hence allow taste and 
aroma differentiation, mask bad tastes and smells, stabilize 
food ingredients and/or increase their bioavailability. In 
addition to the above, encapsulation can be applied for 
modification of physical characteristics of the structure of 
the food components to allow easier handling (e.g. free-
flowing in bulk materials), help to reduce interaction of 
food components and provide an adequate concentration 
and uniform dispersion of a bioactive component. 

19.3	 Bioencapsulation Techniques for 
Administration and Delivery of 
Bioactive Components 

19.3.1 Encapsulates 

Encapsulation is the technology of packaging solid, liquid 
and gases in miniature-sealed encapsulates that release their 
contents at controlled rates over a period of time under the 
influence of certain triggers (e.g. shear, temperature, 
enzyme, pH, fermentation, etc.; Champagne & Fustier 
2007). It is basically a process to entrap/immobilize an 
active agent within another substance (wall material), 
thereby producing encapsulates with diameters of a few 
nanometres (nanoencapsulation) to a few millimetres 
(microencapsulation). The substance that is encapsulated 
is known as the core material, the active component, 
internal phase or payload. The polymer that is employed 

in the encapsulation process is known as the coating, 
membrane, shell, carrier material, wall material or external 
phase. The body of the particles in which the active agent is 
embedded is known as the encapsulation matrix. The carrier 
material of encapsulation used in food products should be 
of food grade and able to form a barrier, separating and 
protecting the entrapped active component from its 
surroundings. 
A number of different types of encapsulates are produced 

during the bioencapsulation process. They include capsules, 
coated capsules, reservoirs, spheres, beads, micelles and 
molecular complexes (Fig. 19.1). The reservoir type has a 
shell around the active agent; this type is also called a capsule, 
single-core, mono-core or shell type. The capsules may be 
coated with additional wall material to form membranes. 
The matrix type encapsulates are in the form of spheres in 
which the active agent is dispersed over the carrier material. 
The active component may be in the form of small droplets or 
homogenously distributed. During the encapsulation pro
cess, some of the active components may be exposed to the 
surface and hence appear on the surface in spheres as there is 
no additional coating. In capsules, however, the active 
components are embedded within the encapsulate due to 
formation of one or more coating membranes. Beads are 
homogenous encapsulates in which the active component is 
dispersed, and have no membranes. The bead may be formed 
first and then dispersed in a matrix known as the dispersion 
bead. Encapsulates are also formed by molecular complexes 
and micelles. 
Micelles are usually formed during the encapsulation 

process, producing emulsions. Nanoemulsions are used to 
encapsulate bioactive nanoparticles. 

19.3.2 Structured Delivery Systems 

Designed colloidal particulate systems are increasingly 
utilized in the food industry for application as encapsulation 
and delivery systems (McClements et al. 2007). Food-
grade colloidal particulates can be prepared from polymers 
such as proteins and/or polysaccharides (Burey et al. 2008). 
Nano- and microscale biopolymer particles can be created 
from proteins and polysaccharides utilizing a number of 
different physicochemical principles, including controlled 
complexation, segregation, gelation or disruption (Jones & 
McClements 2010). Biopolymer particulates can be fabri
cated using a variety of food-grade proteins and polysac
charides, for example whey protein, casein, gelation, soy 
protein, zein, starch, cellulose and a combination of these 
hydrocolloids. A number of structured colloidal delivery 
systems can be developed for encapsulation and controlled 
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Figure 19.1 Schematic diagrams of representative type of microcapsules, spheres, complexes and beads used in encapsulation. 

release of bioactive components in the development of 
functional foods. These include hydrogels, nanoparticles, 
liposomes, droplets, bead, nanoemulsions and microclus
ters (Fig. 19.2). These delivery systems can be designed to 
control the biological fate of the bioactive agents, for 
example, controlled (e.g. release of functional bioactives 
in response to specific triggers such as pH) and targeted 
release of the bioactive component to site of action (e.g. 
small intestine, colon) and modulating hormone response 
(e.g. influencing hormone signals to influence/modulate 
food consumption; Jones & McClements 2010). 

Carriers with stable architecture are generally advanta
geous to retain the active structural form of the entrapped 
bioactive agents and offer desired delivery profiles. Bio
active molecules can be effectively encapsulated in the 
water pockets/channels of an organized network of hydro
colloids and starch complexes which can protect and 
deliver the bioactive agent effectively (e.g. encapsulation 
and release of curcumin and eugenol using iota-carrageenan 
fibres in a starch matrix as carrier materials; Janaswamy 

2013). Other examples of structured carrier system for 
controlled delivery includes starch-pectin matrices for con
trolled delivery of vitamins (Ratnayake 2013), self-assem
bly of soluble amylose complex for delivery of bioactive 
compounds such as naringenin (Wang 2013) and heated 
protein-carbohydrate complexes (Maillard reaction prod
uct) as encapsulant and for delivery of a range of bioactive 
compounds (e.g. omega-3 fatty acids and phenolic com
pounds; Sanguansri and Augustin 2013). 

19.3.3 Encapsulation Techniques 

There are a number of techniques available for encapsula
tion of functional ingredients. Many encapsulation pro
cesses are based on making droplets of the active agent (in 
liquid or powder form) initially, and then these droplets 
or beads are subsequently coated by carrier materials 
(polymers) in a liquid phase via a number of physico
chemical processes such as spray-drying, fluid bed coating, 
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Figure 19.2 Structured controlled delivery systems in encapsulation. 

spray-chilling/cooling, melt injection, melt extrusion, 
emulsification (single and multi-layers), coacervation, 
extrusion (dropping), co-extrusion, inclusion complexa
tion, liposome entrapment, rapid expansion of supercritical 
fluid, freeze/vacuum drying and nanoemulsions (Zuidam & 
Shimoni 2010). 

19.3.3.1 Polymers for Encapsulation 

A multitude of polymers are known which can be used to 
immobilize, entrap, coat and encapsulate solids, liquids or 
gases of different types, origins and properties. However, 
only a limited number of polymers which fall into the 
category of ‘generally recognized as safe’ (GRAS) material 
can be used for food applications due to the stringent 
regulations for food additives in many countries. Some 
polymers which are synthetic and widely accepted for drug 
encapsulation have not been approved for use in the food 
industry. In addition, different regulations can exist for 
different continents of the globe, a problem which has to be 
addressed by the food manufacturers who wish to export 
their products or who intend to expand their sales into 
international markets (Wandrey et al. 2010). 
The biopolymers for encapsulation should have good 

rheological properties, disperse/emulsify the bioactive agent 
(agent) to form a stable emulsion, do not react with the 
bioactive to be encapsulated, seal and protect the agent with 

the encapsulates during processing or storage, have good 
release properties (completely release the active agent), 
provide maximal protection to the encapsulated agent against 
environmental conditions, are inexpensive, are food grade 
and legally allowed in foods, and are available with constant 
quality (Desai & Park 2005). Biomaterials/polymers suitable 
for encapsulation in the food industry include those from 
plant sources (starch, cellulose, gum Arabic, gum karaya, 
Mesquite gum, galactomannans, gluten, glycosides, waxes, 
phospholipids, polysaccharides), marine sources (carra
geenan, alginate) and microbial/animal origin (xanthan, 
gellan, dextran, chitosan, caseins, whey proteins, gelatin, 
fatty acids/alcohols, glycerides, waxes, phospholipids) 
(Wandrey et al. 2010). 

19.3.3.2 Methods of Encapsulation 

The most common methods of encapsulation of functional 
ingredients are spray-drying, spray-chilling, fluidized bed 
coating, freeze-drying, emulsification and extrusion, coac
ervation, inclusion complexation, liposome encapsulation 
and compression coating. Spray-drying of an active agent is 
commonly achieved by dissolving, emulsifying or dispers
ing the active agent in an aqueous solution of carrier 
biopolymer, followed by atomization and spraying of the 
mixture into a hot chamber. During the drying process, 
a film is formed over the droplet surface and the 
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concentration of ingredients in the drying droplet increases. 
Eventually a porous, dry particle is formed (Gharsallaoui 
et al. 2007). Spray-chilling technology is in principle 
opposite to spray-drying. Instead of evaporating and drying 
the droplets containing the bioactive agent, the atomized 
droplets are cooled to allow immobilization. Cold air is 
injected into the vessel to enable solidification of the 
droplets. The liquid droplet solidifies and entraps the 
bioactive agent. 

In fluid bed coating, a coating is applied onto powder 
particles in a batch process or a continuous flow line. The 
powder particles are suspended by an air stream at a specific 
temperature and sprayed with an atomized coating material 
(e.g. an aqueous solution of cellulose/starch derivatives, 
proteins and gums; Dewettinck and Huyghebaert 1999). 
Vacuum and freeze-drying are very similar drying pro
cesses, but the former is faster and cheaper because it 
operates at a temperature above the freezing point of the 
solvent. The freeze-dried mixture must be ground into a 
powder form. The addition of cryopectants allows reduc
tion of loss of bioactivity during freeze-drying and stabi
lizes them during storage. 

Emulsion encapsulation involves dispersion of oil in an 
aqueous phase of a ‘film-forming’ biopolymer (usually a 
carbohydrate) which, upon drying, would produce a poly
mer encapsulate containing the entrapped oil. Emulsions 
are commonly made under high shear with, for example, 
homogenizer, colloidal mill, high shear mixer or stirred 
vessel fitted with baffles. Plain emulsions can be used as a 
delivery vehicle for either water-soluble and/or lipophilic 
bioactive agent in food products (Appelqvist et al. 2007). 
Multilayer emulsions can be formed by adsorbing oppo
sitely charged polyelectrolytes to form emulsions with a 
two-layer interface. This procedure can be repeated to form 
emulsion droplets with three or more layers at the inter
phase. This procedure is also known as the layer-by
layer (LBL) electrostatic deposition technique (Guzey & 
McClements 2006; Fig. 19.3). For encapsulation in an 
emulsion, an emulsifier and a surfactant are required. 
Emulsifiers such as Tween 80 can reduce the surface 
tension between oil and water interphases as well as prevent 
spheres from coalescing before breaking up the emulsion. 

Microspheres are micro beads composed of a biopolymer 
gel network entrapping a bioactive compound. This is 

Figure 19.3 Formation of multilayer emulsions. 
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achieved through gel particle technology which produces 
solid matrices immobilizing the active agent. Calcium-
alginate gel is one of the most popular hydrogelling system 
used for the preparation of gel particles to encapsulate a 
wide variety of bioactive agents, such as aroma, vitamins or 
enzymes, to name a few. The encapsulated polymers net
work through hydrogelling produces porous walls; how
ever, the pore sizes are small, so the entrapped active agents 
do not diffuse through the porous biopolymer network of 
the hydrogel particles. 
Microsphere gel particles are commonly made via extru

sion (dropping method) or emulsion formation (Kailasapathy 
2009). Extrusion involves preparing a hydrocolloid solution 
or dispersion and adding the bioactive agent and extruding 
(dropping) the mixture to form droplets that fall into a 
polymer/hardening/gel setting bath. The most common 
polymer used to disperse the bioactive agent is sodium 

alginate, and the gelling bath consists of a aqueous calcium 
chloride solution. The dripping device can be a simple 
syringe pipette, jet cutter, vibrating nozzle, atomizing disk, 
co-axial air flow or an electrical field (Fig. 19.4). In general, 
gel particles with a diameter of 0.2–5 mm can be made 
depending on the dripping tool and the viscoelasticity of 
the alginate solution. The emulsion technique utilizes 
the formation of emulsions to produce microspheres. 
When a gelling agent (calcium chloride) is slowly added 
to an emulsion of water droplets of alginate solution and 
the bioactive agent in a vegetable oil, the ‘break-up’ 
of the emulsion causes the formation of micro beads due 
to the gelation of the alginate droplets. In some cases, both 
alginate and calcium (in an insoluble form, e.g. calcium 
carbonate) can exist in the water phases of the emulsion. 
Upon addition of an oil-soluble acid (e.g. acetic acid), the 
decreased pH liberates calcium ions that interact with 

Figure 19.4 Techniques for preparation of filled hydrogel microspheres. 
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alginates to form gelled particles. This technology is known 
as ‘internal setting’. If a sequestrant (e.g. EDTA) that binds 
the calcium ions is employed, then the process of gelation can 
be slow; this may be beneficial in some cases where a slow 
gelling process is desired. The emulsion method can produce 
smaller microspheres (10 μm – 1 mm) compared to the 
extrusion method (0.2–5 mm). Although the emulsion 
method is relatively easy to scale up compared to extrusion 
method, it is more expensive if vegetable oil has to be 
removed (and recycled) and the microspheres have to be 
washed thoroughly to eliminate residual vegetable oil adher
ing to the surface of the microspheres. 

Coacervation is another encapsulation technique in 
which two dispersed water-soluble polymers of opposite 
charges react, forming a dense coacervate phase and a dilute 
equilibrium phase. The coacervate used to encapsulate a 
biofunctional agent is made through complex coacervation. 
Complex coacervates are commonly made from an oil-in
water (o/w) emulsion with gelatin and gum arabic at a 1:1 
w/w ratio and at a 2–4% w/w of each polymer dissolved in 
the water phase via adjusting the pH from neutral to about 4. 
The gelation is performed under turbulent conditions in a 
stirred vessel at >35 °C (a temperature above the gelation 
temperature of gelatin) and, upon cooling well below 35 °C, 
the deposited gelatin will solidify and form a shell (Lemetter 
et al. 2009). 

Another encapsulation method is using cyclodextrins 
that can envelop molecular structures by forming molecular 
inclusion complexes. Molecular inclusion is the association 
of the bioactive molecule in a cavity-based material such as 
cyclodextrins (Regiert 2008). Cyclodextrins are cyclic 
oligosaccharides having their hydrophilic moieties oriented 
outwards, and they have a lipophilic inner pocket in which 
the bioactive molecule with the right size can be entrapped. 
The use of cyclodextrin in food bioencapsulation may be 
limited by the food regulations in some countries. 

Liposome entrapment is another form of encapsulation. 
Liposomes are produced by the association of amphiphilic 
compounds (mainly phospholipids) into bilayer structures. 
A liposome is defined as a structure composed of lipid 
bilayer that encloses a number of aqueous or lipid compo
nents using various techniques such as solvent evaporation, 
ultrasonication and microfluidization, forming spherical 
core–shell structures or vesicles (Gibbs et al. 1999). The 
underlying mechanism for the formation of liposomes is 
basically the hydrophilic–hydrophobic interaction between 
phospholipids and water molecules. Liposomes are used 
mainly for drug delivery applications. For food applica
tions, however, liposomes have mainly been studied to 
enhance ripening of hard cheeses; other applications in the 
food industry are very limited (Takahashi et al. 2007). 

19.3.3.3 Nanoencapsulation 

Nanoencapsulation allows protection of the sensitive bio
active food agents from unfavourable environmental con
ditions, eradication of incompatibilities, solubilization or 
masking of taste or odour (Fathi et al. 2012). The use of 
nanosized vehicles for protection and controlled release of 
nutrients and bioactive food ingredients is a growing area of 
interest in the food industry. The reason for this is that 
nanoparticles can be incorporated into food products easily 
without sedimentation, without being noticed by the con
sumer and/or yielding an enhanced bioavailability (Acosta 
2009). Nanoencapsulation is based mostly on lipid-based 
production of nanoparticles including nanoemulsions, lipo
somes, solid-lipid nanoparticles and nanostructure lipid 
carriers. Lipid-based nanoencapsulation systems have the 
ability to not only entrap material with different solubilities, 
but can also be used for targeted delivery of bioactive 
agents to specific areas within the gastrointestinal tract or 
food matrix (Mozafari et al. 2006). Nanoemulsions are 
nanoscale droplets of multiphase colloidal dispersions 
formed by dispersing of one liquid in another immiscible 
liquid by physically induced rupturing (Liu et al. 2006). To 
form an emulsion using high-pressure homogenization, the 
coarse dispersion of the o/w phase and an appropriate 
emulsifier is passed through a tiny orifice at high pressure 
(500–5000 psi). Microfluidization uses a very high pressure 
(up to 20,000 psi) which forces the liquid through the 
interaction chamber, which consists of microchannels of 
a special configuration. The emulsion feeds through the 
microchannels into a collision chamber which leads to 
formation of fine nanoscale emulsion droplets. 
Liposomes offer a number of benefits, and are widely used 

in the food sector. The mechanism of liposome formation is 
based on the unfavourable interactions that occur between 
amphiphilic compounds (mainly phospholipids) and water 
molecules when the polar groups of phospholipids are 
connected to the aqueous phase of the inner and outer media 
and the non-polar hydrocarbon tails are bound to the bilayer; 
spherical core–shell structures are produced (Jesorka & 
Orwar 2008). Nanosized liposomes are produced when 
liposomes are forced through fibres with defined pore sizes 
under pressure, sonication, high-pressure homogenization, 
microfluidization and colloidal mill (Mui & Hope 2007). 

To improve encapsulation efficiency, solid lipid nano
particles (SLN) have been developed (Fathi et al. 2012). 
The bioactive agent to be encapsulated is dissolved in a hot 
melt lipid and dispersed in an aqueous surfactant. The 
resulting emulsion is then pumped through a high-pressure 
homogenizer to produce a hot o/w emulsion which, upon 
cooling, produces solid nanoparticles. Nanostructure lipid 
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carrier (NLC) is prepared by mixing a range of different 
lipid molecules (solid lipids with lipid oils). This produces 
nanoparticles with a nanomatrix of the lipid particles with a 
lower melting point than the original solid lipids. The 
nanostructure of the NSL enables the encapsulation load 
(payload) of the bioactive agents to be increased (Chen 
et al. 2010). 

19.4	 Applications: Encapsulation and 
Controlled Release of Biofunctional 
Ingredients in Functional Foods: 
Selected Examples 

19.4.1 Fish Oils 

Fish oil is the richest source of omega-3 long-chain poly
unsaturated fatty acids (PUFA), such as EPA (eicosapen
taenoic acid) and DHA (decosahexaenoic acid), known to 
offer numerous health benefits relating to coronary heart 
disease, brain and eye function in infants, joint health, 
mental health, cancer, diabetes, skin diseases, pregnancy 
problems and lactation (Kolanowski et al. 1999; O’Shea 
2003). Fish oil is highly susceptible to oxidation because of 
the high degree of unsaturation of omega-3 long-chain 
PUFA that consists of five or six double bonds. Hence 
oxidation can occur readily during fish oil extraction, 
manufacture, storage and transport. Exposure to oxygen, 
light, heat, pH, moisture and metal ions can enhance the 
deterioration of fish oils. Various anti-oxidants have been 
employed for the chemical stabilization of EPA and DHA, 
but they have not been found adequate to enable sensory 
stabilization of these oils for addition to many functional 
foods and beverages (Shahidi & Zhong 2010). 
The initial step in the process of fish oil encapsulation is to 

prepare an emulsion. Briefly, oil is emulsified in an aqueous 
solution containing dissolved encapsulating wall material 
using a homogenizer or microfluidizer. The resulting emul
sion is used as a base to form water-soluble microparticulates 
using spray-drying, melt injection and extrusion technolo
gies; to form water-insoluble microparticulates, methods 
include complex coacervation, coated microspheres, calcium 
carbonate capsules and protein shell formations. 

Various encapsulants have been tested for their ability to 
protect fish oils through encapsulation by spray-drying. For 
example, a mixture of sodium caseinate and maltodextrin 
has been used as a wall matrix of spray-dried encapsulated 
fish oil powder (Hogan et al. 2003; Kagami et al. 2003). In 
principle, an emulsion of fish oil in an aqueous dispersion is 
converted into a dry powder by spraying the feed into hot 
dry air resulting in moisture evaporation. The spray-drying 

process normally consists of atomization, air content, evap
oration and product recovery. The drying of the spray 
proceeds until the desired moisture content in the dried 
particles is achieved and the end-product is recovered in a 
powder form. 
Heated protein-carbohydrate which undergoes the Mail-

lard reaction can be used as a wall material for encapsulation 
of fish oils (Augustin et al. 2006). The Maillard reaction can 
be accomplished by reacting proteins (e.g. sodium caseinate, 
whey protein isolate, soy protein or skim milk powder) with 
carbohydrates (e.g. glucose, dried glucose syrup or oligo
saccharides) at 60–100 °C for  30–60 min (Sanguansri & 
Augustin 2001). The use of the Maillard reaction process 
to achieve encapsulant powder is illustrated in Figure 19.5. 
The process is patented by CSIRO (Commonwealth Scien
tific Industrial Research Organization), Australia. Known as 
MicroMAX Technology (Sanguansri & Augustin 2001), it is 
used to incorporate encapsulated fish oil powders in milk 
powder, bread and breakfast cereals. 

Figure 19.5 Encapsulation using Maillard reaction. 
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Encapsulation of fish oil by melt injection process is 
based on mixing fish oil in a starch matrix with anti
oxidants, sugars, emulsifiers and water at a temperature 
above 100 °C. The mixture is then extruded through a filter 
and collected in a bath filled with cold liquid nitrogen 
(Subramanyam et al. 2006) which solidify the sugar matrix 
to form encapsulates in spherical shapes. Flavour may be 
added to mask excessive off-flavour of fish oil, in which 
case fish oil is encapsulated using an extruder with either 
single or twin screws at relatively lower temperatures 
(below 30 °C) and at low pressures (500–5000 kPa), in 
contrast to the melt extrusion process (Beindorff & Zuidam 
2010). Foods fortified with microencapsulated fish oil have 
been reported in recent years. They include beverages 
(nutritional, dairy, smoothies, high-viscosity juices), dress
ings and sources (spreads, margarine, salad dressing, may
onnaise), baked goods (bread, muffins, cake, nutritional and 
sport bars, cereals), dairy products (flavoured milk, 
yoghurt, cheese, ice cream) and powdered products (instant 
soup mix, dairy products, infant formula). Fish oil emul
sions are also used to enrich products such as orange juice, 
milk drink, breads and margarines (Lee & Ying 2008). 

19.4.2 Anti-Oxidants, Pigments and Vitamins 

19.4.2.1 Anti-Oxidants 

Anti-oxidants and vitamins are fundamental for human 
health. Natural anti-oxidants such as vitamin E (alpha
tocopherol), vitamin C and flavonoids (e.g. quercitin, cat
equin) are organic molecules which have the potential to 
modulate oxidative stress. Anti-oxidants can prevent con
temporary lifestyle diseases such as cardiovascular dis
eases, atherosclerosis and cancer by reducing the reactive 
oxygen species (ROS) and thus limiting cell damage by 
ROS. Natural anti-oxidants are susceptible to degradation 
however, and their bioavailability is limited by low absorp
tion and degradation during delivery. Encapsulation of anti
oxidants and vitamins is a promising way of protecting and 
incorporating the bioavailability of these components. 
Some examples of encapsulation of anti-oxidants and 
vitamins are given below. 

Coenzyme Q10 is an endogenous anti-oxidant and has been 
reported to be a potential candidate for the treatment of 
cardiovascular disease, Parkinson’s disease and Huntington’s 
disease (Bule et al. 2010). It is vulnerable to light, oxygen and 
temperature. Bule et al. (2010) microencapsulated co-enzyme 
Q10 using blends of gum arabic, maltodextrin and modified 
starches as wall materials. In this method, different oils such as 
olive oil, safflower oil, coconut oil, flax seed oil and rice bran 
oil were blended with co-enzyme Q10 using surfactants and 

the resulting emulsion was homogenized and spray-dried. The 
results showed that the encapsulated co-enzyme Q10 was 
significantly stable at 30 ± 2 °C as well as under UV light as 
compared to free co-enzyme Q10. Phenolic compounds 
derived from fruits have high anti-oxidative capacities 
(Kong et al. 2003; Kondakova et al. 2009; Petti & Scully 
2009). Bayberry polyphenols are among the bioactive com
pounds in bayberries. Zheng et al. (2011) microencapsulated 
polyphenol extracts using ethyl cellulose as a coating material 
and a phase separation technique to prepare the microcap
sules, which were then spray-dried. The results using 
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 
method showed that the anti-oxidant activity of bayberry 
phenols could be effectively protected by microencapsulation. 
Tea catechins, flavonoid component of green tea, have been 
reported to possess anti-oxidant, antimutagenic, anti-
carcinogenic, antimicrobial and anti-inflammatory activities 
(Havsteen 1983; Nakagawa et al. 1999). Jiang & Huang 
(2004) encapsulated tea catechins using complex coacerva
tion in a carragaeenan gelatin mixture of wall material. The 
results showed high (89.4%) encapsulation efficiency. The 
active encapsulated tea catechins did not show any release 
under acidic stomach conditions, but were totally released in 
the initial 15 min of incubation in simulated intestinal juice. 
Nanoemulsions are appropriate vehicles for encapsulat

ing phytochemicals such as polyphenols including epigal
locatechin gallate (EGCG) and curcumin. Nanoemulsion 
offers advantages of excellent stability to encapsulate active 
compounds due to their small droplet sizes and high kinetic 
stability. Nanoemulsions are a class of extremely small 
droplet emulsions in the size range 50–200 nm. The general 
process of preparing nanoemulsions involves mixing water, 
oil and emulsifier. The mixture is then passed through high-
speed and high-pressure homogenization processes to 
obtain nanoemulsions (Fig. 19.6). Due to the advantage 
of their nanoscale size, nanoemulsions have provided 
excellent vehicles to encapsulate highly valuable polyphe
nols such as catechins and curcumins in order to increase 
their stability and bioavailability (Wang et al. 2009a). 

19.4.2.2 Pigments 

Functional plant-derived pigments have received much 
attention in recent years because of their health-enhancing 
potential. They are used in capsules, tablets and powder 
forms in the formulation of new and innovative health-
based functional foods. When pigments are extracted from 
plant sources, their bioavailability is often reduced or lost as 
a result of various processing steps, of their storage and as a 
result of instability in the GI tract. The delivery of these 
bioactive molecules needs protective mechanisms that can 
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Figure 19.6 Preparing nanoemulsions. 

maintain the active molecular form until the time of 
consumption. 
Carotenoids possess anti-oxidative properties and offer 

protective effects against cardiovascular diseases and 
certain types of cancers (Krinsky et al. 2004). Carotenoids 
are very sensitive to heat, oxidation and light due to their 
unsaturated chemical structures. They are almost insoluble 
in water and only slightly oil soluble at room temperature. 
Oil-in-water emulsions containing carotenoids dissolved in 
finely dispersed oil droplets can be produced by emulsifi
cation. The carotenoid is dissolved in a vegetable oil at 
elevated temperature, and subsequently emulsified with an 
aqueous phase containing an emulsifier to stabilize the 
droplets. Fine carotenoid o/w emulsions have been pre
pared by high-pressure homogenization, membrane and 
microchannel emulsification and phase inversion (Ribeiro 
et al. 2010). The prepared emulsions may be spray-dried to 
produce nanocapsules. 

Beta-carotene has been encapsulated in carbohydrate 
matrices such as modified tapioca starch and maltodextrin 
(Beatus et al. 1985; Loksuwan 2007). In a recent study, 
native and hydrolysed starch (from Pinhao, Araucaria 
angustifoila seeds) was employed as wall materials to encap
sulate beta-carotene microencapsulation by freeze-drying 
(Spada et al. 2012). The results showed that microcapsules 
of beta-carotene prepared with native starch demonstrated 
lowest stability during storage. In contrast, microcapsules of 
beta-carotene capsules encapsulated with 12DE hydrolysed 
starch exhibited highest stability. Native starches exhibit 
poor film-forming ability compared to hydrolysed starches; 
the latter therefore formed an effective barrier to protect the 
beta-carotene pigments against oxidation. 
Lutein, a naturally occurring carotenoid, is widely dis

tributed in fruits and vegetables, and plays an important role 
in the production of age-related macular degeneration, 
cataract and other blinding disorders (Kim et al. 2006). 
To improve bioavailability, lutein can be microencapsu
lated which consists of self-assembled, hydrophilic surfac
tant in oil phase, in the presence of co-solvents and co
surfactants, to provide high solubilization capacities for 
entrapment of immiscible phases and also provide protec
tion against oxidation (Garti et al. 2007). 
Anthocyanin pigments are good source of bioactive anti

oxidants. Blackcurrants contain large amounts of anthocya
nin pigments. To improve the stability of blackcurrant 
anthocyanin, the blackcurrant pomace was mixed with mal
todextrin and inulin and homogenized before spray-drying. 
The stability of the encapsulated anthocyanin during a 
12-month storage period at 8 °C and 25 °C was evaluated. 
The results showed that maltodextrins DE 11 as wall materi
als for the microencapsulation of anthocyanin offered better 
protection during storage. Radical scavenging activity stud
ies (anti-oxidant activity) showed significant anti-oxidant 
activity of microencapsulated anthocyanin powders before 
and after storage. It was concluded that blackcurrant antho
cyanin microcapsules represent a promising food additive for 
incorporation into functional foods due to its promising anti
oxidant activity (Bakowska & Kolodziejczyk 2011). 
Betz & Kulozik (2011) used whey protein isolate (WPI) 

heat-set gels for the encapsulation of anthocyanin. The gels 
were formed by heating acidified WP solutions (pH 3.0 and 
1.5) containing anthocyanin. Encapsulates were evaluated 
for their stability and the kinetics of release of the encap
sulated anthocyanin in simulated gastric fluid. The result 
showed that the pH of the WPI solution influenced the 
stability of the anthocyanin encapsulates. Capsules formed 
at pH 1.5 were more stable than those formed at pH 3.0, 
hence representing a favourable microenvironment to 
ensure stability of anthocyanin in the acidic stomach. 
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Lycopene is a pigment found copiously in ripe tomato, 
water melon and pink grapefruit, giving foods a character
istic red pigmentation. Lycopene shows high quenching of 
reactive singlet oxygen, due to its apolar and acyclic 
molecular structure. Epidemiological evidence indicates 
that lycopene can protect individuals from colorectal cancer 
(Vrieling et al. 2007) and men from prostate cancer 
(Schwarz et al. 2008). Lycopene has been reported to be 
one of the most potent anti-oxidants among the carotenoids 
due to the presence of a high number of conjugated double 
bonds (Dimascio et al. 1989). Lycopene is susceptible to 
oxidants, light and heat because of the presence of 
unsaturated bonds in its molecular structure, hence can 
be easily deteriorated when exposed to adverse conditions 
(Lee & Chen 2002). The free form of lycopene from plant 
sources must be protected from chemical changes before its 
industrial application. Shu et al. (2006) microencapsulated 
lycopene by spray-drying using gelatin and sucrose as 
encapsulant wall materials. In this method, gelatin and 
sucrose were dissolved in water and lycopene dissolved 
in acetone was added to form an emulsion. The emulsion 
was then homogenized and spray-dried. The results showed 
that the microencapsulated capsules protected the stability 
of lycopene. 

19.4.2.3 Vitamins 

Many vitamins, both water- and lipid-soluble, are unstable 
during food processing and storage, so therefore need some 
form of protection. In many food processing operations, 
vitamins are added back to the processed foods to retain 
their nutritional value. A number of vitamins are also used 
for food fortification programmes. 

In Africa for example, vitamin-fortified foods are distrib
uted to prevent or reduce diseases associated with vision. 
Both lipid-soluble (e.g. vitamin A, D, E and K) and water-
soluble (e.g. ascorbic acid) vitamins can be encapsulated to 
protect them from heat, light, air and moisture. Vitamin C 
(ascorbic acid) can be encapsulated using spray-drying, 
spray-cooling and fluidized bed coating and is incorporated 
into food products such as cereal bars, biscuits or bread. 
Ascorbic acid also acts as a dough improver in bread making. 
Encapsulation can protect ascorbic acid from water and 
oxygen in the bread, which causes degradation (Dziezak 
1988). Milk fortified with microencapsulated vitamin C 
using polyacylglycol monostearate as wall material and 
spray-drying did not show adverse effects on organoleptic 
properties when stored at 4 °C for  5 days (Lee  et al. 2004). 

Triple-fortified multi-capsules containing vitamin A, 
iron and iodine for salt fortification were produced using 
spray-chilling encapsulation. Fully hydrogenated palm fat 

Figure 19.7 Encapsulation of vitamin C using carbohydrate 
matrices. 

was used as coating material for the capsule, as fat is an 
ideal matrix for fat-soluble vitamin A due to the stabiliza
tion and the delay of oxidation of the vitamin (Wegmueller 
et al. 2006). More recently, Ratnayake (2013) reported an 
encapsulation method using starch-pectin matrices and 
spray-drying for the production of vitamin-C-loaded micro-
particles (Fig. 19.7). 
Casein micellar structures (diameter c. 150 nm) were used 

to encapsulate vitamin D2 to protect it from photochemical 
degradation (Semo et al. 2007). These casein supra-molecular 
structures were also used to encapsulate vitamin D3. The  
obtained casein micelles were homogenized at a pressure of 
155 MPa and the protective effect against thermal and oxida
tive degradation of vitamin D2 and D3 was analysed. The 
results showed an improved stability of vitamin D2 and D3 and 
was attributed to a better distribution of the vitamin into the 
supra-molecular casein micelles (Haham et al. 2012). 
Vitamin E (alpha-tocopherol) has been used as a food 

additive to provide an anti-oxidant role and also as a 
micronutrient to prevent cardiovascular diseases and its 
causes (Yoo et al. 2006). Use of functional beverages has 
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grown rapidly in the recent past and there is an increasing 
demand for a vitamin E ingredient suitable for beverage 
applications. Because vitamin E is not soluble in water, it is 
desirable to convert vitamin E into an emulsion before it can 
be used in beverage functional formulations. Vitamin E is 
labile to heat and oxygen, for example alpha-tocopherol is 
irreversibly converted to quinone via epoxide formation 
when exposed to heat and oxygen (Yoo et al. 2006). One 
major problem with vitamin E is its poor physical activity. 
Vitamin E emulsion droplets gradually rise to the surface in 
a functional beverage bottle within days and forms a ring 
around the bottle neck (ringing). Another problem is the 
increase in beverage turbidity, hence changes in appearance 
which is not suitable for clear functional beverages. 

Vitamin E droplets can be stabilized by encapsulation 
with a layer of biopolymer to prevent oil droplets from 
coalescence. Aqueous starch sodium octenyl succinate 
(SSOS) was used to encapsulate vitamin E (acetate 
form). Nanoemulsion of vitamin E and aqueous SOSS 
was prepared by homogenization and microfluidization, 
and the resulting fine emulsion was spray-dried to yield 
a vitamin powder (Chen & Wagner 2004). The results 
showed that vitamin E nanoparticles can be produced by 
ultra-high-pressure homogenization and stabilized by 
microencapsulation with modified starch. The spray-dried 
product was found to be physically stable and reported to be 
suitable for the beverage industry. 
Liang et al. (2010) produced an emulsion containing 

alpha-tocopherol stabilized by an interfacial layer formed 
by the calcium-induced cold-set gelation of pre-denatured 
beta-lactoglobulin. In vitro enzymatic digestion of the 
encapsulates of tocopherol showed that the release of the 
bioactive component depended on the extent of hydrolysis 
of beta-lactoglobulin. Further, the authors observed that the 
release of alpha-tocopherol released during in vitro diges
tion is degraded more slowly than free alpha-tocopherol 
due to the protective effect offered by the interaction of pre-
denatured proteins and/or produced peptides. Relkin & 
Shukat (2012) also reported the production of nanoparticles 
from heat-induced aggregates of whey proteins and high-
pressure homogenization for alpha-tocopherol encapsula
tion. The formed nanoparticles exhibited a diameter in 
the range 212–293 nm, which varied with the pressure 
employed. 
Yoo et al. (2006) microencapsulated alpha-tocopherol in a 

sodium alginate matrix to produce microcapsules for food 
applications. In this method, an oil-in-water emulsion con
sisting of sodium alginate as a coating material and alpha-
tocopherol as a core material was prepared using Tween 80 
emulsifier. Microcapsules were produced by iconic gelation 
and extrusion techniques. The resulting o/w emulsion was 

sprayed into calcium chloride solution by using an air-
atomizing system. The study concluded that sodium alginate 
as a coating material was structurally resistant against an 
acidic environment, and rapidly released alpha-tocopherol 
under mild alkaline conditions. The solubilization capacity of 
different forms of vitamin E can vary with the composition of 
the microemulsion such as the type of oil used and the 
emulsifier used. Garti et al. (2004) reported that the solubili
zation capacity of alpha-tocopherol with free –OH head 
groups in Tween-60-based microemulsions was lower at 
two dilutions studied, possibly due to structural transforma
tions in the microemulsion structures. They also reported that 
the type of oil used in the microemulsion has strong influence 
on the solubilization pattern of the vitamin. 
In another study, lipid microcapsules containing alpha-

tocopherol was prepared using the spray-chilling technique. 
Good stability of alpha-tocopherol was observed over time 
and storage temperature, indicating that the lipid matrix 
protected the bioactivity of alpha-tocopherols (Gamboa 
et al. 2011). 
Folic acid is essential for the healthy functioning of a 

number of physiological processes in humans. Folate defi
ciency in the diet has been linked to malformation of the 
embryonic brain/spinal cord development, a condition 
referred to as neural tube defects (NTD) manifested by 
stillbirth, mental retardation, swollen head and poor bladder 
control (Czeizel & Dudas 1992). Folates provide protection 
against coronary heart disease (Brouwer et al. 1999), cogni
tive functions (Seshadri et al. 2002) and prevention of certain 
forms of cancer (Giovannuci et al. 1995). Most naturally 
occurring folate derivatives in foods are highly sensitive to 
oxygen, temperature, pH and light; their stability is therefore 
affected during processing and storage of folates (Hawkes & 
Villota 1989). Natural folates exhibit low bioavailability and 
poor chemical stability, hence exert a profound influence on 
the development of folate-based functional foods. Encapsu
lation technology can be used to protect folates, incorporate 
them into a food vehicle and deliver them to the consumer in 
larger stable concentrations. 
Alginate and pectins have been used as wall materials to 

encapsulate folic acid (Madziva et al. 2005). In this method, 
aqueous-alginate–low-methoxyl-pectin solutions are homog
enized in a polymer mixing tank. The folic acid was dispersed 
in the alginate-pectin polymer solution and pumped through a 
rotating encapsulation nozzle. The micro droplets formed 
strike against a falling film of the polymerizing solution 
(calcium chloride) and instantly form microhydrogel particles 
(ionic gelation), entrapping folic acid. These beads then fall 
into the polymerizing solution (calcium chloride) at the 
bottom of the tank, and the microbeads are harvested by 
filtration. Madziva et al. (2006) reported development of a 
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folic-acid-fortified cheddar cheese as a functional food. They 
incorporated microencapsulated folates into cheese matrix and 
demonstrated that the stability of encapsulated folic acid was 
enhanced in cheddar cheese over a three-month ripening 
period compared to free folic acid. In a recent study, 
5-methyltetrahydrofolic acid (5-MTHF) was microencapsu
lated using a combination of pectin and sodium alginate as wall 
materials and spray-dried (Shrestha et al. 2012). 

19.4.3 Bioactive Oils 

In recent years, the increase in low-fat functional foods 
has necessitated non-lipid carriers for the delivery and 
protection of oil-soluble bioactive agents in non-or low-
fat aqueous food products. The creation of nanocarriers for 
hydrophobic nutraceuticals offers a promising approach 
for application in emerging low-fat functional foods. In 
addition, nanovehicles have the potential to improve bio
availability of these bioactive agents due to their size (nano) 
and immense numbers per unit mass. Another advantage is 
the reduced effects on sensorial characteristics such as 
transparency of clear food systems, for example in the 
development of functional beverages. Moreover, the 
entrapment and encapsulation may offer protection against 
degradation of bioactive agents against oxidation and other 
chemical and enzymatic reactions during processing and 
storage. 

Zimet & Livney (2009) studied the formation of stable 
protein-polysaccharide electrostatic nanocomplexes, for 
nanoencapsulation and delivery of hydrophobic nutraceu
ticals (e.g. DHA). The nanocomplexes are based on a 
protein (e.g. beta-lactoglobulin) capable of binding hydro
phobic molecules, and a poly-ionic polysaccharide such as 
low-methoxyl pectin which carries an opposite charge at 
the pH of the target food systems (essential for clear 
beverages). The method of forming these nanocomplexes 
involved binding the hydrophobic compound (DHA) to the 
protein (beta-lactoglobulin) by adding it in a water-miscible 
solvent (e.g. ethanol) to the protein solution, followed by 
adding the excess amount of the polysaccharide solution 
and titrating to the optimal pH for complex formation, 
between the pI (isoelectric point) of the protein and the 
pKa (association constant) of the polysaccharide. The 
results showed that electrostatic nanocomplexes consisting 
of beta-lactoglobulin and pectin, which entrapped the DHA 
molecules, showed good colloidal stability with particle 
size of 100 nm (mean size). The resulting transparent 
dispersions are potentially useful for enrichment of acid 
non-fat drinks, particularly clear beverages. This new techno
logy could be useful to enhance the health-promoting 

properties of functional beverages and foods while maintain
ing transparency and providing substantial protection to the 
bioactive agent against deterioration during product shelf life 
(Zimet & Livney 2009). 
Drusch (2007) used sugar beet pectin and glucose as 

alternate wall materials to gum arabic or milk protein to 
microencapsulate fish oils. They encapsulated fish oils rich 
in long-chain PUFA in a matrix of sugar beet pectin and 
glucose syrup. The results showed that, based on the 
physicochemical properties of the microencapsulated fish 
oil, sugar beet pectin can be considered as a novel wall 
material for microencapsulation of lipophilic food ingredi
ents by spray-drying. 
In another study (Wang et al. 2011), barley (Hordeum 

vulgare, L.) protein was used to encapsulate fish oil. In 
this method, barley protein powder was hydrated and, 
following pH adjustment, fish oil was mixed to form an 
emulsion. Microcapsules were then formed by passing the 
pre-mixed emulsion through a microfluidizer system. The 
formed microcapsules were then spray-dried. The results 
showed that barley protein conferred the microcapsules a 
greater capacity to prevent oxidation of encapsulated 
fish oils, and are therefore useful in functional food 
applications. 
The development of functional bread enriched with nano

encapsulated omega-3-fatty acids was reported (Gokmen 
et al. 2011). In this study, high amylose corn starch was 
used to form nanosized complexes with flex seed oil (PUFA) 
that was converted to a powder of microparticles by spray-
drying. The particles were then incorporated into bread 
formulation in different quantities to investigate their effects 
on bread quality characteristics. Encapsulation significantly 
reduced oxidation of entrapped PUFA by the formation of 
hexanal and nonanal in breads during baking. Gokmen et al. 
(2011) demonstrated that it is possible to include a significant 
amount of nanoencapsulated omega-3-fatty acids in bread 
without affecting its sensorial properties. In addition, encap
sulation reduced off-flavours due to thermo-oxidation of 
fatty acids during baking. 

19.4.3.1 Essential Oils 

Essential oils from herbs such as oregano, citronella, 
majoram and pepper contribute to functional food flavours 
as well as therapeutic or medicinal benefits. Herbal oils 
containing essential oils and oleoresins are used to develop 
functional foods and nutraceuticals. The flavours and ther
apeutic effects of these oils can be altered as a result of 
oxidation, chemical interaction or volatalization. To mini
mize these changes, microencapsulation is used in the 
flavour industry to entrap flavouring substances such as 
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essential oils, oleoresins, aroma and flavour mixtures within 
a protective layer of wall materials. 

Oregano essential oils (OEO) extracted from Origanaum 
vulgare, L. is well known for its anti-oxidative and anti
microbial activity (Botsoglou et al. 2003). These bioactiv
ities are mainly due to carvacrol and thymol (major 
phenolic compounds in OEO) and monoterpene hydro
carbons (in lower concentrations). 
OEO are volatiles which easily evaporate and/or decom

pose during food processing due to direct exposure to heat, 
pressure, light or oxygen. To overcome the susceptibility of 
OEO and improve its stability, nanoencapsulation could be 
used. Nanoencapsulation of bioactive compounds repre
sents a viable and efficient approach to increase the physical 
stability of the bioactive substances, protect them from 
interacting with food ingredients and enhance their bio
activity (Donsi et al. 2011). 
Hosseini et al. (2013) reported a method of preparing 

OEO-loaded chitosan nanoparticles by a two-step method 
involving the formation of an oil-in-water emulsion and the 
subsequent ionic gelation of the emulsion droplets. The 
nanoparticles produced were spherical in shape, with a size 
range of 40–80 nm. 
Solvent-extracted oleoresins from spices exhibit better 

flavour profiles and possess medicinal properties. The spice 
oleoresins are sensitive to light, heat and oxygen; for 
example, black pepper oleoresin exhibits a poor shelf 
life as a result of oxidative and polymeric changes involv
ing the fatty oil component and monoterpenic hydrocar
bons. When exposed to light and oxygen, piperine (the 
active constituent of pepper) undergoes hydrolysis to piper
idine and piperinic acid, and undergoes photolysis to iso
chavicine which lacks typical pepper flavour (Shaikh et al. 
2006). To enhance the storage life of black pepper oleo
resin, Shaikh et al. (2006) microencapsulated it using gum 
arabic and a modified starch (HiCap 100) using spray-
drying to a free-flowing powder. In this method, gum arabic 
and the modified starch were dispersed individually in 
distilled water, black pepper oleoresin was then added 
and the mixture homogenized. Tween 80 was added to 
aid emulsification, and the resultant slurry was spray-dried. 
It was reported that gum arabic offered greater protection to 
the encapsulated pepper oleoresin. 
The biological activities (anti-oxidant, anti-inflamma

tory, chemopreventive and anticancer) associated with 
the consumption of extra virgin olive oils have enhanced 
the use of this oil in functional food and beverage devel
opment (Tortosa et al. 1999). Encapsulation is used to 
retard lipid auto-oxidation of olive oils for use in extended
shelf-life functional foods. Calvo et al. (2012) microencap
sulated extra virgin oil using carbohydrate-based 

(maltodextrin and carboxymethyl cellulose) and protein-
based wall materials. The emulsions were frozen at �80 °C, 
freeze-dried and the microcapsules were ground to powder. 
The results showed that protein-based wall materials were 
more effective to preserve the quality of the microencap
sulated extra virgin oil during extended shelf life. 

High oleic sunflower oil is increasingly being utilized 
in the development of functional foods due to its high 
content of PUFA and associated health benefits. Like any 
other unsaturated cooking oils, sunflower oil is also labile 
to oxidative deterioration during processing and storage. 
Ahn et al. (2012) reported that natural plant extracts (e.g. 
rosemary, citrus) can effectively inhibit lipid oxidation of 
high oleic sunflower oil. In this study, a dextrin-coating 
technique with wall materials such as milk protein isolate 
and soy lecithin in the presence of sodium triphosphate 
emulsifier was used. Homogenized emulsions of the oil 
and the wall materials were spray-dried. The results 
showed that natural plant extracts have a combined 
anti-oxidative effect on the microencapsulated high oleic 
sunflower oil. 
Oil extracted from soybeans is rich in PUFA and other 

bioactive agents that confer health benefits. In many func
tional food formulations, a free-flowing powder incorpo
rating bioactive oils is essential for wider food formulations 
in the development of novel functional foods. Emulsions of 
soy oil with sodium caseinate and blends of carbohydrates 
of various dextrose-equivalence (DE) were prepared and 
spray-dried into free-flowing powders containing 20–74% 
soy oil (Hogan et al. 2001). The results showed that the 
ability of sodium caseinate/carbohydrate blends to encap
sulate soy oil was improved by increasing the DE of 
carbohydrate polymers. Of the carbohydrate polymers 
studied, corn syrup solids with a DE of 28 proved most 
effective when used at sodium caseinate/DE 28 ratios 
> 1:39 and core wall ratios <1.5. The wall systems 
minimized the destabilization of oil droplets during drying 
and effectively encapsulated soy oil into free-flowing, non-
adherent powders. 

19.4.4 Antimicrobial Bioactive Agents 

Food safety has evolved to become a significantly major 
issue to both the food industry and consumers. Due to their 
antimicrobial properties, functional foods or functional 
ingredients have increased in importance in the provision 
of food safety. 
Demand for natural antimicrobial compounds has 

recently increased. Such biomolecules are of natural origin, 
non-toxic to humans, environmentally safe and effective in 
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preserving foods by preventing activity of microorganisms 
(Mastromatteo et al. 2010). The recent years have seen 
increased research on formulation, design and application 
of nanoemulsions as antimicrobial delivery systems. 
Among the nanometric encapsulation systems currently 
being used for the delivery of bioactive compounds, nano
emulsions are particularly suitable for food applications 
(McClements 1999). 

Similar to most bioactive compounds, antimicrobial 
agents are chemically reactive species. This can cause con
siderable problems when embedded into a complex food 
system, such as negative effects on the physical stability or 
integrity of the food chemistry as well as the degradation of 
the biological activity of bioactive compounds (McClements 
1999). Nanoencapsulation of bioactive compounds repre
sents a viable and efficient approach to increasing the 
physical stability of the bioactive substances, protecting 
them from interacting with the food ingredients; further, 
the subcellular size increases the bioactivity. Encapsulation 
can also be used to increase the concentration of the bioactive 
compounds in food matrices where there is a high load of 
microorganisms, for example, aqueous phases or liquid 
entrapped solid phases (Weiss et al. 2009). 

While microcapsules using wall materials such as chi
tosan, calcium-alginate and modified starch have been 
reported to provide excellent protection for essential oils 
against degradation or evaporation, in general they do not 
enhance significant antimicrobial activity. In contrast, 
nanometric size delivery systems, due to the subcellular 
size, may increase the passive cellular absorption mecha
nisms, thus reducing mass-transfer resistance and enhanc
ing antimicrobial activity (Donsi et al. 2011). 

Many essential oils which are hydrophobic and volatile 
compounds derived from plants have shown antimicrobial 
properties (Seydim & Sarikus 2006). Donsi et al. (2011) 
reported encapsulation of essential oils into nanometric 
delivery systems for incorporation into fruit juices, to 
enhance their antimicrobial activity and to minimize the 
impact on the quality attributes of the fruit juices. In this 
study, two essential oil – terpenes and limonene –were 
nanoencapsulated using a lecithin-based emulsion and a 
palm-oil-based emulsion, respectively. The emulsions were 
prepared using a high-pressure (300 MPa) homogenization 
process. The terpenes and limonene nanocapsules were 
added to orange and pear juices inoculated with L. del
brueckii. The results showed that addition of the nano
encapsulated essential oils at a low concentration was able 
to delay growth of L. delbrueckii (1.0 g L�1 essential oil) or 
completely inactivate the microorganisms (5.0 g L�1 essen
tial oil concentration), while minimally altering the organo
leptic properties of the fruit juices. 

The use of lemon grass (Cymbopogom citratus) essential 
oil as an antimicrobial in the food and pharmaceutical 
industry has been reported (Leimann et al. 2009). The 
bioactive compounds that possess antimicrobial activity 
in lemon grass oil are alpha-citral (geraniol) and beta-citral 
(neral), and they exhibit antibacterial action on both Gram-
negative and Gram-positive organisms. To enhance the 
stability of lemon grass essential oil, it was microencapsu
lated using the coacervation technique (Leimann et al. 
2009). Polyvinylalcohol (PVA) cross-linked with glutar
aldehyde was used as a wall polymer for the micro
encapsulation. It was reported that there were no 
significant alterations in the essential oil during the micro
encapsulation, and the antimicrobial activity of the encap
sulated oil was not affected. 
Carvacol (isomer of thymol), a major component of 

oregano and thyme (Thymus and Origanum sp.), is a 
phenolic compound used as a natural food preservative 
(Kulisic et al. 2004). Carvacol and thymol were emulsified 
in an oil-in-water emulsion with an aqueous solution of 
gum arabic adjusted to pH 6.0 with NaOH. Tween 20 was 
added to facilitate an aqueous continuous phase, and the 
emulsion was homogenized. A polypropylene film was 
coated with the emulsion containing the microcapsules 
and tested for antimicrobial activity of the film using a 
diffusion agar plate technique. The results showed that the 
microencapsulated bioactive agents inhibited growth of a 
broad spectrum of microorganisms. This study shows the 
potential of encapsulation to incorporate antimicrobial 
agents into polymer films and use them as bioactive 
packaging for food preservation (Guarda et al. 2011). 
Antimicrobial peptides (AMP) have been extensively 

researched as a potential biopreservative alternative to 
the current use of antibiotics (Marcos & Gandia 2009). 
Stability issues such as proteolytic degradation and the 
potential interaction of the AMP with food components 
might result in decreased antimicrobial activity. The entrap
ment of bacteriocins (AMP) into liposomes might represent 
an alternative to overcome the problems related to the direct 
application of these antimicrobial peptides in the develop
ment of functional foods. 
Liposomes (lipid vesicles) have both lipid and aqueous 

phases in their structure and nanoliposomes are suitable for 
entrapment, protection and delivery of water-soluble and 
lipid-soluble bioactive components (Taylor et al. 2008). To 
reduce the bacterial load at the surface of foods, immobi
lized AMP can be applied for development of bioactive 
antimicrobial food packaging. 
Imran et al. (2012) studied AMP nanoencapsulation 

concurrently with biopolymer immobilization to develop 
next-generation biodegradable films embedded with either 
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active agent, nanoencapsulated active agent or both. In this 
study, nisin was used as an AMP. Nanoliposomes were 
prepared using soy-lecithin in a microfluidizer at 2000 bar 
with 5 cycles to generate an average size of 151 ± 4 nm with 
50 ± 3% encapsulation efficiency. Edible film-forming 
solutions (FFS) were prepared by dissolving a biodegradable 
polymer (hydroxypropylmethylcellulose, HPMC) in dis
tilled water and heated to 65 °C. Glycerol and lecithin 
were then added along with AMP (nisin). The emulsion 
and the liposomes were mixed together to form a nano
emulsion. Films were made by pouring the emulsion into 
petri dishes and drying at room temperature. The results 
showed that nanoemulsion (encapsulated nisin) films were 
effective against the food-born pathogen Listeria monocy
togenes. The nisin could diffuse/migrate through the lipo
some (nanomembrane) by pore formation as demonstrated 
against bacteria (Breukink & De Kruijft 1999). Bio
degradable non-active biofilms incorporated with AMP 
could be a potential preventative system towards improving 
food safety in the development of new functional foods. 

Nisin-loaded liposomes may be suitable for controlling 
spoilage and pathogenic bacteria in food. They can also 
withstand exposure to different environmental and chemi
cal stresses typically encountered in foods and food proc
essing operations, such as low or high pH and moderate 
heat treatments (Taylor et al. 2007), hence improving nisin 
stability, efficiency and in addition flavour distribution in 
different food matrices (Laridi et al. 2003). Malheiros et al. 
(2010) encapsulated commercial nisin A in liposomes of 
purified soybean phosphatidylcholine. Nisin-loaded lipo
somes, manufactured by a thin-film hydration method 
followed by bath-type ultrasound, were applied in milk 
as a food model and observed to inhibit the growth of 
L. monocytogenes. 
Allyl isothiocyanate (AIT), a major product of the 

hydrolytic action of the endogenous enzyme myrosinase 
on the glucosinolate singirin in aromatic herbal plants 
(mustard, horseradish), is a natural antimicrobial used in 
food matrices such as ground beef (Muthukumaraswamy 
et al. 2003). The application of AIT has been limited due to 
its poor water solubility and volatility. Chacon et al. (2006) 
reported that when gum acacia microcapsules containing 
AIT (prepared as freeze-dried emulsion) were incorporated 
into chopped refrigerated beef, they eliminated a large 
number of E.coli O157:H7 pathogens. 
Curcumin is a permitted colourant used in food and has a 

wide range of phramacological activities including anti
microbial effects (Sowbhagya et al. 1998). Curcumin is 
susceptible to oxidants, light and heat and should therefore 
be protected in certain forms from chemical damage before 
its industrial application (Hanne et al. 2002). Curcumin was 

stabilized by microencapsulating with edible gelatin and 
porous starch (Wang et al. 2009b). In this method, gelatin 
and porous starch were dissolved in hot water to form an 
aqueous solution. Curcumin was pre-heated and dissolved 
in acetone, and the solution was dripped into the aqueous 
solution of the wall materials forming a coarse emulsion. 
The emulsion was homogenized and spray-dried. The 
results showed that curcumin retained its antibacterial 
and antifungal properties after microencapsulation, demon
strating its potential use as a food preservative. Yadav et al. 
(2012) encapsulated curcumin in chitosan cross-linked with 
glutaraldehyde. In this study, chitosan nanoparticles of less 
than 50 nm in diameter containing curcumin were prepared, 
suitable for applications in the food and pharmaceutical 
industries. 
Lactoferrin is a natural antimicrobial, the main iron-

binding protein in milk, and has antimicrobial activity 
against a wide range of Gram-positive and Gram-negative 
bacteria, fungi and parasites (Farnaud & Evans 2003). 
However, divalent cations such as calcium and magnesium 
reduced its antimicrobial activity. When interacting with 
lactoferrin molecules, divalent cations induce change in its 
structure yielding a less-effective tetrameric form of lacto
ferrin, while cations are said to increase the stability of the 
targeted bacterial cell membranes (Shimazaki 2000). To 
circumvent the problem, Al-Nabulsi & Holley (2007) 
microencapsulated bovine lactoferrin using a water-in-oil 
emulsion and freeze-drying. The results showed no signifi
cant difference in the antimicrobial activity between encap
sulated and un-encapsulated lactoferrin. 
Gallic acid (3,4,5 trihydroxybenzoic acid) is an antimi

crobial agent, abundantly present in berries, citrus fruits, 
tea, wine and herbs. To improve the stability of gallic acid 
against oxygen, light and food processing environments, it 
was microencapsulated using chitosan, beta-cyclodextrin or 
xanthan as wall materials and lyophilized. It was reported 
that gallic acid showed no loss of anti-oxidant capacity 
compared to pure gallic acid (Goncalves da Rosa et al. 
2013). Encapsulated gallic acid can therefore be used as an 
antimicrobial agent in the development of functional foods. 

19.5 Conclusion and Future Trends 

The boundary between medicine and foods has recently 
narrowed significantly. A large number of bioactive com
ponents in traditional foods have been identified as con
tributing to therapeutic and physiological benefits in 
circumventing lifestyle diseases in humans. As a result, 
the therapeutic effects of medicinal foods and their use in 
preventative medicine are increasingly being reported in the 
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recent scientific literature. As clinical evidence of the health 
effects of these functional foods accumulates, the food, 
nutraceutical and pharmaceutical industries will formulate 
new and innovative functionally based therapeutic prod
ucts. New innovative ways of administering and controlling 
the release of bioactive agents through functional foods and 
ingredients will be developed in the near future. New 
encapsulation techniques will be developed to administer 
and release in a controlled manner these novel bioactive 
agents by incorporating them into functional foods and 
nutraceuticals. Smart polymers will be developed to suit the 
greater demand of more efficient protection and delivery of 
bioactive components through functional and medicinal 
food products. Advanced nanoencapsulation techniques 
require to be developed for efficient administration and 
delivery of these bioactive agents, particularly in the devel
opment of new functional therapeutic and medicinal food 
products of the future. 
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20.1 State of the Art 

Gut microbiota can undoubtedly be considered as an organ 
capable, internally to our body, of affecting its wellness and 
health, stimulating the immune system, playing a role in 
certain cases of cancer and generally combating several 
inflammatory and infectious diseases (Rajilic ́ ́-Stojanovic
et al. 2007). An adequate life style and dietary supplementa
tion of functional ingredients can support it, with indubitable 
advantages not only for consumer but also for the economy, 
taking into consideration the increasing cost of healthcare in 
all countries. Many efforts have focused on its modulation, as 
well as its metabolic and functional activities (Cummings & 
MacFarlane 1991). In the last decades, several research 
projects have focused on the influence that the components 
of fruit and vegetables, such as polyphenols, can have on the 
beneficial microorganisms present in gut microbiota, conse
quently affecting human wellness in a positive manner. Such 
research constitutes the basis of a greater awareness of the 
importance of a healthier diet; in addition, such research can 
support science and industry to evolve the concept of food, 
and to develop new and more effective functional foods. 

Gut is the most abundant reservoir of human flora, being 
represented by about 1011 

–1012 cells per gram. It is composed 
of a complex microbial community residing in the gut referred 
to as microbiota. The human body contains about 100 trillion 
microorganisms in the intestine, 10 times more than the entire 
rest of the body. The microbiota composition of each indi

vidual is unique and is influenced through a legacy acquired at 
birth, genotype and physiological status of the host, diet and 
lifestyle (Zoetendal et al. 2006). Gut microbiota affects 
different physiological/pathological events such as appetite 
control, energy balance, obesity, diabetes, immune function, 
allergies, behavioural perturbations, cardiovascular disease 
and cancers such as stomach cancer (Flint 2012). Moreover, it 
is involved in the degradation of indigestible compounds, in 
the synthesis of vitamins and in the enhancement of the host 
resistance against colonization by pathogenic microorgan
isms; it can therefore be considered a dynamic ecosystem 
involved in a mutalistic relationship with its host. Such 
dynamicity changes mainly with age and diet. 
Bacteria compose most of the flora in the colon, where 

around 300–500 different species live. The most common 
bacteria are Bacteroides, representing about 30% of all 
bacteria in the gut, followed by Clostridium, Eubacterium, 
Ruminococcus, Prevotella, Fusobacterium, Peptococcus 
and Bifidobacterium. Escherichia and Lactobacillus are 
also present, but to lesser extent. 99% of the bacteria are 
thought to originate from about 30–40 species (O’Hara & 
Shanahan 2006). Recent studies determined that Firmicutes 
and Bacteroidetes phyla constitute the great majority of the 
dominant human gut microbiota (<30% and >40%, respec
tively); in addition, Actinobacteria (<20%), Proteobacte
ria, Synergistetes Verrucomicrobia, Fusobacteria and 
Euryarchaeota (all <5%) are present (Arumugan et al. 
2011). Bacteroidetes, the most abundant, show a noticeable 
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Table 20.1 Bacteroides present in human gut microbiota 
(modified from Arumugam et al. 2011). 

Faecalibacterium Bifidobacterium Lachnospiraceae 
Roseburia Alistipes Collinsella 
Blautia Coprococcus Ruminococcus 
Parabacteroides Ruminococcaceae Eubacterium 
Dorea Subdoligranulum Prevotella 
Anaerostipes Clostridiales Akkermansia 
Streptococcus Escherichia/Shigella Holdemania 
Anaerotruncus Acidaminococcus Megasphaera 
Eggerthella Peptostreptococcaceae Dialister 
Gordonibacter Coprobacillus 

variability of genera across samples (Tap et al. 2009). 
Table 20.1 lists the main components of Bacteroides of 
human gut microbiota. 
Human gut microbiota undergoes selective pressure from 

the host as well as from microbial competitors. This dynamic 
situation leads to a homeostasis of the ecosystem, in which 
some species occur in high and many in low abundance, 
performing specialized functions which are beneficial to the 
host (Amurugan et al. 2011). A microbiome can be also 
classified based on the main functional category, such as 
hystidine kinase activity, ATPase, recombinase, response 
regulation, ATPase, glucosydase, etc. For instance, low-
abundance Escherichia contribute over 90% of two abundant 
proteins associated with bacterial pili assembly. 
Diet has a great influence on the gut microbiome; it 

modifies the impact of microbiota on health, with either 
beneficial or deleterious consequences (Flint 2012). Changes 
taking place in the body can be explained by the presence of 
fibre or polyphenols in the diet. For instance, the amount of 
Prevotella can be enriched in children subjected to a high-
fibre diet (De Filippo et al. 2010) or in children and adults 
with diets composed of plant-derived polysaccharide foods. 
On the contrary, microbiota of people with a long-term diet 
rich in animal protein and saturated fat is represented princi
pally by Bacteroides. 

Aruguman et al. (2011) identified different enterotypes, 
each of them resulting from a particular body situation. 

•	 Enterotype 1 is rich in Bacteroides which co-occurs 
with Parabacteroides. It seems to absorb energy prin
cipally from carbohydrates and proteins through fer
mentation; such microorganisms are composed of 
closely related genera, with a very broad saccharolytic 
potential (Martens et al. 2009) and an evident compo
sition of genes encoding enzymes involved in the 
degradation of these substrates (galactosidases, hexos
aminidases, proteases). 

•	 Enterotype 2 is rich in Prevotella and Desulphovibrio. 
Prevotella is a know mucin-degrader and Desulphovi
brio may enhance the rate-limiting mucin desulphation 
step by removing the sulphate (Wright et al. 2000). 

•	 Enterotype 3 is the most frequent; it is enriched in 
Ruminococcus and the co-occurring Akkermansia, both 
known to comprise species able to degrade mucins 
(Derrien et al. 2004; Table 20.2). 

These enterotypes can be represented in two larger 
cohorts, indicating that the variation of the intestinal micro-
biota might be considered as discontinuous; this might also 
support the existence of a limited number of well-balanced 
host–microbial symbiotic states that might respond differ
ently to diet and drug intake. The enterotypes are princi
pally driven by species composition, but abundant 
molecular functions are not necessarily provided by abun
dant species, highlighting the importance of a functional 
analysis to understand microbial communities. Although 
individual host properties such as body mass index, gender 
or age cannot explain these enterotypes, data-driven marker 
genes or functional modules can be identified for each of 
these host properties, suggesting a diagnostic potential of 
microbial markers (Aruguman et al. 2011). 
Colonic fermentation by microbiota gives rise to a 

decrease in the pH from 6.5 to 5.5 (Duncan et al. 2009), 
caused by the high concentrations of short-chain fatty acids. 
This has an intense and selective effect upon the colonic 
microbial community in in vitro fermentation supplied with 
soluble polysaccharides, so that a tendency to suppress 
Bacteroides spp. and to promote butyrate-producing Gram-
positive bacteria can be observed. However, at least 
8–9 weeks of dietary patterns are necessary to provoke 

Table 20.2 Enterotypes ascribable to human gut microbiota (modified from Arumugam et al. 2011). 

Enterotype Microbial contributors Energy generation 

1 Bacteroides (+Parabacteroides) Fermentation of carbohydrates and proteins 
2 Prevotella (+Desulphovibrio) Degradation of mucin glycoproteins within the mucosal layer 
3 Ruminococcus, Clostridiales (+Akkermansia) Degradation of mucin 
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changes in the microbiota of individuals (Duncan et al. 
2007). During the metabolism of foods and xenobiotics, 
both host and its gut microbiota co-produce a great level of 
small molecules, many of which play critical roles in 
transferring information between host cells and the host’s 
microbial symbionts (cross-talk). The so-called ‘dysbiosis’ 
represented by all alterations interesting microbiota can 
modulate the metabolic phenotype of the host, in order to 
significantly influence host biochemistry and host suscep
tibility to diseases (Nicholson et al. 2012). 

20.2 Polyphenols 

Afrom being good sources of vitamins, minerals and fibre, 
fruits and vegetables are also rich sources of potentially 
bioactive compounds known as phytochemicals. Phyto
chemicals are not included among food nutrients, but the 
contribution to human health of fruits and vegetables is 
thought to be given by such compounds. Polyphenols are 
one of the most extensively studied phytochemicals. They 
are non-nutritive, secondary metabolites of plant and are 
indispensable for vegetable growth and survival, such as 
protection from ultraviolet (UV) radiation as well as 
defence against pathogens and predators. Polyphenols 
have a perfect structural chemistry for free radical-
scavenging therefore contribute significantly to the protec
tive effects in vivo. Several hundred polyphenols have been 
identified in various fruits and vegetables. Based on the 
number of phenol rings and structural elements that bind 
these rings to one another, polyphenols can be classified as 
phenolic acids (with single rings), stilbenes, flavonoids and 
lignans (having multiple rings). The structural differences 
between individual compounds contribute to the major 
differences in their bioavailability (Manach et al. 2009; 
Bolca et al. 2013). 

Table 20.3 lists some of the usual dietary sources of 
polyphenols. In nature, phenolics are usually found conju
gated to sugars and organic acids. They can be classified as 
two major types: flavonoid and non-flavonoid phenolics. 
Flavonoid phenolics show a basic structure consisting of 
two benzene rings (A and B) linked through a heterocyclic 
pyrone C ring. Non-flavonoid phenolics have arisen by a 
more heterogeneous group of compounds. These range 
from the simplest of the class, such as benzoic acids and 
hydroxycinnamates (Selma et al. 2009), to more complex 
compounds, such as stilbenes, lignans and hydrolysable 
tannins, gallotannins and ellagitannins. The principal com
ponents of the latter are gallic and hexahydroxydiphenic 
acids which, upon hydrolysis, release ellagic acid. The 
cleavage of glycosyl or glucuronosyl moiety from the 

Table 20.3 Common dietary sources of polyphenols 
(modified from Vemuri et al. 2008). 

Molecule Source 

Hydroxybenzoic acid Blackberry 
Protocatechuic acid Raspberry 
Gallic acid Blackcurrant, strawberry 
Hydroxycinnamic acids Blueberry, kiwi 
Caffeic acid Cherry 
Chlorogenic acid Plum 
Coumaric acid Aubergine 
Ferulic acid Apple 
Sinapic acid Cider, coffee 
Anthocyanins Aubergine 
Cyanidin Blackberry 
Pelargonidin Blackcurrant 
Malvidin Blueberry 
Peonidin Black grape 
Delphinidin Cherry, rhubarb, strawberry, 

red wine 
Flavonols Yellow onion 
Quercetin Curly kale 
Kaempferol Leek 
Myricetin Broccoli, blueberry 
Flavanones Orange juice 
Hesperetin Grapefruit juice 
Naringenin Lemon juice 
Eriodictyol Lemon juice 
Isoflavones Soy flour 
Daidzein Soybeans 
Genestein Miso 
Glycitein Tofu 
Monomeric flavanols Chocolate 
Catechin Beans 
Epicatechin Apricot, cherry, green tea 

phenolics basis is called deconjugation, which results in 
the formation of aglycones (Rechner et al. 2004; Aura 
2008). 

20.2.1 Flavonols 

Flavonols are a class of flavonoids at planar structure, and 
their diversity is related to the positions of the phenolic-OH 
groups. They are found principally in Brassicaceae, apples,  
tea and red wine (Hollman & Katan 1999). This class of 
flavonoids is actively degraded by gut microbiota, being 
replaced by simpler and smaller phenolic compounds derived 
from A and B rings after break-up of the flavonoid C ring 
(Winter et al. 1989; Aura 2008). For instance, quercetin gives 
rise to 2-(3,4-dihydroxyphenyl) acetic acid, 2-(3-hydroxy
phenyl)acetic acid and 3,4-dihydroxybenzoic acid from the 
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B ring, whereas phloroglucinol, 3-(3,4-dihydroxyphenyl) 
propionic acid and 3-(3-hydroxyphenyl) propionic acid are 
produced from the A ring (Selma et al. 2009). In the intestine, 
flavonols could be transformed firstly by C-ring fission 
(following different metabolic pathways) and then by dehy
droxylation reactions. The type of glycosylation can also 
affect the stability of the flavonoids in the intestine. However, 
the structure of the aglycone does not have much influence on 
the intestinal metabolism; this is in contrast to the type of 
glycosidic bond (C- or O-glycoside), which demonstrates 
substantial influence on the degradation rate (Simons et al. 
2005). 

20.2.2 Flavanones 

Flavanones have a 2,3-dihydro-2-phenylchromen-4-one 
structure, with the pyran ring of non-planar flavanones. 
The major dietary sources of flavanones are citrus fruits. 
This class of flavonoids may significatively contribute to 
the total daily intake of flavonoids with respect to all others 
(Tomas-Barberan et al. 2000), and appears to have a greater 
bioavailability than flavonols or flavan-3-ols (Selma et al. 
2009). This can be associated with the fact that they are less 
degraded than other flavonoids by colonic microbiota and 
can be more suitable for absorption, even in the distal part 
of the intestine. Flavanones are present as glycosides, 
generally rutinosides and neohesperidosides. In citrus fruit 
and associated products, naringin, neoeriodictyol and neo
hesperidin can be easily found. Flavanone glucosides can 
also be found in some medicinal herbs, such as menthe, to a 
lesser extent. Flavanone glycosides, such as naringin, are 
firstly subjected to a deglycosylation, giving the aglycone 
naringenin; naringenin is therefore split and gives rise to 
phloroglucinol and 3-(3,4-dihydroxyphenyl) propionic 
acid. This can be further dehydroxylated to produce 
3-(mhydroxyphenyl) propionic acid. The flavanone degra
dation pathway is quite similar to that of flavonols and 
other flavonoids, including procyanidins (Rechner et al. 
2004). 

20.2.3 Flavan-3-ols and Procyanidins 

These are a very complex group of polyphenols which are 
produced from simple flavan-3-ols (catechin, epicatechin, 
gallocatechin and epigallocatechin and the corresponding 
gallate esters), the metabolism of which gives rise to 
polymeric procyanidins or condensed tannins. They repre
sent some of the main constituents of the dietary phenolic 
intake and are mostly supplied by fruits, tea and wine. 
Flavan-3-ols are not planar. During digestion and transfer 

across the small intestine, and in the liver, flavan-3-ols are 
quickly metabolized by phase II enzymes to different 
O-sulphated, O-glucuronidated and O-methylated forms 
(Kuhnle et al. 2000; Vaidyanathan & Walle 2002) found 
in plasma (Garcia-Ramirez et al. 2006). The main metabo
lites detected in urine after the intake of catechin and 
epicatechin are produced by a combination of bacterial 
and human metabolism (Deprez et al. 2000; Rechner et al. 
2004; Hackman et al. 2008), and are essentially represented 
by 5-(30,40-dihydroxyphenyl)-γ-valerolactone, 5-phenyl
γ-valerolactone and 3-phenylpropionic acid (Tzounis et al. 
2008, 2011). The formation of these metabolites from 
(Þ)-catechin required its initial conversion to (Þ)-epicatechin, 
mainly through the action of the intestinal bacteria. On the 
contrary, epicatechin gallate and epigallocatechin gallate are 
not degraded by the microbiota (Meselhy et al. 1997). 
Microbial metabolism of dietary condensed tannins can 
give rise to benzoic, phenylacetic, phenylpropionic and 
phenyllactic acid derivatives, as well as phloroglucinol, 5
(30-hydroxyphenyl)-γ-valerolactone and 1-(3-hydroxy
phenyl)-3-(2,4,6-trihydroxyphenyl)propan-2-ol (Groenwold 
& Hundt 1986). 
Anthocyanins are plant pigments widely distributed in 

coloured fruits and flowers. They are one of the most 
important classes of flavonoids and are responsible for 
the purple, violet, blue and red colours of fruit. More 
than 300 different anthocyanin compounds have been 
identified in plants. Their structure is planar. The major 
sources of anthocyanins in edible plants are Vitaceae 
(grape) and Rosaceae (plum, raspberry, strawberry, cherry, 
blackberry, apple, peach, etc.). Solanaceae (eggplant, tama
rillo), Saxifragaceae (red and blackcurrants), Cruciferae 
(red cabbage) and Ericaceae (blueberry and cranberry) also 
contain anthocyanins. Anthocyanins are present mainly in 
the form of heterosides. 
The aglycone forms of anthocyanins are commonly 

found in fruits and vegetables (Pascual-Teresa & 
Sanchez-Ballesta 2007). From the relatively few studies 
it is known that anthocyanins glucosides are generally not 
stable in the gut, probably because they are attacked by 
glucosidase in the small intestine; the arabinosidic and 
xylosidic forms of anthocyanins are sufficient in the gut, 
however. P-coumaric acid can stabilize the molecules, 
protecting them during gut transit. A second sugar moiety 
can act to protect anthocyanins. Only a small portion of 
the anthocyanins can be absorbed in this way, or as 
hydrolysis products where sugar is removed from the 
molecule (Keppler & Humpf 2005). Another method of 
protecting anthocyanins against the attack of gastric and 
pancreatic juice during the gastro-intestinal transit of food 
is the preservation of the biomolecules in food-grade and 
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safe-grade materials, such as alginate or alginate-xylan. 
This not only preserves such molecules but improves the 
growth of specific probiotics during the simulation of 
digestive process (Fratianni et al. 2010). 

In all cases, the transformation of anthocyanins glycones 
gives rise to aglycones, which are chemically instable. These 
are then transformed by gut microbiota to their corresponding 
aglycones, easily transformed to phenolic acid. Among 
anthocyanins metabolites, produced by gut microbiome, 
we find syringic acid (3,5-dimethoxy-4-hydroxybenzoic 
acid), vanillic acid (3-methoxy-4-hydroxybenzoic acid), 
phloroglucinol aldehyde (2,4,6-trihydroxybenzaldehyde), 
phloroglucinol acid (2,4,6-trihydroxybenzoic acid), gallic 
acid (3,4,5-trihydroxybenzoic acid) and 3-O-methylgallic 
acid (Keppler & Humpf 2005). 

20.2.4 Isoflavones 

Isoflavones are non-steroidal estrogens with a chemical 
structure similar to estrogens. The basic ring system for 
isoflavones is planar. Isoflavones are particularly abundant 
in soy nuts, tempeh and red clover. The majority of iso
flavones cannot be absorbed across the enterocytes due to 
their molecular weight and the high hydrophilicity. The 
activity of isoflavones is subsequent to the conversion of the 
glucosides into the main bioactive aglycones (glycitein, 
daidzein, genistein and equol) through the action of the 
intestinal β-glucosidase of microbiome (Setchell et al. 
2002). The higher anti-oxidant activity of equol with 
respect to isoflavones may be considered as a result of 
its non-planar structure, which gives equol a greater flexi
bility for conformational changes. In contrast to animal, 
humans produce low level of equol; further, not all people 
consume daizein to produce equol, a consequence of the 
lack of specific components of the intestinal microflora. The 
link between this class of polyphenols and their aglycone 
therefore seems very strong. Metabolites of this class of 
aglycones are produced at different levels, depending on the 
presence or lack of specific members of microbiome (Yuan 
et al. 2007). 

20.2.5 Non-Flavonoid Phenolics 

These include hydrolysable tannins, such as gallotannins 
and ellagitannins, from which hydrolysis gives rise to 
gallic acid and ellagic acid, respectively. Gallotannins are 
typically found in berries and are responsible for their so-
called astringent taste. Ellagitannins are commonly found 
in some berries, nut, few fruits and oak-aged wines. 
However, all these components are transformed by 

microbiome. In all cases, both ellagic acid and ellagitan
nins produce urolithin A and urolithin B (Cerdá et al. 
2004; Mingshu et al. 2006). 

20.2.6 Lignans 

Lignans include a certain number of diphenolic compounds 
with a 1,4-diarylbutane structure such as secoisolariciresi
nol, matairesinol, pinoresinol, lariciresinol, isolariciresinol 
and syringaresinol. Fruits and vegetables represent the 
principal source of lignans, followed by tea, cereals, coffee 
and alcoholic drinks (Cassidy et al. 2000). The metabolism 
of lignans involves both mammalian and gut microbial 
enzymatic activities (Possemiers et al. 2007). Lignans are 
recognized as phytoestrogens due to their estrogen agonist 
and antagonist properties (Scalbert & Williamson 2000). 
The bioactivation of lignans to phytoestrogens can 
generally be performed by the microbiome, and specifically 
by those microorganisms capable of producing the indis
pensable chemical conversions (Borriello et al. 1985; 
Possemiers et al. 2005). 

20.2.7 Hydroxycinnamates 

Hydroxycinnamates can be commonly found in many plant-
derived food products. P-coumaric acid (4-hydroxycinnamic 
acid), caffeic acid (3,4-dihydroxycinnamic acid), ferulic acid 
(4-hydroxy-3-methoxycinnamic acid) and sinapic acid 
(4-hydroxy-3,5-dimethoxycinnamicacid) and their esters 
with quinic and tartaric acids (chlorogenic, caftaric, etc.) 
are the most abundant. Ferulic and p-coumaric acids occur in 
spinach and in the arabinoxylans of cereal brans. Chlorogenic 
acid is very abundant in coffee, but it constitutes one of the 
key rings of several metabolic pathways which allow other 
secondary metabolites (www.genome.jp/kegg/pathway. 
html). Hydroxycinnamic acids are very important vegetal 
components due their in vitro chemoprotective, anti-oxidant 
and anti-inflammatory properties (Graf 1992; Karllson et al. 
2005). These are however only exhibited after their absorp
tion in human gut and transformation, to a greater or lesser 
extent, by gut microbiota to several compounds such as 
3-hydroxyphenylpropionic acid, benzoic acid, vanillin 
(3-methoxy-4-hydroxybenzoic acid), 3-(4-hydroxyphenyl) 
propionic acid, hippuric acid and 3-hydroxyhippuric acid 
(Krohn & Williams 1999; Gonthier et al. 2006). Bacterial 
esterases, acting on esters, release free acids which are then 
metabolized to other compounds such as phenylpropionic 
acid and, after a subsequent decarboxylation, to phenylacetic 
acids. 

http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/pathway.html
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20.2.8	 Stilbenes 

Stilbenes are compounds present in wood or in soft vegetal 
tissues with well-known health benefits. To our knowledge 
however, no study has reported a microbiome transforma
tion of such classes of biomolecules, with the exception 
of the hydrogenation of trans-resveratrol to dihydroresver
atrol. This is also related to the fact that resveratrol might 
not arrive at the distal portions of colon, where the level of 
microorganisms is higher (Walle et al. 2004). 

20.2.9	 Benzoic Acids, Benzoates and Benzoic 
Acid Esters 

These are common in fruits, in particular berries (cranber
ries). Such molecules also represent the most common 
metabolites arising from the microbial degradation of dif
ferent metabolites, both flavonoids and non-flavonoid phe
nolics. The principal molecules belonging to such classes 
are gallic acid, p-hydroxybenzoic acid, vanillic acid, syrin
gic acid and protocatechuic acid, which can even be trans
formed by the microbiome to simpler molecules including 
pyrogallol, catechol and o-methylcatechol, more easily 
absorbed in the gut. 

Table 20.4 describes the action of different microbial 
enzymes on non-flavonoid phenolics (modified from Selma 
et al. 2009). 

20.3 Gut Metabotypes and Polyphenols 

The structural differences in the phytochemicals give rise to 
marked differences in their bioavailability (Manach et al. 
2009). Metabolism of phytochemicals usually begins with 
the hydrolysis of polymeric, glycosylated and/or esterified 
native compounds through the action of brush border 
and/or microbial enzymes which is, for several biomole
cules, a necessary condition for their absorption as well as 
for their bioactivity (Lampe 2009). 
Table 20.5 lists some of the microorganisms, present at 

intestinal level, which act on the metabolism of flavonoids 
(modified from Selma et al. 2009). Microbial action on 
polyphenols, essentially on their core, gives rise to simpler 
metabolites which often affect their bioactivities (Van 
Duynhoven et al. 2011). Many such molecules undergo 
to phase I/II metabolism during and after uptake through the 
intestinal epithelium, and can be found in biological fluids 
and biopsies (Bolca et al. 2010). On the other hand, this 

Table 20.4 Action of different microbial enzymes on non-flavonoid phenolics (modified from Selma et al. 2009). 

Enzyme Compound Reaction Microbiota Reference 

β-glucuronidase	 Glucuronides, ellagitannins, 
β-glucosidase	 glycosides, isoflavones, 

flavonolsanthocyanins, 
flavanones, ellagitannins, 
lignans 

Esterase	 Esters of hydroxycinnamates, 
carbonyl of isoflavones 

Hydrogenase Isoflavones, stillbenes, 
hydroxycinnamates 

Dehydroxylase 

Demethylase Hydroxycinnamates, benzoic 
acids, ellagitannins 

Ring of non-flavonoid 
phenolics 

Isomerase 

Hydrolysis 

Hydrolysis 

Demethylation 

Fission 

Decarboxylation 

E. coli, S. faecalis 
E. rectale, C. cocleatum, 

B. ovatus, B. fragilis, 
B. distasonis 

E. coli, B. lactis 
L. gasseri, S. 

Intermedius, 
L. Mucosae, 
Vellonella 

ruminococcus 

C. scindens, Eggerthella 
lenta 

Clostridium spp. 
eubacterium, 
Butyvibrio 

Ilett et al. 1990; Clavel et al. 
2005, 2006, 2006 

Tapiero et al. 2002; Wiseman 
et al. 2004; Decroos et al. 
2005 

Walle et al. 2004 

Clavel et al. 2005, 2006, 2006 

Torrallardona et al. 2007; 
Aura 2008 

Cheng et al. 1969; Krumboltz & 
Bryant 1986; Winter et al. 
1989; Hur et al. 2002; 
Schoefer et al. 2002; Tzounis 
et al. 2011 

Tzounis et al. 2011 
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Table 20.5 Examples of microorganisms, present at intestinal level, which act on the metabolism of flavonoids (modified from 
Selma et al. 2009). 

Microorganisms Compound Reference 

B. ovatus, S. intermedius, R. productus, 
E. feacium, L. mucosae, Vellonella 

Isoflavone, diazein Hur et al. 2002; Schoefer et al. 2002; 
Rafii et al. 2003; Decroos et al. 2005; 
Minamida et al. 2006 

Clostridium spp., E. ramulus 
Clostridium strains 
Clostridium coccoides, E. rectale 

Flavonol quercetin 
Flavanone kaempferol naringenin 
Flavan-3-ol catechin epicatechin 

Winter et al. 1989; Bowey et al. 2003 
Winter et al. 1989 
Possemiers et al. 2007 

wide metabolism also affects the in situ exposure, and 
different polyphenol-metabolizing phenotypes or ‘metab
otypes’, that is, clusters of gut microbial communities with 
similar metabolic profiles, can be differentiated. Taking 
into account the fact that the human intestinal tract harbours 
a complex microbial community with a vast metabolic 
versatility (Qin et al. 2010), and a coding capacity of 
biochemical pathways superior to that of the human brain 
(Egert et al. 2006), we can assume that there is a strict link 
between the composition of microbiota and the phytochem
icals; such a connection has a great impact on human health 
(Bolca et al. 2010). Polyphenol metabolites, produced by 
the concurrent endogenous and microbial action at gut 
level, exhibit different health properties. For instance, 
gut microbiota has proved to be essential for the production 
of active isoflavone metabolites with oestrogen-like activ
ity. Quercetin, generated by gut microbial enzymes, has a 
greater effect on the down-regulation of inflammatory 
responses than the glycosylated form present in vegetables 
(quecitrin or 3-rhamnosyl quercetin). Such an effect is 
exerted by the inhibition of cytokine and inducible nitric 
oxide synthase expression through the in vitro and in vivo 
inhibition of the NF-kβ pathway. Table 20.6 lists the effects 
of some bioactive compounds on probiotics. On the other 

Table 20.6 Action of polyphenols on probiotics 

hand, several polyphenols act as inhibiting agents against 
different pathogens (Table 20.7). 
The first step of deconjugation in the body takes place at 

the level of saliva, the enzymes of which hydrolyse flavo
noid glycosides to their corresponding aglycones. The 
direct absorption of polyphenols in the small intestine is 
generally low. During digestion, polyphenols (present in 
food as glycosylated, polymeric and/or esterified form) are 
subjected to a hydrolytic process and transformed into 
aglycones and/or metabolized microbiota. Aglycones can 
also be formed in the lumen by the action of different 
enzymes and passively absorbed through the epithelium 
(Day et al. 2000). This phase is followed by the absorption 
where, through the gut epithelium, polyphenols and their 
metabolites (also from microbial action) are subjected to 
other processes such as oxidation/reduction, deglycosyla
tion, dehydroxylation and demethylation, glucuronidation, 
sulphation and methylation or demethylation. In such 
simpler forms, metabolites are transported through the 
blood and reach tissues, also the gut, where they act on 
specific species of microbiota (Fig. 20.1; Bolca et al. 2013). 
Deconjugation is catalysed by faecal microbial enzymes 

(R-rhamnosidase, β-glucosidase and β-glucuronidase). 
Aglycones can be split, giving rise to hydroxyphenilacetic 

Microorganism Bioactive compounds Growth effect References 

Lactobacillus Resveratrol, phenolics from No-inhibition and/or Bouaziz et al. 2008; Hervert-
Strains, apple juice and red wine stimulation Hernández et al. 2009 
Bifidobacterium spp. 

Lactobacillus Catechin, epicatechin, epicatechin gallate, No-inhibition Sembries et al. 2003, 2006; 
strains caffeic acid, gallic acid, epigallocatechin Dolara et al. 2005; Larrosa 

and epigallocatechin gallate and generally et al. 2009 
phenolics from teas, berries and mango 

Lactobacillus Rutin and phloridzin Stimulation Parkar et al. 2008 
rhamnosus 

Lactobacillus Quercetin, tannic acid and extracts from Stimulation Hervert-Hernández et al. 2009 
acidophilus grape 
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Table 20.7 Action of polyphenols against pathogen strains (modified from Bolca et al. 2013).
 

Microorganism Bioactive compounds Growth effect References 

Pseudomonas aeruginosa Phenolics from olives, teas and infusions, Inhibition Wang et al. 2006; Rodríguez-
Proteus mirabilis vanillic, gallic, caffeic and protocathecuic Vaquero et al.2007; Bouaziz 

acids, resveratrol, quercetin et al. 2008 
Serratia marcescens Phenolics from teas and infusions, vanillic, Inhibition Rodríguez-Vaquero et al. 2007 

gallic, caffeic and protocathecuic acids, 
quercetin,catechin,rutin 

Klebsiella pneumonia, Vanillic, gallic, caffeic and protocathecuic Inhibition Rodríguez-Vaquero et al. 2007 
Flavobacterium acids, quercetin, catechin, rutin 

Micrococcus luteus, Phenolics from olives, teas and infusion Inhibition Rodríguez-Vaquero et al. 2007 
Candida albicans 

Figure 20.1 Metabolism and catabolism of polyphenols during and after digestion. 

acids (Manach et al. 2009). Microbial glucuronidases and 
sulphatases deconjugate the phase II metabolites extruded 
via bile, enabling their re-uptake. Specific metabolites can 
be found in biologic fluids or tissues after the consumption 
of a variety of polyphenols: for instance, glycine conjugate 
of benzoic acid and hippuric acid takes place from plant 
phenolics and aromatic aminoacids, through the specific 
action of the microbiota enzymes. Within the colon, poly
phenols and the product of microbial bioconversion are 
subjected to the liver phase I and II metabolism, absorption 
in the systemic circulation, interaction with body organs 
and finally excretion in urine (Fig. 20.2). The metabolites 
are absorbed and can be detected in plasma and urine as 

phase II conjugates produced by the human cell enzymes, 
including methyl ethers as a product of catechol O-methyl 
transferase, and glucuronides and sulphates as products of 
glucuronyl transferase and sulphate transferase. Conjugates 
with amino acids have also been described in humans and 
animals (glycinated derivatives). Glucuronidation and 
methylation occur mainly in the intestinal cells and in 
the liver, whereas sulphation takes place mainly in the liver 
and kidney (Fig. 20.2). 
Metabolization of polyphenols gives rise to different 

smaller metabolites, such as phenolic acids and short-chain 
fatty acids. These acids, in particular butyrate, acetate and 
propionate, provide metabolic energy for the host and 
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Figure 20.2 Fate of polyphenols, glycosides and aglycones. 

acidification of the bowel (Cummings & MacFarlane 
1991), also limiting the growth of unwanted microorgan
isms. Some of these and phenolic acids can be absorbed 
across the intestinal mucosa. The microbial bioconversion 
capacity of each individual influences the final metabolism 
products as well as the impact on their bioavailability. 
Furthermore, because all individuals have their own unique 
signature of intestinal microbiota (as unique as a finger
print), human intestinal microbiota composition can mod
ulate the polyphenol impact on host health (Duda-Chodak 
2012). At same time, polyphenols and their metabolites can 
affect the intestinal ecology-modulating microbiota (Selma 
et al. 2009). Many phenolic compounds have demonstrated 
potential in vitro antimicrobial activity, acting as inhibitors 
of infection-causing bacteria, suggesting that some pheno
lic compounds might be applied as antimicrobial agents 
against human infections (Table 20.7; Rodríguez-Vaquero 
et al. 2007; Selma et al. 2009; Fratianni et al. 2013a). The 
ancient expression ‘In medio stat virtus’ (which roughly 
means that strength or virtue is found between the extremes 
of any issue) can also be applied to polyphenols. Despite 
their positive effects, if present in excessive amounts they 
could inhibit growth of the beneficial colon bacteria respon
sible for bioconversion of polyphenols, indirectly inter
fering with their own bioavailability. Consequently, dietary 
supplementation might cause an undesirable effect on 
human health instead of supporting it (Duda-Chodak 2012). 

20.4	 Influence of Phenolic Compounds on 
Microbiota Composition 

Most studies on the influence of phenolic compounds on 
microbiota are generally focused on their antimicrobial 
activity. The concept of polyphenols as potential prebiotic 
candidates is a relatively new emerging concept; it is only 

recently that a number of in vitro and in vivo studies 
showing the influence of dietary polyphenols, both 
raw extracts or foods and singular components, on gut-
inhabiting bacteria such as probiotics have been published. 
The impact of some flavanones, such as naringin, hes

peridin, hesperitin and naringenin, and flavonols, such as 
quercetin and rutin, on specific intestinal microbial repre
sentatives was in vitro screened on pure cultures of six 
bacteria species (Bifidobacterium catenulatum, Bacteroides 
galacturonicus, Lactobacillus sp., Enterococcus caccae, 
Ruminococcus gauvreauii and Escherichia coli) inoculated 
with pure polyphenols at final concentrations of 
50 μgmL�1 in the case of quercetin and 250 μgmL�1 for 
other compounds. Naringenin and quercetin demonstrated a 
total and dose-dependent inhibitory effect on the growth of 
all analysed bacterial species, with the exception of the 
weak effect exhibited by hesperetin. 
A higher inhibitory effect of the aglycones, compared to 

that of the glycosides (naringin, rutin and hesperidin), was 
demonstrated (Duda-Chodak 2012). This effect could be 
explained by the presence/absence of the sugar moiety in 
such molecules. Bifidobacterium adolescentis, one of the 
probiotic species usually present in the intestine of both 
children and adults, was co-cultured with different flavonols 
(galangin, kaempferol, quercetin, myricetin and fisetin) 
(Kawabata et al. 2013). All flavonoids, except galangin, 
showed little or no antibacterial effect. The exposure of the 
nitric oxide production inhibition assay resulted in a decrease 
in the nitric oxide synthesis in the presence of polyphenols, 
indicating that flavonols can exert an anti-inflammatory effect 
on B. adolescentis. Pure polyphenols were tested at different 
concentrations and their influence on the viability of E. coli, 
Staphylococcus aureus, Salmonella typhimurium and 
L. rhamnosus was evaluated (Parkar et al. 2008). All poly
phenols, except rutin, caused a decrease in bacterial growth, 
mainly quercetin (flavonol) and naringenin (flavanone). 
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Interestingly, some of them were capable, at different 
concentrations, of positively affecting the growth of specific 
bacterial population, in particular Lactobacillus spp. and  
Bifidobacterium spp. (Extebarria et al. 2013). The growth-
promoting action of probiotic intestinal bacteria by some 
phenolic aglycones, sepicatechin, catechin, 3-O-methylgal
lic acid, gallic acid and caffeic acid was confirmed by Lee 
et al. (2006), which also demonstrated the capability of such 
compounds to inhibit the growth of different pathogens such 
as C. difficile, C. perfrigens and some Bacteroides spp. 
Caffeic acid acted as a powerful inhibitor against Salmonella, 
Pseudomonas, E. coli, Clostridia and Bacteroides. 
Some isoflavones exhibit a bifidogenic effect when 

supplementing the diet of post-menopausal women (Clavel 
et al. 2005a). Proanthocyanidins (condensed tannins) affect 
the growth of different bacteria belonging to Enterobacter
iaceae, Bacteroides, Prevotella and Porphyromonas 
(Smith & Mackie 2004; Larrosa et al. 2009). Non-
flavonoids such as resveratrol have demonstrated in vitro 
antimicrobial activity against several pathogens, and can 
stimulate the growth of different lactobacilli and bifidobac
teria (Larrosa et al. 2009). Ellagitannins, that are hydro
lysed in vivo releasing ellagic acid and transformed by gut 
microbiota in urolithin production (Espin et al. 2013), have 
limited effect on the growth of probiotics but a strong 
inhibition effect against some pathogens such as Clostridia 
and S.aureus (Bialonska et al. 2009). 

20.5	 Interaction between Specific 
Probiotics, Microbiota 
and Vegetal Sources 

There have been several in vitro and in vivo studies 
determining the influence of different vegetal extracts 
and/or polyphenol-rich dietary sources on specific probi
otics or generally on microbiota, stimulating in specific way 
the growth of particular beneficial microorganisms and 
inhibiting the growth of other components of microbiota 
such as Fusobacteria (which are transported to metastases 
in tumour development and to mature carcinoma; El 
Rakaiby et al. 2014). 
Much emphasis was recently given to some products 

such as cocoa and tea, rich in flavan-3-ols and proantho
cyanidins. Generally cocoa polyphenols have a beneficial 
effect on different diseases, such as cancer, atherosclerosis, 
diabetes, hypertension and some disorders of the nervous 
central system. 
Taking into account such evidence, current studies are 

investigating the effect of the intake of cocoa or chocolate 
on the microbiome. For instance, Massot-Cladera et al. 

(2012) demonstrated that a dietary intake of 10% cocoa can 
modulate the microbiome with a decrease in levels of 
Staphylococcus, Bacteroides and Clostridia. Concurrently, 
a human in vivo study ascertained a significant increase 
of Lactobacilli and Bifidobacteria, a decrease of the level of 
some Clostridium spp. and a concurrent reduction of the 
level of the C-active protein in the plasma (Tzounis et al. 
2011). 
Tea represents another example of potentially beneficial 

source of phytochemicals containing significant amount of 
several polyphenols, such as catechins and flavanols, and 
their metabolites. Molecular studies have demonstrated that 
tea can enhance the microbiota, strongly decrease levels of 
Bacteroidaceae and, conversely, increase levels of Lacto
bacilli and Bifidobacterium spp. (Okubo et al. 1992); when 
polyphenols are administered with some specific probiot
ics, such as L. plantarum or other Lactobacilli, the benefi
cial effect on health can be synergistic (Axling et al. 2012). 
A moderate consumption of wine can have a generally 

positive effect on human health due to the presence of its 
phenolic compounds, both flavonoids (e.g. anthocyanins 
and flavan-3-ols) and non-flavonoids (e.g. cinnamates, 
gallic acid and resveratrol). The action of wine polyphenols 
is also evident on the microbiome, where they exert a 
selective modulation of the different genera/species 
(Extebarria et al. 2013), increasing the level of Lactobacil
lus spp., Bifidobacterium spp. and Bacteroides and concur
rently decreasing other populations such as Clostridium and 
Propionibacterium spp. (Kempermann et al. 2013). Dolara 
et al. (2005) highlighted the benefits of wine polyphenols 
on the colon bacterial content. After simulated digestion 
performed by a fermentor, it was observed that the metabo
lism of red wine polyphenols is dependent on specific 
smaller metabolites and on the levels of flavan-3-ols, which 
in turn affect the growth of Enterococcus and Lactobacillus 
(Sanchez-Patan et al. 2012). Such an effect was also evident 
after the de-alcoholization of wine, indicating that its 
phytochemicals might play a significant role in affecting 
the composition of microbial population (Queipo-Ortuno 
et al. 2012). In some cases however the alcohol can affect 
the presence of the main bacteria genera, in particular 
Clostridia. 
Other products such as legumes, which are rich in 

isoflavones, can positively affect the ratio of microbiota 
and hence body weight (Piacentini et al. 2010; Fernandez-
Randales et al. 2012). Tannins and anthocyanins, contained 
in fruits, act not only as powerful anti-oxidants but are also 
able to reduce the level of some genera (such as Clostridia) 
and enhance the presence of colonic-friendly bacteria such 
as Bifidobacterium and Lactobacillus by as much as 275% 
(Cavallini et al. 2011). The presence of both prebiotics and 
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polyphenols in foods such as apples can improve gut 
microbiota and increase the anti-oxidant capacity of Lac
tobacillus and Bifidobacterium, increasing their abundance 
(Sembries et al. 2003 2006). 

On the other hand, the flavan-3-ols fractions of other 
phytochemical sources such as grape (all fractions, includ
ing seed) can enhance the growth and metabolism of the 
beneficial Bifidobacterium spp., Lactobacillus, Enterococ
cus and Bacteroides (Cueva et al. 2013). The effect is 
dependent on the period of fermentation (Mayer et al. 
2008). The activity of extracts can also change as a conse
quence of the different method of extraction of phytochem
icals: grape phytochemical composition was observed to be 
dependent on the solvents used for their extraction, which 
not only affected the amount of total polyphenols but also 
their profile and activity (Mayer et al. 2008). Fratianni et al. 
(2013a) determined a similar content of polyphenols but a 
different behaviour in two extracts of Hypericum obtained 
by two different methods of extraction, attributing to the 
ethanolic extract higher anti-oxidant, antimicrobial and 
quorum-quenching activity with respect to the ethyl-acetate 
fraction. 

Lactobacilli and Bifidobacteria can change their growth 
on the basis on polyphenols, depending on the extract 
composition and bacterial strain tested of the polyphenols, 
as well as on the basis of some protection mechanisms to 
preserve microorganisms when grown in vegetal or fruit 
juices. In several cases, the presence of some anthocyani
dins such as procyanidins affected the growth of lactobacilli 
differently. Specific strains such as L. casei and L. planta
rum were stimulated in the presence of such biomolecules 
(Tabasco et al. 2011); in other cases, the fermentation of 
berry juice with lactobacilli was possible only by protecting 
the strains in specific polymers, such as alginate (Fratianni 
et al. 2010), which allowed a high concentration of antho
cyanins within the alginate microcapsules, preserving them 
and the bacteria during the simulated gastro-intestinal 
transit. When lactic acid bacteria are inoculated in carot
enoid-rich juice such as carrot juice (Nazzaro et al. 2008) 
microencapsulation enhanced the growth of bacteria, but 
scarce absorption of polyphenols from the external environ
ment can be observed. Cranberries are a very rich source of 
benzoic acid. Other common microbial degradation metab
olites obtained in the body from flavonoid and non-flavo
noid phenolics are benzoic acids. 

These compounds are common metabolites produced 
from different phenolic groups (Selma et al. 2009), and 
are basically represented by gallic acid, p-hydroxybenzoic 
acid, vanillic acid, protocatechuic acid and syringic acid; they 
can be further transformed by colonic microbiota, when a 
free hydroxyl group is present in the 4-position. Gallic acid 

produces pyrogallol and protocatechuic acid produces cate
chol; vanillic acid gives rise to O-methylcatechol. These 
metabolites can be absorbed without difficulty in the GI tract. 
Benzoic acid supplementation increases urinary hippuric 
acid concentration as a result of the conjugation of benzoic 
acid with glycine (Torrallardona et al. 2007). 

Berries contain several polyphenols, in particular antho
cyanins, with proven antimicrobial activity against different 
pathogens including Gram-negative bacteria (Puupponen-
Pimia et al. 2001). Extractable polyphenols (proanthocya
nidins) are the most abundant component of such classes of 
biomolecules. However, an important percentage (14.8%) 
of proanthocyanidins are non-extractable and can be metab
olized by intestinal microbiota, in some cases stimulating 
the growth and activity of some species of Bifidobacterium 
(e.g. B. breve) and of Lactobacilli (e.g. L rhamnosus). In 
some cases, the presence of anthocyanidins can negatively 
affect the growth of microorganisms: when inoculated into 
berry juice, the probiotic yeast Saccharomyces boulardii 
can grow and retain its biochemical characteristics only if 
encapsulated in alginate (Fratianni et al. 2013b). 

20.6 Conclusions 

The varying effects of phenolic compounds on human 
health represent the variability in individual gut microbiota, 
which in turn influences the phenolic compound absorp
tion; in vivo studies of phenolic absorption should therefore 
be encouraged. Proteomic, metagenomic and metabolomic 
approaches can provide more and detailed knowledge of the 
interaction between microbial communities and dietary 
phenolics. This could lead to the birth of a new scientific 
field, in which systematics, genomics, metabolomics and 
proteomics can lead to personalized medicine. 
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21.1 Introduction 

Probiotics are live microorganisms which, when adminis
tered in adequate amounts, confer a health benefit on the 
host (WGO 2011). Some probiotic strains belong to bacte
rial genera that inhabit the human gastrointestinal tract, 
where they occur at concentrations greater than 1010 cells 
per gram in healthy individuals (Qin et al. 2010). In order to 
produce the beneficial effects that they are claimed to, 
probiotic strains must be able to survive the process of 
manufacture, storage and passage through the gastro
intestinal tract. Bacteria included in functional foods 
need to cope with factors such as stomach acidity, intestinal 
enzymes and bile salts, and compete with other micro
organisms within the distal colon where carbon sources are 
limited and the ecosystem is densely populated. Moreover, 
they also have to persist during a certain period of time in 
the gut. The study of the response to technological and 
gastrointestinal stresses, as well as knowledge of potential 
markers allowing the selection of the more robust strains, is 
therefore crucial for the functional food industry (Sánchez 
et al. 2008). Recently, the huge advance of functional 
genomics and the so-called ‘omic’ technologies have 
allowed the scientific community to understand the process 
involved in the response of probiotics to different stresses, 
from exposure to high temperatures to adaptation to the 

nutrient-limited habitat of the human colon (Sánchez et al. 
2013). In this way, the stress response and adaptation of 
probiotics to different physicochemical conditions, repre
senting both technological and gastrointestinal stresses, 
have been elucidated together with the identification of 
some specific markers. For instance, in bifidobacteria, it has 
been shown that the so-called acid-tolerance response 
(ATR), the process by which several molecular responses 
lead to the acquisition of an acid-resistant phenotype, is 
induced after exposure to mild acidic conditions (Ruiz et al. 
2011). In this ATR, the precise induction of the membrane-
bound F1F0-ATPase is crucial, which appears as a selection 
marker for the identification of acid-resistant bifidobacteria 
(Sánchez et al. 2006). 
Probiotic strains are adapted to grow at temperatures 

close to 37 °C in hypoxic or anaerobic atmospheres, with an 
important nutrient limitation. The inclusion of probiotic 
strains into functional foods imposes conditions such as 
extreme temperatures, acid pH, limited water activity, 
aerobic conditions or the presence of certain chemicals 
or other microorganisms, which compromise bacterial via
bility, stability and functionality through the shelf life of the 
product, ultimately affecting their efficacy. According to 
current recommendations, probiotics have to remain viable 
at sufficient numbers when reaching the distal intestine in 
order to exert their purported functionalities. 
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The scientific literature is full of strains reported as 
potential probiotics based on in vitro or in vivo evidence 
of their health beneficial properties (WGO 2011). Only a 
few robust strains which overcome and survive the tech
nological processes are able to end up in the food chain 
included in functional probiotic foods, however (Sánchez 
et al. 2013). Several probiotic strains with demonstrated 
beneficial effects have been ruled out in this way, following 
a poor technological performance. Improving probiotic 
behaviour during functional food manufacture appears to 
be a key factor for the use of several promising strains 
(Leroy & De Vuyst 2004). 
In this chapter we describe the factors that, from food 

production to food ingestion, may affect probiotic stability 
not just in terms of survival, but also in terms of metabolic 
functionality which finally impact the claimed health 
benefits to the consumer. As different strains may differ 
largely in their tolerance to manufacture, storage and gastro
intestinal-related stresses, the selection of strains with a 
high intrinsic tolerance with the help of the correct markers 
is greatly recommended. If this is not possible, different 
methods are available in order to increase the resistance of 
a given probiotic to different stress conditions. 

21.2 Technological Factors 

21.2.1	 Strain Production Conditions, 
Freezing and Drying 

Strains for functional foods are usually supplied as frozen 
cultures or dried powders. Both preparations impose 
stresses on cells, dehydration and osmotic stress being 
common consequences which ultimately cause cell injury, 
ion leaking and reduced viability. Medium formulation and 
cryoprotecting selection are crucial to maintain strain sta
bility during these procedures and, due to the strain varia
bility, should be selected on a case-by-case basis (Li et al. 
2011). Trehalose, sucrose and reconstituted skim milk are 
among the cryoprotecting compounds most widely used 
(Siaterlis et al. 2009; Savini et al. 2010), together with other 
molecules such as poly-gamma-glutamic (Bhat et al. 2013). 
Prebiotic carbohydrates such as galactooligosaccharides or 
native rice starch also confer protection during drying, 
which would offer the opportunity of using prebiotics 
with a double functionality, that is, protecting bacteria 
within the functional product and promoting their growth 
within the distal intestine (Tymczyszyn et al. 2011; Avila-
Reyes et al. 2014). Finally, conditions for powder 
reconstitution also critically affect the viability of the cells 
and, therefore, optimization of pH, powder-diluent ratio 

and carbon-source availability in suspension medium 
is recommended in order to maximize cell recovery 
(Muller et al. 2010). 

21.2.2	 Food Manufacturing Conditions and 
Final Product Composition 

21.2.2.1 Temperature 

Probiotic bacteria are generally gut commensals and are 
therefore well adapted to grow at temperatures close to 
37 °C. However, they face extreme temperatures during 
both culture preparation and product manufacture that can 
severely compromise their stability. For instance, spray-
drying implies water evaporation during passage through a 
drying chamber that reaches temperatures up to 200 °C 
(Meng et al. 2008). Bifidobacteria strains are in general 
quite sensitive even to moderate thermal treatments, espe
cially when combined with other conditions affecting 
viability (e.g. acid pH in fermented products; Liu et al. 
2014). Cultures included in fermented dairy products cope 
firstly with fermentation temperatures (around 42 °C) and 
secondly with refrigeration temperature during storage. In 
the case of dried products (e.g. infant formula), probiotics 
are stored during long periods at room temperature. 
Another example is the technique of freeze-drying, where 
cells are typically frozen at temperatures around �80 °C and 
then dried through sublimation at high vacuum pressures 
(Mills et al. 2011). 

21.2.2.2 Water Activity 

Water activity (aw) is defined as the quotient of vapour 
pressure of water in food and the vapour pressure of pure 
water, and measures the free moisture in foods. aw values 
range from 0 to 1, 1 being the value for pure water. 
Probiotics are frequently added to fresh foods with high 
aw, such as fermented milks or juices that have an expected 
shelf life of weeks. However, they can also be added to dry 
products with low aw (aw < 0.25), such as infant milk 
formula, with an expected shelf life of months. In those 
cases, the low aw has a critical impact on bacterial survival 
during long-term storage (Vesterlund et al. 2012). It is 
again of paramount importance to evaluate probiotic sur
vival in products with low water activity. 

21.2.2.3 Oxygen 

Aerobic conditions are present during manufacturing and 
storage of foods, so oxygen tolerance is a useful trait for the 
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successful incorporation of probiotics. Indeed, most pro-
biotic strains have originally been isolated from the human 
gut, so they are adapted to microaerophilic or anaerobic 
environments and lack effective tools to scavenge oxygen. 
Consequently, with the exception of products packed under 
controlled atmospheres, oxygen induces production of 
reactive oxygen species (ROS) and oxidative damage 
that negatively affects probiotic survival. Among the mech
anisms bacteria utilize to counteract these effects, glutathi
one production and antio-xidative enzymes such as catalase 
or superoxide dismutase are worth mentioning (Cabiscol 
et al. 2000). Aerotolerance also shows strain-to-strain 
variation and should therefore be evaluated on a case-to
case basis (Simpson et al. 2005; Andriantsoanirina et al. 
2013). In fact, in some cases a single species is the most 
common probiotic choice for inclusion into functional 
products, simply because it shows better tolerance to 
industrial factors such as oxygen presence (e.g. for B. 
animalis subsp. lactis). 

21.2.3	 Food Matrix Components and Other 
Microorganisms 

The intrinsic chemical and microbiological composition of 
food products can also affect bacterial survival and should 
be taken into consideration during product formulation. 
However, most studies on such interactions refer to dairy 
products (Shah 2000; Ashraf & Shah 2011); there is still 
limited information concerning other products (Céspedes 
et al. 2013; Costa et al. 2013). 

Raw food material may contain antimicrobial com
pounds affecting starter culture activity and resulting in 
failed fermentations (Clare et al. 2008). Also, the pH of the 
product can limit bacterial survival, which is particularly 
relevant in fermented products that present moderate acidic 
conditions. Other chemical components of the raw food 
material, such as fats, can have an impact on strain survival 
(Vinderola et al. 2002). This impact can be positive or 
negative, and additives such as flavourings or colourants 
may reduce the stability of bacteria whereas prebiotic 
carbohydrates may improve the stability of probiotics in 
foods or enhance the production of health-promoting 
metabolites (Oliveira et al. 2009). 

The microbiological composition of the food also has a 
strong impact on probiotic stability. Sometimes bacteria 
inhabiting the raw food material or the starter cultures can 
produce substances such as hydrogen peroxide or bacterio
cins, inhibiting probiotic strains (Ng et al. 2011). On the 
contrary, recent work has demonstrated that the presence of 
yeast improves lactic acid bacteria survival in fermented 

products stored at room temperature (Liu & Tsao 2009). 
The co-cultivation of Lactococcus lactis and Bifidobacte
rium sp. also significantly enhanced bifidobacteria survival 
in fermented milks (Odamaki et al. 2011). When consider
ing the factors that can affect a probiotic stability within a 
food product, microbial composition of the food and/or 
starters added cannot be ruled out and should be taken into 
consideration when formulating new products. 

21.3 Physiological Factors 

21.3.1	 Acid pH 

Bacteria ingested with food have to cope with strong acidic 
gastric juices in the stomach, where pH values can be close 
to 2. Selection of probiotic bacteria with good acid toler
ance or improvement of their intrinsic tolerance is of 
paramount importance for efficient probiotic administra
tion. Bacteria display a huge strain-to-strain variation 
regarding their acid tolerance; however it is known that 
following exposure to sub-lethal low pH values, they can 
develop an acid-tolerance response (ATR) that protects 
against subsequent and otherwise lethal pH exposures 
(Maus & Ingham 2003; Sánchez et al. 2006; Collado & 
Sanz 2007; Waddington et al. 2010; Jin et al. 2012). 
Development of an ATR usually results in cross-resistance 
to other stress factors that might be of interest for an 
industrial application of the strain (Streit et al. 2008). It 
is also remarkable that acid response promotes changes in 
the surface properties of bacteria, which might have an 
impact on its interaction with the intestinal environment 
affecting its mucin-binding ability, pathogen displacement 
and fermentative capabilities (Collado & Sanz 2006; 
Sánchez et al. 2008; Moslehi-Jenabian et al. 2009). 
Exposure to low pH affects the proton motive force 

across the cytoplasmic membrane and results in intra
cellular accumulation of . Accordingly, bacterialH+ 

response to low pH usually involve activation of systems 
devoted to the extrusion of proton excess, such as the 
membrane-bound F0F1-ATPase (Sánchez et al. 2006; 
Koponen et al. 2012), which prevent the entry of H+ by 
active proton extrusion (Jin et al. 2012). Other cellular 
changes induced by low pH values involve promotion of 
metabolic routes such as cysteine metabolism that produces 
ammonia, which might act as a cytoplasmic buffer 
(Sánchez et al. 2008), or rerouting of carbohydrate metab
olism. The later was observed in several strains, probably as 
a way to energize the cellular defence mechanisms involved 
in acid response (Sánchez et al. 2006; Jin et al. 2012; Zhai 
et al. 2014). 
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21.3.2 Intestinal Enzymes 

Within the mammal gastrointestinal tract, the presence of 
digestive enzymes such as pepsin or pancreatin (a mixture 
of the pancreatic enzymes trypsin, amylase and lipase), as 
well as antimicrobial peptides, can be challenging for 
bacteria reaching the intestine. Pepsin and pancreatin are 
usually included in the formulation of simulated gastric and 
intestinal juices (Kim et al. 2007; Ritter et al. 2009; de los 
Reyes-Gavilán et al. 2011; Salazar et al. 2011) although 
their particular effect on bacteria has not been studied in 
detail. However, some evidence has revealed that signifi
cant changes occur in bacterial properties and their interac
tion with the host, following exposure to digestive 
enzymes. In vitro pepsin treatments affect adhesion to 
intestinal cell lines which could correlate with the proteina
ceous nature of some adhesion factors (Ouwehand et al. 
2001; Wang et al. 2010). Similarly, enzymatically digested 
bifidobacteria strains exhibited an ability to induce murine 
macrophage immune mediators, as compared to untreated 
cells (Kim et al. 2007). Probiotic cross-talk with the host 
can therefore be significantly modified following exposure 
to digestive enzymes. 

21.3.3 Bile 

Another physiological barrier that probiotic bacteria have to 
face in the intestine is the presence of bile, a biological 
detergent that participates in fat digestion and shows strong 
antimicrobial activity. Bile salts are lipophilic molecules 
which disrupt the bacterial membrane due to its lipophilic 
character, leading to ions leaking and affecting homeosta
sis. Intracellular accumulation of bile also promotes oxida
tive and acid stress, protein misfolding and DNA damage 
(Begley et al. 2005; Sánchez et al. 2008). Among the 
molecular factors bacteria activate in response to bile, efflux 
systems are notable together with bile-modifying enzymes 
and a chaperone/protease-mediated response to promote 
recycling of aggregated and misfolded proteins (Sánchez 
et al. 2008; Whitehead et al. 2008; Koskenniemi et al. 
2011; Ruiz et al. 2011, 2013). Bile-exposed bacteria also 
alter membrane composition, which has been proposed as a 
mechanism to reduce bile diffusion (Ruiz et al. 2007; 
Sánchez et al. 2007). Regarding bacterial surfaces, exopo
lysaccharide (EPS) layers have also been proposed as 
protective coats against bile toxicity in a number of strains, 
its production being regulated by bile in certain cases 
(Ruas-Madiedo et al. 2009; Fanning et al. 2012). 
Rearrangements of the energetic metabolism have also 

been described following bile exposure; this has been 
proposed as a mechanism to obtain the energy required 

for an effective stress response, but could also be a reflec
tion of an adaptive evolution to the intestinal ecosystem 
(Sánchez et al. 2008; Ruiz et al. 2013). In this context, bile 
would act as an intestinal signal triggering expression of 
systems required for the efficient utilization of carbohy
drates characteristic of the intestinal environment. The main 
technological and host stresses affecting probiotics are 
represented in Figure 21.1. 

21.4	 Improving Probiotic Strains I: 
Strain Selection 

The intrinsic tolerance to stress of a certain strain is, 
perhaps, the most important factor determining the resist
ance of probiotics to industrial manufacturing processes. 
Different strains may differ largely in their tolerance to 
manufacturing and storage-related stresses. This makes the 
identification and selection of the naturally occurring 
strains with a high intrinsic tolerance of great interest. 
The tolerance to oxygen in bifidobacteria provides a 
good example as it is a characteristic that shows a large 
strain-to-strain variation. Aerobic conditions are present 
during the manufacture of most probiotic products, which 
makes aerotolerance a desirable trait for industrial strains. 
Among the different Bifidobacterium species, Bifidobacte
rium animalis subsp. lactis is the most tolerant to oxygen 
stress, which has made this species the most frequently used 
(Masco et al. 2005). The intrinsically tolerant strains 
present in the population may be identified by exposing 
the bacterial population to a selective pressure (stress 
factor) prior to or during growth, which will allow the 
selection of those naturally occurring strains with intrinsic 
resistance. This approach has been used to obtain strains 
with improved oxygen (Li et al. 2010) or acid (Collado & 
Sanz 2006) tolerance, among others. 
It is clear that the naturally occurring microbial diversity 

represents the first opportunity to obtain stress-tolerant 
strains. Some lactic acid bacteria and bifidobacteria are 
well adapted to specific environments (e.g. dairy products 
or the human gut) in which certain stress factors are present, 
making these environments a good source for the isolation 
of strains with good tolerance to these stresses. Another 
example is given by the selection of strains belonging to 
species lacking the ability to post-acidify, such as Lacto
bacillus acidophilus, and avoiding the use of others, such as 
L. delbrueckii subsp. bulgaricus, able to produce post-
acidification of fermented milks during cold storage which 
may reduce the survival of probiotics (Damin et al. 2008). 
Moreover, not just on terms of stress tolerance but also in 
terms of functionality, the selection of the best-suited 
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Figure 21.1 Main technological and host challenges affecting stability and viability of probiotic strains. 

naturally occurring strains represents an opportunity. Dif
ferent strains are known to show large differences in their 
ability to produce functionally important components such 
as folic acid, conjugated linoleic acid or beta-galactosidase 
(Sybesma et al. 2003; Vinderola & Reinheimer 2003; 
Rosberg-Cody et al. 2004). Different products may there
fore have varying levels of these products, resulting in 
different functionalities. 

On the contrary, the high adaptation of lactic acid bacteria 
and bifidobacteria to nutrient-rich and stable environmental 
conditions imposes a limitation to the naturally occurring 
diversity, as it is limited by the reduced genomic content of 
these microorganisms. Through evolution, these microor
ganisms have adapted to very specific nutrient-rich environ
ments. During this process, they have lost genes in a process 
called reductive evolution, leading to small-sized genomes 
(Makarova & Koonin 2007), which in consequence has 
limited the genomic potential of these microorganisms. 

Traditionally, the selection of probiotic strains has 
been carried out taking into account the technological 

performance of the strain and their ability to survive during 
gastrointestinal tract (GIT) passage; this has been empiri
cally done without paying attention to the stress-tolerance 
mechanisms. However, during the last years our knowledge 
on the molecular basis of stress tolerance has increased 
rapidly (Ruiz et al. 2011). In the near future this should 
allow the prediction of which naturally occurring strains 
would be better suited to cope with certain stress factors, 
and are therefore more suitable in terms of probiotic 
stability for a certain process or product, on the basis of 
in vitro data such as proteomic and transcriptomic data. 

21.5	 Improving Probiotic Strains II: 
Stress Adaptation 

A different strategy for improving the survival of probiotic 
bacteria against environmental conditions is to increase 
their intrinsic tolerance to stress factors, mainly through 
adaptation to them. Several studies have examined the 
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adaptation of bifidobacteria and lactobacilli to stress 
conditions by isolating mutants with improved tolerance 
(Collado & Sanz 2007; Burns et al. 2010). An effective way 
to isolate these mutants involves exposure to sub-lethal 
levels of stressors. By these treatments, derivatives with 
improved resistance to high temperature, acidic pH and bile 
were obtained. 
Aakko and co-workers investigated the heat-shock 

response in Lactobacillus rhamnosus GG and Bifidobac
teriumanimalis subsp. lactis BB-12 and their heat-tolerant 
derivatives. Analysis revealed that the intracellular concen
tration of several proteins was modified as a response to 
heat or between the original and the derivative strains. The 
comparison of wild-type strains and the heat-tolerant 
mutants suggests that the acquired resistance to heat in 
the B. animalis and L. rhamnosus -resistant mutants could 
be due to a higher production of chaperones, a group of 
enzymes that help to properly fold newly synthesized 
proteins (Aakko et al. 2014). In different work, it has 
been shown that heat-shock-tolerant mutants of Bifidobac
terium longum NCC2705 were characterized by direct 
comparison between spontaneous resistant mutants and 
the original wild-type strain. Differences observed in 
some mutants were consequences of genetic mutations, 
affecting key mechanisms of the heat-shock response. A 
transcriptomic analysis revealed that the dnaK operon and 
the clpB gene were overexpressed in heat-shock-tolerant 
strains. Furthermore, it was found that the hspR gene, 
coding for the negative regulator of dnaK and clpB, had 
point mutations affecting protein domains likely responsi
ble for its DNA-binding capability. The wild-type regulator 
HspR restored heat sensitivity when complemented in the 
mutant strain, showing that HspR plays a key role in the 
heat-tolerance phenotype in B. longum (Berger et al. 2010). 
Perhaps one of the most-studied stress factors in pro-

biotic bacteria is acidic pH. Probiotics are often included in 
fermented foods, mainly dairy products, and they have to 
cope with acidic stress from the moment of the food 
fermentation. After ingestion, they experience severe acidic 
conditions in the human stomach (pH � 2). Good tolerance 
to acid pH is therefore one of the key technological 
properties desired for probiotics intended to be used in 
functional foods. Although several Lactobacillus strains 
have displayed a good intrinsic resistance to acid (Chou & 
Weimer 1999), pH-resistant mutants showing an improved 
tolerance to acidic conditions have been obtained with the 
aim of providing phenotypically robust strains to the food 
industry. In Lactobacillus, determinants of resistance 
to acidity were studied. Using comparative proteomics, 
L. plantarum strains with different acid-resistant pheno
types were compared, and it was shown that proteins 

involved in acid resistance include heat-shock proteins 
and proteins of key metabolic routes (i.e. sulphur amino 
acid metabolism and cell-envelope biogenesis; Hamon 
et al. 2014). Lactobacillus casei acid-resistant mutants 
were also obtained and characterized, and it was shown 
that the mechanism underlying the acquisition of the acid-
resistant phenotype was related to different membrane 
fluidity. Wu and co-workers showed that an acid-resistant 
mutant exhibited higher membrane fluidity, higher propor
tions of unsaturated fatty acids and higher mean chain 
length. In addition, the mutant maintained lower membrane 
permeability under acidic conditions (Wu et al. 2012). 
Some pH-resistant strains of bifidobacteria with a stable 

phenotype have been isolated after prolonged exposure to 
acidic conditions (Collado & Sanz 2007). One of the pH-
resistant derivatives belonging to the species B. longum has 
been studied in detail. The mutant displayed a few differ
ences from the wild type, which shed light on the pH 
adaptation mechanism of B. longum (Sánchez et al. 2007). 
The acid-adapted strain has an overexpression of the solu
ble subunits of the F0F1-ATPase, the enzymatic complex 
responsible for the regulation of the intracellular pH in 
anaerobic bacteria (Cotter & Hill 2003). In relation to this, 
the acid-adapted strain was able to maintain its intracellular 
pH closer to appropriate physiological values than the wild-
type strain. Furthermore, enzymes involved in the bio
synthetic pathway of sulphured amino acids were overex
pressed in the resistant mutant, although the potential role 
of a shift in the metabolism of methionine and cysteine in 
the acquisition of the resistant phenotype remains unclear. 
Bile is the main biological barrier that probiotic bacteria 

have to overcome in order to be able to survive intestinal 
transit and to colonize, at least transiently, the gut. Bile is 
mainly composed of bile acids, detergent-like biological 
substances with a very strong bactericidal activity. The 
biological membrane is the main target of bile acids, 
because their high hydrophobicity contributes to a high 
affinity for the phospholipid bilayers. In relation to this, it 
has been demonstrated that high concentrations of bile 
acids are able to dissipate the proton motive force and 
provoke cell death (Kurdi et al. 2006). Due to the physico
chemical characteristics of bile salts, the two main bile 
adaptation processes that have been described in Lactoba
cillus and Bifidobacterium are a tight control of the intra
cellular pH or a modification in the cell surface, although 
some bile salt hydrolysing activities could also be involved 
(Sánchez et al. 2013). 
The lipid composition and cell surface functionality are 

related to the acquisition of bile resistance in bifidobacteria. 
A mutant with a stable bile resistance phenotype of 
B. animalis subsp. lactis shows a decreased membrane 
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fluidity and protein-phospholipid ratio, as well as a shift in 
the fatty acid composition. Very likely, the increase in the 
rigidity of the membrane is one of the phenotypic traits that 
allowed this mutant to survive under high bile concentra
tion (Ruiz et al. 2007). A bile-salt-adapted Lactobacillus 
delbrueckii subsp. bulgaricus strain showed a decrease in 
cell surface hydrophobicity, probably indicating a reduced 
accessibility of bile acids to the cells surface of this strain 
(Burns et al. 2011). The regulation of acidic intracellular 
pH in fermentative bacteria is achieved through the action 
of the membrane-embedded F0F1-ATPase. The function of 
this enzymatic complex is to pump out protons from the 
cytoplasm to the extracellular milieu, to maintain a physio
logical pH inside the cell. Remarkably, the activity of the 
F0F1-ATPase has been involved in the acquisition of a bile-
resistant phenotype in bifidobacteria (Sánchez et al. 2006). 
Notably, the gene cluster coding for the subunits of the ATP 
synthase is induced during bile acid response of Lactoba
cillus plantarum (Bron et al. 2006). 

One advantage of getting resistant derivatives to a spe
cific stress factor is that cross-resistance to other factors is 
frequently achieved. For instance, the acquisition of resist
ance to acid in bifidobacteria is often associated with 
increased tolerance to bile, and the other way around 
(Sánchez et al. 2006). Bile resistance in Lactobacillus 
has also been associated with an increased resistance to 
phage infection (Guglielmetti et al. 2007). The acquisition 
of cross-resistances could be an additional advantage useful 
to guarantee the survival of resistance derivatives, with a 
robust phenotype, under technological and gastrointestinal 
conditions. 

21.6	 Improving Probiotic Strains III: 
Strain Production and Food Design 

21.6.1 Strain Production 

The manufacture of a functional food containing probiotics 
involves several steps that are susceptible to modifications 
to improve probiotic performance through the choice of the 
best processing conditions adapted for each specific strain 
(Fig. 21.2a). A key point is the selection of the appropriate 
probiotic that would be successfully processed with a 
certain level of confidence. In this regard, ‘omic’ studies 
are valuable tools to determine the specific fingerprint of 
each single strain. Knowledge of genomic information 
could serve as a guide to search for strain-specific activities, 
allowing the right combination to be found among compat
ible strains, either other probiotics or the companion starters 
(Garrigues et al. 2013). Transcriptomic analysis also helps 

to understand the physiological variations experienced by 
probiotics submitted to different fermentation conditions 
(Bron et al. 2012; Mozzetti et al. 2012). Proteomics could 
show the metabolic pathways of a given strain to use, for 
example, different substrates as preferred carbon source 
(Liu et al. 2011). In addition to the in silico selection of the 
most robust strain, the progressive adaptation to techno
logical stressing conditions is a valuable tool to improve 
bacterium survival. The challenge at sub-lethal concentra
tions to oxygen, high or low temperatures, osmotic pressure 
and acid environment could lead to the adapted bacteria 
expressing specific molecular machinery to counteract 
stressing conditions (Ruiz et al. 2011). 
The first step to formulate a probiotic food is to have a 

functional starter (or culture) that needs to be produced on a 
large scale (Forssten et al. 2011). The best culture condi
tions (growth medium, pH, oxygen content, temperature, 
etc.) are chosen according to the bacterium to be grown. As 
previously indicated, most probiotics for human consump
tion belong to genera Lactobacillus and Bifidobacterium, 
which are often fastidious bacteria to grow due to their 
intestinal origin. Indeed the relatively high optimal growth 
temperature, around 37 °C, as well as the need for nutri
tional-rich food-grade media (i.e. suitable for human con
sumption) makes the production of probiotic biomass an 
expensive process. Even so, nutritional supplements such 
as vitamins, oligo-elements or prebiotics can be added to 
improve growth rates (Polari et al. 2012). 
As a consequence of bacterial growth, several metabo

lites are released to the medium, typically organic acids 
(mainly lactate and acetate), which decrease the pH and can 
be harmful. Continuous-culture systems could partially 
palliate the accumulation of toxic compounds, although 
the occurrence of sub-lethal stressing conditions during 
production can help to improve the resistance of probiotics 
later on when introduced into the foods (Foligné et al. 
2013). The release of other bacterial metabolites also 
represents a challenging issue for further biomass harvest 
and concentration, which is currently performed by cen
trifuging or membrane filtration. For example, the produc
tion of EPS could increase the viscosity and density of the 
culture medium thus obstructing equipment or producing a 
biomass loss. In some strains the production of EPS is a 
mechanism of protection against harsh conditions, and 
these polymers are also related to the beneficial properties 
of the producing strain (Hidalgo-Cantabrana et al. 2014). It 
could therefore be important to keep the polymer surround
ing the bacterial surface. 

Bacteriocins can also be eliminated during the harvesting 
of the cellular biomass, thus modifying the functional 
performance of the probiotic strain with antimicrobial 



358 Advances in Food Biotechnology 

Figure 21.2 (a) Factors affecting strain production and food design are crucial in order to achieve the best processing conditions 
for a probiotic strain. (b) Microbiological and physicochemical properties of the food affecting survival and functionality of 
probiotics during manufacture and storage of functional foods. 

properties. On the other hand, the growth phase at which the 
probiotic culture is collected must be carefully chosen since 
it could affect the expression of bacterial components, for 
example surface-associated appendices such as pili, which 
determine their performance later in the gastrointestinal 
tract (Marco & Tachon 2013). Harvesting conditions must 
therefore be optimized in order to arrive at a compromise 
between obtaining biomass and maintaining probiotic func
tionality (Jankovic et al. 2010). 
One approach to obtain high biomass is the use of the 

immobilized cell technology during fermentations. Cells 
are grown in porous spherical supports (beads) which 
results in the concentration of a high cell number that could 
be easily collected, avoiding some of the above-described 
disadvantages. However, the entrapment of cells in a small 
support can modify their morphology and physiology, and 

this technology has not been extensively applied in the 
large-scale production of probiotics (Lacroix & Yildirim 
2007). 
Some authors employ the terms immobilization and 

encapsulation interchangeably, but they are not the same. 
In immobilization the harvested cells are the core material 
that are embedded (or coated) in a continuous matrix, 
currently a hydrogel, thus forming microcapsules varying 
in size from micrometres to millimetres (Heidebach et al. 
2012). Microencapsulation mainly pursues the protection 
of the core material (i.e. the probiotic) from the adverse 
environmental conditions (food or gastrointestinal tract); 
the coating material therefore acts as a physical barrier. 
However, the inclusion of encapsulated bacteria into foods 
can lead to the modification of their sensorial properties 
(texture and mouthfeel) and the particle size must therefore 
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be specifically chosen in accordance with the final product. 
Once the food is ingested, the encapsulation material must 
ensure the safe passage of the probiotic through the adverse 
conditions of the upper gastrointestinal tract and the release 
of the bacteria in the target site of action, currently the colon 
(Rokka & Rantamäki 2010). Several materials and tech
niques have been studied to encapsulate probiotics for food 
formulations. Recently, the entrapment of probiotics com
bined with single or multiple prebiotics in edible films has 
been shown to satisfactorily ameliorate the storage stability 
of probiotics under room-temperature conditions (Soukoulis 
et al. 2014). 

21.6.2 Food Design 

Probiotics have been traditionally consumed in fermented 
dairy products (Prasanna et al. 2014), although other non
dairy products are being explored as alternatives (Rivera-
Espinoza & Gallardo-Navarro 2010). The choice of the 
food vehicle is important since the microbiological and 
physicochemical properties of the food, as well as the food 
processing and storage, have a strong influence on the 
survival and functionality of probiotics (Fig. 21.2b). Char
acteristics of the food matrix such as aw, pH, nutritional 
composition and the presence of antimicrobial components, 
as well as the physical organization of these components (in 
solution, colloidal state, emulsion, etc.) and the structure of 
the food matrix, should be considered taking into account 
the specific needs of each probiotic (Ranadheera et al. 
2010). 

In this regard, dairy products are successful vehicles for 
delivery of probiotics because, from a nutritional point of 
view, milk is a rich medium for bacterial growth; it has high 
aw (water accounts for more than 80% of milk composi
tion), a pH close to neutral (∼6.5) and milk protein and fat 
are good protectants for the survival of probiotics during the 
gastrointestinal transit (Ritter et al. 2009). Fermented milks 
such as yogurt have lower pH (�4.5) which could be a 
challenge for the probiotics, but also a pre-adaptation step 
prior to gastrointestinal transit. The bioavailability of 
nutrients (vitamins, minerals, peptides, etc.) is increased 
due to the metabolic activity of other lactic acid bacteria 
(starters) on milk components. In addition, this microbial 
activity can also generate bioactive molecules that increase 
the health benefit of the dairy fermented milk, such as the 
case of bioactive peptides obtained from milk-protein 
break-down by bacterial proteolytic systems (Gonzalez-
Gonzalez et al. 2013). Cheeses can also be taken into 
consideration, although the most suitable are fresh since 
those submitted to ripening have reduced water activity and 

a complex microbiota which could create an environment 
less favourable for the survival of probiotics (Karimi et al. 
2011). 
As an example of non-dairy food matrix, some fermented 

vegetables are niches naturally colonized by microbial 
communities in which members of Lactobacillus genus 
are present; in the case of fermented table olives, the 
epidermis of these fruits acts as a surface for adhesion, 
properties that could be explored for the delivery of specific 
probiotic lactobacilli (Arroyo-López et al. 2012; Peres et al. 
2012). Minimum processing of vegetables or fruits, such as 
peeling and cutting, favours the release of nutrients and also 
induces modifications in the microstructure of plant tissues 
generating more pores where the bacteria could be allo
cated. Further, vegetables are a natural source of prebiotic 
substrates that could improve the performance of the pro-
biotic (Furtado-Martins et al. 2013). In addition to the 
choice of the natural food matrix, the raw material can 
also be formulated to improve the survival of probiotics by, 
for instance, including some protectant additives (anti
oxidants) or substrates promoting growth (prebiotics), 
among others. 
The processing technology used for the manufacture and 

the storage of the functional food should be carefully 
selected (Boylston et al. 2004). In this regard, each type 
of food requires a specific manufacture procedure but some 
parameters require to be adjusted according to the require
ments of the probiotic. The presence of oxygen could be an 
important issue to be considered for the inclusion of 
anaerobic probiotics, such as the case of Bifidobacterium. 
Several strategies to reduce the oxidative stress could be 
undertaken from the formulation of the food matrix to the 
selection of the packaging material of the processed food 
(Talwalkar & Kailasapathy 2003). The range of tempera
tures at which probiotics remain viable is also highly 
dependent on the bacteria considered; typically, the optimal 
growth temperature of probiotic Bifidobacterium and 
Lactobacillus is higher than that of food-origin lactic 
acid bacteria, and some species are able to survive the 
refrigeration conditions (Cronin et al. 2011). 
Each type of food product also has a recommended 

temperature for storage until deadline. For example, in 
the case of fermented milks, refrigeration temperatures 
are recommended to keep probiotics alive in enough 
numbers during the consumption period in which the 
optimal sensorial properties of the product are maintained 
(Mohammadi et al. 2012). In this regard, the potential 
impact that probiotics can exert upon the sensorial prop
erties of the food should also be taken into account. In 
addition to animal intestines, lactobacilli are also natural 
inhabitants of vegetables and milk; they are therefore 
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adapted to grow and use components of these foods, being 
able to modify the flavour, texture and/or appearance of 
fermented products (Giraffa, 2012; Karimi et al. 2012). 
The study of bifidobacteria genomes indicates the pres
ence of enzymatic machinery dedicated to the use of 
complex carbohydrates that can be present in plants 
and milks (Bottacini et al. 2010). Indeed, Bifidobacterium 
produces acetic acid as the main final product of glycoly
sis which, if present in high amounts, could influence 
organoleptic properties of fermented milks containing 
Bifidobacterium animalis subsp. lactis, the species most 
commonly found in dairy probiotic foods (Margolles & 
Sánchez 2012). Probiotics should therefore be selected 
considering the sensorial characteristics of the food carrier. 
Finally, the functionality of the probiotic could be 

affected by the food chosen as delivery carrier. It was 
recently shown that B. bifidum delivered in kefir modified 
its transcriptional profiles, inducing genes involved in host– 
microbe interaction molecules such as pili (Serafini et al. 
2014). Similarly, L. rhamnosus GG increased its adhesion 
to Caco2 colonocytes when grown in yogurt as compared to 
ice cream (Deepika et al. 2011). Understanding the impact 
of environmental factors, in this case the functional food 
product, will allow the mechanisms of probiotic survival 
and functionality to be understood and will also provide a 
rational criteria for the selection of the best food carrier for 
probiotic delivery and vice versa (Marco & Tachon 2013). 

21.7	 Improving Probiotic Strains IV: 
Gene Modification 

Gene modification of probiotic strains allows the design of 
improved strains displaying better survival to technological 
and gastrointestinal factors or producing molecules with 
therapeutic potential, such as antigenic proteins for immu
nization, antimicrobial peptides or bacteriocins, vitamins, 
polysaccharides or short-chain fatty acids (Kullen & Klaen
hammer 2000; Hugenholtz et al. 2002; Wells & Mercenier 
2008; Tangney 2010; Bron & Kleerebezem 2011; Wells 
2011; Bermúdez-Humarán et al. 2013; LeBlanc et al. 
2013). Random mutagenesis and targeted gene modifica
tion approaches have already been used, as a proof-of
concept in most cases, to genetically modify strains result
ing in derivatives with improved attributes as compared to 
their original counterparts. For instance, random mutagen
esis was shown to increase B. animalis subsp. lactis 
stability in low pH (Saarela et al. 2011), and to obtain 
bifidobacteria and lactobacilli strains with altered produc
tion of organic acids that would allow formulation 
of products with improved organoleptic properties 

(Bai et al. 2004; Margolles & Sánchez 2012). However, 
random mutagenesis requires large phenotypic screenings 
to find strains with the desired abilities and whole-genome 
characterization of the new derivatives, to confirm stability 
and the absence of undesired properties that might have 
been acquired. 
Genetic engineering allows for targeted modifications, 

through heterologous expression of genes or modulating 
the expression of genes already present on the micro
organism (homologous expression). In this regard, the 
combination of systems biology approaches (comparative 
genomics, transcriptomics, proteomics and metabolomics) 
and the development of molecular techniques can together 
determine the molecular key players behind the probiotic 
traits which could be exploited to design strains with added 
value (Kullen & Klaenhammer 2000; Lebeer et al. 2008; 
Lee et al. 2013). For instance, evidence has shown that 
proteins involved in DNA integrity maintenance or recy
cling of misfolded proteins are overexpressed under stress 
conditions (Sánchez et al. 2008). It is therefore logical to 
assume that an augmented presence of these proteins in the 
cytoplasm might favour strain performance under such 
conditions. Accordingly, heterologous expression of 
dnaK from E. coli or shsP from Streptococcus thermophilus 
improved L. lactis survival under a range of stress factors 
(Tian et al. 2012). Homologous overexpression of GroEL 
in Lactobacillus paracasei and heterologous expression in 
L. lactis also improved heat tolerance (Desmond et al. 
2004). 
Whole metabolic pathways can also be introduced into 

new hosts, as is the case of the trehalose synthetic pathway 
from Propionibacterium freudenreinchii that was 
expressed into L. lactis resulting in enhanced tolerance 
to acid (pH 3.0), cold (4 °C) and heat stresses (45 °C) 
(Carvalho et al. 2011). Furthermore, it has even been 
proposed that the survival and gut-colonizing traits of 
pathogens could be exploited to confer probiotic strains 
with better resistance to gastrointestinal factors (Sleator & 
Hill 2009). Indeed, heterologous expression of a betaine 
transporter from Listeria sp., previously reported to confer 
bile protection (Sheehan et al. 2007), drastically improved 
tolerance to multiple stress factors in L. salivarius UCC118 
and survival of B. breve UCC2003 in the mice gut (Sheehan 
et al. 2006, 2007). Heterologous expression of gshA and 
gshB from E coli, encoding gamma-glutamylcysteine syn
thetase and glutathione synthetase, respectively, also 
enhanced acid stress resistance of L. lactis NZ9000 (Zhang 
et al. 2010). 
Genetic engineering also offers the opportunity to equip 

probiotic bacteria with genetic elements encoding for bio
active peptides or proteins, allowing the use of food bacteria 
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as an oral delivery system of therapeutic agents. For 
instance, the expression of synthetic genes encoding pep
titidic inhibitors of the angiotensin-I converting enzyme 
(ACE) in B. pseudocatenulatum would allow its use as a 
delivery system of bioactive peptides to lower blood pres
sure (Losurdo et al. 2013). Other examples exist in which 
recombinant bacteria have been proposed as a delivery 
system of anti-inflammatory molecules that could amelio
rate conditions such as inflammatory bowel disease or 
allergies (Steidler et al. 2009; Motta et al. 2012; de 
Azevedo et al. 2013; Hanson et al. 2014; Martín et al. 
2014). Inactivation of selected bacterial genes also amelio
rated disease factors in irritable bowel syndrome (IBS) mice 
models, for instance a gene involved in lipoteichoic acids 
synthesis in L. rhamnosus (Claes et al. 2010). In addition, 
numerous works have recently focused on the utilization of 
recombinant lactic acid bacteria as immunization delivery 
systems against pathogens, virus and parasites. Immuno
logical and systemic immune responses were validated in 

animal models (Daniel et al. 2009; Marelli et al. 2011; 
Hugentobler et al. 2012; Asensi et al. 2013; Esteban et al. 
2013). 
Although numerous works have demonstrated that gene 

modification has the potential to improve probiotic proper
ties, acceptance issues will certainly arise before genetically 
modified strains could be introduced in commercial prod
ucts. Strict regulation concerning the origin of the modifi
cations and genetic stability should be established to 
guarantee risk-free utilization of recombinant bacteria in 
foods. 

21.8 Conclusions and Perspectives 

We have summarized the strategies for making a rational 
selection of Lactobacillus and Bifidobacterium strains 
intended to be used in functional foods, as well as the 
processes to enhance their functionality (Fig. 21.3). The 

Figure 21.3 Proposed workflow for the development of products with improved probiotic strains. 



362 Advances in Food Biotechnology 

selection of probiotic strains is usually made according to 
their technological performance and their ability to survive 
in simulated gastrointestinal conditions, such as survival in 
acidic buffers or growing in culture media containing high 
bile salt concentrations. In most cases this selection process 
has been empirically performed, without any knowledge of 
the molecular mechanisms underlying stress tolerance. 
Recent advances in the omics technologies have increased 
our knowledge of the molecular basis of stress tolerance. In 
the near future data obtained from proteomics, transcrip
tomics and other omics technologies should allow for the 
prediction of naturally occurring strains better suited to 
cope with certain stress factors. This will help scientists to 
decide which strains are more suitable in terms of techno
logical performance and probiotic stability for a certain 
process or product. In this way, the study and identification 
of novel markers and traits related to probiotic robustness is 
of key importance for probiotic selection. 
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22.1 Introduction 

Microbial oil, known as single-cell oil (SCO), has long been 
recognized as a good source of lipids such as polyunsaturated 
fatty acids (PUFAs), which are rare in plant or animal 
products (Fakas et al. 2009b). PUFAs (e.g. gamma-linolenic 
acid (GLA), docosahexaenoic acid (DHA), arachidonic acid 
(ARA) and eicosapentaenoic acid (EPA)) have significant 
pharmaceutical and nutritional value and a great impact on 
human physiology due to their important role as structural 
components of membrane phospholipids and eicosanoid 
precursors (Wu et al. 2005; Sakuradani & Shimizu 2009; 
Bellou et al. 2012). PUFAs are used medicinally to treat heart 
conditions, disorders of the circulatory system, cancer and 
inflammatory reactions (Certik & Shimizu 1999). On the 
other hand, SCO could also represent an attractive source of 
oil with potential for transformation to biodiesel (Economou 
et al. 2011). 

Microorganisms, pig liver, adrenal glands and marine 
fish oil are all major sources of PUFAs (Cheng et al. 
1999). Marine resources possess the disadvantages of: 
limited fishing quotas and remote geographical locations 
(Yongmanitchai & Ward 1989); high content of choles
terol; undesirable odours and flavours (Cheng et al. 
1999); difficult separation and purification processes 
(Wen & Chen 2003; Ward & Singh 2005; Ratledge & 

Kristiansen 2006); and possible contamination with diox
ins, biphenyls and heavy metals (Ratledge 2004). 
Although plant sources (e.g. the seeds of certain plants) 
are relatively rich in Cl8 PUFAs (Certik & Shimizu 
1999), the lack of PUFAs longer than C18 is significant 
(Ratledge 2004). SCO contain anti-oxidants which make 
it stable during the initial steps of oil extraction (Ratledge 
et al. 2005). Microbial production of oil is more prefera
ble to other sources, especially for the production of 
PUFAs, due to the high efficiency of biomass and oil 
production in ordinary fermentors (Cheng et al. 1999). 
Mortierella is the best-known genus for its capacity for 
production of PUFAs (Dyal & Narine 2005). 

Regarding SCO production in solid-state fermentors 
(SSF) and semi-SSF, several studies have been reported 
from different viewpoints such as mathematical modelling 
(Economou et al. 2011); enzymatic extraction (You et al. 
2011); using different substrates (Jang & Yang 2008); 
the addition of precursors (Dong & Walker 2008); applying 
near-infrared reflectance spectroscopy for estimation of 
SCO content (Peng & Chen 2008b); micro-Raman spec
troscopy to investigate the spatial distribution; degree 
of unsaturation of lipids and composition of lipidic 
inclusion bodies inside intact hyphae (Münchberg et al. 
2013); and the regulation and overproduction of PUFA 
(Certik et al. 1998). 
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22.2 Biochemistry of SCO 

All living organisms have to produce lipids for structural (e.g. 
composition of membrane) and also physiological roles 
(Ratledge 2004). Moreover, few microorganisms can accu
mulate more than 20% of their biomass in oil for reserves of 
energy. SCO contains triacylglycerols and esterified fatty 
acids (Wynn & Ratlege 2006). Oleaginous species accumu
late oil up to 70% of dried biomass (Ratledge 2004) in which 
oleic acid (OA, 18:1) is the most abundant of the fatty acids 
together with linoleic (LA, 18:2), palmitic (16:0) or palmi
toleic (16:1) acids. The lipid that is produced in the oleagi
nous species is usually in the form of triacylglycerols which 
is exactly the same form in which plant oils occur (Shahidi 
2005). Microorganisms must grow in a culture medium 
containing extra amounts of carbon substrate and a limited 
amount of nitrogen. When the organism grows, it quickly 
exhausts the supply of nitrogen but it continues to assimilate 
the carbon source for the lipid synthesis. The resultant oil is 
accumulated to reach to a considerable volume in the cell. 
The detailed biochemical pathway of oleaginous microor
ganisms is well understood. The reasons for oleaginicity 
would appear to be two-fold: 

1.	 the ability to produce a continuous supply of acetyl-
CoA directly in the cytosol of the cell as a necessary 
precursor for fatty acid synthetase (FAS); and 

2.	 the ability to produce a sufficient supply of NADPH as 
the essential reductant used in fatty acid biosynthesis. 

Acetyl-coA � 7malonyl-coA 
� 14NADPH ! Palmitoyl-coA�16 :0-coA� 
� 7coA-SH � 14NADP � 7CO2 

To provide these two primary substrates, the presence of 
ATP-citrate lyase and malic enzyme is necessary. ATP-
citrate lyase is involved in acetyl-CoA production and 
malic enzyme participates in NADPH production in cyto
sol. It seems that oil accumulation in oleaginous micro
organisms is more related to malic enzyme activity. In cells 
containing a considerable amount of oil (70% of the 
biomass), the genes synthesizing this enzyme are conserved 
in all conditions; in non-oleaginous microorganisms, how
ever, the activity of the enzyme ceases when the nitrogen 
content of the culture media is exhausted (Ratledge 2004). 
In almost all organisms, fatty acid biosynthesis leads to 

C16 or C18 saturated fatty acids. These fatty acids are 
changed by desaturase enzymes, which incorporates double 
bonds in specific positions in the fatty acid chain and 
elongase which extends the length of the fatty acid carbon 
chain by addition of dicarbonated units, producing different 

kinds of PUFA. In fact, PUFAs are formed by enzymatic 
desaturation that comprises oxygenation (Higashiyama 
et al. 2002). New PUFA biosynthetic pathways which 
are not dependent on the desaturase/elongase system and 
use polyketide synthesis (PKS) are known in some of the 
prokaryotic and eukaryotic organisms. In this synthesis, the 
fatty acid synthesis pathway is shortened by production of 
carbon chain containing a lot of unsaturated bonds, C�C, 
keto and hydroxyl groups. According to the studies, some 
of the oleaginous microorganisms such as Schizochytrium 
use PKS pathway and others such as Thraustochytrium use 
desaturase/elongase for PUFA production. Generally, 
determination of biochemical and genetic pathways of 
PUFA production in oleaginous microorganisms can be 
very useful in the development of SCO production systems 
(Ratledge 2004; Ward & Singh 2005). 

22.3 Microorganisms Producing SCO 

SCO production is rapid (Fidler et al. 1999), easy to 
genetically modify and not limited to climates, season 
and landscape without the use of pesticides (Ratledge & 
Kristiansen 2001). Lipid accumulation is observed in some 
yeasts, moulds and a few algae. These microorganisms are 
known as oleaginous species and the produced oil is called 
single-cell oil. Bacteria are not generally good producers of 
triacylglycerols, but can produce polyesters such as poly
hydroxyalkanoates (PHAs) (e.g. poly-ß-hydroxybutyrates 
or PHB). Both PHB and SCO are sources of carbon and 
energy stored inside the cell and, as such, can accumulate 
up to 70% of the dry cell weight in the presence of excess 
carbon source and limited elements such as O, N, P and S or the 
trace elements Mg, Ca and Fe (Khosravi-Darani et al. 2003, 
2004a,b, 2006, 2013; Khosravi-Darani & Vasheghani-
Farahani 2005; Wynn & Ratlege 2006; Chanprateep 
2010; Morgan-Sagastume et al. 2010; Ramadas et al. 
2010; Kunasundari & Sudesh 2011). 
Production of SCO by yeasts (Papanikolaou et al. 2001), 

fungi and microalgae (Kavadia et al. 2001) has been 
reported. Mortierella can produce oil containing high levels 
of PUFAs including ARA (Bajpai et al. 1991a–c), GLA, 
EPA and dihomo-γ-linolenic acid (DGLA 20:3n-6) 
(Dyal & Narine 2005). 

22.3.1 Mortierella and M. alpina 

The fungal genus Mortierella consists of subgenera of 
Mortierella (M. alpina, M. hyaline, M. elongate, etc.)  and  
Micromucor (M. isabellina, M. ramanniana, M. vinacea, etc.)  
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(Batrakov et al. 2002). Micromucor is a better producer of C18 
EFAs such as α-linolenic acid (ALA, 18:3n-3), GLA, etc. 
(Papanikolaou et al. 2004), but the Mortierella is the best 
source of C20 EFAs (e.g. ARA, EPA, etc.) (Dyal & Narine 
2005). Several M. alpina strains are used for commercial 
production of SCO rich in ARA and EPA or as a model 
for lipogenesis studies (Sakuradani et al. 2005; Takeno et al. 
2005). It can be used in scaled-up submerged fermentation (as 
the most common method of microbial PUFA production) 
with simple and regulated lipogenesis, as well as capability of 
transformation (Sakuradani & Shimizu 2009). Its PUFA 
profile can be varied by the addition of special supplements 
to the growth medium, for example Δ5 desaturase inhibitors 
together with ALA and n-alkanes (Sakuradani et al. 2005; 
Sakuradani & Shimizu 2009). Process variables also influence 
both lipid accumulation and fatty acid composition (Dyal & 
Narine 2005). 

22.4 Systems of Cultivation 

22.4.1	 Solid-State Fermentation for SCO 
Production 

In the same way as for several other metabolites, microbial 
production of SCO can be conducted in both submerged 
fermentation (SmF) and solid-state fermentation (SSF) 
(Certik & Shimizu 1999). SSF is economically more 
competitive due to the low energy input (Yang 1988), 
high yield, low-cost natural resources (Economou et al. 
2011), lower investments, increased productivity and 
decreased bioreactor and wastewater volumes (Peng & 
Chen 2008a, b). Figures 22.1 and 22.2 show a schematic 
diagram of a tray SSF fermentor and several stages in the 
SSF bioprocess, respectively. Batch or continuous SSF can 
be applied in optimum conditions to yield biomass that is 
rich in PUFA (Certik & Shimizu 1999). The raw material is 
an important cost consideration in SCO production (Peng & 
Chen 2008b). In situ application of SSF for GLA produc
tion from orange peel has been suggested in the orange 
juice industry, due to the attractive sensorial properties of 
the fermented orange peel as well as lower investment 
(Gema et al. 2002). 

The disadvantage of scaled-up SSF is limited mass 
(O2, nutrients and enzymes) and heat transfer. Semi-solid 
fermentation ensures easier fungal growth, higher effi
ciency of SCO production (Certik & Shimizu 1999; Econ
omou et al. 2011) and lower environmental impact. 

SSF processes have been carried out in different kind of 
bioreactors for various purposes. Various aspects of fer
mentor design in SSF processes have been reviewed 

Figure 22.1 Compartment of a submerged fermentor: (1) air 
inlet; (2) air outlet; (3) temperature probe; (4) coirpith sub
strate; (5) air permeable fibre; (6) product discharge; (7) water 
supply; (8) water discharge; and (9) solid-state fermentor lid. 

(Pandey 1991; Couto & Sanromán 2006). Laboratory-scale 
investigations are generally carried out in beakers, dishes, 
flasks, jars, roux bottles and glass tubes (as a column 
fermentor), while larger-scale SSFs have been carried 
out in trays, drums and deep-trough-type fermentors. 
The configuration should facilitate continuous operation 
for a prolonged time with high productivity, and also permit 
the scaling-up of the process. The design of a reactor, 
particularly in a scaled-up process, has a very significant 
impact on total cost-benefit of fermentation. 
However, resistance to mass and heat transfer within the 

solid substrate can cause sharp gradients in temperature and 
gas concentrations. Agitation and rotation in SSF are often 
efficient strategies that affect solid-state fermentor perform
ance, but the resultant shearing force has adverse effects on 
mycelium disruption and medium porosity (Pandey 1991; 
Couto & Sanromán 2006). 
Several parameters influence the fatty acid profile of 

SCO produced by SSF. Those process variables affecting 
fungal growth, fatty acid composition and the percentage of 
lipid bodies synthesized by Mortierella have been recently 
reviewed. These variables include initial moisture content 
of the substrate, initial pH of the substrate, the effect of 
nitrogen supplements, the carbon to nitrogen ratio (C/N), 
the effects of oil supplements, incubation temperature, time, 
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Figure 22.2 Single-cell oil production process in a solid-state fermentor. 

aeration, inoculation age and particle size of the substrate 
(Asadi et al. 2015). 
The initial moisture content of the solid substrate affects 

the solubility of nutrients and water tension as well as 
porosity and heat and mass transfer. It has also been reported 
that the production of PUFAs depends on the formation of 
aerial mycelium (Zandrazil & Brunert 1981; Lekha & Lon-
sane 1994). A suitable pH for production of EPA, ARA and 
PUFAs with Mortierella in SSF is slightly acidic to neutral 
(Yongmanitchai & Ward 1989; Bajpai et al. 1991b). The 
main impact of pH is on the fungal growth rather than PUFA 
production (Dyal & Narine 2005). Supplementation of a 
solid substrate with yeast extract and nitrates as sources of 
nitrogen was also evaluated (Jang & Yang 2008). Compared 
to inorganic form, organic nitrogen is more suitable for 
fungal growth and PUFAs accumulation by Mortierella 
(Dong & Walker 2008). 
The ratio of concentration of carbon to nitrogen sources 

has a significant impact on the quality and quantity of lipids 
produced by Mortierella (Sajbidor et al. 1990) and its 
suitable content for EPA and LA production is 14.5–18.5, 
while ARA and total PUFA productions are stimulated at 
ratios of 19.8–21 (Jang et al. 2000). High or low C/N ratio 
causes a shift in the metabolic pathway from growth to 
synthesis of PUFA (Sajbidor et al. 1990). 

Oil supplements added to the medium not only increase 
lipid accumulation, but also have an impact on the compo
sition of the final product (Koritala et al. 1987; Certik et al. 
1998; Jang et al. 2000; Weber & Tribe 2003; Jacobs et al. 
2009, 2010; Jermsuntiea et al. 2011). The fatty acids 
contained in any added oil may act as precursors of PUFAs 
and stimulate their production. Supplementing sunflower 
pressed cake with the ω-3 precursor ALA increased the 
production of EPA due to metabolization of C18 ALA to 
EPA (Jacobs et al. 2010). Strains of Mortierella utilize 
added lipids and produce PUFAs by desaturation and 
elongation of existing fatty acids (Certik et al. 1998). 
The influence of temperature on PUFA production has 

also been reported (Lindberg & Molin 1993; Jang & Yang 
2008) due to impact on activation of metabolic enzymes 
(Jermsuntiea et al. 2011). Low incubation temperature 
generally favoured the production of PUFAs and increased 
the degree of unsaturation of PUFAs in Mortierella (Shi
mizu et al. 1989; Dyal & Narine 2005; Sakuradani et al. 
2005; Peng et al. 2010; Jermsuntiea et al. 2011). 
The optimum incubation period should be determined for 

SCO production. Harvesting before or after the optimum 
time will decrease yield (Fakas et al. 2009a). Different 
times have been reported for PUFA production (Jang et al. 
2000; Fakas et al. 2009a; Ghobadi et al. 2011) due to 
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differences in the type of fungus strain, target PUFA and/or 
environmental conditions. 

Aeration can also increase production of PUFAs by 
13–26% (Jang & Yang 2008), and should be controlled 
within a certain range for optimum mycelial growth (Hiruta 
et al. 1997). The rates of desaturation reactions are a 
function of age of the mycelium. GLA and PUFA content 
in general can be synthesized in young, fast-growing 
mycelia, but that production rate decreases with age (Fakas 
et al. 2009a). The correlation between aging and lipid 
content as well as the profile of lipids produced during 
growth in SmF is difficult to define due to the formation of 
mycelial agglomerates comprising mycelia of different ages 
(Bajpai et al. 1991a, b). Contradictions in reports could be 
due to differences in the strain of the fungus, type of 
medium, type of PUFA, culture conditions and other 
environmental factors such as the incubation temperature. 

Generally, the size of the substrate has a critical impact on 
the efficiency of SSF due to its impact on substrate surface 
area, bioavailability, agglomeration and formation of solid 
impenetrable medium (which inhibits adequate gas transfer 
and fungal growth; Pandey et al. 1999; Conti et al. 2001). 

22.4.2	 Submerged Fermentation Systems for 
SCO Production 

Microbial production of oil is acceptable from an economic 
point of view. After the growth and production of sufficient 
amounts of oil, biomass is collected by centrifugation; it is 
then dried and the oil is extracted by the usual solvents. 
Considering that most PUFA-producing algae are obligate 
phototrophs and need light for growth, different kinds of 
photobioreactors have been developed for the culturing of 
these microorganisms. However, the high costs and low 
cellular density in these systems have led to a search for 
more cost-effective methods. It seems that heterotrophic 
growth of these microorganisms using organic carbon sour
ces (organic acids and sugars) in ordinary fermentors can be 
an economical method in comparison to phototrophic 
growth. Much attention has therefore been paid to heterotro
phic species of algae for SCO production, and attempts to 
convert phototrophic species to heterotrophic species by 
genetic modification have been made (Wen & Chen 2003; 
Ward & Singh 2005). Figure 22.3 represents a schematic 
diagram of SCO production in submerged fermentation. 

22.5 Commercial Production of SCO 

Commercial oil used in food and cosmetic products is 
usually produced from plant and animal sources. Microbial 

oils must therefore compete with oils from these sources for 
production on a commercial scale. Regarding the high cost 
of fermentation technology, SCOs can only compete with 
highly expensive special oils. These oils are rich in long-
chain unsaturated fatty acids designated for human con
sumption, the type which are not obtained from traditional 
animal or plant sources (Ratledge & Kristiansen 2006). 
There is high commercial interest in greater accumula

tion of desirable PUFAs and triacylglycerols (Ratledge 
2004). Production of PUFAs is predominantly affected 
by the cost of raw material for feedstock, and the selection 
of proper and inexpensive growth media is therefore an 
important consideration (Certik & Shimizu 1999). Nowa
days, SCOs rich in DHA and ARA can be produced 
commercially. Commercial production of single-cell oil 
has been underway for the last two decades (Arterburn 
et al. 2000). 
These fatty acids are used mainly in infant food formula. 

Furthermore, attempts have been made to use DHA food 
supplement in the prevention of cardiovascular diseases and 
Alzheimer’s disease (Shahidi 2005). Studies have con
firmed the positive effects of these fatty acids in the 
treatment of diseases such as atherosclerosis, rheumatoid 
arthritis, blood pressure, some cancers and neurological 
diseases such as schizophrenia and Alzheimer’s. PUFA 
existing in membrane phospholipids are the precursors of a 
group of iconasoides such as prostaglandine, prostacy
cloine and leucoterian, which have key physiological roles 
in the body. Food incorporated with DHA and ARA is also 
produced. In this way, animals are fed a diet including 
PUFA supplements produced from microbial sources, and 
the food products fortified in this way (e.g. meat, dairy 
products and egg) are consumed by humans. 

22.5.1	 Commercial Production of ARA-Rich 
SCO 

Archidonic acid is a long-chain unsaturated fatty acid in the 
omega-6 group which plays an important role in the 
structure and function of biological membranes. The fatty 
acid is commercially produced by Mortierella alpina. Fifty 
percent of cellular solid content of the mould is composed 
of fat, which in turn contains 40% ARA (Lan et al. 2002; 
Shahidi 2005). 
Culture media used for ARA-rich SCO production are 

dependent upon the species and/or processes to be used. 
However, relatively simple culture media based on yeast 
extract and glucose are preferred (Shahidi 2005). Optimiz
ing the conditions of mould culture for large-scale produc
tion of ARA includes the use of complex nitrogen sources, 
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Figure 22.3 Depiction of a submerged fermentor. 

non-continuous cultures with glucose feeding, temperature 
control and pH control (for growth pH = 5.5; for ARA 
production pH = 7; Lan et al. 2002). When a sufficient 
amount of fat and/or ARA is produced by biomass, the 
mould is separated from the culture media by centrifuge or 
filter press. Oil extraction and purification are conducted by 
defined techniques. The resulting oil is light yellow in 
colour, has a relatively mild taste and is often resistant 
to oxidation (Shahidi 2005). 

22.5.2	 Commercial Production of 
Docosahexaenoic Acid-Rich SCO 

DHA is the best-known unsaturated fatty acid and is one of 
the main fatty acids in neural tissue (ARA being the other). 
Although fish oil contains a large amount of DHA, it has 
limited application as an additive because of its smell, 
unfavourable fishy flavour and weak oxidative stability. 
The fish oil is also unsuitable for neonate formula because 
of the presence of eicosapentaenoic acid (EPA). EPA is a 
precursor of eicosanoids, which act antagonistically with 
ARA-rich SCO in infant formula (de Swaaf et al. 1999). 
Certain marine microorganisms capable of DHA synthesis 
and accumulation have been reported. 
The marine flagellates Crypthecodinium cohnii and 

Schizochytrium are used for DHA commercial production. 

There is an important difference in the fatty acid profile of 
the oil produced by these two organisms: the resulting oil 
from Schizochytrium contains a certain amount of DPA. 
The application of chytrid oil was initially regarded as 

dangerous for neonate nutrition because of the presence of 
certain amounts of DPA in the oil. However, the results of 
research have shown that the DPA is completely safe and it 
is the natural component of phospholipids of blood plate
lets. These two organisms are both heterotrophs and do not 
need light. As a result, they can grow in an ordinary 
fermentor as well as other microorganisms by similar 
fermentation techniques. A special characteristic of these 
microorganisms is the need for a high concentration of salt 
in their culture media. High chloride concentration leads to 
corrosion of stainless steel surfaces. Therefore, species 
from both organisms with the ability to grow in low salt 
concentration have been determined. It was recognized that 
Schizochytrium can obtain sodium from sodium compo
nents lacking chloride, such as sodium sulphate. 
Additionally, by selection of other species of these two 

organisms, genetic modification and changing the conditions 
of culture, it is also possible to use them in the production of 
EPA and ARA. DHA-rich SCO is an orange-coloured 
transparent oil with a mild taste and smell. Despite its 
high DHA content, it is more stable than oil fish (Nakahara 
et al. 1996; Vazhappilly & Chen 1998; Bowles et al. 1999; 
Jiang et al. 1999; Shahidi 2005; Ward & Singh 2005). 
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22.6	 Recovery and Purification of PUFA 
from SCO 

PUFAs with a high degree of purity can be used as drug 
or/and functional foods (Yamamura & Shimomura 1997). 
Cellular mass containing oil is usually centrifuged or 
filtered to separate the cells or solid material of mycelium 
from the aqueous material. The cells are then dried and 
extracted by a solvent. In the production of PUFA concen
trate the oil can be processed by the winterization process, 
during which the saturated fatty acids are separated. 

For pharmaceutical applications of PUFA, techniques such 
as urea addition, fractional distillation, HPLC, ion exchange 
column chromatography and enzymatic methods are used for 
the higher resolution of concentrate mixture. Chromatogra
phy is not suitable for industrial-scale applications and, apart 
from being complex, urea addition requires organic solvents. 
Regarding the heat and oxygen exchange instability of 
PUFA, application of enzymatic methods is favourable. 

The application of commercial lipase in selective hydrol
ysis process is a possible method for PUFA enrichment. 
Lipases acting on 2 or 1,3 may be used for the hydrolysis of 
PUFA in the 2 or 3 and 1 positions of glyceride. Furthermore, 
this enzyme can be used for esterification, inter-esterification 
and trans-esterification improvement in water-limited condi
tions because of the reversibility of lipase interactions 
(Arterburn et al. 2000; Ward & Singh 2005). Using lipase 
for both the hydrolysis and selective esterification has been 
attempted. In this method, the first stage includes oil-con
taining PUFA hydrolysis with fatty acids acting on the lipase 
by identical operations. The second stage includes free fatty 
acid esterification with alcohol using a mild lipase, leading to 
PUFA accumulation in free fatty acid residue. 

Additionally, lipase enzymes can be used for the produc
tion of unusual PUFA esters such as ethyl ester and sugar 
esters which have various food, pharmaceutical and cosmetic 
applications (Shimada et al. 1998a, b, 2001). As microbial 
species capable of producing high concentrations of PUFA in 
a suitable form (usually triglycerides) are available, there is 
often no need to use lipase. Furthermore, it is possible to 
eliminate the application of lipase for PUFA enrichment by 
gene manipulation of microbial species and changing the 
fermentation conditions. The main application of lipase 
relating to PUFA is therefore probably the production of 
unusual esters of these products that are used as pharmaceu
tical, cosmetic materials or their precursors (Shahidi 2005). 

22.6.1 Safety of PUFA Consumption 

The microbial production of PUFAs should be conducted 
by bacteria classified as generally regarded as safe (GRAS). 

Omega-3 fatty acids including EPA and DHA can be 
obtained entirely from a balanced diet. The recommended 
combined daily intake of EPA and DHA is 1–5 g, and it has 
been determined that a total daily intake of 3 g or less of 
EPA and DHA is acceptable (Sarubin-Fragakis 2003; Jellin 
et al. 2004). In the short term, omega-6 fatty acid supple
ments are generally well tolerated. There has been concern 
that LA supplementation may increase the risk of cancer, 
but in a relevant study there was no relation between the 
consumption of LA supplements and an increased risk of 
breast, colorectal or prostate cancer in humans (Zock & 
Katan 1998). Supplementation with LA, GLA and other 
PUFAs may cause vitamin E deficiency. As a result, 
vitamin E supplementation may be necessary (0.6–0.9 IU 
g�1 of PUFA; Harris & Embree 1963). GLA and LA 
supplements may also cause nausea and soft stools (Sar
ubin-Fragakis 2003; Jellin et al. 2004). Omega-3 fatty acid 
supplementation may also cause vitamin E deficiency, in 
which case supplements would be required (Harris & 
Embree 1963; Berry 2001). 

22.6.2 Microencapsulation of PUFA 

The most significant challenge is preventing degradation of 
the long-chain fatty acids. The high content of unsaturated 
double bonds causes PUFAs to be highly susceptible to 
oxidative degradation. Microencapsulation of omega-3 
PUFA sources is one means of improving their stability. 
Microencapsulation refers to surrounding or embedding the 
oil in a matrix typically composed of proteins or carbohy
drates, and can be accomplished by a variety of processing 
techniques. In theory, microencapsulation protects the core 
material from degradation by light, heat and oxygen; 
however, microencapsulation does not always produce a 
product that is more stable than the non-encapsulated form. 
The stability of encapsulated lipids depends on properties 
including oil distribution within the particle, particle size 
and surface area, particle density, wall material composition 
(glass transition temperatures, crystallinity, extent of inter
action with the core material), moisture content and water 
activity. If processing conditions and wall materials are 
selected appropriately, microcapsules with long-term sta
bility can be prepared. Microencapsulation can also facili
tate incorporation of oily ingredients into a variety of food 
matrices, as it transforms the lipid into a dried powder. 
Encapsulation may also mask undesirable flavours and 
odours associated with omega-3 PUFA sources. 
Microencapsulation of omega-3 fatty acids can be 

achieved by using a variety of methods, with the two 
most commonly used commercial processes being complex 
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coacervation and spray-dried emulsions. A variety of other 
methods are in development including liposome entrap
ment, fluidized bed coating, freeze drying, spray cooling/ 
chilling and extrusion technology (Nickerson 2014). The 
key parameter in any of these processes is the selection of 
wall material. For spray-dried emulsions and complex 
coacervates, protein or polysaccharides are primarily 
used as shell material (although complex coacervation is 
currently commercially limited to gelatine). The need for 
microencapsulation of omega-3 oils, methods of micro
encapsulation and analysis and the selection of shell mate
rial components was reviewed by Kaushik et al. (2014). 
Spray-drying is commonly used in the food industry and 

has recently been widely applied to prepare omega-3 PUFA 
microcapsules. To encapsulate lipid-based materials by spray 
drying, an oil-in-water emulsion must first be generated. 
Ideally, the emulsion has small oil droplet sizes and good 
stability. Emulsifiers are commonly added when surface-
active wall materials are not used. The emulsion is fed into 
the spray drier where it is atomized and exposed to hot air. 
Rapid drying occurs and dried microcapsules are collected. 
Sources of omega-3 PUFAs have been encapsulated by 

spray drying with proteins (whey, soy, casein, caseinates, 
gelatin), carbohydrates (derivitized starches, maltodextrins, 
glucose, corn syrup solids, pectin) and gums (gum arabic, 
alginate, carageenan). An ideal wall material would be one 
that forms a fine and stable emulsion, forms microcapsules 
with high encapsulation efficiency (low surface oil content) 
at high oil: wall ratios, produces a glassy shell capable of 
preventing diffusion of oxygen to the encapsulated material 
and maintains structural integrity throughout long-term 
storage. Taste-masking and anti-oxidant activity would 
also be beneficial for omega-3 PUFA encapsulation. 
In general, the following characteristics suggest a material 

may be effective for encapsulation of omega-3 PUFAs by 
spray drying: emulsifying capabilities; good film-forming 
abilities; water solubility; low viscosity; bland flavour/sen
sory acceptability; barrier properties (water vapour and oxy
gen); low cost; and compatibility with regulatory and 
labelling requirements (Risch & Reineccius 1995; Madene 
et al. 2006; Gharsallaoui et al. 2007; Jin et al. 2007). Despite 
the wide range of materials that have been evaluated, no 
single material stands out as ideal and encapsulation materials 
that exhibit these pertinent properties are still being sought. 

22.6.3	 Metabolic Engineering of PUFA 
Production 

In the last decade, many genes encoding the primary very
long-chain (VLC) PUFA biosynthetic activities have been 

identified and characterized. This has allowed the 
reconstitution of the VLC-PUFA biosynthetic pathway in 
oilseed crops, producing transgenic plants engineered to 
accumulate omega-3 VLC-PUFAs at levels approaching 
those found in native marine organisms. Moreover, as a 
result of these engineering activities, knowledge of the 
fundamental processes surrounding acyl exchange and lipid 
remodelling has progressed. The application of new tech
nologies, for example lipidomics and next-generation 
sequencing, is providing a better understanding of seed 
oil biosynthesis and opportunities for increasing the pro
duction of unusual fatty acids. It is now possible to modify 
the composition of plant oils successfully. The most recent 
developments in this field and the challenges of producing 
VLC-PUFAs in the seed oil of higher plants have been 
reviewed by Ruiz-López et al. (2012). 

22.7 Conclusion 

Microbial oils have advantages as compared to plant or 
animal sources. The quality and quantity of SCO can be 
controlled and guaranteed every year for example, whereas 
it is impossible to guarantee the quality of plant and animal 
oils as a result of unpredictable weather conditions, varia
tions in climate and diet (animal oils) as well as environ
mental pollution (herbicides, pesticides and antifungal 
chemicals in agricultural products). Microorganisms not 
only produce different kinds of PUFAs, but some species 
can store large amounts of fatty acid in cellular lipids, 
facilitating oil processing. The growth of microorganisms is 
fast in comparison to agricultural products and animal 
sources, and fermentation takes about 4–10 days. The 
quantities of SCO produced can therefore be easily adjusted 
to match market demand. These oils do not contain harmful 
pollutants and have been confirmed as safe by toxicological 
tests (Kawashima et al. 1998, 2000; Vazhappilly & Chen 
1998; Branen et al. 2001). The high cost of production is 
the most important disadvantage, as the cost of fermentors, 
associated machinery and its operation are high. As a result 
the final product is expensive (Shahidi 2005; Ratledge & 
Kristiansen 2006). 
The increasing demand for oil production and the attract

ive health benefits of PUFAs has led to the development of 
low-cost production techniques. Microbial sources, espe
cially fungal cultivation in SSF, are one way to meet these 
demands for PUFA production. In this chapter some of the 
aspects of SSF and SmF production of SCO and the 
parameters influencing PUFA profiles (the type of fermen
tation media and culture conditions) have been described. 
Mortierella alpina has been introduced as an efficient 
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producer of triacyl glycerol, containing C20 PUFAs in SSF. 
Lipid yield and its profile in a SSF system depend on 
microorganism species and physiology as well as environ
mental conditions. However, selection of the producer 
fungus depends on the type of PUFA targeted for produc
tion and culture conditions. For instance, M. isabellina can 
potentially be used for the production of C18 PUFAs on 
agro-industrial residues with high sugar content due to its 
high rate of glucose uptake, growth and lipid content in 
such a medium. Appropriate pre-treatments of the substrate 
to provide optimal conditions for SSF may lead to increased 
yield of fungal biomass and PUFA. 

The most significant factors influencing SCO production 
in SSF are incubation temperature and oil supplement, 
while in submerged fermentation it is aeration. Temperature 
shifting is particularly attractive for large-scale fermenta
tion because it is convenient to control and can be easily 
manipulated. Selecting the optimal initial moisture content 
and maintaining an optimal C/N ratio at a predefined value 
would increase the yield of SCO, especially of EPA in SSF. 
The addition of a nitrogen supplement after a few days of 
growth of oleaginous fungi could provide additional 
nutrients for microbial growth and consequently increase 
production of PUFAs. Oil content of individual cells may 
also be increased by prolonging the incubation time, but the 
amount of SCO and PUFAs will reduce after 12 days. 
Aeration and particle size should be optimized to increase 
mass/heat transfer in the solid substrate and PUFA produc
tion. The growth phase of the fungal mycelium affects 
synthesis rate of fatty acids. However, pH has more impact 
on fungal growth than on the fatty acid profile. 

Although there is still much work to be done before 
industrial-scale applications of Mortierella spp. in the 
synthesis of essential fatty acids in SSF become a reality, 
M. alpina is already used in large-scale industrial ARA pro
duction by SmF. To date, the maximum reported yield for 
PUFAs in SSF is 103 ± 5.2mgg�1 substrate carbon by culti
vation of M. alpina ATCC 32222 on rice bran. In that system, 
ARA and EPA were also produced at maximum amounts of 
33.35 ± 2.13 and 12.77 ± 1.61 mg g�1, respectively. 
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23.1 Introduction 

Oligosaccharides are compound-type carbohydrates 
formed by the union of 2–10 monosaccharides through 
glycosidic bonds (Mussatto & Mancilha 2007). These 
sugars are called ‘non-digestible oligosaccharides’ because 
they cannot be metabolized by digestive enzymes in the 
organism due to the presence of osidic bonds in their 
structure. However, these are used by gut microbiota and 
are therefore considered as prebiotics. The term ‘prebiotic’ 
was introduced in 1995 by Gibson and Roberfoid as an 
alternative approach to the stimulation of growth and 
activityofsomeselectivebacteria (particularly Bifidobacteria 
and Lactobacilli) that can improve the host health by sup
pressing or inhibition of reproduction of entero-pathogenic 
microorganisms (Yildiz 2011; Charalampopoulos & Rastrall 
2012; Panesar et al. 2014). 

Prebiotics and probiotics are actually used in symbiotic 
form for formulation of functional foods. Of the prebiotics 
ingredients that can be used in food and pharmaceutical 
industries the main components are oligosaccharides, 
especially fructooligosaccharides (FOS), galactooli
gosaccharides (GOS), isomaltooligosaccharides (IMO), 
xilooligosaccharides (XOS), soybean oligosaccharides, 

lactusucrose, lactulose and cyclodextrins (Mussatto & 
Mancilha 2007; Charalampopoulos & Rastrall 2012). 
On the other hand, probiotics are microorganisms present 
in their natural form in the intestine and are important 
because they provide beneficial effects to health. Among 
all considered probiotics, lactic acid bacteria (L. acidophilus, 
L. casei, L. reuteri, L. plantarum, Lactococcus and Strepto
coccus thermophilus) and  Bifidobacterium species (e.g. 
B. brevis, B. longum, B. infantis and B. animalis) are the 
most common class and important of microbes (Fig. 23.1; 
Tormo 2006). The aim of this chapter is to summarize the 
main advances in the biotechnological production of oligo
saccharides (prebiotics) and the associated challenges with 
the recovery and purification of these compounds. 

23.2 Beneficial Effects of Oligosaccharides 

The beneficial effects of oligosaccharides in human host are 
related to the normal intestinal flora as there exists a 
symbiotic relationship between pre- and probiotics. The 
prebiotics are fermented by probiotics in the colon to 
produce metabolites that play an important role in health, 
such as short-chain fatty acids (SCFA) and enzymes 
(Lam & Cheung 2013). Among the beneficial effects of 

Advances in Food Biotechnology, First Edition. Edited by Ravishankar Rai V. 
� 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd. 



382 Advances in Food Biotechnology 

Figure 23.1 Mechanism of action of probiotics and prebiotics. 

the oligosaccharides (prebiotics) the most important are the 
inhibition of pathogenic and putrefactive microorganisms, 
minerals absorption, cancer prevention, decreased levels of 
cholesterol and triglycerides and stimulation of the immune 
system (Fig. 23.2; Serban 2013). 

23.2.1	 Stimulating Effect on Activity 
of Probiotic Microorganisms 

Oligosaccharides serve as fermentable substrate for the 
growth or activity of gut microflora, occurring during 
selective fermentation. This biochemical process occurs 
in the large intestine and the results of fermentation between 

pre- and probiotics allow the production of microbial 
metabolites that play a central role in promoting human 
health. Prebiotic substances such as low-molecular-weight 
oligosaccharides are more rapidly fermented by intestinal 
microflora (especially by Bifidubacteria and Lactobacilli) 
than high-molecular-mass compounds such as polysacchar
ides (Lam & Cheung 2013). 

23.2.2	 Cancer Prevention or Therapy 

Oligosaccharides are more efficacious when are used in 
symbiotic form with the probiotics. There have been many 
in vitro and in vivo studies that have revealed that 

Figure 23.2 Biological properties of oligosaccharides. 
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oligosaccharides are potential compounds that reduce the risk 
of cancer, acting as a substrate for the probiotics in the 
intestinal tract. Symbiotics are effective mainly for the pre
vention of colon cancer because the biochemical mechanisms 
occur in the intestinal zone (Rastall & Maitin 2002). Among 
the beneficial effects of the pre- and probiotics for control of 
colon cancer are the generation of short-chain fatty acids 
(SCFA) for probiotics. Some pathogenic microbes do not 
survive in acidic media; in this case, the microbial enzymes 
that act on various substrates, possibly producing carcinoge
netic agents, are inhibited (e.g. sulphatases, reductases, 
β-glucuronidase, decarboxylases etc.). For example, Campylo
bacter jejuni has been related to the development of lymphoma 
of the small intestine. In mice, Clostridium butyricum and 
Mitsuokella multiacida have been linked to the incidence of 
colonic adenoma. On the other hand, the most important 
SCFA is butyrate because it inhibits colon carcinoma cells 
and also induces apoptosis in these cells, including colon 
adenoma and other colon cell lines (Serban 2013). 

23.2.3	 Decreased Levels of Cholesterol 
and Triglycerides 

Other benefits attributable to oligosaccharides are related to 
their capacity for decreasing levels of cholesterol and trigly
cerides. The effects of the oligosaccharides have been dem
onstrated using biological models, particularly rats or 
hamsters, resulting in changes in either serum triacylglycerol 
accumulation in the liver or serum lipids. Other mechanisms 
involved in the control of lipids are due to short-chain fatty 
acids (SCFA) produced by intestinal microflora in the pro
cess of fermentation, and could play a role in the equilibrium 
of lipid metabolism (Dominguez et al. 2014). 

23.3 Types of Oligosaccharides 

The majority of prebiotics are non-digestible oligosaccharides, 
including fructoologosaccharides (FOS), galactooligosac
charides (GOS), xylooligosaccharides (XOS), isomaltosac
charides (IMOS) lactulose, lactusucrose and inulin (Otieno & 
Ahring 2012; Al-Sheraji et al. 2013; Lam & Cheung 2013). 

23.3.1	 Fructooligosaccharides (FOS) 

Fructooligosaccharides (FOS) are compounds formed by 
1–3 fructose units bound to the β-2, 1 position of sucrose 
(Yoshikawa et al. 2006; Ganaie et al. 2013), are are mainly 
understood to be composed of 1-kestose (GF2), 1-nystose 
(GF3) and  1-β-fructofuranosyl-nystose (GF4) (Fig. 23.3; 
Ganaie et al. 2013). FOS are actually considered as important 

Figure 23.3 Fructooligosaccharides synthesized by fructosyl
transferases. 

prebiotic compounds because they are small dietary fibres 
which are non-digestible by the hydrolytic activity of human 
digestive enzymes; they are therefore fermented by selective 
intestinal microflora, causing a reduction of pathogens due to 
the decrease of intestinal pH (Mussatto & Mancilha 2007; 
Mussatto et al. 2013). 

These sugars are formed from sucrose by microbial 
enzymes called fructosyltransferase (FTase, EC2.4.1.9) 
and β-fructofuranosidase (FFase, EC3.2.1.26) with high 
transfructosylating activity (Ganaie et al. 2013). 

23.3.1.1 Fructosyltransferases (FTases) 

These enzymes belong to the family of glycoside hydro
lases (GH32), and are responsible for transferring a fructo
syl unit to a molecule of sucrose or FOS, which acts as 
acceptors in the reaction (Fig. 23.4; Antos ̌ ̌ová & Polakovic
2001; Maiorano et al. 2008). 

Figure 23.4 Mechanism of action of fructosyltransferases 
enzymes. 
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Figure 23.5 Mechanism of action of fructofuranosidases enzymes. 

23.3.1.2 β-Fructofuranosidases (FFases) 

β-Fructofuranosidases also belong to the family of glyco
side hydrolases and are enzyme-type hydrolases as they act 
directly on sucrose by cleaving the linkage, releasing 
glucose and fructose in the reaction. However, a trans
fructosylating activity is exhibited by these enzymes 
when a higher sucrose concentration is used (Fig. 23.5; 
Antos ̌ ̌ová & Polakovic 2001; Maiorano et al. 2008). 

23.3.2 Galactooligosaccharides (GOS) 

Galactooligosaccharides (GOS) are another type of pre
biotic compounds that constitute the major part of oligo
saccharides in milk human (Rodriguez-Colinas et al. 2013). 
These compounds are molecules formed from glucose and 
galactose through β-galactosidases enzymes according to 
the formula Galn-Glc where n = 2 to 20 units (Rodriguez-
Colinas et al. 2013; Kovács et al. 2014). GOS, FOS and 
other prebiotic compounds have obtained the generally 
recognized as safe (GRAS) status by the US Food and 
Drug Administration. For example, GOS have been applied 
in children’s products as well as in other uses. The inclusion 
of GOS in infant formula is believed to provide a metabolic 

activity similar to that described in breastfed infants (Sierra 
et al. 2015). 

23.3.2.1 β-Galactosidases 

β-Galactosidases (Galactohydrolases EC3.2.1.23), also 
called lactases, are members of GH1 and GH2 families 
of the glycoside hydrolases. β-Galactosidases catalysed the 
GOS formation from lactose (Gal (β1-4) Gal (β1-4) Glc); 
however, the efficiency of the synthesis of GOS depends on 
the conditions used as well as on the enzyme of choice. On 
the other hand, these enzymes are also responsible for the 
hydrolysis of lactose (Kovács et al. 2014; Sen et al. 2014); 
depending on the lactose concentration, the reaction is 
either focused on hydrolysis or transglycosylation. For 
example, when the amount of water in the process 
(expressed as water activity aw) is high, the hydrolysis 
of lactose is predominant (Manera et al. 2012). 

23.3.3 Xylooligosaccharides (XOS) 

Xylooligosaccharides (XOS) have been reported for their 
prebiotic effects when ingested as a part of the diet (Driss 
et al. 2014). These compounds are obtained from the 
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enzymatic hydrolysis of xylan and are oligomeric com
pounds with a degree of polymerization (DP) of 2-6 xylose 
units linked by β, (1-4) bonds with a variety of substituents 
such as uronic acids, acetyl groups and arabinose molecules 
(Chapla et al. 2012; Bian et al. 2013; Jayapal et al. 2013). 
Kovács et al. (2014) mentioned that an interesting growth 
of some intestinal flora has been demonstrated by in vitro 
fermentations using XOS as substrate. 

23.3.3.1 Xylanases 

Xylanase enzymes are the responsible for catalysis of XOS 
from various xylan-rich agroresidues that have been classi
fied as one of the glycoside hydrolases (GH) 5, 7, 8, 10, 11 
and 43 on the basis of their amino acidic sequences, catalytic 
process and structural fold (Gonçalves et al. 2012). With low 
levels of exoxylanase or β-xylosidase activity, the xylanases 
produce a high concentration of xylose, having an inhibitory 
effect on the generation of XOS (Chapla et al. 2012). The 
endo-1, 4-β-xylanases enzymes cleave the β-1, 4 glycosidic 
bonds between xylose residues (Gonçalves et al. 2012). 

23.3.4 Isomaltooligosaccharides (IMOS) 

Isomaltooligosaccharides (IMOS) have attracted special 
attention because of their high stability, low cost and high 
availability (Zhang et al. 2010). IMOS consists mainly of 
isomaltose, panose and isomaltotetraose and are obtained 
from starch through an enzymatic mechanism (Li et al. 
2009). Dextran can be employed as a substrate to generate 
higher-molecular-weight IMOS (Rastall 2010). 

23.3.4.1 α-Amylases and α-Glucosidases 

IMOS are commercially manufactured from starch by enzy
matic transfer reactions; starch is hydrolysed to a mixture of 
maltooligosaccharides through α-amylase (EC3.2.1.1) and 
pollulanase. The maltodextrins are then used as substrates in 
a glycosyl transfer reaction by α-glucosidase (EC3.2.1.20) 
which converts the α- 1, 4 linked maltodextrins into α- 1,6 
linked isomaltooligosaccharides (Rastall 2010). 

23.3.5 Inulins 

Inulins are another type of dietary fibre produced by extrac
tion chicory roots; due to their various properties, they are 
used in foods as a texturizing agent or sugar replacement 
(Tungland & Meyer 2002). Inulin-type fructans are linear 
fructose polymers that mostly (or exclusively) consist of 
β-(2-1) fructosyl–fructose linkages terminated by a glucose 

residue through a sucrose-type linkage at the reducing end 
(Roberfroid 2005; Paixão et al. 2013; Apolinário et al. 2014). 

23.3.5.1 Inulinases (Fructofuranosyl Hydrolases) 

Inulin is hydrolysed by two types of enzymes called endo
or exoinulinases. The endoinulinases act on the internal 
linkages in inulin and release inolooligosaccharides and 
the exoinulinases remove the terminal fructose residues 
from the non-reducing end of the chain (Apolinário et al. 
2014). The microbial exoinulinases have been used for 
the production of high-fructose syrups while the endoi
nulinases have been proposed as the most promising 
approach for the generation of oligosaccharides with 
added value (Paixão et al. 2013). 

23.3.6 Pectic Oligosaccharides (POS) 

Pectic oligosaccharides (POS) are a new class of pre
biotics which result from the hydrolysis of pectin obtained 
from pectin-rich products such as apple pomace or citrus 
peel. Structurally, POS are oligomers substituted or not, 
including oligogalacturonides (OGalA), galactooligosac
charides (GalOS), arabinooligosaccharides (AraOS), 
rhamnogalacturonoligosaccharides (RhaGalAOS), xyloo
ligogalacturonides (XylOGalA) and arabinogalactooligo
saccharides (AraGalOS), and are considered as novel 
candidate prebiotics due to their industrial potential 
(Gullón et al. 2013). They are produced by enzymatic, 
chemical or combined methods. For example, Manderson 
et al. (2005) obtained POS from orange albedo by a 
chemical method utilizing HNO3, whereas Mandalari 
et al. (2007) used pectynolitic enzymes for the POS 
production from bergamot peel. More recently, Martínez-
Sabajanes et al. (2012) studied the production of POS 
from orange peel waste by enzymatic hydrolysis. 

As well as prebiotic effects, POS have other beneficial 
properties such as antibacterial agents and stimulation of 
apoptosis in human colonic adenocarcinoma (Collins & 
Rastrall 2008). 

23.4	 Other Enzymes used for the 
Biosynthesis of Oligosaccharides 

23.4.1 Glycosidases (GH) 

Glycosidases or glycoside hydrolases are enzymes that have 
been extensively studied for the production of oligo- or 
polysaccharides. These enzymes are degrading catalysts 
responsible for the hydrolysis of glycosidic bonds, are stable 
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enzymes, easy to produce and their hydrolytic reaction can be 
reversed under certain conditions (Faijes & Planas 2007). 
Glycosidases are less specific in their capacity to catalyse 
certaincleavagescomparedwithglycosyltransferases;GHare 
also available from a larger number of sources such as micro
organism, plant and animal cells (Playne & Crittenden 2009). 

23.4.2 Glycosyltransferases (GTs) 

Glycosyltransferase enzymes are also used for the produc
tion of oligosaccharides, glycoconjugates and their ana
logues. These enzymes catalyse the formation of glycosidic 
bonds by the transfer of a saccharide, in particular, a 
monosaccharide from a donor substrate to an acceptor 
substrate (Palcic 2011). Glycosyltransferases have been 
classified into different families on the basis of the active 
molecule which acts as donor, the type of saccharide 
that transfers and whether the enzyme forms an α- or  
β-glycosidic bond (Keegstra & Raikhel 2001). However, 
the instability of GTs as synthetic agents has led some 
studies to evaluate immobilized GTs for oligosaccharides 
biosynthesis (Playne & Crittenden 2009). 

23.5	 Microbial Production of Prebiotic 
Oligosaccharides 

Extensive research on microbial production of oligosac
charides, related to the value of these compounds for their 
biological properties (particularly their prebiotic effects), 
has been published. For example, β-galactosidases from 
fungal species such as Aspergillus niger and Aspergillus 
oryzae are used for the production of galactooligosacchar
ides (Playne & Crittenden 2009). On the other hand, 
Kluyveromyces lactis produces β-galactosidase for the pro
duction of galactooligosaccharides. This mesophile yeast 
has been studied due to its preferential dairy growth 
environment and the good hydrolysis activity of lactose 
(Park & Oh 2010). Barthomeuf & Pourrat (1995) evaluated 
the production of fructooligosaccharides from sucrose by 
Penicillum rugulosum, demonstrating that the crude 
enzyme extract acts as a mixed system of fructosyltransfer
ase and glycosidases. 
Production of inulooligosaccharides from inulin by 

Escherichia coli recombinant was reported by Yun 
et al. (1999) using an inulinase gene (inu1) of Psuedo
monas sp. Recently, Sathish & Prakasham (2013) inves
tigated the production of fructosyltransferase and 
fructooligosaccharides by Aspergillus awamori GHRTS 
using organic solid substrates such as rice bran and 

corncobs. Other species have been reported for the pro
duction of oligosaccharides such as Aerobasidium pollu
lans, Fusarium oxysporium, Phytophthora parasitica, 
Claviceps purpurea, Scopulariopsis sp. and Saccharomy
ces cerevisiae and different species of the genus Asper
gillus (Mutanda et al. 2014). 

23.6	 Yeast Strains used in 
Galactooligosaccharide Production 
from Lactose 

Some yeasts have been used for the microbial production of 
oligosaccharides; however, more often fungi and bacteria 
are employed. Enzymes such as β-galactosidase (also 
known as lactase or β-D-galactoside galactohydrolase) 
are responsible for catalysing the hydrolysis of the β-D
galactoside linkage to D-glucose and D-galactose followed 
by transgalactosylation of galactooligosaccharides. Lactose 
in this reaction is a substrate which serves both as a 
galactosyl donor and acceptor to yield di-, tri- or higher 
oligosaccharides (Kim et al. 2001). 
Cho et al. (2003) purified and characterized a β-galacto

sidase, produced by the yeast Bullera singularis, using a 
crude extract which has shown high transgalactosylation 
activity resulting in the galactooligosaccharide conversion 
of over 34% using lactose as substrate. On the other hand, 
Onishi et al. (1995) studied the production of galactooli
gosaccharides from lactose using bacteria and yeasts. The 
best results were found with Sterigmatomyces elviae 
CBS8119, Rhodotorula minuta IFO879 and Sirobasidium 
magnum CBS6803, which were shown to be efficient 
producers of Gal-OS from lactose. 

Recently, Fai et al. (2014) evaluated the production 
of galactooligosaccharides from lactose by Pseudozyma 
tsukubaensis and Pichia kluyveri, obtaining yields of 
14–15% (w/w) with a solution of 40% lactose. 

23.7	 Analysis of Oligosaccharides 

23.7.1 Thin-Layer Chromatography (TLC) 

This is a classic simple technique for the analysis of oligo
saccharides that has been utilized by several authors (e.g. 
Reifová et al. 2003; Reifová & Nemcová 2006). TLC is a 
type of chromatography involving the use of a solvent 
mixture and glass-backed TLC plates. Compared to HPLC 
and GC, TLC has the advantages of simple sample prepara
tion, low cost, analysis of many samples from a single plate 
and analysis of crude samples (Reifová & Nemcová 2006). 
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23.7.2	 High-Performance Liquid 
Chromatography (HPLC) 

HPLC is widely used for the detection and quantification of 
several class of compounds. Oligosaccharides have also been 
analysed by this methodology, using a different column as 
stationary phase such as alkyl-bonded silica phases (C18), 
aminoalkyl-bonded silica gel phases, cyclodextrin-bonded 
phases, anion-exchange phases and size-exclusion phases. 
On the other hand, detectors used in HPLC for the identifi
cation and quantification of oligosaccharides are refractive 
index (RI) detectors because sugar itself does not contain a 
special chromophore of fluorophore (Sanz et al. 2009). 
HPLC is a methodology with certain sample preparation 
protocols to eliminate impurities as a filtration, for example 
using 0.45 μm nylon  filters. Compared to other methods, 
HLPC is a sensitive, efficient and fast technique. 

23.7.3	 Gas Chromatography (GC) 

Gas chromatography is applicable to the determination of 
sugars after an initial step of derivatization due to the polar 
structure. The most-used derivatization process is silylation 
using bis (trimethylsilyl) trifluoroacetamide (BSTFA), 
which produces multiple derivatives for sugar compounds 
with aldehyde and -OH groups from unwanted silylation 
of the aldehyde group (Wan & Yu 2006). This technique 
uses a capillary column that improves the resolution, 
reducing analysis time. Dimensions of capillary columns 
employed for sugar GC analysis can vary over the range 
1–50 m in length, 0.1–05 mm in diameter and 0.02–2 μm 
with flame ionization detection (FID) (Sanz et al. 2009). 

23.7.4	 Liquid Chromatography Mass 
Spectrometry (LC-MS) 

Liquid chromatography mass spectrometry is also a sensi
tive method for sugar determination. The LC-MS system 
consists of a separation of the compounds via liquid 
chromatography, using a column for separation such as 
Prevail carbohydrate ES packed with 5 μm spherical poly
mer beads coated with amino-based proprietary bonding 
material. In the second step, the analytes are determined by 
electrospray ionization mass spectrometry (ESI-MS) in 
positive or negative mode (Wan & Yu 2006). 

23.7.5	 MALDI-TOF-MS Analysis 

MALDI-TOF-MS is a versatile and sensitive tool used for 
the characterization of sugars such as oligosaccharides. 
This technique allows the determination of the molecular 

mass, giving the maximum DP, linkages and branching 
for the sugars present in the mixture. The derivatization 
process for oligosaccharides has been developed with the 
aim of increasing the sensitivity of MALDI-MS analysis. 
Matamoros et al. (2007) determined the characterization of 
oligosaccharides present in an enzyme-treated industrial 
fermentation residue using MALDI-TOF-MS, resulting in 
identification of molecular ions corresponding to sodiated 
hexose and pentose oligo/polysaccharides. 

23.8	 New Approaches for Purification 
of Oligosaccharides 

Purification of oligosaccharides is an important stage in their 
commercialization or application. Today, various techniques 
such as liquid chromatography or filtration with membranes 
have been used. The following sections describe some 
procedures for the purification of oligosaccharides. 

23.8.1	 Gel Chromatography 

Gel chromatography is a methodology used for the puri
fication of many compounds such as oligosaccharides. 
Many types of chromatographic packings such as Bio-gel 
P2, Superdex 30, Shepadex G-10 and G-25 have been 
used in technique. Shepadex LH-20 has been less used, 
however; Mei et al. (2013) were first to publish results 
of the purification of neoagarooligosaccharides using 
a column Shepadex LH-20, finding two kinds of oligosac
charides. 

23.8.2	 Ethanol Precipitation 

Ethanol precipitation is an interesting methodology for the 
purification of bioactive compounds such as oligosacchar
ides. This simple methodology involved the use of ethanol 
at various concentrations, using various temperatures of 
incubation (Swennen et al. 2005). 
Sen et al. (2011) purified galactooligosaccharides 

through precipitation with ethanol at various concentra
tions; ethanol solutions of 90% concentration were found to 
induce the precipitation of the saccharides. 

23.8.3	 Membrane-Based Techniques 

Membrane technology is a strategy for the purification of 
molecules and has advantages including low-energy 
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requirements, easy scale-up and easy modification of the 
operational variables (Pinelo et al. 2009). The general 
principle is based on the selective permeability of the 
membrane to allow the substances of interest penetrate 
through the membrane, while unwanted compounds are 
normally rejected (Li & Chase 2010). 

23.8.4 Nanofiltration 

Nanofiltration is a procedure of purification and concentra
tion of products through membranes. This process is widely 
used in food processing applications because it provides 
purities of 85–90%, depending on the compound of inter
est. Kuhn et al. (2010) studied the process of purification of 
fructooligosaccharides by nanofiltration in two stages – 
diafiltration and nanofiltration – obtaining purities of 90% 
with yields of 80%. 

23.8.5 Electrofiltration 

Electrofiltration is a recent procedure that uses electric 
fields in the membrane to lower the concentration polar
ization. This technique provides a new alternative for 
the fractionation of certain sugars, particularly pectins 
because charge density and distribution can be quickly 
modified by enzymatic and chemical process (Pinelo 
et al. 2009). 

23.8.6 Ultrafiltration 

Ultrafiltration is other procedure based on size exclusion to 
separate molecules according to their molecular weight. In the 
ultrafiltration process, membranes such as MWCO (molecular 
weight cut-off) polyethersulphone (PES) may be used for the 
concentrationandpurificationofmolecules(Li&Chase2010). 
Thistypeoftechniqueissuitableforseparatingmacromolecules 
in terms of relative molecular weight, ranging from several 
hundred to several thousand grams per mole, corresponding to 
molecular size of nano- to micrometres (Li & Chasse 2010). 

23.9	 Emerging Trends in the Production 
of Novel Oligosaccharides 

The interest in developing novel forms of oligosaccharides 
has been increasing as a result of their huge potential as 
prebiotic molecules. Other emerging oligosaccharides such 
as gentiooligosaccharides (GeOS) and glucooligosacchar
ides (GlcOS) (see following sections) have been described 
as important prebiotics. 

23.9.1 Gentiooligosaccharides (GeOS) 

These are composed of β-(1-6) linked D-glucose units and are 
produced commercially by Nippon Shokuhin Kako in Japan 
(Collins & Rastall 2008). Gentiooligosaccharides have been 
identified as prebiotic molecules, showing bifidogenetic activ
ity which allows the production of the highest levels of SCFA 
(Collins & Rastall 2008; Fujimoto et al. 2009). They have been 
obtained from partial hydrolysis of the lichen polysaccharide 
pustulan but with low yields (Fujimoto et al. 2009); further 
research on these compounds is therefore necessary. 

23.9.2 Glucooligosaccharides (GluOS) 

These are derived from maltodextrins by dextran dextrinase 
enzymes through Gluconobacter oxydans (Collins & Rastall 
2008). Other bacterium such as Lactobacillus, Leuconostoc, 
Streptococcus, Pediococcus and Weissella also produce 
extracellular α-glucooligosaccharides (Shukla et al. 2014). 
Glucooligosaccharides have in their structure glucose residues 
linked by glycosidic bonds and have demonstrated potential 
prebiotic activity (Grimoud et al. 2010). 

23.10 Concluding Remarks 

Oligosaccharides are important prebiotics with several appli
cations in areas including foods, pharmacy and agriculture. In 
this chapter we have reviewed the biosynthesis of oligosac
charides formed by microbial or vegetal enzymes, including 
some mechanisms of product formation. In addition, func
tional properties of oligosaccharides are included in this 
chapter. Some analytical techniques for the determination 
of oligosaccharides as well as purification methods have also 
been described. 
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24.1 Introduction 

Extensive efforts to exploit waste biomass from the food 
industry, forestry or agricultural production through bio
refinery approaches are currently underway in order to 
recover or produce added-value products such as biofuels, 
single-cell protein (SCP), enzymes, enriched animal feeds 
and feed additives, functional food and feed ingredients and 
a variety of platform or specialty chemicals. Specifically, 
the production of carbohydrates as platform molecules is a 
main goal of the so-called ‘green biorefinery’, which is 
based on the utilization of grass or green crops (Fischer & 
Bipp 2005). Regarding food industry wastes, the interest 
has mainly been in bioconversion of the dairy (cheese 
whey), sugar (molasses) and brewing industry wastes 
(mainly spent grains), as well as vegetable and fruit proc
essing wastes (mainly potato and citrus) (Buschke et al. 
2013; ElMekawy et al. 2013; Kosseva 2013; Aggelopoulos 
et al. 2014). Brewery solid wastes include brewer’s spent 
grains (BSG), spent malt rootlets (BSR), spent hops (BSH) 
and spent brewer’s yeast (BSY). These wastes, like most 
industrial food processing wastes, are materials rich in fibre 
and carbohydrates, proteins, vitamins, bioactive com
pounds, minerals, etc. (Santos et al. 2003; Mussato et al. 
2006; Aliyu & Bala 2011; Kosseva 2013). 

Their direct use without pre-treatment is mainly limited 
to animal feed, compost/fertilizer and combustion-fuel 
uses, and their disposal is a considerable source of environ
mental pollution due to their high organic load. On the other 
hand, biotechnological or chemical treatments can facilitate 
the recovery or conversion to useful value-added products, 
such as: (1) hexose and pentose sugars by chemical, 
microbial or enzyme hydrolysis for use as platform mol
ecules for other bioconversions; (2) organic compounds by 
recovery or fermentation (e.g. alcohols, organic acids, 
phenolics, fibre, etc.); (3) SCP and protein-rich animal 
feeds employing various types of microorganisms (e.g. 
cellulose, hemicellulose, lignin and starch degrading); (4) 
functional food and feed ingredients, additives and bio
active compounds (e.g. fieer, protein-rich hydrolysates, 
anti-oxidant phenolics, etc.); (5) second-generation biofues 
(biogas, bioethanol, biohydrogen) by physicochemical or 
microbial fermentation treatments; and (6) biopolymers 
(e.g. polyhydroxyalkanoates, polylactic acid, etc.). 
Bioconversion of brewery wastes may include direct 

fermentation (submerged or solid state) by suitable micro
organisms able to degrade macromolecules such as cellu
lose, hemicellulases and lignin, or fermentation of 
oligomers and monomers released after chemical or enzy
matic hydrolysis. The hydrolysates can be used with or 
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without detoxification to remove inhibitory byproducts for cosmetics, pharmaceuticals., etc., as summarized in 
the subsequent bioconversion treatment. Specific compo- Table 24.1. 
nents of brewery wastes can also be recovered by chemical Solid-state fermentation (SSF), defined as the bioprocess 
or biological methods and then be biotransformed into carried out in the absence or near-absence of free water, has 
high-value functional ingredients for foods, animal feeds, gained significant attention for the development of 

Table 24.1 Potential application of brewery wastes and byproducts in biotechnological processes. 

Brewery waste or 
byproduct Application Reference 

BSG and BSY 

BSG, BSR, barley 
husks and their 
hydrolysates 

BSG 

BSG 

BSG and BSR 

BSG, BSH and beer 
clarification 
sludges 

BSG 

Blends of brewery 
wastes 

Blends of brewery 
wastes 

BSG, BSR and their 
biochars 

BSG and BSR 

BSH 
BSH 

BSH 

BSH 

High protein or dietary fibre food or animal feed 
ingredients 

Fermentation by selected microorganisms for SCP, 
fat and volatile compounds production 

Hydrolysis for xylooligosaccharides production for 
use as active functional food ingredients 

Recovery of lignin-rich fraction for use as potential 
prebiotic feed ingredient 

Fermentation by selected microorganisms for 
drinkable liquid products or food ingredients 
rich in nutraceuticals 

Recovery (enzymatic release or extraction) of 
phenolic-rich extracts for use as functional food 
ingredients (antimicrobial, anti-oxidant, anti
inflammatory) 

Enzymatic hydrolysis for the production of high-
value protein hydrolysates as food ingredients 
with bioactive properties 

Fermentation by selected species for organic acids 
production (citric, lactic, succinic acid, fatty 
acids, etc.) 

Fermentation by selected species for microbial 
polymers production (e.g. PHAs) 

Use as biosorbent materials for radionuclides, 
heavy metals and other environmental 
pollutants 

Development of immobilized cell biocatalysts 
suitable for fermentation processes (alcoholic, 
lactic acid, etc.) 

Extraction of pectins 
Extraction of individual bitter acids, anthocyanins 

and polyphenols for use as anti-oxidant, 
antimicrobial and flavouring food additives 

Use as antimicrobial ingredients against animal 
rumen bacteria to prevent nutrient amino acid 
catabolism 

Use of hop acids as natural antibacterials during 
alcoholic fermentation processes 

Lee 2002; Li & Gatlin 2003; Cheng et al. 2004; 
Pavasovic et al. 2007; Fu et al. 2010; 
Jarmolowicz et al. 2012, 2013; Choi et al. 2014; 
Guo et al. 2014; Reis & Abu-Ghannam 2014 

Bekatorou et al. 2007; Duarte et al. 2008; 
Aggelopoulos et al. 2013, 2014; Ecaterina et al. 
2014 

Moure et al. 2006 

Niemi et al. 2013 

Gupta et al. 2013; Waters et al. 2013 

Xiros et al. 2009; McCarthy et al. 2012, 2013a, 
2014; Moreira et al. 2013; Barbosa-Pereira et al. 
2014a, b 

Kotlar et al. 2011, 2013; Connolly et al. 2014 

Soccol et al. 2006; Mussatto et al. 2007, 2008; 
Jacobs et al. 2009; Jiang et al. 2010; Quilodran 
et al. 2010; Dhillon et al. 2013; Rezanka et al. 
2013; Ryu et al. 2013 

Yu et al. 1998, 1999; Liu et al. 2011 

Safarik et al. 2011; Anagnostopoulos et al. 2012; 
Chanzu et al. 2012; Anagnostopoulos & 
Symeopoulos 2013; Valili et al. 2013; Boutsika 
et al. 2014 

Branyik et al. 2006; Kopsahelis et al. 2007a, b, 
2012; Mallouchos et al. 2007; Plessas et al. 2007; 
Dragone et al. 2008; Mohammadi et al. 2011; 
Tsaousi et al. 2011; Soupioni et al. 2013 

Oosterveld et al. 2002 
Baranowski et al. 2009; Goiris et al. 2014; 

Flythe 2009 

Ruckle & Senn 2006 
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Table 24.1 (Continued) 

Brewery waste or 
byproduct Application Reference 

BSH Biotransformation of individual phenolic Jacob et al. 2011; Poplonski et al. 2013; Stompor 
compounds using suitable microorganisms into et al. 2013; Tronina et al. 2013a, b, 2014 
derivatives with increased bioactive properties 

BSY Isolation of insoluble β-glucans as functional food Waszkiewicz-Robak & Bartnikowska 2009 
ingredients to correct disorders of lipid 
metabolism 

BSY and BSR Extraction and enzyme hydrolysis of RNA to Chae et al. 2001; Sombutyanuchit et al. 2001; 
produce flavour-enhancing 5´ -ribonucleotides Beluhan & Maric 2011; Vieira et al. 2013 

BSY Production of yeast extracts for use as nutrient Lapsongphon et al. 2013; Kawa-Rygielska & 
sources in microbial growth or enzyme Pietrzak 2014 
production media, or to increase the 
productivity of high-gravity ethanol fermentation 
processes 

industrial bioprocesses for microbial cultivation and prod
ucts development. The main advantages of SSF are the 
lower energy requirements due to higher product yields and 
less wastewater generation, lower risk of contamination and 
utilization of mainly agro-industrial residues (Thomas et al. 
2013). The substrates used in SSF, such as the brewery 
wastes, are greatly heterogeneous in composition and 
physicochemical and mechanical properties, which affect 
the overall process design. During the last years, however, 
there have been significant developments in industrial SSF 
processes. 

Alternative applications for utilization of the solid brew
ery wastes include: (7) the preparation of biosorbent mate
rials for environmental clean-up uses; and (8) the 
development of biocatalysts based on immobilized cells 
for use in alcoholic and lactic acid fermentation processes 
(brewing, winemaking, bread-making), leading to 
increased fermentation productivity, feasibility of continu
ous processing and improvement of product quality. Some 
of the above applications, excluding the advances on pre
treatment for fermentable sugar and biofuel production 
from waste biomass (which has been extensively reviewed 
in the recent literature, e.g. Chandra et al. 2012; Chiara
monti et al. 2012; Galbe & Zacchi 2012; Hasunuma et al. 
2013), are highlighted and discussed in this chapter. 

24.2	 Generation and Physicochemical 
Characteristics of Brewery Solid 
Wastes 

Barley (Hordeum vulgare L.) is one of the most produced 
and cultivated cereals worldwide. It is conventionally used 

for animal fodder (66%) or malted for brewing (33%) and 
food applications (2%) (Waters et al. 2013). In brewing, 
malting involves three stages: steeping of barley grains, 
germination to produce the ‘green malt’ and kilning to 
produce malt. The malt is then milled or crushed and used in 
the next stages of brewing, which in brief are: (1) the 
mashing stage where the milled malt (grist) is mixed with 
water and heated at various time/temperature protocols to 
hydrolyse starch into fermentable sugar; (2) the lautering 
stage where the wort is separated from the mash; (3) the 
boiling stage, where hops are added to add flavour and 
bitterness to the wort, deactivate enzymes and sterilize the 
wort, and finally; (4) the fermentation stage where the wort 
is fermented by suitable brewer’s yeasts (Saccharomyces 
species). During the above stages of brewing, a relatively 
large amount of byproducts and wastes are generated as 
shown in Figure 24.1 and Table 24.1, the major of which 
are the spent grains (BSG), spent rootlets (BSR), spent hops 
(BSH) and spent yeast (BSY). 
BSG is the most abundant brewing waste byproduct, 

accounting for about 85% of the total byproducts generated 
and approximately 30% (w/w) of the starting malted grain 
(Robertson et al. 2010; Mussatto et al. 2013). BSG repre
sents a readily available, high-volume and low-cost byprod
uct of the food industry. Their chemical composition varies 
according to barley variety, harvest time, malting and 
mashing conditions, and includes considerable amounts 
of fibre, protein, cellulose, lignin, starch, lipids and pheno
lic compounds. The chemical composition of fresh BSG 
from a range of ten different breweries is shown in 
Table 24.2 (Robertson et al. 2010). Several other works 
include data on the chemical composition of BSG, report
ing similar values in some components such as protein but 



398 Advances in Food Biotechnology 

Figure 24.1 Generation of solid brewery wastes. 

varying amounts of others such as polyphenols (Hough 
et al. 1982; Santos et al. 2003; Mussatto et al. 2006; 
Aliyu & Bala 2011). Although recovery of specific com
ponents is difficult, BSG are still a more valuable raw 
material for industrial exploitation than their general use as 
animal feed (Robertson et al. 2010). 

Table 24.2 Chemical composition of fresh BSG from a range 
of ten different breweries (according to Robertson et al. 
2010); dwt: dry weight. 

Component Concentration 

Moisture 75–80% 
Alcohol-insoluble residue (AIR) 705–820 mg g�1 BSG (dwt) 
Total polysaccharides 345–433 mg g�1 BSG (dwt) 
Protein 103–240 mg g�1 BSG (dwt) 
Klason lignin 126–172 mg g�1 BSG (dwt) 
Cellulose (total glucan) 19.7% of BSG (dwt) 
Total starch 16–130 mg g�1 BSG (dwt) 
Mixed linkage β-glucan 4–11 mg g�1 BSG (dwt) 
Xylose 144–202 mg g�1 AIR 
Arabinose 74–92 mg g�1 AIR 
Glucose 137–238 mg g�1 AIR 
Bound phenolics 7–11 mg g�1 BSG (dwt) 
Alkali-extractable phenolic acids 8–13 mg g�1 AIR 
Coumaric acid 1.3–3.2 mg g�1 AIR 
Ferulic acid 3.8–6.7 mg g�1 AIR 
8-O-4´ -Diferulic acid 1.2–2.0 mg g�1 AIR 

BSY biomass (Saccharomyces yeasts) is the second 
major byproduct of the brewing industry. The brewer’s 
yeasts are conventionally divided into two main categories 
– the bottom-fermenting and top-fermenting yeasts – and 
the produced beers are also classified according to the type 
of yeast used in lager and ale beers, respectively. Lager 
brewing is the most widespread worldwide, producing an 
average of 2 kg of yeast biomass per 1000 L of final 
product. BSY accounts for about 1.5–2.5% of the total 
beer production and usually has 10–14% total solids, 
including yeast, beer and trub solids. BSY can also be 
exploited as raw material for various products of added 
value; however, it is still underutilized mostly as animal 
feed (Ferreira et al. 2010). 
BSR are produced after the malting stage, where the 

sprouted green malt grains are cleaned, removing the 
protein and fibre-rich rootlets which are primarily used 
as animal feed (Waters et al. 2013) (Fig. 24.2). The 
proximate analysis of BSR has not been reported by 
many authors. According to Waters et al., BSR contains 
(dry weight) about 37% w/w total protein (Kjeldhal 
method), 102 mg L�1 total polyphenols (as gallic acid 
equivalents; Folin Ciocalteu method) and 43% w/w total 
fibre (of which 14% was arabinoxylan) (Waters et al. 2013). 
Salama et al. determined (w/w) 12.6% moisture, 32% crude 
protein, 10.7% crude fibre and 0.35% polyphenols in 
rootlets separated from other components of malt sprouts 
by sieving (Salama et al. 1997). The nutritive value of BSR 
shows potential for utilization as an inexpensive substrate 
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Figure 24.2 Brewer’s spent rootlets with husks (kindly pro
vided by the Athenian Brewery SA, Patras, Greece). 

to enrich foods with protein or fibre, as a functional 
ingredient in food production or as a fermentation substrate. 

Finally, BSH is another important byproduct of the 
brewing industry, mainly used as fertilizer. To increase 
the value of BSH, the hop processing industries are seeking 
alternative ways for its exploitation, mainly the recovery of 
bioactive compounds such as anti-oxidant polyphenols or 
the biotechnological conversion of hop components to 
more bioactive components (Oosterveld et al. 2002). Spent 
hops contain (% w/w) about 25% dry matter, 17% crude 
protein, 24% crude fibre and 6% oil (Hough et al. 1982). 

24.3	 Value-Added Bio-Products from 
Brewery Solid Wastes 

24.3.1 SCP and Enriched Animal Feeds 

The advantages of microbial SCP production over conven
tional sources of protein are mainly the high protein content 
and rapid cell growth. Among microbial species, the use of 
fungi (especially yeasts) for SCP production is more con
venient, as they can be easily grown on cheap raw materials, 
they can be easily harvested and they contain lower 
amounts of nucleic acids than bacteria (Bekatorou et al. 
2006). Although non-treated BSG contain considerable 
amounts of nutrients, they are usually disposed of as 
low-cost animal feed or fertilizer or are discarded to the 
environment (Mussato et al. 2006; Aliyu & Bala 2011; 
Kosseva 2013; Mussatto, 2014). Regarding BSR however, 
there are limited references to their uses although their 
composition shows potential for nutritious animal feed 
production: they are rich in calcium, protein and fibre, 
contain low amounts of phytic acid and have certain 

anti-oxidant properties (Salama et al. 1997; Bonnely 
et al. 2000; Waters et al. 2013). Both waste streams can 
be treated by various microorganisms such as yeasts, 
bacteria and fungi, with cellulolytic, amylolytic or ligni
nolytic properties, to produce protein-enriched animal feeds 
(Barbesgaard et al. 1992; Bekatorou et al. 2007; Rasmus
sen et al. 2014). 
The most common example of SCP is Torula yeast 

(Candida utilis) which has been used commercially for 
more than 60 years as a nutritional supplement in animal 
feeds and is traditionally cultivated in substrates containing 
brewing byproducts, among other ingredients (Bekatorou 
et al. 2006). Torula yeast is a highly nutritious food, con
taining more than 50% of high-biological-value protein, and 
it can also be used as a food additive in many processed, 
vegetarian and diet foods (Bekatorou et al. 2006). The 
production of fodder Candida yeasts (C. utilis and C. 
arboreea), able to utilize a wide variety of carbon sources 
including pentose sugars, was recently evaluated using 
hydrolysed barley husks as substrate. Under optimum 
conditions, an average protein content of about 50% 
(w/w dry matter) was obtained (Ecaterina et al. 2014). 
Non-conventional yeasts that have been evaluated for 
SCP and yeast extract production include the pentose-
assimilating yeasts, Debaryomyces hansenii, Kluyverom
yses marxianus and Pichia stipitis. These yeasts were 
grown on non-detoxified BSG hydrolysate supplemented 
with mineral nutrients. Among them the best cell mass 
yield, with considerable amounts of essential amino acids 
and a high ratio of unsaturated oversaturated fatty acids, 
was achieved by D. hansenii (Duarte et al. 2008). 
Growth of selected food-grade yeasts of industrial inter

est (Saccharomyces cerevisiae, K. marxianus) and the 
natural mixed culture kefir (consisting of yeasts and bacte
ria) was also recently investigated by SSF of BSG and BSR 
mixed with other food industry wastes (orange and potato 
pulp, whey and molasses; (Aggelopoulos et al. 2013, 
2014). The fermented products were found to contain 
high amounts of crude protein and lipids (e.g. a sum of 
59.2% w/w decimetre for K. marxianus). The formation of 
high amounts of volatile compounds such as e-pinene was 
also observed in the SSF product of kefir, at a yield 
estimated as 4 kg t�1 of product. A preliminary design of 
a biorefinery-type process flow sheet and its economic 
analysis indicated potential use of such low-cost wastes 
for enriched livestock feeds, added-value production and 
waste minimization (Aggelopoulos et al. 2014). 
Strains of Aspergillus oryzae and A. awamori have been 

widely used for conversion of starchy substrates for protein 
or enzyme production, as well as for waste treatment, 
animal feed enrichment or improvement (e.g. reduction 
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of phytates or due to probiotic properties), in various types 
of processes such as SSF or submerged fermentation 
(Bekatorou et al. 2007; Singh 2013; Ichinose et al. 
2014). On the other hand, white-rot fungi, which can 
depolymerize lignin leaving cellulose untouched, are 
used in various industrial processes but their use for animal 
feed production is limited (Bekatorou et al. 2007; 
Ruqayyah et al. 2013; Raghuwanshi et al. 2014). In a 
previous study, A. oryzae, A. awamori and P. chrysospo
rium were used to upgrade BSG and BSR and their 
mixtures with molasses, citrus and potato wastes for 
SCP production. Proposed applications of the fermented 
substrates were use as protein-enriched animal feeds or as 
media for the propagation of brewer’s yeast in the brewery 
industry (Bekatorou et al. 2007). To conclude, direct 
utilization of BSG and BSR for SCP production, as high
lighted in relevant studies, requires fortification with other 
carbohydrate-containing materials; otherwise, hydrolytic 
pre-treatment is needed to produce fermentable sugars, 
followed by fermentation with suitable microorganisms 
able to metabolize a variety of carbon sources (hexoses 
and pentoses). 
BSY is the second major byproduct of the brewing 

industry and, although it can be utilized as a multi-purpose 
raw material, it is mainly used as animal feed. The current 
and potential applications of BSY, including its use in 
human and animal nutrition, have been recently reviewed 
(Ferreira et al. 2010). Regarding its use as animal feed, 
BSY has been mainly evaluated as an ingredient in 
suitable reference diets for fish. For example, BSG and 
BSY were evaluated as ingredients in fish diets and were 
found to affect the apparent digestibility coefficients 
(ADCs) of dry matter but not of protein or amino acids. 
BSY had higher protein content than BSG, but the ADCs 
for protein and amino acids were significantly lower 
(Cheng et al. 2004). 
In the same manner, the potential use of BSY and other 

plant-based ingredients in dietary formulations for redclaw 
crayfish was evaluated and compared. Significantly high 
ADC values, carbohydrase and lipase activities were 
recorded in individuals fed plant-based diets than in those 
fed animal-based diets. Based on these observations, it was 
concluded that redclaw have the capacity to successfully 
utilize nutrients from a broad range of dietary ingredients 
including BSY in their diet (Pavasovic et al. 2007). 
ADCs of dry matter, crude protein, energy and amino 

acids in BSY were determined for juvenile and grower 
rockfish using a reference diet and test diets that contained 
BSY. Apparent energy, dry matter and protein digestibility 
decreased as nitrogen-free extract or fibre contents of the 
tested ingredients increased (Lee 2002). 

Different feeding trials were also conducted to evaluate 
the addition of dried BSY in the diet of hybrid striped bass, 
with/without additions of fish meal and oil to provide 
isonitrogenous and isolipidic diets. Based on the results 
of this study, it was concluded that BSY positively influ
enced the growth performance of the fish as well as 
resistance to Streptococcus iniae infection. In addition, 
the results of immune response assays demonstrated that 
BSY can be administered for relatively long periods with
out causing immunosuppression (Li & Gatlin 2003). 
A study was also conducted to assess the effects of 

dietary commercial inactive BSY Saccharomyces cerevi
siae var. ellipsoideus on the growth, survival and bio
chemical parameters of juvenile beluga sturgeon. The 
results indicated that dietary supplementation of 2% 
BSY significantly improved weight gain, growth rate 
and feed conversion, and modulated the intestinal micro-
biota of the fish without impacting the basic haematological 
parameters assessed. Low levels of BSY addition could 
therefore be used as growth promoter for this fish (Hosei
nifar et al. 2011). 
Finally, jvenile European pikeperch (Sander lucioperca) 

were fed supplemented feed with nucleotide-rich BSY 
extract. It was found that supplementation with the BSY 
extract enhanced innate immunity, stimulated non-specific 
cellular defence mechanisms and reduced mortality against 
pathogens, without affecting the growth or proximate 
composition of the fish (Jarmolowicz et al. 2012, 2013). 
To conclude, SCP and microbial extracts are the two 

main products that can be produced using brewery wastes 
as sole carbon sources or mixed with other carbohydrate-
containing substrates. These products have many applica
tions, ranging from use as food and feed supplements to 
microbiology media and pharmaceuticals, but these appli
cations are limited by their high production costs. Most 
scientific research has therefore focused on the develop
ment of low-cost and high-efficiency processes involving 
cheap raw materials, suitable microorganisms and process 
designs for improved fermentation rates, and higher yields 
and conversion of the substrates to a variety of products in a 
biorefinery manner (Duarte et al. 2008; Aggelopoulos et al. 
2014). 

24.3.2 Functional Food Ingredients 

24.3.2.1 Dietary Fibre 

Cereal products are consumed daily worldwide and the 
food industry has focused on increasing their nutritional 
value, especially their dietary fibre contents. As new sour
ces of fibre become available and consumers move towards 
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healthier diets, research on the use of fibre as a functional 
ingredient in baking is becoming more extensive (Kteniou
daki & Gallagher 2012). Most of the relevant and recent 
research efforts have described the incorporation of fibre-
rich materials, mainly agro-industrial wastes and byprod
ucts. In particular, the incorporation of barley into the 
human diet has recently received attention because it is 
an excellent source of dietary fibre, particularly β-glucan 
which is a soluble fibre with recognized health benefits 
(Waters et al. 2013). Barley rootlets also contribute protein 
and various other bioactive ingredients to the diet; their 
incorporation into a staple food product such as bread could 
therefore increase the protein content of poor flours and the 
nutritional value of the final products. For example, when 
BSR fermented with Lactobacillus plantarum were incor
porated as ingredient in wheat bread, they contributed 
nutrients and bioactive compounds including proteins, 
amino acids (especially lysine), fatty acids, carbohydrates, 
dietary fibre, polyphenols and minerals (Waters et al. 
2013). The prepared breads had comparable quality with 
wholemeal breads, showing that BSR offer a good potential 
dietary fibre source and their use as a food ingredient can 
add value to the brewing byproduct market. 

BSG also contain a number of potentially high-value 
components such as insoluble dietary fibre (IDF). Fu et al. 
found significant differences in the in vitro water-holding 
capacity, swelling capacity, oil-holding capacity and bile 
salts binding of BSG of different IDFs extracted from BSG 
by alkaline or enzymatic hydrolysis. IDF extracted by 
enzymatic hydrolysis presented higher bile salts binding; 
it could therefore be used as a food additive in functional 
foods to lower cholesterol and influence lipid metabolism 
(Fu et al. 2010). Extruded snacks and breadsticks were also 
formulated with increasing levels of BSG, leading to 
increased levels of phenolics, anti-oxidant capacity and 
arabinoxylan contents, while the glycaemic response 
decreased (Reis & Abu-Ghannam 2014). BSG could there
fore be incorporated as a functional ingredient in the 
formulation of extruded products richer in anti-oxidants 
and fibre and with low glycaemic index. 

To exploit the nutritional and economic value of BSG 
derived from the production of turbid beer, a BSG-enriched 
biscuit formula was proposed (Guo et al. 2014). The use of 
wheat malt (40%) in turbid beer production leads to BSG 
with higher amounts of protein and dietary fibre. The results 
showed that the incorporation of BSG significantly affected 
alkalinity, colour and sensory properties of the product. The 
BSG biscuits tended to have lower alkalinity and hardness, 
higher bulk density, protein and sensory evaluation scores 
compared to the control samples, and had a fragrant wheat 
smell and a chocolate appearance. A BSG and pork back fat 

pre-emulsion was also evaluated asan ingredient in 
reduced-fat chicken sausages (Choi et al. 2014). The 
physicochemical, textural and sensory properties were 
analysed, and it was concluded that the BSG pre-emulsion 
improved the hardness, gumminess and chewiness, and had 
no influence on the cohesiveness of the sausages. No 
significant differences in the overall acceptability among 
the control and test samples were scored. BSG were 
therefore considered an effective dietary fibre source for 
manufacturing of reduced-fat meat products. 
Brewery byproducts contain xylans, the most abundant 

hemicellulosic polymers in lignocellulosic biomass, which 
can be used for the production of xylooligosaccharides 
(XOs) by chemical, enzymatic or combined hydrolysis 
(Moure et al. 2006). XOs can be incorporated as active 
ingredients of functional foods to exert prebiotic effects, 
since they behave as non-digestible oligosaccharides. XOs 
also show favourable technological features as food ingre
dients, such as resistance to heat and acidic media, and 
lower offered energy content by achieving significant 
biological effects at lower daily intakes. Recent develop
ments in the manufacture, purification, biological effects, 
technological properties and market perspectives of XOs, 
including those isolated from brewery byproducts, have 
been reviewed and discussed (Moure et al. 2006). 
Pectins represent a large part of the polysaccharides in 

spent hops and could be used as gelling or thickening agents 
in the food industry. Acid extraction of hop pectins from 
BSH resulted in an extract, containing 59% polysacchar
ides, including a high-molecular-weight fraction of arabi
nogalactan-proteins, and a lower-molecular-weight fraction 
of mainly homogalacturonans. The low degree of methyl 
esterification of these pectins indicated that they are mainly 
suitable for use in calcium gels (Oosterveld et al. 2002). 
Finally, lignin, which is a constituent of plant cell walls, 

is also classified as part of dietary fibre but little is known 
about its health effects. In a recent work, a lignin-rich 
fraction was prepared from BSG and subjected to an 
in vitro colon model study of its potential interactions 
with faecal microbiota. No suppression of microbial con
version by the fraction was observed in the colon model or 
when the fraction was incubated with strains of lactobacilli 
and bifidobacteria. In fact, the lignin-rich fraction enabled 
bifidobacteria to survive longer than glucose (Niemi et al. 
2013). 

24.3.2.2 Bioactive Polyphenols 

Polyphenols are the main anti-oxidant compounds in raw 
brewing materials (malt and hops), responsible for the 
overall anti-oxidant activity of the beer. Flavon-3-ols, 
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flavonols and phenolic acids are the main anti-oxidants in 
malt and barley extracts, while the anti-oxidant and anti
microbial activity of hops, contributing to the biological 
stability of beer, is due to a mixture of α-acids, β-acids, 
essential oils and polyphenolic compounds. These com
pounds (or extracts) have many industrial applications as 
natural additives in foods, cosmetics, pharmaceuticals, etc. 
with antimicrobial and anti-oxidant properties (Barbosa-
Pereira et al. 2014a, b). 
BSG contain high amounts of phenolic acids with anti

oxidant effects. The anti-oxidant activity and phenolic 
composition of different BSG extracts obtained by micro
wave-assisted extraction was investigated by Moreira et al. 
The total phenolic content (consisting of phenolic acids, 
such as ferulic, p-coumaric and syringic acids, as well as 
several isomeric ferulate dehydrodimers and dehydro
trimers) and anti-oxidant activity among the light BSG 
extracts were significantly different compared to dark 
extracts. In addition, the anti-oxidant activity decreased 
as a result of increasing kilning temperatures (Moreira et al. 
2013). 
The hydroxycinnamic acid content of barley and BSG 

and the potential to incorporate phenolic extracts of BSG as 
anti-oxidants into fruit beverages was evaluated by McCar
thy et al. The concentration of hydroxycinnamic acid 
present in barley extract and BSG was in the order of 
ferulic acid, p-coumaric acid derivatives, ferulic acid deriv
atives, p-coumaric acid, caffeic acid and caffeic acid deriv
atives (McCarthy et al. 2013a). The results suggested that 
brewing and roasting decreased the phenolic acids content. 
The anti-oxidant activity was significantly correlated with 
caffeic acid and total acids. The addition of extracts to fruit 
beverages resulted in a significant increase in anti-oxidant 
activity of cranberry juice, and in vitro digestion signifi
cantly reduced the free radicals activity of the fruit 
beverages. 
The ability of various (pale and black) BSG extracts to 

protect against cell (U937) genotoxic effects of various 
oxidants was also evaluated (McCarthy et al. 2012). The 
cells were pre-incubated with the BSG extracts, exposed to 
the oxidants and the DNA damage was measured. The 
DNA protective effect differed depending on the BSG 
phenolic extract origin and the oxidant used, and it was 
suggested that it may be related to iron chelation. 
In another study, the anti-inflammatory potential of eight 

different phenolic extracts from BSG was investigated. 
Certain pale BSG extracts showed a great anti-inflamma
tory potential, significantly reducing interleukins (IL-2, IL
4, and IL-10) and interferon-gamma production, while 
others showed significant anti-oxidant effects, as deter
mined by the cellular anti-oxidant activity assays 

superoxide dismutase, catalase and glutathione content 
(McCarthy et al. 2014). 
The results of these studies highlighted the potential of 

bioactive BSG phenolic extracts to act as inexpensive 
functional food ingredients, providing alternative uses 
and adding value to this brewing industry byproduct. 
The existing evidence regarding the composition, extrac
tion and biofunctions (anti-atherogenic, anti-inflammatory 
and anticarcinogenic activities) of the phenolic components 
of BSG, as well as the potential incorporation of BSG or 
extracts as functional ingredients in foodstuffs and animal 
feeds, was reviewed by McCarthy et al. It was concluded 
that the phenolic components of BSG have potential bio
active effects, which are worth pursuing given that the 
inclusion of BSG into human foodstuffs is viable and 
beneficial (McCarthy et al. (2013b). 
Various biotechnological treatments have also been 

applied to increase the release of phenolic compounds 
from BSG. For example, the utilization of BSG for the 
development of a fermented drinkable liquid product rich in 
nutraceuticals was investigated (Gupta et al. 2013). The 
changes in chemical and microbial composition, in the 
liberation of phenolic compounds as well as in the anti
oxidant activity during fermentation and storage of BSG 
were assessed. The finished product had high anti-oxidant 
capacity and supported the growth of lactic acid bacteria 
(Lactobasillus plantarum). The product shelf life was good 
and large-scale fermentation for the production of the drink 
was also successfully carried out, showing a potential for 
the use of probiotic strains for further improvement of the 
bioactive properties of fermented products based on BSG. 
The release of phenolic acids from BSG using enzymes was 
also investigated. The crude enzyme extract of Fusarium 
oxysporum was used for ferulic acid release from BSG at 
various process conditions (Xiros et al. 2009). More than 
double the amount of ferulic acid was released by the crude 
enzyme treatment compared to hydrolysis by monoen
zymes (feruloyl esterase and xylanase). The protease treat
ment prior to hydrolysis by monoenzymes enhanced ferulic 
acid release by about 100%, while for the first time ferulic 
acid in solution was found to have a significant inhibitory 
effect on feruloyl esterase activity and on total ferulic acid 
release. 
Various optimized techniques have also been developed 

for the extraction and quantitative analysis of individual 
hop and beer bitter acids, anthocyanins and polyphenols 
(Goiris et al. 2014). These extracts were evaluated as 
potential anti-oxidant, antimicrobial and flavouring addi
tives for various food products. For example, polyphenol 
extracts obtained by CO2 extraction of BSH were evaluated 
in respect to their flavouring potential (bitterness, fullness 
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and astringency). All the novel hop polyphenol products, 
except for the proanthocyanidins, were found to be highly 
flavour-active and with great potential as flavouring agents 
when combined with hop aroma essences (Goiris et al. 
2014). 

Fractionation and purification of bioactive phenolic com
pounds from crude extracts of brewery wastes was investi
gated using solid-phase extraction (SPE) and supercritical 
fluid extraction (SFE) in order to improve the quality of the 
final extract for potential use as safe food additive, func
tional food ingredient or nutraceutical (Barbosa-Pereira 
et al. 2013). The SFE was found to be the most suitable 
procedure for purifying the crude extracts, leading to a final 
extract with improved organoleptic characteristics (odour
less, no solvent residues, not strongly coloured). Natural 
extracts purified by SFE could therefore be used as natural 
anti-oxidants with potential applications in the food, cos
metic and pharmaceutical industries. 

Anthocyanins and polyphenols were also recovered from 
BSH by ethanol extraction for use as additives in products 
such as ice fruit tea and jellies (Baranowski et al. 2009). The 
obtained ethanol extracts contained high levels of antho
cyanins and polyphenols composed of mainly catechins, 
quercetins and chlorogenic acid. Tea with the BSH extracts 
had a slight aroma, taste and hop bitterness fitting to the 
sensory properties of the original product. 

The results of these studies pointed out the usefulness of 
retrieving valuable phenolic compounds from BSH and 
other fruit and vegetable waste for use as anti-oxidant food 
additives. 

In a similar manner, an extraction process that allows 
selective recovery of polyphenols from another brewery 
waste stream, the sludge that remains after beer clarifica
tion, was developed (Barbosa-Pereira et al. 2014b). The 
crude extract presented high antimicrobial activity against 
bacteria, and had anti-oxidant activity similar to or higher 
than that of synthetic food anti-oxidants such as butylated 
hydroxyanisole and butylated hydroxytoluene. The waste 
polyphenol-rich sludge could therefore be used as a cheap 
source of natural compounds, with potential applications 
where the substitution of synthetic additives for natural 
products is required (e.g. the food and health sectors). The 
antimicrobial effects of hops on hyper-ammonia-produc
ing-bacteria (HAB), which catabolize amino acids and 
peptides in the bovine rumen, were also assessed (Flythe 
2009). The ammonia production by mixed rumen bacteria 
and pure cultures (Peptostreptococcus anaerobius, Clos
tridium aminophilum or C. sticklandii) was inhibited in 
media amended with dried hops or hops extract (30.7% 
lupulone). This study supported the idea that biologically 
active plant metabolites can be used to mitigate the wasteful 

process of amino acids microbial degradation in the rumen 
(Flythe 2009). 
The potential of hop acids as natural antibacterials in 

alcoholic fermentation processes has also been evaluated. 
Commercial hop acid preparations were investigated for 
their effect on growth and lactic acid production by selected 
strains of lactobacilli during alcoholic fermentation of 
distillery mashes (wheat and sugar beet molasses; Ruckle & 
Senn 2006). The hop extracts prevented growth of lacto
bacilli at the level of parts per million. The ethanol yields 
obtained at inhibitory/bactericidal concentrations of the hop 
acids were comparable to those obtained with antibiotics 
used for comparison; they were therefore considered as an 
excellent, safe alternative to control bacteria in ethanol 
fermentations. 
Finally, the development of new active food packaging 

films coated with natural anti-oxidants were proposed as an 
alternative use of brewery wastes (Barbosa-Pereira et al. 
2014a). Specifically, use of the active packaging films 
containing a phenolic-rich natural extract obtained from 
a brewery residual waste enhanced the oxidative stability of 
beef during refrigeration, achieving a reduction in lipid 
oxidation of up to 70–80% relative to the controls (other 
plant extracts and synthetic anti-oxidants). 
Phenolic compounds isolated from BSH can be biotrans

formed using suitable microorganisms into derivatives 
with bioactive properties. A number of works report the 
evaluation of various fungi for the biotransformation of 
xanthohumol (3´-(3,3-dimethylallyl)-2´,4´,4-trihydroxy-6´ 
methoxychalcone), the major prenylated flavonoid isolated 
from hops, which has a broad spectrum of biological 
activities such as anti-oxidant, anti-inflammatory, antibac
terial, antiviral, antifungal, antiplasmodial and anticancer. 
In fact, xanthohumol has been considered by many as a 
‘perfect’ anti-oxidant. It is spontaneously transformed into 
iso-xanthohumol, which is more soluble but less bioactive 
than xanthohumol (Jacob et al. 2011; Poplonski et al. 2013; 
Tronina et al. 2013a, b, 2014). Various metabolites were 
obtained as a result of transformation of BSH xanthohumol 
by selected fungal cultures (Fig. 24.3) and their anti-oxidant 
properties and their effects on the proliferation of human 
cancer cell lines were determined and compared. For 
example, biotransformation of BSH xanthohumol by 
Aspergillus ochraceus yielded a new aurone as the main 
transformation product and three other minor metabolites 
(chalcone and flavanone derivatives). The anti-oxidant 
properties of xanthohumol and its metabolites were com
pared, and the major biotransformation product was found 
to be a 8.6-fold stronger anti-oxidant than xanthohumol and 
2.3-fold stronger than ascorbic acid (Tronina et al. 2014). 
Xanthohumol isolated from BSH was also transformed 
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Figure 24.3 Fungal metabolites of hop-derived xanthohumol (Tronina et al. 2013a, b). 

using a Rhodotorula marina strain into α-, β-dihydroxan
thohumol (yield 18%) (Stompor et al. 2013). Of the 34 
fungi screened for potential BSH xanthohumol transforma
tion activity, four strains of Absidia coerulea, Rhizopus 
nigricans, Mortierella mutabilis and Beauveria bassiana 
were selected for scale-up studies, due to the highest 
obtained conversion efficiencies (Tronina et al. 2013a). 
Most metabolites showed antiproliferative activity against 
the tested cancer cell lines, which in some cases were higher 
than widely used anticancer therapeutic agents (Tronina 
et al. 2013a, b). 

24.3.2.3 Other Bioactive Ingredients 

Another important way to reuse brewery wastes and 
produce added value is the production of protein hydroly
sates with functional and bioactive properties. For exam
ple, BSG were used as substrate for the enzymatic 
hydrolysis by Bacillus cereus with the synergistic effect 
of other proteolytic bacteria after drying, grinding and 
polyphenol extraction. The results showed that the natu
rally associated microflora was predominantly thermo
philic aerobic bacteria and the drying process was the 

better alternative for BSG preservation (Kotlar et al. 
2011). The characteristics of the BSG hydrolysates using 
a B. cereus extracellular peptidase (average peptide chain 
length, solubility, water/oil holding capacity, emulsifying, 
gel formation and foaming expansion properties) were 
analysed, showing desirable rheological properties for 
application in many foods production. Combined with 
the potential natural antimicrobial properties, the BSG 
hydrolysates could be converted into a high-protein food 
ingredient (Kotlar et al. 2013). 
In another study, the in vitro α-glucosidase, α-amylase, 

dipeptidyl peptidase IV and angiotensin-converting 
enzyme inhibitory activities of pale BSG protein-enriched 
isolate hydrolysates generated by Aspergillus oryzae and 
Bacillus licheniformis were studied (Connolly et al. 2014). 
The hydrolysates had various degrees of hydrolysis and 
considerable variations in peptide composition. While 
tryptic digests of the hydrolysates resulted in the greatest 
α-glucosidase inhibitory activity, no significant change in 
α-amylase inhibition was observed. Varying inhibition of 
dipeptidyl peptidase IV and angiotensin-converting 
enzyme was observed among the hydrolysates. The results 
obtained highlighted the potential role of the BSG 
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hydrolysates as functional food ingredients to manage type 
II diabetes and hypertension. 

Finally, to study the influence of supplementation of 
human diets with brewer’s yeast on lipid metabolism, 
experiments were carried out in rats using model athero
genic diets enriched with dried S. cerevisiae BSY or 
insoluble β-glucans, isolated from the BSY (Waszkiewicz-
Robak & Bartnikowska 2009). Selected indices of lipid 
metabolism were monitored, and the supplemented diets 
were found more effective in lowering the serum total 
cholesterol, LDL-cholesterol and triacylglycerols, indicating 
that dried BSY containing both β-glucan and squalene may 
be a good ingredient to use as a diet supplement to correct 
disorders of lipid metabolism. 

24.3.3 Multi-Purpose Yeast Extracts 

Yeast extract is the product of enzymatic digestion of the 
yeast cell components by endogenous and exogenous 
enzymes. It is rich in nutrients such as peptides, amino 
acids, nucleotides and vitamins, and is therefore an 
excellent supplement in culture media. Yeast extract is 
also used as flavour enhancer (replacing glutamate and 
nucleotide additives) in many processed foods (Bekatorou 
et al. 2006). Although brewer’s yeasts contain  residual  
beer flavours (mainly bittering constituents of hops), they 
are commonly used for yeast extract production which is 
destined for use as human and animal nutritious supple
ment and as flavour enhancer. Such formulations may be 
enzymatically treated to improve digestibility and absorp
tion (Chae et al. 2001; Bekatorou et al. 2006). However, 
BSY has been suspected of causing various health dis
orders mainly due to yeast antigens and high amounts of 
chromium and salicylates (Bekatorou et al. 2006). 
Research efforts for the utilization of BSY as flavour 
enhancer in foods or as a nutritious supplement in micro
biology media deal mainly with optimizing the autolysis 
conditions or with the use of various enzyme treatments to 
improve its organoleptic properties and increase its taste-
enhancing potential. 

Extraction and hydrolysis of BSY RNA during autoly
sis is a convenient method for producing the flavour-
enhancing 5´-ribonucleotides, 5´-guanosine monophos
phate (5´ -GMP) and 5´ -inosine monoposhpate (5´-IMP). 
Barley rootlets contain RNA-degrading enzymes and can 
be used as widely available, cheap and safe sources for 
yeast extract production. In this respect, crude 5´ -phos
phodiesterase (5´-PDE) extracted from BSR and subjected 
to heat pre-treatment in order to inactivate 5´-nucleotidase 
was successfully used for BSY autolysis and preparation 

of 5´-GMP-rich yeast extracts (Sombutyanuchit et al. 
2001). The 5´-GMP content in extracts from debittered 
and non-debittered yeast was found to be similar. The 
BSR-derived enzymes 5´-PDE and phosphomonoesterase 
(PME) were also compared for the production of flavour
ing 5´-ribonucleotides from synthetic substrates (Beluhan & 
Maric 2011). The 5´-PDE showed excellent stability, 
retaining 70% of its original activity at 70 °C after  
120 min. 
The effects of enzyme combination, enzyme dosages and 

treatment sequence on the recovery of solid and protein, 
flavour and compositional characteristics of BSY extract 
produced by combined treatments using endoprotease, 
exoprotease, 5´-PDE and adenosine monophosphate 
(AMP)-deaminase were investigated (Chae et al. 2001). 
Among the various treatment sequences, treatment with 
protease followed by nuclease resulted in the highest 5´ 
GMP content. In another study, the influence of serial yeast 
repitching on nucleotide composition of the prepared BSY 
extracts was evaluated (Vieira et al. 2013). Two cell-wall 
disrupting procedures were evaluated for low-cost and 
efficient RNA hydrolysis without addition of exogenous 
enzymes. The results showed that although serial repitching 
influences the content of monophosphate nucleotides and 
nucleosides, the profiles of the RNA hydrolysis products 
were not affected. 
BSY extracts have also been evaluated as nutrient nitro

gen sources in media for growth or enzyme production of a 
variety of microbial species. For example, among various 
food industry wastes BSY was found to be the best nitrogen 
source for proteinase production from a Virgibacillus 
strain (about 1.7 times higher at optimum supplementation 
than the commercial yeast extract medium). The protein
ases completely hydrolysed fibrinogen within 50 min; it 
was therefore concluded that the specific strain could be 
used as a potential source of fibrinolytic enzymes that could 
be developed as a functional food ingredient (Lapsongphon 
et al. 2013). Wet and dry BSY as well as BSY extract were 
also used as a nutrient source during ethanol fermentation 
of very high-gravity maize mashes to increase productivity 
(Kawa-Rygielska & Pietrzak 2014). 
Other yeasts that have been evaluated for yeast extract 

production for possible food and feed uses include D. 
hansenii, K. marxianus and P. stipitis. These species 
were grown on non-detoxified BSG hydrolysate. Among 
them, the nutritional profile of D. hansenii was thoroughly 
evaluated, showing considerable amounts of essential 
amino acids and a high ratio of unsaturated over saturated 
fatty acids, supporting its use as a suitable cell factory for 
upgrading brewer’s wastes for yeast extract production 
(Duarte et al. 2008). 
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24.3.4 Organic Acids 

Organic acids and their derivatives are widely used in food, 
pharmaceutical, cosmetics, leather and textile industries. 
Many of these organic acids can be produced by microbial 
fermentation of waste biomass, with main advantages being 
the production of optically pure isomers and the indepen
dence from fossil-based raw materials. However, the high 
production cost due to small yields, slow fermentation rates 
and costly recovery steps limit their applications (ElMe
kawy et al. 2013). 
Carbohydrate-rich biomass residues, such as molasses, 

whey, fruit and vegetable wastes and brewery wastes, have 
been evaluated as substrates for the generation of platform 
chemicals such as mono-/disaccharides, sugar acids and 
organic acids. Waste biomass can be oxidized or hydro
lysed by chemical or biotechnological means, applying 
conventional or modern (e.g. microwave-assisted) diges
tion techniques. Organic acids such as lactic, citric, glu
conic and itaconic acids are commonly produced by 
fermentation of sugar cane molasses, sugar beet molasses, 
whey and others at pilot plants or at an industrial scale 
(Fischer & Bipp 2005). 
Citric acid is the most important organic acid produced 

worldwide by fermentation. It is widely used as acidulant 
and flavour additive in foods and beverages, as well as 
functional additive in detergents, pharmaceuticals and cos
metics (Soccol et al. 2006; Dhillon et al. 2013). Citric acid 
is commercially produced using Aspergillus niger in sub
merged fermentation mainly of molasses but many other 
less-expensive agro-industrial residues, including brewery 
wastes, can be used to achieve a reduction in production 
cost. Other perspectives for citric acid production are the 
use of SSF processes and the improvement of producer 
strains by mutagenesis and selection (Soccol et al. 2006; 
Dhillon et al. 2013). A large number of microorganisms 
including fungi and bacteria such as Arthrobacter, Bacillus, 
Corynebacterium, Aspergillus, Penicillium, Candida tro
picalis, Hansenula and Yarrowia spp. have been employed 
for citric acid production (Soccol et al. 2006). 
Lactic acid is also widely used as an acidulant, flavour 

enhancer and preservative in the food, pharmaceutical, 
leather and textile industries, as well as starting material 
for manufacture of biodegradable polylactate polymers. 
One of the main difficulties in the large-scale production 
of lactic acid is the cost of the raw material. With the 
continuously increasing global demand for this product, it 
is important to seek alternative cost-effective methods to 
produce lactic acid (Mussatto et al. 2007). For example, 
chemically pre-treated BSG was saccharified with cellu
lase, and the hydrolysate was fermented by Lactobacillus 

delbrueckii for L-lactic acid production. It was found that 
the pH decrease affected the capacity of the microorganism 
to convert glucose, and the best result (0.99 g lactic acid/g 
glucose consumed) was obtained by pH-controlled fermen
tation of hydrolysate medium supplemented with MRS 
broth medium components (except the carbon source) 
(Mussatto et al. 2007, 2008). 
Succinic acid is another valuable acid, used as key 

platform chemical for the production of biodegradable 
polymers (e.g. polybutylene succinate and polyamides) 
or fine chemicals of the C4 family (e.g. 1,4-butanediol 
and tetrahydrofuran). Succinic acid is produced commer
cially by chemical processes from petroleum-derived raw 
materials, which limits its use for a wide range of appli
cations due to the high conversion cost. Production by 
fermentation from renewable resources could also be a 
more cost-effective and environmentally friendly alterna
tive for this product. A wide variety of bacteria have been 
studied for succinic acid production, the most important 
being Mannheimia succiniciproducens, Actinobacillus suc
cinogenes, Anaerobiospirillum succiniciproducens and 
recombinant Escherichia coli (Jiang et al. 2010). BSY 
hydrolysate was evaluated as a cheap nitrogen source for 
succinic acid production by A. succinogenes in glucose-
containing media (Jiang et al. 2010). The results showed 
that enzymatic hydrolysis of BSY was a more effective 
method in terms of higher succinic acid yields compared to 
autolysis. Vitamins were identified as the main limiting 
factors for succinic acid production in this process; vitamin 
addition was therefore applied to improve both cell growth 
and succinic acid concentration. 
BSYs from different breweries employing both top-

down and bottom-up fermentation were evaluated as 
new sources of the nutritionally and biotechnologically 
important palmitoleic acid (Rezanka et al. 2013). BSYs 
were found to contain fatty acids with a broad range of acyl 
chain lengths, with a high proportion of palmitoleic acid. 
Analysis of fatty acids and triacylglycerols (TAGs) pro
vided information on the type of BSY and technology of 
fermentation. Top-down and bottom-up yeasts can readily 
be distinguished by the ratios of some regioisomers of 
TAGs, which can therefore be used as markers for deter
mining the yeast type and beer-producing technology in a 
given brewery. 
Finally, various studies report the use of brewery wastes 

for the production of polyunsaturated fatty acids such as 
eicosapentaenoic acid (EPA; 20:5, n-3) and docosahexae
noic acid (DHA, 22:6, n-3), which are collectively termed 
omega-3 fatty acids and are essential human nutrients 
(Ryu et al. 2013). Specifically, BSY was successfully 
used as sole growth substrate for a DHA-rich microalga 



Biotechnological Exploitation of Brewery Solid Wastes for Recovery or Production of Value-Added Products 407 

(Aurantiochytrium sp.), with simple stirring as pre-treat
ment (Ryu et al. 2013). Maximization of substrate utiliza
tion and increased yields were obtained by stepwise 
cultivation. DHA constituted 38.2% (w/w) of the total fatty 
acids. BSY was therefore indicated as a good growth 
substrate for the production of DHA. 

Evaluation of various liquid residues from the food 
industry as nutrient sources was also reported for DHA 
and astaxanthin production by a Thraustochytriidae sp. 
(Quilodran et al. 2010). Specifically, a brewery byproduct 
was tested and the filtrate obtained from wet BSG after 
extracting the mashed malted grains. This byproduct, as 
sole source of nutrients, supported growth and DHA pro
duction; however, supplementation with yeast extract, 
monosodium glutamate and B-vitamins significantly 
increased productivity. 

BSG were also evaluated as substrate for the production 
of EPA by SSF with different Mortierella species (Jacobs 
et al. 2009). All the strains produced EPA on the substrate, 
while addition of the linseed oil improved the EPA yield of 
most strains with highest yields obtained by M. antarctica 
and M. epicladia strains (2.8 mg and 2.5 mg EPA per g of 
BSG, respectively). 

24.3.5 Microbial Polymers 

Due to the increased prices of crude oil and the increasing 
environmental awareness of consumers, the use of bio
degradable plastics has recently emerged as a highly visible 
alternative to biologically inert petroleum-based plastics 
(Yu et al. 1999; Balakrishnan et al. 2012). To increase the 
use and applications of bioplastics, reduction of their 
currently high production costs or discovery of novel 
biodegradable plastics with improved properties is neces
sary. Microbial polymers with great potential for use in a 
variety of applications such as therapeutic aids, medicines, 
coatings, food product and packaging materials are 
polyhydroxyalkanoates (PHAs), poly-β-hydroxybutyrate 
(PHB) and polylactides (PLA) (Balakrishnan et al. 
2012). 

Exploitation of municipal and aquacultural discharges 
for PHB production in Nostoc muscorum (a N2-fixing 
cyanobacterium) with simultaneous wastewater treatment 
has been reported. Biomass and PHB production was 
stimulated significantly when the wastewaters where 
blended with the extracts of pressed-mud of brewery 
wastes. Various compounds, including sugars and organic 
acids (as model substrates) as well as brewery malt wastes 
were investigated as carbon sources for the production of 
PHAs and PHB bioplastics by Alcaligenes eutrophus and A. 

latus (Yu et al. 1998). The polymer production yield by A. 
latus was increased to 70% polymer/cell (g/g) using malt 
wastes as the carbon source. 
The use of malt wastes were also investigated as 

substrates for the production of bioplastics using munici
pal activated sludges (Yu et al. 1999). The influence of 
four main process parameters (solids retention time, 
hydraulic retention time, anoxic-oxic cycling and car
bon-to-nitrogen ratio) on PHA production while treating 
brewery wastewater was also studied (Liu et al. 2011). 
Different factorial experimental designs were imple
mented to determine the effects of process parameters, 
assess their significance to PHA production and approxi
mate optimal operational conditions. The results of these 
studies indicated that with the proper selection of the type 
of food wastes as the carbon source and process condi
tions, bioplastics with specific copolymers composition 
could be produced with distinct polymer physical 
properties. 

24.3.6 Biosorbent Materials 

Heave metals such as mercury pose a severe threat to the 
environment due to their toxicity, even at very low levels. 
Biosorption using inexpensive materials such as brewery 
solid wastes is a promising, low-cost and environmentally 
friendly clean-up technique. Biochar produced from BSR 
was employed for the removal of Hg(II) from pure aqueous 
solutions at various biomass doses and contact times 
(Boutsika et al. 2014). Based on the sorption kinetic 
data, the biochar sorption capacity for mercury reached 
its maximum after 2 h, while 33% of mercury was removed 
during the first 5 min. The effect of the solution pH, contact 
time between sorbent, solid to liquid ratio and initial 
mercury concentration on mercury removal by BSR 
were also investigated (Anagnostopoulos et al. 2012). It 
was found that the optimum pH for mercury sorption onto 
BSR was approximately 5. Sorption kinetic experiments 
revealed that mercury sorption is a relatively rapid process 
where film diffusion and intra-particle diffusion play an 
important role. The kinetic data were successfully described 
by both the pseudo-second-order and Elovich models. The 
isotherm data were adequately fitted by the Langmuir 
model, determining a monolayer capacity q(max) equal 
to 50mg g�1 and suggesting a functional group-limited 
sorption process. BSR were capable of removing significant 
amounts of mercury, mainly due to the carboxyl and 
phosphonate groups of their surfaces. 
The uptake of lanthanide elements by naturally abundant 

materials is also a matter of great economic and 
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environmental interest. The potential utilization of BSR for 
a cost effective pre-concentration of Eu(III) was investi
gated at various pH, contact time and initial concentration 
conditions. According to the Langmuir model, which fits 
the data better, Eu maximum capacities for BSR and active 
carbon were found to be 156 and 86 mg g�1 respectively, 
indicating that BSR is a promising biosorbent material 
(Anagnostopoulos & Symeopoulos 2013). 
BSR and BSG have been evaluated for the removal of 

organic compounds from aqueous effluents. For example, 
batch experiments were conducted to study the biosorption 
of the dye Malachite Green (MG) onto PLA/BSG films 
prepared by solvent-casting using dichloromethane 
(Chanzu et al. 2012). The effects of contact time, pH, 
salt concentration and optimal experimental conditions 
were evaluated, and the results showed that PLA/BSG 
films are effective in dye removal from effluents of textile, 
paper and leather industries. BSG were also magnetically 
modified by contact with water-based magnetic fluid and 
the prepared material was used as an inexpensive magnetic 
adsorbent for the removal of water-soluble dyes (Bismarck 
brown Y). The maximum adsorption capacities reached 
72.4 milligram of dye per gram of dried magnetically 
modified BSG (Safarik et al. 2011). 
Finally, BSR were also tested as sorbents of the hydro

phobic organic compound phenanthrene from aqueous 
solutions, but their sorptive properties were not found to 
be competitive with the respective properties of commercial 
sorbents (e.g. activated carbons) (Valili et al. 2013). Pyrol
ysis at 800 °C was used to treat BSR in order to produce an 
effective sorbent for phenanthrene. Based on organic 
petrography characterization, new pores were formed on 
the material, empty of humic colloids. Phenanthrene sorp
tion capacity was doubled compared to the raw BSR. 

24.3.7 Immobilized Cell Biocatalysts 

The considerable amount of research on the use of immo
bilized cells in food, chemicals and fuel-related fermenta
tion processes is due to the numerous advantages they offer, 
such as higher cell densities in the bioreactors, increased 
productivity, protection against shear forces and stress, 
feasibility of continuous processing, easy product recovery 
and reusability of the biocatalyst, leading to reduction of 
investment and energy costs (Kourkoutas et al. 2004). Cell 
immobilization on a natural solid carrier, such as BSG and 
BSR, can be performed by physical adsorption due to 
electrostatic or other weak forces, as well as by growth 
and entrapment of the cells into natural cavities of the 
carrier surface (Fig. 24.4). 

Figure 24.4 Yeast immobilized on brewery solid wastes. 

BSG and BSR have been successfully used in fermenta
tion processes at the research level such as ethanol produc
tion (Kopsahelis et al. 2007, 2012, 2012; Mohammadi et al. 
2011), winemaking (Mallouchos et al. 2007; Tsaousi 
et al. 2011), brewing (Branyik et al. 2006; Kopsahelis 
et al. 2007b; Dragone et al. 2008), whey fermentations 
(Soupioni et al. 2013) as well as in bread-making (Plessas 
et al. 2007), showing good potential for scale-up. To 
facilitate commercialization for industrial or home-scale 
fermentations, research on the development of active dried 
ready-to-use immobilized biocatalysts was carried out, 
mainly aiming to optimize freeze-drying or simpler, mild 
and cost-effective thermal drying (Tsaousi et al. 2010, 2011). 

The results of the above works highlighted improve
ments in the fermentation efficiency of the immobilized 
cells as well as on final product quality. Some of these 
improvements included ability for low-temperature fermen
tation (Mallouchos et al. 2007), ability to ferment different 
initial sugar levels (wort densities) (Dragone et al. 2007, 
2008; Mohammadi et al. 2011), increased sugar uptake and 
therefore increased fermentation rates (Soupioni et al. 
2013), feasibility of continuous processing and develop
ment of integrated fermentation maturation systems 
(Branyik et al. 2006; Lehnert et al. 2009), controlled 
flavour of the  final products (Silva et al. 2008; Lehnert 
et al. 2009; Mota et al. 2011) and fermentation of non-
sterile substrates (Kopsahelis et al. 2012). 

24.4 Conclusions 

Brewery wastes are an inexpensive biomass resource that 
can be exploited for the recovery or production of added-
value products; however, their major current general use is 
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as low-cost animal feed or fertilizer. Biotechnological 
conversion (e.g. enzyme or microbial treatment), especially 
through biorefinery approaches, can yield a variety of 
valuable products such as biofuels, functional food and 
feed ingredients, bulk chemicals, bioactive compounds, etc. 
but these applications are limited mainly by their high 
production costs. Most scientific research is therefore 
focused on the development of low-cost and highly efficient 
processes, involving suitable (selected or genetically modi
fied) microorganisms and process designs, for improved 
fermentation rates, higher product yields and substrate 
conversion rates. 
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25.1 Introduction 

A major share of worldwide agricultural production that is 
destined to serve as human food is not consumed. There is no 
consensus on what the term food waste comprises. It may 
refer to lost or degraded material which was originally 
destined for human consumption, or might include edible 
material intentionally fed to animals or byproducts of food 
processing diverted away from human consumption, or the 
term might even refer to overnutrition as the gap between 
consumed and needed per capita food energy (Parfitt et al. 
2010). In the following, food waste refers to all losses and 
inedible byproducts in the food supply chain based on that 
material that had been designated to human consumption 
purposes, which is in line with the majority of literature in the 
area. Food wastes occur along the whole food supply 
chain, and four main stages can be identified (Fig. 25.1): 
(1) agricultural production of raw material and initial storage 
before further processing or direct consumption; (2) indus
trial processing; (3) distribution and retail; and (4) domestic 
consumption and unconsumed products occurring at restau
rants and various catering services. 

So-called post-consumer waste occurs at the point at 
which food is consumed and comprises meal preparation 

waste, leftover and discarded food. Food waste occurring 
during earlier stages of the supply chain can be summarized 
with the term pre-consumer waste. The characteristics of 
the waste at each step of the food supply chain can be 
significantly different, and might be dependent upon the 
individual food type, management, preferences and engi
neered infrastructures. General occurrence of food waste 
and its characteristics are highly related to the economic 
development stage of a country. In low-income countries, 
financial, managerial and technical limitations in harvesting 
techniques, storage and cooling facilities, transport infra
structures and in packaging and marking systems are most 
relevant, while in medium- and high-income countries, 
consumer behaviour and a lack of coordination between 
different actors in the chain have a decisive influence 
(Gustavsson et al. 2011; Oelofse & Nahman 2013). 
In industrialized countries, substantial waste occurs as 
post-consumer waste mainly in households after purchase, 
but retail, distribution and processing remain responsible 
for significant amounts of waste (Godfray et al. 2010). 
Food wastage is not only relevant due to reduced 

amounts of available food, which threatens food security, 
but at the same time also represents a loss of embedded 
energy and other resources such as water and fertilizer 
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Figure 25.1 Food waste in the food supply chain (after Kusch 2013, adapted). 

(Kummu et al. 2012). In addition, food which is lost at the 
same time means occupation of arable land that could have 
been used for other purposes, for example the cultivation of 
energy crops. It is therefore evident that avoidance is on top 
of the hierarchy when looking at food waste. It has been 
assessed that by more efficient utilization of already exist
ing systems and available technologies, food waste could 
be reduced to around half of its current weight (Kummu 
et al. 2012). In systemic perspectives, understanding the 
means to reduce food waste would be the best food waste 
valorization strategy (Kusch 2013). At all stages of the 
supply chain, not all food loss would potentially be avoid
able. Food as a biological material is susceptible to degra
dation and requires processing before it can be consumed, 
so occurrence of material which cannot be served as food is 
to some extent unavoidable (Parfitt et al. 2010). Landfilling 
of food waste, although still practised, is not an acceptable 
option in the age of sustainability (Fig. 25.2). Valorization 
of not avoided food waste should be given high priority. 
Efficient waste management among others is an element 
that can unlock food–bioenergy synergies (Kusch & Evoh 
2013) and make a vital contribution to improved food 
security (Diaz-Ambrona & Maletta 2014). 

Although post-consumer waste is in general the most visible 
part of all food waste (Pfaltzgraff et al. 2013), it is a prerequisite 
of more sustainable food systems to address the losses along 
the whole supply chain. There are necessary differences in 
management strategies and suitable valorization pathways. 
Valorization of municipal food waste streams (post-consumer 
waste) is strongly linked to implementation of strategies 
focusing on collection schemes, logistics, quality control 
and possible limitations due to quality issues, high spatial 
and temporal heterogeneity of materials including seasonal 

variations and, in most cases, construction of new treatment 
plants. First-generation valorization strategies based on utili
zation of complete material streams (see Section 25.3) are most 
suitable in this context. In contrast, industrial food waste 
streams hold particularly good potential to integrate second-
generation valorization strategies based on fractionized con
sideration of components (Koutinas et al. 2014). Among 
others, the quality of waste streams can be better predicted 
and managed and the integration of new processing lines in 
existing industrial facilities is feasible (Koutinas et al. 2014). 
This chapter has a focus on valorization of industrial 

Figure 25.2 Sustainability dimensions in valorization of food 
wastes (nested circles model). 
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food waste streams, although further aspects are taken into 
consideration. 

25.2	 Occurrence and Characteristics of 
Food Waste 

25.2.1	 Categories and Scales of Agro-Industrial 
Byproducts 

Processing operations in the food sector can be classified into 
two main categories (Pfaltzgraff et al. 2013): (1) processing of 
animal-derived material; and (2) processing of plant-derived 
feedstock. Table 25.1 provides an overview of byproducts 
generated in different food sectors. Meat and fish processing 
activities result in wastes associated with high hygiene 
limitations and health risks, requiring adapted handling 
and consideration of strict legislation which, despite the 

increasing quantities of these material streams, makes valori
zation of such residues economically and technically less 
feasible (Mirabella et al. 2014). In particular, second-genera
tion valorization aiming at the supply of high-value chemicals 
will generally be advantageous for plant-derived food waste 
with low contamination risk (Pfaltzgraff et al. 2013). Plant-
derived agro-wastes can be further classified into five differ
ent categories (Ajila et al. 2012): (1) crop wastes and residues; 
(2) byproducts from fruit- and vegetable-processing industry; 
(3) sugar, starch and confectionary industry byproducts; (4) 
byproducts from grain- and legume-milling industry and oil 
industry; and (5) byproducts from distilleries and breweries. 
In addition to solid effluents, the processes listed in 

Table 25.1 generate significant quantities of wastewater with 
generally high organic loading (Koutinas et al. 2014). These 
effluents require expensive treatment in order to limit environ
mental burdens, while in holistic valorization schemes these 
material streams would be considered as additional resources. 

Table 25.1 Agro-industrial byproduct generation per kilogram of raw material utilized (Ajila et al. 2012; Awarenet 2004; 
Koutinas et al. 2014). 

Food sector Production processes % of wastes/byproducts 

Fish sector Fish canning 30–65 
Fish filleting, curing, salting and smoking 50–75 
Crustaceans processing 50–60 
Molluscs processing 20–50 

Meat sector Beef 40–52 
Pig 35 
Poultry 31–38 

Dairy sector Milk, butter, cream production Low 
Yoghurt production 2–6 
Fresh, soft and cooked cheese 85–90 

Wine sector White and red wine production (grape pomace, vines, leaves) 20–30 
Vegetable sector Apple processing 25 

Mango 45 
Citrus 50 
Tomato 20 
Pineapple 33 
Grape 20 
Guava 10 
Potato 15 
Onion 10 
Banana 35 
Pea 40 
Fruit and vegetable processing and preservation; general (peels, pomace, seeds) 5–30 
Fruit and vegetable juice production 30–50 
Vegetable oil production (seed meal, oily sludge) 40–70 
Corn starch production (husks, straw) 41–43 
Potato starch production 80 
Wheat starch production 50 
Sugar production, sugar beet (dried pulp, vines, leaves) 86 
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25.2.2	 Main Material Characteristics and Key 
Constituents, and Effects on Possible 
Valorization 

Wastes generated in the food supply chain primarily consti
tute organic material, and therefore have high COD and BOD 
values (chemical and biological oxygen demand) (Kosseva 
2011; Pfaltzgraff et al. 2013). They often show fluctuating 
composition including varying pH values due to general 
processing and seasonal effects. Furthermore, the material 
streams in general have very high water content and are 
characterized by rapid bacterial contamination and degrada
tion, which makes logistics a decisive factor in framing 
possible valorization options (Pfaltzgraff et al. 2013). 

Handling and potential valorization strategies for agro
industrial wastes are largely based on their types and 
amounts. Handling might include necessary pre-treatment 
steps such hygienization and a whole variety of pre-treat
ment options to increase efficiency of valorization path
ways, such as application of mechanical, thermal, chemical, 
physicochemical or biological options to improve biogas 
yields in anaerobic digestion, for example. If lignified 
material is to be treated, pre-treatment will in general be 

a prerequisite in order to obtain suitable product yields. 
Further issues that might necessarily need to be addressed 
include removal and management of packaging from food 
wastes and the effects of impurities and contaminations 
including stones, metals, plastics and toxic constituents. 
Material supply, logistics and flexible units of operation will 

be major challenges in the large-scale production of commodity 
chemicals and the production of high-value chemicals (Kou
tinas et al. 2014). High, concentrated volumes are generally of 
an advantage (Pfaltzgraff et al. 2013). Transportation of bio
mass and any pre-treatment such as reduction of water content 
involve significant costs and require additional initial resources 
input such as fuel or electricity. Decentralized local or regional 
solutions, either based on dedicated biorefinery approaches or 
via integration of byproduct utilization in existing industrial 
plants, are therefore particularly suitable in second-generation 
valorization strategies targeting specific components present in 
food wastes (Fig. 25.3) (Pfaltzgraff et al. 2013; Koutinas et al. 
2014). In order to achieve economies of scale, it will be 
essential not only to focus on the generally marketable outputs 
of valorization processes, but also to carefully select the type of 
feedstock and consider its availability as raw material as well as 
continuity of quality (Pfaltzgraff et al. 2013). 

Figure 25.3 Key food waste components and potentially common consumer applications (after Pfaltzgraff et al. 2013, adapted). 
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Waste streams from food processing activities are only 
partially valorized at different value-added levels (mainly 
spread to land, animal feed, composting and anaerobic 
digestion), whereas the main volumes are managed as waste 
of an environmental concern, which has a negative effect on 
the overall sustainability of the food supply chain (Federici 
et al. 2009). At the same time, these waste streams are rich in 
components useful for production of commodity or fine 
chemicals and biomaterials (Kosseva 2011; Koutinas et al. 
2013; Liguori et al. 2013; Pfaltzgraff et al. 2013; Mirabella et 
al. 2014). In more advanced valorization, it is a key challenge 
to efficiently integrate tailored recovery and conversion 
procedures in order to obtain sequentially all of the main 
classes of products, from fine and pharmaceutical chemicals 
(which have higher market values) to commodity products 
and biofuels (which have lower market value) (Van Dyk et al. 
2013; Koutinas et al. 2014). 

The following section provides an overview on current 
and emerging valorization strategies, followed by a spot
light on functional food ingredients as an exemplary field of 
high-potential second-generation valorization pathways. 

25.3	 Current and Emerging Food Waste 
Valorization Strategies 

25.3.1 First-Generation Valorization Options 

Utilization of food waste as animal feed is common practice 
and has been part of traditional agriculture for centuries 
(Ajila et al. 2012). Wastes have different potential for use as 
animal feed. For example, high lignin content in olive 
waste, sugarcane bagasse or coffee industry byproducts 
results in generally poor digestibility, while the high potas
sium content of potato waste limits applicability to cattle 
feed (Murthy & Madhava Naidu 2012; Van Dyk et al. 
2013). Seasonal availability, variability in nutritional lev
els, possible presence of toxic constituents or pathogenic 
microorganisms and rapid spoilage are general challenges. 
Material might be pre-treated, dried and formed into 
pellets before sales as animal feed, but the additional costs 
are often not recovered from the sales revenues (Van 
Dyk et al. 2013). In general, animal feed production using 
agro-industrial residues represents a relatively simple and 
potentially highly economically viable option that can also 
be handled in small-scale industries using not too compli
cated technologies and requiring relatively little marketing 
efforts (Ajila et al. 2012). 

Utilization of food waste as soil conditioner or fertil
izer is a further common practice. This is practised 
through spreading of untreated food waste such as 
tomato waste, olive husks or citrus waste (Van Dyk 

et al. 2013), or after upgrading wastes via composting or 
anaerobic digestion. 
In cascaded approaches that require limited additional 

logistical efforts, lignocellulosic byproducts such as husks 
can be firstly used as litter in animal barns before then being 
further valorized as part of the resulting manure (Kusch 
et al. 2011). Further common practice is the utilization of 
material streams rich in lignin for mushroom cultivation 
(e.g. coffee industry byproducts, brewery residues, tomato 
skins, corn stalk husks; Murthy & Madhava Naidu 2012; 
Liguori et al. 2013) or as bioadsorbents for wastewater 
treatment (Kosseva 2011). 
Food supply chain wastes can be used for energy gener

ation via different pathways, which might be more or less 
suitable depending among others on the general nature of 
the materials. While for lignocellulosic materials with low 
water content the common options include thermochemical 
conversion (combustion, gasification), biochemical conver
sion is the key standard for most food wastes. This com
prises production of biogas, biohydrogen, biohythane and 
bioethanol. Biogas production through anaerobic digestion 
(Section 25.3.1.1) today is state-of-the art in the field and 
implemented in many full-scale plants, while biohydrogen/ 
biohythane production (Section 25.3.1.2) is an emerging 
area. Bioethanol production can be a first-generation valo
rization strategy to directly process food wastes rich in 
polysaccharides (demonstrated e.g. for banana peels, sugar 
beet pulp, pineapple waste, grape pomace, potato peels, 
citrus waste; Van Dyk et al. 2013), but its main potential 
lies in its choice as advanced integrated technology to 
process underutilized components in second-generation 
valorization strategies (Section 25.3.2). 

25.3.1.1	 Anaerobic Digestion with Biogas 
Production 

The anaerobic digestion (AD) process for biogas production 
converts organic material through a series of biological 
reactions including hydrolysis, acidogenesis and methano
genesis into an energy-rich gas (composed mainly of meth
ane and carbon dioxide) and into a further valuable liquid 
residue that can be spread to land. Additional advantages of 
AD include reduction of pathogens and odours. Despite the 
fact that AD of food waste has been established as state-of-the 
art technology during the last decades, successful implemen
tation requires specific knowledge and attention. Generally 
favourable process operation and possible choice of technol
ogy are well documented in the literature (Kosseva 2011). 
The process is susceptible to occurrence of both high con
centrations of volatile fatty acids (VFA) and of ammonia 
(Banks et al. 2008, 2011); in particular, thermophilic opera
tion increases the risk of digester failure. While ammonia 
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remains a critical issue in AD (Rajagopal et al. 2013; 
Yenigun & Demirel 2013), it is well documented that the 
addition of trace elements stabilizes a food waste digestion 
process showing VFA accumulation (Banks et al. 2012; 
Zhang & Jahng 2012; Qiang et al. 2013). Co-digestion of 
food waste and of organic fractions with a high carbon-to
nitrogen ratio is an efficient strategy to limit ammonia 
concentration during the process (Zhang et al. 2012) and 
to generally ensure favourable shares of nutrients; it should 
therefore be considered with priority. 

25.3.1.2 Biohydrogen/Biohythane Production 

The production of hydrogen and its use as a clean fuel are 
widely discussed and under intense ongoing research and 
development. In addition to hydrogen as the main energy 
carrier, mixtures of carbon-based gaseous fuels with hydro
gen have been found favourable due to their improved 
combustion characteristics. Hydrogen is characterized by a 
higher flame speed and a lower ignition energy requirement 
than the other traditional fuels; a small amount of hydrogen 
added to the fuel therefore promotes its better exploitation. 
Beyond the benefits, the addition of hydrogen to methane still 
has problems that must be overcome: both methane and 
hydrogen are currently generally produced using non-renew
able energy sources. Interest has grown in the biological 
production of hydrogen and its use as a fuel mixed with 
biogas. The mixture of hydrogen/biogas is known as bio
hythane. As for the hythane, the addition of a small amount of 
hydrogen (about 10% by volume) improves the performance 
of biogas combustion, both in an internal combustion engine 
for motor vehicles and in cogeneration mode. 

Hydrogen can be biologically produced through activity 
of enzymatic complexes (hydrogenase, nitrogenase) gener
ated by some prokaryotes and eukaryotes microorganisms 

(Kotay & Das 2008) involved in three main biological 
processes: biophotolysis of water; photo-fermentation; and 
dark fermentation. Currently, dark fermentation is of par
ticularly high interest because it can be coupled with the 
anaerobic digestion process in order to produce biohydro
gen and biogas (biohythane). Biohydrogen production via 
dark fermentation of carbohydrates-rich substrates is car
ried out by various anaerobic bacteria, particularly Clos
tridium spp., Thermoanaerobacterium spp., Enterobacter 
and Bacillus (Reith et al. 2003), as a result of a chain of 
microbial activities, providing that environmental condi
tions such as pH and temperature are favourable. 
High enzyme activity was observed between pH 5 and 6 

(optimum value at 5.5) and at 55 °C of working temperature 
(Reith et al. 2003; Hallenbeck et al. 2009; Valdez-
Vazques & Poggi-Varaldo 2009). Several strategies have 
been proposed to control the pH, for example, the addition 
of chemicals or the use of protein-containing substrates 
(Valdez-Vazques & Poggi-Varaldo 2009). 
One advanced strategy is to control pH via coupling in 

series the dark fermentation process with the classical 
biogas anaerobic digestion process and using the recircu
lation of the anaerobic digestion effluent, rich in buffer 
agents, to control the dark fermentation pH. The recircu
lation flow from a methanogenic reactor to a hydrogen-
producing reactor allows the exploitation of the residual 
buffer capacity (ammonium, bicarbonate) of digestate 
(Cavinato et al. 2011) to supply nutrients and dilute the 
feedstock used (Kataoka et al. 2005; Chu et al. 2008; 
Lee et al. 2010). Moreover, from a whole system, as men
tioned above, it is possible to produce biohythane 
(Fig. 25.4), resulting in a highly efficient solution (Cavinato 
et al. 2011, 2012; Chinellato et al. 2013; Gottardo et al. 2013). 
Biohydrogen production through dark fermentation is gen

erally implemented at both mesophilic (35–37 °C) and 

Figure 25.4 Two-phase anaerobic digestion with a hydrogen and a methanogenic reactor. 
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thermophilic (55 °C) conditions, even if the thermophilic 
biohydrogen production is widely used at laboratory and pilot 
scale and one demonstrative-scale plant has been realized in 
Italy (Lodi). Optimization of process conditions needs to be 
further linked to adapted hydraulic retention time and organic 
loading rates (Hawkes et al. 2007; Valdez-Vazquez & Poggi-
Varaldo 2009; Kongjan & Angelidaki 2010; Cavinato et al. 
2011, 2012; Giuliano et al. 2014) and with control of hydro
genotrophic activity, for example via pH control and/or sub
strate pre-treatment (Han et al. 2005; Shin & Youn 2005; 
Gomez et al. 2006; Chou et al. 2008; Lee et al. 2010). 

Different substrates can be used for biohydrogen (and 
biohythane) production but, from a thermodynamic point of 
view, the conversion of carbohydrates to hydrogen and 
organic acids allows the highest amount of hydrogen per 
mole of substrate (Reith et al. 2003). For this reason, 
substrates rich in carbohydrates (sugars, starch and cellu
lose) are most favourable. Full-scale biohydrogen and 
biohythane process implementation is currently under eval
uation, under both economic and long-term feasibility 
points of view. 

25.3.2	 Second-Generation Valorization 
of Agro-Industrial Residues 

While first-generation valorization strategies make use of 
whole food waste streams as they are, second-generation 
valorization strategies are based on utilization of specific 
ingredients with high added value in order to cover 
manifold purposes. Despite the fractionation of the mate
rial streams, a clear focus remains on complete overall 
valorization of feedstock. The key aim is the maximiza
tion of the efficiency of resource utilization, mainly based 
on integrated production of both speciality and commod
ity products to enhance market flexibility and economic 
viability (Koutinas et al. 2014). Such biorefinery concepts 
with extraction and/or conversion of constituents along 
with their diversion into adapted high-value production 
systems have already at least partially been realized for 
effluents and byproducts from specialized sectors such as 
the dairy and olive oil industries (Kosseva 2011; Mira
bella et al. 2014). Research results have identified a range 
of additional areas such as citrus peels or other fruit and 
vegetable processing byproducts (Kosseva 2011; Pfaltz
graff et al. 2013) as most promising with a view to 
achieving high-end applications (biosolvents, resins, fla
vours, fragrance components, various organic acids, 
enzymes, pharmaceutical products, etc.). A huge variety 
of possible second-generation valorization pathways 
exists, and applicability will depend on given situations 
and markets. Figure 25.3 provides an overview on 

possible target applications, while Section 25.4 looks at 
functional food as one exemplary area. 

Recovery of specific components generally requires 
significant purification, enrichment and/or conversion 
procedures, which will add to both the costs and resources 
consumption, while unexploited proportions would cause 
an environmental burden. This highlights that such 
advanced valorization approaches necessarily need to 
include additional valorization steps (in parallel or sub
sequent production of animal feed, conversion into energy 
and provision of compost from no longer alternatively 
exploitable process residues). Implementation of indus
trial symbiosis is a key success element in biorefinery 
strategies. 
Applied technologies include mechanical, chemical, 

physicochemical and biological options. Biotransformation 
and bioconversion processes are generally becoming 
commercially realistic alternatives to purely chemical syn
thesis pathways for the production of chemicals relevant 
directly to the food industry (Archer et al. 2008). Some 
areas, for example development of flavours, bio
transformation and bioconversion, have a long tradition. 
Research and development has demonstrated the potential 
to use precursor molecules to achieve tailored flavour 
compounds by microorganisms or their isolated enzymes 
(Archer et al. 2008). Biocatalysis has been identified as 
one high-potential field for the production of useful indus
trial products and functional foods from low-value agricul
tural produce to high-value commercial food and industrial 
products (Akoh et al. 2008). 

25.4 A Spotlight on Functional Foods 

25.4.1	 From Byproducts to Functional 
Ingredients 

Emerging trends have focused on valorization of food byprod
ucts for functional food applications. The present-day con
sumer is inclined to purchase functional food with health 
benefits above normal nutritive values (Siró et al. 2008), 
driving the food industry towards the development of func
tional products that would meet growing consumer demands 
(Bigliardi & Galati 2013). Functional food ingredients are 
mostly derived from primary human food and can improve 
public health due to their bioactive properties. However, a 
major challenge associated with this approach includes the 
apparent depletion of primary food resources, especially in the 
face of the looming food security scenario. At the same time, 
millions of tonnes of byproducts are continually generated 
during industrial food processing. These material flows 
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contain valuable primary and secondary metabolites that can 
be recovered and reintegrated into the food system, potentially 
leading to the development of niche markets for the new 
ingredients within the agri-food economy. Valorization of 
food byproducts containing functional compounds can be 
achieved by direct consumption for nutritional purposes or 
their use as sources of bioactive compounds, often concen
trated in the byproducts, which can be extracted for nutraceu
tical and pharmaceutical applications. This strategy 
contributes to public health promotion in addition to ensuring 
efficient resources use along with reduced environmental 
impact and (especially relevant for small businesses) cost 
associated with waste disposal. 

25.4.2	 Functional Components 
of Food Byproducts 

The consumption of food, especially fruits and vegetables, 
has been correlated with positive health outcomes including 
reduction of risk to major human chronic health conditions, 
especially cardiovascular disease (Dauchet et al. 2006). 
Byproducts generated from these foods can therefore harbour 
some functional compounds. Currently, food byproducts that 

can be valorized for functional ingredients include oilseed 
meal, fruit and vegetable pomace, cereal straw, seed hull or 
husk, fruit peels and fish processing byproducts. As dis
cussed in the following and summarized in Table 25.2, food 
byproducts contain several functional molecules including 
proteins and peptides, polyphenols, carotenoids, poly
unsaturated fatty acids (PUFAs) and polysaccharides. The 
macromolecules can be reused in food as nutrients and the 
secondary metabolites as functional agents that can regulate 
abnormal physiological processes during disease states. 

25.4.2.1 Proteins and Peptides 

After oil extraction, 35–60% of oilseed (canola, soybean, 
flaxseed, mustard, lupin, breadfruit, peanut, pumpkin, rape
seed, etc.) meal byproducts comprise proteins (Moure et al. 
2006; Rodrigues et al. 2012). Moreover, fish and other 
marine food wastes contain structural proteins, collagen 
and gelatin, of the skin and bones (Ferraro et al. 2010). The 
dairy food sector also generates whey protein byproducts 
(mostly β-lactoglobulin and α-lactalbumin) after cheese 
production (Smithers 2008). The byproduct proteins are 
mostly underutilized and can be isolated by solubilization, 
isoelectric precipitation and membrane technologies 

Table 25.2 Extraction technology and health benefits of components of food byproducts. 

Ingredient Food byproduct Extraction technology Health benefits 

Proteins and peptides Oilseed meals; fish and marine 
food byproducts (e.g. 
microalgae, seaweed) 

Polyphenols Peel waste from tomato, potato, 
apple, olive, onion, and other 
fruits and vegetable 
processing 

Polyunsaturated fatty Byproducts of salmon, cod, 
acids sardine and anchovy 

processing 

Carotenoids (lycopene, Tomato peel; palm, cereal, 
β-carotene, lutein, vegetable and marine algae 
zeaxanthin, processing wastes 
astaxanthin, etc.) 

Tocopherols and Fruits and vegetable processing 
tocotrienols waste 

Polysaccharides Seafood shells and marine 
processing wastes; cereal 
hulls and straw; fruit and 
vegetable byproducts (peels 
and pomace) 

Enzymatic hydrolysis, 
microbial fermentation 
and membrane 
processing 

Solvent and aqueous 
extraction technology; 
membrane processing 

Hydraulic pressing; 
enzymatic and solvent 
extraction 

Solvent (supercritical 
fluid) and enzymatic 
extraction 

Aqueous and 
supercritical fluid 
extraction 

Hydrothermal extraction; 
enzymatic hydrolysis; 
solvent extraction 

Antihypertensive, anti-oxidative, 
antimicrobial, hypolipidaemic, 
anticancer and anti-thrombotic 
activities 

Anti-oxidative, anticancer 
and anti-inflammatory 
activities 

Cardiovascular health benefit; 
anticancer and anti
inflammatory properties; vision 
improvement 

Anti-oxidative activities; 
precursor of vitamin A 
(immune and vision functions) 

Anti-oxidant activities 

Gut and cardiovascular health 
benefits; weight control; glycaemic 
control (decreased risk of type 2 
diabetes) 
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(Smithers 2008; Rodrigues et al. 2012; Udenigwe & Aluko 
2012) for product development and nutritional purposes. 
Moreover, cheese whey lactoferrin and glycomacropepti
des have demonstrated antimicrobial and antithrombotic 
activities, respectively (Smithers 2008), making them val
uable for functional food development. Furthermore, food 
proteins have gained particular interest as precursors of 
bioactive peptides, which have demonstrated several 
health-related bioactive properties (Table 25.2). The pep
tides can be generated from recovered proteins using 
processing technologies such as microbial fermentation, 
enzymatic hydrolysis and membrane technology (Gómez-
Guillén et al. 2011; Udenigwe & Aluko 2012). It appears 
that the utilization of low-value protein-rich food byprod
ucts for peptide-based functional food development can be 
a major driver of bioactive peptide research (Udenigwe 
2014), highlighting the strong prospects of agro-industrial 
waste valorization in generating high-value products. 

25.4.2.2 Secondary Metabolites 

The processing of fruits, vegetables, cereal and marine 
algae yields byproducts (pomace, straw, hull, peel, meal) 
that contain large amounts of phytochemicals (secondary 
metabolites) such as carotenoids, flavonoids, phenolic 
acids, tocopherols, tocotrienols and terpenoids (Tan et al. 
2007; Benakmoum et al. 2008; Ćetkovic ́ et al. 2012). 
These compounds are known to possess several beneficial 
health-related bioactivities (Table 25.2). For instance, val
orization of tomato peel waste yielded phenolic compounds 
that exhibited anti-oxidative and anticancer properties 
(Benakmoum et al. 2008; Ćetkovic ́ et al. 2012). Anti-
oxidative astaxanthin can be recovered from krill and 
microalgae waste, and this compound has been valued at 
€3000–12,000 kg�1 (Ferraro et al. 2010). 

Apart from solid byproducts, valuable compounds can 
also be recovered from industrial wastewaters. Olive mill 
wastewaters contain high amounts of derivatives of anti-
oxidative phenolic acid, hydroxycinnamic acid, tyrosol 
and hydroxytyrosol (Federici et al. 2009). Extraction 
technologies for recovering the compounds from food 
byproducts include enzymatic treatment, solvent and 
supercritical fluid extraction and membrane processing. 
In addition to their roles in health promotion, the recov
ered compounds can be used to enhance food quality. For 
example, tomato peel waste containing carotenoids, lyco
penes and flavonoids (rutin and naringenin) when incor
porated in low-quality refined olive oil was found to 
enhance the anti-oxidative capacity and thermal stability 
of the product compared to more superior oil products 
(Benakmoum et al. 2008). 

25.4.2.3 Polyunsaturated Fatty Acids (PUFAs) 

In addition to their high-protein contents, fish meal and 
marine food byproducts (algae, cod liver and mackerel flesh 
residues) contain substantial amounts of ω-3 and ω-6 
PUFAs, with an estimated market value of €24 kg�1 for 
purified cod liver oil (Ferraro et al. 2010). The oils are 
traditionally recovered by hydraulic pressing, but enzy
matic and solvent extraction are becoming popular. PUFAs 
are highly susceptible to oxidation and this should be 
considered prior to using the recovered PUFAs in func
tional foods. Dietary PUFAs play several physiological, 
structural and metabolic roles as signalling molecules. 
Common ω-3 PUFAs, eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA), can be recovered in large 
amounts from the marine byproducts (especially micro-
algae) and are known to function in vision improvement, 
maternal and child health promotion, retarding inflamma
tory diseases and protecting against cardiovascular disease 
and certain cancers (Tur et al. 2012). 

25.4.2.4 Polysaccharides 

Non-digestible polysaccharides (dietary fibres) are major 
components of peels and pomace of fruit and vegetable 
processing, and these include pectin, lignin, cellulose and 
hemicellulose (Nawirska & Kwaśniewska 2005). Dietary 
fibres in food byproducts often include fructans and fructoo
ligosacchardies (onion skin, cereal bran), β-glucan (cereal 
bran) and chitin/chitosan (seafood shells). Fibres are also 
present in seed meal, banana/plantain peels, wheat straw, rice 
husk and cocoa shell. These dietary fibres are known to 
demonstrate cardiovascular health benefits, promote gut 
health and are effective in weight and glycaemic control, 
leading to decreased risk of type 2 diabetes (Slavin 2008). 

25.4.3	 Prospects and Challenges of using Food 
Byproducts as Functional Foods 

Considering the nutritive and therapeutic values of the 
ingredients discussed above, valorization of food byprod
ucts for functional food application is certainly a major 
process to consider for a sustainable food system. With the 
projected increase in the global population, there is an 
expected concomitant increase in food processing, ulti
mately increasing the amount of food byproducts which 
can be readily used as raw materials for functional food 
production. However, there are potential challenges to be 
considered prior to commercializing byproduct-generated 
functional foods, including the following. 
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1.	 The need for affordable processing technology that can 
efficiently extract the valuable ingredients. Would food 
byproduct valorization be economically viable and 
competitive for the functional food industry, when 
considering processing and associated costs? More
over, it is important to develop affordable valorization 
technologies, especially for small- and medium-scale 
enterprises, low-income food processors and farmers in 
developing countries, for widespread implementation 
of the strategy. 

2.	 The amount of functional ingredients in the byproducts. 
What fraction of the food waste constitutes functional 
ingredients of interest, and how much can be extracted 
for inclusion in food products? Besides, would there be 
a large amount of another byproduct resulting from 
valorization? Cost-benefit analyses are needed to eval
uate the feasibility of extraction of a valuable compo
nent of food byproducts with the ideal goal of 
extracting larger amounts of beneficial compounds 
and generating minimum secondary byproducts. 

3.	 Regulatory hurdles. Some developed countries have 
strict regulations regarding functional foods and health 
claims. In order to reuse functional ingredients from 
food byproducts in food applications, emphasis should 
be placed on current government regulations across the 
world to ensure that the resulting functional food 
products can be marketed with health claims and are 
safe for human consumption. 

4.	 Consumer perception; will the consumer purchase and 
consume products developed with ingredients derived 
from food byproducts, especially when food byprod
ucts are tagged as ‘waste’? Will there be concerns that 
the products are inferior and perhaps unsafe for con
sumer health? Prior to commercialization, there is a 
need for safety evaluation, approval by government 
regulatory bodies and consumer education on the ben
efits of the strategy in efficiently utilizing bioresources 
towards the promotion of global sustainability. None
theless, the ‘naturalness’ of the valorized functional 
compounds can provide a competitive edge over syn
thetic chemicals that are currently used in food formu
lation for different functional purposes. 

25.5 Concluding Remarks 

The current state of agro-industrial byproduct valorization 
as well as intense research in this field indicate that the area 
has been recognized as holding important potential to 
increase overall efficiency of the food supply chain. 
Byproducts and effluents of food processing have been 

well understood to be a useful resource not only for first-
generation valorization, but also for second-generation 
valorization strategies with production of commodity 
chemicals and high-value chemicals including important 
metabolites and functional food constituents. Nevertheless, 
a series of constraints need to be taken into consideration, 
mainly related to general availability of useful material 
flows, variability of compositions including seasonal 
effects, storage and transport issues and microbial 
instability. Costs of technologies and, in some areas, the 
general perception by the public are further challenges that 
need to be met in order to enable food waste valorization 
strategies to occupy a competitive position. 
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26.1	 Food Waste: Tomorrow’s Raw 
Materials? 

Food waste (FW) can be defined as the end-products of 
various food processing industries that have not been 
recycled or used for other purposes. They are the non-
product flows of raw materials whose economic value is 
less than the cost of collection and recovery for reuse, and 
are therefore discarded as waste (Lin et al. 2013). These are 
commonly treated through landfilling, composting or incin
eration. These waste management strategies add low value 
to waste, are costly and inefficient and/or raise environ
mental concerns. Valorization through first-generation 
recycling techniques as, for example, animal feed is 
more cost efficient; however the variation in composition 
of FW affects the quality of regenerated products (Arancon 
et al. 2013). In addition, FW still contains valuable com
pounds that are lost or underutilized. The inherent and 
diverse chemical composition of FW, the drive to derive 
more value from waste and to reduce our environmental 
footprint and society’s concern over resource scarcity has 
led to second-generation FW valorization strategies (Lin 
et al. 2013; Pfaltzgraff et al. 2013). Advanced valorization 
practices use FW as a renewable feedstock to generate 
valuable marketable products, solving both resource and 
waste management problems. This is the concept of a 

biorefinery, which is in essence analogous to that of a 
conventional refinery in that it aims to maximize outputs 
(i.e. energy/fuel, chemicals and materials) from the proc
essing of raw materials (Clark et al. 2009; Lin et al. 2013). 
Figure 26.1 depicts the processes of a biorefinery (Clark 

et al. 2009). To harness the maximum value from FW, it is 
essential to have knowledge of its chemical composition, 
including both the major and minor constituents. Valuable 
extractable chemicals could be isolated from FW, while the 
majority of FW could be further processed to a vast array of 
chemicals and materials via chemical and biotechnological 
approaches. The residual FW could be finally converted to 
feed or energy through microbial fuel cells or anaerobic 
digestion (Clark et al. 2009; Koutinas et al. 2014). 
Table 26.1 lists some examples of valorization bioprocesses 
for different food sectors. A more extensive overview of 
valorization bioprocesses of FW can be found in Liguori 
et al. (2013) and ElMekawy et al. (2013). 
This chapter discusses the key aspects of all the stages of 

a FW biorefinery using bioconversions as the core technol
ogy for the production of valuable chemicals and energy. 
The common FW valorization practices (i.e. anaerobic 
digestion and animal feed) are not covered here. Instead, 
we focus on the advanced FW valorization strategies. The 
potential of second-generation valorization practices will be 
illustrated using several case studies. 
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Figure 26.1 Flowchart of a FW biorefinery using bioconversions as the core technology for the production of valuable chemicals 
and energy (after Clark et al. 2009). 

26.2	 Characterization of Biomass on a 
Molecular Level 

FW still contains natural compounds of high-value second
ary plant metabolites (SPM). Evidence is mounting that 
SPM provide economically interesting functionalities and 
they have an ever-increasing sales market as food supple
ments and in the cosmetics and pharmaceutical industry 
(Frederici et al. 2009). For example, polyphenolic com
pounds exhibit a wide range of physiological properties 
such as anti-allergenic, anti-artherogenic, anti-inflamma
tory, antimicrobial, anti-oxidant, antithrombotic, cardiopro
tective and vascodilatory effects (Bernaert 2013). 
Carotenoids are identified as potentially important natural 
anti-oxidants that might aid in the prevention of several 
human chronic degenerative diseases such as cancer, car
diovascular diseases and age-related diseases (Bijttebier 

et al. 2014). Since FW is not well characterized on a 
molecular level, quantitative determination of SPM in 
FW and food processing side streams is essential in the 
development of a biorefinery to harness the maximum value 
from FW. 
The chemical complexity of biomass inhibits easy char

acterization, however. Biomass matrices contain up to 
thousands of different compounds. The methods applied 
for the characterization of complex biomass samples there
fore have to be very selective to ensure differentiation 
between individual compounds (Bijttebier et al. 2013). 
Identification of the compounds of interest is usually 
achieved using analytical standards. However, only a frac
tion of the SPM known to exist in nature is commercially 
available as reference standard and, if available, very 
expensive. Further, bioactive SPM are often very labile 
compounds and easily degrade/react under the influence of 
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Table 26.1 Examples of valorization bioconversion processes for different food sectors. 

Food sector Food product Valorized product Microorganism	 References 

Vegetable Citrus waste Pectic enzyme Aspergillus foetidus Garzon & Hours 1992 
Bread crumb Fruity aroma compounds Geotrichum candidum Daigle et al. 1999 
Wheat (gluten) Succinic acid Actinobacillus succinogenes Du et al. 2008 
Sugarcane bagasse Carboxylic acids Mixed culture Fu & Holtzapple 2011 
Sugarcane bagasse Laccases (enzymes) Pleurotus ostreatus Karp et al. 2012 
Pastries and cakes Multi-enzyme Aspergillus awamori; Aspergillus Zhang et al. 2013 

preparations; oryzae; Actinobacillus 
polyhydroxybutyrate succinogenes; 

succinic acid Halomonas boliviensis 
Dairy Soya wastes from a Polyhydroxyalkanoate Alcaligenes latus Yu et al. 1999 

soya milk dairy 
plant 

Whey Succinic acid Actinobacillus succinogenes Wan et al. 2008 
Unsupplemented Butanol Clostridium acetobutylicum Raganati et al. 2013 

cheese whey 
Soy whey Bioactive peptide- Aspergillus awamori nakazawa Singh & Banerjee 2013 

enriched hydrolysate protease 
Meat Meat-based wastes H2; carboxylic acids Mixed culture Pessiot et al. 2012 

from 
slaughterhouses 

Fish Fish waste (with Feed Saccharomyces sp., Lactobacillus Faid et al. 1997 
molasses) plantarum 

Fish waste Biogas Microbial mesophilic consortium Álvarez et al. 2010 
Wine	 Winery waste Biocontrol agent Trichoderma viride Bai et al. 2008 

Grape marc Biosurfactants Lactobacillus pentosus Portilla et al. 2008 
Winery wastewater Electricity Activated sludge Cusick et al. 2010 

temperature, oxygen, acid and alkaline conditions, enzymes 
or even light (Britton et al. 1995). Appropriate measures 
therefore have to be taken to avoid the formation of 
artefacts during sampling, sample preparation and analysis 
to overcome the various difficulties associated with the 
analysis of SPM. Such alterations are not only limited to 
analysis, but can also occur during material handling, 
processing and storage. 

SPM in biomass range from very polar (e.g. sulphonated 
compounds such as glucosinolates) to apolar compounds 
(e.g. hydrocarbons such as carotenes). They might be 
present in bulk (e.g. lipids, chlorophyll) or in minor 
amounts (e.g. polyphenols, polyacetylenes). This makes 
comprehensive analysis of the entire SPM composition 
very difficult. Consequently, a very versatile range of 
techniques has been applied depending on the purpose 
of the study. 

To date, even the most state-of-the-art analytical instru
ments have their technical limitations and are not specific 
enough to distinguish all different analytes present in a 
sample. Compound separation therefore has to be 

maximized before detection, which is commonly achieved 
by chromatography. High-performance liquid chromatog
raphy (HPLC) has most often been used (predominantly 
reversed phase) as a separation technique for plant metab
olites because of its ease of use and its high selectivity 
(Bijttebier et al. 2014). During the last decade, new devel
opments in LC stationary phase packing materials have 
enabled the development of stationary phase particles 
smaller than 2 μm. Compared to HPLC, the smaller particle 
size of ultra-high-performance liquid chromatography 
(UHPLC) packing material generally leads to much shorter 
analysis times, higher peak capacities, smaller peak widths 
and higher chromatographic resolution, significant savings 
in mobile phase solvents and gains in sensitivity (Swartz 
2012). UHPLC has consequently made its introduction into 
SPM analysis (De Paepe et al. 2013; Bijttebier et al. 2014). 
Supercritical fluid chromatography (SFC) has also been 

applied for the separation of predominantly apolar plant 
metabolites such as carotenoids and lipids as the technique 
has shown great ability in their separation (e.g. carotenoid 
cis-trans isomers), requires only a few quantities of 
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hazardous solvents and allows high efficiencies to be 
achieved (Lesellier et al. 1999; Bamba et al. 2008). 
Gas chromatography (GC) has been used extensively for 

the separation of compounds such as phytosterols, a cho
lesterol-lowering food ingredient, and volatile flavours 
(Moreau et al. 2002; Wang et al. 2013). Enhancements 
in the chromatographic separations of complex plant 
metabolite mixtures have been made by the application 
of comprehensive two-dimensional LC (LC × LC) and GC 
(GC × GC) (Cacciola et al. 2012; Tranchida et al. 2013). 
Although both techniques have shown great potential to 
carry out complex separations, the applications involve the 
use of complex instruments, dedicated software and highly 
skilled operators. 
Liquid chromatography coupled to photodiode array 

(PDA) and fluorometric detection is commonly used for 
the analysis of SPM (Kramer et al. 2011; Rivera & 
Canela-Garayoa 2012). However, such detectors do not 
provide much structural information and therefore iden
tification of SPM is impossible in the absence of analyti
cal standards (Britton et al. 1995). To obtain 
unambiguous structure elucidation and compound iden
tification, nuclear magnetic resonance (NMR) still 
remains indispensable (Halabalaki et al. 2014). NMR is 
however not a very sensitive technique and requires 
compound purification before detection to allow proper 
structure elucidation. NMR analysis is therefore not the 
most appropriate technique to unravel the complex molec
ular profile of biomass samples. 

Within the range of hyphenated techniques, LC coupled 
to mass spectrometry (MS) has recently emerged to a 
central role in food analysis due to its capacity to rapidly 
separate and detect a broad range of small molecules 
(Cacciola et al. 2012; Castro-Puyana & Herrero 2013). 
With the use of MS, gains in terms of sensitivity, selectivity 
and speed of structural elucidation can be obtained (Castro-
Puyana & Herrero 2013). Accurate mass-MS (am-MS) 
detectors enable the calculation of the most probable 
molecular formulae of the ions and fragments, thereby 
allowing the tentative identification of unknown SPM 
without the need for reference standards (Kind & Fiehn 
2006). Because of the limited availability of analytical 
standards for SPM, this utility has shown to be essential 
in natural products exploration. Consequently, am-MS 
detectors have been extensively used for the characteriza
tion of SPM (Cacciola et al. 2012; Castro-Puyana & Her
rero 2013). In the past, am-MS detectors were 
predominantly designed for untargeted analysis (i.e. iden
tification of unknowns). However, due to the increasing 
dynamic ranges and sensitivity of commercially available 
am-MS instrumentation, these detectors are increasingly 

finding their application in quantitative analysis (De Paepe 
et al. 2013; Vaclavik et al. 2014). 

26.3 Extraction of High-Value Compounds 

The initial processing step in a biorefinery could consist of 
the isolation of the high-value extractable chemicals from 
the FW (Clark et al. 2009). 
Biomass contains a lot of water, especially FW from the 

fruit and vegetable processing industry. An interesting first 
step is the mechanical separation of the FW into a juice 
fraction and a fibre fraction with conventional technologies 
such as a decanter or a filter press. Water-soluble compo
nents such as proteins or polyphenols concentrate in the 
juice fraction, while cell-wall carbohydrates such aspectin 
and cellulose can be found in the fibre fraction. The 
mechanical separation into a juice and a fibre fraction is 
a first step in reducing the bulk of the FW. Both fractions 
can be used in the food and feed industry, for example a 
healthy vegetable juice and a dietary fibre. These fractions 
can however also be used as resource for extraction of high-
value chemicals. For example, pectin is exploited in the 
food industry as a gelling agent and is also employed in 
fillings, sweets, as a stabilizer in fruit juices and in milk 
drinks (López et al. 2010). 
Traditionally, organic solvents are used for the extraction 

of high-value chemicals from plant biomass. Hexane is 
generally used for the extraction of oil or carotenoids, while 
polyphenols can be extracted with methanol. Soxhlet 
extraction with organic solvents is often used as a reference 
for evaluating solid-liquid extraction methods. Super-
critical CO2 is generally recognized as a green solvent 
since it is safe (non-flammable and non-toxic), available as 
an industrial byproduct (e.g. fermentation) and produces no 
solvent residues (Clark et al. 2009). However, supercritical 
CO2 is often used at high pressure, leading to substantial 
energy requirements and safety issues which reduce the 
green benefits of this solvent. Decaffeination of coffee is the 
best-known example of supercritical CO2 extraction on an 
industrial scale (Wijngaard et al. 2013). 

Carotenoids are a group of phytochemicals that have 
often been extracted by supercritical CO2 due to its apolar 
character. A modifier such as ethanol is often used to 
enhance the polarity of CO2. Vega et al. (1996) extracted 
the carotenoid β-carotene from carrot press cake with 10% 
ethanol as optimal co-solvent concentration. Wijngaard & 
Brunton (2010) optimized the solid-liquid extraction of 
polyphenols from apple pomace with 56% ethanol. The 
use of ethanol and water as solvents was food grade and 
more environmentally friendly than 100% methanol. 
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Two technologies for energy-efficient extraction are 
microwave and ultrasound (Clark et al. 2009). Ultrasound 
is a technique where sound waves with high frequency 
generate bubbles. If the bubbles collapse, they increase the 
plant material porosity by cell disruption and the extraction 
of useful components is favoured. Ultrasound as an extrac
tion technique has the potential to be up-scaled at low costs 
(Virot et al. 2010). Vilkhu et al (2008) described how 
ultrasound-assisted extraction can potentially enhance 
extraction of components such as polyphenolics, anthocya
nins (colour pigment), aromatic compounds, polysacchar
ides, oils and functional compounds when used as a pre
treatment step in a unit process. Ultrasound can be used to 
significantly improve extraction rate and yield in super-
critical CO2 and can therefore potentially improve both the 
energy efficiency and economics of supercritical processes 
(Clark et al. 2009). 

Microwave technology is becoming accepted as a 
method for extraction of phytochemicals. Balu et al. 
(2012) reported on a novel cascade-type valorization 
approach to convert whole waste orange peel into bio
chemicals and nanoporous materials by using hydrothermal 
microwave treatment. The products obtained include 
D-limonene (a molecule known for its applications as a 
biosolvent, a starting material for synthetic resins, a flavour 
and fragrance component and a chemical intermediate; 
Pfaltzgraff et al. 2013), pectin, mesoporous cellulose and 
the in-situ-converted α-terpineol (a food-grade flavour 
gradient) from D-limonene; this is a perfect example of 
a FW biorefinery. 

Enzyme-assisted extraction is another example of a green 
extraction technology. Enzymes partially degrade the cell 
wall, which enhances porosity and pore size and therefore 
increases extraction. Since cell walls mainly consist of 
polysaccharides such as cellulose and pectin, many appli
cations of cellulases and pectinases have been reported 
(Wijngaard et al. 2013). 

After extraction of several chemicals, the residue can 
further be used as a substrate for bioconversions, as animal 
feed, for biogas production after anaerobic digestion or as 
fertilizer after composting. The first option is discussed 
further in this chapter. 

26.4	 Bioconversions of Food Waste using 
Enzyme Technology 

Conventionally, batch mode enzymatic hydrolysis fol
lowed by fractionation with different purification/separa
tion techniques is used for the production and recovery of 
different valuable molecules from FW. Although this 

batch-type mode of operation is simple and easy to control, 
it suffers from high enzyme and labour costs, ‘catalytic 
activity loss’ due to inactivation (Guadix et al. 2006) and 
considerable variability of product quality in different 
batches (Das et al. 2012). Under batch conditions, Rodri
guez-Nogales et al. (2007) and Martinez et al. (2009) 
hydrolysed respectively apple and sugar beet pectin by 
different pectinases. Under the most optimal conditions, 
Martinez et al. (2009) were able to obtain 26.7 kg oligo
saccharides from 100 kg sugar beet pulp with Celluclast 
1.5 L cellulases from Trichoderma reesei and Viscozyme 
1.5 L endopolygalacturonases from Aspergillus aculeatus. 
Different pectinoligosaccharides were obtained which had 
prebiotic characteristics. Another prebiotic compound, gal
actooligosaccharide (GOS), has been produced enzymati
cally but from milk whey using the enzyme β-galactosidase 
from Penicillium canescens (Abelyan 1998). 
Protein sources from different FW such as soy, whey, 

meat and fish proteins and defatted peanut kernels have 
been found to possess antimicrobial activity. The opera
tional conditions employed in the processing of protein 
isolates, the type of protease and the degree of hydrolysis 
affected the antimicrobial activity (Kotlar et al. 2013). 
Many other authors have indicated that enzymatic hydrol
ysis of proteins from fish (Aspmo et al. 2005) and also 
crustaceans (Kim & Senevirathne 2011; Dey & Dora 2014) 
constitutes a source of promising health benefit molecules 
such as anti-oxidants, or products with antihypersensitive, 
antimicrobial, antitumor or anticoagulant properties. Celus 
et al. (2007) enzymatically hydrolysed a protein concen
trate by several commercially available proteases (Bacillus 
licheniformis Alcalase, Aspergillus oryzae Flavourzyme 
and pepsin from porcine stomach), obtained by alkaline 
extraction and subsequent acid precipitation from brewer’s 
spent grain. They indicated that protein fragments with 
relatively high molecular weight (>14.5 kDa) and high 
surface hydrophobicity had favourable technofunctional 
properties such as foaming and emulsification. Singh & 
Banerjee (2013) used Aspergillus awamori nakazawa pro
tease to convert soy whey, a process waste from the soy-
based food product tofu, into bioactive peptide-enriched 
hydrolysate. 
To reuse the enzyme and avoid contamination of the 

product by the residual enzymes, immobilization of 
enzymes on various supports is often performed. Further
more, enzyme immobilization allows the use of more 
expensive enzymes and, in many cases, reduces the com
plexity of the production process, allowing continuous 
operation as well as better control of the biocatalytic 
process (Jochems et al. 2011). Immobilized biocatalyst 
has important applications in the processing of milk 
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byproducts and whey lactose (Kosseva 2013). β-D-Galac
tosidase from Kluyveromyces fragilis was covalently linked 
to silanized porous glass beads via amino groups using 
glutaraldehyde, and resulted in high lactose conversion 
(90%) of whey permeate in a recycle packed-bed reactor 
(Szczodrak 2000). Klein et al. (2013) also immobilized 
β-D-galactosidase from Kluyveromycers lactis on glutar
aldehyde-activated chitosan in a packed-bed reactor for the 
continuous hydrolysis of whey lactose and the synthesis of 
GOS. Since 1977, Valio laboratory in Finland has used 
fungal β-D-galactosidase adsorbed to phenol-formaldehyde 
resin Duolite ES-762 for whey processing. In this process, 
whey and whey permeate are hydrolysed continuously by 
pumping through a column (Schmid et al. 2001). Ingredi
ents and Corning Glass Works (Kosseva 2013) and Sumi
tomo Chemical (Katchalski 1993) use a β-D-Galactosidase 
that is covalently immobilized on silica beads and macro-
porous amphoteric ion exchange resin of phenol formalde
hyde polymer for the production of lactose-hydrolysed 
whey. A highly active and reusable biocatalyst based on 
a silica-encapsulated Cal-B lipase of Candida antarctica 
was used by Itabaiana et al. (2013) to esterify in a continu
ous way the free fatty acids of a food-derived acidic residue 
from palm oil refining. Smaali et al. (2011, 2012) used a 
chitosan immobilized invertase and a β-fructofuranosidase 
from Aspergillus awamori NBRC4033 to convert aqueous 
extracts from date byproducts in high-fructose syrup and 
the prebiotic fructooligosaccharides. 
To improve process performance and economics, ultra

filtration (UF), nanofiltration (NF) membranes or a combi
nation are coupled to hydrolysis tanks (enzymatic 
membrane reactor or EMR) for simultaneous in situ per
meation of small hydrolysates and retention of the enzyme 
and larger molecules during the hydrolysis process (De 
Eslie & Cheryan 1981; Guadix et al. 2006). This approach 
can provide significant savings due to the reuse of enzymes, 
removal of the enzyme-inhibiting hydrolysates and produc
tion of hydrolysates with uniform molecular mass charac
teristics, achievable with the use of the correct membrane 
nominal molecular weight cut-off (Cheison et al. 2007). 
Furthermore, inactivation of the enzyme, which is neces
sary at the end of hydrolysis in conventional batch reactors, 
is obviated, reducing product deterioration and side-prod
uct formation. 
Numerous researchers have used continuous membrane 

reactors to carry out hydrolytic reactions and (simulta
neous) extraction of hydrolysates for producing (bioactive) 
compounds from FW (Bouhallab et al. 1993; Guadix et al. 
2006; Cheison et al. 2007; Jochems et al. 2011; Kim & 
Senevirathne 2011; Benhabiles et al. 2012). Belafi-Bako 
et al. (2007) found that a flat sheet EMR designed for the 

hydrolysis of pectin by a poly-galacturonase from Asper
gillus niger worked with excellent stability for more than 50 
hours. In addition, a 40% higher productivity of galactu
ronic acid was achieved in the EMR compared to a shaking 
flask experiment. 
Babbar et al. (2014) used a membrane cascade filtration 

set-up to produce tailor-made prebiotic pectinoligosacchar
ides (POS) from solubilized pectin from sugarbeet pulp 
using the enzyme mixture Viscozyme. Gel permeation 
chromatography indicated POS <400 Da and <800 Da 
were present in the permeate after respectively passing 
the 400 Da and 600–800 Da membrane. The residue con
tained POS >10 kDa. 
Das et al. (2012) used Protease A Amano 2G from 

Aspergillus oryzae to hydrolyse seed protein isolate and 
protein hydrolysate was sequentially fractionated by ultra
filtration. A significantly higher (p < 0.05) degree of 
hydrolysis was achieved in EMR compared to batch 
mode. This may be the consequence of continuous with
drawal of products (peptides with molecular weight <5 Da) 
from the reaction mixture through a 5 kDa membrane 
lowering ‘competitive product inhibition’ by released small 
peptides. 
The use of EMRs is also emerging as a beneficial method 

for producing bioactive materials such as peptides, chitoo
ligosaccharides and polyunsaturated fatty acids from 
diverse seafood-related wastes (Kim & Senevirathne 
2011). A continuous UF hollow-fibre EMR (area 0.5 m2) 
was also applied for GOS production from whey as a 
substrate. The enzyme (K. lactis β-galactosidase) was 
kept in the UF unit while the sugars (including GOS) 
permeated the membrane and were collected outside the 
vessel (Foda & Lopez-Leiva 2000). Although continuous 
recycling membrane reactors have a high efficiency, they 
also suffer from high labour costs and large decreases in 
permeate flux due to fouling and concentration polarization 
(Grzeskowiak-Przywecka & Slominska 2007). The use of 
hydrolytic enzymes immobilized on EMR helps to reduce 
this effect since the hydrolytic layer on the membrane 
partially hydrolyses the molecules continuously deposited 
during ultrafiltration, therefore retarding the rate of forma
tion of a gel layer on the membrane and around the pores. In 
a study by Giorno et al. (1998), pectolytic enzyme mixtures 
Cytolase 219 (pectinase, cellulase and hemicellulase (Dan
isco-Genencor)) and Rapidase Liq plus (pectinase, cellulase 
and hemicellulase of A. niger and Tricoderma longibra
chiatum) were used to improve the permeate flux in an 
EMR used for apple juice clarification. 

While the above-described studies deal with the hydrol
ysis of FW into (high-value) compounds, some studies have 
also focused on the enzymatic synthesis of compounds 
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from FW. By using a lipase-catalysed transesterification, 
Burton et al. (2010) obtained a 98.5% conversion of coffee 
oil, extracted from spent coffee grounds, into ASTM 
standard biodiesel by using Novozyme 435 (immobilized 
lipase from Candida antarctica). Laszlo et al. (2013) also 
used this immobilized lipase Novozym 435 together with 
oil from the plant Cuphea to modify olive oil waste 
molecules to create anti-oxidants for use in foods. In 
addition, since the reaction products were good solvents, 
a co-solvent free protocol could be used and organic 
solvents could be avoided. Zhao et al. (2014) used Novo
zym 435 in a packed-bed reactor to transesterify lard with 
L-ascorbic acid into lard-based ascorbyl esters (LBAE). 
The results suggested that LBAEs have the potential to 
serve as a natural anti-oxidant in food. 

26.5	 Bioconversions of Food Waste using 
Fermentation Technology 

The carbon and nutrients present in FW could be utilized for 
the production of chemicals via microbial bioconversion, 
either directly or after pre-treatment and/or hydrolysis 
(Koutinas et al. 2014). In principle, all chemicals produced 
from pure carbon sources via fermentation can also be 
produced from FW or its hydrolysates (Lin et al. 2013). 
Without aiming to give an exhaustive overview of the 
chemicals produced from FW via fermentation so far, 
the intention is to illustrate the different types of products. 

The emerging routes for biorefineries include the ther
mochemical, sugar and carboxylate platforms of which 
only the latter two employ biological processes to convert 
biomass. In the sugar platform, purified enzymes convert 
biomass into 5- and 6-carbon sugars as intermediate feed
stock chemicals that are converted further by, for example, 
fermentation to fuels (Agler et al. 2011; Fu & Holtzapple 
2011). Numerous types of FW have been explored as a low-
cost carbon source. Selected examples are the production of 
lactic and succinic acid from corn steep liquor and whey by 
Lactobacillus rhamnosus and Actinobacillus succinogenes 
respectively (Wan et al. 2008; Yu et al. 2008). Given the 
complex and variable composition of some types of FW, 
the carboxylate platform could be more suitable for the 
production of intermediate products. In this platform, 
organic feedstocks are converted to short-chain carboxyl
ates (i.e. acetate, propionate, n-butyrate, lactate) using 
undefined mixed cultures in engineered systems under 
anaerobic conditions (Agler et al. 2011). The products 
from both platforms can subsequently be converted to 
high-value biobased chemicals or materials (Lin et al. 
2013). 

Microbial conversions of FW can furthermore be 
employed for the production of biopolymers either through 
the synthesis of monomers (e.g. lactic acid, succinic acid) or 
the direct production of the polymers (e.g. polyhydroxyal
kanoates, xanthan; Sanchez-Vazquez et al. 2013). Stale 
bread was fermented to lactate, which was further proc
essed to polylactic acid. This biopolymer was then used as 
packaging material for fresh bread, thus closing the loop 
(Anonymous 2014). 
The microbial production of industrially relevant 

enzymes offers another interesting opportunity (Lin et al. 
2013). Citrus peel contains appreciable quantities of pectin 
which can induce the synthesis of pectic enzymes by the 
microbial communities that grow on them (López et al. 
2010). Pectic enzyme production by Aspergillus foetidus in 
solid-state fermentation (SSF) on a laboratory scale, 
employing citrus waste as substrate, has been demonstrated 
(Garzon & Hours 1992). The produced enzymes can also be 
employed as an integrated pre-treatment step of FW. Lin 
et al. (2013) valorized unconsumed pastries and cakes from 
Starbucks Hong Kong to the biopolymer polyhydroxybu
tyrate (PHB), the platform molecule succinic acid and 
multi-enzyme preparations. A mixture of fungi comprising 
Aspergillus awamori and Aspergillus oryzae was utilized 
for the production amylolytic and proteolytic enzymes, 
respectively. The enzyme complexes were subsequently 
employed to convert the raw material through simultaneous 
hydrolysis and fungal autolysis into a generic feedstock for 
fermentative succinic acid or PHB production by Actino
bacillus succinogenes and Halomonas boliviensis, respec
tively (Zhang et al. 2013). This example is a nice case study 
showing the potential of FW for the fermentative produc
tion of multiple commodity products. 
Waste generated from industrial processing of fruit and 

vegetables has also been used to support cheap microbial 
biomass production. For example, waste date products were 
processed for yeast Saccharomyces cerevisiae production 
(Nancib et al. 1997). 
FW has also been employed for the fermentative pro

duction of higher-value compounds. Fruity aroma com
pounds, such as ethyl acetate, ethyl propionate, ethyl 
butyrate and ethyl isobutyrate, were produced from Geo
trichum candidum using waste bread (Daigle et al. 1999). 
Zheng et al. (2007) developed a new technology to transform 
ferulic acid, which was from waste residue of rice bran oil 
into vanillin (a flavouring compound of high economic 
value) using a combination of fungal strains A. niger and 
Pycnoporus cinnabarinus. Residues of leek, one of the most 
important field vegetable crops in the northern region of 
Belgium, were recently valorized to health-promoting com
pounds by spontaneous fermentation (Bernaert et al. 2013). 
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Fermentation resulted in an increase of endogenous poly
phenolic compounds (e.g. ferulic acid, astragalin, luteolin 
and naringenin) and stimulated the production of a series of 
polyphenolic compounds that were not present in the fresh 
leek, indicating the nutritional relevance of fermentation 
(Bernaert et al. 2013). 

In case specific types of FW do not meet all the nutri
tional requirements, different types of FW with comple
mentary composition could be combined (Lin et al. 2013). 
The production of surface-active sophorolipids (SL) by the 
yeast Candida bombolica is most favourable when produc
tion media containing a hydrophilic carbon source are 
supplemented with a lipophilic carbon source (Van Bogaert 
et al. 2007). Low-cost media based on sugarcane molasses 
and different oils such as olive oil, soybean oil and sun
flower oil have therefore been evaluated for these biosur
factants (Daverey & Pakshirajan 2009). A second example 
is the valorization of fish waste by fermentation with 
molasses into animal feed ingredients using a starter culture 
of Saccharomyces sp. and Lactobacillus plantarum which 
is more environmentally sound than the conversion of fish 
waste into fish meal by drying (Faid et al. 1997). 
The different case studies illustrate that an array of 

products, covering both commodity and specialty chem
icals, can be produced from FW by fermentation. It should 
be stressed that despite the potential, upgrading FW by 
biotechnological conversions has not yet been implemented 
at a commercial scale (Koutinas et al. 2014). From an 
economic perspective, the fermentation processes often 
deal with low fermentation efficiency, which in turn influ
ences the downstream processing efficiency. Lower prod
uct titers, yields and volumetric productivities imply more 
energy and therefore financial costs for product recovery 
and purification (Koutinas et al. 2014). The challenges 
associated with fermentation and downstream processing 
should be addressed to make the approach commercially 
viable. 

26.6	 Electricity Generation using Microbial 
Fuel Cells 

Microbial fuel cells (MFC) are a promising and sustainable 
solution to meet the increasing needs of energy and waste
water treatment (Logan 2009; ElMekawy et al. 2014). The 
technology is similar to conventional fuel cells, but makes 
use of electro-active bacteria (EAB) as catalysts for the 
oxidation and/or reduction reactions. The chemical energy 
stored in organics of wastewater is transformed to electrical 
energy via a series of electrochemical reactions catalysed 
by microorganisms (Pant et al. 2012; Sevda et al. 2013). 

Organics in wastewater are oxidized by EAB at the anode 
which generates electrons and protons. The electrons pass 
through an external circuit while protons diffuse through 
the membrane that separates anode and cathode, and are 
reduced by a terminal electron acceptor at the cathode (Pant 
et al. 2012). Extracting energy from wastewater is consid
ered as one of the promising future schemes of sustainable 
energy production and wastewater treatment (Pant et al. 
2013). 
FW play a very unique role in the energy recovery by 

MFC due to their high energy potential, biodegradability 
and inexhaustibility (Goud et al. 2011). A broad range of 
FW with a wide variety of organic components and physical 
characteristics has been evaluated as substrate for MFCs; 
Table 26.2 provides a representative list of different types 
of food wastes and food industry residues that have been 
used as substrate in various MFC studies. It is often difficult 
to compare MFC performances from the literature due to 
different operating conditions, surface area and type of 
electrodes and the different microorganisms involved. Dif
ferent researchers also use different units to describe the 
performance of a MFC (Pant et al. 2010). Some prefer to 
present it as normalized density, which is represented as the 
power generated per unit area of the anode surface area 
(mW m�2), or power generated per unit volume of the cell, 
the volumetric power density (mW m�3). The power 
densities in each column should therefore be compared 
to one another and not among the two columns. 
FW vary in composition, strength and complexity 

depending on their sources of availability; their potential 
for electricity generation varies accordingly (Pant et al. 
2010). COD concentrations varying in the range of 
1–5 gL�1 have been most frequently used for power gen
eration in MFC. Wang et al. (2008) obtained a relatively 
low power density of 483 mW m�2 when full-strength raw 
brewery wastewater with COD of 2.25 g L�1 was used in a 
single chamber MFC. Katuri & Scott (2010) achieved a 
stable power density of 330 mW m�2 with a low-strength 
brewery wastewater (COD, 0.43 g L�1) in a hybrid up-flow 
MFC. 
Wastewater from wineries and distillery effluents are also 

suitable feedstock for MFC operation. Distillery waste
waters generally contain a high COD and the presence 
of high inhibitory substances such as sulphur and salts 
(Mohanakrishna et al. 2010) exhibit lower energy effi
ciency and even suppress the microbial activity. These 
wastewaters therefore need to be diluted or pre-treated 
appropriately prior to operation in MFC. Mohanakrishna 
et al. (2010) achieved 124 mW m�2 of power density and 
73% of COD removal efficiency in single-chamber MFC 
operated with 16.2 g L�1 of 5-fold diluted distillery 
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wastewater. Cusick et al. (2010) investigated winery waste
water at a substrate COD of 2.2 g L�1 and obtained 
6.7 W m�3 of power density along with 65% of COD 
removal efficiency. 
Effluents from the dairy processing industry offer 

another potential source of renewable energy. The dairy 
processing of milk, cheese and yogurt generates wastewater 
which contains a high amount of proteins and lipids 
(Fang & Yu 2000). These streams are less biodegradable 
than carbohydrates and can adversely affect the microbial 
activity of anaerobic digestion when present at high con
centrations (Demirel et al. 2005). It is therefore difficult to 
treat and extract energy from dairy processing wastewater 
compared to carbohydrate-rich wastes. Several recent stud
ies have shown that the latter wastewater has less effect on 
the microbial activity when being utilized for power gen
eration in MFC (Mohan et al. 2010). Kelly & He (2014) 
investigated electricity generation from cheese whey waste
water and obtained 3.2 W m�3 of power density with 60% 
of COD removal efficiency. Cercado-Quezada et al. (2010) 
studied yogurt wastewater and obtained 92 mW m�2 of 
power density. 
Waste streams from highly complex sources have also 

been evaluated as MFC substrates. Patil et al. (2009) 
evaluated the feasibility of chocolate industry wastewater 
for electricity generation in a dual-chamber MFC. Higher 
power density of 1500 mW m�2 with 75% COD removal 
was achieved when compared to distillery and winery 
wastewaters. Zhang et al. (2009) evaluated wheat straw 
waste in a double-chamber MFC and obtained 123 mW m�2 

of power density. 
FW from household and canteen/restaurant activities 

contains uneaten food and food preparation leftovers 
mostly consisting of boiled rice, cooked and uncooked 
vegetables, vegetable peelings, cooking oil, meat, fish 
and boiled spices which are rich in carbohydrates. This 
FW is complex and usually contains large fractions of less-
degradable organics such as polysaccharides, proteins and 
lipids. It is well known that these polymers cannot be 
directly utilized by most of EABs in MFC. They therefore 
need to be converted to simple forms such as sugars, amino 
acids and volatile fatty acids (VFAs) by acidogenic bacte
ria, which can be easily degraded by EAB in MFC for 
electricity generation (Fornero et al. 2010; Choi et al. 
2011). This has led to the concept of pre-fermentation 
pre-treatment. Goud et al. (2011) investigated the electric
ity generation from canteen-based FW which contains a 
high COD (330 g L�1) in a single-chamber MFC. A maxi
mum power density of 115 mW m�2 was obtained with 
65% of COD removal efficiency when operated with 
strongly diluted FW (at 6 g COD L�1) and a mixed culture 

as biocatalyst. On the other hand, Zhang et al. (2009) used 
the leachate from pre-fermented FW for electricity genera
tion in MFC and obtained a higher power density of 
1410 mW m�2 operated at 5.3 g L�1 of FW leachate. 

26.7 Conclusions 

This review contributes to knowledge about the future 
biorefinery of FW using biotechnological processes as 
the core technology for the production of valuable chem
icals and energy. The reported case studies not only high
light the wide range of marketable products that can be 
gained by upgrading FW using advanced valorization 
strategies but also illustrate that, despite its complex com
position, a variety of FW types can be utilized as a renew
able feedstock. Prior to the successful application of large-
scale biorefineries, several barriers need to be overcome. 

In order to qualify as a feedstock, availability of FW is a 
very important asset (Pfalzgraff et al. 2013). Characteriza
tion of FW on a molecular level for the detection of new and 
more valuable products requires selective analytical meth
ods, specific analytical standards, mild conditions and 
appropriate measures. The isolation of extractable chem
icals urges the use of greener solvents and energy-efficient 
extraction technologies (Clark et al. 2009). Enzymatic 
hydrolysis requires further improvements, especially in 
terms of the interaction of the enzyme with the FW, the 
long-term stability of the enzyme and the combination of 
conversion with separation for which information is scarce. 
Fermentation processes should be improved to increase the 
final concentrations, yields and productivities. The devel
opment of genetically modified microorganisms producing 
the desired molecules at high efficiency will play an 
important role (Koutinas et al. 2014). In addition, separa
tion becomes a key issue when dealing with low fermenta
tion efficiency (Koutinas et al. 2014) and complex waste 
streams (Tuck et al. 2012), and sustainability should also 
extend downstream. Energy generation by MFC also faces 
several challenges. Organic-loading changes substantially 
affect the power output of MFCs. To increase bioelectricity 
production, pre-treatment of FW will be needed in the 
future. This technology has a long way to go before 
reaching large-scale commercialization. 
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27.1	 Food Processing Wastes as Substrates 
for SSF 

As a consequence of the large volumes of solid wastes 
produced by agricultural and agro-food industries, residues 
and byproducts are generated throughout the year, pro
duced either in the primary agro-forestry sector or by 
secondary processing industries. 

Agricultural crop residues such as cereal straw, corn 
stalk, bagasse and grass are produced in quantities of 
billions of tonnes around the world (Thomas et al. 
2011). For example, the amount of crop residue produced 
in the world is estimated at 2.8 × 109 Mg a�1 for cereal 
crops, 3.1 × 109 Mg a�1 for 17 cereals and legumes, and 
3.8 × 109 Mg a�1 for 27 food crops (Lal 2005). Among 
these enormous amounts of agricultural residues, only a 
minor quantity is used as animal feed or household fuel and 
a major proportion is burned in the field, creating environ
mental pollution. 

Agro-industrial residues are the most abundant and 
renewable resources on Earth. They show two conflicting 
aspects: on the one hand their accumulation causes eco
nomic and ecological problems, while on the other they are 
a promising and renewable source of utility products by 
bioconversion for their technological and nutritional 
properties. 

In recent years, these materials have attracted attention 
as an abundantly available and cheap renewable feed
stock. In fact, there has been an increasing trend towards 
efficient utilization and value-addition of these residues 
through biotechnological processes (Koopmans & Koppejan 
1997). As a result, an extensive range of valuable and usable 
products can be recovered from what was previously con
sidered waste. 
Several processes have recently been developed to utilize 

these raw materials for the production of bulk chemicals and 
value-added fine products such as ethanol, single-cell pro
tein, enzymes, organic acids, amino acids and biologically 
active secondary metabolites (Pandey et al. 1988; Pandey 
1992, 1994; Nampoothiri & Pandey 1996; Pandey & Soccol 
1998). 
Novel bioprocesses based on renewable feedstocks that 

utilize resources more efficiently, and at the same time 
produce less waste, can make a significant contribution to 
sustainable development. However, it is not enough just to 
develop more environmentally friendly processes; sustain-
ability also requires economic and social justification 
(Clark & Macquarrie 2002). In this regard, the use of these 
byproducts as substrates for solid-state fermentation (SSF) 
allows the reduction of solid contaminants and, at the same 
time, high-value products can be produced. SSF is defined 
as fermentation involving solids in the absence (or near 
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absence) of free water. However, the substrate must contain 
sufficient moisture to support the growth and metabolism of 
the microorganism. 
SSF has a special relevance in the field of the bio

technological processes as an alternative to the traditional 
submerged fermentation. In general, SSF processes have 
lower energy requirements, produce less wastewater and 
are environmentally friendly as they resolve the problem of 
solid waste disposal. These processes provide high-con
centrated products, avoid foaming and have lower risks of 
contamination (Gessesse & Mamo 1999; Suryanarayan 
2003). 
Among the various groups of microoganisms used in 

SSF, filamentous fungi are the most efficient for the 
bioconversion of the solid substrate because of their hypha 
mode of growth, their good tolerance to low water activity 
and their high osmotic pressure (Raimbault 1998; Pandey 
et al. 1999). The hypha mode of growth provides a major 
advantage to filamentous fungi over unicellular microor
ganisms in the colonization of solid substrates and for the 
utilization of available nutrients. During their growth they 
secrete hydrolytic enzymes without large dilution, which 
makes their action very efficient. As a result, fungus tips can 
penetrate easily into the solid, increasing the accessibility of 
all available nutrients (Raimbault 1998). 
Agro-industrial residues are generally considered the best 

substrate for SSF processes. Given their composition – rich in 
sugars such us cellulose, hemicellulose and pectin – they can 
be easily assimilated by microorganisms (Rodríguez-
Couto 2008). In fact, SSF has emerged as an appropriate 
technology for the management of agro-industrial resi
dues and to provide added value to these materials (Orzua 
et al. 2009). 
One of the most important fruit crops of the world is 

grape, with an annual production of more than 60 million 
metric tons. Europe produced 44% of this worldwide 
harvest (Bustamante et al. 2011). The European Union 
has an important presence in the worldwide market of wine, 
with approximately 49% of the vine-growing area of the 
world and 60% of the wine production. Spain has the 
highest vineyard area of the world, equivalent to 15.1% 
of the world total vineyard area, followed by France and 
Italy. However, the first country producer of wine is France 
who produce around 17% of the global production, fol
lowed by Italy with 16% of the production and Spain with 
12% of the global production. 
Grape pomace is the remaining residue after grape 

pressing in the winemaking process. This residue consti
tutes about 16% of the original fruit and consists of pressed 
skins, disrupted cells from the grape pulp, seeds and stems 
(Botella et al. 2005). The average composition of residue 

includes carbohydrates, fibre, fats, proteins and mineral 
salts. 
Cell walls of grape pomace are composed of cellulose, 

hemicelluloses, pectin and lignin arranged in a complex 
network. Cellulose is the most abundant component in 
lignocellulosic structure, consisting of chains of β-1,4 
linked glucose units (Stelte et al. 2011). These chains 
are linked by strong hydrogen bonding which form micro
fibrils. As a result, cellulose is crystalline in nature and very 
recalcitrant to degradation; however, some parts of its 
structure are easier to degrade due to its amorphous nature. 
Cellulose is embedded in a matrix of hemicellulose, 

pectin and lignin (Raven et al. 1999; Eriksson & Bermek 
2009). Hemicellulose is the second most abundant compo
nent of lignocellulosic biomass, which is a heterogeneous 
branched polymer of pentoses (including xylose and arabi
nose), hexoses (mainly mannose, less glucose and galac
tose) and sugar acids (El-Masry 1983; Kuhad & Singh 
1993; Stelte et al. 2011). Another component of this 
lignocellulosic structure is pectin, a complex acidic poly
mer with 1,4-linked D-galacturonic acid residues (Habibi 
et al. 2004; Wang et al. 2005). Finally, lignin can be found 
throughout the plant cell wall, mainly concentrated in the 
middle lamella and the primary cell wall. This polymer is 
mostly formed by phenylpropane units, which makes it a 
highly complex and recalcitrant compound. In general, 
older and woodier plants contain higher levels of lignin 
deposited in cell walls to give rigidity and strength, making 
cell walls waterproof and providing effective protection 
against pathogens (Raven et al. 1999). The complex struc
ture composed of cellulose, hemicellulose and lignin acts at 
the same time as plant skin and backbone. 
A number of processes have been suggested for utiliza

tion of grape pomace, including the production of antho
cyanins, citric acid, ethanol or grape seed oil (Meyer et al. 
1998; Patil & Dayanand 2006). It has been traditionally 
used to produce pomace brandy and grape seed oil, and 
nowadays is mostly used for animal feed or fertilizer. 
Moreover, it has been sold to biogas companies, where 
it is used to produce methane gas that can be combusted to 
generate power. The main problem is that these processes 
have low yields, so the grape pomace is often disposed of in 
open areas leading to serious environmental problems. 
Moreover, its treatment is difficult due to its seasonal 
character (huge production during September–November). 
Furthermore, it is characterized by low pH and a high 
content of polyphenol, phosphorous, potassium, organic 
matter and heavy metals. For all these reasons, management 
of this waste has become an environmental concern; dif
ferent strategies are therefore being employed for its recy
cling or the reduction of its environmental impact. 
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27.2	 Hydrolytic Enzymes Production 
from Fruit-Processing Wastes 

There are microorganisms such as brown-, white- and soft-
rot fungi which can degrade lignin and hemicellulose of this 
type of residues (Schurz 1978). Brown rots mainly attack 
cellulose, while white and soft rots attack both cellulose and 
lignin. White-rot fungi are the most effective basidiomy
cetes for biological degradation of lignocellulosic materials 
(Fan et al. 1987). These fungi possess hydrolytic enzymes 
such as cellulases, xylanases and pectinases, which are 
typically induced by their substrates cellulose, xylan and 
pectin, respectively (Papinutti & Forchiassin 2007). For this 
reason, food processing wastes such as grape pomace can 
be used as solid substrate for fungi fermentation. In fact, 
fungi are able to degrade the substrate by releasing to the 
environment large amounts of complex mixtures of hydro
lytic enzymes such as cellulases, hemicellulases and lig
ninases which act in a synergistic manner (Dashtban et al. 
2009). The break-down of lignocellulosic biomass involves 
the formation of long-chain polysaccharides, mainly cellu
lose and hemicellulose, and the subsequent hydrolysis of 
these polysaccharides into their component 5- and 6-carbon 
chain sugars, which constitute the carbon source of fungi. In 
this way, grape pomace, with scanty economic profitability 
and pollutant status, can be reduced by SSF to produce 
relevant value-added products, such as hydrolytic enzymes. 

Generally, cellulose, hemicellulose and pectin can be 
hydrolysed using pectinase, cellulase and β-glucosidase 
enzymes to produce glucose, fructose, galactose, arabinose, 
xylose, rhamnose and galacturonic acid (Echeverria et al. 
1988; Grohmann et al. 1994; Wilkins et al. 2007). How
ever, efficient cellulose hydrolysis to produce glucose 
requires the mutual action of several enzymes. Firstly, 
endoglucanases act randomly on internal sites of the poly
mer, producing reducing and non-reducing ends. Cellobio
hydrolases then act on the polymer end, releasing 
cellobiose, and finally betaglucosidases hydrolyse cellobi
ose producing two units of glucose (Beguin & Aubert 1994; 
Fujita et al. 2004). As well as cellulases, the action of 
hemicellulases and pectinases is also necessary to convert 
hemicellulose and pectin into simple sugars. 

Hemicellulose forms a physical barrier around the cellu
lose and key enzyme activities for its hydrolysis are endo
1,4-β-xylanase, 1,4-β-xylosidase and α-L-arabinofuranosi
dase (Hsu 1996; Sörensen et al. 2007). Enzymes required 
for pectin hydrolysis are classified in two main groups: 
pectinesterases, which de-esterify pectin by removal of 
methoxyl residues, and depolymerases, which readily split 
the main chain (Blanco et al. 1999). Polygalacturonases 
belong to the latter group and are able to cleave the 

glycosidic bonds of pectin, either with a random mode 
of action (endo-polygalacturonases) or a terminal mode of 
action (exo-polygalacturonases). 
Frequently, penetration of these hydrolytic enzymes to 

the interior of the lignocellulosic structure is blocked by 
lignin, which acts as a barrier by its linkage to both 
hemicellulose and cellulose (Dashtban et al. 2009). Despite 
the fact that lignin resists attack by most microorganisms, 
basidiomycetes white-rot fungi are able to degrade its 
structure efficiently by releasing ligninolytic enzymes to 
the environment (Wong 2009). Basically, this molecule is 
degraded by a ligninase complex composed of at least three 
enzyme activities: lignin peroxidase, manganese dependent 
peroxidase and laccase (Tien & Kirk 1983; Glenn & Gold 
1985). Most fungal strains produce and secrete various 
lignocellulolytic synergistically acting enzymes into the 
environment, thus contributing significantly to the decay 
of lignocellulosic residues in nature (Dashtban et al. 2009). 
The viability of grape pomace as solid support for the 

production of hydrolytic enzymes such as xylanases, pec
tinases and cellulases by solid-state fermentation has been 
previously studied obtaining good results (Botella et al. 
2005; Díaz et al. 2007, 2012a). Citrus fruits also constitute 
an important group of fruit crops produced all over the 
world, of which production has increased significantly in 
the past years. In 2013 the world annual production reached 
64 million MT (FAO 2012). As a consequence, the disposal 
of fresh peel is becoming a major problem to many facto
ries. Usually citrus juice industries dry the residue and it is 
either sold as raw material for pectin extraction or pelletized 
for animal feeding, though neither of these processes is very 
profitable (Garzón & Hours 1992). However, given the 
composition of orange peels, which contains 14.4% pectin, 
16.2% cellulose and 13.8% hemicellulose, they can also be 
easily assimilated by microorganisms (Díaz et al. 2012b). 
Our research group has been working on the use of 

different agro-industrial residues for the production of 
hydrolytic enzymes through SSF (Botella et al. 2007; 
Umsza-Guez et al. 2011; Díaz et al. 2012b). Regarding 
the use of grape pomace as solid substrate of fermentation, 
several aspects should be borne in mind. Given that its 
composition can change from season to season and that it is 
dependent upon the type of grapes and weather conditions, 
reproducible enzymatic productivities might not be 
achieved when different grape pomaces are used. For 
this reason, a protocol for the nutrient composition adjustment 
of white grape pomace from Palomino Fino variety was 
established in a previous work in order to enhance the 
production of xylanase, carboxymethylcellulase (CMC-ase) 
and exo-polygalacturonase (exo-PG), a type of pectinase (Díaz 
et al. 2012b). Generally, this process involved the washing of 
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the solid substrate, in order to remove the excess of reducing 
sugars, and its supplementation with a solution rich in mineral 
salts and nitrogen sources. Grape pomace was mixed in a 1:1 
(w/w) proportion with orange peel, Washington Navel variety, 
as a natural source of pectin to induce the production of the 
studied enzymes. 
For these experiments, initial moisture content of the 

solid was set at 70% w/w by using a nutrient solution at 
pH 5.0 composed of 2.4 g L�1 urea, 9.8 g L�1 (NH4)2SO4, 
5.0 g L�1 KH2PO4, 0.001 g L�1 FeSO4�7H2O, 0.0008 g L�1 

ZnSO4�7H2O, 0.004 g L�1 MgSO4�7H2O and 0.001 g L�1 

CuSO4�5H2O. Fermentations were carried out in petri 
dishes where the mixture of residues, the nutrient solution 
and 4.5 × 107 spores of Aspergillus awamori were added. 
This fungus was used so that the products could be con
sidered GRAS (generally recognized as safe) by the Food 
and Drug Administration (FDA) (Bigelis & Lasure 1987). 
Indeed, it is a variant of Aspergillus niger and has been 

widely used for food processing in Japan. Furthermore, it is 
also known to produce enzymes that enhance the digestion 
of carbohydrates and proteins (Gracia et al. 2003). 
Figure 27.1 depicts a comparison of the temporal 

production of xylanase, CMC-ase and exo-PG by Asper
gillus awamori grown on washed grape pomace and the 
mixture of grape pomace and orange peel. Enzyme activ
ities are expressed as international units per gram of dried 
solid (IU gds�1). 
As regards SSF on grape pomace, distilled water was 

used to adjust the moisture content of the solid. In this case, 
intense fungal growth was not observed and, as a result, low 
activities of xylanase, CMC-ase and exo-PG were meas
ured. This effect could be explained with the loss of water-
soluble substances rather than sugars, which are also 
necessary for the metabolism of the fungus (as well as 
mineral salts and vitamins) during the washing step. In fact, 
when grape pomace was used as sole solid substrate, the 

Figure 27.1 Temporal evolution of (a) xylanase, (b) CMC-ase and (c) exo-PG produced by solid-state fermentation on grape 
pomace and a mixture of grape pomace and orange peels. 
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maximum activities of 0.93, 0.34 and 0.82 IU gds�1 were 
measured for xylanase, CMC-ase and exo-PG, respectively. 

Enzyme activities were significantly improved when 
grape pomace was mixed with orange peel and the nutrient 
solution was used to set the initial moisture content of the 
solid. In this case, maximum activities for xylanase, CMC
ase and exo-PG were 17, 16 and 5 times higher, respec
tively, than those attained when grape pomace moistened 
with distilled water was used as SSF substrate. Further
more, for xylanase and exo-PG, maximum activities were 
reached earlier. 

27.3	 SSF on Fruit-Processing Wastes 
in Bioreactors 

For the scale-up of SSF processes, it should be borne in 
mind the limitation as regards the difficulty of removing the 
heat generated by microbial metabolism, heterogeneity of 
mixture during fermentation and other parameters such as 
temperature, pH agitation, aeration and concentration of 
nutrients (Santos et al. 2008). In the scale-up, the thickness 
the medium increases, leading to problems of overheating. 
Moreover, temperature can rise rapidly as a consequence of 
the low amount of water available to absorb the heat 
produced. Given that most of the microorganisms used 
in SSF are mesophilic, having an optimal temperature of 
growth of 20–40 °C, it is necessary to immediately dissipate 
the heat generated (Manpreet et al. 2005). There are 
different methods to dissipate the heat produced such as 
used forced aeration, circulating water through a jacket or 
agitation. However, forced aeration is generally considered 
the technique of choice for heat removal; it has been 
reported that most of the heat generated (up to 80%) in 
the SSF process is removed by using forced aeration. For 
this reason, our research group studied the effect of forced 
aeration on the production of xylanase, CMC-ase and exo-
PG in two reactors at a laboratory scale: a classic packed-
bed column and a trays bioreactor. For these experiments, 
the conditions of fermentation were those which provided 
the highest activities of xylanase, CMC-ase and exo-PG in 
petri dishes. A fermentation substrate of a 1:1 mixture of 
washed grape pomace and orange peels moistened at 70% 
with a nutrient solution with nitrogen source and mineral 
salts (of which the composition was previously detailed in 
Section 27.2) was used. Fermentations were conducted at 
30 °C for five days. 

In order to evaluate the effect of air flow rate on enzyme 
production, activities of the studied enzymes were analysed 
at different air flow rates for both bioreactors. With the aim 

of comparing the effect of the aeration in the two reactors 
tested, flow rate was expressed as millilitres of saturated air 
per gram of dried solid per minute (mL gds�1 min�1), that 
is, independent of the size of the reactor. 
The column bioreactor of 25 mm diameter and 400 mm 

length used consisted of a glass column filled with 10 g of 
moistened substrate inoculated with 4.5 × 107 spores of 
Aspergillus awamori. The air was pumped through a glass 
column with sterilized distilled water to be humidified, then 
sterilized by passing through a 0.45 μm cellulose filter and 
finally introduced in the system (Fig. 27.2). The air leaves 
the reactor at the top of the column after passing through a 
layer of cotton, avoiding contamination with the air of the 
atmosphere. The column had a length of 13 cm. 
The tray-type bioreactor consisted of ten sterile 250 roux 

flasks (referred as ‘plates’ for convenience) interconnected 
for water-saturated aeration (Fig. 27.3). The air was 
pumped through a glass column with sterilized distilled 
water to be humidified, then sterilized by passing through a 
0.45 μm cellulose filter and finally introduced in the system 
through the first plate and leaving at the tenth plate after 
passing through the whole reactor. Each plate was loaded 
with 10 g of moistened substrate inoculated with 4.5 × 107 

spores of Aspergillus awamori. 
As regards the column bioreactor, low enzymes activities 

were measured when forced aeration was not used 

Figure 27.2 Packed-bed column bioreactor. 
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Figure 27.3 Trays bioreactor. 

(Table 27.1). This result could be the consequence of the 
greater difficulty of O2 transfer and CO2 removal in these 
conditions, which affects fungal growth and, in conse
quence, enzyme production. On the other hand, air flow 
rate showed a positive effect in the production of the studied 
enzymes. In fact, xylanase and CMC-ase production 
increased when air flow rate rose from 0 to 6.0 mL min�1 

�1 �1g . By increasing flow rate above 6.0 mL min�1 g , 
xylanase and CMC-ase activities were not improved and 
they decreased slightly at high rates. A similar trend was 
observed for exo-PG; in this case however, activity increased 
in the range 0–9.0 mL min�1 g�1. The maximum activities 
48.70 ± 3.78, 3.42 ± 0.12 and 3.84 ± 0.69 IU gds�1 for 

Table 27.1 Enzyme production in the packed-bed column 
bioreactor at different air flow rates. 

Flow rate (mL Xylanase CMC-ase Exo-PG 
�1)min�1 g (IU/gds) (IU/gds) (IU/gds) 

0.0 7.14 ± 0.37 0.64 ± 0.08 0.62 ± 0.58 
0.6 38.07 ± 6.70 1.95 ± 0.39 1.82 ± 1.00 
6.0 48.70 ± 3.78 3.41 ± 0.25 3.56 ± 0.52 
9.0 48.02 ± 0.77 3.42 ± 0.12 3.84 ± 0.69 
12.0 48.07 ± 2.27 3.27 ± 0.34 2.78 ± 0.06 
18.0 47.95 ± 2.72 3.31 ± 0.21 2.39 ± 0.93 
30.0 45.26 ± 0.84 2.78 ± 0.00 1.72 ± 0.76 

xylanase, CMC-ase and exo-PG were 6.8, 5.3 and 6.2 times 
higher, respectively, than those analysed without forced 
aeration. 
According to the results obtained, 9.0 mL min�1 g�1 

seems to be the most appropriate air flow rate for the 
aeration of this bioreactor to attain the highest activities 
of the three studied enzymes. The positive effect of aeration 
observed could be explained with the better oxygen diffu
sion in the solid matrix, which is a limiting factor in solid-
state fermentation processes. However, the lower activities 
measured at higher flow rates could be the result of 
excessive aeration. In these conditions, enzyme production 
could have been reduced as a consequence of a shift in 
fungal metabolism. 
Milagres et al. (2004) observed a similar behaviour of 

the xylanase produced by Thermoascus aurantiacus by 
solid-state fermentation in an aerated column bioreactor. 
In this work it was demonstrated that aeration had a 
positive effect on xylanase activity production. However, 
at high airflow rates, production of this enzyme declined 
possibly because it the desired level of moisture content of 
the substrate could not be maintained. Similar results were 
reported by Shojaosadati & Babaeipour (2002) as regards 
citric acid production from apple pomace in a column 
bioreactor. Results obtained showed a negative effect of 
higher aeration rate on citric acid production. The authors 
explained this as the result of a possible shear stress which 
had a harmful effect on the morphology of the fungus and 
channelled the packed bed. 

In general, results demonstrated that it is necessary to 
apply an adequate aeration flow rate to provide sufficient 
oxygen for fungal growth on the packed substrate. How
ever, it is necessary to avoid too-high aeration rates in these 
types of system to prevent damage to the filamentous 
fungus and the drying of the substrate. 
As regards the trays bioreactor, in other to be able to 

compare the effect of air flow rate on the production of 
xylanase, CMC-ase and pectinase in the whole bioreactor, 
total activity in the ten plates was calculated (Table 27.2). It 
can be observed that air flow rate showed a positive effect 
on the production of the studied enzymes. An increase in 
the flow rate from 0.09 to 3.00 mL min�1 g�1 implied an 
enhancement of 6.5, 3.7 and 14.3 of xylanase, CMC-ase 
and exo-PG, respectively. 
Not all the aerations tested were adequate to maintain 

constant enzyme production in all the plates. When flow 
rates of 0.09, 1.20 and 2.00 mL min�1 g�1 were used, the 
activities in the upper plates were lower than in the initial 
plates. This effect could be the result of a lack of oxygen in 
the upper plates. In fact, as long as air flows through the 
plates, it becomes richer in CO2 and poorer in O2. The flow 
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Table 27.2 Enzyme production in the trays bioreactor at different flow rates. Average values and the sum of all the trays are 
shown. 

Air flow rate (mL min�1 g�1) 

0.09 1.20 2.00 3.00 

Xylanase 

CMC-ase 

Exo-PG 

Average 
Sum 
Average 
Sum 
Average 
Sum 

6.53 ± 5.30 
65.25 ± 5.30 
0.58 ± 0.31 
5.77 ± 0.31 
0.32 ± 0.19 
3.23 ± 0.19 

26.28 ± 7.21 
262.80 ± 7.21 
1.65 ± 0.33 
16.45 ± 0.33 
2.55 ± 0.31 
25.47 ± 0.31 

31.70 ± 11.13 
317.01 ± 11.13 
1.80 ± 0.48 
18.02 ± 0.48 
3.40 ± 1.40 
33.96 ± 1.40 

42.64 ± 1.49 
426.45 ± 1.49 
2.16 ± 0.15 
21.58 ± 0.15 
4.63 ± 0.25 
46.28 ± 0.25 

rates of 0.09, 1.20 and 2.00 mL min�1 g�1 therefore did not 
provide sufficient aeration for the metabolism of the fungus 
in all of the trays. For this reactor, it was necessary to apply 
a flow rate of at least 3.00 mL min�1 g�1 to provide suffi 
cient oxygen in the ten plates and reach a practically 
constant enzyme activity in all of them: 42.64, 2.16 and 
4.63 IU gds�1 for xylanase, CMC-ase and exo-PG, 
respectively. 

Comparing the results for both bioreactors (Tables 27.1 
and 27.2), it can be concluded that it is necessary to double 
air flow rate in the column bioreactor to reach enzyme 
activities similar to that measured in the trays bioreactor. 
These results might be explained by considering that the 
trays bioreactor uses a narrow bed in each plate, offering 
more efficient aeration between particles and consequently 
favouring both fungal growth and enzyme production. 

27.4	 Application of Hydrolytic Multi-

Enzyme Complexes 

What makes SSF interesting is that the hydrolytic enzymes 
produced are among the most important group of enzymes. 
These enzymes have different applications such as the 
processing of lignocellulosic material for the production 
of feed, fuel and chemical feedstocks, in the textile industry, 
the production of juices and fruit extracts and in the pulp, 
paper and animal feed industries (Tengerdy & Szakacks 
2003; Díaz et al. 2005). 

In the pulp and paper industry, xylanase enzymes 
enhance the bleaching of pulp, thereby decreasing the 
amount of chlorine-containing compounds in the process 
and minimizing the subsequent discharge of organochlor
ines in the effluent. In the food industry, they are used to 
accelerate the baking of cookies, cakes, crackers and other 
foods by helping to break down polysaccharides in the 
dough. 

Cellulases are used in enzymatic saccharification of 
lignocellulosic biomass, enzymatic deinking of office waste 
paper, paper pulping, detergent composition, as a fabric 
softener, in the textile industry for removing excess dye 
from denim fabric and for biopolishing of cellulosic fabric 
(Vyas & Lachke 2003). 
Fungal pectinases are also used in industrial applications 

such as processing aids for extraction, clarification and 
deproteinization of fruit juices, maceration of fruits and 
vegetables, extraction of flavours and pigments from plant 
materials and extraction of vegetable oil (Lang & Dornenburg 
2000). One of the most important applications of pecti
nases is the clarification of fruit juices, and it has been 
demonstrated that the combination of these enzymes with 
cellulases and hemicellulases improves the clarification 
yields (Kaur et al. 2007). For this reason, the hydrolytic 
multi-enzyme complexes with pectinases, xylanases and 
cellulases obtained by SSF of grape pomace could be used 
directly in wine cellars in wine clarification stage 
(Fig. 27.4). Basically, they might be extracted from the 
fermented solid for their usage and the extracted solid 
could be used for animal feed. 
The extracts obtained in the fermentation of grape pom

ace and orange peel in bioreactors as described in the 
previous section were applied in the clarification of orange 
juice. The cloudiness was remarkably reduced, improving 
even the efficiency of commercial enzyme preparations. 
While the turbidity of the fresh juice was 4625 NTU, after 
treatment with the multi-enzyme complex obtained by SSF 
the value was significantly reduced to 24.25 NTU. In a 
similar way the clarity increased to 95% after treatment 
with the multi-enzyme complex (Díaz et al. 2012b). These 
results are very promising because one of the major prob
lems in fruit juice production is the cloudiness of the juice. 
Multi-enzyme complexes produced by fermentation 

have also been used to convert agro-industrial residues 
to biofuels and other value-added bio-products. The 
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Figure 27.4 Diagram of the proposed process in which the hydrolytic enzymes produced by SSF are used in the clarification 
stage of wine production. 

enzymatic hydrolysis of lignocellulosic biomass has been 
widely studied for ethanol production. Lignocellulosic 
biomass, including wood material and agricultural crop 
residues, is a complex material consisting of polymers of 
lignin, hemicellulose and cellulose. Hydrolytic enzymes 
such as cellulases, hemicellulases and some accessory 
enzymes are therefore required to efficiently convert ligno
cellulosic biomass into fermentable sugars (Lee et al. 
2011). For example, the multi-enzyme complex produced 
by the fermentation of M. thermophila M.7.7 has been used 
to hydrolyse pre-treated sugarcane bagasse (de Souza 
Moretti et al. 2014). Furthermore, polysaccharide hydro
lysing enzymes (cellulose, pectinase and hemicellulose) 
included in the crude enzyme extract of Aspergillus niger 
BCC17849 have been demonstrated to act co-operatively to 
release the trapped starch granules from the fibrous cell-
wall structure for subsequent saccharification, producing 
fermentable sugars (Rattanachomsri et al. 2009). 

27.5	 Use of Enzyme Immobilization 
Strategies 

Traditionally speaking, industrial utilization of pectinases 
in fruit juice processing has been conducted in conventional 
batch reactors using enzymes in soluble form. 
Unfortunately, after each cycle of operation the enzymes 
cannot be recovered for further use; they are inevitably 

present in the final product, altering organoleptic properties. 
In this context, immobilization of pectolytic enzymes has 
proven to be significantly advantageous for continuous 
industrial use (Alkorta et al. 1998) and to improve the 
stability of the biocatalyst. Although the use of an immo
bilized enzyme for hydrolysis of a macromolecular sub
strate can be problematic due to potential diffusional or 
structural limitations of the immobilized enzyme coming 
into contact with the substrate, it has been demonstrated that 
pectinases can be immobilized on a variety of supports and 
still remain active during pectin hydrolysis (DiCosimo et al. 
2013). In this way, a commercial pectolytic enzyme prepa
ration (pectinex Ultra SP-L from A. aculeatus) has been 
immobilized onto porous anion exchange resins with elec
trostatic attraction. 
Immobilized enzyme preparation reduced the viscosity 

of a carrot puree from 90 to 6.5 Poise after 60 min of 
incubation. As well as good stabilization, the 17.7% 
increase in carrot juice yield caused by the immobilized 
enzyme preparation demonstrated that the immobilization 
of commercial pectinase appeared to be of potential 
interest for carrot mash treatment to obtain high yields 
of carrot juice (Demir et al. 2001). This commercial 
pectolytic enzyme preparation has also been immobilized 
on magnetic duolite-polystyrene particles. In this case, the 
immobilized enzyme on duolite was more stable to the 
acidity of the solution than the soluble form (Demirel 
et al. 2004). 
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The entrapment technique, which consists of a one-step 
process in which the chances of lost activity are low, has 
also been tested for pectinase immobilization. For this 
purpose, partially purified pectinase from Bacillus lichen
iformis KIBGE-IB21 was entrapped in calcium alginate 
beads, and it was demonstrated that the thermal stability of 
enzyme increased after immobilization and immobilized 
pectinase retained more than 80% of its initial activity after 
5 days at 30 °C; in comparison, the free enzymes showed 
only 30% of residual activity. The immobilized enzyme 
also exhibited good operational stability and 65% of its 
initial activity was observed during a third cycle (Rehman 
et al. 2013). 

As previously discussed in Section 27.4, the studied 
enzymes are also employed in the processing of ligno
cellulosic material for the production of feed, fuel and 
chemical feedstocks. Lignocellulosic substrates are in sus
pension form (as they are insoluble) and the binding of free 
enzymes to these substrates mostly occurs through carbo
hydrate binding domain(s) or module(s) (CBD and/or 
CBM). Recent immobilization strategies have successfully 
implemented the use of cross-linked enzyme aggregates 
(CLEAs), obtained by precipitation of the enzyme from 
aqueous media followed by the cross-linking of the physi
cal aggregates using a bifunctional reagent. Preparation of 
CLEAs renders them insoluble but does not mask their 
active site or CBDs/CBMs. In this way, the improvement in 
activity and stability of bacterial xylanases-based magnet-
ite-CLEAs compared to normal xylanases-CLEAs was 
achieved, along with the reusability of the enzymes, result
ing in higher hydrolysis yield using pre-treated sugarcane 
bagasse. For this study, the enzyme extract obtained from 
the bacterial strain Bacillus gelatine was used (Bhatta
charya & Pletschke 2014). 

The employment of ultrafine Eri silk particles for the 
immobilization of β-glucosidase by adsorption has also 
been reported. Commercial cellulase preparations are typi
cally deficient in β-glucosidase and an accumulation of 
cellobiose leads to product inhibition. Basically, β-glucosi
dase is frequently used to supplement cellulase preparations 
for hydrolysis of lignocellulosic substrates in order to 
accelerate the conversion of cellobiose to glucose and 
relieve product inhibition of cellobiose in the cellulosic 
ethanol production (Verma et al. 2013). The same enzyme 
was also covalently immobilized on non-porous magnetic 
particles, and a significant improvement in thermal stability 
was observed for immobilized enzyme compared to free 
enzymes (Alftrén & Hobley 2013). 

Good results were also obtained when β-glucosidase was 
immobilized on a methacrylamide polymer carrier, Euper
git C. In this case, the hydrolysis of cellulosic and 

lignocellulosic substrates was comparable to that of the 
free enzymes when used at the same level of protein. 
Furthermore, operational stability of the immobilized 
β-glucosidase was demonstrated during six rounds of lig
nocellulose hydrolysis (Tu et al. 2006). 
More recently, novel nano-biocarriers were developed by 

layer-by-layer deposition of carbon nanotube (CNT) on 
foam structures, used for cellulase and β-glucosidase 
immobilization. A three-fold enhancement was achieved 
in the activity of cellulase immobilized on CNT-coated 
polyurethane foam. In addition, both cellulase and β-gluco
sidase immobilized on the CNT foam showed much better 
storage stability and operational stability than those immo
bilized on a commercial biocarrier (Celite) (Lu et al. 2013). 

27.6 Conclusions 

In conclusion, fruit processing wastes have an enormous 
potential to be used as solid substrate of fermentation for the 
production of multi-enzyme complexes with a wide variety 
of industrial applications such as textile and paper indus
tries, fruit juice clarification and extraction and in the animal 
feed industry. Specifically, grape pomace has shown to be a 
good substrate for SSF. However, in order to avoid differ
ences in enzyme production as a result of changes in its 
composition at different harvests, a protocol for the adjust
ment of the nutrients composition was established. The 
addition of this solution, together with grape pomace mix
ture with orange peel, significantly improved the production 
of hydrolytic enzymes. For these fermentations, the effect of 
air flow rate in the production of hydrolytic enzymes in two 
configurations of bioreactors was also evaluated. In general, 
a positive effect of aeration was observed, possibly as a 
result of mayor oxygen diffusion. Moreover, the hydrolytic 
multi-enzyme complexes obtained after SSF of the mixture 
of grape pomace and orange peel have demonstrated to be 
remarkably efficient in fruit juice clarification. Furthermore, 
application of these multi-enzyme complexes in their immo
bilized form has demonstrated great potential due to 
improvements in their stability and activity. 
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28.1	 Introduction 

From May to June 2011, a novel Escherichia coli O104:H4 
strain caused a serious food-borne outbreak in northern 
Germany (Frank et al. 2011). The outbreak was rapidly 
spread to other countries including Switzerland, Poland, the 
Netherlands, Denmark, Sweden, the UK, Canada and the 
USA (Frank et al. 2011). Infection caused by the E. coli 
O104:H4 strain was characterized by bloody diarrhoea with 
an exceptionally high frequency of development of hae
molytic-uremic syndrome (HUS) (Al Safadi et al. 2012). A 
total of 3950 people were infected by this novel E. coli 
O104:H4 strain and 53 died during the outbreak. Hundreds 
of millions of Euros were claimed for the damages caused 
by this outbreak (Karch et al. 2012). Tracking the source of 
the outbreak was rather difficult, probably due to the very 
low infection dose and biofilm formation capacity of the 
E. coli O104:H4 strain (Al Safadi et al. 2012). This 
outbreak reminds us that while the food supply is rather 
safe in developed countries, food-borne illness is still a 
major threat to the public health in modern society. 

28.2	 Biofilm-Associated Problems in Food 
Processing Environments 

Food pathogens are able to form biofilms on the surface of 
foods or food processing environments (Van Houdt & 

Michiels 2010a). Biofilms are surface-attached microbial 
communities that are embedded in self-produced matrix of 
extracellular polymeric substances (EPS) (Costerton et al. 
1995). Biofilms cells are extremely resistant to mechanical 
and chemical challenges such as shear force, heat, salt, UV 
radiation and antimicrobial agents due to their distinct 
physiology and the shield provided from EPS matrix 
(Costerton et al. 1995). Biofilm cells grow slower com
pared to their planktonic counterparts and can transit into a 
viable but non-culturable (VBNC) state, which raises a 
great challenge for their detection (Oliver 2010). Biofilms 
formed in food processing environments are reservoirs that 
can constantly release pathogens to cause food contamina
tion and illness. Most food pathogens are able to form 
biofilms. Table 28.1 lists the major food pathogens that 
cause illness in the United States and their related reports on 
biofilms. In this chapter, we discuss the biofilm formation 
mechanisms by major food pathogens and summarize the 
latest strategies for detection and control of biofilms in food 
processing environments. 

28.3	 Biofilm Formation Mechanisms 
of Major Food Pathogens 

L. monocytogenes and Salmonella are two important food-
borne pathogens responsible for numerous diseases world
wide every year (EFSA 2013), and both pathogens have the 
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ability to adhere to many different surfaces and form 
biofilms (Di Bonaventura et al. 2008; Chia et al. 2009; 
Castelijn et al. 2012; Szlavik et al. 2012; Corcoran et al. 
2014). The structural heterogeneity of biofilms depends on 
the nature of the pathogen and the system used to investi
gate biofilm formation. Statically grown biofilms of 
L. monocytogenes generally consist of a homogeneous 
layer of rod-shaped cells, and the morphology of these 
static biofilms cells is very similar to that of planktonic cells 
(Rieu et al. 2008a). In contrast, L. monocytogenes biofilms 
formed under continuous-flow conditions, such as those 
encountered for example in food processing pipe lines, 
consist of oval-shaped microcolonies connected by a net
work of knitted chains of cells (Rieu et al. 2008a). Inter
estingly, formation of these continuous-flow biofilms 
depends on activation of the SOS response factor YneA, 
which is responsible for cell elongation (Van der Veen & 
Abee 2010a). Salmonella is able to colonize specifically at 
the air–liquid interface (Scher et al. 2005; Castelijn et al. 
2012), and can form pellicles on standing cultures 
(Scher et al. 2005). The thickness of Salmonella Enteritidis 
biofilms is influenced by the velocity in flow conditions, 
where high-flow biofilms may consist of large bacterial 
mounds (Mangalappalli-Illathu et al. 2008). 
Comparative biofilm formation capacity studies with 

Salmonella and L. monocytogenes revealed that Salmonella 
spp. produces higher quantities of biofilm than L. mono
cytogenes (Stepanovic ́ et al. 2004). A wealth of informa
tion is available concerning factors influencing biofilm 
formation, such as nutrients, temperature and strain varia
bility. Generally speaking, lower temperatures result in 
lower levels of biofilm formation (Di Bonaventura et al. 
2008; Nilsson et al. 2011; Kadam et al. 2013), whereas 
nutrient-limited conditions result in higher biofilm levels 
(Harvey et al. 2007; Castelijn et al. 2012; Combrouse et al. 
2013; Kadam et al. 2013). However, opposite findings have 
been reported for both Salmonella and L. monocytogenes 
(Stepanovic ́ et al. 2004). To date, a definitive conclusion 
pointing to the main factor of biofilm formation is still 
lacking, and it has been suggested that the amount of 
biofilm produced under the specific environmental condi
tions may be subject to selection pressures based on specific 
combinations of chemical and physical parameters (Nilsson 
et al. 2011). 
Interestingly, attempts were made for L. monocytogenes 

where several factors influencing biofilm formation levels 
were investigated for extensive strain collections (Nilsson 
et al. 2011; Kadam et al. 2013). Kadam et al. (2013)  
compared the impact of different factors on biofilm produc
tion levels including temperature, the nutritive medium used, 
serotype and origin of isolation, and concluded that 

temperature was the most determinative factor. Both studies 
also underline that the interstrain variation in biofilm forma
tion was very high. This concurs with the debate among 
biofilm researchers that the relative impact of implicit factors 
such as strain variability and environmental factors on 
biofilm formation might be a complex interplay between 
both (Stepanovic ́ et al. 2004; Nilsson et al. 2011; Lianou & 
Koutsoumanis 2013). Strain selection for biofilm studies 
necessitates a deliberate reflection. For example, Salmonella 
enterica spp. enterica, the subspecies responsible for nearly 
all Salmonella infections in humans, comprise more than 
1000 serovars (Brenner et al. 2000), and just a limited 
number of serovars has been reported in confirmed salmo
nellosis (EFSA 2013). Comparison of the behaviours of 
various relevant serovars (and subspecies) is critical to better 
understand the diversity encountered when sampling in 
processing plants and on (a)biotic surfaces. A future chal
lenge will also be developed to further optimize biofilm 
model systems that mimic food processing environments. 

28.4 Mechanisms of Biofilm Resistance 

28.4.1	 Resistance Mechanisms of Monospecies 
Biofilms 

To understand why pathogens may persist in food industries 
and premises, studies have compared biofilm formation of 
strains that dominate in a plant or production line for a long 
time to biofilm production capacity of non-persistent strains. 
Carpentier & Cerf (2011) defined persistent strains as per
manent, resident, recurrent or ‘stubborn’ strains, and related 
persistence to the inability to eliminate the pathogen. They 
commented that the ability of L. monocytogenes to persist in 
the food processing environments is related to the inability to 
eliminate this pathogen from its niches and its ability to 
survive and grow at low temperature. They stated that there 
are no strains of L. monocytogenes with unique properties 
that lead to persistence, but harbourage sites in facilities and 
industry equipment due to unhygienic design or damaged 
materials provide niches where this pathogen can persist. 
There are indeed conflicting results whether persistent strains 
adhere to surfaces and form biofilms with higher numbers 
than sporadic strains. Some studies showed that persistent 
strains achieve higher cell densities than sporadic strains 
(Borucki et al. 2003), while others found no correlation 
between strains recovered as persistent contaminants and 
high biofilm production (Djordjevic et al. 2002; Harvey et al. 
2007; Nilsson et al. 2011). 

The biofilm-associated protection of pathogenic bacteria 
has been explained by several factors, often acting together, 
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including changed environmental structure, reduced diffu
sion rates of antimicrobial compounds in the biofilm matrix 
and biofilm-specific gene expression pattern resulting in 
biofilm-specific phenotypes (Mah & O’Toole 2001). Bacte
ria present in biofilms may experience stress resulting in 
activated stress resistance mechanisms (Van der Veen & 
Abee 2010b, c) and, because of the heterogeneous nature of 
the biofilm, it is likely that there are multiple resistance 
mechanisms of importance within a single community 
(Mah & O’Toole 2001). Numerous studies have shown 
that biofilm cells are more resistant to disinfectants than their 
planktonic counterpart. Interestingly, persistent strains did 
not demonstrate higher resistance to killing concentrations of 
disinfectants than non-persistent strains (Holah et al. 2002, 
Lourenço et al. 2009). The resistance of biofilm cells towards 
disinfectants might be a phenotypic adaptation phenomenon 
and cells will lose their resistance when biofilm cells return to 
their planktonic state (Russell 1999; Bridier et al. 2011). 

It has also been shown that disinfectant resistance of 
biofilm cells can be genetically acquired, resulting in the 
appearance of stable resistant variants and therefore genetic 
variability within the biofilm community. The underlying 
mechanisms of generation of resistant variants are still poorly 
understood for most pathogens. Generation of stable resistant 
variants in biofilms was demonstrated in P. auruginosa 
biofilms where endogenous oxidative stress provoked dou
ble-stranded DNA breaks and repair by recombinatorial 
DNA repair genes (Boles & Singh 2008). Recent results 
have shown that generation of rifampicin-resistant L. mono
cytogenes variants seems to be specifically induced under 
continuous-flow conditions and not in static conditions, and 
resulted from oxidative stress-induced DNA damage and 
RecA-mediated repair (Van der Veen & Abee 2011a). This 
may indicate that antibiotic-resistant variants could be gen
erated in food processing environments. It remains to be 
determined whether these variants are multiple stress resist
ant and whether their biofilm-forming capacity is affected. 
Interestingly, unpublished results for Salmonella showed 
that disinfectant-resistant variants were poor biofilm formers 
(Castelijn et al. 2014). 

28.4.2	 Resistance Mechanisms of Multiple 
Species Biofilms 

In most environmental conditions, including food process
ing environments, it is conceivable that pathogens reside 
in biofilms of complex mixtures of multiple species 
(Carpentier & Chassaing 2004; Habimana et al. 2009). 
This can result in higher biovolume of the food pathogen 
compared to single cultures as shown for E. coli O157 

(Habimana et al. 2010a) and Salmonella (Habimana et al. 
2010b). For L. monocytogenes the change in cell numbers 
in multi-species biofilms compared to single-species bio
films apparently depends on the secondary species (Car
pentier & Chassaing 2004; Daneshvar Alavi & Truelstrup 
Hansen 2013), since reduced (Norwood & Gilmour 2001), 
increased (Bremer et al. 2001) or no effect (Rieu et al. 
2008b) on the number of L. monocytogenes cells in biofilms 
was observed in mixed-species biofilms. It is noteworthy 
that most of the biofilm research focusing on food-borne 
pathogens has been dedicated to single-species biofilm 
formation, and detailed molecular insight has been gained 
for the model organism Bacillus subtilis and Salmonella in 
colony biofilms (Römling 2005; Vlamakis et al. 2013), 
whereas our knowledge of the impact of secondary species 
on biofilm formation of important pathogens such as 
L. monocytogenes and Salmonella is rather limited and 
remains to be further characterized. 
Multi-species biofilms are generally more resistant to 

disinfection than single-species biofilms and therefore result 
in pathogen protection in multi-species biofilms (Van der 
Veen & Abee 2011b; Wang  et al. 2013). Mixed-species 
biofilm of L. monocytogenes with the spoilage organism 
Lactobacillus plantarum showed to be more resistant to 
treatments with benzalkonium chloride and peracetic acid 
(Van der Veen & Abee 2011b). It has been suggested that 
strains in multi-species biofilms may be protected from a 
disinfectant by their aggregation with the secondary species 
within the three-dimensional structure (Bridier et al. 2011). 
In addition, bacterial EPS components have been shown to 
enhance not only the sanitizer resistance of EPS-producing 
strains, but also rendered protection to their companion 
strains in mixed species biofilms (Wang et al. 2013). The 
protective, synergistic effects of multi-species biofilms are 
highly relevant for the selection and evaluation of cleaning 
procedures and disinfectant treatment regimes. 

28.5	 Novel Approaches for Biofilm 
Detection 

28.5.1	 Diagnosis of VBNC Biofilm Cells 

Traditional culture-based approaches are still widely used 
in microbiology laboratories and these approaches are not 
always suitable for biofilm detection. For example, Heli
cobacter pylori cells inside drinking water biofilms can 
survive but remain undetectable by culture methods 
(VBNC) after exposure to low concentrations of chlorine 
(0.2 and 1.2 mg L�1) for 26 days (Giao et al. 2010). The 
rRNA of VBNC H. pylori cells showed a strong signal from 
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peptide nucleic acid (PNA)-FISH analysis with a specific 
PNA probe (Giao et al. 2010). PNA-FISH was also used by 
Buswell and colleagues and demonstrated to be more 
sensitive than immunofluorescent-antibody staining in 
identifying Campylobacter spp. VBNC cells in water 
and aquatic biofilms (Buswell et al. 1998). Vibrio cholerae 
VBNC cells in biofilms maintained in water after 495 days 
were shown to become culturable upon animal passage, and 
these VBNC cells were detected by PCR amplification of 
the wbe gene but not the ctxA gene (Alam et al. 2007). This 
study suggested that VBNC cells in biofilms have a physi
ology distinct from free-living cells. The VBNC is consid
ered an important reservoir of many human pathogens in 
the environment and resuscitation and resumption of meta
bolic activity of VBNC cells will lead to infections and 
diseases (Fakruddin et al. 2013). There is therefore a need 
to use high-throughput systems biology approaches to 
characterize the physiology of biofilm cells and biofilm
derived VBNC cells from food processing environments. 

Resuscitation of biofilm-derived VBNC cells by chemi
cal approaches might serve as a promising strategy to detect 
biofilms and VBNC cells in food processing environments. 
Culture supernatants of growing E.coli cells are reported to 
induce resuscitation of its VBNC cells (Pinto et al. 2011). 
Copper, a material widely used in pipelines and food 
processing environments, is known to induce VBNC cells 
of bacteria (Alexander et al. 1999; Grey & Steck 2001; 
Ordax et al. 2006). Addition of the copper chelator dieth
yldithiocarbamate to copper-induced VBNC bacterial cells 
can lead to their resuscitation (Dwidjosiswojo et al. 2011). 
Quorum-sensing autoinducers were also shown to resusci
tate V. cholerae VBNC cells in environmental water sam
ples (Bari et al. 2013). A recent work demonstrated that 
VBNC cells induced by UV irradiation allow the replica
tion cycle of Qβ phage ti be classified via phage growth 
kinetic parameters (Ben Said et al. 2010). This study 
emphasizes the potential of phage in biofilm detection in 
addition to its role as biofilm control agents (discussed later 
in Section 28.6.3). 
Cost-effective online biofilm-monitoring systems are in 

great demand for large food processing plants. These 
systems are normally based on capturing some kind of 
signal obtained from the biofilms under investigation. The 
input signals are transmitted to surfaces and the presence of 
biofilms can modify the signal, leaving their characteristic 
footprint that can be detected by specific sensors. The 
intensity of light and sound (Tamachkiarow & Flemming 
2003; Kujundzic et al. 2007), electrochemical properties 
(Mollica & Cristiani 2003) and spectra (Delille et al. 2007) 
are frequently being used as signal features for designing 
biofilm-monitoring devices. 

28.5.2 Real-Time Biofilm Monitoring Tools 

Among these different online biofilm-monitoring tech
niques, optical techniques (e.g. light microscopy, infrared 
spectroscopy, reflectance spectroscopy and optical fluor
ometry) show the greatest potential. In a previously study, 
Broschat and colleagues designed an inexpensive and non
destructive optical reflectance assay for monitoring biofilm 
formation (Broschat et al. 2005). This simple system con
sists of an Ocean Optics USB 2000 spectrometer and a 
UV2/OFLV-4 fibre optic cable. The fibre optic cable is 
attached to a DT 1000CE deuterium tungsten halogen light 
source and is employed for both illumination and collection 
(Fig. 28.1a). Time series reflectance measurements can be 
performed to monitor formation of biofilms (Fig. 28.1b). 
In another study, Jun and colleagues developed a hyper-

spectral fluorescence imaging device (Fig. 28.1c) for detec
tion of biofilms formed by two food pathogens, E. coli O157: 
H7 and Salmonella, on stainless steel material (Jun et al. 
2009). With the use of ultraviolet-A (320–400 nm) excita
tion, hyperspectral fluorescence emission images of biofilms 
of both pathogens can be acquired from 416 to 700 nm and 
emission peaks for both bacteria were observed at approxi
mately 480 nm; these peaks demonstrated a high contrast 
between the biofilms and background stainless steel material 
(Fig. 28.1d). However, this investigation was performed in a 
growth medium with minimal autofluorescence. Other nutri
ent-rich medium on stainless steel background exhibits 
fluorescence intensities close to the biofilm samples. Further 
improvement is therefore required to enhance the detection 
contrast between the biofilms and other environment materi
als for application of this technique. 

28.6	 Biofilm Control Strategies 
in Food Industry 

28.6.1 Antifouling Surface Coatings 

A great deal of effort has been put into the designing of 
novel materials for preventing biofilm formation and chem
ical disinfection strategy to eradicate biofilms. 
Numerous antifouling surfaces have been developed for 

inhibiting bacterial attachment in industrial and medical 
settings, such as surfaces coated with active polymers, 
nanoparticles and hydrophilic surfaces. Poly(ethylene gly
col) (PEG) is the best-known antifouling polymer for the 
immobilization of active compounds on surfaces (Yu et al. 
2011). Qi and colleagues have linked the natural and 
inexpensive antimicrobial peptide nisin to multi-walled car
bon nanotubes (MWNTs) via PEG, and they found that the 
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Figure 28.1 (a) A sample setting of an optical fibre probe set-up and (b) its reflectance measurements as a function of 
wavelength for an E. faecalis isolate on glass at times t = 0 (control), 2, 8, 12 and 24 hours. Images are adapted from Broschat et al. 
(2005) with permission. (c) A sample setting of a hyperspectral fluorescence imaging system and (d) its representative 
fluorescence emission image of sample coupons with biofilms formed by E. coli O157:H7 and Salmonella at 480 nm. Source: 
Jun et al. (2005). Reproduced with kind permission from Springer Science and Business Media. 

MWNT-nisin complex dramatically reduced biofilm forma
tion by E. coli, P. aeruginosa, S. aureus and B. subtilis both 
on a deposited film and in suspension (Qi et al. 2011). Co
grafting of PEG and the glycosidase hen egg white lysozyme 
was shown to prevent biofilm growth on stainless steel 
surface (Caro et al. 2009). Commercial formulations of nisin 
were also incorporated into ethylene-co-vinyl acetate (EVA) 
copolymer and prepared thin films suitable for food packag
ing (Scaffaro et al. 2011). Guinta and colleagues incorpo
rated natural antimicrobial salicylic acid (SA) into the 
backbone of poly(anhydride) ester (PAE) to prepare a 
degradable polymer (SA-PAE). The SA-PAE-coated glass 
coverslips were able to release SA during polymer degrada
tion, disrupting the local pH profile and preventing biofilm 
formation by S. typhimurium (Guinta et al. 2009). 

In a recent study, Epstein and colleagues designed a 
slippery liquid-infused porous surface (SLIPS; Fig. 28.2) 
by combining surface chemistry treatments and surface 

microstructure (Epstein et al. 2012). The fluorinated oil 
was immobilized on a structured substrate to create a unique, 
non-adhesive ‘slippery’ surface that effectively blocks biofilm 
formation under mild flow conditions (Fig. 28.2). This smooth 
liquid interface does not compromise along the experimental 
timeframe, and is even stable in submerged, extreme pH, 
salinity and UV environments. This type of low-cost simple 
SLIPS has great potential for large-scale applications. 

28.6.2 Cleaning and Disinfectant Treatment 

To reduce or remove pathogens found on food contact 
surfaces, cleaning and disinfection procedures using physi
cal and chemical methods have been extensively used over 
the years (Van Houdt & Michiels 2010b). The cleaning step 
aims to reduce organic material using alkali-based and acid-
based agents and is most effective in combination with 
mechanical forces (such as brushing and scrubbing) and 
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Figure 28.2 Illustration of SLIPS preparation and evaluation of its antibiofilm effect. (a) Schematic of SLIPS concept. 48 hour 
P. aeruginosa biofilm formed on (b) SLIPS surface and (c)superhydrophobic PTFE. Scale bar = 30 μm. Remains of an evaporated 
drop of P. aeruginosa biofilm-forming culture on (d) SLIPS and (e) superhydrophobic PTFE. (f) Comparison of biofilm attachment 
to our SLIPS substrate after 7 days and to a PEGylated substrate after 5 hours. Source: Epstein et al. (2012). Copyright 2012, 
National Academy of Sciences, USA. 

heat. Proper cleaning is of importance because subsequent possible toxicity of disinfection agents’ residues, or corro
disinfectant treatment is less effective when organic mate- sion of the surface. Novel approaches for biofilm control are 
rial is present on the surfaces. The removal of biofilms is therefore being investigated, and are discussed in Sec
significantly facilitated by the application of mechanical tions 28.6.3–28.6.5. 
force to the surface during cleaning. After cleaning, the 
surface is treated with a chemical disinfectant. An overview 
of chemical disinfectants used in the food industry and their 28.6.3 Phage Treatment 
mode of action is provided in Table 28.2. 
Current methods of sanitation of food processing equip- The thick EPS components surrounding biofilm cells pose a 

ment have some well-known drawbacks, such as the great challenge for chemical treatment strategies to 

Table 28.2 Overview of chemical disinfectants using in the food industry and their mode of action (McDonnell & Russell 1999; 
Ceragioli et al. 2010). 

Disinfection class Disinfectants examples Mode of action 

Alcohols Ethanol; isopropyl alcohol Membrane damage and denaturation of 
proteins 

Aldehydes Formaldehyde; glutaraldehyde Inhibition of transport and dehydrogenase 
activity, interaction with RNA and DNA 
synthesis 

Biguanides Chlorhexidine Membrane damage 
Halogens Choride dioxide; sodium Formation of free radicals damaging DNA 

hypochloride 
Phenicols Phenol; triclosan Membrane damage 
Oxidizing agents Hydrogen peroxide; peracetic acid Formation of free radicals damaging DNA 
Quaternary compounds Benzalkonium chloride Membrane damage 
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eradicate biofilms; researchers are continually looking for 
agents that can inhibit the synthesis of EPS by bacteria or 
disrupt EPS. Phage is proposed as a potential agent for 
controlling biofilms. One of the major components of 
biofilm EPS is the exopolysaccharide. A variety of poly
saccharides are synthesized and secreted by different bac
terial species to build their biofilms (Sutherland 2001). 
Many phages are able to produce polysaccharases or poly
saccharide lyases that disrupt the exopolysaccharide matrix 
of biofilms (Hughes et al. 1998a; Kimura & Itoh 2003). 
After removing the surrounding polysaccharides, phage can 
gain access to cell-wall-associated receptors. 

Phage–biofilm interactions can also be very specific. In a 
previous study Hughes and colleagues isolated two biofilm
forming organisms, Enterobecter agglomerans 53b and 
Serratia marcescens Serr, from a food processing factory 
(Hughes et al. 1998b). An E. agglomerans 53b specific 
bacteriophage, SF153b, was isolated from the sewage of 
this factory. The SF153b was found to produce a poly
saccharide depolymerase enzyme that can specifically 
degrade the exopolysaccharide (EPS) of strain E. agglom
erans 53b. The authors showed that SF153b phage could 
effectively disrupt E. agglomerans 53b biofilms with com
bination effects from EPS degradation and cell lysis 
(Hughes et al. 1998b). 

To design a specific biofilm-killing phage, Lu and 
Collins engineered bacteriophage to express the most effec
tive EPS-degrading enzymes specific to the target biofilm 
(Lu & Collins 2007). As illustrated in Figure 28.3, this 
engineered phage is a T7 phage expressing DspB, an 
enzyme produced by Actinobacillus actinomycetemcomi
tans that can hydrolyse β-1,6-N-acetyl-D-glucosamine 
(Itoh et al. 2005). β-1,6-N-acetyl-D-glucosamine is a 

well-known crucial adhesin required for biofilm formation 
by Staphylococcus and E. coli (Itoh et al. 2005). Infecting 
biofilms by this engineered phage will lead to fast matrix 
degradation and cell lysis and remove 99.997% of biofilms 
(Lu & Collins 2007). Due to the specificity of phage in 
attacking bacterial cells and self-reproducing capacity of 
phage within biofilms, phage treatment is a promising 
strategy for controlling biofilms in food processing facilities. 

28.6.4	 Interference of Cell-to-Cell 
Communications 

In addition to phage treatment, targeting the bacterial cell
to-cell communication (quorum sensing) and activating 
biofilm dispersal are also proposed as promising biofilm
controlling strategies. These two strategies are not based on 
direct bacterial cell killing and therefore will not pose a 
strong selective pressure to raise resistant mutants. Quorum 
sensing (QS) employs small diffusible molecules to regu
late gene expression in a density-dependent manner 
(Miller & Bassler 2001). Many QS-regulated genes are 
required for proper biofilm formation (Parsek & Greenberg 
2005). A range of plant-derived active compounds has been 
discovered to be able to interfere with bacterial quorum 
sensing and inhibit biofilm formation. For example, the 
green tea polyphenol epigallocatechin gallate (EGCG) was 
shown to decrease the expression of many quorum-sensing
regulated virulence genes and biofilm formation of E. coli 
O157:H7 (Lee et al. 2009). Garlic extracts were reported to 
inhibit quorum sensing and biofilm formation of various 
bacterial pathogens (Bjarnsholt et al. 2005; Bodini et al. 
2009). QSIs have been well investigated in combination 

Figure 28.3 Two-pronged attack strategy for biofilm removal with enzymatically active DspB-expressing T7DspB phage. Initial 
infection of E. coli biofilm results in rapid multiplication of phage and expression of DspB. Both phage and DspB are released upon 
lysis, leading to subsequent infection as well as degradation of the crucial biofilm EPS component, β-1,6-N-acetyl-D-glucosamine. 
Source: Lu & Collins (2007). Copyright 2007, National Academy of Sciences, USA. 
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with surface-coating technologies for control of biofilms 
(Broderick et al. 2014; Ho et al. 2014). 

28.6.5 Biofilm dispersal 

Biofilm dispersal mechanism has become a popular 
research topic in recent years. As for biofilm formation, 
more and more evidence suggests that biofilm dispersal is 
also a regulated process. For example, in many Gram-
negative bacterial species, the intracellular secondary mas
sager c-di-GMP molecule serves as a signaling molecule to 
determine the lifestyles of bacterial cells (Hengge 2009). 
When intracellular c-di-GMP level is high, bacterial cells 
reduce motility and increase synthesis of biofilm matrix 
materials and start biofilm formation. In contrast, when 
under exposure to specific stimulators or stress conditions, 
biofilm cells will activate intracellular enzymes (phospho
diesterase) to lower intracellular c-di-GMP level and start 
dispersal. Barraud and colleagues reported that nitric oxide 
(NO) is able to lower intracellular c-di-GMP content to 
cause rapid dispersal of biofilms formed by P. aeruginosa 
(Barraud et al. 2009). Understanding the detailed mecha
nisms of c-di-GMP mediated dispersal is difficult, since 
there are usually multiple copies of phosphodiesterases 
encoded by each bacterial species. Biofilm dispersal can 
also be triggered by other unknown mechanisms such as 
iron chelators (Banin et al. 2006), D-amino acids (Hoch
baum et al. 2011), natural polysaccharides (Valle et al. 
2006) and plant extracts (Wu et al. 2011). The mechanism 
of biofilm dispersal remains largely unclear. Further studies 
on biofilm dispersal are required for better understanding 
and controlling of control biofilms. 
Besides these above-mentioned approaches, generally 

regarded as safe (GRAS) probiotics, bacteria (e.g. lactic 
acid bacteria and bacteriocins), nanoparticles, nanoemul
sions, ionizing agents, UV radiation, ultrasonic treatment, 
ozone, electrolysed water, phytochemicals, natural prod
ucts and surfactants are being actively tested for their 
effects on biofilm control in food processing environments. 

28.7 Conclusions 

Biofilm formation by microorganisms has been recognized 
as a serious problem in the food industry. It is difficult to 
develop a perfect strategy to control biofilms due to the 
great diversity of bacteria in nature, combined with the 
different biofilm formation mechanisms. Designing proper 
biofilm controlling strategies rely heavily on our under
standing of the biofilm formation mechanisms under the 

field environments. Collaboration between researchers 
from different disciplines is a trend in biofilm studies. 
The introduction of systems biology approaches to biofilm 
investigation will be required for large-scale and high-
resolution characterization of field biofilms, which in 
turn will generate biomarkers for better detection of bio
films. Biofilm dispersal mechanisms also require further 
investigation, especially under field conditions. The com
bination of biofilm dispersal reagents and conventional 
biofilm control agents might greatly enhance the current 
biofilm controlling approaches. 
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29.1 Introduction 

Food-borne diseases are of major public health concern, are 
responsible for thousands of deaths worldwide and are 
placing tremendous pressure on medical and social resources 
in developing and developed nations (WHO 2008; Hanson 
et al. 2012; CDC 2014). It was estimated that 9.4 million 
food-borne illness cases, 55,961 hospitalizations and 1,351 
deaths each year were caused by 31 major pathogens acquired 
in the United States (Scallan et al. 2011). The food industry is 
continuously seeking rapid microbial detection methods, as 
delay or failure in detecting pathogenic bacteria might lead to 
economic losses for food industries. Both regulatory authori
ties and food companies apply microbiological detection 
methods to ensure compliance to microbiological criteria 
established for each food type (WHO 2008; Jasson et al. 
2010; FSA 2011). A variety of detection methods of food-
borne pathogens are available, yet food safety remains a threat 
to consumers. A timely detection and diagnosis is the most 
effective approach to prevent or control the widespread of 
food poisoning. Rapid and accurate detection, identification 
and characterization of the food-borne pathogens associated 
with human illnesses is crucial for diagnosis, effective ther
apy and to control or eradicate the disease. Accurate identifi
cation also accounts for better understanding of the 
development of food-borne diseases (Hoorfar 2011). 

Detection of food-borne pathogens is a challenge as these 
microorganisms are present in a very low number in the 
food matrix and are usually outnumbered by indigenous 

bacteria. Further, these bacteria might be under stress or 
injured and unable to grow or proliferate in selective media 
(Wu 2008; Jasson et al. 2009). Traditional or conventional 
culture-based methods are laborious and time-consuming 
as they require non-selective pre-enrichment, selective 
enrichment, followed by morphological, biochemical 
and/or serological characterization (Jasson et al. 2009). 
Conventional cultural methods have some limitations 
such as poor reproducibility and discriminating ability, 
especially with cells that are viable but non-culturable 
(VBNC; Oliveira et al. 2012; Zandri 2012). 
Compared to traditional methods, ‘omics’ technologies 

are sensitive, rapid and simple and are therefore extensively 
used in food safety for detection and characterization of 
food-borne pathogens as well as identification of bio
markers. The term ‘omics’ represents a platform to study 
characteristics of food-borne pathogens at a molecular 
level, systematic information on pathways, biomarkers, 
virulence markers, as well as detection and typing of 
pathogens. Omics technologies are divided into three 
main categories: genomics, proteomics and metabolomics 
(Fig. 29.1). Omics technologies provide many important 
insights to aid understanding of key aspects of food-borne 
pathogens (such as genetic diversity and virulence factors), 
and have led to the development of rapid molecular detec
tion, identification and characterization methods (Doumith 
et al. 2004b; Cifuentes 2012; Pielaat et al. 2013). Genomics 
has been used extensively to identify pathogenic species 
contamination of foodstuffs (O’Flaherty & Klaenhammer 
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Figure 29.1 Omics technologies used for the detection, identification and characterization of food-borne pathogens. 

2011) and also to detect for the presence of virulence factors 
or other genes of interest for food safety (Fang et al. 2010). 
Various nucleic acid-based detection and characterization 

platforms have been introduced, in which probes and poly
merase chain reaction (PCR) techniques have been exten
sively used for detection of food-borne pathogens. New 
multiplex analytical formats (e.g. multiplex PCR assays 
and microarrays) that allow detection and identification of 
more than one pathogen in a single analysis have been 
developed, hence substantially reducing assay time and costs 
in large-scale screening procedures. Furthermore, various 
technological solutions have been adopted to current molec
ular detection methods to improve detectability and to 
eliminate interferences, although in most cases a brief pre-
enrichment step is still necessary (Mothershed & Whitney 
2006; Juste et al. 2008; Mandal et al. 2011). In this chapter, we 
focus on molecular techniques in detection, identification and 
characterization of food-borne pathogens and discuss princi
ples underlying nucleic acid hybridization, PCR and sequenc
ing-based methods. We also cover the advances, advantages 
and limitations of these approaches, criteria to consider when 
selecting a method as well as sample preparation for the 
detection of food-borne pathogens by molecular methods. 

29.2	 Molecular Detection and Identification 
of Food-Borne Pathogens 

Over years, numerous nucleic acid-based methods of detec
tion and identification of food-borne pathogens have been 

reported in the literature. Various DNA-based detection 
platforms have been introduced, in which probes and PCR 
techniques have been extensively used for the detection of 
food-borne pathogens. In the following sections, we 
describe the basics of nucleic acid hybridization and 
PCR and provide a brief overview of the most-used molec
ular methods to quantitatively detect and identify food-
borne pathogens, since most of the advanced molecular 
techniques are derived from these fundamental techniques. 
In addition, non-nucleic acid-based detection methods as 
well as single-cell analysis are discussed. 

29.2.1 Nucleic Acid Hybridization 

Nucleic acid hybridization is a technique for identifying 
closely related nucleic acid molecules within two popula
tions, where a labelled nucleic acid probe (DNA or RNA) is 
utilized to identify related DNA or RNA molecules within a 
complex mixture of unlabelled nucleic acid molecules, the 
target nucleic acid. In principle, it involves mixing a single-
stranded probe, which typically consists of a homogenous 
population of identified molecules (e.g. cloned DNA or 
chemically synthesized oligonucleotides) with a target 
which is normally a complex, heterogeneous population 
of nucleic acid molecules. Hybridizations are performed in 
all combinations: DNA-DNA, DNA-RNA or RNA-RNA. 
A DNA probe, usually double-stranded DNA, consists of 
an entire gene or a fragment of a gene with a known 
function. Double-stranded DNA probes must be denatured 
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Table 29.1 Some of the recent applications of fluorescent in situ hybridization (FISH) in the detection of food-borne pathogens 

Pathogen Food matrix Probe Reference 

Salmonella spp. Minced meat Oligonucleotide Ozer & Kimiran-Erdem 2013 
Pork carcasses and risk tissues Oligonucleotide Oliveira et al. 2012 

(ileum, ileocolic & mandibular 
lymph nodes and tonsils) 

Bacterial strain Oligonucleotide Shimizu et al. 2013 
Swine carcasses inner surface Oligonucleotide Vieira-Pinto et al. 2007, 2008 

(swab); and in the correspondent 
samples of ileum, ileocolic, and 
mandibular lymph nodes; and 
tonsils 

Listeria monocytogenes Food and food-related samples∗ PNA probe Zhang et al. 2012 
S. aureus Mastitis milk Oligonucleotide Gey et al. 2013 
E. coli Mastitis milk Oligonucleotide Gey et al. 2013 

∗Food samples included raw milk, pasteurized milk, raw meat, ready-to-eat meat and seafood. Food-related samples were collected from 
wastewater and food contact surfaces in the dairy plants and fish processing plants. 

before hybridization, whereas single-stranded oligo
nucleotide and RNA probes do not. Hybridization involves 
denaturation of target nucleic acid at high temperature 
(above 95 °C) or alkaline pH (above 12) and is followed 
by addition of the labelled gene probes. The probe will 
hybridize to the target nucleic acid with complementary 
sequence to form double-stranded complexes called 
hybrids. The unreacted, labelled probe is removed by 
washing or digestion with an enzyme that degrades sin
gle-stranded nucleic acid (Khan 2014). 

29.2.1.1	 Fluorescent In Situ Hybridization 
(FISH) 

FISH employs fluorescently labelled oligonucleotide 
which specifically hybridizes to complementary rRNA 
target sequence (either 16S or 23S rRNA) within a 
permeabilized, morphologically intact bacterial cell pres
ent in a heterogeneous population of microorganisms. 
FISH involves several steps: (1) cell fixation for preser
vation of intracellular target structures and morphological 
shape, and permeabilization of cell with para
formaldehyde and/or ethanol to facilitate the penetration 
of the labelled oligonucleotide probes into the cells; (2) 
hybridization of the fluorescence labelled oligonucleotide 
probe with the fixed and permeabilized cells in a dark 
humid chamber; (3) washing of the cells to remove the 
unbound oligonucleotides; and (4) visualization of the 
hybridized cells (Schweickert et al. 2004; Stepinska et al. 
2014). FISH is a useful technique for detection of bacteria 
in a complex sample. In fact, simultaneous detection of 

multiple species can be performed using two or more 
specific probes labelled with unique fluorescent dyes 
(Bottari et al. 2006). The procedure takes between 30 
min and 2.5 hours from cell fixation and visualization of 
hybridized cells, enabling rapid detection of microorgan
isms (Kempf et al. 2000; Poppert et al. 2010). The major 
pitfalls of FISH are insufficient permeabilization of the 
cell wall and penetration of the probes, low ribosome 
content, low signal/noise ratios due to unspecific binding 
of probes to sample, autofluorescence and variable acces
sibility of the probe target site (Moter & Gobel 2000; 
Schweickert et al. 2004). 
As FISH does not require cultivation of target micro

organisms and is based on hybridization with 16S or 23S 
rRNA, it is regarded as a versatile tool in microbial ecology 
(Amann et al. 1995; Splettstoesser et al. 2010). FISH is 
primarily used for the rapid detection, identification and 
enumeration of microorganisms in a microbial community 
and their spatial distribution in the environment and appli
cation in medical microbiology (Amann et al. 1995; Ste
pinska et al. 2014). FISH has also been used as a rapid 
method for pathogen detection and identification in foods 
(Table 29.1). 

29.2.1.2	 Peptide Nucleic Acid-FISH 

Peptide nucleic acid (PNA) are DNA mimics, where 
negatively charged sugar-phosphate DNA backbone is 
replaced by an achiral, neutral polyamide backbone 
formed by repetitive N-(2-aminoethyl) glycine units 
(Nielsen et al. 2001). Nucleotide bases attach to this 
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synthetic backbone, allowing PNA to hybridize to com
plementary nucleic acid targets following the Watson-
Crick base-pairing rules. The uncharged backbone of 
PNA contributes to several unique properties of PNA, 
making these probes more ideal compared to traditional 
DNA probes (Egholm et al. 1993). As PNA probes have 
an uncharged backbone, this favours rapid hybridization 
kinetics and higher specificity due to the lack of electro
static repulsion, which are usually observed during 
hybridization of negatively charged complementary 
DNA oligomers. Other advantages of uncharged back
bone probes include hybridization that is not dependent 
on salt concentration (Egholm et al. 1993) and which is 
resistant to degradation by ubiquitous enzymes, such as 
nucleases and proteases, contributing to its high biostabil
ity (Demidov 1994). As the result of their uncharged 
backbone, PNA probes such as LightUp probes (LightUp 
Technologies, Goteborg, Sweden) and LightSpeed probes 
(Boston Probes, Bedford, MA) are inherently self-
reporting probes, offering great simplicity and specificity 
for PCR-based techniques such as transcript-mediated 
amplification or nucleic acid sequence-based amplifica
tion (NASBA) (Stender et al. 2002). 
Inadequate probe penetration, especially for peptido

glycan-rich Gram-positive bacteria (e.g. Staphylococci; 
Krimmer et al. 1999) or bacterial cell walls containing 
mycolic acids (e.g. mycobacteria; Schuppler et al. 1998), 
can be overcome by using PNA probes (Lehtola et al. 
2005; Zhang et al. 2012). Properties of PNA probes such 
as easy diffusion through hydrophobic cell walls, reduced 
enzymatic degradation and shorter length due to high 
affinity have to be considered when designing a probe. 
PNA probes are shorter in length, have high hybridization 
temperatures and hybridize efficiently independent of the 
salt concentration, which make them ideal to target 
rRNA with higher order structure (Egholm et al. 1993; 
Stender 2002). 
Rapid detection and identification of bacteria using fluo

rescently labelled PNA-FISH probes targeting specific rRNA  
sequences have been developed for medical diagnostics 
(Cerqueira et al. 2011; Harris & Hata 2013) and environ
mental analysis (Lehtola et al. 2006). PNA-FISH techniques 
have also been developed recently for rapid confirmation of 
food-borne pathogens such as Campylobacter spp. (Lehtola 
et al. 2005) and Listeria spp. (Zhang et al. 2012). The unique 
properties of PNA herald their potential development and 
application in a variety of rapid assay formats, either via 
simple incorporation of PNA probes into traditional methods 
such as microscopic analysis (Perry-O’Keefe et al. 2001) and 
membrane filtration (Lehtola et al. 2005) or via more recent 
techniques such as flow cytometry (Shrestha et al. 2011). 

29.2.1.3 DNA Microarray 

DNA microarrays consist of arrays of recognition ligands, 
such as oligonucleotides or cDNA, immobilized (chemi
cally bonded) in discrete locations on a solid matrix which 
is either a glass, silicon chip or bead. The target DNA 
molecule to be analysed is labelled and hybridized to 
recognition probes on the array, generating a signal 
that allows identification based on the known locations 
of the probes. Generally, design and implementation 
of a DNA microarray consists of several main steps: 
(1) oligonucleotide probe synthesis; (2) array fabrication; 
(3) sample preparation; (4) assay hybridization; (5) detec
tion; and (6) data analysis (Rasooly & Herold 2008; Suo 
et al. 2010). 
Normally, the initial step of many microarray applica

tions is amplification of the specific target sequence to 
increase sensitivity, enabling detection of a low number 
of bacterial cells in complex samples (Loy & Bodrossy 
2006; Thapa et al. 2013). Microarrays can be divided into 
two variants, those targeting rRNA or DNA expression 
(cDNA microarrays) and those targeting DNA sequence 
variation (oligonucleotide microarrays) (Rasooly & 
Herold 2008; Suo et al. 2010). RNA is reverse transcribed 
into cDNA and labelled for hybridization to the array for 
mRNA analysis (gene expression). PCR amplicons of a 
few hundred base pairs can be used but the hybridization 
efficiency is usually poor, generating a low microarray 
signal. Signal strength can however be improved by either 
fragmentation of the amplicons to short oligonucleotides 
by sonication (Chizhikov et al. 2001) or conversion to 
single-stranded DNA (Tang et al. 2005) prior to hybrid
ization. Further, target DNA can be amplified by whole-
genome amplification (WGA) to increase sensitivity 
(Kwon & Cox 2004).  
The use of microarray technology for food-borne patho

gen analysis is emerging (Fang et al. 2010; Kupradit et al. 
2013). Application of microarray in food microbial analysis 
enables molecular identification and characterization of 
thousands of oligonucleotides simultaneously, permitting 
high-throughput analysis for multiple virulent genes or 
simultaneous detection of multiple food-borne pathogens. 
For food safety analysis, detailed genomic information of 
the pathogen (including identification, strain typing and 
clinical information regarding antibiotic resistance and 
virulence factors) can be obtained, with potential applica
tions in research, clinical, regulatory, industrial settings and 
public health (Fang et al. 2010; Kupradit et al. 2013; Thapa 
et al. 2013). 
The initial applications of microarrays for food microbial 

analysis was identification of enteric food pathogens based 
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on their various virulence factors, conducted by the US 
Food and Drug Administration (FDA) (Chizhikov et al. 
2001; Fang et al. 2010). In recent years, DNA microarrays 
have been used to detect 20 pathogens (individually or 
multiple pathogens at once) such as Salmonella spp., 
Listeria spp., E. coli, S. aureus, Shigella spp., to name a 
few (Rasooly & Herold 2008; Cremonesi et al. 2009; Suo 
et al. 2010; Thapa et al. 2013). As a result of recent food-
borne bioterrorism concerns, Goji et al. (2012) reported 
simultaneous detection and identification of Yersinia pestis 
and Bacillus anthracis in foods. Probes based on the 
virulence genes from the two biothreat agents were devel
oped, and the microarray has the potential to be used as a 
diagnostic tool for B. anthracis and Y. pestis in a food-borne 
application. Development of microarrays for the detection 
of food-borne pathogens is continuing at a rapid pace and 
this technology will be one of the major tools for the future 
for the food industry and diagnostic laboratories. 

29.2.2 Polymerase Chain Amplification 

Polymerase chain reaction (PCR) was conceptualized and 
conducted by Kary Mullis and colleagues in the early 
1980s. Although the initial form of PCR was tedious and 
cumbersome, a breakthrough came with the isolation of 
thermostable DNA polymerase (Lawyer et al. 1989) 
allowing automation of PCR. It is a molecular biological 
technique that allows exponential amplification of a spe
cific region of a target DNA in the presence of synthetic 
oligonucleotides (primers), thermostable DNA polymer
ase, deoxynucleotide triphosphates (dNTPs), buffer solu
tion and divalent cations (magnesium or manganese ions) 
(Saiki et al. 1988). PCR is now a common and often 
indispensable technique used in an ever-increasing range 
of scientific disciplines. In managing food safety, PCR is 
useful for rapid detection of food-borne pathogens and 
subsequently their identification and characterization. 
This is particularly important in terms of identification 
of non-cultivatable or slow-growing microorganisms such 
as Campylobacter spp. (Magistrado et al. 2001) and 
discrimination of pathogenic from non-pathogenic strains 
present in food samples (Liu 2006). The use of reverse 
transcriptase to reverse-transcribe RNA into cDNA before 
performing PCR and the extension of PCR technology to 
measure the quantity of a target sequence in real time has 
brought major advances to the application of PCR (Zhou 
et al. 2014). Real-time PCR provides additional informa
tion beyond mere detection, crucial in a number of 
applications ranging from basic research to clinical diag
nostic testing. 

29.2.2.1	 Single Polymerase Chain Reaction 
(PCR) 

A single PCR involves the use a single primer set (universal 
or specific primers) to amplify a specific gene, usually 
followed by sequencing to help identify unknown or novel 
bacteria species. In principle, PCR consists of a series of 
20–40 repetitive cycles of temperature change, where each 
cycle usually consists of three steps (sometimes only two), 
namely denaturation, annealing and the extension/elonga
tion step (Fig. 29.2). The cycle is usually preceded by a 
single high-temperature step called ‘hold’ (usually at 
94–96 °C), and ends with another single hold step for final 
extension. In the denaturation step, DNA is melted to its 
single-stranded form following heating. In the annealing 
step, the temperature is reduced to promote annealing of 
primers properly designed to bind to their complementary 
sequences of the target DNA to be amplified. Primers 
suppress the re-annealing of the single DNA strands and 
allow the DNA polymerase to start synthesizing a new 
strand. In the elongation phase, temperature is raised to the 
optimal temperature of a DNA polymerase (usually 72 °C) 
and polymerization is initiated by adding nucleotides to the 
3´ end of each primer at the target sequence. Two double-
stranded copies of the target DNA are produced after one 
complete cycle and a series of 30 repetitive cycles theoreti
cally produce over a billion copies of the target sequence 
(230 = 1.07 billion). 

This is an indispensable method in the detection of various 
food-borne pathogens. Species-specific PCR of DNA frag
ments that are unique for a particular microbial species enable 
identification of targeted organisms in the presence of others, 
hence a rapid diagnosis and easy to use and specific tools for 
the detection of food-borne pathogens. 
Sensitivity of PCR may be reduced (according to the type 

of product tested and the presence of inhibitors of food origin) 
when the DNA is extracted from complex food matrices such 
as dairy products. The sensitivity of PCR may be reduced by 
the presence of a large amount of non-targeted DNA (Rossen 
et al. 1992; Aznar & Alarcon 2003; Radstrom et al. 2008). 
DNA is usually extracted by a series of precipitation or 
centrifugation steps with toxic organic solvents or column-
based techniques, which is time-consuming and difficult to 
automate. Magnetic bead technology and FTA 

filtration 
were developed to overcome these limitations, and are 
discussed in more detail in Section 29.5. 

Other pitfalls in this so-called ‘end-point PCR’ are 
analysis of amplicons after completion of the PCR reaction. 
In end-point PCR, the actual abundance of sequences 
present in the analysed samples is not necessarily reflected 
by the proportions of numerically dominant amplicons. 
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Figure 29.2 Polymerase chain reaction. 

This is due to the presence of inherent biases of PCR conventional PCR is the requirement for post-amplification 
associated with amplification of the target from a mixed handling steps such as gel or capillary electrophoresis, 
DNA (Polz & Cavanaugh 1998). In the case of the detection which is time-consuming, and the potential risk of false 
of toxin-producing genes as detected in PCR by Fagan et al. positive results due to laboratory contamination. In view of 
(1999), this does not indicate the toxin produced by the this, development of a more rapid and sensitive detection 
food-borne pathogen is present in a large enough concen- method, such as real-time PCR, is crucial to improve 
tration to cause a disease. Another major drawback of traceability and quality assurance in the food industry. 
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29.2.2.2 Nested PCR 

Nested PCR is conventional PCR that involves two suc
cessive PCRs using two sets of primers. The PCR products 
generated in the primary PCR using the outer primer pair 
may still consist of non-specific amplicons as well as the 
intended target. A secondary PCR using an internal primer 
set is then performed using the primary PCR products as a 
template. Nested PCR reduces background noise due to 
non-specific amplification of DNA and therefore increases 
the specificity in detection of food-borne pathogens com
pared to conventional PCR, but great care must be taken to 
avoid carry-over contamination when pipetting the primary 
PCR products (Lindqvist 1999). 

Rampersad et al. (2008) reported detection of Salmonella 
in Muscovy ducks using nested PCR as a simple, relatively 
inexpensive and potentially more sensitive method for 
surveillance of Salmonella compared to traditional cultiva
tion method. A recent study showed that nested PCR is 
more sensitive in the detection of enterotoxigenic Clostrid
ium perfringens, requiring only 0.1 pg of bacterial DNA for 
the detection of the C. perfringens enterotoxin gene (cpe) 
compared to conventional PCR, real-time PCR and loop-
mediated isothermal amplification (LAMP) assay that 
required 10 pg, 0.1 pg and 1 pg of DNA, respectively 
(Kaneko et al. 2011). 

29.2.2.3 Real-Time PCR 

Real-time PCR, also called quantitative PCR (qPCR), com
bines conventional end-point detection PCR with a fluores
cent detector to simultaneously amplify the targeted DNA 
and quantify accumulated amplicons in real time during the 
PCR process. As well as being applicable to DNA, real-time 
PCR coupled with a preceding reverse transcription reaction 
using RNA as a template enables quantification of gene 
expression (discussed in more detail in Section 29.2.2.4). 
Real-time PCR is based on the general principle of polymer
ase chain reaction. In conventional PCR increases in ampli
cons are detected at the end of reaction, whereas in real-time 
PCR increases in amplicons are detected as they are synthe
sized in the reaction (Hanna et al. 2005; Smith & Osborn 
2009). In recent years, real-time PCR has been substantially 
used in food microbiology to quantify microbial populations 
in the absence of specific culture medium, as well as a 
measurement of gene expression. 
Several types of detection chemistries are available, such 

as the non-specific fluorescent dye that intercalates with any 
double-stranded DNA, and the sequence-specific hybrid
ization probes, hydrolysis probes and hairpin probes 
(molecular beacons, scorpions, sunrise primers and LUX 
primers) which consist of oligonucleotide labelled with 
fluorescent reporter (Fig. 29.3). 

Figure 29.3 Detection chemistries of real-time PCR. 
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The reporter systems commonly used are the intercalating 
SYBR green assay (Fukushima et al. 2010) and the TaqMan 
probe system (Lambertz et al. 2008; Cao et al. 2013). SYBR 
green binds to double-stranded DNA via intercalation 
between adjacent base pairs. The resulting DNA-dye com
plex emits green light (λmax = 520 nm) following light exci
tation. The primary disadvantage of the DNA binding dyes is 
they detect accumulation of both the specific and non
specific PCR products, resulting in an overestimation of 
the target. Most of the time, melting curve analysis is 
available for real-time PCR system, allowing the amplicons 
to be discriminated from non-specific products or primer-
dimers. Having primers that are highly specific to the target 
DNA and performing melt curve analysis is therefore of 
utmost importance. Extensive optimization of primer con
centrations to ensure only the targeted sequence is amplified, 
and primer pairs with no self-complementarity to prevent 
primer-dimer formation, may be required in SYBR green-
based real-time PCR assays. Another limitation of using 
DNA binding dyes is that multiple dye molecules may bind to 
a single amplified DNA molecule, resulting in the amount of 
signal being dependent on the mass of double-stranded DNA 
amplicon (Wong & Medrano 2005; Gudnason et al. 2007). 
This means that a longer PCR amplicon will generate more 
signal compared to a shorter one if the amplification effi
ciencies are the same. In contrast, fluorogenic probe-based 
detection releases only a single fluorophore from quenching 
for each copy of PCR amplicon, regardless of its length. 
Results can be obtained in an hour or less using real-time 

PCR method, substantially increasing the rapidity of PCR-
based detection methods. Moreover, sensitivity of detection 
is greatly improved in real-time PCR that uses fluorescence-
based detection. Discrimination of gene numbers across a 
wider dynamic range compared to conventional PCR is 
enabled, where two-fold changes in the DNA concentration 
can be discriminated using real-time PCR. Further, the 
specificity of the detection is greatly increased by TaqMan 
probe used (Leblanc-Maridor et al. 2011). As a closed 
system, it minimized the carried-over contamination as well 
as elimination of post-amplification handling steps. How
ever, there are some overriding limitations such as: the high 
cost of special reagents and instrumentation; setting up 
requires technical support and skill; and the difficulty of 
post-amplification modification. Real-time PCR is also not 
ideal for multiplexing as the non-specific intercalating 
DNA dye binds to any double-stranded DNA. Further, 
identification of multiple conserved regions within a short 
region as required in Taqman probe system is challenging 
(Hanna et al. 2005; Smith & Osborn 2009; Postollec et al. 
2011). In view of this, Kutyavin et al. (2000) introduced the 
minor groove binder (MGB) probe, the increased stability 

of which is increased, allowing the design of shorter probes 
(13–20 bp) compared to traditional TaqMan probes 
(20–40 bp). 

29.2.2.4 Reverse-Transcription PCR 

Most of the detection methods capitalize on the presence 
of DNA sequence. However, recent literature has reported 
that DNA is not a good indicator for the presence of viable 
cells due to its persistence after cell death, contributing to 
high false positives (Wolffs et al. 2005a). The ideal 
cell viability indicator should disappear rapidly and com
pletely after cell death. Messenger RNA (mRNA), on the 
other hand, is quite transient and should therefore provide 
a more accurate reflection on viability (Cenciarini-Borde 
et al. 2009). Reverse-transcriptase PCR (RT-PCR) uses 
RNA as a target molecule, and has therefore become the 
technique of choice for the rapid detection of viable 
pathogens (Zhou et al. 2014). In RT-PCR, different 
ribosomal RNAs (rRNA) and mRNAs are reverse-tran
scribed into a complementary DNA (cDNA) strand which 
is subsequently amplified by conventional PCR. Recent 
studies on the suitability of mRNA for viable pathogen 
detection has shown that Shiga-like toxin (slt) DNA  was  
stable following heat treatment and amplicons were pro
duced 24 hours after cell death, whereas no amplicon was 
produced using slt mRNA at any time after cell death 
(McIngvale et al. 2002). 
Ideally, an mRNA target is constitutively expressed in 

abundance and is species- or strain-specific. However, a 
transcript that is abundantly and constitutively expressed 
and also exhibits species specificity is extremely hard to 
come by, resulting in a trade-off between assay reliability 
and sensitivity. The expression of bacterial virulence 
factors is under the influence and regulation of various 
environmental and stress conditions affecting the orga
nism, such as pH, aeration, temperature and growth 
phase (Duffy et al. 2000; McIngvale et al. 2002). It is 
therefore important to ensure that abundance and 
dependable expression of target mRNA in the application 
of RT-PCR for specific pathogen detection. The hetero
geneity of RNA half-lives is a major limitation of this 
technique. Some RNA are degraded rapidly after cell 
death, while others persist after cell death (Cenciarini 
et al. 2008). RNA stability depends on various factors, 
such as RNA-type, species, inactivation treatments and 
regions of amplification (McKillip et al. 1998; Norton & 
Batt 1999; Yaron & Matthews 2002). Care must be taken 
in choosing only unstable RNA targets as viability indi
cators in order to successfully detect viable cells using 
RT-PCR. 
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29.2.2.5 Multiplex PCR 

Multiplex PCR employs multiple primer sets within a single 
PCR reaction to produce amplicons of varying sizes, simul
taneously amplifying several targeted gene sequences from a 
same pathogen or from a group consisting of different 
microorganisms (Settanni & Corsetti 2007). Results can 
be obtained in a single run that otherwise would require 
more time to perform and several times the quantities of 
reagents. However, optimization on primer design and 
annealing temperature for each primer set used in a multiplex 
PCR are crucial in order to perform correctly and produce 
amplicons of sizes different enough to form distinct bands 
when visualized by gel electrophoresis. Long primers with 
higher melting temperature (Tm) are usually designed to 
ensure the system specificity. Another critical parameter 
influencing both the specificity and efficiency of a PCR 
reaction is the concentration of magnesium ion. Concentra
tion of MgCl2 used in a multiplex PCR is generally higher 
than that used in conventional PCR reaction (Dieffenbach 
et al. 1993; Nicodeme & Steyaert 1997; Elnifro et al. 2000). 
Multiplex PCR provides considerable savings in terms of 
time and effort without compromising test accuracy, making 
it an indispensable tool for rapid detection and differentiation 
of microbial species in various fields. Table 29.2 lists recent 
applications of multiplex PCR in the detection of the five 
most common food-borne pathogens (Salmonella spp., L. 
monocytogenes, S. aureus, E. coli and Campylobacter spp.) 
from various food matrices. 

29.2.2.6 Loop-Mediated Isothermal Amplification 

Loop-mediated isothermal amplification (LAMP) has been 
proposed as a simpler amplification method compared to 
other rapid detection methods (Notomi et al. 2000). LAMP is 
an auto-cycling strand displacement DNA synthesis which 
involves a strand-displacing Bst DNA polymerase and a set 
of primers designed to fold and create stem-loop DNAs under 
isothermal condition between 60 and 65 °C. Contrary to 
PCR, LAMP employs four or six primers for the amplifica
tion of a single-target gene (Notomi et al. 2000; Parida et al. 
2008; Kokkinos et al. 2014). LAMP produces mixtures of 
stem-loop DNAs of different sizes, with several inverted 
repeats of the target sequence and cauliflower-like structures 
with multiple loops at the end of amplification (Notomi et al. 
2000; Yang et al. 2010; Kokkinos et al. 2014). Detection of 
the target DNA is by visual observation of the appearance of 
a white magnesium pyrophosphate precipitate, by colour 
change by fluorescent intercalating dye (e.g. SYBR Green I) 
or agarose electrophoresis (Hara-Kudo et al. 2005; Kokkinos 
et al. 2014). 

LAMP has many advantages compared to other rapid 
detection methods, such as its rapidity, simple operation 
and low cost (as only a heat block is required), high speci
ficity and sensitivity, robustness to inhibitors and reaction 
conditions that usually hamper PCR efficiency and the 
detection of results by naked eye. These advantages make 
LAMP an invaluable tool for rapid diagnosis of food-borne 
pathogens, especially in resource-poor settings (Shao et al. 
2011; Kokkinos et al. 2014). Chen et al. (2011) developed 
the Salmonella invA-based LAMP assay to detect viable 
Salmonella within 15–40 min, and the detection of LAMP 
products were observed visually by colour change (from 
orange to green to greenish yellow). 
Numerous studies have reported on the specificity and 

sensitivity of LAMP to be similar or superior to PCR. Ye 
et al. (2011) reported a detection limit of 1 CFU cm�2 of 
Salmonella on artificially contaminated eggshells after 
4 hours of enrichment. A comparison study on sensitivity 
on Salmonella detection using FDA Salmonella culture 
method and by real-time PCR, RT-real-time PCR and 
LAMP showed that all detected as little as 2 CFU of 
Salmonella cells per 25 g of produce (Zhang et al. 
2011). Results obtained by Wang & Wang (2013) showed 
89.58% concordance with the ISO 6579 reference method 
for the sample without enrichment and 100% concordance 
for the samples after enrichment, indicating high specificity 
of LAMP method. 

29.2.3 Sequencing-Based Identification Methods 

29.2.3.1 DNA Sequencing 

Technologies for sequence determination were invented in 
the 1970s, by both Maxam & Gilbert (1977) and Sanger 
et al. (1977), with the latter is by far the most frequently 
used sequencing technology. Bacterial identification by 
sequencing of universal targets such as 16S rRNA gene 
or the 16S-23S rRNA interspacer region has been widely 
used in pathogen detection from various food matrices due 
to its low cost, improved throughput (Patel 2001; Cook 
et al. 2003), higher accuracy and the speed compared to 
traditional biochemical methods (Han et al. 2002), espe
cially when conventional methods are limited. This tech
nology is especially useful in de novo sequence 
determination, when an assay for a specific pathogen is 
not available (Janda & Abott 2007; Woo et al. 2008). The 
need for robust, high-throughput methods provided an 
impetus for the development of several new techniques, 
such as sequencing by hybridization (Bains 1991; 
Blazewicz 2006) and sequencing by synthesis (Ronaghi 
et al. 1998; Li et al. 2003; Chen et al. 2013). The 
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Table 29.2 Applications of multiplex PCR in the detection of the five most common food-borne pathogens (Salmonella spp., L. 
monocytogenes, S. aureus, E. coli and Campylobacter spp.) 

Pathogen Target gene Food matrix Reference 

Salmonella spp. 

L. monocytogenes 

S. aureus 

E. coli 

invA 
invA 
invA 

invA & spvB 
invA 
invA 
invA, fliC and Prot6E 
fimA, himA, hns, 

invA and hto 
sdiA 

bipA 

invA 
hlyA 

lmo0737, lmo1118, 
ORF2819, ORF2110, prs 

hlyA 
hlyA 
hlyA 
hly and iap 

hly 

hly 

P60 protein 
sea, seb, sec, sed, see 

nuc, entB 

nuc 
nuc, entB 

nuc 

stx 1, stx 2, eae A, hly A 

uidA 
katP, espP, subA, stcE and 

ehxA 
wzy, wzx, hlyA, 16S rRNA 

Chicken meat 
Contaminated food samples 
Chicken meats and milk 

samples 
Shellfish 
Processed food samples 
Spiked pork samples 
Eggs 
Shrimps 

Indigenous vegetables and 
poultry meat 

Spiked fresh products and 
ready-to-eat and cooked 
products 

Beef, buffalo and mutton meats 
Raw and ready-to-eat food 

samples 
Food (not being specified in the 

study) 
Turkey meats 
Processed food samples 
Spiked pork samples 
Spiked vegetable biriyani and 

milks 
Spiked camembert cheese and 

ostrich meat 
Spiked fresh products and ready 

to eat and cooked dishes 
Beef, buffalo & mutton meats 
Beef luncheon meat, defatted 

Karish cheese (Koshary), raw 
cow milk, double cream 
cheese, Turkish cheese 
(kasar cheese), raw beef 

Chicken meats and milk 
samples 

Spiked pork samples 
Spiked vegetable biriyani and 

milks 
Spiked ground meat, beef, pork, 

fish, shrimp, cheese, canola 
leaf and cabbage 

Meat samples (chicken 
intestine, chicken meat, 
mutton, beef, pork and fish) 

Contaminated food samples 
Contaminated food samples 

Ground beef 

Alves et al. 2012
 
Babu et al. 2013
 
Balakrishna et al. 2010
 

Gangwar et al. 2013
 
Garrido et al. 2012
 
Guan et al. 2013
 
Jamshidi et al. 2010
 
Jeyasekaran et al. 2012
 

Khoo et al. 2009
 

Ruiz-Rueda et al. 2011
 

Zarei et al. 2013
 
Cetinkaya et al. 2014
 

Doumith et al. 2004a 

Erol & Ayaz 2011
 
Garrido et al. 2012
 
Guan et al. 2013
 
Kumar et al. 2009
 

Rip & Gouws 2009
 

Ruiz-Rueda et al. 2011
 

Zarei et al. 2013
 
Abdou et al. 2012
 

Balakrishna et al. 2010
 

Guan et al. 2013
 
Kumar et al. 2009
 

Zhang et al. 2009
 

Puttalingamma et al. 2012
 

Babu et al. 2013
 
Bustamante et al. 2011
 

Fratamico et al. 2009
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Table 29.2 (continued) 

Pathogen Target gene Food matrix Reference 

Campylobacter spp. 

stx1, stx2, wzyO157 and 
eae 

rfbE 
Shiga-like toxin 
stx and eae 

16S rRNA 
bipA 

hipO, cdtA and pepT 
hipO, ccoN and cadF 
hipO, glyA and pepT 

Spiked food samples (apple 
cider, milk, ground beef and 
lettuce) 

Spiked pork samples 
Beef, buffalo and mutton meats 
Spiked ground meat, beef, pork, 

fish, shrimp, cheese, canola 
leaf and cabbage 

Chicken meat 
Food samples (meat, fish, fruits 

and vegetables and raw milk) 
and artificially spiked 
samples 

Spiked chicken samples 
Spiked chicken juice 
Chicken wing rinses, chicken 

juice and homogenized fried 
chicken strips 

Fratamico & Debroy 2010 

Guan et al. 2013 
Zarei et al. 2013 
Zhang et al. 2009 

Alves et al. 2012 
Bonjoch et al. 2010 

He et al. 2010 
Toplak et al. 2012 
Vondrakova et al. 2014 

revolutionary discovery in nucleic acid sequencing tech
nology, together with the next-generation sequencing plat
form (pyrosequencing), has opened up new opportunities. 
A shift of paradigm towards microbial genomics and its 
application for pathogen detection, due to its rapidity, 
reproducibility, ability to analyse multiple samples simul
taneously and detection of unknown pathogens in complex 
samples, has been observed (Ronaghi & Elahi 2002; 
Novais & Thorstenson 2011). 

29.2.3.2 Pyrosequencing 

Pyrosequencing is a sequencing-by-synthesis method that 
quantitatively monitors the nucleotide incorporation in real 
time based on the detection of inorganic pyrophosphate 
(PPi) incorporation during nucleotide synthesis. This 
method consists of three major steps: (1) preparation of 
a single-stranded DNA template; (2) hybridization of a 
sequencing primer to a complimentary sequence on the 
template; and (3) enzymatic catalysis of a light reaction 
upon nucleotide incorporation. This DNA sequencing 
detection method does not require any dye, labelled nucle
otide or gel electrophoresis. Presently there are three dif
ferent methods of pyrosequencing; two of the methods use 
three enzymes and one uses four enzymes. The key differ
ence is that the unincorporated nucleotides are removed by 
apyrase in the four-enzyme system, whereas nucleotides are 
removed by washing in a three-enzyme system (Ahmadian 
et al. 2006; Novais & Thorstenson 2011). 

The four-enzymes technique in pyrosequencing consists 
of Klenow fragment of DNA polymerase I, ATP sulphur
ylase, luciferase and apyrase. In a cascade of enzymatic 
reactions, visible light proportional to the number of nucle
otides incorporated is generated. The cascade starts with 
the release of PPi upon the incorporation of each nucleotide 
into the growing DNA strand by DNA polymerase. The 
released PPi is then converted to ATP by ATP sulfurylase, 
providing energy to luciferase which produces a photon of 
light for every PPi molecule. The light signal is detected by 
a million-pixel charge-coupled device (CCD) camera. 
Unincorporated nucleotides and ATP are degraded by 
apyrase between base additions allowing iterative addition 
of nucleotides. This step is crucial to ensure that the light 
signal detected upon a nucleotide incorporation only arises 
from that particular nucleotide. The sequence of the tem
plate can be determined since the nucleotide incorporated is 
known (Ronaghi et al. 1998; Ronaghi 2001; Ahmadian 
et al. 2006). 
The use of pyrosequencing to identify pathogenic bacte

ria is relatively new. It is primarily used to identify and 
characterize pathogens from clinical or environmental sour
ces, such as Helicobacter pylori (Monstein et al. 2001); 
Nocardia spp. (Unemo et al. 2004; Bao et al. 2010); 
Mycobacterium spp. (Bao et al. 2010); Aeromonas spp. 
(Ye & Zhang 2011); Clostridium perfringens (Ye & Zhang 
2011); Flavobacterium (Navarro-Noya et al. 2013); and 
Pseudomonas (Navarro-Noya et al. 2013). Recently, pyro
sequencing has also been used to detect food-borne 
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pathogens such as enterohaemorrhagic E. coli O104:H4 
(Mellmann et al. 2011), Salmonella spp. (Li et al. 2012), Y. 
pestis (Amoako et al. 2012) and Bacillus cereus (Jonku
viene et al. 2013). This high-throughput technology has 
expanded the repertoire of bacterial genome sequenced 
(Maze et al. 2010). Further, pyrosequencing has been 
useful in identification of bacteria species associated 
with diseases of previously unknown aetiology (McKenna 
et al. 2008; Mellmann et al. 2011); one-third of food-borne 
illnesses in the US is of unknown aetiology (CDC 2013). 
The major advantages of pyrosequencing are its rapidity, 

cost effectiveness and substantially greater yield in geno
mic information. Additional advantages include high accu
racy, flexibility and high-throughput (Novais & 
Thorstenson 2011). All these advantages facilitated pro
spective whole-genome characterization in the early stage 
of an outbreak, as seen in the recent E. coli outbreak in 
Europe (Mellmann et al. 2011). Besides, pyrosequencing 
offers exceptional confidence in the identification of path
ogens and hence unambiguous detection of food-borne 
bioterrorism agents for biodefence applications. Amoako 
et al. (2012) reported consistently high sequence identities 
to the expected sequences, reinforcing the reliability of 
pyrosequencing in detection of Y. pestis. Typical runs were 
completed in about 60 min, with detection limits of 
0.4–0.9 CFU mL�1 and 1.6–10 CFU g�1 of Y. pestis in 
liquid and solid matrices, respectively. The results demon
strated a significant improvement compared to similar 
experiments conducted using real-time PCR (Amoako 
et al. 2010), further confirming pyrosequencing as a rapid 
detection tool for the detection of food-borne pathogens. 

29.2.4 Non-Nucleic Acid-Based Methods 

Non-nucleic acid-based detection methods for food-borne 
pathogens include metabolomics, lipidomics and proteo
mics. These methods are based on chromatographic and 
mass spectroscopic techniques. These techniques involve 
the separation of microbial components or products using 
high-performance liquid chromatography (HPLC) or gas 
chromatography (GC) and subsequent identification by 
comparing the microbial components or products (usually 
fatty acids) to an established database. In 1963, identifica
tion of bacteria based on analysis of cellular fatty acid 
methyl ester (FAMEs) by GC was reported (Abel et al. 
1963; Kaneda 1963). Welch (1991) further improved the 
method for identification and classification of bacterial 
species. Whittaker et al. (2005) demonstrated identification 
of various food-borne pathogens and spores by constructing 
a unique library of cellular fatty acid profile using GC. 

In their study, the cellular fatty acid profiles of various food-
borne pathogens (L. monocytogenes, S. aureus, Y. enter
ocolitica, E. coli, S. Typhimurium, Shigella sonnei, Vibrio 
spp., B. anthracis and B. cereus) and endospores of B. 
anthracis and B. cereus were determined. Based on the 
unique fatty acid profiles, both Gram-negative and -positive 
organisms were segregated. Their study suggested that 
fatty acid analysis using GC is a sensitive method for 
the identification of food-borne pathogens. 
Mass spectrometry (MS), on the other hand, can detect 

proteins of different masses. Identification of a micro
organism using MS is based on the presence of unique 
protein-specific pathogens. These proteins are character
ized based on their relative mass and abundance. MS can be 
used alone or in combination with other separation meth
ods. Cevallos-Cevallos et al. (2011) developed a GC-MS
based metabolomics study for rapid simultaneous detection 
of E. coli O157:H7, S. Typhimurium, S. Muenchen, and S. 
Hartford in ground beef and chicken. Direct analysis of 
food-borne pathogens using matrix-associated laser 
desorption ionization (MALDI) -MS provides several 
advantages due to its rapidity, sensitivity and tolerance 
to contaminants. Bacteria can be differentiated at the genus, 
species and strain levels with low detection limit, using 
protein profiles of whole-cell MALDI mass spectra which 
possess taxonomical characteristic for each pathogen. Cur
rently, a format of MS called matrix-associated laser 
desorption ionization-time of flight (MALDI-TOF) has 
gained popularity in the identification of bacteria (Ho & 
Reddy 2010; Fenselau 2013; Pavlovic et al. 2013). 

29.2.5 Single-Cell Analysis 

Population-scale methods are based on the probability that 
the averages of all possible values for the parameters being 
measured accurately describe the population characteristics 
but not the individuals comprising the population. Methods 
for single-cell analysis of microorganisms are essential for 
the detection of the target cells within a heterogeneous 
population and in resolving fundamental questions regard
ing the role of individual microbial cells in a collaborative 
or co-operative behaviour (Wang & Bodovitz 2010). 
Flow cytometry and fluorescence microscopy are indis

pensable methods in performing single-cell analysis with 
distinct advantages of high-throughput and high informa
tion content, respectively. Flow cytometry quantitatively 
measures optical characteristics of single cells as they pass 
at high speed (50,000 cells/second) through a laser beam. 
Fluorescent dyes can be used to assess the viability and 
metabolic state of a microorganism. Flow cytometers use a 
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fluidic system to precisely deliver the cells at the intersec
tion of the laser beam and a light-gathering lens, where each 
cell emits a pulse of fluorescence and the scattered light is 
collected by lens and directed onto photomultiplier tubes 
for detection (Czechowska et al. 2008; Wu et al. 2013). 
This technique is fast, automated and provides a direct 
count of the cells of interest; the sensitivity, however, is 
low. Hussein et al. (2002) evaluated the use of flow 
cytometry to detect E. coli in beef ruminal fluid or faeces, 
and a limit of detection of 104 cells mL�1 were obtained. 
In another study, Rattanasomboon et al. (1999) used flow 
cytometry to quantify Brochothrix thermosphacta (a com
mon meat spoilage bacterium) at a detection level of 
105 cells mL�1. Ye  et al. (2001) reported using flow 
cytometry-based technology to identify bacterial 16S 
rDNA. They were able to detect 17 bacterial species, 
both Gram-negative and -positive, using a series of probes 
designed for different sites of 16S rDNA. Dunbar et al. 
(2003) reported rapid and simultaneous detection of E. coli, 
Salmonella spp., L. monocytogenes and C. jejuni using 
Luminex LabMAP system (a flow cytometry-based tech
nology) by detecting the PCR-amplified variable regions of 
bacterial 23S rDNA, with a detection sensitivity of 103 

–105 

genome copies. 
A more direct strategy for quantitative cellular analysis 

involves breakage of the target cell by extraction and 
identification of its content. This approach allows the 
detection of chemical components that are difficult to label 
(stain) in an intact cell and enables the separation of a 
complex mixture of species (Kennedy et al. 1989; Zare & 
Kim 2010). Recently, microfluidics (the study and control 
of fluidic behaviour of microstructures) has gain promi
nence in single-cell analysis. This approach provides a 
rapid, accurate and cost-effective tool in single-cell 
biology. Various reports have described how microfluidics 
has been applied in combination with other detection 
methods for the detection of food-borne pathogens. Zordan 
et al. (2009) developed a hybrid microfluidic surface 
plasmon resonance and molecular imaging cytometry 
device for detection of pathogenic E. coli O157:H7. 

29.3 Molecular Typing Techniques 

The genetic relatedness of closely related species can be 
determined based on the degree of allelic variation of partic
ular genes, which can be determined based on the variations 
in the length of DNA fragments acquired by PCR, digestion 
using restriction enzymes or change in conformation as a 
result of differences in DNA sequences (conformational 
polymorphism). Molecular typing techniques have been 

developed based on DNA hybridization, restriction enzyme 
analysis (REA), PCR or direct sequencing of DNA, with the 
latter being the most accurate technique for evaluating 
genetic relationships of organisms. The major drawbacks 
of such a direct sequencing approach in high-throughput 
testing are its high financial and time cost. Methods that are 
accurate in reflecting genetic variation, can deliver a high 
sample throughput and are rapid and inexpensive are neces
sary for epidemiological assessments (Gasanov et al. 2005). 
In this section, we describe the most important and best-
established molecular typing techniques used to type food-
borne pathogens such as ribotyping, pulsed-field gel electro
phoresis (PFGE), random amplified polymorphic DNA 
(RAPD), enterobacterial repetitive intergenic consensus 
(ERIC)-PCR and multilocus sequence typing (MLST). 

29.3.1 Ribotyping 

Ribotyping involves the fingerprinting of genomic DNA 
restriction fragments that contain all or part of the rRNA 
genes. A ribotype consisting of fragments of different length 
is generated when the chromosomal DNA is digested with a 
specific restriction enzyme. Ribotype polymorphisms reflect 
restriction fragment length polymorphisms (RFLPs) of the 
neutrally evolving housekeeping genes flanking the rRNA 
operon due to the sequence variability in those housekeeping 
genes. The diversity of polymorphic ribotype fragments 
depends on the rate of point mutations occurring in the genes 
flanking the ribosomal operons. A single base-pair change in 
the restriction site of endonuclease will result in the loss of the 
cutting site and hence a change in the RFLP fingerprints 
(Bouchet et al. 2008). 

This technique involves several major steps: (1) diges
tion of chromosomal DNA into small-sized fragments using 
restriction enzymes; (2) separation of the DNA fragments 
by agarose gel electrophoresis; (3) DNA fragments 
obtained are transferred to a membrane via Southern 
blot; (4) DNA hybridization using a probe specific to the 
conserved regions of the rRNA coding sequence; and (5) 
the resulting banding patterns are used to differentiate 
isolates into different ribotypes and establish the related
ness among these isolates (Grimont & Grimont 1986; Liu 
2006). Bruce et al. (1995) were able to differentiate 1346 
L. monocytogenes strains using EcoRI restriction enzyme. 
Subsequent detection with the labelled probe, consisting of 
E. coli rrnB rRNA operon sequence, enabled the detection 
of 50 band patterns in their study, which involved 1346 
L. monocytogenes strains. 
Ribotyping is extensively used in the characterization of 

major food-borne pathogens, such as L. monocytogenes 
(MacDonald et al. 2005; Manfreda et al. 2005), S. aureus 
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(Buzzola et al. 2001), Salmonella spp. (Nastasi et al. 2000), 
E. coli (Hahm et al. 2003; Pradel et al. 2008) and Campylo
bacter spp. (Gibson et al. 1995) isolates, as it is robust and 
does not require expensive equipment. The introduction of an 
automated ribotyping system (RiboPrinter (Qualicon Inc., 
Wilmington, Del., US)) has substantially shortened the assay 
time, and it is envisaged that ribotyping will play an increas
ingly dominant role in molecular typing of food-borne 
pathogens. However, several studies reported that the dis
criminatory power of ribotyping is reduced compared to 
other molecular typing techniques such as biotyping and 
PFGE (Louie et al. 1996; Chetoui et al. 1997). 

29.3.2 Restriction Enzyme Analysis (REA) 

Restriction enzyme analysis (REA) involves the use of 
restriction enzymes that recognize and cut specific nucleo
tide sequences, resulting in the unique banding pattern of 
DNA fragments with varying sizes. Genetic relatedness is 
determined by analysing the banding patterns (number and 
size of fragments) obtained in gel electrophoresis. REA 
consists of two techniques known as macrorestriction and 
microrestriction. 
Macrorestriction analysis involves the cutting of chro

mosomal DNA into large DNA fragments which are visu
alized using PFGE. The discriminatory power is greatly 
enhanced with the use of PFGE, and is therefore recognized 
as the gold standard for discriminating isolates of the same 
species and epidemiological investigation (Harbottle et al. 
2006; Michael et al. 2006). In PFGE, periodic changes in 
the direction and/or the intensity of current are applied to 
the DNA molecules. DNA molecules are separated accord
ing to their size, as smaller DNA molecules respond better 
to changes in the electrical field than larger molecules. 
PFGE greatly expands the range of resolution for DNA 
fragments, where DNA molecules of up to 12 Mbp can be 
separated and analysed by PFGE as compared to 20 kbp 
using conventional electrophoresis (Maule 1998). In com
parative studies with other typing techniques, PFGE is 
reported to have the highest discriminatory power. Never
theless, it has some major pitfalls such as it is laborious and 
requires specialized equipment and costly reagents. 
Microrestriction is the REA of PCR products obtained by 

amplification of specific gene(s). It is not routinely used 
because the DNA fragments obtained are not visualized 
with PFGE but with agrose gel electrophoresis, which 
limits the discriminatory power as compared to macro-
restriction analysis using PFGE. Table 29.3 lists some 
recent applications of REA for the molecular typing of 
the five most common food-borne pathogens (Salmonella 

spp., L. monocytogenes, S. aureus, E. coli and Campylo
bacter spp.) from various food matrices. 

29.3.3 PCR-Based Typing Methods 

One of the PCR-based typing techniques is RAPD which is 
used to study DNA polymorphisms. RAPD characterizes 
genomic DNA based on the number and size of randomly 
amplified DNA fragments generated by using a single primer 
of arbitrary nucleotide sequence (typically in the range 
8–10 bp). A low, non-stringent annealing temperature 
applied during PCR amplification allows the hybridization 
of multiple mismatched sequences. An amplicon will be 
generated when the distance between these two binding sites 
on both DNA stands is within the range of 0.1–3 kbp.  
The distinctive sets of DNA fragments produced in PCR 
reveals polymorphisms, as small changes in the genomic 
DNA will result in different sizes and numbers of amplified 
fragments (Williams et al. 1990; Gasanov et al. 2005; Sabat 
et al. 2013). 
RAPD has been strongly criticized for its lack of reproduc

ibility due to its sensitivity to subtle differences in reagents, 
machines and protocols and the very low annealing tempera
tures used in the PCR process (Sabat et al. 2013). However, 
this technique has the advantages of being simple, considera
bly accurate, rapid and powerful for the genomic typing of 
bacterial strains. No prior knowledge of the target DNA 
sequence is required. Further, the same primers can be used 
for many different species of bacteria with only minor changes 
in the PCR amplification conditions (Gasanov et al. 2005). 
These advantages led to its intensive use in the identification of 
bacterial strains associated with food-borne outbreaks 
(Martinez et al 2003; Vázquez-Garcidueñas et al. 2014) 
and the study of genomic diversity, in which genetic variability 
has relevant epidemiological implications (such as drug sus
ceptibility; Oliveira et al. 2007; Capalonga et al. 2014). 
Another PCR-based typing method, ERIC-PCR, is a 

whole-genome approach focusing on PCR amplification 
using outward-facing primers complementary to each end 
of the repetitive intergenic consensus sequences to generate 
complex amplification patterns (Hulton et al. 1991; Versa
lovic et al. 1991). ERIC-PCR has been proven to be useful 
in the study of genetic diversity among seafood-associated 
non-typhoidal Salmonella serovars (Bhowmick et al. 2012) 
and Vibrio parahaemolyticus isolates of gastroenteritis 
outbreaks in the US (Khan et al. 2002). 
ERIC-PCR is regarded by some researchers as the 

method of choice when a single method is to be used for 
typing, although the gold standard of DNA typing techniques 
is always recognized to be PFGE (Syrmis et al. 2004; Feng 
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et al. 2013). ERIC-PCR has several advantages as it is less 
laborious, costly and time-consuming as compared to PFGE. 
Feng et al. (2013) reported that four days are required to obtain 
fingerprints using PFGE, whereas only one day by ERIC
PCR. Besides being relatively simple to perform, ERIC-PCR 
was found to be reproducible as PFGE in typing Laribacter 
hongkongensis. However, they reported that the profiles and 
intensities of the bands could be unavoidably affected due to 
variation in thermal cycling parameters and gel running 
conditions. In view of this, standardization of sample process
ing, condition of electrophoresis process and analysis is of 
utmost importance for accurate strain differentiation (Feng 
et al. 2013). 

29.3.4 DNA Sequencing-Based Typing Methods 

Direct sequencing of DNA is the most accurate method to study 
the genetic relationship of organisms; however, it is costly and 
time-consuming. Single-locus sequence typing (SLST) is 
employed in the study of genetic relatedness among bacterial 
isolates based on the comparison of sequence variations in a 
single target gene (Sabat et al. 2013). Multi-locus sequence 
typing (MLST), which involves characterization of several 
genes by DNA sequencing, was proposed by Maiden et al. 
(1998). MLST is a combination of high-throughput sequencing 
and bioinformatics analysis which involves data collection, 
data analysis and multi-locus sequence analysis. In MLST, 
internal sequences (of approximately 450 bp) of mostly seven 
housekeeping genes or genes encoding for virulence factor are 
amplified by PCR and then sequenced. Unique sequences 
(alleles) are assigned arbitrary numbers for each locus and 
the sequence type (ST) is determined based on the combination 
of identified alleles (Spratt 1999; Sabat et al. 2013). 
MLST of L. monocytogenes isolates isolated from 15 

listeriosis outbreaks in Europe and North America was 
performed to identify epidemic clones (den Bakker et al. 
2010). Liu et al. (2011) reported that a novel MLST scheme 
accurately differentiated 696 outbreak strains of the major 
serovars of Salmonella and showed high genetic related
ness among Salmonella serovars. They also reported that 

the MLST scheme provided better discrimination of Sal
monella serovar Enteritidis strains than PFGE. Tradition
ally, MLST involves PCR amplification using primers that 
are specific to the loci of the targeted genes and subsequent 
sequencing. In this new era of high-throughput sequencing, 
whole-genome sequencing (WGS) in typing is gaining 
popularity among scientists and diagnostic labs as its costs 
continue to decline (Service 2006). 
MLST has several advantages over other typing tech

niques as it is accurate and has extremely high discriminatory 
power. MLST allows for unambiguous typing due to avail
ability of an internationally standardized nomenclature, so is 
therefore highly reproducible. Comparisons can be made 
based on the allele sequences and ST profiles which are easily 
accessible from appropriate databases (http://pubmlst.org 
and http://www.mlst.net). The major pitfalls of MLST are 
its high financial and time cost; it is therefore not applicable 
for routine use and its application is limited to specialized 
laboratories (Gasanov et al. 2005; Sabat et al. 2013). 

29.4	 Criteria to Consider when Choosing a 
Method 

Current advances in molecular biology provides a bewil
dering range of nucleic acid-based assays to rapidly and 
accurately detect, identify and characterize food-borne 
pathogens. The factors most important for achieving the 
desired results must be considered before choosing a 
molecular technique. The first question should be: is the 
selected molecular technique suitable for detection of food-
borne pathogens from the tested food matrix? The chosen 
detection method has to be unaffected by food type, with no 
interference from the matrix or background microflora and 
sensitive enough to detect the likely low number of cells of 
the pathogen in a food sample. The chosen assay has to 
possess an acceptable balance between sensitivity and 
specificity. Many other factors must be considered during 
selection including test reliability and time, and listed in 
Table 29.4. 

Table 29.4 Criteria to consider when selecting a molecular method 

Criterion	 Method to consider 

High sensitivity (low detection limit) PCRs 
Multiple target detection Multiplex PCR, multiplex real-time PCR, FISH, microarray 
High-throughput Real-time PCR (384-well format); multiplex real-time PCR, automation 
Broad-range detection 16S rRNA or 23S rRNA gene sequencing, pyrosequencing 
Ease of use LAMP, commercial PCR kits 
Antimicrobial resistance detection Real-time PCR, microarray, commercial PCR kits 

http://pubmlst.org
http://www.mlst.net
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29.5	 Sample Preparation for the Detection 
of Food-Borne Pathogens 

Significant challenges remain in the development of a 
widely applicable detection platform for the detection of 
food-borne pathogens. A key issue is sample preparation, 
the importance of which has been underestimated in the 
past. The reliability of molecular detection of food-borne 
pathogens (especially PCR techniques) depends, in part, on 
the purity of the target template and the copy numbers of 
target molecules. Enrichment steps are usually included to 
enhance PCR detection sensitivities when the problem of 
low pathogen numbers is encountered. The sensitivity and 
efficiency of detection methods are particularly compli
cated with complex matrices such as foods; steps to limit 
the effects of any potential inhibitors must therefore be 
taken in addition to enrichment steps (Soumet et al. 1994; 
Jinneman et al. 1995). Immunomagnetic separation and 
physical sample preparation methods such as filtration, 
buoyant density centrifugation and floatation have been 
introduced to concentrate microorganisms and remove 
potential PCR inhibitors. 

For immunomagnetic separation, specific DNA 
sequences from highly conserved regions are adsorbed 
onto magnetic beads and targeted DNA will hybridize to 
this capture sequence. Amagliani et al. (2006) developed a 
rapid and sensitive direct detection method for L. mono
cytogenes from milk, based on a magnetic capture hybrid
ization procedure using capture sequence selected from a 
highly conserved region of the listeriolysin O gene (hlyA), 
and subsequently PCR identification. This procedure 
allows the selective purification of listerial DNA in crude 
samples, hence concentrating the target DNA and removing 
non-target DNA and other PCR inhibitors. The sensitivity 
of the method is greatly improved as it can detect as low as 
10 CFU mL�1 of L. monocytogenes. The magnetic capture 
beads have also been adapted for detection of S. enterica 
(Hagren et al. 2008), E. coli O157:H7 (Fu et al. 2005), 
Campylobacter spp. (Rudi et al. 2004) and Y. enterocolitica 
(Kapperud et al. 1993) using PCR. 

FTA 
filtration is used extensively in sample preparation 

for PCR as it enhances detection sensitivity of food-borne 
pathogens. The FTA filter is a fibrous matrix impregnated 
with chelators and denaturants in which the microorgan
isms are effectively traps and lysed on contact (Belgrader 
et al. 1995). Filters can be used directly in PCR assays after 
a series of brief washes to remove cell debris and other non
binding contaminants. Lampel et al. (2000) developed a 
protocol using FTA filters to prepare bacterial DNA tem
plates derived from pure bacterial cultures (Shigella 

flexneri, S. enterica serotype Typhimurium and L. mono
cytogenes) and from spiked food samples (produce, beef 
and apple cider) without laborious processing, pre-enrich
ment and purification steps. With pure cultures, they 
reported sensitivities of detection by FTA filter-based 
PCR of 30–50 CFU for Shigella and Salmonella and 
200 CFU for Listeria. Consistent positive results and detec
tion limits similar to those observed with pre-culture dilu
tions were reported in FTA filter-based PCR with 
concentrated food washes. Warren et al. (2005) detected 
Shigella boydii and Sh. sonnei from tomato rinse by nested 
PCR using FTA filter directly as a template in the first step 
of nested PCR. 
Another promising physical method is buoyant density 

centrifugation. This techniques has several advantages, 
including: (1) separation of biological matrix particles 
and microorganisms when subjected to different buoyant 
densities (Lindqvist 1997); (2) partial elimination of PCR 
inhibitors (Lambertz et al. 2000); (3) prevention of false-
positive results due to DNA originating from dead cells 
(Wolffs et al. 2004); (4) direct quantification of target 
microorganisms in the presence of a large background 
microflora (Wolffs et al. 2004); (5) rapidity and easy 
handling; and (6) maintenance of cell viability, which 
allows isolation and further analysis of the microorganisms 
(Rodriguez-Lazaro et al. 2004). 
Bouyant density centrifugation by a sedimentation method 

has been used for rapid detection of food-borne pathogens 
such as Sh. flexneri (Lindqvist 1997), E. coli (Lindqvist 
1997) and Y. enterocolitica (Lantz et al. 1998; Lambertz 
et al. 2000). Other researchers have also reported on the 
application of buoyant density centrifugation by flotation 
method for rapid detection of C. jejuni (Wolffs et al. 2005b) 
and Y. enterocolitica (Wolffs et al. 2004). Fukushima et al. 
(2007) developed a rapid separation and concentration 
method following filtration and low- and high-centrifuga
tion, as well as floatation and sedimentation buoyant density 
centrifugation, for 12 food-borne pathogens in 13 different 
food homogenates. With combined separation and concen
tration methods and real-time PCR, they reported the pres
ence of 10–100 CFU g�1 of Salmonella and C. jejuni directly 
in naturally contaminated chicken and the presence of 
S. aureus directly in the remaining food items in a food 
poisoning outbreak within 3 hours. 

29.6	 Conclusions 

Food-borne diseases have demonstrated the need for 
improved and reduced detection time. The detection of 
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food-borne pathogenic bacteria is a challenge as these 
microorganisms are present in a very low number in the 
food matrix and are usually outnumbered by indigenous 
bacteria. In view of these, it is imperative to develop a rapid, 
sensitive and specific method for the detection of food-
borne pathogenic bacteria. Traditional culture-based meth
ods are still routinely used, although molecular techniques 
are gaining popularity as they represent rapid, sensitive and 
reliable detection methods in the context of food safety. 
Sample quality is of paramount importance and underpins 
the success of molecular detection and the identification 
and characterization of food-borne pathogenic bacteria. We 
have highlighted some of the important techniques cur
rently used in the detection and characterization of food-
borne pathogens, but as research continues these methods 
will further improve. Recent developments have shown that 
molecular techniques are indispensable tools in ensuring 
food safety due to their many advantages such as rapidity, 
sensitivity, specificity and high-throughput. 
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30.1 Introduction 

During the last years the food industry has experienced 
several changes due to the increasing demands from con
sumers for food products free of synthetic chemicals, easy 
to prepare and with a longer shelf life. On the other hand, 
increasing concerns have been raised due to environmental 
contamination caused by packaging waste. In this way, the 
US Environmental Protection Agency (EPA 2011) indi
cated that 251 million tonnes of waste were generated in 
United States in 2012. China has about 660 cities that each 
produce around 190 million tonnes of solid waste annually, 
accounting for 29% of the world’s solid waste each year 
(Zhang et al. 2010). In Latin America, the municipal solid 
waste was projected to increase from 131 million tons in 
2005 to roughly 179 million tons in 2030 (Hoornweg & 
Bhada-Tata 2012). 

According to EPA (2011), containers and packaging 
constitute the largest portion of solid waste generated 
with 30% of the total waste, representing over 75 million 
tonnes. Likewise, according to Hoornweg & Bhada-Tata 
(2012), packaging materials such as paper and plastic 
represent 27% of the world’s solid waste composition after 
organic waste. 

Consumers’ concerns regarding food product quality and 
environmental issues have resulted in the development of 
new technologies for food preservation. Among these, non-
thermal food preservation through active food packaging is 
highlighted as one of the most promising emerging tech
nology. The concept of active packaging goes beyond the 
widely known concept of traditional packaging, which is to 
contain and protect the packaged food product in a passive 
way. Instead, active packaging material interacts with the 
surface of the contained food product or the headspace in a 
desirable way, protecting it from physical, chemical or 
microbiological threat (Soares et al. 2009a). The activity 
of the packaging material is conditioned to the specific 
goals for food quality preservation. This might include 
oxygen scavengers, moisture absorbers, ultraviolet (UV) 
barriers, flavouring or antimicrobial activity. This chapter is 
focused on antimicrobial active packaging as an emerging 
technology for the control of food-borne pathogens. 
Antimicrobial active packaging allows the control of 

food-borne pathogens by means of its interaction with 
the food product or the package headspace in order to 
reduce, retard or inhibit microbial growth (Soares et al. 
2009b). The packaging material acquires its antimicrobial 
activity by the incorporation of active compounds in the 
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polymeric matrix, which have antibacterial or antifungal 
activity against the target microorganisms. This chapter 
describes the main polymeric matrixes and methods for 
production of antimicrobial active food packaging, the 
active role of packaging in food preservation, as well as 
the development of nanotechnology and its application in 
active food packaging. 

30.2	 Polymeric Matrixes and Methods 
of Food Packaging 

Structuring biobased materials, such as polysaccharides, 
proteins and lipids, have been used for the formulation of 
edible films (Fig. 30.1). Recent reviews have focused on 
films based on lipids (Debeaufort & Voilley 2009), protein 
(Ramos et al. 2011) and on polysaccharides such as 
chitosan (Dutta et al. 2009), hemicelluloses (Hansen & 
Plackett 2008) and starch (Jiménez et al. 2012). 
Structuring materials from polysaccharides include cel

lulose, chitosan, starch and pectin. Cellulose is one of the 
most widespread biopolymers found in nature and possibly 
one of the most used industrially. Cellulose is a macro
molecule comprising carbon, oxygen and hydrogen and is 
found in nature to conform chains aggregated into the 
repeated crystal and linear structure, generating microfibrils 
in the plant cell wall. These microfibrils assemble into 
larger macroscopic cellulose fibres (Eichhorn et al. 
2010). Chitosan is a group of partially and fully deacety
lated compounds from chitin, constituted mainly by poly
(b-1/4)-2-amino-2-deoxy-D-glucopyranose, characterized 
by its biodegradability and non-toxicity (Kong et al. 
2010). Starch is also an abundant polysaccharide in nature, 
found in cereal kernels, comprising two main macro
molecular components: amylose and amylopectin. Amy
lose is a linear polymer based on α-1,4 anhydroglucose 
units, while amylopectin is highly branched and comprises 
short units of α-1,4 chains linked by α-1,6 glucosidic links 
occurring every 25–30 glucose units (Jiménez et al. 2012). 

Pectin is one of the main components of the plant cell wall, 
contributing to tissue integrity and rigidity, and is consid
ered one of the most complex macromolecules in nature 
(Jolie et al. 2010). 
These biopolymers have been used individually or com

bined for the development of antimicrobial films intended 
as an active food packaging material. In this way, Sayanjali 
et al. (2011) developed antimicrobial films based on car
boxymethyl cellulose incorporated with potassium sorbate 
for the preservation of fresh pistachios. Moreover, sweet 
potato starch has been used for the development of anti
microbial films incorporated with potassium sorbate or 
chitosan (Shen et al. 2010). Vásconez et al. (2009) devel
oped antimicrobial edible films based on a mixture of 
chitosan and tapioca starch and tested their activity 
in vitro, as well as on the surface of salmon slices. Simi
larly, Ghanbarzadeh et al. (2010) developed packaging 
films based on starch and carboxy methyl cellulose blend. 
Structuring biopolymers from proteins are characterized 

for their components based on the combination of 20 
different amino acids, which allow high intermolecular 
binding (Vicente et al. 2011). In this context, Manab 
et al. (2011) developed edible films based on whey protein 
incorporated with acetic, lactic, propionic and benzoic acids 
(5% v/v). Moreover, the mixture of chitosan and whey 
protein has been tested for the production of edible films 
(Ferreira et al. 2009). According to these authors, the 
developed films were biphasic with a compositional gradi
ent; one side of the film surface had a lower amount of 
protein than the other side, with the surface richer in protein 
being more hydrophobic than that the other. 

Edible films based on lipids have been developed to limit 
the moisture migration within food due to their hydropho
bic nature (Debeaufort & Voilley 2009). Numerous 
research projects in this area include the development of 
wax coating and films based on lipid materials alone or in 
combination with other biopolymers to control desiccation 
of fruits and vegetables, as well as fungal growth. In this 
way, wax coating was applied on the surface of citrus fruits 

Figure 30.1 Structuring biobased materials and their main characteristics for use as packaging materials. 
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in the packaging line by means of rotating brushes to 
confer a shiny appearance, reduce post-harvest weight 
loss and preserve fruit quality, avoiding fungal growth 
(Njombolwana et al. 2013). 

Moreover, although chemical fungicides are still highly 
used to control post-harvest diseases in fruit and vegetables, 
this practice is discouraged due to their high negative 
impact on human health, the environment and the devel
opment of fungal resistance. The use of wax coating 
incorporated with natural food additive as antifungal agents 
has therefore been tested for controlling post-harvest dis
eases. In this way, Youssef et al. (2012) studied the 
antifungal activity of salts, including sodium bicarbonate, 
sodium carbonate, potassium bicarbonate, potassium car
bonate, ammonium bicarbonate and potassium sorbate at 
6% (w/w), incorporated in a commercial wax to control the 
development of post-harvest diseases of citrus fruits such as 
clementines and oranges. Results indicated an 11% inci
dence of post-harvest rot on citrus fruits with wax alone, 
while 7% post-harvest rot was observed in those fruits 
treated with water. On the other hand, post-harvest rot 
incidence was significantly lower than wax alone and water 
treatment when citrus fruits were treated with the wax 
incorporated with selected salts. In particular, the wax 
incorporated with potassium sorbate reduced the post
harvest rot incidence in all tested cultivars. Similarly, 
Kouassi et al. (2012) incorporated commercial wax with 
cinnamon essential oil (Cinnamomum zeylanicum) as an  
antifungal agent. According to Kouassi et al. (2012) the 
mixture of cinnamon essential oil and wax (shellac and/or 
carnauba wax) showed an excellent post-harvest disease 
control on orange fruits. 

Additionally, the application of wax in film production 
has been previously reported. Rodrigues et al. (2014) 
developed cashew tree gum-based films blended with 
cassava starch and carnauba wax as an alternative for the 
preservation of minimally processed fruits. Similarly, 
Chiumarelli & Hubinger (2014) developed edible films 
and coatings formulated with cassava starch, glycerol, car
nauba wax and stearic acid for application in the preservation 
of coated apple slices. Also, Shih et al. (2011) developed 
edible films at various ratios of pullulan and rice wax to be 
used as a barrier for water vapour permeability, as well as 
carrier for functional food-grade additives. 

Currently, there is no specific regulation or mandatory 
formula for the raw materials used in the production of films 
for food packaging. Since previously mentioned packaging 
materials are from renewable natural sources and non-toxic, 
with the advantage of being edible, there are no restrictions 
to their use in the formulation of edible films. Two main 
methods of film production are widely used: the casting 
method and extrusion. 

30.2.1 Casting Method 

Production of films from biopolymers includes the prepa
ration of the film-forming solution by dissolving the 
selected biopolymer in a suitable solvent. A homogeniza
tion step is then required, followed by a deaeration process 
under vacuum conditions, in order to release all air bubbles 
created by air incorporation during homogenization. After 
the film-forming solution is ready, it is poured onto a flat 
and non-stick surface (Fig. 30.2). 

Figure 30.2 Scheme of fruit-pectin edible film production by casting method. 
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Table 30.1 Production conditions of films from biobased materials by casting method.
 

Plasticizing 
Raw material for film production Solvent agent Drying process Reference 

Zein–wax blend (carnauba wax, Ethanol (96%) Glycerol and 19 ± 2 h at 25°C Arcan & Yemenicioğlu 
candelilla wax and beeswax) catechin 2013 

Cassava starch–carnauba wax blend Water Glycerol 40°C and 60% RH Chiumarelli & Hubinge 
2014 

Cashew tree gum, cassava starch and Water and Glycerol 60°C for 15 min at an air Rodrigues et al. 2014 
carnauba wax blend ethanol flow rate of 3 m3 h�1 

(96%) 
Pullulan–rice wax blend Water - 65% relative humidity at Shih et al. 2011 

25°C 
Starch–carboxymethyl cellulose blend Water Glycerol Drying step at 60°C in an  Ghanbarzadeh et al. 

oven 2010 
Carboxymethyl cellulose Water Glycerol Drying step overnight at Sayanjali et al. 2011 

35°C 
Sweet potato starch Water Glycerol Drying at 50°C for 4 hours Shen et al 2010 
Chitosan–tapioca starch blend Water Glycerol Drying at 25°C for 48 hours Vásconez et al. 2009 
Chitosan and whey protein Water Glycerol Drying step at 30°C for Ferreira et al. 2009 

16 hours in an oven 

The formed film is removed from the non-stick surface 
after a drying process that takes 12–24 hours or even longer, 
depending on the relative humidity and temperature 
(Table 30.1). In general, the solvents used to prepare the 
film-forming solution include water, ethanol or acetone, 
among others, depending on the selected biopolymer 
(Campos et al. 2011). Moreover, the most common 
plasticizers used for biopolymer film production include 
glycerol, sorbitol, ethylene glycol, vegetable oils and 
lecithin, among others. Their main function when incorpo
rated in the polymeric matrix is to increase the polymer 
chain flexibility and stretchability. 
When plasticizers are used, they increase the free-volume 

or intermolecular spacing and molecular mobility, and play 
an important role in increasing film flexibility. Otherwise, if 
no plasticizing agent is used the polymeric matrix would be 
brittle due to high intermolecular forces among polymeric 
chains (Sothornvit 2002). 

30.2.2 Extrusion 

The production of biopolymeric films via the casting 
method has been widely studied at the laboratory scale; 
its main advantage is that it does not need specific equip
ment and requires less raw materials for film manufacture. 
However, the casting method is limited to film production 
at a small scale, being time-consuming and expensive to 
achieve at industrial level. As a result, extrusion has been 

studied as an alternative method for film production in order 
to increase the potential industrial development and com
mercialization of biopolymeric films. In this way, 
Belyamani et al. (2014) have indicated that extrusion has 
the potential to be used as a film production method on a 
large scale due to its process conditions such as low moisture 
levels, high temperatures and short processing time. 
The extrusion process can be performed in extruders 

provided with one or two rotating screws. The twin-screw 
extruder can produce films or biopolymeric pellets that can 
be used for further extrusion in a single-screw extruder. The 
single-screw extruder might be provided with a flat die or a 
tubular die, allowing the production of a flat film or a blown 
film (Fig. 30.3). During the extrusion process, the pressure 
and temperature of fed raw materials are increased until 
optimal processing conditions are achieved for film forma
tion (Nur Hanani et al. 2012). 
In this process, parameters such as temperature profile, 

moisture content of raw materials, screw speed and feed 
rate have a significant influence on film production (Li et al. 
2011). Similar to the casting method, the development of 
biopolymeric films by extrusion requires the use of plasti
cizing agents. Among these, water and glycerol have been 
used in this process (Table 30.2). Water can be added to the 
biopolymer by pre-mixing the ingredients before extrusion, 
or can be added separately by feeding the water in a liquid 
feeder separate to the biopolymer feeder (a powder gravi
metric feeder) during the extrusion process (Fig. 30.4). 
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Figure 30.3 (a) Twin-screw extruder; (b) sodium caseinate pellets; and (c) blown sodium caseinate film. Source: Belyamani 
et al. (2014). Reproduced with permission of Elsevier. 

Table 30.2 Processing conditions of biobased films via the extrusion method. 

Extruder 

Raw material Plasticizing agent Temperature profile 
Type of 
extruder 

screw 
speed Reference 

Corn starches with 
different amylose/ 
amylopectin 
ratios 

Water Eight heating zones: 60, 90, 120, 
115–180, 115–120, 110, 90–100 °C 

Twin-
screw 

30–120 Li et al. 2011 

Fish gelatin Glycerol and water Four heating zones: 100–140 °C Twin-
screw 

250 Krishna et al. 
2012 

Beef skin gelatin, 
pork skin gelatin 
and fish skin 

Glycerol and water Four heating zones: 65, 75, 85 and 
80 °C 

Twin-
screw 

100–400 Nur Hanani et al. 
2012 

gelatin 
Beef skin gelatin Glycerol and water Four heating zones: 90, 120, 90 and 

90 °C 
Twin-

screw 
300 Nur Hanani et al. 

2013 
Sodium caseinate Glycerol Nine heating zones (twin-screw 

extruder): 40–80 °C; five heating 
zones (single-screw extruder): 
40–80 °C 

Twin-
screw 
and a 
single

45 Belyamani et al. 
2014 

screw 
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Figure 30.4 Schematic representation of the extrusion system for starch film production. Source: Li et al. (2011). Reproduced 
with permission of Elsevier. 

30.3	 Controlling Food-Borne Pathogens 
through Active Food Packaging 

Food-borne illness and food losses caused by pathogens 
and spoilage microorganisms are of major concern to the 
food industry. According to the Center for Disease Control 
and Prevention, in the United States it is estimated that 
approximately 48 million people become sick from food-
related illness, 128,000 people are hospitalized and 3000 
die of food-borne diseases (CDC 2011). Moreover, the 
consumption of contaminated food with pathogens, such as 
Salmonella, Escherichia coli, Listeria monocytogenes, 
Staphylococcus aureus, Campylobacter spp. and Clostrid
ium perfringens, among others, causes human diseases 
which results in high costs in medical care and in reduced 
productivity, accounting for more than US$ 77.1 billion 
annually (Scharff 2011). 

On the other hand, food losses are an essential issue when 
combating hunger and food insecurity in the world. 
According to Gustavsson et al. (2011), food losses account 
for 1.3 billion tonnes per year, which is around one-third of 
food intended for human consumption. Causes of food 
losses and waste include contamination with spoilage 
microorganisms after food processing or at the post-harvest 
stage. This contamination might result in quality alteration 
of food, including nutritional and sensory characteristics 
such as oxidation, off-flavour and off-odour, as well as 
undesirable changes in texture and colour. 
New technologies for the control of food-borne patho

gens and spoilage microorganisms have therefore been 
developed in recent years as a consequence of these con
cerns. Among them, active food packaging is considered an 
emerging technology which interacts with the food product 
or the packaging headspace in a beneficial manner to inhibit 
or retard the microbial growth on the food surface (Soares 
et al. 2009a). 
Edible and biodegradable films have been incorporated 

with several antimicrobials in order to obtain antimicrobial 

active packaging that extends product shelf life and reduces 
the risk of pathogen growth on food surfaces. Studies have 
demonstrated the antimicrobial activity against food-borne 
pathogens and spoilage microorganisms of potassium sor
bate, wood extract, essential oils and bacteriocin such as 
pediocin and nisin, as well as the synergistic effect of some 
of these when incorporated into several polymeric matrixes 
(Table 30.3). 
One of the main methods for testing the antimicrobial 

activity of active food packaging is the agar diffusion 
method. This method consists of cutting a sample disk 
of developed antimicrobial film and placing it onto the 
surface of an agar media previously inoculated with the 
target microorganism. The petri dish containing the agar 
media inoculated and film sample is then incubated at 
temperature and time conditions according to the target 
microorganism. Finally, the diameter of the inhibition zone 
around the film sample is measured (in millimetres). This 
measurement generally includes the area of contact 
between the film and the inoculated agar media (Fig. 30.5). 
Details in methodology might vary from one experiment 

to another depending on the target microorganism selected 
to test the antimicrobial activity of developed active 
packaging. In this way, Sayanjali et al. (2011) have used 
potato dextrose agar (PDA) when testing carboxymethyl 
cellulose films incorporated with potassium sorbate against 
two aflatoxin producer fungi (Aspergillus flavus and Asper
gillus parasiticus). Before the incubation, they allowed the 
agar surface to dry at 4°C for 1 hour. The plates were then 
incubated at 25°C for 48 hours. This methodology varies 
when pathogenic bacteria is tested. Chana-Thaworn et al. 
(2011) used Mueller Hinton agar to test the antimicrobial 
activity of hydroxypropyl methylcellulose films incorpo
rated with wood extract against Escherichia coli O157:H7, 
Staphylococcus aureus and Listeria monocytogenes, incu
bating the experiment at 37°C for 24 hours. 
Other methodologies have been used to test the antimi

crobial activity of active packaging. These include 
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Table 30.3 Polymeric matrixes and antimicrobials used in the development of active food packaging for the control of food-
borne pathogens. 

Antimicrobial 
Biobased material compound Target microorganism References 

Soy protein isolate Grape seed extract; Listeria monocytogenes; Escherichia coli O157:H7; Sivarooban et al. 2008 
nisin; EDTA Salmonella typhimurium 

Whey protein isolate Oregano oil Total viable count (TVC): Zinoviadou et al. 2009 
Lactic acid bacteria; Pseudomonas spp. 

Soy protein Oregano and Escherichia coli O157:H7; Staphylococcus aureus; Emiroğlu et al. 2010 
thyme essential Pseudomonas aeruginosa; Lactobacillus plantarum 
oils 

Gelatin and chitosan Clove essential oil Pseudomonas fluorescens; Shewanella putrefaciens; Gómez-Estaca et al. 
Photobacterium phosphoreum; Listeria innocua; 2010 
Escherichia coli; Lactobacillus acidophilus 

Sweet potato Potassium sorbate Escherichia coli; Staphylococcus aureus Shen et al. 2010 
Chitosan 

Carboxymethyl Potassium sorbate Aspergillus flavus; Aspergillus parasiticus Sayanjali et al. 2011 
cellulose 

Hydroxy propyl Kiam wood extract Escherichia coli O175:H7; Staphylococcus aureus; Chana-Thaworn et al. 
methylcellulose Listeria monocytogenes 2011 

Poly(vinyl alcohol) and Potassium sorbate Escherichia coli Mihaela Jipa et al. 2012 
bacterial cellulose 

Bacterial cellulose Sorbic acid Escherichia coli K12-MG 1655 Mihaela Jipa et al. 2012 
Cellulose acetate Pediocin Listeria monocytogenes Espitia et al. 2013a 
Açaí pulp fruit and Thyme essential Listeria monocytogenes Espitia et al. 2014 

pectin oil; apple skin 
polyphenols 

Figure 30.5 Schematic representation of the agar diffusion method. 

microbiological count after inoculation of the target micro
organism onto the surface of the developed film (Sivarooban 
et al. 2008) and determination of the antimicrobial activity by 
optical density after placing film samples in 1% suspension 
inoculated with the target microorganism (Mihaela Jipa et al. 
2012). 

Although antimicrobial tests of developed active packag
ing give an estimate regarding the performance of its 
biological activity against the target microorganism, tests 
on the application of antimicrobial films in real food 
systems are also required. In this way, Zinoviadou et al. 
(2009) investigated the effect of whey protein isolate films 
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incorporated with oregano oil on the preservation of freshly 
cut beef by direct contact of the packaging material with the 
meat surface. After packaging, meat samples were stored at 
5°C and microbiological counts were performed at different 
storage times (0, 2, 4, 6, 8, 10 and 12 days). Similarly, 
Emiroğlu et al. (2010) tested the antimicrobial activity of 
isolated soy protein films incorporated with oregano or 
thyme essential oil on beef patties by direct contact of the 
packaging material with the beef surface. The system 
(isolated soy protein films-beef patties) was then vacuum 
packaged in polyamide-ionomer polyethylene pouches and 
stored at 4 ± 1°C for 12 days, and the beef was evaluated 
after 0, 1, 3, 6, 8, 10 and 12 days for microbiological count. 
Likewise, Gómez-Estaca et al. (2010) vacuum-packed cod 
(Gadus morhua) fillets with a gelatin chitosan film con
taining clove essential oil in bags and stored them at 2 ± 1°C 
for 11 days before testing for Pseudomonas spp. and 
Enterobacteriaceae. 
Some experiments intend to simulate extreme storage 

conditions. In this way, cellulosic films incorporated 
with pediocin were intercalated with bologna slices, and 
the active-film–bologna system was placed in poly
styrene expanded trays wrapped with PVC film, in order 
to simulate storage conditions as in the Brazilian local 
market. The packed bologna was then refrigerated at 
10 ± 2°C, similar to abusive temperatures that might occur 
at local markets, and evaluated after 0, 3, 6 and 9 days of 
storage for determination of L. monocytogenes (Espitia 
et al. 2013a). 

30.4	 Nanotechnology for Antimicrobial 
Food Packaging 

Antimicrobials of organic nature have been widely tested 
for biological activity against food-borne pathogens when 
incorporated in polymeric matrixes. These include essential 
oils, organic acids and bacteriocins, among others. How
ever, nanosized inorganic compounds have emerged as 
alternative antimicrobials due to increased resistance to 
processing conditions when compared to organic antimi
crobials (Yamamoto 2001; Zhang et al. 2007). 
Nanotechnology allows the production of materials of 

nanosize in one or more dimensions (Bradley et al. 2011), 
allowing the development of materials with new properties 
for use as antimicrobial agents. The incorporation of these 
nanoparticles with antimicrobial activity in the polymeric 
matrix results in nanocomposite films. Antimicrobial nano
composite materials are defined as hybrid materials where the 
antimicrobial agent incorporated in the polymeric matrix has 
at least one dimension (1D) in the nanometre scale (Espitia 

et al. 2012). Nanosized antimicrobials that have previously 
been incorporated in active food packaging include silver, 
zinc oxide and copper nanoparticles (Table 30.4). 
Nanoparticles have also been used in combination with 

organic antimicrobials in order to obtain a synergistic effect 
when incorporated in the packaging material. In this way, 
Espitia et al. (2013b) developed methyl cellulose films 
incorporated with zinc oxide nanoparticles and pediocin, 
a bacteriocin produced by Pediococcus acidilactici, and 
tested their effect against Staphylococcus aureus and Lis
teria monocytogenes. They observed that developed nano
composite films showed antimicrobial activity against 
target microorganisms. Average values of inhibition zone 
for L. monocytogenes was 2 cm, while for S. aureus 1.6 cm 
was observed. Similarly, Dias et al. (2013) incorporated a 
mixture of allyl isothiocyanate and carbon nanotubes in 
cellulose acetate films and tested their antimicrobial activity 
against Salmonella choleraesuis for the preservation of 
cooked chicken meat. As a result, Dias et al. (2013) 
observed that the diffusion of allyl isothiocyanate from 
the packaging to the chicken meat reduced the microbial 
contamination. Moreover, they observed that carbon nano
tubes performed the essential role of retaining the organic 
antimicrobial and allowing the controlled released of the 
antimicrobial to the food matrix. 
Nanoemulsions based on essential oils have recently 

been developed with improved antimicrobial activity. In 
this way, Otoni et al. (2014a) have developed antimicro
bial films based on pectin and papaya puree incorporated 
with cinnamaldehyde essential oil nanoemulsion. They 
observed that cinnamaldehyde essential oil had its anti
microbial activity improved against Escherichia coli, 
Salmonella enterica, Listeria monocytogenes and Staph
ylococcus aureus by the reduction of droplet diameter, 
which allowed a higher delivery of the active compound 
due to increased surface area. Likewise, Otoni et al. 
(2014b) developed methylcellulose films incorporated 
with nanoemulsions of clove bud and oregano essential 
oils for the shelf-life extension of sliced bread. They 
tested both coarse emulsions (diameters of 1.3–1.9 μm) 
and nanoemulsions (diameters of 180–250 nm) and 
observed the improved antimicrobial effect of essential 
oil nanodroplets. 

30.5	 Safety Issues 

Active food packaging films are materials intended to 
extend the shelf life or maintain or improve the condition 
of packaged food (Espitia et al. 2014). According to Pereda 
et al. (2011), edible films are considered as packaging 



Non-Thermal Food Preservation 507 

Table 30.4 Polymeric matrixes and nanoparticles used as antimicrobials in the development of active food packaging for the 
control of food-borne pathogens. 

Polymeric Antimicrobial Target 
matrix nanoparticles microorganism Nanoparticle synthesis method Reference 

Agar Silver nanoparticles L. monocytogenes; E. Combined reduction of AgNO3 by trisodium Rhim et al. 2013 
coli O157:H7 citrate solution and heating 

Gelatin Silver nanoparticles E. coli; L. Synthesis from AgNO3 reduction Kanmani & Rhim 
monocytogenes; 2014a 

S. typhimurium; 
S. aureus; 
B. cereus 

Polylactic Copper nanoparticles Pseudomonas spp. Nanoparticles generated using pulsed laser Longano et al. 2012 
acid ablation in liquid 

Polylactic Cellulose S. aureus; E. coli Cellulose nanocrystals were synthesized Fortunati et al. 2012 
acid nanocrystals and from microcrystalline cellulose by 

silver nanoparticles sulphuric acid hydrolysis 
Gelatin Silver nanoparticles E. coli; L. Synthesis from AgNO3 reduction Kanmani & Rhim 

and organoclay monocytogenes 2014b 
(Cloisite 30B) 

Chitosan Silver nanoparticles S. aureus; Klebsiella Citrate and borohydride reduction methods Pinto et al. 2012 
pneumoniae; 
E. coli 

Sago Zinc oxide nanorod S. aureus Zinc oxide nanorod (ZnO-N) was Nafchi et al. 2012 
starch synthesized through the catalyst-free 

combust-oxidized mesh 
Soy Silver nanoparticles E. coli; S. aureus Synthesis from AgNO3 reduction Zhao et al. 2013 

protein 

Figure 30.6 Factors influencing active food packaging design. 
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materials when they have good sensory qualities, efficient 
performance, stability, microbial safety, non-polluting 
nature and low cost. Several factors should be considered 
when designing an active food packaging (Fig. 30.6), such 
as their synergistic effect with processing operations tradi
tionally used in the food industry, their contribution to the 
optimization for food preservation and the application of 
natural preservative, as well as aspects of environmentally 
friendly issues and convenience to the consumer. Consid
eration of all of these factors is essential in the development 
of safety materials intended for food preservation. 
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31.1	 Introduction 

Since the industrialization of food production, food safety 
has been an issue of great importance. Naturally occurring 
food deterioration and spoilage due to microbes has been 
the main source of hardship in today’s food industry. 
Numerous preservation methods have been utilized to 
prevent food poisoning and spoilage. These include, but 
are not limited to, thermal treatment (pasteurization, heating 
sterilization), pH and water activity reduction (acidification, 
dehydration) and the addition of preservatives (antibiotics 
and organic compounds such as propionate, sorbate, ben
zoate, lactate and acetate). Regardless of their proven 
success and effectiveness, there is an increasing demand 
for naturally accruing, non-artificial, biologically safe prod
ucts providing consumers with high health benefits 
(Chen & Hoover 2003; Ross et al. 2005). 

Numerous lactic acid bacteria (LAB; Deegan et al. 2006) 
produce bacteriocins as primary metabolites (Daw & 
Falkiner 1996). These are substances of peptide structure. 
Bacteriocins are of low molecular weight (usually up to 
10 kDa) possessing strong antimicrobial activities towards 
a wide spectrum of bacterial agents (Rodriguez et al. 2003). 
Bacteriocins have strong potential for application in the 

food and feed industry as preservative and antimicrobial 
agents, as the use of LAB and of their metabolic products is 
generally considered as safe (GRAS, Grade One; Cleveland 
et al. 2001) and the majority of them are included in the 
Qualified Presumption of Safety list by the European Food 
Safety Authority. 
The application of bacteriocins has been considered to be 

compatible with other antimicrobial compounds (acetic, 
lactic acid) resulting in the inhibition of growth of patho
genic and spoilage microorganisms, simultaneously 
improving food quality and sensory properties (Beasley & 
Saris 2004). In addition, bacteriocins are easily degradable 
during mammalian digestion by proteases of the gastro
intestinal tract, a phenomenon that constitutes them safe for 
human consumption (Moll et al. 1999). 

31.2	 Bacteriocin Uses and Demands of a 
Knowledge-Driven Economy 

Bacteriocin and bacteriocin-like substances (BLIS) can 
effectively be used as food antimicrobials. They are part 
of the US$ 24 billion global food additives market that is 
expected to continue growing at a rate of 2–3% per annum. 
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Consumers do prefer minimally processed foods prepared 
without chemical preservatives (Holzapfel et al. 1995), as 
these foods are considered to retain all the flavour, texture 
and aroma that is susceptible to loss in large-scale process
ing (Caplice & Fitzgerald 1999). 
Outbreaks of food-borne pathogens such as Listeria 

monocytogenes have alerted the governmental bodies, the 
public and the industry to the fact that current methods of 
food preservation might not be sufficient. The cost of food-
borne illnesses attributed to pathogens including Clostrid
ium perfigens, Escherichia coli 0157:H7, Salmonella spp., 
Staphylococcus aureus, Campylobacter jejunii and Toxo
plasma gondii has been estimated as US$ 6.54–35 million 
in the US alone (Cleveland et al. 2001); there are 76 million 
cases of food-related illness cases each year, resulting in 
about 5000 fatalities. There is therefore an urgent need for 
the development of antimicrobial agents without negative 
effects or toxicity; bacteriocins constitute ideal candidates 
for this role, fulfilling (if not all) most of the criteria. The 
US$ 25 billion deli meat industry and the US$ 22 billion 
cheese industry currently have the highest potential value as 
a market for bacteriocins (Jones et al. 2005). 
The anticontaminants market is expected to increase 

even further due to the growth in the ready-to-eat (RTE) 
market and the need to provide safe, tasty and clean food 
products; many RTE products are sold in venues such as 
kiosks or food courts that have fewer conventional methods 
ensuring microbial stability of food. Furthermore, applica
tions of bacteriocins in food packaging favour their use in 
the RTE market (Jones et al. 2005). 
Economic cost considerations have constrained the adop

tion and expansion of bacteriocins and other antimicrobials 
as effective options in multi-hurdle food preservation strate
gies, with nutrient media and purification methods represent
ing almost 90% of the total cost of the process. An indicative 
cost of production per kilo of nisin is US$ 200–400. Social 
acceptance of bacteriocins is not a market constraint due to 
their multiple benefits (Jones et al. 2005), including being 
degradable during mammalian digestion by proteases of the 
gastrointestinal tract, a phenomenon that constitutes them 
safe for human consumption. 

31.3	 Strategies for Advantageous 
Production of Bacteriocins 

31.3.1	 Physicochemical Conditions 
Optimization 

Lactic acid bacteria (LAB) are an heterogeneous bacterial 
group sharing several common characteristics including the 

production (via fermentation (Fig. 31.1)) of polypeptides 
substances of bactericidal or bacteriostatic activity. These 
are mainly active against genera of close proximity. For the 
commercialization and mass production of bacteriocins and 
BLIS, the modification of environmental growth factors is 
of major importance (Abo-Amer 2011), although it has 
been reported that bacteriocin production is not strictly and 
solely correlated with the biomass growth. LAB have 
complex nutritional needs, growing favourably in alkali 
pH (6.0 and above). Numerous researchers (Desjardins 
et al. 2001; Dembczynski & Jankowski 2002; Hoefnagel 
2002; Bober & Demicri 2004) have highlighted their 
growth dependence on the concentration of minerals 
such as manganese and magnesium, vitamins of the B 
complex, amino acids such as serine and nucleic acids 
such as adenine. Numerous commercially available media 
for LAB propagation do exist including Man De Rogosa 
medium (MRS), which is the most commonly used, Elliker 
broth, Lactobacillus-Streptococcus differential agar (LS 
agar), all-purpose tween agar (APT), M17 and others 
(Table 31.1). 
These media are often used for research purposes and 

do ensure bacterial growth. The dependence of LAB on 
rich nutrient sources is apparent; consequently, there is a 
high cost for such media. For example, MRS broth has 
been calculated at US$ 1294 kg�1 (Zacharof & Lovitt 
2014). These highly expensive media formulations, rep
resenting up to 30% of the total cost of the process 
(de Arauz et al. 2009), are unsuitable for economically 
viable industrial processes, culturing LAB intensively on 
a large scale and therefore producing significant amounts 
of bacteriocins. Furthermore, these resources do not 
support fastidious growth or high biomass yields due 
to the plethora of complex nitrogen sources they contain 
(Konings et al. 2000; Ostlie et al. 2003; Liew et al. 2005; 
Deegan et al. 2006) such as beef or poultry extract 
(peptone). In addition, meat extracts have environmental 
(discharged waste) and health (potential CJD or H1N1 
virus) hazards. 
Due to the lack of a methodology permitting their large-

scale manufacture in a cost-effective manner, no bacterio
cins have yet been marketed as a clinical product 
(Hancock & Sahl 2006), while only nisin has been 
approved as food additive for use in the industry worldwide 
(food additive, under the number E234 ECCU 1983 EEC 
Commission Directive 8314631EEC) (Moll et al. 1999; 
Ross et al. 2005; Papagianni et al. 2006). 
Although numerous studies have been conducted regard

ing the effect of physicochemical parameters from food 
environments on the production of bacteriocins (Delgado 
et al. 2005), relatively limited research has been carried out 
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Figure 31.1 Summary of LAB culturing methodology and metabolic end-products. 

on the influence of medium compounds on the production 
of bacteriocins. Among the studies conducted investigating 
the effect of nutrient media components on bacteriocin 
production, research has been focused on carbohydrate 
sources (dextrose, sucrose, glucose, lactose, fructose, man
nitol, starch, glycerol, maltose, mannose), nitrogen sources 
(peptone, yeast extract, beef extract, meat extract, tryptone), 
buffering agents and salts (sodium acetate, magnesium 
sulphate, manganese sulphate, di-ammonium citrate, potas
sium orthophosphate, sodium chloride), resulting in spe
cifically tailored media to serve the nutritional needs for 
growth of the specific microorganism producing the bacte
riocin of interest. These studies have been mostly con
ducted using experimental design of OVAT (one variable at 
a time) type, also known as OFAT (one factor at a time). 
These were also combined with or solely based on response 
surface methodology (RSM). With OVAT, one variable of 
the experimental configuration is varied while all other 
parameters remain constant. It has been argued that OVAT 
is an arduous, time-consuming method, especially when 
numerous factors have to be accessed. On the other hand, 
RSM is a statistical multivariate technique, based on the fit 

of a polynomial curve to the experimental data, resulting in 
attainment of the best system performance. RSM has been 
preferred over OVAT in most recent publications, while 
OVAT has been used successfully to provide the dataset for 
the statistical model development. 
Most of these studies have not been based on a niche 

development of media, but mostly on optimization of 
commercially available resources, commonly M17 and 
MRS (Table 31.2). 
Interestingly, several researchers have suggested the 

production of bacteriocins on low-value raw materials, 
residues or byproducts (Todorov & Dicks 2005, 2007; 
Metsoviti et al. 2011). Benefits of this approach include 
minimization of environmental impact due to the reuse of 
waste sources, and belittlement of production costs while 
valorizing waste sources. It has been reported (Metsoviti 
et al. 2011) that the production of bacteriocin by LAB 
propagated on sugar refining wastes (molasses) also led to 
the decolourization of these sources, suggesting the devel
opment of a novel environmentally friendly treatment 
process of these wastes with simultaneous production of 
valuable substances such as bacteriocins. 
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Table 31.1 Commonly used in vitro media for the production of bacteriocins of LAB.
 

Nutrient media Developers Media composition (g L�1) 	  pH  

De Man Rogosa and deMan, J. C., Rogosa, 
Sharpe (MRS) M., Sharpe, M. E. 

1960 

Elliker broth Elliker, P.R., Anderson, 
A.W., and 
Hannesson, 
G. 1956 

Lactobacillus- Pette J.W., Lolkema H., 
Streptococcus 1950 
differential agar 
(LS agar) 

APT Agar (all purpose	 Evans J.B., Niven 
tween agar) C.F.,1951 

M17 Terzaghi, B.E., Sandine, 
W.E., 1975 

Brain heart infusion Creitz J.R., Pucket 
(BHI) T.F., 1954 

Tryptone soya (TSA) Abbott J. D., 
Graham J. M., 1961 

Tomato juice agar Kulp, W. L., White, V., 
1932 

Enzymatic digest of animal tissue 10; beef extract 10; yeast extract 5; 6.5 
dextrose 20; sodium acetate 5; polysorbate 80; potassium 
phosphate 2; ammonium citrate 2; magnesium sulphate 0.1; 
manganese sulphate 0.05 

Tryptone 20.0; yeast extract 5.0; gelatin 2.5; lactose 5.0; 6.8 
sucrose 5.0; glucose 5.0; sodium acetate 1.5; sodium chloride 4.0; 
ascorbic acid 0.5 

Casein enzymic hydrolysate 10.0; papaic digest of soybean 6.1 
meal 5.0; beef extract 5.0; yeast extract 5.0; dextrose 20.0; sodium 
chloride 5.0; l-cysteine hydrochloride 0.3; agar 15.0 

Peptone 12.5; agar 13.5; yeast extract 7.5; glucose 10.0; sodium 6.7 
citrate 5.0; thiamine hydrochloride 0.001; sodium chloride 5.0; 
dipotassium hydrogen phosphate 5.0; manganese (ii) chloride 0.14; 
magnesium sulphate 0.8; ferrous sulphate 0.04 

Tryptone 2.5; peptic digest of meat 2.5; papaic digest of soybean meal 7.1 
5.0; yeast extract 2.5; meat extract 5.0; lactose 5.0; sodium 
glycerophosphate 19.0; magnesium sulphate 0.25; ascorbic acid 
0.5; bacteriological agar 15.0 

Brain heart infusion (solids) 8; enzymatic digest of animal 7.4 
tissue 5; enzymatic digest of casein 16; dextrose 2; sodium chloride 
5; disodium phosphate 2.5; agar 13.5 

Enzymatic digest of casein 17.0; enzymatic digest of soybean meal 7.3 
3.0; sodium chloride 5.0; dipotassium phosphate 2.5; dextrose 2.5 

Tomato juice solids 20; enzymatic digest of casein 10; peptonized 6.1 
milk 10; agar 11 

Table 31.2 Development of optimized media for intensive bacteriocin production. 

Basal Bacteriocin titre Optimized Bacteriocins titre 
LAB medium (AU mL�1) medium (AU mL�1) Reference 

Lactococcus lactis subsp. M17 – M17 modified 13100 Cheigh et al. 2002 
lactis A164 

Lactococcus lactis M17 13000 M17 modified 57100 Liu et al. 2005 
Lactobacillus casei MRS – MRS modified 2844 Kumar et al. 2012b 
Lactobacillus sakei MRS 180 MRS modified 480 Trinetta et al. 2008 
Lactocossus lactis strain MRS 579 MRS modified 1100 Pongtharangkul & 

NIZO 22186. Demirci 2006 
Lactococcus lactis subsp. MRS 800 MRS modified 6400 Todorov & Dicks 2004 

lactis ST34BR 
Lactobacillus plantarum MRS 6400 MRS modified 12800 Lim 2010 

KC21 
Enterococcus faecium MRS 16900 MRS modified 36100 Kanmani et al. 2011 

MC13 
Lactobacillus acidophilus M17 2000 M17 modified 12246 Abo-Amer 2011 

AA11 
Pediococcus damnosus MRS 1600 MRS modified 6400 Nel et al. 2001 

NCFB 1832 
Pediococcus acidilactici MRS 446 MRS modified 538 Neera et al. 2012 
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The production of bacteriocins on waste sources 
(Kumar et al. 2012a; Schirru  et al. 2014) such as cheese 
whey has achieved titres up to 1600 AU mL�1, signifi 
cantly lower than those achieved with the in vitro devel
oped media (>9000 AU mL�1). If however waste sources 
are enriched with carbon sources such as glucose or 
dextrose, the the titres are comparable and even reach 
higher yields. 

Taking into account the heterogeneity of the LAB as a 
group and the bacteriocins produced, the development of a 
common medium suitable for mass production is rather 
difficult. Tailored efforts do result in optimized results of 
highly potent substances and reduced costs. It has been 
calculated that, for Laurel Tryptose broth at a titre of 
1600 IU mL�1, nisin production costs US$ 600 kg�1; if a  
reduced-components medium is used, the cost might be 
halved. 

Physical conditions of culturing such as temperature 
and pH also affect the productivity of bacteriocins. Gen
erally, successful bacteriocin production occurs at pH 
5.5–7.5 (Todorov & Dicks 2007; Kim et al. 2008; Lim 
2010; Kanmani et al. 2011; Kumar et al. 2012b) with  
optimum results occurring between 6.0 and 7.5. Regard
ing temperature, promising results are being achieved at 
30–37 °C (Balasabramanyan & Varadaj 1998; Schirru 
et al. 2014). 

Mathematical modelling has also been applied to inves
tigate the productivity of bacteriocins, mostly pediocins and 
nisin. Most studies have been focused on cell-free batch 
arrangements; however, several studies have been con
ducted in immobilized cell settings (calcium alginate, 
membrane bioreactors) with batch-fed or continuous cul
turing. The developed models were mostly unstructured, 
pseudomechanistic models (Guerra et al. 2007), forecasting 
up to 7000 AU mL�1 of bacteriocins. 

31.3.2 Recovery Strategies Development 

Bacteriocins can be applied in a food product in multiple 
ways, for example as an additive of crude or purified form 
or added through bacteriocin-producing strains (starter 
culture). Their employment in a purified form is potentially 
preferable, especially in food products such as fresh salads 
or beverages where the introduction of fermentates or 
blends is undesirable or in cosmetic and pharmaceutical 
products. Prompting by a bacteriocin-producing strain, 
different to the strain or strains used to ferment the product, 
might result in minimization of the antimicrobial activity of 
the bacteriocins towards the food spoiling agents, or the 
production of negative effects on the fermentative culture or 

food properties (alteration of flavour, texture and aroma). 
This aspect could be avoided if the compound is introduced 
timely, separately to a starter culture. If available in purified 
form, bacteriocins can be easily applied in meat, poultry 
and fish products, products of vegetable origin including 
fruit juice, beverages and fresh vegetables (Schillinger et al. 
1996) as well as integrated in food packaging (Scannell 
et al. 2000; Cooksey 2001; Seattanni & Corsetti 2008). 
Other uses of purified bacteriocins could be their incorpo
ration in pharmaceutical and cosmetic products; nisin has 
been favourably included in dental care and pharmaceutical 
products such as stomach ulcers and colon infection treat
ment products and potential birth control. 
Even for nisin, industrial isolation and purification 

methods used have not been extensively described in 
the literature (Jack et al. 1995). However, it has been 
communicated how nisin is produced biotechnologically. 
Its isolation follows a pattern of foam or filtration con
centration, followed by salt precipitation, centrifuging, 
spray drying and pin milling (Aguilar et al. 2006). Nisin is 
produced in a white powdered form which also comprises 
of salts and casein. The difficulty of mass production and 
effective recovery of these bacteriocins is affecting their 
commercialization potential. 
Contemporary separation and purification techniques, 

tested on bacteriocins from Lactobacillus spp., Leuco
nostoc spp., Pediococcus spp. and Lactococcus spp., rely 
on solvent extraction (Burianek & Yousef 2000; Rodri
guez et al. 2010), chemical precipitation (Aymerich et al. 
2000; Con & Gokalp 2000) such as ammonium sulphate 
precipitation from cell-free cultured broth, ion exchange 
chromatography (Uteng et al. 2002; Deraz et al. 2005) 
and liquid chromatography techniques (Maldonando et al. 
2003; Todorov et al. 2004). These are all complex to carry 
out on a large scale, requiring multiple processing steps 
and leading to poor yields (Table 31.3). Numerous 
researchers have used methods based on propanol-sodium 
chloride or butanol-acetic acid extraction from culture 
supernatants (Li et al. 2001), various column chromatog
raphy techniques (reverse phase) and sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS
PAGE) (Todorov et al. 2004). These methods are labori
ous, demanding extensive sample preparation. They are 
complicated due to the multi-step procedures and pro
tracted processing time required, and expensive due to the 
high cost of equipment, resins, solvents and chemicals. 
Producuction of a highly potent purified bacteriocin on an 
industrial scale has therefore been challenging (Parada 
et al. 2007). 
Nevertheless, highly potent bacteriocins are achieved at 

low yields (<30%; Parada et al. 2007) due to the presence 
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Table 31.3 Methods for bacteriocin purification resulting in enhanced activity. Total yield for all was <30%.
 

Growth Bacteriocin 
LAB medium Purification method Bacteriocin titre Reference 

Streptococcus M17 Reverse-phase chromatography Mutacion B 128 Mota-Meira et al. 
mutans (HPLC C18 column) Ny266 1997 

Lactobacillus MRS Reverse-phase chromatography Plantaricin 60015 Atrih et al. 2001 
plantarum C19 (HPLC C18 column) C19 

Pediococcus MRS Ammonium sulphate precipitation– Pediococcin 190000 Simha et al., 
pentosaceous reverse-phase chromatography PA-1 2012Shimha 
NCDC 273 (HPLC C18 column) et al. 2012 

Lactococcus lactis MRS Ethanol precipitation– ultrafiltration Lactococcin B 56000 Venema et al.1997 
IL1403 

Pediococcus Pediocin PA-1 8100 
acidilactici PAC 
1.0 

Enterococcus MRS Ammonium sulphate-precipitation– Bacteriocin 110000 Floriano et al. 1998 
faecium 6T1a sepharose-column reverse-phase like 

chromatography (HPLC C18 column) substance 
L. mesenteroides MRS Ammonium sulphate- precipitation– Mesentericin Varying Guyonet et al. 2000 

Y105 sepharose-column reverse-phase Y105 
L. sakei 2675 chromatography (HPLC C18 column) Sakacin A 
L. sakei 2525 Sakacin P 
E. faecalis 336 Enterocin A 
P. acidilactici 1521 Pediocin PA-1 
C. divergens Divercin 
Lactobacillus MRS Ammonium sulphate- precipitation– Bacteriocin 25454 Srinivasan et al. 

rhamnosus L34 M17 molecular exclusion chromatography 2013 
Lact. acidophilus MRS Solvent extraction (chloroform based) Bacteriocins 4500000 Burianek & Yousef 

OSU133 2000 
LAB M17 SP-sepharose column–reverse-phase Bacteriocins 51200 Batdorj et al. 2006 

chromatography (HPLC C18 column) 

and precipitation of numerous other peptides, resulting 
from the complex culturing media used. These peptides 
have been found to mask the activity of bacteriocins, 
resulting in reduction of their effectiveness against the 
target strains (Parada et al. 2007). The development of 
low-molecular-weight nutrient media (LMWM) has been 
proposed (Zacharof & Lovitt 2013b) and proven highly 
effective to address this hurdle (Zacharof et al. 2013). 
However, the need to extract the produced antimicrobial 
substances in a highly purified form, available for further 
processing towards the fabrication of various commercial 
products including pharmaceuticals, cosmetics and non 
fermented food products is necessary. 

Research though has been conducted (Zacharof & Lovitt 
2012a, b, 2013a, b; Zacharof et al. 2013) regarding the 
development of bacteriocin-producing strains on low acro
nym LMWM as well one step recovery from cell free 

supernatants using ultrafiltration and nanofiltration mem
branes (Zacharof et al. 2013). 
Evident benefits of this approach include the fact that the 

process is purely physical, reducing or negating the use of 
chemical agents such as emulsifiers, acidifiers or coagula
tion agents (van Reis & Zydney 2007; Sikder et al. 2012). 
The separation of aqueous systems is based on selectivity 
by size (sieving), polarity or electrochemical properties 
rather than phase change, resulting in a low-energy process 
(García-Molina et al. 2006; Pronk et al. 2006). Most (if not 
all) lactobacilli bacteriocins are hydrophobic molecules 
(Aymerich et al. 2000). Taking advantage of this ability, 
hydrophilic UF and NF membranes were used to separate, 
concentrate and partially purify these small-sized extrac
ellular metabolites (Zacharof & Lovitt 2012a, b) and are 
expected to achieve an enhanced retention by the filters due 
to their hydrophobicity (Yu et al. 2008). 
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31.4	 Synergistic Action of Bacteriocins for 
Enhanced Activity 

31.4.1 Physical Means of Treatment 

There is an increasing demand for natural, micro
biologically safe products providing the consumers with 
high health benefits. 

As well as their preventative action against food spoil
age, bacteriocins can also be used to improve food quality 
and sensory properties, for example increasing the rate of 
proteolysis or in the prevention of gas-blowing defects in 
cheese. However, it has been proven that bacteriocins alone 
are not likely to ensure complete safety; this has been 
apparent in the case of Gram-negative bacteria. For bacte
riocins to kill pathogenic bacteria, they must be combined 
with other technologies that are able to disrupt the cellular 
membrane (Jack et al. 1995; Daw & Falkiner 1996). 

The application of bacteriocins is considered compati
ble with other physical and chemical treatments (Fig. 
31.2) for food preservation. These include antimicrobial 
compounds (acetic, lactic acid, salts) and treatments such 
as heat application, pasteurization and pressure. These 
combinations have resulted in the inhibition of growth of 
pathogenic microorganisms, simultaneously improving 
food quality and sensory properties (Cleveland et al. 
2001). 

From the 2000s, several researchers have investigated 
the combinatory activity of bacteriocins mainly against 
Gram-negative bacteria and other food-spoiling 

microorganisms including E. coli, Salmonella spp. and 
Listeria monocytogenes (Table 31.4). The combinatory 
treatments proved highly effective, extending the shelf 
life of the products in storage under 4 °C. Other technol
ogies, including the use of non-thermal treatments such as 
pulsed electric field (PEF), are advantageous as they have 
no affect on food functionality and nutritional qualities. 
These techniques may not be financially viable when used 
alone, but in lower levels and combined with other treat
ments such as bacteriocins they may be highly effective 
(Cleveland et al. 2001). 
Another application of bacteriocins is in bioactive 

packaging, a process that can protect the food from external 
contaminants. For instance, the spoilage of refrigerated 
food commonly begins with microbial growth on the 
surface; bacteriocins used in conjunction with packaging 
can improve food safety and shelf life (Ross et al. 2005). 

31.4.2 Chemicals Means of Treatment 

The antimicrobial effect of bacteriocins has often been 
found to increase or broaden its spectrum when combined 
with other compounds and curing agents such as sodium 
chloride or nitrite, which may or may not exert notable 
antimicrobial activity themselves. A characteristic exam
ple is the combination of the lantibiotic nisin with a 
chelating agent, which broadens the inhibitory spectrum 
of the peptide significantly to include Gram-negative 
bacteria (Ukuku & Fett 2004; Belfiore et al. 2007). 

Figure 31.2 Summary of the combinatory treatments of bacteriocins. 
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Table 31.4 Synergistic activity of bacteriocins with numerous antimicrobial agents.
 

Bacteriocin Bacteriocin titre Additive agent Quantity Test food product Effectiveness Reference 

Nisin 5000 AU mL�1 Sodium diacetate 1–5 g/  Cooked pork bologna 4 °C for 120 Samelis et al. 
Potassium 100 mL days 2005 

benzoate 
Potassium sorbate 
Acetic acid 

Nisin 1000 AU mL�1 Sodium chloride 1 g mL�1 Emmental cheese 40 °C for 24 Chollet et al. 
model (agarose gel) hours 2008 

Enterocin AS-48 25 μgmL�1 Heat treatment 5 min Soya bean sprouts 15 °C for 48 Molinos et al. 
(65 °C) hours 2008 

Pediocin 5000 Sodium diacetate 0.25% Bologna sauce 60 °C for Maks et al. 
7500 or Sodium lactate 0.25% 44.71 min 2010 

10000 AU mL�1 Heat treatment 58.2 °C 
Various bacteriocins 5000 AU mL�1 Pressure 5 min Milk and Orange juice 4 °C for 24 Alpas & 

(345 MPa) hours Bozuglu 
Heat treatment 

(50 °C) 
Nisin 5000 AU mL�1 Lysozyme 10 mg Cooked turkey 4 °C for 21 Mangalassary 

Package 32 s bologna sauce days et al. 2008 
pasteurization 
(65 °C) 

Nisin 500 IU g�1 Sodium lactate 1.5–2% Chicken skin 5 °C for 6 days Long & 
Sodium citrate w/v Phillips 

2003 
Nisin 500 IU g�1 Garlic shoot juice 5% v/v Whole milk 4 °C for 14 Kim et al. 

days 2008 
Nisin 500 or Essential oil 0.6%w/v Minced beef 4 °C and 10 °C Solomakos 

1000 IU g�1 for 48 hours et al. 2008b 
Nisin 50 IU g�1 Sodium chloride 2–4% w/v Model food (nutrient 22 °C for 120 Bouttefroy 

pH 6.6 broth) hours et al. 2000 
Pediocin 5000 AU mL�1 Sodium diacetate Varying Bologna sauce Varying Grosulescu 

7500 or Sodium lactate et al. 2011 
10000 AU mL�1 

Several natural compounds have been found to act in 
concert with bacteriocins either in vitro or in situ, ampli
fying their antimicrobial effect; organic acids, other bac
teriocins, essential oils, enzymes and proteins are only 
some of these compounds (Gálvez et al. 2007; Mills et al. 
2011b). Organic acids, bacteriocins and plant extracts 
containing essential oils, among others, are the most 
common agents included in commercially available natu
ral preservation products. These products are developed 
based on proven synergistic properties exhibited against 
certain target bacteria. 

The facilitating effect of organic acids on the activity of 
bacteriocins is believed to be due to the increase in net 
charge of bacteriocins, which promotes the passage of the 
molecule through the cell membrane into the cytoplasm of 
the target microorganism. Furthermore, organic acids 

lower the pH of the environment which in turn stabilizes 
the bacteriocin molecule (Gálvez et al. 2007). 
The application of bacteriocin combinations against 

Gram-positive bacteria may increase the potency compared 
to that of single compounds at the same concentrations. 
Nisin, pediocin 34 and Enterocin FH99 acted synergisti
cally in vitro against Listeria mononcytogenes (Kaur et al. 
2013). Molinos et al. (2009) exhibited the synergistic action 
of enterocin AS-48 and Nisaplin (crudely purified nisin A) 
against the same pathogen in a ready-to-eat salad model. 
The exploitation of the activity of two or more bacteriocins 
in one antimicrobial solution has some obvious advantages 
compared to solutions based on one bacteriocin. Synergies 
observed between bacteriocins against specific targets may 
lead to significant dose reduction in the application of such 
solutions in foods, since the combinatory antimicrobial 
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effect is higher than the sum of the single effects. This in 
turn translates into significant financial gains. Furthermore, 
a combination of bacteriocins may be more effective 
against spontaneous mutant strains as opposed to one 
specific bacteriocin, especially when bacteriocins of differ
ent classes are combined. 

In a study of the susceptibility of 200 L. monocytogenis 
strains against various bacteriocins of Classes I and IIa it 
was observed that spontaneously resistant strains of L. 
monocytogenes to the Class IIa bacteriocins tested were 
not resistant to nisin A which belongs to Class I bacteriocins 
(Katla & Naterstad 2003). The qualitative effect of inhibi
tion among bacteriocins may also vary, resulting in differ
ent and complementary antimicrobial effects. When a 
sakacin-P- and a pediocin-AcH-producing strain were 
added together in raw pork meat they managed to eliminate 
the pathogen within one week. Most importantly, the 
combination of bacteriocin-producing strains managed to 
prolong the rebound of the target’s counts by four weeks 
compared to the effect of any of the bacteriocin-producing 
cultures as a single protective culture (Kouakou et al. 
2010). 

Application of bio-protective cultures in foods is lim
ited to those foods where growth of the culture and 
bacteriocin production is supported. Understandably, 
the products of metabolism of the culture must not 
have any adverse effects on the sensory characteristics 
of the food they are added to (Chanos et al. 2013). Bio
protective cultures may be used as starter cultures, con
comitantly producing organic acids (predominantly lactic 
acid) and bacteriocin(s) during proliferation within the 
food matrix. Dal Bello et al. (2012) evaluated four 
different bacteriocin-producing lactic acid bacteria as 
starter cultures in cottage cheese for their ability to control 
Listeria monocytogenes. The results indicated that all 
strains were able to perform better than the non-bacter
iocinogenic starter used as control. Furthermore, the 
strains which adequately acidified the curd performed 
better in controlling the pathogen, indicating a synergy 
between the bacteriocin(s) and the organic acids pro
duced. Alternatively, a bacteriocin-insensitive starter cul
ture may be the source of organic acids in applications 
where the bacteriocin producer is used as an adjunct 
culture (Foulquié Moreno et al. 2003; Mills et al. 
2011b). Fermentates of lactic acid bacteria, naturally 
containing organic acids and one or more bacteriocins 
are also commonly used in foods, conferring positive 
sensory effects to the food with the addition of microbial 
stability (Delves-Broughton & Weber 2010). 

Although essential oils exert antimicrobial activity by 
themselves, this is only at concentrations that are not 

allowed in foods due to their intense sensory characteristics. 
Synergies with other compounds have been considered as a 
possible method of limiting the dosage in order to avoid 
adverse sensory effect in an antimicrobial system 
(Hyldgaard et al. 2012). Essential oils have been shown 
to enhance the activity of bacteriocins, and numerous 
studies have been published demonstrating this effect. 
Examples of essential oil–bacteriocin combinations with 
good antimicrobial efficacy can be found in recent reviews 
(Gálvez et al. 2007; Mills et al. 2011a). In a wide-ranging 
study including six essential oils and four bacteriocins 
against seven bacterial targets, enhancement of activity 
was observed in specific combinations of essential oils 
and bacteriocins while notable synergistic effects were 
observed in some cases against Gram-negative bacteria 
(Turgis et al. 2012). Most studies have focused on enhanc
ing the effect between essential oils and bacteriocins 
in vitro. Successful applications of such combinations 
have recently been shown in foods however, such as the 
combination of nisin and thyme essential oil in controlling 
L. monocytogenes in minced meat (Solomakos et al. 2008a) 
and minced fish meat (Abdollahzadeh et al. 2014). 

31.5	 Application of Bacteriocins in Foods: 
Examples and Case Studies 

Bacteriocins are widely utilized today, especially in the 
field of food preservation. The use of bacteriocins in the 
food industry, especially on dairy, egg, vegetable and meat 
products, has been extensively investigated. LAB bacterio
cins have been considered safe for human consumption 
since they are mostly derived from starter cultures graded as 
GRAS commonly used in food fermentations (Bernadeau 
et al. 2008). To the author’s current knowledge LAB 
bacteriocins have not demonstrated pathogenicity to 
humans, while the pathogenic risk of consumption of 
LAB-derived starter cultures has been characterized as 
‘unequivocally negligible’ (<1 case per million individuals; 
Bernadeau et al. 2008). 
Bacteriocin production by LAB primarily serves the 

cause of controlling the high population of bacteria existing 
on a surface. The biosynthesis of LAB bacteriocins is in 
general regulated by a two-component system. This system 
comprises two signal-producing proteins, usually a mem
brane-bound histidine kinase (HPK) and a cytoplasmic 
response regulator (RR).When the concerned histidine 
residue senses a certain concentration of bacteriocin in 
the environment, HPK autophosphorylates the specific 
histidine residue in its intracellular domain (Mierau & 
Kleerebezem 2005). 
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The excretion of bacteriocins in the extracellular space is 
regulated by the NICE (nisin controlled gene expression) 
system, which comprises a pheromone, a specific phero
mone export and processing system, and a transmembrane 
two-component kinase. The kinase serves as a pheromone 
receptor and a related response regulator (Todorov & Dicks 
2004). Following this system, bacteriocins are synthesized 
as a precursor molecule containing amino terminal signal 
sequences which are identified by an export processing 
system and cleaved at a dipeptide Gly-Gly bond. 
The induction factor is considered to bind specifically to 

the correspondent histidine protein kinase, and is activated 
through phosphorylation of the response regulator. 
The transcription of target genes is then stimulated. This 
occurs through binding to specific components of the 
bacteriocin gene cluster. The system operates in the case 
of nisin as follows. The nisin A operon is activated by the 
gene product nisin, and Nis A and Nis F function as 
promoters (Fig. 31.3). They are bound to the response 
regulator, receptor and signal transducer NisK. NisK, basic 
sensor of nisin, is an histidine protein kinase which acti
vates the NisR under the presence of phosphorus. The 
activated phosphorylated Nis R induces the nisin operon 
at the nisin A promoter (Mierau & Kleerebezem 2005) for 
the production of nisin. The response regulator NisR 
responds to extra cellular nisin, so the addition of nisin 
to the extracellular media above the tolerant amount results 
in the induction of gene expression from nisin A operon. 
Although molecular and gene characterization of numerous 
bacteriocins of LAB has been performed, the studies have 
mostly focused on identification and characterization of the 
molecules of interest rather than their mass production. 

The efficacy of bacteriocins in food products is depen
dent upon numerous food-related factors. These are cate
gorized as either: food texture-related factors (processing 
conditions, storage, additives, ingredients, enzymes); food 
natural microbial flora (load, diversity, sensitivity, inter
actions); and the target bacteria (load, sensitivity, growth 
stage, physicochemical barriers i.e. slime). In certain cases, 
interactions with other food components result in uneven 
distribution of bacteriocins in the food matrix, insolubility, 
precipitation and inactivation (Gálvez et al. 2007). To 
address these problems, bacteriocins are often incorporated 
in ten-fold concentration and with other decontaminating 
agents (see Section 31.4). It has been proven that a bacte
riocin alone in a food is not likely to ensure complete safety, 
especially in the case of Gram-negative bacteria. To kill the 
pathogenic bacteria, bacteriocins therefore have to be com
bined with other technologies that are able to disrupt the 
cellular membrane (Jack et al. 1995; Daw & Falkiner 
1996). 
Bacteriocins can be incorporated through bioactive 

packaging, a process that can protect the food from external 
contaminants. Bioactive packaging can be prepared by 
directly immobilizing the bacteriocin to the food packaging 
or by addition of a sachet containing the bacteriocin into the 
packaged food, to be released during storage of the food 
product. The gradual release of bacteriocins from a packag
ing film on the food surface may have an advantage over 
dipping and spraying foods with bacteriocins; antimicrobial 
activity may be lost or reduced due to inactivation of the 
bacteriocins by food components or dilution below active 
concentration due to migration into the foods (Ross et al. 
2005). 

Figure 31.3 Summary of the NICE system (Mierau & Kleerebezem 2005). 
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There are several methods to prepare packaging films 
with bacteriocins. One method is to incorporate bacteriocin 
directly into polymers, for example incorporation of nisin 
into biodegradable protein films. The incorporation of nisin 
or any other bacteriocin can be achieved through heat press 
and casting into films made from soy proteins or corn zein. 
Another method is to coat or adsorb bacteriocins to polymer 
surfaces; examples include nisin methylcellulose coatings 
for polyethylene films for the use on poultry meat or 
adsorption of nisin on polyethylene, ethylene, vinyl acetate, 
polypropylene, polyamide, polyester acrylics and polyvinyl 
chloride (Deegan et al. 2006). 

31.6 Conclusions 

Bacteriocins of lactic acid bacteria are the natural alter
native to chemical preservatives for food safety in a 
market where consumers prefer minimally processed 
natural foods. Due to the high costs of production of 
bacteriocin-based products, strategies have been devel
oped to optimize  their  efficacy. These strategies concern 
all stages of bacteriocin production, right up to their 
application in foods. The optimization of fermentation 
media and conditions and the optimization of recovery 
techniques results in the optimization of bacteriocin and 
therefore activity yield. The combination of bacteriocins 
with other physical antimicrobial treatments and natural 
compounds results in enhancement of their activity 
when applied in foods. Finally, the implementation of 
co-cultures constitutes a new concept in the production 
of antimicrobial compounds; the exploitation of favour-
able microorganism interactions induces antimicrobial 
activity. 
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32.1 Introduction 

Bacteriophages, or phages, are viruses that selectively 
infect bacteria. Initial investigations of phages began after 
independent discoveries by Frederick Twort (1915) and 
Felix d’Herelle (1917) of lytic phage. Phage research in the 
early 20th century mostly focused on their use as alter
natives to unpleasant (at best) and toxic (at worst) anti
microbial agents. Although some doubt was cast over their 
precise nature until the first electron micrograph of phages 
was published by Luria & Anderson (1942), production of 
phage began for clinical use in the 1920s and 1930s. 
However, the quality of such preparations was not always 
high and their efficacy was questioned by d’Herelle 
(Dublancet & Bourne 2007); with the isolation and subse
quent marketing of penicillin, the focus of research in the 
west shifted to broad-spectrum antibiotics (Dublanchet & 
Bourne 2007; Fruciano & Bourne 2007; Keary et al. 2013). 
Phages are still not very prevalent in biocontrol today, 
although they are still in use in the former Soviet Union and 
some modern biocontrol products, such as Intralytix’s 
ListShieldTM (Mai et al. 2010) and Micreos’ LISTEXTM 

(Chibeu et al. 2013), have been given regulatory approval 
for use in food production facilities. 

With their relative ease of use, phages have become a 
much more common tool for detection assays in recent 
years. Probably one of the most interesting applications of 
phage-based detection lies in the area of food-borne patho
gen detection. 

Phage-based assays for detection of three common food-
borne pathogens that frequently cause hospitalization have 
been selected for review. These pathogens are Escherichia 
coli O157, Listeria monocytogenes and Norovirus. Addi
tionally, the future role of surface plasmon resonance in 
modern phage-based assays is also considered. 

32.2 Methods of Phage Detection 

The methods of detection under scrutiny in this chapter can 
be broadly divided into three main categories: reporter 
phage systems; indicator phage systems; and biosensor 
systems. 

32.2.1 Reporter Phage Systems 

Reporter phage systems rely on the common indicators 
used in non-phage-based systems, namely colourimetric, 
fluorescent, luminescent and enzymatic tags. Simply put, 
specific phages are tagged and introduced to a test sample, 
in which they propagate only if living host cells (the targets) 
are present. This produces a measurable signal and may 
allow for the enumeration of target bacteria present in the 
original sample. 
Much like the immunoassays and biochemical assays 

they resemble, tagged-phage assays are often easily modi
fied to work in high-throughput systems. They may also 
potentially be miniaturized and adapted to provide results 
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through automated systems. However, unlike most tradi
tional detection methods, the selectivity of phages for live 
host cells means that the concentrations of viable cells in a 
sample can be more accurately estimated through this 
method. 
Bioluminescence-based assays have become a wide

spread tool due to the relative ease of detection and 
quantification. In much the same manner that mammalian 
cells and bacteria have been genetically modified to carry 
and express luciferase genes, phages have also been modi
fied to express them upon replication in host cells. Virulent 
phages have been genetically modified successfully to carry 
lux genes (Jacobs et al. 1994; Schofield & Westwater 
2009), which replicate within and lyse the host cells. In 
doing so they produce a luminescent signal, as depicted in 
Figure 32.1. This signal may either be directly produced by 
the phage upon infection of the host or by the reaction of 
phage-mediated enzymes with a suitable substrate con
tained in the media. 
It is also possible for temperate phage to be modified to 

carry the lux operon on a transposon which, upon infecting 
the host cells, causes the lux operon to be transposed into 
the bacterial chromosome (Waddell & Poppe 2000). As 
shown in Figure 32.2, this would result in bacterial repli
cation being the source of the expressed lux factors rather 
than cell lysis. Virulent phages may also be used in this 
situation if genetic modification of the phage would inhibit 
their ability to lyse the host cells. Luciferase-phage assays 
are also flexible enough to be used not only for the detection 

of food-borne pathogens in food processing, but also to 
investigate the activity of new biocontrol agents as the light 
signal will only be generated if live cells are present (Jacobs 
et al. 1993). 
Much like luminescence-based assays, fluorescence-

based assays and tools are rather common in many labora
tories, in plate readers, fluorescent microscopes and bio
imaging chambers. With respect to reporter phage, the 
phenomenon of fluorescence has been utilized in a number 
of ways. Fluorescent tags are commonly bound to the 
protein coats of phages (Oda et al. 2004) or to phage 
proteins (Schmelcher et al. 2010) and used to identify 
target cells in test samples. Often washing steps are required 
to remove the background signal, so fluorescence-based 
assays are commonly combined with a separation/capture 
step such as immunomagnetic separation to increase the 
detectable signal. Additionally, if the phages in a mixture 
are each labelled with a different tag, then individual 
species or strains of a target bacteria may be identified 
in a mixed culture (Schmelcher et al. 2010). If tagging is not 
possible, a variety of fluorescent dyes are available that 
stain nucleic acids. Phages stained by these dyes may be 
introduced to a bacterial population for detection purposes 
(Hennes & Suttle 1995; Goodridge et al. 1999a) and, unlike 
the tagging method mentioned above, the nucleic acids will 
enter the host cells rather than bind to the protein coats, so 
intracellular fluorescence is observed. 

Methods for detecting slower-growing bacterial patho
gens may benefit from systems similar to FASTPlaqueTBTM. 

Figure 32.1 Virulent phage tagged with lux genes. (a) A phage modified to carry a luminescent tag infects the target bacteria. 
(b) During phage replication, luminescent proteins are released, either bound to the new virions or as free molecules. (c) A substrate 
is added if required and (d) the level of luminescence is detected and quantified. 
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Figure 32.2 Introduction of lux genes to bacteria via temperate phages. (a) A phage is modified to carry the lux genes on its 
genome. (b) The lux genes enter the host cell during infection and (c) they incorporate into the host genetic material, causing it to 
produce a luminescent signal. The phage DNA may also form a plasmid rather than incorporating into the host chromosome (not 
shown). (d) Binary fission leads to daughter cells that also carry the lux genes, creating a detectable luminescent signal. 

This system uses a broad-host-range Mycobacteriophage to 
infect Mycobacterium tuberculosis in a sample. Phages that 
have not infected cells are neutralized by virucide, and the 
mixture is plated with a lawn of M. smegmatis. Viable phages 
released from the host M. tuberculosis infect the M. smeg
matis lawn and form plaques, indicating the presence of M. 
tuberculosis in the original sample (Muzaffar et al. 2002). It 
has been shown by the group of Rees (Stanley et al. 2007; 
Swift et al. 2013; Swift & Rees 2013) that this assay could be 
used to also rapidly and quantifiably detect M. avium subsp. 
paratuberculosis in cattle, partly based on the correlation 
between plaque number and viable cell count (Botsaris et al. 
2013). This concept of using faster-growing organisms to 
rapidly detect slower-growing or more fastidious pathogens 
could potentially have great uses in future detection assays if 
adapted for work with other bacteria. A reporter phage-based 
assay is discussed later in Section 32.3.3 of this chapter. 

32.2.2 Indicator Phage Systems 

While most phage-based detection assays utilize phages as 
a detection element, phages themselves may also be a 
potential target for detection assays. Assays could be 
designed to detect the phages associated with pathogenic 
hosts such as E. coli O157, but easily detectable phages that 
commonly coexist with pathogenic, but unrelated, orga
nisms can also be of interest for assay development. The 
phages most commonly used in this way are F-specific 

RNA (FRNA) bacteriophages as indicators of wastewater 
contamination of shellfish fisheries (Havelaar et al. 1993; 
Brion et al. 2002; Flannery et al. 2013; Yang & Griffiths 
2013). Tests may be as simple as plaque assays or may 
involve other, more complex detection methods, but the 
general concept remains the same: samples from water 
sources are screened by a selected method for FRNA 
phages and a positive qualitative result or a quantity above 
a given threshold, which by extrapolation indicates that the 
sampled water source contains dangerous level of patho
genic viruses, for example Norovirus. 

32.2.3 Phage-Based Biosensors 

A typical biosensor, or biochip, is a solid device to which a 
layer or coating of a biological agent is added that creates a 
physical or chemical change when in contact with the 
sensor’s target. A number of such biosensors have been 
developed using whole or partial phages as the biological 
agent, often due to their specificity for target bacteria 
(Nanduri et al. 2007a; Singh et al. 2009; Singh et al. 2013). 

Although antibody-based assays and DNA probes are 
more common than phage-based approaches to detection, 
they have some weaknesses that phage-based assays may 
overcome. 
Antibody-based assays have a wide range of applica

tions, but they often have specificity issues due to cross-
reactions with other bacteria in crude samples or even in the 
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development of the antibodies themselves (Leder et al. 
1994). Additionally, developing specific antibodies is quite 
expensive and time consuming, raising the overall invest
ment required to develop an antibody-based biosensor. In 
contrast, phages can be highly specific and, once identified 
and screened, are easier to propagate. 
DNA probes are highly specific but they fail to distin

guish viable from non-viable cells. To achieve a clear 
distinction with DNA-based biosensors, the approach relies 
on the use of reverse-transcriptase PCR, which amplifies 
only mRNA as it degrades within minutes of cell death 
(Byrne et al. 2009), or the use of DNA intercalating dyes to 
block DNA amplification in the cells into which they 
penetrate (i.e. non-viable cells). On the other hand, phages 
will only infect live cells so differentiation between viable 
and non-viable cells is less difficult. 
Either whole- or partial-phage systems may be used in 

biosensors, but probes based only on the receptor-binding 
proteins (RBPs) are potentially more reliable than whole-
phage systems (Singh et al. 2011); the act of binding of 
whole phages to sensor surfaces can greatly impact their 
ability to capture the target bacteria, while the same does 
not appear to be true of RBPs. Additionally, use of whole 
virulent phages requires additional work to investigate the 
incubation time allowed before the cells are lysed. If not 
properly determined, the cells may be destroyed before the 
biosensor can accurately measure the produced signal, 
leading to false-negative results. Recombinant phages 
can be manipulated in order to prevent lysis from occurring, 
reducing the incidence of false-negatives. 

32.3	 Food-Borne Pathogens Detected 
by Phage Assays 

A number of phage-based assays to detect food pathogens 
have been developed since the 1990s, although most have 
yet to be put into general use. The detection of three major 
food-borne organisms (E. coli O157, Listeria monocyto
genes and Norovirus) have been selected for analysis due to 
the frequency and severity of the illnesses associated with 
them. 

32.3.1 E. coli O157 

Escherichia coli O157 is naturally carried by cattle and is 
widely responsible for severe illness in more than 60,000 
people in the US each year, often through contaminated 
unpasteurized milk and improperly prepared beef, espe
cially minced products (Scallan et al. 2011; Centers for 
Disease Control and Prevention 2013a). Due to its potential 

for major harm to human health and because as few as ten 
cells induce illness in humans, rapid and sensitive detection 
methods for E. coli O157 and other haemorrhagic serotypes 
are in demand. Currently there is one marketed ELISA kit 
for E. coli O157 based around phage proteins that has 
shown favourable results when compared with alternative 
detection methods: bioMérieux’s VIDAS UP E. coli O157 
(Savoye et al. 2011). However, this system requires spe
cialized equipment and materials, potentially putting it 
outside the budget of a smaller diagnostic laboratory. 
Some alternatives to this ELISA-based method involve 
the use of phages with bioluminescent or fluorescent tags. 

32.3.1.1 Detection and Fluorescence 

A number of successful attempts have been made to tag 
E. coli O157 phage with fluorescent tags, most commonly 
green fluorescent protein (GFP). PP01 has been utilized for 
GFP tagging with a high degree of success (Oda et al. 2004). 
In this instance, the small outer capsid of the phage was 
tagged with GFP and detection using standard fluorescent 
microscopy allowed for the differentiation of E. coli O157: 
H7 from non-pathogenic E. coli K-12. Additionally, viable 
but non-culturable cells were still detectable by this method. 
Hennes & Suttle (1995) described a method by which 

phages were stained with the fluorescent dyes 4-[3-methyl
2,3-dihydro-(benzo-1,3-oxazole)-2-methylmethyledene]
1-(3´ -trimethylammoniumpropyl)-quinolinium diiodide 
(Yo-Pro-1, for all nucleic acids) and 4´6-diamidino
2-phenylindole (DAPI, for double-stranded DNA). 
Although DAPI was found to have inadequate sensitivity 
due to poor fluorescence, the Yo-Pro-1 stain produced a 
distinct green fluorescence against the background level 
and was successfully used to stain a wide variety of 
phages and viruses. Initial staining required 2 days how
ever, making the process time intensive. Goodridge et al. 
(1999a) followed up on this work to specifically develop a 
fluorescent-phage assay for E. coli O157:H7, using 
YOYO-1 dye to stain the phage nucleic acid of phage 
LG1 and an immunomagnetic step to concentrate the E. 
coli O157:H7 samples. Following this, flow cytometry 
allowed for detection of phage concentrations of 104 

PFU mL�1 with a total assay run time of eight hours. 
The assay detected all verotoxin-producing E. coli strains 
tested, albeit with some cross-reactivity with non-O157: 
H7 strains. The same technique was used to detect E. coli 
O157:H7 in ground beef and milk and was successfully 
able to do so at levels equivalent to 40 CFU g�1 in spiked 
ground beef and between 101 CFU mL�1 and 102 CFU mL�1 

of spiked milk using flow cytometry (Goodridge et al. 
1999b). 
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Although not currently used in detection, ‘cycling 
primed in situ amplification-fluorescent in situ hybridiza
tion’ (CPRINS-FISH) as described by Kenzaka et al. 
(2007) is a technique that could be of interest to those 
looking to develop assays based on fluorescently tagged 
phage. Standard FISH assays involve fluorescently tagged 
nucleic acid probes that bind to a site on the target genome 
or RNAs, and are amplified within the cell to produce a 
strong fluorescent signal. CPRINS-FISH assays are similar 
but use a tagged phage to target a specific genus, species or 
serotype of bacteria. So far, this technique has only been 
used for investigating the lateral transfer of genetic material 
from phage to bacteria, but may prove to be a useful 
detection tool in the future, especially as it is possible to 
identify a signal from a single cell using this method 
(Kenzaka et al. 2010). However, to accurately amplify 
the signal, a specific cocktail of antibiotics and inhibitors 
must be used that allow cells to grow, but inhibit cell 
replication. This constraint may make this technique too 
difficult to consider on a wide scale due to cost and 
expertise limitations. 

Although not optimized for use with the O157 serotype 
of E. coli, Wu  et al. (2014) described an interesting method 
of detecting viable E. coli ER2738 cells using a combina
tion of tagging, staining and phage propagation. Phages 
were bound with a tetracysteine tag which is not itself 
fluorescent, but can be stained by fluorescein arsenical helix 
1,2-ethandithiol (FlAsH-EDT2), a fluorescent dye. The 
tagged phages were introduced to the sample and allowed 
to propagate and, after a given period, FlAsH-EDT2 was 
added, highlighting the tag and allowing the fluorescent 
signal (and by extension the bacterial cells) to be detected. 
The system was able to detect 1 CFU mL�1 of the viable 
E. coli ER2738 in a background of 2.5 × 106 cells mL�1 

non-viable ER3728 and non-host bacteria. By simply 
modifying the phage used, it may be possible to adapt 
such a method for detection of E. coli O157 and other 
haemorrhagic serotypes. 

32.3.1.2 Detection and Bioluminescence 

Waddell & Poppe (2000) described an attempt to produce a 
non-virulent ΦV10 phage against E. coli O157:H7 that 
would transduce bioluminescence genes from the phage 
genome to the bacterial chromosome but results were 
mixed. Brigati & Ripp (2007) developed a more advanced 
version of this same assay in which a lux-tagged PP01 
phage (PP01-luxI) infected E. coli O157:H7 with high 
specificity, and caused the host to produce N-(3-oxohex
anoyl)-L-homoserine lactone (OHHL). The produced 
OHHL then diffused through the media to a bioreporter 

cell (a modified E. coli strain), where it induced the 
transcription of the luxCDABE operon, producing measur
able light. This system allowed for detection of as few as 
10 CFU mL�1 in pure culture and 104 CFU mL�1 in spiked 
apple juice, but this required an additional enrichment step 
as light was not initially measurable above the background 
level. 
Birmele et al. (2008) similarly developed an OHHL-

dependent bioreporter using E. coli K12 that showed a 
promising resistance to interference from other bacteria, 
suggesting that such a system could be robust in the 
screening of samples containing multiple bacterial spe
cies. One limitation of this particular method is the 
tendency for bacteria to remain in a viable but non
culturable state in the environment (Oda et al. 2004). 
In such cases, the cells would not produce the OHHL 
molecules and so would not stimulate luminescence in the 
bioreporter cells. 
To avoid this pitfall, one alternative method could utilize 

enzyme-labelled phage (phazymes). Willford et al. (2011) 
described such a method that combines the advantages of 
rapid detection with a hand-held detection tool to identify a 
number of shigatoxin-producing Escherichia coli (STEC) 
including serotype O157. A selection of STEC specific 
phage were labelled with a horseradish peroxidase label
ling kit and formed into single-use sampling kits. These 
kits contained a simple swab used for sampling selective 
growth media, IMS beads, to concentrate the target E. coli 
strains and a colourimetric or luminescent substrate for 
final detection. Using these kits, E. coli O157 could be 
detected on spinach at 1 CFU mL�1, at 1.76  CFU  per  
100 cm2 surface area of beef (steak cuts used in lieu of a 
whole carcass) and 1.76 × 102 CFU mL�1 of water. Sys
tems designed like these should be considered for all 
phage-utilizing systems, as they take advantage of all 
the benefits of using phages including rapid detection, 
high specificity and ease of detection at low target 
concentrations. 

32.3.2 Listeria Monocytogenes 

Although annual incidents have declined since the 1990s, 
listeriosis outbreaks still occur regularly in the US and are 
responsible for more than 200 deaths per year. In 2011 the 
largest single outbreak in the US killed 33 people and 
injured nearly 150 others (Centers for Disease Control and 
Prevention 2011, 2013b; Scallan et al. 2011). In Europe, 
listeriosis was the fifth most common zoonotic infection in 
2006, and reported cases saw a rise between 1999 and 2006 
(Denny & McLaughlin 2008). 



532 Advances in Food Biotechnology 

32.3.2.1	 Detection and Fluorescence 

Loessner et al. (1996) successfully modified A511, a phage 
that infects Listeria monocytogenes, to carry the luxAB 
gene, producing phage A511:luxAB with the aim of identi
fying Listeria contamination of food. The sensitivity of the 
assays was enough to detect <103 CFU mL�1 of Listeria in 
pure culture without enrichment and 1 cell g�1 of contami
nated food after 20 hours of enrichment. In a follow-up to 
the previous work, Loessner et al. (1997) determined that 
A511:luxAB was, in most cases, at least as effective at 
detecting Listeria in food samples after 24-hour enrich
ments as the standard plating method. Additionally, 44 
hours of enrichment generally improved the detection 
above that of plating. The most probable number analysis 
performed at the same time also suggests that the 
A511:luxAB strain could be used for quantitative analysis 
of Listeria in foodstuffs. 
As well as whole-phage systems, partial-phage systems 

have proven to be quite adept at detecting bacterial targets. 
The cell-wall-binding domain (CBD) of a phage endolysin is 
the protein sequence that binds selectively to the phage’s 
host, making the CBD a prime candidate for use in detection 
assays. These were utilized by the group of Loessner (Kretzer 
et al. 2007) as an immobilization and separation tool for 
Listeria species in both pure cultures and spiked food 
samples. From pure cultures, it was found that >93% of 
each L. monocytogenes strain investigated could be recov
ered through this method, and the recovery rates for Listeria 
ivanovii and Listeria innocua were 92.2% and 98.6%, 
respectively. Separation of Listeria from spiked foods was 
at least as successful as the standard plating method, although 
both were greatly improved through longer incubation. 

Following on from this, Schmelcher et al. (2010) 
described a system by which CBDs specific to different 
Listeria species were tagged with different fluorescent tags. 
This allowed for the identification of up to three differently 
tagged Listeria species in a mixed culture and this, com
bined with magnetic bead separation, allowed for selective 
detection of L. monocytogenes at spiked concentrations of 
1 CFU mg�1 of cheese or milk. 

32.3.2.2	 Detection of Listeria with Untagged 
Phages 

To be an optimal detection method, the results should be 
obtained quickly and be simple to read. To this end, Tolba 
et al. (2012) developed a biosensor for Listeria detection 
that operated on a simple impedimetric principle. Bound 
phages lysed cells in the sample, altering the electro
chemical nature of the media to a measurable degree. This 

meant that no labelling was required and the detection was 
rapid, but the lower detection limit was 105 CFU mL�1 in 
spiked milk, so an enrichment step was still required to 
detect low levels of Listeria. However, as 105 cells of 
Listeria is the estimated ID10 for persons considered at 
risk for listeriosis (Farber et al. 1996), this assay could be 
considered sensitive enough for general food safety 
assurance. 

32.3.3 Norovirus 

When phages are used in pathogen detection, they typically 
act as a binding or signal-generating element, but in some 
assays it is the natural presence of phage that is being 
detected. Furthermore, the presence of phages may be 
associated with non-bacterial pathogens, including enteric 
viruses such as Norovirus. Norovirus is the most common 
cause of acute gastroenteritis in the developed world and it 
is estimated that food-borne Norovirus is responsible for 
approximately 5.4 million illnesses, 14,600 hospitalizations 
and up to 150 deaths each year in the US alone, and 
approximately 800 deaths from all sources (Scallan et al. 
2011; Centers for Disease Control and Prevention 2014). 
Aside from person-to-person transmission, Norovirus out
breaks are commonly associated with contaminated water 
stocks used for general consumption, bivalve harvesting or 
food preparation. 
Norovirus is shed by infected persons in large numbers, 

and it can pass through wastewater treatment plants in an 
infectious state. Typically, faecal coliforms in water sam
ples are taken as an indirect measure of enteric viruses, but 
they have a relatively short period of viability outside of 
their normal habitats. 
Real-time quantitative PCR (RT-qPCR) has been used to 

measure Norovirus concentrations (Rajko-Nenow et al. 
2012), but the inability to differentiate infectious agents 
from non-infectious or inactivated Norovirus makes this 
method prone to overestimating the viral load in the water 
sample. Inaccurate methods of measurement can have wide 
economic impacts on small businesses if, for example, 
shellfish stocks cannot be harvested or if fishery operations 
are suspended due to a perceived threat of Norovirus 
contamination. It has also been noted that a given set of 
primers may produce varying results due to minor genetic 
changes at primer binding sites (Lennon et al. 2014). Due to 
this, it is possible that where certain primers are used the 
viral load may be underestimated. 
One proposed method of detecting Norovirus and other 

enteric viruses in water samples is to use F-specific RNA 
(FRNA) bacteriophage as indicators of the presence of 
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pathogenic viruses. Havelaar et al. (1993) reported on the 
results of a long series of studies evaluating the fate of 
human viruses under a variety of conditions and found them 
to be more hardy and persistent than their bacterial hosts. 
This suggested that by measuring the presence of FRNA 
phages, the presence or absence of enteric viruses could be 
determined to a higher degree of confidence than if faecal 
coliforms alone were measured. Also, it has been found that 
FRNA phages can be successfully concentrated from water 
sources by a number of methods (Pallin et al. 1997; Lipp 
et al. 2001; Cormier et al. 2014). This makes FRNA phages 
a more practical target than faecal coliforms for detecting 
and quantifying enteric viruses in water supplies and in 
shellfish harvesting regions. In addition, as assays for 
FRNA phages detect viable phage levels which correlate 
with the presence of viable Norovirus, detection based on 
the presence of FRNA phage may prove more reliable at 
detecting viable Norovirus than RT-qPCR of Norovirus 
itself (Flannery et al. 2013). 

FRNA bacteriophage are of the Leviviradae family of 
viruses and are divided between the genera Levivirus and 
Allolevirus, each of which contains two subgroups as 
described by Bollback & Huelsenback (2001). Variation 
in long-term survival rates may be used to determine the 
FRNA subgroups present (subgroups II and III are mostly 
associated with humans, while subgroups I and IV are 
found most often in animal faeces), which allows for 
differentiation between animal and human faecal sources 
of contamination (Brion et al. 2002; Ogorzaly et al. 2009; 
Yang & Griffiths 2013). 

32.4	 Surface Plasmon Resonance and 
Phages 

Surface plasmon resonance (SPR) is a label-free detection 
assay in which binding elements (e.g. antibodies) are fixed 
to a solid surface. Light is focused on the surface and the 
reflected emission is detected and measured. If a target 
molecule or cell binds to the surface, then the oscillation 
frequency is modified and this change is detected. This 
detected change in oscillation can be used to quantify the 
presence of the target molecule or cell in the sample being 
tested. SPR has commonly relied on antibodies and DNA 
probes to detect the target of interest, but more recently 
whole phage systems have been used in SPR as capture 
elements for specific bacteria. 

Although phages are used as parts of phage-display 
libraries involved in SPR, the use of phages as direct 
capture tools in SPR for target bacteria is a relatively 
new advancement. Balasubramanian et al. (2007) first 

described the utilization of phages in SPR to detect Staph
ylococcus aureus and found the system to have a detection 
limit of approximately 104 CFU mL�1 with a high level of 
specificity for the target organism. 
Other investigations have focused on E. coli detection 

(Arya et al. 2011; Naidoo et al. 2012; Tawil et al. 2012), 
L. monocytogenes (Nanduri et al. 2007b), methicillin-
resistant Staphylococcus aureus (Tawil et al. 2012) and 
Salmonella enterica serovar Typhimurium (Naidoo et al. 
2012), and found promising results for bacteria detection. 
Singh et al. (2010) showed that such a system would not 

require entire phages as they successfully used phage 
tailspike proteins to detect Salmonella Typhimurium. How
ever, the genetically engineered tailspike proteins were 
needed in order to improve the performance of the assay. 
Phages may also be the target of SPR assays, as shown by 

García-Aljaro et al. (2008) in which somatic coliphages 
(indicators of faecal pollution) were captured by bound 
E. coli. This system had a minimum detection limit of 102 

PFU mL�1 and required only a 120-minute incubation, 
making detection rapid. The authors also posit that such 
a system could be miniaturized for portable detection or 
designed as a single automated detection system. 
Although their ability to detect pathogens in food prod

ucts has not yet been examined in depth, there is promise 
that phage-based SPR could be adapted to create a highly 
efficient method of detecting food-borne pathogens. 

32.5	 Practicalities of Future Phage Use 

Phages are possibly the most abundant biological entities 
on Earth, with a wide range of genetic diversity and a 
massive untapped stockpile of a variety of natural sources, 
including the oceans and gastrointestinal tracts (Breitbart & 
Rohwer 2005; Dalmasso et al. 2014). They can select, with 
high specificity, a given bacterial target against a back
ground of similar species, at a high level of sensitivity. 
When compared to the efforts required to produce mono
clonal antibodies for example, it seems illogical that phages 
should be so underutilized in detection. 

32.5.1	 Advantages and Drawbacks of 
Phage-Based Detection 

In terms of developing assays, phages have a number of 
traits that make them ideal for use in assays: 

•	 Specificity: Phages are highly specific to genera, species 
or serotypes of bacteria. For T-even phages for 
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example, this factor is typically mediated by the binding 
domains associated with their tail fibres (Desplats & 
Krisch 2003). When the correct phages are selected, 
they are a highly desirable tool in assays where speci
ficity is key. 

•	 Sensitivity: Certain phage assays can, theoretically, 
detect one bacterial cell in a given volume (Kenzaka 
et al. 2010). While the exact specificity is dependent on 
the phage, host and assay, it is not unreasonable to 
consider phage-based assays as highly sensitive. To 
improve sensitivity, a magnetic separation step may be 
used to concentrate the target cells. Swift et al. (2013) 
successfully utilized such a concentration method in 
developing a rapid assay for detecting Mycobacterium 
avium subspecies paratuberculosis. 

•	 Cost: The cost of phage-based assays is variable 
depending on the exact method being used, but the 
initial propagation costs of phages for use in an assay 
are about the same as those required to grow up the 
phages’ hosts. 

•	 Time: The time required to propagate phage is mostly 
determined by the speed at which the host range grows. 
In certain situations, faster-growing hosts may be used 
in place of slower-growing organisms (e.g. M. avium 
subsp. paratuberculosis phages have been propagated 
successfully in the faster-growing Mycobacterium 
smegmatis by Endersen et al. 2013). Where hosts are 
relatively fast growing, this can make assay results 
readable in just a few hours. 

•	 Safety: Due to the specific nature of phages, they are 
generally considered safe for the purposes of human 
health. For this reason, no additional safety require
ments are needed where phage-based assays are in use. 

•	 Expertise: As most phage-based assays are based on 
similar principles to other common assays (e.g. col
ourimetric detection, turbidity changes, etc.) there is 
little requirement for additional training of microbiol
ogists to work with such assays effectively or to 
propagate phages for the development of new assays. 

The question must then be asked: why are phages so 
infrequently used as the basis for assays? Some possible 
reasons include the time required to initially isolate phages, 
the potential over-specificity of phages and the unknown 
reliability of novel phage-based assays. 
Although a wide range of phages have been isolated and 

identified, it is possible that finding a phage for a given host 
will require isolating a new phage. Unlike antibody-based 
methods where antibody development may be induced 
through a number of methods, for phages this may involve 
a large amount of environmental screening, followed by 

characterization of individual phages and investigation of 
co-infection factors where a mixture of phages may be used 
in detection. While this would definitely be a hurdle for 
certain bacterial hosts, the number of phages known for 
E. coli and Listeria could allow for the development of a 
number of different assays based on distinct phages and 
techniques and, as new phages are discovered and charac
terized, the scope of this issue should shrink. 
The double-edged sword of phage assays is their speci

ficity; they can be used to find a particular host in a mixture 
of related bacteria, but may miss a strain or subspecies of 
interest at the same time. Short of being fortuitous enough 
to identify one phage with a broad enough host range to 
detect every serotype, strain or subspecies of interest (such 
as phage A511, which infects multiple Listeria species; 
Loessner et al. 1996), the only real alternative is to use 
combinations of assays or combinations of phages in one 
assay. The obvious drawback to using multiple assays is the 
additional costs associated with running them and, when 
using multiple phages, the results may be complicated due 
to unexpected inhibition or facilitation of infection between 
phages. 
Also of note is a concern that Minion & Pai (2010) raised 

in their meta-analysis of phage assays; the mean level of 
contamination of results was 5.8%, but was as high as 36% 
in some cases. Although only focusing on a very specific set 
of assays (those for Mycobacterium tuberculosis), this 
could prove problematic if these rates are consistent across 
phage-assays of various foodstuffs and water. However, the 
actual reliability of phage-based assays will only be deter
mined as a greater number of assays are developed and 
assessed. 

32.5.2 The Future of Phage-Based Detection 

With these issues in mind, where does the future lie for 
phage-based assays? Concurrent with the revitalization of 
phage biocontrol research in the latter decades of the 20th 
century, some of the first phage-based assays were devel
oped. As time has progressed, so too has the refinement and 
optimization of said assays and the novel utilization of 
phages in older assays. It therefore appears tha,t as long as 
general phage research is active, the development of new 
assays will continue. Table 32.1 summarizes some of the 
technologies examined in this chapter that may have wider 
applications in the future. 
As with all detection tools, the general trend for assays is 

towards better sensitivity, ease of use and cost efficiency. 
Combined with miniaturization and biophysical tech
niques, phages as part of detection tools are now becoming 
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Table 32.1 Applications of phage-based technologies: a partial list of some of the current methods being focused on for the 
development of phage-based detection assays for common food pathogens 

Technology Organism Comments References 

A511:luxAB Listeria monocytogenes 

CBD tags Listeria monocytogenes
∗ 

FASTPlaqueTB Myocbacteria spp. ∗ 

Flow Cytometry E. coli O157∗ 

FRNA Indicator Norovirus 
Phage 

Impedimetric Listeria monocytogenes
∗ 

Detection 
OHHL Production E. coli O157 

Phazymes E. coli O157∗ 

Surface Plasmon E. coli∗; Listeria monocytogenes
∗; 

Resonance Salmonella
∗; S. aureus∗ 

Reporter phage based on luminescent 
signal 

Can be adapted to detect multiple 
species in a mixed culture 

Rapid detection of slow-growing 
organisms; not currently adapted for 
food-borne human pathogens 

Combined with a fluorescently dyed 
phage for sensitive detection of 
target bacteria 

Indirect measure of Norovirus in water; 
possibly more reliable than direct 
measurement 

Avoids the need for tagging; can be 
adapted in to a biosensor format 

Modified phage induces OHHL 
production in the host, causing a 
bioreporter cell to produce a signal 

Kits designed around concentration of 
target on IMS beads and detection 
using an enzyme tagged phage; an 
added substrate produces a 
measurable signal 

A label-less assay that detects 
oscillation variation caused by 
bound target cells; not yet optimized 
for detection in food products 

Loessner et al. 1996, 1997 

Kretzer et al. 2007; 
Schmelcher et al. 2010 

Muzaffar et al. 2002; 
Stanley et al. 2007; Swift 
et al. 2013 

Hennes & Suttle 1995; 
Goodridge et al. 1999a, b 

Havelaar et al. 1993; 
Flannery et al. 2013 

Tolba et al. 2012 

Waddell & Poppe 2000; 
Brigati & Ripp 2007; 

Birmele et al. 2008 
Willford et al. 2011 

Balasubramanian et al. 
2007; Arya et al. 2011; 
Nanduri et al. 2007b 

∗ May be adapted for use with other organisms 

more practical. The next decade should see a growth in the 
number of detection assays that use phage as a diagnostic 
platform. 
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33.1 Introduction 

Microfluidic techniques have developed at a rapid pace in 
recent decades, in both technological aspects and applica
tions. The fields of application range from the biological 
and medical applications to the food industry. Applications 
of microfluidic technologies in the food sector can be 
broadly subdivided into two main classes: food science 
and engineering applications, and food safety and analysis 
applications. 

The first group includes for example the design of novel 
food microstructures aimed at the quality, health and 
pleasure markets (functional food) such as the production 
of microcapsules and complex emulsions, often requiring 
unit operations where the scale of the forming device is 
closer to the size of the structural elements (1–100 μm). The 
creation of new products to satisfy increasing consumer 
demands for improvements in the quality of existing foods 
will in the future result from interventions at the micro
scopic level; the majority of elements that critically con
tribute to the physical and rheological behaviour, transport 
properties, textural and sensorial characteristics of foods are 
below the 100 μm range (Aguilera 2005). 

In the market of functional food, an important role is 
played by microfluidic encapsulation techniques for con
trolled and uncontrolled release of active principles. In food 
engineering, the list of potential applications of microfluidic 
devices in microprocessing is extensive, involving for 

example functional elements such as mixers (Capretto 
et al. 2011; Nguyen 2012), valves (Oh & Ahn 2006), 
pumps (Nguyen et al. 2002), dispensers (Ren & Dongqing 
Li 2002; Choi et al. 2007; Tan et al. 2008), sensors (Wise 
2007), separators (Harris et al. 2005) or microheaters 
(Wyżkiewicz et al. 2006; Wu et al. 2009). 
Regarding food safety and analysis, these devices bring 

numerous advantages making them an attractive alternative 
to conventional instrumentation: reduced cost and analysis 
time; minimal sample and reagent requirements (picolitres 
drops); integration of multiple processing steps in a single 
device; and, eventually, the possibility for automatic and 
on-site analysis (Squires & Quake 2005). As a matter of 
fact, microfluidics is already an integral part of miniaturized 
‘lab-on-a-chip’ technology, allowing analysis and chemical 
manipulation of small samples (Figeys & Pinto 2000) on a 
single chip of size ranging from millimetres to a few square 
centimetres. 
Other applications for microfluidics in biological and 

medical analysis include capillary electrophoresis (Sandlin 
et al. 2005); flow cytometry (Eyal & Quake 2002); multi
component reactions (Mitchell et al. 2001); biosensors 
(Bousse 1996; Gu et al. 2004; Pearce et al. 2005); genetic 
analysis (Lagally et al. 2004; Blazej et al. 2006); single-cell 
analysis (Gao et al. 2004); cell migration (Taylor et al. 
2006); drug screening (Dittrich & Manz 2006); long-term 
culture of stem cells (Tourovskaia et al. 2005); and neurons 
(Taylor et al. 2003; Park et al. 2006). Many of these 

Advances in Food Biotechnology, First Edition. Edited by Ravishankar Rai V. 
� 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd. 



542 Advances in Food Biotechnology 

applications have been used in clinical diagnostics 
(Cunningham 2001; Yager et al. 2006) or in animal sci
ences to simplify traditional in vitro fertilization procedures 
(Scott 2005). 
Moreover, microfluidic devices may be used to obtain a 

variety of measurements including molecular diffusion 
coefficients (Kamholz et al. 2001), fluid viscosity and 
density (McLoughlin et al. 2006), pH (Macounova et al. 
2000) and parameters related to reaction kinetics (Kerby 
et al. 2006), allowing real-time temporal and spatial sensing 
in food safety (Banada et al. 2006; Ikeda et al. 2006) or 
assist in the development of taste sensors (Leonte et al. 
2006). 

33.2 Physical Bases of Microfluidics 

Recent technological advances in micro- and nanodevice 
fabrication techniques introduced significant changes in the 
capacity to manipulate very small volumes of fluid, includ
ing micro- and nano-quantities contained therein. Because 
biological and chemical applications are typically focused 
on molecules and bioparticles of small dimensions, the 
tools usually adopted to manipulate these objects are 
fabricated on a similar scale. Developments in micro-
and nanofabrication in recent decades has brought engi
neering tools to a scale that easily matches the scale of these 
biological and chemical objects. 
To understand the main forces playing a role in micro-

fluidic systems, we can start considering in general that 
dynamic properties p(A), a function of the area of interac
tion A, decrease more slowly than properties p(V) that 
depend on the volume V, and the ratio of such properties 
can be expressed by the square–cube law: 

p�A� L2 

∝ : 
p�V � L3 

Given the scales involved in microfluidic devices, this ratio 
is of the order of 106. 
As a consequence, surface effects dominate the behav

iour of the liquid-phase microfluidic devices because the 
inertial forces tend to be quite small. If we shrink the length 
scales in most biological and biochemical applications, then 
interfacial and electrokinetic phenomena become more and 
more important, reducing the influence of traditional driv
ing forces such as gravity and pressure. 
Some general certainty in fluid dynamics, such as the no-

slip boundary condition, does not always apply. This fact 
led to researchers’ increased interest in not only how to 

solve equations, but also which equations are better to 
apply. The main differences between fluid mechanics at 
microscales and at macroscales can classified as one of four 
types of effects: 

• low Reynolds number effects; 
• non-continuum effects; 
• surface-dominated effects; or 
• multiscale and multiphysics effects. 

The low Reynolds number characteristic of most of these 
flows eliminates the challenges of non-linearity in the 
convective term in most of the applications, and the asso
ciated difficulty in modelling turbulent flows (which is 
actually not true in some gas–liquid devices). We are 
instead forced to face the non-linearity of the source 
term in the electrokinetic Poisson–Boltzmann equation, 
the non-linearity of the coupling of electrodynamics with 
fluid flow and the uncertainty in predicting electro-osmotic 
boundary conditions. Although microscale flows can be 
considered typically laminar, they can have large mass 
transfer Peclet numbers due to the low diffusivity of 
macromolecules of interest. Combinations of pressure 
and/or applied electric fields are used to actuate these 
systems. In any case, intrinsic electric fields always exist 
at interfaces, usually driven by chemical reaction. 
To appreciate the complexity of phenomena, at the scales 

involved electrodynamics, chemistry and fluid mechanics 
are inextricably intertwined: electric fields can create fluid 
flow and fluid flow can create electric fields, with the 
surface chemistry driving the degree of coupling. The 
flow-coupling effect can be described by introducing elec
trostatic source terms into the Navier–Stokes equations or 
particle transport equations. Boundary conditions can 
become an issue in microsystems due to high surface 
area: volume ratios; in some cases, boundary conditions 
that are taken for granted at the macroscale (e.g. the no-slip 
condition) can fail in these systems. 
Multiphase implementations, designed to optimize cer

tain aspects of transport, lead to additional interfacial 
concerns. Last but not least, we often need to work in 
non-Newtonian systems, which require a modification of 
the constitutive relation used in the Navier–Stokes equa
tions, introducing more complexity. 

33.2.1 Drops in Microfluidic Devices 

The presence of immiscible drops (emulsions, reagents or 
microcapsules) is often a constant in microfluidic devices, 
and introduces the presence of interfacial tension. This new 
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physical variable can be thought of in two complementary 
ways: either as a force per unit length or as an energy per 
unit area. 

In the former, interfacial tension can be considered a 
force per unit of length, pulling the interface with a 
magnitude γ (N m�1), and any spatial imbalance in the 
value of γ generates a flow along the interface moving from 
the low to the high interfacial tension regions, a phenome
non known as Marangoni flow. Temperature and the 
contamination of the interface by the possible presence 
of surfactant molecules affect the value of the surface 
tension, and each change in these physical quantities can 
lead to a Marangoni flow, respectively known as thermo
capillary or solute-capillary flow. 

Interfacial tension can also be described as an energy 
per unit area (J m�2), which works to minimize the total 
surface area reducing to a minimum the free energy 
associated with the interface. The minimum area for a 
given volume is a sphere, which is (not by chance) the 
shape of an isolated droplet or bubble. When two 
immiscible fluids are brought into contact, they develop 
an interface between them. This introduces a cost to the 
free energy of the system, the interfacial energy Eγ, which  
is proportional to the surface area A of the interface and to 
the interfacial tension γ: 

Eγ � A γ: (33.1) 

Equation (33.1) relates the surface of the drop to the force 
exercised when a deformation take places. Considering a 
small change of the shape of the interface dr, the resulting 
force is defined: 

dEγ dA 
F � � γ : (33.2)

dr dr 

If we are interested in describing the physics in term of 
pressure (force per unit area), in the case of a sphere we can 
introduce A = 4πr 2 and obtain: 

1 dEγ 1 dA 1 
Pγ � � γ � 2γ : (33.3)

A dr A dr r 

Equation (33.3) states that the pressure inside a droplet in 
equilibrium is larger than the pressure with its surrounding 
immiscible fluid outside by the value of Pγ, also known as 
the Laplace pressure. In the case of an arbitrary surface, the 
two principal radii of curvature may be pointing in different 
directions (e.g. confined drops must adapt their shape to the 
presence of boundary walls deforming their interface). In 
this case, the Laplace pressure is given by the difference of 

Figure 33.1 The Laplace pressure in curved interfaces is 
proportional to the sum of the principal curvatures. Under 
Laplace pressure effects, a deformed droplet restores its spherical 
shape. 

their magnitudes, oriented into the direction of the smaller 
radii of curvature, that is, into the direction where concavity 
is more pronounced (see Fig. 33.1): 

ΔPγ � γ 
1

� 

� 
1 
� 

(33.4) 
r1 r2 

where r1 and r2 are the two principal radii of curvature of 
the interface. These supplementary pressure variations play 
a major role in determining the flow conditions. 
New dynamic and kinematic boundary conditions on the 

fluid flow are introduced by the presence of droplets: since 
the immiscible fluids cannot cross the interface, boundary 
conditions state that the local normal component of the 
velocities in each fluid must be equal to the interface 
velocity, the velocity tangents to the interface must be 
equal inside and outside the droplet, and the tangential 
shear stresses must be balanced at the interface when 
surfactants are not present. Consequently, the variation 
of the tangential velocity μτ with respect to the normal 
direction r inside and outside the drop must be balanced: 

@μτ @μτ (33.5)μin 
� � μout 

�@r @rin out 

where μin and μout are the viscosities of internal and external 
fluid, meaning that the viscosity ratio μin/μout plays an 
important role inside and outside a moving drop or bubble. 

In the presence of surfactant molecules, the local surface 
distribution affects the value of interfacial tension. In 
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several cases these molecules are deliberately added to 
facilitate the creation and transport of drops. At other times 
however they can be present in the fluids as byproducts of 
chemical reactions or as impurities, so that the spatial value 
of interfacial tension could be different if the surface 
concentration displays variations. 
In any case it is necessary to introduce into Equation 

(33.5) a tangential stress ▿τγ along the tangent to the 
interface at every point (Marangoni stress) to consider 
the interfacial tension effect: 

@μτ @μτ 
� rτγ: (33.6)μin 

� � μout 
�@r @rin out 

The relation between γ and the local surfactant concen
tration is non-linear, and was modelled in some cases using 
the Langmuir model (Levich 1962). Surfactant transport 
plays another important role, as these molecules can be 
transported either by advection of the main flow or through 
molecular diffusion either in the bulk fluid or along the 
interface (Stone & Leal 1990; Eggleton et al. 2001). 

Additional effects can be introduced by variation of 
surfactant characteristics, such as the adsorption and 
desorption rates on the interface by measuring the chemical 
kinetics, and the partition coefficient by measuring the 
relative bulk and surface concentrations at equilibrium. 
Any change in the shape of a drop induces a local contrac
tion or expansion of the interface, and consequently an 
increase or a decrease of surface concentration. In practical 
microfluidics applications, the presence of a surfactant 
involves a complex interplay between several parameters. 
As in macro-fluid dynamics, in microfluid dynamics the 

fluid behaviour can be characterized using the values of 
some important dimensionless numbers comparing differ
ent physical quantities. Inertial effects are usually minimal 
in microfluidic devices, meaning that they work in small 
Reynolds number laminar regimes. They can however be 
significant in the case of high speed flows, for example for 
high production rate devices or droplet break-up situations. 
The Weber number We = ρU2l/γ, comparing inertial effects 
to interfacial tension, is also usually small (where U is a 
characteristic velocity scale and l is a spatial scale). 
As the effect of gravity can be neglected, the only two 

remaining players are viscosity and interfacial tension, and 
the relative strength of the two can be expressed using the 
Capillary number Ca = μU/γ, where μ is generally the larger 
and most significant viscosity present in the system. Low 
values of Ca mean that the stresses due to interfacial tension 
are prevalent if compared to viscous stresses, and drops in 
low Ca regimes tend to minimize their surface area by 

producing spherical shapes. On the contrary, in regimes 
described by high values of Ca, viscous effects dominate 
and we can observe large deformations of the drops and 
asymmetric shapes. 
The geometry of the device of course plays a major role 

and, in the case of an expansion or a contraction, the 
velocity varies over a length scale quite different from 
the radius of the drop itself. In this case, we need to consider 
a new capillary number based on the characteristic 
magnitude of the shear stress in a specific spatial direction 
s, μdU/ds. This stress is still compensated by the Laplace 
pressure, introducing a directional capillary number which 
describes the magnitude of deformation observed on a drop 
due to variations in velocity of the flow field (Taylor 1934) 
when a drop enters a bifurcating microchannel (Link et al. 
2004; Ménéetrier-Deremble & Tabeling 2006). 

33.2.2 Electrokinetics 

In several microdevices, electrokinetic pumping and parti
cle manipulation techniques are commonly used to move 
liquids and particles at small length scales because they are 
implemented through surface forces, which scale well when 
length scales are reduced. Moreover, electrokinetic tech
niques can be easily integrated into microfluidic systems, 
especially if compared with external pumping systems such 
as syringe pumps. 
We can classify electrokinetic effects into four different 

phenomena: (1) electrophoresis and (2) electro-osmosis use 
an applied electric field to induce motion, while (3) stream
ing potential and (4) sedimentation potential use motion to 
produce an electric field. For an extensive discussion on 
electrokinetics, see Hunter (1981), Devasenathipathy & 
Santiago (2002) and Probstein (2003). 

33.2.2.1 Electro-Osmosis 

Electro-osmosis effect can be described by considering a 
liquid in contact with a planar wall. When water or any 
polar liquid and the solid are put in contact, the surface of 
the solid acquires an electric charge, influencing the migra
tion of charges within the liquid layer in proximity of the 
wall. Ions in the liquid phase then migrate towards the solid 
surface, forming a very thin layer (Stern layer) where they 
are paired with the charges on the surface. The presence of 
the Stern polarized layer influences the charge distribution 
inside the fluid, creating a thicker layer of excess charges of 
the same sign as those in the Stern layer; this is called the 
diffuse or Gouy-Chapman layer. These two layers together 
are called the electric double layer (EDL). While the Stern 
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Figure 33.2 Sketch of the electric double layer showing the Stern layer, the diffuse layer and the resulting potential. 

layer is fixed because of the proximity of the wall charges, 
the diffuse layer has a net charge and can be moved with an 
electric field. As a consequence, the boundary between the 
Stern layer and the diffuse layer generates a shear surface, 
influenced by the relative motion across it. Two potentials 
can be defined: the wall potential φw at the wall and the zeta 
potential ζ at the shear plane. This situation is depicted in 
Figure 33.2 and is typical of the charge distributions 
observed in many microfluidic devices. Both glass (Hunter 
1981) and polymer-based (Roberts et al. 1997) microfluidic 
devices are generally negatively charged, meaning that the 
EDL is usually positively charged. 

If the distribution of the charge in the EDL is assumed to 
follow a Boltzmann distribution and assuming the Poisson 
relationship: 

2 ρε 
r ϕ � �  (33.7)

ε 

between the charge density ρε and the potential ϕ, and 
assuming the symmetry of the electrolyte charges (e.g. 
Na+, Cl�), the governing equation for the potential is 
the Poisson–Boltzmann equation, defined: 

d2ϕ 2Fzc1 zFϕ 
� sinh (33.8)

dy2 ε kT 

where k is the Boltzmann constant, T is temperature 
(degrees Kelvin), c1 is the concentration of ions far 
from the surface, z is the charge number (valence) of 
each ion, ε = εrε0 is the dielectric constant and F is the 
Faraday constant. 

33.2.2.2 Electrophoresis 

Electrophoresis is the manipulation of particles or mole
cules through the use of an electrical field as in Figure 33.3, 
where Eel is the electric field. Capillary electrophoresis 

Figure 33.3 Sketch of charge distribution around an electro
phoretic particle. 

(CE) is commonly used to fractionate or separate DNA 
molecules as well as in genetic research. While the basic 
physics is closely related to electro-osmosis discussed in the 
previous section, the main difference is the necessity to 
include some drag in the model to account for the effect of 
the fluid on the moving particle. Because the particles tend 
to be small and generally slowly moving, the Reynolds 
number based on particle diameter and relative fluid speed 
is assumed to be a small number (probably much smaller 
than unity). From this assumption, it is reasonable to 
balance the viscous Stokes drag at low Reynolds number 
with the electrical force for a particle moving at a constant 
speed vep. The reader is referred to Nguyen & Wereley 
(2006) for a more detailed description of the mathematical 
models involved. 

33.3 Applications 

Microfluidics is a rapidly emerging technology with the 
potential to revolutionize food industries. Examples of 
potential applications of microfluidics in food industry 
include micro- and nanoparticle encapsulation, generation 
of novel food structure, monitoring of pathogens and toxins 
in food and water supplies or detection of antibiotics in 
dairy food products. Although applications of microfluidics 
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in the food, agriculture and biosystems sector are relatively 
recent, the rapid growth evidenced by the number of 
relevant publications and patents over the last decade sends 
an important signal (Neethirajan et al. 2011). 

33.3.1	 Microfluidics for Food Safety 
and Analysis 

Illnesses and outbreaks caused by food-borne toxins have a 
substantial economic impact worldwide; the most common 
pathogens are Escherichia coli (E. coli) O157:H7, Cam
pylobacter jejuni, Shigella, Listeria and Salmonella. Tradi
tional methods for the detection of food-borne pathogens 
are quite time-consuming, and mostly based on cultures of 
bacteria on agar plates. However, advances in microfluidic 
devices allow cheap and efficient detection of such residues 
in real-time and the monitoring and tracing of chemicals, 
antibiotics, pathogens and toxins in the food and water 
supply. 
Modern microfluidic systems for biosensing (lab-on-a

chip approach) allow detection and quantification of an 
infection in food within a few minutes, possibly achieving a 
zero-tolerance standard of food pathogen detection (Batt 
2007; Liu et al. 2010). The detection and estimation of 
pathogen concentration in food and water samples are 
generally achieved by quantification of metabolites release, 
whole pathogen cell detection or pathogen-specific protein/ 
nucleic acid sequences. 
Microfluidic applications are starting to replace standard 

techniques and several applications have already been 
introduced to the food industry. For example, a microfluidic 
flow cell with embedded gold interdigitated array of micro
electrodes integrated with magnetic nanoparticle-antibody 
conjugates has been developed to detect pathogenic bacte
ria (E. coli O157:H7) in beef samples (Varshney et al. 
2007). 
In addition to pathogen and antigen detection, pathogens 

from suspended particle concentration mixture can be 
isolated using microfluidic devices and dielectrophoresis 
and 3D electrodes (Gagnon & Chang 2005; Cheng et al. 
2007). This device is capable of sorting and collecting three 
different types of pathogens at a rate of 300 particles per 
second. Similarly, microfluidic systems can be used for 
antigen detection such as intercellular antigens of patho
genic bacteria (e.g. Listeria monocytogenes, E. coli) 
released by electric lyses of cells and captured in the 
microfluidic device (Zhan et al. 2009). 
Microfluidic systems can also be used for toxin detection 

(Botulinum) in accidental or deliberate contamination of 
food or drinks. A reliable Botulinum neurotoxin detection 

in solution using microfluidic devices had already been 
developed (Frisk et al. 2008, 2009). The the device can 
replace the current method of detection based on animal 
bioassay which is sensitive but slow, expensive, low 
throughput and requires the sacrificing of animals. 
Miniaturized microfluidic versions of macroscopic 

assays, such as sandwich-type immunoassays (Moorthy 
et al. 2004) and Forster resonance energy transfer 
(FRET) fluorescence-based endopeptidase assays (Mangru 
et al. 2005; Sun et al. 2009), have also been developed. 
These provide clear advantages over conventional technol
ogies, including the ability to operate in semiautomatic 
mode and reduced reagent consumption, hence facilitating 
field deployment (Burg et al. 2007; Son et al. 2008). 
An interesting review of applications of microfluidic 

analytical systems for food analysis is that of Atalay 
et al. (2011). 

33.3.2	 Microencapsulation, Food Emulsions and 
Active Compounds Controlled Release 

An important application of microfluidics, probably one of 
the most interesting in food science and processing, is 
microencapsulation. Conventional nanoparticles or encap
sulated active compound fabrication techniques are often 
characterized by polydispersity and batch-to-batch 
variations. 
The technological framework includes many emulsifi

cation approaches, mostly involving mixing two liquids in 
bulk processes and many using turbulence to enhance drop 
break-up. In these ‘top-down’ approaches to emulsification, 
there is little control over the formation of individual 
droplets and a broad distribution of sizes is typically 
obtained, together with a limited loading efficiency control. 
This heterogeneity represents a significant obstacle in bulk 
encapsulation of active compounds for functional foods or 
drug delivery systems. The possibility of manipulating 
fluids at a nano- or picolitre scale introduces several 
opportunities to improve the micro- and nanodrops fabri
cation process. 
Microdrops also play an important role in the applica

tions described in the previous section, allowing rapid 
mixing of reagents at microscales, homogeneous reaction 
environments, the possibility of multi-step reaction design, 
enhanced processing accuracy and efficiency, improved 
heat transfer due to high surface-to-volume ratio, miniatur
ization, parallelization for mass production and cost savings 
from reduced consumption of reagents (De Mello 2006). 
However, a new set of fluid dynamical problems related to 
the deformable interface of the droplets arises, including the 
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need to take into account interfacial tension and its varia
tions and the complexity of singular events such as merging 
or splitting of drops. 

Another interesting field of application is the fabrication 
of nanoparticles and core–shell and matrix encapsulation 
structures. In several applications the active compounds are 
driven to the area of adsorption by a carrier enclosed in 
matrix or core–shell configuration. The most important aim 
is to increase and control the bioavailability, which is linked 
to the size of the global compound, the encapsulated 
quantities (loading efficiency), the thickness of the external 
shell in case of time-driven controlled release and also the 
shape of the particle. A wide range of possibilities is present 
for the carrier: organic PLA (Jagadeesan et al. 2011; 
Watanabe et al. 2011) and PLGA (Xu et al. 2009b; 
Hung et al. 2010); inorganic chitosan (Xu et al. 2009a, 
2012); poly(N-isopropylacrylamide) pNIPAAM (Kim et al. 
2007; Shah et al. 2008; Seiffert & Weitz 2010; Huang 
2011); hydrogelator (Chen et al. 2009); silk protein 
(Breslauer et al. 2010); pectin (Ogonczyk et al. 2011); 
hydrazide and aldehyde-functionalized carbohydrates 
(Kesselman et al. 2010); dextranhydroxyethyl methacrylate 
(dex-HEMA) (De Geest et al. 2005); and silica (Lee et al. 
2008a). 

33.3.2.1	 Shell Thickness, Loading Efficiency 
and Release Rate Control 

Another important target in microcapsule production is the 
shell thickness control, as the shell represents a selective 
diffusion barrier to control the sustained release from the 
capsule of the active principle contained inside. If the shell 
thickness is irregular, then the active principle release 
profile associated with microcapsules would be 
inhomogeneous, an undesirable behaviour. In the double 
emulsion approach, the thickness of the capsule shell can be 
easily controlled by optimizing the design of microfluidics 
device or simply altering the flow rate adopted in the 
encapsulation process. For example, the use of a micro-
fluidic platform allowed PLA microcapsules to be produced 
with a shell thickness as thin as 80 nm, a thickness which is 
otherwise not achievable in bulk preparation process (Kim 
et al. 2011). Moreover, precise control of the capsule shell 
thickness allowed by microfluidics enables fine tuning of 
the drug release profile of microcapsules in different con-
trolled-drug-release applications. 

Microcapsules can be an important carrier in tailored 
food aimed at drug release. In conventional fabrication 
methods for microspheres, the drug encapsulation effi 
ciency falls within the ranges 50–90% (He et al. 2011). 
Several studies investigating the drug loading efficiency 

associated with a microfluidic production technique 
reported a consistent encapsulation efficiency of 95% or 
greater (Xu et al. 2009b). The result is linked to the 
generation of isolated single emulsion droplets during 
microparticle or microcapsule synthesis, where no drug 
is lost from the droplets. In the case of nano-drug delivery 
systems synthesis, one study reported an encapsulation 
efficiency of 21–45% for PLGA-PEG nanoparticles fabri
cated in bulk (by emulsification–solvent diffusion), while a 
microfluidics approach achieved an encapsulation effi 
ciency of 28–51% (Karnik et al. 2008). The effect of 
different mixing rates can explain the difference: when 
the mixing rate is slow, the timescale of nanoparticles 
assembly is smaller than the timescale of solvent diffusion, 
meaning that there is not enough time for the solvent to 
work. Nanoparticles start assembling when the solvent 
concentration is still high in bulk mixing, resulting in drugs 
escaping the encapsulation process. In the microfluidics 
approach, the timescales of the two processes are compa
rable and hence more drugs can be encapsulated within the 
carrier, providing a significant advantage when dealing 
with expensive drugs. 
While most of the research to date has focused on the 

successful demonstration of microfluidics fabrication of 
different types of delivery vehicles, little effort (for the 
complexity required) has been devoted to the characteri
zation of the drug release kinetics profile of the particles 
generated from a microfluidics versus the conventional 
approaches. Xu et al. compared the kinetics of drug 
release of PLGA microparticles generated from the two 
approaches (Xu et al. 2009b). Results showed that the 
monodisperse particles prepared using microfluidic 
devices release drugs more slowly and have a smaller 
initial burst effect than those observed in conventional 
polydispersed particles. The more uniform drug distribu
tion in the microfluidics-produced particles could be the 
reason for the observed behaviour; drug release by deg
radation of the former would therefore be more gradual. 
Similarly, Karnik et al. reported that microfluidic-aided 
self-assembled PLGA-PEG nanoparticles had a slower 
and smaller initial burst of drug release than those fabri
cated by conventional approaches (Karnik et al. 2008). 
Again, the rapid mixing feature of the microfluidic 
approach may lead to a more uniform drug distribution 
inside the particles, so that drug release rate is more stable 
as a result of the uniform degradation of the assembly. 
Once again these studies suggest the superiority of the use 
of microfluidics production techniques over conventional 
approaches in controlling the drug release rate. For a 
review of microfluidic applications in drug delivery sys
tems, see Zhang et al. (2013). 
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33.4	 Basic Microfluidic Devices for Food 
Analysis and Food Processing 

The target of an integrated microfluidic analytical device is 
the detection of the analyte of interest. To fulfil all require
ments, the device should be able to perform standard 
laboratory functions such as sample handling, mixing, 
reaction, separation and eventually analyte detection. The 
reliability of microfluidic components including micro-
pumps, micromixers, microvalves and detectors affects 
the quality of the final results. 

33.4.1 Micropumps 

Pumping and precise control of the flow rate are crucial 
requirements in microfluidic systems; micropumps should 
be able to transport exact quantities of samples and reagents 
to perform many functions including delivery, mixing, 
reaction, analysis or discharge of reagents, important for 
the accuracy and reliability of analytical results. The ideal 
characteristics of a microfluidic transport system should 
include the possibility to be portable and modular, flexible 
and adaptable to a wide range of applications, easy and 
cheap to fabricate and low power consumption (Laser & 
Santiago 2004; Mark et al. 2010). Micropumps can be 
generally classified into two different groups: 

1.	 reciprocating pumps, consisting of mechanical micro-
pumps with moving parts; and 

2.	 continuous-flow pumps, consisting of non-mechanical 
micropumps without moving parts. 

Reciprocating pumps consist of an actuator, modulated 
using a variety of physical forces (pressure, electromag
netic, electrostatic, piezoelectric and thermopneumatic 

forces; Roman & Kennedy 2007; Zhang et al. 2007), a 
pump chamber, an inlet and an outlet. 
Continuous-flow micropumps are the most used in 

microfluidic analytical applications since they are generally 
easier to fabricate and usually generate non-pulsatile flows. 
These include electrohydrodynamic, magnetohy
drodynamic, ferroelectric, acoustic streaming and sur
face-tension based and capillary micropumps (Laser & 
Santiago 2004; Squires & Quake 2005; Roman & Kennedy 
2007; Zhang et al. 2007; Pennathur 2008). 
Fluid manipulation can be obtained using different work

ing principles. Pressure-driven flows are characterized by 
liquid transport mechanisms based on pressure gradients 
using pumps, and this can be done in several modalities 
using external or internal pressure sources such as syringe 
pumps, peristaltic pumps, membranes pumps, isocratic 
pumps or by inducing a vacuum. The simplest way to 
induce pressure-driven flows is by using syringe pumps 
(Fig. 33.4) attached with interconnections to the chip with 
capillary tubing. The simplicity of use of syringe pumps is 
counterbalanced by the fact that they are expensive and not 
designed for miniaturization. Although they are widely 
used for research in laboratories, they are less convenient 
for on-site analysis. 
These systems can also be used to generate and manipu

late discrete droplets in multiphase microfluidic systems 
(Stone et al. 2004; Squires & Quake 2005; Mark et al. 
2010): femto- to picolitre-sized droplets are generated 
(Berthier 2008) where molecular binding interactions and 
reactions take place (Song et al. 2003; Fig. 33.4). This 
technique can be applied to develop rapid pathogen detec
tion methods for food safety and quality (Schemberg et al. 
2010) and to improve product efficiency in process indus
tries (van Dijke et al. 2010). 
An advantage of pressure-driven flows is the possibility 

of producing inexpensive disposable microfluidic chips 

Figure 33.4 Schematic layout of the microfluidic set-up with reagents and sample driven by syringe pump. 
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Figure 33.5 Modulation of the interfacial tension using electrowetting-on-dielectric. 

using polymer mass-production technologies such as injec
tion moulding, although some issues should still be 
addressed such as a reliable pressure source/microfluidic 
device connection system (a very large hydrodynamic 
pressure is required in pressure-driven flows) and by the 
occurrence of Taylor dispersion, resulting in streamwise 
dispersion of samples. 

Another technique is capillary manipulation, achieved 
either by modifying the solid–liquid surface tension (i.e. 
using electrowetting, surface gradients and reactive flows), 
or by inducing a gradient in the liquid–gas surface tension 
including thermocapillary, electrocapillary and solutocapil
lary motion (i.e. flow generated by the surface tension 
variations related to surface inhomogeneities of active 
components; Squires & Quake 2005). Capillary-driven 
microfluidic devices are simple and efficient; they were 
the first microfluidic devices on the market and still remain 
one of the few microfluidic systems which are sold in large 
quantities (Gervaisa & Delamarche 2009; Mark et al. 
2010). 

Flow movement can also be obtained by exploiting 
electrokinetic effects: the acceleration of counter ions 
present in the electric double layer by an externally applied 
electrical field and viscous forces leads to a bulk electro
osmotic flow with a characteristic flat flow profile (Stone 
et al. 2004; Bayraktar & Pidugu 2006). In contrast to the 
laminar parabolic flow profile in pressure-driven systems 
where dispersion exists in both the flow and radial direc
tions, in electro-osmotic flows mass transfer occurs only in 
the flow direction. 

Another promising microfluidic actuation method is 
electrowetting-on-dielectric (Fair et al. 2007; Abdelga
wad & Wheeler 2009; Mark et al. 2010), in which the 
modulation of the interfacial tension between a conducting 
liquid and an insulated solid electrode is controlled by the 
application of an electric potential between the two, as 

shown in Figure 33.5. This technique provides direct 
control of the surface tension of a liquid at the liquid–solid 
interface and, as a result, elementary droplet manipulations 
such as dispensing, transport, merging, mixing and splitting 
can be obtained. 
Several applications have been introduced within the 

digital microfluidics paradigm using electrowetting in the 
areas of enzymatic kinetics, immunoassays and DNA 
analysis (Fair et al. 2007; Abdelgawad & Wheeler 2009; 
Luk & Wheeler 2009). Other approaches include the use of 
surface acoustic waves and optoelectrowetting (Squires & 
Quake 2005; Pennathur 2008). 

33.4.2 Micromixers 

Mixing is a common unit operation in food processing, but 
also in biomedical and chemical analysis where a sample 
solution is mixed with a reagent to enable the reaction. In 
the food industry, liquids and solids are mixed and blended 
in uncountable processes, including dispersing gums and 
stabilizers in ice-cream mix dairy products and for dissolv
ing salt and sugar in water to make brines. Characteristics 
such as fluid viscosity, fluid density and the laminar/turbu
lence nature of fluid flow play a key role in an effective 
mixing. Microfluidics can address the challenge of mixing 
liquid with liquid and liquid with solids effectively, and can 
be integrated with food processing equipment for the 
production of highly concentrated nanoemulsions, nano
suspensions, nanoencapsulations and nanodispersions. 
While mixing is often achieved with turbulence in the 

macroscale, mixing in the microscale relies mainly on 
diffusion due to the laminar behaviour at low Reynolds 
numbers. Turbulent flows and mechanical agitation make 
rapid mixing possible by segregating the fluid in small 
domains, increasing the contact surface and decreasing the 
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Figure 33.6 Parallel lamination micromixer. 

mixing path. Since the low Reynolds numbers characteriz
ing microfluidic devices (order of 10 or less, far below the 
critical Reynolds number) in microscale mixing turbulence 
is not achievable. Most micromixers operate in the laminar 
regime, where diffusion is the driving phenomena. The 
mixing rate is determined by the diffusion flux Φ: 

@c 
Φ � �D (33.9)

@x 

where D is the diffusion coefficient in m2 s 1 and c is the 
species concentration in kg m�3. Considering a constant 
flux Φ, the mass transport by diffusion is proportional to the 
contact surface of the two mixed species (Brodky 1975) and 
the average diffusion time τ over a relevant mixing path d is 
given as (Cussler 1984): 

d2 

τ � : (33.10)
2D 

Equation (33.10) shows that the diffusion time or the 
mixing time is proportional to the square of the mixing path 
d and, because of their small sizes, micromixers can 
decrease the diffusion time significantly. In general, fast 
mixing can be achieved with a smaller mixing path and 
larger contact surface. 
In general micromixers can be classified as static 

(passive) mixers and dynamic (active) mixers. As the 
name suggests static mixers do not have moving parts, 
as micropumps or microvalves used to deliver fluids into 
the mixing area are not considered part of the mixer. 
Because of their simple implementation, static mixers 
represent the best solution for microfluidic systems. In 
dynamic mixers, moving parts are used to manipulate or 
control the pressure gradients in the mixing area. 
Due to the small dimensions involved and possible 

integration with other devices, general requirements for 
micromixers include a fast mixing time, a small device area 

and the possibility to integrate them into more complex 
systems. The fast mixing time is achieved by decreasing the 
mixing path and increasing the mixing surface, and Equa
tion (33.10) clearly shows that the smaller the mixing 
channel, the faster the mixing process. However, the 
desired high flow rate and the high driven pressures do 
not allow sufficiently small channels. The first solution to 
this problem is to split each stream into n sub-streams and 
then rejoin them again in a single stream. The mixing time 
will decrease with a factor of n 2 (Erbacher et al. 1999). 
Figure 33.6b describes this mixing concept with n = 2. This 
mixing method is known as parallel lamination. This 
design concept is simple and is suitable for planar fluidic 
systems, but a large lateral area is required for the parallel 
fluid channels. 
Another possible solution further segregates the joined 

stream into two channels: using n such splitting stages in 
serial configuration, it is possible to laminate 2n layers, 
which increases the mixing by a factor of 4(n � 1) 
(Branebjerg et al. 1996). Figure 33.7 illustrates this mixing 

Figure 33.7 Sequential lamination micromixer. 
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concept with three stages. The arrangement described in 
Figure 33.7 is referred to as sequential lamination and has 
vertical lamination and horizontal splitting, although 
sequential lamination can have horizontal lamination and 
vertical splitting. The drawback of this mixing concept is 
the relatively complicated 3D structures. For the same 
device area consumed by a channel (parallel concept) or 
by a stage (sequential concept), the parallel concept results 
in much faster mixing. 

Another solution for fast mixing is focusing the mixing 
stream in order to achieve a smaller flow channel and 
thinner lamination thickness. This concept can be realized 
by means of geometric focusing or by hydrodynamic 
focusing. While the mixing time is proportional to the 
square of the channel width, the velocity is inversely 
proportional to the channel width. As a result, the mixing 
time or the residence time in the mixing channel is propor
tional to the channel width, meaning that decreasing the 
channel width causes faster mixing. 

Since the mixing time also depends on the diffusion 
coefficient of the fluids and has a fixed value, it should be 
smaller than the residence time of the fluid which is 
determined by flow velocity and channel length. For a 
fast process and high flow velocity, the only optimization 
parameter is the channel length, which should be long 
enough to provide a certain residence time. 

As mentioned earlier, no moving parts are involved in 
passive mixers. Mixing relies entirely on diffusion, which 
explains why passive mixers are also called static mixers. 
Based on the reported applications, passive mixers are 
categorized as lamination mixers, injection mixers and 
valve mixers. 

Parallel lamination mixers split each of two inlet streams 
into n sub-streams, which are joined in one mixed stream as 
laminae. For the most trivial case of n = 1, two inlet streams 
merge into one mixing stream. Because of their special 
geometry, these mixers are often referred to as T-mixers or 
Y-mixers. The micromixer described by Deshmukh et al. 
(2000, 2001) is integrated in a planar microfluidic system 
with two check-valve micropumps for delivering the mix
ing fluids. Since T-mixers only have two laminae, the slow 
mixing time requires a long channel. However, the mixing 
stream can be segregated by switching the two inlet streams 
on and off. 

The focusing concept of a T-mixer described in the 
previous section was tested numerically by Gobby et al. 
(2001), and the results lead to a throttle design of a Y-mixer 
with improved mixing behaviour (shorter mixing length). A 
further solution for improving the mixing characteristics of 
T-mixers is utilizing a serpentine channel instead of a 
straight mixing channel to make use of chaotic advection 

(Jones et al. 1989). Active mixers use actuators to agitate 
the fluid. The actuator can be a pump, which drives the fluid 
and mixes it by means of chaotic advection. The actuator 
can also work as an energy source (acoustic or magnetic) to 
induce stirring movement in the fluid. Based on the type of 
actuator, examples of active mixers discussed here fall into 
one of the following three categories: chaotic advection 
mixers with pumps; ultrasonic mixers; or magneto hydro
dynamic mixers. For a deeper understanding of the theory 
of micromixing and microfluidic applications, the reader 
can refer to Capretto et al. (2011) and Nguyen (2012). 

33.4.3 Microvalves 

Microvalve components control the transport of small 
volumes of liquid in the system and are important compo
nents in fully integrated microfluidic analytical systems. A 
general classification can be made between active and 
passive microvalves, where both types can be driven either 
using mechanical or non-mechanical forces. An interesting 
technique to control fluid dosing is based on the geometry 
or the surface-wetting properties of the microchannel (pas
sive capillary valve technique). In microchip capillary 
electrophoresis systems for example, sample injection 
and transport is controlled without valves. In some appli
cations, the control on these valves depends on the geome
try of the microchannel intersection and on the applied 
operating parameters such as potential and duration of 
activation (Revermann et al. 2008; Atalay et al. 2009). 
Valveless microfluidic systems with integrated calibration 
for accurate quantification of analytes in food samples had 
been developed by Crevillén et al. (2006) while pneumati
cally actuated microvalves for flexible liquid control in 
many microfluidic systems were developed by Melin & 
Quake (2007). For a comprehensive review of microvalves 
in microfluidic systems, the reader is referred to Oh & Ahn 
(2006) and Zhang et al. (2007). 

33.4.4 Detection Systems 

While normal detection systems can be used in laboratory 
research, the future of microfluidic analytical devices relies 
on the development of highly sensitive and portable detec
tion systems. Due to the small sample volumes analysed by 
microfluidic analytical devices, high-sensitivity detection 
units are essential components of the system (Mitchell 
2001; Roman & Kennedy 2007; Escarpa et al. 2008). 
Microfluidic transducers are similar to those used in con
ventional laboratories, although adapted and modified to be 
integrated into microfluidic devices to deal with small 
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volumes of fluids. Electrochemical and optical detection 
methods are the most popular transducers in microfluidic 
analytical devices (Götz & Karst 2007; Newman et al. 
2008). 
Fluorescence-based detection methods are the most dif

fused due to the relative simplicity of coupling fluorescence 
excitation and detection units with the chip, as well as their 
capacity to detect fluorescence in low-volume samples 
(Götz & Karst 2007; He et al. 2007; Baker et al. 2009). 
However, sample turbidity and the optical path-length 
dependence of the signal or sample turbidity makes on-
chip applications challenging. Other optical methods 
include chemi-luminescence and absorbance. 
Electrochemical sensors providing high miniaturization 

and high sensitivity, such as potentiometers, amperometers 
and conductometers, are also widely diffused (Shiddiky 
et al. 2006; Lu et al. 2007). Very low concentrations in 
complex samples such as food or biological matrices can be 
detected (Roman & Kennedy 2007; Baker et al. 2009). 
Much research is still required for the development of low-
cost, miniaturized, portable on-chip detection systems. A 
comprehensive review is provided by Baker et al. (2009). 

33.4.5	 Devices for Droplet and Microcapsule 
Generation 

Most microfluidic methods to produce droplets use passive 
devices generating a uniform, evenly spaced, continuous 
stream of droplets (Christopher & Anna 2007), the volume 
of which range from femtolitres to nanolitres. Their opera
tional modes often relies on the characteristics of the flow 
field to deform the interface and promote the natural growth 

of interfacial instabilities, in this way avoiding the necessity 
of any local external actuation. Droplet polydispersity, 
defined as the ratio of the standard deviation of the size 
distribution to the mean droplet size, can be as small as 
1–3%. 
Three main approaches based on different physical fluid 

dynamics mechanisms of droplet formation and break-up 
have emerged, and can be characterized by considering the 
flow field topology in the vicinity of the drop production 
zone: 

1. break-up in co-flowing streams (Fig. 33.8a); 
2. break-up in cross-flowing streams (Fig. 33.8b); and 
3. break-up in elongational flows (Fig. 33.8c). 

In all three cases, the phase to be dispersed (from 
hereafter defined as the dispersed phase or inner fluid) 
is driven by a pump or by a fixed-pressure boundary 
condition into a microchannel, where it encounters the 
immiscible external fluid (continuous or outer fluid). 

The physical properties of the fluids such as viscosity and 
interfacial tension, the flow rates of both fluids and the 
geometry of the zone where the two fluids meet (the 
junction) set the local flow field, where the fluid–fluid 
interface deforms and eventually leads to droplet or bubble 
production depending on the phases involved. The size of 
the droplet is set by competition between the abovemen
tioned properties, the pressure due to the external flow and 
viscous shear stresses, and the capillary Laplace pressure 
resisting deformation of the interface. 

Among all dimensionless numbers, the most important is 
the capillary number Ca based on the mean continuous-

Figure 33.8 Droplet break-up mechanisms in (a) cross-flowing streams; (b) co-flowing streams; and (c) elongational flows. 
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Figure 33.9 A typical T-junction with (a) characteristics 
dimensions and (b) break-up mechanism. 

phase velocity, in most microfluidic devices usually in the 
range 10�3 to 10. Additional dimensionless parameters are 
the ratio of flow rates (Qr = qin/qout) and viscosities (λ = μin/ 
μout), and the geometric dimensional ratio typically given 
by the ratio of channel widths (wr = win/wout). 

T-junctions belong to the first class of flow topology 
listed above, while focusing and co-focusing devices 
belong to classes (2) and (3) respectively (see Figs 33.9 
and 33.10). The latter can be further classified in mostly 2D 
devices (planar or non-planar) and 3D co-axial injectors, 
whose working principle is related to the Rayleigh–Plateau 
instability described in the following sections. 

33.4.5.1 T-Junctions 

The most common and simple devices developed to gener
ate droplets in a controlled way are T-junctions (illustrated 
schematically in Fig. 33.10a), where two channels merge at 
a right angle. The continuous fluid flows in the main 
channel, while the orthogonal channel introduces the fluid 
that will be dispersed forming droplets. If both channels 

Figure 33.10 A typical flow-focusing device for oil/water 
emulsions with characteristic dimensions. 

have rectangular cross-sections, geometry can be defined 
by three parameters configuring topology of the T-junction: 
the width wout of the main channel, the width win of the 
channel supplying the secondary fluid and the height h of 
the two channels; this elementary configuration could be 
modified in order to use different channel heights or 
different channel connections. The process of formation 
of droplets in the T-junction geometries can be described as 
follows: 

1.	 the two immiscible fluids form an interface at the 
junction of the main channel and the orthogonal inlet; 

2.	 the stream of the discontinuous phase penetrates into the 
main channel flow and a droplet begins to grow, while 
the pressure gradient and the flow in the main channel 
start to warp the droplet in the downstream direction; 

3.	 at this point the interface on the upstream part of the 
droplet moves downstream and, when the interface 
approaches the downstream edge of the lateral inlet, 
the little connection of the inlet channel with the droplet 
breaks; and 

4.	 the disconnected liquid plug flows downstream in the 
main channel starting the regularization process, while 
the tip of the stream of the discontinuous phase retracts 
to the end of the inlet and the process repeats. 

Early work by Thorsen et al. (2001) on the formation of 
monodisperse aqueous droplets in an organic carrier fluid 
performed on a microfluidic chip was later developed by 
other authors (Tice et al. 2003; Gunther et al. 2004; 
Okushima et al. 2004; Zheng & Ismagilov 2005). The 
break-up mechanism involved in droplet formation was 
later analysed by Garstecki et al. (2006) showing that when 
Qr is of the order 1, the dominant contribution to the 
dynamics of break-up at low capillary numbers is given 
by the pressure drop across the emerging droplet and not by 
shear stresses. 
Squeezing, dripping and jetting are the three modes of 

operation in the formation mechanism of the drop. For 
small values of the capillary number (typically Ca < 10�2), 
the formation of droplets follows the squeezing model. At 
intermediate values of Ca the device operates in the drip
ping mode, in which the viscous effects become more 
important. At the highest flow rates, the system develops 
a long jet and droplets are sheared off due to fluid dynamics 
instabilities effects (Zheng et al. 2003). 
The dynamics of droplet break-up in the squeezing 

regime can be qualitatively described in the following 
way. As the tip of the dispersed phase enters the main 
channel, it starts to fill the main cross-section. The hydrau
lic resistance to flow in the thin films between the dispersed 
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phase interface and the walls of the obstructed microchan
nel creates an additional pressure drop along the growing 
droplet. This pressure drop has a strong influence on the 
dynamics of break-up, as once the main channel is occluded 
by the growing droplet the upstream interface of the droplet 
is pushed downstream by the continuous fluid. Once the 
droplet interface is pushed downstream against the wall of 
the channel, the neck connecting the orthogonal stream of 
dispersed fluid to the droplet narrows and eventually 
breaks, and the shaped droplet is released. If the dispersed 
phase flow rate becomes larger than the continuous phase 
flow rate, the squeezing regime further evolves into the 
formation of stable parallel flowing streams, starting the 
dripping regime. 
Garstecki et al. (2006) highlighted that the drop length 

increases linearly with the flow-rate ratio and that the 
droplet length is independent of the continuous-phase 
viscosity for a wide range of oil viscosities. On the other 
hand, numerical studies (De Menech 2006) and exper
imental works (van Steijn et al. 2007; Christopher et al. 
2008) have demonstrate that the viscosity ratio is indeed 
important for the droplet formation process in the inter
mediate regime (Qr < 1), where both shear stress and 
confinement strongly influence the shape of the emerging 
droplet. van Steijn et al. (2009) related the neck collapse 
to significant reverse flow in the corners between the 
phase to be dispersed and the channel walls, while 
transition from squeezing to dripping regime was ana
lysed by De Menech  et al. (2008) and Christopher et al. 
(2008). 
Although shear stress effects do play a role in both 

squeezing and dripping regimes, results showed that 
these effects are secondary in the squeezing regime 
and the squeezing model approximates the volume of 
the droplets quite well. Both the shear stress exerted by 
the continuous fluid on the growing droplet and the 
pressure drop previously described are important in 
the dripping regime, and the scaling of the volume of 
the droplet exhibits in this case a dependence on the 
value of the capillary number. 
In T-junctions the strong confinement effects exerted by 

the presence of walls, coupled with the importance of the 
evolution of the pressure field during the process of forma
tion of a droplet, confers a quasi-static character to the 
collapse of the dispersed streams. The separation of time-
scales between the slow evolution of the interface during 
break-up and fast equilibration of the pressure field in the 
fluids via acoustic waves, and of the shape of the interface 
itself via capillary waves, are the basis of the observed 
monodispersity of the droplets and bubbles formed at low 
values of Ca. 

33.4.5.2	 Focusing and Co-Flow-Focusing 
Devices 

Flow-focusing systems are a class of microfluidic devices 
which operate differently to T-junctions. Qualitatively, 
their operation can be described in the following way. 
Two immiscible phases (e.g. a gas and a liquid or two 
immiscible liquids such as water and oil) are driven via their 
inlet channels to the flow-focusing junction (Fig. 33.10b). 
At this junction, the central channel delivering the fluid to 
be dispersed ends upstream of an orifice. From the two sides 
of the central channel (or the annulus around the central 
capillary in the case of coaxial glass capillaries configura
tion; Utada et al. 2005), additional streams deliver the 
continuous fluid. 
The boundary conditions for the fluids can be assigned 

either using constant flow rate or fixed pressure applied to 
the inlet. In both cases (Ward 2005; Sullivan & Stone 
2008; Raven & Marmottant 2009) the pressure gradient 
along the central axis of the device pushes the two 
immiscible fluids through the orifice: the tip of the inner 
phase enters the orifice and starts to fill a liquid droplet or 
inflate a bubble in the case of gas, growing downstream of 
the orifice. At the same time, in the orifice the inner stream 
begins to thin and a neck is formed due to the restriction 
generated by the continuous fluid passing by which 
eventually breaks, releasing a bubble or a droplet and 
retracting upstream to its original position, where the 
process starts again. 
The range of pressures (or flow rates) applied to the 

boundaries generating periodic dynamics depends on the 
particular device, coupling the dynamics of flow in 
the orifice and the flow in the outlet channel (Sullivan & 
Stone 2008). The droplets produced using focusing flows are 
strongly monodispersed, presenting a standard deviation of 
their diameters usually below of 5% of the mean value. 

Squeezing, dripping and jetting are also the basic regimes 
involved in flow-focusing microfluidic devices. In the case 
of a gas–liquid system, squeezing of a gas bubble confined 
in a fluid can be described using a quasi-static model: when 
the tip of the gaseous phase enters the orifice, most of the 
cross-section of the microchannel is filled. The interfacial 
forces dominate the shear stress, and the capillary number is 
low so that the tip assumes a compact shape minimizing the 
surface, restricting the flow of the continuous liquid to thin 
layers between the interface and the walls of the orifice. The 
flow in these thin layers is subject to an increased viscous 
dissipation and resistance, opposing the liquid inflowing 
from the inlet channels to pass through the orifice. At this 
point, the pressure upstream of the orifice rises and the 
liquid squeezes the neck of the gas stream. 
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Setting a fixed flow rate Qr for the continuous liquid, this 
squeezing proceeds at a rate proportional to Qr and inde
pendent of pressure, viscosity of the liquid and the value of 
interfacial tension. The quasi-static model has been con
firmed in detailed experiments by Dollet et al. (2008) and 
can explain the observed monodispersity of the bubbles as 
the collapse of bubbles and perturbations occur at different 
timescales. If the collapsing speed of the bubbles is much 
smaller than the capillary speeds and the speed of sound in 
the liquid, any perturbations in flow given by variation of 
pressure or shape of the interface are balanced on timescales 
much shorter than the interval required for the formation of 
a single bubble. 

The quasi-static model of break-up can also be extended 
to liquid–liquid systems, where the framework is a little 
more complicated because the viscosities of both of the 
liquids play an important role in the process and the shear 
stresses can be transferred between them (Fig. 33.11a; 
Anna et al. 2003). Further, the quasi-static model will 
work only in regimes where the capillary speed is larger 
than the characteristic time for break-up, which is related to 
the time needed to fill the volume of the orifice with the 
continuous fluid. 

In the dripping regime emulsification is present in two 
main modes. It is strongly influenced by the geometry of the 
channels, by the flow rates of the two immiscible liquids 
and by the rheological properties of the dispersed phase and 

Figure 33.11 The quasi-static model of droplet break-up for 
liquid–liquid systems: (a) squeezing mode and (b) dripping 
mode. Reprinted with permission from Anna et al. (2003). 
Copyright 2003, AIP Publishing LLC. 

different sub-modes of operation can be identified. The first 
mode appears at low flow rates of the inner phase, where the 
thread breaks in the orifice. After each break-up, the tip of 
the discontinuous stream retracts upstream of the orifice to 
the end of its inlet channel (squeeze), and the thread 
typically occupies most of the cross-section of the orifice. 
At higher flow rates of dispersed phase, the break-up can 

occur either in the orifice or slightly upstream of it. The tip 
of the discontinuous stream does not retract with respect to 
its inlet however, but remains at the inlet, immediately 
feeding the orifice for a successive break-up (see Fig. 
33.11b). In this mode the inner phase does not completely 
occlude the cross-section of the orifice; increasing the flow 
rates further means it is focused in the orifice by the 
continuous flow (Nie et al. 2008). 
In the squeezing mode, the break-up obeys the quasi-

static model with only a slight dependence of the diameter 
of the droplets on the value of the capillary number Ca (Lee 
et al. 2008b). 
A particular class of flow-focusing device is represented 

by coaxial injectors, first implemented using microcapilla
ries in the context of microfluidics by Cramer et al. (2004; 
Fig. 33.12). In their work, they showed that the break-up of 
the liquid stream into droplets could be separated into two 
distinct regimes: dripping, in which droplets pinch off near 
the tip of the capillary; and jetting, in which droplets pinch 
off from an extended jet downstream of the tube tip. The 
transition from dripping to jetting is regulated by a critical 
value U∗ of the continuous phase velocity, which decreases 
as the flow rate of the dispersed phase increases. 
This critical value was also found to depend on the 

viscosity ratio λ as well as on the interfacial tension γ. 
The work of Cramer was confirmed simultaneously by 

Utada et al. (2007a, b, 2008) and Guillot et al. (2007) 
through stability analyses of viscous stream confined within 
a viscous outer liquid in a microchannel. Both groups 
reached the conclusion that the transition from dripping 
to jetting is a transition from an absolute to a convective 
instability, a terminology which refers to the ability of 
perturbations to grow and to withstand the mean advection. 
While absolute instabilities grow faster than they are 
advected, and contaminate the whole domain and yield 
to a self-sustained oscillation, convective instabilities are 
characterized by a dominating advection of the perturba
tions and they can been considered as amplifiers of the 
noise that already exist in the system (Huerre & Monkewitz 
1990). 
In the case of axisymmetric devices, the control of 

instability generating the transition from dripping to jetting 
regime is the basis of operation of this type of device. A 
cylindrical jet of fluid is always unstable because the 
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Figure 33.12 A typical coaxial capillary assembly for focusing flow. 

surface energy decreases towards a minimum when the 
cylindrical jet breaks into drops. For this reason, any 
infinitesimal undulation of the shape of axial profile of 
the cylindrical jet can be decomposed via a series expansion 
into sinusoidal perturbations: if the length of these pertur
bations is larger than a certain critical value, they sponta
neously amplify and, as a consequence, the cylinder breaks 
into droplets. 
When viscous terms dominate the dynamic terms, the 

speed of this spontaneous break-up can be estimated using 
dimensional analysis. The surface of the cylinder implodes 

with a speed that can be approximated as u = γ/μ, where μ is 
the viscosity of the fluid and γ is the surface tension. 

Most of the common techniques of emulsification and 
atomization are based on the Rayleigh–Plateau instability 
(Fig. 33.13), and to trigger its onset it is enough to deform 
the immiscible fluid into elongated morphologies. The 
principle behind this drop formation in the jetting regime 
can be easily understood following the theories of Plateau 
(1849) and Rayleigh (1879). Any perturbation in the jet will 
result in a slightly thinner region, with the rising of Laplace 
pressure within this thinner region of the jet due to the 

Figure 33.13 The physical mechanism of Rayleigh–Plateau instability: (a) the undeformed jet starts to deform due to (b) external 
pressure oscillations; (c) surface deformations are amplified by Laplace pressure effects until (d) a jet break-up occurs. (e) The new 
drops eventually recover their spherical shape. 
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Figure 33.14 (a) Flow- and (b) co-flow-focusing device configurations; (c) possible jetting-dripping combinations of middle and 
inner flow. 

curvature of the interface. The internal higher pressure 
pushes the fluid within the jet to either side, causing the 
thin region to become even thinner until ultimately the 
stream breaks into drops. 

The balance between the surface tension driving the fluid 
away from the perturbation and the viscous drag of the fluid 
that resists this flow defines the dynamics of this drop 
pinch-off, and several configurations can be obtained using 
flow-focusing and co-flow-focusing devices as illustrated in 
Figure 33.14. 

33.4.5.3 Size, Mixing and Shape Control 

It is clear that by using a T-junction or flow-focusing 
device, the break-up of the disperse phase by the continuous 
phase becomes periodic and predictable. The micro- or 
even nanoparticles produced using microfluidic devices 
typically present a narrower size distribution than those 
produced by conventional methods (Gong et al. 2008; 
Karnik et al. 2008; Kolishetti et al. 2010; Valencia et al. 
2010; He et al. 2011; Watanabe et al. 2011). This results in 
a consistent and regular size of droplets, where control can 
be obtained by altering the flow rates ratio Qr of the 
continuous and disperse phases. Droplets are subsequently 
solidified to obtain matrix encapsulation microspheres, or 
else undergo further encapsulation processes to generate 
uniform core–shell with single or multicore structures. 

In biological applications, a further advantage of micro
fluidics-based drug carrier production systems is evident 
when nanocomplex synthesis is required; the charge 

neutralization between the negatively charged nucleic 
acid and the cationic gene carrier is assumed to be more 
complete by confining the two components in a picolitre 
droplet, obtaining more uniform and compact nanocom
plexes while exhausting any unreacted cationic gene car
rier, often cytotoxic. 
The efficiency of mixing in microfluidic devices is 

another important feature to consider. In hydrodynamic 
focusing, the fluid stream to be mixed, globally described 
as dispersed phase, flowing along the central microfluidic 
channel, is confined into a narrow stream delimited by the 
two adjacent streams at higher flow rates. For example, 
diblock copolymers or lipids are dissolved in solvent self-
assemblies as solubility decreases via solvent dilution, 
obtained through mixing with a buffer in adjacent streams. 
This process takes place at the micron scale, but the effi
ciency of mixing by diffusion is dependent on length and 
mixing time drops significantly as diffusion distance falls 
below 100 μm (De Mello 2006). In reactors with a charac
teristic length scale >1 mm, mixing by diffusion is not very 
efficient. For this reason, microfluidic channels are usually 
designed with a width of 100 μm or less, representing an 
efficient reactor for rapid mixing of fluids and transforming 
the stages of carrier fabrication into a self-assembly (nucle
ation, growth by aggregation and stabilization after a char
acteristic timescale) in a well-controlled automatic process. 

Another important feature to consider in order to 
improve the effectiveness of controlled release is the shape 
control. Some recent publications have demonstrated the 
effect of particle shape on drug carrier or functional food 
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Figure 33.15 Examples of multiple emulsions formed in microfluidic systems: (a) multiple shells–multiple cores configurations of 
monodisperse triple emulsions made with cascaded microcapillary devices results (after Chu et al. 2007). (b) Composite emulsion 
formed by droplets of different composition and different volumes (after Hashimoto et al. 2007). (c) Examples of anisotropic 
particles formed by either polymerization (spheres and disks, rods) of droplets of monomer or thermal setting of droplets (after Xu 
et al. 2005). 
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performance because of its influence on tissue biodistribu
tion and endocytic uptake (Champion et al. 2007; Gratton 
et al. 2008). 

Although conventional soft lithography techniques can 
be used to fabricate non-spherical particles, the production 
rate is limited by the mould size. Mass production is then 
limited due to the increased complexity in parallel config
uration set-up. A possible solution involves the combined 
use of a microfluidic device and microscope projection 
lithography, so that the fabrication process for non-spheri
cal objects could be transformed into a continuous process 
(Dendukuri et al. 2006). In this approach, a mask with the 
desired geometry is inserted into the microscope to generate 
a mask-defined UV light beam projection on the monomer 
stream flowing into a polydimethylsiloxane (PDMS) micro-
fluidic device. Particles with the desired shape are polym
erized and transported along with the unpolymerized 
monomer stream. In this way, particles with a variety of 
shapes can be efficiently generated. 

33.5 Perspectives and Challenges 

In analysing the development of microfluidics in the food 
industry in the last decades, we can say that although there 
have been some successful implementations much work 
remains to be done (Escarpa 2014). Several issues need to 
be addressed, including simplification of the calibration 
process in order that it can be performed by a non-specialist 
and self-calibration for in-field analysis, and more con
trolled separation processes. An easier and less-expensive 
commercialization of biomolecules would also be useful for 
developing novel microfluidic biosensors. 

The microencapsulation process (possible configurations 
using microfluidic devices are depicted in Figure 33.15), 
including liquid and solid particles, can be extended to the 
production of more complicated objects and architectures 
such as multiple emulsions or Janus particles. 

Parameters influencing the droplet production have been 
focused upon, and they can be reassumed in: the strong 
effects of flow confinement driven by the presence of the 
microchannels; the importance of the evolution of the 
pressure field during the droplet formation process; and 
the separation of timescales between the slow evolution of 
the interface during break-up and fast equilibration of the 
shape of the interface via capillary waves, and of the 
pressure field in the fluids via acoustic waves. 

These features are the basis of the observed high-quality 
monodispersity of the droplets formed in microfluidic 
systems at low values of capillary number and, for this 
reason, microfluidic probably represents the future of 

encapsulation. Nonetheless, there are still challenges to 
be overcome. The major problem is the development of 
mass-production techniques as current methods are not 
feasible for scale-up. The cleaning process after particle 
solidification in liquid–liquid systems also presents a prob
lem. The step from a laboratory to industrial applications is 
not straightforward, and researchers are now exploring the 
possibility of implementing new technologies which can 
provide a low-cost high-throughput of droplets. 
Regarding food safety and analysis, we can say that the 

main problem probably lies in interfacing microfluidic 
devices with electronic read-out instruments and in extend
ing the fields of application. Numerous applications have 
been developed in microfluidics-based encapsulation and in 
food safety and analysis, and the technology is almost 
considered to be mature. On the other hand, the inter
disciplinary nature of this technology requires interconnec
tions and integrations of different skills in any research 
group. The main problem today in the technological trans
fer of these technologies to the food industry is linked to the 
complexity of the technology and to the existing gap 
between laboratory experiments and mass production. 
Regardless, there is plenty of room for growth, opportuni
ties and innovation in the field of microfluidic applications 
in food industries. 
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34.1 Introduction 

Given the diverse nature of the food industry, it is continu
ally seeking and willing to adopt new technologies for 
sustainability, safety reasons and continued success. To 
address the issues of chemical contamination, many proces
sors are seeking to minimize or avoid the use of conven
tional preservatives and chemical antimicrobials (Misra 
et al. 2011a). Although thermally processed foods still 
dominate the global food sector the approach has significant 
limitations, especially from a quality loss perspective. Non-
thermal technologies have emerged as alternatives to con
ventional thermal processing, with selected approaches such 
as high-pressure processing and pulsed electric field already 
commercialized. However, several other approaches remain 
at the research and developmental stage. 

Atmospheric-pressure non-thermal plasma (NTP) in air or 
within various gas mixtures generated by electrical dis
charges present considerable interest for a wide range of 
environmental, biomedical and industrial applications, such 
as air pollution control, waste water treatment, bio
decontamination and sterilization, material and surface mod
ification, electromagnetic wave shielding, carbon beneficia
tion and nanotube growth and element analysis (Machala 
et al. 2007). Plasma technology for food applications is a 
relatively new and rapidly evolving interdisciplinary field, 

succeeding the recently established plasma medicine field, 
and at the interface of food science, physics, chemistry, 
biology, microbiology and chemical engineering. 
The developments in plasma physics and innovative 

designs of various plasma sources have enabled the real
ization of plasma at atmospheric pressure conditions in a 
‘cold’ or ambient temperature regime, referred to as ‘non
thermal plasma’. Atmospheric NTP has recently drawn the 
considerable attention of food scientists and engineers for 
decontamination purposes (Misra et al. 2011b). The driving 
force for investigating NTP as a food technology also 
originates from consumer demand for safer, nutritious 
and organoleptically appealing foods, and the obvious 
demerits associated with conventional thermal processing 
as mentioned earlier. 
Research in NTP technology for food and bio

decontamination is gaining momentum. Presently the 
only commercial success story of NTP technologies for 
the food industries is limited to polymer processing and 
treatments for food packaging applications (Pankaj et al. 
2014). However, the promising results evident from recent 
laboratory-scale experiments for food decontamination 
without significant compromise in quality highlight the 
potential for commercial successes of NTP technology. 
This chapter summarizes the achievements and attempts 
of various research groups for NTP decontamination of 
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foods and critically analyses the challenges which remain. 
To introduce the topic to those who are new to the field, a 
brief discussion of plasma physics and chemistry is also 
included. 

34.2 NTP Fundamentals 

34.2.1 Plasma Physics and Chemistry 

The term ‘plasma’ refers to a quasi-neutral ionized gas 
primarily composed of photons, ions and free electrons as 
well as atoms in their fundamental or excited states with a 
net neutral charge (Misra et al. 2014c; Pankaj et al. 2014). 
Simply put, when a gas is ionized wholly or partially into 
ions and electrons it becomes plasma and therefore the 
fourth state of matter, following solids, liquids and gases. 
Depending on the physical processes and thermodynamic 
conditions, plasma can be broadly classified into two types: 
thermal and non-thermal. NTP at atmospheric pressure is 
characterized by a net gas temperature close to ambience 
and a thermodynamic disequilibrium between the tempera
ture of neutral and electron species (Misra et al. 2014a). 
Ionization of a gas can be achieved by either heating the 

gas to very high temperatures or by applying an electric 
field. The former approach inevitably leads to the thermal 
plasma state, while the latter is more common for induction 
of NTP state. The process of the break-down of the gas 
under the influence of an electric field can be explained as 
the following. When an electric field is absent from atmo
spheric air under ambient conditions, the atoms, molecules, 
electrons and ions are in a state of equilibrium. This means 
that the rate of creation of charged particles is approxi
mately balanced by the rate of recombination. When an 
electric field is applied across the gas, a small current is 
developed due to the already existing free electrons and 
ions. However, this current lacks the ability to disturb the 
equilibrium and the ion, and electron mobilities are nearly 
constant. When the electric field and current density are 
increased, the equilibrium is disturbed by the formation of 
ions and electrons. The current continuously increases with 
the rise in voltage until a break-down voltage is reached. 
For a dielectric barrier discharge, the magnitude of break
down voltage depends on the state variables of the gas, 
electrode gap, dielectric material and secondary electron 
emission coefficient. Paschen’s law states that the break
down voltage of parallel plate reactor is a function of 
pressure and gap distance. For a uniform electric field, 
this can be written in the mathematical form as 

V t � � �f Pd

Figure 34.1 Break-down potentials in different gases over a 
wide range of Pd values. 

where P is the operating pressure and d is the gap distance. 
The graphical curves of break-down voltage Vt versus Pd 
for different gases and electrode material have a unique 
minimum value (Fig. 34.1). The smallest value of break
down is called the minimum sparking or break-down 
potential. It has a value of several hundred volts. The graph 
shows some experimental curves of break-down voltage 
versus Pd. There is huge impact on the break-down voltage 
in the case of mixtures of two different gases. For example, 
a small impurity of argon in neon atoms enhances the 
ionization due to the ‘Penning effect’. 
The electrical discharge in oxygen or oxygen containing 

gas mixtures generates energetic electrons, which disso
ciate oxygen molecules by direct impact. Singlet oxygen 
(O•) resulting from this process combines with oxygen 
molecules (O2) to form ozone (O3). Ozone is one of the 
most chemically stable and active species generated in 
dielectric barrier discharge (DBD) because of its relatively 
long lifetime and high oxidation potential (Misra et al. 
2013b), and is widely considered as a powerful oxidant and 
disinfectant in water treatment, food processing, grain 
preservation, pest and mycotoxins treatment in warehouses 
and various other environmental applications. It has been 
certified as generally recognized as safe (GRAS) for use in 
food processing by the US FDA (FDA 2001). 

The open question in plasma physics research at the 
moment is the identification of the short-scale transient 
species. Optical emission spectroscopy (OES) is a good, 
reliable and non-intrusive method of plasma diagnostics. It 
enables identification of active species and radicals in the 
plasma, as well as temperature measurements (determina
tion of vibrational and rotational and electronic excitation 
temperatures; Les ̌tinská et al. 2011). However, even such 
commonly employed approaches to plasma chemistry char
acterization only allow for identification of relatively few 
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Figure 34.2 Emission spectrum of the non-thermal plasma discharge (80 kV for 300 s) in an empty package and in a package 
containing strawberries. Inset: zoom of the spectra around 750 nm showing less intense peaks from oxygen. Source: Misra et al. 
(2014c). Reproduced with permission of Elsevier. 

species. For example, the emission spectrum shown in 
Figure 34.2 for an electrical discharge in air reveals the 
presence of mostly excited nitrogen species and singlet 
oxygen. 

The complex time- and voltage-dependent dynamics in 
the plasma chemistry, involving over 75 species and 500 
chemical reactions with physical and chemical processes 
occurring at vastly varying time and length scales, pose a 
great challenge for process optimization (Gordillo-Vázquez 
2008; Misra et al. 2013a). When plasma interacts with a 
biological material, the molecules making up the biological 
system are also likely to undergo a multitude of reactions. 
Clearly, a more fundamental understanding of the govern
ing processes, in the plasma phase but even more so at the 
interface with the food (or any substrate), is desired in order 
to gain this control. Only such a fundamental understanding 
will eventually allow the development of safe, secure and 
well-controlled plasma sources (Neyts et al. 2014). 

Having discussed the process of electrical break-down 
of a gas for attaining a plasma state and the resulting 
plasma chemistry, it becomes important to briefly mention 
the various plasma sources and set-ups commonly 
employed for the treatment of foods and other biological 
materials. 

34.2.2 Plasma Sources 

Depending on the type of electrical set-up, the driving circuit 
and, from a practical application standpoint, NTP plasma 
sources can be broadly classified into barrier discharges, 
corona discharges, plasma jets and microwave plasma sour
ces. A DBD comprises two electrodes with a large potential 
difference across them, with a dielectric material in between 
to prevent the transition into arc regime. The discharge from a 
dielectric barrier set-up results in a NTP, which is rich in 
active plasma species. For various operations DBDs can 
operate in filamentary or glow discharge modes. 
Corona discharge set-ups consist of a cathode-wire and 

an anode (could also be the treated material) and a DC 
power supply is often pulsed, resulting in a lighting crown 
around the wire (Tendero et al. 2006). Corona discharges 
are widely used in industrial ozone generators. Plasma jets 
consist of two concentric electrodes through which the 
operating gas or a mixture of gases flow. The plasma 
discharge is obtained by application of electrical power 
(often at radio-frequency, 13.56 MHz) to the inner electrode 
at a high voltage. The ionized gas from the plasma jet exits 
through a nozzle, where it is directed onto the substrate a 
short distance downstream (Schutze et al. 1998; Fig. 34.3). 
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Figure 34.3 A typical experimental set-up of (a) the plasma jet for antimicrobial treatment and (b) the plasma plume from 
helium. Source: Antoniu et al. (2014). Reproduced with permission of Elsevier. 

Microwave (MW) plasma set-ups are based on high-
frequency (GHz range) microwave discharges in a gas. The 
main advantages of MW plasmas are the lack of a require
ment for electrodes, the availability of cheap microwave 
sources at 2.45 GHz, good microwave to plasma energy 
coupling and no need for vacuum devices if operated at 
atmospheric pressure (Les ̌tinská et al. 2011). It should be 
noted that MW plasma can refer to thermal or non-thermal 
types depending on the operating parameters. 
Plasma sources for practical applications can be operated 

in either direct or indirect modes. When operated in direct 
mode, the very-short-timescale-charged plasma species and 
electrons, in addition to the neutral and excited species, also 
interact directly with the food. When operating under the 
indirect mode of treatment, the short-life transient species 
recombine and do not reach the food surface, thereby leaving 
only the relatively long-lived active species to interact. 

34.3 Plasma–Microbiological Interactions 

The ability of NTP to inactivate bacteria, spores (Bokhorst
van de Veen et al. 2015), fungi and even viruses 
(Alshraiedeh et al. 2013) has been widely documented 
over the last two decades and has been summarized by 
Misra et al. (2011b). NTP produced in a gas discharge 
results in a cocktail of active molecules that continually 
react (often very rapidly) with other molecules and particles 

present. The combined action of all these species could 
have a synergistic effect on inactivation of the microbial 
cells and spores. It is important to note that despite the high 
log reductions published in scientific literature, the mecha
nism of action of plasma is not completely understood. This 
is because cells functions and plasma interactions cannot be 
decoupled. Most studies therefore rely on a global mecha
nistic approach to study these changes. 
It is now well-recognized that oxidation of lipid in cell 

membranes of bacterial cells increases membrane perme
ability, decreases fluidity and the products emitted react 
with DNA (Marnett 2002). In particular, the double bonds 
of unsaturated lipids are particularly susceptible to ozone 
attack when the plasma is generated in air or an oxygen-
containing gas mixture (Guzel-Seydim et al. 2004). Oxi
dation of the sulphhydryl groups of membrane proteins and 
spores resulting from ozone is also documented. Laroussi 
et al. (2003) and Mendis et al. (2002) attributed cell-wall 
rupture of plasma-exposed bacterial cells to electrostatic 
forces due to accumulation of charges at the outer surface of 
cell membranes. Through molecular dynamics simulation a 
range of effects induced by NTP in the bacterial cell wall, 
particularly the peptidoglycan structural element, was 
explained by Yusupov et al. (2012). It has been proposed 
that the C-N bonds in peptidoglycan in the peptidoglycan 
bridge are cleaved by the action of an impinging, energy-
rich oxygen atom. In addition, the hydrogen-abstraction 
reaction leading to C-O bond cleavage and the homolytic 
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Table 34.1 Summary of action of NTP on bacterial cell components. 

Cell component Effects References 

Cell wall 

Cell 
membrane 

Proteins 

Breaking of chemical bonds and erosion due to intense 
bombardment by radicals; surface roughness 

Lesions and perforations in the membrane (etching); diffusion of 
reactive species and consequently local damage; formation 
of volatile compounds such as CO2 

Protein denaturation; amino acid oxidation 

Gallagher et al. 2007; Moreau et al. 2008; 
Yusupov et al. 2012 

Gallagher et al. 2007; Moreau et al. 2008; 
Cooper et al. 2010; Korachi & Aslan 
2011 

Attri et al. 2012 
Lipids and fatty 

acids 
Nucleic acids 

Cytoplasm 

Membrane lipid peroxidation through the production of 
superoxide anion and hydrogen peroxide 

Loss of bacterial chromosome; damage to DNA by inducing the 
formation of thymine dimers; damage to RNA; reduction of 
cell replication 

Deformation to the cytoplasm; shrinkage of cell and consequent 
leakage of cytoplasm content 

Cooper et al. 2010 

Laroussi 2005; Hong et al. 2009; 
Korachi & Aslan 2011 

Hong et al. 2009 

cleavage of C-C bond is also proposed through molecular 
dynamics simulations. The process of binding of reactive 
oxygen and reactive nitrogen species to E. coli has also 
been elucidated through the use of isotopic nano-imaging 
mass spectrometry (Duday et al. 2013). Recent studies 
employing in situ electron spin resonance (ESR) measure
ments on fungal spores of Penicillium digitatum exposed to 
plasma from a microwave source have confirmed the 
presence of reactive radicals inside the fungi following 
plasma treatments (Ishikawa et al. 2012). 

A detailed discussion of the plasma-microbial discus
sions in itself could warrant a separate chapter; a brief 
summary of the important effects of NTP on bacterial cell 
components and cell function is however provided in 
Table 34.1. The above discussion can be summarized by 
stating that NTP is capable of rapid inactivation of micro
organisms of various classes through multiple pathways. 

34.4 Plasma–Food Interactions 

Having discussed the interactions between plasma and 
microorganisms and the action of plasma species on micro
bial cell components, the focus of this chapter is now 
shifted towards practical applications for decontamination 
of foods. The food applications discussed fall within two 
broad classes: plant and animal foods. 

34.4.1 Plant-Based Foods 

34.4.1.1 Fruits and Vegetables 

Sanitizing with chemicals, often chlorine based, is a most 
common intervention aimed at providing fresh produce 

safety and preservation. In a number of European countries 
the use of chlorine on minimally processed vegetable 
products is prohibited (Rico et al. 2007; Misra et al. 
2014d). Considering this, there is a need to provide the 
fresh produce industry with intervention strategies to effec
tively eliminate pathogenic microorganisms associated 
with fresh produce (Misra et al. 2011a). 
Several recent studies have indicated the elimination or 

reduction of microorganisms from fresh produce surfaces 
following exposure to NTP. Indirect treatment of strawber
ries with a DBD has been reported to be efficient for 
microbiological inactivation compared to direct treatments 
(Misra et al. 2014b, d). A decrease in respiration rate of 
NTP treated strawberries following a short period of delay 
has been reported (Misra et al. 2014b, d). Similar results 
have also been obtained for in-package NTP treatment of 
cherry tomatoes (Misra et al. 2014a), attributed to the 
decrease in microbial count. Tappi et al. (2014), suspected 
the alteration in the cellular respiratory pathway as the 
cause for changes in respiration rates of NTP treated 
produce. While Misra et al. (2014d) observed acceptable 
retention of firmness in strawberries following NTP treat
ments in air for 5 minutes, Tappi et al. (2014) reported that 
gas plasma treatments caused a loss of firmness in fresh-cut 
apples with treatment times of the order 10–30 min. 
Clearly, such differences are not comparable given the 
different types of plasma sources, gas compositions and 
respective treatment times. 
Successful inactivation of microorganisms on fresh pro

duce using NTP has been studied by several research groups. 
The extent of inactivation depends on the structure of the 
food, however. For example, Bermúdez-Aguirre et al. (2013) 
report that tomatoes, followed by lettuce, are easier to 
disinfect than carrots. Most studies investigating NTP 
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decontamination of plant produce report the use of noble 
gases such as argon (Baier et al. 2013; Bermúdez-Aguirre 
et al. 2013) or common diatomic gases such as nitrogen 
(Fernandez et al. 2013), oxygen (Klockow & Keener 2009) 
and/or air (Critzer et al. 2007; Niemira and Sites 2008; 
Klockow & Keener 2009; Misra et al. 2014a, d) for attaining 
the plasma state. 
For food applications, modified atmosphere gas compo

sitions are of high importance. Moreover, in order for food 
industries to adopt the NTP technology, the operating cost 
of the gas plays an important role. Recently, Misra et al. 
(2014b) employed two different modified atmosphere gas 
compositions – 65% O2 + 16% N2 + 19% CO2 (±1%) and 
90% N2 + 10% O2 (±1%) – for in-package NTP treatment 
of strawberries. An improvement in the inactivation effi
cacy was recorded with the modified gas compositions, at 
the cost of a slight loss in quality. For example, a high-
nitrogen and low-oxygen environment caused a significant 
decrease in firmness and led to an unpleasant dark colour. 
Notably, a change in the colour parameters of carrot and 
cucumber slices upon treatment with NTP in air using a 
microjet plasma source has also been reported (Wang et al. 
2012). On contrast to these studies, Bermúdez-Aguirre 
et al. (2013) observed insignificant changes in the colour 
of tomatoes following cold plasma treatments using a 
plasma jet array with argon gas. 

34.4.1.2 Fruit Juices 

The ability of NTP to extend the shelf life of freshly 
squeezed orange juice was recently reported. The effective 
killing action of a DBD against Staphylococcus aureus, 
Escherichia coli and Candida albicans inoculated in orange 
juice by >5 log10 after 12, 8 and 25 s treatments respec
tively at peak voltage of 30 kV has been documented by Shi 
et al. (2011). In an earlier study, direct current corona 
discharges obtained using a pulsating 0–15 kV DC power 
supply allowed generation of NTP in apple juice 
(Montenegro et al. 2002). A reduction in the number of 
Escherichia coli O157:H7 in apple juice by more than 
5 log CFU mL�1 in 40 s was noted in this study. It is a well-
recognized fact that the ionization occurring during plasma 
discharge allows substantial levels of ozone to be formed 
and to dissolve in liquids (Espie et al. 2001). 

34.4.1.3 Food Grains and Nuts 

Efficient reduction of E. coli on almond by almost 5 log after 
30 s treatment at 30 kV and 2000 Hz using a DBD plasma 
was reported by Deng et al. (2007). The effectiveness of the 
system was observed to increase with increase in voltage and 

frequency of driving input applied to the DBD system. 
Niemira (2012) also reported a decrease in the count of 
Salmonella and Escherichia coli O157:H7 on almonds 
treated using a jet plasma operating in air and nitrogen 
feed gases. Recently, Chen (2014) reported that plasma 
treatment resulted in surface etching of brown rice, which 
allowed water to be easily absorbed by the rice kernel during 
soaking and also improved its cooking properties. However, 
the plasma source employed by the group operated under 
vacuum. Plasma treatment also causes a significant decrease 
in the peak and break-down viscosity in rice (Chen 2014). 
While microbial decontamination is a major food safety 

issue for most foods, insect infestation in grains is yet another 
issue of high importance. Recent reports have indicated the 
insecticidal activity of atmospheric pressure plasma against 
larval and pupal stages of Plodia interpunctella (Indian meal 
moth) (Abd El-Aziz et al. 2014). The activities of anti
oxidant enzymes, catalase (CAT) -glutathione S-transferase 
(GST), were found to increase in the body tissue of larval 
instar, indicating the oxidizing effects of plasma. 

From a quality perspective, a higher degree of cross-
linking in starch following treatments with glow discharge 
plasma (in argon gas) has been reported (Zou et al. 2004). 
This observation is attributed to an energy-charge-transfer 
mechanism whereby charged species or polarizable groups 
adsorb into the helical hydrophobic channels and the 
electric field causes further polarization of O-H groups, 
facilitating the cross-linking. Oxygen-glow plasma treat
ment at atmospheric conditions has been reported to simul
taneously influence the crystalline and amorphous structure 
of potato and corn starch (Zhang et al. 2014). However, 
depending on the source and structure of the macro
molecule, differences could be encountered. For example, 
potato starch experiences a higher degree of destruction to 
the supramolecular and molecular characteristics with the 
plasma treatment than corn starch (Zhang et al. 2014). 

34.4.2 Animal-Based Foods 

While the treatment of fresh fruits and vegetables has received 
much attention over the last decade, the decontamination of 
foods from animal sources has remained relatively under-
researched. This section provides an overview of the studies 
demonstrating the potential and challenges in application of 
atmospheric-pressure NTP for such foods. 

34.4.2.1 Milk and Milk Products 

Gurol et al. (2012) investigated the efficacy of a corona 
discharge powered at 9 kV alternating current to 
decontaminate milk inoculated with E. coli. Interestingly, 
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the E. coli inactivation levels in whole milk were found to 
be satisfactory, dropping from 7.78 log CFU mL�1 to 
3.63 log CFU mL�1 after 20 min of treatment duration. 
Irrespective of the fat content, mean reduction values 
of approximately 50% were recorded after only 3 min 
of treatment. Plasma application has been found to cause 
insignificant changes to the pH, colour, proteins, fatty 
acid composition and volatile compounds in milk (Gurol 
et al. 2011). Song et al. (2009) evaluated the effects of 
atmospheric NTP on the inactivation of 3-strain cocktail 
of L. monocytogenes in sliced cheese and reported up to 
6 log reduction of L. monocytogenes after 120 s treatment 
at 125 W power using RF plasma (13.65 MHz) operating 
in helium gas. With an increase in input power and plasma 
exposure time, the inactivation of Listeria was found to 
be enhanced. Significant reductions in the population of 
E. coli and Staphylococcus aureus inoculated on cheese 
slices, following treatment with a DBD plasma operating 
in He and He/O2 mixture, have also been confirmed (Lee 
et al. 2012). However, after 10 min of plasma treatment 
damage to the cheese slices was noticed. 

34.4.2.2 Meat and Meat Products 

The feasibility of applying in-package atmospheric pressure 
NTP from a DBD in 30% oxygen and 70% argon for 
inactivation of Listeria innocua inoculated on sliced meat 
product (bresaola) has been studied (Rød et al. 2012). A 
reduction of L. innocua ranging from 0.8 ± 0.4 to 1.6 ± 0.5 
log CFU g�1 with insignificant effects of time and intensity 
was reported. In addition, multiple treatments with relaxation 
have been found to increase the reduction of L. innocua. The 
sterilization efficiency of a 13.56 MHz RF plasma applied for 
1 minute against E. coli inoculated on pork surface has been 
found comparable to that of a conventional UV sterilizer 
applied for 30 s (Moon et al. 2009). 

The safety and quality enhancement of pork musculus 
longissimus following cold plasma treatments in air with a 
microwave plasma set-up (2.45 GHz, 1.2 kW) was studied 
by Fröhling et al. (2012). The authors reported that follow
ing NTP treatment the aerobic viable count of pork mus
culus longissimus remained between 2 and 3 log CFU g�1 

during a storage period of 20 days at 5°C. However, some 
compromise in quality was noticed which warranted the 
need for development of improved processes and process 
optimization. 

34.4.2.3 Fish 

Chiper et al. (2011) employed a DBD operating at atmo
spheric pressure in 100% argon and (93% argon + 7% CO2) 

gas mixture with a potential difference of 13 kV (peak to 
peak) across the electrodes to study the NTP effects on 
smoked salmon. Up to 3 log10 reductions in Photobacte
rium phosphoreum was recorded after only 60–120 s treat
ment. However, an insignificant effect on the inactivation 
of Listeria monocytogenes or Lactobacillus sakei was 
noted. 

34.4.2.4 Poultry and Poultry Products 

Ragni et al. (2010) studied the effects of a prototype based on 
RBD (resistive barrier discharge) plasma for the 
decontamination of shell egg surfaces inoculated with Sal
monella enteritidis and Salmonella typhimurium. The eggs 
were exposed to gas plasma for up to 90 min at two different 
levels of relative humidity (35% and 65%). Results showed a 
maximum cell load reduction of 2.5 and 4.5 log CFU/egg
shell for S. Enteritidis at 35% and 65% relative humidities 
respectively, after the longest treatments. Similar findings 
were observed for Salmonella typhimurium, with a reduction 
of 3.5 log CFU/eggshell after 90 min. 

34.5	 Challenges in NTP Processing 
of Foods 

A major concern related to the adoption of non-thermal 
plasma discharges for food processing includes the possible 
oxidation of lipids and other sensitive food components due 
to the reactive radical chemistry. This is especially of major 
concern when treating foods of animal origin, and appro
priate plasma chemistry should therefore be selected for 
such treatments. 
The optimization of the plasma processes for food 

treatments is also challenging due to the fact that foods 
have natural variability. When treating solid foods, the 
properties such as surface-to-volume ratio, gas permeability 
of the cuticle (for plant foods), porosity and susceptibility 
to oxidation are some important factors that should be 
considered. 
While it is true that the operation of dielectric barrier 

discharges at centimetre scales permit plasma treatment of 
most foods whose dimensions fall within these limits, it is 
practically impossible to carry out direct plasma treatment 
of foods with large dimensions. However, indirect (out-of
field) treatments could prove to be useful for such foods. 
Finally, there is a need to develop plasma sources tailored 
for food industry applications. Most of the plasma sources 
widely employed in research activities are batch systems 
and are directly adopted from those developed for material 
processing. 
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34.6 Conclusions and Future Trends 

As an emerging novel food process, NTP can be applied to 
develop gentle and targeted effects to improve the quality 
and safety of processed foods. It offers the potential for 
improving existing processes as well as for developing new 
process options. The interaction and effects of NTP on 
inherent biological functions separate to decontamination 
effects need to be considered for appropriate adoption of the 
technology to more sensitive systems. Due consideration 
should be given to the fact that NTP is not a universal 
solution for sterilization or decontamination of heat-
sensitive foods, especially when the food is likely to 
undergo oxidation. The detrimental effects of plasma spe
cies can however be regulated to a certain extent by 
changing the composition of gas in which the plasma is 
induced. Any novel process for the application of NTP in 
industry is not possible without the willingness of plasma 
engineers to develop new equipment designs according to 
process requirements. As a general remark, future research 
for NTP-aided decontamination should also aim at explor
ing hurdle technologies, in which NTP is combined with 
other technologies for synergistic effects. 
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35.1 Introduction 

Treatment by strong (up to 300 kV cm�1) pulsed electric 
fields (PEF) is an effective method for the modification of 
cell membrane permeability with an increasing number of 
applications in biology, oncology, genetics, immunology 
and biotechnology (Pakhomov et al. 2010). In the last 
decade, this method has become of considerable interest 
as a promising new non-thermal food processing and 
preservation technology (Lelieveld et al. 2007). 

Despite the fact that many potential applications of PEF 
treatment have been proposed for the food industry, the 
majority of the current commercial applications of PEF 
are in the area of fruit juice preservation and pre-treatments 
of vegetables and tubers before cutting, blanching or extrac
tion of valuable or undesired compounds (Buckow et al. 
2013). Currently, PEF-treated fruit juices and smoothies can 
be found on market shelves in Germany, the Netherlands, and 
the United Kingdom (Buckow et al. 2013). 

However, this technology has its own limitations and 
disadvantages. Very few commercial-scale units for PEF 
treatment are available. It is difficult to accurately measure 
treatment delivery. This technique is applicable to products 
which have rather high electric conductivity. More intense 

PEF treatments are required to inactivate enzymes compared 
to microorganisms (Yeom et al. 2002). Some spores, for 
example Bacillus cereus (Cserhalmia et al. 2002), can 
survive PEF treatment. Investment costs are rather high 
(Hoogland & de Haan 2007). Although some estimations 
of the costs of the PEF processing of liquid food (e.g. juice, 
milk) give values which are smaller by about US$ 0.02 L�1 

than that of conventional thermal processing (Hoogland & de 
Haan 2007), other estimations give higher costs in relation 
to thermal processing, albeit by only US$ 0.03–0.07 L�1 

(Sampedro et al. 2013). 
In addition, PEF technology is not yet fully optimized. 

There are some areas in which detailed knowledge of the 
processes occurring in PEF treated systems is still lacking. 
One such area is electrochemical processes occurring dur
ing high-voltage pulses, which are usually utilized in PEF 
processing. 
An electrically induced cell membrane perturbation is 

not the only consequence of the exposure of cell suspension 
to a strong electric field. During PEF treatment, liquid food 
or plant/animal tissue is exposed to high-voltage electric 
pulses and a strong electric current passes through the 
solution or tissue. At each electrode–solution interface, 
various electrochemical and chemical reactions occur. 
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These may include the evolution of gas, the separation of 
substances, the dissolution of the electrode or the appear
ance of new substances in the solution. The processes of 
electrolysis lead to changes of the temperature, pH and the 
chemical composition of the experimental medium 
(Milazzo 1963). Due to this, the efficiency as well as safety 
of PEF treatment technique depends not only on the 
increase of cell membrane conductivity and permeability, 
but also on the electrochemical processes. 
It is easier to improve the experimental procedures when 

taking into account that various processes of electrolysis 
can occur. For example, by replacing chloride ions with 
organic acids in electroporation buffers, the formation of 
the Cl2 gas at the inert gold-plated stainless-steel anode was 
avoided and, as a result, higher survival rates and transfor
mation frequencies of rice protoplasts were obtained (Tada 
et al. 1990). In addition, if electrochemical processes are 
not taken into account, it is possible to misinterpret the 
results obtained; for example, it was mistakenly assumed 
that electroporation led to the stimulation of inositol 
(1,3,4,5)P4 3-phosphatase activity (Cullen et al. 1989), 
while in reality the conversion of inositol (1,3,4,5)-tetra
kiphosphate into inositol(1,4,5)-triphosphate was stimu
lated by the Al+3 ions released from the electrodes 
(Loomis-Husselbee et al. 1991). 
It should be noted that during an electric pulse, not only 

electrolysis reactions occur, but the permeability of the cell 
membrane increases due to electroporation. Various solutes 
may therefore enter the cells through the pores created by 
strong electric fields (Kinosita & Tsong 1977a; Saulis 
1999). Any uncontrollable changes of the physicochemical 
properties of a solution during procedures of cell electro
manipulations are especially undesirable. 
Studying the processes of electrolysis occurring dur

ing cell electroporation procedures became especially 
important when electroporation recently began to be 
used for non-thermal pasteurization of liquid foods 
(Qin et al. 1996; Knorr et al. 2002) as the interaction 
between electrode materials and tissues or food products 
during electric treatment should be minimized (Knorr 
et al. 2002). Understanding electrochemical processes 
and their consequences is also important for in vivo 
applications of cell electroporation technology such as 
electrochemotherapy (Mir et al. 1991), transdermal drug 
delivery (Prausnitz et al. 1993a) and gene therapy 
(Jaroszeski et al. 2000). 

In this chapter, we provide a review of electrochemical 
processes that can take place during treatment by high-
voltage electrical pulses used in various electroporation 
experiments and their consequences, which might be 
important in food processing by PEF. 

35.2 Theoretical Background 

When a solution with cells is exposed to an electric pulse 
during PEF treatment, a strong electric current passes 
through the solution. At each electrode–solution interface, 
an electrochemical reaction occurs that transfers electrons 
either to or from the electrode, thereby allowing charge to 
flow completely around the circuit consisting of the high-
voltage pulse generator and the chamber with a solution. 
At each electrode–solution interface, several primary 

electrochemical half-reactions can take place. Which of 
these reactions (analysed in the following sections) 
occurs depends on the relative ease of other competing 
reactions. 

35.2.1 Primary Cathodic Half-Reactions 

There are two possible cathodic half-reactions that can 
occur when an electric current passes through a water 
solution: 

1.	 the reduction of metal cations, for example, 

K�
�aq� � e ) K�solid� (35.1a) 

2.	 the reduction of water molecules (or hydrogen ions in 
acidic solutions), for example 

2H2O � 2e� ) H2�gas� � 2OH�
�aq� (35.1b) 

The species actually reduced is that with the most 
favourable reduction potential. Solutions which are treated 
by PEF, for example juices or wine in the food industry or 
cell suspensions in biotechnological applications of cell 
electroporation technology, often contain the salts of 
sodium, potassium, calcium and magnesium. Because 
Na+, K+, Ca2+ and Mg2+ ions are more difficult to reduce 
than water (Milazzo 1963), in these solutions the water 
reduction reaction takes place at the cathode. 

35.2.2 Primary Anodic Half-Reactions 

When an electric current passes through a water solution, 
the following three possible anodic half-reactions can 
occur: 

1.	 the oxidation of water molecules: 

2H2O ) O2�gas� � 4H�
�aq� � 4e� (35.2a) 
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2.	 the oxidation of the anion of the solute, for example: 

2Cl��aq� ) Cl2�gas� � 2e� (35.2b) 

3.	 the oxidation of the metal of the electrode (in the case of 
non-inert anode): 

M�solid� ) Mn�
�aq� � ne (35.2c) 

For example, 

Fe�solid� ) Fe2��aq� � 2e� (35.2d) 

Whether or not any of these reactions occur depends on the 
relative ease of the other two possible anodic reactions and 
the anode potential (Milazzo 1963). When a non-inert metal 
electrode is used (e.g. an electrode made from stainless steel 
or aluminium), the most favourable half-reaction is usually 
that described by Equation (35.2c). That is, in such a case 
the release of the metal ions from the electrode into the 
solution occurs (Loomis-Husselbee et al. 1991; Stapulionis 
1999; Tomov & Tsoneva 2000; Kotnik et al. 2001; Morren 
et al. 2003; Roodenburg et al. 2005a, b). 

However, when the anode potential is sufficiently high, 
several reactions can proceed simultaneously with different 
intensity. For example, as well as the dissolution of the non-
inert anode, an oxygen evolution (Mouedhen et al. 2008) or 
a direct oxidation of Cl� ions which are usually present in 
the solutions used in electroporation experiments can occur 
(see Equations (35.2a) and (35.2b); Vlyssides et al. 1999). 

In the case of an inert anode (e.g. platinum), the only two 
competing reactions are the first and the second. Which of 
these reactions – Equation (35.2a) or (35.2b) – would occur 
depends on the particular conditions. 

Most solutions which are treated with high-voltage 
pulses usually contain a high concentration of chloride 
ions. The standard-state potentials for oxidation of water 
and chlorine ions are close to each other Eo � �1:23 V for ox 
water and �1.36 V for Cl� ions; Milazzo 1963; Holtzclaw & 
Robinson 1988). High concentrations of NaCl, which is 
often the case in the electroporation experiments, decrease 
the potential required to oxidize the Cl� ions. As a result, 
when an inert anode is utilized, in many cases Cl� ions will 
be oxidized leading to the production of Cl2 at the anode 
(Tada et al. 1990). 

35.2.3 Secondary Chemical Reactions 

As well as the primary electrochemical reactions (the 
reactions that occur at the electrode–solution interfaces 

during an electric pulse), secondary chemical reactions 
often take place in the solution. There might be several 
secondary reactions depending on a variety parameters, 
such as the pH of the solution, its composition and the 
electrode material. Examples of secondary chemical 
reactions include the following: 

•	 Hydroxyl ions, which are generated as a result of the 
reduction of water molecules (see Equation (35.1b)), 
especially at high pH values (Picard et al. 2000), can 
chemically attack the aluminium cathode leading to its 
dissolution: 

2Al � 6H2O � 2OH�
) 2Al�OH�4 � 3H2 (35.3) 

•	 Due to the reaction of chlorine (Cl2) produced at the 
anode with water, hypochloric acid (HClO) can be 
formed (Holtzclaw & Robinson 1988): 

Cl2 � H2OÛHClO � H�
� Cl� (35.4) 

•	 Metal ions released from the electrodes (e.g. Fe2+, Fe3+ , 
Al3+) can behave as a Lewis acid and undergo sponta
neous hydrolysis reactions: 

Fe3� � nH2OÛFe OH� � nH� 
� 

3�n� (35.5)n 

•	 Iron ions released from the electrodes into solution can 
act as a catalyst in the Fenton reaction: 

Fe2� � H2O2 ! Fe3� �
�OH � OH� (35.6a) 

Fe3� � H2O2 ! Fe2� � OOH�
� H� (35.6b) 

As a result of these reactions, reactive oxygen species such 
as �OH or OOH� are created in the solution. 
•	 Hydrogen peroxide can be produced by the reduction of 

dissolved oxygen: 

O2 � 2H�
� 2e� ! H2O2 (35.7) 

or other chemical reactions. 
•	 The metal ions released from the electrodes (e.g. Fe2+ , 

Fe3+, Al3+ or Cu2+) can build complexes/coagulants 
with the molecules which are present in the solution, 
and subsequent adsorption of soluble or colloidal 
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substances on these complexes/coagulants can occur 
(Mouedhen et al. 2008). 

•	 The metal ions which are released from the anode can 
react with fluorescent molecules present in the solution 
(Rodaite-Riseviciene et al. 2014). For example, iron 
ions can convert some of the fluorescent molecules (e.g. 
calcein or Phen Green SK) into non-fluorescent forms 
(Thomas et al. 1999; Shingles et al. 2002). 

Products of any of these secondary reactions can also 
influence the processes taking place after PEF treatment 
and, as a result, the quality of processed food products. 

35.3	 Consequences of Electrochemical 
Processes 

As shown in the previous section, a variety of primary and 
secondary chemical reactions might occur due to the action 
of high-voltage electric pulses. We now discuss the possible 
consequences of these electrochemical processes. 

Most solutions which are treated by PEF often contain 
cations such as Na+, K+, Ca2+ and Mg2+. These cations are 
more difficult to reduce than water (Milazzo 1963) and, as a 
result, when these solutions are exposed to high-voltage 
pulses the water reduction reaction takes place at the 
cathode (Equation (35.1b)). Two products are generated 
during this water reduction half–reaction, namely: OH� 

ions and hydrogen gas. The appearance of either of these 
products is undesirable in PEF food processing or other cell 
electroporation experiments. 
During each of the anodic half-reactions, other 

undesirable products can also be produced, including: (1) 
H+ (Equation (35.2a)); (2) O2 (Equation (35.2a); (3) Cl2 gas 
(Equation (35.2b)); and (4) the release of the metal ions 
from the electrode (Equation (35.2c)). 

35.3.1 Gas Evolution 

One of the products of a water reduction half–reaction 
described by Equation (35.1b) is hydrogen gas. The pro
duction of hydrogen gas at the cathode leads to the forma
tion of gas bubbles. At the opposite electrode (anode), O2 or 
Cl2 gas can be formed as a result of oxidation of water 
molecules of Cl� ions (Equations (35.2a) and (35.2b)). 
If the oxidation of Cl� ions which are usually present in 

the solutions used in electroporation experiments occurs 
(Vlyssides et al. 1999), Cl2 gas is produced at the anode 
(Tada et al. 1990). The chlorine is a strong oxidant that can 
oxidize some organic compounds and promote electrode 

reactions (Holtzclaw & Robinson 1988). It has been shown 
that the Cl2 gas produced at the anode can be toxic to some 
cells; replacing chloride ions with organic acids in electro
poration buffers increased survival rates and transformation 
frequencies of rice protoplasts (Tada et al. 1990). 

Hülsheger & Niemann (1980) have shown that when 
solutions containing chloride (Cl2) compounds were treated 
with electric pulses, hypochloric acid (HClO) was produced 
as a result of a reaction of chlorine with water (Equation 
(35.4)). The concentration of HClO, which is more bacte
ricidal than Cl2 ions, depended on the amount of chlorine in 
the solution and the pH. These authors suggested that this 
hypochloric acid contributed to inactivation of bacteria 
Escherichia coli by pulsed electric fields (Hülsheger & 
Niemann 1980). 
The production of H2 (Equation (35.1b)), O2 (Equation 

(35.2a)) or Cl2 (Equation (35.2b)) gas causes intensive 
bubling of the solution. This limits the intensity of an 
electric pulse which can be applied to the sample and 
increases the risk of arcing, that is, the dielectric break
down of the liquid samples which is observed as a spark 
(Zhang et al. 1994, 1995). Arcing can lead to dramatic 
effects such as ejection of the sample from the cuvette 
(Lambert et al. 1990) or the reduction of the transfection 
efficiency (Ward & Jarvis 1991) to irreversible damage of 
electroporation cuvettes, power supplies or electroporators 
(Friesenegger et al. 1991; Potter 1993). 

35.3.2 Reduction of Cell Viability 

The cell culture media treated by high-voltage electric 
pulses, usually utilized for food processing with PEF and 
other cell electromanipulation purposes (electroporation, 
electrofusion, electrotransformation, etc.), exert some cyto
toxicity (Hülsheger & Niemann 1980; Reyns et al. 2004). 
For example, Hülsheger & Niemann (1980) reported a 
remarkable toxic activity of the pulse-treated NaCl solution. 
They added untreated E. coli K12 bacteria to the medium 
immediately after pulse treatment and observed a signifi
cant decrease of the bacteria viability in the treated medium 
(Fig. 35.1; Hülsheger & Niemann 1980). 
There are many reasons for the totoxicity of the media 

treated with an electric current. Part of the cytotoxicity is 
attributed to the electrolytic production of free chlorine and 
oxygen, and possibly direct anodal oxidation of other 
substances (Hülsheger & Niemann 1980; Reyns et al. 
2004). Another reason for the cytotoxicity could be the 
changes to the pH of a solution, which occur due to 
treatment with high-voltage pulses (Hülsheger & Niemann 
1980; Potter 1988; Saulis et al. 2005; Meneses et al. 2011), 
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Figure 35.1 Toxic effect of treated NaCl solution treated with 
high-voltage pulses. Untreated bacteria were added to the 
medium immediately after pulse treatment. The dependence 
of survivors of untreated cells added to treated medium on the 
pulse amplitude is shown. Source: Hülsheger & Niemann 
(1980). Reproduced with permission of Springer. 

as well as the metal ions released from the electrodes 
(Kotnik et al. 2001; Rodaite-Riseviciene et al. 2014). 

Indeed, the reduction of the cell viability by the iron ions 
released from the stainless-steel anode has been observed 
(Kotnik et al. 2001; Rodaite-Riseviciene et al. 2014). For  
example, incubation of DC-3F cells (a line of spontaneously 
transformed Chinese hamster fibroblasts) for 1 hour at room 
temperature in the medium supplemented with iron ions 
reduced the cell viability. Iron ions in a concentration of 
2.5 mM reduced the viability of intact and electroporated cells 
by about 17 and 45%, respectively (Fig. 35.2; Kotnik et al. 
2001). In the presence of 1 mM Fe3+, less than 50% of rat 
glioma C6 cells survived (Rodaite-Riseviciene et al. 2014). 

Another reason for the cytotoxicity of the medium treated 
with electric pulses is reactive oxygen species (ROS), gen
erated as a result of the action of electric pulse on the solution 
(Pakhomova et al. 2012). It is known that ROS can be toxic to 
cells (Winterbourn 1995; Kehrer 2000; Pakhomova et al. 
2012). For example, Jurkat cells showed predominantly 
delayed cell death following exposure to low concentrations 
of H2O2; the threshold H2O2 concentration for inducing cell 
death was at or below 6 μM (Fig. 35.3; Pakhomova et al. 
2012). The effectiveness of hydrogen peroxide on the 

igure 35.2 The influence of iron ions on the cell viability. F
(a) Cell survival (mean ± S.D.) without (○) and with electro
permeabilization (•) as the function of Fe2+/Fe3+ 

concen

tration in the suspension. The cells were incubated for 1 hour at 
room temperature. Electropermeabilization was performed at 
the beginning of the incubation using a train of eight unipolar 
rectangular pulses, each of 100 ms duration and 240 V ampli

tude (1200 V cm�1 
voltage-to-distance ratio), delivered in 1 s 

intervals. Source: Kotnik et al. (2001). Reproduced with per
mission of Elsevier. 

destruction of Escherichia coli has been demonstrated (Watts 
et al. 2003; Raffellini et al. 2011). 

35.3.3 pH Changes 

From a short analysis of anodic and cathodic half-reactions 
presented in the previous section, it can be seen that there 
are several processes. Some of the secondary reactions can 
change the medium pH by: (1) the reduction of water 
molecules (or hydrogen ions) at the cathode (Equation 
(35.1b)); (2) the oxidation of water molecules at the anode 
(Equation (35.2a)); and (3) hydrolysis of the metal 
ions released from the electrodes (e.g. Fe2+, Fe3+, Al3+; 
Equation (35.3)). 
The evolution of OH� ions, which occur as a result of the 

water reduction at the cathode, changes the pH of a solution 
at the cathode. Meanwhile, changes of pH occurring during 
a PEF treatment are important as the activity and stability of 
many enzymes, for example polyphenoloxidase or milk 
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Figure 35.3 Influence of ROS on the cell viability. Effect of a 
3-hour incubation with different concentrations of H2O2 on the 
survival of Jurkat cells. The fraction of live cells was determined 
by Acridine Orange/Propidium Iodide assay at 4 and 24 hours 
after the start of the treatment. Cell survival was determined as 
a ratio of live cell fractions in H2O2-treated and control samples 
at the same time point. Source: Pakhomova et al. (2012). 
Reproduced with permission of Elsevier. 

alkaline phosphatase, strongly depend on pH (Haab & 
Smith 1957; Zemel et al. 1990). In addition, pH affects 
the efficiency of the microbial inactivation by PEF treat
ment (Garsia et al. 2005; Saldana et al. 2009). 
The change of the pH of a solution occurring due to the 

exposure of an electrolyte solution to an electric pulse has 
been noticed many times (Hülsheger & Niemann 1980; 
Potter 1988; Miklavcic et al. 1993; Prausnitz et al. 1993b; 
Pliquett et al. 1996). Large changes in pH in the vicinity of 
electrodes (the acidification around the anode and alkalini
zation at the cathode) were also assumed to be the determin
ing factors in the destruction of tissues in electrochemical 
treatment of tumours (Nordenstrom 1994; Berendson & 
Olsson 1998). 
A more detailed analysis of this effect was carried out 

recently (Saulis & Mickevicius 1999; Saulis et al. 2005; 
Meneses et al. 2011). It has been shown that the increase in 
the pH value of electroporation solution of a whole chamber 
volume, caused by the application of electric field pulses 
commonly used in cell electromanipulation and PEF treat
ment procedures, can exceed 1–2 pH units (Fig. 35.3; 
Saulis & Mickevicius 1999; Saulis et al. 2005). The pH 
shift is directly dependent on the intensity of electrotreatment 
(the greater the amount of electric charge that passes through 
the solution, the greater the change in pH; Fig. 35.4a) and  
inversely dependent on the buffer capacity (the greater the 

buffer capacity the lower the change of pH) and solution 
conductivity (the pH of a solution, in which sucrose was 
substituted for NaCl, changed about 5 times less; Fig. 35.4b). 
In addition, it has been shown that the cathode material can 
also be important in the degree of pH changes: the aluminium 
cathode resulted in approximately double the change in pH in 
comparison with platinum, copper or stainless-steel cathodes 
(Fig. 35.4a and b; Saulis et al. 2005). This is most likely due 
to secondary chemical reactions. 

Meneses et al. (2011) investigated the pH shifts of liquid 
media occurring due to PEF treatment in a batch parallel-
plate electrode treatment chamber. A numerical simulation 
of pH shifts during PEF application was also performed, 
and was experimentally verified by the application of an 
optical method based on digital image processing. The pH 
shifts of up to 4.04 units were observed after just a treatment 
time of 34 μs at an electric field strength of 10 kV cm�1. The 
pH values of 10.9 and 3.3 were observed at the cathode and 
anode respectively after PEF treatment of a salt solution 
with an initial pH of 7.1 (Fig. 35.4c; Meneses et al. 2011). 

If the production of H+ occurs at the anode, the solution 
pH changes; it becomes more acidic. This might affect the 
cell viability or various biochemical processes. For exam
ple, the pH increase of an initially acidic solution containing 
ionic metallic species (e.g. Cu2+, Zn2+, Ni2+, Cr3+, etc.) 
may induce their coprecipitation in the form of their 
corresponding hydroxides (Mouedhen et al. 2008). As 
the main purpose of electromanipulation procedures is 
usually the enhancement of the membrane permeability, 
exposure of the cell suspension to a strong electric pulse can 
cause the change of the pH of not only the extracellular 
solution but also the intracellular medium. 

The pH of a solution can be modified by iron ions (Fe+2 

and Fe+3) which are released into an aqueous solution from 
the stainless-steel anode (Equation (35.4d)). When released 
from the electrodes, iron ions can undergo hydrolysis 
reactions in the solution (see Equation (35.5)). This way, 
they can reduce the pH of a solution at the anode (Rodaite-
Riseviciene et al. 2014). 
By adding FeCl3 to the cell culture medium, the amount 

by which iron ions are capable of reducing the medium pH 
was estimated. Results indicated that 1.5 mM of iron ions 
are needed to reduce the pH of the buffered medium by 0.5 
(Fig. 35.4d; Rodaite-Riseviciene et al. 2014). 
The changes of the solution pH might affect the cell 

viability or various biochemical processes. It is quite 
possible that the change of pH might be one of the factors 
causing cell death (Potter 1988). The drastic acidification 
around the anode was assumed to be the determining factor 
in the destruction of tissues in electrochemical treatment of 
tumours (Berendson & Olsson 1998; Nordenstrom 1994). 
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Figure 35.4 Medium pH changes occurring due PEF treatment. (a) The change of the pH of the sodium chloride solution 
(142.8 mM NaCl) buffered with 11.2 mM of phosphates (Na2HPO4/NaH2PO4) as a function of the intensity of electrotreatment 
for the cathodes made from various metals: aluminium (○), stainless steel (□), platinum (▲), and copper (•). The stainless 
steel anode was used in all cases. (b) The change of the pH of the sodium chloride (142.8 mM NaCl) (open symbols) and sucrose 
(272 mM) (closed symbols) solutions buffered with 11.2 mM of phosphates (Na2HPO4/NaH2PO4) as a function of intensity of 
electrotreatment for stainless steel (□ and ■) and aluminium (○ and •) cathodes. Dotted line shows the dependence of the 
solution pH on the amount of the OH– ions added (142.8 mM NaCl solution containing 11.2 mM Na2HPO4/NaH2PO4 (pH 7.4) 
was titrated with 100 mM NaOH). (c) Photographs of a NaCl solution in the treatment chamber before and after PEF treatment (30 
exponential decay pulses of 3.4 μs pulse width at 30 Hz and an electric field strength of 25 kV cm�1

) using (1) phenolphthalein and 
(2) Congo red as indicators. (3) The simulation was performed for the same treatment conditions. (d) The dependence of the pH 
of the cell culture medium on the amount of FeCl3 added to the medium. Cell culture medium consisted of Dulbecco’s modified 
Eagle’s medium supplemented with 9% fetal bovine serum, 1% L–glutamine solution and antibiotics (100 U mL

�1 
penicillin and 

90 μg mL
�1 

streptomycin). (a, b) Source: Saulis et al. 2005 and (c) Source: Meneses et al. (2011). Reproduced with permission of 
Elsevier. 
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In addition, it was shown that PEF treatment may cause 
partial inactivation of polyphenoloxidase, which was not 
directly related to the electric field impact on the enzyme 
and attributed to the pH changes (Meneses et al. 2011). 

35.3.4	 Release of the Metal Ions from 
the Electrode 

To electroporate the cells, diverse electrode materials are 
used in commercially available and home-made electrodes; 
the most popular are stainless steel (Saulis 1999; Stapulio
nis 1999; Tomov & Tsoneva 2000; Kotnik et al. 2001; 
Morren et al. 2003; Puc et al. 2004; Roodenburg et al. 
2005a, b), aluminium (Loomis-Husselbee et al. 1991; 
Pliquett et al. 1996; Friedrich et al. 1998; Haritou et al. 
1998; Kotnik et al. 2001; Puc et al. 2004) and platinum 
(Riemann et al. 1975; Marszalek et al. 1990; Puc et al. 
2004). Other materials used include gold (Tada et al. 1990; 
Puc et al. 2004), carbon (Sale & Hamilton 1967), nickel and 
NiCr (Zhelev et al. 1988; Haritou et al. 1998), silver (Puc 
et al. 2004), brass (Obermeyer & Weisenseel 1995), copper 
(Stapulionis 1999), tungsten (Kustermann et al. 2008) and 
titanium and its alloy (Sun et al. 2011). 
When a non-inert metal electrode is used, in most cases 

the release of the metal ions from the electrode into the 
solution should occur according to Equation (35.2c). The 
release of Al3+ from the aluminium anode (Loomis-
Husselbee et al. 1991; Friedrich et al. 1998; Kotnik 
et al. 2001; Saulis et al. 2005), Cu2+ from the copper 
anode (Stapulionis 1999) as well as Fe2+/Fe3+, chromium 
and manganese ions from the stainless steel anode (Stapu
lionis 1999; Tomov & Tsoneva 2000; Kotnik et al. 2001; 
Morren et al. 2003; Pataro et al. 2014a, b; Roodenburg 
et al. 2005b, c) has been observed during cell electro
poration experiments and food processing by PEF. 
Figure 35.5 shows iron concentration in the electropora

tion cuvette, which is equiped with stainless-steel electrode 
plates, after the electric discharge of a high-voltage capacitor. 
The amount of 0.8 mL of potassium Hepes-buffered solution 
(KHBS) was subjected to the electric pulse under constant 
electric field 660 V cm�1 (Fig. 35.5a) or constant capacitance 
1500 μF (Fig. 35.5b) (Stapulionis 1999). 
Similar results were reported by other groups (Kotnik 

et al. 2001; Pataro et al. 2014b; Rodaite-Riseviciene et al. 
2014). For example, by increasing the amplitude of a 2 ms 
duration pulse, the concentration of iron ions in the solution 
increased (Rodaite-Riseviciene et al. 2014). After exposure 
of a 154 mM NaCl solution to a single square-wave pulse of 
duration 2 ms and amplitude 240 V, giving an electric field 
strength of 1.2 kV cm�1 (current density of about 1.9 × 105 

A m�2), the concentration of iron ions released from the 
stainless-steel anode (Fe2+ and Fe3+) exceeded 0.53 mM 
(27.9 mg L�1) (Rodaite-Riseviciene et al. 2014). This value 
is twice the maximum iron concentration in non-fermented 
freshly squeezed orange juice equal to 15 mg L�1 and is 
much greater (by several orders of magnitude) than the EU 
requirements for water intended for human consumption 
(equal to 200 μg L�1; European Council 1998). 
As well as iron ions, chromium, manganese and nickel 

ions are also released from stainless-steel electrodes 
(Fig. 35.5b). Although their concentrations are significantly 
(by about one order of magnitude) lower than those of iron 
ions (up to 1.4 mg L�1 for chromium and nickel and 
0.12 mg L�1 for manganese; Roodenburg et al. 2005b; 
Pataro et al. 2014b), this exceeds the EU requirements 
for water intended for human consumption equal to 50, 20 
and 50 μg/l for chromium, nickel and manganese, respec
tively (European Council 1998). 

Figure 35.5 Release of metal ions from the stainless-steel 
electrodes. Iron concentration in the electroporation cuvette, 
which is equiped with stainless-steel electrode plates, after the 
electric discharge of a high-voltage capacitor. 0.8 mL of KHBS 
buffer was subjected to the electric pulse under (a) constant 
electric field 660V cm�1 

or (b) constant capacitance 1500 μF. 
Source: Stapulionis (1999). Reproduced with permission of 
Elsevier. (c) Concentration of (1) iron, (2) chromium, (3) 
nickel and (4) manganese in Trizma-HCl buffer (pH = 7, 
σ = 2 mS cm

�1
) as a function of total specific energy input 

and for different field strengths. Flow rate = 2 L  hr�1. Dashed 
line represents the limit of detection. Source: Pataro et al. 
(2014b). Reproduced with permission of Elsevier. 
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Figure 35.5 (Continued ) 

Besides the reduction of cell viability, several other effects 
caused by the metal ions released from the electrodes have 
been observed during electroporation experiments. 

35.3.5	 Influence of Metal Ions on the 
Biochemical Reactions 

One of the first reports on the influence of metal ions on 
biochemical reactions, resulting in the stimulation of the 
conversion of Ins(1,3,4,5)P4 into Ins(1,4,5)P3 by Al+3 ions 
released from the electrodes, was reported by Loomis-
Husselbee et al. (1991). 

35.3.6	 ROS Generation 

Due to the action of the electric current, various reactive 
oxygen species can be formed (Lecour et al. 1998; 

Derave 2006; Pakhomova et al. 2012). These include 
the highly reactive hydroxyl radical (�OH), the super
oxide anion radical (O2 

�), hydrogen peroxide (H2O2) 
(Equation (35.7)) and hypochlorous acid (HClO) (Equa
tion (35.4). 
The production of hydrogen peroxide by PEF of nano

second duration (nsPEF) has been recently confirmed 
(Pakhomova et al. 2012). In this study, an assay with a 
hydrogen peroxide probe Amplex Red was used for the 
determination of H2O2 in a cell-free medium. It was shown 
that the exposure of PBS-based Amplex Red solution to 
3000 pulses (300 ns, 30 Hz, 1.8 or 4.5 kV cm�1) caused the  
formation of 0.6–1.2 μM of H2O2 (Fig. 35.6) (Pakhomova 
et al. 2012).  
To access the formation of other types of ROS, we used 

a 3´(p-aminophenyl) fluorescein (APF) which has a great 
specificity and selectivity to hypochlorite anion (�OCl), 
hydroxyl radical (•OH) and peroxinitrite anion (ONOO�) 
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Figure 35.6 Changes in the roughness of the electrode surface. Typical three-dimensional AFM images of the surface of the 
stainless-steel anode: (a) polished anode prior to the exposure by high-voltage electric pulses and (b) after the exposure to 120 
exponential pulses with the duration of about 20 μs (dissolution charge Qdiss = 0.24 As cm�2

). Scanning area 30 × 30 μm2
; z range: 

(a) 157 and (b) 410 nm. Source: Saulis et al. (2007). Reproduced with permission of Elsevier. 

(Setsukinai et al. 2003). Figure 35.7b depicts the 35.3.7 Complexation of Metal Ions Released 
obtained dependence of the intensity of APF fluorescence with Molecules Present in the Solution 
in the pulse-treated PBS solution on the pulse amplitude 

Another consequence of the dissolution of the electrodes is in the case of stainless-steel and aluminium electrodes. A 
the complexation of the metal ions released from the square-wave electric pulse with a duration of 500 μs was  
electrodes with the molecules present in the solution used. 

Figure 35.7 ROS formation due to high-voltage treatment. (a) Yield of H2O2 in nsPEF-exposed PBS as measured with Amplex 
Red reagent (mean +/� s.e., n = 3). Shaded area shows 95% confidence interval for control samples. ∗ p < 0.05 compared to 
parallel control (two-tailed t test). Source: Pakhomova et al. (2012). Reproduced with permission of Elsevier. (b) Dependence of 
the intensity of fluorescence of ROS indicator APF (3 ´ (p-aminophenyl) fluorescein) in the pulse-treated PBS solution on the pulse 
amplitude in the case of stainless-steel and aluminium electrodes. Pulse duration was 500 μs. 
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(Stapulionis 1999; Kobya et al. 2003; Mouedhen et al. 
2008), which might also affect the efficiency of various 
procedures in which treatment with high-voltage electric 
pulses is used. Aluminium electrodes caused about twice as 
much precipitation of macromolecules (DNA, RNA and 
proteins) than stainless-steel electrodes (Stapulionis 1999). 

35.3.8	 Conductivity Changes 

Due to anodic and cathodic half-reactions (Equations (35.1) 
and (35.2)), changes in the electrolyte composition occur at 
each electrode. It can therefore be expected that some 
changes in the conductivity of the solution treated by 
high-voltage pulse might occur. Changes of the electric 
conductivity of a minimum essential medium Eagle treated 
by a 2-ms- duration square-wave electric pulse of various 
amplitudes were recently reported, although conductivity 
changes were insignificant (within the range of 2–3%; 
Rodaite-Riseviciene et al. 2014). 

35.3.9	 Increase in the Roughness of the 
Electrode Surface 

The dissolution of the anode material can cause an increase in 
the roughness of the electrode surface. Changes in the surface 
topography of stainless-steel and aluminium electrodes, 
occurring due to the action of high-voltage pulses similar 
to those commonly utilized in PEF treatment technology, 
were recently studied by atomic force microscopy (Saulis 
et al. 2007; Rodaite-Riseviciene et al. 2009). After the 
treatment of the chambers filled with 154 mM NaCl solution 
by a series of short (20–40 μs), high-voltage (4 kV) pulses 
with the total dissolution charge of 0.20–0.26 As cm�2, the 
roughness of the surface of the electrodes had increased by a 
degree dependent on the total amount of the electric charge 
that had passed through the unit area of the electrode. Up to a 
three-fold increase of the surface roughness of the stainless-
steel and aluminium anodes was observed due to the disso
lution of the anode material (Fig. 35.7; Saulis et al. 2007; 
Rodaite-Riseviciene et al. 2009). The use of high-voltage 
electric pulses therefore leads to an increase in the 
inhomogeneity of the electric field at the electrode, leading 
to the non-equal treatment of each cell and facilitating the 
occurrence of the electric break-down of the liquid samples. 

When an inert anode is utilized, in many cases two 
anodic half-reactions can take place: the oxidation of water 
molecules (Equation (35.2a)) and the oxidation of the anion 
of the solute (Equation (35.2b)). When the anode potential 
is sufficiently high, these reactions can proceed simulta
neously (Vlyssides et al. 1999; Mouedhen et al. 2008). 

It is assumed that the aluminium cathode is attacked by 
hydroxyl ions generated during water reduction half-
reaction (see Equations (35.1b) and (35.3); Picard et al. 
2000). This leads to a variety of secondary chemical 
reactions with different effects. For example, regarding 
changes of the pH value of electroporation solution which 
occurred as a result of the application of high-voltage 
electric pulses, approximately two-fold higher changes in 
solution pH were observed when the aluminium cathode 
was utilized. The reason was most likely the secondary 
chemical reactions (Saulis et al. 2005), which might also be 
responsible for anomalous heating of a solution in electro
poration experiments with aluminium electrodes observed 
by Pliquett et al. (1996). 
Recently, a substantial release of the aluminium ions 

from the aluminium cathode, caused by the application of 
electric field pulses commonly used in cell electroporation 
experiments, was observed (Saulis & Mickevicius 1999; 
Saulis et al. 2005). The release of aluminium ions not only 
from the anode but also from the cathode can also explain 
the fact that aluminium electrodes caused almost twice as 
much precipitation of macromolecules (DNA, RNA and 
proteins) than stainless-steel electrodes, as reported by 
Stapulionis (1999). 

35.3.10 Quenching of Fluorescence 

Fluorescent methods, such as fluorescent microscopy and 
spectroscopy, are not as popular in food analysis as in 
biological sciences. However, fluorescence measurements 
are also utilized in food biotechnology (Ntakatsane et al. 
2011; Acharid et al. 2012) and application of fluorescence 
in food analysis has increased during the last decade 
(Sadecka & Tothova 2007). Various fluorescent probes 
such as fluorescein (Ou et al. 2001), beta-phycoerythrin 
(Cao et al. 1993), Nile Red (Lopez et al. 2010) and quantum 
dots (Carrillo-Carrion et al. 2011; Li et al. 2013) are 
employed in these assays. For example, the lipid-soluble 
fluorescent probe Nile Red was used to label the triacyl
glycerols in microstructural analysis of milk fat globules 
performed using confocal laser scanning microscopy 
(Lopez et al. 2010). In oxygen radical absorbance capacity 
assay, which is used to measure anti-oxidant capacities in 
biological samples including a wide variety of foods 
in vitro, beta-phycoerythrin (Cao et al. 1993) and fluores
cein (Ou et al. 2001) are used as fluorescent probes. In 
addition, many food components of dairy products such as 
aromatic amino acids, nucleic acids, tryptophan residues of 
proteins, riboflavin and vitamin A are fluorescent them
selves (Sadecka & Tothova 2007). 
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Meanwhile, it is known that some metal ions can react with 
fluorescent molecules and decrease the intensity of their 
fluorescence (Thomas et al. 1999; Shingles et al. 2002). 
This concerns ions such as Fe2+, Fe3+ and Al3+. For example, 
fluorescein (Naim et al. 1986), calcein (Thomas et al. 1999) 
and Phen Green SK (Shingles et al. 2002) can be converted 
into non-fluorescent forms by iron ions. 

The release of many metal ions from the electrodes, 
which are utilized to electroporate the cells and in PEF-
treatment technology, has been reported (Loomis-Hussel
bee et al. 1991; Stapulionis 1999; Tomov & Tsoneva 2000; 
Kotnik et al. 2001; Morren et al. 2003; Pataro et al. 2014a, 
b; Roodenburg et al. 2005b, c). It can therefore be expected 
that the metal ions which are released from the electrodes 
can react with fluorescent molecules and decrease the 
intensity of their fluorescence. Experiments carried out 
by several groups have confirmed this assumption (Pli
quett & Gusbeth 2000; Rodaite-Riseviciene et al. 2014). 
The concentration of iron ions (Fe2+ and Fe3+) in the  

154 mM NaCl solution treated with a single square-wave 
pulse for a duration of 2 ms, amplitude 240 V, exceeded 
0.5 mM (Rodaite-Riseviciene et al. 2014). In the presence 
of 0.5 mM Fe2+, the  fluorescence of calcein was suppressed by 
more than 80% (Rodaite-Riseviciene and Saulis, unpublished 
data). Ferric ions (Fe3+) at the concentration of 1 mM totally 
suppressed the fluorescence of porphyrin-sulphonate and the 
fluorescence of Adriamycin by 30% (Rodaite-Riseviciene 
et al. 2014). When high-voltage electric pulses were used 
for transdermal drug delivery, quenching of the fluorescence of 
calcein by metal ions released from stainless-steel electrodes 
was observed (Pliquett & Gusbeth 2000). 

When using fluorescence-based methods to analyse PEF 
treated foods, the plausible interaction of fluorescent probes 
with metal ions which might be released from the electrodes 
must be considered. 

35.4	 Methods of Reducing Electrochemical 
Reaction Intensity and Reaction 
Consequences 

There are several methods of reducing the intensity of 
electrochemical reactions and, as a result, their undesirable 
consequences: (1) reduce the voltage used for PEF treatment 
by reducing the distance between the electrodes or local 
focusing of an electric field; (2) reduce the pulse duration; (3) 
reduce medium conductivity; or (4) use bipolar pulses. 

Each of these approaches has its advantages and limita
tions. By decreasing the gap between microfabricated 
electrodes to microscale or focusing the electrical field to 

a local membrane surface, the applied pulse or AC voltage 
could be lowered to <10 V (Lee & Tai 1999; Khine et al. 
2005; Lu et al. 2005). This approach is used in micro-
chambers and microfluidics (Khine et al. 2005; Guido et al. 
2012), but is unsuitable for the treatment of large volumes 
which is often required in food processing by PEF. 
At each electrode–solution interface, a double layer 

capacitor is formed. After starting the electric pulse it takes 
some time before the threshold voltage, which is required 
for electrochemicals reactions to proceed, is reached and the 
associated Faradaic reactions begin (Morren et al. 2003). 
Based on this assumption, the idea of limiting the corrosion 
of the electrodes by applying short pulses was recently 
suggested and confirmed experimentally (Morren et al. 
2003). However, the shorter the pulse the stronger the 
electric field which must be applied to electroporate (Saulis 
2010; Pucihar et al. 2011; Saulis et al. 2013) or kill the cells 
(Grahl & Markl 1996; Wouters et al. 1999). It is not yet 
clear whether shortening the electric pulse but increasing 
pulse voltage could help in avoid electrochemical reactions 
or, at least, reduce their intensity. 
Because the intensity of electric current flowing through 

the solution determines the intensity of electrochemical 
processes, the reduction of electrical conductivity of the 
sample should help to avoid excessive electrochemical 
reactions. It is therefore interesting that, for the same total 
electric charge which flowed through a solution, the pH of a 
solution in which sucrose was substituted for NaCl changed 
about 5 times less (Fig. 35.4b; Saulis et al. 2005). 
Unfortunately, in PEF food processing it is rarely possible 
to reduce electrical conductivity of the samples. In addition, 
a decrease in solution conductivity reduces the trans
membrane potential generated by the external electric field 
(Kotnik et al. 1997), which might reduce the efficiency of 
electropermeabilization of microorganism inactivation 
(Neumann 1992; Kotnik et al. 1997; Muraji et al. 1999; 
Ivorra et al. 2010). However, an inverse dependence of the 
efficiency of electroporation on the medium conductivity 
was also observed (Sukhorukov et al. 1998; Zimmermann 
et al. 2000; Wouters et al. 2001). 
It has been confirmed that electrolytic contamination and 

its detrimental effects can be largely reduced if bipolar 
rectangular pulses of the same amplitude and duration are 
used instead of the commonly applied unipolar pulses 
(Kotnik et al. 2001). The released concentrations of Al3+ 

and Fe2+/Fe3+ were always more than one order of magni
tude lower with bipolar pulses than with unipolar pulses of 
the same amplitude and duration. At the same time, no loss 
in efficiency of electropermeabilization was observed (Kot
nik et al. 2001). In some cases, even greater efficiency of 
inactivation of bacteria or yeast was obtained with bipolar 



Electrochemical Processes During High-Voltage Electric Pulses 587 

pulses than for those applied in the monopolar mode (Bai-
Lin et al. 1994; Elez-Martinez et al. 2004; Sobrino-López 
et al. 2006). 

However, to effectively permeabilize or kill the cells, 
bipolar pulses have to be at least of several microseconds 
duration or longer. Bipolar pulses shorter than 1 μs are less 
efficient at electropermeabilization and killing cells than 
monopolar pulses (Ibey et al. 2014). When the electric field 
is turned on, the transmembrane potential increases expo
nentially with the time constant of a membrane-charging 
process τc (Saulis 2010). It takes a time of (3–5) × τc for the 
transmembrane potential to reach 95–99% of its maximum 
value. To be able to effectively generate the transmembrane 
potential, the bipolar pulses therefore have to be longer than 
3–5 time constants of a membrane-charging process. For 
most bacteria and mammalian cells, this time constant is 
within the range of 0.1–10 μs (Kinosita & Tsong 1977b; 
Hibino et al. 1993; Lee & Grill 2005; Dubey et al. 2009). 

35.5 Conclusion 

When using high-voltage electrical pulses for electroporation 
of cells and tissues scientists must keep in mind that, besides an 
electrically induced cell membrane permeabilization, various 
primary electrochemical and secondary chemical reactions 
occur at the surfaces between the solution and the electrodes 
as well as in the solution; the products generated due to these 
reactions can influence the biochemical processes taking place 
in their experimental systems. 
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36.1 Introduction 

Microencapsulation has become a common approach in the 
design of new materials with biotechnological applications. 
The microencapsulation technology has been used by the 
food industry for more than 60 years (Gouin 2004; Desai & 
Park 2005). The applications of microencapsulation have 
increased exponentially over the last two decades (Ghosh 
2006; Champagne & Fustier 2007), as well as the number 
of publications concerning microencapsulation and both 
microencapsulation and food (Fig. 36.1); between 1975 and 
the end of 2013, more than 7538 and 606 papers were 
published, respectively. The number of papers published in 
the last 10 years (2004–2013) is almost twice that of the 
previous decade on the concept of microencapsulation and 
more than four times relating to both microencapsulation 
and food. In 2013 the papers related to microencapsulation 
and food represented almost 16% of the total number 
published related to microencapsulation. This increase is 
very significant if we consider that in 2000 this percentage 
was less than 7%. 

Further evidence of the growth in microencapsulation 
described by Gouin is that, in 2002, over 1000 patents were 
filed relating to the processes and its applications, over 300 
of which were directly related to food ingredients (Gouin 
2004). Many of these results have no application in industry 
however because of the high cost-in-use, difficult scale-up 
and/or narrow applicability range (Gouin 2004). The 

applicability of a microencapsulation process in food indus
try needs to be in equilibrium considering the final price of 
the product, its benefits and the price of the microencapsu
lated food products, which should be acceptable to the 
global market of the food products (Gouin 2004; Desai & 
Park 2005). Considering the characteristics of food prod
ucts with microencapsulated components, which represent 
1–5% of the final product, the maximum cost for a micro
encapsulation process in the food industry is estimated at 
approximately €0.1 kg�1 (Gouin 2004). 
Microencapsulation is a technology that can be used to 

increase the effectiveness of many compounds in industry 
and, like other controlled-release techniques, allows the 
reformulation of a large number of food products, providing 
them with better and new properties (Pothakamury & 
Barbosa-Cánovas 1995; Patel & Patel 2010). The advan
tages and applications of microencapsulation in industry, 
particularly in the food industry, have been discussed by 
several authors (Youan et al. 2003; Gouin 2004; Desai & 
Park 2005; Ghosh 2006; Champagne & Fustier 2007; 
Patel & Patel 2010). Some advantages of the micro
encapsulation process include: protection of the core com
pound; reduction of the core compound reactivity with 
external factors; decrease of the transfer rate from the 
core to the outside and control of the release of the core 
compound; easier handling; masking of the core taste; and 
diluting the core compound in the final product when it is 
toxic in large quantities (Pothakamury & Barbosa-Cánovas 
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Figure 36.1 Number of ‘microencapsulation’ and ‘microencapsulation/food’ papers published since 1975 and contribution in 
percentage of the ‘microencapsulation/food’ papers in the total number of ‘microencapsulation’ papers. Source: www.scopus. 
com. 

1995; Gharsallaoui et al. 2007). Some heat-, temperature-
or pH-sensitive compounds can be used more conveniently 
when encapsulated and, since encapsulation means certain 
industrial processes can be avoided, the loss of compounds 
such as vitamins, proteins, enzymes and mineral salts can 
be reduced (Pothakamury & Barbosa-Cánovas 1995). 

36.2	 Microencapsulation in Food 
Biotechnology 

During the last years, the number of food compounds that 
have been microencapsulated has been increasing as well the 
number of publications (Fig. 36.2). The first papers with the 
expression ‘microencapsulation/food’ started to appear in 
1988. These publications are related to: probiotics (19%; 
Champagne & Fustier 2007; Heidebach et al. 2010), flavours 
(12%; Yoshii et al. 2001; Roos 2003; Estevinho et al. 2013a); 
lipids (10%; Keogh & O’Kennedy 1999); anti-oxidants (8%; 
Gemili et al. 2010); vitamins (7%; Yoo et al. 2006); enzymes 
(7%; Sangeetha & Abraham 2008; Estevinho et al. 2012); 

dyes (3%; Ersus & Yurdagel 2007); and stabilizers (1%; 
Guillard et al. 2009), among others (Pothakamury & Bar
bosa-Cánovas 1995). The higher number of publications is 
related to probiotics and flavours, with the former having 
experienced an exponential increase in the last 10 years. 

Considering the relevance of these compounds (probi
otic, flavour, lipid, anti-oxidant, vitamin, enzyme, dye and 
stabilizer) in the food industry, the role of each of these in 
discussed separately in the following sections. 

36.2.1 Probiotics 

One of the most recent novelties in the food industry is 
based on the incorporation of probiotics in food products; 
these are defined by the World Health Organization as ‘live 
microorganisms which, when administered in adequate 
amounts, confer a health benefit on the host’ (Anal & Singh 
2007; Corona-Hernandez et al. 2013). The Lactobacillus 
and Bifidobacteria species in the intestinal tract is generally 
considered to be signal of a healthy microbiota, so these 
become the most common probiotic bacteria used for a 
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Figure 36.2 Number of papers published about ‘microencapsulation/food’ and more specifically about ‘probiotic’, ‘flavour’, 
‘lipid’, ‘anti-oxidant’, ‘vitamin’, ‘enzyme’, ‘dye’ and ‘stabilizer’. Source: www.scopus.com. 

variety of health problems (Salem et al. 2013). The use of 
probiotic bacterial cultures stimulates the growth of pre
ferred microorganisms, crowds out potentially harmful 
bacteria and reinforces the body’s natural defence mecha
nisms. The range of beneficial properties spans from low
ering cholesterol to modulating immunity, improving 
lactose tolerance and preventing cancer (Schell & Beer
mann 2014). 

Considering their perceived health benefits, probiotics 
have been incorporated into a range of dairy products 
including: yoghurts; soft, semi-hard and hard cheeses; 
ice cream; milk powders; and frozen dairy desserts. How
ever, the loss of probiotics during processing is the most 
important technological obstacle to be solved. Producing 
large enough amounts of viable and stable probiotic cul
tures has been technologically challenging for industry 
(Salem et al. 2013). The efficacy of probiotics is mainly 
related to their viability in a product at the point of 
consumption. It is not only the food production processes 
and storage conditions, but also the physical circumstances 
of the human gastrointestinal tract (acidic conditions of the 
stomach as well as enzymes and bile salts in the small 

intestine) after oral application which strongly influence the 
survival of probiotic microorganisms and, accordingly, 
their effectiveness (Schell & Beermann 2014). Gastric juice 
is generally the strongest barrier to probiotic microorgan
isms followed by pancreatic juice and bile salts of the small 
intestine. To avoid undesirable losses of probiotics, protec
tive microencapsulation techniques with different matrices 
are generally a good solution (Corona-Hernandez et al. 
2013; Salem et al. 2013; Burgain et al. 2014; Schell & 
Beermann 2014). The microencapsulation processes solve 
several problems, and can be used to enhance the viability 
during processing and improve targeted delivery in the 
gastrointestinal tract (Anal & Singh 2007). 

36.2.2 Flavours 

Flavours play important roles in consumer satisfaction and 
influence further consumption of foods (Yang et al. 2014). 
Flavours have a large range of applications in the food 
industry. However, some of them are very sensitive to 
ambient or industrial process conditions (Estevinho et al. 
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2013a). Flavour loss during the storage process of foods is a 
very common occurrence in the food industry. When in the 
free form, flavour loss sometimes reaches 60–95% (Potha
kamury & Barbosa-Cánovas 1995). This value is so high 
because flavours are very volatile, react with other compo
nents and are sensitive to heat and moisture (Estevinho 
et al. 2013a). In other cases, it is expected that the flavour is 
only available at the moment of the food ingestion or 
retained in the food for a long time period (Pothakamury & 
Barbosa-Cánovas 1995; Yoshii et al. 2001). 
For all these reasons, microencapsulation is important to 

protect and keep the flavour in the best conditions to be 
ingested. Flavours are often encapsulated within a contin
uous protective matrix in order to facilitate handling, 
prevent premature evaporation or provide protection 
against oxidation (Sillick & Gregson 2012). 

36.2.3 Lipids 

In microencapsulation processes in the food industry, the 
lipids can be used as an encapsulating agent, forming 
liposomes (Berrocal & Abeger 1999; Kim et al. 1999) or 
solid lipid particles (Comunian et al. 2014; Cortés-Rojas 
et al. 2014) for example, or as core compounds (Carvalho 
et al. 2012; Ng et al. 2013; Huang et al. 2014). 
The development of formulations containing instable, 

volatile and poorly water-soluble compounds is a chal
lenge, and several strategies have been employed to achieve 
this objective such as the development of emulsions, lipo
somes and polymeric micro- and nanoparticles (Cortés-
Rojas et al. 2014). For example, lipid nanoparticles have 
enjoyed special attention due to their high encapsulation 
efficiency, stability and modification of solubility. The solid 
lipid nanoparticle consists of the dispersion of the active 
compound in a melted solid lipid or a blend of solid lipids. 
The lipidic matrix is then cooled, incorporating the active 
molecules between fatty acid chains or lipid lamellae. This 
process is dependent on factors that could influence the 
properties of the particles obtained, such as the kind of lipid, 
surfactant, emulsification process and the drying/cooling 
conditions (Cortés-Rojas et al. 2014). 
As a core compound there are several cases of lipids with 

a special value in food industry. For example, tilapia oil 
from the tilapia fish can be a useful dietary supplement as it 
contains considerable amounts of omega-3 fatty acids 
(eicosapentaenoic acid and docosahexaenoic acid), shown 
to be important for the maintenance of good health and 
prevention of a range of human diseases and disorders 
(Huang et al. 2014). However, long-chain polyunsaturated 
fatty acids in tilapia oil are highly unsaturated and 

consequently are very susceptible to oxidation, associated 
to the formation of unpleasant tastes and odours and 
reducing the product shelf life. Oxidation also promotes 
the generation of free radicals that can provoke negative 
physiological effects on living organisms (Huang et al. 
2014). By microencapsulation, it is possible to retard or 
suppress the oxidation of unsaturated fatty acids (Ng et al. 
2013; Huang et al. 2014). Microencapsulated lipids are 
essentially powdery food products or ingredients compris
ing oil globules dispersed in a continuous matrix of sac
charides and/or proteins, where the lipids are protected 
from deteriorative reactions or adverse environmental con
ditions, thus enhancing their stability (Ng et al. 2013). 

36.2.4 Anti-Oxidants 

Anti-oxidant compounds are mixed into initial food prod
ucts or alternatively foods are dipped into solutions con
taining them. These processes have their limitations, 
however; protection ceases once the active compounds 
are consumed in complex reactions of food system and 
there is no selectivity in terms of targeting the areas of the 
food surface where most microbial and oxidative spoilage 
reactions occur (Gemili et al. 2010). 
Microencapsulation can overcome these limitations by 

providing a continuous release of anti-oxidant from micro-
particles to the food. Several articles have been published on 
this topic, for example Chatterjee & Bhattacharjee (2013) 
compare the anti-oxidant efficacy of encapsulated and 
unencapsulated eugenol-rich clove extracts in soybean oil. 
Eugenol (C10H12O2; 4-allyl-2-methoxy phenol) is a phenyl-
propene, an allyl chain-substituted guaiacol, and it is a 
colourless to light-yellowish fluid found in the essential 
oils of spices (Chatterjee & Bhattacharjee 2013). Eugenol 
has considerable therapeutic potency associated with its 
biological activities, such as anti-oxidant, antifungal, anti
bacterial and anti-inflammatory (Chatterjee & Bhattacharjee 
2013). 
In another study, Çam et al. (2014) investigated the 

effects of microencapsulation conditions on product quality 
of pomegranate peel phenolics. Pomegranate (Punica gran
atum L.) is one of the most investigated fruits in recent 
years, considering the anti-oxidant, antihypertensive and 
anticancer effects of pomegranate juice (Çam et al. 2014). 

Another project on microencapsulation of anti-oxidants 
was published by Flores et al. (2014). They studied the 
physical and storage properties of spray-dried blueberry 
pomace extract with whey protein isolate as wall material. 
The health-promoting properties of blueberries (Vaccinium 
sp.) have generated considerable interest in the last years. 
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Blueberries were found to be a rich source of bioactive 
compounds such as anthocyanins and other flavonoids. 
Purified anthocyanins are susceptible to degradation in 
the presence of, for example, high pH, oxygen, heat, light 
and metallic ions. Microencapsulation, such as by spray 
drying, can provide protection and facilitate targeted release 
(Flores et al. 2014). 

36.2.5 Vitamins 

The biochemist Casimir Funk (1884–1967) coined the term 
vitamins in 1912. The discovery of vitamins as essential 
factors in the diet was a scientific breakthrough (Teleki 
et al. 2013). Vitamins are bioactive compounds; they are 
physiologically active food components that provide health 
benefits beyond their nutritional role (Teleki et al. 2013). 

Vitamins are important micronutritional substances 
which are involved in many biochemical functions of the 
body but are not synthesized by the body; they therefore 
have to be supplied through diet (Murugesan & Orsat 
2011). A diet poor in vitamins can lead to many deficiency 
diseases such as as scurvy, pellagra, ariboflavinosis, der
matitis and enteritis, among others. Use of multivitamin 
supplements has led to a reduction in cases of certain diet-
related disorders. However, the loss of vitamins is consid
erable during the cooking, processing (chilling, heating, 
reheating) and storage of foods (Murugesan & Orsat 2011). 
Some authors studied the possibility of microencapsulating 
vitamins with the purpose of increasing the resistance of 
vitamins to the cooking process or storage (Abbas et al. 
2012). From different studies it was concluded that Vitamin 
C, folate and vitamin B6 are less stable during high-
temperature processing as compared to retinol, thiamine, 
riboflavin and niacin (Murugesan & Orsat 2011). It is 
important to microencapsulate these vitamins to increase 
their applicability in food processes. Borrmann et al. (2013) 
microencapsulated passion fruit juice (vitamin C) with 
n-octenyl succinate-derivatized starch using a spray dryer 
and stored at two different temperatures. Bastos et al. (2012) 
microencapsulatated cashew apple (Anacardium occiden
tale,L.) juice (vitamin C), also using a spray-drying process. 

36.2.6 Enzymes 

Enzymes play a very important role in industry, especially 
in the food and health industries. The global market for 
industrial enzymes was estimated at US$ 3.3 billion in 2010 
and is expected to reach US$ 4.4 billion by 2015, with a 
compound annual growth rate of 6% over the 5 year 
forecast period (BCC Research 2011). The group of 

food and beverage enzymes is predicted to reach about 
US$ 1.3 billion by 2015, from a value of US$ 975 in 2010. 
Within the food and beverage enzymes segment, the milk 
and dairy market had the highest sales with US$ 401.8 
million in 2009 (BCC Research 2011). 
Microencapsulated/immobilized enzymes are generally 

more stable than the free enzymes, and have many potential 
applications that range from the food industry to bio
technology and medicine (Haider & Husain 2008). The 
preparation of enzyme microcapsules requires extremely 
well-controlled conditions (Husain 2010). 
One example of the microencapsulation/immobilization 

of enzymes is β-galactosidase. More than 70% of the 
world’s population suffers from some type of lactose 
intolerance or difficulty in digestion of lactose caused by 
the lack of β-galactosidase activity (Pribila et al. 2000; 
Rodriguez-Nogales & Delgadillo 2005; Elnashar & Yassin 
2009). β-galactosidase can be used in a number of ways to 
hydrolyse lactose in milk and whey/whey permeate (Went
worth et al. 2004; Ansari & Husain 2012; Singh & Singh 
2012). 
The enzyme β-galactosidase can also be used in trans

glycosylation of lactose to synthesize galactooligosacchar
ides (GOS), which promote the growth of bifido-bacteria 
in vivo (Shin et al. 1998; Cheng et al. 2006; Pan et al. 
2009). The effect of the encapsulation on enzyme activity, 
stability of suspension, morphology and size of particles was 
studied for several authors (Rodriguez-Nogales & Delgadillo 
2005; Estevinho et al. 2012, 2014a). For example, Rodriguez-
Nogales & Delgadillo (2005) studied the microencapsulation 
of β-galactosidase in order to allow the hydrolysis of the 
lactose in the presence of gastric fluid. They microcapsulated 
β-galactosidase in liposomes, which are simply vesicles com
posed of a membrane of lipid molecules. Liposomes can entrap 
a wide range of active compounds. 
β-galactosidase is also used in the food industry to 

hydrolyse lactose found in cheese whey, allowing the 
recovery of glucose and galactose. Although most indus
tries still use the free enzyme to hydrolyse lactose, the 
immobilization of β-galactosidase is an area of great interest 
because of its potential benefits (Panesar et al. 2010). 
The use of immobilized enzyme is very important 
from the economic point of view since it allows reutiliza
tion of the enzyme and continuous operation, precludes the 
need to separate the cells from the whey following pro
cessing and improves the enzyme stability. Immobilized 
β-galactosidase is intensively used in lactose hydrolysis of 
milk/whey and has been tested for the production of 
galactooligosaccharides (Panesar et al. 2010). Wentworth 
et al. (2004) studied the application of chitosan-entrapped 
β-galactosidase in a packed-bed reactor system. 
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To summarize, the preparation of β-galactosidase micro
capsules can enable and increase the application of this 
enzyme in the food industry and in healthcare. 

36.2.7 Dyes 

Colour is one of the important qualities of foods, being 
considered as a quality indicator and frequently determin
ing the acceptance of some foods (Kandansamy & Soma
sundaram 2012). In the last years, there has been an 
increased interest in the development of food colourants 
from natural sources as alternatives to synthetic dyes. As 
described by Kandansamy & Somasundaram (2012), the 
current market for food colourants is estimated at US$ 1.7 
billion in which the natural colours comprise some US$ 
0.65 billion. The global market for natural colour is 
expected to grow by 10% in the next 5 years. 
Many natural pigments such as anthocyanin, lycopenes 

and betalains are subject to colour loss during storage. In 
order to increase the stability of these natural colourants, the 
technology of microencapsulation is applied (Kandans
amy & Somasundaram 2012). For example, anthocyanins 
are highly coloured (red, purple and blue) substances found 
in plants (Ersus & Yurdagel 2007) which can be used in 
food, nutraceutical and pharmaceutical preparations. They 
also have a high potential as colourants and show low 
toxicity (Ersus & Yurdagel 2007; Idham et al. 2012). 
However, there are factors which affect the colour and 
stability of anthocyanins, for example: pH, temperature, 
light, presence of copigments, self-association, metallic 
ions, enzymes, oxygen, ascorbic acid and sugar. Micro
encapsulation can solve the problem of lack of stability of 
anthocyanins (Ersus & Yurdagel 2007; Idham et al. 2012). 
Ersus & Yurdagel (2007) microencapsulated anthocyanin 
pigments of black carrot (Daucuscarota L.) by spray dry
ing, with good results. 

36.2.8 Stabilizers 

Some biological and chemical reactions, provoked by 
microbial growth and oxidation of some compounds (native 
vitamins, colourants, flavours, etc.) occurring on food 
surfaces, are the main causes of deterioration and loss of 
fresh and processed food products (Guillard et al. 2009). In 
order to avoid the deterioration of food products and to 
increase their shelf life, preservatives or stabilizers are 
widely added to many foods (Guillard et al. 2009). How
ever, the use of large quantities of these additives can have 
an impact on human health. One of the solutions to this 
problem is to change the type of additives used, instead 

using generally recognized as safe (GRAS) additives. 
Another is to find new formulations, such as micro
encapsulation or the formation of films, which allow a 
controlled release of the additives (also reducing the 
amount of additives necessary). 
Sorbic acid and its salts (sorbates) are considered GRAS 

additives and are active against yeast, moulds and many 
bacteria. They are frequently used as preservatives in a great 
variety of foods (non-alcoholic drinks, grape juice, dried 
fruits or fruit and vegetable preparations. Guillard et al. 
(2009) authors studied the food preservative content reduc
tion by controlling sorbic acid release from a superficial 
coating. They attempted to reduce the total amount of 
preservatives added to the food. A food/antimicrobial coating 
system with sorbic acid as the active compound, agar gel as 
model food and wheat gluten (WG) or beeswax (BW) film as 
edible coatings was studied. A mathematical model to 
describe the release kinetics of the antimicrobial agents 
from the edible coating into food products was developed. 

36.2.9 Summary 

Considering all the examples described in the above sections, 
we conclude that food microencapsulation is an efficient way 
of increasing food shelf life during storage. Microencapsula
tions techniques have been applied for several food products 
and also micronutrients (Murugesan & Orsat 2011). In the 
case of micronutrients, microencapsulation has the important 
role of maintaing an ideal concentration in the body. An 
inadequate supply of micronutrients has led to many chronic 
disorders and diseases, and most of these micronutrients 
(e.g. vitamins and minerals) are damaged or denatured during 
produce handling and subsequent processing. It is therefore 
important to preserve these nutrients in food supplied to 
consumers, which is where microencapsulation can play an 
important role (Murugesan & Orsat 2011). 

To conclude, the microencapsulation process is used in 
the food industry to microencapsulate many types of com
pounds for many different reasons (Desai & Park 2005): 

1.	 to protect the core material from degradation by reduc
ing its reactivity to its outside environment (e.g. heat, 
moisture, air and light); 

2.	 to control (decrease/retard) the transference rate of the 
core material to the outside environment; 

3.	 to avoid changes in the physical characteristics of the 
original material; 

4.	 to either release the product slowly over time or at a 
certain point (e.g. to prevent the release of the core 
material until a certain stimulus); 
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5.	 to mask the flavour of some compounds; 
6.	 to uniformly disperse the product in the host material 

when only very small amounts of diluted core material 
are required; and 

7.	 to separate components in a mixture that would other
wise react with one another. 

36.3 Microencapsulation Concepts 

Microencapsulation is a technique where liquid droplets, 
solid particles or gas compounds are entrapped in an 
encapsulating agent. The compound to be encapsulated 
usually stays in the core of the capsule surrounded by 
the encapsulating agent or dispersed in one matrix contain
ing the encapsulating agent. In some cases the microcap
sules may have more than one encapsulating agent, 
building different walls with different chemical and physi
cal properties. Microcapsules are normally small spheres 
with diameters of a few micrometres to a few millimetres. 
The size, structure and the shape of the microcapsules 
depend on the materials involved and on the micro
encapsulation technique (Ghosh 2006). 

Different types of microparticles can be produced from a 
wide range of encapsulating agents and by a large number 
of microencapsulation processes (Ghosh 2006). The selec
tion of microencapsulation method and agent are inter
dependent (Desai & Park 2005). 

36.3.1 Encapsulating Agents 

Which encapsulating agent to use is a very important 
question, because the encapsulation efficiency and micro
capsule stability are dependent on that agent. The criteria 
for selecting a wall material are based on the physico
chemical properties of the substance to encapsulate (poros
ity, solubility), the encapsulating agent (viscosity, 
mechanical properties), the compatibility between the 
two (the wall material should be insoluble and should 
not react with the core) and processing and economic 
factors (Freiberg & Zhu 2004; Azeredo 2005; Gharsallaoui 
et al. 2007). It is also necessary to consider the intended size 
of the microcapsules (Ghosh 2006). On the other hand, in 
some cases one encapsulating agent alone may not have all 
the required characteristics so a combination of encapsulat
ing agents may be used (Cortesi et al. 1998; Favaro-
Trindade et al. 2010). 

The choice of encapsulating material is an important 
task. In the food industry it is necessary to consider factors 
such as toxicity, encapsulation efficiency, stability, 

protection degree of the core and microscopic properties 
of the surface of the microparticles, among others. Depend
ing on the core material and the characteristics desired in the 
final product, wall materials can be selected from a wide 
variety of natural and synthetic polymers (Azeredo 2005; 
Gharsallaoui et al. 2007). 
Microencapsulation of food ingredients is often achieved 

with biopolymers. These biopolymers are usually derived 
from various origins such as plants, animals or microbials. 
These biomolecules are classified into three major catego
ries: carbohydrate polymers, proteins and lipids (Muruge
san & Orsat 2011). Some carbohydrates (e.g. starch, 
maltodextrins, dextrose), gums (e.g. arabic gum, acacia 
gum, alginates, carrageenans), proteins (e.g. milk or 
whey proteins, gelatine; Aghbashlo et al. 2012) and chi
tosan are among the most abundantly used in food industry 
(Gouin 2004; Krajewska 2004; Gharsallaoui et al. 2007; 
Murugesan & Orsat 2011). For example, Estevinho et al. 
(2014a, b) investigated the possibility of producing micro-
particles containing β-galactosidase using different biopol
ymers (arabic gum, chitosan, modified chitosan, calcium 
alginate and sodium alginate) as encapsulating agents by a 
spray-drying process. These authors concluded that it is 
possible to encapsulate β-galactosidase using different 
biopolymers through a spray-drying process and, depend
ing on the type of application intended for the enzyme, 
different encapsulating agents need to be selected to allow 
the appropriated controlled release of the enzyme. 

36.3.2 Microencapsulation Techniques 

There are several microencapsulation techniques with dif
ferent adaptations and specificities, depending on the dif
ferent microencapsulation purposes. The selection of 
microencapsulation method depends upon specific appli
cations and parameters such as required particle size and 
shape, physicochemical properties of the core and coating 
materials, process cost, the type of controlled release and 
the scale of production (Ghosh 2006; Vos et al. 2010; 
Murugesan & Orsat 2011). It is therefore important to select 
an appropriate encapsulation method for better process 
efficiency in order to produce high-quality microencapsu
lated products (Murugesan & Orsat 2011). 
With time, new techniques have been developed and 

older methods have been improved in the food industry 
(this can also be checked by the increase in the number of 
relevant publications: Fig. 36.3). The most important 
microencapsulation techniques in the food industry are: 
spray drying (Mladenovska et al. 2007); emulsification 
(Ribeiro et al. 1999; Vladisavljevic ́ & Williams 2005); 
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Figure 36.3 Number of papers published about ‘microencapsulation/food’ and more specifically about ‘spray-drying’, 
‘emulsification’, ‘coacervation’, ‘liposome’ and ‘spray-cooling’. Source: www.scopus.com. 

coacervation (Knill et al. 2004; Saravanan & Rao 2010); 
spray-cooling (Vos et al. 2010); and liposome entrapment 
(Singh & O’Hagan 1998; Gouin 2004; Krajewska 2004; 
Sinha et al. 2004; Azeredo 2005; Freitas et al. 2005; Ghosh 
2006; Anal & Singh 2007; Champagne & Fustier 2007; 
Vos et al. 2010). The number of publications related to 
‘microencapsulation/food/spray-drying’ has been increas
ing exponentially in the last years. Despite the numerous 
techniques available, spray drying is the most common due 
to its low cost, required equipment and efficiency (Rattes & 
Oliveira 2007; Vos et al. 2010; Pu et al. 2011; Schafroth 
et al. 2011). 

36.4 Spray-Drying Process 

The spray-drying technique has been successfully used in 
the food industry for several decades, and this process of 
microencapsulation is one of the oldest encapsulation 
methods. The first spray dryers were manufactured in the 
USA in 1930s (Gouin 2004; Murugesan & Orsat 2011). In 

the beginning, the spray-drying process was applied to 
flavours in order to protect them from degradation/oxida
tion and also to dry solid suspensions, but the number of 
applications increased and presently it is applied to several 
other compounds such as bioactive molecules and pro
biotics (Gouin 2004; Pu et al. 2011). 
The spray-drying process is flexible and produces parti

cles of good quality. Spray drying is also a relatively low-
cost technology with production costs lower than those 
associated with most other methods of encapsulation. It is 
rapid, reproducible and allows easy scale-up when com
pared to other microencapsulation techniques, justifying 
the preference in industrial terms (Rattes & Oliveira 2007; 
Vos et al. 2010; Pu et al. 2011; Schafroth et al. 2011). 
Spray drying is one of the best drying methods to convert 

fluid materials into solid or semi-solid particles in a single 
step. The spray-drying process is based on the evaporation 
of the solvent that takes place during the fluid feed contact 
with hot air (Fig. 36.4). The rapid evaporation keeps the 
temperature of the droplets relatively low, so the product 
quality is not significantly affected (Murugesan & Orsat 

http://www.scopus.com
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Figure 36.4 Scheme of the spray-dryer. 1: feed solution; 2: electric heater to the inlet air; 3: spray nozzle; 4: spray cylinder; 5: 
cyclone to separate particles from gas stream; 6: collecting vessel for dried product; 7: outlet filter; and 8: aspirator to pump air 
through system. 

2011; Estevinho et al. 2013b). The time of exposition of the 
microparticles to elevated temperatures is short (normally a 
few milliseconds) and the temperature in the core of the 
microparticles generally does not exceed 100 °C, reducing 
the possibility of undesirable changes for thermo-sensitive 
compounds (Azeredo 2005; Desai & Park 2005). 

The spray-drying process involves the following steps: 
feed of the solution; atomization; formation of the droplet/ 
air contact; evaporation of the water; and dry product/ 
humid air separation (Gharsallaoui et al. 2007). All of 
these steps determine the type and characteristics of the 
microparticles formed and need to be optimized. It is 
therefore necessary to optimize the composition of the 
solution, solution and air flow rates, air pressure, and inlet 
and outlet temperatures. 

The spray-drying process starts with the feeding of the 
solution (an emulsion or a suspension) to the spray dryer. 
The properties of this solution influence the microparticles, 
for example the size of particles increases with the viscosity 
and surface tension of the feeding liquid (Gharsallaoui et al. 
2007). The solution is then atomized by different types of 
atomizers (pneumatic atomizer, pressure nozzle, spinning 
disk, fluid nozzle and sonic nozzle). By increasing the 
energy provided to the atomizer, the size of the formed 
droplets decreases. On the other hand, for the same amount 
of energy, the size of formed particles increases with the 
feed rate (feeding solution) (Gharsallaoui et al. 2007). 

In this process the hot air inlet temperature is typically 
150–220 °C and the evaporation occurs very quickly. The 
temperature then decreases to moderate temperatures 

(50–80 °C; Azeredo 2005; Gharsallaoui et al. 2007; Vos 
et al. 2010; Estevinho et al. 2013b). 
Depending on the characteristics of the feeding solution 

and the operating conditions, a very fine powder 
(10–50 μm) or large-sized particles (2–3 mm) can be 
obtained (Gharsallaoui et al. 2007; Vos et al. 2010). The 
microparticles are separated in a cyclone after their forma
tion (Vos et al. 2010). Some spray dryers are also equipped 
with filters referred to as ‘bag houses’, used to remove the 
finest powder. 
The microcapsules produced are normally matrix type 

(with the substance to encapsulate distributed in the encap
sulating agent) and the mechanisms of release involved are 
typically controlled by the action of solvents and by diffu
sion (Azeredo 2005). 
Spray-drying technology has one limitation: the type of 

the encapsulating agent should be soluble in water at an 
acceptable level (Desai & Park 2005). In the food industry, 
almost all the microencapsulation processes use aqueous 
formulations as encapsulating agents and the typical shell 
materials include gum acacia, maltodextrins, hydrophobi
cally modified starch and mixtures of these. Other poly
saccharides such as alginate, carboxymethylcellulose, guar 
gum and proteins such as whey proteins, soy proteins and 
sodium caseinate can also be used as encapsulating agents. 
However, their usage becomes very complicated and 
expensive because of their low solubility in water, which 
implies an increase in the amount of water to be evaporated 
and a decrease in the dry matter content and in the amount 
of active ingredient (Desai & Park 2005). 
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Water removal by spray drying is a common engineering 
practice, for example to prepare dried milk (Gharsallaoui 
et al. 2007). This is a well-known application of the spray 
dryer in food industry. When milk is spray dried, the 
process can be considered as microencapsulation; milk 
fat is the core material and the wall material consists of 
a mixture of lactose and milk proteins (Gharsallaoui et al. 
2007). In this way, spray drying is used to ensure micro
biological stability of products, avoid the risk of chemical 
and/or biological degradation, reduce the storage and trans
port costs and finally obtain a product with specific prop
erties such as instantaneous solubility (Gharsallaoui et al. 
2007). 
There are several examples of food products that use a 

spray-drying technology. Details of the microencapsulation 
of coconut milk fat (Le & Le 2015), pomegranate peel 
phenolics (Çam et al. 2014), rosemary essential oil (Fer
nandes et al. 2014), α-linolenic acid-rich garden cress seed 
oil (Umesha et al. 2013), linseed oil (Gallardo et al. 2013), 
L. acidophilus NCIMB 701748 (Behboudi-Jobbehdar et al. 
2013) and flavours (Estevinho et al. 2013a) have been 
recently published. The experimental conditions depend on 
the compounds to be microencapsulated. For example, to 
microencapsulate coconut milk fat an air inlet temperature 
of 160 °C and outlet temperature of 42 °C were used in the 
spray-dryer (Le & Le 2015); in the microencapsulation of 
linseed oil the inlet air temperature was adjusted to 
175 ± 5 °C and the outlet was kept at 75 ± 5 °C (Gallardo 
et al. 2013); and Umesha et al. (2013) used a inlet temper
ature of 180 ± 2 °C with an outlet temperature of 90 ± 2 °C 
in the microencapsulation of α-linolenic acid-rich garden 
cress seed oil. 

36.5	 Kinetic Mechanisms of Controlled 
Release 

By microencapsulation it is possible for compounds in 
foods to be released in a controlled manner. With a properly 
designed controlled-release system, the food compound is 
released at the desired site and time and at a desired rate. 
Factors influencing the release mechanisms include: the 
type of encapsulating agent used to encapsulate the active 
ingredient; the method of preparation; and the environment 
of release. In the release mechanisms, processes of diffu
sion, biodegradation, dilatation (with gel formation and 
swelling) and osmosis can be involved (Estevinho et al. 
2013b). The study and the development of controlled-
release mechanisms has overcome both the ineffective 
utilization and the loss of food additives during the proc
essing steps, increasing their efficiency. 

The release of the active compound in an ideal system 
may follow zero-, half- or first-order kinetics. A release 
with zero-order kinetics (constant release rate) occurs when 
the core is released from the system as a pure material 
(Equation (36.1)). The release with first-order kinetics 
occurs when the core is actually a solution (Equation 
(36.2)) (Pothakamury & Barbosa-Cánovas 1995; Sood & 
Panchagnula 2003; Sankalia et al. 2007). These release 
kinetics are defined: 

Q1 � Q0 � K0t (36.1) 

Qt � Q0e 
�K1t (36.2) 

where Qt is the cumulative amount of the active compound 
released at time t, Q0 is the initial amount in solution 
(normally Q0 = 0), K0 is the zero-order release constant 
and K1 the first-order release constant. 
The release with half-order kinetics generally occurs 

with matrix particles. In practice, the release rate of the 
active compound may be slightly different from zero-, half-
or first-order kinetics (Pothakamury & Barbosa-Cánovas 
1995; Sood & Panchagnula 2003; Sankalia et al. 2007) and 
more complex mathematical models are required to 
describe the phenomena. The Higuchi (36.3) and the 
Korsmeyer–Peppas (36.4) equations are generally used 
to characterize the kinetic mechanism of controlled release 
of substances: 

pffiffi 

Qt � KH t (36.3) 

Qt n
� KKt (36.4)

Q1 

where KH represents the Higuchi constant of dissolution; 
Qt/Q1 is the fraction of active compound released at time t; 
KK is the Korsmeyer constant which incorporates structural 
and geometric characteristics of the released form (sphere, 
microcapsule, nanocapsule, film, cylinder, tablets); and n is 
the release exponent (diffusional), a parameter that defines 
the release mechanism (Table 36.1; Cao et al. 2005; Sankalia 
et al. 2007; Holgado et al. 2008; Ferrero et al. 2010). 
In the studies of the release of substances in the form of 

pharmaceutical doses the Hixson-Crowell Equation (36.5) 
is applied: 

1 1 

Q0
3 � Qt 

3 � KSt (36.5) 
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Table 36.1 Interpretation of the release exponent (n) in Korsmeyer–Peppas equation. Adapted from Estevinho et al. (2013b). 

Form Release exponent (n) Drug transport mechanism Rate as a function of time (t) 

Film <0.5 Fickian diffusion t
�0.5 

0.5 < n < 1.0 Anomalous transport t
n�1 

1.0 Case-II transport Zero-order release 
>1.0 Super Case-II transport t

n�1 

Cylinder <0.45 Fickian diffusion t
�0.55 

0.45 < n < 0.89 Anomalous transport t
n�1 

0.89 Case-II transport Zero-order release 
>0.89 Super Case-II transport t

n�1 

Sphere <0.43 Fickian diffusion t
�0.57 

0.43 < n < 0.85 Anomalous transport t
n�1 

0.85 Case-II transport Zero-order release 
>0.85 Super Case-II transport t

n�1 

where KS is the constant that incorporates the relation 
between the area and the volume of the form of pharma
ceutical doses. Kopcha et al. (1990) also proposed an 
empirical equation (36.6) to fit release data of optimized 
batches. 

2M � At 
1 
� Bt (36.6) 

where M is the amount of drug released at time t, while A 
and B are, respectively, the diffusion and erosion (physical 
and chemical) terms. According to this equation, for 
M � 70% in a given time t, if  A/B = 1 then the release 
mechanism involves both diffusion and erosion. If A/B > 1 
diffusion prevails, and if A/B < 1 erosion prevails (Sankalia 
et al. 2007). 

The applicability of these mathematical models to the 
controlled release of compounds is increasing in food 
industry, allowing the development of new food systems. 

36.6 Conclusions 

In this chapter the importance of microencapsulation in 
food biotechnology has been discussed. New applications 
and new developments are revolutionizing the food indus
try, and the number of new products is increasing expo
nentially. Microencapsulation can be used to increase the 
effectiveness of many compounds in industry, and allows 
the utilization of some that otherwise would be unfeasible. 
The high achievements made in this area will continue with 
increasing numbers of new industrial processes, overcom
ing all the industrial constraints and requirements to make a 
microencapsulation process viable, from the transition to 
full-scale production to the marketing of the final product. 

This chapter has also described the recent developments 
and the new applications of the spray-drying technology for 
microencapsulation of food compounds. The spray-drying 
process is flexible and produces good-quality particles; it is 
also a relatively low-cost technology, rapid, reproducible 
and allowing easy scale-up when compared to other micro
encapsulation techniques, justifying the preference in 
industrial terms. 
The fundamental equations governing the controlled 

release of active compounds and the application of con-
trolled-release technology to food systems have been 
reviewed. The release mechanisms vary with the type of 
encapsulating agent used to insert or to encapsulate the 
active ingredient, the method of preparation and the envi
ronment of release. 
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37.1 Introduction 

In recent years, the food industry requires the addition of 
bioactive compounds in food products. These compounds 
are usually highly susceptible to environmental, processing 
and gastrointestinal conditions and encapsulation technol
ogies are therefore useful to protect them. Bioactive food 
compounds are mainly characterized by rapid inactivation, 
and encapsulation slows down the degradation processes 
(e.g. oxidation or hydrolysis) or prevents degradation until 
the product is delivered at the desired sites in the human 
body (McClements & Lesmes 2009; Gonnet et al. 2010). 

The first studies on encapsulation and microencapsulation 
in food science and technology appeared around the 1960s. 
The first patent appearing in the same database defined 
encapsulation as a process for a substance that is finely 
dispersed in a liquid by means of a tenside (surface active 
agent), capable of forming a compound insoluble in the 
dispersing liquid, and converting the tenside in the suspen
sion into this irreversible insoluble state (Schibler 1971). 
Microencapsulation is a micro-packaging technique, which 
is the manufacture of microcapsules or microspheres by 
surrounding the small particles of solids, droplets of liquids 
or dispersions of solids in liquids with a polymeric matrix or 
shell, providing small capsules for a variety of applications 
(Lam & Gambari 2014). If the capsule is of nano-size, it is 
referred to as a nanocapsule (Gunasekaran & Ko 2014) or 
nanosphere. 

The studies on nanoencapsulation in the food industry 
are fairly new compared to other fields. The number of 
studies appears to be very limited in the literature, as there 
are no industrial applications in foods. Nanoencapsulation 
of compounds was applied initially for the design of drug 
delivery systems. There are various methods for nano
encapsulation of organic compounds such as self assembly, 
high-pressure homogenization, nanoemulsification, nano
complexation, nanoprecipitation, coarcervation, lipid-
based nanoencapsulation, supercritical fluids and flow-
focusing (Gutierrez et al. 2013). Electrospinning tech
niques for encapsulation of active ingredients have recently 
appeared to have been preferred over other techniques due 
to their versatility. Producing polymer fibres with diameters 
in the range 40–2000 nm is possible by this straightforward 
and practical method (Reneker & Chun 1996). 
Electrospinning is a rapid, easy and relatively cheap 

method for obtaining nanofibres from a polymer, mixed-
polymer solution or melted polymer using an electrical 
field. The high voltages of 10–40 kV applied to the tip from 
which the solution is ejected from a needle form an 
electrical field between the tip and the collector plate. A 
charged jet undergoes extensive stretching and thinning 
while the solvent rapidly evaporates in the electrical field 
and the polymer accumulates on the collector plate as fibres 
at a micro- to nanoscale. Figure 37.1 depicts the typical set
up for electrospinning. The direction of the electrospinning 
could be upwards (Fig. 37.1), downwards or horizontal. 

Advances in Food Biotechnology, First Edition. Edited by Ravishankar Rai V. 
� 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd. 



608 Advances in Food Biotechnology 

Figure 37.1 Electrospinning set-up. 

In order to obtain fibre structure from electrospinning, 
the feed solution has to meet a number of requirements. The 
polymers need to be highly soluble in a proper solvent for 
electrospinning, that is, they easily evaporate during the 
process and are able to entangle, meaning the molecular 
weight and concentration enable enough overlap between 
the polymers (Nieuwland et al. 2014). The feed solutions 
must have conductivity other than zero and the correct 
viscosity and surface tension. These affecting parameters, 
which also influence each other leading to conflicting 
reports about their effects, determine the morphology 
and surface characteristics of nanofibres. In general, the 
viscosity of feed solutions has been reported at rest, which 
is not applicable for electrospinning; it should be given at 
the shear rate where the ejection occurs. Since electro
spinning is an electro-hydrodynamic process, even electro
rheological properties may be considered for better evalua
tion of affecting parameters on nanofibre morphology 
(Okutan et al. 2014). 
If all properties of feed solutions and process conditions 

meet the requirements, then solid fibres can collect on a 
plate as a very thin layer while the solvent evaporates. 
However, if the conditions are off, electrospraying may 
occur instead of the spinning process (Nieuwland et al. 
2014), or perhaps even no process will take place. The 
electrospinning conditions are different for each polymer 
and solvent (Nieuwland et al. 2014). 
Most the synthetic polymers including poly ε-caprolacton 

(PCL), polyglycolic acid (PGA), polylactic acid (PLA), 
polyethyleneoxide (PEO) and polyvinylacetate (PVA) can 
easily be electrospun. However, electrospinning of biopol
ymers which are non-toxic, edible, digestible, biocompatible, 
biodegradable, renewable and sustainable has had limited 
success due to the technical challenges involved. First, they 
often need to be pure for electrospinning which makes them 

expensive. The second challenge is that biopolymers are less 
soluble in most organic solvents due to their relatively high 
level of crystallinity or high polarity. Third, many biopol
ymers have a tendency to form strong hydrogen bonds, 
resulting in high solution viscosity or gelation which makes 
electrospinning impossible. The fourth challenge is that the 
mechanical properties and electrospinnability of biopoly
mers are very poor. One way to overcome these limitations 
is to blend natural polymers with a synthetic polymer, which 
has the role of facilitating a sufficiently high entanglement of 
the polyelectrolyte macromolecules to induce the formation 
of a fibre. In a way, the more flexible synthetic polymer 
chains may wrap themselves around the more rigid bio
polymer, thereby providing the required linkage and entan
glement that is necessary to successfully electrospin fibres. 
Moreover, blending natural and synthetic polymers can 
improve the biocompatibility of the spun fibrous mat while 
maintaining sufficiently high mechanical strengths (Kriegel 
et al. 2008). 
Proteins are notoriously difficult to electrospin, mainly due 

to their complex secondary and tertiary structures. They 
should be dissolved in a proper solution to provide the 
form of a random coil conformation, which can be easily 
entangled for electrospinning. Globular proteins have very 
little interaction with each other (due to their geometry), 
necessary for entanglements and the spinning process 
(Nieuwland et al. 2014). Nevertheless, various proteins 
such as collagen, gelatin, casein, zein and eggshell membrane 
have been electrospun with the addition of electrospinnable 
agents (Kriegel et al. 2008). In order to increase the solubility 
of the protein, various inorganic acid or solvents such as 
hexafluoro-2-propanol (HFP), trifluoroethanol (TFE) and 
formic acid have been used, especially in biomedical appli
cations. However, these harsh chemicals cannot be used in 
food applications. It appears that only gelatin can be electro
spun as food grade (Nieuwland et al. 2014). 
Numerous studies have demonstrated the use of bio

degradable polymers as effective carriers for drug delivery. 
Biodegradable polymer-based drug carriers can be divided 
into four categories, namely: nano- or microspheres, hydro-
gels, micelles and nanofibres. Plant polyphenols are usually 
referred to as a diverse group of compounds containing 
multiple phenolic functionalities, produced as secondary 
metabolites by most higher plants. These compounds have 
received increasing attention for their neuroprotective, 
cardioprotective and chemopreventive properties. Drug-
loaded electrospun nanofibre membranes are promising 
controlled-release devices due to their porous morphology. 
The electrospun nanofibres exhibited no burst release and 
the controlled release of plant polyphenols showed no 
toxicity. 
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Researchers have shown that plant polyphenol-loaded 
nanofibres fabricated by electrospinning possess great 
potential for application in drug delivery to offer a long-
term therapy (Shao et al. 2011; Kim et al. 2012). In a study, 
gallic acid (a naturally occurring anti-oxidant that is widely 
present in the plant kingdom) was used as the model 
functional ingredient to study the physicochemical changes 
of gallic-acid-loaded zein fibres using electrospinning as an 
encapsulation technique. Previous studies have reported the 
preparation of gallic-acid-loaded zein based film. However, 
encapsulation using electrospinning of this naturally 
valuable anti-oxidant for the production of submicron-
structured ingredients exhibited different physical propert
ies due to geometric confinement. The loaded gallic acid 
preserved its phenolic character and anti-oxidant activity 
after electrospinning (Neo et al. 2013). 

Electrospun nanofibres have extremely high surface
area-to-volume ratio which determines their functionality 
with a variety of novel properties in different fields. The 
mechanical handling of fibre mats can be improved by 
cross-linking materials on support materials or surfaces in 
which the fibres are insoluble. Finer fibres generally have 
higher tensile strengths and increased Young’s moduli than 
fibres with larger diameters. Nanofibres with a composite 
structure may have different crystallization and 
recrystallization properties, leading to substantially differ
ent thermal and mechanical properties (Kriegel et al. 2008). 

There is small number of companies around the world which 
produce nanofibres commercially, including: Revolution 
Fibres (www.revolutionfibres.com); SNS Nanofibre Technol
ogy LLC (www.snsnano.com); Nano109 (www.nano109. 
com); Fiberio (www.fiberio.com); Nano-FM (www.nano
fm.nl); Linari Engineering (www.linaribiomedical.com); Elec
trospinning (www.electro-spinning.com); Nanofiber Solutions 
(www.nanofibersolutions.com); Toray (www.toray.com); 
Espin (www.espintechnologies.com); and Nanofiber Separa
tions (www.nanofiberseparations.com). These companies pro
duce and design electrospun nanofibres for air and water 
filtration, membranes, textiles, wound dressing, tissue scaffold, 
cell cultures, energy storage in batteries, sensors, functionalized 
surfaces, encapsulation of active ingredients for drugs, phar
maceuticals and foods. 

37.2 Encapsulation by Electrospinning 

Encapsulation may be defined as a process to entrap one 
substance (active agent) within another substance (wall 
material). The encapsulated substance can be called the 
core, fill, active, internal or payload phase. The substance 
that is encapsulating is often called the coating, membrane, 

shell, capsule, carrier material, external phase or matrix. 
Encapsulation is a useful tool to improve delivery of 
bioactive molecules (e.g. anti-oxidants, minerals, vitamins, 
fatty acids) and living cells (e.g. probiotics) into foods 
(Nedovic et al. 2011). Nanoencapsulation is defined as a 
technology to pack substances in miniature, making use of 
nanocomposite, nanoemulsification and nanostructuration 
(Quintanilla-Carvajal et al. 2010). Nanotechnology appli
cations for food products are few, but there are projected 
applications to develop new products using nanoencapsu
lated food ingredients and additives for: new tastes, textures 
and sensations; to control the release of flavours; and to 
increase the bioavailability of nutrients and supplements 
(Chaudry & Groves 2010). 
There are many techniques used for the encapsulation of 

bioactive components, but none of them can be considered as 
being universally applicable. Because each bioactive food 
component has its own characteristic molecular structure 
(Augustin & Hemar 2009), they differ in molecular weight, 
polarity, solubility, etc., implying that different encapsula
tion approaches must be applied in order to meet the specific 
physicochemical and molecular requirements for a specific 
bioactive component (Kailasapathy 2002). General encap
sulation techniques used in food industry are emulsification, 
coacervation, spray drying, spray cooling, freeze drying, 
fluid bed coating and extrusion techniques (de Vos et al. 
2010). The process choice for the encapsulation determines 
the particle morphology, surface charges, permeability and 
encapsulation efficiency (Gonnet et al. 2010). 

Nanoencapsulation is the technological extension of 
microencapsulation; it offers benefits that are similar to, 
but better than, microencapsulation. Nanoencapsulation is 
the largest area of nanotechnology applications in the health 
food sector. Nanoencapsulation in the form of nanomicelles, 
liposomes or protein-based systems are used to encapsulate 
and control delivery of additives and supplements (Chaudry 
et al. 2010). A wide range of methods are described in the 
literature to obtain nanocapsules, such as coacervation, spray 
drying, supercritical fluid technique, emulsion-diffusion, 
salting-out, ultrasonication, high-pressure homogenization 
and electrospinning (Fathi et al. 2014). 

Nanotechnology can provide solutions to new consumer 
needs, and is promising to revolutionize the food industry in 
terms of food production, processing, packaging, transpor
tation and storage. In addition, it offers potential for further 
new developments by integration with other sciences and 
technological disciplines (Chaudry et al. 2010). Similar 
technologies are being developed for the related sectors of 
pharmaceuticals and cosmetics, which overlap with the 
food sector. There are some marketed food products that 
enhance nutrition for different lifestyles or are being 
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Figure 37.2 Electrospun (a) nanofibre; (b) coaxial nanofibre; and (c) triaxial nanofibre structures. 

marketed an aid to beauty, health and wellbeing (Chaudry & 
Groves 2010). 
Electrospun nanofibres produced from synthetic and 

natural polymers have attracted much attention due to their 
ease of fabrication and the ability to control their composi
tional, structural and functional properties (Kriegel et al. 
2008). They have a large surface-to-mass ratio, high poros
ity and superior mechanical performance. Nanofibre func
tionalities may be dominated by the molecules located at 
the surface of the fibre, allowing the engineering of nano
fibre properties by changing the fibre surface compositions 
and morphologies. If two polymer solutions eject at the 
same time into the electrical field, then coaxial electrospun 
fibres can be obtained. Similarly, triaxial electrospun fibres 
can be formed (Han & Steckl 2013). The structures of 
electrospun uniaxial nanofibres, coaxial nanofibres and 
triaxial nanofibres are depicted in Figure 37.2. The encap
sulation of active ingredients is possible by all three 
structures, the method selected being dependent on the 
desired characteristics of their release mechanisms and/or 
on the chemical structures of the core and wall materials. 

The properties of electrospun polymer fibres can be 
modified by spinning polymer blends to create composite 

nanofibres for specific applications. They can be used as 
carrier systems for the delivery of antimicrobial agents, 
drugs, flavours, colours, anti-oxidants, enzymes and other 
functional compounds. Studies have shown that nanofibres 
are able to stabilize, protect and slowly release a compound 
in a controlled manner, thus enhancing the value and shelf 
life of a food product. A combination of nanofibres and 
other nanostructures can create a novel delivery system 
with superior properties, enabling their use in a wide area of 
potential applications. To date, more than 50 polymers have 
been successfully electrospun. Synthetic polymers are pre
ferred for the fabrication of nanofibres due to their low cost, 
high availability and the wide variety of well-defined 
molecular and functional characteristics available. 
Electrospun products provide many structural and func

tional advantages such as porosity, high-surface-to-volume 
ratio, tailored morphology, intertwined fibrous structure, 
sustained and controlled release, non-thermal processed 
products, reduced denaturation, efficient encapsulation, 
enhanced stability of bioactive components and production 
by food-grade polymers. Further, the size of the final 
product can be controlled by manipulating the governing 
factors such as the system, solution, instrumental and 
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ambient parameters (Bhushani & Anandharamakrishnan 
2014). The solution properties are concentration, viscosity, 
surface tension, electrical conductivity and dielectric prop
erties of the solutions, whereas process parameters are 
applied voltage, flow rate of the feed, the distance between 
the tip and the collector plate. Temperature, humidity and 
pressure are the ambient conditions that affect the morphol
ogy of nanofibres. Table 37.1 lists examples of the appli
cations of nanofibre encapsulation and their characteristics 
depending on the affecting parameters. 

Properties of encapsulated particle such as encapsulation 
rate, polydispersity index and shelf life are very important 
for encapsulation efficiency of the process. Chemical char
acteristics of active components such as polarity and fluid
ity have great importance in the encapsulation efficiency. 
These parameters also affect the release properties of the 
active component (Gonnet et al. 2010). 

37.3	 Applications of Electrospun 
Nanofibre-Encapsulated Ingredients 

Electrospinning is an easy and versatile technique. It has 
offered new opportunities to investigate the effectiveness of 
nanofibres to enhance the properties of matrix material for 
packaging applications. Composites have the advantages of 
combined strength of the reinforcement and the toughness of 
the matrix, giving superior properties that are not present in 
single conventional materials. Nanofibres have better 
mechanical properties than microfibres and also possess 
some additional merits which are not available from tradi
tional composites. The application of the electrospinning 
technique with biopolymers has resulted in an emerging new 
class of nanocomposites, also referred as nanobiocompo
sites. With their reduced environmental impact and high 
functionality, these are considered as the materials of the 
future. 

Depending on the application, nanofibres take two differ
ent forms: aligned or randomly distributed. For load-bearing 
applications, the most effective arrangement is to have the 
nanofibres aligned in the stress direction to form a laminated 
nanocomposite (Torres-Giner 2011). In a study, cellulose 
nanofibres improved mechanical properties and increased 
Young’s modulus by a factor of 13 and 6, respectively, of 
soybean protein isolate (Chen & Liu 2008). Randomly 
distributed nanofibres are effective in other applications 
such as gas barrier layers (Torres-Giner 2011). 

It is reported that zein nanofibres reduce oxygen perme
ability of PLA films by up to 71% compared to the unrein
forced films (Busolo et al. 2009). The use of food bioactive 
compounds in active packaging is yet to be investigated for 

controlled release. Natural volatile substances with antimi
crobial features are of significance in active food packaging 
systems (Bhushani & Anandharamakrishnan 2014). Electro
spun nanofibres also have potential for smart packaging 
applications. A nanofibrous pH sensor was developed 
with the addition of pH-sensitive dyes to polyamide 6.6 
polymer solution (Van der Schueren et al. 2010). Electrospun 
nanofibres have potential for use as multifunctional, hierar
chically organized nanocomposites. 
Nanofibres can be incorporated to plastic matrices by 

different methods, such as melt mixing or solvent casting. 
Bioactive nanofibres can be exposed on the matrix surface 
to modify external stimuli or the food as drug vehicle. To 
date little research has been performed on this topic how
ever, and only a few researchers have tried to make nano
composites reinforced with electrospun nanofibres (Torres-
Giner 2011). 
Enzyme immobilization is the process of confining 

enzymes either on a physical support or encapsulating 
them within solid matrices for retention of their catalytic 
activities. Immobilization provides the enzyme with 
enhanced stability towards environmental changes such as 
pH or temperature, and also serves as a medium for controlled 
release. Coaxial electrospinning is widely used for enzyme 
encapsulation (Bhushani & Anandharamakrishnan 2014). 
PVA encapsulated cellulase (Wu et al. 2005), PVA encap
sulated lipase (Xie & Hsieh 2003) and glucose oxidase 
immobilized PVA fibrous membranes (Ren et al. 2006) 
are some examples of researches in this area. 
Edible coatings play an important role in foods as 

they perform the function of barrier materials, thereby 
increasing the shelf life of the product (Bhushani & 
Anandharamakrishnan 2014). To our knowledge, there 
have been no studies of coating foods with nanofibres, 
but electrospraying systems have been shown to produce 
edible coatings. Electrospraying for thin-film coating is a 
single-step, low-energy and low-cost method of material 
processing. Monodisperse particles produced by electro
spraying can help to save costs in the confectionary industry 
(Bhushani & Anandharamakrishnan 2014). 

37.4	 Controlled Release from Nanofibres 

The controlled release can be defined as modification of the 
rate or location at which an active material is released 
(Ko & Gunasekaran 2014) based on the wall material 
and/or the trigger such as temperature, moisture (or aw), 
pH, shear or time. Studies on the controlled release of active 
ingredients for foods can be separated into two different 
categories. The first is the prevention of release of 
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encapsulated active ingredients in food packaging, either on 
the surface of the packaging material or inside of the food, 
during shelf life until its consumption. These active packag
ing studies have mostly focused on the releases of anti
microbial or anti-oxidants from the food–contact surface of 
the packaging material. 

The second describes the release of encapsulated active 
materials in the body, which is mostly the subject of phar
maceutical studies for targeted drug delivery in the body. 
These studies have described the bioavailability and bioac
cessibility of active food materials such as anti-oxidants or 
minerals in foods. The form of the active component is 
important when it is encapsulated. Active components 
have different chemical forms in the organism, depending 
on its location and function, and different effects on different 
parts of human body. When released from a food matrix they 
participate in different chemical processes and display dif
ferent actions in human body. Ingestion with other food 
compounds can decrease their absorption. Absorption rate is 
also dependent on particle properties and cell type. To 
increase the efficiency of an orally absorbed molecule, the 
apparent solubility of the molecule in the intestinal lumen 
should be increased (Gonnet et al. 2010). 

Various substances can be used to encapsulate bioactive 
components. Functionality of the encapsulation material, 
concentration of bioactive component, type of release, sta
bility and cost are important factors for selection of an 
encapsulation material. Materials used for the design of 
protective encapsulating shells must be food-grade, bio
degradable and able to form a barrier between the internal 
phaseand its surroundings (Wandrey et al. 2009; Bhardwaj & 
Kundu 2010). The type and digestibility of the applied 
biopolymer determines its exact release in the gut (de Vos 
et al. 2010). The majority of materials used for encapsulation 
in the food sector are polysaccharides (starch, dextrin, cellu
lose, chitosan), plant extracts (gum arabic, galactomannans, 
pectin), marine extracts (carragennan, alginate), proteins 
(milk proteins, whey proteins, casein, gelatin, gluten) and 
lipids (fatty acids, fatty alcohols, waxes) (Wandrey et al. 
2009). Several natural polymers such as gelatin, chitosan, 
zein, egg albumen, whey protein and blends of these can be 
electrospun into nanofibres (Bhardwaj & Kundu 2010). 

Coaxial electrospinning uses two concentrically aligned 
capillaries to form the fibres with a core–shell structure. The 
primary motivation for using coaxial electrospinning as an 
encapsulation technique is to overcome the limitations 
of uniaxial electrospinning in the encapsulation of fragile, 
water-soluble active food components. Other advantages of 
coaxial electrospinning include better continuous release of 
the encapsulated compounds. Successful incorporation of 
active compounds into electrospun fibres relies on their 

solubility characteristics. In order to avoid possible mixing 
of inner/outer fluids, the encapsulated active compound 
must be immiscible with the outer polymer solvent. It is still 
not very clear how inner/outer fluids affect electrospinning 
process and fibre structure. 
Triaxial electrospinning is an extension of coaxial elec

trospinning. It has a more complex configuration and 
produces nanofibres with diverse structure and functionali
ties. Triple-layered core–shell nanofibres can be produced 
by triaxial electrospinning, which is new to the field of 
controlled release. The basic idea was to use the interme
diate shell layer to slow down the release of bioactive 
agents contained in the core section, and use the outer 
corona to improve the biocompatibility of nanofibre mats 
(Jiang et al. 2014). 
The release mechanisms of the encapsulated material in 

the capsule can be grouped as follows: (1) fracturation; 
(2) diffusion; (3) swelling and dissolution; (4) eroding and 
biodegradation; and (5) osmosis (Ko & Gunasekaran 2014; 
Lam & Gambari 2014). 
Fracturation can be defined as the cracking or breaking 

down of the encapsulating coating layer, releasing the core 
material (Ko & Gunasekaran 2014). The diffusion mecha
nism refers to the diffusion of the active material from its 
location in the matrix to the surface of the particle 
(Pothakamury & Barbosa-Canovas 1995). Mass transport 
is expressed by Fick’s law of diffusion (Siepmann & 
Siepmann 2012). Dissolution or swelling of the wall mate
rial initiates the controlled release of the active material 
(Ko & Gunasekaran 2014). Biodegradation is defined as the 
chain-scission process or decomposition of the wall poly
mer by the action of biological systems or microorganisms 
(Siepman & Göpferich 2001). In osmotically related active 
material release mechanism, the osmotic flux of water 
passes across the wall and dilutes the active material inside 
the capsule (Lam & Gambari 2014). Ko & Gunasekaran 
(2014) describe how the external and internal triggering of 
release mechanisms for encapsulated materials are all 
sensitive to temperature, sound, light, pH, chemicals and 
enzymes. 
Wongsasulak et al. (2014) stated that the release mech

anism of α-tocopherol in electrospun fibres containing 
zein, poly (ethylene oxide) and chitosan is degradation in 
simulated gastric fluid. On the other hand, Yan et al. 
(2014) studied the release mechanism of ferulic acid 
(drug) encapsulated in electrospun coaxial cellulose ace
tate nanofibres by in vitro dissolutions tests and found that 
it was based on diffusion. Similarly, Sun et al. (2013) 
explained the release mechanism of curcumin in poly
vinyl alcohol or β-cyclodextrine nanofibres as diffusion 
controlled. 
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Most literature on controlled release of active materials 
in electrospun nanofibres or coaxial nanofibres appears to 
be on drugs, and their controlled-release mechanisms are 
degradation. Unfortunately, there are not many publications 
on similar topics in the food industry. It is however 
anticipated that developments in the controlled release of 
electrospun nanofibres loaded with drugs will enhance the 
concept of controlled release of active materials such as 
antimicrobials, anti-oxidants and enzymes in nanofibres for 
foods and food processing applications. 

37.5 Conclusion and Future Trends 

The electrospinning technique provides many benefits for 
encapsulation of active compounds. Particle morphology 
and its surface characteristics can be modified by electro
spinning process conditions. For example, higher applied 
voltages during electrospinning may result in thinner nano
fibres, leading to a decrease in fibre diameter with increased 
surface area, which can enhance the bioavailability of the 
active ingredient. In addition, electrospinning process is 
conducted with non-toxic solvents at room temperature 
relatively faster than other encapsulation techniques. Fur
thermore, various food-grade polymers and/or their blends 
which protect active materials from different external 
effects can be easily electrospun. Indeed, the blending of 
food-grade polymers for nanofibre encapsulation appears to 
be very effective for performing multiple tasks during shelf 
life and in the body or both. The options for coaxial and 
triaxial electrospinning may prevent the sudden release of 
active materials. Indeed, unspinnable active materials can 
be electrospun into nanofibres by those methods. Addition
ally, nanofibres can be modified during the electrospinning 
process by cross-linking agents to decrease water solubility. 
Coaxial and triaxial electrospun nanofibres as will be 
increasingly used for the encapsulation of active materials 
in foods in the future. However, further studies are needed 
on the release mechanisms of active materials from nano
fibre structures, including mathematical modelling of the 
process. 
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38.1 Introduction 

Nanotechnology is the synthesis, manipulation, assembly 
and application of nano-sized objects to construct novel 
materials, structures and devices with properties tailored to 
suit the specific scientific and technological requirements 
(Rossi et al. 2014). Nanomaterials are characterized by 
having at least one dimension in the range c. 1–100 nm and 
exhibit physical and chemical properties different from 
those of the corresponding bulk materials. Nanomaterials 
and nanoparticles include the following nano forms: quan
tum dots, 0-dimensional (0D) nanomaterials with all three 
dimensions <100 nm; nanotubes, nanowires and nanorods, 
1D engineered nanomaterials with two dimensions 
<100 nm; ultrathin films, 2D engineered nanomaterials 
with only one dimension <100 nm; and nanocomposites, 
3D engineered nanomaterials assembled of nanometre
sized elementary structures (Fig. 38.1; Rosler et al. 
2007). Nanotechnology exploits the novel properties and 
functions that occur in matter at the nano scale (Lue 2007). 

Nanotechnology has found widespread application in 
electronics and devices, cosmetics, pharmaceuticals and 
medicine. However, in recent years it has been making its 
foray into the field of agriculture and the food industry 
(Handford et al. 2014). The unique properties of nano
particles such as their small size, increased surface to 
volume ratio and quantum effects make them suitable for 
their diverse application in the food industry (Cushen et al. 

2012). In the agri-food sector, nanoparticles are increas
ingly used in the production of food additives, flavouring 
agents, functional foods, food packaging and antimicro
bials (Fig. 38.2; Chaudhary et al. 2008). In the food 
processing sector, nanomaterials are used in and as nano
emulsions, nanocomposites, nanocarriers and nanofilters 
(Rashidi et al. 2011). In food packaging, nanotechnology 
finds application in the preparation of smart and intelligent 
packaging materials, active packaging materials, nanocoat
ings and surface biocides which increase product shelf life 
(Durán & Marcato 2013). Further, nanotechnology finds 
application in the delivery of nutraceuticals and functional 
foods, as nanosizing enhances the controlled release and 
dispersability and increases absorption and bioavailability 
of bioactive molecules (Ezhilarasi et al. 2013). Nano
technology has potential application in the development 
of nanobiosensors which are finding increasing use in the 
detection of food-relevant analytes such as contaminants, 
toxins, pathogens and other hazards for improving quality 
control and food safety (Duncan 2011). 
In foods and the food industry, nanotechnology can be 

applied by both the ‘top-down’ or ‘bottom-up’ approaches. 
In the top-down approach, larger particles of food matter 
are reduced to smaller particles of nanometre dimension by 
physical or chemical process. The bottom-up approach 
includes crystallization, layer-by-layer deposition and 
self-assembly to create complex molecular structures 
(Cushen et al. 2012). 
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Figure 38.1 Nanomaterials used in food industry: nanoparticles, nanowires, nanorods, nanoplatelets, nanofibres and 
nanocomposites. 

Figure 38.2 An overview of various applications of nanotechnology in food industry. 

38.2 Nanobiotechnology in Food mechanical shock and vibrations during its distribution and 
Packaging: Improved, Intelligent and storage. With the present advances in material science and 
Active Packaging nanotechnology, the trend is to develop functional packag

ing systems with improved end-use convenience features. 
Packaging of food products is required for enhancing the Nanotechnology has been used in food processing for 
shelf life of foods by protection from unfavourable condi- encapsulation of flavour enhancers, to improve the quality 
tions including water vapour, microorganism, gases and and texture of foods, in production of viscosifying agents 
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Table 38.1 Application of nanotechnology in food processing and packaging. 

Nanotechnology Product Function References 

Active 
packaging 

Intelligent 
packaging 

Improved food 
packaging 

Nanocoatings 

Nanocomposites of agar-silver nanoparticles; 
polylactic acid (PLA)-silver nanocomposites; 
montmorillonite nanoclays; chitosan-silver 
nanocomposite 

Iron-clay nanocomposites 
TiO2 nanoparticle-polypropylene film 
Triangular silver nanoplates; Au/Ag nanorods 

Single-walled carbon nanotube; peptide 
receptor-based bioelectronic nose 

Montmorillonite nanoclays 

Nano ZnO-coated PVC polystyrene 
nanocomposites of titanium dioxide 
and silver nanoparticles 

Antimicrobial 

Oxygen scavengers 
Ethylene scavengers 
time-temperature 

indicators 
Freshness indicators 

Improved gas and vapour 
barrier properties and 
mechanical properties. 

Antimicrobial 

Rhim et al. 2006; Hong & 
Rhim 2008; Busolo et al. 
2010; Rhim et al. 2014 

Busolo & Lagaron 2012 
Maneerat & Hayata 2008 
Zeng et al. 2010; Zhang 

et al. 2013 
Lim et al. 2013 

Paiva et al. 2008 

Li et al. 2010; Youssef et al. 
2013 

and in food packaging as impermeable polymer films and 
antimicrobials (Duncan 2011). 

A number of biopolymers are employed in food packag
ing as they are eco-friendly, provide protection of food and 
improve its safety and quality. However, the major draw
back is their weaker barrier and mechanical properties. As 
no pure polymer has the desired mechanical and barrier 
properties required for efficient food packaging applica
tions, either complex multilayer films or polymer blends 
can be used for packaging. With the advent of nano
composites, the material properties of biopolymer and 
synthetic thermoplastics have been considerably improved 
(Rhim et al. 2013). 

Nanocomposites are nanoparticle-reinforced polymers, 
and these may contain up to 5% w/w nanoparticles. The 
addition of even lower levels of nanoparticles induces 
tremendous change in the properties of packaging materials 
without affecting density, transparency and processing 
characteristics. On incorporating metallic-based micro-
and nano-structured materials into food-contact polymers, 
the mechanical and barrier properties are enhanced and the 
photodegradation of plastics is also prevented. Heavy 
metals in the form of salts, oxides and colloids, complexes 
such as silver zeolites or elemental nanoparticles have 
strong antimicrobial properties and are incorporated for 
food preservation purposes and to decontaminate surfaces 
in industrial environments. These nanoparticles also have 
ethylene oxidation or oxygen scavenging abilities, and can 
therefore be used in active food packaging to extend food 
shelf life (Llorens et al. 2012). 

Silvestre et al. (2011) have reviewed the three main 
applications of polymer nanomaterials for food packaging 
as follows: 

1.	 improving food packaging, wherein the incorporation 
of nanoparticles in the polymer matrix materials 
improves the packaging properties of the polymer-
flexibility, gas barrier properties and temperature/mois
ture stability; 

2.	 active food packaging containing nanoparticles in the 
packages, which interact with food and the environ
ment for the purpose of food preservation; and 

3.	 intelligent food packaging, where the nanodevices 
integrated in the polymer matrix monitor the condition 
of packaged food or the environment surrounding the 
food (Table 38.1). 

38.2.1 Improved Food Packaging 

Clay nanoparticles incorporated into polymers were the 
first polymer nanomaterials that found application as 
improved materials in food packaging. Nanoclay such 
as montmorillonite (MMT), a hydrated alumina-silicate 
layered clay  consisting of an edge-shared octahedral sheet  
of aluminium hydroxide between two silica tetrahedral 
layers, is usually used in food packaging applications 
(Paiva et al. 2008). Studies have shown that the bio
degradable polymer and layered silicate nanocomposite 
have improved gas and vapour barrier properties. The 
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intercalation of nanoclay decreased both gas and vapour 
permeabilities of the prepared nanocomposite membranes 
(Koh et al. 2008). The efficient dispersion of nanopar
ticles in the polymer matrix decreases the permeation of 
gases, and provides substantial improvements in the gas 
barrier properties and also enhances mechanical propert
ies such as stiffness, tensile strength (TS), toughness, 
shear strength, delamination resistance, fatigue, barrier 
properties, thermal stability and optical properties (Zhong 
et al. 2007). In case of the nanoclay montmorllinonite 
(MMT), depending on the dispersion and the type of the 
layered silicate used, three different layered silicate nano
composites have been obtained such as: phase-separated 
microcomposites; intercalated nanocomposites; and exfo
liated nanocomposites (Mihindukulasuriya & Lim 2014). 
The long aspect ratio of the clay nanolayers and their 
impermeability results in increased tortuosity factors. 
This results in delay in the diffusion of penetrants through 
packaging materials and structures, making the nano
composites highly suitable for food packaging applica
tions (Lagaron et al. 2005). 

38.2.2 Active Packaging 

In the active packaging of foods, the protection function of 
a package is increased by incorporating active compounds 
such as antimicrobials, preservatives, oxygen and ethylene 
scavengers and water vapour absorbers using nano
technology. By nanoencapsulation, nanocomposites and 
nanofabrication techniques, the active component carrier 
system is developed that is integrated into a food package. 
The active component in the packaging carries out essential 
functions such as controlled release of antimicrobials, 
sorption of vapours, scavenging of oxygen, etc. Thus, it 
provides protection to foods and therefore enhances the 
shelf life of food (Rhim et al. 2013). 
Some examples of nanocomposites serving as antimi

crobials in food packaging are discussed here. The bio
composites of agar-silver nanoparticles have exhibited 
significant antimicrobial activity against both Gram-
positive (Listeria monocytogenes) and Gram-negative 
(Escherichia coli O157:H7) bacterial pathogens (Rhim 
et al. 2014). Polylactic acid (PLA) biocomposites contain
ing a novel silver-based antimicrobial layered silicate addi
tive were studied for use in active food packaging 
applications. The additives had dispersed well throughout 
the PLA matrix to a nanoscale, yielding nanobiocompo
sites. The films were highly transparent with enhanced 
water barrier and strong biocidal properties. The silver-
based nanoclay showed significant antimicrobial activity 

against Salmonella spp., supporting its potential application 
in active food packaging applications to improve food 
safety (Busolo et al. 2010). The antimicrobial efficacy of 
polyamide 6/silver-nano- and microcomposites against 
Escherichia coli has also been studied as a function of 
the filler content. Polyamide 6 filled with 0.06 wt% silver 
nanoparticles was able to eliminate the bacteria completely 
within 24 hours. For a fixed filler content, the rate of the 
silver ion release from the nanocomposites was one order of 
magnitude higher in comparison to the microcomposites, 
due to the larger specific surface area of the nanoparticles 
(Damm et al. 2008). 
Antimicrobial activity of three kinds of commercially 

available montmorillonite nanoclays, including a naturally 
occurring nanoclay (Cloisite Na+) and two organically 
modified nanoclays (Cloisite 20A and Cloisite 30B), 
were investigated against Staphylococcus aureus, Listeria 
monocytogenes, Salmonella Typhimurium and E. coli 
O157:H7. Antimicrobial activity was found to be depen
dent on the type of nanoclay and microorganisms tested. 
Among the nanoclays tested, Cloisite 30B showed the 
highest antibacterial activity followed by Cloisite 20A; 
however, the unmodified montmorillonite (Cloisite Na+) 
did not show any antibacterial activity. The organically 
modified nanoclay caused rupture of cell membrane and 
inactivation of the bacteria. The organo clay polymer 
nanocomposites due to their antimicrobial functionality 
have the potential to be developed as packaging materials. 
Nanocomposite films containing Ag and ZnO nanopar

ticles have been tested for antimicrobial activity in orange 
juice inoculated with Lactobacillus plantarum. Microbial 
stability of the juice was evaluated after 7, 28, 56, 84 and 
112 days of storage at 4 °C. Microbial growth rate signifi
cantly reduced as a result of using nanocomposite packag
ing material. The packaging made from nanocomposite 
film containing nanosilver showed more pronounced 
antimicrobial effects as compared with nano-ZnO during 
112 days storage of inoculated orange juice (Emamifar 
et al. 2008). 
Nanocomposites prepared using carbohydrates and 

nanoparticles were created to prolong the efficacy of anti
microbial peptide against pathogens. Nisin and Listeria 
monocytogenes were used as the peptide and pathogen 
models, respectively, and phytoglycogen (PG)-based nano
particles were developed as carriers of nisin. Nisin loading 
was favoured by a high degree of substitution and the 
presence of hydrophobic octenyl moiety and β-amylolysis 
of PG nanoparticles. The residual inhibitory activities of 
preparations against L. monocytogenes were monitored 
during 21 days of storage at 4 °C. All the PG derivatives 
prolonged retention of nisin activity, and the longest 
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retention was associated with high degree of substitution, 
β-amylolysis, and octenyl succinate. The study showed that 
electrostatic and hydrophobic interactions are the driving 
forces of nisin adsorption, and the glucan structure at the 
nanoparticle surface affects nisin loading and retention 
during storage (Bi et al. 2011). 

Chitosan-based nanocomposite films have also been 
studied for antimicrobial packaging preparations. 
Unmodified montmorillonite (Na-MMT), an organically 
modified montmorillonite (Cloisite 30B), a nanosilver 
and an Ag-zeolite were used to prepare chitosan-nanocom
posites. The highest intercalation was in the Na-MMT
incorporated films followed by films with Cloisite 30B 
and Ag-lon; nanoparticles were dispersed homogeneously 
throughout the chitosan polymer matrix except in the nano
silver-incorporated films. The mechanical and barrier prop
erties of chitosan films were affected through intercalation 
of nanoparticles, where the tensile strength increased by 
7–16% and water vapour permeability decreased by 
25–30%, depending on the nanoparticle material tested. 
The chitosan-based nanocomposite films, especially the 
silver-incorporated films, showed promising antimicrobial 
activity (Rhim et al. 2006). 

The silver nanoparticle-loaded chitosan–starch-based 
films were prepared by a solution casting method. The 
incorporation of silver nanoparticles led to a slight 
improvement of the tensile and oxygen gas barrier prop
erties of the polysaccharide-based films, with diminished 
water vapour/moisture barrier properties. The silver nano
particle-loaded films exhibited enhanced antimicrobial 
activity against E. coli, S. aureus and B. cereus. The  
results shows that silver nanoparticle-loaded chitosan– 
starch-based films have the potential to be used as anti
microbial materials for food packaging applications 
(Yoksan & Chirachanchai 2010). The silver nanoparticles 
have been loaded into grafted filter paper prepared by 
ceric ammonium nitrate initiated graft copolymerization 
of acrylamide onto cellulose. The novel nanosilver
loaded filter paper has been investigated for its antimi
crobial properties against E. coli. This newly developed 
material shows strong antibacterial property and therefore 
has a possible use as an antibacterial food packaging 
material (Tankhiwale & Bajpai 2009). 

Apart from antimicrobial activity, active packaging con
cepts have been applied for oxygen and ethylene scaveng
ing as these gases are known to cause undesirable changes 
in food and shorten their shelf life. The presence of oxygen 
in food causes oxidative rancidity of unsaturated fats, loss 
of vitamin C, browning, oxidation of flavour compounds 
and the growth of spoilage microbes. It is essential to 
eliminate oxygen to ensure food quality, which can be 

carried out by efficient food packaging. A synthetic iron-
containing kaolinite was evaluated as an oxygen scavenger 
additive for food packaging plastics. The oxygen-scaveng
ing capacity of high-density polyethylene (HDPE) films 
with temperature and percentage relative humidity (%RH) 
was investigated. The study showed that the iron-contain
ing clay was involved in active performance, that is, 
trapping and reacting with molecular oxygen, and passive 
barrier performance which involved imposing a more 
tortuous diffusion path to the permeant. Iron-clay nano
composites therefore have significant potential for applica
tion as novel oxygen-scavenger additives to constitute 
active packaging of value in the shelf-life extension of 
oxygen-sensitive food products. The study also showed that 
oxygen scavenging could be carried out by active and 
passive performance (Busolo & Lagaron 2012). 

Ethylene is a primary contaminant in the food package 
atmosphere produced during storage. For its removal from 
foods, the photodegradation ability of titanium dioxide 
(TiO2) was exploited. TiO2 suspensions were coated 
onto the surface of oriented-polypropylene film. By using 
TiO2 nanoparticles, the decomposition rate of ethylene 
decomposition increased. TiO2 nanoparticles offered a 
larger surface area for adsorption and decomposition of 
ethylene and higher UV light absorption than TiO2 micro-
particles. Studies of the application of the TiO2 nano
particle-coated film on the photodecomposition of 
ethylene in the packaging headspace of tomato fruits 
revealed that the reduction of ethylene in the package 
atmosphere was 88 ± 6%. TiO2 coated film can be used 
as an ethylene scavenger packaging for food products 
(Maneerat & Hayata 2008). In another study, the photo
electrocatalytic degradation of ethylene gas has been 
studied using activated carbon felt (ACF) -supported photo
catalyst titanium dioxide photoelectrode. Degradation of 
ethylene was found to be enhanced by applying a bias 
voltage to the electrode–membrane assembly (Ye et al. 
2009). The effect of different nanocomposite-packing 
material (nano-Ag, kaolin, anatase TiO2, rutile TiO2) on  
preservation quality of Chinese jujube during room tem
perature storage was investigated. These nano-packaging 
materials had lower relative humidity and oxygen trans
mission rate and a beneficial effect on physicochemical and 
sensory quality compared to normal packaging material. It 
was observed that after 12 days of storage, fruit softening, 
weight loss, browning and climatic evolution of nano
packaging were significantly inhibited. Ethylene produc
tion rate increased initially and then declined completely in 
the food packaging. Nano-packaging could therefore be 
utilized for preservation of foods to expand its shelf life and 
improve preservation quality (Li et al. 2009). 
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38.2.3 Intelligent Packaging 

Nanocomposites are used in intelligent food packaging 
applications to provide information about product quality 
including package integrity, time–temperature history of 
the product, and tracing the origin of the packaged food 
products using nano-barcodes or radio-frequency identifi
cation (RFID) (Smolander & Chaudhry 2010). 
For advanced quality control and assessment, time–tem

perature indicators (TTIs) can be used in food systems to 
document the temperature history. The use of TTIs is cur
rently limited due to its relatively high cost and poor pro
grammability. A new class of TTIs based upon aqueous 
suspensions of triangular silver nanoplates has been devel
oped. The spontaneous rounding of sharp corners of trian
gular Ag nanoplates is used as colourimetric indicators for 
the time–temperature history or magnitude of acceleration. 
Such time–temperature indicators can potentially be used for 
food products as freshness indicators, for forecasting the end 
of a product’s shelf life and also as environmental tracers for 
exposing the temperature information during transportation 
and storage (Zeng et al. 2010). A TTI based on a reaction of 
overgrowth of Ag shell on Au nanorods have been devel
oped. When AgNO3 and a reducing agent (e.g. ascorbic acid) 
are introduced, Ag atoms are opitaxially deposited on the Ag 
nanorods resulting in core/shell-structured Au/Ag nanorods. 
As the Ag shell thickens, the extinction bands of the longi
tudinal plasmon resonance progressively shift to lower wave
lengths, resulting in colour transition from red, yellow and 
finally green. This type of low-cost ‘programmable’ indicator 
is expected to find application for a wide range of products 
with different degradation kinetics. TTI can be specifically 
tailored and is therefore used to track perishables, dynami
cally mimic the deteriorative processes therein and indicate 
product quality through sharp-contrast multicolour changes. 
The flexible programmability of TTI, combined with its 
substantially lower cost and low toxicity, indicates a good 
applicability to packages of diverse perishable food products 
(Zhang et al. 2013). 
Nanocomposites incorporated in food packaging have 

been used as freshness indicators. These rely on the detec
tion of marker spoilage compounds or microbial metabo
lites produced due to spoilage of food products, such as 
volatile sulphides and amines. A peptide receptor-based 
bioelectronic nose has been developed that can determine 
the quality of seafood in real-time through measuring the 
amount of trimethylamine (TMA) generated from spoiled 
seafood. The electronic nose has been developed using 
single-walled carbon-nanotube field-effect transistors func
tionalized with olfactory receptor-derived peptides. These 
can detect TMA in real time at concentrations as low as 

10 fM. These are also able to distinguish spoiled seafood 
from other types of spoiled foods without any pre-treatment 
processes. The use of small synthetic peptides rather than 
the whole protein makes their manufacture a single-step 
process; they can also be reused with high reproducibility 
due to the lack of requirement of lipid bilayers. As they are 
on a portable scale, they can be effectively used for the on-
site measurement of seafood quality (Lim et al. 2013). 
Chemoresistive sensors for ethylene have been obtained 
simply by mixing copper complex 1 with single-walled 
carbon nanotubes. This device shows sub-ppm sensitivity 
and high selectivity towards ethylene. The utility of the 
sensor has been demonstrated by detecting ethylene and 
other volatile production during ripening stages in different 
fruits (Esser et al. 2012). 

38.2.4 Nanocoatings in Food Packaging 

In nanocoating of food packaging, the nanomaterials are 
applied to the package surface or incorporated as a laminate 
nanocomposite layer. These are better than multilayer films, 
as they possess improved barrier performance, antimicro
bial aspects, reduced material usage and simpler film 
conversion process. Nanoparticles of ZnO and their appli
cation in coating systems have been finding increased 
application as an active coating system for food packaging. 
Poly(vinyl chloride) (PVC) -based film coated with ZnO 
nanoparticles has exhibited high antibacterial activity 
against Escherichia coli and Staphylococcus aureus, and 
the ability to inactivate the bacteria was improved by UV 
irradiation. The ultraviolet (UV) light fastness of the ZnO
coated PVC film was improved, which may be attributed to 
the absorption of ZnO nanoparticles against UV light. 
Water vapour transmission of the ZnO-coated film 
decreased and the thickness of film increased with increas
ing numbers of nano-ZnO particles. The PVC film coated 
with nano-ZnO particles has a good potential to be used as 
food packaging materials (Li et al. 2010). Alternative 
sustainable materials containing nanoparticle coatings 
and composites are used as antibacterial packaging. Poly
styrene nanocomposites containing titanium dioxide and 
silver nanoparticles have been applied as a coating to a 
paper substrate prepared from rice straw. The barrier, air 
permeability, cob test as well as mechanical properties and 
tensile strength of modified paper sheets were improved on 
nanocoating, and demonstrated an inhibitory effect against 
Pseudomonas, Staphylococcus aureus, Candida and Staph
ylococcus (Youssef et al. 2013). 
Nanotechnology will play a major role in filling the gaps 

of packaging material developments in active and 
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intelligent packaging areas. However, the main risk asso
ciated with nano-sized components is their migration into 
the food and the potential adverse health effects. The other 
issue associated in nanotechnology developments of intel
ligent and active packaging system is cost effectiveness. 
The incorporation of intelligent packaging will likely 
increase the cost per package, especially during the early 
phase of product introduction. 

38.3	 Nanotechnology for Delivery of 
Bioactives and Nutraceuticals 

Nanotechnology has been applied in food processing for 
the development of nano-sized food ingredients and addi
tives and in delivery systems for nutrients and supplements 
in the form of nutraceuticals (Handford et al. 2014). 

38.3.1	 Nanoencapsulation Methods 

In the food processing sector, nanoencapsulation is used to 
encapsulate bioactive compounds at the nanoscale range. 
Nanocapsules are vesicular systems which contain the bio
active compound in a cavity surrounded by a unique polymer 
membrane. The nanospheres are matrix systems where the 
bioactive compound is uniformly dispersed. Nanoencapsu
lation increases the bioavailability, improves controlled 
release and enables precision targeting of the bioactive com
pounds (Mozafari et al. 2006). Nanoencapsulation of bio
actives and nutraceuticals can be obtained by emulsification, 
coacervation, inclusion, complexation nanoprecipitation, 
emulsification–solvent evaporation and supercritical fluid. 

Nanoemulsions are colloidal dispersions with droplet 
sizes in the range 50–1000 nm and contain two immiscible 
liquids, one dispersed within the other. They are used to 
encapsulate oil-soluble bioactives into a wide range of 
foods (Sanguansri & Augustin 2006). Nanoemulsions 
have high kinetic stability and are used to encapsulate 
lipophilic bioactives such as β-carotene, sterols, carot
enoids and dietary fats by oil in water emulsion, and 
hydrophilic bioactives such as polyphenols by water in 
oil emulsion method (Silva et al. 2012). 

The coacervation technique involves the phase separa
tion of a single polyelectrolyte or a mixture of polyelec
trolytes from a solution and the subsequent deposition of 
the newly formed coacervate phase around the active 
ingredient. Nanocapsules produced using the coacervation 
technique are in the range 100–600 nm depending on the 
drying technique used in its preparation (Gouin 2004). 

In the inclusion complexation technique, nanoencapsu
lation is obtained by encapsulation of the ingredient into a 

cavity-bearing substrate through hydrogen bonding, van 
der Waals force or an entropy-driven hydrophobic effect. 
This technique is used in the encapsulation of essential oils 
and vitamins and in preserving aromas. This technique 
yielded higher encapsulation efficiency with higher stabil
ity of the core component (Zimet & Livney 2009). 
Nanoprecipitation is used to nanoencapsulate lipophilic 

molecules as it involves the precipitation of polymer from 
an organic solution and its diffusion in the aqueous 
medium. Nanocapsules produced by this technique are in 
the range of 100 nm and smaller, and possess stability 
against degradation. The technique has higher encapsula
tion efficiency, sustained-release, increased cellular uptake 
and bioavailability, but is limited to water-miscible solvents 
and polymer-based wall material such as polyethylene-
glycol (PEG) and poly(lactic-co-glycolic acid) (PLGA) 
(Anand et al. 2010). 
The emulsification–solvent-evaporation technique invol

ves emulsification of the polymer solution into an aqueous 
phase, evaporation of the polymer solvent, and finally 
inducing polymer precipitation as nanospheres. It is used 
to produce nanodispersions, nanoemulsions and nano
suspensions, and the resulting nanocapsules are of size 
<100 nm. Nanoencapsulation by this technique has good 
stability, high loading content, high encapsulation efficiency, 
with high sustained release and increased absorption (Silva 
et al. 2011). 

Heat labile bioactive compounds are encapsulated using 
the supercritical fluids technique. The bioactive compound 
and the polymer are solubilized in a supercritical fluid and 
the solution is expanded through a nozzle. The supercritical 
fluid is evaporated by spraying, resulting in precipitation of 
the solute particles (Heyang et al. 2009). 
In nanoencapsulation and delivery of bioactive compo

nents or nutraceuticals, the bioactive compound is 
entrapped in a carrier to control its release rate. Nano
encapsulation or entrapment of the bioactive compound 
protects it from unfavourable environmental conditions 
(e.g. oxidation and pH) and enzyme degradation. Further, 
nanocarriers provide more surface area and enhance solu
bility, bioavailability, controlled release and targeting of the 
encapsulated food ingredients (Weiss et al. 2009; Fathi 
et al. 2012). 

38.3.2	 Application of Nanoencapsulation 
Techniques in Food Processing 

Hydrophobic compounds such as eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA) from fish oil 
have been nanoencapsulated using sodium caseinate and 
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gum arabic complex as a nano-vehicle for delivery. A stable 
and soluble sodium caseinate and gum arabic complex 
obtained by electrostatic interaction at optimum conditions 
(pH and biopolymer concentration) was used for entrap
ment of EPA and DHA. By nanoencapsulation, essential 
fatty acids in food formulations could be achieved with 
protein–polysaccharide complex (Ilyasoglu & El 2014). 
Casein micelles have been used for nanoencapsulation 

and stabilization of hydrophobic nutraceutical substances 
for enrichment of non-fat or low-fat food products. 
These nanocapsules can be incorporated in dairy products 
without modifying their sensory properties. In a study, the 
fat-soluble vitamin D2 (which is essential for calcium 
metabolism) was incorporated into casein micelles by the 
nanoencapsulation technique. The encapsulation of the 
nutraceuticals such as vitamins by the micelles has a 
protective effect against their photochemical degradation. 
Nanoencapsulation techniques can therefore be used for 
preparing casein micelles as nano-vehicles for entrapment, 
protection and delivery of sensitive hydrophobic nutraceu
ticals within food products (Semo et al. 2007). 
Oil-in-water emulsions have been used as vehicles for 

the delivery of hydrophobic bioactive compounds into a 
range of food products. Whey proteins and their hydroly
sates are valued as important emulsifiers in foods. Recently, 
oil-in-water nanoemulsions using whey protein isolate 
(WPI) hydrolysate as the emulsifier have been developed. 
Stable nanoemulsions with small droplet sizes and narrower 
size distributions can be produced from WPI hydrolysate at 
low oil and high emulsifier concentrations. The nanoemul
sions of WPI hydrolysate have better storage stability at 
lower storage temperatures. Emulsifiers for application in 
food industries can therefore be produced by utilizing WPI 
hydrolysates and hydrolysates from other food protein 
sources by the nanoemulsion technique (Adjonu et al. 
2014). 
Nanoparticles with a compact spherical structure and a 

narrow size distribution have been prepared from a zein 
protein polymer by electrohydrodynamic atomization. Zein 
nanoparticles can be obtained from zein concentrations 
ranging from 2.5% to 15% (w/w). The size of these particles 
(175–900 nm) increases with increasing polymer concen
tration. Compact nanostructures were obtained for 2.5% 
and 5% zein solutions, whereas 10% and 15% solutions 
yielded collapsed and shrunken particles. The morphology 
of theses nanoparticles do not change after incorporation of 
bioactives such as curcumin, and the encapsulation effi
ciency is as high as 85–90%. In these nanostructures, the 
curcumin is homogeneously distributed in the zein matrix. 
The curcumin remained in the amorphous state in the 
nanoparticle. These nanocapsules are stable as the size 

and the morphology of the nanoparticles does not show 
any significant changes and the curcumin content is 
unaltered. By nanoencapsulation, hydrophobic bioactives 
such as curcumin have good dispersion in a food matrix 
(Gomez-Estaca et al. 2012). 
Bioactives used for flavours in foods can also be encap

sulated using electrospraying technique. In a study, solid 
lipid nanoparticles based on stearic acid and ethyl cellulose 
were used to encapsulate maltol flavour without chemical 
interaction among the ingredients. These encapsulated 
nanoparticles are of size 10–100 nm. They have enhanced 
stability and have resisted loss or degradation of flavour 
during processing and storage. The nano-sized particles of 
solid lipids, that is, stearic acid and ethylcellulose, were 
used for encapsulating maltol flavour. The nanocapsules 
were obtained with stable jetting with the applied voltage 
set to 13–15 kV and using flow rates of 10 and 15 μL min�1. 
The maltol encapsulation efficiency and yield were 69.5% 
and 69%, respectively. Maltol becomes encapsulated 
within the stearic acid–ethylcellulose matrix, without any 
chemical interaction between ingredients (Eltayeb et al. 
2013). 
Natural anti-oxidant hesperetin has been nanoencapsu

lated in order to enhance its functionality for food fortifi
cation. Hesperetin-loaded nanostructure lipid carriers have 
been coated with different biopolymers such as chitosan, 
alginate and low methoxypectin. These nano-sized carriers 
have high zeta potential and excellent stability against 
aggregation. Hesperetin becomes incorporated into the 
nanoparticles and there is no chemical reaction between 
encapsulating materials and hesperetin. Sensory analysis 
has shown that nanocapsulation of hesperetin for its appli
cation in milk fortification can mask bitterness, prevents 
colour change and enhances its solubility. Nanoencapsu
lated hesperetin can be used to produce fortified functional 
food. Hesperetin nanoencapsulation improves the bitter 
taste, yellow colour and low homogeneity of directly 
hesperetin-fortified milk. It has also been shown that the 
limitations associated with nanostructure lipid carriers such 
as rapid aggregation and burst release can be overcome by 
coating them using different biopolymers, resulting in 
better release properties and higher stability. Carbohydrate 
layer-by-layer-coated anolipid carriers therefore represent a 
promising vehicle for delivery of food bioactives and the 
production of functional foods. Nanoencapsulation is there
fore used to enhance bioavailability of nutritional food 
ingredients (Fathi & Varshosaz 2013). 
Soybean meal has been used to isolate resistant starch 

and produce nanoparticles. These nanoparticles are in turn 
used as potential coating materials for colonic nutrient and 
drug deliveries. The nanoparticles are in the size range of 
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40 ± 33.2 nm and are stable under simulated human physi
ological conditions. The nanoparticles are less susceptible 
to pancreatic enzymatic digestion. In addition to the disso
lution and digestion studies in the upper gastrointestinal 
tract, the nanoparticles were subjected to in vitro fermenta
tion by Bifidobacterium brevis and Lactobacillus casei. 
This resulted in an increase in growth and activity of both 
the species and production of short-chain fatty acids ace
tate, propionate and butyrates in varying amounts. The 
study shows that nanoencapsulation can be used for 
colon-specific delivery of bioactive compounds such as 
drugs and nutrients (Sivapragasam et al. 2014). 

Nanencapsulation techniques have not only been used 
for delivery of bioactive compounds, but also for encap
sulation of the probiotic bacteria to maintain their viability 
and stability during food processing and storage. The 
electrospinning technique has been used as a viable method 
for the nanoencapsulation and stabilization of bifidobacte
rial strains. Poly(vinyl alcohol) (PVOH) has been used as 
the encapsulating material for probiotics. It is generally 
recognized as safe (GRAS), has a high oxygen barrier when 
dry and is water soluble, hence allowing easy recovery of 
the bacteria for viability testing. A coaxial set-up was used 
for encapsulation, resulting in formation of electrospun 
fibres with a mean diameter of c. 150 nm. Incorporation 
of Bifidobacterium animalis Bb12 led to a decrease in 
melting point and crystallinity of the PVOH fibres and 
to an increase in the polymer glass transition temperature. 
The viability tests, carried out at three different tempera
tures (room temperature and 4 and �20 °C) showed that B. 
animalis Bb12 encapsulated within the electrospun PVOH 
fibres remained viable for 40 days at room temperature and 
for 130 days at refrigeration temperature. Nanoencapsula
tion of probiotics therefore increases its viability signifi 
cantly (López-Rubio et al. 2009). 

A bacteriocin Plantaricin 423, produced by Lactobacillus 
plantarum 423, has been encapsulated in nanofibres. These 
nanofibres were produced by the electrospinning of 18% 
(w/v) polyethylene oxide (200 kDa) and had an average 
diameter of 288 nm. The cells of L. plantarum 423 encap
sulated in nanofibres continued to produce plantaricin 423. 
The electrospinning technique can therefore be used for 
encapsulation of a bacteriocin and cells of L. plantarum in 
nanofibres. From these nanoencapsulation technique, a 
drug delivery system for bacteriocins and the encapsulation 
of probiotic lactic acid bacteria can be designed (Heunis 
et al. 2010). 

Soluble dietary fibres from agrowastes such as okara, 
oil palm trunk and oil palm frond obtained by alkali 
treatment have been used in the nanoencapsulation of 
Lactobacillus acidophilus. The soluble dietary fibre 

solutions amended with 8% poly(vinyl alcohol) has 
been used to produce nanofibres using electrospinning 
technology. The spinning solution made from okara had a 
higher pH and a higher viscosity, resulting in finer fibres. 
Thermal behaviour of nanofibres suggested possible ther
mal protection of probiotics in heat-processed foods. The 
nanofibre-encapsulated probiotic L. acidophilus was pre
pared by incorporating the cells into the spinning solution 
and measured in the range 229–703 nm. Viability studies 
have shown good bacterial survivability under electro
spinning conditions, and retained viability at refrigeration 
temperature during the 21 day storage study (Fung et al. 
2011). 
Electrospinning is therefore a feasible and practicable 

mode for nanoencapsulation and stabilization of probiotics. 
In a study, Lactobacillus gasseri was nanoencapsulated 
using electrospinning technique. The electrospinning 
method was not only capable of encapsulating bacterial 
cells but also able to protect functional properties of the 
probiotic L. gasseri. Polyvinyl alchol was used as an 
encapsulation matrix due to its biocompatible and hydro
philic nature, which helps in the easy revival of bacteria. 
The functionality of L. gasseri was not affected by nano
encapsulation when studied in mouse for colonization. 
Nanoencapsulated bacteria are therefore viable for months, 
and their metabolism is not affected by immobilization 
(Amna et al. 2013). 
Applications of nanoencapsulation in food processing 

have therefore led to the production of functional food with 
higher nutritional value, lower dose of synthetic preserva
tives and better organoleptic features. 

38.4	 Nanobiosensors: Detection of 
Food-Relevant Analytes 

In the food industry, the detection and analysis of contami
nants is important to ensure food safety and quality. The 
conventionally employed techniques for food analysis are 
laborious, time-consuming and vary in detectability and 
specificity towards the targets. Therefore, there is a need for 
rapid, highly selective and sensitive detection of food 
contaminants and food components techniques (Cao 
et al. 2011). Biosensors, which involve the integration of 
molecular biology and information technology, have been 
used to rapidly detect pathogens and contaminants in foods. 
With the application of nanotechnology in food safety, 
nano-sized and nanomaterials-based biosensors or nano
biosensors have been developed. The application of these 
nanobiosensors in the food industry provides a modern and 
efficient class of detection systems which will enhance 
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quality control, safety and traceability of foods (Perez-
Lopez & Merkoci 2011). 

38.4.1 Detection of Food-Borne Pathogens 

The broad range of nanotechnologies applied to pathogen 
detection can be categorized according to the technologies: 
nanoarrays, nanofluidics and nanotransducers. Nanoarrays 
refer to high-density sensors having a small detection 
footprint; nanofluidics refers to the manipulation of small 
volumes of analyte and reagent’ and nanotransducers are 
platforms in which nanotechnology is central to signal 
detection. Although fundamentally different, these types 
of nanotechnologies have been shown to improve sensitiv
ity, specificity and throughput while decreasing analysis 
time and sample volume (Driskell & Tripp 2009). 
Some of the novel nanoparticle-based biosensors that 

have been used for the detection of food-borne pathogens 
are discussed here. Nanoparticle-based biosensors offer 
excellent prospects for enhancing sensitivity and providing 
simultaneous detection of multiple targets. Nanoparticles 
amplify biomolecular recognition events due to their large 
surface–volume ratio, which increases the amount of bio
molecules immobilized onto the surface and, in turn, 
maximizes the number of binding events. As a result, 
nanoparticles afford an enormous signal enhancement 
which, when coupled to the high sensitivity of optical or 
electrochemical transducers, sets the basis of ultrasensitive 
detection (Sanvincens et al. 2009). 
A novel surface covalent link method between the 

localized surface plasmon resonance effect-based biosen
sors with hybrid nanoparticles array and the detected target 
molecules has been constructed. A triangular hybrid gold-
silver nanoparticles array has been used in the preparation 
of this biosensor. To construct the hybrid nanoparticles, a 
thin film of gold is capped on the silver nanoparticles 
attached to glass substrate. Using finite-difference and 
time-domain algorithm-based computational numerical cal
culation and optimization, the hybrid nanoparticles array 
was designed. These hybrid nanoparticle arrays can prevent 
oxidation of the pure silver nanoparticles from the atmo
sphere, as the gold metallic protective layer deposited on top 
of the silver nanoparticles prevents exposure of silver parti
cles to the atmosphere. The generated surface plasmon wave 
from the array carries the biological interaction message into 
the corresponding spectra. Using the triangular hybrid 
Au–Ag nanoparticles-based biosensor, a small protein toxin 
Staphylococcus aureus enterotoxin B (SEB) was directly 
detected at the level of nanograms per millilitre. Nanobio
sensors can therefore be used for SEB detection in food 
matrices (Zhu et al. 2009). 

A nanobiosensor system for the detection of pathogens 
E. coli O157:H7 and hepatitis B virus was developed by 
using CdSe/ZnS core/shell dendron nanocrystals with 
high efficiency and stability. The antibody-immobilized 
immunofilter captured the targeted pathogens. The 
CdSe/ZnS core/shell dendron nanocrystals were conju
gated with the corresponding antibodies and then passed 
through the microporous membrane, where they attached 
to the membrane-antigen-antibody. The efficient and 
stable photoluminescence of the CdSe/ZnS nanocrystals 
on the complex containing membrane-antigen-antibody 
conjugated with the nanocrystals was used as the detec
tion means. The detectable level of this new system was as 
low as 2.3 CFU mL�1 for E. coli O157: H7 and 5 ng mL�1 

for hepatitis B surface Ag (HBsAg). The detection time 
was reduced due to absence of enrichment and incubation 
steps (Liu et al. 2007). 
A simple and portable flow channel optical detection 

system combined with bioconjugated luminescent nano
particles has been developed which allows the rapid detec
tion of single bacterial cells without sample enrichment. 
The optical system is designed to have single-molecule
detection capability in a microcapillary flow channel by 
decreasing the laser excitation probe volume to a few 
picolitres, which consequently results in a low background. 
Specific monoclonal antibodies were immobilized on nano
particles to form nanoparticle-antibody conjugates. The 
bioconjugated nanoparticles bind to the target bacteria 
when they recognize the antigen on the bacterium surface, 
providing a bright luminescent signal for the detection of 
individual bacteria cells. The high sensitivity provided by 
the luminescent and photostable silica nanoparticles elim
inates the need for further enrichment of bacteria samples 
and signal amplification. This flow channel detection sys
tem is convenient and allows the detection of single bacte
rial cells within a few minutes (Mechery et al. 2006). 
Nanobiosensors have been developed for the rapid and 

sensitive detection of amplified DNA on a giant magneto
resistance sensor using superparamagnetic nanoparticles as 
a detection label. The one-step assay is performed on an 
integrated and miniaturized detection platform suitable for 
application to point-of-care devices. Magnetic actuation is 
carried out to concentrate the target–particle complexes at 
the sensor surface and to remove unbound particles from the 
sensor surface. Biological dose–response curves, detecting 
4–250 pM amplicon concentrations in a one-step format in 
total assay times of less than 3 min, were achieved. Using 
various tag–antibody combinations specific to one of the 
individual genes, multi-analyte detection was demonstrated 
for several antibiotic resistance genes of the food pathogen 
Salmonella (Koets et al. 2009). 
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A hand-held biosensor has been designed for the immu
nomagnetic detection and quantification of the pathogen 
E. coli O157:H7 in food and clinical samples. A technology 
to manufacture a ‘lab-on-a-chip’ that integrates a 3D micro-
fluidic network with a microfabricated biosensor is used. 
The biosensor is designed to detect and quantify small 
magnetic field variations caused by the presence of super-
paramagnetic beads bound to the antigens previously 
immobilized on the sensor surface via an antibody–antigen 
reaction. Silicon nitride has been selected as the optimum 
sensor surface coating due to its suitability for antibody 
immobilization. In order to guide the biological samples 
towards the sensing area, a microfluidic network made of 
SU-8 photoresist has been included. A novel packaging 
design was therefore fabricated employing 3D stereolitho
graphic techniques. A nanobiosensor with magnetoresistive 
immunosensor for the easy detection of E. coli O157:H7 
has been developed, and has application in the detection of 
other food-borne pathogens (Mujika et al. 2009). 

A rapid, sensitive and label-free nanobiosensor for the 
selective determination of Salmonella Infantis has been 
developed. It is based on a field-effect transistor (FET) 
in which a network of single-walled carbon nantotubes 
(SWCNT) acts as the conductor channel. Anti-Salmonella 
antibodies are coated onto SWCNTs and protected with 
Tween 20 to prevent the non-specific binding of other 
bacteria or proteins. Theses nanobiosensors were capable 
of detecting S. Infantis in concentrations of 100 CFU mL�1 

in 1 hour. The selectivity of nanobiosenors for Salmonella 
was tested in the presence of Streptococcus pyogenes and 
Shigella sonnei. At a concentration of 500 CFU mL�1, 
neither Streptococcus nor Shigella interfered with the 
detection of Salmonella. These nanobiosensors can there
fore be used as useful label-free platforms to detect S. 
Infantis (Villamizar et al. 2008). 

Single-walled carbon nanotubes (SWCNTs) and immo
bilized antibodies were integrated into a disposable bio
nano-combinatorial junction sensor for the detection of 
E. coli K-12. Gold tungsten wires (50 μm diameter) coated 
with polyethylenimine and SWCNTs were aligned to form 
a crossbar junction, which was functionalized with strep
tavidin and biotinylated antibodies to allow for enhanced 
specificity towards targeted microbes. Changes in electrical 
current after bioaffinity reactions between bacterial cells 
and antibodies on the SWCNT surface were used in the 
biosensor-based detection. In the presence of SWCNTs, 
108 CFU mL�1 concentration of E. coli was detected. The 
current decreased with cell concentration increase, due to 
increased bacterial resistance on the bio-nano-modified 
surface. The detection limit of the developed sensor is 
102 CFU mL�1 with a detection time of less than 5 min 

with nanotubes. A biosensor with a functionalized SWCNT 
platform therefore shows potential for high-performance 
biosensing and application as a detection device for food-
borne pathogens (Yamada et al. 2014). 
An electrochemical immunoassay involving two mag

netic separation steps of unbound nanoparticles from 
bacteria/antigen-Fe3O4 nanoparticle conjugates, concen
trating the conjugates on solid substrate, has been used in 
the design of a nanobiosensor. Carbon-screen-printed 
electrodes covered with antibodies specific to  Salmonella 
Typhimurium were used as substrate. These nanobiosen
sors have high detection limit for S. Typhimurium 
(Brainina et al. 2010). 
A nanobiosensor based on sensitive electrochemical 

immunoassay for rapid detection of E. coli has been 
developed. Anodic stripping voltammetry based on core– 
shell copper-gold (Cu@Au) nanoparticles as anti-E. coli 
antibody labels have been used in the biosensor. The 
Cu@Au-labelled antibody reacts with the immobilized 
E. coli on a polystyrene (PS)-modified ITO chip. The 
Cu@Au NPs dissolve by oxidation and the released 
Cu2+ ions are detected by voltameter. Cu@Au NPs labels 
are only present when the antibody reacts with E. coli; the 
amount of Cu2+ detected directly reflects the number of 
E. coli. The nanobiosensor used can detect E. coli with a 
detection limit of 30 CFU mL�1 in 2 hours (Zhang et al. 
2009). 
Nanobiosensors have been used for the detection of 

toxins in food samples. A membrane-based lateral-flow 
immune-dipstick assay has been developed for the fast 
screening of aflatoxin B2 (AFB2). The nanobiosensor 
contains magnetic nanogold microspheres (MnGMs) 
with nano-ferric particles as core and gold nanoparticles 
as shell, bio-functionalized with monoclonal anti-AFB2 
antibodies. The visual detection limit of the AFB2 with 
MnGM-based dipstick immunoassay was 0.9 ng mL�1, and 
qualitative results were obtained within 15 min. The nano
biosensor could detect AFB2 spiked or naturally contami
nated samples including peanuts, hazelnuts, pistachios and 
almonds. This nanobiosensor can be further developed for 
detecting other food-relevant toxins by controlling the 
target antibody, and therefore represents a versatile detec
tion method (Tang et al. 2009). 
Botulinum neurotoxins (BoNT) are the most potent 

toxins produced by Clostridium botulinum. The botulinum 
neurotoxins are classified into seven antigenically distinct 
serotypes, designated A–G. The detection of BoNTs is 
carried out by mouse bioassay, which is an expensive 
and time-consuming method. Nanobiosensors can however 
be used to detect and distinguish between BoNT/A and B. 
These biosensors can detect 5 ng mL�1 of purified BoNT/A 
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and 10 ngmL�1 of BoNT/B in 2% and 1% milk, respec
tively. In undiluted apple juice, 25 ng mL�1 of BoNT/A and 
10 ng mL�1 of BoNT/B can be detected. A nanobiosensor 
based on lateral flow technique can therefore be used as 
rapid diagnostic device for detection of bacterial toxins 
(Ching et al. 2012). 

38.4.2 Detection of Contaminants 

In view of the alarming levels of pesticides and herbicides 
(harmful to living beings even at trace levels) being used in 
agriculture practices, there is a need for their rapid, sensitive 
and specific detection in food and environmental samples. 
A disposable organophosphorus pesticide enzyme bio
sensor based on magnetic composite nanoparticle-modified 
screen-printed carbon electrodes (SPCE) has been devel
oped. Acetylcholinesterase (AChE) -coated magnetic nano
particulate was synthesized and coated on the surface of a 
SPCE modified by carbon nanotubes (CNTs)/nano-ZrO2/ 
prussian blue (PB)/Nafion (Nf) composite membrane by an 
external magnetic field. This resulted in the fabrication of a 
nanobiosensor (SPCE|CNTs/ZrO2/PB/Nf|GMP-AChE) for 
the detection of organophosphorus pesticide. The degree of 
inhibition of the AChE by organophosporus was deter
mined by measuring the reduction current of the prussian 
blue generated by the AChE-catalysed hydrolysis of ace
tylthiocholine. These nanobiosensors have been used to 
detect organophosphorus pesticides in Chinese cabbage, 
and exhibit high sensitivity and good selectivity with a low 
sample consumption. In particular, its surface can be easily 
renewed by removal of the magnet. The convenient, fast 
and sensitive voltammetric measurement based on nano
biosensors provides new opportunities for pesticide analy
sis (Gan et al. 2010). 
An electrochemical biosensor was developed for the 

determination of pesticides in two of the most commonly 
used organophosphorous insecticides in vegetable crops: 
methyl parathion and chlorpyrifos. The self-assembled 
monolayers of single-walled carbon nanotubes, wrapped 
in thiol-terminated single-strand oligonucleotide on gold, 
were utilized to prepare nano-sized polyaniline matrix for 
acetylcholinesterase (AChE) enzyme immobilization. The 
AChE-acetylcholine enzymatic reaction of the biosensor 
causes a change of local pH in the vicinity of an electrode 
surface. The pesticides are determined through inhibition of 
an enzyme reaction. The nanobiosensor was capable of 
determining methyl parathion and chlorpyrifos with good 
reproducibility and stability (Viswanathan et al. 2009). 
The fabrication of ZrO2/Au nanocomposite film and its 

application for voltammetric detection of organophosphate 

pesticides has also been studied. The nanocomposite ZrO2/ 
Au film can be prepared economically through a combina
tion of sol–gel procedure and electroless plating. The 
sensing performance of the ZrO2/Au nanocomposite film 
electrode towards parathion has been studied with square 
wave voltammetry. The nano-ZrO2 has a strong affinity 
towards the phosphate group on parathion molecules, 
which provides sensitivity and selectivity of the sensing 
film. The biosensor was capable of detecting the standard 
samples of parathion with a detection limit of 3 ng mL�1. 
The study also showed that structurally similar compounds 
without phosphate groups did not interfere with the bio
sensor for the detection of parathion (Wang & Li 2008). 
Quantum dots are semiconductor fluorescent nanopar

ticles which have the potential to be used in biosensors with 
high sensitivity. The herbicide 2,4-D was reliably and 
rapidly detected using a cadmium telluride quantum dot 
nanoparticle (CdTe QD). A fluoroimmunoassay based on 
the fluorescent property of quantum dot was used along 
with an immunoassay to detect 2,4-D. CdTe capped with 
mercaptopropionic acid was conjugated using N-(3-dime
thylaminopropyl)-N-ethylcarbodiimide hydrochloride and 
a coupling reagent such as N-hydroxysuccinimide to alka
line phosphatase, which was in turn conjugated to 2,4-D 
molecule. Anti-2,4-D-IgG antibodies were immobilized in 
an immunoreactor column using Sepharose CL-4B as an 
inert matrix. The detection of 2,4-D was carried out by 
fluoroimmunoassay-based biosensor using competitive 
binding between conjugated 2,4-D–alkaline phosphatase– 
CdTe and free 2,4-D with immobilized anti-2,4-D anti
bodies in an immunoreactor column. The nanobiosensor 
was capable of detecting 2,4-D up to 250 pg mL�1. The 
resonance energy transfer between alkaline phosphatase 
and CdTe QD as a result of bioconjugation can be used for 
future nanobiosensor development based on quantum-dot– 
biomolecular interactions (Vinayaka et al. 2009). 

38.4.3 Detection of Allergens 

A long-wavelength fluoroimmunoassay has been applied 
for the determination of soy protein allergen using a 
conjugate composed of anti-soy protein antibodies bound 
to nile blue-doped silica nanoparticles. The silica nano
particles have been synthesized by a reverse-micelle 
microemulsion method and functionalized by using 
3-(aminopropyl)triethoxysilane and 3-(trihydroxysilyl)pro
pyl methylphosphonate to avoid nanoparticle aggregation. 
The tracer has been obtained by linking the functionalized 
nanoparticle with anti-soy protein antibodies previously 
oxidized with sodium periodate. The immunoassay has 
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been developed in 96 well microplates using a heteroge
neous competitive format with antibody capture. Soy pro
teins are immobilized onto the wells and bovine serum 
albumin is added to block the surface, thus minimizing non
specific binding. After washing, the microplates can be 
stored ready to use. At the analysis time, soy protein 
standards or sample and tracer are added and incubated 
and, after the corresponding washing and drying steps, the 
fluorescence is measured onto the solid surface. Soy protein 
allergens in the dynamic range of 0.1–10 mg L�1 and a 
detection limit of 0.05 mg L�1 have been detected using 
these biosensors. The precision of the method has been 
assayed at 0.5 and 5 mg L�1 protein concentrations. These 
nanobased-biosensors have been applied to the analysis of 
food containing soy protein (Godoy-Navajos et al. 2011). 

A novel electrochemical immunosensor for the deter
mination of casein based on gold nanoparticles and 
poly(l-Arginine)/multi-walled carbon nanotubes (P-l-Arg/ 
MWCNTs) composite film has been developed. The 
P-l-Arg/MWCNTs composite film is used to modify glassy 
carbon electrode (GCE) to fabricate P-l-Arg/MWCNTs/ 
GCE through electropolymerization of l-Arginine on 
MWCNTs/GCE. Gold nanoparticles are adsorbed on the 
modified electrode to immobilize the casein antibody and to 
construct the immunosensor. These nanobiosensors have a 
low detection limit of 5 × 10�8 gmL�1 and are successfully 
applied to the determination of casein in cheese samples 
(Cao et al. 2011). 

An amperometric sulphite nanobiosensor was fabricated 
using SOX/Fe3O4@GNPs/Au electrode as working elec
trode, Ag/AgCl as standard and Pt wire as auxiliary elec
trode. A sulphite oxidase (SOX) was immobilized onto 
carboxylated gold-coated magnetic nanoparticles 
(Fe3O4@GNPs) electrodeposited onto the surface of a 
gold (Au) electrode through N-ethyl-N´-(3-dimethylamino
propyl) carbodiimide (EDC)-N-hydroxy succinimide 
(NHS) chemistry. The biosensor showed optimum response 
within 2 s and the detection limits were 0.50–1000 μM and 
0.15 μM (S/N = 3), respectively. The nanobiosensor was 
used to measure sulphite level in red and white wines. The 
nanobiosensor has various advantages such has excellent 
electrocatalysis towards sulphite, lower detection limit, 
higher storage stability and no interference by ascorbate, 
cysteine, fructose and ethanol (Rawal et al. 2012). 

38.4.4 Predicting Shelf Life 

Nanobiosensors have been developed for determination of 
xanthine in fish meat during storage. Xanthine oxidase 
(XOD) was immobilized on a composite film of zinc oxide 

nanoparticle/chitosan/carboxylated multi-walled carbon 
nanotube/polyaniline (ZnO-NP/CHIT/c-MWCNT/PANI) 
electrodeposited over the surface of a platinum (Pt) elec
trode. A xanthine biosensor was fabricated using XOD/ 
ZnO-NP/CHIT/c-MWCNT/PANI/Pt as the working elec
trode, Ag/AgCl as the reference electrode and Pt wire as an 
auxiliary electrode connected through a potentiostat. The 
biosensor showed optimum response within 4 s at 0.5 V 
potential, pH 7.0, 35 °C and linear range 0.1–100 μM with a 
detection limit of 0.1 μM. The electrode lost 30% of its 
initial activity after 80 uses over one month when stored at 
4 °C (Devi et al. 2012). 
An amperometric xanthine biosensor has been developed 

based on covalent immobilization of xanthine oxidase onto 
citrate-capped silver nanoparticles deposited on Au elec
trode surface through cysteine self-assembled monolayers. 
The biosensor showed optimum response within 5 s at pH 
7.0 and 35 °C and the xanthine detection limit was 0.15 μM 
at a sensitivity of 0.17 mA μM�1 cm�2. This nanobiosensor 
has been used to measure xanthine in fish, chicken, pork 
and beef meat. However, the enzyme electrode lost 20% of 
its initial activity after its regular 180 uses over a period of 
60 days when stored at 4 °C in dry state (Devi et al. 2013). 

38.4.5 Food Traceability 

With the increasing production of genetically modified 
crops, there is a need to differentiate foods containing 
genetically modified organisms. Surface-enhanced Raman 
scattering (SERS) spectroscopy, a flexible tool for biologi
cal analysis and detecting wide varieties of target biomo
lecules including nucleic acids, has been applied for tracing 
genetically modified foods. A SERS-bar-coded nanosensor 
has been developed to detect Bacillus thuringiensis (Bt) 
gene-transformed rice expressing insecticidal proteins. The 
bar-coded sensor is designed by encapsulation of gold 
nanoparticles with silica and conjugation of oligonucleotide 
strands for targeting DNA strands. The transition between 
the cry1A(b) and cry1A(c) fusion gene sequence was used 
to construct a specific SERS-based detection method with a 
detection limit of 0.1 pg mL�1. The sensitivity and accuracy 
of the SERS-based assay was comparable with real-time 
PCR. The SERS-bar-coded analytical method provides 
precise detection of transgenic rice varieties (Chen et al. 
2012). 
The detection of transgenic products is of great signifi

cance for the development of transgenic technique. The 
rapid detection of transgenic soybean crops has been 
carried out using a combination of gene chip and ‘gold 
label silver stain’ technology. The exogenous genes 
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CaMV35S promoter and Nos terminator, specific to trans
genic soybean plants, have been selected as probes making 
the method highly specific. The addition of biotin-modified 
dUTPs to a polymerase chain reaction system can produce 
amplified nucleic acid segments containing biotin. These 
labelled amplicons are hybridized with specific probes on 
the chip and are bound by streptavidin-modified gold 
nanoparticles. Silver staining is performed to visualize 
the hybridized probes, which appear as signals in varying 
shades of grey. The intensity value of the grey signals can 
be obtained using a general scanner. The nanobiosensors 
used here are highly specific and have a detection sensitiv
ity of 288.57 pg μL�1 (Deng et al. 2011). 

A simple, rapid and ultrasensitive method for the detection 
of sequence-specific nopaline synthase (NOS) gene from the 
transgenic plants using a label-free gold nanoparticle probe 
has been developed. Gold nanoparticles are stable in NaCl 
solution in the presence of a NOS gene probe, whereas they 
aggregate when the probe sequence becomes hybridized 
with a target sequence. The change in the size of gold 
nanoparticles can be detected with high sensitivity by 
dynamic light scattering technology. Gold nanoparticle
based nanosensors can therefore be used for the analysis 
of transgenic products (Gao et al. 2011). 

Nanobiosensors require a smaller quantity of analyte for 
recognition and detection due to the small area of the 
sensing surface. Smaller sensing areas allow higher-density 
arrays to be fabricated. Without increasing sample require
ments, a maximum number of analytes can be examined at a 
time. The application of nanotechnology for the develop
ment of biosensors has therefore improved detection sen
sitivity, specificity and the limits of detection. It has 
increased sample throughput, reduced complexity and 
reduced the cost involved in the detection of food-relevant 
analytes. 

38.5	 Safety and Regulatory Aspects of 
Nanotechnology Applications 

Nanotechnology has potential applications in various sec
tors of the food industry. However, there are increasing 
concerns regarding its adverse effect on human health and 
environment. Risk assessment of nanotechnologies and 
nanoparticles in food products requires the development 
of analytical tools for the characterization of nanoparticles 
in complex biological matrices such as foods. It also 
requires the establishment of relevant dose metrics for 
nanoparticles used for both interpretation of scientific 
studies as well as regulatory frameworks. The need to 
search for deviant behaviour (kinetics) and novel effects 

(toxicity) of nanoparticles and to assess the validity of 
currently used test systems following oral exposure is 
required. The consumer exposure to nanoparticles also 
needs to be estimated for risk assessment (Bouwmeester 
et al. 2009). The European Food Safety Authority (EFSA) 
has stated the potential risks arising from nanoscience and 
nanotechnologies on food and feed safety, and confirmed 
that the risk assessment paradigm (hazard identification, 
hazard characterization, exposure assessment and risk char
acterization) is applicable for engineered nanomaterials 
(EFSA 2009). Further, to assess the risks of nanoparticles 
in food and feed the EFSA stated that unless complete 
degradation/dissolution in the GI tract is demonstrated, 
with no absorption of particles as such, hazard identification 
and hazard characterization should include information of 
in vitro genotoxicity, ADME (absorption, distribution, 
metabolism and excretion) and repeated-dose 90-day oral 
toxicity studies in rodents as well as in vivo genotoxicity 
studies (EFSA 2011). 

38.6	 Conclusion 

It is clear that nanotechnology has immense application in 
the food industry, ranging from the detection of food 
contaminants to enhancing flavour, texture and nutrition 
of foods and in developing packaging techniques for 
increasing the quality and safety of food. The application 
of nanotechnology in foods will increase the quality and 
quantity of food products. However, there are potential 
health risks and environmental safety concerns which need 
to be addressed before large scale implementation of 
nanotechnology in the food industry. 
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ditions, easier handling and recycling of cells, the possibil
ity of semi-continuous and continuous operation and 

Encapsulation is a well-established process that enables the 

39.1 Introduction 

improvement in quality of the final product. 

entrapment of a wide range of active agents (core or fill The objective of this chapter is to describe the general 

material) within a defined carrier material (wall material) concept and benefits of microbial and non-microbial 

using various techniques. In recent years, the increasing active food ingredient encapsulation; existing encapsula

demand for healthy, tasty and convenient food products has tion technologies and examples of the use of loaded 

been the driving force for the incorporation of active agents capsules for the protection and enhanced delivery of these 

that are usually sensitive to processing, environmental and/ constituents in food products are provided. Existing 

or gastrointestinal conditions. Encapsulation technology, knowledge on the most important characteristics of 

applied in the manufacture of a wide variety of food and food-specific materials, capsule morphologies and meth

beverages, is considered as a useful tool to improve bio ods that are applied or that may be tailored to encapsu

availability, stability and the delivery of bioactive mole lation of active ingredients, with emphasis on microbial 

cules (e.g. phenolics, minerals, vitamins, phytosterols, fatty cells, bioactive compounds and flavours, for the use in 

acids, etc.) and living cells (e.g. probiotics) into foods. food industry, are discussed. The improvements made by 

Additionally, encapsulation offers numerous advantages in encapsulated cell technology in fermentation processes 

biotechnological processes such as the higher cell load, and in the microbial production of high-value food ingre

faster fermentation rate, increased volumetric productivity, dients are reviewed. Current trends and future perspec

enhanced survival of cells in extreme environmental con tives are also discussed. 
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39.2	 Microbial Food Culture Encapsulation 
as a Biotechnological Process Tool 

From ancient times microbial food cultures (MFC) have 
been used to convert different food substrates into fer
mented foods. Fermented foods have been known by 
specific aroma, taste, texture and colour, as well as by 
improved stability and higher nutritive values. It is reported 
that almost 25% of the foods in Central Europe are fer
mented (Holzapfel et al. 1995). Different species of bacteria 
phyla, Actinobacteria, Firmicutes and Proteobacteria, as  
well as yeasts and filamentous fungi, belong to the category 
of microbes that are used for food bioconversion. MFC 
usually consist of one or more microbes along with 
unavoidable media components. Moreover, diverse com
ponents may be added to enhance microbial survival during 
storage or to control microbial concentration and activity. 
The most established application of MFC is related to 

their use as starter cultures. Starter cultures are commonly 
defined as microbiological cultures which carry out the 
fermentation process by their metabolic activity. They are 
used in controlled fermented processes for their predict
ability, reproducibility, low-costs, time saving, safety and 
high standard of food quality. The commercially available 
starter cultures are used for fermentation processes of foods 
such as dairy, meat and wine, and less frequently as cultures 
for fish, fruits, vegetables and batter fermentations. Fur
thermore, production of beer, cider, wine and leavened 
baked goods is also enhanced with yeast cells as starter 
cultures (Zuidam & Nedovic ́ 2010). Plenty of starter 
cultures are also present in Asia where they are used for 
the production of koji or red rice (Hesseltine 1983; Lin et al. 
2008). The production of sauerkraut, baked goods of 
sourdough, parmesan cheese, vinegar and variety of prod
ucts from Asia and Africa are typical examples for fer
mentative processes where undefined cultures were 
employed (United States Pharmacopeial Convention 
2012). Nowadays, researchers are motivated to isolate 
proper wild-type strains from traditional products to be 
utilized as starter cultures, with the goal of industrial 
production without losing the unique flavour and product 
characteristics. 
Probiotics are also considered as MFC. When adminis

trated in appropriate amounts they have health benefits to the 
host, especially regarding intestinal health and immune 
system support (Ziemer & Gibson 1998). For instance, it 
was shown that probiotics are able to produce antimicrobial 
compounds, inhibit Helicobacter pylori, control host 
immune system, relieve lactose intolerance, assimilate cho
lesterol, inhibit autoimmunity and exhibit antimutagenic 
properties (Percival 1997; Kailasapathy & Chin 2000; 

Adolfsson et al. 2004; McKinley 2005; Parvez et al. 
2006). Their use in foods is therefore desirable and recom
mended, and the growing trend towards the inclusion of 
probiotics in a diversity of foods is observed. Fermented 
dairy products, dried breakfast cereals, juices and nutrition 
bars are products commonly enriched with probiotics. How
ever, the viability of probiotics in the food formulations has to 
be maintained during food processing and storage. This 
presents a big challenge since the influence of the food on 
the physiological function of the probiotics in vivo is difficult 
to understand and merits further investigation. 
For optimum activity of these MFC in different food-

related biotechnological processes, they must be provided 
with suitable conditions for growth and metabolism. At the 
same time, there is a need to protect MFC from the harsh 
environmental conditions that they are exposed to. For the 
commercial production of bioactive substances it is impor
tant to achieve high cell densities (to reach higher product 
yields) along with preserved activity and easy recovery of 
the cells. These aims could be achieved by immobilization/ 
encapsulation of MFC (Zhu 2007). 
Cell immobilization/encapsulation can be defined as an 

entrapment of whole cells to a matrix (membrane) which is 
porous enough to allow the distribution of substrates to the 
cells and products away from the cells (Wu & Wisecarver 
1992). This process should preserve or even enhance cell 
viability (Karel et al. 1985). One of the first studies on 
immobilization of microbial cells was carried out by 
Chibata et al. (1974) who used the cells for continuous 
production of L-aspartic acid. Since then, cell 
immobilization has gained significant importance in a 
wide range of food-related biotechnological processes 
and been of interest to the fermentation industry for years. 
It has been employed for various purposes such as continu
ous primary fermentation, low-alcohol beer production and 
secondary maturation, with varying grades of success 
(Nedovic ́ & Willaert 2005). The use of immobilized/encap
sulated cells was shown to be advantageous compared to 
the use of free cells (Cassidy et al. 1996; Qureshi et al. 
2004). The main advantages are the following (Federici 
1993; Wang et al. 1997; Park & Chang 2000; Qureshi et al. 
2004; Tripathi et al. 2010): easy separation of the cells from 
the final product; higher cell concentrations resulting in 
greater productivity; cell protection from harsh conditions; 
greater stability; ability to use packed columns; ability to 
reuse the immobilized cells; possibility of continuous 
operation; and avoidance of cell washout. 
Various technologies have been investigated for the 

purpose of microbial cell immobilization as a tool for 
carrying out biotechnological processes. These include 
adsorption or attachment of cells to an inert support, 
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self-aggregation by flocculation or use of cross-linking 
agents and encapsulation using polymers (Jen et al. 
1996; Kourkoutas et al. 2004). Adsorption to an inert 
substrate is limited to the microbial cells which naturally 
adhere onto solid supports and form biofilms in single or 
multiple layers (Rezaee et al. 2008; Vuc ̌ ́urovic et al. 2008). 
Chemical cross-linking by glutaraldehyde, silanization onto 
a silica support and metal oxide chelation are some of the 
possibilities for immobilization of microbial cells that do 
not adhere naturally (Karel et al. 1985). Despite the sim
plicity and low cost of the mentioned methods, their 
application is limited due to extensive cell leakage from 
the support (Zhu 2007; Kosseva 2011). In the case of yeast 
and fungal mycelium, the natural ability of flocculation and 
cell aggregation has been utilized as another method for cell 
immobilization (Yin et al. 2011; Olguín 2012). It has been 
shown that, under certain conditions, even non-flocculating 
microbes can also be encouraged to flocculate (Vallejo et al. 
2012). 

Cell immobilization by encapsulation or entrapment 
involves coating or entrapping of microbial cells within 
a polymeric material to produce beads which are permeable 
to nutrients, gases and metabolites that maintain cell via
bility (Ding & Shah 2009; John et al. 2011). The encap
sulation techniques can provide entrapment of microbial 
cells within macro- (size range of a few millimetres to a few 
centimetres) and micro- (size range of 1–1000 μm) poly
meric beads (John et al. 2011; Heidebach et al. 2012). In the 
case of macrobeads, lower cell viability was reported at the 
centre of the beads after a relatively short operation time 
due to depletion in the efficiency of nutrient diffusion as 
well as accumulation of toxic metabolites (McLoughlin 
1994). As a result, microbial cell growth is usually observed 
at the periphery of larger beads (Park & Chang 2000). 
Polymeric microbeads are more mechanically robust than 
macrobeads (Uludag et al. 2000) and permit high cell 
concentrations within the beads (Zhou et al. 2005; Man
ojlovic et al. 2006; Sohail et al. 2011). Microbeads there
fore seem to be more advantageous compared to 
macrobeads for encapsulation of MFC. 

Beer production using immobilized yeast has been exten
sively studied over the last 40 years (Nedovic ́ & Willaert 
2005). This approach provides high concentrations of 
catalytic biomass which results in a higher productivity 
and enables continuous operation and shorter time of 
fermentation. The most important advantage is the possi
bility of producing lager beer in a short time (1–3 days), 
while traditional processes may take almost several weeks. 
Regarding the drawbacks of immobilized yeast, a very 
unpredictable impact on the flavour profile of the beer 
produced has been found, along with the number of 

technical challenges for industrial-scale production 
(Verbelen et al. 2010). Only a limited number of beer 
fermentation, maturation and alcohol-free beer production 
processes have therefore found their way into the industry. 
Immobilized cell technology has also found limited 

application in wine and cider production. It is well known 
that an important step in the production process is malo
lactic fermentation (conversion of L-malic acid to L-lactic 
acid), traditionally recognized as a significant phase for 
flavour development. Since the malolactic fermentation is 
time consuming, and growth of malolactic bacteria depends 
on physicochemical properties and composition of the 
beverage, the use of immobilized malolactic bacteria 
increases their tolerance to non-favourable environment. 
The long-term storage of immobilized cells, as well as the 
development of processes and bioreactor designs that can 
be readily scaled-up, will promote industrialization of 
immobilized technology in wine-making (Kourkoutas 
et al. 2010). 
The implementation of immobilized cells in dairy and 

meat products creates additional costs, but provides some 
benefits; faster meat fermentation can be achieved by 
encapsulated MFC compared to that of free MFC. In the 
case of dairy products, immobilization can protect MFC 
against bacteriophage attack. Some studies have shown that 
immobilized MFC had better survival after exposure of 
meat/dairy products to heating/freezing or during storage, 
compared to free cells (Lacroix et al. 2005). 
Representative examples and recent trends of various 

biotechnological processes with immobilized/encapsulated 
MFC are discussed in the following sections. 

39.3	 Encapsulation for Enhanced In Vivo 
Bioactive Compound Bioavailability 
and Improved Aroma 

The development of efficient food-grade encapsulation 
systems to deliver nutrition and health benefits to the 
consumer, and to promote well-being and maintain or 
improve the taste, colour and aroma of food, is a challeng
ing area for the food industry. The entrapment of a great 
number of molecules of interest, that is, mostly sensitive 
and of limited stability against chemical or physical degra
dation, within networks has been mainly driven by the need 
to protect them during processing or exposure to light, 
oxygen, moisture or temperature, to facilitate their han
dling, to improve their solubility, dispersibility and flow-
ability properties, as well as to transport them to target sites, 
control their release and bioavailability and to overcome 
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food off-odour- or off-taste-associated problems. A diverse 
range of ingredients, including bioactive components, lip
ids, flavourings and colourings, have been encapsulated and 
evaluated for their stability, bioavailability and use for food 
delivery purposes. 
Regarding bioactive components and micronutrients, 

there exists a large catalogue of interesting possibilities 
for addition to food products. Most of these are extracted 
from plants and their beneficial effects on human health 
have been proven during the past years. Their bioactivity 
is generally related to their content in compounds such 
as polyphenols, vitamins, carotenoids, essential poly
unsaturated fatty acids and their derivatives, phytosterols, 
acids, peptides or proteins, sulphur-containing compounds 
and minerals (Sagalowicz & Leser 2010; Manach et al. 
2005a, b). Since most of them are barely soluble in water, 
susceptible to deterioration and show poor compatibility 
with the food matrix, various biopolymer-structured encap
sulation systems have been designed to improve their 
bioavailability and control their release within the human 
gastrointestinal tract. For example, the encapsulation of 
polyphenols, a group of natural bioactive compounds with a 
wide range of biological activities such as antioxidant, anti
inflammatory, antibacterial and antiviral, for food delivery 
purposes has been the subject of several studies. 

Resveratrol (3,5,4´-trihydroxystilbene), a non-flavonoid 
polyphenolic compound abundant in grapes, peanuts and 
other foods that are commonly consumed as part of the 
human diet, possesses a remarkably strong antioxidant 
activity and anticarcinogenic potential. This has motivated 
the design of a great number of formulations in order to 
overcome its bioavailability limitations, closely related to 
its oxygen- and photo-sensitivity, weak aqueous solubility, 
short biological half-life and rapid metabolism (Lopez-
Nicolas et al. 2006), aiming at its stabilization, protection 
and targeted release (Amri et al. 2012). 
In 2008, Shi et al. demonstrated slower photo

decomposition and stronger free radical scavenging of 
yeast-encapsulated resveratrol using Saccharomyces cere
visiae as encapsulating wall material. Complexation with 
cyclodextrins led to increased resveratrol solubility as well 
as to a delay of resveratrol oxidation by lipoxygenase due to 
the formation of inclusion complexes. The authors con
cluded that cyclodextrins could be used as resveratrol 
carrier systems, since they acted as substrate reservoir in 
a dosage-controlled manner (Lucas-Abellán et al. 2007). In 
other studies, resveratrol-loaded calcium- or zinc-pectinate 
microparticles were prepared using an ionotropic gelation 
method attempting to solve the problem of quick resveratrol 
absorption and metabolism in the upper gastro-intestinal 
tract (Das & Ng 2010; Das et al. 2010). 

Additionally, many scientists have investigated the 
possibility of using either lipid-core nanocapsules pro
duced through the interfacial polymer deposition 
approach or solid lipid nanoparticles prepared by a 
melt-emulsification process or liposomal incorporation 
to improve its biodistribution and stability (Frozza 
et al. 2010; Teskac & Kristl 2010). Isailovic ́ et al. 
(2013) tested different methods for liposome design, 
aiming at resveratrol effective delivery. According to their 
results, thin film and proliposome method appeared to be 
effective for large multi-lamellar liposomes as high 
entrapment efficiency (>90%) and preserved anti-oxidant 
capacity was achieved, while extrusion and sonication 
techniques provided smaller particles (a few nanometres). 
Liposomes were shown to be convenient carriers for 
resveratrol as they were physically stable (for three weeks) 
and provided prolonged release of resveratrol. In a more 
recent study, a nozzle encapsulator was used to produce 
chitosan–sodium tripolyphosphate microspheres that 
could be applied as a potential delivery system to control 
the release of resveratrol (Cho et al. 2014). 
Curcumin, a natural yellow-orange polyphenolic com

pound extracted from Curcuma longa (turmeric spice), is 
used as a natural food dye and as a potential protective 
agent against several chronic diseases (antitumor activity 
and antioxidant, antimicrobial and anti-inflammatory prop
erties). However, its potential to be incorporated into 
functional food products is restricted by its extremely 
low water solubility and bioavailability (Aggarwal et al. 
2007). Encapsulation has therefore been used as a tool to 
improve curcumin’s characteristics by many researchers. 
Studies have shown that curcumin can be encapsulated 
within complexes formed using either polysaccharides or 
phospholipids (Tønnesen et al. 2002; Liu & Yang 2006). 
Yallapu et al. (2010) suggested that the therapeutic efficacy 
of curcumin may be enhanced by fabrication of poly(lactic
co-glycolide) nanoparticle formulations, while recent stud
ies have shown that emulsion-based delivery systems can 
also be used to encapsulate curcumin (Wang et al. 2008; 
Yu & Huang 2010; Ahmed et al. 2012). These works 
indicated that emulsion-based systems can greatly increase 
the bioavailability of curcumin compared to crystalline 
curcumin dispersed within water with the lipid phase 
type (long-, medium-, short-chain triacylglycerols) as 
well as the droplet size (o/w nano- versus conventional 
emulsions) to significantly influence both its digestion and 
release characteristics (Ahmed et al. 2012). Efficient stabi
lization and elevation of curcumin’s bioavailability was 
also succeeded via encapsulation into reconstituted natural 
or artificial oil bodies, highlighting the great potential 
of these systems to act as micro-/nano-capsules in 
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hydrophobic compounds delivery applications (Bettini 
et al. 2013; Chang et al. 2013). 

Phenolic acids possess great biological activities that 
may be put at risk by their low solubility and sensitivity to 
oxidation. The inclusion of ferulic acid, which is commonly 
used for preventing UV light induced skin tumour, into α 
or HP-β-cyclodextrins enhanced its solubility and resist
ance to the degradation by UV light, decreasing at the same 
time its rate release (Anselmi et al. 2008; Wang et al. 
2011a). Additionally, the antibacterial and anti-oxidant 
properties of caffeic and rosmarinic acids were appreciably 
preserved and solubility increased when these molecules 
were entrapped inside the cavity of the cyclodextrins 
(Górnas et al. 2009; Del Rio et al. 2010). 

Encapsulation is a promising method to improve the 
stability and bioavailability of tea polyphenols. Zhou et al. 
(2012) adopted a ‘green’ process to develop complex 
coacervation core micelles based on mixing gelatin-dextran 
conjugates with tea polyphenols. According to their obser
vations, the loading capacity was as high as 360 wt% 
(weight/weight of protein), while the complex coacervation 
core micelles exhibited release of tea polyphenolic constit
uents in vitro. In another study, tea polyphenols/starch 
inclusion complexes were prepared by adding tea poly
phenols to starch slurry during gelatinization (Zhang et al. 
2013). The encapsulation increased the stability, while the 
generated complexes showed good retention ability and 
lower releasing rate. 

Flavonoids such as quercetin, catechin, rutin etc. have 
also been associated with a wide range of biological 
activities including antioxidant, anticancer, antimicrobial, 
antiviral, anti-aging, antithrombotic and metal-chelating 
activities, exhibiting the potential for use as nutraceutical 
agents in various preparations. In order to be successfully 
incorporated into functional foods the development of 
effective delivery systems to encapsulate and protect 
them during storage, while releasing them at the appropriate 
site of action within the gastrointestinal tract (GIT) after 
ingestion, has been extensively explored. In the case of 
quercetin, which is crystalline at ambient and body tem
peratures, its incorporation in nanoemulsion-based delivery 
systems was successful enough provided that the overall 
quercetin concentration within the delivery system did not 
exceed its saturation level. The bioaccessibility of querce
tin, determined using an in vitro digestion model simulating 
the mouth, stomach and small intestine, was considerably 
enhanced since a higher percentage of quercetin was solu
bilized in the micelle phase after small intestine digestion 
when it was incorporated in nanoemulsions than when it 
was dispersed in either bulk oil or pure water (Pool et al. 
2013). 

In another study, Oidtmann et al. (2012) illustrated the 
ability of encapsulation to inhibit early degradation of 
anthocyanins in the intestinal system by using an anthocy
anin-rich bilberry extract. Similarly, the bioavailability and 
sustained release of an ethanolic fruit extract of strawberry 
was improved when this was encapsulated by nanopreci
pitation method deploying a biodegradable poly-(lactic-co
glycolic) acid (Nellore & Amarnath 2011). More recently, 
Akhtar et al. (2014) attempted to encapsulate rutin and 
Hibiscus anthocyanins in multiple emulsions by taking 
advantage of the novel spinning disc reactor technology 
in the second stage of emulsification, which does not break 
the droplets of the primary emulsion. Rutin (quercetin-3
rutinoside) is one of the primary flavonoids in a number of 
plants presenting numerous biological activities already 
mentioned above, while extracts of Hibiscus sabdariffa 
(i.e. Rosella extract) are known to contain a significantly 
high amount of anthocyanins and have been reported to 
decrease blood pressure and have antitumor, immune-mod
ulating and anti-leukemic effect. Both bioactive constitu
ents were successfully encapsulated within the internal 
aqueous phase of w/o/w multiple emulsions, giving an 
encapsulation efficiency of >80%. Further, the formation 
of inclusion complexes with cyclodextrins generally 
improved rutin solubility and consequently its antioxidant 
capacity and conferred protection from thermal and UV 
degradation (Nguyen et al. 2013). 
Carotenoids (e.g. β-carotene, lycopene, lutein and zea

xanthin) are some of the most common pigments in nature. 
Their role in human diet is mainly as precursors of vitamin 
A and as antioxidants, while it has been shown that 
moderate ingestion of carotenoids can be beneficial for 
many human health disorders such as cardiovascular dis
ease, etc. (Martín et al. 2007; Silva et al. 2011). Since 
carotenoids are legally permitted food ingredients, they are 
widely used in the food industry as natural colourants 
(Martín et al. 2007). However, these compounds are highly 
prone to chemical degradation during food processing and 
storage as well as insoluble in water due to their high 
hydrophobicity (Qian et al. 2012a, b). In order to avoid the 
degradation of carotenoids, to improve their dispersibility 
in water and colouring strength potential and to increase 
their bioavailability, the development of effective delivery 
systems is required (Ribeiro et al. 2008; Horn & Rieger 
2001; de Paz et al. 2013). 
Among the carotenoids, β-carotene constitutes a strong 

candidate for incorporation into functional foods due to its 
high provitamin A activity (Boon et al. 2010). Qian et al. 
(2012a) showed that β-carotene can be effectively 
encapsulated within food-grade nanoemulsions stabilized 
by globular proteins or non-ionic surfactants using a 
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high-pressure microfluidizer. The same authors (Qian et al. 
2012b) carried out a similar study considering different 
kinds of carrier lipids coated by non-ionic surfactants. Mao 
et al. (2009) investigated the characteristics of β-carotene 
nanoemulsions prepared by high-pressure homogenization 
using two large molecule emulsifiers (octenyl succinate 
starch and whey protein isolate) and two small molecule 
emulsifiers (Tween 20 and decaglycerol monolaurate). 
Silva et al. (2011) presented the use of high-energy emul
sification–evaporation technique to produce oil-in-water 
nanoemulsions of β-carotene. Yin et al. (2009) studied 
the characteristics of β-carotene-loaded nanodispersions 
prepared with different emulsifiers by a solvent displace
ment method. Additionally, the encapsulation of β-carotene 
in micelles has been found to substantially improve the 
preservation of this compound against degradation pro
cesses (Sáiz-Abajo et al. 2013) and facilitate its absorption 
by the organism, increasing its bioavailability (Ryan et al. 
2008). de Paz et al. (2013) studied the production of water-
soluble β-carotene micellar formulations by novel emulsion 
techniques, that is, ultrasound emulsification, high-shear 
emulsification and precipitation from a pressurized emul
sion, followed by the evaporation of the organic solvent in 
order to obtain water-soluble formulations. In a more recent 
study, encapsulation efficiencies of 70–80% and particle 
sizes in the submicrometre range were achieved using a 
modified n-octenyl succinate refined from waxy maize at 
concentrations of at least 100 g L�1 (de Paz et al. 2014). 
Likewise, lutein, a non-provitamin A carotenoid found in 

fruits and vegetables, has been reported to decrease the risk 
of age-related macular degeneration, heart disease, lung 
cancer and skin cancer (Stahl & Sies 2002). Its use is 
restricted because of its low bioavailability (less than 
10–15%), poor water solubility and sensitivity to light 
and heat. According to Arunkumar et al. (2013), water-
soluble low-molecular-weight chitosan nanoencapsulates 
with lutein indicated an increased level of lutein absorption 
in vitro and in vivo and were suggested appropriate for food 
and pharmaceutical applications. Lycopene is another 
carotenoid that has received considerable attention because 
of its protective effect against various chronic diseases. Its 
instability (due to its high degree of unsaturation) and 
extremely low bioavailability could be enhanced by its 
encapsulation within lipid-based formulations. Chen et al. 
(2014) suggested the preparation of lycopene micelles and 
chylomicrons by a microemulsion technique involving 
tomato extract, soybean oil, water, vitamin E and surfactant 
Tween 80 or lecithin in different proportions. The encap
sulation efficiency of lycopene was 78% in micelles and 
80% in chylomicrons, with shape being roughly spherical 
and mean particle size being 7.5 and 131.5 nm. Guo et al. 

(2014) applied ultrasonic emulsification and response sur
face methodology to prepare lycopene microcapsules with 
an encapsulation efficiency as high as 64.4%. 

Essential poly-unsaturated fatty acids and their deriv
atives is another class of interesting nutrients for addition 
to food products; their numerous health benefits mainly 
derive from their capacity to produce hormone-like sub
stances that regulate a wide range of functions (e.g. blood 
pressure, blood lipid levels, etc.; Gil 2002). However, 
their poor bioavailability, partly related to their possible 
oxidative liability in the gastrointestinal tract, led to the 
creation of suitable formulations aiming at their protec
tion. Shaw et al. (2007) suggested that a microencapsu
lated multilayered emulsion system could be used as a 
delivery system for ω-3 fatty acids in functional foods. 
According to their results, electrostatic layer-by-layer 
deposition technologies can produce emulsions with cat
ionic, thick multilayer interfacial membranes that are 
effective at inhibiting the oxidation of these bioactive 
constituents. Correspondingly, natural oils that are rich in 
biologically active polyunsaturated fatty acids, that is, 
bioactive oils, have many health benefits but insufficient 
bioavailability. Averina & Allémann (2013) investigated 
the possibility of incorporating natural oils extracted from 
Siberian species, such as Baikal fish oil and Siberian cedar 
seed oil, and free fatty acids extracted from Baikal fish oil 
into pH-sensitive nano- and microparticles by using tech
niques such as emulsification–diffusion and nanoprecipi
tation. They concluded that encapsulated natural oils 
are promising systems for the formulation of new 
preparations for the food industry and the delivery of 
nutraceuticals. 
Apart from protection and release of lipophilic bioactive 

components, the development of structured emulsion-based 
delivery systems has been proposed as an effective means 
of controlling the digestion and release of encapsulated 
lipids and therefore modulating satiety and fighting obesity. 
To this aim, Li et al. (2011) suggested that the rate and 
extent of lipid digestion could be greatly decreased by 
encapsulating lipid droplets within calcium alginate beads. 
This behaviour was attributed to the ability of the bead 
matrix to restrict the access of the digestive enzymes (and 
possibly other components, such as bile acids and co
lipase) to the encapsulated lipid droplets, as well as to 
the retardation of the movement of digestion products (free 
fatty acids) away from the droplet surfaces. A pH-stat 
in vitro digestion model was applied to monitor the free 
fatty acids released from the filled hydrogel particles, while 
the overall lipid digestion rate could be manipulated by 
controlling bead size, bead composition (calcium/alginate) 
or lipid type. 
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Oil-soluble vitamins are also susceptible to oxidation and 
may alter the taste of enriched foods; encapsulation might 
therefore constitute an appropriate means of preserving 
their properties during storage. For example, delivery of 
the antioxidant vitamin E (tocopherol) is very important in 
food. Vitamin E is the major and most potent lipid-soluble 
antioxidant in vivo (Hoppe & Krennrich 2000). It functions 
as the major radical scavenging antioxidant in lipoproteins 
and efficiently interrupts the chain propagation of lipid 
oxidation, thus protecting poly-unsaturated fatty acids 
and low-density lipoproteins from oxidation. Vitamin E 
or its derivatives (a, b, c, and d derivatives of tocopherol and 
tocotrienol) are frequently added to the oil phase of o/w 
emulsion products for fortification reasons or in order to 
stabilize unsaturated oils against oxidation (Serfert et al. 
2009). A number of different α-tocopherol delivery systems 
have been investigated to limit its exposure to high tem
perature, light or oxygen, including oil-in-water (o/w) 
nanoemulsions and emulsions (Yang et al. 2012), nano
dispersions (Cheong et al. 2008), liposomes (Nacka et al. 
2001) and biopolymer-based nanoparticles (Luo et al. 
2011). Since vitamin E acetate is chemically more stable 
than vitamin E itself, it is especially used in food technol
ogy for fortification reasons. By optimizing system com
position and preparation conditions, Saberi et al. (2013) 
managed to form vitamin E acetate -loaded nanoemulsions 
with small mean droplet diameters (d < 50 nm) and low 
polydispersity indexes, by applying spontaneous emulsifi 
cation. This method relies on the formation of very fine oil 
droplets when an oil/surfactant mixture is added to water. 

In general, emulsion-based delivery systems have been 
found to be particularly suitable for improving the oral 
administration of oil-soluble vitamins (Gonnet et al. 
2010). For example, in their study concerning the double 
emulsion stabilization potential of whey protein isolate/ 
polysaccharide (e.g. xanthan gum) complexes, Benichou 
et al. (2007) demonstrated the ability of these systems to 
serve as thick and efficient barriers against release of vitamin 
B1 entrapped in the core of the w/o/w multiple globule. 

Various amino acids, peptides or proteins are often added 
to food products to induce a range of different health-
promoting and sustaining effects (McClements et al. 2009). 
In order to be active at the site of action, dietary proteins 
must be able to cross the intestinal barrier, reach the blood 
circulation and be available for metabolic process or storage 
in the body. Polymeric delivery systems have been devel
oped to stabilize proteins and maintain their chemical 
integrity, ensuring their convenient delivery. For instance, 
collagen hydrolysate is considered to be an ideal ingredient 
in the field of functional foods due to its high nutritional 
value, high antihypertensive activity and other bioactivities 

such as antimicrobial activity, mineral-binding capacity and 
lipid-lowering effect (Gómez-Guillén et al. 2011). Colla
gen hydrolysate carriers have been prepared by homogeni
zation of gum arabic and maltodextrin mixture followed by 
spray-drying (Peres et al. 2012), achieving a 85% encap
sulation efficiency in the carbohydrate matrix and satisfac
tory preservation of the original properties of the protein. 
Minerals such as calcium, magnesium, iron and zinc are 

also used in the form of encapsulates for food fortification 
in order to overcome the problem of their poor oral 
absorption or insufficient intake through food consumption. 
Iron, a very important mineral in the human body, has been 
successfully encapsulated by using low methoxy pectin and 
resistant starch during spray drying. Covalent and hydrogen 
bond formation between iron and pectin and between 
polymers resulted in microparticles with a better bio
availability (Moslemi et al. 2014). 
Aroma plays an important role in food choice and 

perception by the consumers. To limit aroma loss or 
degradation during processing and storage, it is beneficial 
to encapsulate volatile ingredients prior to use in foods and 
beverages. Aroma may be encapsulated to provide easy 
handling during production, improved safety and stability, 
proper incorporation of aroma into the food product, con
trolled aroma release at the right place and time and mask 
unpleasant smells during eating. The development of for
mulations containing volatile and poorly water-soluble 
compounds has been widely investigated. Several strategies 
have been employed to achieve this objective, such as the 
development of emulsions, liposomes and polymeric 
micro- and nanoparticles. 
Citral is one of the most important natural flavouring 

compounds used widely in beverages and foods for its 
characteristic lemon aroma. Citral is chemically unstable 
and degrades over time, leading to loss of desirable flavour 
and the formation of off-flavours. In order to inhibit 
chemical deterioration and minimize loss of product qual
ity, many different approaches have been taken by various 
researchers for its encapsulation and stabilization, for 
example spray drying, oil-in-water emulsions, multilayer 
emulsions, nanoemulsions, molecular complexes and self-
assembly delivery systems (Maswal & Dar 2014). 
Herbal flavours are commonly added in many processed 

foods, mainly by using either the essential oil or the solvent-
extracted oleoresin of herbs. Oleoresins containing both 
volatile and non-volatile components exhibit a flavour profile 
close to the respective fresh ground herb, which render them 
an acceptable form of natural flavouring ingredient in food 
applications. However, oleoresins are susceptible to light, 
heat and oxygen, and therefore have a short storage shelf life 
if not stored properly (Shaikh et al. 2006). This limitation can 
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be overcome by means of encapsulation technique. In their 
study, Chranioti & Tzia (2013) reported on the encapsulation 
of fennel oleoresin by freeze-drying method using binary 
mixtures of modified starch, maltodextrin and chitosan. 
Fennel is a well-known Mediterranean aromatic plant, which 
has been long considered as a medicinal and spice herb. 
According to their results, modified starch–chitosan mixture 
provided the greatest protection in terms of storage stability 
for 12 weeks. In another study, ginger essential oil was 
encapsulated by spray-drying using maltodextrin and 
whey protein isolate as wall materials. Chromatographic 
analysis indicated that the profiles of volatiles in the powder 
were only slightly lost during the spray-drying process 
(Touré et al. 2011). 
Vanilla oil, extracted from the green fruit of the vanilla 

plant, is widely used in various applications. Its flavour is 
not sustainable however, because of the high volatility and 
instability in the presence of air, light, moisture and high 
temperature of its effective component. In order for its use 
to be expanded, it is crucial to effectively reduce the 
volatility and improve its thermostability. A novel flavour 
microcapsule containing vanilla oil, developed by Yang 
et al. (2014) using complex coacervation approach (with 
chitosan and gum arabic), was found to retain about 60% of 
the vanilla oil in the microcapsules after 30 days, indicating 
good potential to serve as a high-quality food spice with 
long residual action and high thermostability. The same 
system (i.e. chitosan and gum arabic) was also used in the 
encapsulation of allyl isothiocyanate, a well-recognized 
antimicrobial agent but with limited application to food 
systems due to its high volatility and strong odor (Ko et al. 
2012). This study was performed to overcome the volatility 
of allyl isothiocyanate and to investigate the effect of 
encapsulated allyl isothiocyanate as a natural additive on 
the shelf life and quality of Kimchi. With regard to sensory 
analysis, concentration of allyl isothiocyanate lower than 
0.10% is recommended for manufacturing Kimchi with 
acceptable organoleptic characteristics. In another study, a 
novel chitosan-based microcapsule containing patchouli oil 
was developed by a non-toxic procedure for the purpose of 
improving the stability of patchouli oil and achieving a 
durable controlled-release effect (Yang et al. 2013). 

39.4	 Food-Specific Materials and Methods/ 
Techniques for Encapsulation 

It is well known that encapsulation offers the possibility to 
fabricate food products that protect bioactives through 
processing and storage and even control or target their 

release in the human GIT (Lesmes & McClements 2009; 
McClements & Li 2010; Benshitrit et al. 2012). A variety of 
substances are known of that can be used to encapsulate/ 
entrap solid, liquids and cells of different types and origins. 
However, only a limited number of them have been certi
fied for food applications as generally recognized as safe 
(GRAS) materials (Wandrey et al. 2010). Considering the 
fact that the regulation of food additives is much stricter 
than for pharmaceuticals or cosmetics, another emerging 
issue for food producers are the different regulations which 
exist in different continents, economies or countries. An 
adequate choice of encapsulating materials along with the 
most effective, most simple and low-cost process in the 
manufacture of such food-related encapsulated systems is 
therefore of great importance for their acceptance by the 
food industry. It should be stressed that cell encapsulation/ 
immobilization technology aiming not directly, at food/ 
beverage application but rather to bioconversion processes, 
allows usage of encapsulation/immobilization materials not 
labelled as food-grade compounds. This broadens the list of 
materials with different non-food grade inorganic/organic 
supports for cell immobilization, such as glass, ceramic, 
silica beads/supports, diatomaceous earth and wood chips 
(Nedovic ́ & Willaert 2005). On the other hand, some of the 
inorganic materials used as cell carriers, such as tripoly
phosphate, silicon oxides or aluminium oxides, are also 
food-grade materials (Wandrey et al. 2010). 
In this section we describe some of the most important 

carriers of both microbial and non-microbial active agents 
classified as protein-based, carbohydrate-based, lipid-
based and mixtures thereof. As well as these food grade
biomaterials originating from different sources (plants, 
marines, microbes and animals), some of the non-food
grade materials used, particularly for cell immobilization, 
are also discussed. 

39.4.1 Proteins as Materials for Encapsulation 

In the food sector, proteins represent a group of biopol
ymers with an important nutritional value along with 
considerable functionality (Chen et al. 2006). The chemical 
and structural versatility of proteins makes them appropri
ate candidates for the food-related encapsulation of bio
actives in a wide range of systems, such as molecular 
coacervates, hydrocolloid particles, stabilized emulsion 
droplet, hydrogels and films (Benshitrit et al. 2012). The 
responsiveness of proteins to environmental stressors, for 
example pH, ionic strength and temperature, makes protein-
based hydrogels good candidates for controlled release of 
the entrapped bioactive, that is, the release which is 
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triggered through stimuli generated by the unique condi
tions within the human GIT (Gupta et al. 2002). 

Currently, the widespread presence of encapsulates 
based on animal proteins (whey proteins, gelatin, casein, 
etc.) is in contrast to the very limited use of plant proteins in 
the food industry. This tendency should be reversed in the 
years to come (Nesterenko et al. 2013). The use of vegeta
ble proteins as carriers contributes to the ‘green’ food 
technology trend. More importantly for food applications, 
plant proteins are known to be less allergenic compared to 
animal-derived proteins (Jenkins et al. 2007; Li et al. 2012). 

Among vegetable proteins, the most common are soy 
protein isolates, pea protein isolates and cereal proteins 
(Nesterenko et al. 2013). Soybean proteins have functional 
properties suitable for microencapsulation such as water 
solubility, water and fat absorption, emulsion stabilization, 
gelation and foaming, plus good film-forming and organo
leptic properties (Franzen & Kinsella 1976). They have 
been used as encapsulating materials in the food industry, in 
particular to mask the undesirable taste of some nutritional 
additives (bioactive compounds for athletes, such as casein 
hydrolysate) (Mendanha et al. 2009; Ortiz et al. 2009; 
Fávaro-Trindade et al. 2010; Sun-Waterhouse & Wadhwa 
2012) or to protect components sensitive to oxidation and/ 
or volatile aromas (orange oil) (Gharsallaoui et al. 2007; 
Xiao et al. 2011). Soy protein isolate is generally applied as 
an individual coating/encapsulating material, but can also 
be mixed with polysaccharides (Augustin et al. 2006; Rusli 
et al. 2006; Yu et al. 2007). The globulins of pea protein 
also have all the functional properties necessary for a 
coating manufacture. However, pea proteins have been 
mainly used as associated with polysaccharides (Ducel 
et al. 2004; Pierucci et al. 2006, 2007; Pereira et al. 
2009; Gharsallaoui et al. 2010). 

Indeed, polysaccharide/protein interactions provide new 
functionalities (high solubility, foaming and surfactant 
properties) to pea proteins without any chemical or enzy
matic modification (Liu et al. 2010). These interactions can 
also create stable emulsions and give better particle size 
distribution and improve the efficiency of encapsulation. 
The proteins of cereals (oat, wheat, barley, rice and corn) 
are more favourable from the nutritional point of view, so 
they have been tested for encapsulation in the laboratory 
(Ducel et al. 2005; Wang et al. 2011b). Sunflower proteins 
have particularly interesting thermal behaviour, gelling 
properties and surface activity. Compared to other sources 
of vegetable proteins, sunflower seeds have been reported 
to have a low content in anti-nutritional factors (Nesterenko 
et al. 2013). These proteins have often been compared 
to commercial soy proteins regarding their functional 
properties, but have not been explored enough for the 

purpose of encapsulation (Gonzalez-Perez &Vereijken 
2007; Nesterenko et al. 2013). 
Among animal-derived proteins used as carriers, the 

most common are milk proteins, caseins, whey proteins 
and gelatins (mammalian and fish skin gelatin) (Wandrey 
et al. 2010). 
Milk proteins have important functional properties such 

as the ability to bind hydrophobic molecules, interact with 
other biopolymers, stabilize emulsions, form gels and to 
some extent to retard oxidation (Zimet et al. 2011). Because 
of these properties, milk proteins are the ideal materials 
for the entrapment and delivery of bioactive compounds 
(Livney 2010; Zimet et al. 2011). Due to their excellent 
gelation properties, milk proteins have also been used for 
encapsulation of probiotic cells (Heidebach et al. 2009; 
Livney 2010). 

Caseins are extremely heat-stable phosphoproteins found 
in milk. The four principal proteins of the highly heteroge
neous casein fraction are: αs1 and αs2-caseins, β-casein and 
k-casein (Wandrey et al. 2010). About 95% of the casein in 
milk exists as colloidal particles known as micelles. In vitro 
reassembled casein micelles have properties similar to those 
of the naturally occurring casein micelles (Knoop et al. 
1979), making them applicable for encapsulation purposes. 
It has been shown that reassembled casein micelles can 
be loaded with a hydrophobic nutraceuticals such as 
vitamin D2 and docosahexaenoic acid; the obtained encap
sulates therefore provided a significant protection against 
UV light induced degradation and oxidation, respectively 
(Semo et al. 2007; Zimet et al. 2011). 
Whey proteins are globular proteins (Chen et al. 2006), 

soluble in their native forms in the ionic environment of 
milk and almost independent of pH, but they become 
insoluble at their isoelectric point (pH about 5) at very 
low ionic strength. In contrast to caseins, whey proteins 
denature at temperatures above 70°C and become insoluble; 
they then form thermally irreversible gels of different 
quality. Whey protein microbeads, particularly those man
ufactured using the cold-set gelation technique, have been 
successfully used as encapsulation systems for heat-labile 
bioactives (Doherty et al. 2012; O’Neill et al. 2014). Cold-
set gelation of whey proteins involves the ionic induced 
gelation of heat-denatured whey protein suspensions at 
ambient temperatures, where denatured whey protein solu
tion is usually cross-linked with a divalent ion (e.g. cal
cium). Egan et al. (2013) used cold-set gelation to stabilize 
lipids within whey protein microbeads. Since an active 
compound should be added to a whey protein solution prior 
to gelation, the encapsulation in whey proteins by cold-set 
gelation is suitable for large bioactive ingredients such as 
microbes. Yeast has been encapsulated in whey hydrogel 
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microbeads for oral delivery (Hébrard et al. 2006), while 
lactobacillus encapsulated in whey microbeads had 
increased survival in simulated gastric conditions compared 
to free cells (Doherty et al. 2012). 
Gelatins do not occur naturally but are manufactured 

from collagens derived from mammalian hides and bones 
or fish skin. Consequently, they vary widely in their size 
and charge distribution, but generally have a characteristic 
primary structure determined by the parent collagen 
(Wandrey et al. 2010). Gelatins are amphiphilic molecules 
and can behave as polyelectrolytes in aqueous solution, 
depending on the pH. The amphiphilic nature provides 
good emulsifying property. The gel which is formed of 
gelatins has thermoreversible property. Fish skin gelatins 
(Avena-Bustillos et al. 2006) of low pyrolidine content are 
far poorer gelling agents than gelatins of similar molar mass 
derived from warm-blood mammals (Ledward 2000). 
Nevertheless, the low water vapour permeability observed 
for warm-water fish gelatin, and particularly for cold-water 
fish gelatin films (Avena-Bustillos et al. 2006), is preferable 
when encapsulates are ought to be implemented in refrig
erated or frozen food products. Gelatin was also success
fully used for encapsulation of probiotics (Burgain et al. 
2011). Due to its amphoteric nature, it is an excellent 
candidate for co-operation with anionic polysaccharides 
such as gellan gum. Gelatin and gellan gum are miscible at a 
pH higher than 6, because they both carry net negatives 
charges and repel each other. However, the net charge of 
gelatin becomes positive when the pH is adjusted below the 
isoelectric point, causing the formation of a strong interac
tion with the negatively charged gellan gum (Krasaekoopt 
et al. 2003; Anal & Singh 2007). 
The two techniques mainly used for microencapsulation 

of actives by proteins are spray-drying and coacervation 
(Murugesan & Orsat 2012; Nesterenko et al. 2013). Other 
processes such as gelation or solvent evaporation can be 
also considered (Gouin 2004; Dubey et al. 2009). Spray-
drying is a continuous process to convert an initial liquid 
into a solid powder of microparticles, and is therefore 
suitable when proteins are employed as encapsulating 
material. This technique is simple, rapid and relatively 
inexpensive; it is therefore widely used in the food industry. 
Since highly hydrosoluble, soy protein isolates have been 
widely used for spray drying (Augustin et al. 2006; Rusli 
et al. 2006; Yu et al. 2007; Charve & Reineccius 2009; 
Ortiz et al. 2009; Fávaro-Trindade et al. 2010; Rascon et al. 
2010). Detailed descriptions and examples of spray-dried 
encapsulates can be found elsewhere (Burgain et al. 2011; 
Nesterenko et al. 2013). 
Microencapsulation by coacervation is carried out by 

precipitation of the wall-forming materials (such as 

proteins) around the active core under the effect of either 
a change in pH or temperature or the addition of a non-
solvent or electrolyte compound. The shell of coacervates 
can be solidified using a physical, chemical or enzymatic 
cross-linker (Gouin 2004) via a process of  simple or  
complex coacervation. Simple coacervation involves 
only one colloidal solute and therefore formation of a 
single polymer envelope. Complex coacervation is pro
duced by mixing two oppositely charged polyelectrolytes 
for shell formation around an active core (Wilson & Shah 
2007). To illustrate this, jasmine and mustard seed oils 
have been successfully encapsulated in gelatin/arabic 
gum coacervates (Lv et al. 2014; Peng et al. 2014). 
The important point to consider for the use of proteins 
is their instability in acid media. They are sensitive to 
precipitation at pH values lower than 7, especially when 
an acidic core material is used (e.g. ascorbic acid). For the 
majority of vegetable proteins in aqueous solution, the 
isoelectric point ranges between pH 3 and 5. For this 
reason these proteins are usually used in alkaline condi
tions in order to obtain good solubility of proteins and to 
efficiently encapsulate actives. 

The properties (morphology, size and release) of protein-
based encapsulates depend on the process applied for their 
production. The size of the particles obtained by spray-
drying process is typically in the range 1–50 μm (Richard & 
Benoit 2000) while the coacervates range from few nano
metres to several hundred microns, depending on whether 
microbial or non-microbial actives are encapsulated (Gan 
et al. 2008). 

39.4.2 Lipids as Materials for Encapsulation 

Lipids used as materials for food-related encapsulation 
involve molecules of large diversity and structural variety, 
such as fatty acids/alcohols, glycerides, waxes and phos
pholipids. Lipids represent one of the most plausible plat
forms for the delivery of lipophilic bioactives. Lipids can 
generate various forms of encapsulates such as emulsions 
(nano- and micro-), liposomes and multiple emulsions. 
Such formulations have been shown to have a wide range 
of sizes (e.g. 5–50 nm for microemulsions or 20–100 nm for 
nanoemulsions), physical states (e.g. organogels, solid lipid 
particles or oil droplets), structural and spatial organizations 
(e.g. liposomes, colloidosomes, multiple or nanolaminated 
emulsions) and thermodynamic stabilities (Benshitrit et al. 
2012). Moreover, by use of multiple emulsions in which 
water droplets are entrapped within oil droplets, lipid 
materials can even be employed for the delivery of 
water-soluble bioactives. However, there is a concern 



Recent Advances in and Applications of Encapsulated Microbial and Non-Microbial Active Agents 645 

regarding the preparation of completely food-grade emul
sions due to the very small number of food-grade surfac
tants (e.g. sorbitans or polysorbates). Overall, it is believed 
that lipid delivery systems in foods improve bioactive 
wetting and dissolution properties, modulate bioactive 
absorption and chemical stability and enable targeting of 
specific tissues (McClements & Li 2010). 

Fatty acids comprise a large group of chemical com
pounds divided into saturated and unsaturated acids, 
which in addition can be of variable length. Short-, 
medium- and long-chain fatty acids are distinguished 
which differ in the number of carbons in the aliphatic 
tail, having <8, 8–14 and >16 carbons, respectively. In 
fatty alcohols, a hydroxyl group has replaced the carbox
ylic group. The melting points of fatty acids vary over a 
wide range, and unsaturated fatty acids have a much 
higher melting point. The main drawback of these 
materials is their poor stability as they are prone to 
auto-oxidation at room temperatures. Fatty acids have 
been used as non-ionic surfactants and have remarkable 
emulsifying properties (Wandrey et al. 2010). 

Glycerides represent the molecules in which three, two, 
or only one fatty acid chain(s) are covalently bonded to a 
glycerol molecule by ester linkages. The acids may be 
saturated or unsaturated, while the most common residues 
are those with 16, 18 and 20 carbons. In the food sector, 
diglycerides (usually in a mixture with monoglycerides) are 
common additives largely used as emulsifiers. Next to 
phospholipids, they represent frequently employed compo
nents in liposomes and emulsions preparation. The prepa
ration of micro- and nanoemulsions can be categorized in 
low-energy and high-energy procedures. The low-energy 
conditions include the spontaneous emulsification and the 
phase inversion temperature (PIT) method. In spontaneous 
emulsification, the emulsion is prepared only by mixing the 
oil, water, surfactants and co-surfactants at constant tem
perature. PIT method includes a transitional inversion made 
by a change in the temperature, pH and salt concentration. 
These low-energy methods are suitable for encapsulation of 
thermally sensitive compounds. However, production of 
food-grade microemulsions by low-energy procedures is 
problematic due to limited choice of food-grade surfactants 
(Santana et al. 2013). High-energy emulsification is indus
trially used due to the ability to control droplet size 
distribution by controlling energy input. With a high-pres
sure homogenization it is possible to obtain droplet diame
ters in the range 0.3–1 μm with a very narrow size 
distribution. This method allows the use of variety of 
emulsifiers and co-emulsifiers (e.g. proteins and GRAS-
polysaccharides), but the drawbacks are the expensive 
equipment, low energetic efficiencies and the overall 

high production costs. There is therefore growing interest 
in reducing the energy used for the preparation of emulsions 
(Santana et al. 2013). 
Phospholipids are amphiphilic lipids which consist of 

fatty acids esterified to a glycerol backbone, a phosphate 
group and a hydrophilic residue. The most abundant phos
pholipids represent lecithin (phosphatidylcholine) (Taylor 
et al. 2005), where the base is choline. The fatty acid 
components may be saturated or unsaturated, for example 
palmitic, stearic, oleic, linoleic or linolenic acid. (Note that 
the name lecithin is also used for the naturally occurring 
mixture of glycolipids, triglycerides, and phospholipids.) 
Phospholipids are known for their excellent emulsifying 
and dispersing properties (Weiner 2002). When mixed with 
water, they aggregate or self-assemble into well-organized 
and defined structures and bilayers. Applying energy dur
ing the mixing process forces the bilayer to form liposomes, 
which in general do not form spontaneously (Taylor et al. 
2005). 
In the food industry, liposomes have been investigated to 

deliver proteins, enzymes, vitamins, antioxidants and fla
vours (Taylor et al. 2005; Mozafari et al. 2008). The use of 
liposomes for encapsulation of probiotic living cells is 
limited due to the large size of bacteria compared to 
even the liposomes with larger diameters (Burgain et al. 
2011). The great advantage of liposomes over other deliv
ery systems (produced by spray-drying, extrusion, fluidized 
beds) is the stability that liposomes impart to water-soluble 
material in high water activity applications (Desai & Park 
2005). 
There is a great variety of methods for liposome prepa

ration today. Some of these methods are conventional such 
as thin-film hydration, proliposome, reversed-phase evap
oration (Lasch et al. 2003), solvent-injection (Jaafar-Maalej 
et al. 2010; Akbarzadeh et al. 2013; Tan et al. 2013) or 
heating-based (Mozafari 2005; Colas et al. 2007). In order 
to obtain very small vesicles (diameters <0.1 μm), an 
additional processing step is needed (extrusion, sonication, 
high-pressure homogenization or microfluidization). On the 
other hand new methods have been developed in recent 
years, some of which overcome certain disadvantages of the 
conventional methods. Membrane contactor-based method 
is a modified solvent-injection method where lipid dissolu
tion is extruded into an aqueous phase through a membrane 
contactor. Different membranes are available such as 
tubular Shirazu porous glass (Jaafar-Maalej et al. 2011), 
polypropylene hollow fibres (Laouini et al. 2011) or 
even micro-engineered membranes (Laouini et al. 2013). 
The choice of membrane defines the liposome size. 
Another interesting approach is freeze-drying of a double 
emulsion, described by Huang et al. (2014) as an extended 
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double-emulsion method where cryoprotectants are added 
to the aqueous phase. 
Waxes are another group of food-related encapsulating 

materials for both microbial and non-microbial actives. 
They represent esters of fatty acids but, in contrast to 
fats and oils, fatty acids are esters of higher primary 
monovalent alcohols instead of glycerol. Commonly 
used waxes for encapsulation in the food sector include 
beeswax, carnauba wax and candelilla wax (Wandrey et al. 
2010). These advantages include good chemical and phys
ical stability at varying pH values and moisture levels, well-
established safe use in humans due to their non-swellable 
and water-insoluble nature and minimal effect on food 
(Kamble et al. 2004). Carnauba wax has the broadest 
application in the food industry due to the highest melting 
point among the commercial vegetable waxes (Milanovic 
et al. 2010). The roll of waxes as an encapsulating (wall) 
material for different bioactives can be accomplished by 
using melt dispersion techniques (melt-spraying, melt-
emulsification and melt-homogenization). The basic prin
ciple of these techniques involves the atomizing of a molten 
matrix with a low melting point (32–85°C) containing the 
bioactive compounds in finely dispersed microdroplets, 
which then solidify to give solid microparticles. 

39.4.3	 Carbohydrates as Materials for 
Encapsulation 

Carbohydrates represent a significant portion of various 
foods, accounting for many of their sensory properties and 
calorific value. These nutritional components comprise 
mono-, oligo- and polysaccharide fractions. As well as 
performing a nutritional function, carbohydrates are often 
used as constituents of the encapsulating matrix for micro
bial and non-microbial actives. In particular, the structural 
versatility and site-specific digestion of polysaccharides 
make them suitable encapsulating material allowing tar
geted and controlled release of actives along the GIT 
(Kosaraju 2005). Compared to proteins, the major advan
tages of these biopolymers are their generally good solu
bility in water and low viscosity at high concentrations 
(Nesterenko et al. 2013). Commonly used polysaccharides 
include plant-derived carbohydrates (e.g. starch, pectin, 
guar gum, etc.), microbial/animal-derived carbohydrates 
(e.g. chitosan, chondroitin sulphate, gellan, dextran and 
cyclodextrins) and marine-derived carbohydrates (e.g. algi
nate, carrageenan) (Nedovic ́ & Willaert 2005; Wandrey 
et al. 2010). 
Starch and its derivatives have been widely used in a 

number of processes to fabricate delivery systems for the 

protection and controlled release of bioactives in the food 
sector (Shimoni 2008). Starch consists mainly of amylose, a 
linear polymer of D-glucopyranose joined by α-1-4 gluco
sidic bond and amylopectin, a branched polymer of glucose 
joined by α-1-4 glucosidic bond and α-1-6 glycosidic bond 
for ramification (Sajilata et al. 2006). High amylose corn 
starch was suggested to be useful as an enteric coating for 
the microencapsulation of bioactives, due to protection 
against dissolution of encapsulates in the stomach and 
release of bioctives in the small intestine (Dimantov 
et al. 2004). Resistant starch, which is not digested by 
pancreatic enzymes in the small intestine, is especially 
important for encapsulation of probiotics (Sajilata et al. 
2006; Anal & Singh 2007). This specificity provides good 
release of the probiotics in the large intestine, which is a 
more desirable delivery characteristic (Burgain et al. 2011). 
Moreover, resistant starch possesses prebiotic functionality 
and can therefore be used by probiotic bacteria in the large 
intestine (Mortazavian et al. 2008). Finally, resistant starch 
is an ideal surface for the adherence of the probiotic cells 
(Anal & Singh 2007), and starch granules can enhance 
probiotic delivery in a viable and a metabolically active 
state to the intestine (Crittenden et al. 2001). 
Chemical, biochemical and physical modifications of 

starch have resulted in molecules with improved properties. 
Maltodextrins, dextrins, cyclodextrins and polydextrose 
have all been used for the encapsulation of both microbial 
and non-microbial actives. For instance, it has been shown 
that naturally occurring (α-, β- and γ-) cyclodextrins reduce 
the volatility of aroma compounds, increase solubility of 
bioactives, protect them against photo degradation and 
improve sensory quality via masking of bitterness (Astray 
et al. 2009; Marques 2010). Natural cyclodextrin deriva
tives (methylated, hydroxypropylated and sulphobutylate 
cyclodextrins) have recently been synthesized with the aim 
of improving the solubility of natural cyclodextrin. How
ever, cyclodextrin derivatives still have not obtained GRAS 
status. Chemical modification of starches (octenylsuccini
cacid anhydride-modified starches (OSA or OSAN 
starches)) has also been applied to improve the functionality 
of starch-based delivery systems of bioactives. 
Starch and its derivatives have been used for coating and 

encapsulation by several techniques including spray-
drying, fluidized-bed coating and, most importantly, extru
sion. Molecular inclusion is possible with cyclodextrins 
(Wandrey et al. 2010), for example maltodextrin is fre
quently used for microencapsulation of food bioactives by 
spray drying (Gharsallaoui et al. 2007). It offers numerous 
advantages (low cost, neutral aroma and taste, low viscos
ity, protection against oxidation), but the major problem 
with utilization of this material is low emulsifying capacity. 
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Combinations of maltodextrin with other surface-active 
biopolymers such as gums, proteins, and modified starches 
have therefore been proposed (Bule et al. 2010; Carneiro 
et al. 2013). The fluidized-bed coating technique is based 
on the coating of powder particles suspended by an air
stream at a pre-defined temperature in a batch processor or a 
continuous set-up. Compared to traditional spray drying, 
this technique enables the utilization of a wider range of 
coating materials. Fluidized bed coating has been used to 
increase the survival rate of bacteria (Barbosa-Canovas & 
Uliano 2004; Petrovic et al. 2007). Furthermore, since 
coated with an additional layer of a protective material, 
encapsulates obtained by this technique are able to secure a 
targeted release in the gut (de Vos et al. 2010; Nedovic ́ 
et al. 2013). Schell & Beerman (2014) confirmed that the 
shellac coating of whey-encapsulated probiotic bacteria 
(Lactobacillus reuteri) by the fluidized bed technique 
may stabilize probiotics during processing and storage. 
The coating also protects bacteria from acid conditions 
in the gastrointestinal tract, improving the physiological 
effects of probiotics. 

Cellulose derivatives (methylcellulose, ethylcellulose, 
ethyl methylcellulose, hydroxypropyl methyl cellulose, 
hydroxypropyl cellulose, sodium carboxymethyl cellulose, 
etc.) have been used for decades in food technology as 
thickeners, stabilizers, emulsifiers, suspending and gelling 
agents (Stephen & Philips 2006). In recent years, these 
materials have attracted more attention in the field of 
encapsulation. For instance, the encapsulation of probiotic 
bacteria using cellulose acetate phthalate provides good 
protection for microorganisms in simulated GIT conditions 
(Fávaro-Trindade & Grosso 2002). 

Polysaccharide extrudes of some plants, also known as 
gums, can be used as materials for food encapsulation. 
These are gum arabic (also known as acacia gum, gum 
senegal), guar gum and gum tragacanth (Wandrey et al. 
2010). Gum arabic has been widely used as a protective 
wall material for spray drying of liposoluble and sensitive 
compounds as it fulfils the roles of both a surface-
active agent and a drying matrix. The great advantage 
over the other carriers lies in the fact that it is non
carcinogenic, low in calorific value and a good source of 
soluble fibres. Gum arabic is also a prominent natural 
emulsifier. However, in recent years the use of gum Arabic 
has decreased because of its limited availability, fluctua
tions in supply, high cost and impurities. Moreover, aque
ous solutions of solely gum arabic may be difficult to 
process due to high viscosity. Many authors have therefore 
investigated the use of a blend of gum arabic with other wall 
materials or even tried to replace it completely (McNamee 
et al. 2001; Krishnan et al. 2005). Krishnan et al. (2005) 

found that the gum arabic: maltodextrin: modified starch 
(4/6:1/6:1/6) blend was more efficient than blends with 
other molar ratios and even better than 100% gum arabic. 
On the other hand, blends of gum arabic and maltodextrin 
could not provide the protection of cumin oleoresin offered 
by gum arabic alone (Kanakdande et al. 2007). The use of 
angum gum (a natural exudate from mountain almond tree) 
as an emulsifier has also been considered to create more 
stable emulsions of d-limonene-in-maltodextrin compared 
to emulsions stabilized with arabic gum (Jafari et al. 2013). 
Pectins are plant-derived molecules which are mostly 

linear polymers of mainly α-(1-4)-linked D-galacturonic 
acid residues and 1,2-linked L-rhamnose residues. These 
polysaccharides are advantageous for targeted delivery 
because they remain intact in the stomach and the small 
intestine (de Vos et al. 2010). The application of pectin as 
non-modified molecule is limited due to its high solubility 
in water. In most cases it is combined with a cation or 
another polymer such as chitosan, gelatin or soy/whey 
proteins to form a slowly degrading complex with active 
molecules or probiotics by coacervation technique (Pozippe 
et al. 2011; Silva et al. 2012; Ramírez-Santiago et al. 2012). 
A degradation of pectins largely depends on enzymes 
derived from the host microbiota, and the speed of degra
dation can be modified by chemical modifications. Pectins 
therefore allow for specific delivery in the different parts of 
the gut (de Vos et al. 2010). 
Polysaccharide marine extracts refer to mainly two mol

ecules: alginate and κ-carrageenan. Alginate is a polymer 
composed of uronic acid monomers: β-D-mannuronic and 
α-L-guluronic acids. The composition of the polymer chain 
varies in the amount and sequential distribution of uronic acid 
monomers, according to the source of the alginate. The 
composition therefore impacts the functional property of 
alginate as an encapsulating material. Alginate hydrogels 
are extensively used in food-related encapsulation of micro
bial and non-microbial active agents (Rowley et al. 1999; 
Krasaekoopt et al. 2003; Mitropoulou et al. 2013). Ionic 
gelation between alginate and Ca-ions leads to the formation 
of calcium alginate network, which is preferred for encap
sulating both probiotics and bioactive molecules because of 
its simplicity, non-toxicity, biocompatibility and low cost. 

Calcium-alginate hydrogel encapsulates can be prepared 
by different extrusion techniques. The most common extru
sion technique involves dispersion of a liquid fluid into 
droplets, which are later solidified by physical or chemical 
means (Prüsse et al. 2008). It can be improved if the droplet 
is formed in a controlled way by means of: rotation or 
vibration of the jet nozzle, use of coaxial flow or an 
electrostatic field (Prüsse et al. 2008; de Vos et al. 
2010). The spray-drying technique can also be used for 
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preparation of calcium-alginate encapsulates (Kailasapathy 
2002). 
The disadvantage of alginate is its sensitivity to the acidic 

environment (Mortazavian et al. 2008), meaning that algi
nate hydrogels are not resistant in the stomach conditions. 
Furthermore, the high porosity of alginate particles disables 
protection of the encapsulated cell (Gouin 2004) or pro
longed release of active compound (Stojanovic et al. 2012). 
Nevertheless, the defects can be compensated for by mixing 
alginates with other polymer compounds, such as starch 
(Krasaekoopt et al. 2003; Chan et al. 2011; López Córdoba 
et al. 2013), coating the beads by another compound such 

cak-Cvitanovicas chitosan (Bels ̌ ̌ ́ et al. 2011) or applying 
structural modification of the alginate by using different 
additives (Krasaekoopt et al. 2003). κ-carrageenan is a 
natural polymer used in the food industry due to the ability 
to form elastic gels in the presence of certain cations such as 
K+ and Ca2+ . Encapsulation technology using the 
κ-carrageenan requires a temperature of 40–50°C. In this 
step the microbial or non-microbial actives are added to the 
polymer solution. By cooling the mixture to room temper
ature, the gelation occurs and the microparticles are then 
stabilized upon addition of potassium ions (Krasaekoopt 
et al. 2003). 
Microbe- and animal-derived polysaccharides which are 

used as encapsulating materials in the food sector include 
xanthan gum, gellan gum, dextran and chitosan. Xanthan 
gum is a high-molar-mass anionic polyelectrolyte poly
saccharide produced by Xanthomonas campestris, com
posed of pentasaccharide repeat units, comprising 
glucose, mannose and glucuronic acid in the molar ratio 
2:2.0:1 (García-Ochoa et al. 2000). Gellan gum is a micro
bial polysaccharide derived from Pseudomonas elodea, 
comprising a repeating unit of four monomers that are 
glucose, glucuronic acid, glucose and rhamnose (Chen & 
Chen 2007). As well as for the alginate and κ-carrageenan, 
extrusion techniques are most often used for preparation of 
encapsulates with gellan and xanthan gum. A mixture of 
xanthan–gellan gum has been successfully used to encap
sulate probiotic cells (Sun & Griffiths 2000; McMaster 
et al. 2005). In contrast to alginate, the mixture presented 
high resistance towards acid conditions, which is of great 
importance for targeted delivery of probiotic cells. 
Chitosan is a polycationic molecule, co-polymer of 

glucosamine and N-acetylated glucosamine derived from 
naturally occurring chitin by alkaline deacetylation. As a 
polycation, chitosan can polymerize with anions and poly-
anions by cross-linking. Chitosan has been applied for the 
encapsulation and targeted release of both bioactive mol
ecules and living cells (de Vos et al. 2010; Burgain et al. 
2011). Although it was used for the targeted release of 

probiotics, this encapsulating material did not show a good 
efficiency for increasing cell viability. Further, chitosan is 
readily dissolved at low pH such as in the stomach. It is 
therefore preferable to use chitosan as a coat but not as a 
capsule (Mortazavian et al. 2008). In fact, encapsulation of 
probiotic bacteria with alginate and a chitosan coating 
provides protection in simulated GIT conditions, and is 
therefore a good method of the delivery of viable bacterial 
cells to the colon (Chávarri et al. 2010). 
Dextrans are bacterial-derived polysaccharides with a 

linear polymer backbone, with mainly 1,6-α-D-glucopyr
anosidic linkages (Kosaraju 2005). A beneficial feature of 
dextran is that its degradation in the gut can be regulated by 
varying the structure of the dextran (e.g. dextrans with 
different molecular weights). Combinations of dextrans 
with other polymers have also been shown to be an effec
tive approach to modulate the kinetics of release of encap
sulated bioactives (de Vos et al. 2010). 

39.4.4	 Other Materials for Encapsulation/ 
Immobilization 

In order to improve and broaden the use of encapsulated/ 
immobilized systems and potentially tailor their function
ality, that is, better performances in realistic environments, 
much research effort had been made in combining different 
encapsulating/immobilizing materials. In this respect, pro-
tein–polysaccharide physical interactions have been widely 
studied to improve the emulsifying and filmogenic propert
ies during microencapsulation (Augustin et al. 2006; 
Pierucci et al. 2007; Mendanha et al. 2009; Pereira et al. 
2009). Some recent studies demonstrated that electrostatic 
interactions of protein and polysaccharides could be used to 
form submicron-sized hydrocolloids, encapsulate bioac
tives and modulate delivery systems’ susceptibility to 
digestion (Peinado et al. 2010). Furthermore, protein– 
carbohydrate conjugates covalently cross-linked by the 
Maillard reaction have gained much attention and the 
resulting encapsulates have shown interesting functional 
properties (Augustin et al. 2006; Oliver et al. 2009). Many 
recent examples of complex coacervates of proteins and 
polysaccharides have emphasized the importance of this 
approach in food-related encapsulation (Silva et al. 2012; 
Comunian et al. 2013; Koupantsis et al. 2014). 
In the case of probiotics food production, natural sup

ports such as fruit pieces and cereals could have great 
significance for cell immobilization. Namely, fruits and 
cereals contain non-digestible carbohydrates, which con
stitute the base for cell immobilization. For instance, 
apple and quince pieces proved to be suitable supports 
for immobilization of L. casei cells in the production 
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of fermented milk, cheese and yoghurt, respectively 
(Kourkoutas et al. 2005). More recent trends in probiotics 
food production include the usage of agricultural wastes 
(Mitropoulou et al. 2013). Rinds of durian, mangosteen and 
jackfruit were used as supports for immobilizing strains of 
L. acidophilus and L. bulgaricus for the production of 
acetic and lactic acid in soy milk (Teh et al. 2009). 
Similarly, L. casei was immobilized on brewer’s spent 
grains and further used in bread making (Plessas et al. 
2007). 

Support materials other than usually used biopolymers 
(alginate or κ-carrageenan) are proposed for immobilization 
of cells such as lactic acid bacteria (Castillo Martinez et al. 
2013). Materials first used for probiotics immobilization, 
such as ceramic and porous glass, were found to be 
relatively expensive (Bruno-Bárcena et al. 1999). Novel 
approaches propose immobilization of L. brevis and 
L. plantarum on delignified lignocellulosic materials and 
polypropylene matrices treated with chitosan, respectively 
(Krishnan et al. 2001; Elezi et al. 2003). Furthermore, 
Rhizopus oryzae was immobilized on a fibrous matrix 
composed of stainless-steel mesh and cotton cloth (Chen 
et al. 2012), which ensured high yields and productivities. 
More recently, it has been shown that lactic acid fermenta
tion of stillage is effectively provided by immobilized 
L. rhmanosus onto powered zeolit (Djukic ́-Vukovic ́ 
et al. 2013). 

Another material worth mentioning is polyvinylpyrroli
done (PVP), a synthetic neutral polymer. PVP is a non-toxic 
polymer with an excellent transparency, biocompatibility 
and film-forming ability and has been utilized in a broad 
range of areas including the food industry (Yeh et al. 2006). 
Films made from mixtures of chitosan and PVP have been 
proposed by Sakurai et al. (2000) and Marsano et al. 
(2004). Their studies revealed that carbonyl groups in 
the pyrrolidone rings of PVP interact with amino and 
hydroxyl groups in chitosan by forming hydrogen bonds, 
producing materials with novel characteristics. 

The latest trends in cell immobilization for the produc
tion of food ingredients include materials which modulate 
the adhesion of viable microorganisms. For instance, the 
addition of suitable organo-silanes can be used to improve 
the physical, chemical and mechanical properties of such 
materials. Organo-silanes may stimulate microbial adhe
sion, and can therefore be used in a wide range of appli
cations in the food and beverage industry (Kregiel 2014). 
Other novel materials for cell immobilization in food 
biotechnology include hydroxylapatite for immobilization 
of S. cerevisiae strains in the production of whisky, ale and 
lager beer (White & Walker 2011), ceramic carrier-cha
motte (Kregiel et al. 2012) and different chamotte porous 

surfaces modified by organo-silanes for better adhesion of 
industrial brewery yeast strains (Berlowska et al. 2013). 

39.5	 Examples of Encapsulated Cell 
Technology in Fermentation Processes 

The introduction of cell encapsulation technology in fer
mentation processes has been studied in order to satisfy 
consumer demands for more healthy and tasty foods. 
Further research concerns technological aspects in view 
of the creation of a more sustainable industry. Although the 
process of encapsulation may induce some changes in 
metabolism of encapsulated microbes (e.g. cell growth 
and physiology, stress tolerance, cell survival and viability, 
flavor development), it also offers many advantages in 
comparison to traditional processes. In the following sec
tions some representative examples of improvements in 
beer, wine and cider fermentation as well as in dairy and 
meat fermentation by the use of encapsulated microbial cell 
are discussed. 

39.5.1 Beer Fermentation 

Traditional beer fermentation uses free suspended yeast 
cells and can generally be divided into two steps: the 
primary fermentation, which takes almost seven days, 
and a subsequent maturation step which lasts several weeks 
(Verbelen et al. 2010). Considering the implementation of 
cell encapsulation technology in beer production, the 
majority of the research papers deal with the development 
of a continuous fermentation process and the design of 
proper fermentors, in view of achieving higher fermentation 
rates and increasing system productivity without affecting 
flavour formation (Willaert & Nedovic ́ 2006). After 
30 years of research however, industrial applications are 
still limited due to major shortcomings (e.g. unbalanced 
beer flavour, cost of encapsulation systems). 
Up to now, most of the results obtained using encapsu

lated yeast cells in beer production have been conducted in 
batch mode (e.g. Bezbradica et al. 2007; Naydenova et al. 
2013). However, the results seem promising and encourage 
further research on the exploitation of encapsulated yeast 
cells in continuous systems. For example, encapsulation of 
lager brewing yeasts in alginate/chitosan matrix with a 
liquid core for beer production showed a higher real degree 
of fermentation (RDF, which measures the conversion 
degree of wort sugars to alcohol in beer production) in 
relation to free cell system (Naydenova et al. 2013). This 
observation results from batch fermentation processes 
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contacted at a variety of wort gravity (from 9 to 17°P). The 
encapsulation system protected the cells from substrate and 
product inhibition, resulting in faster yeast growth and 
higher specific ethanol production rate. In a sensory eval
uation, no considerable differences were found between the 
two beer types while the quality of the beer produced with 
encapsulated cells was comparable to the conventional one. 
Encapsulation of S. cerevisiae cells in LentiKats carrier 
did not affect cell viability and proliferation, although high 
cell loads (109 cells mL�1) were achieved from prolonged 
lag and exponential phases in relation to free cells 
(Bezbradica et al. 2007). As far as the encapsulation matrix 
is concern, LentiKat particles with encapsulated yeast 
cells exhibited high mechanical and fermentative stability, 
bearing 30 days of operating time during a 6-month period 
without significant changes in particle shape and size. 
Additionally, encapsulated cells showed high fermentation 
activity both in laboratory and pilot-scale fermentations, 
prerequisites for achieving continuous beer production at an 
industrial scale. 
In the case of continuous beer production using encap

sulated yeast strains, concern will be raised whether such 
beer will be of the same quality to that produced tradition
ally. The unbalanced aromatic profile results from limited 
mass transfer and insufficient free amino nitrogen con
sumption. The difficulty of achieving control of the sensory 
compounds produced in a short time is a major problem 
hindering industrial exploitation. Recent review papers deal 
with the flavour formation in continuous beer production 
by encapsulated yeast cells during primary fermentation 
(Willaert & Nedovic ́ 2006; Brányik et al. 2008). The most 
important group of flavour compounds produced in beer is 
higher alcohols, esters and vicinal diketones. Their con
centration changes upon cell encapsulation from alteration 
in cell metabolism. Literature reviews have revealed a 
decrease in higher alcohols and, in some cases, in ester 
content (Willaert & Nedovic ́ 2006; Verbelen et al. 2010). 
Except for being yeast strain dependent, the formation of 
aromatic compounds can be enhanced under conditions 
which promote yeast metabolism (e.g. nutrients supply, 
temperature, aeration). One characteristic example is the 
work of Shen et al. (2004) who investigated the effect of 
CO2 pressure on the aromatic profile of beer produced using 
encapsulated yeast cells. A higher formation of alcohols 
and esters was found in the case of the encapsulated matrix 
made from a porous stainless steel fibre cloth, in relation to 
the free cell system. The findings were attributed to CO2 

removal during fermentation, resulting in enhanced 
fermentation of the encapsulated cells. It seemed that 
encapsulation matrices may also serve ‘as nucleation sites 
for CO2 bubble formation’, facilitating CO2 removal. 

Fermentation temperature also affects the production of 
aromatic compounds. During continuous high-gravity 
brewing with yeasts encapsulated in spent grains, beer 
produced at 15°C had a higher alcohols to esters ratio in 
relation to the beer produced at lower temperature (7 and 
10°C) (Dragone et al. 2008). In addition to the above 
findings, the rise of fermentation temperature from 7 to 
15°C led to an increase in ethanol content (6.0, 4.8, 4.0%, v/ 
v, at 15, 10 and 7°C, respectively) and in ethanol volumetric 
productivity (219, 369 and 536% higher than those 
obtained for the discontinuous process at 15, 10 and 
7°C, respectively). 
Considering industrial application of cell encapsulation 

for continuous beer fermentation, the type of encapsulation 
carrier also seems to affect the aromatic profile. 
Virkajärvi & Pohjala (2000) examined the aroma com
pounds produced during the primary fermentation of beer in 
laboratory scale (1.6 L) with the use of (1) porous glass 
beads; (2) DEAE-cellulose; and (3) diatomaceous earth as 
encapsulation supports. A negative effect on the formation 
of some flavour compounds in relation to the encapsulation 
carrier was observed. Mass transfer rate as well as diffusion 
limitations may explain the differences observed between 
the examined carriers. The current research highlights the 
dependence of the carrier choice on the desired end-prod
uct, a limitation in the industrial production of a great 
variety of beers by the same production plant. Purchasing 
different encapsulation matrices adds an additional cost to 
the total. Brányik et al. (2006) investigated and proved the 
suitability of cheap encapsulated systems such as spent 
grains and corncobs for long-term continuous brewing. 
Control of the flavour aromatic profile in the end-product 
was possible by correct adjustment of the process 
parameters. 
The use of appropriate bioreactors is also important in 

order to perform a successful continuous beer production 
(Willaert & Nedovic ́ 2006). Fermentation could be com
pleted in only half the time required for a conventional 
batch process at (1) a fluidized bed reactor (FBR) employ
ing porous glass beads for yeast cells encapsulation; and 
(2) a loop reactor containing a porous silicon carbide 
cartridge (SCCR) for yeast cells encapsulation (Tata 
et al. 1999). Volumetric productivity (in terms of carbohy
drate consumption) was similar for both of the fermentation 
systems (c. 2.0 and 1.9 g of carbohydrate/L/h in FBR and 
SCCR, respectively) and higher compared to the batch 
fermentation (c. 0.8 g of carbohydrate/L/h). Although the 
end-product was quite acceptable from the flavour point of 
view, the levels of the formed aromatic compounds were 
different for both examined systems compared to traditional 
beer product. 
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Despite the economic advantages, the continuous beer 
production process by means of cell encapsulation technol
ogy has so far only been applied at an industrial scale for the 
production of alcohol-free beer and maturation of beer. In 
terms of producing low-alcohol (�1.2%, v/v) or alcohol-
free (�0.5%, v/v) beers, there are two possible strategies: 
(1) alcohol removal and (2) controlling alcohol formation 
by limited wort fermentation (Brányik et al. 2012). The 
second strategy can be supported by the use of encapsulated 
systems. The process is performed continuously for pro
longed fermentation time in a packed-bed reactor using 
encapsulated S. cerevisiae cells on DEAE-cellulose (van 
Iersel et al. 1999, 2000). This system allows control of 
contact time between yeast cells and wort. Moreover, the 
fermentation can possibly be employed at low temperature, 
reducing cell metabolism and risk of clogging the bio
reactor. Yeast growth was also limited as a result of the 
application of anaerobic conditions, which also retards wort 
lipid oxidation. Another advantage of the technique is that 
the application of low-temperature and anaerobic condi
tions reduce the possibility of wort contamination. 
Although an increase in ethanol concentration was 
achieved, a higher amount of glycerol and acetic acid 
was also found in relation to suspended cells. 

Generally, the means of encapsulation in beer production 
offers a higher degree of fermentation and increased volu
metric and ethanol productivity. However, regardless the 
extensive research performed during the last decades, 
further research is needed in order for continuous beer 
fermentation to compete with the traditional batch fermen
tation. Deep insight into the metabolism of encapsulated 
yeast strains is needed to produce a stable product with 
enhanced aromatic profile. Further work in the design of a 
simple fermentor as well as the choice of cheap carrier 
materials will significantly reduce the investment costs of a 
continuous fermentation system. 

39.5.2 Wine Fermentation 

Encapsulated cell technology has introduced many techno
logical and therefore many economical improvements in 
the field of wine fermentation, as reviewed by Kourkoutas 
and Nedovic ́ and their collaborators (Kourkoutas et al. 
2004, 2010; Nedovic ́ et al. 2010, 2011, 2013). In the 
following sections the most representative examples of 
the improvements in wine-making due to encapsulation 
are highlighted. 

During grape fermentation at batch mode using encap
sulated S. cerevisiae, AXAZ-1 yeast cells in whole barley 
or in corn grains showed good operational stability for a 
period longer than eight months, even at low temperatures 

(5°C) (Kandylis et al. 2012a, b). Ethanol (45 and 48.5 g 
L�1 hr�1 at 30°C using barley and corn supports, respec
tively) and wine productivities (344.8 and 367.8 g L�1 

hr�1 at 30°C using barley and corn supports, respectively) 
were relatively high while ethanol content was not 
affected by the temperature (c. 11.5%, v/v). The scal
ing-up (80 L) of the wine fermentation process using the 
same  yeast strain encapsulated in whole  wheat grains  did  
not affect ethanol and wine productivities and ethanol 
content even at 2°C (Kandylis  et al. 2010). Moreover, 
low-temperature fermentation in winemaking (� 15°C) is 
a valuable tool to improve flavour. In all the cases, both at 
the laboratory and industrial scale, encapsulation systems 
had a positive impact on the organoleptic properties of the 
wine and especially on the aromatic profile, even at low 
temperature levels (2 and 5°C). 
Regarding industrial applications of wine production, 

good operation stability at a wide temperature range 
(5–40°C) was achieved by the use of encapsulated 
S. cerevisiae AXAZ-1 cells on brewer’s spent grains in a 
Multi-Stage Fixed Bed Tower (MFBT) bioreactor 
(5000–10,000 L) (Kopsahelis et al. 2012). Maximum etha
nol and wine productivities at 33°C reached 3.7 and 
30 g L�1 hr�1, respectively, higher than those of free cells. 
Another interesting finding was the increased ethanol con
tent achieved at 40°C (9.5% v/v). Moreover, a wine of high 
quality was produced, having low content in higher and 
amyl alcohols at all tested temperatures. Another advantage 
of the research work presented up to now is the use of 
cheap, widely available and food-grade encapsulation 
systems. 
During wine-making, the malolactic fermentation step is 

important when wines of high quality and improved 
organoleptic properties are required. The difficulty of 
wine deacidification occurring at this step may be overcome 
when encapsulated lactic acid bacteria is used. Kosseva & 
Kennedy (2004) encapsulated L. casei cells in pectinate gel 
in order to conduct malolactic fermentation in Chardonnay 
wine. Encapsulated bacteria deacidified white wine 
(from pH 3.15 to 3.40) achieving 30% malic acid degrada
tion, a value twice as high as that obtained by the free 
bacteria cells. Cell encapsulation also led to an increased 
fermentation rate, even at high ethanol concentrations 
(12–13% v/v). 
Deacidification of wine was also the research area of 

Genisheva et al. (2013). Oenococcus oeni cells were 
encapsulated in corn cobs, grape skins and grape stems 
in order to conduct malolactic fermentation for white wine 
production. All three supports were found suitable for 
bacteria encapsulation in amounts of 30 g L�1, while malic 
acid degradation was twice as fast in the fermentations with 
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encapsulated cells than in the free cell system. Fermentation 
with encapsulated cells on 10 g L�1 of corn cobs and grape 
stems achieved high lactic acid productivities (4.06 and 
4.03 g L�1 hr�1, respectively). An increased resistance 
against the inhibitory effect of high ethanol (> 6%, v/v) 
and SO2 (30 mg L�1) content was found. O. oeni cells 
encapsulated in corn cobs, grape stems and grape 
skins were able to conduct consecutive malolactic fermen
tation for a total period of 150, 174 and 192 days, 
respectively. 
Time-consuming malolactic fermentation may some

times fail when conducted under the natural fermentation 
conditions of wine. In view of this, efforts aim to reduce 
fermentation time and control the formation of the aromatic 
compounds in order to obtain an organoleptic stable end-
product. A possible solution is the simultaneous perform
ance of alcoholic and malolactic fermentations of grape 
must in the same bioreactor. In order to achieve malolactic 
fermentation at a low temperature, primary fermentation 
can be facilitated by the use of cryotolerant yeasts and the 
use of cell encapsulation technology. In order to avoid 
competition problems imposed by yeast and lactic acid 
bacteria (LAB), co-immobilization on separate layers of the 
alcohol-resistant and cryotolerant strain S. cerevisiae 
AXAZ-1 on wheat starch gel and of the O. oeni on a 
tubular delignified cellulosic material was presented by 
Servetas et al. (2013). A positive effect of the simultaneous 
alcoholic and malolactic fermentation at low temperature 
(10°C) was found. As far as the wine quality was con
cerned, the final product had an improved ratio of esters to 
alcohols when compared to the performance of delignified 
cellulosic material and starch gel biocatalysts separately. 
In contrast to simultaneous alcoholic and malolactic 

fermentations of grape must, sequential fermentations 
were proposed by Genisheva et al. (2014) in view of a 
continuous wine-making process. S. cerevisiae and O. oeni 
were encapsulated on grape stems or grape skins and on 
grape skins, respectively. The final proposed integrated 
continuous process permitted the production of dry white 
wine (0.04 L hr�1) with an alcoholic strength of about 13% 
(v/v) using two tower bed reactors. Both alcoholic and 
malolactic continuous fermentation processes were con
ducted efficiently in comparison to (1) traditional wine-
making with free cells and (2) a batch fermentation process 
using encapsulated cells. Moreover, the end wine aroma 
profiles were acceptable. 
Encapsulation is also an attractive solution in the pro

duction of white wine by must containing high SO2 con
centration (Genisheva et al. 2012). In particular, alcoholic 
fermentation conducted by S. cerevisiae cells encapsulated 

in grape pomace by natural adsorption showed higher 
fermentation rate, high ethanol concentration and improved 
sensory properties compared to free cells. However, a 
drawback of this encapsulation system is the colour devia
tions of the produced wines. Specifically, wines produced 
in the first batch gave more intense colour. This results from 
the release of some coloured compounds from the support 
system. As the number of batches increased, the colour 
started to stabilize. 
Overall, encapsulation led to increased operation sta

bility even at low temperatures, facilitating both the 
malolactic fermentation and the formation of an 
enhanced aromatic profile of the end-product. Cell 
encapsulation protects the yeast against the inhibitory 
effect of compounds present in substrate and of meta
bolic compounds (e.g. ethanol, heavy metals, phenols), 
facilitating their metabolism. Ethanol and wine produc
tivity increased in relation to free cell system and was not 
affected by scaling-up. A continuous fermentation pro
cess is also possible, while contaminant alcoholic and 
malolactic fermentation will reduce the overall produc
tion costs. Additionally, the use of food-grade and 
different by-products of the food industry as encapsula
tion matrices, as well as the possibility of their removal 
in order to be reused, will not add extra costs in the wine 
industry. 

39.5.2.1 Sweet Wine Production 

The production of sweet wine using S. cerevisiae is difficult 
to perform due to osmotic stress caused by the high sugar 
content found in the must. This obstacle can be overcome 
by co-immobilization of Penicillium chrysogenum bound 
to the osmotolerant yeast strains S. cerevisiae X4 and X5 
for the partial fermentation of raisin musts (López de Lerma 
et al. 2012; García-Martínez et al. 2013). The produced 
wines were greatly appreciated during sensory analysis due 
to the presence of major alcohols and due to a balanced 
acidity–sweetness taste, in comparison to wines made from 
traditional methods. From an economic point of view, the 
practice of adding alcohol in such wines can be avoided due 
to partial fermentation, resulting in reduced production 
costs. 

39.5.2.2 Sparkling Wine Production 

S. cerevisiae encapsulation in calcium alginate beads for the 
production of bottle-fermented sparkling wine was one of 
the early achievements of encapsulation technology, 
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simplifying the method of sparkling wine production 
(remuage) and improving wine quality (Fumi et al. 
1988). Cell encapsulation technology offers a reduction 
in the overall production costs due to the rapid sediment of 
encapsulated cells taking place during the remuage phase 
during incline of the bottle. The end-product did not differ 
from traditional sparkling wines in relation to its main 
components (e.g. ethanol, organic acids, total nitrogen 
and higher alcohols), although some differences were found 
in aroma compounds. In relation to calcium alginate beads, 
improved enological characteristics were found in the 
sparkling wine produced by the use of yeast biocapsule 
while calcium concentration was found to be reduced by the 
use of the second encapsulation system (Puig-Pujol et al. 
2013). Yeast biocapsule is a cell entrapment organic system 
of the natural and spontaneous co-immobilization of a 
S. cerevisiae strain and P. chrysogenum. Sparkling wines 
produced with yeast in biocapsules had similar or better 
foaming properties than those produced by free cells. 
Taking into consideration the technological limitation of 
the calcium-alginate beads (mechanical instability in bio
reactors with high capacity), biocapsules provide an impor
tant low-cost and natural alternative for sparkling wine 
production. 

39.5.2.3 Fruit Wine Production 

In contrast to the implementation of cell encapsulation 
technology in beer and wine fermentation, the exploitation 
of cell encapsulation technology in fruit wine production is 
an emerging area. The limited literature only date back to 
the middle of the previous decade (Reddy et al. 2005; 
Sritrakul et al. 2007; Sevda & Rodrigues 2011; Kalus ̌evic 
et al. 2012; Varakumar et al. 2012). This is mainly attrib
uted to the fact that is only in the last years that fruit wine 
(e.g. mango, pomegranate, raspberry) has attracted the 
interest of consumers due to their potential health benefits 
(Reddy et al. 2012). From the beverage industry point of 
view, fruit wine production was imperative in view of: 
(1) the considerable fruit losses in developing countries due 
to the lack of proper post-harvest handling; and (2) the 
increasing need for improvement of the current preserva
tion techniques due to fruit surpluses in developed countries 
(Reddy et al. 2012). 

S. cerevisiae cell encapsulation in alginate gels beads 
was advantageous for mango and pomegranate wine 
production (Sritrakul et al. 2007; Sevda & Rodrigues 
2011). Sritrakul et al. (2007) produced mango wine in 
continuous mode in a glass three-column packed-bed 
bioreactor using encapsulated yeast strains. The operation 

stability of the system, at least 60 days, was found 
satisfactory. Ethanol content and productivity were 
found to be 12.80% (v/v) and 2.2 g L�1 hr�1, respectively. 
Optimization of the encapsulation conditions of S. cer
evisiae NCIM 3095 strain (concentration of alginate 3% 
w/w, cell loading 8 g/100 mL, bead diameter 3 mm) led to 
an improved fermentation rate, showing suitability for 
pomegranate wine production when compared to wine 
produced by free cells. Maximum alcohol production was 
7.8% v/v while the improved flavour of the final product 
was attributed to the low volatile acidity. 
The production of cagait (Eugenia dysenterica DC) wine 

pulp using both free and calcium-alginate-encapsulated 
S. cerevisiae (UFLA CA11 and CAT-1) strains was studied 
by Oliveira et al. (2011). Although ethanol content was 
found slightly higher when free cells were used during 
fermentation (94.63 and 94.94 g L�1 for UFLA CA11 and 
CAT-1, respectively) than in encapsulated cells (86.82 and 
87.21 g L�1 for UFLA CA11 and CAT-1, respectively), the 
use of the latter resulted in shorter fermentation time. 

Dissimilarly to the use of calcium-alginate beads as 
encapsulation matrices, natural encapsulation matrices 
were used during mango (Mangifera indica L.) wine 
production by S. cerevisiae 101 strain (Reddy & Reddy 
2005). Specifically, the yeast was encapsulated in 
watermelon (Citrullus vulgaris) rind pieces (white portion 
with epicarp). Yeast cell metabolism and viability was 
unaffected by encapsulation, while an increase in fermen
tation rate was noticed. Sensory analysis revealed an 
improvement in wine aroma in comparison to that pro
duced from free cells. Also taking advantage of the cell 
encapsulation technology, Varakumar et al. (2012) suc
ceed in the production of mango wine at batch mode using 
a new yeast-mango-peel encapsulation biocatalyst sys
tem. High ethanol content (76.0–96.0 g L�1) and ethanol 
productivity (1.53–3.29 g L�1 hr�1) was found under all 
the examined fermentation temperatures (15, 20, 25 and 
30°C). In comparison to the mango wine produced by free 
cells, an overall improved quality of the wines produced 
by the encapsulated yeast cell was mentioned. A further 
advantage of the application of such encapsulation matri
ces is the utilization of a food-grade and inexpensive 
natural material, which is also a major by-product of the 
food industry. 
Although promising (e.g. operation stability, improved 

aromatic profile), all the above examples of fruit wine 
production show that there is still room for improvement 
(e.g. choice of encapsulation carriers, fermentation con
ditions) in achieving faster fermentation rates, without 
affecting the aromatic profile of the end-product as well as 
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higher ethanol and wine productivity. The differences in 
physicochemical characteristics of fruits used in wine 
production seem to be a hindrance for universal fruit 
wine optimization. 

39.5.3 Cider Fermentation 

Similar to fruit wine production, the introduction of cell 
encapsulation technology in the fermentation of apples for 
cider production is limited to a few reports. Cider fermen
tation, similar to white wine fermentation, combines two 
steps: alcoholic and malolactic fermentation performed by 
yeast (Saccharomyces sp.) and LAB (O. oeni), respectively. 
Ethanol content varies between 2 and 8% (v/v). Cider 
fermentation needs up to five weeks, while the maturation 
period is length two–three months (Singh & Sooch 2009; 
Kourkoutas et al. 2010). The majority of published research 
papers discuss the use of encapsulation technology in view 
of facilitating the time-consuming step of malolactic 
fermentation. 
The benefits of cell encapsulation technology were 

appreciated early and employed by Scott & O’Reilly 
(1996) in order to limit the production time of cider. 
Specifically, a sponge-like material was proposed to co
immobilize S. cerevisiae and L. plantarum to perform 
fermentation and partial maturation of cider. After cider 
fermentation by the encapsulated yeast cell in the first few 
days, the sequential addition of freely suspended LAB at an 
optimum time resulted in increased fermentation rate and a 
positive flavour development. 
Another approach is the simultaneous performance of 

alcoholic and malolactic fermentation for apple juice in a 
continuous packed-bed bioreactor. Specifically, a few years 
after the work of Scott & O’Reilly (1996), Nedovic ́ et al. 
(2000) examined the co-immobilization of S. bayanus and 
Leuconostoc oenos in calcium-alginate matrix. The contin
uous process resulted in reduced maturation time in com
parison to the traditional cider fermentation process and 
increased volumetric productivity, without affecting fla
vour which was better controlled, developing a quite 
acceptable end-product. 
The beneficial effects on the organoleptic properties of 

cider produced by the use of alginate-bead-encapsulated 
O. oeni as starter cultures for malolactic fermentation were 
introduced by Herrero et al. (2001). Malolactic conversion 
is an important step of cider fermentation in order to 
(1) decrease cider acidity; (2) stabilize cider so that fer
mentation will not take place in the bottle; and 
(c) strengthen the cider flavour (Cabranes et al. 1998). 
The spontaneous fermentation and prolonged maturation 

period performed by the indigenous and, in most part, 
unidentified microflora of the fruit results in uncontrollable 
flavour formation, whereas products of yeast metabolism 
such as fatty acids and ethanol inhibit the growth of LAB 
(Scott & O’Reilly 1996). To ensure the maturation of cider, 
the malolactic bacteria population should be at least 
106 CFU mL�1. Although yielding similar values of malic 
acid consumption in fermentations with encapsulated and 
free cells as the proposed encapsulation of O. oeni in 
alginate beads by Herrero et al. (2001), the bacteria con
centration was five times higher for the immobilized system 
on the basis of the total volume of the fermentor, ensuring 
better control of cider maturation. 
Although there is still room for improvement, generally 

cell encapsulation technology in cider fermentation seems 
to accelerate maturation, increase productivity and improve 
cider quality and stability. It is also possible to limit the 
possibility of spoilage due to the use of specific bacteria 
used as starter cultures. 

39.5.4 Dairy Fermentation 

The products of dairy fermentation seem to depend mainly 
on the country of production. Generally, cheese and 
yoghurt are the most common fermented dairy products. 
The main microorganisms used for their fermentation are 
LAB. The most important improvements arising from the 
use of cell encapsulation technology in dairy fermentation 
deal with the enhanced cell survival during food process
ing. Specifically, increased survival of alginate-particle
encapsulated L. casei NCDC-298 cells has been observed 
compared to free cells during heating at 55–65°C (Mandal 
et al. 2006). Moreover, the bacteria resistance in heat 
treatment was better at low pH. On the other hand, under 
freezing conditions, losses in viability observed in LAB and 
probiotics were in the range 10–90% depending on the 
strain and the processing conditions (Champagne et al. 
2011). The survival of encapsulated probiotics (L. acid
ophilus MJLA1 and B. spp. BDBB2) in calcium-alginate 
beads was improved under low temperature (� 0°C; Shah & 
Ravula 2000). This is particularly feasible when cryopro
tectants (e.g. glycerol) are added in the encapsulated matrix 
avoiding the direct addition to the product, a technique 
which has a negative impact in sensory properties (Sheu 
et al. 1993). This resistance to freezing conditions is crucial 
in the case of frozen desserts. 
Another important development in the implementation of 

cell encapsulation technology in dairy fermentation is 
protection against bacteriophages (Steenson et al. 1987). 
This is a major concern in dairy industries since their 
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presence affects acidification rates during a lactic fermen
tation. One characteristic example is the exclusion of the 
bacteriophage from the gel matrix used as encapsulation 
carrier of Streptococcus lactis C2 and Streptococcus cre
moris HP, ensuring protection against the phages. 

In view of consumer demand for healthy foods, many 
studies are searching for methods to maintain viability of 
probiotics in fermented dairy products. Interestingly, 
encapsulated L. reuteri cells maintain cell viability during 
passage into the GIT (Muthukumarasamy et al. 2006). 
However, the degree of survival depends on the strain, 
the method of encapsulation and the carrier used. 

39.5.5 Meat Fermentation 

Sausages are the best-known fermented meat, the terminol
ogy of which varies according to manufacture process (dry 
or semidry sausages, smoked sausages). Similar to dairy 
fermentation, LABs are also used for meat fermentation 
(Champagne et al. 2011). 

A significant reduction in meat fermentation time can be 
achieved by the use of cell encapsulation technology. Meat 
fermentation time with encapsulated starter cultures of L. 
plantarum and Pediococcus pentosaceus in calcium-alginate 
beads was reduced from 45 to 28 hours at pH 5.0 (Kearney 
et al. 1990). This reduction was attributed to the favourable 
environment in the beads during hydration which protects 
cells from salts and other antimicrobial agents, the presence 
of which reduce cell viability. The survival of probiotic 
bacteria such as L. reuteri can also be enhanced during heat 
treatment applied in the manufacture of sausages (Muthu
kumarasamy et al. 2006). In particular, encapsulated bacteria 
in alginate beads showed a 0.5 log unit reduction after drying 
in relation to non-encapsulated bacteria, the numbers of 
which reduced by 2.6 log unit. However, a major disadvantage 
of the use of encapsulated probiotics in dry fermented sausages 
is the reduction of their inhibitory effect against Escherichia 
coli (Muthukumarasamy & Holley 2007). 

This discussion of the implementation of cell encapsu
lation technology in different fermentation processes has 
also included the major improvements and remaining prob
lems. The advantages for most fermentation processes 
include higher fermentation rates and higher productivity, 
greater operation stability, the prospect of enabling a 
continuous operation and the ability to separate and reuse 
the encapsulated cells. Further research is important in 
terms of designing proper fermentors for continuous oper
ation systems, as well as the choice of low-cost, widely 
available and food-grade encapsulation matrices. Regard
ing the production of fine alcoholic beverages by the use of 

encapsulated cells, control of flavour development will 
always be one of the main research aims. 

39.6	 Examples of Immobilized Cell 
Technology in Microbial Production 
of High-Value Food Ingredients 

From ancient times, microorganisms have been utilized in 
the daily production of bread, beer, wine and milk products. 
The advanced exploitation of microorganisms began during 
World War I, when microbial biotechnology expanded via 
development of different fermentation processes (acetone
butanol, glycerol) as well as microbial production of citric 
acid, vitamins and antibiotics (Demain 2000). During the 
1970s, combining the benefits of conventional micro
biology and molecular biology resulted in a modern micro
bial biotechnology, which enabled a full understanding of 
biosynthesis processes within the microorganism cells. It is 
clear that microorganisms are able to produce a wide array 
of valuable products: amino acids, organic acids, vitamins 
and pigments. However, the production of such compounds 
in microorganisms in standard conditions is limited to small 
quantities, required only for their own benefit (Demain 
2000). The goal of microbial biotechnology is to screen for 
a microorganism which will overproduce the targeted 
compound that can be isolated and further used. In addition, 
the tendency is to alternate these processes of biosynthesis 
so that increased amounts of metabolites are produced. The 
possibility of increased production of a desired compound 
by ‘microbial cell factories’ (as Hugenholtz & Smid 2002 
referred to the Lactococcus lactis cells) has been the main 
reason for utilization of microbial cells for biotechnological 
production of high-value compounds. Namely, it is possible 
to achieve 1000-fold increase in small metabolites produc
tion by microorganisms in comparison to traditional chem
ical synthesis or isolation of the same compounds from 
plants/animals (Demain 1988). 
The immobilization of cells as a tool for improvement of 

efficiency of biotechnological processes offers a series 
of advantages over conventional processes: the possibility 
of continuous operation with immobilized cells; greater 
cells stability/extended viability; higher cell density during 
the process; and easier product separation (Vassilev & 
Vassileva 1992). Additional benefits of cell encapsulation 
reported in the literature are improvement of metabolic 
activity when compared to free cells (Vassilev 1991), as 
well as simplified process downstream (for secreted prod
ucts) (Murthy et al. 2014). Various bioreactor types 
have been tested and used for cell cultures: packed-bed, 
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Table 39.1 Microorganisms utilized in biotechnological production of vitamins.
 

Vitamin	 Microorganism Reference 

Fat-soluble vitamins	 Vitamin E (α-tocopherol) Euglena gracilis 
Vitamin K2 Bacillus subtilis 

Water-soluble vitamins Vitamin C (Ascorbic acid) Cynobacterium sp.; 
Saccharomyces cerevisiae; 
Prototheca moriformis 

Biotin Serratia marcescens 
Vitamin B2 (Riboflavin) Eremothecium ashbyii; Ashbya 

gossypii; Candida famata; 
Bacillus sp. 

Vitamin B12 (Cobalamin) Propionibacterium shermanii; 
Pseudomonas denitrificans; 
Propionibacterium 
freudenreichii; 
Rhodopseudomonas 
protamicus; Bacillus 
megaterium 

Vitamin B9 (Folic acid) Streptococcus thermophilus; 
Propionibacterium sp.; 
Lactococcus lactis 

Takeyama et al. 1997 
Sato et al. 2001 
Boudrant 1990; Hancock & 
Viola 2002; Bremus et al. 2006; 
Running et al. 2002 
Gloeckler et al. 1990 
Horiuchi & Hiraga 1999; 
Stahmann et al. 2000 

Marwaha et al. 1983; Martens 
et al. 2002; Hugenholtz & Smid 
2002 

Hugenholtz et al. 2001; 
Hugenholtz & Smid 2002 

fluidized-bed, fibrous-bed, stirred-tank, air-lift and mem
brane bioreactors (Horitsu et al. 1988; Lee et al. 1989; 
Kautola 1990; Vassilev & Vassileva 1990). Immobilization 
of cells provides reduced shear stress, higher flow rates and 
better mass transfer in comparison to cell-free systems 
(Murthy et al. 2014). Finally, the use of a reactor-immo
bilized cell system results in increased productivity and 
higher fermentation efficiency (Vassilev & Vassileva 
1992). 

39.6.1 Production of Vitamins 

Vitamins are essential micronutrients required in trace 
amounts for the metabolism of all living organisms; they 
cannot be synthesized by mammalian cells, but have to be 
introduced via food. As well as their in vivo nutritional and 
physiological function, over the past years vitamins have 
been increasingly used as food/feed additives (Survase 
et al. 2006). The conventional processes of vitamin pro
duction involve chemical synthesis or extraction processes. 
The problems relating to these processes are high energy 
expenditure and waste-disposal costs. In addition, modern 
consumer awareness of food safety has increased the need 
for alternative methods of vitamin production (Survase 
et al. 2006). Biotechnological production of vitamins has 
gained growing interest, being a safe method and usually 
employing renewable resources (for example sugar or plant 

oils) or waste materials (Stahmann et al. 2000). Either fat-
or water-soluble vitamins can be produced by microbial 
biotechnology. Some of the common microorganisms used 
for vitamin production are listed in Table 39.1. 
There have been some trials to improve efficiency of 

vitamin production by using immobilized microbials as 
biocatalysts, but not in large numbers. Yongsmith & 
Chutima (1983) studied the production of vitamin B12 

by Propionibacterium sp. entrapped in calcium-alginate. 
Yang et al. (2004) showed that loofah (sponge) carrier was 
suitable for immobilization of methanogens in excretion of 
vitamin B12 as a by-product of methanol production in a 
fixed-bed bioreactor. They achieved a final concentration of 
B12 (c. 37 mg per litre of culture liquid) ten times higher 
than that via chemical synthesis. The direct precursor of 
vitamin C, 2-Keto-L-gulonic acid (2-KLG), has been 
mainly produced by the seven-step Reichstein-Grussner 
process (Boudrant 1990). In general, this process is highly 
energy-consuming since high temperatures and pressures 
are required in some steps of the process (Bremus et al. 
2006); the need to develop alternative processes has there
fore arisen. Aiguo & Peiji (1998) proposed the process of 
2-KLG synthesis by co-immobilized cells of Glucono
bacter oxydans and Corynebacterium sp. Immobilization 
of the two types of cells was achieved via entrapment within 
polyvinylalchocol-alginate beads. The optimal ratio of 
Gluconobacter and Corynebacterium (1:1) enabled a rate 
of conversion of gluconic acid-to-2-KLG of up to 38%. 
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39.6.2 Production of Carotenoids 

Colour is one of the most important features of any food 
product – it is the first characteristic perceived by human 
senses. Newly developed consumer awareness for healthy 
food has increased interest in natural food colourants. 
Natural pigments such as carotenoids, besides their col
ouring capability, exhibit anticancer ability, stability 
against light, heat and pH; even more, some of them 
contain provitamin A (Joshi et al. 2003). Most of the 
natural pigments used in the food are extracted from plants 
or animals (mainly insects) while a small group of pig
ments, carotenoids, are produced by microorganisms. 
Microbial-produced carotenoids have received growing 
attention due to their natural origin, safety for consump
tion, independency on geographical origin and controlla
ble yield of production (Joshi et al. 2003). β-carotene 
produced by microorganism possess a colour similar to 
red, which is more appealing than the colour of pigment 
derived from plants (Joshi et al. 2003). Moreover, it is 
possible to produce carotenoids from microbes starting 
from waste (from starch and juice industry) as raw mate
rials; this property in particular highlights the benefits of 
microbial production of caroteoinds from the aspect of 
industrial waste treatment and green technologies. 

A large number of microorganisms can be used in the 
production of carotenoids (Dufossé 2006). For example, 
β-carotene (orange pigment) could be produced by fungus 
cells Blakeslea trispora (Lampila et al. 1985), Mucor 
circinelloides (Navarro et al. 2001) or Phycomyces blake
sleeanus (Murillo et al. 1978). Carotenoid astaxanthin 
(pink-red natural pigment) could be produced by yeast 
Xanthophyllomyces dendrorhous (formerly Phaffia rhodo
zyma) (Ramirez et al. 2000; Flores-Cotera et al. 2001) or 
bacteria cells Agrobacterium aurantiacum (Yokoyama 
et al. 1994) and Paracoccus carotinifaciens (Tsubokura 
et al. 1999). Bacterias Flavobacterium sp. and Paracoccus 
zeaxanthinifaciens produce zeaxantin, a yellow carrotenoid 
(Shepherd et al. 1976; Hümbelin et al. 2002). Red pigment 
lycopene is secreted by fungus B. trispora and Fusarium 
sporotrichioides (EC 2003; Jones et al. 2004). 

The commercialization of natural pigments is dependent 
on its suitability for the market, legislation given by safety 
agencies and the size of the capital investment necessary to 
convey the product to market (Dufossé 2006). In the terms 
of cost-efficiency and sustainability of the natural (micro
bial-produced) pigments on the market, immobilization 
technology should be considered. In this respect, Joshi 
et al. (2003) reported production of ang-khak (red rice, a 
mixture of six major pigments), a traditional pigment in 
Asia, by an immobilized culture of Monascus; the 

productivity yield was ten-fold higher compared to a yield 
achieved with liquid (free-fungus) biocatalyst. Similarly, 
Garbayo et al. (2003) reported carotenoid biosynthesis by 
both free and calcium-alginate immobilized Gibberella 
fujikuroi mycelia. The process of carotenoid biosynthesis 
was affected by blue light pulses and carbon/nitrogen ratio. 
Production of carotenoids in immobilized mycelia 
increased from about 10 μg per gram of biomass up to 
40 μg per gram of biomass after 7 days of incubation, then 
remained constant and accumulated for about 2 weeks. In 
freely suspended mycelia, the carotenoid reached a maxi
mum level of 1.5 μg per gram of biomass. 

39.6.3 Production of Organic Acids 

Organic acids are one of the most produced groups of 
organic chemicals. Principally, they are produced by petro
chemical processes, with the downsides reflected in the 
high pollution effect and use of raw materials that are not 
renewable. Modern society has therefore been searching for 
an alternative process for the production of organic acid, 
one which is sustainable and environmentally friendly. 
Microbial production of organic acids is a high-potential 
approach for production of building-block chemicals from 
renewable carbon sources. Some of these processes are 
already well known (Sauer et al. 2008): (1) ‘from Italian 
lemons to filamentous fungi: citric acid’, the production of 
citric acid by filamentous fungi Aspergillus niger 
(Berovic & Legisa 2007; Papagianni 2007); (2) ‘from 
yoghurt to yoghurt containers: lactic acid’, the production 
of lactic acid, as well as biodegradable plastic polylactide 
(used in food packaging) by lactic acid bacteria (Hofven
dahl & Hahn-Hagerdal 2000; Magnuson & Lasure 2004); 
and (3) ‘amber of modern times: succinic acid’, the pro
duction of succinic acid using filamentous fungi P. sim
plicissimum (Gallmetzer et al. 2002). The last is of 
particular importance, especially considering that industrial 
production of succinic acid has not yet been established 
although succinic acid, as a building-block chemical, is a 
promising substitute of petroleum-derivatives (environ
mental pollutants). As well as those listed above, some 
other organic acids could also be obtained via microbial 
production: butyric acid by anaerobic bacterium Clostrid
ium tyrobutyricum (Liu & Yang 2006); fumaric acid by R. 
arrhizus (Petruccioli et al. 1996); gluconic acid by A. niger 
(Vassilev 1991); while strains of A. terreus could be used 
for production of itaconic acid (Ju & Wang 1986). 

Immobilization technologies have been widely employed 
over the years for microbial production of organic acids. 
In comparison to the free-cell fermentation processes, 
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immobilized systems provide certain advantages: increased 
biomass and productivity of process; prevention of cell loss; 
and facility for continuous processing (Najafpour 2006). 
Nevertheless, standard immobilization processes usually 
exhibit productivity loss over the long operation period as 
a result of dead biomass accumulation and weakened mass 
transfer after reaching a high cell density (Jiang et al. 2009). 
To overcome these problems, a fibrous-bed reactor design 
has been successfully used in recent studies. Such reactor 
systems usually consist of stirred-tank fermentor connected 
through a recirculation loop to the fibrous-bed bioreactor, 
packed for instance with a spiral wound cotton towel (Jiang 
et al. 2009; Huang et al. 2011). Liu & Yang (2006) compared 
the production of butyric acid using free versus immobilized 
C. tyrobutyricum; they showed that immobilization of the 
cells in the fibrous-bed bioreactor facilitated higher product 
yields and concentrations of butyric acid (c. 0.45  g  g�1 sugar 
and 50 gL�1, respectively) than with free cells (c. 0.38 g g�1 

sugar and 37 g L�1, respectively). Similarly, butyric acid was 
produced from a sugarcane bagasse hydrolysate (a low-cost 
feedstock) by activity of immobilized C. tyrobutyricum in a 
fibrous-bed bioreactor (Wei et al. 2013); the production yield 
reached a level of 0.48 g per gram of consumed sugar. 
Likewise, Jiang et al. (2009) highlighted an economical 
and feasible carbon source (cane molasses) for butyric 
acid production by immobilized C. tyrobutyricum; the pro
ductivity of the batch process in a small-scale fibrous-bed 
bioreactor (packed with spiral wound cotton) was 4.13 g L�1 

hr�1. The same immobilized bioreactor system was used later 
(2011) by Huang et al. for conversion of fructose from 
Jerusalem artichoke to butyric acid; they reported very 
high butyric acid concentration and purity, with the high
est-ever reported butyrate/acetate ratio of 85.1 g g�1 (partic
ularly beneficial for the downstream separation of butyric 
acid from acetic acid). 
Lactic acid biosynthesis by immobilized cells has been 

frequently reported. Different natural polymers have been 
used as a matrix material for lactic acid bacteria such 
as: alginate (Corton et al. 2000; Voo et al. 2011); 
κ-carrageenan (Norton et al. 1994); and agar (Zayed & 
Zahran 1991). The drawbacks of these gel-based materials 
were summarized as appearance of pH gradient inside the 
gel particles, poor mechanical stability, diffusion limita
tions and loss of the cell activity during time (Castillo 
Martinez et al. 2013). In this respect, some of the more 
suitable immobilization supports were proposed: ligno
cellulosic materials (Elezi et al. 2003); chitosan-treated 
polypropylene matrices (Krishnan et al. 2001); poly
urethane foam (Tanyıldızı et al. 2012); and zeolite 
(Djukic ́ ́-Vukovic et al. 2013). As an interesting material 
for immobilization of lactic acid bacteria, loofa sponge has 

been examined by Ganguly et al. (2007). In their study the 
operational stability of immobilized R. oryzae was under 
scrutiny; the results showed remarkably high levels of 
productivity during five cycles of fermentation, whereas 
the maximum productivity was achieved in the third fer
mentation cycle (1.84 g L�1 hr�1). 

Various reactors systems have been tested for lactic acid 
biosynthesis. Lin et al. (2007) suggested a three-phase 
fluidized bed bioreactor for fermentation of l-lactic acid 
by R. oryzae. A rotating fibrous-bed bioreactor was inves
tigated for production of lactic acid by R. oryzae from 
glucose and starch (Tay & Yang 2002), while L. lactis was 
immobilized in a fibrous-bed reactor for production of lactic 
acid from Jerusalem artichoke (Shi et al. 2012). Packed-bed 
reactors have also been used for the batch and continuous 
microbial production of lactic acid (Tango & Ghaly 2002; 
Sirisansaneeyakul et al. 2007), as well as continuous-flow 
stirred tank reactors (Chotisubha-Anandha et al. 2011). In 
order to address some drawbacks of such processing, for 
example the appearance of pH gradient and support attrition 
(Abdel-Rahman et al. 2013), a dual reactor system consist
ing add space between of a packed-bed reactor linked to a 
stirred-tank reactor has been proposed by Rangaswamy & 
Ramakrishna (2008) and Zhang et al. (2011). Rangasw
amy & Ramakrishna (2008) reported lactic acid productiv
ity of 5 g L�1 h�1 from sucrose when operating this system 
continuously, in comparison with productivities of 
2.0–2.5 g L�1 hr�1 of the batch fermentation and 0.65 g L�1 

hr�1 of the continuous fermentation using free cells. 
Other organic acids, such as citric acid, propionic acid or 

carboxylic acids, have also been produced by 
immobilization techniques. Honecker et al. (1989) showed 
that immobilized cells of A. niger required lower concen
tration of sugars for production of lactic acid when com
pared to free cells culture. Mostafa & Alamri (2012) 
demonstrated the possibility of citric acid production by 
immobilized A. niger from date syrup with a high opera
tional stability during 24 days of repeated production 
cycles. P. fluorescens immobilized within genipin cross
linked calcium-alginate beads was utilized in the produc
tion of propionic acid (Ko & Chu 2004). The study revealed 
that at least 80% of activity persisted following 25 times of 
repeated batch operation (Ko & Chu 2004). Corn meal 
hydrolysate was used as a substrate for a production of 
carboxylic acids (acetic, propionic and butyric acid) via 
immobilized co-culture of L. lactis and C. formicoaceticum 
in the fibrous-bed reactor (Huang et al. 2002). The process 
exhibited 100% yield for acetic acid production, while the 
reported yields for propionic and butyric acids were 
approximately 60% and 50%, respectively (Huang et al. 
2002). 
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39.6.4 Production of Amino Acids 

As the building blocks of proteins, amino acids are one of 
the three largest groups of nutrients. In the human diet, daily 
requirements are fulfilled upon intake of proteins, further 
hydrolysed during digestion. However, some amino acids 
are used in the food industry as artificial sweeteners, flavour 
enhancers, etc. The conventional method of amino acid 
production usually involves enzymatic conversions, 
hydrolysis of proteins, fermentation and chemical methods 
(Breguet et al. 2010). The use of microbial cells for the 
biotechnological production of amino acids shows robust 
growth over the years (Wendisch 2014). C. glutamicum and 
E. coli strains (metabolically engineered or not) are the 
frequently used microbial strains in the production of amino 
acids (Wendisch 2014). 

The advantages of immobilized technologies are basi
cally the same as in previously described examples of 
bioproducts (vitamins, carotenoids or organic acids). 
Chao et al. (1999) immobilized recombinant E. coli within 
calcium-alginate beads (treated with glutaraldehyde and 
hexamethylenediamine) for the production of phenyl
alanine and aspartic acid. High mechanical stability of 
the beads resulted in operational stability during six cycles 
of their re-use (Chao et al. 1999). Leng et al. (2006) 
proposed the process of production of L-phenylalanine 
using immobilized E. coli within κ-carrageenan beads. 
The immobilized cells were employed in the packed-bed 
reactors, operating in either batch or continuous mode. The 
yields reached approximately 90%, while the operational 
stability was better in the continuous process (Leng et al. 
2006). A similar system in which E. coli was immobilized 
in κ-carrageenan beads was suggested for the production of 
tryptophan (Mateus et al. 2004), with a reported conversion 
of c. 100%. Umemura et al. (1984) investigated the pro
duction of L-ascorbic acid using a laboratory-derived strain 
of E. coli cells. The production of L-aspartic acid was 
conducted in two ways: (1) by treated (free) E. coli cells; 
and (2) by treated E. coli cells immobilized within 
κ-carrageenan. The study showed that productivity of 
immobilized cells was six time higher in comparison to 
untreated free parent cells (Umemura et al. 1984). 

39.7	 Examples of Encapsulated Cells/ 
Bioactives in Production of 
Functional Food Products 

Manufacturers are today observing the ever-growing inter
est of customers in functional food products, that is, food 
products that provide benefits in addition to the basic 

nutritive values. Consumers expect both healthy and tasty 
food. Consequently, the number of food products contain
ing health-promoting components has drastically increased 
in the last few years. The most widely used functional food 
products can be found among yogurts, cheeses, ice creams, 
beverages, cookies and chocolates. These products are 
usually enriched with different active ingredients such as 
probiotics and antioxidants. Foods with added probiotic 
cells represent more than 65% of the functional food 
market, a proportion that looks set to increase further 
(Agrawal 2005) even though the global regulatory require
ments are strict and the industry has to consider probiotic 
function and viability to make a health product for global 
market (Jankovic et al. 2010). All these requirements 
(healthy and tasty food approved by global regulatory 
bodies) could be met with the addition of encapsulated 
cells and antioxidants to different traditional food products. 
Many studies have reported on the addition of encapsulated 
probiotics and antioxidants in food products such as yogurt, 
cheese, ice cream, fruit juices, chocolate and even in meat 
(Burgain et al. 2011). 

39.7.1 Yogurt 

The pH value of yogurt is usually between 4.2 and 4.6, 
which is very low for probiotic viability; encapsulation can 
therefore be mandatory for the survival of probiotics. Sun & 
Griffiths (2000) encapsulated Bifidobacteria in acid-stable 
beads (0.75% gellan and 1% xanthan gum) with an average 
diameter of 3 mm. The cells survival rate in pasteurized 
yogurt was found to be better than that of free cells after 
5 weeks of storage. Sandoval-Castilla et al. (2010) also 
confirmed that with an adequate matrix (blend of alginate/ 
midated low-methoxyl pectin) it is possible to successfully 
protect probiotics (Lb. casei) in yogurt. 

Recently, L. acidophilus 5 and L. casei 01 were 
encapsulated in alginate beads coated with chitosan 
(Krasaekoopt & Watcharapoka 2014). The addition of 
prebiotics (galactooligosaccharides and inulin) during 
encapsulation led to improved survival of probiotics; the 
number of cells was even above the recommended thera
peutic minimum. On the other hand, the presence of pre
biotics increased the bead size (Chávarri et al. 2010; 
Krasaekoopt & Watcharapoka 2014). In general, to avoid 
graininess and other negative sensorial effects in food, it is 
desirable to prepare microbeads smaller than 100 μm 
(Truelstrup-Hansen et al. 2002). On contrary, Kailasapathy 
(2006) found that the addition of bacteria (L. acidophilus 
and B. lactis) encapsulates (calcium-alginate–starch cap
sules) of diameter between 2.0 and 3.0 mm did not affect 
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the appearance, colour, acidity, flavour or taste of the yogurt 
over the storage period; only the smoothness of the yogurts 
was changed. 

39.7.2 Cheese 

The pH value of Cheddar cheese is about 5.5 and the fat 
content is relatively high at c. 30% (Stanton et al. 1998), 
appropriate conditions for probiotic cells. Dinakar & Mistry 
(1994) implemented the lyophilized carrageenan-gel beads 
with B. bifidum in Cheddar cheese. The authors reported 
that the cells were able to stay alive for at least 6 months. 
They also reported that the flavour intensity, texture and 
appearance of the cheese did not change. This is also 
confirmed by other authors (Stanton et al. 1998; Gardiner 
et al. 1999). Gardiner et al. (2002) reported similar effects 
of spray-dried encapsulated probiotics-in-skim milk when 
implemented into the same type of cheese. Özer et al. (2008 
and 2009) evaluated two different types of cheese, Kasar 
and white-brined, upon addition of calcium-alginate cap
sules entrapping L. acidophilus and B. bifidum, respec
tively. In another study, the survival of L. acidophilus 
LAFTI L10 and B. lactis LAFTI B94 entrapped in cal
cium-alginate hydrogel was studied over a six month rip
ening period (Darukaradhya et al. 2013). The concentration 
of encapsulated probiotic cells at the end of this period was 
significantly higher (107) compared to the concentration of 
free probiotic cells (105). Recently, Amine et al. (2014)  
studied the effect of microencapsulation of B. longum 15708 
in alginate particles in terms of the cell tolerance to cheddar 
cheese manufacturing process. The results presented good 
survival of the cells (with 2 log CFU mL�1 reduction) after 
21 days of the cheese storage. 

39.7.3 Ice Cream 

Frozen desserts are gladly consumed sweets. Unfortunately, 
the addition of probiotics and antioxidants to these desserts 
is not easy due to the high acidity of the product, high 
osmotic pressure, freeze injury and exposure to incorporated 
air during freezing (Chen & Chen 2007). The encapsulation 
of probiotics is found to be convenient for this purpose. In 
2003, Godward & Kailasapathy made an ice cream with 
L. acidophilus and B. infantis in alginate/starch beads. The 
authors incorporated a few different forms of bacterial 
cultures to ice cream: (1) freshly encapsulated; (2) encap
sulated and freeze-dried; and (3) co-encapsulated and 
freeze-dried. Freshly encapsulated probiotics showed 
greater survival than freeze-dried while co-encapsulation 

increased survival of both cell cultures as compared to the 
individual encapsulation of the same strains. The amount of 
air in the ice cream was not affected by encapsulation. 
Homayouni et al. (2008) reported that in ice cream the 
survival of L. casei and B. lactis increased for 30% if the 
cells were protected within calcium alginate matrix com
pared to the free cells at the same conditions. The same 
authors concluded that encapsulates did not affect the 
sensorial properties of non-fermented ice cream. Recently, 
Çam et al. (2013) used spray-dried maltodextrin-containing 
pomegranate peel to enrich regular ice cream with anti
oxidants (phenolics) at the rate of 0.5–1.0% (w/w) on the dry 
matter basis. The authors reported that more than 75% of 
consumers (trained panellists) liked this product, probably 
because the astringency was covered by the presence of 
carbohydrates. 

39.7.4 Other Products 

There have been some reports published on the addition of 
encapsulated Bifidobacteria in mayonnaise (e.g. Khalil & 
Mansour 1998). The purpose of encapsulation was to 
protect cells from vinegar, which is known as bactericide. 
Beverages and soft foods were enriched with probiotic cells 
of B. lactis encapsulated in a mixture of hydrated gellan and 
xanthan gum using a type of extrusion technique where 
airflow (acting as an air knife) is superimposed to a mono-
axial extrusion. The obtained microcapsules had a wide 
range of size distribution with 50% of the capsules having a 
diameter smaller than c. 600 μm (McMaster et al. 2005). 
Further, the testing of a dry sausage batter enriched with L. 
reuteri-in-alginate resulted in satisfying sensorial quality of 
the sausages (Muthukumarasamy & Holley 2006). This 
result suggested that encapsulated probiotics could be 
convenient for fermented meat product with improved 
functionality. Biscuits, frozen cranberry juice and vegetable 
juice have all been produced as functional foods with 
probiotics entrapped in gels of whey proteins isolates 
(Reid et al. 2007). Whey protein gel micro-entrapment 
could help to protect freeze-dried cells against conditions of 
food processing and storage (acidic and alkaline pH, heat
ing and freezing). 
Another application of encapsulated cells was in func

tional apple and orange juices (Ding & Shah 2008). Fruit 
juices were enriched with eight different probiotic cultures 
and each of the encapsulated cultures provided more stable 
juices during the period of six weeks. Similarly, Petreska-
Ivanovska et al. 2014 used spray-drying with a subsequent 
freeze-drying to encapsulate of L. casei in chitosan-Ca
alginate microparticles. The obtained powder was added to 
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a carrot juice and high viability of the cells was confirmed 
during six weeks of cold storage. Due to the small size of 
the particles (between 6.7 μm and 12.5 μm), sensory char
acteristics of the carrot juice were acceptable. Krasae
koopt & Watcharapoka (2014) recently added chitosan
coated alginate microbeads with encapsulated L. acidophi
lus 5 as well as L. casei 01 into orange juice; after four 
weeks of storage the numbers of probiotic cells were above 
the recommended minimum. 

Maillard & Landuyt (2008) as well as Possemiers et al. 
(2010) implemented encapsulates of spray-coated L. hel
veticus and B. longum into chocolates. Chocolate is appar
ently an excellent solution to protect probiotics from 
environmental stress conditions and for their optimal deliv
ery. Malmo et al. (2013) recently attempted to prepare 
probiotic chocolate soufflé by adding encapsulated 
L. reuteri. The spray-dried probiotic-in-alginate encapsu
lates were coated with chitosan. The results confirmed 
improved heat resistance of the encapsulated cells during 
baking of the chocolate soufflé. Furthermore, hazelnut paste 
was enriched with nanoemulsion-based encapsulation sys
tems containing the phenolics-rich grape marc extract so 
that the lipid oxidation in the paste was slowed (Spigno 
et al. 2013). Another application of encapsulated natural 
antioxidants is described by Chatterjee & Bhattacharjee 
(2013). The two authors reported soybean oil enriched with 
clove extract (Syzygium Aromaticum Linn.) in the form of 
maltodextrin- and gum-arabic-based spray-dried powders. 
In another study the antioxidant activity of encapsulated 
grape seed extract was preserved upon baking of the 
cookies; 60% of consumers expressed their will to purchase 
the new cookies (Davidov-Pardo et al. 2012). 

39.7.5	 Commercial Products 

Despite the large number of applications of encapsulates on 
a laboratory scale, the development of novel functional 
foods is still a challenge from the aspect of industrial 
production due to the complex processing conditions and 
high costs. In this section we provide a few examples of the 
commercial functional food products which are manufac
tured by means of encapsulation. As reported by Burgain 
et al. (2011), encapsulated probiotics were incorporated 
into nutrient bars, chocolate bars, yogurt-covered raisins 
and tablets by the Institute Rosell. In 2007, Barry Callebaut 
launched chocolates with encapsulated probiotics produced 
by Probiocap technology. They reported that 13.5 g of the 
chocolate per day is enough to ensure the stability of the 
stomach microflora. In Latin America an innovative pro-
biotic ice cream is available on the market (Burgain et al. 

2011). Yogurt which contains encapsulated probiotic cells 
can be found in Korea under the brand name Doctor-
Capsule, as reported by Lee & Heo (2000). 

39.8 Trends in Encapsulation 

39.8.1	 Co-Encapsulating Different Core 
Materials 

Co-encapsulation of microbial and/or non-microbial active 
agents is becoming attractive in future perspectives as it 
enables several healthy ingredients to be introduced, the 
beneficial action of which may be enhanced because of the 
complementary interactions between them. Representative 
examples are described in the following sections. 

39.8.1.1 Symbiotic Microparticles 

Future prospects for the probiotics encapsulation technol
ogy involve developments for enhanced viability and sta
bility of probiotics in a wide range of food products. In this 
direction, the formation of microparticles as potential car
riers of both probiotic microorganisms and prebiotic com
pounds to be further exploited as symbiotics is currently 
drawing more attention for use in functional food products. 
From research to date, it is clear that the approach of co
encapsulation of probiotics with prebiotics increases the 
efficacy of probiotic survival in the food products during 
long-term storage and also under extreme gastrointestinal 
conditions (acidic environment and in the presence of 
digestive enzymes). However, to optimize the performance 
of this novel delivery system, the most appropriate combi
nation of probiotics and prebiotics may be primarily 
selected for their optimum technological characteristics. 
In the study of Anjani et al. (2004), raftilose for L. 

acidophilus CSCC 2409 and raftilose, raftiline and starch 
for B. infantis CSCC 1912 were proposed for enhancing the 
survival of these probiotic bacteria co-encapsulated with 
the complementary prebiotics and stored for a period of six 
weeks in yoghurt. Iyer & Kailasapathy (2005) studied the 
effect of Hi-maize starch, raftiline and raftilose addition 
to capsules also containing L. acidophilus cultures 
(CSCC 2400 or CSCC 2409). Maximal survival of the 
probiotic cells exposed to in vitro acidic and bile salt 
conditions, and also in stored yogurt, was observed in 
microparticles containing Hi-maize starch and a further 
coating with chitosan. 
More recently, Fritzen-Freire et al. (2012) examined 

the storage stability (180 days at 4°C and at –18°C) of 
B. BB-12 encapsulated in microparticles produced by spray 



662 Advances in Food Biotechnology 

Figure 39.1 Scanning electron microscopy image of solid 
lipid microparticles containing L. acidophilus that were pre
pared by spray-chilling; the arrow points to internal morphol

ogy of microparticles. Source: Okuro et al. (2013). 

drying using mixtures of reconstituted skim milk with the 
prebiotics inulin, oligofructose or oligofructose-enriched 
inulin as encapsulated agents. According to findings, the 
oligofructose-enriched inulin is the most appropriate pre
biotic to be used in terms of the initial count of bifidobac
teria in the microcapsules and better protection for the 
bifidobacteria during storage. Okuro et al. (2013) proposed 
the formulation of symbiotic solid lipid microparticles 
containing L. acidophilus and a prebiotic component, 
preferable polydextrose, prepared by combined spray chill
ing process for the protection, delivery and improved 
stability of probiotic at freezing or refrigeration tempera
tures with controlled relative humidity (11%). The scanning 
electron analysis (Fig. 39.1) revealed the spherical shape of 
the microparticles with a relatively smooth continuous 
surface (without pronounced cracks or pores) and a packed 
matrix-type internal structure (not hollow as in spray-dried 
microparticles). 
Most recently, it was shown that the addition of gal

actooligosaccharides during microencapsulation of L. acid
ophilus 5 and L. casei 01 in alginate beads coated with 
chitosan not only protect but also enhance the growth of 
these microorganisms in simulated digestive system 
(Krasaekoopt & Watcharapoka 2014). This microencapsu
lated probiotic formulation also enhanced the microbial 
growth in yogurt and fruit juice during storage at 4°C for 
four weeks, reaching populations above the minimum 

required levels for probiotic bacteria functionality 
(107 CFU g�1 or CFU mL�1 of product). The concept of 
co-encapsulation offers improved survival of Staphylococ
cus succinus (MAbB4) and Enterococcus fecium (FIdM3) 
by co-encapsulating with sugarbeet and chicory in alginate 
(Sathyabama et al. 2014). Another novel approach for 
enhancing probiotic stability is described by Soukoulis 
et al. (2014): the addition of prebiotic fibres (inulin, poly-
dextrose, glucose-oligosaccharides or wheat dextrin) in 
edible films used for the immobilization of L. rhamnosus 
GG. This formulation was found to improve the micro
structure of the matrix, the stability of probiotic cells during 
the forming process of the film (evaporation–drying) and 
also during storage under chilled and room temperature 
conditions. 

39.8.1.2	 Co-Encapsulated Multi-Enzymatic 
and/or Whole Cell Systems 

The formation of co-encapsulated multi-enzymatic systems 
is of high scientific and industrial interest as it enables the 
encapsulation of more than one sequential or co-operating 
enzymes on a specific carrier. This approach has been found 
to improve various biocatalytic processes by optimizing the 
efficiency of one of the enzymes by the in situ generation of 
its substrate, minimizing the steps, thus simplifying the 
process and/or reducing undesired by-products (Betancor & 
Luckarift 2010). As such, co-encapsulation of glucoamy
lase and glucose isomerase involved in the production of 
high-fructose syrup provides benefits such as the reduction 
of the diffusion time of the substrate to the second enzyme. 
The fructose yield is significantly higher in the co
encapsulated system than that of free enzymes (Findrik & 
Vasic ́ ̌-Racki 2009). 
A similar two-enzyme system, α-amylase and glucoa

mylase, in which hydrolyse starch for the production of 
glucose syrup was formed by co-encapsulation of both 
enzymes on hydrophilic silica gel or DEAE-cellulose by 
covalent bond formation to the surface of the carriers and 
entrapment in alginate beads was described by Park et al. 
(2005). The co-encapsulated multi-enzyme systems exhib
ited very high affinities for the substrates (low Km values) 
and high activities, compared to those of single-enzyme 
systems. Noticeably, the former systems maintained around 
90.0% or more of their initial activity after 10 reuses. 
Erhardt et al. (2008) established a methodology for the 

co-encapsulation of soluble dextransucrase with an 
adsorbed dextranase onto hydroxyapatite for the synthesis 
of isomalto-oligosaccharides from sucrose. It was revealed 
that prolonged use of this system was ensured by medium 
enzyme activity ratios and low dextran content. The molar 
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ratio of glucose: sucrose (cosubstrate: substrate) was con
sidered a key factor influencing the complexity of this 
system. 

Gonzalez-Pombo et al. (2014) contributed to the research 
on wine aroma enhancement by co-immobilization of 
β-glucosidase, α-arabinosidase and α-rhamnosidase from 
a commercial A. niger preparation onto acrylic beads for the 
controlled hydrolysis of glycosidic flavour precursors. The 
latter system enabled a rapid release of monoterpenes in 
young wines. The fruity and floral character of these 
products was positively received during sensory analysis. 
The fact that the product obtained in this way is enzyme-
free is also expected to be more acceptable to customers. 

In the study of Lim et al. (2007), co-encapsulation of 
whole cells of P. citrinum together with neofructosyltrans
ferase isolated from the same microorganism in alginate 
beads produced more neo-FOS (108.4 g L�1) than the 
biocatalyst containing only whole cells (49.4 g L�1). 
Regarding cell/cell immobilizations systems, the co
immobilization of S. bayanus and L. oenos in a calcium 
alginate matrix led to better flavour formation control and 
acceptable taste of the final cider beverage (Nedovic ́ et al. 
2000). 

In another study, co-immobilization of S. cerevisiae and 
O. oeni on wheat starch gel and tubular delignified cellu
losic material (DCM) was evaluated for simultaneous 
alcoholic and malolactic wine fermentations, respectively 
(Servetas et al. 2013). The biocatalyst was effective for 
simultaneous low temperature (10°C) alcoholic and malo
lactic wine fermentation. The combined positive impact of 
low temperature and immobilized cells on the fruity char
acter of the final products due to the improved ratio of esters 
to alcohols was more pronounced with the use of DCM/ 
starch gel composite biocatalyst compared to DCM and 
starch gel biocatalysts separately. 

39.8.1.3 Other Co-Encapsulated Systems 

Co-encapsulation of probiotic cultures with antioxidants 
may extent probiotic stability in the gut and during storage 
(Manojlovic ́ et al. 2010). A recent example that supports 
this statement is the novel aqueous delivery system that was 
produced by co-extrusion technology using alginate as the 
coating material for the encapsulation of L. acidophilus in 
combination with apple skin polyphenol extract. This 
system protected the probiotic culture during storage in a 
model milk drink at 4°C for 50 days and under acidic 
conditions (in acidic water at pH 2 and 37°C for 120 min). 
Co-immobilization of probiotic bacteria with bacteriocins 
were also proposed to improve the antimicrobial activities 
of probiotic bacteria (Manojlovic ́ et al. 2010). 

In the studies of Chen et al. (2013a, b), the co
encapsulation of three lipophilic bioactive components 
including fish oil, phytosterols and limonene were appro
priately selected taking their synergistic health benefits into 
consideration. Whey protein isolate and sodium caseinate 
were used as wall materials. Good-quality microcapsules 
produced by spray drying protected polyunsaturated fatty 
acids from oxidation due to the presence of the phytoster
ols. Furthermore, the addition of limonene could facilitate 
the masking of the unpleasant fishy smell. 

39.8.1.4 Yeast-Based Microencapsulation 

A key challenge for a successful application of encapsu
lation technology in food systems is the safe character of the 
microcapsule wall material. Despite the extensive research 
carried out in the last few decades, there is still a need for 
the development of encapsulation materials of low cost, 
highly accessibility and food-grade status that may reduce 
risk from potential hazards from this source. In this direc
tion, we now focus on yeast-based microencapsulation 
technology as an efficient process of microencapsulation 
for various applications. The industrial potential of this 
technology is verified by the large number of patents that 
have appeared since the 1970s. 
The possibility of molecule internalization within yeast 

cells is reported for the first time in the patent of Serozym 
laboratories (1973) for the encapsulation of water-soluble 
flavours in plasmolysed yeast cells. Some years later in the 
patent of Shank (1977), a microencapsulation technique 
was proposed to enclose fat-soluble substances (e.g. Leuco 
dye) in lipid droplets of yeast cells for the application in 
carbonless copy paper. In more recent patents, different 
formulations of yeast cell-wall particles for the delivery of 
flavours (Sasaki et al. 2003; Hahn & Trophady 2005; 
Benczedi et al. 2007), amino acids (Sagar et al. 1994), 
drug condiments (Franklin & Ostroff 2011; Ostroff & Soto 
2012) in food, feed and drug systems as well as of essential 
oils (Pannell 1994), dyes (German et al. 1982; Matsushita 
et al. 1987) and bleach activator (Hardy et al. 1996) in 
laundry, are also proposed. 
As pointed out in these patents, among the different 

species of yeast S. cerevisiae is of primary industrial 
interest. The continuous interest in this microorganism is 
related to its legal status worldwide, large-scale production, 
light colour, mild taste and the structure of yeast cell 
envelope (cell wall and cell membrane). In this technology, 
yeast cells may be used after plasmolysis to remove intra
cellular material that occupies the cells (empty yeast cells) 
promoting their loading ability (Normand et al. 2005; 
Dardelle et al. 2007). To prepare loaded yeast capsules, 
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empty cells (wet or dried) are mixed with the target 
compound in the presence of water (pure water or water/ 
organic solvent solution) as it promotes reversible transfer 
of molecules through the cells, therefore improving the 
encapsulation and release performances (Dardelle et al. 
2007). The most important process parameters affecting 
performance are encapsulation temperature, medium of 
encapsulation and mass ratio of compound-to-yeast cells 
(Bishop et al. 1998; Paramera et al. 2011; Ciamponi et al. 
2012). 
Mechanistically, for the permeation of both hydropho

bic and hydrophilic molecules, physicochemical propert
ies (hydrophobicity/hydrophilicity) of the cell wall 
(composed of β-glucans, mannoprotein layer and a minor 
amount of chitin) are of high importance (Pham-Hoang 
et al. 2013). In a recent study conducted for the internal
ization of terpenes (as model hydrophobic compounds) in 
S. cerevisiae (Ciamponi et al. 2012), it was determined 
that the permeation rate and encapsulation yield and 
efficiency of these molecules are highly correlated with 
their solubility in the cell wall, which is inversely related 
to their partition coefficient (log P). Molecule hydropho
bicity expressed as compound log P higher than 2.0 
appears to ensure their selective transfer through the yeast 
cell wall, resulting in encapsulation efficiency of more 
than 50% (Dardelle et al. 2007). 
Concerning the water-soluble molecules, the encapsula

tion efficiency depends strongly on the purity of the target 
molecules (Shi et al. 2007). Despite the fact that a molecu
lar weight threshold of 620–1100 g mol�1 was reported for 
molecules to diffuse freely through the cell wall, a large 
increase in the molecular weight of the target compounds 
(up to 200,000 or even 400,000) could be achieved by 
changing the polarity of the cell wall (De Nobel et al. 1990; 
Kilcher et al. 2008; Paramera et al. 2011; Ciamponi et al. 
2012). Variations in encapsulation efficiency are also 
caused by the molecular size and solubility of the permeat
ing molecules in the cell membrane and the presence of 
polar groups that may interact with polar head groups of the 
phospholipid membrane, promoting molecule diffusion 
through it (Bishop et al. 1998). Triggering of membrane 
fluidization (as expressed by the phase transcription tem
perature), for example by heat treatment, may also posi
tively affect the encapsulation process (Bishop et al. 1998; 
Paramera et al. 2011). After the transfer through yeast cell 
wall and membrane, the target molecules are considered to 
be stored in specific cell organelles such as lipid globules or 
vacuoles (Pham-Hoang et al. 2013). One way to secure the 
encapsulation of flavour compounds is to rapidly extract the 
maximum of water from the wetted loaded yeasts by means 
of spray-drying technique (Dardelle et al. 2007). 

39.8.2 Case Studies 

Technological applications with special focus on the food 
sector are described in the following sections. 

39.8.2.1 Hydrophobic Substances 

In the major studies and patents that deal with the encap
sulation of hydrophobic compounds in yeast cells, this 
technology has been proposed for producing encapsulated 
aroma compounds such as essential oils (Bishop et al. 
1998), menthol (Sasaki et al. 2003) and beef flavour 
(Hahn & Trophady 2005). Using limonene as a model 
hydrophobic molecule, its formulation into yeast micro
capsules tends to improve thermo-stability at temperatures 
as high as 260°C and also controlled release in the food 
systems at temperatures higher than 243°C (Bishop et al. 
1998; Normand et al. 2005; Dardelle et al. 2007), which 
exceed those applied in food processing. The specific 
structure of the yeast cells, which includes the mechanically 
strong cell wall along with the lipid bilayer that acts as a 
liposome during the encapsulation process, provides a 
highly stable product (Bishop et al. 1998; Dardelle et al. 
2007). The derived capsules may be coated with known 
encapsulating agents such as maltodextrins to further 
improve thermal resistance of the flavour compounds 
(Hahn & Trophady 2005). 
Sensory evaluation of battered products and instant 

noodles containing yeast-encapsulated beef and garlic fla
vours, respectively, showed increased flavour intensity and 
perception (Dardelle et al. 2007). According to the authors 
of this study, the loaded yeast sample dimensions (close to 
the size of the in-mouth wrinkles) and adhesive properties 
(external protein layer) attributed to the longer residence 
time in the mouth than conventional spray-dried powders 
ensured a long-lasting encapsulated flavour. 
In another study, the easily oxidizable and extremely 

photosensitive and hydroscopic compound resveratrol was 
successfully encapsulated in yeast cells based on passive 
transfer, enhanced by its molecular weight (228 g mol�1) and  
log P value (3.08) (Shi et al. 2008). Moreover, the hydrogen 
bonds between the molecule OH group and the NH2, OH,  
COOH in the polar head groups of lipids located at the lipid– 
water interface were suggested to stabilize the penetrated 
resveratrol. S. cerevisiae, due to its particular structure, was 
an efficient carrier of the above molecule, providing a highly 
stable product. Specifically, the yeast-encapsulated resver
atrol showed higher solubility in water, lower decomposition 
by exposure to light and moisture (relative humidity of 75% 
and 90%) and stronger free radical scavenging activity 
compared to that of non-encapsulated resveratrol. Last but 
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not least, in vitro releasing property of yeast-encapsulated 
resveratrol under simulating gastric conditions was found to 
be enhanced due to the destruction of cell-wall structure at 
low pH values and the presence of digestive enzymes. 

Paramera et al. (2011) aimed to find the most appropriate 
conditions for effective encapsulation of curcumin. To 
achieve this goal the authors studied the effect of the 
physical state of cells (plasmolysed or non-plasmolysed), 
the medium of encapsulation (water or 50% v/v ethanol), 
the mass ratio of curcumin: cells and the process tempera
ture on encapsulation yield and efficiency. According to 
findings, encapsulation was favoured at temperatures above 
35°C and preparation of microcapsules in water. Plasmoly
sis did not further improve the encapsulation of curcumin. 
Based on these findings, authors suggested that lower 
encapsulation of curcumin in the presence of ethanol along 
with plasmolysis may be due to restrictions on the inter
actions between the target compound and membrane lipids 
and also the higher affinity of the phenolic compound for 
ethanol than for water. Accordingly, S. cerevisiae cells 
were found to be an appropriate carrier for the encapsula
tion of the plant alkanoid berberine (encapsulation yield of 
around 40 %), independently of the plasmolysis treatment, 
which confirms the findings of Paramera et al. (2011). It 
was also shown that high encapsulation yield can be 
achieved when the mass ratio of curcumin: cells is high 
(�3), whereas the low value of the mass ratio (�0.5) 
enhanced encapsulation efficiency. Optimum combination 
of the important parameters resulted in microcapsules that 
contained up to 35.8±0.86% w/w curcumin. The elevating 
storage stability of curcumin via encapsulation with the 
novel formulation of yeast-based capsules against the 
detrimental effects of light, high relative humidity 
(>75%) and heat treatment (up to 200°C), in comparison 
to curcumin encapsulated in β-cyclodextrin or modified 
starch, may overcome the main limitations of the applica
tion of curcumin during food processing and storage. 

39.8.2.2 Water-Soluble Substances 

Research publications that deal with yeast-based micro
encapsulation of hydrophilic compounds are more recent. 
The main drawback of this process is the inability of the 
hydrophilic compounds to pass through the plasma mem
brane, in contrast to hydrophobic substances. Recently, in the 
patent of Benczedi et al. (2007), encapsulation of hydrophilic 
flavours such as tetrahydromethylfuranthiol and S-(2
methyl-3-furyl)-ethanethioate was succeeded using non
plasmolysed yeast cells after modification of the typical 
procedure described above by adding maltodextrin as a 
matrix component coating flavouring microcapsules. The 

use of maltodextrin was found to increase encapsulation 
yield into the yeast cells. The microcapsule was then spray-
dried to form the final capsule. 
In the study of Shi et al. (2007), chlorogenic acid, a 

naturally existing phenolic compound with high radical-
scavenging activity, was preserved during storage at high 
temperature (60°C) and in a high-moisture (relative humid
ity of 75% and 90%) environment for 10 days by encap
sulation in plasmolysed yeast cells, followed by freeze-
drying of the resulting capsules. In this work, the enhance
ment of encapsulation efficiency after treatment of yeast 
cells with the plasmolyser (5% sodium chloride solution) 
was marked. This corroborates the results presented in the 
patent of Serozym Laboratories (1973), in which yeast cells 
could absorb and retain water-soluble flavour compounds 
when plasmolysed cells were used. The positive correlation 
of high encapsulation efficiency with chlorogenic acid 
purity was also attributed to the impurities of chlorogenic 
acid samples, such as proteins, that may diffuse into the 
yeast cells, hindering the effective diffusion of chlorogenic 
acid. 
A cell-free extract of lactic acid bacteria was successfully 

encapsulated in freeze-dried attenuated yeast via passive 
diffusion during hydration (Yarlagadda et al. 2014). In this 
study, the potential of the novel carrier of active enzymes 
such as peptidases to enhance flavour development in 
Cheddar cheese during ripening was highlighted. Most 
recently, Pedrini et al. (2014) proposed the internalization 
of hydrophilic molecules in yeast cells by osmotic pertur
bation with the preservation of the plasma membrane 
integrity, avoiding the leakage of the molecules from the 
cells. 

39.9 Future Perspectives 

In the last 40 years the encapsulation of active components 
has been proposed for very interesting applications in the 
food industry. During all these years, scientific efforts have 
focused on the improvement of this technology by under
standing the mechanisms that govern the encapsulation of 
microbial and non-microbial agents. Future studies should be 
directed towards finding solutions to bridge the gap between 
laboratory technologies and industrial applications. 
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Brányik, T., Silva, D.P., Baszcyňski, M., Lehnert, R. & Almeidae 
Silva, J.B. 2012. A review of methods of low alcohol and 
alcohol-free beer production. Journal of Food Engineering 
108, 493–506. 

Breguet, V., Vojinovic, V. & Marison, I.W. 2010. Encapsulates for 
food bioconversions and metabolite production. In Encapsu
lation Technologies for Active Food Ingredients and Food 
Processing (eds N.J. Zuidam & V.A. Nedovic ́), pp. 367–389. 
Springer, Dordrecht, Berlin, Heidelberg, New York. 

Bremus, C., Herrmann, U., Bringer-Meyer, S. & Sahm, H. 2006. 
The use of microorganisms in l-ascorbic acid production. 
Journal of Biotechnology 124, 196–205. 

Bruno-Bárcena, J.M., Ragout, A.L., Córdoba, P.R. & Siñeríz, F. 
1999. Continuous production of L(+) lactic acid by Lactoba
cillus casei in two-stage systems. Applied Microbiology and 
Biotechnology 51, 316–324. 

Bule, M.V., Singhal, R.S. & Kennedy, J.F. 2010. Micro
encapsulation of ubiquinone-10 in carbohydrate matrices for 
improve stability. Carbohydrate Polymers 82, 1290–1296. 

Burgain, J., Gaiani, C., Linder, M. & Scher, J. 2011. Encapsulation 
of probiotic living cells: From laboratory scale to industrial 
applications. Journal of Food Engineering 104, 467–483. 

Cabranes, C., Moreno, J. & Mangas, J.J. 1998. Cider production 
with immobilized Leuconostoc oenos. Journal of the Institute 
of Brewing 104, 127–130. 

Çam, M., Içyer, N.C. & Erdogan, F. 2014. Pomegranate peel 
phenolics: Microencapsulation, storage stability and potential 
ingredient for functional food development. LWT - Food 
Science and Technology 55, 117–123. 

Carneiro, H.C.F., Tonon, R.V., Grosso, C.R.F. & Hubinger, M.D. 
2013. Encapsulation efficiency and oxidative stability of flax
seed oil microencapsulated by spray drying using different 
combinations of wall materials. Journal of Food Engineering 
115, 443–451. 

Cassidy, M.B., Lee, H. & Trevors, J.T. 1996. Environmental 
applications of immobilized microbial cells. Journal of Indus
trial Microbiology 16, 79–101. 

Castillo Martinez, F.A., Balciunas, E.M., Salgado, J.M., Domın
guez Gonzalez, J.M., Converti, A. & de Souza Oliveira, R.P. 
2013. Lactic acid properties, applications and production: 

A review. Trends in Food Science & Technology 30, 
70–83. 

Champagne, C.P., Ross, R.P, Saarela, M., Hansen, K.F. & 
Charalampopoulos, D. 2011. Recommendations for the viabil
ity assessment of probiotics as concentrated cultures and in 
food matrices. International Journal of Food Microbiology 
149, 185–193. 

Chan, E.S., Wong, S.L., Lee, P.P., Lee, J.S., Ti, T.B., Zhang, Z., 
Poncelet, D., Ravindra, P., Phan, S.H. & Yim, Z.H. 2011. 
Effects of starch filler on the physical properties of lyophilized 
calcium–alginate beads and the viability of encapsulated cells. 
Carbohydrate Polymers 83, 225–232. 

Chang, M.T., Tsai, T.R., Lee, C.Y., Wei, Y.S., Chen, Y.J., Chen, 
C.R. & Tzen, J.T.C. 2013. Elevating bioavailability of curcu
min via encapsulation with a novel formulation of artificial oil 
bodies. Journal of Agricultural and Food Chemistry 61, 
9666–9671. 

Chao, Y.-P., Fu, H., Lo, T.-E., Chen, P.T. & Wang, J.-J. 1999. One-
step production of D-p-hydroxyphenylglycine by recombinant 
Escherichia coli Strains. Biotechnology Progress 15, 
1039–1045. 

Charve, J. & Reineccius, G.A. 2009. Encapsulation performance of 
proteins and traditional materials for spray dried flavors. Jour
nal of Agricultural and Food Chemistry 57, 2486–2492. 

Chatterjee, D. & Bhattacharjee, P. 2013. Comparative evaluation of 
the antioxidant efficacy of encapsulated and un-encapsulated 
eugenol-rich clove extracts in soybean oil: Shelf-life and frying 
stability of soybean oil. Journal of Food Engineering 117, 
545–550. 
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Čukalovic ́, I., Nikic ́evic ́, N. & Nedovic ́, V. 2012. Raspberry 
wine fermentation by immobilized yeast cells. In Proceedings 
of the 20th International Conference on Bioencapsulation (eds 
R. Neufeld, F. Gu & C. Hoelsli), pp. 150–151. Queens 
University, Orillia. 

Kamble, R., Maheshwari, M., Paradkar, A. & Kadam, S. 2004. 
Melt solidification technique: incorporation of higher wax 
content in ibuprofen beads. AAPS PharmSciTech 5, 75–83. 

Kanakdande, D., Bhosale, R. & Singhal, R.S. 2007. Stability of 
cumin oleoresin microencapsulated in different combination of 
gum arabic, maltodextrin and modified starch. Carbohydrate 
Polymers 67, 536–541. 

Kandylis, P., Drouza, C., Bekatorou, A. & Koutinas, A.A. 2010. 
Scale-up of extremely low temperature fermentations of grape 
must by wheat supported yeast cells. Bioresource Technology 
101, 7484–7491. 

Kandylis, P., Dimitrellou, D. & Koutinas, A.A. 2012a. Wine-
making by barley supported yeast cells. Food Chemistry 130, 
425–431. 

Kandylis, P., Mantzari, A., Koutinas, A.A. & Kookos, I.K. 2012b. 
Modelling of low temperature wine-making, using immobi
lized cells. Food Chemistry 133, 1341–1348. 

Karel, S.F., Libicki, S.B. & Robertson, C.R. 1985. The 
immobilization of whole cells: engineering principles. Chemi
cal Engineering Science 40, 1321–1354. 

Kautola, H. 1990. Itaconic acid production from xylose in repeated 
batch and continuous bioreactors. Applied Microbiology and 
Biotechnology 33, 7–11. 

Kearney, L., Upton, M. & McLoughlin, A. 1990. Meat fermenta
tions with immobilized lactic acid bacteria. Applied Micro

biology and Biotechnology 33, 648–651. 
Khalil, A.H. & Mansour, E.H. 1998. Alginate encapsulated bifi 

dobacteria survival in mayonnaise. Journal of Food Science 63, 
702–705. 

Kilcher, G., Delneri, D., Duckham, C. & Tirelli, N. 2008. Probing 
(macro)molecular transport through cell walls. Faraday Dis
cussion 139, 199–212. 



672 Advances in Food Biotechnology 

Knoop, A.M., Knoop, E. & Wiechen, A. 1979. Sub-structure of 
synthetic casein micelles. Journal of Dairy Research 46, 
347–350. 

Ko, C.-S. & Chu, I.-M. 2004. Immobilized cells biocatalyst for the 
production of S-acetylthio-2-methyl propionic acid. Enzyme 
and Microbial Technology 35, 619–623. 

Ko, J.A., Kim, W.Y. & Park H.J. 2012. Effects of microencapsu
lated Allyl isothiocyanate (AITC) on the extension of the shelf-
life of Kimchi. International Journal of Food Microbiology 
153, 92–98. 

Kopsahelis, N., Bosnea, L., Kanellaki, M. & Koutinas, A.A. 2012. 
Volatiles formation from grape must fermentation using a 
cryophilic and thermotolerant yeast. Applied Biochemistry 
and Biotechnology 167, 1183–1198. 

Kosaraju, S.L. 2005. Colon targeted delivery systems: review of 
polysaccharides for encapsulation and delivery. Critical 
Reviews in Food Science and Nutrition 45, 251–258. 

Kosseva, M.R. 2011. Immobilization of microbial cells in food 
fermentation processes. Food and Bioprocess Technology 4, 
1089–1118. 

Kosseva, M.R. & Kennedy, J.F. 2004. Encapsulated lactic acid 
bacteria for control of malolactic fermentation in wine. 
Artificial Cells Blood Substitutes and Biotechnology 32, 
55–65. 

Koupantsis, T., Pavlidou, E. & Paraskevopoulou, A. 2014. Flavour 
encapsulation in milk proteins - CMC coacervate-type com
plexes. Food Hydrocolloids 37, 134–142. 

Kourkoutas, A., Bekatorou, A., Banat, I.M., Marchant, R. & 
Koutinas, A.A. 2004. Immobilization technologies and support 
materials suitable in alcohol beverages production: A review. 
Food Microbiology 21, 377–397. 

Kourkoutas, Y., Xolias, V., Kallis, M., Bezirtzoglou, E. & 
Kanellaki, M. 2005. Lactobacillus casei cell immobilization 
on fruit pieces for probiotic additive, fermented milk and lactic 
acid production. Process Biochemistry 40, 411–416. 

Kourkoutas, Y., Manojlovic ,́ V. & Nedovic ́, V.A. 2010. 
Immobilization of microbial cells for alcoholic and malolactic 
fermentation of wine and cider. In Encapsulation Technologies 
for Active Food Ingredients and Food Processing (eds N.J. 
Zuidam & V. Nedovic ́), pp. 327–345. Springer, Dordrecht, 
Berlin, Heidelberg, New York. 

Krasaekoopt, W. & Watcharapoka S. 2014. Effect of addition of 
inulin and galactooligosaccharide on the survival of micro
encapsulated probiotics in alginate beads coated with chitosan 
in simulated digestive system, yogurt and fruit juice. LWT 
Food Science and Technology 57, 761–766. 

Krasaekoopt, W., Bhandari, B. & Deeth, H. 2003. Evaluation of 
encapsulation techniques of probiotics for yoghurt. Interna
tional Dairy Journal 13, 3–13. 

Kregiel, D. 2014. Advances in biofilm control for food and 
beverage industry using organo-silane technology: A review. 
Food Control 40, 32–40. 

Kregiel, D., Berlowska, J. & Ambroziak, W. 2012. Adhesion of 
yeast cells to different porous supports, stability of cell-carrier 
systems and formation of volatile by-products. World Journal 
of Microbiology and Biotechnology 28, 3399–3408. 

Krishnan, S., Gowthaman, M.K., Misra, M.C. & Karanth, 
N.G. 2001. Chitosan-treated polypropylene matrix as 
immobilization support for lactic acid production using Lacto
bacillus plantarum NCIM 2084. Journal of Chemical Tech
nology and Biotechnology 76, 461–468. 

Krishnan, S., Kshirsagar, A.C. & Singhal, R.S. 2005. The use 
of gum arabic and modified starch in the microencapsulation 
of a food flavoring agent. Carbohydrate Polymers 62, 
309–315. 

Lacroix, C., Grattepanche, F., Doleyres, Y. & Bergmaier, D. 2005. 
Immobilised Cell Technologies for Dairy Industry. In Appli
cations of Cell Immobilisation Biotechnology (eds V.A. 
Nedovic ́ & R. Willaert), pp. 295–319. Springer, Dordrecht, 
Berlin, Heidelberg, New York. 

Lampila, L.E., Wallen, S.E., Bullerman, L.B. & Lowry, S.R. 1985. 
The effect of Blakeslea trisporastrain and type of whey on the 
production of β-carotene and other parameters. Lebensmittel-
Wissenschaft & Technologie 18, 366–369. 

Laouini, A., Jaafar-Maalej, C., Sfar, S., Charcosset, C. & Fessi, H. 
2011. Liposome preparation using a hollow fiber membrane 
contactor—Application to spironolactone encapsulation. Inter
national Journal of Pharmacy 415, 53–61. 

Laouini, A., Charcosset, C., Fessib, H., Holdicha, R.G. & 
Vladisavljevic, G.T. 2013. Preparation of liposomes: A novel 
application of microengineered membranes–From laboratory 
scale to large scale. Colloids and Surfaces B: Biointerfaces 112, 
272–278. 

Lasch, J., Weissig, V. & Brandl, M. 2003. Preparation of 
liposomes, In Liposomes (ed. V.P. Torchilin & V. Weissig), 
pp. 3–30. Oxford University Press, New York. 

Ledward, D.A. 2000. Gelatin. In Handbook of Hydrocolloids (eds 
G.O. Phillips & P.A. Williams), pp. 67–86. Woodhead Pub
lishing Limited, Cambridge, England. 

Lee, K.Y. & Heo, T.R. 2000. Survival of Bifidobacterium longum 
immobilized in calcium alginate beads in simulated gastric 
juices and bile salt solution. Applied and Environmental 
Microbiology 66, 869–973. 

Lee, Y.H., Lee, C.W. & Chang, H.N. 1989. Citric acid production 
by Aspergillus niger immobilized on polyurethane foam. 
Applied Microbiology and Biotechnology 30, 141–143. 

Leng, Y., Zheng, P. & Sun, Z.-H. 2006. Continuous production of 
L-phenylalanine from phenylpyruvic acid and L-aspartic acid 
by immobilized recombinant Escherichia coli SW0209-52. 
Process Biochemistry 41, 1669–1672. 

Lesmes, U. & McClements, D.J. 2009. Structure–function relation
ships to guide rational design and fabrication of particulate food 
delivery systems. Trends in Food Science and Technology 20, 
448–457. 

Li, H., Zhu, K., Zhou, H. & Peng, W. 2012. Effects of high 
hydrostatic pressure treatment on allergenicity and structural 
properties of soybean protein isolate for infant formula. Food 
Chemistry 132, 808–814. 

Li, Y., Hu, M., Du, Y., Xiao, H. & McClements, D.J. 2011. Control 
of lipase digestibility of emulsified lipids by encapsulation 
within calcium alginate beads. Food Hydrocolloids 25, 
122–130. 



Recent Advances in and Applications of Encapsulated Microbial and Non-Microbial Active Agents 673 

Lim, J.S., Lee, J.H., Kang, S.W., Park, S.W. & Kim, S.W. 2007. 
Studies on production and physical properties of neo-FOS 
produced by co-immobilized Penicillium citrinum and neo
fructosyltransferase. European Food Research Technology 
225, 457–462. 

Lin, J., Zhou, M., Zhao, X., Luo, S. & Lu, Y. 2007. Extractive 
fermentation of l-lactic acid with immobilized Rhizopus ory
zaein a three-phase fluidized bed. Chemical Engineering and 
Processing 46, 369–364. 

Lin, Y.-L., Wang, T.-H., Lee, M.-H. & Su, N.-W. 2008. Biologi
cally active components and nutraceuticals in the Monascus
fermented rice: a review. Applied Microbiology and Bio
technology 77, 965–973. 

Liu, S., Elmer, C., Low, N.H. & Nickerson, M.T. 2010. Effect of 
pH on the functional behaviour of pea protein isolate-gum 
Arabic complexes. Food Research International 43, 489–495. 

Liu, X. & Yang, S.-T. 2006. Kinetics of butyric acid fermentation 
of glucose and xylose by Clostridium tyrobutyricum wild type 
and mutant. Process Biochemistry 41, 801–808. 

Livney, Y.D. 2010. Milk proteins as vehicles for bioactives. 
Current Opinion in Colloid & Interface Science 15, 
73–83. 

López Córdoba, A., Deladino, L. & Martino, M. 2013. Effect of 
starch filler on calcium-alginate hydrogels loaded with yerba 
mate antioxidants. Carbohydrate Polymers 95, 315–323. 

López de Lerma, N., Garc ́ia-Martínez, T., Moreno, J., Mauricio, 
J.C. & Peinado, R.A. 2012. Volatile composition of partially 
fermented wines elaborated from sun dried Pedro Ximènez 
grapes. Food Chemistry 135, 2445–2452. 

Lopez-Nicolas, M., Nunez-Delicado, E. & Perez-Lopez, J. 2006. 
Determination of stoichiometric coefficients and apparent for
mation constants for cyclodextrin complexes of trans-resver
atrol using reversed-phase liquid chromatography. Journal of 
Chromatography A 1135, 158–165. 

Lucas-Abellán, C., Fortea, I., López-Nicolás, J.M. & Nunez-Del
icado, E. 2007. Cyclodextrins as resveratrol carrier system. 
Food Chemistry 104, 39–44. 

Luo, Y., Zhang, B., Whent, M., Yu, L. & Wang, Q. 2011. 
Preparation and characterization of zein/chitosan complex 
for encapsulation of α-tocopherol, and its in vitro controlled 
release study. Colloids and Surfaces B: Biointerfaces 85, 
145–152. 

Lv, Y., Yang, F., Li, X., Zhang, X. & Abbas, S. 2014. Formation of 
heat-resistant nanocapsules of jasmine essential oil via gelatin/ 
gum arabic based complex coacervation. Food Hydrocolloids 
35, 305–314. 

Magnuson, J.K. & Lasure, L.L. 2004. Organic acid production by 
filamentous fungi. In Advances in Fungal Biotechnology for 
Industry, Agriculture, and Medicine (eds J.S. Tkacz & L. 
Lange), pp. 307–340. Kluwer Academic/Plenum Publishers, 
New York. 

Maillard, M. & Landuyt, A. 2008. Chocolate: an ideal carrier for 
probiotics. Agro Food Industry Hi-Tec 19, 13–15. 

Malmo,	 C., La Storia, A. & Mauriello, G. 2013. Micro
encapsulation of Lactobacillus reuteri DSM 17938 cells coated 
in alginate beads with chitosan by spray drying to use as a 

probiotic cell in a chocolate soufflé. Food Bioprocess Technol
ogy 6, 795–805. 

Manach, C., Mazur, A. & Scalbert, A. 2005a. Polyphenols and 
prevention of cardiovascular diseases. Current Opinion in 
Lipidology 16, 77–84. 

Manach, C., Williamson, G., Morand, C., Scalbert, A., Remesy, C. 
& Rémésy, C. 2005b. Bioavailability and bioefficacy of poly
phenols in humans.I. Review of 97 bioavailability studies. 
American Journal of Clinical Nutrition 81 (Suppl. 1), 
230S–242S. 

Mandal, S., Puniya, A.K. & Singh, K. 2006. Effect of alginate 
concentration on survival of microencapsulated Lactobacillus 
casei NCDC-298. International Dairy Journal 16, 1190–1195. 

Manojlovic, V., Djonlagic, J., Obradovic, B., Nedovic ́, V. &  
Bugarski, B. 2006. Immobilization of cells by electrostatic 
droplet generation: a model system for potential application in 
medicine. International Journal of Nanomedicine 1, 163–171. 

Manojlovic ́ ́, V., Nedovic , V.A., Kailasapathy, K. & Zuidam, N.J. 
2010. Encapsulation of probiotics for use in food products. In 
Encapsulation Technologies for Active Food Ingredients and 
Food Processing (eds V.A. Nedovic ́ & N.J. Zuidam), pp. 
269–302. Springer, London. 

Mao, L.K., Xu, D.X., Yang, F., Gao, Y.X. & Zhao, J. 2009. Effects 
of small and large molecule emulsifiers on the characteristics of 
beta-carotene nanoemulsions prepared by high pressure 
homogenization. Food Technology and Biotechnology 47, 
336–342. 

Marques, H.M.C. 2010. A review on cyclodextrin encapsulation of 
essential oils and volatiles. Flavour and Fragrance Journal 25, 
313–326. 

Marsano, E., Vicini, S., Skopinska, J., Wisniewski, M. & 
Sionkowska, A. 2004. Chitosan and poly (vinyl pyrrolidone): 
Compatibility and miscibility of blends. Macromolecular Sym
posia 218, 251–260. 

Martens, J.-H., Barg, H., Warren, M.J. & Jahn, D. 2002. Microbial 
production of vitamin B12. Applied Microbiology and Bio
technology 58, 275–285. 

Martín, A., Mattea, F., Gutiérrez, L., Miguel, F. & Cocero, M.J. 
2007. Co-precipitation of carotenoids and bio-polymers with 
the supercritical anti-solvent process. Journal of Supercritical 
Fluids 41, 138–147. 

Marwaha, S.S., Sethi, R.P. & Kennedy, J.F. 1983. Role of amino 
acids, betaine and choline in Vitamin B12 biosynthesis by 
strains of Propionibacterium. Enzyme and Microbial Technol
ogy 5, 454–456. 

Maswal, M. & Dar, A.A. 2014. Formulation challenges in encap
sulation and delivery of citral for improved food quality. Food 
Hydrocolloids 37, 182–195. 

Mateus, D.M., Silva Alves, S. & Regalo da Fonseca, M.M. 2004. 
Kinetics of L-tryptophan production from indole and L-serine 
catalyzed by whole cells with tryptophanase activity. Journal 
of Bioscience and Bioengineering 97, 289–293. 

Matsushita, T., Ibaraki, S.M., Warabi, M.S. & Hiraishi, S. 1987. 
Biocapsule. US Patent no. 4696863. 

McClements, D.J. & Li, Y. 2010. Structured emulsion-based 
delivery systems: Controlling the digestion and release of 



674 Advances in Food Biotechnology 

lipophilic food components. Advances in Colloid and Interface 
Science 159, 213–228. 

McClements, D.J., Decker, E.A., Park, Y. & Weiss, J. 2009. 
Structural design principles for delivery of bioactive compo
nents in nutraceuticals and functional foods. Critical Reviews in 
Food Science and Nutrition 49, 577–606. 

McKinley, M.C. 2005. The nutrition and health benefits of yoghurt. 
International Journal of Dairy Technology 58, 1–12. 

McLoughlin, A.J. 1994. Controlled release of immobilized cells 
as a strategy to regulate ecological competence of inocula 
biotechnics/wastewater. In Biotechnics/Wastewater. (ed. A. 
Fiechter), pp. 1–45. Springer, Berlin. 

McMaster, L.D., Kokott, S.A. & Slatter, P. 2005. Micro
encapsulation of Bifidobacterium lactis for incorporation 
into soft foods. World Journal of Microbiology and Bio
technology 21, 723–728. 

McNamee, B.F., O’Riordan, E.D. & O’Sulivan, M. 2001. Effect of 
partial replacement of gum arabic with carbohydrates on its 
microencapsulation properties. Journal of Agricultural and 
Food Chemistry 49, 3385–3388. 

Mendanha, D.V., Ortiz, S.E.M., Favaro-Trindade, C.S., Mauri, A., 
Monterrey-Quintero, E.S. & Thomazini, M. 2009. Micro
encapsulation of casein hydrolysate by complex coacervation 
with SPI/pectin. Food Research International 42, 1099–1104. 

Milanovic, J., Manojlovic, V., Levic, S., Rajic N., Nedovic ́, V. &  
Bugarski, B. 2010. Microencapsulation of flavors in carnauba 
wax. Sensors 10, 901–912. 

Mitropoulou, G., Nedovic ́, V., Goyal, A. & Kourkoutas, Y. 2013. 
Immobilization technologies in probiotic food production. 
Journal of Nutrition and Metabolism 2013, article ID 
716861, doi: 10.1155/2013/716861. 

Mortazavian, A.M., Azizi, A., Ehsani, M.R., Razavi, S.H., 
Mousavi, S.M., Sohrabvandi, S. & Reinheimer, J.A. 2008. 
Survival of encapsulated probiotic bacteria in Iranian yogurt 
drink (Doogh) after the product exposure to simulated gastro
intestinalconditions. Milchwissenschaft 63, 427–429. 

Moslemi, M., Hosseini, H., Erfan, M., Mortazavian, A.M., Fard, 
R.M.N., Neyestani, T.R. & Komeyli, R. 2014. Characterisation 
of spray-dried microparticles containing iron coated by pectin/ 
resistant starch. International Journal of Food Science & 
Technology 49, 1736–1742. 

Mostafa, Y.S. & Alamri, S.A. 2012. Optimization of date syrup for 
enhancement of the production of citric acid using immobilized 
cells of Aspergillus niger. Saudi Journal of Biological Sciences 
19, 241–246. 

Mozafari, M.R. 2005. Liposomes: an overview of manufacturing 
techniques. Cellular and Molecular Biology Letters 10, 
711–719. 

Mozafari, M.R., Johnson, C., Hatziantoniou, S. & Demetzos, C. 
2008. Nanoliposomes and their applications in food nano
technology. Journal of Liposome Research 18, 309–327. 

Murillo, F.J., Calderon, I.L., Lopez-Diaz, I. & Cerdá-Olmedo, E. 
1978. Carotene-super producing strains of Phycomyces. 
Applied and Environmental Microbiology 36, 639–642. 

Murthy, H.N., Lee, E-J. & Paek, K-Y. 2014. Production of 
secondary metabolites from cell and organ cultures: strategies 

and approaches for biomass improvement and metabolite 
accumulation. Plant Cell, Tissue and Organ Culture 118, 1–16. 

Murugesan, R. & Orsat, V. 2012. Spray drying for the production 
of nutraceutical ingredients: A review. Food and Bioprocess 
Technology 5, 3–14. 

Muthukumarasamy, P. & Holley, R.P. 2006. Microbiological and 
sensory quality of dry fermented sausages containing alginate-
microencapsulated Lactobacillus reuteri. International Journal 
of Food Microbiology 111, 164–169. 

Muthukumarasamy, P. & Holley, R.A. 2007. Survival of Escher
ichia coli O157:H7 in dry fermented sausages containing 
micro-encapsulated probiotic lactic acid bacteria. Food Micro

biology 24, 82–88. 
Muthukumarasamy, P., Allan-Wojtas, P. & Holley, R.A. 2006. 

Stability of Lactobacilus reuteri in different types of micro
capsules. Journal of Food Science 71, M20–M24. 

Nacka, F., Cansell, M., Méléard, P. & Combe, N. 2001. Incorpo
ration of α-tocopherol in marine lipid-based liposomes: in vitro 
and in vivo studies. Lipids 36, 1313–1320. 

Najafpour, G.D. 2006. Immobilization of microbial cells for the 
production of organic acid and ethanol. Biochemical Engineer
ing and Biotechnology 8, 199–227. 

Navarro, E., Lorca-Pascual, J.M., Quiles-Rosillo, M.D., Nicolas, 
F.E., Garre, V., Torres-Martinez, S. & Ruiz-Vazquez, R.M. 
2001. A negative regulator of light-inducible carotenogenesis 
in Mucor circinelloides. Molecular Genetics and Genomics 
266, 463–470. 

Naydenova, V., Vassilev, S., Kaneva, M. & Kostov, G. 2013. 
Encapsulation of brewing yeast in alginate/chitosan matrix: 
comparative study of beer fermentation with immobilized and 
free cells. Bulgarian Journal of Agricultural Science 19, 
123–127. 

Nedovic ́, V. & Willaert, R. (eds) 2005. Applications of Cell 
Immobilisation Biotechnology. Springer, Dordrecht, Berlin, 
Heidelberg, New York. 

Nedovic ́, V.A, Durieux, A., Van Nederveide, L., Rosseels, P., 
Vandegans, J., Plaisant, A.M. & Simon, J.P. 2000. Continuous 
cider fermentation with co-immobilized yeast and Leuconostoc 
oenos cells. Enzyme & Microbial Technology 26, 834–839. 

Nedovic ́, V.A., Manojlovic, V., Bugarski, B. & Willaert, R. 2010. 
State of the art in immobilized/encapsulated cell technology in 
fermentation processes. In Encapsulation Technologies for 
Active Food Ingredients and Food Processing (eds V.A. 
Nedovic ́ & N.J. Zuidam), pp. 119–149. Springer, Dordrecht, 
Berlin, Heidelberg, New York. 

Nedovic ́ ̌ ́ ́ ́, V., Kalusevic , A., Manojlovic , V., Levic , S. & Bugar
ski, B. 2011. An overview of encapsulation technologies for 
food applications. Procedia Food Science 1, 1806–1815. 
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40.1 Introduction 

Thermal processing is one of the oldest food processing 
technologies and still contributes to the largest section of 
processed food. Thermal processing is a general term which 
includes all the technologies which utilize heat for preser
vation of food products. In reference to food processing, 
heat is applied in various processes to achieve specific 
goals. From a very early time, we have used heat to cook 
our food through different unit operations such as boiling, 
baking, frying, etc. We later learned to apply heat to destroy 
microorganisms and preserve our food. Table 40.1 lists the 
various types of heat treatment used in the food industry. 

In recent times, terms such as thermal processing, can
ning and retort technology have been commonly used 
without much distinction in the food industry. Although 
thermal processing is a very wide field, this chapter will 
primarily focus on the canning operation and recent advan
ces in this field. In the penultimate section (Section 40.7), 
emerging new thermal technologies are briefly discussed. 

Canning has an interesting history dated back to 18th 
century when Nicolas Appert discovered that the applica
tion of heat to food sealed in a glass bottle preserved it. At 
the time however, he didn’t understand the actual mecha
nism of preservation or appreciate that he had discovered 
one of the most important food processing technologies. 
Later in 1851, the first pressure retort was developed which 
allowed food to be processed at temperatures above 100 °C, 
significantly reducing the treatment time along with 
improving the quality of processed food. Since then, the 
canning industry has evolved greatly in terms of operation, 
machinery and versatility. 

40.1.1 Canning Operations 

The exact canning operation is dependent on the food 
product and type of retorting equipment, but in very simple 
terms the process can be broken down into the following 
unit operations: 

1.	 Selection of raw materials: Raw materials are properly 
selected based on the quality at the time of harvest. Pre
processing operations such as cleaning, slicing, dicing, 
hydration and blanching are often required. 

2.	 Primary packaging: Different types of packaging 
materials including rigid, semi-rigid and flexible 
packaging are used in the canning industry. The selec
tion of packaging material is mostly a market-driven 
decision based on the consumer (appearance, easy to use, 
temper-proof, quality of product, value for money) and 
industry (shelf space, ease in handling, equipment com
patibility, shelf life of product, economical) requirements. 
The packaging material for thermal processing has also 
seen much advancement in the past decades. Metal cans 
and glass containers are still being used for many products 
due mainly to their processability, cost and strength. The 
use of flexible retortable pouches has changed the packag
ing scenario in the thermal processing industries. Retort 
pouches are lightweight, convenient, strong, heat-sealable 
and heat resistant at processing temperature and time, and 
offer low gas and water vapour permeability and a wide 
range of printing options from the marketing perspective 
to the consumers. Typically, retort pouches are alumin
ium-foil-based laminates such as PET (polyethylene ter
ephthalate)/Al (aluminium)/CPP (cast polypropylene), 
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Table 40.1 Major heat treatment processes used in the food industry. Adapted from Adams & Moss (2008). Reproduced by 
permission of The Royal Society of Chemistry. 

Temperature 
Heat treatment range (°C) Objectives 

Cooking (e.g. boiling, �100 Improvement of digestibility (e.g. starch gelatinization, collagen break-down 
baking, frying, grilling) during cooking of meat); improvement of flavour; destruction of pathogenic 

microorganisms 
Blanching <100 Expulsion of air from tissues; inactivation of enzymes 
Drying/concentration <100 Removal of water to enhance shelf life 
Pasteurization 60–80 Elimination of key pathogens and spoilage organisms 
Appertization/sterilization >100 Elimination of microorganisms to achieve commercial sterility 

PET/Ny (nylon)/Al/CPP. Due to the presence of foils, 
these pouches were previously non-microwaveable, 
which is a desired quality for ready-to eat products. 
This limitation was overcome by the development of 
foil-free laminates such as SiOx-PET/Ny/CPP and PET/ 
Ny/EVOH (ethylene vinyl alcohol)/CPP. 

3.	 Filling and sealing: The ingredients are then filled in 
the primary package followed by removal of air and 
hermetic sealing of the containers. In the current market 
scenario, many packing and sealing machines are 
available which has drastically improved the efficiency, 
speed and production output. 

4.	 Retorting: This stage of the process is at the heart of the 
canning operation. The hermetically sealed containers 
are placed in the retort and treated at a specified 
temperature and time for achieving commercial steri
lization. A typical scheduled process is shown in 
Figure 40.1. The process of retorting is carried out 
in following steps: 
(a)	 Come-up time (CUT): This is the time between 

the start of heating and the time when the retort 
achieves the processing temperature. This step 
includes the venting phase in which all the air 
in the retort is removed at the start of the process. 
Later the vents are closed, developing the pressure 
inside the retort along with heating until the 
processing temperature is achieved. 

(b)	 Hold time: For commercial sterilization, the prod
uct is held at the processing temperature for a 
specified interval of time. This is a critical step for 
achieving the desired lethality of target micro
organism and commercial sterility. 

(c)	 Cooling time: After the holding phase the retort is 
cooled to ambient temperature. The start of the 
cooling phase is also a critical step for maintaining 
the integrity and hermetic sealing of the processed 
container. During the hold phase the internal 

pressure of the container increases, which should 
be counter-balanced by the external pressure and 
the rigidity of the container. Any sudden reduction 
in the external pressure may lead to seal leakage, 
bursting or buckling of containers. To avoid any 
such damage, a controlled pressure is maintained 
during the cooling phase, counter-balancing the 
internal pressure. 

5.	 Storage and distribution: After the retorting operation, 
processed containers are stored at suitable temperature 
(below 35 °C) to avoid any spoilage by thermophiles. It 
is then labelled, secondary and tertiary packed and 
distributed for consumption. 

40.1.2 Thermobacteriology Terms 

To describe the kinetics of thermal microbial inactivation, 
it is important to understand a few basic terms of 
thermobacteriology. 

•	 Food groups: For thermal processing operations, food 
products are generally classified into the following four 
major groups based on their pH values: 
- Group 1: Low-acid food products (pH � 5.0), e.g. 

milk and most vegetables. 
- Group 2: Medium-acid food products (pH 4.5–5.0) 

e.g. butter milk and carrots. 
- Group 3: Acid food products (pH 3.7–4.5) e.g. 

tomatoes and strawberries. 
-	 Group 4: High-acid food products (pH � 3.7) e.g. 

pickles and citrus juices. 
•	 Thermal death time (TDT): the time required to kill 

a given number of microorganisms at a given 
temperature. 

•	 Thermal death point: the temperature necessary to kill a 
given number of microorganisms in a fixed time period. 
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Figure 40.1 Typical retort and product temperature profile in a scheduled cycle. 

•	 Survivor curve: a typical microbial inactivation curve 
plotting log N (number of microorganisms) against t (time). 

•	 TDT curve: thermal death time curve which can be 
graphically represented by plotting log D rates against 
the temperature. 

•	 D value: the decimal reduction time, or the time required 
to destroy 90% of the organisms (Fig. 40.2). D value 
can be numerically expressed as the number of minutes 
required to traverse one log cycle on the survivor curve. 
Mathematically, it is the reciprocal of the slope of the 
survivor curve: 

t
log N � log N0 � (40.1) 

D 

where N0 is the initial number of viable organisms (at 
time t = 0). 

•	 z value: the increase in temperature required for the 
thermal destruction curve to traverse one log cycle. 
Mathematically, it is equal to the reciprocal of the slope 
of the TDT curve (Fig. 40.3): 

D1 T2 � T1log � (40.2)
D2 z 

where D1 and D2 are the decimal reduction time at temper
ature T1 and T2 respectively. The value of D measured at a 
reference temperature is designated Dref. The ratio of Dref/D 

Figure 40.2 Survivor curve based on Equation (40.1). 
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Figure 40.3 Thermal death time curve for estimating z value. 

is referred to as the lethal rate L, expressed: 

Dref 
� 10�T�T ref �=zL � : (40.3)

D 

•	 It is very common in the canning industry to use 
F-value as the unit of processing value. At a constant 
temperature, the F-value is equal to the L-value; how
ever, for a thermal cycle it is calculated by integrating 
the lethal rates achieved at various temperatures in the 
complete scheduled process: 

t t 
Z Z 

10T�T ref =z dt:F � L dt �	 (40.4) 

0 0 

•	 In thermobacteriology, the standard reference tempera
ture taken is 121.1 °C (or 250 °F) and z value of 10 °C. It 
is very common to express the F-value at the reference 
temperature, for example the F-value expressed at 
121.1 °C at a  z value of 10 °C is written as F10 or121:1 
F0 and defined: 

t 

10T�121:1=10 dt: 
Z 

F0 �	 (40.5) 

0 

•	 The kinetics of thermal microbial inactivation play an 
important role in designing the thermal process in the 
food industry. For low-acid food products, the minimum 
thermal scheduled process should have a spore survival 
ratio of 1 in 1012 processed cans. This corresponds to a 
12D process, or ia also known as minimum process. 

Figure 40.4 Time–temperature relationship for microbial 
destruction and cooking. 

Although the 12D process does not kill all microorgan
isms (e.g. heat-resistant thermophile bacteria survive), it 
adequately inactivates all the pathogenic microbes affect
ing public safety. The process is also referred to as 
commercial sterilization. 

40.2 Cooking Criteria 

The extent of thermal treatment for any food product depends 
on the type of food product and the target organism. Heat 
resistance of microbes varies a lot and the kinetics of thermal 
destruction of microbes can be found in literature such as 
Holdsworth (1985) and Awuah et al. (2007). It therefore 
becomes very important to optimize the thermal treatment 
such that food is optimally cooked and also commercially 
sterile. The general trend of time for cooking of food and 
destruction of microbial spores vary as depicted in 
Figure 40.4, which depicts how the only acceptable outcome 
is to reach the ‘cooked-sterile’ zone (Holdsworth 1985). 
It is also worth mentioning at this stage that different 

components of food also affect the thermal resistance of 
microbes. The effects of the major food components on the 
thermal resistance of microbes are depicted in Figure 40.5. 

40.3 Retorts 

The design of the thermal processing equipment has seen 
major changes since the start of the canning industry. 
Depending on the product characteristics, packaging con
tainer, production level and economical consideration, 
different types of retorts are available for selection. There 
has been great advancement in retort design with respect to 
the heating medium and production. Earlier, steam was the 
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Figure 40.5 Effects of major food components on heat resist
ance of microbes. 

only medium used for heating of products. Later, retorts 
were developed which use hot water either by immersion, 
spray or cascade for product heating. In the past decades, 
retorts have also been designed which use a pre-defined 
mixture of steam and air as the heating medium. In terms of 
production, all the earliest retorts were batch type; today 
however various types of continuous retorts are available 
for different products and packaging sizes. The different 
types of thermal processing equipment are not discussed 
here, but a broad classification is provided in Figure 40.6. 

40.4 Control Systems 

A precise control of the process variable is a prerequisite for 
any efficient processing system. In the case of retorts, a 
critical control of temperature and pressure is required for 
effective commercial sterilization. The temperature and 
pressure measurement and control system of the retorts 
are discussed in this section. 

40.4.1 Temperature Measurement 

Temperature measurement (Fig. 40.7) and control is of 
utmost importance for ensuring the efficacy of the thermal 
process and the quality of processed products. Different 
types of temperature measurement system are as follows: 

•	 Bimetallic strip thermometers: Two metallic strips with 
different coefficients of expansion are joined together. 
Any increase in the temperature causes the metallic strips 
to expand at different rates, resulting in the bending of the 
bimetallic strips which is then calibrated with the tem
perature through some mechanical assembly. 

Figure 40.6 Classification of different kinds of retorts. 
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Figure 40.7 Different types of temperature measuring systems. 

•	 Filled thermal systems: Expansion of a liquid of known 
coefficient of expansion is measured in a graduated 
capillary tube. For example, mercury in glass (MIG) 
thermometers are the most widely used thermometer in 
the canning industry, and are often used as the reference 
thermometer against other temperature-measuring 
devices. 

•	 Resistance temperature detectors (RTD): Temperature 
is measured by correlating the change in the resistance 
of the RTD element with temperature. The RTD ele
ment is commonly made from a pure material such as 
platinum or nickel and usually referred to as Pt1000, 
Pt500 or Ni100. The choice of the metal for RTD 
depends mainly on the linear and repeatable resist
ance–temperature relation over a wide range of tem
perature values. RTDs are the most commonly used 
system in the canning industry for temperature distri
bution, heat distribution and heat penetration studies. 

40.4.2 Pressure Measurement 

The measurement of pressure (Fig. 40.8) is important to 
maintain the seal integrity of the containers during retort
ing. As previously discussed, any sudden change in 

pressure may lead to ineffective sterilization and economic 
losses. Different types of pressure measuring devices are 
discussed below: 

•	 Manometer-type: These systems consist of a U-tube or 
similar system filled with fluids (water, oil, mercury). One 
end is connected to the system where pressure is to be 
measured and the other end is connected to an indicating or 
recording system. Pressure on one side pushes the fluid in 
the other arm, so the change in the height of the fluids in the 
two arms gives the acting pressure. 

•	 Mechanical-type: These systems convert the acting 
pressure into some mechanical displacement which is in 
turn measured. A Bourdon tube is the most commonly 
used system in the food industry in which thin metal 
tubes, sealed at one end and bent in circular or helical 
form, are used. On application of pressure, the tubes 
will tend to straighten, causing the mechanical displace
ment which is then measured. 

•	 Electrical pressure transducers: There are various 
types of transducers in the market for pressure mea
surement. Depending on the electrical signal measured, 
it can be resistive, capacitive or inductive type. In the 
majority of these transducers, a diaphragm is often used 
as the pressure transmitting element. 
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Figure 40.8 Different types of pressure measuring systems: (a) U-tube manometer; (b) Bourdon gauge; and (c) resistance 
measuring cell. 

40.5 Process Evaluation 

Thermal process design and evaluation is an important 
aspect for the safety of the processed food products. The 
major steps in the process design and evaluation are 
depicted in Figure 40.9. 

40.5.1	 Determination of Target Microbe 
in the Product 

The microorganism of significance can be identified 
through the hazard analysis program in any food product. 
Food safety control measures are designed in order to 
eliminate or reduce the microbial safety risk in a finished 
food product. There are many pathogenic microorganisms 
which can pose a safety risk to human health. Thermal 
resistance of these microorganisms is studied through 
various microbial assays, and the most resistant pathogen 
is selected for elimination by the processing. For example, 
in low-acid canned food products, the most resistant path
ogen of significance is Clostridium botulinum. All the 
thermal parameters are therefore designed to achieve 
complete destruction of vegetative cells and spores of 
C. botulinum, and the process is referred to as ‘botulinum 
process’ or ‘bot cook’. 

40.5.2	 Determining the Uniformity of Thermal 
Cycle in the Retorts 

Uniformity in the retorts is crucial for the effective thermal 
treatment of the product. To establish the uniformity, retorts 
are studied for the temperature and heat distribution. 
According to the Institute For Thermal Process Specialists 
(IFTPS), temperature distribution studies are conducted to 
establish the venting procedures, venting schedules, come-
up requirements, temperature stability and uniformity in the 
retorts. It also helps to determine the cold spot or zone in the 
retort which is necessary for establishing the scheduled 
process for any product in that particular retort. 

Heat distribution studies are mainly conducted for retorts 
which use any non-condensable gases such as nitrogen or 
air along with the heat transfer medium to provide the 
overpressure in excess of the saturated steam pressure. It 
also takes into account the efficiency of the scheduled 
pressure with variable load conditions such as partial 
loading and percentage of open volume in the retort, and 
is conducted after the temperature distribution studies. 

40.5.3	 Determination of Heat Transfer in the 
Product 

Once the temperature distribution in the retort is estab
lished, heat penetration studies are conducted which 
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Figure 40.9 Major steps in thermal process design and evaluation. 

determine the heating and cooling behaviour of the product 
in a particular retort system. It is important for establishing 
the optimum thermal treatment for the product for its 
commercial sterility. The heating and cooling behaviour 
of the product depends on various factors including product 
formulation, package shape and dimension, weight, viscos
ity, salt, water activity, headspace and solid components. 
Any change in these factors may necessitate a new heat 
penetration study. 

40.5.4 Theoretical Process 

The theoretical process is calculated based on the accumu
lated F-value during the heat penetration studies. The main 
equation to be solved is the basic integral equation for F0: 

t 

10T�T ref =z dt: 
Z 

F0 � (40.6) 

0 

There are various methods for calculating the accumu
lated F-value which are broadly classified as general and 
formula methods. The general method is the most com
monly and broadly used method due to its simplicity and 
ease of application. The accuracy of the general method 
relies on the calibration and accuracy of the thermocouple 
and the employed integration method. The area under the 

lethality curve can be determined either graphically or 
numerically through calculations using rectangular, trape
zoidal or Simpson’s rule. The main disadvantage of using 
the general method is the inability to extrapolate the process 
in the case of any change in the initial temperature or retort 
time–temperature schedule. The formula method uses an 
empirical model based on the heat penetration experiments. 
Various researchers uses different models for the simulation 
of heating and cooling curves, for example, Ball (1923), 
Gillespy (1951), Hicks (1951), Stumbo (1953), Ball & 
Olson (1957) and Hayakawa (1970). The Ball method is 
the most commonly used formula method for calculation of 
accumulated F-value. For further details of various formula 
methods, readers are referred to the original texts. 

40.5.5 Validation of Theoretical Process 

The validation of the calculated thermal process is per
formed by microbial studies such as the inoculated pack 
method. In this method the food product is inoculated with 
the target microbe and thermally processed at the scheduled 
process. The extent of survival after incubation determines 
the effectiveness of the calculated process. Surrogate orga
nisms which are more heat-resistant but not dangerous are 
sometimes used in place of the target microbe. For example, 
in low-acid products spores of PA 3679 are used instead of 
C. botulinum, which require special handling facilities. 
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40.6 On-Line Retort Control 

Despite all the efforts to follow the scheduled thermal 
process, it is quite common in industries to face some 
unexpected problems which may lead to off-specification 
products which must be reprocessed or destroyed. Due to 
stringent regulations for the public safety, all process 
deviants are evaluated by a competent process authority 
before release. Despite all the efforts, unexpected process 
deviations are unavoidable and pose significant economic 
loss for the processors. For these reasons, researchers are 
consistently trying to find ways to help to rectify the 
deviation on-line by automatically compensating for the 
lost lethality, often referred as ‘intelligent on-line controls’. 

Teixeira & Tucker (1997) have discussed three approaches 
for on-line control of thermally processed foods. Although 
each approach has various limitations, significant advances 
have been made to address many of these limitations and 
pitfalls (Simpson et al. 2007c). 

1.	 Real-time data acquisition: This is definitely the most 
simple, effective and safe approach for on-line correc
tion of process deviations, although it seems 
impractical for any high-volume production unit. In 
this approach, prior to each batch a small number of 
sacrificial product containers are attached with temper
ature probes which feed data to a computer for a real-
time calculation of accumulated lethality. The com
puter is programmed in such a way that the cooling 
phase is started only after achieving the target lethality. 
In the case of any deviations such as a decrease in retort 
processing temperature, the cooling phase will simply 
be delayed until the lethality has been achieved, cor
recting the deviation without any manual intervention, 
loss of time or over-processing of product. 

2.	 On-line correction factors: This approach uses a 
correction factor which extends the process time to 
compensate for the process deviations. If there is any 
decline in the retort temperature, this approach extend 
the process time which would have been needed if the 
entire process had been carried out at that lower retort 
temperature. The alternative time–temperature sched
ules are pre-determined during heat penetration studies. 
Although this process is quite versatile, it may lead to 
over-processing and efficiency losses. Simpson et al. 
(2007a, b) have further discussed two control strategies 
to minimize the limitations of this method. The first 
strategy is based on a proportional extension of process 
time based on the instant of process deviation in the 
scheduled process, while the second strategy corrects 
the deviation by processing at an alternative higher 

retort temperature which can achieve the target lethality 
over the same original process time. 

3.	 Mathematical heat-transfer models: Due to the recent 
advances in computer-simulating techniques in the 
food science, it is now possible to simulate the thermal 
processing of food with acceptable accuracy, speed and 
reliability. Several mathematical models for thermal 
processing of food products heated by conduction, 
convection or a mixture of both are available in the 
literature (Noronha et al. 1995; Teixeira & Tucker 
1997; Teixeira et al. 1999). Case studies with mathe
matical analyses of various conduction- and/or convec
tion-heated products are readily available in the 
literature. There are also numerous computational fluid 
dynamics commercially available codes which can be 
used for simulation of thermal treatments, for example 
PHOENICS (Cham Ltd, London) or ANSYS Fluent 
(ANSYS Inc. Pennsylvania). 

A computer-based on-line control system based on 
mathematical models can be an effective means of handling 
any process deviations. With this approach, real-time time– 
temperature data from the retort sensors are processed with 
the appropriate heat-transfer model that describes heat flow 
to the container for continuous cold-spot lethality calcula
tions (Awuah et al. 2007). At each time step, the subroutine 
simulates the lethality that will be accumulated throughout 
the process time. The controls are programmed to continue 
the heating until the accumulated target lethality is 
achieved, regardless of any unscheduled process deviation 
(Simpson et al. 2007c). 

40.7 Novel Technologies 

Although canning is still the major thermal processing 
technique in the food industry, there are various new 
emerging techniques which demonstrate good potential. 
These techniques involve radio-frequency, infrared, micro
wave or electrical mode of heat generation in the food 
product, but the mechanism of microbial inactivation 
largely remains the same. These new emerging technolo
gies are briefly discussed in the following sections. 

40.7.1 Radio-Frequency Heating 

The radio-frequency band of the electromagnetic spectrum 
covers a broad range of high frequencies in the range of 
1 kHz to 300 MHz. The radio-frequency and microwaves 
occupy adjacent sections of the electromagnetic spectrum, 
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Table 40.2 Examples of applications of radio-frequency heating in food products.
 

Process Product Frequency (MHz) Temperature (°C) Reference 

Heating Bread 14–17 c. 52–66 Cathcart et al. 1947 
Blanching Fruits and vegetables 150 100 Moyer & Stotz 1947 
Thawing Meat products 35–40 >1.67 Sanders 1966 
Pasteurization Cured hams 60 c. 80 Bengtsson et al. 1970 
Pasteurization Meats 9 c. 80 Pircon et al. 1953 
Sterilization Scrambled eggs 27.12 121.1 Luechapattanaporn et al. 2005 
Sterilization Whey protein gel, macaroni 27.12 121.1 Wang et al. 2003 

noodles, cheese sauce 
Cooking Beef muscle 27.12 73 Brunton et al. 2005 

with microwaves having higher frequency than radio 
waves. Since these waves lie in the radar range and can 
interfere with communication systems, only selected fre
quencies are permitted for domestic, industrial, scientific 
and medical applications including 13.56, 27.12 and 
40.68 MHz. Radio-frequency heating occurs when a prod
uct is placed into an alternating-current electric field, 
initiating volumetric heating due to frictional interaction 
between molecules. An AC field can lead to different 
phenomenon in the product such as ionic depolarization 
and dipole rotation, the former being the dominant heating 
mechanism at the lower frequencies of the RF range 
(Ohlsson 1983). The applications of RF heating have 
been studied less than microwave heating, but extensive 
reviews are available in the literature (Zhao et al. 2000; 
Piyasena et al. 2003; Marra et al. 2009). RF heating has 
shown promising results for the thawing, cooking, roasting, 
pasteurization, baking and post-baking drying application 
in various food products. Table 40.2 lists some applications 
of radio-frequency heating for a range of food products. 

40.7.2 Microwave Heating 

Microwaves are electromagnetic waves with a frequency 
range of 300 MHz to 300 GHz. Domestic microwave appli
ances generally operate at 2.45 GHz, while industrial sys
tems mostly operate at 915 MHz and 2.45 GHz. Microwave 
heating is mainly based on the dipolar and ionic movements 
under the influence of electric field. Water is the most 
common constituent of natural food products and it is 
dipolar in nature; when an electric field is applied, it tries 
to align itself accordingly. Due to the high frequency of the 
electric field, this realignment occurs at a million times per 
second and causes internal friction of molecules, resulting 
in significant heating of the product. Datta & Davidson 
(2000) proposed that oscillatory migration of ions in the 

food under the influence of oscillating electric field may 
also contribute to the generated heat. 
Microwave heating has vast applications in the field of 

food processing such as cooking, drying, pasteurization and 
preservation of food materials. Various applications of 
microwave-assisted techniques have been studied and 
reviewed (e.g. Mudgett & Schwartzberg 1982; Datta & 
Davidson 2000; Venkatesh & Raghavan 2004; Chandra
sekaran et al. 2013). 
Microwave heating has been studied for various food 

products such as bread baking, rice, spaghetti, chickpea, 
potatoes, tuna, bacon and egg products. For some products 
such as bread baking, microwave heating has demonstrated 
some critical limitations in terms of product quality, while 
for some products like cooking of rice it was found to be 
less energy efficient than conventional techniques. For 
other products such as chickpea, it has shown better 
nutritional profile and reduction of antinutritional factors. 
Microwave drying combined with other drying methods 

has demonstrated better drying efficiency and food quality 
than either microwave drying alone or other conventional 
methods alone. Microwave-assisted air-, vacuum- and 
freeze-drying have shown much potential for various fruit 
and vegetable produce. Microwave-assisted pasteurization 
and sterilization have also been reviewed for fluid food 
products such as fruit juices and milk (Salazar-González 
et al. 2012) and many other solid food products. More 
studies are required before microwave sterilization can be 
utilized at large commercial scales as a standalone 
technology. 

40.7.3 Infrared Heating 

Infrared rays are the part of electromagnetic wave spectrum 
in the wavelength range of 0.7–1000 μm. Infrared rays 
are classified into three regions: near-infrared (0.7–2 μm); 
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mid-infrared (2–4 μm); and far-infrared (4–1000 μm). In 
general, far-infrared waves are the most commonly used in 
food processing, but near-infrared waves have also been 
studied extensively. Infrared rays give up energy to heat 
materials when absorbed. Infrared rays are absorbed by 
various chemical groups present in food products such as: 
hydroxyl groups (2.7–3.3 μm) in water; polysaccharides, 
carbon-carbon double bonds (4.4–4.7 μm) in unsaturated 
lipids; ester (5.71–5.76 μm) and amide bonds (5.92 μm) in 
lipids and proteins; and aliphatic C–H (3.2–3.7 μm) and 
N–H (2.8–3.3 μm) bonds in lipids, proteins and polysac
charides (Rosenthal 1992). 

Infrared heating is used for various kinds of food proc
essing application due to its high heat transfer capacity, 
high heating rate, better thermal efficiency, fast process 
control, no heating of surrounding air and possibility of 
selective heating. Application of infrared heating in foods 
has been reviewed by various researchers (e.g. Rosenthal 
1992; Sakai & Hanzawa 1994; Krishnamurthy et al. 2008). 
Most studied applications of infrared heating include dry
ing, dehydration, baking, roasting, blanching, pasteuriza
tion and sterilization of food products. Infrared heating 
offers various advantages over conventional heating tech
niques and has huge potential for future. More advances in 
the area of selective heating, combination with conven
tional technologies and the development of mathematical 
models will further facilitate its application. 

40.7.4 Ohmic Heating 

Ohm’s law was written by Georg Simon Ohm in 1827. 
However, it was not until 1841 when James Prescott Joule 
showed that electricity passing through a conductor gener
ates heat that the Joule heating effect or Ohmic heating was 
recorded. Ohmic heating did not attract the focused atten
tion of researchers in food processing applications for more 
than a century that, when electricity passes through a 
conductor, the flowing charges result in agitation of mol
ecules, increasing its temperature. In the case of metals it is 
the movement of electrons, while for food products the 
charges are usually ions or other charged molecules such as 
proteins. The suitability of food products for Ohmic heating 
depends on its non-zero electrical conductivity. Being an 
internal heating process, the heating rate depends directly 
on the electrical conductivity of the food product. In both 
liquid and solid phase, the temperature distributions are 
relatively uniform. This is one of the fascinating features of 
Ohmic heating, making it ideal for the processing of 
particulate food products. 

In Ohmic heating, the heating rate mainly depends on the 
physical properties and electrical conductivity of the food 

product. It is also interesting to note that the effective 
electrical conductivity depends on the temperature, fre
quency and composition of the product. In most cases, 
the electrical conductivity of foods increases linearly with 
temperature except food components such as starch, which 
undergo phase transitions or significant structural changes 
during the heating process. The electrical conductivity of 
the food product can be tailored up to a certain extent for 
Ohmic heating at a given electrical conductivity range. The 
conductivity may be increased by the addition of ionic or 
polar components such as salts, acids or decreased by the 
addition of non-polar components such as lipids. The 
electrical conductivity of foods also varies linearly with 
temperature, except for food components which undergo 
phase transitions or significant structural changes during the 
heating process. 
Ohmic heating is still in its infancy in the food processing 

segment, but applications of Ohmic heating in food proc
essing have been reviewed by various researchers (Stirling 
1987; Sastry & Barach 2000; Knirsch et al. 2010). Ohmic 
heating has shown good potential for blanching, evapora
tion, dehydration, fermentation, extraction, sterilization and 
pasteurization of food products. The effects of applied 
electric current and frequency during Ohmic heating on 
different food products, target microbial inactivation and 
overall quality of produce require more study however. 
Further studies on topics such as cold-spot identification, 
measuring probes and devices and mathematical models 
for simulating and predicting Ohmic heating will be 
required before this technique can be utilized at its full 
potential. 

40.8 Future Trends 

Thermal processing of food products has been in use for 
more than two centuries, and it is likely to remain at the top 
of food processing techniques for the foreseeable future due 
to its convenience, long shelf life of the product, consumer 
acceptance and economic benefits. The growth in the field 
of canning is now more focused on the development of 
more efficient and intelligent on-line control systems. 
Development in computer simulations and mathematical 
modelling will continue to overcome the limitations in the 
current systems and extend these to more diverse food 
products and packaging designs. Although novel thermal 
technologies promise a great future, further research is 
still required in many areas such as scale-up, machinery, 
control systems and modelling before they can be adopted 
as processing technology for a wide variety of food 
products. 
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Beer production, 637 
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bioactive compounds profit from, 314 
microcapsules, spheres, complexes and beads used in, 315 
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dispersal mechanism, 466 
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food, 3 
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Biofuel, 5, 76, 77, 145, 223, 253, 395, 397, 419, 449 
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Chromatographic analysis, 642 
Chymosin, 116, 173 

for cheese production, 306–307 

Chymotrypsin, 116, 139, 192, 194, 195, 216 
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Cisgenesis, 35, 71, 86 
Citral, 641 
Citrate, 19, 21, 230, 263, 265–266, 513, 514, 629 
Citric acid, 40, 196, 199, 231, 406, 444, 658 
Citrullus vulgaris, 653 
Citrus oils, 173 
13C labelling experiments, 228 
Cladosporium cladosporiodes, 114 
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CNT-coated polyurethane, 451 
Coacervation, 316, 320, 609, 639, 644 
Coaxial electrospinning, 613 
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Controlled-release techniques, 593 
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methylation/demethylation, 7
 
microarrays, 227, 474, 475
 
polymerase, 475
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D-limonene, 431, 647
 
DNA barcoding, 37–38, 45, 48
 

barcode sequences, 49
 
based on combination of factors, 51
 
case of plant raw materials, 49
 
coordinated by iBOL, 38
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yeast-based microencapsulation, 663–664
 

commercial products, 661
 
functional food products, production of, 659
 
ice cream, 660
 
vitamins, biotechnological production of, 656
 
yogurt, 659–660
 

Encapsulated cell technology. See Encapsulation technology
 
Encapsulation technology, 315–316, 635, 638. See also
 

Microencapsulation; Nanencapsulation
 
applications, 320
 
cider fermentation, 654
 
dairy fermentation, 654–655
 
efficiency, water-soluble molecules, 664
 
encapsulated grape seed extract, anti-oxidant activity, 661
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nanoencapsulation, 319–320
 
polymers for encapsulation, 316
 
using Maillard reaction, 320
 
of vitamin C, 323
 
in vivo bioactive compound, 637–641
 
wine fermentation, 651–653
 

fruit wine production, 653
 
sparkling wine production, 652–653
 
sweet wine production, 652
 

Endogenous lipase inhibitors, 200
 
Endothia parasitica, 116, 173
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Food-borne pathogens, 44, 458–459, 471, 484, 505, 512
 
analysis, use of microarray technology, 474
 
criteria to consider molecular method, 486
 
factors influencing, 507
 
molecular detection and identification
 

DNA microarrays, 474–475
 
fluorescent in situ hybridization (FISH), 473
 
nucleic acid hybridization, 472–473
 
peptide nucleic acid (PNA)-FISH, 473–474
 

molecular typing techniques
 
DNA sequencing-based typing methods, 486
 
PCR-based typing methods, 484–486
 
restriction enzyme analysis (REA), 484
 
ribotyping, 483–484
 

non-nucleic acid-based methods, 482
 
omics technologies, 472
 
polymerase chain reaction (PCR), 475
 

loop-mediated isothermal amplification (LAMP), 479
 
multiplex, 479
 
nested, 476
 
real-time, 477
 
reverse-transcriptase PCR (RT-PCR), 478
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Food preservation, 41, 65, 79–80, 327, 499, 500, 508, 519, 619
 
Food processing equipment, sanitation of, 464
 
Food production, 9, 39, 44, 61, 72, 73, 308, 595, 609, 649
 
Food products, thermal processing of, 691
 
Food protein allergy, reduction of, 215–216
 
Food quality, 37, 191, 499, 511, 636, 690
 
Food-related microorganisms
 

molecular identification, 44
 
Food security, 71, 73, 79, 416, 421
 
Foods, for special dietary uses, 134
 
Food spoilage, 43, 516
 
Food supplementation, 3
 

iron, 235
 
Food supply chain, 415, 416, 419
 
Food traceability, 38, 87
 
Food traceability and measurement uncertainty, 94
 
Food usage, for enzyme inhibitors, 198
 
Food waste (FW), cascaded valorization
 

biomass, characterization of, 428–430 
biorefinery
 
flowchart, 428
 
processes of, 427
 
using bioconversions, 427
 

carotenoids, 428
 
dairy processing industry, 436
 
enzyme technology, bioconversions of, 431–433
 

fermentation technology, bioconversions of, 433–434
 
flowchart of, 428
 
food sectors, valorization bioconversion processes, 429
 
glucosinolates, 429
 
high-performance liquid chromatography (HPLC), 429
 
high-value compounds, extraction of, 430–431
 
microbial conversions, 433
 
microbial fuel cells (MFC), 435
 
electricity generation, 434–436
 

photodiode array (PDA), 430
 
protein sources, 431
 
recycling techniques, 427
 
secondary plant metabolites (SPM), 428
 
sulphonated compounds, 429
 
tomorrow’s raw materials, 427
 
ultra-high-performance liquid chromatography (UHPLC)
 

packing, 429
 
valorization bioconversion processes, 429
 

Food wastes, 78–80, 415, 416
 
biorefinery, 427
 
current/emerging valorization strategies
 
biogasproduction,anaerobicdigestion(AD)processfor, 419–420
 
biohydrogen/biohythane production, 420–421
 
first-generation valorization options, 419
 
second-generation valorization, 421
 

in food supply chain, 416
 
occurrence/characteristics, 417
 
agro-industrial byproducts, categories/scales, 417
 
byproducts, categories/scales of, 417
 
handling and potential valorization strategies, 418–419
 
key food waste components, 418
 
material characteristics and key constituents, 418–419
 

post-consumer, 80, 416
 
using enzyme technology
 
bioconversions of, 431–433
 

using fermentation technology
 
bioconversions of, 433–434
 

utilization of, 419
 
valorization, sustainability dimensions, 416
 

Food yeast, 305–306
 
Formic acid, 238, 263, 608, 612
 
Fortification programs, 3
 
Fracturation, 613
 
Free-cell fermentation processes, 657
 
Frozen cranberry juice, 660
 
Frozen dairy desserts, 595
 
Fructofuranosidases enzymes
 

mechanism of action, 384
 
Fructoologosaccharides (FOS), 383
 
1–3 Fructose, fructooligosaccharides (FOS), 383
 
Fructose-6-phosphate (F6P), 237
 
Fructosyltransferases
 

mechanism of action, 383
 
sugars, from sucrose, 383
 

Fruit juice processing, 177
 
Fruit-pectin edible film production
 

by casting method, 501
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Fruits processing wastes, for fungal production
 
agro-industrial residues, 443
 
cellulose, hemicellulose and pectin, 444, 445
 
cell walls of grape pomace, 444
 
enzyme immobilization strategies, 450–451
 
fungi possess hydrolytic enzymes, 445
 
grape pomace, 444, 445
 
hemicellulose, 445
 
hydrolytic enzymes production, 445–447
 
hydrolytic multi-enzyme complexes, 449–450
 
solid-state fermentation (SSF), 443
 

agro-industrial residues, 444
 
filamentous fungi, 444
 

SSF processes in bioreactors, 447–449
 
substrates for SSF, 443–444
 

F-specific RNA (FRNA) bacteriophages, 529, 532
 
FTA 

 

filtration, 487
 
Functional foods, 313
 

basic conditions ot meet, 42–43
 
to improve quality of, 42
 
probiotics, prebiotics and synbiotics, 42
 

Functionalization, 42–43
 
Fungal pectinases, 449
 
Furfural, 19, 246
 
Fusarium oxysporium, 386
 
Fusarium oxysporum, 114, 402
 
Fusarium sporotrichioides, 657
 
Fusarium venenatum, 179
 

G
 
Galactohydrolases EC3.2.1.23, 384
 
Galactooligosaccharides, 118, 383, 385, 387, 597
 
β-Galactosidases, 115, 117, 120, 597
 

microorganisms producing, 118
 
Gallic-acid-loaded zein fibres, 609
 
Gamma-linolenic acid (GLA), 369
 
Gas chromatography (GC), 62, 387, 430, 482
 
Gas chromatography (GC-MS), 14, 62, 65
 

analysis of plant extract, 14
 
data processing, 19
 
limitations, 14
 
for metabolomics analyses, 14
 

Gelatins, 644
 
Gelation, 212–213
 
Gel chromatography, 387
 
Gelling agent, 430
 
Gene alteration, 65
 
Gene products, 13
 
Generally recognized as safe (GRAS), 264, 384, 566
 

additives, 598
 
materials, 642
 
probiotics, 466
 

Genes, associated with maltose and sucrose metabolism, 234
 
Genes encoding, central metabolic pathway enzymes, 229–230
 
Gene-specific CpG island (CGI) methylation, 8
 
Genetically modified (GM) crops, 9, 17
 

commercial cultivation, 27
 

-derived foods
 
Codex standards, 28
 
environmental safety assessment, 28
 
molecular characterization of inserted genetic material, 28
 
safety assessment of, 28
 

development of additional tools and criteria to assess 
Codex alimentarius 2008, recommendations, 35–36
 

molecular characterization of, 29
 
safety assessment, 27
 
safety evaluation of, 17–18
 
vs. non-GM counterpart
 

comparative analysis, issues encountered during, 29
 
Genetically modified microorganism (GMM), 271
 
Genetically modified organisms (GMO), 65–66, 71
 
contamination, 66, 93
 

drawbacks of, 66
 
-derived materials, 92–93
 
levels of, 66
 
determination of, 66
 
exploitation, and major concerns, 271
 
global overview of regulations, 271–272
 
LC-MS approach for detection of, 66
 
legislation, 65–66
 
material, assessed by, 66
 
protein detection, 66
 

Genetically modified plants, 5, 71
 
Genetic diseases, 8
 
Genetic engineering, 223
 
tools, 225
 

Genetic linkage maps, 17
 
Genetic modification, 223, 257
 
Genistein, 8
 
Genome editing, 7
 
Genomics, 44
 
-assisted breeding, 8
 

Gentiooligosaccharides, 388
 
Geobacillus thermodenitrificans, 195
 
Geotrichum candidum, 114, 181, 433
 
Gibberella fujikuroi, 657
 
Ginger essential oil, 642
 
Gliadins, 135
 
β-Glucan, 16
 
Glucanases, 171
 
Glucoamylases, 121, 166
 
co-encapsulation of, 662
 

Gluconobacter oxydans, 388, 656
 
Glucooligosaccharides (GlcOS), 388
 
Glucose, 21
 
response, 139
 

depending on food matrices, 140
 
and polysaccharides, 139–140
 

Glucose isomerase, 112, 114
 
Glucose oxidase (EC1.1.3.4), 118, 136
 
Glucose-1-P (G1P), 237
 
Glucose-6-phosphate (G6P), 237
 
Glutamate, 193
 
Glutamate dehydrogenase (GDH), 115, 266
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Glutamic acid, 303
 
Glutaraldehyde, 154, 157, 212, 327, 328, 432, 464, 637, 659
 
L-Glutathione, 22
 
Gluten, 5
 

-associated disorders, 136
 
enzymatic modification of, 137
 
-free bread production, application of sourdough for, 282–283
 
-free diet, 123, 136
 
-free formulations, 137
 
-free products, 134
 
hydrolysis of, 137–138
 
proteins, 135, 136
 
transamidation, 138–139
 
transpeptidation, 138–139
 

Glutenins, 135
 
Glycaemic control, 139
 
Glycerides, 175, 316, 645
 
Glycerol, 20–22, 292, 502
 
Glycoalkaloids, 194
 
Glycolytic pathway, 230
 
Glycomacropeptides, 423
 
Glycoprotein, 195
 
Glycosidases, 385, 386
 
Glycoside hydrolases, 166, 383, 385
 

arabinofuranosidase, 171–172
 
cellulases, 171
 
enzymes hydrolysing starch, 166, 171
 
naringinase, 172–173
 
xylanase, 172
 

Glycosyltransferase, 386
 
Gly-Gly bond, 520
 
GMO-free products, 27
 
Golden Rice, 4, 93
 
Gouy-Chapman layer, 544
 
Gram-positive bacteria, 263
 
GRAS. See Generally recognized as safe (GRAS)
 
GRASpolysaccharides, 645
 
Green fluorescent protein (GFP), 530
 
Green malt, 397
 
Green Revolution, 72, 81
 
Green tea polyphenol
 

epigallocatechin gallate (EGCG), 465
 
Green technologies, 41
 
Grey rot, 19
 
Gross domestic product (GDP), 72
 
Gut metabotypes, 340
 
Gut microbiome, diet influence on, 336
 
Gut microbiota, 335
 

H
 
Haemoglobin, 4
 
Haemolytic-uremic syndrome (HUS), 457
 
Halomonas boliviensis, 429, 433
 
Hand-held biosensor, 627
 
Hanseniaspora guilliermondii, 292
 
Hanseniaspora uvarum, 290, 291
 

Harmonization, 31
 
Health and functional foods, 313
 
Health-promoting components, 659
 
Heat distribution, 687
 
Heating sterilization, 511
 
Heat labile bioactive compounds, 623
 
Heat treatment processes, in food industry, 682
 
Helicobacter pylori, 461, 481
 
Hemicellulases, 107, 120, 234, 432
 

reaction type and classification, 107
 
Herbal flavours, 641
 
Hesperetin-loaded nanostructure lipid, 624
 
Hesperetin nanoencapsulation, 624
 
Hexafluoro-2-propanol (HFP), 608
 
Hexane, 430
 
Hexose transporter proteins, 234
 
Hibiscus anthocyanins, 639
 
Hierarchical cluster analysis (HCA), 19
 
High-density polyethylene (HDPE) films, 621
 
High fructose syrup (HFS), 114
 
High-performance liquid chromatography (HPLC), 16, 429, 482
 
High-resolution QTL mapping approaches, 256
 
‘High-throughput sequencing’ (HTS) technique, 50–51
 
Hi-maize starch, 661
 
Histone modification, 7, 8
 
HIV-1 protease inhibitors, 200
 
Hixson-Crowell equation, 602
 
1H NMR-based metabolomics approaches, 18–19
 
Holistic valorization schemes, 417
 
Hop-derived xanthohumol
 

fungal metabolites of, 403
 
Hordeum vulgare L. See Barley
 
HPLC-APCI-IT MS/MS, effective in, 67
 
HPLC-ESI-MS methods, 65
 
Human gut microbiota, 336
 

enterotypes ascribable to, 336
 
Human health, 3
 
Humicola lanuginosa, 181
 
‘Hybrid’ instruments, 62
 
Hybridization, 8, 308
 
Hydraulic retention time, 421
 
Hydrocolloids, 278
 
Hydrogenase, 420
 
Hydrogen peroxide, 41, 577
 
Hydrolases (EC3), 106
 

amylases (EC3.2.1.-), 106–108
 
cellulases/hemicelullases (EC3.2.1.4.-), 106
 
galactosidases (EC3.2.1.-), 108
 
lipases, 107
 
pectinase, 107, 110
 
peptidases and keratinases (EC3.4.-), 106
 

Hydrolysis, 107, 108, 117, 122, 215, 340, 395, 431, 659, 663
 
of gluten, 137–138
 
protein, 212
 

Hydrolytic enzymes, 449, 450
 
Hydrophilic interaction, 14
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Hydrophobic compounds, 623
 
Hydroxycinnamate decarboxylase (HCDC), 245, 292
 
Hydroxycinnamates, 339
 
Hydroxycinnamic acid, 401, 423
 
Hydroxyl ions, 13, 577
 
5-Hydroxymethylfurfural, 19
 
Hypoallergenic formulas, 215
 
Hypochloric acid, 578
 
Hypomethylation, 8
 
Hypoxanthine, 197
 

I
 
Ill-adapted feeding habits for infants, 73
 
Immiscible drops, 542
 
Immobilized amino acylase, applications of, 155–156
 
Immobilized cell technology, 637
 
Immobilized enzymes
 

in flavour industry, applications of, 158–159
 
in food industry, 153
 

commercialization and usage, 153
 
preparation, 450
 

Immobilized glucose isomerase, applications of, 156
 
Immobilized glucosidases enzymes, applications of, 156–158
 
Immobilized protease, applications of, 153–155
 
Immobilized technologies, advantages of, 659
 
Inadequate probe penetration, 474
 
Industrial strains, 223
 

genetic background of, 224
 
Inert anode, 585
 
Infrared heating, 690
 
Inorganic pyrophosphate (PPi), 481
 
5´-Inosine monoposhpate (5´-IMP), 405
 
Insect-resistant maize, 28
 
Insoluble dietary fibre (IDF), 401
 
Institute For Thermal Process Specialists (IFTPS), 687
 

temperature distribution studies, 687
 
Intensive bacteriocin production
 

optimized media for, 514
 
Interfacial tension, 543
 
International Barcode of Life Project (iBOL), 48
 
Interval extended canonical variate analysis (iECVA), 18–20
 
Intestinal microflora, 382
 
Intralytix’s ListShieldTM, 527
 
Introns, 29
 
Inulaeflos, 199
 
Inulin, 383, 385
 
Inverse metabolic engineering, 225
 
Invertase, 111, 114, 154, 157, 168, 432
 
Iodine, 73
 
Iodoacetate (IAA) inhibition, 193
 
Iron, 3–5
 
Iron ions, on cell viability, 579
 
Iron transport protein, 4
 
Irpex lactis, 173
 
Irrigation, 82–84
 
Isoamyl acetate, 20
 

Isoflavones, 339
 
Isomaltosaccharides (IMOS), 383
 
Isoprenoids, 235
 
Isothiocyanates, 8
 
Isotope dilution MS approach, 63
 
Issatchenkia terricola, 120, 244
 

J
 
Jetting, 554
 
Jurkat cells, 579
 

K
 
Kallikrein, 195
 
Kazal trypsin inhibitors, 195
 
Keratinases, 114
 
2-Keto-L-gulonic acid (2-KLG), 656
 
KHBS. See Potassium Hepes-buffered solution (KHBS)
 
Klenow fragment, of DNA polymerase I, 481
 
Kloeckera apiculata, 287, 289, 290, 296
 
Kluyveromycers lactis, 117, 432
 
Kluyveromyces fragilis, 432
 
Kluyveromyces marxianus, 113, 115, 167, 279, 399, 405
 
kojic acid (5-hydroxy-2-(hydroxymethyl)-gpyrone), 199
 
Korsmeyer constant, 602
 
Korsmeyer–Peppas equation, 603
 

L
 
Lab-on-a-chip technology, 541
 
Laccases, 176, 177
 
Lachancea thermotolerans, 287, 292
 
Lachancea (Kluyveromyces) thermotolerans, 289
 
Lactases, 117, 158
 
Lactate, 21, 181, 292, 433, 518
 
Lactate dehydrogenase (LDH), 236, 237
 
genes ldhD and ldhL, 237
 

Lactic acid, 19, 41, 236
 
biosynthesis, 658
 
fermentation, 279, 397
 

Lactic acid bacteria (LAB), 40, 41, 236, 263, 381, 512, 652
 
bacteriocin production, 519
 
carbohydrate catabolism of, 41
 
cell-free extract of, 665
 
characterized by, 263
 
classical selection and characterization, 268–270
 
culturing methodology and metabolic end-products, 513
 
in the dairy field/in fermented dairy products, 264
 
as dominant microbiota in dairy products, 265
 

acidifying starters, 265–266
 
aroma and ripening cultures, 266–267
 

Firmicutes and Actinobacteria, 263
 
as functional cultures, 267
 

antimicrobial properties/production of bacteriocins, 267
 
health-promoting cultures, 267–268
 

genomic and metagenomic selection, 270
 
good source of EPS, 237
 
industrially important, 263–264
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Lactic acid bacteria (LAB) (Continued) 
Lactobasillus plantarum, 402 
mannitol production in homofermentative, 237 
metabolic engineering, as ‘cell factories,’ 270–271 
produces folate and riboflavin, 237–238 
production of bacteriocin, 513 
proteolytic action of, 64 
requirements in terms of carbon and nitrogen sources, 264 
role in dairy products, 265 
role in the world food supply, 264 
selection and improvement, 268 
as sourdough starter cultures, 278–280 
suitable for use in food industries and metabolic 

engineering, 235 
traditional and DNA-based techniques for improvement 

of, 269 
utmost importance in defining the final products, 264 
in vitro media, 514 

Lactobacillus acidophilus, 43, 115, 137, 231, 280, 505, 602, 625, 
661, 663 

Lactobacillus casei, 231, 356, 514, 625, 654 
Lactobacillus gasseri, 271, 625 
Lactobacillus lactis, 112, 114 
Lactobacillus plantarum, 18, 114, 268, 401, 434, 461, 625 
Lactobacillus reuteri, 238, 267, 282, 381, 655, 660, 661 
Lactobacillus rhamnosus, 264, 345, 356, 433, 516, 662 
Lactococcus lactis, 113, 231, 264, 268, 655, 656 
Lactoferrin, 423 
Lactose yeast strains, used for, 386 
Lactulose, 383 
Lactusucrose, 383 
Lamination micromixer, 550, 551 
Lamp-post syndrome, 76 
land sharing versus land sparing, 77, 82, 94 
Langmuir model, 544 
Laplace pressure, 543 
Laribacter hongkongensis, 486 
LC-ESI-MS analysis of casein-derived tryptic peptides, 63 
LC stationary phase packing materials, 429 
ldh gene, 236, 237 
LDL-cholesterol, 405 
Lecithin, 502 
Lees, 246 
LentiKats

 

carrier, 650 
Leucine, 21 
Leuconostoc oenos, 654, 663 
Lignans, 339 
LINE-1 methylation, 8 
γ-Linolenic, 6 
Lipases, 107, 114, 117, 174, 176, 198, 235 

applications in the dairy industry, 117 
-catalysed transesterification, 107, 433 
in dairy industry, 175 
in hydrolysis and modification of milk and butter fats, 117 
inhibitor drugs, 191 
-producing fungi, 114 

production of enzyme-modified cheeses (EMC), 117 
reaction catalysed by, 108 

Lipids 
food-related encapsulation, 644 
materials, with biopolymers, 500 
metabolism, 405 
microencapsulation in food biotechnology, 596 
nanoparticles, 596 

Lipolytic enzymes, 182 
Lipomyces kononenkoae, 114 
Liposomes, 638, 645 

technology, 175 
Lipoxygenase, 198 
Liquid chromatography (LC-MS), 14, 62, 65, 387, 430 

configurations, 15 
in proteomics fields, 14 

Liquid–liquid systems 
solidification, 559 

Liquid-phase microfluidic devices, 542 
Listeria innocua, 532, 571 
Listeria monocytogenes, 457, 460, 461, 504, 506, 512, 516, 518, 

519, 527, 530, 532, 620 
Lithium, 74 
Lithography techniques, 559 
L-Lactic acid, 238 

production, 406 
Loop-mediated isothermal amplification (LAMP) assay, 477 
Low-glycaemic-index diet, 123 
Low-temperature fermentations, 21 
Lutein, 322, 640 
Lux genes 

bacteria via temperate phages, 529 
virulent phages, 528 

Lyases (EC4), 108–109 
Lycopenes, 323, 598, 640 
Lysine, 4 
Lysozyme (EC3.2.1.17), 118 

M 
Macro-fluid dynamics, 544 
Macrorestriction analysis, 484 
Malate, 21 
MALDI-MS analysis, 387 

proteins, 62 
MALDI-TOF- MS profiling, 67 
MALDI-TOF technique, 65 
Malic acid, 20, 21, 232, 290, 293, 294, 637 

consumption in fermentations, 654 
degradation, 651 

Malnutrition, 3, 72, 76 
Malo-lactic fermentation (MLF), 18, 21, 293 
Malonate, 193 
Maltodextrins, 282, 326, 388, 601, 642, 646, 661 
Malt wastes, 407 
Mammalian alpha-amylase, 139 
Management system, 61 
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Man De Rogosa medium (MRS), 512
 
Mango (Mangifera indica L.) wine, 653
 
Mannheimia succiniciproducens, 406
 
Mannitol, 224, 235, 237, 513
 
Mannitol dehydrogenase (MDH), 237
 
Mannitol-1-phosphate (Mtl1P), 237
 
Mannitol phosphate dehydrogenase (MPDH), 237
 
Marangoni flow, 543
 
Marangoni stress, 544
 
Marine microbial enzymes, 115–116
 
Marine microorganisms, 5
 
Mass analysers, application in proteomics, 62
 

Fourier-transform ion cyclotron resonance (FTICR), 62
 
ion trap (IT), 62
 
quadrupole (Q), 62
 
time-of-flight (TOF), 62
 

Mass spectrometry (MS), 14, 61, 63, 430, 482
 
for complex samples
 

advantages afforded, 61–62
 
EFSA guidelines, 63
 
essential components, 62
 
and food safety, 63–64
 
identification of species-specific peptide biomarkers, 64
 

Mathematical heat-transfer models, 689
 
Mathematical models, for enhanced enzyme production, 124
 
Matrix-assisted laser desorption/ionization (MALDI), 62, 63, 482
 

-MS provides advantages, 482
 
Matrix-associated laser desorption ionization-time of flight
 

(MALDI-TOF), 482
 
allow taxonomic classification, 65
 
MS analysis, 387
 

Mayonnaise, 660
 
Membrane-bound histidine kinase (HPK), 519
 
Membrane cascade filtration, 432
 
Membrane contactor-based method, 645
 
Membrane fluidization, 664
 
Messenger RNA (mRNA) molecules, 31
 
Metabolic conversion, 225
 
Metabolic engineering, 179–181, 223–225, 234
 

in fermentation-based food industries, applications of, 230
 
microbial strain improvement, 224–225
 
schematic diagram of different stages of, 226
 
stages and tools of, 225
 

Metabolic flux analysis (MFA), 228
 
Metabolic profiling, of crops, 17
 
Metabolites, 13, 16
 

primary, 18, 223
 
secondary, 18, 41, 223
 

Metabolomics, 13–15
 
analytical instrumentation used in, 14–15
 
and application in production of wine, 18
 
of cereals for food production, 16
 
experiments, in field of agricultural biotechnology, 15
 
HEALTHGRAIN project, 16
 
network investigations, 19
 
profiling of complete DH population, 17
 

targeted, 16
 
technologies, 14–15
 
untargeted, 16–17
 

Metagenomic screening, 181
 
Metallo-carboxypeptidase inhibitors, 195
 
Metalloproteinases, 214
 
Metallothionein (MT), 199
 
Methionine (Met), 267
 
4-Methylfurfural, 246
 
4-Methylguaiacol, 246
 
N-Methylnicotinic compounds, 21
 
5-Methyltetrahydrofolic acid (5-MTHF), 325
 
Metschnikowia pulcherrima, 249, 289, 292, 296, 304
 
MFC. See Microbial fuel cells (MFC)
 
Micelle, 173
 
Micreos’ LISTEXTM, 527
 
Microalgae, 5
 
-like protists, 5
 

Microbe- and animal-derived, polysaccharides, 648
 
Microbes food components, on heat resistance of, 685
 
Microbial aspartic proteinases, 116
 
Microbial enzymes, 106. See also Enzymes
 
action on non-flavonoid phenolics, 340
 
applied in beverage industry, 118–119
 
of industrial interest, 123–124
 

Microbial fuel cells (MFC), 434–436 
electricity generation, 434–436
 

Microbial load, in food product related to, 43
 
Microbial oils, 369
 
advantage, 376
 

Microbial peptidases, 121
 
Microbial polymers, 396, 407
 
Microbial production, of high-value food ingredients
 
amino acids, production of, 659
 
carotenoids, production of, 657
 
immobilized cell technology, 655–659
 
organic acids, production of, 657–658
 
vitamins, production of, 656
 

Microbial proteinases, 116
 
Microbial SCP production, 399
 
advantages of, 399
 

Microbial spoilage, 43
 
Microbial spores, 682
 
Microbial strain improvement, 224
 
metabolic engineering strategies for, 224–225
 

Microbial taxonomy, 44
 
Microbiological composition
 
of foodstuffs, 38–39 

Microbiological detection methods
 
DNA-based detection, 472
 
fluorescent in situ hybridization (FISH), 473
 
food-borne pathogens, 472
 
nucleic acid-based detection and characterization, 472
 
omics technologies, 471, 472
 
regulatory authorities and food companies, 471
 
RNA molecules, 472
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Microbiological issues, 65
 
Microbiome, 50
 
Microcapsule production, 547
 
Microchip capillary electrophoresis systems, 551
 
Microdrops, 546
 
Microencapsulated/immobilized enzymes, 597
 
Microencapsulated lipids, 596
 
Microencapsulation, 559, 596
 

by coacervation, 644
 
controlled-release techniques, 593
 
encapsulating agents, 599
 
in food biotechnology, 594
 
anti-oxidants, 596–597
 
dyes, 598
 
enzymes, 597–598
 
flavours, 595–596
 
lipids, 596
 
probiotics, 594–595
 
stabilizers, 598
 
vitamins, 597
 

in food biotechnology by spray-drying process, 593–603
 
percentage of microencapsulation/food, 594
 
techniques, 599–600
 

Microfluidic, 552
 
actuation method, 549
 
devices efficiency of mixing, 557
 
encapsulation techniques, 541
 
set-up with reagents, 548
 
systems, 546
 
multiple emulsions formed, 558
 

transducers, 551
 
Micro/nanofluidics applications, 545–547
 

food analysis/food processing, devices, 548
 
detection systems, 551–552
 
droplet/microcapsule generation, 552–559
 

focusing/co-flow-focusing, 554–557
 
size/mixing/shape control, 557–559
 
T-junctions, 553–554
 

micromixers, 549–551
 
micropumps, 548–549
 
microvalves, 551
 

food safety and analysis, 546
 
microencapsulation/food emulsions/active compounds
 

controlled release, 546–547
 
shell thickness/loading efficiency/release rate control, 547
 

overview of, 541–542
 
perspectives/challenges, 559
 
physical bases, 542
 
drops in microfluidic devices, 542–544
 
electrokinetics, 544
 
electro-osmosis effect, 544–545
 
electrophoresis, 545
 

Micronutrients, 3, 4, 73, 92, 94, 638, 656
 
Microorganisms, 223
 

to alter rawmaterials and final food products, 43
 
commonly used in food/beverages production, 44
 

in grapes and wines, emerging technologies for controlling, 295
 
identification, 44
 
at intestinal level act on metabolism of flavonoids, 341
 
producers of enzymes, 111–115
 
filamentous microorganisms, 112
 
GRAS (generally regarded as safe) status, 111
 
important groups of industrial microorganisms, for food
 

industry, 112
 
and their industrial applications, 113
 

relevance in wine production, 244–247
 
roles, involved in food manufacturing at industrial level, 39
 
stress tolerance of, 239
 
used for industrial purposes, 224
 
improvement of characteristics, 224
 

Micro-packaging technique, 607
 
MicroRNA expression, 8
 
Microwave heating, 690
 
Microwave (MW) plasma, 568
 
Microwave technology, 431
 
Milk proteins, 643
 
Mineral-enriched yeasts, 305–306
 
Minerals, 3, 31, 74, 247, 337, 395, 609, 638, 641
 
Minibarcodes approach, 50–51
 
Minimum food intake, 74
 
Mitochondrial DNA, 48
 
Mitsuokella multiacida, 383
 
Mixed sourdough starter cultures, 279–280
 
MLF. See Malo-lactic fermentation (MLF)
 
MLST. See Multi-locus sequence typing (MLST)
 
Modern’ agriculture, 74
 

BRICS, 74
 
Modern microfluidic systems
 

for biosensing, 546
 
Molasses, 234
 
Molecular approaches
 

to taxonomy demonstrating advantages, 44–45
 
Molecular farming, 6
 
Molecular weight cut-off (MWCO), 388
 
Montmorillonite (MMT), 619
 

nanoclays, 620
 
Mortierella mutabilis, 404
 
Mrakia frigida, 119
 
MS-based omics in food safety, 61
 

limitations, 68
 
Mucor miehei, 117, 176
 
Mucor racemosus, 115
 
Multi-enzyme complexes
 

fermentation, 449
 
Multi-locus sequence typing (MLST), 483, 486
 
Multiphase implementations, 542
 
Multi-species biofilms, 461
 
Multi-stage fixed bed tower (MFBT) bioreactor, 651
 
Multivariate analysis (MVA), 19
 
Multi-walled carbon nanotubes (MWNTs), 462, 629
 

nisin complex, 463
 
Mutagens, 223
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Mutant modulation, 8
 
MWNTs. See Multi-walled carbon nanotubes (MWNTs)
 
Myceliophthora thermophila, 450
 
Mycobacterium tuberculosis, 529, 534
 

N
 
NaCl solution, toxic effect, 579
 
NADH/NAD+ ratio, 236
 
NADH oxidase (NOX) gene, 236
 
Nanencapsulation techniques, 625
 
Nanobiosensors, food-relevant analytes, 625, 627, 629, 630
 

allergens, detection of, 628–629
 
contaminants, detection of, 628
 
food-borne pathogens, detection of, 626–628
 
food traceability, 629–630
 
nanotechnology applications
 

safety and regulatory aspects of, 630
 
shelf life, predicting, 629
 

Nanobiotechnology, in food industry
 
agri-food sector, 617
 
applications of nanotechnology, 618
 
nanoencapsulation methods, 623
 
nanoencapsulation techniques
 

application of, 623–625
 
nanomaterials uses, 618
 
overview of applications, 618
 
packaging of food products, 618–623
 

active packaging, 620–621
 
improved food packaging, 619–620
 
intelligent packaging, 622
 
nanocoatings, 622–623
 

Nanocomposite films, 620
 
Nanodevice fabrication techniques. See Micro/nanofluidics
 

applications
 
Nanoemulsions, 322, 506, 623
 

of vitamin E, 324
 
Nanoencapsulation, 609, 620, 623
 

of bioactive compounds, 327
 
Nanofibre encapsulation, 607, 610
 

applications of, 612
 
controlled release, 611–614
 
by electrospinning, 609–611
 
electrospinning set-up, 608
 
electrospun nanofibres, 609
 

-encapsulated ingredients, applications of, 611
 
encapsulation and microencapsulation, 607
 
proteins, 608
 

Nanofibres companies, producing commercially, 609
 
Nanofiltration (NF) membranes, 432
 
Nanomaterials 0-dimensional (0D), 617
 
Nano-packaging, 621
 
Nanoparticle-reinforced polymers, 619
 
Nanoprecipitation, 607, 623, 639, 640
 
Naringin, 172
 
Natural alcoholic fermentation, 296
 
Natural anti-oxidant hesperetin, 624
 

Natural enzyme inhibitors, 194, 195
 
isolation, 196
 
purification, 196
 

Natural foods, 65
 
colourants, 657
 

Naturally occurring inhibitors, of carbohydrases, 200
 
Navier–Stokes equations, 542
 
Near-infra-red (NIR) spectroscopy, 18
 
Neural tube defects (NTD), 324
 
New plant breeding techniques (NPBT), 71, 86, 87
 
‘Next-generation sequencing’ (NGS) technique, 50, 227
 
genetic characterization of yeasts with high resolution,
 

256
 
Nicotianamine synthase, 4
 
Nisin, 42
 
industrial isolation/purification methods, 515
 

Nisin controlled gene expression (NICE), 520
 
summary of system, 520
 

Nitrogenase, 420
 
Nitrosoguanidine, 223
 
NMR-based metabolomics
 
coupled with multivariate statistical analysis, 20
 

NMR spectroscopy, 14, 15, 18, 19, 21, 22, 67, 430, 612
 
in metabolomics, advantage, 15
 

Non-adhesive ‘slippery’ surface, 463
 
Non-competitive inhibitor, 197
 
Non-digestible polysaccharides, 423
 
Non-flavonoid phenolics, 339
 
Non-GMO yeasts
 
production, 253
 

genetic metabolic engineering, 254
 
inverse metabolic engineering, 254
 
recombinant DNA technology, 253–254
 
synthetic biology, 254
 

selection, 251
 
cytoduction, 252–253
 
direct evolution, 253
 
direct mating, 251–252
 
genome shuffling, 252
 
mass mating, 252
 
mutagenesis, 253
 
protoplast fusion, 252
 
rare mating, 252
 

Non-inert metal electrode, 582
 
Non-persistent strains, 460
 
Non-Saccharomyces yeasts
 
biogenic amine production by S. cerevisiae and, 296
 
for commercial use, 288
 
development of populations in mixed/sequential
 

fermentations, 294
 
formation of toxic molecules, 294
 
on grapes and in wines, 289
 
potential applications, in red and white winemaking, 291
 
selection of, 287
 
systems biology and metabolomics in the selection, for wine
 

production, 295
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Non-thermal food preservation
 
antimicrobial food packaging, nanotechnology for, 506
 
food-borne pathogens, controlling, 504–506
 
food packaging
 
antimicrobial, 499
 
casting method, 501–502
 
extrusion, 502–504
 
materials, 499
 
polymeric matrixes/methods, 500–504
 
structuring biobased materials, 500
 

overview of, 499–500 
safety issues, 506–508
 

Non-thermal pasteurization, 576
 
Non-thermal plasma (NTP)
 

atmospheric-pressure, 565
 
bacterial cell wall, 568, 569
 
cherry tomatoes, 569
 
emission spectrum of, 567
 
fundamentals, 566
 
plasma–microbiological interactions, 568–569
 
plasma physics/chemistry, 566–567
 
plasma sources, 567–568
 

in-package atmospheric pressure 
feasibility of applying, 571
 

plasma discharges for food processing, 571
 
processing, challenges, 571
 

Non-traditional fining agents, and impact on wine attributes, 296
 
Nopaline synthase (NOS) gene, 630
 
Norovirus, 530, 532
 
Northern blotting, 30
 
Nostoc muscorum, 407
 
Novel nanoparticle-based biosensors, 626
 
Novel sourdough starter cultures, 280–281
 
Nucleic-acid sequence-based amplification (NASBA), 474
 
Nucleotide substitutions, 7
 
Nutraceutical, 216, 313, 314, 403, 639
 
Nutrient deficiencies, 3
 
Nutritional
 

assessment, 34
 
enhanced crops
 
feed crops, 6
 
regulation, 9
 

enhanced plants, 7
 
imbalances, 34
 
modifications, 34
 
status, 73
 
traits, 8
 
value, influence on, 278
 
value of crop, 34
 

O
 
Ochratoxin A (OTA), 245
 

levels, 294
 
Oenococcus oeni, 18, 21, 651
 
Oenology, 287
 
Ohmic heating, 691
 

Oil–bacteriocin combinations, 519
 
Oilcrops biofortified, 5
 
Oil-in-water emulsions, 624
 
Oilseed crops
 

VLC-PUFA biosynthetic pathway in, 5
 
Oilseed meal byproducts comprise proteins, 422
 
Oil-soluble vitamins, 641
 
Oil/water emulsions
 

with characteristic dimensions, flow-focusing device, 553
 
Oleic sunflower oil, 326
 
Oligogalacturonides, 385
 
Oligosaccharides, 62, 383
 

analysis of
 
gas chromatography (GC), 387
 
high-performance liquid chromatography (HPLC), 387
 
liquid chromatography mass spectrometry (LC-MS), 387
 
MALDI-TOF-MS analysis, 387
 
thin-layer chromatography (TLC), 386
 

approaches for purification
 
electrofiltration, 388
 
ethanol precipitation, 387
 
gel chromatography, 387
 
membrane-based techniques, 387–388
 
nanofiltration, 388
 
ultrafiltration, 388
 

biological properties of, 382
 
biotechnological production
 
beneficial effects, 381–382
 
cancer prevention/therapy, 382–383
 
cholesterol/triglycerides, decreased levels, 383
 
probiotic microorganisms, stimulating effect, 382
 

enzymes used for biosynthesis
 
glycosidases (GH), 385–386
 
glycosyltransferases (GTs), 386
 

lactose
 
yeast strains used for production, 386
 

novel oligosaccharides, trends in production, 388
 
gentiooligosaccharides (GeOS), 388
 
glucooligosaccharides (GluOS), 388
 

prebiotic oligosaccharides, microbial production of, 386
 
types of
 
fructooligosaccharides (FOS), 383
 

β-fructofuranosidases (FFases), 384
 
fructosyltransferases (FTases), 383, 384
 

galactooligosaccharides (GOS), 384
 
β-galactosidases, 384
 

inulinases, 385
 
inulins, 385
 
isomaltooligosaccharides (IMOS), 385
 

α-amylases, 385
 
α-glucosidases, 385
 

pectic oligosaccharides (POS), 385
 
xylooligosaccharides (XOS), 384–385
 

xylanase enzymes, 385
 
Olive mill wastewaters, 423
 
Omega-3-fatty acids, 5, 6, 325
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Omega-3 VLC-PUFAs, 5 Pectinolytic enzymes, of bacterial origin, 119 
‘Omics’ techniques, 35, 61 Pectin pectylhydrolase, 109 
One-dimensional (1D) and twodimensional (2D) NMR Pectins, 324 

approaches, 20 plant-derived molecules, 647 
One factor at a time (OFAT), 513 Pediocin-AcH-producing strain, 519 
On-line correction factors, 689 Pediococcus acidilactici, 506 
Opioid peptides, 217 Pediococcus cerevisiae, 280 
Optical emission spectroscopy (OES), 566 Pediococcus pentosaceus, 655 
Orbitrap technology, 62 PEF treatment technology, 585 
Oregano essential oils (OEO), 326 food processing, 578 
Organic acids, 41, 278 medium pH changes, 581 

microbial production of, 657 production of hydrogen peroxide, 583 
Organization for Economic Cooperation and Development treated fruit juices, 575 

(OECD), 28 Penicillium caseicolum, 214 
Organo-silanes, 649 Penicillium chrysogenum, 40, 173, 652 
Orthogonal partial least-squares discriminant analysis (OPLS- Penicillium citrinum, 169, 663 

DA), 19 Penicillium digitatum, 569 
Oryzacystatin I/II, 195 Penicillium glaucum, 118 
Oxalate, 193 Penicillium notatum, 118 
Oxaloacetate, 193 Penicillium occitanis, 114 
Oxidation, of carbohydrates, 41 Penicillium oxalicum, 116 
β-Oxidation pathway, 176 Penicillium purpurogenum, 171 
Oxidoreductase, 176 Penicillium roqueforti, 114, 115 
N-(3-Oxohexanoyl)-L-homoserine lactone (OHHL), 531, 535 Pepsin, 105 
Oxygen Peptidases, 114, 123 

electrical discharge, 566 Peptide nucleic acid (PNA), 473 
radical absorbance capacity assay, 585 Peptide nucleic acid (PNA)-FISH analysis, 462 
wine, impact of, 18 PET (polyethylene terephthalate), 681 

pfkA gene, 235 
P Phage-based assays, 534 
pABA genes, 271 applications of, 535 
Packaging materials, 681 Phage–biofilm interactions, 465 
Packaging systems, 42 Phages role, in food-borne pathogen detection 
Packed-bed column bioreactor, 447 detection methods, 527 
Packed-bed reactor, 651 indicator phage systems, 529 
Papain, 105, 195 phage-based biosensors, 529 
Paracoccus zeaxanthinifaciens, 657 reporter phage systems, 527–529 
Paschen’s law, 566 overview of, 527 
Pasteurization, 41, 120, 295, 511, 517, 518, 576, 682, 690, 691 phage-based assays 

use of microbial antagonistic molecules produced by, 42 Escherichia coli O157, 530 
Pathogenic bacteria, biofilm-associated protection of, 460 bioluminescence, 531 
Pathogenic microorganisms, 61 fluorescence, 530–531 

analysis of, 65 listeria monocytogenes, 531–532 
and food spoilage, 43 (See also Food spoilage) fluorescence, 532 

P. auruginosa biofilms, 461 untagged phages, 532 
PBS-based Amplex Red solution, 583 norovirus, 532–533 
PCR-amplified 16S rRNA gene, 45 phage-based detection 
PCR-based approaches, 45, 474 advantages/drawbacks of, 533–534 
Pd values break-down potentials, 566 future of, 534–535 
Peclet numbers, 542 surface plasmon resonance (SPR), 533 
Pectic oligosaccharides (POS), 385 Phase inversion temperature (PIT) method, 645 
Pectin, 119 PHB production 
Pectinases, 107, 110, 114, 119–121, 173 municipal and aquacultural discharges, 407 

classification, 110 Phenogenotypes, with favourable epigenetic states, 8 
produced by, 114 Phenol, 176 
reaction catalysed by, 109 Phenolics, 16, 21, 639 
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Phenotype characterization, 226–227
 
continuous mode of fermentation, 227
 
host organism/other factors associated with formation of final
 

products, 227
 
host provide, an optimum intracellular environment, 226
 
with small-scale fermentation, 227
 

Phenotypic characteristic, 254
 
Phenotypic screening, 256
 
Phenylalanine, 21
 
L-Phenylalanine, 238, 239
 
2-Phenylethanol, 20
 
Phenylpropanoids, 17
 
Phosphofructokinase (PFK), 236
 
Phospholipases, 174, 176
 
Phospholipids, 645
 
Photobacterium phosphoreum, 571
 
Photodiode array (PDA), 430
 
pH-sensitive compounds, 594
 
pH-stat in vitro digestion model, 640
 
Physiological factors, 353
 

acid pH, 353–354
 
bile, 354
 
intestinal enzymes, 354
 

Phytase, 4
 
Phytases, 122
 
Phytoglycogen (PG)-based nanoparticles, 620
 
Phytonutrient biosynthetic pathways, 8
 
Phytonutrients, 8
 
Phytophthora parasitica, 386
 
Pichia (hansenula) anomala, 287
 
Pichia gillermondii, 287
 
Pichia guillermondii, 292
 
Pichia kluyveri, 386
 
Pichia pastoris, 174–176
 
Pichia stipitis, 399
 
Pigments, 321–322
 
PLA films, 611
 
Plant-derived agro-wastes, 417
 
Plant-derived enzymes, 105
 
Plant–environment interactions, 17
 
Plant-made vaccines, 6
 
Plant polyphenols, controlled release, 608
 
Plant proteinases, 116
 
Plant virus expression vector systems, 7
 
Plasma jet, for antimicrobial treatment
 

typical experimental set-up of, 568
 
Plasmid, 29, 30, 253, 529
 
Plasmolysis, 663, 665
 
PLGA-PEG nanoparticles, 547
 
Plodia interpunctella, 570
 
Poisson–Boltzmann equation, 545
 
Poisson relationship, 545
 
Polar amino acids, 14
 
Polyamide 6, 620
 
Polycarboxylic acids, 196
 
Polydextrose, 646
 

Polydimethylsiloxane (PDMS) microfluidic device, 559
 
Poly ε-caprolacton (PCL), 608
 
Polyethersulphone (PES), 388
 
Poly(ethylene glycol) (PEG), 462
 
Polyethyleneoxide (PEO), 608
 
Polyglycolic acid (PGA), 608
 
Polylactic acid (PLA), 608
 

biocomposites, 620
 
Poly(l-Arginine)/multi-walled carbon nanotubes (P-l-Arg/
 

MWCNTs), 629
 
Polymerase chain reaction (PCR), 37, 475, 476
 

amplicon, 478
 
end-point, 475
 
multiplex, 479–481
 
nested, 477
 
real-time, 476–478
 
reverse-transcriptase, 478
 

Polymeric delivery systems, 641
 
Poly-N-isopropyl acrylamide (poly NIPAM), 147
 
Polyphenol compounds, 21
 
Polyphenol metabolites, 341
 
Polyphenoloxidase, 579
 
Polyphenols, 8, 21, 337, 340, 398, 401
 

action against pathogen strains, 342
 
action on probiotics, 341
 
common dietary sources of, 337
 
fate of glycosides, aglycones and, 343
 
influence of phenolic compounds on microbiota
 

composition, 343–344
 
metabolism and catabolism, during and after digestion, 342
 

Polysaccharides, 139, 292, 647
 
and glucose response, 139
 
hydrolysis, 139–140
 
marine, 647
 
nzymatic modification, 140
 
and protein interactions, 643
 

Polyunsaturated fatty acids (PUFAs), 369, 406, 422, 640
 
Polyurethane, 451, 658
 
Polyvinylacetate (PVA), 608
 
Polyvinyl alcohol (PVA), 327, 625
 
Polyvinylpyrrolidone (PVP), 649
 
Pomegranate, anti-oxidant, 596
 
Pomegranate peel phenolics, 596
 
Pomegranate wine production, 653
 
Population growth and food need
 

increase in cultivated surfaces, 80–81
 
increase in output, 81–82
 
losses by the consumers, 80
 
losses in food industries and distribution companies, 79–80
 
losses in production and storage, 79
 
proposed solutions, 76–78
 
reduction of losses along supply chains, 78–79
 
relationship, 74–76
 
traditional alternatives to an increase in output, 84–85
 

Positive-ion-mode high-resolution ESI-FTICR (or Orbitrap)
MS, 67
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Post-consumer waste, 416
 
Post-source decay (PSD), 62
 
Potassium Hepes-buffered solution (KHBS), 582
 
Potato crystalline, and amorphous structure, 570
 
Potential allergenicity, of GM crop, 32–34
 

Codex alimentarius guidelines, 33–34
 
EFSA GMO Panel’s guidelines, 33–34
 
immunochemical techniques, 33
 
‘sliding window’ approach, 33
 
testing of newly expressed proteins, 33
 
in vitro protease resistance test, 33–34
 

Potentially changed toxicity, of GM crop, 31–32
 
Codex alimentarius guidelines, 32
 
EFSA guidelines, 32
 
in silico approach, 32
 
in vitro test, 31
 

Prebiotics, 42–43, 381
 
bacteria, 177
 
cultures, co-encapsulation of, 663
 
effect, 178
 
mechanism of action, 382
 
microorganisms, 595
 

Pressure-driven flows 
advantage of, 548
 

Pressure drop, 554
 
Probiotics, 42–43, 268, 280, 313, 351, 381, 636
 

action of polyphenols on, 341
 
food production, 648
 
mechanism of action, 382
 
microencapsulation in food biotechnology, 594–595
 
short-chain fatty acids (SCFA), 383
 
strains improvement, 351
 

factors affecting, 358
 
food design, 359–360
 
perspectives, 361–362
 
proposed workflow
 
for development of products with strains, 361
 

strain production, 357–358
 
strain selection, 354–355
 
stress adaptation, 355–357
 

Process analytical technology (PAT), 19
 
Procyanidins, 338–339
 
Production, and the trade of calories, 72
 
Product life cycle, 76
 
Product quality, improvement, 235
 
Proline, 18, 19, 21
 
Propanol-sodium chloride, 515
 
4-Propylguaiacol, 246
 
Prostacyclin, 197
 
Prostaglandins, 197
 
Protease A Amano 2G, 432
 
Protease inhibitors (PIs), 200
 
Proteases, 173, 207–209, 213, 214, 235
 

action or enzyme stability, overcome due to, 210
 
active sites and structure analysis, 208
 
alkaline microbial proteases, application of, 174
 

application in processes development at high temperatures, 211
 
chemical stabilization, 211
 
chymosin (rennin) and recombinant rennets for cheese
 

manufacture, 173–174
 
classical protein engineering, 211
 
classification and nomenclature, 209
 
enzyme immobilization, 212
 
as exopeptidases or endopeptidases, 208
 
in food processes, 214
 
hydrolytic processes, 210
 
laboratory evolution, 211
 
managing performance, 211–212
 
MEROPS databases, 209
 
microbial enzyme source variants, 211
 
source, most suitable, 210–211
 
specificity of, 208
 

hydrolysates, 209
 
provides information that lead to specific substrate, 209, 210
 
variants and, 209
 

subtilisin, engineered for, 211
 
thermostable enzymes, 211
 

Proteasome inhibitors, 195
 
Protected Denomination of Origin (PDO) products, 63, 64
 
Proteinase inhibitors, 195
 
Proteins, 13, 398
 
abundance, 225
 
activity, controlling, 225
 
engineering, 179, 181
 

strategies, 180
 
used to improve enzyme efficacy, 179
 

-enriched animal feeds, 400
 
functional properties of, 212
 
gel micro-entrapment, 660
 
hydrolysates, 207, 214, 215
 

using D3 protease, 213
 
hydrolysis, 212
 

wide-ranging applications, 208
 
polymerization, 136
 
and polyphenols concentrate, 430
 
solubility, 212
 

Proteobacteria, 636
 
Proteolitic tenderization, 214
 
Proteolysis, 63, 212, 213
 
Proteolytic fermentation process, 115
 
Proteolytic microbes, 115
 
Proteolytic processe, 207
 
Proteomics, 13
 
workflow to food analysis, 64
 

Proteotypic peptides, 63
 
Prunin, 172
 
Pseudomonas elodea, 648
 
Pseudomonas fluorescens, 179
 
Pseudomonas putida, 124
 
Pseudomonas solanacearum, 114
 
Pseudozyma tsukubaensis, 386
 
PubMed database, 145
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PUFAs. See Polyunsaturated fatty acids (PUFAs)
 
Pullulunase, 166
 
Pulsed electric fields (PEF), 575
 
Pulsed-field gel electrophoresis (PFGE), 483
 
Pumping, 548
 
Punica granatum L., 596
 
Pycnoporus cinnabarinus, 433
 
Pyranoanthocyanins, 287, 292, 293
 

during fermentation, 293
 
Pyrosequencing, 50, 481
 

advantages of, 482
 
four-enzymes technique, 481
 

Pyruvate, 21
 
Pyruvate decarboxylase (PDC) gene, 236
 
Pyruvic acid, 238–239
 

Q 
Quantitative trait loci (QTL), 16, 82–84 

mapping, 255
 
Quantum dots, 628
 
Quasi-neutral ionized gas, 566
 
Quasi-static model, 555
 

droplet break-up for liquid–liquid systems, 555
 
Quercetins, 8
 
Quorum sensing (QS), 465
 

autoinducers, 462
 

R
 
Radio-frequency heating, 690
 
Radio-frequency identification (RFID), 622
 
Raffinose, 18
 
Raftiline, 661
 
Raftilose, 661
 
Random amplified polymorphic DNA (RAPD), 483
 
Random mutagenesis, 223
 
Raphanussativus extract, 199
 
Rapidase Liq plus, 432
 
Rare earth element (REE), 74
 
Rastrelliger kanagurta, 174
 
Rat glioma C6 cells survival, 579
 
Rayleigh–Plateau instability, 556
 

physical mechanism, 556
 
Reactive oxygen species (ROS), 321, 353, 583
 

electric pulses, 579
 
formation, due to high-voltage treatment, 584
 

Ready-to-eat (RTE) market, 512
 
Real degree of fermentation (RDF), 649
 
Real-time data acquisition, 689
 
Real-time quantitative PCR (RT-qPCR), 532
 
RecA-mediated repair, 461
 
Receptor-binding proteins (RBPs), 530
 
Reciprocating pumps, 548
 
Recombinant bovine chymosin, 116
 
Recombinant deoxyribonucleic acid (rDNA), 165
 
Recombinant DNA technology, 224, 225
 
Recombinant gene technology, 165
 

Regioselectivity, 178
 
Rennets, 116
 
Rennin, 105
 
Resistance temperature detectors (RTD), 685
 
Resorcinols, 199
 
Resources, of planet, 74
 
Response surface methodology (RSM), 513
 
Restriction enzyme analysis (REA), 483, 484
 

food-borne pathogens, 485
 
microrestriction, 484
 

Restriction fragment length polymorphisms (RFLPs), 50, 483
 
Resveratrol, 8, 171
 
Resveratrol (3,5,4´-trihydroxystilbene), 638
 
Retorting
 

come-up time (CUT), 682
 
cooling time, 682
 
hold time, 682
 

Reversible inhibitors, 193
 
Revolution Fibres, 609
 
Reynolds number, 542, 545
 
RFLPs. See Restriction fragment length polymorphisms (RFLPs)
 
Rhamnogalacturonoligosaccharides (RhaGalAOS), 385
 
Rhamnose, 172
 
Rhamnosidase, 178
 
Rhizomucor miehei, 117, 169, 175
 
Rhizomucor pusillus, 117, 170, 173
 
Rhizopus arrhizus, 113, 114
 
Rhizopus nigricans, 404
 
Rhizopus oryzae, 114, 115
 
Rhodotorula minuta IFO879, 386
 
Riboflavin, 585
 
Ribotype polymorphisms, 483
 
Ribotyping, 483
 
Rice peak, and break-down viscosity, 570
 
Right to food, 73
 
Risk assessment, 9, 76, 78, 85–87
 
RNA interference (RNAi), 4, 35, 87
 

technology, 5
 
ROS. See Reactive oxygen species (ROS)
 
RR metabolites, 17
 

S
 
Saccharidases, for producing resistant starches, 140
 
Saccharomyces bayanus var. uvarum, 21
 
Saccharomyces boulardii, 43
 
Saccharomyces cariocanus, 243
 
Saccharomyces carlsbergensis, 40, 114
 
Saccharomyces cerevisiae, 20–21, 114, 117, 230, 279, 305, 386,
 

399, 433, 638, 653, 664
 
cell-wall composition, 292
 
encapsulation, 653
 
in calcium alginate beads, 652
 

Saccharomyces kudriavzevii, 21, 243
 
Saccharomyces mikatae, 243
 
Saccharomyces paradoxus, 243
 
Saccharomyces uvarum, 243
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Saccharomyces yeast, in non-food developments, 307
 
Saccharomycodes ludwigii, 290, 294
 
Safety assessment
 

in the era of genomics, 37
 
Sake yeast developments, 305
 
Salinity, 9
 
Salmonella culture method, 479
 
Salmonella enterica, 460, 506
 
Salmonella enteritidis, 571
 
Salmonella infantis, 627
 
Salmonella, on stainless steel material, 462
 
Salmonella typhimurium, 463, 533, 571, 620, 627
 
Sanger approach, 50, 227
 
Sanitizing, 569
 
Schizosaccharomyces pombe, 287, 290, 293
 

maloalcoholic fermentation, 293
 
SCO. See Single-cell oil (SCO)
 
Scopolia japonica, 195
 
Screen-printed carbon electrodes (SPCE), 628
 
Secondary plant metabolites (SPM)
 

bioactive SPM, 428
 
in biomass range, 429
 
high-value, natural compounds of, 428
 
quantitative determination, 428
 

Sedimentationmethod, bouyant density centrifugation, 487
 
Selaroides leptolepis, 217
 
Selection of reference studies
 

concerning the use of standardized molecular approaches, 46–47
 
Selective genotyping, 255
 
Selenium, 8
 
Sensitivity, 44
 
Sensory properties, 278
 
Sequencing technologies, 45
 
Sequential and mixed fermentations, 294
 
Serine hydroxymethyltransferase (SHMT), 236
 
Serine proteinase inhibitors, 195
 
Shepadex G-10, 387
 
Shepadex LH-20, 387
 
Shigatoxin-producing Escherichia coli (STEC), 531
 
Shiga toxin-(STEC), 44
 
Short-chain fatty acids (SCFA), 381, 383
 
Silanization
 

chemical cross-linking, 637
 
Silicon carbide cartridge (SCCR), 650
 
Simple sequence repeats (SSRs) approach, 48
 
Simpson’s rule, 688
 
Single-celled organisms, 6
 
Single-cell oil (SCO), 369
 

biochemistry, 370
 
commercial production
 

of ARA-rich, 373–374
 
of docosahexaenoic acid-rich, 374
 

commercial production of, 373
 
microorganisms producing, 370
 

genus Mortierella, 370–371
 
recovery and purification of PUFA from, 375
 

metabolic engineering of PUFA production, 376–377
 
microencapsulation of PUFA, 375–376
 
safety of PUFA consumption, 375
 

solid-state fermentation for production, 371–373
 
submerged fermentation systems for, 373
 

Single-locus sequence typing (SLST), 486
 
Single-nucleotide polymorphisms (SNPs) approach, 48
 
Single-walled carbon nanotubes (SWCNTs), 622, 627
 
Sirobasidium magnum CBS6803, 386
 
Slippery liquid-infused porous surface (SLIPS), 463
 
Small RNAs, 8
 
S-(2-Methyl-3-furyl)-ethanethioate, 665
 
SNS Nanofibre Technology LLC, 609
 
Sodium bisulphite, 39
 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
 

(SDSPAGE), 515
 
‘Soft’ ionization techniques, 62
 
soil depollution, 90
 
Solid brewery wastes, generation of, 398
 
Solid-phase extraction (SPE), 403
 
Solid-state fermentation
 
for SCO production, 371–373
 

Solid-state fermentation (SSF), 396, 433, 443
 
agro-industrial residues, 444
 
filamentous fungi, 444
 
hydrolytic enzymes, diagram, 450
 

Solid-state fermentors (SSF), 369
 
Soluble dietary fibres, 625
 
Sophorolipids (SL), 434
 
Sorbic acid, 598
 
Sorbitol, 237, 502
 
Sorghum bicolor, 8
 
Sourdough bread-making, application of starter cultures for, 278
 
Sourdough bread production, immobilized starter cultures in, 282
 
Sourdough fermentation, 277
 
Sourdough on product quality, effect of, 278
 
textural and sensory properties, 278
 

Sourdough procedure, optimization, 277
 
Southern blotting, 30
 
Soybean meal, 624
 
Soybean trypsin inhibitor (SBTI), 200
 
Soy phytoestrogens, 8
 
Soy sauce fermentation, 306
 
Special diets, 214
 
Specificity, 44
 
Specific probiotics, microbiota and vegetal sources, interaction
 

between, 344–345
 
Spent grains (BSG), 397
 
biotechnological treatments, 402
 
chemical composition of, 398
 

Spent hops (BSH), 397
 
Spent rootlets (BSR), 397
 
Spent yeast (BSY), 397
 
biomass (Saccharomyces yeasts), 398
 

Spiked milk, using flow cytometry, 530
 
Spoilage microorganisms, 65
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Spray-dried maltodextrin-containing pomegranate peel, 660
 
Spray-dried probiotic-in-alginate encapsulates, 661
 
Spray-drying process, 597, 600–602, 601
 

limitation, 601
 
Square–cube law, 542
 
Square-wave electric pulse, 585
 
Squeezing, 554
 
SSF. See Solid-state fermentation (SSF)
 
16S-23S rRNA interspacer region, 479
 
Stabilizers, 598
 
Stage-specific functional networks, 19
 
Stainless-steel electrodes
 

release of metal ions, 582
 
Standardization, 31
 
Staphylococcus aureus, 504, 506, 512, 570, 571, 620, 622
 

enterotoxin B, 626
 
Staphylococcus succinus (MAbB4), 662
 
Starch, 120, 135, 646
 

modification of, 140
 
Starter culture characteristics, 256
 
Starter culture, efficiency of, 277
 
Statistical tools, 17
 
Stearidonic acid, 6
 
Sterigmatomyces elviae CBS8119, 386
 
Sterilization, commercial, 682
 
Steroids, 13
 
Sterols, 16
 
Stilbenes, 340
 
Strain identification, 249
 
Strain production conditions, 352
 

freezing and drying, 352
 
oxygen, 352–353
 
water activity, 352
 

Streptococcus cremoris HP, 655
 
Streptococcus iniae infection, 400
 
Streptococcus lactis C2, 655
 
Streptococcus pyogenes, 627
 
Streptococcus thermophilus, 236, 268
 
Streptomyces albogriseolus, 195
 
Streptomyces fradiae, 214
 
Streptomyces murinus, 114
 
Streptomyces rubiginosus, 114
 
Streptomyces tendae, 198
 
Stress resistance, 65
 
Stress tolerance, 82, 88, 254
 
Substrate utilization pattern, extension of, 234
 
Succinate, 21
 
Succinate dehydrogenase (SDH), 193
 
Succinic acid, 238
 
sugar beet crop, 88
 
Sugar beet pectin gelation, 177
 
Sugar replacement, 385
 
Sulphide, 8
 
Sulphite oxidase (SOX), 629
 
Sulphites, 196
 
Sunflower proteins, 643
 

Supercritical CO2 extraction, 430
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