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Foreword

In the last 50 years an increasing number of modified and alternative foods have been devel-
oped using various tools of science, engineering, and biotechnology. The result is that today 
most of the available commercial food is somehow modified and improved, and made to look 
better, taste different, and be commercially attractive. These food products have entered in 
the domestic first and then the international markets, currently representing a great industry 
in most countries. Sometimes these products are considered as life-supporting alternatives, 
neither good nor bad, and sometimes they are just seen as luxury foods. In the context of a 
permanently growing population, changing climate, and strong anthropological influence, 
food resources became limited in large parts of the Earth. Obtaining a better and more re-
sistant crop quickly and with improved nutritional value would represent the Holy Grail for 
the food industry. However, such a crop could pose negative effects on the environment and 
consumer health, as most of the current approaches involve the use of powerful and broad-
spectrum pesticides, genetic engineered plants and animals, or bioelements with unknown 
and difficult-to-predict effects. Numerous questions have emerged with the introduction of 
engineered foods, many of them pertaining to their safe use for human consumption and 
ecosystems, long-term expectations, benefits, challenges associated with their use, and most 
important, their economic impact.

The progress made in the food industry by the development of applicative engineering and 
biotechnologies is impressive and many of the advances are oriented to solve the world food 
crisis in a constantly increasing population: from genetic engineering to improved preserva-
tives and advanced materials for innovative food quality control and packaging. In the present 
era, innovative technologies and state-of-the-art research progress has allowed the develop-
ment of a new and rapidly changing food industry, able to bottom-up all known and accepted 
facts in the traditional food management. The huge amount of available information, many 
times is difficult to validate, and the variety of approaches, which could seem overwhelming 
and lead to misunderstandings, is yet a valuable resource of manipulation for the population 
as a whole.

The series entitled Handbook of Food Bioengineering brings together a comprehensive col-
lection of volumes to reveal the most current progress and perspectives in the field of food 
engineering. The editors have selected the most interesting and intriguing topics, and have 
dissected them in 20 thematic volumes, allowing readers to find the description of basic 
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xvi

processes and also the up-to-date innovations in the field. Although the series is mainly 
dedicated to the engineering, research, and biotechnological sectors, a wide audience could 
benefit from this impressive and updated information on the food industry. This is because of 
the overall style of the book, outstanding authors of the chapters, numerous illustrations, im-
ages, and well-structured chapters, which are easy to understand. Nonetheless, the most novel 
approaches and technologies could be of a great relevance for researchers and engineers 
working in the field of bioengineering.

Current approaches, regulations, safety issues, and the perspective of innovative applica-
tions are highlighted and thoroughly dissected in this series. This work comes as a useful tool 
to understand where we are and where we are heading to in the food industry, while being 
amazed by the great variety of approaches and innovations, which constantly changes the idea 
of the “food of the future.”

Anton Ficai, PhD (Eng)
Department Science and Engineering of Oxide Materials and Nanomaterials,  

Faculty of Applied Chemistry and Materials Science, Politehnica University of Bucharest,  
Bucharest, Romania
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Series Preface

The food sector represents one of the most important industries in terms of extent, 
investment, and diversity. In a permanently changing society, dietary needs and 
preferences are widely variable. Along with offering a great technological support for 
innovative and appreciated products, the current food industry should also cover the 
basic needs of an ever-increasing population. In this context, engineering, research, and 
technology have been combined to offer sustainable solutions in the food industry for a 
healthy and satisfied population.

Massive progress is constantly being made in this dynamic field, but most of the recent 
information remains poorly revealed to the large population. This series emerged out 
of our need, and that of many others, to bring together the most relevant and  innovative 
available approaches in the intriguing field of food bioengineering. In this work we 
present relevant aspects in a pertinent and easy-to-understand sequence, beginning with 
the basic aspects of food production and concluding with the most novel technologies 
and approaches for processing, preservation, and packaging. Hot topics, such as 
 genetically modified foods, food additives, and foodborne diseases, are thoroughly 
dissected in dedicated volumes, which reveal the newest trends, current products, and 
applicable regulations.

While health and well-being are key drivers of the food industry, market forces strive 
for innovation throughout the complete food chain, including raw material/ingredient 
sourcing, food processing, quality control of finished products, and packaging. Scientists 
and industry stakeholders have already identified potential uses of new and highly 
investigated concepts, such as nanotechnology, in virtually every segment of the food 
industry, from agriculture (i.e., pesticide production and processing, fertilizer or vaccine 
delivery, animal and plant pathogen detection, and targeted genetic engineering) to 
food production and processing (i.e., encapsulation of flavor or odor enhancers, food 
textural or quality improvement, and new gelation- or viscosity-enhancing agents), 
food packaging (i.e., pathogen, physicochemical, and mechanical agents sensors; 
anticounterfeiting devices; UV protection; and the design of stronger, more impermeable 
polymer films), and nutrient supplements (i.e., nutraceuticals, higher stability and 
bioavailability of food bioactives, etc.).
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The series entitled Handbook of Food Bioengineering comprises 20 thematic volumes; each 
volume presenting focused information on a particular topic discussed in 15 chapters each. 
The volumes and approached topics of this multivolume series are:

Volume 1: Food Biosynthesis

Volume 2: Food Bioconversion

Volume 3: Soft Chemistry and Food Fermentation

Volume 4: Ingredient Extraction by Physicochemical Methods in Food

Volume 5: Microbial Production of Food Ingredients and Additives

Volume 6: Genetically Engineered Foods

Volume 7: Natural and Artificial Flavoring Agents and Food Dyes

Volume 8: Therapeutic Foods

Volume 9: Food Packaging and Preservation

Volume 10: Microbial Contamination and Food Degradation

Volume 11: Diet, Microbiome, and Health

Volume 12: Impacts of Nanoscience on the Food Industry

Volume 13: Food Quality: Balancing Health and Disease

Volume 14: Advances in Biotechnology in the Food Industry

Volume 15: Foodborne Diseases

Volume 16: Food Control and Biosecurity

Volume 17: Alternative and Replacement Foods

Volume 18: Food Processing for Increased Quality and Consumption

Volume 19: Role of Material Science in Food Bioengineering

Volume 20: Biopolymers for Food Design

The series begins with a volume on Food Biosynthesis, which reveals the concept of food 
production through biological processes and also the main bioelements that could be involved 
in food production and processing. The second volume, Food Bioconversion, highlights aspects 
related to food modification in a biological manner. A key aspect of this volume is represented 
by waste bioconversion as a supportive approach in the current waste crisis and massive 
pollution of the planet Earth. In the third volume, Soft Chemistry and Food Fermentation, we 
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aim to discuss several aspects regarding not only to the varieties and impacts of fermentative 
processes, but also the range of chemical processes that mimic some biological processes in 
the context of the current and future biofood industry. Volume 4, Ingredient Extraction by 
Physicochemical Methods in Food, brings the readers into the world of ingredients and the 
methods that can be applied for their extraction and purification. Both traditional and most of 
the modern techniques can be found in dedicated chapters of this volume. On the other hand, 
in volume 5, Microbial Production of Food Ingredients and Additives, biological methods 
of ingredient production, emphasizing microbial processes, are revealed and discussed. In 
volume 6, Genetically Engineered Foods, the delicate subject of genetically engineered 
plants and animals to develop modified foods is thoroughly dissected. Further, in volume 7, 
Natural and Artificial Flavoring Agents and Food Dyes, another hot topic in food industry—
flavoring and dyes—is scientifically commented and valuable examples of natural and 
artificial compounds are generously offered. Volume 8, Therapeutic Foods, reveals the most 
utilized and investigated foods with therapeutic values. Moreover, basic and future approaches 
for traditional and alternative medicine, utilizing medicinal foods, are presented here. In 
volume 9, Food Packaging and Preservation, the most recent, innovative, and interesting 
technologies and advances in food packaging, novel preservatives, and preservation methods 
are presented. On the other hand, important aspects in the field of Microbial Contamination 
and Food Degradation are shown in volume 10. Highly debated topics in modern society: 
Diet, Microbiome, and Health are significantly discussed in volume 11. Volume 12 highlights 
the Impacts of Nanoscience on the Food Industry, presenting the most recent advances in the 
field of applicative nanotechnology with great impacts on the food industry. Additionally, 
volume 13 entitled Food Quality: Balancing Health and Disease reveals the current knowledge 
and concerns regarding the influence of food quality on the overall health of population and 
potential food-related diseases. In volume 14, Advances in Biotechnology in the Food Industry, 
up-to-date information regarding the progress of biotechnology in the construction of the 
future food industry is revealed. Improved technologies, new concepts, and perspectives are 
highlighted in this work. The topic of Foodborne Diseases is also well documented within 
this series in volume 15. Moreover, Food Control and Biosecurity aspects, as well as current 
regulations and food safety concerns are discussed in the volume 16. In volume 17, Alternative 
and Replacement Foods, another broad-interest concept is reviewed. The use and research of 
traditional food alternatives currently gain increasing terrain and this quick emerging trend 
has a significant impact on the food industry. Another related hot topic, Food Processing for 
Increased Quality and Consumption, is considered in volume 18. The final two volumes rely 
on the massive progress made in material science and the great applicative impacts of this 
progress on the food industry. Volume 19, Role of Material Science in Food Bioengineering, 
offers a perspective and a scientific introduction in the science of engineered materials, with 
important applications in food research and technology. Finally, in volume 20, Biopolymers 
for Food Design, we discuss the advantages and challenges related to the development of 
improved and smart biopolymers for the food industry.
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All 20 volumes of this comprehensive collection were carefully composed not only to offer 
basic knowledge for facilitating understanding of nonspecialist readers, but also to offer 
valuable information regarding the newest trends and advances in food engineering, which is 
useful for researchers and specialized readers. Each volume could be treated individually as a 
useful source of knowledge for a particular topic in the extensive field of food engineering or 
as a dedicated and explicit part of the whole series.

This series is primarily dedicated to scientists, academicians, engineers, industrial 
representatives, innovative technology representatives, medical doctors, and also to any 
nonspecialist reader willing to learn about the recent innovations and future perspectives in 
the dynamic field of food bioengineering.

Alexandru M. Grumezescu
Politehnica University of Bucharest, Bucharest, Romania

Alina M. Holban
University of Bucharest, Bucharest, Romania
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Preface for Volume 1: Food Biosynthesis

The production of food represents an intriguing domain, permanently changing and 
constantly posing new challenges as it becomes more versatile. The bio-, eco-, and 
raw-food industry is rapidly spreading across the globe and sustainable approaches 
in the design and production of “more natural” foods are a priority for food science. 
Biosynthesis is widely investigated to obtain novel and improved food ingredients 
that are preferred because of the green production, taste, and quality of their final 
food products. Moreover, biosynthesis has allowed for the production of novel food 
ingredients, with higher tolerabilities and nutritional values. However, the necessary time 
laps and costs for biosynthesis of food ingredients have usually increased, as compared to 
their chemical synthesis or replacements.

The aim of this volume is to bring together the most recent progress achieved in the field of food 
biosynthesis and processing, emphasizing the current concerns and successful food biosynthetic 
technologies. This volume reveals major biosynthesis routes, highlighting important advances 
made in microbial and plant biosynthesis and engineering for a better and greener food industry. 
Moreover, aspects related to bioprocessing, bioproduction, and biotransformation of some 
products in obtaining improved foods while reducing the production of chemical hazards are 
presented and discussed in the context of a sustainable industry.

The volume contains 15 chapters prepared by outstanding authors from Hungary, Portugal, 
Japan, India, Egypt, Iran, Brazil, USA, Mexico, and Australia.

The selected manuscripts are clearly illustrated and contain accessible information for a 
wide audience, especially food scientists, engineers, biotechnologists, biochemists, industrial 
companies, and also for any reader interested in learning about the most interesting and recent 
advances in the field of food biosynthesis.

Chapter 1, entitled Biocatalysis and Its Process Intensification in the Chemical Industry 
prepared by Khan and Rathod, discusses applications and case studies of biobased 
synthesis in the chemical industry, with an emphasis on the food industry. Further, 
the authors talk about the advances in the food industry using new techniques, such as 
microwave- and ultrasound-related methods. The large-scale industrial production setup 
for enzymatic synthesis is also mentioned, with an overview of different reactor-based 
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systems, and the economic feasibility of enzymatic synthesis on an industrial scale and its 
safety aspects.

Chapter 2, Microbial Biosynthesis: A Repertory of Vital Natural Products prepared by Abdel-
Aziz et al., discusses the many advantages of the green chemistry approach toward the 
synthesis of natural products by microorganisms, such as minimally processed, large-scale 
production, economic viability, and health safety. The chapter describes several bacterial 
bioactive metabolites with special features, such as their unique chemical structures and the 
interactions with the environment.

In Chapter 3, Microbial Biosynthesis of Health-Promoting Food Ingredients, Sorour 
et al. describe microorganisms as a treasure resource for novel healthy food ingredients 
and biologically active compounds due to their biodiversity and versatility. This 
chapter provides a recent and comprehensive overview of using bacteria, fungi, and 
yeasts to produce selected bioingredients, such as fructooligosaccharides, omega-3 
polyunsaturated fatty acids, carotenoids, and flavonoids. Moreover, the potential use 
of low-cost materials as renewable feedstock that can be transformed into value-added 
products through microbial-catalyzed reactions is discussed, along with biosafety 
concerns and consumer potential risks, as a consequence of food supplementation with 
microbial bioingredients.

Hernández-Almanza et al. in Chapter 4, Microbial Production of Bioactive Pigments, 
Oligosaccharides, and Peptides, discuss the various microbial pathways related to 
the production of pigments, types and characterization, coloring properties, and their 
applications. This chapter emphasizes the microbial production of oligosaccharides and 
bioactive peptides, recent bioengineering aspects, chemical and physical characteristics, and 
industrial applications of such molecules.

Chapter 5, entitled Bioprocessing of Plant-Derived Bioactive Phenolic Compounds prepared 
by Holland et al., describes the bioprocessing and health and biotechnological applications of 
plant-derived polyphenolic compounds. The health-promoting bioactivities of plant-derived 
polyphenols and novel approaches for their incorporation into food products for human 
consumption are also discussed.

In Chapter 6, A Review on the Impacts of Process Variables on Microbial Production of 
Carotenoid Pigments, Massoud and Khosravi-Darani review different methods used for 
optimizing microbial cultures for increased production of carotenoids.

Fontana et al. in Chapter 7, New Insights on Bacterial Cellulose, describe some recent 
experiments aiming at blending bacterial cellulose with many other colored and tasteful 
bioactive food ingredients to further valorize its aspect, flavor, and taste. References to other 
nonfood applications of bacterial cellulose, such as the design of temporary skin substitute 
with wound healing, are also given.
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Ponnusamy et al. in Chapter 8, Curcuminoid Analogs via Microbial Biotransformation 
with Improved Therapeutic Properties, discuss methods of biosynthesis and microbial 
biotransformation of curcuminoids to obtain desirable “therapeutic” derivatives, which are 
novel and less explored areas in food engineering.

Chapter 9, The Role of Biocatalysis and Membrane Techniques in Processing High-Pectin 
Content Food Stuffs and Wastes prepared by Belafi-Bako and Nemestothy, presents the 
difficulties encountered during the processing of the pectin-rich raw material aimed for food 
industry, and proposes some of the most recent and efficient biocatalysis-related methods for 
pectin processing.

Kalpana and Rajeswari in Chapter 10, Biosynthesis of Metal and Metal Oxide 
Nanoparticles for Food Packaging and Preservation: A Green Expertise, focus on 
nanotechnology applications in food processing and food packaging, with particular 
attention to food quality and safety. The chapter highlights the biosynthesis approaches 
of nanoparticles from plants.

Chapter 11, entitled Hydroponic System: A Promising Biotechnology for Food Production 
and Wastewater Treatment, written by Prazeres et al. summarizes the main wastewater 
characteristics, wastewater reuse, and quality for food irrigation and hydroponic systems. 
Additionally, experimental conditions, results, and conclusions found in literature on 
hydroponic systems for food production and wastewater treatment are presented.

Satake et al. in Chapter 12, Lignan Biosynthesis for Food Bioengineering, present the 
essences of biosynthetic pathways and biological activities of lignans, genomes, and 
transcriptomes of typical lignan-rich plants; the latest metabolic engineering of lignan 
biosynthesis; and perspectives in the metabolic engineering–based production of dietary 
lignans.

Chapter 13 prepared by Watanabe and Adachi, entitled Amphiphilic Acyl Ascorbates: Their 
Enzymatic Synthesis and Applications to Food, describes novel approaches in the enzymatic 
synthesis of amphiphilic acyl ascorbates and their applications in the food industry.

In Chapter 14, The Enzyme Production Control by Sound Waves in the Case of Koji Mold, 
Saigusa and Teramoto focus on the enzyme activity of rice-koji, and confirm the relationship 
between enzyme activity and frequency of sound waves. In this work the authors show proof 
that sound waves are one of the most important environmental factors that influence the  
biosynthetic potential and enzyme activities of rice-koji.

In Chapter 15, Applied Research Perspectives of Alpha-Keto Acids: From Production to 
Applications, Coban and Demirci summarize main characteristics, chemical and biological 
production methods, detection analyses, and the application of several various alpha-keto 
acids. Alpha-keto acids are used in animal diets, especially in the poultry industry, as a 
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nutrient supplement for animal growth and environmental issues, and as they do not have any 
amino group, substitution of an amino acid with its corresponding alpha-keto acid in the diet 
helps the kidney and liver to reduce urea accumulation in the body.

Alexandru M. Grumezescu
Politehnica University of Bucharest, Bucharest, Romania

Alina M. Holban
University of Bucharest, Bucharest, Romania
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CHAPTER 1

Biocatalysis and Its Process Intensification 
in the Chemical Industry
Nishat R. Khan, Virendra K. Rathod
Institute of Chemical Technology, Mumbai, Maharashtra, India

1 Introduction
1.1 History of Biobased Processing in the Food Industry

The application of biological agents in food processing can be dated back to 6000 BC. 
Production of cheese using enzymatic breakdown of milk proteins, brewing of alcohol using 
fermentation techniques, and baking of bread using yeast were some early applications of 
bioprocess in the food product industry. The term “enzyme,” which was coined by the German 
scientist Wilhelm Kuhne in the 18th century, literally means “in yeast.” The first enzyme, 
rennet, was extracted from a calf’s stomach using saline solution in the 1870s and was used in 
cheese making. The French scientist Louis Pasteur first discovered the fermentative property of 
microbes in the 18th century. Towards the end of the 1870s it was discovered that sugar could 
be fermented with even nonliving yeast cells. The enzyme that brought about fermentation of 
sucrose was called “zymase.” Pectinases were used for clarification of juice in 1930s. Invert 
sugar was also synthesized in those days using the immobilized enzyme invertase (Binod 
et al., 2013). However, the commercialization and industrial application of enzymes came into 
the picture only in 1960s, when the conventional hydrolysis of starch using an acid catalyst 
was replaced by the use of the amylase enzyme group (Pandey, 1995; Pandey et al., 2000a,b; 
Sivaramakrishnan et al., 2006). A Danish company named “Novozymes” commercially 
marketed the enzyme Bacillus Protease in 1959 for the first time.

1.2 Global Enzyme Market in the Food Industry

The market for enzymes and biocatalysts worldwide is very well established, with demand 
increasing every year. Industrial enzymes are divided into three major categories: technical, 
food, and feed enzymes (AFEA, 2002). The food processing industry is a major consumer of 
enzymes, with baking, brewing, dairy, nutraceutical, fragrance, flavor, fat, and oil modification 
being some of the major consumable segments (Kumar et al., 2012; Mendez and Salas, 2001). 



2 Chapter 1

It is estimated that the valuation of the world food and beverage market will rise from $1.8 
trillion in 2010 to $2.7 trillion in 2020. In developing countries the increasing demand for 
ready-to-eat products, organic products, and the strong emphasis on food safety and standards 
have led to an increase in the demand for enzymes. In a past survey on world sales of enzymes, 
it was stated that 30% of enzyme sales was due to the food processing industry (The Freedonia 
Group, 2015). It is estimated that the demand for enzymes in the food and beverage industry 
will grow at a rate of approximately 7.5% over the period of 2020. The bakery industry shows 
the highest demand for enzyme catalysts. It is estimated that the enzyme catalyst market for 
the bakery industry will reach over $9 billion by 2020, with a major percentage attributable 
to food enzymes (Dupaigne, 1974). As per the regulations, food enzymes can be classified as 
either food additives or as enzymes for food processing. The majority of food enzymes fall 
under the food-processing enzyme category, while a very few of them (such as invertase) fall 
under the additives category. In developing countries, such as India, the demand for the use 
of enzymes is increasing but is quite low compared to developed countries. In developing 
economies the enzyme manufacturing companies face a lot of challenges, such as convincing 
the end-user industries about the use of enzymes, as well as justifying the high cost of enzyme-
operated processes. In developing economies, there is a lack of government policies with 
respect to enforcement of environmental laws. There are many companies all over the world 
today that are manufacturing enzymes. Novozymes, Danisco, Roche, Genzyme, Allergan, and 
BASF are some of the big players in the industry. Until recently the manufacturing of enzymes 
has been heavily concentrated in a few developed nations, such as Denmark, Germany, The 
Netherlands, and USA. Novozymes and Danisco are the biggest players in Denmark, and 
together they make up over 70% of the total enzyme market (Novozymes, 2012). In Southeast 
Asia, Japan and China are two of the leading manufacturers of enzymes. Many international 
companies, such as Novozymes and DuPont, are investing in the enzyme industry in China. 
Since the market for enzymes has become extremely competitive, many big companies are 
trying to take over smaller ones. Recently DuPont acquired a major stake in Danisco. Today 
the Indian biotech market is also greatly advancing and making its mark in the world enzyme 
market. Advanced Enzyme Technologies, Fermenta Biotech, Zytex, and others are some of 
the leading Indian players that are involved in the manufacturing of enzymes. The commercial 
value and regulatory aspects of enzyme applications are mainly controlled by patents and 
rights. Novozymes is the leading company in this respect, having the maximum number of 
patents for enzymes.

2 Biobased Synthesis
2.1 Definition

Biobased synthesis can be defined as the process of conversion of substrate to a product 
using a living organism. The living organisms are present as whole cells, in which enzymes 
are living inside the host cells or as isolated enzymes. Isolated enzymes can be in free form 
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or in immobilized form; in the latter form they are attached to a support. Isolated enzymes 
are much superior in functionality as compared to whole cells because they require simpler 
reaction equipment and simpler purification steps and produce better yields (Dixon and 
Webb, 1979).

2.2 Enzyme Structure and Properties

Enzymes take part in only one reaction at a time, as they have a very selective nature. The 
three-dimensional structure of an enzyme gives it substrate specificity. Enzymes attach to the 
substrate/reactant at the point known as the “active site,” which is depicted in Fig. 1.1. The 
active site of the enzyme has a specific three-dimensional shape and structure that accurately 
matches the three-dimensional shape of the substrate with which it reacts, leading to the 
development of an enzyme-substrate complex. Once the reaction ends, the substrate gives 
rise to a new product and the enzyme is liberated so that it can be reused. The “lock-and-
key” mechanism aptly explains the mechanism of enzyme action. The shape of the active 
site, which resembles the lock, decides which substrate will fit into the enzyme. The enzyme 
cannot catalyze the reaction if the substrate and active site don’t fit.

2.3 Factors Affecting Enzymatic Synthesis

Enzymes have an optimum temperature at which they provide highest activity. The 
temperature at which enzymes, especially lipases, show maximum activity is about 40°C, 
but there are enzymes that show best results at different temperatures; for example, enzymes 
from thermophile bacteria work at 90°C. Up to the optimum temperature the rate increases 
geometrically with temperature. The rate increases because the enzyme and substrate molecules 
both have more kinetic energy and so collide more often, and also because more molecules 
have sufficient energy to overcome the activation energy. Above the optimum temperature 
the rate decreases because the enzyme molecules denature. The thermal energy breaks the 
hydrogen bonds holding the secondary and tertiary structure of the enzyme together, so the 
enzyme loses its shape and becomes a random coil, and the substrate can no longer fit into the 
active site. Enzymes have an optimum pH at which they demonstrate optimum activity. Most 

Figure 1.1: Enzyme-Substrate Binding.



4 Chapter 1

enzymes show maximum activity at a pH 7–8, but a few enzymes can work at the extreme pH 
of 1. Changes in the pH of the system alter the properties of the active site, which hinders the 
substrate binding. Enzyme concentration positively increases the reaction rate because there 
are more enzyme molecules available to catalyze the reaction, and therefore more enzyme-
substrate complexes will be formed. Substrate concentration also affects the enzymatic 
reaction. As the substrate concentration increases, the rate increases, because more substrate 
molecules can collide with active sites, so more enzyme-substrate complexes will be formed. 
At very high concentrations the enzyme molecules become saturated with substrate, and there 
are few free active sites, so adding more substrate will not show any further positive effect. The 
maximum rate at infinite substrate concentration is called Vmax, and the substrate concentration 
that gives a rate of half Vmax is called KM. A good enzyme has a high Vmax and a low KM value.

2.4 Whole Cell Versus Isolated Enzymes

Initially only enzymes that could be produced by whole cells were used industrially. 
Nowadays even recombinant DNA technology is used to produce enzymes successfully. 
In this technology, a DNA sequence that codes for a particular enzyme is cloned into an 
expression vector and it is then transferred into a production host cell, such as Escherichia 
coli for gene expression and multiplication. The overexpressed enzymes are isolated from the 
host cells using techniques, such as centrifugation and chromatography. Whole cell–based 
biosynthesis is typically used when a particular reaction requires many enzymes or when 
it is difficult to separate the enzyme from the entire cell. Whole-cell systems involve the 
use of costly equipment and have low productivity. Certain metabolic processes can result 
in side reactions during cell growth, which may lead to the accumulation of some toxic 
materials in the cell that cannot be separated easily from the cell. Also, the cell membrane 
may act as a barrier between the substrate and the enzymes. Isolated enzymes have an edge 
over the whole-cell microorganisms as they give better end products. This may be because 
of the absence of some other enzymes from the microbe’s internal cell machinery that may 
negatively modify the end product. Purified enzymes therefore contribute positively toward 
improving product yield, quality, and industrial feasibility by reducing downstream cost. 
However, isolated free enzymes are quite unstable when they are extracted out of their cells. 
Cross-linking and immobilization methods can be used to improve the enzyme stability and 
activity. In cases in which microbial enzymes are highly unstable and not functional outside 
the cell, whole-cell microbes are used; where catalysis occurs inside the cell and the product 
formed is then extracted out (Faber, 2000; Rozzell, 1999; Schmid et al., 2001).

2.5 Immobilization

Immobilization is a technique that attaches isolated enzymes or whole cells to a solid 
support (Fig. 1.2). The solid support can be of both organic and inorganic material in origin. 
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Materials, such as glass, ceramics, cellulose, and membranes can be used as catalyst 
support. Immobilized biocatalysts have a higher stability and can be easily separated 
from the reaction mixture. Immobilized enzymes can be reused for a number of batches 
and there is no need for their continuous replacement. Many techniques are available for 
immobilizing enzymes. One of the oldest methods used is adsorption, which employs the 
use of the anion-exchanger diethyl aminoethyl cellulose (DEAE-cellulose) and the cation-
exchanger carboxymethyl cellulose (CM-cellulose). The covalent attachment technique 
involves the use of support materials, such as glass, cellulose, and ceramics. In the polymeric 
gel entrapment technique, the enzyme is entrapped in a gel volume of mostly calcium 
alginate. The intermolecular cross-linking method involves the use of cross-linkers, such as 
glutaraldehyde, dimethyl adipimidate, etc. The enzyme is encapsulated in a semipermeable 
membrane, such as microcapsules, hollow fibers, etc. in the encapsulation method. All the 
techniques aforementioned have different advantages and disadvantages. The cross-linking 
method does not lead to much alteration in the enzyme, and the technique tends to be quite 
laborious. The covalent linkage technique results in the loss of activity in the enzyme due to 
harsh conditions. The entrapment method proceeds under mild conditions and gel structure 
and morphology can be adjusted as required. In the encapsulation technique different capsule 
diameters and controlled membrane porosity can be achieved (Poulsen, 1981; Trevan, 1980; 
Zaborsky, 1973).

2.6 General Classification of Enzymes

More than 2100 enzymes have been recognized by the International Union of Biochemistry 
and Molecular Biology (Kindel, 1981; Lowe, 1983). Six classes of enzymes have been 
designated by the standard taxonomic dictum. Among the six classes of enzymes, 85% are 
hydrolases. Out of these, 70% are hydrolyse proteins, 26% are hydrolyze carbohydrates, 
and 4% are hydrolyse lipids (Godfrey and Reichelt, 1983; Schmid, 1979). The other 15% of 
enzymes include oxidoreductases, tranferases, ligases, lyases, and isomerases, as shown in 
Table 1.1.

Figure 1.2: Immobilization Techniques.
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3 Sustainability in the Food Industry

The high temperature and pressure conditions needed for chemical catalyst-based reactions 
lead to high energy consumption and wastage of large amounts of cooling water needed for 
downstream processes. Acid and alkali catalyst-based processes operate at high temperature 
and pressure and hence require specially designed equipment and control systems, which 
increases the per capita investment for the process. These drawbacks can be eliminated using 
enzyme systems. Similar to chemical catalysts, enzymes also speed up the reaction but do not 
affect the thermodynamics of the reaction. Enzymes offer some important advantages over the 
chemical catalysts. Enzymes are highly selective. They show stereo, positional, and functional 
selectivity. High selectivity in chemical synthesis has several advantages, such as minimal 
by-product formation, easier downstream processing, and higher sustainability. Mild operating 
conditions, such as low temperature and pressure, are also some of the advantages of enzyme 
catalysis. Enzymes are needed in small amounts, even at industrial scale, and they require very 
little storage space. Enzyme-based reactions are mild in nature and well controlled, hence allow 
the use of uncomplicated equipments. Chemical synthesis processes produce unwanted side 
products. The degree to which a desired effect or product can be produced using enzymatic 
method can be easily controlled through dose, time, and temperature. Nowadays, many 
commercial enzymes show excellent stability, even in process conditions under the influence 
of different solvent systems with half-lives of months or even years. Protein engineering 
methods have made it possible to tailor enzymes to meet specific process conditions. The use of 
biotechnology in foods allows for controlling pollution at the source. Many enzymes can accept 
nonnatural substrates and convert them into desirable products. Enzymatic processes are similar 
to conventional chemical processes in many ways. However, when considering an enzymatic 
process one must account for enzyme reaction kinetics and enzyme stability for single-step 
reactions and metabolic pathways for multiple-step reactions (Wandrey et al., 2000).

4 Enzyme Application in the Food Industry

The application of various enzymes in the food processing industry is discussed in this 
section and in Table 1.2.

Table 1.1: General classification of enzymes.

Classification Subtypes

Oxidoreductases Oxidases, dehydrogenases, oxygenases, and peroxidases
Transferases Methyltransferases and aminotransferases
Hydrolases Lipase, protease, phophatase, etc.
Lyases Aldolase, synthases, etc.
Isomerases Racemases, mutases, etc.
Ligases Carboxylases, synthetases, etc.
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Proteases. Proteases lead to the hydrolysis of the peptide bonds in proteins and are of 
vital importance in food processing. They are obtained from plant origin. Proteases show 
excellent activity and stability at a temperature of 60–70°C and a pH of 4. Bromelain, 
papain, and ficin are some examples of proteases. Papain and bromelain are utilized in the 
manufacturing of different flavored sauces (Diaz et al., 1996) and dry-cured ham. Proteases 
are also required in the process of cheese production. Proteases are used as a substitute for 
rennet in the cheese industry due to shortage of rennet, which is obtained from animals.
Amylases. α-Amylases bring about catalysis of the hydrolysis reaction of alpha 
1,4-glycosidic linkages in starch to release glucose. They are important as industrial 
starch-conversion enzymes. α-Amylases are stable in the pH range from 2 to 12. 
Amylases are used in the production of clarified fruit juice, glucose syrups, maltose 
syrups, fructose, and corn syrups in the food-processing sector.
Lipases. Among all enzymes used in foods, lipases are of great commercial value. 
They come under the hydrolase class of enzymes. Lipases catalyze the hydrolysis of 
triacylglycerol (TAG) to glycerol and free fatty acids and can also catalyze esterification 
reactions.

Table 1.2: Application of various enzymes in the food industry.

Enzymes Source Activities Applications in Food Industry

Papain Unripe papaya fruit Food and beverage protein 
hydrolysis

Tenderization of meat and 
prevention of hazing in beer

Bromelain Pineapple juice Protein hydrolysis Tenderization of meat
α-Amylase Wheat Wheat starch hydrolysis Bread baking and beer 

brewing
Trypsin Bovines Food protein hydrolysis Food flavoring
Pepsin Bovines Casein hydrolysis Food flavoring
Lipase Calf abdomen Triglyceride hydrolysis Fat function modification by 

interesterification
Lipoxygenase Soybeans Oxidation of unsaturated 

fatty acids
Improvement of bread dough

Lysozyme Hen egg whites Hydrolysis of 
polysaccharides

Cheese making

Catalase A. niger Breaks down hydrogen 
peroxide to form oxygen 
and hydrogen

Prevention of oxidation

Cellulase A. niger Hydrolysis of cellulose Fruit liquification
Glucose oxidase A. niger, Penicillium 

crysogenum
Oxidation of glucose Oxygen removal from 

packaged foods
Pectinase Aspergillus spp. Hydrolysis of pectin Clarification of fruit juice by 

pectinization
Pullulanase Bacillus subtilis Hydrolysis of starch Starch saccharification
Hemicellulase Aspergillus spp., B. 

subtilis
Hydrolysis of 
hemicelluloses

Improvement of bread texture

Protease R. miehei Hydrolysis of wheat gluten Cheese making and 
improvement of bread dough
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Catalases. Catalase enzymes basically bring about the breakdown of hydrogen peroxide 
into water and oxygen with the formation of bubbles. They are mostly obtained from 
plant sources and the liver of animals. The optimum pH and temperature of catalases 
depends on the source from which they are isolated. The catalase enzyme is used in the 
cheese-making process for the removal of hydrogen peroxide from milk (Tamara, 2011). 
In the baking industry the catalase enzyme is utilized to remove glucose from egg white 
to make bakery items. It also enhances the shelf life of products.
Glucose oxidases. Glucose oxidase is largely produced from strains of Aspergillus niger. 
Glucose oxidase can be used to elongate the shelf life of products. It’s primarily used in 
the making of glucose-free drinks for diabetics (Khurshid et al., 2011).
Invertases. Invertases are produced by the fermentation of Saccharomyces cerevisiae. 
Invertases are often used in the production of confectionary and bakery products. They 
are utilized in making chocolates, chewing gum, and baby food. They have an important 
role in wine fortification (Uma et al., 2010).
Laccases. Laccases can be isolated from plants and bacteria, as well as from some 
insects. Laccases are used in the wine and beverage industry for stabilization. It enjoys 
wide application in the bread-making industry. They are needed in the bread-making 
industry for improving bread texture and flavor.
Lipoxygenases. Lipoxygenases are found in plants, animals, and fungi. They catalyze 
the breakdown of polyunsaturated fatty acids (PUFAs) (Gardner, 1991). Lipoxygenases 
obtained from plants contribute immensely to the food sector. They are used on a large 
scale in baking factories for improving the texture of bread and for improving the 
whiteness and appearance of bread. (Nicolas and Potus, 1994; Theorel et al., 1947).
Pectinases. Pectinases are used largely in the juice manufacturing industry. They are used 
as clarifying and stabilizing agents in juice making. They help to adjust the viscosity of 
fruit juices and improve the press ability of the pulp. Hence, fruit juices can be obtained 
easily with improved yields. They are also used to make fruit purees. They are also used 
in the canning of fruits. They can be used in the extraction of sugar from fruits rich in 
sugar content. They have a significant role in the coffee-curing process. They also find 
application in different stages of starch manufacturing (Dupaigne, 1974).
Xylanases. Xylanases catalyze the hydrolysis reaction of xylans. They improve stability 
and activity at an acidic pH. It can be used simultaneously with proteases and α-amylase 
for bread making. Xylanases play an important role in cutting down the hemicellulose 
present in wheat flour and allowing even water circulation in dough, thereby allowing 
dough to be soft. In the confectionary industry, xylanase is used to provide palatability 
and improve the uniformity of wafers and the like. They are used to improve beer 
viscosity and appearance. They bring about the stabilization of fruit pulp. They help in 
making fruit juice clear by bringing about the hydrolysis of substances that hinder the 
fruit clarification process. They also can be used to separate gluten from starch in wheat 
flour (Polizeli et al., 2005).
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Asparaginases. Asparaginases are produced by actinomycetes. They are hydrolytic 
enzymes that convert l-asparagine to l-aspartic acid with the release of ammonia 
(Astrid, 1999). When carbohydrate-containing foods are heated to a very high 
temperature, acrylamide can be formed from l-asparagine. Examples of such foods 
include bread and other baked goods, fried or baked potato products, and reaction 
flavors (Gulati et al., 1997). When asparaginase is added before baking or frying 
food, l-asparagine is converted into another common amino acid, l-aspartic acid, 
and ammonia. As a result, l-asparagine cannot take part in the Maillard reaction 
(the reaction that can be seen in the browning of bread), and therefore the formation of 
acrylamide is significantly reduced (Kornbrust et al., 2010).
Pullulanases. Pullulanase is used in saccharification of starch. Pullulanase is active at 
an acidic pH. It shows great activity and stability at around 50°C. The most important 
industrial application of pullulanase is in the production of high-glucose and high-
maltose syrups (Van der Maarel et al., 2002). In the saccharification process, pullulanase 
is normally used in combination with glucoamylase or β-amylase. It is well suited for 
numerous applications in food processing, such as in the manufacturing of high-quality 
candy and ice cream (Gomes et al., 2003). Pullulanase has also been used to prepare high 
amylose starches, as well as high fructose corn syrup.

5 Application of Enzymes in the Food Industry
5.1 Dairy Industry

The main components in milk are lactose, lipids, and proteins. Therefore, enzymes, such 
as β-galactosidases, proteases, lipases, and peptidases that modify these substrates are used 
in the dairy industry. Different variants of proteases are used for speeding up the process 
of cheese ripening, for changing of functional milk properties, and for alteration of milk 
proteins to reduce the allergenic properties of cow milk products used for babies. Rennet, a 
very popular enzyme that finds application in the food processing industry, is a mixture of 
chymosin and pepsin and is obtained from animal and microbial sources. Rennet is used in 
the first step of cheese making for coagulation of milk (Fox, 1998; Green, 1993). The food 
industry is constantly trying to find alternatives for rennet, such as microbial rennets, as 
there is a growing demand for cheese worldwide. The enzyme rennin acts on milk protein 
and causes its coagulation (Bhoopathy, 1994). Calf rennet can be substituted for many other 
proteinases that are released by other microbes. Microbes, such as Rhizomucor pusillus, 
Rhizomucor miehei, and Aspergillus oryzae are utilized immensely in the manufacture 
of rennet. Different strains of Mucor are largely used in the manufacturing of microbial 
rennets. Lipases are used mainly in the cheese ripening process for the development of flavor 
(Svendsen, 2000). Lactase enzymes are used to hydrolyze lactose to glucose and galactose. 
Lactose hydrolysis helps lactose-intolerant people consume milk every day. Hydrolyzing 
lactose to glucose also improves the digestive properties of milk and improves its palatability. 
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The cheese manufacturing industry produces large quantities of whey as a by-product, 
of which 70%–75% is lactose. The hydrolysis of lactose by lactase converts whey into 
more useful food ingredients (Gekas and Lopez-Levia, 1985; Mehaia and Cheryan, 1987). 
Catalase, which brings about the breakdown of hydrogen peroxide, is used eventually 
to remove the peroxide remaining after the sterilization process of raw milk (Chelikani 
et al., 2004). As the cheese matures it develops a bitter flavor due to peptides from milk 
proteins. Peptidases can break down the bitter peptides as they are formed and thus help to 
maintain the traditional flavor of cheese. Lactase enzymes are used in the production of ice 
cream and frozen desserts for improving scoop ability, creaminess, and texture. The cheese 
ripening process is a very complex one, in which biochemical and biophysical changes occur 
as a bland curd is developed into a mature cheese with characteristic flavor and texture. 
Proteolysis during cheese development is responsible for giving a particular taste. Cheese 
ripening is an enzymatic process that can be hastened by increasing the activity of the main 
enzymes. The lipase enzyme can be added during cheese production for the development of 
Parmesan or blue-type cheese flavors. The proteolytic system of lactic acid bacteria is vital 
for the growth of these flavors in milk and contributes significantly to the incorporation of 
flavor in fermented milk products. The proteolytic system comprises proteinases that initially 
split the milk protein into peptides. Lactic acid bacteria have a complex proteolytic system 
that converts milk casein to the free amino acids and peptides important for their growth. 
These proteinases include extracellular proteinases, endopeptidases, tripeptidases, and 
proline-specific peptidases, which are all serine proteases (Law and Haandrikman, 1997). 
Aminopeptidases are necessary for the development of flavor in fermented milk products, 
as they can release single amino acid residues from oligopeptides formed by extracellular 
proteinase activity. Lipolysis has proved to be of significant importance in the development 
of Swiss cheese flavors. Blue cheese has a characteristic peppery flavor due to short-chain 
fatty acids and methyl ketones. The majority of lipolysis in blue cheese is catalyzed by the 
Penicillium roqueforti lipase. Lipases and esterase form an important series of enzymes 
associated with the metabolism of lipid degradation. Glucose oxidase and catalase are 
frequently used simultaneously in selected foods for preservation. Cow milk can be provided 
with additional protective factors by the addition of lysozyme, thus making it suitable for 
infants. Lysozyme functions as preservatives by reducing bacterial counts in milk without 
altering the Lactobacillus bifidus activity.

5.2 Bakery Industry

The bakery industry utilizes enzymes from three different sources: the endogenous enzymes 
present in flour, the exogenous enzymes that are added into the dough, and the enzymes 
associated with the metabolic activity of the dominant microorganisms. Enzymes are used in 
the bakery industry to alter dough rheology and improve crumb softness in bread production. 
Enzymes are also used for increasing the softness of cake. Enzymes can be also used in a 
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combination form to improve activity by synergism. The hydrolase enzyme is added to flour 
in the bread making process during the mixing step. α-Amylases are the most commonly used 
hydrolases used in this method. Most of the enzymes that bring about the modification of 
starch belong to the family of α-amylases. α-Amylases are endoenzymes that bring about the 
cleavage of α-1,4-glycosidic bonds in the inner part of the amylose or amylopectin molecule 
chain. α-Amylase catalysis action leads to the formation of oligosaccharides with an α-
configuration and different chain lengths (Goesaert et al., 2005; Synowiecki, 2007). The 
number of sites for binding and the location of catalytic areas determine the substrate 
specificity of α-amylases. Exoamylases, such as β-amylases make use of the inverting 
mechanism to break open the α-glycosidic bonds that are present at the nonreducing ends of 
amylose and amylopectin, which results in the formation of low molecular weight 
carbohydrates in the β-anomeric form. The β-amylases cannot split α-1,6-linkages, and the 
final products are comprised of maltose and β-limit dextrin (MacGregor et al., 2001). Malt or 
microbial α-amylases are used on a large scale in the baking industry. Malt preparation was 
among the first enzymes to be used in baking. Fungal α-amylases are added to flour to 
optimize its amylase activity, aiming to increase the concentration of fermentable and 
reducing sugars. Due to their thermostability, fungal α-amylases are more appropriate than 
malt amylases for the standardization of flour. The α- and β-amylases have complementary 
functions during the bread manufacturing process. The α-amylases split damages starch 
molecules into low molecular weight dextrin during the dough formation stage, while 
endogenous β-amylase transforms the oligosaccharides into maltose, which is utilized as 
fermentable sugar by the yeast or sour dough microorganisms. Some amylases decrease the 
firming rate of the bread crumb by acting as antistaling agents (Leman et al., 2009). Proteases 
can be divided into the two major categories of exopeptidases and endopeptidases, depending 
on their site of action. Exopeptidases cleave the peptide bonds near the amino or carboxy end 
of the substrate, whereas endopeptidases split open the peptide bonds far from the termini of 
the substrate. The proteolytic activity of wheat and rye flours corresponds to aspartic 
proteases and carboxypeptidases, which are active in an acidic pH environment. Aspartic 
proteases of wheat are also partly associated with gluten (Ganzle et al., 2008). Proteases have 
great commercial importance in the manufacturing of bread and baked products. Proteases are 
added to reduce time for mixing, to improve dough uniformity, to control bread texture, and 
to improve flavor (DiCagno et al., 2003). In the manufacturing of bread a fungal acid protease 
is used to alter mixtures having a high gluten content. Proteases are added to dough 
preparations and are used in the manufacture of pastries and biscuits. They reduce gluten 
elasticity, thereby reducing the shrinkage of dough or paste after the molding and sheeting 
used in bread manufacturing. Hemicellulase is a class of enzyme that brings about hydrolysis 
of hemicellulose. Xylanase was introduced to the baking industry around the year 1970 and is 
used in combination with lipase, amylase, and oxidoreductase to achieve targeted effects on 
the rheological properties of dough and the organoleptic properties of bread (Shallom and 
Shoham, 2003). These enzymes are used to improve the quality and taste of biscuits, cakes, 
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and other bakery goods. The addition of xylanase during the processing of dough increases 
the concentration of arabinoxylo-oligosaccharides in bread. This has beneficial and positive 
effects on human health. Recently a purified GH11 xylanase from Penicillium occitanis was 
found to have excellent properties for use as an additive during the mixing of wheat flours. 
Significant improvements in bread properties like texture and sensory enhancement have been 
observed (Driss et al., 2012). Lipases catalyze the hydrolysis of TAG, producing 
monoacylglycerols (MAG), diacylglycerols (DAG), glycerol, and free fatty acids. The 
application of lipase in the baking industry is very recent as compared to other enzymes, such 
as α-amylases and proteases. In 1990, the first generation of commercial lipase preparations 
was brought to the market and recently a third generation has also become available. Lipases 
from the first generation are specific towards the 1,3-bond. They preferentially remove fatty 
acids from positions 1 and 3 in TAG (Moayedallaie et al., 2010). These enzymes enhance 
dough rheology and improve dough strength and stability. This leads to improved dough 
machinability. Lipase leads to an increase in dough volume, which gives an improved, more 
uniform crumb structure. This gives a softer bread crumb. The second-generation lipases act 
simultaneously on TAG, diacyl galactolipids, and phospholipids, which forms more polar 
lipids and provides an increase in volume and a uniform bread structure. The third generation 
of lipases was found to improve the expansion of the gluten network, enhance wall thickness, 
and lower cell density. Thus the bread’s crumb structure and volume was improved (Primo-
Martin et al., 2006). Many specific flavors can be developed in bakery items using the lipase 
enzyme. The impact of a third-generation lipase on the quality and properties of high-fiber 
enriched bread has been studied. The evaluation showed that the lipase affected the loaf 
volume, staling rate, and crumb structure of the bread positively (Stojceska and 
Ainsworth, 2008). The lipoxygenase enzyme is a nonheme iron-containing dioxygenase. It is 
found in many plant and animal tissues. Along with molecular oxygen it catalyzes the 
oxidation process of PUFAs containing a cis-1,4-pentadiene system to form fatty acid 
hydroperoxides (De Simone et al., 2010). This enzyme is largely found in beans, potatoes, 
and wheat. Wheat lipoxygenase catalyzes the oxidation of PUFAs in the free or MAG forms, 
while soybean or horse bean lipoxygenase catalyzes the oxidation of PUFAs present in TAG. 
Lipoxygenase is also used to enhance dough mixing and handling properties. In this case, the 
effect of this enzyme can be explained by oxidation of thiol groups of gluten proteins, which 
can cause rearrangement of intra- or interchain disulfide bonds. This results in the 
improvement of dough rheology, with an increase in dough strength. Finally, this leads to 
improved loaf volume. The action of lipoxygenases can also lead to the development of 
undesirable flavors in bread. These flavors occur due to some of the breakdown products 
(ketodienes) formed during the anaerobic reaction (Boussard et al., 2012). Glucose oxidase 
brings about the oxidation of β-d-glucose into d-glucono-δ-lactone and hydrogen peroxide. 
This enzyme is derived from various fungal sources, such as Aspergillus and Penicillium. A. 
niger is the most commonly used among them. Glucose oxidase has been found to eliminate 
residual glucose and oxygen in foods and beverages, thereby causing an increase in their shelf 
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life. Glucose oxidase can be used instead of potassium bromate as an alternative oxidizing 
agent in bread making. The use of potassium bromate has been prohibited in many countries 
due to its carcinogenic properties. Increasing the concentrations of glucose oxidase in wheat 
flour dough produces significant changes in the rheological properties of the wheat dough. 
The concentration of enzyme and the quality of wheat used also govern the extent of positive 
effects on the overall bread quality (Bonet et al., 2007). Glucose oxidase is also able to 
recover the bread making capacity of damaged gluten.

5.3 Beverage Industry

Wine can be made from grapes, fruits, berries, etc. Grapes are used in the wine making 
process on a large scale. In the process of wine making, there must be fermentation, that 
is, sugar transforming into alcohol. Wine making is an old technology and has an ancient 
history. There are four main steps involved in the wine making process. The earliest stage 
consists of harvesting good quality grapes under optimum parameters. In the second stage 
there is extraction of juice from grapes, followed by fermentation of the juice by yeast into 
wine. Stabilization and clarification steps are carried out in the third stage. During the process 
of fermentation, tartrates start precipitating out, and the wine becomes clearer and stable 
(Canal-Llauberes, 1993; Whitaker, 1984). After all the stages are complete, the wine is kept 
for aging. Wine is aged in bulk in huge barrels for some time, and then it is aged in individual 
bottles. The enzyme technology plays a central role in these processes (Romero-Cascales 
et al., 2008). Many of the biochemical reactions involved in wine production are enzyme 
catalyzed. They begin during the ripening and harvesting of grapes and continue through 
alcoholic and malo lactic fermentation, clarification, and aging. The addition of exogenous 
glucanases and related polysaccharides are known to improve not only the quality of wine 
but also its overall production efficiency. These grape and microbial pectinases are classified 
according to their mode of attack on the pectin molecule. These enzymes deesterify or 
depolymerize specific substrates of pectin. Grapes generally have colorless juice. Red color is  
present in the skin of the grape fruit. Winemakers keep the grape skin in contact with the clear 
juice for a specific amount of time to distill the red color into it. The most important function 
of the enzymes used in wine making is to decrease the impact of the long-chain compounds, 
such as pectins, that are found in the nonwoody parts of many plants. Pectin is a long-chain 
polymer of polygalacturonic acid and is made up of d-galacturonic acid monomers. The 
gelling or setting properties brought about by pectin is not desirable for wine. By adding a 
pectolytic enzyme that performs the activity of breaking down pectins, this gelling property 
is removed. Pectinase works by chopping off the long chains of pectins into smaller lengths. 
The smaller the pectin molecule, the less viscosity it produces. The pectolytic enzyme 
reduces the pectin molecule in size so that better clarification can be achieved (Capounova and 
Drdak, 2002; Ducasse et al., 2010). Glucan is a long-chain polysaccharide with polymeric 
chains made up of d-glucose monomer. Glucan is not derived from healthy grapes. When the 
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mold Botrytis cinerea infects grapes, glucan is formed. Viscosity of the wine is increased 
due to glucan, which makes its processing difficult. The glucanase enzyme cuts short the 
length of the glucan molecule so that filtration is much more easily achieved. As a result, the 
filtration process can be achieved rapidly and less filtration media are required. Many small 
compounds occur in wines that are bound to glucose molecules in the wine. These are called 
glycosides. Glycosides contain molecules called terpenes that give off aromas if they are not 
connected to a glucose molecule. Enzymes having glycosidase activity break these glycoside 
bonds, the terpene compounds are released, and so a greater aroma profile can be obtained 
in the wine. Linalool, geraniol, and citronellol are some terpene compounds. Aromatic 
wines, such as Riesling and gewurztraminer, are known for containing terpenes and are good 
examples of terpene aromas.

5.4 Fats and Oils Industry

Modification in oils and fats is one of the prime areas in the food processing industry that 
demands novel economic and green technologies. Fats and oils are important constituents of 
foods. Lipases allow us to modify the properties of lipids by altering the location of fatty acid 
chains in glycerides and substituting new ones (Gupta et al., 2003). In this way, a relatively 
inexpensive and less desirable lipid can be modified to a higher-value fat. Lipases catalyze 
the hydrolysis, esterification, and interesterification of fats and oils (Sharma et al., 2001). 
Out of all the reactions carried out using fats, esterification and interesterification are used to 
obtain value-added products, such as specialty fats and partial glycerides, by using positional 
and fatty acid–specific lipases, and they have greater industrial potential than fatty acid 
production in bulk through hydrolysis (Venkata Rao et al., 1991). Immobilized lipases from 
Candida antarctica (CAL-B), Candida cylindracea, Helvina lanuginosa, Pseudomonas 
spp., and Geotrichum candidum have been utilized in the esterification reaction of certain 
phenols to synthesize antioxidants that can be used in oils. The use of the TAG lipase, which 
is obtained from genetically modified A. oryzae, as a processing aid in the oils and fats 
industry for oil degumming has been used (Clausen, 2001). A new process for immobilizing 
lipases based on the granulation of silica has dramatically simplified the process and lowered 
the process cost. Such innovative methods are now widely applied in the manufacturing of 
commodity fats and oils with no trans-fat content. In the physical refining of vegetable oils, 
the degumming step can be carried out with a phospholipase. The economy of enzymatic 
degumming has significantly been improved by introduction of a microbial phospholipase. 
Glycerolysis of oils and fats using the CAL-B lipase to produce monoacylglycerides has 
also been studied, using an ionic liquid as the reaction solvent. In the ionic solvents 90% 
yield of monoacylglycerides was observed, which is much higher than in the normal solvent 
(Guo and Xu, 2005). In the consecutive reaction very good lipase stability and reversibility 
of ionic liquid were also observed. This provides a sustainable option to the modification 
of oils and fats. Tailored vegetable oils with nutritionally important structured TAG and 
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altered physicochemical properties have a big potential for the future. Microbial lipases may 
be exploited for retailoring of vegetable oils. Cheap oils may be upgraded to nutritionally 
important structured TAG, such as cocoa butter substitutes, low caloric TAG, PUFA, and 
oleic oil-enriched oils. 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 
caloric spreads with short- or medium-chain fatty acids. Normally fat and oil modifications 
are carried out chemically by using directed interesterification. Enzymatic interesterification 
can also be used to produce oils and fats containing nutritionally important PUFAs, such as 
eicospentaenoic and docosahexaenoic acids (Christensen et al., 2001).

5.5 Fragrance and Flavor Industry

Enzymes are of a great use in biocatalysis in the fragrance and flavor industry, considering 
their specificity and milder conditions for functioning. Lipases have been applied and 
studied widely (Welsh et al., 1989) for synthesis of flavors in vitro. Fragrance and flavor 
esters synthesized using enzymes are very efficient replacements for the fragrances and 
flavors extracted from plants naturally. Transesterification shows a distinct advantage over 
esterification, as there is no acid or alcohol inhibition occurring in it (Langrand et al., 1988). 
Also the initial content of water remains constant, as no water is released in this reaction. 
The transesterification reaction has been used successfully for the solvolysis of triglycerides 
with long-chain fatty acids to synthesize corresponding esters. Lipases have also been used 
in the transesterification reaction of vinyl acetate for the resolution of secondary alcohols. 
The production of isobutyl and isoamyl esters has been linked to the activity of an alcohol 
acyl CoA transferase or ester synthetase, which is extracted from fruit. The reactivity of the 
enzyme, used in vitro, depends on its origin and the structure of the substrate. An important 
terpene alcohol, l-menthol, finds immense application in the perfume and flavor industry. It 
finds application in toothpaste and in many other formulations for its mint taste and refreshing 
sensation. Normally it is obtained by isolation and crystallization from peppermint oil, but it 
can also be chemically synthesized from benzoic acid. In the entire process the limiting step 
is the separation of l-menthol, which is the active compound, from the mixture. A whole-
cell mechanism using the esterase lipase of Rhodotodi minuta has been studied. It has been 
observed that enhancement in catalytic activity of cells was because of their entrapment in 
polyurethane resin gels, which yielded l-menthol of 100% optical purity. The compound 
l-menthol-5-phenyl valerate has been produced by using immobilized C. cylindracea lipase 
in a direct esterification reaction (Cheetham, 1991). The resolution of a dl-citronellol mixture 
with an esterase of Trichudenna has also been performed using direct esterification. Fruits, 
such as blackberry and banana exhibit the presence of enantiomer secondary alcohols. It has 
been observed that it was possible to apply lipase enantioselective esterification successfully 
for the resolution of secondary alcohols by transesterification using alkyl carboxylates as 
a solvent. The reaction yield has been greatly improved by using molecular sieves in the 
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resolution of 1-phenyl ethanol. Lactonization reaction of 15-hydroxypentadecanoic and 
16-hydroxyhexadecanoic acids using lipase enzymes obtained from Mucor species has also 
been studied in toluene solvent at 80°C temperature. A conversion yield obtained was about 
30%. Conversion of this reaction can be increased by maintaining water content of 0.08% 
and adding alcohols, such as sorbitol before lyophilisation of the enzyme (Yamane, 1991). 
Very few oxidoreductases have been used industrially, mainly due to the difficulties found 
in the regeneration of the cofactors involved in the process and for economic reasons. 
Some studies indicating the potential application of oxidoreductases in enzymatic reactions 
conducted in membrane reactors have been documented. The enzyme alcohol dehydrogenase 
(ADH) can be extracted from plants or obtained from microorganisms. It brings about the 
reduction of ketones to aldehydes and oxidation of alcohols to the corresponding aldehydes. 
The application of ADH to convert the ethanol present in orange essence to acetaldehyde, in 
which the cofactor NAD is regenerated by use of flavin mononucleotide in a light-catalyzed 
process, was documented in 1984. The conversion of geraniol to geranial in a water and 
hexane biphasic system has also been studied. A biphasic system gives a conversion yield 
of about 50% by avoiding the inhibitory action imposed by the end products. Citronellal 
and hexanal have also been produced successfully using a biphasic system. Conversion of 
cinnamaldehyde to cinnamyl alcohol using immobilized yeast ADH was also studied under 
the same system. Gluconobacter oxydans and Acetobacter acetii have shown good effects 
by reducing 12 ketones to (S)-alcohols with an enantiomeric excess of more than 94%. The 
ADH and aldehyde dehydrogenase of G. oxydans have shown to produce acetic acid from 
ethanol and the enzymatic system of S. lactis (transaminase, decarboxylase, and ADH) has 
shown to synthesize the aldehyde with a malty flavor regenerating NADH. Benzaldehyde 
is the molecule obtained in cherry fruit flavor. The enzymatic synthesis of this compound 
using the alcohol oxidase enzyme has been studied recently. A whole-cell process was 
developed in two steps, with Pichiapastoris, a methylotrophic yeast, using a catalase to 
convert the denaturing H2O2 formed. In the case of S. cerevisiae, the whole-cell processes 
give higher rates of conversion than cell-free extracts. A strategy has been devised by 
the Denki Kagaku Kogyo Company to produce gluconic acid, an acidulant, from glucose 
using glucose dehydrogenase requiring NADP+. The cofactor is reduced with glucose and 
converted to sorbitol by the enzyme aldose reductase. The concentrated syrup formed has a 
sweet and acidic taste to it. The compound l-menthone can be converted to l-menthol using 
a dehydrogenase from Pseudomonas putida. This can be used for the bioconversion of the 
essential oil of the plant Mentha piperita containing mostly l-menthone for increasing the 
amount of the flavoring agent l-menthol. Mitsui Company has studied similar processes 
using cells of the Cellulo monasturbata species. In both of these cases, it was necessary to 
develop cofactor regeneration systems. Aldehyde oxidase was extracted from the liver of 
bovines and used to reduce the beany flavor of soybeans. The reaction was conducted in 
aerobic conditions without the need of any cofactor. The loss in the intensity of the green note 
was assumed to be due to the oxidation of n-pentanal and n-hexanal. The aroma compounds, 
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β-ionone and β-damascone, are found in tobacco and some fruits. They are formed by 
enzymatic degradation of carotenoids. The microbial conversion of β-ionone in an organic 
solvent using A. niger cells has been carried out. With the use of enzymes, such as polyphenol 
oxidase, small amounts of β-ionone have been obtained, using substrates rich in carotenoids, 
such as palm oil. Genzyme Company produces many optically active α-hydroxy acids using 
lactate dehydrogenase as the first enzyme and formate dehydrogenase as the second enzyme 
for regenerating NAD (Dunn et al., 1991). Many enzymes display potential for application in 
the development of flavors. The diacetyl compound, which is responsible for a butter flavour, 
and the acetoin compound have been synthesized using a multienzymatic process consisting 
of milk fat–coated microencapsulated cell-free extracts of Streptococcus lactis. This diacetyl 
was synthesized through the oxidative pathway. Hydrolases and oxidoreductases are the main 
enzymes used to develop flavors. Even the other categories of enzymes can be considered to 
have made a contribution in this field. Lyases catalyze the conversion of limonene, which is 
a by-product of the citrus industry, to α-terpineol and amonoterpene, which are both of great 
interest. Lyases were extracted from Pseudomonas gladioli in 1992. Two main enzymes have 
been isolated from apple pomace to produce volatile aldehydes from linoleic acid; namely 
lipoxygenases, which catalyze the synthesis of hydroperoxides from unsaturated fatty acids, 
and hydroperoxidelyase, which leads to the formation of volatile aldehydes.

6 Advances in the Food Industry

Ultrasonication has become a ubiquitous technological tool that is being used widely in 
various scientific fields. Ultrasound technology can be used for enhancement of fermentation, 
anaerobic digestion, and synthesis in the food industry. Ultrasound irradiation causes 
cavitation in liquids. The cavitation bubbles collapse near the boundary of two liquids. This 
creates a shock wave that causes efficient stirring and mixing of liquid layers. As ultrasound 
can enhance heterogeneous reactions, it is a very useful tool for enhancing the rate of 
enzymatic reactions. The power of ultrasonication alters the rate of enzymatic reaction. 
Ultrasound waves of low intensity have a small influence on removing the mass-transfer 
limitation in enzymatic reactions. Ultrasound waves of sufficiently high intensity can solve 
the problem of mass-transfer limitation (Gogate, 2008; Gogate and Kabadi,  2009; Rokhina 
et al., 2009). However, a very high ultrasound intensity can cause the inactivation of enzymes. 
Hence, it is very important to select the right power and frequency of ultrasonic waves for 
enzymatic reactions. The fermentation process can also benefit from ultrasound technology. 
The effect of ultrasound and Ca++ concentration on the proliferation of S. cerevisiae has 
been studied. It has been found that low-intensity ultrasound greatly enhances the total 
Ca++ content within the cell, which in turn enhances the yeast biomass. The ultrasound 
promoted cell membrane permeability and altered surface potential, which in turn resulted 
in the activation of calcium channels. Low-frequency ultrasound has also been shown to 
increase riboflavin production by Ecemothecium ashbyii by decreasing the fermentation 
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time and increasing the riboflavin production (Chuanyun et al., 2004). Gentamycin, which 
is an antibiotic, showed increased release from the cell wall of Micromonospora spp. using 
ultrasonication, increasing from 38.3% to 75.8%. Lactose-hydrolyzed yogurt has been 
manufactured using low-intensity ultrasound. This improved the nutritional requirement for 
lactose-intolerant people. It was observed that ultrasound-assisted hydrolysis of milk leads 
to 71%–74% reduction in initial lactose content, whereas nonsonicated hydrolysis leads to 
39%–51% lactose hydrolysis (Toba et al., 1990). In milk fermentation, using four strains of 
Lactobacillus, under ultrasound (200 kHz) it was observed that in three strains out of the four 
over 70% lactose fermentation took place, whereas only 40% lactose fermentation was seen 
in conventional fermentation (Wang and Sakakibara, 1997). The lipase-catalyzed hydrolysis 
of olive oil in a two-phase system showed that ultrasound stirring delivered a 1.75 times 
better conversion than the conventional stirring method. Treatment of Panax ginseng cells 
using ultrasound at 38.5 kHz frequency improved the saponin content of the cells by up to 
75% (Lin et al., 2001). Similarly, ultrasonication at a low frequency improved the shikonin 
content in the Lithospermum species. Ultrasound stimulation at 28 kHz promoted the growth 
and proliferation of Oryza sativa Nipponbare callus cells in suspension. Ultrasonication 
has shown to increase the yield of Monascus, a red color pigment from Monascus spp. 
(Yang et al., 2005).

Like ultrasonication, microwave irradiation techniques also find vast application in the 
food-processing field. One main advantage is the place where the heat is generated; namely, 
in the product itself. Because of this, the effect of small heat conductivities or heat transfer 
coefficients does not play such an important role. Therefore, larger pieces can be heated 
in a shorter time and with a more even temperature distribution (Loupy, 2002; Collins 
and Leadbeater, 2007). These advantages often yield increased production. Microwave-
assisted synthesis plays a very important role in drastically reducing the time of conversion. 
Isoamyl myristate, which is used as a flavoring agent, has been synthesized using microwave 
irradiation. A maximum conversion of 96% was obtained in a very short time span of 1 h 
(Yadav and Thorat, 2012). Microwave-assisted synthesis of ascorbyl palmitate, an antioxidant 
used in the food industry, has also shown satisfactory conversion in 1 h. Similarly, a food 
emulsifier, propylene glycol monolaurate, has been synthesized using microwave technology 
(Fang et al., 2008).

7 Scaling Up and Bioreactors

The most commonly used reactor for enzymatic synthesis for continuous operation is the 
packed-bed reaction setup. This contains cylindrical columns that permit the holding of 
a fixed bed of enzyme catalyst particles. The sizes should be below 0.05 mm so that the 
pressure drop is within descent limits. It is commonly operated in downflow mode, so the 
range of flow rates used must be such that it can provide a compromise between reasonable 
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pressure drop, minimal diffusion layer, and high conversion. A fluidized bed reactor is 
a different type of packed-bed reactor that is operated in an upflow mode, in which the 
biocatalyst particles are not in close proximity to each other. This leads to reduce pressure 
drop, and pumping costs are also in accordance with that. The residence time allowed 
by the flow rates needed for fluidization may lead to low conversion yields. This can be 
solved by running a battery of reactors or by operating in recycle mode. Biobased reactions 
with free enzymes are conducted in stirred tank reactors. When they are used individually 
they are restricted to batch-mode operations, but when they are coupled to a membrane 
setup with a suitable cutoff they can be used in a continuous process mode because the 
enzymes are removed by the membrane, which acts as an immobilization device, while the 
product and unconverted reactant freely permeates. Shear stress, which is incorporated by 
stirring of the reaction, cultivates a hazardous surrounding for immobilized biocatalysts, 
especially when hydrogels are in use, since they are prone to abrasion. With an objective 
to overcome this problem, the basket reactor was developed. It is seldom used, possibly 
due to the mass-transfer resistances related to it. Commercial production of esters used in 
food and cosmetics usually takes place in a multipurpose stirred tank reactor. However, 
its use is limited in enzyme-catalyzed ester synthesis due to mechanical instability of 
lipases. Furthermore, when processing surfactant-like mixtures, desorption of enzymes 
occurs while using enzymes based on noncovalently bound proteins. This problem can be 
overcome by using packed bed reactors, which comprise a packed bed of enzymes. The 
mixture of reactants is continuously cycled through the lipase bed till the desired product 
is formed. Water formed during the process is removed using vacuum. However, packed 
bed reactors usually fail to perform well in the presence of high molecular weight and high 
viscosity reactants. Bubble column reactors are very efficient in biocatalytic production 
because they use a stream of gas instead of mechanical stirring for mixing. The gas stream 
removes water formed during the process. Bubble column reactors are favorable even 
for high viscosity compounds. Other advanced reactors, such as membrane reactors and 
microreactors, are also favorable for using high viscosity reactants (Marion et al., 2013; 
Ruppert, 2002).

8 Food Safety Regulations

In the food sector, enzymes are not used for any specific food function. They are mostly 
used as processing agents. The United Kingdom and the European Union both follow strict 
rules for enzyme applications. Enzymes have to first be tested for the absence of any kind 
of hazardous substances, such as allergens, toxins, microbes, metals (such as lead), and so 
on. Once an enzyme passes all the test protocols laid down by the WHO/FAO Joint Expert 
Committee for Food Additives (JECFA) it is regarded as a “permitted” enzyme. Even though 
enzymes are not used as additives in the food sector, for the purpose of scrutiny they are 
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treated as additives before they are given a place on the permitted list. Once they are added to 
the permitted list they function as processing aids and do not need to be labeled. According 
to US legislation, enzymes have to obtain “generally recognized as safe” (GRAS) status. US 
and European Union laws are not consistent and the application of enzymes in food has to 
be handled individually. Whenever any enzyme that is already present on the permitted list 
is obtained from a new source or using a new method, it again has to go through the process 
of scrutiny. In the United Kingdom, there is the Advisory Committee on Novel Foods and 
Processes (ACNFP), which must be notified of all intended new sources and methods of 
development. Obtaining clearance from ACNFP is compulsory before any new food enzyme 
is brought to the market within general food regulations.

9 Conclusion and Future Prospects

The world food industry is growing and changing tremendously due to change in consumer 
demands and mind-set. Increasing demand for “natural” and “green” products from 
consumers has encouraged the food and cosmetic industries to manufacture products using 
biocatalysis. Due to the mild and environmental friendly operation conditions, region 
selectivity, and reduction in by-product formation, the enzymatic route is today being looked 
at as a more interesting option than the conventional chemical route of synthesis in the 
industry. By controlling the process parameters (temperature, time, enzyme loading, rpm, 
etc.), making the right choice of reaction medium, and using an efficient water removal 
system, enzymes can give better yields than chemical catalysts. The application of ultrasound 
and microwave techniques to enzymatic synthesis can reduce reaction time and give even 
better yields, thereby making the process greener. The full potential of ultrasound and 
microwave in biocatalytic synthesis in the food, flavor, and fragrance industries has still to be 
explored to the fullest and has tremendous scope for future work.
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CHAPTER 2

Microbial Biosynthesis: A Repertory 
of Vital Natural Products
Shadia M. Abdel-Aziz, Mostafa M. Abo Elsoud, Amany A.H. Anise
National Research Center, Giza, Egypt

1 Introduction

Microorganisms were present on Earth 3.5–4 billion years ago and have been evolving and 
expanding into new environments ever since, existing everywhere. Their presence has driven 
the development of new ecosystems, some of which allowed the evolution of more complex 
organisms (Okasha, 2010). Microorganisms can communicate; some generate signals for the 
formation of metabolically diverse communities. Without metabolism and communication 
between microorganisms, the recycling of essential nutrients on Earth would come to a halt. 
When placed into harsh environments, microorganisms cope and thrive by adapting and 
producing a variety of secondary metabolites, which primarily mediate critical functions in the 
life cycle of the producing microorganism. These secondary metabolites, however, have been 
demonstrated to possess potential therapeutic, medicinal, and industrial applications for treatment 
and prevention of diseases (Gupta et al., 2014; Okaiyeto et al., 2016; Rajeev et al., 2014).

Biosynthesis is the process of a living microorganism where simple molecules are modified or 
joined together to form macromolecules (Bruce, 2007). Natural products are unique organic 
compounds and naturally occurring substances produced by microorganisms as end products 
of secondary metabolism. Natural products can be applied in alternative medicine, cosmetics, 
dietary supplements, and as a starting material for drug discovery (Gupta et al., 2014). This 
chapter deals with different biosynthetic processes and secondary metabolites produced by 
microorganisms. The potential importance of natural products in pharmaceutical, medicinal, 
and industrial biotechnology is also discussed.

2 Microorganisms

Microorganisms are communities that share a characteristic feature of being visible 
only by a microscope. Microorganisms (natural isolates, laboratory selected mutants, or 
genetically engineered strains) are utilized for production of vitamins, amino acids, enzymes, 
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fermented dairy products (e.g., sour cream, yogurt, buttermilk), and fermented foods (e.g., 
pickles, sauerkraut, breads, alcoholic beverages). Biotechnology is a major area of applied 
microbiology (Tyson, 2012). Microorganisms are used to produce pharmaceuticals that 
otherwise could not be manufactured. These pharmaceuticals include the human hormone 
insulin, the antiviral substance interferon, numerous blood-clotting factors and clot-dissolving 
enzymes, and a number of vaccines (Biotechnology Society, 2009).

2.1 Brief History

The term microbiology was associated, initially, with the causes of infectious diseases. 
Development of microbiology, however, has produced significant practical applications of 
microorganisms in different fields of science. During the mid-1600s, a few years after the 
microscope was invented, an English scientist, Robert Hooke, reported key observations 
about microorganisms (Tyson, 2012). It was not until the 1670s and the decades thereafter 
that a Dutch merchant, Anton van Leeuwenhoek, revealed the microscopic world to other 
scientists; he was one of the first scientists who provided careful and accurate descriptions 
of protozoa, fungi, and bacteria, which were then called Animalcules. The study of 
microbiology, after van Leeuwenhoek’s death, did not develop rapidly because microscopes 
were rare and the interest in microorganisms was not high (Tyson, 2012). In the middle 
and late 1800s, Louis Pasteur discovered why wine and dairy products became sour 
(Tyson, 2012), and confirmed the importance of microorganisms in human life.

2.2 Microbial Biotechnology

Microbial Biotechnology refers to the use of microorganisms, industrially, for the production 
of important substances, such as antibiotics, food products, enzymes, and amino acids, by 
a fermentation process in which a product of economic value is obtained. In 1917, Karl 
Erekv, a Hungarian engineer, defined the term biotechnology as “all lines of work for using 
raw materials to produce viable substances with the aid of living things” (Fiechter, 2000). 
Biotechnology is essentially the product of interaction between the science of biology and 
technology. Products of biotechnology are going to have a major impact on the quality of 
human life, productivity, trade and economics in the world (Biotechnology Society, 2009). 
Biotechnology is used in many areas, such as: (1) diagnosis, prevention and cure of diseases; 
(2) new food resources; (3) environmental protection, such as bioconversion; (4) energy 
conservation; and (5) production of new pharmaceutical drugs, fine chemicals, and vaccines 
(https://www.boundless.com/definition/vaccine). The real aim of most of the developments 
in biotechnology is its potential applications in the health care of human beings and animals, 
which are more frequent, notable and rewarding. Microbial biotechnology and biosynthesis 
will play an important role on our way toward sustainable use and production of renewable 
bio-resources.
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2.3 Microbial Metabolism

Microbial metabolites are the intermediates and products of microbial metabolism. Bacteria 
have extensively been used in biological research due to their abundant, easy growth 
and relatively simplified cellular organization. Bacterial metabolism has been studied to 
establish how to inhibit or stop their growth and harmful metabolites (Abdel-Aziz, 2014b; 
https://www.boundless.com/microbiology/textbooks). Microbial metabolic products can be 
categorized into primary and secondary metabolites. Microbial metabolism is classified into 
nutritional groups on the basis of three major criteria: (1) source of energy used for growth; 
(2) source of carbon; and (3) source of electron donors used for growth (Wikipedia: http://
en.wikipedia.org/wiki/Primary_nutritional_groups).

2.3.1 Primary metabolites

Metabolites produced during the exponential phase of a culture are known as primary 
metabolites (Crueger and Crueger, 1990). A primary metabolite is a key component in 
maintaining normal physiological processes; thus, it is often referred to as a “Central 
Metabolite” (Jit and Garg, 2015). Primary metabolites are formed during the exponential 
phase, as end products, and involved in growth, development, and reproduction, hence, they 
are essential for the survival and existence of an organism (Crueger and Crueger, 1990; Jit 
and Garg, 2015). Primary metabolites are called central metabolites because they maintain 
normal physiological processes (Crueger and Crueger, 1990; Jit and Garg, 2015). In primary 
metabolism, the production curve is associated with the growth curve, and metabolites, such 
as vitamins, amino acids, or nucleosides, are produced in an adequate enough amount to 
sustain cell growth (Jit and Garg, 2015). Amino acids, nucleotides, proteins, carbohydrates, 
lipids, and vitamins are primary metabolites that are needed for cell growth, whereas ethanol, 
acetone-butanol, and organic acids are required for deriving energy (https://www.boundless.
com/microbiology/textbooks). Citric acid is an example of a primary metabolite commonly 
used in industrial microbiology.

2.3.2 Secondary metabolites

Secondary metabolites are synthesized during the end or near the stationary phase of 
growth and are not involved in cell growth, development, or reproduction (Crueger and 
Crueger, 1990; Jit and Garg, 2015). Many of the identified secondary metabolites have a role 
in ecological function, including acting as a defense mechanism(s), by serving as antibiotics 
(Wikipedia: https://www.boundless.com/definition/antibiotics) and by producing pigments 
(https://www.boundless.com/definition/defense/mechanisms). Secondary metabolites are 
produced by microorganisms when one or more of the nutrients in the culture medium is 
depleted. Secondary metabolites usually have an important ecological function and serve 
diverse survival functions in nature. Although not essential for microbial growth, secondary 
metabolites are very important for the health, nutrition, and economics of human societies 
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(Berdy, 2005; Kevin et al., 2016). Toxins, gibberellins, alkaloids, antibiotics, and biopolymers 
are examples of secondary metabolites. A comparison of the different features between 
primary and secondary metabolites is represented in Table 2.1.

3 Biocatalysis

Biocatalysis, a major part of biotechnology, can be broadly defined as the use of enzymes 
(biocatalysts) to aid or catalyze specific chemical reactions. Microbial catalysts have been 
widely applied in the food industries for a long time but are finding new applications in 
many fields, including industrial chemistry (Wohlgemuth, 2010). Biocatalysis involves the 
application of whole microbial cells, cell extracts, purified enzymes, immobilized cells, or 
immobilized enzymes. Rapid development in biocatalysis was due to the recent advances 
in large-scale genome sequencing, directed evolution, protein expression, metabolic 
engineering, high throughput screening, and structural biology (Ran et al., 2008; Sanchez-
Garcia et al., 2016). The total market for industrial enzymes reached $3.3 billion in 2010 and 
approximately $4.4 billion in 2015 (Adrio and Demain, 2014; Sanchez-Garcia et al., 2016). 
Of these, technical enzymes are typically used as bulk enzymes in the detergent, textile, pulp 
and paper industries, and in the biofuels industry, among others. Their usage in leather and 
bioethanol is responsible for the highest sales figures. Technical enzymes had revenues of 
nearly $1.2 billion in 2011, $1.5 billion in 2015, and are expected to reach $1.27 billion in 
2021 (Adrio and Demain, 2014, http://www.marketsandmarkets.com). The highest sales are 
expected to be for the biofuels (bioethanol) market.

Biocatalysts are complex protein molecules formed within living cells. They have catalytic 
properties with the ability to perform specific chemical transformations and are useful 
for bioprocesses in the food, feed, agricultural, chemical, and pharmaceutical industries. 
Enzymes have all the properties of true catalysts, and the enzyme-catalyzed processes 
are gradually replacing chemical processes in many industries. However, the purity of 
biocatalysts is of particular importance in food manufacturing and pharmaceutical fields, 

Table 2.1: Features and general differentiations between primary and secondary metabolites.

Primary Metabolites Secondary Metabolites

Involved in growth, development, and reproduction 
and, therefore, essential for survival and existence 
of the organism. Produced during the exponential 
phase and the production curve follows the growth 
curve. Maintains normal physiological processes, 
hence, it is called “Central Metabolites.” Produced 
in adequate amount to sustain cell growth, for 
example, vitamins, amino acids, nucleosides, and so 
on. Examples, are ethanol, citric acid, acetic acid, 
lactic acid, vitamins, and amino acids.

Not necessary for growth, development, and 
reproduction—their production is influenced by 
environmental factors. Not produced until the microbe 
has largely completed its logarithmic growth phase and 
entered the stationary phase of the growth. Synthesized 
in response to specific environmental conditions. 
Production is regulated by complex-biochemical 
pathways and some strains can produce a variety of 
metabolites. Examples, are antibiotics, biopolymers, 
pigments, alkaloids, and gibberellins.
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because by-products may be harmful or affect flavor. The ability of microbial enzymes 
to perform very specific chemical transformations has made them increasingly popular in 
industries because: (1) less specific chemical processes produce unwanted by-products; 
(2) chemical reactions with an appropriate enzyme occur at a much higher rate but the 
enzyme is not consumed by the reaction; (3) biocatalysts have now become the ideal choice 
for bioprocesses in industries, which are always on the lookout for economically viable, 
reliable and scalable processes with minimal waste generation; (4) advantages of enzymes 
as biocatalysts include their ability to carry out specific chemical transformations, which 
are easy to control and can be operated in the mild range of reaction conditions, such as 
temperatures (∼20–40°C) and pH range (typically 5–8); (5) biocatalysts are completely 
biodegradable and the yield can be predictive; and (6) many industrial processes are designed 
to be run at elevated temperatures where the chemical reactions are faster and problems with 
viscosity and contamination are reduced (Faber, 1997; Kaushik et al., 2014). Biocatalysts are 
accepted widely in the food, pharmaceuticals, and fine chemicals industries and have led to 
the development of novel biocatalytic reactions (Adrio and Demain, 2014), which are mature 
enough for commercial exploitation.

4 Biosynthesis

The biosynthesis process is the formation of organic compounds by a living 
microorganism. In biosynthesis, simple compounds are modified, converted into other 
compounds, or joined together to form macromolecules. This process includes many 
metabolic pathways, some of which are located within a single cellular organelle, while 
others involve enzymes that are located within multiple cellular organelles (Bruce, 2007). 
Biosynthesis occurs due to a series of chemical reactions in which precursor compounds, 
catalytic enzymes, cofactors, and chemical energy are necessary for these reactions 
to take place (Bruce, 2007). Special features of bioactive microbial metabolites are 
their interaction with the environment and their unique chemical structures (Adrio and 
Demain, 2014). Natural products, including microbial metabolites, may be practically 
utilized in three different ways: (1) applying the natural/fermentation product directly to 
medicine, agriculture, or any other fields; (2) using it as starting material for subsequent 
chemical or microbiological modification (derivatization); and (3) microbial metabolites 
can be used as lead compounds for chemical synthesis of new analogs or as templates 
in the rational drug design studies (Gupta et al., 2014). The biosynthetic pathways 
of both bacteria and fungi studies have revealed that many protein factors participate 
in the mechanism of biosynthesis. The control mechanisms, which are associated in 
macromolecular interactions and influence specific enzyme molecules as well as the 
catalytic reactions and control function, are described in the regulation of the biosynthetic 
pathways in bacteria and fungi (Chukwuma, 2016; Tianero et al., 2016). Chemical 
diversity is generated by biological systems; some biosynthetic pathways are constrained 
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to produce one metabolite, but others are relatively relaxed and can produce a set of diverse 
compounds (Tianero et al., 2016).

4.1 Primary Biosynthetic Products

Primary metabolites are formed during the exponential growth as normal end products 
of primary metabolism, where the production curve follows the growth curve and the 
metabolites (e.g., vitamins, amino acids, nucleosides) are produced to sustain cell growth 
(Jit and Garg, 2015). Examples of primary metabolites are shown below.

4.1.1 Vitamins

Vitamins, and other growth stimulating compounds, are synthesized by microorganisms using 
the chemical constituents from the culture medium. These compounds are synthesized in 
excess of their requirements, accumulate in cultures, and are then recovered. Microorganisms 
are commercially exploited to produce vitamins on a large scale, under different cultural 
conditions (Biotechnology Society, 2009). Examples of microbiologically produced vitamins 
are carotene, the precursor of Vitamin A from Blakeslea trispora, riboflavin from Ashbya 
gossrypii, l-sarbose in Vitamin C synthesis from Gluconobacter oxidans, and Vitamin B12 
from Bacillus coagulans, Bacillus megaterium, Pseudomonas denitrificans, and Streptonryces 
olivaceous (Abdel-Aziz, 2014b; Adrio and Demain, 2014).

4.1.2 Amino acids

Microbial fermentation of substrates, such as glucose, acetate, and sucrose by various 
microorganisms can yield d- and l-alanine, l-glutamic acid, l-leucine, l-lysine, and l-threonine. 
Microbacterium ammoniaphilum ferments glucose to give d- and l-alanine. Fermentation of 
the same substrate by Micrococcus glutamicus yields l-glutamic acid, and Brevibacterium 
lactofermentum yields l-leucine. Acetate is fermented by Brevibacterium flavum producing 
l-lysine. Escherichia coli K12 ferments glucose and gives l-threonine. Additionally, primary 
metabolites, such as amino acids including l-glutamate and l-lysine, which are commonly 
used as supplements, are isolated via the mass production of a specific bacterial species, 
Corynebacteria glutamicum (https://www.boundless.com/definition/species).

4.1.3 Ethanol

The manufacture of ethanol for human consumption by alcoholic fermentation dates back to 
prehistoric times. In recent years, ethanol is used for industrial, laboratory, and fuel purposes 
as a solvent, extractant, and antifreeze. Ethanol is nowadays considered synonymous with 
energy and has been used as an important chemical feed stock and as a fuel supplement. 
Anaerobic fermentation converts carbohydrates into ethanol through pyruvate and 
acetaldehyde. Under aerobic conditions, very little alcohol is produced while the carbohydrate 
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is oxidized to CO2 and H2O (Biotechnology Society, 2009). Ethanol forms the base for many 
solvents of dyes, pharmaceuticals, detergents, pesticides, explosives and resins, plasticizers, 
brake fluids, urea-formaldehyde resins, and petrol additives (Biotechnology Society, 2009).

4.1.4 Acetone-butanol

Acetone-butanol is produced by Clostridium acetobutylicum under strict anaerobic 
conditions. This anaerobic process mediated by C. acetobutylicum was industrialized for 
the production of acetone to be used as solvent for cordite for explosive manufacture during 
World War I. The same technology was later adopted to also produce butanol (Biotechnology 
Society, 2009). Different strains of C. acetobutylicum utilize various substrates, such as 
potato, molasses, corn, and so on. During fermentation, the starch is digested to glucose. The 
glucose is then metabolized to yield a number of products, such as acetone, butanol, ethanol, 
and so on. Generally, strains are developed to produce highest possible ratio of butanol over 
acetone and ethanol.

4.1.5 Organic acids

Metabolism of carbohydrate results in the production and accumulation of organic acids. 
Purified organic acids are manufactured on a large scale and marketed as pure chemicals or 
their respective salts. Organic acids are either the terminal products of the EMP pathway 
(lactic acid, propionic acid) or products of incomplete oxidation of sugars (citric acid, 
itaconic acid, and gluconic acid). For the first time in 1981, calcium lactate was manufactured 
on a large scale by bacterial fermentation. Thereafter, species of Penicillium and Aspergillus 
were discovered and used in the production of acids. Organic acids find their application in a 
wide variety of industries and research. For example, acetic acid is used in the food industry 
and research. Fumaric acid is used in resins. Calcium, iron, and potassium salts of gluconic 
acid are used in medicines and also in cleaning products. Lactic acid is used in the food 
industry (such as preparation of fruit extracts, syrup, and pickles), dye mordant, tanning, 
decalcifying skins, plastics, and in medicine as calcium and iron lactates (Biotechnology 
Society, 2009). Citric acid is used in the food industry (e.g., preparation of fruit drinks, 
confectionaries, jams, jellies, preserved fruits, candies, wines, and so on), in pharmacy (e.g., 
blood transfusion, effervescent products), in cosmetics (e.g., astringent lotions, shampoos, 
and hair setting fluids), and in industries (e.g., electroplating, leather tanning, cleaning of 
pipes, reactivation of old oil wells, and so on).

4.2 Secondary Biosynthetic Products

Biological structures have always been a source of inspiration for solving technical 
challenges in architecture, mechanical engineering, or materials science. Nature has 
developed a range of materials and natural products, mainly biopolymers, with remarkable 
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functional properties. A natural product is defined as something that is present in or produced 
by nature, that is not artificial or manmade, and the definition is assumed to mean something 
good or pure (Ige et al., 2012). There are two fundamentally different types of metabolic 
pathways in living systems. The first are aimed to generate one or a few discrete chemicals; 
these comprise the majority of pathways. The second have evolved to produce large numbers 
of different metabolites (Li et al., 2010). Although perhaps fewer in number, this second 
class, which are called diversity generating, may be responsible for the majority of small 
molecules in living systems (Li et al., 2010; Weber and Kim, 2016). Diversity-generating 
pathways do not yield a single final product; each enzyme in a diversity-generating pathway 
has relaxed substrate specificity and is able to handle a variety of compounds (Tianero 
et al., 2016). The biosynthesis of some important secondary metabolites produced by some 
microorganisms is discussed below.

4.2.1 Biopolymers

Biopolymers are polymeric biomolecules, covalently bonded from monomeric units to 
form larger molecules. The prefix “bio” means they are biodegradable materials produced 
by living organisms. A wide variety of materials, usually derived from biological sources, 
such as microorganisms, plants, or trees, can be described using the term biopolymer. Green 
polymers, or biopolymers, are polymers produced partially or entirely from renewable natural 
resources (Hernandez et al., 2014). Compared to synthetic polymers, which have a simpler 
and more random structure, biopolymers are complex molecular assemblies that adopt 
precise and defined 3-D shapes and structures. This is one important property that makes 
biopolymers active molecules in vivo (Wani et al., 2015). Their defined shape and structure, 
biocompatibility, and biodegradability are indeed keys to their functions. Microorganisms 
can produce a numerous amount of biopolymers (e.g., polysaccharides, polyesters, and 
polyamides), which range from viscous solutions to plastics, and their physical properties 
depend on the composition and molecular weight of the polymer. Bacteria produce a variety 
of biopolymers, mainly polysaccharides, that can be generally classified by their biological 
functions into intracellular storage polysaccharides (glycogen); capsular polysaccharides, 
which are closely linked to the cell surface; and extracellular polysaccharides (e.g., xanthan, 
sphingan, alginate, cellulose). Exopolysaccharides are synthesized via different biosynthesis 
pathways. The genes responsible for synthesis are often clustered within the genomes 
of the respective production organism (Schmid and Sieber, 2015). These biopolymers 
exhibit superior material properties with medical and industrial applications. Due to 
their biocompatible and biodegradable nature, biopolymers can be used to improve the 
performances of other biologically active molecules in a product, and can also be modified to 
suit various potential applications (Adsul et al., 2016). The diversity of bacterial metabolites 
(biopolymers) and their functions are represented in Table 2.2 (Nwodo et al., 2012).
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Table 2.2: Diversity of microbial polymers and their functional attributes.

Biopolymer Bacterial strain Monomer Units Applications

Dextran Leuconostoc mesenteriodes Glucose Confectionary products: to improve 
moisture retention and viscosity, 
and to inhibit sugar crystallization. 
In human medicine, as a blood-flow 
improving and cholesterol-lowering 
agent, and in separation technology as 
a microcarrier in tissue/cell culture

Alginate Pseudomonas aeruginosa, 
Azotobacter vinelandii

Guluronic acid and 
mannuronic acid

Food hydrocolloid and medicine: 
surgical dressings, hypoallergenic 
wound-healing tissue, and controlled 
drug release. As an immobilization 
matrix for viable cells and enzymes, 
and the coating of roots of seedlings 
and plants to prevent desiccation

Xanthan Xanthomonas spp. Glucose, mannose, 
and glucuronic acid

Food, pharmaceuticals, cosmetics, 
and personal-care products. As a 
viscosifier, stabilizer, emulsifier, and 
suspending agent in food industries. 
In food as a thickening and stabilizing 
agent—often used in combination 
with guar gum. Also in secondary and 
tertiary crude-oil recovery

Curdlan Rhizobium meliloti, 
Agrobacterium 
radiobacter

Glucose Food, the pharmaceutical industry, 
in heavy metal removal, and as a 
concrete additive. As a gelling agent, 
and immobilization matrix. It displays 
promising high antiretroviral activity 
(anti-AIDS drug)

Succino-glycan Alcaligenes faecalis var. 
myxogenes

Glucose and galactose Food, oil recovery, as a gelling agent 
and matrix for immobilization

Glucuronan Gluconacetobacter hansenii Glucuronic acid Food, cosmetics products
Colanic acid E. coli, Shigella spp., 

Salmonella spp., and 
Enterobacter spp.

Fucose, glucose, 
glucoronate, and 
galactose

Cosmetics and personal care products

Cellulose Acetobacter spp. Glucose Food (indigestible fiber which can 
be impregnated with amino acids, 
vitamins and minerals), biomedical 
(wound healing, tissue-engineered 
blood vessels). In separation 
technology, as acoustic membranes in 
audio-visual equipment

Levan Bacillus, Streptococcus, 
Pseudomonas, Zymomonas

Fructose For production of sweet confectionary, 
ice cream as viscosifer and stabilizer

Emulsan Acinetobacter calcoaceticus Sugar and fatty acids Crude-oil recovery and other 
applications are similar to alginate
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Biopolymers are currently used and become commercially available in the food industry 
as coatings, food packaging materials, and encapsulation matrices for functional foods. 
The increasing interest in edible films and coatings using biopolymers is due to their 
ability to incorporate a variety of functional ingredients. Biopolymers enhance the product 
shelf life while also reducing the overall carbon footprint related to food packaging 
(Mohy et al., 2012). Other materials extracted from biomass resources, such as proteins, 
polysaccharides (e.g., chitosan), and lipids (e.g., waxes), also have excellent potential as gas 
and aroma barriers (Adsul et al., 2016). Biopolymers have also been used for encapsulation 
purposes as a technology to protect sensitive substances against the influences of adverse 
environments. The term microencapsulation refers to a defined method of wrapping 
solids, liquids, or gases in small capsules, which can release their contents under specific 
circumstances (Shit and Shah, 2014). Such technologies are of significant interest to the 
pharmaceutical sector. However, the major advantage of coatings is that they can be used as 
a vehicle for incorporating natural or chemical active ingredients, such as antioxidants and 
antimicrobial agents, enzymes, or functional ingredients, such as probiotics, minerals, and 
vitamins. These ingredients can be consumed with food, thus enhancing safety, nutritional, 
and sensory attributes. Edible films can be used as flavor or aroma carriers in addition to 
providing a barrier to aroma loss (Shit and Shah, 2014).

Hydrophilic polymers usually have poor moisture resistance, which causes water vapor 
transmission through packaging and thus affects the quality of foods. The hydrophilic nature 
of some biopolymers affects their use as high-end products because absorption of moisture 
causes plasticization of these biopolymers, thereby deteriorating the barrier properties of 
these materials. This results in shorter shelf lives, increased costs, and eventually more waste. 
Chitosan has shown great potential as an antimicrobial packaging agent to preserve food 
against a wide variety of microorganisms. Incorporating antimicrobial compounds into edible 
films or coatings provides a novel way to improve the safety and shelf life of ready-to-eat 
foods. Lysozyme is one of the most frequently used antimicrobial enzymes in packaging 
materials, since it is a naturally occurring enzyme. Biopolymers, such as amylose, when 
mixed with plasticizers have excellent potential in forming thin films for various food and 
packaging applications (Mohan et al., 2016).

4.2.2 Bioflocculants

Flocculation is a process whereby colloids, cells, and suspended solids are aggregated and 
removed from the suspension. The solids simply look like flocs or flakes as a consequence of 
aggregation. Flocculants of natural or synthetic origin are substances used in the separation of 
solids and liquids by the process of flocculation in various industrial processes. An efficient 
and rapid flocculation process depends on the suspended particle size, for example, the larger 
the particle, the faster the sedimentation rate, resulting in an efficient and rapid flocculation 
process (Okaiyeto et al., 2016). High performance of the flocculation process, strength of the 
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aggregated particles, number, and strength of bonds that formed as a result of good flocculation 
are all affected by the good choice of a bioflocculant (Okaiyeto et al., 2016). Flocculants are 
commonly used in various industrial processes, for example, drinking water purification, 
wastewater treatment, and downstream processes in the fermentation industries (Ugbenyen 
and Okoh, 2014; Wang et al., 2014). Flocculation could be exploited as a substitute for 
filtration and centrifugation in the separation of microbial cells from broth in food, beverage, 
and pharmaceutical industries (Okaiyeto et al. 2016). In addition, flocculation is an effective 
technique that is commonly used in wastewater treatment for removing various suspended 
particles as well as metal ions (Aljuboori et al., 2013). Flocculants are generally categorized 
as: (1) inorganic flocculants, such as polyaluminum chloride, aluminum sulfate, ferric chloride, 
and ferrous sulfates; (2) organic flocculants, such as polyacrylamide and polyethylene amine; 
and (3) naturally occurring flocculants, such as chitosan, cellulose, tannin, sodium alginate, 
and microbial flocculants. Advantages and disadvantages of inorganic, organic, and naturally 
occurring flocculants are represented in Table 2.3 (Okaiyeto et al., 2016).

Microorganisms produce biopolymers during growth, among which, polymers that exhibit 
flocculating properties, are called biopolymer flocculants or bioflocculants. Microbial 
flocculants (bioflocculants) have gained a huge amount of scientific attention because they 
are biodegradable, produce no secondary pollution, they are nontoxic and safe for humans 
and the environment, pH independent, and generate less sludge, which is easily degraded by 
microorganisms. However, the major limiting factors that hinder their large-scale production and 
industrial application are low flocculating efficiency, low yield, and the high production costs. 
Screening for new bioflocculant-producing microorganisms and strategies for optimization of 
fermentation conditions to improve the bioflocculant yield is a challenge. The typical bacterial 
growth curve involves four phases, which are the lag, log/exponential, stationary, and decline 
phase. Biosenthyesis and the production of bioflocculants is highly influenced by the culture 
medium composition and other physicochemical parameters. Optimum culture conditions for 
bioflocculant production by some microorganisms, chemical compositions, flocculating activity, 
and yield, are reported (Okaiyeto et al., 2016). Production of bioflocculants is growth associated, 
growth synonymous, or growth independent. At the lag phase, bacteria usually adapt to their 
environments. Duration and the degree of adaption vary widely with different microorganisms. 
As the incubation period increases, the number of cells increases at an exponential rate in the 
logarithmic phase due to the abundance of nutrients (Salehizadeh and Yan, 2014). Synthesis of a 
bioflocculant is usually associated with growth at the logarithmic growth phase. As the nutrients 
are depleted from the culture, biosynthesis activities greatly affect the growth of the bacteria due 
to: (1) reduction of the oxygen level available for the microorganism; (2) increase in the toxic 
waste products of metabolic activity; (3) production of bioflocculant-degrading enzymes by 
the microorganism; and/or (4) accumulation of dead cells and other metabolic waste products. 
These activities drastically affect the growth of microorganisms, which is accompanied by 
reducing the number of viable cells.
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4.2.3 Biosurfactants

Surfactants are amphiphilic microbial molecules with hydrophilic and hydrophobic moieties 
that partition at liquid/liquid, liquid/gas or liquid/solid interfaces. Such characteristics allow 
these biomolecules to play a key role in emulsification, foam formation, detergency, and 
dispersal, which are desirable qualities in different industries. Most currently produced 
surfactants are chemically derived from petroleum. However, synthetic tension-active 
agents are generally toxic and nondegradable by microorganisms. Surfactants produced 
by microorganisms, known as biosurfactants, are more environmentally friendly (Santos 
et al., 2016). Microbial biosynthesis and production of biosurfactants is considered one of 
the key technologies for development in the 21st century. Studies involving biosurfactants 
began in the 1960s and the use of these compounds has expanded in recent decades 

Table 2.3: Advantages and disadvantages of inorganic, organic, 
and naturally occurring bioflocculants.

Flocculants Advantages Disadvantages

Organic 
flocculants

Possess high flocculating efficiency, cost-
effective compared to bioflocculants, not 
sensitive to pH, effective in both cold and 
warm water, can coagulate very fine particles. 
The molecular weight, molecular weight 
distribution, nature and percentage of ionic 
charge, and the very structure of the polymer 
itself can be varied. It generates lesser sludge 
compared to polyaluminum chloride

Nonbiodegradable and, hence, toxic 
to the environment, the monomers of 
polyacrylamide are carcinogenic and 
neurotoxic. A large amount of inorganic 
flocculant is required for the flocculation 
process, which constitutes environmental 
pollution

Inorganic 
flocculants

Cost-effective and easily available in the 
market, high flocculating efficiency, with 
flocculation mechanisms that are well 
established. No production process is 
required so the problem of skilled personnel is 
eliminated

Large amount of inorganic flocculant 
is required for the flocculation process. 
Aluminum salts produce a lot of sludge, the 
disposal of which is in itself another problem. 
Highly sensitive to pH; inefficient in cold 
water, especially polyaluminum chloride; 
applicable only to a few disperse systems and 
not others; and does not coagulate very fine 
particles. Aluminum salts have neurotoxicity 
effect, and ferrite flocculants lead to excess 
iron, causing an unpleasant metallic taste, 
odor, color corrosion, foaming, or staining

Naturally 
occurring 
bioflocculants

Harmless, biodegradable, lacking secondary 
pollution, having molecular weight with a 
definite chain length and molecular constitution. 
Functional groups can be derivatized to get 
effective flocculants, it is biocompatible, of a 
benign nature, not sensitive to pH, effective 
in both cold and warm water, can coagulate 
very fine particles, and generates lesser sludge 
compared to polyaluminum chloride

Natural polymers have shorter shelf lives 
because their active components will 
biodegrade with time. Flocs may tend 
to loose stability and strength with time 
due of their biodegradability. There is a 
large dosage requirement for an effective 
flocculating efficiency, production cost for 
bioflocculant is high, while low yield has 
been the major problem
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(Campos et al., 2013). Biosurfactants have drawn the interest of different industries due to 
advantages, such as structural diversity, low toxicity, greater biodegradability, ability to 
function in wide ranges of pH, temperature and salinity, as well as greater selectivity, and 
production involving renewable sources/industrial waste and industrial by-products (Makkar 
et al., 2011; Rosa et al., 2015).

Microorganisms (yeast, bacteria, and some filamentous fungi) are capable of producing 
biosurfactants with different molecular structures and surface activities. Bacteria of the 
genera Pseudomonas and Bacillus are great biosurfactant producers. Most biosurfactants of 
a bacterial origin are, however, inadequate for use in the food industry due to their possibly 
pathogenic nature. Candida bombicola and Candida lipolytica are among the most commonly 
studied yeasts for the production of biosurfactants. A key advantage of using yeasts, such as 
Yarrowia lipolytica, Saccharomyces cerevisiae, and Kluyveromyces lactis, is that they are 
generally regarded as safe (GRAS) status. Microorganisms with GRAS status do not offer 
the risks of toxicity or pathogenicity, which allows their use in the food and pharmaceutical 
industries (Campos et al., 2013). Diverse metabolic pathways are involved in the synthesis of 
precursors for biosurfactant production and depend on the nature of the main carbon sources 
employed in the culture medium. Biosurfactants are produced by microorganisms either 
through excretion or adhesion to cells. When grown on substrates that are insoluble in water, 
microorganisms produce biosurfactants. The main physiological role of such biosurfactants 
is to allow microorganisms to grow through a reduction in surface tension between phases, 
making the substrate more available for uptake and metabolism (Santos et al., 2016).

Biosurfactants have many advantages when compared to chemically synthesized surfactants, 
such as: (1) they are easily degraded by microorganisms and have good compatibility and 
digestibility with other living organisms; (2) they can be produced from cheap raw materials 
that are easily available in large quantities; (3) they have low toxicity and great emulsification 
capacity; (4) they are ecologically are accepted due to their property of maintaining 
sustainability; and (5) they reduce the surface tension of water and have an excellent capacity 
for forming critical micelle concentrations (Shah et al., 2016). In addition, biosurfactants 
are complex molecules with specific functional groups and therefore often have specific 
actions. This is of particular interest in the detoxification of different pollutants and the de-
emulsification of industrial emulsions, as well as specific food, pharmaceutical, and cosmetic 
applications. Many biosurfactants can be used at high temperatures and at pH values ranging 
from 2 to 12. Biosurfactants also tolerate a salt concentration up to 10%, whereas 2% NaCl is 
enough to inactivate synthetic surfactants (Santos et al., 2016). Efficiency and effectiveness 
are essential characteristics of a good surfactant. Efficiency is measured by forming the critical 
micelle concentration, whereas effectiveness is related to surface and interfacial tensions.

Biosurfactants are classified on the basis of molecular weight, chemical composition, and 
polar grouping. Low molecular-weight biosurfactants lower the surface and interfacial tension 
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at the air/water interfaces and generally include glycolipids or lipopeptides. High molecular-
weight biosurfactants are commonly referred to as bioemulsan, are more effective in 
stabilizing oil in water emulsions, and bare extensive substrate specificity (Shah et al., 2016). 
A large number of bacterial species produce extracellular polymeric biosurfactants composed 
of polysaccharides, proteins, lipopolysaccharides, lipo-proteins, or complex mixtures of these 
biopolymers (Shah et al., 2016). Based on their chemical structure classification, most known 
biosurfactants are glycolipids, lipoproteins, lipolipids, phospholipids, fatty acids, polymeric 
microbial surfactants (Emulsan, lipomanan, alasan, liposan, and other polysaccharide protein 
complexes are the most-studied polymeric biosurfactants), and particulate surfactants; for 
example, some bacteria produce extracellular membrane vesicles partition hydrocarbons 
that form micro emulsions which play an essential role in the uptake of alkane by microbial 
cells (Desai and Banat, 1997). Based on their polar groupings, most biosurfactants are 
either anionic or neutral, and the hydrophobic moiety is based on long chain fatty acids or 
fatty acids derivatives, whereas the hydrophilic portion can be carbohydrates, amino acid, 
phosphate, or cyclic peptide (Shah et al., 2016). Fields for applications of biosurfactants are 
shown in Table 2.4 (Santos et al., 2016).

4.2.4 Biomaterials

Application of natural products as materials in medicine are described in the fields of wound 
management products, drug delivery systems, and tissue engineering (Li et al., 2014; Sezer 
and Cevher, 2011). In recent years, biomaterials have aroused great interest because of their 
biomedical applications, such as those used in biomedical engineering, tissue engineering, 
pharmaceutical carriers, and medical devices (Lu et al., 2016). A biomaterial is regarded 
as any nondrug material that can be used to treat, enhance, or replace any tissue, organ, 
or function (Ige et al., 2012). Definition of biomaterial is also reframed as: a nondrug 
biomaterial compatible for inclusion in systems to replace the function of bodily tissues or 
organs (Ige et al., 2012). A common biopolymer, gelatin, was widely applied in medicine 
for dressing wounds, as an adhesive. Porous gelatin scaffolds and films were produced with 
the help of solvents or gases as simple porogens, which enable the scaffolds to hold drugs 
or nutrients to be supplied to the wound for healing (Ige et al., 2012). Biomaterials made 
from proteins, polysaccharides, and synthetic biopolymers are preferred, but there is a lack 
of the mechanical properties and stability in aqueous environments necessary for medical 
applications. Cross-linking improves the properties of the biomaterials, but most cross-
linkers either cause undesirable changes to the functionality of the biopolymers or result in 
cytotoxicity (Demers et al., 2002).

4.2.5 Antimicrobial natural products

Microorganisms, such as bacteria, fungi, and mold produce different compounds that could be 
active against other microorganisms (i.e., antimicrobial secondary metabolites). Biosynthesis 
of antimicrobial metabolites is produced after active growth of the organism to inhibit other 
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Table 2.4: Applications of biosurfactants for industrial uses.

Industry Application Role of Biosurfactants References

Environment Bioremediation, 
oil spill cleanup 
operations, soil 
remediation and 
flushing

Emulsification of oils, lowering of 
interfacial tension, dispersion of 
oils, solubilization of oils, wetting, 
spreading, detergency, foaming, 
corrosion inhibition in fuel oils and 
equipment, soil flushing

Silva et al. (2014); Pacwa-
Plociniczak et al. (2011)

Food Emulsification and 
de-emulsification, 
functional ingredient

Solubilization of flavored oils, control 
of consistency, emulsification, as 
wetting agent, spreading, detergency, 
foaming, thickener

Campos et al. (2013)

Medicine Microbiological, 
pharmaceuticals, and 
therapeutics

Antiadhesive agents, antifungal 
agents, antibacterial agents, antiviral 
agents, vaccines, gene therapy, 
immunomodulatory molecules

Lawniczak et al. (2013); 
Mnif and Ghribi (2015); 
Banat et al. (2014)

Agriculture Biocontrol, fertilizers Wetting, dispersion, suspension 
of powdered pesticides and 
fertilizers, emulsification of pesticide 
solutions, facilitation of biocontrol 
mechanisms of microbes, plant-
pathogen elimination, and increased 
bioavailability of nutrients for 
beneficial plant-associated microbes

Sachdev and Cameotra 
(2013)

Cleaning Washing detergents Detergents and sanitizers for laundry, 
wetting, spreading, corrosion 
inhibition

Banat et al. (2010); 
Vijayakumar and 
Saravanan (2015)

Textiles Preparation of fibers, 
dyeing and printing, 
finishing of textiles

Wetting, penetration, solubilization, 
emulsification, detergency and 
dispersion, wetting and emulsification 
in finishing formulations, softening

Banat et al. (2010); 
Helmy et al. (2011)

Nanotechnology Synthesis of 
nanoparticles

Emulsification, stabilization Vijayakumar and 
Saravanan (2015); 
Mulligan (2009)

Mining Heavy metal cleanup 
operations, soil 
remediation, flotation

Wetting and foaming; collectors 
and frothers; removal of metal ions 
from aqueous solutions, soil, and 
sediments; heavy metals sequestrants; 
spreading; corrosion inhibition in oils

Sarubbo et al. (2015)

Petroleum Enhanced oil recovery, 
de-emulsification

De-emulsification of oil emulsions, 
solubilization of oils, viscosity 
reduction, dispersion of oils, 
wetting of solid surfaces, spreading, 
detergency, foaming, corrosion 
inhibition in fuel oils and equipment

Pacwa-Plociniczak et al. 
(2011); Souza et al. 
(2014)

Cosmetics Health and beauty 
products

Emulsification, foaming agents, 
solubilization, wetting agents, 
cleansers, antimicrobial agents, 
mediators of enzyme action

Vijayakumar and 
Saravanan (2015)
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organisms competing for same ecological niche. Secondary metabolites from bacteria and 
fungi (e.g., penicillins, cephalosporins, tetracyclines, aminoglycosides, chloramphenicol) 
are well known in pharmaceutical use as antibiotics (Weber and Kim, 2016). The term 
antimicrobials include all agents that act against many types of microorganisms—bacteria 
(antibacterial), viruses (antiviral), and fungi (antifungal). Filamentous microorganisms, such 
as fungi and actinomycetes, are the main source of secondary metabolites with antibiotic 
activity Bacteriocins, proteinaceous antibacterial compounds, are commonly produced 
by different species of lactic acid bacteria, and both of Gram-negative and Gram-positive 
bacteria (Deshmukh and Thorat, 2014; Savadogo et al., 2009). Bacteriocins produced by 
lactic acid bacteria are, however, attractive and used as food preservatives, where they affect 
the bacterial membrane as a target site (Hafidh et al., 2011). Nisin, diplococcin, acidophilin, 
pediocin, bulgarican, helveticin, lactacin, and plantaricin are considered the most important 
synthesized bacteriocins (Hayek et al., 2013).

The secondary metabolites produced by actinomycetes (over 10,000 antimicrobial agents 
in clinical use) reveal multiple functions in biological activities, such as antibacterial, 
antifungal, antiviral, anticancer, antiprotozoal, anticholesterol, antiaging, antihelminth, and 
immunosuppressant, with diverse structures and mechanisms of action (Hayek et al., 2013). 
The discovery of antimicrobial agents from actinomycetes led to a breakthrough in the 
world of medicine, due to their tremendous contribution to human health and saving from 
infectious diseases. (Hafidh et al., 2011). About 75% of the antibacterials that exhibit a broad 
spectrum of activities are produced by actinomycetes. Diversity in the structure of these 
antibacterials is responsible for their broad-spectrum antimicrobial activities and diverse 
mechanisms of action (Weber and Kim, 2016). Historically, actinomycetes represent the 
origin of the largest number of new antibiotic drug candidates and lead molecules with 
applications in many other therapeutic areas. The order actinomycetales alone produced 
45% of the presently known bioactive microbial metabolites; over 10,000 compounds were 
still isolated from various actinomycetes species, 34% from Streptomyces and 11% from 
the non-Streptomyces (Hayek et al., 2013). The most frequent producers, the Streptomyces 
species, produces 74% of all actinomycetales, while the actinomycetes represent 26% 
(Adegboye and Babalola, 2013). Important classes of antibiotics produced by actinomycetes 
include: β-lactams, aminoglycosides, lipopeptides, glycopeptides, asamycins, anthracyclines, 
nucleosides, peptides, polyenes, polyethers, tetracyclines, and macrolides.

4.2.6 Synthesis of biofilm

The ability of biofilm formation by microorganisms is an evolution survival strategy occurred 
in highly unfavorable environmental conditions. A biofilm occurs by microorganisms as an 
evolution survival strategy in response to hard environmental changes, and can comprise 
more than one species. Biofilms involve multiple regulatory networks, which translate 
signals to a concerted gene expression changes to facilitate survival in adverse environments. 
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Inside biofilms, microorganisms show different properties in terms of gene expression 
and growth characteristics, and show an increased resistance to antibiotics. Nowadays, it 
is almost impossible to treat infections caused by biofilms with conventional antibiotics 
and disinfectants to control bacteria. In medical and industrial microbiology, the concept 
of biofilms formed by bacteria was accepted during the 1990s and it is currently one of the 
greatest challenges in the field of protection of human health and the production of healthy 
and safe food (Srey et al., 2013). Production and use of healthy and safe food without 
synthetic chemical preservatives is becoming more emphasized. Many control strategies 
are being developed constantly, aiming to find the potential biological solutions that include 
antimicrobial compounds of plants, enzymes, species, or antimicrobial compounds produced 
by microorganisms (Cabarkapa et al., 2013). Biofilms formed by bacteria on different surfaces 
in food industry plants make a long-term source of contamination for foodstuffs, not only with 
bacteria causing their spoiling, but also with food-borne species, such as Salmonella spp., 
Campylobacter spp., E. coli, and Listeria monocytogenes (Cabarkapa et al., 2013). Within the 
last five years, there have been 37 registered epidemics of salmonellosis caused by food of 
nonanimal origin, such as fresh salad, tomatoes, germinated seeds, fruit juices, melons, and 
nuts. In the largest number of cases, the contamination of plant products is caused by direct 
contamination with animal feces, or indirectly by contaminated water (irrigation), equipment, 
or land/soil (EFSA, 2013; Schikora et al., 2008). In addition to contamination of fruit and 
vegetables with external sources, the capacity of Salmonella to infect the plant intracellularly 
and through active multiplication, with consequential pathogenic effects in all stages, has 
been proven. Studies in this field indicate that Salmonella may intracellularly infect lettuce, 
tomatoes, different germs, and so on, causing a cascade of immune responses and pathological 
changes (Schikora et al., 2008). It is well known that some food-borne pathogens in food 
production plants may exist for several months, or even years. These strains are known 
as house strains, and their long existence is due to their ability to form biofilms (Moretro 
et al., 2012). The ability of adherence and years-long survival of food-borne pathogens 
by biofilm formation on different materials, equipment, and packing machines in the food 
industry is extensively reported (Abdel-Aziz and Aeron, 2014; Lapidot et al., 2006; Melo and 
Perussi, 2013; Moretro et al., 2012; Phillips, 2016).

Bacteria in biofilms survive for years and that is why the equipment in the food industry 
represents a potential source of food contamination. Biofilm control in food industry plants 
becomes imperative in production of healthy and safe food. Technological procedures and 
handling during food processing, sale, and preparation of food have increased the need for 
sanitary procedures and hygiene conditions in the food industry. Application of an efficient 
sanitation program should be the basis for health safety assurance and quality of products. 
In the food industry, application of disinfectants depends on their efficiency, toxicity, 
easiness of removal, and consequential impact on sensory quality of the final product 
(Melo and Perussi, 2013). The implementation of conventional sanitation methods usually 
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includes the use of aggressive compounds, such as chlorine, peroxides, and quaternary 
ammonium compounds. In addition to the possible residual effect, which may be detrimental 
to human health, these compounds may cause a reduction in sensitivity of certain types of 
microorganisms that remain on surfaces, causing constant contamination. Bacterial biofilm 
has been involved in a wide variety of microbial infections in the body (estimated to be over 
80% of all infections) (Gupta et al., 2014). Antibiofilm strategies have emerged to prevent 
formation of biofilms on surfaces, especially food-borne pathogens, spoilage bacteria, and 
microorganisms associated with biofilm on indwelling medical devices (Abdel-Aziz and 
Aeron, 2014; Dror et al., 2009; Kaplan, 2010). However, there are four main intervention 
strategies in clinical practice for biofilm-associated infections which aim to: (1) prevent the 
initial microbial cell attachment through the material surface, such as medical devices and 
food industry equipment: (2) remove the infected device, for an established infection; (3) 
kill the embedded microorganisms in the biofilm matrix using agents, such as liposomes, 
polymer-based and nanoparticles, to penetrate and enhance the antimicrobial transport 
into the biofilm matrix; and (4) apply the use of therapies that can prevent more than one 
biofilm mechanism simultaneously, such as antimicrobial photodynamic therapy, which is a 
multitarget process (Melo and Perussi, 2013).

4.2.7 Biosynthesis of nanoparticles

Although nanotechnology is a relatively recent development in scientific research, the 
development of its central concepts happened over a longer period of time (Kazlev, 2003). The 
emergence of nanotechnology in the 1980s was caused by the convergence of experimental 
advances, such as the invention of the scanning tunneling microscope in 1981, the discovery 
of fullerenes in 1985, and the elucidation and popularization of a conceptual framework for the 
goals of nanotechnology beginning with the 1986 publication of the book: Engines of Creation 
(Drexler, 2009). The field was subject to growing public awareness in the early 2000s, with 
prominent debates about its potential implications. The early of 2000s was the beginning of 
commercial applications of nanotechnology (Toumey, 2008). During the 1970–80s, when the 
first thorough fundamental studies were running with nanoparticles in the USA (Granqvist 
et al., 1976) and Japan, (Hayashi et al., 1997), nanomaterials were called ultrafine particles 
(UFP). However, during the 1990s, before the National Nanotechnology Initiative was launched 
in the USA, the new name, nanoparticle, had become fashionable (Kiss et al., 1999).

Bionanotechnology, nanobiotechnology, and nanobiology are terms that refer to the 
intersection of nanotechnology and biology (Ehud, 2007). Bionanotechnology has emerged 
as integration between biotechnology and nanotechnology for developing biosynthesis 
and environmental-friendly technology for the synthesis of nanomaterials (Sahayaraj and 
Rajesh, 2011). Nano is a Greek word synonymous to dwarf, meaning extremely small 
(1–100 nm) (Sahayaraj and Rajesh, 2011). Nanoparticles are gaining great importance in 
the present century, as they possess defined chemical, optical, and mechanical properties. 
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Among them, the metallic nanoparticles are most promising as they contain remarkable 
antibacterial properties due to their large surface area to volume ratio (Gong et al., 2007; 
Rai et al., 2009). This feature is of interest in the research field due to the growing and 
development of microbial resistance against metal ions and antibiotics. However, the 
nanotoxicology studies that deal with the toxicity of nanomaterials are obviously increased 
(Esther and Eleonore, 2016). Nanotoxicological studies are intended to determine whether, 
and to what extent, these properties may pose a threat to the environment and to human 
beings. Yet, further nanotoxicological studies will require extremely precise characterization 
of the specificities of a given nanoelement: size, chemical composition, detailed shape, level 
of aggregation, combination with other vectors, and so on. (Zook et al., 2011).

The impact of nanotechnology extends from its medical, ethical, mental, legal, and 
environmental applications to fields, such as engineering, biology, chemistry, computing, 
and materials science. Major benefits of nanotechnology include improved manufacturing 
methods, water purification systems, energy systems, physical enhancement, nanomedicine, 
better food production methods, and nutrition. Modern medicine has relied heavily on the 
availability of effective antibiotics to manage infections and enable invasive surgery. With 
the emergence of antibiotic-resistant bacteria, novel approaches are necessary to prevent 
the formation of biofilms on sensitive surfaces, such as medical implants. Advances in the 
fabrication of antimicrobial nanomaterials that are derived from biological polymers have 
been reported recently (Wang and Vermerris, 2016). Although metallic nanoparticles can 
both kill bacteria and inhibit biofilm formation, the toxicity is still a big challenge for their 
clinical applications (Cheng et al., 2016). Potential risks include environmental, health 
and safety issues, and transitional effects, such as displacement of traditional industries 
as the products of nanotechnology become dominant (Aschberger et al., 2015; Esther and 
Eleonore 2016; Wang and Vermerris 2016).

Applications of nanomaterials to biology and medicine include: (1) fluorescent biological 
labels; (2) drug, gene delivery, and tissue engineering; (3) bio-detection of pathogens 
and phago-kinetic studies; (4) detection of proteins; (5) tumor destruction via heating 
(hyperthermia); and (6) separation and purification of biological molecules and cells 
(Sahayaraj and Rajesh 2011). However, many studies have been performed to ensure the 
safety of using nanoparticles in the food industry, medicine, and pharmaceutical fields to 
assure human health (Dimitrijevic et al., 2015; Erbis et al., 2016; Esther and Eleonore 2016; 
Sonkaria et al., 2012). The behavior of nanoparticles is a result of their size, shape, and 
surface reactivity with the surrounding tissue. The extremely small size of fabricated 
nanomaterials means that they are more readily taken up by living tissue than presently 
known toxins. Since there is no authority to regulate nanotech-based products, there are 
many products that could possibly be dangerous to humans (Aschberger et al., 2015). In 
principle, a large number of particles could overload the body’s phagocytes (cells that ingest 
and destroy foreign matter), thereby triggering stress reactions that lead to inflammation and 
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weaken the body’s defenses against other pathogens (Shinde et al., 2012). Concern should 
be given to what happens if nondegradable or slowly degradable nanoparticles accumulate in 
bodily organs. Another concern is their potential interaction or interference with biological 
processes inside the body (Baran, 2016).

4.2.8 Probiotic metabolites

The term probiotic refers to dietary supplements (tablets, capsules, powders, lozenges, and 
gums) and foods (such as yogurt and other fermented products) that contain beneficial or 
friendly bacteria referred to as probiotics, which means for life, as opposed to antibiotics. 
Probiotics confer health benefits primarily by rebalancing the normal microflora in the large 
intestine. Probiotics contain strains of living bacteria that are similar to the healthy bacteria 
normally found in the digestive system. The purpose of taking probiotics is to increase the 
levels of those healthy bacteria. There is a close connection between bacteria in the colon and 
the immune system, and probiotics have been linked to enhanced immune responses. Well-
established probiotic effects are: (1) prevention and/or reduction of duration of antibiotic-
associated diarrhea; (2) reduction in concentrations of cancer-promoting enzymes and/or 
putrefactive bacterial metabolites in the gut; (3) beneficial effects concerning prevention of 
inflammatory diseases of the gastrointestinal tract, Helicobacter pylori infection, or bacterial 
overgrowth; (4) adjustment and normalization of stool block in patients who are suffering 
from constipation or an irritable colon; (5) prevention of respiratory tract infections (common 
cold, influenza); (6) prevention of colon cancer, hypocholesterolemic effects, and prevention 
or therapy of ischemic heart diseases or amelioration of autoimmune diseases (e.g., arthritis); 
(7) improvement of the mouth flora and prevention of caries; (8) easing of lactose intolerance; 
and (9) protection of obesity and related cancer (Conlon and Bird, 2015; Mekkes et al., 2014; 
Ohtani et al., 2014).

Probiotic bacteria are nonpathogenic microorganisms that, when given in adequate 
numbers, exert positive health effects on the host, whereas Prebiotics are a category 
of functional food defined as nondigestible food ingredients that beneficially affect 
the host by stimulating the growth and activity of a number of bacteria in the colon, 
and thus improving the host health (Roberfroid, 2000). A synergistic combination of 
probiotics and prebiotics is called synbiotic (Gibson and Roberfroid, 1995; Usha and 
Natarajan, 2012). Prebiotics (particularly inulin, its hydrolysis product oligofructose, 
and galactooligosaccharides), fulfill all the criteria for prebiotic classification. Prebiotics 
are dietary fibers with a well-established positive impact on the intestinal microflora, 
such as: (1) prevention of diarrhea or constipation and modulation of the metabolism 
of the intestinal flora; (2) immunomodulatory properties; (3) positive effects on 
lipid metabolism and stimulation of mineral adsorption; and (4) cancer prevention 
(Michael and Philippe, 2007; Raman et al., 2013; Romeo et al., 2010; Sant’Anna and 
Ferreira, 2014; Slavin, 2013; Sadeghi et al., 2015). Well-documented probiotic effects 
on health are: (1) improving the immune system, lowering blood pressure, and reducing 
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inflammation; (2) managing lactose intolerance and prevention of colon cancer; (3) 
reduction of cholesterol; (4) suppression of pathogenic microorganisms, prevention of 
H. pylori infection; (5) reduction of allergic symptoms; (6) beneficial effects on mineral 
metabolism, particularly bone density and stability; (7) prevention of osteoporosis; (8) 
treat diarrhea, especially following treatment with certain antibiotics; (9) prevent urinary 
tract infections; (10) treat irritable bowel syndrome; (11) reduce bladder cancer; and 
(12) prevent or reduce the severity of colds and the flu (Feyisetan et al., 2011; Raman 
et al., 2013; Sadeghi et al., 2015; Yoo and Kim, 2016). Lactic acid bacteria (LAB) and 
bifidobacteria are the best candidates for use as protective and probiotic cultures because 
they have a long history of consumption as starter cultures and for safe use (Conlon 
and Bird, 2015; Macfarlane and Macfarlane, 2012; Nicholson et al., 2012). LAB are 
part of the natural microbiota of farm animals and humans, and are present in almost all 
fermented foods, meat products, and dairy products. LAB are generally employed because 
they significantly contribute to the flavor, texture and, in many cases, to the nutritional 
value of the food products and have a GRAS status (generally recognized as safe). LAB 
exert numerous human health effects as a result of different metabolic processes (Reis 
et al., 2016). Strains most commonly used as probiotics are lactobacilli and bifidobacteria, 
which are also normal inhabitants of the gut. Benefits of LAB species induce a balance 
with coliforms, Staphylococcus aureus, and gut microbiota, and are appropriate for proper 
activation of intestinal immunity. Probiotics species include lactobacilli (L. acidophilus, 
L. gasseri, L. casei, L. rhamnosus, L. bulgaricus, L. plantarum, L. lactis, L. johnsonii, 
L. reuteri), bifidobacteria (B. longum, B. bifidum, B. breve, B. lactis, B. infantis, 
B. adolescentis), yeasts, such as Saccharomyces boulardii, S. cerevisiae, and bacteria, 
such as Streptococcus thermophilus and Enterococcus faecalis (Garssen et al., 2003; 
Abdel-Aziz et al., 2016). Probiotics may, however, influence the immune system and 
may have deleterious effects on health. Unfortunately, little information is available 
on deleterious effects of probiotic use. Reported studies revealed that, infections, 
endocartitis, dental caries, rheumatic vascular disease, septicaemia were described due 
to the ingestion of lactobacilli (Berkeley, 2014). Thus, one issue that clearly needs more 
attention is ensure the safety of probiotics (Garssen et al., 2003; Abdel-Aziz et al., 2016). 
Most common side effects of probiotics include diarrhea, gas, bloating, cramps, and 
rashes. Assuming the adverse effect is relatively minor and does not persist for more than 
14 days, these side effects should be declared, especially for young children, elderly, and 
people who have immune system problems or intestinal damage.

5 Bacterial Survival Strategies

Microorganisms are well known to be beneficial or harmful. Knowledge of the stress factors 
and stress resistance by microorganisms is important for the development of biotechnology. 
Under stress conditions, bacteria induce proteins, which serve as molecular markers, to 
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survive and combat harsh conditions (Abdel-Aziz, 2014a). Appearance of such markers may 
show that bacteria have been subjected to stressors and may have adapted to these stressors. 
Such bacteria are called fighting hazardous bacteria, which cause food deterioration. 
Consumption of contaminated foods can result in illness caused by a variety of pathogenic 
microbes, with a wide economic and public health impact worldwide. Pathogen microbes 
are frequently responsible for both food spoilage and foodborne diseases, accompanied 
with severe health risk, especially in developing countries, and also cause a great problem 
in industrial states. Bacterial-foodborne pathogens can survive and replicate on surfaces 
under a broad range of environmental conditions and can form biofilms by adhesion and 
colonization on surfaces in food matrices, food industrial plants, and medicinal devices 
(Abdel-Aziz and Aeron, 2014). In general, survival, growth, and multiplication of 
microorganisms in food depends on various intrinsic and extrinsic factors, such as pH, water 
activity, redox potential, presence of antimicrobials, temperature, atmosphere (oxygen and 
carbon dioxide), and relative humidity (Abdel-Aziz, 2014b). Moreover, some gram-positive 
bacteria have the ability to produce spores, when exposed to adverse conditions, which 
are more resistant to all factors that are lethal to vegetative cells. Besides bacteria, other 
biological hazards include viruses and toxins produced by organisms, such as fungi and 
dinoflagellates.

To cause human infection, a foodborne pathogen must first survive transit in food or water, 
a significant achievement since the majority of commercial food products are treated to 
control or eliminate microbial contamination. Following ingestion, the bacterium must 
survive exposure to conditions that have evolved to provide the host with some protection 
against pathogenic microbes (Boor, 2006). Human bodily defenses include gastric acid (pH 
ranging from 2.5 to 4.5), bile salts, and organic acids within the gastrointestinal tract. To 
survive these extreme and rapidly changing conditions, bacteria must sense the changes 
and then respond with appropriate alternations in gene expression and protein activity 
(Abdel-Aziz, 2014a; Boor, 2006). Therefore, one important scientific challenge is to identify 
mechanisms to control the switches that allow free-living bacteria to adjust to and invade the 
host. Microorganisms have an outstanding ability to adapt to most habitats. Survival of an 
organism from moment to moment depends on its ability to sense and respond to the changes 
in its environment. The stress response is a mechanism used by organisms to adapt to and 
overcome a stress factor.

A number of challenges exist for the vitality of food market in the years ahead. The 
scientific challenge for the food/health equation is to discover how food components 
act and modify disease processes (Keith and Michelle, 2004). The food/health equation 
includes a complex set of interactions that must be better understood. Factors that affect 
individual health responses to foods need to be clarified. These include genetic variation, 
gender differences, and individual differences in metabolism (Keith and Michelle, 2004). 
This challenge is confirmed by the emergence of the field of nutrigenomics, in which 
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investigators worldwide are studying how food constituents acting as dietary signals can 
modulate multiple gene-expression patterns in our cells and tissues to reduce disease 
risk (Kaput and Rodriguez, 2004). Improving food safety toward providing healthy and 
functional food is a focus goal of food science and technology (Abdel-Aziz, 2014a). 
Today’s consumers desire foods that go beyond basic nutrition and want foods capable 
of promoting better health, or even playing a disease-prevention role. To meet this 
need for innovation, academic research must be combined with the development and 
commercialization strategies of industry (Keith and Michelle, 2004). Innovation of healthy 
and functional foods brings together this knowledge, with contributions from experts 
in biological science, food science, engineering, marketing, regulation, law, finance, 
sustainability, and management.

6 Industrial Microbiology

Industrial Microbiology is a branch of applied microbiology in which microorganisms 
are used for the production of important substances, such as antibiotics, food products, 
enzymes, amino acids, vaccines, and fine chemicals. With respect to the scope, objectives, 
and activities, industrial microbiology is synonymous with the term fermentation, as 
fermentation includes any process mediated by or involving microorganisms in which a 
product of economic value is obtained. Industrial microbiology is achieved for large-scale 
use of microorganisms to synthesize products of commercial value and a wide variety of 
applications (Jit and Garg, 2015). Microbial products can be broadly categorized into: 
(1) metabolic production; (2) biotransformation; (3) production of biofuels; (4) treatment 
of organic and industrial wastes; (5) recovery of metals; (6) production of microbial 
biomass (microbial protein or single cell protein) for food and feed; (7) production of 
biocontrol agents; and (8) fermentation of food products. Microbial fermentation processes 
are therefore commercially exploited for the production of food ingredients. Metabolic 
engineering, a new approach involving the targeted and purposeful manipulation of the 
metabolic pathways of an organism, is being widely researched to improve the quality 
and yields of food ingredients (Kim et al., 2016; Zhang and Wang, 2016). It typically 
involves alteration of cellular activities by the manipulation of the enzymatic, transport, 
and regulatory functions of the cell using recombinant DNA and other genetic techniques. 
Understanding the metabolic pathways associated with these fermentation processes and the 
ability to redirect metabolic pathways can increase production of these metabolites and lead 
to production of novel metabolites and a diversified product base. Industrial fermentation 
can be applied for the production of: (1) biomass; (2) extracellular metabolites; (3) enzymes 
and proteins; (4) substrate transformations; (5) microbial antibiotics and fine chemicals; 
and (6) food biopreservatives (Jit and Garg, 2015). Large-scale fermentation processes 
are specifically adjusted to microbial growth conditions. Downstream processing, such as, 
recovery, purification, packaging, and shipment, are of equal significance. Microorganisms 
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are widely used in the food industry to produce various types of foods that are both 
nutritious and preserved from spoilage (Jit and Garg, 2015). Food industry is the complex, 
global collective of diverse businesses that together supply much of the food energy 
consumed by the world. Areas of industrial microbiology include quality assurance for the 
food, pharmaceutical, and chemical industries.

Over the last 40 years, new and more efficient industrial processes involving microorganisms 
have been launched, yielding purer, less expensive products or substances not available 
through classical chemical methods (Sanchez-Garcia et al., 2016). The long list of products 
obtained by these methods increases every year, and many industrial areas are involved. 
Some of the products most commonly obtained in industrial microbiology include: (1) 
pharmaceutical proteins (human interferon, epidermal growth factor and hemoglobin, 
antigens for hepatitis-B virus, stabilizers for erythropoietin, and human chorionic 
gonadotropin), are obtained from microorganisms, such as S. cerevisiae, Pichia pastoris, 
Hansenula polymorpha, or Agrobacterium tumefaciens; (2) recombinant enzymes for 
industrial processes, marketed for nontherapeutic uses, including the industries for foods, 
detergents, textiles, leather, pulp and paper (Baweja et al., 2016); (3) antibiotics; (4) 
pigments, including the carotenoid as taxanthin from Phaffia rhodozyma, and β-carotenoid 
from B. trispora, used in food and textile industries; and(5) eolyunsaturated-fatty-acids, 
including γ-linoleic acid produced by Mucor circinelloides, and arachidonic acid from 
Mortierella isabellina.

The field of industrial microbiology and biotechnology has had a lot of beneficial 
contributions in the areas of healthcare, agriculture, food production, the manufacture 
of industrial enzymes, and appropriate environmental management. However, the 
advancement in this field has also lead to some hazardous concerns. The Ethical Legal 
and Social Implications (ELSI) of biotechnology broadly covers the relationship 
between biotechnology and society with particular reference to nanotechnology, ethical, 
and legal aspects (Baran, 2016; Biotechnology Society, 2009). Main safety aspects 
in biotechnology that should be considered include: (1) disposal of spent microbial 
biomasses and purifying the effluents from biotechnological processes; (2) the toxicity 
which might be associated with microbial production; (3) the increased numbers 
of antibiotic resistant microorganisms; (4) evaluation of the hazards of genetically 
engineered microorganisms; and (5) prevention of contamination, infection, or mutation 
of the processed strains. The importance of microbial synthesis in industrial fields is 
shown in Fig. 2.1. Beneficial microorganisms are widely used in the food industry for the 
production of a large number of fermented food products and are also very helpful for 
the conversion of industrial food wastes into value-added products (Hayek et al., 2013). 
The ability of microorganisms to convert large and complex molecules into the simplest 
ones depends upon the type of culture and the growth requirements. Selecting a suitable 
culture to convert a specific type of substrate into a useful product thus plays a vital role 
in fermentation technology.
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7 Conclusions

Concerns about the availability of healthy, safe food for humans have increased research 
for the replacement of chemical compounds with green biomaterials. Different ways of 
making and processing renewable monomers and polymers are currently studied, taking 
into consideration their advantages and disadvantages. There is a need to produce a green 
substitute for food, medicine, and pharmaceutical applications. Microbial synthesis, for 
example, biosynthesis, has attracted great attention due to the ease of the process and 
transformation into vital primary and secondary metabolites. The green chemistry approach 
toward the synthesis of natural products by microorganisms has many advantages, such as the 
easiness by which a process can be scaled up, along with the economic viability and health 
safety. The application of natural products in food, pharmacy, medicine, and agriculture 
fields is extensively highlighted due to their chemical stability and biocompatibility. 
Microorganisms have been employed for several decades in large-scale production of a 
variety of biochemicals, ranging from alcohol to antibiotics, and in the processing of foods 
and feeds. Nonetheless, the future for microbial synthesis looks brighter as more resources 
are being allocated for the development of the ultimate green biopolymers, biomaterials, 
biosurfactants, as well as microbial antibiotics, antimicrobials, and food-coating biofilms.
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1 Introduction

Health-promoting food ingredients have been extensively studied due to the rapid 
developments in medicine and life sciences with respect to the study of the relation between 
nutrition and health. Late in the 1990s, a new food category termed “functional foods” 
evolved and proliferated. These are foods marketed as advancing health or even reducing the 
risk of some diseases beyond the known health benefits of conventional food (Mellentin and 
Heasman, 2014; Shahidi, 2009). However, functional food is not a well-defined category of 
foods, and most countries haven’t quite established a legislative definition of the term, except 
Japan with its regulatory approval system for so-called FOSHU products (foods for specified 
health uses). At the same time, advances in food engineering and manufacturing technologies 
have opened up new possibilities in developing novel products and enriching food with new 
bioingredients or nutraceuticals (Mellentin and Heasman, 2014; Shahidi, 2009).

In this regard, microbial biosynthesis of potential health-promoting ingredients, such as 
prebiotics, polyunsaturated fatty acids (PUFAs), and antioxidants represents a fast-emerging 
area of research. Fructooligosaccharides (FOSs) represent a functional food ingredient that has 
received much attention and exhibited some beneficial health effects by inducing bifidobacteria 
growth and suppressing some pathogenic microbiota in the human colon (Sangeetha 
et al., 2005). The possible health benefits associated with FOSs consumption has led to their 
increased acceptance as food ingredients; thus they are being promoted as alternative sweeteners 
in diabetic formulations. Microbial biosynthesis of FOSs has a greater potential, leading to the 
synthesis of defined chain length in FOSs and desired composition with high purity (Mussatto 
et al., 2012a). Omega-3 PUFAs form another unique class of food ingredients with numerous 
functions; they are considered food and nutritional products with specific health-promoting 
activities, modulating the risk of some diseases (Gill and Valivety, 1997). The discovery of 
PUFA-producing bacteria has attracted significant scientific attention, opening a new era of 
using bacteria as an alternative source of PUFAs production (Freese et al., 2009).
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On the other hand, the fast-growing interest in the substitution of natural antioxidants for 
synthetic ones has increased research extensively on natural resources for screening and 
identifying new antioxidants. Although phenolic compounds are the major plant compounds 
with antioxidant activity, still they are not the only ones; many others, such as carotenoids, 
thiols, and tocopherols also act as antioxidants (Naczk and Shahidi, 2004; Shahidi, 2009). As 
a result, an increasingly growing market for functional and nutraceutical foods has triggered 
the study of possible natural sources of antioxidants and their potential as health-promoting 
ingredients (Shahidi, 2009). Interestingly, phenolic lipids (PLs) represent an interesting 
source for functional and bioactive health-promoting ingredients. The numerous combined 
beneficial properties of both phenolic compounds and PUFAs can be offered by these 
novel structured molecules with enhanced antioxidative and functional properties (Sabally 
et al., 2007; Sorour et al., 2012a). PLs also show greater miscibility and incorporation 
into lipid phases, offering advantages in food and nutraceutical applications. Also, the 
multifunctionality of PLs is attractive for formulators because the use of a single molecule 
with many functions reduces the risk of incompatibility between various ingredients, 
especially in food formulations. Thus it saves time and facilitates production processes 
(Kahveci et al., 2015).

Microorganisms (MOs) are considered a valuable resource for novel healthy food ingredients 
and biologically active compounds. In this respect, MOs have increasingly been used to 
produce value-added compounds with various applications in the agricultural, food, and 
pharmaceutical industries. These value-added compounds may include enzymes, prebiotics, 
antioxidants, organic acids, oil, proteins, polysaccharides, and biofuels. Thus, microbial 
biosynthesis offers a renewable, environmentally benign route, sustainable feedstocks, and 
economically attractive alternatives (Du et al., 2011; Ray and Ward, 2006). Furthermore, the 
recent advancement in analytical measurement, such as chromatography, with a particular 
reference to ultrahigh-performance liquid chromatography (UHPLC) coupled with mass 
spectrometry (MS), allowed the simultaneous analysis of various compounds, with rapid 
and accurate results. Overall, the focus of this chapter is to address the potential use of 
selected microbial bioingredients to fulfill the high consumer demand for health-promoting 
ingredients, such as prebiotics, PUFAs, and selected antioxidants. The potential use of low-
cost materials as renewable feedstock and their biotransformation into valuable products 
is discussed. Both quantitative and qualitative analyses of these bioproducts are described. 
Finally, the general safety assessments of bioactive ingredients are addressed.

2 Prebiotics and Fructooligosaccharides

Functional foods and natural-health products comprise quite a wide range of food 
ingredients, with various bioactive compounds responsible for their activity in disease 
prevention and/or health promotion (Shahidi, 2009). Based upon the success of probiotics as 
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an approach to manage the gut microflora, the concept of a prebiotic was introduced in 1995. 
Simply, a prebiotic is a selectively nondigestible ingredient that permits specific changes, both 
in the composition and/or in the activity of gut microflora, which confer health benefits to the 
host (Roberfroid et al., 2010). Prebiotics act through various mechanisms, such as providing 
nutrients, interacting with host immune systems, preventing pathogen adhesion to host 
cells, and affecting the morphological structure of the gut, all of which probably act through 
the modulation of intestinal microbiota. A broad variety of dietary compounds may fulfill 
these criteria. However, most of them have not yet been sufficiently studied to be classified 
as such. To date, the most promising dietary fibers with promising prebiotic functions are 
nondigestible oligosaccharides containing 3–9 sugar monomers (Roberfroid et al., 2010). In 
this regard, dietary carbohydrates have been extensively studied, especially oligosaccharides, 
and in particular FOSs (Li, 2015; Sangeetha et al., 2005); they occur naturally in many plants 
and have been shown to exhibit some beneficial health effects by inducing bifidobacteria 
growth in the human colon, suppressing putrefactive pathogens, and reducing serum-
cholesterol concentrations (Hussein et al., 1998). Therefore, FOSs are notably emerging as an 
important prebiotic due to their hypocaloric, bifidogenic, and noncariogenic functions (Dhake 
and Patil, 2007). The possible health benefits associated with the consumption of FOSs 
has led to their increased acceptance as food ingredients; they are also being promoted as 
alternative sweeteners used in diabetic formulations. The average daily consumption of FOSs 
has been estimated to be 1–4 g and 3–11 g in the United States and Europe, respectively 
(Sangeetha et al., 2005).

2.1 Definitions, Sources, and Chemical Structures of FOSs

FOSs can be found as natural components of plants, while other sources are consumed 
foods, such as tomatoes, bananas, honey, and brown sugar (Flamm et al., 2001). However, 
the concentration of FOSs is very low and mass production is limited by seasonal conditions 
(Sangeetha et al., 2005). Structurally, FOSs are fructans consisting of a sucrose molecule 
linked by a chain of 3–10 fructosyl units. FOSs are oligomeric linear fructans with β-(2-1) 
or β-(2-6) fructosyl-fructose linkages. The first monomer of the chain is either a α-d-
glucopyranosyl or a β-d-fructopyranosyl residue. The degree of polymerization (DP) of FOSs 
is 2–10 (Roberfroid, 2008). Depending on the different fructosyl-fructose linkages, FOSs are 
further subdivided into inulin type, neoinulin type, levan type, neolevan type, and the mixed 
levan type (Vijn and Smeekens, 1999). The most widely studied compounds are inulin-type 
FOSs, exhibiting proven prebiotic properties (Dhake and Patil, 2007). The prebiotic properties 
of inulin and inulin-type FOSs have been widely confirmed in vivo and in vitro, and together 
with galactooligosaccharides now represent important constituents of many industrially 
formulated prebiotic foods (Kolida and Gibson, 2007). Commercial inulin-type FOSs are 
produced either by fungal fructosyltransferases (FTases) using sucrose as a substrate or by 
microbial endoinulinases using chicory inulin (Porras-Domínguez et al., 2014).
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2.2 Limitations of Commercial FOSs

Despite many reports demonstrating various applications of levan-type FOSs as food and feed 
additives in pharmaceutical applications and in agriculture (Porras-Domínguez et al., 2014), 
the production of levan-type FOSs has not reached industrial levels. Commercially, the β-
(2-1) FOSs are produced from sucrose by the hydrolysis of fructans or by microbial enzymes 
with transfructosylating activity (Porras-Domínguez et al., 2014). However, the limitations 
associated with current industrial production of FOSs are the low product yield through fructans 
hydrolysis and low DP. Due to their low DP, the current FOSs are quickly fermented in the 
proximal colonic region into short-chain fatty acids (SCFAs) by the gut bacteria, and thus are 
not able to reach the distal colonic region, which is more susceptible to chronic diseases (Rastall 
and Maitin, 2002). As a result, the β-(2-1) FOSs are limited by their low colonic persistence. 
However, the β-(2-6)-FOSs were reported to show more bifidogenic effects than their β-(2-1) 
counterparts. Therefore, the production of structurally defined β-(2-6) FOSs is expected to 
enhance the colonic persistence of FOSs and thus its prebiotic effects (Kilian et al., 2002).

2.3 Production of FOSs
2.3.1 Chemical synthesis of FOSs

FOSs can be produced either by chemical hydrolysis or by the controlled enzymatic 
hydrolysis of inulin or levan (Rocha et al., 2006). However, chemical synthesis of FOSs is a 
multistep endeavor, as it involves toxic pollutant reagents, such as organic or mineral acids, 
which does not comply with food safety conditions (Warrand and Janssen, 2007). In contrast, 
enzymatic approaches provide simple and cost-effective alternatives to chemical hydrolysis.

2.3.2 Enzymatic synthesis of FOSs

Enzymatic synthesis offers stereospecificity and regiospecificity to the glycosidic linkages as 
compared to chemical synthesis, and hence represents the favored method for the synthesis 
of commercial oligosaccharides (Plou et al., 2007). FOSs can be produced from sucrose 
or sucrose analogs through enzymatic transfructosylation reactions catalyzed by β-FTase 
(EC 2.4.1) or β-fructofuranosidase (β-FFase; EC 3.2.1.26) (Hidaka et al., 1988). The 
enzymes can be derived from plants, such as asparagus, sugar beets, and onions, or from 
MOs such as Aspergillus sp., Aureobasidium sp., Fusarium sp., and the like (Yun, 1996). 
The transfructosylating process is considered to have a greater potential because of enzyme 
selectivity, which can lead to the synthesis of FOSs of defined chain length and desired 
composition mixtures with high purity (Mussatto et al., 2012a).

2.3.3 Hydrolysis of fructans to FOSs

FOSs can be produced from the hydrolysis of oligo- or polymeric fructans by levanases 
(EC 3.2.1.65) or inulinase (EC 3.2.1.7) (Menéndez et al., 2004). Exolevanases are capable of 
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hydrolyzing inulin, raffinose, and sucrose. Right now, levanase (EC 3.2.1.65), 2,6-β-d-fructan 
6-levanbiohydrolase (EC 3.2.1.64), and levan fructotransferase are the three microbial sources 
of enzymes capable of hydrolyzing levan, resulting in the production of fructose, FOSs, and 
di-d-fructose-2,6′:6,2′-dianhydride, respectively. Meanwhile, inulinase can be categorized 
into exoinulinase (EC 3.2.1.80) and endoinulinase (EC 3.2.1.7). Exoinulinase acts on every 
β-(2-1) fructan linkage and produces fructose as the main end product, while endoinulinase 
yields FOSs of varying sizes through random and partial hydrolysis of inulin (Menéndez 
et al., 2004).

2.3.4 Microbial production of FOSs
2.3.4.1 Fructosyl transferases (FTases)

Microbial FTases are derived from both bacterial and fungal sources (Sangeetha et al., 2005). 
FTases from different MOs have been reported to produce FOSs with altered linkages to form 
6-kestose and neokestose. Microbial production of FOSs from sucrose has been extensively 
reviewed using Aspergillus phoenicis, Aspergillus niger, Aspergillus japonicus, Fusarium 
oxysporum, Penicillium rugulosum, Penicillium frequentens, Aureobasidium pullulans, and 
some Arthrobacter spp. (Yoshikawa et al., 2008). Despite the wide availability of β-FFase, 
only a few have a transfructosylation activity significant enough for industrial FOSs 
production (Ashokkumar et al., 2001; Li et al., 2015).

2.3.4.2 Inulinases and levansucrases

FOS-producing enzymes are rare in bacteria; however, bacteria have been reported to produce 
inulinases. A transfructosylating enzyme, which produces FOSs from sucrose, has been 
isolated from Bacillus macerans EG-6 and produced selected FOSs, with final yield of 33% 
FOSs using sucrose as a substrate (Park et al., 2001). Meanwhile, microbial levansucrase 
(EC 2.4.1.10) can be secreted by some Gram negative bacteria, such as Zymomomas mobilis, 
Erwinia amylovora, Acetobacter suboxydans, and Rahnella aquatilis, and by some Gram 
positive bacteria, such as Bacillus subtilis, Bacillus amyloliquefaciens, Bacillus polymyxa, 
Streptococcus mutans, Halomonas spp., and Actinomyces viscosus (Poli et al., 2009). 
Levansucrases from both groups have similar active site conformation, but they differ in their 
amino sequence, their molecular weight, the regiospecificity, the DP, their secretion from the 
cell membrane, and the donor or acceptor specificity (Li et al., 2015).

2.4 Health Implications of FOSs
2.4.1 Prebiotic activity of FOSs

FOSs have great potential as functional ingredients because of their prebiotic activity, 
low caloric value, and nontoxicity (Roberfroid, 2005). FOSs have a number of interesting 
functional properties that make them important food ingredients. FOSs belong to one 
of the prebiotic classes, with potential health benefits, such as selective stimulation 
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of health-promoting bacteria (Roberfroid, 2005), enhancement of mineral absorption, 
modulation of lipid metabolism (Azorin-Ortuno et al., 2009), improvement of the 
body’s defense mechanisms (Lecerf et al., 2012), and reduction of the risk of colonic 
cancer (Nyman, 2002). The β-(2-1) and β-(2-6) configurations of the fructosyl-fructose 
linkages make FOSs resistant to digestion in the upper gastrointestinal tract. Then they 
move into the colon and are fermented by selected microflora. Both in vitro and in vivo 
studies have revealed that FOSs can specifically induce bifidobacteria and lactobacilli 
growth, resulting in a healthy gut environment (Roberfroid, 2005). FOSs also affect the 
intestinal epithelium and strengthens mucosal protection, thus reducing the risk of some 
gastrointestinal diseases. Recently, levan-type FOSs have been recognized as being more 
bifidogenic and effective than commercial FOSs (Kilian et al., 2002). The neolevan-type 
FOSs are reported to stimulate the growth of bifidobacteria and lactobacilli significantly, 
while inhibiting the growth of potentially harmful coliforms, Clostridia, and Bacteroides 
(Losada and Olleros, 2002). Also, for in vivo human studies FOSs were able to demonstrate 
a bifidogenic effect at a low dose (2.5 g/day); however, the effect of FOSs remained 
only with its continuous administration (Bouhnik et al., 2006). In several in vivo trials, 
it was reported that inulin-type FOSs increased the population of beneficial bacteria in 
the gut microflora (Vos et al., 2006). FOSs enhance the resistance of bifidobacteria to 
bile, improving their survival and their adherence in the colon (Roberfroid, 2005). Also, 
colonic fermentation of FOSs leads to a decrease in pH in the colon, which facilitates the 
absorption of some mineral ions, such as calcium and magnesium, from the intestine. The 
effect may be due to the enhancement of active and passive transport across the intestinal 
epithelium, which is mediated by an increase in certain metabolites of the intestinal flora 
and a reduction in pH (Ahrens and Schrezenmeir, 2002).

2.4.2 FOSs in diabetes control and lipid metabolism

Interestingly, diets supplemented with FOSs enhance the production of selected SCFAs, 
mainly butyrate, which influences lipid metabolism in human beings, strengthens mucosal 
defenses, and improves health (Sangeetha et al., 2005). FOSs are able to exert a systemic 
effect, namely by modifying lipids metabolism in vivo (Delzenne et al., 2002). Daily 
consumption of 20 g of FOSs decreases basal hepatic glucose production without any effect 
on insulin-stimulated glucose metabolism (Sangeetha et al., 2005). One of the main therapies 
used for type 2 diabetes is diet therapy, in order to control hyperlipidemia, hyperglycemia, 
and insulin resistance. In this regard, low-calorie sweeteners, such as FOSs have special 
significance in lowering blood glucose (Li, 2015; Sangeetha et al., 2005). FOSs have been 
claimed to lower fasting glycemia and total serum-cholesterol concentrations, possibly 
through the effects of the SCFAs produced. Also, inulin-type fructans may be helpful for 
noninsulin-dependent diabetes; even inulin at low levels lowers the plasma cholesterol in rats 
(Sangeetha et al., 2005).
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2.4.3 FOSs and other defense functions

FOSs are known to prevent the colonization of the human gut by pathogenic MOs, such as 
Listeria monocytogenes and Salmonella typhimurium because they encourage the growth 
of beneficial bacteria (Buddington et al., 2002). Feeding mice diets supplemented with 
inulin and FOSs increased the activities of natural killer cells, phagocytes, and enhanced 
T-lymphocyte functions compared to mice fed control diets. Studies with inulin and FOSs 
have shown the prevention of colon cancer with the reduction of chemically induced aberrant 
crypts (Sangeetha et al., 2005). In experimental animals, a dietary regimen containing 
FOSs (15%) showed (1) reduction of the incidence of mammary tumors induced in rats, 
(2) decreased incidence of lung metastases of a malignant tumor implanted intramuscularly, 
and (3) inhibited growth in transplantable malignant tumors in mice. In addition, Taper and 
Roberfroid (2002) reported that dietary treatment with FOSs/inulin significantly enhanced 
the effects of subtherapeutic doses of six different cytotoxic drugs that are commonly used in 
human cancer treatment.

3 Omega-3 Polyunsaturated Fatty Acids

There has been accumulating evidence supporting the numerous benefits of long-chain 
omega-3 PUFAs, particularly eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid 
(DHA, C22:6), for human health (Kidd, 2007). Current research centers on PUFAs, which 
are involved in many vital biological activities, such as inflammatory, immune, and cancer 
processes (Larsson et al., 2004; Russo, 2009). In fact, PUFAs form a unique class of food 
constituents with numerous functions; they are considered food and nutritional products 
with specific health-promoting activities, modulating the risk of certain diseases (Gill and 
Valivety, 1997). It is therefore not surprising that economically efficient production of PUFAs 
on a large scale is increasingly attracting attention.

3.1 Definitions and Chemical Structures

PUFAs are fatty acids (FAs) with at least 18 carbons and 2–6 double bonds. According 
to the location of the first double-bond PUFAs, two major classes of PUFAs, omega-3 
(n−3) and omega-6 (n−6) are categorized (Fig. 3.1). The omega-3 PUFAs have their 
first double bond at the third carbon atom from the methyl end of the chain, while 
the omega-6 PUFAs have the first double bond located on sixth carbon atom from the 
methyl end (Deckere et al., 1998). Both linoleic acid (LA, C18:2, n−6) and linolenic acid 
(LNA, C18:3, n−3) are essential FAs that cannot be synthesized in the body yet possess 
beneficial health properties and thus are generally obtained through the diet. Meanwhile, 
the long-chain PUFAs [EPA, C20:5, n−3] and [DHA, C22:6, n−3] are found mainly in fish 
(Gunstone et al., 2007).
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3.2 Major Sources of PUFAs

The main sources of PUFAs are vegetable oils, such as sunflower, flaxseed, soybean, 
rapeseed, and marine sources, in particular, fish oils. In recent decades, there has been interest 
in using MOs as potential promising producers of selected PUFAs. However, the increase in 
PUFA demand and the decline in fish stocks have increased the attention paid to MOs, given 
that MOs can be cultivated under controlled conditions with high growth rates and that they 
also do not compete for land for other food production. The main microbial sources of PUFAs 
are marine algae, fungi, and bacteria (Gunstone et al., 2007; Lima et al., 2015).

3.2.1 Microbial sources

Microbial oils are also called single-cell oils; they have been industrially produced since 
the 1980s. Microbial PUFAs show advantages compared to fish oil since they can grow on 
a wide variety of substrates, including wastes and by-products, and can be cultivated under 
controlled conditions (Elrazak et al., 2013). PUFAs produced by MOs through fermentation 
is a good and renewable source of PUFAs. Some fungal species, such as Mortierella spp., 
including M. elongate, M. isabellina, and M. alpina (Lounds et al., 2007), are considered 

Figure 3.1: Chemical Structures of PUFAs from the Omega-3 Family and Omega-6 Family.
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good sources of PUFAs. Some Phythium and Phytophtora spp. also can produce ω-3 PUFAs 
(O’Brien et al., 1993). Porphyridium cruentum, the red marine algae, produces significant 
amounts of EPA and arachidonic acid (AA). However, only a small number of Gram negative 
marine bacteria, such as Flexibacter and Shewanella sp. can produce PUFAs (Akimoto 
et al., 1990). The discovery of EPA- and DHA-producing bacteria from deep sea water and 
sediments attracted significant scientific attention and opened a new era of using bacteria 
as an alternative source for PUFAs (Freese et al., 2009). For the first time Bianchi et al. 
(2014) have reported that four different Antarctic marine bacterial isolates were identified 
by 16S rRNA gene sequencing as Cellulophaga, Pibocella, Polaribacter, and Shewanella 
sp.; they are promising as good candidates for EPA and DHA production. Despite the health 
benefits of omega-3 PUFAs, the mean daily intake is far short of most recommendations, 
and a large percentage of the human population does not eat fish. Thus, there is a need for 
alternative sources of omega-3 PUFAs, such as functional foods and nutraceutical products 
(Shahidi, 2009). Recently, a number of companies started to produce EPA and DHA 
commercially and introduce them to the market. In 2002 Photonz (http://www.photonzcorp.
com/) was established in New Zealand, and is considered to be the first company to produce 
microbial EPA commercially (Elrazak et al., 2013). Selected commercial production of EPA, 
DHA, AA, and their safety status (Wu et al., 2013) are shown in Table 3.1.

3.3 PUFAs in Health and Diseases

In living organisms, PUFAs are the structural components of cell membrane lipids and 
lipoprotein complexes in the brain, spinal cord, and in other tissues, such as the liver, 
heart, and eyes (Dyall, 2015; Russo, 2009). PUFAs are essential throughout life; they 
affect transport processes and stimulate cellular and immune responses, lipid metabolism, 
and adaptation to various environmental factors (Dyall, 2015; Russo, 2009). Thus, they 
are important for growth and development of the body and play an essential role in the 
prevention and treatment of some heart diseases, cancer, hypertension, diabetes, rheumatoid 
arthritis, and other inflammatory diseases (Russo, 2009; Tsurkan et al., 2015). PUFAs 
hydrolyze from the cell membrane and are converted to eicosanoids (Russo, 2009). 
Eicosanoids produced from AA are generally considered to be proinflammatory, while 

Table 3.1: Commercial production and safety status of EPA, DHA, and AA.

Fatty Acid Producing Strain Product Name Company Safety Status

EPA Yarrowia lipolytica New Harvest DuPont GRAS (2011)
DHA Schizochytrium sp. DHASCO-S Martek (DSM) GRAS (2004)
DHA Crypthecodinium cohnii DHASCO Martek (DSM) GRAS (2001)
AA Mortierella alpina SUNTGA40S Suntory GRAS (2006)
AA M. alpina ARASCO Martek (DSM) GRAS (2001)

AA, Arachidonic acid; eicosapentaenoic acid (EPA, C20:5); docosahexaenoic acid (DHA, C22:6).
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DHA and EPA are converted into antiinflammatory substances that help to decrease 
inflammation and pain (Russo, 2009). Clinical studies have revealed that fish oil treatments 
can relieve patients suffering from rheumatoid arthritis and inflammatory bowel illnesses 
(Riediger et al., 2009). Furthermore, some preliminary studies suggest that ω-3 PUFAs act 
against various human carcinomas, such as breast, pancreatic, colon, skin, prostate, larynx, 
and lung cancer, by suppressing eicosanoid production, enhancing cell death, and inhibiting 
tumor cell growth (Larsson et al., 2004; Riediger et al., 2009). In addition, γ-linolenic acid 
(GLA) is reported to have a selective anticancer property, especially against malignant 
glioma cells and breast cancer (Das, 2004; Riediger et al., 2009). ω-3 PUFAs lower the risk 
of cardiovascular diseases (CVDs), probably by combined mechanisms such as lowering 
serum TAGs, improving the ratio of LDL to HDL, inhibiting LDL and TAGs synthesis 
by the liver, antithrombotic effects, and decreasing endothelial activation (Kris-Etherton 
et al., 2002; Riediger et al., 2009). Fish oil PUFAs are reported to be associated with 
brain development and important for vision and the functioning of the reproductive 
system (McCann and Ames, 2005). They are important for neuronal membrane integrity 
and its function, as well as to modulate the risk of brain hypoperfusion (Janssen and 
Kiliaan, 2014). Children given formula supplemented with ω-3 PUFAs demonstrated 
enhanced visual and mental capabilities (Deckere et al., 1998). In human adults, clinical 
studies have suggested that low intake or inadequate synthesis and metabolism of ω-3 
PUFAs may be a common feature of disease processes, such as schizophrenia, Alzheimer’s 
disease, depression, and memory loss (Ruxton et al., 2005). The presence of PUFAs 
in the human diet facilitates the absorption of the fat-soluble vitamins A, D, E, and K 
(Das, 2004). Furthermore, the addition of AA to infant milk was recommended by the Food 
and Agriculture Organization/World Health Organization (FAO/WHO) (WHO and FAO 
Joint Consultation, 1995). In contrast, a high intake of ω-6 PUFAs can contribute to the 
development of colon and breast cancer (Larsson et al., 2004). Balanced amounts of ω-3 
and ω-6 PUFAs lead to normal performance of the body’s organs. However, increases in the 
ratio of ω-6:ω-3 PUFAs could potentiate inflammatory processes and immune responses 
toward a proinflammatory profile (Patterson et al., 2012).

Furthermore, a novel antibacterial role of PUFAs was recently identified in that PUFAs were 
found to inhibit the growth of different foodborne pathogens, such as Staphylococcus aureus 
(ATCC 6538), L. monocytogenes (ATCC 19166), S. aureus (KCTC 1916), Pseudomonas 
aeruginosa (KCTC 2004), and B. subtilis (ATCC 6633) (Shin et al., 2007). The lethal effect 
of PUFAs was explained by targeting an essential component of the bacterial FA synthesis; 
namely enoyl-acyl carrier reductase (Shin et al., 2007; Zheng et al., 2005). Also, α-LNA can 
be used as an antimicrobial agent against some food-poisoning bacteria, such as S. aureus 
(Sado-Kamdem et al., 2009). Moreover, DHA inhibited the growth and virulence effect of 
Helicobacter pylori, both in vitro and in vivo (Correia et al., 2012). Overall results suggest 
that PUFAs could be used as food preservatives that also have health-promoting actions.
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4 Selected Natural Antioxidants

Food quality is not only a function of its nutritional value but also of the presence of 
bioactive compounds that exert positive effects on human health (Cassano et al., 2008). 
The main contribution to the antioxidant capability of fruits and vegetables likely comes 
from the variety of phytochemicals present (Leong and Shui, 2002). Antioxidants reduce 
oxidative damages by modulating reactive free radicals. Fruits and vegetables contain many 
antioxidants, such as phenolics, carotenoids, thiols, and tocopherols, which may protect us 
against certain chronic diseases. As a result, an increasingly growing market for functional 
and nutraceutical foods has triggered study of possible natural sources of antioxidants and 
their potential use in nutraceutical and functional foods (Shui and Leong, 2006). Recently 
there has been a global trend toward the use of natural additives in general, and those with 
health benefits in particular, being used in food (Caro et al., 2012). On one hand, natural 
pigments have attracted researchers’ interest because their use as a natural food colorant to 
replace synthetic ones is safe (Mapari et al., 2009). The most common plant pigments are 
chlorophylls, anthocyanins (flavonoids), carotenoids, anthraquinones, and betalains (Caro 
et al., 2012). In the food industry, pigments have recently begun to be used as additives or 
as color intensifiers, and of course as antioxidants (Caro et al., 2012; Tibor, 2007). On the 
other hand, the production of natural food colorants by MOs has many advantages, such as 
cheaper production, easier extraction, no lack of raw materials, higher yields through strain 
improvement, and of course no seasonal variation (Caro et al., 2012). Natural colorants are 
widespread in nature, from the simplest prokaryotic organisms, such as cyanobacteria, and 
throughout the kingdoms of plants, fungi and animals. Most natural food colorants are from 
flowering plants; however, other sources are fungi, such as Monascus spp. and B. trispora, 
and cyanobacteria (Arthrospira spp.), which are commonly used nowadays in the food 
industry (Caro et al., 2012; Mortensen, 2006).

4.1 Flavonoid Phenolic Compounds

Flavonoids are water-soluble pigments that range from colorless to a yellowish color, which 
are found in various plants and in some microbial sources (Delgado-Vargas and Paredes-
López, 2003; Prior 2003). Flavonoids include different groups of flavones, isoflavones, 
flavononones, flavonols, and catechins; they are the pink, red, purple, and blue pigments 
known also as anthocyanins (Naczk and Shahidi, 2004). Among phenolics, flavonoids are 
potent antioxidants in vitro (Naczk and Shahidi, 2004). Interest in flavonoids has increased 
extensively because they are natural alternatives to the synthetic colorants commonly used 
in the food and pharmaceutical industries (Dudonné et al., 2015). Flavonoids are part of a 
widespread large group of plant constituents, and they contribute to the protective activity 
of berries, such as strawberries, elderberries, and black currants, against certain metabolic 
diseases (Esposito et al., 2014).
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4.1.1 Bioactivity of flavonoids

Recently, interest in flavonoids has increased extensively because of their numerous 
possible health benefits, such as modulating the risk of CVDs, antiinflammatory effects, 
anticarcinogen activity, improved visual and cognitive behavior, and enhanced antioxidant 
and anticancer activities (He and Giusti, 2010; Prior, 2003). Additionally, several natural 
biocolorants, particularly flavonoids, show antagonistic activity to certain bacteria, viruses, 
and fungi; thus they can protect food from microbial spoilage (Bridle and Timberlake, 1997). 
Flavonoids can induce some antioxidant enzymes, such as superoxide dismutase, glutathione 
peroxidase, and catalase to decompose superoxide anions, hydroperoxides, and hydrogen 
peroxide, respectively (Du et al., 2007). Results reported by Russell et al. (2007) revealed that 
the potential protective effect of blueberries as antiinflammatory agents in the colon is likely 
a result of the microbial metabolism of their dietary flavonoids and lignin content. Overall, 
a clear understanding of flavonoids’ mode of action, either as antioxidants or as modulators 
of cell signaling with the influence of their metabolism, is key to evaluate these potent 
biomolecules as cardioprotectants, anticancer agents, and inhibitors of neurodegeneration 
(Disilvestro, 2001; Shahidi, 2009; Tsao, 2010).

4.2 Carotenoids

Carotenoids are effective antioxidants that are widely used as food colorants (Alós 
et al., 2016). Carotenoids are tetraterpenoids; fat-soluble and water-insoluble pigments 
widespread in plants, animals, and MOs that are responsible for the yellow to orange colors 
of many fruits (Alós et al., 2016). In general, fungal pigments are produced as secondary 
metabolites that can be generally chemically classified as carotenoids and polyketides (Caro 
et al., 2012; Mapari et al., 2009). The fungus B. trispora produces carotenes (Delgado-Vargas 
and Paredes-López, 2003; Mortensen, 2006). Recently, European Union (EU) food legislation 
provided approval for the expensive carotenoid lycopene, which is produced mainly from 
tomatoes, to be produced by B. trispora (Mapari et al., 2009). The majority of microbes that 
are reported to produce carotenoids are from Myxococcus, Streptomyces, Mycobacterium, 
Agrobacterium, and Sulfolobus (Malik et al., 2012; Schneider et al., 2013). Commercially, 
some microbial sources are interesting, such as Chlorella zofingiensis, Rothia mucilaginosa, 
Rhodobacter sphaeroides, Serratia, Phaffia rhodozyma, Rhodotorula glutinis, and 
Rhodotorula mucilaginosa (Aksu and Eren, 2005; Chandi et al., 2010; Deming et al., 2006; 
Malik et al., 2012).

4.2.1 Bioactivity of carotenoids

In living organisms, carotenoids have several important biological activities (Alós et al., 2016; 
Olson, 1989). The most studied health benefits of carotenoids are correlated to their 
antioxidative activity, enhancement of immune system function, inhibiting the development of 
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certain types of cancers, and protection from sunburn (Alós et al., 2016). Certain carotenoids 
are able to act as provitamin A and can be converted into vitamin A. Moreover, carotenoids 
have intrinsic antiinflammatory properties as a result of their quenching action with respect 
to reactive oxygen species and their chemopreventive/anticancer effect may be attributed to 
that (Alós et al., 2016; Olson, 1989). Furthermore, a lack of dietary carotenoids may result in 
keratomalacia, xerophthalmia, blindness, and in some cases, death. Sometimes carotenoids 
can act as a sunscreen and provide protection from intense light, thus maintaining food 
quality. Moreover, it has been reported that corn carotenoids inhibited aflatoxin synthesis by 
Aspergillus flavus (90%) and by most of the A. parasiticus strains (30%) (Strack et al., 2003), 
suggesting their usage as a promising food preservative.

4.3 Microbial Production of Selected Antioxidants

MOs can act as bioactive food supplements, such as pigments, vitamins, organic acids, 
amino acids, and enzymes. Among nonconventional sources, filamentous fungi are known 
to produce a wide range of selected pigments, which include several chemical classes, such 
as carotenoids, flavonoids, flavins, melanins, and quinones (Mapari et al., 2006, 2009). 
Recently, some fermentative food-grade pigments that exist in the market have been 
produced from filamentous fungi, such as Monascus pigments, B. trispora (lycopene and 
β-carotene), Penicillium oxalicum (Arpink redTM), and Ashbya gossypii (riboflavin) (Dufosse 
et al., 2014). The most commonly used pigment in industry is β-carotene, which is obtained 
from cyanobacteria and some microalgae. Also, the natural astaxanthin from MOs is mainly 
produced by the red yeast Xanthophyllomyces dendrorhous and the algae Haematococcus 
pluvialis (Malik et al., 2012). MOs that have the ability to produce pigments in quite high 
yields include species of Monascus, Serratia, Streptomyces, Penicillium atrovenetum, 
Penicillium herquei, Rhodotorula, Cryptococcus, Yarrowia, Monascus purpureus, and 
P. rhodozyma. The Monascus spp. that produce Monascus pigments have long been used in 
the production of traditional East Asian foods (Mapari et al., 2006, 2009). Overall, natural 
colors are environmentally friendly and can also satisfy the dual need for visually appealing 
colors and health-promoting benefits (Nagpal et al., 2011). The approved natural colorants 
can be used in baby foods, pastas, breakfast cereals, processed cheese, sauces, fruit drinks, 
milk products, and some energy drinks (Malik et al., 2012).

4.4 Nonflavonoid Phenolic Compounds

Phenolic compounds are secondary metabolites that are synthesized by plants during 
their normal development (Naczk and Shahidi, 2004) and in response to stress conditions. 
Recently, phenolic compounds have been considered as natural antioxidants that also 
represent an important group of bioactive compounds in foods (Naczk and Shahidi, 2004). 
Dietary polyphenols have received much attention from food scientists, nutritionists, and 
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consumers due to their roles in human health (Shahidi, 2009). Recent research strongly 
supports the role of polyphenols in the prevention of some degenerative diseases, especially 
cancers, neurodegenerative diseases, and CVDs (Naczk and Shahidi, 2004; Tsao, 2010). 
Dietary phenolic compounds can be categorized into three main groups: (1) phenolic 
acids, including hydroxycinnamic acid derivatives and hydroxybenzoic acid derivatives, 
(2) polyphenols (tannins), and (3) flavonoids (King and Young, 1999). The first group 
(hydroxycinnamic acid and its derivatives) mainly includes sinapic, p-couramic, caffeic, 
and ferulic acids. Hydroxybenzoic acid derivatives are gallic and ellagic acids. The second 
group (polyphenols) consists of gallic, ellagic acids/catechin, and epicatechin polymers. 
The flavonoids group consists of catechins, flavonols, flavons, and anthocyanidins. Many 
fruits and vegetables, such as apples, blackberries, raspberries, grapes, and potatoes, etc. 
have various phenolic acids (Naczk and Shahidi, 2004) (Fig. 3.2). Interestingly, so-called 
nature identical stable pigments are synthesized by oxidizing several phenolic compounds, 

Figure 3.2: Structures of Selected Natural Bioactive Compounds Commonly Found in Food.
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such as ferulic acid, caffeic acid, gallic acid, and catechin in an aqueous medium using 
laccase from Myceliophthora thermophila. These products are often yellow, orange, or 
green in color, which are generally intermediate species that further react to finally give 
brown polymers, suggesting their use in cosmetics and in many food applications (Mustafa 
et al., 2005).

4.4.1 Nutritional and antioxidant properties of phenolic compounds

Phytochemicals, and particularly phenolic compounds, present in plant foods are 
partly responsible for some health benefits through a variety of mechanisms, including 
antioxidant activity, antimutagenic and antibacterial properties (Young et al., 2005). 
Phenolic compounds are associated with the organoleptic and nutritional aspects of foods 
(Naczk and Shahidi, 2004). Phenolic compounds at low concentrations protect foods 
from autooxidation, but at high concentrations they can cause undesirable discoloration 
through their interaction with carbohydrates and proteins. Many phenolic acids are 
known to be potent antioxidants because of their radical scavenging activity and their 
chemical structure (Silva et al., 2000). Phenolic compounds are radical scavengers 
that restrict the oxidation process by reacting with free radicals and chelating catalytic 
metals (Caillet et al., 2012; Shahidi and Wanasundara, 1992). The consumption of fruits, 
vegetables, and drinks rich in phenolic compounds has been linked to a decreased risk for 
some diseases, such as cancer and CVDs (Kuriyama, 2008; Young et al., 2005). Phenolic 
extracts obtained from berries have been shown to inhibit the oxidation of liposomes 
and low-density lipoproteins (LDLs) (Heinonen et al., 1998) with a remarkably high 
scavenging activity toward chemically generated reactive oxygen species (ROS) (Wang 
and Jiao, 2000).

4.4.2 Microbial production of bioactive phenolic compounds

Filamentous fungi are the most commonly used MOs to produce bioactive compounds by 
solid-state fermentation (SSF) (Martins et al., 2011). Recently, SSF has been employed 
to increase the phenolic-compound content in certain food products, thus enhancing their 
antioxidant activity and improving their health-linked functionality. The bioprocessing 
of beans using SSF to prepare koji using different food-grade filamentous fungi, such 
as Aspergillus sp. and Rhizopus sp., enhanced the antioxidant properties of the beans 
by increasing their anthocyanin and phenolic content (Martins et al., 2011). Likewise, 
SSF of grass peas that utilized cooked seeds using Rhizopus oligosporus increased the 
phenolic-compound content, with improved antiradical properties of the fermented seeds 
(Starzyńska-Janiszewska et al., 2008). Two different filamentous fungi, Aspergillus 
oryzae and Aspergillus awamori, were used in SSF for the improvement of the phenolic 
content and antioxidant properties of wheat grains (Bhanja et al., 2009). In addition, 
soybean products fermented by Trichoderma harzianum revealed higher antioxidant 
activity than the unfermented products, which was probably related to the significantly 
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enhanced contents of flavonoids, phenolic acids, and isoflavones (Martins et al., 2011; 
Singh et al., 2010).

4.4.3 Bioavailability of phenolic compounds

The term “bioavailability” commonly defines the efficiency with which nutrients are digested, 
absorbed, then metabolically utilized (Cermak et al., 2009). It is estimated that relative to 
the total intake of phenolic compounds, only 5%–10% is absorbed in the small intestine. 
Crozier et al. (2010) revealed that the colon plays a crucial role in the bioavailability of 
dietary phenolic and polyphenolic compounds. Even when absorption occurs in the small 
intestine, considerable quantities pass to the large intestine and the parent mixtures with their 
catabolites are attacked by colonic microflora. A diversity of colonic-derived catabolites is 
absorbed into the bloodstream, and then passes through the body prior to their excretion in the 
urine (Crozier et al., 2010).

5 Phenolic Lipids: A New Term

In the last decade, the production of new lipids with functional properties known as 
“structured lipids” (SLs) has highly increased. SLs consist of new triglycerides in which 
the composition and the distribution of FAs at the glycerol backbone are modified (Osborn 
and Akoh, 2002). The modified fats, with novel properties, are promising for medical, 
nutraceutical, and food applications (Osório et al., 2009). An interesting potential exists for 
extending PL usage from lipophilic antioxidants to functional and bioactive health-promoting 
ingredients. They can be defined simply as structured lipids that possess a saturated and/or 
polyunsaturated hydrocarbon chain with an aromatic ring and one or more hydroxyl and/or 
methoxyl substitutes attached by an ester bond (Sorour et al., 2012a). However, formulation 
of nutraceuticals with ω-3 PUFAs cannot be achieved without simultaneous incorporation 
of appropriate antioxidants since they are prone to oxidative deterioration, reducing the 
nutritive value of food and producing harmful radical products (Ito et al., 1986). On the other 
hand, phenolic compounds possess antioxidant properties (Silva et al., 2000). The numerous 
combined beneficial properties of both phenolic compounds and PUFAs can be offered by 
these novel structured molecules, with enhanced functional and antioxidative properties 
(Sabally et al., 2007). A highly productive, environmentally safe, and efficient process for the 
enzymatic synthesis of selected PLs was achieved using the immobilized Candida antarctica 
lipase in a solvent-free medium (Sorour et al., 2012a,b). PLs represent a novel group of 
antioxidants; they are biosynthesized by lipase-catalyzed transesterification of selected 
dietary omega-3 PUFAs, including fish, krill, and flaxseed oils, with phenolic acids. However, 
the biosynthesized PLs exhibit improved oxidative stability as well as antioxidant capacity 
(AOC) as compared to the unmodified oils (Aziz and Kermasha, 2014). The biosynthesized 
PLs could have promising wide applications, such as incorporation into dietary supplements, 
cosmetics, and pharmaceuticals (Aziz and Kermasha, 2014).
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5.1 Potential Applications of Phenolic Lipids

PLs are a class of multifunctional molecules that are of particular interest in various sectors, 
such as the food and pharmaceutical industries. The new structured molecules, with fine-
tuned lipophilicity, have improved bioavailability in vivo over their parent antioxidants 
(Kahveci et al., 2015). PLs also show greater miscibility and incorporation into various 
lipid phases, offering an advantage for their use in pharmaceuticals, food, nutraceuticals, 
and cosmetic formulations. Future applications of PLs appear to be promising, because 
they offer to formulators an attractive alternative to their parent phenolics, which are rather 
hydrophilic (Laguerre et al., 2013). Also, the multifunctionality of PLs is attractive; the 
use of a single molecule with many functions reduces the risk of incompatibility between 
the various ingredients, especially in food formulations. Thus, their use saves time and 
facilitates production processes. In recent industrial applications, the most familiar PLs 
are gallate alkyl esters and parabens (alkyl esters of p-hydroxybenzoic acid), which have 
been authorized by the Codex Alimentarius as food additives (Kubo et al., 2004). Alkyl 
p-hydroxybenzoates, such as methyl (E-218), ethyl (E-214), and propyl (E-216) parabens 
are commonly used as antimicrobial preservatives in beverages, foods, cosmetics, and 
pharmaceuticals. More than 400 pharmaceuticals contain parabens, including cough 
syrups (Clarix, Drill, Hexapneumine, Codotussyl, Pectosan, Humex), creams (Biafine), 
throat pain syrups (Ergix), and stomach-coating medication (Gaviscon, Maalox) (Kahveci 
et al., 2015). Other PL alkylresorcinols (natural PLs found in wheat and barley bran), such 
as 4-hexylresorcinol, are used in the food industry as food additives (E-586) with antioxidant 
activity and as color-stabilizer agents. Hexylresorcinol is also a mild anesthetic used in 
the formulation of some pills, such as Strepsils, used for sore throats. A few phenolic 
esters are available on the market and mainly used in cosmetics; some ferulates are used as 
antioxidants or UV filters; ethyl caffeate is a skin conditioner; and vanillates and salicylates 
are widely applied in different applications, such as in flavors and perfumes (Figueroa-
Espinoza et al., 2013).

In the last decades, usage of lipid-based products has evolved dramatically, particularly 
in nanomedicine and the functional food sectors, as well as in the pharmaceutical and 
cosmetics industries in the form of oil-in-water microemulsions, solid–lipid nanoparticles, 
nanoemulsions, and liposomes (Kahveci et al., 2015). Octyl rosmarinate is now considered 
a powerful mitochondria-targeting antioxidant, thus paving the way for novel therapeutic 
approaches against oxidative-stress disorders (Bayrasy et al., 2013). Some very promising 
bioactive molecules, such as dodecyl chlorogenate, display remarkable antimicrobial 
activity against Staphylococcus carnosus (Suriyarak et al., 2014). Overall, PLs have a 
good membrane-crossing ability with a considerable bioavailability that makes them 
potent candidates for high value-added products. As a result, their application in food, 
pharmaceuticals, and cosmetics may offer an efficient way to guard against deleterious effects 
by killing microbes; also, they are promising alternative to other vitamins (tocopherols, esters 
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of vitamin C, vitamin E). Consequently, PLs are novel molecules that can be used as health-
promoting ingredients with targeted actions (Kahveci et al., 2015).

6 Selected Value-Added Products from Agro-industrial Wastes

MOs have been increasingly used to produce value-added compounds with various 
applications in the agricultural, food, pharmaceutical, and chemical industries. These value-
added compounds may include selected prebiotics, enzymes, antioxidants, oil, organic acids, 
proteins, polysaccharides, and biofuels. Microbial biosynthesis offers renewable sustainable 
feedstocks, environmentally benign routes, and economically attractive alternatives (Ray and 
Ward, 2006). In addition, microbial enzymes usually have substrate specificity that helps to 
reduce the formation of by-products. Also, some complex compounds already have natural 
synthetic pathways, while establishing synthetic chemical routes for these compounds is quite 
difficult (Du et al., 2011). A very promising source of novel candidate products is the organic 
waste biomass from the agricultural and food-processing industries. Microbial bioprocessing 
is broadly classified into either SSF or submerged fermentation (SmF) (Ray and Ward, 2006). 
Moreover, choosing a MO for a specific type of waste and the optimization of reaction 
parameters can play a significant role in the production of value-added products (Panda and 
Ray, 2015; Panda et al., 2016). Selected value-added products (Fig. 3.3) from agro-industrial 
wastes are discussed in the next section.

6.1 Production of Bioactive Phenolic Compounds from Agro-industrial Wastes

MOs can be potentially used to obtain value-added compounds, such as antioxidants, 
from the extraction and/or the degradation of phenolic compounds in food wastes. These 
antioxidants impart health benefits and can be used as functional food ingredients or as 
nutraceutical products (Shui and Leong, 2006). During juice processing, waste products are 
likely discarded or only used as low-value by-products. However, numerous antioxidants 
could be extracted from those sources (Moure et al., 2001; Shin et al., 2014). Apple peel is 
considered an important food ingredient that enhances good health due to its phytochemical 
contents (Wolfe and Liu, 2003). Also, oil-extract residues of different oilseeds were reported 
to have phenolic compounds with remarkable antioxidant activities, suggesting their usage 
as natural antioxidants (Matthaus, 2002; Shui and Leong, 2006). Great quantities of agro-
industrial wastes, including seeds, husks, peels, and whole pomace, are generated each year 
and are rarely valorized or left to decay on the land. As a result, increased attention should 
be given to these materials, which are abundantly available and represent low-cost renewable 
feedstocks for value-added products (Hernández et al., 2008; Martins et al., 2011). For 
example, pomegranate waste products contain significant amount of phenolic compounds, 
such as anthocyanins, hydrolysable tannins, and lignans (Bonzanini et al., 2009); these were 
successfully used by A. niger to produce ellagic acid using SSF (Hernández et al., 2008). 
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Another example is cranberry pomace, a by-product of cranberry processing, which has 
been used as a good source of various phenolic compounds; bioprocessing of this waste 
with Lentinus edodes by SSF increased ellagic acid content (Martins et al., 2011). The 
action of some enzymes, such as α-amylase, β-glucosidase, laccase, tannin acyl hydrolase, 
and ellagitannin acyl hydrolase, plays a vital role in the production of bioactive phenolic 
compounds during SSF (Shin et al., 2014). Cho et al. (2009) reported that soybeans 
fermented by Bacillus pumilus HY1 using SSF returned a significant increase in gallic 
acid and flavanols contents, whereas other content, such as malonylglycosides and flavanol 
gallates, were reduced. Similarly, enhancing the antioxidant potential of fermented rice 
has been associated with increased phenolic compounds by microbial β-glucosidase and 
α-amylase activities during SSF (Martins et al., 2011). Remarkably, agricultural and 
forestry wastes, such as cereal, vegetable wastes, straw, bagasse, cobs, stover, and husks, 
are lignocellulosic materials composed mainly of cellulose, hemicellulose, and lignin. The 
lignin portion contains numerous phenolic components, such as ferulic, syringic, p-coumaric, 
vanillic, and p-hydroxybenzoic, that can be recovered by SSF using white-rot fungi, such 

Figure 3.3: Selected Bioactive Value-Added Compounds Produced From Agro-industrial Wastes 
Using Selected MO.
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as Phanerochaete chrysosporium, Trametes hirsuta, and Trametes versicolor (Martins 
et al., 2011). The major extracellular enzymes that degrade lignin are laccases, lignin 
peroxidase, and manganese peroxidase (Martins et al., 2011; Philippoussis, 2009). As a result, 
the nutritional value of these wastes, which are generally low, is increased, and the materials 
after SSF can be used as soil fertilizer and/or animal feed (Nigam, 2009). Interestingly, 
olive by-products represent an abundant and affordable source of some bioactive phenolic 
compounds (Dermeche et al., 2013). Olive-mill waste is produced during olive oil extraction 
and is considered a major environmental problem, particularly in the Mediterranean regions. 
It can be bioprocessed to recover some valuable components, such as phenolic compounds, 
enzymes, polymers, biofuel, and others (Dermeche et al., 2013). Some MOs with high laccase 
activity are reported to be suitable for these applications, such as A. niger, Trichoderma 
atroviride, and Trametes trogii (Hamza et al., 2012). Other MOs, such as Candida oleophila, 
and filamentous white-rot fungi, such as P. chrysosporium (Sampedro et al., 2007), Pleurotus 
ostreatus, Geotrichum candidum, and Aspergillus spp. (Garcia et al., 2000), can catabolize a 
wide range of simple aromatic phenolic compounds, reducing high and low molecular weight 
phenolic compounds and thus producing bioactive compounds.

6.2 Bioactive Carotenoids

Recently, several studies revealed the feasibility of producing carotenoids from low-cost 
abundant substrates, such as whey filtrate, cornstarch hydrolysate, corn syrup, sugarcane 
juice, and grape must, and using selected MOs (Chandi et al., 2010). Also, the tomato waste 
produced during tomato processing contains highly valuable bioactive compounds, such as 
β-carotene, ζ-carotene, and γ-carotene (Alós et al., 2016). A tomato waste-based medium 
can act as an excellent medium for the growth of yeast, with high efficiency and specificity 
for carotenoids production by some Rhodotorula spp. (Buzzini and Martini, 2000; Chandi 
et al., 2010). Recently, Schneider et al. (2013) reported on the production of high-value 
carotenoids by R. glutinis using brewery wastewater.

6.3 Selected Industrial Enzymes

Some industrially important enzymes can be obtained from fungi by using olive by-
products as low-cost substrate; examples of these enzymes are lipases, laccases, Mn-
dependent peroxidases, and pectinases (Panda and Ray, 2015). Mrudula and Anitharaj 
(2011) demonstrated the production of pectinase from A. niger using SSF with different 
substrates, including orange peel, lemon peel, wheat bran, rice bran, sugarcane bagassae, 
and banana peel. Bacillus spp. are the most common strains for producing enzymes, such as 
amylase, protease, and cellulase (Mussatto et al., 2012b). Pectinases were also produced by 
Cryptococcus albidus, whereas, laccases and Mn-dependent peroxidases by Panus tigrinus 
(Crognale et al., 2006). B. subtilis was grown on banana-peel wastes to produce α-amylase 
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using SSF (Unakal et al., 2012). Recently, a strain of Streptomyces sp. isolated from Algeria 
produced α-amylase when grown on orange waste using SSF (Mahmoud, 2015). Lipases 
were also produced by Candida cylindracea, Y. lipolytica, and the thermostable fungi 
Rhizomucor pusillus and Rhizopus rhizopodiformis, when grown on olive-mill wastewater 
(Brozzoli et al., 2009; Crognale et al., 2006; Gonçalves et al., 2010).

6.4 Organic Acids

Bacteria, such as Bacillus sp., Streptococcus thermophilus, and Lactobacillus sp., and 
fungi, such as Aspergillus sp., Penicillium sp., and Y. lipolytica, are the MOs used most to 
produce organic acids, such as lactic and citric acids, from agro-industrial wastes (Mussatto 
et al., 2012b; Shaikh and Qureshi, 2013). Lactic acid is produced using peels of potato, sweet 
corn, green peas, and mango, and using orange residue, by Lactobacillus casei, Lactobacillus 
plantarum, and Lactobacillus delbrueckii (Mudaliyar et al., 2012; Panda and Ray, 2015). At 
the same time, citric acid is produced by A. niger grown on pineapple peel and by Y. lipolytica 
grown on apple pomace (Panda et al., 2016; Prabha and Rangaiah, 2014).

6.5 Oil

Oleaginous MOs are able to convert agro-industrial raw materials into valuable lipids, such as 
γ-LNA, using SmF or SSF (Certik and Shimizu, 1999; Du et al., 2011). Also, crude glycerol, 
which is produced as a by-product of biodiesel, can be converted into value-added products 
using biotechnological processes. Selected MOs, such as Clostridium acetobutylicum, 
Glucanobacter sp., A. niger, Y. lipolytica, R. glutinis, Cryptococcus curvatus, M. isabellina, and 
Cunninghamella echinulata, are able to use crude glycerol as a raw material to produce different 
value-added products, such as PUFAs, polysaccharides, and bioethanol (Garlapati et al., 2016).

6.6 Production of Edible Fungi and Polysaccharides

Selected edible fungi, such as Pleurotus, Lentinula spp., and Agaricus bisporus were able to 
grow on olive oil by-products (Kalmıs et al., 2008). Also, Saccharomyces cerevisiae was used 
to enrich fruit wastes with protein using bioprocessing technology (Correia et al., 2007).

6.7 Bioethanol

The bioconversion of cellulosic wastes into value-added products using saccharification and 
fermentation processes can reduce the environmental pollution caused by agro-industrial 
wastes (Singh et al., 2014). In a recent study, enzymatic saccharification of date-palm 
cellulosic wastes by microbial cellulases using Geobacillus stearothermophilus was optimized 
(Alrumman, 2016). The production of fermentable sugar and lactic acid is feasible by using 
date-palm wastes as a low-cost substrate (Alrumman, 2016). Also, the high organic matter 
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content of olive oil by-products makes them a promising alternative resource for ethanol 
production by selected MOs. Olive oil by-products offer another promising substrate for 
bioethanol production, as they have different types of polysaccharides that can be bioconverted 
into ethanol by fungi, such as Pleurotus sajor-caju (Massadeh and Modallal, 2007).

Finally, recent advances in microbial biotechnology have built an avenue toward the 
successful application of waste biomass to value-added products (Panda et al., 2016). Novel 
approaches based on microbial culture technologies, fermentation, genetic engineering 
for strain improvement, and efficient scaling-up technologies can offer methods to further 
improve the productivity and yield of a selected compound (Panda et al., 2016). In this 
respect, metabolic engineering has become an alternative rational to classical strain 
improvement in the optimization of selected bioactive products; it can also improve the 
cellular properties of selected microbes (Du et al., 2011; Dufosse et al., 2014; Panda 
et al., 2016). The whole process allows the creation of novel derivatives to improve the 
bioproduction of value-added products.

7 Characterization of Selected Bioactive Compounds

The recent advancement in analytical measurements, such as chromatography, with particular 
reference to UHPLC connected to MS, has allowed the simultaneous analysis of various 
phytochemicals with rapid and accurate results (Dudonné et al., 2015).

7.1 Analysis of FOSs
7.1.1 Thin-layer chromatography

Thin-layer chromatography (TLC) has been widely used in the rapid detection and 
characterization of sugars in complex mixtures due to its high sensitivity and low cost. 
However, TLC analysis has mostly been replaced by other quantitative chromatographic 
methods that have higher separation efficiencies and higher speed (Folkes and Jordan, 2006).

7.1.2 Gas chromatography

Gas chromatography (GC) can provide qualitative and quantitative analysis of FOSs. 
However, analysis by GC requires derivatization to render the sugars volatile (Hayashi 
et al., 2000). Due to the complexity of the preparation of volatile derivatives, high-
performance liquid chromatography (HPLC) has received much attention in the analysis of 
FOSs with fewer steps in the sample preparation (Sangeetha et al., 2005).

7.1.3 High-performance Liquid Chromatography

HPLC is the most used method for FOS analysis. The separation sensitivity and efficiency 
depend on the columns and detector used. The most commonly used columns are 
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amino-bonded phase columns and resin-based columns equipped with a refractive index 
detector (RID) (Sangeetha et al., 2005). The Aminex HPX-85 heavy metal cation-exchange 
carbohydrate column can also be used to determine saccharide content, while other resin-
based columns include the Aminex HPX-42C column and the Aminex HPX 87C (Li, 2015).

7.1.4 High-pressure anionic exchange chromatography with pulsed amperometric detection

Anion-exchange chromatography has grown in importance, due to its ability to separate 
complex sugar mixtures that cannot be separated using previously used columns (Folkes and 
Jordan, 2006). Sugar resolution can be further improved by the addition of competitor ions, 
such as acetate ions, which compete with sugar molecules for resin-binding sites, allowing 
the separation of monosaccharides and disaccharides. High-pressure anionic exchange 
chromatography with pulsed amperometric detection (HPAEC-PAD) is sensitive and provides 
highly specific detection without the derivatization of samples. However, its main drawback is 
the interference of carbonate ions, which have higher affinity than acetate ions to the resin-
binding sites, which somehow affects separation and reproduction (Folkes and Jordan, 2006).

7.1.5 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is a reliable and powerful method for the 
analysis of carbohydrates (Lerner, 1996). NMR methods are often applied to the structural 
determination of polysaccharides isolated from different sources (von der Lieth, 2009). NMR 
can provide a complete assignment of all the structural features of carbohydrates, including 
stereochemistry, in addition to the type of linkages between saccharide units, without 
destruction. NMR analysis of polysaccharides is often offered by 13C-NMR and 1H-NMR 
spectroscopy (Dahech et al., 2013).

7.2 Characterization of Phenolic Compounds

In general, developing an efficient methodology for the extraction, analysis, and 
characterization of phenolic compounds from different sources is considered a challenging 
task, due to the structural diversity of phenolic compounds, their interaction with other 
cellular components, and the complex matrix (Bendini et al., 2007). Thus, the selection of 
the methods depends on the nature of the sample, the analyte(s), and the purpose of the study 
(Tsao, 2010).

Many different extraction methods are available for various samples; the most widely used is 
liquid–liquid extraction (LLE), which involves the use of organic solvents. Likewise, solid-
phase extraction (SPE) techniques can be used, including cation-exchange, C18, LH-20, 
HLB, and solid-phase microextraction (SPME) (Naczk and Shahidi, 2004; Wu et al., 2015). 
However, these techniques require intensive cleanup procedures that are time consuming 
and involve sometimes hazardous, expensive organic solvents. Modern techniques have 
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been replacing conventional ones, including supercritical fluid extraction (SFE), ultrasound-
assisted extraction (UAE), pressurized liquid extraction (PLE), and microwave-assisted 
extraction (MAE). These alternative techniques considerably accelerate the extraction 
process and reduce the use of solvents (Costa et al., 2015). Regarding the determination 
of total phenolics, the Folin–Denis assay and Folin–Ciocalteu assays are the most widely 
used procedures for total phenolics quantification. However, neither is definitive in terms 
of detecting all phenolic groups, whereas the vanillin method is widely used for the 
quantification of selected phenolics, such as flavan-3-ols, catechin, and proanthocyanidins 
(Naczk and Shahidi, 2004). Although it is nearly impossible to develop a protocol for all 
polyphenols, there are some general approaches for their analysis. On the analytical front, 
improved instrumentation based on liquid chromatography, in particular HPLC (HPLC, 
UPLC, LC-MS/MS), has made the assessment of phenolics more reliable and faster. Also, 
the need to identify individual phenolic compounds was the reason for the replacement of 
traditional methods by capillary electrophoresis (CE). Different CE methodologies with UV 
and MS as detection systems have been also developed; likewise GC has been used when 
coupled to different detectors, mainly the flame ionization detector (FID) or MS (Bajoub 
et al., 2016; Naczk and Shahidi, 2004) (Fig. 3.4).

In general, reversed-phase HPLC with diode array detection (DAD) currently represents 
the most common and reliable technique for the analysis of phenolics (Bajoub et al., 2016; 
Dai and Mumper, 2010). A combined technique using semipreparative HPLC for the 
purification of phenolic compounds and GC-MS for their characterization has been 
described (Bajoub et al., 2016; Naczk and Shahidi, 2004). The coupling of HPLC and MS 
with electrospray ionization (ESI) and time of flight (TOF) is considered a powerful tool 
for the identification of natural phenolic products in various plant extracts. Detection using 
HPLC is based on a measurement of absorption at 280 and 340 nm. On the other hand, 
matrix-assisted laser desorption/ionization (MALDI) with TOF/MS has been employed 
for the qualitative and quantitative analysis of phenolics in food (Bendini et al., 2007; 
Naczk and Shahidi, 2004; Taamalli et al., 2012). Likewise, NMR is a powerful technique 
for structural assignment. Combining liquid chromatography with the rich spectroscopic 
information from NMR provides structure elucidation with powerful separation (Bajoub 
et al., 2016; Naczk and Shahidi, 2004). Overall, HPLC is considered a simple, reliable 
technique for quality-control analysis of many phenolic compounds in various foodstuffs 
(Areias et al., 2000). Typically a C18 column is used with acidified mobile phases and 
DAD/MS (Dai and Mumper, 2010). The mobile phases with gradient elution are generally 
constituted of an organic solvent, such as acetonitrile or methanol, with an aqueous solvent 
(water). The mobile phase is generally acidified by formic or acetic acid to decrease 
peak tailing (Costa et al., 2015). Many important, good reviews are available for detailed 
analytical procedures (Bajoub et al., 2016; Bendini et al., 2007; Naczk and Shahidi, 2004; 
Tsao, 2010).
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7.3 Characterization of PUFAs and PLs

Generally, the biomass under test is lyophilized and the total lipids are extracted by nonpolar 
solvents/polar system (Lima et al., 2015). The lyophilized biomass (1 g) is subjected to three 
successive extractions using chloroform:methanol (2:1, 1:1, 1:2 v/v). The supernatant is 
separated by centrifugation at 5000 rpm for 10 min. The recovered supernatants containing 
the lipids are pooled and evaporated to dryness using a cooling rotary evaporator. Then the 
FAs are methylated (Lima et al., 2015) and suspended in hexan. Finally, the FAs are identified 
using GC equipped with a FID and a fused silica capillary column HP-5 (5% diphenyl and 
95% dimethylpolysiloxane) and quantified by comparing the peaks of the samples with 
standard FAs (Lima et al., 2015; Sorour et al., 2012a). The structural characterization of PLs 
has been covered in the literature using various analytical techniques, including TLC (Sabally 
et al., 2007), HPLC (Karam et al., 2009; Sabally et al., 2007; Sorour et al., 2012a,b; Stamatis 
et al., 1999), GC (Karam et al., 2009; Sabally et al., 2007), and LC-MS (Sabally et al., 2007). 
In addition, several techniques can be used to determine the antioxidant properties of PLs 
(Karam et al., 2009; Silva et al., 2000; Sorour et al., 2012b).

Figure 3.4: Schematic Strategies for Phenolics Analysis in Biological Fluids, Plants, and Food.
ASP/PLE, accelerated solvent extraction/pressurized liquid extraction; EC, electrochemical detector; 

ECD, electron capture detection; FID, flame ionization detection; FL, fluorescence; HPLC, high-
performance liquid chromatography; MS, mass spectrometry.
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7.4 Analysis of Carotenoids

Although there are a wide variety of food products that contains diverse carotenoids, there 
is no universally standard method for carotenoids extraction. The most widely accepted 
procedures involve extraction with organic solvents, such as n-hexane, methanol, propanol, 
ethyl acetate, and tetrahydrofuran (de Quirós and Costa, 2006). Also, several studies used 
supercritical CO2 for carotenoids extraction (Mustafa et al., 2012). Many techniques propose 
the use of freeze-dried material and a saponification step to hydrolyze carotenol esters. 
However, the removal of chlorophylls and lipids that interfere with carotenoids detection is 
always preferred (de Quirós and Costa, 2006; Machmudah and Goto, 2013) and the addition 
of an antioxidant is also recommended. A number of factors, such as sample preparation, 
the polarity of the carotenoids, and their chemical form in a given sample matrix, should be 
considered to develop the most efficient extraction method (Rivera and Canela, 2012). Also, 
the chromatographic systems have to be adapted to suit the specific carotenoid profile being 
analyzed. In general, HPLC has been employed as a powerful, simple technique to quantify 
various carotenoids forms at low levels in different foodstuffs (Rivera and Canela, 2012). The 
analysis of carotenoids has been routinely performed using reversed-phase HPLC because 
of its improved separation efficiency. However, C30 columns provide improved resolution 
between carotenoids with similar polarity compared to C18 columns, thus it is preferred to 
separate different isomers (Machmudah and Goto, 2013; Strati et al., 2012).

7.5 Evaluation of the Antioxidant Properties

The antioxidant properties of a compound can be measured either directly using the free 
radical method (Dudonné et al., 2015) or indirectly using thiobarbituric acid-reactive 
substances (TBARS) and anisidine value (p-AnV); the latter of which measures secondary 
oxidative products (Aziz and Kermasha, 2014). AOC is related to compounds capable of 
protecting a biological system against the adverse effects of processes involving ROS or 
reactive nitrogen species (RNS) (Aziz and Kermasha, 2014; Karadag et al., 2009). The most 
commonly used methods to evaluate the total antioxidant activity in vitro include ferric-
reducing antioxidant power (FRAP), the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method, 
oxygen radical absorbance capacity (ORAC), and trolox equivalent antioxidant capacity 
(TEAC) (Aziz and Kermasha, 2014), some of which are described in the sections that follow.

7.5.1 Reducing Power Assay (FRAP)

The assay of reducing power can be described briefly (Aziz and Kermasha, 2014; Karadag 
et al., 2009) as 1 mL of filtrate mixed with 2.5 mL of phosphate buffer (pH 6.6) and 2.5 mL 
of K3[Fe(CN)6] (1%), followed by incubation at 50°C for 20 min. The reaction was then 
stopped by the addition of 2.5 mL of trichloroacetic acid (10%), followed by its centrifuging 
at 3000 rpm (1000× g) for 10 min. The supernatant was then mixed with an equal volume of 
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distilled water and 5 mL of FeCl3 solution (1%), and the absorbance was recorded at 700 nm. 
The percentage of the reducing power was calculated based on the following formula:

= − ×Reducing power [(Abs Abs )/Abs ] 100%extract blank blank

where Absextract is absorbance of extract, and Absblank is absorbance of water (Aziz and 
Kermasha, 2014; Khang et al., 2016).

7.5.2 DPPH radical scavenging assay

The free radical assay using 1,1-diphenyl-2-picrylhydrazyl (DPPH!) is considered a simple 
and accurate method to quantify the AOC of various fruits and vegetables extracts (Khang 
et al., 2016; Sanchez-Moreno, 2002). Most phenolic compounds have antioxidant properties 
because of their ability to scavenge free radicals. Briefly, the reaction contains 1 mL of 
extract, 3 mL of methanol, and 150 µL of DPPH! (0.1%). After 30 min, the absorbance was 
recorded at 517 nm. The capacity of radical scavenging was calculated using the following 
formula:

= − ×i%DPPH [(Abs Abs )/Abs ] 100%scavenging control sample control

where Abssample is absorbance of extract, and Abscontrol is absorbance of methanol in DPPH! 
(Aziz and Kermasha, 2014; Sabally et al., 2007).

On the other hand, the ORAC method has become widely used for assessing AOC in different 
food and biological samples (Prior, 2003). The method is based on the inhibition of a peroxyl-
radical initiated by thermal decomposition of the azo-compounds, such as 2,2′-azobis(2-
amidinopropane) dihydrochloride. The antioxidant effect in the ORAC assay is measured by 
the net area under the curve (AUC) of the sample subtracted from that of the blank (Sample 
AUC − Blank AUC) (Aziz and Kermasha, 2014; Karadag et al., 2009).

8 Safety Assessment of Food Ingredients

The development of functional food bioingredients and nutraceutical products could be 
more successful with more research dealing with digestive physiology, gut microflora, 
mucosal functioning, and the immune system. Generally, safety assessment involves the 
evaluation of starting material used during the production process and the final product. 
Before commercialization of new food bioingredients, they should be first evaluated for 
their biological and chemical properties, as well as for their toxicity (Murthy et al., 2015). 
Novel compounds to be used in the human diet fall under the EU regulatory category of 
“novel food” and thus will require legislated levels of safety and toxicological assessment 
before they can be introduced as food products. A general scheme for safety assessment and 
toxicological evaluation of new food bioingredient products has been proposed (Fig. 3.5). 
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Figure 3.5: General Scheme for Safety-Assessment Evaluation and Substantiation of Food 
Bioingredients.
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If the final product is a dietary supplement, then the US Food and Drug Administration 
(FDA) applies the Federal Food, Drug and Cosmetic Act, and the product should be 
declared “generally recognized as safe” (GRAS) by skilled experts (WHO, 2012; 
Murthy et al., 2015).

The safety of FOSs has been extensively evaluated in a series of standard toxicological 
tests, including animal and human trials. However, no specific safety issues needed to be 
addressed (Li, 2015). When FOSs were orally administered in the diet at high levels, they 
did not result in illness, mortality, or organ toxicity, and there were no cancerogenous 
or genotoxic effects (Carabin and Flamm, 1999). The only limitation for FOS use in the 
human diet is gastrointestinal tolerance. In a study with healthy volunteers, excessive 
flatus and bloating occurred with 30 g and 40 g FOSs/day doses, respectively. At 50 g 
FOSs/day, abdominal cramps and diarrhea occurred; thus up to 20 g FOSs/day is well 
tolerated and was recommended by Briet et al. (1995). In addition, in vitro trials are not 
sufficient for the assessment of prebiotic safety or to claim prebiotic efficacy, because 
trials cannot approach the dynamic nature of colonic metabolism. Therefore, at least 
two different genotoxicity tests are required: a bacterial reverse mutation assay and 
an in vivo assay, the latter of which should be performed for clastogenicity in selected 
mammalian cells (Sanders et al., 2005). Furthermore, some prebiotics, such as FOSs, 
inulin, and galactooligosaccharides, are reported to have some beneficial effects. They 
provided promising data on the prevention of infections and atopic dermatitis in infant 
trials. However, additional prospective well-designed clinical trials and mechanistic 
studies are needed to advance knowledge of them (Sherman et al., 2009). Generally, the 
outcomes obtained from in vivo animal trials can be only used as indications, especially 
when the doses used in animal trials are not reflective of realistic doses for humans 
(Sanders et al., 2005).

On the other hand, risk assessment for phenolic compounds is considered difficult, 
not only because of the variety of compounds, but also because not all necessary tools 
are always available. Few researchers have examined the possible toxicity of phenolic 
compounds (Shahidi, 2009). A dose that produces a beneficial effect in in vivo cell 
cultures may be toxic when applied in human clinical trials; therefore doses used must 
be considered carefully. Some phenolics, such as caffeic acid, may have carcinogenic or 
genotoxic effects in rats and mice at high diet doses (2%) (Catterall et al., 2000; Hagiwara 
et al., 1991; Hirose et al., 1998). However, no acute toxicity was observed in vivo after 
oral administration of proanthocyanidin extract at a dose of 0.5–2 g/kg body weight in rats 
and mice (Ray et al., 2000). Also, the consumption of phenolic compounds at high levels 
may also have antinutritional effects; a recognized example is the suppression of nonheme 
iron absorption, which is attributed to concurrent tea consumption (Temme and Van 
Hoydonck, 2002). In general, the safety assessment of genetically modified bioingredients 
should investigate their allergenicity and toxicity, the nutritional effects associated with 
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the genetic modification, and any possible effects that could result from gene modification 
(WHO, 2012; Murthy et al., 2015). Overall, modern and emerging technologies, especially 
metabolomics, might contribute to a higher efficacy in assessment methods and accordingly 
ensure that the safety of new food bioingredients products is increased. However, some 
knowledge gaps are found in terms of sufficient in vivo and clinical studies, which might 
restrict the wide application of new bioingredients until their health and environmental 
safety are completely ensured.

9 Conclusions

The current trend toward “natural” ingredients has stimulated interest in exploring novel 
sources for new bioactive compounds and their potential applications in the food industry and 
in food-related sectors. As a result, there is growing interest in the development of microbial 
bioingredients to fulfill the high consumer demand for health-promoting food ingredients, 
such as prebiotics, PUFAs, and antioxidants.

FOSs have great potential as functional ingredients because of their prebiotic activity, low 
caloric value, and nontoxicity. Microbial biosynthesis of FOSs has some advantages, such 
as the biosynthesis of defined chain length of FOSs, desired composition, and high purity. 
The possible health benefits associated with FOS consumption has led to their increased 
acceptance as food ingredients, and they are also being promoted as alternative sweeteners 
for diabetic formulations. On one hand, the new antimicrobial role of PUFAs in inhibiting 
the growth of some foodborne pathogens suggests that PUFAs could be used as a food 
preservative with a dual health-promoting action. On the other hand, phenolic compounds 
are bioactive molecular species that have demonstrated beneficial effects in the prevention 
of certain diseases associated with oxidative stress, such as cancer, CVDs, and degenerative 
diseases. PLs represent another interesting novel source for functional and bioactive health-
promoting ingredients, combining the numerous beneficial properties of both PUFAs and 
phenolic compounds with enhanced antioxidative and functional properties. Interestingly, 
among nonconventional sources, filamentous fungi are known to produce a wide range of 
bioactive compounds, such as flavonoids and carotenoids, which are proven to be effective 
antioxidants in vitro and are also widely used as food colorants.

Additionally, microbial bioprocessing of organic wastes represents a potential tool for 
cleaning up the environment with the generation of some valuable products; it offers 
renewable, sustainable feedstocks, and it is quite attractive economically. Examples of these 
value-added compounds are enzymes, antioxidants, prebiotics, organic acids, oil, proteins, 
polysaccharides, and biofuels, which all have various applications. However, some knowledge 
gaps are found with respect to sufficient in vivo and clinical studies, which might restrict the 
wide application of new microbial bioingredients until their health and environmental safety 
are completely ensured.
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1 Introduction

Nowadays, an epidemiologic transition has come about that consists of a pattern of changes 
in disease and mortality in the population, wherein the provenance of particular infection 
pathologies, neonatal diseases, nutritional deficiencies, among others, are reduced but at the same 
time the identification of disease groups, such as chronic nontransmissible disease (Valenzuela 
et al., 2014), including those that affect the circulatory system, neoplasic disease, diabetes, and 
obesity, is increasing. Therefore, currently there is a search for new strategies against these 
pathologies by way of the use of new bioactive compounds. Some bioactive compounds that may 
prevent diseases, such as cancer, atherosclerosis, cataracts, multiple sclerosis, and cardiovascular 
diseases, also have attributed to them an important role in lipid regulation and antioxidant 
and antiinflammatory activity, and, on the other hand, are commonly used in cosmetics as 
stabilizers and bulking agents (Cardenas-Toro et al., 2015; Patel and Goyal, 2011). Usually, 
these compounds that are found in nature, in plants, fruits, animals, and microorganisms, have 
been chemically synthesized, but the use of chemically synthesized bioactive compounds as 
food additives or in functional cosmetics has been severely regulated in recent years, which 
has increased interest in obtaining them from natural sources (Sun et al., 2016). However, 
due to the beneficial effects in human health, alternative ways of producing larger and more 
specific amounts have been developed, in which production using microbiologic techniques 
has an important role. Microorganisms, such as fungi, bacteria, yeast, and microalgae have 
been employed to produce molecules with added value, and bioprocesses in solid and SmF 
with application of agro-industrial waste has been evaluated. Employing microorganisms 
for the generation of added-value products seems to be an extremely relevant tool for the 
pharmaceutical, chemical, and food industries, including complex material production, such 
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as proteins, nucleic acids, polysaccharides, and even cells, and down to low-molecular weight 
molecules possessing biological activities, some of these compounds are synthesized in a natural 
way from a wide variety, including molecules such as pigments, oligosaccharides, and bioactive 
peptides (Demain, 2000a). Nevertheless, the development of methodologies to recover, purify, 
and increase yields is necessary. The aim of this chapter is to discuss the microbial production of 
pigments, their types and characterization, coloring properties, and applications, as well as the 
microbial production of oligosaccharides and bioactive peptides, recent studies, bioengineering 
aspects, chemical and physical characteristics, and industrial applications.

2 Bioactive Compounds

Nutritional problems, current climate change, and preservation of the environment have 
induced the development of new alternatives for the renewable exploited resources and the 
production of bioactive compounds (Cardenas-Toro et al., 2015). Bioactive compounds are 
secondary metabolites produced by microorganisms in an active-culture cultivation (Singh Nee 
Nigam and Pandey, 2009). Employing microorganisms in metabolite-production technologies 
poses benefits, as they have the ability to achieve a broad variety of reactions; the flexibility to 
adapt to sundry environments; the capacity to be transplanted from the nature to a laboratory 
flask or even an industrial fermenter; the ability to be grown using cheap carbon and nitrogen 
sources and the faculty to produce from these added-value molecules; the facility to be 
genetically engineered to improve characteristics or increase production and modify activities 
and structures, resulting in the metabolite production of completely unique compounds; and 
the skill to produce active enantiomers specifically, in contrast with chemical synthesis, which 
regularly produces active and inactive enantiomer mixtures (Demain, 2000b).

Microbial production of metabolites, such as antibiotics, proteins, oligosaccharides, 
antioxidants, pigments, peptides, and phenolic compounds has been studied by a large 
number of researchers. To improve yields and the quality of these important molecules, the 
production, extraction, and possibly application conditions have been evaluated.

2.1 Carotenoids

Carotenoids are phytochemicals found in fruits and vegetables, and their increased consumption 
is associated with several health benefits (Shi et al., 2000). The useful properties of these 
compounds has lead the cosmetic, pharmaceutical, and food industries to include them in 
nutraceuticals and drugs, since some carotenoids may prevent diseases, such as cancer or 
atherosclerosis (Guyomarc’h et al., 2000); because of this, the production of carotenoids is a 
topic of great relevance today. A key issue in the production of carotenoids is the cost, since the 
profitability of this process depends on this. Production by microorganisms offers this benefit. 
Furthermore, commercial production of carotenoids using microorganisms is highly efficient, 
because they are easily manipulated in the processing schemes (Taskin et al., 2011).
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2.1.1 Natural source

Carotenoids are one of the most diverse and widely distributed classes of natural pigments. 
They are synthesized by all photosynthetic, and many nonphotosynthetic organisms, 
including bacteria, fungi, algae, and higher plants (Araya-Garay et al., 2012; Cardoso 
et al., 2016; Garrido-Fernández et al., 2010). β-Carotene, lycopene, lutein, and astaxanthin 
are the most important carotenoids, and their extraction from natural sources, such as 
tomatoes, papayas, watermelons, and carrots has been studied (Chen and Zhong, 2015; Devitt 
et al., 2010).

The red color of tomatoes is due to an accumulation of lycopene. Lycopene is a liposoluble 
carotenoid with antioxidant, antiproliferative, and prodifferentiation activities (Heber and 
Lu, 2002). Anese et al. (2015) have studied the effect of ultrasound treatment, oil addition, 
and storage of lycopene in tomato pulp. The authors reported that a decrease of approximately 
35% lycopene content occurs at storage times of longer than 15 days, due to isomerization 
and oxidation reactions. Furthermore, the content and stability of β-carotene present in 
carrots, carrot juice, and orange juice has been evaluated. Picouet et al. (2015) have studied 
the effects of thermal and high-pressure treatment on carotene content, and high-pressure 
processing and mild heating processes were shown to induce modifications in carotene 
content, color, acidity, and °Brix. Carotenoid content, antioxidant and cell-growth activities of 
tomato waste also have been evaluated (Stajčić et al., 2015).

Animals are unable to synthesize carotenoids, but they can accumulate carotenoids so that 
they contribute to health and behavior (Cazzonelli and Pogson, 2010). The effect of dietary 
pigments on the coloration and behavior of fishes and birds has also been reported on (Baron 
et al., 2008; Sun et al., 2012).

Carotenoids are very important chemical compounds because they protect cells against 
photooxidative damage. They are the most widespread group of naturally occurring pigments. 
For these reasons, they have been associated with multiple applications in the environment, 
food and nutrition, and disease control, and have been identified as potent antimicrobial 
agents. At the present time, more than 750 structurally different yellow-, orange-, and red-
colored carotenoids are found in both eukaryotes and prokaryotes, with a worldwide market 
value of $919 million (Kirti et al., 2014). Therefore, meeting consumer demand for microbial 
carotenoids with low-cost and high-quality alternatives is necessary.

2.1.2 Microbial production

Carotenoids are industrially and biotechnologically important pigments produced from 
bacteria, fungi, plants, and microalgae (Table 4.1) (Chen et al., 2016; Colet et al., 2014; Cutzu 
et al., 2013; Mannazzu et al., 2015; Xie et al., 2016; Yoo et al., 2015). Nowadays, production 
of bioactive metabolites from microorganisms is easier to handle and less costly than 
chemical synthesis or extraction from plants, (Cardoso et al., 2016) and can generate biomass 
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rich in natural pigments (Lee et al., 2016; Rodrigues et al., 2014). Also, agro-industrial 
waste, such as molasses, sugarcane, bagasse, corn steep liquor, corn bran, rice bran, whey, 
grape must, and so on (Buzzini and Martini, 2000; Č ertík et al., 2013; Roadjanakamolson 
and Suntornsuk, 2010; Schneider et al., 2013; Valduga et al., 2014) is a viable alternative 
as a substrate of low cost for microorganism growth (Freitas et al., 2014). However, 

Table 4.1: Carotenoids produced by microorganisms in the last 3 years.

Strains Carotenoid Produced Nutrient Sources References
Fungi and yeast
Mucor sp. β-Carotene Wheat bran, rye bran, oat flakes, 

barley groats, spent malt grain
Čertík et al. (2013)

R. glutinis ATCC 15125 Torulene, torularhodin, 
β-Carotene, γ-Carotene

Glucose Braunwald et al. 
(2013)

Sporidiobolus salmonicolor 
CBS 2636

Total carotenoids Glucose Monks et al. (2013)

P. rhodozyma As21557 Astaxanthin NM Yin et al. (2013)
R. glutinis CGMCC 2258 Torulene, torularhodin, 

β-Carotene
Glucose Zhang et al. (2014)

B. trispora NRRL 2895 
and 2896

Lycopene Qiang et al. (2014)

R. toruloides Torulene, torularhodin, 
β-Carotene

Glycerol Lee et al. (2014)

Sporidiobolus pararoseus Total carotenoids Agro-industrial substratres 
(glycerol, corn steep liquor, 
parboiled rice water)

Valduga et al. (2014)

B. trispora ATCC 14060 
and 14059

Lycopene Glucose Wang et al. (2014)

R. toruloides NCYC 921 Total carotenoids Sugarcane molasses Freitas et al. (2014)
S. salmonicolor CBS 2636 Total carotenoids Glycerol Colet et al. (2014)
R. mucilaginosa AY-01 Total carotenoids Yoo et al. (2015)
R. toruloides NCYC 921 Total carotenoids Glucose Dias et al. (2015)
Sporobolomyces ruberrimus 
H110

Torulene, torularhodin, 
β-Carotene, γ-Carotene

Raw glycerol Cardoso et al. (2016)

Bacteria

Formosa sp. KMW Total carotenoids Various Sowmya and Sachindra 
(2015)

Arthrobacer airlaitensis all-E-decaprenoxanthin, 
all-E-sarcinaxanthin, 
9-Z-decaprenoxanthin 
and 
15-Z-decaprenoxanthin

Glucose Giuffrida et al. (2016)

Microalgae

Phormidium autumnale β-Carotene, zeaxanthin, 
lutein

BG11 medium Rodrigues et al. (2014)

C. zofingiensis UTEX B32 Astaxanthin BG-11 medium Liu et al. (2016)
Trentepohlia arborum 
FACHB 1792

β-Carotene Chen et al. (2016)

Desmodesmus sp. F51 Lutein Bold 3N medium Xie et al. (2016)
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carotenoid production by microorganisms depends not only on the substrate, but also on 
temperature, pH, aeration, and light (Lee et al., 2004; Mantzouridou et al., 2008; Valduga 
et al., 2011, 2009; Zhang et al., 2014).

There are two methods for microbial production: solid-state fermentation (SSF) and 
submerged-state fermentation. Michelon et al. (2012) reported on the extraction of carotenoids 
from Phaffia rhodozyma and showed that the highest specific concentration of carotenoids 
(190.35 µg/m) resulted from the combined techniques of diatomaceous earth and enzymatic 
lysis cell disruption. Roadjanakamolson and Suntornsuk (2010) evaluated β-carotene 
production with Rhodotorula glutinis, using rice bran, and reported 1.65 mg β-carotene/kg rice 
bran. Polyurethane foam has been employed in lycopene production by R. glutinis YB-252 
(Hernández-Almanza et al., 2014). Some red yeast, such as R. glutinis and Rhodosporidium 
toruloides, are efficient producers of β-carotene, torulene, and torularhodin due a relatively 
rapid growth rate (Braunwald et al., 2013; Dias et al., 2015; Lee et al., 2014). Blakeslea 
trispora has been employed in lycopene-specific production, mutation breeding, plus and minus 
strain ratios, carbon-to-nitrogen ratios, inhibition of lycopene cyclase, and other production 
factors (Choudhari and Singhal, 2008; Choudhari et al., 2008; López-Nieto et al., 2004; Wang 
et al., 2014). Wang et al. (2014) developed a novel method for producing lycopene from B. 
trispora (ATCC 14060 and 14059) through SmF, with the addition of 2-isopropylimidazole 
completely inhibiting lycopene cyclase, which limited the accumulation of β-carotene and 
other carotenoids. Also, Qiang et al. (2014) reported on the mutation breeding of the lycopene-
producing strain B. trispora by a novel atmospheric and room temperature plasma, which 
showed a maximum lycopene concentration of 26.4 ± 0.2 mg/L.

Furthermore, some bacteria and microalgae have the capacity to produce natural pigments. 
Astaxanthin is the carotenoid that helps in preventing diabetes by reducing blood glucose; 
this pigment has been produced by some microalgae and yeast. Liu et al. (2016) investigated 
the production of lipids and astaxanthin by Chlorella zofingiensis under different culture 
conditions. The highest content of astaxanthin achieved was 4.89 mg/g dry weight.

Carotenoid production by bacteria is a bioprocess rarely studied, however, Sowmya and 
Sachindra (2015) evaluated carotenoid production by Formosa sp. KMW, a marine bacteria 
of the Flavobacteriaceae family. The authors reported that carotenoid extract yield and 
carotenoid content (0.97 ± 0.03 mg/L) were higher when the culture was grown under 
conditions that included shaking and light. Moreover, Giuffrida et al. (2016) characterized 
C50 carotenoids produced by strains of the cheese ripening bacterium Arthrobacter 
arilaitensis. Based on the UV-visible spectra, the mass spectra, and the elution order, 
eight carotenoids were identified, including all-E-decaprenoxanthin, all-E-sarcinaxanthin, 
9-Z-decaprenoxanthin and 15-Z-decaprenoxanthin, and four others.

Microbial production is an area widely studied; however, cell-disruption techniques, 
extraction methodologies, and purification and quantification of this compounds should be 
studied to take advantage of biological and functional properties.
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2.1.3 Biological properties

Carotenoids occur in some foods under two types of conditions: in “equilibrium” with other 
antioxidants in the thermodynamically controlled networks that serve as color indicators 
of good antioxidant status, and as active antioxidants by uptake radical network with 
regeneration of kinetic control. It has been shown that carotenoids are beneficial to human 
health; some, such as the β-carotene and α-carotene that are precursors of vitamin A, 
also help prevent some chronic diseases and cancer because they retard oxidation of cells 
(Martini et al., 2010). The beneficial properties of carotenoids come from their rich structure 
conjugated double bonds, which block singlet oxygen and interrupt chain reactions by 
removing radicals (Yamaguchi et al., 2010). Carotenoids are also essential for maintaining 
many physiologic activities including growing bones (Chen et al., 2015).

2.1.3.1 Anticancer activity

Lim et al. (2014) have indicated that β-carotene has chemotherapeutic potential for the 
treatment of neuroblastoma. Another carotenoid that may protect against cancer is lycopene 
(Borel et al., 2015); furthermore, it helps strengthen the immune system by eliminating 
reactive oxygen species to inhibit lipid peroxidation (Gammone et al., 2015). Zhou et al. 
(2015b) reported that astaxanthin can improve cognition, because it protects neurons by 
inhibiting the nuclear factor kB (NF-kB) and regulates tumor necrosis factor α.

2.1.3.2 Antiinflammatory properties

Recent studies have shown that lycopene also has antiinflammatory properties (Hazewindus 
et al., 2014). The antioxidant effect of lycopene reduces the expression of proinflammatory 
cytokines and chemokines expression in macrophages (Simone et al., 2011).

2.1.3.3 Antioxidant activity

It has also been shown that the antioxidant properties of carotenoids are determined by 
various factors (chemical structure, including the number of conjugated double bonds, and 
the type of structural terminal groups and substituents containing oxygen) and the position it 
occupies in the lipid membrane (Fig. 4.1).

Astaxanthin is the carotenoid with the highest antioxidant capacity (Zhou et al., 2015a). 
It also helps in preventing diabetes by reducing blood glucose (Preuss et al., 2011). Also, 
Campoio et al. (2011) have demonstrated that this carotenoid could prevent oxidative 
stress in humans. Other carotenoids, such as canthaxanthin and fucoxanthin, also have 
beneficial health effects. Fucoxanthin, like other carotenoids, has antioxidant properties, 
along with antiobesity and antiinflammatory effects (Fung et al., 2013), and it has the 
ability to protect against oxidative stress caused by UV-B radiation (Heo and Jeon, 2009), 
such as fucoxanthin, canthaxanthin also provides protection against UV radiation 
(Brizio et al., 2013).
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2.1.3.4 Other properties

It has been shown that a diet rich in β-carotene and α-carotene reduces the risk of developing 
type 2 diabetes (Sluijs et al., 2014). Carotenoids also prevent eye diseases. Lutein and 
zeaxanthin are concentrated in the macula, which is the central part of the retina, and 
they benefit eye health because they have antioxidant potential and absorb harmful blue 
light radiation (Berrow et al., 2011; Vishwanathan and Johnson, 2013), thus retarding the 
development of age-related macular degeneration. For this reason these carotenoids are 
recognized in macular pigment (Bone et al., 2001; Junghans et al., 2001). Piermarocchi et al. 
(2012) reported that treatment with lutein and zeaxanthin significantly improves visual acuity, 
contrast sensitivity, and visual function.

However, little or no water solubility causes food carotenoids to not have the desired 
bioavailability, while carotenoids from dietary supplements are better absorbed due to the oil 
content present in the supplement (Verrijssen et al., 2015).

2.1.4 Trends and applications in the food industry

Carotenoids are molecules with the ability to absorb light, and due to this property we can see 
colors ranging from yellow to red; this feature allows for different applications (Rodrigues 
et al., 2012). Some of the most common carotenoids, such as β-carotene, astaxanthin, 
canthaxanthin, lycopene, fucoxanthin, lutein, and zeaxanthin, are used for animal feed. In the 
same vein, astaxanthin is used in aquaculture in the diets of salmon and shellfish, mainly to 

Figure 4.1: Carotenoids Distribution in Cellular Membrane.
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obtain desired coloration to meet consumer needs in the market. Also, it has been discovered 
that it helps the biological functions of fish, such as reproduction (Kalinowski et al., 2013; 
Kistler et al., 2002). In poultry farming, carotenoids are used in chicken feed to fatten poultry 
and to add pigmentation to egg yolks and chicken skin (Sánchez et al., 1999).

Carotenoids are natural pigments, and this feature has been used in the cosmetics industry 
in the manufacture of new products, such as facial and body emulsions (Solari et al., 2011). 
Besides their coloring properties, carotenoids are natural antioxidants, and as such play an 
important role in medicine and in the pharmaceutical industry, in which they have been used 
as markers in monitoring cells, and as antioxidants and antitumor agents. In the food industry 
they have been used as additives and colorants in some foods and beverages, such as orange 
juice, lemons, nectars, butter, and sausage.

2.1.5 Recovery and purification strategies

Carotenoid extraction is one of the crucial steps in using these compounds in the food, 
pharmaceutical, and cosmetic industries. The productivity of these processes depends 
on growth conditions, as well as the recovery of intracellular pigments (Hiranvarachat 
et al., 2013; Monks et al., 2013). Due to high conjugation of double bonds in their molecules, 
carotenoids are decomposed by the effects of light, temperature, and air. The light and heat 
favor the photochemical reactions that change the original structure of the carotenoid, while 
air, due to oxygen, promotes oxygenation of the double bonds for epoxide functionality, 
hydroxyl, and peroxides (Aburai et al., 2015; Jørgensen and Skibsted, 1990; Meléndez-
Martínez et al., 2004). For these reasons, the extraction, storage, handling and analysis of 
carotenoids should be performed in conditions with an absence of light, at room temperature 
or less, and in the absence of oxygen. In addition it should be done as quickly as possible, 
and from fresh tissue, to avoid degradation by a combination of these adverse factors (Eh and 
Teoh, 2012; Pérez Gálvez and Garrido Fernández, 1997).

There are different methods for extracting carotenoids, and theses are divided into two main 
methods: mechanical and nonmechanical. These methods in turn are divided into physical, 
chemical, and enzymatic (Lee et al., 2012; Middelberg, 1995). Conventional extraction of 
carotenoids is carried out with solvents. Acetone is the most widely used solvent for the 
extraction of carotenoids. This solvent penetrates the food matrix well and dissolves both 
carotenes and xanthophylls efficiently, and subsequent partitioning to an apolar solvent 
occurs more easily. Other solvents, such as hexane, petroleum ether, methanol, and ethanol, 
have also been utilized (Durán and Alvarez, 2000; Monks et al., 2013; Yin et al., 2013). 
Thus, mixtures of solvents have been preferred. Another methodology that uses solvents is 
extraction with fluids under pressure. The pressurized liquids have the advantage of increased 
solubility with increasing temperature due to the greater diffusion of analyte from the solid 
matrix to the bulk solvent, and of reducing the viscosity of the solvent, which facilitates the 
penetration of the solvent in the matrix (Amosova et al., 2014; Cardenas-Toro et al., 2015).
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Supercritical fluids are used in another methodology for the extraction of carotenoids. 
Supercritical fluids are widely accepted for extraction, purification, crystallization, and 
fractionation operations in many industries (Goto et al., 2015). Using this method, extracts 
can be obtained faster and in a solvent-free manner. These advantages are due to the volatility 
of supercritical fluids and their improved transport properties (Peredo-Luna et al., 2009). 
Supercritical fluids are alternatives for the extraction of carotenoids because they can 
minimize the purification step and reduce extraction time (Macías-Sánchez et al., 2009). 
Microwave-assisted extraction (MAE) is a methodology that has been proposed as an 
alternative method for the extraction of carotenoids. MAE involves the use of microwave 
energy to heat a solvent in contact with a sample to allow release of a bioactive compound 
(Hiranvarachat et al., 2013). Using MAE, Ho et al. (2015) obtained a yield of 13,592 mg 
carotenoids/100 g of extracted all-trans-lycopene, showing that MAE is promising 
because it allows for removal in a very short time and also lowers the amount of solvent 
needed compared to more conventional methods of solvent extraction (Hiranvarachat and 
Devahastin, 2014).

The use of hydrolytic enzymes to break down cell walls, thus helping to release 
intracellular contents, is another method for the recovery of carotenoids (Choudhari and 
Ananthanarayan, 2007). Treatment with lytic enzymes has gained attention because they disrupt 
the structural integrity of the cell wall, thus generating cell lysis and the release of intracellular 
compounds. Enzymes must be very specific; because of this different enzymes are required for 
the release of different compounds of interest (Middelberg, 1995; Strati et al., 2014).

The increase in performance obtained using ultrasound-assisted extraction is attributed to 
the effect of acoustic cavitation produced in the solvent as a result of the ultrasonic wave 
passing through it (Luengo et al., 2014). This method exerts a mechanical effect, enabling 
greater penetration of the solvent into the tissue, so that it increases the contact surface area 
between the solid and liquid phase (Dey and Rathod, 2013). Ultrasonically assisted extraction 
has been used to extract carotenoids from different plant materials in recent years, showing a 
high extraction efficiency (Ordóñez-Santos et al., 2015). Compared to some other extraction 
techniques, such as MAE and supercritical fluid extraction, the ultrasonic method is less 
expensive and much easier in practice (Eh and Teoh, 2012; Yolmeh et al., 2014).

On the other hand, mechanical methods are used for cell disruption in samples that are 
more difficult to break. This method consists of an agitator with blades, which can be of 
different materials. The agitator rotates in a container full of beads and fixed cells; it also has 
a cooling system so that the carotenoids remain stable (Bury et al., 2001; Lee et al., 2012; 
Middelberg, 1995). This type of cell-disruption method does not involve toxicity risks and does 
not use solvents, which also makes it suitable for industrial quantities (de Medeiros et al., 2008).

Some researchers have extracted carotenoids by combining and comparing different 
methods. Michelon et al. (2012) conducted experiments for removing the pigments of 
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P. rhodozyma. The results produced by these authors indicate that cell disruption shows 
no significant difference in the concentration of carotenoids among extraction techniques 
involving ultrasonic waves (the study used 88.38 mg/g and 56.75%), immersion in liquid 
nitrogen (84.68 mg/g and 54.38%), and maceration with diatomite and enzymatic lysis 
(88.80 mg/g and 54.03%). On the other hand, Bury et al. (2001) showed that a bead mill and 
high-pressure homogenization are equally suitable for the extraction. Nevertheless, Gu et al. 
(2008) compared three methods of extracting carotenoids (ultrasonic, grinding, and assisted 
extraction with HCl) showing that there is significant difference for the HCl method.

After the extraction, separation, and quantification of carotenoids is performed, quantitation 
can be accomplished by spectrophotometric methods (Dere and Güneş, 1998). For the 
separation and identification of these compounds, the most commonly used method is high-
resolution liquid chromatography (Luterotti et al., 2013; Valdivielso et al., 2015).

2.2 Fructooligossaccharides (FOS)

A range of dietary oligosaccharides, such as lactosucrose, galactooligosaccharides (GOS), 
isomaltooligosaccharides (IOS), and fructooligosaccharides (FOS), have shown evidence of 
prebiotic properties (Lamsal, 2012; Peshev and Van den Ende, 2014).

Fructans have been classified into three types, based on the type of linkage present in the 
polysaccharide: inulin, levan, and graminan (Roberfroid, 2005). Fructans of DP ≤ 10 are 
generally described as FOS (IUB-IUPAC, 1982). FOS, which are also known as oligofructose 
(OF), belong to the category of nondigestible carbohydrates, have an average DP of 4.8, and 
are mainly composed of 1-kestose (GF2), 1-nystose (GF3), and 1-β-fructofuranosyl-nystose 
(GF4), in which fructosyl units are linked in the β-(2-1) position of a sucrose molecule 
(Chen et al., 2014; Mussatto et al., 2009a). A glucose molecule (G) is present at the end 
of the fructose chain joined by an α (1,2) bond. The formula GFn indicates the degree of 
polymerization by the number of fructose molecules that are bound to the glucose (Fig. 4.2) 
(Niness, 1999).

The metabolism of individual FOS by strains of lactobacilli has been studied and FOS 
fulfill all the classification criteria of prebiotics (Gibson and Roberfroid, 1995). For 
example, although FOS are indigestible and are not absorbed in the upper part of the 
gastrointestinal tract, they do promote the proliferation of beneficial bacteria because of 
their fermentation from desirable products, such as lactic acid and short-chain fatty acids 
(SCFA) (Macfarlane and Macfarlane, 2003; Wong et al., 2006), and also because they induce 
microbial competition for nutrients and attachment sites between beneficial microbiota and 
putrefactive pathogens (Jia et al., 2008), and in consequence induce positive effects in the 
health of the host (they improve gut absorption of Ca2+ and Mg2+, lowering blood lipid levels, 
preventing urogenital infections, reducing the risk of colon cancer, and providing a reduction 
in total cholesterol and triglycerides) when consumed in recommended dosages. FOS 
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have been tested in vivo to meet all the requirements for the current criteria for prebiotics 
(Roberfroid, 2007; Sims et al., 2014).

Because of FOS potential to impact health due to their novel properties and the high demand 
from consumers to have functional-food products, the development of the industrial methods 
and strategies for the production of FOS aiming toward the biotechnological growth and 
promoting technological development have been covered in this chapter.

2.2.1 Natural source

FOS can be found in different natural sources; they occur in various families of 
monocotyledonous and dicotyledonous plants as storage oligosaccharides (Li et al., 2014). In 
the monocotyledonous family Liliaceae, garlic (Allium sativum) and onion (Allium cepa) both 
contain a good quantity of FOS (Kumar et al., 2015). In onions, FOS help to promote osmotic 
adjustment during the formation of bulbs. Burdock root (Arctium lappa L.) usually contains 
abundant amounts of FOS, which are usually considered its main bioactive component 
(Corradini et al., 2013; Li et al., 2013). Yacon (Smallanthus sonchifolius Poepp. Endl) is a 
root crop that is considered a rich source of FOS, which are present in high amounts in the 
tissue (∼60%–70%, dry basis) (Corradini et al., 2013; Fernández et al., 2013; Hirinos and 
Evallos, 2003). FOS also occur in the roots of chicory (Cichorium intybus L.) and in the 
bulbs of Jerusalem artichoke (Helianthus tuberosus) (Bornet et al., 2002; Courtin et al., 2009; 
Durieux et al., 2001; Kovács et al., 2013). They also exist naturally in the medicinal plant 
Morinda officinalis (Yang et al., 2010). Apart from these sources, FOS are also present in 

Figure 4.2: Structural Form of FOS From Sucrose.
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other plants, such as wheat, rye, and barley; in fruits, such as bananas and tomatoes; and in 
other substances, such as honey and agave syrup (Bornet et al., 2002; Lopez et al., 2003; 
Muñiz-Márquez et al., 2015).

2.2.2 Microbial production

FOS are produced by enzymes with transfructosylation activity, namely fructosyltransferase 
(FTase) (EC 2.4.1.9) and β-fructofuranosidase (FFase) (EC 3.2.1.26), which are present in 
different species of plants, as well as bacteria (Bacillus. Lactobacillus. Zymomonas), yeasts 
(Saccharomyces. Rhodotorula. Candida), and fungi, mainly of the genera Aureobasidium 
spp., Penicillium spp., Aspergillus spp., and Fusarium spp. (Dominguez et al., 2012; Ganaie 
et al., 2013; Maiorano et al., 2008; Mussatto et al., 2013; Sangeetha et al., 2004; Yoshikawa 
et al., 2006; Yun et al., 1995) (Table 4.2).

The transfructosylation of sucrose takes place via the cleavage of the β-2,1-glycosidic 
bond and the transfer of the fructosyl moiety onto an acceptor, such as sucrose or FOS. 
This reaction produces FOS which units are linked by a bond at the β(2,1) position 
of sucrose, while the glucose that is liberated in the reaction mixture acts as an Ftase 
inhibitor (Dominguez et al., 2013). As for the enzymes that catalyze this reaction, there 
is a difference of opinion in the nomenclature by different authors who refer to both the 
FOS-producing enzyme FFase (EC 3.2.1.26) (Nguyen et al., 1999; Sheu et al., 2001; 
Yoshikawa et al., 2006) and FTase (EC 2.4.1.9) (Antošová and Polakovič, 2001; Maiorano 
et al., 2008; Patel et al., 1994; Sangeetha et al., 2004; Tanriseven and Gokmen, 1999; 
Yun et al., 1995). Both have been reported as being FOS-producing enzymes in the 
literature, and it has also been shown that these both have hydrolyzing activity (UH) and 
transfructosylating activity (UT), which varies greatly in its ratio (UT/UH) depending on the 
source of these enzymes.

Table 4.2: Microorganisms use and yields in recent works about FOS production.

Microorganism Yield (%) References

A. japonicus ATCC 20236 66.00 Mussatto and Teixeira (2010)
A. japonicus ATCC 20236 70.00 Mussatto and Teixeira (2010)
Aspergillus spp. N74 51–53 Sánchez et al. (1999)
A. niger SI 19 54.94 Ganaie et al. (2013)
A. niger 6640 51.11 Zeng et al. (2016)
A. flavus NFCC 2364 63.40 Ganaie et al. (2013)
A. terreus NFCCI 2347 24.17 Ganaie et al. (2013)
F. solani NFCCI 2315 [2] 15.25 Ganaie et al. (2013)
A. pullulans 64.10 Dominguez et al. (2012)
A. pullulans DSM 2404 [89] 69.00 Yoshikawa et al. (2006)
P. expansum MUM 02.14 [97] 58.00 Prata et al. (2010)
P. islandicum MTCC 4926 [2] 43.56 Ganaie et al. (2013)
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Enzyme activity is defined in different ways according to different authors:

µmol of fructose per minute (Chen and Liu, 1996; 
Dorta et al., 2006; Maiorano et al., 2008).

µmol of glucose per minute (Nemukula 
et al., 2009; Sangeetha et al., 2005a,b).

µmol of nitrophenol is released per minute from p-nitrophenol-α-d-
glucopyranoside (Wang and Rakshit, 1999).

µmol of kestose per minute (da Silva et al., 2011; 
Maiorano et al., 2008)

µmol of sucrose per minute 
(Ganaie et al., 2013).

Another enzyme that has being utilized recently for the production of FOS is levansucrase 
(EC 2.4.1.10), because of its ability to directly use the free energy of cleavage of nonactivated 
sucrose to transfer the fructosyl group to a variety of acceptors, including monosaccharides 
(exchange), oligosaccharides (FOS synthesis), or a growing fructan chain (polymer synthesis) 
(Tian and Karboune, 2012; Tian et al., 2014; Tian et al., 2014).

The industrial production of short-chain FOS is expanding quickly due to the importance of 
these compounds in the food and pharmaceutical industries.

Because of this several studies have been conducted on the production of FOS, aiming to 
optimize the development of more efficient production processes and their potential as food 
ingredients.

The improvement of FOS yield and productivity can be achieved by the use of different 
fermentative methods, different microbial sources of FOS-producing enzymes, and the 
optimization of nutritional and culture parameters. Among those fermentative methods 
SmF has been the most worked on and developed for several years, while SSF is still being 
developed but has been receiving special attention in recent years; both are growing rapidly 
and gaining strength due to their potential. Both fermentative methods are reviewed later.

2.2.2.1 FOS production by SmF

Conventionally, FOS production is a two-stage process; the first stage consists of the 
microbial production of the enzyme with transfructosylation activity, and the second stage 
consists of the reaction of the extracted enzyme with sucrose (the substrate) to produce FOS 
under controlled conditions (Mussatto et al., 2009b; Sangeetha et al., 2005a).

The variables studied to define generally the best operating conditions for the production of the 
enzyme are the source of carbon and nitrogen, their concentration, the time of cultivation, and 
agitation and aeration. Other important factors are the addition of various minerals, small amounts 
of amino acids, and polymers and surfactants (Dominguez et al., 2012; Maiorano et al., 2008).



108 Chapter 4

Mineral salts in the fermentation medium have been found to improve FOS production by 
microbes. The effect of salt concentrations on the synthesis of FOS has been studied. For 
example, da Silva et al. (2011) evaluated important factors for the production of FOS at three 
different levels; that is, carbon and nitrogen sources; percentage of sucrose and yeast extract, 
respectively; inoculum percentage; pH; temperature; agitation; concentration of urea; and the 
average concentration of the mineral salts K2HPO4, (NH4) 2SO4, MgSO4, ZnSO4, and MnSO4. 
In cases where the sucrose concentration proved to be a positive parameter for the formation 
of FOS, it was because the enzymes catalyze the reaction of transfructosylation at high 
substrate concentrations. The improved productivity conversion was 54.7% and 223 g/L total 
FOS with an initial concentration of 400g/L sucrose. In terms of mineral salts, MnSO4 proved 
to be the only mineral that presented a significant stimulus effect for the production of FOS. 
On the other hand, the component K2HPO4 is described as a source of micronutrients for cell 
growth, as well as being a buffer solution.

Also, Nemukula et al. (2009) isolated, purified, and characterized a transferase from 
Aspergillus aculeatus. They examined the influence of pH, temperature, reaction time, and 
enzyme and sucrose concentration on the formation of short-chain FOS. The enzyme showed 
both transfructosylation and hydrolytic activity with the transfructosylation ratio increasing 
to 88% at a sucrose concentration of 600 mg/mL. In this study incubation time had a critical 
effect on the yield of FOS, as the major products were GF2 after 4 h and GF4 after 8 h, 
and a prolonged incubation of 16 h showed the conversion of GF4 into GF2 as a result of 
selfhydrolase activity.

Afterward, Belghith et al. (2012) evaluated the carbon source, nitrogen source, temperature, 
and initial pH of the growth medium in submerged liquid cultures to optimize the production 
of FOS from an isolated thermophilic levansucrase from Bacillus sp. The optimal temperature 
and pH of the levansucrase were 50°C and 6.5, respectively, and its activity increased fourfold 
in the presence of 50 mM Fe2+. A crude enzyme of Bacillus sp. rich in levansucrase was 
established for the synthesis of FOS and levan.

One consideration is the effect of pH on the production of FTase and microorganism growth. 
It has been reported that a pH of 5.5 has been found to be the best initial value for the 
production of A. oryzae FTase CFR202 (Sangeetha et al., 2005a,b), A. japonicus JN19 (Wang 
and Zhou, 2006), and Penicillium purpurogenum (Wang and Zhou, 2006).

The use of agro-industrial residues is not limited to SSF; a reduction of costs in SmF has been 
attempted using agro-industrial wastes, such as carbon and nitrogen sources, (Gnaneshwar 
Goud et al., 2013) and a cost-effective medium formulation for β-d-FFase production by 
Saccharomyces cerevisiae GVT263 to replace sucrose, peptone, yeast extract, and malt extract 
has been developed. Among the agro-industrial wastes screened were banana-leaf powder (BL) 
and groundnut oil cake (GOC); both were promising carbon and nitrogen sources for FFase 
production, along with MnSO4, inoculum size (IS), and incubation period (IP), which factors 
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were selected and optimized. Maximum FFase production showed a ninefold increase in 48 h 
(from 400 U/mL in basal medium to 3587 U/mL), which was obtained using BL to 4%, GOC 
4%, MnSO4 0.06%, and IS 0.5%. The use of agro-industrial residues show promise as an 
application to lower the costs of SmF, as has been done with SSF.

2.2.2.2 Production by SSF

SSF is defined as the growth of microorganisms on moistened solid substrate, in which there 
is enough moisture present to maintain microbial growth and metabolism but no free-moving 
water (Rahardjo et al., 2005). SSF has gained significant attention for the development of 
industrial bioprocesses. Some advantages of this process are the simplicity of operation, 
high volumetric productivity, product concentration, an initial inexpensive investment, and 
lower energy requirements. In addition to these factors there is less risk of contamination due 
to its high concentration of inoculum and low humidity in the reactor, it involves a simpler 
separation process, and it is ecofriendly, as it mostly utilizes solid agro-industrial wastes 
as the substrate (source of carbon) (Dominguez et al., 2012; Mussatto and Teixeira, 2010; 
Mussatto et al., 2009a; Sangeetha et al., 2005a; Thomas et al., 2013).

Agro-industrial by-products have emerged as ripe for exploitation in producing FOS 
using SSF due to the composition rich in sugars, their organic nature easily assimilated by 
microorganisms, and the need to find an alternative use for them.

Sangeetha et al. (2004) executed FTase production from Aspergillus oryzae CFR 202 using 
SSF and various agricultural by-products, such as cereal bran, corn products, sugarcane 
bagasse, cassava bagasse, and the by-products of coffee and tea processing. Among the 
various agro-industrial by-products used, rice bran, wheat bran, corn germ, and spent coffee 
and spent tea were good substrates for FTase production from A. oryzae CFR 202. The FTase 
had maximum activity at 60°C and at pH 6.0. The FTase was stable up to 40°C and in the pH 
range 5.0–7.0. Maximum FOS production was obtained with FTase after 8 h of reaction with 
60% sucrose.

On the other hand, Mussatto et al. (2013) performed different fermentation assays using 
coffee silverskin as the support material to maximize FOS and FFase production. The factors 
evaluated were moisture contents of 60, 70, and 80% with a 240-g/L sucrose solution, spore 
suspensions of Aspergillus japonicus at 2 × 105, 2 × 106, and 2 × 107 spores/g dry material, 
and temperatures at 26, 30, and 34°C during 20 h. The moisture content did not influence 
the FOS and FFase production; however, temperatures of 26–30°C and an inoculum rate of 
approximately 2 × 107 spores/g dry material maximized the results (FOS = 208.8 g/L) with 
productivity of 10.44 g/L h; FFase = 64.12 units U/mL with productivity of 4.0 U/mL h). In 
another study Mussatto et al. (2009b) evaluated the ability of A. japonicus ATCC 20236 to 
colonize different synthetic materials (polyurethane foam, stainless steel sponges, vegetal 
fiber, pumice stones, zeolites, and foam glass) and to produce FOS from sucrose. Cells were 
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immobilized in situ by absorption, through in direct contact with the carrier particles at the 
beginning of fermentation. Vegetal fiber was the best immobilization carrier, as A. japonicus 
grew well on it (1.25 g/g carrier), producing 116.3 g/L FOS (56.3 g/L 1-kestose, 46.9 g/L 
1-nystose, and 13.1 g/L 1-β-fructofuranosyl nystose) with 69% yield (78% based only on the 
consumed sucrose amount) and giving also elevated activity of the FFase enzyme (42.9 U/
mL). The authors concluded that A. japonicus immobilized on vegetal fiber is a potential 
alternative for high production of FOS at an industrial scale due to similar results obtained 
compared with A. japonicus free cells.

Other efforts have been made to improve the production of FTase by SSF. Muñiz-Márquez 
et al. (2016) used aguamiel (agave sap) as a culture medium for FTase and FOS production. 
SSF was carried out while evaluating the parameters of inoculum rate, incubation 
temperature, initial pH, and packing density to determine the most significant factors through 
Box-Hunter and Hunter design. The maximum FTase activity (1347 U/L) was obtained at 
32°C, using a packing density of 0.7 g/cm3.

An economic analysis and environmental impact assessment of three different fermentation 
processes for FOS production was made by Mussatto et al. (2015), in which three different 
fermentation processes were evaluated and compared in terms of economic aspects and 
environmental impact. The processes included SmF of sucrose solution by A. japonicus 
using free cells, the same process using cells immobilized in corncobs, and SSF using 
coffee silverskin as a support material and nutrient source. SSF was the most attractive 
process in terms of both economic and environmental aspects since it is able to generate 
FOS with higher annual productivity (232.6 t) and purity (98.6%) than the other processes 
and presented the lowest payback time (2.27 years); and since it is more favorable 
environmentally, causing a lower carbon footprint (0.728 kg/kg, expressed in mass of CO2 
equivalent per mass of FOS) and the lowest wastewater generation.

2.2.3 Biological properties

FOS possess many bioactive characteristics, such as prebiotic effects, suppressing 
putrefactive pathogens, reducing the risk of colon cancer, improving mineral absortion, 
immunomodulatory effects, and decreasing the levels of blood glucose, serum cholesterol, 
phospholipids, and triglycerides (Bornet et al., 2002; Kumar et al., 2015; Roberfroid, 2002; 
Watzl et al., 2005).

2.2.3.1 FOS as prebiotics

Lactobacilli constitute only 0.07%–1% of the bowel bacteria population (Balows et al., 1990), 
while bifidobacteria constitute 25%–30% of the total bacteria population of the bowel 
(Pedreschi et al., 2003). Several studies demonstrate that some strains of bifidobacteria and 
lactobacilli are considered very important probiotics for human health (Baldwin et al., 2010; 
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Liu et al., 2016; Orlando et al., 2012; Zhang et al., 2012). Probiotics are defined as live 
microorganisms added to the diet that benefits the development of the colon microbiota.

Studies in the last decade have demonstrated that fructans exhibit prebiotic activity (Watzl 
et al., 2005). FOS in particular cannot be absorbed in the human small intestine but promotes 
the proliferation of beneficial bacteria, particularly bifidobacteria, in the large intestine 
(Al-Sheraji et al., 2013; Gibson et al., 1995; Quigley et al., 1999).

Gibson and Roberfroid (1995) demonstrated that FOS are selectively fermented by most 
strains of bifidobacteria. Additionally, when these strains grow in FOS, bacteroids, clostridia, 
and coliforms are inhibited (Muñoz et al., 2012). Other studies have shown that some strains 
of lactobacilli are able to ferment FOS as well (Muñoz et al., 2012; Padalino et al., 2012; 
Pedreschi et al., 2003).

The beneficial properties of FOS to the host are provided by a chain whose first step starts 
with prebiotic action; the selective fermentation by beneficial bacteria and the proliferation 
and production of metabolites are what generate several reactions in the host that lead to the 
health-promoting properties that are listed here.

2.2.3.2 FOS role in prevention of colon cancer

As noted before, prebiotics, such as fructans allow quantitative and/or qualitative alterations 
of beneficial microflora, which are able to inactivate mutagenic/carcinogenic/genotoxic 
compounds (Fotiadis et al., 2008). Bifidobacterium longum and lactulose increased the 
activity of colonic glutathione S-transferases, which are involved in the detoxification of toxic 
metabolites and carcinogens (Challa et al., 1997).

FOS fermentation leads to the production of SCFA, such as butryrate, which has 
immunomodulation properties whose results include upregulation of the apoptosis. Butyrate 
is a preferred energy source for the mucosal cells and might inhibit neoplastic changes in 
cancer cells (Pryde, 2002).

Another mechanism against colon cancer unchained by the proliferation of probiotic bacteria is 
the stimulation of the host’s antitumor immunity (Ghoneum et al., 2004; Lee et al., 2004; Pagnini 
et al., 2010; Takagi et al., 2008) by stabilizing epithelial tight junctions, inducing epithelial 
defense production, inducing the antiinflammatory and immunomodulatory capacity of T 
regulatory cells and of dendritic cells, and stimulating B cells and natural killer cells. Probiotic 
bacteria also have a role in controlling tumor promotion and progression (Uccello et al., 2012).

2.2.3.3 FOS role in obesity

It is not clear at the present time that manipulating the bifidobacterial populations in the gut 
will have an impact on obesity, but there is promising evidence suggesting that prebiotics 
might have an impact on appetite, thus indirectly impacting weight gain.
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Verhoef et al. (2011) fed the prebiotic OF to 28 healthy adults for 13 days and studied 
appetite profiles, energy intake, and the expression of the gut hormones PYY and GLP-1. 
They found that although OF consumption did not suppress appetite, energy consumption was 
reduced by 11% on day 13 when consuming 16g OF per day. Here, expression of both gut 
hormones was increased. The authors suggest that this might be due to production of elevated 
levels of SCFA by fermentation of OF (Rastall and Gibson, 2014).

A recent systematic review has been conducted on the effect of OF and inulin on appetite 
regulation, energy intake, and weight loss in children and adults (Liber and Szajewska, 2013). 
Studies amplifying this have been published by Cani et al. (2006, 2009), who showed that 
fructan prebiotics could influence satiety in humans. Similarly, Parnell and Reimer (2009) 
demonstrated that the same type of prebiotics could influence hormonal regulation and 
therefore appetite in overweight humans. The conclusion is that OF and inulin may have a 
contribution to make in reducing energy intake and weight loss.

2.2.3.4 FOS role in lipid regulation

Other studies have examined FOS, which was also found to reduce blood lipids (Bornet 
et al., 2002; Roberfroid, 2002). This was thought to be due to the inhibition of a lipogenic 
enzyme in the liver, which may be a result of the action of propionate produced from the 
fermentation of prebiotics by gut bacteria.

For example, acetic acid can stimulate mucin secretion (Wong et al., 2006), and propionic 
acid can affect lipid metabolism by decreasing de novo fatty acid synthesis (Macfarlane and 
Macfarlane, 2003).

2.2.3.5 FOS role in mineral absorption

FOS can affect mineral absorption, and in human studies, 15 g per day of OF or 40 g 
per day of inulin increased apparent calcium absorption (Roberfroid, 2002). Magnesium 
absorption has been found to increase following ingestion of FOS (Bornet et al., 2002). 
Also, a study (Mathey et al., 2004) was undertaken to investigate whether isoflavones 
(IF) and FOS, which are known to modify large-bowel flora and metabolism, may exhibit 
a cooperative bone-sparing effect. This work was carried out on three-month-old Wistar 
rats assigned to 12 groups: 2 SH (sham-operated) and 10 OVX (ovariectomized). Animals 
received a diet for 90 days containing total IF (Prevastein HC, Central Soya) at 0 (OVX 
and SH), 10 (IF10), 20 (IF20), 40 (IF40), and 80 (IF80) l g/g body weight per day. FOS 
(Actilight, Beghin-Meiji) were given orally to half of the groups, (OVX FOS), (IF10 FOS), 
(IF20 FOS), (IF40 FOS), (IF80 FOS), and (SH FOS). Bone strength was improved as well. 
As far as the FOS diet is concerned, addition of prebiotics significantly raised the efficiency 
of the IF protective effect on both femoral BMD and mechanical properties. Simultaneous 
FOS consumption improved IF protective effect on the skeleton, with the lowest IF dose 
becoming efficient.
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2.2.3.6 FOS immunomodulatory effect

Some natural dietary components that have the capability to stimulate the suppressed immune 
system could be ideal candidates to boost the immune system, since they are derived from 
natural sources (Wichers, 2009). Recent animal studies clearly suggested that nondigestible 
carbohydrates, including fructans, have a strong influence on the immune system (Nauta 
and Garssen, 2013). Prebiotic inulin-type fructans elicit additional direct effects, such as 
immunomodulation, along the gastrointestinal tract (Jeurink et al., 2013). The immune system 
response could be modulated by inulin-type fructans by an indirect mechanism through 
fermentation products of gut commensal bacteria or by a direct mechanism via interaction with 
toll-like receptors, membrane lipids, etc. of mostly innate immune cells (Vogt et al., 2015).

The prebiotic function of fructans reduce the pathogenicity of pathogenic bacteria and leads 
to decreased inflammatory markers, such as phagocytosis and IL-6 production, by increasing 
CD3+, CD4,+ and CD8+ cell populations (Guigoz et al., 2002).

One study has demonstrated that inulin-type fructans directly modulate the immune 
response through TLR activation (TLR2) in human PBMCs. The chain length of inulin-type 
fructans appeared to be an important factor in the ability to switch between the induction of 
antiinflammatory and proinflammatory cytokines (Vogt et al., 2013).

Macrophages are immune-responder cells that act as bridges between two major arms of 
the immune system; that is, innate and adaptive immune response. Generally, activation of 
macrophages is assessed by the production of NO and increased phagocytic activity (Clement 
et al., 2010; Kardošová et al., 2003; Kumar et al., 2015). Chandrashekar et al. (2011) studied 
fructans from garlic extract and demonstrated that low-molecular weight inulin-type fructans 
(DP ≤ 15) were found to be more potent inducers of NO production and phagocytosis by 
murine peritoneal macrophages than high-molecular weight inulin-type fructans (DP ≥ 25).

In a recent study, Kumar et al. (2015) investigated the immunomodulatory properties of 
onion FOS. In this study onion FOS (50 µg/mL) significantly increased (∼3-fold) the 
proliferation of mouse splenocytes/thymocytes versus the control group, also enhancing 
(∼2.5-fold) the production of nitric oxide by peritoneal exudates cells (PECs) in Wistar rats, 
and the intracellular free radicals production and phagocytic activity of isolated murine PECs 
were also augmented. FOS immunostimulatory activity toward murine lymphocytes and 
macrophages was demonstrated.

2.2.4 Trends and applications in the food industry

FOS are officially recognized as natural food ingredients and classified as dietary fiber 
in almost all European countries. FOS are generally used as components of functional 
foods and have “generally recognized as safe” (GRAS) status from the US Food and 
Drug Administration (Kovács et al., 2013). Fructans have texture-improvement and 
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organoleptic properties, and provide health benefits, such as fat and sugar replacement 
(Apolinário et al., 2014).

FOS were the first bioactive components that were approved for food health and sold as 
functional ingredients, principally in European and Asiatic countries, such as France, 
Germany, the Netherlands, and Japan. FOS from sucrose were first introduced into the market 
by the Meiji Seika Company in 1984 in Japan under the trade name Meioligo. Afterward 
Meioligo established a joint venture with the Beghin-Maiji companies in France and 
produced FOS called Actilight. GTC nutrition is an American company that collaborated with 
Meiji Seika and formulated and marketed FOS as Nutraflora. Orafti Active Food Ingredients 
USA makes products called Raftiline and Raftilose that contain inulin and inulin-derived 
products obtained from chicory roots by partial enzymatic hydrolysis of inulin for the 
generation of FOS with DP 3–7 (Singh et al., 2016).

2.3 Peptides

Bioactive peptides are amino-acidic fragments that have an extension from 2–20 units, 
although they can extend even more, that are inactive in protein sequences, and that 
can be generated using oven proteolysis with commercial enzymes or from proteolytic 
microorganisms, and even through fermentative methods (Vercruysse et al., 2005). They 
also possess biofunctional properties, and these properties are conferred from the different 
quantity and variety of amino acids that form the peptide sequence, and besides present 
multifunctionalities (Harnedy and FitzGerald, 2012).

2.3.1 Natural sources

Peptides can be produced from vegetal or animal-protein sources, can act as a substrate in 
microbial enzymatic hydrolysis or can be liberated in the fermentative process, and can 
influence the functional properties for amino acid composition.

From vegetal sources, we find that soybean seeds contain high quantities of protein with great 
nutritional quality. The principal proteins are glyicinin and β-conglycinin, which possess 
suitable properties for food industry use (Scilingo and Añón, 2004). Their primary use is in 
oil extraction, and the residues are rich in protein and fiber. They are usually used in animal 
feed or processed into different products for human consumption, such as soybean protein 
concentrates (Coscueta et al., 2016), but they even used in functional compound production 
by microbial transformation, which exhibits generally antioxidant or antihypertensive 
peptides, employing strains, such as Bacillus subtilis (Sanjukta et al., 2015).

Moreover, wheat cereal represents another vegetal source for this kind of functional molecule. 
This and another cereals, such as rye, barley, and oats (Martínez-Esteso et al., 2015), present 
gluten as the structural protein. They can be divided into two main groups, gliadin and 
glutenin, and also a unique amino-acid composition rich in glutamine and proline has been 
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reported, presenting a certain hydrophobicity (Suetsuna and Chen, 2002). The production 
of antioxidative peptides from defatted wheat germ by solid fermentative process using a 
B. subtilis strain has been reported as well (Niu et al., 2013), along with the antihypertensive 
effect of wheat germ hydrolyzed with an alkaline protease from Bacillus licheniformis 
(Matsui et al., 2000).

Although rice has a relatively low protein content, it possesses proteins with a higher 
digestibility potential and higher lysine amounts (Amagliani et al., 2016). Rice protein 
consists of alkali-soluble glutelins and water-soluble albumins (Lim et al., 1999) that can 
also act as a substrate in an enzymatic or microbial conversion for peptide production. For 
example, Zhou et al. (2013) proved the antioxidant effect from rice protein hydrolysates 
prepared with microbial proteases; antihypertensive peptide generation from rice extracts 
through fermentation with Monascus purpureus mold fermentation also has been 
demonstrated (Kuba et al., 2009).

Rapeseed represents one of the main oilseed crops and is an attractive edible protein source 
(Vioque et al., 2000). This product is processed for oil extraction; the residues generally 
are a press cake or meal, and the protein portion can be availed for protein preparation as a 
coproduct (Thiyam et al., 2009). The use of rapeseed in SSF with B. subtilis for antioxidant 
peptides has been reported (He et al., 2012), and using the same fermentation type but with 
coaction between bacteria and enzymatic hydrolysis has promoted antimicrobial peptides 
production (Xie et al., 2015).

The animal protein represents another peptide source, with milk as the main substrate for 
peptide production (Dziuba et al., 1999). Milk is fluid secreted by female mammalians 
to supply the nutritional requirements of neonates; its composition varies from species 
to species (O’Mahony and Fox, 2013). Milk contains about 3.5% protein, in which 80% 
is an assortment of α-, β-, and κ-caseins (Kitts and Weiler, 2003), and the other 20% is 
whey proteins that contain β-lactoglobulin, α-lactlactaglobulin, immunoglobulin, and the 
bovine serum albumin (Yadav et al., 2015). Cows’ milk protein has a different amino-acid 
composition, the majority being glutamic acid/ glutamine, proline, leucine, and lysine in the 
casein portion, with methionine and cysteine in the whey proteins (Pellegrino et al., 2013). 
For this reason the peptides from this protein source can induce activities, such as in vitro 
antithrombotic activity from casein peptides released with Lactobacillus casei Shirota (Rojas-
Ronquillo et al., 2012), antioxidant peptides from camel milk (Moslehishad et al., 2013), and 
in vitro antihypertensive peptides from milk fermentation with Kluymeromyces marxianus (Li 
et al., 2015).

The eggs represent another important protein source. They are made up of 9%–11% eggshell, 
60%–30% egg white, and 28%–29% egg yolk, and the protein content is 6, 50, and 44%, 
respectively. The eggshell is almost entirely composed of minerals but is covered with a 
cuticle that is composed of 90% protein, which is rich in glycine, glutamic acid, lysine, 
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cysteine, and tyrosine. The egg white is composed of water and protein, which includes 
ovalbumin, ovotransferrin, ovomucoid, ovomucin, and lysozyme. Finally, yolk is made up 
of α- and β-lipovitellins and phosvitin (Mine, 2007). The antioxidant capacity of egg white–
protein hydrolysates generated with a variety of gastric and microbial enzymes has been 
reported (Chen et al., 2012), along with antihypertensive peptides from the hydrolysis of yolk 
with a commercial crude extract of Rhizopus (Yoshii et al., 2001).

Proteins derived from meat and fish also have the potential to enhance peptide production. 
The term meat refers to edible parts removed from bovine, porcine, ovine, and caprine 
animals, and it makes up the principal source of animal protein for many consumers; it is rich 
in protein with a positive physiological activities potential (Lafarga and Hayes, 2014). When 
this kind of product is generated a series of particular wastes can be produced, such as blood, 
skin, and bones (Jayathilakan et al., 2012). Proteins, such as hemoglobin, collagen, gelatin, 
and even myofibril from meat and its by-products can be exploited for peptide production 
(Lafarga and Hayes, 2014). For example, Ryder et al. (2016) produced antihypertensive 
peptides with a hydrolysis of meat bovine by-products using microbial proteases.

On the other hand, fish and poultry meat and associated by-products can be used for the 
production of this compound class (Jayathilakan et al., 2012) through microbial fermentation with 
B. subtilis. Also, fish meat and chicken liver fermentation with Pediococcus acidilactici generated 
peptides with antioxidant and antimicrobial properties (Chakka et al., 2015; Jemil et al., 2014).

2.3.2 Microbial production

There exist diverse strategies for bioactive peptide production, including enzymatic 
hydrolysis; biotechnological methods, such as fermentation using proteolytic 
microorganisms; and a combination of both methodologies. The peptides generated through 
enzymatic hydrolysis are derived generally from food protein sources of vegetal origin (such 
as wheat, rice, corn, soybeans, pumpkin, and sorghum) or from animal protein (such as milk, 
gelatin, bovine blood, meat, eggs, and some fish, such as tuna, sardines, and salmon), among 
other sources that have been employed as substratum, in a partial degradation with digestive, 
vegetal, and even microbial proteases (Möller et al., 2008).

Proteinases represent an enzyme group that have the capacity to hydrolyze the peptide 
bond in proteins. These enzymes possess a certain specificity linked to the amino-acid 
sequences surrounding the rupture site and also act in a wide pH and temperature range 
(Rani et al., 2012). Given these parameters, along with required hydrolysis time, which 
affects peptide size and composition directly and therefore the biological activity that can 
be exhibited, this methodology is considered a fast, easy, and safe way of bioactive protein 
hydrolysate production. Another advantage is the possibility of exploiting agro-industrial 
proteic residues intended for disposal such as substrate to generate high-value products 
(de Castro and Sato, 2015).
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Lactic acid bacteria (LAB) is relevant for bioactive peptide production by fermentative 
processes, including the submerged fermentation process, that ground their hydrolytic capacity 
in a complex proteolytic system whose principal component is a proteinase set attached to the 
bacterial wall, whose main task is to transform proteins on oligo-peptides; specific transporters 
conduce the oligo-peptides inside the cell and an endopeptidasas group transforms oligo-
peptides into free amino acids or low-molecular weight peptides (Chaves-López et al., 2014). 
The capacities of this microorganism class are exploited by the food industry to obtain 
fermented products, and over time it has been reported that a variety of microorganisms 
have the capacity for peptide generation: Lactobacillus helveticus, Lactobacillus lactis ssp. 
diacetylactis, Lactobacillus delbrueckii ssp. bulgaricus, Lactobacillus lactics ssp. cremoris, and 
Streptoccoccus salivarius ssp. thermophilus (Hernández-Ledesma et al., 2011). But we can also 
highlight the use of other microorganisms, such as Kluyveromyces marxianus (Li et al., 2015), 
S. cerevisiae, and even Aspergillus egypticus and A. oryzae (Inoue et al., 2009; Zhang 
et al., 2006). Peptide production from these processes is highly influenced by criteria, such as 
media composition and the conditions under which the fermentation is done. On the other hand, 
the use of SSF has improved peptide production in rapeseed with B. subtilis strains or soybeans 
(He et al., 2012; Sanjukta and Rai, 2016).

It also has been demonstrated that the peptidic molecules present in biological activity in 
traditional fermented foods made from milk, soybeans, and even meat products, show that the 
fermentative step is essential not only for flavor generation, but also for active metabolites, 
such as peptides with antioxidant, antihypertensive, antitumor, or antimicrobial activities. 
(Fadda et al., 2010; Moslehishad et al., 2013; Rho et al., 2009; Xu et al., 2015). Table 4.3 
shows a list of peptide production using the fermentative process.

2.3.3 Biological properties
2.3.3.1 Antimicrobial peptides

Due to pathogenic microorganism resistance to antibiotics that has developed from 
indiscriminate antibiotic use and the mutagenic capacity of these microorganisms, the need to 
find new molecules with antibiotic activity has arisen (Harrison et al., 2014). An example is 

Table 4.3: Microbial production of peptides with diverse biological activities.

Functionalities Microorganisms
Cultivation 
Condition Bioreactor References

Antioxidant/
antibacterial

B. subtilis A14h SmF Flask Moayedi et al. (2016)

ACE-I inhibition L. casei spp. pseudoplantarum SmF Flask Vallabha and Tiku (2014)
ACE-I inhibition Enterococcus faecium SmF Flask Martinez-Villaluenga et al. 

(2012)
Antioxidant Bacillus pumilus AG1 SmF Flask Dei Piu’ et al. (2014)
ACE-I inhibition Pichia kudriavzevii, K. marxianus SmF Flask Chaves-López et al. (2014)



118 Chapter 4

food-derived peptides, which are mainly composed of hydrophobic and cationic peptides, and 
which exhibit bactericide properties against pathogenic microorganisms (Saadi et al., 2014). 
Cell membranes in bacteria are negatively charged, and when they interact with positive 
peptides, they suffer oligomerization, form pores on the membrane, and finally liberate 
cell contents (Aoki et al., 2012). Other mechanisms include key process interrupt, protein 
synthesis, DNA, and cell wall (Nguyen et al., 2011).

2.3.3.2 Antihypertensive peptides

Hypertension constitutes one of the main risk factors for cardiovascular disease, such 
as stroke, artherioesclerosis, and heart failure, and affects more than one billion people 
worldwide (Padwal et al., 2015). Peripheral blood pressure is controlled by a series of 
biochemical routes, which include the renin-angiotensin-aldosterone system (RAAS), 
the neuro endopeptidase system, and the endothelin converting enzyme (Harnedy and 
FitzGerald, 2012). The angiotensin-converting enzyme (ACE) plays a critical role in 
physiological blood pressure regulation. This enzyme transforms angiotensin I into 
angiotensin II, a potent vasoconstrictor; for this reason the enzyme inhibition represents a 
principal mechanism for blood-pressure regulation (Ngo et al., 2012). There exist peptides 
capable of inhibiting ACE and regulating hypertension, generally constituted of short chains 
from two or three amino acids with proline, lysine, and arginine on extreme C-terminal sites 
(Mohanty et al., 2015), although tryptophan, tyrosine and phenylalanine, and aliphatic amino 
acids are in the extreme N-terminal region (Ngo et al., 2012).

2.3.3.3 Antithrombotic peptides

Blood coagulation is a complex chain process involving a series of stimulus responses in 
conjunction with coagulation factors and enzymes, whose intent is to stop blood fluxes when 
a vascular tissue injury occurs (Ngo et al., 2012). Venous thromboembolism is a condition 
linked to trauma, prolonged immobilization, or blood coagulation (Lafarga and Hayes, 2014), 
and also to manifestations of atherothrombosis, such as hearth failure and stroke, where 
the platelets plays an important role, and for this reason molecules that avoid platelets 
aggregation exhibit a potential for clinical use (Shimizu et al., 2009). Peptides that exhibit this 
potential are present in milk, and this activity has been attributed to the presence of fibrinogen 
homologues sequences, which bind to receptors, avoiding the thrombus formation. (Mulero 
Cánovas et al., 2011).

2.3.3.4 Antioxidative peptides

The oxidative stress on cells due to the natural process of respiration (Sarmadi and 
Ismail, 2010), or other stimuli, such as contamination, UV radiation, chemicals, and tobacco, 
can promote the formation of substances, such as free radicals (Lafarga and Hayes, 2014) or 
reactive oxygen species. These substances are unstable and highly reactive chemical species 
with unpaired electrons (Di Bernardini et al., 2011) that can enhance reactions with main 
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cellular components, such as lipids, proteins, and ADN, bringing effects at the molecular 
level, such as lipid membrane oxidation and lost mobility, and enzyme inactivation and 
sequence mutation in nucleic acids. This promotes the development of cancer and other 
degenerative diseases (Hayashi and Cortopassi, 2015).

2.3.4 Trends and applications in the food industry

These bioactive molecules possess a variety of potential uses; due to the link between health 
and food they can be used as nutraceuticals in functional foods, as in the milk drink Calpis or 
Finish “Evolus”, which contain antihypertensive tripeptides so that their ingestion regulates 
blood pressure (Iwaniak et al., 2014). Or they can even be incorporated into foods to preserve 
their integrity, as with those with the most relevant properties, such as antioxidant peptides, 
which can provide protection against lipid peroxidation and off flavors in meat, and increase 
the shelf life of meat products (Rossini et al., 2009).

2.3.5 Recovery and purification strategies

The recovery and purification stage in bioprocessing is one of the most relevant. The 
complexity of the technology employed depends on metabolite localization, type, 
concentration, purity required, potential use, market demand, and in peptides the charge and 
molecular mass. Due to these factors this stage affects processing cost directly, representing a 
20%–60% of the total cost of processing.

Employing membranes represents one efficient alternative for peptide recovery in cases where 
a hydrolysis or fermentative production route is employed. A membrane system is a technique 
employed to purify peptides based on molecular weight (Kim et al., 2007), using a membrane 
as a filter with the capacity to distribute components and using pressure as a driving force. 
The membranes can have different pore sizes, which determine their classification; in 
microfiltration (MF) membranes have pores in the range of 0.2–100 µm and in ultrafiltration 
(UF) pores are in the range of 0.0–2.0 µm (Prapulla and Karanth, 2014). This technique has 
the advantage of possible scale-up at a lower price than other separation methodologies (Chay 
Pak Ting et al., 2010), although during UF the partially or completely retained solutes tend 
to cause membrane fouling and a lower flux (Arunkumar et al., 2016). The possibility of 
employing charged membranes can help to separate peptides according to charge and mass 
when membranes are positively or negatively charged and present a definite pore shape and 
size, avoiding the aggregation of molecules due to the repulsion between solutes and the 
membrane (Saxena et al., 2009).

Chromatographic methodologies have also been implemented, in which the separation of 
peptides is based on their composition or structure. Basically the components of interest 
are passed through stationary supports, and their interaction promotes the separation from 
molecules with similar characteristics, either through ion exchange, where molecules can 
bind to the stationary matrix that has a complementary charge to the interacting molecules, 
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or through pH affinity, where by changing this parameter compounds with similar affinities 
can be recovered. Another class of recovery methodology is size-exclusion chromatography, 
in which the stationary matrix has different sizes of molecular pores; when a sample with 
molecules of different sizes passes through, the larger-sized ones will not be trapped in the 
matrix and will be expelled quickly (Prapulla and Karanth, 2014). This technique has an 
exceptional resolution and selection rate, but the instrumentation is expensive and limits the 
scale-up (Agyei et al., 2016). A combination of all these methods promotes high efficiency 
in the purification of complex samples, such as fermentation broths and hydrolysis of food 
proteins.

3 Genetic Engineering of Bioactive Compound-Producing Microorganisms

Genetic engineering of yeast, bacteria, and fungi by introducing and controlling genes for 
bioactive metabolites production has been studied. The development of recombinant DNA 
technology has provided new tools for approaching yield improvement by means of genetic 
manipulation of biosynthetic pathways (Olano et al., 2014).

Different microorganism types have been engineered to produce carotenoids. Bautista et al. 
(2005) replaced the zeta-carotene desaturase (ZDS) gene, and both the ZDS and phytoene 
desaturase (PDS) genes of Synechocystis sp. PCC 6803, with the phytoene desaturase (crtI) 
gene of Rhodobacter capsulatus, to test the redox function of carotenoids in a secondary 
electron transfer pathway that oxidizes Chl(Z) and cytochrome b(559) in photosystem II 
(PS II) when normal tyrosine oxidation is blocked. Carotenoids with shorter conjugated 
pi-electron systems and higher reduction potentials than β-carotene were produced from 
Synechocystis sp. PCC 6803 after the transformation. On the other hand, Olson (2014) 
undertook the engineering of S. cerevisiae for the production of heterologous isoprenoid 
compounds, which protect cells from oxidative stress and reactive oxidative species in 
the environment. This author reintroduced the cytosolic catalase T (CTT1) gene and 
overexpressed the HMG1 gene, improving carotenoid production from 15 ± 3.3 mg/g (dry 
cell weight) to 22 ± 2.1 mg/g (dry cell weight).

Halophilic organisms are a very interesting microbial group for carotenoid production. 
Rodrigo-Baños et al. (2015) mentioned some advantages of halophilic archaea for carotenoid 
production, among them: (1) different halophilic organisms have high carotenoids production 
availability; (2) downstream processes for carotenoid isolation from halophilic organisms 
is relatively quick, easy, and cheap; and (3) carotenoid production by haloarchaea can 
be improved by genetic modification or by optimization of fermentation aspects, such as 
nutrition, growth pH, and temperature. Elucidation of the C50 carotenoid pathway was 
recently reported on by Yang et al. (2015). These authors found that the c0507, c0506, and 
c0505 genes codify for a carotenoid 3,4-desaturase (CrtD), a bifunctional lycopene elongase 
and 1,2-hydratase (LyeJ), and a C50 carotenoid 2″,3″-hydratase (CruF), respectively. These 
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enzymes catalyze the reactions that convert lycopene to C50 carotenoid bacterioruberin 
in Haloarcula japonica, which is an extremely halophilic archaeon. Another halophilic 
microorganism reported as a carotenoid producer is Haloferax mediterranei (Rodrigo-Baños 
et al., 2015).

Some pathogenic microorganisms have genes codifying for enzymes that are very important 
in the carotenoids pathway; these genes can be cloned in nonpathogenic microorganisms 
to produce these enzymes and enhance carotenoid production. Maeda (2012) reported 
that Staphylococcus aureus, a pathogenic bacterium that causes opportunistic infection, 
produces C30 carotenoids. The acyclic C30 carotenoids showed higher radical scavenging 
activity than did dl-α-tocopherol (Kim et al., 2016). Different enzymes intervene in the 
C30 carotenoid synthetic pathway, among them dehydrosqualene synthase (CrtM), which 
converts farnesyl pyrophosphate to dehydrosqualene; then this compound is converted to 
the yellow C30 carotenoid 4,4'-diaponeurosporene by the dehydrosqualene desaturase. 
Introduction of S. aureus CrtM and CrtN genes into B. subtilis, which is a GRAS organism 
resulting in yellow pigmentation, accumulated two C30 carotenoids, 4,4'-diapolycopene 
and 4,4'-diaponeurosporene (Maeda, 2012). Recently, novel structures of C30 and C35 
carotenoids, including acyclic, monocyclic, and bicyclic structures, have been produced in 
Escherichia coli (Kim et al., 2016)

Microbial genes have been used to transform plants to increase carotenoid production. 
Ravanello et al. (2003) mentioned that it was possible to increase total levels of carotenoids, 
including phytoene and β-carotene, which were augmented 50-fold, with the ratio of β- to 
α-carotene being 2:1 in canola (Brassica napus) seeds after transformation with the bacterial 
phytoene synthase gene (CrtB).

Other techniques for FOS production have been implemented using enzyme genetic 
engineering. Marín-Navarro et al. (2015) discloses a process for the production of 6-kestose, 
in which a modified invertase expressed by Saccharomyces is used, which exhibits improved 
transfructosylation activity wherein 6-kestose was produced with high specificity representing 
95% total FOS. This could make genetic engineering an interesting tool to enhance the 
activity of the enzymes involved in the synthesis of FOS and to improve their production.

Several reports of engineering metabolics to produce carotenoids have been reported, but just 
a few studies that described FOSs and bioactive peptides production were in development. 
Therefore, another important area of study to explore is available.

4 Conclusions and Perspectives

To satisfy needs of consumers, bioprocesses must be feasible and cover certain conditions; the 
most important characteristics are that these biological activities be environmentally friendly, low 
cost, and high quality. Microbial production presents many challenges, but the most complicated 
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is scaling recovery and purification techniques, always with the tendency to incorporate 
methodologies. For example, in peptide production, one challenge is bitter taste and functional-
property maintenance for consumption. On the other hand, the liposolubility of carotenoids 
requires that organic solvents be used in the extraction, but the toxicity of these compounds is 
inconvenient. Also, cell disruption to release intracellular carotenoids, mix of pigments, yields, 
stability, and substrate sources are factors that should be optimized. Technologies are emerging 
for extraction and cellular-wall disruption: genetic engineering to increase yields, agro-industrial 
waste employed as a source of substrates, bioreactors designed to facilitate production and 
recovery, and the introduction of inhibitors or regulators of enzymes into biosynthetic pathways 
for carotenoids. These are all possible solutions; nevertheless, extensive study is necessary.
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1 Introduction

Plants are efficient biological factories for the production of phytochemicals, such as 
polyphenolic compounds, which are responsible for the unique characteristics of plant 
foods, such as color, taste, and smell (Andre et al., 2016; Santos-Buelga et al., 2012; Stajic 
et al., 2013). Polyphenolic compounds therefore play an important role in the food industry due 
to their ability to impart organoleptic and health-enhancing properties to food formulations. 
Owing to their polyphenols phytochemicals contents, the consumption of fruits, vegetables, and 
plant-derived beverages, such as tea and wine has often been linked to the prevention of chronic 
diseases (Arts and Hollman, 2005; Liu, 2004, 2013). This chapter focuses on bioprocessing, 
health, and biotechnological applications of plant-derived polyphenolic compounds. Avenues 
for the extraction, detection, and analysis of these compounds are described against a 
background of cost, sustainability, scalability, and environmental impact.

2 Polyphenolic Compounds: An Overview

Plant foods contain hundreds of phytochemicals of which there are six important bioactive 
groups, namely polyphenolics, alkaloids, nitrogen-containing compounds, organosulfur 
compounds, phytosterols, and carotenoids (Liu, 2013). Polyphenolic compounds represent 
the most diverse and widely studied class of phytochemicals. Characteristically, all phenolic 
compounds contain a benzene ring and one or more hydroxyl groups (Bhattacharya 
et al., 2010). Their production begins with phenylalanine as a precursor and progresses 
via one of three main biosynthetic routes, namely: (1) the shikimate/chorizmate or 
succinylbenzoate pathway, (2) the acetate/malonate or polyketide pathway, and (3) the 
acetate/mevalonate pathway (Bhattacharya et al., 2010). Polyphenolic compounds exist in 
the forms of phenolic acids, stilbenes, flavonoids, lignans, coumarines, and tannins. Shown in 
Fig. 5.1 are the various types of polyphenolic compounds and examples of each subclass.
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Figure 5.1: Categories of Phenolic Compounds Found in Plants.
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Aside from their diversity, phenolic compounds are found ubiquitously in the plant 
kingdom, and are produced as secondary metabolites in response to biotic and abiotic 
stresses (Bhattacharya et al., 2010). They are distributed through all plant tissues from the 
roots to the leaves, flowers, fruit pulp, and seeds (Kishikawa et al., 2015; Martin Bueno 
et al., 2012).

Plants sources of polyphenolics and other phytochemicals have been promoted in human 
diets and functional foods/nutraceuticals for their biological properties and sustainability 
and as natural alternatives for disease control and prevention. However, before they can 
be used as food ingredients, they must be efficiently and safely extracted from their plant 
sources.

3 Extraction of Polyphenolic Compounds
3.1 Plant Material Wastes as a Source of Phenolics

Worldwide, the fruit and vegetable processing industries are faced with the challenges of 
disposing of large quantities of polyphenol-rich waste streams into the environment every 
day. As a case in point, the worldwide olive oil industry generates on the order of 10–30 
million m3 of olive mill wastewaters, and the three main olive oil-producing countries 
account for 4 million tons of pomace per year (Mavros et al., 2008; McNamara et al., 2008; 
Roig et al., 2006; Tsagaraki et al., 2007). Due to phytotoxic and antimicrobial properties 
imparted by their phenolic components, these wastes have a negative impact on soil and 
aquatic microbiota when disposed of without treatment (DellaGreca et al., 2001; Tsagaraki 
et al., 2007). As olive tissues are rich in polyphenolics and other high-value compounds, 
the valorization of these waste materials is an attractive venture for the industry (Agyei 
et al., 2015).

Recent processing techniques for olive fruits result in the transfer of only 2% of the total 
phenolics into the oil, with the remaining 98% being distributed in the wastewater (53%) 
and pomace (45%) (Rodis et al., 2002). Despite this, it is estimated that virgin olive 
oil alone contains 30–36 distinct phenolic compounds (Cicerale et al., 2010; Tuck and 
Hayball, 2002). Similarly, polyphenolic compounds, such as verbascoside, hydroxytyrosol, 
caffeic acid, oleuropein, vanillic acid, tyrosol, p-coumaric acid, elenolic acid, catechol, 
syringic acid, and rutin have been identified in olive cake (Alu’datt et al., 2010). 
Valorization of the waste streams is achieved by carrying out extraction and recovery of the 
polyphenolic compounds for use in other applications. The result is a more efficient use of 
raw material resources, revenue generation from wastes, and reduction in the environmental 
impact of wastes (Roig et al., 2006). In this section, we discuss some conventional 
techniques and emerging assisting technologies for the extraction and recovery of 
polyphenolic compounds from plant biomass.



138 Chapter 5

3.2 Sample Preparation

Efficient extraction of phenols from plants requires prior sample preparation steps to 
ensure that the compounds are unbound and available for removal. Preparation steps will 
depend on the physicochemical nature of the plant matrix as well as on the concentration 
and chemical properties (i.e., molecular structure and polarity) of the phenols of interest 
(Khoddami et al., 2013).

Generally, sample preparation steps include particle size reduction, drying, defatting, and 
elimination of phenolic complexes with proteins and carbohydrates. Particle size reduction is 
achieved by grinding or milling with the aim of increasing extraction efficiency by promoting 
the action of endogenous enzymes on the sample matrix, which in turn releases bound 
phenolics (Gião et al., 2009). Drying of the raw materials is often done by freeze-, oven- or 
sun-drying, with the method of choice depending on the cost and product stability. On one 
hand, freeze-drying is quick and efficient but relatively expensive, whereas sun-drying is 
cheaper but dependent on weather, which may prolong the time required. Prolonged sun-
drying may result in sample contamination and degradation. For instance, Al-Farsi et al. 
(2005) have reported 100% loss of anthocyanins after prolonged sun-drying of dates (Phoenix 
dactylifera).

Liquid samples (such as waste pomace) may require initial centrifugation or filtration steps to 
remove excess water before commencement of drying. Defatting of plant materials is pursued 
via solvent extraction of fatty acids. Defatting may be carried out after the plant material has 
been acidified to break down complexes between phenols and proteins/carbohydrates (De 
Marco et al., 2007).

3.3 Solvent Extraction

Solvent extraction is the most widely used technique for isolating phenols from plant 
biomass. Considering the complex phenolic profile of plant foods, a single solvent is unable 
to extract all the phenolic compounds present. The selection of the most suitable solvent 
system is therefore based on the physicochemical nature and properties of phenols present 
in the plant material and those targeted for extraction (Bhebhe et al., 2016). Solvents that 
have been used in the extraction of plant-based phenols include water, alcohols (n-propanol, 
isopropanol, ethanol, methanol), ethers (diethyl ether, methyl tert-butyl ether), ethyl acetate, 
ketone solvents (methyl ethyl ketone, acetone, methyl isobutyl ketone), and compatible 
mixtures of these solvents (Allouche et al., 2004; Bhebhe et al., 2016; De Marco et al., 2007; 
Fki et al., 2005; Khoddami et al., 2013; Lafka et al., 2011).

Different food matrices and phenolic profiles require different solvents to achieve efficient 
extraction. Prediction tools, such as the Hildebrand solubility parameters (δ) and the 
Rohrschneider polarity scale (P' ) are useful in guiding the selection of the most suitable solvents 
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(Madsen et al., 2015). These prediction tools provide both a numerical estimate of solute–solvent 
interactions and an overall measure of solvent strength for miscibility and extraction purposes 
(Abboud and Notario, 1999). Maximum solubility of compounds is possible when the solute and 
solvent have the same δ. Furthermore, two solvents can be combined to give a δ that is closer to 
that of the solute, provided one solvent has a higher starting value and one has a lower starting 
value (Barwick, 1997). Kumoro et al. (2009) used this property to prepare solvents mixtures to 
extract diterpenoid lactones from Andrographis paniculata leaves. The δ and P' values, as well 
as other properties of some common solvents, are given in Table 5.1.

A number of studies have compared the suitability of various solvents for the extraction 
of phenols from different sample matrices. For example, water has been used to extract 
phenols from sorghum leaves (Agbangnan et al., 2012), whereas 80% aqueous ethanol 
was found to be the most suitable solvent for extracting phenols from wheat bran (Verma 
et al., 2008). For olive mill wastewater, one study reported ethyl acetate as the most suitable 
solvent (Kalogerakis et al., 2013), whereas an earlier study favored the use of ethanol (Lafka 
et al., 2011). This observation can be attributed to differences in extraction procedure or 
variations in the phenolic composition of the wastewaters used in those studies. The results 
also show that solvent selection needs to be optimized for each extraction process. The end 
use of the plant extract also influences solvent choice, and the key factors worth considering 
include solvent safety, flammability, toxicity, and whether the solvent is classified as 
generally regarded as safe for use in food applications.

Table 5.1: Properties of some common solvents (at standard conditions of temperature and pressure).

Solvent

Hildebrand 
Solubility 
Parameters (δ)

Polarity Index 
[Rohrschneider 
Polarity Scale (P′)]

Dielectric 
Constant (ε) Density (g/mL)

Boiling Point 
(°C)

Water 23.4 9.0 80.4 1.00 100
Dimethyl sulf-
oxide

12.0 6.5 47.0 1.10 189

Methanol 14.5 6.6 32.7 0.97 65
Ethanol 12.7 5.2 24.5 0.97 78
n-Propanol 12.0 3.9 20.3 0.80 97
Isopropanol 11.4 3.9 20.3 0.78 82
Acetone 9.6 5.4 21.1 0.79 56
Ethyl acetate 8.9 4.3 6.1 0.90 77
Diethyl ether 2.9 7.5 4.3 0.71 35
Isopropyl ether 7.1 2.4 3.9 0.72 68
Dichloromethane 3.4 9.6 8.9 1.33 40
n-Hexane ∼8.0 0.1 1.9 0.65 69
Chloroform 9.3 4.4 4.8 1.48 61

Data taken from Abboud, J.-L.M., Notario, R., 1999. Critical compilation of scales of solvent parameters. Part I. Pure, non-hydrogen bond 
donor solvents—technical report. Pure Appl. Chem. 71, 645–718; Barwick, V.J., 1997. Strategies for solvent selection—a literature review. 
TrAC Trends Anal. Chem. 16, 293–309; Kumoro, A.C., Hasan, M., Singh, H., 2009. Effects of solvent properties on the Soxhlet extraction of 
diterpenoid lactones from Andrographis paniculata leaves. Sci. Asia 35, 306–309.
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Solvents are suitable for the extraction of most polyphenolic compounds and can be used on 
particulate (i.e., dried ground powders), wet pomace, and liquid (i.e., wastewater) samples. 
Solvents are relatively cheap and recoverable, and the extracted material can be readily 
obtained by evaporating the solvents in vacuo. Also, solvent extraction procedures are often 
convenient, relatively simple (Obied et al., 2005), and ideal for materials with very high 
concentrations of phenols (Beker et al., 2010). The main disadvantage of using solvents in 
polyphenol extraction is toxicity of some organic solvents. Also, in certain cases, the type 
of solvent used negatively affects the total phenolic content and bioactive properties of the 
extract (Bhebhe et al., 2016).

3.3.1 Optimization of solvent extraction processes

To achieve maximum qualitative and quantitative yields from a solvent extraction procedure, 
a number of conditions and parameters need to be optimized. These include the nature 
(polarity) of solvent system relative to phenolic components; extraction pH, temperature, and 
time; solvent–material ratio; and the number of replicate extractions on any given sample.

Extraction efficiency is greatly impacted by the nature of solvent relative to the types of 
phenols present in the plant material. While solvent mixtures of water and alcohols are 
often used to reduce toxicity issues of pure solvents, in some cases these mixtures are able 
to maximize extraction efficiency (Khoddami et al., 2013). For example, Kalia et al. (2008) 
reported that among pure or 50% aqueous forms of methanol, ethanol, and acetone, 50% 
aqueous ethanol was more efficient for extracting antioxidant polyphenolic compounds from 
Potentilla atrosanguinea.

Lowering the pH of an extraction solvent has been shown to improve the extraction efficiency 
of polyphenolic compounds. Often, acidification promotes protein precipitation, aids the 
release of cell wall-bound polyphenols, and increases the solubility and stability of phenolic 
compound solubility in organic solvents (Haghi and Hatami, 2010; Obied et al., 2005). 
For solvent–solvent extraction systems, lowering the pH of the feed helps improve the 
distribution coefficient and extractability of ortho-diphenols, such as hydroxytyrosol, caffeic 
acid, and 3,4-dihydroxyphenyl acetic acid (Allouche et al., 2004). Although in many reports 
acidification of the organic solvent is achieved with dilute mineral acids, such as hydrogen 
chloride (HCl) (Allouche et al., 2004; Kapasakalidis et al., 2006), the use of organic acids 
is preferred for some “sensitive” polyphenolics, such as anthocyanins, to avoid damaging 
the native structures (Castañeda-Ovando et al., 2009; Khoddami et al., 2013; Scordino 
et al., 2004).

In terms of time and temperature, the use of short, repeated extraction steps in favor 
of prolonged time and high temperatures helps to maintain the structural integrity of 
the phenolic compounds. Otherwise, prolonged exposure of the plant material to high 
temperatures subjects the phenolic components to undesirable reactions, such as thermal 
degradation, browning, and enzymatic oxidation (Biesaga and Pyrzyńska, 2013;   
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Davidov-Pardo et al., 2010). The true effect of thermal treatment on the antioxidant properties 
of extracts is, however, largely dependent on the phenolic profile of the plant (Davidov-Pardo 
et al., 2010).

The ratio of solvent to sample and the number of repeated extractions are other important 
considerations for optimizing extraction yield. Increasing the amount of solvent per unit 
volume of plant material will improve extraction of phenols, particularly if the amount of 
solvent keeps the saturation of phenols to a minimum (Khoddami et al., 2013). However, 
the amount of solvent used must also be weighed up against its cost, storage, and recovery 
characteristics.

In theory, to achieve some degree of purification of the phenolic extract, one could adopt the 
sequential extraction approach, where different classes of phenols are extracted at each step 
by using different solvents with varying properties.

3.3.2 Energy-assisted extraction technologies

Solvent-based extraction processes can be improved by energy-assisting technologies, such 
as microwave and ultrasonic energy. A number of studies have optimized and reported 
microwave-assisted and ultrasonic-extraction techniques for various plant-derived phenols 
(Biesaga and Pyrzyńska, 2013; Buran et al., 2014; Flórez et al., 2015; He et al., 2016; 
Jerković et al., 2011; Kalia et al., 2008; Valdés et al., 2015). These assisting technologies 
that lower the extraction time also provide both qualitatively and quantitatively higher 
yields (Da Porto et al., 2013; Khoddami et al., 2013; Qiao et al., 2014; Xu and Pan, 2013). 
However, their use is hindered by relatively high costs, which hinder scale-up for industrial 
processes. Furthermore, these extraction techniques have been reported to degrade 
sensitive polyphenolic compounds, such as phenolic acids (Qiao et al., 2013), myricetin 
and kaempferol in honey (Biesaga et al., 2014), quercetin flavonoids in citrus fruits (Qiao 
et al., 2014), and trans-lycopene in red grapefruit (Xu and Pan, 2013).

3.3.3 Enzyme-assisted extraction strategies

Hydrolytic enzymes have been widely used for extracting bioactive compounds from 
terrestrial plants and from marine algae and seaweeds (Li et al., 2006; Puri et al., 2012; Wang 
et al., 2010b; Wijesinghe and Jeon, 2012). The most widely used enzymes for extraction are 
carbohydrases (amylase, cellulases, hemicellulases, glucanases); proteases (chymotrypsin, 
subtilisin, thermolysin, papain, bromelain); and lipases, esterases, and pectinases sourced 
from microorganisms, fungi, plant extracts, and animal organs (Kubicek et al., 2014; Puri 
et al., 2012). The selection of appropriate enzymes and the identification of their catalytic 
properties and optimal hydrolytic conditions are necessary to achieve maximum extraction 
yields (Sowbhagya and Chitra, 2010). When mixed with plant materials, these enzymes 
break down certain macromolecules in the cell walls and cell vacuoles, in effect loosening 
the structural integrity of the plant material and leading to the release of bioactive compounds 
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(Sowbhagya and Chitra, 2010). Also, a number of polyphenolic compounds are present 
in plants as aglycones, glycosides, or methylated residues (Kumar and Pandey, 2013), so 
hydrolytic enzymes, such as esterases and glucosidases can be used to convert these compounds 
from one phenolic form to another. For example, oleuropein, echinacoside, oleocanthal, and 
verbascoside are tyrosol and hydroxytyrosol esters of elenolic acid, meaning enzymes can be 
used to release the high-value tyrosol and hydroxytyrosol subunits for other applications.

The use of commercial enzymes gives higher yield of bioactive compounds as compared 
to enzyme-free solvent extraction systems (Kulshreshtha et al., 2015). Further, enzymes 
are more environmentally friendly, and help minimize the amounts of solvents required 
or the need to aid the extraction process with energy (Puri et al., 2012). Enzyme-assisted 
extraction of various bioactive polyphenolic compounds from ginger (Nagendra Chari 
et al., 2013), citrus peels (Li et al., 2006), sweet lime peels (Mushtaq et al., 2014), grapes 
(Gómez-García et al., 2012), black currant juice press residue (Landbo and Meyer, 2001), 
cauliflower outer leaves (Huynh et al., 2014), and raspberry wastes (Liza et al., 2010) have 
been reported.

3.4 Resin Adsorption

Solid-phase extraction is another method for the isolation and/or purification of phenolic 
mixtures from plant samples. Synthetic and natural adsorbents are used to remove phenols 
from liquid samples (i.e., solvent extract of phenols, and phenol-containing wastewaters) via 
adsorption and/or ion-exchange mechanisms. In principle, adsorption is the accumulation 
of a substance onto an interface or to form a film on a solid support. This process occurs at 
an interface between a solid resin (adsorbent) and the phenolic extract (adsorbate) during 
phenolic extraction. Owing to its low cost, ease of operation, and universality (i.e., ability 
to remove both soluble and insoluble molecules), adsorption is considered very useful for 
removal of biomolecules from sample mixtures (Ali et al., 2012).

Following the pioneering works of Davankov et al. (1973), research interest has gathered 
in the development of various adsorption resins for industrial applications. Current research 
in this field aims to specially develop resins with characteristics, such as wide variations in 
surface area, improved porosity, and desirable chemical functionalities (Lin and Juang, 2009). 
In environmental remediation, resin adsorbents are used for the removal of harmful 
compounds from wastewaters (Ahmed et al., 2000; Lin and Juang, 2009).

In their review, Lin and Juang (2009) classified resin adsorbents into three groups, namely:

1. activated carbons;
2. industrial waste/by-products, such as coal, red mud, bagasse fly ash, coal fly ash, sewage 

sludge, clay and modified clay, metals, and biosorbents;
3. synthetic and natural resins, including zeolites, XAD resins, and ion-exchange resins.
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This classification is based solely on the use of resin adsorbents for water treatment. While 
activated carbon is highly effective for phenol adsorption, it is easily saturated with phenols, 
and regeneration requires very high temperatures, making the entire process very costly 
(Ahmed et al., 2000). For the purposes of extracting phenols for food and pharmaceutical 
applications, a number of adsorbents, such as wastes and by-products will not be appropriate, 
as they involve the use of nonfood grade and even prohibitive materials like sewage sludge. 
Adsorbents in groups 1 and 2 are often used in environmental waste treatment processes 
where the process aims to decontaminate a sample, rather than exploit the extracted 
compound. Materials from group 3 (synthetic and natural resins) have therefore become 
the preferred choice of adsorbents for the extraction of phenols for food-grade applications, 
for reasons of low cost and the ability to define and control resin structure and surface 
functionality.

A key factor in assessing the suitability of a resin for a particular application is its adsorption 
capacity for the compound(s) of interest (Agalias et al., 2007). Adsorption efficiency is 
determined through sorption equilibrium measurements, which are used to generate sorption 
isotherms (Scordino et al., 2004). An isotherm defines the equilibrium relationship between 
sorbent and sorbate, and is interpreted by models, the most popular being Freundlich, 
Langmuir, and Redlich–Peterson isotherms (Lin and Juang, 2009). Adsorption isotherm data 
can be obtained from batch processes or from pseudo-equilibrium behavior encountered in 
column studies (Scordino et al., 2004).

To design adsorbents for optimized extraction of phenols, considerations need to be 
made for both isotherm parameters and intraparticle diffusivity. These two phenomena 
are affected by properties, such as shape, surface area, porosity, and functional groups on 
the resin, relative to the chemical properties of the phenols (Lin and Juang, 2009). The 
mechanism of interaction between adsorbents and phenols of interest is often one or more 
of the following:

Molecules in the adsorbate are attracted onto the resin by van der Waals forces.

functional groups in the adsorbate interact with polar groups in the adsorbent through 
polar–polar interactions, hydrogen bonding, π–π interactions, dipole–dipole interactions, 
and dipole-induced dipole interactions.

surfaces. Electrostatic attraction occurs between charged functional groups of analytes 
and charged groups on the adsorbent surface.

In this chapter, the resin adsorbents have been grouped into neutral (nonionic) and ion-
exchange resins.
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3.4.1 Neutral (nonionic) resins

The use of nonionic resins for extracting phenolic compounds has been reported in several 
studies. These resins are usually methacrylic, acrylic, or styrene-divinylbenzene copolymers, 
and they adsorb biomolecules on the basis of their high surface area and macroreticular 
structure (i.e., continuous polymer and pore phases). These resins have high mechanical 
strength, as well as good stability to extreme pH and temperatures. Since they are uncharged, 
they can be used to separate biomolecules irrespective of charge and/or the presence of 
hydrophobic and hydrophilic groups (Mota et al., 2016). They are also able to adsorb 
nonpolar compounds in polar solvents and vice versa due to their aliphatic nature (Huang 
et al., 2007; Jin and Huang, 2013).

Adsorption of phenols by neutral resins is affected by the type and number of functional 
groups on the benzene ring, and the pH-dependent molecular state of the phenol (Beker 
et al., 2010; Datta et al., 2011; Ku and Lee, 2000). Functional groups on the phenolic benzene 
ring influence adsorption capacity because they promote or hinder π–π interaction between 
aromatic sites of the polymer and phenolic molecules. The dependence of phenol adsorption 
capacity on aqueous phase pH is on the basis that molecular state distribution of phenols 
differs at different pH, and the adsorption capacity of these molecular states also varies (Yin 
et al., 2010). At neutral and acidic pH, phenols exist in the native form and are weakly acidic. 
However, at higher pH they are converted into the phenolate (or phenoxide) ions, which have 
poor adsorption behavior onto some resins (particularly negatively charged ion-exchange 
resins) (Ku and Lee, 2000). Also, higher pH causes an abundance of hydroxyl ions, leading 
to an increase in diffusion hindrances of phenol ions (Beker et al., 2010). This phenomenon 
explains why the adsorption of phenols by nonionic resins is optimal for acidic and neutral pH 
but decreases drastically in alkaline solutions (Ku and Lee, 2000). Also, adsorption efficiency 
of resins is affected by physicochemical characteristics of the adsorbent, the extent of chemical 
modifications, and solute concentration and chemical properties (Lin and Juang, 2009).

In a series of studies, Bretag et al. (2009a,b) and Kammerer et al. (2010) have reported that 
in crude plant extracts the presence of other phenolics has an effect on the mechanisms and 
kinetics of adsorption of individual compounds. Their studies involved the adsorption of 
catechin, caffeic acid, chlorogenic acid, phloridzin, and rutin, individually and in mixtures 
onto Amberlite XAD16HP. Although meticulous fine-tuning of adsorption conditions 
enhanced the prospect of enriching certain phenolic classes, the overall observation was that 
optimum adsorption conditions for single compounds are different from conditions observed 
when those compounds are in complex mixtures (Kammerer et al., 2010). This knowledge is 
useful when one is interested in using resins for the purification of target phenolic compounds 
from crude extracts containing complex mixtures.

Resin adsorption is readily suitable for industrial-scale applications. For example, Scoma 
et al. (2012) have reported the feasibility of using Amberlite XAD16 adsorbents for the  
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large-scale recovery of polyphenols from olive mill wastes. The resin was recycled 10 
consecutive times with almost constant recovery and desorption rates of 81.4 and 52.7%, 
respectively. The use of nonionic resins for phenol adsorption has been widely reported in the 
literature (Bertin et al., 2011; Bretag et al., 2009a,b; Ferri et al., 2011; Frascari et al., 2016; 
Kammerer et al., 2010; Scoma et al., 2012).

3.4.2 Ion-exchange resins

Ion-exchange (IX) resins have the same core materials (cross-linked polystyrene polymer) 
as nonionic adsorbents but differ in their functionalization, with electrically charged ligands 
groups covalently attached to the matrix surface. Positively charged (basic) ligand groups 
give the resins an affinity for anions and are known as “anion-exchange” resins, whereas 
negatively charged (acidic) functional groups are used as “cation-exchange” resins. The 
resins are classified as “strong” if the charged group is a strong base or a strong acid, whereas 
“weak” variations are created with weak acids or base ligands. Charged ligands commonly 
used for functionalizing anion-exchange adsorbents include diethylaminoethyl (DEAE), 
quaternary aminoethyl (QAE), and quaternary ammonium (Q); while the surface of cation-
exchange resins usually include a carboxymethyl (CM), sulfopropyl (SP), or methyl sulfonate 
(S) functional group (Agyei et al., 2013).

In their work, Datta et al. (2011) studied the anion-exchange resin (Amberlite IR-
400) for adsorption of phenolic compounds from a crude ginger (Zingiber officinale) 
extract. The extract was prepared from rhizomes using a 50:50 mixture of ethanol and 
water, with the assistance of microwave energy. Batch adsorption of polyphenolic 
compounds from the extract by Amberlite IR-400 was studied at different temperature 
and pH conditions. Under the optimal conditions of 25°C and pH 5.5 it was found that 
approximately 93% of the total polyphenolics were adsorbed onto the anion-exchange 
resin. When adsorption was performed outside of these temperature and pH optimal 
conditions, the adsorption efficiency was poor, illustrating how the physical parameters 
can be manipulated to maximize extraction and purification using anion exchangers 
(Datta et al., 2011).

In another study aimed at comparing the adsorption capacity and desorption potential of 
five resins (i.e., Amberlite XAD4, XAD7, XAD16, IRA96, and Isolute ENV+), IRA96, a 
weak-base anion exchanger, observed the highest adsorption capacity of 76% for some low 
molecular weight polyphenols found in olive mill wastewater (Ferri et al., 2011). The authors 
found that adsorption ratios were affected by the polarity of the phenolic compounds relative 
to the resin, where polar ionic resins performed better during adsorption. For desorption the 
converse was observed, where nonpolar resins gave higher desorption ratios. Furthermore, 
adsorption by nonpolar resins increased as polarity of polyphenolic compounds decreased  
and vice versa, whereas desorption from neutral resins was independent from polarity  
(Ferri et al., 2011).
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In order to understand the mechanism of adsorption and desorption interactions between 
phenols and ion-exchange adsorbents, Caetano et al. (2009) compared the behavior of 
phenol with a strong anion-exchange resin (Dowex XZ) to a weak anion-exchange resin 
(AuRIX 100). Optimal phenol adsorption and desorption was found at alkaline conditions. 
This was due to a combined effect of both adsorption and ion-exchange mechanisms, as 
influenced by solvent and adsorbent conditions (Caetano et al., 2009). Desorption of phenolic 
compounds is also dependent on the conditions of the solvent, the adsorbent properties, 
and the physicochemical nature of the phenolic compound. In many instances, aqueous 
and pH-modified solvents have been used to enhance recovery of phenolic compounds 
from resins (Caetano et al., 2009; Scoma et al., 2012). For example, 50% volume per 
volume (v/v) aqueous methanol solvent has been reported to release 90% of the phenolic 
compounds adsorbed to nonfunctionalized resin Macronet MN200 (Caetano et al., 2009), 
and acidified ethanol was able to recover 96% of phenols from XAD16 and 82% from IRA96 
(Bertin et al., 2011).

Copolymer resins are widely used in industrial adsorption processes owing to their relatively 
low cost, high adsorption capacities, and ease of recovering adsorbates (Kammerer 
et al., 2010). They have adjustable functionality and porosity, stable physicochemical 
structure, high surface area, and excellent mechanical strength (Li et al., 2015). Furthermore, 
these resins can be easily regenerated and recycled, giving them a long service life (Wang 
et al., 2015; Wu et al., 2015). They also perform favorably in continuous-flow column systems 
(Frascari et al., 2016) and are thus suitable for scale-up operations. For the food industry, 
these resins are food grade, with their use approved and regulated by the US Food and Drug 
Administration (FDA) and the Council of Europe (Datta et al., 2011; Scordino et al., 2004).

3.4.3 Molecularly imprinted polymers

An alternative method to perform highly selective extractions of compounds from plant 
samples is to use molecularly imprinted polymers (MIPs); this method deploys molecular 
imprinting technique to design polymer matrixes that have specific recognition sites 
that are able to bind target molecules in preference to other closely related compounds 
(Martín-Esteban, 2013). They are prepared by polymerizing a mix of monomers around a 
target template molecule, which is then extracted to establish selective binding sites with 
complementary shape, size, and functionality (Beltran et al., 2010; Terry et al., 2014). The 
resulting MIP is a highly cross-linked three-dimensional network polymer that is stable, 
robust, and resistant to a wide range of pH, solvent, and temperature conditions (Beltran 
et al., 2010). Interactions of target molecules with the MIP are akin to natural antibody–
antigen receptors without the associated limitations in stability (Martín-Esteban, 2013). MIPs 
are applied in molecular sensors and catalysis, but the most advanced applications of MIPs 
are in solid-phase extractions (SPEs) with many commercialized cartridges packed with 
MIPs being available (Paiva-Martins and Gordon, 2002). An application of MIPs relevant 
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to this chapter was reported by Puoci and coworkers, who extracted gallic acid from olive 
mill wastewaters, reporting a selective extraction of 80% purity with 85%–97% recovery 
efficiency (Puoci et al., 2012). Their method was designed to be environmentally friendly and 
easy to scale up. Another application has been reported by Garcia et al. (2015). They used 
the selectivity of MIPs packed into SPE cartridges to extract and study the compounds that 
belong to the 4-ethylphenol metabolic pathway in red wines. Wu et al. (2014) have also used 
MIPs as a tool for the selective determination of trace bisphenol A in vegetable and juice 
samples, with higher recoveries than conventional SPEs.

3.5 Pressurized Fluid-Mediated Extraction Techniques
3.5.1 Supercritical fluid extraction

A fluid is said to be in supercritical state when its temperature and pressure are above its 
critical phase points. In this state, liquids and gases are indistinguishable from each other and 
the fluid has different physicochemical properties (such as diffusivity, dielectric constant, 
viscosity, and density), which often give the fluids superior extractive powers (Herrero 
et al., 2006). Supercritical fluids have high diffusivities and low viscosities, which give them 
better transport properties and extraction potential (da Silva et al., 2016). Supercritical fluid 
extraction (SFE) offers a green, environmentally friendly option for extraction as it uses 
solvents, such as water and carbon dioxide, which are generally regarded as safe. Also, SFE 
is very efficient and gives high extraction yields at low extraction times (Pourmortazavi 
et al., 2006).

The properties of supercritical fluids have been harnessed and used for the extraction of 
several secondary metabolites from plant biomass. For example, using 10% v/v aqueous 
ethanol as a cosolvent, SFE was used to efficiently extract polyphenolics from the peel 
and flesh extracts of Hylocereus polyrhizus (pitahaya red dragon fruit) (Fathordoobady 
et al., 2016). A number of betacyanins (betanin, phyllocactin, butyrylbetanin, and C-15 
isomers thereof) were identified and were shown to have antioxidant properties [i.e., 
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging behavior] (Fathordoobady 
et al., 2016).

Kazan et al. (2014) reported the use of supercritical carbon dioxide and ethanol mixtures 
for extraction of antioxidant polyphenolics from peaches (Prunus persica). Lafka et al. 
(2011) have compared the phenolic yield and antioxidant potential of extracts from olive 
oil mill wastes by comparing solvent extraction and SFE with ethanol and carbon dioxide, 
respectively. In this case the extract from SFE exerted good antioxidant properties but had 
lower phenolic yield and antiradical activity than the ethanolic extract.

Other authors have reported enzyme-assisted SFE of pomegranate peel phenolics by using 
supercritical carbon dioxide and ethanol cosolvents with various commercial enzymes 
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(Mushtaq et al., 2015). The use of enzymes helped in the release of bound phenolics, and 
analysis of extracts using liquid chromatography-mass spectrometry (LC-MS) identified 
the presence of certain phenolic acids (vanillic acid, ferulic acid, and syringic acid), which 
together accounted for the antioxidant property of the extracts (Mushtaq et al., 2015).

Techniques and methodologies for improving the extraction of plant-derived bioactive 
compounds by SFE have been extensively reviewed (da Silva et al., 2016; Pourmortazavi 
et al., 2006). However, because SFE must be operated at high pressure to maintain the 
supercritical state, capital and operation costs are usually high and prohibitive for large-
scale applications. Despite this, Solana et al. (2016) conducted a large-scale process design 
and cost-benefit analysis for production of phenolic and glucosinolate extracts from rocket 
salad (Eruca sativa) using SFE. Laboratory measurements were used to simulate the process 
and investigate the influence of extraction temperature and pressure so as to optimize these 
parameters to minimize operational costs. The profitability analysis suggested that a large-
scale SFE process with an intended pay-back period of 10 years (at 5% interest) will give a 
positive net present value, on the condition that the extract can be sold for at least US $21.9 
per kg. The authors concluded that SFE is economically sustainable and competitive based 
on the current price of natural extracts obtained with organic solvents (Solana et al., 2016). 
The use of rocket salad as raw material accounted for as much as 67% of the total phenolic 
production costs according to cost-benefit analysis. In comparison, harnessing waste and by-
products of plant processing operations as the raw materials would significantly reduce the 
input costs; therefore, their proposed methodology appears suitable for use when extracting 
phenolics from other plant materials.

3.5.2 Subcritical water extraction and high hydrostatic pressure processing

Like SFE, subcritical water extraction (SCWE) and high hydrostatic pressure processing 
(HHPP) are environmentally friendly pressurized extraction techniques. SCWE relies on the 
use of hot water (approximately 100–374°C) that has been pressurized to retain its liquid 
state. Superheating the water affects its extraction properties by reducing the dielectric 
constant (or relative permittivity, εr) from about 80 (at 20°C) to 27 (at 250°C). The εr of water 
at 250°C is close to that of ethanol at room temperature (Herrero et al., 2006). This change 
in εr causes water to behave like organic solvents for carrying out extractions, without the 
toxicity. SCWE has been used in the extraction of high-value bio-oils (Pourali et al., 2009; 
Yan et al., 2015) as well as polyphenols from grape pomace (Aliakbarian et al., 2012; Luque-
Rodríguez et al., 2007; Monrad et al., 2012), grape skins (Casazza et al., 2012; Polovka 
et al., 2010), potato peels (Singh and Saldaña, 2011), and vine shoots (Delgado-Torre 
et al., 2012).

By contrast, HHPP is a nonthermal technique utilizing high hydrostatic pressures (∼100–
1000 MPa) to alter plant cell permeability and aid transport of cell components across 
membranes, thereby facilitating extraction of cytosolic materials (Corrales et al., 2008). HHPP 
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relies on the use of limited volumes of solvents, affords short extraction time, gives low levels 
of impurities, and is suitable for use with heat-sensitive compounds (Huang et al., 2013). 
The technique has been used for the extraction of phenolics from grapes and grape by-
products (Corrales et al., 2008, 2009), lychee fruit (Prasad et al., 2009), green tea leaves (Xi 
et al., 2009), rice bran (Kim and Han, 2012), and papaya seeds (Briones-Labarca et al., 2015).

It is worth noting that SCWE and HHPP require the use of expensive and sophisticated 
equipment. Also, the elevated temperatures used in SCWE accelerate the degradation of 
sugars to furans (furfurals and hydroxymethylfurfural), compounds that are considered 
“possible carcinogenic compounds to humans” due to their ability to trigger genotoxic 
and hepatotoxic responses in mice (Delgado-Torre et al., 2012; Mariotti et al., 2013; Moro 
et al., 2012). Accordingly, the toxicity and organoleptic impacts of hydroxymethylfurfural 
need to be controlled in SCWE extracts.

3.6 Emerging Bioinformatics and “Omic” Tools

Recent developments in “omic” technologies and bioinformatics tools have enhanced the 
ability of scientists to study a host of very diverse biomolecules in living organisms. This 
field of study has advanced in recent decades from the development of high throughput 
mass-spectrometry and newly developed in silico algorithms that help in analyzing large 
data sets in a quick and effective manner (Mena and Albar, 2013). “Omic” techniques and 
high throughput simulation models are providing an accelerated path to discovering novel 
biosynthetic pathways to specialized metabolites. In fact, the term “plantomics” has been 
coined to describe a combination of cutting-edge technologies used for comprehensive 
studies of phytomolecules. It encompasses in silico and bioinformatics techniques, such 
as genomics, transcriptomics, metabolomics, and other methodologies based on mass 
spectrometry and nuclear magnetic resonance (NMR) spectroscopy (Awasthi et al., 2015; 
Ehrhardt and Frommer, 2012; Gemperline et al., 2016). Plantomics provides a tool set for 
unraveling the complexity and interplay of genes and enzymes in the physiological processes 
responsible for the production of plant metabolites. As a case in point, “omic” techniques 
have been used in monitoring the phenolic profile of olives during ripening (de Medina 
et al., 2013). Other reports have described the metabolic profiling of phenolic compounds 
during ripening in blank raspberries (Hyun et al., 2014a,b), grapes (Agudelo-Romero 
et al., 2013), and strawberries (Zhang et al., 2011). Other authors have used chemometrics 
and metabolomics to study the impact of environmental factors on the phenolic acid profiles 
of various rice cultivars (Park et al., 2014). To this effect, a number of databases have been 
set up to provide access to large-scale genomic, transcriptomic, and metabolomic information 
on plants (Fukushima and Kusano, 2013; Hur et al., 2013; Sangwan et al., 2015). A number 
of these databases are listed in Table 5.2. Together they help in profiling plant-derived 
secondary metabolites (such as phenolics) along the various stages in plant growth and 
physiology. They also provide indications on the distribution of phenolics in plant tissue and 
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the stage in plant growth where phenolic compounds are produced in maximum quantities 
with optimum bioactive potency. This knowledge is vital for determining when to harvest 
phenols from plants and giving guidance on suitable extraction and purification techniques to 
employ, as the data provide important biochemical properties.

4 Detection Methods for Plant Phenolic Compounds

As mentioned in Section 2, phenolic compounds are characterized by an aromatic ring 
structure with one or more hydroxyl substituents, and include relatively simple molecules, 
such as vanillin and more complex polyphenols, such as flavonoids and stilbenes 
(Cheynier, 2012). They have properties and contain functional groups that make them 
amenable to detection using numerous analytical methods. Well-established techniques, 
such as ultraviolet (UV)-visible absorption and fluorescence are routinely used for 
analysis of phenolics due to the presence of π-electrons and a fluorophore (Harris, 2010). 
Chemiluminescence and electrochemistry are also useful, as phenolics readily participate in 
redox-type reactions (Adcock et al., 2014a; Harris, 2010). Mass spectrometry is the method 
of choice for structural characterization of phenolic compounds, as it offers high selectivity 
and sensitivity required for analyzing complex plant samples (Dai and Mumper, 2010; 

Table 5.2: “Omic” technology platforms for plant studies.

Database Description Web Pages or References

Plant Metabolic Pathway 
Databases

Compounds and pathways involved 
in primary and secondary metabolites 
in plants

http://www.plantcyc.org/

Golm Metabolome Database Mass spectra of bioactive metabolites http://gmd.mpimp-golm.mpg.de/
Plant Metabolome Database Plant-derived secondary metabolites http://www.sastra.edu/scbt/

pmdb; Udayakumar et al. (2010)
Metabolomic Repository 
Bordeaux (MeRy-B)

1H-NMR metabolomic profiles http://services.cbib.u-bordeaux2.
fr/MERYB/

PlantMetabolomics.org Metabolomics data on 
Arabidopsis thaliana

http://plantmetabolomics.vrac.
iastate.edu/ver2/

TriCHOME Genes and metabolic pathway in plant 
trichomes, mass spectrometry-based 
metabolite profiles

http://www.planttrichome.org/
trichomedb/

Plant Metabolomics Resource Genomics, metabolomics, and 
transcriptomics resource for medicinal 
plants

http://www.metnetdb.org/PMR/; 
http://metnetdb.org/mpmr_
public/

Platform for RIKEN 
Metabolomics (PRIMe)

Metabolomics, transcriptomics, and 
analysis of other “omic” data

http://prime.psc.riken.jp/

McGill Metabolome Database Metabolome database for crops http://metabolomics.mcgill.ca/
Metabolome Tomato Database 
(Moto DB)

Mass spectrometry-based metabolic 
database for tomato

http://appliedbioinformatics.wur.
nl/moto/

Soybean Metabolome 
Database (SoyMetDB)

Soybean metabolomics http://soymetdb.org/
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Gross, 2010; Harris, 2010). NMR spectroscopy is a valuable tool to use in conjunction 
with mass spectrometry for the identification of bioactive phenolic compounds in new 
sources of natural products (Cheynier, 2012), as it helps validate mass spectrometry data 
without introducing ambiguity into the interpretation of results. Preceding each of these 
detection methods with a chromatographic separation aids in the resolution of analytes in 
complex sample matrices, and allows for quantitative and qualitative analysis of individual 
phenolics.

Spectrophotometric assays are an alternative detection method that provides a means 
to effectively estimate the total phenolic concentration of a plant sample (Dai and 
Mumper, 2010). These assays are characteristically simple, economical, and useful for rapid 
screening of large sample sets; however, they lack specificity, have higher detection limits, 
and have limited capability to perform quantitative analysis (Dai and Mumper, 2010).

As there is a range of analytical techniques capable of providing information about plant-
derived phenolic compounds, the method of choice will depend on availability of instruments, 
the sample form and complexity, and the practicality of performing a sample pretreatment 
procedure. Quantification of phenolics in plant extracts depends on the chemical nature of the 
analyte, availability of standards, and presence of interfering substances (Helmja et al., 2006). 
This section aims to summarize the most common and important methods for detection of 
phenolic compounds recently reported in the literature.

4.1 Separation Methods

High-performance liquid chromatography (HPLC) and gas chromatography (GC) continue 
to be the most widely utilized methods for separation of plant-derived phenolic compounds. 
HPLC enjoys widespread analytical utility for the ease of sample preparation and its ability 
to separate polar analytes of low volatility (Snyder et al., 2009). It is remarkably precise, 
almost universally applicable, and available in most laboratories (Snyder et al., 2009). 
Recent advances in HPLC relevant to the analysis of phenolics in plant samples include 
using ultrahigh-performance liquid chromatography (UHPLC) and two-dimensional HPLC 
(2D-HPLC).

UHPLC has proven to be a reliable tool offering rapid chromatography while giving 
suitable separation and sensitivity for performing multicomponent analysis (Huang 
et al., 2009). Separations performed with UHPLC are rapid compared to those undertaken 
using conventional HPLC, and it is suitable for coupling with UV absorbance and/or mass 
spectrometry detection. Recent applications involving plant samples have included the 
analysis of 14 individual phenolics in Chinese medicine (Du et al., 2010); 56 target phenols 
in wines, spirits, and vinegar (Barnaba et al., 2015); tracking of olive phenols during oil 
processing (Jerman Klen et al., 2015); and common phenolics and phenolics in food samples 
(Motilva et al., 2013; Nováková et al., 2010).
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Development of 2D-HPLC methods began after the maturation of HPLC, when it 
became apparent that one-dimensional separations could not solve the problems of 
critical importance where chemically complex sample matrices were involved (Guiochon 
et al., 2008). The advantage of 2D-HPLC lies with the combination of two different 
separation mechanisms, which provides superior peak capacity compared to single-
dimensional methods (Guiochon et al., 2008). Recent applications of 2D-HPLC have 
enabled the identification of more than 120 constituents in hemp, including 10 of the 
terphenolic secondary metabolites known as cannabinoids, using acidic potassium 
permanganate chemiluminescence detection and confirmed by mass spectral analysis 
(Pandohee et al., 2015). Other applications have harnessed the 2D-HPLC separation power 
for profiling phenolic compounds between varietals of apples (Montero et al., 2013), coffee 
(Holland et al., 2016), and in green teas (Kalili and de Villiers, 2010) using UV absorbance 
and/or mass spectrometry detection.

Gas chromatography readily allows for the separation of volatile phenolics in complex 
mixtures, and it is typically coupled with flame ionization detection (Gómez-Caravaca 
et al., 2010) or mass spectrometry (Gómez-Caravaca et al., 2010; Hernández et al., 2013; 
Pizarro et al., 2013; Tao and Zhang, 2010). Flame ionization detection is useful for 
analysis of a diverse range of organic compounds, including phenolics; it has a wide 
linear range and good sensitivity but does not provide the structural information available 
from gas chromatography-mass spectrometry (GC-MS) (Harris, 2010). Qualitative and 
quantitative analysis of phenolic acids, tannins, and flavonoids has been performed using gas 
chromatographic methods (Stalikas, 2007).

Capillary electrophoresis is a method of separating analytes using an electric field in 
narrow-bore capillaries (Harris, 2010). As the sample is injected as a narrow band and 
remains so due to electroosmotic flow, it provides rapid (faster than HPLC), highly efficient 
separations of both charged and neutral species (Anastos et al., 2005; Christian et al., 2014). 
Recently reported applications related to plant phenolics include use for determination of 
antioxidants and lignans (Dai and Mumper, 2010). Aside from the electrochemical means of 
detection detailed, later capillary electrophoresis has been coupled to mass spectrometry for 
determination of buckwheat antioxidants (Verardo et al., 2011) and lignans from perennial 
herbs using ultraviolet absorption (Yuan et al., 2011).

4.2 UV-Visible Absorbance

The UV detector is the most commonly used in HPLC, as many analytes of interest absorb 
ultraviolet light (Harris, 2010). The simplest forms employ the intense emission of a 
mercury lamp at 254 nm, while the more complex photo diode array detectors are capable of 
monitoring the spectrum of each analyte upon elution (Harris, 2010; Siddiqui et al., 2017). 
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UV absorbance is also favorable for use with the mobile phase gradients routinely employed 
in liquid chromatography, and is nondestructive toward analytes (Harris, 2010). However, 
its sensitivity is limited, as the signal is generated by measuring a small difference in a 
large amount of transmitted light (Christian et al., 2014). Nonetheless, the universality 
and the low cost of UV absorbance detectors make them a common choice to use as a 
reference technique, combined in series with more sensitive and selective methods, such as 
fluorescence, mass spectrometry, or chemiluminescence. These applications will be expanded 
upon later in the chapter.

Recent reports describing the use of UV absorbance as a stand-alone detector include 
those used for the analysis of phenolics in canola (Khattab et al., 2010), grapes and wine 
(Aznar et al., 2011; Fanzone et al., 2010; Gallego et al., 2011; Giuffrè, 2013; Pereira 
et al., 2010; Sabir et al., 2010; Wen et al., 2013; Zhang et al., 2013), traditional Mexican 
remedies (Mijangos Ricárdez et al., 2011), olives (Jerman Klen et al., 2015), pears (Morales 
et al., 2014), smoke from biomass (Rincón et al., 2011), Mexican beans (Reyes-Martínez 
et al., 2014), rosemary (Rodríguez-Rojo et al., 2012), teas (Bae et al., 2015), and other plants 
(Mariangel et al., 2013; Mariscal-Lucero et al., 2015).

4.3 Fluorescence

Fluorescence detectors are one of the most sensitive available for HPLC, as they measure the 
emission of photons against a zero background (Christian et al., 2014; Siddiqui et al., 2017). 
Provided that a compound or its products exhibit a significant quantum yield, the minimum 
detection limit of analytes may be reduced 10–1000 times when using a fluorescence detector 
compared to using UV-visible absorption (Wehry, 2012). Although most molecules do 
not fluoresce unless they are first derivatized (Christian et al., 2014; Harris, 2010; Siddiqui 
et al., 2017), the presence of multiple conjugated bonds and electron donating &OH group(s) 
in phenolic compounds favors fluorescent activity (Christian et al., 2014). Given the limited 
number of compounds with inherent fluorescence, useful selectivity is available between 
phenolic and nonphenolic compounds if the detector is used in parallel with UV absorbance 
(Wehry, 2012). The selectivity available is especially useful for distinguishing between 
closely eluting compounds after HPLC separations (Wehry, 2012). During chromatographic 
separations involving fluorescence detection, it is especially important to control the mobile-
phase pH, as the deprotonated forms of many compounds are not fluorescent (Christian 
et al., 2014). Recent applications for the fluorescence detection of plant-derived phenolic 
compounds include those found in virgin olive oil (Godoy-Caballero et al., 2012b,c), 
beverages, such as tea, mate, instant coffee, grape juices, wine, soft drinks, and energy drinks 
(Radovanovic et al., 2016; Rostagno et al., 2011; Stalmach et al., 2011), tobacco products 
(Dagnon et al., 2011; Schubert et al., 2014; Wu et al., 2012), liquors (Peng et al., 2013), and 
herbal products (Chen et al., 2012).
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4.4 Chemiluminescence

Certain redox reactions emit light at near-ultraviolet to near-infrared wavelengths, originating 
from the relaxation of electronically excited products (Adcock et al., 2014c). This is known 
as chemiluminescence, a well-established spectrometric branch of analytical chemistry 
where to a certain extent the emission intensity is relative to the reaction rate and reactant 
concentration (Garcıá-Campaña and Baeyens, 2001; Turner et al., 1980). For the emission 
to occur, sufficient energy is required to form the excited state of the emitter and induce 
the transition associated with the release of photons (Adcock et al., 2014b). Therefore, 
the reagents used for liquid-phase chemiluminescence are often strong oxidants, such as 
acidic potassium permanganate, which typically generates analytically useful light from the 
oxidation of phenolic compounds (Adcock et al., 2014b; Deftereos et al., 1993; Hindson 
and Barnett, 2001; Slezak et al., 2011). Another reagent, colloidal manganese(IV), has 
been shown to form the same emitting species as permanganate but emit light after reaction 
with a much wider range of analytes (Adcock et al., 2014d; Barnett et al., 2001; Smith 
et al., 2014). Benefits of chemiluminescence as a means of detection include relatively simple 
and inexpensive instrumentation, high sensitivity toward the target analytes, and capability 
of combining quantitation with assessments of molecular structure or bioactivity of sample 
components (Adcock et al., 2014b,c; Camenzuli et al., 2013; Francis and Adcock, 2011; 
Mnatsakanyan et al., 2010).

The high sensitivity of acidic potassium permanganate toward morphine, an opiate 
alkaloid containing a phenolic moiety, began its development as a reagent for widespread 
organic analysis (Abbott and Townshend, 1986; Abbott et al., 1986, 1987; Alwarthan 
and Townshend, 1986). Recent applications of permanganate chemiluminescence 
on plant samples include use for the determination polyphenols and tannins in wines 
(Bellomarino et al., 2009, 2010), citrus extracts (Percy et al., 2010), cannabinoids in hemp 
extracts (Holland et al., 2012; Pandohee et al., 2015), and the opiate alkaloids oripavine, 
normorphine, and naloxone (Adcock et al., 2011; Camenzuli et al., 2013; Holland 
et al., 2014).

Wider selectivity observed from the soluble manganese(IV) reagent often results in 
higher detection limits for phenolic and nonphenolic alkaloids compared to those 
observed using acidic potassium permanganate (Brown et al., 2007). However, this 
reagent is promising as there is greater capability to analyze multiple classes of analytes 
within a single chromatographic analysis, without the need to “tune” the reagent 
conditions to different phenolic classes (Adcock et al., 2014d; Terry et al., 2012). This 
reagent has recently been used for analysis of opiate alkaloids in the opium poppy 
(Smith et al., 2013, 2014) and for determination of the total phenolic content in both 
Cirsium palustre (L.) leaf extracts (Malejko et al., 2014) and plant-derived beverages 
(Nalewajko-Sieliwoniuk et al., 2010).
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4.5 Electrochemical Methods

Electrochemical detection offers high sensitivity and selectivity; however, it is not  
compatible with gradient elutions routinely used in HPLC (Harris, 2010; Petrus et al., 2011). 
There are two forms of electrochemical detectors: coulometric, which performs 100% 
electrolysis of compounds, and amperometric, which performs partial electrolysis (Petrus 
et al., 2011). Coulometric detectors fitted with multiple electrodes contain a series of 
electrochemical cells which enable for high selectivity during analysis, based on the redox 
characteristics and retention behaviour of each compound (Beňová and Hájek, 2010; 
Carmona et al., 2006; Guo et al., 1997; Horvai and Pungor, 1989; Meyer, 2010; Peyrat-
Maillard et al., 2000; Wittemer and Veit, 2003). This form of electrochemical detection has 
recently been used to analyze phenolic acids, white and red wines, meads, and Japanese 
knotweed roots, offering a rapid method of analysis with low consumption of solvents 
(Beňová and Hájek, 2010).

Amperometric detectors are more widely used as they generate less noise, resulting in higher 
sensitivity compared to coulometry. Recent applications using amperometric detectors 
include use for foods and beverages (Ricard et al., 2012), phenolic compounds in olive oil 
using microchip electrophoresis (Godoy-Caballero et al., 2012a), and phenols in Chinese 
medicines (Chu et al., 2010). Castañeda et al. (2013) have integrated amperometric detection 
onto a microchip with electrophoresis for determination of phenolic compounds in complex 
samples, while Moreno et al. (2011) developed a capillary electrophoresis system with carbon 
nanotube-modified electrodes. Cyclic voltammetry, a technique of choice for studying redox 
states of compounds (Kissinger and Heineman, 1983), has been applied to olive oil samples 
(Enache et al., 2013).

Novel forms of electrochemical detection have been demonstrated using functionalized 
nanoparticles as voltammetric sensors with electrocatalytic properties toward phenols in 
wines without interferences (Medina-Plaza et al., 2015). Another application utilized a gold 
screen printed electrode for total phenol detection in green and black teas, with the benefit 
of high throughput and good agreement with the Folin–Ciocalteau method (de Mattos and 
Zagal, 2010). A method reported by Nissim and Compton (2015) utilized a carbon paste 
electrode for sensitive detection of the cannabinoid tetrahydrocannabinol by absorptive 
stripping voltammetry, a useful technique for trace analysis (Taşdemir et al., 2010).

4.6 Mass Spectrometry

Over the preceding century, mass spectrometry has been developed into one of the most 
powerful analytical techniques available for characterization of complex samples, offering 
highly sensitive and selective mass detection (Christian et al., 2014). Both gas and liquid 
chromatography separations have been combined with mass spectrometry in recent years 
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for structural characterization and confirmation of different phenolic molecules (Dai 
and Mumper, 2010). Mass spectrometry is easily coupled to UV absorbance detectors to 
provide much greater information about a sample (Gross, 2010). Advancements in liquid 
chromatography toward UHPLC provide even more power for characterization than 
conventional HPLC, thanks to higher peak efficiency, better chromatographic resolution, 
and a reduction in matrix effects (Motilva et al., 2013). Furthermore, the superior separation 
power offered by 2D-HPLC provides high peak capacity and enhanced capability for the 
characterization of plant samples when combined with mass spectrometry (Guiochon 
et al., 2008).

Recent applications of mass spectrometry for analysis of phenolic compounds in plants 
include identification of anthocyanins in the huckleberry plant (Lee et al., 2004), analysis of 
wine (Barnaba et al., 2015; Greco et al., 2013; Jaitz et al., 2010; Tao and Zhang, 2010), olives 
(Talhaoui et al., 2015), cherries (Picariello et al., 2016), medicinal herbs (Chen et al., 2012; 
Ferreres et al., 2011; Inbaraj et al., 2010), eucalyptus (Boulekbache-Makhlouf et al., 2013), 
cashew nut oils (Gómez-Caravaca et al., 2010), juices (Pereira-Caro et al., 2014), tars from 
biomass (Hernández et al., 2013), apples (Montero et al., 2013), pears (Hudina et al., 2014b), 
peaches (Hudina et al., 2014a), berries (Gavrilova et al., 2011; Sariburun et al., 2010), and 
rice (Qiu et al., 2010). Of those applications using HPLC-MS, electrospray ionization (ESI) 
is the most common for converting analyte molecules into the gas phase. In comparison to 
other methods, ESI is valuable for ionization of large nonvolatile, chargeable molecules and 
serves well for small polar molecules (Cristoni and Bernardi, 2003). Being a soft chemical 
ionization technique, the spectra produced exhibit minor or no fragment ions, making 
ESI useful for determination of a molecular ion peak (Gross, 2010). Matrix-assisted laser 
desorption ionization (MALDI) is the second most commonly used ionization method among 
these methods and is particularly useful for obtaining useful mass spectra of biomolecules 
(Gross, 2010). The primary disadvantage of ESI and MALDI is their soft nature of ionization, 
as they provide little structural information (Christian et al., 2014).

The common mass analyzers for recent applications involving plant-based determination 
of phenolic compounds are time of flight (ToF) and ion trap. Charged ions are separated in 
a ToF analyzer based on their dispersion over time, while ion trap uses a radio frequency 
quadrupole to separate trapped ions by resonant excitation (Gross, 2010). Greater confidence 
in structural identification of plant phenolics can be obtained using tandem mass spectrometry 
(MS/MS), which uses consecutive mass spectrometry experiments on ions of interest to 
provide fragmentation patterns (Gross, 2010). MS/MS is of particular value because it allows 
the analyst to study the spectra of ionic products or precursors for selected ions. GC-MS is 
useful for separation of volatile mixtures, where the column eluate passes directly into an ion 
source before being transferred into the mass analyzer (Gross, 2010). Electron ionization is 
a hard form of ionization producing predominantly fragmentation spectra, and is the ideal 
technique for coupling to gas chromatography.
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4.7 Spectrometric Assays

Spectrometric assays are popular for carrying out quantitative estimates of either total or 
single classes of phenolics, as they are relatively simple to perform (Khoddami et al., 2013). 
They provide an economical means for carrying out rapid screening of samples; however, 
they lack specificity, can only provide estimations, and have higher detection limits than the 
aforementioned methods. The Folin–Ciocalteau method is the preferred and most widely 
used spectrometric assay for estimating the total phenolic content of a plant sample and is 
often compared with a separation step in order to verify results and performance (Dai and 
Mumper, 2010). Detection is performed by measuring the blue emission from a chemical 
reduction between a molybdenum-containing reagent and the phenolic analytes. However, the 
accuracy of this test is compromised by interferences from ascorbic acid, aromatic amines, 
and sugars (Box, 1983; Khoddami et al., 2013). Recent publications in the literature describe 
applying the Folin–Ciocalteau test alongside HPLC with UV absorbance for determination of 
phenolic compounds in rosemary (Rodríguez-Rojo et al., 2012), with HPLC-MS for analysis 
of cherry polyphenols (Picariello et al., 2016) and on its own for determination of phenols 
in mosses (Maciel-Silva and Santos, 2011), vegetables (Deng et al., 2013), cranberries 
(Lacombe et al., 2010), and medicinal plants (Yadav and Agarwala, 2011).

The Folin–Denis reagent is similar to the Folin–Ciocalteau method but has been less widely 
used in recent years. An application is reported describing detection of phenolic compounds 
in tree barks (Sartori et al., 2014). Other colorimetric methods include the use of aluminum 
chloride to determine total flavonoids (Fernandes et al., 2012); vanillin, bovine serum 
albumin, butanol-HCl, and dimethylaminocinnamaldehyde for proanthocyanidins (Naczk 
and Shahidi, 2004); and potassium iodate, rhodamine, and sodium nitrite for tannins (Dai and 
Mumper, 2010). Flavones and dihydroflavonols have been readily determined by monitoring 
their interaction with acidic 2,4-dinitrophenylhydrazine (Dai and Mumper, 2010). Other 
methods for determination of total phenolics include permanganate titration, colorimetry with 
iron salts, and ultraviolet absorbance; however, they all are susceptible to interference from 
readily oxidizable compounds (Dai and Mumper, 2010), which is why they are not further 
described in this chapter.

5 Health and Biotechnological Applications of Plant-Derived Bioactive 
Polyphenolic Compounds

The role of free radicals in human health is widely reported in the literature. While 
free radicals are necessary in the body for cellular redox signaling and homeostasis, 
overproduction of these species is associated with oxidative stress that leads to high 
incidences of diseases and metabolic disorders (Stajic et al., 2013). In plant physiology, 
phenolic compounds have acted as potent antioxidants for protection against oxidative 
stress. The parallel has been observed in animals, where the intake of dietary phenolic 
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compounds has been shown to reduce incidence of oxidative stress and related conditions, 
including chronic fatigue syndrome, neurodegenerative and cardiovascular diseases, and 
sickle-cell anemia (Arts and Hollman, 2005; Hertog et al., 1993, 1995). Other bioactive 
properties of phenolic compounds include anticarcinogenic, antiinflammatory, antiviral, 
and neuroprotective properties (Dajas, 2012; Li et al., 2016; Mittal et al., 2014; Parvathy 
et al., 2009; Quiñones et al., 2013). The health-promoting benefits of phenolic compounds 
in the olive component of Mediterranean diets have been acknowledged in several research 
studies (Carluccio et al., 2003; Cicerale et al., 2010; Psaltopoulou et al., 2004; Tuck 
and Hayball, 2002). Consequently, owing to their diverse health benefits, plant phenolic 
compounds have been a subject of intensive research (Martins et al., 2011). More than 
one class of phenolic compounds may be present in a plant, and this must be considered 
before concluding that a class has a specific bioactive property. Indeed, it is worth noting 
that the health benefits observed after the consumption of plant foods are not solely due 
to the action of one compound, but rather from the cointeraction and synergy between 
various phytochemicals (Liu, 2004). Table 5.3 shows the classes, subgroups, examples, 
and plant sources of these bioactive phenolic compounds. It is well known that in living 
systems these compounds may have synergistic effects; for instance, some grapes contain 
hydroxycynnamic acid derivatives (caffeic acid), tannins (monogalloyl glucose), flavanols 
(epicatechin, epicatechin gallate), ellagic acid and conjugates (ellagic acid xyloside ellagic 
acid rhamnoside), flavonols (kaempferol, myricetin rhamnoside), and stilbenes (resveratrol 
glucoside, trans-resveratrol), which are responsible for the bioactive properties of grapes and 
wines (Sandhu and Gu, 2010; Xia et al., 2010). Therefore, in this section discussions will be 
based on the health benefits and biotechnological applications of different classes of plant 
phenolic compounds.

5.1 Health Benefits of Phenolic Compounds
5.1.1 Protection against cardiovascular disease

The potential of plant phenolic compounds to protect against cardiovascular diseases has 
been widely attributed to their potent antioxidant and radical scavenging activities. These 
properties assist them in blocking the pathways to the onset of cardiovascular diseases by 
quenching reactive oxygen and nitrogen species that are capable of damaging lipoproteins 
(Quiñones et al., 2013). For instance, phenolic compounds, such as resveratrol and 
procyanidin can prevent oxidative damage to low-density lipoproteins (LDLs) and as a 
result stop the activation of inflammatory events and endothelial damage, the major causes 
of atherosclerosis (Morton et al., 2000). Numerous studies have shown that flavanols have 
protective effects against the oxidation of LDLs (Abe et al., 2011; Quiñones et al., 2013). 
Resveratrol, a member of the stilbenes, has also been reported to block LDL oxidation (Brito 
et al., 2009; Kim et al., 2010). A clinical study reported significant reduction in the levels of 
oxidized LDLs in diabetic patients given procyanidin supplements (Brito et al., 2009).
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Vasodilatory effects of phenolic compounds have been reported to contribute to their cardio-
protective properties (Quiñones et al., 2013). It has been shown that flavonoids help reduce 
the level of oxygen radicals that can destroy nitric oxide, a fundamentally important chemical 
compound for regulation of vascular tone (Quiñones et al., 2013). Also, phenolic compounds 
in wine have been found to induce endothelium-dependent relaxation via a calcium-
dependent mechanism (Dayoub et al., 2013; Li et al., 2000). Resveratrol, quercetin, and 
delphinidin were found to induce an increase in calcium concentration in endothelial cells, 
thereby making the cells relax (Dayoub et al., 2013; Quiñones et al., 2013) and blocking the 
onset of cardiovascular disease.

The antithrombotic effects of phenolic compounds have also been linked to their 
cardioprotective function. For instance, plant phenolics, such as anthocyanins, morin, 
chlorogenic acid, and resveratrol have been reported to inhibit platelet aggregation, thereby 
preventing the development of atherosclerosis (Hollman, 2001; Quiñones et al., 2013; 

Table 5.3: Classes of plant-based bioactive phenolic compounds.

Classes Subgroups Examples Plant/Dietary Sources References

Phenolic acids Hydroxybenzoic 
acid, 
hydroxycynnamic 
acid

Gallic acid, vanillic acid, 
syringic acid, caffeic acid, 
ferulic acid, p-coumaric 
acid, sinapic acid, quinic 
acid

Tea leaves, grapes 
(white or black 
skin), flax seed, 
black chokecherries, 
tomatoes

Liu (2013); Martins 
et al. (2011); 
Tangney and 
Rasmussen (2013); 
Ravber et al. (2015)

Stilbenes Resveratrol, 
pterostilbene, 
piceatannol

Grapes, blueberries, 
red wine

Guerrero et al. 
(2010); Mak et al. 
(2013); McFadden 
(2013); Paredes-
López et al. (2010)

Flavonoids Isoflavones, 
flavones, 
flavanones, 
flavanols, 
flavonols, 
anthocyanidins

Diadzein, daidzin, 
genistein, rutin, apigenin, 
luteolin, naringin, 
naringenin, catechin, 
epicatechin, kaempferol, 
quercetin, myricetin, 
cyanidin, malvidin

Soybeans, hazelnuts, 
oranges, celery, 
oregano, grapefruit, 
oranges, green tea, 
peaches, vinegar, 
grapes, apples, 
almonds, blueberries, 
grapes

Balasundram et al. 
(2006); Halvorsen 
and Blomhoff 
(2011); Liu (2013); 
Tangney and 
Rasmussen (2013)

Lignans Secoisolariciresinol, 
pinoresinol

Flaxseed, sesame seeds Satake et al. (2015); 
Wang et al. (2016)

Coumarins Coumarin Cinnamon Ballin and Sørensen 
(2014); Thada et al. 
(2013)

Tannins Condensed, 
hydrolyzable

Procyanidins, 
prodelphinidins, 
ellagitannins

Apples, grape seed 
and skin; grapes, red 
raspberries

Bartolomé et al. 
(2014); Jourdes 
et al. (2013)

Phenylethanoid Tyrosol, hydroxytyrosol, 
oleuropein

Olive leaf and oil Miralles et al. 
(2015)
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Taguchi et al., 2014). Their antithrombotic effect was attributed to their ability to inhibit 
cyclooxygenase and cyclic nucleotide phosphodiesterases, the enzymes responsible for 
synthesis of eicosanoids like thromboxane A2 (Quiñones et al., 2013; Taguchi et al., 2014). 
Dark chocolate, a dietary source of flavonoids, was found to lower platelet adhesion, 
induce vasodilation of coronary arteries, and improve coronary vascular function (Flammer 
et al., 2007; Khan et al., 2014).

5.1.2 Antiinflammatory and antitumor effects

Antiinflammatory and antitumor (benign tumor) properties of plant phenolic compounds 
have been widely studied, and they have been reported to inhibit proinflammatory molecules, 
such as tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), and C-reactive protein (CRP) 
(Leiro et al., 2010; Tangney and Rasmussen, 2013; Umesalma and Sudhandiran, 2010; 
Xie et al., 2011). An in vitro study on endothelial cells showed that resveratrol and its 
derivatives, polydatin and trans-3,5,4′-trimethoxystilbene, exhibit a potent inhibitory effect on 
inflammation-induced cell–cell adhesion, expression of adhesion molecules, and activation of 
the NF-κB pathway (Deng et al., 2011). Umesalma and Sudhandiran (2010) found that ellagic 
acid could hamper colonic inflammation through the intervention of the NF-κB pathway, hence 
decreasing the inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), TNF-
α, and IL-6. Hydroxytyrosol and olive oil extracts were found to diminish the secretion of 
inflammatory cytokines (IL-1α, IL-1β, IL-6, IL-12, TNF-α) and chemokines (CXCL10/IP-10, 
CCL2/MCP-1) (Richard et al., 2011). Anthocyanin and proanthocyanidin have been implicated 
in the inhibition of TNF-α and IL-6 by blueberries (Xie et al., 2011). Furthermore, biochanin A, 
an isoflavone found in red clover, cabbage, and alfalfa, has been reported to inhibit mammary 
tumor growth (Kole et al., 2011; Moon et al., 2008), while magniferin was reported as a potent 
antiinflammatory and antitumor polyphenol (Li et al., 2013; Yoshimi et al., 2001). Other plant-
derived polyphenols possessing antiinflammatory and antitumor properties include quercetin, 
delphinidin, coumarins, genistein, p-coumaric acid, myricetin, luteolin, curcumin, fisetin, ferulic 
acid, and apigenin, among others (Funakoshi-Tago et al., 2011; Ji et al., 2011; Kim et al., 2012; 
Pragasam et al., 2013; Rao et al., 2013; Wang et al., 2010a; Witaicenis et al., 2010, 2014).

5.1.3 Anticancer effects

For a compound to be adjudged as an “anticarcinogen,” it should be able to inhibit one of 
the four stages of cancer: initiation, promotion, progression, and metastasis (Hollman, 2001; 
Wattenberg, 1992). Some studies have shown that all stages of the cancer process can be 
modulated or inhibited by some plant phenolic compounds (Hollman, 2001; Kole et al., 2011). 
For instance, grape phenolic compounds can mitigate against DNA damage caused by a 
carcinogen (initiation stage) because of their radical scavenging activities (Aguiar et al., 2011; 
Apostolou et al., 2013; Hollman, 2001). Phenolic compounds can also stimulate the release of 
enzymes that can eliminate these carcinogens from the body (Hollman, 2001), thereby blocking 
the initiation stage. In a situation where the cancer process has proceeded to the second stage 
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(promotion stage), phenolic compounds may kill tumor cells that have developed by apoptosis 
(Fresco et al., 2010; Hollman, 2001), as exemplified by tea and grape phenolic compounds 
(Sharif et al., 2010; Singh et al., 2011; Thakur et al., 2012). The progression stage of cancer can 
be prevented by the ability of these compounds to inactivate prooxidant and signal transduction 
enzymes, such as xanthine oxidase, cyclooxygenase, and lipoxygenase, which promote 
rapid replication and proliferation of tumor cells (Amessis-Ouchemoukh et al., 2014; Choi 
et al., 2011; Hollman, 2001; Lin et al., 2012; Umesalma and Sudhandiran, 2010). Apigenin, for 
example, has been found to inhibit proliferation and induce apoptosis of tumor cells (Weng and 
Yen, 2012). The final stage, metastasis, involves the cancerous tumor cells growing very rapidly 
and causing destruction of surrounding tissues. For instance, caffeic acid was found to be 
responsible for the inhibition of mitogen-activated protein kinase (MAPK) and T-cell-originated 
protein kinase (TOPK), thereby suppressing colon cancer metastasis (Kang et al., 2011). 
Furthermore, quercetin and apigenin were found to inhibit the invasive and metastatic potential 
of murine melanoma B16-BL6 cells (Caltagirone et al., 2000; Weng and Yen, 2012). Other 
plant phenolic compounds with the potential to inhibit cancer invasion and metastasis are 
genistein, genistin, silibinin, anthocyanidins, luteolin, myricetin, tangeritin, kaempferol, 
glycitein, naringenin, licorricidin, and diadzein (Weng and Yen, 2012).

5.1.4 Plant phenolic compounds in herbal drugs and dietary supplements

Efforts to produce herbal drugs and dietary supplements from most medicinal plants have 
been encouraged by their link to reduced risk of disease and potent antimicrobial activity. 
Medicinal plants have attracted the attention of the US National Cancer Institute since the 
1960s, with efforts focused on finding potential anticancer drugs, given the lack of extremely 
effective treatments and the high cost of drugs derived from synthetic routes (Cai et al., 2004; 
Monks et al., 2002). Currently, China has the largest herbal medicine market in the world, 
and studies have shown that the majority of the herbs used with anticarcinogenic effects are 
rich in phenolic compounds (Cai et al., 2004).

Diosmin, a plant-based flavone popularly known as Daflon, is the most prominent plant 
phenolic compound sold as a prescription drug in some European countries. Daflon has a long 
history of use in countries like France, Germany, Italy, Switzerland, and Belgium for treating 
chronic venous insufficiency and hemorrhoidal diseases (Dholakiya and Benzeroual, 2011). 
It is also sold in the United States and some European countries as a dietary supplement. 
Nature’s Way is a major producer of herbal dietary supplements, and some of the Nature’s 
Way products, including green tea capsules and grape seed extracts, contain concentrated 
levels of phenolic compounds (60 and 95%, respectively). Other phenolic supplements on 
the market include quercetin, rutin, hesperidin, resveratrol, and hydroxytyrosol. The sale 
of these products is currently not under any regulations in the United States, as they are not 
recognized as drugs by the Food and Drug Administration (FDA); however, their use as 
herbal supplements is increasing.
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5.2 Biotechnological Applications of Phenolic Compounds
5.2.1 Plant phenolic compounds as food antioxidants

In recent years, there has been a surge in consumer interest for natural alternatives to 
additives used in food and drug formulations. In several parts of the world the use of 
synthetic compounds as food additives is losing patronage and consumer interest groups are 
demanding that food ingredients be sourced from natural origins. This paradigm is fueled 
by research showing that many synthetic ingredients used in food manufacturing processes 
are dangerous to human health. Concerns over the use of synthetic antioxidants, such as 
butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and butylhydroquinone 
(TBHQ) have been growing recently (Lobo et al., 2010; Stajic et al., 2013; Wanasundara 
and Shahidi, 1998), further driving the search for natural, potent, food-grade compounds. 
Although tocopherol may suffice as a viable alternative, its application is limited to foods 
without metal ions; otherwise, it may become a prooxidant (Afonso et al., 2016; Shahidi and 
Miraliakbari, 2005). As most synthetic antioxidants (BHT, BHA, TBHQ) are substituted 
phenolic compounds (Balasundram et al., 2006), phenolic compounds are emerging as viable 
alternatives.

Some plant phenolic compounds have been shown to be effective antioxidants in edible 
oils. For instance, fish oil and other oxidatively unstable oils rich in omega-3 and omega-6 
fatty acids (Akanbi and Barrow, 2015a,b; Akanbi et al., 2013, 2014) have been stabilized by 
rosemary and green tea extracts (Chen et al., 2014; Erdmann et al., 2015; Wanasundara and 
Shahidi, 1998). Dechlorophylized green tea extracts containing phenolic compounds were 
found to be more effective at stabilizing seal blubber and menhaden oil than BHA, BHT, 
and tocopherol (Wanasundara and Shahidi, 1998). Due to expensive nature of some pure 
plant-derived phenolic compounds, such as hydroxytyrosol, tyrosol, p-coumaric acid, and 
resveratrol, lipid conjugates of polyphenols have been synthesized and used for stabilizing a 
broad range of edible oils (Lucas et al., 2010; Medina et al., 2009b; Wang and Shahidi, 2013).

Plant phenolic compounds have also been found to be useful antioxidants in muscle-
derived foods. Tea catechins, hydroxytyrosol, rosemary extracts, and procyanindins 
have demonstrated effective retardation of lipid oxidation in muscle-based food products 
(Maqsood et al., 2014). Ferulic, caffeic, and tannic acids have been used to prevent minced 
fish oxidation during iced storage (Maqsood and Benjakul, 2010). It has also been found that 
tannic acids display a strong effect retarding lipid oxidation and metmyoglobin production 
in refrigerated tuna slices (Thiansilakul et al., 2013). Caffeic acid has been reported to be a 
highly potent antioxidant against lipid oxidation in frozen minced horse mackerel muscle 
during cold storage (Medina et al., 2009a), and its ability to prevent oxidation in diverse lipid 
matrixes has also been confirmed elsewhere (Maqsood et al., 2014). The synergistic effect of 
caffeic acid and catechin in preventing fish muscle oxidation has also been reported (Medina 
et al., 2007); they significantly slowed the development of off-flavor as well as the production 
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of peroxides and thiobarbituric acid reactive substances (TBARS) (Maqsood et al., 2014; 
Medina et al., 2007). Elsewhere, tea catechins were found to significantly retard oxidation of 
fresh meats, poultry, and fish muscles compared to alpha-tocopherol, despite being applied 
at the same amount (300 mg/kg) (Tang et al., 2001). These examples highlight that the high 
antioxidant properties of plant phenolic compounds are due to their potent radical scavenging 
activities (Aguiar et al., 2011; Apostolou et al., 2013; Hollman, 2001).

5.2.2 Plant phenolic compounds as antimicrobial agents

Studies have shown that some plant phenolic compounds have both antibacterial and 
antifungal properties that make them suitable for use in functional food development 
and as preservatives. For instance, myricetin was found to inhibit the growth of all lactic 
acid bacteria from human gastrointestinal tract flora and some Escherichia coli species 
(Puupponen-Pimiä et al., 2001). Another study found that oleuropein, caffeic, protocatechuic, 
p-hydroxy benzoic, and vanillic acids inhibited the growth of E. coli, Klebsiella pneumoniae, 
and Bacillus cereus (Aziz et al., 1997). The ability of these phenolic compounds to inhibit 
the growth of saprotrophic and pathogenic fungi has also been reported. The growth 
of Aspergillus flavus and Aspergillus parasiticus, as well as their aflatoxin production, 
was completely inhibited by vanillic, caffeic, protocatechuic, p-hydroxy benzoic, and 
p-coumaric acids, and oleuropein (Aziz et al., 1997). It is interesting to note that plant 
extracts with multiple phenolic compounds, such as grapefruit (with more than 10 phenols) 
may have unusually high antibacterial and antifungal functions due to the synergistic and 
complementary effects. Plant phenolic compounds present in olive leaf extracts were also 
found to significantly inhibit some microorganisms responsible for respiratory tract and 
intestinal infections in humans (Pereira et al., 2007). Therefore, plant phenolic extracts are 
potential antimicrobial agents for food, drug, and cosmetic products, and may also serve as 
natural remedies for use against some antibiotic-resistant bacteria.

6 Concluding Remarks

Owing to a number of health benefits, the extraction and the utilization of phenolic 
compounds from plants and their by-products are increasingly attracting interest from 
researchers, manufacturers, and consumers. This chapter has provided an overview of the 
entire process of extraction, detection, and characterization of plant polyphenolic compounds. 
Their health and biotechnological applications were also discussed.

The extraction of phenolics using the traditional solvent extraction method is still the most 
widely used technique by far due to the economic viability of solvents and the recoverability 
of the obtained polyphenolic compounds. Resin adsorption is becoming a widely adopted 
alternative because of its low cost, ease of operation, and universality. Use of molecularly 
imprinted polymers for the extraction of phenols is also gaining wide acceptance. When 
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selecting an extraction technique for food, pharmaceutical, or cosmetic applications, it is 
important to avoid the use of organic solvents because of toxicity issues. Consequently, 
pressurized fluid-mediated extraction techniques, such as SFE, SCWE, and HHPP have 
been successfully developed as “green, environmentally friendly options for extraction” 
and may be widely used in the future, provided their high capital and operation costs can 
be justified. Moreover, bioinformatics and “omic” tools have been developed to indicate 
the distribution of phenolics in the tissue during the plant growth, in order to provide 
information on the appropriate extraction and purification techniques to be employed. After 
the extraction, a number of analytical methods, including UV absorbance, fluorescence 
analysis, chemiluminescence, electrochemical methods, and mass spectrometry, coupled 
to a chromatographic separation, can be used for quantitative and qualitative analysis. The 
choice of detection method is influenced by cost, availability, and the required sensitivity for 
each application. UV absorbance is by far the most universally used method; when coupled 
to HPLC there are π electrons in the ring structure of phenolics. Fluorescence is also very 
popular with HPLC due to the presence of a fluorophore and its superior detection limits 
compared to other methods. Mass spectrometry coupled to GC or HPLC offers the best 
selectivity, high sensitivity, and the power to identify or confirm the presence of phenolics in 
complex plant samples. Furthermore, spectrometric assays, including the Folin–Ciocalteau 
test, are useful for screening large sample sets rapidly and cost effectively for their total 
phenolic content without the need for chromatography.

A large number of studies involving in vitro and in vivo systems have shown that plant-
derived phenolic compounds can potentially help in the prevention of cardiovascular diseases 
and cancer. A broad range of these compounds have also been found to possess potent 
antiinflammatory and antitumor activities. They are generally nontoxic and are abundantly 
present in an array of foods in the human diet, such as fruits and vegetables and in beverages, 
such as, tea and wine. Their intake has helped in reducing the incidence of oxidative stress 
and chronic fatigue syndrome. The potent antioxidant and antimicrobial activities of plant-
derived phenolic compounds have made them very useful in functional food development 
and in other biotechnological applications. A broad range of these polyphenols has potent 
antioxidant properties in edible oils and other oil-containing foods. They have also been 
found to be effective inhibitors of some infectious microorganisms in the human respiratory 
tract and intestine. These beneficial properties have led to an increase in the development of 
herbal drugs and dietary supplements containing high levels of phenolic compounds.

References
Abbott, R.W., Townshend, A., 1986. The chemiluminescence determination of drugs. Anal. Proc. 23, 25–26. 
Abbott, R.W., Townshend, A., Gill, R., 1986. Determination of morphine by flow injection analysis with 

chemiluminescence detection. Analyst 111, 635–640. 
Abbott, R.W., Townshend, A., Gill, R., 1987. Determination of morphine in body fluids by high-performance 

liquid chromatography with chemiluminescence detection. Analyst 112, 397–406. 



Bioprocessing of Plant-Derived Bioactive Phenolic Compounds 165

Abboud, J.-L.M., Notario, R., 1999. Critical compilation of scales of solvent parameters. Part I. Pure,  
non-hydrogen bond donor solvents—technical report. Pure Appl. Chem. 71, 645–718. 

Abe, R., Beckett, J., Nixon, A., Rochier, A., Yamashita, N., Sumpio, B., 2011. Olive oil polyphenol oleuropein 
inhibits smooth muscle cell proliferation. Eur. J. Vasc. Endovasc. 41, 814–820. 

Adcock, J.L., Barrow, C.J., Barnett, N.W., Conlan, X.A., Hogan, C.F., Francis, P.S., 2011. Chemiluminescence and 
electrochemiluminescence detection of controlled drugs. Drug Test. Anal. 3, 145–160. 

Adcock, J.L., Barnett, N.W., Barrow, C.J., Francis, P.S., 2014a. Advances in the use of acidic potassium 
permanganate as a chemiluminescence reagent: a review. Anal. Chim. Acta 807, 9–28. 

Adcock, J.L., Barnett, N.W., Francis, P.S., 2014b. Chemiluminescence | liquid phase. In: Reedijk, J. (Ed.-in-Chief), 
Reference Module in Chemistry, Molecular Sciences and Chemical Engineering. Elsevier, Amsterdam, 
Netherlands.

Adcock, J.L., Barnett, N.W., Francis, P.S., 2014c. Chemiluminescence | overview. In: Reedijk, J. (Ed.-in-Chief), 
Reference Module in Chemistry, Molecular Sciences and Chemical Engineering. Elsevier, Amsterdam, 
Netherlands.

Adcock, J.L., Smith, Z.M., Barnett, N.W., Barbante, G.J., Doeven, E.H., Francis, P.S., 2014d. A review of recent 
advances in chemiluminescence detection using nano-colloidal manganese(IV). Anal. Chim. Acta 848, 1–9. 

Afonso, C., Bandarra, N.M., Nunes, L., Cardoso, C., 2016. Tocopherols in seafood and aquaculture products. Crit. 
Rev. Food Sci. Nutr. 56, 128–140. 

Agalias, A., Magiatis, P., Skaltsounis, A.-L., Mikros, E., Tsarbopoulos, A., Gikas, E., Spanos, I., Manios, T., 2007. 
A new process for the management of olive oil mill waste water and recovery of natural antioxidants. J. 
Agric. Food Chem. 55, 2671–2676. 

Agbangnan, P.C., Tachon, C., Dangou, J., Chrostowska, A., Fouquet, E., Sohounhloue, D.C.K., 2012. Optimization 
of the extraction of sorghum’s polyphenols for industrial production by membrane processes. Res. J. Recent 
Sci. 1, 1–8. 

Agudelo-Romero, P., Erban, A., Sousa, L., Pais, M.S., Kopka, J., Fortes, A.M., 2013. Search for transcriptional and 
metabolic markers of grape pre-ripening and ripening and insights into specific aroma development in three 
Portuguese cultivars. PLoS One 8, e60422. 

Aguiar, O., Gollücke, A.P.B., De Moraes, B.B., Pasquini, G., Catharino, R.R., Riccio, M.F., Ihara, S.S.M., Ribeiro, 
D.A., 2011. Grape juice concentrate prevents oxidative DNA damage in peripheral blood cells of rats 
subjected to a high-cholesterol diet. Br. J. Nutr. 105, 694–702. 

Agyei, D., Potumarthi, R., Danquah, M.K., 2013. Production of lactobacilli proteinases for the manufacture of 
bioactive peptides: part II—downstream processes. Marine Proteins and Peptides. John Wiley & Sons, Ltd, 
Hoboken, New Jersey, United States. 

Agyei, D., Shanbhag, B.K., He, L., 2015. Enzymes for food waste remediation and valorisation. In: Yada, 
R.Y. (Ed.), Improving and Tailoring Enzymes for Food Quality and Functionality. Woodhead Publishing, 
Cambridge, UK; MA, USA; Kidlington, UK, (Chapter 6). 

Ahmed, Z.M., Lyne, S., Shahrabani, R., 2000. Removal and recovery of phenol from phenolic wastewater via ion 
exchange and polymeric resins. Environ. Eng. Sci. 17, 245–255. 

Akanbi, T.O., Barrow, C.J., 2015a. Lipase-catalysed incorporation of EPA into emu oil: formation and 
characterisation of new structured lipids. J. Funct. Foods 19, 801–809. 

Akanbi, T.O., Barrow, C.J., 2015b. Lipid profiles, in vitro digestion and oxidative stability of mutton bird oil. J. 
Food Sci. Technol. 53 (2), 1230–1237. 

Akanbi, T.O., Adcock, J.L., Barrow, C.J., 2013. Selective concentration of EPA and DHA using Thermomyces 
lanuginosus lipase is due to fatty acid selectivity and not regioselectivity. Food Chem. 138, 615–620. 

Akanbi, T.O., Sinclair, A.J., Barrow, C.J., 2014. Pancreatic lipase selectively hydrolyses DPA over EPA and DHA 
due to location of double bonds in the fatty acid rather than regioselectivity. Food Chem. 160, 61–66. 

Al-Farsi, M., Alasalvar, C., Morris, A., Baron, M., Shahidi, F., 2005. Comparison of antioxidant activity, 
anthocyanins, carotenoids, and phenolics of three native fresh and sun-dried date (Phoenix dactylifera L.) 
varieties grown in Oman. J. Agric. Food Chem. 53, 7592–7599. 

Ali, I., Asim, M., Khan, T.A., 2012. Low cost adsorbents for the removal of organic pollutants from wastewater. J. 
Environ. Manag. 113, 170–183. 



166 Chapter 5

Aliakbarian, B., Fathi, A., Perego, P., Dehghani, F., 2012. Extraction of antioxidants from winery wastes using 
subcritical water. J. Supercrit. Fluids 65, 18–24. 

Allouche, N., Fki, I., Sayadi, S., 2004. Toward a high yield recovery of antioxidants and purified hydroxytyrosol 
from olive mill wastewaters. J. Agric. Food Chem. 52, 267–273. 

Alu’datt, M.H., Alli, I., Ereifej, K., Alhamad, M., Al-Tawaha, A.R., Rababah, T., 2010. Optimisation, 
characterisation and quantification of phenolic compounds in olive cake. Food Chem. 123, 117–122. 

Alwarthan, A.A., Townshend, A., 1986. Chemiluminescence determination of bufrenorphine hydrochloride by 
flow injection analysis. Anal. Chim. Acta 185, 329–333. 

Amessis-Ouchemoukh, N., Madani, K., Falé, P.L., Serralheiro, M.L., Araújo, M.E.M., 2014. Antioxidant capacity 
and phenolic contents of some Mediterranean medicinal plants and their potential role in the inhibition of 
cyclooxygenase-1 and acetylcholinesterase activities. Ind. Crop. Prod. 53, 6–15. 

Anastos, N., Barnett, N.W., Lewis, S.W., 2005. Capillary electrophoresis for forensic drug analysis: a review. 
Talanta 67, 269–279. 

Andre, C.M., Hausman, J.F., Guerriero, G., 2016. Cannabis sativa: the plant of the thousand and one molecules. 
Front. Plant Sci. 7. 

Apostolou, A., Stagos, D., Galitsiou, E., Spyrou, A., Haroutounian, S., Portesis, N., Trizoglou, I., Hayes, A.W., 
Tsatsakis, A.M., Kouretas, D., 2013. Assessment of polyphenolic content, antioxidant activity, protection 
against ROS-induced DNA damage and anticancer activity of Vitis vinifera stem extracts. Food Chem. 
Toxicol. 61, 60–68. 

Arts, I.C., Hollman, P.C., 2005. Polyphenols and disease risk in epidemiologic studies. Am. J. Clin. Nutr. 81, 
317S–325S. 

Awasthi, P., Mahajan, V., Rather, I.A., Gupta, A.P., Rasool, S., Bedi, Y.S., Vishwakarma, R.A., Gandhi, S.G., 2015. 
Plant omics: isolation, identification, and expression analysis of cytochrome P450 gene sequences from 
Coleus forskohlii. OMICS 19, 782–792. 

Aziz, N., Farag, S., Mousa, L., Abo-Zaid, M., 1997. Comparative antibacterial and antifungal effects of some 
phenolic compounds. Microbios 93, 43–54. 

Aznar, Ò., Checa, A., Oliver, R., Hernández-Cassou, S., Saurina, J., 2011. Determination of polyphenols in wines 
by liquid chromatography with UV spectrophotometric detection. J. Sep. Sci. 34, 527–535. 

Bae, I.K., Ham, H.M., Jeong, M.H., Kim, D.H., Kim, H.J., 2015. Simultaneous determination of 15 phenolic 
compounds and caffeine in teas and mate using RP-HPLC/UV detection: method development and 
optimization of extraction process. Food Chem. 172, 469–475. 

Balasundram, N., Sundram, K., Samman, S., 2006. Phenolic compounds in plants and agri-industrial by-products: 
antioxidant activity, occurrence, and potential uses. Food Chem. 99, 191–203. 

Ballin, N.Z., Sørensen, A.T., 2014. Coumarin content in cinnamon containing food products on the Danish market. 
Food Control 38, 198–203. 

Barnaba, C., Dellacassa, E., Nicolini, G., Nardin, T., Malacarne, M., Larcher, R., 2015. Identification and 
quantification of 56 targeted phenols in wines, spirits, and vinegars by online solid-phase extraction—
ultrahigh-performance liquid chromatography—quadrupole-orbitrap mass spectrometry. J. Chromatogr. A 
1423, 124–135. 

Barnett, N.W., Hindson, B.J., Lewis, S.W., Jones, P., Worsfold, P.J., 2001. Soluble manganese(IV): a new 
chemiluminescence reagent. Analyst 126, 1636–1639. 

Bartolomé Sualdea, B., Monages Juan, M., Garrido Lafuente, I., Lebrón Aguilar, R., Gómez-Cordovés de la Vega, 
M.C., Quintela Fernandez, J.C., García, De La Fuente, E., Jara García-Navas, A., 2014. Phenolic extracts 
of almond peel containing procyanidins, propelargonidins, and prodelphinidins, and method for preparation 
thereof. Google Patents.

Barwick, V.J., 1997. Strategies for solvent selection—a literature review. TrAC Trends Anal. Chem. 16, 293–309. 
Beker, U., Ganbold, B., Dertli, H., Gülbayir, D.D., 2010. Adsorption of phenol by activated carbon: influence of 

activation methods and solution pH. Energy Convers. Manag. 51, 235–240. 
Bellomarino, S.A., Conlan, X.A., Parker, R.M., Barnett, N.W., Adams, M.J., 2009. Geographical classification 

of some Australian wines by discriminant analysis using HPLC with UV and chemiluminescence detection. 
Talanta 80, 833–838. 



Bioprocessing of Plant-Derived Bioactive Phenolic Compounds 167

Bellomarino, S.A., Parker, R.M., Conlan, X.A., Barnett, N.W., Adams, M.J., 2010. Partial least squares 
and principal components analysis of wine vintage by high performance liquid chromatography with 
chemiluminescence detection. Anal. Chim. Acta 678, 34–38. 

Beltran, A., Borrull, F., Marcé, R.M., Cormack, P.A.G., 2010. Molecularly-imprinted polymers: useful sorbents 
for selective extractions. TrAC Trends Anal. Chem. 29, 1363–1375. 
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1 Introduction

Carotenoids are the most common terpenoid pigments, which are biosynthesized in nature. 
These natural pigments, are considered interesting due to their variety, multiple functions, 
and attractive properties. Epidemiologic documents and experimental results show that 
carotenoids that enter the body through diet (food) can prevent (the beginning of) many 
diseases because they inhibit free radicals.

2 Chemical Structure

Carotenoids comprise a group of structurally related colorants that are mainly found in 
plants, algae, and several lower organisms. Nature produces around 108 tons/year of 
carotenoids. Most of them are found in marine algae and green leaves. At present, about 
600 carotenoid compounds have been identified. Their basic structure is a symmetrical 
tetraterpene skeleton, formed by head-to-tail condensation of two C20 units, which is 
modified by cyclization, addition, elimination, rearrangement, and substitution, as well as 
oxidation (Sikorski, 2007).

Carotenes, which are pure polyene hydrocarbons, contain only carbon and hydrogen atoms, 
including acyclic lycopene and bicyclic β-, α-, and γ-carotene (Sikorski, 2007).
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Carotenoids contain a system of conjugated double bonds that influence their physical, 
biochemical, and chemical properties. In principle, each of the polyene chain double bonds 
could exist in a cis- or trans-conformation, thus creating a number of isomers. In practice, 
however, only a few isomers exist. The reason for this is steric hindrance, making cis isomers 
less stable than the trans form. Thus, the vast majority of natural carotenoids are in the all-
trans configuration.

The carotenoids owe their characteristic yellow, orange, or red colors to the absorption of 
light in the 400–500 nm range as a result of the presence of the chromophore of conjugated 
double bonds. At least seven conjugated double bonds are needed to create the yellow color. 
The increase in the number of double bonds results in a shift of the major adsorption band to 
the longer wavelength (Delgado-Vargas and Paredes-Lopez, 2003).

3 Medical Applications

Carotenoids are ubiquitous components of edible fruits and vegetables and represent an 
important group of potential chemopreventive agents. In this regard, the most extensively 
studied carotenoid has been β-carotene, which has provitamin A activity. However, other 
carotenoids, such as lycopene, do not have provitamin A activity but show a higher potential 
to suppress experimental carcinogenesis. Carotenoids are thought to reduce the damage 
caused by free radicals to cell membranes and associated receptors, modulate cell immune 
responses, and inhibit initiated tumor cells (Baer-Dubowska et al., 2006).
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Free radicals have an important role in preventing disease initiation and propagation of some 
diseases, such as arteriosclerosis, cataracts, multiple sclerosis, and probably more important 
role in cancers development (De Spirt et al., 2016; Manayi et al., 2016; Peto, 2015; Robertson 
et al., 2014; Tropea et al., 2013). Carotenoids have diverse biological functions and actions, 
the most important of which are summarized in the next sections: antioxidant, cancer-
preventing effect, cell communication, immune function enhancers, UV skin protection and 
macula protection (Sikorski, 2007).

In addition, the availability of various natural carotenoids has led to revised microorganisms 
as their sources (Solovchenko, 2015; Issa et al., 2016; Kim et al., 2016; Sowmya and 
Sachindra, 2015).

4 Biosynthesis of Carotenoids

Microorganisms produce and accumulate carotenoids as a part of their response to different 
environmental stresses. Also, in some microalgae, carotenoids act as light quencher and 
photoprotector. Some carotenoid synthesizers like the yeasts Rhodotorula are classified due to 
their carotenoids (Moliné et al., 2013).

In 1963 the production of β-carotene from Blakeslea trispora fungus (with high performance) 
was reported, but later this achievement was abandoned because it could not compete with 
industrial production (Ciegler et al., 1963). After some decades, the carotenoid production 
from microorganisms has again attracted researchers’ attention due to the increasing 
public awareness of food additives and the ability of green microalgae protozoa (such as 
Haematococcus, Muriellopsis, and Dunaliella) as the source of carotenoids. Various types 
of microorganisms, such as green microalgae protozoa, fungi, and bacteria have been 
reported as carotenoid producers, but only some of them have been applied to commercial 
terms (Solovchenko, 2015; Heider et al., 2014; Issa et al., 2016). Improving the efficiency of 
microorganism biosynthesis can lead to increase carotenoids production.

Carotenoid production can be controlled via the involved enzymes and also final carbon flux 
into the production system, apart from the culture conditions. Therefore, increasing their 
production can be achieved by changing these enzymes activity and also through the molecules, 
which are dependent on the production (Comas et al., 2016; Ledetzky et al., 2014; Song 
et al., 2013). Modifying the metabolism networks by the help of recombinant DNA technology 
has allowed the noncarotenogenic microorganisms to be capable of producing carotenoids.

Recently, several species of carotenogenic microorganisms, such as Candida utilis, 
Escherichia coli, Saccharomyces cerevisiae, and Zymomonas mobilis have been studied 
(Bahieldin et al., 2014; Comas et al., 2016; Martin et al., 2003; Mata-Gómez et al., 2014; 
Nam et al., 2013; Varela et al., 2015; Wang et al., 2013). The process of carotenoid production 
from these microorganisms has been investigated (Sowmya and Sachindra, 2015). In this 
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case, the production of lycopene from genetically modified E. coli has been described in 
detail (Chen et al., 2013). But there are some practical obstacles along this way, such as the 
lack of sufficient precursors and the limitation in capabilities of carotenoid storage, which 
prevent using these microorganisms in commercial production.

Nowadays, a number of solutions have been proposed to overcome these obstacles 
(Kim et al., 2016). In order to achieve the simple and effective assessment of carotenoid 
production, microorganisms can be added to the medium and the medium’s conditions can be 
modified both internally and externally at the same time. For instance, the details of various 
stimulus effects on β-carotene produced by B. trispora and Phycomyces blakesleeanus under 
the optimum fermentation conditions, have been studied (Alcalde et al., 2016; De Carvalho 
et al., 2013; Wang et al., 2015a).

By developing researches about carotenoids, it also has been reported that some stimulus 
in the environment and medium improve carotenoid production. The aim of this study is to 
review the optimization in culture and growth conditions of carotenogenic microorganisms, 
which affect the amount of produced carotenoid significantly.

5 Optimization of Culture Conditions for Carotenogenic Microorganisms
5.1 Carbon Resource Optimization

Carbon is not only a component of the cell structure, but also it is a source of energy for 
the microorganism’s metabolism. Carbon is the main part of the cell that is also used as an 
energy source. Carbon as a cell material constitutes approximately 50% of the bacteria and 
fungi dry weight. The range of carbon sources for bacteria growth is very extensive. One of 
the major reasons is that carbon compounds produced in nature are biodegradable. Numerous 
articles indicate that most carbon compounds used in researches relate to the production of 
carotenogenic microorganisms and carbohydrates (mono-, di-, and polysaccharides). The best 
carbon source for producing the highest amount of carotenoids is mentioned in the different 
articles. For example, Amado and Vázquez (2015) reported that xylose resulted in the highest 
volumetric concentration of astaxanthin in Xanthophyllomyces dendrorhous. Whereas 
Kim mentioned that glucose is the best carbon source to achieve the maximum amount 
of astaxanthin. In this study, maltose, lactose, and galactose showed the lowest impact on 
astaxanthin concentration (Kim et al., 2006a). Another study showed that coconut fruit syrup 
has a better effect on the production of astaxanthin by X. dendrorhous than other natural 
carbon sources (Domínguez-Bocanegra, 2012).

Cruz and Parajó (1998) found that the medium obtained by hydrolysis of hemicellulose 
from eucalyptus wood has a higher potential in carotenoid production from X. dendrorhous 
compared to commercial sugars. The use of molasses (containing 50% weight–volume 
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sucrose) showed that at concentrations above 5%, the efficiency of cell mass and carotenoid 
production in X. dendrorhous decreases (Gharibzahedi et al., 2014).

Also, many studies have been done on carotenoid production by Rhodotorula. Asker et al. 
(2012) introduced sucrose as the best carbon source to get the highest amount of carotenoids 
in Rhodotorula mucilaginosa (Dalal et al., 2012). The optimum concentration of sucrose 
was 20 g/L. Also, it was reported that the highest speed of carotenoid formation and 
production observed in media containing sucrose and it reached to the maximum amount, 
(respectively 3.5 mg/g·h and 89 mg/L) at the initial concentration of sucrose 20 g/L. In 
the marine yeast Rhodotorula hidai, sucrose is the best carbon source for cell growth and 
carotenoid production (Li et al., 2007). At the presence of 2% sucrose, the maximum amount 
of carotenoids (13.77 mg/L) was obtained. Sugarcane and sugar beet molasses contain high 
amounts of sucrose for yeast growth, therefore, the molasses can be used by the yeast as 
a raw material for carotenoid production. The best sucrose concentration for carotenoid 
production by yeast was 4%. Also, in relation to the byproducts of agro-industrial origin, 
Buzzini and Martini have studied the carotenoid production from Rhodotorula glutinis 
strains by using the raw materials of agro-industrial origin (grape must, glucose syrup, sugar 
beet molasses, soybean flour extract, maize flour extract). The maximum efficiency of total 
carotenoids (5.95 mg/L) in grape must medium was obtained as the carbon source (Buzzini 
and Martini, 2000).

Aksu and Eren (2007) concluded that in the comparison of different carbon sources include 
glucose, molasses, sucrose, and whey lactose for carotenoid production by R. glutinis, the 
highest concentration of carotenoids can be achieved in presence of 20 dg/L of sucrose syrup. 
But Sporobolomyces ruberrimus had the highest growth rate in presence of glucose, whereas 
the maximum concentration of carotenoids was observed in presence of glycerol as carbon 
source (Nasri Nasrabadi and Razavi, 2011; Razavi et al., 2007).

Simultaneous cultivation of lactose negative R. rubra and homofermentative Lactobacillus in 
lactose (from Cheese Whey Ultrafiltrate) showed that carotenoid production by the R. rubra 
strain can produce high levels of β-carotene (64.6% of total carotenoids) and 10.7 of Turulen 
and 36.9% of Turularhordyn (Frengova and Beshkova, 2009). Apart from common sources 
of carbon, CO2 can be used as a carbon source. In an interesting study, intercroppings of 
green algae Haematococcus pluvialis and Phaffia rhodozyma (two microorganisms capable 
of producing high levels of astaxanthin) were used to stabilize CO2 in microbial fermentation 
(Du et al., 2016a). CO2 emissions from red yeast P. rhodozyma was stabilized by H. 
pluvialis in photosynthesis simultaneously, whereas O2 produced by this green algae during 
photosynthesis stimulates the formation of astaxanthin in red yeast P. rhodozyma. As a result, 
the concentration of astaxanthin and cell mass increased significantly in comparison with the 
pure cultures of the two mentioned species. The plan used in the culture creates a new way to 
improve the efficiency of bioproducts with higher established CO2.
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In carotenogenic bacteria, glucose and fructose represented the greatest effect on production 
of canthaxanthin and Dietzia natronolimnaea growth (Ravaghi et al., 2016). Although sucrose 
and mannose have a significant effect on canthaxanthin production, glucose and fructose as 
other carbon sources showed noticable differences between the amounts of cell mass, total 
carotenoid, and canthaxanthin production.

5.2 Light Condition Optimization

Carotenoids accumulation and production in algae, fungi, and bacteria are significantly 
affected by (radiation of) white light. But the intensity and method of the light radiation 
varies with the type of microorganisms. Apart from the increase or decrease of light intensity 
and duration, which lead to higher efficiency, there are two aspects of the theory about light 
stimulation. The first one is carotenoid volume production (mg/L) that is directly related 
to the optimum growth of the microorganisms (Fu et al., 2013). Therefore, light plays an 
important role as the stimulant of carotenoid production. The other aspect that increases the 
carotenoid accumulation (mg/g) is related to the increasing enzymatic activity in biological 
production of carotenoids. In this case, the evaluation of enzyme activity is important due to 
its relative relation with white light as stimulant. For example, microalgae Dunaliella sp., a 
photoautotroph carotenogenic, needs intense light with salt tension and nutrient restriction 
for biosynthesis and growth of carotenoid (Davidi et al., 2014; Harari et al., 2013). There 
are some reports that show that the light intensity changes in the presence of organic and 
inorganic chemical stimulants plays an important role in improving carotenoid production 
in Dunaliella.

By increasing the light intensity gradually, 50–1250 µmol photon/m2·s, the accumulation 
of β-carotene will increase (Mushir et al., 2014). Also, astaxanthin accumulation enhancing 
in H. pluvialis in the presence of high light intensity and iron salts was observed (Wan 
et al., 2014). In other cases, like Rhodotorula, continuous light radiation is highly desirable 
to produce astaxanthin. H. pluvialis shows a notable growth in astaxanthin concentration, 
during the light intensity enhancing from 50 to 400 µmol photon/m2·s (Gao et al., 2015). 
Exposure to white light resulted in generating activated oxygen molecules that play an 
important role in stimulating carotenoids production. The correlation between active oxygen 
molecules and carotenoid production under light tension is not clear. In this regard, Boussiba 
(2000) has reviewed a complex regulation system operated at the level of genes and proteins. 
The stimulation of carotenoids production during the sunlight cycle in a continuous culture 
of H. pluvialis cell growth depends on time. As the light intensity increases, carotenoid 
production also increases hour by hour and its accumulation occurs in the period of growth 
without the light influence. However, later the total dry cell mass reduced due to the slow 
cell division and cell lysis (Solovchenko and Chekanov, 2014). In a similar study Del Campo 
et al. (2007) reported that during the daily light cycle there is a rapid increase in lutein content 
of the green unicellular alga Muriellopsis (cultured in photobioreactor) in response to light 
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intensity. The maximum lutein content (6 mg/g dry weight) was recorded at noon, after which 
it decreased slowly. The increase in cell growth was followed by maximum ratio of lutein to 
chlorophyll that might be possible due to the protective role of lutein against light damage.

Boussiba and Vonshak studied H. pluvialis under various stresses and rejected previous 
proposals that nitrogen stress associated with light lead to a large increase in astaxanthin. 
They suggested that this algae needs nitrogen to make protein constantly, due to supporting 
the growth and accumulation of astaxanthin. The researchers also stated that any disruption 
in cell division increases astaxanthin accumulation. Therefore, slowing of cell division 
is necessary for the accumulation of astaxanthin in response to intense light (Davidi 
et al., 2014).

Steinbrenner and Linden (2001) reported the stimulation of phytoene synthase and carotenoid 
hydroxylase by increasing the light intensity and the presence of sodium acetate and ferrous 
ions in growth of H. pluvialis. Similarly, studying Chlamydomonas reinhardtii to optimize 
carotenoids production under the light, revealed that phytoene synthase and phytoene 
desaturase are widely balanced (Cardol et al., 2011). Lutein accumulation in Muriellopsis 
increased about 40% during increasing photon flux density from 184 to 460 µmol photon/
m2·s, but increasing in light intensity cause the reduction of pigments accumulation (Del 
Campo et al., 2007).

The increasing of carotenoid production was also reported in Spirulina platensis, an obligate 
photoautotroph by using strong light (Liua et al., 2013). It has recently been reported that 
Phaeodactylum tricornutum (which produced fucoxanthin as its main pigment) shows 5 times 
improvement in carotenoid content in response to the decrease of light intensity (Cerón-
García et al., 2013). In most cases, light causes quantitative improvement in the carotenoid 
content without any change in the carotenoid proportion. Among yeasts, R. glutinis was well 
studied by Tada et al. (2002). Tada’s research was about the effect of white light on carotenoid 
growth and production. Sakaki reported that white light can increase Torularhodin production 
during the growth. But the negative effect of light on yeast growth can be eliminated by 
changing (or manipulating) growth conditions (Sakaki et al., 2002). In this case, R. glutinis 
mutans (that produce β-carotene) under white light in the ends of exponential growth phase 
cause an increase in 58% of β-carotene, which is noticably considered in an industrial 
perspective (Chan et al., 2013).

Resistance to light intensity in Rhodotorula species and strains is different. It was observed 
that R. minuta show resistance up to 5000 lux (Yadav and Prabha, 2014), while R. glutinis 
shows a weak growth in 1000 lux (Chan et al., 2013). In order to study the role of enzymes in 
carotenoid production of R. minuta under the light, Tada et al. (2002) used a combination of 
mevinolin, a potent competitive inhibitor of HMG-CoA reductase (Yadav and Prabha, 2014). 
It was observed that stimulation of carotenoids production with the light can be controlled 
competitively by mevinolin. The inhibitory concentration to stop carotenoid production 
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completely depends on the light radiated to the cells. But aside from the light amount and 
intensity, the relation between inhibition and mevinolin concentration were almost matched. 
These results suggest that the activity of enzymes involved in HMG-CoA formation may not 
be affected by light. When a sufficient amount of mevalonate is added to the culture medium, 
the carotenoid amount is the same as in the absence of mevinolin. This result indicates that 
enzymes with light stimulation capability, such as HMG-CoA reductase, may be present in 
the carotenoid production of mevalonate (Yadav and Prabha, 2014).

It was also suggested that light can stimulate the production of X. dendrorhous (previously 
P. rhodozyma) (Gassel et al., 2013). In this regard it was found that astaxanthin concentration 
in cells grown in darkness was almost constant, but higher amounts were observed during 
light radiation. This stimulation is transient and when cultures are returned to the darkness, 
a reduction in total pigment content is observed. The maximum production of astaxanthin 
was achieved in the cultures exposed to moderate light intensity permanently (5–100 µE/
m2·s). Vazquez-Cruz et al. (2013) results also showed that six strains of X. dendrorhous in 
the presence of light produce more carotenoids than in darkness, with the difference that 
they do not have the same production pattern. Interestingly, Meyer and Du Preez (1994) 
found that light has no effect on pigment production, while An and Johnson reported that 
when X. dendrorhous is exposed to light, β-carotene content is decreased, but the total 
carotenoid production (basically the astaxanthin) has been stimulated and it has negative 
effect on growth. Recently, in other strains of this algae similar improvements were observed 
in carotenoid production (Vazquez-Cruz et al., 2013). It has been suggested that oxygen 
derivatives produced active agents to improve light stimulation in X. dendrorhous carotenoids 
production. Zygomycete aerobic mycelium wild-Type has two forms of Mucor rouxii. β-
carotene accumulation is about 10 times more during the growth in presence of continuous 
light than in darkness (Sahadevan et al., 2013). In this case, the amount of produced β-
carotene almost directly related to the light quantity is received by mycelium. But carotenoid 
production was observed in aerobic mycelium specifically and almost was not detectable 
in anaerobic ones. This fact also has been observed in aerobic or anaerobic yeast cells. This 
finding suggests that oxygen is involved in carotenoid production by M. rouxii but not in R. 
minuta (Varela et al., 2015).

It has been suggested that ergosterol is the stimulating factor for the cell membrane changes 
to respond to light. There are also some reports on the effects of light emitting diodes 
(LEDs) on carotenoid production in H. pluvialis, for example, Lababpour observed the 
increasing accumulation of astaxanthin up to 76 µg/cm3 (Sahaa et al., 2013). In addition by 
using “ Fed-Batch, ” cell concentrations increased over 1 mg-dry cell/cm3 and astaxanthin 
concentration reached to 70 µg/cm3 (Xi et al., 2016). But Katsuda et al. (2004) used the 
alternating light flow (2–12 µmol/m2·s) and investigated the effects of light intensity that 
depends on the period (16%–17% and frequency 200–25 Hz) on cell growth and the 
astaxanthin production of green algae H. pluvialis. The final astaxanthin concentration in 
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the aforementioned ranges was significantly higher than under continuous light radiation in 
the same light intensity. Accordingly, they claimed that LEDs momentary light radiation is 
a promising method to home cultivate the algae by using a photobioreactor. Comparative 
experiments show that the momentary light (as both internal and external sources) is effective 
in producing high concentration of astaxanthin by H. pluvialis (Kim et al., 2006b). These 
results revealed that the internal momentary radiation is more effective than external one. A 
new cultivation method has been used in different light wavelengths (Yoshimura et al., 2006). 
H. pluvialis showed different physiological responses. This method’s result showed higher 
astaxanthin production per unit volume compared to batch cultures.

The effect of light and its intensity were studied on zeaxanthin production by flavobacterium 
among different bacteria. Carotenoid production was increased up to 1600 lux and a 
further increase in productivity was achieved in continuous radiation (Zhou et al., 2014). 
In D. natronolimnaea HS-1, in the absence of light, pigment production and cell growth 
were decreased. Also, an obvious reduction in the cell mass, carotenoids, and canthaxanthin 
production was observed (in order of 7.18%, 8.17%, and 5.11%) (Khodaiyan et al., 2007).

5.3 Nitrogen Resource Optimization

Nitrogen is about 8%–14% of the dry weight of bacteria and fungi. Microorganisms that 
require nitrogen can be provided from a wide range of organic and inorganic compounds 
through amino acid, protein, or urea. Many studies have been done to identify the best 
nitrogen source for carotenoid production in yeast and microalgae. Reviewing the articles 
indicates that the best nitrogen source to reach the maximum carotenoid production depends 
on the types of microorganisms. For example, Aksu and Eren (2007) have investigated 
the carotenoid production and growth characteristics of R. glutinis in relation to the 
concentration of ammonium sulfate in batch process. The results showed that the total 
carotenoid production and growth rate were developed by increasing the concentrations of 
ammonium sulfate up to 2 g/L. In this concentration, respectively, the maximum growth 
rate and carotenoid production was 0.25 h–1 and 0.69 mg/g·h. Kim found that yeast extract 
and corn liquor had the best effects on the astaxanthin formation and X. dendrorhous cell 
growth among all other nitrogen sources. Yeast extract had the highest effect on cell growth 
and astaxanthin production but ammonium sulfate had the lowest effect in comparison with 
other nitrogen sources. Whereas Sarada et al. (2002) considered potassium nitrate as the best 
nitrogen source for astaxanthin production and growth of H. pluvialis. The results showed that 
the maximum number of cells in the grown cultures was in the presence of potassium nitrate 
and the lowest was in ammonium nitrate. But in Chlorococcum sp., urea was the appropriate 
nitrogen sources for stimulating the secondary production of carotenoids (Liu et al., 2014).

Resources, such as sewage wastewater, have also been tested. Kang et al. (2006) studied 
a system of microalgae (H. pluvialis) for biological wastewater treatment (for removing 
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nitrogen and phosphorus and also astaxanthin production) and concluded that if growing 
cells that are deprived of nitrogen get transferred to a photoautotrophic situation (including 
continuous injection of CO2 with intense red light), the amount of cell mass and astaxanthin 
production will be significantly increased. The results revealed the capability of this 
technology for wastewater treatment, along with the high levels of astaxanthin production.

5.4 Temperature Optimization

Temperature is one of the most important environmental factors affecting a microorganism’s 
growth, development, and carotenoid production. Temperature controls the concentration of 
enzymes involved in carotenoid production and changes in the enzyme concentration control 
the amount of carotenoid produced by microorganisms (Korumilli and Mishra, 2014). For the 
important commercial microalgae sources, such as Dunaliella sp. halophile flagellate, and 
H. pluvialis, temperature is the main physical element that directly controls the growth rate 
and therefore plays an important role in carotenoid production. By decreasing the temperature 
from 34 to 17°C, the α-carotene amount in Dunaliella increased about 7.5. The optimum 
volume production was at 24–29°C. In this study, α-carotene was the only carotene that 
increased in lower temperatures and its changes are dependent on temperature exponentially. 
The production of β-carotene in this algea is stimulated by the light radiation over 1000 µmol 
photon/m2·s and lower temperature. Changes in β-carotene content of Dunaliella depend on 
several environmental factors and also the correlation of received radiation integral during 
the division period. Delays in cell division at low temperatures in constant light radiation 
causes the higher contents of β-carotene. Therefore, it seems that β-carotene accumulation in 
Dunaliella bardawil in low temperature and light is a protective system against light (Relevy 
et al., 2015). The amount of β-carotene in Rhodotorula at lower temperatures is higher, 
whereas at higher temperatures more torulene is produced (Relevy et al., 2015).

A study showed that γ-carotene acts as a branching point in other carotenoid production. 
Subsequent dehydrogenation and decarboxylation resulted in torulene production, which 
is considered as a temperature-dependent factor, while the relevant enzymes showed lower 
activities in comparison to active β-carotene synthase at low temperatures (Zoz et al., 2015). 
This fact in R. glutinis may cause an increase in β-carotene at lower temperatures (Vazquez-
Cruz et al., 2013). It was found that storing cells at 5°C for 21 days prevents torulene and 
torularhodin production and leads to the accumulation of higher amounts of β-carotene 
(Du et al., 2016b; Moliné et al., 2012). But these conditions are not commercially practical 
yet. X. dendrorhous, a psychrophilic yeast, shows a 50% increase in total carotenoids at low 
temperatures. Presence of diphenylamine and nicotine in the culture medium would convert 
β-carotene to astaxanthin at 4°C (AL-Wandawi, 2014). The carotenogenic thermophilic 
microorganisms have been rarely reported. Photosynthetic bacteria are phenotypically similar 
to Chloroflexus aurantiacus and produce γ-carotene and hydroxy-γ-carotene at the growth 
temperature of 55°C (Song et al., 2014). By increasing the growth temperature some changes 
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were observed in the cell characteristics, leading to variations in absorption efficiency from 
the medium and also causing changes in cell size and pigment production. At temperatures 
higher than growth in lutein accumulation in Muriellopsis sp. increased up to 6 times (Del 
Campo et al., 2007). At higher temperatures, the cell division was damaged, but not the 
protein production. According to this dependence, cell volume decreases by reducing the 
growth temperature and vice versa. A comparative study of the H. pluvialis in the resistant and 
cist stage phase of cells has been demonstrated that increasing temperatures made the situation 
for no growth. In addition, active oxygen derivations can be produced from photosynthesis 
process endogenously, in this case, it would be acceptable that high temperatures may partially 
increase the formation of active oxygen in the algal cells. Researchers suggested that the 
endogenous production of active oxygen stimulate carotenoids production in Haematococcus 
at higher temperatures. This fact increases the carotenoids accumulation of 15–20 times in 
comparison to 3 times increase of its production volume (Facundo et al., 2015). M. rouxii 
also showed an increase of 3 times in volumetric content of carotenoids at 40°C and 
aerobic conditions in comparison to the optimum growth temperature of 28°C (Sahadevan 
et al., 2013). It was reported that low temperature stimulates the physiological changes in 
protozoan marine cyanobacteria Synechococcus sp. It is also known that the carotenoid 
production is dependent on the combination of the culture medium at lower temperatures 
(Napaumpaiporn and hornkit, 2016). Low temperature reduces the rate of nutrient absorption 
from the environment and therefore some metabolic processes, such as protein production, 
slowed down. Increasing the carotenoid content and unsaturated fat is a compatible response 
that increases the efficiency of biological membranes at low temperatures.

Aksu and Eren investigated the effect of three levels of temperatures on the carotenoid growth 
production by R. mucilaginosa. Carotenoid specific growth and production increased by 
increasing temperature up to 30°C but it decreased rapidly above this temperature (Aksu 
and Eren, 2005). These results were observed in the marine yeast Rhodotorula sp. hidai 
(Li et al., 2007) and in R. glutinis (red soil yeast) (Aksu and Eren, 2007). Researchers 
expressed that slowing in specific growth above 30°C is due to the denaturation of enzymes 
at high temperatures. Razavi studied the effect of temperature on carotenoid production 
by S. ruberrimus and found that temperature has a major effect on the rate of yeast growth 
and carotenoid production. The highest β-carotene content was observed at 19°C (Razavi 
et al., 2007; Razavi, 2004).

About the effect of temperature on carotenogenic bacteria, Fong reported that the maximum 
growth rate of Arthrobacter agilis about 0.23 h–1 (division time/ln 2) was observed at 30°C 
(Sutthiwong et al., 2014).

Although the growth rate was lowest at 5°C, the same maximum biomass was obtained at 10, 
20, and 30°C (approximately 1 g/L). They argued that decreasing in cultivation temperature 
resulted in continuous increasing in the carotenoids production, which could be related to 
membrane stability at low temperatures.
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Similar results were observed on the effects of different temperatures on cell mass and 
canthaxanthin produced by D. natronolimnaea (Khodaiyan et al., 2007). This bacterium 
showed the maximum growth speed of 0.046 h–1 at 31°C. By decreasing the temperature from 
31 to 13°C, the accumulation of cell mass also increased (Khodaiyan et al., 2007).

5.5 pH Optimization

Research shows that the greatest amount of carotenoids are often produced by 
microorganisms in the pH range of 6–7.

Changing pH (acidic to alkaline) is used to activate the culture in fed-batch method to 
produce higher astaxanthin. By using this method in X. dendrorhous culture, the highest 
amount of astaxanthin was 23.810 µg/L and the amount of cell mass was 39 g/L (Venil 
et al., 2014).

pH affects carotenoid production in X. dendrorhous in both the growth and stationary phases. 
The greatest amount of carotenoids was produced by this yeast in lower pH (3.1–3.2) and 
in the stationary phase (Gharibzahedi et al., 2014). But the maximum cell mass (5.1 g dry 
cell/L) and carotenoids (69.8 mg/L) achieved in the optimum pH = 7 in R. mucilaginosa 
(Aksu and Eren, 2005).

However, β-carotene production by R. glutinis in seawater was the highest in pH = 6 and the 
lowest in pH = 10. In optimum pH of 6 compared to distilled water, the 2 times increase of 
β-carotene content and also 2.3 times increase in torulene production were observed (Bhosale 
and Gadre, 2001). Similar results were found in isolated R. glutinis from treated wastewater. 
Studies showed that by increasing pH, specific growth, and carotenoid production increased 
and reached to the maximum amount at pH = 6. On the other hand, increasing pH over 6, led 
to a decrease in the earlier mentioned cases. The maximum cell mass was obtained in pH = 6.5 
(Aksu and Eren, 2007). The highest carotenoid production efficiency in marine yeast R. hidai 
(582.95 mg/L) was reported in pH = 6 (Li et al., 2007). Interestingly, the optimum pH for 
carotenoid production and S. ruberrimus H110 cell growth was 6, and the least needed pH was 
3.5 (Nasri Nasrabadi and Razavi, 2011; Pennacchi et al., 2015). Researches showed a correlation 
between astaxanthin production of H. pluvialis and the efficiency of cell mass with the cell count 
in different pH cultures (Sarada et al., 2002). The maximum astaxanthin production and cell 
count in culture was reported at pH = 7. These results were also achieved in D. natronolimnaea. 
The highest amount of total carotenoids, cell mass, and canthaxanthin, respectively (4.47 mg/L, 
6.09 g/L, and 4.26 mg/L), were reported in pH = 7 (Khodaiyan et al., 2007).

5.6 Optimizing the Chemical Compounds That Stimulate Carotenoid Production

Multiple chemical agents affect carotenoid-production microorganisms. These compounds 
include terpenes, ionones, amines, alkaloids, antibiotics, isopropanol, ethylene glycol, phenol, 
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H2O2, cottonseed, and organic acids, such as acetic acid, whose effect has been studied 
on carotene production (Avalos and Limón, 2015). For example, 2-(4-chlorophenylthio) 
triethylamine (CPTA) inhibitor stimulates lycopene accumulation along with increasing 
γ-carotene (Liang et al., 2016). By washing the cells containing high amounts of lycopene 
with CPTA, γ-carotene, lycopene, and also β-carotene production were simultaneously 
increased (Lado et al., 2015). Treating P. blakesleeanus with 100 mg of CPTA resulted in a 
75% increase in β-carotene production.

Some agents, such as detergents and surfactants, have been suggested as an activator for 
increasing carotenoid production (Vieira et al., 2016). Cottonseed oil increases carotenoid 
production concentration and efficiency significantly compared with R. mucilaginosa due to 
not having the active factor (Aksu and Eren, 2005). Similar results revealed an increase in 
total carotenoids concentration, production efficiency (based on glucose), and R. glutinis cell 
mass concentration, especially compared to cultures without cottonseed oil (Frengova and 
Beshkova, 2009).

The stimulatory effects of ethanol on astaxanthin production in P. rhodozyma has been 
studied (Kim et al., 2009). The results showed that the amount of astaxanthin increases in 
the presence of ethanol in comparison with the control sample. Although this trend was not 
fixed, the final cell concentration decreased slowly by increasing ethanol concentration. 
This may be due to toxic effects of ethanol on yeast cells. The effects of ethanol, acetic acid, 
and hydrogen peroxide on producing astaxanthin by X. dendrorhous have been investigated 
(Kim et al., 2006a). One percent of each of the mentioned materials increased the astaxanthin 
concentration, respectively, 49.77, 46.33, and 45.61 mg compared with control samples. 
Among these materials, 1% of ethanol has the best effect on increasing the astaxanthin 
concentration after 48 h.

Many microorganisms, such as Acetobacter and Pseudomonas bacteria Candida and 
Rhodotorula (carotenogenic yeast), are considered almost as phenol analyzer (Walker 
et al., 2014; Wichuk et al., 2014). Phenol metabolism in Rhodotorula sp. was examined 
and results showed that phenol hydroxylated before splitting into catechol in R. rubra 
and then oxidized into cis, cis-muconic acid (Boşça and Sanin, 2015). It was found that 
phenol’s destruction and transformation (Ortho Ring Fission of Catechol) in R. glutinis and 
R. rubra are the same. Also the stimulatory effects of phenol on the β-carotene proportion 
in R. glutinis cultivation has been observed and it was shown that added phenol changes 
the carotenoid compounds produced by R. glutinis (Kim et al., 2010). By adding 500 ppm 
phenol to the culture, β-carotene content increased up to 35%. Turularhordyn production rate 
was decreased with increasing phenol concentration while the turulen content was almost 
constant.

Hydrogen peroxide is also known as a stimulatory factor in carotenoids production. 0.1 mM 
of hydrogen peroxide in Chlorococcum sp. culture in mixotrophic conditions and also 
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heterotrophic cultures increased free trans-astaxanthin values from 3.664 to 5.664 and 1.034 
to 1.782 mg/g in dry weight (Cao et al., 2015).

Adding N, N-diethylalkylamines to the liquid medium (1000 mg/L) also increases the 
lycopene accumulation, but lower amine concentrations cause an increase in β-carotene 
simultaneously. Therefore, the carotenoid biosynthesis in microorganisms is normally hidden 
through chemical inhibitors by stimulating β-carotene production. This suggests that feedback 
control is done by means of β-carotene as the final product. Similarly, chemical stimulators, 
such as imidazole, pyridine, and methylheptenone also stimulate lycopene formation in B. 
trispora and P. blakesleeanus (El-Banna et al., 2012; Hernández-Almanza et al., 2014; Lado 
et al., 2015; Ureshino et al., 2016). The stimulatory effects of veratrole, a phytoene synthase 
inhibitor, were investigated on carotenoid production in P. blakesleeanus (Tagua et al., 2012). 
Using this compound (0.1% w/v) leads to a slow improving in β-carotene accumulation 
but the result was not similar to what observed by Cerda-Olmedo and Huettermann (which 
reported an increase of 30 times) (Alcalde et al., 2016). If chemical inhibitors are used to 
produce a final product (such as lycopene), there are several barriers, such as pyridine and 
imidazole, which act as lycopene formation stimulators in β-carotene production process by 
B. trispora. These compounds form lycopene through inhibiting the circulating enzymes. 
Researchers have investigated most of chemical stimulators, especially amines, to clarify 
carotenoid production (Han et al., 2014). Most of the chemicals had a similar structure to 
trisporic acid. Vitamin A, ascorbic acid, β-ionone, α-ionone had the same trimethylcyclohexyl 
ring. It was reported that all these factors can stimulate carotenoid production in fungi. 
Although the maximal stimulation in the presence of these activators were similar, the effect 
of each one and the required concentration have been mentioned in different articles. It was 
also reported that using β-carotene and vitamin A (150 µg/mL) in P. blakesleeanus increased 
carotenoid production. It was expected that vitamin A transformed to β-carotene directly, but 
quantitative estimates and radioactive tests rejected that (Wassef et al., 2014). This was not 
observed by applying retinal and retinol in carotenoid production by M. rouxii (Sahadevan 
et al., 2013).

Adding antibiotics such as penicillin (1 mg/L) to B. trispora cultivation after 24 h of growth, 
stimulates carotenoid production up to 50% without affecting the total protein. Researchers 
suggested that penicillin, as a stimulating factor, affects isoprene synthesis during the early 
stages and mevalonate kinase activity gets almost double in the presence of penicillin. 
Chloramphenicol (1000 mg/L) has a positive effect on the formation of total carotenoids in 
R. mucilaginosa (Cheng and Yang, 2016). It is reported that adding solvents, such as ethanol, 
methanol, and ethylene glycol, to the medium stimulates the microbial carotenoids production 
(Braunwald et al., 2013). Also, using ethanol (2% v/v) stimulates β-carotene production and 
turulen formation in R. glutinis but stops turularhordyn formation (Cheng and Yang, 2016). 
In this regard, ethanol (3.6%) was reported as carbon and energy source in the medium and 
also as β-carotene growth and production supporter in R. glutinis (Cobban et al., 2016). 
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The indirect inhibitory effect of ethanol on turulen oxidation should be accompanied with 
increases in β-carotene content that proposed a desirable change in metabolism of the 
terminal ring in carotenoid structure (Hara et al., 2014). It is suggested that by adding 0.2% 
(v/v) ethanol to X. dendrorhous cultures, carotene production would be increased. Studies 
revealed that ethanol activated the metabolism of oxidation by stimulating HMG-CoA 
reductase, which resulted in increasing carotenoid production.

5.7 Optimization of Stimulating Metal Ions and Salts in Carotenoids Production

Metal ions are involved in all parts of microbial life. Finding the individual biological roles of 
cations in microorganisms is difficult because they are inhibited in reaction to carrier ligands. 
Lots of efforts have been done to find out the role of cations in carotenoids production. By 
enriching H. pluvialis culture with ferrous ion salts, astaxanthin production will improve 
(Wan et al., 2014). Tjahjono argued that ferrous ions accumulation is due to the production 
of hydroxyl that stimulates carotenoid production through the Fenton reaction (Facundo 
et al., 2015).

+ → + +−H O Fe Fe HO HO2 2
2+ 3+ i

Ferrous ions cannot stimulate carotenoid production in the presence of inhibitors, such as 
Tiron. It is suggested that the cost of needed light for algae growth would be reduced by using 
ferrous ions as a stimulant.

Chlorococcum tends to accumulate carotenoids in presence of inorganic salts (Bhagavathy 
and Sumathi, 2012). It is reported that heavy metals, such as cobalt, which usually depends 
on absorbing systems and the positions of cell bindings, increase carotenoid production in 
cyanobacterium S. platensis at low concentrations. Only a few yeasts are reported to increase 
carotenoid production in presence of metal ions and salts (Dalal et al., 2012; Sujatha and 
Nagarajan, 2013). R. rubra is resistant to metal ions, such as copper, cobalt, calcium, and 
barium (Irazusta and de Figueroa, 2014). It is proved that some divalent cations act as a 
growth stimulant in R. glutinis (Panesar et al., 2013). Carotenoid production in Rhodotorula 
considerably improved in the mediums containing divalent copper and iron (Naghavi 
et al., 2013). It was observed that calcium, zinc, and iron salts have a stimulatory effect 
on carotenoid volumetric production (mg/L) and cell accumulation (mg/g) in R. glutinis 
(Schneider et al., 2013). This positive effect could be either due to the cation’s stimulatory 
effect on the enzymes involved in carotenoids biosynthesis or the active oxygen production 
in liquid medium (Hou1 et al., 2016). In comparison, manganese salt has an inhibitory effect 
on carotenoid formation in X. dendrorhous because manganese acts as an inhibitor (Gong 
et al., 2013). But this effect could be related to the concentration of Mn as an enzymes 
cofactor involved in carotenoid production and therefore carotenoid accumulation increases 
in particular concentration (Hou1 et al., 2016). Adding other heavy metal ions to the medium, 
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such as cerium, affects growth and has stimulatory effect (37%) on carotenoid production in 
X. dendrorhous (Wang et al., 2015b). B. trispora genes growth in the presence of 0.01 µmol 
of the trace elements, such as copper, iron, and manganese ions increases the carotenoid 
production rate and thus enhances the final efficiency. Increasing carotenoid content in 
B. trispora is in related with trisporic acid (TA). Enriching with copper ions increases 
the glucose absorption and consumption that results in enhancing in the trisporic acid 
concentration. Trisporic acid disrupted MVA kinase activity which is necessary in carotenoid 
precursor’s accumulation.

The effect of iron concentration (0–200 Mm) on cell growth and secondary carotenoid 
formation in Chlorococcum was investigated (Liu et al., 2014). Results showed that high 
concentrations of ferrous ion (50–200 Mm) have stimulating effects on secondary carotenoids 
production and accumulation. Sulfur is a necessary element in mass cell production in 
Chlorococcum but it is less important in secondary carotenoid production. Sulfur limitations 
stimulate the accumulation of secondary carotenoids in small amounts and in comparison 
with nitrogen and phosphate (Liu et al., 2014). Maximum production of mass cells was 
obtained in 1.6 Mm of sulfur. It was observed that 0–0.1 gr/L of sulfur simulated the 
carotenoid production and cell growth in Rhodotorula sp. hidai but carotenoids efficiency 
decreased by increasing the sulfate concentration from 0.1 to 0.3 gr/L. Low phosphate 
amounts stimulates the secondary carotenoid production in Chlorococcum. Limited 
phosphate concentrations (0–2 Mm) in this algae increased secondary carotenoid content 
(Liu et al., 2014).

In the case of sodium chloride, numerous researches have been done on carotenoid 
production, for example, salt stress could not increase secondary carotenoids accumulation 
in Chlorococcum clearly (Sowmya and Sachindra, 2015). By comparing the effect of 
NaCl with KCl, adding potassium to Chlorococcum medium even in low concentrations is 
phytotoxic (Liu et al., 2014). The addition of sodium chloride along with sodium acetate 
showed a significant difference in astaxanthin production of H. pluvialis (Sarada et al., 2002). 
The results showed that astaxanthin amount in salt concentration of 0.25 and 0.5% were 
2 times higher in 9 days cultured more than 6 days. By increasing the concentration of NaCl 
in D. natronolimnaea culture, both cell mass and carotenoid production were decreased. 
Results showed that this bacteria strains is resistant to salt and the acceptable amounts of 
carotenoids and canthaxanthin are obtained in salt concentrations of less than 50 g/L (Song 
et al., 2014). Another study about the effect of NaCl concentration on the lipid composition 
in Haloferax alexandrinus strain TM revealed that the ratio and proportion of bacterioruberin, 
β-carotene and canthaxanthin depend on the salt concentrations in cell growth medium 
(Asker et al., 2012). The maximum strain TM growth was at the presence of sodium chloride 
and magnesium sulfate’s high concentrations. In sodium chloride concentrations of less than 
10 %, there was no growth and cells lysis occurred. The optimal carotenoid production and 
growth in strain TM was achieved in 1% of potassium chloride at pH = 7.2. It is reported that 
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changes in A. agilis growth in medium containing 0%–2% (w/v) of NaCl at 10°C is minimal 
but there was a gradual decline of growth rate in higher salt concentrations (Razavi, 2004). 
Results showed that the highest amount of carotenoids (11.73 mg) in D. tertiolecta was 
observed in 5.0 M NaCl during the stationary phase of growth (Fazeli et al., 2006).

5.8 Optimization of Carotenoid Production by Response Surface  
Method and Statistical Tests Designs

Carotenoid production depends on many factors in the medium culture, so using statistical 
tests designs and data analysis seems more effective and reliable than one-factor-at-a-time 
method to detect key factors and optimize the factors levels (Tang et al., 2014). The statistical 
design method was used to analyze and optimize the important factors to produce astaxanthin 
by P. rhodozyma in batch, fed-batch, and continuous cultures (Arvayo-Enríquez et al., 2013; 
Cipolatti et al., 2015).

Generally, culture conditions are optimized by using the one-factor-at-a-time method, 
changing one important factor while others remain constant. Although this method is simple 
and straightforward, it does not need any statistical analysis. But it is relatively involved in 
numerous tests and important interactions of factors are often overlooked. On the contrary, 
the statistical tests designs are more effective in expressing the results. In addition, it is 
possible to estimate the interaction between different variables. This method has been used 
to optimize the medium components in some researches. Among them, the response surface 
method is a set of specific statistical methods for designing tests, making models, evaluating 
the factor effects and searching optimum conditions for desirable responses (Malisorn and 
Suntornsuk, 2008; Ravaghi et al., 2016). Therefore, the response surface method has been 
widely used to optimize the medium composition, fermentation conditions, and industrial 
processing during the last decade (Arvayo-Enríquez et al., 2013; Cipolatti et al., 2015; 
Park et al., 2005).

It has been shown that statistical methods, such as Placket–Burman and Uniform design, are 
more efficient and effective for systematic research on objective factors. Plackett–Burman 
design (PBD) is a screening method that significantly decreases the number of tests and 
provided lots of information for evaluating objective factors. The most efficient factors that 
have positive impacts can be used for the next step of optimization and other factors that are 
less important or have negative impacts on the response may be omitted in the next tests. PBD 
method is widely used in many aspects, such as culture optimization and multicombination 
formulation (Yan et al., 2015). Uniform design (UD) methods can be used to optimize the 
target variables in the scope of defined projects (Naveena et al., 2005; Patil et al., 2014). 
The number of tests is equal to the maximum levels of designed objective factors, so UD 
method is advantageous due to requiring fewer tests compared to other statistical methods 
(Özaydın et al., 2013). There are few written reports about using test design to optimize the 
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culture conditions for carotenogenic microorganisms. It is based on the response surface 
method (Cipolatti et al., 2015; Lao et al., 2014; Moure et al., 2001; Mulders et al., 2015; 
Song et al., 2013).

Accordingly, the most important factors to optimize the production of Astaxanthin in P. 
rhodozyma are carbon concentration and temperature. The maximum amount of astaxanthin 
was observed in 11.25 g/L of carbon concentration at 19.7°C (Arvayo-Enríquez et al., 2013).

Applying fractional factorial design and central composite design revealed that three factors 
that have the greatest effect on canthaxanthin production by Dietzia are pH, glucose, and salt 
(Ravaghi et al., 2016). It was also found that the maximum canthaxanthin amount in these 
bacteria was obtained in 55.54 g/L of whey at pH = 7.66 (Gharibzahedi et al., 2013).

The inorganic salt concentrations in photosynthetic bacterium Rhodobacter spheroids, have 
been optimized by using UD and PBD methods (Lo et al., 2013). In this regard, magnesium 
sulfate, sodium hydrogen phosphate, sulfate, and sodium carbonate had the greatest effect 
on carotenoid production. Analyzing the data from the UD method revealed that the optimal 
combination of inorganic salts for increasing carotenoid production were as follows: 0.12 g/L 
magnesium sulfate, 2.05 g/L sodium hydrogen phosphate, 0.03 g/L ferrous sulfate, and 
2.22 g/L sodium carbonate.

The most important factors on cell growth and carotenoid production in X. dendrorhous 
obtained by Placket–Burman design were glucose, ammonium sulfate, and pH (Tang 
et al., 2014).

It was suggested that biosynthesis of carotenoids in X. dendrorhous would increase in high 
proportion of carbon–nitrogen, and slight acidic culture conditions. Designing a mathematical 
model based on the Placket–Burman statistical design showed that carotenoids volumetric 
production in R. glutinis increases at low ratios of carbon to nitrogen (Malisorn and 
Suntornsuk, 2008). In another study a two-stage optimization method of statistical test design 
was applied to increase the carotenoid production from sugar cane molasses in R. glutinis 
(Park et al., 2005). The results revealed that three factors (cane molasses concentration, urea, 
and potassium dihydrogen phosphate) have a significant impact on carotenoids and mass cell 
production.

Sixty percent of the total carotenoids in Rhodotorula gracilis CFR mutants is 
β-carotene. Applying Two-Level Fractional Factorial design showed the correlation 
between theoretical and practical assessment of carotenoid production by R. gracilis 
(Vijayalakshmi et al., 2015).

The affecting factors in production of astaxanthin in H. pluvialis UTEX16 were evaluated by 
using fractional factorial designs and the findings showed that the strong light radiation along 
with nitrogen deficiency had the maximum effect on Astaxanthin production both in terms of 
weight (mg/g) and cell content (pg/cell) (Choi et al., 2002).
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5.9 Optimization of Intermediates in Carboxylic Acid (TCA) Cycle

TCA intermediates play an important role in metabolic reactions under aerobic conditions 
due to making a carbon frame for carotenoids and lipids biosynthesis in microorganisms. 
Citrate along with malate are known as major components in stimulating carotenoids 
production in Rhodopseudomonas spheroids (Saejung and Apaiwong, 2015), B. trispora 
(Sahadevan et al., 2013), Penicillium stipitata (Zhao Wen-Jing et al., 2014), Staphylococcus 
aureus (Mishra et al., 2012), and R. gelatinosa (Saejung and Apaiwong, 2015). Enriching 
culture medium with 28 mM or higher concentrations of citrate increased the carotenoids 
concentration in cells. However, this increase was parallel to the reduction of protein 
production, so limitation in protein production plays an important role in carotenoids 
amount. Another study reported that TCA intermediates suppress the cell carotenoid 
accumulation, but enriching the culture medium with 1% (w/v) of a sugar source would 
improve the cells growth (Lee et al., 2014). Using proteins derived from TCA intermediates 
reduces carotenoids accumulation. But most of TCA intermediates improve carotenoid’s 
volumetric production (mg per liter) up to 2 times. It was proposed that severe respiratory 
and TCA cycle activity associated with the production of active species that was known as a 
factor of increasing carotenoid production. The positive effect of malate on cell carotenoid 
accumulation in P. stipitata (Zhao Wen-Jing et al., 2014) and R. gelatinosa (Sasaki 
et al., 2005) has been also reported.

It is suggested that the stimulatory effect of citric acid cycle intermediates is based on pH, but 
it is not acceptable for all microorganisms (Zhao Wen-Jing et al., 2014). It was pointed out 
that enriching glucose-based culture medium with succinate is desirable for S. roseus growth 
and therefore it is also suitable for β-carotene volumetric production (Cui et al., 2012). It 
is also reported that carotenoid production was increased in Actinomyces crysomallus by 
adding 0.2% (w/v) of malate, citrate, α-ketoglutarate, and fumarate or oxaloacetate (Park 
et al., 2013). The stimulation of carotenoid production depends on the time of adding citric 
acid cycle intermediates to the culture medium. The β-carotene content of A. crysomallus 
was increasingly exposed to these organic acids, but γ-carotene content was reduced due 
to the lycopene complete elimination that suggests increasing in circle lycopene and its 
conversion to β-carotene. Increasing in zeaxanthin growth and production was observed in 
Flavobacterium at a concentration of 10 mM of citric acid cycle intermediates (Takatania 
et al., 2014). The highest stimulation of carotenoids production was in the presence of 
oxaloacetate. The positive effects of TCA intermediates can be due to the oxaloacetate 
increasing that decarboxylated to pyruvate and enhanced the acetyl-coenzyme A, the 
precursor for isoprenoids production. According to another theory, organic acids affect some 
of the key enzymes, such as thiolase and acetyl-CoA-carboxylase, which is involved in 
isopernoids biosynthesis (Sahadevan et al., 2013).

Some of the discussed factors in the microorganism’s culture (such as light, temperature, 
carbon source, and so on) are shown in Table 6.1.



202 Chapter 6

Ta
bl

e 
6.

1:
 E

ff
ec

tiv
e 

fa
ct

or
s 

in
 c

ar
ot

en
oi

d 
pr

od
uc

tio
n.

M
ic

ro
or

ga
ni

sm
s

Ty
pe

Ef
fe

ct
iv

e 
Fa

ct
or

Ef
fe

ct
iv

e 
A

m
ou

nt
C

ar
ot

en
oi

d 
A

m
ou

nt
 

(m
g/

L)
In

de
x

R
ef

er
en

ce
s

X.
 d

en
dr

or
ho

us
Ye

as
t

Xy
lo

se
20

 g
/L

To
ta

l c
ar

ot
en

oi
d:

 3
.6

0
A

st
ax

an
th

in
A

m
ad

o 
an

d 
Vá

zq
ue

z 
(2

01
5)

X.
 d

en
dr

or
ho

us
Ye

as
t

G
lu

co
se

3 
g/

L
A

st
ax

an
th

in
: 2

8.
2

A
st

ax
an

th
in

Ki
m

 e
t a

l. 
(2

00
6a

)
X.

 d
en

dr
or

ho
us

Ye
as

t
C

oc
on

ut
 ju

ic
e

—
A

st
ax

an
th

in
: 8

50
 

(d
ry

 w
ei

gh
t)

A
st

ax
an

th
in

D
om

ín
gu

ez
-B

oc
an

eg
ra

 
(2

01
2)

X.
 d

en
dr

or
ho

us
Ye

as
t

Su
ga

rb
ee

t 
m

ol
as

se
s

30
 g

/L
To

ta
l c

ar
ot

en
oi

d:
 4

0
A

st
ax

an
th

in
C

ru
z 

an
d 

Pa
ra

jó
 (

19
98

)

R.
 m

uc
ila

gi
no

sa
Ye

as
t

Su
cr

os
e

20
 g

/L
To

ta
l c

ar
ot

en
oi

d:
 8

.9
0

β-
C

ar
ot

en
e

D
al

al
 e

t a
l. 

(2
01

2)
R.

 h
id

ai
Ye

as
t

Su
cr

os
e

4 
g/

L
To

ta
l c

ar
ot

en
oi

d:
 6

03
.9

 
(d

ry
 w

ei
gh

t)
β-

C
ar

ot
en

e
Li

 e
t a

l. 
(2

00
7)

R.
 g

lu
tin

is
Ye

as
t

G
ra

pe
 ju

ic
e

—
To

ta
l c

ar
ot

en
oi

d:
 1

95
Tu

ru
la

rh
or

dy
n

Bu
zz

in
i a

nd
 M

ar
tin

i (
20

00
)

R.
 g

lu
tin

is
Ye

as
t

Su
ga

rb
ee

t 
m

ol
as

se
s

20
 g

/L
To

ta
l c

ar
ot

en
oi

d:
 1

25
β-

C
ar

ot
en

e
A

ks
u 

an
d 

Er
en

 (
20

07
)

R.
 ru

br
a 

an
d 

La
ct

ob
ac

ill
us

Ye
as

t a
nd

 
ba

ct
er

ia
La

ct
os

e
55

 g
/L

To
ta

l c
ar

ot
en

oi
d:

 1
2.

1
β-

C
ar

ot
en

e
Fr

en
go

va
 a

nd
 B

es
hk

ov
a 

(2
00

9)
D

. n
at

ro
no

lim
na

ea
Ye

as
t

G
lu

co
se

25
.9

0 
g/

L
To

ta
l c

ar
ot

en
oi

d:
 5

.7
2

C
an

th
ax

an
th

in
R

av
ag

hi
 e

t a
l. 

(2
01

6)
X.

 d
en

dr
or

ho
us

Ye
as

t
Xy

lo
se

20
 g

/L
To

ta
l c

ar
ot

en
oi

d:
 5

.8
0

A
st

ax
an

th
in

St
ac

ho
w

ia
k 

(2
01

4)
X.

 d
en

dr
or

ho
us

Ye
as

t
Et

ha
no

l
1%

To
ta

l c
ar

ot
en

oi
d:

 4
9.

77
A

st
ax

an
th

in
Ki

m
 e

t a
l. 

(2
00

6a
)

Ch
lo

ro
co

cc
um

M
ic

ro
al

ga
e

H
2O

2
0.

1 
m

M
To

ta
l c

ar
ot

en
oi

d:
 3

.6
64

A
st

ax
an

th
in

C
ao

 e
t a

l. 
(2

01
5)

S.
 ru

be
rr

im
us

Ye
as

t
A

m
m

on
im

 
su

lfa
te

20
 g

/L
To

ta
l c

ar
ot

en
oi

d:
 2

.8
 

(d
ry

 w
ei

gh
t)

Tu
ru

la
rh

or
dy

n
N

as
ri 

N
as

ra
ba

di
 a

nd
 R

az
av

i 
(2

01
1)

; R
az

av
i e

t a
l. 

(2
00

7)
R.

 h
id

ai
Ye

as
t

Su
lfa

te
0.

1 
g/

L
To

ta
l c

ar
ot

en
oi

d:
 6

03
.9

 
(d

ry
 w

ei
gh

t)
β-

C
ar

ot
en

e
Li

 e
t a

l. 
(2

00
7)

D
. n

at
ro

no
lim

na
ea

Ba
ct

er
ia

N
aC

l
3.

42
 g

/L
To

ta
l c

ar
ot

en
oi

d:
 5

.7
2

C
an

th
ax

an
th

in
Kh

od
ai

ya
n 

et
 a

l. 
(2

00
7)

H
. p

lu
via

lis
M

ic
ro

al
ga

e
N

aC
l

0.
25

–0
.5

 g
/L

A
st

ax
an

th
in

: 1
0.

69
 

(d
ry

 w
ei

gh
t)

A
st

ax
an

th
in

Sa
ra

da
 e

t a
l. 

(2
00

2)

Ch
lo

ro
co

cc
um

M
ic

ro
al

ga
e

Fe
50

–2
00

 m
M

To
ta

l c
ar

ot
en

oi
d:

 3
.8

A
st

ax
an

th
in

Li
u 

et
 a

l. 
(2

01
4)

A
. a

gi
lis

Ba
ct

er
ia

N
aC

l
2

To
ta

l c
ar

ot
en

oi
d:

 2
.8

 
(d

ry
 w

ei
gh

t)
Ba

ct
er

io
ru

be
rin

R
az

av
i (

20
04

)

H
. a

le
xa

nd
rin

us
A

rc
he

a
N

aC
l

25
To

ta
l c

ar
ot

en
oi

d:
 2

.6
 

(d
ry

 w
ei

gh
t)

C
an

th
ax

an
th

in
A

sk
er

 e
t a

l. 
(2

01
2)

D
. t

er
tio

le
ct

um
M

ic
ro

al
ga

e
N

aC
l

0.
5 

M
/L

To
ta

l c
ar

ot
en

oi
d:

 1
1.

73
β-

C
ar

ot
en

e
Fa

ze
li 

et
 a

l. 
(2

00
6)

R.
 sp

ha
er

oi
de

s
Ba

ct
er

ia
M

ag
ne

si
um

 
su

lfa
te

0.
12

To
ta

l c
ar

ot
en

oi
d:

 1
7.

24
Sp

iri
llo

xa
nt

hi
n

G
ha

rib
za

he
di

 e
t a

l. 
(2

01
3)



Microbial Production of Carotenoid Pigments 203
M

ic
ro

or
ga

ni
sm

s
Ty

pe
Ef

fe
ct

iv
e 

Fa
ct

or
Ef

fe
ct

iv
e 

A
m

ou
nt

C
ar

ot
en

oi
d 

A
m

ou
nt

 
(m

g/
L)

In
de

x
R

ef
er

en
ce

s
X.

 d
en

dr
or

ho
us

Ye
as

t
Ye

as
t e

xt
ra

ct
0.

2
A

st
ax

an
th

in
: 2

8.
2

A
st

ax
an

th
in

Ki
m

 e
t a

l. 
(2

00
6a

)
R.

 g
lu

tin
is

Ye
as

t
A

m
m

on
im

 
su

lfa
te

2
To

ta
l c

ar
ot

en
oi

d:
 1

25
β-

C
ar

ot
en

e
A

ks
u 

an
d 

Er
en

 (
20

07
)

Ch
lo

ro
co

cc
um

M
ic

ro
al

ga
e

U
re

a
5–

10
 m

M
To

ta
l c

ar
ot

en
oi

d:
 3

.8
 

(d
ry

 w
ei

gh
t)

A
st

ax
an

th
in

Li
u 

et
 a

l. 
(2

01
4)

X.
 d

en
dr

or
ho

us
Ye

as
t

pH
3.

1–
3.

2
To

ta
l c

ar
ot

en
oi

d:
 2

3.
81

A
st

ax
an

th
in

G
ha

rib
za

he
di

 e
t a

l. 
(2

01
4)

; 
Ve

ni
l e

t a
l. 

(2
01

4)
R.

 m
uc

ila
gi

no
sa

Ye
as

t
pH

7
To

ta
l c

ar
ot

en
oi

d:
 6

9.
8

α-
C

ar
ot

en
e

A
ks

u 
an

d 
Er

en
 (

20
05

)
R.

 g
lu

tin
is

Ye
as

t
pH

6
To

ta
l c

ar
ot

en
oi

d:
 4

0
β-

C
ar

ot
en

e
Bh

os
al

e 
an

d 
G

ad
re

 (
20

01
)

R.
 h

id
ai

Ye
as

t
pH

6
To

ta
l c

ar
ot

en
oi

d:
 5

8.
95

β-
C

ar
ot

en
e

Li
 e

t a
l. 

(2
00

7)
Sp

or
ob

ol
om

yc
es

Ye
as

t
pH

6
To

ta
l c

ar
ot

en
oi

d:
 2

.8
Tu

ru
la

rh
or

dy
n

N
as

ri 
N

as
ra

ba
di

 a
nd

 R
az

av
i 

(2
01

1)
; P

en
na

cc
hi

 e
t a

l. 
(2

01
5)

H
. p

lu
via

lis
M

ic
ro

al
ga

e
pH

7
A

st
ax

an
th

in
: 1

0.
69

A
st

ax
an

th
in

Kh
od

ai
ya

n 
et

 a
l. 

(2
00

7)
R.

 g
lu

tin
is

Ye
as

t
pH

5.
91

To
ta

l c
ar

ot
en

oi
d:

 3
.4

8
β-

C
ar

ot
en

e
Ti

no
i e

t a
l. 

(2
00

5)
R.

 g
ra

cil
is

Ye
as

t
pH

7.
5

To
ta

l c
ar

ot
en

oi
d:

 9
.5

 
(d

ry
 w

ei
gh

t)
β-

C
ar

ot
en

e
Vi

ja
ya

la
ks

hm
i e

t a
l. 

(2
01

5)

A
. a

gi
lis

Ba
ct

er
ia

Te
m

pe
ra

tu
re

30
°C

To
ta

l c
ar

ot
en

oi
d:

 2
.8

 
(d

ry
 w

ei
gh

t)
Ba

ct
er

io
ru

be
rin

Su
tt

hi
w

on
g 

et
 a

l. 
(2

01
4)

X.
 d

en
dr

or
ho

us
Ye

as
t

Te
m

pe
ra

tu
re

19
.7

°C
To

ta
l c

ar
ot

en
oi

d:
 8

10
0

A
st

ax
an

th
in

C
ip

ol
at

ti 
et

 a
l. 

(2
01

5)
R.

 m
uc

ila
gi

no
sa

Ye
as

t
Te

m
pe

ra
tu

re
30

°C
To

ta
l c

ar
ot

en
oi

d:
 6

9.
8

α-
C

ar
ot

en
e

A
ks

u 
an

d 
Er

en
 (

20
05

)
R.

 g
lu

tin
is

Ye
as

t
Te

m
pe

ra
tu

re
30

°C
To

ta
l c

ar
ot

en
oi

d:
 1

25
β-

C
ar

ot
en

e
A

ks
u 

an
d 

Er
en

 (
20

07
)

D
. n

at
ro

no
lim

na
ea

Ba
ct

er
ia

Te
m

pe
ra

tu
re

31
°C

To
ta

l c
ar

ot
en

oi
d:

 6
.1

2
C

an
th

ax
an

th
in

Kh
od

ai
ya

n 
et

 a
l. 

(2
00

7)
S.

 ru
be

rr
im

us
Ye

as
t

Te
m

pe
ra

tu
re

19
°C

To
ta

l c
ar

ot
en

oi
d:

 3
.8

4 
(d

ry
 w

ei
gh

t)
Tu

ru
la

rh
or

dy
n

R
az

av
i e

t a
l. 

(2
00

7)
; R

az
av

i 
(2

00
4)

H
. p

lu
via

lis
M

ic
ro

al
ga

e
pH

7
A

st
ax

an
th

in
: 7

0
A

st
ax

an
th

in
Sa

ha
a 

et
 a

l. 
(2

01
3)

; X
i e

t a
l. 

(2
01

6)
H

. p
lu

via
lis

M
ic

ro
al

ga
e

Bl
ue

 li
gh

t
12

 µ
m

ol
-p

ho
to

n/
m

2 ·s
A

st
ax

an
th

in
: 7

0
A

st
ax

an
th

in
Sa

ha
a 

et
 a

l. 
(2

01
3)

; X
i e

t a
l. 

(2
01

6)
H

. p
lu

via
lis

M
ic

ro
al

ga
e

Bl
ue

 li
gh

t
8–

12
 µ

m
ol

-p
ho

to
n/

m
2 ·s

A
st

ax
an

th
in

: 2
9

A
st

ax
an

th
in

Ka
ts

ud
a 

et
 a

l. 
(2

00
4)

H
. p

lu
via

lis
M

ic
ro

al
ga

e
W

hi
te

 li
gh

t
31

6.
4 

µE
/m

2 ·s
A

st
ax

an
th

in
: 2

74
A

st
ax

an
th

in
Ki

m
 e

t a
l. 

(2
00

6b
)

H
. p

lu
via

lis
M

ic
ro

al
ga

e
Bl

ue
 li

gh
t

8–
12

 µ
m

ol
-p

ho
to

n/
m

2 ·s
A

st
ax

an
th

in
: 1

6-
25

A
st

ax
an

th
in

Ka
ts

ud
a 

et
 a

l. 
(2

00
4)

H
. p

lu
via

lis
M

ic
ro

al
ga

e
W

hi
te

 li
gh

t
85

 µ
m

ol
-p

ho
to

n/
m

2 ·s
A

st
ax

an
th

in
: 1

0.
3 

(d
ry

 w
ei

gh
t)

A
st

ax
an

th
in

C
as

tr
o-

Pu
ya

na
 e

t a
l. 

(2
01

6)



204 Chapter 6

6 Conclusions

In general, carotenoids are achieved by chemical processes and to a lesser extent by 
extraction of natural resources. But some compounds derived from chemical processes 
may have undesirable side effects on consumers. For this reason, carotenoid production 
from microorganisms is the center of attention in many studies. In comparison, carotenoid 
microbial production is preferable to their extraction from plant sources and chemical 
processes due to some problems, such as seasons and geographical diversity in production 
and sale. In addition to the earlier resource advantages, microorganism processing of 
natural resources and carbohydrate sources is inexpensive. However, the bioviability of 
microorganisms producing carotenoids, such as lutein, lycopene, and zeaxanthin, requires 
widespread research in business perspective. The superior technology of recombinant DNA 
along with isolation of several vital genes in production of carotenoids, has encouraged 
researches into the carotenoid production by microorganisms. The high cost of advanced 
technology is the most important limiting factor for carotenoid production in fermentation 
scale (level). Fermentation strategies need to be improved so that carotenoids intracellular 
accumulation in microorganisms enhanced (get possible) (at industrial scale). One of 
these strategies is to optimize all factors that affect the carotenogenic microorganisms. 
A combination of the optimized factors (such as light, temperature, carbon, and nitrogen 
concentration) will clearly effect carotenoid production. Also, using the various statistical 
methods to optimize the stimulating factors combined with low-cost sources of carbon and 
nitrogen, makes the carotenoid production by microorganisms more efficient and economical.
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1 Introduction

Cellulose constitutes the most abundant renewable polysaccharide resource available 
nowadays worldwide. It is a very common component of all vegetables, as well as some algae 
and a few molds. Plants are the main source in combination with hemicellulose and lignin, 
as a ternary complex present in any cell wall (Lynd et al., 2002). In addition, there are some 
strains of the prokaryotic, nonphotosynthetic organism, which have the ability to synthesize 
high-quality cellulose organized as twisting ribbons of microfibril bundles (Brown, 1992).

The discovery and description of bacterial cellulose (BC) or bacterial nanocellulose (BNC) 
date back to 1886. Working on the biochemical actions of Bacterium aceti, Brown (1886) 
discovered and described a different acetic ferment as a jelly-like translucent mass on the 
surface of the culture fluid, commonly known as the “vinegar plant.” Pellicles of B. aceti pure 
cultivations were thin and completely broken up by the least agitation, but this vinegar plant 
could remain intact for many days. Using a nutrient solution composed of red wine diluted 
with half its bulk with water and 1% of acetic acid in the form of ordinary vinegar, this 
growing microorganism and biofilm rapidly increased until the whole surface of the liquid 
was covered. This membrane was slightly heavier than water and when gently agitated its 
upper surface was covered with the medium and another layer of the membrane grew above 
the old one. Brown concluded that the membrane was produced by two specifically distinct 
organisms.

The vinegar plant membrane, when examined microscopically, had bacteria embedded in 
the transparent structured film. Brown observed that membranes assumed the color of the 
liquid medium. After washing it with dilute hydrochloric acid, and afterward with water, 
the final product was a colorless semitransparent film, retaining the shape and gelatinous 
character of the original membrane. All the analyses left no doubt that the vinegar plant 
membrane was pure cellulose, BC. Because of the ability of forming cellulose, Brown (1886) 
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suggestively called this unknown microorganism of Bacterium xylinum. However, as an 
acetic acid producing bacteria, the microorganism was later renamed Acetobacter xylinum, 
by which it became popularly known. Nowadays it is known as Komagataeibacter xylinus, 
following another designation as Gluconacetobacter xylinus, and is classified to the genus 
Komagataeibacter, one of the 29 genera of the Acetobacteraceae family (LPSN, 2013; 
List, 1998) also as part of the Rhodospirillales order, α-Proteobacteria class, and 
Proteobacteria phylo (LPSN, 2011).

BC is a dietary fiber and offers a range of health benefits with multiple potential in the 
food industry due its high pure form, various shapes, and textures. It has been known and 
appreciated as “Nata de Coco” historically from Asian eating habits. This dessert preference 
reached its boom in the 1990s but still is very significant. Our biomass chemo/biotechnology 
group describes a few experiences with fresh-water washed cellulose thick membranes 
blended with other colored and tasteful food ingredients to further valorize its aspect, flavor, 
smell as taste.

The applications of BC go well beyond food; they have been used for the vibration membrane 
of speaker phones and to produce flexible displays for televisions, personal computers, and 
portable phones. The cost-to-benefit ratio for using these BCs increase to produce medical 
applications and they are an attractive source of nanomaterials for use in medical diagnostics 
and bone/skin/vascular tissue engineering. These natural nanomaterials are not just an 
alternative; rather, they may well be the preferred alternative.

2 Cellulose

Cellulose is a polydisperse linear homopolymer of β-1,4 glycosidic-linked d-glucopyranose 
units and is an extensive, linear-chain polymer with a large number of hydroxy groups (three 
per anhydroglucose unit) present in the thermodynamically preferred 4C1 conformation. 
To accommodate the preferred bond angles of the acetal oxygen bridges, every second 
anhydroglucose unit ring is rotated 180 degrees in the plane, as shown in the molecular 
structure represented in Fig. 7.1. In this manner, two adjacent structural units define the 
disaccharide cellobiose.

Figure 7.1: Basic Chemical Structure of Cellulose Showing the Cellobiose Repeat Unit 
(N = DP, Degree of Polymerization)
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The chain length of cellulose expressed in the number of constituent anhydroglucose units 
(degree of polymerization, DP) varies with the origin and treatment of the raw material. The 
DP ranging in the case of wood pulp from 300 to 1700, cotton and other plant fibers have DP 
values in the range of 800–10,000, depending on treatment; similar DP values are observed in 
BC (Kobayashi et al., 2001).

2.1 The Crystalline Structure of Cellulose

This homoglucopolysaccharide contains free hydroxyl group at the C-2, C-3, and C-6 
atoms because of its single β-1,4-linked glycosidic chains. Based on these groups and the 
oxygen atom of each anhydroglucopyranose ring and the glycosidic bonds, both intra- 
and intermolecular hydrogen bonding occurs in cellulose. The presence of intramolecular 
hydrogen bond is of high relevance with regard to the single chain conformation and stiffness. 
The existence of hydrogen bonds between O-3-H and O-5 (2.75 Å, means of neighboring 
anhydroglucose unit) of the adjacent glucopyranose units and O-2-H and O-6′ (2.87 Å) 
in native crystalline cellulose characterizes the conformation of cellulose Iα (Fig. 7.2A). 
The hydrogen bonds between O-6′ and H-O-2 intra- and intermolecular characterizes the 
conformation of cellulose Iβ (Fig. 7.2B), these can be concluded from X-ray diffraction and 
nuclear magnetic resonance (high-resolution 1H and 13C solid state) (NMR) and infrared 
(IR) spectroscopical data (Brown and Saxena, 2000). The unit cells of cellulose Iα present a 
triclinic crystallographic symmetry and that for cellulose Iβ present monoclinic symmetry unit 
cell (Horii et al., 1997).

The usually native forms of cellulose are Iα and Iβ, which can be found alongside each other 
and differ with respect to their crystal packing, molecular conformation, and hydrogen 
bonding, and these differences may influence the physical properties of the cellulose, the 

Figure 7.2: Crystalline Structure of Native Forms of Cellulose Iα and Iβ.
Iα—intramolecular hydrogen bonds O3H→O5′ and intermolecular O6&H→O3′. Iβ—Intramolecular 

hydrogen bonds O6→H&O2′, and intermolecular.
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Iα/Iβ ratio depends on the origin of the cellulose (Atalla and Vanderhart, 1984). Cellulose 
Iα is crystallized in larger-size microfibrils, whereas cellulose Iβ is formed in smaller-size 
microfibrils. Because cellulose Iβ is formed irreversibly from cellulose Iα, the structure of 
cellulose Iβ must be thermodynamically more stable than that of cellulose Iα.

Cellulose from some algae and bacteria is found to be Iα rich, while cellulose from cotton, 
wood, ramie, and tunicates is Iβ rich (Sugiyama et al., 1992). Because a cellulose microfibril 
may contain both types of cellulose, some of the physical properties of cellulose fibers will 
be dependent on the ratio of these two allomorphs. Cellulose Iα is metastable and can be 
converted to Iβ by annealing.

The structure of some variable occurrences of native celluloses is physicochemically 
better described in terms of polymorphs or allomorphs crystallites, which are peculiar 
molecular arrangements that may be unraveled by spectroscopic techniques, such as: NMR 
spectroscopy (high-resolution 1H and 13C solid state), electron microscopy, and X-rays 
diffraction. The properties of cellulose are therefore determined by a defined hierarchical 
order in supramolecular structure and organization. These cellulose polymorphs may be 
shortly referred to as I, II, III, and IV. Although alkali treatments convert the first form into 
the second, the inversion of the I native architecture of parallel polysaccharide chains to 
unparalleled ones generates the polymorph cellulose II with a modified H-bonding system. 
Cellulose III are obtained after a milder pretreatment with ammonia and IV with high heating 
around 260°C in the presence of glycerol (Klemm et al., 2005).

2.2 Physical Chemistry of Bacterial Cellulose

The assembly of stiffened cellulose chains in the crystals by numerous inter- and intrachain 
hydrogen bonds are held together by weak van der Waals forces overlying the adjacent sheets. 
The crystallization mechanism of the microfibrils in K. xylinus can give rise to two cellulose 
forms, if microfibril is oriented parallel arrangement is synthesized cellulose I, while if the 
arrangement is antiparallel microfibrils, they obtain cellulose II; an additional hydrogen bond 
per glucose residue in cellulose II makes this allomorph as the most thermodynamically 
stable form (Ross et al., 1991). An interesting fact is that the fibers are oriented randomly and 
this results in a partially crystalline condensation phase alternate with amorphous phases. 
The ribbon-like nanofibers of BC is approximately 10 nm thick and 50 nm wide, structured 
in a fine network with several advantages when compared to the plant polymer (Chen 
et al., 2013).

Several properties and parameters that can be used to differentiate BC and native or 
chemically processed plant celluloses include the degree of polymerization, the proportions of 
the Iα and Iβ allomorphs, the crystalline index, the crystallite units and Young’s modulus with 
high tensile strength (>2 GPa), high purity (completely free of lignin and hemicelluloses), 
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and good biocompatibility (Chen et al., 2013; Hayashi et al., 1997; Hsieh et al., 2008; 
Pecoraro et al., 2007). These properties lead BC to rapid biodegradation in soil and rapid 
hydrolysis with cellulolytic microorganisms that possess enzymatic complex (Amano 
et al., 2004; Fontana et al., 1997; Thompson and Hamilton, 2001).

However, the most significant difference is that BC is very wettable in never-dried 
state and it can hold tens to hundreds of times its weight in water (Brown, 2011); these 
attributes probably favor the synergistic and sequential steps of substrate swelling, 
enzyme accessibility, and hydrolysis. All these characteristics turn BC into an added-value 
biotechnological tool with unique properties and are being used to synthesize nanomaterials 
through its three-dimensional nanopore structure and size distribution (Chen et al., 2013).

Different publications have shown that aggregation of cellulose microfibrils does happen and 
consequently modify the crystallinity index, mechanical and electrical properties changes, 
depending on the cultivation of the microorganism, as culture medium, carbon source, and 
other conditions (Ruka et al., 2012). For instance, dehydration causes dramatic changes on 
BC macro and fine structures of fresh or never-dried membranes. Lyophilized or heated gel 
dryer-processed BC membranes can take back a limited amount of water but by no means the 
bulky and full jelly original shape and aspect.

The cultivation of K. xylinus in the presence of ethanol results in BC with inferior mechanical 
properties but superior dielectric properties. It was observed that the BC swollen in ethanol 
or sheets prepared from fiber suspension in ethanol exhibited a relatively less dense 
structure in comparison to those processed from aqueous fiber suspension, being useful in 
electrochemical applications (Juntaro et al., 2012). Spray drying is a versatile technique 
that allows rapid heat and mass transfer in a continuous mode; it eliminates postprocessing 
stages, such as grinding and screening; it increases the sterility of the product; and high-
quality powders can be produced by engineering the size, shape, and morphology of particles. 
This method is used to produce a BC powder, compared with commercial microcrystalline 
cellulose, with better flowability, thermal stability, water retention capacity, being a promising 
pharmaceutical excipient (Amin et al., 2014).

The hornification phenomenon in its origin has frequently been associated with the 
formation of irreversible or partially reversible hydrogen bonding in cellulose upon 
drying or water removal by treating the cellulose hydrogel in supercritical ethanol at 
6.38 MPa and 243°C (Maeda et al., 2006) or with alkali solution (NaOH 4.40 mol/L). It 
is described as an increase in the degree of crosslinking within the fiber microstructure. 
In this perspective, water completely breaks the hydrogen bonds between the amorphous 
fibers. These physical properties of the polymeric material, such as a swelling decrease 
and an increase in wet strength parameters (wet breaking load, wet stiffness or wet 
modulus of elasticity), and this covalent crosslinking is not broken by water molecules 
(Diniz et al., 2004).
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2.3 Biosynthesis of Bacterial Cellulose

BC fibers are secreted by specific microorganisms (e.g., K. xylinus) due to its ability to 
biosynthesize the β-1,4-glucan chains exopolysaccharide, which, after being extruded outside 
the cells, are arranged in parallel chains (10–15) via hydrogen bonds forming the subfibrils, 
then aggregated to microfibrils, and finally microfibril bundles comprising a loosely wound 
ribbon, which consists of about 1000 individual glucan chains. The bacteria prefers aerobic 
conditions at static culture to biosynthesize the gelatinous membrane, characterized by 
a three-dimensional structure consisting of an ultrafine network of cellulose nanofibers 
(3–8 nm) with a high degree of crystallinity, polymerization, and purity displaying promising 
mechanical properties for nanocomposites (Czaja et al., 2006). Surface cultures (static) show 
yield better (g/L) (Fig. 7.3A) than submerged ones (agitated/aerated). In the last procedure, 
if insoluble microparticles, such as diatomaceous earth, silica, small glass beads, and loam 
particles, are added, the BC production can be significantly improved (Okiyama et al., 1992b; 
Vandamme et al., 1998).

An outstanding and apparently paradoxal feature of the biochemical abilities of some 
strains K. xylinus or at least as result of culture conditions is the formation of a kind of 
heterocellulose named acetan. This refers to shorter chains of cellulose structured as building 
blocks of the basic β-1,4-linked backbone further ramified with a pentasaccharidic unit 
composed of (Man)1-(GlcA)1-(Glc)2-(Rha)1 as a repeated substituent at the C3 position of the 
main chain as described by Argentine researchers (Couso et al., 1987).

This biosynthetic specialty was later reinvestigated in Japan. Thanks to a β-glucanase secreted 
to the culture medium, an increasing amount of ramified cellooligosaccharides (COS) also 
accumulated there and they corresponded to around one third of the biosynthetized and 
secreted true cellulose. Because in their structure they hold rhamnose and gentibiose (β-1,6-
linked glucobiose) it was obvious that their original source is acetan. Also curious is that 
the secreted glucanase displays acetan as the real substrate rather than homocellulose (Ito 
et al., 2005).

The genetic variability of BC producers, the exploration of cheaper carbon sources and 
transgenic strains are being explored intensively at TUL (Technological University of 
Lodz, Poland), by a researcher group lead by Jacek et al. (2015) attempts to understand the 
“apparent” mobility/motility of Komagataeibacter biofilms because this bacterium is devoid 
of flagella or pili in the cell surface. Beyond the cell’s motility, by further concentrating on 
regulatory genes disruption, they were able to observe changes in strains, productivity, and 
properties of cellulosic membranes. Examples from different pathways illustrate a diversity of 
processes crossing with cellulose synthesis in the producing cell (Jacek et al., 2015).

New strains of the gender Komagataeibacter are being explored for improved production 
of BC. The species persimmonis (as revealed by 16 S DNA complete fingerprinting) is an 



Figure 7.3: (A) Liquid culture medium with membranes of bacterial cellulose pointed by the arrows. 
At the right side the liquid medium was gently agitated and after 3 days another layer of the membrane 
grew above the old one; (B) after washing the membranes with dilute 1 g% sodium dodecyl sulfate, and 

afterward with water, the final product result a colorless semitransparent film; (C) bacterial cellulose 
membranes dried by a vacuum gel-dryer at 60°C for 2 h; (D) aspects after different treatments of 
bacterial cellulose membranes: (1) only with water, (2) diluted NaOH (1%) washings, (3) diluted 
NaOH (5%) washings, (4) washing according the TAPPI protocol (NaOH 4.40 mol/L or 17.5 g%).
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example. In a fermenter, which once optimized the best carbon and nitrogen sources, this new 
isolate produced 6.71 g/L of BC, which corresponded to a 30% gain over the static culture 
under the same nutritional conditions (Hungund, 2010).

Production of BC by Ha et al. (2008) using the waste from beer culture fermentation yielded 
4.52 g/L on the dry weight basis of BC after 120 h of cultivation, and after treatment of the waste 
beer yeast the production may increase to 7.02 g/L (Lin et al., 2014). Yeast extract and peptone 
are the most commonly used nitrogen sources in BC production as they provide nitrogen and 
growth factors for Komagataeibacter strains. Thin stillage is a wastewater from a rice winery 
rich in carbon sources and organic acids and it was used as a very effective supplement to 
traditional Hestrin and Schramm (HS) medium (the traditional BC production medium) for the 
enhancement of BC production. Thin stillage itself supported the growth of K. xylinus to produce 
BC with a concentration of 3.05 g/L after 7 days static cultivation; when employing it to replace 
distilled water for preparing HS medium, the BC production was enhanced 3.4-fold to 10.38 g/L, 
which is about 2.5-fold higher than that obtained in HS-only medium. The employment of cost-
free thin stillage as a supplement for BC production not only can enhance BC production but also 
solve the wastewater disposal problem of the winery industry (Wu and Liu, 2012).

Many researchers are trying to find efficient nutrient substitutes due to their high cost. Even 
if various nitrogen sources were added to the HS medium, peptone is found to be the most 
effective nutrient. However, corn steep liquor, which produced the second highest production, 
is always chosen as a substitute for economic viewpoints (Wu and Liu, 2012). In a parallel 
focus, apple juice and related by-products like pomace are being explored at Tomas Bata 
University at Zlin, Czech Republic by Saha et al. (2015), because apple is one of the most 
common agroindustrial wastes in Europe. Attempts have been taken to investigate yields of 
cellulose in the presence of apple juice, because such fruits have abundant sugars, such as 
glucose and fructose, proteins and trace elements that could be bioconverted into cellulose. 
Acetate-buffered medium can maintain a pH environment suitable for BC biosynthesis for a 
longer time as compared with traditional unbuffered HS medium and render an increase in 
BC production (Kuo et al., 2016). It is worth mentioning that acetic acid may be overoxidized 
until CO2 and H2O thus afford a surplus energy supply for the cellulogenic bacterium.

BC production was statistically optimized by K. xylinus strain using carob and haricot bean 
medium. Eight parameters were evaluated by Plackett-Burman Design and, significantly, 
three parameters were optimized by Central Composite Design and reveal that BC production 
can be carried out using these extracts as carbon and nitrogen sources, the medium has higher 
buffering capacity compared to HS medium. Optimal conditions for production of BC in 
static culture were found (Bilgi et al., 2016).

Florea et al. (2016) reprogram this organism for biotechnology applications and they created 
a set of genetic tools that enable biosynthesis of patterned cellulose, functionalization of the 
cellulose surface with proteins and tunable control over cellulose production.
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Komagataeibacter taxonomical gender and its several species are the BC producers of choice 
for most of the researchers in this field. However, the search of novel BC producers is in 
focus, too. Examples are the Asaia bogorensis at Shinshu University, Japan, because it is also 
a Gram[−] aerobic and peritrichous bacterium. Their isolate fibrils are thinner than those 
from K. xylinus and the BC productivity is lower. Panchal (2015) from Axcelon Biopolymers 
Co., in Ontario, Canada, is an experienced entrepreneur in BC production and market. One 
of his particular criticisms is the slow process of cellulose biosynthesis in Komagataeibacter 
known species and/or strains. This sharp limitation or bottleneck for a more compensatory 
BC commercialization was overcome thanks to the isolation of a novel strain that proved to 
be more than 10 times faster for this particular purpose and then adding a remarkable cost-
cut in the whole process and business (Panchal, 2015). Paralleling this particular interest, 
a group led by Rakoczy (2015) at West Pomeranian University of Technology, Szczecin, 
Poland, which is exploring advantageous application of rotating magnetic fields (RMF) for 
the production of BC, thus displaying different properties.

2.4 Hydrolysis of Bacterial Cellulose

The knowledge of enzymatic cellulolysis, either fungal or bacterial sources, is deeply 
consolidated in the literature. The complete hydrolysis relies on the equilibrated and 
sequential action of several cellohydrolases: (1) endoglucanases initially disrupt the 
amorphous portions of cellulose chains toward shorter fragments or cellodextrins; 
(2) cellobiohydrolases I and II act on these simpler structures, shortening them respectively 
from the reducing and nonreducing ends until even shorter oligosaccharides and cellobiose 
are obtained; and (3) cellobiases or β-glucosidases perform the final β-glycosidic bond 
splitting to the glucose monomer (Fig. 7.4). Interestingly, a novel hydrolytic and simultaneous 
oxidizing mechanism was revealed in the classic ascomycetous model, Neurospora crassa 
(the light pinky mold from aged and fermented bread): its peculiar enzymatic apparatus 
converts cellulose chains and their COS into shorter and mono- or dioxidized at C-1 and/
or C-4 derivatives thanks to the coparticipation of molecular oxygen and an electron donor 
(Isaksen et al., 2014).

Partial acid hydrolysis of cellulose substrates is the most widely used procedure for 
obtaining cellulose nanocrystals. The driving force of BC nanocrystal formation in 
acidic media is the difference in solubility of structural regions in bulk cellulose, namely 
amorphous and crystalline entities. While amorphous regions of the cellulose substrates 
dissolve and hydrolyze in acidic solutions, crystalline domains readily reassemble to form 
nanocrystals, nanorods, or nanowhiskers (Lu and Hsieh, 2010). Preparation of BC-derived 
nanocrystals with different sulfate contents and, consequently, widely different colloidal 
properties was reported by varying the type of acid used as hydrolytic agents. Whether 
hydrochloric acid (HCl), its mixture with H2SO4, or H2SO4 alone, was used, prepared crystals 
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exhibited zeta potential values of −5, −40, and −46 mV; in return, the surface character 
of particles influenced their colloidal stability and interactions with other materials (e.g., 
xyloglucan) (Pirich et al., 2015). By using chemical modifications on nanocrystals or 
nanofibers, the properties of the nanocrystal or nanofiber could be changed and controlled 
in specific ways. Some different surface treatments on nanocellulose where a TEMPO-
mediated oxidation [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl] or cationization of the 
nanocellulose surface can give charged side groups, which will give electrostatic repulsion 
between the crystals and prevent aggregation, especially on nanocrystals prepared from 
hydrochloric acid.

2.5 Purification of Bacterial Cellulose

Crude membranes from traditional HS medium or other winery wastewater, as carbon and 
nitrogen sources, usually are cream colored and entrap part of the dead and viable bacterial 
cells in the cellulosic network of fibrils must be removed. The quick clearance of fresh 

Figure 7.4: Enzymatic Cellulolysis of the Polysaccharide into Short Cellooligosaccharides, 
Cellobiose, and Glucose.
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BC membranes, for instance, the removal of adherent bacterial cells and culture medium 
residual components, as well as a catabolic acetic acid as coproduct, may be carried out 
through extensive and agitated water washings or even more often by careful diluted NaOH 
washings (the alkali concentration do not exceed 5%) thus avoiding membrane coarse 
alterations due to the severity of mercerization.

We have selected for our particular biotechnological uses a milder and more efficient crude 
membrane clearance pretreatment, namely, two or three successive washings, at room 
temperature with 1 g% sodium dodecyl sulfate (SDS) removed between 85% and 95% of all 
proteins/nucleic acids as well, determined by absorbance at 260 and 280 nm (Warburg, 1942) 
(Fig. 7.3B). This anionic detergent is an efficient protein, nucleic acid, and lipid solubilizing 
agent, following the BC-entrapped bacterial cells membrane deconstruction and hence 
washing out of all cytoplasmic components either of high or low molecular weight, which 
could create undesired allergic or pyrogenic side effects. SDS experiences no restriction from 
any medical or health standpoint because it is often employed in the formulation of hair-, 
body-, and mouthware, such as shampoos, creams, and toothpastes. The TAPPI protocol 
(NaOH 4.40 mol/L) for recovery of alkali-insoluble α-cellulose, resulted in drastic membrane 
shrinkage to about 10% of original size, curled deformation, and plastic aspect due to the 
strong and irreversible mercerization—cellulose I → cellulose II allomorphs transition 
(Fig. 7.3D). NaOH (1.25 mol/L) led to the more efficient removal (not computing alterations 
in the native cellulose architecture) and SDS proved to be superior to the acid (HCl) solution 
and to recovery of a purer native and bioactive cellulosic network (Fontana et al., 1990; 
Grzybowski et al., 2015).

The following comparative photomicrographs display the pellicles of crude and SDS-purified 
BC (Fig. 7.5).

3 Taxonomical Classification of Gluconoacetobacter Gender
3.1 Komagataeibacter xylinus

Komagataeibacter taxonomical gender and its several species (formerly, Glucoacetobacter 
and Acetobacter) is the BC producer of choice for most of the researchers in this field.

Yamada and Kondo (1985) described the subgenus Gluconoacetobacter. Toyosaki 
et al. (1995) confirmed that this subgenus is divided into two philogenetically groups, 
suggesting a division, gluconoacetobacter and sucrofermentans (LPSN, 2011), although 
Yamada et al. (1997) examined the genome sequences of 36 strains of acetic bacteria, 
classified as Acetobacter, Gluconobacter, and Acidomonas genus. The conclusion was 
that the strains classified as the subgenus Gluconoacetobacter of the genus Acetobacter 
are quite philogenetically different from Acetobacter and/or Gluconobacter species, 
indicating that they should genetically distinguished. For this reason a new genus was 



224 Chapter 7

proposed to the classification of acetic acid bacteria, the Gluconoacetobacter; this was 
validated by the list no. 64 of new microorganism names. During the act of validation 
the genus name was corrected accordingly by graphical rules from Gluconoacetobacter 
to Gluconacetobacter (List, 1998). Cleenwerck et al. (2010) suggested again the division 
into Gluconacetobacter and Sucrofermentans, but no official note was published. 
This new concept derived from genome-wide phylogenetic analysis fits well with the 
physiological differences among the three genera, the latter two of which are found 
in similar habitats and have similar physiologies, Gluconacetobacter and Acetobacter 
(Matsutani et al., 2011).

The reconstruction of phylogenetic relationships among AAB was performed using complete 
genome sequences, which suggests that Gluconobacter was the first to diverge from the 
common ancestor of the three genera. This concept derived from genome-wide phylogenetic 

Figure 7.5: Photomicrographs at the hydrogel fracture point of crude pellicles of bacterial cellulose 
(BC) at 5000 × (A) and 15,000 × magnifications (B), and surface photomicrographs of sodium 

dodecyl sulfate solution purified pellicles, taken at the same magnifications (C–D). In micrograph A, 
arrows indicate entrapped bacteria between the cellulose fibrils.
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analysis fits well with the physiological differences among the three genera: Gluconobacter, 
Gluconacetobacter, and Acetobacter, the latter two of which are found in similar habitats. 
Indeed, these genera were previously classified as a single genus: Acetobacter. Yamada et al. 
(1997) separated the genus into Gluconacetobacter and Acetobacter on the basis of 16S 
rRNA gene sequence. In contrast to the 16S rRNA gene-based phylogenetic tree, their results 
fit well with the fact that Gluconacetobacter and Acetobacter have similar physiologies 
and habitats.

Yamada et al. (2012b) propose Komagataeibacter gen. nov. for strains of the species 
accommodated to the Gluconacetobacter xylinus group of the genus Gluconacetobacter, the 
family Acetobacteraceae Gillis and De Ley 1980. A rod bacteria, named in honor of Kazuo 
Komagata, professor at the University of Tokyo, Bunkyo-ku, Tokyo, Japan, contributed to 
the bacterial systematics, especially of acetic acid bacteria. The systematic assignments or the 
taxonomic positions of the isolate based on routine identification methods can be confirmed 
phylogenetically, for example, by constructing a phylogenetic tree based on 16S rRNA 
gene sequences. To divide isolates already assigned to the genus Gluconacetobacter into 
two groups, namely the Gluconacetobacter liquefaciens group and the G. xylinus group, the 
characteristic brown-pigment production can be utilized. The former produces a water-soluble 
brown pigment, but the latter does not. The phylogenetic and phenotypic characteristics 
obtained by the researcher are enough to separate the G. xylinus group at the generic level 
from the G. liquefaciens group, and the species of the former group can appropriately be 
classified into a separate new genus. The name of the genus is Komagataeibacter gen. nov. 
(Yamada et al., 2012a).

Their members are Gram-negative rods and nonmotile, measuring 0.5–0.8 × 1.0–3.0 µm 
and a nonphotosynthetic organism. Colonies are white–creamy and smooth with entire 
margin or rough (Yamada et al., 2012b). Production of cellulose is positive or negative. 
They produce acetic acid from ethanol and does not produce a water-soluble brown 
pigment on glucose/yeast extract/calcium carbonate medium. Growth is positive in the 
presence of 0.35% acetic acid v/v. In some strains, acetic acid is strictly required for 
growth. They oxidize acetate and lactate to carbon dioxide and water. In general, it 
grows on glutamate agar and mannitol agar. Ammoniac nitrogen is generally assimilated 
on d-mannitol. Production of dihydroxyacetone from glycerol is positive or negative. 
They produce 2-keto-d-gluconate or 5-keto-d-gluconate from d-glucose, but 2,5-diketo-
d-gluconate is not produced. γ-Pyrone compounds are not produced. In some strains, 
ketogluconates are not produced. Acid is produced from d-glucose, d-galactose, d-xylose, 
l-arabinose, or ethanol, but not from d-fructose, l-sorbose, d-mannitol, d-sorbitol, maltose, 
or lactose. They grow on d-glucose, d-fructose, or d-mannitol, but not on lactose. A 
major isoprenoid quinone is Q-10. DNA base composition is 55.8–63.4 mol% guanine 
and cytosine with a range of 7.6 mol%. The type species is Komagataeibacter xylinus 
(Brown, 1886) comb. nov. (Yamada et al., 2012b).
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4 Current and Novel Food Biotechnological Applications

Cattle and other ruminants take a huge benefit from a cellulose diet because their microflora 
have the competent enzymatic tools to hydrolyze cellulose to free sugars and their full 
absorption and the subsequent nutritional anabolism. Although not digestible by the human 
intestinal tract, cellulose, and its capacity of water intake play a vital role in the digestive 
bolus transit, besides being a helper effect in the mouth feel.

BC has an amplified capacity for this role because its native water content in the 
magic polysaccharide chains network may exceed 99% along with the smoothness and 
morphological aspect and one may desire managing with the culture condition and recipient 
design. The few cellulose producer bacterial strains (the genera Komagataeibacter spp.) are 
also able to ferment plenty of sugars to good quality vinegars, another safe food condiment 
(Badel et al., 2011).

BC is a dietary fiber, classified as GRAS (generally recognized as safe) and was accepted the 
US Food and Drug Administration in 1992. It offers a range of health benefits and can assist 
in reducing the risk of chronic diseases, such as diabetes, obesity, cardiovascular disease, and 
diverticulitis (Cho and Almeida, 2012). The BC has multiple potential in the food industry 
due its high pure form, various shapes, and textures (films, multishaped pulps, filaments, 
spheres, particles, and whiskers) and incredible ability to acquire in situ changes, like flavors 
and colors of cultured medium. It can also be used as a potential replacement for the fat in 
emulsified meat products, as thickening, gelling, stabilizing over a wide range of pHs, water-
binding, and as packing material (Cho and Almeida, 2012; Okiyama et al., 1992a, 1993; 
Shi et al.,2014).

Vegetarian “meat” can be made using BC and Monascus extract (from a naturally red 
pigmented mold) (Purwadaria et al., 2010). The complex is stable in morphology and color 
and the flavor is just like meat (Jůzlová et al., 1996; Wonganu and Kongruang, 2010). This 
product combines cholesterol lowering with the other advantages from the bacterial dietary 
fiber (Ng and Shyu, 2004).

All these reasons explained why BC, historically a Southeast Asian eating habit, has been 
known and appreciated as Nata de Coco, a traditional food dessert delicacy, is a tradition 
in the Asian dishes portfolio prepared from cocoa nut (Cocos nucifera). Its discovery is 
attributed to Africa (1979), a student at the University of Santo Tomas in the Philippines, from 
a first observation of de Guzman (1971) in a microorganism grown in “makapuno” or coconut 
water. Lapuz et al. (1967) described the microorganism as a floating pellicle in contaminated 
coconut water as K. xylinus (Phisalaphong and Chiaoprakobkij, 2012).

Nata de Coco means “cream from cocoa nut water” and can be found as a jelly, an agar, or a 
pudding with gelatin features, with a smooth mouth feel, and simple manufacturing process 
for the cellulose biomass. As mentioned earlier, a few entrapped dead or alive bacterial cells 
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do not offer any risk for the human consumers since BC producers are undoubtedly GRAS. 
Japanese people have the expertise for special foods design and consumption. This explains 
why Japan turns to the world major importer of Nata de Coco from main producers as in the 
Philippines, Thailand, and neighboring countries. This food/desert preference reached its 
boom in the 1990s but still is very significant (Phisalaphong and Chiaoprakobkij, 2012).

Asian researchers explored the production of a cleaner Nata de Coco, immobilizing the 
inoculum in an insoluble calcium-alginate matrix. This could support two recycling 
fermentations with 0.8 cm thick cell membranes in a period of 11 days and the cell viability 
of immobilized K. xylinus was still high (Nugroho and Aji, 2015).

Antimicrobial agents, oxygen, and ethylene scavengers can be incorporated into food packing 
material of active BC, moisture removers, and taint removers, which offer a promising 
method to enhance the safety and extend the shelf life of processed meats (Tomé et al., 2010). 
The oxygen permeability of the composites is lower than the general packing materials and 
the tensile strength is only slightly lower than that of pure BC, which maintains their activity 
during storage (Jipa et al., 2012).

Although cocoa water ingredients are sufficient to hold the bacterium growth and 
cellulogenesis, inclusion of other simple nutrients, such as sulfates or phosphates, in the 
culture media or even more sophisticated additives like the reducing sulfite or the UDP-
glucose donor for cellulose synthase, can further improve the antioxidant activity and 
reducing the oxidative stress of bacterial cells. This strategy of improvement of the cellulose 
synthesizing capability is dealt in the Chinese patent request CN 102599396 A, published in 
July 2012 (Weijun, 2012).

A convincing analytical approach was comparatively raised between cellulose isolated from 
Nata de Coco in Malaysia and plant cellulose. Inter alia, the coincident FTIR, peaks at 3440, 
2926, 1300, 1440, 1163, and 1040 cm−1, respectively, corresponding to O&H and C&H 
stretchings, C&H and CH bendings, C&O&C and C&O stretchings (Halib et al., 2012) 
clearly indicated the similar chemical poly-β-1,4-linked glucopyranose structure for both. BC 
powder produced from Nata de Coco was found to be soluble only in cupriethylenediamine, a 
well-known solvent for cellulose; thus the purity of BC was confirmed.

New ideas may come from young entrepreneurs. The bronze medal from the 2015 
International Sustainable World Energy, Engineering and Environment Project Olympiad 
held in Houston, Texas, was gathered by Amin Hataman, a 15-year-old student from Manila’s 
Fountain International School. His product corresponded to a biodegradable “plastic” bag 
made from Nata de Coco (Ronda, 2015).

The peculiar cellulosic network of entangled fibrils of Nata de Coco, despite only 1% of the 
dry weight, may deserve several nanotechnological applications other than food purposes 
as such or as emulsions. A few examples are sunscreen in cosmetics as a light scatterer; 
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the unique light amplification properties of Nata de Coco provide a much greater level of 
detection sensitivity compared with other light amplification systems, a low-concentration 
BC solution (<5 cP) enables high-resolution electrophoretic separation of DNA, even for 
fragments of 10−100-bp or single-nucleotide polymorphism (Tabuchi and Baba, 2005); 
the rigidity and fineness of BC fibril increases the available filtration area relative to other 
commercially available filters and decreases clogging and breakage, allowing undesired 
components to be easily eliminated during blood diagnosis or electrophoresis matrix and 
checking tool for allergenicity. Also, it is possible to add the wide set of composites with 
related and nonrelated polymers, such as polysaccharides (chitosan, yeast β-glucans), 
collagen, polylactate, as well as antioxidants like oxygenated carotenoids and flavonoids 
and even hydrophobic materials as graphite and graphene as such after their oxidation 
(Tabuchi, 2007). Among the several composites bioassayed by the biomass chemo/
biotechnology group in mice dorsal wounds, the best results were attained with BC added of 
purified Saccharomyces cerevisiae cell walls (Fontana and Grzybowski, 2015).

4.1 Brazilian Approach on Nata de Coco Production

Recently our Biomass Chemo/Biotechnology group is producing different series of Nata de 
Coco because Brazil is also a great producer of coconut in its extensive Northeast region.

Thick (ca. 2 cm, wet state) membranes of cellulose were obtained through the incubation 
of Komagataeibacter hansenii ATCC 23769 in large and nonagitated trails. Medium 
formulation, concerning dark-color nutrient inputs were minimized as much as possible 
(case of molasses, peptones, and yeast extract) in order to facilitate the production of less 
colored cellulose blocks. Further water washings were realized with distilled water. Pieces 
of the clean and whitish membrane (ca. 2 × 2 cm) were cut and equilibrated alternatively 
with sterilized 5% syrup of fructooligosaccharides (FOS) or several other natural deep-color 
antioxidants. The former derived either from pH 2.5 phosphoric or citric acid pretreatment of 
purified inulin of Dahlia sp. tubercles (a labile poly-β-2,1-linked fructofuranosidic polymer) 
at 80–85°C (water bath) for 15 (phosphoric acid) or 45 min (citric acid), a condition that 
allows the accumulation of FOS with lower content of free fructose and minimization of the 
cogeneration of hydroxymethylfurfural or difructose anhydrides. The final syrup pH was 
raised to 4.0 through a potentiometric-guided titration with diluted ammonia. Hence, the acid 
catalysts remain incorporated in the final syrup and the corresponding salts, as is usual in cola 
soft drinks and yogurts (Fontana et al., 2011).

Concerning the second series of additives—the antioxidant natural colored pigments from 
plants, yeast, or microalgae—extraction was made either with slightly acidified water (e.g., 
phosphoric acid for fruits anthocyanins/anthocyanidins) or warm ethanol (case of oxygenated 
carotenoids, further emulsified by dilution with sterile water). The BC cubs were agitated 
with 5–10 volume of each additive (in some cases, with the mixture of both kind of them) 
for 16 h, the excess of additive were drained or washed out. In a few cases, a residual content 
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around 2%–3% pure ethanol was left in the final dessert. The nature of each additive was 
characterized by spectrophotometric and thin layer chromatography analyses and their 
estimate content in each blended Nata de Coco calculated from their molar absorption 
coefficients (ε) whenever known. Each food preparation or dessert was checked for 
organoleptic properties (color intensity/stability, taste, mouth feel, sweetness, residual alcohol 
perception) by at least three experienced persons on culinary skill from the lab team. Fig. 7.6 
illustrates the appearance of several, such as food innovations.

Figure 7.6: (A) A Brazilian coconut was broken, the pulp water was microwave-sterilized and 
a BC membrane was produced in loco, following inoculums from an axenic cellulogenic strain; 

(B) antioxidant cubes of bacterial cellulose (0, control BC; 1, bixin from Bixa orellana; 2, turmeric 
extract from Curcuma longa; 3, spinach chlorophyll from Spinacia oleracea; 4, açaí paste from Euterpe 
oleracea; 5, red grape juice from Vitis vinifera; 6, red-dragon fruit paste from Hylocereus monacanthus; 

and 7, astaxanthin from Haematococcus fluvialis); (C) small cubes of BC membranes mixed and 
homogenized into fruit juices of grapes, pitaya, and astaxanthin; (D) Curau pudding prepared 

with corn and coconut milk and addition of small cubes of bacterial cellulose.
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Creativeness and innovation on novel Nata de Coco recipes has been finding in many room 
world around, some examples are the Buko Pandan salad, pineapple Nata de Coco Pie 
(McDonald’s, Singapore), and a lot of low-calorie desserts published by many enthusiastic 
blogs. Functional foods that contain significant amounts of bioactive components may 
provide desirable health benefits beyond basic nutrition and play important roles in the 
prevention of chronic diseases. Along with other phenolic compounds, anthocyanins/
anthocyanidins are potent scavengers of free radicals, although they can also behave as 
prooxidants. Because of their diverse physiological activities, the consumption may play 
a significant role in preventing lifestyle-related diseases, such as cancer, diabetes as well 
cardiovascular and neurological diseases (Konczak and Zhang, 2004).

4.2 Production and Biotechnological Applications of Cellooligosaccharides

Plenty of plant foods display the native cell wall assembly, an intimated linked architecture of 
cellulose (50%), hemicelluloses (25%), and lignin (20%), which would be shortly named as 
ligno(hemi)cellulose. Human and nonruminant animals lack the most important key-enzyme 
to digest plant cell walls: cellulase. Most of the biomass from green leafs, grasses, and 
ligno(hemi)cellulose-rich foods runs the gastrointestinal transit as such and are eliminated in 
the stools. The opposite does occur with ruminant animals, such as cows and goats because 
their multiassembled digestive apparatus—the rumen—is an intensively live biological 
reactor encompassing the harmonic living together of cellulolytic bacteria and molds so they 
able to convert most of the cellulose and hemicellulose into free sugars, further fermented 
to afford energy and carbon units for several other anabolic purposes. As two examples, 
Fibrobacter succinogenes produces cellulase that breaks down the more complex forms of 
cellulose, as in straw, while others, such as Ruminococci, produces extracellular cellulase that 
hydrolyzes the simpler amorphous type of cellulose (Baldwin, 1995).

Despite the lack of a cellulolytic enzymatic equipment, humans possess an efficient and 
complex enzymatic group, including salivary amylase, stomach proteases, and pancreatic 
lipase in order to take full advantage of all other main food ingredients. An additional benefit 
from the daily ingestion of fibers like cellulosic materials is the absorption and excretion of 
part of diet cholesterol and other lipid compounds, such as triacylglycerols and free fatty 
acids.

There are a large number of different molecules belonging to low-digestible carbohydrates: 
fructans (inulin, FOS), galacto-oligosaccharides, xylo-oligosaccharides, isomalto-
oligosaccharides, and resistant starches. As compared to the many reports on the nutraceutical 
properties of these oligosaccharides, few are established in a similar benefit regarding 
COS. The former are in the human gut but just at the level of colon, catabolized by spp. of 
Lactobacillus and Bifidobacterium to short chain fatty acids (lactic, propionic, and butyric 



New Insights on Bacterial Cellulose 231

acids), thus reducing the local pH and finally inhibiting the growth of pathogenic enteric 
bacteria, such as pathogenic strains of Escherichia coli, which are implicated in the mucosal 
aberrant crypta and later, in tumors (Blaut, 2002; Fontana et al., 2011).

A popular statement—in part confirmed by scientific clinical assays—is derived therefore: 
a diet rich in fibers (cellulose and other non- or low-digestible carbohydrates) selectively 
stimulate the growth and/or activity of beneficial bacteria in the colon, lowers the risk of 
colon cancer because they reduce the time that waste food products and toxins stay in contact 
with the absorbent mucosa of colon walls, thus improving the host health (Zago et al., 2011).

Puddings, for instance, from tick and well-rippened corn grains, coconut milk, sweet 
rice, and cassava starch creams are well-liked desserts in Brazil because they ensure the 
light reminescent of the grain or tuber personalized taste. It is worthy of mention that 
their starchy jelly aspect may adds more consistency and mouth feel if 0.8 g%–1.0 g% of 
cellulose is added before cooling and rigid gel settle. In our experience, if BC is previously 
ultracomminuted as shown in Fig. 7.7A, namely, a mechanical defribilator, which renders 
cellulose nanofibrils <100 nm, improved dessert recipes are obtained. All desserts were 
suitable for probiotic delivery and presented sensory acceptability scores by consumers 
(Fig. 7.7B–D). Exploring just the mouth feel, flavor, and aftertaste, many jelly desserts could 
be blended with nanofibrilated BC with an increase in the sweetness and maintenance of the 
final texture, along with some nutraceutical bonuses.

Oligomeric fragments from BC through acid or enzymatic hydrolysis were patented in 
Japan as the basic stuff for derivatization with hydrophobic moiety of alkylated glucose 
or COS and, bonded thereto in a block fashion, a hydrophilic moiety of monosaccharide 
or oligosaccharide, then addressed as innovative and advantageous nonionic surfactant 
(Kamitakahara et al., 2006).

The production of COS sophistication was the enzymatic hydrolysis of acid-swollen 
cellulose on granular activated carbon. The yield was 30% of the fed polymer and were 
mainly cellobiose with a small amount of cellotriose, and it was obtained by taking 
advantage of the affinity of charcoal for small molecular weight carbohydrates whose 
elution, for instance, on their interaction with larger cellulose chains themselves, according 
increasing molecular weight or DP required a progressive gradient of ethanol in water. COS 
up to DP eight are soluble in water. The soluble COS can be used in the food industry as 
nondigestible oligosaccharides (Kuba et al., 1990).

With the scope of light shedding in this subject, researchers at the Matsutani Chemical 
Industry at Osaka, Japan, synthesized COS in a membrane reactor and fed them both to 
humans and rats, thus unraveling some differential effects, thus stating that although COS 
were resistant to human salivary amylase and artificial gastric juice, they were partially 
hydrolyzed by rat intestinal mucosa cell homogenates. The blood glucose level after COS 
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loading was gradually increased in rats. However, no increase in the blood glucose level was 
observed in humans. Insulin secretion was not stimulated by COS in either rats or humans. 
Observing the effects of ingestion of COS by the rats, excretion into feces was not detected. 
After for 4 weeks kept on a high-sucrose diet or a COS-supplemented high-sucrose diet, 
the high-sucrose-fed rats present higher levels of body fat than the COS-fed rats. The total 
cholesterol, triglyceride, and serum level of fructosamine were higher for the high-sucrose-
fed rats either. These results suggest that COS are indigestible and that they would be 
expected to have beneficial effects on carbohydrate metabolism and prevention of diabetes 
and obesity (Satouchi et al., 1996).

Thanks to Japanese researchers, an improvement in weaned calves was detected when the 
pasture was supplemented with COS in the basis of 10 g/day. The heart girth (circumference 

Figure 7.7: (A) Mechanical defibrilator for bacterial or plant celluloses; (B) coconut pudding 
obtained with coconut milk, cassava starch, and nanofibrilated bacterial cellulose; (C) Curau 

pudding obtained with well-ripened corn grain jellied tick paste, coconut milk, and nanofibrilated 
bacterial cellulose; (D) different texture of puddings are obtained depending of the starch content.
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around the thoracic cavity used to estimate an animal’s weight and capacity of the heart 
and lung) and rumen microbial population was monitored and both experienced increase 
in the assayed animals as compared to control ones. Increased microbiota difference was 
due to the fibrolytic (e.g., Fibrobacter spp.) and methanogenic (Ruminococcus flavefaciens) 
bacteria. The benefits were clear but they resulted from a long-term COS supplementation 
(Kido et al., 2016). Effects of COS were investigated on growth performance and intestinal 
microflora, the results indicating that COS has a positive effect. The mucosal architecture of 
weaned pigs has increased villus height and the dietary COS offers a promising approach to 
alleviative postweaning intestinal tract disorders in pigs (Jiao et al., 2014).

The health benefits of probiotics are dependent on the viability and sufficient number of 
probiotics in the target intestine. Due to probiotics vulnerability to several environmental factors, 
such as temperature and pH, maintaining the viability of probiotics is a major bottleneck and 
has long been a hurdle to develop successful probiotic delivery systems. Bionanocomposites 
capsules were obtained to accomplish the highest prebiotics score and survivability of probiotic 
under drying process and gastrointestinal conditions using the simplex-lattice mixture method. 
The optimal bionanocomposites formulation was obtained by mixing 20% pectin with 80% 
BC. Nanoscale properties of BC, high crystallinity and available surface area resulted in high 
probiotic protection. Also, the stability during storage period and shelf life were improved, which 
inferred the bionanocomposite could be a candidate as a useful probiotics protection system in a 
variety of temperature for a long time (Khorasani and Shojaosadati, 2016).

5 Sophisticated Health Applications

BNC as a natural polymer of excellent chemical purity has a chance to become a competitive 
product, already successfully applied in many fields of industry, but most popularly—in 
medicine, for the reconstruction and regeneration of tissues.

5.1 Skin Tissue Engineering

Reconstruction of damaged human or animal tissues, especially in the case of burns or 
therapy of dermal ulcerous wounds has been a valid application of BC. Our biomass chemo/
biotechnology group have pioneered this particular application of great medical interest in a 
report as early as 1990 (Fontana et al., 1990). Soon after, we explored the chemistry of novel 
stimulators for BC biosynthesis (Fontana et al., 1991). With a particular emphasis in the 
elucidation of the fine biochemical role of tea (Camelia sinensis) pseudoxanthines improving 
BC production through the inhibition of specific phosphodiesterases, which destroy the strong 
activator of cellulose synthetase, the double cyclic nucleotide c-diGMP (Fontana et al., 1997). 
Therapy of burn skin was thoroughly explored during the following decade, although other 
potential biomedical applications for native or modified biofilms prepared from BC have also 
been investigated (Czaja et al., 2006, 2007).
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Various polymeric materials are investigated for topical application, but the search for an 
ideal skin-graft substitute with properties and functionality similar to human skin is still 
continuing (Sulaeva et al., 2015).

Regarding better properties for BC, composites containing montmorillonite nanoparticles 
have attracted immense attention due to the reinforced physicomechanical properties by 
increasing of the tensile strength of the final product (Ul-Islam et al., 2012). BC and chitosan 
membranes were produced in large scale and maintained proper moisture contents for an 
extensive period without dehydration and the effects on skin wound healing were assessed 
by rat models. Histological examinations revealed that wounds treated with BC and chitosan 
epithelialized and regenerated faster than those treated with BC (Lin et al., 2013). Silver 
nanoparticle-impregnated BC exhibited antimicrobial activity against E. coli (Maneerung 
et al., 2008), Staphylococcus aureus (Yang et al., 2012), and Bacillus subtilis (Wei 
et al., 2011), common microorganisms in contaminated wounds. BC with the inclusion 
of glycerin results in a skin moisturizing effect, which could be clinically relevant for the 
treatment for skin diseases characterized by dryness, such as psoriasis and atopic dermatitis. 
Those membranes were also able to modulate the release of drugs for transdermal delivery, 
while no significant differences were observed for transepidermal water loss measurements in 
comparison with negative control, 2 and 24 h after patch removal, which is an indicator of an 
absence of barrier disruption (Almeida et al., 2014).

The influence of RMF on production rate and quality parameters of BC synthetized by K. 
xylinus was assessed by the exposure of bacterial cultures to RMF (frequency f = 50 Hz, 
magnetic induction B = 34 mT) for 72 h at 28°C. The study revealed that RMF alters 
cellulose biogenesis and may offer a new biotechnological tool to control this process. The 
cellulose obtained under RMF influence displayed higher water absorption, lower density, 
and less interassociated microfibrils compared to unexposed control. The application of 
RMF significantly increased the amount of obtained wet cellulose pellicles but decreased 
the weight and thickness of dry cellulose, this finding may a potential in the production of 
dressings for highly exudative wounds (Fijałkowski et al., 2015).

Fairly, it may be attributed to Bielecki et al. at the Institute of Technical Biochemistry 
at Technological University of Lodz (TUL), the credit of turning BC biofilms into an 
effective medical tool for the therapy and the fast healing of human wounds as those derived 
from accidental burns. As a consequence, BC became popular in Polish hospitals and the 
knowledge produced at TUL, once protected the proprietary and industrial rights through 
patent deposits, were transferred for a fast-growing industrial company, Bowil Biotech, 
located at Wladyslawowo, Poland and which granted the valuable ISO 13485 certification 
for their BC-based medical by-products. One such product is a wet dressing called Alemat; 
small-scale clinical trials in Poland have shown that burns dressed with Alemat heal in 
8 days and leg ulcers in 46 days, which Lemke claims is up to 40% quicker than those 
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treated with other dressing types. Lemke claims that patients report less pain during healing 
(Pearson, 2013). Not less fairly, the register about the first experiment carried at TUL with 
BC by the pair of scientist Galas and Krystynowicz is herein made (Galas, 1997).

5.2 Vascular/Neuronal/Osteo Tissues Engineering

On static cultivation, biosynthesis of BC could be molded, creating different kinds of shapes 
and sizes. Culturing K. xylinus in oxygen-permeable silicone tubes to orient the fibrils along 
the longitudinal axis generates a uniaxially oriented fibril structure with excellent mechanical 
properties for use as a microvessel or soft tissue material in medical and pharmaceutical 
applications (Putra et al., 2008; Zang et al., 2015).

Another noteworthy development is the achievement of tubes growing in stationary cultures 
in the form of a pellicle with a glass mandrill put vertically into the membranes. They 
were directly used as artificial blood vessel and cuff for nerve suturing. This material has 
substituted the traditional synthetic implant materials made of polyethylene, polyurethane, or 
poly(tetrafluoroethylene), which have proved insufficient, often resulting in thrombosis. The 
wall of the tubes is formed by the typical transparent BC hydrogel and is also characterized 
by a stable inner lumen, good stability of sutures, essential mechanical strength, and the 
important feature of being permeable to water, other liquids, ions, and small molecules. The 
tubes also show very good surgical handling and can be sterilized in standard ways (Klemm 
et al., 2001, 2005). BC covalent connection to fibrin to afford a composite with mechanical 
properties comparable to those of small native blood vessels has been also a welcome novelty 
of medical interest. Glutaraldehyde-treated BC composites exhibited tensile strength and 
modulus comparable to a reference small-diameter blood vessel and tensile cyclic creep 
test indicated that the time-dependent viscoelastic behavior of glutaraldehyde-treated BC/
fibrin composites was comparable, too (Brown et al., 2012). A cartilage-like BC neurotube 
for restoration of damaged tissues was produced. The obtained implants with excellent 
biocompatibility, moldability, biophysical, and chemical properties perfectly fit the needs of 
reconstruction of damaged peripheral nerves and prevent the formation of neuromas. Bowil 
therapeutical BC aids present very good biocompatibility and allow the accumulation of 
neurotrophic factors inside, thus facilitating the process of nerve regeneration (Kowalska-
Ludwicka et al., 2013).

Microporous BC scaffolds were seeded with osteoprogenitor cells and examined by confocal 
microscopy and histology for cell distribution and mineral deposition. Cells clustered within 
the pores of microporous BC and formed denser mineral deposits than cells grown on control 
BC surfaces. The composite material formed by BC and hydroxyapatite was a promising 
biomaterial to be used to facilitate osteoblast in growth and formation of a mineralized tissue, 
consequently for bone tissue engineering applications (Zaborowska et al., 2010). BC pellicles 
were compared with bovine articular cartilage in the presence of phosphate-buffered saline. 
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The friction coefficient evolution was continuosly monitored during the tests and the release 
of total carbohydrates into the lubricating solution was followed as an attempt to evaluate 
wear losses, this and other mechanical experiments also indicate BC as an attractive material 
to be used as artificial cartilage for articular joints (Lopes et al., 2011).

Resorbable materials has been developed for soft and/or bone tissue regeneration purposes 
using BC, which has shown possible osteoconduction properties and selective permeability. 
BC membranes have been used for guided bone regeneration in bone defects of critical and 
noncritical size, in periodontal lesions, and as a resorbable barrier membrane occluding 
fibroblastic cells and fibrous connective tissue into bone defects. Moreover, the results from 
the literature have revealed that BC membranes promote effective bone formation at the 
site, besides being a low-cost treatment (Simonpietri-C et al., 2000). The team of Sendemir-
Urkmez at Ege University from Izmir, Turkey, was successful combining BC with keratin, 
isolated from human hair, both qualified biocompatible materials that have potentials in tissue 
engineering, enhancing the proliferation of osteoblasts and keratinocytes. They tested two 
main approaches for production: the first approach was an in situ modification, using different 
concentrations of isolated keratin protein added to the fermentation medium; the second one 
was postmodification of BC with keratin based on impregnation and lyophilization. In vitro 
experiments with human skin keratinocytes and human skin fibroblasts cell culture were 
performed to indicate the potential of the composite on skin tissue engineering. Additionally, 
BC composites and hybrid scaffolds were produced with hydroxyapatite in order to enhance 
proliferation of osteoblasts and keratinocytes (Bayira et al., 2015).

Porto, at Federal University of Santa Catarina, Brazil, is exploring differential aspects of the 
microarchitecture of BC simply through its modulation changing the carbohydrate sources 
for K. hansenii ATCC 23769 cultivation. Benefits, such as human umbilical vein endothelial 
cells adhesion, morphology and viability are claimed. Adhesion, cell ingrowth, proliferation, 
viability, and cell death mechanisms were evaluated on the BC pellicle surface and the human 
umbilical vein endothelial cells (Berti et al., 2013).

The most widely clinically used artificial vessel is currently made from expanded 
poly(tetrafluoroethylene), polyglycolic acid, and poly l-lactic acid. However, these 
materials have many deficiencies contributing to the formation of thrombi and intimal 
thickening (Esguerra et al., 2010). By taking advantage of the high oxygen permeability of 
polydimethylsiloxane as a tubular template material, BC tubes with a length of 100 mm, a 
thickness of 1 mm and an outer diameter of 4 or 6 mm were biosynthesized with the help 
of K. xylinus. Through characterization by SEM (scanning electron microscope), tensile 
testing and thermal analysis, it is demonstrated that BC tubes are good enough for artificial 
blood vessel with elaborated nanofiber architecture, qualified mechanical properties, and 
high thermal stability, they can stay stable after being planted into animal or human body. In 
addition, measurement of biocompatibility also shows that BC tubes are greatly adaptable to 
the in vivo environment (Zang et al., 2015).
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Czaja, formerly a researcher at TUL, Lodz and now at DePuy Synthes Inc., at West 
Chester, PA, USA, was able to build SYNTHECELL Dura Mater Repair through a special 
production platform. This useful medical tool is already in the commercial market (Czaja and 
Kyryliouk, 2015).

Composites of BC with inorganic materials (e.g., silver and magnetite) as well calcite (calcium 
carbonate) were synthesized by Anicuta et al. at University Politehnica of Bucharest, Romania. 
The morphology of the obtained crystals was influenced by the concentration of starting solutions 
and by the presence of ultrasonic irradiation. These obtained crystals were bigger and in a 
larger variety of shapes than in the absence of ultrasounds: from cubes of calcite to spherical 
and flower-like vaterite particles. The metastable vaterite particles are applied in regenerative 
medicine, drug delivery, and a broad range of personal care products (Stoica-Guzun et al., 2012).

Concerning the blending of BC with other bioactive polysaccharides, curdlan, the bacterial 
unbranched β-1,3-glucan, may be incorporated in the former β-1,4-glucan during the 
cultivation of a Komagataeibacter strain, richer in the Iα allomorph thus creating a novel 
three-dimensional structured composite. The creative Japanese group led by Kondo et al. 
(2012) at Kyushu University also generates a particular star-like BC named as “Cellulose 
nanoanemone” (Fang et al., 2015; Kondo, 2015; Kondo et al., 2012).

Efforts of Klemm et al. (2005) at Polymet Jena, in Germany, are addressed to the construction 
of BC-based tubular implants though his Mobile Matrix-LBL Technology and advanced 
reactors. The nanocellulose formation takes place layer-by-layer on a matrix that is moving 
between liquid culture and air. Main control elements for shape, dimensions, network 
architecture of the wall, and structure of inner and outer surfaces are the matrix, as well as 
the bacterial strain combined with the type of culture medium. Such nanocellulose matrix 
are noteworthy development as artificial blood vessels (Klemm et al., 2005) and its covalent 
connection to fibrin to afford a composite with mechanical properties comparable to those 
of small native blood vessels (Brown et al., 2012). These materials provide improved 
mechanical qualities owing to its biocompatibility, biofunctionality, lack of toxicity, and ease 
of sterilization (Klemm, 2015; Klemm et al., 2011).

A different approach is explored by Bottan et al. (2015) at the Swiss Federal Institute of 
Technology at Zurich, Switzerland: the Guided Assembly-based Biolithography, which 
allows the transfer of useful topographical information to the surface of BC films. Upon 
bacterial fermentation, the generated BC nanofibers are assembled in a three-dimensional 
network reproducing the geometric shape imposed by the mold. Interaction of surface-
structured BNC substrates with human fibroblasts and keratinocytes illustrates the efficient 
control of cellular activities, which are fundamental in skin wound healing and tissue 
regeneration (Bottan et al., 2015).

Many patients worldwide are treated for chronic wounds with a high cost for the public health 
system, notwithstanding that legislations are designed to limit costs and to enable new ways 
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of cooperation between hospitals and practitioners. The strategic interests and expectations 
of optimizing clinical pathways, as well as improved process management should be possible 
between practitioners, hospitals, rehabilitation units, and home-care companies on the one 
hand and public health insurance companies on the other hand.

5.3 Drug Delivery

Viewed as a biodegradable, biocompatible, and low-cost material, BC may turn in a 
promising natural material for drug delivery purposes. The idea is being explored at one of 
the most important Nata de Coco producers, at Malaysia. Researchers found that BC has 
excellent ability to form soft, flexible and foldable films; it was combined with different 
proportions of acrylic acid to fabricate hydrogels by exposure to accelerated electron-beam 
irradiation at different doses. Thermal and morphological characterization indicated the 
formation of thermally stable hydrogels with pore size determined by acrylic acid content 
and irradiation dose. The results of swelling and in vitro drug-release studies revealed the 
hydrogels to be both thermo- and pH-responsive (Amin et al., 2012). This same focus is 
also explored by Kralisch at Friedrich-Schiller University at Jena, Germany, and includes 
antiseptic low- and mid-size molecules, healing proteins, antibiotics, and unrelated 
nanoparticles. The release of the antiseptic drug (octenidine) was based on diffusion and 
swelling according to the Ritger–Peppas equation and characterized by a time-dependent 
biphasic release profile, with a rapid release in the first 8 h, followed by a slower release rate 
up to 96 h (Moritz et al., 2014).

6 Other Technology Applications of Bacterial Cellulose
6.1 Bacterial Cellulose Technological Applications

Since 1976, systematic scientific and technological investigations have been performed on 
BC; these reports have involved the visualization of the biosynthesis site and the in vivo 
process measurement (Brown et al., 1976). Current creative contributions have gained 
attention, inter alia, due to the high strength and stiffness, biodegradability, and renewability 
that make BC an interesting reinforcing agent for green nanocomposites. A major drawback 
of BC is its inherent hydrophilicity, which results in poor adhesion to hydrophobic polymer 
matrices, such as polylactide. This can be overcome by modifying the surface of cellulose 
crystals to improve compatibility to a matrix, usually accomplished by grafting various 
hydrophobic moieties onto the surface. A bioderived polylactide carbohydrate copolymer 
was used as a compatibilizer to produce BC poly(l-lactide) nanocomposites with high 
stiffness and strength. The affinity toward BC of the derived polylactide carbohydrate was 
higher than poly(l-lactide), the composite of 5 wt.%-derived polylactide carbohydrate and 
5 wt.%-BC has a higher Young’s modulus and tensile strength, compared to either pure 
poly(l-lactide) or poly(l-lactide)–BC nanocomposites. The approach is completely different 
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to the conventional use of petrochemically derived compatibilisers, such as maleic anhydride 
grafted poly(l-lactide), and highlights the potential to use bioderived polymers to prepare 
fully renewable composite materials (Lee et al., 2012).

BC-based electronic display could be potentially used in e-newspapers, e-books, tablets, 
dynamic wallpapers, and related applications. The flexible substrate for organic light emitting 
diode based on nanocellulose and Boehmite-siloxane systems present improved optical 
transmittance in the visible region (Kalia et al., 2011).

Shoseyov from Hebrew University of Jerusalem, Israel, built a double composite of BC and 
transgenic resilin—the elastic and resilient rubber-like protein, which ensures the ability 
of jumping fleas. The bionanocomposite were prepared after including a cellulose-binding 
domain to the recombinant protein at proportion of 1:5 by mass. The synergistic responses 
obtained with this rare composite are impressive (Rivkin et al., 2015).

Mechanistic understanding of the overall hydrolysis system is certainly interesting for 
designing rational approaches for enzymatic hydrolysis and subsequent fermentation process. 
BC membranes covalently stained with Remazol Brilliant Blue proved to be a more efficient 
substrate for the direct and fast detection and monitoring of cellulase hydrolytic complexes 
as compared to the similar known dyed plant cellulose (Fig. 7.8A). The order of cellulose 
depolymerization experienced by both pairs was thus confirmed: native BC > (pulped) 
plant celluloses and Remazol Brilliant Blue–BC > Remazol Brilliant Blue–plant celluloses. 
The covalent binding of this dye occurs preferably at the C6-OH of part of the basic 
anhydroglucopyranose residues of cellulose, so it does not raise difficulties to the enzymatic 
scission of the β-linkages, the progressive hydrolysis will generate the respective pairs of 
hydrolytic products: free glucose and cellobiose (from nonstained segments of the fibers) and 
RBB-glucose/RBB-cellobiose (from the stained ones) (Fig. 7.8B). The chromogenic substrate 
may also be utilized in the monitoring of cellulolytic complexes, for example, from genetic 
engineered fungi and bacteria and extremophyles (Tiboni et al., 2012).

A model taking into account the adsorption of the enzymes on cellulose and the kinetic 
activity has been developed to predict the activity of purified cellulases from Trichoderma 
reesei. The model based on Langmuir assumptions has allowed the comparison of 
the enzymes and demonstrated the hydrolysis activity and its reaction rate, and the 
noncompetitive model allows a good description of the inhibition mechanism involved 
(Chauve et al., 2013).

BC exploration is happened by the outstanding research being carried in Portugal at the 
Centre of Biological Engineering of the University of Minho. Dourado and Gama (2015) 
have been implementing very sharp and useful contributions, as well as a spin-off like 
BCTechnologies now in partnership with other Portuguese entrepreneurs. Another interesting 
approach is the assembly of BC with “smart” protein fibrils, such as amyloid as explored by 
Freire (2015) at University of Aveiro in Portugal, too.
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The rescue and conservation of important historical documents through BC mending repairs 
(e.g., museums) is the object of the research of the group of Frankenfeld and Seger (2015) 
at the Research Centre for Medical Technology and Biotechnology at Bad Langensalza, 
Germany.

BC aerogels, which are fragile, ultralightweight, open-porous, and transversally isotropic 
materials, have been reinforced with the biocompatible polymers polylactic acid, poly-
caprolactone, cellulose acetate, and poly(methyl methacrylate), respectively, at varying 
BC/polymer ratios. Supercritical carbon dioxide antisolvent precipitation and simultaneous 
extraction using CO2 have been used as core techniques for incorporating the secondary 
polymer into the BC matrix and to convert the formed composite organogels into aerogels. 
The use of BC (or aerogels from regenerated cellulose) as temporary scaffolds for the 
creation of porous poly(methyl methacrylate) aerogels, with morphologies resembling 
the guiding host network, as demonstrated in this work, is an interesting approach 
(Pircher et al., 2014).

Figure 7.8: (A) Nonstained celluloses and Remazol Brilliant Blue–stained cellulose from different 
sources: (1) bacterial cellulose (BC), (2) cotton linters, (3) sugarcane bagasse, (4) Whatman 

standard paper, (5) Avicel microcrystalline cellulose; (B) thin layer chromatography of hydrolysis 
products of Remazol Brilliant Blue-BC following its incubation with a cellulase:β-glucosidase 

blend. 1–50: fractions from silica gel 60 column chromatography. RBB = free Remazol Brilliant 
Blue (Rf = 0.97), Remazol Brilliant Blue-glucose (Rf = 0.82), and Remazol Brilliant Blue-cellobiose 

(Rf = 0.74).
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Proton-conducting membranes play an important role in fuel cell technology because 
of their use as separators and proton conductors. Nafion, the current commercially used 
perfluorosulfonic acid membrane combined with BC, are fabricated for direct methanol fuel 
cell, and once reinforced with concrete-like structures it shows high strength, good proton 
conductivity, and low methanol permeability. These membranes are promising candidates for 
direct methanol fuel cell and the annealing is a critical process during the fabrication (Jiang 
et al., 2015).

6.2 Environmental Applications

As a polymer obtained by bioprocessing, BC is inherently much less damaging to the 
environment than are petrochemical processes to substitute for plastics and for special grades 
of paper and additionally act as reinforcing material. Also, there are several publications 
reporting BNC use as such or after previous chemical modifications (amino, acrylic 
acid, carboxy methyl, palladized, phosphorylated) for removal of many environmental 
contaminants, such as heavy metals, dyes, and pentachlorophenol (Chen et al., 2009; Hakam 
et al., 2015; Lu et al., 2014; Mohite and Patil, 2014; Patel and Suresh, 2008)

Poly-3-hydroxybutyrate was able to be incorporated in situ to BC, increasing the potential 
for favorable interactions of the BC microfibrils making a fully degradable nanocomposite 
system (Ruka et al., 2013). Derivatized with spherical Fe3O4-BC nanoparticles, BC is used 
to removal metal ions (Zhu et al., 2011). The adsorption behavior of phosphorylated BC 
for proteins was investigated to clarify the effect of the unique microfibros structures on 
the adsorption, and the experiments have shown attractive capacity of phosphorylated-BC 
(Oshima et al., 2011) for several proteins, due to the larger surface area of BC.

Wan, at East China Jiantong University, China, was successful in surpassing the apparent 
natural noncompatibility between native BC (highly hydrophilic) and graphene (highly 
hydrophobic), assembling both during the growth of Komagataeibacter. Such a novel 
composite once preserved the hydrophobic behavior of graphene, and can hold as much 
as >450 times its weight when absorbing oils and organic solvents. Their application on 
environmental remediation in the case of accidental spills turns obvious (Luo et al., 2014).

6.3 Textile Applications

BC is of much interest to the fashion and textile industry compared to the conventional 
cellulose sources, such as the cotton plant, Gossypium. However, the high amount of 
humidity that BC hosts obligates the optimization of multiple parameters, such as strain, 
growth medium, environmental conditions, and the formation of by-products in order to 
obtain the optimum material commercially attractive and industrially feasible. Another 
possibility is optimizing a specific crosslinking chemistry to suppress heavy dependence 
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of its physical properties on humidity that would potentially turn BC into a textile fabric 
suitable for garments, thus allowing large-scale production in a textile industry. Biosynthesis 
of BC avoids the utilization of substances that are necessary for growing natural cotton like 
pesticides, which are harmful to humans and to the environment due to the alteration of a 
local ecosystem. In some woody materials a pretreatment applying high temperature and 
pressure is also necessary and, therefore, the energy consumption of the process is usually 
high (Eryilmaz et al., 2013) while BC processing for any purpose does not demand such 
cost levels.

Lee et al. (2005) is a former senior research fellow at the School of Fashion & Textiles 
at Central Saint Martin’s College of Art & Design, and author Fashioning The Future: 
Tomorrow’s Wardrobe, which was the first publication to explore how technology could 
transform fashion. Lee showed the “Wearable Futures” audience a range of jackets and shoes 
made from biomaterials produced by bacteria in a vat of liquid to produce BC—a material 
that has similar properties to leather. Lee adds that this compostable is attractive because it is 
not just biodegradable. The users could throw it away like they would do with the vegetable 
peelings (Fairs, 2014).

6.4 Electrochemical Applications

Ionic conducting polymers have been developed for use in antistatic substances, smart 
windows, light-emitting diodes, solar cells, and so on. However, composites consist of 
conducting polymer are not fully environmentally friendly, biocompatible, and biodegradable. 
Nanostructured BC impregnated with ionic conducting polymer can be useful in various 
applications requiring biocompatibility and electrical conductivity (Jeon et al., 2014).

Improved acoustic diaphragms were built by Kazimierczak (2015) at the Institute of 
Biopolymers and Chemical Fibers, Lodz, Poland, blending BC and chitosan. The composite 
displayed improved mechanical properties, such as tenacity of 100 MPa, 20 GPa for Young’s 
modulus and sound propagation velocity of 4000 m/s. The produced sound in loudspeakers is 
supposed to be of greater sound purity and pleasant timbre (Kazimierczak, 2015).

BC novel application is an open field in polysaccharide innovation. For instance, the 
traditional Japanese art of origami experienced a remarkable innovation due to the 
magnetization of thin BC films with iron oxide through microwave-guided deposition of the 
inorganic additive as reported by Laromaine from Institut Ciencia de Materials de Barcelona, 
Spain (Zeng et al., 2014). The curious and highly efficient cellulose-quantum dot hybrid 
aerogels produced by Liebner et al. (2015) at University of Natural Resources and Life 
Sciences at Vienna, Austria is another example of innovation. Paper—e-electronic paper and 
similar devices—are another potential application of particularly structured and derivatized 
bacterial nanocellulose as reported by Fortunato at Universidade Nova de Lisboa, Portugal 
(Gaspar et al., 2014).
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1 Introduction

Curcuma longa L. (Zingiberaceae) is an admirable source of medicine. Since ancient 
periods it has been reported in Ayurveda and other ancient texts (Araújo and Leon, 2001; 
Grover et al., 2002). Apart from its use in culinary as spice and in traditional Indian 
medicine, various studies on the pharmacological applications of C. longa are reported 
(Ammon and Martin, 1991; Ammon et al., 1992). Curcuminoids, which accounts for 
about 3% (w/v) of C. longa rhizomes, are responsible for antidiabetic, antiinflammatory, 
anti-HIV, antimicrobial, antiproliferative, antiangiogenic, nematocidal, hepatoprotective, 
and antioxidant effects (Akram et al., 2010; Ammon and Martin, 1991; Anto et al., 1995; 
Çıkrıkçı et al., 2008; Kuttan et al., 1985; Maheshwari et al., 2006; Nawaz et al., 2011; 
Ponnusamy et al., 2011a,b; Ponnusamy et al., 2012; Ramsewak et al., 2000; Roth et al., 1998; 
Selvam et al., 1991; Shishodia et al., 2005). Clinical studies have revealed the safety of 
curcumin, the major principle component exhibiting pharmaceutical properties from turmeric, 
on humans but with very low bioavailability (Anand et al., 2007).

Curcuminoids are produced in nature as the result of a long evolutionary procedure 
(Manjunatha et al., 2012). The reasons for reduced bioavailability of any agent within 
the body are low intrinsic activity, poor absorption, high rate of metabolism, inactivity of 
metabolic products and/or rapid elimination, and clearance from the body. Studies to date 
have suggested a strong intrinsic activity and, hence, efficacy of curcumin as a therapeutic 
agent for various ailments. However, studies over the past three decades related to absorption, 
distribution, metabolism, and excretion of curcumin have revealed poor absorption and rapid 
metabolism severely curtails its bioavailability.
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In spite of their many potent therapeutic properties, the bioavailability of curcuminoids is 
a key step in ensuring their bioefficacy (Rein et al., 2013). Bioavailability is the rate and 
extent to which an administered drug or substance reaches the systemic circulation or tissue 
to exert its given effect (Archivio et al., 2007; Velderrain-Rodríguez et al., 2014). Various 
approaches to increase the bioavailability of a natural product, include chemical synthesis to 
enhance the solubility and dissolution rate, modification of the partition coefficient, avoidance 
of the hepatic first pass metabolism, prevention of degradation in the gastrointestinal tract, 
inhibition of P-glycoprotein efflux, and the use of novel drug delivery systems have been 
studied (Hetal et al., 2010). Modification of such compounds to make them more water 
soluble by microbial transformation is a “green” technology using enzyme-catalyzed 
reactions with a variety of bacterial, fungal, and microalgal species and has in recent times 
been an intensive area of research (Zhang et al., 2013).

With this backdrop, this chapter discusses the curcuminoids, their properties, and microbial 
transformation as an effective strategy to produce various analogs, which could lead to 
improved therapeutic properties.

1.1 Physicochemical Properties of Curcuminoids

Commercially available turmeric consists of a mixture of naturally occurring curcuminoids 
with curcumin as the main constituent. There are three different curcuminoids present 
in turmeric in various proportions, namely, curcumin, demethoxycurcumin, and 
bisdemethoxycurcumin (Fig. 8.1). Of the naturally available curcuminoids, curcumin is the 
main coloring substance, has been the most investigated, and is accountable for majority 
of the bioactivities attributed to C. longa extracts (Kulkarni et al., 2012). The other two 
curcuminoids that occur together with curcumin are formed by the progressive removal 
of one and two of the methoxy groups from curcumin to form demethoxycurcumin and 

Figure 8.1: Structure of Naturally Occurring Curcuminoids.
Substitution of R1 and R2 with the groups mentioned results into curcumin, demethoxycurcumin, 

and bisdemethoxycurcumin.
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bisdemethoxycurcumin, (bis-ane) and account for around 17 and 3% of yields, respectively 
(Sandur et al., 2007).

Curcumin (C) is [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene3,5-dione], 
demethoxycurcumin (DMC) [1-(4-hydroxyphenyl)-7-(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene3,5-dione] and bisdemethoxycurcumin (BDMC) [1,7bis(4-
hydroxyphenyl)-1,6-heptadiene-3,5-dione] comprise, (70%–76%, 17, and 3% of the 
curcuminoids obtained in turmeric.

Curcumin has two aryl rings containing ortho-methoxy phenolic OH− groups symmetrically 
linked to a β-diketone moiety (Araújo and Leon, 2001). It exists in keto and enol tautomeric 
conformations in equilibrium owing to the intramolecular hydrogen bonds, whereas the 
occurrence of cis- and the trans-conformation varies with respect to the temperature, polarity 
of solvent, pH, and substitution of aromatic rings.

The physicochemical properties of curcuminoids are summarized in Table 8.1. Curcumin 
is a weak Brønsted acid, capable of three-step deprotonation as the pH of solution 

Table 8.1: Physicochemical properties of curcuminoids.

Properties

Curcuminoid

Curcumin DMC BDMC

Appearance Orange crystalline powder Yellow powder Yellow powder
CAS number 458-37-7 22608-11-3 24939-16-0
Molecular formula C21H20O6 C20H18O5 C19H16O4

Molecular weight 368.39 338.4 308.3
Density (g/cm3) 0.93 1.3 1.3
Predicted ACD/log P value 2.56–3.29 3.09 3.39
Solubility Soluble in methanol, 

ethanol, ethyl acetate, 
acetone, methylene chloride, 
dimethylformamide or 
methyl ethyl ketone.
DMSO: 25 mg/mL ; ethanol: 
10 mg/mL; water: < 0.1 mg/
mL; chloroform

∼0.5 mg/mL in 
EtOH; ∼10 mg/
mL in DMSO and 
DMF (dimethyl 
formamide), 
sparingly soluble in 
water

30 mg/mL in DMSO

Retention time (HPLC) 4.7 min 3.4 min 2.9 min
Melting point (°C) 183 170–180 222
Boiling point (°C) 571.4 551.3
Flash point (°C) 209 206.3 301.3
Vapor density (vs. Air = 1) 13 No data available No data available
Vapor pressure (mmHg) at 25°C 1.17E–13 Data not available
IR spectra bands (cm−1) 2,980–2,850 2,980–2,850 —
Emission maxima (nm) 429 254,421 419
Molar absorptivity 425 nm 
(104 L/cm mol) in ethanol

6.73 5.78 4.05
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increases. The solubility of curcumin in water increases with basification and a deep red 
coloration develops. This process is accompanied by changes in light absorption in the 
visible region. At the same time the chemical stability of the multiple hydroxyl anions 
decreases sharply and fragmentation of the conjugated system by carbon&carbon bond 
fission occurs. A well-written review by Grynkiewicz and Slifirski (2012) mentions the 
chemical reactivity of curcumin. In aprotic solvents, the fluorescence emission (λem) 
is at 511 nm for an excitation wavelength (λex) at 433 nm. It is photochemical labile 
with a tendency to generate single oxygen upon excitation. Its solubility in aqueous 
environment is low though its addition in oil for food preparations in Asian cuisine 
solubilizes it.

Another prominent feature of curcumin reactivity in aqueous media is connected with 
typical reactivity of polyphenols, which features susceptibility to attack by free radicals, 
subsequently leading to various substitution and condensation reactions. Curcumin is also 
known to form strong molecular complexes with different metal cations. Tetraedric boron 
complexes, such as rosocyanine and rubrocurcumin, find applications in analytical chemistry. 
In contrast, the sequestration of iron by curcumin is of concern as it can lead to anemia in 
consumers (Grynkiewicz and Slifirski, 2012).

Under acidic and neutral conditions, the bis-keto form predominates and acts as a proton 
donor whereas under basic conditions, the enolate form acts as the electron donor, which 
is important in the radical-scavenging ability of curcumin (Bertolasi et al., 2008; Cornago 
et al., 2008; Jovanovic et al., 1999; Nie et al., 2008). Curcumin possesses three protons 
that are ionizable in water: the enolic proton with a pKa of ∼8.5 and two phenolic protons 
with pKa of 10–10.5 (in a mixed alcoholic/water solvent). It melts at 176–177°C and forms 
red-brown salts with alkali (Roughley and Whiting, 1973). Curcumin is poorly soluble in 
neutral solvent (i.e., water) slightly soluble under basic conditions due to its hydrophobic 
nature (Priyadarsini, 2009). Curcumin is readily soluble in organic solvents, such as 
ethanol, methanol, isopropanol, acetone, and dimethylsulfoxide (DMSO) and has moderate 
solubility in hexane, cyclohexane, tetrahydrofuran, and dioxane (Priyadarsini, 2009). 
Curcumin exhibits strong absorption spectrophotometrically with the maximum absorption 
(λmax) ranging 408–434 nm (Zsila et al., 2003). The absorption band of curcumin in most 
polar solvents, such as methanol and DMSO is red-shifted and broad with λmax at ∼420 nm, 
whereas in nonpolar solvents, such as hexane and cyclohexane it is blue-shifted (Adhikary 
et al., 2009; Chignell et al., 1994; Khopde et al., 2007). UV-vis spectra indicated that the 
wavelengths of maximum absorption in ethanol were 429, 424, and 419 nm for C, DMC, 
and BDMC, respectively. Molar absorptivity at 425 nm in ethanol was observed to vary 
from 4.95 × 104 L/cm mol for BDMC to 6.73 × 104 L/cm mol for C, which correspond 
to specific absorptivities (A1%) of 1488, 1468, and 1445 g−1 for the C, DMC, and BDMC, 
respectively.
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1.2 Stability of Curcumin

Stability of a compound/drug determines its in vivo potency for a medical ailment. Curcumin 
under acidic and neutral conditions pH 2.5–7.0 emits a bright yellow hue while it turns 
red at pH above 7 (Kunnumakkara and Anand, 2008). Decomposition of curcumin is pH-
dependent and is highly labile under alkaline conditions. Under acidic conditions, it is 
more stable with <20% of curcumin decomposed after 1 h while under physiological pH 
it undergoes hydrolytic cleavage, making it less bioavailable for therapeutic use (Tønnesen 
and Karlsen, 1985; Wang et al., 1997). Stability of the compound was found to be improved 
on lowering the pH or by adding glutathione, N-acetyl cysteine, ascorbic acid or rat liver 
microsomes (Oetari et al., 1996).

1.3 Metabolism of Curcumin

As show in Fig. 8.2, curcumin under in vivo condition initially undergoes metabolic 
O-conjugation to curcumin glucuronide and curcumin sulfate followed by bioreduction to 
tetrahydrocurcumin, hexahydrocurcumin, octahydrocurcumin, and hexahydrocurcuminol 
in rats and mice (Asai and Miyazawa, 2000; Ireson et al., 2001; Pan et al., 1999a). In 
suspensions of human and rat hepatocytes it is biotransformed to dihydrocurcumin and 
tetrahydrocurcumin (Ireson et al., 2001). These compounds are then subsequently converted 
in liver to monoglucuronide conjugates, namely, curcumin glucuronide, dihydrocurcumin 
glucuronide, tetrahydrocurcumin glucuronide (Lin et al., 2000; Pan et al., 1999a). 
Hexahydrocurcumin and hexahydrocurcuminol are the major metabolites of curcumin from 
hepatocyte, wherein curcumin glucuronide and curcumin sulfates are present in human 
plasma (Nawaz et al., 2011). The major biliary metabolites of curcumin are glucuronides of 
tetrahydrocurcumin and hexahydrocurcumin in rats with minor metabolites of dihydroferulic 
acid together with traces of ferulic acid (Holder et al., 1978).

1.4 Bioavailability of Curcuminoids

Bioavailability of a drug is the rate and extent of the drug is absorbed in the systemic 
circulation on its administration. Several factors, such as partition coefficient, drug 
formulation, coadministration with another drug, feeding condition, gastric emptying 
rate, circadian differences, enzyme induction, or inhibition by other drugs, transporters, 
individual variation in metabolic differences, state, the age and gender of the subjects 
involved, dosing scheme, genetic differences, and specific populations of a trial influence 
the bioavailability of a drug (Hetal et al., 2010). Also, hydrophilic drugs do not cross 
the gastrointestinal mucosa and the lipophilic drug does not dissolve in the aqueous 
gastrointestinal contents. An ideal drug metabolite should have sufficient aqueous solubility 
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to dissolve in the gastrointestinal contents and also adequate lipid solubility to facilitate 
its partitioning into the lipid membrane and then into systemic circulation. Drugs having 
partition coefficient (log P) value in the range of 1 to 3 shows good passive absorption 
across lipid membranes, and those having log P values >3 or <1 often have poor transport 
characteristics (Vemulapalli et al., 2007).

Major factors responsible for poor systemic bioavailability of curcuminoids on oral 
administration are chemical instability at neutral and slightly alkaline pH, its susceptibility 
to autoxidation, its avid reductive and conjugative metabolism, and its poor permeation 
from the intestinal lumen to the portal blood (Metzler et al., 2013). Problems of 
bioavailability of curcumin are attributed to low serum concentration, limited tissue 
distribution, apparent rapid metabolism with short half-life (Anand et al., 2007). Wahlström 
and Blennow (1978) reported negligible amount of curcumin in blood plasma of rats on 
oral administration of 1.0 g/kg of curcumin. The serum concentration of curcumin varied in 
rats and humans under similar conditions. In rats, 0.23 µg/mL was observed in 0.83 h on an 
oral dosage of curcumin of 2.0 g/kg while undetectable or extremely low (0.006–0.005 µg/
mL) amount was seen in humans in 1 h (Shoba et al., 1998). Routes of administration also 
changed the bioavailable plasma concentration of curcumin, with increased availability 
on intravenous administration in comparison to the oral administration (Pan et al., 1999b). 
At end of 30 min, major amounts of curcumin (90%) administered via oral route is 
found in stomach and small intestines, while at the end of 24 h only 1% with traces 
of unchanged drug in liver and kidney for excretion was observed (Ravindranath and 
Chandrasekharan, 1980). Systemic elimination or clearance of curcumin from the body 
is also an important factor, which determines its relative biological activity. 75% of it 
was excreted in the feces and negligible amounts were found in the urine (Wahlström and 
Blennow, 1978).

Thus, absorption, distribution, metabolism, and elimination studies of curcumin have that 
low absorption, rapid metabolism, and elimination of curcumin as major reasons for poor 
bioavailability, demanding a lot of work to be done for improving the bioavailability of 
curcuminoids.

1.5 Improving the Bioavailability of Curcuminoids

Systemic availability of the drug is dependent on its mode of delivery, which can be 
altered for better bioavailability. Administration of curcuminoids via nasal, vaginal, rectal, 
or transdermal routes can be an alternative approach. However, improvement of the oral 
bioavailability of the drug is the most realistic approach, as it is the most preferred and 
convenient route of administration (Hetal et al., 2010). To improve the bioavailability of 
curcuminoids, numerous approaches have been undertaken.
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1.5.1 Adjuvants

An adjuvant is a pharmacological molecule that modifies the effect of the target drug in 
action either by improving the stability of the drug molecule or by delaying the metabolism 
of the drug, or enhancing the therapeutic effect of the drug candidate synergistically. An 
increase in the serum concentration with reduction in half-life and clearance of curcumin is 
observed on coadministration with piperine, which acts as an adjuvant. Detailed study has 
revealed the inhibitory effects of hepatic and intestinal glucordination, thus delaying the 
metabolism of curcumin. Moreover, the effect of piperine on bioavailability of curcumin has 
been shown to be much greater in humans than in rats (Shoba et al., 1998).

Some other agents that showed a synergistic effect when used in combination with curcumin 
in various in vitro studies look promising for further evaluation of curcumin bioavailability. 
Quercitin (20 mg) along with curcumin (480 mg) decreased the size of polyps effectively 
in adenomatous polyposis (FAP) patients with prior colectomy (Cruz–Correa et al., 2006), 
whereas ginestin in combination with curcumin completely inhibited the cellular proliferation 
induced by individual or a mixture of pesticides breast carcinoma cell lines (MCF-7) (Verma 
et al., 1997). Eugenol and terpeniol enhanced the skin absorption of curcumin 2.2- and 
2.5-fold, respectively, 8 h after application (Fang et al., 2003).

1.5.2 Nanoparicles/liposomes/polymer complexes

Nanoparticles (NPs) are colloidal polymer particles of a size below 1 µm that are used as 
carriers for drugs, as well as for vaccines. The drug gets associated with the nanoparticle 
either by entrapment or in form of solid solution or by adsorption (Kreuter, 1991). Different 
types of curcumin conjugated polymeric particles and complexes, namely, curcumin NPs, 
nano- or microemulsions, polymeric NPs, solid lipid NPs, polymer conjugates, nanocrystals, 
polymeric micelles, nanogels, liposomes, and self assemblies continue to be developed to 
improve the stability and bioavailability of curcumin (Yallapu et al., 2012).

Liposomes are lipid vesicles that are under extensive investigation as drug carriers for 
improving the delivery of therapeutic agents. Several liposome-based drug formulations 
are currently in clinical trial, and recently some of them have been approved for clinical 
use. Curcumin/liposome–polyethylene glycol (PEG)–PEI complex significantly increased 
caspase-3 activity in CT-26 and B16F10 cells. Under in vivo conditions it also resulted 
in a significant inhibition of tumor growth, which may be due to the higher delivery and 
accumulation of the drug in the tumor area (Lin et al., 2012; Sharma and Sharma, 1997). 
Liposomal curcumin also suppressed the pancreatic carcinoma growth in murine xenograft 
models and inhibited tumor angiogenesis (Li et al., 2005).

Microemulsions are single-phase optically isotropic nanostructures composed of surfactants, 
oil, and water forming a thermodynamically stable system. Microemulsions of curcumin with 
eucalyptol improved the permeability and flux as compared to oleic acid and neem oil-based 
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microemulsions Other microemulsions, such as self-microemulsifying drug delivery system 
(SMEDDS) comprising 20% ethanol, 60% cremophor RH40 and 20% isopropyl myristate 
had curcumin encapsulation efficiency of 50 mg/mL and the drug was entirely released in 
10 min (Dutta and Ikiki, 2014).

Nanocurcumin hydrogel on pancreatic cancer cell lines efficiently blocked the activation 
of NF-κB, downregulated steady-state transcripts of multiple proinflammatory cytokines 
and inhibited interleukin (IL)-6 synthesis. Various hydrogels and nanocomposites were 
subsequently investigated to improve the therapeutic effects of curcumin, such as curcumin-
loaded dextran-modified hydrogel NPs (Bisht et al., 2007), curcumin-encapsulated chitosan–
PVA silver nanocomposite, poly(acrylamide)–poly(vinyl sulfonic acid) silver nanocomposite, 
and poly(acrylamide)–carboxymethyl cellulose magnetic nanocomposites (Bisht et al., 2010).

Cyclodextrins (CD) are known for their solubilizing and increasing their dissolution rate of 
curcumin. β-CD and curcumin formulation that improved the intracellular uptake of drugs 
by cancer cells as compared to free curcumin. Nanopoly(β-cyclodextrin)-curcumin (PCD/
CUR) self assembly improved curcumin’s water solubility, stability, and bioavailability and 
enhanced its anticancer efficacy to treat prostate cancer (Yallapu et al., 2012). Curcumin-
polymer conjugates are alternative delivery systems to improve bioavailability of the 
compound. PEGylated curcumin analogs are also known to increase curcumin solubility 
by increasing prolonged internalization time in a cell and resisting cellular efflux (Li 
et al., 2009). Safavy et al. (2007) have prepared conjugates of curcumin with two PEG 
derivatives to improve its lower water solubility and improve its cytotoxicity against human 
cancer cell lines.

1.6 Derivatives and Analogs of Curcuminoids

An enhanced bioavailability of curcumin in the near future is likely to bring this promising 
natural product to the forefront of therapeutic agents for the treatment of human disease 
(Anand et al., 2007). The symmetrical structure of curcumin makes it very easy to incorporate 
several functional groups for improving the bioavailability. Isomerization has been proved to 
have an influence on antioxidant activity of curcumin. A great deal of work with respect to 
derivatizing curcuminoids to exploit its bioefficacy has been done. Table 8.2 describes a few 
of the chemically synthesized derivatives and analogs of curcuminoids with their therapeutic 
application.

Formulation of water-soluble curcumin has been achieved by addition of glucosides, 
amino acid moieties, acetoxy groups (Kim et al., 2012; Parvathy, 2009). Therefore, 
structural modification, particularly introducing hydrophilic functions into the molecular 
structure, is a promising approach to improve the bioavailability of curcumin (Zhang 
et al., 2010). Curcumin analogs, such as 4-fluoro-4-ethoxycarbonylethyl curcumin, 
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Table 8.2: Derivatives and analogs of curcuminoids.

Sr. No. Curcumin Analog Pharmaceutical Applications References

1 CA2-CA7 Antioxidant and anticancer activity Ciochina et al. (2014)
2 Dimethylaminomethyl-substituted 

curcumin
Anticancer activity Fang et al. (2013)

3 Luteinizing hormone-releasing 
hormone (LHRH)) and curcumin

Anticancer activity: pancreatic cancer Aggarwal et al. (2011)

4 EAC/PAC Anticancer activity: breast cancer Al-Hujaily et al. (2011)
5 Salicylcurcumin Antioxidant activity Devasena et al. (2002)
6 Curcumin-β-glucoside Anticancer activity Arafa (2010); Ferrari 

et al. (2009)
7 Tetraglycine conjugate of 

curcumin linked to deoxy 11-mer 
oligonueclotide

Prodrug to telomerase enzyme Kapoor et al. (2007)

8 Polyvinyl pyrrolidone–curcumin 
conjugate

Induction of apoptosis Manju and Sreenivasan 
(2011)

9 Succinyl derivatives of 
curcuminoids

Prooxidant and antioxidant 
properties

Wichitnithad et al. 
(2011)

10 cPiPP conjugated curcumin Anticancer activity Vyas et al. (2009)
11 Isoxazole and pyrazole derivatives 

of curcumin
Proapoptotic effect in liver cancer Das et al. (2011)

12 Semicarbazone derivative of 
curcumin

Antioxidant, antiproliferative, and 
radical scavenging activities

Dutta et al. (2005)

13 Enaminones, oximes, and 
isoxazole derivatives

Antiprofierative effect for liver and 
breast cancer

Anand et al. (2007)

14 Hydrazinocurcumin Histone acetyltransferase inhibitor Arif et al. (2010)
15 Tetrahydrocurcumin Autophagic cell death, antioxidant-

suppressing radiation-induced 
lipid peroxidation, suppresses 
nitrilotriacetate-induced oxidative 
renal damagehepatotoxicity, 
protects from chloroquine-induced 
hepatotoxicity, prevents brain 
lipid peroxidation in diabetic rats, 
modulation of renal and hepatic 
functional markers in diabetic rats, 
suppresses LDL oxidation

Anand et al. (2008)

16 Hexahydrocurcumin Supresses cell proliferation Chen et al. (2011)
17 Diacetyl, diglycinoyl, diglycinoyl-

di-piperoyl, dipiperoyl, and 
dialanoyl derivatives and 
curcumin-4,40-di-O-b-D 
glucopyranoside

Antibacterial and antifungal activity Mishra et al. (2005); 
Mukhopadhyay et al. 
(1982)

18 Ortho-diphenoxyl derivative Antioxidant activity Chen et al. (2006)
19 Cinnamoyl derivatives P300 inhibitor, HIV-1 integrase 

inhibitor
Costi et al. (2007)



Curcuminoid Analogs via Microbial Biotransformation 261

4-ethoxycarbonylethylenyl curcumin, ferrocenyl conjugates, benzylidiene derivatives, 
ethoxy-curcumin-tri-thiadiazol-amino-methyl-carbonate, difluorinated-curcumin, prepared by 
modifying the active methylenic group exhibited anticancer effects on varying cell lines with 
different mechanism of action (Vyas et al., 2013).

Chemical synthesis of these derivatives of curcumin is associated with many disadvantages 
with respect to cost, time, use of varying hazardous and nonecofriendly solvents, yield of the 
final product, and so on. A search for an alternative mechanism of formulation of compounds 
has always been there.

1.7 Biotransformation

Biotransformations are organic reactions utilizing biological catalysts, having huge and 
wide application in industries (Borges et al., 2009). These biocatalysts can either be whole 
cells, enzymes, or could be used under many different conditions, for example, free/

Sr. No. Curcumin Analog Pharmaceutical Applications References
20 Cyclic curcumin analogs Cytostatic, antitumor and radical-

scavenging activity
Youssef and El-
Sherbeny (2005); 
Youssef et al. 
(2004, 2007)

21 EF24 Anticancer and antiangiogenic activity Adams et al. (2005)
22 Fused pyridine analogs of 

curcumin
Antioxidant activity Rukkumani et al. 

(2004)
2,6-dibenzylidenecyclohexanone, 
2,5-dibenzylidenecyclopentanone, 
and 1,4-pentadiene-3-one 
substituted analogs of curcumin

Human cytochrome P450-inhibiton Sardjiman et al. (1997)

23 Curcumin–boron complexes HIV-1 integrase inhibitor Sui et al. (1993)
24 Aromatic enonic analogs Inhibit cell growth and proliferation Robinson et al. (2005)
25 Synthetic copper(II)-curcumin 

complex
Superoxide dismutase (SOD) 
mimicking, radiation-induced lipid 
peroxidation, and radical-scavenging 
activities inhibiting TNF-induced NF-
κB activation and proliferation

Barik et al. (2005); 
Zambre et al. (2006)

26 Manganese complexes Enhances superoxide dismutase 
(SOD) activity

Vajragupta et al. 
(2004)

27 Vanadium complex of curcumin Antidiabetic and hypolipidemic 
effects

Mohammadi et al. 
(2005)

28 BDMC-A Inhibits markers of invasion, 
angiogenesis, and metastasis in breast 
cancer cells via NF-κB pathway

Mohankumar et al. 
(2015)

Table 8.2: Derivatives and analogs of curcuminoids. (cont.)
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immobilized; aqueous/two-phase systems (Bianchini et al., 2015; Nagpure et al., 2011; 
Prana et al., 2010). A biotransformation reaction involves various steps, such as formation 
of stable intermediates, short-lived reactants, and chemically stable compounds with desired 
pharmacological activity (Fura, 2006). Biocatalysts can simplify, or in some instances even 
enable, the production process of complex chemicals and drug intermediates. They can 
add stereospecificity to the process, eliminating the need for complicated separation and 
purification steps. The ability of biocatalysts to selectively produce useful products under 
relatively mild conditions compared to its chemical catalyst counterpart make biocatalysts an 
interesting and powerful addition.

In vitro models of biotransformation, includes subcellular fractions of liver and kidney 
consisting of number of enzymes, such as cytochrome P450 reductase (CYP), flavin 
monooxygenases (FMO), myeloperoxidase, ketoreductase, alcohol dehydrogenase, and 
sulfotransferase, etc. responsible for xenobiotic metabolism are used. Intact cellular in 
vitro models, including primary hepatocytes containing both soluble and membrane 
bound enzymes with relevant cofactors, are used for studying drug metabolism and 
producing sufficient quantities of valuable drug metabolites. Further, cell lines containing 
heterologously expressed drug metabolizing enzymes offer a more effective strategy. CYP 
bioreactors in baculovirus-infected insect cells, immortalized human liver epithelial cells, are 
applied in production of large-scale CYP-dependent metabolites in pharmaceutical industries. 
In vivo models of biotransformation mainly include microbial system, namely, bacteria, 
fungi, and yeast (Kebamo et al., 2015). The advantages of microbial biotransformation 
(Bajpai et al., 2010; Faramarzi et al., 2009; Venisetty and Ciddi, 2003) are:

1. The low cost and facility to maintain stock cultures of microorganisms.
2. Procedures with a large number of strains are simple repetitive processes.
3. The concentrations of parental molecules used (generally ranging from 0.2 to 0.5 g/L) are 

much higher than those employed in other cell or tissue models.
4. Novel products can be isolated with new or different activities.
5. There is a possibility to predict the most favored metabolic reactions.
6. The models can be scaled up easily for the preparation of metabolites for 

pharmacological and toxicological evaluation.
7. These models can be utilized in synthetic reactions where tedious steps are involved.
8. In most cases, relatively mild incubation conditions are used.
9. The models can be useful in cases where regio- and stereospecificity are involved, which 

can be more easily achieved by biotransformations than by synthetic chemistry.

The types of reactions occurring in biotransformation, includes oxidation, reduction, 
hydrolysis, condensation, isomerization, formation of new C—C bonds, synthesis of chiral 
compounds, and reversal of hydrolytic reactions. Among these, oxidation, isomerization, 
and hydrolysis reactions are more commonly observed in biotransformations. Many 
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times biotransformations involve more than one type of reaction. The plant-derived 
compounds are also subjected to processes of microbial transformation, which are 
nowadays considered as promising technologies for drug development and improvement 
(Alfarra and Muhammad, 2013; Gao et al., 2013; Hegazy et al., 2015; Venisetty and 
Ciddi, 2003). Microbial transformation reactions of curcuminoids include hydroxylation and 
dehydrogenation of the ring structure and isomerization of the double bonds. It is important 
to highlight that any of the positions of the steroid ring are prone to microbial attack and the 
specificity is microbe or even strain-dependent. Thus, obtaining a pharmaceutically active 
molecule via synthetic or semisynthetic routes becomes a laborious process (Claes et al., 2013; 
Wild, 1994). In this context, microbial biotransformation offers an attractive alternative.

2 Microbial Biotransformation of Curcuminoids

In the microbial transformation from plants for valuable metabolites, endophytes, which live 
in the inner tissues of healthy plants, have developed many significant and novel routes as a 
result of a long coevolutionary process. For colonization and growth, the entophytes secrete 
specific enzymes under certain conditions resulting into synthesis of novel metabolites of 
therapeutic importance. Thus, endophytes have received attention as biocatalysts in the 
chemical transformation of natural products and drugs, due to their ability to modify chemical 
structures with a high degree of stereospecificity and to produce known or novel enzymes that 
facilitate the production of compounds of interest (Firáková et al., 2007; Pimentel et al., 2011; 
Shukla et al., 2014; Wang and Dai, 2011). Apart from endophytes, various bacterial and 
fungal strains, screened on enriched media supplemented with the substrates of plant origin 
also have the ability to biotransform metabolites of therapeutic interest (Hegazy et al., 2015). 
Screening of endophytic microbes from C. longa plants and/or screening microbes in media 
enriched with C. longa extract and curcuminoids would offer an effective strategy for 
transformation of curcuminoids to analogs with better bioavailability.

2.1 Isolation of Endophytic Microbes From Curcuma longa

The rhizospere of a plant is the most prominent zone for microbial interaction with the plant 
where the microbes enter inside the plant tissue and resides as endophytes. The endophyte 
population varies depending on the tissue, plant developmental stage, and the surrounding 
environment (Kuklinsky-Sobral et al., 2004). The physiological changes in the plant 
cell are actively triggered by endophytes, which have better adaptations against varying 
environmental conditions in comparison to rhizobacteria (Conrath et al., 2006; Kumar 
et al., 2016; Pillay and Nowak, 1997).

C. longa rhizomes are collected fresh, washed thoroughly under running tap water and 
surface sterilized (70% C2H5OH, 3 min; 0.5% NaOCl, 3 min; and 70% C2H5OH, 30 s) 
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followed by washing with sterile distilled water thrice (Sun et al., 2008). The air-dried 
rhizomes are then sliced into thin sections to place them aseptically over nutrient agar (NA) 
plates at 30°C for 2–4 days and CMM agar at 30°C for 7 days for growth of bacterial and 
fungal endophytes, respectively. The bacterial colonies surrounding rhizome section are 
picked and streaked on the fresh nutrient agar, whereas, the fungal colonies are transferred 
to the potato dextrose agar (PDA) plates incubated at 30°C for days for screening of the 
microflora for biotransformation (Kumar et al., 2016; Prana et al., 2010).

2.2 Screening of Endophytic and Other Microbial Strains 
or Biotransformation Potential

The general strategy to obtain analogs via biotransformation is shown in Fig. 8.3 and 
discussed in the next sections.

2.2.1 Screening of endophytes

The fungal entophytes grown are then screened for the biotransformation ability on various 
fungal growth media like potato dextrose broth, synthetic low nutrient (SLN), Sabroud broth, 
Cazpek media, and bacterial endophytes are grown on media, such as nutrient broth, minimal 
salt medium (MSM) with an enrichment of curcumin (0.01% final concentration) or C. longa 
plant extract (Kumar et al., 2016; Prana et al., 2010). Culture controls consist of fermentation 
blanks in which microorganisms are grown without substrate but are fed with the same 

Figure 8.3: Schematic of Screening of Endophytic Microbes for Biotransformation of 
Curcuminoids.
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amount of solvent in which curcuminoids are dissolved. Substrate controls contain the sterile 
fermentation medium with the same amount of substrate, incubated and sterilized without the 
microbial inoculum.

Identification of the bacterial are performed by evaluation of biochemical and 
morphological characteristics according to Bergey’s manual followed by isolation and 
analysis of 16S rRNA gene amplification, sequencing, and analysis on comparison with 
the available database in National Center for Biotechnology Information (NCBI) database 
retrieved by Nucleotide Basic Local Alignment Search Tool (BLAST N) program available 
at the NCBI BLAST server (www.ncbi.nlm.nih.gov/BLAST) (Kumar et al., 2015) 18S 
rRNA gene amplification, sequencing, and nBLAST is performed for fungal and yeast 
identification.

Kumar et al. (2015) isolated 14 endophytic bacterial isolates and indentified six strains, 
namely, Bacillus cereus (ECL1), Bacillus thuringiensis (ECL2), Bacillus sp. (ECL3), 
Bacillus pumilis (ECL4), Pseudomonas putida (ECL5), and Clavibacter michiganensis 
(ECL6) from rhizome of C. longa L. The diverse endophytic bacterial strains (ECL1, 
ECL2, ECL3, ECL4, ECL5, ECL6) harbor plant growth promoting (PGP) traits to variable 
degrees. All the strains produced IAA; two-thirds solubilized phosphate while ECL3 and 
ECL5 produced siderophore and tolerated high salt (8% NaCl) concentration during salinity 
tolerance. No reports on these strains used for biotransformation of curcumin are available 
(Kumar et al., 2016).

Four of the 45 endophytic fungi isolates from various cultivation centers in west Java and 
central Java areas in Indonesia on screening media enriched with curcumin, metabolized 
curcumin to biotransformed products (BTP). In another study, 44 endophytic fungi from C. 
longa rhizomes were isolated of which 6 fungal strains on PDB broth exhibited antioxidant 
activities (Prana et al., 2010; Rachman et al., 2015).

2.2.2 Screening of other microbial strains

The fungal strains, Gibberella fujikuroi var fujikuroi AS 3.4748, Saccharomyces 
cerevisiae ACCC2168, Alternaria alternate AS 3.4578, Chaetomium globosum IFFI 
2445, Crebrothecium ashbyii ACCC2114, Penicillium melinii AS 3.4474, Absidia 
coerulea AS3.3389, Aspergillus niger AS 3.795, Syncephalastrum racemosum AS 3.264, 
Rhizopus chinensis IFFI 3043, and Cunninghamella elegans AS 3.1207 were screened for 
biotransformation on potato medium consisting of 100 g potato extract, 20 g glucose enriched 
with 2 mg/mL curcumin (Zhang et al., 2010).

Locally isolated Pseudomonas cultures from wastewater of Aurangabad were screened 
for biotransformation of curcumin on enriched MSM medium supplemented with 0.2% 
yeast extract, 0.5% glucose, and 0.2% peptone and 30 mg/L of curcumin (Ahmed and 
Abdul, 2015).
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Soil samples from various sources are screened on enrichment media consisting of (NH4)2SO4, 
5.0 g/L; KH2PO4, 1.0 g/L; K2HPO4, 1.0 g/L; MgSO4·7H2O, 0.4 g/L; and 50 mg/L curcumin 
(dissolved in dehydrated alcohol) where curcumin is the sole source of carbon. The initial 
pH of the medium is adjusted to 6.0 with 1 M NaOH. The fermentation medium consisted 
of glucose, 30 g/L; yeast extract, 2.0 g/L; NH4Cl, 6.0 g/L; MgSO4·7H2O, 0.4 g/L; KH2PO4, 
1.0 g/L; and K2HPO4, 1.0 g/L, pH 6.5. Using this approach, Zhang et al. (2013) isolated and 
identified a novel yeast strain Pichia kudriavzevii ZJPH0802 from a soil sample, which is 
capable of converting curcumin to its derivatives hexahydrocurcumin and tetrahydrocurcumin.

2.3 Extraction, Purification, and Characterization of Biotransformed Metabolites

Recovery of the desirable metabolites depends on the solvents and several extraction 
techniques employed. The commonly used methods for their extraction are the conventional 
liquid–liquid or solid–liquid extraction. The organic mixture is exposed to different solvents, 
wherein the biotransformed metabolites get dissolved, which takes up the metabolites. The 
microbial biomass is filtered or centrifuged followed by traditional extraction in various 
solvents, such as hexane, ether, chloroform, acetonitrile, benzene, and ethanol in different 
ratios with water. Both polar and nonpolar compounds, such as alkaloids, phenols, aromatic 
hydrocarbons are extracted out. This is followed by removal of the solvents and concentrating 
the metabolites on evaporation under vacuum. The disadvantages of using toxic solvents in 
large amounts and thermal denaturation of metabolites persist with solvent extraction. The 
concentrated compounds are analyzed chromatographically and further column purified for 
LC-MS/MS or GC-MS/MS analysis (Joana et al., 2013; Li et al., 2006; Tokuoka et al., 2010).

Extraction of the biotransformed products was carried out in ethyl acetate solvent (1:1) 
and analyzed using TLC with chloroform methanol eluent (10:1) and cerium sulfate as 
developing reagent. Purification of the metabolite was carried out using silica gel column 
chromatography with a gradient mobile phase of n-hexane-ethylacetate-chloroform-
methanol and further purified on HPLC C18 column; acetonitrile p.a-aquabidestilata 
(1:1) as mobile phase. Four of the 45 fungal endophytes screened Cl.Bel.5F, Cl.Pa.4F, 
Cl.Tg.3F, and Cl.Bk.5F had the ability to transform curcumin into its derivates with better 
solubility (Prana et al., 2010). Cl.Bel.5F from rhizomes of C. longa metabolized curcumin 
to hexahydrocurcumin with increases in solubility in comparison to the substrate added 
(Simanjuntak et al., 2010).

Screening of biotransformation of curcumin by 11 fungal strains was followed by extraction 
screening media after 5 days with equal volumes of ethyl acetate. TLC analysis of the 
metabolites with chloroform–methanol (50:1 v/v) and 10% (v/v) H2SO4 in ethanol for 
visualization was performed. Reverse phase liquid column chromatography with C18 
column (4.6 mm × 250 mm × 5 µm) and elution program (v/v): 20%–40% A/80%–60% 
B for 0–15 min; 40%–55% A/60%–45% B for 15–25 min; 55%–95% A/45%–5% B for 
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25–38 min; and 95% A/5% B for 38–45 min, 1.0 mL/min flow rate and 30°C separated 
the biotransformed metabolites for further characterization on MS. Six of the 11 fungal 
screened strains, namely G. fujikuroi var. fujikuroi AS 3.4748, A. coerulea AS 3.3389, A. 
niger AS 3.795, R. chinensis IFFI 3043, C. elegans AS 3.1207, and S. cerevisiae ACCC 
2168 metabolized curcumin to 4′-O-β-d-glucoside an hexahydrocurcumin with improved 
solubility. R. chinensis IFFI 3043 was the most potent strain and was selected for preparative-
scale biotransformation to isolate the predominant product was curcumin 4′-O-β-d-glucoside 
with and yield of 57% after 8 h of incubation. In addition, a number of minor glucosylation, 
reduction, and demethylation products of curcumin, such as octahydrocurcumin-O-glucoside; 
tetrahydrocurcumin-O-glucoside; hexahydrocurcumin-O-glucoside, curcumin-di-O-
glucoside, tetrahydrocurcumin (THC); demethylcurcumin-O-glucoside; octahydrocurcumin 
were observed by LC/MS (Zhang et al., 2010).

Pichia kudriavzevii ZJPH0802 metabolized curcumin to hexahydrocurcumin (HHC) and THC 
with a yield of 12.58 and 64.05%, respectively. The transformed products were extracted 
thrice with an equal volume of ethyl acetate and analyzed on TLC (50:1 v/v), sprayed with 
10% H2SO4 in ethanol as a visualization reagent followed by silica gel column chromatograpy 
(silica gel, 200–300 mesh; column diameter, 20 mm) using dichloroform–methanol (100:1 v/v) 
then changed to 50:1 (v/v) as eluting agent at a flow rate was controlled at 2 mL/min. HPLC 
analysis was performed on C18 column (5 × 4.6 × 250 mm3) and UV detector at 260 nm with 
a gradient elution in mobile phase consisting acetonitrile and water (Zhang et al., 2013).

3 Microbial Transformed Metabolites of Curcumin

The major metabolite on microbial biotransformation of curcumin obtained is 
hexahydrocurcumin (HHC) and tetrahydrocurcumin (THC) and their glycosides (Herath 
et al., 2007). HHC and THC are the bioavailable forms of curcumin present in intestinal and 
hepatic cytosol and are most stable in buffer solutions of physiologic (pH 7.2) and also in 
plasma (Murugan and Pari, 2006; Pan et al., 1999a; Pfeiffer et al., 2007; Somparn et al., 2007; 
Sugiyama et al., 1996). THC and HHC have been reported to exhibit stronger antioxidant 
activity than curcumin but none of them are available in sufficient quantities in the intestinal, 
plasma, and hepatic cytosol (Herath et al., 2007). Thus, to obtain sufficient quantities of these 
two compounds for further pharmacological investigation microbial biotransformation is 
effective. The glycoside derivatives, which otherwise are synthesized chemically, being more 
water-soluble, can be explored for numerous therapeutic purposes.

4 Vanillin From Curcumin

Vanillin is a derivative product of cur cumin (degradation pathway). It is a white crystalline 
powder with a pleasant, sweet, and intense aroma, offering a vanilla-like flavor. It is 
an aromatic aldehyde belonging to the group of simple C6–C1 phenolic compounds. 
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Structurally, it is a phenol substituted with an aldehyde and methoxy group at specific 
positions. Production of 1 kg of vanillin requires approximately 500 kg of vanilla pods, 
corresponding to the pollination of approximately 40,000 vanilla orchid flowers. Microbial 
transformation of curcumin to vanillin offers a better alternative for large-scale production.

Psuedomonas species metabolized curcumin to vanillin, which is extracted solvent system 
ethyl acetate:petether (70:30 v/v) and detected by using 2,4-dinitrophenylhydrazine and HCl 
in the concentration of 0.4% in 2N·HCl. The characterization of the metabolites was done on 
GC-MS connected to 5975B mass selective detector. The growing culture produce 2.52 mg/L 
vanillin from 30 mg/L of curcumin in MSM supplemented with 0.2% yeast extract, 0.5% 
glucose, and 0.2% peptone (Ahmed and Abdul, 2015).

Rhodococcus rhodochrous MTCC 265 metabolized curcumin to vanillin on the enriched 
MSM with 0.1% yeast extract, 0.2% glucose, and 0.1% peptone with curcumin concentration 
(25–100 ppm). The product from the ethyl acetate extract gave a single spot after developing 
in iodine vapor on SiO2-TLC (Rf 0.67) and reddish orange with 2,4-dinitrophenylhydrazine-
HCl spray reagent. GC-MS quantitative analysis shows that R. rhodochrous produced the 
highest amount of vanillin, that is, 3.56–29.02 mg/L of curcumin.

Exturmeric vanillin is marketed by De Monchy Aromatics and is produced from 
bioconversion of curcumin by fermentation (demonchyaromatics.com) (Nagpure et al., 2011). 
On having a look at the enzymes involved in vanillin production, a three-enzyme system 
catalyze the degradation of curcumin to vanillin. Initially, lipase from Candida antarctica 
(CAL) resulted in the formation of monoacetyl curcumin with a molar yield of 49%. Second, 
laccase from Funalia trogii (LccFtr) resulted in a high conversion (46% molar yield of 
curcumin monoacetate) to vanillin acetate. Finally, the protecting group from vanillin acetate 
is removed using a feruloyl esterase from Pleurotus eryngii (PeFaeA) with 68% molar yield 
(Esparan et al., 2015).

5 Conclusions and Future Aspects

Curcumin is used in human ailments since ancient times, wherein its potentiality is reduced 
due to its poor bioavailability. Of the various methodologies and techniques available 
for enhancing the solubility of curcumin, microbial biotransformation offers an effective 
strategy to produce water-soluble derivates in large scale. Endophytes and various other 
microbial strains possess the ability to deravatize curcuminoids in few steps, which via 
chemical synthesis becomes a laborious process. Synthetic methods of making water-
soluble curcumin have been reported to have enhance therapeutic properties. Microbial 
biotransformation of curcuminoids is an attractive alternative approach for the preparation 
of bioactive water-soluble curcumin derivatives, which might be difficult to prepare by 
conventional chemical routes and hence needs to be more explored. Moreover, such 
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microbial-catalyzed biotransformations in association with conventional organic synthesis 
can provide novel routes for the development of better bioavailable and potent curcuminoids. 
A number of optimization parameters, such as medium, temperature, agitation, pH have to 
be established for microbial transformations to be successful and viable. Strain improvement 
by conventional methods, by recombinant DNA technology or identification of alternate 
biosynthetic routes, screening of microbes that have not been exploited needs to be explored 
to obtain the transformed curcuminoids in high yields. Simultaneously, future studies on 
new fermentation techniques, optimization of production facilities will help to cut the 
manufacturing costs and allow the biotransformation processes to compete with the existing 
synthetic routes.
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CHAPTER 9

The Role of Biocatalysis and Membrane 
Techniques in Processing High-Pectin 
Content Food Stuffs and Wastes
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Research Institute on Bioengineering, Membrane Technology and Energetics, University of Pannonia, 
Veszprém, Hungary

1 Introduction
1.1 Pectins and Galacturonic Acid

Regarding the main chemical structure, pectins are polysaccharides. Nelson et al. (1977) 
defined them as a certain type of complex polymeric saccharides, which occur in plant 
tissues. The pectin molecules are responsible to form bonds within the cells and between cell 
wall constituents. There are three types of pectic carbohydrate polymers: homogalacturonate 
(HGA), rhamnogalacturonate I and II (RG I and II) (Drioli and Giorno, 2016). HGA is a 
homopolymer consisting of exclusively d-galacturonic acid monomers; it is linear and there 
is no branch in it. The backbone of RG I and II—referring to their names—is composed 
of rhamnose and galacturonic acid. In case of RG I the two compounds followed each 
other alternately, while the main bone of RG II is built from 8 to 10 monomer long, linear 
oligogalacturonic acid sequences, which various monosaccharides are coupled to. Thus RG II 
is, from structural point of view, a complex, branching polymer.

The main monomer component of pectic substances is galacturonic acid. Its chemical 
structure is presented in Fig. 9.1 (Walter, 1991). The galacturonic acid units can be found in 
different forms: in free acid form, esterified by methanol, or as a salt with Na+, K+, +NH4 . In 
addition, acetyl groups may be coupled to the OH groups.

Galacturonic acid is used in the cosmetic and the pharmaceutical industry (Jördening 
et al., 2002). It can be applied as a raw material for vitamin C production, or as a surface 
active agent when it is esterified with some fatty acids. In the food industry, in addition, it 
can be used for the manufacture of low-calorie carbohydrate (l-galactose) or souring agents 
(l-galacton-1,4-lakton; l-galacton-acid) (Pilnik, 1982).
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1.2 Occurrence of Pectins

Pectins occur in various parts of plant tissues: stem and leaf (e.g., sunflower, rhubarb), root 
(sugar beet), or yield (apple, various berries.). The distribution of the pectin content can be 
heterogeneous within the fruit or vegetable, for example, in the case of citrus species the peel 
contains higher amounts of pectin. The amount and structure of the pectin changes during the 
life cycle of the plant (e.g., as the ripening of tomato is in progress).

Literature data on the pectin content of plants are collected in Table 9.1. It can be seen that 
there is a high diversity between the species and the deviation is quite high, depending on the 
species, climate, growing conditions, and so on.

1.3 Characterization of Pectins

To characterize the pectins from different origins, several methods can be applied (Csanádi 
et al., 2012). The purity and the exact composition (i.e., the types of monosaccharides) can be 
determined by high-performance liquid chromatography (HPLC). The degree of esterification 
(DE, methyl ester content) is another important feature, which can be measured by titrimetric 
method.

Fourier-transformed infrared spectroscopy (FT-IR) was found to be a suitable, nondestructive, 
simple, and fast technique to provide further information on the chemical structure of the 
pectin: the absorptions of the different types of functional groups are located at different wave 
numbers. Typical bands in the spectra are: in the range of 1760–1730 cm−1 the bands are 
derived from ester carbonyl groups, while bands between 1630 and 1600 cm−1 represent free 
carboxylate groups (Chatjigakis et al., 1998). The intensities of these bands, more accurately 
their ratio, is the basis for quantitative analysis of DE of pectins, which can confirm the data on 
DE obtained from titration. DE values of the pectins can be calculated as A1730/(A1730 + A1600) 
in percent (Barros et al., 2002). The further bands of 800–1300 cm−1 in the spectra represent 
a moderately intensive absorption patterns, which are regarded as the fingerprint region for 
pectins. This region is expressively diverse for pectins from different sources, indicating a 
considerable structure difference between the types of pectins (Csanádi et al., 2012).

Figure 9.1: Chemical Structure of Galacturonic Acid.
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From an application point of view, gelling and rheological properties are important to 
determine (Bélafi-Bakó et al., 2012). The gelling effect of the pectins can be studied by 
mixing them with saccharose in hot water, then cooling them gradually in a thermostat 
(Iglesias and Lozano, 2004). Regarding the rheological behavior of pectin preparations, 
flow properties of pectin gels can be investigated. It is possible to characterize flow curves 
determined by thermostat rheo viscometer. The connection between the shear speed and the 
shear stress characterizes the rheological and substantial properties of the gels. Temperature 
dependence of the viscosity can be measured by a vibro viscometer.

1.4 Pectinase Enzymes

Pectinases (or pectolytic enzymes) are able to degrade the pectic polysaccharides. These 
enzymes belong either to the group of hydrolyses (EC 3) or to the group of lyases (EC 4). 
Hydrolytic enzymes can catalyze the hydrolysis reaction, while lyases catalyze the cleavage 
of glycosidic bond of the polysaccharide chain by transelimination (Kiss et al., 2008; Pilnik 
and Voragen, 1993). Some of them act on the esterified pectin chain, but a few cannot do it. 

Table 9.1: Pectin content of plants (Lampitt and Hughes, 1928; Neukom, 1967).

Plant Total Pectin Content (%)

Apple 4.00–7.00a

Apple pomace 15.00–20.00a

Avocado leaf 4.30–16.20a

Banana 0.70–1.20b

Pea 0.90–1.40b

Potato 2.50a

Citrus peel (albedo) 30.00–35.00a

Sugar beet pulp 15.00–20.00a

Strawberry 0.6–0.73b

Black currant 1.37–1.79b

Raspberry 0.58–0.86b

Sunflower (no seed) 25.00a

Orange (albedo) 27.50a

Orange pomace (no seed) 4.17b

Orange pomace (fiber) 27.6a

Peach 0.66–0.77b

Tomato 3.00a

Red currant 0.91–1.50b

Apricot 1.03b

Carrot 2.92b–10.00a

Mulberry 0.68–1.19b

Horseradish 15.00a

Marrow 2.70–3.30a

aRelated to the dry solid mass of the fruit.
bRelated to the mass of fresh fruit.
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Therefore, in certain cases it is advisable to deesterify the methoxyl group of pectin by using 
pectin esterase enzymes before the polymer degradation. Thus pectic acid is formed. The 
mechanisms of the degradation by the various enzymes can be seen in Fig. 9.2.

Pectin esterases can hydrolyze the ester bond between the acid group of the polygalacturonic 
bone and the methyl alcohol.

Pectinase enzymes can be classified according to their substrate (either pectin or pectic acid) 
and the mechanisms of degradation (random or starting from the chain end). In Table 9.2 
various types of pectinases are summarized with the EC number.

Figure 9.2: Degradation of Pectin by Pectinase Enzymes.
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2 Enzymatic Degradation of Pectin in Fruit Juice Processing

In the processing of pectin-rich fruits the pectin molecules make it often difficult to extract/
press the juice because these polymers keep the water bound in the fruit. Pectolytic enzymes 
were found useful to solve this problem (Alkorta et al., 1997; Kashyap et al., 2001): they are 
able to partially degrade the pectin polymer chains, thus terminating the water retaining effect.

The process for production of fruit juices starts with washing, sorting and smashing steps. 
Then the pulp is treated by pectinase enzymes (Fig. 9.3—for apples), which results higher 
yield (juice) during the pressing process, enhanced liquefaction and clarification, meanwhile 
less raw material and energy is needed, and even the water content of the fruit pomace will 
be lower (i.e., its total solid substance—TSS—content is higher).

Various pectinase preparations are available for different fruits (grape, apple, pear, cherries, 
blackberry, blueberry, raspberry, black currant, red currant). In case of unknown conditions, it 
is useful to determine the optimal parameters (amount of enzyme, time of treatment, optimal 
temperature, etc.) by a series of measurements using experimental design.

The freshly squeezed liquid is then filtered and clear juice is obtained. Only a few percent of 
fresh juices is put directly on the market; the majority of it is treated to prevent any microbial 
growth (infection). Usually heat treatment is applied (pasteurization) in industry.

Table 9.2: Classification of pectinases.

Official Name Name EC Number Substrate Mechanism

Pectin esterases
Poly-methyl-galacturonate-esterase 
(PMGE)

Pectin esterase 3.1.1.11 Pectin Random

Hydrolases
Endo-poly-galacturonase (Endo-PG) Polygalacturonase 3.2.1.15 Pectic acid Random
Exo-poly-galacturonase 1 (Exo-PG) Polygalacturonase 3.2.1.67 Pectic acid From the chain end
Exo-poly-galacturonase 2 (Exo-PG) Polygalacturonase 3.2.1.82 Pectic acid
Endo-poly-methyl-galacturonase 
(Endo-PMG)

Pectin hydrolase Pectin Random

Exo-poly-methyl-galacturonase 
(Exo-PMG)

Pectin hydrolase Pectin From the chain end

Lyases
Endo-poly-galacturonate-lyase 
(Endo-PGL)

Pectate lyase 4.2.2.2 Pectic acid Random

Exo-poly-galacturonate-lyase 
(Exo-PGL)

Pectate lyase 4.2.2.9 Pectic acid From the chain end

Endo-poly-methyl-galacturonate-
lyase (Endo-PMGL)

Pectin lyase 4.2.2.10 Pectin Random

Endo-poly-methyl-galacturonate-
lyase (Exo-PMGL)

Pectin lyase Pectin From the chain end
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Regarding filtration, the enzymes—present in the pressed fruit juice—will help in the 
clarification, as well. Thus, it can be considered not only as a simple ultrafiltration unit, but as 
a membrane bioreactor.

The clarified juice can be concentrated, which can ensure a long shelf life and can greatly 
reduce the cost required for transportation of equivalent volumes. Traditionally, the juices 
are concentrated by vacuum evaporation. However, it has high energy demand and has 
undesirable effects on the quality of the concentrate: it causes aroma (flavor) and vitamin loss 
in the juice.

For concentration of fruit juices alternative methods can be applied, for example, membrane 
processes, which are energy- and cost-effective techniques, including reverse osmosis or 

Figure 9.3: Scheme of Apple Juice Processing.



High-Pectin Content Food Stuffs and Wastes 283

membrane osmotic distillation (in membrane contactor) (Bélafi-Bakó and Koroknai, 2006). 
These membranes work under mild conditions, where there is no thermal effect, thus the 
heat-sensitive compounds (like vitamins) can be entirely preserved.

3 Recovery of Pectic Substances

Pectin, pectic substances are widely used as thickening, gelling and emulsifying additive in 
the food, cosmetic, and pharmaceutical industries (Walter, 1991). Thus it seems sensible to 
study its manufacture from different sources.

A combination of various processes involving extraction and separation (clarification, purification, 
and concentration) is necessary to recover the pectic substances from the various plant tissues. 
Membrane processes (mainly ultrafiltration) seem quite attractive as separation steps.

3.1 Manufacture of Pectins

In the commercial industrial sector pectin preparations are mainly prepared from citrus peels 
and apple pomace. As it turned out recently other agrowastes could be considered as raw 
materials for pectins, as well (Csanádi et al., 2012; Galanakis, 2015). The pomace (press 
cake) formed during processing of some fruit juices may be a good source for pectins, too. 
Usage of these coproducts is considered an important step from an environmental protection 
point of view (waste minimization), moreover, the whole juice production procedure may 
become more economical. The following pectin-rich agrowastes were investigated so far: 
soy hull, cocoa husks, banana peels, sunflower head, sugar beet pulp, peach pomace, peels of 
mango or passion fruit (Liew et al., 2014). Lately, processing the wastes of berry fruits (red 
and black currant, blackberry, elderberry, etc.) has been studied (Bélafi-Bakó et al., 2012; 
Cserjési et al., 2011).

Pectins from the various pomaces (press residues) can be extracted by hot water or diluted 
aqueous (acidic or neutral) solutions at high temperature. The process itself is quite time-
consuming and demands large amounts of water. To improve the process microwave 
techniques can be applied (Bélafi-Bakó et al., 2012; Fishmann et al., 2006). Microwave 
technique is considered nowadays a popular heat-generation process both in the laboratory 
and industrial scales. Microwave irradiation penetrated into the mass of the sample and 
causes rapid vibration of water molecules at high frequency. This vibration creates frictional 
heat, which causes growing temperatures. Although the quantum energy of microwave 
radiation is too low to break the chemical bonds, but some structure might be changed by the 
energy. For example, polarization in the tertiary and quaternary structure of macromolecules 
may occur, hydrogen bonds might be broken.

In a microwave-assisted extraction process microwave energy is applied to heat solvents 
in contact with samples to increase the rate of extraction of the desired compound from the 
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matrix into the solvent. Since water molecules have a polar character, the microwave energy 
radiated can be absorbed efficiently. Due to the thermal stress effect of microwave irradiation, 
cell walls may be degraded, thus the cells will be more open than in conventional boiling.

In our experiments a specially designed and developed microwave cavity resonator was 
applied to achieve homogeneous dielectric field using monomode waveform. The magnetron 
power was varied between 50 and 700 W at a frequency 2.45 GHz. The operating parameters 
were as follows: 15 W/g specific microwave power (the ratio of magnetron power to the mass 
of sample in dry weight basis); 1:10 solid to solvent (water) ratio; 30 min extraction time.

Our experimental results have proven that higher pectin yield can be achieved by using 
microwave irradiation during the extraction process, that is, pectin was easier extracted by 
applying microwave energy (Bélafi-Bakó et al., 2012).

Beyond microwave irradiation some other biocatalytic pretreatments can be used in 
certain agrowastes to enhance the extraction effectiveness: for example, removal of fat and 
degradation of the fibers by cellulase enzymes (e.g., celluclast, alcalase) was applied in 
processing of rapeseed cake (Jeong et al., 2014).

After the extraction step the majority of the pectic polysaccharides can be obtained in the 
aqueous phase. For precipitation of the pectic substances isopropyl alcohol or ethyl alcohol 
can be used. After precipitation the coagulated pectin can be filtered and dried. However, 
when the concentration of pectic substances is low in the aqueous phase, the precipitation 
takes long, needs a higher amount of solvent, and should be repeated. Therefore, some mild 
concentration steps may be sensible to apply.

Among membrane processes ultrafiltration can be used then to clarify the extracted solution 
and the diluted aqueous pectin solution may be concentrated partly by membranes (e.g., 
ultrafiltration, or nanofiltration, or reverse osmosis) up to 5% total solid substance (TSS), 
partly by evaporation up to 30% TSS. Pectin powder can be obtained from the concentrated 
pectic solution after precipitation with alcohols.

The pectin preparations may be colorful if the fruit pomace (press residue) used were 
heavily colored (e.g., black currant). The color of the pectins obtained can be described 
by the tristimulus color perception method (McGuire, 1992). Color analysis was carried 
out for pectins extracted from press residues of blackberry, black currant, raspberry, and, 
for comparison, apple, red currant, and citrus (Cserjési et al., 2011). The pectins were 
investigated in forms of powder, 1% solution and gel. Color coordinates (L*, +a*, +b*) were 
determined by a spectrophotometric colorimeter, a standard-white reflection plate was used 
as standard. In the three-dimensional color space L* indicated the lightness (in the range of 
0–100 from completely opaque to completely white), +a* indicated the redness, and +b* 
indicated yellowness on the hue circle. The hue angle calculated as h = arctg (b*/a) expresses 
the color nuance. The values are defined as red-purple 0°, yellow 90°, bluish-green 180°, and 
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blue 270°. The C* chroma calculated as (a*2 + b*2)½ is a measure of chromaticity, indicating 
the purity of the saturation of the color.

The color coordinates determined and calculated (L*, +a*, +b*, C*, and h) on the pectins in 
powder, solution, and gel forms are summarized in Table 9.3.

It has turned out that pectin colors fall in the range between reddish purple and yellow. Black 
currant and elderberry pectins can be described as reddish purple, while citrus and apple 
pectins are yellow. It is interesting to note that some of the pectins in powder form have 
different color coordinates than in aqueous solution or in gel.

The molecules responsible for the color in plant tissues are often assumed to have 
antioxidant capacity. These molecules in the plants (colorful fruits) have been widely 
studied (Pantelidis et al., 2007) and usually the antioxidant activity, total phenol content, 
and anthocyanin content were determined because these compounds belong to these groups. 
Pectin preparations obtained from black currant were studied similarly (regarded antioxidant 
activity, total phenol content, and anthocyanin content) by using spectrophotometric methods 
(Cserjési et al., 2011) and the data were compared to the juice’s values. It was found that the 
antioxidant capacity, the total phenol, and the anthocyanin content of the colorful pectin were 
1.1 g AS/L, 0.7 g GAE/L, and 1.38 mg/L, respectively; while in the case of the black currant 
pectin they were 32.2 AS/g, 35 mg GAE/g, and 0.4 mg/g, respectively. The values are not 

Table 9.3: Color coordinates for pectin preparations from various sources.

Pectin Preparation Source +a* +b* L* C* h

Powder Apple 9.0 25.1 63.0 26.5 70.1
Blackberry 14.1 5.5 37.5 15.0 23.0
Black currant 8.1 2.6 47.0 8.5 16.8
Citrus 0.9 12.1 85.2 11.8 86.7
Elderberry 5.1 4.8 39.2 6.3 36.5
Raspberry 5.9 10.3 45.0 12.3 60.8
Red currant 6.9 8.2 79.0 10.4 49.7

Solution Apple 0.8 15.7 62.3 16.2 87.6
Blackberry 13.5 10.8 39.8 17.1 41.0
Black currant 25.8 12.6 30.1 29.2 26.1
Citrus 1.2 2.1 64.5 2.4 63.0
Elderberry 18.5 7.5 25.1 20.0 22.0
Raspberry 14.9 31.2 42.0 34.5 65.5
Red currant 2.1 2.5 63.0 4.0 51.3

Gel Apple 20.0 48.0 31.1 50.0 66.8
Blackberry — — — — —
Black currant 0.0 0.0 2.1 0.3 2.1
Citrus 2.5 20.0 50.0 20.0 87.3
Elderberry 2.4 0.2 2.8 2.5 28.0
Raspberry 4.5 2.1 5.0 9.6 51.6
Red currant 10.2 20.0 41.0 22.3 62.6
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easy to compare because the juice’s data are related to liter, while for the pectin it is for g. 
Still it can be concluded that the colorants found in the pectin preparation belong to the group 
of phenolics and have adequate antioxidant capacity (similarly to the primary product, the 
fruit juice). Thus, these colorful pectins may have a wider application area, for example, as a 
healthy functional food additive.

The pectin preparations obtained can be further characterized rheologically and compare their 
features with the commercially available preparations (Bélafi-Bakó et al., 2012). Moreover, 
the chemical structure of these pectins can be described by various other techniques, for 
example, FT-IR (Coll-Almela et al., 2015; Csanádi et al., 2012; Manrique and Lajolo, 2002) 
as was mentioned earlier.

3.2 Pectic Oligosaccharides

It is possible to manufacture pectin-derived oligosaccharides from high pectin content plants 
and agrowastes, if the pectin is partly hydrolyzed by certain types of pectinase enzymes. 
These kinds of oligosaccharides nowadays are considered as new prebiotics with improved 
functional properties (Moreno and Sanz, 2014), thus, there is a growing interest toward 
them in the market. These pectic oligosaccharide (POS) compounds are analogous to the 
fructooligosaccharides (FOS), regarding prebiotic potential.

Recently, POSs were reported to produce in an enzymatic membrane bioreactor 
(Olano-Martin et al., 2001). Low- and high-methylated pectins were used as substrates 
in an ultrafiltration dead-end membrane module, where the operation conditions 
were 1%–5% substrate concentration, 90–2700 U/L enzyme activity and 40–120 min 
residence time. In the continuous process 3.5–3.8 kDa size POSs were managed to be 
manufactured.

POS can be obtained from orange peels by a multistep process, including hydrothermal 
extraction, enzymatic hydrolysis, and membrane filtration (Gómez et al., 2014, 2016). The 
product obtained consisted of AraOS (degree of polimerization, DP 3-21), GalOS (DP 5-12), 
and OGalA (DP 2-12, with variable DM), moreover long-chain products were also present.

The prebiotic potential of the preparations can be assessed by a fermentation process using 
human fecal inocula. For comparative purposes, similar experiments were carried out using 
commercial FOSs as substrates for fermentation. POSs were preferred particularly by 
bifidobacteria and lactobacilli, so that the ratio between the joint counts of both genera and 
the total cell number increased from 17% in the inocula to 27% upon fermentation (Gómez 
et al., 2016).

POSs were prepared from apple pectin by dynamic high-pressure microfluidization (DHPM) 
(Chen et al., 2013). Starting from 1.84% pectin concentration (at temperature 63°C, DHPM 
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pressure 155 MPa and 6 cycles), 32.92% of the pectin was converted into POS, which 
contained 29.56% galacturonic acid and 58.53% neutral sugars. The prebiotic properties of 
POS were then evaluated and similar results were obtained by Gómez et al. (2016).

4 Enzymatic Hydrolysis of Pectin
4.1 Kinetics

In the group of pectin depolymerising enzymes polygalacturonases are considered as the 
key biocatalysts. They can hydrolyze pectin and pectic acid. The kinetical behavior of 
polygalacturonase, however, has hardly been studied so far; only a few papers can be found 
in this field. The hydrolytic reaction catalyzed by the PG enzyme with microbial origin 
(Aspergillus niger) was studied by Kulbe et al. (1987), and they found that it was inhibited by 
galacturonic acid (the monomer).

The kinetical behavior of enzymatic pectin hydrolysis by PG was investigated experimentally 
in the frame of a PhD work (Kiss et al., 2008), using various pectin preparations: citrus 
(low esterification degree), apple, sugar beet pulp, red and black currant (prepared in our 
laboratory). Following the suggested procedure of enzyme kinetic studies in literature (Cook 
and Cleland, 2007; Schultz, 1994; Vladimir, 2003), shaking flasks measurement were planned 
to conduct to describe quantitatively the kinetics of the process and they were monitored 
by measuring the reducing sugar content (DNS standard method). Two sets of experiments 
were designed: one “classical” serial, where various substrate concentrations were used and 
another serial, where galacturonic acid was added initially to the substrate solutions to decide 
if product inhibition may occur.

Thus, progress curves were presented and the kinetic parameters were determined. We found 
that strong product inhibition occurred during the reaction. The product of the hydrolytic 
process, galacturonic acid is a competitive inhibitor of the enzyme. The following equation 
(Michaelis–Menten) can describe the behavior:
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where vi, reaction rate; vmax, maximal reaction rate; S, substrate concentration; Ki, inhibition 
constant; Km, Michaelis constant.

Major differences were found in the constants determined for the hydrolytic process of 
various pectins, probably because of the significant differences in the pectin particular 
structures. One of these differences is, for example, the esterification degree of the pectin 
preparations. The kinetic parameters obtained for the hydrolytic process are summarized in 
Table 9.4.
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As it turned out, the inhibition significantly set back the enzymatic process, that is, the 
reaction seems slower. To reduce the inhibition effect higher substrate concentration is 
suggested to use (Cook and Cleland, 2007), but it is not possible due to the low solubility of 
pectin in water. Therefore, to avoid inhibition a special reactor set up should be applied: a 
membrane bioreactor, to enhance the productivity of the process.

4.2 Membrane Bioreactors for Enzymatic Hydrolysis of Pectin

There are certain conditions or purposes in industry where biochemical reactions and 
separation steps should be taken place simultaneously. The setups suitable to realize it is 
called membrane bioreactor. These systems are often applied in enzymatic hydrolysis of 
macromolecules (e.g., starch) because it is frequently inhibited by the monomer molecules 
(product of the process). During the process (simultaneous reaction and separation) the 
inhibitory molecules (with low molecular weight) formed can easily pass through the 
membrane into the permeate side, while the membrane is able to retain the larger molecules 
(substrate and enzyme) (Rai, 2016).

Since the biochemical reactions are usually quite sensitive, the temperature should be 
controlled, thus membrane bioreactors are often jacketed. During the process the feed 
side is frequently recirculated (batch mode of operation), while in the secondary side of 
the membrane some permeate will leave the system, therefore, the volume of the reaction 
mixture is gradually decreasing. It means that the volume should be controlled carefully and 
resupplied during the whole process.

Thermostated membrane bioreactors (in flat sheet and hollow fiber configurations) can 
be applied for the enzymatic hydrolysis of pectin. In our work a flat sheet, ultrafiltration 
membrane (regenerated cellulose, 30 kDa) with 0.01 m2 membrane surface area was 
used. The substrate and the enzyme were citrus pectin and PG enzyme (EC 3.2.1.15.) 
from Aspergillus niger, respectively. Diluted substrate solution (in citrate buffer, pH 
4.1) containing the enzyme was circulated from a stirred thermostated vessel through the 
membrane module at 50°C temperature. The setup was designed and operated in a way 

Table 9.4: Kinetic parameters of pectin hydrolysis by PG.

Pectin
Michaelis–Menten 
Constant, Km (g/L)

Maximal Reaction Rate, 
vmax (g/L/perc)

Inhibition Constant, 
KI (g/L)

Sugar beet, extracted 1.47 ± 0.12 0.31 ± 0.03 1.16 ± 0.11
Sugar beet, purchased 1.52 ± 0.09 0.29 ± 0.02 1.12 ± 0.09
Red currant 0.48 ± 0.04 0.19 ± 0.02 0.88 ± 0.08
Black currant 0.79 ± 0.06 0.31 ± 0.03 0.94 ± 0.06
Apple, extracted 0.15 ± 0.01 0.08 ± 0.001 0.58 ± 0.04
Apple, purchased 0.17 ± 0.01 0.08 ± 0.001 0.62 ± 0.01
Citrus 8.30 ± 0.53 1.06 ± 0.01 3.13 ± 0.55
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that it was possible to control the level of the substrate solution by a mechanical equalizer 
(Bélafi-Bakó et al., 2007).

Galacturonic acid (inhibitory product) was formed in the reaction mixture, and as it was 
circulated in the membrane module the galacturonic acid passed through the membrane 
and was collected from the secondary side. The transmembrane pressure (TMP, pressure 
difference between the two sides of the membrane) was maintained at 0.1 bar. The 
accumulated amount of galacturonic acid measured as a function of time and the flux data 
calculated from the volume of permeate obtained confirmed that reliable operation of the 
membrane bioreactor was possible to achieve in 50 h long reaction time and the enzyme had 
very good stability.

The experimental results have proven that it was worth to carry out pectin hydrolysis in a 
membrane bioreactor because much higher productivity (6.9 and 9.7 g product/h g enzyme, 
for the shaking flask and the membrane bioreactor, respectively) could be achieved due to 
the prevention of product inhibition. Moreover, it was possible to conduct a semicontinuous 
process.

The productivity of the process can be enhanced if higher transmembrane pressure could 
be applied, for example, the secondary side of the membrane bioreactor is operated under 
low-pressure conditions (Kiss et al., 2009). In this kind of vacuum assisted membrane 
bioreactor higher transmembrane pressure (TMP), that is, higher driving force can be 
obtained, thus the rate of the galacturonic acid removal is faster. In this way 24.3, 21.5, 
and 19.4 g product/h g enzyme specific productivity were achieved for black currant, 
sugar beet, and red currant pectins, respectively, which clearly shows the usefulness of the 
vacuum application.

5 Recovery of Galacturonic Acid by Electrodialysis

Complete hydrolysis of pectin results mainly in galacturonic acid in diluted aqueous solution. 
To recover the acid from it, electrodialysis (ED)—another membrane process—seems 
suitable to apply. Electrodialysis is an electromembrane method to separate ions, like the acid 
formed during pectin hydrolysis. Under electrical potential difference, charged compounds 
move in the direction of the oppositely charged electrode, while anion and cation selective 
membranes ensure the separation. Thus, the technique is recommended primarily to separate 
charged particles.

A two-step electrodialysis system was applied in our laboratory (Molnár et al., 2009) to study 
the separation of galacturonate ions from sugar beet hydrolyzate (obtained by enzymatic 
hydrolysis of pectin from sugar beet pulp). In the first step galacturonate ions was removed 
from the hydrolyzate in an asymmetric ED cell, then in the second step galacturonic acid was 
recovered from its salt by another ED.
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The asymmetric ED cell (first step) three cation selective and two anion selective membranes 
were built up, the total membrane surface area was 50 cm2. The membranes were separated 
by spacer gaskets. Three streams were recirculated in batch mode of operation: diluate, 
concentrate, and electrode solution. (Initially the “concentrate” was tap water.) During the 
process the negatively charged, dissociated galacturonic acid ions moved toward the anode 
and passed through the anion selective membrane, while sodium ions are transported toward 
the cathode and passed through the cation selective membrane. Thus, the galacturonic acid 
ion concentration was decreased in the “diluate” stream and increased in the “concentrate” 
solution. Sodium sulfate solution was used as electrode solution and sodium ions were able 
to pass through the cation selective membrane to the “concentrate” solution. The progress 
of the processes was followed by measurement of conductivity and the concentration of 
galacturonate ions was determined by DNS method.

First, model galacturonate solution was used in the experiments, then sugar beet pectin 
hydrolyzate. Applying 6 V voltage 94% of the initial amount of galacturonate was recovered. 
It has turned out—based on the experimental results—that galacturonate ions could be 
efficiently recovered and concentrated from the hydrolyzate of pectins from various sources 
by using an asymmetric electrodialysis set up.

In the second step another ED set up was applied to recover the acid itself from its sodium 
salt. For this purpose another ED was built from two cation selective and one anion selective 
membranes. These membranes divided the cell into four compartments: two electrode 
solutions, a diluate, and a concentrate solution. During the process sodium galacturonate 
solution (from the first separation step) was used in the diluate compartment and 2% sulfuric 
acid solution was circulated as anode solution. The galacturonate anions went through the 
anion selective membrane into the concentrate solution (product), while H+ ions came from 
the anode solution, thus galacturonic acids were formed. The sodium ions passed through 
the cation selective membrane into the cathode solution. The whole process was possible to 
follow by conductivity and pH measurements. A majority of the galacturonate anions were 
recovered as acid.

The experiments have proven that the two-step ED arrangement is suitable for galacturonic 
acid removal and recovery from the pectin hydrolyzates. However, during the separation 
process the low mobility (large size) anions had to pass through the anion selective membrane 
(2 times), which is the slowest step in the procedure. Therefore, it is sensible to look for a 
better solution.

To enhance the efficiency of the two-step ED described earlier for galacturonic acid recovery 
bipolar membranes can be used instead of traditional anion and cation selective membranes 
(Molnár et al., 2010). In this way galacturonic acid can be recovered in one step. For 
the experiments, 10 anion, 11 cation, and 10 bipolar membranes were built up in the ED 
system. Sodium sulfate solution was used as electrode solution. The sodium galacturonate 
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salt solution (hydrolyzate) was circulated as diluate. The bipolar membranes provided H+ 
and OH− ions for the acid and caustic solutions, respectively. As a result of the transport 
of galacturonate ions and protons, galacturonic acids were formed in the acid solution. Its 
concentration was gradually growing, which was observed by the pH drop. In the caustic 
solution (initially water) the sodium ions were accumulated during the process (pH was 
increased). The experimental results confirmed that bipolar electrodialysis can effectively 
perform the recovery of glalacturonic acid from pectin hydrolyzates.

6 Conclusions

Pectin and its derivatives are considered as important raw materials for various industries 
and processes. Therefore, their production technology should be improved and it seems 
important nowadays to exploit the potential of agrowastes. Applying biocatalysts (enzymes: 
pectinases) and different membrane separation methods pectin and galacturonic acid could be 
manufactured with high effectiveness.

References
Alkorta, I., Garbisu, C., Llama, M.J., Serra, J.L., 1997. Industrial applications of pectic enzymes: a review. 

Process Biochem. 33, 21–28. 
Barros, A.S., Mafra, I., Ferreira, D., Cardoso, S., Reis, A., Lopes da Silva, J.A., Delgadillo, I., Rutlege, D.N., 

Ciombra, M.A., 2002. Determination of the degree of methylesterification of pectic polysaccharides by FT-IR 
using an outer PLSI regression. Carbohydr. Polym. 50, 85–94. 

Bélafi-Bakó, K., Cserjési, P., Beszédes, S., Csanádi, Z., Hodúr, C., 2012. Berry pectins: microwave-assisted 
extraction and rheological properties. Food Bioprocess. Technol. 5, 1100–1105. 

Bélafi-Bakó, K., Eszterle, M., Kiss, K., Nemestóthy, N., Gubicza, L., 2007. Hydrolysis of pectin by Aspergillus 
niger polygalacturonase in a membrane bioreactor. J. Food Eng. 78, 438–442. 

Bélafi-Bakó, K., Koroknai, B., 2006. Enhanced flux in fruit juice concentration: coupled operation of osmotic 
evaporation and membrane distillation. J. Membr. Sci. 269, 187–193. 

Chatjigakis, A.K., Pappas, C., Proxenia, N., Kalantzi, O., Rodis, P., Polissiou, M., 1998. FT-IR spectroscopic 
determination of the degree of esterification of cell wall pectins from stored peaches and correlation of textual 
changes. Carbohydr. Polym. 37, 395–408. 

Chen, J., Liang, R.H., Liu, W., Li, T., Liu, C.M., Wu, S.S., Wang, Z.J., 2013. Pectic-oligosaccharides prepared by 
dynamic high-pressure microfluidization and their in vitro fermentation properties. Carbohydr. Polym. 91 (1), 
175–182. 

Coll-Almela, L., Saura-López, D., Laencina-Sánchez, J., Schols, H.A., Voragen, A.G., Ros-García, J.M., 2015. 
Characterisation of cell-wall polysaccharides from mandarin segment membranes. Food Chem. 175, 36–42. 

Cook, P.F., Cleland, W.W., 2007. Enzyme Kinetics and Mechanisms. Garland Science, New York, NY. 
Csanádi, Z., Cserjési, P., Nemestóthy, N., Bélafi-Bakó, K., 2012. Characterization of pectins from press residues 

of berries by FT-IR spectroscopy. Acta Aliment. 41, 94–99. 
Cserjési, P., Bélafi-Bakó, K., Csanádi, Z., Beszédes, S., Hodúr, C., 2011. Simultaneous recovery of pectin and 

colorants from solid agro-wastes formed in processing of colourful berries. Prog. Agric. Eng. Sci. 7, 65–80. 
Drioli, E., Giorno, L. (Eds.), 2016. Encyclopedia of Membranes. Springer-Verlag, Berlin, Heidelberg, 

(www.encyclopedia.com/topic/pectin.aspx). 
Fishmann, M.L., Chau, H.K., Hoagland, P.D., Hotchkiss, A.T., 2006. Microwave-assisted extraction of lime 

pectin. Food Hydrocoll. 20, 1170–1177. 



292 Chapter 9

Galanakis, C.M. (Ed.), 2015. Food Waste Recovery: Processing Technologies and Industrial Techniques. 
Academic Press, London. 

Gómez, B., Gullón, B., Remoroza, C., Schols, H.A., Parajó, J.C., Alonso, J.L., 2014. Purification, characterization, 
and prebiotic properties of pectic oligosaccharides from orange peel wastes. J. Agric. Food Chem. 62 (40), 
9769–9782. 

Gómez, B., Yáñez, R., Parajó, J.C., Alonso, J.L., 2016. Production of pectin-derived oligosaccharides from lemon 
peels by extraction, enzymatic hydrolysis and membrane filtration. J. Chem. Technol. Biotechnol. 91, 234–247. 

Iglesias, M.T., Lozano, J.E., 2004. Extraction and characterization of sunflower pectin. J. Food Eng. 62, 215–223. 
Jeong, H.S., Kim, H.Y., Ahn, S.H., Oh, S.C., Yang, I., Choi, I.G., 2014. Optimization of enzymatic hydrolysis 

conditions for extraction of pectin from rapeseed cake (Brassica napus L.) using commercial enzymes. Food 
Chem. 157, 332–338. 

Jördening, H.J., Baciu, I., Bremsemeyer, S., Buchholz, K., 2002. Gewinnung von galacturonsäure aus 
zellwandbestandteilen der rübenschnitzel. Zuckerindustrie 127, 845–853. 

Kashyap, D.R., Vohra, P.K., Chopra, S., Tewari, R., 2001. Applications of pectinase in commercial sector: a 
review. Bioresour. Technol. 77, 215–227. 

Kiss, K., Cserjési, P., Nemestóthy, N., Gubicza, L., Bélafi-Bakó, K., 2008. Kinetic study on hydrolysis of various 
pectins by Aspergillus niger polygalacturonase. Hung. J. Ind. Chem. 36, 55–58. 

Kiss, K., Nemestóthy, N., Gubicza, L., Bélafi-Bakó, K., 2009. Vacuum assisted membrane bioreactor for 
enzymatic hydrolysis of pectin from various sources. Desalination 241, 29–33. 

Kulbe, K.D., Heinzler, A., Knopki, G., 1987. Enzymatic synthesis of l-ascorbic acid via d-uronic acids; 
membrane reactor integrated recovery of d-galacturonic acid from pectin hydrolysates. Ann. NY Acad. Sci. 
506, 543–551. 

Lampitt, L.H., Hughes, E.B., 1928. The composition of fruits. Analyst 53, 32–35. 
Liew, S.O., Chin, N.L., Yusof, Y.A., 2014. Extraction and characterization of pectin from passion fruit peels. 

Agric. Agric. Sci. Proc. 2, 231–236. 
Manrique, G.D., Lajolo, F.M., 2002. FT-IR spectroscopy as a tool for measuring degree of methyl esterification in 

petins isolated from ripening papaya fruit. Postharvest Biol. Technol. 25, 99–107. 
McGuire, R.G., 1992. Reporting of objective color measurements. Hortic. Sci. 27, 1254–1255. 
Molnár, E., Eszterle, M., Kiss, K., Nemestóthy, N., Fekete, J., Bélafi-Bakó, K., 2009. Utilisation of electrodialysis 

for galacturonic acid recovery. Desalination 241, 81–85. 
Molnár, E., Nemestóthy, N., Bélafi-Bakó, K., 2010. Utilisation of bipolar electrodialysis for recovery of 

galacturonic acid. Desalination 250, 1128–1131. 
Moreno, F.J., Sanz, M.L. (Eds.), 2014. Food Oligosaccharides: Production, Analysis and Bioactivity. Wiley, 

Hoboken, NJ. 
Nelson, D.B., Smit, C.J.B., Wiles, R.R., 1977. Commercially important pectic substances. In: Graham, H.D. (Ed.), 

Food Colloids. AVI, Westport, CT, pp. 418–437. 
Neukom, H., 1967. Pectic substances. Encyclopedia of Chemical TechnologyWiley, New York, NY. 
Olano-Martin, E., Mountzouris, K.C., Gibson, G.R., Rastall, R.A., 2001. Continuous production of pectic 

oligosaccharides in an enzyme membrane reactor. J. Food Sci. 66, 966–971. 
Pantelidis, G.E., Vasilakakis, M., Manganaris, G.A., Diamantidis, G., 2007. Antioxidant capacity, phenol, 

anthocyanin and ascorbic acid content in raspberries, blackberries, red currants, gooseberries and Cornelian 
cherries. Food Chem. 102, 777–783. 

Pilnik, W., 1982. Enzyme in beverage industry. In: Dubuy, P. (Ed.), Use of Enzymes in Food Technology. 
Technique et Documention Lavoisier, Paris, pp. 425–450. 

Pilnik, W., Voragen, A.G.J., 1993. Pectic enzymes in fruit juice and vegetable juice manufacture. In: Reeds, G. (Ed.), 
Food and Science Technology, Enzymes in Food Processing. Academic Press, New York, NY, pp. 363–399. 

Rai, R.V. (Ed.), 2016. Advances in Food Biotechnology. Wiley Blackwell, Oxford. 
Schultz, A.R., 1994. Enzyme Kinetics. Cambridge University Press, Cambridge, UK. 
Vladimir, L., 2003. Comprehensive Enzyme Kinetics. Springer Verlag, Berlin. 
Walter, R.H., 1991. The Chemistry and Technology of Pectin. Academic Press, New York, NY. 



293
Food Biosynthesis
http://dx.doi.org/10.1016/B978-0-12-811372-1.00010-5 Copyright © 2017 Elsevier Inc. All rights reserved.

CHAPTER 10

Biosynthesis of Metal and Metal Oxide 
Nanoparticles for Food Packaging and 
Preservation: A Green Expertise
V.N. Kalpana, V. Devi Rajeswari
VIT University, Vellore, Tamil Nadu, India

1 Introduction

The word “nano” is derived from a Greek word that means “dwarf,” referring to tiny 
things with the size of one billionth of a meter (Hulla et al., 2015). The physicist Richard 
Feynman first introduced the first concept of nanotechnology (NT) in 1959. He stated that 
the boundary of knowledge and technology could be found not only in physics but also 
in other nanosized fields. Later, Norio Taniguchi was the first who used and proposed 
the term “nanotechnology” in 1974, and it was described as a semiconductor processes 
exhibiting characteristic control on the order of a nanometer (Bhattacharyya et al., 2009). 
Later on, significant discoveries had been developed in different fields, and more 
investment has been spent particularly in the field of fullerenes and carbon tubes (Miyazaki 
and Islam, 2007). Today, the term “nanotechnology” indicates a technology of design, 
manufacture, and applications of nanostructures and nanomaterials (Cao and Wang, 2011). 
The National Nanotechnology Initiative has proposed the definition of nanotechnology as 
“the understanding and control of matter at dimensions of roughly 1–100 nm, where the 
materials below the submicroscopic level were produced by manipulating their atoms and 
molecules” (Horikoshi and Serpone, 2013). Nanotechnology has become a significant field 
of research in the past decade. The term nanotechnology applies to materials on the scale 
of nanometers and has vast importance in the science of intentional creation, manipulation, 
and characterization of macromolecules. Nanomaterials have been present since the dawn of 
man through natural and incidental means, man has found ways to develop the advantages of 
materials exhibiting novel properties when scaled at a billionth of a meter (Kuan et al., 2012). 
With the rise of this technology, wide varieties of nanoparticles (NPs) with unique 
characteristics are manufactured to extend its applications ranging from food to medicine and 
engineering (Suman et al., 2015). The synthesis of different types of nanoparticles and their 
characterization has been considered as an interesting area in the field of nanotechnology 
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sector due to the remarkable catalytic, electrical, magnetic and optical properties of materials 
with broader applicability in the various fields, such as medicine, biology, physics and 
chemistry (Dobrucka and Dugaszewska, 2016).

Due to their desired distribution, diffusion, sizes, and shapes, nanoparticles have various 
applications ranging from consumer goods to medicine (Sushma et al., 2016). Nature has 
devised various methods for the synthesis of nanoscaled materials that have contributed to 
the augmentation of research based on the biosynthesis of nanoparticles (Sastry et al., 2004). 
Metal and metal oxide nanoparticles can be synthesized by physical, chemical, biological, 
and hybrid methods. Synthesis of nanoparticles using chemical and physical methods is 
quite expensive and presents various disadvantages, such as the use of toxic chemicals to 
synthesis the nanoparticles, the need for high energy, and difficulties in purification (Patra 
et al., 2016). For the past 5 years, there have been many attempts to build up a variety of 
greener and cheaper methods for the synthesis of metal and metal oxide nanoparticles using 
many biological sources (Ali et al., 2016). Biological entities have a great significance in 
synthesizing nanoparticles due to their remarkable optical, photoelectrochemical, chemical, 
and electronic properties. Among the many biological methods, the extracts from living 
organisms such as microorganisms, plants, and algae are commonly used because they 
contain a broad range of secondary metabolites with a strong reducing potential and can 
act as both stabilizing and reducing agents in the synthesis of nanoparticles (Kulkarni 
and Muddapur, 2014). The biomolecules found in these extracts, which include enzymes/
proteins, amino acids, polysaccharides, and polyphenols, can reduce target metal ions to 
produce desired nanoparticles of defined shapes and sizes (Momeni and Nabipour, 2015). 
Among the biological sources, plants are highly desired for the synthesis of nanoparticles 
because plants are less sensitive to metal toxicity than algae and bacteria. Hence, they 
provide a better alternative for the biosynthesis of nanoparticles. In addition to the synthesis 
of nanoparticles by plants, they are more stable than those synthesized by physical and 
chemical methods (Patra and Baek, 2015). Thus, Nanoparticles synthesized by plants are 
better regarding simplicity, the speed of synthesis, safety and ecological considerations 
(Borase et al., 2014). Nowadays, plant parts like a seed, leaf, bark, stem, and fruit extracts 
have been effectively used for the synthesis of nanoparticles (Prathap et al., 2014). Apart 
from plants, food wastes and agricultural wastes derived from plants such as peels of banana 
and custard apple have recently been investigated for their potential in the synthesis of 
different types of metal and metal oxide nanoparticles (Bankar et al., 2010). Research into 
nanotechnology today not only involves new controlled synthesis methods and development 
of various nanomaterials but also evaluates the environmental and health consequences 
of these materials. Although nanosciences have found initial relevance in engineering 
and electronic industries, it has rapidly expanded into food and bioactive industries as 
well. As such, nanotechnology has spurred advances in functional food delivery system, 
food packaging, safety and security, synthesis of new functional food compounds, and 
nanobioactive delivery system (Kuan et al., 2012). This review documents the biosynthesis 
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of metal and metal oxide nanoparticles using green plants and its application in food 
packaging and preservation.

2 Nanoparticles

Nanoparticles are recognized as the essential backbone of nanotechnology where 
assembling of precursor particles and related structures is fundamental to developing 
nanostructure materials (Roco, 2011). Previously, particles characterized by their small 
size (less than 100 nm) were termed ultra-fine particles or submicron, but since 2000 the 
term nanoparticle has become widely accepted (Kruis and Joshi, 2005). The definitions 
proposed by different organizations are summarized in Fig. 10.1 (Horikoshi and 
Serpone, 2013).

The term nanoparticles is used to describe a particle with size range of 1–100 nm. 
Nanoparticles can be made of metals, metal oxides, silicates, nonoxide ceramics, polymers, 
organics, carbon, and biomolecules (Borm et al., 2006). Nanoparticles exist in different 
morphologies, such as cylinders, spheres, platelets, tubes, and so forth (Buzea et al., 2007). 
The various features of nanoparticles that make them an important active field of science 
nowadays are represented in Fig. 10.2

2.1 Properties of Nanoparticles

The unique properties of NPs are attributed to their small size, and to the high surface 
to volume ratio resulting in a significant percentage of atoms on the particle’s surface 

Figure 10.1: Definitions of Nanoparticles Proposed by Various Organizations.
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(Ravishankar Rai and Jamuna Bai, 2011). Consequently, reactivity is increased and, 
depending on the application, it can provide increased surface catalysis and improved loading 
of the surface (Chaturvedi and Dave, 2012). Their ultrafine size is similar to that of biological 
macromolecules like proteins and structures like viruses (Fadeel and Garcia-Bennett, 2010). 
These unique characteristics include shape, surface properties, purity, stability, molecular 
weight, composition, identity, and solubility (Lin et al., 2014). The full understanding of 
the physiochemical characteristic of NPs is necessary to realize their toxicity to a biological 
system (Oberdörster et al., 2005). Some NPs have a tendency to form aggregates or 
agglomerates under ambient condition. Various forces play a role in NP–NP interactions, 
such as weak van der Waals forces and stronger polar and electrostatic or covalent 
interactions (Fenoglio et al., 2011). This kind of interaction forces between either NP–NP or 
NP-aqueous solution are the basis for chemical and physical processes (Chen et al., 2015). 
Size is one of the most critical factors among NP properties as it could play a major role 
in physiological interactions. For example, it regulates NPs movement, penetration, and 
localization of specific targets (Amritkar et al., 2011). Surface composition is also an 
important factor relevant to the aggregation, dissolution, and accumulation of NPs. Surface 
charge controls the dispersion stability or aggregation of nanoparticles (Lin et al., 2014).

2.2 Classification of Nanoparticles

Nanoparticles originate from two main routes. Incidental NPs are byproducts of various 
processes, while engineered NPs are intentionally prepared for specific purposes (Iavicoli 
et al., 2013). Nanomaterials (NMs) can be categorized based on origin, dimensions, and 
structural content. NMs have been classified into four categories depending on the number 
of their dimensions that are not restricted to the nanoscale range (Hasan, 2014). These 
are zero-dimension (nanoparticles), one-dimension (nanorods, nanowires, or nanotubes), 

Figure 10.2: Features of Nanoparticles.
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two-dimension (thin nanofilm, nanolayers), and three-dimension (dispersions of NPs and 
bundles of nanowires (Vollath, 2013). The classification of nanomaterials is represented in 
Fig. 10.3

NMs are also categorized based on their major constituents, namely, organic nanoparticles 
and inorganic nanoparticles. Organic nanoparticles include carbon nanoparticles/fullerenes, 
while the inorganic nanoparticles includes magnetic nanoparticles, metal nanoparticles (like 
silver and gold), and semiconductor nanoparticles (like titanium oxide and zinc oxide) (Doria 
et al., 2012). A growing interest in inorganic nanoparticles occurs because they provide 
superior properties with functional versatility. Due to their size and features inorganic 
particles have been examined as a potential tool for medical imaging as well as for diagnosing 
and treating diseases (Prathna et al., 2010). Inorganic nanomaterials have been widely used 
due to their versatile features like wide availability, rich functionality, good biocompatibility, 
the capability of targeted drug delivery, and controlled release of drugs (Joshua et al., 2015). 
For example mesoporous silica when combined with molecular machines proves to be an 
excellent imaging and drug releasing system. Gold nanoparticles have been used extensively 
in imaging, as drug carriers and in thermotherapy of biological targets (Tyagi, 2016). 
Inorganic nanoparticles (such as metallic and semiconductor nanoparticles) exhibit intrinsic 
optical properties that may enhance the transparency of polymer–particle composites. For 
such reasons, inorganic nanoparticles have found special interest in studies devoted to optical 
properties of composites. For instance, size dependant color of gold nanoparticles has been 
used to color glass for centuries (Tyagi, 2016).

2.3 Synthesis of Nanoparticles

The properties of nanoparticles are solely dependent on the size and shapes of the 
nanoparticles. So ultimately there is tremendous importance to the synthesis methods of 
metal and metal oxide nanoparticles, where the size and shape of the nanoparticles can be 

Figure 10.3: Classification of Nanomaterials.
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controlled (Horikoshi and Serpone, 2013). The experimental condition of NPs production in 
both laboratory and industrial areas should be controlled to produce identical NPs regarding 
size, morphology, chemical composition, crystal structure and monodispersity (Ju-Nam 
and Jamie, 2008). Various methods are being used for the synthesis of nanostructure. These 
methods ultimately come under two approaches: top-down and bottom-up synthesis approach. 
In the top-down approach, materials are breakdown to submicron level. The top-down 
approach is more applicable for the commercial purpose in which the bulk materials were 
reduced to their nanosize by different ways, such as milling, nanolithography or precision 
engineering (Ghosh, 2009). It was used for many years at early stages of nanotechnology 
research. The synthesis methods of this type have a limitation as these methods create 
imperfection on the surface of the nanoparticles, precluding their applications many fields. 
These methods are expensive and time-consuming. On the other hand, the bottom-up 
approach is commonly used for the chemical and biological synthesis of NPs where atoms or 
molecules are combined to molecular structures (Narayanan and Sakthivel, 2010).

The synthesis methods are broadly divided into physical, chemical, and biological methods. 
Further biological methods are classified in microbial synthesis, plant-mediated synthesis, and 
other different biological routes of metal nanoparticle synthesis (Sabri et al., 2016). Fig. 10.4 
gives the summary of the various routes of the synthesis process involved in nanoparticle 
construction.

Figure 10.4: Various Routes of Synthesis Process Involved in Nanoparticle Construction.
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2.3.1 Physical methods

Different physical methods are employed for the synthesis metal and metal oxide 
nanoparticles.

2.3.1.1 Evaporation method

Physical vapor depositions (PVD), sputtering, and chemical vapor deposition (CVD) are 
the commonly used methods to form thin films of inorganic nanomaterials (Cao, 2004). 
PVD involves condensation from the vapor phase. The PVD process is composed of three 
main steps: (1) generating a vapor phase by evaporation or sublimation of the material, 
(2) transporting the material from the source to the substrate, and (3) formation of the particle 
and/or film by nucleation and growth. Different techniques have been used to evaporate 
the source, such as electron beam, thermal energy, sputtering, cathodic arc plasma, and 
pulsed laser. Si nanowire, GeO2 nanowire, Ga2O3 nanowire, ZnO nanorod, GaO nanobelt, 
and nanosheet, SnO2 nanowire, nanoribbon, nanotube, and so on, have been synthesized 
using PVD (Savale, 2016). In CVD, the carrier gases containing the elements of the desired 
compound flow over the surface to be coated. This surface is heated to a suitable temperature 
to allow decomposition of the carrier gas and to allow the mobility of the deposited atoms 
or molecules on the surface. The CVD process consists of three steps: (1) mass transport of 
reactants to the growth surface through a boundary layer by diffusion, (2) chemical reactions 
on the growth surface, and (3) removal of the gas-phase reaction byproducts from the growth 
surface. In sputtering, a discharge of nonreactive ions such as argon is created which fall 
on the target and break the surface atoms, which are collected on the surface to be coated 
(Rashid et al., 2015).

2.3.1.2 Photolytic and radiolytic methods

These methods involve the reduction of metal salts by radiolytically produced reducing 
agents such as solvated electrons and free radicals and the photolysis of metal complexes in 
the presence of some donor ligands (Gachard et al., 1998). Radiolysis of aqueous solutions 
of metal ions gives solvated electrons that may directly react with the metal ions or with 
other dissolved materials to produce secondary radicals, which then reduce the metal ions 
to form nanoparticles. Alcohols are known to form radicals when they are irradiated with 
UV light.

2.3.1.3 Laser ablation

When intense laser pulses are focused on a metal target, metal atoms present in the exposed 
region will be desorbed. In a Laser ablation experiment, a bulk metal is immersed in a 
solvent containing surfactant. During the laser irradiation, the metal atoms will vaporize and 
are immediately solvated by the surfactant molecules to form nanoparticles in solution (Jang 
and Kim, 2004). The intensity of the laser pulse and time of exposure are two parameters, 
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which control the size of the nanoparticles formed during laser ablation. Metal nanoparticles 
such as gold, silver and platinum nanoparticles are prepared by this way with good control 
over size.

The major drawback of the physical methods is the cost of the process, which makes them 
unsuitable for the mass productions.

2.3.2 Chemical methods

Chemical methods for the synthesis of metal nanoparticles are demonstrated to be the easiest 
and most well-known routes. Here, in this method the suitable reducing agents reduce the 
metal precursor salts to nanoparticles. The controlled shape and size metal nanoparticle 
synthesis using various reducing agents like sodium borohydride, trisodium citrate, amino 
acids, citrate reduction, and so forth are well reported (Zielinska et al., 2009).

2.3.2.1 Sol-gel method

The sol-gel method is based on inorganic polymerization reactions. The sol-gel process 
includes four different steps: hydrolysis, polycondensation, drying, and thermal 
decomposition. The size of the sol particles depends on the solution composition, pH, and 
temperature. By controlling these factors, one can tune the size of the particles. This method 
has been used to synthesize metal oxide nanostructures, such as TiO2, UO2, TnO2, ZrO2, 
CeO2, SnO2, SiO2, CuO, SnO2, ZnO, Al2O3, Sc2O3, ZnTiO3, SrTiO3, BaZrO3, CaSnO3, and 
other nanostructures (Ba-Abbad et al., 2016; Birajdar et al., 2016; Sankar et al., 2016; Kim 
et al., 2016).

2.3.2.2 Chemical precipitation

During the synthesis of inorganic nanoparticles by chemical precipitation method, the kinetics 
of nucleation and particle growth in homogeneous solutions can be adjusted by the controlled 
release of anions and cations (Safin et al., 2016). Organic molecules are used to control the 
release of the reagents and ions in the solution during the precipitation process. Careful 
control of precipitation kinetics can result in monodisperse nanoparticles. The particle size 
is influenced by the reactant concentration, pH, and temperature. Although the method of 
using chemical precipitation to prepare nanoparticles is very straightforward and simple, very 
complicated nanostructures can also be constructed using this method, such as CdS/HgS/CdS, 
CdS/(HgS)2/CdS, and HgTe/CdS quantum well systems and other core/shell structures.

2.3.2.3 Hydrothermal synthesis

Hydrothermal synthesis is a common method to synthesize zeolite/molecular sieve crystals 
(Jusoh et al., 2017). This method exploits the solubility of almost all inorganic substances 
in water at elevated temperatures and pressures and subsequent crystallization of the 
dissolved material from the fluid. Different types of oxides and sulfides nanoparticles, such 
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as TiO2, LaCrO3, ZrO2, BaTiO3, SrTiO3, Y2Si2O7, Sb2S3, CrN, α-SnS2, PbS, Ni2P, and SnS2 
nanotubes, Bi2S3 nanorods, and SiC nanowires have been successfully synthesized in this 
way (Krishnamoorthy et al., 2015; Mansournia and Rakhshan, 2016; Tuan et al., 2016). 
The solvent is not limited to water but also includes other polar or nonpolar solvents, such 
as benzene, and the process is more appropriately called solvothermal synthesis in different 
solvents.

2.3.2.4 Micelles or microemulsion-based synthesis

In this method, the synthesis of nanoparticles can be achieved by confining the reaction 
volume in a restricted place. When the surfactant concentration exceeds the critical micelle 
concentration (CMC) in water, micelles are formed as aggregates of surfactant molecules. 
In normal micelles, the hydrophobic hydrocarbon chains of the surfactants are oriented 
toward the interior of the micelle, and the hydrophilic groups of the surfactants are in 
contact with the surrounding aqueous medium. On the other hand, reverse micelles are 
formed in nonaqueous medium where the hydrophilic head groups are directed toward the 
core of the micelles and the hydrophobic groups are directed outward. A microemulsion 
is a dispersion of fine liquid droplets of an organic solution in an aqueous solution. Such 
a microemulsion system can be used for the synthesis of nanoparticles. The chemical 
reactions can take place either at either at the interfaces between the organic droplets and 
aqueous solution, when reactants are introduced separately into two immiscible solutions 
or inside the organic droplets when all the reactants are dissolved into the organic droplets. 
This method is particularly useful for the synthesis of semiconductor, oxide, and metal 
nanoparticles, such as CdSe, CdTe, CdS, ZnS, ZrO2, TiO2, SiO2, Fe2O3, Pt, Au, Cu, and so 
on, respectively (Cai et al., 2016; Jena and Sangamwar, 2016; Mandracchia et al., 2016; 
Wang and Zhang, 2016).

2.3.3 The biological “green chemistry” method

The need for biosynthesis of nanoparticles rose as the physical, and chemical processes 
were costly. So in search of cheaper pathways for nanoparticle synthesis, scientists used 
microorganisms and then plant extracts for synthesis. The main advantages of the green 
method are the utilization of nontoxic materials, the use of environmentally friendly solvents 
and renewable, biodegradable materials, and the minimized energy requirement (Ahmed 
et al., 2016; Hussain et al., 2016). Nature has devised various processes for the synthesis of 
nano- and microlength scaled inorganic materials that have contributed to the development 
of relatively new and largely unexplored area of research based on the biosynthesis of 
nanomaterials (Ahmed et al., 2016; Salam et al., 2012). Green chemistry is a bottom-up 
method where the microbial enzymes or the plant phytochemicals are responsible for metals 
reduction. The microbial enzymes or the plant phytochemicals with antioxidant or reducing 
properties are usually responsible for the reduction of metal compounds into their respective 
nanoparticles. The three most important steps in the preparation of nanoparticles that should 
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be evaluated from a green chemistry perspective are the choice of the solvent medium used 
for the synthesis, the selection of an environmentally benign reducing agent and the choice of 
a nontoxic material for the stabilization of the nanoparticles. Most of the synthetic methods 
reported to date rely heavily on organic solvents. This is mainly due to the hydrophobicity 
of the capping agents used. Many types of bacteria have been known to produce metal 
structures, either the intra or extracellular (Nath and Banerjee, 2013) as a resistance 
mechanism, or to conserve energy for growth (Hennebel et al., 2011).

For instance, Pseudomonas stutzeri is resistant to silver, and this property is attributed to 
the intracellular accumulation of silver crystals of approximately 200 nm in diameter with 
a well-defined composition and shape (Hennebel et al., 2009). Various microbes are well 
known to reduce Ag metal to NPs, for example, Kiebsiella pneumoniae, Escherichia coli, 
and Enterobacter cloacae have been investigated in this regard (Sharma et al., 2009). In 
the recent decade, various biological agents have been investigated to produce different 
types of metallic nanoparticles like copper, zinc, titanium, gold, and silver NPs (Durán and 
Marcato, 2013; Rajarathinam and Kalaichelvan, 2013). Polymers like chitosan, starch, and 
polypeptide also have been studied for their application as reducing and stabilizing agent in 
NPs preparation (Zhao et al., 2014).

2.3.3.1 Microbial synthesis

Microbial synthesis of metal and metal oxide nanoparticles is one of the cutting-edge 
areas of the scientific community, where scientists concentrate on various microbial 
sources for the synthesis of nanoparticles. Microorganisms like bacteria, fungi, algae, 
and actinomycetes are being used for the synthesis of nanoparticles (Rajeshkumar 
et al., 2014). The microorganisms may synthesize nanoparticles intra- or extracellularly. 
A straightforward synthesis of gold nanoparticles (AuNps) is achieved by novel probiotic 
Lactobacillus kimchicus DCY51T isolated from Korean kimchi via an intracellular 
membrane-bound mechanism by Markus et al. (2016). Synthesis of nanoparticles can 
be done extracellularly using cell-free microbial growth medium. The effect of various 
culture media and their components on the extracellular AgNP synthesis of K. pneumoniae 
UVHC5, E. coli ATCC 8739, and Pseudomonas jessinii UVKS19 was investigated by 
Müller et al. (2016). Fungi possess some important advantages as a potent microorganism 
for the synthesis of metal and metal oxide nanoparticles. It is relatively easy to culture 
fungi, the NPs synthesis is mostly extracellular, and the synthesized NPs have a good 
polydispersity, size, and stability. Vago et al. (2016) reported a one-step and green method 
for the synthesis of gold nanoparticles by randomly selected 21 types of microscopic 
fungi. Depending on the exact type of microorganisms and experimental parameters (such 
as fermentation conditions), highly stable particles with various shapes and sizes can be 
obtained from the cell-free extracts of fungi, as revealed by spectroscopic and electron 
microscopic measurements.
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Three endophytic fungi, Aspergillus tamarii PFL2, Aspergillus niger PFR6, and Penicllium 
ochrochloron PFR8 isolated from an ethno-medicinal plant Potentilla fulgens L. by Sophiya 
Devi and Joshi (2015) were used for the biosynthesis of silver nanoparticles. Compared with 
other microorganisms, such as bacteria and fungi, there are a few reports describing the use 
of yeasts, algae, and actinomycetes to produce metal and metal oxide nanoparticles. Synthesis 
of silver nanoparticles (AgNPs) using water-soluble polysaccharides extracted from four 
marine macroalgae, namely, Pterocladia capillacae (Pc), Jania rubins (Jr), Ulva faciata (Uf), 
and Colpmenia sinusa (Cs) as reducing agents for silver ions as well as stabilizing agents 
for the synthesized AgNPs was reported by El-Rafie et al. (2013). The first report on AuNPs 
biosynthesis by Magnusiomyces ingens (yeast), which may serve as an efficient candidate 
for green synthesis of metal nanoparticles was evaluated by Zhang et al. (2016). Bennur 
et al. (2016) reported the synthesis of biogenic gold nanoparticles from the Actinomycete 
Gordonia amarae and its application in rapid sensing of copper ions.

2.3.3.2 Need for green synthesis

Biosynthesis of nanoparticles is a kind of bottom-up approach where the main reaction 
occurring is reduction/oxidation. The need for biosynthesis of nanoparticles rose as the 
physical and chemical processes were costly. Often, chemical synthesis method leads 
to the presence of some of the toxic chemical being absorbed on the surface that may 
have an adverse effect in the medical applications. This is not an issue when it comes 
to biosynthesized nanoparticles via green synthesis route. So, in search of cheaper 
pathways for nanoparticles synthesis, a scientist used microbial enzymes and plant 
extracts (phytochemicals). With their antioxidant or reducing properties, they are usually 
responsible for the reduction of metal compounds into their respective nanoparticles. Green 
synthesis provides advancement over chemical and physical method as it is cost-effective, 
environmentally friendly, easily scaled up for large-scale synthesis, and in this method there 
is no need to use high pressure, energy, temperature, and toxic chemicals (Karthika and 
Sevarkodiyone, 2015).

2.3.3.3 Plant-mediated synthesis

Plants have emerged as a simple, cost-effective and eco-friendly system to synthesize NPs 
rapidly. In producing nanoparticles using plant extracts, the extract is simply mixed with a 
solution of the metal salt at room temperature (Chung et al., 2016; Kuppusamy et al., 2016). 
The reaction is complete within minutes. Nanoparticles of silver, gold and many other metals 
have been produced this way (Keat et al., 2015). Plant extract from Ocimum tenuiflorum, 
Solanum tricobatum, Syzygium cumini, Centella asiatica, and Citrus sinensis was used for 
the synthesis of silver nanoparticles (Ag NPs) from silver nitrate solution. The Ag NPs 
synthesized in this process has the efficient antimicrobial activity against pathogenic bacteria 
(Logeswari et al., 2015). Alvarez et al. (2016) reported the synthesis and characterization of 
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gold nanoparticles through an ecological method to obtain nanostructures from the extract 
of the plant Opuntia ficus-indica. Fig. 10.5 shows the possible mechanism involved in the 
synthesis of nanoparticles, using plants as a major source.

The plant extract contained alkaloids, proteins, enzymes, amino acids, alcoholic compounds, 
and polysaccharides are said to be principally involved in the formation of nanoparticles from 
metal and metal oxide ions. Other than above-mentioned chemicals, quinol and chlorophyll 
pigments present in the extract proved effective for conversion of metal ions and stabilization of 
the nanoparticles (Makarov et al., 2014). The plant-derived polysaccharides and phytochemicals 
were also demonstrated to be reducing and stabilizing agents in the green synthesis of silver and 
gold nanoparticles, where the oxidation of the polysaccharide hydroxyl group in the carbonyl 
group plays a major role in the reduction of the metal salt into nanoparticles. Also, the reducing 
end of the polysaccharide can provide the site for an amino functionality capable of complexing 
and stabilizing metallic nanoparticles (Akhtar et al., 2013). The role of aromatic amine, amide 
(I) group, phenolic groups, and secondary alcohols in the reduction of metal ions for the 
synthesis of nanoparticles was demonstrated during the study on Coleus aromaticus leaf extract-
mediated synthesis of AgNPs (Vanaja and Annadurai, 2013).

Various parts of the plants have been utilized for the synthesis of metal and metal oxide 
nanoparticles. Due to the rich biodiversity of plants, their potential for the synthesis of noble 

Figure 10.5: Mechanism Involved in the Synthesis of Nanoparticle Synthesis.
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metal and metal oxide nanoparticles is to be fully explored. It is very important to elucidate 
the mechanism for the photosynthesis of precious noble metal and metal oxide nanoparticles 
so as to establish robust, green chemistry and economical methods. Due to vast variability 
and complexity in different plant constituants it is, up to this date, difficult to put forth the 
exact mechanism behind nanoparticle formation (Shah et al., 2015).

2.3.3.4 Other biological routes

Other than microorganisms and plants, plenty of biomolecules have been utilized for the 
synthesis of metal nanoparticles (Ingale and Chaudhari, 2013). Colombo et al. (2012) 
demonstrated protein-assisted one-pot synthesis and biofunctionalization of spherical gold 
nanoparticles for selective targeting of cancer cells. In this method, authors used spaBC3 
as a capping agent in the colloidal reduction of a gold salt precursor, thus resulting in a 
controlled surface functionalization of the gold particle suitable for binding with human 
IgGs. Shemer et al. (2006) synthesized AgNPs using single-stranded DNA. Gao et al. (2011) 
also used biodegradable starch to manufacture stable Ag nanoparticles. They found that 
one of the constituents, glucose, was responsible for the reduction of silver ions and AgNPs 
were covered by starch layer and formed spherical core-shell Ag/starch nanoparticles with 
diameters ranging from 5 to 20 nm. AgNPs were prepared from silver nitrate in the presence 
of vitamin C derivative 6-palmitoyl ascorbic acid-2-glucoside (PAsAG), via a sonochemical 
route. Huang et al. (2007) fabricated Au nanorods with simple seeded mediated growth 
method in the presence of vitamin C. Peptide-mediated reduction of silver ions on engineered 
biological scaffolds were demonstrated by Nam et al. (2008) DNA has been effectively 
utilized to assemble metal nanoparticles like Au, Ag, Pt, and even Cu. There have also been 
reports of formation of Ag nanoparticles by photoreduction of the DNA-Ag+ complex with 
UV light at 254 nm. Virus stands for yet another beautiful natural example of self-assembly, 
of which tobacco mosaic virus (TMV) has been extensively dealt with. TMV contains as 
many as 2130 identical proteins assembled around a single strand of RNA as a coat, giving 
it a size-length of 300 nm and an external and internal diameter of 18 and 4 nm respectively. 
The self-assembly is highly specific and uses noncovalent interactions. Thus, using these 
various properties, nanotubular assemblies of Au, Pt, and Ag have been obtained.

2.4 Characterization of Nanoparticles

Various physical and chemical techniques, such as separation, spectrometric, and microscopy 
techniques, have been employed to characterize the NPs’ composition, morphology, 
coating, and size (Arruda et al., 2015; Peralta-Videaa et al., 2011). Separation methods 
mostly developed for the size determination (Sun et al., 2015). Cloud-point extraction, 
chromatographic methods, electrophoresis, and density-gradient centrifugation are the 
most frequently used methods (Liu et al., 2016). Among these, HPLC is considered 
the most powerful and efficient technique because it is capable to separate small sizes 
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(electron microscopy, transmission, and scanning electron microscopy are used to visualize 
nanoparticles and determine their size, polydispersity, and shape. On the other hand, the 
spectrometric methods, X-ray diffraction, dispersive spectroscopy X-ray, and inductively 
coupled plasma mass spectrometry (ICP-MS) are used to quantify the elementary information 
of NPs (Arruda et al., 2015). Zeta potential has also been used to characterize the surface 
charge of NPs. Those particles with high Zeta potential value (above ±30), usually exhibit 
stability in suspension because the surface charge prevents aggregation of those NPs (Lin 
et al., 2014).

2.5 Metal and Metal-Oxide Nanoparticles

Metallic nanoparticles have possible applications in diverse areas, such as electronics, 
cosmetics, coatings, packaging, and biotechnology (Sankar et al., 2017). For example, 
nanoparticles can be induced to merge into a solid at relatively lower temperatures, 
often without melting, leading to improved and easy-to-create coatings for electronics 
applications (e.g., capacitors). Typically, nanoparticles possess a wavelength below the 
critical wavelength of light. This renders them transparent, a property that makes them very 
useful for applications in cosmetics, coatings, and packaging. Metallic nanoparticles can 
be attached to single strands of DNA nondestructively. This opens up avenues for medical 
diagnostic applications. Nanoparticles can traverse through the vasculature and localize 
any target organ. This potentially can lead to novel therapeutic, imaging, and biomedical 
applications. Based on all of the above, the synthesis of metallic nanoparticles is an active 
area of academic and, more importantly, “application research” in nanotechnology (Gomes 
et al., 2016). Metal oxides play a very significant role in material science for instance 
fabrication of microelectronic circuits, sensors, piezoelectric devices, fuel cells, coatings 
for the passivation of surfaces against corrosion, and as a catalyst (Tamaekong et al., 2014). 
Metal oxides have also been employed as sorbents for the environmental pollutant. In the 
domain of nanotechnology, oxide nanoparticles can exhibit unique chemical properties owing 
to their limited size and high density of corner or edge surface sites. Some physical and 
chemical preparative methods for accessing nanostructured oxides are on record. Among the 
metal oxides, nano ZnO exhibits wide band gap (∼3.4 eV),and large exciton binding energy 
(60 meV) and thus is considered a most promising candidate for nanooptoelectronics, sensors, 
transistors, nanopiezoelectronics, and UV detection (Ghidan et al., 2016).

Various metal-oxide nanoparticles have also been prepared by pulsed laser ablation in liquid 
media (PLAL). The concept of fabricating oxide using laser irradiation of metal targets in 
water was demonstrated in 1987, where iron and tantalum oxides were formed on target 
surfaces in water using a Q-switched ruby-pulsed laser. Although the preparation of various 
kinds of NPs by ablation of different targets in deionized water has been extensively studied 
in recent days, papers reporting the fabrication of metal oxide-based nanomaterials from 
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metal targets by PLAL are still scarce compared with reports concerning the production of 
noble metal nanoparticles. Of the inorganic materials, metal oxides such as TiO2, ZnO, MgO, 
and CaO are of particular interest as they are not only stable under harsh process conditions, 
but are also generally regarded as safe materials to human beings and animals. The use of 
nanoparticles of silver and zinc oxide has been seen as a viable solution to stop infectious 
diseases due to the antimicrobial properties of these nanoparticles. The intrinsic properties 
of a metal nanoparticle are mainly determined by size, shape, composition, crystallinity, and 
morphology. The solution phase synthesis of metal oxide nanoparticles typically involves 
the reaction of a metal salt with hydroxide ions. The particle size is dependent on the 
kinetics of nucleation and growth from a supersaturated solution as well as processes, such 
as coarsening, oriented attachment, and aggregation. Synthesis of crystalline particles with 
diameters less than 10 nm is often performed in nonaqueous solvents where nucleation and 
growth are usually completed in a few minutes. Processes such as coarsening and oriented 
attachment occur at longer times and can have a large influence on particle size. The ability 
to separate nucleation and growth from supersaturation from processes such as coarsening 
and oriented attachment is important for controlling the particle size (Martínez-Cabanas 
et al., 2016).

3 Nanotechnology in Food Sector

In nature, several food ingredients have nanoscale properties; for example, the native beta-
lactoglobulin food protein has a length of about 3.6 nm. Nanotechnology could be utilized 
all through the food sector “from farm to fork” (Finglas et al., 2014). The main purposes of 
applying NT in the food area are to improve food quality and safety (Morris, 2014). NPs 
have been used to alter food texture, encapsulate food components, develop new tastes and 
sensations, flavor control release, and enhance bioavailability of nutritional components 
(Chaudhry et al., 2008). Along with that, innovations in NTs help to create new food 
packaging materials with enhanced mechanical, barrier, antioxidant, and antimicrobial 
properties (Jiménez and Ruseckaite, 2012). To enhance the functionality of the packaging 
material, they were manufactured from nanocomposites that are composed of a single or 
a mixture of polymers with at least one organic or inorganic nanofiller, such as SiO2, clay, 
TiO2, silicates, and noncellulose. These new formulas are capable of enhancing mechanical 
properties, for example, stiffness, toughness, tensile strength, shear strength, and barriers 
properties for the diffusion of the permanent molecules (Mihindukulasuriya and Lim, 2014).

Recently, plenty of polymers have been innovated as nanocomposite films, such as Durethan. 
This nanomaterial film is enriched with an enormous number of silicate nanoparticles that 
reduce entry of oxygen and other gasses and the exit of moisture, thus preventing food from 
spoiling (Finglas et al., 2014). Clay nanoparticle is another example of a nanocomposite 
that has emerged on the market to enhance food packaging materials. The nanoclay 
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mineral used in these nanocomposites is montmorillonite, which has a natural nanolayer 
structure that limits the permeation of gases, and provides substantial improvements in 
gas barrier properties of nanocomposites. This material has a potential use in a variety 
of food-packaging applications, such as processed meats, cheese, as well as in extrusion-
coating applications for fruit juices and dairy products, or coextrusion processes for the 
manufacture of carbonated drinks bottles (Chaudhry et al., 2008). Currently, antimicrobial 
nanocomposite films are incorporated into food packaging materials to work as a growth 
inhibitor, killing agents or antibiotic carriers. Polymers with structure based on silver NPs 
mostly are used as antimicrobial coating films. Zapata et al. (2011) demonstrated that 
polyethylene nanocomposites coated with Ag NPs have 99.99% efficacy against bacteria 
compared with the uncoated one. It has been claimed that Ag NPs exhibit other functions 
besides their antimicrobial effect, such as extending the shelf life of fruits and vegetables 
through absorption and decomposition of ethylene, and retarding senescence. Furthermore, 
Cu-nanofiber was shown to enhance package tensile strength and worked as a barrier to 
oxygen and antimicrobial agent when incorporated with high-density polyethylene. NP-
based biosensors have been shown to improve sensitivity and specificity and may assist 
in detecting pathogens. Three nanotechnologies have been proposed for this purpose: 
nanoarrays, nanofluids, and nanotransduction (Driskell and Tripp, 2009). Yang et al. (2008) 
reported on a test of NPs capable of detecting E. coli O157 inoculated in ground beef with a 
detection limit as low as 1.6 × 10 CFU/mL. Along with that, this technology was sensitive 
enough to detect L. monocytogens in mono or two species biofilm models (Yang et al., 2008). 
Moreover, nanosensors were developed for traceability and monitoring condition of food 
during transportation and storage (Abbas et al., 2009) where these sensors can interact with 
either food components or external environment and generate a response in correlation with 
the food status, such as oxygen indicators (Mihindukulasuriya and Lim, 2014), food freshness 
sensor (Maynor et al., 2007), and time-temperature indicators (Zeng et al., 2010). NPs have 
a great impact on the water and wastewater treatments where they have been engineered as 
a filter membrane with excellent properties. Membranes were designed with nanoadsorbent 
materials that are capable of removing organic and inorganic contaminates in water (Qu 
et al., 2013). NPs are also used as carriers of synthesized pesticides (De Oliveira et al., 2014), 
nanoceuticals (Chellaram et al., 2014), animal feed nanosupplements, and mycotoxin binders 
(Handford et al., 2014).

4 Nanoparticles in Food

Nanotechnology is currently of interest to both the food and food packaging industries. 
NP applications are being considered to enhance flavor and texture, improve nutrient 
bioavailability, control flavor, color, or nutrient release in consumer-activated products, 
and reduce the fat needed to create the same taste, texture, and consistency (Morris, 2014). 
The technologies that make these applications possible include nanoemulsions, micelles, 
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and nanoencapsulation. In food packaging, nanomaterials are of interest to improve the 
stability, flexibility, and gas barrier properties of packaging, to actively utilize antimicrobial 
or oxygen scavenging NP to keep food fresh longer, to add nanosensors which can detect and 
respond to the freshness of the package contents (i.e., color change), and to make packaging 
biodegradable. Some NPs of interest for these applications include silver, zinc oxide (ZnO), 
and magnesium oxide (MgO) for their antimicrobial properties, titanium dioxide (TiO2) for 
its UV absorption properties, and nanoclay, which can limit gas permeation. Although there 
is great interest in the food industry in utilizing nanotechnology, many of the products listed 
here are not yet on the market.

4.1 Food Processing

Food processing is the conversion of raw ingredients into food and its other forms by 
making it marketable and with long shelf life. Processing includes toxin removal, prevention 
from pathogens, preservation, improving the consistency of foods for better marketing and 
distribution. Processed foods are usually less susceptible to early spoilage than fresh foods 
and are better suited for long distance transportation from the source to the consumer. All 
these are made more effective by the incorporation of the nanotechnology. Nanocapsule 
delivery systems play an important role in processing sector, and the functional property is 
maintained by encapsulating simple solutions, colloids, emulsions, biopolymers, and others 
into foods. Nanosized self-assembled structural lipids serves as a liquid carrier of healthy 
components that are insoluble in water and fats called as nanodrops (Chellaram et al., 2014). 
They are used to inhibit transportation of cholesterol from the digestive system into the 
bloodstream.

4.2 Food Packaging

Food packaging for food requires protection, tampering resistance, and special physical, 
chemical, or biological needs. It also shows the product that is labeled to show any nutrition 
information on the food being consumed (Souza and Fernando, 2016). The packing has a 
great significance in preserving the food to make it marketable. Innovations in packaging 
have led to quality packing and a consumer-friendly approach in determining the shelf life, 
biodegradable packing and much more (Bumbudsanpharoke et al., 2015). Nanotechnology in 
packaging is categorized based on the purpose of the application.

5 Conclusion and Future Perspectives

Biosynthesis of metal and metal oxide nanoparticles is becoming a very important field in 
chemistry, biology, and materials science. Metal and metal oxide nanoparticles have been 
produced chemically and physically for a long time, however, their biological production 
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has been investigated only recently. The biological reduction of metal and metal oxides by 
plant extracts has been known since the early 1900s. However, the reduction products were 
not studied. Furthermore, the synthesis of nanoparticles using plant materials, for the most 
part, has only recently been studied within the last three decades, while the production of 
nanoparticles using living plants has only been studied in the last half decade. The synthesis 
of metal and metal oxide nanoparticles using biological materials has been shown to produce 
nanoparticles that are equally effective as those produced by chemical or physical methods. 
The results have proven that biological materials provide an environmentally friendly or 
green chemistry as well as an economical method to produce invaluable materials because 
the biosynthesis eliminates the need to use harsh or toxic chemicals. The synthesis of metal 
and metal oxide nanoparticles using biological materials is a simple, effective yet economical 
method for the production of nanoparticles. Finally, the applications of nanoparticles are 
making the fields of nanoscience and nanotechnologies grow rapidly. Nanotechnology offers 
intriguing opportunities for research in food nanoscience and provides new chances for 
innovation with tremendous possibilities in bringing solutions for the food and bioprocessing 
industry. The success of nanotechnology in the food and bioprocessing industry depends on 
the perception of consumers and societal acceptance. The interaction of nanoparticles and 
cells leads to a debate about some pessimistic approach to nanofoods. However, the wide 
potential of nanotechnology in the overall food industry and its benefits in providing rich 
nutritional value, quality packaging, and smart sensing are to be borne in mind, and relevant 
research for safer techniques for incorporation of nanotechnology in the food industry has to 
be implemented.
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1 Introduction

Adverse climatic conditions, fast growth of world population, and industrialization have amplified 
the pressure on the use of conventional water sources for the different purposes (industrial 
activities, agriculture, and domestic use). Several regions of the world are suffering from water 
scarcity and available water pollution. Mediterranean countries (such as Portugal, Spain, Italy, 
Greece, Tunisia, Israel, and Jordan) do not meet the requirements in terms of quantity that have 
been increasing in the last decades for the various sectors, due to lack of water resources, winters 
with low rainfalls, and summers with hot and dry conditions (Prazeres et al., 2014).

Agriculture is the leading water-consuming sector (70%–80%), followed by industry and 
domestic use. However, industrial and domestic uses are considered priorities, conditioning 
the amount of accessible water for the agriculture sector (Prazeres et al., 2014). Looking 
for innovative and sustainable resources of water for the agricultural sector has increased 
considerably over several decades. Reuse of treated wastewaters coming from both industrial 
and domestic activities can be a sustainable and encouraging alternative to boost water 
supplies available not only for agriculture but also for industry. As a consequence, the use of 
reclaimed water should be considered in the integrated water management system to avoid 
damages to the environment (surface and underground water, soil, fauna, and flora) and public 
health. The use of wastewater for irrigation should be carefully investigated and planned in 
terms of proper treatment, treated wastewater quality, volume of treated wastewater used, 
application method, physicochemical characterization of soil, nutritional needs of plants, 
distance to existing water sources, risk of animal and human contamination, and others.
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Many developed and developing countries have regarded the use of domestic wastewater 
for different activities, for instance, in the aquaculture or agriculture (Chung et al., 2011; 
Rana et al., 2011). In that way, in several regions of the world, for example, North and South 
Africa, Mexico, South America, and southern Europe, wastewater has long been recognized 
as a significant supply for irrigation (Boyden and Rababah, 1996). The use of treated 
wastewater as an irrigation water source represents an important option in various regions of 
Portugal, including Santarém, Lisbon, Setúbal, Évora, Beja, and Faro (Angelakis et al., 1999). 
However, wastewater reuse has not been completely carried out in most regions and countries 
(Meneses et al., 2010).

In spite of having key contamination loads in terms of microorganisms, color, odor, solids, 
fats, recalcitrant organic matter, and chemical elements (Ahn and Logan, 2010; McCarty 
et al., 2011; Mohsen and Jaber, 2002; Mosse et al., 2013; Ochando-Pulido et al., 2013; 
Prazeres et al., 2013a, 2016a; Rawat et al., 2011), domestic and industrial wastewaters 
present high contents of biodegradable organic matter, important nutrients (calcium, 
magnesium, nitrogen, phosphorus, potassium, iron, zinc, copper, etc.), and water that can be 
used in food production, improving the growth and development of fruit-producing plants and 
vegetables. Domestic and industrial wastewaters can be responsible, if not properly managed, 
for severe environmental problems, for instance, groundwater pollution, foam generation, fast 
reduction of oxygen, soil salinization, alteration of soil structure, negative effect on activity 
and diversity of microbial community, eutrophication status, flotation of fats and solid 
particles, and strong odor release. Moreover, these matrices display probable threats to public 
health, requiring a potential risk assessment.

Environmental and economic gains can be achieved by reusing wastewater if the study, 
planning, and application are performed in a sustainable basis. These gains result from the 
fertilizer quality in terms of organic matter and nutrients (Cui et al., 2003) in the different 
wastewater types. Improvements of yield and the quality of the fruits and vegetables 
irrigated with treated wastewater have been reported in the literature. In this sense, increases 
of total and marketable production and fruit quality were obtained by reusing pretreated 
cheese whey wastewater diluted with fresh water at different ratios for irrigation of two 
cultivars (Roma and Rio Grande) of tomato Lycopersicon esculentum Mill. (Prazeres 
et al., 2013a,b, 2014, 2016a), representing key results for the market and consumer health. 
Similar findings for the yields were noted when cabbage and cauliflower plants were irrigated 
with treated and raw wastewater (Kiziloglu et al., 2007, 2008). Although various economic 
benefits are achieved in the treated wastewater reuse for irrigation, this agricultural practice 
can result in groundwater and surface water pollution, soil salinization, undesirable effects 
on the species, and accumulation of chemical constituents into the environment (Chung 
et al., 2011; Prazeres et al., 2013b, 2014) when performed over long periods. Accordingly, 
the hydroponic system is a promising agricultural and environmental biotechnology for 



Hydroponic System 319

more controlled food production and wastewater treatment and reuse, increasing the yields 
of the cultures and reducing the risks linked to the wastewater reuse on the soil. This 
agricultural and environmental biotechnology is a process based on the use of inexpensive 
resources of water, organic matter, and nutrients (raw or treated wastewater) for the growth 
and development of a complex biological system constituted by fruit-producing plants, 
vegetables, and beneficial microorganisms. Consequently, products (fruits or vegetables), 
which have economic value in the market, are generated in this complicated biological 
system. What is more, fruit-producing plants and vegetables capture, absorb, and accumulate 
several nutrients of the wastewater, enabling the wastewater treatment by a biological 
process. On the other hand, effluents coming from either hydroponic systems or aquaponics 
can still be reused in industry and agriculture.

2 Physicochemical and Biological Characterization and Problems 
of Different Wastewater Types
2.1 Domestic Wastewater

Table 11.1 presents the characterization of treated and raw domestic wastewater, as well 
as treatment applied and type of plant used for agricultural reuse. Domestic wastewater 
generally presents an acid and neutral pH (around 6.7–7.8), and moderate to high contents of 
total suspended solids (TSS of about 56–4971 mg L−1) and organic matter (chemical oxygen 
demand-COD ≈ 300–1000 mg L−1) (Alderson et al., 2015; Ayaz et al., 2015; Rana et al., 2011; 
Vaillant et al., 2003; Zema et al., 2012). Biodegradable organic matter measured by BOD 
(biochemical oxygen demand) can be found in the range from 100 to 200 mg L−1 (Ayaz 
et al., 2015; Vaillant et al., 2003). In addition, domestic wastewater displays a BOD/COD ratio 
within the interval of 0.28–0.41 (Ayaz et al., 2015; Rana et al., 2011). Alkalinity (as CaCO3) 
can be found in the range of 62.1–367 mg L−1 (Ayaz et al., 2015; Rana et al., 2011).

Domestic wastewater also contains nutrients, such as phosphorus, nitrogen, and potassium. 
In this context, concentrations of total phosphorus (TP) and total nitrogen (TN) of 
about 3.5–9 and 30.3–41 mg L−1, respectively, have been reported in literature (Vaillant 
et al., 2003; Zema et al., 2012). Nitrogen in domestic wastewater is present in the form 
of ammonium ion ( +NH4), nitrate ( −NO3), and nitrite (

−NO2 ) (Rana et al., 2011; Vaillant 
et al., 2004; Zema et al., 2012). Regarding potassium, Vaillant et al. (2004) referred a 
nutrient concentration around 15 mg L−1. Consequently, raw or treated (by biological 
process) domestic wastewater contains some nutrients for the plant development (Ayaz and 
Saygin, 1996), constituting important options as fertilizers for agriculture or aquaculture 
(Rana et al., 2011). Cui et al. (2003) indicated that the utilization of fractions of the domestic 
wastewater for agricultural purposes in China is a way of soil preservation and fertilization 
and culture development, because this wastewater is rich in organic matter and nutrients. 
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However, it is necessary to control the microbiological characteristics for reusing municipal 
wastewater in agriculture (Palese et al., 2009). Rana et al. (2011) found Escherichia coli 
in raw municipal domestic wastewater, which presented a value in this microbiological 
parameter of 243 CFU × 107 mL−1. These authors eliminated around 64% of this coliform 
bacteria population when diluting the raw domestic wastewater for a concentration of 25%  
with groundwater.

Reuse of domestic wastewater has been mainly conducted after application of different types 
of technologies, namely, primary treatment to irrigate Mignonette Green Lettuce, Datura 
innoxia, wooly digitalis (Digitalis lanata Ehrh.), and foxglove (Digitalis purpurea L.) 
(Boyden and Rababah, 1996; Vaillant et al., 2003, 2004), septic tank + artificial soil 
filter to irrigate hydroponic vegetables, such as romaine lettuce and water spinach (Cui 
et al., 2003). Additionally, Rana et al. (2011) studied the use of raw and diluted municipal 
domestic wastewater to irrigate tomato (L. esculentum). However, several studies have been 
performed to treat domestic wastewater for reusing purposes (Alderson et al., 2015; Ayaz 
et al., 2015). Thus, Alderson et al. (2015) studied different technologies for reusing domestic 
wastewater in agriculture and aquaculture, specifically, septic tanks, septic tanks + anaerobic 
filters, septic tanks + anaerobic filters + chlorination, facultative ponds, facultative 
ponds + maturation ponds, anaerobic ponds + facultative ponds + maturation ponds, aerated 
facultative ponds + facultative ponds + maturation ponds, upflow anaerobic sludge blanket 
(UASB) reactor, and UASB reactor + chlorination. These authors obtained effluents, after 
these sequences of treatment, with COD and TSS values in the ranges of 137–656 and 
61–295 mg L−1, respectively. Additionally, Alderson et al. (2015) concluded that the sequence 
anaerobic ponds + facultative ponds + maturation ponds is the most promising treatment line. 
This treatment line displayed depletions of COD, BOD, and E. coli of 77, 79, and 100%, 
respectively.

The sequence anaerobic pretreatment + hybrid constructed wetland system was investigated 
by Ayaz et al. (2015) to treat domestic wastewater of a small community. This study was 
conducted in different conditions, ranging seasons, and recirculation percentage. The system 
allowed a removal higher than 95% and 90% of organic matter and TN, obtaining effluents 
with pH values ≈ 7–7.5, contents of TSS < 1 to < 21 mg L−1, BOD < 7 to < 36 mg L−1, 
and fecal coliform number = 1,000–10,000 100 mL−1. Consequently, the effluent required a 
disinfection step for irrigation aims.

2.2 Cheese and Dairy Wastewater

The dairy industry is aimed at the production of foods or milk-based products, such as 
pasteurized milk, butter, cheese, yogurt, ice cream, milk powder, and whey. For the 
manufacture of these products, many processes are required, which use water in the washing 
of equipment and facilities, heating and cooling systems, among others (INETI, 2001). In 
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this context, INETI (2001) mentioned the use of 15 L of water per liter of processed milk. 
Consequently, this industry is considered an important contamination source, producing 
many wastewater types. The generated water volume varies between 0.2 and 10 L per liter 
of raw milk (Vourch et al., 2008). Cheese is a major agricultural product in the world. 
Wastewater coming from the cheese industry is generated in an average proportion of 3–5 L 
for each liter of processed milk. This effluent (Fig. 11.1) is rich in organic matter, mineral 
salts, TSS, nutrients, oils and fats, acidity, salinity, and others. Direct discharge of these 
effluents into water can cause several impacts to the environment and public health (Prazeres 
et al., 2016b).

The raw dairy wastewater presents high concentrations of organic matter (COD ≈ 1,500–
18,500 mg L−1 and BOD ≈ 350–12,900 mg L−1), due to loss of product and raw material 
entrained by washing during the manufacturing process (Andrade et al., 2014; INETI, 2001; 
Prazeres et al., 2014, 2016a; Sarkar et al., 2006). The other characteristics of this wastewater 
are high concentrations of TSS (≈ 250–1600 mg L−1), fats content, salinity and nutrients, 
such as phosphorus, nitrogen, and potassium (TP ≈ 36–110 mg L−1, TN ≈ 50 mg L−1 and 
K ≈ 200 mg L−1) (Andrade et al., 2014; Prazeres et al., 2014, 2016a; Sarkar et al., 2006). The 
pH of raw dairy wastewater is generally acid or neutral, presenting values between 3.28 and 
7.5 (Andrade et al., 2014; Prazeres et al., 2014, 2016a; Sarkar et al., 2006).

For the reuse of dairy wastewater, it’s necessary to apply proper treatments/technologies. 
Prazeres et al. (2014, 2016a) used NaOH precipitation to treat cheese whey wastewater, 
achieving significant removals of COD (40%), TSS (69%), turbidity (91%), sulfates (93%), 
total phosphorus (53%), calcium (50%), magnesium (27%), Kjeldahl nitrogen (23%), etc. 
After the pretreatment, the effluent was diluted with fresh water for irrigation of industrial 
tomato (L. esculentum Mill.). The treatment and dilution of cheese whey wastewater reduced 

Figure 11.1: Cheese Whey Wastewater.
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the organic matter to values of COD ≈ 172–5014 mg L−1 and BOD ≈ 140–4450 mg L−1. The 
solids concentration also decreased after treatment and dilution [TSS ≈ 82–265 mg L−1 and 
TDS (total dissolved solids) ≈ 82–265 mg L−1]. Once the treatment and dilution were applied, 
the treated wastewater presented neutral pH (≈ 7.3–7.5), higher than that exhibited by the raw 
wastewater (pH ≈ 3.28–4.78) (Table 11.2).

Andrade et al. (2012, 2014) and Vourch et al. (2008) studied the performance of membrane 
technologies for the treatment and reuse of dairy industry wastewater (Table 11.2). The 
treatment systems comprised the nanofiltration of the effluent coming from a membrane 
bioreactor (Andrade et al., 2012, 2014) and storage tank + reverse osmosis (Vourch 
et al., 2008). In a first approach, Andrade et al. (2014) applied membrane bioreactor to 
raw dairy wastewater, showing high removal efficiencies for the following parameters: 
COD (98%), TN (86%), and TP (89%). Then, the effluent coming from the membrane 
bioreactor was filtrated with nanofiltration technology. The treatment system presented 
a total reduction efficiency of 99.9% for COD and 93.1% for total solids. Vourch et al. 
(2008) obtained high removal efficiencies for conductivity (97.2%–97.8%), chlorites 
(98.1%–98.3%), and potassium (87%–98.3%) when treating dairy wastewaters with reverse 
osmosis.

2.3 Olive Mill Wastewater

An olive mill has the function of receiving olives for the production of oil. For this 
transformation, several processes take place. The production process starts with the receipt 
of olives and removal of leaves and branches. Then, the olives are washed and weighed, 
followed by the milling, where the olives are transformed into a mass. Then, a beating phase 
and a centrifugation step occur under controlled temperatures. Centrifugation is a process that 
separates oil, water, and olive pomace (three-phase system), and oil and water + olive pomace 
(two-phase system). These production processes of oil require the use of water for washing 
olives, installations and equipments, and operation of the equipments (heating and cooling).

The production of olive oil is seasonal and has a duration of approximately 4–5 months. 
In this period, about 30 million m3 of wastewater can be generated annually (Belaqziz 
et al., 2016; Ouzounidou et al., 2008). Generally, raw olive mill wastewater (Fig. 11.2) has 
an acid pH (4.5–7.2). A variable content of organic matter (COD ≈ 7.1–36,800 mg L−1) and 
TSS (≈ 1–71,000 mg L−1) is also reported. In the composition of olive mill wastewater can 
be also found sugars, tannins, polyphenols, polyalcohols, lipids, phytotoxic, and antibacterial 
phenolic substances with reduced biological degradation (Belaqziz et al., 2016; Ochando-
Pulido et al., 2013; Ouzounidou et al., 2008).

To reuse this wastewater, it will have to undergo an appropriate treatment. In literature, 
various technologies have been applied to treat raw olive mill wastewater, such as the 
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following sequence: Fenton-like oxidation, flocculation-sedimentation, gravel and olive 
stones filtration, and reverse osmosis membrane (Ochando-Pulido et al., 2013) (Table 11.2). 
These treatments have the purpose of reducing the content of organic matter, TSS, and other 
parameters, such as total phenols, total iron, fluoride, bromide, phosphate, coliform bacteria, 
and conductivity so that the wastewater can be reused in the olives’ washing machines. On 
the other hand, Belaqziz et al. (2016) studied the use of olive mill wastewater coming from a 
traditional olive mill with a discontinuous press process (Marrakech-Loudaya, Morocco) for 
the maize irrigation after a two fold dilution (Table 11.2).

2.4 Winery Wastewater

The process of wine production begins with the harvesting of the fruits through hand-picking 
or mechanical harvester. After the grapes arrive at the winery, the branches and leaves are 
removed and fruits are selected to proceed in the production line. The processes used in the 
production depend on the type of wine intended: white, red, or rosé. However, the processes 
included in the wine manufacture are generally, crushing, pressing, decanting, fermentation, 
and clarification. Additionally, other processes can be found in the wine production, namely, 
maceration, malolactic fermentation, alcoholic fermentation, reassembly, bottling, and aging. 
These processes require the use of a lot of water; consequently, the wine production generates 
a high volume of wastewater. This wastewater comes mainly from washing waters and may 

Figure 11.2: Olive Mill Wastewater.
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contain stems, skins, seeds, lees, sludge, enological products used in the treatment of wine, 
chemicals used in washing of equipment and surfaces, and crude product waste (wine and 
must) (Rodrigues et al., 2006).

The harvesting period is seasonal, with an average duration of 3–4 months. The production 
of wastewater is intensified during the harvesting period (Amaral-Silva et al., 2016). 
However, some processes, such as bottling and application of enological products, take place 
throughout the year. The winery wastewater contains organic matter assessed by COD in 
the range of 13–6850 mg L−1 and BOD of approximately 1296 mg L−1, TSS between 78 and 
1230 mg L−1, nutrients, for example, phosphorus and nitrogen (TP ≈ 0.95–39.5 mg L−1 and 
TN ≈ 18–55.8 mg L−1), and a pH within the range of 4–8 (Amaral-Silva et al., 2016; Penteado 
et al., 2016; Valderrama et al., 2012).

Valderrama et al. (2012) studied the conventional treatment of activated sludge and 
membrane bioreactor to reuse the winery wastewater for urban service, agricultural, and 
recreational uses. Conventional treatment of activated sludge showed more efficient for the 
removal of BOD, TN, +NH4, 

−NO3, and Cl, compared to membrane bioreactor. This bioreactor 
proved to be more effective for the reduction of the following parameters: COD, TP, TSS, and 
K. The effluents resulting from two different processes presented neutral pH (7.3), content 
of TSS, COD, and BOD in the ranges of 2.0–26, 113.7–222.8, and 7–9 mg L−1, respectively. 
Nutrients, such as phosphorus, nitrogen, and potassium are also present in the composition of 
the final effluent (TP ≈ 4.9–5.3 mg L−1, TN ≈ 1.7–5.7 mg L−1, and K ≈ 198–199.8 mg L−1), 
as well as nitrates ( −NO3 ≈ 3.7–24.6 mg L−1) (Table 11.2). The effluent of the membrane 
bioreactor can be reused for agricultural, urban, and recreational purposes (Valderrama 
et al., 2012).

2.5 Textile Wastewater

In the textile industry occurs the processing of various raw materials, natural (cotton, 
wool, silk, linen, etc.), manufactured using regenerated cellulose (viscose and acetate), 
or fully synthetic (polyester and polyamide) (INETI, 2000). The production process of 
the textile industry is divided into multiple stages. The process starts with the preparation 
of raw material, which is distinguished from natural and synthetic fibers. Natural fibers 
are washed, carded, and/or combed. Synthetic fibers are drawn, textured, subjected to 
twisting, and thermofixed. Thereafter, it follows the wiring (wire production), weaving, or 
knitting. The next step comprises the preparation for dyeing that includes the use of several 
chemicals and a large volume of water, followed by dyeing, printing, and chemical and 
mechanical finishing. Finally, the last stage of manufacture takes place, consisting of the 
production of various existing home textiles (bedding, curtains, carpets, etc.), technical 
textiles (tire plies, tarpaulins, etc.), and clothing (shirts, dresses, etc.), among others 
(INETI, 2000).
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In the textile industry, it is estimated that the used water volume is in the range of 70–150 L 
per kg of textile product (Bhuiyan et al., 2016; Buscio et al., 2015). The effluent produced 
by this industry has, generally, alkaline pH (7.32–13), high temperature, considerable levels 
of COD (≈ 280–3000 mg L−1), BOD (≈ 195 mg L−1), TDS (≈ 1050–8000 mg L−1), and 
TSS (≈ 52–310 mg L−1) (Bhuiyan et al., 2016; Blanco et al., 2012; INETI, 2000; Sahinkaya 
et al., 2008). Additionally, these effluents contain hazardous chemicals (heavy metals, and 
biocides), salts, synthetic dyes, and nutrients (Bhuiyan et al., 2016; Blanco et al., 2012; 
INETI, 2000; Sahinkaya et al., 2008).

Textile wastewater has been treated by several processes to reuse or recycle. After 
treatment by irradiation (Bhuiyan et al., 2016), Fenton, aerobic sequencing batch 
reactor + Fenton (Blanco et al., 2012), and activated sludge process + nanofiltration 
(Sahinkaya et al., 2008), the characteristics of the textile wastewater were changed 
(Table 11.2). The pH had neutral or acidic properties (3.24–7.41), the organic matter 
decreased (COD < 5 to 620 mg L−1 and BOD ≈ 140 mg L−1) and TSS presented low values 
(< 0.1 to 242 mg L−1) (Bhuiyan et al., 2016; Blanco et al., 2012; Sahinkaya et al., 2008). 
Bhuiyan et al. (2016) studied the irrigation of Malabar spinach plant with textile 
wastewater treated by irradiation.

2.6 Pig Farm Wastewater

Pig farms comprise spaces that are intended for breeding, feeding, and housing of the 
animals. Most of the farms aim the growth of fattening pigs for consumption.

The properties of the pig farm wastewater may change according to the eating habits 
of the animals, the volume of water spent for the cleaning of stables and products 
used for the combating or preventing diseases (e.g., drugs given to animals) (Fridrich 
et al., 2014). This wastewater is composed of nitrogenous compounds (including 
ammonia, ammonium compounds, nitrates) (Makara and Kowalski, 2015). One of the 
major problems associated with pig farms is ammonia emission (NH3), which may have 
negative consequences for the environment as eutrophication and acidification (Ulens 
et al., 2015). Additionally, this wastewater presents high organic matter monitored 
by COD (≈ 2334–2979 mg L−1) (Yang and Wang, 1999), dark brown or black color 
(Fig. 11.3), and an intense odor. Another important characteristic is the acid pH (6.65–
7.01) (Yang and Wang, 1999).

Mavrogianopoulos et al. (2002) studied a nutrient solution prepared after dilution of 
wastewater coming from an open lagoon of a pig-raising farm located in the Aliartos village 
(North of Athens). The diluted wastewater was used for the irrigation of giant reed plant 
(Arundo donax) in a closed gravel hydroponic system. The used nutrient solution presented 
the following features: neutral pH (7.6), total phosphorus (TP ≈ 18.61 mg L−1), ammonium 
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( +NH4 ≈ 500 mg L−1), nitrates ( −NO3 ≈ 481 mg L−1), potassium (K ≈ 625 mg L−1), and 
chlorides (Cl ≈ 292 mg L−1) (Table 11.2).

3 Water Quality for Irrigation

Human activities influence the quality, availability, and impact of water in the environment. 
For example, the nutrient enrichment of the European water bodies represents one of the 
greatest current challenges (Henriques et al., 2015; Sanz and Gawlik, 2014). Agriculture, 
as the single largest user of freshwater on a global basis, is a major cause of degradation 
of surface and groundwater resources through erosion and chemical runoff. On the other 
hand, the water quality used for irrigation is essential for the yield and quality of crops, 
maintenance of the soil productivity, and protection of the environment (Quist-Jensen 
et al., 2015). Sustainable agriculture is one of the main challenges. Sustainability implies that 
agriculture not only secures a sustained food supply, but also minimizes its environmental, 
socioeconomic, and human health impacts (Sanz and Gawlik, 2014).

The hydroponic system is an alternative to the traditional agriculture (Caruso et al., 2011; 
Sigrimis et al., 2001; Tomasi et al., 2015), where the water and nutrient formulations are used 
to optimize crop growth, maximize yield and quality of products, and minimize costs and 

Figure 11.3: Pig Farm Wastewater.
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pollution due to effluents treatment. The composition of nutrients designed for soil cultivation 
is very different from that formulated for hydroponics, because plants grown in soil get most 
of these elements from the soil (Cavagnaro, 2016). The hydroponic nutrient solution consists 
of minerals in the raw water and nutrients added with fertilizers. Eventually, some organic 
compounds, such as iron chelates, may be present. The selection of fertilizers and their 
concentration in the hydroponic nutrient solution depends greatly on the quality of the raw 
water and the crop nutrient demand. For example, a crop-specific ceiling of Na+ concentration 
is 8 mol m−3 for tomato and 4 mol m−3 for cut roses (Massa et al., 2010).

Several important factors have to be considered when preparing hydroponic nutrient 
solutions (Tomasi et al., 2015). Nutrients must be soluble in water. For example, nitrogen 
in the form of urea is not immediately available for plants in hydroponics, because urea is 
not soluble in water. For this reason, nitrogen must be used in its nitrate form to be utilized 
in hydroponics. Additionally, pH influences the solubility of nutrients in the hydroponic 
solution or soilless growing substrate, specifically for metal micronutrients. In the soilless 
plant production, pH is affected by several parameters, namely, water characteristics 
(alkalinity), incorporation of mineral and organic compounds, plant species, nitrogen form, 
nutrient content, acidity, and cation exchange capacity of the substrate (Dickson et al., 2016). 
On the other hand, the water quality used for the preparation of nutritive solutions plays 
an important role in the final salinity, potential harmful, required nutrients, concentration 
of elements, such as sodium, chlorides and boron, pH, and uptake of nutrients by plants 
(Neocleous and Savvas, 2016).

3.1 Control of Irrigation and Nutrient Supply

In closed hydroponic systems, the same nutrient solution is recirculated and the nutrient 
concentrations are monitored and adjusted. Contrarily, in open hydroponic systems, a fresh 
nutrient solution is introduced for each irrigation cycle. The drainage water from these 
greenhouses is generally released into the local environment, causing pollution concerns. 
Grewal et al. (2011) showed that the recycling of the drainage water resulted in a 33% 
reduction in potable water used for irrigation in cucumber production. The drainage water 
still contained N 59%, P 25%, and K 55%, relatively to the initial amount applied. These 
amounts illustrated the potential for nutrient recovery and production cost savings through the 
reuse of drainage water. Recycling of drainage water can considerably improve sustainability 
of low-cost hydroponic greenhouses and help minimize the environmental footprint of the 
greenhouse industry.

When irrigation water has poor quality, in general, closed systems are not financially viable 
under strict environmental rules and the most valuable strategy is likely the improvement 
of water quality (Massa et al., 2010). Closed growing systems, where the drainage water 
is captured and reused after nutrient replenishment, can reduce the consumption of 



Hydroponic System 335

water and fertilizers and the environmental pollution that are generally associated with 
overirrigation (Massa et al., 2010). Open (free-drain) soilless cultures are more commonly 
used for vegetable and ornamental crops, since the management of fertigation is much 
simpler in these systems (Massa et al., 2010). In a semiclosed system, the nutrient solution 
is normally recirculated until the electrical conductivity (EC) and/or the concentration of 
some potential toxic ions reach a maximum acceptable threshold value - after it is replaced, 
at least partially.

Greenhouse operations require precise control of irrigation and nutrient supply to optimize 
the crop growth and minimize the cost and pollution of the effluents (Sigrimis et al., 2001). 
In modern greenhouses, nutrient supply is computer controlled and based on the measuring 
of salinity, compensating deficiencies using a mix of clean water and two or more stock 
nutrient solutions. At the same time, the drain water flow from the crop is measured using an 
appropriate flow sensor. A nutrient solution strength of 1.3 dS m−1 EC should be preferred 
during the spring season, whereas a 2.2 dS m−1 EC proved to be the best in the winter in 
terms of fruit quality when alpine strawberry (Fragaria vesca L.) was grown in hydroponics 
with the nutrient film technique (NFT) (Caruso et al., 2011).

The measurements of greenhouse climate could be a good methodology for irrigation control 
and nutrient supply by using a model based on water losses by transpiration (Sigrimis 
et al., 2001). Additionally, the redox potentials (Eh) could be used for extended periods to 
control the nutrient uptake (Lissner et al., 2003). The relationship between pH and Eh was 
found to be linear, with a pH change of one unit for every 50 mV change in Eh. Cladium 
jamaicense and Typha domingensis produced less biomass at low Eh and the effect of Eh was 
modified by phosphate availability (Lissner et al., 2003).

3.2 Raw Water Quality

The irrigation water can come from rainwater, groundwater (extracted from springs or by 
using wells), surface water (withdrawn from rivers, lakes, or reservoirs), or nonconventional 
sources, such as treated wastewater, desalinated water, or drainage water. The treated 
wastewater sources constitute the municipal water supplies, gray-water, agricultural, and 
industrial process wastewaters. For this purpose, water quality is based on concentrations 
of specific ions and phytotoxic substances that are relevant for the plant nutrition. The 
key properties of the irrigation water quality constitute total soluble salt content, the 
concentration of specific ions (e.g., Ca, Mg, K, and P), the concentration of substances that 
can become toxic (e.g., Zn), and the ratio of bicarbonate to calcium and magnesium (Schwarz 
et al., 2005). Currently, 17 elements are considered essential for most plants, namely, carbon, 
hydrogen, oxygen, nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, iron, 
copper, zinc, manganese, molybdenum, boron, chlorine, and nickel. The nutrient composition 
determines EC and osmotic potential of the solution.
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3.2.1 Groundwater

The groundwater supplies may come from springs and wells, and the quality is usually 
good. The groundwater presents high dissolved solids concentration and low TSS. Contrarily, 
the surface water presents TSS, high organic matter content, and low salinity. For the 
groundwater bodies of the European Union (EU), 87% hold a good quantitative status and 
80% achieve a good chemical status. The most frequent cause of poor groundwater chemical 
status is excessive nitrates (Henriques et al., 2015).

3.2.2 Surface water

The first cycle of river basin management plans provide information to assess the status 
of the European water bodies and to identify the major causes of water management issues. 
The surface water bodies with good or high ecological status are limited to 42% across the 
EU. This is mainly due to the following: (1) nutrient enrichment from agricultural diffuse 
sources (in 40% of rivers and coastal waters and in 33% of lakes and transitional waters) and 
point source discharges (in 22% of the water bodies); (2) hydrological and geomorphological 
pressures causing altered habitats (in 40% of rivers and transitional waters and in 30% of 
lakes), mainly attributable to hydropower, navigation, agriculture, flood protection, and urban 
development (Henriques et al., 2015).

Emerging organic contaminants (EOCs), such as pharmaceuticals and personal care products 
(PPCPs) have been detected in surface water used for irrigation in agriculture (Hurtado 
et al., 2016). Batavia lettuce (Lactuca sativa) grown under controlled conditions was irrigated 
with EOCs (e.g., nonsteroidal antiinflammatories, sulfonamides, blockers, phenolic estrogens, 
anticonvulsants, stimulants, polycyclic musks, biocides) at different concentrations (0–
40 µg L–1). Linear correlations were obtained between the EOCs concentrations in the roots 
and leaves and the irrigation concentrations for most of the contaminants investigated.

3.2.3 Water reuse

The chemical composition of treated wastewater depends on the origin and the treatment 
received (Sanz and Gawlik, 2014). Effluents from nonindustrial municipalities that have 
received at least secondary treatment present generally low concentrations of heavy metals, 
which do not cause adverse effects on plant growth and public health. However, these 
effluents contain suspended and dissolved organic and inorganic solids. Conventional 
treatment plants have higher removal efficiency of BOD, but lower removal efficiency 
of TN and TP (Adrover et al., 2013). Treated wastewaters contain nutrients that are 
useful for plants growth and help to reduce fertilizer needs. Additionally, wastewater 
can have pollutants that cause adverse effects on plants and public health. Most of them 
presently have no regulations: solvents, beta-blockers, antiepileptics, veterinary and 
human antibiotics, oral contraceptives, household chemicals, and food additives (Adrover 
et al., 2013).
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Oils, greases, cellulose, and lignin can cause anoxic conditions in aquatic ecosystems. 
Additionally, macronutrients (N, P, and K) and metals (Cd, Cr, Cu, Fe, Hg, Mn, Mo, Ni, 
Pb, Zn, etc.) can promote toxicity, nutrient imbalance, pest and disease in plants. The 
micronutrients (B, Ca, Cu, Fe, Mg, Na, Co, etc.) can lead to plant toxicity (Sanz and 
Gawlik, 2014). On the other hand, inorganic salts (Cl, S, NO3

- , etc.) cause plant osmotic 
stress and human health risks (methemoglobinemia associated to excess of nitrates) (Sanz and 
Gawlik, 2014).

Table 11.3 summarizes the main characteristics of the water quality for closed hydroponic 
system, desalinated sea water, rain water, standard nutrient solution, domestic wastewater 
treated by secondary treatment, treated cheese whey wastewater after chemical precipitation 
with lime and carbonation reactions with atmospheric CO2, and treated vinasse by 
decantation and filtration. The rainwater is the best water to prepare the nutritive solution, 
because all parameters are according to the rules of water quality for closed hydroponic 
systems (Schwarz et al., 2005). The desalinated seawater (Martínez-Alvarez et al., 2016) 
could contain excess sulfates and conductivity. On the other hand, all treated wastewaters 
(Table 11.3) present nutrients that can be used by plants, reducing the required commercial 
nutrients. The excess of conductivity can be solved by dilution with water coming from 
different origins. The agro-industrial wastewaters contain a lot of nutrients and organic 
matter. The use of these treated wastewaters in hydroponic systems, as a nutritive solution, 
could be an interesting solution for reducing fertilizer needs and simultaneous wastewater 
tuning with the use of nutrients to produce foods. The semiclosed systems could be a 
good solution for tuning the agro-industrial wastewaters, because the nutrient solution is 
recirculated till the nutrients concentration reaches a minimum value and afterward it is 
replaced. Finally, it can still be used as irrigation water or discharged in receiving waters.

Vinasse is the largest pollution source of the ethanol industry, being removed from the 
base of distillation columns. It is a strong, saline, and dark colored effluent with high COD 
and a large amount of mineral nutrients essential for plant growth (Santos et al., 2013). 
Vinasse is produced in an average amount of 12–15 L for each liter of generated alcohol. 
A nutritive solution prepared using 10% of vinasse decanted, filtered, and supplemented 
with nutrients was used in a NFT hydroponic system (Table 11.3). A suitable growth of the 
lettuce, watercress, and rocket production was observed (Santos et al., 2013). This technology 
could be an alternative to vinasse management. Another example was used for the growth of 
purslane that is a native terrestrial plant in the Mediterranean region and considered weeds 
because it reproduces spontaneously and easily. It can be grown in any type of soil, ideally 
in a mild, deep, fertile, and well-drained soil; rich in organic matter, with a pH between 5.5 
and 7. After treatment by chemical precipitation and carbonation reactions with atmospheric 
CO2, cheese whey wastewater, free of total coliforms, was used as a nutritive solution in 
the crop of purslane (Portulaca oleracea L.) in a NFT hydroponic system, without any 
supplementation of nutrients (Caeiro, 2015).
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4 Wastewater Reuse and Treatment by Hydroponic System 
for Food Production

As mentioned previously, domestic and industrial wastewaters constitute a difficult subject from 
both environmental and public health viewpoints. These wastewaters present high contents 
of organic matter (COD and BOD), solids, oils and fats, chemical elements (phosphorus, 
nitrogen, calcium, magnesium, chloride, sodium, potassium, aluminum, heavy metals, etc.), and, 
sometimes, a problematic salinity level according to the wastewater type (Calheiros et al., 2012; 
Huang et al., 2014; Ioannou et al., 2013; Khoufi et al., 2009; Kim et al., 2016; McCarty 
et al., 2011; Mohsen and Jaber, 2002; Mosse et al., 2013; Ochando-Pulido et al., 2013; Oller 
et al., 2011; Prazeres et al., 2016b; Rawat et al., 2011; Saddoud and Sayadi, 2007). Thus, the 
selection of the optimal processes that make up the treatment line for the different wastewater 
types is a complex question. It is important that the processes of wastewater treatment enable not 
only the contamination reduction, but also the valuable products generation.

Environmental Protection Agency  (EPA) has recommended the wastewater treatment and 
reuse for the contamination management and control in the diverse water resources (EPA 
and AID, 2004), playing an essential role in the sustainable water use. Agricultural reuse 
of domestic and industrial wastewaters can be an important strategy for the wastewater 
pollution control, water scarcity management and reduction of the commercial fertilization, 
because the wastewater could provide the water and nutrients (Ca, Mg, N, P, K, etc.) required 
for the growth and development of cultures (Boyden and Rababah, 1996) either in soil or in 
hydroponic systems.

The wastewater reuse has been mainly conducted using domestic/urban effluents 
(Asano et al., 1996; El Ayni et al., 2011; Chung et al., 2011; De Sanctis et al., 2016; 
Kiziloglu et al., 2008; Lyu et al., 2016; Meneses et al., 2010; Ofosu-Asiedu et al., 1999; Zema 
et al., 2012). However, some studies have also been performed for the reuse of industrial 
effluents (Bhuiyan et al., 2016; Blanco et al., 2012; Graber and Junge, 2009; Guillaume and 
Xanthoulis, 1996; Lyu et al., 2016; Mahmoud et al., 2010; Mavrogianopoulos et al., 2002; 
Ofosu-Asiedu et al., 1999; Prazeres et al., 2013a, 2014, 2016a; Sahinkaya et al., 2008). In 
this context, the generation of 5.3 t of BOD d−1 was expected coming from food industries by 
Mohsen and Jaber (2002), of which about 60% were employed for irrigation aims.

The application of wastewater on soil is an ancient practice. Thus, several studies have 
been conducted with this purpose. Reuse of pretreated cheese whey wastewater diluted 
with freshwater, at five different levels of salinity, for the irrigation of tomato crops 
L. esculentum Mill. (Roma and Rio Grande) was successfully performed (Prazeres 
et al., 2013a,b, 2014, 2016a). In such studies, increased soluble solids content, epidermis 
firmness, and fruit fresh weight were obtained, as well as the depletion of the yield losses 
with epidermis deformation owing to solar exposition. The increment of the nutritional 
value of fruits obtained by reusing pretreated cheese whey wastewater was also successful, 
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improving the concentrations of lycopene (25%–44%), total proteins (17%–21%), potassium 
(13%–25%), and reducing sugars (14%–40%) (Prazeres et al., 2013c).

Kiziloglu et al. (2007) accomplished several irrigation experiments, comprising trials with 
raw wastewater, preliminary, and primary treated wastewater to develop cabbage plants 
(Brassica olerecea var. Capitate cv. Yalova-1). These authors observed a significant effect 
of the wastewater irrigation on physicochemical characteristics of the soil, yield, and 
mineral compositions of the plants. The irrigation using wastewater allowed to improve 
the yield to values in the range from 2950 ± 55.0 (plants irrigated with primary treated 
wastewater) to 3510 ± 54.2 kg ha–1 (plants irrigated with raw wastewater), compared to 
control (2780 ± 42.1 kg ha–1). Regarding the mineral composition, the irrigation with raw 
wastewater led to a higher content of N, P, K, Fe, Mn, Zn, Cu, B, and Mo in cabbage plants. 
Additionally, increments of salinity, organic matter, cation exchange capacity, exchangeable 
bases (Ca, Mg, K, and Na), total nitrogen, available phosphorus and microelements (Fe, 
Mn, Zn, Cu, B, and Mo) were noted in the soil characterization when applying wastewater. 
Comparable effects were obtained by Kiziloglu et al. (2008) when studying the irrigation 
of cauliflower (B. olerecea L. var. botrytis) and red cabbage (B. olerecea L. var. rubra) 
plants with raw and treated (preliminary and primary treatments) wastewater, compared to 
groundwater irrigation.

Treated domestic wastewater arising from domestic sewage treatment plants of Jeonju-si, 
(Jeollabuk-do, Republic of Korea) has been also applied for the growth and development of 
brown rice (Oryza sativa L.) during 3 years in a soil with loam texture, average pH around 
6.28 ± 0.42, organic matter of about 29.5 ± 9.1 g kg−1, and contents of available phosphorus and 
total nitrogen of 189.1 ± 18.4 and 1092.0 ± 98.5 mg kg−1 (Chung et al., 2011), respectively. In 
this study, treatment of domestic wastewater was composed of mechanical screen, grit removal 
tanks, primary sedimentation, extended aeration, sedimentation, and chlorination. The soil 
irrigation using treated domestic wastewater resulted in raising the concentrations of heavy 
metals, such as Pb, Cd, Cu, and Zn for both soil and brown rice, compared to groundwater 
irrigation. Nonetheless, the brown rice presented heavy metals concentrations that did not 
exceed the recommended tolerable levels. Increases of P2O5 concentrations in brown rice 
composition were also obtained when reusing treated domestic wastewater. Additionally, the 
concentrations of total nitrogen, crude protein, and amylose in the brown rice composition were 
not significantly influenced by the reuse of treated domestic wastewater.

The application of wastewater on the soil, in the long term, may be connected to the 
contamination of groundwater and degradation of soil structure owing to the presence 
of chemical elements and salinity level of wastewater. This soil quality degradation can 
affect the crop yield, fruit quality, plant development, and growth (Glover, 2001; Mapanda 
et al., 2005; Prazeres et al., 2013b, 2014; Travis et al., 2010). Furthermore, the accumulation 
of chemical contaminants into the ecosystems results in a major risk to the public health 
(Chung et al., 2011). In this context, Kiziloglu et al. (2007) emphasized the accumulation 
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of heavy metals, for instance, cadmium, copper, iron, manganese, lead, and zinc coming 
from the domestic and industrial wastewater irrigation. Consequently, wastewater reuse 
in agriculture through hydroponic systems can be an interesting opportunity to avoid 
environmental and public health impacts. These systems have been widely applied for the 
production of various types of vegetables and fruits. In hydroponic systems, plants develop 
with the roots immersed in a liquid or maintained through inert substrate within tanks 
supplied with commercial solutions of nutrients.

When wastewaters are used in hydroponic systems as nutrient solutions, two significant 
advantages are accomplished, explicitly, providing nutrients needed for the development and 
growth of fruit-producing plant and vegetables that have commercial value in the market, and 
the wastewater treatment and management with depletion of organic matter and nutrients by 
means of a biological process (Rana et al., 2011). Contrary to hydroponic process, wetland 
treatment systems use plants with restricted commercial importance for the contamination 
reduction of wastewater (Comino et al., 2013; Vaillant et al., 2003).

Table 11.4 summarizes some studies found in the literature for the wastewater treatment 
using hydroponic and aquaponics systems. Boyden and Rababah (1996) obtained high 
removal efficiencies when treating settled primary domestic wastewater, coming from the 
sewage treatment plant of Liverpool, by commercial hydroponic system, with substrate of 
perlite and vermiculite, for the growth of Mignonette Green lettuce, using a commercial 
nutrients solution as a control. These authors achieved depletions of organic matter 
(COD ≈ 86% and BOD ≈ 87%), TSS (99%), and nutrients, such as TP (77%) and TN (80%) 
in the wastewater composition. However, the development, growth, and yield of the culture 
were negatively affected by the use of wastewater, owing to the low potassium concentration 
and trace element presence. Thus, Boyden and Rababah (1996) reported a reduction of 
about 50% on the lettuce yield when plants were irrigated with settled primary domestic 
wastewater, compared to the control. Similar results in terms of removal efficiencies were 
found by Vaillant et al. (2003) when primary municipal wastewater was treated by means of 
D. innoxia plants in a NFT commercial hydroponic system with horizontal flow. In this study, 
COD, BOD, TSS, and +NH4 were effectively removed by the plants with reductions of 82, 91, 
98, and 93%, respectively. TP was also reduced; nevertheless, this nutrient only presented a 
percentage of removal around 38%. Vaillant et al. (2003) did not detect significant differences 
in the plant behavior resulting from the primary municipal wastewater reuse, namely, plant 
dry weight, growth rate, shoot dry weight/root dry weight, ratio of variable fluorescence over 
maximal fluorescence, and photochemical efficiency of photosystem II.

Septic tank domestic wastewater (after an artificial soil filter process) was also treated 
applying a hydroponic system by Cui et al. (2003) for the development of two vegetable 
types, to be precise, romaine lettuce and water spinach. Differences in the behaviors related 
to vegetables were found according to the plant type. Higher efficiencies were obtained for 
the romaine lettuce compared to the water spinach. Biological process using romaine lettuce 
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was able to eliminate approximately 82% of BOD and 89% of TSS, compared to a 43% BOD 
removal and a 69% TSS depletion for hydroponic system with water spinach. Hydroponic 
systems with romaine lettuce also showed a good performance in removing COD (37%), TP 
(48%), and TN (67%). Cui et al. (2003) also reported the effects of using septic tank domestic 
wastewater (after an artificial soil filter process) on the romaine lettuce quality in terms of 
weight of fresh stem per each stem, nitrate, vitamin C, coarse protein (in dry matter), and 
soluble sugar, compared to hydroponic system with nutrient solution in greenhouse and soil 
cultivation in field. Hydroponic system fed with nutrient solution exhibited a higher vegetable 
production (119.42 g of fresh stem per each stem) compared to the hydroponic system fed 
with treated effluent (88.59 g of fresh stem per each stem) and soil cultivation (81.57 g of 
fresh stem per each stem). Nonetheless, the contents of vitamin C, coarse protein (in dry 
matter) and soluble sugar in the lettuce irrigated with treated effluent showed no significant 
differences compared to the hydroponic system fed with nutrient solution and soil cultivation 
in field. In addition, a significant benefit observed by Cui et al. (2003) was the lowest nitrate 
concentration in the lettuce grown in hydroponic system supplied with treated effluent 
(237.6 g kg−1 of nitrate) compared to the hydroponic system fed with nutrient solution 
(378.6 g kg−1) and soil cultivation (301.0 g kg−1).

Cheese whey wastewater treated through chemical precipitation and carbonation reactions 
with atmospheric CO2 was applied as a nutritive solution in the crop of purslane (P. oleracea 
L.) in a NFT hydroponic system (Caeiro, 2015). The COD of treated cheese whey wastewater 
was in the range of 11–347 mgL−1. The results showed that fresh and dry weight of shoot, 
fresh and dry weight of roots, leaf area, dry matter of leaves and roots presented similar 
values to those obtained when using a commercial nutritive solution. The COD was removed 
close to 100%. Using a nutritive solution from pretreated cheese whey wastewater for 
lettuce growth, it was confirmed that the plants obtained the required nutrients and played an 
important role in the system, once it worked as a tuning process. In the nutrient solution from 
pretreated cheese whey wastewater, the final effluent could be discharged into the aquatic 
environment at the end of each cycle (Rodrigues, 2015).

The treatment and reuse of wastewater have been also studied by aquaponics, using 
vegetables or fruit-producing plants (Endut et al., 2010; Graber and Junge, 2009; Rana 
et al., 2011). Graber and Junge (2009) studied an aquaponics system (recirculating 
aquaculture systems—RAS) of continuous water flow that was filled with light expanded 
clay aggregate (LECA), compared to a conventional hydroponic system fed with tap water 
and fertilizer. In this study, tomato, eggplant, and cucumber were used to treat and reuse 
fish wastewater through aquaponics system or remove nutrients by hydroponic system. 
Hydroponic process indicated better operation for the removal of nutrients than the 
aquaponics system, except for the removal of nitrogen by means of tomato plants. In the 
hydroponic system, eggplant revealed the worst efficiencies taking into account the following 
parameters: TP, TN, and K. Tomato and cucumber were more efficient than eggplant when 
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growing in hydroponic system, presenting depletion efficiencies in the range of 37%–48%, 
34%–36%, and 25%–28% for TP, TN, and potassium, respectively. Consequently, tomato 
(389 g FW m−2 d−1) and cucumber (125 g FW m−2 d−1) showed higher fruit yields in a 
hydroponic system than in aquaponics system (355 and 80 g FW m−2 d−1 for tomato and 
cucumber, respectively).

Rana et al. (2011) assessed the aquaponics system performance to treat municipal domestic 
wastewater by tomato plants (L. esculentum) grown on floating bed of pulp-free coconut fiber. 
In that study, four different concentrations of wastewater (25, 50, 75, and 100%) were used 
and compared to groundwater (control trial). Aquaponics system proved to be very effective 
in removing COD, BOD, phosphate and nitrate, showing removals within the intervals of 
20%–61%, 62%–72%, 63%–75%, and 75%–78%, respectively. Additionally, aquaponics 
system was also effective for the removal of E. coli (91%–92%). Growth and development 
of tomato plants were improved when using aquaponics system fed with municipal domestic 
wastewater, presenting an average crop yield in the range from 32 to 125 g plant−1, according 
to the concentration of wastewater. However, a disadvantage related to the accumulation of 
Pb and Cr in the tomato crop higher than the safe level was observed when aquaponics was 
used to treat municipal domestic wastewater and cultivate fruit-producing plants.

Usually, organic matter and nutrients cannot be removed completely by hydroponic or 
aquaponics systems (Boyden and Rababah, 1996; Cui et al., 2003; Rana et al., 2011; Vaillant 
et al., 2003), remaining a recalcitrant contamination to this biological treatment process in 
the final effluent. In this context, Saxena and Bassi (2013) reported that hydroponic effluents 
present high contents of phosphorus and nitrates. A similar finding was reported by Park et al. 
(2008) in relation to the nitrate content. Consequently, hydroponic effluents may require the 
application of a posttreatment to reduce contamination to values imposed by legislation. The 
treatment of hydroponic effluents has also been the subject of study through denitrification 
filters with supplementation of organic carbon source (pretreated plant liquors) (Park 
et al., 2008), hybrid denitrification filter in laboratory scale (Park et al., 2009), constructed 
wetlands (Gagnon et al., 2010), alkali precipitation + cultivation system with marine algae 
Dunaliella salina (UTEX 1644) (Saxena and Bassi, 2013).

5 Conclusions

Wastewater reuse is an important strategy to minimize the water shortage existing in 
various regions of the world. The use of treated wastewater for agricultural irrigation brings 
significant economic and environmental benefits. Domestic and industrial wastewaters 
are important alternatives to supply the nutrients required for the production of fruits 
and vegetables through the soil application or hydroponic system. The wastewater reuse 
for irrigation through hydroponic system avoids the surface water and groundwater 
contamination and soil salinization. Additionally, this option allows the reduction of the 
commercial fertilizer application, development of vegetables and fruit-producing plants, 
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and utilization of low-cost water sources. Plants, such as Mignonette Green and romaine 
lettuce, D. innoxia, water spinach, tomato, eggplant, and cucumber have shown capacity to 
grow in hydroponic and aquaponics system supplied with wastewater or nutrient solution 
to produce valuable products and reduce organic matter measured by COD (20%–86%) and 
BOD (43%–91%), TSS (69%–99%), and nutrients, such as P (5%–77%), N (9%–80%), and 
K (16%–28%) of domestic/municipal and fish wastewater or nutrient solutions (Boyden 
and Rababah, 1996; Cui et al., 2003; Graber and Junge, 2009; Rana et al., 2011; Vaillant 
et al., 2003). However, several types of agro-industrial and industrial wastewater remain 
unexploited as sources of water, organic matter, and nutrients for hydroponic systems 
composed of fruit-producing plants and vegetables. Similarly, the agro-industrial and 
industrial wastewater treatment has been poorly investigated by this complex biological 
system. The wastewater reuse by hydroponic system should be carefully planned and 
monitored to prevent human contamination through microorganisms and/or chemical 
elements.
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Nomenclature
B  Boron
BO3  Borate
Ca  Calcium
CaCO3  Calcium carbonate
Cd  Cadmium
Cl  Chloride
Co  Cobalt
CO2  Carbon dioxide
Cr  Chromium
Cu  Copper
Fe  Iron
HCO3

–   Bicarbonate ion
Hg  Mercury
K  Potassium
Mg  Magnesium
Mn  Manganese
Mo  Molybdenum
N  Nitrogen
Na  Sodium
Na+  Sodium ion
NaOH  Sodium hydroxide
NH3  Ammonia
NH4

+  Ammonium
Ni  Nickel
NO2

–   Nitrite
NO3

–   Nitrate
P  Phosphorus
P2O5  Phosphorus pentoxide
Pb  Lead
PO4/PO4-P  Phosphate
PO4

3–  Phosphate ion
S  Sulphur
SO4

2–  Sulfate ion
Zn  Zinc
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1 Introduction

The current worldwide elevation of population is anticipated to aggravate food supply 
chains. Moreover, the number of elderly individuals has rapidly increased; according to the 
World Health Organization, there are currently 650 million people aged 60 years and older 
worldwide, and the world will have almost 2 billion people aged 60 years or older, including 
450 million people 80 years of age or older, by 2050 (http://www.who.int/ageing/en/). The 
current status has created burdens on dietary and medical costs, which may eventually lead 
to a disruption in essential national finances. Therefore, the consistent intake of functional 
foods and supplements in an appropriate fashion is one of the most promising and effective 
ways to increase the healthy life expectancy and reduce the risks of lifestyle-related diseases. 
In this context, intensive efforts should be made on the development of functional foods and 
supplements rather than clinical agents. Thus, the development of more efficient systems for 
the production of foods and functional dietary supplements than current agricultural ones is 
undoubtedly required (Satake et al., 2013, 2015, 2016).

Functional foods and dietary supplements, as well as drugs are largely derived from plant-
specialized metabolites, formally called secondary metabolites of plants, including alkaloids, 
flavonoids, isoflavonoids, and lignans. Lignans are members of phenylpropanoids, and 
their basal structures contain dimers of coniferyl alcohol that is defined as a “C6–C3” unit 
(Davin and Lewis, 2003; Satake et al., 2013, 2015, 2016; Suzuki and Umezawa, 2007; 
Umezawa, 2003). The phenylpropane units are covalently bound by the central carbons 
of the side chains (Figs. 12.1 and 12.2). These phytochemicals are at present classified 
into eight groups based on their structural patterns, such their carbon backbones, 
the position of oxygen incorporated into the skeletons, and the cyclization styles: 
furofuran, furan, dibenzylbutane, dibenzylbutyrolactone, aryltetralin, arylnaphthalene, 
dibenzocyclooctadiene, and dibenzylbutyrolactol (Satake et al., 2013, 2015, 2016; Suzuki 



352 Chapter 12

Figure 12.2: Chemical Structures of Semisynthetic Podophyllotoxin Derivatives.

Figure 12.1: Chemical Structures of Natural Lignans.
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and Umezawa, 2007; Umezawa, 2003). These plant-specialized metabolites have been 
shown to exhibit not only various pharmaceutical activities but also preventive or reductive 
effects on extensive life-related diseases, including cancers, diabetes, and hypertension 
(Goyal et al., 2014; Hata et al., 2010, 2013; Kajla et al., 2015; Lee and Choe 2006; 
Macías et al., 2004; Okazawa et al., 2011; Peñalvo et al., 2008; Piao et al., 2008; Satake 
et al., 2013, 2015, 2016; Schmidt et al., 2012), indicating the prominent potentials as 
functional foods and supplements. Indeed, a sesame lignan, sesamin, is already commercially 
available as functional supplements due to its beneficial effects on human health, such as 
antihypertension and protection of the liver based on reduction of lipid oxidation (Satake 
et al., 2013, 2015, 2016).

Unfortunately, however, only small amounts of lignan-rich plants are frequently acquired 
due to the time-consuming and costly plant-hunting and collection, the lack in efficient 
cultivation procedures, and long-term growth of the natural lignin-rich plants in limited 
habitats. Moreover, lignans are produced at the low levels even by “lignan-rich” plants 
(Satake et al., 2013, 2015, 2016). Indeed, sesamin is extracted from sesame seed oil, the 
most abundant source of this lignan. Nevertheless, sesamin at most constitutes 0.4%–0.6% 
(w/w) of sesame seed oil. Additionally, sesame seeds are cultivated only once per year, 
limiting the opportunity for the acquisition of this lignan. This is the case with another type 
lignan, podophyllotoxin (PTOX). This lignan is used for semisynthesis of multiple antitumor 
drugs (Fig. 12.2), and is purified from the roots and rhizomes of Podophyllum hexandrum, 
which can be obtained in limited regions (Chaurasia et al., 2012). Moreover, typical model 
plants, such as Arabidopsis thaliana and Nicotiana tabacum, can biosynthesize only faint 
or no lignans and their precursors, given that these plants have not acquired biosynthetic 
pathways for lignans that involve multiple and species-specific enzymatic steps. Thus, a 
whole set of the lignan-biosynthetic genes would be introduced into these model plants 
for the generation of transgenic model plants competent in producing lignans (Murata 
et al., 2015; Satake et al., 2013, 2015, 2016). Collectively, these findings indicate the critical 
drawbacks of these model plants in transgenic biosynthesis of lignans (Murata et al., 2015; 
Satake et al., 2013, 2015, 2016). For the same reason, transgenic microbial or animal cells 
are useless for the biotechnical production of any plant lignans (Murata et al., 2015; Satake 
et al., 2013, 2015, 2016). In addition, stereoselective organic synthesis of the complicated 
chemical structures of lignans and their natural derivatives (Figs. 12.1 and 12.2) are 
impractical and costly for large supplies of these compounds as functional diets. Thus, 
innovative procedures for efficient, stable, and sustainable lignan production need to be 
developed (Satake et al., 2013, 2015, 2016).

Over the past decades, the molecular characterization of the enzymes involved in lignan-
biosynthetic pathways, and lignan production using lignan-rich plants, their cultured organs, 
and cells have been increasingly documented (Ionkova, 2007, 2011; Ionkova et al., 2010; 
Kim et al., 2009; Lata et al., 2009; Lau and Sattely, 2015; Malik et al., 2014; Morimoto 
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et al., 2011b; Murata et al., 2015; Satake et al., 2013, 2015, 2016). These recent studies have 
encouraged us to attempt to improve the lignan productivity via a wide variety of metabolic 
engineering strategies for lignan biosynthesis pathways using transgenic dietary lignan- or 
their related phytochemical-rich plants, such as Linum and Forsythia. In this chapter, we 
provide a buildup of essential knowledge and perspectives in metabolic engineering-based 
production of dietary lignans.

2 Lignan Biosynthesis Pathways

All lignan pathways are initiated with deamination of phenylalanine by phenylalanine 
ammonia-lyase (PAL) to cinnamic acid that is catalyzed to p-coumaric acid by CYP73A5 
(Fig. 12.3). p-Coumaroyl-CoA is generated from p-coumaric acid by 4-coumarate-CoA 
ligases (CL) and is hydroxylated to feruloyl-CoA by Fumarylacetoacetate hydrolase (FAH). 
Subsequently, feruloyl-CoA is methylated by F4IAT4 (Fig. 12.3). The resulting feruloyl-CoA 
is converted into coniferyl alcohol by cinnamoyl-CoA reductase I (CCR1) and cinnamyl 
alcohol dehydrogenases (CAD) (Fig. 12.3) (Davin and Lewis, 2003; Malik et al., 2014; 
Satake et al., 2015, 2016).

Major lignan biosynthesis pathways are initiated with biosynthesis of pinoresinol, a basal 
lignan via dimerization of achiral E-coniferyl alcohol (Fig. 12.4). A pinoresinol synthase 
has yet to be identified. However, a dirigent protein (DIR) was shown to participate in the 
stereospecific dimerization of E-coniferyl alcohol (Davin and Lewis, 2003; Malik et al., 2014; 
Satake et al., 2013, 2015, 2016).

Pinoresinol is converted to specific lignans in two lineages (Fig. 12.3). In most lignan-rich 
plant species including Forsythia, Linum, and Podophyllum, this basal lignan is reduced to 
lariciresinol and then secoisolariciresinol by pinoresinol-lariciresinol reductase (PLR), a 
member of the pinoresinol-lariciresinol/isoflavone/phenylcoumaran benzylic ether reductase 
(PIP) family (Bayindir et al., 2008; Davin and Lewis, 2003; Dinkova-Kostova et al., 1996; 
Gang et al., 1999; Hemmati et al., 2007; Malik et al., 2014; Nakatsubo et al., 2008; Satake 
et al., 2013, 2015, 2016; Wankhede et al., 2013). In contrast, A. thaliana orthologs of 
PLR, AtPrR1 and 2, were found to catalyze only the reaction of pinoresinol to lariciresinol 
(Nakatsubo et al., 2008), indicating the species specificity of lignan biosynthesis. Pinoresinol 
is also glucosylated by UGT71A18, which is a member of the uridine diphosphate (UDP)-
glucose-dependent glucosyltransferase superfamily (Ono et al., 2010). This glycosylation 
is believed to suppress the chemical reactivity of a phenolic hydroxyl group of pinoresinol 
and to improve water solubility of pinoresinol, which enables stable accumulation of 
pinoresinol with abundance (Satake et al., 2013, 2015, 2016; Schmidt et al., 2012; Suzuki and 
Umezawa, 2007; Umezawa, 2003). This view is supported by the fact that approximately 90% 
of pinoresinol is glucosylated in callus-derived suspension culture and leaves of Forsythia 
spp. (Kim et al., 2009; Morimoto and Satake, 2013; Satake et al., 2015, 2016). In other 
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Figure 12.3: Biosynthesis Pathways of Phenylalanine to Coniferyl Alcohol.
Solid and broken lines represent identified and unidentified enzyme-catalyzed reactions, respectively.
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words, the biosynthesis of lariciresinol/secoisolariciresinol by PLR and the glucosylation 
by UGT71A18 are reciprocally competitive in pinoresinol metabolisms (Fig. 12.3). This is 
prominent in seasonal changes of the ratio of PLR metabolism to UGT71A18 glucosylation 
in the leaf of Forsythia cultivated outside. In Forsythia leaves in Japan, high gene 
expression was observed from April to August, but is dramatically reduced from September 

Figure 12.4: Biosynthesis Pathways of Major Lignans.
Solid and broken lines represent identified and unidentified enzyme-catalyzed reactions, respectively.
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to November. In contrast, UGT71A18 was prominently expressed from September to 
November, whereas the expression was detected at extremely low or no level from April to 
August (Morimoto and Satake, 2013; Satake et al., 2015, 2016). These findings indicate that 
PLR and UGT71A18 are responsible for alternate regulation of pinoresinol metabolisms, 
namely, the conversion to lariciresinol or the accumulation in the glucosylated form, in the 
lignan-biosynthetic pathway. In A. thaliana, lariciresinol and pinoresinol were shown to be 
glucosylated by another UDP-glucose-dependent glucosyltransferase, UGT71C1 (Okazawa 
et al., 2014), suggesting the biodiversity of lignan glucosylation among plant species.

As depicted in Fig. 12.4, secoisolariciresinol is metabolized in two pathways (Satake 
et al., 2013, 2015, 2016). The first pathway includes the reduction of secoisolariciresinol 
into matairesinol by secoisolariciresinol dehydrogenase (SIRD) (Xia et al., 2001). The 
second one is a glucosylation of secoisolariciresinol by another UDP-glucose-dependent 
glucosyltransferase, UGT74S1, which was identified in Linum, and was found to synthesize 
secoisolariciresinol monoglucoside and secoisolariciresinol diglucoside (SDG) (Ghose 
et al., 2014). Matairesinol is further converted into arctigenin (Fig. 12.4) by matairesinol 
O-methyltransferase (MOMT) via methylation of a phenolic hydroxyl group in many 
plant species including Forsythia koreana, Carthamus tinctorius, and Anthriscus 
sylvestris (Ragamustari et al., 2014; Satake et al., 2015, 2016; Umezawa et al., 2013). 
In the Forsythia leaves, 70%–90% of matairesinol is stocked in its glucosylated form 
throughout the year (Morimoto and Satake, 2013; Satake et al., 2015, 2016), although 
characterization of matairesinol-glucosylating enzymes awaits further study. As shown 
in Fig. 12.4, the biosynthetic pathways downstream of matairesinol are complex and 
relatively species-specific. In Linum, Anthriscus, and Podophyllum, hinokinin, yatein, or 
PTOX are biosynthesized from matairesinol in complex biosynthetic pathways (Satake 
et al., 2013, 2015, 2016; Schmidt et al., 2012; Suzuki and Umezawa, 2007; Umezawa, 2003). 
For example, thujaplicatin, an intermediate lignan in the PTOX biosynthesis pathway 
(Fig. 12.4), is produced by AsTJOMT that specifically catalyzes methylation of the 
5-hydroxyl group of matairesinol in A. sylvestris (Ragamustari et al., 2013; Satake 
et al., 2013, 2015, 2016).

CYP719A23 and CYP719A24 are homologous enzymes identified in P. hexandrum and P. 
peltatum, respectively (Marques et al., 2013, 2014; Satake et al., 2015, 2016). As depicted 
in Fig. 12.4, methylenedioxy bridge formation in matairesinol by these homologs triggers 
the biosynthesis of pluviatolide, which is a more downstream intermediate of PTOX 
(Marques et al., 2013, 2014; Satake et al., 2015, 2016).Quite recently, Lau and Sattely 
(2015) have also identified six genes encoding novel enzymes involved in the PTOX 
biosynthesis by NGS-based transcriptome analysis of P. hexandrum (Lau and Sattely, 2015; 
Satake et al., 2016). CYP71CU1 was found to hydroxydize (−)-5′-desmethoxy-yatein 
into (−)-5′-desmethyl-yatein. O-Methylation of (−)-5′-desmethyl-yatein was catalyzed by 
OMT1, leading to the biosynthesis of (−)-yatein (Fig. 12.3). (−)-Yatein is further converted 
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into (−)-deoxy-PTOX, followed by demethylation to (−)-4′-desmethyl-deoxy-PTOX by 
CYP71BE54 (Fig. 12.4). CYP82D61 was found to be responsible for the biosynthesis of 
(−)-4′-desmethyl-epipodophyllotoxin via hydroxylation of (−)-4′-desmethyl-deoxy-PTOX 
(Fig. 12.4). Interestingly, transgenic tobacco transfected with these six genes was shown to 
produce (−)-4′-desmethyl-epipodophyllotoxin, which is a structural core of a semisynthetic 
antitumor clinical agent, etoposide, was serendipitously detected in Lau and Sattely (2015). 
Combined with the fact that (−)-4′-desmethyl-epipodophyllotoxin is synthesized from PTOX 
in the industrial production of etoposide, this study leads to not only the identification of total 
biosynthesis pathways of PTOX and its related lignans but also the development of a novel 
procedure for the production of etoposide using transgenic tobacco (Lau and Sattely, 2015; 
Satake et al., 2016). Although the enzyme for direct biosynthesis of PTOX remains to be 
identified, these transcriptomes are expected to accelerate the development of the high-level 
PTOX production systems transgenic metabolic engineering-based plants.

In several plants including Sesamum, pinoresinol is metabolized into distinct lignans. 
CYP81Q1, identified in several Sesamum genera, was shown to convert pinoresinol into 
piperitol and then sesamin via formation of two methylenedioxy bridges (Hata et al., 2013; 
Ono et al., 2006; Satake et al., 2013, 2015, 2016). The CYP81Q1 gene is expressed 
almost specifically in sesame seeds, which is compatible with the finding that the sesamin 
biosynthesis was detected predominantly in sesame seeds (Ono et al., 2006). Sesamin is highly 
likely to be further converted into sesaminol and sesamolin (Fig. 12.4), although the enzymes 
catalyzing these biosynthetic pathways remain to be characterized. Sesaminol was found to 
be subject to glucosylation at its 2-hydroxyl group by the homologous enzymes UGT71A8 
(Sesamum radiatum), 9 (S. indicium), and 10 (S. alatum) (Noguchi et al., 2008). Moreover, 
sesaminol 2-O-monoglucoside is further glucosylated at 6-position of the conjugated glucose 
by UGT94D1, which is specific to the glucosylation of the monoglucosylated sesaminol 
(Noguchi et al., 2008; Satake et al., 2013, 2015, 2016). Of note, CYP81Q1 homologs have not 
ever been detected in a wide range of lignan-rich plant species including Forsythia, Linum, or 
Podophyllum (Babu et al., 2013; Bhattacharyya et al., 2013; Marques et al., 2013, 2014; Satake 
et al., 2013, 2015, 2016; Wang et al., 2014a,b; Wu et al., 2014). This is in good agreement with 
the findings that these plants fail to biosynthesize sesamin and its derivatives. Likewise, neither 
PLR nor SIRD have been found in the Sesamum genome or transcriptome (Babu et al., 2013; 
Bhattacharyya et al., 2013; Marques et al., 2013, 2014; Satake et al., 2013, 2015, 2016; Wang 
et al., 2014a,b; Wu et al., 2014). These omics analyses verified the common and unique lignan 
biosynthesis pathways in the respective lineages.

3 Genomes and Transcriptomes of Lignan-Rich Plants

Over the past few years, the genomes or transcriptomes of lignan-rich plants, such as Linum 
(Babu et al., 2013; Barvkar et al., 2012; Wang et al., 2012), Sesamum (Wang et al., 2014a,b; 
Wu et al., 2014), and Podophyllum (Bhattacharyya et al., 2013; Lau and Sattely, 2015; 
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Marques et al., 2013, 2014) have been reported, followed by in silico identification of 
several functional gene families. Such NGS-based de novo transcriptome analysis has been 
shown to be a powerful procedure for molecular characterization or primary screening 
of putative genes encoding unknown lignan-biosynthetic enzymes (Babu et al., 2013; 
Bhattacharyya et al., 2013; Marques et al., 2013, 2014; Satake et al., 2013, 2015, 2016; 
Wang et al., 2014a,b; Wu et al., 2014). Furthermore, there is a report that a Podophyllum 
endophyte, not Podophyllum plants, may biosynthesize PTOX (Eyberger et al., 2006; Satake 
et al., 2013, 2015, 2016). NGS-based comprehensive omics analyses of Podophyllum and its 
endophytes will contribute a great deal to investigating the net PTOX biosynthesis pathways.

Table 12.1 summarizes the genomes and transcriptomes of lignan-rich plants: P. hexandrum, 
P. peltatum, Linum flavum, L. usitatissimum, and S. indicum. To date, genomes of two 
lignan-rich plant species (L. usitatissimum and S. indicum) transcriptomes of various 
organs or cells of five species (P. hexandrum, P. peltatum, L. flavum, L. usitatissimum, 
and S. indicum) have become available in public (Babu et al., 2013; Barvkar et al., 2012; 
Bhattacharyya et al., 2013; Lau and Sattely, 2015; Marques et al., 2013, 2014; Wang 
et al., 2012, 2014a,b), whereas genomes and transcriptomes of other lignan-rich plants 
awaits further investigation. These omics data are basically useful for the development 
of lignan-containing functional foods via metabolic engineering of lignan biosynthesis or 
the elucidation of the optimal condition of lignan production and the growth of the host 
plants. However, it is also noteworthy that de novo transcriptomes (transcriptomes without 
the genome references) may provide insufficient sequence information; for instance, 
most of transcriptomes lack the complete open reading frame due to the incomplete 
assembly of short reads, leading to incorrect gene ontology and molecular phylogenetic 
analyses (Babu et al., 2013; Bhattacharyya et al., 2013; Marques et al., 2013, 2014; Satake 
et al., 2013, 2015, 2016; Wang et al., 2014a,b; Wu et al., 2014). Therefore, the development 
of more powerful and reliable methods for assembly of short reads generated by de 
novo transcriptomes would improve the quality and usefulness of the obtained sequence 
information. Furthermore, the comparative analysis of the genomes and transcriptomes of 
lignan-rich plants is expected not only to enable the molecular characterization of species-
specific lignan-biosynthetic genes but also to verify the processes of molecular evolution 
and diversification of lignan biosynthesis.

4 Lignan Biological Activity on Mammals

To date, a wide variety of bioactivities of lignans in mammals have been reported, and several 
of them have played a key role in the development of new functional foods and clinical 
agents. In this section, we provide an overview of typical bioactivities of lignans.

The most prominent pharmacological activity of PTOX and its structurally related 
natural derivatives is suppression of tumor growth (Malik et al., 2014; Satake 
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et al., 2013, 2015, 2016). PTOX and its related compounds, binding to tubulin, were shown 
to arrest cell cycle arrest at metaphase (Malik et al., 2014; Satake et al., 2013, 2015, 2016). 
Consistent with these bioactivities, the PTOX semisynthetic derivatives, etoposide, 
teniposide, and etopophos (Fig. 12.2), are utilized to treat certain types of cancers, including 
testicular/small-cell lung cancer, acute leukemia, and Hodgkin’s and non-Hodgkin’s 
lymphoma (Malik et al., 2014; Satake et al., 2015, 2016; Truan et al., 2012; Yousefzadi et al., 
2010a). Interaction of PTOX-derived antitumor drugs with topoisimease II, a central enzyme 
for cell proliferation, was also found to trigger apoptosis of tumor cells (Malik et al., 2014; 
Satake et al., 2013, 2015, 2016; Truan et al., 2012; Yousefzadi et al., 2010a). In addition, 
other synthetic PTOX-related candidates, such as GP-11, NK-611, TOP-53, GL-331, and 
NPF, are now subjected to phase I or II clinical trials for new antitumor medicines (Malik 
et al., 2014; Satake et al., 2015, 2016; Truan et al., 2012; Yousefzadi et al., 2010a). The 
complicated chemical structures of PTOX indicate the difficulty in efficient large-scale 
chemical synthesis of these drugs, thereby emphasizing the importance of the biotechnical 
production of PTOX and its related phytochemicals in the development of diverse anticancer 
drugs (Satake et al., 2013, 2015, 2016).

Special attentions have also been paid to reduction of the risks of lifestyle-related diseases 
by other (dietary) lignans than PTOX. The modes of actions of lignans on mammals are 
classified in two ways: the pharmacological actions of specific metabolites of lignans 
by intestinal microflora and those of intact lignans (Satake et al., 2013, 2015, 2016). 
Many of lignans and their glycosides, including pinoresiniol, sesamin, lariciresinol, 
secoisolariciresinol, and matairesinol, are metabolized into enterodiol and enterolactone 
by intestinal microflora, and the metabolites of lignans are designated as enterolignans or 
mammalian lignans (Heinonen et al., 2001; Lampe et al., 2006; Liu et al., 2006; Satake 
et al., 2013, 2015, 2016). These enterolignans were found to bind to estrogen nuclear 
receptors (ER), ERα, and ERβ that play a crucial role in the maturation of sexual organs 
and the regulation of sexual hormone secretion (Malik et al., 2014; Mueller et al., 2004; 
Penttinen et al., 2007; Satake et al., 2013, 2015, 2016). Thus, enterolignans are also called 
phytoestrogens (Malik et al., 2014; Mueller et al., 2004; Penttinen et al., 2007; Satake 
et al., 2013, 2015, 2016). Since estrogen is thought to be involved in the suppression of 
tumorgenesis, phytoestrogens are also expected to exert the suppression of tumors via ERs. 
However, no direct evidence for it has been provided.

Intriguingly, intact lignans have also been detected in the sera of mammals fed with lignan-
rich foods, suggesting that some lignans, taken in by the mammalian digestive system in their 
intact forms, exerts their functions different from those of phytoestrogens via other regulatory 
systems than ERs (Adlercreutz 2007; Bergman Jungeström et al., 2007; During et al., 2012; 
Malik et al., 2014; Mense et al., 2008; Peñalvo et al., 2008; Power et al., 2006; Saarinen 
et al., 2008; Satake et al., 2013, 2015, 2016).
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Ingestion of flaxseed lignan complexes improved hyperglycemia and reduced markers of 
type II diabetes in elderly patients and various animal models (Adolphe et al., 2010; Barre 
et al., 2012; Satake et al., 2013, 2015, 2016). In particular, SDG, secoisolariciresinol, 
enterodiol, and enterolactone were found to block pancreatic α-amidase activity, likely 
leading to the decrease of serum glucose (Hano et al., 2013; Satake et al., 2015, 2016). 
Sesamin and its metabolites also exhibited antihypertensive effects and the antioxidative 
activity (Nakai et al., 2003; Nakano et al., 2002; Satake et al., 2013, 2015, 2016; Sirato-
Yasumoto et al., 2001). The latter is thought to be implicated with protective effects on the 
liver from oxidation by alcohols, lipid peroxides, and oxygen radicals (Akimoto et al., 1993; 
Satake et al., 2013, 2015, 2016; Sirato-Yasumoto et al., 2001; Tada et al., 2013). In human 
intestinal cell lines, Caco 2 cells, pinoresinol suppressed the gene expression of Cox-2 that is 
an inducible synthase of a basal prostaglandin, prostaglandin H (During et al., 2012; Satake 
et al., 2013, 2015, 2016). This downregulation is likely to be involved in the decrease in the 
production of inflammatory factors, interleukin-6, and prostaglandin E2. On the other hand, 
matairesinol was found to upregulate the production of prostaglandin E2 (During et al., 2012; 
Satake et al., 2013, 2015, 2016). These findings demonstrate the opposite effects of the two 
major lignans on the production of prostaglandin E2 in Caco 2 cells (During et al., 2012; 
Satake et al., 2013, 2015, 2016).

Intake of lignan-rich diets, including sesame seeds and flaxseeds, was shown to reduce 
the risk of breast cancer and improve the survival rate of postmenopausal women against 
breast cancers by epidemiological investigation (Buck et al., 2011a; Mense et al., 2008; 
Saarinen et al., 2007; Satake et al., 2013, 2015, 2016; Velentzis et al., 2009, 2011; Zaineddin 
et al., 2012). Furthermore, Buck et al. (2011b) demonstrated a positive correlation between 
serum enterolactone levels and prognosis in postmenopausal patients with breast tumors 
(Buck et al., 2011b; Satake et al., 2013, 2015, 2016). Collectively, these epidemiological 
data indicate the unique effects on the reduction of breast cancer risks in elderly women. 
Experimental evidence for them awaits further study.

Saarinen et al. (2008) showed that angiogenesis and tumor growth were markedly 
inhibited in nude mice implanted with human MCF-7 breast cancer, when mice were fed 
with lariciresinol (Saarinen et al., 2008; Satake et al., 2013, 2015, 2016). These effects 
were presumed to be exhibited via the induction of apoptosis and the upregulation of 
ERβ expression by lariciresinol (Saarinen et al., 2008; Satake et al., 2013, 2015, 2016). 
Chen et al. (2009) also found that ER- and growth factor-mediated gene expression was 
downregulated, leading to the suppression of cell proliferation and induction of the apoptosis 
of breast cancer cells in athymic mice orally administrated by SDG (Chen et al., 2009; 
Satake et al., 2013, 2015, 2016). Sesamin was also found to arrest breast tumor growth via 
downregulation of signaling cascades activated mitogen-activated protein kinase (MAPK) 
(Satake et al., 2013, 2015, 2016; Truan et al., 2012). Additionally, Truan et al. (2012) 
suggested that sesamin manifested more potent inhibitory effects on breast tumor growth than 
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SDG (Satake et al., 2013, 2015, 2016; Truan et al., 2012). These pharmacological effects, 
combined with the abundance of lignans in flax or sesame seeds and oils, confirm that lignan-
rich plants are promising functional diets for the reduction of the risks of lifestyle-related 
diseases, particularly, breast cancer (Satake et al., 2013, 2015, 2016).

Although the molecular mechanisms underlying the aforementioned effects of almost 
all lignans remain unclear, of particular interest is that respective lignans exhibit specific 
bioactivities in mammals (Satake et al., 2013, 2015, 2016). These epidemiological data and 
experimental evidence encourage us to develop efficient, stable, and sustainable production 
systems of beneficial dietary lignans.

5 Metabolic Engineering of Lignan Biosynthesis

Recent studies revealed that some old plant varieties possessed greater amounts of phenolic 
compounds, particularly lignans. For example, sesamin and sesamolin values for Indian 
sesame germplasm were higher than those of 65 sesame seed samples harvested in USA 
(Pathak et al., 2014). Old Italian soft wheat cultivars were found to contain approximately 
twofold greater lignans than current ones (Dinelli et al., 2007, 2011). Such reduction of the 
lignan contents in modern cultivars is likely to have occurred during selective breeding for 
improving growth rate, given that lignans were found to suppress germination or growth of 
plants (Satake et al., 2013). In other words, these findings suggest the potential difficulty 
in improving the productivity of lignans in natural lignan-producing cultivars, and thus, 
metabolic engineering of lignan biosynthesis pathways is expected to be a promising strategy 
for efficient, stable, and sustainable production of lignans of interest. A growing body of 
studies has shown that lignan biosynthesis is altered by genetic modification, light, and 
elicitors. This section presents an overview and discussion of recent progress in major lignan 
metabolic engineering using plants, plant cells, and organ cultures.

5.1 Metabolic Engineering of Transgenic Plants and Cells

Stable transfection or gene silencing, namely, authentic transgenic metabolic engineering 
of a lignan-biosynthetic enzyme gene is expected to directly alter the lignan production 
cascades in host plants, organs, and cells. To date, Forsythia and Linum cell, organ cultures, 
and plants are attempted to generate the transgenic plants among lignan-rich plants (Satake 
et al., 2013, 2015, 2016).

5.1.1 Transgenic Forsythia cells

Forsythia is a perennial plant commonly known as the golden bell flower, and is used for a 
wide range of Chinese medicines and health diets (Satake et al., 2013, 2015, 2016; Suzuki 
and Umezawa, 2007; Umezawa, 2003). As shown in Fig. 12.4, Forsythia biosynthesizes 
pinoresinol, lariciresinol, secoisolariciresinol, matairesinol, and arctigenin plus their 
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glucosides (Kim et al., 2009; Morimoto and Satake, 2013; Murata et al., 2015; Satake 
et al., 2013, 2015, 2016; Suzuki and Umezawa, 2007; Umezawa, 2003).

Several transgenic Forsythia plants and cells have been documented for the past 5 years (Kim 
et al., 2009; Morimoto et al., 2011a; Murata et al., 2015; Satake et al., 2013, 2015, 2016). 
Morimoto et al. (2011a) indicated that there are great differences in the regeneration 
efficiency and the optimal condition among Forsythia varieties (Morimoto et al., 2011a; 
Satake et al., 2013, 2015, 2016). Indeed, F. koreana, Forsythia intermedia, and F. suspense 
explants regenerated more than 100, 36, and 4 shoots per leaf, respectively (Morimoto 
et al., 2011a; Satake et al., 2013, 2015, 2016). To date, generations of transgenic hygromycin-
resistant F. intermedia and F. koreana have been succeeded (Morimoto et al., 2011a; Satake 
et al., 2013, 2015, 2016). However, this study also unraveled extremely low transformation 
efficiencies of Forsythia species, strongly suggesting that metabolic engineering using 
transgenic Forsythia plants is at present impractical. Consequently, investigation of the 
molecular basis for such low transformation efficiency could pave the way for developing 
efficient method for the generation of transgenic Forsythia, leading to metabolic engineering-
based production of beneficial lignans using transgenic Forsythia.

In contrast, metabolic engineering of lignan biosynthesis using Forsythia cells has been 
succsessful. The transgenic metabolic engineering of Forsythia culture cells was reported 
for the first time in 2009. Kim et al. (2009) demonstrated that F. koreana suspension cells 
stably transfected with a PLR-RNA interference (RNAi) sequence (PLR-RNAi) showed 
complete loss of matairesinol and an approximately 20-fold increase in total pinoresinol 
(pinoresinol aglycone and glucoside), compared with the wild-type cells (Kim et al., 2009; 
Satake et al., 2013, 2015, 2016). Furthermore, the same authors showed the production of an 
exogenous lignan, sesamin, by double-transgenic Forsythia cells, CPi-Fk, which are stably 
transfected with PLR-RNAi and the sesamin-biosynthesizing enzyme, CYP81Q1 (Fig. 12.2), 
produced sesamin (Fig. 12.5), whereas wild-type Forsythia cannot biosynthesize sesamin due 
to the lack of CYP81Q1 orthologs (Kim et al., 2009; Satake et al., 2013, 2015, 2016). This is 
the first success in the transgenic metabolic engineering-based production of an exogenous 
lignan in plant cells, demonstrating that the Forsythia cells have excellent potentials for 
the production of endogenous and exogenous lignans by transgenic metabolic engineering 
(Satake et al., 2013, 2015, 2016).

Recently, the ability of lignan production by CPi-Fk has been markedly upgraded. Murata 
et al. (2015) showed the generation of triple-transgenic F. koreana cells, U18i-CPi-Fk, by 
stable transfection of CPi-Fk with an RNAi sequence against the pinoresinol-glucosylating 
enzyme, UGT71A18 (Murata et al., 2015; Satake et al., 2016). U18i-CPi-Fk was found to 
accumulate approximately fivefold higher amounts of pinoresinol aglycone than CPi-Fk, and 
the ratio of pinoresinol aglycone to total pinoresinol in U18i-CPi-Fk was 81.81% ± 6.43%. 
Notably, this aglycone/total pinoresinol ration was approximately 6.5-fold greater than that of 
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CPi-Fk (13.19 ± 2.35%) (Murata et al., 2015; Satake et al., 2016). These results proved that 
stable transfection of UGT71A18-RNAi is markedly effective for the increase of pinoresinol 
aglycone that is used for sesamin production. Consistently, U18i-CPi-Fk has also been 
shown to display 1.4-fold higher production of sesamin than CPi-Fk (Murata et al., 2015; 
Satake et al., 2016), confirming that suppression of UGT71A18 gene expression plays a key 
role in increase of the sesamin production. This correlation of the improvement of sesamin 
productivity with the downregulation of UGT71A18 is in good agreement with the findings 
that CYP81Q1 can convert only pinoresinol aglycone, but not its glucoside, into sesamin 
(Ono et al., 2006; Satake et al., 2013, 2015, 2016), and 90% of pinoresinol is glucosylated 
in Forsythia wild-type cells or leafs (Kim et al., 2009; Morimoto and Satake, 2013; Murata 
et al., 2015; Satake et al., 2013, 2015, 2016).

Figure 12.5: Metabolic Engineering of Forsythia Suspension Cell.
The double-transgenic Forsythia suspension cells, CPi-Fk, acquired the ability to produce sesamin by 
stable transfection with PLR-RNAi and an exogenous (Sesamum) CYP81Q1 gene (Kim et al., 2009; 

Satake et al., 2013, 2015, 2016). The triple-transgenic cells, U18i-CPi-Fk, were generated by 
the introduction of UGT71A18-RNAi into CPi-Fk, and exhibit higher production of pinoresinol 
and sesamin than CPi-Fk (Murata et al., 2015; Satake et al., 2016). The lignan productivity is 

approximately 3- to 5-fold higher under LED than in the dark. U18i-CPi-Fk can also be stocked in 
liquid nitrogen for a long period, and rethawed U18i-CPi-Fk exhibit high productivity of sesamin at 

the level comparable to noncryopreserved U18i-CPi-Fk.
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In addition to the high sesamin productivity, U18i-CPi-Fk has also been shown to possess 
another prominent ability as a stable and sustainable lignan supplier; that is, robust 
resistance against long-term storage (Murata et al., 2015; Satake et al., 2016). To date, 
universal procedures for long-term stock of plant cell cultures have not been well developed 
(Ogawa et al., 2011; Satake et al., 2016). Moreover, cryopreservation procedures for a 
particular plant cell are frequently useless to other plant cells (Ogawa et al., 2011; Satake 
et al., 2016). For example, we have not succeeded in establishing any procedure for long-
term cryopreservation of CPi-Fk (Murata et al., 2015; Satake et al., 2016). Therefore, 
CPi-Fk cells had to be continuously cultured, and were all lost after 2 years of culture. 
In contrast, Murata et al. (2015) demonstrated that U18i-CPi-Fk cells were successfully 
stocked by sodium alginate-based cryopreservation in liquid nitrogen for more than 
6 months, and that rethawed U18i-CPi-Fk after 6-month cryopreservation biosynthesized 
sesamin and pinoresinol at the comparable levels to noncryopreserved U18i-CPi-Fk (Murata 
et al., 2015; Satake et al., 2016). These findings endorse the reproducible functionalities of 
U18i-CPi-Fk (Murata et al., 2015). Altogether, the high lignan (pinoresinol and sesamin) 
productivity and establishment of the frozen stocks of U18i-CPi-Fk indicate the marked 
usefulness of U18i-CPi-Fk as a stable and sustainable platform of lignan production 
(Fig. 12.5).

Also of interest is that light irradiation has been shown to be effective for the biosynthesis 
of both endogenous and exogenous lignans by CPi-Fk and U18i-CPi-Fk cells. Two-
week irradiation of CPi-Fk cells resulted in increase of 1.5- to 3.0-fold more total 
pinoresinol accumulation than cells cultured in the dark (Morimoto et al., 2011b; Satake 
et al., 2013, 2015, 2016). Similarly, when CPi-Fk cells were irradiated with white fluorescent, 
blue LED, and red LED light for 2 weeks, resulted in 2.3-, 2.7-, and 1.6-fold more sesamin 
accumulation, respectively, compared with cells cultured in the dark (Morimoto et al., 2011b; 
Satake et al., 2013, 2015, 2016). In addition, expression of the pinoresinol-glucosylating 
enzyme UGT71A18 was suppressed in CPi-Fk cells irradiated with blue LED or red LED 
light (Morimoto et al., 2011b). This finding is also compatible with the aforementioned study 
demonstrating that UGT71A18-RNAi led to the increased accumulation of sesamin (Murata 
et al., 2015; Satake et al., 2016).

Similar positive effects were observed in U18i-CPi-Fk. In this triple-transgenic cells, 
pinoresinol aglycone was 3.4-fold and 2.8-fold more accumulated under white fluorescent 
and red LED light for 2 weeks, respectively, than in the dark (Murata et al., 2015; Satake 
et al., 2016). Sesamin accumulation in U18i-CPi-Fk was also approximately threefold 
upregulated specifically under red LED light for 2 weeks, whereas sesamin production 
was not altered by irradiation of white fluorescent or blue LED light (Murata et al., 2015; 
Satake et al., 2016). Of note, these studies indicate that CPi-Fk and U18i-CPi-Fk possess 
different light sensitivity for the sesamin production, given that blue LED light shows the 
most potent effect on the sesamin production in CPi-Fk (Morimoto et al., 2011b), whereas 
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the sesamin production was most effectively activated by red LED light in U18i-CPi-Fk 
(Murata et al., 2015). The molecular mechanism underlying such difference in light type-
dependent lignan production of these transgenic Forsythia cells awaits further studies, but 
the suppression of UGT71A18 gene by either RNAi or blue LED light may also affect other 
biosynthetic pathways than pinoresinol glucosylation.

Such light-dependent upregulation of lignan production was also evaluated in other natural 
plants or cells. Concerning Linum species, Linum album cell suspension cultures resulted 
in accumulation of twofold more PTOX under red light than those in the dark (Satake 
et al., 2015, 2016; Yousefzadi et al., 2012). In S. indicum leaves after sowing, 3- to 5-week 
irradiation with blue LED light biosynthesized twofold higher sesamin content, compared 
with white fluorescent light, whereas sesamin content was decreased twofold under red LED 
light (Hata et al., 2012, 2013; Satake et al., 2015, 2016). Collectively, these studies revealed 
that lignan biosynthesis largely depends on the types of light, and that sensitivity of light 
types to lignan production varies among lignan compounds and lignan-producing plant 
species.

5.1.2 Transgenic Linum plants

Linum spp. (flax, Linaceae) are annual flowering plants. This genus has received dietary and 
medicinal attention due to the biosynthesis of various lignans, including PTOX and its related 
compounds (Satake et al., 2015, 2016). Thus, Linum species are thought to be a substitute for 
Podophyllum in light of natural source of PTOX, and the procedures for tissue and cell culture 
have been well documented. Moreover, flax seeds and oils become popular healthy diets 
owing to the abundant contents of lignans beneficial for human (Goyal et al., 2014; Kajla 
et al., 2015; Satake et al., 2015, 2016). Consequently, Linum is also likely to be a promising 
host for metabolic engineering-based lignan production.

Renouard et al. (2014) demonstrated that PLR-RNAi-transgenic resulted in the high 
accumulation of pinoresinol diglucoside and complete loss of SDG in the seed coat of 
L. usitatissimum (Renouard et al., 2014). It is noteworthy that the PLR-RNAi-transgenic Linum 
plants were shown to biosynthesize an 8-5′-linked neolignans, dehydrodiconifnyl alcohol, 
and dihydro-dehydrodiconifnyl alcohol, whereas these compounds were not detected in the 
wild-type plants (Renouard et al., 2014; Satake et al., 2015, 2016). These findings indicate that 
metabolic engineering, even RNAi against a single gene, occasionally alters some biosynthetic 
pathways and leads to serendipitous generation of phytochemicals, although the precise 
molecular mechanism has yet to be investigated. In addition, this is the first report on the 
generation of the transgenic plant in which the endogenous lignan biosynthesis is engineered.

5.1.3 Transient transformation of Linum cells, organs, and plants

Hemmati et al. (2007) revealed that transient transfection of hairy roots of L. perenne with 
PLR-RNAi accumulated 25% less the amounts of justicidin B than the wild-type. Hinokinin 
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was also reported to be decreased, when L. corymbulosum hairy roots were transiently 
transfected with PLR-RNAi (Bayindir et al., 2008). These findings suggest that the catalysis 
of pinoresinol into secoisolariciresinol affects the production of downstream lignans, such 
as justicidin B and hinokinin. Nevertheless, identification of the enzymes responsible for 
the biosynthesis of justicidin B and hinokinin is expected to accelerate the development of 
procedures for metabolic engineering-based production of these lignans.

In combination, these findings shed light on metabolic engineering-based on-demand lignan 
production using Forsythia and Linum transgenic or transiently gene-transfected cells and 
plants.

5.1.4 Checkpoints of metabolic engineering of lignan biosynthesis

When we attempt to establish metabolic engineering-based lignan production using plants, 
two crucial factors must be considered; what type of host plants will be used, and which 
should be employed, the generation of transgenic or transiently transfected plants. Host types 
are basically classified into plants, organs, and cell cultures. As for sesamin production using 
the transgenic Forsythia cells, the amount of sesamin produced by U18i-CPi-Fk cells is 
∼100-fold lower than that by native sesame seeds (Murata et al., 2015). However, U18i-CPi-
Fk-based sesamin production has several advantages. First, the Forsythia transgenic cells 
are propagated 10-fold in 2 weeks in standard culture medium (Murata et al., 2015; Satake 
et al., 2015, 2016). Second, U18i-CPi-Fk can be cultured and propagated at all times and 
any locations. This is in contrast with sesame seeds that can be cultivated in limited regions 
only once a year. Third, U18i-CPi-Fk can be stocked for a long time (Murata et al., 2015; 
Satake et al., 2015, 2016). Fourth, U18i-CPi-Fk cells can be cultured under favorable 
temperature, light wavelength and intensity, and medium components. These conditions can 
be optimized according on demand for sesamin production or cell growth (Kim et al., 2009; 
Murata et al., 2015). Otherwise, how about metabolic engineering of Forsythia plants? As 
stated earlier, no efficient procedures for generation of transgenic Forsythia plants have been 
established due to the markedly low transformation efficiency, which is in contrast with the 
generation of Forsythia transgenic cells. Moreover, the respective Forsythia plants were 
shown to favor differential condition in culturing and regeneration (Morimoto et al., 2011a). 
These findings lead to the prediction of the struggle in generating transgenic Forsythia 
plants. On the other hand, Forsythia plants are expected to have much greater biomass and 
produce larger amounts lignans, compared with the suspension cell cultures. Moreover, these 
plants can grow and propagate from small explants without flowering or seed formation 
(Morimoto et al., 2011a; Satake et al., 2015, 2016). In combination, these potentials suggest 
that the development of a procedure for efficient generation of transgenic Forsythia would 
open an avenue for novel and robust metabolic engineering-based lignan production systems. 
In other words, although the generation of nonmodel transgenic plants, including Forsythia, 
is time-consuming and costly, such transgenic plants, once created, would be useful for 
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sustainable and stable lignan production and be readily upscaled, compared with agricultural 
production.

Transgenic plants in general need to be generated, propagated, and cultivated in a closed 
facility for recombinant plants. In contrast, transiently transfected plants are not restricted 
by such biological security laws. However, transient transfection also harbors technical and 
practical disadvantages. First, transient transfection needs to be repeated at each generation. 
Second, transient transfection of multiple genes is considerably less efficient than that of 
a single gene, leading to the low-level production of targeted lignans. Furthermore, large-
scale transient transfection methods, which are sufficient for industrial purposes, have yet 
to be fully developed (Chen et al., 2013). This is also an essential issue, because transiently 
transfected plants cannot be propagated. These findings and insight suggest that the 
development of associated techniques, including large-scale transient transfection, as well 
as the generation of nonmodel transgenic plants, are prerequisites for the establishment of 
metabolic engineering-based lignan production using transgenic or transiently transfected 
plants, organ cultures, and cells.

5.2 Metabolic Engineering by Elicitation

Over the past decade, a growing body of studies has shown that lignan biosynthesis is also 
affected by “elicitors,” which stimulate plant defense systems upon injury or infection (Malik 
et al., 2014; Satake et al., 2015, 2016). A wide variety of compounds were found to elicit 
elicitation: phytohormones, methyl jasmonate (MeJA), and salicylic acid (SA), fungi, their 
extracts, and glycan components (Malik et al., 2014; Satake et al., 2015, 2016). Moreover, 
several lignans were found to be functionally correlated with plant defense systems (Malik 
et al., 2014; Satake et al., 2013, 2015, 2016; Zhao et al., 2005). Taken together, these findings 
suggest that elicitors are promising effectors for lignan biosynthesis (Berim et al., 2005; 
Malik et al., 2014; Satake et al., 2013, 2015, 2016). Indeed, the effects of various elicitors 
on lignan production and/or the gene expression of the relevant biosynthetic enzymes have 
thus far been detected in diverse cell cultures and hairy roots of Forsythia, Juniperus, and 
Podophyllum species (Table 12.2).

MeJA and SA were shown to increase the production of PTOX and the structurally related 
lignans in cell suspension cultures of L. album (Van Fürden et al., 2005; Yousefzadi et al., 
2010b), L. nodiflorum (Van Fürden et al., 2005), P. hexandrum (Bhattacharyya et al., 2012), 
and callus of L. austriacum callus culture (Vardapetyan et al., 2003). These lignan increases 
are highly likely to be functionally correlated with upregulation of the gene expression of 
enzymes for biosynthesis of early intermediates of lignans (upstream of the biosynthesis 
of pinoresinol), such as conifenyl alcohol, PAL, cinnamoyl-CoA reductase (CCR), and 
CAD in the aforementioned plants (Bhattacharyya et al., 2012; Satake et al., 2015, 2016; 
Van Fürden et al., 2005; Yousefzadi et al., 2010b). Stimulation of PTOX production and 



370 Chapter 12

Table 12.2: Major elicitors and their effects on lignan biosynthesis.

Elicitor Target Effect

Chito-oligosaccharides (1 mg) Juniperus chinensis callus culture Increased PTOX production
Methyl jasmonate (MeJA) (100 µM) F. intermedia cell suspension 

culture
Increased pinoresinol and 
matairesinol production

L. austriacum callus culture Enhanced activity of TAL, coumarate 
3-hydroxylase (C3H), PPO, and PAL

Mannan (0.1 mg/mL) Increased PTOX, 6-MPTOX, dPTOX, 
α- and β-peltatins production

β-1,3-Glucan (0.1 mg/mL) Increased PTOX and α-peltatins 
production

Ancymidol (10−7 M) Increased PTOX, 6-MPTOX, dPTOX, 
and α-peltatins production

Indanoyl-isoleucine (5–100 µM), 
coronalon, (10–50 µM), MeJA 
(100 µM)

L. nodiflorum cell suspension 
culture

Increased deoxypodophyllotoxin 
production, enhanced activity 
of 6-hydroxylase and β-peltatin, 
6-O-methyltransferas, increased 
6-MPTOX, and 5′-d-6-MPTOX 
production

MeJA (100 µM) L. album cell suspension 
culture

Increased PTOX production

B. cinerea extract (3% v/v), P. exigua 
extract (3% v/v), F. oxysporum extract 
(3% v/v)

L. usitatissimum cell suspension 
culture

Rapid stimulation of the monolignol 
pathway, enhanced PAL activity, and 
expression of genes encoding PAL, 
CCR, and CAD

MeJA (50–200 µM) L. tauricum hairy root culture Increased 6MPTOX and 4′-DM-
6MPTOX production

Salicylic acid (SA) (10 µM) L. album cell suspension 
culture

Enhanced PAL, CCR, and CAD gene 
expression and PTOX production

Chitin (100 mg/L), chitosan (100–
200 mg/L), MeJA (100–200 µM)

L. album cell suspension 
culture

Increased lariciresinol and/or PTOX 
production

F. graminearum extract (1% v/v), 
Sclerotinia sclerotiorum extract (1% v/v), 
R. stolonifer extract (1% v/v), R. solani 
extract (1% v/v)

L. album cell suspension 
culture

Enhanced PAL, CCR, CAD, and PLR 
gene expression, increased PTOX and 
lariciresinol production

MeJA (10–100 µM) P. hexandrum cell suspension 
culture

Changes in cell proteome, increased 
PTOX production

F. graminearum extract (1% v/v), 
S. sclerotiorum extract (1% v/v), 
Trichoderma viride extract (1% v/v), 
chitosan (100 mg/L)

L. album hairy root culture Enhanced PAL, CCR, CAD, and PLR 
gene expression, increased PTOX, 
6MPTOX, and lariciresinol production

Chitosan and chitin oligomers 
(100 mg/L)

L. album cell suspension 
culture

Enhanced PAL, CCR, CAD, and PLR 
gene expression, increased PTOX, 
6MPTOX, and lariciresinol production

F. graminearum culture filtrate (1% v/v) L. album cell suspension 
culture

Increased phenolic compound, 
PTOX, and lariciresinol production, 
enhanced PAL activity

CAD, Cinnamylalcohol dehydrogenase; CCR, cinnamoyl-CoA reductase; MeJA, methyl jasmonate; PAL, phenylalanine 
ammonialyase; PPO, polyphenoloxidase; PTOX, podophyllotoxin; TAL, tyrosine ammonia-lyase.



Lignan Biosynthesis for Food Bioengineering 371

the upregulation of gene expression of these biosynthetic enzymes by MeJA and SA were 
also observed in hairy roots of L. tauricum (Ionkova, 2009). Moreover, MeJA was found to 
potentiate the production of pinoresinol and matairesinol in F. intermedia cell suspension 
culture (Schmitt and Petersen, 2002).

Chitin oligomers and chitosan were also found to stimulate PTOX production and/or gene 
expression of lignan-biosynthetic enzymes, including PAL, AAR, CAD, and PLR, in callus 
of L. austriacum (Vardapetyan et al., 2003), and callus and hairy roots of L. album (Bahabadi 
et al., 2011, 2014a,b). In L. album hairy roots, 5-day treatment with chitosan hexamer 
exhibited the most potent PTOX and lariciresinol production and the upregulation of the gene 
expression of PAL, CCR, CAD, and PLR of chitosan oligomers (Bahabadi et al., 2014b; 
Satake et al., 2015, 2016).

Fungal coculturing, extracts, and filtrate were also found to exhibit similar elicitation on 
lignan production (Table 12.2). Botrytis cinerea, Phoma exigua, and Fusarium oxysporum 
extracts potentiated the PAL activity and gene expression of PAL, CCR, and CAD in 
L. usitatissimum suspension cells (Hano et al., 2006). When L. album cell cultures were 
incubated with Fusarium graminearum extract for 5 days, 7-fold greater PTOX and more 
than 10-fold PAL, CCR, and CAD mRNAs were detected than untreated cells, proving 
that this extract exhibited more potent effects on PTOX production and PAL, CCR, and 
CAD expression, compared to 3-day treatment with chitosan, chitin, or MeJA (Bahabadi 
et al., 2011, 2012, 2014a; Satake et al., 2015, 2016).

Rhizopus stolonifer and Rhizoctonia solani extracts was found to biosynthesize 8.8-fold and 
6.7-fold greater lariciresinol in L. album cell cultures after 5-day treatment. Additionally, 
2-day incubation with Rhizopus stolonifer extract resulted in more than 5-fold induction 
of the PLR gene in L. album cells and hairy roots (Bahabadi et al., 2012, 2014a; Satake 
et al., 2015, 2016). Collectively, these studies showed that fungal extract elicitors exhibited 
unique activities on the lignan biosynthesis pathways, although investigation of the 
underlying molecular mechanisms is underway.

It is noteworthy that no data for the elicitor-directed regulation of enzymes or their gene 
expression responsible for the upstream of matairesinol in lignan biosynthesis pathways 
have ever been reported. Investigation of the effects of elicitors on the expression of genes 
encoding lignan-biosynthetic enzymes downstream of PLR will lead to the development of 
new methods of metabolic engineering of lignan biosynthesis using various plants.

6 Conclusions

This chapter has provided an overview of diverse recent advances in studies of lignans: (1) 
novel genes encoding enzymes for biosynthesis pathways of dietary and medicinal lignans; 
(2) the production of several lignans by transgenic or transiently transfected plants, organs, 
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and cells; (3) the genomic and transcriptomic information of lignan-rich plants; and (4) the 
upregulation of lignan production in cells and plants by light and elicitors. These findings 
suggest that the lignan productivity in plants are markedly improved by combination of gene 
modification (including generation of transgenic plants), light, and/or elicitors. For example, 
elicitation may contribute to an increase in sesamin production by U18i-CPi-Fk irradiated 
with red LED (Satake et al., 2016). Moreover, integration of the aforementioned experimental 
data is useful to optimization of metabolic engineering-based lignan production strategy: 
species of cells, organ cultures, plants, light type, elicitors, and transfection strategies, 
ultimately, leading to the on-demand efficient lignan production via synergistic metabolic 
engineering.

Public acceptance of the safety and usefulness of transgenic foods remains controversial. 
Generally, two potential risks in transgenic plants have been pointed out: risks of 
recombinant genes or proteins for human bodies and those for disruption of ecological 
systems. However, it should be most noteworthy that lignans produced by transgenic plants 
are chemically identical to natural ones, and that any recombinant genes or proteins will 
be eliminated in the process of purification. Thus, beneficial phytochemicals, including 
lignans, produced by transgenic plants, are likely to much more easily garner public 
acceptance and approval of commercialization by relevant administrative organizations of 
each nation for food safety, compared with transgenic foods themselves or protein products. 
Moreover, the scaling-up of the transgenic metabolic engineering-based lignan production 
and its industrialization must be carried out in a closed cultivation system. Hence, 
contamination of the environment by transgenic plants and their recombinant products will 
be shut off, which warrants ecological safety (Chun and Kozai, 2001; Hirai et al., 2010; 
Kato et al., 2010).

Altogether, recent advances in the metabolic engineering of lignan biosynthesis will 
raise innovation of the production systems of various beneficial lignans, leading to the 
establishment of efficient, stable, and sustainable lignan-related diet supply on demand, and, 
ultimately, extension of our healthy life expectancy in the near future.
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MeJA  Methyl jasmonate
MOMT  Matairesinol O-methyltransferase
PAL  Phenylalanine ammonialyase
PIP  Pinoresinol-lariciresinol/isoflavone/phenylcoumaran benzylic ether reductase
PLR  Pinoresinol-lariciresinol reductase
PTOX  Podophyllotoxin
RNAi  RNA interference
SA  Salicylic acid
SDG  Secoisolariciresinol diglucoside
SIRD  Secoisolariciresinol dehydrogenase
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CHAPTER 13

Amphiphilic Acyl Ascorbates: 
Their Enzymatic Synthesis 
and Applications to Food
Yoshiyuki Watanabe*, Shuji Adachi**
*Kindai University, Higashi-Hiroshima, Japan; **Kyoto University, Kyoto, Japan

1 Introduction

l-Ascorbic acid is called vitamin C and is a water-soluble compound. It is used extensively 
as an additive in food and cosmetics due to its strong reducing ability (Huang et al., 2013; 
Kim et al., 2015; Sarkar and Sinha, 2016). Lipophilic derivatives, which is called acyl 
ascorbate, of ascorbic acid esterified with a long-chain fatty acid, such as palmitic and 
stearic acids, are used as additives in foods rich in lipid (Humeau et al., 1995). These 
compounds, which are mainly synthesized by a chemical procedure, would be edible 
surfactants because each substrate is eaten daily as a food component. The 6-O- and 2-O-
monoesters of ascorbic acid with fatty acid or phosphoric acid have physiological activity 
equivalent to unmodified vitamin C. 6-O-Palmitoyl and stearoyl ascorbates are commercially 
available and palmitoyl ascorbate has metastasis-inhibitory effects and antitumor activity. 
As medium-chain fatty acids or their glycerides enhance the absorption of hydrophilic 
substances in the intestine, it is expected that a condensate of ascorbic acid and medium-
chain fatty acid itself could be easily absorbed in the intestine with the physiological activity 
of vitamin C or that the ester could facilitate the absorption of hydrophilic substances. In 
addition, palmitoyl and stearoyl ascorbates are practically so insoluble in water that they 
would be difficult to use as an emulsifier for preparation of oil-in-water (O/W) emulsions. 
Acyl ascorbates with shorter acyl chains, such as medium chain, would be more amphiphilic 
than palmitoyl and stearoyl ascorbates. The ascorbate with medium acyl chain would be 
more water-soluble and has more potential as an emulsifier for preparing O/W emulsion 
than those with long chains. Polyunsaturated fatty acid (PUFA) may be also used as a 
substrate for the synthesis of acyl ascorbate. PUFA has important physiological functions, 
such as antiallergenic, antithrombotic, and cholesterol depressant properties. For example, 
arachidonic acid is one of n−6 PUFAs and the precursor of leukotrienes, prostaglandins, 
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and related compounds. It plays important roles in inflammation and in the regulation of 
immunity. However, PUFA, especially fatty acid with a degree of high unsaturation, is 
extremely susceptible to the oxidation (Rai et al., 2013; Roby et al., 2015). The oxidative 
stability of PUFA may be improved by esterification of the acid with ascorbic acid. 
Acyl ascorbate consists of ascorbyl moiety as a hydrophilic group and acyl residue as a 
hydrophobic group, and therefore it seems to be promising emulsifiers with both surface 
activity and reductivity.

Enzymatic synthesis of acyl ascorbate would be more advantageous than a chemical 
method because of the simplicity of its reaction process and its high regioselectivity for 
substrates. The conversion for the enzymatic condensation of ascorbic acid and fatty 
acid in an aqueous system was low due to the high water content in the reaction solution. 
The synthesis of ester composed of a hydrophilic compound, such as saccharide, and 
fatty acid by lipase in organic solvent and ionic liquid has been widely studied (Casas-
Godoy et al., 2016; Chen et al., 2013; Fischer et al., 2013; Hidayat et al., 2016; Watanabe 
et al., 2014; Yang et al., 2010). Acyl ascorbate has been synthesized in organic solvent 
using lipase through the reaction shown in Fig. 13.1 (Humeau et al., 1995; Watanabe 
et al., 1999). Researchers also synthesized various acyl ascorbates through condensation of 
ascorbic acid with medium-chain fatty acid and PUFA using lipases from various origins 
in water-miscible organic solvent with low water content, and examined their properties 
as a food additive, such as antioxidant and emulsifier (Watanabe et al., 2010a, 2016; 
Wiboonsirikul et al., 2016).

In this chapter, researches for enzymatic synthesis of amphiphilic acyl ascorbates and their 
applications to food are described. First, the optimal conditions for enzymatic synthesis of 
saturated acyl ascorbate in a batch reaction and the productivity in continuous reactions using 
a continuous stirred tank reactor (CSTR) and a plug flow reactor (PFR) are shown. Second, 
the stability of the synthesized ascorbate in air and aqueous solution is kinetically analyzed. 
Furthermore, the surfactant and emulsifier property in aqueous system and the antioxidant 
activity on lipid oxidation in a bulk system, O/W emulsion, and microencapsule are 
evaluated. Last, the effect of acyl ascorbate on oxidative stability of water-soluble compound 
is examined.

Figure 13.1: Synthesis Reaction of Acyl Ascorbate Through Condensation of Ascorbic Acid With 
Fatty Acid Using Lipase in Organic Solvent With Low Water Content.
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2 Enzymatic Synthesis of Acyl Ascorbate
2.1 Optimal Conditions in Batch Reaction

Ascorbic acid was acylated with lauric acid in acetonitrile using various lipases of different 
origins in a batch system (Watanabe et al., 1999). In advance, acetonitrile was dehydrated 
using molecular sieves at a concentration of 0.2 g/mL. Twenty milliliters of the dehydrated 
solvent, 1 mmol of ascorbic acid and 5 mmol of a fatty acid were placed in an amber glass 
vial with a screw cap, and then 400 mg of lipase was added. Lipases A from Aspergillus niger, 
AL from Achromobacter sp., F from Rhizopus oryzae, M from Mucor javanicus, MY from 
Candida cylindracea nov. sp., OF from C. cylindracea, PL and QL from Alcaligenes sp., PS  
from Pseudomonas cepacia, and type VII from C. cylindracea, and Chirazyme L-2 C2 (Roche 
Molecular Biochemicals, Germany) from Candida antarctica immobilized on a macroporous 
acrylic resin were used to identify a lipase capable of catalyzing the condensation in the 
medium. The vial was tightly sealed and immersed in a water bath at 60°C with vigorous 
shaking. A portion of the reaction solution was sampled at appropriate intervals and was 
used for HPLC analysis. Chirazyme L-2 C2 produced a sufficient amount of product, such 
as lauroyl ascorbate, and lipase PS yielded a trace amount of product for 24 h. The other 
lipases could not produce any products. Therefore, Chirazyme L-2 C2 was subsequently used 
for the synthesis reaction as a catalyst. The transient changes in the conversion of lauroyl 
ascorbate in several water-soluble organic solvents were measured. The conversion based 
on the amount of ascorbic acid added as the limiting reactant was calculated. As shown in 
Fig. 13.2A, the highest conversion was obtained in 2-methyl-2-butanol but a by-product 

Figure 13.2: (A) The transient changes in conversion using acetonitrile (○), 2-methyl-2-propanol 
(!), and 2-methyl-2-butanol (") as reaction medium. The initial concentrations of ascorbic acid 

and lauric acid were 50 mmol/L and 250 mmol/L, respectively. The concentration of Chirazyme L-2 
C2 was 20 g/L. The reaction temperature was 55°C. (B) Condensation reaction of ascorbic acid 

and lauric acid at 50°C (#), 55°C (!), 60°C ("), and 70°C (○, (). The other conditions were the 
same as in (A).
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was detected in the medium. The by-product would be more hydrophobic than the desired 
product judging from the retention time during the high pressure liquid chromatography 
(HPLC) analysis. Acetonitrile was adapted as the reaction medium afterward, because 
the formation of the by-product was undesirable. On the other hand, the conversion for 
the synthesis of cis-9,trans-11-conjugated linoleoyl ascorbates was high in the order of 
acetonitrile, acetone, 2-methyl-2-propanol, and 2-methyl-2-butanol (Watanabe et al., 2008b). 
Consequently, the reactivity seemed to be in proportion to the polarity of the reaction 
solvent. The lipase-catalyzed condensation of ascorbic acid and lauric acid was carried out 
at various temperatures (Fig. 13.2B). The reaction rate was faster at a higher temperature. 
The conversion, however, leveled off at 70°C compared to 55 and 60°C. The decrease in the 
conversion at that temperature was likely due to the denaturation of lipase from C. antarctica. 
Fig. 13.3A shows the relationships between maximum conversion and the molar ratio for the 
condensation of ascorbic acid and medium-chain fatty acid with chain length from 6 to 12. 
The maximum conversion of each ascorbate was higher at a higher molar ratio. Since high 
conversion and a lower amount of unreacted fatty acid were favorable for the purification 
process of the product, a molar ratio of 5 may be the most appropriate for acyl ascorbate 
synthesis in the present reaction system. The water content in the reaction medium is an 
important factor affecting the conversion, because the condensation reaction using a lipase is 
reversible (Fig. 13.1) and water is one of the condensation products. The conversion increased 
with time at any initial water content and then decreased gradually due to degradation of 
product and substrate. The relationship between the maximum conversion and the initial water 

Figure 13.3: (A) The relationships between the maximum conversion and the molar ratio of fatty 
acids with various chain lengths to ascorbic acid. Hexanoic acid (○), octanoic acid ("), decanoic 
acid (!), and lauric acid (#) were used as fatty acids. The concentrations of the fatty acids and 

Chirazyme L-2 C2 were 375 mmol/L and 20 g/L, respectively. The reaction temperature was 60°C. 
The maximum conversion during the condensation was regarded as the equilibrium value. (B) 

Condensation of ascorbic acid and lauric acid in acetonitrile with various water contents ((). The 
conditions were the same as in (A) except for the water content of acetonitrile.
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content is shown in Fig. 13.3B. The maximum conversion significantly decreased as the initial 
water content increased. This can be ascribed to the predominance of hydrolysis at high water 
content. The equilibrium constant based on concentrations, KC, for the formation of lauroyl 
ascorbate in acetonitrile was estimated. KC is defined by:

K
C C

C CC
P W

A F

e e

e e

=
 

(13.1)

where C is the concentration and the subscript e shows the equilibrium. The subscripts A, F, P, 
and W represent ascorbic acid, lauric acid, lauroyl ascorbate, and water, respectively. The CAe

 
values were obtained from the solubility of ascorbic acid in each medium and the CFe

values 
were calculated by subtracting CPe

 from the initial concentration of lauric acid, CF0
. The CPe

 
and CWe

 were experimentally determined. The maximum conversion was regarded as the 
equilibrium conversion, because the degradation of ascorbic acid and lauroyl ascorbate during 
the reaction was much slower than the formation. The CWe

 was evaluated by Karl-Fischer 
titration. The KC was estimated to be ca. 1.6 from the plots of CPe

CWe
 versus CAe

CFe
, which 

gave a straight line passing through the origin with a correlation coefficient of 0.95.

2.2 Productivity in Continuous Reaction

Immobilized enzyme can be used for continuous reaction and is advantageous for 
industrial production of chemicals, pharmaceutics, and food components. The continuous 
production of acyl ascorbate using a CSTR and PFR was conducted using an immobilized 
lipase from C. antarctica and the effect of operation conditions on the productivity was 
examined (Kuwabara et al., 2003a; Watanabe et al., 2003). Three grams in dry weight of 
immobilized lipase particles, Chirazyme L-2 C2, was packed into a stainless steel basket. 
The volume of medium in the CSTR (85 mmφ × 90 mm) was 350 mL. At the beginning 
of the operation, 40 g of ascorbic acid was put into the reactor. A fatty acid, such as 
decanoic, lauric, and myristic acids, was dissolved with acetone at 200 mmol/L and the 
solution was fed to the reactor at a flow rate in the range of 1.5–9.9 mL/min for each fatty 
acid. The reaction solution was mixed by a magnetic stirrer in the reactor. The reactor 
was immersed in a water bath at 50°C. After a steady state was achieved, the effluent was 
sampled and the product concentration in the effluent was measured by an HPLC. The 
relationships between the mean residence times in the reactor, τ, and the concentrations of 
the decanoyl, lauroyl, and myristoyl ascorbates are plotted in Fig. 13.4A. The reaction was 
executed at the residence time of 175 min for the long-term production of the decanoyl, 
lauroyl, and myristoyl ascorbates, because the concentration more than 18 mmol/L was 
attained at τ ≥ 175 min for each acyl ascorbate. As shown in Fig. 13.5, the productivity of 
lauroyl ascorbate for 5 days was constant and the decanoyl and myristoyl ascorbates were 
also produced at similar conversions. The lipase was stable and the reactor was steadily 
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operated for at least 11 days. For synthesis of acyl ascorbate using a PFR, ascorbic acid 
powders (ca. 40 g) and Chirazyme L-2 C2 particles (ca. 1.5 g by dry weight) were packed 
into a cylindrical glass column (10 mmφ × 150 mm) and a stainless steel column (4.6 
mmφ × 150 mm), respectively. These two columns were connected in series with a stainless 
steel tube. Acetone solution of decanoic, lauric, myristic, oleic, linoleic, or arachidonic 
acid was prepared at a concentration of 25–250 mmol/L and was fed to the column packed 
with ascorbic acid through the preheating coil (1.0 mmφ × ca. 1.0 m). The columns 
and preheating coil were installed in a thermoregulated chamber at 50°C. Then the fatty 
acid solution was fed to the lipase column at a specified flow rate. The concentration of 
the corresponding acyl ascorbate in the effluent was determined after a steady state was 
achieved. The product concentration increased as the fatty acid concentration in the feed 
increased and it reached the maximum value at the fatty acid concentrations higher than 
200 mmol/L. The concentrations of oleoyl and linoleoyl ascorbates were lower than those 
of other ascorbates at any fatty acid concentration. This would be due to the lower purity 
(ca. 90%) of oleic and linoleic acids used. Next, a fatty acid solution was fed through 
the ascorbic acid column to the lipase column at various flow rates. The relationship 
between the τ and the acyl ascorbate concentration in the effluent is shown in Fig. 13.4B. 
The maximum product concentration was obtained at τ = 5 min or longer for every acyl 
ascorbate. Arachidonoyl ascorbate was first synthesized for 1 day using the reactor system. 
The fatty acid to be fed was changed to oleic acid and the synthesis of oleoyl ascorbate 
was continued for 2 days. Then, linoleic, decanoic, lauric, and myristic acid solutions 
were, in this order, fed to the system every 2 days (Fig. 13.5). The PFR system could also 

Figure 13.4: (A) Relationship between the mean residence time and the concentration of decanoyl 
(#), lauroyl ($), or myristoyl (%) ascorbate in the continuous stirred tank reactor (CSTR) at 50°C. 

(B) Relationship between the superficial residence time and the concentration of arachidonoyl 
(○), oleoyl ("), linoleoyl (!), decanoyl (#), lauroyl ($), or myristoyl (%) ascorbate using the plug 

flow reactor (PFR) at 50°C. In both reactor systems, the fatty acid concentration in the feed was 
200 mmol/L.
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be stably operated for 11 days and no loss of the lipase activity was observed. The product 
concentrations in the effluent were in the range of 14–17 mmol/L and corresponded to the 
productivity of 1.6–1.9 kg/L-reactor·d, depending on the molecular mass of the product. It 
was found that the productivity in PFR was considerably higher than that in CSTR.

3 Stability of Acyl Ascorbate
3.1 Degradation Process of Saturated Acyl Ascorbate

The decomposition reactions of octanoyl, decanoyl, lauroyl, myristoyl, and palmitoyl ascorbates 
were kinetically analyzed in air at various temperatures and relative humidities (Watanabe 
et al., 2008a). The relative humidity significantly affected the decomposition of saturated acyl 
ascorbate at 80°C. The decomposition rate of all ascorbates increased with increasing relative 
humidity. On the other hand, the rate increased as acyl chains decreased at 12% and 44% 
relative humidity. The Weibull model is flexible for describing a lot of degradation kinetics 
(Cunha et al., 1998) and was used to describe the degradation of acyl ascorbate:

( )= −⎡⎣ ⎤⎦
R
R

ktexp n

0 
(13.2)

where R is the remaining amount of acyl ascorbate at time t, and R0 is the initial ascorbate 
amount. k is the rate constant and n is the shape constant. The kinetic parameters, k and n, 
were evaluated by fitting the experimental results by nonlinear regression. The k values 
increased with increasing relative humidity for all acyl ascorbates at 80°C. Furthermore, the 
acyl chain length affected the k value at 44% relative humidity, and the k value increased as 
acyl chain length decreased. The decomposition processes of the acyl ascorbates at 37, 50, 

Figure 13.5: Continuous production of decanoyl (&, #), lauroyl (', $), myristoyl ((, %), oleoyl 
(○), linoleoyl ("), and arachidonoyl (!) ascorbates using CSTR (open symbols) or PFR (closed 

symbols) with immobilized lipase from C. antarctica at 50°C. The flow rates were 2.0 mL/min for 
CSTR and 0.5 mL/min for PFR, respectively. The fatty acid concentration was 200 mmol/L.
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and 65°C and at 75% relative humidity were also measured. All acyl ascorbates decomposed 
fast as temperature increased. The acyl chain length also affected the decomposition of the 
ascorbates and ascorbates with shorter acyl chains decomposed faster. The kinetic parameters 
for the decomposition of all the ascorbates at all temperatures were estimated based on the 
Weibull equation. Although the k value increased with increasing temperature, there was no 
strong temperature dependency for the n value. The k values for the decomposition increased 
as acyl chains decreased. The temperature dependence of the rate constant was analyzed 
based on the Arrhenius equation:

= −⎛
⎝⎜

⎞
⎠⎟k A

E
RT

exp
 

(13.3)

The Arrhenius plots produced a straight line to estimate the apparent activation energy, E, and 
the frequency factor, A, from the slope and the intercept of the line, respectively. Both the E 
and A values for the decomposition of ascorbates increased as acyl chain length decreased. The 
transient changes in the remaining lauroyl ascorbate and lauric acid liberated by the hydrolysis 
of lauroyl ascorbate during the storage at 65°C and 75% relative humidity were measured. 
Lauroyl ascorbate rapidly decomposed at the early stage during the storage, but free lauric 
acid was scarcely formed (Fig. 13.6A). Lauric acid gradually formed when the fraction of the 
remaining lauroyl ascorbate became less than 0.5. The amount of consumed lauroyl ascorbate 
was calculated by subtracting the fraction of the remaining lauroyl ascorbate from unity 
(Fig. 13.6B). Lauric acid was not liberated during the early decomposition stage, indicating 
that the oxidative degradation of the ascorbyl moiety occurred first and then the hydrolysis on 

Figure 13.6: (A) Decomposition of lauroyl ascorbate (") and formation of lauric acid (#) at 65°C 
and 75% relative humidity. The solid curve was calculated using the estimated kinetic parameters of 
the Weibull model. (B) The relationship between the fractions of the consumed lauroyl ascorbate 

and liberated lauric acid (○). The solid curve indicates the formation of lauric acid based on the 
assumption that the lauroyl ascorbate is first hydrolyzed to lauric acid.
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the ester bond in the molecule followed to liberate the lauric acid. The decomposition of acyl 
ascorbate in air appears to be a consecutive process.

The decomposition of saturated acyl ascorbate in an aqueous solution was also examined at 
various pHs and temperatures (Kuwabara et al., 2005). The transient changes in decanoyl 
ascorbate concentration at 40°C and various pHs were measured (Fig. 13.7). C represents 
the acyl ascorbate concentration at time t, and C0 is the initial ascorbate concentration of 
0.2 mmol/L. The decrease in the concentration of decanoyl ascorbate was faster at the higher 
pHs but the ascorbate decreased faster at pH 2 than at pH 3. The decrease with time at pH 
3 showed a clear sigmoidal pattern. This pattern was also recognized at pH 2, 4, 5, and 6, 
though it was weak. Next, the Weibull equation [Eq. (13.2)] was adopted to describe the 
decrease with time for kinetic analysis. The k value was the lowest at pH 3 and increased 
almost exponentially with an increase in pH. On the other hand, the n value was the largest 
at pH 3 and there was a tendency that the value was lower at higher pH. The largest n 
value at pH 3 strongly reflected the sigmoidal pattern. Since the fractions of the ascorbate 
concentration at pHs 7–9 simply decreased with time, the n values at those pHs were almost 1. 
 This indicated that the degradation obeyed pseudo first-order kinetics. The increase in 
decanoic acid was observed at pHs 3, 6, and 9 as well as the decrease in decanoyl ascorbate. 
The decomposition of the ascorbyl moiety was found to be the predominant mechanism 
for its disappearance at a pH equal to or lower than 6. At pH 9, decanoic acid increased at 
the early stage and the increase continued even after complete disappearance of decanoyl 
ascorbate. The increase at the latter stage would be attributed to the hydrolysis of the 
oxidized product of acyl ascorbate, such as acyl dehydroascorbate. The initial rate of the 
decrease in decanoyl ascorbate was higher than that of the increase in decanoic acid. That 
is, the decomposition of the ascorbyl moiety and the hydrolysis of the ester bond should 

Figure 13.7: Decomposition of decanoyl ascorbate at 40°C, and pH 2 (○), 3 (!), 4 ("), 5 (#), 
6 ($), 7 (%), 8 ()), and 9 ((). The C represents the concentration of the ascorbate at any time. 

The initial concentration of the ascorbate, C0, was 2.0 × 10−4 mol/L. The solid curves were calculated 
using the estimated kinetic parameters of the Weibull model.
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simultaneously arise at pH 9. These results indicated that the hydrolysis became more 
significant at higher pHs though the degradation of the ascorbyl moiety was the predominant 
mechanism for the decrease in decanoyl ascorbate.

3.2 Oxidative Stability of Unsaturated Acyl Ascorbate

Various PUFAs, such as docosahexaenoic (DHA), eicosapentaenoic (EPA), arachidonic, 
α- and γ-linolenic, and dihomo-γ-linolenic acids were condensed with ascorbic acid by the 
immobilized lipase, Chirazyme L-2 C2, in dehydrated acetone to yield polyunsaturated 
acyl ascorbates (Watanabe et al., 2001b). Fig. 13.8 shows the oxidation processes of the 
polyunsaturated acyl moiety of the polyunsaturated acyl ascorbates and the unmodified PUFA 
at 65°C and nearly 0% relative humidity. The unmodified PUFAs were rapidly oxidized 
within 5 h. On the other hand, the polyunsaturated acyl moieties of 90% or more remained 
in the unoxidized state for all the polyunsaturated acyl ascorbates. Esterification of PUFA 
with ascorbic acid significantly improved its oxidative stability. Next, the oxidation of the 
unmodified conjugated linoleic acid isomers, cis-9,trans-11- and trans-10,cis-12-conjugated 
linoleic acid, and the linoleoyl moiety of the two corresponding linoleoyl ascorbates were 
also measured at 65°C and 75% relative humidity (Watanabe et al., 2008b). The unmodified 
conjugated linoleic acid isomers were almost completely oxidized within 4 h, whereas all 
the conjugated linoleoyl ascorbates were significantly resistant to oxidation. The oxidation 
kinetics was empirically expressed by the Weibull model [Eq. (13.2)]. The k values for 
conjugated linoleoyl ascorbates were about 1/30 of that for the corresponding unmodified 

Figure 13.8: (A) Oxidation processes of polyunsaturated fatty acids and their ascorbates at 65°C 
and nearly 0% relative humidity. n−6 Series: γ-linolenic acid ((), γ-linolenoyl ascorbate (○), dihomo-

γ-linolenic acid (*), dihomo-γ-linolenoyl ascorbate ("), arachidonic acid (&), and arachidonoyl 
ascorbate (#); (B) n−3 Series; α-linolenic acid (+), α-linolenoyl ascorbate (!), eicosapentaenoic 

acid ('), eicosapentaenoyl ascorbate (∇), docosahexaenoic acid ((), and docosahexaenoyl 
ascorbate (%); (C) Oxidation processes of c9, t11-conjugated linoleic acid ((), t10, c12-conjugated 
linoleic acid (*), linoleic acid (&), c9,t11-conjugated linoleoyl ascorbate (○), t10, c12-conjugated 
linoleoyl ascorbate ("), and linoleoyl ascorbate (#) at 65°C and 75% relative humidity. The solid 

curves were calculated using the estimated kinetic parameters of the Weibull model.
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conjugated acid isomers. The n values were greater than unity for all the unmodified 
conjugated linoleic acid isomers, while the values for conjugated linoleoyl ascorbates were 
smaller than unity. This result indicated that there were induction periods for unmodified 
conjugated linoleic acid isomers whereas the oxidation for conjugated linoleoyl ascorbates 
progressed very slowly without an induction period.

Microencapsulation of a lipid is a promising technology in many industries (Kaushik 
et al., 2015; Timilsena et al., 2016) and microencapsulation of oil and fat containing PUFA 
or its acylglycerol retards or suppresses its oxidation. Microencapsulation consists of 
emulsification of a core material, such as a lipid with a dense solution of a wall material, 
such as a polysaccharide and protein, followed by drying of the emulsion. Arachidonoyl 
ascorbate was enzymatically synthesized and was microencapsulated with maltodextrin, 
gum arabic, and soluble soybean polysaccharide by spray drying (Watanabe et al., 2004). 
Arachidonic acid was also microencapsulated with the wall materials in the presence or 
absence of ascorbic acid for comparison. The oxidative stabilities of the microencapsulated 
and the nonencapsulated arachidonoyl ascorbate and arachidonic acid were measured at 
37°C and 12% relative humidity. The oil droplets in the emulsions prepared with gum arabic 
and soluble soybean polysaccharide were small owing to the emulsifying ability of these 
wall materials and soluble soybean polysaccharide was especially the best wall material to 
form small oil droplets. The median diameters of the droplets in the emulsions, in which 
the mixture of arachidonoyl ascorbate and methyl oleate was used as the oil phase, were 
smaller than those in the emulsions, which included arachidonic acid, because acyl ascorbate 
was surface active and could act as an emulsifier. Fig. 13.9A shows the oxidation of the 
nonencapsulated arachidonic acid and arachidonoyl ascorbate. Arachidonic acid was very 
quickly oxidized without ascorbic acid and ascorbic acid retarded the oxidation of arachidonic 
acid. The arachidonoyl moiety of the ascorbate was oxidized at a slow speed during the long-
term storage. The oxidation kinetics was also expressed by the Weibull equation [Eq. (13.2)]. 
The k values for arachidonic acid with ascorbic acid and for arachidonoyl ascorbate were 
ca. 1/10 and 1/100, respectively, of that for arachidonic acid in the absence of ascorbic acid. 
Fig. 13.9B–D show the oxidation of the arachidonoyl moiety of the ascorbate and arachidonic 
acid encapsulated with maltodextrin, gum arabic, and soluble soybean polysaccharide, 
respectively. The k values for arachidonoyl ascorbate and arachidonic acid encapsulated with 
the soluble soybean polysaccharide were very small, indicating that the polysaccharide had a 
high antioxidative effect. The oxidation of the microencapsulated unsaturated fatty acid often 
shows two characteristics: one is the rapid oxidation progress during the early stage of storage 
and the other is the leveling off of the oxidation during the late stage. The n values were 
smaller than unity and it reflected the former characteristic. The oxidation of arachidonic acid, 
in both the presence and absence of ascorbic acid, and arachidonoyl ascorbate was slightly 
suppressed by the microencapsulation with maltodextrin. Gum arabic and soluble soybean 
polysaccharide were effective for the oxidation-suppressing of arachidonic acid without 
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ascorbic acid. The encapsulated arachidonoyl ascorbate showed the highest resistance to the 
oxidation for every wall material. The resistance would be due to the antioxidative ability of 
the ascorbate moiety in the molecule. Unsaturated fatty acid molecules interact with the wall 
material within the microcapsule and a molecule interacting with the material is oxidized 
more slowly than that not interacting with it. The oxidative stability of linoleic acid in the 
microcapsule prepared from the O/W emulsion with a smaller median diameter was higher 
owing to the higher probability of interaction of the acid with the wall material.

4 Surfactant and Emulsifier Property of Acyl Ascorbate
4.1 Surfactant Property of Acyl Ascorbate

Fig. 13.10A shows the surface tensions of acyl ascorbates with medium-chain acyl length 
in the aqueous solution were measured by the Wilhelmy method at 25°C (Watanabe 
et al., 2001a). The critical micelle concentration, CMC, for acyl ascorbate was estimated 
from the surface tensions and the surface excess, Γ, was calculated according to the following 
equation:

γ− = Γd
d C

RT
log

2.30
 

(13.4)

Figure 13.9: Oxidation at 37°C and 12% relative humidity of arachidonic acid without ascorbic 
acid ("), arachidonic acid in the presence of ascorbic acid (#), and arachidonoyl moiety of 

6-O-arachidonoyl ascorbate (○) in (A) nonencapsulated system, and in microcapsules prepared 
with (B) maltodextrin, (C) gum arabic, and (D) soluble soybean polysaccharide as the wall material. 

The solid curves were drawn based on the Weibull equation.
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where γ is the surface tension and C is the concentration of acyl ascorbate. The residual area 
per molecule, a, was calculated from the Γ value by:

a
N
1

A

=
Γ 

(13.5)

where NA is Avogadro’s number. Fig. 13.10B shows the dependences of the CMC and the a 
value on the carbon number of the acyl chain, together with the CMCs at 25°C for 6-O-acyl 
mannoses (Watanabe et al., 2001c). The CMCs of the ascorbates with longer acyl chains 
were lower, while the Γ values scarcely depended on the acyl chain length. The a values 
for the acyl mannoses were ca. 0.40 nm2, whereas those of the acyl ascorbates were ca. 
0.30 nm2. Since acyl derivatives would be oriented so as to stick their acyl residues into the 
air, the a value seemed to be exclusively determined by the hydrophilic moiety. The molar 
volume of mannose was found to be 0.114 L/mol. If mannose is assumed to be spherical, 
the cross-sectional area is 0.40 nm2, which coincides with the a value estimated from these 
results. The molar volume of ascorbic acid was similarly obtained to be 0.106 L/mol, from 
which the cross-sectional area under the assumption that the molecule was a sphere was 
calculated to be 0.38 nm2. The a value of 0.30 nm2 was, however, much smaller than the 
cross-sectional area. Ascorbic acid has a γ-lactone ring, which is smaller than the pyranose 
structure of mannose. Therefore, the γ-lactone ring might act as the hydrophilic moiety of 
the acyl ascorbate. In addition, the surface tensions of decanoyl and lauroyl ascorbates in 

Figure 13.10: (A) Surface tensions of aqueous solutions of hexanoyl ("), octanoyl (○), 
decanoyl (#), and lauroyl (!) ascorbates at 25°C. (B) Dependences of the critical micelle 

concentration (CMC) (closed symbols) and the residual area per molecule (a, open symbols) on the 
carbon number of the acyl chain. The symbols ((, ○) and (*, ") indicate acyl ascorbates and 

mannoses, respectively. The CMC and a values for the acyl mannoses were cited from the literature 
(Watanabe et al., 2001c).
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distilled water were measured at various temperatures and pHs (Kuwabara et al., 2003a). 
The temperature dependency of the CMC was very weak for both the ascorbates. The CMC 
value of decanoyl ascorbate solution at 30°C was higher at the higher pH. The pKa value of 
ascorbic acid is 3.77. If the pKa value of ascorbyl moiety is the same as that of ascorbic acid, 
the degree of dissociation of the ascorbyl moiety increases at the higher pH. The increase in 
the dissociation would explain the exponential increase in the CMC with an increase in pH. 
The a values were also independent of the temperature and were ca. 0.35 nm2. Moreover, the 
value was the same as those at different temperatures for decanoyl and lauroyl ascorbates.

4.2 Emulsifying Ability of Acyl Ascorbate

The emulsifier property of saturated acyl ascorbate to prepare O/W emulsion containing 
soybean oil was investigated (Kuwabara et al., 2003b). An appropriate amount of an acyl 
ascorbate was weighed into an amber glass vial, and 19 g and 1 g of distilled water or buffer 
solution and soybean oil were added into the vial, respectively. The mixture was emulsified 
with a rotor/stator homogenizer and the coarse emulsion was further homogenized to produce 
a fine emulsion with small oil droplets using a high-pressure homogenizer. The emulsion 
was stored at 30°C with gentle stirring. The stability of the emulsion was evaluated by a 
turbidity method. After sampling at appropriate intervals, the absorbance at 500 nm of the 
emulsion diluted with sodium dodecyl sulfate was measured using a spectrophotometer. 
Except for palmitoyl ascorbate, the median diameter decreased with the increasing emulsifier 
concentration. Fine emulsions with median diameters of ca. 1 µm were given by the 
ascobates with acyl chains shorter than or equal to 14. The emulsions prepared with octanoyl, 
myristoyl, and palmitoyl ascorbates were unstable at all the tested concentrations. It is 
known that the most stable O/W emulsion is obtained using surfactants with a hydrophilic–
lipophilic balance (HLB) number around 10–12. The HLB numbers of octanoyl, decanoyl, 
lauroyl, myristoyl, and palmitoyl ascorbates were evaluated to be 11.8, 10.9, 9.90, 8.95, and 
8.00, respectively, according to the Davies’ equation. This criterion was almost applicable 
for acyl ascorbates and fine and stable emulsions were produced by decanoyl and lauroyl 
ascorbates. The pH and ionic strength of the aqueous phase of O/W emulsion with lauroyl 
ascorbate affects the stability. At the high buffer concentrations of 0.1 mol/L, the emulsions 
were very unstable at any pH value as shown in Fig. 13.11A. The instability of the emulsion 
would be ascribed to the short Debye length surrounding the oil droplets. When the buffer 
concentrations were 0.01 mol/L, the emulsions were more stable at higher pH (Fig. 13.11B). 
Acyl ascorbates adsorbing on the surface of oil droplets also seem to have similar pKa values. 
The surface charge of the droplets would be affected by the pH of the aqueous phase. The 
ζ-potentials of oil droplets in the emulsions with decanoyl and lauroyl ascorbates were 
measured at various pH values. The ζ-potential largely decreased at a pH > 4 and the high 
stability of the emulsions at pH 5 and 6 would be attributed to these largely negative surface 
charges, as shown in the inner chart in Fig. 13.11A.
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5 Antioxidant Activity of Acyl Ascorbate for Lipid Oxidation
5.1 Antioxidative Effect in Bulk Lipid

Lipid oxidation is an important problem for food preservation due to its involvement in 
food spoilage and the relevance of lipid peroxidation in vivo to membrane damage, aging, 
heart disease, and cancer (Cosgrove et al., 1987). The overall process of the oxidation 
occurs in three stages defined as initiation, propagation, and termination. The initiation stage 
involves formation of free radicals by abstraction of hydrogen atoms from a fatty acid with 
an initiator, such as lipid or other organic peroxyl radicals. At the propagation stage, lipid 
peroxyl radicals are formed, which can then produce lipid hydroperoxide and new radicals 
from abstraction of the hydrogen from other unsaturated fatty acid molecules. Finally, 
the termination stage is reached when two free radicals interact with each other and form 
nonradical species. Antioxidants may be used at very low concentrations to lengthen the 
induction period for oxidation. The oxidation processes of linoleic acid in the coexistence 
of ascorbic acid or saturated acyl ascorbate were analyzed by applying a kinetic equation 
(Watanabe et al., 2005). Linoleic acid and ascorbic acid or octanoyl, lauroyl, or palmitoyl 
ascorbate were mixed at various molar ratios (ascorbate/linoleic acid) and the mixtures 
were stored in a plastic container to maintain 12% relative humidity at a given temperature. 
Samples were periodically taken and the amount of unoxidized linoleic acid was measured by 
a gas chromatography (GC) analysis with a flame ionization detector. At first, the oxidative 
stabilities of linoleic acid with ascorbic acid and octanoyl ascorbate at various molar ratios 
were measured at 37°C (Fig. 13.12A). The higher the molar ratio was, the more strongly 
the oxidation of linoleic acid was suppressed in both cases. Octanoyl ascorbate had larger 
antioxidative activity than ascorbic acid. Fig. 13.12B shows the oxidation with no additive 

Figure 13.11: Effect of the pH of Aqueous Phase on the Stability of O/W Emulsions.
The concentrations of citrate buffers of pH = 2 (#), 3 ("), 4 (%), 5 (○), 5.5 (!), and 6 (∇) were 
(A) 0.1 and (B) 0.01 mol/L. The insets shows pH dependence of the ζ-potential of oil droplets in 

O/W emulsions prepared with decanoyl (#) and lauroyl (○) ascorbates and without any emulsifier 
(+). The concentrations of decanoyl and lauroyl ascorbates were 0.5 mmol/kg.
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and with ascorbic acid or octanoyl, lauroyl, or palmitoyl ascorbate at the molar ratio 
(additive/linoleic acid) = 0.05 at 80°C. Linoleic acid with no additive was rapidly oxidized. 
The oxidative stability was slightly improved by adding ascorbic acid. Octanoyl, lauroyl, 
and palmitoyl ascorbates retarded the oxidation more than ascorbic acid but there seemed 
to be little difference in the antioxidative ability among the three acyl ascorbates. The entire 
oxidation process of linoleic acid could be expressed by the following kinetic equation of the 
autocatalytic type (Adachi et al., 1995):

= − −dY
dt

kY Y(1 )
 

(13.6)

where Y is fraction of the unoxidized substrate. Under the condition of Y = Y0 at t = 0, the 
integration of Eq. (13.6) gives:

− = + −Y
Y

kt
Y

Y
ln

1
ln

1 0

0 
(13.7)

where Y0 is initial fraction of unoxidized substrate and determines the induction period due to 
the mathematical nature of the equation. The k and Y0 values for the oxidation processes in the 

Figure 13.12: (A) Oxidation processes of linoleic acid with octanoyl ascorbate at various molar 
ratios and at 37°C and 12% relative humidity. The ratios of the additives to linoleic acid were 0 

(○), 0.025 (!), 0.05 ("), 0.075 (#), and 0.1 (∇). (B) Oxidation processes of linoleic acid with no 
additive (○) and that mixed with ascorbic acid (!), octanoyl ("), lauroyl (#), or palmitoyl (∇) 
ascorbate at the molar ratio = 0.05 and at 80°C and 12% relative humidity. The solid curves were 

obtained from the estimated values of k and Y0 of the kinetic equation of the autocatalytic type for 
the oxidation processes.
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presence of various ascorbates at 37, 50, and 65°C were estimated. At any temperature, the k 
value with ascorbic acid or ascorbate was lower than that with no additive. When octanoyl, 
lauroyl, or palmitoyl ascorbate was added, there was a tendency for the k value in the 
presence of ascorbate with a larger acyl chain to be a little smaller. As mentioned earlier, the 
Y0 value reflects the initial state of the substrate. The large Y0 value implies the elongation of 
the induction period. The Y0 values with the ascorbates were greater than that with no additive 
though there were some exceptions. This indicated that the ascorbates delayed the induction 
period in the oxidation process. The temperature dependence of the k value was analyzed by 
the Arrhenius equation [Eq. (13.3)]. The E values for linoleic acid with every ascorbate were 
50–70 kJ/mol and the A values with the ascorbates were smaller than that with no additive or 
ascorbic acid. The A value also decreased with increasing acyl chain length of acyl ascorbate. 
These would indicate that the presence of acyl ascorbate lowers both the height of the energy 
barrier for the oxidation and the probability of the reaction resulting in the oxidation.

5.2 Antioxidative Behavior in Oil-in-Water Emulsion

O/W emulsion is a representative disperse system in food processing. The oxidation process 
of methyl linoleate as an oil phase in the O/W emulsion with acyl ascorbate or ascorbic 
acid was measured and their antioxidative properties in the emulsion were kinetically 
examined (Watanabe et al., 2010b). In order to elucidate the behavior of the ascorbates in 
the emulsion, 2,2′-azobis (2,4-dimethylvaleronitrile) (AMVN) as a lipophilic proxidant and 
2,2′-azobis (2-amidinopropane) dihydro-chloride (AAPH) as a hydrophilic proxidant were 
added to the oil and water phases, respectively. Five milliliters of a 1.0% (w/v) decaglycerol 
monolaurate aqueous solution and the same volume of methyl linoleate were added to a 
tube. AMVN and AAPH were dissolved at individual concentrations of 1% (w/v) in the oil 
and water phases, respectively. Lauroyl or palmitoyl ascorbate was added to the oil phase, 
while ascorbic acid or octanoyl ascorbate was added to distilled water. The mixture was 
emulsified using a rotor/stator homogenizer in the tube immersed in ice water and then the 
coarse emulsion was circularly passed through a membrane filter to reduce and monodisperse 
the diameter of the oil droplets. The prepared emulsion was put into an amber glass vial and 
was stored in the dark at 40°C. The oil phase was taken from the emulsion at appropriate 
intervals and the amount of unoxidized methyl linoleate was measured by GC analysis. The 
oxidation processes in the emulsion with 1, 10, and 100 µmol/L ascorbates were analyzed. 
The median diameter of the oil droplet in each emulsion was constant at ca. 4.5 µm during 
the oxidation experiment. Weibull model [Eq. (13.2)] was applied to the oxidation processes 
and the kinetic parameters were estimated. Fig. 13.13 shows the relationship between the 
rate constant for the oxidation with octanoyl, lauroyl, and palmitoyl ascorbates and ascorbic 
acid and the ascorbate concentration. All the k values with the ascorbates were lower than 
those without any ascorbates in both emulsion systems in the presence of the different 
proxidants, suggesting that the ascorbates suppressed the oxidation in both emulsion systems. 
In the AAPH-containing emulsion, the k value with ascorbic acid rapidly decreased as the 
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concentration of ascorbic acid increased. The k value with octanoyl ascorbate was also in 
inverse proportion to the ascorbate concentration, whereas the values with the lauroyl and 
palmitoyl ascorbate were independent of the corresponding ascorbate concentration. It is 
known that there is no difference among the DPPH-radical scavenging activities of ascorbic 
acid and acyl ascorbates in ethanol solution (Watanabe et al., 2002). These indicate that the 
highly hydrophilic ascorbates exhibited high antioxidative activity in the AAPH emulsion. On 
the other hand, the k value with ascorbic acid in the AMVN-containing emulsion was slightly 
dependent on the concentration though the values at 10 and 100 µmol/L were nearly equal. 
The most hydrophilic ascorbic acid slightly suppressed the oxidation and acyl ascorbate with a 
longer acyl chain showed a higher oxidation-suppressive effect. The effect of acyl ascorbate, 
however, decreased as the concentration increased. The k values were high in the order of 
ascorbic acid > octanoyl > lauroyl > palmitoyl ascorbate at any concentration. Most of the 
ascorbic acid molecules in the emulsion would be present in the water phase due to its high 
hydrophilicity. Accordingly, ascorbic acid would suppress the oxidation induced by AAPH 
on the interface between the O/W phases and slightly acted on the AMVN-induced oxidation 
in the oil phase. It is known that antioxidants exhibit proxidative activity against lipid 
oxidation at high substrate concentrations. Many acyl ascorbate molecules dissolved in the oil 
phase would partially accelerate the oxidation, resulting in the proxidative effect. Octanoyl 
ascorbate exists in both phases and shows anti- and proxidative abilities. The lauroyl and 
palmitoyl ascorbates seemed to be dissolved in the oil phase and contribute to the oxidation 
suppression in the oil phase rather than on the interface. All the n values were less than unity, 
indicating that the oxidation with ascorbic acid or acyl ascorbate progressed without an 
induction period.

Figure 13.13: Relationship between the rate constant, k, of the Weibull model for the oxidation 
of methyl linoleate at 40°C in (A) AAPH- or (B) AMVN-containing emulsion with ascorbic acid 
(○) and octanoyl ("), lauroyl (!), and palmitoyl (#) ascorbates, and the concentration of the 

ascorbates. The dashed lines represent the k values for the oxidation without any ascorbates. The bars 
show 95% confidence intervals.
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5.3 Application to Microencapsulated Lipid

Application of acyl ascorbate for lipid microencapsulation was examined to propose the 
example for the effective use of acyl ascorbate. Linoleic acid mixed with acyl ascorbate or 
ascorbic acid was microencapsulated with maltodextrin or gum arabic by spray drying and its 
oxidation process was measured to examine the antioxidative ability of the ascorbates toward 
the encapsulated linoleic acid (Watanabe et al., 2002). A specific amount of maltodextrin 
or gum arabic was dissolved in distilled water and linoleic acid was mixed with the wall 
material solution. Ascorbic acid or acyl ascorbates, such as octanoyl, decanoyl, lauroyl, 
and palmitoyl ascorbates, was then added to the solution. The mixture was emulsified with 
a rotor/stator homogenizer and the emulsion was fed into a spray dryer. The emulsion 
was atomized by a centrifugal atomizer. Spray-dried microcapsules were weighed into 
a flat-bottom glass cup and the cups were placed in a plastic container regulated at 12% 
relative humidity by a saturated lithium chloride solution. The container was stored in the 
dark at 37°C. At appropriate intervals, the unoxidized linoleic acid was extracted from the 
microcapsules in a cup and was determined by the GC analysis. The oxidative stabilities of 
linoleic acid in both the maltodextrin and gum arabic were higher at the higher molar ratios. 
Palmitoyl ascorbate elongated the induction period in the oxidation of the encapsulated 
linoleic acid at high molar ratios owing to its radical scavenging ability. The molar ratio 
would affect the particle size of the oil droplets in the O/W emulsion due to the emulsification 
ability of palmitoyl ascorbate. The median diameter of the droplets decreased with an 
increase in the ratio. The high oxidative stability with the high molar ratio would be ascribed 
to the synergistic effect of the small droplet in the emulsion and the antioxidative ability of 
palmitoyl ascorbate. For comparison of the effects of acyl ascorbate and unmodified ascorbic 
acid on the oxidation of encapsulated linoleic acid, the oxidation processes with maltodextrin 
were measured. Unmodified ascorbic acid at any molar ratio of ascorbic acid to linoleic 
acid had no effect on the encapsulation efficiency and slightly suppressed the oxidation at a 
molar ratio of 1. The antioxidative effect of ascorbic acid for encapsulated linoleic acid was 
very weak, because this ratio was 10 times that for palmitoyl ascorbate. Elongation of the 
induction period in oxidation, which was observed for palmitoyl ascorbate, did not occur. 
Saturated acyl ascorbates with different acyl chain lengths are also expected to be possess 
antioxidative ability for the microencapsulated linoleic acid. Fig. 13.14A shows the oxidation 
processes of linoleic acid with various saturated acyl ascorbates at a molar ratio of 0.1 and 
encapsulated with maltodextrin. The median diameters of the oil droplets in the emulsions 
before microencapsulation are also shown in Fig. 13.14B. Acyl ascorbates with acyl chains of 
10 or more produced emulsions with small median diameters and significantly suppressed the 
oxidation. Decanoyl ascorbate was superior both in emulsification ability and in suppression 
of the oxidation. The solubility of decanoyl ascorbate in water was almost the same as that in 
soybean oil. The saturated acyl ascorbates with acyl chain lengths of more than 10 are apt to 
dissolve in the oil, while the ascorbates with the lengths of less than 10 preferentially dissolve 
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in water. The oil droplet size of the emulsion prepared with octanoyl ascorbate was large and 
the ascorbate was less effective than other ascorbates for suppression of the oxidation. Most 
of the molecules would exist in the dehydrated wall material layer and could not scavenge the 
PUFA radicals generated in the oil phase.

Decanoyl ascorbate was applied to the microencapsulation of fish oil (Watanabe et al., 2009a). 
The oxidation processes of EPA and DHA in encapsulated fish oil were kinetically evaluated 
using the Weibull model [Eq. (13.2)]. Fig. 13.15 shows the oxidation processes at 65°C 
and 12% relative humidity of EPA and DHA in fish oil in the bulk and encapsulated with 
maltodextrin, gum arabic, and soluble soybean polysaccharide. Decanoyl ascorbate was 
added to the fish oil in the bulk and encapsulated with maltodextrin and gum arabic at 
0.24 mmol/g fish oil or soluble soybean polysaccharide at 0.24, 0.48, and 0.96 mmol/g fish oil. 
Unoxidized EPA and DHA in the bulk oil very quickly decreased and the oxidative stabilities 
of the microencapsules were high in the order of soluble soybean polysaccharide > gum 
arabic > maltodextrin. This indicated that reducing the oil droplet size, attributable to the 
emulsifying ability of the wall material, contributed to the highly oxidative stabilities. 
The oxidative stabilities of EPA and DHA in the oil encapsulated with soluble soybean 
polysaccharide enhanced as the concentration of decanoyl ascorbate increased from 0.24 to 
0.96 mmol/g fish oil. The oil droplets size became constant at the concentration of decanoyl 
ascorbate over 0.24 mmol/g fish oil and thus the contribution of decanoyl ascorbate at a 
high concentration was ascribed to its antioxidative ability but not to its emulsifying ability. 
Fig. 13.16 shows the relationship between the fractions, which are on day 1 in a bulk oil, 

Figure 13.14: (A) Effect of various saturated acyl ascorbates on the oxidation of linoleic acid 
encapsulated with maltodextrin; no addition ((), octanoyl ("), decanoyl (#), lauroyl ($), 

and palmitoyl (!) ascorbate. The molar ratio of the acyl ascorbate to linoleic acid was 0.1. The 
oxidation was observed at 37°C and 12% relative humidity. (B) Median diameters of oil droplets in 

emulsions prepared with various saturated acyl ascorbates (○).
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Figure 13.15: Oxidation processes at 65°C and 12% relative humidity of (A) EPA or (B) DHA 
in fish oil. (1) The symbols represent the oxidation process of EPA or DHA in fish oil in bulk ((, 
○), encapsulated with gum arabic (*, "), or maltodextrin (&, #). The closed symbols represent 
the oxidation process without decanoyl ascorbate, and the open symbols with decanoyl ascorbate 
(0.24 mmol/g fish oil). (2) The closed circle, ((), represents the oxidation process of EPA or DHA 

in fish oil encapsulated with soluble soybean polysaccharide without decanoyl ascorbate. The open 
symbols represent the oxidation process with soluble soybean polysaccharide and decanoyl ascorbate 

at 0.24 (#), 0.48 ("), and 0.96 (!) mmol/g fish oil. The solid curves were drawn based on the 
Weibull equation.

Figure 13.16: The Relationship Between the Fractions of Unoxidized EPA and DHA in Fish Oil 
With Decanoyl Ascorbate at 0.24 mmol/g Fish Oil and Without It.

The open and closed symbols represent the fractions of unoxidized EPA and DHA, respectively, of bulk 
oil on day 1 (○, (), the oil encapsulated with maltodextrin on day 2 (!, +), the oil encapsulated 
with soluble soybean polysaccharide on day 14 (#, &), and the oil encapsulated with gum arabic 

on day 14 (", *).
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on day 2 in a microcapsule with maltodextrin, on day 14 in the capsule with gum arabic 
and soluble soybean polysaccharide, of unoxidized EPA and DHA in fish oil with decanoyl 
ascorbate at 0.24 mmol/g fish oil, and without the ascorbate. The broken line with a slope 
of unity in the figure indicates that the ascorbate had no suppressive effect on the oxidation. 
The oxidations of both EPA and DHA were suppressed by decanoyl ascorbate because of the 
symbols for each system above the line. In addition, the antioxidative effect of ascorbate in the 
system sensitive to the oxidation, such as in a bulk and microcapsule with maltodextrin, was 
high. Therefore, decanoyl ascorbate would be effective when the wall materials have a low 
suppressive ability for the oxidation of the encapsulated oil.

6 Effect of Acyl Ascorbate on Oxidation of Water-Soluble Compound
6.1 Anti-/Proxidative Effect in Aqueous Solution

Catechins are recognized as constituents of green tea with an antioxidative activity 
(Rashidinejad et al., 2016; Sugita et al., 2016). Tea drinks containing catechins are low acid 
beverages but during the cold season are kept warm in the vending machine. Moreover, 
heat processing is needed to sterilize the spores. Therefore, the stability of tea catechins in 
aqueous solution has been investigated under various conditions by many researchers. The 
suppressive abilities against lipid oxidation of various acyl ascorbates have been evaluated 
as mentioned previously but the antioxidative property of acyl ascorbate against a water-
soluble and unstable compound in aqueous solution is hardly reported. The effect of acyl 
ascorbate on the oxidation of (+)-catechin in aqueous solution was examined (Watanabe 
et al., 2009b). Octanoyl ascorbate, which is a hydrophilic surfactant, was synthesized using 
an immobilized lipase. The oxidative degradation kinetics of catechin in an aqueous solution 
with either ascorbic acid or octanoyl ascorbate was analyzed. The remaining catechin in the 
aqueous solution with octanoyl ascorbate and ascorbic acid at various concentrations were 
periodically measured at 60°C and pH 6.0. The catechin degradation was expressed by the 
Weibull equation [Eq. (13.2)] and then the kinetic parameters, k and n, were calculated. 
The catechin stability at every tested concentration of ascorbic acid was higher than that 
without the acid and was higher at the lower concentration of ascorbic acid. On the other 
hand, the stability with octanoyl ascorbate less than 0.01 mmol/L was higher than that 
in the absence of the ascorbate and that at concentrations greater than 0.1 mmol/L was 
lower. The dependence of the estimated k value on the concentration of ascorbic acid or 
octanoyl ascorbate is shown in Fig. 13.17. Although the adequacy of the Weibull model 
for the degradation processes with 0.001 and 1 mmol/L ascorbic acid was a little low, the 
dependence for octanoyl ascorbate was obviously different from that for ascorbic acid. 
Octanoyl ascorbate would show its characteristic behavior as an antioxidative surfactant 
in aqueous solution. The antioxidative property of octanoyl ascorbate may be owing to the 
micelle formation of octanoyl ascorbate in an aqueous solution, since the CMC of octanoyl 



Amphiphilic Acyl Ascorbates 403

ascorbate at 25°C was 1.24 mmol/L (Watanabe et al., 2001a). The partition of catechin from 
water to methyl octanoate was measured at 37°C, assumed to be the micelle phase formed 
by the octanoyl moiety of the ascorbate molecule. The partition coefficient, P, was higher at 
the higher catechin concentrations, though it was not more than 0.1 at 100 mmol/L. Thus, the 
partition of catechin molecule to the micelle phase would not result in the apparent decrease 
in catechin. The reason why octanoyl ascorbate acted on the catechin degradation as an 
antioxidant or a proxidant at the turning point of ca. 0.1 mmol/L remains unclear. However, 
the formation of the micelle may prevent it from suppressing the oxidative degradation of 
catechin. The oxidative degradation processes with 0.001 mmol/L octanoyl ascorbate were 
examined at pH 6.0 and various temperatures. Octanoyl ascorbate retarded the degradation 
at each temperature and it was observed that the antioxidative effect of the ascorbate over 
a wide temperature range. Furthermore, it was indicated that the antioxidative action of 
octanoyl ascorbate on catechin in an aqueous solution was independent of temperature from 
the relationship between the remaining fractions with and without the ascorbate at 50, 60, and 
70°C.

6.2 Antioxidative Action in Oil-in-Water Emulsion

The oxidative degradation of (+)-catechin in O/W emulsion in the presence or absence of 
ascorbic acid or acyl ascorbate was kinetically examined (Watanabe et al., 2012). First, the 
degradation processes in the emulsions without ascorbates and with ascorbic acid, octanoyl 
ascorbate and palmitoyl ascorbate were measured at 40°C. The average values of the median 
diameters of the oil droplets in the emulsions were 5.3 and 9.9 µm, which were determined 
by pore size of membrane filters used for emulsification. The transient changes in the median 

Figure 13.17: Effect of the Concentration of Ascorbic Acid (+) or Octanoyl Ascorbate (!) 
on the Rate Constant, k, at 60°C and pH 6.0.

The broken line represents the k value for the oxidative degradation of catechin with no additive at 
the corresponding conditions.
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diameters of the droplets in the emulsion with no ascorbates indicated that the emulsions were 
stable during the measurements for the catechin degradation regardless of initial mean diameter. 
The degradation kinetics of catechin was assumed to be expressed by first-order kinetics:

= −C
C

ktexp( )
0 

(13.8)

Each residual area per molecule, a, estimated from the surface tension for hexanoyl, octanoyl, 
decanoyl, and lauroyl ascorbates was ca. 0.30 nm2, as mentioned previosuly. The maximum 
number of adsorbable ascorbate molecules on the overall interface, m, was calculated:
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where nd is the total number of oil droplets, Aint is interfacial area per oil droplet, V is the 
total volume of oil, v is the volume per oil droplet, and d is the median diameter of an oil 
droplet. The relationship between the ratio of added ascorbate molecules, mA, to m and 
the k value for the emulsion with the mean diameter of 5.3 µm is shown in Fig. 13.18. 
Ascorbic acid suppressed the catechin degradation at the low concentrations. Molecular 
oxygen causes the one-electron oxidation of the B-ring of the catechins in the first step for 
the autoxidation of catechin in an aqueous solution. Superoxide anion and a semiquinone 
radical resulted from one-electron oxidation and they catalyze the oxidation through radical 
chain reactions. Ascorbic acid would contribute to suppressing or terminating the radical 
chain reactions due to the enediol-lactone resonant system in the molecule. However, the 
suppressive effect gradually decreased with increase in initial ascorbic acid molecules and the 

Figure 13.18: Dependence of the rate constant, k, of the first-order kinetics for the oxidative 
degradation of catechin in the O/W emulsion with the mean diameter of 5.3 µm at 40°C on the 
amount of ascorbic acid ((), octanoyl (*), and hexadecanoyl (&) ascorbate. The bars represent 

95% confidence intervals. The broken curve represents the k value for the degradation in the absence 
of any ascorbates.
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k value became higher than that with no ascorbate at all. Ascorbic acid is known to exhibit 
a proxidative action. In addition, octanoyl ascorbate also showed a similar behavior but the 
anti-/proxidative effect was weaker than that of ascorbic acid. It is suggested that octanoyl 
ascorbate molecules were more difficult to disperse in the water phase in the presence of 
catechin than ascorbic acid owing to sorption onto the interface, partition into the oil phase 
or the participation in the emulsifying. The k value rapidly increased in the presence of 
octanoyl ascorbate at mA/m > 1. On the other hand, the k value with palmitoyl ascorbate 
was independent of the ascorbate concentration and was almost equal to the control. Most of 
palmitoyl ascorbate molecules with high lipophilicity appear to be in the oil phase and not 
involved with the catechin degradation in the water phase.

Emulsions with smaller oil droplets are known to show higher rate of lipid oxidation due to 
the larger interfacial area. The catechin stability in the emulsion with the oil droplet diameter 
of 5.3 µm was higher than those with a 9.9 µm diameter for the emulsion in the absence 
of the ascorbates. Decaglycerol dodecanate used as an emulsifier might provide a partial 
barrier to the oxidative degradation on the interface. The effect of the acyl chain length of the 
ascorbate on the rate constant for the degradation was examined in the emulsions with the 
two median diameters of the droplets. Each concentration of ascorbic acid or acyl ascorbate 
was 0.01 mmol/L in the emulsion. The k value for the smaller oil droplets was lower than that 
for the larger ones. Both k values for the two different diameters were a little higher for the 
longer acyl chain. This would suggest that the ascorbate having a shorter acyl chain was more 
efficient and that the influence of the droplet size on the catechin stability was stronger than 
that of the acyl chain length.

The P values of catechin between the methyl dodecanate and water, which were estimated 
assuming no adsorption onto the interface, increased with the increasing initial catechin 
concentration. Furthermore, the value depended on the volume ratio of the organic phase to 
the water phase. It was postulated that catechin molecules are adsorbed onto the interface 
at the surface concentration of Cint, because the P value should be independent of both the 
initial concentration and the volume ratio of the two phases. Therefore, the mass balance for 
catechin is given by the following equation:

= + +C V C V C V C Aaq,0 aq aq aq org org int int 
(13.10)

where Aint is the interfacial area, Corg, is the concentration in the organic phase at the partition 
equilibrium, Caq,0, is the initial concentration in the water phase and Vaq and Vorg are the 
volumes of the water and organic phases, respectively. The P value is defined as Corg/Caq. 
Aforementioned Eq. (13.10) is converted to Eq. (13.11):
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Cint was estimated from the intercept of the horizontal line in the plots for the relationship 
between (Caq,0 – Caq)/CaqAint and Vorg/VaqAint, assuming that P = 0. Cint proportionally increased 
with the change in Caq for each volume ratio. This result would suggest that catechin 
molecules do not partition well into the methyl dodecanate phase and a little amount of 
catechin was adsorbed on the interface. The P value at the initial catechin concentration used 
for all the measurements of the degradation of 1 mmol/L was very low or zero. The catechin 
partition to the oil phase in the emulsion would not arise well though the composition of the 
emulsion containing decaglycerol monododecanate as an emulsifier was different from that 
of the partition experiment system. Catechin molecules adsorbed onto the interface would 
increase owing to the large interfacial area in the emulsion with the small droplets. This 
may contribute to the high catechin stability in the small droplets emulsion. Some catechin 
molecules might be replaced by the adsorbed ascorbate on the interface in the presence of 
acyl ascorbate and then catechin liberated by the replacement is prone to degradation in 
the water phase. This is affected by the droplet size and the ascorbate concentration in the 
emulsion.

7 Conclusions

The introduction of various polyunsaturated fatty acids, such as linoleic, α- and γ-
linolenic, dihomo-γ-linolenic, conjugated linoleic, arachidonic, eicosapentaenoic, and 
docosahexaenoic acids to ascorbic acid through lipase-catalyzed esterification and subsequent 
microencapsulation with a wall material significantly improved their oxidative stability. These 
aspects have important impact in the food industry and biotechnology.
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CHAPTER 14

The Enzyme Production Control by Sound 
Waves in the Case of Koji Mold
Noriaki Saigusa, Yuji Teramoto
Sojo University, Kumamoto, Japan

1 Japanese Sake and Rice-Koji

What is Japanese sake and how is it made? Japanese sake is a fermented alcoholic beverage 
made from rice and rice-koji, and it is brewed rather than distilled. To produce alcohol from rice, 
it is necessary to convert the rice starch to glucose. This is where koji enzymes play an active 
role. Koji helps to convert starch into glucose, which is then converted by yeast into alcohol.

This may be the first time that you have heard the term “koji.” Rice-koji is rice, which was 
previously steamed and cooled to proper temperature, inoculated with the mold, Aspergillus 
oryzae. As the mold grows, large quantities of mold enzymes, such as amylase and protease, 
are secreted inside the rice grains, and these enzymes greatly affect the quality, especially 
aroma and taste of the finished Japanese sake. The koji conidia resembles a plant’s seeds, 
and the mycelia is like a plant’s stem or stalk. Mycelia extend from the conidia and various 
enzymes are secreted from the mycelial tips (Fig. 14.1). Four main types of enzymes secreted 
by mycelia are shown in Fig. 14.2. α-Amylase converts starch into oligosaccharides and 
dextrin. This enzyme hydrolyzes randomly α-1,4 bond of the starch molecule. Therefore, 
rapidly reduce the viscosity of the fermentation broth. The final product is a maltose, called 
liquefying enzyme. Glucoamylase converts starch, oligosaccharides, and dextrin to glucose. 
From the nonreducing terminal side of α-1,4 linked chains of the starch molecule was 
cut with glucose units to release glucose. As in Japanese sake production, glucoamylase 
plays an important role in the generation of a reducing sugar, it has been referred to as a 
saccharification enzyme. As the Japanese sake yeast is mainly used glucose for the ethanol 
fermentation, glucoamylase on the fermentation management of the fermentation broth, 
is extremely important. Acid proteases convert proteins into oligopeptides. This enzyme 
creates a variety of peptides by hydrolysis to random peptide bonds of proteins, but do not 
decompose to amino acids. Acid protease is a large auxiliary action against steamed rice 
dissolution. And acid carboxypeptidases convert proteins and oligopeptides into amino 
acids. Acidic carboxypeptidase acts on proteins and peptides, to release the amino acids of 
the carboxy terminus. As the mycelia grow, koji produce and secrete these enzymes in large 
quantities within the rice-koji.
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Now, let’s look at the details of the Japanese sake brewing process. First, the yeast 
fermentation starter culture, known as the shubo, is prepared from a mixture of rice-koji, 
water, and yeast. The aim of the shubo is to generate a pure culture of large numbers of 
yeast to facilitate production of a good-quality sake mash, that is, yeast propagation. A 
large amount of lactic acid is also added to the shubo to prevent bacterial contamination. 
The shubo is then mixed with rice-koji, steamed rice, and water. The following day, more 
rice-koji, steamed rice, and water are added to the mash separately. This is followed by 
the final addition of the three ingredients. During each addition of these three ingredients, 
the volume of the mash doubles in volume. This process is known as three-step brewing 
and has evolved over centuries of brewing. By the three-step brewing, mash of sake was 
safely and readily scaled up. After the end of alcoholic fermentation, the clear sake and 
sake cake are separated by filtration. The sake is then stored in low-temperature conditions 

Figure 14.1: Microorganism Used in Koji Making.
Aspergillus spp. (left) is used for the production of bara-koji and Rhizopus spp. (right), Amylomyces spp., 

or Mucor spp. are used for mochi-koji.

Figure 14.2: Four Main Types of Enzymes Produced in Rice-Koji and its Products.
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to allow the fine lees to settle and for the sake to become crystal clear. This process in low-
temperature conditions is known as oribiki, in English, removing of lees. Pasteurization, 
or hiire in Japanese, is then performed at 65°C, and the sake is further stored and aged for 
6–12 months (Fig. 14.3). There are four main unique features of sake production: three-
step brewing, simultaneous saccharification and fermentation (SSF) system, high-density 
fermentation, and low-temperature fermentation. In three-step brewing, the raw ingredients 
are mixed in three separate additions to avoid the sudden dilution of the yeast cell population 
and lactic acid concentration in the shubo, thereby facilitating the progression of a safe and 
stable fermentation. During simultaneous saccharification and fermentation, the conversion 
of starch to glucose, called “saccharification,” and the conversion of glucose to alcohol, 
called “alcoholic fermentation,” occur simultaneously. This process allows for gradual 
sugar formation and efficient alcoholic fermentation. It should be noted that during shubo 
production, fermentation occurs sequentially following saccharification. The use of high-
density fermentation allows the alcohol concentration to reach high levels. In this regard, we 
know that the ratio of water to raw materials is 600% for beer, and 500% for whiskey, but is 
only 120% for Japanese sake. Low-temperature fermentation aims to slow the yeast activity 
to extend the overall fermentation process and thereby maximize the alcohol production. 
Under these conditions, the alcohol percentage of sake ranges from 15% to 18%, whereas that 
of red and white wine is 12.5% to 14.5%. The most important element in sake production is 
koji; followed by the shubo, and then the brewing process and conditions.

The shubo contains one of two types of lactic acid, which differ in their source. Sokujyo-
syubo, that is, modern yeast starter, involves simultaneously adding commercial lactic acid 
and yeast at an early stage in shubo production. In kimoto-shubo, traditional yeast starter, 
favorable environment for lactic-acid bacilli proliferation is first established using water and 
rice, and the yeast is then added once sufficient lactic acid has been naturally produced. Sake 

Figure 14.3: Typical Japanese Sake-Making in Japan.
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produced using sokujyo-shubo and kimoto-shubo have different characteristics. The rice used 
for sake has larger grains than table rice, and contains an opaque, white area in the center of 
grains called the shinpaku. This area contains very little protein, is soluble, and facilitates koji 
mold proliferation and alcoholic fermentation.

Japanese sake is classified into different types based on the degree of rice polishing. Japanese 
sake made from rice polished to 70% or less of the grain remaining is called honjyouzou-
shu, standard brew sake; that polished to 60% or less is called ginjyo-shu, and that polished 
to 50% or less is called daiginjyo-shu, special brew sake. Sake made just with rice, rice-koji, 
water, and yeast has the term jyunmai, pure rice sake added in front of the name, whereas 
non-jyunmai sake includes distilled alcohol in addition to those three ingredients. The higher 
the degree of rice polishing, the fruitier the sake aroma becomes. This is because the rice 
bran around the outside of the grain contains a fatty acid that inhibits the yeast enzyme that 
produces the fruity aroma. Therefore, by removing the rice bran, the fruitiness of the aroma 
tends to increase. The rice bran also contains many substances that support the growth 
of yeast. Removing this part of the grain also slows fermentation, which further helps to 
preserve the aroma component, for example, isoamyl acetate.

2 History of Japanese Sake and Rice-Koji

Now that you have a better understanding of the sake making process, let’s focus on 
rice-koji as it relates to “History of Japanese sake.” As already mentioned, the process of 
converting starch to glucose in the rice grain is called saccharification. While malt is used for 
saccharification in the West, koji, microbial starter, is used in the East. Koji can be further 
divided into bara-koji and mochi-koji. Bara-koji is used in Japan and mochi-koji is used in 
East Asian countries, such as China, Thailand, and Vietnam (Fig. 14.4). For the production 
of bara-koji, koji mold is grown on individual grains of steamed rice, whereas for mochi-
koji, the mold is propagated after the grains have been soaked in water, ground, and then 
hardened. Furthermore, different strains of koji mold preferentially grow on each kind of 

Figure 14.4: Sacchrification Method in World.
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koji; specifically, Aspergillus spp. is used for the production of bara-koji and Rhizopus spp., 
Amylomyces spp., or Mucor spp. are used for mochi-koji.

Japan was already inhabited when the continents were still connected. Around 500 BCE, 
as the Northern Mongols moved south from Siberia, the Southern Mongols crossed over to 
Japan from Southeast Asia, bringing with them rikutou, that is, land rice plant; shitogi, that is, 
uncooked, softened by soaking in water, ground, and then hardened rice; and kuchikami-shu, 
that is, alcoholic beverage made by chewing, which is explained shortly. In more detail, the 
Southern Mongols prepared a rudimentary alcoholic beverage from shitogi. Women and boys 
thoroughly chewed shitogi, spat it into a container, and left it to undergo natural fermentation 
to produce a beverage called kuchikami-shu. Since ancient times, this alcohol has been 
offered to the gods as shinsen. Kuchikami-shu was often called miki, or sacred sake. However, 
the tradition of kuchikami-shu had almost completely disappeared by the start of the Showa 
era in 1926.

Later, between 200 and 400 CE, the Northern Mongols crossed into Japan from the Korean 
peninsula, forcing the Southern Mongols to move northward into the Tohoku and Hokkaido 
regions, or southward into Kyushu, taking with them the new brewing technology. On the 
other hand, the Southern Mongols also introduced the technique of natto, fermented soybean 
food, and had high alcohol tolerance. It was reported that the distribution map show present-
day natto consumption. In the reports, natto consumption levels are high in the north and 
south of Japan. The same distribution is true for alcohol tolerance. These distributions support 
the northern and southern migration of the Southern Mongols in response to the movement of 
the Northern Mongols.

Around 200 to 400 CE, the techniques of using koji, mochi-koji, and getsu, that is, sprouted 
rice grain as saccharification agents existed in Korea, and this technology was introduced into 
Japan with the migration of the Northern Mongols. Kuchikami-shu production changed to 
using getsu, which is sprouted grain, as the saccharification agent. One of the reasons that the 
use of mochi-koji did not become popular was the difficulty of cultivating mold suitable for 
producing mochi-koji in Japan. The use of rice as the grain for getsu also resulted in higher 
quality sake. In the 1000 years following the migration of the Northern Mongols into Japan, 
sprouted rice getsu was refined into getsu infected with koji mold, and then to steamed rice 
inoculated with koji mold, becoming the uniquely Japanese bara-koji, and ultimately leading 
to the rice-koji, that is, used in sake production today.

To recap, the Southern Mongols introduced rice cultivation, shitogi, and kuchikami-shu to 
the indigenous people of the Japanese archipelago while the Northern Mongols brought with 
them sake brewing based on sprouted grain, namely malt or rice, and the use of mochi-koji. 
The techniques for producing kuchikami-shu were then pushed north and south. The lack 
of suitable koji mold in Japan for mochi-koji production prevented the Northern Mongols’ 
mochi-koji production techniques from spreading, leaving only sprouted grain-based sake 
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brewing. Although amylase activity is lower in sprouted rice compared to malt, good quality, 
refined, and elegant sake can be produced with sprouted rice, and likely encouraged the 
expansion of rice-based sake brewing (Ueda, 1999). Our laboratory attempted to brew sake 
using malt and rice to compare the resulting beverages. The alcoholic beverage produced with 
sprouted rice had the characteristic aroma of Japanese sake and, by organoleptic testing, it 
was determined that it had a sourer taste compared to the beverage produced with malt (Ueda 
et al., 1992). Due to Japan’s climate, the use of sprouted rice was replaced with sprouted rice 
infected with koji mold (maybe A. oryzae), which was then refined to steamed rice containing 
koji mold, and ultimately transitioned to the bara-koji, that is, used for sake production today 
(Teramoto et al., 1993).

3 Traditional Rice-Koji-Making in Japan

Koji, which is made in Japan, are classified into four types, such as yellow koji, black koji, 
red koji, and white koji. The name of koji originated from its color of conidia, and which 
was characteristic, respectively. Yellow koji is used for producing Japanese sake, soy source, 
miso, that is, fermented grain utilized for seasoning, etc. Yellow koji, A. oryzae, is known 
as Japanese fungus. Black koji have the strongest scarification power. However because 
the color of the spores is black, it interferes with the work. Therefore, at present, with the 
exception of awamori (traditional rice spirits in Okinawa Prefecture of Japan), white koji 
is used for production of alcoholic beverages in usually. Red koji is used in China and 
Malay Archipelago. In Japan, red pigment of red koji is used for food coloring. White koji 
is a mutant strain of black koji, and characteristics are same as the black koji. White koji 
is preferred and has been used as a shochu koji. Yellow koji can be used in Japanese sake 
production. Koji-making is the most important process influences the quality of Japanese 
sake brewing, by the transfer of temperature management, there is a difference in the quality. 
There are various ways in koji-making. In principle, how to control the temperature, or create 
a koji suitable for brewing has been devised in studies. One example of a koji-making follows 
(Fig. 14.5).

First of all, after cooling down the steamed rice to 34 to 36°C, mix it well until the 
temperature of the steamed rice is uniform. After lowering to the optimal temperature, 
mix well again, immediately sprinkling the seed koji (Tane koji). There are two types of 
seed koji. One is that spores are attached to a grain of rice; another is mixed with spores 
and starch. After addition of seed koji, stir well so that the temperature does not decrease; 
cover with a cloth. Steamed rice moisture at this time a target of 34%. After 10 h, breaking 
the deposited steamed rice, loosen the mass. If left untreated, the mass, the interior of the 
rice layer is to raise the product temperature, also the surface portion of the deposit is not a 
good quality of koji dry. To prevent a rise in product temperature in a disintegrated mass, 
it’s possible to make the whole of the product temperature uniform. Furthermore, it is also 
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possible to supply oxygen. After stirring, apply the cloth to the deposit of steamed rice 
again. Then, after a lapse of 12 h, what looks like white spots on the steamed rice surface 
are seen at some places, and the product temperature is increased 1 to 2°C. As the koji mold 
growth begins to accelerate to strong, it is allowed to stand, heat is violent, and moisture 
dissipation becomes worse. So, koji was transferred to a box of dedicated culture, that is, 
called Kojifuta, a flat wooden fermentation vat while promoting the breeding, to be able to 
adjust the way up of the extension and the temperature of the mycelia. Kojifuta is overlaid 
usually in six to eight stages, and further covered with a cloth to prevent drying. Then, after 
3–4 h, growth of mycelium advances; because the temperature rises 1 to 2°C, carry out 
the replacement of Kojifuta. After 6 to 8 h because the breeding of koji mold progresses, 
it is mixed to be uniform; reduce the escape of oxygen supply and moisture. Then, after 
6 to 7 h, fragrance of koji appears. After 3 to 4 h, to rise to 42 to 43°C, it performs a 
replacement product of Kojifuta; carry out the management of koji. In total, koji-making is 
carried out over a period of 43–45 h. Once the koji is complete, allow it to cool in a dried, 
thinly spread state.

As described earlier, koji-making is a consuming and very troublesome process, which is the 
most important step in sake production.

4 Production of Rice-Koji
4.1 Introduction

In the production of fermented food in the Orient region, rice-koji, which is prepared 
by culturing fungal conidia on cooked rice, is an important saccharifying agent. During 
the production of rice-koji, temperature, humidity, pH, light, and oxygen are key factors 

Figure 14.5: Typical Koji-Making in Japan.
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affecting quality of Japanese sake (Murakami, 1988). It was reported that the supply of 
carbon dioxide affected the color and fatty acid composition of koji and components of koji 
extract (Yanagiuchi et al., 1993). On the other hand, there is also a report that koji-making 
sealed in toko period, that is, incubation period, was higher in the activities of α-Amylase 
and glucoamylase while, lower in the activities of acid protease and acid carboxypeptidase 
than koji-making not sealed up in toko period (Iemura et al., 1996). Furthermore, it was 
recently confirmed that the germination of conidia is affected by light, and the possibility 
of using light to control the production of rice-koji was demonstrated (Hatakeyama and 
Kitamoto, 2008). It was reported that the optimum conditions for glucoamylase, α-Amylase, 
and acid protease of A. oryzae koji. Glucoamylase and α-Amylase activity could have 
reached maximum under the following conditions: inoculation temperature at 35°C, 0.25% 
inoculation quality, culture humidity at 75%, culture temperature at 37°C, and 56 h culture 
time. On the other hand, acid protease activity could have reached maximum when the 
culture temperature was 33°C (Yan et al., 2014). It was reported that the optimum condition 
for amino peptidase activity in wheat bran koji-making were water ratio 100%, raw material 
cooking for 21 min, and koji-making for 44 h (Zhang and Gao, 2011). However, there are no 
reports for utilization of sound waves during the rice-koji-making process. In the report of 
bacteria, audible sound acts on the growth of Escherichia coli effectively (Gu et al., 2010). 
Furthermore, it was reported that a frequency of sound waves of 8.0 kHz act on the growth 
and intracellular macromolecular synthesis of E. coli effectively (Gu et al., 2016). On the 
other hand, it was reported that Indian classical music acts on the growth of bacteria and 
yeast effectively, too (Niral and Vijay, 2015). In the report on plants, it has been reported 
that the resistance of strawberries against insect pests were enhanced by acoustic cultivation 
(Lirong et al., 2010). For the rose, it has been studied for the effect of Indian classical music, 
vedic chants, Western classical music, and rock. As a result, plants exposed to vedic chants 
showed the maximum elongation of shoots, maximum number of flowers, and highest 
diameter of flowers (Vidya and Shivaraman, 2014). For the bean plant (Phaseolus vulgaris), 
it has been reported that rhythmic violin music has given positive effect for growing of the 
plant (Aditi et al., 2013). On the other hand, for tomato fruit, it has been reported that a 
frequency of 1 kHz delays tomato fruit ripening by altering the expression of important genes 
in the ethylene biosynthesis and ethylene signaling pathways (Joo-Yeol et al., 2015). As 
described earlier, in recent years, it many studies reported on the impact of the sound waves 
on plants. Furthermore, a model has been reported on how sound waves affect the plant cell 
(Ratnesh et al., 2016).

In Japan, sound waves have been used in various processes, including the aging of spirits, 
particularly shochu, cultivation of vegetables and fruit, and even the breeding of cattle. For 
shochu, acoustic aging of brown sugar-shochu has been reported. For vegetables, growth 
promotion has been reported. For livestock, relaxation effects have been reported. However, 
there are few reports as paper. The reason for this is that elucidation of scientific mechanism 
of sound effects is thought to be difficult. The mechanism is not understood although it 
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was being suggested that sound waves could affect the rate of proton transfer in proteins 
(Barnes et al., 1985). Furthermore, it was reported that sound waves at a frequency of 2.0 kHz 
have been shown to affect the sugar composition of plants (Satoh and Tanitsu, 2013). Based 
on these findings, we guess that the production of rice-koji could be optimized using sound 
waves, and thus attempted to determine the critical sound wave frequencies that would 
specifically impact the enzyme activity of rice-koji.

4.2 Materials

Rice-koji was prepared using commercially purchased polished rice, Oryza sativa var. 
Japonica cv. Koshihikari produced in Niigata and Miyagi Prefectures, Japan. Hereafter, the 
former was expressed as N-rice, the latter was expressed M-rice. Tane-koji, that is, seed koji 
(A. oryzae) was purchased from Kawachi Genichiro Shoten Co., Ltd. (Kagoshima, Japan).

4.3 Rice-Koji-Making Control by Sound Waves

Rice-koji was prepared according to the method of our laboratory (Saigusa and 
Ohba, 2007). Briefly, polished rice (200 g) was soaked in water for 20 min at room 
temperature and the water was then drained over a 2 h period at 15°C. The rice was 
then steamed for 40 min in a pot-type steamer, removed and allowed to stand until 
the temperature decreased to optimal temperature, 40°C. Next, 0.2 g of Tane-koji was 
inoculated onto the steamed rice, which was then mixed to uniformly disperse the spores. 
Except for the steaming process, the cultivation procedure was performed under sterile 
conditions. After inoculation, the steamed rice was transferred to a petri dish of 152 mm 
in diameter and compacted with a scoopula. A piece of filter paper was inserted inside the 
cover, and the plate was incubated at 30°C for 20 h with no sound waves. A further 20 h to 
irradiate sound wave, and the rice-koji was moved to a tray, which was covered in gauze and 
contained water in the bottom. Incubation was performed in an incubator built-in speaker, 
that is, connected to the audio generator MINIRATOR MR2 (NIT Japan Co., Ltd, Tokyo, 
Japan) and instrument for amplification. The rice-koji was incubated under the sound 
wave irradiation of sound waves with frequencies ranging from 0 to 16.0 kHz. The sound 
power level of the audio generator was kept at −50 dB. To hold moisture, koji-making 
was performed in a plastic bag (Fig. 14.6). Effects of frequency on the enzyme activity of 
glucoamylase, α-Amylase, acid protease, and acid carboxypeptidase, as main enzymes of 
rice-koji, were then investigated. After extracted, each three places at random from both 
rice-koji, enzyme activity was measured.

4.4 Enzyme Activity of Rice-Koji

Glucoamylase produces glucose from starch or oligosaccharides. Glucoamylase activity 
was measured with G2-β-PNP (4-nitrophenyl-β-maltoside) and PNPG (4-nitrophenyl-
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α-glucoside) as substrates using a commercially available kit (Kikkoman Co., Ltd., 
Chiba, Japan).

α-Amylase produces oligosaccharides from starch. The α-Amylase activity was measured 
with N3-G5-β-CNP (2-chloro-4-nitrophenyl 65-azido-65-deoxy-β-maltopentaoside) as a 
substrate using a commercially available kit (Kikkoman Co., Ltd.).

Acid carboxypeptidase produces amino acids from proteins and oligopeptides. The acid 
carboxypeptidase activity was measured with Cbz-Tyr-Ala (carbobenzoxy-L-tyrosine-L-
alanine) as a substrate using a commercially available kit (Kikkoman Co., Ltd.).

Acid protease produces oligosaccharides from proteins. The acid protease activity 
was measured with casein as a substrate according to The Method of the National Tax 
Administration (1993).

4.5 Moisture Content

The moisture content of steamed rice was measured using an FD-600 Infrared Moisture 
Determination Balance (Kyushu Kett Co. Ltd., Fukuoka, Japan).

Figure 14.6: Acoustic Koji-Making.
To keep moisture, koji-making was performed in plastic bag. Incubation was performed in incubator 

built with a speaker, that is, connected to the audiogenerator and instrument for amplification. 
Under frequencies ranging 0–16 kHz. Volume of audio generator was kept at -50 dB. Volume from 

speaker was kept at 50 dB.
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4.6 Effects of Sound Waves on Enzyme Activity of Rice-Koji

After incubation under the sound wave irradiation of various frequency up to 16 kHz 
from silence, we compared the effect of frequency on the enzyme activity in rice-
koji. As a result, enzyme activity (glucoamylase, α-Amylase, acid protease, and acid 
carboxypeptidase) does not depend at all on the high and low frequency. On the other 
hand, the frequency of the sound wave did not affect the microbial content in rice-koji. 
But it was confirmed that each feature of rice-koji was made with each frequency. In this 
study, only three frequencies of sound waves, such as 1.0, 6.3, 16.0 kHz, had an effect on 
enzyme activity. Enzyme activity balance of four main enzymes are shown in Fig. 14.7. 
Three frequencies, such as 1.0, 6.3, 16.0 kHz, had an effect on four main enzyme activity 
balance. In brief, these rice-koji produced under three frequencies had different enzyme 
balances compared to rice-koji produced under a frequency of 0 kHz. Acid protease activity 
in rice-koji decreased by culturing under a frequency of 1.0 kHz compared to a frequency 
of 0 kHz. Furthermore, glucoamylase activity in rice-koji decreased by culturing under a 
frequency of 6.3 kHz compared to a frequency of 0 kHz. In addition, by culturing under 
a frequency of 16.0 kHz, acidic carboxypeptidase activity decreased, and acid protease 
increased. For other frequencies, it showed the same pattern as the rice-koji produced 
under frequency of 0 kHz.

In this study, sound waves are proven to be one of the important environmental factors 
influencing the enzyme activities of rice-koji. To identify the critical frequencies affecting 
enzyme activity, rice-koji was produced in acoustic culture conditions using one of eight 
frequencies, and the enzyme activities of the resulting rice-koji were compared using 
different rice grains (Fig. 14.8). For glucoamylase activity, significant differences between 
two different rice were observed at a frequency of 1.0 and 6.3 kHz (Scheffe’s F test). Also, 
glucoamylase activity of both rice-koji significantly decreased compared to silent conditions 
at a frequency of 6.3 kHz (P < 0.01). On the other hand, for acid protease activity, a 
significant difference between two different rice grains was observed at a frequency of 1.0 and 
16.0 kHz (Scheffe’s F test). Also, acid protease activity of N-rice-koji significantly decreased 
compared to silent conditions at a frequency of 1.0 kHz (P < 0.01). On the other hand, 
M-rice-koji significantly increased compared to silent conditions at a frequency of 16.0 kHz, 
too (P < 0.01). Furthermore, for acid carboxypeptidase activity, a significant difference 
between two different rice grains was observed at a frequency of 1.0 and 6.3 kHz (Scheffe’s F 
test). Also, acid carboxypeptidase activity of N-rice-koji significantly decreased compared to 
silent conditions at a frequency of 1.0 kHz (P < 0.01). For α-Amylase activities, there were 
no frequencies at which significant differences were observed in both rice-koji (Scheffe’s F 
test). In this experiment, three statistical analyses were carried out as multiple comparison 
tests. Results of significant different tests in glucoamylase, α-Amylase, acid protease, and 
acid carboxypeptidase activity were the same results in three method of Scheffe’s F test, 
Tukey and Bonferroni/Dunn. Furthermore, from these analyses, we were unable to determine 
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the cause and/or mechanism of the impact of frequency on rice-koji enzymes. To date, no 
studies have examined the effects of frequency on rice-koji enzymes. However, findings do 
suggest that sound waves may be an important environmental factor influencing the rice-
koji-making process. In addition, we identified three sound wave frequencies (1.0, 6.3, and 
16.0 kHz) that might affect the enzyme activity of rice-koji.

Also observed, the rice-koji made from the two different sources responded differently to the 
frequency of 1.0, 6.3, and 16.0 kHz. To determine the cause for this difference, the moisture 
contents of rice-koji made from Niigata and Miyagi Prefectures were compared. Results 
showed that the moisture content of cooked rice produced in Niigata Prefecture was 33.8% 
while that of rice produced in Miyagi Prefecture was 40.7%. From the viewpoint of vibration, 
it may be in close relationship between water and sound waves. In general, the moisture 
content of steamed rice used in sake brewing is 27%–32%. Furthermore, the moisture 
content of steamed rice, enzyme activity decreased (Okazaki et al., 1979). However, in this 
study, it was confirmed that even when water content is high, enzyme activity increased 
significantly (P < 0.01), by irradiating sound waves, such as glucoamylase (1.0 kHz), acid 

Figure 14.7: Enzyme Activity Balance in Rice-Koji Incubated Under Various Frequencies.
A value of glucoamylase activity showed 10-fold because the value was smaller than other 
enzyme activities. A frequency shown above exhibited an enzyme activity balance similar to 

0 kHz. Frequencies shown below exhibited enzyme activity balance differently from 0 kHz. In 
this experiment, M-rice is used. AP; Acid protease, GA; glucoamylase, AA; α-Amylase, ACP; acid 

carboxypeptidase.
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protease (16.0 kHz), and acid carboxypeptidase (1.0 and 6.3 kHz). It was reported that 
glucoamylase activity tends to increase according to the integration temperature of ginjo 
koji, that is, a starter for specially brewed Japanese sake (Mishiro et al., 2000). Also reported 
was the relationship between enzyme production and temperature (Okazaki et al., 1979). In 
that paper, researchers reported that α-Amylase and glucoamylase were produced well in 
optimum temperature of koji growth (37.5°C) while acid carboxypeptidase and acid protease 
were produced well under 35°C. In this study, in spite of constant temperatures during koji-
making, the difference of enzyme activity was observed by irradiation sound wave of various 
frequencies.

Figure 14.8: Effects of Frequencies on Enzyme Activities of Rice-Koji.
A value of glucoamylase activity showed 10-fold because the value was smaller than other enzyme 
activities. A straight line is rice grain produced at Niigata prefecture (N-rice), and dotted line is rice 
grain produced at Miyagi prefecture (M-rice) in Japan. Glucoamylase activity was an observed 
variation at the frequencies of 1.0 and 6.3 kHz between two rice grains. Acid carboxypeptidase 

activity was an observed variation at the frequencies of 1.0 and 6.3 kHz between two rice grains. 
Acid protease activity was an observed variation at the frequencies of 1.0 and 16.0 kHz between two 

rice grains. However, α-Amylase activity was not observed variation in all frequencies.
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From these results, a possibility was suggested that a particular frequency might affect 
the enzyme production of rice-koji. In particular, with regard to 6.3 kHz, reduction of 
glucoamylase activity in the two types of rice-koji was also confirmed. A possibility of 
inhibition of the enzyme production or production of the active inhibitor are consider. 
Although the mechanism is not known currently about the effects of waves, the overall impact 
of various factors, such as acoustic conditions, humidity, temperature, and rice components 
(from the difference of water absorption rate), are considered.

As a result, enzyme activity doesn’t depend at all on the high and low frequency. But it was 
confirmed that each feature rice-koji was made with each frequency. From these results, the 
possibility was suggested that sound wave irradiation was one of the important environmental 
conditions for rice-koji making (Saigusa et al., 2015).

To further optimize the use of sound waves during the production of rice-koji, the underlying 
mechanism of frequency on enzyme production needs to be conclusively determined.

5 Future Expectations

In Japan, there is a health drink with a variety of functionality called amazake. Amazake 
is produced with rice-koji and water by saccharification for 6 h at 55°C. Glucose, amino 
acid, oligosaccharide, oligopeptide, phenolic compounds, and dietary fiber is included in 
amazake. These compounds are produced by koji enzyme action. Furthermore, in amazake 
the vitamin B group made by koji mold is included, too. This time, rice-koji is cultured at 
various frequencies, and compared to the characteristics of rice-koji. As a result, compared 
to the rice-koji cultured in silent conditions, a decrease of acid protease activity was 
observed at 1.0 kHz frequency. On the other hand, a decrease of glucoamylase activity was 
observed at a frequency of 6.3 kHz, and an increase of acid protease activity was observed 
in 16 kHz frequency. When these rice-koji were applied to fermented food, it is presumed 
that, for example, if you want to produce a fermented food containing a large amount of 
oligosaccharides, rice-koji produced at a frequency of 6.3 kHz can be applied. If you want 
to produce a fermented food containing a large amount of peptide, rice-koji produced at 
a frequency of 16.0 kHz can be applied. In fact, the sugar composition was analyzed in 
amazake made with rice-koji cultured at various frequencies. As a result, amazake made with 
rice-koji cultured at 6.3 kHz included many oligosaccharides and maltose. On the other hand, 
the oligopeptides were analyzed in amazake made with rice-koji cultured at a frequency of 
16.0 kHz. As a result, many high molecular oligopeptides were detected in amazake made 
with rice-koji cultured at 16.0 kHz, compared to rice-koji cultured at silent condition. The 
high molecular peptide was also observed in higher ACE inhibitory activity. So, a blood 
pressure rise suppressed effect can be expected. It was reported that there is an antioxidant 
activity, such as DPPH radical scavenging activity, and the lipid peroxidation inhibitory 
activity in amazake (Saigusa and Ohba, 2007). Furthermore, during the saccharification step, 
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the former is no change, the latter is abruptly increased to glycated 2–4 h; it was confirmed 
that thereafter it decreased rapidly. For the DPPH radical scavenging activity of amazake 
made with rice-koji cultured at a frequency of 1.0 kHz, after 2 h saccharification, a decrease 
of DPPH radical scavenging activity was not observed. Furthermore, it was confirmed that 
DPPH radical scavenging activity was significantly higher than that of rice-koji cultured in 
silent condition, too. The relationship between enzyme activity and antioxidant activity is not 
known, but between the antioxidant activity and phenolic compound content, there may be 
a positive correlation, in particular, a high correlation in the 500 Hz∼8 kHz was observed. 
The phenomenon was not observed in amazake produced with rice-koji cultured in silent 
condition. In the koji-making process, it is known that temperature has a great influence. But 
studies on the acoustic effect is not realized. However, a possibility that different types of 
rice-koji and fermented food depending on the particular frequency has been found.

6 Summary

Finally, the influence of sound waves on koji is discussed. Koji plays a major role in the field 
of brewing. As mentioned, koji produces the saccharification enzymes needed to supply 
the sugar, that is, used as a substrate for alcohol fermentation by yeast. Koji also supplies 
a variety of nutrients that promote the growth and fermentation of sake yeast. And koji 
also contributes to the unique flavor of sake through its metabolic products. Temperature, 
humidity, and oxygen levels are known to affect the koji-production process. Recent studies 
have also shown that koji growth is responsive to light conditions. The question is does 
sound have an effect on koji? Here are some examples of the effective application of sound in 
food and drink production in Japan. Acoustic aging has been reported for shochu. Shochu is 
Japanese spirits. The taste and smell of shochu can be improved by aging, whereas Japanese 
sake generally deteriorates with prolonged aging. Acoustic aging has also improved the 
taste and texture. Furthermore, it was reported on the effects of the growth of vegetables 
and fruit. And stress reduction also has been observed in livestock. So what is the effect of 
sound on microorganisms? It is speculated that various types of rice-koji could be produced 
by the simple process of applying sound during koji production. The process of acoustic koji 
production is shown in Fig. 14.6.

Acoustic koji production was conducted with commercial nonglutinous rice that was 
maintained at 30°C for 40 h after inoculation. In the first 20 h, the koji was cultured in the 
absence of applied sound; while in the second 20 h, sounds at frequencies ranging from 
0 to 16 KHz were played through speakers. The effects of the various frequencies on the 
enzymatic activity of the rice-koji were investigated. The results showed that enzyme activity 
does not depend at all on the high and low frequency sounds; however, rice-koji with various 
characteristics could be produced at each frequency. Compared with rice-koji cultured 
under silent conditions, acid carboxypeptidase activity decreased at 1 kHz frequency and 
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a decrease in glucoamylase activity was observed at 6.3 Hz. Temperature is known to have 
a marked effect on koji during the production process, but the effects of sound have hardly 
been investigated. Studies suggest that different types of rice-koji may be produced at specific 
sound frequencies.

In Germany, there is a type of medical treatment called bioresonance therapy. Cells produce 
a variety of unique frequencies that change if the condition of the mind or body deteriorates. 
Theoretically, applying the normal frequencies to the body generates resonance with the 
abnormal frequencies, restoring the normal frequencies and improving the condition of the 
body and mind. Extending this theory to koji and experimental results, 1.0, 6.3, and 16.0 kHz 
appear to be abnormal frequencies for koji mold; therefore, continued application of these 
frequencies will resonate with the koji mold and may confer new capacities. However, this 
may also be stressful for the koji mold. It is speculated that these frequencies increase stress, 
which leads to the suppression of enzyme production.

In summary, Japanese sake is a special beverage in Japan that has been offered to the gods 
since ancient times. By extension, the koji used in the production of sake is also special. Even 
if koji production and sake brewing are altered by changes in Japan’s climate, these processes 
will always remain sacred and be influenced by the physical and emotional state of the 
manufacturer. Research into the sound wave effects on koji enzyme activity showed that the 
characteristics of koji might reflect the characteristics of the manufacturing characteristics. It 
is hoped that this information has deepened the interest in both sake and Japan.
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CHAPTER 15

Applied Research Perspectives 
of Alpha-Keto Acids: From 
Production to Applications
Hasan B. Coban, Ali Demirci
Pennsylvania State University, University Park, PA, United States

1 Keto Acids

Keto acids, or oxo acids, are compounds that have a carboxylic acid and a ketone group in 
their molecular structure (Lehninger et al., 2001). Keto acids are named as alpha-, beta-, 
or gamma-keto acids, based on the position of the keto group in the structure, as shown in 
Fig. 15.1. Alpha-keto acids have general formula RCOCOOH, where R is aryl, alkenyl, or 
heterocyclic group.

Alpha-keto acids are important intermediate compounds for the production of amino 
acids, and are used as medicines, food-feed additives, and agricultural products (Masato 
et al., 1986). They are also intermediate compounds, which regulate protein turnover in the 
metabolism. Therefore, external alpha-keto acid intake plays an important role in human and 
animal nourishment.

1.1 Characteristics of Alpha-Keto Acids

Among all alpha-keto acids, branched-chain and phenyl-substituted alpha-keto acids have 
different physical characteristics. Generally, the straight-chain alpha-keto acids are either 
liquids or low-melting solids (Waters, 1947). Adickes and Andresen (1943) classified the 
straight-chain alpha-keto acids into two groups based on the number of carbon atoms. It was 
pointed out that melting point increases as the molecular weight increases and the difference 
between the melting points of two members in either series becomes smaller with an 
increasing length of carbon chain. It was measured that an increase in the number of carbon 
atoms from 5 to 7 causes an increase in the melting point of 23oC. Also, an increase from 6 
to 8 carbon atoms increases the melting point by 26oC. However, an increase in carbon atoms 
from 7 to 9 and from 8 to 10 causes a 14oC increase in the melting point of straight-chain 
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alpha-keto acids (Adickes and Andresen, 1943). Additionally, alpha-keto acids show different 
stabilities with each other. Some of the alpha-keto acids are not stable under atmospheric 
storage; however, some other alpha-keto acids are quite stable when they are heated with 
acids or bases. Alpha-keto acids can also develop characteristic colors when they react with 
ferric chloride. Additionally, they can also react with bases and can form calcium, barium, 
and silver salts, which makes them easier to detect. Furthermore, alpha-keto acids tend to 
condense in the presence of strong acid or alkaline particles. For example, it was reported 
that pyruvic acid and phenylpyruvic acid can be condensed with benzyl cyanide to form 
cyanohydro derivative (Adickes and Andresen, 1943).

1.2 Applications of Alpha-Keto Acids
1.2.1 Medical applications of alpha-keto acids

It was reported that alpha-keto acids are ketogenic or glucogenic precursors, which regulate 
protein turnover. Therefore, it is important to monitor their concentrations in blood and urine 
to maintain physiological condition, nutrition intake, and development of new treatments 
against some diseases (Pailla et al., 2000). Recently, attention has been focused on biological 
functions and the metabolism of alpha-keto acids. It has been reported that alpha-keto acid 
analogues can be substituted for their specific amino acids, which is especially crucial for 
kidney patients. Since alpha-keto acids do not have amino groups, substitution of amino 
acids with their specific alpha-keto acids in the diets helps kidneys and livers to reduce urea 
accumulation in the body (Krause et al., 2010). Walser et al. (1973) evaluated the effect of 

Figure 15.1: Molecular Structures of Alpha-, Beta-, and Gamma-Keto Acids 
(Chemdoodle, 2016).
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addition 6–14 g per day of alpha-keto analogues of valine, isoleucine, leucine, methionine, 
phenylalanine, tryptophan, and histidine in the diets of 10 patients. They reported that low 
nitrogen supplemented diet, with different alpha-keto acids, reduced blood urea concentration 
and improved nitrogen balance in uremic patients. In another study, Halliday et al. (1981) 
labeled alpha-keto acids of valine and phenylalanine to feed healthy and uremic subjects. 
Results showed that the conversion degree of these alpha-keto acids to their amino acids was 
between 25% and 50%, regardless of subjects’ health. Therefore, studies showed that not only 
ratios but also the amount of the individual alpha-keto acids must be carefully defined before 
using alpha-keto acids in the diets.

Alpha-keto acids are also commonly used in the identification of several diseases. For 
example, high concentrations of alpha-keto acids in sera and urine might be the signals for 
maple syrup urine disease (MSUD), phenylketonuria (PKU), and tyrosinosis. Therefore, 
measurement of alpha-keto acids in vivo is important for the diagnosis and treatment of these 
diseases (Hara et al., 1985). MSUD is a rare inborn error of metabolism resulting in a defect 
of branched-chain oxo-acid dehydrogenase and is encountered by 1:185,000 in the population 
(Bender, 1985). This disease results in an increase in the concentration of branched-chain 
amino acids and alpha-keto acids in tissue and urine. Therefore, the name of the disease is 
related to the odor of urine, which contains a high amount of branched-chain alpha-keto 
acids. Patients who are not treated may have severe mental disorders, suffer neurological and 
respiratory issues (Bender, 1985). Similar to MSUD, PKU is also an inborn error of amino 
acid metabolism, which is caused by the deficiency of phenylalanine hydroxylase. PKU is 
caused by a mutation of the gene that encodes phenylalanine dehydrogenase enzyme, which 
is responsible for the conversion of phenylalanine to tyrosine (Palka and Kańska, 2012). PKU 
is the most common disease caused by metabolic defects in amino acid metabolism, which 
can be encountered in 1:15,000 in the population. This disease is simply defined as excessive 
accumulation of phenylalanine in the body. In normal conditions, phenylalanine is converted 
to tyrosine and then to tissue proteins, melanin, catecholamines, and fumarate acetoacetate. 
However, in PKU patients, phenylalanine is oxidized to phenylpyruvic acid and then to 
phenyllactate and phenylacetate. These metabolites give urine a characteristic mousey odor. 
This disease shows several symptoms, such as mental retardation, hyperactivity, tremor, and 
failure to walk or talk. Average IQ level was assumed as 20 for PKU patients. Additionally, 
patients with PKU often show a deficiency of pigmentation (Champe et al., 2008). Also, 
50% of the patients die before 20 years old and 75% before 30 years old. Therefore, early 
diagnosis of PKU is important for the treatment of the disease by modifications in diets. In 
normal conditions, phenylalanine concentration must be between 1.2 and 3.4 mg/100 mL in 
the blood. Due to this, phenylalanine concentration is aimed to maintain a close-to-normal 
range by modifying the diets with synthetic supplements at early ages of the infant, starting 
2–3 weeks after birth. Dietary management is not very important after six years old since the 
brain matures and the toxic effects of phenylalanine become imperceptible (Scheve, 1984). 
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The earlier treatment results in less neurologic damage in the patients. Therefore, 
determination of phenylpyruvic acid concentration in these samples helps diagnosis for this 
health problem (Hayashi et al., 1976).

1.2.2 Animal feed applications of alpha-keto acids

Alpha-keto acids are also used for animal diets, especially in the poultry industry, as nutrient 
supplements for environmental and animal growth issues. It was reported that excessive 
nitrogen excretion in chicken manure due to high amino-acid-contained diet is a major 
problem and has an adverse effect on the environment and for the producers. To minimize 
this, producers can start to supply alpha-keto acids in chickens’ diet instead of amino acids 
to reduce nitrogen accumulation in the manure (Summer, 1993). It was shown that alpha-
keto acids do not only minimize dietary nitrogen intake but also provide enough nutrient to 
prevent body loss (Bubl and Butts, 1949). Early studies showed that all alpha-keto acids of 
amino acids except for lysine and threonine can be used as sublimates in the diets of rats as 
growth supplements. Gaby and Chawla (1976) reported 6.5 g/day body weight increase in 
male weanling albino rats, when 45.4 µmoles of phenylalanine/g was added in their diets. 
They also reported that no phenylalanine addition in the diets resulted in 1.1 g/day weight 
loss on average. On the other hand, they reported that the replacement of phenylpyruvic acid 
with phenylalanine increased the growth rate significantly. Therefore, their study suggested 
phenylpyruvic acid is a more efficient substitute compared to alpha-ketoisovaleric acid and 
alpha-ketoisocaproic acid, which are alpha-keto acids of valine and leucine, respectively. In 
another study, efficiency of alpha-keto acids was researched by Chow and Walser (1975). 
They showed that a small amount of alpha-keto acids can provide the same growth rates in 
rats compared to high amino acid supplement. The effect of alpha-ketoglutarate on bone 
properties of turkeys was also shown in terms of increases in bone weight, second moment of 
inertia, cross-sectional area, wall thickness, maximum elasticity, strength, and mineral density 
(Tatara et al., 2005). Furthermore, several studies were done by Kristensen et al. (2002) to 
evaluate the effect of alpha-ketoglutarate addition on glucose, short-chain fatty acids, alanine, 
aspartate, glutamate, glutamine, proline, and insulin changes in the pigs. They reported that 
arterial plasma concentration of alpha-ketoglutarate increased from 16 to 22 µmol/L and 
425 µmol/L in pigs by enteral and parenteral administration, respectively. They also showed 
that glutamine concentration in the plasma decreased with parenteral but not with enteral 
treatment. Additionally, alpha-ketoglutarate increased proline synthesis in pigs, which plays 
a role in collagen formation. The effect of different leucine amounts, alpha-keto isocaproic 
acid, and norleucine on protein synthesis in piglets was also studied by Escobar et al. (2010). 
It was shown in the results that alpha-keto isocaproic acid, which is the alpha-keto acid 
analogue of leucine, is significantly effective on synthesis of muscle protein in young pigs. 
On the other hand, norleucine feeding reduced plasma levels of leucine compared to the 
control group. Additionally, the effect of supplemental alpha-keto isocaproic acid, leucine on 
layer performance and egg characteristics were studied by Beyer and Jensen (1992). Results 
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showed that chickens fed with 0.9% alpha-ketoisocaproic acid did not show any difference 
in egg production, egg weight, and shell thickness, but showed a significant reduction in egg 
cholesterol compared to the control (Beyer and Jensen, 1992).

1.2.3 Food industry applications of alpha-keto acids

Food flavors have a significant commercial importance in today’s world as enriched foods 
have become very popular in daily diets. Compounds, such as ketones, aldehydes, acids, and 
esters have been identified in the smoke produced in the pyrolysis process of some woods. 
However, only aldehydes and ketones are considered as effective in the development of color, 
aroma, and texture in smoked foods (Delgado et al., 2008). In the literature, several studies 
reported that alpha-keto acids can be used as flavor sources and nutrient enrichers. Ganesan 
et al. (2004) noted that alpha-keto acids have a significant impact on cheese taste and flavor 
formation. They showed that the catabolism of several amino acids in aminotransferase 
reactions is one process to produce flavorful compounds in cheese. Brevibacterium linens, 
which was grown in low-fat cheddar cheese, increased consumer acceptance due to sulfur 
metabolism. B. linens enhances ripening process of the cheese by its proteolytic activity. As 
a result of proteolysis, volatile sulfur compounds, α-keto acids, and fatty acid occur, which 
play an important role in flavor development (Ganesan et al., 2004). Also, exogenous addition 
of pyruvic acid into Gruyere-type cheese increased the aroma significantly. It was shown 
that cheese aroma increased by degradation of amino acids, especially leucine, methionine, 
lysine, valine, and phenylalanine, to their specific alpha-keto acids. However, aroma intensity 
of the cheese remained the same, even though amino acid concentration was increased 
during cheese production. 3-methyl-butanal and 3-methyl-2-butanone, which is an aromatic 
compound can also be released by the degradation of isovalerate, which is the alpha-keto acid 
form of leucine (Casey et al., 2004). Moreover, it was reported in the literature that higher 
alcohols, which can be produced by further conversion of alpha-keto betamethylvalerate, 
alpha-keto isovalerate, and alpha-keto isocaprote can also be used as flavor sources (Sluis 
et al., 2001). As an example, Lee and Richard (1984) reported that phenethly alcohol gives 
a pleasant rose-scented aroma to soft cheeses while l-phenylalanine was converted in 
the cheese during microbial logarithmic growth stage. Similarly, it was found that phenyl 
acetaldehyde, 2-phenylethanol, and derived ester phenethyl acetate, which all occur by 
the degradation of phenylalanine, are important flavor and rose-like odor compounds in 
Camembert cheese production (Yvon and Rijnen, 2001).

1.2.4 Application of alpha-keto acids as cyanide antidote

Cyanide, which is found in fire smoke, drugs, and diets is a neurotoxin that can rapidly 
produce lethality by breaking cellular adenosine triphosphate (ATP), inhibition of 
mitochondrial oxidase enzyme in the electron transport chain. Satpute et al. (2010) studied 
the function of alpha-keto glutaric acid as a potential cyanide antidote. They treated various 
concentrations of rat pheochromocytoma cells (PC 12) with potassium cyanide for 4 h in the 



432 Chapter 15

presence and absence of 0.5 mM alpha-keto glutaric acid and 0.25 mM N-acetyl cysteine 
(NAC). Cyanide decreased the cellular antioxidants, such as superoxide dismutase, catalase, 
and glutathione peroxidase in control group. On the other hand, alpha-keto glutaric acid and 
NAC successfully resolved the negative effect of cyanide on the antioxidant enzymes, which 
has an important role in the oxidative stress, related to cyanide toxicity on the PC 12 cells in 
the treatment group.

1.3 Production of Alpha-Keto Acids

As described, alpha-keto acids are finding many significant applications. Therefore, their 
industrial production is getting more and more important. Several production methodologies 
of alpha-keto acids were studied in the literature. Alpha-keto acids can be produced via both 
chemical and biological synthesis. In the first half of the 20th century, there were limited 
and mostly chemical strategies conducted for alpha-keto acid productions. Nowadays, by 
the favor of microbial characterization and metabolic pathway identifications, biological 
productions of alpha-keto acids are preferable.

1.3.1 Chemical synthesis of alpha-keto acids

Alpha-keto acids can be produced with chemical synthesis. There are several chemical 
synthesis methods for the production of the alpha-keto acids are available in the literature 
(Cooper et al., 1983; Waters, 1947) and several of them were summarized in the next section.

1.3.1.1 Hydrolysis of the acyl cyanide

In this method, acyl bromide and suprous cyanide are heated in a water batch for 2 h. Acyl 
cyanide yields out at the end of the incubation at about 65%–70%. In the case of acryl 
cyanides of alpha-keto N-butyric acid and pyruvic acid with cold HCl, reaction can yield 
up to 75% alpha-keto acid (Cooper et al., 1983). Many sources have stated that hydrolysis 
of the acyl cyanides is a general procedure for preparing the alpha-keto acids. However, it 
was also indicated that this method can work only for short-chain acids with less than five 
carbon atoms (Waters, 1947). The chemical reaction mechanism of this strategy was shown as 
(Cooper et al., 1983):

+ → →RCOX MCN RCOCN RCOCO H2

1.3.1.2 The hydrolysis of the oxime ester or alpha-keto oxime esters

This reaction happens by dissolving oxime in 85% of formic acid then cooling down to 
0oC and addition of nitrosylsulfuric acid. However, it was found that the yields of the 
conversion of oxime to alpha-keto acids are generally low, but still oximes and oxime 
esters can be prepared in good yields from substituted alkylmalonic acid, acetoacetic acids, 
diethyl alkylmalonates, and nitrosated β-keto esters (Cooper et al., 1983). Additionally, 
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it was reported that phenylpyruvic acid cannot be obtained from oxime, so this method is 
not applicable for all alpha-keto acid production (Waters, 1947). The chemical reaction 
mechanism by hydrolysis of the oxime esters was shown as (Cooper et al., 1983):

= ′ → ′ →RC( NOH)CO .R RCOCO R RCOCO H2 2 2

1.3.1.3 Hydrolysis of ethyl esters of oxalo acids

It was reported that refluxing the fatty acid ester, diethyl oxalate, and sodium ethoxide in the 
ether yields in nine alpha-keto acid formations. In this technique, the final product alpha-keto 
acid is obtained by boiling alpha-oxaloester in the diluted sulfuric acid for 6 h. For the alpha-
keto acids, which have less than 11 carbon atoms, the oxalo acid ethyl ester was produced in 
ether/sodium ethoxide. Alpha-keto acids with higher than 11 carbon atoms, the reaction was 
carried out in pytidine/potassium ethoxide (Cooper et al., 1983). However, this method has a 
very variable yield between 8% and 94% (Waters, 1947). The chemical reaction mechanism 
by hydrolysis of ethyl esters of oxalo acids was shown as Cooper et al., 1983:

+ →
⎯ →⎯⎯∆

H C O CCO C H RCH CO C H

H C O CCOCHRCO C H RCH COCO H
5 2 2 2 2 5 2 2 2 5

5 2 2 2 2 5 20%HCl 2 2

1.3.1.4 Hydrolysis of grignard reagents and diethyloxamates

This method can be used only for small amount production of certain alpha-keto acids 
(Waters, 1947). Up to 60%–70% yields were obtained for the productions of alpha-
ketobutyric acid, alpha-ketovaleric acid, phenylpyruvic acid, and phenylglyoxylic with this 
method. It was reported that up to 85%–90% yields were achieved for R group C2H5, however 
it was not readily hydrolyzed to the corresponding alpha-keto acids. The chemical reaction 
mechanism by hydrolysis of grignard reagents and diethyloxamates was shown as (Cooper 
et al., 1983):

+ →
⎯ →⎯⎯ +

→

H C O CCO C H HN(C H )

(H C ) NCOCO C H (HO)CR CON(C H ) RCOCON(C H )
RCOCO H

5 2 2 2 2 5 2 5 2

5 2 2 2 2 5
RMgX

2 2 5 2 2 5 2

2

1.3.1.5 Hydrolysis of dehydropeptites

It was reported that dehydropeptides can be converted to their corresponding alpha-keto acids 
by heating in dilute HCl solution or enzymatic method (Nedderman et al., 1996). Contrarily, 
dehydropeptides have been commonly synthesized from alpha-keto acids. Dehydropeptide 
technique is usually preferred for the synthesis of alpha-keto-acid-containing peptides, 
such as pyruvoylglycine and phenylpyruvoylglycine. The chemical reaction mechanism by 
hydrolysis of dehydropeptites was shown as (Cooper et al., 1983):
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= ↔ =
→ + +

RCH CONHC( CHR )CO R RCH CON C(CH R )CO R
RCH CO H NH R CH COCO R

2
1

2
2

2 2
1

2
2

2 2 3
1

2 2
2

1.3.1.6 Hydrolysis of azlactones

In theory, alpha-keto acids can be synthesized via hydrolysis of saturated or unsaturated 
azlactones. Final products are aldehyde and an acid for saturated and unsaturated used 
reactions, respectively. Various types of alpha-keto acid synthesis with unsaturated 
azlactones was studied in the literature. Nevertheless, alpha-keto acid synthesis occasionally 
fails, where R group in azlactone is a nitrobenzene derivative. As an example, 2-nitro-5-
(benzyloxy) phenylpyruvic acid production via azlactone resulted in 2-nitro-5-(benzyloxy) 
toluene (Cooper et al., 1983). The chemical reaction mechanism for the synthesis of alpha-
ketoisovaleric acid from an appropriate azlactone was shown as (Cooper et al., 1983):

1.3.1.7 Acid-catalyzed cleavage of alpha-acetylamino alpha-methyl esters

In this method, alpha-acetylamino alpha-methyl ester can be converted to N-chloro derivative 
with tert-butyl hypochlorite and base with the presence of methanol-sodium methoxide. This 
reaction yields elimination of HCl and addition of methanol results in alpha-acetylamino 
alpha-methyl ester, which can be further converted to alpha-keto methyl ester, or alpha-keto 
acid. In this method, reaction yield can be increased to 76%–87% of methyl esters, when 
alpha-acetylamino alpha-methoxy alpha-methyl ester was treated in around 1 equivalent of 
water sulphuric acid solution. Additionally, it was also reported that 67%–92% alpha-keto 
acid production yield can be achieved by warming 1 M HCl. Conversion of alpha-keto acid 
methyl ester to imino methyl ester via t-BuOCl (tert-butyl hypochlorite) and DBU (1,5 
diazabicyclo undec-5-ene) is shown as (Cooper et al., 1983):

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ =
⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

R R CHCH(NH )CO CH R R CHC( NH)CO CH

R R CHCOCO CH

1 2
2 2 3

t-BuOCl
DBU

1 2
2 3

1 equiv of H O
1 2

2 32

1.3.1.8 Alpha-keto acid ester production by reaction of acylimidazolides 
with grignard reagent and hydrolysis

Tert-butyl-alpha-oxo-1H-imidazole-1-acetate can be obtained from tert-buty-oxalyl chloride 
and imidazole. Yield of alpha-keto ester was reported between 22%–26% and 54%–77% 
when R group was alkyl and aromatic, respectively.
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1.3.1.9 Oxidation of alpha-keto aldehydes with cyanide and oxidizing agent

This method has been used to synthesize steroid alpha-keto acid. As an example, 2 
1-dehydrocorticosteroids can be converted to corresponding alpha-keto acids in the presence 
of cyanide and methylene blue or chromium tetroxide oxidation agents. The chemical 
reaction of the alpha-keto acid aldehydes production presence of cyanide and oxidizing 
agents was shown as (Cooper et al., 1983):

⎯ →⎯⎯
−

CH COCHO CH COCO H3
CN
O 3 22

1.3.1.10 Alpha-keto acid production from alpha-keto aldonitrone

This method has been used for the production of phenylgly-oxylic acid and several 
substituted glyoxylic acid. As an example, phenacylpridinium salts react with nitrosoaryl 
compounds with the presence of alkali cyanides and the reaction yields crystalline anils. 
General production of alpha-keto acid from alpha-keto aldonitrone was shown as follows 
(Cooper et al., 1983):

1.3.1.11 Alpha-keto acid production from alpha-hydroxyl-N-tert-butylcarboxamides

Cyanohydrin can be converted to alpha-hydroxyl-N-tert-butylcarboxamides, then oxidized 
to keto aminde and hydrolyzed to an alpha-keto acid. Yield of this reaction was reported 
between 48% and 87%. The chemical reaction mechanism of alpha-keto acid production from 
alpha-hydroxyl-N-tert-butylcarboxamides was shown as (Cooper et al., 1983):

⎯ →⎯⎯⎯ ⎯ →⎯⎯⎯

⎯ →⎯
+

RCH(OH)CN RCH(OH)CONHCMe RCOCONHCMe

RCOCO H

Me COH
H SO 3

CrO /HOAc
3

H
2

3

2 4

3

1.3.2 Enzymatic production of alpha-keto acids

Amino acids can also be converted to their specific alpha-keto acids via transamination and 
deamination reactions in vivo, which is indeed a preferred way for alpha-keto acid production 
if it is going to be used as food and feed additives. These enzymes can be effectively secreted 
by various microorganisms, which provide cost-effective and environmental friendly 
production of alpha-keto acids.
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1.3.2.1 Transamination

Studies in the literature have shown enzymatic transamination between amino acids yields 
in corresponding alpha-keto acids in high purity. Transamination reaction starts with 
the hydrolysis of the alpha-carbon amino bond of the amino acid, which results in the 
release of the alpha-keto acid (Fig. 15.2) (Bender, 1985). This stage is the half reaction of 
transamination. The process is completed by reaction of pyridoxamine phosphate (cofactor) 
with a second alpha-keto acid substrate, which forms an intermediate ketamine and then 
releases the corresponding amino acid.

Transaminase reaction results in ammonia accumulation. Ammonia may be reutilized or 
converted to urea or uric acid in liver before extraction via kidneys. Corresponding alpha-
keto acid products of several amino acids, which are produced by transamination, are 
shown in Table 15.1.

1.3.2.2 Deamination

Deamination means the removal of the amine group from a molecule, and this reaction is 
catalyzed by deaminase enzymes. In animals, deamination reaction mainly takes place in the 
liver. However, glutamate is also deaminated in kidneys. There are two types of deamination 
reactions that exist as oxidative and nonoxidative deamination (Greenstein, 1948).

1.3.2.2.1 Oxidative deamination Deamination reaction occurs in two ways. In oxidative 
deamination, amino group is removed by amino acid oxidase enzyme as free ammonia. Due 
to the fact that this reaction is oxidative, it requires an electron acceptor such as a flavin 
cofactor (Fig. 15.3) (Scheve, 1984). Flavin adenine dinucleotide (FAD) is reduced while 
amino acid is being oxidized. The reduced FAD is then reoxidized by reaction with oxygen 
and this reaction yields hydrogen peroxide. Cytotoxic hydrogen peroxide can be removed by 

Figure 15.2: Alpha-Keto Acid Production via Transamination Products of Amino 
Acids (Bender, 1985).
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catalase and peroxidase addition to fermentation medium. It was reported that l-amino acid 
oxidase has a wide broad specificity; however, a low activity was observed compared to d-
amino acid oxidase (Bender, 2012).

1.3.2.2.2 Deamination by dehydration This deamination reaction has been observed in 
microorganisms and animal tissues (Meister, 1957). These reactions are catalyzed by 
enzymes, which are relatively specific for a single amino acid, such as serine, threonine, 
homoserine, cysteine, and homocysteine. One water molecule is released at the end of the 
reaction. Pyruvate production via dehydration of serine is shown in Fig. 15.4.

1.4 Assays for Alpha-Keto Acid Quantifications

There are several factors that should be taken into consideration during the development 
of the alpha-keto acid assays. First, these compounds are generally in low concentrations 

Table 15.1: Corresponding alpha-keto acid products of amino acids (Bender, 1985).

Amino Acid Alpha-Keto Acid

Alanine Pyruvate
Arginine Alpha-oxo-gamma-guanidoacetate
Aspartic acid Oxaloacetate
Cysteine Beta-mercaptopyruvate
Glutamic acid Alpha-oxoglutarate
Glycine Glyoxylate
Histidine Imidazolepyruvate
Isoleucine Alpha-oxo-beta-methylvalerate
Leucine Alpha-oxoisocaproate
Lysine Alpha-oxo-epsilon-aminocaproate
Methionine S-methyl-beta-thiol-alpha-oxopropionate
Ornithine Glutamic-gamma-semialdehyde
Phenylalanine Phenylpyruvate
Proline Gamma-hydroxypyruvate
Serine Hydroxypyruvate
Threonine Alpha-oxo-beta-hydroxypyruvate
Tryptophan Indolepyruvate
Tyrosine p-Hydroxyphenylpyruvate
Valine Alpha-oxoisovalerate

Figure 15.3: Oxidative Amino Acid Deamination (Scheve, 1984).
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in the biological systems; therefore, highly specific methodologies and analyses must 
be established. Also, stability of each alpha-keto acid is very different from each other. 
Additionally, development of a suitable separation method is very important for the assay 
accuracy. There are two general approaches that have been studied to analyze alpha-keto 
acids. First is the isolation of alpha-keto acids by extraction followed by enzymatic or 
colorimetric analysis. Second is the conversion of alpha-keto acid into specific derivatives 
with suitable derivatization agents followed by analysis by chromatography. Currently, the 
second method is a more widely used technique compared to the first one. In a derivatization-
based alpha-keto acid detection analysis, selection of the appropriate derivatization agent 
is very important. An appropriate derivative agent should provide higher stability than 
alpha-keto acid structure, increase the detectability sensitivity, stimulate chromatographic 
separation, and react only with alpha-keto acids (Fromke, 1966). Hydrazines, such as 
2,4-dinitrophenylhydrazine (DNPH), can selectively react with aldehydes and ketones to form 
stable hydrazones. Also, aromatic hydrazine reacts with carbonyls under acidic conditions 
and forms insoluble hydrazone derivatives (Elias et al., 2008). DNPH is commonly used 
for determination of ketone groups, which allows high specificity and selectivity in high 
performance liquid chromatography (HPLC) for keto acid detection. It was reported that 
even 10 ng of alpha-keto acid can be detected by DNPH derivatization with a signal:noise 
ratio 7:1 at 366 nm (Hemming and Gubler, 1979). It was shown that some keto acid-DNPH 
derivatives provide multiple peaks in HPLC results. For example, there were two peaks 
observed for pyruvic acid, which the first one was larger than the second one. Furthermore, 
the sample showed reversal peak proportion after incubation for one week in methanol. 
Similarly, oxalacetic acid-DNPH sample generated three peaks in HPLC results, which 
were run by phosphate-methanol gradient flow. DNPH derivatives of aromatic compounds, 
such as phenylpyruvic acid and p-hydroxyphenylpyruvic acid also produced two peaks. 
These aromatic keto acids are less soluble compared to other keto acid-DNPH derivatives 
in water-methanol solvent. Therefore, optimization of separation procedure of these 
compounds needs other solvents such as acetonitrile (Hemming and Gubler, 1979). A very 
sensitive HPLC method for phenylpyruvic acid detection based on DNPH derivatization was 
reported by Elias et al. (2008) and slightly modified by Coban et al. (2014). The protocol 
can briefly be explained as follows: derivatization solution is prepared by dissolving 0.2 g 
of DNPH in 100 mL acetonitrile, and 4 mL of 70 wt % perchloric acid. Samples (0.1 mL) 
are mixed with 0.24 mL of DNPH solution and 0.04 mL of 25 % (w/v) H2SO4 solution. 

Figure 15.4: Serine Deamination by Dehydration (Scheve, 1984).
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Then, the mixtures are incubated for 1 h at 60oC. After derivatization, 0.48 mL of a 60:40 
acetonitrile:water mixture is added to the incubated samples and then the total mixture is 
filtered through 0.2 µm pore size polytetrfluoroethylene (PTFE) filters into HPLC vials. 
Measurement of phenylpyruvic acid concentration can be achieved via HPLC, equipped with 
an UV detectorand RP-C18 column with 1 mL/min gradient flow of 25 mM phosphate buffer 
(pH 2.2) and acetonitrile (Coban et al., 2014).

1.5 Microbial Alpha-keto Acid Production

The enzymes, which convert amino acids to their specific alpha-keto acids can be secreted by  
various microorganisms. Several studies have been done about the production of these converter 
enzymes from microorganisms. Kim et al. (2008) studied the transfer of d-amino acid oxidase 
coding gene from Trigonopsis variabilis CBS 4095 to Escherichia coli BL 21. To improve E. 
coli growth in the fermentation, lactose addition as inducer and adjustment of dissolved oxygen 
concentration was performed. They reported up to 19  µ/mL d-amino acid oxidase activity 
under optimized conditions. Additionally, Sentheshanmuganathan and Nickerson (1962) 
reported that the yeast T. variabilis can utilize many single amino acids as nitrogen source 
and while d-isomers of amino acids are oxidatively deaminated, l-isomers are transaminated 
with either alpha-ketoglutarate or pyruvate. Horner et al. (1996) studied the same species and 
evaluated three inducers (N-carbamoyl-d-alanine, N-acetyl-d-tryptophan, and N-chloroacetyl-
d-alpha-aminobutyric acid) on d-amino acid oxidase production of T. variabilis. Results 
showed that N-carbamoyl-d-alanine increased the enzyme activity by 4.2 times (231,000 U) 
compared to control fermentation. It was also stated that d-amino acid oxidase activity is highly 
dependent on ZnSO4 concentration with the optimum amount of 140 µM. Drechsel et al. (1993) 
and Massad et al. (1995) reported that several Proteus, Providencia, and Morganella species 
can successfully produce alpha-keto acid production enzymes. Also, Szwajcer et al. (1982) 
studied several Proteus, Providencia, Pseudomonas, and Erwinia species for their l-amino acid 
oxidase activity. The highest l-amino acid oxidase activity of Providencia strain PCM 1298 
was observed near late logarithmic phase and 80 mg alpha-keto gamma methiol butyric acid 
from per gram of l-methionine was reported. In another study, Yang and Lu (2007) showed 
the conversion of the substrates l-arginine and pyruvate into 2-ketoarginine and l-alanine by 
Pseudomonas aeruginosa (PAO1) transaminase enzyme. They stated AruH protein, which 
has the optimal pH 9.0, catalyzes the first step of arginine transaminase pathway. Also, Soper 
and Manning (1977) studied the inactivation of transaminase enzymes produced by Bacillus 
subtilis and Bacillus sphaericus. They showed that d-vinylglycine acts both as a transamination 
substrate and irreversible inactivator for pyridoxal phosphate dependent d-amino acid 
transaminase from studied Bacillus species. It was also shown in the literature that microbial l-
amino acid deaminase can be used in the biotransformation processes to convert l or dl-amino 
acids into d-amino acids, which are commercially important as raw or intermediate materials in 
the production of pharmaceuticals and food additives (Baek et al., 2011).
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Studies in the literature reported that microbial amino acid deaminase enzymes are also 
used for environmental issues. For example, it was shown that ammonifying bacteria 
(Bacillus pasteurii) were able to utilize peptone and yeast proteins as nitrogen source 
efficiently and provided high chemical oxygen demand (COD) reduction in wastewater 
treatment processes (Dahiya and Prabhu, 1984). Furthermore, it was shown that alpha-
keto-acid-producing enzymes take action on bioremediation and removal of hazardous 
waste. Kunz et al. (1998) showed that alpha-ketoglutarate and pyruvate can be produced 
in the process of nonenzymatic microbial cyanide removal. They demonstrated that not 
only some alpha-keto acids were produced, but also toxicity of cyanide was reduced by 
Pseudomonas fluorescens NCIMB 11764. Additionally, there are limited studies available 
in the literature for the production of alpha-keto acids by using microbial enzymes. 
Nesbakken et al. (1988) studied the biosynthesis of 2-oxo-3-methylvalerate by Chlorobium 
vibrioforme and product formation was performed by 13C nuclear magnetic resonance 
spectroscopy. Results showed that in the absence or low nitrogen source, Chlorobium 
spp. can excrete higher amounts of alpha-keto acids compared to control productions. 
Also, Blanco et al. (1990) reported that Chlamydomonas reinhardtii can grow under light 
by using asparagine, glutamine, arginine, lysine, alanine, valine, leucine, isoleucine, 
serine, methionine, histidine, and phenylalanine as sole nitrogen source. It is also found 
that asparagine and arginine significantly support algal growth since asparagine provides 
ammonium after deamination and arginine is used by active transport system during 
nitrogen starvation (Blanco et al., 1990). Significance and microbial production of several 
alpha-keto acids are summarized next.

1.5.1 Pyruvic acid

Pyruvic acid is also known as 2-oxopropanoic acid, acetylformic acid, or α-ketopropionic 
acid in the literature. Pyruvic acid is mainly used as a precursor for biosynthesis of various 
amino acids, such as alanine, l-tryptophan, and l-tyrosine. It was also reported that calcium 
pyruvate is a strong fat-reducing compound by increasing the metabolism of fatty acids in 
the body. Worldwide annual production of pyruvic acid is reported to be about 400 tons (Li 
et al., 2001). Yeasts, especially Torulopsis, Candida, Debaryomyces, and Saccharomyces, 
are the most common microorganisms used for pyruvic acid in the literature. Miyata and 
Yonehara (1996) produced 67.8 g/L of pyruvate in 63 h with Torulopsis glabrata in a 
fed-batch fermentation using a semisynthetic medium, which contains both ammonium 
sulfate and soybean hydrolysate as nitrogen source. However, they also reported that the 
yield was 0.49 g pyruvic acid/g glucose, which is lower compared to the other studies in the 
literature. In another study, Hua et al. (1999) reported pyruvic acid production yield as 0.8 g 
per g of glucose with T. glabrata as well. They also reported that thiamine concentration is 
significantly effective on pyruvate dehydrogenase and pyruvate decarboxylase activity, cell 
growth, and pyruvate production. Another Torulopsis specie was used by Li et al. (2001) 
and they reported that T. glabrata WSH-IP12, which can use ammonium chloride as a sole 
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nitrogen source, can produce 69 g/L of pyruvic acid with 0.62 g/g yield. In addition to 
yeast, various bacteria also used for pyruvic acid production. Yokota et al. (1994) improved 
pyruvic acid production to 30 g/L in 24 h with 0.6 g/g yield using F1-ATPase-defective 
mutant E. coli TBLA-1. On the other hand, maximum pyruvic acid concentration was 
reported as 25 g/L in 32 h with E. coli W1485lip2. Additionally, resting cells of Yarrowia 
lipolytica were also used in the literature for pyruvic acid production. Resting cells can 
reduce the cultivation time to reach the maximum product formation. Saeki reported 
75.4 g/L of pyruvic acid production with resting cells of Y. lipolytica 3–8 in shake-flask 
fermentation (Saeki, 1997).

1.5.2 Phenylpyruvic Acid

Phenlypyruvic acid (PPA) is also named 2-hydroxy-3-phenylpropenoic acid or alpha-oxo-
benzenepropanoic acid, and is the alpha-keto acid form of phenylalanine, which has C9H8O3 
molecular formula and 164.16 g/mole molecular weight. An intramolecular hydrogen bond 
exists between enol and carboxyl O atoms. The molecules are bound together by hydrogen 
bonds between carboxyl groups. The O–O distances of intramolecular and intermolecular 
hydrogen bonds are 2.639 and 2.673 Å, respectively (Okabe and Inubushi, 1997). PPA is 
produced by oxidative deamination of phenylalanine, which is catalyzed by phenylalanine 
dehydrogenase in vivo (Palka and Kańska, 2012). PPA was also found in plants and plant-
derived foods such as wine samples. Ferreira et al. (2007) quantified 0.1–9.6 mg/L PPA in 
several wines based on wine type and age. It was also shown that white wines include less 
PPA, compared to red wines. Groop and Bon (1998) showed that PPA is the intermediate 
compound in conversion of phenylalanine to benzaldehyde, which is commonly used as 
a flavor enhancer in the industry. Similarly, Pazo et al. (2013) reported that PPA added 
cheese whey hydrolyzates can be metabolized by Lactobacillus plantarum CECT221 
efficiently and produce important flavors for the food industry. Microbial PPA production 
was studied in depth by Coban et al. (2014, 2015a, 2015b). They first performed a microbial 
selection experience to evaluate several microorganisms for their PPA production ability 
in the shake-flask fermentations. Among Zygosaccharomyces rouxii, Proteus vulgaris, 
Morganella morganii, and Corynebacterium glutamicum, P. vulgaris was the best-yielded 
microorganism for PPA production (Coban et al., 2014). Thereafter, growth parameters 
including temperature, pH, and aeration were optimized by response surface methodology 
(RSM) in bench-scale bioreactors, and optimum conditions were reported as 34.5oC, 5.12, 
and 0.5 vvm, respectively. After the optimization of the growth parameters, maximum 
PPA concentration was increased to 1054 mg/L, which was approximately 3 times higher 
compared to shake-flask fermentation results (Coban et al., 2014). Coban et al. (2015a) 
also studied the optimization of the fermentation medium and reported 1349 mg/L 
PPA production under 119.4 g/L of glucose, 3.7 g/L of yeast extract, and 14.8 g/L of 
phenylalanine concentrations. Furthermore, Coban et al. (2015b) also set fed-batch and 
continuous fermentations for PPA production and reported 2958 mg/L PPA concentration in 
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fed-batch fermentations and 259 mg/L/h productivity rate in continuous fermentation with 
0.12 per hour optimum dilution rate.

In another study, Hou et al. (2015) expressed Proteus mirabilis KCTC2566 l-amino acid 
deaminase in E. coli and studied PPA production from l-phenylalanine. They reported 3.3 g/L 
of PPA production and 82.5% substrate conversion. Furthermore, Hou et al. (2016) focused 
on metabolic engineering pathway of l-phenylalanine degradation in E. coli and protein 
engineering of l-amino acid deaminase of P. mirabilis. They knocked out three aminotransferase 
genes to prevent PPA degradation during fermentation and engineered l-amino acid deaminase 
via error-prone polymerase chain reaction and site-saturation mutation to increase the catalytic 
performance of the enzyme. After these modifications, they reported 10 g/L of PPA production, 
which was 3 times higher compared to the production with wild-type strain.

1.5.3 Alpha-keto glutarate

Alpha-ketoglutarate (AKG), which is the precursor of glutamate and glutamine is a 
compound that takes place in the citric acid cycle. It has C5H6O5 molecular formula with 
146.11 g/mol molecular weight. One of the most important roles of AKG is serving as an 
energy donor and providing glutamine, which stimulates protein synthesis and prevents 
protein degradation in muscles. It was reported that AKG also provides metabolic fuel 
for gastrointestinal cells (Tatara et al., 2005). In enterocytes, AKG is converted to proline, 
leucine, and other amino acids. Proline is further converted to collagen hydroxyproline in the 
presence of vitamin C and Fe (Radzki et al., 2012). In addition to collagen synthesis, AKG 
also influences bone tissue growth with its impact on the endocrine system. It was reported 
that glutamine is transformed to ornithine and then to arginine, which are effective on the 
secretion of growth hormone and insulin-like growth factor. The effect of growth hormone 
and insuline-like growth factor on osteotropic growth is widely described. Therefore, AKG 
may be also effective on bone structure and growth by interactions of these compounds 
(Harrison et al., 2004). AKG is also clinically used for several medical applications, such as 
reduction of uremia, treatment of renal insufficiency in hemodialysis patients, stimulation of 
wound healing, and control lipid levels.

Microbial production of AKG from l-sorbose was studied using a mixed culture of 
Ketogulonicigenium vulgare DSM 4025 and Bacillus megaterium or Xanthomonas 
maltophilia (Takagi et al., 2009). In that study, 90 g/L of AKG production was achieved 
from 120 g/L l-sorbose at dilution rate 0.01 per hour continuous fermentation with the 
mix culture of K. vulgare DSM 4025 and B. megaterium. However, AKG production 
significantly decreased after 150 h of fermentation. Therefore, they studied mix culture of 
K. vulgare DSM 4025 with X. maltophilia, which is a nonspore-forming bacteria instead 
of B. megaterium. New mix culture combination yielded 113 g/L of AKG production with 
2.15 g/L/h productivity. Additionally, state–state conditions were obtained continuously in 
the fermentation more than 1331 h (Takagi et al., 2009).
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Also, several yeast species including Y. lipolytica were utilized to produce AKG in the 
literature. Up to 49 g/L of AKG production was achieved using ethanol as carbon source by 
a genetically modified Y. lipolytica. Yield for product formation per substrate was calculated 
as 42%. It was also reported that AKG production decreases with the increase of nitrogen 
source in the fermentation and the highest AKG production was achieved, when 10 g/L 
of ammonium sulfate and 2–4 µg/L of thiamine was used in the fermentation medium 
(Chernyavskaya et al., 2000). Yin et al. (2012) studied the increase of AKG production 
in Y. lipolytica WSH-Z06 by decreasing byproduct (pyruvate) formation via regulations 
on pyruvate carboxylation pathway. They overexpressed pyruvate carboxylase genes 
(ScPYC1) from Saccharomyces cerevisiae and (RoPYC2) from Rhizopus oryzae resulted 
with Y. lipolytica-ScPYC1 and Y. lipolytica-RoPYC2. They reported 69.8% decrease in 
pyruvate formation and 35.3% increase in AKG production in shake flask fermentations 
using Y. lipolytica-RoPYC2. Moreover, they reported 62.5 g/L of AKG production in a 3-L 
fermenter. In another recent study, Lee et al. (2013) set up a fed-batch culture system to 
produce AKG by genetically engineered C. glutamicum, whose genes coding the enzymes 
responsible for l-glutamate production from AKG was deleted. Their results showed that C. 
glutamicum JH110, which had 3 disrupted genes gdh (encoding glutamate dehydrogenase), 
gltB (encoding glutamate synthase), and aceA (encoding isocitrate lyase) yielded in 12.4 g/L 
of AKG production in the shake-flask fermentation. Fed-batch fermentation increased AKG 
production to 19.5 g/L in 5-L jar bioreactors. Similar to these studies in the literature, it was 
also reported that nitrogen-limiting fermentation medium enhanced AKG production (Lee 
et al., 2013).

1.5.4 Oxaloacetate acid

Oxaloacetate or oxalacetic acid has C4H4O5 molecular formula with 132.07 g/mol molecular 
weight. Oxaloacetate takes part in several metabolic pathways, such as amino acid synthesis, 
citric acid cycle, and urea cycle. Park et al. (2013) used recombinant E. coli SGJS115, which 
is modified with codon-optimized phosphoenolpyruvate carboxylase2 gene of Dunaliella 
salina and doubled oxaloacetic acid production yield compared to E. coli SGJS114.

1.5.5 Isovaleric acid

Isovaleric acid, 3-Methylbutanoic acid, or alpha-oxo-isocaproate has C5H10O2 formula with 
102.13 molecular mass and 925 kg/m3 density. Isovaleric acid is highly soluble in organic 
solvents. It has been commonly produced using yeasts in the literature. Z. rouxii, which 
is a salt-tolerant yeast was studied for alpha-keto acid production from valine, leucine, 
and methionine. It was reported that alpha-keto acid production was achieved via Ehrlich 
pathways similar to S. cerevisiae. On the other hand, threonine is converted via both Ehrlich 
and amino acid biosynthesis pathway. Sluis et al. (2001) reported 0.03 g/L isovaleric acid 
production in shake-flask fermentations. Unfortunately, there is a limited number of studies 
available in the literature about the effect of isovaleric acid on living organisms. It was 
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reported in a study that infusion of isovaleric acid increased the fat content of the milk in 
cows but the milk yield was not affected (Rook et al., 1965). In another study, it was reported 
that nitrogen digestibility and retention was increased and cellulose digestibility improved in 
lambs by addition of isovaleric acid, isobutyric acid, and valeric acid mixture into the diets 
(Cline et al., 1996).

2 Future Trends

Alpha-keto acids are important intermediate compounds, in medicine, food, and feed 
industry. Due date, alpha-keto acids commonly produced via conversion of their specific 
amino acids by microbial fermentations. However, external supply of amino acids is not very 
economical for the industrial scale productions. Therefore, amino acids can be also produced 
via microbial fermentations to reduce the overall process cost. Ikeda and Katsumata (1992) 
reported that phenylalanine can be produced by microorganisms such as C. glutamicum in 
high concentrations. After production of l-phenylalanine final product can be converted 
to phenylpyruvic acid by P. vulgaris deaminase enzyme to create a more cost-effective 
fermentation. Also, advance downstream processes can also be performed to increase 
the purity of the alpha-keto acids. Finally, purified alpha-keto acids can be replaced with 
phenylalanine in the broilers diet to study the effect of them on bone health and nitrogen 
accumulation in the manure. Finally, more studies are needed to show the effect of alpha-keto 
acids on living organisms.

3 Conclusions

Alpha-keto acids are important compounds that have several application areas in the feed 
and food industry, medicine, and environment. In this review paper, the various chemical and 
biological production methods, applications, and analysis techniques of alpha-keto acids have 
been summarized. Studies from the literature show that especially biological productions of 
alpha-keto acids using microorganisms is a highlighted research area, which became popular 
by the late 1990s. Therefore, more studies are still needed to understand the whole microbial 
production mechanism and to enhance production of alpha-keto acids.
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A
ACE. See Angiotensin-converting 

enzyme (ACE) 
Acetate-buffered medium, 220
Acetobacter acetii, 15
Acetobacter suboxydans, 59
Acetobacter xylinum, 213
Acetone-butanol, 31
Acetonitrile, 383, 437
Acetyl-CoA-carboxylase, 201
N-Acetyl-d-tryptophan, 439
Acetylformic acid, 440
Acidic carboxypeptidase, 409, 

415, 418
Acidification, 332
Acid protease, 409, 418
Acid-swollen cellulose, 231
Acoustic koji-making, 418
Actinomyces crysomallus, 201
Actinomyces viscosus, 59
Active enantiomers, 96
Acyclic lycopene, 183
Acyl ascorbates, 381

antioxidant activity, for lipid 
oxidation, 395–400

antioxidative behavior, oil-in-
water emulsion, 397

antioxidative effect in bulk 
lipid, 395

microencapsulated lipid, 
applications, 399

effect on oxidation of water-
soluble compound, 
402–406

antioxidative action, in oil-in-
water emulsion, 403–406

emulsifying ability, 394–395
enzymatic synthesis, 382–385

batch reaction, optimal 
conditions, 383

continuous reaction, 
productivity, 385

saturated acyl ascorbate, 
degradation process, 
387–389

stability of, 387–391
surfactant and emulsifier 

property, 392–395
surfactant property, 392
synthesis reaction, through 

condensation of ascorbic 
acid with fatty acid, 382

Agaricus bisporus, 75
Aglycones, 141
Agrobacterium tumefaciens, 48
Agro-industrial wastes, 72, 95

bioactive carotenoids, 74
bioactive phenolic compounds 

production, 72
bioactive value-added 

compounds produced 
from, 73

bioethanol, 75
edible fungi/polysaccharides, 

production of, 75
industrial enzymes, 74
oil, 75
organic acids, 75
submerged fermentation 

(SmF), 72
Agro-industrial wastewater, 337
AKG. See Alpha-ketoglutarate 

(AKG) 
Alcohol dehydrogenase (ADH), 15
Alcoholic fermentation, 410
Alkaloids, 135
Allium sativum, 105
Alpha-acetylamino alpha-methyl 

ester, 434
Alpha-hydroxyl-N-tert-

butylcarboxamides, 435
Alpha-keto acids 

amino acids products, 437
applications of, 428–431

animal feed applications, 430
as cyanide antidote, 431
food industry applications, 431
medical applications, 428–429

assays for quantifications, 437
branched-chain, 427
characteristics of, 427
containing peptides, 433

phenylpyruvoylglycine, 433
pyruvoylglycine, 433

human and animal nourishment, 
role in, 427

methyl ester, 434
microbial production, 439–443

alpha-keto glutarate, 442–443
isovaleric acid, 443
oxaloacetate acid, 443
phenylpyruvic acid, 441–442
pyruvic acid, 440

molecular structures of, 428
phenyl-substituted, 427
production of, 432–437

chemical synthesis of, 
432–435

acid-catalyzed cleavage of 
alpha-acetylamino alpha-
methyl esters, 434

acyl cyanide, hydrolysis 
of, 432

alpha-keto aldehydes 
oxidation with 
cyanide, 435

azlactones, hydrolysis 
of, 434

dehydropeptites, hydrolysis 
of, 433

ester production, 434
ethyl esters hydrolysis of 

oxalo acids, 433
Grignard reagents/

diethyloxamates, 
hydrolysis of, 433
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oxime ester, hydrolysis 
of, 432

production from alpha-
hydroxyl-N-tert-
butylcarboxamides, 435

production from alpha-keto 
aldonitrone, 435

enzymatic production of, 
435–437

deamination, 436–437
transamination, 436

via transamination products of 
amino acids, 436

straight-chain, 427
Alpha-ketoglutarate (AKG), 442
Alpha-keto glutaric acid, 431
Alpha-ketoisovaleric acid, 430, 434
Alpha-ketovaleric acid, 433
Alpha-oxaloester, 433
Amazake, 422
Amberlite adsorbents, 144
Amino acids, 30

metabolism, 429
Ammoniac nitrogen, 225
Amperometric detectors, 155
α-Amylase, 409, 415
Amylases, 7
Anaerobic ponds, 323
Andrographis paniculata, 138
Angiotensin-converting enzyme 

(ACE), 118
Anhydroglucose, 215
Animalcules, 26
Animal feed nanosupplements, 307
Anion-exchange resin, 146
Anthocyanidins, 230
Anthocyanins, 159, 160, 230
Anthriscus sylvestris, 357
Antibiotic-resistant bacteria, 163
Anticarcinogen, 160
Antihypertensive tripeptides, 119
Antimicrobial coating films, 307
Antimicrobial natural products, 

38–40
Antioxidant natural colored 

pigments, 228
Apigenin, 160
Apple juice processing, 282
Aquaculture, 318
Aquaponics system, 343

Arabidopsis thaliana, 353
Arachidonic acid (AA), 381

commercial production and 
safety status of, 63

oxidation, 392
Arachidonoyl ascorbate, 383, 391
Arctium lappa, 105
Arrhenius equation, 387, 395
Arthrobacter agilis, 193
Arthrobacter arilaitensis, 99
Artificial soil filter process, 341
Arundo donax, 332
Arylnaphthalene, 351, 352
Aryltetralin, 351, 352
Asaia bogorensis, 221
Ascorbic acid, 381

concentration effect, 403
Ashbya gossrypii, 30, 67
Asparaginases, 9
Aspergillus aculeatus, 108
Aspergillus awamori, 69
Aspergillus flavus, 163
Aspergillus japonicus, 59, 109
Aspergillus niger, 10, 59, 287, 288
Aspergillus oryzae, 9, 69, 109, 409
Aspergillus parasiticus, 163
Aspergillus phoenicis, 59
Aspergillus tamarii, 303
Astaxanthin, 97, 99
Astaxanthin accumulation, 188

light intensity, effect of, 188
Astaxanthin production, 186

coconut fruit syrup, effect of, 186
nitrogen stress, effect of, 189
Phaffia rhodozyma, role of, 187

Atherosclerosis, 95, 159
Atherothrombosis, 118
Aureobasidium pullulans, 59
Azlactone, 434

B
Bacillus amyloliquefaciens, 59
Bacillus cereus, 163
Bacillus coagulans, 30
Bacillus licheniformis, 114
Bacillus macerans, 59
Bacillus megaterium, 30, 442
Bacillus pasteurii, 440
Bacillus polymyxa, 59
Bacillus protease, 1
Bacillus pumilus, 72

Bacillus sphaericus, 439
Bacillus subtilis, 59, 114, 234, 439
Bacterial cellulose (BC) 

aerogels, 240
antioxidant cubes of, 229
aqueous fiber suspension, 217
biosynthesis of, 218–221
electronic display, 239
generally recognized as safe 

(GRAS), 226
glutaraldehyde-treated, 235
β-glycosidic bond splitting, 221
hydrogel fracture point 

photomicrographs, 224
hydrolysis, 221

cellobiases, role of, 221
cellohydrolases, role of, 221
classic ascomycetous 

model, 221
β-glucosidases, role of, 221

lyophilized/heated gel dryer-
processed, 217

nanostructured, 242
other technology applications, 

238–242
bacterial cellulose 

technological 
applications, 238–241

electrochemical applications, 
242

environmental applications, 
241

textile applications, 241–242
physical chemistry, 216–217
production 

beer culture fermentation 
waste, 220

glucose/yeast extract/calcium 
carbonate medium, role 
of, 225

purification of, 222–223
silver nanoparticles, 234

Bacterial nanocellulose (BNC), 213
Bacterial/plant celluloses, 232
Bacterial survival strategies, 45–46
Bacterium aceti, 213
Bacterium xylinum, 213
Bara-koji, 412, 413
Beta-keto acids, molecular 

structures of, 428
Bifidobacteria, 110

Alpha-keto acids (cont.)
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Bifidobacterium longum, 111
Bioactive cellulosic network, 223
Bioactive compounds, 95–119

carotenoids, 96–104
characterization of, 76
fructooligossaccharides, 104–114
microbial production, 

perspectives, 121
peptides, 114–119
producing microorganisms, 

genetic engineering, 
120–121

Bioactive peptides, 95
Biobased processing 

history, in food industry, 1
application of biological 

agents, 1
enzyme, 1

Biobased synthesis, 2
classification of enzymes, 5, 6
definition, 2
enzyme structure and 

properties, 3
enzyme-substrate binding, 3
factors affecting enzymatic 

synthesis, 3
immobilization, 4, 5
whole cell vs isolated enzymes, 4

Biocatalysis, 28
application in food industries, 28
definition, 28

Biocatalysts, 28, 261
Biochemical oxygen demand, 319
Biodegradable organic matter, 

318, 319
Bioengineering, 95
Biofilm, synthesis, 40–41
Bioflocculants, 34–35. See also 

Biopolymers, flocculants
Bioinformatics emergence and 

“omic” tools, 149
Biomass, 137
Biomaterials, 38
Biomolecules, 294, 305
Bionanocomposites capsules, 233
Biopolymers, 32–34

diversity of microbial polymers 
and functional 
attributes, 33

for encapsulation purposes, 34
exopolysaccharides, 32

flocculants, 35
in food industry, 34
polymeric biomolecules, 32
production of bioflocculants, 35

Bioprocessing, 241
Bioreactors, 18
Biosurfactants, 36–37

advantages, 37
applications for industrial 

uses, 39
biosynthesis and production 

of, 36
classification, 37
metabolic pathways, 37
physiological role of, 37

Biosynthesis, 25, 29
of nanoparticles, 42–43
primary biosynthetic 

products, 30
acetone-butanol, 31
amino acids, 30
ethanol, 30
organic acids, 31
vitamins, 30

secondary biosynthetic 
products, 31

antimicrobial natural products, 
38–40

bioflocculants, 34–35
biomaterials, 38
biopolymers, 32–34
biosurfactants, 36–37
biosynthesis of nanoparticles, 

42–43
probiotic metabolites, 44
synthesis of biofilm, 40–41

Biotechnology, 26
Biotransformation, 261–262
Bi2S3 nanorods, 300
Blakeslea trispora, 30, 99, 185

chloramphenicol, effect of, 196
penicillin, effect of, 196

Boehmite-siloxane systems, 239
Botrytis cinerea, 13, 371
Brassica napus, 121
Brassica olerecea, 340
Brazilian coconut, 229
Breast carcinoma cell lines 

(MCF-7), 258
Brevibacterium flavum, 30
Brevibacterium lactofermentum, 30

Brevibacterium linens, 431
Buko Pandan salad, 230
Butylated hydroxyanisole 

(BHA), 162

C
Caffeic acid, 162
Calcium-alginate matrix, 227
Camelia sinensis, 233
Candida antarctica (CAL-B), 14, 

70, 383
Candida bombicola, 37
Candida cylindracea, 14, 74
Candida lipolytica, 37
Candida oleophila, 72
Cannabinoid tetrahydrocannabinol, 

155
Canthaxanthin, 100

production, 188, 194, 200
Capillary electrophoresis, 152
Capping agent, 305
Capsular polysaccharides, 32
N-Carbamoyl-d-alanine, 439
Carboxymethyl cellulose 

(CM-cellulose), 4, 145
Carcinogenic compounds, 149
Carcinogens, 160
α-Carotene, 184
β-Carotene, 100, 184

accumulation, 188
light intensity, effect of, 188

producton 
Blakeslea trispora, by, 

185, 186
Phycomyces blakesleeanus, 

by, 186
synthase, 192

γ-Carotene, 184
Carotenes, 183
Carotenogenic microorganisms 

Candida utilis, 185
culture conditions, optimization 

of, 186–201
carbon resource optimization, 

186–188
carboxylic acid (TCA) cycle 

intermediates, 201
chemical compounds, 194–196
light condition optimization, 

188–191
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nitrogen resource 
optimization, 191

ammonium nitrate, role 
of, 191

ammonium sulfate, role 
of, 191

biological wastewater 
treatment, 191

potassium nitrate, role 
of, 191

sewage wastewater, 191
one-factor-at-a-time method, 

199
pH optimization, 194
Placket-Burman design (PBD) 

method, 199
response surface method, 

199–200
statistical tests designs, 

199–200
stimulating metal ions and 

salts, 197–198
temperature optimization, 

192–194
uniform design (UD) 

methods, 199
Escherichia coli, 185
Saccharomyces cerevisiae, 185
Zymomonas mobilis, 185

Carotenoids, 56, 66, 96–104, 135
accumulation, 188
analysis of, 80
bioactivity of, 66
biosynthesis, 185–186
chemical structure, 183–184

cis-conformation, 184
trans-conformation, 184

distribution in cellular 
membrane, 101

extraction menthods, 102
mechanical, 102
nonmechanical, 102

as light quencher, 185
medical applications, 184–185

arteriosclerosis, 185
cataracts, 185
chemopreventive agents, 

184–185
multiple sclerosis, 185

provitamin A activity, 184
tumor cells inhibition, 184

as photoprotector, 185
production 

active oxygen, role of, 192
biological properties, 100–101

anticancer activity, 100
antiinflammatory 

properties, 100
antioxidant activity, 100
other properties, 101

cation’s stimulatory 
effect, 197

control via enzymes, 185
cottonseed oil, role of, 195
effective factors, 202
food industry, trends and 

applications, 101–102
γ-carotene, 192
glucose-based culture 

medium, 201
Haematococcus pluvialis, 

role of, 187
hydrogen peroxide, role 

of, 195
inorganic chemical stimulants, 

role of, 188
iron concentration, effect 

of, 198
light emitting diodes (LEDs), 

effects of, 190
magnesium sulfate, role 

of, 200
manganese salt, effect of, 197
metal ions and salts, role 

of, 197
microbial production, 97–99
by microorganisms, 98
natural source, 97
Phaffia rhodozyma, role 

of, 187
recovery and purification 

strategies, 102–104
Rhodotorula glutinis, by, 

187, 194
Rhodotorula hidai, by, 

187, 194
Rhodotorula mucilaginosa, 

by, 187
sodium carbonate, role of, 200
sodium chloride, effect of, 198

sodium hydrogen phosphate, 
role of, 200

whey lactose, role of, 187
synthesizers, 185

Carrier gases, 299
Carthamus tinctorius, 357
Catalases, 8
Catechin, 162, 402
Caulerpa cylindracea, 383
CD. See Cyclodextrins (CD) 
Cellooligosaccharides (COS), 218
Cellulase enzymes, 284
Cellulase hydrolytic 

complexes, 239
Cellulo monasturbata, 15
Cellulose, 214–223

basic chemical structure, 214
crystalline structure, 215–216
native forms, 215

Iα, 215
Iβ, 215

Cellulose hydrogel, 217
hornification phenomenon, 217

Cellulose microfibrils, 217
Cellulose nanofibrils, 231
Cellulose synthase, 227
Centella asiatica, 303
Central metabolite. See Primary 

metabolites 
Centrifugation, 325
Cheese whey wastewater, 324, 339, 

343
Chemical oxygen demand (COD), 

440
Chemical runoff, 333
Chemical vapor deposition (CVD), 

299
Chemiluminescence, 150, 152
Chemokines, 100, 160
Chlamydomonas reinhardtii, 440

carotenoids production, role in, 
189

Chlorella zofingiensis, 66, 99
Chlorination, 323
N-Chloroacetyl-d-alpha-

aminobutyric acid, 439
Chlorobium vibrioforme, 440
Chlorococcum, 197
Chloroflexus aurantiacus, 192
Chlorogenic acid, 144
Chromatogram, 155

Carotenogenic microorganisms 
(cont.)
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Chromatography, 163
separations, 150, 153

Chronic nontransmissible 
disease, 95

Chymotrypsin, 141
Cichorium intybus, 105
Cinnamoyl-CoA reductase I 

(CCR1), 354
Cinnamyl alcohol dehydrogenases 

(CAD), 354
Cirsium palustre, 154
Citric acid cycle intermediates, 201
Citrus sinensis, 303
Cladium jamaicense, 335
Clay nanoparticle, 307
Clostridium acetobutylicum, 31, 75
Cloud-point extraction, 305
CMC. See Critical micelle 

concentration (CMC) 
Cocoa water ingredients, 227
Coconut pudding, 232
Cocos nucifera, 226
COD. See Chemical oxygen 

demand (COD) 
Coleus aromaticus, 304
Color coordinates, 284, 285
Colpmenia sinusa, 303
Continuous stirred tank reactor 

(CSTR), 382
Conventional treatment plants, 336
Copolymer resins, 146
Corynebacterium glutamicum, 

30, 441
COS-supplemented high-sucrose 

diet, 231
p-Coumaroyl-CoA, 354
Critical micelle concentration 

(CMC), 301
Cryptococcus albidus, 74
Cryptococcus curvatus, 75
Crystallinity index, 217
CSTR. See Continuous stirred tank 

reactor (CSTR) 
Cu-nanofiber, 307
Cunninghamella echinulata, 75
Curcuma longa, 251

pharmacological applications, 
251

Curcumin 
absorption band, 254
antioxidant activity, 259

aryl rings, 253
biliary metabolites, 255
bioavailable plasma 

concentration, 257
chemical reactivity, 253
cis/trans-conformation, 253
decomposition, 255
demethylation products, 266
encapsulated chitosan-PVA silver 

nanocomposite, 259
glucuronide, 255
hexahydrocurcumin (HHC), 

metabolization to, 267
keto and enol tautomeric 

conformations, 253
liposome-polyethylene glycol 

(PEG)-PEI complex, 258
metabolic O-conjugation, 255
metabolism of, 255
metabolites, 256
microbial transformed 

metabolites, 267
radical-scavenging ability, 254
safety, 251
serum concentration, 257
skin absorption, 258

eugenol, effect of, 258
terpeniol, effect of, 258

solubility, 253
spectrophotometric 

absorption, 254
stability, 255
tetrahydrocurcumin (THC), 

metabolization to, 267
vanillin, isolation of, 267–268

Curcuminoids 
absorption, 251
antiangiogenic effect, 251
antidiabetic effect, 251
anti-HIV effect, 251
antiinflammatory effect, 251
antimicrobial effect, 251
antioxidant effect, 251
antiproliferative effect, 251
bioavailability, 251, 255–259

adjuvant, 258
nanoparicles/liposomes/

polymer complexes, 
258–259

bioefficacy, 252
clearance, 251

derivatives/analogs, 259–261
elimination, 251
hepatoprotective effect, 251
metabolism, 251
microbial biotransformation, 

263–267
biotransformed metabolites 

extraction, purification, and 
characterization, 266–267

endophytic and other 
microbial strains 
screening/
biotransformation 
potential, 264–266

endophytes screening, 
264–265

microbial strains screening, 
265–266

endophytic microbes, isolation 
of, 263

nematocidal effect, 251
physicochemical properties, 

252–254
structure, 252
systemic bioavailability 

factors responsible, 257
types, 252

bisdemethoxycurcumin, 252
curcumin, 252
demethoxycurcumin, 252

CVD. See Chemical vapor 
deposition (CVD) 

Cyclic nucleotide 
phosphodiesterases, 159

Cyclic voltammetry, 155
Cyclodextrins (CD), 259
Cyclooxygenase, 159, 160
CYP. See Cytochrome P450 

reductase (CYP) 
CYP81Q1 gene, 358
Cytochrome P450 reductase 

(CYP), 262

D
Daiginjyo-shu, 412
Datura innoxia, 323
Davies’ equation, 394
Deaminase enzymes, 436
Deamination, 436–437

by dehydration, 437
oxidative deamination, 436
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Decaglycerol monododecanate, 405
Decanoyl ascorbate, 399

decomposition of, 389
Decanoyl, continuous production 

of, 387
Decaprenoxanthin, 99
Defatting, 138
Dehydropeptide technique, 433
Delphinidin, 159, 160
Dendritic cells, 111
Denitrification filters, 344
Density-gradient centrifugation, 305
Dependence of rate constant, for 

oxidative degradation of 
catechin, 404

Desalinated water, 335
DHA. See Docosahexaenoic 

acid (DHA) 
DHPM. See Dynamic high-pressure 

microfluidization 
(DHPM) 

Diacylglycerols (DAG), 10
Dibenzocyclooctadiene, 351, 352
Dibenzylbutane, 351, 352
Dibenzylbutyrolactol, 351, 352
Dibenzylbutyrolactone, 351, 352
Dielectric constant, 147
Dietary polyphenols, 67

category, 67
N,N-Diethylalkylamines, 196
Diethyl aminoethyl cellulose 

(DEAE-cellulose), 4
Diethyloxamates, 433
Dietzia natronolimnaea, 188, 194
Digitalis lanata, 323
Digitalis purpurea, 323
Dihydrocurcumin glucuronide, 255
Diluted NaOH washings, 222
Dimethylaminocinnamaldehyde, 

157
Dinitrophenylhydrazine, 157
2,4-Dinitrophenylhydrazine 

(DNPH), 268, 437
Dirigent protein (DIR), 354
DNPH. See  

2,4-Dinitrophenylhydrazine 
(DNPH) 

Docosahexaenoic acid (DHA), 
61, 390

commercial production and 
safety status of, 63

Domestic wastewater 
biological treatment of, 344
treated and raw 

physicochemical 
characterization  
of, 320

Double cyclic nucleotide 
c-diGMP, 233

DPPH radical scavenging 
activity, 422

Drainage water, 334, 335
Drain water flow, 335
Drug carriers, 297
Drugs, controlled release, 297
Dunaliella bardawil, 192
Dunaliella natronolimnaea, 194
Dunaliella salina, 344, 443
Durethan, 307
Dynamic high-pressure 

microfluidization 
(DHPM), 286

E
Ecemothecium ashbyii, 17
ED. See Electrodialysis (ED) 
Eicosanoids, 63
Eicosapentaenoic acid (EPA), 

61, 390
commercial production and 

safety status of, 63
Electrochemistry, 150
Electrodialysis (ED), 289
Electron ionization, 156
Electrophoresis, 155

matrix, 227
Electrostatic attraction, 143
Elicitation 

effects on lignan biosynthesis, 
370

metabolic engineering, 369–371
Emerging organic contaminants 

(EOC), 336
Endophytes, biocatalysts, 263
Endophytic bacterial isolates, 265

Bacillus cereus (ECL1), 265
Bacillus pumilis (ECL4), 265
Bacillus sp. (ECL3), 265
Bacillus thuringiensis 

(ECL2), 265
Clavibacter michiganensis 

(ECL6), 265

Pseudomonas putida 
(ECL5), 265

Endothelial cells, 159
Enterobacter cloacae, 302
Enterococcus faecalis, 44
Enzymatic hydrolysis, 115
Enzyme, 1

active site, 3
application in food industry, 6–9

advances in, 17
bakery industry, 10
beverage industry, 13
dairy industry, 9
fats and oils industry, 14
fragrance and flavor 

industry, 15
Bacillus protease, 1
classification of, 5, 6
commercialization and industrial 

application of, 1
factors affecting synthesis, 3

optimum temperature, 3
substrate concentration, 3

future prospective, 20
global market in food industry, 1

categories, 1
classification, 1
commercial value and 

regulatory aspects of, 1
immobilization, 4, 5
lock-and-key mechanism, 3
structure and properties, 3
substrate binding, 3
sustainability in food industry, 6
whole cell vs isolated enzymes, 4

EOC. See Emerging organic 
contaminants (EOC) 

Epicatechin, 157
Ergosterol, 190
Erosion, 333
Eruca sativa, 148
Erwinia amylovora, 59
Escherichia coli, 4, 30, 121, 163, 

230, 302, 319, 415, 439
Esterification, 278, 287
Ethanol, 30
Ethoxy-curcumin-tri-thiadiazol-

amino-methyl-carbonate, 
259

Eutrophication, 318, 332
Exoinulinase, 58



Index

455

Exolevanases, 58
Extracellular polysaccharides, 32
Exturmeric vanillin, 268

F
Facultative ponds, 323
FAD. See Flavin adenine 

dinucleotide (FAD) 
Fatty acids (FAs), 61, 381
Fenton reaction, 197
Fe3O4-BC nanoparticles, 241
Fertilizer quality, 318
Feruloyl-CoA, 354
Fibrobacter succinogenes, 230
First-order kinetics, 403
Flavin adenine dinucleotide 

(FAD), 436
Flavin monooxygenases 

(FMO), 262
Flavonoid phenolic compounds, 65

bioactivity of, 66
groups of, 65
water-soluble pigments, 65

Flavonoids, 67, 152
Flocculation, 34, 325
4-Fluoro-4-ethoxycarbonylethyl 

curcumin, 259
Folin-Ciocalteau method, 155, 157
Folin-Ciocalteu assays, 77
Folin-Denis assay, 77
Folin-Denis reagent, 157
Food biotechnological applications, 

current and novel, 
226–233

cellooligosaccharides, production 
and biotechnological 
applications of, 230–233

Nata de Coco production, 
Brazilian approach on, 
228–230

Food ingredients, safety 
assessment, 81–83

scheme for, 82
Food packing material 

antimicrobial agents, 
incorporation of, 227

ethylene scavengers, 
incorporation of, 227

Food production, wastewater reuse/
treatment by hydroponic 
system, 339–344

Food safety regulations, 19
Food sector, nanotechnology, 307
Forsythia intermedia, 364
Forsythia koreana, 357
Forsythia leaves, 357
Forsythia suspension cell 

metabolic engineering of, 365
FOSHU products, 55
FOSs. See Fructooligosaccharides 

(FOSs) 
Fourier-transformed infrared 

spectroscopy 
(FT-IR), 278

Fractionation, 103
Fragaria vesca, 335
Fructans, 104, 230
Fructooligosaccharides (FOSs), 55, 

56, 286
analysis of, 76

gas chromatography (GC), 76
high-performance liquid 

chromatography 
(HPLC), 76

high-pressure anionic 
exchange 
chromatography with 
pulsed amperometric 
detection, 77

nuclear magnetic resonance 
spectroscopy (NMR), 77

thin-layer chromatography 
(TLC), 76

bifidogenic effect, 59
biological properties, 110–113

colon cancer prevention, role 
in, 111

immunomodulatory effect, 113
lipid regulation, role in, 112
mineral absorption, role 

in, 112
obesity, role in, 111–112
as prebiotics, 110–111

chemical structures of, 57
definitions, 57
degree of polymerization (DP) 

of, 57
exoinulinase, 58
food industry, trends and 

applications, 113–114
health implications of, 59

defense functions, 61

in diabetes control and lipid 
metabolism, 60

prebiotic activity of, 59
limitations, 58
microbial production of, 59

fructosyl transferases 
(FTases), 59

inulinases and 
levansucrases, 59

microorganisms use and yields 
in, 106

production, 105
microbial production, 106–107
natural source, 105
by SmF, 107–108
by SSF, 109–110

production of, 58
chemical synthesis of, 58
enzymatic synthesis of, 58
hydrolysis of fructans, 58

sources, 57
structural form from sucrose, 105

Fructosyltransferase, 106
FT-IR. See Fourier-transformed 

infrared spectroscopy 
(FT-IR) 

Fucoxanthin, 100
Functional foods, 55, 56, 230, 351
Fungal strains 

Alternaria alternate AS 3.4578, 
265

Chaetomium globosum IFFI 
2445, 265

Crebrothecium ashbyii 
ACCC2114, 265

Gibberella fujikuroi var fujikuroi 
AS 3.4748, 265

Saccharomyces cerevisiae 
ACCC2168, 265

Furan, 351, 352
Furofuran, 351, 352
Fusarium graminearum, 371
Fusarium oxysporum, 59, 371

G
Galactooligosaccharides 

(GOS), 104
Galacturonic acid, 277, 289

chemical structure of, 278
recovery by electrodialysis, 

289–290
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Gamma-keto acids 
molecular structures of, 428

Gas chromatography (GC), 151, 395
Gas chromatography-mass 

spectrometry 
(GC-MS), 152

GC. See Gas chromatography (GC) 
GC-MS. See Gas chromatography-

mass spectrometry 
(GC-MS) 

Gelatinous membrane, 218
Generally recognized as safe 

(GRAS), 113
Genistein, 160
Geobacillus stearothermophilus, 75
Geotrichum candidum, 14, 72
Glucan, 13
β-1,4-Glucan chains, 218
Glucoamylase, 409, 415, 417, 419
Gluconacetobacter liquefaciens, 

225
Gluconacetobacter xylinus, 

213, 225
Gluconoacetobacter gender, 

taxonomical 
classification, 223–225

komagataeibacter xylinus, 
223–225

Gluconobacter oxydans, 15, 30
Glucose oxidases, 8
Glucosinolate, 148
Glutaraldehyde-treated BC 

composites, 235
Glycerolysis, 14
Glycosides, 13
Glycosylation, 354
Gold nanoparticles (AuNp), 

297, 302
Gordonia amarae, 303
GOS. See Galactooligosaccharides 

(GOS) 
GRAS. See Generally recognized 

as safe (GRAS) 
Green chemistry, 301
Green microalgae protozoa, 

carotenoid production 
roles, 185

Grignard reagents, 433
Groundwater pollution, 318
Guided assembly-based 

biolithography, 237

H
Haematococcus pluvialis, 67
Haloarcula japonica, 120
Haloferax alexandrinus, 198
Haloferax mediterranei, 120
Halomonas spp., 59
Hansenula polymorpha, 48
Hdroxytyrosol, 161
Health-promoting food ingredients, 

55
Helianthus tuberosus, 105
Helicobacter pylori, 64
Helvina lanuginosa, 14
Hemicellulase, 10
Herbal drugs, 164
Hestrin and Schramm (HS) 

medium, 220
Hexanoic acid, 384
Hexanoyl, surface tensions of 

aqueous solutions, 393
HGA. See Homogalacturonate 

(HGA) 
Hgh pressure liquid 

chromatography (HPLC), 
151, 383

High-density fermentation, 410
High-resolution liquid 

chromatography, 104
Hildebrand solubility parameters, 

138
HLB. See Hydrophilic-lipophilic 

balance (HLB) 
HMG-CoA formation, 189
HMG-CoA reductase, 189, 196
Homogalacturonate (HGA), 277
Homogenizer, 394
HPLC. See Hgh pressure liquid 

chromatography (HPLC) 
Human MCF-7 breast cancer, 362
Hydrazines, 437
Hydrogels, thermal/morphological 

characterization, 238
Hydrogen bonding, 143
Hydrogen chloride, 140
Hydrolytic enzymes, 103, 141
Hydrolyzing activity, 106
Hydrophilic-lipophilic balance 

(HLB), 394
Hydrophilic polymers, 34
Hydroponics, 333
Hydrostatic pressures, 148

Hydroxybenzoic acid, 67
Hydroxymethylfurfural, 149
Hydroxytyrosol, 141
Hylocereus polyrhizus, 147

I
Immobilization, 4, 5

biocatalysts, 4
Incubation period, 108
Inducible nitric oxide synthase 

(iNOS), 160
Industrial microbiology, 47–48
Industrial wastewater, 318

treated/raw, physicochemical 
characterization of, 326

Inflammatory bowel illnesses, 63
Inorganic flocculants, 34

advantages and disadvantages 
of, 36

iNOS. See Inducible nitric oxide 
synthase (iNOS) 

Integrated water management, 317
Interleukin, 160
Intracellular storage 

polysaccharides, 32
Invertases, 8
IOS. See Isomaltooligosaccharides 

(IOS) 
Irrigation water, 334
Isoamyl myristate, 18
Isoflavones, 112
Isomaltooligosaccharides (IOS), 

104
Isomerization, 97

J
Jania rubins, 303
Japanese sake, 409–412

history of, 412–413
making, 411
yeast, 409

Joint Expert Committee for Food 
Additives (JECFA), 19

Jyunmai, 412

K
Keto acids, 427–443
Ketogluconates, 225
Ketogulonicigenium vulgare, 442
α-Ketopropionic acid, 440
Kiebsiella pneumoniae, 302
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Kimoto-shubo, 411
Kjeldahl nitrogen, 324
Klebsiella pneumoniae, 163
Kluyveromyces lactis, 37
Kluyveromyces marxianus, 

115, 117
Kojifuta, 414
Koji, types, 414
Komagataeibacter biofilms, 218
Komagataeibacter hansenii, 228
Komagataeibacter taxonomical 

gender, 223
Komagataeibacter xylinus, 

213, 225
Kuchikami-shu, 413

L
LAB. See Lactic acid bacteria 

(LAB) 
Laccases, 8
Lactic acid bacteria (LAB), 44, 117
Lactobacillus bifidus, 9
Lactobacillus casei, 75, 115
Lactobacillus delbrueckii, 75
Lactobacillus helveticus, 117
Lactobacillus kimchicus, 302
Lactobacillus plantarum, 75, 441
Lactobacillus sp., 75, 110
Lactose hydrolysis, 9
Lactuca sativa, 336
Langmuir assumptions, 239
Lariciresinol, 362
Lauroyl ascorbate, 383, 385, 388

decomposition, 388
formation, 388

LECA. See Light expanded clay 
aggregate (LECA) 

Lentinus edodes, 72
Leukotrienes, 381
Light expanded clay aggregate 

(LECA), 343
Lignans, 351

biological activity on mammals, 
359–363

biosynthesis pathways, 354–358
biosynthesis of pinoresinol, 

354
feruloyl-CoA, 354
metabolic engineering of, 363
p-Coumaroyl-CoA, 354

intake of lignan-rich diets, 362

rich plants, 353
biosynthetic enzymes, 358
elicitors and effects on lignan 

production and expression 
of lignan biosynthesis 
enzymes, 360

genomes and transcriptomes 
of, 358–359

lignan production, 353
Linum, 358
Podophyllum, 358
Sesamum, 358

Linoleic acid, 61
oxidation processes with 

octanoyl ascorbate, 396
γ-Linolenic acid (GLA), 63
Linoleoyl ascorbates, 390
Lipases, 3, 7
Lipid oxidation, 395
Lipid peroxidation, 100
Lipophilicity, 404
Liposomal curcumin, 258
Lipoxygenase enzyme, 8, 10
Liquid culture medium 

with bacterial cellulose 
membranes, 219

Listeria monocytogenes, 61
Low-density lipoproteins (LDLs), 

67, 157
Low-temperature fermentation, 410
Lutein, 97, 101

accumulation, 192
Lycopene, 97

formation stimulators, 196
Lycopersicon esculentum, 318
Lysozyme, 34

M
Maceration, 103
MAE. See Microwave-assisted 

extraction (MAE) 
Magniferin, 160
Magnusiomyces ingens, 303
MALDI. See Matrix-assisted laser 

desorption ionization 
(MALDI) 

Maltodextrin, 391
MAPK. See Mitogen-activated 

protein kinase (MAPK) 
Maple syrup urine disease 

(MSUD), 429

Mass spectrometry (MS), 56, 150, 
152, 156, 163

Matairesinol O-methyltransferase 
(MOMT), 357

Matrix-assisted laser desorption 
ionization (MALDI), 156

Maturation ponds, 323
Membrane bioreactor, 331

enzymatic, 286
thermostated, 288
vacuum assisted, 289

Menhaden oil, 162
Mentha piperita, 15
Metabolic engineering, lignan 

biosynthesis, 363
by elicitation, 369–371
transgenic plants and cells, 363

checkpoints of, 368–369
Forsythia cells, 363–367
Linum plants, 367
transient transformation of 

linum cells, organs, and 
plants, 367–368

Metabolites, 96
Metal micronutrients, 334
Metal nanoparticles, 299, 301, 303
Metal oxide nanoparticles, 302
Metal oxide nanostructures, 300
Methemoglobinemia, 337
Methyl dodecanate, 406
Metmyoglobin, 162
Mevinolin, 189
Micelles, 308
Michaelis- Menten equation, 287
Microalgae, 98
Microbacterium ammoniaphilum, 

30
Microbial biotechnology, 26
Microbial biotransformation, 

advantages, 262
Microbial metabolism, 27

classification, 27
primary metabolites, 27
secondary metabolites, 27

Microbial synthetic metabolites, 
systematic diagram, 49

Microbial transformation, green 
technology, 252

Microbiology, 26
Micrococcus glutamicus, 30
Microemulsions, 258, 301
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Microencapsulation, 34, 390, 391
Microfiltration, 119
Microorganisms (MOs), 25, 56, 95

characteristic feature of, 25
Microporous bacterial cellulose 

(BC) scaffolds, 235
Microwave-assisted extraction 

(MAE), 103
Microwave energy, 145
Microwave irradiation, 283
Mignonette Green lettuce, 341
Miki, 413
Minimal salt medium (MSM), 264
MIPs. See Molecularly imprinted 

polymers (MIPs) 
Mitogen-activated protein kinase 

(MAPK), 160, 362
Mobile matrix-LBL 

technology, 237
Mochi-koji, 412, 413
Molecularly imprinted polymers 

(MIPs), 146
Monascus extract, 226
Monascus purpureus, 67, 115
Monoacylglycerols (MAG), 10
Montmorillonite, 307
Morganella morganii, 441
Morinda officinalis, 105
Mortality, 95
Mortierella isabellina, 48
MSUD. See Maple syrup urine 

disease (MSUD) 
cis-Muconic acid, 195
Mucor circinelloides, 48
Mucor javanicus, 383
Mucor rouxii, 190
Muriellopsis, 188
Mycelia, 422

enzymes, 409
Myceliophthora thermophila, 67
Mycotoxin binders, 307
Myeloperoxidase, 262
Myristic acid, 383

N
Nanoadsorbent materials, 307
Nanobioactive delivery system, 294
Nanocapsule, 309
Nanocellulose formation, 237
Nanoclay, 307
Nanocomposite films, 307

Nanocurcumin hydrogel, 259
Nanodrops, 309
Nanoemulsions, 308
Nanoencapsulation, 308
Nanolithography, 297
Nanomaterials (NM), 296

inorganic, 297
organic, 297

Nanooptoelectronics, 306
Nanoparticles, 295–306

characterization of, 305
classification of, 296–297

based on dimensions, 296, 297
definitions, 295
features of, 296
in food, 308–309

food packaging, 294, 309
food processing, 309

metal/metal-oxide 
nanoparticles, 306

morphologies, 295
properties of, 295, 297
synthesis of, 297–305

biological green chemistry 
method, 301–305

green synthesis, 303
microbial synthesis, 

302–303
other biological routes, 305
plant-mediated synthesis, 

303–304
bottom-up approach, 297
chemical methods, 300–301

chemical precipitation, 300
hydrothermal synthesis, 300
micelles or microemulsion-

based synthesis, 301
sol-gel method, 300

mechanism involved in, 304
physical methods, 299–300

evaporation method, 299
laser ablation, 299
photolytic and radiolytic 

methods, 299
top-down approach, 297

Nanopiezoelectronics, 306
Nanotechnology, 293, 306
Nata de Coco 

entangled fibrils, peculiar 
cellulosic network, 227

recipes, 230

National Nanotechnology 
Initiative, 293

Natural antioxidants, 65
carotenoids, 66
flavonoid phenolic compounds, 65
microbial production of, 67

Natural bioactive compounds, 
structures of, 68

Natural fibers, 331
Natural-health products, 55
Natural lignans 

chemical structures of, 352
lignan-rich plants, 353

Naturally occurring flocculants, 34
advantages and disadvantages 

of, 36
Nature identical stable pigments, 67
Necrosis, 100
Nerve suturing, 235
Neuroblastoma, 100
Neurospora crassa, 221
NFT. See Nutrient film technique 

(NFT) 
Nicotiana tabacum, 353
Nitrogen-containing compounds, 

135
NMR. See Nuclear magnetic 

resonance (NMR) 
Nonflavonoid phenolic 

compounds, 67
Nonstained celluloses, 240
NP-NP interactions, 295
Nuclear factor, 100
Nuclear magnetic resonance 

(NMR), 149, 215
Nucleic acids, 95
Nucleotide Basic Local Alignment 

Search Tool (BLAST N) 
program, 265

Nutrient enrichment, 336
Nutrient film technique (NFT), 

335, 343

O
Ocimum tenuiflorum, 303
Octanoic acid, 384
Octanoyl ascorbate, 395
Octenidine, 238
OF. See Oligofructose (OF) 
Oleuropein, 163
Oligofructose (OF), 104
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Oligosaccharides, 95
Olive mill wastewater, 330
Omega-3 polyunsaturated fatty acids 

(omega-3 PUFAs), 61
chemical structures of, 62

Omega-6 polyunsaturated fatty 
acids, chemical structures 
of, 62

Omic technologies, 149
for plant studies, 150

Optimal bionanocomposites 
formulation, 233

Opuntia ficus-indica, 303
Organic acids, 31
Organic flocculants, 34

advantages and disadvantages 
of, 36

Organosulfur compounds, 135
Oryza sativa, 17, 340
Oxidation processes, 401
Oxidation-suppressive effect, 397
Oxidative stress, 157
Oxime esters, 432
Oxo acids, 427
2-Oxopropanoic acid, 440
Oxygen-permeable silicone 

tubes, 235
Oxygen scavenging NP, 308

P
Palmitoyl ascorbates, 381, 396, 

397, 404
6-Palmitoyl ascorbic acid-2-

glucoside (PAsAG), 305
Panax ginseng, 17
Panus tigrinus, 74
Paper-e-electronic paper, 242
PAsAG. See 6-Palmitoyl ascorbic 

acid-2-glucoside 
(PAsAG) 

Pectic carbohydrate polymers, 277
homogalacturonate (HGA), 277
rhamnogalacturonate I 

(RG I), 277
rhamnogalacturonate II 

(RG II), 277
Pectic oligosaccharides (POS), 286
Pectic substances, recovery of, 

283–286
manufacture of pectins, 283–286
pectic oligosaccharides, 286

Pectinase enzymes, 279–280
classification, 281

Pectinases, 1, 8
Pectin hydrolyzates, 290
Pectin powder, 284
Pectin preparations, 287
Pectins, 13, 277

characterization of, 278–279
chemical structure of, 278
content of plants, 279
enzymatic degradation in fruit 

juice processing, 281–282
enzymatic hydrolysis of, 287–289

kinetics, 287–288
membrane bioreactors for, 

288–289
occurrence of, 278

Pectolytic enzymes, 281
Pediococcus acidilactici, 116
PEGylated curcumin, 259
Penicillium atrovenetum, 67
Penicillium frequentens, 59
Penicillium herquei, 67
Penicillium occitanis, 10
Penicillium oxalicum, 67
Penicillium purpurogenum, 108
Penicillium roqueforti lipase, 9
Penicillium rugulosum, 59
Penicillium stipitata, 201
Penicllium ochrochloron, 303
Pentachlorophenol, 241
Peptides 

biological properties, 117–118
antihypertensive peptides, 118
antimicrobial peptides, 117
antioxidative peptides, 118
antithrombotic peptides, 118

food industry, trends and 
applications, 119

microbial production of, 117
production, 114

microbial production, 116–117
natural sources, 114–116

recovery and purification 
strategies, 119

Peritoneal exudates cells, 113
PFR. See Plug flow reactor (PFR) 
Phaeodactylum tricornutum 

carotenoids production, 189
Phaffia rhodozyma, 48, 66, 99, 200
Phagocytosis, 113

Phanerochaete chrysosporium, 72
Pharmaceuticals and personal care 

products (PPCP), 336
Phaseolus vulgaris, 415
pH effect of aqueous phase 

on stability of O/W 
emulsions, 395

Phenacylpridinium salts, 435
Phenlypyruvic acid (PPA), 441
Phenol analyzer microorganisms, 

195
Phenolic acids, 67
Phenolic compounds, 96

antioxidant properties, 
evaluation, 80

DPPH radical scavenging 
assay, 81

reducing power assay 
(FRAP), 80

bioavailability of, 70
characterization of, 77–78
microbial production of, 69
nutritional and antioxidant 

properties of, 69
schematic strategies for, 79

Phenolic lipids (PLs), 56, 70
potential applications of, 71

Phenolic yield, 147
Phenylalanine, biosynthesis 

pathways, 355
Phenylalanine dehydrogenase 

enzyme, 429
Phenylgly-oxylic acid, 435
Phenylpropane units, 351
Phenylpropanoids, 351
Phenylpyruvic acid, 427, 432
Pheochromocytoma cells 

(PC 12), 431
Phoenix dactylifera, 138
Phoma exigua, 371
Phosphoric acid, 381
Photomicrographs display, 223
Phycomyces blakesleeanus 

2-(4-chlorophenylthio) 
triethylamine (CPTA), 
treatment with, 194

Physical vapor depositions 
(PVD), 299

Phytochemicals, 96, 135, 303, 351
Phytoene synthase, 189
Phytoestrogens, 361
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Phytosterols, 135
Pichia kudriavzevii ZJPH0802, 266

curcumin metabolization, role 
in, 267

Pichia pastoris, 48
Piezoelectric devices, 306
Pinoresinol, 354

biosynthesis of, 354
glucosylated by, 354
pinoresinol-lariciresinol 

reductase (PLR), 354
Plant osmotic stress, 337
Plant phytochemicals, 301
Pleurotus ostreatus, 72
Pleurotus sajor-caju, 75
Plug flow reactor (PFR), 382
Podophyllotoxin (PTOX), 353
Podophyllum hexandrum, 353
Polarity, 140
Polydatin, 160
Polydimethylsiloxane, oxygen 

permeability, 236
Polygalacturonase, 287
Poly-3-hydroxybutyrate, 241
Polylactide carbohydrate 

copolymer, 238
Poly(l-lactide)-BC 

nanocomposites, 238
Polymeric materials, 217

physical properties, 217
topical application, 234

Polymorph cellulose II, 216
Polyphenolic compounds, 135

antithrombotic effects, 159
biotechnological applications, 

162–163
as antimicrobial agents, 163
as food antioxidants, 162

categories, found in plants, 136
extraction, 137–149

from plant material 
wastes, 137

pressurized fluid-mediated 
techniques, 147–149

supercritical fluid 
extraction, 147–148

water extraction and 
hydrostatic pressure 
processing, 148–149

by resin adsorption, 142–146
ion-exchange resins, 145–146

molecularly imprinted 
polymers, 146

neutral (nonionic) resins, 144
by sample preparation, 138
by solvent extraction, 138–142

energy-assisted 
technologies, 141

enzyme-assisted strategies, 
141–142

processes optimization, 
140–141

health benefits, 158–161
anticancer effects, 160
antiinflammatory and 

antitumor effects, 160
in herbal drugs and dietary 

supplements, 161
protection against cardiovascular 

disease, 158–159
overview, 135–137
plant-based, classes, 159
plant compounds, detection 

methods, 150–157
chemiluminescence, 154
electrochemical methods, 155
fluorescence, 153
mass spectrometry, 155–156
separation methods, 151–152
spectrometric assays, 157
UV-visible absorbance, 

152–153
plant-derived bioactive 

compounds, health 
and biotechnological 
applications, 157–163

production, 135
Polyphenols, 67, 154
Polysaccharides, 95

enzymatic cellulolysis, 222
Polytetrfluoroethylene (PTFE) 

filters, 437
Polyunsaturated fatty acid (PUFA), 

55, 381
antibacterial role of, 64
characterization of, 79
chemical structures, 61, 62
definitions, 61
in health and diseases, 63–64
oxidation processes, 390
source of, 62

microbial, 62

Polyurethane, 99
Pomace, 283
Portulaca oleracea, 337
POS. See Pectic oligosaccharides 

(POS) 
Potassium permanganate, 154
Potato dextrose agar (PDA) 

plates, 263
Potentilla atrosanguinea, 140
Potentilla fulgens, 303
Pot-type steamer, 417
PPA. See Phenlypyruvic acid (PPA) 
PPCP. See Pharmaceuticals and 

personal care products 
(PPCP) 

Prebiotics, 56
functions, 56
mechanisms, 56

Precision engineering, 297
Primary metabolites, 27

features and general 
differentiations between 
secondary metabolites 
and, 28

formation, 27
Proanthocyanidins, 157, 160
Probiotic bacteria, 44
Probiotic metabolites, 44

confer health, 44
effects of, 44
purpose of, 44

Probiotics, health benefits, 233
Processed foods, 309
Prostaglandins, 381
Proteases, 7
Proteolysis, 9
Proteus mirabilis, 442
Proteus vulgaris, 441
Proton-conducting membranes, 241
Prunus persica, 147
Pseudomonas aeruginosa, 64, 439
Pseudomonas cepacia, 383
Pseudomonas denitrificans, 30
Pseudomonas fluorescens, 440
Pseudomonas gladioli, 15
Pseudomonas jessinii, 302
Pseudomonas putida, 15
Pseudomonas spp., 14
Pseudomonas stutzeri, 302
Pterocladia capillacae, 303
Puddings, 231
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PUFA. See Polyunsaturated fatty 
acid (PUFA) 

Pullulanase, 9
Pulsed laser ablation in liquid 

media (PLAL), 306
PVD. See Physical vapor 

depositions (PVD) 
γ-Pyrone compounds, 225
Pyruvate carboxylation  

pathway, 443
Pyruvate production, 437
Pyruvic acid, 427

Q
Q-switched ruby-pulsed laser, 306
Quaternary aminoethyl, 145
Quercetin, 159
Quercitin, 258

R
Radiolysis, 299
Rahnella aquatilis, 59
RAS. See Recirculating aquaculture 

systems (RAS) 
Rat intestinal mucosa cell 

homogenates, 231
Reactive oxygen species (ROS), 67
Recalcitrant contamination, 344
Recirculating aquaculture systems 

(RAS), 343
Redlich-Peterson isotherms, 143
Redox reactions, 154
Regioselectivity, 382
Remazol brilliant blue-stained 

cellulose, 240
Rennet enzyme, 1

application in food processing 
industry, 9

mixture of chymosin and pepsin, 9
Resin adsorption, 144, 163
Resorbable materials, 236

osteoconduction properties, 236
Response surface methodology 

(RSM), 441
Resveratrol, 159
Reverse micelles, 301
Reverse osmosis, 325
Reverse phase liquid column 

chromatography, 266
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