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Preface

Taking into consideration the consumer’s awareness about health in particular to
food additives in foods, the shift towards consumption of natural/microbial source of
food additives is the need of the hour. These microbial food additives are gaining
interest from consumers and food manufacturing units as well. Although the pro-
duction of microbial food additives has been shown to have positive health benefits,
their application on different food commodities is still limited as there are some
drawbacks and limitations with respect to available literature. For the production of
microbial food additives, the basic requirements include non-pathogenicity, faster
growth kinetics on a cheaper substrate as well as the GRAS status of the microbial
source employed. Microbial fermentation changes the complete quality of the raw
ingredient through different metabolic pathways. Microbially fermented foods differ
from the raw material in terms of its appearance, texture, flavor, and nutritional
quality. These natural additives result in technological as well as functional improve-
ment in the product with an overall health benefit. Microbial derived food additives
offer a means of producing safe, nutritious foods with desirable organoleptic qual-
ities and extended storage stability. This book will provide the reader the basic
concepts of food additives and their different classes. The chapters provide an
overview on different categories of food additives such as enzymes, antioxidants,
stabilizers, emulsifiers, colorants, and flavoring compounds which are microbial
derived products. A focus will also be on the microbes as such added as additive
such as probiotics. The book received inputs from renowned collaborators globally
to provide unbiased and latest information in the field of food additives. The
information is worthy of interest to scientists, researchers, graduate or postgraduate
students, and food industries. The reader will get in-depth scientific knowledge on
categories of food additives, their production strategies, and health beneficial
activities.

The book presents up-to-date information about different categories of microbial
derived food additives for their application in the food industry. Alongside the
production part, the book also deals with social perspectives and legislative policies
regarding the safer use of food additives. The first two chapters introduce the
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vi Preface

fundamentals of food additives and the role of enzymes in the food industry.
Chapters 3 and 4 describe microbial antioxidants and preservatives. Chapters 5
and 6 focus on prebiotic and synbiotic foods and food stabilizers. Various industrial
applications of microorganisms in the dairy and food industry are described in
Chaps. 7 and 8. The last chapter summarizes the hypersensitivities associated with
food additives. We firmly believe that the present book will be beneficial for all the
early-stage researchers and industrialists.

Waknaghat, Himachal Pradesh, India Ashok Kumar Nadda
Mahendergarh, Haryana, India Gunjan Goel
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Chapter 1
Microbial Food Additives: Types,
Functions, and Challenges

Souparno Paul, Ashok Kumar Nadda, and Gunjan Goel

Abstract The use of food additives enhances organoleptic qualities as well as the
appearance and texture of the food. The chemical route of production of these
additives poses several health risks and safety concerns; therefore, microbial
resources for the production of food additives has attracted the scientific community
as well as food industries to counter the demand of consumers towards safer foods.
The microbial food additives include flavor compounds, biopreservatives, microbial
enzymes, sweeteners, emulsifiers, and others. Various international organizations
such as Food and Drug Administration, World Health Organization, and Codex
Alimentarius have defined regulations towards the use of food additives, yet there is
lack of uniformity in laws regarding their use. Although a lot of advancements have
been made in the use of engineered microorganisms for the production of higher
levels of food additives during fermentation, however, their stability, toxicity, and
microbiological safety need to be assessed during the preservation of foods for a
longer period of time.

Keywords Food additives · Regulations · Production of food additives · Risks of
food additives

1.1 Introduction

Food additives are part of civilization. For ages, food additives have been added for
various reasons and most of the history of how food additives actually came into
usage is unknown or not traceable. Spices, which have been used since the early
bronze age, are a type of additive and have become part of every cuisine. Salt and
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sugar are the most widely used food additives to date. With time the complexity of
food processing and cooking and demands for extended shelf life have resulted in the
formulation and development of new and at times novel food additives. As food
processing changes over geographic and climatic conditions so does the use of food
additives. Various diverse kinds of food additives are used with varied functions, and
for a long time, it has been a topic of discussion to harmonize its usage (Carocho et
al. 2014). As of now, thousands of substances are being used as food additives such
as salt, sugars, corn syrups, pigments, and others. As defined by the Food and Drug
Administration (FDA), “a food additive is defined as any substance used to provide
technical effects in the foods.” In recent years, a large number of food industries are
using food additives due to increased production of ready-to-eat processed foods.
These food additives are used to enhance the flavor, appeal, freshness, and safety of
foods. For example, the use of food additives in bread; without any additive it goes
stale and hard a day after baking because of the retrogradation of starch due to which
it goes back to the crystalline form that it was in the grain before being baked into
bread. Also, fungus and molds develop within a very short time. To prevent mold
formation, fats are added to give a moist texture to the bread without the addition of
water. Another addition is Yeast boost whose sole purpose is to accelerate the dough
rising process and increase the production output. Vinegar is an acidulant and works
synergistically with a common mold inhibitor, calcium propionate, to inhibit mold
growth. Amylase from yeasts acts as a dough conditioner and ascorbic acid to
strengthen the dough and to provide elasticity to the gluten. Lecithin in fats acts as
an emulsifier that helps water and fats bind together and contributes to the expansion
of the dough. Therefore, to make this product with extended shelf life food additives
are added. These additives are indispensable today in the food industry where the
demand for long shelf-life foods is on the rise.

Food additives are defined as “any substance the intended use of which results or
may reasonably be expected to result—directly or indirectly—in its becoming a
component or otherwise affecting the characteristics of any food.” These additives
can be used at different stages of food preparation such as during production,
processing, packaging, transportation, and storage of food (Fig. 1.1).

In the context of food additives, a Joint FAO/WHO Expert Committee on Food
Additives (JECFA) was constituted in 1956. The objective of this committee was to
evaluate the safety regarding the use of food additives. However this committee is
also evaluating the safety issues pertaining to presence of other contaminants,
naturally occurring toxicants (NOTS), and residues of veterinary drugs in foods.
This committee also forms the advisory body to FAO and WHO member govern-
ments and to the Codex Alimentarius Commission (CAC). The committee is
involved in the development of protocols and principles related to safety assessment
of foods. The CAC was formed in 1953 to formulate standards for food safety which
are recognized internationally. The aim of this is to protect the health of the
consumers and to ensure fair practices in food trade. According to CODEX
Alimentarius, “Food additive means any substance, the intentional addition of
which to food for a technological purpose, may be reasonably expected to result in
it or its by products becoming a component of or otherwise affecting the
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Fig. 1.1 Types of food additives depending on their use

characteristic of such foods.” These food additives may or may not have nutritive
value, but may add organoleptic qualities in foods without affecting the character-
istics of such foods. However, the CAC also explained that the food additive term
excludes the presence of other contaminants or substances which are added to food
for maintaining or improving nutritional qualities.

Food additives must be used only if required and they do not pose any health
hazard to the consumers. Although not restricted to these, food additives are also
widely used for the following reasons:

• To extend the shelf life and to enhance or preserve the nutritional quality of the
food

• To add specific ingredients or constituents in the foods required for consumers
with special dietary needs

• To increase the stability of food or its components or to improve its organoleptic
properties

Food ingredients may be “food additives” that are approved by the FDA for specific
uses and fall under GRAS (generally recognized as safe) substances. These additives
are provided with GRAS status on the basis of recommendations from the experts
qualified to evaluate the safety of the substance (FDA 2018). Although there are a
plenty of food additives that are permitted to be used in foods under permissible
levels, nevertheless, it should always be understood that in any way food additives
should not be misused to mask any faulty effects of the raw materials or of
undesirable (including unhygienic) practices or techniques or they do not alter the
nutritive values or quality of the foods.
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1.2 Classification

The names of many food additives are long and complex. To reduce complexity and
for the benefit of the consumers, the CAC has adopted the International Numbering
System (INS) for food additives and provides identification numbers for food
additives recognized internationally. Their functional classes are based on the
Codex Class Names and INS. The JEFCA and INS have defined the Acceptable
Daily Intake (ADI) of food additives based on their selection criteria. The General
Standard for Food Additives (GSFA) is the single authoritative reference point for
food additives. The INS, however, does not include flavors, chewing gum bases, and
also dietic and nutritive bases. The major role of the GSFA is to protect the health of
consumers to ensure fair practices in food trade. It includes provision of over 300
additives.

Another system widely followed within the European Union (EU) is the E
numbers (“E” for Europe). The nomenclature includes E followed by a number. E
number classifies food additives according to their major application in foodstuff
(Kallscheuer 2018).

In the United States, additives are restricted down to a few classes and allow the
additives to be mentioned in at least two or more classes. As per recommendations of
the FDA, there are more than 3000 food additives distributed into 6 groups which
include flavoring agents, preservatives, coloring agents, nutritional additives, tex-
turizing agents, and miscellaneous agents. The FDA has an online database covering
“Everything Added to Food in the United States” (EAFUS) which comprises all the
compounds added to the food as well as the FDA Redbook which entails all the
guidelines and legislation for the food industry (Carocho et al. 2014).

The Food Safety and Standards Authority of India (FSSAI) monitors and sets
standards regarding the use of food additives in India. FSSAI provisions are broadly
based on JEFCA assessment and guidelines along with their own assessment. Limits
are set according to CODEX provisions and also include historically used food
additives in the Indian industry. The standards of Identity and Purity are regulated by
JEFCA and BIS guidelines (FSSAI 2006).

For application of food additives in foods and to get an overview of how these
guidelines are framed, it is important to understand how dosage intake is calculated.
For application of an additive for human use, “No Observed Adverse Effect Level
(NOAEL) is determined which is the highest dose at which no adverse effects are
observed in the most susceptible animal species.” The NOAEL value is determined
in mg/kg body weight of an individual. Apart from NOAEL, JECFA introduced the
term, Acceptable Daily Intake (ADI), which measures the amount of an additive in
food that could be ingested orally on a daily basis over a lifetime without an
appreciable health risk (Lu 1988; Carocho et al. 2014).

Food additives are broadly grouped into 27 functional classes according to their
technological functions. A concise list of them has been compiled below in Table 1.1
(FAO and WHO 2019).
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Table 1.1 Functional classes of food additives (FAO and WHO 2019)

Sr.
no.

Functional
class

Example

INS

1 Acidity
regulator

Controls the acidity or alkalinity of a food 260 • Acetic acid, glacial

300 • L-Ascorbic acid

170
(i)

• Calcium carbonate

501
(i)

• Potassium carbonate

262
(i)

• Sodium acetate

2 Anti-caking
agent

Reduces the aggregation of particles of
food

170
(i)

• Calcium carbonate

504
(i)

• Magnesium
carbonate

421 • Mannitol

3 Antifoaming
agent

Prevents or reduces foaming 404 • Calcium alginate

471 • Mono- and di-glyc-
erides of fatty acids

4 Antioxidants Extend shelf life of the food by protecting
oxidation of food components

300 • L-Ascorbic acid

320 • Butylated
hydroxyanisole
(BHA)

330 • Citric acid

5 Bleaching
agent

For decolorization of foods. Bleaching
agents do not include pigments

928 • Benzoyl peroxide

221 • Sodium sulfite

220 • Sulfur dioxide

6 Bulking
agent

Contributes to the bulk of a food 420
(i)

• Sorbitol

421 • Mannitol

414 • Gum arabic (Acacia
gum)

7 Carbonating
agent

Provides carbonation in a food 290 • Carbon dioxide

8 Carrier Used to deliver food additive via disso-
lution, dilution, dispersion of other phys-
ical methods without any alteration of
function of food additive

901 • Beeswax

462 • Ethyl cellulose

9 Color Adds or restores color in a food 102 • Tartrazine

101
(iii)

• Riboflavin from
Bacillus subtilis

150a • Caramel I

10 Color reten-
tion agent

Stabilizes, retains, or intensifies the color
of a food

330 • Citric acid

504
(i)

• Magnesium
carbonate

511 • Magnesium chloride
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Table 1.1 (continued)

Sr.
no.

Functional
class

Example

INS

11 Emulsifier For uniform emulsion of two or more
phases in a food

1400 • Dextrins, roasted
starch

440 • Pectins

415 • Xanthan gum

12 Emulsifying
salt

For rearrangement of proteins in order to
prevent fat separation

327 • Calcium lactate

500
(i)

• Sodium carbonate

437 • Tamarind seed
polysaccharide

13 Firming
agent

To maintain firmness and crispiness in
tissues of fruit or vegetables, to
strengthen the gel

520 • Aluminum sulfate

509 • Calcium chloride

466 • Sodium
carboxymethyl cellu-
lose (cellulose gum)

14 Flavor
enhancer

Enhances the organoleptic qualities of
foods

1104 • Lipases

1101
(ii)

• Papain

508 • Potassium chloride

15 Flour treat-
ment agent

For improvement of baking quality or
color of dough

1100
(ii)

• alpha-Amylase from
Bacillus
stearothermophilus

1100
(vi)

• Carbohydrase from
Bacillus licheniformis

1101
(i)

• Protease from
Aspergillus oryzae
var.

16 Foaming
agent

To maintain a uniform dispersion of a
gaseous phase in a liquid or solid food

400 • Alginic acid

415 • Xanthan gum

941 • Nitrogen

17 Gelling agent Provides texture through formation of a
gel

418 • Gellan gum

440 • Pectins

401 • Sodium alginate

18 Glazing
agent

Provides a shiny appearance or provides a
protective coating

1503 • Castor oil

461 • Methylcelluloses

1200 • Polydextrose

19 Humectant Prevents food from drying out 422 • Glycerol

421 • Mannitol

1200 • Polydextrose

20 Packaging
gas

For preservation of foods from oxidation
or spoilage

290 • Carbon dioxide

941 • Nitrogen

942 • Nitrous oxide

21 Preservative Extension of shelf life of foods 210 • Benzoic acid

1105 • Lysozyme

290 • Carbon dioxide
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Table 1.1 (continued)

Sr.
no.

Functional
class

Example

INS

22 Propellant Expels a food from a container 290 • Carbon dioxide

941 • Nitrogen

942 • Nitrous oxide

23 Raising
agent

For increasing volume of dough or batter 342
(i)

• Ammonium
dihydrogen phosphate

341
(ii)

• Calcium hydrogen
phosphate

500
(i)

• Sodium carbonate

24 Sequestrant Controls the availability of a cation 330 • Citric acid

401 • Sodium alginate

420
(i)

• Sorbitol

25 Stabilizer For maintenance of uniform dispersion of
two or more component

404 • Calcium alginate

1103 • Invertases

1200 • Polydextrose

26 Sweetener Imparts a sweet taste to food 421 • Mannitol

420
(i)

• Sorbitol

953 • Isomalt

27 Thickener Increases the viscosity of food 462 • Ethyl cellulose

422 • Glycerol

419 • Gum ghatti

1.3 Microbial Production of Food Additives

Food additives can be produced via synthetic or biological ways. The synthetic or
the chemical route of production of additives offers few advantages such as low cost
and well-established scientific methods of production; however, all these methods
have severe disadvantages as the production process might include use of toxic or
hazardous chemical compounds, use of extreme physical conditions for production
such as heat, pressure, and others, and production of stereospecific chemicals. All
these synthetic compounds may offer toxicity after ingestion or during digestion and
fermentation in the human gut. To counter these drawbacks, the microbial produc-
tion of food additives is competitively advantageous of being a viable economical
alternative for the production of numerous value-added food ingredients. The micro-
organisms or their metabolites offer several advantages such as being natural food
additives, fast growth kinetics of microorganisms, no use of toxic compounds for
extraction of additives, and complete understanding of metabolic pathways of an
organism which can be used to alter the titer levels of the metabolite/additive. In
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comparison to chemical synthesis and production of food additives, microbial
production of enzymes and food additives is clean, eco-friendly, and stable in
extreme conditions of organic solvents, pH, and temperature. Genetic modification
and manipulation of microbial strains have gained prominence as these genetic
engineering processes provide exemplary and desired yields yet they can be grouped
under the “natural” category. For industrial production of microbial food additives,
engineered Escherichia coli strains, Saccharomyces cerevisiae, and Lactobacillus
spp. are commonly used (Sun et al. 2021).

In principle, there are three sources of the compounds which can be used as food
additives:

1. The active compounds can be directly extracted from the natural producer (e.g.,
plant material).

2. The compounds may be synthesized using chemical reactions.
3. The genes responsible for active ingredient can be cloned in a suitable host and

the additive can be produced from this engineered microorganism.

Renin (Chymosin) from the calf stomach was extracted by Christian Hansen to
manufacture cheese. This marked the beginning of the industrial production of
enzymes in food processing.

Apart from the list provided in Table 1.2, there are many other food additives
such as xanthan which is an extracellular polysaccharide (EPS) material secreted by
microorganisms. Chemically, xanthan is a hetero-polysaccharide with linked
glucuronic and mannose units. For industrial applications, xanthan is produced by
aerobic fermentation using Xanthomonas campestris with an immobilized fermen-
tation process (Jindal and Singh Khattar 2018). Another food additive in this
category is Erythritol, used as food sweetener, and is produced by various fungal
and mold species (Sun and Alper 2020). L-Glutamate is widely used for its umami
taste which is produced from Corynebacterium glutamicum (Sano 2009). Riboflavin
(vitamin B2), an approved yellow food colorant and dietary supplement, is produced
from Ashbya gossypii or genetically engineered Bacillus subtilis strains (Liu et al.
2020).

Antimicrobial oligopeptide like Nisin is the only bacteriocin approved for com-
mercial use as food preservative. It is produced from Lactococcus lactis in whey
followed by direct recovery from fermentation broth with foaming fractionation
(Özel et al. 2018). There are many other important food additives produced from
microorganisms; however it is difficult to add all the details here. The list of food
additives is nonexhaustive; a major category of food additive includes sweeteners,
flavor compounds, pigments, emulsifiers, and enzymes which have been discussed
in other chapters of the book.
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Table 1.2 A compiled list of food additives derived from microorganisms (FDA 2018). The list
does not contain all the microbial food additives

Sr.
no.

1 Natamycin Streptomyces natalensis and Strepto-
myces chattanoogensis

For extended shelf life of
foods

2 Bakers yeast
protein

Saccharomyces cerevisiae For baking purposes

3 Gibberellic acid Fusarium moniliforme Malting of barley

4 Dried yeasts Saccharomyces cerevisiae, Saccharo-
myces fragilis

For baking purpose

5 Dried torula yeast Candida utilis For baking purpose

6 Bakers yeast
glycan

Saccharomyces cerevisiae For baking purpose

7 Amyloglucosidase Rhizopus niveus Depolymerization of starch

8 Carbohydrase and
cellulase

Aspergillus niger Processing of shrimps

9 Carbohydrase Rhizopus oryzae Conversion of starch to
dextrose

10 Catalase Micrococcus lysodeikticus Cheese manufacture

11 Esterase-lipase Mucor miehei var. Cooney et Emerson Used as flavor enhancer in
cheeses, fats, and oils, and
milk products

12 Alpha-
galactosidase

Mortierella vinaceae var.
raffinoseutilize

Conversion of beet sugar
into sucrose

13 Milk-clotting
enzymes

Endothia parasitica, Bacillus cereus,
Mucor pusillus Lindt andMucor miehei
and Aspergillus oryzae modified to
contain the gene for aspartic proteinase
from Rhizomucor miehei var. Cooney et
Emerson

In cheese production

14 Production of
citric acid

Candida guilliermondii Flavoring agent and
preservativeCandida lipolytica

1.4 Production Strategies for Food Additives

In order to obtain efficient and large-scale biosynthesis of food additives and
colorants (especially those that are traditionally extracted from plants), there are
several intermediate steps. A concise explanation is provided in Fig. 1.2. With the
technological advancements in the area of molecular biology and genetic engineer-
ing, new ways have been opened to use genetically engineered microorganisms to
produce food additives at higher scale. This technology has the potential to get
access to an even broader range of accessible products. The first step is the high-
throughput screening of the genes responsible for the biosynthesis of an additive.
Screening using Omic technologies provides a platform to screen multiple com-
pounds in any plant source. Followed by screening, next step is cloning the gene of
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Fig. 1.2 Production strategy of a food additive of plant origin in microbial strains

Fig. 1.3 A general flowchart of production methods and application of microbial food additives

interest in a suitable prokaryotic or eucaryotic host to express the food additive in the
microbial cell. However, the host strain should be nonpathogenic, should have faster
growth rate, could be propagated on cheaper media, and should produce higher
biomass. This step involves the optimization of fermentation conditions for the
maximum productivity of the compound of interest. Followed by the secretion in
the spent medium, further combinatorial approaches are used to limit the toxicity of
the compounds and reduction in production of by-products during the fermentation.
This step involves the application of metabolic engineering coupled with synthetic
biology approaches to deduce the linkages between the metabolic pathways with the
production levels.

The production of food additive from a natural plant origin or microbial origin is
detailed in Fig. 1.3. In both the approaches, as stated above after the expression of
cloned gene is suitable host such as E. coli, S. cerevisiae, Pichia pastoris,
Y. lipolytica and others. The additives produced from native microflora can be
used as such. In both cases, the native and engineered microorganisms are subjected
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to optimization of bioreactor conditions for maximum productivity of the food
additives. The key factors to be taken into consideration include:

(a) Downstream processing: The food additive from the spent broth should be
purified using standard protocols and characterized for its purity.

(b) Toxicity: The additive should be checked for its toxicity using in vitro or in vivo
models.

(c) Stability: The stability of additive should be checked in different food matrices
and different food processing conditions, so that it should not get degraded or
transformed in other compounds during food processing conditions.

(d) Consumer acceptance: As consumers are now much aware of health concerns
regarding addition of any additives in foods, therefore the food additive in
concern should be very well accepted by the consumers.

1.5 Conclusions and Future Perspectives

The production and use of microbial food additives is becoming an attractive
alternate to the chemical methods of production; however it is still filled with various
challenges. The primary challenge is the cost of raw materials used for production,
which makes the process very expensive. For this alternate natural waste materials
need to be looked upon to reduce the cost of production of food additives. Another
challenge in use of food additives is regarding the set regulations on permissible
levels. Even though regulations are set which allow only the use of permitted
compounds/colors, often processing units resort to using prohibited compounds/
colors to save the cost. Although researches claim on the stability of microbial food
additives however, the improper food storage infrastructure and cold storage often
impact the stability of food additives.

With globalization and the easy availability of information, there is a growing
awareness among consumers who are opting for “additive-free” and “preservative-
free” food options. Brands have embraced “Preservative Free” options and are
marketing them aggressively. As it was explained in the beginning of the chapter
on how additives are used in each step of bread processing, it should be understood
that most of the processed foods have additives added at most of the production steps
to ease and economize processing, so in reality majority of the foods have chemical
additives in some form or other.

The additives that impart a marketable quality, such as color and flavor enhancers,
may cause allergic reactions, hypersensitivity, digestive disorders, and nervous
disorders; therefore, the food processing industry should take a step in limiting the
use of chemical food additives and to look for microbial food additives under strict
restriction, and verification in accordance with national food safety guidelines.
Although there are a plethora of microbial food additives still there is a great
scope to explore unidentified additives from natural resources. Newer technologies
in gene manipulation and synthetic biology approaches will pave the way to produce
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natural food additives economically. However, before their application in foods,
careful studies and validation should be carried out to decide the fate of additives at
the levels of legislators, researchers, food industries, and final stakeholders, the
consumer.
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Chapter 2
Applications of Enzymes in Food Industries
as Additives

Uday S. Annapure, Srutee Rout, and Prem Prakash Srivastav

Abstract In the food industry food additives, flavors, and colorants are immensely
utilized in order to improve the quality and safety of food throughout storage,
processing, and packaging. Additives can also enhance the nutritional content of
some products while also improving their texture, taste, color, and consistency. As a
result, food additives are now required in all the food products we are consuming as
well as in the food industry too. These compounds are generally obtained through
one of the three methods: bio-production, extraction using natural sources, or
chemically synthesized, with the last two being the most common. Though chemical
synthesis is less expensive, the health hazards linked with it are still a worry.
Chemical reactions for the metabolism in the living species are usually driven by
enzymes. Food additives and raw materials have been processed using biocatalysts
since the dawn of time. Although various enzymes have been found to be helpful in
the biosynthesis of food additives and flavors, the production of these compounds in
industry using enzymes still remain unnoticed. As a result, we have focused on
enzymatic production technology being the most important and commercially viable
option for the production of a wide range of natural flavors, food additives, and
antioxidants in this chapter.
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2.1 Introduction

Chemicals are added to food to keep them fresh and to improve their color, flavor, or
texture. Antioxidants, stabilizers, thickeners, and emulsifiers, as well as sweeteners,
flavorings, nutritional additives, and colorants are all added to food ingredients or
food for retaining the flavor, changing its appearance, or for enhancing taste (Martins
et al. 2018). The United States Food and Drug Administration (FDA) defines
colorants or color additives as “any dye, pigment, or chemical that, when added to
food, drug, or cosmetic or to the human body, is capable of imparting color” (FDA
2020). When these chemicals and colorants are combined, they improve the quality,
appearance, and safety of food throughout its whole life cycle, from processing to
consumption. Though FAO/WHO Expert Committee on Food Additives (JECFA)
evaluates all of these compounds there are some specific rules and regulations that
differ from country to country. FDA’s EAFUS list (Everything Added to Food in the
United States) contains over 3000 food additives and colorants. Around 402 addi-
tives are designated under E-number (European Union inventory number) whereas
2000 substances are assigned under the CNS (Chinese Number System) and the
NFSSUFA (National Food Safety Standard for Uses of Food Additives).

The food industry is always investigating new technologies to fulfill consumer
demand, and enzymes are one of the most important tools for converting raw
materials into finished goods. The biocatalytic transformation of purified enzymes
is one promising option for the synthesis of food additives. Catalytic reactions are
carried out under moderate operating conditions with excellent stereoselectivity (Lin
et al. 2009; Akanbi et al. 2012). Traditionally, enzymes were utilized for preparing
food for improving the texture and flavor, thus scaling-up production in industry
(Agyei et al. 2019). Enzymes are mostly utilized to make wine, cheese, and a variety
of fermented foods and pastry products. Novel enzymes with specific characteristics
are finding applications in various food products as technology is improving with
time. Enzymes are small proteins that help in catalyzing biological reactions but are
not consumed during the process. As a result, natural food additives formed are pure
and are made without the need of complex separation and purifying methods.
Commercial enzymes have been steadily increasing in the food industry over the
last few years as protein technology has advanced (Okolie et al. 2019). They are now
a major component in the production of fruits, vegetables, meat, milk products as
well as alcoholic and nonalcoholic beverages. Extraction of enzymes is mainly
carried out from animals, plants, and microorganisms such as bacteria, yeast,
actinomycetes, and molds (Raveendran et al. 2018; Akanbi et al. 2020; Li et al.
2018). Many enzymatic processes are free of solvents and eco-friendly (Huang et al.
2020; Bhavsar and Yadav 2019). Researchers favor microbial enzymes over other
enzymes because of their stability and hence can be optimized and produced in a
cost-effective manner (Gurung et al. 2013). Many novel enzymes are presently
utilized to generate a variety of foods in which potentially carcinogenic or hazardous
chemicals are replaced by biocatalysts, due to diversification in many physical and
chemical properties of protein. Technical enzyme preparations are more
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economically viable since production costs are reduced and they may be made more
environmentally friendly by using renewable resources, which often improves
product quality. Furthermore, preservation has a substantial impact on food and
beverage quality. Modern methods, for example, convert juices into concentrates
that may be stored for a long time without losing quality but losing its aroma.
Enzymes help food products maintain their flavor and color throughout storage.
Finally, as biotechnology advances, numerous approaches have emerged, offering
unpredictable solutions to existing problems as well as opening up new opportuni-
ties. Enzymes are suggested as remarkable “green” technology agents since they
can be utilized to either treat or prevent the creation of biological wastes. As a
result, many refined enzymes are used not just in food processing but also as food
additives.

2.2 Enzymes as Food Additives

Flavors and food additives are critical elements of foods because they enhance
flavor, color, and texture while also extending shelf life. In the food industry, the
enzymes required for manufacturing are modulated as food additives (Sun et al.
2021). These substances are proteinous nontoxic substances found naturally in
foods. They may be produced by microorganisms for catalyzing various reactions.
Their application in the food industry is based on three main principles: quality
control of specific foods, alteration of the attributes of certain food additives, and
modification of the foods themselves. Many enzymes are being exploited as food
additives in a variety of food applications. By 2023, the global market for food
enzymes is estimated to reach $3.23 billion. Food industry is highly dependent on
the enzymes for the processing of different food products. Of the industrial enzyme
market (25%), food enzymes are considered to be the second largest segment as it
includes the enzymes used for baking (modification of dough rheology, increasing of
crumb softness, and gas retention), brewing (clarification of wine, juice, and other
beverages), and cheese making (curdling of milk) (Agyei et al. 2019).

Amylases are the most important enzymes especially in the baking industry as
they help in accelerating yeast fermentation for dough expansion, thus intensifying
flavors and crust color due to browning and caramelization reactions. Due to their
high thermostability, chemical starch hydrolysis has been fully replaced in the starch
processing industry (Pandey et al. 2000). Amylase enzymes are also essential for the
manufacturing of corn syrup, along with acids. In the alcohol industry, alpha
amylases and glucoamylases are preferred; thus malt has been replaced completely.
In the dairy industry, chymosin is used for coagulation of milk proteins during
cheese production. Lactase and beta-galactosidase help in the breakdown of milk
lactose into glucose and galactose, allowing lactose-intolerant people to absorb the
final product. In the meat industry, papain is utilized to tenderize muscle tissues.
Pectinase, xylanase, and cellulase are some of the hydrolytic enzymes which
increase the expulsion of juice from the pulp by breaking down cell walls for
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producing fruit juices. The enzymes pectinases and amylases are also administered
to clarify juice. Microorganisms used for the manufacturing of enzymes must not
leave any residues that are hazardous to human health. Indigenous or mutant strains
produced from native strains using methods such as recombinant DNA technology,
serial culture and selection or mutagenesis and selection may be used in the
manufacturing of enzyme preparations. Several fungal species are known to have
strains that are able to produce low quantities of mycotoxins under fermentation
conditions, despite knowing that nonpathogenic and nontoxigenic microorganisms
are generally used for enzyme manufacturing in the food industry. Enzyme prepa-
rations made from these fungal species should not include toxicologically relevant
quantities of mycotoxins, which these species may produce. Because no precise
knowledge of substrate or enzyme activity was available, the first generations of
enzyme preparations were unspecific. Manufacturers, on the other hand, have been
consistently exploring the technical enzymes specificity. Extracellular enzymes are
preferable over intracellular enzymes because the recovery and purifying processes
are significantly simpler. Another crucial factor is that the organism must be capable
of producing large quantities of the necessary enzyme in a suitable time frame. Only
a few microbes such as Trichoderma, Aspergillus, Streptomyces, and Bacillus
produce the majority of industrial enzymes. Submerged fermentation (SmF) or
liquid surface fermentation (SLF) processes are mostly used by enzyme manufac-
turers for producing enzymes. As cost of product recovery is inversely proportional
to concentration in the fermentation broth, such levels are required if certain
chemicals are to be regarded as commodities. According to research and literature
survey, there is a significant interest in using solid-state fermentation (SSF) tech-
niques to produce a wide variety of enzymes because it is economic and cost-
effective too (Viniegra-González et al. 2003).

Another milestone for scientists in the food industry was the discovery of
digestive enzymes. In the 1930s, pectinases were used for improving the pressing
quality and clarification of grape juices. Hydrolysis of galactose residues to form
galactooligosaccharides (GOS) occurs by glycosidic hydrolase enzyme which is
known as galactosidase. This enzyme helps in the elimination of raffinose oligosac-
charides in soybean and beetroot processing and is also used as a food additive.
Galactosidase degrades lactose during cheese making and also produces prebiotic
GOS (Katrolia et al. 2014).

Enzymes intended for use in food must meet the following criteria: (1) should be
cost-effective and easily available, (2) should be approved by regulatory bodies,
(3) should be efficient at maximum substrate concentrations, (4) optimum temper-
ature and pH must be clearly indicated (Fig. 2.1).
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Fig. 2.1 World consumption of food additives. (Source: IHS Markit 2020)

2.3 Application of Enzymes in Various Food Industries

The application of enzymes in different industries is an age-old process. Plants,
animals, and microbes are the main sources of enzymes. In the food sector, enzymes
are required for the manufacturing of dairy, meat, cereal, and confectionery goods as
well as in the beverage and baking industries. Enzymes have been applied in a wide
variety of food products to improve quality while reducing overall processing time
and cost.

2.3.1 Enzymes Used in Dairy Industry

In the dairy industry, catalase, aminopeptidase, proteases, lipases, lactoperoxidase,
and transglutaminase are the principal enzymes used that are obtained from
microbes. These enzymes add flavor and improve the quality of a variety of items
including curd, cheese, and bread (Abada 2019). Rennet is a well-known exogenous
enzyme that has been utilized in dairy processing since 6000 BCE. Rennin causes
milk to coagulate by both enzymatic and non-enzymatic activity. Proteases help in
significantly improving the flavor of fermented milk products. Proteinases are the
first enzymes in the proteolytic enzyme system that breaks down milk protein into
peptides. Peptides are broken down into amino acids and tiny peptides using the
enzyme peptidases (Abada 2019). When proteinases were combined with peptidases
or/and lipases, cheeses formed had exceptional flavor and aroma, thus inhibiting its
bitterness levels. Short chain fatty acids responsible for pungent and spicy tastes are
released in large portion by animal lipases. Enhancing the flavor and texture of butter
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and dairy cream is another emerging application of lipases (Trani et al. 2017).
Lipases from Aspergillus niger or Mucor miehei in Italian cheeses give a richer
flavor as the quantity of free butyric acid in the milk increases before adding the
rennet (Patel et al. 2016). Food scientists are showing keen interest in
transglutaminase (TG) because of its capacity to enhance the structure of protein
gels. The addition of transglutaminase to milk causes casein and whey proteins to
crosslink, improving the strength of milk gels. Casein concentrate and milk proteins
were used for the manufacturing of nutrition bars (highly rich in protein) where the
storage, stability, and texture were improved by calcium reduction and
transglutaminase crosslinking. Lactase helps to break down lactose into galactose
and glucose more quickly. It is used in milk products as a digestive agent and also
increases the sweetness solubility. Lactases are necessary for lactose-intolerant
people to avoid severe diarrhea, deadly effects, and tissue dehydration by decreasing
and eliminating lactose from milk products. Despite the fact that many enzymes are
commercially accessible, but the prices are affected by the enzyme’s immobilization,
immobilization method, and carrier type (Abada 2019). Scientists are now making
efforts using recombinant engineering techniques for the discovery of new enzymes
(Spohner et al. 2015).

2.3.2 Enzymes Used in Beverage Industry

Tannases, cellulases, and pectinases are the most important enzymes that are being
continuously used in the fruit processing industry. Fruit juice that has been treated
with enzymes has numerous advantages over regular processing. These enzymes
increase the yield, total soluble acids, and clarification of fruit juice. Apart from this,
enzymes lower turbidity and viscosity by increasing the pulp liquefaction (Ramadan
2019). Pectin, proteins, cellulose, tannins, starch, and lignin all contribute to the
cloudiness of fruit juice. Macerating enzymes are enzymes that are utilized in the
extraction and clarification of fruit juice. Glycoside hydrolases break down glyco-
sidic bonds and are commonly utilized in the manufacturing of syrup, beverages, and
bread. Amylases are used in a variety of industries, including brewing and food
(Zhang et al. 2018). Before yeast can generate alcohol from barley, starch must be
broken down into fermentable sugars. Enzymes such as amylases and proteases are
formed during germination whereas some enzymes such as amylases are already
present in the barley. The finished malt contains all the enzymes required for the
grains to convert into fermentable liquids. The malt enzymes on the other hand have
some limitations. However, at a particular pH and temperature, the exogenous
enzymes which are tailor-made and available commercially can be used to improve
their enzymatic strength. Barley malt is the most common enzyme source to prepare
beer from cereals (Meshram et al. 2019). Citrus juices contain bitter chemicals such
as naringin, limonin, and neohesperidin. Naringin is the most bitter component
having a threshold value for taste of about 20 ppm in water. Grapefruit juice’s
bitterness has been a key barrier for commercial acceptability for a long time. Some
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chemical techniques like absorptive bittering, cyclodextrin treatment, and the use of
DVB (divinyl benzene styrene) resins all are used to lower naringin levels. Acid
hydrolysis for example creates naringenin, a bitter aglycon in addition to rhamnose
and glucose from naringin. The use of L-Rhamnosidases allowed for juice debittering
(Spohner et al. 2015). Pectinases have sparked widespread attention as a biological
catalyst in a variety of industrial hubs. Pectinase catalyzes the depolymerization and
de-esterification processes, thus degrading the pectic compounds (hydrolases and
lyases). Scientists have also shown keen interest on cellulases too because of their
potential to digest cellulosic biomass and convert it to usable products. Cellulases
(exoglucanases, endoglucanases, and glucosidases) must work together to depoly-
merize cellulose so that it can be transformed into valuable compounds by microbes.
Tannases (tannin acylhydrolases) are a class of enzymes used in a variety of
industrial processes including the production of tea and coffee which are considered
the most popular beverages around the world (Ramadan 2019). Cellulases,
hemicellulases, galactomannase, and pectinases from Saccharomyces marscianus,
Leuconostoc mesenteroides, Flavobacterium spp., and Fusarium spp. are all
required for tea and coffee processing.

2.3.3 Enzymes Used in Other Food Industry

Food (baking, dairy products, and starch conversion), textiles, biosensors, health
care and nutrition, detergents, pharmaceuticals, and more recently biofuels such as
bio-ethanol and bio-diesel are all examples of industrial enzyme applications
(Homaei 2016). Softness of meat is influenced by a variety of factors; thus by
using enzymes in the meat industry, it will improve the manufacturing process as
well as enhance the quality of meat. Researchers have discovered that meat is a rich
source of many bioactive peptides having a variety of health-promoting applications.
They are made by strategically using enzymes on meat as a substrate. The beef
protein hydrolysates contain bioactive peptides with antihypertensive, antioxidant,
and antibacterial properties. Transglutaminase (TGase) enzymes are used for
improving the texture of a variety of food products (Singh et al. 2019). It is a
calcium-dependent enzyme catalyzing acyl transfer process, comprising of the
amino group lysine, with glutamine–carboxamide groups acting as acyl donors
and lysyl residues acting as acyl acceptors. In dairy, baking, brewing, and wine
making industries enzymes have been utilized for ages but not in isolated form. In
order to manufacture cheese and other milk-related products, enzymes are necessary.
Enzymes are also employed to reduce the amount of alcohol and calories in beer. In
wine making, enzymes are used for reducing sulfur content, preservation of color
and flavor, and clarification of wine (Spohner et al. 2015). Enzymes are added either
singly or in complicated mixes at a very minimal level for the production of baked
products. Lipolytic enzymes are increasingly used in the baking sector. On an
industrial scale, a vast number of fat-clearing enzymatic lipases are manufactured.
They are used mainly in industry for adding flavor to dairy products and processing
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of foods like vegetables, fruits, meat, milk products and beer. Recent discoveries
imply that phospholipases can be utilized for enhancing or replacing standard emul-
sifiers since they breakdown wheat lipids for the formation of emulsified lipids
(Meshram et al. 2019). In egg yolk treatment, iso-lecithin is produced by hydrolyzing
lecithin using the enzyme phospholipase, thus enhancing the emulsification property
and increasing heat stability. Custard, baby food, mayonnaise, and dough preparation
can all benefit from the egg yolk made this way (Aravindan et al. 2007). Starch is the
primary component in bread. The inclusion of amylase and lipase enzymes to bread
production lowers the starch crystallinity in the bread, thus extending its shelf life.
Glutaminase is essential (L-glutamine aminohydrolase) flavor-adding enzyme in meat
sausage produced by starting cultures. Glutamic acid level increases when we add
enzyme to fermented products, intensifying the “umami” flavor of the dish. Hydro-
lytic deamination of L-glutamine occurs by glutaminase resulting in the formation of
L-glutamic acid. This is a flavor enhancer as well as an acid neutralizer. Although it is
a common enzyme in bacteria and eukaryotes, its prevalence in thermophiles,
archaea, and plants is unknown (Singh et al. 2019). Difructose anhydride (DFA) III
is a disaccharide that is non-carcinogenic and non-digestible but helps the intestine in
the absorption of calcium, magnesium, and other minerals. Inulin fructotransferase
has since been discovered in Arthrobacter sp. and other bacteria. However, DFA III’s
industrial usage was hampered by its low thermal stability and the high cost of inulin.
Fructooligosaccharides (FOS) are prepared from sucrose by using
fructosyltransferase enzyme. The smallest substrate for inulin fructotransferase FOS
is known to possess a fructofuranosidic linkage identical to inulin. As a unique
technique, a linked enzyme reaction utilizing sucrose as substrate to synthesize
DFAIII, yielding roughly 10% (w/w) (Choi et al. 2015). Papain is a very effective
enzyme that degrades myofibrillar and collagen proteins significantly. It is reported
that papain showed its best activity in pH levels and temperatures of around 5.8–7 and
50–57 �C respectively especially when casein was employed as the substrate (Singh
et al. 2019). Ficin is a protease found in the latex of Ficus anthelmintica, Ficus
glabrata, and other Ficus species having 1.5 h half-life at 60 �C. It is mostly derived
from fig fruit that helps in the tenderization of meat. Actinidin or actinidain enzyme is
found in kiwi fruit and its concentration differs depending on the different fruit
varieties. It showed its best activity between the temperatures and pH ranging from
at 58 to 62 �C and 7–10 respectively. Both connective tissue and myofibrillar proteins
are known to be hydrolyzed using actinidin but proteolytic activity of collagen is
much higher (Singh et al. 2019) (Table 2.1).

2.4 Production of Flavors by Enzymatic Technology

Food flavors are one of the most common types of food additives and are used for
increasing the flavor of food products. Enzymes as biocatalysts open up a world of
possibilities for food flavor creation. Enzymes can also be used directly as food
additives, not just to synthesize or liberate flavor from precursors, but also to
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Table 2.1 Enzymes, their sources, and applications in food industries

Source Enzymes Food applications References

Aspergillus niger Aminoacylase and
aminopeptidase

(a) Protein hydrolysis Basso and
Serban (2020)(b) Enhancing flavor

Aspergillus oryzae,
Bacillus subtilis,
Aspergillus niger

α and β amylase (a) Distilling, baking, and
brewing industry—modifica-
tion of dough and starch
hydrolysis

Villas-Boas
and Franco
(2016)

Mortierella vinaceae α-Galactosidase (a) Helps in digestion of com-
plex sugar and fat

Kote et al.
(2020)

Aspergillus sp. α-Glucosidase Starch processing enzyme Şöhretoğlu
and Sari
(2020)

Aspergillus sp. β-Glucosidase Lignocellulose degradation and
also flavor enhancement in
wines

Zhang et al.
(2021)Penicillium sp.

Rhizopus oryzae Carbohydrase (a) Production of dextrose from
starch

Peña-Lucio
et al. (2021)

(b) Clarification of fruit juices

(c) Starch removal from wort

(d) Viscosity control of choc-
olate syrup

Aspergillus niger,
Micrococcus
lysodeikticus

Catalase (a) Removal of hydrogen per-
oxide from milk prior to cheese
making

Raveendran
et al. (2018)

Aspergillus niger,
Aspergillus nidulans

Cellulase (a) Liquid coffee concentrate
(viscosity control)

Sharma et al.
(2017)

(b) Clarification and stabiliza-
tion of juices and wines

Mucor miehei Esterase (a) Hydrolyze ester group into
an acid and alcohol

Rodrigues and
Fernandez-
Lafuente
(2010)

Aspergillus niger,
Pseudomonas
paucimobilis

Naringinase (a) Bitter taste removal in fruit
juice and enhancing aroma of
wine

Yadav et al.
(2021)

Aspergillus usamii Protease (a) Clarification of beer and
controls the viscosity

Aruna et al.
(2014)

(b) Dough modification

(c) Meat tenderization

Aspergillus niger Pectinase (a) Fruit juice and wine (pro-
duction and clarification)

Shrestha et al.
(2021)

Pancreatic tissue and
edible forestomach of
calves

Lipase (a) Cheddar cheese production Szymczak
et al. (2021)

Aspergillus oryzae,
Candida rugosa,
Thermomyces
lanuginosus

(b) Cheese flavor development
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Table 2.1 (continued)

Source Enzymes Food applications References

Animal—pancreas of
pig

Trypsin (a) Digestion of animal and
milk proteins

Geisslitz et al.
(2022)

Aspergillus fijiensis,
Saccharomyces sp.

Invertase (a) Sucrose hydrolysis Manoochehri
et al. (2020)

Aspergillus sp. Tannase (a) Use in tea products and to
enhance antioxidant properties

Lekshmi et al.
(2021)

Trichoderma sp. Pullulanase and
Rhamnosidase

(a) Used in starch (amylopec-
tin) processing

Xu et al.
(2021)

Penicillium sp. (b) Used in flavor development
(e.g., in wines) and debittering

Leptographium Phosphodiesterase (a) Used as a flavor enhancer Ahmed et al.
(2021)Penicillium

eliminate off-flavors caused by naturally occurring or synthesized substances
(Bigelis 1992). Their specificity, whether applied via whole-cell or cell-free systems,
enables the production of certain compounds that are difficult to synthesize; their
stereoselectivity is a major benefit for the food industry, where a unique optical
conformation may be related with flavor qualities. Whitaker (1990) provides a broad
overview of the future of enzymes in food technology in general. Enzymes involved
in flavoring can be endogenous, meaning they are naturally present in the food, or
they can come from microbial sources, either deliberately introduced to foods or as a
result of contamination. Flavoring substances and preparations, smoke flavorings,
flavoring adjuvants, and process flavorings are examples of flavor additives (Müller
2007). Flavor esters are the most commonly utilized in the food and
biopharmaceutics industries. Alcohols along with various combinations of small-
chain carboxylic acids form flavor esters through esterification processes, resulting
in distinct flavor and fragrance qualities (Sá et al. 2017). Isoamyl, ethyl, geranyl,
citronellyl, and thiohexyl esters are some of the flavor substances generated in
solvent free enzymatically conditions. Table 2.2 summarizes the flavoring com-
pounds like esters and their sources. Immobilized lipases are favored for synthesis
of ester due to various advantages including increased reusability, catalytic reaction,
and greater stability even during agitation and heat (Mathesh et al. 2016). Also,
because of its sweet banana flavor, isoamyl acetate is widely used in the food sector
and is found in a wide variety of foods, including beverages and honey (Novak et al.
2016). Hexyl butyrate which is a chemical compound used in food and
biopharmaceutics industries having fragrance and aroma is basically produced by
transesterifying tributyrin and hexanol using immobilized lipase enzyme from
Rhizomucor miehei (Chang et al. 2003).



Source Characteristic References

2 Applications of Enzymes in Food Industries as Additives 23

Table 2.2 Source of flavoring compounds and their characteristics

Flavoring
compound

Hog pancreas Isoamyl esters Banana fruity flavor Jaiswal and Rathod
(2022)

Candida antarctica Citronellyl esters Fruity flavor Zhang et al. (2020)

Rose-fruity flavor

Candida antarctica Butyl caprylate Fruity flavor Sousa et al. (2021)

Pseudomonas sp. Ethyl hexanoate Fruity pineapple flavor Wang et al. (2018a, b)

Pseudomonas
fluorescens

Cinnamyl acetate Spicy type flavor slightly
fruity

Wang et al. (2018a, b)

2.5 Rules and Regulations for Application of Additives
in Food

The majority of the foods we eat have been processed in some way or the other.
Generally, all foods contain food additives to increase the aroma and shelf life. They
are essential for maintaining food quality and increasing the acceptance rate among
consumers. According to Codex Alimentarius, food additives are not to be con-
sumed as food but rather can only be utilized as food ingredients (Codex 2021;
EFSA 2021; FDA 2004). WHO (World Health Organization) and FAO (Food and
Agriculture Organization) initiated the JECFA, i.e., Joint FAO/WHO Expert Com-
mittee on Food Additives, to evaluate the safety criteria and daily allowance limit of
additives in food. JECFA conducted various tests to study the safety of food
additives in terms of their impact on human health, bioavailability, and
bioaccessibility at a particular dose (FAO 2021). Therefore, it is mandatory to
mention the food additives used in foods on the packaging labels. Food flavors,
colors, preservatives, enzymes, sugar substitutes, and structural and texture
enhancers are among them (Saltmarsh 2020).

2.6 Conclusion

This chapter has focused on enzymes and its application in dairy, beverage, and
other food industries. It is generally used in the food industry as it has GRAS status.
Enzymes are also used as food additives as they can be directly added to food
products for enhancing aroma, flavor, and increasing shelf life. They are proteins that
help in boosting the biochemical reactions by breaking down the complex and larger
molecules into their simpler forms. The sources of enzymes can either be plants,
animals, or microbes. As compared to plant and animal enzymes, enzymes from
microbes can be produced efficiently using solid-state and submerged fermentation
techniques. Production of microbial enzymes on a large scale is much easier than
others. Various biological and molecular techniques can be used to modify microbial
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enzymes. Food manufacturers are continuously exploring newer and advanced
technologies for the production of enzymes to meet the growing demand and market
among the consumers. Flavors, colors, sweeteners, stabilizers, and antioxidants are
natural additives that are synthesized using enzymes such as lipase, amylase,
protease, and xylanases. As a result, enzymatic synthesis is still a green, sustainable
and efficient way to make food additives.
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Chapter 3
Microbial Antioxidants in Food Products

Diksha Sood, Sunita Devi , Bindu Devi, and Priyanka Arya

Abstract Microbial metabolites have already established themselves as the lifesav-
ing medications on account of their usage in curing many diseases. Microbial
antioxidants are naturally synthesised by microbes that could be exploited to assist
humans by scavenging harmful free radicals from the body. Free radicals (FRs) have
a great degree of reactivity, forming interactions with biological constituents like
DNA and lipids, causing tissue damage. Once free radical concentration upsurges,
oxidation stress conditions prevail in the host body which are accountable for
various diseases. However, antioxidants assist in maintaining a balance between
antioxidants and FRs for eluding oxidative stress. Antioxidants are mainly enzy-
matic or non-enzymatic. A plenitude of microbes viz. Bacteria (Lactobacillus spp.,
Pseudomonas hibiscicola, Enterobacter ludwigii, Macrococcus caseolyticus, Bacil-
lus anthracis); actinomycetes (Streptomyces prunicolor, S. melanogenes,
S. prunicolor); Blue green algae (Nostoc, Anabaena, Arthrospira, Haematococcus
pluvialis); fungi (Colletotrichum spp., Mortierella spp., Penicillium spp., Eurotium
spp., Cladosporium sp., Aspergillus spp.); and yeasts (Candida utilis,
Kluyveromyces marxianus, Yarrowia lipolytica, Pichia kudriavzevii) exhibit the
potency to produce antioxidants naturally. This chapter highlights the impending
usage of microbes to produce antioxidants as metabolites plus their possibility to
embody a splendid source of natural antioxidants.
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3.1 Introduction

Antioxidants are chemical elements that exist in the animal’s body and assist in
lessening the destruction triggered via free radicals of oxygen (O) and nitrogen
(N) produced in the host body due to various metabolic processes (Bensid et al.
2022). Although the occurrence of oxygen is an ultimate aspect for life’s manifes-
tation on the Earth, its presence in the host body as free radicals (FRs) may be
detrimental as it may cause massive health problems (Chandra et al. 2020).
Oxidative stress (OS) is described as a disruption in the pro-oxidants-antioxidants
encompasses systems that favours the former (Sies 1985; Rani et al. 2021). To put it
another way, oxidative stress (OS) is recognised as the state where free radicals
quantity upsurges antioxidants quantity in the humans body (Kumar et al. 2011;
Singh et al. 2014) that causes harm to body’s cells plus tissues on account of their
ability to bond effortlessly with different metabolites of processes happening inside
body besides deviation from the end product. Antioxidants also behave like immu-
nity booster besides preventing cancer and other innumerable diseases (Amany and
Abdel-Raheam 2020).

Antioxidants primarily use two types of defence mechanisms, viz. non-enzymatic
and enzymatic to hunt down FRs. Enzymatic mechanism involves the employment
of SOD (superoxide dismutase), GSH peroxidase, and catalase enzymes (Moussa
et al. 2019), whereas the employment of vitamin A, lycopenes, vitamin C,
β-carotene, vitamin E plus other molecules represents a non-enzymatic defence
mechanism (Kumar et al. 2018). Antioxidants simply disrupt or inhibit the chain
reaction that yields FRs, preventing OS via giving or accepting electrons, metal
chelation of FRs as soon as they are created in the host’s body through metabolic
processes (Barbalho et al. 2022). Fruits plus vegetables contain plentiful amounts of
naturally occurring antioxidants, which supply a great extent of the antioxidants
required by the host body; hence, they must be included in one’s diet to reap health
benefits (Sdona et al. 2022). People who consume antioxidants-rich foods as their
usual diet are less vulnerable to enduring diseases (Arias et al. 2022; Dembinska-
Kiec et al. 2008) and live longer lives than those who do not consume antioxidants in
their diets. Fortunately, since our regular diet includes an adequate amount of fruits
and vegetables, the antioxidants present in them provide us with several health
benefits, such as protection against diverse harmful and chronic diseases (Sdona
et al. 2022).

Vitamins A and C aid in the slowing of ageing, the deterrence of cataracts, and
reducing the risk of respiratory and cardiovascular disorders, including chronic heart
attack, ischaemic and cardiac stroke besides shielding tissues and cells from free
radical-mediated damage during OS (Timoshnikov et al. 2022; Shati et al. 2021). A
huge number of supplements are certainly available on the market, but increased
antioxidant levels have a detrimental impact on consumer health; therefore we
should only incorporate these supplements into our regular diets after consulting
with a dietician or physician (Jîtca et al. 2022). Antioxidants are very stable food
components found in raw food that also work as a preserving agent in fresh fruits
plus vegetables straight from the farm to our plates. Antioxidants are indispensable
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for the endurance of both plants and animals, therefore making them a part in our
diets so that these can assist us in improving our well-being health wise (Sdona et al.
2022). Examples of some food items that contain great amounts of antioxidants are
wild and cultivated blueberries, beans (Pinto, small red, black, and red kidney),
cranberries, artichokes, prunes, blackberries, strawberries, raspberries, Granny
Smith, red delicious, and Gala apples, tomatoes, pecans, black plums, sweet cherries,
Russet potatoes, and leafy greens (Arias et al. 2022; Bensid et al. 2022).

3.2 Free Radicals

Recently, the emphasis of scientists has switched to occurrence of free radicals in
humans, because they are answerable to the aetiology of many health-related
disorders and can add new aspects to disease management. Atoms/molecules with
a free or unpaired electrons (e�) in the outermost atomic orbital or valence shell are
denoted as FRs. Since these unpaired electron’s nature is exceedingly reactive and
unstable, they must either obtain an e� from another species or offer their e� to other
species to achieve stability. Free O and N radicals are acknowledged as reactive O
species (ROS) and reactive N species (RNS), respectively (Han et al. 2018).

Both endogenous and exogenous sources contribute towards RNS and ROS
production. Examples of exogenous sources include industrial solvents, pollution,
tobacco smoke, pesticides, heavy metals, etc. whereas endogenous sources include
endoplasmic reticulum, mitochondria, and phagocytic cells besides metabolic path-
ways occurring in these cellular organelles that release several FRs inside the host’s
body. Furthermore, enzymatic sources of FRs are phagocytosis process, respiratory
chain, cytochrome P450 system, and synthesis of prostaglandins. Therefore, FRs are
primarily their end result while also being a component of ordinary cellular metab-
olism. Figure 3.1 portrays the endogenous and exogenous sources of FRs (Li et al.
2021).

These FRs are extremely reactive species, possessing the capability of damaging
nucleus and cell’s membranes besides cell components like lipids, DNA, proteins,

Fig. 3.1 Exogenous and
endogenous sources of FRs
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and carbohydrates (Gulcin 2020). The commonly present ROS inside body are
hydroxyl (OH), alkoxyl (RO), superoxide (O2

�), hydrogen peroxide, peroxyl radi-
cal, hypochlorous acid, organic peroxide, and Ozone (O3) while RNS are nitric oxide
(NO), nitrous acid, nitrogen dioxide, nitrosyl cation/anion (NO+/NO�), nitryl chlo-
ride plus peroxynitrite (ONOO).

FRs contribute significantly towards host defence system in eradicating those
pathogens which exist in reasonable or low concentrations. Free radicals produced
during cellular processes aid in pathogen phagocytosis and hence aid the immune
system’s defence line in preventing harmful pathogens from causing disease. They
are thus an important constituent of the immunogenic system. FRs are also identified
for their dynamic function in cell signalling process. The NO is the usual cell
signalling molecule used for cell to cell signalling for various processes like throm-
bosis, neural activity, and blood flow mechanism (Parker et al. 2007). Nitric oxide
also assists in cancer cell’s removal from the body. Another significant function of
FRs includes granulomatous disease. Since individuals with this condition are inept
to form O2

•� molecule because of a malfunctioning NADPH oxidase system, this
makes them prone to an array of diseases. Thus, free radical’s presence in the host
system in reasonable concentrations is advantageous to humans by preventing an
assortment of ailments.

3.3 Oxidative Stress

OS symbolises that state of host body when a discrepancy befalls in the FRs’
utilisation and production or little concentrations of antioxidants inside body. We
have been conscious of the statistics that oxidative DNA plays a main function in
causing cancer. However, interim OS could be caused by infection, trauma,
hyperoxia, heat injury, excessive exercise, and toxins. Augmented levels of RNS
and ROS showed harmful impacts on cell’s structures, including proteins, nucleic
acids, and lipids (Wu et al. 2013). The damage caused to the structures of proteins/
nucleic acids (DNA plus RNA) is mainly categorised into three ways:

1. Alteration of a particular amino acid via oxidation
2. Peptide cleavage mediated via FRs
3. Protein cross-linking consequent upon reactions with metabolic reaction products

generated through lipid peroxidation

A few amino acids viz. arginine, histidine, cytosine, and methionine of the proteins
have been acknowledged as oxidation sensitive (Freeman and Crapo 1982). The
FRs-mediated destruction increases the sensitivity of enzymes, membrane transport,
and receptors, which impacts cellular functioning. Variations in processes like
enzyme activity, proteolysis, and signal transduction mechanisms lead to ageing.

Oxidative stress triggered inside the body due to FRs is acknowledged to cause
various diseases (e.g. diabetes mellitus); respiratory diseases (e.g. asthma); cardio-
vascular sicknesses (e.g. hypertension); cancerous diseases (e.g. breast, prostate,
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Fig. 3.2 Oxidative stress-mediated diseases

and, bladder cancer); neurodegenerative disorders (e.g. multiple sclerosis, Parkinson
and Alzheimer diseases); besides cataract, atherosclerosis, and rheumatoid arthritis
(Fig. 3.2). It also performs mitochondrial DNA’s oxidation, which is indirectly
related to an array of health disorders, including cancer. The manifestation of FRs
is obligatory for lipid peroxidation to continue, but under OS conditions, their
secondary sources are present, and the reaction chain continues, ensuing the creation
of a great extent of secondary metabolic products like alkanes, aldehydes, and
isoprostanes.

3.4 Antioxidants

These are chemical elements that exist in the host body and assist in scavenging or
neutralising FRs and curing/combating OS conditions. With people’s growing
concern for their health and the path to living a healthy life, antioxidants have
received increasing attention. Including antioxidants in their regular diets can protect
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them from an array of ailments. They also aid in boosting immunity, which works as
a protective barrier against an array of infections.

Antioxidants if present in ample amounts not only confer better health benefits
but also postpones ageing process. They mainly lower free radicals impression from
the host’s body through scavenging process and neutralising their effect. Glutathi-
one, ascorbic acid, ubiquinol, β-carotene, vitamin E (tocopherol), and uric acid are
examples of few antioxidants. Antioxidants, not formed by the body, must be a part
of a person’s diet along with food items for maintaining an equilibrium between FRs
and antioxidants, and avoid oxidative stress (Wolf 2005). These antioxidants serve a
variety of tasks in the body like electron giver and acceptor from free radicals, single
oxygen molecule scavenger, H-donor, enzyme inhibitor, metal chelating agent, and
synergist.

Antioxidants can easily be obtained from fruits and vegetables like natural
sources or synthetic sources. Antioxidants are indispensable for the host since they
are tangled in plentiful complex systems such as cell signalling and immunity.
Scientists have divided fruits, vegetables, drinks, dried fruits, herbs and spices,
nuts, and cereals into distinct food groups to subcategorize various natural
antioxidant-rich sources. Because free radicals primarily cause damage at the cellular
level, antioxidants work at the cellular level as well. Antioxidants have been
classified as natural and synthetic, based on their sources of production.

3.4.1 Natural Antioxidants

Antioxidants that emanate from natural sources are known as natural antioxidants.
They are primarily phenol-derivative compounds that exist in the whole plant parts,
including nuts, fruits, seeds, roots, vegetables, and barks. Vitamin E (fat soluble
vitamin) assists in fat’s oxidation to provide health advantages to humans. The
α-tocopherol is a synthetic vitamin E supplement that assists in absorbing vitamin
E from natural sources. Vitamin E aids in eluding the membranes’ lipid peroxida-
tion. Its primary role is to scavenge the peroxy radical during lipid peroxidation.

Citrus fruits are the richest sources of vitamin C, which helps in reducing an
enormous variety of water soluble molecules. Vitamin C is also known as ascorbic
acid. Apart from the rejuvenation of tocopherol molecule, ascorbic acid lessens the
tocopherol FRs as prime function. The enzyme, L-gulono-g-lactone oxidase, is
engrossed in ascorbic acid’s synthesis, and the persons who are lacking in this
enzyme must supplement their diet with synthetic supplements. β-carotene, a reti-
nol’s precursor, is another antioxidant included in our diets. This vitamin A helps in
excluding the oxidant molecules (Young and Lowe 2018).
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3.4.2 Synthetic Antioxidants

Synthetic antioxidants are chemically synthesised compounds/molecules, which are
incorporated for preventing oxidation reactions in the food products like lipid
peroxidation. Butyl-1-4-hydroxytoluene (BHT), propylgallate (PG), butylated
hydroxyanisole (BHA), and tert-butyl hydroquinone (TBHQ) are all major antiox-
idants utilised in the food business, with TBHQ being the utmost proficient antiox-
idant (Pimpa et al. 2009). Both BHT and BHA are accountable for inhibiting chain
reactions via free radical’s stabilisation. The US, New Zealand, Australia, and the
EU along with several other countries have authorised BHT and BHA as food
antioxidants (García-García and Searle 2016). However, in a few nations, their
usage has been approved within permissible limits. The employment of TBHQ is
documented in animal fats and vegetable oils. Propyl galate is a synthetic antioxidant
that is lipid soluble, gives oils a distinct aroma, and is heat sensitive. Table 3.1
depicts the antioxidant’s sources (Sasse et al. 2009; Anwar et al. 2018).

Reliant upon the nature and action, antioxidants may be enzymatic or
non-enzymatic. The latter type is further divided into two categories—nutrient and
phytochemical antioxidants (Fig. 3.3), each of which is described as follows.

3.4.2.1 Enzymes as Antioxidants

These are endogenous antioxidants that help in removing FRs from the host body.
The three primary enzymes entailed in removing antioxidants are superoxide
dismutase (SOD), glutathione peroxidase (GSH), and catalase.

Table 3.1 Sources of antioxidants

Natural antioxidants Synthetic antioxidants

Leeks Nuts Octyl gallate Ethoxyquin

Red wine Leafy greens Dodecyl gallate Trihydroxybutyrophenine
(THBP)

Green tea Apricots BHA (butylated
hydroxyanisole)

PG (propyl gallate)

Citrus fruits Carrots BHT (butylated
hydroxytoluene)

TBHQ (tert-
butylhydroxyquinone)

Tomatoes Pecans Dilaurylthiodipropionate Erythorbic acid (D-ascorbic
acid)

Black plums Sweet cherries Thiodipropionic acid Ascorbyl palmitate

Strawberries Red kidney
beans

2-Naphthol (2NL) 4-Phenylphenol
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Fig. 3.3 Classification of antioxidants reliant on their nature and action

Superoxide Dismutase

The SOD enzyme plays an indispensable task in the body’s defence mechanism by
eliminating superoxide FRs and converting them to H2O2 (hydrogen peroxide) and
oxygen (Boveris et al. 2006) as depicted in the reaction. The central sources of SOD
are leafy greens, barley, broccoli, wheat, cabbage, etc. Superoxide dismutase exists
in cytosol of eukaryotes, containing zinc plus copper as cofactor, whereas in
mitochondria and bacteria, cofactor of SOD enzyme is manganese. In bacteria and
cyanobacteria, iron is the cofactor of the SOD. As the extent of O2 (oxygen) or free
radicals increases, the SOD activity also increases.

2O2
� þ 2Hþ !SOD H2O2 Hydrogen peroxideð Þ þ O2 Oxygenð Þ

Catalase Enzyme

The catalase is another key enzyme intricate in antioxidant action with utmost
activity in liver, kidney, and connective tissues. It serves as FR scavengers,
converting H2O2 to oxygen and water molecules as depicted in the reaction. This
enzyme exists in all bodily organs and its activity increases as H2O2 levels rise
(Gassen and Youdim 1999).

2H2O2 !Catalase
H2Oþ O2
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Glutathione Peroxidase

The third important enzyme linked to antioxidant mechanism is glutathione perox-
idase. This enzyme aids in the exclusion of peroxidase radicals from the body
because the peroxisomes are harmful FRs that attack lipids and DNA molecules.
The glutathione is a flavoprotein that catalases the reducing reaction of glutathione
disulphide (GSSG) using nicotinamide adenine dinucleotide hydrogen phosphate
(NADPH) as revealed in the reaction. This enzyme has selenium as its cofactor that
assists in eliminating peroxidase radicals from the host body (Ondrej et al. 2020).

Free radicals
H2O2

H2O

� �
SOD=Se GPx

GSSG
GSH

� �
GSHReductase P2

NADPþ

NADH

�
P3

3.4.2.2 Nutrients as Antioxidants

Nutrient antioxidants are basically derived from antioxidant’s exogenous sources
which mainly include vitamins A, E, C, and glutathione.

Vitamin A

Vitamin A acts as both antioxidant and fat soluble antioxidant. β-carotene performs
the function a predecessor for retinol (vitamin A) synthesis. This entails that
β-carotene acts as a predecessor for retinol (vitamin A) synthesis. A synthesis can
only occur if the essential precursor, β-carotene, is available. β-carotene occurs
dominantly in an assortment of foods, viz. tomato, carrot, ash squash, peaches,
yams, milk, butter, and yoghurt. Vitamin A inhibits oxidation reactions, and
β-carotene assists in detoxifying the carcinogens accumulated in the liver besides
lowering cancer’s peril in the host (Solomons 2001).

Vitamin C

It is an aqueous solvable antioxidant that removes diverse types of FRs to escape
oxidative stress situation. It is primarily responsible for converting oxidised free
radicals to a reducing state. The vital enzyme required for its synthesis, L-
gluno-γ-lactone oxidase, is lacking in our metabolism; hence ascorbic acid is not
synthesised in human beings. Therefore, this must be encompassed in diet in surplus
amount to gain their benefits as antioxidants (Singh et al. 2013).

Citrus fruits represent the rich store house of vitamin C. Other sources are fruit
juices, kiwi, broccoli, cabbage, spinach, green pepper, strawberries, and kale. Since
the quantity of vitamin C in extracellular matrix is higher, it plays a momentous role



36 D. Sood et al.

in extracellular protection. Ascorbic acid activity transforms the superoxide free
radical form into dehydroascorbic acid, which is subsequently converted back to its
indigenous form of vitamin C with the help of glutathione enzyme (Chambial et al.
2013).

Vitamin E

This vitamin has a dynamic function in protecting cellular or organelle’s membranes
from lipid peroxidation. Being lipid solvable antioxidant, it removes peroxy free
radicals from the body synthesised during lipid peroxidation (Glenville et al. 2006).
The principal vitamin E/tocopherol sources are nuts, seeds, vegetables, fish and fish
oils, apricot etc.

Glutathione

It is a fundamental antioxidant for the defence mechanism against ROS existed in the
tissues. Glutathione is a tripeptide molecule comprised of glutamyl, cysteinyl, and
glycine subunits (Singh et al. 2013). In the tissues, it exists in an oxidised form that is
reduced by glutathione reductase.

3.4.2.3 Phytochemicals as Antioxidants

Plants primarily create phytochemicals as a part of a defence mechanism against
microbes and to lessen the OS conditions in plants that arise due to the existence of a
massive number of FRs (Shukla et al. 2009). The phytochemical’s involvement in
lessening an extensive range of illnesses triggered by free radical’s presence has
extensively been recognised. On account of their redox potential, many phytochem-
icals have antioxidant capabilities, which help in reducing, absorbing, and breaking
down peroxides and other free radicals inside the body. Lycopene, carotenoids,
isoflavones, and flavonoids are certain well-known names of phytochemicals that
serve as virtuous antioxidant’s sources.

Anthocyanins

These are the pigments that have a violet, blue, or purple colour and are typically
found in flowers, berries, and fruits. Petunidin, cyanidin, malvidin, delphinidin,
peonidin, and pelargonidin represent the utmost prevalent dietary anthocyanins
(Manach et al. 2004). Anthocyanins plus their derivatives could scavenge FRs via
diverse mechanisms to reduce OS. Red cabbage anthocyanins, for instance, are
affirmed for imparting protection from OS instigated by paraquat toxin (Igarashi
and Kashiwagi 2000). In in vivo studies, cyanidin that is found in abundance in most
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fruits has shown to exhibit antioxidant activity (Tsuda et al. 2000). Another distinct
study conducted on animals revealed that cyanidins provide protection to cell
membrane’s lipids against oxidation, triggered by numerous hazardous chemicals
(Tsuda et al. 1999).

Flavonoids

These are the utmost prevalent secondary metabolites produced by higher plants,
which could directly scavenge superoxide ions, OH radicals, and H2O2. Plants
contain around 4000 different phenolic compounds naturally (Singh et al. 2017).

Flavanols

These represent a diverse category of polyphenols, which include monomeric flavan-
3-ols plus polymeric procyanidins, often known as condensed tannins (dePascual-
Teresa et al. 2010). Examples of most prevalent flavonols include Kaempferol,
myricetin, laricitrin, isorhamnetin, and syringetin. Apple, lettuce, onion, broccoli,
tomato, tea, grape, kale, red berries, and wine are all virtuous suppliers of flavonols.
Greener leaves embrace a higher volume of flavonols (Manach et al. 2004). Flavo-
nols confer numerous biological advantages to the host. For instance, they lower the
risk of heart illness and cancer and improve endothelial function, besides lowering
down the platelet activity. The antioxidant capabilities of all these plants are
principally accountable for these feature (Patel 2008). Flavonols also aid in
imparting protection to the lipids, cells, and DNA from oxidative destruction. The
occurrence of aromatic rings in flavonoid molecule enables the release and uptake of
e� from FR species, imparting flavonols with antioxidant competencies.

Tannins

Tannins exist in an assorted kinds of foods, including fruits (e.g. blueberries, grapes,
and persimmons) as well as tea, cocoa, legume fodders, and trees (e.g. Acacia spp.,
Sesbania spp.) besides grasses like sorghum and maize. Examples of tannins include
Ellagitannins, Proanthocyanidins, and gallotannins. Proanthocyanidins discharge
anthocyanidins, which contain antioxidant characteristics, when heated in alcohol
or concentrated mineral acid. Tannins that could be hydrolysed include gallotannins
and ellagitannins. Gallotannins are galloyl esters of quinic acid plus glucose, while
ellagitannins are hexahydroxydiphenic acid derivatives (HHDP). The
phloroglucinol, which is made up of phlorotannin subunits and found only in marine
brown algae, denotes another example of tannin. Tannins impart a bitter/astringent
flavour to food stuffs and beverages like unripe fruits, teas, and some red wines.
Tannin’s key function is not to supply hydrogen atoms or e�, but to perform the task
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of secondary antioxidants via interfering with chain reactions or through chelation of
iron like metal ions.

Phenolic Acids

These are basically a category of phenolic chemicals that occur in plants in abundant
amounts. The most eminent phenolic acids are hydroxybenzoic acids (viz. p-
hydroxybenzoic acid, protocatechuic acid, gallic acid, vanillic acid, and syringic
acid) and hydroxycinnamic acids (viz. ferulic acid, chlorogenic acid, p-coumaric
acid, sinapic acid, and caffeic acid) (Wrigstedt et al. 2010). Many therapeutic herbs,
fruits, dietary spices, caffeic, vegetables, and cereals are acknowledged to contain
ferulic plus p-coumaric acid. Ferulic acids are also abundant in wheat bran. These
chemicals are utilised by plants in both structural and chemical defence measures
antagonistic to OS (Cartea et al. 2011).

Due to enhanced opportunities for phenoxy radical delocalization, natural
hydroxycinnamic acids possess higher quantity of antioxidants than hydroxybenzoic
acid (Beer et al. 2002). The phenolic chemicals perform antioxidant’s task in the
human’s biological systems through scavenging peroxy radicals, O2

�, OH radicals,
or reducing oxygen singlet besides obstructing lipid peroxidation (Izunya et al.
2010). A temperature drop during leaves maturation has been verified to boost the
effectiveness of flavonoids and phenols (Singh et al. 2008, 2009).

3.4.3 Antioxidant’s Mode of Action

Antioxidants possessing low molecular masses (LMWAs) are those small chemicals,
which pervade the cells, clump together in abundant amounts in specific compart-
ments connected to oxidation-mediated damage, and subsequently rejuvenate the
cell. Cellular LMWAs exist in human tissues. Glutathione, carnosine, and reduced
form of NAD (nicotinamide adenine dinucleotide) are formed by cells. Generally,
uric acid and bilirubin are produced as metabolic waste products (Ames et al. 1981).
Dietary antioxidants include polyphenols, ascorbic acid, and tocopherols. These
LMWAs paid specific attention to vitamin C, which is notorious for its reducing
assets and is widely employed as an agent of anti-oxidation in food stuffs and
beverages. These are important as far as medicines and biological metabolism are
concerned.

Ascorbic acid performs the task of a therapeutic antioxidant that aids in immune
system activation, wound healing, osteogenesis, detoxification, iron absorption,
collagen production, blood vessel clotting prevention, and other innumerable met-
abolic processes. On exposure to light/heat, vitamin C oxidises quickly, and its
breakdown is augmented in the existence of cationic heavy metal. Ascribed to its
fluctuating concentration, vitamin C is viewed as a key indicator of food quality that
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eventually is answerable for the antioxidant characteristics of food (Wawrzyniak
et al. 2005).

Low-density lipoproteins are oxidised by a huge number of FRs existing in the
host’s body, making them increasingly lethal. These might also hasten the ageing
process and have been allied to significant illnesses, viz. rheumatoid arthritis,
cerebral stroke, cancer, diabetes, and Parkinson and Alzheimer diseases. ROS refer
to the molecules with strong oxidising tendency that may be non-radical (O3, H2O2)
and/or radical (superoxide and hydroxyl radical) in nature (Campanella et al. 2006).
The oxygenated FRs are perceived as vital radical species in biology. Oxidation
could be elicited by an extensive range of physico-chemical events, which continues
in an appropriate substrate’s presence till an obstructive defence mechanism is
activated. The targets include oxygen, phospholipids, DNA, cholesterol, and fatty
acids mainly polyunsaturated.

3.4.4 Microbial Sources of Antioxidants

Microbial diversity generates a large pool of unique compounds, entailing it a useful
cradle for biotechnology innovation. There exist around 23,000 known microbially
derived secondary metabolites. Out of 23,000, bacteria including actinomycetes are
recognised to produce around 42% of these. Fungi account for 86% of the total,
while eubacteria make up the remaining 16%. Microbially derived metabolites have
already been substantiated as potent agents for curing bacterial and fungal infections/
diseases (penicillins, amphotericin, streptomycin, erythromycins, vancomycin, and
tetracyclines), cancer (daunorubicin, bleomycin, mitomycin, doxorubicins), high
cholesterol (lovastatin and mevastatin), and transplant rejection (rapamycin and
cyclosporine). Amongst these metabolites, some have antioxidant properties as
well (Chandra et al. 2019).

3.4.4.1 Actinomycetes

These are aerobic, filamentous, gram-positive, spore-forming bacteria that produce a
large gamut of metabolites accountable for antioxidant, antimicrobial (antifungal
and antibacterial), and insecticidal-like biological properties. Mycothiol (MSH), a
primary “sugar” thiol found in actinomycetes’ cell walls, is a glutathione (GSH)
homologue. Actinomycetes lack the enzymes needed to synthesise GSH; hence they
rely on low molecular mass thiols like MSH, ergothioneine (ESH), and bacillithiol
(BSH). MSH assists in sustaining homeostasis of intracellular redox potential,
allowing for the apt working of biological events like DNA synthesis, enzyme
activation, and regulation of cell cycle. MSH is an antioxidant, which serves as
either an e� acceptor or donor. It aids in detoxifying xenobiotics and FRs while
alkylating agents perform the task of a cofactor. MSH, unlike GSH, is composed of
two sugars (inositol and N-glucosamine) and amino acids (cysteine, glutamic acid,
and glycine).
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Streptomyces sp. have been recognised to produce an array of antioxidant
isoflavonoids. For instance, metabolites from S. prunicolor particularly
benthocyanins (A, B, C) and benthophoenin displayed great antioxidant action on
liver microsomes of rat in a test method. While compared to synthesised compounds,
carbazomycin B and carazostatin (derived from actinomycetes) were revealed to
display higher antioxidant potential (Kawahara et al. 2012). The reactive NH and
OH group’s presence in these molecules could explain their high activity.
Carquinostatin A that has both NH and OH groups, and helps to impart protection
to the brain, is synthesised by S. exfoliates. In microsomes of rat liver, it also
displayed antioxidant potential equivalent to vitamin E plus 40,7,8-
trihydroxyisoflavone. These chemicals exhibit anticancer and antioxidant potential.
Streptomyces LK-3 (JF710608) extract that contains sesamol, gallocatechin gallate,
daidzein-8-C-glucoside (puerarin), delphinidin as major component, and cyanidin-3-
O-rutinoside has also been acknowledged to exhibit antioxidant potential (Karthik
et al. 2013).

Antioxidant potency has been perceived in nitrogen-containing metabolites with
NH groups like phenazine hetero and carbazole cycles. Aside from a scarce well-
known metabolites like 5-hydroxymaltol obtained from Streptomyces melanogenes,
and 7-dimethyl naphtherpin plus naphtherin like napthoquinonic derivatives from
S. violaceus and S. aeriouvifer, respectively, have also been discovered. These
metabolites prevented lipid peroxidation in the microsomes of rat liver with the
value of IC50, which were nearly equal to vitamin E. Stealthins A and B, obtained
from S. viridochromogenes, had 30 times the potency of vitamin E. Stealthins were
more potent than vitamin E as they possess NH, OH, and C¼O reactive groups.
Brain protecting drugs, flunarizine and BHT, were verified to be substantially less
effective than carazostatin generated by S. chromofuscus. Neocarzinostatin A to C,
obtained from Streptomyces spp., were also reported for their potency as an antiox-
idants (Prashith et al. 2010).

In a nutshell, carbazole chemicals recovered from Streptomyces spp. have been
acknowledged as a crucial type of antioxidants, which might be beneficial because of
being a member of the novel class of therapeutic drugs. Streptomycetes spp. produce
a distinctive group of antioxidants known as phenazine derivatives, which have all
been apparent to have antioxidant activity. For instance, prenylated analogues and
benthophoenin were recovered from S. prunicolor and S. exfoliates, respectively.
S. cyaneus provides antiostatins from A1 to A4, and B1 to B4, while S. violaceus
provides carbazoquinocins from A to F, which are carbazole-encompassing o-
quinone sequences. Benthocyanins like A, B, and C, which are synthesised by
S. prunicolor have documented to be better in inhibiting lipid peroxidation reaction
than vitamin E/tocopherol (Shin-ya et al. 1993). Compounds owning one or/more
functional groups inclusive of the OH group may undergo reaction with FRs.
Likewise, phenazoviridin, a glycosylated derivative of phenazine, obtained from
Streptomyces spp. turns as a robust lipid peroxidation inhibitor.

Furthermore, nitrogen-containing antioxidants like benzastatins (A–D) and
thiazostatins (A and B) were reported to be synthesised by S. nitrosporeus culture
broth, which possessed a tetrahydroquinolone ring or an unusual p-aminobenzamide
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unit (Shindo and Misawa 2014). The OH and NH groups are present in benzastatin
molecules, while the methoxy group exists in its derivatives. Consequently, it has
lower anti-lipid peroxidation potency in the liver microsomes of rat than vitamin
E. In N 18-RE-105 (neuroblastoma X-retina hybrid) cell line, however, benzastatins
C and D actively help in avoiding glutamate toxicity, signifying that they might be
expedient for brain ischaemia injury. The Rhadon-iron method validated that a
Streptomyces-derived antioxidant molecule, 1,3-Dicarbonyl, has virtually the same
action as vitamin C (Rani et al. 2021).

A scanty literature relevant to the antioxidant potency exhibited by marine
actinobacteria is available. For instance, Streptomyces sp. VITTK3 (marine isolate)
displayed a high (96%) DPPH activity with 5 mg/mL concentration. However, 5-2,
4-dimethylbenzyl pyrrolidin-2-one, obtained from another marine isolate,
i.e. Streptomyces sp., displayed 59.32% DPPH scavenging capacity along with
cytotoxic action on oncogenic cells. Correspondingly, there were fewer chromo-
somal abnormalities in contrast to the control group (Saurav and Kannabiran 2012).
Furthermore, JBIR-94 and JBIR-125 like phenolics, recovered from Streptomyces
spp., have shown 11.4 and 35.1 M of DPPH activity, respectively, having IC50

values (Kawahara et al. 2012). Further, the existence of reactive NH and OH groups
makes these phenolic compounds effective FR scavengers.

3.4.4.2 Bacteria

Eubacteria are basically prokaryotic microorganisms that could produce an extensive
range of extracellular compounds. Bacteria are inextricably linked to all forms of
life, including humans, animals, and plants. For instance, probiotic foods, which
comprise millions of advantageous bacterial strains, are an indispensable vital
component of our diet. Exopolysaccharides (EPS) are powerful antioxidants pro-
duced by probiotic bacterial strains that colonise the gastrointestinal system (Rahbar-
Saadat et al. 2019). Probiotic/Lactic acid bacterial strains like Lactobacillus
plantarum and L. paracasei subsp. paracasei produce enough EPS to demonstrate
considerable antioxidant potency (reducing power, DPPH activity, chelation of
ferrous ions, and deterrence of linoleic acid peroxidation) with in vitro
immunomodulation. Lactobacillus casei, L. acidophilus, and Lactococcus lactis
are three distinct probiotic bacteria thriving in fermented milk and reveal in vivo
and in vitro antioxidant potential besides cholesterol assimilation ability. These
cultural strains have also revealed potential for DPPH, malondialdehyde, and
H2O2 scavenging apart from preventing linoleic acid’s oxidation.

Moreover, Lactobacillus casei demonstrated highest Trolox equivalents
(48.7 mM) closely accompanied by L. acidophilus (46.3 mM) and Lactococcus
lactis (23.4 mM) as reported by Jain et al. (2009). Lin and Chang (2000) reported
that intact as well as intracellular extracts from intestinal LAB, like L. acidophilus
and Bifidobacterium longum, prevent peroxidation of linoleic acid by its great
antioxidant potency. The preliminary screening of 8 isolated Lactobacillus strains
from Nigerian indigenous fermented foods by Osuntoki for antioxidant potential
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revealed activity ranging from 2.8 to 31.5% and in a 24-h of fermentation period,
selected microbial isolates viz. L. delbrueckii, L. casei, L. fermentum, L. plantarum,
and L. brevis showed considerable DPPH scavenging activity. Wang et al. (2019)
reported that EPS was produced as a cell bound entity by L. fermentum but as an
exogenous product by L. plantarum (Min et al. 2019). These exopolysaccharides
(EPSs) can be heterogeneous or homogenous, comprised of various sugars like
galactose, rhamnose, mannose, arabinose, glucose, xylose, and fructose. Various
functional groups, primarily reactive aldehyde, hydroxyl, and ketone groups, were
noticed in the structure and chemical configuration of these EPSs. These functional
groups possess the capability to react effectively with FRs. Altogether these tested
strains displayed radical scavenging capability, with 3–53% inhibition rates. The
inhibition rate of Leuconostoc and L. acidophilus strains varied between 42 and 53%
across various strains. Low inhibitory rates of 3–10% were recorded for Lactoba-
cillus lactis, and L. casei strains plus one kefir strain. Inhibition rates for Lactoba-
cillus bacteria ranged from 12 to 42%, while Lactococcus strains showed inhibition
rates varied from 3 to 22%. Several of these strains were reported to improve
significantly the deterrence of lipid peroxidation during fermentation. According to
(ABTS) 2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), rates of inhibition
in fermented milk were over 90%, with whey fractions ranging from 20 to 24%.
Furthermore, EPS is frequently synthesised during the practice of fermentation
inclusive of other metabolites that could explain why organic acids have a stronger
antioxidant effect. For instance, in rats, daily inclusion of L. casei (28 � 1011 CFU/
rat) for up to 8 days declined the OS and liver lesions induced consequently upon
introduction of carbon tetrachloride single intraperitoneal (Liu et al. 2012). Intracel-
lular metabolites derived from L. casei were reported to possess the capability of
conquering aflatoxin B1 produced in rats due to OS (Aguilar-Toalá et al. 2019).

Similarly, Pseudomonas spp. are reported to yield a resorcinol-type alkyloid
compound, resorstatin, with two reactive OH groups that possesses anti-
lipoperoxidative properties analogous to BHT. The xanthin synthesised by this
bacterium also repressed linoleic acid oxidation, which acted in concurrence with
tocopherol (Kato et al. 2012). The composition of epiphytic bacteria allied with
Bifurcaria bifurcate (marine brown alga) was revealed by Horta et al. (2014) who
described that Vibrio sp. makes up over half (48.72%) of this bacterial population.
Other important bacteria in this community included Alteromonas sp. (12.82%) and
Shewanella sp. (12.26%) besides Serratia sp., Staphylococcus sp., Citricoccus sp.,
Ruegeria sp., and Cellulophaga sp. which constitute same content of 2.5%. The
capability of these bacterial strains to be a virtuous source of naturally produced
antioxidants was appraised by computing their O2 radical absorbance capacity
(ORAC), DPPH activity, and total phenols in solvent extracts made using methanol
and dichloromethane (Horta et al. 2014). Likewise, endophytic bacterial strains, viz.
Bacillus anthracis, Pseudomonas hibiscicola, Enterobacter ludwigii, and
Macrococcus caseolyticus isolated from Aloe vera, have been recognised to synthe-
size bioactive molecules possessing pronounced DPPH (75–88%) activity. Plants
can develop even when they are stressed owing to the existence of these antioxidants
(Akinsanya et al. 2015).
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3.4.4.3 Blue Green Algae

Photosynthetic eubacteria include photosynthetic bacteria that are also acknowl-
edged as blue green algae (BGA) or cyanobacteria. This cluster of microorganisms
is rich in carotenoids, viz. carotene, lutein, and lycopene. Carotenoids have natural
antioxidant and anti-inflammatory potential as they are good at quenching ROS.
BGA also contain phycocyanin-like pigments in great conc., around 15% on dry
wt. basis. C-phycocyanin is a potent hepatoprotector and scavenger of FRs. Phyco-
cyanin, a water soluble molecule with N-H reactive groups, has also revealed
reduction in inflammation rate in mice ears and protects rats from colitis caused by
acetic acid.

Another novel carotenoid pigment, astaxanthin, has been documented to perform
an array of metabolic functions like protection from oxidation and UV radiation from
the sun, improved eyesight, immunological response, and pigmentation formation.
Various in vitro investigations have detected and noted its potential to quench
oxygen singlet and FRs which was roughly ten times that of carotenoids and multiple
times that of tocopherol (Dose et al. 2016). Another microalgal isolate,
Haematococcus pluvialis, has a high astaxanthin content and might be engaged in
diverse applications (Naguib 2000). Catechin and quinic acid-like phenolic com-
pounds with strong antioxidant potential have been documented to be synthesised by
Arthrospira, Nostoc, and Anabaena (Blagojević et al. 2018). Phycobili protein, a
cyanobacteria’s metabolite, is a highly valued natural product, whose usage can be
made in a varied number of biotechnological products. It contains OH, NH, COOH,
and C¼O like reactive functional groups, which help in lessening ROS formation.
Fabrication of these cyanobacterial phycobiliproteins necessitates an optimal
medium, and several bioprocesses influence bacteria growth besides the amassing
of phycobili proteins (Pagels et al. 2019).

3.4.4.4 Lichens

Algae and fungi form a symbiotic connotation known as lichen. As a product of their
relationship, these species produce an array of extracellular secondary metabolites.
The majority of these were found only in lichens that may be exploited as natural
antioxidants (Kosanić and Ranković 2015). Nevertheless, there is paucity of
research regarding examining the antioxidative potency of lichens. In vitro antiox-
idant potency displayed by the aqueous extracts of Cetraria islandica was originally
demonstrated by Gülçin et al. (2002) who observed that the antioxidant potency of
this organism was far greater than tocopherol. Other lichens with high methanolic
content, such as Umbilicaria nylanderiana, Ramalina pollinaria, R. polymorpha,
Platismatia glauca, and Parmelia saxatilis, prevented linoleic acid’s oxidation and
scavenged free radicals (Gulluce et al. 2006).

Three different approaches, viz. reducing power plus DPPH and superoxide anion
radical (O2

�) scavenging activities, were employed by Ranković (2011) for
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evaluating the antioxidant potency exhibited by diverse lichens (Umbilicaria cylin-
drical, Lecanora atra, Cetraria islandica, Pseudoevernia furfuraceae, and
Parmelia pertusa) extracts prepared using different solvents like aqueous, metha-
nol and acetone. The extracts displayed DPPH activity from 32 to 95%, reducing
power values from 0.016 to 0.109, while O2

� scavenging activity varied between
7 and 84%. Total phenols (12–76.42 g of pyrocatechol equiv.) and total flavonoids
(1.37–54.77 g of rutin equiv.) were found in great quantities in these tested extracts,
signifying phenols plus flavonoids as fundamental antioxidant components
(Ranković 2011). This diversity in lichens ensures novel bioactive molecule’s
synthesis with significant antioxidant potential, making them a natural antioxi-
dant’s source. Purification of usnic acid, praesorediosic acid, collatolic acid,
chloroatranorin, and protocetraric acid with methanol and acetone extracts from
lichens for example Parmotrema rampoddense, P. praesorediosum, P. tinctorum,
and P. reticulatum revealed their phenolic nature. The DPPH protocol demon-
strated that these molecules exhibit a considerable antioxidant potential (Rajan
et al. 2011). Diverse range of compounds viz. protolichesterinic acid, atranorin,
usnic acid, sekikaic acid, 2-hydroxy-4-methoxy-6-propyl benzoic acid, benzoic
acid, homosekikaic acid, and 2,4-dihydroxy-6-propyl were noticed in hexane
extracts (nonpolar solvent) of lichens. Among these molecules, sekikaic acid
exhibits the greatest DPPH activity, accompanied by homosekikaic acid. Other
persuasive antioxidants like montagnetol, orcinol, methyl haematomate, orsellinic
acid, p-depsides, and methyl-orcinolcarboxylate (e.g. divericatic acid, atranorin,
erythrin, and lecanoric acid) have also been recovered from H. obscurata,
R. montagnei, Cladonia sp., and P. grayana (Sisodia et al. 2013). Pleurosticta
acetabulum was observed to scavenge DPPH radicals (IC50 151 g/mL). Evernic
acid, salazinic, atranorin, protocetraric, and norstictic were noticed as the active
components of this particular lichen. These compounds possess antibacterial plus
anticancer properties besides being antioxidants (Tomović et al. 2017). These
molecules usually have a wide array of reactive functional group whose location
affects their antioxidant capability.

3.4.4.5 Fungi

Since the dawn of civilisation, fungi have aided the well-being of humanity. There
exist nearby 1.5 million fungal species in the fungi kingdom, which possesses a
diverse variety. In their interactions with people, fungi are both useful and toxic,
albeit most of them are benign. Flavonoids, tetralones, alkaloids, steroids,
benzoquinones, organic acids, terpenoids, phenols, xanthones, and other primary
and secondary metabolites may be synthesised by an enormous number of fungal
groups. These metabolites perform diverse biological activities like anti-oxidation
and their molecular structure influences their function substantially.

Filamentous mushrooms of various phyla are infrequently included in human
diets, yet they are documented to contain antioxidants. Citric acid is produced
primarily by Aspergillus niger strains-mediated fermentation, which are a worthy
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source of ascorbic acid. Food additives, viz. emulsifiers, stabilisers, and flavours, as
well as lipases, dietary fibres, poly- and oligosaccharides, triterpenoids, proteins,
peptides, phenols, minerals, alcohols, and vitamins, are all active and valuable
medical goods. Numerous phenolic acid derivatives, synthesised by Chaetomium
spp., Cladosporium spp., Phoma spp., and Torula sp., along with secondary metab-
olites viz. terpenoids, rutin, and benzoic acid. Rutin, phenolic acid’s derivatives, and
chlorogenic acid are documented to exhibit an extensive range of antibacterial,
immunomodulatory, antimutagenic, antioxidant, and antiviral-like biological prop-
erties (Huang et al. 2007).

Several filamentous species of fungal genera viz. Torula, Penicillium, Aspergil-
lus, Eurotium, Colletotrichum, Mortierella, Phoma, and Cladosporium have been
reported to produce antioxidant metabolites (Huang et al. 2007). Fungal metabolites
were validated to possess a stronger free radical scavenging potential when equated
to synthetic antioxidants and phytochemicals. The phenolic glycoside’s potency to
scavenge FRs is mostly on account of their phenolic and hydroxyl groups.
Pestalotiopsis microspora (an endophytic fungus) synthesised both antifungal and
antioxidant chemicals like 1,3-dihydroisofuran, isopestacin, and pestacin, whose
activities surpassed vitamin E by greater than tenfold. Isopestacin is assumed to
exhibit antioxidant potential owing to its structural similarities with flavonoids.
ESRS (electron spin resonance spectroscopy) affirmed the compound’s capability
to scavenge O2

� and OH like FRs from the solution.
In India, particularly from Punjab region, 120 different fungal species, recovered

from soil, have been examined by Chandra and Arora (2017) for their antioxidant
behaviour employing dot blot assay technique. Results shown that out of 120, only
51 isolates displayed antioxidant potential, hence were assayed further quantitatively
(Chandra and Arora 2017). Various soil fungal strains viz. Penicillium expansum,
Aspergillus fumigatus, A. terreus, Penicillium granulatum, A. wentii, and P. citrinum
revealed potential for antioxidant optimization (Chandra and Arora 2012). Arora
et al. (2011) discovered that fungi responsible for wood degradation, such as Phlebia
brevispora, Phanerochaete chrysosporium, Phlebia radiata, Daedalea flavida,
Phlebia floridensis, Phlebia fascicularia, and Ceriporiopsis subvermispora, exhibit
antioxidant activity besides depolymerizing lignin found in agricultural biomass into
numerous phenol-derivative compounds that might be exploited as animal fodder
with enhanced antioxidant potential.

Kojic acid is a secondary metabolic product of Penicillium and Aspergillus. This
chemical obstructs tyrosinase activity and might be utilised as a food additive
besides melasma therapeutic, antioxidant, antitumor, and radioprotective agent.
Derivatives of kojic acid are recognised to exert cytotoxic and anti-proliferative
effects in vitro (Kono et al. 2001). A chlorine-encompassing pigment, sclerotiorin,
synthesised by Penicillium frequentans and P. sclerotiorum, inhibited soybean
lipoxygenase-1 (LOX-1) in a reversible and non-competitive manner. This inhibitor
also displays antioxidant properties as it has the ability to scavenge FRs besides
inhibiting lipid peroxidation (non-enzymatic). Literature sources reveal that
sclerotiorin inhibits LOX via reaction with ES (enzyme-substrate) complex and
scavenging the FR’s intermediates synthesised during enzyme activity, and its
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activity was analogous to both natural and synthetic lipoxygenase inhibitors.
Sclerotiorin is basically an azaphilone, a kind of compound with a characteristic
isochromane ring structure (Tabata et al. 2012). Further, these fungi’s antioxidant
properties promote their symbiotic/mutualistic relationship with plant species that
may help the plants battle OS triggered by environmental influences.

3.4.4.6 Yeast

During fermentation, yeast produces antioxidants, which boost the approachability
of therapeutic molecules and antimicrobial compounds, which limit the growth of
moulds and pathogenic bacteria. Yeast microflora thrive in raw materials, food items
(cheese, yoghurt, and sausage), fruits, and meat. Rai et al. (2021) confirmed the
antioxidant potency of yeasts, viz. Pichia kudriavzevii, Kluyveromyces marxianus,
Candida utilis and Yarrowia lipolytica. Saccharomyces cerevisiae strains, which
have been genetically engineered, were observed to be more efficient at producing
the antioxidant chemicals, resveratrol and astaxanthin. Glucan and D-mannan, pre-
sent in yeast’s cell wall, contain a vast amount of OH groups accountable for high
metal chelation and reducing capability (Al-Manhel and Niamah 2017).

Fakhruddin et al. (2017) demonstrated the production of astaxanthin from Phaffia
rhodozyma (red yeast). The antioxidant of this yeast is ascribed to the existence of
β-D-glucans (β-DG), polysaccharides and α-D-mannans (α-DM) in its cell wall. β-DG
and α-DM demonstrated a protective impact of an aqueous-soluble
carboxymethylated yeast (CMG) both in phosphatidylcholine liposomes and lipid
peroxidation. CMG inhibits peroxidation caused by ultraviolet A (UVA) that led to
singlet oxygen’s formation. The European Food Safety Authority (EFSA) has
approved the usage of β-glucans produced by Saccharomyces spp. The usage of
β-glucans producing Saccharomyces spp. has been permitted by EFSA. The
β-glucans of Saccharomyces spp. were also approved as food additives (EFSA
2011).

Peroxidases are widely expressed enzymes that convert H2O2 and alkyl hydro-
peroxides to H2O or alcohol. Based on conserved 1 or 2 cysteine residues, the Prx
superfamily is categorised into two subtypes: 1-Cys Prx and 2-Cys Prx. Prx was the
first to uncover a protein in S. cerevisiae that might inhibit glutamine synthetase
from reactivating through the thiol/Fe(III)/oxygen oxidation pathway system. The
S. cerevisiae’s genome encompasses an “ORF YBL064C” sequence, which is
reported to code for a protein similar to 1-Cys Prx protein of humans. Yeasts have
two Trx1 and Trx2 like cytosolic thioredoxins. Both are replenished through cyto-
solic regeneration. Different oxidoreductases (thiol-dependent) derived from
S. cerevisiae, glutathione peroxidases (Gpx1 to Gpx3) and peroxiredoxins (Tsa2,
Ahp1, Tsa1, Prx1, Dot5), detoxify peroxides by connecting a disulphide link
between resolvAhp and peroxidase. Tsa1 is a multitasking protein that provides
protection to the cell against OS triggered by aggregation and misfolding of nascent-
proteins through behaving like a redox switch, protein chaperone, and a particular
antioxidant (Garrigós et al. 2020).
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3.5 Conclusion

Microorganisms can be envisaged as worthy and economical sources of naturally
produced antioxidant molecules as these are easy to grow and yield antioxidants in a
shorter period of time. Microbially derived antioxidants are non-mutagenic and
non-cytotoxic in nature in comparison to synthetic ones. An enormous microflora
like microalgae, bacteria, actinomycetes, and yeast has been recognised as potent
antioxidants producers. Molecules like pestacin, polysaccharides, astaxanthin, and
isopestacin possess good antioxidant potency and are thus employed as functional
components in numerous pharmaceuticals, cosmetics, food stuffs, and nutraceutical
products. Glutathione and ergothioneine are abundant in glutathione and
ergothioneine-rich cultivated and wild mushrooms, which aid in avoiding mitochon-
drial damage instigated by O2

� FRs. Bioprospecting of chemicals found in Saccha-
romyces sp., such as torularhodin, thioredoxins, and peroxiredoxins, opens up a new
boulevard for yeast to be exploited as an antioxidant source plus in dietary add-ons
and other industrial applications. In a nutshell, an in-depth knowledge of antioxi-
dants’ mode of action, structures, optimization, and other aspects may assist in the
formation of novel medicines and other sectors using the enormous biodiversity of
microorganisms.
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Abstract The biodeterioration of food products remains a significant public health
concern, and ensuring a safe food supply is a substantial challenge for the food
industry. The antimicrobial compounds synthesized during fermentation have dem-
onstrated inhibitory effects against many foodborne pathogenic microorganisms.
Recently, investigations have been carried out globally to develop safe, natural
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food preservatives to protect food products, and advances have been made to meet
users’ acceptance as a substitute for chemical preservatives. Antimicrobial com-
pounds could provide an innovative and exciting benchmark with the burgeoning
application of natural and biological preservatives in the food industry. Thus, this
chapter provides an overview of microbial and bio-based preservatives as a potential
transformation of natural preservatives in meeting the needs of the food industry.

Keywords Microbial preservatives · Bio-based preservatives · Antimicrobial
compounds · Food products

4.1 Introduction

Preservatives are food additives that protect food from deterioration caused by fungi,
bacteria, and other microbes and prolong shelf life by minimizing degradation and
other undesirable responses (Fan et al. 2018). Salt and sugar are two of the oldest
preservatives, as they preserve foods by lowering their water activity to the point
where bacteria cannot grow. Vinegar, on the other hand, preserves by reducing the
pH. These can be used on their own or combined with other food preservation
procedures, including smoking and pasteurization (Tomaska and Brooke-Taylor
2014). Antimicrobials, which prevent bacteria and fungi from growing on food,
and antioxidants, which prevent food ingredients from oxidizing, are two main
preservatives. Chemical food preservatives, including benzoic acid, nitrites, butyl-
ated hydroxyanisole, and butylated hydroxytoluene, have been extremely beneficial
to humanity. Although most chemical preservatives are now deemed safe, there have
been concerns about the safety of some of these substances (Aluyor and Oboh 2014).

Consumers have expressed misgivings about the safety and use of food pre-
servatives in recent years (Chen and Nielsen 2016). Researchers have been devel-
oping novel natural preservative systems to address the need for natural product
formulations and give alternatives to bio-based preservatives. This chapter aims to
discuss the current understanding and applications of bio-based antimicrobial pre-
servatives, such as plant, animal, and microorganisms, as well as their mechanisms
of action. In addition, recent advances in antimicrobial preservatives, including the
production of organic acids from engineered microbes for large-scale industrial
applications, were elucidated.

4.2 Bio-based Preservatives and Their Mechanisms
of Action

Bio-based food preservatives generally deter spoilage organisms and pathogens
from food and food products to achieve food preservation and consumers’ protection
(Amit et al. 2017). Food preservation ensures the quality (both the sensory and
organoleptic properties as well as the safety profile) of the food is maintained for an
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extended time—both in and out of season (Gokoglu 2019; Torres-León and Aguilar
2022). Up to date, countless antimicrobial agents have been discovered and reported
with varying potency levels (Novais et al. 2022). These antimicrobials could be
classified differently based on their nature and sources, mode of action, or even their
adverse effects or toxicity level. Specifically, based on their nature and sources,
antimicrobials are either natural products (biological preservatives), synthetic sub-
stances (chemical preservatives), or even physical treatments (Dey and Nagababu
2022). An optimal antimicrobial preservative should at least meet the following
criteria: first, maintain or improve the sensory and organoleptic properties as well as
the nutritional value of the food; second, foster the microbial protection against
foodborne pathogens and anti-nutritional microbial activities; and finally, does not
constitute any form of toxicity—whether acute or chronic (Torres-León and Aguilar
2022).

Based on the abovementioned criteria, natural products or biopreservatives have
been reported in many studies as the choicest candidates, compared to synthetic
chemical preservatives or even physical treatments (Bensid et al. 2020). Bio-based
antimicrobial products (BIOBAM) are highly and selectively potent in mitigating the
activities of a broad spectrum of food spoilage microbes and pathogens, with
negligible toxicities to humans. Moreover, some natural products improve food’s
organoleptic and nutritional properties. Natural or BIOBAM are classified based on
their sources—plant-derived, animal-derived, and microorganism-derived BIOBAM
(El-Saber Batiha et al. 2021). Also, the biopreservative and bio-protection activities
of BIOBAMs could be through one of the following mechanisms: first, inhibition of
the activities of ATPase; second, membrane rupture causing leakage of biomole-
cules; third disrupting the microbial proton balance or electromotive force; and
finally, by enzyme inactivation, inhibition, or denaturation (Pisoschi et al. 2018).
In detail, we shall be reviewing in subsequent sections the natural or bio-based
preservatives based on their source—plant-derived, animal-derived, and microbial-
derived BIOBAMs and their possible mechanisms of action.

4.2.1 Plant-Based Preservatives

Natural and bio-based products from plant or plant extracts are known to contain
some antimicrobial agents and could be employed as safe and environmentally
friendly preservatives (Gyawali and Ibrahim 2014). Outlined below are some of
the plant-based antimicrobial agents and their proposed mechanisms of action.

4.2.1.1 Plant Extracts

Plant extracts contain antimicrobial, antioxidant, and essential oils, which exhibit
good preservation properties. Flavonoids, thiosulfinates, saponin, organic acids,
phenolics, and glucosinolates can easily replace synthetic chemical preservatives
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(Vilela et al. 2016). The phenolic compounds found in plants, such as acids,
isoflavonoids, aliphatic alcohols, terpenes, and aldehydes, are the principal constit-
uent with antimicrobial properties (Filip et al. 2021). These compounds are reducing
agents which regulate hydrogen and suppress oxygen, leading to an antioxidant
effect. The antimicrobial effects of grape and lemon fruit extract on food spoilage
microorganisms Photobacterium phosphoreum, Shewanella putrefaciens, and Pseu-
domonas fluorescens have been reported in hamburgers with increased microbial
stability (Corbo et al. 2008). Previous studies show that blackcurrant leaves and
cherry tree phenolic extract exhibited good preservative antioxidant and antimicro-
bial activities in meat products increasing the shelf life of vacuum-packed sausages
and significantly decreasing the level of malondialdehyde (MDA) produced in this
product (Nowak et al. 2016). Previous studies show that leaves of green tea contain
epigallocatechin, epicatechin gallate, Theaflavin monogallate A and B teaflavin
gallate, epicatechin (Rohini et al. 2018). The antioxidant and antimicrobial activities
of green tea against pathogens have been reported in previous literature (Demir
2021; Han et al. 2021; Kim et al. 2021; Sasagawa et al. 2021; Silva et al. 2021;
Tarassoli et al. 2022; Zhang et al. 2021a, b). The antimicrobial activities of grape
seed extract have also been reported (Al-Otibi et al. 2021; Hamida et al. 2021; Silvan
et al. 2021). S. typhimurium and E. coli O157: H7 were decreased by grape seed
extract and the development of L. monocytogenes and Aeromonas hydrophila in
cooked meat (Aziz and Karboune 2017). Phenolic components of cranberry extract
are the key antimicrobial factors in cranberry (Mousavi Khaneghah et al. 2018).

The exact mechanisms of plant extract action against spoilage microorganisms
have not been elucidated. However, attacks on the phospholipid bilayers of the cell
membrane, enzyme activity disruption, harming the microbe’s genetic makeup, and
oxidation of unsaturated fatty acids are some of the proposed pathways (Amiri et al.
2021). The inhibitory action of phenolic and aromatic compounds in plant extract
against spoilage organisms results from an attack on the structure and function of the
cytoplasmic membrane. Previous studies show that exposure to thymol and carva-
crol dissipated the outer membrane of S. typhimurium and E. coli (Kachur and
Suntres 2019). The denaturation of extracellular enzymes was proposed as the
antimicrobial mechanism of nonphenolic isothiocyanates (Pisoschi et al. 2018).
Terpenes exhibit their antimicrobial properties by disrupting the fat composition
and the bacterial cell wall, consequently leading to the death of the bacteria (Aziz
and Karboune 2017). Carvacrol acts by disrupting the outer membrane of Gram-
negative bacteria, diffusing lipopolysaccharides, thereby improving the permeability
of ATP, while for Gram-positive bacteria, its effects on the bacterial membrane
affect the K+ and H+ cations (Tongnuanchan and Benjakul 2014).

4.2.1.2 Essential Oils

Essential oils are volatile natural compounds such as aldehydes, epoxides, terpenes,
sulfides, ketones, esters, and amines determined by taste and odor (Ghamari et al.
2022; Mohajeri et al. 2021; Tongnuanchan and Benjakul 2014). They are mostly
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synthesized in the plastid and cytoplasm of plant cells via Methyl-D-erythritol-4-
phosphate, malonic acid, and mevalonic acid pathways. Terpenes are hydrocarbons
with several isoprene units, while terpenoids are produced through enzymatic
alterations of terpenes via the transfer of methyl groups or the addition of oxygen
molecules. Terpenes have been recorded to manifest significant antimicrobial prop-
erties (Pisoschi et al. 2018). The antimicrobial activities of coriander seed oil against
bacteria, yeasts, molds, and dermatophytes have been reported (Silva and
Domingues 2016). The essential oil derived from oregano was reported to exhibit
an irreversible antimicrobial effect against E. coli (Pisoschi et al. 2018) due to their
high phenolic compounds (у-terpinene, thymol ρ-cumene, and caracole) (Aziz and
Karboune 2017). The antimicrobial actions of essential oils from parsley, lemon-
grass, rosemary, clove, oregano, garlic, coriander, bronze muscadine, cinnamon, and
sage seeds against Gram-positive and Gram-negative bacteria have been reported
(Aziz and Karboune 2017; Irkin and Esmer 2015). A previous study showed that
lemon essential oils utilized as a microemulsion in salty sardine significantly reduced
the microbial count of lactic acid bacteria (LAB), Staphylococcus spp.,
Enterobacteria, and low yield of histamine relative to the control (Alfonzo et al.
2017). Rosemary-derived essential oil showed antimicrobial effects against Klebsi-
ella pneumonia, S. aureus, E. coli, and Bacillus subtilis (Aziz and Karboune 2017).
The performance of essential oil can be enhanced by temperature, oxygen content,
and low pH (Aziz and Karboune 2017; Dussault et al. 2014).

Essential oils from plants exert their antimicrobial activities through various
mechanisms such as disrupting enzyme activities/structures, attacking the cell mem-
brane, and compromising the formation of fatty acid hydroperoxide and bacterial
genetic materials (Sohrabpour et al. 2021). The activity of phenolic compounds in
essential oils is most likely dependent on changes in the permeability of bacterial
cells, cytoplasmic membrane damage, interruption of the cellular ATP generation
system, motility of protons, and cell death caused by cytoplasmic membrane damage
(Mahmud et al. 2018). Furthermore, the presence and position of the hydroxyl group
in the structure of phenolic compounds can be attributed to their antimicrobial
properties.

4.2.1.3 Herbs and Spices

Herbs and spices are gotten from plant leaves and plant parts, respectively. Phenolic
compounds such as flavonoids which are widely distributed in herbs, spices, and
vegetables are metal ion chelators acting as catalysts in oxidation chemical reactions
as well as inhibit cyclooxygenase and lipoxygenases, two key enzymes implicated in
the progression of oxidative rancidity in food products (Embuscado 2015). The
antimicrobial activities of some selected herbs have been widely studied (Abdul
Qadir et al. 2017; De-Montijo-Prieto et al. 2021; Kamboj et al. 2021; Khan et al.
2021; Mahmud et al. 2018; Wang et al. 2015). Herbs are known to act against Gram-
negative bacteria. The antimicrobial activities of cinnamon against Salmonella
anatum, S. aureus, L. monocytogenes, E. coli, and B. cereus have been reported
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(Shan et al. 2007). Similarly, the antimicrobial activities of different spices have also
been reported (De-Montijo-Prieto et al. 2021; Mayekar et al. 2021; Meshaal et al.
2021; Ogwaro et al. 2021; Rahman et al. 2021; Vijayakumar et al. 2021).

4.2.2 Animal-Based Preservatives

There are diverse antimicrobial preservatives in animal sources, ranging from
antimicrobial peptides, enzymes, bioactive polysaccharides, and lipids (Abdelhamid
and El-Dougdoug 2020).

4.2.2.1 Enzymes

A few enzymes from animal sources have been reported to possess antimicrobial
activities that hinder the growth of different food spoilage pathogens. The most
common examples are the lysozymes and lactoperoxidase (LPO) (Singh 2018).

(a) Lysozymes and their mechanism of antimicrobial actions
Lysozymes are potent bacteriolytic enzymes majorly sourced from egg white

of chicken as well as milk, beef, and blood. Lysozyme has been used as
antimicrobial preservatives for fish, meat, milk, and dairy products (Mei et al.
2019). Generally, studies have shown that lysozyme catalytically attacks the
bacterial peptidoglycan by hydrolyzing the 1,4 glycosidic bonds among N-
acetylmuramic acid and N-acetyl glucosamine, thereby destroying the structural
architecture of the microbial cell wall (Singh 2018). The mode of action of
lysozymes confers its effectiveness as an antimicrobial compound against Gram-
positive bacteria (organisms with peptidoglycan rich cell walls) rather than
Gram-negative organisms (having a lipopolysaccharide external layer).
Nevertheless, a few findings have shown the effectiveness of lysozyme against
Gram-negative bacteria when administered together with either surfactants or
detergents and chelating agents. These detergents and chelating agents thwart the
outer lipopolysaccharide layer of the Gram-negative bacteria, making them more
susceptible to the lytic activities of lysozymes (Ferraboschi et al. 2021).

One interesting advantage of lysozyme, unlike other enzymes, is their enor-
mous stability and resistance to denaturation by a wide range of pH and
temperature, hence fostering their commerciality (Yang and Lesnierowski
2019). Inovapure is one of the most popular commercial brands for lysozyme
and has been described in several studies as effective for various organisms such
as Listeria monocytogenes, Clostridium species, Bacillus spp., Pseudomonas
spp., Salmonella spp., and many others (Ferraboschi et al. 2021). Health Canada
has authorized egg-derived lysozyme for preserving hard cheese from the
gas-blowing activities of C. tyrobutyricum (Aziz and Karboune 2017).
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(b) Lacto-peroxidase system and its mechanism of antimicrobial actions
The lactoperoxidase system is another group of potent antimicrobial enzymes

comprising lactoperoxidase, thiocyanate, and hydrogen peroxide. This enzyme
system is commonly sourced from milk, tears, and saliva. Unlike lysozyme,
which acts specific only on Gram-negative microbes, the lactoperoxidase system
has broader applicability as it inhibits Gram-positive and Gram-negative bacteria
and different fungi (Al-Baarri et al. 2019).

Generally, the mechanism of action of the lactoperoxidase system is as
follows—using hydrogen peroxides, the lactoperoxidase enzymes catalyze the
oxidation of thiocyanate to hypothiocyanite and its acidic derivatives (Zhang and
Rhim 2022). Then, hypothiocyanite and its acids inhibit several microbial
enzymes and proteins’ sulfhydryl group, thereby resulting in microbial inacti-
vation or death (Silva et al. 2020). Several studies have shown that the
lactoperoxidase system is constitutively expressed in many animal sources but
remains inactivated because of the limited concentration of either thiocyanate or
hydrogen peroxide (Yousefi et al. 2022). Hence, the addition of a regulated
thiocyanate and sometimes hydrogen peroxides activates the de novo
lactoperoxidase system. Notably, the use of hydrogen peroxides for the activa-
tion of the lactoperoxidase system sometimes causes some toxicity worries.
Different studies have shown the antimicrobial activity of the lactoperoxidase
system (Zarei et al. 2010). Chiraz et al. (2013) showed the effectiveness of the
bovine lactoperoxidase in inhibiting Salmonella enteric Hadar, the common
foodborne causative agent of human gastroenteritis in Tunisia. The study also
pointed out that the lactoperoxidase system can be subdued in the presence of
starch around 100 g/L and above (Chiraz et al. 2013). Hence, the starch content
of the food must be considered when adopting the lactoperoxidase system.

4.2.2.2 Antimicrobial Peptides

Many animals possess several short sequences of amino acids (peptides) as part of
their defense mechanisms with inherent antimicrobial properties. This large group of
bioactive peptides is commonly referred to as antimicrobial peptides (AMPs) and
includes well-known defensins, pleurocidin, protamine, lactoferrin, magainin, and
others (Liu et al. 2021). Many AMPs act on either or both Gram-negative and Gram-
positive bacteria. Some even possess some antifungal, while others have shown
antiviral properties. Generally, different AMPs may act differently (León Madrazo
and Segura Campos 2020). Many AMPs may destabilize organisms’ cellular lipid
bilayer membrane and foster cell lysis while others either sequester vital components
of the cells or inactivate important survival pathways. AMP has lately been reported
to be an effective alternative for managing the menace of antibiotics resistance
(Silveira et al. 2021). More details on some selected and common antimicrobial
peptides from animal sources are discussed in the subsequent section.
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(a) Pleurocidin
Pleurocidin is a 25 amino acid peptide abundant in the skin of winter flounder

(Pleuronectes americanus). Generally, pleurocidin has broad antimicrobial
action against bacteria. The bioactive peptide destroys many organisms’ lipid
bilayer, causing leakage or even lysis of the cell (Erdem Büyükkiraz and
Kesmen 2022). Due to several studies, pleurocidin has gained wide application
as a food AMP due to its stable properties in high temperature, salt concentra-
tion, and wide pH range. Foodborne pathogens, including Vibro
parahemolyticus, E. coli, Listeria monocytogenes, and many more, have been
inhibited or killed by pleurocidin (Erdem Büyükkiraz and Kesmen 2022; Raju
et al. 2020). Despite its advantage, one limitation of pleurocidin is its suscepti-
bility and inactivation in divalent minerals such as calcium and magnesium
(Wang et al. 2019). Hence, its application as a preservative in food rich in
calcium or magnesium would not be effective.

(b) Defensins
Defensins are a larger group of AMPs found on epithelial cells and host

defense tissues of vertebrates such as chickens, turkeys, bovines, and others.
Defensins also have broad antimicrobial action against bacteria (both Gram-
positive and negative), fungi, and even envelop viruses (Amso and Hayouka
2019).

(c) Lactoferrin
Lactoferrin is a glycopeptide that possesses broad-spectrum antimicrobial

activities against Gram-positive and negative bacteria, parasites, and fungi
(Erdem Büyükkiraz and Kesmen 2022). Lactoferrin elicits its antimicrobial
activities through two possible mechanisms. First, due to its strong affinity for
iron, lactoferrin sequesters most of the microbial iron, making them bio
unavailable for vital enzymatic processes and consequently inactivating the
cells. Secondly, lactoferrin having a large and distributed cationic patches on
its surface destabilizes the anionic lipid A of lipopolysaccharide on Gram-
negative bacteria surfaces, fostering membrane leakage (Pisoschi et al. 2018).
Several studies have shown the effectiveness of lactoferrin against foodborne
pathogens against Pseudomonas sp., E. coli, Salmonella sp., Klebsiella sp.,
Carnobacterium sp., and L. monocytogenese (Al-Nabulsi et al. 2009;
Al-Nabulsi and Holley 2005; Colak et al. 2008; Juneja et al. 2012; Lönnerdal
2011).

Other animal-based AMPs are magainins from amphibians, casocidin, the
hydrolytic product of S2-casein from milk, as well as diptericin, hymenoptaecin,
Sarco toxin IIA, attacin, and coleoptericin from different insects (Guha et al.
2021; Józefiak and Engberg 2017; Mcmillan et al. 2020; Nath et al. 2021; Wu
et al. 2018).

4.2.2.3 Bioactive Polysaccharides and Lipids

Some polysaccharides and lipids have been discovered to play several bioactive
roles apart from their storage functions. A few polysaccharides such as chitosan and



Chitosan is cationic due to the positive charge on the second carbon of
glucosamine, significantly below pH 6. The cationic properties confer
improved solubility. It destabilizes the anionic lipopolysaccharides of the
cellular membrane, thereby resulting in leakage of the cells’ intracellular
constituents and microbial death (Mesgari et al. ). One limitation of
chitosan is its ineffectiveness as an antimicrobial membrane disruptor at
neutral or alkaline pH, as its cationic properties are lost with increased pH
(Aziz and Karboune .2017)
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its derivatives, and lipids such as docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), have been implicated with potent antimicrobial activities (Park et al.
2021)

(a) Chitosan and its derivatives
Chitosan is the deacetylated derivative of chitin and one of the cationic

polysaccharides comprising acetylglucosamine and glucosamine molecules,
linked by β1–4 glycosidic bond. Natural sources of chitosan are shrimps shell,
a few fungi, and green algae. Chitosan has been long known for its antimicrobial
bioactivity against a broad spectrum of bacterial, yeast, and molds (Yu et al.
2021). However, its antimicrobial effectiveness is more prominent in Gram-
negative bacteria than in other microbes due to its distortion of the anionic
oligosaccharide of the extracellular membrane of bacteria (Zhang et al.
2021a, b). There are several routes or mechanisms by which chitosan performs
its antimicrobial activities; they are as follows:

•

• Chitosan has been reported to act as a chelating agent, inhibiting microbial
growth and toxin production by sequestering trace metals and vital microbial
survival nutrients (Aziz and Karboune 2017).

• Chitosan has also been reported to inhibit valuable microbial enzymes and
boost the host’s immune response (Butnaru et al. 2019).

• Chitosan of smaller molecular weight can penetrate the cell to the nucleus of
the microorganism, interfering with the organism’s genetic regulation and
expression pattern. Hence, lower molecular weight chitosan is more effective
than higher weight counterparts, especially against Gram-negative microbes
(Aziz and Karboune 2017; Zheng and Zhu 2003).

• Conversely, chitosan of higher molecular weight is more potent against Gram-
positive organisms due to the possible likelihood of forming an exterior
polymer membrane preventing the passage of nutrients into the cells. Hence,
for Gram-positive organisms, the bactericidal effects increase with the increase
in the molecular weight of chitosan (Tian and Liu 2020).

-alkylated disaccharide chitosan is a derivative of chitosan with similar anti-
icrobial activities against foodborne pathogens (Yang et al. 2005). This deriv-
tive of chitosan was identified in the search for possible ways to minimize
hitosan’s limitation and pH dependency. The n-alkyl derivative confers a
ermanent cationic charge and properties to the bioactive polysaccharides with-
ut interfering with other toxicity mechanisms (Pisoschi et al. 2018). Studies
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have shown the effectiveness of the N-alkylated disaccharide derivative in
inhibiting E. coli and S. aureus at an optimum pH of 7.0–7.5 (Yang et al. 2005).

(b) Fatty acids and lipids
Several lipids of animal origin have been implicated with antimicrobial

actions against various organisms—parasites, fungi, Gram-positive and negative
bacteria, and others. For example, the lipid from milk was reported to inhibit a
few Gram-positive bacteria such as Staphylococcus aureus, Clostridium botuli-
num, Bacillus spp., Listeria monocytogenes, and Gram-negative bacteria such as
E. coli, Pseudomonas aeruginosa, and Salmonella enteritis against many fungi
such as Saccharomyces cerevisiae, Aspergillus niger, and Candida albicans
(Tiwari et al. 2009). Similarly, fatty acids commonly found in tissues of deep-
sea fishes and shellfish were reported to inhibit four Gram-positive bacteria and
seven Gram-negative foodborne pathogens (Shin et al. 2007). Generally, many
antimicrobial lipids exert their activities through one of the following mecha-
nisms of action: (a) membrane and cell wall disruption, thereby inactivating the
cells, (b) restriction of intracellular replication, (c) restriction of intracellular
target enzymes, and (d) lipids such as monoacylglycerols have been reported to
make microorganisms more susceptible to heat by lowering their heat resistance
capacity (Fischer 2020).

4.2.3 Microbial-Based Preservatives

Microbial-based antimicrobial preservatives involve the biopreservation of foods
using microorganisms and their metabolites to enhance food safety and extend the
shelf life. This method can be used in place of chemical treatments (Gálvez et al.
2007). The lactic acid bacteria (LAB) are the most commonly used microbe.
Numerous LAB species are used as starter cultures for the fermentation of cheese
and yogurt. The LAB is known to synthesize a variety of antibacterial compounds,
including organic acids, ethanol, and bacteriocins. These compounds can inhibit or
eliminate food spoilage microbes, and as a result, they are frequently used to
preserve vegetables and meat products (Pisoschi et al. 2018). Both Gram-positive
and Gram-negative bacteria produce bacteriocins. Bacteriocins are ribosomally
produced proteins or peptides that, when released by the bacteria that produce
them, can attach to the appropriate receptor on the surface of susceptible bacteria
(often a similar or closely related bacterial strain) and kill or inhibit the bacteria
(Yang et al. 2014). Bacteriocins are frequently employed in the biopreservation of
food products because they do not alter the nutritional qualities of foods, are
nontoxic, are potent at few concentrations, and always active during storage, making
them an ideal biopreservation agent (Mahmud and Khan 2018; Milićević et al.
2021). Lactobacillus, Carnobacterium, Lactococcus, Pediococcus, Streptococcus,
Leuconostoc, and Propionibacterium are major bacteria that commonly produce
bacteriocin. Bacteriocins are classified into three: primary structure, biological
activities post-translational modification, molecular weight, and biosynthetic
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mechanisms. Class I consists of antibiotics; class II consists of unmodified peptides;
and class III consists of bigger heat-labile proteins (Du et al. 2022). Nisin, pediocin,
enterocin, natamycin, and reuterin are the major bacteriocins used in food
industries.

4.2.3.1 Nisin

Nisin is a type of bacteriocin that some Lactococcus species produce. It is usually
considered safe and has been approved for use in the food sector (Silva et al. 2018;
Surati 2020). Nisin has been shown to be antibacterial against Gram-positive
bacteria such as S. aureus and Listeria monocytogenes and inhibit the offshoot of
spores from various Clostridium and Bacillus species. It is, however, ineffective
against Gram-negative bacteria, molds, and yeasts. Nisin acts through insertion and
pore creation in the cytoplasmic membrane, resulting in the release of monovalent
cations, amino acids, and ATP (Gyawali and Ibrahim 2014). Gram-negative bacteria
are resistant to nisin’s activity since their external layer restricts the passage of
molecules larger than 700 Da; hence, nisin (3353 Da) cannot permeate the Gram-
negative bacteria membrane. Additionally, nisin has been claimed to possess anti-
biofilm capabilities (Siedler et al. 2019).

4.2.3.2 Pediocin

Pediocin is a cationic molecule with a low molecular weight. It contains 36–48
amino acid residues and comprises a hydrophilic N-terminal segment and a hydro-
phobic variable segment. It is predominantly produced by the Pediococcus
pentosaceus and Pediococcus acidilactici (Porto et al. 2017). Pediocin inhibits the
growth of various sensitive bacterial cells by acting on the cytoplasmic membrane
during the development of spores. Pediocin inhibits the absorption of amino acids in
the phospholipids of sensitive cells’ cytoplasmic membranes. Additionally, it can
produce pores in the cytoplasm membrane of the target cell (Kaur et al. 2013).

4.2.3.3 Enterocin

Enterococcus species produce enterococcal bacteriocins, which are frequently
referred to as enterocins. They have received considerable research attention because
of their activity against Gram-positive foodborne pathogens such as Staphylococcus
aureus, Bacillus cereus, and Listeria monocytogenes (Khan et al. 2017). However,
certain recently reported exceptions with broad activity spectra demonstrated the
capacity to prevent the growth of Gram-negative microbes (De Kwaadsteniet et al.
2005; Line et al. 2008). Their spectra and modes of action differ, as do their
molecular weights, molecular structures, thermal stabilities, genetic material, and
pH range (Hwanhlem et al. 2017). Numerous enterocins have been shown to bind
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with specific bacterial cell receptors, including lipid II and other similar cell wall
precursors, resulting in membrane permeabilization and target cell leakage. Addi-
tionally, enterocin NKR-5-3B has high affinity for negatively charged membranes,
indicating that it can interact with negatively charged bacterial membranes of target
cells and eventually kill them (Perez et al. 2021). Enterocin P is a cationic and
amphipathic peptide that has been shown to associate with negatively charged
bacterial membranes of target cells, leading to cell death (Herranz et al. 2001).
The bulk of class III enterocins is significant, heat-labile proteins that can degrade
sensitive cells by catalysis of cell wall breakdown. Enterolysin A can hydrolyze
peptide bonds in target cells’ peptidoglycan (Nilsen et al. 2003). Additionally,
enterocins can kill bacteria by meddling with mRNA synthesis, transcription, and
DNA replication (Cui et al. 2021).

4.2.3.4 Natamycin

Natamycin is a polyene macrolide antifungal produced by Streptomyces species. It is
effective against practically all yeasts and molds but has minimal impact on bacteria,
protozoa, and viruses (Pisoschi et al. 2018). Natamycin suppresses fungal develop-
ment by irreversibly attaching to ergosterol, a key component of the fungal cell
membrane. This affects the cell membrane’s permeability, resulting in rapid leakage
of critical ions and tiny peptides, resulting in cell lysis. Natamycin’s numerous
preservation benefits elucidate its attractive broad-spectrum antifungal
biopreservative for foods and beverages. It is a nontoxic molecule that is effective
at low doses and is active at even lower quantities. Natamycin is not resisted by fungi
and is active over a broad pH range. Natamycin has no antagonistic effect on food
quality, and due to its poor solubility, it does not migrate from the surface into the
food, thereby preserving its organoleptic features. Additionally, natamycin can
suppress rotting fungi without inhibiting the fermentation bacteria. It is chemically
stable and has a long-lasting effect. Additionally, it is simple to apply and has a
demonstrated track record of safety. Natamycin has been used as a biopreservative in
food manufacturing for decades to suppress fungus growth in dairy products and
other foods due to these properties.

4.2.3.5 Reuterin

The bacteriocin reuterin (b-hydroxypropionaldehyde) is produced by L. reuteri. It is
water soluble and resistant to lipolytic and proteolytic enzymes. In anaerobic
conditions, L. reuteri may convert glycerol to reuterin. Reuterin is an antibacterial
agent with a broad spectrum of activity against foodborne spoilage microorganisms
(Siedler et al. 2019). It has a significant function as a food biopreservative due to its
water solubility, resistance to lipolytic and proteolytic enzyme destruction, and resist
a wide range of temperature and pH conditions. Reuterin is effective against various
common foodborne spoilage and pathogenic organisms, including Enterococcus
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faecalis, Pseudomonas aeruginosa, Salmonella typhi, E. coli, S. aureus, and
L. monocytogenes (Arqués et al. 2011). However, the precise action mechanism of
reuterin is unknown.

4.2.3.6 Organic Acids

Organic acids are present in all living organisms, with citric acid from citrus fruits
and malic acid from apples being the most common. Acid levels in some immature
fruits can be as high as 1%. These acids could play an essential function in protecting
the fruit against pests and bacteria (Fan et al. 2018). Industrial production of organic
acids from vegetables and fruits is prohibitively expensive, rendering them uneco-
nomical. As a result, most organic acids are chemically manufactured or generated
by fermentation. The oxidation of hydrocarbons and methanol carbonylation dom-
inate industrial acetic acid production methods. Microorganisms produce nearly all
citric acid, primarily through submerged fermentation of starch sucrose-based
medium with Aspergillus niger (Yang et al. 2017). Microbial fermentation can
also produce various organic acids, including lactic acids. Lactic acid bacteria,
including Leuconostoc, Pediococcus, and Lactobacilli, are well studied to synthesize
organic acids (Shi and Maktabdar 2022).

4.3 Recent Advances in Antimicrobial Preservatives:
Bio-based Organic Acids Production

While physical, enzymatic, or microbiological extraction of bio-based antimicrobial
preservatives may be appropriate, using genetically modified microorganisms
(GMOs) as an antecedent for natural compounds is contentious. Although genetic
modification techniques hardly alter natural compounds, most consumers believe
that “natural” indicates “no GMOs.” Citric acid, for example, is widely synthesized
by A. niger. The fungus has been modified to boost citric acid production through
genetic engineering. Because the antimicrobials produced by genetic engineering are
not physically altered, it may be plausible to claim that they are natural (Fan et al.
2018).

However, chemicals are genetically modified from their native forms to improve
their efficacy and durability in other cases. Some genes, for example, have been
genetically engineered, and the consequent structures of molecules differ to some
extent from their native forms. Also, plants are genetically engineered to create
bacteriocins (through recombinant DNA). As a result, these chemicals produced
through genetic engineering are bio-based antimicrobials (Rathod et al. 2021).
Moreover, current advancement in metabolic engineering to produce industrially
essential organic acids, such as lactic acid, succinic, and citric acid, emphasizes the
utilization of high-performance microorganisms.
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4.3.1 Lactic Acid

Lactic acid is biologically synthesized using lactic acid bacteria, but it is not
economically convenient for industrial fermentations due to the need for moderate
pH settings and nutritionally rich media (Okoye et al. 2022). Other natural pro-
ducers, including Saccharomyces cerevisiae, have been investigated for lactic acid
production due to their robustness, such as low pH tolerance and fewer dietary
requirements. S. cerevisiae was able to grow by introducing the lactate dehydroge-
nase gene from Pelodiscus sinensis and modifying its expression. Rewiring cellular
metabolic fluxes to produce lactic acid increased lactic acid production to 35 g/L by
eliminating antagonistic pathways causing glycerol and ethanol synthesis. Further-
more, controlling internal redox availability by erasing external NADH dehydroge-
nase genes has proven significant for increased lactic acid synthesis, with the
potential of synthesizing 117 g/L of lactic acid and constant pH of 3.5 (Chen and
Nielsen 2016).

4.3.2 Succinic Acid

Succinic acid is primarily derived from petrochemicals and is mostly utilized as a
chemical intermediary to synthesize refined chemicals, including perfume esters or
food-grade neutralizing agents. Currently, microbial fermentation is being used on a
much bigger scale, and several applications have begun the industrial production of
succinic acid. The common bacterium E. coli has been modified metabolically to
produce succinic acid. The removal of by-product generation and the TCA cycle’s
reductive route reinforcement resulted in a reasonably increased yield of succinic
acid (Jansen and van Gulik 2014).

4.3.3 Citric Acid

Citric acid is an excellent bio-produced industrially organic acid type, steadily
increasing application. Citric acid is primarily employed in the food and beverage
sector, but it is also utilized in pharmaceuticals and various technical and industrial
applications. A. niger is used in contemporary industrial production by overflown
fermentation medium (Angumeenal and Venkappayya 2013). The utilization of
yeast Yarrowia lipolytica has been reported to produce citric acid from various
carbon sources, such as inulin, by exhibiting an exo-inulinase on its surface. Also,
down-regulation of ATP-citrate lyase and up-regulation of isocitrate lyase resulted in
increased citric acid synthesis (Liu et al. 2010), suggesting the potential of metabolic
engineering in improving fermentation and yield of citric acid in Y. lipolytica
(Soccol et al. 2006).
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4.4 Conclusion

Consumer safety is one of the most serious considerations about traditional chemical
preservatives in the food industry. Natural/bio-based compounds from microorgan-
isms, animals, and plants have been investigated. The antimicrobial capabilities of
these compounds have primarily been recommended for their safety as food pre-
servatives. However, the challenge for researchers and industry is to realize their full
potential by offering new techniques that will enable the large-scale industrial
applications of these bio-based preservatives. Therefore, recent advances in antimi-
crobial preservatives have been uncovered for producing large quantities of organic
acids from engineered microbes.
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Chapter 5
Prebiotic and Synbiotic Foods

Uday S. Annapure and Harsh B. Jadhav

Abstract Human health primarily depends on the diet, as diet plays a fundamental
role in revamping the population of intestinal microbiota, which assists in
maintaining equanimity of various biological processes in the human body and
also prevents diseases. Hence consumers are in demand for food that beneficially
affects intestinal microbiota and improves human health. In this vein, prebiotic foods
portray the most important foods which are known to perpetuate the load of
beneficial microbiota and promote human health. Prebiotics are the fermentable
fiber that fastidiously nourishes healthy bacteria and conserves beneficial microbiota
habitat in the human gut. The beneficial effect of prebiotics can be enhanced and
maintained for a longer time if they are taken in combination with probiotics.
Probiotics are live microbes that improve flora in the gut and positively improve
human health. The synergistic effect of both prebiotic and probiotic is synbiotic in
which a population of live microbes (probiotics) is maintained/increased by using
nondigestible fermentable fiber (prebiotics) and is an asset for human health. This
chapter brings forth the inexorable background and important details on the sources,
characteristics, potential health benefits, and future trends of prebiotic and synbiotic
foods across the globe.
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5.1 Introduction to Prebiotic (PB)

The gastrointestinal tract (GT) in the human body is considered a host for numerous
microbes which are usually referred to as microbiota/microflora. With an increase in
demand from consumers for healthy food, these microflorae are highly exploited
under functional foods. The two main components which are considered to propi-
tiously modify GT microflora are prebiotics and probiotics. “A substrate which is
selectively utilized by a host microorganism conferring health benefits is referred to
as prebiotic” (Hawrelak 2020). Prebiotics are generally promulgated to positively
modify the GT microflora and are predicted to promote microflora of the epidermis,
mouth, etc. As per the definition of prebiotics host microorganism refers to all the
health-beneficial microbiota present in the entire GT which are benefited by the
prebiotics (Scott et al. 2020). Prebiotics are nonviable components of food that are
resistant to the process of digestion and absorption in the stomach rather they are
easily fermentable by the health-friendly microflora present in the intestinal tract.
The most prevailing prebiotics include lactulose, fructooligosaccharide (FOS),
xylooligosaccharides (XOS), isomaltooligosaccharide (IMO), oligofructose (OF),
galactooligosaccharides (GOS), rafinooligosaccharides (ROS), starch and nonstarch
polysaccharides (Rosa et al. 2021). Generally the carbohydrate-based prebiotics
have been dominating the prebiotic market but recently it is seen that components
like carotenoids, polyphenols, herbs, polyunsaturated fatty acids, etc are also playing
a key role. There are numerous polyphenols found in plant sources that reach the
colon unaffected and are utilized by microorganisms efficiently thus showing a
prebiotic effect (Singh et al. 2020). However, if a certain food constituent reaches
the colon undigested but is not selectively utilized by the beneficial microflora but is
consumed by a pathogenic microorganism then such food ingredients are not
classified as prebiotics. On entry of prebiotics in the colon, they are favorably
acted upon by the microflora having the ability to metabolize them; this positively
favors the growth and activity of health-friendly microflora. Some of the food
constituents reach the colon undigested but are not selectively acted upon by the
microorganisms; such foods are known as colonic foods. Consumption of prebiotics
is related to numerous positive physiological effects which include prevention of
colon cancer, strengthening of the immune system, boosting bone health with
improved absorption of minerals, preventing inflammation, increasing satiety and
reducing the risk of obesity, decreasing total cholesterol, ameliorating lipid profile of
blood and also maintaining heart health, antidiabetic (Pena 2007; Pokusaeva et al.
2011; Shafi et al. 2019; Zepeda-Hernández et al. 2021), and most importantly
prebiotics help in improving and maintaining beneficial microflora of gut (Duque
et al. 2021; Wang et al. 2012). Recently published literature has revealed that
prebiotics are helpful in maintaining the respiratory tract by combating inhaled
pollutants (Keulers et al. 2022) and are also beneficial in curing and preventing
novel coronavirus infection (Bhagwat et al. 2020; Xavier-Santos et al. 2022a, b).
Apart from this, prebiotics also find important application in positively affecting
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microflora of the urogenital tract in the female, epidermis, and oral cavity
(Al-Ghazzewi and Tester 2014).

Over the last few decades prebiotics have attracted the attention of many con-
sumers owing to their health-friendly characteristics. They are used as a functional
ingredient in various food formulations and have occupied the processed food market
in the form of beverages, cookies, biscuits, bread, fruit juices health bars, smoothies,
extruded products, chocolates, yogurt, buttermilk, dahi, ice cream, soymilk, frozen
desserts, jellies, infant foods, etc. (Ashwini et al. 2019; Bultosa and Dawa 2019;
Mollakhalili-Meybodi et al. 2021). The addition of prebiotics in food not only
improves the nutritional characteristics of food but also positively enhances the
physicochemical, textural, and sensory attributes of processed food making it more
consumer appealing. In a recent study by Coelho et al. (2019) lactulose was used in
the formulation of fermented sausages. The authors reported that the prebiotic
ingredient has proved to have a beneficial effect on textural, microbiological, and
sensory attributes of sausages. Similarly, da Silva and Conti-Silva (2018) also
reported in their study the beneficial effect of using FOS and inulin in the formulation
of chocolate cookies. The authors reported that the prebiotic components positively
affected the population of beneficial microbiota but also showed enhanced sensory
attributes, more soluble, insoluble fibers, and higher fruit content. The health benefits
and excellent characteristics imparted to food products by prebiotic ingredients have
resulted in the huge market growth of prebiotics. The global market for prebiotic
ingredients alone has jumped from 3.4 billion US dollars in 2018 to 6.3 billion US
dollars in 2022 and is expected to cross the level of 8.34 billion US dollars by the end
of 2026 (Cezar et al. 2017; Rosa et al. 2021).

5.2 Journey of Prebiotics

In India, the use of prebiotics in diet dates back to the ancient period around 4000
BC. The main diet of ancient India was based on cereals, pulses, and millets which
contained dietary fibers that helped in easy digestion and positively benefited serum
cholesterol levels. Legumes were also among the most consumed food crop in
ancient India, and they contain a higher proportion of resistant starches which
were beneficial as a prebiotic. Other than this Indian diet in ancient times also
included milk and milk products, meat, honey, root crops (like garlic), fruits, and
vegetables which were a storehouse of many prebiotics. In India, prebiotics were
consumed in adequate quantity through daily diet (Samanta et al. 2011). Now, the
concept of prebiotics has gained momentum and it is used as a functional ingredient
in food across the globe. In the early 1950s Scientist Gyorgy found that N-acetyl-
glucosamine promotes Bifidobacterium growth; soon after this in 1957 lactulose was
also found to be beneficial for Bifidobacterium (Tymczyszyn et al. 2014), and this
gave a new horizon to prebiotics. The first technical definition of prebiotics came in
1995 (Gibson and Roberfroid 1995), and from then the interest of food scientists has
shifted towards prebiotics and many sources of prebiotics are being explored across
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the globe. Prebiotics have emerged as a novel pathway for modulating microflora of
the gut. These components are selectively metabolized in the gut by the microflora
already present in the human gut. Foods like garlic, oat, chicory, wheat, onion,
barley, asparagus, and soybean are natural sources of prebiotics but their intake in
Western diets is not adequate; however, they are consumed in good amounts in
Indian diets. In Western countries, an efficient pathway to increase the intake of
prebiotics is through fortification of this prebiotics in foods like yogurt, bread, ice
creams, frozen dessert, biscuits/cookies, etc., which are frequently consumed
(Walton et al. 2013). The journey of prebiotics started long back with the subjuga-
tion of gastrointestinal events and presently prebiotics can be found on plates of
every individual irrespective of their age, country, and sex, as evident from research
that they are capable of modulating mixed microflora ecosystem bestowing numer-
ous health benefits to humans.

5.3 Sources of Prebiotics

5.3.1 Cereals

Cereal grains are among the most consumed and economical food sources across the
world. They are also an excellent source of prebiotic ingredients responsible for
maintaining a balance of beneficial microbiota in GT. Cereals like wheat, barley,
rice, sorghum, oats, millets, etc. are known to be the source of numerous prebiotic
candidates showing prebiotic characteristics and the majority of them are carbohy-
drates mostly oligosaccharides and polysaccharides. The nonstarch polysaccharides
which are obtained from cereal grain contain active ingredients like cellulose poly-
saccharides, arabinoxylan, fructans, inulin, α-glucan, β-glucan, etc. and their content
varies in different cereals. Cellulose is found in the cell wall of cereals, which upon
hydrolysis produces oligosaccharides that show prebiotic characteristics (Kumar
et al. 2012). Apart from cellulose cereals also contain noncellulose polysaccharide
like α-glucan, β-glucan, and arabinoxylans in a good proportion which also exhibits
prebiotic characteristics. β-glucan is present in high proportion in barley (3–6%) and
oats (3–5%) which are found to be beneficial to human health as they are linked with
the lowering of serum cholesterol levels and are also beneficial in the reduction of
postprandial response related to blood glucose (Sima et al. 2018; Staneva et al.
2014). Arena et al. (2016) reported that the synergistic effect of β-glucan from oats
and barley and probiotic bacteria shows a promising effect as an anti-inflammatory,
immunostimulatory response and inhibits atherosclerosis. Research on β-glucan
proved its beneficial effect on cancer and the health of the respiratory tract (Lam
and Cheung 2013). Wheat also contains arabinoxylan, β-glucan, cellulose, and
lignin which play a key role as dietary fiber (Gebruers et al. 2010). Among these,
approximately 50 wt% of dietary fiber fraction is contributed by arabinoxylan; they
are present in a higher proportion in aleurone and the bran segment. Their prebiotic
potential is well documented in the literature and is governed by their molecular size.
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A recent study by Paesani et al. (2020) showed that the arabinoxylan extracted from
hard wheat species showed excellent prebiotic potential than the arabinoxylan
extracted from soft wheat variety; however, both arabinoxylans from hard and soft
wheat variety showed prebiotic potential, proving to be a good prebiotic candidate.
Cereal grains like wheat, triticale, barley, rye, and spelt contain arabinogalactan
peptides which are glycoproteins; approximately 90% of wheat flour molecular mass
is covered by oligosaccharides of arabinogalactans (Fincher and Stone 1974). A
recent study by Harris et al. (2020) reported the prebiotic potential of
arabinogalactan peptides. The authors used fecal samples for in vitro fermentation
by a genus of Bifidobacterium producing acetate and reported that the
arabinogalactan peptides have the potential to be prebiotic; however, the synergistic
activity of arabinogalactan peptides and arabinoxylan showed much better results as
compared with the single prebiotic component.

Fructans are also among the prebiotics which is found in abundant amount in
cereal grains. The fructans content of cereals is variable: rye contains about 5.6%,
wheat contains about 0.7–2.4%, barley contains about 0.9–2.3%, and oat contains
less than 1% fructans (Abdi and Joye 2021; Verspreet et al. 2015). There are three
major types of fructans, viz. inulin, graminans, and phlein (Tungland 2018). Among
these inulin-type fructans are widely studied and exploited as a prebiotic; there are
clinical studies also available in the literature supporting the prebiotic potential of
inulin-type fructans (Pasqualetti et al. 2014; Peshev and Van den Ende 2014;
Roberfroid et al. 2019; Verspreet et al. 2015). Inulin is also a potential substrate
for enzymatic synthesis of fructooligosaccharide (FOS) which also has excellent
bifidogenic characteristics and shows smashing prebiotic properties. FOS is also
found in cereals; durum wheat contains the highest percentage of FOS. Immature
wheat contains the highest FOS as compared with the mature one; the content of
FOS decreases as the grain matures and the highest content is seen in the milky phase
(Casiraghi et al. 2011; Demirci et al. 2019).

Cereals contain starch which is metabolized and absorbed in the upper gastroin-
testinal tract, but a small fragment of starch makes its way to the lower gastrointes-
tinal tract and it is referred to as “Resistant Starch” (RS) (Bojarczuk et al. 2022). The
RS can be easily fermented by the bacteria present in a colon and serve as a potential
prebiotic growth substrate for the beneficial microbiota present in the gut. RS has
numerous health benefits like reducing chances of obesity, enhancing the metabo-
lism of lipids, antidiabetic, maintaining gut microbiota, etc. (Bojarczuk et al. 2022;
Wen et al. 2022). Cereals as the principal component in the diet contain an ample
amount of prebiotic candidates which probably are the excellent substrate for the
growth of beneficial microbiota in the human gut. Cereals can also be used as a
carrier of probiotics in the gut through diet to enhance the beneficial effect of
prebiotics (Singu et al. 2020b). These cereals are also used in the production of
various processed foods like bread, cookies, biscuits, cakes, etc., and efforts should
be made that these prebiotic ingredients are not destroyed or damaged during
adverse processing conditions and storage of processed food.
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5.3.2 Pulses

Dry grains obtained from leguminous crops are known as pulses; they are the
principal food crops of developing economies such as India, Africa, and China.
The crucial carbohydrates which account for almost 50% of total carbohydrates
present in pulses are starches. Some starches exist as resistant starches which reach
the large intestine and are utilized by the beneficial microbiota and impose health
benefits on humans. Many research reported in the literature has shown beneficial
effects on the consumption of pulses such as antidiabetic, low risk of cardiovascular
diseases, antiobesity, and lowering of serum cholesterol (Ha et al. 2014; Padhi and
Ramdath 2017; Sievenpiper et al. 2009). Among pulses, lupin seeds contain the
highest proportion of α-galactosides as an oligosaccharide with prebiotic potential
(Gullón et al. 2015). Oligosaccharides like galactosides, raffinose, stachyose, and
ciceritol are present in chickpea; it is reported that these oligosaccharides are utilized
by bifidobacteria as a fermentable source of carbon in vitro, which promotes the
growth of bifido species along with other beneficial microbiota. Fernando et al.
(2010) studied the prebiotic effect of chickpea on the population of beneficial
microbiota in human adults in the age group of 18–65 years. Subjects were given
a diet containing chickpeas for 3 weeks, and the bacterial population in the fecal
samples of these subjects was examined. The authors reported that the chickpea diet
positively altered the population of microflora in GIT with enhancement in the
species of bifidobacteria and a decrease in the species of pathogenic bacteria like
Clostridium. Chickpea containing oligosaccharides, and resistant starches have the
potential to harmonize the microflora of the gut and act as a probable source of
prebiotic candidates which can be extracted and added to processed food for health-
friendly results. Similar to chickpea, pinto beans are also a rich source of prebiotic
components (Finley et al. 2007). Sheflin et al. (2017) also proved the potential of the
navy bean to improve the microflora of the human gut. Subjects were given 35 g of
cooked pea beans powder every day for 28 days. The authors reported that the
subjects fed with pea beans showed improved diversity of microflora in the gut as
compared with the control. The improvement in the gut microflora population also
reduced the risk of colorectal cancer in humans (Baxter et al. 2019). Consumption of
pulses results in low insulin response due to lower glycemic index of pulses and does
not increase blood glucose level; it is also a beneficial food to improve the lipid
profile and lowers systolic blood pressure. These beneficial effects are because of the
presence of prebiotic components like oligosaccharides, resistant starches, and other
components like phytosterols, insoluble fibers, folic acid, and saponins in pulses.
These components no doubt show their beneficial effect on younger individuals, but
they are equally active when consumed by older individuals bestowing health
benefits to the older population (Abeysekara et al. 2012). Recently published studies
on animals have shown the positive effect of pulses consumption on the population
of colonic microflora (Graf et al. 2019; Lutsiv et al. 2021). Resistant starches are
naturally present in pulses and are known to be an excellent prebiotic; the resistant
starch content in pulses can be altered by cooking operations. A comparison between
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cereals, pulses, and tubers showed that cooking operation significantly improves the
resistant starch in pulses in comparison with cereals and tubers (Brummer et al.
2015; Yadav et al. 2010). After the process of cooking the starch present in pulses
undergoes the process of retrogradation which increases the amount of resistant
starches in pulses. There are recent studies available in the literature showing a
positive effect of resistant starches on the gut microflora in in vitro studies. Eslinger
et al. (2014) studied the effect of resistant starch in yellow pea on the gut microflora
in rats. The authors reported that the yellow pea fed diet resulted in an increase in the
population of Bifidobacteria and the weight gain in rats fed with yellow pea was less
as compared with control. Similarly, Xu et al. (2020) reported the effect of RS3 from
cooked lentil starch (A) and RS2 from uncooked lentil starch (B) on the microflora of
male mice in a 6 weeks study. The authors reported that “A” resistant starches
showed excellent benefits like enhanced antioxidant activity, decreasing blood
glucose level, maintaining serum lipid, and most importantly improved the popula-
tion of beneficial microflora in the gut. Pulses form the most economical source of
prebiotics and dietary fibers in the diets of the population in developing nations.
However, developed nations like the United States are still far from achieving a
dietary fiber daily intake of 14 g/1000 kcal (Thompson and Brick 2016) which is
known to have a beneficial effect on the human gut microflora population (McGinley
et al. 2020). An alternative to this could be the consumption of a diet rich in pulses as
pulses on an average contain 14–30 g of dietary fibers per 100 g, which is higher in
beans (23–32 g) and lower in lentils (18–20 g) (Kadyan et al. 2022).

5.3.3 Fruits and Vegetables

Fruits and vegetables (FAV) contain many functional components that are beneficial
in reducing the risk of chronic diseases in humans (Drewnowski et al. 2008). Regular
intake of fruits and vegetables offers the benefit of prebiotics along with other
components like minerals and vitamins. FAV contains nondigestive
oligosaccharides like fructooligosaccharide, raffinose family oligosaccharide,
stachyose, raffinose, nystose, sugar polyols, etc. One of the research conducted by
Jovanovic-Malinovska et al. (2014) on 41 vegetables and 32 fruits showed the
presence of numerous bioactive components in FAV having prebiotic potential.
The authors reported the presence of individual fractions of oligosaccharides in
FAV; the content of fructooligosaccharide (FOS) like 1-kestose was highest in
raspberry, watermelon, and cherry at 0.32 � 0.009, 0.29 � 0.009, and
0.22 � 0.011 g/100 g, respectively. Higher content of nystose was found in pears
(0.32 � 0.012 g), sour cherry (0.22 � 0.009 g), fig (0.19 � 0.015 g), and melon
(0.19 � 0.015 g). 1F-β-fructofuranosylnystose was present in lower concentrations
in some fruits like watermelon, raspberry, pear, nectarine, and apple. Raffinose and
stachyose were detected in apricot and melons in lower concentrations, i.e., in the
range of 0.01–0.05 g per 100 g. Similarly, prebiotic components were also found in
vegetables, and their concentration was higher in vegetables as compared with fruits.
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Leek, garlic, mushroom, dandelion, and fennel contained higher amount of
1-kestose, and nystose was found in higher amounts in cabbage (0.82 � 0.010 g),
artichoke (0.73 � 0.015 g), broccoli (0.72 � 0.012 g), and garlic (0.52 � 0.026 g).
1F-β-fructofuranosylnystose was found only in garlic, dandelion, chicory, and
fennel. Onion, scallion, artichoke, broccoli, cabbage, garlic, kale, and dandelion
were among the vegetables containing the highest percentage of
fructooligosaccharide and rafinooligosaccharides. Similar results were also reported
by Jovanovic-Malinovska et al. (2015) showing a higher concentration of
fructooligosaccharide and rafinooligosaccharides present in garlic, scallion, onion,
Jerusalem artichoke, spring garlic, blueberry, raspberry, watermelon, and nectarine
extracted using ultrasound-assisted process. The concentration of the prebiotic
components varies with different fruits and vegetables but almost all FAV contains
one or the other prebiotic component. The waste by-products generated after the
consumption of fruits include peels, seeds, and sometimes damaged fruits also
contain functional components having prebiotic potential. Fruit peels are known to
contain various valuable components like dietary fibers (DF), polyphenols, antiox-
idants, aroma compounds, etc. (Helkar et al. 2016). Some of them show positive
effects on the population of gut microflora and can be considered prebiotics. For
instance, dietary fibers are positively utilized by the Lactobacillus species and
Bifidobacterium species for their growth and survival. Fruit and vegetable waste
contains almost 60–90% of dietary fibers that are associated with numerous health
benefits to humans (Garcia-amezquita et al. 2018). Apple pomace contains approx-
imately 4.5–47.4 g/100 g DF which is higher than what is present in the apple
(Skinner et al. 2018). Similarly waste from other fruits like dragon fruit, banana,
citrus fruit, mango, pineapple, berries, etc. also contains prebiotic components (Pop
and Suharoschi 2021). There is a huge amount of waste generated from vegetables
that also contain soluble fibers, insoluble fibers, resistance starch, DF, FOS, GOS,
ROS, etc. having prebiotic potential. The amount of prebiotics from fruits and
vegetable waste varies and it largely depends on the method of extraction adopted.
A recent study by Zahid et al. (2021) showed the prebiotic potential of waste from
mango, banana, and apple fruit. The authors reported that the apple peel powder
increased the population of Bifidobacterium animalis subsp. Lactis by 1.84 log CFU/
mL. A similar effect was observed for banana and mango peel powder on the growth
of Lactobacillus, rhamnosus L. casei, and Bifidobacterium lactis. The population of
these beneficial bacteria showed rapid growth with only 2% of the peel powder of
each apple, banana, and mango. The prebiotic components can be extracted from
these FAV waste and can be converted into powder for easy handling and better
utilization, which can be further used as a functional ingredient in the formulation of
various processed foods such as biscuits, cookies, cakes, chocolates, ice creams, soft
drinks, and fruit-based beverages (Table 5.1).
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Table 5.1 Development of processed food using fruits and vegetable waste

Fruit/
vegetable

By-
product

Processed
food

Mango Peels Chips Dietary fiber 15% Clarisa Zepeda-Ruiz
et al. (2020)

Carrot Pomace Biscuits Dietary fiber, pectin,
hemicellulose

10% Phebean et al. (2017)

Mango Peels Drink Prebiotic
oligosaccharide

5% Anwaar et al. (2020)

Pomegranate Seeds Bread Dietary fibers, lignin 5% Gül and Şen (2017)

Grapes Pomace Chocolate Prebiotic component 5% Gizem et al. (2020)

Pineapple Pomace Sausages Dietary fibers, prebi-
otic components

Less
than
5%

Montalvo-González
et al. (2018)

Apple/carrot Pomace Ice creams Dietary fibers, lignin,
hemicellulose

1–3% Inés et al. (2020),
Wang et al. (2020)

Olive Pomace Powdered
food

Dietary fiber,
hemicellulose

1% Ribeiro (2020)

Pomegranate Seeds Noodles Dietary fibers 10% Koca et al. (2017)

Potato Peels Cakes Dietary fibers 5% Ben et al. (2017)

Carrot Pomace Donuts Dietary fibers, lignin,
cellulose

6–7% Nouri et al. (2017)

5.3.4 Dairy Products

Humans are using milk as a food since ancient days, and it has served as an excellent
source of nutrients for individuals of all age groups. Milk and milk products are
among the largely consumed food products by the consumer of all age groups.
Consumption of dairy products containing prebiotics is closely related to various
health benefits such as boosting immunity, modulating microflora in the gut, anti-
diabetic, and maintaining serum blood cholesterol, which are majorly studied (Rosa
et al. 2021). Prebiotic components like FOS, ROS, GOS, inulin, and galactans are
used during the preparation of dairy products and dairy-based infant formulas to
overcome metabolic disorders, enhance the absorption of minerals, and also to
improve the microflora population in the gut (De Morais 2016). The supplementa-
tion of dairy products with prebiotics has gained momentum due to health concern in
consumers to strengthen their immune system to survive the COVID-19 pandemic.
Their addition to dairy products also improves physical, chemical, textural, and
sensory characteristics. In dairy products like ice creams, prebiotics is used as a
replacement for the fat without any compromise in taste. Balthazar et al. (2017)
studied the effect of the replacement of fat by prebiotic components in the prepara-
tion of sheep milk ice cream. The authors reported use of prebiotic components
instead of fat resulted in the formation of ice cream with white color, excellent
overrun, and ice crystals with a smaller size which is ideally desired by the con-
sumers. The physicochemical properties of prebiotic ice cream were similar to those
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of full fat ice creams. Yogurt is among the highly consumed dairy product across the
world and the supplementation of yogurt with prebiotics increases the population of
beneficial bacteria. Dairy products are not a good source of fibers; thus, the addition
of prebiotics help in maintaining the population of beneficial bacteria. A study by
Özer et al. (2005) showed the effect of inulin and lactulose on the growth of
L. acidophilus and B. bifidum in yogurt and its comparison with the yogurt without
prebiotic components. The authors reported that the yogurt containing prebiotic
components showed growth of B. bifidum bacteria and L. acidophilus, which was
not observed in yogurt without prebiotic components. The prebiotic components are
also found to increase the consistency of yogurts, improve texture, firmness, and
hardness, increase creaminess, and obstruct the process of post acidification in
yogurts (Balthazar et al. 2016; Costa et al. 2015). Like yogurts and ice creams,
these prebiotic components are also being added to other dairy products like cheese
(Speranza et al. 2018), kefir (Delgado-Fernández et al. 2019), dairy-based beverages
(Souza et al. 2019), and milk chocolate (Valencia et al. 2016). It is also observed that
the addition of these prebiotic components in dairy products may sometime have a
negative impact on the physicochemical characteristics of dairy products (Delgado-
Fernández et al. 2020). The supplementation of dairy products with prebiotics
contributes to the enhancement of physicochemical, textural, sensory, and microbi-
ological characteristics of dairy products when added in the optimum quantity.
Addition below the optimum quantity may not result in the growth and development
of probiotic bacteria, and addition above the optimum quality results in decreased
textural and sensory attributes of dairy products. The quantum of research focusing
on the incorporation of the prebiotic component in the dairy product has increased in
the last few years because dairy products are an applaudable matrix for the addition
of health-friendly components like prebiotics.

5.3.5 Meat Products

Meat and meat products have played a key role in the human diet for ages. It is a
nutrient-dense food that serves as a source of fat-soluble vitamins, essential fatty
acids, essential amino acids, high-quality proteins, minerals, etc. (Yousefi et al.
2018). Despite meat and meat products being the storehouse of nutrients, there are
many studies reported in the literature showing a close association between the
consumption of meat with various health-related issues (Domingo and Nadal 2017;
Lippi et al. 2016). Given this, consumers are in demand for healthy nutrition-rich
meat products (El Zeny et al. 2019; Illippangama et al. 2022). The demand from
consumers forced food scientists to develop a healthier form of meat product by
incorporating health-promoting ingredients that will reduce the possible baleful
effects of consumption of meat products on human health (Ursachi et al. 2020).
The incorporation of prebiotic ingredients into meat products has gained acceleration
due to its health-friendly characteristics and positive effect on the qualities of meat
products without affecting sensory attributes. Most of the prebiotic ingredients like
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Table 5.2 Incorporation of prebiotic in meat and their effect of beneficial microflora

Meat
product

Concentration
(%)

Sausages Inulin – Increase in short-chain fatty acid and
bifidobacteria species in fecal and
plasma of rats fed with inulin
containing sausages

Thøgersen
et al.
(2019)

Sausages Inulin 16 An in vitro study showed that during
storage there was increase in the popu-
lation of lactic acid bacteria which
increased to 10.09 log CFU/g after
14 days of storage

Glisic et al.
(2019)

Salami Inulin 2 In vitro study showed increase in the
population of Lactobacillus species and
decrease in the population of
Escherichia spp. and Shigella spp.

Pérez-
Burillo
et al.
(2019)

Italian
type
salami

FOS 2 The in vitro study showed an increase in
the number of Lactobacillus spp. by
8 log CFU/g after 18 days of storage

Bis-Souza
et al.
(2020a)

Salchichon FOS 2 g/100 g Incorporation of FOS increased the
viability of Lactobacillus spp. and
decreased the population of
Enterobacteriaceae in Spanish
Salchichon

Bis-Souza
et al.
(2020b)

fructans, and inulin also act as dietary fiber which is beneficial in decreasing the risk
of cancers, obesity, and heart-related diseases (Hathwar et al. 2012). Apart from the
health-promoting effects of prebiotics, they also increase juiciness in meat products,
enhance cooking yield, and also have a beneficial effect on the textural properties of
meat (Talukder 2015). The major flaw associated with meat products is that it lacks
dietary fibers, so different approaches are being undertaken to develop healthier meat
products with the incorporation of prebiotics in it. Inulin, a well-known prebiotic
component, is well explored in the meat industry as a fat replacer. Inulin is an
oligosaccharide containing a long polyfructose chain that imparts a smooth mouth-
feel and increases juiciness and creaminess in meat products owing to their property
of forming a three-dimensional gel in a water-rich environment. Some of the studies
have shown the positive effect of prebiotics added to meat products on the popula-
tion of gut microflora (Table 5.2). Thogersen et al. (2019) studied the effect of inulin
on the gut microflora in rats fed with meat sausages containing inulin. The authors
reported that the rats fed with the sausages containing inulin showed a higher
concentration of short-chain fatty acids present in the plasma metabolome and the
fecal of rats. There was a significant increase in the population of Bifidobacteria
species in the fecal of rats fed with sausages containing inulin as compared with the
control group. Like inulin other prebiotic ingredients also showed a beneficial effect
on the growth of probiotic bacteria. Bis-Souza et al. (2020a) investigated the effect
of the addition of fructooligosaccharide in meat products on probiotic bacteria. The
authors reported a significant increase in the population of Lactobacillus spp. and a
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decrease in the population of yeast and Enterobacteriaceae because of the formation
of short-chain fatty acids which resulted in lowering the pH making it unsuitable for
the survival of pathogenic bacteria. The addition of prebiotics to meat and meat
products is an important source of prebiotics for humans taking a diet rich in meat
products. In addition to functional ingredients like oligosaccharides (prebiotics),
there are certain prebiotic peptides present in the meat. The hydrolysate of proteins
from meat muscles is found to be beneficial for the growth of Bifidobacteria and
lactic acid bacteria (Arihara and Ohata 2011). A skeletal muscle protein hydrolysate
from pigs showed an increase in the growth of Bifidobacteria. The tripeptide
extracted and purified showed the benefits of prebiotics and helped increase the
population of Bifidobacterium bifidum. The dipeptide and the free amino acid which
were part of this tripeptide did not affect the growth of Bifidobacterium bifidum
(Arihara and Ohata 2011). There are chances of formation of meat peptides from
meat protein during processes like the fermentation of meat, digestion of meat,
ripening of meat, and curing of meat but the sequence of amino acids in these
peptides plays an important role to be considered as a prebiotic. Meat and meat
products are being continuously researched for being carriers of prebiotics in the diet
of individuals across the globe. But, still there is huge scope for research in this area
as many of the prebiotic ingredients still need to be checked for their potential
benefits in meat products. The demand for such prebiotic meat products remains an
unanswered query because consumers consider meat and related products as bad for
their health because of higher saturated fat leading to health issues. With the increase
in the scientific evidence related to prebiotic meat products, a consumer should be
made aware of their health benefits; this will help in the expansion of the prebiotic
meat product market globally.

5.3.6 Miscellaneous Sources

Minor sources like plant milk, tree nuts, and microbial sources are now emerging as
a source of prebiotics. The plant milk/vegetable milk emerged as a replacement for
dairy milk for consumers intolerant to dairy products. It includes cashew milk, hemp
milk, pistachio milk, hazelnut milk, sunflower milk, walnut milk, corn milk, coconut
milk, oat milk, almond milk, peanut milk, soy milk, etc. These are obtained from
legumes, cereals, pulses, nuts, and seeds which in a raw state are a good source of
prebiotics as discussed in previous sections. The simple procedure of obtaining plant
milk is the treatment of raw materials like washing, cleaning, blanching, etc. The
treated raw material is subjected to the pressing operation to extract the milk from it,
which then undergoes purification or simple filtration to separate any foreign
material and then stored till consumed (Kehinde et al. 2020; Vallath et al. 2022).
The prebiotic components which were originally present in the raw material (namely
cereals, nuts, pulses, legumes) are extracted in the plant milk and this can be
consumed as it is or it can be added to other products to increase its palatability.
The plant-based milk as a source of prebiotics and its uses in food products is an
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emerging field with a lot of research needed to check the potential of prebiotics in
enhancing the growth of gut microflora. One recent study by Nissen et al. (2020)
focused on the prebiotic potential of hemp seed milk fermented with Lactobacillus
spp. The author reported that the growth of Lactobacillus plantarum and
Bifidobacterium bifidum was higher in the hemp seed drink as compared with the
control and also the prebiotic score as determined by the qPCR test showed a higher
score for the hemp seed drink, showing that the drink contained prebiotics which
were utilized by the beneficial bacteria for their survival and growth. The nuts which
are considered a rich source of health-beneficial functional components are also a
good source of prebiotics. Research shows that the skin and the outer covering of
these nuts also contain some functional components having prebiotic potential
(Surek and Buyukkileci 2017; Tunçil 2020). Almond shell contains
xylooligosaccharides which is a prebiotic component and has a positive effect on
the growth of beneficial microflora. Studies on almond skin showed that it positively
increased the number of Bifidobacteria and decreased the growth of pathogenic
bacteria. The DF present in the skin of almonds showed prebiotic potential and the
consumption of powder generated from drying almond skin showed an increase in
the Bifidobacteria and Lactobacillus species (Liu et al. 2014; Mandalari et al. 2010).
Like almonds, there are research pieces of evidence of the presence of prebiotic
ingredients in walnut (Ding and Li 2021; Holscher et al. 2018), cashew nuts
(Sisconeto Bisinotto et al. 2021), hazelnut (Surek and Buyukkileci 2017), pistachio
(Hesam et al. 2021), etc. The prebiotics will be effectively utilized by the probiotic
bacteria present in the human gut if nuts are consumed as a whole, or nut milk can be
extracted and then added to products like yogurt, biscuits, etc. or to aid the process of
formulation of processed foods, the nut milk can be dehydrated and the powdered
nut milk can be added to numerous processed food to utilize its health benefits,
especially as a source of prebiotics (Udayarajan et al. 2022).

Marine algae are consumed by humans as a source of dietary fibers and bioactive
health-friendly components and they have attracted consumers as a low-calorie food
(Paiva et al. 2014). Marine algae are not new to processing industries; they are
largely exploited in food, pharma, cosmetic, and fertilizer industries. The marine
algae show prebiotic potential due to the presence of dietary fibers in it; this DF
differs from the DF found in fruits and vegetables in quantity and also in techno-
logical aspects; hence the fermentation pattern of marine algae DF is different (Gupta
and Abu-Ghannam 2011; Wells et al. 2017). The brown algae (BA), red algae (RA),
and green algae (GA) are being used for consumption in countries like Korea, Japan,
and China and now they have made their way onto the plates of consumers from
other parts of the globe as well as owing to their prebiotic/health-friendly character-
istics (Gómez-Ordóñez et al. 2010; Lange et al. 2015). BA contains alginate,
fucoidan, and β-glucan as a potential source of DF which are not being metabolized
by the enzymes present in the human body; thus, they are resistant to digestion by
humans. Similarly, RA contains carrageenan, agar, glucan, gelidiales, and
gracilariales whereas GA contains ulvans, xylose, mannose, galactose, and arabi-
nose. These components found in algae are known to be effective against tumors
(Menshova et al. 2014), show strong antioxidant potential (Fleita et al. 2015), and
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lower cholesterol (Qi et al. 2012), anti-inflammatory (Wijesinghe and Jeon 2012).
Though marine algae have numerous health-promoting characteristics, the scientific
evidence regarding DF from marine algae remains scarce. There is huge scope for
future research in the field of marine algae and its utilization in food products and the
study of the prebiotic potential of DF from algae.

5.4 Potential Health Benefits of Consuming Prebiotic Foods

Numerous species of microorganisms are inhabitant of the human intestine that lives
in a mutualistic relationship with the host. Prebiotics are known to improve the
survival of beneficial microflora in the human gut and these beneficial bacteria
inhibit the growth of pathogenic microorganisms (Rosa et al. 2021). This prolifer-
ation of health-friendly microflora improves the mucosal membranes and helps in
better absorption of minerals, vitamins, and other nutrients, reducing the risk of
cancer, obesity, and diabetes (Table 5.3) (Colantonio et al. 2020; Hawrelak 2020).

5.4.1 Generation of Metabolites and Alteration
of the Architecture of the Colon

Lactobacillus and Bifidobacteria spp. inhabited in the human gut are responsible for
the fermentation of prebiotic components, thereby producing end products like
acetate, propionate, and butyrate which represent about 95% of short-chain fatty
acids present in the gut region (Bultosa and Dawa 2019). Butyrate is the principal
energy substrate for the intestinal epithelium. Butyrate also has the ability to regulate
the process of growth and differentiation of cells. It aids in the process of detoxifi-
cation of cells and also reduces the possibility of cancer by programmed cell death.
The other short-chain fatty acid like propionate is efficiently employed in the liver
for the process of gluconeogenesis and acetate is metabolized and serves as a source
of nutrition for muscles (Hawrelak 2020). The formation of short-chain fatty acid
decreases the pH of the gut which directly reduces the proliferation of pathogenic
microorganisms and helps in maintaining the population of beneficial microflora in
the human gut (Blaut 2002).

The studies reported in the literature showed that prebiotics help in modifying the
surface of the intestinal wall. Mineo et al. (2006) reported in their study that the effect
of feeding rats with prebiotics resulted in higher calcium absorption and holding with
improvement in the intestinal crypts in terms of depth, length, and width. The authors
further reported that the prebiotic diet increased the quantity and strength of epithelial
cells. The prebiotic also positively affected the absorptive portion of the cecum which
was remarkably increased (Raschka and Daniel 2005). These positive changes in gut
physiology were not observed in the axenic animals supplied with a diet containing
prebiotics. This indicates the need for probiotic bacteria to be present in the gut which
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Table 5.3 Health benefits of prebiotics

Human/
animal
study

Xylooligosaccharides Animal Study aimed to inves-
tigate the effect of
consumption of
xylooligosaccharides
on accumulation of fat
in mice

There was an
increase in the level
of short-chain fatty
acid in feces,
decrease in serum
leptin concentration,
decrease in perirenal
and epididymal fat in
mice

Long et al.
(2019)

Prebiotic combination
including
fructooligosaccharide,
xylooligosaccharides,
resistance starch, and
polydextrose

Human Investigate the effect
of prebiotic intake on
the population of
microbiota and
immune function in
colorectal patients
before and after
operation

Before operation
intake of prebiotics
increased level of
transferrin.
Immunoglobin G and
A

Xie et al.
(2019)

After operation there
was an increase in
suppressor T cells, B
lymphocytes,
immunoglobin G
and A

Inulin Human Investigate the effect
of consumption of
prebiotics on concen-
tration of short-chain
fatty acid in person
with obesity

The concentration of
short-chain fatty acid
increased after inulin
intake, decrease in
plasma free fatty
acid, decrease in
blood glucose

Van der
Beek et al.
(2019)

Dietary fiber Human To investigate the
effect of dietary fiber
on the level of insulin
in humans with
obesity

Decreased
hyperinsulinemia

Provost
et al.
(2019)

Mannitol Animal To investigate the
influence of prebiotic
intake on activity of
neocortical
epileptiform

Decrease in neocorti-
cal epileptiform
activity, decrease in
neuronal volume

Glykys
et al.
(2019)

Fructooligosaccharide Human Systematic review
focusing on the effect
of
fructooligosaccharide
on mineral absorp-
tions in humans

Absorption of cal-
cium, iron, and mag-
nesium was
improved after intake
of prebiotic

Costa et al.
(2020)

Asparagus
cochinchinensis neu-
tral polysaccharide

Human To investigate the
effect of prebiotic
extracted from

The concentration of
acetate, n-valeric,
i-valeric acid

Sun et al.
(2020)
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Asparagus
cochinchinensis on
gut microflora

increased with low-
ering of pH in the gut.
There was an
increase in popula-
tion of
Bifidobacterium,
Megamonas, and
Prevotella with a
decrease in popula-
tion of Haemophilus
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Table 5.3 (continued)

Human/
animal
study References

Gun Arabic Animal To investigate the
effect of prebiotics on
diabetes

The authors con-
cluded that the intake
of prebiotic improved
plasma lipid profile,
maintained blood
glucose level, and is
effective against dia-
betes and kidney
related disease

Khalil
et al.
(2021)

Inulin Human Effect of inulin on gut
microflora in hemodi-
alysis patients

The study has indi-
cated that there was
no significant
increase in the
microflora of gut and
there is a need for
further studies to
investigate this effect
on hemodialysis
patients

Biruete
et al.
(2021)

Combination of
xylooligosaccharides,
fructooligosaccharide,
and dextrin

Animal To investigate the
effect of prebiotic
combination on
inflammatory bowel
diseases

Decrease in plasma
IL-6, improved gut
microflora, suppres-
sion of plasma
pro-inflammatory
agents. The combi-
nation was helpful in
curing inflammatory
bowel disease

Wong
et al.
(2022)

Resistant starches
from raw banana

Human To investigate the
effect of prebiotics on
the kidney transplant
recipient

Prebiotic intake
decreased the gastro-
intestinal symptoms
in recipient and also
moderate tolerability
and adherence were
observed in prebiotic
group

Chan et al.
(2022)
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Table 5.3 (continued)

Human/
animal
study

Ganoderma lucidum
oligosaccharide

Human To study the effect of
new prebiotic on the
gut microbiota in
human feces

The prebiotic
increased the con-
centration of short-
chain fatty acids as
checked in in vitro
fermentation and
increased the popula-
tion of beneficial
microorganism in
human fecal matter

Lan Yang
et al.
(2022)

25%
xylooligosaccharides
and 75%
fructooligosaccharide

Animal To investigate the
effect of prebiotics in
lipid and glucose
metabolism

The combination of
prebiotics was effec-
tive against obesity,
improved liver
health, improved
serum glucose level,
and decreased oxida-
tive stress in
obese mice

Li et al.
(2022)

effectively metabolized prebiotics and produces end products that help in the modifi-
cation of the architecture of the gut (Blottiere et al. 2003).

5.4.2 Improved Absorption of Minerals

Prebiotics are known to help in the retention of minerals and enhance their absorp-
tion in the human body, thereby overcoming the problem of osteoporosis and
repairing fractures in bones. The documented research shows the beneficial effect
of consumption of prebiotics on retention and absorption of minerals specifically
magnesium and calcium (Beynen et al. 2002). The principal site for the absorption of
calcium is the distal intestine. The rate of absorption of minerals is governed by the
rate of fermentation of prebiotics by the probiotic cells present in the intestine
(Kumari et al. 2020). Due to the formation of short-chain fatty acid, there is a drop
in the pH of the colonic region, which enhances the solubility of calcium and
improves the expression of the calcium transport pathway (calbindin) (Scholz-
Ahrens et al. 2008). There are both animal studies (Ohta et al. 2000; Younes et al.
2001) and human studies (Trinidad et al. 1996) available in the literature showing the
close relation between consumption of prebiotics and enhanced calcium absorption.
Abrams et al. (2005) studied the effect of consumption of a diet rich in inulin-type
prebiotics on calcium absorption in adolescents. The authors reported that frequent
consumption of prebiotics in the diet by adolescents results in an increase in the
ability of absorption of calcium in the human body and also aids in the process of
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mineralization. Apart from the better absorption of minerals, prebiotics also help in
easy emptying of the stomach. Thus prebiotics help in eradicating the issues related
to constipation which is a frequent complaint from individuals of all age group
(Tateyama et al. 2005). Prebiotics show a favorable purgative effect in humans with
the problem of constipation, thereby intensifying the frequency of stool and facili-
tating easy passage through the colon in a short time. These advantages of prebiotics
are dependent on the age, and medical conditions of the individuals and it may vary
from individual to individual, i.e., the effects may be lesser or it may be higher
depending on the physical health and presence of the population of probiotic cells in
the gut of a person consuming prebiotics. To enjoy the positive effect of prebiotics,
they should be efficiently utilized by the probiotic cells present in the gut. The
absence of these probiotics may hamper the positive effects of prebiotics in humans.

5.4.3 Regulation of Diabetes

Prebiotics are known to be used in the treatment of diabetes; the use of prebiotic
inulin in managing diabetes goes back to 1925 (Yang et al. 2015). The meta-analysis
of the animal model investigated the effect of fructooligosaccharide on the homeo-
stasis of glucose. The intake of fructooligosaccharides reduced the fasting blood
glucose level (Le Bourgot et al. 2018). In one of the trials, a consumption of 10 g
fructooligosaccharide by a woman with diabetes for 60 days resulted in a reduced
plasma glycemia level during fasting. Further, there was a significant enhancement
in the activity of superoxide dismutase and antioxidant activity in the human models
fed with fructooligosaccharide as compared with the control (Dehghan et al. 2014a;
Gargari et al. 2013). The study suggested that the regular intake of prebiotics by the
diabetic patient can positively regulate the blood sugar level, lower endotoxemia,
and manage the inflammation. Similarly, in another human study prebiotic was
given to an obese woman having diabetes (type II) for 56 days. The authors reported
a significant lowering in the level of fasting glucose of 9.5% as compared with the
control group (Dehghan et al. 2014b). The production of short-chain fatty acid is
responsible for this prebiotic effect; the propionate formed as a prebiotic fermenta-
tion metabolite inhibits the process of glucose formation and stimulates the process
of glucose breakdown, and it also reduces the formation of glucose from other
sources by decreasing the fatty acids present in plasma. The other metabolite formed
is butyrate which stimulates the process of formation of glucagon-like peptide
(GLP-1) which manages blood glucose and also helps in managing obesity by
increasing the feeling of hunger and thus reducing the appetite. Human studies are
available for fructooligosaccharide and inulin; still, there is immense future scope to
explore this area of research and investigate the effect of using different prebiotics in
the diet on the males/females of different age groups suffering from diabetes.
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5.4.4 Maintains Plasma Serum Cholesterol

The probiotic bacteria which grow and survive by extracting nutrition from the
prebiotics are directly related to maintaining body weight and preventing obesity and
related health issues (Dewulf et al. 2011; Włodarczyk and Śliżewska 2021). There
are many studies on animal models demonstrating the beneficial effects of prebiotic
components on lowering the plasma cholesterol level and reducing the risk of
steatosis. Van der Beek et al. (2019) studied the effect of inulin consumption by
individuals (20–50 years of age) on their metabolic health and oxidation of fat. The
authors gave milkshakes containing 24 g inulin to the individuals and the sample was
collected up to 7 h post-consumption; the investigation showed that there was an
increase in the oxidation of fat in the early phase after consumption and a decrease in
the serum glucose and plasma insulin levels. There was an increase in the concen-
tration of acetate in blood plasma, which was the metabolite generated after the
fermentation of inulin and there were no changes observed in the plasma triglyceride
levels. Wong et al. (2010) studied the effect of prebiotics on plasma lipid profiles.
The prebiotic component was added to soy food and this diet was given to a group of
individuals which included 11 male and 12 female subjects having hyperlipidemia.
The authors reported that there was a decrease in the low-density lipoprotein fraction
and a significant increase in the high-density lipoprotein fraction. In some recent
studies, the beneficial effect of the formation of short-chain fatty acid by colonic
bacteria fermentation has shown to be beneficial in cholesterol management. Wu
et al. (2020a, b) studied the effect of prebiotics from bamboo in lowering the
cholesterol level. The author reported that the presence of dietary fibers in bamboo
showed higher cholesterol-lowering capacities, i.e., insoluble and soluble dietary
fibers from Fargesia spathacea species of bamboo showed 10.82 and 9.59 mg/g as
adsorption capacities for cholesterol. Further authors reported that in vitro fermen-
tation study showed that both soluble and insoluble dietary fibers have a positive
effect on the population of Bifidobacteria and Lactobacillus species and increase the
short-chain fatty concentration. Prebiotic consumption reduces hepatic de novo
lipogenesis. Decrease in the synthesis of fat results in lowering the formation of
very-low-density lipoprotein into the blood from the liver. The short-chain fatty acid
formed as a metabolite can be correlated with a reduction in the cholesterol level.
The acetate stimulated the process of cholesterogenesis and it is also known to
promote the process of lipogenesis, whereas the other metabolite propionate restricts
acetate to enter the hepatocyte and thus acts as an obstacle in the pathways for lipid
and cholesterol synthesis and also propionate blocks the activity of
hydroxymethylglutaryl coenzyme A, which is needed in the body to catalyze the
formation of cholesterol. Blocking its activity restricts the formation and accumula-
tion of cholesterol in the body and prevents various cholesterol-induced heart
diseases. Hence, the formation of the fermentation end products like short-chain
fatty acids has a beneficial effect on lowering cholesterol levels and maintaining
blood lipid levels. So, the amount of acetate and propionate formed as a metabolite
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after fermentation can decide the potential to lower the lipid and cholesterol level in
serum and also prevents obesity.

5.4.5 Prevention of Cancer

Cancer is recognized as a disease that is a major cause of death across the globe. The
metabolites formed after the fermentation of prebiotics are of great importance in
preventing colon cancer. The fermentation of prebiotics by the gut microflora pro-
duces short-chain fatty acids like butyrate, acetate, and propionate that reduced the
pH in the gut and is being closely related to preventing the risk of cancer in humans
(Mahdavi et al. 2021). The prebiotic intake should be high in diet to increase the
fermentation and production of metabolites. Butyrate decreases cell proliferation by
inhibiting the process of DNA synthesis (Demigne et al. 1999). The prebiotics
restricts the formation of ammonia which modifies the morphology of cells in the
intestine and also increases the synthesis of DNA, thus decreasing the survival of the
mucosal cell. Hence, restricting the formation of ammonia is beneficial in preventing
colon cancer (Hawrelak 2020). The fermentation of prebiotics also promotes the
conversion of lignans into their active form and this active form of lignans and
isoflavonoids together are known to have benefits in preventing cancer and also
diminish the risk of breast and prostate cancer by inhibiting the effect of sex
hormones (Kührer 2006; Pool-Zobel et al. 2000). In a human study, Ballongue
et al. (1997) showed inhibition of the activity of numerous biologically active
enzymes responsible for colon cancer by consumption of the prebiotic component
lactulose. The authors reported that the lactulose decreased the activity of urease, 7-
α-dehydroxylase, azoreductase, and β-glucuronidase by 25%, 40%, 45%, and 38%,
respectively, thus reducing the risk of cancers in humans. There is future scope to
investigate the potential of prebiotics in reducing the risk of other cancers through
in vivo and in vitro studies, to make this claim more concrete. There are numerous
prebiotics but still there is no data available in the literature for the specific effect of
the individual prebiotics on the prevention of cancers in humans. Future research
should focus on the incorporation of prebiotics in foods like biscuits, cookies,
beverages, etc., and their effect on preventing the risk of cancer in humans. Food
as a preventive measure against cancer is always better than prebiotics going in the
form of tablets, drugs, syrups, etc.

5.4.6 Other Health Benefits

The consumption of prebiotics is closely correlated to the satiety value. A study by
Cani et al. (2006) investigated the beneficial effects of prebiotics on satiety in
humans. The subjects were given 8 g fructooligosaccharide for breakfast and dinner
to 10 individuals in an age group of 20–40 years for 14 days. The authors reported
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that consumption of fructooligosaccharide enhanced satiety irrespective of age and
the intake of food was also reduced during dinner. The energy intake was reduced by
5% in these individuals and also helped in maintaining body weight. One more study
on humans by Parnell and Reimer (2009) demonstrated the positive effects of
prebiotic consumption in overweight individuals. Overweight individuals were
selected and they were given 21 g of prebiotic for 12 weeks and their effect was
investigated. The authors reported that there was a reduction in the body weight of
individuals by 1.03 kg consuming prebiotics whereas the body weight of the control
group increased by 0.45 kg. Further, the intake of prebiotics resulted in improving
blood glucose and insulin levels in these overweight individuals.

Prebiotics are also beneficial for skin health, though there is limited scientific
evidence available in this area. Since the skin type of individuals from different
geographic regions differs, there could be the possibility of differences in the effect
of prebiotics on the skin of individuals from different geographic origins. Jung et al.
(2017) investigated the effect of the consumption of a mixture of prebiotics on the
skin health of healthy women. The subjects were given 4.5 g/day of a prebiotic
mixture containing lactulose and galactooligosaccharides for 56 days. The authors
reported that subjects taking a prebiotic mixture showed a reduction in the length and
the depth of wrinkles as measured by skin evaluation parameters. The wrinkles
became worse in the control group after 56 days. The similarly beneficial effect of
intake of galactooligosaccharides on the health of the skin was also reported by
Hong et al. (2017). Though there are few studies available in the literature the
mechanism behind the improvement of skin health with the consumption of prebi-
otic components is not clear and is still a topic of research. Some research also
suggested the effectiveness of prebiotics against anxiety. In a rat model, it was found
that the single prebiotic and combination of prebiotics are beneficial in reducing
stress in rats by releasing corticosterone (Burokas et al. 2017). Other beneficial
effects include positive modification of neuroresponse related to stress (Schmidt
et al. 2015) and prevention of hepatic encephalopathy (Dhiman et al. 2000), urine
tract infection (Clarke 1993), atopic eczema (Moro et al. 2006), infection in the
gastrointestinal tract (Drakoularakou et al. 2010), and irritable bowel syndrome (Silk
et al. 2009). Prebiotics are a boon for human health as they help cure and prevent
various infections in humans.

5.5 Commercially Available Prebiotic Foods

Consumers are becoming more conscious about their health and are attracted to
foods with health benefits. Due to numerous health benefits of prebiotics, they are
being incorporated into processed food products meant for human consumption.
Prebiotic ingredients can be incorporated in food products like biscuits, cakes,
confectionery, fruit juices, cookies, squash, dessert, ice creams, yogurt, breakfast
cereals, etc. The global requirement for prebiotics is growing approximately by more
than 500,000 tons/per annum (Douglas and Sanders 2008). As per the market report,
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the size of the prebiotic market was US8.95 billion dollars in 2020 and it is expected
to increase by 7% by 2028. The global market size for prebiotics is continuously
experiencing an increase due to the demand for these products in the market.
Products like inulin powder from chicory root, Fiber gummies, MS Prebiotic,
Prebiotin, and Ensure plus fiber are commercially available prebiotic products on
the market. Prebiotin contains oligofructose and inulin which are known to posi-
tively increase the number of health-promoting bacteria in the human colon. The diet
in Western countries lacks dietary fibers, which necessitates the fibers to be incor-
porated into the diet for keeping healthy; to overcome this, MS Prebiotic came up
with a product containing 70% resistant starch which helps in increasing microflora
in the gut and maintains gastrointestinal health. It is commercially available on the
market in Canada and the United States. Other commercially available products
include Ensure plus fiber (EPF) which contains fructooligosaccharide; it is
manufactured by Abbott Nutrition, USA. EPF is being marketed as a beneficial
product against constipation, neurological disorders, low appetite, malnutrition, etc.
This product is not suitable for growing kids and individuals suffering from galac-
tosemia. Inulin powder manufactured by Jetsu technologies, USA, contains inulin as
a prebiotic which is claimed to cure constipation, aid in process of digestion, and
increase the population of microflora in the gut. It is not suitable for pregnant women
and patients suffering from diabetes and gallstone. Another product from Abbott
Nutrition suitable for children (above 1 year of age), adults, and elderly consumers is
Ensure Twocal which contains fructooligosaccharide as a prebiotic component.
Other commercially available products which maintain blood lipid level and plasma
glucose level, maintain body weight, reduce low-density lipoprotein, and strengthen
the immune system are Fiber Gummies and Jarrow formula. Fiber gummies contain
inulin and chicory root and are manufactured by BeLive, USA. Jarrow formula
contains both xylooligosaccharides and galactooligosaccharides manufactured by
Jarrow, USA. Nowadays the local manufacturer also is incorporating prebiotics in
processed food to capture the market and to make higher profits. There would be
more products available on the market in the near future across the globe.

5.6 Safety of Prebiotics

Prebiotics are generally considered as safe for human consumption as they are
obtained from the edible sources like cereals, pulses, fruits, vegetables, etc. There
is evidence available from animal and human studies showing the beneficial effect
of the consumption of prebiotics with little or no adverse effects. In general dosage
of 4 g of fructooligosaccharide, 10 g of galactooligosaccharides, and 2 g of
xylooligosaccharides per day is required to raise the population of beneficial micro-
flora of the gut (Manning and Gibson 2015). Consumption of prebiotics beyond a
normal level may have some negative impacts like constipation, enhanced gas
production, etc. (Tuohy et al. 2003). This can be overcome by initially starting
with the low doses of around 2 g per day; then it can be gradually increased as
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needed, to enjoy its beneficial effects. It is observed that adults can tolerate an initial
intake of around 2–2.5 g/day with little gastrointestinal issues; these issues may be
limited to some individuals. For the treatment of anxiety dosage up to 7 g/day, for
prevention of diarrhea 2.6 g/day but for the absorption of minerals, the dosage of 20
g/day is suggested. The intake also varies with the conditions to be managed by
prebiotics. Usage of galactooligosaccharides in food products for human consump-
tion is generally safe. Many clinical studies show that galactooligosaccharides are
well tolerated by individuals of all age groups including infants and also in individ-
uals who cannot tolerate other prebiotics (Hawrelak 2020). Other prebiotics like
lactulose, glucans, fructans, etc. are also considered safe for human consumption as
they themselves are part of the food which we consume. Lactulose intake of 3 g per
day is found to be beneficial in increasing the bifidogenic effect in humans (Terada
et al. 1992). More intense effects of lactulose were observed with a higher intake of
more than 10 g/day (Hawrelak 2020). Overall looking at the data available in the
literature, the intake of prebiotics is safe and beneficial to human beings. It could
create some issues initially, but proper management of intake dosage could over-
come this issue. Hence, food rich in prebiotics should be frequently included in the
diet, which will help to keep the body healthy which will directly help to keep mental
health sound.

5.7 Synbiotic Food

The term synbiotics suggest a synergism and this is exclusively used to refer food
products wherein the prebiotic ingredient is used to significantly increase the
population of probiotic cells in the human gut. The word synbiotic was coined in
the mid-1990s by Gibson and Roberfroid to explain the synergism between prebiotic
and probiotic (Kumari et al. 2020). The concept of synbiotic emerged to overcome
and increase the rate of survival of probiotic cells in the gut. The prebiotic is known
to stimulate the survival and growth of beneficial microflora in the human gut; the
synergism results in the formation of metabolites namely short-chain fatty acid
which reduces the pH of the gut and prevents various diseases or reduces the risk
of various infections or diseases by boosting immunity. Due to the health benefits of
synbiotic, there has been tremendous growth in the research area on synbiotic since
the last 15 years. The most important factor to be considered while formulation of a
synbiotic food is selection of appropriate prebiotic and probiotic that exert glaring
benefits on human health when administered individually (de Vrese and
Schrezenmeir 2016). There are numerous possibilities of combination of prebiotic
and probiotic to be used for the formulation of synbiotic food to enhance microflora
in the human gut but the combination should work well and thus this is a promising
tool in the formulation of synbiotic food. Possibilities of different probiotics to
ferment prebiotics could be different; for instance fructooligosaccharide, lactulose,
and galactooligosaccharides are well fermented by Bifidobacterium lactis but this
bacteria cannot ferment lactitol (Vernazza et al., 2006). Similarly, Lactobacillus
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rhamnosus cannot ferment fructooligosaccharide, lactulose, and lactitol, but Lacto-
bacillus acidophilus can ferment fructooligosaccharide (Datta et al. 2007; Hutkins
and Kaplan 2000; Kontula et al. 1999). Therefore, it is very important to properly
select a prebiotic and probiotic combination for formulating synbiotic food to enjoy
the probable health benefits. The prebiotic ingredient used in formulating synbiotic
food should be effectively utilized by the probiotics used in formulation and should
promote growth and survival of probiotics to confer health benefits to the host. It
should be taken care that the prebiotics used in formulation of synbiotic food should
not promote the growth of pathogenic bacteria which will be harmful for human
beings. There is no or very few research available in the literature focusing on the
best combination of prebiotic and probiotic to be used for formulation of a
synbiotic food.

5.7.1 Functioning of Synbiotic Food

The synergistic approach of prebiotic and probiotic is observed in the synbiotic food;
it is known that the beneficial microflora is active in the intestinal region and
effectively utilized prebiotic components to confer health benefits to the host.
Probiotics selectively ferment prebiotic components, and these prebiotics serve as
a basic medium for the proliferation of probiotic microflora in the gut. There is
evidence available in the literature showing an increase in the tolerance of probiotic
microflora to conditions like temperature, pH, and other adverse condition in the gut
of an host consuming prebiotics (Kumari et al. 2020; Singu et al. 2020a). The
pathway through which probiotics become more tolerant to such harsh conditions
is not explained in the literature and needs further research in this area. Possibly, the
beneficial effect of synbiotic food to the host could be because of proliferation of
probiotic microflora in the gut with the usage of prebiotic components which forms
the metabolites, that lowers the pH of the gut and reduces the viability of pathogenic
microorganism in the gut and helps in maintaining bio-population in the gut of the
host organism (de Vrese and Schrezenmeir 2016). Synergistic effect of prebiotics
and probiotics leads to a decrease in the concentration of unwanted metabolites
which may be carcinogenic in nature and increase in the concentration of acetate,
butyrate, propionate, ketones, methyl acetate, and carbon disulfides which positively
benefits the host organism. The salubrious effect of synbiotic food includes
antiobesity, anti-inflammatory, anticarcinogenic, antidiabetic, etc.

5.7.2 Synbiotics and Health

Synbiotics have been found directly related to human health and incorporation of
synbiotic in the diet reduces the risk of many diseases. The most extensively used
prebiotic components include inulin, fructooligosaccharide, and galactooligosaccharides



5 Prebiotic and Synbiotic Foods 99

and the most commonly used probiotics include Bifidobacteria and Lactobacillus
species strain in the formulation of synbiotic foods. These mentioned prebiotic and
probiotic components are also among the most researched components about which
clinical evidence is also available in literature. One such study investigated the effect
of synbiotic in treating nonalcoholic steatohepatitis. The authors used inulin as a
prebiotic, and several probiotics which included Lactobacillus rhamnosus, Lacto-
bacillus acidophilus, Lactobacillus delbrueckii and Bifidobacteria were used as a
synbiotic. Similarly other studies reported the use of prebiotic fructooligosaccharide
and probiotic strain as Lactobacillus acidophilus, Lactobacillus bulgaricus and
Bifidobacteria. This combination was effective against fatty liver diseases in
nonalcoholic individuals (Eslamparast et al. 2014). The prebiotic components are
naturally present in many foods as discussed in Sect. 5.3, of this chapter. The well-
known food known to have synbiotic properties is breast milk; it contains oligosac-
charides having prebiotic properties and lactic acid bacteria which are probiotics.
The consumption of breast milk by infants confers numerous health benefits and
helps in building immunity in infants to fight infections (Heyman and Ménard 2002;
Wu et al. 2020a, b). Lately, there are formulations of infant formulas for infants who
are not breastfed due to many unavoidable reasons; these infant formulas also
contain oligosaccharides and probiotic strain to keep infants healthy (Sazawal
et al. 2010). Prebiotic components like resistant starches are also present in many
foods; raw banana contains the highest proportion of resistant starch in it which has
health benefits like antiobesity, lowers serum cholesterol, reduces the risk of kidney
diseases, etc. Raw banana could be a potential source for extraction of resistant
starches for their use as a prebiotic ingredient in other synbiotic formulations. Batista
et al. (2017) formulated synbiotic milk by using raw banana flour. The banana flour
containing resistant starch was added to fermented milk to prepare a fermented
synbiotic drink. The prebiotic resistant starch helps the lactic acid bacteria (probi-
otic) to grow and the population of these bacteria increased to 6 log CFU/g. The
synbiotic effect of drink enhanced the triglyceride profile by increasing the essential
fatty acid content and also increased the palatability of the food. The studies reported
in the literature shows the beneficial effect of synbiotic against diarrhea (Dinleyici
et al. 2013), bowel syndrome (Young and Cash 2006), pancreatitis (Forsmark and
Baillie 2007), and infection in the respiratory tract (Parracho et al. 2007); it also
prevents cancer (Cazzola et al. 2010) and positively affects hyperlipidaemia (Ooi
et al. 2010).

5.8 Conclusion

Prebiotics and synbiotics have proved their health benefits and have attracted the
attention of the food processing sector. They are now being incorporated in numer-
ous processed foods and are becoming part of our diet. Prebiotics are naturally found
in various sources like cereals, pulses, fruits, vegetables, etc. and prebiotics like
fructooligosaccharide, xylooligosaccharides, fructans, glucans, etc. are among the
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most explored for their health benefits like antiobesity, antidiabetic, anti-
inflammatory, anticarcinogenic etc. and these effects are more intensified with the
combination of prebiotic components with the probiotic strains like Bifidobacteria
spp. and Lactobacillus spp.; the combined effect of prebiotic and probiotic is
popularly known as synbiotic. The specific combination of prebiotic components
and probiotic strains is incorporated in food to increase the therapeutic value of food
giving additional health benefits. The studies reported in the literature had shown
that probiotic cells can selectively utilize prebiotic components and produce metab-
olites which lower the pH and decrease the population of pathogenic bacteria in the
gut and bestow many health benefits to humans. However, there is a need for further
studies on exploring better combination of prebiotic component and probiotic strain
to widen the application routes and possible health benefits of synbiotic in foods.
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Chapter 6
Microbial Stabilizers in Food Processing

Bindu Devi, Sunita Devi , Diksha Sood, and Priyanka Arya

Abstract Food stabilizers are crucial food components that help the food retain its
structure, improve its water-binding capacity, mouthfeel, thickening, consistency,
and viscosity, among other things. They are obtained from diverse natural raw
resources, viz. land and sea plants, animal’s connective tissues, and microorganisms.
Among these, microorganisms are receiving momentous attention as a stable and
sustainable source of food stabilizers like xanthan gum, gellan, pullulan, and
curdlan. Different kinds of microbes including bacteria, yeast, and actinomycetes
have the capability to provide access to a larger range of food stabilizers. Also,
genetically engineered microbes, viz. Actinobacillus succinogenes, Basfia
succiniciproducens, Mannheimia succiniciproducens, Escherichia coli, etc., pro-
duce diverse stabilizers like amino and carboxylic acids as a part of their carbon’s
metabolism. This chapter delves in depth into the topic of food stabilizers, their
sources, current endeavors to produce industrially relevant microbial food stabilizers
along with current impediments.

Keywords Microorganisms · Microbial stabilizers · Metabolic pathways · Food
processing · Food stabilizers

6.1 Introduction

Stabilizers are food additives that allow two or more immiscible constituents to
disperse uniformly, improving food texture, color, and flavor stability, besides
overall quality and acceptance. Natural gums have been reported to be utilized in
food preparations since antiquity, but stabilizer’s use in food preparations was only
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legalized around a half-century ago. The majority of stabilizers act by creating a
molecular mesh network with three dimensions. They exert gelling effect, stiffening
the medium and modifying its diffusion physiognomies. They are found in numer-
ous foods including bread, dairy, fruits, vegetables, meat, and restructured meals.
Stabilizers make it easier to manufacture fortified and composite foods with two
immiscible constituents because they prevent food components from ghettoizing.
Depending on where they emanate from and how do they interact with food,
stabilizers have varying functional properties (Kumar et al. 2021). In a chemical
sense, stabilizers are polymers having hydroxyl (OH) groups, which are accountable
for linking with water (H2O) molecules via hydrogen (H) bonds. They come in
diversified shapes and sizes, including straight and branching with molecular
weights varying from 105 to 106 kDa. Stabilizers take longer to dissolve in H2O
than smaller molecules as they are larger; shear to properly hydrate or a few
necessitate elevated temperatures. They form highly viscous solutions even at
minute concentrations upon dissolution. However, certain stabilizers form upon
heating and/or refrigeration, or when cations are introduced to a solution.

6.2 Sources and Usages of Food Stabilizers

The major sources of stabilizers include trees, seeds, seaweeds, animals, and micro-
organisms. Seaweeds derived alginates plus carrageenans (from), tree seeds-derived
locust bean plus guar gums, fruit pectin, and cotton-derived sodium carboxymethyl
cellulose are classic examples of common stabilizers. However, xanthan, a bacteria-
derived polysaccharide, and gelatin, an animal-derived polypeptide, are also
employed occasionally. These biopolymers’ nature is polymolecular and polydis-
perse as their topologies alter relying on the source and ambient conditions. Infor-
mation pertaining to the frequently used food stabilizers, their sources, properties
along with applications is portrayed in Fig. 6.1 and Table 6.1.

Stabilizers are employed to make functional foods like cereal plus legume-based
beverages (soy, oat, and peanut milks), besides keeping fruit juice mixes and herbal
extracts in juices stable. In the foodstuff, stabilizers are a good source of soluble
fibers. They could likewise be employed to keep the fat’s content besides
maintaining meat and meat product’s quality when these are frozen and thawed.
Despite their functional attributes, stabilizers have plentiful health benefits, com-
prising cholesterol-lessening effects of cellulose, guar-gum (GrG) plus pectin;
satiety-elevating effects of glucan plus alginate; anti-obesity effects of cellulose
plus arabic gum; and antitumor property of carrageenan (Liang and Wang 2015).

Gelatin is among the most prevalently used commercial stabilizers in food,
cosmetics, and biomedicine owing to its remarkable physiognomies as a gelling,
binding, thickening, stabilizing, and film-creating agent. Until now, the utmost
prevalent sources of commercial gelatins have been pig or cow bones and skins,
owing to comparatively inexpensive budget of the finished gelatin product. Since
demand-driven market for gelatin is dominated by beverage and food enterprises, its
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Fig. 6.1 The most common food stabilizers and their sources. (Source: Kumar et al. 2021)

global demand is predicted to grow steadily due to continuous consumption trends in
the pharmacological and nutraceutical industries (Ahmad et al. 2015). However, for
certain groups of customers, utilization of animal-based gelatin in foodstuffs and
pharmaceutical goods is circumscribed as animal sources do not match their reli-
gious requirements. Muslims and Jews are prohibited from ingesting pork-related
goods; Hindus are not permitted to eat beef. However, vegans and vegetarians do not
consume any animal products like meat. Consumers are particularly concerned about
the spate of bovine spongiform encephalopathy, sometimes known as “mad cow
disease,” which happened during the 1980s and was allied with consuming contam-
inated cattle’s gelatin (Maddern 2008). Consequently, food manufacturers are
increasingly looking for alternatives to animal-based products. Although some sub-
stitutes match certain gelatin physiognomies, none of them yet meet all of gelatin’s
functional requirements.

Plant-derived macromolecules like starch, locust bean gum, alginate, carra-
geenans and guar gum have dominated the saleable market until now on account
of their easy accessibility besides low purification costs. Notwithstanding, just a
handful of these are exploited at commercial scale, microbe-derived polysaccharides
have benefits over plant-derived macromolecules in respect of renewability, cost
stability, and persistent and reproducible physicochemical features. However,
polysaccharide-based gels do not possess the molecular backbone flexibility of
animal-based gelatin, resulting in higher viscosities (Ahmad et al. 2015).



S. no. Natural stabilizers Physiognomies References

(continued)

116 B. Devi et al.

Table 6.1 The predominant food stabilizers, their physiognomies, and applications

Applications in food
sector

1 Tragacanth gum
(TG)

• Expands fast in hot plus
cold water

• Bakery toppings Philp
(2018)

• Not dissolves in organic
solvents like alcohol

• Confectionary
cream

• Viscosity of 100–3500
centipoise

• Icings

• Acidic by nature • Frostings

• Heating causes an irre-
versible drop in viscosity

• Sauces plus
condiments

• Mayonnaise

• Jelly products

• Salad dressings

2 Gum ghatti (GG) • Protein-rich food, neutral
flavor, and no odor

• Beverages Philp
(2018)

• Ca2+ and Mg2+ salts are
the most prevalent forms

• Oil in H2O
emulsions

• Restricted solubility in
cold H2O that increases
above 90 �C

• As emulsifier in
flavor oils

• Pseudoplastic behavior
that isn’t Newtonian

• Better emulsifying
characteristics

3 Arabic gum (AG) • Easily liquefies in cold
and hot H2O up to a con-
centration of 50%

• Bakery Elnour
et al.
(2018)

• Newtonian behavior is
observed with concentra-
tions up to 40% while
pseudoplastic behavior is
observed at greater
concentrations

• Confectionery

• Largest H2O solubility
(50% w/v) among the tree
exudates and the lowest
viscosity, allowing for
high gum concentrations

• Beverage

•

Microencapsulation

4 Guar gum (GrG) • Quickly hydrates in cold
H2O

• Bakery products Mudgil
et al.
(2015)• Hydration for around 2 h

is indispensable to get
maximal viscosity

• Cake mixes

• With increasing shear
rate, the viscosity in aque-
ous solutions decreases

• Ice cream
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Table 6.1 (continued)

Applications in food
sector

• Can be degraded by
prolonged heating,
resulting in low viscosity
solutions

• Beverages

• The ideal temperature
range for achieving maxi-
mum viscosity is
25–40 �C

• Cheese spreads

• Forms resilient and weak
H-bonds in polar and
nonpolar liquids,
respectively

• Sauces

• Low hydration rates in
the dissolved salts and
other H2O-binding com-
pound’s presence

• Salad dressings

5 Tara gum (TG) • Viscosity drops as the
shear rate increases

• Bakery products Wu et al.
(2015)

• Yields a viscous produce
with a pleasant texture

• Starch
formulations

• Viscosity reduces as the
salt content rises

• Beverages

• pH of a 0.5% TG solu-
tion is 6.6 (at lower pHs,
viscosity decreases,
although it remains stable
across a large pH range
(3–11))

• Noodles

• Viscosity of TG solu-
tions reduces as the tem-
perature upsurges from
30 to 80 �C

• Edible coatings

• Yogurt

• Ice cream

6 Karaya gum (KG) • Among the gums, it has
the least water solubility

• Whipped cream Sahu et al.
(2019)

• Non-Newtonian
pseudoplastic behavior

• Bakery products

• Displays better stability
at low pH (acidic) range of
4.5–4.7

• Frozen dessert

• The pH value(s) greater
than 8 may result in irre-
versible transformations

• Ice pops

• Meat products

• Sherbets
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Table 6.1 (continued)

Applications in food
sector

7 Alginates, viz. pro-
pylene glycol algi-
nates (PGA), alginic
acid (AA), sodium
(Na), calcium (Ca),
ammonium (NH4

+)
and potassium (K),
alginate

• Na, K, and NH4
+ algi-

nates are H2O soluble
• Fruit and
vegetables

Szekalska
et al.
(2016)• Ca and magnesium

(Mg) alginates are H2O
insoluble

• Meat products

• Create gel at an acidic/
low pH but high Ca
concentration

• Extruded food
products

• At 20 �C, a 1% w/v
sodium alginate aqueous
solution exhibits a
dynamic viscosity of
20–400 mPas

• Desserts

• Prevent items from
clinging to the wrapping
paper

• Bakery toppings

• Lower syneresis • Sauces

• Enhance product’s shelf
life

• Ice creams

• At low/acidic pH, algi-
nates have restricted
solubility

• Enzyme’s
encapsulation

• Flavors plus
probiotics

8 Pectin • Pure water soluble • Jams Vanitha
and Khan
(2019)

• Pseudoplastic behavior
that isn’t Newtonian

• Jellies

• High methoxyl
(HM) pectins are hot H2O
soluble that requires a dis-
persant such as dextrose to
avoid lumping while low
methoxyl (LM) pectins
form gels regardless of
sugar concentration,
although gelation requires
a precise quantity of Ca
plus other divalent ions

• Viscosity
enhancer

• The pH range of 2–3.5 is
mandatory to produce gels
in HM while LM may
create gels in the pH range
of 2.0–6.0

• In the pH range 3–5, a
high dose of Ca can pro-
mote cross-linking at a
point where pectin precip-
itates and the gel gets
ruined
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Table 6.1 (continued)

Applications in food
sector

• Thermal reversibility is a
feature of HM gels,
although LM gels display
better stability at
low/acidic pH but elevated
temperatures

9 Locust bean gum
(LBG)

• Partially solvable in cold
H2O

• Beverages Barak and
Mudgil
(2014)• For complete hydration,

heat at 80 �C for 30 min
• Bakery products

• Maximal viscosity is
attained in around 2 h of
hydration

• Edible coatings

• The galactomannan
chain undergoes oxido-
reductive depolymeriza-
tion at temperatures
>80 �C, decreasing the
solution’s final viscosity

• Ice cream

• The ideal pH range (4–9)
is acidic

• Noodles

• Low fat yogurt

10 Carrageenan • Hot H2O soluble but Na
salts dissolve in cold H2O

• Frozen desserts Tarande
and
Manriquez-
Hernandez
(2016)

• Sulfate carrageenans
create weak gels when
temperature lowers down

• Cottage cheese

• Thermally reversible and
has hysteresis

• Chocolate

• Stable at ambient (room)
temperatures

• Whipped cream

• Heating over 5–20 �C,
may dissolve the gel

• Yogurt

• Hydrolyzed at low/acidic
pH (3.0), resulting in full
loss of functionality

• Instant breakfasts

• Jellies

• Sauces

• Pet foods

• Syrups

• Tofu

• Milk shakes
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Table 6.1 (continued)

Applications in food
sector

11 Agar-agar • Unsolvable in cold H2O
but solvable in hot H2O

• Cakes Stanley
(2006)

• At 0.5–2% (low) con-
centrations, it creates a gel

• Toppings

• Up to 1.5%, a transparent
solution is formed

• Icing

• Below 85 �C, the gel
does not melt

• Bakery glazes

• Can contain a high
amount of soluble sub-
stances like sugar without
crystallization

• As clarifier for
wine industry

• Gelation not require
potassium or calcium

• Thickening and gelling
qualities are excellent

• Prevents opacity and
adhesive property loss

12 Gelatin • High melting and gelling
points

• Ice creams Echave
et al.
(2019)• Thermostatically revers-

ible to a great degree
• Confectionary

• Collagen supply and tis-
sue type affect its chemical
characteristics

• Dairy

• Gelling strength of por-
cine skin gelatin (PSG) is
greater than that of bovine
skin gelatin (BSG)

• Edible packaging
films

• BSG has stronger
foaming qualities than
PSG

• Meat products

• The stability of fish gel-
atin is lesser than human
gelatin

13 Milk proteins • Exposure to heat under
95 �C for some minutes
generates reversible alter-
ations in casein micelles
and salt distribution

• Confectionary
products

Jeewanthi
et al.
(2015)

• Heat treatment beyond
120 �C causes permanent
modifications

• Bakery products

• Whey proteins may be
subjected to hydrolysis
under controlled
environment

• Pastries
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Table 6.1 (continued)

Applications in food
sector

• Foam stability, creaming
ability, and emulsifying
activity and stability may
all be improved

•Whipped toppings

• Hydrolysis ensued in a
modest reduction in gel-
ling ability

• Yogurts and
infant formulae

• At pH 4.0, hydrolysates
of whey protein are less
soluble, whereas at pH
6–10, they are most
soluble

• Ice creams with
reduced fat content

14 Dextran • Soluble in solvents like
H2O, glycerol, glycol, and
ethylene

• Confectionary Kothari
et al.
(2014)

• Insoluble in ethanol,
methanol, isopropanol,
2-propanone, and acetone

• Bakery

• Linear dextrans exhibit
great H2O solubility plus
Newtonian behavior while
branched dextrans display
pseudoplastic behavior

• Dairy

• Viscosity remains unaf-
fected by alterations in salt
concentrations or pH

• Prebiotics

• Up to 300 �C, they have
exceptional thermal
stability

• Frozen products

15 Xanthan gum (XG) • Solvable in both hot and
cold H2O

• Baked goods Lopes et al.
(2015)

• The XG’s viscosity falls
with raised shear rate

• Beverages

• Viscosity upsurges with
elevated temperature
(from 40 to 60 �C),
whereas it decreases above
60 �C

• Frozen foods

• Over an extensive pH
range (1–13), the viscosity
stays constant

• Dairy products

• Syrups

• Salad dressing

16 Chitin • Coating of foods

(continued)
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Table 6.1 (continued)

Applications in food
sector

• Unsolvable in organic
and inorganic solvents

Roy et al.
(2017)

• Chitin’s solubility may
be improved by
transforming it into
chitosan, which is easily
solvable in dilute acidic
medium (pH < 6.5)

• At low/acidic pH, the
ionization of chitosan
molecules rises

• With increasing ionic
strength, the chitosan
solution’s intrinsic vis-
cosity decreases

17 Gellan gum (GG) • Unsolvable in cold H2O,
but stirring easily dis-
perses it

• Gummy candy Osmałek
et al.
(2014)

• GG gels exhibit rheolog-
ical behavior (thermo
reversible) and have alike
characteristics at 20 �C as
they show at 90 �C

• Starch jellies

• Quick set time and high
gel strength

• Marshmallow

• Gel’s stiffness dimin-
ished when the pH rises

• Bakery fillings

• Provides a magnificent
clarity

Many research have discovered that microbe-derived polysaccharides have the
prospective to act as gelling, viscosifying, emulsifying, or stabilizing agents in
different foodstuffs and pharmaceutical goods as a substitute to natural components
obtained from animals and plants. Numerous microbe-derived polysaccharides are
renowned for displaying anticancer, antioxidant, antibacterial, antiulcer, and choles-
terol reducing properties. Consequently, microbe-derived polysaccharides have
attracted growing interest since the unearthing of gellan, xanthan, and dextran
owing to their unique functions, physicochemical characteristics, reproducibility,
stability, and production cost (Falconer et al. 2011). Furthermore, altered forms of
cellulose and starch are correspondingly employed as stabilizers. The properties
along with applications of most prevalently used stabilizers are depicted in
Table 6.1.
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6.3 Properties and Selection Criteria of a Good Stabilizer

Food manufacturers are continuously on the lookout for the ideal food stabilizer to
help them increase their product’s acceptability and outspread their market. A good
stabilizer should be colorless, odorless, and have a great moisture retention rate. To
acquire the desired outcomes in food items, stabilizers can be engaged singly or in
amalgam. An ideal food-grade stabilizer must meet the following criteria:

1. Should be nontoxic.
2. Should be dispersed freely in the mix.
3. Should not produce excessive viscosity, separation, or froth in the mix.
4. Filters and strainers must not be bunged.
5. Should not provide off-savor to the food stuff.
6. At usage time, availability and pricing are critical.

6.4 Selection Criteria

The following parameters should be borne in mind before deciding which stabilizer
to employ:

• Solution clarity
• Temperature solubility
• Viscosity or gel properties required
• Dispersion issues
• Temperature and other processing settings
• Hydration rate
• Suspension ability
• Natural vs. synthetic
• Particle size required
• Capability to make proteins stable at lower pH
• Acid stability
• Availability and price at the usage level

6.5 Microbial Food Stabilizers

Biopolymers or food stabilizers, which are environmentally and human friendly,
have been envisaged as biotechnological products in an array of industries, including
food, agriculture, and health, in recent times. Food items require long-chain poly-
mers having high molecular masses that dissolve/disperse in H2O to offer gelling/or
thickening properties. Food polymers are betrothed in secondary ejects such as
emulsification, stability, particle suspension, crystallization control, syneresis inhi-
bition (water escape from processed meals), film production, and encapsulation. The
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predominantly utilized biothickeners in the food trade nowadays are plant-derived
polysaccharides (e.g., alginate, starch, carrageenan, pectin, locust bean, and guar
gums) or seaweeds. Animal-derived proteinaceous hydrocolloids like casein and
gelatin are also employed. These polymers’ functional attributes in food are revealed
by minute structural characteristics. These polysaccharides, however, unable to be
accessible at all times in the requisite grade, and their rheological capabilities may
vary slightly. Most plant sugars are chemically altered with the eventual objective of
improving their rheological physiognomies and structure. Thus, their use is very
restricted (Freitas et al. 2021).

Biothickeners/stabilizers made from microbial (microbe-synthesized)
exopolysaccharides (EPS) denote a different form of biothickeners/stabilizers. Extra-
cellular polysaccharides adhering to the cell’s surface as capsules or discharged into
its exterior environment as slime are adverted to as microbial exopolysaccharides.
Capsules or slimes are the terminology used to characterize them. EPS is abundant in
both bacteria and microalgae, though it is scarce in fungi including yeasts. Microbial
cells are presumed to use EPS to defend themselves from phagocytosis, desiccation,
antibiotics, phage attack, and toxic chemicals (e.g., toxic metallic ions, sulfur
dioxide, ethanol), protozoan predation, osmotic stress, adherence to solid substra-
tum/surfaces, and biofilm development, besides recognizing themselves in their
natural settings (e.g., via cohering to a lectin). Since a good bit of slime-producing
bacteria are unable to catabolize the EPS they form, EPS is unlikely to function as a
food reservoir. Both capsular EPS and O-antigen lipopolysaccharides (LPS) are
accountable for the immunogenic response in pathogenic bacteria like Streptococcus
pneumoniae, S. agalactiae, etc. (Sousa et al. 2013).

Dextrans, gellan, xanthan, pullulan, bacterial alginates, and yeast glucans are a
handful of classic examples of microbial exopolysaccharides utilized in industry.
Novel biopolymers, particularly microbial polysaccharides, unwrap new avenues for
the replacement/substitution of either standard product or filling the gap in these
biopolymer’s market accessibility, concerning higher stability and rheological
properties.

Microbial polysaccharides now constitute a modest portion of the present-day
biopolymer’s market. However, two limitations limit their applicability: the expen-
sive cost of collecting microbial EPS, which demands a complete comprehension of
their production besides suitable bioprocess technology. So far, just a few microbial
stabilizers have been marketed at industrial level, including Xanthomonas
campestris-derived xanthan gum, dextran from Leuconostoc mesenteroides,
Sphingomonas elodea-derived gellan gum, and succinoglycan (Rhizobium sp.).

Xanthan is a microbe-derived EPS which has been legalized/approved for usage
in food industries on account of its inexpensive production cost and exclusive
rheological qualities. However, Xanthomonas campestris phytopathogen, which is
not generally recognized as safe (GRAS), produces huge levels of it. Similarly,
gellan derived from Sphingomonas elodea (phytopathogenic bacterium) has already
been available on the market. Many of the aforementioned problems could be
addressed by GRAS, or food-grade microbes like lactic acid bacteria (LAB) that
can produce large volumes of EPS. Table 6.2 portrays the instances of those bacterial
polysaccharides that exhibit commercial potential.



6 Microbial Stabilizers in Food Processing 125

Table 6.2 Commercially viable microbial sources of polysaccharides

Sr. no. Microbial sources Polysaccharides References

1 Xanthomonas Xanthan gum Ahmad et al. (2015)

2 Pseudomonas putida Alginate Celik et al. (2008)

3 Leuconostoc mesenteroides Dextran Falconer et al. (2011)

4 Zymomonas mobilis Levan Ahmad et al. (2015)

5 Leuconostoc dextranicum Glucan Majumder and Goyal (2009)

6 Gluconacetobacter xylinum Cellulose Huang et al. (2010)

7 Sphingomonas elodea Gellan Ahmad et al. (2015)

8 Agrobacterium radiobacter Succinoglycan Ahmad et al. (2015)

9 Aureobasidium pullulans Pullulan Andhare et al. (2014)

10 Alcaligenes faecalis Curdlan Andhare et al. (2014)

11 Acetobacter xylinum Acetan Jindal and Khattar (2018)

12 Lactobacillus hilgardii Kefiran Jindal and Khattar (2018)

13 Alcaligenes spp. Welan Andhare et al. (2014)

14 Acinetobacter calcoaceticus Emulsan Jindal and Khattar (2018)

6.5.1 Xanthan

This bacterial exopolysaccharide is produced by a bacterial pathogen, Xanthomonas
campestris, as xanthan gum (XG) through aerobic and submerged fermentation
utilizing glucose as the principal carbohydrate’s source. The xanthan is extracted,
refined, dried, and ground into a white colored powder. XG is a linear plus anionic
hydrocolloid with (1 ! 4) allied backbone of α-D-glucose molecules. A glucuronic
acid moiety is coupled to a mannose unit present at the terminal end via 1 ! 4
linkage while to a second mannose moiety via 1! 2 linkage in a side unit, forming a
trisaccharide.

Xanthan is generally stable at wide-ranging pH values (2–12). The solution’s ionic
strength has a momentous influence on how xanthan gum works. It works as a
thickening/gelling agent that functions well in a diverse array of applications. It
possesses pseudoplastic rheological physiognomies, i.e., viscosity reduced with aug-
mented shear. It works better as a stabilizer in sherbet, ice cream, H2O ices, and ice
milk when combined with LBG and/or guar gum. The usage of sodium alginate with
XG as a milkshake stabilizer has already been documented (Huang et al. 2010).

6.5.1.1 Chemical Composition and Structure

Xanthan is basically a polysaccharide (long-chained), which is comprised of a
significant number of side chains of trisaccharide moieties with 3:3:2 molecular
ratio. Its building block units are glucose, mannose, and glucuronic acid. Typically,
xanthan possesses a molecular weight (MW) of around 2000 kDa (Jindal and Khattar
2018).
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6.5.1.2 Physiological Characteristics of Xanthan

Xanthan is a H2O-solvable hydrocolloid that dissolves quickly and easily when
stockpiled at ambient (room) temperatures. Constant mixing and swirling reduces
xanthan’s hydration time. Xanthan polymers possessing long chains are easy to
dissolve/disperse, but they take longer to get hydrated. Ionic strength, generally,
determines hydration. The hydration process is slow when great ionic strength is
there. As temperature elevates, the otherwise stiff, well-organized state transforms
into a supple, disorderly state and the solution experiences conformational shift.
Xanthan solutions display viscoelastic behavior, ensuing in a fragile gel which
suspends liquid food stuffs, viz. sauces, dressings, and cakes prior to baking. The
widespread pH values (3–10) have little impact on xanthan solution’s behavior. It is
documented to be more stable and resistant to proteases, cellulases, and amylases in
comparison to other thickeners (Wustenberg 2014).

6.5.1.3 Applications

Xanthan gum is mostly utilized in dressings and sauces. It aids gel formation but
reduces syneresis in dairy desserts (Jindal and Khattar 2018).

6.5.1.4 Legislation and Toxicity-Related Issues

The FDA authorized the usage of XG in the USA in 1969 in foodstuffs. In 1974,
Europe allowed its usage as a culinary additive. All animal trials, including toxico-
logical and biochemical tests, have advocated its use safe (Imeson 2010). The Food
Safety and Standards Authority of India (FSSAI) has recommended the usage of XG
in whip-tops (non-dairy) and Bakery mixes @ maximum 0.5% w/v in India (FSSAI
2006).

6.5.2 Gellan Gum (GG)

This fermentation polysaccharide is produced by Sphingomonas elodea ATCC
31461, hitherto called as Pseudomonas elodea. Gellan gum has a linear chemical
structure and is comprised of repeating glucuronic acid rhamnose, and glucose units.
When gellan solutions cool, the polysaccharide strands are transformed into double
helices, resulting in fragile gel structures. In the existence of suitable cations (Na+ or
Ca++), the double helices are formed (cation-mediated aggregation), ensuing the
formation of resilient gel networks (Wang et al. 2006).
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6.5.2.1 Structure and Chemical Composition

Gellan is a negatively charged (anionic) heteropolysaccharide possessing a linear
structure, comprised of D-glucose, D-glucuronic acid, and L-rhamnose (molecular
ratio: 1.5:1:1) units. It is composed of reiterating units of tetrasaccharide moieties in
which glucuronic acid, glucose plus glucose (β-1 ! 4 allied), and rhamnose
(α-1 ! 3 linked) are linked. To put it another way, two β-1,4,D-glucose units, one
α-1,3 L-rhamnose unit, and one β-1,4,D-glucuronic acid unit make up the
tetrasaccharide. GG creates gels at very tiny concentrations, i.e., 0.1%. They come
in two varieties: (a) low acyl, which produces hard and fragile gels, and (b) high acyl
that produces soft, supple, and nonfragile gels. Gellan gum exhibits an ionotropic
gelation, akin to carrageenan or alginate polysaccharides. GG forms coiled structure
at raised temperatures, but once the temperature drops, it transforms into a
double-helix structure. These helices are self-assembled to produce junction zones
(orientated bundles) accompanied by coupling with untwisted regions in the poly-
saccharide strand, culminating into a gel’s development (Quinn et al. 1993; Oliveira
et al. 2010).

6.5.2.2 Physical Properties

The physical and functional characteristics of GG are influenced by acyl groups’
presence or absence. GG dissolves quickly in both hot and cold H2O. It creates a
mesh-like structure termed demoldable gel when its concentration is more in the
solution. On the contrary, when it occurs in minute concentrations, the molecules
cluster together; however the solution remains very fluidic, hence creating a fluid
gel. Gellan gum could likewise be employed to amend the stability, rheology, and
thermal properties of solutions by uniting it with another non-gelling and gelling
hydrocolloids (Coviello et al. 2007). Gellan and xanthan or carboxymethyl cellulose
are used to form soft gels (Stephen et al. 2006).

6.5.2.3 Applications

GG is prevalently utilized as a binder, thickener, and stabilizer in an array of culinary
applications. Additionally, it is utilized to keep water-based gels like sipping jellies
and desserts stable. Gellan can even be utilized in vegan diets to substitute gelatin in
yogurt and sour cream like dairy products. Gellan is documented to be excellent for
speeding up the setting of starch confections and keeping sweets from sticking/
adhering together in hot weather (Mariod and Fadul 2013).
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6.5.2.4 Concerns About Legislation and Toxicity

In 1988, Japan became the first country to legalize the usage of GG (Bajaj et al.
2007). In 1997, GG was approved for usage in foods, cosmetics, medicines, and
nonfood goods in 25 countries all through the world, including Japan, the USA,
Canada, South Africa, Australia, South America, and Southeast Asia. It had FDA
approval in the USA; nonetheless it is categorized as a “food additive” (E 418) in
Europe (Venugopal 2011).

6.5.3 Curdlan

Curdlan (E424) is a neutral, linear, and unbranched β-D-glucan polysaccharide
comprised of β-1,3-allied repeating glucose moieties. It is named as linear polymer
on account of its capability to “curdle” when imperiled to heat. Curdlan is mainly
obtained from bacteria, for example Agrobacterium biovar.1, Alcaligenes faecalis
strain 10C3, a few Rhizobium spp., and Gram-negative Cellulomonas spp., espe-
cially C. flavigena KU (McIntosh et al. 2005). At ambient (room) temperature, it is
entirely unsolvable in H2O besides maximum organic solvents. However, when
heated, it produces two forms of heat-induced gels: “high-set gels” and “low-set
gels” (Lee 2002). Curdlan gels possess physiognomies which are akin to gelatine’s
suppleness and agar’s fragility. In an assorted range of culinary preparations, such as
surimi products, processed meat, vegetarian meals, sauces, and other functional
foodstuffs, it is also utilized as a texturant processing aid, stabilizer, texture adjuster,
or thickener (Spicer et al. 1999).

6.5.3.1 Structure and Chemical Composition

It is a succinoglucan comprised of linear (β-1 ! 3) glucans (Fig. 6.2) that are partly
esterified with succinic acid (Wustenberg 2014). Curdlan is mostly unsolvable in
H2O under 54 �C temperature. When solution’s temperature rises beyond this level,

Fig. 6.2 Curdlan’s chemical structure. (Source: Jin et al. 2006)
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it expands and forms a sturdy supple gel. Curdlan is solvable in those aqueous
solutions which are alkaline in nature (Saha and Bhattacharya 2010). Curdlan
possesses three –OH groups (chemically active), one at carbon 6 position (primary –
OH group) while two at carbons 2 and 4 positions (secondary –OH groups). Being a
primary OH group, O-6 is the core favorable location for substantial changes which
is particularly expedient in regioselective processes (Nasrollahzadeh et al. 2021).

6.5.3.2 Physical Properties

During the course of heating, curdlan transforms into an irreversible gel. With the
rise in temperature, the gels’ strength increases. In water, curdlan forms unsolvable
films, which are eatable, resistant to oxygen, and biodegradable too (Ghanbarzadeh
and Almasi 2013).

6.5.3.3 Applications

Curdlan performs the function of a gelling/thickening agent both in food and
pharmaceutical sectors. It is utilized in making jellies, sweets, and confectionary
instead of gelatin and agar; also utilized as a binder and thickener in dietetic meals
(e.g., salad dressings, pasta, and desserts), besides as an edible coating for enhancing
food’s shelf life (Nishinari et al. 2021).

6.5.3.4 Legislation and Toxicity-Related Issues

The US Food and Drug Administration (FDA) has approved the usage of curdlan as
a food ingredient. Curdlan has already been granted a food license in Japan
(Venugopal 2011).

6.5.4 Pollulan

Pollulan was first produced in 1976 in Japan at commercial scale. Pollulan is a kind
of extracellular glucan secreted by Aureobasidium pullulans (fungal strain), some-
times acknowledged as “black yeast.” Microbial cells are filtered out of the soup to
purify pollulan. The filtrate is decolorized with activated charcoal, and excess salts
and proteins are removed with ion exchange chromatography. The concentrated
solution is dried and crushed so that a fine powder can be obtained (Choi et al. 2014).
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Fig. 6.3 Pollulan’s chemical structure. (Source: Jindal and Khattar 2018)

6.5.4.1 Structure and Chemical Composition

Pollulan is a water dispersible linear homopolysaccharide primarily composed of
α-(1 ! 6) allied maltotriose units, with subsequent maltotriose units joined by
α-(1 ! 6) glycosidic linkages (Fig. 6.3). The pollulanase enzyme hydrolyzes
α-(1 ! 6) bonds in pollulan and converts them to maltotriose, as identified later.
Nevertheless, it is resistant to glucose oxidase, amylases, invertase,
fructosyltransferase, glucosidase, and a handful of proteolytic enzymes
(Nasrollahzadeh et al. 2021). The pollulan’s molecular mass varies from 10 to
400 kDa (Navard 2013).

6.5.4.2 Physical Properties

Pollulan is a white powder without any odor and taste. Its solution is resilient to heat
and stable across an extensive pH range. When dissolve in water, it functions as an
adhesive and sticks to wood better than modified cellulose or cornstarch. Pollulan
produces an edible, translucent, oil-impermeable and water-soluble film in a little
while (Utami et al. 2014; Ferreira et al. 2016).

6.5.4.3 Applications

Pollulan is mostly utilized as an edible, filler and tasteless polymer in the food sector.
It is, generally, utilized in icings, instant beverages, soy sauces, creams, confection-
ery, sweets, and other products. Pollulan exhibits some properties like (a) a superior
oxygen barrier, (b) good capability to retain moisture, and (c) inhibits fungus growth,
making it an efficacious food preservative. Its most common application is as a
calorie free/low food additive that could be substituted for gelatin in coatings.
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Pollulan is a polymeric system used to form hydrogels and nanogels. These systems
could be engaged to fabricate green smart materials, biosensors, biomimetics,
artificial muscles and chemical separations, among other items. In electronics and
pharmaceuticals, it is employed as a coating and a fiber and film-forming agent in
tissue engineering, drug and gene delivery systems, because of its virtuous physi-
cochemical qualities (Nasrollahzadeh et al. 2019). Pollulan’s use as a carrier/trans-
porter for transmucosal medicine delivery systems in the nose, mouth, and lungs has
been documented as well (Narayanaswamy et al. 2016).

6.5.4.4 Legislation and Toxicity-Related Issues

The US FDA declared pollulan’s usage safe, in 2002. Recently, the European Union
(EU) has approved its usage as a food additive (E 1204) in films, tablets, and
capsules under Directive—2006/52/EC. Now, the usage of pollulan is also legal in
the food sector in various South American and Asian countries like Russia
(Venugopal 2011).

6.5.5 Dextran

Generally, lactic acid bacteria (LAB) including Leuconostoc mesenteroides along
with a few strains of Gluconobacter oxydans are employed for dextran production
via fermentation. The former strains utilize dextransucrase enzyme to transform
sucrose into dextran whereas maltodextrins are converted to dextran by the
dextran-dextrinase enzyme by the latter strains (Naessens et al. 2005). During
fermentation, microorganisms are eliminated from the cultural media. Organic
solvents like methanol, ethanol, acetone, 2-propanol, and others are utilized to
precipitate the solubilized dextrans. Reprecipitation is employed to remove
entrapped contaminants. A fine white colored powder is the finished/final product
(Wustenberg 2014).

6.5.5.1 Chemical Composition

Dextran is basically a generic term used to denote those polymers, which are
comprised of D-glucose moieties linked by α-(1 ! 6) links with flexible numbers
of side branches attached by α-(1 ! 2; 1 ! 3 or 1 ! 4) linkages to the primary
chains. The dextran’s molecular mass can reach up to 440 MDa (Zarour et al. 2017)
and is classified into two kinds based on their chains’ length: dextrans possessing a
MW of >40 kDa (Heinze et al. 2006) and oligodextrans possessing a MW of
<40 kDa (Díaz-Montes 2021).
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6.5.5.2 Applications

Dextran’s chief applications are in the food trade, where it is employed in confec-
tionery and baking to improve/enhance the flavor, texture, along with consistency of
sweets, ice creams, breads, jellies, and flours on account of its moisturizing, stabi-
lizing, and preserving attributes. It is also utilized to prevent oxidation in vegetable,
meat, and cheese; also it enhances aroma, texture, and flavor (Aman et al. 2012;
Wolter et al. 2014). Additionally, dextran has also been recommended for usage as
potential prebiotics and biodegradable film-forming agents or coatings (Sarbini et al.
2013).

Dextran may be utilized in multitudinous applications. For instance, high MW
(40–70 kDa) dextran has been reported to be utilized in medications as a
cryopreservative for organs and vaccines, besides an anticoagulant, extender,
osmotic agent, antithrombotic and intravenous plasma lubricant (Bhavani and
Nisha 2010). Also it is utilized as a moisturizing and/or thickening ingredient in
cosmetics, and its reductive properties permit its usage as a wrinkle reducer ingre-
dient (anti-aging agent).

6.5.5.3 Legislation and Toxicity-Related Issues

Dextran may be consumed as an instant energy source as it is simply absorbed in the
digestive system of human beings. Its removal is easy by the kidneys because it
expands blood plasma. Therefore, dextran is presently authorized in several coun-
tries for usage in an extensive array of foodstuffs. However, dextran is not endorsed
to be consumed/eaten on a daily/regular basis (Jindal and Khattar 2018).

6.5.6 Scleroglucan

The term scleroglucan denotes a form of extracellular glucans produced by phyto-
pathogenic fungi, particularly those belonging to the Sclerotium genus, viz. Sclero-
tium rolfsii, S. glucanicum, Botrytis cinerea, Schizophyllum commune, and
Epicoccum nigrum. Scleroglucan is hypothesized to be produced by these phyto-
pathogens to attach to the plant’s surface. Furthermore, the cells that secrete
scleroglucan hydrolyze it to glucose, suggesting that it functions as a carbohydrate
store. The commercial product’s brand name is Scleroglucan, although it is also
acknowledged as clearogel, actigum, polytetran, polytran FS, and sclerogum (Jain
et al. 2007; Schmid et al. 2011).
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Fig. 6.4 Scleroglucan’s chemical structure. (Source: Kırtel et al. 2017)

6.5.6.1 Chemical Composition

Scleroglucan is a homopolysaccharide (H2O-dispersible plus nonionic) comprised of
a linear strand of β-D-(1 ! 6)-glucopyranosyl and β-D-(1 ! 3)-glucopyranosyl
groups (Fig. 6.4). The length and frequency of side chains differ among
scleroglucan-producing microbial species. The MW of scleroglucan is �2 kDa. Its
structure was first revealed by periodic oxidation analysis, which was subsequently
verified by 13C nuclear magnetic resonance (NMR) and methylated sugar analysis
(Survase et al. 2007).

6.5.6.2 Physical Properties

It dissolves quickly in hot and cold H2O. Neither acids nor alkalis affect the
scleroglucan solution throughout an extensive pH range of 2.5–12.0 since it is
nonionic in nature. Also ions do not influence the scleroglucan solution’s viscosity
besides being pseudoplastic and thermostable, with a great yield. Scleroglucan is a
foam stabilizer with excellent emulsification abilities. On account of its strong
rheological characteristics and durability over a wide-ranging pH, salinities, and
temperatures, scleroglucan is ideal for a varied array of applications. It is utilized to
protect sauces and ice creams from getting too soft. Several patents describe ways to
improve/enhance the quality of heat-treated or frozen meals, viz. Japanese cakes,
steaming dishes, bakery items, and rice crackers (Zhang et al. 2013).

6.5.6.3 Applications

Scleroglucan shares most of the alike characteristics with xanthan and is at least
effective with regard to functional properties. It may be widely utilized in the food
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sector as a thickening/gelling and/or stabilizing agent. Scleroglucan, on the contrary,
is not as extensively employed as XG due to its greater production costs. When
equated to XG, the fermentation takes longer time and also shows poor yields.
Although the process of fermentation might be improved to increase yields and
lower manufacturing unit costs, there is tiny incentive to promote this product
because xanthan already occupies that “niche” (Kumar et al. 2021).

6.6 Synthetic/Modified Stabilizers

Natural stabilizers are subjected to acid, alkali, enzymatic, and alcoholic modifica-
tion to yield synthetic/modified stabilizers; for example, starch and cellulose as
described in the following sections.

6.6.1 Modified Starch

A naturally derived polymer from agricultural sources is starch. It occupies second
place among utmost prevailing natural polymers that exist on the globe, after
cellulose. Wheat, tapioca, rice, corn, and potato are only a handful of the food
industry’s most popular cereal grains and tubers. Starch contains two forms of
homopolysaccharides—amylose and amylopectin. The former one polymer is exten-
sively branched encompassing around 1,000,000 glucose moieties united by α-1,4
bonds in the linear strand while through α-1,6 glycosidic linkages in the branched
strands. Amylopectin is an extremely branched polymer having approximately
500–20,000-D-glucose moieties linked via α-1,4 bond in the linear strand while
through α-1,6 glycosidic linkages in the branched strands. Amylose (20–25%) and
amylopectin (75–80%) make up the major portion of starches. Other amylose-
containing starches have 80% amylose content (Li et al. 2019).

6.6.1.1 Modification

Starches are transformed by physical, chemical, enzymatic, or genetic techniques to
change their inherent characteristics and improve their stabilizing qualities. Other
modification procedures like dry heating, annealing, elevated moisture treatment,
gelatinization, profound freezing/thawing, ultrasonication, osmotic pressure treat-
ment etc. employed for modified starch/cellulose’s manufacturing are depicted in
Table 6.3. Physical approaches lower down the starch’s viscosity by converting its
granular structure into a tiny crystalline structure, allowing it to dissolve in cold/ice-
cold H2O (Li et al. 2019). Conversely, starches modified via physical means have
restricted stabilizing properties. The chemical-mediated starch’s modification brings
about the insertion of a functional group into its chain, ensuing different
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modifications in starch characteristics. Chemical-mediated starch’s modification
could be accomplished through oxidation, alkali/acid addition, bleaching, esterifi-
cation, etherification, cross-linking, or a blend of all these processes. The hydroxyl
(OH) groups situated at 2, 3, and 6 carbon atoms of glucose’s pyranose structure do
not have glycosidic connections and are thus available for replacement. During the
enzymatic transformation, the glycosidic linkages are broken. Dextrins, enzyme-
treated and acid/alkali modified starches are synthesized by hydrolysis. The bond
cleaves when water molecules are added across it, resulting in cleavage products
having an alcohol (hydroxyl group) functionality. When starch interacts with NaClO
(sodium hypochlorite), oxidized starch is formed. It produces a whiter starch with
improved water absorption, viscosity, and solubility properties (Egharevba 2019).
Cross-linking occurs when starch interacts with a chemical, capable of forming
bonds with several –OH groups in the molecule. Cross-linking improves freezing-
thawing stability by lowering starch swelling power, enhancing solubility, improv-
ing shear and heat stability, and lowering starch swelling power. The hydrophilic –
OH groups at 2, 3, and 6 carbon positions of starch are changed to hydrophobic
acetyl groups when starch undergoes reaction with acetic anhydride. Acetate is
generated when the acetic anhydride’s acetyl groups esterify the –OH group of
glucose. Acetylation improves starch granule solubility, swelling strength besides
reducing gelatinization temperatures. When starch undergoes esterification with
succinic anhydride, it is referred to be succinylated. Consequently, the insertion of
more number of lipophilic groups takes place into the starch due to this process.
Etherification using epoxide reagents is another significant way of starch modifica-
tion. It lowers the hydrophilicity and inter- and intra-molecular H-bonding’s degree
in a starch strand by adding lipophilic (lipid soluble) alkyl groups (Tian et al. 2018).

6.6.1.2 Safety

Except in newborn formulae, modified starches can be the 43 constituent part of
most meals according to good manufacturing practice (GMP). Maximum restrictions
have been imposed on a few modified starches, such as distarch phosphate. In infant
formulas and follow-up formulae, 5000 mg/kg distarch phosphate, acetylated
distarch phosphate, acetylated distarch adipate, starch acetate, monostarch acetate
while 50,000 mg/kg in supplemental meals for newborns and young children
(Kumar et al. 2021).

6.6.1.3 Applications

Although native starches have been utilized as a gelling/thickener agent in numerous
meals, their low surface activity restricts their utilization as food stabilizers. The
employment of modified starches in the dairy, meat, canning, and spice industries
has been documented owing to their viscofying and binding qualities, freezing-
thawing stability, and smoothness (Singh et al. 2010).
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6.6.2 Modified Cellulose (MC)

Cellulose—the utmost prevalent natural polymer on earth—is comprised of glucose
repeating moieties allied together by β-1,4-linkages. It is the constituent part higher
plant’s cell walls, fungi, a few algae. Bacteria like Acetobacter xylinum also produce
it. Sawdust, papaya peel, sago waste, cotton linters, water hyacinth, and sugarcane
bagasse exemplify just a few agricultural products that advocate their use in cellu-
lose’s manufacturing. A few of the commercially available modified celluloses
include carboxymethyl cellulose (CMC), methylcellulose (MC), hydroxypropyl
methylcellulose, methyl ethyl cellulose (MEC), hydroxypropyl cellulose (HPC),
microcrystalline cellulose (MCC), and ethyl cellulose (EC). Low molecular mass
carbohydrates, proteins, waxes, and lignin are removed when the wood is pulped in
alkali, allowing the cellulose to be recovered. It has to be modified for usage in food
being water unsolvable in its natural form (Brigham et al. 2018).

6.6.2.1 Modification Procedures

Alkali-treated cellulose serves as the initial material for making modified celluloses.
Carboxymethyl cellulose, a linear and anionic polysaccharide, is formed once alkali
(NaOH/KOH)-treated cellulose reacts with monochloroacetic acid (C2H3ClO2) in
alkali and organic solvent’s presence. This causes carboxymethyl group moieties in
the cellulose strand/chain to partially replace hydroxyl groups, especially at the 2C
atoms of glucose (Asl et al. 2017). The carboxymethyl moieties’ number in CMC
accounts for gum’s solubility and degree of substitution. Wood/Cotton pulp cellu-
lose is utilized to make HPMC and MC. Pulverized cellulose is mixed with dimethyl
ether for producing a slurry. To make alkaline cellulose, sodium hydroxide is added
gently to the slurry followed by mixing with methyl chloride (CH3Cl) to make MC
and propylene oxide (C3H6O) to make HPMC. During HPMC synthesis, the –OH
groups in anhydrous glucose moieties are replaced with 2-hydroxypropyl (C7H12O3)
groups. For MC synthesis, the –OH groups at 2, 3, and 6 carbon positions in
anhydrous glucose moieties are substituted with methyl (CH3) groups. MCC is the
fourth most common modified cellulose, and it is synthesized from cellulose that has
been hydrolyzed under synchronized conditions. This hydrolysis could be accom-
plished through enzymatic reaction, weak acid treatment, extrusion cooking, or
steam explosion. All these treatments abolish cellulose’s amorphous sections, left
behind crystalline domains only. Attributable to the tiny particles production and the
shorter reaction time, acid hydrolysis is preferred as comparable to other treatments
(Chauhan et al. 2010). The properties exhibited by the modified celluloses are
portrayed in Table 6.3.
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6.6.2.2 Safety

The European Food Safety Authority (EFSA), during re-evaluating cellulose(s) as a
food additive(s), determined that cellulose and its derivative’s severe toxicity was
minimal and food that uses modified cellulose up to 10% concentration had no
adverse effects. For cellulose derivatives, the NOAEL (no-observed-adverse-effect-
level) has been calculated to be 9000 mg/kg BW/day. This panel also decided that
cellulose and its derivatives pose no safety risk at the reported levels of various
applications. The panel used a cumulative exposure dosage of 660–900 mg/kg
BW/day for modified celluloses (Kumar et al. 2021).

6.6.2.3 Applications

The most recurrently employed modified celluloses as food stabilizers include MC,
HPMC, MCC, and CMC. The purified form of CMC powder is utilized to prepare
ice cream, pastries, and drinks. MC is utilized to manufacture gluten-free breads
besides improving their texture. It is also employed in mayonnaise to keep emulsion
stability, regulate viscosity, and stabilize foam in cold beverages. HPMC is reported
for its frequent utilization in the food sector for reducing oil absorption in fried
foods. MCC is utilized as an emulsifier, thickener, texturizer, bulking, and
anticaking agent. It has also been utilized to manufacture fat-free ice cream, pastry
items, and slimming products (Deshmukh et al. 2017).

6.7 Food Stabilizers from Genetically Engineered Microbes

Microorganisms that are genetically edited utilizing in vitro biotechnological tech-
niques to execute a particular function are acknowledged as genetically engineered
microorganisms/microbes (GEMs) which might be either bacteria or fungi. The
usage of GEMs in manufacturing food ingredients and food processing aids has
become pervasive in the latest few decades (Hanlona and Sewalt 2021). Examples
include vitamins, functional proteins (texturants), amino acids, nutritional proteins,
sweeteners, flavors, and oligosaccharides (Adrio and Demain 2010).

Among GEMs, Actinobacillus succinogenes, Basfia succiniciproducens,
Mannheimia succiniciproducens, and Escherichia coli are being extensively utilized
GEMs for producing various food stabilizers, primarily carboxylic and amino acids
whose production is allied with carbon metabolism in them. According to literature
sources carboxylic acids especially aliphatic are typically utilized as acidity regula-
tors or preservatives. Many of the carboxylic acids, including lactic, succinic, citric,
malic, and fumaric acids that are produced via tricarboxylic acid cycle and glycol-
ysis, have been recorded in the E-numbers catalogue. Lactic acid (E270) is produced
by numerous microbes like bacteria (Lactic acid bacteria—Lactococcus spp. and
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Lactobacillus spp.; Corynebacterium glutamicum, Escherichia coli, Bacillus
subtilis) microalgae, and yeasts (Abdel-Rahman et al. 2013) whereas malic acid
(E296)—another intermediate of TCA cycle—is typically generated by the genus
Aspergillus, viz. A. oryzae, A. flavus, and A. niger. The TCA cycle’s reductive phase
has also been tweaked to enhance malic acid’s synthesis from pyruvate synthesized
from glycolysis. When the genes encoding for C4-dicarboxylate transporter, pyru-
vate carboxylase, and malate dehydrogenase were overexpressed in a genetically
engineered A. oryzae NRRL 3488 strain, synthesis of malic acid (154 g/L) and
glucose (1.02 g/g) was reported which was 69% of the highest yield on theoretical
basis (Brown et al. 2013).

For malic acid synthesis, analogous metabolic engineering procedures were used
in Ustilago trichophora, E. coli, and S. cerevisiae. The L-glutamic acid (E620), L-
cysteine (E640), and glycine (E640) have all been licensed by the EU as flavor
enhancers (E920). The main chemical accountable for the “umami” flavor of meals
is the monosodium salt form of L-glutamic acid (E621). L-Cysteine is mainly utilized
as a flour treatment agent for improving baked item’s functionality. All of the three
above-mentioned amino acids may theoretically be the derivatives of either hydro-
lyzed protein or GEMs. Glycine is an amino acid whose synthesis is easier by
chemical techniques; consequently neither methodology is employed for industrial
manufacturing. Because glycine lacks stereogenic centers, it does not necessitate the
costly procedure of separating the L-forms from a racemic mix of chemically
generated amino acids (Zeng et al. 2016). The mechanism of glutamate synthesis
was thoroughly explored in the subsequent decades accompanied by a systematic
engineering of C. glutamicum to enhance product titers values (Hirasawa and Wachi
2016). A strain exhibiting the ability of producing 100 g/L glutamic acid (L-form)
and glucose (yield—0.6 g per g) was developed through a blend of strain engineer-
ing techniques and process parameter’s optimization. Several publications and
review papers (Kimura 2003; Sano 2009; Eggeling and Bott 2005) are reported to
outline metabolic engineering headways to increase L-glutamic acid formation in
C. glutamicum.

Protein hydrolysis from animal sources like poultry feathers is presently the most
prevalent source of L-cysteine synthesis. To make engineered L-cysteine, researchers
used the natural biosynthetic process starting with L-serine and acetyl-CoA in
C. glutamicum and E. coli (Wada and Takagi 2006). Metabolic engineering aimed
to mutate the cysE gene in order to develop enzymes that were little feedback
sensitive (Kai et al. 2006). Functionally introducing heterologous and feedback-
insensitive CysEiso enzymes into Escherichia coli from Arabidopsis thaliana pro-
duced 1.7 g/L titer of L-cysteine (Takagi et al. 1999). During a recent investigation,
omission of yciW gene that codes for an oxidoreductase enzyme apparently tangled
in metabolizing cysteine (L-form) in E. coli ensued an upsurge in L-cysteine produc-
tion, despite the set titer value (1.7 g/L) in 1999 stood surpassed (Takagi and Ohtsu
2016).
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6.8 Concluding Remarks

Microorganisms, including GEMs, use an array of enzymes and metabolic processes
to make microbial polysaccharides like dextran, gellan gum, pollulan, xanthan gum,
scleroglucan along with other natural food stabilizers that are healthier than synthetic
ones. This is endorsed by the point that synthetic food stabilizers have a negative
impact on consumer health owing to the employment of harsh chemicals in their
manufacturing besides the development of hazardous waste. Microbial stabilizers,
conversely, have a positive influence as they are often synthesized through fermen-
tative methods, making them a practical and environmentally acceptable option.
Furthermore, techniques employing genetic engineering tools have been acknowl-
edged to be particularly successful for large-scale production by directing bacteria to
synthesize desired molecules. Consequently, microbial food stabilizers have risen in
demand in the international market. However, the primary disadvantage allied with
the production of microbial polysaccharide is its high cost. Researchers must employ
an assorted and comprehensive research approach that integrates approaches from
both industrial biotechnology and systems biology if microbial food stabilizers are to
play their rightful role in the food business. In a nutshell, growth of food stabilizers
in the international market is reliant on a multidisciplinary scientific approach and
alternative production strategies for large-scale manufacturing of microbial food
stabilizers to bear out food trade’s necessities.
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Chapter 7
Biosurfactants: Promising Biomolecules
in the Food Industry

Beatriz Galdino Ribeiro, Jenyffer Medeiros Campos Guerra,
and Leonie Asfora Sarubbo

Abstract Biosurfactants are molecules derived from microorganisms that have
potential for application in many sectors of the industry. This is due to several
advantages, such as the action of detergency, emulsification, dispersions foaming or
solubilization of phases, high biodegradability, and production from different renew-
able sources. Several microorganisms can produce biosurfactants as by-products of
their metabolism, including bacteria and yeasts. In the food sector, these biomole-
cules have aroused increasing interest due to antimicrobial and antiadhesive prop-
erties, important to prevent and/or minimize contamination and increase the shelf life
of foods, as well as antioxidant properties, which add even more value to formula-
tions of microbial surfactants, in addition to contributing to the overall quality
control. In addition, the possibility of production by microorganisms with GRAS
status (Generally Regarded as Safe) guarantees the safety of their use due to their low
toxicity and proven pathogenicity. In food processing, the ability of biosurfactants to
act as emulsifiers and emulsion stabilizers allows them to be used in different
concentrations, as additives and even versatile ingredients. Among the potential
food formulations, ice cream, salad dressings, breads, cookies and muffins stand out,
which, when incorporated with microbial surfactants, showed improvements in
physical and physical-chemical properties and in the analysis of the texture profile.
Thus, this chapter discusses the biosurfactants application prospects in food formu-
lations, highlighting improvements in emulsification, stabilization and textural and
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sensory aspects of different types of food, as well as the technological and economic
challenges associated with the use of microbial surfactants in this promising sector.

Keywords Biodegradability · Emulsification · Foods formulation ·
Microorganisms · Surfactants

7.1 Introduction

Biosurfactants are known as ecologically friendly molecules, as they are biodegrad-
able, biocompatible, and show low toxicity, in addition to standing out for having a
wide range of applications. Like synthetic surfactants, biosurfactants are surface-
active agents with amphipathic properties, with a polar and a nonpolar region, which
can be used in hydrophobic and/or hydrophilic systems, where they act in processes
of detergency and dispersion, wetting, foaming, and emulsification (Farias et al.
2021; Ohadi et al. 2019).

Increased research on biosurfactants confirms their high efficiency in the pro-
cesses in which they are used, mainly in the hydrocarbon bioremediation and
microbial enhanced oil recovery (MEOR) sectors (Sales da Silva et al. 2020). In
addition, their unique characteristics allow them to be applied in a wide range of
sectors, such as cleaning products and detergents (54%), textiles (13%), chemical
processes (10%), leather and paper (10%), cosmetics and pharmaceuticals (3%),
food (3%), and agriculture (2%), with the function of replacing, at least partially,
chemical surfactants, contributing positively to industry and responsibly for the
environment (Farias et al. 2021; Shakeri et al. 2021).

The production of biosurfactants can be carried out by the metabolism of many
microorganisms from hydrophobic and hydrophilic substrates. Among the pro-
ducers’microorganisms, bacteria of the genus Bacillus and Pseudomonas and yeasts
of the genus Candida, Starmerella, and Saccharomyces stand out. The composition
and structure of a biosurfactant is influenced both by the substrates present in the
medium and by the cultivation conditions. These parameters are objects of extensive
investigation to direct the production of these biomolecules according to specific
applications. Glycolipids and lipopeptides are the most known types of
biosurfactants due to their versatile physicochemical properties and differentiated
biological activities, with excellent surface-active action, even under extreme con-
ditions (Mnif et al. 2017).

Biosurfactants also show antimicrobial, antiadhesive, and antioxidant activities,
which make them interesting for the food industry by promoting increased food
safety and, consequently, general quality of the products (Silva and Sarubbo 2021).
In addition to contributing to reduce contamination and microbial adhesion and
increase the shelf life of final formulations, by preventing the occurrence of oxida-
tion reactions, biosurfactants also influence the efficient removal of heavy metals
from the surface of vegetables by acting as washing agents (Liu et al. 2019).

The benefits of applying these biomolecules especially in the food sector are due
to their broad emulsification spectrum. Biosurfactants can effectively emulsify and
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stabilize vegetable oils such as castor, mustard, coconut, sesame, and sunflower, as
well as improve some important characteristics such as viscosity, volume, texture
and even energy value of ice cream, salad dressings, breads, cakes, and cookies.
However, the difficulties in applying biosurfactants in the food industry are still real,
whether due to the high cost of production, separation, and purification, or the low
efficiency in some types of application. Thus, it is necessary that studies are focused
on both synthesis technology and large-scale application so that biosurfactants can
establish themselves in this sector (Ribeiro et al. 2020a).

In this chapter, the properties, classification, and production of biosurfactants are
discussed, focusing on the most recent approaches to the application of these bio-
molecules in the food industry, considering the technological and economic chal-
lenges of their use in this expanding sector.

7.2 Biosurfactants

Biosurfactants are tensioactive agents with amphiphilic nature, which have a hydro-
philic and a hydrophobic portion in their structure. The main difference with
synthetic surfactants is due to the possibility of production from microorganisms.
Their application is quite wide, due to the ability to reduce the surface and interfacial
tension of various media through the formation of micelles, which accumulate at the
interface between liquids of different polarities, such as water and oil (Karlapudi
et al. 2018; Ohadi et al. 2019) (Fig. 7.1). Since biosurfactants originate from the
secondary metabolism of microorganisms and show performance equivalent to
synthetic surfactants, biosurfactants are considered more advantageous due to the
growing search for more sustainable and less aggressive surfactants to the environ-
ment (Najmi et al. 2018; Santos et al. 2018).

Biosurfactants play a significant role in the formation of direct and reverse
microemulsions, clear and stable liquid mixtures composed of water and oil, sepa-
rated by monolayers or aggregates of surfactants, being formed when a liquid phase
is dispersed as droplets in another liquid phase (Perfumo et al. 2017; Rocha e Silva

Fig. 7.1 Biosurfactant molecules forming micelles in oil-in-water (a) and water-in-oil (b) systems
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et al. 2019). This is due to the formation of micelles, which are amphipathic
molecules aggregated to hydrophilic and hydrophobic portions that increase the
solubility of organic compounds in the aqueous phase, favoring the application of
biosurfactants in several areas. They can also be applied under specific conditions,
since, in addition to low toxicity and high biodegradability, they are stable in the face
of significant variations in pH, temperature, and salt concentration (Rocha e Silva
et al. 2018; Anic et al. 2018).

7.3 Properties of Biosurfactants

Among the properties of a biosurfactant, detergency, emulsification, dispersion,
foaming, or solubilization of different phases stands out, being directly or indirectly
related to the ability to reduce the surface tension of a system, the reduction being
inversely proportional to its concentration in the medium (Maddikeri et al. 2015;
Bakhshi et al. 2017). Surface tension, which measures the effectiveness of the
biosurfactant along with the interfacial tension of a system, decreases as micelles
are formed, and its concentration is related to the Critical Micelle Concentration
(CMC), which corresponds to the minimum concentration of surfactant necessary
for that the surface and interfacial tension is reduced to the maximum, being an
efficiency parameter of a biosurfactant (Fig. 7.2) (Araújo et al. 2020; Gouda et al.
2020).

The effectiveness and efficiency of a biosurfactant can also be influenced by
molecular weight. Biosurfactants that have low molecular weight are more efficient
in reducing surface and interfacial tension, contributing to solubilization of immis-
cible compounds. Structures that present high molecular weight, on the other hand,
are more effective and efficient in stabilizing oil-water emulsions, quite common in

Fig. 7.2 Relationship
between surface tension and
the critical micelle
concentration (CMC) of
biosurfactants
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foods, reducing repulsive forces and, thus, allowing easier mixing and interaction
between the two phases (Fari and Saeed 2016; Solomon et al. 2017).

In addition to playing an important role in the solubilization of hydrophobic
compounds (Zhong et al. 2016; Liu et al. 2017), microbial surfactants can act in the
binding of heavy metals (Chen et al. 2017; Arab and Mulligan 2018) and in the
production of antimicrobial compounds, antibiofilms, antioxidants, and antibiotics
(Kaczorek et al. 2018; Lima et al. 2019). Biosurfactants can also have other
interesting properties, such as hemolytic, antiviral, anticancer, and immunomodula-
tory action, being able to be used in biomedicine and therapy (Mnif and Ghribi 2016;
Yalaoui-Guellal et al. 2020; Marangon et al. 2020). These properties make
biosurfactants a safe alternative to combat various foodborne pathogens (Sharma
and Saharan 2016; Ekpenyong et al. 2017).

7.4 Classification of Biosurfactants

The main classification criterion for microbial surfactants is the type of chemical
structure presented. The most common biosurfactants are glycolipids, lipoproteins,
lipopolysaccharides, complex biopolymers, phospholipids, and lipopeptides (Souza
et al. 2017). However, other parameters are also considered, such as molecular
weight—high (lipoproteins, lipopolysaccharides, and complex biopolymers) or
low (glycolipids, lipopeptides, and phospholipids), ionic charges (anionic, cationic,
nonionic, and neutral), and secretion type (intracellular, extracellular, and adherent
to microbial cells). As for production and potential applications in food, glycolipids
and lipopeptides are the most studied (Mnif et al. 2017).

Glycolipids are composed of fatty acids combined with carbohydrates through
glycosidic bonds. They are subdivided into several types, according to the carbohy-
drate present in the structure. The best-known glycolipids are sophorolipids,
trehalolipids, mannosylerythritol (MEL) lipids, and rhamnolipids (Williams and
Trindade 2017). This subdivision occurs according to the nature of the carbohydrate
and lipid fraction in the molecule, as well as according to the producing micro-
organism, with rhamnolipids commonly coming from Pseudomonas sp. (Shreve and
Makula 2019; Varjani and Upasani 2019) and Saccharomyces (Bahia et al. 2018),
trehalolipids produced by Rhodococcus and other bacterial species (Kuyukina and
Ivshina 2019), mannosylerythritol lipids by Pseudozyma sp. (Fukuoka et al. 2016)
and sophorolipids and carbohydrate-protein-lipid complexes produced mainly by
yeasts of the Candida genus (Gaur et al. 2019; Campos et al. 2019).

The structure of sophorolipids has a sophorose molecule linked to a long-chain
hydroxyl fatty acid through a glycosidic bond (Ozdener et al. 2019). Trehalolipids
are composed of mycolic acid (long-chain β-hydroxycarboxylic acid) linked to
trehalose disaccharide and are also produced by bacterial species Mycobacterium,
Nocardia, and Corynebacterium. Mannosylerythritol (MEL) lipids are made up of
mannose sugar, linked to the fatty acid chain, which may differ in relation to the
degree of saturation, length of the hydrophobic chain, and/or acetylation in the C4
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and C6 positions of the sugar (Bages-Estopa et al. 2018). Rhamnolipids, on the other
hand, consist of rhamnose units linked to 3-hydroxyl fatty acid units via a
β-glycosidic link. Rhamnose units are linked together by O-glycosidic bonds,
whereas fatty acids are linked by ester-type bonds (Irorere et al. 2017).

The structure of lipopeptides differs from that of glycolipids by replacing carbo-
hydrate molecules with peptide molecules linked to the lipid tail, which can be linear
or cyclic. Lipopeptides have some interesting properties, such as biological activity,
low toxic potential, and efficacy even at low concentrations, proving to be suitable
for medical, cosmetic, and food applications. One of the examples is Surfactin, the
main class of lipopeptides, with anionic charge, composed of seven D and L amino
acid residues and a fatty acid residue containing 13–15 carbon atoms, whose studies
show a significant surface-active activity, with the reduction of the water tension
from 72 to 27 mN/m (Bezerra et al. 2019; Rocha e Silva et al. 2019). Surfactin can be
produced by the nonpathogenic Bacillus subtilis, and similar structures produced are
also reported from Bacillus licheniformis, with promising stability studies under
adverse environmental conditions (Meena and Kanwar 2015).

7.5 Production of Biosurfactants for the Food Industry

The production of biosurfactants by microorganisms and their composition/structure
are generally influenced by environmental conditions and the composition of the
culture medium, which are decisive for increasing the solubility of insoluble com-
pounds in water and consequent transport of microorganisms to the cell producers.
An important factor is the fact that, as the production of biosurfactants is not always
conducted through main biosynthetic pathways, it is necessary to use water-
insoluble substrates to induce the formation of these secondary metabolites, such
as, for example, oils, fats, and/or solid and liquid hydrocarbons (García-Reyes et al.
2018).

Thus, one of the main requirements for the biosurfactant production by microor-
ganisms, such as bacteria and yeasts, is the ability to grow in a medium that contains
both a hydrophobic (vegetable oils or hydrocarbons) and hydrophilic (carbohydrates
or glycerol) carbon source, to provide the nutritional balance, so that it becomes
possible to vary the cultivation conditions to obtain biosurfactants according to the
intended application (Clements et al. 2019; Patowary et al. 2019). The synthesis of
the polar portion of biosurfactants results from the use of both the hydrophilic
substrate via the glycolytic pathway, and via the gluconeogenesis pathway, when a
hydrophobic substrate is used. The nonpolar fraction is obtained both from a
hydrophilic substrate, through the oxidation of glucose to pyruvate and then con-
version to acetyl-CoA, precursor of fatty acid synthesis, and from the lipolytic
pathway, when hydrophobic substrates are present in the medium. It is also possible
to use, in the same production medium, a water-soluble and an insoluble substrate to
produce biosurfactants (Ribeiro et al. 2020a).
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In addition to the type of carbon source, each microorganism used also deter-
mines the structure of the biosurfactant produced, the majority being generally
formed by a mannoprotein or glycolipid structure, or a carbohydrate-lipid-protein
complex. Furthermore, depending on the metabolic pathway employed by the
microorganism, the substrate conversion rate can be increased, resulting in increased
productivity (Elshafie et al. 2015).

7.5.1 Agro-Industrial Wastes as Alternatives for Production

The selection of the substrate depends on the choice of raw material with an adequate
balance of nutrients for growth and production, being necessary to contain a high
content of carbohydrates and lipids, essential elements to produce biosurfactants.
However, the costs of these substrates are high and limit the application of
biosurfactants on a commercial scale (Santos et al. 2016; Sindhu et al. 2020). On
the other hand, the use of residues as raw material in bioprocesses is a good
alternative, if there is a good balance of nutrients to obtain the desired product, so
that the production of biosurfactants becomes potentially viable (Moshtagh et al.
2019). Then, new low-cost production strategies have been studied in biotechno-
logical processes aiming at the formulation of alternative media composed of waste
residues, since these account for about 50% of the final cost of the product (Lima
et al. 2017).

Among the agro-industrial by-products widely produced and used by microor-
ganisms for the production of biosurfactants, apple and clarified cashew juice
(Oliveira and Garcia-Cruz 2013), cassava wastewater (Barros et al. 2008), animal
fat (Santos et al. 2013), vinasse (Oliveira et al. 2013), vegetable fat (Gusmão et al.
2010), waste frying oil (Campos et al. 2014; Silva et al. 2019), sugarcane molasses
(Santos et al. 2017), and corn steep liquor (Soares da Silva et al. 2017) stand out.
These residues can be used as carbon and nitrogen sources, replacing raw materials
with higher added value. Thus, biosurfactants produced from waste are promising
for application not only in the food sector, but also in cosmetics, agrochemicals, and
pharmaceuticals (Jiménez-Peñalver et al. 2019).

7.5.2 Biosurfactant-Producing Yeasts for Food Application

Yeasts have shown great potential to produce biosurfactants, as they are industrially
widely used in the food sector. This is due to the fact that some are included in
GRAS (Generally Regarded as Safe) status, and do not have toxicity and pathoge-
nicity risks (Campos et al. 2015). Some yeasts included in this status are of the
Candida, Starmerella, and Saccharomyces genus, being reported by several authors
to produce biosurfactants with potential food application. Examples of biosurfactant
producers include Candida lipolytica (Sarubbo et al. 1999, 2001), Candida utilis
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(Campos et al. 2019), Candida bombicola (Silva et al. 2020), Starmerella bombicola
(Wang et al. 2019), and Saccharomyces cerevisiae (Ribeiro et al. 2020b), known for
producing biosurfactants with good results in emulsifying action, antimicrobial, and
antioxidant activity.

As for food applications with C. lipolytica, Cirigliano and Carman (1984, 1985)
were the pioneers in studying the production of a bioemulsifier in a medium
composed of several hydrophobic carbon sources. A few years later, it was shown
that this yeast can use babassu oil or glucose in a batch and fed batch culture medium
(Sarubbo et al. 1999, 2001), being a precursor of studies with canola oil, concluding
that the biosurfactant is formed by a complex structure composed of protein, lipid,
and polysaccharide, with properties similar to commercial emulsifiers (Sarubbo et al.
2007).

Regarding the biosurfactant production by C. utilis, the first results were reported
with application in salad creams (Shepherd et al. 1995). Later, the production of a
biosurfactant in a medium composed of glucose and canola waste frying oil was
described, showing stability in emulsifying action and in surface-active activity after
24 h of observation (Campos et al. 2019).

In relation to C. bombicola, several studies have already demonstrated the
possibility of biosurfactant production both by glucose and by industrial residues
as substrates, such as sugarcane molasses and frying oil, as a carbon source, as well
as corn liquor as a nitrogen source, obtaining nontoxic biosurfactants with good
emulsifying and antimicrobial activity, with yields around 40 g/L (Minucelli et al.
2017; Resende et al. 2019). As for S. bombicola, teleomorph of C. bombicola (Rosa
and Lachance 1998), studies report the use of agro-industrial residues and high
concentration of hydrophobic substrates to produce large amounts of sophorolipids
(about 177 g/L) with emulsifying properties (Shah et al. 2017; Lodens et al. 2020).

Regarding biosurfactants produced by Saccharomyces cerevisiae, these metabo-
lites are known to have an effective emulsifying property. Since the 1980s, results of
emulsifying activity and stability at different temperatures of intracellular
mannoproteins extracted from the cell wall of these yeasts have been reported
(Cameron et al. 1988). More recent studies also describe the possibility of producing
extracellular biosurfactants with better emulsifying activity from culture media
supplemented with glucose and oil as carbon source (Hussain Ali and Shawkat Ali
2019). By cultivating this yeast in a medium composed only of soy frying oil and
corn steep liquor, it was possible to produce a glycolipid with thermal stability and
emulsifying action in cookies, as shown in Fig. 7.3 (Galdino Ribeiro et al. 2020;
Ribeiro et al. 2020b).
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Fig. 7.3 Cookies added with S. cerevisiae biosurfactant at a concentration of 4% in total replace-
ment of the animal fat source (egg yolk)

7.6 Chemical Additives vs. Biosurfactants in the Food
Industry

It is true that, despite the limitations regarding the entry of biosurfactants on the
market, they advantageously differ from surfactants and chemical additives mainly
due to their high biodegradability, an extremely relevant property in all areas of
application due to the increase in concern for the environment. In the food industry,
this factor, combined with the low toxic potential, gives biosurfactants a benefit due
to the consumers’ need for foods that cause less or no risk to health and well-being,
in contrast to foods that contain substances that may perhaps cause some harm to
human health in the long term (Ribeiro et al. 2020a).

Other significant properties of biosurfactants for the food industry include their
ability to resist variations in temperature, acidity, and salt concentration, so that they
can be applied in formulations that undergo different processes without changing
their essential characteristics for the respective applications. Some yeast
biosurfactants are examples of molecules that have the property of temperature
resistance and can be subjected to conditions above 200 �C without significant
loss of mass, according to the results of thermogravimetric analysis (Ribeiro et al.
2020c). In addition, the antioxidant, antiadhesive, and antimicrobial action found for
some biosurfactants expands the application possibilities in this promising sector,
giving them greater added value compared to chemical additives (Zouari et al.
2016a).

7.7 Application of Biosurfactants in Food

The food industries have always shown concern with the demands and needs of the
market and allied to the growing demand for more natural products; over the years,
one of the measures was to develop new formulations with the addition of additives
from vegetables, which currently have vast application and commercial acceptance,
such as soy lecithin and gum arabic, to replace artificial or chemically synthesized
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compounds (Hasenhuettl and Hartel 2019). However, there are some limitations
with the use of these emulsifiers under microwave cooking conditions and irradia-
tion, due to the likelihood of loss of important properties, which increased the
interest in producing, isolating, and identifying new compounds more suitable for
the intended purposes (Nitschke and Costa 2007; Faustino et al. 2019).

As already mentioned, biosurfactants for food applications have been studied
since the 1980s, showing, over the years, that these biomolecules can contribute to
several purposes, whether to intensify the aroma through the control of consistency
and solubilization of flavoring oils or act as fat stabilizers during the cooking process
in meat products (Vijayakumar and Saravanan 2015; Giri et al. 2017). In addition,
due to their emulsifying action, they can also control viscosity in foods containing
citric and ascorbic acids and improve organoleptic properties in butter creams,
breads, and confectionery products. Thus, the food sector has received much atten-
tion to expand the application of biosurfactants (Nitschke and Costa 2007; Kieliszek
et al. 2017).

7.7.1 Biosurfactants with Antimicrobial and Antiadhesive
Action

Some biosurfactants can significantly contribute to the overall quality and safety of
foods due to their ability to act as antimicrobial and antiadhesive agents. Thus, they
become interesting alternatives to control the proliferation of undesirable microor-
ganisms by preventing their adherence to equipment and utensils used in dairy
processing, for example, since the occurrence of microorganism incrustations in
heat exchangers is frequent. Thus, by acting as an antiadhesive biological coating,
they favor an increase in the shelf life of processed products (Marcelino et al. 2020).

The biosurfactant produced by Lactobacillus plantarum demonstrates that it is
possible to obtain satisfactory results in the agar well diffusion method at concen-
trations up to 25 mg/mL, since it has an antiadhesive action greater than 50% against
different unwanted microorganisms for foods, i.e., Escherichia coli MTCC 108,
E. coli ATCC 31705, Yersinia enterocolitica MTCC 859, Salmonella typhi and
Staphylococcus aureus F 722, in addition to maximum antimicrobial activity of
E. coli ATCC and Y. enterocolitica (Madhu and Prapulla 2014). By the serial
microdilution method, 2.6 mg/mL of glycolipid (crude extract) produced by the
yeast Wickerhamomyces anomalus CCMA 0358 presented an antimicrobial activity
of 66% for Staphylococcus epidermidis, 78% for Candida albicans, and 100% for
Streptococcus agalactiae (Souza et al. 2017). Marine yeasts have also shown
antimicrobial activity, such as Cyberlindnera saturnus SBPN-27, which presented
an inhibitory action between 69% and 100% for different pathogenic bacteria at a
concentration of 200 mg/mL (Balan et al. 2019).
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7.7.2 Biosurfactants with Antioxidant Action

Antioxidants are compounds responsible for delaying the appearance of significant
changes in foods, preserving them from deterioration, rancidity, and discoloration
arising from autoxidation. They can be synthetic, such as butylhydroxyanisole
(BHA) and butylhydroxytoluene (BHT), or natural, such as organosulfur, phenolic,
and terpenes. Biosurfactants can be included together with natural antioxidants, also
contributing to reduce the risk of heart disease and combat degenerative diseases
(Hameed et al. 2020; Xu et al. 2021).

Antioxidants can act in different ways, whether in radical scavenging or complex
reduction, and biosurfactants can show good results for all or some methods
depending on the chemical structure, with the unsaturated fatty acids in the chain
being crucial for a high activity. Biosurfactant produced by Candida utilis, at
concentration of 5 mg/mL, showed greater capacity to reduce complexes (greater
than 70% inhibition) than to scavenge DPPH (2,2-diphenyl-1-picryl-hydrazyl) rad-
icals (Kiran et al. 2017; Ribeiro et al. 2020c). In contrast, at the same concentration,
Lactobacillus biosurfactants acted better as scavengers of DPPH molecules, with
activity above 70% (Merghni et al. 2017).

7.7.3 Biosurfactants with Emulsifying and Stabilizing Action

Emulsifiers, which are one of the most used types of food additives, are compounds
used to provide greater creaminess, stability, and yield of food formulations by
maintaining the uniform dispersion of one liquid in another, such as oil and water.
They play a decisive role in the formation of successful emulsions by facilitating the
initial formation of fine lipid droplets during homogenization and increasing their
stability (Fig. 7.4) (Mcclements and Gumus 2016). Thus, it is possible to control the

Fig. 7.4 Requirements for the formation and stabilization of emulsions
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grouping of globules and aerodynamic systems, promoting the stabilization of
phases in heterogeneous systems, very common in the food sector. Furthermore,
with its use, the shelf life of the products is sufficiently increased, as well as
minimizing phase separation without adding other additives (Pascual-Villalobos
et al. 2019).

Therefore, biosurfactants are an encouraging alternative, not only for their greater
resistance to adverse conditions but also for allowing the formation of stereostatic
and electrostatic barriers, preventing particle coalescence, thus stabilizing emulsions
(Mcclements and Gumus 2016). Glycolipid biosurfactants generally act as good
emulsifiers in oil-water systems, despite their low molecular weight. Some authors
have used microbial surfactants in some foods as effective emulsifying agents,
improving consistency and texture (Egolf et al. 2019; Nitschke and Silva 2017).
Despite few reports on the use of microbial surfactants as food emulsifiers, the
results so far point to significant improvements in foods formulated with these
biomolecules, which are interchangeably called bioemulsifiers, whose properties
do not necessarily encompass the ability to reduce the medium surface tension
(Campos et al. 2019; Gallo et al. 2019).

7.7.3.1 Biosurfactants in Ice Creams

Due to the ability of biosurfactants to control the consistency of products and add
flavor due to the ease with which they solubilize aromas, they can be incorporated
into ice cream as emulsifying agents, so that physical properties such as creaminess
and texture are preserved, contributing to the quality of the final product (Anjum
et al. 2016; Kieliszek et al. 2017). In this type of formulation, biosurfactants must
only partially prevent the penetration of fat crystals into liquid droplets, through the
formation of thin layers, so that partial coalescence occurs, which is desirable during
ice cream production (Mcclements and Gumus 2016; Berton-Carabin and Schroën
2019).

Although no concrete evidence of the use of biosurfactants in aerated foods, such
as ice cream, has been found, studies with the possibility of using hydrophobins,
proteins produced by fungi, have already been observed. Penfold and Thomas
(2019), studying its active surface property and ability to coat surfaces with the
action of adsorption, adhesion, and resistance to denaturation, realized that
hydrophobins can be incorporated as foam stabilizing agents. Low molecular weight
biosurfactants can also be used, either isolated or associated with a mixture of
proteins (in an adequate concentration to minimize competition for the interface
between the phases), due to the activity of reducing surface tension and rapid
stability of the composite emulsions, such as this in the case of ice cream (Zhu
et al. 2019).
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7.7.3.2 Salad Dressings with Added Biosurfactants

The addition of emulsifiers, followed by stirring, in salad dressings interferes with
their creamy appearance by leading to the formation of a water-oil type dispersion.
Mayonnaise, for example, characterized as an emulsion of vegetable oil in water
(vinegar), needs emulsifiers that influence the size of the oil droplets and the
proximity with which they are grouped for a more rigid emulsion. For this purpose,
the positive contribution of a Candida utilis biosurfactant at a concentration of 0.7%
(w/v) as an effective emulsifier was reported, improving physical aspects of sauces
containing guar gum and carboxymethylcellulose (CMC), and providing better
stability after 30 days of storage (Campos et al. 2019). Figure 7.5 shows an example
of application of C. utilis biosurfactant as emulsifier and stabilizer in mayonnaise
type dressing.

Comparing the emulsifying and stabilizing action of biosurfactants produced by
yeasts with other commercial emulsifiers, such as gum arabic, guar gum, and
carboxymethylcellulose, better results are observed for biosurfactants. This is also
due to their greater resistance to heat treatments, so that the granular structure and
rheological properties of foods when incorporated with biosurfactants can be better
preserved by the stability of their emulsifying action under extreme conditions
(Heyman et al. 2014; Ribeiro et al. 2020c).

7.7.3.3 Biosurfactants in Baked Goods and Cookies

Farinaceous foods such as breads, muffuns and cookies are high in demand there-
fore, these foods serves as great reservoir for biosurfactants as food additives.
Biosurfactants can improve the texture of the dough and decrease its energy value
(Antoniewska et al. 2018). In these foods, the use of emulsifiers of microbial origin
emerged with the aim of reducing the use of emulsifiers currently marketed and
improving the rheology of the products, even though there are currently few reports
of their use for this purpose (Zouari et al. 2016b).

Fig. 7.5 Example of
application of C. utilis
biosurfactant as emulsifier
and stabilizer in
mayonnaise-type dressings.
(a) Carboxymethyl
cellulose + biosurfactant. (b)
Guar gum + biosurfactant.
(c) Biosurfactant from
C. utilis
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Fig. 7.6 Muffins made from C. bombicola biosurfactant replacing 50% of the source of vegetable
fat (margarine)

In bakery products, studies with the addition of rhamnolipids and Bacillus subtilis
biosurfactants showed positive changes in mass, texture profile, and volume in the
final formulations. The biosurfactants also reduced the probability of proliferation of
unwanted microorganisms (Giri et al. 2017; Mnif et al. 2012). In muffin formula-
tions, there are reports of improved texture profile with reduced hardness and
chewability and increased cohesion and elasticity when 0.75% of lipopeptide pro-
duced by the halophilic bacterium Nesterenkonia sp. is added in the
formulation quality (Tess et al. 2015; Kiran et al. 2017). By replacing vegetable
fat with Candida bombicola URM 3718 biosurfactant, with thermal stability and
significant antioxidant activity, the physical and textural properties were preserved,
as well as the overall look (Fig. 7.6), in addition to reducing the percentage of trans
fats and improving the nutritional value of the final product (Silva et al. 2020).

For biscuit formulations, Zouari et al. (2016b) published a study comparing the
addition of Bacillus subtilis biosurfactant and a commercial emulsifier GMS (Glyc-
erol Monostearate) in biscuit dough containing wheat flour and sesame, obtaining
greater softness and overall quality with the addition of the bioemulsifier. More
recently, Ribeiro et al. (2020c), when replacing the percentage of egg yolk by 50%
and 100% with glycolipids from S. cerevisiae URM 6670 with a health-beneficial
fatty acid profile, observed that the physical properties, such as the texture profile of
the dough, were maintained when compared to the standard formulation.

7.8 Biosurfactants as Heavy Metal Washing Agents

Heavy metals are chemical substances present throughout the environment, espe-
cially in fertilizers and pesticides used in agriculture. When heavy metal are used
excessively, they can leave harmful residues in crops and natural environments,
which eventually penetrate the human body along food chains, accumulating in the
body, causing irreversible damage to organs and their functions (Jimoh and Lin
2019a). Therefore, biosurfactants can contribute to food safety by acting to remove
heavy metals present on vegetable surfaces, for example, and can provide healthier
and safer food for consumers. Researchers report a significant removal of Cu2+, Fe2+,
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Ni2+, and Zn2+ present in vegetables with the action of a Paenibacillus sp. D9 (Jimoh
and Lin 2019b). There are also reports of the use of recombinant Bacillus sp. MTCC
5877 to optimize the washing action, obtaining cadmium removal percentages of
47–73% from different vegetables (Anjum et al. 2016). By evaluating the removal of
this same metal from vegetables such as ginger, carrots, radishes, and potatoes, it
was possible to obtain removal of up to 61% with a recombinant Bacillus
licheniformis VS16 biosurfactant (Giri et al. 2017). Based on these observations, it
is possible to expand the use of biosurfactants in various sectors of the food industry.

7.9 Biosurfactants of Application Challenges in the Food
Industry

It is true that biosurfactants present themselves as promising molecules for the food
industry. However, their industrial use has faced some obstacles such as the eco-
nomic limitation of its production, since their market cost is still high when com-
pared to the production of synthetic surfactants. To produce a biosurfactant, the cost
of the raw material represents about 10–30% of the total cost, and the availability of
an adequate method of production and economic recovery associated with a good
yield and productivity of the producing microorganism is not yet well established
(Radzuan et al. 2017). In addition, considering that the food industry uses processes
with changing temperature, pressure, viscosity, pH, and solubility together with
microwave, ultrasound, and homogenization technologies for several matrices com-
posed of different proportions of carbohydrates, lipids, proteins, fibers, minerals, and
vitamins, it becomes a challenge to reach maximum efficiency of action of
biosurfactants in these formulations with the lowest possible application concentra-
tion (Augusto 2020). However, consumer preference for a more responsible diet,
combined with growing concern about the origin of the ingredients used, may
facilitate the use of biosurfactants in the coming years in response to the demand
for green food additives (Ribeiro et al. 2020c).

7.10 Conclusion and Future Perspectives

Biosurfactants have become target molecules for applications in several sectors, due
to their advantageous characteristics compared to the synthetic surfactants currently
used. In the food sector, their potential to act in the improvement of several important
parameters was observed, in particular as emulsifiers and stabilizers, in addition to
meeting consumer demand for more natural foods, as it is possible to produce them
by safe microorganisms and in safe conditions. Thus, they present themselves as
promising alternatives to replace commercial emulsifiers with the addition of other
unique properties. However, the application of biosurfactants in food is still limited
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due to some issues such as the availability of economically viable production
technologies, with yields not yet sufficient, and the understanding and obtaining of
adequate biosurfactants for each purpose. Thus, many studies still need to be carried
out to reach ideal conditions for commercialization, despite the advances demon-
strated in applying these biomolecules in recent years. Furthermore, how the inter-
actions of biosurfactants with ingredients in food formulations can affect the sensory
response of consumers needs to be evaluated so that they can be used successfully. In
general, it can be considered that biosurfactants have a recognizable potential for the
benefit of human health and the environment and, based on a greater development of
research in the food sector, they may be part of the processes in a more expressive
and effective way.
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Chapter 8
Additives in Dairy-Based Food

Harshika Sharma, Gaytri Mahajan, Manpreet Kaur, and Reena Gupta

Abstract Additives have been widely used in food industries since the twentieth
century to maintain physical properties like smell, color, texture, etc. and to prevent
the food product from microbial attacks. Nowadays, food additives are being used to
increase the flavor, texture, emulsification, and stabilization of the food at the time of
manufacturing and processing of the product at the industrial level. An additive can
be natural or synthetic, depending upon the chemical formula and complexity of the
compound. Additives can be categorized as preservatives, colorants, antioxidants,
flavoring agents, thickeners, humectants, emulsifying agents, antifoaming agents,
stabilizers, etc., which are generally used in dairy-based products. Natural additives
are in high demand because some artificial additives have toxic effects on health like
cancer, attention deficit disorder, disorders in the immune system, digestive disor-
ders like diarrhea and colicky pains, etc. Because of this reason there is high pressure
in increasing the yield of natural additives. In the USA, the guidance about the
concentration and toxicity of additive use is regulated by Acceptable Daily Intake
(ADI) and Generally Regarded as Safe (GRAS) status while, in India, it is generally
guided by the Food Safety and Standards Authority of India (FSSAI). In order to
maintain the safety of consumers, the use of additives must be restricted and verified
in accordance with national and international laws.

Keywords Additive · Preservative · Antimicrobial · Antioxidant · Thickener ·
Emulsifying agent · Stabilizer

8.1 Introduction

In the modern food industry, food additives play an important role in maintaining the
physical and chemical properties of food like color, smell, taste, and nutrition.
Additives are also used to enhance the shelf life of various food products
(Wu et al. 2013a, b; Wang et al. 2015). The use of additives is common practice
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on a global scale (Amin et al. 2013; Cai and Liu 2014). In recent years, improved life
style of consumers have led to an increase in the demand of natural and nonadditive
food products. To overcome the increased demand, synthetic food additives with
potential food safety hazards are being introduced to the market. Despite the
widespread use of additives, many consumers still believe that additives are just
unnecessary to use (Christensen et al. 2011; Chen et al. 2015). Food additives are
difficult to understand about because of their complex and diverse functions, which
in turn leads to deceptive and misleading information about the additives. Along
with this, a number of banned additives or nonedible chemical additives have also
been characterized as food additives which are capable of causing health as well as
environmental hazards. Technical and accurate information about food additives
remains unexplained because the information about the hazards of food additives is
dominated, leading consumers to worry about the potential risks caused by food
additives (Chen and Han 2009).

8.2 Additives

Additives are those substances which are added in small quantities in food to
preserve its flavor or to improve taste, appearance, or other physical and chemical
properties. These have been used since ancient times as part of an effort to preserve
food. Salt, vinegar, pickling agent, smoke, sugar, etc. are the ancient sources of
additives which allow foods like sweets and wines to last longer. In the twentieth
century, natural and artificial additives were introduced. The food additives used
indirectly to preserve the food at the time of manufacturing, packaging, or storage
are known as indirect additives.

A unique number, which is known as E-number, is assigned to every additive for
its regulation and ease of use. Codex Alimentarius Commission has extended and
adopted the E-numbering design to identify and classify a number of food additives,
regardless of their use. For example, products which contain acetic acid are men-
tioned with a number E260 while in other countries it is simply written as additive
260. Another additive alkannin (additive 103) does not have any E-number, since it
is not approved in Europe, although in Australia and New Zealand its use is
acceptable.

8.3 Types of Additives

8.3.1 Natural Additives

Natural additives are made up of chemicals found in the environment. These are
generally considered as harmless, originate from salt, sugar, vinegar, alcohol, etc.
and have high demand in the market. These natural additives still contain some types
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of impurities. These compounds are also purified in order to remove accompanying
substances that do not play a significant role in the final end product. This step is
difficult to perform since raw materials cannot be easily differentiated from the
natural additives.

8.3.2 Synthetic Additives

Synthetic food additives are synthesized compounds added to the food products to
enhance the flavor, texture, appearance, and shelf life of the final product. These are
widely produced and used in industrialized countries by chemical and enzymatic
methods in order to preserve the food and enhance their properties. A number of
synthetic additives are known to be associated with cancer, digestive disorders, and
behavioral changes in humans and other animal models. Saccharin is a well-known
example of a synthetic additive accepted for edible purposes by the FDA in the
United States in early 1907 when additives were considered unsafe for human
health.

8.4 Uses of Additives

Additives are added to food for one or many reasons including enhancement of shelf
life and flavor enhancement. Food additives are also known to increase the nutri-
tional value of food items. Different uses of additives are depicted in Fig. 8.1.

8.5 Classification of Additives

8.5.1 Preservatives

From ancient time, chemicals have been used to preserve fresh food for later use.
This mainly includes drying, cooling, fermenting, and heating to increase the shelf
life of edible food items. Several chemical preservatives, namely salt, nitrite, and
sulfite, have been used for a number of years, whereas others have been used
tremendously. Chemical preservatives have been extensively used to manufacture
and market food items in modern times (Davidson and Branen 2005). Today,
customers assume food to be easily available, free from foodborne microbes, and
to have a fairly longer shelf life (Bacak 2017). Due to the overuse of chemical
preservatives, microbes become resistant and there is more demand for natural or
nonchemical preservatives in the market (Mahmud and Khan 2018). In general, food
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Fig. 8.1 Uses of additives

preservatives are chemical compounds that stimulate food, slow down changes
brought about by microbial growth, or prevent the growth of microorganisms from
changing the food’s physical properties, chemical composition, or nutritional value.
The extracts of different compounds and herbal essential oils have inhibitory effects
against a number of organisms including insects, bacteria, viruses, and fungi (Xing
et al. 2012). Essential oils are derived from clove, oregano, citrus plants and fruits,
coriander, garlic, cinnamon, lemongrass, parsley, sage, and rosemary. They act as
antioxidant and antimicrobial agents which find applications in bioreactive packag-
ing of food products (Gonelimali et al. 2018). In ancient times, some chemicals have
been used as oblique or direct inhibitors to inhibit the growth of microbes and are
nevertheless extensively used without considering any restrictions. Preservatives
play a key part in food industries, starting from production and dispensation to
final customer. The preference of a preservative takes into account the product to be
preserved, the kind of microbial spoilage indigenous to it, the product pH, term of
shelf life, and simplicity of administration. Using bacteria or their bioreactive
metabolites to inhibit foodborne pathogens is bio-preservation (Tumbarski et al.
2020). The microbial peptides and proteins have an advantage that these do not harm
or change the quality of food (Rai et al. 2016). As a result, blends or mixtures are
frequently used. In a number of food items, particular preservatives do have little or
no competition. In general, the concentration used to preserve the food represses the
activity of microbes.
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8.5.1.1 Characteristics of Food Preservatives

Food preservatives should be simple, economical, and easily available. They should
possess acceptable inhibition activity against a variety of microbial pathogens and
high stability in food products in which they are added. These preservatives should
not change the identity and characteristic attributes of the product and should be
practicable and suitable with the processing of final product.

8.5.1.2 Selection of Food Preservatives

Preservatives need to be introduced into the batch quickly after the fruits or vege-
tables are mashed or the batch is mixed. Any sort of delay results in the growth of
microorganisms. Even delay of some hours may allow fermentation to start and give
rise to enzymes. These enzymes continue to degenerate the product even after the
addition of preservatives. If the additives are water-soluble, it is better to add them to
the solution to eliminate the possibility of irregular scattering in food. If the additives
are added in powder form, they should be first stable at room temperature. The
fermentation might start earlier in these types of solutions. In case of a viscous or
thick additive, it is necessary to make a uniform suspension of the additive before its
addition into the food product. All the receptacles like bottles, carboys, and barrels
should be thoroughly cleaned with steam, hot water, or a 0.02% solution of sodium
hydrochloride. Good sanitary practices must be used to get the maximum outcome of
preservatives and their conjugation. Food preservatives to be used in a particular
food must be decided by some of the major factors as shown in Fig. 8.2.

Majorly the preservatives are divided into two categories, i.e., class I and class II
as shown in Table 8.1.

Fig. 8.2 Factors that decide the choice of preservative for food
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Table 8.1 Classification of preservatives

Classification of preservatives

Class I Class II

Table salt, sugar, dextrose, glucose, spices,
vinegar, acetic acid, honey, edible vegetable
oils, etc.

Benzoic acid, sulfhurous acid, sorbic acid,
propionic acid, lactic acid, sodium diacetate, etc.

There are no restrictions for the addition of
class I preservatives to the food items

FSSAI guidelines must be followed for adding
class II preservatives to the food items

8.5.1.3 Antimicrobial Agents

Due to the shortage of food, consumers expect food to be available the whole year
and that food should be free from foodborne pathogens so that it can have a
comparatively longer shelf life (Davidson et al. 2001). Packaging and processing
have improved the preservation of food without the use of chemicals.

Antimicrobial products help to reduce and prevent microbial growth. The reduc-
tion in water availability and acidic nature is the basic principle/mechanism of
antimicrobial agents. Other characteristics of food like flavor, color, texture, and
nutritional value are also preserved by these agents. Sorbic acid, potassium and
sodium sorbate, calcium and sodium propionates, benzoic acid, etc. are the primary
food additives. Growth of bacteria like B. cereus, L. monocytogenes, S. aureus,
E. coli, and Salmonella anatum is inhibited by the use of cinnamon (Shan et al.
2007). In addition to these compounds, several organic compounds like citric acid,
malic acid, lactic acid, and ascorbic acid also act as antimicrobial agents. Lactic acid
bacteria (LAB) lead to the production of lactic acid, hydrogen peroxide, fatty acids,
acetaldehyde, and benzalkonium chlorides (BACs) that resist microbial growth.
Therefore, their cultures are mainly used in dairy food products (Amiri et al.
2020). Sulfur dioxide and sulfites are also extensively used for controlling undesir-
able microorganisms in soft drinks, juices, wine, beer, and other products. Food
properties like taste, aroma, or texture and other physical, chemical, or biological
properties are not altered by Gram positive and Gram negative bacteria after
pasteurization (Rai et al. 2016). A few examples of antimicrobial compounds are
summarized in Table 8.2.

8.5.2 Colors

The coloration of food is achieved by using natural and synthetic color additives on
food. It is generally used to provide good quality, satisfy consumers, or assist
marketing (Peira et al. 2018; Teigiserova et al. 2020).

“Coloration” does not include any contamination or substance added to food for
the purpose of maintaining and improving its nutritional qualities (Codex
Alimentarius Commission 2017). Natural food colors are lost by exposure to air,
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Table 8.2 Various antimicrobial compounds present in food products

Target
microbes

1 Acetic acid, acetates, diacetates,
dehydroacetic acid

Yeast,
bacteria

Dairy products, meats, sauces

2 Lactic acid Bacteria Meat and fermented food

3 Lysozyme Bacteria Cheese, cooked meat, poultry product

4 Natamycin Molds Cheese

5 Nisin Bacteria Cheese, cooked meat, poultry product

6 Nitrite, nitrate Bacteria Cured meats

7 Propionic acid, propionates Molds Bakery products, dairy products

light, temperature, moisture, or improper storage conditions, which can be restored
by colorants. These are added to food matrices to obtain the desired food products. It
also adds vitamin to the food due to its antioxidant potential. Other than this, it is also
used to provide color to colorless food, to protect the flavor, and to enhance the
general appearance and nutritional value of food (Benucci et al. 2022). Color
additives are of two types, i.e., primary colors and secondary colors (Rodriguez-
Amaya 2016). Primary colors are used without dilution whereas secondary colors
are blends of primary colors with solvents and other additives (Carmen 2007). Dyes
are water-soluble pigments, and they are generally used in beverages, dry mixes,
baked goods, dairy products, etc. It is an important indicator of food quality. Good
processing and safety of food color are important for marketing. Natural pigments or
synthetic organic dyes result in the color of food (de Souza et al. 2021). The basic
categories of colorants are depicted in Fig. 8.3.

Colorants or dyes are used as food additives to improve the presentation of the
food or to provide color to the food (Sigurdson et al. 2017). Natural pigments are in
the form of dye like hydrophilic powders or lipophilic oleoresin. Anthocyanins,
carotenoids, betalains, and chlorophyll are some of the most commonly used natural
pigments (Miranda et al. 2021). The consumption of these natural colored com-
pounds is used in dietary application because it reduces the risk of diseases like
cancer, diabetes (Brennan 2005), and obesity (Cortez et al. 2017). A few examples of
natural colorants are mentioned in Table 8.3.

8.5.2.1 Caramels

Caramels have been used in home cooking since ancient times and are responsible
for giving dark brown or black products. The basic function of caramels is to provide
a specific aroma or color to foods. These are made up of carbohydrates or their
combinations like sucrose, glucose, fructose, invert sugar, lactose, maltose, molasses
etc. in the presence of acids, alkalis, or salts. According to the Food and Drug
Administration (FDA), caramel is the dark brown liquid or solid material that is the
result of controlled heat treatment of carbohydrate material. There are four categories



176 H. Sharma et al.

Categories
of

colorants

Isoprenoids
Carotenoids

Porphyrins
Chlorophylls and Heme

Miscellaneous colorants
Riboflavins, caramels, 
melanoidins, melanins, 

etc.

Phenolics
Anthocyanins, Betalains, 
quinones, curcuminoids, 

etc.

Fig. 8.3 Categories of colorants

Table 8.3 Some common
examples of natural colorants

S. no. Natural colorants Color produced

1 Caramel Brown or black

2 Carotenoids Yellow color

3 Annatto Orange-red

4 Annatto cheese color Yellow or orange

5 Annatto butter color Bright yellow

6 Paprika oleoresin Orange

7 Saffron Yellow or orange

8 Carrot extract Red or purple

9 Chlorophyll Green

10 Anthocyanin Blue, red, or purple

11 Beetroot Red

12 Riboflavin Yellow or orange

of caramel according to FSSAI (Table 8.4). Caramels can be used as both flavoring
and coloring compounds. Food and beverages mostly use caramel color as a food
coloring agent.

8.5.2.2 Carotenoids

The source of carotenoids is alfalfa, carrot, tomatoes, citrus peel, palm oil, etc. They
are widely used in foodstuffs like annatto, paprika, and saffron. At the time of food
processing and storage, carotenoids are very sensitive to redox reactions and isom-
erization because of their electron-rich nature and highly unsaturated chemical
structure (Rodriguez-Amaya 2015).
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Table 8.4 Categories of caramel

Type Name Description

I Plain caramel Carbohydrates are heated with or without acids/alkalis or their salts

II Caustic sulfite
caramel

Carbohydrates are heated with or without acids/alkalis or their salts
in the presence of sulfite compounds

III Ammonia
processed caramel

Food grade carbohydrates are heated with or without acids/alkalis
or their salts in the presence of ammonium compounds. Sulfites
avoided in this process

IV Ammonia sulfite
caramel

Carbohydrates are heated with or without acids/alkalis or their salts
by using both sulfite and ammonium compounds

8.5.2.3 Annatto

It is a pigment extracted from “the pericarp of the seed of Bixa Orellana.” It is a
water-soluble compound that is yellow-orange in color. Diapocarotenoids are the
basic color components in annatto. Some other degrading pigments are also avail-
able like bixin, transbixin, and norbixin. The methyl ester of a dibasic fatty acid
forms the bixin pigment, which leads to the formation of hydrolyzed water-soluble
norbixin on treatment with alkalis. Annatto is available in two different types: bixin
(oil extract) and norbixin (powdered form).

8.5.2.4 Annatto Butter Color

An extract of annatto in solution, suspension, or oil is prepared by extracting the
outer covering of seeds along with vegetable oils. It possess little or no toxicity when
compared to synthetic colorants. It is used in several different ways in a number of
food industries particularly in the dairy industry as it can impart color to butter and
other related dairy products.

8.5.2.5 Annatto Cheese Color

The outer coating of the seed is extracted with aqueous alkali which leads to the
production of water-soluble annatto color. The color of the solution in 0.1N NaOH
or KOH measured in a 1-cm cell at a dilution of 1:1000 (m/v) shall be yellow units
(Min.)—5.0; red units (Min.)—0.4. The color of annatto cheese is bright yellow to
slight orange.

8.5.2.6 Paprika Oleoresin

It is a water-soluble extract from sweet red pepper. It is orange-red in color.
Xanthophylls like capsanthin, capsorubin, and beta-carotene are the basic coloring
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compounds. This foodstuff is limited because of the flavoring and spicy pungency
components. Raw, unrefined palm oil, which is used as a colorant for margarine,
contains 0.05–0.2% carotenoids as the main constituents.

8.5.2.7 Saffron

It is a water-soluble pigment. It contains some components like crocin,
digentiobioside of apocarotenic acid, and beta-carotene as flavoring compounds.
The yellow color of saffron is responsible for attractive colors of beverages, cakes,
and other bakery products but its high cost is a restraint in the market (Jeszka and
Jadwiga 2006).

8.5.2.8 Carrot Extracts

The different types of market products based on carrots, like carrot extract, oils
derived from carrot, and plant-related extracts are the colorants. The main compo-
nents are alpha- and beta-carotene. Purified crystalline products are constituted up by
20% alpha-carotene and 80% beta-carotene. Fat-based products such as dispersion
of microcrystals in oil are the basic use of these carrot extracts. The carotenoids when
combined with surface active agents form micro-emulsions, which are important to
color foods that contain higher amounts of water.

8.5.2.9 Chlorophyll

It is the green pigment extracted from plants and widely used as a coloring agent for
food items. In higher plants, chloroplast is the source of this green pigment, while
blue-green algae and bacteria are other sources of chlorophyll. It is located in the
intracellular lamellae. It can absorb light between 400 and 500 nm (Rehman et al.
2020). Polypeptides, phospholipids, and tocopherols form complex with the chlo-
rophyll in the plant tissues and they are held within the hydrophobic membrane. A
typical leaf contains about 2.5 mg/g of total chlorophyll, 0.3 mg/g of xanthophyll,
and 0.15 mg/g of carotene. The unripe state of fruit also contains chlorophyll,
which gradually disappears during ripening because yellow and red carotenoids
overexpose.

Chlorophylls are derivatives of dihydroporphyrin chelated with a centrally
located Mg2+ ion. Copper and zinc ions help in retaining the green color. Preparation
of food colorant from chlorophyll is mainly obtained from alfalfa and nettles. Brown
seaweeds are single-cell phytoplankton and are a good source of chlorophyll. They
mainly contain chlorophyll C, which is more stable than the rest of chlorophyll.
Some solvents like acetone, methanol, ethanol, and chlorinated solvents are used to
extract chlorophyll (Vermeulen et al. 2015). The yield of extraction is 20%, which
include pheophytins and other degradation products along with chlorophylls.
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Chlorophyll is of two types, i.e., water soluble and oil soluble in nature. They are
stable in light, heat, and are even stable with acids and alkalis (Rehman et al. 2020).
They find application as food colorants in canned products, confectionery, soups,
and dairy products.

8.5.2.10 Anthocyanin

Anthocyanin being a dominant pigment in a number of fruits and flowers is
responsible for providing the red, violet, or blue color. Some reactions affect the
color of anthocyanin like the substitution of the hydroxyl and methoxyl groups.
The increase in the concentration of the hydroxyl group provides a deep blue
color whereas the methoxyl group concentration increases the redness of the food
product. Examples of naturally occurring anthocyanidins include Pelargonidin
(orange color), Cyaniding, Peonidin (orange-red color), Delphinidin, Petunidin,
and Malvidin (bluish-red color). Anthocyanin-rich fruits include blackberry, bil-
berry, blackcurrant, chokeberry, cranberry, strawberry, and red grapes. The stability
of anthocyanin as a colorant is poor. Anthocyanins have low stability because these
pigments are very sensitive to light, heat, oxygen, and pH which limits their use as
food colorants (Dangles and Fenger 2018). These are generally used at a low pH,
nearly in the range of 4.0.

8.5.2.11 Beetroot Red

It is available in liquid and powder form. Beetroot contains some synthetic colorants
like betanin, isobetanin, prebetanin, and smaller quantities of vulgaxanthin I and
II. These are used in dairy products because they have low acid concentration. Redness
can be achieved by using red beet, which is also considered as a replacement for nitrite.
Antimicrobial activity is present in nitrite, but it is absent in beet root.

8.5.2.12 Riboflavin

Riboflavin is a bitter in taste, orange-yellow crystalline powder which shows green-
yellow fluorescence in solutions. It is highly soluble in hydrophilic solvents like
water and ethanol. It is highly stable in acidic conditions when exposed to light.
Riboflavin is an essential micronutrient in the human diet, acting as precursor of
flavine adenine dinucleotide and flavin mononucleotide, which in turn functions as
hydrogen carrier in biological redox processes (FAO 2021). Reduction leads to the
formation of a colorless leuco form, whose color gets regenerated when comes in
contact with air. The physiologically active form of vitamin B2 is a riboflavin-
50-phosphate sodium salt. It is highly soluble in water as compared to riboflavin, but
highly unstable in the presence of light. Both of these forms can be used as coloring
agents and food additives in dressings and cheese production. The market for natural
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pigments is rapidly expanding, necessitating more sustainable production. Vegetable
waste is the ray of hope for natural colorants for the recovery of natural pigments that
are in the food, pharmaceutical, and cosmeceutical sectors (Sharma et al. 2021).

8.5.2.13 Synthetic Colorants

Organic synthetic colorants are being used in a number of industrial processes. There
are more than 80 synthetic colorants present to date. These are generally used as food
additives without any proper guidelines; as a result, this may lead to many health
problems, intoxication, and death. Synthetic compounds are stable, easy to produce,
less expensive, and have better coloring properties as compared to natural colorants.
Strict rules are subjected to the use of synthetic colorants. As synthetic colorants are
advanced in color supply, strength, stability, and ease of application, these are highly
used. They have low market prices and provide a great spectrum of colors.

There is a trend of using fewer synthetic colorants as it increases the toxicity of food
products. Many countries limit the type, use, and amount of colorants in food products.
The triarylmethane group constitutes the triarylmethane dyes, and the main represen-
tative of such dyes includes bright blue, fast green, patent blue, and bright black. These
compounds are generally used in dairy products like yogurt, ice cream, drinks, and
sweets (Unsal et al. 2015). Indigo dye is a synthetic colorant that is chemically
obtained and used in gelatin, ice cream, jelly beans, bubble gum, and candies (Deroco
et al. 2018). A few examples of synthetic colorants are framed in Table 8.5.

8.5.2.14 Preparation of Food Color Solutions

The homogeneous solution can be prepared by dissolving the powder or granules in
hydrophilic solvents like propylene glycol or glycerine or water, as recommended by

Table 8.5 Examples of synthetic colorants

Synthetic
colorants

1 Allura red Bitter soda, bitter wine, and other nonalcoholic flavored drinks, flavored
milk, flavored cheese

2 Amaranth Wine and spirit drinks

3 Azorubine Americano, bitters and wine, nonalcoholic flavored drinks, fine bakery
wares, flavored processed cheese, flavored milk products, edible cheese
rind

4 Brilliant blue Mushy and canned garden peas

5 Erythrosine Candied cherries, dietary supplements

6 Fast green Dietary products

7 Green S Jam, jelly, marmalades, low caloric products, processed cheese

8 Tartrazine Americano, bitter soda, and wine
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the manufacturer. It is important to select a suitable organic solvent which depends
on the compatibility of the solution with the target pigment, toxicity, cost, and
recovery (Souza Mesquita et al. 2021). For the stability of food colorants, specific
diluents and matrices like lecithin; emulsifiers like polysorbates, diglycerides, glyc-
erine; esters of sucrose with fatty acids; sorbitan; etc. are being used. The limiting
factors of natural colorants are the color stability in the watery environment and the
presence of light.

8.5.2.15 Dairy Products Using Natural Colorants

Dairy-based companies are producing beverages using flavored and anthocyanin-
rich natural juices to color milk, whey-based and fermented products. Hydrophilic
extracts, carmine, and beet juices are used as colorants for yogurt. These are
generally resistant to microbial contamination. These colorants are generally stable
at low pH and are used in dairy products. The most commonly used red colorants in
yogurt are acid-proof cochineal extract and water-soluble carmine. These are heat
stable at low pH, i.e., 2–7, and produce a bright color. Various examples of colorants
in dairy-based food products are shown in Table 8.6.

8.5.3 Antioxidants

The molecule which inhibits the oxidation of another molecule, especially free
radicals, is termed as an antioxidant. Antioxidants are important for protection
from oxidative damage and maintaining the shelf life of the dairy products. Nowa-
days, consumers prefer natural antioxidants as synthetic antioxidants have carcino-
genic effects and are toxic in nature (Abdel-Hameed et al. 2014). The formation of
free radicals in food products can be controlled by natural antioxidants from plant
sources. These antioxidants can avoid side effects like liver damage and carcino-
genesis caused by synthetic antioxidants (Meenakshi et al. 2009). On the basis of
origin they are divided into natural and synthetic antioxidants whereas on the basis
of microbial production these can be classified into primary and secondary
antioxidants.

Table 8.6 Various colorants used in dairy food products

S. no. Dairy food products Colorants used

1 Butter Carrot extract

2 Cheese Carotene, bixin, norbixin

3 Sausages Curcumin, turmeric, riboflavin, carminic acid, caramel colors

4 Malt bread Caramel colors

5 Yogurt Carmine, beetroot color
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8.5.3.1 Primary and Secondary Antioxidants

Primary antioxidants are produced by microbes and have an essential role in free
radial termination, whereas secondary antioxidants are not directly formed by
microbes. Carotenoids, retinol, and alpha-tocopherol are the leading lipid-soluble
antioxidants present in milk, whereas ascorbic acid is the water-soluble
antioxidant (Song et al. 2013). Primary antioxidants work by donating an H-atom
or by a single electron transfer mechanism, and secondary antioxidants function by
retarding chain initiation (Zeb 2020).

8.5.3.2 Natural and Synthetic Antioxidants

Antioxidants are broadly classified into natural and synthetic antioxidants based on
their origin. Natural antioxidants are produced from natural sources and used in
casein, cream, cheese, milk, etc. Butylated hydroxyanisole, propyl gallate, and
butylated hydroxytoluene are examples of synthetic antioxidants which are not
directly produced by microbes. These help in controlling lipid oxidation and
off-flavor development by free radicals in food (Zeb 2020). A high concentration
of synthetic antioxidants is harmful and carcinogenic, resulting in the high demand
preference for natural antioxidants in the food industry (Kumar et al. 2019). A few
examples of natural and synthetic antioxidants are shown in Table 8.7.

There is always a high demand for foods such as fruits, vegetables, grains, and
dairy products. This high demand for antioxidants is completed by increasing
product retention periods so that fresh and nutrient-rich food is available to con-
sumers. Antioxidants not only extend food shelf life but also protect against oxida-
tive stress and inflammation. The entire dairy products need antioxidants for better
life. Nowadays, both primary and secondary antioxidants are in industrial use.

8.5.3.3 Antioxidants in Milk

The oxidation of milk is mainly counterbalanced by antioxidants like whey protein,
casein, vitamin C, vitamin E, enzymes like superoxide dismutase, catalase, glutathi-
one peroxidase, etc. Casein is the major protein of bovine which inhibits
lipoxygenase-catalyzed lipid autooxidation. The primary structure of the casein

Table 8.7 Examples of natu-
ral and synthetic antioxidants

Examples of antioxidants

Natural antioxidants Synthetic antioxidants

Whey protein Butylated hydroxyanisole

Casein Propyl gallate

Vitamins (C, E, D) Butylated hydroxytoluene
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molecule acts as a scavenger for free radicals (Suetsuna et al. 2000). In sheep’s milk,
protein has been considered as the main antioxidant (Fardet and Rock 2017). It
acquires antioxidant capacity because of casein, beta-lactoglobulin, and alpha-
lactoalbumin (Fardet and Rock 2017). Vitamins A, C, and E, beta-carotene, and
coenzyme-Q are natural antioxidants present in human milk. They help in neutral-
izing the effect of reactive oxygen and nitrogen species in milk (Khan et al. 2019).
Lipophilic antioxidants help in preventing oxidative stress by activating the defense
system in milk (Lindmark-Månsson and Akesson 2000). They have high level of
thermal stability and remain active in dairy products.

8.5.3.4 Antioxidants in Processed Cheese

Food products made up of cheese and unfermented dairy ingredients are mixed with
emulsifiers. Vegetable oils, salt, and sugar are some additional ingredients added to
increase the color, texture, and flavor of cheese. These are used in many dishes as
processed cheese does not separate when melted. It is a good source of protein, fat,
minerals, and vitamins in the diet that need to be preserved by antioxidants (Abdel-
Hameed et al. 2014). The antioxidant activity of peptide was checked in Mexican
cheese after 6 months and characterized by HPLC. It was observed that peptides with
antioxidant activity were produced during the ripening period of 6 months and the
cheese showed 98% radical scavenging activity with 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (Hаug et al. 1987).

8.5.3.5 Antioxidants in Cream

Cream is the fatty part of nonhomogenized milk that floats on the top layer of milk.
Generally, cream contains 10–65% of milk fat used in various products like coffee,
pies, soups, etc. Cream is classified into several types based on its milk fat content,
including clotted cream (55% milk fat), heavy cream (>35% milk fat), whipping
cream (30–36% milk fat), light cream (18–25% milk fat), sour cream (18% milk fat),
and so on. Lipophilic antioxidants like phospholipid, coenzyme Q10, CLA (conju-
gated linoleic acid), etc. play a key role. The high use of emulsifiers increases the
demand for lipophilic antioxidants ten times (Niki 2014).

8.5.3.6 Antioxidants in Yogurt

Fermentation of milk with the help of bacteria leads to the formation of yogurt. It is
also spelled yoghurt and is made up of 81% water, 9% protein, 5% fat, and 4%
carbohydrates, including sugars. The bacteria used to make yogurt are also known as
“yogurt cultures.” Ferric Reducing Antioxidant Power (FRAP) and 2,2-diphenyl-1-
picryl-hydrazyl-hydrate (DPPH) assay were used to check the antioxidant activity of
yogurt mixed with carrot, pumpkin, broccoli, and red sweet pepper with 10%



184 H. Sharma et al.

Table 8.8 Various antioxidants in dairy products

S. no. Dairy-based products Antioxidants

1 Milk Whey protein, casein, vitamin C, E, glutathione peroxidase,
superoxides dismutase, carotenoids, etc.

2 Processed cheese 2,2-diphenyl-1-picrylhydrazyl, peptide, carotenoids

3 Cream Phospholipid, coenzyme Q10, CLA (conjugated linoleic acid),
carotene

4 Yogurt 2,2-diphenyl-1-picrylhydrazyl, alpha-casein, beta-carotene,
vitamin C, and E

concentration of antioxidant and observed for 14 days. High antioxidant activity was
seen in yogurt with broccoli and red pepper. The antioxidant activity was decreased
by the 14th day (Najgebauer-Lejko et al. 2014). Studies have also been conducted to
check the antioxidant property of yogurt with vitamin C, vitamin E, beta-carotene,
ascorbic acid, and even alpha-casein. A few examples of antioxidants in dairy
products are formulated in Table 8.8.

8.5.4 Flavoring Agents

Food becomes cherishing because of its flavor. Flavoring agents are the complex
mixture of large amounts of low-molecular-weight volatile compounds (<300 g/
mol) capable of stimulating the odor receptors in the nose (Parker et al. 2014).
Natural flavors are formed by the biosynthesis of aromatic chemicals during the
normal metabolic processes in plants and animals. The odor and taste of these
aromatic components represent the intrinsic flavor of food. Flavoring is
man-made. It is prepared by adding natural or synthetic aromatic substances that
may or may not be present in nature. The aim is to increase the acceptability of the
end product through the stimulation of the nose and the palate, by modifying a flavor
that is already present or masking some undesirable flavor.

8.5.4.1 Functions of Flavoring Agents

Flavoring agents have three major functions:

Economic

Some nutritional foods may have an undesirable taste and smell, e.g., vitamins and
soya. Flavors are used to modify the taste, so that nutritional food can become more
desirable and this ultimately helps in increasing the economic value of the food
product (Sinki and Gordon 2001). Flavoring agents can recompense the flavor losses
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that occur during the processing and storage of food items in order to maintain their
freshness and shelf life.

Physiological

According to the taste and fat digestion study, there are some indications that
metabolic response is affected by the alteration in taste of a fatty meal. Research
studies on “taste and intestinal absorption of glucose” show that “oral stimulation
affects intestinal absorption.” These create a direct link between a physiological
condition and the flavoring agent.

Psychological

Flavoring provides the sensory pleasure. Proper flavor selection can be greatly
assisted by psychological analysis of pleasure. The concept of flavoring also
increases the variety of food in the market.

These three functions, i.e., economic, physiological, and psychological have
different degrees of application. For example, some applications are mainly for
pleasure, which comes under psychological function, or increasing the market
value by adding flavor to the milk is totally an economical concept. All these
compounds need a raw material for flavor formation, depending upon the require-
ments of the flavor.

8.5.4.2 Raw Materials for Flavoring Agents

Flavoring compounds require basic raw materials for their formation. This raw
material can be of natural or synthetic origin. The natural raw materials are further
divided into botanical and animal raw materials. Examples of botanical raw mate-
rials are fruits, vegetable juice, herbs, spices, nuts, etc. On the other hand, examples
of animal raw materials are plasma dripping, seafood by-products, enzyme-modified
cheese, meat extract, etc. whereas benzaldehyde and cinnamic alcohol are examples
of synthetic raw materials used for the production of the flavoring material (Mani-
Lopez et al. 2012). Generally Recognized as Safe (GRAS) status and certification are
needed for the utilization of flavor in consumer products, which are further approved
for use in food and cosmetics industries (Smith et al. 2005b). Maillard reaction is the
basic mechanism performed for the production of flavoring compounds. It occurs
when amino groups interact with the sugars. For example, milk contains lactose
sugar, which participates in numerous Maillard reactions (Hwang et al. 2011). A
brown nitrogenous compound, or melanoidin, along with other polymers is formed
as an end product of Maillard reaction which has a specific flavor (Bastos et al.
2012).
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8.5.4.3 Classification of Flavoring Agents

Based on the source of the material, flavoring agents can be divided into three broad
categories:

Natural Flavoring Agents

Natural flavoring agents are obtained from plant and animal sources. These can be
naturally made or produced in a lab by chemical reaction. The chemical formulae of
the parent and new compound are the same in natural agents. They need to be
isolated via distillation, extraction, etc. These are the processes where one particular
substance is isolated from the rest of the other substances based on their physical and
chemical properties. For example, vanillin, the main component of vanilla beans, can
be produced as a natural or a nature-identical flavoring substance. These substances
are made in the laboratory, but their chemical structure resembles the structure
present in natural products. A substance can only be named as nature-identical if it
naturally occurs in plant or animal raw materials. Different processes are applied for
the extraction of natural flavors:

Distillation: It is a process where the plant and animal source materials are brought
to a boiling point and the steam is collected via cooling.

Extraction: It is a process in which the compounds are mixed with a dissolving
agent like alcohol or supercritical carbon dioxide, etc. for the extraction of
flavoring compounds.

Biotechnological production: It is used in the case of source material where the
simple extraction is difficult to perform and the material to be extracted is in very
low quantity, or the material is highly complex for the extraction. It is an
expensive process to conduct.

Artificial/Synthetic Flavoring Agents

Artificial flavoring agents are produced by chemical methods. These agents have
different chemical formulae as compared to their substrate formulae. Chemical
methods or synthetic methods are used to isolate these flavoring agents. These are
obtained from different source material because the methods of production are
different for every other agent. Ethyl vanillin, well-known artificial flavoring
agent, is a substance that smells and tastes like vanillin.

Other Flavoring Techniques

(a) Essential oil flavoring: It involves a complex mixture with defined composition
like natural raw materials. Vegetable extracts, spices, and herb extracts are



8 Additives in Dairy-Based Food 187

examples of these substances. These are obtained from plant, animal, and
microbial sources by using physical and biotechnological production processes.
These are the main components of citrus, spice, and mint flavorings. It is helpful
in relishing the smell and taste of the components. These categories also include
oils obtained from clove and eucalyptus.

(b) Thermal process flavoring: This technique is used in industrial processes by
controlling several parameters like heat, temperature, pH, etc. which leads to the
development of intense flavors during these processes. For example: in the case
of roasting meat or baking bread, the thermal process leads to the formation of
these flavors. Amino acids and reducing sugars are the essential basic materials.

(c) Smoked flavoring: It is one of the ancient methods for the production of
seasonal food and preserving food. It not only is used for preserving but also
adds a unique smoked flavor to foods such as fish, meat products, sauces, and
chips. Burning of hardwood at a temperature of nearly 100 �C is used to produce
the fresh smoke. Charcoal is the basic product and this is mostly formed in the
absence of air. Efforts have been made to reduce addiction to nicotine, which
leads to the risk of different physical health problems. It also simulates the
physical action of conventional cigarettes, but without using any of the nico-
tine products (Litt et al. 2016).

8.5.4.4 Applications of Flavoring Agents

A particular flavor can be added to give an additional taste and flavor to the food.
Flavoring agents can be exploited for their applications in different industries as
shown in Fig. 8.4.

Fig. 8.4 Application of
flavors
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On the basis of applications of flavoring agents, food can be categorized as
follows:

(a) Flavor-dependent food includes the food items which cannot exist without the
application of flavors. For example, hard-boiled candy, non-juice drinks, gelatin
desserts, powdered milk, bread, and cakes.

(b) Flavor-independent food is a market product that does not use flavor or is not
dependent on flavor for its marketing. For example, milk, orange juice, and
butter.

8.5.4.5 Flavoring Agent Formation

Flavor helps in providing the artificial taste and smell. Some of these flavors are
diluted with carriers and solvents. These are of basically four types, i.e., liquid,
powder, paste, and emulsion (Fig. 8.5). These liquids are made from water, alcohol,
or oil-soluble compounds. Alcohol, propylene, glycol, triacetin, benzyl alcohol,
glycerin, syrup, etc. are the solvents and carriers for liquid-type flavoring agent.
The higher molecular weight of different mono- and disaccharides increases viscos-
ity, which improves beverage taste (Mussatto and Mancilha 2007). Another is a
powder-type flavoring agent that can be spray-dried, absorbed, or powder mixed.
These use gum acacia, starch hydrolysates, selective hydrocolloids, and simple
carbohydrates as solvents and carriers. Paste and emulsion can form an oil-in-
water type of solution (Tandjawa et al. 2017). The solvent and carrier of paste and
emulsion are the same as liquid, and powder-type flavoring agents.

Flavoring agent formed in dilution with carriers and solvents

The carriers and solvents are of 4 different types

Liquid

Water, alcohol, 

oil-soluble 

compounds

Powder

Spray dried, 

powder mixed

Paste

Oil in water 

mixture

Emulsion

Oil in water 

mixture

Fig. 8.5 Formation of flavoring agents by dilution
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8.5.5 Thickeners and Gelling Agents

Thickeners are generally hydrocolloids in nature. The starch-hydrocolloid blending
has a specific application at industrial level as an emulsifier, gelling agent, thickener,
stabilizer, and for inhibiting the formation of sugar and ice crystals (Marta et al.
2020). Conformational disorder in polymer chains is the result of thickeners in the
solution. It acts by polymer-solvent interaction. Thickeners, such as modified starch
and xanthan gums, are primarily used in the food industry. Different types of
thickeners like cornstarch, pre-gelatinized starch, arrowroot, algin (sodium alginate),
agar-agar, gelatin, acacia, pectin, etc. are used in dairy-based food (Nilsen-Nygaard
et al. 2016).

Gels are intermediate between solid and liquid phases with some mechanical
rigidity. They work by forming an interlinking connection through a cross-linking
network between the liquid and solid phases. The major bond that plays a role in this
gel formation is hydrogen bonding, which increases the industrial application of
starch-based compounds (Mahmood et al. 2017). Hydrocolloid gels are also known
as physical gels as they are made up of covalent cross-linking of the polymer chain.
Hydrocolloids are nonstarch polysaccharides which are heterogeneous in nature
(Noisuwan et al. 2009). They are made up of long-chain polymers characterized
by the formation of viscous dispersions and/or gels when dispersed in water (Saha
and Bhattacharya 2010). The type of starch and hydrocolloids, concentration of
starch and hydrocolloids, level and type of interaction, preparation condition, etc.
decide the starch-hydrocolloid mixture properties (Varela et al. 2016). The interac-
tion of starch-hydrocolloids can alter food texture, structure, and viscosity, thereby
changing the accessibility of enzymes to starch granules. A few examples of gelling
agents and their applications in dairy products are discussed in Table 8.9.

Table 8.9 Various gelling agents and their applications

Gelling
agents

1 Modified
starch

Thermally irreversible opaque gels
formed on cooling

Dairy dessert

2 Agar Thermoreversible gels on cooling Bakery products

3 K and I
carrageenan

Thermoreversible gels on cooling Puddings, milkshakes, tofu

4 Low
methoxyl
pectin

Thermoreversible gels on cooling at
acidic pH

Jams, jellies, glazes, milk-based
desserts

5 Alginate Thermoirreversible gels do not melt
on heating

Restructured foods, cold pre-
pared bakery creams
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8.5.6 Humectants

Humectants are hydroscopic substances added to food to increase the retention time
of moisture. Due to the low degree of humidity, the food tends to dry out because of
the counteracting effect of the wetting agent. For the formation of candied interme-
diate moisture fruits, sugar is the most common agent used as humectants whereas to
provide intermediate moisture to vegetables and fish, salt is used as a major agent
(Saha 2020). These humectants prevent the food from drying out. The basic function
of humectants is to control the level of water in the solution. For the immobilization
of water in food, solutes like salt and sugar are used as humectants. The drying
process removes free water and humectants from the food. These humectants are
made up of hydrophilic parts that form bonds with water in food. If water is
removed, it leads to lower water activity of the food product (Kaplow 1970).
These are used in gelatin products and cakes (Siburian et al. 2020). Some examples
of humectants used in the dairy industry are provided in Fig. 8.6.

8.5.6.1 Sorbitol

It is widely present in nature, and sorbitol syrup is used as a humectant. It has the
capacity to bind to a higher number of water molecules (Duan et al. 2019). It is
generally used in bakery products, mayonnaise, creams, sauces, etc.

Humectants in 
dairy industry

Sorbitol

Glycerol

Erythritol

Xylitol

Fig. 8.6 Humectants in dairy industry
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8.5.6.2 Glycerol

The hydrolysis of fat leads to the formation of glycerol. It can be readily obtained
from animal and vegetable fats. It is generally liquid at room temperature. The basic
function of glycerol as a humectant is to lock the food moisture and avoid the
formation of mold or bacterial growth. It also helps in maintaining the texture of the
food. It provides a burning sensation in the throat as a form of taste, which limits its
quantities. But still, it is widely used in the cake and cream industry.

8.5.6.3 Xylitol

Xylitol and sucrose have an equivalent sweetness; hence, xylitol is primarily used as
a sugar substitute in many food products (Ahuja et al. 2019). It is wood sugar that is
collected from xylan-rich hemicelluloses of a tree or a plant. It generally acts as a
sweetener but for nonfermentable bulk. Because of the high demand for xylitol in
food, nutraceuticals, pharma industry, and beverages, it is among the top 12 global
bio-products (Vishal et al. 2019). It is also used as an energy source in many
intravenous products. It is also used in dental products like toothpaste, mouthwash,
creams, etc. and it is well used in dairy products (Ahuja et al. 2020).

8.5.6.4 Erythritol

It belongs to the category of polyols generally used as a sweetener and a humectant.
Sometimes it also acts as a flavor enhancer, stabilizer, thickener, or sequestrant in the
food industry. The main products of erythritol are desserts, food supplements,
liqueurs, etc.

8.5.7 Emulsifying Agents

An additive that allows immiscible liquids like water and oil to form a stable mixture
is known as an emulsifier. When microscopic droplets of one immiscible liquid mix
with another immiscible liquid, it leads to the formation of a heterogeneous emulsion
(McClements 2015). An emulsion is a mixture of immiscible liquid. The boundary
between two nonhomogenous mixtures is known as interface. In the mixture, the
dispersed phase droplets tend to coalescence and agglomerate, which ultimately
leads to separation. Starch and soy protein are the solid and colloidal particles which
get absorbed at the interface and form the Pickering emulsion (Yang et al. 2017). The
emulsifier contains both hydrophilic and hydrophobic parts. The hydrophilic part
makes the bond with water or polar compounds, whereas the hydrophobic part gets
dissolved with oil or nonpolar compounds. The hydrophilic part makes the head and
tail, which is made by the hydrophobic part of the micelle (Berton-Carabin et al.
2018).
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Glycerol, sorbitol, sucrose, propylene glycol, or polyglycerol forms the hydro-
philic part of commercial food emulsifiers whereas fatty acids derived from fats and
some oils like soyabean oil, rapeseed oil, coconut oil, etc. form the lipophilic part of
the emulsifier. The dispersion of fat droplets in water leads to the formation of an oil-
in-water emulsion, e.g., mayonnaise and milk. When water is in the dispersion phase
and fat acts as a continuous phase, such as in butter and vinaigrettes, the result is a
water-in-oil emulsion (Leal-Calderon et al. 2007).

8.5.7.1 Stability of an Emulsion

Stability of an emulsion is best described by its droplet size, viscosity, and density.
Droplet size: emulsion stability is increased by a smaller droplet size. Homog-

enization is the process that results in even and smaller droplet sizes.
Viscosity: Emulsion stability is facilitated by a higher viscosity. Thickening

agents, or hydrocolloids, are responsible for increasing the viscosity of the water
phase (Krstonosic et al. 2021).

Specific density of phases: An emulsion is more stable if the density difference
between the two phases is less.

Food emulsifiers have versatile applications in the food industry. The functions of
emulsions in dairy-based products are given in Table 8.10.

8.5.7.2 Properties of Emulsifier

An emulsifier should be readily absorbed into the interface, should have proper
hydrophilic and lipophilic parts so that a stable emulsion can be formed, should be
stable, should not have any odor, color, taste, etc., and should be nontoxic.

8.5.8 Antifoaming Agents

An antifoaming agent is also known as a deforming agent. It is a chemical that
hinders or reduces the formation of foam in industrial processed liquids. Detergents,

Table 8.10 Function of emulsions

S. no. Functions of emulsions Dairy-based foods

1 Improved solubility Instant drinks

2 Plasticizers Cake icing

3 Promotion of dryness Ice cream

4 Oil in water emulsion Mayonnaise

5 Stabilization and avoiding the formation of an oil layer Coffee whitener

6 Improve texture and taste Dairy desserts
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Table 8.11 Some common antifoaming agents

S. no. Antifoaming agents Dairy-based function

1 Polyoxyethylene sorbitan
tristearate (polysorbate 65)

Antifoaming agents in ice cream, frozen desserts, and
cakes

2 Sodium, potassium salts of
fatty acids

Yeast activity promoter and antifoaming agent in beet
sugar

3 Acetic acid esters of fatty acids Antifoaming agents in jams, marmalades, and acetems

4 Sorbitan esters Antifoaming agent in production of beet sugar and
boiled sweets

5 Dimethylpolysiloxane Antifoaming agent in skim milk powder and wine
production

6 Propan-1,2-diol Anticaking agent, soft drink antifoaming agents

pharmaceutical, food, and processing industries require detergents as an antifoaming
agent. This foam is generally produced because of protein and fat in the food. To
completely suppress the foam, 10 ppm of antifoam is generally used. These com-
pounds are used in meat processing, dairy products, vegetable oil, alcoholic and
nonalcoholic beverages, soups, starches, pickles, etc. A few examples of
antifoaming agents with their dairy-based functions are provided in Table 8.11.

8.5.9 Stabilizers

Food additives, which help in preserving the structure of food products, are known
as stabilizers. It prevents the formation of large ice crystals in ice cream. It helps in
maintaining the physico-chemical state of the food product. It provides uniformity to
the product and increases the water holding capacity of the food. The amount of
stabilizers to be used varies with the properties of the food and percentage of solid
content in the food. Stabilizers are water-soluble compounds majorly used in dairy-
based foods like ice cream, processed milk, pasteurized milk, etc. On the other hand,
the addition of excessive amount of stabilizers results in soggy or heavy body and
high resistance to melting point in the final product.

Ideal characteristics of a stabilizer are shown in Fig. 8.7.

8.5.9.1 Different Stabilizers Used in Dairy Industry

Nowadays, the market contains a wide range of hydrocolloids derived from plants
and seaweed, as well as those produced by various microbes such as bacteria, fungi,
and molds. Hydrocolloids are made up of sugar backbones that contain protruding
substituent such as esters, sulfates, or added sugars. Available hydrocolloids for food
applications are either neutral or negatively charged. A few examples of stabilizers
used in the food market are depicted in Fig. 8.8.
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Fig. 8.7 Ideal
characteristics of stabilizers
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Gelatin

Animal connective tissues, mainly collagen, provide the proteinaceous material, i.e.,
gelatin. The raw materials for gelatin production are provided by beef, pork, poultry,
and fish. It provides a low viscosity solution when hydrated in hot or warm water,
which has good foaming and whipping properties (Siburia et al. 2020). Clear and
elastic gels are formed by the network of polypeptide chains in gelatin. It is a good
stabilizer but does not prevent heat shock. One more advantage of this stabilizer is
that it requires a long aging period. It does not cause wheying off and has good
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dispersal activity. Gelatin is utilized in food industries with various applications like
gelling agents, thickeners, emulsifiers, foam makers, stabilizers, edible films, etc. It
is also widely used for the manufacturing of soft and hard capsules in the pharma-
ceutical industry (Park et al. 2008).

Galactomannans

Galactomannans belong to the category of naturally occurring biocompatible and
biodegradable molecules. These are nonionic polysaccharides made up of mannose
and galactose residues (Yadav and Maiti 2020). These are used in different dairy
products such as cheese, processed meats, bakery products, and frozen desserts. The
most widely used galactomannans are locust gum and guai gum. They are differen-
tiated based on solubility in cold water as well as gelling capability because of their
difference in distribution side and substitution degree (Yadav and Maiti 2020).

Gum Arabic

It is also known as Acacia gum, naturally obtained from acacia trees. The main
bonding in gum Arabic is of polysaccharide from (Wu et al. 2013a; Wang et al.
2015; Amin et al. 2013) (1–6)-linked β-D-galactopyranosyl units along with (1–6)-
linked β-D-glucopyranosyl uronic acid units. It has relatively low viscosity and high
water solubility compared to other exudate gums (Moneim and Sulieman 2018).

Agar

Agar is a linear polysaccharide obtained from red-purple algae of the Rhodophyceae
family. It is made up of disaccharide units of (1–3)-linked β-D-galactose and (1–4)-
linked 3,6-anhydrous-a-L-galactose residues (Mostafavi and Zaeim 2020). As a
result of its characteristics like gelling and stabilizing properties, it is widely used
as a valuable material in various applications (Park et al. 2020). Syneresis is the
strong gel formed by agar. It can form reversible gels simply by cooling and
providing heat (Motafavi and Zaeim 2020). The addition of salts can improve the
high melting point of agar.

Alginates

These are produced from brown seaweeds, i.e., Phaeophyceae. In the market, the salt
derivative of alginate is known as algin. These are unbranched copolymers of (1–4)-
linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues. Alginate
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dissolves in cold water and gels in the presence of calcium and acid. Acidified milk is
stabilized by using casein (Li and Zhong 2020).

Cellulose and Its Derivatives

When natural cellulose is treated with hydrochloric acid, it leads to the production of
microcrystalline cellulose, i.e., MCC which form the crystallite aggregates as an end
product. Carboxy-methyl cellulose (CMC) is an anionic, water-soluble polymer that
leads to the formation of various viscous solutions. Treating cellulose with alkali and
then with monochloroacetic acid forms CMC. It is a carboxy-methylated derivative
of cellulose, generally present as a sodium salt (Du et al. 2008). Sometimes it is also
known as “guar gum.” Sodium carboxy-methyl cellulose is a chemically modified
natural gum that is generally linear, water-soluble, long-chain, and anionic. The
degree of carboxy-methyl substitution of CMC as a food additive is around
0.6–0.95, which makes it negatively charged in acidic conditions. CMC can be
adsorbed onto the casein micelle surface (pH 3.0–5.2) to provide electrostatic
repulsions (Wu et al. 2013a, b). This blend is a tasteless, water-soluble, free-flowing,
cream-colored, and odorless powder.

Pectin

Some food industry by-products, such as apple pulp, citrus peels, and sugar beet
pulp, aid in the identification of commercial pectin. Pectin is a complex polysaccha-
ride present in plant cell wall. Pectin from citrus sources is rich in galacturonic acid
(GalA), and this GalA is present as a linear structure with the main structure of the
homogalacturonan (HG) domain, while the branched rhamnogalacturonan domains
(RG-I and RG-II) constitute only a small part and are interspersed in HG (Zhang
et al. 2018). Aggregation and sedimentation of casein in acidified milk drinks is
prevented by using pectin (Doesburg and De Vos 1959). Galacturonans and
rhamnogalacturonans are the two main families of pectin which are being used as
additives. The degree of esterification depends on the category of pectin. These are
divided into two categories: low methyl (LM) pectin that contains less than 50%
methyl esters and high methyl (HM) pectin with more than 50% methyl esters.

Starch and Modified Starches

Starch is a polysaccharide which consists of a large number of glucose units bonded
together with the help of glycosidic bonds. Starch is basically composed of amylose
and amylopectin, and these two polymers are packed into semi-crystalline granules
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which are highly hydrophilic and characterized by swelling properties (Agoda-
Tandjawa et al. 2017). Starch has limited use in the food industry. Generally, starch
produces weak, cohesive, and rubbery pastes on heating, and undesirable gels are
produced. These properties are modified with the help of various modifications.

Some examples of modified starches are acid-treated starch, bleach starch,
alkaline-treated starch, oxidized starch, monostarch phosphate, distarch glycerol,
distarch phosphate esterified, etc. Water holding capacity and viscosity of starch can
be increased by embedding starch granules inside the casein matrix (Azim et al.
2010). The ratio of substituent groups is kept low in modified starch. Maltodextrin is
a part of starch with a low molecular weight. It is also known as dextrin or amylolytic
enzyme. Pre-gelatinization, or heat treatment, of starch is the general part of the
physical modification. It is sometimes used as a free thickener in cold water as well.
Chemical modification (viz. acid/alkaline treated, oxidized, etc.) has been considered
as mainstream of modified starch in the last century.

8.6 Disadvantages of Additive Manufacturing

Food additives are being used in beverages, desserts, jams, jellies, sauces, pickles,
cosmetics, toothpaste, etc. Despite their wide use, they can cause some issues in the
body. Artificial colorants can cause attention deficit disorder (ADD), inhibit the
immune system, and lead to hyperactivity and allergic reactions. The overuse of
colorants can also cause thyroid tumors, urticaria dermatitis, asthma, nasal conges-
tion, nausea, eczema, liver damage, kidney damage, digestive disorders like diarrhea
and colicky pains, and a wide range of cancers. Hives, itching, rashes, and swelling
are some of the skin disorders caused by additives.

8.7 The Legal Aspects of Food Additives

Due to the increasing use of food additives in day-to-day life, it is very important to
provide basic guidance on the maximum use of additives based on dietary pattern.
Joint Expert Committee on Food Additive and Contaminants (JECFA) is an inter-
national expert scientific committee that is administered jointly by the Food and
Agriculture Organization of the United Nations (FAO) and the World Health
Organization (WHO) to evaluate the toxicological data on food additives and when
considered to be appropriate, the committee establishes acceptable daily intakes
(ADIs) on the food additive.

GRAS stands for “Generally Recognized as Safe.” It is a group that qualify food
products as safe to use. These food products are considered safe to use because they
have a long history and have not shown any harmful effects. Obtaining approval of a
substance like a food additive generally requires the safety of scientific procedures
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that require the same quantity and quality of scientific evidence for
recognition (Smith et al. 2005a).

8.7.1 Good Manufacturing Practices (GMPs)

These are the guidelines of provision and standards which are to be used under the
condition of good manufacturing practice. According to these guidelines, food
additives used in the manufacturing, processing, or packaging of food should have

Method of additive analysis.

Physical and chemical properties of food additives.

Technical information such as chemical name, CAS number, chemical and structural formula, etc.

Approval by other food regulatory authorities.

JEFCA and other safety evaluations.

Technological justification of food additives.

Examine level and concentration of additive usage.

Names of food additive categories.

Details of food additives used in prepared product.

Application of food additives in a structured format.

Additive approval process

Fig. 8.9 Process of additive approval
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no physical, chemical, or technical side effects. The additive should be handled in
the same way as a food product is handled. The quantity of additives should be low.

In India, these guidelines are created and maintained by the FSSAI Act and rules.
Some of the basic food additive approval processes in India are given below in
Fig. 8.9.

8.8 Conclusion

Maintaining and increasing the shelf life of food for industrial applications by using
additives is a reasonable approach. Some chemical additives which are widely used
in different dairy products like milk, cream, yogurt, cheese, custard, casein,
fermented soured milk, etc. are natural and others are synthetic, Not only this,
additives are also widely used in different traditional dishes like ymer, villi, mursik,
kumis, etc. Natural preservatives and antimicrobial agents like acetic acid, lactic
acid, lysozyme, natamycin, nutella, etc. are widely used to control bacteria, molds,
fungus, etc. Natural and synthetic colorants are used in fermented drinks and
flavored milk. Aside from this, antioxidants reduce the oxidation of food by free
radical mechanism. Flavors widely play a vital role in economic, physiological, and
psychological factors. Currently their application is even extended to toy industries.
Thickeners are hydrocolloids which are used in emulsifier, gelling agent, thickener,
stabilizer, and for inhibiting the formation of sugar and ice crystals. Emulsifying
agents, stabilizers, and antifoaming agents are used in batch and continuous fermen-
ters at the industrial level. Despite this tremendous potential, these additives still
have limitations because of their toxicity. Many agencies like ADI, GRAS, and
FSSAI regulate industrial use and provide guidelines from time to time for the better
use of additives. But still, there is a high need for natural substitutes as additives for
long-term use.
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Chapter 9
Hypersensitivity Associated with Food
Additives

Soniya Goyal, Mahiti Gupta, Pooja Sharma, and Vikas Beniwal

Abstract Food additives are substances added to packaged and processed foods to
improve or maintain their freshness, texture, taste, or appearance. A wide range of
additives is classified according to their functions, such as preservatives, coloring
dyes, antioxidants, flavor enhancers, and sweeteners approved by FDA regulatory
authorities, although some food additives have been associated with adverse reac-
tions or hypersensitivities in many individuals. Adverse food reactions include
immune-mediated allergic reactions and non-immune-mediated intolerance reac-
tions. Both types of hypersensitivities are associated with symptoms related to
skin, gastrointestinal, digestive, and respiratory systems such as urticaria, asthma,
dermatitis, and anaphylaxis. The diagnosis of these adverse reactions is challenging
and may be achieved by carefully analyzing clinical history followed by eradication
and re-exposure with suspected food chemicals. For acute-onset allergic reactions,
the determination of food-specific IgE antibodies is usually used for confirmation.
Recent developments in diagnosing IgE-mediated adverse reactions related to food
additives include single allergen assays, but the benchmark remains an oral food
challenge. The best strategic approach for the management of food allergens is still
its complete avoidance. It is mandatory that individuals with confirmed food aller-
gies acquire optimal nutritional and dietetic assistance to manage their conditions.
Thus, it is the responsibility of industries manufacturing food products to mention
complete information regarding ingredients of food additives on the label of food
products. This chapter mainly focuses on food additives involved in
hypersensitivities.
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9.1 Introduction

Food additives are those substances integrated into edible food products to perform a
range of specific functions, including preservation of food, thus increasing shelf life
and making food’s taste or texture better. According to European Legislation, a food
additive is defined as any substance which is added to food intentionally for
technological reasons in the production, processing, preparation, treatment, packag-
ing, and storage of these food products, not normally consumed as the food itself and
not normally used as a characteristic ingredient of food (Jen and Chen 2017).
According to the FDA, food additives may be used for three main purposes: to
improve or maintain safety and freshness, second to maintain the nutritional value,
and third to maintain taste and texture. Food additives may be natural in origin as
found to be an indigenous component of the food or may be artificial in origin as they
are synthetically produced, such as azodicarbonamide, a flour improver which is
used for holding bread dough together. Many natural additives such as salt, spices,
sugar, and vinegar have been used from ancient times to preserve food products and
make them more appetizing. Whether natural or synthetic, food additives are
designated by their specific name or by a number, which in Europe is preceded by
the letter E. The Romans used saltpeter (potassium nitrate) or turmeric as coloring
agents to improve the appearance of certain products. Due to the increased demand
of processed foods in the twentieth century, there came a need for new types and
more use of food additives. Many advanced products, such as low-calorie and ready-
to-eat snacks, would not be possible without the addition of food additives. Food
additives are categorized into four categories: nutritional additives, preservatives,
processing agents, and sensory agents. A list of different food additives given by the
FDA can be diversified into different groups based on their specific purpose and
function (Wilson and Bahna 2005) (Table 9.1).

• Anticaking: food additives used as anticaking agents prevent lumps in powders
and crystalline substances.

• Chelating: food additives used as chelating agents bind with minerals present in
food to prevent deterioration.

• Conditioning: compounds used as conditioning improve the baking quality of
the flour.

• Bleaching: compounds used as bleaching agents enhance the color of food.
• Humectants: compounds used as humectants help in moisture control of pack-

aged foods and keep them moist.
• Emulsifying: compounds used as emulsifying agents give good texture and

homogeneity to food items by mixing immiscible items such as water and oil
without any separation, for example ice creams and mayonnaise.

• pH control: food additives such as citric acid, lactic acid, and vinegar act as acid
regulators, which control the acidic and basic nature of food and prevent them
from spoilage.



Example Present in Role References

9 Hypersensitivity Associated with Food Additives 207

Table 9.1 Different types of food additives used in different food products

Food
additive
class

Food
preservative

BHA & BHT Cereal, butter,
dehydrated potatoes,
chewing gum, beer

Provides stability and
prevent discoloration in
food

Botterweck
et al. (2000)

Food
fragrance

Octyl gallate Bakery product Fragrance and flavor Gultekin
and Dogue
(2013)

Food color Tartrazine Soft drinks, chips,
pudding, honey,
pickles

Mixed with haldi to give
color

Stevenson
et al. (1992)

Food color Sunset yellow Pastry Provides yellow color to
food

Rajan et al.
(2014)

Natural food
color

Annatto Ice creams, butter,
cheeses, and bakery
products

Provides red color to
food

Ramsey
et al. (2016)

Natural food
color

Indigo
carmine

Confectionary items,
ice creams

Provides blue color to
food

Magner and
Gerebr
(1994)

Flavoring
agents

Peppermint
oil

Chewing gums Provides freshness and
pungent taste

Bayat and
Borici-Mazi
(2014)

Flavor
enhancer

Monosodium
glutamate

Chinese food Increases food
palatability

Gultekin
and Dogue
(2013)

Emulsifiers Lecithin Chocolates and
bakery

Stabilizes protein and fat
emulsions, antioxidant
flavor enhancer

Renaud
et al. (1996)

Thickener,
stabilizer,
emulsifier

Guar gum Ice creams Binding agent and fixing
agent

Mudgil
et al. (2014)

Thickening
and gelling
agent

Locust bean
gum

Jams and jellies Stabilizes the
consistency

Jedrzejczyk
et al. (2020)

Preservatives Sulfites Wines, canned vege-
tables and fruits,
dried fruits

Antibrowning agent and
as antioxidant

Garcia-
Fuentes
et al. (2015)

Curing
agents

Nitrate and
nitrite

Meat and fish Control growth of
bacteria

Majou and
Christieans
(2018)

Laxative Psyllium Ice cream, biscuits,
cereals

Slows gastric emptying
and cholesterol-lowering
source

Lambeau
and
McRorie
(2017)

Artificial
sweetener

Aspartame Food and carbonated
drinks

Noncalorie sweetener Pang et al.
(2021)
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• Antioxidants and antimicrobial agents—these food additives prevent fat and oil
rancidity in baked foods by hampering the effect of oxygen on food, thereby
maintaining food palatability.

• Colorings: compounds used as coloring agents improve the appearance and
texture of food, which attracts consumers.

• Flavorings and sweeteners: food additives also add flavor and sweetness.
• Stabilizers, gelling agents, and thickeners provide smoothness and strong texture

to the food products.

Nowadays, different types of food additives have been commercially used world-
wide, contributing to rapid growth in food processing and other related industries.
The great success of food additives has fueled the development of new food
processing technologies, resulting in unintended consequences that are a cause for
concern. Despite all of the benefits of food additives and preservatives, there is still a
risk of chemical adulteration of foods which may stimulate hormonal or chemical
processes in the body resulting in undesirable physiological responses. Thus, not all
food additives enter the market after being thoroughly tested to verify their safety.
The residues produced by additives may also induce negative effects such as
carcinogenic or toxic. Due to these reasons, most food additives are monitored and
regulated by health authorities. All food manufacturers must meet the standards
decided by the concerned authorities to assure the safety of final products consumed
by the consumers. Food additives must go through a premarket safety evaluation to
meet the standards with specific food additive regulations framed by specific gov-
ernment agencies such as the Food and Drug Administration (FDA) in the United
States or European Food Safety Authority (EFSA) in Europe before using in foods
(Rulis and Levitt 2009). Most food processing companies must get standard certi-
fication before introducing any new additive or preservative or using any originally
certified preservative or additive differently.

Food additives may cause a wide range of adverse reactions. Some appear to be
allergies, while others appear to be intolerances or sensitivities. Skin reactions,
respiratory reactions, and gastrointestinal reactions (digestive reactions) are adverse
reactions reported using food additives. There are approximately thousands of sub-
stances added to foods that are Generally Recognized As Safe (GRAS) by experts
and are exempted from standard tolerance requirements (Neltner et al. 2011).
Although some individuals are sensitive to certain food additives, particularly
children, immunocompromised individuals, people with inherited metabolic disor-
ders, and individuals with different xenobiotics metabolizing capacities, currently
the American Academy of Pediatrics has raised concerns about the safety of GRAS
in children (Trasande et al. 2018).
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9.2 Hypersensitivity (Food Allergy)

A food allergy or hypersensitivity is an abnormal immune response to food or food
additives. It is an adverse reaction toward food or food additives that can be mediated
by two different mechanisms such as immunologic and nonimmunologic. A harmful
physiological reaction caused by an immune system is termed as an allergy,
whereas sometimes the symptoms appears to be similar to the allergic reaction but
its mechanism is not truly allergic then it is known as intolerance. In intolerance
conditions, mild symptoms will be observed, which are small enough to cause any
toxic reactions. Hypersensitivity includes both allergic and intolerance conditions.

9.2.1 Classification and Mechanism of Hypersensitivity
(Adverse Reactions)

Adverse food reactions (hypersensitivity) can be broadly classified into two reac-
tions such as toxic and nontoxic reactions. Toxic compounds may have occurred
naturally within a food, such as toxins present in rhubarb plant leaves or anthropo-
genic contaminants incorporated during food processing. Toxic reactions can occur
in all exposed individuals with a sufficient dose, whereas nontoxic reactions depend
on susceptibility to food in individuals. Nontoxic reactions may be mediated through
two reactions such as immunological and nonimmunologic reactions (Fig. 9.1)
(Onyimba et al. 2021). Immune-mediated reactions include food allergies and celiac
diseases. Food allergies are defined as adverse immune responses to food or food

Hypersensitivity

Immunological reaction
Non-immunological

reaction

Foodborne
illness

Food
intolerance

Dietary
impropriety

PharmacologicMetabolic
Cell

mediated
Non-lgE
mediated

lgE
mediated

Food
allergy

Others
(sulfite

additives)

Fig. 9.1 Types of hypersensitivities developed through food and food additives
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additives that cause typical clinical symptoms related to respiratory, gastrointestinal,
cardiovascular, and neurological systems. Celiac disease is a disease associated with
the digestive system and immune disorder which damages the small intestine and is
triggered by gluten present in foods. This disease can cause long-term digestive
issues and prevent an individual’s body from getting all essential nutrients. Immune-
mediated reactions can be further classified into three groups: IgE-mediated hyper-
sensitivity, non-IgE-mediated hypersensitivity, and cell-mediated hypersensitivity
(Montanez et al. 2017). On the other hand, nonimmunological reactions do not
involve the immune system and are further classified into foodborne illness (food
poisoning) and food intolerance. Food intolerance can be again divided into meta-
bolic, pharmacologic, and undefined.

9.2.1.1 Immunologic Adverse Reactions to Food Additives

Depending on the type of immune response and involvement of immune cells to
foreign antigens, immune-mediated reactions can be classified into two reactions
such as IgE-mediated hypersensitivity and cell-mediated hypersensitivity. In
IgE-mediated anaphylaxis, the mast cell is the main cell, while macrophages and
neutrophils play an essential role in IgE-independent allergic reactions. Basophils
are involved in both IgE-dependent and IgE-non-dependent allergic reactions
(Moneret-Vautrin and Mertes 2010).

IgE-Mediated Hypersensitivity

IgE-mediated hypersensitivity, also known as type I hypersensitivity, occurs with
the production of IgE antibodies due to the entry of food additives or food allergens
through the skin, gut, or respiratory lining. After penetration of allergen in the body,
this allergen is processed by antigen-presenting cells, i.e., dendritic cells, B cells, and
presented allergen with the help of MHC molecule (major histocompatibility com-
plex) to T cells. The stimulatory and costimulatory molecules produced by B cells
and T cells stimulate the production of IgE antibodies (Galli and Tsai 2012). Then
these IgE antibodies cross-link with allergen and circulate in the blood and bind with
the specific receptors present on the surface of mast cells, eosinophils, and basophils.
After re-exposure of allergen, a quick response arises, leading to the degranulation of
effector cells like mast cells and basophils. The activated effector cells produce
inflammatory molecules such as histamine (major mediator in allergy and asthma),
prostaglandins, tryptase (induce complement cascade and promote hypotension and
angioedema), chemokines and leukotrienes (increased vascular permeability leads to
hypotension) which induce a range of processes such as vasodilation, mucous
secretion, and contraction of smooth muscles and influx of other inflammatory
cells which evoke an inflammatory response (Reber et al. 2017). The production
of these potent chemical mediators by different types of cells is responsible for
developing allergic symptoms.
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A significantly less number of food additives induce IgE-mediated reactions but
can be severe and life threatening. Natural additives are high molecular weight
molecules sufficient to stimulate an IgE-mediated response. On the other hand,
synthetic additives are low molecular weight compounds that mostly act like hap-
tens. Such low molecular weight haptens after attachment to large carrier proteins
can induce IgE-mediated immune response (Wilson and Bahna 2005). The general-
ized symptoms of IgE-mediated reactions are rapid in onset, leading to multi-
systematic manifestations, but generally, IgE-mediated reactions are considered
acute reactions. Although late-phase reactions and recurrent exposures lead to the
influx of inflammatory cells that are associated with chronic symptoms. The most
prevalent symptoms are urticaria (hives) and angioedema, cutaneous manifestations
(Ho et al. 2014).

Non-IgE-Mediated Hypersensitivity

There is another type of food allergy classified as a non-IgE-mediated food allergy
caused by different immune system cells. This class of hypersensitivity includes two
types of hypersensitivity: Type II (IgG/IgM-mediated) and Type III (IgG-mediated)
hypersensitivity. This reaction is associated mainly with skin and digestive system
symptoms such as heartburn, eczema, and digestion. In babies, this type of hyper-
sensitivity is also associated with diarrhea and reflux (leakage of stomach acid into
the throat). Type II hypersensitivity is antibody-mediated, resulting in host cell lysis
by secreting toxic mediators. Two different mechanisms are involved in these
cytotoxic reactions such as complement-mediated hypersensitivity (antibodies
react with cell membrane components and activate the complement cascade, which
leads to the lysis of cell) and antibody-dependent cell-mediated cytotoxicity (IgG
and IgM Fc receptors are expressed on many cells such as macrophages, neutrophils,
eosinophils, and natural killer cells and come in contact with antibody-coated target
cells and lead to the lysis of cell by releasing cytoplasmic granules containing
granzymes and perforin). The antibody-antigen complex mediates type III hyper-
sensitivity. These circulating immune complexes may bind at various tissue sites and
activate the complement cascade, resulting in tissue cell lysis. The accumulation of
these complexes can lead to a hypersensitivity reaction that triggers various inflam-
matory processes. IgG antibody is involved in this type of reaction and does not bind
with mast cells (Sole et al. 2021).

Cell-Mediated Hypersensitivity (Type IV Hypersensitivity Reaction)

Cell-mediated hypersensitivity is a delayed type of hypersensitivity triggered by
antigen-specific T cells (TH cells, primarily TH1 subtype, and in few cases TC cells).
In this type, antibodies do not play any role. After exposure to the allergen, TH1 cells
get activated and release cytokines, which accumulate and activate macrophages
resulting in local damage.
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9.2.1.2 Nonimmunologic Adverse Reactions to Food Additives

Food Intolerance

Food intolerance is generally used for nonimmunological reactions, where the
immune system does not play any role towards any food or food additives. These
reactions are associated with direct stimulation of mast cells, which promote
degranulation and release of mediators such as histamine, TNF-α, and prostaglan-
dins, which trigger anaphylaxis or allergic reactions (Navines-Ferrer et al. 2018;
Munoz-Cano et al. 2017). In this type, the spectrum of chemicals present in food
and the quantity required to stimulate symptoms vary from individual to individ-
ual. Both naturally occurring food chemicals and food additives (natural or syn-
thetic) cause an adverse effect on affected individuals. Most of the intolerance
reactions are caused by salicylates and amines (the largest class of natural food
substances), which affect the skin, gastrointestinal tract, central nervous system,
and respiratory tract. Symptoms like irritable bowel, migraine, fatigue, asthma,
urticaria, and some behavioral problems are also associated with intolerance to
food additives. Sulfites, sodium benzoate, and food colors, among food additives,
also show intolerance reactions in some patients. Food intolerance reactions may
be metabolic and pharmacologic, and the mechanisms linked with intolerance
reactions are still unknown (Sampson 2014).

Metabolic Intolerance

Metabolic intolerance related to food or food additives can be due to meta-
bolic enzyme deficiencies, resulting in the inability to digest particular food or
food additive. Lactose intolerance is one example of metabolic intolerance caused
by lactase deficiency genetically and leads to indigestion of lactose. Lactose, mainly
found in milk and milk-related products, is broken into the simplest sugars with the
help of lactase which is vital for the nourishment of babies. Lactose intolerance
causes a wide range of symptoms such as acute gastroenteritis, injury to the small
intestine, bloating, cramps, and diarrhea due to lactic acid, carbon dioxide, and
hydrogen gas production. Glucose-6-phosphate dehydrogenase deficiency is another
example of metabolic intolerance that leads to the destruction of erythrocyte mem-
branes (Paula Neto et al. 2017).

Pharmacological Intolerance

It was reported that the main class of substances present in food or food additives
responsible for stimulating pharmacological food intolerance are salicylates and
biogenic amines. The oral administration of salicylates (aspirin) for analgesic pur-
poses causes side effects such as bronchial asthma and rhinitis in some individuals.
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The high concentration of naturally occurring salicylates is present in vegetables,
fruits, herbs, spices, and wines. Biogenic amines (low molecular weight nitrogenous
compounds) are formed by decarboxylation of free amino acids or by transamination
reactions during metabolism in plants, animals, and microorganisms. Biogenic
amines are present in all food products such as fish products, dairy products, meat
products, fermented vegetables, soy products, and beverages (wine and beer) which
contain free amino acids and proteins. These amines have some toxic effects such as
nausea, headaches, hypotension, hypertension, respiratory distress, along with other
symptoms. Hayder et al. (2011) studied food additives such as ascorbic acid, MSG,
tartrazine, sodium benzoate, and sodium metabisulfite using platelet activation test.
These food additives inhibit platelet aggregation and are associated with the inhibi-
tion of the cyclooxygenase-thromboxane pathway. Aspirin interferes in the produc-
tion of prostaglandins and leukotrienes and acts as a bronchodilator (Hannuksela and
Haahtela 1987).

Unknown Mechanism Linked with Intolerance

In general, adverse reactions linked with food additives fall into this category in
which not any specious biological mechanism has been proposed. The Australia
New Zealand Food Standards Code strictly regulated the use of food additives based
on technological requirements and ingredients present in them to ensure consumer
safety. This code also designates the type and amount of additives used in what type
of food. The most common food additives such as sulfite, sodium benzoate, and food
coloring agents cause patients food intolerance reactions (Worm 2011).

Both IgE-mediated allergy and food additive intolerance reactions are mast cell-
dependent reactions (Krystel-Whittemore et al. 2016). The activated mast cell
releases histamines and other inflammatory mediators such as leukotrienes which
lead to the onset of various clinical symptoms such as urticaria (skin allergy), redness
of the skin, angioedema (if the allergen activates mast cells present in deeper tissue)
as well as other organ-related symptoms like hypotension, dizziness, and dyspnea. In
IgE-mediated response, cross-linking of membrane-bound IgE with allergen induces
mast cell degranulation, while in the case of food intolerance reaction, additive or
allergen directly induces mast cell activation. However, the exact mechanism is still
not clear. Most adverse food reactions clinically seen in adults are associated with
nonallergic hypersensitivity. For several years, many persons have reported adverse
reactions to a range of food additives such as aspartame (an artificial sweetener),
nitrates/nitrites (preservatives), monosodium glutamate (flavor enhancer), and sulfur
based compounds (preservatives).

Food Poisoning

Food poisoning is a foodborne illness caused by eating contaminated food or toxins
present in food. Food gets contaminated with infectious organisms at any step of
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processing, production, storing, or shipping. The symptoms related to food poison-
ing such as nausea, headache, vomiting, abdominal cramps, pain, fever, or diarrhea
in individuals can start within hours of consuming contaminated products. Most
symptoms associated with food poisoning are mild and disappear without any
treatment, but individuals need to be hospitalized with food poisoning symptoms
in some cases. Food poisoning especially occurs in the case of raw, ready-to-eat
foods such as salads and other products because harmful organisms are not destroyed
without cooking (Hernandez-Cortez et al. 2017).

9.2.2 Hypersensitivity Linked with Different Food Additives

Hypersensitivity reactions associated with different classes of food additives are
mentioned below (Table 9.2).

9.2.2.1 Coloring Agents (Food Dyes)

Food colors are usually incorporated to food, beverages, cosmetics, and medications
to make them more attractive and to enhance their color. It was found that natural
food coloring agents are associated with many physiological dysfunctions in the
body and produce some adverse reactions. The food products containing food colors
consumed mostly by children are beverages (soft drinks) and sugar-based confec-
tionery. The quantity of food colors daily consumed by individuals leads to the
occurrence of adverse reactions. It is widely believed that food colors used in food
industries to make existing food products brighter can trigger allergic (immune-
mediated reactions) and food intolerance reactions (nonimmune reactions). Allergic
reactions show a wide range of symptoms, from urticaria and asthma to anaphylaxis.
Food colors can be classified as haptens (small low molecular weight molecules
covalently attached with a carrier protein that can elicit an immune response). Both
types of responses, i.e., IgE-mediated and non-IgE-mediated response, lead to
histamine and leukotriene production, which results in the onset of typical allergy
symptoms. The major food dyes used as coloring agents in food products responsible
for food allergies are mentioned below.

9.2.2.2 Carmine

It is the most widely used biogenic dye in various products such as burgers, candies,
soft drinks, some fruit yogurts, and cosmetics. The committees including Joint
FAO/WHO expert committee on food additives (JECFA) and EU Scientific Com-
mittee for Food (SCF) have normalized the acceptable daily intake (ADI) for
carmine as 5 mg/kg body weight (EFSA 2015). It is also found in red meat as the
main food dye. Those individuals having beef allergies could be allergic to carmine
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Table 9.2 A list of different food additives associated with different types of hypersensitivities

Food
additive

BHA and
BHT

Red itchy skin, urticaria,
cancer

Antioxidant IgE mediated Metcalfe
et al. (2011)

Gallates Pruritus, redness, and
erythema

Food
fragrance

Histamine Gultekin
and Dogue
(2013)

Tartrazine Anxiety, migraines, clinical
depression, impaired
senses, itching

Food color IgE and non IgE
mediated

Stevenson
et al. (1992)

Sunset
yellow

Asthma Food color Histamine Rajan et al.
(2014)

Annato Urticaria Natural
food color

IgE-mediated
sensitivity

Ramsey
et al. (2016)

Indigo
carmine

Urticaria Natural
food color

IgE-mediated
sensitivity

Magner and
Gerebr
(1994)

Anethole Sensitization in the oral
cavity

Flavoring
agents

Interleukins (IL-3,
IL-6)

Bergau et al.
(2021)

MSG Headaches, nonrhythmic
heartbeats, neurotoxicity

Flavor
enhancer

B lymphocyte elicitor Das et al.
(2022)

Lecithin Rhinitis, asthma, and
whooping cough

Emulsifier
generally in
soy

Inflammation with
release of histamines

Renaud
et al. (1996)

Guar gum Anaphylactic shock Thickening
agent

Basophil activation Mudgil
et al. (2014)

Locust
bean gum

Vomiting, nausea, loose
stools, diarrhea

Stabilizer Food intolerance Jedrzejczyk
et al. (2020)

Benzoates Urticaria and asthma Preservative IL-4 production by
mononuclear cells

Yilmaz and
Karabay
(2018)

Mannitol Anaphylactic shock Sweetener IgE-mediated mecha-
nism (hapten binding
to proteins)

Saha and
Racine
(2011)

Psyllium Urticaria and anaphylaxis Laxative Cell-mediated IgA
switched to IgE

Lambeau
and
McRorie
(2017)

also. It has been associated with adverse reactions such as hives, angioedema,
asthma, and anaphylaxis in adults (Chung et al. 2001; Tabar-Purroy et al. 2003;
Kagi et al. 1994; Miyakawa et al. 2017). It is suggested that the IgE-mediated
hypersensitivity mechanism is responsible for adverse reactions related to carmine
containing products, resulting in rapid onset of symptoms such as cough, wheezing,
hives, nausea, diarrhea, dermatitis, angioedema, and life-threatening anaphylaxis.
Among these symptoms, immediate vomiting is the most common gastrointestinal
symptom for IgE-mediated reactions (Onyimba et al. 2021). The different diagnostic
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tests such as skin prick test, basophil histamine release, and inhalational and oral
challenges have shown that an IgE-mediated mechanism may be responsible for
adverse reactions (Kagi et al. 1994; Beaudouin et al. 1995; Park 1981; Takeo et al.
2018).

9.2.2.3 Tartrazine

It is an approved artificial food coloring agent widely used in cosmetics, pharma-
ceuticals, and food products and gives a yellow color to products. The common
symptoms of allergic reactions caused by tartrazine include urticaria (hives) and
asthma. The Joint FAO/WHO expert committee on food additives (JECFA) and EU
Scientific Committee for Food (SCF) have normalized the acceptable daily intake
(ADI) for tartrazine as 7.5 mg/kg body weight (Rovina et al. 2017). ADI value
indicates the amount of additives consumed daily without posing any significant risk
to consumer health. Although these values standardized by regulatory authorities
cannot completely eliminate the risk of adverse reactions associated with a specific
substance, particularly for hypersensitive individuals or susceptible populations,
they can significantly reduce the risk (Amchova et al. 2015), tartrazine adversely
affects and alters biochemical markers in the liver and kidney at higher doses and
even at low doses (Amin et al. 2010). Moneret-Vautrin (1983) experimentally
proved the existence of IgE antibodies against this dye but were not observed by
other investigators. Weliky et al. (1979) reported IgD antibodies specific to tartrazine
although some investigators reported the presence of IgG antibodies against
tartrazine (act as a hapten) conjugated with a protein carrier (Johnson et al. 1971).

9.2.2.4 Annatto

It gives yellow or orange color to food products. Annatto is mainly used as a natural
food coloring agent in processed foods, beverages, and cheese. The adverse reac-
tions related to this dye are mild and does not cause any severe symptoms. The
IgE-mediate negative immune response has been reported due to annatto food color.
This additive contains a large protein that can induce an immunological response
that is associated with symptoms such as anaphylaxis and urticaria (Nish et al. 1991;
Mikkelsen et al. 1978; Wilson and Bahna 2005). Theoretically, exposure to this
additive can be through ingestion, inhalation, or skin, but in the case of children,
ingestion is the main route of exposure. In an adult, IgE-mediated response to
Annatto food color has been observed using basophil activation test (BAT) and
IgE immunoblot tests (Stevens et al. 2014). The Joint FAO/WHO expert committee
on food additives (JECFA) and EU Scientific Committee for Food (SCF) have
normalized the acceptable daily intake (ADI) for annatto extracts such as Annatto
bixin as 6 mg/kg body weight and Annatto norbixin as 0.3 mg/kg body weight
(EFSA 2016).
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9.2.2.5 Antioxidants and Antimicrobial Agents

Antioxidants such as BHT (butylated hydroxyl toluene) and BHA (butylated
hydroxyl anisole) are used to prevent the spoilage of fats and oils. These antioxidants
may cause adverse reactions such as hives and angioedema (swelling of deep layers
of skin). Some investigators observe a delayed mechanism of hypersensitivity (cell-
mediated hypersensitivity) in antioxidant and antimicrobial agents. The sensitization
reactions may develop after skin contact with an allergen. Sodium nitrite is also used
as an antioxidant and antimicrobial agent in different foodstuffs such as biscuits,
meat products, and carbonated drinks. The Joint FAO/WHO expert committee on
food additives (JECFA) and EU Scientific Committee for Food (SCF) have normal-
ized the acceptable daily intake (ADI) for sodium nitrite as 0.2 mg/kg body weight.
The intake of more than ADI value leads to the onset of symptoms such as hives,
headache, or intestinal disorders. Sodium nitrite in some cases also enhances the
effect of histamine present in many food items (Henderson and Raskin 1972).

9.2.2.6 Preservatives

The different types of preservatives such as nitrites (sodium nitrite), sulfites (sulfur
dioxide, sodium sulfite), sorbates (sodium sorbates, potassium sorbates), and ben-
zoate (sodium benzoate, benzoic acid) are used in a wide range of food products such
as frozen mushroom, carbonated drinks, sauces, juices, low sugar products, cereal
grains, and meat products for prevention of food spoilage (Dar et al. 2017). BHA and
BHT are also the main preservatives used because of their antioxidant capacity.
There are rare studies about adverse reactions to BHA and BHT in children.
However, sulfites are associated with urticaria, anaphylaxis, and
bronchoconstriction. Sulfites-related adverse reactions occur more often in asthmatic
patients. In adults, adverse reactions associated with preservatives include contact
dermatitis, abdominal cramps, diarrhea, and bronchoconstriction (Laura et al. 2019).
Sodium metabisulfite is associated with urticaria and angioedema. In some cases,
IgE-mediated immune response mediates adverse reactions in sulfites along with
several other mechanisms. One possible mechanism is that sulfites in food and
beverages are converted into sulfur dioxide by gastric acidity, which evokes smooth
bronchial muscle contraction. Another mechanism is that sulfur dioxide indirectly
stimulates cholinergic reflex, which stimulates bronchoconstriction (Wilson and
Bahna 2005).

9.2.2.7 Emulsifiers and Stabilizers

Lecithin is used as an emulsifier in many food products such as soybeans, eggs, rice,
sunflower seeds, and rapeseed. It is a mixture of phosphatides. Lecithin contains
phospholipids, soy protein, and soy allergen residues (Nicolson and Settineri 2021).
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Adverse reactions associated with soy lecithin have been described in a few cases
(Mortensen et al. 2017). A disease commonly known as Baker’s asthma is seen
among workers of the baking industry. Lavaud et al. (1994) revealed the occurrence
of rhinitis, asthma, and cough with sputum in individuals working in the baking
industry. The positive results of the skin prick test showed the presence of soy
lecithin. Individuals associated with these symptoms were given a soy lecithin-free
diet which then improved their symptoms (Renaud et al. 1996). The different types
of gums such as guar gum, locust bean, alginate, and acacia are also used in foods as
stabilizers. However, allergic reactions associated with ingestion of gums are infre-
quent. Papanikolaou et al. (2007) found a case of anaphylaxis with the ingestion of
guar gum in several foods and beverages. Adverse reactions associated with guar
gum are mediated through basophil activation. Bridts et al. (2002) reported symp-
toms such as severe contact urticaria through guar gum used for a local anesthetic in
a dental procedure.

9.2.2.8 Flavorings and Taste Enhancers

Monosodium glutamate (MSG) is a flavor enhancer added to various foods, canned
vegetables, soups, and meats. According to the US Food and Drug Administration
(FDA), MSG is classified as GRAS. But its use is still controversial; FDA requires
MSG to be listed on the label. The FDA has reported many adverse reactions related
to the use of MSG known as MSG symptom complex in sensitive individuals who
consume 3 g or more. This complex includes headache, sweating, face tightness,
chest pain, nausea, and weakness but no clear proof of linkage was found. The
symptoms are often mild because MSG foods do not contain more than 0.5 g. The
only way of prevention is to avoid foods containing MSG (Gultekin and Dogue
2013). MSG adverse reactions are mainly associated with food intolerance reactions
or IgE-independent reactions (Wilson and Bahna 2005). Spices are the major group
of food additives used as flavoring agents that have been shown to evoke various
adverse reactions such as immunological contact urticaria. Some spices also pro-
duced nonimmunological contact urticaria. Aspartame is used as a calorie-free
sweetener in many foods and beverages. The adverse reactions associated with
sweetener may include eye problems, decreased vision, hearing problems, headache,
confusion, dizziness, psychological, chest pain, gastrointestinal issues, neurological
damage, and skin allergies. High fructose corn syrup (HFCS) is used as an artificial
sweetener in almost all processed foods, bread, flavored yogurt, canned vegetables,
and cereals. HFCS may lead to adverse symptoms such as the development of
diabetes, tissue damage, and increased LDL cholesterol levels.
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9.2.3 Prevalence of Hypersensitivity Reactions to Food
Additives

Few scientists have investigated the prevalence of adverse reactions to different food
additives. It is reported in some studies that the prevalence of adverse reactions to
food additives in adults is less than 1%, while in children, it seems to be higher
(1–2%) (Fuglsang et al. 1993, 1994; Feketea and Tsabouri 2017). Many food
additives are widely used in our food industries, and their adverse reactions to
additives seem based on their low index of suspicion (Wilson and Bahna 2005). It
was reported that the frequency of food additive intolerance is 0.03–0.15%, based on
data from patient groups. In the British population, only food additive intolerance
prevalence is estimated at nearly 0.026%. Similarly, in the Danish population, the
prevalence of adverse reactions due to food additives is 1–2% in children aged 5–16
(Madsen 1994). Food additive intolerance is primarily found in atopic children with
cutaneous symptoms where the additive is aggravating an existing disease. Food
additive intolerance is also found in adults with atopic symptoms from the respira-
tory tract and skin. In adults and children, subjective symptoms are reproducible,
with headache and behavior or mood swings with less prevalence (0.026%). In many
cases, epidemiological studies related to food additive intolerance have been carried
out on selected patients suffering from asthma, rhinitis, or urticaria (Cianferoni 2016;
Simon et al. 2015; Anıl and Harmancı 2020). Juhlin calculated the prevalence of
food additive intolerance in the Swedish population suffering from urticaria,
angioedema, asthma, and hay fever (the most commonly identified reactions) and
found a prevalence of 0.4% for aspirin intolerance, 0.6% for tartrazine reactions, and
0.5% for benzoate intolerance (Young et al. 1987).

9.2.4 Diagnostic and Management Strategies
of Hypersensitivities to Food Additives

9.2.4.1 Biomarkers for Food Allergens

Allergies due to food are prevalent throughout the world today. It is mainly due to
synthetic food additives used daily to enhance the taste and life span of the food.
Various biomarkers can test the sensitivity of food allergies. Generally, allergies
might be skin and gut related or stomach related (Fig. 9.2).

9.2.4.2 Immunomarkers

These markers elicit the immune response leading to activation of either B cells or T
cells. B cells further produce various immunoglobulin, generally IgE. IgA and IgG
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Fig. 9.2 Biomarkers as a diagnostic approach for the sensitivity of food allergens

are also produced, but they ultimately lead to the switching of IgE antibodies (Foong
and Santos 2021).

9.2.4.3 Skin Prick Test (SPT)

In this test, skin is pricked and the allergen is injected inside the body at sublethal
concentrations. If the reaction is positive, histamine release will lead to inflammation
and redness.

9.2.4.4 Allergen-Specific T Cells/Specific Immunoglobulin Elicitation

Part or whole allergen is used to elicit specific immunoglobulin responses. Firstly the
allergen interacts with antigen-presenting cells that elicit TH cells which secrete
cytokines. B cells start secreting IgE antibodies specific to the allergen in serum.
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9.2.4.5 Basophil Activation Test (BAT)

BAT exploits the capacity of IgE immunoglobulins to elicit basophil cells that
display certain marker domains CD63 and CD203 and have already been stimulated
by a specific allergen.

9.2.4.6 Mast Cell Activation Test

It is quite similar to BAT, but the allergen epitope sensitizes LAD2 mast cells here.
Instead of serum, human plasma is used for testing.

9.2.4.7 IgG/IgA

Food-specific IgG and IgA are not very good diagnoses for allergens as they do not
show cross-reactivity.

9.2.4.8 Molecular Markers

Specific DNA methyl patterns and other profile studies can study changes induced
by allergen at the DNA level and expression level (Patil et al. 2020).

9.2.4.9 Transcriptomics

It is an in vivo approach in which allergen is injected inside the body and peripheral
blood samples are obtained before, during, and after interaction with the allergen.
Potential changes are identified in DNA and expression during an allergic reaction.

9.2.4.10 Epigenomics

Allergens have different reactions in different individuals controlled by genes and
the environment. Experts have well studied changes in the DNA methylation pattern
of CD4 lymphocytes and CpG islands, leading to the profiling of changes produced
by allergens.

9.2.4.11 Metabolomics

In this approach, the end products of metabolism of cellular processes are studied.
The metabolites are studied using different analytical techniques like LCMS and
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GCMS. The changes in metabolites due to reactions linked with allergen lead to the
diagnosis of a particular change in metabolism.

The optimum management strategy for prevention of adversative reactions
related to food additives is to strictly eliminate suspicious eatable additives from
the diet. If patients have symptoms related to skin and the gastrointestinal system,
they should take antihistamines in their diet. The diagnostic procedures include
eliminating diet followed by double-blind-placebo-controlled-food challenge
(DBPCFC) experiments. DBPCFC is one of the main diagnostic tests used in food
allergies as it minimizes diagnostic bias (Cerecedo et al. 2014). In case the DBPCFC
test is positive, further diagnosis can be verified and endorsements related to diet can
be completed. Some of the preliminary tests such as skin prick test and specific IgE
test could support the above diagnosis. Similarly, peak expiratory flows at and off
work is widely acceptable by most clinicians to monitor asthma with a better
diagnostic value. In IgE-mediated allergic reactions, total calculation of IgE level
and additive specific IgE in blood sample is the highly effective diagnosis and
management approach. Avoiding specific allergens responsible for inducing allergy
gives quick relief to the allergy or asthma. The main issue during diagnosis related to
food intolerance is that the patients might not be clear about their history of
symptoms. In these situations, a symptom diary might be supportive. Generally
in vivo tests (skin prick test) and in vitro test (detection of specific IgE antibodies)
are not more effective for proper diagnosis (Reese et al. 2009). It is also found that
insufficient knowledge and proper guidance of toxicology might result in adverse
effects which may lead to death (Gram et al. 2002; Badora et al. 2019). In addition to
this, food companies are mainly focusing on organoleptic properties of their prod-
ucts and are working only to enhance food with its flavors, colors, and sweeteners,
without any focus on scientific proof of their effects on human health. In 1907. The
United States evaluated 90 synthetic colors used in the food dyeing industry but only
seven were found to be acceptable for further use. There should be requirements of
comprehensive studies and strict regulations on food additives but regulations for
food additives were made after a century (Badora et al. 2019; Wozniak et al. 2021).
However later on food safety and security is ensured by the World Health Organi-
zation (WHO) and the Food and Agriculture Organization (FAO). In 1962, these
organizations established a special agenda for food safety rules entitled “Codex
Alimentarius Commission.” The Commission has prepared for updating the Codex
Alimentarius. This Act is not a legal Act but can offer a reference for minimal
standards on raw resources and food products, contamination levels, hygienic
processing, research methods, and food additives all over the world (Badora et al.
2019). Similarly, a European Union body such as European Food Safety Authority
(EFSA) is responsible for improving human health, protection, and food safety/
security risk mitigation. This scientific agency was established in early 2002.
European Union legislation has approved approximately 330 food additives for
food industrial use (Badora et al. 2019). Similarly in Poland, the Food and Nutrition
Safety Act (FNSA) was established in 2006 governing food safety rules. The FNSA
is responsible for supplying food and nutrition products, labeling products,
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maintaining hygienic conditions during the course of production process, product
replacement rules, and cercerns regarding the use of food additives.

The European Food Safety Authority (EFSA) and the WHO-FAO-JECFA are the
supreme authorities who have the initial power to set the levels of food additives at
international level. They analyze empirically and theoretically and highlight the
potential adverse effects of food additives to protect consumers of a given food
product. There is an Open Food Facts database from where one can retrieve the
composition of any food product using the weblink http://world.openfoodfacts.org/.
This Open Food Facts Database (OFFD) is an open, collaborative, and informative
database for standard food products marketed worldwide, licensed under the Open
Database License (ODBL). This is a French initiative project established in 2012 that
contains information on thousands of food products. It is a good source of getting
information regarding French food market and availability of different food products
for other countries worldwide. A specific Global Trade Item Number (GTIN) is
inserted within the barcode of each product (Chazelas et al. 2020). Furthermore,
every food additive has its own standard code for identity, harmony, and good
relation for future. The given code is specific and consistent with the International
Numbering System (INS) standard.

9.3 Conclusion

In literature, food allergies and food intolerance reactions are widely used inter-
changeably and indiscriminately. Generally, food intolerance reactions are distin-
guished from food allergies based on their molecular mechanism and severity of
symptoms. Their metabolic and physiological mechanisms are well documented in
earlier studies. But no precise mechanisms are proposed for intolerance reactions
associated with food additives. The medical experts suggest that food additives make
patients’ illnesses more likely to manifest as symptoms.

In summary, food additives are increasing continuously throughout the world day
by day, and there are various reports on a wide range of severe symptoms associated
with food additives. Although there is a lack of knowledge regarding causative
agents, manifestations and mechanisms, regulation, and stringent examination of
adverse reactions related to food additives, in some cases, it is suggested that asthma
is associated with the consumption of sulfites and benzoates. Anaphylaxis is asso-
ciated with food colors (annatto, carmine), sulfites, sweeteners, nitrites, and benzo-
ates. Similarly urticaria may be due to consumption of antioxidants, aspartame, and
MSG. Hence, diagnosing hypersensitivity reactions against food additives is a
tedious and challenging task than diagnosing food protein allergy.

http://world.openfoodfacts.org/
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