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Preface

Food additives are substances used to improve the nutritional value, flavor, and tex-
ture of foods, or to preserve them. These substances can be classified as synthetic 
and natural food additives. Nowadays, consumers are interested in purchasing natu-
ral products and processed foods having shorter ingredient lists, familiar ingredi-
ents, or minimally processed ingredients. In this context, natural food additives have 
been broadly studied in recent years as alternatives to synthetic food additives. This 
book aimed to review the concepts related to natural food additives. In this way, 
Chapter 1 was focused on defining and classifying natural additives. Chapters 2, 3, 
4, and 5 reviewed the use of natural additives such as antioxidants, antimicrobials, 
colorants, and sweeteners. The potential application of vegetal and microbial 
sources of natural food additives was studied in Chaps. 6 and 7. Chapter 8 revised 
the main preservation approaches to stabilize natural food additives. The effect of 
thermal and nonthermal treatments on the physical, chemical, and biological prop-
erties of natural food additives was revised in Chaps. 9 and 10. Chapter 11 studied 
the toxicological aspects of natural food additives. Finally, Chaps. 12 and 13 were 
addressed to review consumer attitudes and regulations of natural food additives.

My sincere gratitude to the contributors for their insights into Natural Additives 
in Foods.

Florianópolis, SC, Brazil Germán Ayala Valencia 
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Chapter 1
Food Additives: Importance, Classification, 
and Adverse Reactions in Humans

Jennyfer Flórez-Méndez and Jessica López

1.1  Introduction

Changes in the lifestyles of families, together with the gradual abandonment of the 
habit of buying food almost daily and preparing food immediately before meals, 
have occurred due to the rapid development of food technologies, including the use 
and increasing development of food additives (FAs). FAs have become indispens-
able in the production of processed foods and they are increasingly relevant in pro-
viding the “convenience” that consumers seek [1]. This trend has led to a rapid 
increase in the production of numerous FAs, both of synthetic and natural origin [2]. 
In addition, FAs are essential for the food industry to provide food that reaches the 
market in compliance with increasingly demanding legal and consumer require-
ments [3].

FAs refer to all kinds of trace substances used in food or food processing, the 
amount of which does not exceed 2% of the total weight of the food. The use of 
these substances continues to be the most unknown in the food industry [4]. FAs are 
in practically all the foods and beverages we eat, and they are part of our daily lives. 
Although FAs have been associated with modern times, they have been used for 
centuries. The Codex Alimentarius defines a food additive as follows: “Any sub-
stance which as such is not normally consumed as a food, nor is it used as a basic 
ingredient in food, whether or not it has nutritive value, and which is as a basic 
ingredient in food, whether or not it has nutritive value, and the intentional addition 
of which to food for technological (including organoleptic) purposes at the stages 
of manufacture, processing, preparation, treatment, packaging, wrapping, packing, 
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transport or storage, results or may result in the or storage, results or may reason-
ably be expected to result (directly or indirectly) in the (directly or indirectly) by 
itself or by-products thereof, into a component of the food or an element affecting its 
characteristics”. This definition does not include “contaminants” or substances 
added to food to maintain or improve nutritional qualities [5]. The food industry 
employs about 25 classes of FAs, which are used according to the specific legisla-
tion of each country and following a food safety policy based on the Codex 
Alimentarius [6].

The word “additive” generally refers to a preservative. Preservation of foods 
using additives is an important method for protecting foods against deterioration 
caused by microbial activity and oxidation, thereby extending the shelf life and 
ensuring their safety. However, FAs are viewed negatively by consumers, and foods 
containing FAs are regarded as being unsafe or of low quality [7].

The use of FAs in food processing has been increasing, and currently, some 
25,000 different FAs are used worldwide [8], each one with a different purpose in 
the food matrix: preservatives, antioxidants, carriers, acidifiers, acid regulators, 
anticaking agents, antifoaming agents, bulking agents, emulsifiers, emulsifying 
salts, firming agents, flavor enhancers, foaming agents, gelling agents, glazing 
agents, humectants, modified starches, packaging gases, propellants, raising agents, 
sequestrants, stabilizers, thickeners, flour treatments agents, and contrast enhancers 
[9]. These substances can be obtained from biological sources such as plants, ani-
mals, and minerals or produced synthetically. The most common additives used in 
foods are aspartame, frequently used in beverages as a sweetener or preservative 
[10]; sodium nitrite, broadly utilized in sausages as preservative and flavor enhancer 
[11]; caramel, regularly used as a sweetener or as a food colorant; monosodium 
glutamate (MSG) employed in Asian food as a flavor enhancer and preservative 
[12]; glucose, the most popular additive used in the food industry as a sweetener; 
vitamin E, used in the food industry as a vitamin, and beta carotene utilized as a 
food colorant [13]. FAs are essential for the food industry to make food that meets 
the increasingly challenging market and legal demands [7]. Bioactive additives, 
such as antioxidants, antimicrobials, flavors, and probiotics, represent an upcoming 
technological challenge for the food industry. This chapter aims to analyze the state 
of the art regarding the use of NFAs and SFAs and their food applications, focusing 
especially on their impact on human health.

1.2  Importance of Using Additives in Foods

FAs cover a wide range of substances, from common ones such as sodium bicarbon-
ate used to make cakes in the domestic kitchen, to mono- and di-acetyltartaric esters 
of mono- and diglycerides of fatty acids used as emulsifiers in commercial bread 
production. They include curcumin, the yellow color in turmeric, beeswax and citric 
acid, the acid in citrus fruit, as well as substances prepared synthetically. It has long 
been fashionable in the media to criticize additives and, in so doing, to lump them all 
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together. However, this ignores their diversity, their vital role in food production and 
preservation, and the extensive testing they have undergone before being approved [14].

FAs play an important role in the modern food processing and supply system, 
enabling a year-round supply of healthy and palatable food products for a growing 
urban population [8]. Consumers want, among other things, good quality at a low 
price, easy preservation and culinary preparation of foods, and minimal change in 
products over time, without loss of flavor, color, and tenderness. To achieve this 
goal, food companies are forced to use FAs within the legal framework [15].

The presence of FAs is found in all kinds of foods, from the minimally processed 
to the highly processed and transformed foodstuff. The interaction between some 
FAs and people has not been without controversy. In the ’80s, FAs were considered 
dangerous to be consumed, which fueled generalized fear and led to the removal of 
some additives, namely colorants from processed foods [3].

A look at the shelves of any supermarket in the developed world will reveal a vast 
range of foods, of different flavors, colors, and textures from many cuisines, which 
pay tribute to the skill of chefs, scientists, and engineers in the food industry and the 
companies that provide them with ingredients and additives. What we now call FAs 
are the result of over 2000 years of creativity in the food sector. Once the man had 
progressed from nomadic hunter-gatherers to living in settled communities he 
needed to work out how to store food for times of scarcity [14]. Ancient peoples 
used salt for preserving meat and fish, enhanced the flavor of some foods by adding 
spices and herbs, and preserved fruits using sugar, and cucumbers by pickling them 
in vinegar. Nowadays, consumers demand food products that are nutritious, flavor-
ful, convenient, safe, colorful, and affordable [8].

The use of FAs is only justified if it responds to a technological need, does not 
mislead the consumer, and is used for a well-defined technological function, such as 
preserving the nutritional quality of foods or improving their stability. Additives in 
food products can provide many specific characteristics. Although intentionally 
added to foods, they could be related to the onset of diseases. Additives may also 
undergo unintended interactions with other additives and food constituents, with 
desirable or undesirable consequences on food quality and human health. In this 
sense, the health benefits of artificial sweeteners have been questioned in recent 
years. The World Health Organization (WHO), in cooperation with the Food and 
Agriculture Organization of the United Nations (FAO), studied the risks to human 
health of FAs [5]. The body responsible for this evaluation is the Joint FAO/WHO 
Expert Committee on FAs (JECFA), an international and independent group of sci-
entific experts. Currently, the use of FAs is the subject of controversy related to the 
potential impacts of these compounds on human health, with several studies report-
ing on the risks of consuming additives [16–21]. In this line, numerous FAs have 
been studied in the last years, but sweeteners have led to the greatest controversy 
since the increase in their consumption has been on the rise in recent years due to 
fitness trends. Nevertheless, several studies have demonstrated that sweeteners could 
be correlated with the development of diseases [10, 22–24]. The consumption of 
artificial sweeteners has been reported to reduce the diversity of the gut microbiome 
and impair glucose metabolism, resulting in glucose intolerance [25]. The recent 
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discovery that non-caloric sweeteners also seem to increase the prevalence of diabe-
tes and weight, unravels a grim future for patients with sugar restrictions and the 
average consumer. Some studies suggest that non-nutritive sweeteners can, surpris-
ingly, be related to weight gain and risk of type 2 diabetes through 3 potential mech-
anisms: (a) interference with learned responses that contribute to control glucose and 
energy homeostasis; (b) interference with the gut microbiota, inducing glucose intol-
erance; and (c) interaction with sweet-taste receptors that may trigger insulin secre-
tion [26, 27]. Public health organizations have made recommendations to limit 
nutritive sweeteners added to products due to their potential contribution to chronic 
disease Human diseases risk [28]. In addition, some FAs have been demonstrated to 
induce dysbiosis, which leads to the development of gut and gastrointestinal diseases 
[29]. Furthermore, colitis, metabolic dysregulation, obesity, and its related comor-
bidities have all been found to be associated with the improper use of FAs [30–32]. 
In the same way, there is growing evidence that some chemicals found in food color-
ings, preservatives, and packaging materials may harm children’s health, according 
to the new American Academy of Pediatrics (AAP), whose policy statement which 
calls for an urgent reform of the U.S. food additive regulations [33].

The effects of the different types of additives on human health are, among others, 
related to the method for elaborating them. Although chemical synthesis tends to be 
cheaper, potential health risks associated with this process remain a concern. 
Enzymatic production of these compounds has received much attention as it offers 
notable advantages over chemical processes. Although several enzymes have been 
reported to be effective for the biosynthesis of flavors and FAs, industrial production 
of these compounds using enzymes remains unpopular [34].

The urgent need for a comprehensive understanding of FAs, including their 
molecular structures, biological activities, and precise toxicological evaluations, 
prompted the creation of the AdditiveChem database (http://www.rxnfinder.org/
additivechem/). This database has curated >9064 types of FAs, along with their 
molecular structure, chemical, and physical properties, absorption, distribution, 
metabolism, excretion, and toxicity properties, biosynthesis and biodegradation 
methods, usage specifications, toxicological and risk assessment data, and targets in 
the human body from 16 databases to construct an efficient search platform for in 
silico preliminary evaluations. AdditiveChem database enables an exploration of 
the relationship between the structure and function of FAs [35], as well as The Food 
Additives Database (FADB), which offers detailed 3D structures and the chemical 
and physical properties of 2540 FAs [36].

1.3  Additive Classification

Additives can be classified according to different criteria, but they are often catego-
rized by their technological function. Table 1.1 presents the different types of addi-
tives grouped by functional class and subclass, with a brief explanation of their 
technological function in the food in which they are incorporated.

J. Flórez-Méndez and J. López
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Table 1.1 Additive classification: Functional class, subclass, and technological functions

Functional 
class Subclass Technological function

Acidity 
regulators

Acidity regulators Alter or control the acidity or alkalinity of foods for 
stability and prevent spoilage.Regulating agents

Acid base
Alkali
pH adjusting agents

Anticaking 
agents

Anticaking agents Reduce the tendency of food particles to adhere to each 
other and prevent moisture absorption.Drying agents

Antistick agents
Dusting agents

Antifoaming 
agents

Antifoaming agents Prevent or reduce foaming in foods.
Defoaming agents

Antioxidant 
agents

Antioxidants Extend the shelf life of food products by protecting them 
against deterioration caused by fat oxidation (rancidity) 
and color changes.

Antioxidant synergist
Sequestrants
Anti-browning 
agents

Bleaching 
agents

Bleaching agents Additives used (not in flours) to discolor foods. 
Bleaching agents do not contain pigments.

Bulking agents Bulking agents Increase the volume of foods without contributing 
significantly to their available energy value and taste.Filler

Colorings Decorative pigment Provide or restore food color.
Color pigment
Surface colorant

Color 
retention 
agents

Color retention 
agents

Stabilize, retain, or intensify the food color.

Color fixative
Color stabilizer
Color adjunct

Emulsifiers Emulsifier Form or maintain a uniform emulsion of two or more 
phases in foods.Plasticizer

Dispersing agent
Surface active agent

Crystallization 
inhibitor
Density adjustment 
agent
Clouding agent
Suspension agent

Emulsifying 
salt

Emulsifying salt Rearrange the proteins in foods to prevent their fat 
separation.Melding salt

Firming agents Firming agent Maintain food firmness and crispness.
Flavor 
enhancers

Flavor enhancer Enhance the flavor of foods (not providing flavor of 
their).Flavor synergist

(continued)
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Table 1.1 (continued)

Functional 
class Subclass Technological function

Flour 
treatment 
agents

Flour treatment 
agent

Improve the baking quality or color in doughs.

Flour bleaching 
agent
Flour improver
Dough conditioner

Dough strengthening 
agent

Foaming 
agents

Whipping agent Form or maintain a homogeneous dispersion of a gaseous 
phase in a liquid or solid food.Aeration agent

Food acids Acidulants Increase the acidity or impart a sour taste in foods.
Gelling agents Gelling agent Improve food texture by forming gels.
Glazing agents Glazing agent Provide a protective coating or shiny appearance to 

foods.Sealing agent
Coating agent
Surface-finish agent

Polishing agent
Film forming agent

Humectants Humectant agent Protect foods from moisture loss, may be used in the 
formulation of foods susceptible to dryness.Wetting agent

Moisture/water 
retention agent

Leavening 
agents

Leavening agents Promote rising of the baked good, i.e., they release gas 
and thereby increase the volume of doughs and batters.

Preservatives Preservative 
substances

Extend the shelf life of foods by protecting them from 
spoilage caused by mold, fungi, bacteria, or yeast 
(antimicrobials).Antimicrobial 

preservatives
Antimycotic agent

Bacteriophage 
control agent
Fungistatic agent
Mold inhibiting 
agent
Antimicrobial 
synergist

Propellants Propellants Gaseous food additives that expel foods from a container.
Sequestrants Sequestrants Substances forming chemical compounds with metal 

ions, through the complexation of metals ions that 
catalyze hydrolytic reactions and degradations process in 
foods.

(continued)
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Table 1.1 (continued)

Functional 
class Subclass Technological function

Stabilizers Binders Allow the homogenous dispersion of two or more 
immiscible materials, stabilize the emulsions and 
suspensions, improve the texture of food, stabilize the 
color and flavor, and improve the overall quality and 
acceptability of the food.

Firming agents
Moisture/water 
retention agent
Foam stabilizers
Emulsion stabilizers

Color stabilizers
Colloidal stabilizers

Sweeteners Sweeteners Substances other than sugar and used to improve the 
sweet taste in foods with or without extra calories.Intense sweeteners

High-intensity 
sweeteners

Thickeners Thickeners Increase food viscosity without substantially modifying 
other properties.Bodying agent

Binders
Texturizing agent

1.3.1  Acidity Regulators

Acidity regulators are used to alter and control the acidity and alkalinity of foods, 
thereby influencing sensory perception, processing, and food safety [37]. These 
compounds are constituted by inorganic acids, organic acids, conjugated salts and 
bases, and can act in conjunction with the buffering system or alone [6].

The organic acids mainly used as acidity regulators are citric acid, ascorbic acid, 
benzoic acid, tartaric acid, acetic acid, formic acid, malic acid, and succinic acid. 
Among the acidity regulators widely used in the food industry are malic acid, lactic 
acid, phosphoric acid, fumaric acid, and citric acid [38].

1.3.2  Anticaking Agents

The caking of powdered foods occurs due to internal and external factors, for exam-
ple, hygroscopicity, water content, moisture, and air temperature. Anticaking agents 
prevent powdered foods from becoming lumpy, permitting a free-flowing condition 
and making these products manageable for packaging, transport, and for use by 
consumers [6].

Anticaking agents can be classified according to their origin into natural (such as 
kaolin, talc, and bentonite/silicate material) and synthetic (when manufactured from 
raw materials such as silicon dioxide) [39]. Among the anticaking agents typically 
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used in the food industry are calcium silicate, silicon dioxide, iron ammonium 
citrate [40]. Calcium silicate is a hydrous or anhydrous inorganic material used as 
an anticaking agent in the food industry. It is prepared by different reactions between 
siliceous material and calcium compounds. It can be obtained from naturally occur-
ring limestone and diatomaceous earth or produced synthetically from silicon diox-
ide and calcium oxide with various ratios. Silicon dioxide is defined as an amorphous 
substance called fumed silica or hydrated silica according to the production method. 
Two different manufacturing processes are applied for synthetic amorphous silica 
production (thermal and wet processes). Iron ammonium citrate is a complex salt 
with an indeterminate structure consisting of iron, ammonia, and citric acid [41].

Nurhadi et al. [39] indicated that the mechanism of anticaking agents might be 
because these compounds compete for water with the host material, acting as a 
water barrier, eliminating surface friction and inhibiting crystal growth.

1.3.3  Antifoaming Agents

Antifoaming agents prevent or reduce foaming by maintaining  uniform aeration of 
gases in foods. These compounds  destabilize the liquid film that covers the air bub-
ble, displacing the substances from the surface, thereby preventing foam stability [6].

Three possible mechanisms have been proposed as to how defoaming agents 
work: (a) that the antifoam agent displaces a surface active compound from the 
interface, thereby stopping it from stabilizing the foam; (b) that the antifoam acts to 
form hydrophobic ‘bridges’ between interfaces, causing the liquid film to rupture 
and hence collapsing the foam; (c) that droplets of antifoam can spread throughout 
the liquid film, thinning it and causing it to rupture [6]. An example of antifoaming 
agents is polypropylene glycol, silicone, and soybean oil.

1.3.4  Antioxidant Agents

The food industry tries to prevent food oxidation by using different techniques, 
ranging from hermetic vacuum packaging to the use of substances with antioxidant 
properties. Oxidation is a limiting factor in the quality and acceptability of foods, as 
well as their main degradation process, limiting shelf life [6, 42]. Antioxidants can 
be defined as “a substance that, which at low concentration delays the oxidation of 
proteins, carbohydrates, lipids, DNA, cell membrane, and other cellular compo-
nents” [43]. There are different types of antioxidants, the primary antioxidants are 
known as radical scavengers; quenchers, which deactivate high-energy oxidant spe-
cies; oxygen scavengers, that remove oxygen from systems, avoiding their destabi-
lization; chelators, that bind to metals and prevent them from initiating radical 
formation; and the antioxidant regenerators, that regenerate other antioxidants when 
these become radicalized [3].

J. Flórez-Méndez and J. López
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Fig. 1.1 Classification of antioxidants

Antioxidants can be classified as natural antioxidants, antioxidants synthesized 
by cells, and synthetic antioxidants (Fig. 1.1) [43].

1.3.5  Bleaching Agents

These are peroxides, broadly used to whiten foods such as fruits and cheese [44]. A 
bleaching agent is a material that lightens or whitens a substrate through chemical 
reactions. The bleaching reactions usually involve oxidative or reductive processes 
that degrade color systems [45]. An example of a bleaching agent is hydrogen per-
oxide, which is a colorless liquid, used mainly as a whitening agent for different 
foods, including oilseed meals [46].

1.3.6  Bulking Agents

Bulking agents increase the volume of food without contributing significantly to its 
available energy value. The most common bulking agent is starch, used to increase 
the bulk of foods without affecting their nutritional value [44]. Mannitol, methylcel-
lulose, microcrystalline cellulose and polydextrose are some common bulking 
agents introduced into foods such as frozen dairy desserts [6].

1.3.7  Colorings

The US Food and Drug Administration (FDA) defines color additives as “any dye, 
pigment, or other substance that can impart color to a food, drug, or to other phar-
maceuticals, cosmetics, or the body” [47]. The purpose of using these additives is 
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to offset the color loss of the food products due to environmental factors as a result 
of exposure to moisture, air, light, temperature extremes, and storage conditions. 
Colorings also enhance colors that occur naturally, correct natural variations in 
color and provide color to the colorless [40, 48].

Coloring agents are classified according to their origin into natural and synthetic. 
Table  1.2 summarizes information about the most consumed coloring agents by 
category.

Table 1.2 List of the most consumed food colorings by category

Food 
colorant 
type

Name and 
code Additive description References

Natural Carminic 
Acid (E-120)

Natural red colorant obtained from the body of the 
insect Dactylopius coccus costa. Its major allergen is 
cc38k. In order to obtain this dye, it is necessary to dry 
and spray the body of pregnant females of these 
insects. This dye is called by the FDA “cochineal 
extract” or “carmine” and is classified as exempt from 
certification. It is used in canned vegetables, jams, 
meats, dairy products, sausages, alcoholic beverages, 
soft drinks, and so forth

[49, 50]

Natural Annatto 
(E-160b)

Natural colorant obtained from the seed fruit of the 
tropical shrub Bixa orellana. The color ranges from 
yellow to orange. The carotenoids bixinand and 
norbixin are the main phytochemical constituents of 
Annatto. The fat-soluble part of the extract is bixin and 
the water-soluble part is norbixin. It is used in coffee 
cream, vanilla ice cream, fish, snacks, meat, rice, 
cheeses, margarine, butter, rice, smoked products, and 
so forth

[48, 49]

Natural Lutein 
(E-161b) and 
astaxanthin 
(E-161j)

Carotenoids used in nutraceuticals products and 
pharmaceutical applications. These carotenoids offer 
yellow, orange, and red colors to the products. Plants, 
aquatic animals, algae, and fungus are the sources of 
these carotenoids

[48]

Natural Paprika 
(E160c)

Natural colorant that constitutes the carotenoids 
capsanthin and capsorubin. It is also used to impart 
yellow and orange colors in foods

[48]

Natural Curcumin 
(E-100)

Natural pigment of turmeric extracted from the dried 
rhizomes of Curcuma longa. Curcumin is used to 
impart orange color in mustard, yogurt, baked goods, 
dairy industry, ice creams, salad dressings, and so forth

[48]

Natural Riboflavin 
(E-101)

Part of the vitamin B group. It is a yellow-orange solid 
substance with poor solubility in water. This food 
coloring is present in a wide range of foods, with liver, 
milk, meat, and fish being the most important sources. 
Riboflavin can be obtained by controlled fermentation 
using a genetically modified strain of Bacillus subtilis 
or the fungus Ashbya gossypii

[48]

(continued)
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Table 1.2 (continued)

Food 
colorant 
type

Name and 
code Additive description References

Natural Indigotine 
(E-132)

It is a glycoside of indoxyl extracted from the leaves of 
the plants Indigofera tinctoria, Indigofera suifruticosa, 
and Isatis tinctoria

[50]

Syntethic Indigo 
Carmine 
(E-132)

Indigo Carmine is a blue synthetic colorant 
commercialized as dark-blue powder or as granules, it 
is soluble in water and broadly applied in 
confectionery, teas, batters, ice cream, candies, flavored 
drinks, cookies, and so forth

[49]

Syntethic Cochineal 
red/ Ponceau 
red (E-124)

Red synthetic colorant substitute of natural cochineal. 
It is used in confectionery, sausages (salami), jams, 
dairy products, sweets, and so forth

[49]

Syntethic Tartrazine 
(E-102)

Synthetic colorant of lemon yellow in color and it is a 
type of anionic azo dye. It is soluble in water and used 
to impart yellow color. In combination with brilliant 
blue, it produces green color. Tartrazine is mainly used 
in food products as: ice cream, ice pops, popsicles, 
confectionery, crackers, mustards, mayonnaise, soft 
drinks, liquors, alcoholic beverages, cheeses, sausages, 
pastas, hard candy, and so forth

[48–51]

Syntethic Erythrosine 
(E-127)

Synthetic food colorant based on polyiodinated 
xanthene used to impart cherry-pink color. It is used in 
candies, ice cream, popsicles, cake-decorating gels, and 
so forth

[48–50]

Syntethic Sunset yellow 
or orange 
yellow 
(E-110)

Synthetically coal tar derived from azo dye. The color 
ranges from yellow to orange. It is mainly used in 
fermented products, orange squash, orange jelly, 
marzipan, dairy products, apricot jam, citrus 
marmalade, lemon curd, sweets, and so forth

[48, 49]

Syntethic Allura red 
(E-129)

It is a dark-red, water-soluble, and azo dye used as food 
dye for the replacement of amaranth. Allura red is 
originally derived from petroleum. It is added into soft 
drinks, children’s medications, and cotton candy

[48]

Syntethic Brilliant blue 
(E-133)

Synthetic and water-soluble dye derived from coal tar. 
It has a reddish-blue appearance. As a blue dye, it gives 
green shades when combined with tartrazine. Brilliant 
blue is used in the preparation of food items as ice 
cream, tinned processed peas, dairy products, sweets, 
drinks, and so forth

[48, 50]

Syntethic Brilliant black 
(E-151)

It is a synthetic, water-soluble, and diazo dye mainly 
used for food coatings, desserts, sweets, ice cream, 
mustard, red fruit jams, soft drinks, flavored milk 
drinks, fish, paste, and so forth

[48]

Syntethic Fast green 
(E-143)

It is a triarylmethane food dye mainly used in tinned 
green peas, jellies, sauces, fishes, desserts, and dry 
bakery mixes

[48]

cc38k 38-kD protein, FDA Food and Drug Administration
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1.3.8  Color Retention Agents

Color retention agents are FAs used to stabilize, retain or intensify food color. In 
contrast to colorings, color retention agents are used to preserve a food’s existing 
color [52]. Some examples of color retention agents are magnesium hydroxide, 
magnesium hydroxide carbonate; nitrates, and ferrous lactate [6].

1.3.9  Emulsifiers

Emulsifiers are additives used to stabilize food emulsions of two or more phases 
[53]. An emulsion is a colloidal system that consists of small oil droplets suspended 
in an aqueous phase, whose dispersion medium and dispersed phase are both liq-
uids. By adsorbing onto droplet surfaces and lowering the interfacial tension, emul-
sifiers tend to produce an emulsion. Once it gets produced, it turns into a facile 
breakup of the droplet [54]. If the oil phase disperses in the aqueous phase, the 
phenomenon is known as an oil-in-water emulsion (O/W), and if the aqueous phase 
disperses in the oil phase, it is known as a water-in-oil emulsion (W/O) [55].

Emulsifiers have both hydrophilic and hydrophobic moieties and thus reduce 
interfacial tension between the oil and water phases, preventing suspended droplets 
within the emulsion from undergoing the processes of separation, flocculation, 
creaming, sedimentation, or coalescence [53].

Emulsifiers play an essential role in the physicochemical properties of food 
products, affecting their stability, texture, and shelf life [6, 56]. Their use provides 
the permanence of the sensorial, physicochemical and rheological properties of the 
food products by providing a uniform dispersion between the dispersed (droplets) 
and continuous (bulk) phases, thereby promoting stable heterogeneous systems, 
such as water and oil mixtures [6].

Emulsifiers can be classified as synthetic, natural, finely dispersed solids, and 
auxiliary agents based on their chemical structure. Finely dispersed solids increase 
the viscosity of the dispersed phase and reduce the interaction between the dis-
persed particles by causing swelling and the formation of a particulate layer around 
the dispersed phase particles. These compounds are mostly used in the formation of 
O/W emulsions. Auxiliary agents include various fatty acids (e.g., stearic acid), 
fatty alcohols (e.g., stearyl or cetyl alcohol), and fatty esters (e.g., glyceryl mono 
stearate). Since their emulsifying properties are rather poor, these compounds 
should be combined with coemulsifiers [55].

In turn, synthetic emulsifiers are classified as anionic, cationic, nonionic, and 
amphoteric. Some examples of synthetic emulsifiers are diacetyl tartaric acid esters 
of mono glycerides, dodecyltrimethylammonium bromide (DTAB), polysorbate, 
sorbitan monolaurate (spans 20), and polyoxyethylene sorbitan Monooleate 
(Tween 80).
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In addition, the most commonly used natural emulsifiers are proteins, phospho-
lipids, polysaccharides, lipopolysaccharides, commonly used bioemulsifiers (e.g., 
saponins, sophorolipids, rhamnolipids, and mannoproteins), and bioemulsifiers iso-
lated from plant materials or produced by fermentation using bacteria, yeasts or 
fungi [55].

1.3.10  Emulsifying Salt

These additives rearrange the proteins, producing a homogeneous fat distribution, 
preventing their separation from food. Different emulsifying salts contribute differ-
ently to processed food quality, sensory and rheology [57]. Some examples of emul-
sifying salts are sodium dihydrogen phosphate, phosphates, potassium dihydrogen 
citrate, sodium aluminum phosphates, sodium lactate, tripotassium citrate, and tri-
sodium citrate.

1.3.11  Firming Agents

Firming agents, which provide firmness, can be used to reinforce the structure of 
foods by means of stabilizing the cellular structure of fruits and vegetables or inter-
acting with gelling agents to produce or reinforce food gels [6].

Among them, calcium salts such as chloride, citrate, sulfate, lactate, and phos-
phate have been widely used to enhance the effects of hardening before canning and 
freezing fruits and vegetables [58].

1.3.12  Flavor Enhancers

Flavor enhancers are a class of FAs used to enhance the sensory characteristics of 
foods, especially their taste and flavor [59]. They may be extracted from natural 
sources and are compounds characterized by  the presence of the amino acid gluta-
mate, or by nucleotides inosinate and guanylate. Those substances can increase sali-
vation and facilitate the dissolution of food, providing a favorable chemical 
environment for the perception of taste by the recipient cells [60].

The monoammonium glutamate (MAG), monosodium glutamate (MSG), and 
nucleotides composed of disodium inosinate (IMP), disodium guanylate (GMP), 
and others, are the most common flavor enhancers used by the food industries MSG 
is widely incorporated in foodstuffs to enhance taste and palatability [59, 60].
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1.3.13  Flour Treatment Agents

Flour treatment agents are added to flour to improve its color and use in baking [48]. 
Usually, they both bleach and “mature” the flour, being important in the flour mill-
ing and bread-baking industries. Chemical agents used as flour improvers are oxi-
dizing agents, which may participate in bleaching and dough improvement [44]. 
Some flour treatments agents include benzoyl peroxide (used only for flour bleach-
ing), chlorine gas, chlorine dioxide, nitrosyl chloride, and nitrogen di and tetra 
oxides (used for bleaching and improving dough) and oxidizing agents used exclu-
sively for dough improvement are potassium bromate, potassium iodate, calcium 
iodate, and calcium peroxide. Bleaching agents like sulphites and benzoyl perox-
ides improve the baking of the flour products without changing the color of the 
foodstuffs [6].

1.3.14  Foaming Agents

Foams are classified as colloidal dispersions where a gaseous phase is dispersed in 
a continuous aqueous phase. They are found in many foods, for example, ice cream, 
cakes, mousses, and whipped creams. In most of them, proteins are the main 
surface- active agents, contributing to their formation and stabilization. Foaming 
ability is an important characteristic of proteins and other amphoteric molecules 
[61]. Some examples of foam stabilizers protein are bovine serum albumin (BSA), 
human serum albumin (HSA), and casein.

Foaming agents are employed in the food industry for the stabilization of foams 
produced in manufacturing steps, which are a prerequisite in the quality control of 
various foodstuffs [6]. These compounds provide the texture to many aerated food 
products. Thus, knowledge of the mechanism of foam formation and stabilization is 
essential if a foam of the required characteristics is to be produced [62].

1.3.15  Food Acids

Food acids are substances added to foods to increase their acidity or to impart a sour 
taste. These compounds also act as preservatives and antioxidants. In the food 
industry, the most common food acids used are  citric acid, tartaric acid, malic acid, 
fumaric acid, and lactic acid [63].

Organic acids are natural antimicrobials used extensively in the food industry to 
inhibit microbial growth [64]. Fumaric acid is one of the compounds reported to 
inhibit the growth of bacteria such as Escherichia coli, Staphylococcus aureus, 
Salmonella spp., and Clostridium botulinum [65]. For example, this food acid is 
currently used in wheat and corn tortillas, as well as in sourdough, rye breads, 
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refrigerated biscuit doughs, fruit juice, nutraceutical drinks, gelatin desserts, gelling 
aids, pie fillings, and wine. Due to its low molecular weight, fumaric acid has more 
buffering capacity than other food acids at pH ≈ 3.0 [66].

1.3.16  Gelling Agents

Gelling agents are food additives used to promote gel formation, which is an inter-
mediate state between solid and liquid foods [67]. Some stabilizers and thickening 
agents are also gelling agents. The gelling agents produce a gel with suitable stabil-
ity, which can be a quality indicator, and act in the processing steps to enrich the 
viscosity of the final products [6].

Natural gums, gelatin, carrageenan, proteins, starches, pectin, and agar-agar are 
the most commonly gelling agents used for food applications [67, 68]. Among 
them, pectin is the main gelling agent used in jellies and marmalades. Addition of 
gelling agents is important to ensure that the jam product has a reasonably thick 
consistency and is firm enough to hold the fruit puree-sugar in position [69].

1.3.17  Glazing Agents

Glazing agents are FAs used to improve the appearance of foods. Furthermore, glaz-
ing agents can protect foods since they can be used as food coatings [70]. The most 
common glazing agents used are beeswax, candelilla wax, carnauba wax, castor oil, 
and polyethylene glycol, among others. Gum Arabic is also used as a glazing agent 
in combination with a fine blending of powdered sugar in the manufacture of loz-
enges [6, 70].

1.3.18  Humectants

Humectants are hygroscopic substances used to keep foods moist due to the pres-
ence of one or more hydrophilic groups such as hydroxyl (-OH), amine (-NH2) and 
carboxyl (-COOH), in their structure [71].

In bakery products, humectants are often used as binding/entrapping agents in 
order to keep moisture locked into the food during its shelf life. Humectants most 
commonly used in the food industry are glycerol, mannitol, polydextrose, and pro-
pylene glycol [6, 71]. These compounds are sugar alcohols detected in plant prod-
ucts such as berries and fruits, but no longer obtained from natural sources. For 
example, mannitol and sorbitol are obtained by the hydrogenation of sugars, through 
Raney nickel catalysts [72].
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1.3.19  Leavening Agents

Leavening agents are largely classified into three categories: chemical, biological, 
and mechanical [73]. The chemicals agents are mainly used at industrial levels. 
Baking soda is a typical chemical agent which releases carbon dioxide, reacting 
with heat or moisture [73]. Biological agents digest sugars to produce carbon diox-
ide through a fermentation process. In this category, baker’s yeast (the trade name 
of the yeast strain from the species Saccharomyces cerevisiae) is the primary leav-
ening agent in breadmaking, especially for industrial bakeries, due to its technologi-
cal properties [73, 74]. Mechanical agents have rather simple mechanisms, as they 
release gas that is trapped in the dough. The egg is an example of a mechanical 
agent, in this case, beaten egg whites [73].

1.3.20  Preservatives

Preservatives are substances used to prevent undesirable changes in foods, prolong-
ing their shelf life and protecting them against deterioration caused by microorgan-
isms [75, 76]. Furthermore, these additives can be used to increase or maintain the 
nutritional value of foods or to enhance quality and reduce wastage, as well as to 
enhance consumer acceptability. Some of the commonly used preservatives such as 
nitrate, and salt have been used for centuries in processed meats and wine [77].

Preservatives are classified according to their origin into natural and synthetic. 
Natural preservatives include food preservatives obtained from nature, such as salt, 
sugar, vinegar, spices, honey, and edible oils. Synthetic preservatives include food 
preservatives that are chemical, semi-synthetic or synthetic in nature, such as ben-
zoates, sorbates, nitrites and nitrates of potassium, sulfites, glutamates, and glycer-
ides. Chemical preservatives are of great importance to the meat industry [76, 77]. 
The importance of natural preservative compounds is increasing due to the more 
extensive use of such compounds in food rather than synthetic compounds [75].

1.3.21  Propellants

Propellants are substances that promoted the expansion of foodstuffs. They are 
closely related to food products, and therefore considered FAs. These compounds 
are classified according to their physical state (liquids and gaseous compounds), and 
their use depends on the physiochemical properties of the manufactured food [6]. 
Some examples of gas propellants are propane, butane, and dimethyl ether, new 
products named food grade aerosol sprays [78].
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1.3.22  Sequestrants

Sequestrants are chemical compounds whose role is to improve the quality and 
stability of food products. These compounds form chelate complexes with polyva-
lent metal ions, especially copper, iron, and nickel, which serve as catalysts in the 
oxidation of the fats in the food [63].

Metals interfere with foodstuffs, modifying their flavor, smell, and color and, 
consequently, promoting alterations in the final product stability [6].

1.3.23  Stabilizers

Stabilizers are compounds  that enable the homogenous dispersion of two or more 
immiscible materials, while improving the texture, stabilizing the color and flavor, 
enhancing the overall quality and acceptability of the food products [79]. Their use 
is fundamental to prevent the separation of food components, facilitating the prepa-
ration of fortified and composite foods using two immiscible materials [79]. 
Alginate, carrageenan, casein, carboxymethylcellulose sodium salt, xanthan, guar, 
and locust bean gum are the most common natural food stabilizers [6].

1.3.24  Sweeteners

Sweeteners are sugar substitutes that mimic the sweet taste of sugar but have a neg-
ligible impact on energy intake [80, 81]. These sugars tend to have desirable sweet-
ness but are not metabolized in the human body and therefore do not provide calorie 
intake [82].

Sweeteners can be classified in diverse ways, based on their nutritional value, 
sweetening power, or even their method of production and/or origin. Currently, the 
trend is to divide them into two large groups: nutritive versus intensive sweeteners 
or natural versus synthetic sweeteners [83].

There are many artificial sweeteners, but their use is limited because they are 
often associated with negative health effects. As a consequence, the search for sugar 
substitutes from natural sources has led to the discovery of a number of substances 
that possess an intensely sweet taste or taste-modifying properties [84].

Natural sweeteners provide some caloric value but their contribution to energy 
intake is negligible in the amounts used. Natural sweeteners are isolated from plant 
materials, having large amounts of sugar sweet constituents [85]. Some of them are 
erythritol, miraculin, brazzein, curculin, monatin, pentadin, steviol glycosides, ste-
vioside, rebaudiose A, thaumatin, and so forth [86].

Artificial sweeteners are synthetic substances used to replace sugar during the 
sweetening process of several food products. In general, the use of artificial 
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sweeteners depends on the granting of legislative approval, for which individual 
countries have their regulatory requirements [84]. Six of these sweeteners have been 
approved as FAs by the FDA, including aspartame, neotame, saccharin, acesulfame-
 k, sucralose, and advantage [82, 87].

1.3.25  Thickeners

Thickeners are substances that consist of modified starches and gums as their base 
materials [88]. They are used to disperse, stabilize, or prevent the sedimentation of 
substances in suspensions. Thickeners most commonly used for this purpose are 
gums, starches, pectins, and their derivatives [6].

1.4  Synthetic Additives vs. Natural Additives

For a variety of reasons, some consumers might regard the use of FAs, especially 
synthetic ones, with suspicion; FAs are considered unnatural, unhealthy, or even a 
public health risk. Nevertheless, communications that have allowed consumers to 
make informed decisions about FAs should be carefully designed and contain the 
central topics from a risk-related perspective, as well as from a consumer perspec-
tive [89].

Obviously, FAs can bring people great sensory enjoyment and commercial con-
venience, but they may also cause potential risks to human health [4]. For many 
years, SFAs have gradually replaced NFAs, and many problems involving the abuse 
of FAs have come to the fore, for example, additives exceeding the standard, or even 
toxic additives.

SFAs present numerous opportunities to add into the food matrix, for example, 
stability to temperature or light. Nonetheless, there is an increasing body of evi-
dence showing that overuse of SFAs can considerably increase the risk of certain 
chronic and acute disorders in human health, including cancer [90]. Many studies 
have confirmed that the excessive consumption of SFAs is related to gastrointesti-
nal, respiratory, dermatological, and neurological adverse reactions [91–93].

Normally, for the approval of new FAs, intensive risk assessments, usually based 
on animal studies, are undertaken and FAs already in use are periodically re- 
evaluated [94]. While a small amount of uncertainty on FAs potential harmfulness 
cannot be ruled out, food safety experts generally agree on the safety of this approach 
[94, 95]. Despite differences in adoption across countries, there is a renewed interest 
in developing safe, natural, and sustainable FAs. Traditionally, these molecules are 
mainly produced through chemical synthesis or extraction from natural sources.

The synthetic or natural preservatives become part of the food products either 
directly or indirectly during some phase of their processing, packaging, or storage. 
Preservation of foodstuffs is necessary to extend the limited durability of foods, 
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which is related to many factors. Today there are various chemicals used for food 
preservation but these must first be approved by the responsible food safety author-
ity [96].

Synthetic sweeteners are one of the most widely used FAs in the world, because 
of their low or even inexistent calories, low cost, and ability to produce a higher 
sweetness than natural table sugar. Synthetic sweeteners are increasingly being 
introduced into foods and drinks as sugar substitutes, such as sugar-free desserts 
and sugar-free sodas [97]. SFAs have been replaced by NFAs in food preservation.

In the last decades, synthetic antioxidants such as butylated hydroxytoluene 
(BHT), butylated hydroxyanisole (BHA), and tert-butylhydroquinone (TBHQ) have 
been widely used as FAs to inhibit or delay oxidation. However, considering their 
possible toxic and carcinogenic effects, the interest of the scientific community has 
turned towards the recovery of safer antioxidants from natural sources as alterna-
tives to synthetic ones. Such natural antioxidants include phenolic compounds 
derived from a variety of plant materials such as rosemary, oregano, and sage, 
among others [98].

Nowadays, a wide array of natural antimicrobials from different sources such as 
microorganisms, animals, and plants have been researched as potential preserva-
tives. Some examples such as nisin, natamycin [99], lysozyme [100], and the lacto-
peroxidase system [100, 101] are now used as preservatives in foods and beverages 
[102]. Other preservatives isolated from Melissa officinalis, a plant that has been 
widely used Lamiaceae due to a variety of compounds with biological activities, 
have been reported in the literature [103]. Aromatic and medicinal plants are good 
sources of chemical compounds with biological activity [104]. In this way, herbs 
and spices have been added to different types of foods to improve their flavor and 
shelf life. It is estimated that 80% of the world’s population relies on plant-based 
traditional medicine [105, 106]. Thus, today’s consumers are concerned about the 
adverse effects of the use of synthetic antimicrobials and appear to prefer foods 
preserved with natural and safer antimicrobial agents [107]. In connection, the anti-
microbial and antioxidant properties attributed to propolis have been applied in the 
food industry [108].

Nowadays, NFAs are trending in the food industry. One of the most popular 
NFAs are the antioxidants that have been presented as alternatives to SFAs. Vitamins, 
polyphenols, and carotenoids are examples of natural antioxidants used in food 
products [3, 109]. Due to their high antioxidant activity, polyphenols are considered 
among the most interesting and relevant natural compounds to be used as food pre-
servatives and bioactive ingredients [3, 110, 111].

Most natural compounds cannot be used directly in contact with foods due to 
their low concentration, high volatility, tasting, and smell. The natural compounds, 
commonly used as antimicrobial, antifungal, and antioxidant additives in active 
food packaging are mainly secondary metabolites and essential oils (EOs) isolated 
from plants and fungi. Natural compounds have potential applications in a wide 
range of fields such as medicine [112], pharmaceutical, and tissue engineering to 
develop skin scaffolds [113], agriculture [114, 115], wound healing [116], cosmetic 
[117], and food packaging [118, 119].
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Consumer studies have shown that people have recently become more informed 
about FAs and always tend to choose additives from the natural origin over their 
synthetic analogs [3]. This scenario presents a new challenge for food researchers, 
who have focused their efforts on searching for new natural sources of antioxidant 
molecules with potential use as FAs [120].

It has now been shown that it is feasible to obtain NFAs for use in the food indus-
try, such as vitamins or carotenoids, which can be used to preserve food. In this way, 
it has recently been found that there is a greater demand by the food industry for 
additives of natural origin as an alternative to SFAs, since the latter are associated 
with toxic effects as above explained. Moreover, the fact that the consumption of 
functional foods could boost the immune system and resistance of the human body 
against viruses, has been a priority for consumers over the last decades. This trend 
has been magnified during the coronavirus (COVID-19) pandemic and is expected 
to remain high also within the post-lockdown and post-pandemic era [121]. Some 
sources of natural FAs are Citrus natsudaidai peel waste [122], Andean berry [120], 
Coriander essential oil [123], Yellow Root (Arcangelisia Flava Merr) [124] used in 
the Production Process of Palm Sugar, “kaun” (trona) a natural food additive used 
in Nigeria [125], and pomegranate peel extract [121]..

There is a great deal of curiosity about natural products. This has driven the food 
industry to create new methods for extracting compounds with natural aromas. 
Microbial production of food additives can provide advantages over chemical syn-
thesis and natural extraction. These include low-cost starting materials, controllable 
cultivation processes and product specificity, as well as higher production yields and 
robustness [126].

Bioconversion is another form of natural synthesis. It is well known that the pro-
duction of volatile aroma compounds by enzymes or microorganisms for the food 
industry provides diverse advantages over conventional methods [127]. Plant cell 
culture is a promising process for the production of flavors and aromas. This method 
is based on the biochemical, genetic and totipotential capabilities of plant cells [128].

1.5  Adverse Reactions in Humans

FAs are used in foodstuffs to improve the color, texture, taste, extend the food shelf 
life, acidity regulation, maintain quality, provide fortifying nutrients, and facilitate 
processing conditions, which makes them a ubiquitous component of the daily life 
of humans [35, 129, 130].

Although FAs are essential for the storage of foodstuffs, they can give rise to 
certain health problems. Today’s consumers have high-level demands for food 
safety and express concern about the potential hazards of FAs [129].

Although FAs have regulations governing their use [49], some approved FAs 
have been associated with potential safety hazards [35]. Different scientific studies 
have indicated that FAs can cause adverse reactions in humans. Some of the known 
dangers of FAs are summarized in Table 1.3.
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Table 1.3 Some food additives and the reactions that they cause

Functional 
class Example Reported reactions References

Antioxidant 
agents

Butylated hydroxyanisole 
(BHA) (E-320) and 
butylated hydroxytoluene 
(E-321)

Increase in the frequency of allergic 
diseases, hyperactivity, damage to the 
lungs, liver, and kidneys, and most 
importantly, urticaria episodes

[131, 132]

Colorings Carmine (E-120) Anaphylactic episodes, asthma [133, 134]
Tartrazine (E-102) Allergic asthma [135]

Flavor 
enhancers

Monosodium glutamate 
(MSG) (E-621)

Asthma [136]

Preservatives Sodium metabisulphite 
(E-223)

Contact dermatitis [137–140]

Sodium benzoate (E-211) Hypersensitivity reactions as orofacial 
granulomatosis, chronic urticaria, 
anaphylaxis and asthma.

[134, 141, 
142]

Sodium Chloride High blood pressure, kidney failure, 
stroke, and heart attack.

[143]

Benzoic acid (E-210) Chronic urticaria [142]

Studies dealing with the adverse reactions of some FAs have reported varied 
reactions depending on the type of population studied and the criteria. The adverse 
reactions studied mainly covered skin rashes, respiratory symptoms, gastrointesti-
nal symptoms, and on rare occasions, systemic anaphylaxis [91]. Wilson et al. [91] 
reviewed a wide variety of symptoms described in the literature and attributed to 
additive exposure. These symptoms are as follows:

• Dermatological: Angioedema, dermatitis, eczema, flushing, itching, nonspecific 
rash, sweating, urticaria.

• Gastrointestinal: Abdominal pain, diarrhea, nausea, tongue or throat swelling, 
vomiting; Respiratory: Asthma exacerbations, cough, rhinitis, shortness of 
breath, tightness, wheezing.

• Musculoskeletal: Aching, arthralgias, fatigue, myalgias, tightness, weakness.
• Neurological: Behavior disorder, dizziness, fasciculations, headache, migraine, 

neuropathy, numbness, paresthesias.
• Cardiovascular: Arrhythmias, palpitation, syncope, tachycardia.
• Other: Lacrimation, systemic anaphylaxis, trembling.

1.5.1  Antioxidant Agents

It is scientifically proven that prolonged use of synthetic antioxidants can cause dif-
ferent diseases or physiological disorders, such as asthma, joint pain, dermatitis, 
and stomach and eye problems; therefore, their use has been restricted [92].

Butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) are syn-
thetic antioxidant compounds commonly used in many food formulations as food 
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preservatives due to their antioxidant properties [44]. BHA and BHT have been 
suspected of inducing adverse reactions in humans, such as urticaria. Goodman 
et al. [131] reported challenging two patients with chronic idiopathic urticaria, who 
experienced remissions following dye- and preservative-elimination diets. Both 
patients noted significant exacerbations of their urticaria after the challenge with 
BHA and BHT. In another study, Yamaki et al. [132] concluded that BHT might 
affect allergic diseases Human diseases like allergic rhinitis and asthma. Therefore, 
BHT might have an impact on allergic diseases in humans.

1.5.2  Colorings

Natural colorants are healthier than artificial ones in many cases. Synthetic colo-
rants may cause allergic reactions and anaphylactic shock in sensitive individuals 
[48]. Natural colorants are less frequent in hypersensitivity reactions. However, it 
has been shown that IgE-mediated reactions with carmine and annatto can provoke 
allergen responses in humans [49]. Another study suggested that people suffering 
from angioedema and urticaria showed various allergic reactions against carotene 
and canthaxanthin. A carotene-based dye, annatto, was also reported for anaphylac-
tic shock and the presence of an Annatto-specific IgE antibody was confirmed [144]. 
Urticaria associated with ingested carmine-colored has also been reported [133].

Synthetic colorants have been also reported to produce severe allergic reactions. 
The tartrazine used in confectionery, cotton candy, soft drinks, instant puddings, 
cake mixes, jam, jelly, gelatins, mustard, and many convenience foods, can cause 
severe allergenic reactions. Several studies also have showed that synthetic colo-
rants may provoke to migraine, blurred vision, itching, rhinitis, suffocation, weak-
ness, heat sensation, palpitation, pruritus, and urticaria [44, 79, 145]. In this context, 
Gao et al. [146] indicated that tartrazine could cause neurotoxicity and deficits in 
the learning and memory of mice and rats.

Due to this potential toxicity, it is crucial to control the amount of tartrazine used 
in food products and it is therefore necessary to develop analytical methods capable 
of evaluating the exposure of the general population to tartrazine [44].

1.5.3  Flavor Enhancers

Flavoring agents are substances that are chemically defined for use as flavoring. 
Some flavoring agents are monosodium glutamate, sodium salt of glutamic acid 
[92]. Monosodium glutamate (MSG) is the flavoring agent that has been most stud-
ied for its adverse effects. It is a popular flavor enhancer added to many foods, 
especially Asian dishes [93]. In 1968, the term ‘Chinese restaurant syndrome’ was 
coined due to the first clinical reactions produced by MSG.

People sensitive to MSG can experience nausea, breathing problems and other 
reactions [147]. MSG adds extra sodium that can also elevate blood pressure [51]. 
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Furthermore, MSG has been associated with chronic urticaria with angioedema, 
allergic rhinitis, and bronchial asthma [136, 148].

1.5.4  Preservatives

Preservatives are generally weak organic acids like acetic acid, benzoic acid, citric 
acid, lactic acid, sorbic acid, and propionic acid [79]. Several studies have shown 
which preservative agents elicit a variety of adverse reactions, with their use linked 
to respiratory problems, allergic reactions, anaphylactic shock, and a wide range of 
other health complications [79, 91].

Benzoates are also suspected of causing asthma, skin rashes, and allergies, while 
sorbates may cause urticaria and dermatitis [79]. Hypersensitivity reactions to ben-
zoates have been reported since orofacial granulomatosis, chronic urticaria, and 
bronchial asthma [49, 142]. Similarly, boric acid has been reported to be toxic in 
humans, suppressing the release of sperm from the testis and reducing fertility by 
abolishing DNA synthesis in sperm cells [44].

The main FAs associated with hypersensitivity reactions are antioxidants, colo-
rants, and preservatives. FAs are a rare cause of hypersensitivity reactions, in most 
cases, mild reactions are not mediated by IgE; however, there have been reports of 
severe reactions (anaphylaxis), and therefore their clinical importance should not be 
underestimated [76].

1.6  Conclusions

This chapter summarized the importance of using additives in foods, their 
 classification (synthetic and natural food additives) and adverse reactions in humans. 
In recent years, there has been growing concern about the safety of food additives 
from a health perspective. Increasingly, consumers are becoming more aware of 
what they eat, so people need more information about these compounds. Therefore, 
the use of synthetic food additives requires more awareness and caution, and it is 
better to substitute them with safe natural substances.

Natural additives are the future of food preservation due to their benefits to health 
in comparison to synthetics additives. Recently, new products displaying labels of 
“all natural additives” or “no synthetic additives” have gained increased attention 
from users. The stability of natural food additives must be investigated aiming to 
increase the use of these additives in the food industry.
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Chapter 2
Natural Antioxidants

Maria Jaízia dos Santos Alves, Raul Remor Dalsasso, 
Germán Ayala Valencia, and Alcilene Rodrigues Monteiro

2.1  Introduction

Oxidative deterioration is one of the major factors that cause the expiration date of 
food, medicine, and nutraceutical products. Oxidation processes can lead to lipid 
rancidity [1], degradation of proteins [2], pigments degradation, off flavors, and 
produce toxic products [3, 4].The oxidative problem also includes food storage 
under freezing temperatures [5, 6]. Thus, nutritional, sensory, and bioactive quality 
are highly damaged [7, 8]. Antioxidants are fundamental in several applications, to 
maintain the properties of these products such as foods, medicines, and nutraceuti-
cal during their shelf life commercialization, also avoid their early degradation and 
losses, besides to maintain the equilibrium between consumer and demand without 
high costs.

Antioxidants have been studied since the 1920s and were fully adopted by the 
food industry in the 1940s and 1950s [9]. Nowadays, the most frequently antioxi-
dants used are synthetic substances such as butylated hydroxyanisole (BHA), butyl-
ated hydroxytoluene (BHT), and tert-butylhydroquinone (TBHQ). Those 
compounds are efficient, cheap, available, and stable [10, 11]. However, they have 
been related to health risks, causing progressive regulation restrictions on their use 
[11, 12] and the rejection by the consumers. Consequently, antioxidants from natu-
ral sources have been intensely studied and applied in food and medicine products 
to substitute the use of synthetic antioxidants.
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Natural antioxidants can be obtained from renewable sources, such as plants, 
micro-organisms, fungi, algae, animals [10], or even waste material [13–16]. Thus, 
their use also opens the opportunity to apply renewable raw materials, and valoriza-
tion of abundant waste [13], such as fruits’ peels [17] or spent ground coffee [18], 
which also contributes to the environment by reducing the waste production. In 
addition, the processed food content natural antioxidants can receive the “clean” 
labels once some natural antioxidants are source of the vitamins, minerals and 
enzymes. On the other hand, these additives must be regulated before the use, 
because they are not totally inoffensive to human health, thus studies such as toxic-
ity are needed, before they are adopted by industries. Natural antioxidants are also 
useful when synthetics aren’t enough to offer the needed protection inside the regu-
latory limit, as they can be applied in combination, assuring food quality and 
safety [9].

Although several studies have been published showing the application of the 
natural antioxidant for food preservation, studies about their safety when consumed 
by humans, still are necessary [9]. Thus, this field is important for future research 
approaches and should base the adoption of natural antioxidant molecules in the list 
of antioxidant agents for food regulations agencies.

Natural antioxidants bring several benefits once can be used as a component of 
food ingredients or labeled as another type of additives such as flavoring or coloring 
agents, while acting as preservation agents [10]. However, also, some disadvantages 
were related. If higher concentrations are needed to reach stability, the sensorial 
quality may be affected negatively. Other disadvantages those natural antioxidant 
are: they are unstable, and sometimes aren’t available and possible loss during pro-
cessing. However, several studies to increase the stability and bioavailability have 
been shown in the literature [7–10].

The encapsulation of natural antioxidants in micro-, nano-structures, or in films, 
coatings, and composites for food packaging are solutions for some of these issues 
[19–23]. These technologies can protect the antioxidant and control its release to the 
food media, avoiding the negative effects on the sensory properties, besides increas-
ing the stability of the antioxidant, and prolonging its activity. Studies of diversifica-
tion of raw materials and purification are important to increase the availability and 
quality of natural antioxidants throughout the year [13, 24–28]. Besides, natural 
antioxidants come from complex media which are affected by the production pro-
cesses, i.e., pretreatments, drying, and extraction. So, studies on how those pro-
cesses affect and potentialize the antioxidant activity of the extracts by changing 
their composition, purification level, and yields are of great relevance, especially 
with the application of novel techniques [29, 30].

In general, natural and synthetic antioxidants can be classified based on their 
mechanism of action: primary, secondary, chelators, quenchers, oxygen scavengers, 
antioxidant regenerators (synergists), and inhibitors of pro-oxidative enzymes [9, 
10]. Primary antioxidants neutralize free radicals by donating electrons, such as 
phenolic antioxidants [31] α-tocopherol (vitamin E). Secondary antioxidants, or 
reducing agents, neutralize hydroperoxides into more stable non-radical substances. 
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This group includes phosphites and sulfur compounds. Chelators bind with metals 
to prevent them from initiating the formation of free radicals. Ascorbic acid, citric 
acid, phosphoric acid, soy protein, and milk proteins act by this mechanism. 
Quenchers neutralize high-energy species, such as singlet oxygen and other photo-
activated states, diverting that energy into less detrimental paths. Phenols and carot-
enoids, such as β-carotene, act in this way. Ascorbic acid and carotenoids, such as 
astaxanthin, can act as oxygen scavengers since they react with the oxygen in the 
system, stabilizing it. Finally, regenerators or synergists reduce the radicals that are 
formed when a primary antioxidant donates a hydrogen atom or electron for a free 
radical, such as ascorbic acid can act when tocopherol converted into tocopheryl 
radical is reduced. Inhibitors of pro-oxidative enzymes, such as lipoxygenase, 
include polyphenolic substances.

In this chapter, the main groups of natural antioxidants will be presented and 
discussed: ascorbic acid, carotenoids, polyphenols, proteins, and peptides. Also, 
recent studies presenting their sources, extraction methods, and applications will be 
reviewed.

2.2  Main Natural Antioxidants

2.2.1  Ascorbic Acid

Ascorbic acid (L-ascorbic acid or ascorbate), or vitamin C, is a natural, non- 
enzymatic antioxidant found in many plant-based products. It is a water-soluble 
compound that eliminates reactive oxygen and nitrogen species (RONS) and reduces 
carbon dioxide, consequently protecting against oxidative stress in vivo and in vitro 
[32]. Thus, ascorbic acid is beneficial for human health [33]. Ascorbic acid is not 
synthesized by the human body. Therefore, the diet is considered the primary source 
[34]. As it is the most widespread, ascorbic acid is one of the most used antioxidants 
in foods and can be used in practically every country. Chemically, ascorbic acid is a 
cyclic ester with a ketone at the α position, which donates two electrons to neighbor-
ing molecules, becoming oxidized, known in this form as dehydroascorbic acid [35].

It is evident from the list of rich sources of ascorbic acid in Table 2.1 that the 
main determinant of ascorbic acid intake is fruit and vegetable consumption; defi-
ciency is likely in people whose usual fruit and vegetable intake are too low. This 
nutrient is found in numerous plant foods, including green vegetables, citrus fruits, 
tomatoes, berries, potatoes. However, it can be lost due to heat processing and pro-
longed storage when exposed to ambient conditions such as air, moisture, heat, 
light, and base resulting in loss of its original functions [1]. Aiming to protect ascor-
bic acid from damage or oxidation and deliver it to specific locations on the human 
body, encapsulation and controlled release techniques have been developed, which 
increases the stability of this compound [33–37].
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Type and concentration of ascorbic acid of orange fruits and juices are diverse 
and vary among the cultivar, environmental and agronomical practices, pre and 
postharvest conditions, and processing characteristics (see Table 2.1).

Regarding the ascorbic acid degradation mechanism, it is generally accepted that 
ascorbic acid (AA) reacts via two main pathways, the most common being in the 
presence of oxygen (“aerobic pathway”), which leads to the formation of dehydro-
ascorbic acid (DHAA), which can then follow different modes of degradation [33, 
49, 50]. In the absence of oxygen (“anaerobic pathway”), L-ascorbic acid degrades 
without being oxidized first. Therefore, DHAA is not formed. Based on this mecha-
nism, in addition to the effect of temperature, the roles of oxygen, oxidizing agents 
and the presence of the catalyst in the mechanisms and kinetics of L-ascorbic acid 
degradation have also been widely studied [33, 51, 52].

2.2.2  Carotenoids

Carotenoids are terpenoids phytochemicals comprising β-carotene, astaxanthin, 
lycopene, and lutein. These compounds have shown potential for reducing the risk 
of cancer, cardiovascular disease, bone, skin, and eye disorder [53]. Further, carot-
enoids demonstrated antioxidant, antitumoral, and provitamin A activities [23, 54]. 
Thus, recent studies have applied them as food additives or incorporated in food 
packaging as coatings or films aiming the reduction of degrading oxidative reac-
tions and incorporating health benefits, such as the immune system [54–58].

These are natural yellow, orange and red pigments in photosynthetic organisms, 
such as plants, algae, and cyanobacteria [59] and act as photo protectors. They also 
can be found in some non-photosynthetic archaea, bacteria, fungi, and animals. 
These phytochemicals can also be extracted from waste material derived from 
carotenoid-source organisms, such as peels, kernels, stems, and pomace [14, 16, 55, 
59–64]. Some of the several sources of carotenoids are listed in Table 2.2.

Carotenoids are lipophilic isoprenoid compounds with a polyene backbone con-
taining a certain number of double bonds. One of the classifications of carotenoids 
is based on the presence or absence of end rings, being thus cyclic or acyclic carot-
enoids. A second classification is based on the molecular composition, which can be 
split into two groups: (I) hydrocarbon carotenoids or carotenes; (II) xanthophylls, 
which contain oxygen [59, 61]. Some carotenoids, such as lutein and zeaxanthin, 
act as light filters avoiding the formation of ROS, thus avoiding oxidation processes 
[59]. The antioxidant activity can also occur due to the quenching of singlet oxygen, 
which depletes its excess energy as heat. Thus, the oxygen is returned to an unex-
cited state, and the carotenoid can be reused as an antioxidant [61]. Carotenoids also 
quench other free radicals, forming carotene radicals. Thus, carotenoids can act as 
prooxidants in certain circumstances in which those products accumulate or when 
carotenoid detoxifying mechanisms are compromised [59].

The factors that affect the carotenoids profile and concentration in vegetable- 
based extracts or foods involve properties of the biomass, cultivation conditions, 
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Table 2.1 Ascorbic acid sources and extraction methods

Sources Extraction method Content Reference

Currant (Ribes L.) and gooseberry 
(Ribes uva-crispa L.)

Solvent extraction 
(water/methanol 
(70:30, v/v)) with 
shaking water bath 
at 50 °C for 60 min

Gooseberry (8.57–
10.74 g/kg)
Currant (6.20–11.57 g/
kg)

[36]

Doum (Hyphaene thebaica) 80% methanol for 
24 h at room 
temperature

1.60–4.97 mg/g [37]

Blueberry Solvent extraction 
(water/methanol in 
the ratio of 70:30, 
v/v) at 50 °C for 
60 min

3.06–40.29 mg/100 
DW

[38]

Fruits in the mountains of southwest 
Saudi Arabia (Coccinia grandis (L.) 
Voigt,Diospyros 
mespiliformisHochst. Ex A.
Dc.,Cissus rotundifolius (L.), 
Ephedra foeminea Forssk., and 
Grewia villosa Willd.)

Methanol C. grandis 
(896.41 μg/100 mg)
D. mespiliformis 
(709.52 μg/100 mg)
C. rotundifolius 
(612.14 μg/100 mg)
E. foeminea 
(339.15 μg/100 mg)
G. villosa 
(241.70 μg/100 mg)

[39]

Strawberry Nano fertilizers 58.9–63.8 mg/100 g [40]
Fresh orange juice and cold 
vegetable soup (gazpacho)

Squeezing Orange juice 
(56.3 mg/100 mL) 
Gazpacho 
(22.6 mg/100 mL)

[41]

Sweet “Navel” orange juice of the 
and the red-fleshed Cara Cara

High-pressure Cara Cara juice 
(50.96 mg/100 mL)
Navel juice 
(60.18 mg/100 mL)

[42]

Wild apple (Malus spp.) Freeze-dried 58–60 mg/100 g DW [43]
Cajuí (Anacardium spp), murici 
(Byrsonima crassifolia (L.) Kunth), 
pequi (Caryocar coriaceum Wittm.), 
jenipapo (Genipa americana L.), 
mangaba (Hancornia speciosa 
Gomes), bacuri (Platonia insignis 
Mart.), cajá (Spondias mombin L.), 
umbu-cajá (Spondias bahiensis 
P. Carvalho, Van den Berg & 
M. Machado), umbu (Spondias 
tuberosa Arruda), pitanga (Eugenia 
uniflora L.), araçá (Psidium 
sobralianum Landrum & Proença)

Freeze-dried 0.36–253.92 mg/100 g [44]

Citrus cultivars In nature 24.22–74.85 mg/100 g [45]

(continued)
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Table 2.1 (continued)

Sources Extraction method Content Reference

Nanofiltered extract and comparison 
with acerola juice

Hydrothermal 
conditions

Feed (1.6 mg/mL)
Permeate (0.6 mg/mL)
Concentrate (7.9 mg/
mL)
Juice (9.1 mg/mL)

[46]

Acerola cherry In nature Immature fruit 
(23.86 mg/g FW)
Mature one 
(12.25 mg/g FW)

[47]

Mango (Mangifera indica) Low temperature 
drying

17.12–43.44 mg/100 g [48]

DF dried fruit, FW fresh weight, DW dry weight

and production process parameters [53]. Biomass properties regard the genotype, 
location of the carotenoid inside the plant, and leaf to fruit ratio. Cultivation condi-
tions include climatic conditions or agronomic factors, soil composition, and fertil-
izers [53]. The extraction process also affects the quality of extracts, and it can be 
performed by conventional solvent extraction or alternative methods, such as 
ultrasound- assisted, microwave-assisted, enzyme-assisted, pressurized liquid, high 
hydrostatic pressure, or supercritical fluid extractions [53]. The adequate processing 
method depends on factors such as the desired quality of the extract, expected by- 
products/waste production, and technical and economic viability.

2.2.3  Polyphenols

Polyphenols are products of the secondary metabolism of plants, which have a 
defensive action against aggressors [61]. They are found in most plants and derived 
products, by-products, and waste materials (Table 2.3). They have shown bioactive 
properties such as antioxidant, anti-tumoral, anti-inflammatory, vascular-protective, 
and antimicrobial activities [61]. Its content in the plant matrix is influenced by 
several factors, from the genetic variety of species, climatic conditions, part of the 
plant, degree of maturation [104]. The abundance, low cost, renewability, food pres-
ervation properties, and health maintaining features make them potential substitutes 
to synthetic antioxidants additives.

Regarding chemical structure, polyphenols are phenolic systems characterized 
by two or more phenyl rings and at least one hydroxyl substituent [105]. They are a 
vast group of secondary metabolites that comprises more than 8000 known com-
pounds [106]. This definition comprises a broad range of molecules with different 
structures and properties so that polyphenols can be classified as flavonoids and 
non-flavonoids. Flavonoids generally are organized as C6-C3-C6, corresponding 
with two aromatic rings combined to three carbons to produce an oxygenated het-
erocycle [107]. Also, they can be subdivided in the function of the number of phenol 
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Table 2.2 Sources of carotenoids

Source Carotenoid Extraction method Content Reference

Tomato waste Lycopene Enzyme assisted 
extraction (cellulase or 
pectinase)

0.48–0.93 mg/g [65]

Mantis shrimp 
(Oratosquilla 
nepa)

Astaxanthin Chloroform: methanol 
(2:1, v/v) for 2 min, 
then chloroform with 
10% NaCl

1.9–2.8 mg/g of 
oil

[66]

Ulva spp. 
(macroalga)

Lutein, β-carotene, 
neoxanthin, 
β-cryptoxanthin, 
violaxanthin, 
antheraxanthin, and 
zeaxanthin

Methanol and acetone 0.02–2.8 mg total 
carotenoid/g FW

[67]

Damask Rose 
(Rosa 
damascena) 
petal

Total carotenoids Acetone and 
anhydrous sodium 
sulfate

0.002–0.055 mg/g 
dry biomass

[68]

Eucheuma 
denticulatum 
(red algae)

β-carotene, 
astaxanthin, 
β-cryptoxanthin, 
fucoxanthin, 
zeaxanthin, lutein

Freeze dried powder 
extracted by ethanol 
for 24 h

3.0–87.7 mg/g 
dry biomass, 
respectively

[69]

Fungal 
(Umbelopsis 
isabellina) 
production in 
grape pomace

Total carotenoids, 
β-carotene, lutein

Methanol:ethyl 
acetate:petroleum 
ether (1:1:1, v/v/v), 
and sepated with 
diethyl ether and 
saturated NaCl 
solution

3.5–4.8 mg/g, 
52.97–
52.32 mg/100 g 
dry biomass, 
respectively

[70]

Persimmon β-cryoptoxanthin, 
β-carotene, 
zeaxanthin, lutein, 
vioxanthin

Extraction in 
magnesium carbonate 
and ethyl acetate

0.95–1.5 mg 
carotenoid/g DF

[71]

Hypnea 
musciformis 
(Red seaweed)

Total carotenoids Acetone 80% 11.37 mg/g [72]

Scenedesmus 
bijuga 
(microalgae)

Neochrome, 
neoxanthin, 
violaxanthin, lutein, 
zeaxanthin, 
β-carotene, 
α-carotene, 
echinenone

Biomass was extracted 
by ultrasonic assisted 
extraction in saline a 
NaCl solution 
(120 mol/L)

29.82, 149.73, 
79.86, 974.45, 
18.77, 268.22, 
51.72, 25.71 μg/g 
DW, respectively

[73]

(continued)
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Table 2.2 (continued)

Source Carotenoid Extraction method Content Reference

Parachlorella 
kessleri 
(microalgae)

Total carotenoids Culture in 
photobioreactor, 
followed by cell 
free-drying, ultrasonic 
assisted extraction 
with chloroform and 
water under stirring, 
and evaporation

0.011–0.030 μg/
mL DW

[74]

Paprika 
oleoresin

Total carotenoid, 
yellow carotenoid 
fraction, red 
carotenoid

Commercial oleoresin Ni [75]

Ripe tainong 
mango

Neoxanthin, 
violaxanthin, 
luteoxanthin, 
mutatoxanthin, 
zeaxanthin, 
antheraxanthin, 
α-cryptoxanthin, 
β-cryptoxanthin, 
α-carotene, 
β-carotene

Ultrasound-assisted 
extraction with 80% 
acetone

1.11, 9.05, 2.70 
1.38, 1.13, 0.50, 
0.89, 1.51, 0.79, 
and 4.17 mg/kg 
DF, respectively

[76]

Kocuria 
palustris

Sarcinaxanthin Cell culture followed 
by extraction by 
ultrasonic disruption, 
evaporation, 
saponification with 
dichloromethane and 
methanolic KOH 
(30%) and NaCl

112.48 μg/L [77]

Orange-fleshed 
sweet potato

β-carotene, 
α-carotene

Cooking (boiling, 
steaming, 
microwaving, roasting, 
or frying), followed by 
solvent extraction with 
petroleum 
ether:acetone (80:20, 
v/v) for 20 min at 
40 °C three times and 
evaporation

32.02–153.48 and 
0.57–0.78 μg/g 
DW, respectively

[78]

(continued)

M. J. dos Santos Alves et al.



41

Table 2.2 (continued)

Source Carotenoid Extraction method Content Reference

Passion fruit Total carotenoid, 
violaxanthin, 
antheraxanthin, 
lutein, zeaxanthin, 
violaxanthin 
myristate, 
violaxanthin 
palmitate, 
β-carotene, 
lutein-3′-O- 
mystirate, lutein 
dimystirate

Extraction with 
acetone

38.1–46.6, 
1.54–3.20, 
1.63–2.21, 
8.41–13.17, 
2.10–2.97, 
1.39–1.47, 
1.36–1.49, 
12.32–14.90, 
1.53–1.78, 
1.32–1.44 μg/g 
respectively

[79]

Haematococcus 
pruvialis (green 
microalga)

Total carotenoids, 
astaxanthin

Ultrasound-assisted 
extraction with 
petroleum 
ether:acetone:water 
(15:75:10, v/v/v) and 
extraction

16.13 mg 
carotenoids/g of 
DF

[80]

Sea buckthorn 
berries 
(Hippiphae 
rhamnoides L.)

Total carotenoids Solvent extraction with 
ethanol:hexane (4:3, 
v/v)

57.54 mg/g of dry 
extract

[81]

Oxalis 
corniculata 
leaves

Violaxanthin, 
neoxanthin, lutein, 
phytofluene

Solvent extraction with 
absolute ethanol

1.3–7.7, 2.6–39, 
102.5–131.8, and 
8.3–52 μg/g, 
respectively

[82]

DF dried fruit, FW fresh weight, DW dry weight, Ni not informed

units, substituent groups, and the linkage type between phenol units. The subgroups 
of flavonoids comprise anthocyanins (cyanidin, petuninin, malvidin, delphinidin, 
pelargonidin), flavones (apigenin, luteolin, christin, tangeretin), isoflavonols (genis-
tein, curcumin, daidzein), flavanones (naringenin, hesperitin, neohesperitin, erio-
dictyol), flavonols (quercetin, kaempferol, rutin, myricetin), flavanols (catechin, 
epicatechin, gallocatechin, epigallocatechin) and chalcones (arbutin, phloretin, 
phloridzin) [108], in the function of the oxidation state of the central pyran ring [61, 
105, 107]. Flavonoids are among the most commonly found phenolic compounds in 
fruits and vegetables (Table 2.3).

In non-flavonoids, it can be subdivided into tannins, lignans, and stilbenes [108]. 
The tannins are the prominent and diverse group, giving foods the specific astrin-
gency [108]. Also, the tannins are subdivided in hydrolysable (gallotannins, ellagi-
tannis, punicalin, punicalagin), condensed (procyanidin B2, Proanthocyanidin A1, 
Proanthocyanidin A2, Proanthocyanidin A3), and complex (acutissimin) [108].

The antioxidant capacity of a polyphenol is a function of the number and posi-
tion of hydroxyls in the molecule, as these groups are the main ones responsible for 
single-electron and hydrogen atom transfers [61].
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The main antioxidant mechanisms of polyphenols are: (I) direct reaction with 
free radicals, acting as primary antioxidants, and (II) chelating metals, which cata-
lyze oxidation processes, thus acting as secondary antioxidants. The direct neutral-
ization of free radicals (R.) can occur through hydrogen atom transfer, generating an 
RH and a free radical derived from the polyphenol (ArO.). Also, it can occur through 
single-electron transfer, forming an R− and ArOH+ which can be converted to 
Ar + H2O in the presence of an H atom. Radicals derived from the polyphenols are 
much more stable than the R. since the free radical can be stabilized by its move-
ment through the molecule [61].

In flavonoids, the main structure responsible for scavenging species derived from 
nitric oxide (RNOS) is the catechol group located in the B-ring due to its ability to 
donate H atoms [61].

2.2.4  Proteins and Peptides

Proteins are macro chains of amino acids linked by peptide bonds. They are funda-
mental nutrients consumed and produced by animals and other heterotrophic organ-
isms. As a food additive, the food industry applies proteins as emulsifying, gelling, 
and foaming-forming agents [109]. Similarly, peptides are also a source of amino 
acids in smaller chains and can be chemically synthesized or produced by the hydro-
lyze of proteins.

Recently, bioactive proteins and peptides derived from plants and animals have 
been studied with promising results. Antioxidant proteins and peptides can avoid 
and stop oxidation chain reactions that can lead to aging and diseases in the human 
body, such as diabetes, Alzheimer’s disease, cancer, cardiovascular diseases [110], 
among others [111–113], and oxidative degradation of food products [113–115]. 
Thus, these molecules could be used as substitutes for synthetic antioxidants for 
food preservation, as they are low cost, non-toxic, and potentially 
environmental-friendly.

The antioxidant activity of peptides and proteins can occur through different 
mechanisms: (I) scavenge of oxygen and free radicals; (II) chelating of metal ions; 
(III) inhibition of lipid peroxidation reactions; (IV) activation of antioxidative 
defense systems in  vivo [113, 116]. The properties of antioxidant peptides are 
mainly affected by: amino acid composition, sequence, and molecular weight 
[112, 113].

Free radical scavenge may occur by hydrogen atom or single electron transfer. 
The main mechanism to take place depends upon the structure of the antioxidant 
molecules and the partition coefficient [113]. Hydrogen transfer can be measured by 
oxygen radical absorption capacity (ORAC), total free radical capture antioxidant 
parameters (TRAP), and carotene bleach analysis [113]. And single electron trans-
fer bases the TEAC and DPPH radical assays [113].

Antioxidant activity by metal ions chelation can occur through three ways: (I) 
peptides donates hydrogen to maintain the original valence of metal elements, 
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which prevents metal ions from catalyzing other oxidation processes; (II) peptides 
chelate metal ions with transport function, thus blocking lipid peroxide formation, 
which is dependent on the activity of metal ions as coenzymes, especially in the 
Fenton reaction, (III) peptides could complex with the metal ion component of 
enzymes, so that the catalyst is rendered ineffective, thereby blocking the process of 
automatic oxidation of the fat [113]. Ferric reducing antioxidant power (FRAP) is 
used to evaluate the capacity of reducing Fe3+.

The inhibition of lipid peroxidation chain reactions by antioxidant peptides can 
stem from: (I) the emulsification promoted by hydrophobic amino acids can expose 
more active sites of the peptides; (II) inhibition of lipases; (III) antioxidant peptides 
can disperse on the surface of oil molecules, hindering them to contacting oxygen 
from the air. For measuring this effect, the β-carotene/linoleic acid systems, thiobar-
bituric acid (TBARS) assay, iron thiocyanate, electron spin resonance, and peroxide 
value methods can be used.

Antioxidant peptides can be produced from plants [111, 113, 117] algae [118], 
and animal material [112, 119–122], including by-products or wastes. Animal- 
based antioxidants derivate from different products and by-products like meat [121], 
fish [122], whey [123], chicken bones [15], and pig aorta tissues [110]. From plants, 
these molecules can be produced from materials such as sasha inchi seeds [124], 
soy [125], quinoa [126], hemp seeds [127], cowpea [128], sweet potato [129], and 
brown rice [130]. Antioxidant peptides from plant proteins have some advantages as 
it is environmental-friendly, renewable, and low cost, mainly as they can be pro-
duced from by-products or waste. A list of sources of bioactive proteins and pep-
tides is shown in Table 2.4.

The traditional production process of bioactive peptides involves three main 
steps [112, 113]: (I) Enzymatic hydrolysis of protein material from food matrix; (II) 
A treatment to increase the production of the desired peptides, such as high pres-
sure, microwave or ultrasound [125]; (III) a purification process, including mem-
brane separation, electrophoresis, or chromatography.

Bioactive peptides are formed after the hydrolysis of proteins. This process can 
occur naturally. In milk and vegetables, it is promoted by microbial enzymes during 
fermentation. In meat curing or seeds germination, endogenous proteinases are the 
catalysts [112]. But the hydrolysis may also be produced in vitro by animal protein-
ases such as pepsin, trypsin, chymotrypsin, vegetal proteinases like bromelain and 
papain, or microbial proteinases, such as Bacillus proteinases [131]. This method is 
the most used, as it offers higher control over the release and obtention of the target 
peptides [116]. Chemical hydrolysis using acid or alkali are also feasible but result 
in a substantial loss of amino acids and racemization [121].

The hydrolysis process parameters deeply affect the peptide profile and content 
and include the type of enzyme, temperature, pH, the ratio of enzyme to substrate, 
and time. Some types of proteases to be applied in this step are animal proteases, 
including pepsin, trypsin, chymotrypsin, plant proteases such as papain and brome-
lain, or microbial proteases such as alcalase, neutral proteases, flavourzyme 
[113, 116].
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Table 2.4 Sources and obtention processes of antioxidant proteins and peptides

Source Processing Reference

Milk protein 
concentrate

Two step enzymatic hydrolysis (Alcalase-Flavourzyme; 
Alcalase-ProteAXH; Alcalase-Protamex; Alcalase-protease)

[123]

Whey protein Protein extraction and hydrolysis by microbial proteases: 
acidic fungal protease II, fungal protease 31,000, fungal 
protease 60,000, or HT proteolytic protease

[123]

Meat myofibrillar 
and connective 
tissue

Protein extraction and hydrolysis by microbial proteases: 
acidic fungal protease II, fungal protease 31,000, fungal 
protease 60,000, or HT proteolytic protease

[131]

Chicken bone Chicken bone hydrolysate (papain, neutral protease or 
trypsin)

[15]

Laver (Porphyra 
haitanensis)

Proteomics analysis and protein-based bioinformatics [118]

Sacha inchi seets 
(Prukenetia 
volubilis L.)

Investigation of changes in antioxidant capacities of protein 
fractions (albumin, globulin, and glutelin) during simulated 
gastrointestinal digestion (SGID)

[117]

Soy protein Epigallocatechin gallate (EGCG). Soy protein fibrils formed 
by ultrasound treatment.

[125]

Hemp seed Hemp seed protein enzyme-hydrolysate (Protamex, 
Novozymes, Bagsvaerd, Denmark)

[127]

Cowpea Cowpea protein hydrolysate by alcalase [128]
Sweet potato Sweet potato protein hydrolyzed by a combination of 

Alcalase and Favourzyme assisted by energy-divergent 
ultrasound (EDU), energy-gathered ultrasound (EGU), and 
energy-gathered ultrasound-microwave (EGUM)

[129]

Brown rice Germinated brown rice and germinated selenium-enriched 
germinated brown rice GBR

[130]

Quinoa Quinoa seeds were turn into flour and defatted method and 
solvent extraction with hexane

[126]

Alternatively, bioactive peptides can be produced by recombinant DNA technol-
ogy [112] or by the condensation reaction of amino acids. These techniques can 
attain high efficiency in the formation of the peptides and are interesting for research. 
But some drawbacks regarding their application, such as higher costs and extensive 
research and development phase [121].

Antioxidant properties of peptides and proteins can be enhanced by Maillard 
reactions, a non-enzymatic reaction involving the carbonyl group of a reducing 
sugar and a free amino group of protein, peptide, or amino acid, generating products 
such as aldehydes, esters, furans, ketones, pyrazines, organic acids, and melanoi-
dins, potentially enhancing bioactive properties of proteins and peptides [15, 
121, 129].
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2.3  Food Applications of Natural Antioxidants

Plant extracts with antioxidant activity have a wide application in the food industry. 
They can be incorporated into various food matrices, including cheeses, meats, 
bread, cakes, fruits, with the aim of prolonging shelf life by improving nutritional 
and sensory preservation of many foods [22, 132–136].

Despite their beneficial effects, natural antioxidants are often easily oxidized and 
sensitive to heat and light, which limits their application in the food industry [135]. 
In addition, some of these compounds have other limitations, such as unpleasant 
taste, low availability, and high susceptibility to storage and processing conditions 
as well as gastrointestinal environments [137]. In this sense, the application of natu-
ral antioxidants, in most cases, occurs when incorporated into active packaging, 
nanomaterials, among others.

Carotenoids are endogenous colorants and antioxidants of food vegetable foods 
such as vegetable oils [138, 139] and beans [139, 140], but they can also be used as 
additives. Carotenoids are widely applied in the food industry as ingredients, addi-
tives, and nutritional supplements [59, 139, 141]. A list of recent applications of 
carotenoids in food products is shown in Table 2.5.

Recently, Ordónez-Santos et al. [57] extracted carotenoids from mandarin epi-
carp by ultrasound-assisted extraction and added them in cake and bread formula-
tions. The total carotenoid content in the extract was 140.7 ± 2.7 mg of β-carotene 
equivalent/100 of the dry sample. The carotenoid characterization of the cake and 
bread produced indicated the presence of β-carotene, β-cryptoxanthin, α-carotene, 
zeaxanthin, and lycopene in the extracts. The colors of crust and crumb of cake and 
bread were similar to samples added of tartrazine. Unfortunately, there were not 
evaluated the sensory acceptance of the product and the antioxidant effect of the 
extract in the food samples.

Bhimjiyani et al. [55] extracted carotenoids from sea buckthorn pomace using 
ultrasound-assisted extraction and cold-pressed flaxseed oil (Linum usitatissimun) 
as solvent. The optimized of β-carotene was 11.26 mg/L. The authors verified that 
the free radical scavenging activity of flaxseed oil measured by DPPH assay was 
superior to enriched oil than for control oil (98%), without the addition of carot-
enoids (84%), which could indicate a benefit in the oxidative stability. The oxidative 
stability of the oils was also evaluated at 100 and 110 °C. The induction time of 
enriched oil was 6.07 and 2.92 h, respectively, while non-enriched oil was 4.11 and 
1.58 h, respectively.

Zuluanga et al. [58] extracted carotenoids from bee pollen using high-pressure 
pre-treatment and applied them to pineapple juice. The optimized contents in the 
treated pollen of carotenoids and antioxidant capacities measured by FRAP were 
781.31 mg of β-carotene equivalents/kg and 496.9 μmol of Trolox/g. In addition, the 
treated pollen also had phenolic compounds (67.38  mg GAE/g), which possibly 
contributed to the antioxidant capacity. Pineapple juice with 10% (w/v) showed 
contents of carotenoids, phenolics, and antioxidant capacity (FRAP) of 
86.60 ± 0.35 mg β-carotene equivalents/kg, 20.34 ± 1.08 mg gallic acid equivalents/g, 
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and 140.30 ± 0.04 μmol Trolox/g, respectively. Comparing, pure pineapple juice 
showed the absence of carotenoids, 4.0  ±  0.2  mg gallic acid equivalents/g, and 
93.3 ± 4.9 μmol Trolox/g. That indicates that pineapple juice with enriched bee pol-
len may offer health benefits and higher protection against oxidation thus reducing 
the nutritional and sensory losses through time.

Despite the benefits of carotenoids to food quality, after extraction these com-
pounds are sensitive to heat and light, hydrophobic, and poorly bioavailable. So, to 
enhance their benefits as additives, some strategies have been applied to overcome 
these issues, such as incorporation in emulsions, micro, and nanoencapsulation, or 
incorporation in biofilms and coatings [23, 54, 73, 80, 81, 141, 142, 152].

In this same line, but now with the aim of increasing the shelf life of bread, which 
is a perishable product due to intermediate moisture (~40%), aw (0.94–0.97) and pH 
close to neutrality [135] which leads to the formation of fungi. Deseta et al. [135] 
obtained nanocomplexes based on egg white protein nanoparticles (EWPn) and bio-
active compounds, carvacrol, thymol, and trans-cinnamaldehyde and evaluated their 
application as edible antifungal coatings on preservative-free bread. After 7 days of 
storage, they observed that the coated bread with EWPn-THY and EWPn-CAR 
nanocomplexes showed the lowest counts, being able to delay significantly fungal 
development after 7 days of storage [135].

Foods rich in unsaturated fatty acids are highly sensitive to deterioration caused 
by oxidation [153]. This is a particularly common problem in meat and meat-derived 
products, for example, quail meat. Raw quail meat can be refrigerated for 2 days, 
and cooked meat can be stored for up to 3 days. Therefore, to increase its shelf life, 
it is necessary to use an antibacterial/antioxidant packaging system with active 
polymers [151].

In this sense, Sani et al. [151] developed an active film based on antioxidant/
antibacterial (potato starch/apple pectin/microencapsulated Zataria multiflora 
essential oil/zirconium oxide: St/Pec/MEO/ZrO2) with controlled release ability of 
Zataria multiflora essential oil in order to increase the shelf life of the meat. 
Microbial analysis showed that the microbial count in all quail meat packages 
increased during storage, but the increase in microbial count in the control film is 
greater than in the active films, which indicates the significant effect of encapsulated 
essential oil and ZrO2 nanoparticles in increasing the shelf life of quail meat [151].

In another research, mushroom microparticles (FDMMs) to a achieve synergistic 
antioxidative effect, and curcumin (CCM) and quercetin (QCT) loaded FDMMs 
were incorporated in cooked beef patties to inhibit lipid oxidation. The results 
showed that Patties with FDMMs did not present an increase in TBARS value after 
12-day storage, with the CCM-QCT-loaded FDMMs treatment showing a lower 
level than any other treatments. This suggests that lipid oxidation in cooked patties 
was significantly inhibited with the incorporation of FDMMs, CCM, and QCT, 
most effectively with the addition of CCM-QCT-loaded FDMMs [133].

Antioxidant peptides are also antioxidants that can be applied as additives, in 
active coatings and films, or produced directly in food products aiming at the pre-
vention of oxidation processes and nutritional enrichment [113, 115, 121, 154]. The 
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Table 2.5 Applications for natural antioxidant compounds

Application Source Bioactive Main results Reference

Flaxseed oil (Linun 
usitatissimun)

Sea buckthorn 
pomace

Total carotenoids, 
β-caroten

Carotenoids increased 
the antioxidant capacity 
and stability at 100 and 
110 °C of the flaxseed 
oil

[55]

Food packaging (soy 
protein isolate or 
soybean oil)

Commercial β-carotene High encapsulation 
efficiency. Slower and 
more sustained release 
under heat treatment

[141, 142]

Complex-beewax 
oleogel

Commercial β-carotene Rheological properties 
of the oleogels were 
affected in the presence 
of β-carotene, 
enhancing the capacity 
of the oleogels to retain 
an oil phase within 
their crystalline 
network

[141, 143]

Bakery products 
(cake and bread)

Mandarin 
epicarp

β-carotene, 
β-cryptoxanthin, 
α-carotene, 
zeaxanthin, 
lycopene

Carotenoids added 
color to bread and cake, 
with the potential to 
reduce artificial 
colorants. The 
antioxidant activity was 
not evaluated

[57]

Food packaging 
(Sunflower oil)

Carrot, tomato, 
and annatto 
seeds

β-carotene, 
lycopene, and 
bixin

Films containing 
lycopene and 
β-carotene protected 
sunflower oil against 
light while bixin 
attenuated the 
peroxidation and 
storage conditions

[141, 144]

Bee-polen paste and 
pineapple juice 
beverage

Bee polen. Total carotenoids High pressure 
pre-treatment increased 
the antioxidant activity 
of bee-polen higher 
than 60%, in 
comparison to fresh 
bee-polen

[58]

Food packaging 
(Chitosan films)

Pine needle 
extract

Total phenolics 
and antioxidants

Films for packaging 
numerous oxygen- 
sensitive food products

[145]

Food packaging 
(Starch composite 
film) in cheese

Potato peel Polyphenol Film showed excellent 
antioxidant activity and 
significantly reduced 
the oxidation rate of 
cheese

[136]

(continued)
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Table 2.5 (continued)

Application Source Bioactive Main results Reference

Chitosan–
procyanidin (CS–PC) 
composite films in 
cheese

Ni Procyanidin CS–PC films had a 
significant effect on the 
preservation of cheese; 
the characteristics of 
cheese packaged with 
CS–PC films were 
obviously better than 
those of the control 
groups

[146]

ZnO 
bionanocomposites 
based on RE-ZnO 
nanocomposites in 
Ras cheese

Roselle calyx 
(RE) extract

Total phenolics 
and antioxidants

Chitosan (CS)/guar 
gum (GG)/RE-ZnO 
bionanocomposite films 
enhance the self-life of 
the coated Ras cheese 
in comparison to CS/
GG film; CS/GG/
RE-ZnO 
bionanocomposite films 
was improved its 
chemical, 
microbiological, and 
sensorial properties 
during ripening time in 
comparing with 
uncoated cheese

[147]

Pine needle extract 
(PNE) incorporated 
in beeswax for 
cheese

Pine needle 
extract (PNE)

Antioxidants Shelf life and sensory 
evaluation study 
including 
microbiological and 
sensory analysis 
revealed inhibition of 
mold growth and good 
score of texture and 
appearance with the 
increase in 
concentration of PNE

[132]

Application in 
packaging of fresh 
rainbow trout fillets

Essential oil of 
cinnamon 
(Cinnamomum 
verum)

Polyphenols The shelf-life of 
rainbow trout fillets 
wrapped was extended 
to 12 days

[148]

(continued)
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Table 2.5 (continued)

Application Source Bioactive Main results Reference

Fresh soft cheese Grapefruit seed 
extract (GSE)

Antioxidants The lag time of L. 
monocytogenes in soft 
cheese packed with 
biodegradable 
polybutylene adipate- 
co- terephthalate (with 
GSE was 2.7 times 
longer than that of the 
control, even at the 
abused temperature of 
15 °C)

[149]

Brea Ni Carvacrol (CAR), 
thymol (THY) 
and trans- 
cinnamaldehyde 
(CIN)

The coatings had no 
impact on the 
physicochemical 
properties of the bread 
loaves (moisture, aw, 
texture, and color); egg 
white protein 
nanoparticle (EWPn)-
THY and EWPn-CAR 
nanocomplexes showed 
higher antifungal 
efficacy, extending the 
bread shelf life after 
7 days

[135]

Nitrite-free 
frankfurter-type 
sausage

Green tea, 
stinging nettle 
and olive 
leaves extracts

Antioxidants Combinations of 0.2% 
ε-Polylysine or 1% 
Chitosan with Mixed 
Extract were effective 
to inhibit total viable 
count, yeasts and molds 
growth. 1% Chitosan 
preserved the 
luminosity of sausages 
during refrigerated 
storage

[150]

Quail meat Zataria 
multiflora 
essential oil

Antioxidants The chemical 
properties of quail meat 
packaged with active 
films were kept of 
encapsulated essential 
oil and ZrO2 
nanoparticles and there 
was an increase the 
shelf life of quail meat

[151]

(continued)
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Table 2.5 (continued)

Application Source Bioactive Main results Reference

Eggless cake Flaxseed oil Antioxidants ω-3 fatty acids rich 
cake of acceptable 
quality characteristics 
can be obtained 
meeting requirements 
of vegetarians using 
nano-encapsulated flax 
seed oil powder

[22]

Cake Butcher’s 
broom (Ruscus 
Hyrcanus L) 
leaves (BBL)

Antioxidants Adding the nano- 
capsulated extract of 
BBL to the cake a 
reduced the number of 
spoilage organisms, 
delayed their oxidations 
and extend their shelf 
life

[134]

Beef patties Ni Curcumin and 
quercetin

Mushroom 
microparticles for 
incorporating a variety 
of natural lipophilic 
antioxidants improved 
lipid oxidation in 
cooked beef patties 
during storage

[133]

Vacuum packed 
sausages

Garlic essential 
oil (GEO)

Antioxidants The active films 
retarded lipid oxidation 
and the growth spoilage 
bacterial groups 
compared to the 
control, exhibiting the 
best result with the 
peroxide value, 
thiobarbituric acid 
reactive substances and 
aerobic plate count of 
0.37 (meq/kg lipid), 
0.47 (mg 
malondialdehyde/kg) 
and 3.69 (log CFU/g), 
respectively, on day 50. 
The GEO made no 
significant differences 
in the sensory 
properties comparing to 
free-GEO samples 
(P < 0.05)

[137]

Ni not informed, RE Roselle calyx, PNE pine needle extract, GSE grapefruit seed extract, CAR 
carvacrol, THY thymol, CIN trans-cinnamaldehyde, BBR Butcher’s broom, GEO garlic essential oil
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oxidation in food can lead to rancidity, color changes, off-flavors, nutritional losses, 
and production of toxic substances, so these molecules promote greater shelf lives 
for food products. Also, as many bioactive peptides can be related to the prevention 
effect of many non-communicable diseases, and are low-cost, non-toxic, and 
environmental- friend, their application as food additives can add significant food 
products [113], as shown in Table 2.5.

Antioxidant proteins and peptides have been intensely researched, and currently, 
the studies are focused on the identification and determination of pharmacological 
bioactivities of the molecules in  vitro or in  vivo. Still, there is a lack of studies 
regarding the food preserving potential.

El-Saadony et al. [114] applied hen egg isolate, duck egg isolate, pepper seed 
protein, and pepsin-kidney protein hydrolysate in refrigerated buffalo raw milk. 
During 30 days, all the additives increased the oxidative stability of the milk. Pepper 
seed protein and kidney bean protein hydrolysate reduced the decay of sugars in the 
milk by reducing 45% of bacterial load, compared to other milk samples. Pepper 
seed protein scavenged 87% of DPPH.  Pepper seed protein and kidney beans 
reduced the growth of viable bacteria, molds, and yeasts.

Przybylksi et al. [115] applied peptides (Thr-Ser-Lys-Tyr-Arg) produced by pep-
sin hydrolysis from bovine cruor, a slaughterhouse by-product, in ground beef. The 
results showed that the peptide had similar results to butylated hydroxytoluene 
(BHT). The extracted peptide reduced the lipid oxidation of the food by about 60% 
and inhibited the microbial, molds, and yeasts growth during storage refrigeration 
for 14 days.

Keska et al. [155] investigated the effect of the hydrolysis of proteins from dry- 
cured pork loins by lactic acid bacteria Lactobacillus rhamnosus LOCK 900, 
Lactobacillus acidophilus Bauer L0938, and Lactobacillus animalis ssp. lactis 
BB-12. Results indicated that the type of microorganism did not influence the rela-
tive quantity of peptides and that there is no relationship between this parameter and 
the antioxidant activity. The hydrolysates were able to enhance the antioxidant 
capacities measured by DPPH, Fe2+, Cu2+ in 1.54–7.33, 11.54–125.52, and 
5.49–25.24%, respectively compared to unhydrolyzed samples.

Tkaczewska et  al. [154] applied antioxidant peptides in biopolymer films for 
food conditioning. The peptides were produced by the hydrolysis of carp skin gela-
tin and mixed to furcellaran, an algae polysaccharide, and glycerol to form films by 
casting. The preservation performance was tested in atlantic mackerel carcasses 
stored at 4 °C for 15 days. The films reduced the lipid oxidation in the samples, 
mainly at the early oxidation stages. Also, the coatings inhibited the microbial 
growth (total viable counts, yeasts and molds, Pseudomonas counts), which resulted 
in 2 days increase in shelf life. A consumers’ acceptance test indicated that the films 
did not affect the attractiveness of the Atlantic mackerel carcasses.
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2.4  Prospects and Limitations of Natural Food Antioxidants

Although the health benefits of carotenoids are hard to confirm in vivo, there is 
consistent evidence of benefits so far. Also, the positive effects of those molecules 
in food preservation and sensory enhancement as antioxidants and colorants have 
already been proved. Some ways to enable their use as substitutes of artificial anti-
oxidants and colorants are: (I) to identify economically viable and sustainable 
sources, such as by-products and waste materials; (II) to develop microbiological 
production of carotenoids by microalgae and bacteria cultivations, which could 
include metabolic engineering and synthetic biology; (III) to study non-traditional 
extraction processes and treatments, including ultrasound, enzymes, microwave, 
high pressure, pulsed light, cold plasma, and electric fields, and optimization aiming 
to reduce the production cost of carotenoids, increasing the yields, while avoiding 
losses during production; and (IV) to enhance the stability of carotenoids during 
foods’ storage by nanoencapsulation or incorporation in biopolymeric coatings and 
films, so as the controlled liberation to the food matrices; (V) to study the bioactiv-
ity and stability of carotenoids in different food systems using different food models.

The application of antioxidant peptides in food systems is promising. But, much 
of the effort so far was directed to the production and identification [32, 64–66] of 
these compounds and their pharmacological effects [112, 113] which is itself a 
broad field to explore. Enhancing shelf life studies may be simpler and cheaper, 
although there some issues are limiting the industrial application: (I) lack of studies 
regarding the effects of antioxidant peptides on oxidation in food models involving 
the effects over oxidation, shelf life, safety, and sensorial characteristics; (II) These 
molecules are not still produced in commercial scale, and up-scale studies are 
needed; (III) purification step can be better explored; (IV) the relationship between 
the peptides’ characteristics and their antioxidant activity is not completely 
understood.

2.5  Conclusions

In this chapter, the most used and studied natural antioxidants were discussed. As it 
could be observed, a wide range of diverse molecules presents antioxidant proper-
ties. They can be applied as purified compounds, in extracts, or as components of 
ingredients or raw materials to food products, promoting higher quality, shelf-life, 
bioactive properties, and antimicrobial activity. Natural antioxidants can show 
diverse molecular forms and act many mechanisms. Besides, several of them pres-
ent antimicrobial mechanisms as part of their biological function on the origin 
organism.

Studies on “natural antioxidants” have been on a progressive rise mainly since 
the early 1990s (Web of Science database), passing from 1 in 1990 to 545 papers in 
2021. This is already reflected in food industry regulations around the world and in 
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an increase of natural antioxidants used in food products, as replaced by synthetic. 
Natural antioxidants are naturally present in food products and ingredients, yet they 
were not added as an additive. However, further research on safety and bioactivity 
is needed to increase the range of natural antioxidants accepted by governments as 
food additives.

Despite the benefits of natural antioxidants, some scientific and technological 
gaps to be elucidated still delay broader employment in the food industry. The major 
issues are cost reduction, higher availability, enhancement of stability, antioxidant 
potential, and safety. Studies in those areas, such as encapsulation and controlled 
liberation, diversification of raw materials, and improvement of pretreatments, pro-
duction, and purification processes are highly relevant nowadays as in the follow-
ing years.

With a deeper knowledge of the obtention of these substances in commercially 
feasible ways, more natural antioxidants will take their part in food products, and 
consumers will be less worried about consuming synthetic substances. Furthermore, 
as several antioxidants are obtained from waste or by-products, the production of 
residues can be reduced and converted to high-value ingredients, which enables the 
supply of high-quality food products with a long shelf-life. That contributes to bet-
ter availability of safe food in a more sustainable future.

Conflicts of Interest The author declares no conflict of interest.

Acknowledgments M.J.S. Alves and R.R. Dalsasso gratefully acknowledges the 
Coordination for the Improvement of Higher Education Personnel (CAPES) for 
their doctoral fellowships. G.A.  Valencia would like to thank the Fundação de 
Amparo à Pesquisa e Inovação do Estado de Santa Catarina (FAPESC) (grants 
2021TR000418 and 2021TR001887). The authors gratefully acknowledge the 
Federal University of Santa Catarina (UFSC) for its support.

References

1. Waraho T, Mcclements DJ, Decker EA.  Mechanisms of lipid oxidation in food disper-
sions. Trends Food Sci Technol [Internet]. 2011;22(1):3–13. Available from: https://doi.
org/10.1016/j.tifs.2010.11.003.

2. Nawaz A, Irshad S, Ali I, Khalifa I, Walayat N, Muhammad R, et al. Protein oxidation in 
muscle-based products: effects on physicochemical properties, quality concerns, and chal-
lenges to food industry. Food Res Int [Internet]. 2022;157(February):111322. https://doi.
org/10.1016/j.foodres.2022.111322.

3. Maldonado-Pereira L, Schweiss M, Barnaba C, Medina-Meza IG. The role of cholesterol 
oxidation products in food toxicity. Food Chem Toxicol [Internet]. 2018;118(May):908–39. 
Available from: https://doi.org/10.1016/j.fct.2018.05.059.

4. Kubow S. Routes of formation and toxic consequences of lipid oxidation products in foods. 
Free Radic Biol Med. 1992;12(1):63–81.

M. J. dos Santos Alves et al.

https://doi.org/10.1016/j.tifs.2010.11.003
https://doi.org/10.1016/j.tifs.2010.11.003
https://doi.org/10.1016/j.foodres.2022.111322
https://doi.org/10.1016/j.foodres.2022.111322
https://doi.org/10.1016/j.fct.2018.05.059


59

5. Mariano BJ, de Oliveira VS, Chávez DWH, Castro RN, Riger CJ, Mendes JS, et al. Biquinho 
pepper (Capsium chinense): bioactive compounds, in vivo and in vitro antioxidant  capacities 
and anti-cholesterol oxidation kinetics in fish balls during frozen storage. Food Biosci. 
2022;47(February):101647.

6. Al-Dalali S, Li C, Xu B. Effect of frozen storage on the lipid oxidation, protein oxidation, 
and flavor profile of marinated raw beef meat. Food Chem. 2022;376(June 2021):131881. 
Available from: https://doi.org/10.1016/j.foodchem.2021.131881.

7. Jensen PN, Danielsen B, Bertelsen G, Skibsted LH, Andersen ML. Storage stabilities of pork 
scratchings, peanuts, oatmeal and muesli: comparison of ESR spectroscopy, headspace-GC 
and sensory evaluation for detection of oxidation in dry foods. Food Chem. 2005;91(1):25–38.

8. Cichoski AJ, da Silva JS, Leães YSV, Robalo SS, dos Santos BA, Reis SR, et al. Effects of 
ultrasonic-assisted cooking on the volatile compounds, oxidative stability, and sensory qual-
ity of mortadella. Ultrason Sonochem. 2021;72:105443.

9. Berdahl DR, Nahas RI, Barren JP. Synthetic and natural antioxidant additives in food sta-
bilization: current applications and future research. In: Decker E, Elias R, McClements 
DJ, editors. Oxidation in foods and beverages and antioxidant applications: Volume 1: 
Understanding mechanisms of oxidation and antioxidant activity. Woodhead Publishing 
Limited; 2010. p. 272–320. Available from: https://doi.org/10.1533/9780857090447.2.272.

10. Pokorny J. Are natural antioxidants better – and safer – than synthetic antioxidants? Eur J 
Lipid Sci Technol. 2007;109:629–42.

11. Wang X, Martínez M, Anad A. Synthetic phenolic antioxidants: metabolism, hazards and 
mechanism of action. Food Chem. 2021;353:129488.

12. Wang W, Xiong P, Zhang H, Zhu Q, Liao C. Analysis, occurrence, toxicity and environmental 
health risks of synthetic phenolic antioxidants: a review. Environ Res. 2021;201(June):111531. 
Available from: https://doi.org/10.1016/j.envres.2021.111531.

13. Moure Â, Cruz JM, Franco D, Domõânguez JM, Sineiro J, Domõânguez H, et al. Natural 
antioxidants from residual sources. Food Chem. 2001;72:145–71.

14. Elik A, Yanık DK, Göğüş F. Microwave-assisted extraction of carotenoids from carrot juice 
processing waste using flaxseed oil as a solvent. Lebensm Wiss Technol. 2020;123(December 
2019):109100.

15. Nie X, Xu D, Zhao L, Meng X. Antioxidant activities of chicken bone peptide fractions and 
their Maillard reaction products: effects of different molecular weight distributions. Int J 
Food Prop [Internet]. 2017;20(1):457–66. Available from: https://doi.org/10.1080/1094291
2.2017.1299176.

16. Poletto P, Álvarez-Rivera G, López GD, Borges OMA, Mendiola JA, Ibáñez E, et al. Recovery 
of ascorbic acid, phenolic compounds and carotenoids from acerola by-products: an opportu-
nity for their valorization. Lebensm Wiss Technol. 2021;146(May):111654.

17. de Sousa ASB, da Silva MCA, Lima RP, Meireles BRL d A, Cordeiro ATM, Santos EF d 
S, et al. Phenolic compounds and antioxidant activity as discriminating markers and adding 
value of mango varieties. Sci Hortic (Amsterdam). 2021;287:110259.

18. Torres-valenzuela LS, Ballesteros-gómez A, Sanin A, Rubio S. Separation and Purification 
technology valorization of spent coffee grounds by supramolecular solvent extraction. 
Sep Purif Technol. 2019;228(July):115759. Available from: https://doi.org/10.1016/j.
seppur.2019.115759.

19. Teixeira BF, Aranha JB, Maria T, De SF. Replacing synthetic antioxidants in food emulsions 
with microparticles from green acerola (Malpighia emarginata). Futur Foods. 2022;5(October 
2021):100130. Available from: https://doi.org/10.1016/j.fufo.2022.100130.

20. Luiza Koop B, Nascimento da Silva M, Diniz da Silva F, Thayres dos Santos Lima K, Santos 
Soares L, José de Andrade C, et al. Flavonoids, anthocyanins, betalains, curcumin, and carot-
enoids: sources, classification and enhanced stabilization by encapsulation and adsorption. 
Food Res Int. 2022;153(December 2021):110929.

21. Yousefi M, Shadnoush M, Sohrabvandi S, Khorshidian N, Mortazavian AM. Encapsulation sys-
tems for delivery of flavonoids: a review. Biointerface Res Appl Chem. 2021;11(6):13934–51.

2 Natural Antioxidants

https://doi.org/10.1016/j.foodchem.2021.131881
https://doi.org/10.1533/9780857090447.2.272
https://doi.org/10.1016/j.envres.2021.111531
https://doi.org/10.1080/10942912.2017.1299176
https://doi.org/10.1080/10942912.2017.1299176
https://doi.org/10.1016/j.seppur.2019.115759
https://doi.org/10.1016/j.seppur.2019.115759
https://doi.org/10.1016/j.fufo.2022.100130


60

22. Murugkar DA, Zanwar AA, Shrivastava A. Effect of nano-encapsulation of flaxseed oil on the 
stability, characterization and incorporation on the quality of eggless cake. Appl Food Res. 
2021 Dec;1(2):100025.

23. Rehman A, Tong Q, Jafari SM, Assadpour E, Shehzad Q, Aadil RM, et al. Carotenoid-loaded 
nanocarriers: a comprehensive review. Adv Colloid Interface Sci [Internet]. 2020;275:102048. 
Available from: https://doi.org/10.1016/j.cis.2019.102048.

24. Zuorro A. Optimization of polyphenol recovery from espresso coffee residues using facto-
rial design and response surface methodology. Sep Purif Technol [Internet]. 2015;152:64–9. 
Available from: https://doi.org/10.1016/j.seppur.2015.08.016.

25. del Pozo C, Bartrolí J, Alier S, Puy N, Fàbregas E.  Production of antioxidants and other 
value-added compounds from coffee silverskin via pyrolysis under a biorefinery approach. 
Waste Manag [Internet]. 2020;109:19–27. Available from: https://doi.org/10.1016/j.
wasman.2020.04.044.

26. Xavier Machado T d O, Portugal IBM, Padilha CV d S, Ferreira Padilha F, dos Santos Lima 
M. New trends in the use of enzymes for the recovery of polyphenols in grape byproducts. J 
Food Biochem. 2021;45(5):1–13.

27. Singh B, Singh JP, Kaur A, Singh N. Phenolic composition, antioxidant potential and health 
benefits of citrus peel. Food Res Int. 2020;132:109114.

28. Sun R, Lu J, Nolden A.  Nanostructured foods for improved sensory attributes. Trends 
Food Sci Technol [Internet]. 2021;108(August 2020):281–6. Available from: https://doi.
org/10.1016/j.tifs.2021.01.011.

29. Dalsasso RR, Valencia GA, Monteiro AR. Impact of drying and extractions processes on the 
recovery of gingerols and shogaols, the main bioactive compounds of ginger. Food Res Int. 
2022;154(November 2021):111043.

30. Gil-Martín E, Forbes-Hernández T, Alejandro R, Cianciosi D, Giampieri F, Battino 
M. Influence of the extraction method on the recovery of bioactive phenolic compounds from 
food industry by-products [Internet]. Food Chem. Elsevier Ltd. 2021;378:131918. Available 
from: https://doi.org/10.1016/j.foodchem.2021.131918.

31. Zamora R, Hidalgo FJ.  The triple defensive barrier of phenolic compounds against the 
lipid oxidation-induced damage in food products. Trends Food Sci Technol [Internet]. 
2016;54:165–74. Available from: https://doi.org/10.1016/j.tifs.2016.06.006.

32. Hoang HT, Moon J-Y, Lee Y-C. Natural antioxidants from plant extracts in skincare cosmet-
ics: recent applications, challenges and perspectives. Cosmetics. 2021;8(4):106.

33. Giannakourou MC, Taoukis PS, Silva M, Miller FA, Ribeiro TM, Brandão S. Effect of alter-
native preservation steps and storage on vitamin C stability in fruit and vegetable products: 
critical review and kinetic modelling approaches. Foods. 2021;10(11):2630.

34. Bedhiafi T, Inchakalody VP, Fernandes Q, Mestiri S, Billa N, Uddin S, et  al. The poten-
tial role of vitamin C in empowering cancer immunotherapy. Biomed Pharmacother. 2022 
Feb;146:112553.

35. Carocho M, Morales P, Ferreira ICFR. Antioxidants: reviewing the chemistry, food applica-
tions, legislation and role as preservatives. Trends Food Sci Technol. 2018;71:107–20.

36. Orsavová J, Hlaváčová I, Mlček J, Snopek L, Mišurcová L. Contribution of phenolic com-
pounds, ascorbic acid and vitamin E to antioxidant activity of currant (Ribes L.) and goose-
berry (Ribes uva-crispa L.) fruits. Food Chem. 2019;284:323–33.

37. Kolla MC, Laya A, Bayang JP, Koubala BB. Effect of different drying methods and storage 
conditions on physical, nutritional, bioactive compounds and antioxidant properties of doum 
(Hyphaene thebaica) fruits. Heliyon. 2021;7(4):e06678.

38. Zia MP, Alibas I. Influence of the drying methods on color, vitamin C, anthocyanin, pheno-
lic compounds, antioxidant activity, and in vitro bioaccessibility of blueberry fruits. Food 
Biosci. 2021;42:101179.

39. Hegazy AK, Mohamed AA, Ali SI, Alghamdi NM, Abdel-Rahman AM, Al-Sobeai 
S.  Chemical ingredients and antioxidant activities of underutilized wild fruits. Heliyon. 
2019;5(6):e01874.

M. J. dos Santos Alves et al.

https://doi.org/10.1016/j.cis.2019.102048
https://doi.org/10.1016/j.seppur.2015.08.016
https://doi.org/10.1016/j.wasman.2020.04.044
https://doi.org/10.1016/j.wasman.2020.04.044
https://doi.org/10.1016/j.tifs.2021.01.011
https://doi.org/10.1016/j.tifs.2021.01.011
https://doi.org/10.1016/j.foodchem.2021.131918
https://doi.org/10.1016/j.tifs.2016.06.006


61

40. Rahman MH, Hasan MN, Khan MZH. Study on different nano fertilizers influencing the 
growth, proximate composition and antioxidant properties of strawberry fruits. J Agric Food 
Res. 2021;6:100246.

41. Elez-Martínez P, Martín-Belloso O. Effects of high intensity pulsed electric field processing 
conditions on vitamin C and antioxidant capacity of orange juice and gazpacho, a cold veg-
etable soup. Food Chem. 2007;102(1):201–9.

42. De Ancos B, Rodrigo MJ, Sánchez-Moreno C, Pilar Cano M, Zacarías L. Effect of high- 
pressure processing applied as pretreatment on carotenoids, flavonoids and vitamin C in juice 
of the sweet oranges “Navel” and the red-fleshed “Cara Cara”. Food Res Int. 2020;132:109105.

43. Radenkovs V, Püssa T, Juhnevica-Radenkova K, Kviesis J, Salar FJ, Moreno DA, et al. Wild 
apple (Malus spp.) by-products as a source of phenolic compounds and vitamin C for food 
applications. Food Biosci. 2020;38:100744.

44. de Assis RC, de Lima Gomes Soares R, Siqueira ACP, de Rosso VV, de Sousa PHM, Mendes 
AEP, et  al. Determination of water-soluble vitamins and carotenoids in Brazilian tropical 
fruits by high performance liquid chromatography. Heliyon. 2020;6(10):e05307.

45. Coelho EM, da Silva Haas IC, de Azevedo LC, Bastos DC, Fedrigo IMT, dos Santos LM, 
et  al. Multivariate chemometric analysis for the evaluation of 22 citrus fruits growing in 
Brazil’s semi-arid region. J Food Compos Anal. 2021;101:103964.

46. Alves Borges OM, Cesca K, Arend GD, Alvarez-Rivera G, Cifuentes A, Ferreira Zielinski 
AA, et al. Integrated green-based methods to recover bioactive compounds from by-product 
of acerola processing. Lebensm Wiss Technol. 2021;151:112104.

47. Xu M, Shen C, Zheng H, Xu Y, Xue C, Zhu B, et al. Metabolomic analysis of acerola cherry 
(Malpighia emarginata) fruit during ripening development via UPLC-Q-TOF and contribu-
tion to the antioxidant activity. Food Res Int. 2020;130:108915.

48. Thi Thanh Huong N, Thinh P, Vinh Long D, Bao Long H, Thanh Dat U, Tan Phat D, et al. 
Effects of microwave and ultrasound treatment on vitamin C, polyphenols and antioxidant 
activity of mango (Mangifera indica) during low temperature drying. Mater Today Proc. 
2022;59(1):781–6.

49. Vieira MC, Teixeira AA, Silva CLM. Mathematical modeling of the thermal degradation kinet-
ics of vitamin C in cupuaçu (Theobroma grandiflorum) nectar. J Food Eng. 2000;43(1):1–7.

50. Van Bree I, Baetens JM, Samapundo S, Devlieghere F, Laleman R, Vandekinderen I, et al. 
Modelling the degradation kinetics of vitamin C in fruit juice in relation to the initial head-
space oxygen concentration. Food Chem. 2012;134(1):207–14.

51. Fustier P, St-Germain F, Lamarche F, Mondor M. Non-enzymatic browning and ascorbic acid 
degradation of orange juice subjected to electroreduction and electro-oxidation treatments. 
Innov Food Sci Emerg Technol. 2011;12(4):491–8.

52. Odriozola-Serrano I, Soliva-Fortuny R, Martín-Belloso O. Influence of storage temperature 
on the kinetics of the changes in anthocyanins, vitamin C, and antioxidant capacity in fresh- 
cut strawberries stored under high-oxygen atmospheres. J Food Sci. 2009;74(2):C184–91.

53. Meléndez-Martínez AJ, Mapelli-Brahm P. The undercover colorless carotenoids phytoene 
and phytofluene: importance in agro-food and health in the Green Deal era and possibilities 
for innovation. Trends Food Sci Technol. 2021;116(April):255–63.

54. Santos PD d F, Rubio FTV, Balieiro JC d C, Thomazini M, Favaro-Trindade CS. Application 
of spray drying for production of microparticles containing the carotenoid-rich tucumã oil 
(Astrocaryum vulgare Mart.). Lebensm Wiss Technol. 2021;143(February):111106.

55. Bhimjiyani VH, Borugadda VB, Naik S, Dalai AK. Enrichment of flaxseed (Linum usita-
tissimum) oil with carotenoids of sea buckthorn pomace via ultrasound-assisted extraction 
technique: enrichment of flaxseed oil with sea buckthorn. Curr Res Food Sci. 2021;4:478–88.

56. Mantovani RA, Rasera ML, Vidotto DC, Mercadante AZ, Tavares GM. Binding of carotenoids 
to milk proteins: why and how. Trends Food Sci Technol [Internet]. 2021;110(January):280–90. 
Available from: https://doi.org/10.1016/j.tifs.2021.01.088.

2 Natural Antioxidants

https://doi.org/10.1016/j.tifs.2021.01.088


62

57. Ordóñez-Santos LE, Esparza-Estrada J, Vanegas-Mahecha P. Ultrasound-assisted extraction 
of total carotenoids from mandarin epicarp and application as natural colorant in bakery 
products. Lebensm Wiss Technol. 2021;139(September 2020):110598.

58. Zuluaga C, Martínez A, Fernández J, López-Baldó J, Quiles A, Rodrigo D. Effect of high pres-
sure processing on carotenoid and phenolic compounds, antioxidant capacity, and microbial 
counts of bee-pollen paste and bee-pollen-based beverage. Innov Food Sci Emerg Technol 
[Internet]. 2016;37:10–7. Available from: https://doi.org/10.1016/j.ifset.2016.07.023.

59. Rodriguez-Concepcion M, Avalos J, Bonet ML, Boronat A, Gomez-Gomez L, Hornero- 
Mendez D, et al. A global perspective on carotenoids: metabolism, biotechnology, and ben-
efits for nutrition and health. Prog Lipid Res. 2018;70(April):62–93.

60. Gómez-García R, Campos DA, Oliveira A, Aguilar CN, Madureira AR, Pintado M. A chemi-
cal valorisation of melon peels towards functional food ingredients: bioactives profile and 
antioxidant properties. Food Chem [Internet]. 2021;335(July 2020):127579. Available from: 
https://doi.org/10.1016/j.foodchem.2020.127579.

61. Gutiérrez-Del-río I, López-Ibáñez S, Magadán-Corpas P, Fernández-Calleja L, Pérez-Valero 
Á, Tuñón-Granda M, et al. Terpenoids and polyphenols as natural antioxidant agents in food 
preservation. Antioxidants. 2021;10(8):1264.

62. Marçal S, Pintado M. Mango peels as food ingredient / additive: nutritional value, process-
ing, safety and applications. Trends Food Sci Technol [Internet]. 2021;114(June):472–89. 
Available from: https://doi.org/10.1016/j.tifs.2021.06.012.

63. Saini RK, Moon SH, Keum YS. An updated review on use of tomato pomace and crusta-
cean processing waste to recover commercially vital carotenoids. Food Res Int [Internet]. 
2018;108(April):516–29. Available from: https://doi.org/10.1016/j.foodres.2018.04.003.

64. Nascimento-Silva NRRD, Naves MMV. Potential of whole Pequi (Caryocar spp.) fruit-pulp, 
almond, oil, and Shell-as a medicinal food. J Med Food. 2019;22(9):952–62.

65. Ruelas-chacon X, Mejía-López A, Moreno-Sánchez O, Rodríguez-Guitiérrez L, Aguilera- 
Carbó AF, Rebolloso-Padilla ON, et al. Lycopene extraction from tomato waste assisted by 
cellulase and pectinase. In: Kuddus M, Aguilar C, editors. Value-addition in food products 
and processing through enzyme technology. Enzyme Technology; 2022. p. 283–91.

66. Chaijan M, Panpipat W. Basic composition, antioxidant activity and nanoemulsion behavior of 
oil from mantis shrimp (Oratosquilla nepa). Food Biosci [Internet]. 2019;31(August):100448. 
Available from: https://doi.org/10.1016/j.fbio.2019.100448.

67. Eismann AI, Perpetuo Reis R, Ferreira da Silva A, Negrão CD.  Ulva spp. carotenoids: 
responses to environmental conditions. Algal Res. 2020;48(May 2019):101916.

68. Alizadeh Z, Fattahi M. Essential oil, total phenolic, flavonoids, anthocyanins, carotenoids and 
antioxidant activity of cultivated Damask Rose (Rosa damascena) from Iran: with chemotyp-
ing approach concerning morphology and composition. Sci Hortic (Amsterdam) [Internet]. 
2021;288(May):110341. Available from: https://doi.org/10.1016/j.scienta.2021.110341.

69. Balasubramaniam V, June Chelyn L, Vimala S, Mohd Fairulnizal MN, Brownlee IA, Amin 
I. Carotenoid composition and antioxidant potential of Eucheuma denticulatum, Sargassum 
polycystum and Caulerpa lentillifera. Heliyon [Internet]. 2020;6(8):e04654. Available from: 
https://doi.org/10.1016/j.heliyon.2020.e04654.

70. Dulf FV, Vodnar DC, Toşa MI, Dulf EH. Simultaneous enrichment of grape pomace with 
γ-linolenic acid and carotenoids by solid-state fermentation with Zygomycetes fungi and anti-
oxidant potential of the bioprocessed substrates. Food Chem. 2020;310(June 2019):125927.

71. González CM, García AL, Llorca E, Hernando I, Atienzar P, Bermejo A, et al. Carotenoids 
in dehydrated persimmon: antioxidant activity, structure, and photoluminescence. Lebensm 
Wiss Technol. 2021;142(September 2020):111007.

72. Hossain MS, Sifat SA. Din, Hossain MA, Salleh S, Hossain M, Akter S, et  al. compara-
tive assessment of bioactive compounds, antioxidant capacity and nutritional quality of red 
seaweeds and water spinach. Reg Stud Mar Sci [Internet]. 2021;46:101878. Available from: 
https://doi.org/10.1016/j.rsma.2021.101878.

M. J. dos Santos Alves et al.

https://doi.org/10.1016/j.ifset.2016.07.023
https://doi.org/10.1016/j.foodchem.2020.127579
https://doi.org/10.1016/j.tifs.2021.06.012
https://doi.org/10.1016/j.foodres.2018.04.003
https://doi.org/10.1016/j.fbio.2019.100448
https://doi.org/10.1016/j.scienta.2021.110341
https://doi.org/10.1016/j.heliyon.2020.e04654
https://doi.org/10.1016/j.rsma.2021.101878


63

73. Fernandes AS, Nascimento TC, Pinheiro PN, Vendruscolo RG, Wagner R, de Rosso VV, et al. 
Bioaccessibility of microalgae-based carotenoids and their association with the lipid matrix. 
Food Res Int. 2021;148(July):110596.

74. Jesus P d CC d, Mendes MA, Perpétuo EA, Basso TO, Nascimento CAO d. Extracellular 
carotenoid production and fatty acids profile of Parachlorella kessleri under increased CO2 
concentrations. J Biotechnol. 2021;November 2020(329):151–9.

75. Jimenez-Escobar MP, Pascual-Mathey LI, Beristain CI, Flores-Andrade E, Jiménez M, 
Pascual-Pineda LA. In vitro and In vivo antioxidant properties of paprika carotenoids nano-
emulsions. Lebensm Wiss Technol [Internet]. 2020;118(January 2019):108694. Available 
from: https://doi.org/10.1016/j.lwt.2019.108694.

76. Hu K, Peng D, Wang L, Liu H, Xie B, Sun Z. Effect of mild high hydrostatic pressure treat-
ments on physiological and physicochemical characteristics and carotenoid biosynthesis in 
postharvest mango. Postharvest Biol Technol [Internet]. 2021;172(September 2020):111381. 
Available from: https://doi.org/10.1016/j.postharvbio.2020.111381.

77. Mendes-Silva T d CD, Vidal EE, de Souza R d FR, Schmidt K d C, Mendes PVD, da Silva 
Andrade RF, et  al. Production of carotenoid sarcinaxanthin by Kocuria palustris isolated 
from Northeastern Brazil Caatinga soil and their antioxidant and photoprotective activities. 
Electron J Biotechnol. 2021;53:44–53.

78. Kourouma V, Mu TH, Zhang M, Sun HN.  Effects of cooking process on carotenoids 
and antioxidant activity of orange-fleshed sweet potato. Lebensm Wiss Technol. 
2019;104(January):134–41.

79. Santos JT d C, Petry FC, Tobaruela E d C, Mercadante AZ, Gloria MBA, Costa AM, et al. 
Brazilian native passion fruit (Passiflora tenuifila Killip) is a rich source of proanthocyani-
dins, carotenoids, and dietary fiber. Food Res Int. 2021;147(May):110521.

80. Vieira MV, Derner RB, Lemos-Senna E. Preparation and characterization of Haematococcus 
pluvialis carotenoid-loaded PLGA nanocapsules in a gel system with antioxidant properties 
for topical application. J Drug Deliv Sci Technol. 2021;61(September 2020):102099.

81. Ursache FM, Andronoiu DG, Ghinea IO, Barbu V, Ioniţă E, Cotârleţ M, et al. Valorizations 
of carotenoids from sea buckthorn extract by microencapsulation and formulation of value- 
added food products. J Food Eng. 2018;219:16–24.

82. Zeb A, Imran M. Carotenoids, pigments, phenolic composition and antioxidant activity of 
Oxalis corniculata leaves. Food Biosci. 2019;32(October):100472.

83. Nile A, Gansukh E, Park GS, Kim DH, Hariram NS. Novel insights on the multi-functional 
properties of flavonol glucosides from red onion (Allium cepa L) solid waste – in vitro and in 
silico approach. Food Chem. 2021;335:127650.

84. Raphaelli C d O, Azevedo JG, Pereira E d S, Vinholes JR, Camargo TM, Hoffmann JF, et al. 
Phenolic-rich apple extracts have photoprotective and anti-cancer effect in dermal cells. 
Phytomed Plus. 2021;1(4):100112.

85. Stander JH, Muller M, Joubert E, Labuschagné IF, De Beer D. Potential of low-chill requir-
ing and pink-fleshed apple cultivars for cloudy juice production. J Food Compos Anal. 
2021;103:104089.

86. Dong F, Hu J, Shi Y, Liu M, Zhang Q, Ruan J. Effects of nitrogen supply on flavonol glyco-
side biosynthesis and accumulation in tea leaves (Camellia sinensis). Plant Physiol Biochem. 
2019;138:48–57.

87. Tomić J, Glišić I, Milošević N, Štampar F, Mikulič-Petkovšek M, Jakopič J. Determination 
of fruit chemical contents of two plum cultivars grafted on four rootstocks. J Food Compos 
Anal. 2022;105:103944.

88. Ding T, Cao K, Fang W, Zhu G, Chen C, Wang X, et al. Evaluation of phenolic components 
(anthocyanins, flavanols, phenolic acids, and flavonols) and their antioxidant properties of 
peach fruits. Sci Hortic (Amsterdam). 2020;268:109365.

89. Silva C, Câmara JS, Perestrelo R. A high-throughput analytical strategy based on QuEChERS- 
dSPE/HPLC–DAD–ESI-MSn to establish the phenolic profile of tropical fruits. J Food 
Compos Anal. 2021;98:103844.

2 Natural Antioxidants

https://doi.org/10.1016/j.lwt.2019.108694
https://doi.org/10.1016/j.postharvbio.2020.111381


64

90. Aissat AK, Chaher-Bazizi N, Richard T, Kilani-Atmani D, Pedrot E, Renouf E, et al. Analysis 
of individual anthocyanins, flavanols, flavonols and other polyphenols in Pistacia lentiscus 
L. fruits during ripening. J Food Compos Anal. 2022;106:104286.

91. Singh P, Roy TK, Kanupriya C, Tripathi PC, Kumar P, Shivashankara KS.  Evaluation of 
bioactive constituents of Garcinia indica (kokum) as a potential source of hydroxycitric acid, 
anthocyanin, and phenolic compounds. Lebensm Wiss Technol. 2022;156:112999.

92. Gomes ACA, da Costa LM, de Oliveira KÁR, dos Santos LM, Magnani M, Câmara MPS, 
et  al. Coatings with chitosan and phenolic-rich extract from acerola (Malpighia emar-
ginata D.C.) or jabuticaba (Plinia jaboticaba (Vell.) Berg) processing by-product to control 
rot caused by Lasiodiplodia spp. in papaya (Carica papaya L.) fruit. Int J Food Microbiol. 
2020;331:108694.

93. Liu Y, Benohoud M, Galani Yamdeu JH, Gong YY, Orfila C. Green extraction of polyphenols 
from citrus peel by-products and their antifungal activity against Aspergillus flavus. Food 
Chem X. 2021;12:100144.

94. Santarelli V, Neri L, Sacchetti G, Di Mattia CD, Mastrocola D, Pittia P. Response of organic 
and conventional apples to freezing and freezing pre-treatments: focus on polyphenols con-
tent and antioxidant activity. Food Chem. 2020;308:125570.

95. Ćorković I, Pichler A, Buljeta I, Šimunović J, Kopjar M. Carboxymethylcellulose hydrogels: 
effect of its different amount on preservation of tart cherry anthocyanins and polyphenols. 
Curr Plant Biol. 2021;28:100222.

96. Jaakola L, Määttä K, Pirttilä AM, Törrönen R, Kärenlampi S, Hohtola A. Expression of genes 
involved in anthocyanin biosynthesis in relation to anthocyanin, proanthocyanidin, and flavo-
nol levels during bilberry fruit development. Plant Physiol. 2002;130(2):729–39.

97. Kan J, Liu J, Xu F, Yun D, Yong H, Liu J. Development of pork and shrimp freshness moni-
toring labels based on starch/polyvinyl alcohol matrices and anthocyanins from 14 plants: a 
comparative study. Food Hydrocoll [Internet]. 2022;124(PA):107293. Available from: https://
doi.org/10.1016/j.foodhyd.2021.107293.

98. Bhargav V, Kumar R, Shivashankara KS, Rao TM, Dhananjaya MV, Sane A, et al. Diversity 
of flavonoids profile in China aster [Callistephus chinensis (L.) Nees.] genotypes. Ind Crops 
Prod. 2018;111:513–9.

99. Kil YS, Choi SK, Lee YS, Jafari M, Seo EK. Chalcones from Angelica keiskei: evaluation of 
their heat shock protein inducing activities. J Nat Prod. 2015;78(10):2481–7.

100. Funakoshi-Tago M, Okamoto K, Izumi R, Tago K, Yanagisawa K, Narukawa Y, et al. Anti- 
inflammatory activity of flavonoids in Nepalese propolis is attributed to inhibition of the 
IL-33 signaling pathway. Int Immunopharmacol. 2015;25(1):189–98.

101. Caamal-Fuentes EE, Peraza-Sánchez SR, Torres-Tapia LW, Moo-Puc RE. Isolation and iden-
tification of cytotoxic compounds from aeschynomene fascicularis, a mayan medicinal plant. 
Molecules. 2015;20(8):13563–74.

102. Reynoso-Camacho R, Rodríguez-Villanueva LD, Sotelo-González AM, Ramos-Gómez M, 
Pérez-Ramírez IF. Citrus decoction by-product represents a rich source of carotenoid, phytos-
terol, extractable and non-extractable polyphenols. Food Chem. 2021;350:129239.

103. Tsiokanos E, Tsafantakis N, Termentzi A, Aligiannis N, Skaltsounis LA, Fokialakis 
N.  Phytochemical characteristics of bergamot oranges from the Ionian islands of Greece: 
a multi-analytical approach with emphasis in the distribution of neohesperidose flavanones. 
Food Chem. 2021;343:128400.

104. de la Rosa LA, Moreno-Escamilla JO, Rodrigo-García J, Alvarez-Parrilla E. Phenolic com-
pounds. In: Yahia E, Carrillo-Lopez A, editors. Postharvest physiology and biochemistry of 
fruits and vegetables. Woodhead Publishing; 2019. p. 253–71.

105. Singla RK, Dubey AK, Garg A, Sharma RK, Fiorino M, Ameen SM, et al. Natural polyphe-
nols: chemical classification, definition of classes, subcategories, and structures. J AOAC Int. 
2019;102(5):1397–400.

106. Tang Y, Xiao L, Wu X, Li W, Wu T, Zhang P.  Impact of germination pretreatment on the 
polyphenol profile, antioxidant activities, and physicochemical properties of three color 
 cultivars of highland barley. J Cereal Sci [Internet]. 2021;97:103152. Available from: https://
doi.org/10.1016/j.jcs.2020.103152.

M. J. dos Santos Alves et al.

https://doi.org/10.1016/j.foodhyd.2021.107293
https://doi.org/10.1016/j.foodhyd.2021.107293
https://doi.org/10.1016/j.jcs.2020.103152
https://doi.org/10.1016/j.jcs.2020.103152


65

107. Cutrim CS, Cortez MAS. A review on polyphenols: classification, beneficial effects and their 
application in dairy products. Int J Dairy Technol. 2018;71(3):564–78.

108. Vardhan PV, Shukla LI. Gamma irradiation of medicinally important plants and the enhance-
ment of secondary metabolite production. Int J Radiat Biol. 2017;93(9):967–79. https://doi.
org/10.1080/09553002.2017.1344788.

109. Hong T, Benjakul S, Sae-leaw T, Khansaheb A. Trends in food science & technology pro-
tein  – polyphenol conjugates: antioxidant property, functionalities and their applications. 
Trends Food Sci Technol. 2019;91(June):507–17.

110. Chernukha IM, Fedulova LV, Kotenkova EA. Meat by-product is a source of tissue-specific 
bioactive proteins and peptides against cardio-vascular diseases. Procedia Food Sci [Internet]. 
2015;5:50–3. Available from: https://doi.org/10.1016/j.profoo.2015.09.013.

111. Esfandi R, Walters ME, Tsopmo A.  Antioxidant properties and potential mechanisms of 
hydrolyzed proteins and peptides from cereals. Heliyon [Internet]. 2019;5(4):e01538. 
Available from: https://doi.org/10.1016/j.heliyon.2019.e01538.

112. Daroit DJ, Brandelli A.  In vivo bioactivities of food protein-derived peptides  – a current 
review. Curr Opin Food Sci. 2021;39:120–9.

113. Wen C, Zhang J, Zhang H, Duan Y, Ma H. Plant protein-derived antioxidant peptides: isola-
tion, identification, mechanism of action and application in food systems: a review. Trends 
Food Sci Technol [Internet]. 2020;105(September):308–22. Available from: https://doi.
org/10.1016/j.tifs.2020.09.019.

114. El-Saadony MT, S. F. Khalil O, Osman A, Alshilawi MS, Taha AE, Aboelenin SM, et al. 
Bioactive peptides supplemented raw buffalo milk: biological activity, shelf life and quality 
properties during cold preservation. Saudi. J Biol Sci. 2021;28(8):4581–91.

115. Przybylski R, Firdaous L, Châtaigné G, Dhulster P, Nedjar N. Production of an antimicrobial 
peptide derived from slaughterhouse by-product and its potential application on meat as pre-
servative. Food Chem [Internet]. 2016;211:306–13. Available from: https://doi.org/10.1016/j.
foodchem.2016.05.074.

116. Lorenzo JM, Munekata PES, Gómez B, Barba FJ, Mora L, Pérez-Santaescolástica C, 
et al. Bioactive peptides as natural antioxidants in food products – a review. Trends Food 
Sci Technol [Internet]. 2018;79(July):136–47. Available from: https://doi.org/10.1016/j.
tifs.2018.07.003.

117. Zhan Q, Wang Q, Liu Q, Guo Y, Gong F, Hao L, et  al. The antioxidant activity of pro-
tein fractions from Sacha inchi seeds after a simulated gastrointestinal digestion. Lebensm 
Wiss Technol [Internet]. 2021;145(November 2020):111356. Available from: https://doi.
org/10.1016/j.lwt.2021.111356.

118. Pan C, Ma J, Tao F, Ji C, Zhao Y, Chen S, et  al. Novel insight into the antioxidant pro-
teins derived from laver (Porphyra haitanensis) by proteomics analysis and protein based 
bioinformatics. Food Biosci [Internet]. 2021;42(April):101134. Available from: https://doi.
org/10.1016/j.fbio.2021.101134.

119. Di Bernardini R, Harnedy P, Bolton D, Kerry J, O’Neill E, Mullen AM, et al. Antioxidant 
and antimicrobial peptidic hydrolysates from muscle protein sources and by-products. Food 
Chem. 2011;124(4):1296–307.

120. Zhao Y, Wang C, Lu W, Sun C, Zhu X, Fang Y. Evolution of physicochemical and antioxi-
dant properties of whey protein isolate during fibrillization process. Food Chem [Internet]. 
2021;357(April):129751. Available from: https://doi.org/10.1016/j.foodchem.2021.129751.

121. Arihara K, Yokoyama I, Ohata M. Bioactivities generated from meat proteins by enzymatic 
hydrolysis and the Maillard reaction. Meat Sci. 2021;180(May):108561.

122. Sila A, Bougatef A. Antioxidant peptides from marine by-products: isolation, identification 
and application in food systems. J Funct Foods [Internet]. 2016;21:10–26. Available from: 
https://doi.org/10.1016/j.jff.2015.11.007.

123. Cui Q, Sun Y, Cheng J, Guo M.  Effect of two-step enzymatic hydrolysis on the antioxi-
dant properties and proteomics of hydrolysates of milk protein concentrate. Food Chem 
[Internet]. 2022;366(July 2021):130711. Available from: https://doi.org/10.1016/j.
foodchem.2021.130711.

2 Natural Antioxidants

https://doi.org/10.1080/09553002.2017.1344788
https://doi.org/10.1080/09553002.2017.1344788
https://doi.org/10.1016/j.profoo.2015.09.013
https://doi.org/10.1016/j.heliyon.2019.e01538
https://doi.org/10.1016/j.tifs.2020.09.019
https://doi.org/10.1016/j.tifs.2020.09.019
https://doi.org/10.1016/j.foodchem.2016.05.074
https://doi.org/10.1016/j.foodchem.2016.05.074
https://doi.org/10.1016/j.tifs.2018.07.003
https://doi.org/10.1016/j.tifs.2018.07.003
https://doi.org/10.1016/j.lwt.2021.111356
https://doi.org/10.1016/j.lwt.2021.111356
https://doi.org/10.1016/j.fbio.2021.101134
https://doi.org/10.1016/j.fbio.2021.101134
https://doi.org/10.1016/j.foodchem.2021.129751
https://doi.org/10.1016/j.jff.2015.11.007
https://doi.org/10.1016/j.foodchem.2021.130711
https://doi.org/10.1016/j.foodchem.2021.130711


66

124. Zhang D, Chen L, Cai J, Dong Q, Din Z u, Hu ZZ, et al. Starch/tea polyphenols nanofibrous 
films for food packaging application: from facile construction to enhance mechanical, antiox-
idant and hydrophobic properties. Food Chem [Internet]. 2021;360(December 2020):129922. 
Available from: https://doi.org/10.1016/j.foodchem.2021.129922.

125. Tong X, Cao J, Tian T, Lyu B, Miao L, Lian Z, et al. Changes in structure, rheological prop-
erty and antioxidant activity of soy protein isolate fibrils by ultrasound pretreatment and 
EGCG. Food Hydrocoll [Internet]. 2022;122(August 2021):107084. Available from: https://
doi.org/10.1016/j.foodhyd.2021.107084.

126. Daliri H, Ahmadi R, Pezeshki A, Hamishehkar H, Mohammadi M, Beyrami H, et al. Quinoa 
bioactive protein hydrolysate produced by pancreatin enzyme- functional and antioxidant 
properties. Lebensm Wiss Technol [Internet]. 2021;150(June):111853. Available from: 
https://doi.org/10.1016/j.lwt.2021.111853.

127. Gao J, Li T, Chen D, Gu H, Mao X.  Identification and molecular docking of antioxi-
dant peptides from hemp seed protein hydrolysates. Lebensm Wiss Technol [Internet]. 
2021;147(April):111453. Available from: https://doi.org/10.1016/j.lwt.2021.111453.

128. Gómez A, Gay C, Tironi V, Avanza MV.  Structural and antioxidant properties of cowpea 
protein hydrolysates. Food Biosci. 2021;41(January):101074.

129. Habinshuti I, Mu TH, Zhang M. Structural, antioxidant, aroma, and sensory characteristics of 
Maillard reaction products from sweet potato protein hydrolysates as influenced by different 
ultrasound-assisted enzymatic treatments. Food Chem [Internet]. 2021;361(April):130090. 
Available from: https://doi.org/10.1016/j.foodchem.2021.130090.

130. Liu C, Hu B, Cheng Y, Guo Y, Yao W, Qian H. Carotenoids from fungi and microalgae: a 
review on their recent production, extraction, and developments. Bioresour Technol [Internet]. 
2021;337(June):125398. Available from: https://doi.org/10.1016/j.biortech.2021.125398.

131. Ryder K, Bekhit AE, Mcconnell M, Carne A.  Towards generation of bioactive peptides 
from meat industry waste proteins: generation of peptides using commercial microbial pro-
teases. Food Chem [Internet]. 2016;208:42–50. Available from: https://doi.org/10.1016/j.
foodchem.2016.03.121.

132. Joseph-Leenose-Helen J, Noor N, Mushtaq M, Gani A. Ultrasonics as a tool for development 
of pine-needle extract loaded bee wax edible packaging for value addition of Himalayan 
cheese. Ultrason Sonochem. 2022;82:105914.

133. Choi I, Li N, Zhong Q. Co-loading curcumin and quercetin in freeze-dried mushroom mic-
roparticles to inhibit lipid oxidation in beef patties. Food Chem. 2022;374:131625.

134. Mahmoudi L, Tavakoilpour H, Roozbeh-Nasiraie L, Kalbasi-Ashtari A.  Ultrasonication 
and encapsulation of Butcher broom (Ruscus Hyrcanus L.) extract and its bioactive effects 
on qualitative properties, oxidative stability and shelf life of cake. Sustain Chem Pharm. 
2020;17:100295.

135. Deseta ML, Sponton OE, Erben M, Osella CA, Frisón LN, Fenoglio C, et al. Nanocomplexes 
based on egg white protein nanoparticles and bioactive compounds as antifungal edible coat-
ings to extend bread shelf life. Food Res Int. 2021;148:110597.

136. Ma Y, Zhao H, Ma Q, Cheng D, Zhang Y, Wang W, et al. Development of chitosan/potato peel 
polyphenols nanoparticles driven extended-release antioxidant films based on potato starch. 
Food Packag Shelf Life. 2022;31:100793.

137. Esmaeili H, Cheraghi N, Khanjari A, Rezaeigolestani M, Basti AA, Kamkar A, et  al. 
Incorporation of nanoencapsulated garlic essential oil into edible films: a novel approach for 
extending shelf life of vacuum-packed sausages. Meat Sci. 2020;166:108135.

138. Flakelar CL, Prenzler PD, Luckett DJ, Howitt JA, Doran G. A rapid method for the simul-
taneous quantification of the major tocopherols, carotenoids, free and esterified sterols 
in canola (Brassica napus) oil using normal phase liquid chromatography. Food Chem. 
2017;214:147–55.

139. Martins FCOL, Sentanin MA, De Souza D.  Analytical methods in food additives deter-
mination: compounds with functional applications. Food Chem [Internet]. 2019;272(April 
2018):732–50. Available from: https://doi.org/10.1016/j.foodchem.2018.08.060.

M. J. dos Santos Alves et al.

https://doi.org/10.1016/j.foodchem.2021.129922
https://doi.org/10.1016/j.foodhyd.2021.107084
https://doi.org/10.1016/j.foodhyd.2021.107084
https://doi.org/10.1016/j.lwt.2021.111853
https://doi.org/10.1016/j.lwt.2021.111453
https://doi.org/10.1016/j.foodchem.2021.130090
https://doi.org/10.1016/j.biortech.2021.125398
https://doi.org/10.1016/j.foodchem.2016.03.121
https://doi.org/10.1016/j.foodchem.2016.03.121
https://doi.org/10.1016/j.foodchem.2018.08.060


67

140. Padhi EMT, Liu R, Hernandez M, Tsao R, Ramdath DD. Total polyphenol content, carot-
enoid, tocopherol and fatty acid composition of commonly consumed Canadian pulses and 
their contribution to antioxidant activity. J Funct Foods. 2017;38:602–11.

141. Neri-Numa IA, Arruda HS, Geraldi MV, Maróstica Júnior MR, Pastore GM. Natural pre-
biotic carbohydrates, carotenoids and flavonoids as ingredients in food systems. Curr Opin 
Food Sci. 2020;33:98–107.

142. Pinheiro Bruni G, de Oliveira JP, Gómez-Mascaraque LG, Fabra MJ, Guimarães Martins 
V, Zavareze E d R, et al. Electrospun β-carotene–loaded SPI:PVA fiber mats produced by 
emulsion-electrospinning as bioactive coatings for food packaging. Food Packag Shelf 
Life [Internet]. 2020;23(October 2019):100426. Available from: https://doi.org/10.1016/j.
fpsl.2019.100426.

143. Martins AJ, Cerqueira MA, Cunha RL, Vicente AA. Fortified beeswax oleogels: effect of 
β-carotene on the gel structure and oxidative stability. Food Funct. 2017;8(11):4241–50.

144. Stoll L, Rech R, Flôres SH, Nachtigall SMB, de Oliveira RA. Poly(acid lactic) films with 
carotenoids extracts: release study and effect on sunflower oil preservation. Food Chem. 
2019;281(December 2018):213–21.

145. Kadam AA, Singh S, Gaikwad KK.  Chitosan based antioxidant films incorporated with 
pine needles (Cedrus deodara) extract for active food packaging applications. Food Control. 
2021;124:107877.

146. Zhang L, Zhang Z, Chen Y, Ma X, Xia M.  Chitosan and procyanidin composite films 
with high antioxidant activity and pH responsivity for cheese packaging. Food Chem. 
2021;338:128013.

147. El-Sayed SM, El-Sayed HS, Ibrahim OA, Youssef AM.  Rational design of chitosan/guar 
gum/zinc oxide bionanocomposites based on Roselle calyx extract for Ras cheese coating. 
Carbohydr Polym. 2020;239:116234.

148. Hosseini SF, Ghaderi J, Gómez-Guillén MC.  Tailoring physico-mechanical and antimi-
crobial/antioxidant properties of biopolymeric films by cinnamaldehyde-loaded chito-
san nanoparticles and their application in packaging of fresh rainbow trout fillets. Food 
Hydrocoll. 2022;124:107249.

149. Lim JY, Lee CL, Kim GH, Bang YJ, Rhim JW, Yoon KS. Using lactic acid bacteria and pack-
aging with grapefruit seed extract for controlling Listeria monocytogenes growth in fresh soft 
cheese. J Dairy Sci. 2020;103(10):8761–70.

150. Alirezalu K, Hesari J, Nemati Z, Munekata PES, Barba FJ, Lorenzo JM. Combined effect of 
natural antioxidants and antimicrobial compounds during refrigerated storage of nitrite-free 
frankfurter-type sausage. Food Res Int. 2019;120:839–50.

151. Sani IK, Geshlaghi SP, Pirsa S, Asdagh A. Composite film based on potato starch/apple peel 
pectin/ZrO2 nanoparticles/ microencapsulated Zataria multiflora essential oil; investiga-
tion of physicochemical properties and use in quail meat packaging. Food Hydrocoll. 2021 
Aug;117:106719.

152. Rostamabadi H, Falsafi SR, Jafari SM. Nanoencapsulation of carotenoids within lipid-based 
nanocarriers. J Control Release [Internet]. 2019;298(February):38–67. Available from: 
https://doi.org/10.1016/j.jconrel.2019.02.005.

153. Fernandes R d PP, Trindade MA, de Melo MP. Natural antioxidants and food applications: 
healthy perspectives. Altern Replace Foods. 2018;17:31–64.

154. Tkaczewska J.  Peptides and protein hydrolysates as food preservatives and bioactive 
components of edible films and coatings  – a review. Trends Food Sci Technol [Internet]. 
2020;106:298–311. Available from: https://doi.org/10.1016/j.tifs.2020.10.022.

155. Kęska P, Stadnik J. Characteristic of antioxidant activity of dry-cured pork loins inoculated 
with probiotic strains of LAB probiotic strains of LAB. CyTA J Food. 2017;15(3):374–81.

2 Natural Antioxidants

https://doi.org/10.1016/j.fpsl.2019.100426
https://doi.org/10.1016/j.fpsl.2019.100426
https://doi.org/10.1016/j.jconrel.2019.02.005
https://doi.org/10.1016/j.tifs.2020.10.022


69

Chapter 3
Natural Antimicrobials

Andrés F. Cañon-Ibarra, M. Paola Sanchez-Castañeda, Lina M. Arbelaez, 
Leidy T. Sanchez, Magda I. Pinzon, and Cristian C. Villa

3.1  Introduction

Over the last decades, health problems have generated great concern. The first one 
is the appearance of several foodborne diseases caused by different agents such as 
bacteria, viruses, and fungi. The second problem involves the indiscriminate use of 
antibiotics, which have led to the appearance of resistant bacteria [1]. Likewise, the 
food market has an increasing demand for “green” products that contain the least 
amount of synthetic molecules. The main alternative for this problem is to replace 
synthetic with natural antimicrobials isolated from vegetal, microbial, and animal 
origins, such as essential oils, bacteriocins, polyphenols and enzymes, among others 
[2]. These molecules have different mechanisms of action against bacteria, reducing 
the possibility of generating resistance, and furthermore, several of them, especially 
the plant based have potential health benefits for humans such as antioxidant and 
anticancer activity. This chapter aimed to review the main natural antimicrobials 
and their food applications.
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3.2  Main Natural Antimicrobials

3.2.1  Essential Oils

Essential oils (EOs) are among the most promising natural antimicrobials for the 
food, cosmetic and pharmaceutical industries. They can be defined as volatile sub-
stances naturally produced in different parts of the plants such as buds, stems, 
leaves, flowers, twigs, roots, seeds, and wood [3]. Although called oils, EOs are not 
strictly oils as they tend to have low water solubility. Furthermore, they tend to have 
an odor and sometimes a distinctive taste, a characteristic that is used by plants 
against herbivores [4]. Furthermore, EOs are complex mixtures of often hundreds of 

Fig. 3.1 Main components of essential oils extracted from clove, ginger, oregano, rosemary, sage, 
and thyme. (Adapted with permission [6])
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volatile molecules, and their composition is heavily dependent on the plant’s growth 
condition [5]. Figure 3.1 shows the main components of EOs extracted from differ-
ent plants. The antimicrobial, antifungal, and antiviral activities of EOs are well 
known and are highly dependent on their composition. It has been reported that EOs 
containing aldehydes or phenols as major components present the highest antimi-
crobial activity followed by EOs in which terpene alcohols are the main compo-
nents. Furthermore, EOs containing ketone or esters have a weaker antimicrobial 
activity, while EOs containing terpene hydrocarbons are usually inactive [6–8].

Over the years, the activity of EOs against food borne pathogens have been tested 
and results have shown that their antimicrobial mechanism is heavily dependent on 
their composition [9]. The antimicrobial activity of EOs is determined by their main 
components or synergistic effects of various components, likewise, the action 
mechanism of every major component could be different, leading to several path-
ways to bacterial killing. The antimicrobial mechanisms of EOs include effects on 
the bacterial cell wall, disruptions of the cell membrane, effects on the RNA and 
DNA that break the normal reproduction of the genetic material of the bacteria, 
furthermore, they can interfere with the absorption, transport, and metabolism of 
nutrients by the bacteria [9–11]. Figure 3.2 shows a schematic representation of 
several inhibition forms of EOs in pathogenic bacteria.

The complex nature of EOs and their wide range of antimicrobial mechanisms 
allows them to act against a variety of microorganisms. For instance, Rosmarinus 
officinalis EO has shown activity against both gram-positive (Lactococcus lactis, 

Fig. 3.2 Different types of mechanism of action of EOs against bacterial cells. (Adapted with 
permission [12])
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S. aureus, L. monocytogenes, Brochotrix thermosphacta, Leuconostoc mesenteroi-
des, Micrococcus luteus, and Lactobacillus casei) and gram-negative (P. aerugi-
nosa, E. coli, Shigella dysanteriae, S. typhimurium, Salmonella enteritidis, and 
Yersinia enterocolitica) bacteria. Likewise, EO from Thymus vulgaris is known for 
its activity against the gram-positive S. aureus, Streptococcus pyogenes and the 
gram-negative P. aeruginosa, E. coli and S. typhimurium [13, 14]. One of the most 
promising EOs for antimicrobial applications has been isolated from the Lippia 
genus, which has shown activity against some of the most common foodborne bac-
teria and fungus [15–17]. Furthermore, EOs from Zingiber officinale, Salvia 
Rosmarinus, Citrus sinensis, Origanum vulgare, Cymbopogon flexuosus have 
shown activity against several types of bacteria, as shown in Table 3.1.

3.2.2  Polyphenols

Polyphenols are among the most common secondary metabolites of plants. They are 
synthetized by plants as a defense against herbivores, pathogens, and different stress 
conditions [27]. Polyphenols comprise a wide group of molecules characterized by 
at least two phenyl rings and one or more hydroxyl substituents. Polyphenols can be 

Table 3.1 Some recent studies related to the antimicrobial activity of several essential oils

Essential oil Microorganism Reference

Thymus vulgaris E. Coli [18–20]
P. aeruginosa

B. cereus

Salmonella enterica

Rosmarinus officinalis E. Coli [21, 22]
S. Aureus

Zingiber officinale S. Aureus [23]
B. subtilis

E. Coli

P. aeruginosa

Salvia Rosmarinus E. Coli [24]
S. Aureus

Proteus mirabilis

Origanum vulgare E. Coli [25]
S. Aureus

P. aeruginosa

B. subtilis

Cymbopogon flexuosus C. grubii [26]
S. Aureus

P. aeruginosa
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classified by their botanical origin and biological function, however, the main clas-
sification comes from their chemical structure, as they can be divided into flavo-
noids and non-flavonoids polyphenols [28, 29]. The first group is the largest and 
includes many subcategories such as flavanols, anthocyanidins, anthocyanins, iso-
flavones, flavones, flavonols, flavanones, and flavanonols. The second group 
includes molecules such as curcumin and caffeic acid, among others [28, 29].

3.2.3  Flavonoids

Although flavonoids are the largest family of secondary metabolites in nature, and 
almost nine thousand flavonoid molecules have been identified, they share a basic 
chemical structure [30]. Flavonoids contain three phenolic rings, namely A (6 car-
bon) and B (6-carbon) linked with the central C (3-carbon) ring; C6-C3-C6 [31]. 
This type of structure allows the formation of several derivatives compounds, with 
distinct substitutions in the basic structure. The basic structure of some of the most 
common sub-groups of flavonoids is shown in Fig. 3.3.

Fig. 3.3 Basic structure of the several flavonoids subgroups. (Adapted with permission [33])
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Due to the heterogeneous structure of flavonoids, there is not a single antimicro-
bial mechanism related to them, and some of them can act through several inhibition 
pathways [32]. Some flavonoids disrupt the cell membrane function leading to bac-
terial death. In the literature has been reported that the antimicrobial activity of 
catechins involves the partition of the more non-polar compounds in the hydropho-
bic interior of the membrane, and the formation of hydrogen bonds between the 
polar head groups of the membrane lipids and the more hydrophilic flavonoids, 
leading to structural damages in the cell membrane [33, 34]. Furthermore, catechins 
contribute to the bacterial membrane rupture by inactivating or inhibiting the syn-
thesis of intracellular and extracellular enzymes [35].

Other inhibition mechanisms include the inhibition of the fatty acid synthase- 
type II (FAS- II) pathway, leading to a stop in bacterial cell envelop synthesis. 
Furthermore, flavonoids have shown to have an inhibitory effect on bacterial topoi-
somerase, stopping nucleic acid synthesis. Finally, some flavonoids affect the elec-
tron transfer chain [36, 37]. Due to their heterogeneous structure and inhibition 
mechanism, several flavonoids can act on different types of bacteria. Table  3.2 
shows some of the most recent studies of flavonoids and their antimicrobial activity.

Table 3.2 Studies related to the antimicrobial activity of several flavonoids

Flavonoid Microorganism Reference

Naringeni S. aureus [38–40]
P. aeruginosa

E. coli

Listeria monocytogenes

Quercetin P. aeruginosa [41, 42]
H. pylori

S. aureus

Listeria monocytogenes

Baicalin S. aureus [43–45]
H. pylori

E. Coli

Chatechin Salmonella enterica [46, 47]
E. Coli

Anthocyanins (from Vaccinium 
corymbosum)

P. Aeruginosa [48]
E. coli

Proteus mirabilis

Acinetobacter baumannii

S. aureus

Anthocyanins (from Maloideae 
subfamily)

E. coli [49]
Morganella morganii

P. aeruginosa

E. faecalis

E. faecium

S. aureus
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3.2.4  Non-Flavonoids Polyphenols

One of the most studied non-flavonoid polyphenols is curcumin, a highly hydropho-
bic, yellow polyphenol extracted from turmeric (Curcuma longa) [50]. Curcumin 
has shown a broad-spectrum of antibacterial activity [51, 52]. The mechanism of the 
antimicrobial activity of curcumin takes place through the interaction with the 
essential cell division initiating protein FtsZ [53]. Likewise, curcumin has shown 
the capability to inhibit bacterial growth by targeting the bacterial cell membrane, 
cell wall and other cellular structures [52].

As with other natural antimicrobials, curcumin presents antimicrobial activity 
and it is heavily dependent on the bacteria type and strain [54]. In the literature have 
been shown the efficiency of curcumin against gram-positive bacteria, especially 
S. aureus, S. epidermidis, Streptococcus pyogenes, M. luteus [51, 55, 56]. Likewise, 
some reports of its antimicrobial activity against Gram-negative bacteria such as 
E. coli and Pseudomonas aeruginosa [57, 58].

Another non-flavonoid of great interest is resveratrol, a molecule that is found in 
the roots of white hellebore, grapes, berries, red wine, and nuts [59]. Resveratrol is 
a versatile molecule that interacts with more than 20 proteins in eukaryotic organ-
isms leading to several pathways to antimicrobial inhibition. These include binding 
to ATP synthase, thus, partially inhibiting both ATP hydrolysis and ATP synthesis 
functions of the ATP synthase [60]. Furthermore, resveratrol induces DNA frag-
mentation and inhibition of the FtsZ-mediated septum formation. Finally, resvera-
trol can lead to membrane damage of cells [61, 62]. Bacteria that have shown 
susceptibility to resveratrol include B. cereus, M. smegmatis, H. pylori, S. aureus 
and E. coli, among others [63–65].

Caffeic acid is another non-flavonoid polyphenol that is found in several fruits, 
wine, coffee, olive oil, and legumes. It can be found in different forms such as 
monomeric, dimeric, trimeric, and oligomeric derivatives of sugar esters, organic 
esters, glycosides, and amides [66]. Studies have shown that caffeic acid inhibits the 
growth of S. aureus [67, 68], E. Coli [69], S. enterica, S. epidermidis, Proteus mira-
bilis [70], among others.

3.2.5  Bacteriocins

Bacteriocins are a heterogeneous group of bioactive material produced by bacteria 
that includes peptides and proteins that have shown antimicrobial activity against 
other bacteria [71]. Bacteriocins peptides are ribosomally synthesized and secreted 
by a variety of bacteria for the purpose of killing other bacteria, thus removing the 
microbial competition in prokaryotes [72]. The structure, physicochemical and bio-
chemical properties of bacteriocins vary widely, as well as their antimicrobial activ-
ity. They could either manifest antimicrobial activity directed against the same 
bacterial strains that produced them or against strains of closely related species [72].
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Bacteriocins produced by Gram-positive bacteria

Class I:
post- translationally
modified, containing
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Class II:
heat stable,
unmodified,
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Class II:
molecular
weight above
30 kDa

Class IV:
containing
lipid or
carbohydrate
moieties

Subclass IIa:
pediocin-like

Subclass IIb:
dipeptide

Subclass IIc:
cyclic

Subclass IId:
other

Bacteriocins produced by Gram-negative baceria

Colicins:
molecular weight
>10kDa

Microcins:
molecular weight
>10kDa

Fig. 3.4 Classification of bacteriocins produced by gram positive and gram-negative bacteria. 
(Adapted with permission [71])

Bacteriocins can be produced by both gram-positive and gram-negative bacteria 
and there are some reports of bacteriocins produced by archea [73]. Although both 
bacteriocins produced by gram-positive and gram-negative bacteria form and het-
erogeneous groups of molecules, they can be organized into different subclasses 
that have similar properties, as shown in Fig. 3.4.

Class I from the bacteriocins produced by gram-positive bacteria include lantibi-
otics of molecular weight below 5 kDa and contain atypical amino acids, such as 
lanthionine, methyllanthionine, dehydroalanine, dehydrobutyrine, and D-alanine. 
Among this class is nisin a bacteriocin produced by certain strains of Lactococcus 
lactis. Nisin has shown antimicrobial activity against gram-positive bacteria from 
the genera Lactococcus, Lactobacillus, Streptococcus, Staphylococcus, 
Micrococcus, Pediococcus, Listeria, Bacillus and Clostridium [74]. Class II includes 
non-lantibiotic bacteriocins with a molecular weight below 10 kDa that do not con-
tain lanthionine in their composition [75]. Among this subclass, the most promising 
bacteriocins are sakacins and pediocins. The first one is produced by certain strains 
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of Lb. sakei strains and that is known for its antimicrobial activity against some 
strains of Lactobacillus spp. and Listeria spp [75]. Pediocins are produced by sev-
eral strains of Pediococcus acidilactici, P. pentosaceus and Lactobacillus planta-
rum. Pediocins have shown activity against L. monocytogenes and L.innocua [76].

Class III from the bacteriocins produced by gram-positive bacteria includes mol-
ecules of molecular weight above 30 kDa and that are thermolabile. This class is 
generally sub-divided into two groups; the first group is composed of the bacterio-
lysins such as the lysostaphin produced by S. aureus and enterolysin A produced by 
Enterococcus faecalis and nonlytic antimicrobial proteins such as helveticin J pro-
duced by Lactobacillus helveticus [77]. Finally, Class IV includes bacteriocins, 
which are more complex systems that require lipid or carbohydrate moieties in their 
molecule.

Bacteriocins produced by gram-negative bacteria can be divided in two groups: 
Colicins and microcins. They are synthetized by most of E. coli strains and some 
bacteria from the Klebsiella strains [71]. They have been less studied than their 
gram-positive produce counterpart and have a narrower antimicrobial activity.

3.2.6  Natamycin

Natamycin is a tetraene polyene macrolide that is produced by fermentation of the 
bacterium Streptomyces natalensis and closely related species [78, 79]. One of the 
main characteristics of natamycin is that it has high antifungal activity against 
nearly all yeasts and moulds but has no effect on bacteria, protozoa or viruses [80]. 
Natamycin is known to target ergosterol, in the cell membrane and since it is absent 
from the cell membranes of viruses and bacteria these microorganisms are resistant 
to this molecule. In general, the antifungal activity of natamycin can be attributed to 
the inhibition of ergosterol-dependent transport of glucose and amino acid transport 
across the cell membrane [81–83].

Natamycin has shown antifungal activity against Brettanomyces bruxellensis, 
C. albicans, C. krusei H66, C. pseudotropicalis H3, C. valida H74, C. vini, 
Debaryomyces hansenii H42, Dekkera bruxellensis (Strains CBS2796, CBS4459, 
CBS6055), Hanseniasporum uvarum CBS5074, Hansenula polymorpha, Pichia 
membranaefaciens H67, Rhodotorula mucilaginosa CBS816 and Aspergillus niger, 
among others [83].

3.2.7  Reuterin

Reuterin (β-hydroxypropionaldehyde) is an organic molecule produced by some 
strains of Lactobacillus reuteri during anaerobic fermentation of glycerol [84]. 
Reuterin has shown inhibitory action against several gram-positive and gram- 
negative bacteria, spores, fungi, and protozoa [85]. Reuterin induces oxidative stress 
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in the bacterial cells by interacting with thiol groups [86], this molecule has shown 
activity against bacteria such as: E. coli, P. aeruginosa, S. aureus, B. subtilis and 
L. monocytogenes [87, 88].

3.2.8  Lysozyme

Lysozyme is an antimicrobial enzyme, also called muramidase or N-acetylmuramic 
hydrolase. Its main action is to hydrolyze the β-1,4-linkages between N-acetyl-d- 
glucosamine and N-acetylmuramic acid residues in the peptidoglycan of bacterial 
cell walls, damaging the cell membrane [89]. Lysozyme has shown antimicrobial 
activity against gram-positive bacteria such as L. monocytogenes, C. botulinum, 
T. thermosaccharolyicum, G. stearothermophilus, S. aureus, Bacillus stearother-
mophilus, and Bacillus coagulans [90]. Lysozyme is found as an additive in several 
food products in order to prevent the growth of the bacteria on food materials, this 
enables long-term storage for plenty of vegetables, milk, fish, and meat. Although 
lysozyme can be found in several mammals, the major natural source of this enzyme 
is chicken egg white, however, only about 3.5% of egg white is lysozyme providing 
a limitation to further industrial uses [91, 92].

3.2.9  Lactoperoxidase and Lactoferrin

Lactoperoxidase is an enzyme found in milk that contains both a heme group and a 
single glycoprotein chain of around 608 amino acids. Its molecular weight is 
~78 kDa [93, 94]. In order to add an antimicrobial activity, lactoperoxidase needs to 
be accompanied by the thiocyanate ion (SCN−) and hydrogen peroxide (H2O2), 
commonly called as lactoperoxidase system or LPO system.

The LPO system has shown great antimicrobial activity, which is the result of the 
oxidation of –SH groups by OSCN−/O2SCN− in enzymes, such as hexokinase and 
glyceraldehydes-3-phosphate dehydrogenase. Likewise, the inhibitory effect of the 
LPO system may vary from oxidative killing to blockage of the sugar transport 
system or interference with cytopathic effects [95, 96]. Both gram-positive and 
gram-negative bacteria have been shown to be affected by the LPO system; as 
shown by the inhibition of Salmonella typhimurium, L. monocytogenes, Bacillus 
cereus b, S. Aureus, and E. Coli [97].

Lactoferrin is another protein found in milk with potential applications as a natu-
ral antimicrobial in food conservation. This iron binding glycoprotein is a single- 
chain protein that contains 703 amino acids folded into two globular lobes. 
Lactoferrin is present in milk and colostrum, being strongly involved in immuno-
logical processes response to pathogens, as well as inflammatory disorders, includ-
ing allergy, arthritis, and cancer [98]. This glycoprotein has shown antimicrobial 
activity against bacteria that need ferric ions for their growth, sequestering the iron 
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atoms from bacterial pathogens, thus inhibiting bacterial growth. This includes bac-
teria such as E. coli, Salmonella typhi, Shigella flexneri, Shigella dysenteriae, 
Aeromonas hydrophila, S. aureus, and L. monocytogenes [99].

3.3  Application of Natural Antimicrobial 
in Food Preservation

In general, the use of natural antimicrobials for extending shelf life can be divided 
into two main approaches. The first one has been the most common and is based on 
the inclusion of the antimicrobial in the food matrix, while the second one is the 
development of active food packaging that releases the natural antimicrobials into 
the food product during storage. The second approach has been greatly studied in 
the last decades as it does not affect the food product composition and sensory 
properties.

Currently, active food packaging based on natural polymers and EOs has gener-
ated great interest with several studies reporting their capability to extend shelf life 
of food products. The incorporation of effects the microstructure of the packaging 
material, increasing the tensile strength and elongation at break, decreasing water 
vapor permeability, and changing color and transparency [12, 100]. Although 
changing the properties of the packaging material is significant, the most important 
factor for the inclusion of EOs is the migration of bioactive molecules that enhance 
the antibacterial and antioxidant properties of packaging materials. Due to the small 
size of most of the components of the EOs they tend to migrate from the packaging 
migrate to the food too quickly, and not in the controlled manner that is expected in 
an active packaging [12]. To overcome this, the use of nanocarrires, such as poly-
meric nanoparticles, nanoclays and nanoemulsions has controlled the release of the 
bioactive molecules into the food product. This same approach has been used for the 
inclusion of other natural antimicrobials in active food packaging. Some examples 
include the use of polyphenols such as curcumin. The antimicrobial and antifungal 
activity of films made from chitosan and curcumin was measure against common 
food pathogenic agents: S. Aureus and Rhizoctonia solani, Results showed that cur-
cumin slightly increased the antimicrobial activity of the chitosan films against both 
microorganism [101]. Further studies have shown curcumin-chitosan films have 
antimicrobial activity against Salmonella and E. Coli [102, 103].

3.4  Conclusions

Natural antimicrobials from different sources (plants, animals, and microorgan-
isms) have become one of the main alternatives to the synthetic antimicrobials nor-
mally used in the food industry. They contain all the qualities to be used as 
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preservatives with a wide range of bacteria and fungi affected by them. However, 
the effective use of these molecules in the food industry still requires further studies 
on their toxicity and long term effects on the consumers. Likewise, it is necessary to 
increase knowledge on how they behave in normal manufacturing conditions (ther-
mal processing, freezing, among others) in order to fully implement them.
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Chapter 4
Natural Colorants

Betina Luiza Koop, Amanda Galvão Maciel, Lenilton Santos Soares, 
Alcilene Rodrigues Monteiro, and Germán Ayala Valencia

4.1  Introduction

Natural colorants are an alternative to substitute synthetic ones in food products. 
The use of natural colorants in food formulations reduce the possible toxicity and 
allergenic characteristic associated with the use of synthetic colorants. Furthermore, 
the use of natural colorants can increase food acceptance, since consumers demand 
healthier food products with a clean labels, over the recent years [1, 2].

Several natural pigments can be used as food colorants and/or preservative, the 
most common natural pigments are anthocyanins, betalains, carotenoids, annatto, 
β-carotene, lycopene, lutein, paprika, carminic acid, chlorophylls, and curcumin [1, 
2]. These pigments can be obtained from algae, fruit, vegetables, and other comes-
tible plants, fruits, and vegetables. Furthermore, most of these natural pigments also 
have antioxidant, antimicrobials, anti-obesity, antidiabetic, anticarcinogenic, car-
diovascular protection, and neuroprotective properties and have been used exten-
sively in pharmacology, and recently in the food industry to produce functional 
foods. However, the colorimetric and functional properties of natural colorants can 
be modified due the oxygen presence, as well as with increase of the temperature. 
Other factors such as light and change of the pH also can modify the colorants prop-
erties, reducing their effectiveness and limiting their application in food industry 
[3–5]. This review aims compressively to analyze the state of the art related to the 
use of natural colorants in foods, focusing especially on their sources, properties, 
and potential application in the food sector. Furthermore, it was discussed their 
approbation by international regulatory agencies.
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4.2  Main Natural Colorants

4.2.1  Anthocyanins

Anthocyanins are one of the major studied natural pigments belonging to the flavo-
noid family, having more than 700 derivatives of different anthocyanins. It is solu-
ble in water, has low or no toxicity, and has different shades of color, ranging from 
red to blue [1, 2]. They are found in many leaves, flowers (hibiscus), vegetables 
(cabbage, eggplant), tubers (purple potatoes), and fruits (grapes, raspberries, blue-
berries, cherries, and pomegranates) which are colored red, purple, or blue [3, 4].

Chemically, anthocyanins have a glycosidic structure (sugars and active acids) 
linked to an aglycone (anthocyanidin). Anthocyanidins are flavyl ion structures 
(2-phenylbenzopyrilium) with the keto oxygen at the C1 position and are character-
ized by the power to produce different types of anthocyanins through glycosylation 
or acylation of varying sugar and phenolic or aliphatic portions [4, 5]. The main 
anthocyanidins that represent about 90% of all anthocyanins identified are cyanidin, 
pelargonidin, petunidin, peonidin, malvidin, and malvidin delphinidin [2]. The 
structure of the main anthocyanins can be seen in Table 4.1.

Food processing alters the accessibility and content of anthocyanins in the raw 
material. The bioaccessibility of anthocyanins is dependent on the food matrix and 
the anthocyanin structure [26]. Anthocyanins in nature are stabilized by co- 
pigmentation, self-association, and metal complexation [5]. As isolated anthocya-
nins, their stability is highly affected by temperature, oxygen, light intensity, and pH 
during processing, whereas they are generally stable in refrigerated storage and at 
acidic pH [27–29]. As it is a reactive compound, its color easily degrades because 
the flavyl cation reacts due to the lack of electrons. The red flavyl cation goes to a 
colorless carbinol alkali and eventually becomes a chalcone [30].

Anthocyanins are considered food additives (FAs) by the Codex Alimentarius 
Commission [31, 32], which has the definition of adding or restoring the color food. 
The standard number is 163 and varies according to the raw source, for example, 
grape skin (163 (ii)), extract from blackcurrant (163 (iii)), purple color from corn 
(163 (iv)), among others.

The anthocyanin color depends on several aspects such as its structure, pH, UV 
radiation, co-pigmentation, the concentration of the compound, presence, or absence 
of oxygen. Each anthocyanidin reflects a different color due to its chemical structure 
(Table 4.1). Cyanidin and peonidin remember reddish-purple, delphinidin, and mal-
vidin appearing reddish-blue or purple pigment, pelargonidin, and petunidin red 
gives an orange hue to flowers and red to some fruits [4].

At different pH values, the ionic molecular structure of anthocyanins changes 
and there is a change in the tone and stability of this pigment. For example, in acidic 
forms, anthocyanins are found in red color. They are purple in neutral pH, and basic 
pH anthocyanins change to blue, green, and yellow [33–35]. Also, the anthocyanins 
concentration is an important factor that influence in the intensity of the extract color.
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The color variation among anthocyanins is due to the change in hue results from 
a bathochromic shift, in which the light absorption band in the visible spectrum 
range changes from a shorter to a longer wavelength, changing the color from red to 
purple at acidic pH. This variation is also influenced by the presence of methoxy 
groups, in which the greater the presence of a methoxy group in the anthocyanin 
molecule, the greater the increase in blue/purple colors, such as malvidin, and the 
lower the concentration, the greater the increase in red color, as in pelargonidin [36].

In the literature, studies shows that anthocyanins have an high potential for appli-
cation, as a natural colorant, mainly in food products and packaging. However, also 
have been applied in other products, such as fabrics, human hair, and sensitized 
solar cells [37]. In addition to dyes, the compounds may have beneficial health 
effects with antioxidant, anticancer, and anti-inflammatory properties [5]. As a natu-
ral food coloring and functional ingredient, the use of anthocyanins has been limited 
due to the low stability and interaction with other compounds in the food matrix. 
Therefore, alternatives such as encapsulation and adsorption have been studied to 
deal with these limitations [38].

4.2.2  Betalains

Betalains are nitrogenous pigments of plant origin belonging to the order 
Caryophyllales, formed by a central structure that is betalamic acid and substitute 
radicals conjugated with cyclo-Dopa (cyclo-3,4-dihydroxyphenylalanine) derived 
from glucosyl and amines. There are more than seventy known betalains, and they 
all have the same basic structure, where they are differentiated only by the modifica-
tion of the radicals R1 and R2. These conjugates determine betalain classifications: 
red-violet betacyanins, betanidine derivatives (addition of betalamic acid and cyclo- 
DOPA), and yellow-orange betacyanins, resulting in the resulting from the conden-
sation of a-amino acids or amines with betalamic acid [5, 39]. The betacyanins 
reported are betanin, gomphrenin, bougainvillea, and amaranthine, and betaxan-
thines are divided into two groups: those that are derived from amino acids and 
those that are derived from amines [22].

An example that for a long time was the only source of betalain, red beet (Beta 
vulgaris), but today, other sources also such as flowers, fruits (red pitaya), vegeta-
bles (chard), stems (cacti), roots, leaves, seeds, grains, and some fungi (Amanita 
muscaria, Hygrocybe, and Hygrophorus) [22–24].

Betalains are classified as FAs under code E-162 in the European Union or 73.40 
by the Food and Drug Administration (FDA). The fluorescent pigmentation of beta-
cyanins are weaker compared to betaxanthines, but their intensity is high by the 
carboxyl groups and low by the aromatic ring and hydroxyl groups; betaxanthines, 
on the other hand, have a maximum wavelength between 320 and 475 nm, which 
corresponds to blue light, and emission maximums between 500 and 660 nm, which 
corresponds to green light [25, 40].
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Betalains have intrinsic and extrinsic factors that affect their stability, for both 
during the extraction and food processing. Its water-soluble pigments are stable 
from pH  3–7 and versatile for foods with low acidity and neutral content. The 
advantages of betalains are that colors are pH-independent and are more stable than 
anthocyanins in that pH range [41]. At pH values lower than 3, the anionic betalain 
(red color) structure is converted to cationic form (violet), showing a visible color 
change from red to blue violet. At pH higher 7 occurs the color change from yellow 
to brown due the hydrolysis of the aldimine bond and generating betalamic acid and 
cyclo-dopa-5-O-glycoside [42].

The bioactive compound‘s stability is affected by oxygen, light, metal ions, high 
water activity (aw), and temperature, limiting their use in the food industry, such as 
in frozen foods or in food with short shelf life. Due the biosynthesis of the com-
pounds, betalain solutions’ must storage under low oxygen levels, low tempera-
tures, and dark environment [40, 43, 44]. As well as others bioactive compound, 
several techniques to stabilize the betalain are being proposed such as encapsulation 
by drying methods, ionic gelling, and emulsions [45, 46], using several wall 
materials.

4.2.3  Carotenoids

Carotenoids are a class of lipophilic natural colorants widely distributed in nature, 
ranging from yellow, orange, and red. Carotenoids are tetraterpenoid pigments 
whose basic structure consists of 8 isoprene groups, with two C20 geranylgeranyl 
pyrophosphate molecules (composed of 4 isoprene units) linked head to head to 
form a C40 polyene chain with conjugated double bonds. The variable number of 
conjugated double bonds imparts carotenoids the property to absorb visible light 
(between 400 and 500 nm), resulting in their characteristic coloration in the yellow 
to red range [47, 48].

Currently, the carotenoids can be divided into two groups due to their chemical 
composition and structure: carotene; formed exclusively by carbons and hydrogen 
atoms (β-carotene, α-carotene, and lycopene); xanthophyll, in addition to carbon 
and hydrogen, they also contain oxygen in the structure (lutein, zeaxanthin, astax-
anthin, and β-cryptoxanthin). Besides, carotenoids with a shorter carbon chain are 
apocarotenoids, such as bixin (annatto pigment) and crocetin (a component in saf-
fron) [48, 49].

Carotenoids are synthesized by all photosynthetic organisms (including plants, 
algae, and cyanobacteria) and by some fungi, bacteria, and animals non- 
photosynthetic. In photosynthetic systems, carotenoids participate in light- 
harvesting, essential for photoprotection. In non-photosynthetic tissues and 
organisms, carotenoids play a role as pigments yellow, to red range. So, animals, 
including humans, cannot synthesize carotenoids, thus, this compound must be 
ingested through the diet. In foods, these compounds are present in leafy vegetables, 
e.g., broccoli and spinach (yellow color, unmasked when chlorophylls are degraded); 
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in non-leafy vegetables like carrots and pumpkin (orange color) and red color of 
peppers; and in fruits, e.g., watermelon and tomatoes (red colors) and orange color 
of mango and papaya. In addition, the red color of some fish (e.g., salmon) and 
crustaceans (e.g., cooked lobster, crab, and shrimp), and the yellow color of egg 
yolk are due to carotenoid accumulation in animal tissues. The most frequent carot-
enoids in food are β-carotene, α-carotene, β-cryptoxanthin, lutein, zeaxanthin, and 
lycopene [48, 50].

Natural carotenoids from all sources food generally exist in their stable trans 
configuration, with smaller fractions in the cis form exhibiting less stability [48, 
51]. However, the conjugated double bond system is susceptible to oxidation and 
isomerization during processing and storage. Oxygen, light, metal ions, and 
enzymes are factors that stimulate the oxidation process. The degradation product 
results in the formation of low molecular weight colorless compounds (volatiles) 
devoid of any biological activity [52].

As a natural food colorant, carotenoids can produce a range of pigments, includ-
ing yellow, orange, and red, depending on the source, and are recognized as GRAS 
(Generally Recognized as Safe) by several regulatory agencies such as the Food and 
Drug Administration and the European Food Safety Authority (EFSA). Some appli-
cations of carotenoids include meat products (sausages), vegetable oils, and butter 
[53]. However, their use as a colorant and functional ingredient is challenging due 
to their water insolubility, instability, and low bioavailability. So encapsulation is a 
successful strategy that enhances their solubility and provides resistance against 
stresses during processing and digestion [47].

In addition to using carotenoids as a natural colorant, these compounds present 
various health benefits. The main health benefit of the carotenoids is their enzymatic 
conversion to retinol (Vitamin A), which is an essential micronutrient related to 
growth, development, immunity, epithelial barrier integrity, reproduction, and 
vision. Also, act as an antioxidant, anti-obesity, antidiabetic, anticarcinogenic, car-
diovascular protection, and neuroprotective [47, 54].

4.2.3.1  Annatto

Annatto is the name given to the red crude extract obtained from the waxy arils that 
cover the seeds of the achiote tree (Bixa Orellana L. seeds). The achiote is a small 
tree or shrub native from the tropical regions including Brazil, Peru, and Mexico. 
However, it also grows in South and Central America [55].

Bixin and norbixin are main compounds from annatto extract, a liposoluble 
(bixin) and other, hydro soluble (norbixin), besides others compounds such as iso-
bixin, beta-carotene, and lutein have been found in extract of the seeds annatto [56]. 
However, the bixin, is the main color compound, accounting for 80% of the total 
annatto pigments. Bixin (C25H30O4) is a carotenoid of 9-cis configuration (structure 
present in an oxygenated carotenoid, e.g., lutein, which belongs to the xanthophyll 
group) and 2 carboxyl groups [55, 57].
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Bixin and norbixin (E 160b) pigments exhibit high biodegradability, low toxic-
ity, besides are stable to thermal processing, and are approved by the FDA for use in 
food and drinks [58]. In food industries, annatto extract is the main colorant used in 
the manufacture of cheese and butter, composed mainly the norbixin (a water- 
soluble component); this pigment confers the yellow/orange color to cheddar 
cheese. Also, it is applied in bakery products, snacks, and soft drinks. In general, 
lipid-soluble bixin is used in fatty food, whereas norbixin has been applied in food 
content high protein [51, 57]. However, the presence of highly conjugated π-bond 
structures in bixin and norbixin molecules makes them susceptible to oxidation and 
reduction reactions [59]. In addition, annatto being a carotenoid confers many 
health benefits. It acts as an antioxidant, anti-cancer, hypoglycemic, antibiotic, and 
anti-inflammatory [60].

4.2.3.2  β-carotene

β-carotene is the most familiar carotenoid with orange-yellow color [(E 160a (ii))] 
[61], obtained mainly from carrots and fungus. β-carotene has a core structure of 40 
carbon atoms with 9 conjugated double bonds in the polyene chain and 2 β-ionone 
rings at both ends of the molecule (C40H56), providing it a lipophilic character [15, 
62]. This compound can be found in various fruits and vegetables with a wide range 
of colors, from red to yellow, for example, in dehydrated red peppers (42.9 mg/100 g), 
dehydrated or raw carrot (33.95 and 8.28 mg/100 g, respectively), and raw grape 
leaves (16.19 mg/100 g) [63].

β-carotene naturally occurring in raw fruits and vegetables in the trans-isomers 
chemical form [15]. However, cis- β-carotene such as 9 cis-, 13 cis-, and 15 cis- 
β-carotene were found in marine microalgae species [64]. In particular, the natural 
9 cis- β-carotene has been showed good results for the diseases, such as atheroscle-
rosis, psoriasis, and inhibiting atherogenesis and retinitis pigmentosa [65].

In addition, β-carotene is the main precursor of vitamin A, resulting from the two 
β-ionone rings, and plays a significant role in human health [66]. It acts as an anti-
oxidant and inhibits lipid peroxidation, shows a protective effect against cancer, 
cardiovascular diseases, and slows down the process of aging [51, 64].

Currently, β-carotene is one of the most exploited carotenoids used to develop 
functional foods, cosmetics and health-related products, and medicine [15]. 
However, the highly unsaturated chemical composition makes the pigment prone to 
oxidation in the presence of light, temperature, and metal ions, resulting in signifi-
cant loss of pigment and reduction in bioactivity [51]. Encapsulation is a solution to 
address these limiting factors because nano or microcapsules delivery systems can 
improve the stability, dispersity, and bioavailability of bioactive compounds within 
the target food matrix [67].
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4.2.3.3  Lycopene

Lycopene is a red-colored carotenoid (E 160d) with a molecular structure of C40H56, 
responsible for the red color of some fruits like pink grapefruit, red guava, water-
melon, papaya, and is mainly present in tomatoes (Solanum lycopersicum) [68, 69]. 
Found predominantly as an all-trans isomer, but the isomers of 5-cis, 9-cis, 13-cis, 
and 15-cis can also was identified. The lycopene cis isomer is more absorved in 
human orgor body anism. This cis-trans isomerization occurs due to acidity, oxy-
gen, heat, and light [70]. When humans ingest high lycopene content brings several 
health benefits due the antioxidant effect: cardioprotective, antihypercholesterol-
emic, antidiabetic, and anticancer. However, as nutraceutical or in a food matrix, 
some difficulties must be overcome, high lipophilicity and solubility in aqueous 
solvents, problems with stability, and thermal degradation [68].

4.2.3.4  Lutein

Lutein (C40H56O2) is a naturally occurring fat-soluble carotenoid classified as func-
tional xanthophyll hydroxy. This compound is abundant in vegetable and animal 
sources such as dark-green leafy vegetables, flowers, fruits, and egg yolks. Due to 
its colorant power, lutein is classified as a natural food colorant (INS 161b or 
E-161b) and has important biological activities such as antioxidant, anti- 
inflammatory, and anticancer activities. Its structure is characterized by a long car-
bon chain with alternating single and double carbon–carbon bonds with attached 
methyl side groups, according to Table 4.1 [71–75].

Its technological application has limitations, such as sensitivity to environmental 
factors processing and storage conditions such as heat, light, oxygen, pH, tempera-
ture, water activity, water peroxides, and lipoxygenase [76]. Different stabilization 
application methods improve lutein bioavailability and promote various technologi-
cal applications, such as spray drying encapsulation, freeze-drying, nanoemulsions, 
liposomes, electrostatic complexation, and assembly, among others [38, 76–81].

Lutein esters can be applied as colorants in baked goods, dairy products, bever-
ages, instant cereals, frozen drinks, condiments, and sweets. However, lutein esters 
are easily degraded due to multiple unsaturated double bonds during processing and 
storage [82].

4.2.3.5  Other Carotenoids

The carotenoids: capsanthin and capsorubin are presents in paprika (red pepper) of 
the genus Capsicum annum L., Solanaceae family. Paprika, is widely used as a food 
ingredient, mainly as a pigment (red color) (E 160c), associated with the presence 
of carotenoids [83]. Paprika is native to the tropical and humid regions of Central 
and South America. It is widely cultivated in Brazil, Mexico, Peru, and Bolivia. 
South Korea and Japan have high daily food consumption of paprika [84]. The 
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red-orange color of paprika (Capsicum annuum L.) is due to the presence of the 
carotenoids: capsanthin and capsorubin. In this sense, capsanthin is mainly respon-
sible for the red color, representing 40–60% of the total carotenoids in different 
varieties. Other carotenoids in red and orange bell peppers are β-carotene, 
β-cryptoxanthin, and zeaxanthin. In mature pepper fruits, the total carotenoid con-
tents showed great variability ranging from 0.69 to 30 mg.g−1 dry weight or 15 to 
320 mg. 100 g−1 fresh weight, found in the pericarp and placenta [18, 84].

Paprika is traditionally used to impart pungency, color, and taste attributes in 
meat products, soups, sauces, and snacks. In meat products, color is improved due 
to the intense red color. Other characteristics are currently considered in the food 
industries, such as antimicrobial or antioxidant activities [18].

4.2.4  Carminic Acid

Carminic acid (7-α-D-glycopyranosyl-9,10-dihydro-3,5,6,8-tetrahydroxy-1- 
methyl-9,10-dioxo-2 anthracenecarboxylic acid) is a water-soluble colorant 
extracted from insects, females of the species Dactylopius coccus Costa (cocho-
nilla). These insects are found in Peru, Mexico, and the Canary Islands [85]. 
Carminic acid has a molecular structure composed of an anthraquinone chromo-
phore linked to glucose, and a carboxyl group, resulting in light stability and low 
toxicity [86]. Its color varies according to the pH of the medium; at acidic pH, its 
color is orange; at slightly acidic to neutral pH, it is red, and at basic pH, the color 
is violet [87]. Despite having good stability in the presence of light, there is still 
vulnerability to photodegradation [88], thermal variations, and acidic pH [89] when 
used in its pure form. The extraction and purification of carminic acid are dependent 
on several steps, making the process complex, laborious, expensive, and dependent 
on several variables [90].

Carminic acid is widely used in food, medicine, and cosmetics. In Parma, Italy, 
the EFSA, FDA, and the USA require the presence of the information “cochineal 
extract” on the food label if the content is >1.8% or the carmine coloring has >50% 
carminic acid content. Its code as a food additive is E-120 [86, 91, 92].

4.2.5  Chlorophylls

Chlorophylls, the pigments responsible for green coloration in nature, are cyclic 
tetrapyrroles carrying a characteristic isocyclic five-membered ring with a function 
during photosynthesis [19]. Its structure is composed of a magnesium (Mg2+) mol-
ecule linked to the center of a structure containing the porphyrin macrocycle that 
consists of four pyrrole rings. The phytol chain’s side chain is strongly hydrophobic 
and attached to the porphyrin ring [93]. This component is fat-soluble and mainly 
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extracted in a non-polar or organic solvent. The various organic solvent used to 
extract chlorophyll-a, such as acetone, methanol, ethanol, and chloroform [94].

Nowadays, solvents and green extraction techniques have been used to extract 
chlorophyll. Green solvent-based extraction using 2,3-butanediol demonstrated 
high yield and antioxidant activity with reduced specific energy consumption. 
Extraction yield. 2,3- butanediol and isopropyl alcohol exhibited the highest chloro-
phyll extraction yields, that is, more than 70%. The extraction yields of chlorophyll-
 a using ethanol, ethyl lactate, and methanol were 49%, 48%, and 36%, respectively. 
Acetone, 1,3-butanediol and 1,3-propanediol extracted 32%, 37%, and 16% of the 
chlorophyll a, respectively [95]. Other techniques such as supercritical extraction, 
ultrasound-assisted extraction, and extraction with ionic liquids also showed extrac-
tion yields above 70%, in addition to maintaining the stability and biological activ-
ity of chlorophyll [96–98].

Chlorophyll is defined as a food additive that adds or restores color in a food 
[32]. Currently, this pigment is classified according to the international numbering 
system (INS) or the standard number in European Commission (E). In both cases, 
their numbering is the same, being 141 for chlorophylls and chlorophyllins, copper 
complexes (INS-141 or E-141), 141 (i) for chlorophylls, copper complexes; 141 (ii) 
chlorophyllins, copper complexes, potassium, and sodium salts [32, 99].

Copper salts are added to preserve the green color to form a chelated and more 
stable version of chlorophyll. Copper chlorophyllin is produced by the manufactur-
ing process, including replacing the magnesium ligand with Cu2+, yielding a more 
stable product than the parent chlorophyll [100]. In addition to increasing the chem-
ical stability of the component, this practice also improves its thermal stability, 
which helps in its application as a food colorant [19]. Among the green food colo-
rants, E-141ii (also known as copper complexes of chlorophyllins) is the most used 
in food technologies due to its hydrophilic character and high green color stability 
[101]. Table 4.1 shows the general structure of the chlorophyll, chlorophyllins, and 
copper complexes.

4.2.6  Curcumin

Curcumin is a water-insoluble polyphenol with antioxidant, anti-inflammatory, 
antimutagenic, anti-Alzheimer, anticancer, antimicrobial, neuroprotective, cardio-
protective activities. In addition to its nutraceutical benefits, curcumin (E100 – INS 
100) is a natural yellow colorant that can replace artificial colorants such as tartra-
zine (E102) [16, 20, 102, 103].

Curcumin shows a low molecular weight (368.38  g/mol), a melting point of 
approximately 183 °C, and low water solubility (0.6 μg/mL). Its chemical structure 
comprises two methoxyphenyl rings, which are symmetrically linked in conjuga-
tion through the β-diketone portion, which confers exciting properties. The 
β-diketone structure is responsible for the intramolecular transfer of the hydrogen 
atom that leads this molecule to keto-enol tautomerism (Table 4.1). At pH 3–7, the 
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Table 4.2 Natural colorants added to food matrix

Source
Natural 
pigment Food product Main results Reference

Figs, blackthorns Anthocyanin: 
Cyanidin

Donuts, 
Dairy pastry

Anthocyanin extracts from 
fig and blackthorn were 
incorporated into donut icing 
and dairy pastry as colorants. 
Antioxidant and 
antimicrobial activities 
significantly increased in 
both extracts. The donuts 
topping presented less 
firmness and consistency and 
the “beijinho” presented 
greater softness, in both. 
Nutritionally there were no 
significant differences, but 
there were in the rheological 
properties. In 24 h, the 
blackthorn extract topping 
donuts lost color 
considerably, while the fig 
extract was stable

[113]

Blue-corn Anthocyanin: 
Cyanidin

Polvorones Anthocyanins were used to 
enrich commercial wheat 
flour with polvorones. The 
addition of blue corn flour 
did not change 
bromatological aspects but 
increased the content of 
phenolic compounds (6.1 
times) and antioxidants (27.9 
times) compared to control 
samples. The flour enriched 
with anthocyanins showed 
greater softness and general 
acceptability and color and 
flavor

[114]

Jabuticaba, 
cochineal

Anthocyanins, 
Carminic acid

Fresh 
sausage

Microencapsulated jabuticaba 
and cochineal carmine were 
added to fresh sausage as 
natural dyes. Jabuticaba 
reduced the lipid oxidation of 
sausages during 15 days of 
storage at 1 °C compared to 
the control sample and to 
carmine. The color intensity 
of carminic acid was higher 
than that of sausage with 
jabuticaba extract

[115]

(continued)
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Table 4.2 (continued)

Source
Natural 
pigment Food product Main results Reference

Red pitaya Betalains: 
Betacyanins

Intelligent 
packaging

Betacyanins were added to 
films with different 
polysaccharides (chitosan, 
k-carrageenan and locust 
bean gum) and polyvinyl 
alcohol (PVA). Betacyanins 
increased the antioxidant 
capacity and pH/ammonia 
sensitivity of the films. The 
type of polysaccharide 
influenced the intensity of 
color, intermolecular 
interactions, antioxidant 
capacity and sensitivity to 
ammonia and pH of 
betacyanins. The film with 
locust bean gum/PVA/red 
pitaya pulp extract showed 
the highest color and 
antioxidant stability, being 
the most suitable for 
monitoring shrimp freshness

[116]

Red beet Betalains: 
Betanin

Intelligent 
packaging

The addition of betanin dye 
considerably reduced the 
transparency and 
hydrophilicity of the surface 
of the gelatin films. The 
higher the dye concentration, 
the greater the solubility of 
the films. Films containing 
betalains showed better color 
retention capacity, regardless 
of concentration, compared 
to films containing curcumin 
and anthocyanins. The color 
of the films varied from 
reddish-purple to violet. Film 
with promising capabilities 
for food freshness monitoring 
application

[117]

(continued)
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Table 4.2 (continued)

Source
Natural 
pigment Food product Main results Reference

β-carotene 
commercial

Carotenoids: 
β-carotene

Mayonnaise β-carotene loaded lipid 
particles were used as a 
colorant in mayonnaise. 
Sample with 5 mg of 
β-carotene/25 g of 
commercial mayonnaise 
shows the best color, 
resembling homemade 
mayonnaise. A significant 
difference was obtained 
between the control and the 
colored sample. However, 
during 15 days of storage, the 
parameters L* and b* did not 
show statistically significant 
differences with time. In 
contrast, parameter a* 
showed an increase of the red 
color intensity

[118]

Carrot Carotenoid Tapioca 
pancakes

Cassava gum fortified with 
carrot carotenoid 
microparticles was used to 
prepare tapioca pancakes. 
Due to the heat process, low 
levels of carotenoid loss 
(22%) were observed upon 
preparing tapioca “pancakes” 
using the fortified cassava 
gum. ΔE value of 8.79 for 
the cassava gum fortified by 
microparticles suggests that 
the color change was 
classified as very distinct 
after storage 30 days at 10 °C 
in dark conditions

[119]

Mandarin epicarp 
(Citrus reticulata)

Carotenoids Cakes and 
bread

Carotenoids extract from 
mandarin epicarp were used 
as a natural coloring additive 
with the potential to reduce 
the use of tartrazine in bakery 
products such as cakes and 
bread. The cake had a lower 
concentration of carotenoids 
regarding the bread, possibly 
because of the temperatures 
used. The overall color 
change (ΔE) was greater in 
the crust than in the crumb in 
the two products. For the ΔE 
in the crumb, it was observed 
that the values were >2

[120]

(continued)
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Table 4.2 (continued)

Source
Natural 
pigment Food product Main results Reference

Annatto seeds (Bixa 
orellana L.)

Carotenoids: 
norbixin

Isotonic 
drinks

Norbixin microcapsules were 
added to isotonic tangerine 
soft drinks. Isotonic drinks 
with microcapsules presented 
a more intense orange color 
and lower color loss during 
storage under accelerated 
conditions (heat and light) 
than the control sample 
(added with non- 
encapsulated norbixin)

[121]

Marigold (Tagetes 
erecta L.)

Lutein Sheep milk 
yogurt

Lutein was added to yogurt 
manufactured from sheep 
milk. Lutein did not influence 
fermentation patterns, but 
post acidification was 
observed, mainly in groups 
with the highest lutein 
concentrations. The yogurt 
color obtained a yellow color 
due to the addition of the 
natural colorant lutein, 
showing Hue Angle values 
around 90.51° ± 0.42. At 
7.8 mg of LT per portion 
(200 mL), which has reached 
the minimum daily intake 
recommended by many 
researchers for health benefits

[122]

Lyophilized biomass 
of Muriellopsis sp

Lutein Mayonnaise Mayonnaise has been 
enriched with lutein. From 
the addition of the natural 
colorant, it was possible to 
obtain the color of traditional 
commercial mayonnaise. In 
632 grams of the lutein- 
enriched mayonnaise, a 
polyphenol content of 
3.63 mg GAE and an ORAC 
of 33.40 μmol/TE allowed 
for a polyphenol intake of 
0.09 mg EAG/day and an 
antioxidant capacity of 
0.79 μmol ET/day

[123]

(continued)
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Table 4.2 (continued)

Source
Natural 
pigment Food product Main results Reference

Tomato Carotenoids: 
lycopene

Bread and 
muffin

Bread and muffins 
supplemented with tomato 
pomace (35% and 40%) have 
enhanced nutritional 
properties such as dietary 
fiber, vitamin C, antioxidant 
activity, and minerals. In 
addition, they presented 
acceptable color and sensory 
properties and a softer crumb 
texture than the control 
bakery products. There was 
an increase in a* and b* for 
the color parameters, while 
the L* values decreased

[124]

Stinging nettle 
(Urtica dioica L.)

Carotenoids: 
lutein and 
β-carotene

Egg pasta The use of stinging nettle as a 
functional ingredient for 
enriching egg pasta provides 
for 11% more lutein and 55% 
more β-carotene than 
non-enriched pasta even 
though the cooking process 
produces loss 
phytocompounds due to 
temperature degradation and 
water boiling

[125]

Tumeric rhizomes Curcumin Buffer 
solution as 
simulating 
food and 
yogurt

Nano encapsulated curcumin 
presented the highest 
antioxidant potential by 
OxHLIA and TBARS. At 
pH 3.0, curcumin showed a 
yellow color favoring the 
keto-form formation. This 
approach encourages their 
application as health- 
promoting compounds to 
substitute artificial food 
coloring additives

[126]

(continued)
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Table 4.2 (continued)

Source
Natural 
pigment Food product Main results Reference

Tumeric rhizomes Curcumin Gelatin films Curcumin has been applied 
as a natural colorant on fish 
gelatin-based films. The 
addition of colorants altered 
the color, light barrier, and 
wettability of the films. The 
addition of colorants 
provided films with the 
capacity to sense pH changes 
before and after immersion in 
a fatty food simulant. These 
properties establish the 
suitability of the films for 
intelligent fatty food 
packaging applications

[117]

Tumeric residue Curcumin Hydrogel 
coating for 
sausages

Turmeric residue was used to 
prepare light-activated 
antimicrobial hydrogel 
coatings. The coatings were 
applied to the surface of 
cooked sausages and 
evaluated for their ability to 
prevent bacterial cross- 
contamination. It was 
observed that UV-A 
light-exposed hydrogels 
coatings could inactivate 
more than 5 log CFU/mL of 
L. innocua after light 
treatments as short as 5 min. 
In addition, the light- 
activated antimicrobial 
activity of the hydrogel 
coatings was not affected by 
the incubation temperature

[127]

Microalgae 
(Arthrospira 
platensis F&M- 
C256, Chlorella 
vulgaris Allma, 
Tetraselmis suecica 
F&M-M33 and 
Phaeodactylum 
tricornutum 
F&M-M40)

Chlorophyll Cookies The addition of chlorophyll- 
rich microalgae provided 
innovative and stable green 
shades that varied, depending 
on the microalgae used, from 
a bluish-green (A. platensis) 
to a brownish-green (P. 
tricornutum). Increasing the 
microalgae content from 2% 
to 6% resulted in a significant 
increase (p < 0.05) in the 
total phenolic content and the 
cookies’ antioxidant capacity

[128]

4 Natural Colorants



106

ketone form predominates, while at pH above 8, the enol form is a majority. Its 
industrial use is difficult to achieve due to the low water affinity, pH, and thermal 
instability [20, 38]. These limitations can be overcome by applying stabilization 
methods such as spray drying, ionic gelation, liposomes, among others [38, 
104–106].

4.2.7  Other Natural Colorants

The main natural colorants already used for the food industry are anthocyanins, 
betalains, carotenoids, carminic acid, chlorophylls, and curcumin. Despite the 
noticeable advances regarding the replacement of artificial colors by natural colors, 
the natural blue color is still an industry challenge. The blue natural sources are 
limited, and this pigment is also further limited by its poor light stability and high 
sensitivity to heat, losing color at temperatures ≥45 °C.  In addition, none of the 
existing natural blue colorants reach the versatility, low cost, and intensity of syn-
thetic blues. Phycocyanin is a precursor of the blue colorant, and recently, FDA 
approved phycocyanin as a spirulina extract [16, 107]. Spirulina sp. synthesizes 
C-phycocyanin (phycocyanin from cyanobacteria), a blue and water-soluble pig-
ment [108]. Examples of natural blue dye applications are blue cheese, ice cream, 
and dairy beverages [16, 109, 110].

4.3  Applications of Natural Food Colorants

FAs are molecules introduced in foodstuffs to carry out specific technological func-
tions such as preservative food, improving color, taste, sweetening, and texturizing; 
they are added during food manufacture, complying with the regulatory criteria of 
each country [111].

The colorants are widely employed among the FAs because color is one of the 
most important sensory aspects and an essential criterion for consumer choice. 
During the processing and storage of food, losses of the natural color of the product 
are observed such as juice, cream, feed solutions, thus colorants additives are added 
to give it a more attractive appearance. Synthetic food additives (SFAs) are the prin-
cipal colorants used by food industries. However, they are progressively substituted 
by a natural source, due mainly to the consumer preferences and the numerous 
health effects such as allergic reactions and the toxicity of the SFAs [112].

Natural colorants, derivatives from anthocyanin, betalains, carotenoids, carminic 
acid, chlorophylls, and curcumin, provide a wide variety of colors to use in food 
products. Also, play a health beneficial (antioxidant, anticancer, and anti- 
inflammatory). So, this topic presents the primary studies that used natural pigments 
to apply in food products, according to described in Table 4.2.
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Anthocyanins show promising results in replacing synthetic dyes (red, pink, and 
orange) in dairy products. Tereucan et al. [129] added an extract from purple potato 
to milk and yogurt and showed high dye stability in cold storage, resembling com-
mercial storage time using synthetic dyes. Swer et al. [130] applied anthocyanins 
extracted from Sohiong (Prunus nepalensis L.) in the processing of yogurt, syrup, 
and candies and observed that higher concentrations of the pigment were more 
acceptable in the sensory evaluation when compared to the control sample, being at 
the same level organoleptically. In addition, higher pigment concentrations also 
favored color stability in all products. Other examples of the application of antho-
cyanins as dyes in yogurts are Byamukama et al. [131], using anthocyanins from 
blackberry (Morus rubra) and Pires et  al. [132] who incorporated natural dyes 
obtained from edible flowers such as Centaurea cyanus L. (cornflower) and Dahlia 
mignon (dahlia).

Anthocyanins also were applied in other products; for example, Sampaio et al. 
[133] developed a soft drink formulation with anthocyanin extract from purple (cv. 
Purple, Violetta, and Kefermarkter Blaue) and red (cv. Rosemary, Red Emmalie, 
and Red Cardinal) potatoes. Soft drinks with extracts presented good sensory and 
shelf life profiles than the commercial control dye E-163. Montibeller et al. [134] 
evaluated the stability of grape skin anthocyanins in kefir and carbonated water as a 
dye. They observed that the stability of the compound followed the first-order reac-
tion kinetics and was different in the different matrices, indicating the use of dark 
packaging to avoid the degradation of anthocyanin. Albuquerque et al. [135] applied 
anthocyanin extract from jabuticaba (Myrciaria jaboticaba (Vell.) Berg.) in macar-
ons and obtained a more stable color than the commercial dye E-163 within 6-day 
shelf life.

In food packaging, anthocyanins are applied to active and intelligent packaging 
to monitor the freshness of various products due to their ability to change color at 
different pHs. Several works have different matrices, carbohydrates (starch, pectin), 
proteins (chitosan, gelatin), and other sources, with different raw materials contain-
ing the compound. Zheng et  al. [136] produced two colorimetric films based on 
chitin and sodium alginate/gelatin containing anthocyanins from goji berries to 
monitor pork freshness and obtained good accuracy in colorimetric response to 
amine gases and good durability. Sani et al. [137] developed methylcellulose and 
chitin nanofiber films with anthocyanins from barberry (Berberis vulgaris L.) to 
monitor freshness in fish. The indicator changed color from red to pink and then 
yellow with increasing pH and consequent ammonia vapor concentration. In addi-
tion to its properties as a dye, it also acted significantly as an antioxidant and anti-
microbial. An example of the combination of active/intelligent packaging is the 
study carried out by Wu et al. [138], who developed a film based on gellan gum and 
Clitoria ternatea extract to monitor shrimp freshness. The application had a satis-
factory result in releasing the compound and acting as an antimicrobial, as in the 
colorimetric alteration, suggesting that this package can be used in foods. Other 
examples of anthocyanin sources used in intelligent packaging are butterfly pea 
[139], purple potato [140, 141], red cabbage [37], turmeric (Crocus sativus L.), and 
red barberry [142].
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Betalains are also used as a coloring agent in food products or active and intel-
ligent packaging; however, they are less studied than anthocyanins. Otálora et al. 
[143] developed gummy bears containing encapsulated betalains from (Opuntia 
ficus-indica). Betalain stability was investigated, and there was no significant loss at 
4 °C for 30 days, indicating good stability under these conditions. The gummy color 
was bright red-purple. Moghaddas Kia et al. [144] developed gelatin/gellan-based 
gummy bears with red beetroot extract as a dye and observed an increase in gum 
surface gloss with the combined use of gellan gum and red beetroot extract. The 
color of the gummy was satisfactory, with low concentrations of the extract (0.3% 
and 0.1%) demonstrating the potential of betalain as a food coloring. Kharrat et al. 
[145] studied the stability of betalains from prickly pear (Opuntia stricta) extract in 
salami. The extract showed positive results in the sensory analysis of salami, a 
promising substitute for carminic acid or other synthetic dyes, also obtained good 
results as an antimicrobial and antioxidant agent. Roriz et al. [13] incorporated beet-
root extract (Gomphrena globosa L.) into ice cream. The dye remained stable dur-
ing storage (−22 °C, 60 days) and obtained similar results to commercial betalain, 
indicating its use as a substitute. Yang et al. [146] compared anthocyanin from grape 
(Vitis vinifera) and betalains from red beet (Beta vulgaris) as colorants in white cur-
rant juice with regard to storage time, color, and sensory stability. They observed 
that anthocyanins are more stable than betalains during storage at room temperature 
and 4 °C. The color of the juice became more yellow and clear, which indicates the 
degradation of the compound. The mixture of the two compounds did not result in 
greater stability, and this option is not favorable.

In packaging, we have the study carried out by Yao et al. [147] on developing 
antioxidant, antimicrobial, and ammonia-sensitive films using betalain-rich forage 
palm extract (Opuntia ficus-indica). They obtained good responses to the ammonia 
concentration (color ranging from purple to orange) containing only 2% and 3% by 
weight of extract and improving the functional properties. Qin et al. [148] devel-
oped an active/smart packaging incorporating betalains from red pitaya (Hylocereus 
polyrhizus) bark in starch/polyvinyl alcohol films, which 1% by weight of extract 
was efficient to monitoring the freshness of shrimp. The film was very sensitive to 
ammonia, changing from pink to yellow during 48 h in contact with the shrimp. In 
addition to being an indicator, betalain extract resulted in a greater light barrier 
antioxidant and antimicrobial properties.

Another natural colorant used in food are the carotenoids that confer colors from 
yellow to red. These pigments are unstable due to environmental factors such as pH, 
temperature, oxygen, and light. Thus, the studies used encapsulation to protect these 
compounds. Carotenoids from yellow bell pepper pigments were encapsulated with 
β-cyclodextrin, and their stability in isotonic beverages (pH: 2.9; 0.02, 0.05, and 
0.06% of pigment addition) were evaluated. Lutein, zeaxanthin, α-cryptoxanthin, 
α-carotene, and β-carotene were the main carotenoids found. Extract added in bev-
erages exhibited dose-dependent luminosity and redness increase but decrease in 
yellowness. Good results for the color stability indices were demonstrated for iso-
tonic drinks stained with complex obtained by inclusion method compared to those 
stained with crude yellow pepper extract (storage 21 days) [149].
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β-carotene encapsulated in a beeswax-based solid lipid particle was tested con-
cerning their colorant power by selecting a food matrix widely appreciated and 
consumed (mayonnaise). The best formulation presented 5 mg of β-carotene per 
25 g of mayonnaise, resembling as much as possible the appearance of homemade 
mayonnaise, as it might be more attractive for consumers. The color parameters 
were evaluated for 15 days at 6 °C, showing color stability and nutritional value 
maintenance after 15 days under storage [118].

Lutein was applied as a colorant to replace urucum, in the Prato cheese formula-
tion, at 16 and 32 mg L−1 concentrations and did not show differences in the quality 
attributes such as color, pH, texture, as well as did not affect the maturation profile 
and sensory acceptance. Also, lutein kept stable in cheese for 60 days, thus main-
taining its antioxidant capacity [150]. Lutein was also applied in feed supplementa-
tion, raw milk, and mozzarella cheese. The lutein content in raw milk increased 
approximately three-fold after 2  months of dietary supplementation with lutein. 
Most of the lutein remained in the mozzarella cheese during the cheese-making 
process, but part was lost to the whey, hot water, and brine. Approximately 20% of 
lutein was lost during the 8 weeks storage period of the mozzarella cheese [151].

The addition of lutein colorant was evaluated on the oxidative stability in yogurt 
for 35 days stored at 5 °C under presence and absence of light. Yogurts (120 g) with 
the addition of 0.5, 1.5, and 2.5 mg of lutein colorant were evaluated for the sensory 
acceptance, showing no differences between aroma and flavor attributes among 
samples. The addition of lutein also conferred oxidative stability to the yogurts. The 
lutein content remained stable during exposure to light, meaning that the lutein 
added in the yogurt was present in the product during the storage [152]. The stabil-
ity of the natural colorant lutein, obtained from the biomass of the microalgae 
Muriellopsis sp, and its antioxidant activity were evaluated during the storage of 
mayonnaise at 5 °C for 3 months. It was observed that the addition of natural colo-
rant maintained the commercial color of mayonnaise for 3 months and the storage 
period [123].

4.3.1  Colorants from Agroindustry Waste

Adding value to fruit and vegetable by-products would satisfy global demand for 
NFAs and reduce environmental impacts. In this context, carotenoid obtained from 
waste was employed in bakery products. Mehta et al. [124] investigated the effect of 
the carotenoids from tomato pomace, in physicochemical characteristics, and shelf- 
life stability of the bread and muffin products. Bread and muffin supplemented with 
tomato pomace showed enhance nutritional properties like dietary fiber, vitamin C, 
antioxidant activity, minerals, and acceptable color and sensory properties. 
Furthermore, increase in the shelf-life compared to control bakery products with or 
without preservatives. Another study evaluated ultrasound-assisted carotenoid 
extraction from mandarin epicarp for use as a natural coloring in two baked goods: 
cakes and breads to reduce tartrazine preservative used in these product [120].
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Carminic acid is mainly applied to meat products during their curing with salts 
to give the meat color. It is already allowed in some countries and international 
legislation, but few studies involve the compound [153]. Recently Ongaratto et al. 
[154] studied the incorporation of carminic acid adsorbed into zinc hydroxide salt 
in mortadella to improve stability and color, resulting in the pinkish, slightly reddish 
color characteristic of mortadella, indicating a promising potential in the substitu-
tion of curing salts.

Chlorophyll is used to add green color to food. The natural colorant was incorpo-
rated into fresh gluten-free pasta. The addition of a platensis biomass as an ingredi-
ent resulted in doughs with an attractive appearance. The gluten-free supplemented 
pasta showed higher antioxidant activity than the control, good mechanical proper-
ties, and high in vitro digestibility without affecting the cooking properties of the 
pasta [155]. Freeze-dried Chlorella sorokiniana biomass rich in chlorophyll dye 
was incorporated into pasta. Replacing 5% flour increased protein and lipid content 
to 15.7 ± 0.50% and 4.1 ± 0.06%, respectively. Meanwhile, adding the microalgae 
Chlorella to the pasta helped increase the polyunsaturated fatty acids, chlorophyll, 
and carotenoids necessary for preventing foodborne diseases [156]. Emulsifiers 
Sucrose fatty acid ester and quillaja saponin were applied to protect the chlorophyll 
of green tea and vegetable juices from the bleaching process. The formation of chlo-
rophyll nanoparticles (100  nm) caused a self-stacking to form many aggregates 
soluble in the aqueous emulsifier solution, suppressing the discoloration of Chl. In 
this way, applying nano encapsulated chlorophyll by emulsions in green drinks 
becomes possible [157].

Chlorophyll natural colorant can be applied as a pH-sensitive natural indicator in 
intelligent films to monitor the quality of foods such as fish and minimally pro-
cessed green peppers [136, 158]. Despite being a colorant legally used to add green 
tones to foods, chlorophyll derivatives are prohibited in Europe and America for fats 
and oils. One of the main frauds is the application of the green dye derived from 
chlorophyll in olives and olive oil to return or intensify the green color of these 
products that are degraded due to processing.

Curcumin is a hydrophobic colorant, so it needs to undergo a modification/com-
patibilization process with the aqueous medium to improve stability and enable its 
application in hydrophilic food matrices. Curcumin nano encapsulated by solid- phase 
dispersion was incorporated as a coloring in yogurt. Curcumin maintained the color of 
the yogurt during the entire storage period (7 days at 4 °C) without causing relevant 
changes in the nutritional composition and fatty acid profiles. In addition, it was also 
possible to observe the antioxidant, anti-inflammatory, cytotoxic, and antibacterial 
activity [103]. An essential application of curcumin can be observed in yellowish 
foods such as cheese. Curcumin was used in Minas Frescal cheese as a photosensitiz-
ing agent in antimicrobial photodynamic therapy for the inactivation of pseudomonas. 
Inactivation of 7 log CFU/mL of P. fluorescens was observed at a 62.50 μg/mL con-
centration of curcumin solubilized in ethanol [159]. Curcumin solutions were infused 
into cooked oysters by vacuum to inhibit growth of total mesophilic and total psychro-
philic bacteria in oysters during storage. A positive antimicrobial effect was observed 
through increased shelf life of cooked oysters [160].
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Curcumin-loaded nanoemulsions were incorporated into a commercial salad 
dressing. To stabilize the emulsions, whey protein and quillaja saponin were used. 
The salad dressings produced were light or yellow, characteristic of classic produc-
tion ingredients such as mustard, egg yolk, and riboflavin. The viscosity of the salad 
dressing mixtures decreased as the nanoemulsion concentration in the mixtures was 
increased due to the fitting into the spaces between the larger particles in the salad 
dressings. It was also observed greater ease of mixing the nano drops with the salad 
dressing, indicating that this technology can be used as a vehicle for curcumin dye 
and other hydrophobic bioactive compounds in commercial products [161].

Curcumin can be used with natural coloring in active packaging and intelligent 
packaging. Curcumin was incorporated into chitosan and polyethylene oxide films 
by electrospinning to monitor chicken breast freshness. The packages were stored at 
4 °C for 8 days, showing the color change of the nanofiber film from bright yellow 
to reddish, which allowed the detection of color changes even with the naked eye of 
the untrained consumer [162]. Tosati et al. [163] incorporated curcumin in an edible 
coating based on starch and bovine gelatin, replacing the synthetic casing used in 
the coating of frankfurter sausage. It was possible to observe the antimicrobial 
effect of the natural colorant applied as active packaging in sausages stored at 5 °C 
for 20 days, while the uncoated sausages had a shelf life of 10 days.

Natural pigments were applied in several types of food, beverages, cereals, milk, 
meats, and bakery and were used in intelligent packaging. Most studies evaluate the 
changes in physical and chemical characteristics with the addition of these ingredi-
ents. However, few studies focus on sensory evaluation, which is essential for the 
consumer acceptance and purchase of food. In addition, it is essential to highlight 
that natural colorants are unstable due to environmental factors such as pH, tem-
perature, oxygen, and light [38]. Thus, many studies used encapsulation to protect 
these compounds and used them as food ingredients.

4.4  Conclusions

This chapter summarized the importance of using natural additives in foods, their 
main sources, and their properties. Based on the literature, pigments such as antho-
cyanins, betalains, carotenoids, annatto, β-carotene, lycopene, lutein, carminic acid, 
chlorophylls, and curcumin can be isolated from natural sources, being used as food 
colorants.

Based on the reviewed literature, anthocyanins have been the most used colo-
rants, followed by lutein, carotenoids, betalains, chlorophyll, and carminic acid. 
Several food products such as milk, yogurt, cheese, candies, soft drink, kefir, maca-
rons, ice cream, mayonnaise, salami, beverages, and pasta can be produced by 
incorporating natural colorants. Furthermore, the use of these natural pigments can 
reduce the oxidation of foods during storage, increasing their shelf life. In addition, 
anthocyanins, betalains, and chlorophyll have been the main natural colorants used 
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to develop active and intelligent food packaging. The stabilization of natural colo-
rants must be investigated aiming to increase their stability when applied in foods.
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Chapter 5
Natural Sweeteners

Lina Maria Rayo-Mendez and Jaiber Humberto Rodriguez-Llanos

5.1  Introduction

Natural sweeteners are substitutes for sucrose also known as “table sugar”, com-
monly obtained from sugar cane (Saccharum officinarum) [1] and sugar beet (Beta 
vulgaris) [2], also substitutes for honey and maple syrup. These sweeteners are food 
additives (FAs) that provide or mimic a sweet flavor similar to sugar (sucrose) but 
with less caloric energy, then their impact on the diet is remarkably considered. 
Since the eighteenth century, the use of sugar in the form of sucrose extracted from 
sugar cane was widespread in the food industry and population [3, 4]. Over the 
years, metabolic disorders, obesity, and diabetes mellitus were increasing world-
wide, becoming a health problem, since those conditions can trigger other diseases, 
thus, a non-caloric, non-nutritive alternative was necessary to sweeten beverages 
and foods. The first sweetener discovered was saccharine in 1879, a synthetic sweet-
ener developed apparently as a suitable option for diabetic people [3]. Although 
sweeteners play an essential role in health and being safe for human diet, they are 
also important for the food industry since sweeteners are FAs that can provide spe-
cific characteristics to food products [5].

Water solubility, low rate of dissolution, temperature stability, colorless, odor-
less, length shelf life, non-toxic, non-after taste, low-cost and availability to produce 
it, among others [1, 6] are characteristics should be remarkably considered to choose 
a determine sweetener to food applications, beyond to sweeten foods, sweeteners 
are additives which also can provide properties of texture, moisture, bulk, flavor, 
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Fig. 5.1 Types of sweeteners and their classification according to calorie intake. (Adapted from 
García-Almeida et al. [7])

and color. In general, sweeteners can be categorized along two lines as high inten-
sity (Non-caloric) or bulk (Caloric) (Fig. 5.1). Consequently, those two categories 
can be further divided into natural, semisynthetic, and artificial sweeteners (syn-
thetic), depending on origin and production [8]. Categories as non-nutritive and 
nutritive, high, and low potency are usually used in the food industry, but still, the 
primary vantage of sweeteners is related to their low calories.

Natural (caloric) sweeteners are understood as minimally processed products 
extracted from plants or natural resources, these include sugars (sucrose, fructose, 
glucose, maltose, lactose, maltose, galactose, among others), honey, maple syrup, 
molasses, and coconut palm sugar, nonetheless with a high caloric level. In contrast, 
natural sweeteners (Non-caloric) have been also extracted from naturals sources 
(plants) or have undergone physicochemical processes, but all low calories, in this 
group may include Steviol glycosides (SGs), Glycyrrhizin, Thaumatin, Pentadin, 
Brazzein and Monellin [9]. Next are artificial sweeteners (synthetic), made strictly 
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from chemical substances through different reactions, which have high intensity 
sweetness power, such as acesulfame K, aspartame, alitame, cyclamate, neotame, 
saccharin, and sucralose. All of them have been applied in several foods and bever-
ages such as desserts, canned foods, dairy products, baked goods, carbonated bever-
ages, powdered drink mixes, soups, among others. However, artificial sweeteners 
consumption is regulated by the U.S. Food and Drug Administration by means of the 
acceptable daily intake (ADI) value, in view of some controversial safety health 
effects and instability of these sweeteners when applied in foods [10]. Low caloric 
sweeteners (semisynthetic) include sugars alcohols (erythritol, maltitol, lactitol, 
mannitol, glycerol, xylitol, isomalt) [11] and rare sugars (D-Tagatose, D-Allulose, 
D-Allose, L-Glucose, L-Ribose) [12], they are known also as semi-naturals because 
can be often found in foods or plants, however, are industrially treated through 
enzymes, yeasts or fungi to produce them [13]. As well as natural sweeteners can be 
applied in different preparations such as beverages, yogurts, cookies, cakes, and even 
in the cosmetic industry such as toothpaste, dental rinses, and so on [14]. According 
to Scoot et al. [15], people are becoming more conscious about their quality of life in 
terms of controlling weight and keeping it at acceptable levels. Thus, consumers in 
recent decades have focused on making choices for food products that do not directly 
affect health. On the other hand, the food industry has designed the development of 
lines of research into healthier foods for this market niche.

5.2  Main Natural Sweeteners: Properties and Applications

5.2.1  Erythritol

Erythritol is a natural sweetener found in fruits like grapes (0–42 mg/kg), melons 
(22–47 mg/kg), pears (0–40 mg/kg), mushrooms, seaweeds, wines (130–300 mg/l), 
beers, soy sauce (910 mg/l), sake (1550 mg/l), miso bean paste (1310 mg/l) [16, 17]. 
It was discovered in 1948 by the Scottish chemist John Stenhouse, isolated in 1952, 
and finally introduced to the Japanese market in 1990 as a sugar substitute for soft 
drinks, chewing gum, jams, and candies, and nowadays it is used as a growing 
ingredient [18–21]. For large-scale industrial production, erythritol can be obtained 
through several chemical methods, also extraction, however, fermentation is a more 
cost-effective process to produce it [17, 19]. Nowadays, glucose fermentation with 
yeast-like fungi such as Moniliella pollinis, Trichosporonoides megachiliensis, and 
Yarrowia lipolytica are commonly employed due to their high production. After the 
separation and purification process, erythritol results as a white-crystalline granular 
substance apparently similar to table sugar with a percent relative sweetness between 
60% and 70% when compared to sucrose [17], but with a glycemic index of 0 [5], 
being its most valuable property.

It belongs to the carbohydrate family known as a sugar alcohol, or polyol or 
polyhydric alcohol because of its hydroxyl groups (HO¯ radical) on the formula 
(Fig. 5.2). The polyols family is a class of low molecular weight compounds with a 
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Fig. 5.2 Chemical 
structure of erythritol

general formula of (CHOH)n H2 where n = 4–6. Erythritol is a 4-carbon sugar alco-
hol, its formula is C4H10O4, whose properties are: molar weight of 122.120 g/mol, 
density of 1.45 g/cm3, melting point at 126 °C, a boiling point between 329 and 
331 °C, solubility of 38% at 25 °C (61 g/100 g water), heat of solution of −43.9 cal/g 
[17, 21–23]. In spite of the name sugar alcohol, erythritol is a noncaloric organic, 
non-glycemic sweetener, then is safe for diabetic patients because there is no influ-
ence on blood insulin levels due to its chemical structure [17] and is secreted by 
urine [22].

Erythritol was approved as safe for consumption by FDA (Food and drug 
Administration) in the United States and also in the European Union (EU) under the 
code of E968 [18, 24, 25]. Because of its small molecular size, erythritol has a high 
digestive tolerance being absorbed into the small intestine and is no fermented in 
the large intestine as other polyols do, exhibiting a vantage among other sweeteners 
to use in food formulation. Although, doses should be regulated, due to excess 
larger than 50 g of intake can lead to borborygmus and nausea [26], according to 
Oku and Okazaki [27], the highest safe dose of erythritol is 0.80  g/kg BW for 
females and 0.66 g/kg body weight (BW) for males to avoid laxative effect on the 
body. Tetzloff et al. [28] observed that even daily doses of 1 g/kg BW were safe for 
humans without gastrointestinal effects and urinary electrolytes excretion was not 
affected.

Erythritol has been extensively used in foods due to its sweetness profile (60–70%) 
and texture (small crystals), similar to sucrose. The most common is the table-top 
use, but also it is a flavor enhancer in foods because of its large cooling effect when 
dissolved in water, an endothermic reaction caused for its high negative heat of solu-
tion of −43.9 cal/g. Although this is a normal characteristic of polyols, erythritol has 
the highest value when compared to the others and even sucrose. Perko et al. [23] 
studied the drop in temperature (cooling effect) of different polyols, dissolving 30 g 
of each sweetener in 100 g of water; authors observed that sorbitol, xylitol and eryth-
ritol temperature dropped from 37 °C to 31, 29, and 27 °C, respectively, and for 
maltitol, isomalt, and sucrose, temperature decrease only close to 35 °C for 13 s of 
time. The cooling effect might be potentially an advantage in enhancing consumer 
enjoyment of such mint-flavored products. Therefore, erythritol is commonly com-
bined with a mint flavor creating a feeling of freshness on chewing gums, hard can-
dies, frostings, ice creams and low-calorie beverages [6, 29–31]. Also, one of the 
advantages to used erythritol in food formulations is the no contribution to the for-
mation of tooth decay caused by dental plaque turning sugars into acid. Some of 
erythritol properties are summarized in Table 5.1. Erythritol is stable to acid and 
alkaline pH conditions, also to high temperatures even until 180 °C without decom-
position. It is a bulk sweetener providing volume which makes it a good ingredient 
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Table 5.1 Applications of erythritol in food products

Properties
Industrial 
use Product References

Sweetener, flavor enhancer 
and cooling sensation

Food Frostings, chewing gum, hard candy, 
glazed goods, and chocolate

[6, 23, 29, 
32]

Sweetener and texture Bakery 
products

Cookies, muffins, and cakes [33–36]

to use in baked products such as cookies [33, 34], cakes [18, 35] and muffins [36], 
with good hedonic acceptance from consumers when compared to sugar products.

Akesowan [35] evaluated chiffon cakes containing 0, 25, 50, 75 and 100% of 
erythritol as a blend with sucralose as sugar (sucrose) replacer. Cakes made with 
50% of erythritol-sucralose had better scores an acceptable sensory quality similar 
when compared with control cake. Cake moistness and water activity increased as 
the level of erythritol-sucralose rise, while tenderness decreased. At 100% level, 
cake batter had a lower ability to retain air resulting in a compacted cake. These 
results were attributed to lower sweetener solubility in water compared to sucrose, 
leaving more available water to the process. But also, because sugar (sucrose) plays 
a role in wheat flour, used to produce cakes, delaying starch gelatinization affecting 
its temperature. Sucrose binds the amylose and amylopectin chains of starch in the 
amorphous zones of the granules, stabilizing them. These bridges increase energy 
requirements, which results in higher gelatinization temperatures [37]. Sweeteners 
are no able to create these bridges then sometimes it is necessary to use stabilizers 
such as inulin (a polysaccharide) and soluble fiber, mainly extracted from chicory 
root with a slightly sweet flavor with zero glycemic index, non-caloric and safe for 
diabetic people [20], but with properties of high swelling, then inulin bonds with 
water and can be used as a thickening agent.

Laguna et al. [34] produced cookies with 25% and 50% of erythritol and inulin 
as a sucrose replacement, obtaining a suitable dough from a processing point of 
view, and cookies color, but cookies with 50% erythritol were scored negatively for 
all sensory attributes being texture main. Cookies with 25% of erythritol obtained 
better scores from consumers’ acceptance also were harder than cookies made with 
inulin which were softer.

Erythritol used in chewing gum provides high flexibility and a soft texture, these 
properties increase chewing gum shelf life avoiding dryness and hard gums texture, 
undesirable characteristics for consumers [23].

5.2.2  Other Polyols

Other polyols are recognized as sugar substitutes, some examples are glycerol, xyli-
tol, sorbitol, and mannitol which are derived from monosaccharides, whereas malti-
tol, isomalt, and lactitol are disaccharide derivatives [1]. Although some are nearly 
50% as sweet as sucrose and their glycemic index is lower than sucrose, their con-
sumption is limited once those polyols may cause gastrointestinal discomfort to 
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human body, then their amount intake is regulated. Maximum bolus doses not caus-
ing laxation for sorbitol are 0.17 (males) and 0.80 (females) g/kg body weight, 
whereas maltitol, isomalt, and xylitol is 0.3  g/kg body weight (both males and 
female), and for erythritol is 0.66 and 0.80 g/kg body weight for males and females, 
respectively [23]. The industrial production of these polyols mostly involves the 
chemical hydrogenation of sugars, but low-cost alternatives such as biotechnologi-
cal production have been considered during the past years due to the high market 
demand for low-calorie sweeteners by fermentation through microbial routes [38]. 
The chemical and physiological characteristics of polyols are summarized in 
Table 5.2.

Besides erythritol, polyols also have a corresponding number from the European 
Union such as (E420) sorbitol, (E421) mannitol, (E953) isomalt, (E965) maltitol, 
(E966) lactitol, xylitol (E967) and erythritol (E968) [40]. Some polyols have been 
studied as sweeteners for chewing gum production because of their humectant, plas-
ticizing and cooling properties, but also because sugar-free chewing gum has proven 
to decrease caries incidence, these include xylitol, sorbitol [41] and erythritol [21]. 
Those sweeteners have gained interest because they are not metabolized by most 
oral bacteria, then they do not produce acid and the saliva pH does not decrease, a 
common factor after eating, in contrast, they increase or stimulate saliva production, 
a positive factor to prevent plaque and caries [41–43]. Jeon et  al. [44] observed 
xylitol affect negatively texture quality on moisture content and hardness of hard 
candy used in their formulation, because its high hygroscopicity, however blending 
isomalt, maltitol, and xylitol in different percentages as 90.21%, 8.63%, and 1.16% 
respectively produced high acceptability from consumers, in hard candies formu-
lated without sugar.

Erythritol is often used in chewing gum coatings, however rough surfaces are 
obtained due to the fast crystallization of this sweetener, consequently, sorbitol, 
maltitol, and xylitol represent an alternative to avoid this problem. Analysis of 
crunchiness and stability against moisture parameters, for chewing gum coatings 
using sorbitol, xylitol, isomalt, maltitol, and mixtures at a ratio of 40:60 of erythri-
tol/sorbitol and erythritol/maltitol were evaluated (Fig. 5.3). Chewing gum coating 
with xylitol showed similar results on all parameters, although the erythritol/sorbi-
tol 40:60 represented a suitable alternative to produce a chewing gum low calorie 
and with consumer acceptance [23]. These findings suggest that polyols combina-
tions may help the desirable characteristics to develop a product.

5.2.3  Tagatose

D-tagatose is a hexose monosaccharide classified as a “rare sugar” according to the 
ISRS (International Society of Rare Sugars) because minimal quantities are avail-
able in nature. In rare sugars group are also found low caloric monosaccharides as 
the L-glucose a L isomer of glucose synthesized artificially in a laboratory, the 
D-allulose and L-ribose, among others [12]. Lately, this natural sweetener has 
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Fig. 5.3 Chewing gum coating parameters (crunchiness, stability against moisture, cooling effect) 
compared to sorbitol, xylitol, isomalt, maltitol, and mixtures of erythritol/sorbitol 40:60 and eryth-
ritol/maltitol 40:60. Scale level (high = 7, low = 0). (Adapted from Perko and Decock [23])

attracted attention because beyond providing sweetness, it is an additive with many 
vantages and potential applications in food as a stabilizer, moisturizer, texturizer, 
and flavor enhancer. It is suitable for dental products It is suitable for dental prod-
ucts due to D-tagatose does not cause tooth decay, which happens with sugar, once 
this rare sugar is not converted to acids by bacteria in the mouth, this acid slowly 
dissolves the enamel creating holes and cavities in the teeth. D-tagatose is a health 
promoter since D-tagatose is partially absorbed, only 15–20% is metabolized on 
small intestine [45], therefore has a minimal effect on blood glucose and insulin 
levels, being fermented on large intestine where are produced short-chain fatty acids 
(SCFA) which improve the gut health [14, 46].

D-tagatose was discovered in 1987 by Lobry de Bruyn and Van Ekenstein who 
were experimentally studying the transformations of reducing sugars in aqueous 
alkaline solutions [47]. Although just until 2001 D-tagatose was considered as a 
GRAS (Generally Recognized as Safe) additive by the U.S FDA (Food and Drug 
Administration), and the FAO (Food and Agriculture Organization) has suggested 
its use in food products after several clinical studies regarding D-tagatose effects 
and tolerance in humans [48–55]. As well the European Union, South Africa, New 
Zealand, and Australia also approved its consumption as a new ingredient [56]. 
D-tagatose can be found naturally in limited amounts in pineapples, apples, oranges 
[57], in gum exudate of the cacao tree (Sterculia setigera) [58], as a component of 
an oligosaccharide in lichens of the Rocella species [59] and also in dairy products 
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when milk is heated as UHT, pasteurized milk [60–62]. Industrially D-tagatose 
could be synthesized from lactose, a disaccharide formed by D-glucose and 
D-galactose present in milk or whey with both by the chemical and biological 
(enzymatic) processes. Firstly, the lactose is hydrolyzed, and D-glucose is elimi-
nated, leaving only the D-galactose to be isomerized.

Under the chemical process, D-galactose is isomerized reacting with metal 
hydroxide (alkaline conditions) and neutralized with acid, after being filtered and 
purified, although this method involves the use of complex purification steps lead-
ing to the formation of unsafe chemical residues and a reduction in their sweetening 
properties representing high costs and disadvantages to producers. Then, several 
biological processes have been studied for years [63–65], since 1984, Izumori et al. 
[66] carried out the first enzymatic synthesis through the oxidation of D-galactitol 
using the enzyme sorbitol dehydrogenase from different microorganisms such as 
Arthrobacter globiformis ST48. Nowadays, the biological process more used is the 
isomerization of D-galactose using enzymes such as β-galactosidase and L-arabinose 
isomerase (L-AI) as biocatalysts, respectively, which is considered the greatest 
potential in use for the production of tagatose [67].

This sweetener is a 6-carbon monosaccharide with a chemical formula of 
C6H12O6, it is known as an epimer of D-fructose due to both chemical structures are 
similar, only D-tagatose differs from D-fructose at the 4-carbon atom (Fig. 5.4). It 
is highly similar to sweet sucrose with 92% of its content in an aqueous solution of 
10%, with a lower caloric value of 1.5 kcal/g, without after taste as other sweeten-
ers, and prebiotic, antidiabetic, and obesity control properties. It is stable in a pH 
range between 2 and 7, very soluble in water (58% w/w at 21 °C) [14]. In Table 5.3 
are shown the chemical and general properties of D-tagatose.

D-tagatose has a wide variety of uses in foods. As a low-calorie bulk sweetener 
make it a suitable ingredient for beverages (soft drinks) and dietary supplements. 
The flavor-enhancing properties of D-tagatose makes it a perfect and probable agent 
to mask the unpleasant taste of medicines or health products. Acu et  al. [69] 

Fig. 5.4 Chemical 
structure of D-tagatose and 
the D-fructose epimer with 
fourth carbon as mirror 
image of D-tagatose in red 
color
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Table 5.3 Chemical and general properties of D-tagatose [56, 68]

Properties Value

Systematic (IUPAC) name (3S,4S,5R)-1,3,4,5,6-Pentahydroxy-hexan-2-
one

Chemical formula C6H12O6

Molecular weight 180.16 g/mol
Melting temperature 134 °C
pH 2–7
Solubility 160 g/100 mL at 20 °C
Relative sweetness 92% of sucrose
Odor None
Color White
Form Crystalline solid
Caloric value 1.5 kcal/g
After taste None
Maillard reaction and caramelization Yes

IUPAC International Union of Pure and Applied Chemistry

evaluated the probiotic viability of ice cream made with frozen raspberry fruits, 
commercial raspberry and blackberry fruit purees, and tagatose as prebiotics. The 
authors observed that the ice cream samples maintained their probiotic properties 
during 120 days of storage and were generally well appreciated in terms of sensory 
properties by panelists.

In another research, Taylor et al. [70] used both partial and 100% sucrose replacer 
in cookies with tagatose. Rheological properties such as spread, hardness, and over-
all texture were similar when compared with control sweetened cookies (sucrose 
cookies), however, the authors compared the cookies having tagatose with cookies 
made with fructose which showed a softener dough cookie. Those results depend on 
sweetener solubility. D-tagatose solubility is slightly lower than sucrose at 20 °C 
(61% and 65%, respectively) while fructose is 88% at the same temperature. 
According to Manley [71], there are two types of cookies, hard and soft cookies, the 
difference is the existence or not of long chains of gluten that give the dough exten-
sibility. The gluten development in the dough is directly related to water availability 
in the process. More water available allows wheat flour proteins hydration, conse-
quently enabling the formation of the gluten chains. The dough will exhibit visco-
elastic properties giving rise to hard cookies without spreading the dough too far; 
therefore, cookies preserve their round shape on the baking sheet; however, when 
sugar amount is high and consequently highly soluble in water, water availability 
decreases, and gluten is not able to be developing resulting in softer cookies, due to 
the dough does not achieve elasticity, and it spreads during baking creating irregular 
sizes. Fat excess also interferes with gluten development, coating proteins in flour 
responsible for forming the gluten, making an impermeable layer on the dough. 
Low-fat content results in strong doughs. Thus gluten, water, sugar, and fat play an 
essential role in the dough [71].
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Tagatose also improved the color of the cookies, based on high scores data from 
panelists who liked the brown color of cookies with 100% tagatose cookies better 
than the control [70], this is due to tagatose participation in Maillard reaction and 
caramelization. Although the sweetness of 100% of tagatose was perceived, the 
overall likeness was acceptable for panelists. D-Tagatose is also useful as a textur-
izer and stabilizer enhancing storage stability by anti-blooming effects on chocolate 
when compared to sucrose and maltitol added to chocolate. Also, the acceptance of 
chocolates produced with tagatose was superior to stevia added chocolate, accord-
ing to consumers responses (n = 219). Tagatose was scored positively as more simi-
lar to sucrose added chocolate rather than stevia, also overall liking was better on 
texture, bitterness, duration of aftertaste and intensity of aftertaste [72]. In sum-
mary, Table 5.4 showed some applications of tagatose in different food and non- 
food products.

5.2.4  Steviol Glycosides

Among all-natural sweeteners, steviol glycosides SGs (stevioside and rebaudioside-
 A) are popularly known as zero-caloric intense sweetening compounds of natural 
origin [80]. Stevia rebaudiana Bertoni (Stevia) is a perennial herb of the Arteraceae 
family, native to South America. Stevia leaves contain steviol glycosides that have 
been used as a sweetener in South America for centuries and today their consump-
tion has spread throughout the world [81].

Table 5.4 Applications of tagatose in food and non-food products

Properties Industrial use Product References

Sweetener Food Frostings [56]
Probiotic and sweetener Food Ice cream [69]
Probiotic and sweetener Food Yogurt [73]
Sweetener and flavor 
enhancer

Food Beverages [74, 75]

Sweetener and flavor 
enhancer

Food Hard candies, soft candies and 
jelly

[56, 76]

Texturizer, stabilizer, and 
sweetener

Food Chocolates [72, 77, 
78]

Sweetener, color 
enhancer, texturizer

Food Baked food, cookies, cake [70]

Sweetener and texturizer Food Chewing gum [56]
Sweetener Food Breakfast cereals [79]
Sweetener and flavor 
enhancer

Cosmetic, personal 
hygiene

Toothpaste, mouthwash, cosmetics [67]

Sweetener Drug Oral antibiotics, Chewable 
flavored antibiotic tablets

[14]

Flavor enhancer Cosmetic Flavored lipstick [46]

L. M. Rayo-Mendez and J. H. Rodriguez-Llanos



135

According to Singh et  al. [82], stevia rebaudiana (Bertoni) is a plant widely 
known in the Amambay region of Paraguay and used as a natural sweetener and in 
traditional local medicine. In addition to the sweetening power of stevia, it has bio-
active compounds with anti-inflammatory, immunomodulatory, antimicrobial, car-
diovascular, anticancer and antidiabetic properties [80]. Stevia extracts have been 
widely used to elevate sweetness levels in foods and the sweet taste of stevia is 
mainly attributed to various glycosides such as stevioside, rebaudioside-A, -B, -C, 
-D, -E and dulcoside-A.  Among them, stevioside, and rebaudioside-A can be 
extracted with hot water [80, 83, 84].

In the last two decades, stevia rebaudiana bertoni leaves have attracted much 
interest not only as a non-caloric sweetener known as steviol glycosides, but also as 
a valuable by-product [85]. In fact, the use of stevia rebaudiana bertoni leaf extracts 
as a low-calorie sweetener is trending upward for beverages, and these extracts are 
sources of bioactive compounds (e.g., polyphenols, chlorophylls, carotenoids, and 
ascorbic acid) with antimicrobial properties and antioxidants [86]. In this correla-
tion of interest and properties, stevia rebaudiana bertoni leaves have attracted much 
interest from researchers and the food industry not only as a non-caloric sweetener, 
but also as a valuable by-product [85].

Stevia rebaudiana is a perennial shrub, being a member of the 950 genera of the 
Asteraceae family. To date, more than 150 species of stevia are known, with stevia 
rebaudiana (Bertoni) being the one that differs from other species due to its high 
degree of sweetness [87]. Stevia rebaudiana is a short-day plant that grows up to 
1 m tall. Its leaves have an elliptical shape and a length between 2 and 3 cm with an 
alternating arrangement. The stem of the plant is fragile and allows a condition to be 
broken easily. In addition, its root system is extensive. The flowers have a white 
coloration and a pale purple color in the throat of the same. The flowers are smaller 
than the leaves and are arranged in the form of small corymbs [82].

Stevia can be found naturally in subtropical regions of semi-humid conditions at 
a height between 200 and 400 m above sea level. For its natural growth, rainfall of 
around 1500–1800 mm and a wide temperature range between −6 and 43 °C are 
required [8]. According to Yadav et al. [8], the first stevia crops were domesticated 
in 1968 in Japan, allowing in the 1970s stevioside, from the Stevia leaf, to become 
a commercially important sweetener and food supplement. Currently, Stevia has 
been adopted and commercialized by several countries such as Brazil, Korea, United 
Kingdom, China, and Malaysia.

From the leaves of the evergreen stevia rebaudiana Bertoni shrub, indigenous 
people obtained extracts that were used as a sweetener for various foods and bever-
ages and in medicines [88]. Steviol glycoside extracts of high purity (≥95%) after 
several studies have been approved for use as a food sweetener in several countries 
and regions, including the European Union and the United States. the sweetening 
property is a result of the presence of natural plant constituents known as steviol 
glycosides (SGs) [89, 90].

The SGs obtained from the plant are four-ring diterpenes composed of an agly-
cone backbone called steviol to which various numbers and types of sugars are 
attached (Fig. 5.5a). Currently, >40 SGs have been identified, stevioside (CAS No. 
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Fig. 5.5 Backbone structure of SGs (a), Stevioside (b), and Rebaudioside A (c). (Adapted from 
Anker et al. [81])

57817-89-7, 4–13% wt:wt, Fig. 5.5b) and rebaudioside A (CAS No. 58543-16, Reb 
A—2–4% wt:wt, Fig. 5.5c) being the most abundant glycosides in stevia rebaudiana 
leaves. Stevioside and Reb A are non-caloric compounds with a sweetening capac-
ity of around ∼200–300 times more than 0.4 M sucrose and are chemically very 
similar, differing only by an additional glucose fraction in Reb A. In general, SGs 
differ only in the number and type of monosaccharides attached to the aglycone [81].

According to Puri et al. [91], steviol is a chemically and thermally stable com-
pound, which does not lose its sweetness index of 300, thus allowing its wide use in 
various industries with possible application with greater use in the food industry. 
Consequently, Brahmachari et al. [88] cited that steviol has a wide acceptance of 
use worldwide, considered the “third” glycogen in the world; in addition, they 
report that there is no evidence of side effects related to its use in humans. On the 
other hand, Azarpazhood et al. [92] informed that stevioside and rebaudioside A 
have economic advantages when compared to other glycosides derived from 
this plant.

In addition to the known facts of its sweetening power, there is scientific evi-
dence that stevia has medicinal benefits, including nematicide, antioxidant, wound 
healing activity, antiviral, anti-inflammatory, antidiabetic, and kidney protection 
[93–96]. Stevioside is non-toxic and its therapeutic value consists of the possibility 
of replacing sugar and the ability of this compound to stimulate insulin secretion in 
the pancreas in the treatment of diabetes and other disorders of carbohydrate metab-
olism [97].

Interestingly, stevia-derived glycosides are non-carcinogenic, non-mutagenic, 
non-teratogenic, and do not induce acute or subacute toxicity [98]. It is important to 
highlight that those studies show an improvement in cholesterol regulation with the 
frequent use of stevia, in addition to presenting antiviral properties and producing a 
positive therapeutic effect in neuralgia treatments [99]. Researchers have associated 
the benefits of Stevia mainly to its nutritional composition, since it has a good 
source of carbohydrates, protein, and crude fiber, thus promoting well-being and 
consequently reducing the risk of certain diseases. In Table 5.5 it is possible to find 
the nutritional information of stevia reported by several authors.
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Table 5.5 Approximate analysis of dried stevia leaves

Components

Comment on
Jyoti 
et al. 
[100]

Goyal 
et al. [101]

Serio 
[102]

Abou-Arab 
et al. [103]

Lemus-Mondaca 
et al. [104]

Kaushik 
et al. [105]

Moisture 7 4.65 Nd 5.37 Nd 7.7
Carbohydrates 52 Nd 53 61.9 35.2 Nd
Protein 10 11.2 11.2 11.40 20.4 12
Fat 3 1.9 5.6 3.73 4.34 2.7
Crude Fiber 18 15.2 15 15.5 Nd Nd
Ash 11 6.3 Nd 7.41 13.1 8.4

Nd not determined

Consequently, it is possible to observe that there are no significant changes in the 
composition reported by the researchers, thus allowing the possible application of 
the extracts as dietary supplements.

In relation to the numerous results found in the literature that report the benefits 
of stevia, it has a potential for use as a source of natural antioxidants in the cosmetic 
and food industries. It should be noted that even though stevia did not present levels 
of toxicity and was accepted as a GRAS food, several authors still recommended 
caution regarding the use of extracts before further toxicological studies are carried 
out due to the cytotoxicity of ethanolic and aqueous glycol extracts [106]. Table 5.6 
shows the wide use of stevia at an industrial level, focusing on the use of elements 
of natural origin to reduce the impacts that synthetics can bring. It is clear that this 
natural sweetener has been widely used in the food and beverage industry as well as 
the pharmaceutical industry. Its use and acceptance at the medicinal level is due to 
studies that have shown promising benefits against diabetes, obesity, hypertension, 
cancer, tooth decay, oxidative and antimicrobial stress.

5.2.5  Glycyrrhizin

The glycyrrhizin (18 β-glycyrrhetinic-acid-3-O-[β-d- glucuronopyranosyl-(1 → 2)-β-d-
glucuronopyranoside], GL), which is more correctly called glycyrrhizinic acid 
[117], is a kind of natural edulcorant as well as one component in Oriental medi-
cine. The hydrophobic backbone is built by a triterpene called glycyrrhetinic acid 
[118]. GL is the main component of licorice extract (Glycyrrhiza glabra), being 
commonly used as a sweetener. GL is until 150 times sweeter than sucrose [119]. 
Moreover, it exhibits low toxicity and is therefore used as a sweetener. However, the 
recommended daily consumption is less than 0.229  mg glycyrrhizin/kg body 
weight/day [120].

According to Zhang et al. [120], licorice extract is extensively used worldwide as 
a natural sweetener, pharmaceutical agent, and dietary supplement. Besides that, 
glycyrrhizin is generally regarded as safe (GRAS) in the USA, European, and other 
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Table 5.6 Principal industrial applications of stevia

Properties
Industrial 
use Product References

Antioxidant Food Wheat bread [107]
Improve concentration of phenolic 
compounds and antioxidant

Food Juice [108]

Antioxidant Food Yogurts [109]
Organoleptic properties Food Oatmeal raisin cookies [110]
Sensory acceptability Food Dairy dessert [111]
Biosurfactant Food Small micelles with size of 

around 4.70 nm
[112]

Anti-tumor property Medical Na [113]
Anticancer activity (gastrointestinal 
cancer cells)

Medical Na [114]

Colon cancer cell lines Medical Na [115]
Reducing glycemic index Medical/ 

Food
Bakery (Muffins) [116]

Na not applicable

countries [121]. On the other hand, in the literature it is possible to find evidence 
indicating that glycyrrhizin has other differentiated biological activities when com-
pared to other sweeteners, thus, it is possible to cite its anti-inflammatory [122], 
antioxidant [123], antiviral [124], antitumor [125] and hepatoprotective [126] 
activity.

Native to Asia and the Mediterranean region, licorice (Glycyrrhiza glabra) is a 
tall shrub in the family Leguminosae, thus the genus Glycyrrhiza Linn. (Fabaceae) 
is composed of approximately 20 species [127]. Although most commercial licorice 
is extracted from varieties of G. glabra grown in southern and central Europe (var. 
typica), central and southern Russia (var. glandulifera) and Iran and Iraq (var. vio-
lacea). Licorice also grows in the United States (var. lepidota) and England (var. 
typica), but neither represents a significant contribution to world production [128]. 
According to Isbrucker et  al. [128] the fresh root contains about 20% of water- 
soluble extractives, and around 3–5% of the root is composed of glycyrrhizin, pres-
ent as a mixture of potassium and calcium salts. Licorice root extract contains 
between 10% and 25% glycyrrhizin as the primary active ingredient. Minor con-
stituents which may also confer some pharmacological activities include liquiriti-
genin, isoliquiritigenin, and their corresponding aglycones [129].

Chemically, glycyrrhizin is composed of hydrophobic aglycone 
18β-glycyrrhetinic acid (C30H46O4, 470.68  g/mol) bound at position C-3 via an 
ether bond to a sugar chain composed of two glucuronic acid units, making the 
molecule amphiphilic (Fig. 5.6) [118]. The acidic group at the C-20 position of 
glycyrrhetinic acid significantly influences the amphiphilicity of the whole mole-
cule depending on the pH value. The polyvalent weak acid group also determines 
the solubilizing properties of the molecule. According to Matsuoka et  al. [118], 
glycyrrhizin is insoluble at low and native pH (pH ≤ 4.5). In contrast, at pH 4.5–5.0, 
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Fig. 5.6 Chemical structures of Glycyrrhizinic (a) and Glycyrrhizinic acid (b). (Adapted from 
Graebin [117])

the anisotropic structure of glycyrrhizin led to the formation of rod-like micelles 
and fibrils with a height of 2.5 nm and periodicity of 9 nm that self-assembled 
either at the interface or within the continuous phase into a fibrillary network at 
concentrations of 5.3–10 mmol/L [130]. Upon increasing concentrations, this is 
most probably due to the deprotonated acidic bound groups to the backbone at 
opposite sites, which causes the loss of the clear amphiphilic structure and more-
over induces repulsion effects between different glycyrrhizin molecules [131, 132].

According to Hosseini et al. [133], the sweetening power of glycyrrhizin allows 
it to be commonly used in the agro-food industries and due to its versatility, saponite 
has its scope in traditional Chinese, Tibetan and Indian medicinal preparations, 
while glycyrrhetinic acid is used in the treatment of chronic liver diseases, being 
marketed in Japan, China, Korea, Taiwan, Indonesia, India and Mongolia [117].

The extracts collected or the powder prepared predominantly from the roots and 
rhizomes usually hold pharmacological importance. Thus, Wang and Nixon [134] 
evaluated the potential anticancer effects of licorice extract and glycyrrhizable com-
pounds by establishing that licorice polyphenols induce apoptosis in cancer cells. 
Thus, these and other activities of licorice infer a suggested justification for combi-
nations of agents in preventive clinical trials. On the other hand, Ruschitzka et al. 
[135] evaluated the effects of glycyrrhizin (50 mg/kg, i.p., twice a day for 7 days) 
on nitric oxide production and vascular endothelin response were monitored in male 
Wistar rats. The aortic endothelial nitric oxide response was significantly inhibited 
by glycyrrhizin treatment, as indicated by reduced aortic tissue nitrate concentra-
tions and decreased endothelial nitric oxide synthase protein levels.

Recently, Gomaa and Abdel-Wadood [129] reported scientific evidence on the 
use of glycyrrhizin and licorice extract as a fighting agent against COVID-19. Thus, 
the researchers conclude that in relation to the literature, licorice extract has capac-
ity against COVID-19, but that randomized clinical trials are needed to reach an 
accurate conclusion [136]. The sweet-tasting yellow licorice root extract, which is 
considered a blend with various bioactive constituents (flavonoids and various phe-
nolic acids), has a variety of benefits and applications [137, 138]. For example, 
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polyphenolic compounds like tannins and flavonoids, which are found in abundance 
in licorice extract, are radical scavengers. In general, naturally occurring phyto-
chemical substances with antioxidant/free radical scavenging characteristics based 
on their existing structure in plant extracts are reported to have corrosion inhibitory 
capacity [139]. Licorice being a traditional Chinese medicinal herb began to be used 
in industrial applications with wide impact in the food and cosmetics indus-
tries [140].

Licorice and licorice derivatives are generally recognized as safe (GRAS) for use 
in food by the US FDA (21 CFR 184.1408 [141]). In Table 5.7, the maximum autho-
rized concentrations for the use of licorice (glycyrrhizin) and its derivatives for use 
in food are established.

Regarding the limitations established by the FDA, it is possible to find in the 
literature several applications of GL in the food industry, as can be seen in Table 5.8, 
which presents the wide use of the sweetener at an industrial level.

However, as licorice application scenarios continue to be discovered, the world-
wide demand for licorice is also increasing and the problem of supply of licorice 
resources has arisen [136]. China is a major producer of licorice and its products 
and is extensively involved in the international licorice trade. However, at the same 
time, China faces depletion of licorice resources and related international trade 
competitive problems. Thus, Han et al. [152] conclude that still, the main focus is 
on the use of licorice extracts, while there is little attention given to licorice resi-
dues. Further inferring that it is necessary to pay attention to the transformation of 
licorice waste into by-products and increase the added value to promote a circular 
economy in addition to promoting cooperation and exchange between the main pro-
ducers to improve the industrial chain and achieve the sustainable use of resources.

GL has wide acceptance and industrial use around the world. Therefore, given 
the properties of licorice and its active constituents, it is suggested that their poten-
tial roles be evaluated by their effects on both food and medicine. However, further 
studies are needed to confirm these effects.

Table 5.7 Maximum authorized concentrations of glycyrrhizin in foods regulated by Food and 
Drug Administrations (FDA) [141]

Food category
Maximum allowable levels of 
glycyrrhizin

Functional 
use

Baked goods 0.05 FE, FA
Alcoholic beverages 0.1 FE, FA, SA
Non – alcoholic beverages 0,15 FE, FA, SA
Chewing gum 1.1 FE, FA
Hard candy 16.0 FE, FA
Soft candy 3.1 FE, FA
Herbs and seasonings 0.15 FE, FA
Plant protein products 0.15 FE, FA
Vitamins or mineral dietary 
supplements

0.5 FE, FA

FE flavor enhancer, FA flavoring agent, SA surface-active agent
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Table 5.8 Main activities of glycyrrhizin and the action mechanisms

Properties
Industrial 
use Product References

Antioxidant capacity Food Preserved the quality of 
Japanese sea bass fillets

[142]

Antioxidant activity Food Precooked pork patties [143]
Antimicrobial activity Food Meat products (fresh 

pork and ham products)
[144]

Antibacterial effects Food Milk and labneh [145]
Sensorial and rheological properties Food Probiotic product 

(ROSALACT®)
[146]

Bioavailability Food Nano-emulsions 
containing Glycyrrhizin

[147]

Low-sugar flavored drinks Food Milk products [148]
Anti-inflammatory and anti-ulcer Medical Na [149]
Preventing and treating dental caries, 
periodontitis, gingivitis, candidiasis, 
recurrent aphthous ulcer, and oral cancer.

Medical Na [150]

Probiotic and prebiotic activities Medical Na [151]

Na Not applicable

5.2.6  Thaumatin

Thaumatin is it a mixture of sweet proteins (thaumatin I and II) extracted from the 
arils of the fruit of Thaumatococcus daniellii (Benth) a West African rainforest 
shrub. It has a high intense sweetener about 2000 times sweeter than sugar, a potent 
flavor/aroma enhancer, and has the ability to mask unwanted aftertaste from numer-
ous substances, including artificial sweeteners. It was first documented in 1855 by 
scientist W.F.  Daniell, who described it as a powerful sweetener and flavor and 
aroma enhancer in local foods and beverages [9, 153, 154].

While there are others sweet proteins which have been identified and isolated 
from tropical plants such as brazzein [155], pentadin [156], curculin [157], and 
monellin [158], thaumatin has been most studied [159], however, a large-scale pro-
duction, cost, quality, and acknowledged applications are currently some limitations 
to commercialize this sweet protein [160, 161].

Thaumatin is composed of a sequence of 207 amino acids, and it is digested by 
the human body and animals following the normal metabolism of other natural pro-
teins, for that reason thaumatin is considered GRAS by the U.S FDA and by the 
European Union under the code E957. Its properties include, odorless, flavor 
enhancer, flavor masker (bitter or unpleasant taste), stable at 120 °C and both acid 
and alkaline pH environments (from 2.0 to 10 at room temperature), water soluble, 
slow onset sweetness but sweet aftertaste, and 4 kcal. g−1 [159].

In spite its high-intensity sweetness and flavor enhancer and masking effect, not 
several data were found in the literature on the use of thaumatin in food applica-
tions. Until now the applications found of thaumatin added were to Skyr yogurt with 

5 Natural Sweeteners



142

mango pulp by Pereira et al. [162] which observed the sweetener had better accep-
tance on the sensory profile above stevia from consumers panelists results, also 
stevia/thaumatin blend (ratio 1:1). Thaumatin did not affect the texture and synere-
sis of natural skyr yogurt when compared to sucrose formulation of yogurt. Firsov 
et al. [163] used thaumatin in salted, pickled tomatoes stored through 6 months, and 
processed tomatoes. Thaumatin showed high stability during salting, acidic (at a 
pH = 3.1) and storage. Its amount was similar to the content added to fresh tomatoes 
before processing. Therefore, both salt and acid environments do not influence on 
thaumatin sweetener properties. Although both salted and pickled tomatoes had a 
common thaumatin after taste, the overall likeness of pickled tomatoes was scored 
by panelists as better compared to fresh and salted tomatoes after 6 months of stor-
age, which means thaumatin was a flavor enhancer in acid conditions.

A reducing sugar concentration from 17% of sucrose in strawberry petit Suisse 
cheese was achieved using a combination of thaumatin/sucralose (at ratio 2:1) at 
0.018% with a potency 157.40 reaching the same sweetness sensation as sucrose 
evaluated by Sousa et al. [164] reducing calories. Authors evaluated four formula-
tions as sucralose, sucralose/acesulfame-K (4:1), thaumatin/sucralose (2:1) and 
cyclamate/saccharin (1:1). Even results showed cyclamate/saccharin (at ratio 1:1) 
were the sweeteners with the highest concentration 0.349%, thaumatin and sucra-
lose (at ratio 2:1) might reach the same sweetness sensation.

5.3  Conclusions

Food applications of sweeteners require reformulation in manufacturing and food 
production to address crucial and technical challenges.

Despite sugar reduction or total replacement, its impact is not only on sweetness 
but also overall texture, color, taste, and flavor of products; however, several sweet-
eners can also act as a bulking and stabilizer agent and have culinary properties that 
can affect positively baked goods, candies, glazes, dairy products, and others.

Characteristics such as after taste are mainly associated with the natural plants 
extracted sweeteners such as steviol glycosides, glycyrrhizin, and thaumatin; how-
ever, the advantage to providing zero calories and zero glycemic indexes without 
impact on the human body is desirable for low caloric food applications. Sugar 
alcohols and rare sugars are low caloric with potential uses; however, their doses 
should be regulated. Water solubility is a concern that affects specially baked prod-
ucts to choose the sweetener, however blends or mixtures of them improve product 
characteristics with better sensorial acceptance. Nevertheless, sugar alcohols pro-
vide a cooling effect to products specially mixed with other flavors.

In general, the introduction of food additives such as sweeteners to the market 
has provided new opportunities to study the chemical interactions of different ingre-
dients and their impact on human health. More studies need to be done to reach 
other food products.
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Chapter 6
Vegetal and Microbial Sources of Natural 
Additives and Their Food Applications

Andrea Vásquez-García, Sandra P. Betancourt-Botero, 
and Liliana Londoño-Hernandez

6.1  Introduction

According to the Food and Drug Administration (FDA) [1], food additives (FAs) are 
defined as any added substance that directly or indirectly affects the characteristics 
of a food. This substance can be incorporated at any stage: processing, packaging, 
transport, or storage. According to the World Health Organization (WHO), FAs are 
compounds used to improve or preserve the organoleptic properties of foods, includ-
ing their texture, flavor, and odor, as well as to prolong their shelf life while main-
taining their quality and safety. CODEX STAN 192-1995 regulates the use of 
additives in the industry worldwide according to the type of food, the functionality, 
and the source of the additive. In this sense, additives can be of natural or synthetic 
origin and their functionalities vary between flavor enhancers, sweeteners, colo-
rants, emulsifiers, anti-caking agents, antifoaming agents, among others (Fig. 6.1) [2].

Due to their stability, the most used additives in the industry are of synthetic 
origin; however, in recent years, due to changes in consumption trends and the 
proven toxicity of some of these substances used, there has been an increase in 
research aimed at obtaining natural food additives (NFAs) of different origin, mainly 
vegetable and microbial, for their application in the food industry. The process of 
obtaining NFAs may vary according to the type of compound to be produced. 
However, at a general level, it can follow the following stages: pre-treatment of the 
raw material, extraction, concentration, purification, and product formation [3]. 
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Fig. 6.1 Applications of 
natural additives in the 
food industry

Extraction is one of the operations that has been most studied due to its economic 
implications [3].

Extraction is a unitary operation that allows the removal of a certain compound 
from a matrix, through several techniques and methods. The separation methodolo-
gies traditionally used are solid-liquid extraction, which allows the recovery of a 
solute (metabolite or bioactive compound) from a solid matrix using a solvent that 
has an affinity with the compound to be recovered [4]. Although this type of extrac-
tion is a simple method, it has several disadvantages, mainly the long processing 
time, which results in high consumption of solvent and energy, the contamination 
generated using organic solvents and the low efficiency of the process, which has 
been considered inefficient [3]. For this reason, in recent years, process engineering 
has been studying emerging technologies that allow ingredients to be obtained in a 
sustainable and profitable manner [5]. Among these technologies are high voltage 
electrical discharges, pulsed electric fields, microwaves, ultrasound, supercritical 
and subcritical fluids, pressurized liquid extraction, aqueous biphasic extraction, 
and membrane separation, which have better energy efficiency, use lower extraction 
temperatures. Furthermore, these emerging technologies have better yields, as well 
as greater selectivity in the compounds obtained, being considered clean or green 
technologies [6].
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Once the additives are obtained, they can be used in different industries. In the 
food industry, their use has increased due to changes in consumer habits who 
demand healthier products. This has led to a growing demand in the additives mar-
ket in recent years. According to the report by Global Market Insights [7], in 2017 
the food additive market exceeded 55 billion dollars and it is expected that by 2024 
there will be a consumption of more than 385 million tons. However, this trend may 
be greater if one takes into account that with the situation resulting from the spread 
of the COVID-19 virus, consumers tend to eliminate any additives that are not of 
natural origin from their diet. Therefore, the potential use of these FAs is focused on 
the development of functional foods aimed at improving consumer health and active 
packaging to preserve and extend the shelf life of products. Taking into account the 
above, this chapter aimed to review the main food additives obtained from vegetal 
and microbial sources, their production process, and the main applications in the 
food industry.

6.2  Natural Additives Isolated From Vegetal 
and Microbial Sources

6.2.1  Hydrocolloids

Natural food hydrocolloids (proteins and polysaccharides) [8] have been intensively 
researched for their application in health improvement or disease prevention through 
dietary therapy [9]. In foods, these are used for thickening, gelling, fat-replacing, 
and film-forming [10, 11]. Hydrocolloids of plant origin can be divided into exu-
dates from plants such as acacia gum, chicle gum, glucomannan, gum arabic, gum 
ghatti, gum tragacanth, inulin, konjac, and pectin. The other group is made up of 
gums derived from seeds such as amylase, basil seed gum, cassia seed gum, cellu-
lose, fenugreek gum, guar gum, lesquerella fender gum, locust bean gum, karaya 
gum, konjac, mesquite seed gum, oat gum, rye gum, psyllium, starches, and tama-
rind gum. The last group is made up of hydrocolloids from seaweed: agar-agar, 
alginic acid, carrageenan, fucoidan, furcellaran, laminarin, red alga xylan, sodium 
alginate, and ulvan [12]. Marine macroalgae, particularly brown algae (phylum 
Ochrophyta or Heterokontophyta) and edible red algae (phylum Rhodophyta) are 
important sources of unique carbohydrate-based hydrocolloids [13], agar, alginate, 
and carrageenan are carbohydrate hydrocolloids derived from these algae [14].

Hydrocolloids of microbial origin (fermentation), e.g. baker’s yeast 
glycan,dextran, curdlan, gellan gum, levan, pullulan, spruce gum, scleroglucan, tara 
gum, welan gum, and xanthan gum [12]. Some bacteria of the genus Pseudomonas 
and Azotobacter can also produce alginate, but this bacterial compound is acety-
lated to 2-OH and / or 3-OH and is not used commercially [14]. Another example is 
the production of xanthan gum product of fermentation by bacteria called as 
Xanthomonas campestris [15]. It is one of the most widely used industrial gum with 
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an increase in demand and production by 5–10% per year [16]. In the same way, 
chitin and chitosan extractions have been identified from eight different species of 
fungi such as Lentinula edodes [17], Pleurotus sajor-caju [18], Agaricus bisporus 
[19], Auricula-judae [20], Trametes versicolor [21], Armillaria mellea [20], 
Pleurotus ostreatus [22] and Pleurotus eryngii [20].

6.2.2  Pigments

Pigments are widely employed because the color is one of the most impressive attri-
butes of foodstuff, cosmetics, medicines, and others, with direct influence on a 
direct influence on consumer preference, selection, desire, and purchase [23]. In the 
food industry, several companies are developing foods that contain microalgae or 
the compounds derived from microalgae. For example, the Mars Wrigley 
Confectionery company in Ireland, which produces the famous M&M chocolates, 
uses spirulina as a natural colorant in the process of making these sweets [24]. 
Among the photosynthetic cyanobacteria, Arthrospira platensis stands out for being 
considered a good nutritional supplement and food additive [25]. This blue-green 
cyanobacterium is an excellent source of phycobiliproteins (phycoerythrin and phy-
cocyanin) [26]. Phycobiliproteins are complexes of brightly colored proteins and 
pigments in cyanobacteria (blue-green algae) [27], rhodophyta (red algae), crypto-
monads (or cryptophytes) and cyanella. According to the protein structure, there are 
three major classes of phycobiliproteins consisting of c-phycocyanin, allophycocy-
anin and phycoerythrin [28]. On the other hand, Anabaena 7120 has been widely 
studied for being recently recognized as an important source of carotenoids [29]. 
Some unconventional pigment-producing microalgae (such as carotenoids and phy-
cobiliproteins) are Chlamydomonas sp., Muriellopsis sp., Scenedesmus allegiances, 
Tetraselmis sp. [30], among others.

Several microorganisms, such as Microbacterium oxydans, Chryseobacterium 
rhizoplanae JM-534T, Flavobacterium maris KMM 9535T, Chryseobacterium 
zeace JM-1085T, Chryseobacterium arachidis 91A-593T, Chryseobacterium geo-
carposphaerae 91A-561T, Rubritalea squalenifaciens sp., Chryseobacterium 
acrtocarpi CECT 8497, Flavobacterium tilapiae Ruye-71T, Monascus sp., 
Staphylococcus kloosii, Exiguobacterium aurantiacum, Exiguobacterium profun-
dum, Alternaria sp., Eurotium rubrum, Pseudomonas argentinensis CH01T, and 
Rhodotorula glutinis have been used in the production of yellowish-orange pig-
ments [31]. Similarly, natural blue pigments are produced by microbial sources, the 
most studied being those produced by the cyanobacterium Arthrospira platensis, 
eukaryotic algae, cryptophytes and rhodophytes. Finally, Arthrospira platensis is 
responsible for the production of phycocyanin, one of the most important blue com-
pounds approved as safe in the food industry [32].
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6.2.3  Antioxidants

Antioxidants can eliminate free radicals and other reactive oxygen and nitrogen spe-
cies, and these reactive species contribute to most chronic diseases [33]. The cyano-
bacterium Arthrospira Platensis is a source of potent antioxidants, such as 
carotenoids, polyphenols and phycobiliproteins [34]. High contents of phenolic 
compounds and flavonoids have been studied in four different species of Trentepohlia 
(T. abietina, T. arborum, T. diffracta, and T. umbrina), due to the content of carot-
enoids, demonstrating the antioxidant activity of these compounds [35]. Spirulina is 
also well-known for its antioxidant compounds, like phycocyanin and vitamin E [36].

Actinobacteria produce a variety of bioactive compounds of interest to the food 
industry, including antioxidants. Among the antioxidant compounds of various 
microorganisms are those produced by Aspergillus repens, Aspergillus terreus, 
Aspergillus Versicolor, Cephalosporium sp., Microsphaeropsisolivacea, 
Nocardiopsis alba, Paecilomyces carneus, Penicilliumparaherquei, 
Pestalotiopsismicrospora, Streptomyces sp., Streptomyces nitrosporeus, 
Streptomyces prunicolor and Streptomyces tolurosus [37, 38].

The production of exopolysaccharides can occur because the bacteria present in 
probiotics can colonize the human gastrointestinal tract, these compounds have an 
important antioxidant activity [39]. In a study conducted with lactic acid bacteria 
such as Lactobacillus plantarum and Lactobacillus paracasei subsp. paracasei pro-
duced sufficient exopolysaccharides, which demonstrated high antioxidant activity, 
such as DPPH free radical scavenging activity, inhibition of linoleic acid peroxida-
tion, chelation of ferrous ions, and reducing power [40].

Natural antioxidants like ascorbic acid (vitamin C) can be found in citrus fruits 
and tomatoes [41]; alpha-tocopherol (vitamin E) is found in foods such as wheat 
germ, cereals, broccoli, Brussels sprouts, cauliflower, safflower oil, sunflower oil, 
almonds, and hazelnuts; beta carotene in kale, spinach, tomatoes, carrots, sweet 
potatoes, papayas; lycopene in tomatoes, watermelon, pink grapefruit, and guava; 
selenium in Brazil nuts, cereals, and organ meats; flavonoids in potatoes, tomatoes, 
lettuce, onions and black tea [42].

Current research reports that various parts of fruits contain phenolic compounds 
with significant antioxidant capacity [43]. Among the sources of natural antioxi-
dants, apple pomace is rich in catechins, hydroxycinnamates, phloretin glycosides, 
quercetin glycosides and procyanidins, considered phenolic compounds [44]. 
Similarly, a study carried out with raspberry pomace was used in fruit purees as an 
enriching agent because it is rich in ellagic acid, ellagitannin and anthocyanin) [45].
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6.2.4  Emulsifier

Emulsifiers are a type of FAs that play an essential role in the physicochemical 
properties of natural and processed foods, affecting their viscosity, texture, and 
mouthfeel [46]. Soy lecithin is a naturally extracted amphiphilic molecule, which 
has been used in various forms in the food industry and is mainly composed of 
phosphatidylethanolamine, phosphatidylcholine, phosphatidylinositol, and phos-
phatidic acid [47]. Emulsifiers are broadly used in the food industry, in baked prod-
ucts, chocolate, cooking spray, instant foods, and margarine [48]. Currently, 
consumers and regulatory institutions are pushing to replace semi-synthetic and 
synthetic ingredients in the food industry, within these changes lecithin is consid-
ered as a phospholipid with great health benefits [49].

Pea protein is a macromolecule similar to soy protein, which also exhibits similar 
functional properties such as emulsification and the advantage of generating aller-
gies [50].

Another emulsifiers source is Quillaja saponins, which are isolated from the bark 
of an endemic tree to the Central Zone of Chile. These natural surfactants usually 
have a complex mixture of different substances, such as amphiphilic compounds 
that form micelles when dispersed in water and thus can facilitate the formation and 
stability of oil-in-water emulsions. The dominant amphiphilic compounds in the 
natural extracts of this tree are saponins. Saponins are amphiphilic because they 
have hydrophobic regions (e.g., phenolics) and hydrophilic regions (e.g., sugars), 
distributed within a single molecule [51].

Some microorganisms that produce emulsifying agents are Pseudomonas aeru-
ginosa M408, Serratia rubidaea SNAU02, Bacillus subtilis LSFM-05, 
Achromobacter sp. HZ01, and Bacillus brevis [52]. Biosurfactants produced by 
Bacillus subtilis are used as emulsifiers in the production of biscuits [53]. The for-
mulations with bacterial biosurfactant with 0.1% inclusion showed better dough 
texture properties such as cohesion, adhesiveness, hardness, and elasticity when 
compared to the cookies produced with commercial emulsifier glycerol monostea-
rate [53].

Biosurfactants can be produced by yeasts, especially those of genera Candida, 
Pseudozyma, and Yarrowia [54]. In food formulations, the surfactant compounds 
produced by Candida utilis have the potential to be used. For example, a mayon-
naise based on sunflower oil was formulated and C. utilis and guar gum were used 
as biosurfactants, generating a stable mayonnaise for 30 days at 4 °C [55].

Fungal polysaccharides, also known as gums, are hydrophilic substances capable 
of dissolving or dispersing in water and, as a consequence, increasing the viscosity 
of a system. Some secreted fungal heteroglucan polysaccharides have various bio-
logical activities, for example: Agrocybe cylindracea - antioxidant, Diaporthe sp. - 
antitumor, Pleurotus geesteranus - anti-inflammatory; hepatoprotective; antioxidant, 
Lachnum YM405 - immunoregulatory, Penicillium sp. – pinocytic, Trametes versi-
color – antioxidant; antitumor, and Lasiodiplodia sp. – antimicrobial; antioxidant; 
immunomodulatory [56].
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6.2.5  Vitamins

Several vitamins can be isolated from microbial sources. Arthrospira platensis is a 
cyanobacterium that has a unique composition, comprising not only up to 70% pro-
tein containing all essential amino acids, but also polysaccharides, vitamin B12, C, 
and E [34]. In vitamin E, α-tocopherol stands out, a fat-soluble compound that has 
a significant antioxidant capacity [57]. Species such as N. oculata, Euglena gracilis, 
and Tetraselmis suecica have reported the presence of vitamin E, the greatest pres-
ence being reported by E. gracilis [58]. The consumption of other vitamins pro-
duced by cyanobacteria presents benefits for the health of consumers, for example 
vitamin K1 since Anabaena cylindrica has been reported that this vitamin helps 
prevent chronic diseases, such as cancer and coronary heart diseases [24].

Beta-carotene, a fundamental source of vitamin A, has been efficiently obtained 
through microbial processes, using the fungus Blakeslea trispora and the green 
microalgae Dunaliella [59]. Microbial production of astaxanthin, which occupies a 
small proportion of the market, is based on the chromophyte microalga 
Haematococcus pluvialis and the basidiomycete yeast X. dendrorhous, originally 
named Phaffia rhodozyma [60]. The production of vitamins using genetically modi-
fied microorganisms, such as vitamin B12 from Pseudomonas denitrificans, vitamin 
B2 from B. subtilis strains, and A. gossypii, vitamin C from Ketogulonicigenium 
vulgare, Bacillus endophyticus, Gluconobacter oxydans and pro-vitamin A from the 
strains Blakeslea trispora, E. coli and S. cerevisiae [61]. The genetic modification 
of microorganisms has been used to increase, for example, the production of ergos-
terol from S. cerevisiae, this compound is a precursor of vitamin D and is obtained 
by the overexpression of different enzymes involved in the biosynthetic pathway of 
the microorganism and the use of substrates more economical as a carbon source, in 
this case, molasse [59].

Regarding the industrial production of vitamins, they show a significant impact 
by microorganisms, among which the bacterium Bacillus subtilis and the Ashbya 
gossypii fungus to produce vitamin B2 [62] the bacterium Pseudomonas denitrifi-
cans to produce vitamin B12 and Luconobacter suboxydansa and Ketogulonicigenium 
vulgarea bacteria for vitamin C production [60].

There are fungi that use methanol and are naturally capable of synthesizing ribo-
flavin from two main precursors: ribulose 5-phosphate and guanosine triphosphate 
[62]. Fungal species include Aspergillus terreus, A. gossypii, Candida boidinii, 
Candida oleophila, C. famata, Eremothecium ashbyii, Hansenula polymorpha, 
Schwanniomyces occidentalis, Pichia guilliermondii, and Pichia caribbica [62]. 
Other fungi such as Cephalosporium, Fusarium and Trichoderma have also been 
investigated for their ability to accumulate ergosterol, however, they offer lower 
production titers of this compound than S. cerevisiae [59].
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6.2.6  Fatty Acids

Lipids are rich in polyunsaturated fatty acids (PUFA), used in the food industry as 
FAs because they help modify the fatty acid composition of specific foods, which is 
why they are in high demand [51]. The incorporation of PUFA into a food can be 
done in different ways, the first is the direct addition of PUFA or PUFA-producing 
microorganisms to the food or by using concentrates with a high content of PUFA 
that give rise to the production of animal products rich in PUFA, such as eggs, meat, 
among others [63]. Acids such as arachidonic acid, eicosapentaenoic acid, docosa-
hexaenoic acid, and linolenic acid are found in PUFAs [24]. High production of 
PUFA has also been detected from some unconventional microalgae, which repre-
sent interesting applications for the food industries, within this group of microalgae 
are Isochrysis galbana, Aurantiochytrium sp., Cadophora fracta, Chraustochytrids, 
C. cohnii, Nannochloropsis, Nitzschia sp., Parietochloris incise, P. tricornutum and 
Ulkenia [64]. There are two possible alternatives to fish oils: single-cell microbial 
oils and vegetable oils from metabolically engineered plant oilseeds [65]. Successful 
high-level accumulation of ω3-VLCPUFAs through metabolic engineering of oil-
seeds has been reported in several species, including Brassica juncea [61], 
Arabidopsis thaliana [66] and Camelina sativa [67].

Most PUFA synthases originate from bacteria such as Moritella marina, 
Shewanella sp., Colwellia sp., and Photobacterium sp. [68]. On the other hand, 
most of the PUFA synthases originated from eukaryotic microorganisms such as 
Aurantiochytrium sp., Schizochytrium sp. and Thraustochytrium sp. [69]. Among 
the fatty acids of the ω-3 family, C20: 5 eicosapentaenoic acid (EPA) and C22: 6 
docosahexaenoic /acid (DHA) are the most important species [70]. EPA is produced 
by bacteria such as Shewanella putrefaciens, Alteromonas putrefaciens, Shewanella 
electrodiphila L-proline, and Photobacterium. Colwellia psychrerythraea produces 
DHA.  Regardiing the DHA-producing fungi Thraustochytrium aureum, 
Aurantiochytrium limacinum, Schizochytrium limacinum, and Schizochytrium sp. In 
the family of EPAs produced by fungi we can find species such as Mortierella 
alpina 1S-4, Pythium irregulare, Pythium irregulare, and Candida guilliermon-
dii [71].

6.2.7  Organic Acids

Organic acids are a group of major chemicals that have been frequently employed 
in some industries, such as food, pharmaceutical, cosmetics, detergent, polymer, 
and textile [72]. In lactic acid bacteria such as Lactobacillus sp. and Lactococcus 
sp., Bacillus subtilis, Corynebacterium glutamicum, Escherichia coli, yeast, and 
microalgae production of lactic acid has been established [73]. According to Panda 
et  al. [74], lactic acid was produced by Lactobacillus casei, Lactobacillus 
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delbrueckii, and Lactobacillus plantarum using potato peas, peas, sweet corn, 
mango, orange, and fibrous cassava residue as substrates.

In 1924 it was reported that the yeast Saccharomyces cerevisiae produced malic 
acid as a synthesized microbial product [75]. Since that time, other microorganisms 
that produce L-malic acid have been discovered, including the species of fungi 
Aspergillus, Rhizopus, and Ustilago, which are the most promising natural synthe-
sizing microorganisms of this acid in the industry [76]. Malic acid is an intermediate 
of the tricarboxylic acid cycle and is typically produced in species of the Aspergillus 
fungus, for example, A. flavus, A. niger, and A. oryzae [73].

Fumaric acid is produced from malic acid by the activity of the enzyme fuma-
rase, there are fungi that naturally produce the fumaric acid Rhizopus nigricans or 
R. oryzae [77]. In the biotechnology area, efforts are being joined to establish pro-
cesses to produce succinic acid using bacterial strains, such as E. coli [78]. This acid 
has various applications in the food industry, such as addictive, foaming agent, sur-
factant, among others [79]. Furthermore, this acid can serve as a platform for the 
synthesis of a variety of other chemical substances [80].

The production of citric acid on an industrial scale is typically carried out using 
the fungus A. niger [81]. This fungus naturally produces an excess of citric acid, the 
molecular mechanism of accumulation and secretion is not yet fully understood 
[82]. This organic acid can be produced from various agro-industrial waste such as 
pineapple peel, apple pomace, banana peel, and pineapple pulp [74].

6.2.8  Aroma and Flavor

The synthesis of natural molecules and aromas through microbiological methods 
can be divided into de novo synthesis and biotransformation [83]. The first consists 
of the production of aromatic compounds after metabolizing the cells through the 
use of simple culture media, carrying out the biotransformation through submerged 
or solid-state fermentation [84]. In the case of submerged fermentation, various 
substrates and different microorganisms can be used to carry out this biotransforma-
tion, some examples are substrates such as Eugenol, using microorganisms such as 
Pseudomonas sp., Aspergillus niger, and Corynobacterium strains, the vanilla fla-
vor can be obtained. Using lignin as a substrate for the development of Pleurotus 
cornucopia, Pleurotus pulmonius, Pleurotus floridanus and Pleurotus eryngii to 
obtain Anisaldehyde that generates flavors such as vanilla and anise. The growth of 
microorganisms such as Ischnoderma benzoinum and Kluyveromyces lactis using 
L-phenylalaline as a substrate produces 2-phenylethanol which is used as a food 
additive [84].

In the case of solid-state fermentation, using a substrate of cassava bagasse with 
valine and cassava bagasse with leucine for the growth of the microorganism 
Ceratocystis fimbriata, developing a banana aroma [85]. The pregelatinized rice 
substrate allows the growth of Neurospora sp., generating aromas such as Ethyl 
acetate, Ethyl caproate, Isoamyl alcohol, 1-Octen-3-ol, and 3-Methyl-1-butanol and 
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Bacillus subtilis generates pyrazine. Ceratocystis fimbriata can grow on various 
agro-industrial substrates such as amaranth, cassava bagasse, coffee peel, apple 
pomace and soy, producing fruity aromas, and pineapple aroma [86]. Some investi-
gations have reported that the growth of this microorganism on substrates such as 
coffee husks supplemented with 20% and 30% glucose generates a pineapple aroma. 
In the year 2000, the growth of the microorganism Kluyveromyces marxianus on 
palm bran and cassava bagasse substrate, producing fruity aromas, was investigated 
[86]. Similarly, the biotechnological production of traditional aromas such as con-
centrated aromas Cheddar and Roquefort type cheese, are obtained by the cultiva-
tion of species such as Micrococcus sp., and Penicillium roqueforti, respectively [87].

De novo synthesis should be used for the preparation of product mixtures, while 
biotransformations can carry out single-stage processes [88]. To produce unique 
aromatic compounds, microorganisms grown in specific and appropriate media are 
used for their growth and development, due to the complex transformation of 
molecular bioconversion [87]. Some of the aromas produced are Benzaldehyde, 
with a sensory description of bitter almonds, the sensation produced by various spe-
cies of fungi Agaricus bisporus, Agaricus subrefecens, Armillaria mellea, 
Ischnoderma benzoinum, Pleurotus sapidus, Polyporus sp., and Tyromyces sambu-
ceus. In the case of the anisaldehyde aroma with the sensory perception of vanilla, 
the anise aroma is produced by fungi such as Bjerkandera adusta Pleurotus sapidus, 
Polyporus benzoinus, and Trametes suaveolens. The aroma of methyl benzoate and 
ethyl benzoate presents a fruity aroma generated by the growth of fungi such as 
Agaricus subrefecens, Mycena pura, Phellinus sp., and Polyporus tuberaster [84].

6.2.9  Enzymes

Microorganisms such as bacteria, yeasts, and fungi are used to produce enzymes 
that are then used in various food preparations to improve taste and texture and offer 
enormous economic benefits [89]. In the food industry, the use of enzymes stands 
out, for example in the saccharification of starch carried out by α-amylase enzymes 
produced by Bacillus amyloliquefaciencs, Bacillus licheniformis, or Bacillus stea-
rothermophilus [90]. Other important enzymes are glucoamylases produced mainly 
by the fungi Aspergillus niger, Aspergillus awamori, and Rhizopus oryzae, the 
enzymes produced by the latter fungus are widely used for industrial applications 
[91]. Acid protease from Aspergillus usamii has been used successfully to improve 
the functional properties of wheat gluten [92]. The β-galactosidase is produced from 
the yeast Kluyveromyces lactis and Kluyveromyces fragilis [93]. One advantage of 
the use of enzymes of microbial origin is that many applications cannot be fulfilled 
through chemical synthesis, as is the case of the lipase produced by Candida rugosa 
[94]. The commercial phospholipase produced by Fusarium oxysporum is marketed 
by the Danish company Novozymes A / S and its applications include baking [95]. 
Bacillus licheniformis produced a new thermostable esterase, a highly thermotoler-
ant enzyme which was expressed heterologous in E. coli [96]. Patel et  al. [97] 
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obtained with the growth of the microorganism Lasiodiplodia theobromae the puri-
fied lipoxygenase enzyme using different chromatography techniques and achieved 
the complete characterization of the enzyme. The main species of xylanase- 
producing fungi are Aspergillus sp., Fusarium sp. and Penicillium sp. [98].

The fungi Aspergillus niger, and Penicillium glaucum were identified as the first 
producers of glucose oxidase, although there are several microorganisms that pro-
duce it [89]. Aspergillus niger species is widely used in the food industry to produce 
glucose oxidase [99]. Penicillium adametzii is a fungus widely used for extracellu-
lar glucose oxidase production [89]. Laccases are secreted extracellularly by vari-
ous fungi as a product of their secondary metabolism during fermentation, but their 
production is limited to a few species of fungi [100]. Fungi from the deuteromyce-
tes, ascomycetes as well as basidiomycetes are known producers of laccase [101]. 
White rot fungi can produce laccases, among these fungi is Funalia trogii. Laccases 
can also be produced from microbial sources such as Aspergillus niger, and 
Micrococcus luteus. Microbial enzymes are generally preferred as sources to pro-
duce enzymes due to several advantages, such as rapid growth, easy handling, and 
genetic modification that allows obtaining the desired enzyme [102].

6.2.10  Preservatives

Food preservation includes many science-based applications through accessible 
procedures or technologies to stop the spoilage of food products and to extend their 
shelf life, reassuring customers that a product is free of pathogenic microorganisms 
[103]. Polyphenols and essential oils of plant origin can be mentioned as examples 
of natural preservatives [104]. Special attention has been paid to the applications of 
vegetable essential oils as food preservatives, coming from plant families such as: 
Monimiaceae, Lamiaceae, Lamiaceae, Apiaceae, Zingiberaceae Burseraceae, 
Piperaceae, Asteraceae, Ranunculaceae, Cyperaceae, Lamiaceae, Apiaceae, 
Rosaceae Cardiopteridaceae, Myrtaceae and Apiaceae Lamiaceae [105]. Essential 
oils obtained from spices contain active compounds that exhibit great antimicrobial 
potential and can be used in the food industry, such as 3-phenylprop-2-enal, 
5- isopropyl-2-methylphenol, etc [106]. The above-mentioned compounds show 
antimicrobial activity against Aspergillus spp., Escherichia coli, Listeria monocyto-
genes, Shigella sonnei and Shigella flexneri [107].

There are natural antimicrobials for the biopreservation of foods derived from 
bacterial cell metabolism, among which are organic acids, CO2, diacetyl, hydrogen 
peroxides, reuterin, and reutericicline [108]. Furthermore, preservatives can be pro-
duced by fungi such as Streptomyces natalensi that produces natamycin [109]. 
Similarly, there are antimicrobials derived from plants such as the essential oils 
carvacrol, citral, eugenol, flavonoids, linalol, saponins, thymol, and terpenes from 
plant material such as buds, bark, flowers, fruits, herbs, leaves, wood, seeds, 
branches, and roots [108].
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6.3  Production Process

Additives for use in food come from various sources and their production and/or 
extraction processes are equally varied. Table 6.1 summarizes information related to 
traditional production processes, some studies on novel processes for obtaining 
these, and both vegetable and microbial sources.

6.3.1  Novel Extraction Processes for Food Additives

In order to increase the extraction yield and improve the quality of the substances of 
interest in the food industry to be used as FAs, advances have been made through 
the search for alternative production processes and/or pretreatments that favor the 
current extraction techniques. In this segment, we will discuss some of these pro-
cesses such as ultrasound-assisted extraction, the use of supercritical fluids in 
extraction processes, microwave-assisted extraction, among others.

6.3.1.1  Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction is used in many food processing operations; some of 
them are emulsifying, drying, extraction, etc. UAE is considered a “green” technol-
ogy since it is a simple process, with lower consumption of solvents and increased 
yields. There are two methods used, through ultrasound probe or ultrasonic bath 
[134], the combination of different methods for food processing with these two 
technologies provides processes with higher yields in shorter process times.

UAE has been used for the extraction of different substances from a variety of 
sources like Hibiscus sabdariffa where the temperature, time, and concentration of 
solvents were evaluated to obtain the best combination of variables, through the 
measurement of performance and concentration of components, they concluded that 
the process variables to obtain the best extraction yield were 164 °C, 60% ethanol, 
and 22 min [135]. Other studies applied UAE for the obtention of pepper seeds oil 
using n-hexane as a solvent in an ultrasound bath comparing the results with other 
technologies as pressure-assisted and conventional technologies; in this case, the 
UAE process variables were 50 °C, 200 W for 50 minutes obtaining an Efficiency 
extraction (Ee) of 83.52 ± 4.84%, which was not statistically different from the Ee 
using the other technologies, but the pressure-assisted extraction produced the high-
est level of unsaturated fatty acids (82.37%) [136]. UAE is also used for the extrac-
tion of phenolic compounds from mango peels evaluating the mixture of ethanol, 
acetone, and hexane [137], Red beet root (Beta vulgaris L.) using β-cyclodextrin as 
a solvent improving betanin extraction [138] or Pomegranate (Punica granatum L.) 
peel using ethyl acetate, ethanol, methanol, 50% aqueous methanol and water as 
solvents obtaining a processing time shorten by 20 times. This technology was also 
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Table 6.1 Additive sources, traditional and novel extraction, and production processes

Additive 
type

Traditional 
production process Novel extraction process Additive source

Hydrocolloid Agar: Mainly 
obtained from 
Gelidium 
cartilagineum, 
Pteroclaia 
capillacea, 
Gracilaria 
vermiculophylla, 
and Gracilaria 
confervoides 
through washing 
the dried seaweed 
with hot water for 
several hours
Xanthan gum: 
Obtained by 
carbohydrate 
fermentation in 
batch and/or fed 
batch conditions 
with Xanthomonas 
pelargonii, 
campestris, 
malvacearum and 
phaseoli [110]
Gellan gum: 
biopolymer 
secreted by 
Sphingomonas 
paucimobilis [111]
Aerobic 
fermentation of a 
culture medium 
(grape pomace as 
carbon source, 
molasses, and 
cheese whey-based 
medium) [112]
Pectins: Use of 
strong mineral 
acids under heating 
to extract pectin 
from plant tissue 
(HCL, H2SO4)

Agar: Combined 
ultrasound-assisted hot 
water extraction procedures 
[113]
Alkali pretreatment, 
enzyme assisted extraction 
methods [114]
Fermentation with LED 
irradiation of X. campestris 
[115]
Enzyme treatment of 
carbohydrate sources [114]
New strains as newly- 
isolated 
Sphingomonasazotifigens 
GL-1 H2O2-induced 
oxidative stress [116]
Organic acids extraction of 
pectin and 
xylooligosaccharides [117]
electric fields extraction of 
pectins [118]
Ultrasound-assisted dilute 
acid hydrolysis from 
orange peels [119]

Plants: acacia gum, chicle 
gum, glucomannan, gum 
arabic, gum ghatti, gum 
tragacanth, inulin, konjac, and 
pectin
Seeds: amylase, basil seed 
gum, cassia seed gum, 
cellulose, fenugreek gum, 
guar gum, Lesquerella fender 
gum, locust bean gum, karaya 
gum, konjac, mesquite seed 
gum, oat gum, rye gum, 
psyllium, starches, and 
tamarind gum
Seaweed: agar-agar, alginic 
acid, carrageenan, fucoidan, 
furcellaran, laminarin, red 
alga xylan, sodium alginate, 
and ulvan

(continued)
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Table 6.1 (continued)

Additive 
type

Traditional 
production process Novel extraction process Additive source

Antioxidants Phenolic 
compounds: 
Liquid-liquid 
extraction or 
solid-liquid 
extraction

Phenolic compounds: 
Pretreatment with cold 
plasma [120]
Ascorbic acid: Somatic 
fusion of Aspergillus flavus 
and Aspergillus tamarii 
[121]

Aspergillus repens, 
Aspergillus terreus, 
Aspergillus Versicolor, 
Cephalosporium sp., 
Microsphaeropsisolivacea, 
Nocardiopsis alba, 
Paecilomyces carneus, 
Penicilliumparaherquei, 
Pestalotiopsismicrospora, 
Streptomyces sp., 
Streptomyces nitrosporeus, 
Streptomyces prunicolor and 
Streptomyces tolurosus

Pigments Carotenoids and 
Chlorophyll:
From microalgae 
Dunaliella Salina is 
obtained by solvent 
extraction (hexane/
ethanol) [122]

Red and Yellow pigments 
from fungi: Produced by 
solid-state fermentation 
(SSF) with Monascus 
sanguineus NF CC I 24 53 
using rice as the carbon 
source and with solid- 
liquid extraction [123].
SSF of potato pomace as 
carbon source with M. 
purpureus solid-liquid 
extraction (ethanol, 
methanol) [124]

The production of natural 
blue pigments, those from 
bacteria Streptomyces 
coelicolor [125], 
Pseudomonas aeruginosa 
[126], Pseudomonas spp. and 
Acinetobacter spp. [127], 
Pseudomonas indigofera, 
Erwinia spp and Streptomyces 
spp. [128], Nonomuria sp. 
Arthrospira platensis. In the 
case of fungi, A. 
caeruleoporus, A. cristatus, 
Alabtrellus flettii, and A. 
confluens [129], Ceratocystis 
minor Corticium caeruleum 
Penicillium herquei 
phenalenone, Gremmeniella 
abietina Suillus (Boletus) 
variegatus [32]

Emulsifiers Mono and 
diglycerides of fatty 
acids are obtained 
using two chemical 
processes: direct 
esterification of 
glycerol and fatty 
acids and 
transesterification 
of glycerol [44]

Mono and diglycerides of 
fatty acids can be obtained 
from microalgae [130]

The bioemulsifiers produced 
by fungi Candida tropicalis, 
Candida lipolytica Y-917, 
Candida ingens, Candida 
lipolytica UCP0988, Candida 
tropicalis, Candida 
bombicola, Candida apicola 
Candida lipolytica ATCC 
8662, Penicillium 
chrysogenum, Yarrowia 
lipolytica IMUFRJ 50682, 
Yarrowia lipolytica NCIM 
3589, Yarrowia lipolytica 
IMUFRJ 50682 Ustilago 
maydis, Candida sphaerica 
UCP0995 Candida glabrata 
and Pseudomonas aeruginosa 
[56]

(continued)

A. Vásquez-García et al.



165

Table 6.1 (continued)

Additive 
type

Traditional 
production process Novel extraction process Additive source

Vitamins Vitamin K1 is 
produced by 
Chemical synthesis 
[131]
B2 is industrially 
produced by 
chemical synthesis 
and fermentation 
[62]
Vitamin C, B2, D2 
are produced by 
fermentation with 
bacteria, yeasts or 
fungi [59]

Vitamin K1 and B12 
produced by 
cyanobacterium Anabaena 
cylindrica [131]

The production of vitamins 
using genetically modified 
microorganisms, such as: 
Pseudomonas denitrificans, B. 
subtilis strains, A. gossypii, 
Ketogulonicigenium vulgare, 
Bacillus endophyticus, 
Gluconobacter oxydans, 
Blakeslea trispora, E. coli and 
S. cerevisiae [61]

Fatty acids Fermentation process with 
engineered E. coli [132]

Isochrysis galbana, 
Aurantiochytrium sp., 
Cadophora fracta, 
Chraustochytrids, C. cohnii, 
Nannochloropsis, Nitzschia 
sp., Parietochloris incise, P. 
tricornutum and Ulkenia

Organic 
acids

Produced by Fermentation 
process with bacteria, 
yeasts or molds Acetic 
acid, lactic acid, butyric 
acid, citric acid, tartaric 
acid, succinic acid [133]

Lactobacillus sp. and 
Lactococcus sp., Bacillus 
subtilis, Corynebacterium 
glutamicum, Escherichia coli, 
yeast, and microalgae

used for protein isolates by Wang et  al. [139] using an experimental design of 
BoxBehnken with a maximum extraction of 82.6%. Natural food colorants have 
been obtained from agro-food products like aracá peels [140] jaboticaba epicarp 
[141], and Curcuma longa L. [142].

6.3.1.2  Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction (SFE) is a widely used extraction technology that uses 
carbon dioxide as a solvent to obtain polar substances. In this technology, ethanol is 
generally used as a co-solvent [143]. These solvents have gas-like properties and 
low viscosities, which enhances the mass transfer process [144]. Rodríguez-Espana 
et al. [145] applied SFE to extract lipids and focused especially on the concentration 
of docosahexaenoic acid (DHA) obtained from Schizochytrium sp. The optimum 
process variables were obtained by using a central compound design 22 and a 
response surface methodology, concluding that using 46.52 MPa and 76.86 °C the 
lipid yield extraction was 16.95%. In another research, Kargılı and Aytaç [143] 
evaluated the effect of pressure and temperature on cannabinoid extraction for 
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different types of cannabis plants, with and without ethanol as a cosolvent. The 
authors observed that an increment in the pressure value using the same temperature 
increased the solubility and consequently the extraction yield from 6.54% to 8.44% 
for a temperature process of 60 °C and from 6.90% to 9.68% using 40 °C. SFE was 
also used to obtain a polysaccharide from fallen Ginkgo leaves with an ethanol/
water solution as a cosolvent; in this study, the optimized conditions were 90 min-
utes, 42 MPa, 63 °C, and cosolvent solution at 68% for a maximum extraction yield 
of 10.13 ± 0.12 g/100 g [146]. On the other hand, to extract caffeine from Yerba 
Mate Timm do Espirito Santo et al. [147] kept the pressure (300 bar), temperature 
(60 °C), and particle size as constants. The researchers used a Box-Behnken design 
to optimize carbon dioxide flux, ethanol flux, and extraction time, obtaining the fol-
lowing optimized process variables: carbon dioxide flux of 950 g/h; 106 g/h ethanol 
flow rate, and 4.25 h with a change in caffeine concentration from an initial value of 
2.1% (g caffeine/g yerba mate) to 0.16 ± 0.06% (g caffeine/g yerba mate).

6.3.1.3  Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) uses non-ionizing radiations and frequencies 
from 300 MHz to 300 GHz. The solvent used in this process can be polar or non- 
polar, with polar solvents, extractions can be carried out with better absorption of 
microwave energy [148], but in oil extraction, non-polar solvents exhibit better 
solubility. Hu et al. [149] compared MAE with the Soxhlet method for the extrac-
tion of Sapindus mukorossi seed oil, using different concentrations of ethanol and 
n-hexane. The authors concluded that the amount of n-hexane affected the extrac-
tion yield, being that the best result was obtained for a proportion n-hexane:ethanol 
of 4:1, v/v for Soxhlet method. They also obtained optimized process variables for 
MAE using a Box-Behnken Design (BBD); and the variables evaluated were micro-
wave power (300–500 W), solvent to material ratio (6–10 mL/g), extraction tem-
perature (60–80  °C) and extraction time (30–50  min) with an optimum value, 
according to the model of 462.1 W, 8.1 mL/g, 72.3 °C and 42.2 min respectively, 
with no significant differences on extraction yield compared with Soxhlet method, 
but a higher process efficiency, lower energy consumption and better quality (lower 
acid and peroxide index values); it was also noticed that internal structure was 
affected by MAE. On the other hand, Liu et al. [150] used MAE for the extraction 
of Proanthocyanidins from Cinnamomum camphora optimizing variables as solvent 
concentration (ethanol), liquid/solid ratio, microwave time, and microwave power 
obtaining the best results for liquid/solid ratio of 20 mL/g, 77% of ethanol concen-
tration, time of the process of 18 min and microwave power of 530 W, under these 
conditions, proanthocyanidins showed high values of antioxidant activities that 
makes the obtained product a promising option as a natural antioxidant [150]. This 
technology is also used to take advantage of substances of industrial value in agro- 
industrial by-products, Figueroa et al. [151] optimized the extraction of bioactive 
polyphenols from avocado peels using a central composite design and concluded 
that an ethanol concentration of 36%, a solvent to peel ratio of 44 mL/g, and a time 
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and temperature of 39 minutes and 130 °C, respectively, were the best conditions to 
recover the phenolic compounds from avocado peels.

6.3.1.4  Enzyme-Assisted Extraction (EAE)

Enzyme-assisted extraction (EAE) is an ecofriendly alternative widely used due to 
the high selectivity of enzymes that allow obtaining products with high purity and 
quality. With this in mind, Domínguez-Rodríguez et al. [152] used enzymes for the 
extraction of non-extractable polyphenols (phenolics and proanthocyanidin), the 
antioxidant capacity and the ACE inhibition capacity were measured. The authors 
concluded that the polyphenols obtained by EAE had higher bioactivity than those 
obtained by alkaline and acid hydrolysis. The extraction of phenolic compounds 
was also measured on soy flour by Dias de Queirós et al. [153], who evaluate the 
effect of the enzyme’s protease, tannase, and cellulase on bioaccessibility, extrac-
tion, and bioconversion. These authors observed a synergistic effect of the tested 
enzymes and concluded that the use of enzymes improves the extraction processes 
and the combination of protease, tannase, and cellulase had a synergistic effect. On 
the other hand, Li et al. [114] combined EAE with ultrasonication and alcali pre-
treatment to extract agar from Gelidium sesquipedale and concluded that Alcalase 
(proteinase) and Viscozyme (carbohydrase) were the best of the five enzymes stud-
ied for agar extraction (Alcalase, Neutrase, Papain, cellulase and Viscozyme). The 
enzyme-assisted extraction technology was tested on lotus leaves to extract polysac-
charides using α-amylase, cellulase, pectinase, and protease finding that only prote-
ase had a significant improving effect on yield extraction compared with the 
traditional hot-water extraction process. The extraction method affected molecular 
weight distribution, and the polysaccharides obtained were mainly arabinose, galac-
tose, rhamnose, and galacturonic acid [154].

6.3.1.5  Cold Plasma-Assisted Extraction

Plasma is known as the fourth matter state, and it is obtained through the ionization 
of gas by injecting energy into it. Cold plasma is generated at low temperatures at 
vacuum or atmospherical conditions, it is used to enhance extraction yields of dif-
ferent food products such as essential oils [155], phenolic compounds [120] and is 
also used as a pretreatment for drying fruits, reducing their processing time. This 
reduction can be caused by the formation of irregular microscopic channels formed 
with the cold plasma treatment [156].

During the extraction of essential oils from fennel seeds and spearmint leaves by 
hydrodistillation, Rezaei et al. [155] used Dielectric barrier discharge cold plasma 
technology as a pretreatment obtaining an improvement in extraction yield near 
1.8% (v/w) for both essential oils sources, with optimum process variable values 
according to the Response Surface Methodology (RSM) of 10 min exposure time, 
and 19  kV applied voltage with air as the input gas. On the other hand, for the 
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improvement of phenolic compounds extraction by high voltage atmospheric cold 
plasma (HVACP) were used, with the generation of surfaces with a higher hydro-
philic capacity due to the disruption of the structure of tomato pomace, and also 
different profiles of phenolic compounds were obtained [120].

6.3.1.6  Pulsed Electric Fields (PEF)

Pulsed electric fields (PEF) are studied for microbial inactivation in foods to enlarge 
their shelf life. Nowadays it has been studied to improve the extraction yield of 
substances that can be applied to food processing as phycocyanin, proteins, and 
carbohydrates from Arthrospira maxima [157], phenolic compounds such as betax-
anthins and betacyanins from cinnamon [158], and betalains from red beetroot 
[159]. According to the study on cinnamon, the researchers concluded that Pulsed 
Electric Fields can be used as a pretreatment for extraction processes by increasing 
cell permeability affecting the yield and characteristics of the products obtained 
[158]. For PEF-treated spirulina, cell rupture was also noted, causing leakage of 
substances such as proteins and pigments [157]. During the extraction of naringin 
from grapefruit peel, an increase in the extraction yield was obtained using PEF as 
pretreatment (15.8 mg/mL) compared to the product not treated with PEF (13.49 mg/
mL). The processing variables to obtain naringin from the white part of the grape-
fruit peel were from 0 to 50 pulses with intensities from 0 to 10  kV/cm, being 
observed that as the intensity of the electrical pulse or the number of pulses 
increased, the tendency obtained was to reach a maximum point with the conse-
quent reduction in the extraction yield [160]. On the other hand, moderate electric 
fields (MEF) at 60 Hz were used to extract pectin from passion fruit, with a process 
temperature not higher than 50 °C. In this case, the extraction yield with FEM was 
lower than the yield of the traditional extraction process [161].

6.4  Food Applications

In recent years, due to the variation in consumption trends and the search for healthy, 
fresh, and ready-to-eat foods, research on NFAs and their applications in the food 
industry have increased. Some of the main additives used and their application in 
the food industry are shown in Fig. 6.2. The applications of additives in food pro-
cessing are varied, one of the main uses of these additives focuses on increasing the 
shelf life of products, controlling the appearance of microorganisms that cause dete-
rioration, and the developing of reactions that modify the organoleptic properties of 
food products.
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Fig. 6.2 Applications of 
natural additives in the 
food industry

6.4.1  Food Packaging

Packaging in the food industry is a fundamental part of the process because it main-
tains the integrity of the products until they reach the final consumer. Packaging 
fulfills different functions, mainly maintaining the shelf life of the foods, avoiding 
contamination and handling during transportation. Nowadays, innovations have led 
these packages to have additional functions, being considered active or intelligent 
packaging. In active packaging, different compounds are incorporated to maintain 
and increase the shelf life of the product, while intelligent packaging can have bio-
sensors or indicators to monitor product conditions [162].

For both active and intelligent packaging development, the use of natural com-
pounds of plant or microbial origin has been increasing. Applications of NFAs in 
packaging development include increasing shelf life by preventing contamination 
by microorganisms, dehydration, oxidative rancidity, among others, or giving func-
tionality to products by adding bioactive compounds with biological activity that 
help improve consumer health [163].

In recent years, several plant-based additives have been investigated to improve 
the characteristics and properties of biodegradable packaging and films. Among 
these, Moraczewski et al. [164] evaluated the use of natural extracts of cocoa, cof-
fee, and cinnamon on some properties such as color, transparency, roughness, wet-
tability, coefficient of friction, adhesion strength and gas permeability in polylactide 
films. The researchers found that in all three cases the films showed improved char-
acteristics, including improved characteristics such as aging predictability. In gen-
eral, surface roughness increased, wettability improved, and adhesive strength 
increased. This is possibly due to the concentration and type of polyphenols in each 
sample, for this study a higher concentration of chlorogenic acid, flavonoids and 
phenolic acids was found for coffee, cocoa, and cinnamon, respectively.
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Another vegetable additive that has been used in the development of films and 
packaging in recent years has been essential oils. Essential oils are known to have 
different biological activities, including antimicrobial properties, so their use in 
packaging can be very useful. Considering this, Vishnu et  al. [162] incorporated 
essential oil from the plant Plectranthus amboinicus into films made from chitosan. 
They had previously determined that the oil had antimicrobial activity against 
Staphylococcus aureus, Salmonella typhimurium, Klebsiella pneumoniae and 
Pseudomonas aeruginosa, so they believe that the films can be used to increase the 
shelf life of foods that present frequent alterations by the microorganisms mentioned.

Like plant-based additives, additives of microbial origin have potential applica-
tions for packaging development, either to improve characteristics or to add specific 
functionalities. Among the microbial additives of interest are colorants, which may 
replace synthetic colorants derived from petroleum, whose negative effects on the 
environment have been documented. On this topic, de Oliveira et al. [165] evaluated 
the production of a yellow-orange-red dye in a stirred tank bioreactor using the 
fungus Talaromyces amestolkiae and its application in a biodegradable film made 
from cassava. For this case, the researchers established the process conditions (2.0 
vvm, 30 °C, and 500 rpm) that would allow obtaining the highest concentration of 
dye by liquid fermentation. Once the colorant was obtained, they applied it to the 
film, demonstrating that in addition to improving the appearance of the packaging, 
it was able to reduce the oxidation of the butter, the product under study, improving 
its shelf life.

Another microbial compound with potential application in packaging develop-
ment is exopolysaccharides (EPS). These EPS can be used as additives to improve 
the structural properties of films or as encapsulating agents for bioactive compounds 
or probiotic microorganisms that are used in active packaging [166]. In recent years, 
applications in packaging development of postbiotics, defined as bioactive com-
pounds or substances produced during the metabolism of probiotic microorganisms 
and released into the environment, have also been evaluated [167]. Although the 
concept is recent, several research have been carried out on the subject, Kürsad 
Incili et al. [168] evaluated the postbiotic profile of the microorganism Pediococcus 
acidilactici and the inclusion of the compounds in films developed with chitosan.

6.4.2  Functional Foods

The concept of functional foods first appeared in Japan around 1984 when a new 
category of foods described as Food for Specific Health Uses (FOSHU) was cre-
ated, which were defined as “foods containing an ingredient with health functions 
and officially approved to claim their physiological effects on the human body” 
[169]. Since this declaration, different institutions have provided definitions of the 
concept of functional foods. In general, it is considered that these foods should 
contain vitamins, minerals, or bioactive compounds in adequate concentrations to 
provide a benefit to human health, beyond basic nutrition. Among some research on 
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the addition of NFAs to obtain functional foods, there is the one carried out by 
Yessuf et al. [170] who developed a moringa-based drink with the addition of natu-
ral extracts of mango, avocado, lemon, among others, with the objective of reducing 
problems related to malnutrition. Once the best beverage was selected according to 
the sensory analysis, a characterization was carried out and it was found that the 
product is a source of minerals, especially iron, an essential mineral for nutrition. 
Corsetto et al. [171] evaluated the extraction process of compounds with antioxidant 
activity from seaweed and their subsequent use in rye snacks. The extracts obtained 
from brown seaweed Fucus vesiculosus present a polyphenol content between 
0.26–0.30 g PGE/g and exhibit antioxidant activity. Subsequently, it was determined 
that the inclusion of 5% of extract to extruded rye snacks allows obtaining a product 
with functional characteristics.

In recent years, numerous research studies have been oriented to obtain com-
pounds for the development of functional and nutraceutical foods; however, one of 
the great challenges is to ensure that these compounds remain stable within the 
production process and even more so during their transit through the digestive sys-
tem, being released in the appropriate place where they exert their beneficial effect. 
Additionally, the incorporation of these compounds can alter the organoleptic char-
acteristics of foods or limit the bioavailability of some nutrients. Therefore, the 
processes of innovation and development of functional foods require the use of 
technology such as encapsulation to guarantee the protection of functional com-
pounds [172]. The purpose of encapsulation is to protect sensitive compounds by 
coating them with different materials. Encapsulation can protect compounds from 
oxygen, high temperatures, damage caused by light or others [173]. In this way, 
Kumar et  al. [174] evaluated the addition of encapsulated squalene, as a natural 
additive with antioxidant characteristics, to muffins to obtain a functional product. 
The squalene capsules were added during processing and before baking. Proximal 
analysis showed that the nutritional characteristics of the muffins improved, as well 
as the texture. In general, the researchers indicate that encapsulation protects the 
compounds during processing to obtain ready-to-eat functional foods.

6.4.3  Other Food Products

In general, in the food industry, NFAs are being used to improve the physicochemi-
cal and organoleptic characteristics of products in different areas: fruits, cereals, 
meats, fish, and dairy products, and even to increase their shelf life. In dairy prod-
ucts and derivatives, one of the most frequent problems is lipid oxidation, which 
causes alterations mainly in flavor as well as the formation of volatile and non- 
volatile compounds that modify the odor. Likewise, oxidation can cause the modifi-
cation of vitamins and amino acids causing the loss of functionality of some 
compounds, mainly proteins, which not only alters the quality of the product but can 
also affect the consumer’s health, which is why the inclusion of NFAs with antioxi-
dant characteristics reduces this type of reactions [175]. NFAs can also help the 
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nutritional quality of dairy products and derivatives. Alibekov et al. [176] studied 
the process of cottage cheese fortification with NFAs from ginger, topinambour, and 
radish. The researchers incorporated the natural extracts during the process, after 
the formation of the coagulum. Once the cheese was obtained, they performed phys-
icochemical and sensory analyses, finding that the addition of 3–5% of natural 
extracts favored the presence of minerals and other compounds such as retinol (vita-
min A), thiamine (B1), folacin (B9), riboflavin (vitamin B2), tocopherol (vitamin 
E), and ascorbic acid (vitamin C), obtaining a nutritionally better product.

In the case of fruits, vegetables and their derivatives, the applications of NFAs 
are mainly oriented to improve the organoleptic characteristics of the product, 
including texture, flavor, and color. In this case, one of the most widely used addi-
tives are hydrocolloids, which are attributed, among others, properties such as sta-
bilizers and texture modifiers. Considering this, Quintana Martínez et  al. [177] 
evaluated the use of hydrocolloids extracted from butternut squash (Cucurbita mos-
chata) peels to improve the texture of papaya jam. Initially, they evaluated the pro-
cess of obtaining the hydrocolloids by varying the pH, and once obtained, it was 
added to the product, finding that although the rheological characteristics of the 
product and its color were altered, with the addition of 0.25% of hydrocolloids a 
product of similar sensory acceptance to the control was achieved. Therefore, the 
hydrocolloids obtained from butternut squash peels improve the physical stability of 
the products, increasing their shelf life. Among other studies, El-Saadony et  al. 
[178] evaluated the use of natural extracts to improve the physicochemical and 
microbial stability and increase the shelf life of cucumber juice, for which they 
evaluated the use of citric acid, benzoic acid, sodium salts, hydrolyzed pepsin 
hydrolysate from butternut squash peels, and hydrolyzed pepsin hydrolysate from 
butternut squash peels, bean pepsin hydrolysate, chicken egg protein isolate, duck 
egg protein isolate, and duck egg protein isolate, and quail egg protein isolate, find-
ing that bean pepsin hydrolysate exhibits antimicrobial activity against B. cereus, 
L. monocytogenes, E. coli, and P. aeruginosa, and cucumber juice with the addition 
of this hydrolysate maintains antioxidant activity during 6  weeks of storage. 
Therefore, the researchers propose the use of natural additives to improve the qual-
ity and shelf-life stability of fruit juices and beverages. Color is an important aspect 
in the food industry, intervening in the consumer’s decision to buy, so it should 
remain stable during the shelf life of the product. Vega et al. [179] evaluated the 
stability of colorants obtained from Rubus fruticosus L. and Morus nigra L. in fruit 
drinks, finding that although the content of some compounds such as anthocyanins 
decreases over time, the color is maintained even after 12 weeks of storage, so the 
use of natural colorants from microorganisms can be considered an alternative to the 
use of synthetic colorants in food products.

One of the challenges in the production of bakery products is the fortification 
with minerals to support the nutrition of different population groups. Rogaska et al. 
[180] evaluated the bioavailability of iron, zinc, and copper in gluten-free bakery 
products with the addition of poppy seeds as a natural ingredient compared to syn-
thetic additives. The results of the in vitro and in vivo studies show that regardless 
of the source, the additives improve the bioavailability of the minerals studied, so it 
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is proposed that natural products can help improve the nutritional characteristics of 
gluten-free products.

Another application of NFAs is the development of meat, fish, and derived prod-
ucts with the objective of improving the properties of texture, flavor or color or 
increasing shelf life. Different research studies have been carried out on the inclu-
sion of different compounds, including antioxidant molecules that reduce oxidative 
rancidity in the product and provide it with added value [181, 182]. Ben Slima et al. 
[183] evaluated the inclusion of a polysaccharide with antioxidant properties in the 
stability of an emulsion for sausage production, finding that lipid oxidation and loss 
of color was lower in the samples with the natural additive, possibly because it 
inhibited the formation of free radicals or interrupted their propagation chain. These 
results suggest that natural additives can be used in the meat industry to improve the 
organoleptic properties of products. Rohfritsch et  al. [184] evaluated the use of 
wheat and rice bran powders and extracts to protect the oxidation of polyunsatu-
rated fatty acids (PUFAs) such as linoleic acid, eicosapentaenoic acid and docosa-
hexaenoic acid present in fish oil. In an accelerated oxidation test at 38  °C, the 
researchers found that wheat powders showed oil protection capacity, proposing 
that this type of product has potential for use in the industry.

6.5  Conclusions

The production of additives from plant and microbial sources have become attrac-
tive methods for the food industry due to the fact that complex natural products can 
be obtained on a large scale from inexpensive raw materials. It is expected that, with 
the development of these technologies, the genetic modification of important micro-
bial strains and plant varieties will increase, in addition to the discovery of new 
sources of microbial or plant additives, which are safe for consumers, allowing the 
generation of high-value products to aggregate. It is also important to note that tech-
nologies of plant and microbial origin are clean and ecological compared to those 
based on obtaining from chemical synthesis, which will increase their use by the 
food industry and related areas.

For the aforementioned reasons, it is expected that in the future, research will 
focus on the implementation of technologies that allow improving the production 
and productivity of these food additives, in addition to reducing costs. Future per-
spectives also point to the incorporation by the food industry of food additives 
obtained from microbial or vegetable origin in the elaboration of smart packaging, 
development of functional foods, improvement of the nutritional composition and 
organoleptic characteristics of the foods produced.

Acknowledgments The author gratefully acknowledges the Universidad Nacional Abierta y a 
Distancia and Pontificia Universidad Javeriana for their support.

Conflicts of Interest The author declares no conflict of interest.

6 Vegetal and Microbial Sources of Natural Additives and Their Food Applications



174

References

1. Administration USF and D.  Overview of food ingredients, additives & colors. Retrieved 
March. 2013;21:2013.

2. Sun L, Xin F, Alper HS. Bio-synthesis of food additives and colorants-a growing trend in 
future food. Biotechnol Adv. 2021;47:107694.

3. Li Z, Fan Y, Xi J. Recent advances in high voltage electric discharge extraction of bioactive 
ingredients from plant materials. Food Chem. 2019;277:246–60.

4. Rajha HN, Boussetta N, Louka N, Maroun RG, Vorobiev E. Effect of alternative physical 
pretreatments (pulsed electric field, high voltage electrical discharges and ultrasound) on the 
dead-end ultrafiltration of vine-shoot extracts. Sep Purif Technol. 2015;146:243–51.

5. Saguy IS, Roos YH, Cohen E. Food engineering and food science and technology: forward- 
looking journey to future new horizons. Innov Food Sci Emerg Technol. 2018;47:326–34.

6. Gahruie HH, Parastouei K, Mokhtarian M, Rostami H, Niakousari M, Mohsenpour 
Z. Application of innovative processing methods for the extraction of bioactive compounds 
from saffron (Crocus sativus) petals. J Appl Res Med Aromat Plants. 2020;19:100264.

7. Kunal Ahuja SS. Food additives market report. ManufacturingTomorrow. Library Catalog: 
www.manufacturingtomorrow.com. 2017.

8. Williams PA, Phillips GO. Introduction to food hydrocolloids. In: Handbook of hydrocol-
loids. Elsevier United States of America; 2021. p. 3–26.

9. Semenova M, Antipova A, Martirosova E, Zelikina D, Palmina N, Chebotarev S. Essential 
contributions of food hydrocolloids and phospholipid liposomes to the formation of carriers 
for controlled delivery of biologically active substances via the gastrointestinal tract. In: Food 
hydrocolloids, Vol. 120. Elsevier United States of America; 2021.

10. Li JM, Nie SP.  The functional and nutritional aspects of hydrocolloids in foods. Food 
Hydrocoll. 2016;53:46–61.

11. Zhang N, Zhou Q, Fan D, Xiao J, Zhao Y, Cheng KW, et al. Novel roles of hydrocolloids in 
foods: inhibition of toxic maillard reaction products formation and attenuation of their harm-
ful effects. Trends Food Sci Technol Elsevier Ltd. 2021;111:706–15.

12. Manzoor M, Singh J, Bandral JD, Gani A, Shams R. Food hydrocolloids: functional, nutra-
ceutical and novel applications for delivery of bioactive compounds. Int J Biol Macromol 
Elsevier BV. 2020;165:554–67.

13. Pereira L. Macroalgae. Encyclopedia. 2021;1(1):177–88.
14. Rhein-Knudsen N, Meyer AS. Chemistry, gelation, and enzymatic modification of seaweed 

food hydrocolloids. In: Trends in food science and technology, Vol. 109. Elsevier United 
States of America; 2021. p. 608–621.

15. Mahmood K, Kamilah H, Shang PL, Sulaiman S, Ariffin F. A review: interaction of starch/non- 
starch hydrocolloid blending and the recent food applications. Food Biosci. 2017;19:110–20.

16. Krstonošić V, Jovičić-Bata J, Maravić N, Nikolić I, Dokić L. Rheology, structure, and sensory 
perception of hydrocolloids. In: Food structure and functionality. Elsevier United States of 
America; 2021. p. 23–47.

17. Ifuku S, Nomura R, Morimoto M, Saimoto H. Preparation of chitin nanofibers from mush-
rooms. Materials (Basel). 2011;4(8):1417–25.

18. Ghormade V, Pathan EK, Deshpande MV. Can fungi compete with marine sources for chito-
san production? Int J Biol Macromol. 2017;104:1415–21.

19. Hassainia A, Satha H, Boufi S. Chitin from Agaricus bisporus: extraction and characteriza-
tion. Int J Biol Macromol. 2018;117:1334–42.

20. Di Mario F, Rapana P, Tomati U, Galli E. Chitin and chitosan from Basidiomycetes. Int J Biol 
Macromol. 2008;43(1):8–12.

21. Yasrebi N, Hatamian Zarmi AS, Larypoor M.  Optimization of chitosan production from 
Iranian medicinal fungus trametes-versicolor by Taguchi method and evaluation of antibacte-
rial properties. Iran J Med Microbiol. 2020;14(3):186–200.

A. Vásquez-García et al.

http://www.manufacturingtomorrow.com


175

22. Johney J, Eagappan K, Ragunathan RR.  Microbial extraction of chitin and chitosan 
from Pleurotus spp, its characterization and antimicrobial activity. Int J Curr Pharm Res. 
2016;9(1):88–93.

23. Zielinski AAF, del Pilar S-CA, Benvenutti L, Ferro DM, Dias JL, Ferreira SRS.  High- 
pressure fluid technologies: recent approaches to the production of natural pigments for food 
and pharmaceutical applications. Trends Food Sci Technol. 2021;118:850–69.

24. Benavente-Valdés JR, Méndez-Zavala A, Hernández-López I, Carreón-González BA, 
Velázquez-Arellano ME, Morales-Oyervides L, et  al. Unconventional microalgae species 
and potential for their use in the food industry. In: Cultured microalgae for the food industry. 
Elsevier United States of America; 2021. p. 49–71.

25. Nuhu AA. Spirulina (Arthrospira): an important source of nutritional and medicinal com-
pounds. J Mar Biol. 2013;2013:1–8.

26. Vali Aftari R, Rezaei K, Mortazavi A, Bandani AR. The optimized concentration and purity 
of Spirulina platensis C-phycocyanin: a comparative study on microwave-assisted and 
ultrasound- assisted extraction methods. J Food Process Preserv. 2015;39(6):3080–91.

27. Glazer AN.  Phycobiliproteins—a family of valuable, widely used fluorophores. J Appl 
Phycol. 1994;6(2):105–12.

28. Pan-utai W, Iamtham S. Extraction, purification and antioxidant activity of phycobiliprotein 
from Arthrospira platensis. Process Biochem. 2019;82:189–98.

29. Prasanna R, Kumar R, Sood A, Prasanna BM, Singh PK. Morphological, physiochemical 
and molecular characterization of Anabaena strains. Microbiol Res. 2006;161(3):187–202.

30. Acquah C, Ekezie F-G, Udenigwe CC. Potential applications of microalgae-derived proteins 
and peptides in the food industry. In: Cultured microalgae for the food industry. Elsevier 
United States of America; 2021. p. 97–126.

31. Aruldass CA, Dufossé L, Ahmad WA.  Current perspective of yellowish-orange pigments 
from microorganisms-a review. J Clean Prod. 2018;180:168–82.

32. Dos Santos MC, Bicas JL.  Natural blue pigments and bikaverin. Microbiol Res. 
2021;244:126653.

33. Carlsen MH, Halvorsen BL, Holte K, Bøhn SK, Dragland S, Sampson L, et  al. The total 
antioxidant content of more than 3100 foods, beverages, spices, herbs and supplements used 
worldwide. Nutr J. 2010;9(1):1–11.

34. Vieira MV, Oliveira SM, Amado IR, Fasolin LH, Vicente AA, Pastrana LM, et al. 3D printed 
functional cookies fortified with Arthrospira platensis: evaluation of its antioxidant potential 
and physical-chemical characterization. Food Hydrocoll. 2020;107:105893.

35. Kharkongor D, Ramanujam P. Antioxidant activities of four dominant species of Trentepohlia 
(Trentepohliales, Chlorophyta). Int J Complement Altern Med. 2017;8(5):270.

36. Matos ÂP. Microalgae as a potential source of proteins. In: Proteins: sustainable source, pro-
cessing and applications. Elsevier United States of America; 2019. p. 63–96.

37. Arora DS, Sharma RK, Chandra P. Biodelignification of wheat straw and its effect on in vitro 
digestibility and antioxidant properties. Int Biodeterior Biodegradation. 2011;65(2):352–8.

38. Janardhan A, Kumar AP, Viswanath B, Saigopal DVR, Narasimha G.  Production of bio-
active compounds by actinomycetes and their antioxidant properties. Biotechnol Res Int. 
2014;2014:1–8.

39. Angelin J, Kavitha M. Exopolysaccharides from probiotic bacteria and their health potential. 
Int J Biol Macromol. 2020;162:853–65.

40. Chandra P, Sharma RK, Arora DS. Antioxidant compounds from microbial sources: a review. 
Food Res Int. 2020;129:108849.

41. Anwar H, Hussain G, Mustafa I.  Antioxidants from natural sources. Antioxidants Foods 
Appl. 2018;1:3–28.

42. Fleming E, Luo Y. Co-delivery of synergistic antioxidants from food sources for the preven-
tion of oxidative stress. J Agric Food Res. 2021;3:100107.

6 Vegetal and Microbial Sources of Natural Additives and Their Food Applications



176

43. Sir Elkhatim KA, Elagib RAA, Hassan AB.  Content of phenolic compounds and vita-
min C and antioxidant activity in wasted parts of Sudanese citrus fruits. Food Sci Nutr. 
2018;6(5):1214–9.

44. Dimou C, Karantonis HC, Skalkos D, Koutelidakis AE. Valorization of fruits by-products to 
unconventional sources of additives, oil, biomolecules and innovative functional foods. Curr 
Pharm Biotechnol. 2019;20(10):776–86.

45. Bobinaitė R, Viskelis P, Bobinas Č, Mieželienė A, Alenčikienė G, Venskutonis PR. Raspberry 
marc extracts increase antioxidative potential, ellagic acid, ellagitannin and anthocyanin con-
centrations in fruit purees. LWT-Food Sci Technol. 2016;66:460–7.

46. Kim W, Wang Y, Selomulya C. Dairy and plant proteins as natural food emulsifiers. Trends 
Food Sci Technol. 2020;105:261–72.

47. Robert C, Couëdelo L, Vaysse C, Michalski M-C. Vegetable lecithins: a review of their com-
positional diversity, impact on lipid metabolism and potential in cardiometabolic disease pre-
vention. Biochimie. 2020;169:121–32.

48. Miller R.  Emulsifiers: types and uses. In: Caballero B, Finglas PM, Toldra F, editors.  
Encyclopedia of food and health. Elsevier United States of America; 2016.

49. Wang M, Yan W, Zhou Y, Fan L, Liu Y, Li J. Progress in the application of lecithins in water- 
in- oil emulsions. Trends Food Sci Technol. 2021;118:388–98.

50. Burger TG, Zhang Y. Recent progress in the utilization of pea protein as an emulsifier for 
food applications. Trends Food Sci Technol. 2019;86:25–33.

51. McClements DJ, Grossmann L. A brief review of the science behind the design of healthy 
and sustainable plant-based foods. NPJ Sci food. 2021;5(1):1–10.

52. Pessôa MG, Vespermann KAC, Paulino BN, Barcelos MCS, Pastore GM, Molina G. Newly 
isolated microorganisms with potential application in biotechnology. Biotechnol Adv. 
2019;37(2):319–39.

53. Zouari R, Besbes S, Ellouze-Chaabouni S, Ghribi-Aydi D. Cookies from composite wheat–
sesame peels flours: dough quality and effect of Bacillus subtilis SPB1 biosurfactant addition. 
Food Chem. 2016;194:758–69.

54. Campos JM, Stamford TLM, Rufino RD, Luna JM, Stamford TCM, Sarubbo LA. Formulation 
of mayonnaise with the addition of a bioemulsifier isolated from Candida utilis. Toxicol Rep. 
2015;2:1164–70.

55. Nitschke M, Silva SSE. Recent food applications of microbial surfactants. Crit Rev Food Sci 
Nutr. 2018;58(4):631–8.

56. Alizadeh-Sani M, Hamishehkar H, Khezerlou A, Azizi-Lalabadi M, Azadi Y, Nattagh- 
Eshtivani E, et al. Bioemulsifiers derived from microorganisms: applications in the drug and 
food industry. Adv Pharm Bull. 2018;8(2):191.

57. Aronson JKBT-MSE of D.  Vitamin E.  In: Sixteenth E, editor. . Oxford: Elsevier; 
2016. p.  488–93. Available from: https://www.sciencedirect.com/science/article/pii/
B9780444537171016401.

58. Durmaz Y, Vitamin E. (α-tocopherol) production by the marine microalgae Nannochloropsis 
oculata (Eustigmatophyceae) in nitrogen limitation. Aquaculture. 2007;272(1–4):717–22.

59. Revuelta JL, Buey RM, Ledesma-Amaro R, Vandamme EJ.  Microbial biotechnology for 
the synthesis of (pro) vitamins, biopigments and antioxidants: challenges and opportunities. 
Microb Biotechnol. 2016;9(5):564–7.

60. Stahmann K-P. Vitamins and vitamin-like compounds: microbial production. 2019.
61. Wu X, Zha J, Koffas MAG. Microbial production of bioactive chemicals for human health. 

Curr Opin Food Sci. 2020;32:9–16.
62. Averianova LA, Balabanova LA, Son OM, Podvolotskaya AB, Tekutyeva LA. Production 

of vitamin B2 (riboflavin) by microorganisms: an overview. Front Bioeng Biotechnol. 
2020;1172:1–23.

63. Bellou S, Triantaphyllidou I-E, Aggeli D, Elazzazy AM, Baeshen MN, Aggelis G. Microbial 
oils as food additives: recent approaches for improving microbial oil production and its poly-
unsaturated fatty acid content. Curr Opin Biotechnol. 2016;37:24–35.

A. Vásquez-García et al.

https://www.sciencedirect.com/science/article/pii/B9780444537171016401
https://www.sciencedirect.com/science/article/pii/B9780444537171016401


177

64. Katiyar R, Arora A. Health promoting functional lipids from microalgae pool: a review. Algal 
Res. 2020;46:101800.

65. Gong Y, Wan X, Jiang M, Hu C, Hu H, Huang F.  Metabolic engineering of microorgan-
isms to produce omega-3 very long-chain polyunsaturated fatty acids. Prog Lipid Res. 
2014;56:19–35.

66. Ruiz-Lopez N, Haslam RP, Usher SL, Napier JA, Sayanova O. Reconstitution of EPA and 
DHA biosynthesis in Arabidopsis: iterative metabolic engineering for the synthesis of n− 3 
LC-PUFAs in transgenic plants. Metab Eng. 2013;17:30–41.

67. Ruiz-Lopez N, Haslam RP, Napier JA, Sayanova O. Successful high-level accumulation of 
fish oil omega-3 long-chain polyunsaturated fatty acids in a transgenic oilseed crop. Plant 
J. 2014;77(2):198–208.

68. Morabito C, Bournaud C, Maës C, Schuler M, Cigliano RA, Dellero Y, et al. The lipid metab-
olism in thraustochytrids. Prog Lipid Res. 2019;76:101007.

69. Meesapyodsuk D, Qiu X. Biosynthetic mechanism of very long chain polyunsaturated fatty 
acids in Thraustochytrium sp. 26185 [S]. J Lipid Res. 2016;57(10):1854–64.

70. Joffre C, Viau S. Dietary N-3 polyunsaturated fatty acids and dry eye. In: Handbook of nutri-
tion, diet and the eye. Elsevier United States of America; 2014. p. 177–187.

71. Diao J, Song X, Guo T, Wang F, Chen L, Zhang W. Cellular engineering strategies toward 
sustainable omega-3 long chain polyunsaturated fatty acids production: state of the art and 
perspectives. Biotechnol Adv. 2020;40:107497.

72. Ozogul F, Ozcelik S, Ozogul Y, Yilmaz MT. Seafood infusion broths as novel sources to pro-
duce organic acids using selected lactic acid bacteria strains. Food Biosci. 2021;43:101227.

73. Kallscheuer N. Engineered microorganisms for the production of food additives approved by 
the European Union—a systematic analysis. Front Microbiol. 2018;9:1746.

74. Panda SK, Mishra SS, Kayitesi E, Ray RC.  Microbial-processing of fruit and vegetable 
wastes for production of vital enzymes and organic acids: biotechnology and scopes. Environ 
Res. 2016;146:161–72.

75. Zelle RM, De Hulster E, Van Winden WA, De Waard P, Dijkema C, Winkler AA, et al. Malic 
acid production by Saccharomyces cerevisiae: engineering of pyruvate carboxylation, oxalo-
acetate reduction, and malate export. Appl Environ Microbiol. 2008;74(9):2766–77.

76. West TP. Microbial production of malic acid from biofuel-related coproducts and biomass. 
Fermentation. 2017;3(2):14.

77. Engel CAR, Van Gulik WM, Marang L, Van der Wielen LAM, Straathof AJJ. Development 
of a low pH fermentation strategy for fumaric acid production by Rhizopus oryzae. Enzym 
Microb Technol. 2011;48(1):39–47.

78. Oren A.  Microbial metabolism: importance for environmental biotechnology. In: 
Environmental biotechnology. Springer United States of America; 2010. p. 193–255.

79. Ladakis D, Papapostolou H, Vlysidis A, Koutinas A.  Inventory of food processing side 
streams in European Union and prospects for biorefinery development. In: Food industry 
wastes. Elsevier United States of America; 2020. p. 181–199.

80. Thakker C, Martínez I, San K, Bennett GN.  Succinate production in Escherichia coli. 
Biotechnol J. 2012;7(2):213–24.

81. Ali S, Qadeer MA, Iqbal J. Citric acid fermentation by mutant strain of Aspergillus niger 
GCMC-7using molasses based medium. Electron J Biotechnol. 2002;5(2):8–9.

82. Karaffa L, Kubicek CP. Aspergillus niger citric acid accumulation: do we understand this 
well working black box? Appl Microbiol Biotechnol. 2003;61(3):189–96.

83. de Carvalho CCCR, da Fonseca MMR. 2.33@_ Biotransformations. In 2011.
84. Ben AN, Gargouri M.  Microbial and enzymatic technologies used for the production of 

natural aroma compounds: synthesis, recovery modeling, and bioprocesses. Food Bioprod 
Process. 2015;94:675–706.

85. Christen P, Meza JC, Revah S.  Fruity aroma production in solid state fermentation by 
Ceratocystis fimbriata: influence of the substrate type and the presence of precursors. Mycol 
Res. 1997;101(8):911–9.

6 Vegetal and Microbial Sources of Natural Additives and Their Food Applications



178

86. Soares M, Christen P, Pandey A, Soccol CR. Fruity flavour production by Ceratocystis fimbri-
ata grown on coffee husk in solid-state fermentation. Process Biochem. 2000;35(8):857–61.

87. Maria I, Elena B, Alexandru S, Corina PE. Using microbial systems in order to obtain fer-
mentation flavorings. J Agroal Proc Technol. 2009;15(1):34–40.

88. Braga A, Guerreiro C, Belo I. Generation of flavors and fragrances through biotransformation 
and de novo synthesis. Food Bioprocess Technol. 2018;11(12):2217–28.

89. Raveendran S, Parameswaran B, Ummalyma SB, Abraham A, Mathew AK, Madhavan 
A, et  al. Applications of microbial enzymes in food industry. Food Technol Biotechnol. 
2018;56(1):16.

90. Van Der Maarel MJEC, Van der Veen B, Uitdehaag JCM, Leemhuis H, Dijkhuizen 
L.  Properties and applications of starch-converting enzymes of the α-amylase family. J 
Biotechnol. 2002;94(2):137–55.

91. Coutinho PM, Reilly PJ. Glucoamylase structural, functional, and evolutionary relationships. 
Prot Struct Funct Bioinform. 1997;29(3):334–47.

92. Deng L, Wang Z, Yang S, Song J, Que F, Zhang H, et al. Improvement of functional properties of 
wheat gluten using acid protease from Aspergillus usamii. PLoS One. 2016;11(7):e0160101.

93. Jurado E, Camacho F, Luzon G, Vicaria JM. A new kinetic model proposed for enzymatic 
hydrolysis of lactose by a β-galactosidase from Kluyveromyces fragilis. Enzym Microb 
Technol. 2002;31(3):300–9.

94. Krishania M, Sindhu R, Binod P, Ahluwalia V, Kumar V, Sangwan RS, et al. Design of bio-
reactors in solid-state fermentation. In: Current developments in biotechnology and bioengi-
neering. Elsevier United States of America; 2018. p. 83–96.

95. De Maria L, Vind J, Oxenbøll KM, Svendsen A, Patkar S. Phospholipases and their industrial 
applications. Appl Microbiol Biotechnol. 2007;74(2):290–300.

96. Alvarez-Macarie E, Baratti J.  Short chain flavour ester synthesis by a new esterase from 
Bacillus licheniformis. J Mol Catal B Enzym. 2000;10(4):377–83.

97. Patel DD, Patel RR, Thakkar VR.  Purification, characterization and application of 
lipoxygenase isoenzymes from Lasiodiplodia theobromae. Appl Biochem Biotechnol. 
2015;175(1):513–25.

98. Mandal A. Review on microbial xylanases and their applications. Appl Microbiol Biotechnol. 
2015;42:42–5.

99. Kona RP, Qureshi N, Pai JS. Production of glucose oxidase using Aspergillus niger and corn 
steep liquor. Bioresour Technol. 2001;78(2):123–6.

100. Morozova OV, Shumakovich GP, Shleev SV, Yaropolov YI. Laccase-mediator systems and 
their applications: a review. Appl Biochem Microbiol. 2007;43(5):523–35.

101. Sadhasivam S, Savitha S, Swaminathan K, Lin F-H. Production, purification and character-
ization of mid-redox potential laccase from a newly isolated Trichoderma harzianum WL1. 
Process Biochem. 2008;43(7):736–42.

102. Puri M, Sharma D, Barrow CJ. Enzyme-assisted extraction of bioactives from plants. Trends 
Biotechnol. 2012;30(1):37–44.

103. Jayant D, Halami PM.  Industrial perspective of food preservatives from microbial origin. 
In: Current developments in biotechnology and bioengineering. Elsevier United States of 
America; 2020. p. 243–261.

104. Khorshidian N, Yousefi M, Khanniri E, Mortazavian AM. Potential application of essential 
oils as antimicrobial preservatives in cheese. Innov Food Sci Emerg Technol. 2018;45:62–72.

105. Falleh H, Ben JM, Saada M, Ksouri R. Essential oils: a promising eco-friendly food preserva-
tive. Food Chem. 2020;330:127268.

106. Friedman M.  Chemistry and multibeneficial bioactivities of carvacrol (4-isopropyl-2- 
methylphenol), a component of essential oils produced by aromatic plants and spices. J Agric 
Food Chem. American Chemical Society. 2014;62:7652–70.

107. Saeed F, Afzaal M, Tufail T, Ahmad A. Use of natural antimicrobial agents: a safe preserva-
tion approach. Act Antimicrob Food Packag. 2019;18:1–104.

A. Vásquez-García et al.



179

108. Singh VP.  Recent approaches in food bio-preservation-a review. Open Vet 
J. 2018;8(1):104–11.

109. Zhang Y, Chen H, Pan K. Chapter 5—Nanoencapsulation of food antimicrobial agents and 
essential oils. In: Jafari SM, editor. Nanoencapsulation food bioact ingredients. Cambridge, 
MA: Academic Press; 2017. p. 183–221.

110. Amanullah A, Satti S, Nienow AW. Enhancing xanthan fermentations by different modes of 
glucose feeding. Biotechnol Prog. 1998;14(2):265–9.

111. Zhu G, Sheng L, Tong Q. Enhanced gellan gum production by hydrogen peroxide (H2O2) 
induced oxidative stresses in Sphingomonas paucimobilis. Bioprocess Biosyst Eng. 
2014;37(4):743–8.

112. Kamer DDA, Gumus T, Palabiyik I, Demirci AS, Oksuz O. Grape pomace as a promising 
source for gellan gum production. Food Hydrocoll. 2021;114:106584.

113. Martínez-Sanz M, Gómez-Mascaraque LG, Ballester AR, Martínez-Abad A, Brodkorb A, 
López-Rubio A. Production of unpurified agar-based extracts from red seaweed Gelidium 
sesquipedale by means of simplified extraction protocols. Algal Res. 2019;38:101420.

114. Li Y, Zhao M, Gomez LP, Senthamaraikannan R, Padamati RB, O’Donnell CP, et  al. 
Investigation of enzyme-assisted methods combined with ultrasonication under a con-
trolled alkali pretreatment for agar extraction from Gelidium sesquipedale. Food Hydrocoll. 
2021;120:106905.

115. Crugeira PJL, de Almeida PF, Sampaio ICF, Soares LGP, Amador DAM, Samuel IDW, et al. 
Production and viscosity of Xanthan Gum are increased by LED irradiation of X. campestris 
cultivated in medium containing produced water of the oil industry. J Photochem Photobiol 
B Biol. 2022;226:112356.

116. Wang D, Kim H, Lee S, Kim D-H, Joe M-H. Improved gellan gum production by a newly- 
isolated Sphingomonas azotifigens GL-1  in a cheese whey and molasses based medium. 
Process Biochem. 2020;95:269–78.

117. Valladares-Diestra KK, de Souza Vandenberghe LP, Torres LAZ, Zandoná Filho A, 
Woiciechowski AL, Soccol CR.  Citric acid assisted hydrothermal pretreatment for the 
extraction of pectin and xylooligosaccharides production from cocoa pod husks. Bioresour 
Technol. 2022;343:126074.

118. de Oliveira CF, Giordani D, Gurak PD, Cladera-Olivera F, Marczak LDF. Extraction of pec-
tin from passion fruit peel using moderate electric field and conventional heating extraction 
methods. Innov Food Sci Emerg Technol. 2015;29:201–8.

119. Karanicola P, Patsalou M, Stergiou P-Y, Kavallieratou A, Evripidou N, Christou P, et  al. 
Ultrasound-assisted dilute acid hydrolysis for production of essential oils, pectin and bacte-
rial cellulose via a citrus processing waste biorefinery. Bioresour Technol. 2021;342:126010.

120. Bao Y, Reddivari L, Huang J-Y. Development of cold plasma pretreatment for improv-
ing phenolics extractability from tomato pomace. Innov Food Sci Emerg Technol. 
2020;65:102445.

121. Banjo T, Kareem S, Akinduti P, Popoola T, Akinloye O.  Optimization and production of 
ascorbic acid by fusant cell of Aspergillus flavus and Aspergillus tamarii. J King Saud Univ. 
2019;31(4):931–6.

122. Reshma R, Devi KC, Kumar SD, Santhanam P, Perumal P, Krishnaveni N, et al. Enhancement 
of pigments production in the green microalga Dunaliella salina (PSBDU05) under opti-
mized culture condition. Bioresour Technol Rep. 2021;14:100672.

123. Shetty AVK, Dave N, Murugesan G, Pai S, Pugazhendhi A, Varadavenkatesan T, et  al. 
Production and extraction of red pigment by solid-state fermentation of broken rice using 
Monascus sanguineus NFCCI 2453. Biocatal Agric Biotechnol. 2021;33:101964.

124. Chen X, Yan J, Chen J, Gui R, Wu Y, Li N. Potato pomace: an efficient resource for Monascus 
pigments production through solid-state fermentation. J Biosci Bioeng. 2021;132(2):167–73.

125. Manikprabhu D, Lingappa K. γ Actinorhodin a natural and attorney source for synthetic dye 
to detect acid production of fungi. Saudi J Biol Sci. 2013;20(2):163–8.

6 Vegetal and Microbial Sources of Natural Additives and Their Food Applications



180

126. Fialho AM, Bernardes N, Chakrabarty AM. Exploring the anticancer potential of the bacterial 
protein azurin. AIMS Microbiol. 2016;2(3):292–303.

127. Yusuf M. Agro-industrial waste materials and their recycled value-added applications. In: 
Handb Ecomater; 2017. p. 1.

128. Cude WN, Mooney J, Tavanaei AA, Hadden MK, Frank AM, Gulvik CA, et al. Production 
of the antimicrobial secondary metabolite indigoidine contributes to competitive surface 
colonization by the marine roseobacter Phaeobacter sp. strain Y4I. Appl Environ Microbiol. 
2012;78(14):4771–80.

129. Koch B, Steglich W.  Meroterpenoid pigments from Albatrellus flettii (Basidiomycetes). 
Wiley Online Library; 2007.

130. Ferreira GF, Pessoa JGB, Pinto LFR, Maciel Filho R, Fregolente LV. Mono-and diglycer-
ide production from microalgae: challenges and prospects of high-value emulsifiers. Trends 
Food Sci Technol. 2021;118:589–600.

131. Tarento TDC, McClure DD, Vasiljevski E, Schindeler A, Dehghani F, Kavanagh 
JM. Microalgae as a source of vitamin K1. Algal Res. 2018;36:77–87.

132. Volker AR, Gogerty DS, Bartholomay C, Hennen-Bierwagen T, Zhu H, Bobik 
TA.  Fermentative production of short-chain fatty acids in Escherichia coli. Microbiology. 
2014;160(7):1513–22.

133. Coban HB, Demirci A. Enhancement and modeling of microparticle-added Rhizopus oryzae 
lactic acid production. Bioprocess Biosyst Eng. 2016;39(2):323–30.

134. Zhang Y, Abatzoglou N.  Fundamentals, applications and potentials of ultrasound-assisted 
drying. Chem Eng Res Des. 2020;154:21–46.

135. Pimentel-Moral S, Borrás-Linares I, Lozano-Sánchez J, Arráez-Román D, Martínez-Férez A, 
Segura-Carretero A. Microwave-assisted extraction for Hibiscus sabdariffa bioactive com-
pounds. J Pharm Biomed Anal. 2018;156:313–22.

136. Ma Y, Wu X, Zhao L, Wang Y, Liao X. Comparison of the compounds and characteristics of 
pepper seed oil by pressure-assisted, ultrasound-assisted and conventional solvent extraction. 
Innov Food Sci Emerg Technol. 2019;54:78–86.

137. Martínez-Ramos T, Benedito-Fort J, Watson NJ, Ruiz-López II, Che-Galicia G, Corona- 
Jiménez E. Effect of solvent composition and its interaction with ultrasonic energy on the 
ultrasound-assisted extraction of phenolic compounds from Mango peels (Mangifera indica 
L.). Food Bioprod Process. 2020;122:41–54.

138. Tutunchi P, Roufegarinejad L, Hamishehkar H, Alizadeh A. Extraction of red beet extract 
with β-cyclodextrin-enhanced ultrasound assisted extraction: a strategy for enhancing the 
extraction efficacy of bioactive compounds and their stability in food models. Food Chem. 
2019;297:124994.

139. Wang F, Zhang Y, Xu L, Ma H.  An efficient ultrasound-assisted extraction method of 
pea protein and its effect on protein functional properties and biological activities. Lwt. 
2020;127:109348.

140. Meregalli MM, Puton BMS, Camera FD, Amaral AU, Zeni J, Cansian RL, et al. Conventional 
and ultrasound-assisted methods for extraction of bioactive compounds from red araçá peel 
(Psidium cattleianum Sabine). Arab J Chem. 2020;13(6):5800–9.

141. Albuquerque KKSA, Albuquerque WWC, Costa RMPB, Batista JMS, Marques DA V, 
Bezerra RP, et  al. Biotechnological potential of a novel tannase-acyl hydrolase from 
Aspergillus sydowii using waste coir residue: aqueous two-phase system and chromato-
graphic techniques. Biocatal Agric Biotechnol. 2020;23:101453.

142. Patil SS, Pathak A, Rathod VK. Optimization and kinetic study of ultrasound assisted deep 
eutectic solvent based extraction: a greener route for extraction of curcuminoids from 
Curcuma longa. Ultrason Sonochem. 2021;70:105267.

143. Karğılı U, Aytaç E. Supercritical fluid extraction of cannabinoids (THC and CBD) from four 
different strains of cannabis grown in different regions. J Supercrit Fluids. 2022;179:105410.

144. Picot-Allain C, Mahomoodally MF, Ak G, Zengin G. Conventional versus green extraction 
techniques—a comparative perspective. Curr Opin Food Sci. 2021;40:144–56.

A. Vásquez-García et al.



181

145. Rodríguez-España M, Mendoza-Sánchez LG, Magallón-Servín P, Salgado-Cervantes MA, 
Acosta-Osorio AA, García HS.  Supercritical fluid extraction of lipids rich in DHA from 
Schizochytrium sp. J Supercrit Fluids. 2022;179:105391.

146. Gong T, Liu S, Wang H, Zhang M.  Supercritical CO2 fluid extraction, physicochemical 
properties, antioxidant activities and hypoglycemic activity of polysaccharides derived from 
fallen Ginkgo leaves. Food Biosci. 2021;42:101153.

147. do Espirito Santo AT, Siqueira LM, Almeida RN, RMF V, do Franceschini NG, Kunde MA, 
et  al. Decaffeination of yerba mate by supercritical fluid extraction: improvement, math-
ematical modelling and infusion analysis. J Supercrit Fluids. 2021;168:105096.

148. Mwaurah PW, Kumar S, Kumar N, Attkan AK, Panghal A, Singh VK, et al. Novel oil extrac-
tion technologies: process conditions, quality parameters, and optimization. Compr Rev Food 
Sci Food Saf. 2020;19(1):3–20.

149. Hu B, Xi X, Li H, Qin Y, Li C, Zhang Z, et al. A comparison of extraction yield, quality and 
thermal properties from Sapindus mukorossi seed oil between microwave assisted extraction 
and Soxhlet extraction. Ind Crop Prod. 2021;161:113185.

150. Liu Z, Li H, Qi Y, Zhu Z, Huang D, Zhang K, et  al. Cinnamomum camphora leaves as 
a source of proanthocyanidins separated using microwave-assisted extraction method and 
evaluation of their antioxidant activity in vitro. Arab J Chem. 2021;14(9):103328.

151. Figueroa JG, Borrás-Linares I, Del Pino-García R, Curiel JA, Lozano-Sánchez J, Segura- 
Carretero A. Functional ingredient from avocado peel: microwave-assisted extraction, char-
acterization and potential applications for the food industry. Food Chem. 2021;352:129300.

152. Domínguez-Rodríguez G, Marina ML, Plaza M.  Enzyme-assisted extraction of bioactive 
non-extractable polyphenols from sweet cherry (Prunus avium L.) pomace. Food Chem. 
2021;339:128086.

153. de Queirós LD, Dias FFG, de Ávila ARA, Macedo JA, Macedo GA, de Moura JMLN. Effects 
of enzyme-assisted extraction on the profile and bioaccessibility of isoflavones from soybean 
flour. Food Res Int. 2021;147:110474.

154. Song Y-R, Han A-R, Park S-G, Cho C-W, Rhee Y-K, Hong H-D. Effect of enzyme-assisted 
extraction on the physicochemical properties and bioactive potential of lotus leaf polysac-
charides. Int J Biol Macromol. 2020;153:169–79.

155. Rezaei S, Ebadi M-T, Ghobadian B, Ghomi H. Optimization of DBD-Plasma assisted hydro- 
distillation for essential oil extraction of fennel (Foeniculum vulgare Mill.) seed and spear-
mint (Mentha spicata L.) leaf. J Appl Res Med Aromat Plants. 2021;24:100300.

156. da Loureiro AC, das do Souza FCA, Sanches EA, de Bezerra JA, Lamarão CV, Rodrigues S, 
et al. Cold plasma technique as a pretreatment for drying fruits: evaluation of the excitation 
frequency on drying process and bioactive compounds. Food Res Int. 2021;147:110462.

157. Käferböck A, Smetana S, de Vos R, Schwarz C, Toepfl S, Parniakov O. Sustainable extraction 
of valuable components from Spirulina assisted by pulsed electric fields technology. Algal 
Res. 2020;48:101914.

158. Siloto RMP, Weselake RJ. Site saturation mutagenesis: methods and applications in protein 
engineering. Biocatal Agric Biotechnol. 2012;1(3):181–9.

159. Visockis M, Bobinaitė R, Ruzgys P, Barakauskas J, Markevičius V, Viškelis P, et  al. 
Assessment of plant tissue disintegration degree and its related implications in the pulsed 
electric field (PEF)–assisted aqueous extraction of betalains from the fresh red beetroot. 
Innov Food Sci Emerg Technol. 2021;73:102761.

160. Niu D, Ren E-F, Li J, Zeng X-A, Li S-L.  Effects of pulsed electric field-assisted treat-
ment on the extraction, antioxidant activity and structure of naringin. Sep Purif Technol. 
2021;265:118480.

161. de Oliveira CF, Giordani D, Lutckemier R, Gurak PD, Cladera-Olivera F, Marczak 
LDF.  Extraction of pectin from passion fruit peel assisted by ultrasound. LWT-Food Sci 
Technol. 2016;71:110–5.

6 Vegetal and Microbial Sources of Natural Additives and Their Food Applications



182

162. Priya NV, Vinitha UG, Sundaram MM. Preparation of chitosan-based antimicrobial active 
food packaging film incorporated with Plectranthus amboinicus essential oil. Biocatal Agric 
Biotechnol. 2021;34:102021.

163. Silva-Weiss A, Ihl M, Sobral PJ, do Gómez-Guillén AMC, Bifani V. Natural additives in 
bioactive edible films and coatings: functionality and applications in foods. Food Eng Rev. 
2013;5(4):200–16.

164. Moraczewski K, Pawłowska A, Stepczyńska M, Malinowski R, Kaczor D, Budner B, et al. 
Plant extracts as natural additives for environmentally friendly polylactide films. Food 
Packag Shelf Life. 2020;26:100593.

165. de Oliveira F, de Lima CA, Lopes AM, de Marques DAV, Druzian JI, Pessoa Júnior A, et al. 
Microbial colorants production in stirred-tank bioreactor and their incorporation in an alter-
native food packaging biomaterial. J Fungi. 2020;6(4):264.

166. Moradi M, Guimarães JT, Sahin S.  Current applications of exopolysaccharides from lac-
tic acid bacteria in the development of food active edible packaging. Curr Opin Food Sci. 
2021;40:33–9.

167. Moradi M, Kousheh SA, Almasi H, Alizadeh A, Guimarães JT, Yılmaz N, et al. Postbiotics 
produced by lactic acid bacteria: the next frontier in food safety. Compr Rev Food Sci Food 
Saf. 2020;19(6):3390–415.

168. İncili GK, Karatepe P, Akgöl M, Kaya B, Kanmaz H, Hayaloğlu AA. Characterization 
of Pediococcus acidilactici postbiotic and impact of postbiotic-fortified chitosan coat-
ing on the microbial and chemical quality of chicken breast fillets. Int J Biol Macromol. 
2021;184:429–37.

169. Alongi M, Anese M. Re-thinking functional food development through a holistic approach. J 
Funct Foods. 2021;81:104466.

170. Yessuf AM, Srinivasan B, Eranna BC. Development of functional drink from the leaves of 
Moringa Stenopetala. J Chem Chem Sci. 2020;10(8):296–310.

171. Corsetto PA, Montorfano G, Zava S, Colombo I, Ingadottir B, Jonsdottir R, et  al. 
Characterization of antioxidant potential of seaweed extracts for enrichment of convenience 
food. Antioxidants. 2020;9(3):249.

172. Poshadri A, Aparna K.  Microencapsulation technology: a review. J Res 
ANGRAU. 2010;38(1):86–102.

173. Delshadi R, Bahrami A, Tafti AG, Barba FJ, Williams LL. Micro and nano-encapsulation of 
vegetable and essential oils to develop functional food products with improved nutritional 
profiles. Trends Food Sci Technol. 2020;104:72–83.

174. Kumar LRG, Sanath Kumar H, Tejpal CS, Anas KK, Nayak BB, Sarika K, et al. Exploring 
the physical and quality attributes of muffins incorporated with microencapsulated squalene 
as a functional food additive. J Food Sci Technol. 2021;58(12):4674–84.

175. Tzima K, Brunton NP, Choudhary A, Rai DK. Potential applications of polyphenols from 
Herbs and spices in dairy products as natural antioxidants. In: Herbs, Spices Med Plants 
Process Heal Benefits Saf; 2020. p. 283–299.

176. Alibekov RS, Gabrilyants EA, Utebaeva AA, Nurseitova ZT, Konarbayeva ZK, Khamitova 
BM. Cottage cheese fortified by natural additives. Food Res. 2021;5(1):152–9.

177. Quintana Martínez SE, Torregroza Fuentes EE, García Zapateiro LA. Food hydrocolloids 
from butternut squash (Cucurbita moschata) peel: rheological properties and their use in 
Carica papaya jam. ACS Omega. 2021;6(18):12114–23.

178. El-Saadony MT, Elsadek MF, Mohamed AS, Taha AE, Ahmed BM, Saad AM. Effects of 
chemical and natural additives on cucumber juice’s quality, shelf life, and safety. Foods. 
2020;9(5):639.

179. Vega EN, Molina AK, Pereira C, Dias MI, Heleno SA, Rodrigues P, et al. Anthocyanins from 
rubus fruticosus l. And morus nigra l. applied as food colorants: a natural alternative. Plan 
Theory. 2021;10(6):1181.

A. Vásquez-García et al.



183

180. Rogaska A, Reguła J, Suliburska J, Krejpcio Z. A comparative study of the bioavailability of 
Fe, Cu and Zn from Gluten-free breads enriched with natural and synthetic additives. Foods. 
2020;9(12):1853.

181. Domínguez R, Gullón P, Pateiro M, Munekata PES, Zhang W, Lorenzo JM. Tomato as poten-
tial source of natural additives for meat industry. A review. Antioxidants. 2020;9(1):73.

182. Pateiro M, Gómez-Salazar JA, Jaime-Patlán M, Sosa Morales ME, Lorenzo JM. Plant extracts 
obtained with green solvents as natural antioxidants in fresh meat products. Antioxidants. 
2021;10(2):181.

183. Ben SS, Ktari N, Trabelsi I, Moussa H, Makni I, Ben SR. Purification, characterization and 
antioxidant properties of a novel polysaccharide extracted from Sorghum bicolor (L.) seeds 
in sausage. Int J Biol Macromol. 2018;106:168–78.

184. Rohfritsch Z, Canelli G, Pollien P, Bel-Rhlid R. Wheat and rice bran as natural additives for 
the protection of fish oil from oxidation. ACS Food Sci Technol. 2021;1(7):1160–8.

6 Vegetal and Microbial Sources of Natural Additives and Their Food Applications



185

Chapter 7
Utilization of Saccharomyces cerevisiae 
as a Source of Natural Food Additives

Jaciane Lutz Ienczak, Isabela de Oliveira Pereira, 
and Juliane Machado da Silveira

7.1  Introduction

Saccharomyces cerevisiae is a unicellular fungus, possessing a completely 
sequenced genome with a DNA of 12068 kilobases (kb) organized in 16 chromo-
somes [1]. It was found to contain approximately 6000 genes, of which, 5570 are 
predicted to be protein encoding genes. Winemaking, baking, distilling, and brew-
ing are the main applications of the budding yeast S. cerevisiae for tens of centuries 
[2]. The Neolithic times (about 9000  years ago) is the earliest evidence for fer-
mented wine-like beverage production [3]. In a study of Duan et al. [2] a set of wild 
and fermentation associated S. cerevisiae isolates from diversified sources in China 
were analyzed. According to these authors, the results showed that China or more 
broadly Far East Asia is likely the origin center of Saccharomyces yeasts.

S. cerevisiae can be found in the wild in different environments and are often 
subjected to a shortage of food [4]. Oak trees (Quercus spp., Fagaceae family), rep-
resent a natural niche where S. cerevisiae, together with closely related species, has 
frequently been experimented across the world [5]. Besides environments of brew-
eries and bakeries, another set of S. cerevisiae strains has an even more intimate 
association with humans, mainly colonizing the human gut environment [4].

The morphology of yeasts described by Reed and Nagodawithana, [6] demon-
strates predominant shapes are oval or elliptical, with variable dimensions, present-
ing about 4 to 8 μm in the smallest diameter by 5 to 16 μm in the largest diameter, 
depending on the composition of the culture medium. The yeast has a relatively 
high content of minerals, varying between 9.8 and 14.4%, with phosphorus and 
potassium being the main components of this fraction. Carbohydrates represent 46 
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to 53% of the yeast composition [7], being represented, on average, by 33% treha-
lose, 27% glucans, 21% mannan-oligosaccharides and 12% glycogen [6]. Yeast has 
high concentrations of B vitamins, mainly thiamine, riboflavin, niacin, pantothenic 
acid, and inositol. Another important component of yeast is lipids (around 1.45%) 
[7] and nucleotides, represented by nucleic acids [6]. The cell wall is mainly com-
posed of mannoproteins (35–40% of the dry matter of the cell wall) and the inner 
part is composed of polymers of glucose: β(1,3)-and β(1,6)-glucan (50–65% dry 
matter of the cell wall) [8].

S. cerevisiae is the most powerful, single-cell eukaryotic system for biological 
research and industrial applications, due to its remarkable resistance/tolerance to 
high sugar concentrations and production of several byproducts of commercial 
interest. S. cerevisiae can grow on a simple range of fermentable and non- fermentable 
carbon sources (mostly six-carbon sugars) [4], and agri-food residues can be used 
as main carbon and nitrogen sources for yeast growth. When nutrient starvation 
occurs, sexual cycles can be activated by environmental motivation, and result in the 
production of four meiotic spores that have two distinct mating types [4].

A mix of commercial or domesticated strains, and/or environmental (or “wild”) 
strains can be used as starters in industrial applications [9]. S. cerevisiae shows the 
potential to fast growth in a culture medium with appropriate oxygen availability 
and controlled carbon source feeding; on the other hand, it can produce ethanol in 
anoxic conditions. Indeed, yeasts are widely used in the elaboration of food and 
feed products (mainly single cell protein or yeast extract, YE), commonly found in 
the production of fermented foods and beverages, functional foods, food additives 
(FAs) and ingredients [10]. The fractionation of S. cerevisiae cells has been widely 
applied in the food market to obtain mannoproteins, glucomannans, yeast glycans, 
yeast protein concentrate, invertase, ergosterol, glutamic acid, peptides, amino 
acids, and glucans [11, 12]. Other important products such as alcohols, esters, alde-
hydes and terpenes, volatile compounds, polyphosphate, and antioxidants can be 
obtained from S. cerevisiae and used as FAs. These additives have focused on 
enhancing mouthfeel, taste, and aroma; reducing sugar, fat, and salt addition to the 
final product; bringing nutritional advantages to the final product and masking off- 
note [11, 12]. Indeed, S. cerevisiae products are recognized as safe by  the FDA 
(Food and Drug Administration) [13, 14] and by the Regulation (EC) No. 1334/2008 
[14] they are animal-free, allergen-free, organic, and a clean label product. Figure 7.1 
shows some FAs obtained from S. cerevisiae.

Around 0.4 million metric tons of yeast biomass are generated each year world-
wide [9]. In 2020, the global yeast market was of USD 3.9 billion, and it shows an 
estimative to reach USD 6.1 billion until 2025, showing a compound annual growth 
rate of 9.6% during this period [15]. This market growth may be related to the fact 
that consumers are prone to try new products such as plant-based meat since the 
concern with environmental issues opens the field for new sources of protein and 
healthier meat products that say they are eco-friendly. In this regard, these yeast 
additives can be used to improve meat flavor and nutrients for this large and growing 
market of meat analogs.
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Fig. 7.1 Examples of food additives obtained from S. cerevisiae. (Created in BioRender)

This chapter reviews the state of the art regarding S. cerevisiae production sys-
tem and culture media used for its production as a food additive. Furthermore, this 
chapter aimed to describe the main application and components of yeast extract and 
inactive S. cerevisiae, umami taste and meaty flavor, cell wall, polyphosphate, 
ergosterol and future direction to the use of genetically modified organism (GMO) 
S. cerevisiae in the food additive market.

7.2  Saccharomyces cerevisiae: Culture Medium 
and Operation Mode for Products 
and By-Products Production

S. cerevisiae biomass has a lot of potential for the application in different areas since 
it is generally considered safe (GRAS, Generally Recognized as Safe) by the FDA 
and due to the various components obtained through its metabolism, such as fats, 
carbohydrates, nucleic acids, vitamins, and minerals [16], which are extremely 
attractive to its application as a food additive. In addition, yeasts can grow fast and 
consume fewer quantities of substrates to produce higher biomass concentrations 
when compared to plants or animals. Also, many substrates can be used for their 
growth, including wastes and residues from different processes, which apart from 
being a cheap alternative, in this perspective, makes them environment friendly [16].

As aforementioned, different products can be obtained through S. cerevisiae bio-
mass production such as the cell itself – as single-cell protein [17], yeast extract 
[18], ergosterol [19–21], β-carotene [22], β-glucan [8], and others. The culture 
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medium choice will affect the yeast biomass composition obtained during growth 
cultivation and it will affect the product’s profile [23]. In culture medium definition, 
it is important that all nutrients are considered safe, so the resulting products’ safety 
is not affected.

In literature, a variety of substrates have been described as possible culture medi-
ums for yeast biomass production (Table 7.1). It is usual to apply synthetic medium 
for laboratory research since all components and concentrations are known and 
there is no need for pre-treatment or additional steps for its preparation (upstream) 
that are usually required by biomasses, such as wastes and residues. In this context, 
Lavová et  al. [19] used a synthetic cultivation medium to produce ergosterol by 
S. cerevisiae. They tested three different yeast strains and S. cerevisiae 612 reached 
the highest ergosterol yield (2.82 mg of ergosterol/g of biomass), which is high-
lighted in Table 7.1.

Vegetable biomasses also have been applied for cell propagation and conse-
quently, different products. Bioenergy sorghum was used by Cheng et al. [22] to 
produce β-carotene by an engineered S. cerevisiae. The biomass was subjected to 
hydrothermal pretreatment (190 °C for 10 min) and acid hydrolysis (120 °C, 5 min, 
2% sulfuric acid loading) to release fermentable sugars. The fermentation using this 
high-concentrated hydrolysate resulted in a yield of 7.32  mg of β-carotene/g of 
biomass. In another research, Tan et al. [20] produced ergosterol from corn steep 
liquor (a residue from corn mills that is rich in nitrogen) combined with industrial 
glucose by S. cerevisiae (N°. A-3) in a fed-batch strategy. In this study, it was pos-
sible to achieve a yield of 1.20 g of ergosterol/L.

Agri-food wastes are very interesting carbon and nitrogen sources to compose 
S. cerevisiae culture medium since they are cheap and promote lower generation of 
waste and pollutants. The possibility of obtaining high value-added products from 
those residues is extremely inviting [18]. There are a variety of wastes that can be 
used as carbon source for S. cerevisiae cultivation, such as food peels hydrolysates 
obtained from a pre-treatment of the respective waste, as studied by Bacha et al. 
[17] (Table  7.1). The authors used potato, apple, carrot, and orange peels, pre- 
treated with hydrochloric acid (10%), to produce S. cerevisiae single cell protein 
and reached the highest yield of 5.29 g of biomass/40 g of potato peel [17]. Corn 
straw hydrolysate is a lignocellulosic biomass that has been studied as a cheap car-
bon source to produce value-added products, as done by Wu et al. [21], that tested 
ergosterol production by S. cerevisiae. The corn straw was pre-treated by steam (at 
200 to 240 °C for 15 to 20 min) followed by acid hydrolysis (HCl 1:10 solid: liquid) 
and after, it was fermented by S. cerevisiae in batch mode, resulting in the stability 
of ergosterol content in yeast cell extraction solution, crystallize ergosterol produc-
tivity and the mean extraction yield values are shown to be 2.35, 2.05, 87.24%, 
respectively.

Agri-food wastes can also be applied to yeast extract (YE) production, as studied 
by Ganatsios et  al. [18]. The authors developed a biorefinery process in which 
orange wastes were applied as supports for yeast immobilization, as culture medium 
for the brewing process. After the brewing process, the yeasts cells were used for the 
alternative yeast extract (AYE) production. Orange pulp was applied for 
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immobilization, forming an immobilized cell biocatalyst (CWBB), which was used 
for beer fermentation, being citrus molasses and orange juice (resulting from the 
orange pulp preparation) the carbon source. Then, CWBB went through autolysis 
for AYE production (see Sect. 7.3.1). Bzducha-Wróbel et  al. [8] focused on the 
biosynthesis of functional polysaccharides (β (1,3)/(1,6)-glucan and/or mannopro-
teins) by different strains of S. cerevisiae (S. cerevisiae var. boulardii PAN, S. cere-
visiae R9, S. cerevisiae 102), using deproteinated potato juice water supplemented 
with glycerol and batch operation mode. The authors tested different glycerol con-
centrations (5, 10, 15, 20, 25%) and pH values (4.0, 5.0, 7.0) and some of the best 
results are highlighted in Table  7.1. For 10% of glycerol supplementation and 
pH 5.0, the strains were able to produce 22.80, 20.1 and 16.9 g of β-glucan/ 100 g 
of cell wall preparation, respectively.

The application of the yeast’s biomass as a food additive requires the large-scale 
propagation of the cells, to obtain high cell densities or the industrial brewing pro-
cess yeast can be used [18], which is usually discharged or applied to animal feed. 
The strategies to produce large amounts of YE are explained in Sect. 7.3.1.

Industrially, beet or sugarcane molasses are the main substrates used for S. cere-
visiae, since they have large amounts of sugars and nutrients, and are cheap [9, 24]. 
As previously mentioned, lignocellulosic biomasses and agri-food wastes are a 
great option of carbon source for S. cerevisiae; however, unlike beet or sugarcane 
molasses, they do not present all nutrients required by the yeast’s metabolism. In 
this sense, there is the need to supplement these alternative sources with urea or 
ammonium salts, to overcome nitrogen deficiency. Also, other nutrients can be 
added to these culture media to provide high cell densities, such as phosphate salt, 
magnesium salt, thiamine, pantothenate and biotin [9].

Regarding operation mode for S. cerevisiae cultivation, batch is the most used for 
small scale processes. However, in order to provide proper conditions for higher cell 
accumulation at large scale, the process is divided into two operation modes, batch 
and fed-batch (Fig. 7.2, process B). It is important to highlight that S. cerevisiae is 
widely used for ethanol production in mills, and the focus on that operation unit is 
different from a specialized protocol for yeast propagation, where the objective is to 
use yeast for cell biomass production. Since S. cerevisiae is a Crabtree yeast, differ-
ent strategies can be applied for different final product production: ethanol or yeasts. 
In the last one, an inoculum phase is the first step for high sugar concentration adap-
tation, that is usually performed in a flask – containing the proper substrate and the 
S. cerevisiae strain – that is used to start the batch step, followed by fed-batch phase 
[25]. Batch fermentation is extremely important for accumulating different metabo-
lites that are used during fed-batch, and pH must be around 4.5 to 5.0 [24, 25]. 
During the batch phase, aeration and temperature are the two parameters controlled. 
Generally, growth cultivations are associated with continuous aeration, but Maemura 
et al. [26] suggested that a nearly short aeration period is enough during batch phase, 
and consequently, a fermentative metabolism is prevalent [9]. Oxygen is needed 
because of the energy requirements for cell growth and multiplication [27]. When 
the carbon source is depleted in the batch phase, the low oxygen content present in 
the medium oxidizes the ethanol, which promotes the shift in metabolism from 
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Fig. 7.2 Techniques applied to produce yeast extract. (A) Brewery process bleeding followed by 
debittering, endogenous fermentation, dealcoholization and drying (purple arrows), and (B) 
S. cerevisiae propagation at controlled carbon feeding rate followed by centrifugation (black 
arrows), (B1) plasmolysis with salt and ethyl acetate and drying; (Blue arrows) (B2) autolysis with 
enzymes and drying (blue arrows); and (B3) acid hydrolysis with hydrochloric acid and drying 
(red arrows). Created in BioRender

fermentation to respiration and eradicates ethanol from broth [24]. The fed- batch 
begins after the ethanol consumption at the end of the batch phase, and this operation 
mode allows the adding of nutrients as required by the yeast (Fig. 7.2, process B). 
This condition promotes higher cell accumulation and consequently allows the pro-
cess to follow in a sugar-limited cultivation combined with oxygen presence, that 
promotes respiratory growth for the yeast. Sugar limitation is important, since high 
sugar concentration combined with high oxygenation can result in the Crabtree 
effect [24, 27]. S. cerevisiae exhibits the Crabtree effect when sugar concentrations 
are high, even under aerobic conditions [28, 29]. When the Crabtree effect is happen-
ing, enzymes involved in the respiration metabolism are inhibited and ethanol pro-
duction escalates, in which fermentation happens under aerobic conditions [27].

After the yeast propagation, it is necessary to harvest them from the broth through 
centrifugation (Fig. 7.2), which is possible due to the large size of cells [24]. The 
following procedures depend on the product of interest that will be obtained from 
the biomass, but usually cell rupture and fractionation are used to enhance the yeast 
application into food products [7]. However, there is also the possibility to obtain 
yeasts through brewing (spent yeast) which requires different steps after cell separa-
tion (Fig. 7.2, process A). The biomass production during brewing is a consequence 
from the process itself. The parameters chosen in this case are mainly to guarantee 
the characteristics from the product of interest, the beer, but they also promote 
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biomass accumulation, and those cells have a lot of potential in the obtention of 
yeast extract [18] and other products. After the brewing process some other addi-
tional steps are necessary, such as debittering, endogenous fermentation and dealco-
holizing [9], that are further discussed in the next topic (Fig. 7.2, process A).

7.3  S. cerevisiae Food Additives

7.3.1  Yeast Extract and Inactive Yeasts

YE is obtained when the cell wall is destructed and removed since the soluble internal 
substances are the ones applied for it. The different cell components allow YE to be 
applied in a variety of fields [30]. Flavor attributes in broths, soups, and condiments 
can be obtained by YE, a common food additive that can deliver an umami flavor and 
meaty aroma. Amino acids and nucleotides are the main compounds in S. cerevisiae 
that are responsible for flavor assignment [31]. YE also played an important role in 
the food industry as a protein enricher, due to its high protein content, high concentra-
tion of B complex vitamins [9] and excellent amino acid balance. Powder or paste are 
the commercially available form of YE. Pastes of YE are used in both vegetarian and 
conventional diets as additives for soups or ready-to-eat meals [32].

S. cerevisiae cultivation for YE production can be performed by specific indus-
trial protocols or using cream yeast obtained from the brewery process bleeding [9], 
defined as spent yeast. As previously mentioned, when the last one is used, some 
additional steps can be carried out before yeast lysis, such as debittering, endoge-
nous fermentation and dealcoholization (Fig.  7.2, process A). NaOH solution is 
generally used to promote the cream yeast debittering, with the aim to reduce bitter 
taste (iso-alpha acids, resins and hop tannins) [6]. Endogenous fermentation is char-
acterized by the consumption of storage carbohydrates and increase of protein con-
tent in the yeast, mediated by carbon starvation and aeration in bioreactors. Next, 
dealcoholization is preceded by distillation, reverse osmosis or washing [33]. On 
the other hand, optimized industrial yeast production is based on a fed-batch pro-
cess using sugarcane molasses or corn hydrolysate or beet syrup. According to 
Pérez-Torrado et  al. [9], the process is characterized by a sequence of increased 
volume bioreactors with the aim to attain high cell densities (Fig. 7.2, process B), as 
detailed discussed in Sect. 7.2.

There are three main processes for the lysis of S. cerevisiae to obtain YE: (i) 
autolysis, (ii) plasmolysis, and (iii) hydrolysis (Fig. 7.2). Plasmolysis is a technique 
based on yeast cells’ osmotic stress caused by compounds such as salt and ethyl 
acetate added to the surrounding medium, causing cell lysis by osmotic shock 
(B1 in Fig. 7.2). High salt content is observed in the final product by this technique, 
which limits its use [34].

The most efficient technique for yeast solubilization is acid hydrolysis; on the 
other hand, it is also the least applied for commercial scale production (B3  in 
Fig. 7.2), due to high the salt content in the final product. After yeast cell production 
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and drying, a concentration of 65–85% of yeast is subjected to hydrochloric acid 
treatment (pH of 1–5, at 60–100 °C), with the aim to degrade proteins, carbohy-
drates, and nucleic acids. Next, sodium hydroxide is used to neutralize (to pH 5–6) 
the acidic material, and then it is filtered, concentrated, or dried at 5% moisture 
content [6].

Autolysis (B2 in Fig. 7.2) can be described by autodigestion, and cellular ele-
ments are solubilized by enzymes (proteases, glucanases, nucleases, or phosphodi-
esterase) present inside the cell itself [35] or added to the process. pH, temperature, 
and time are controlled, and certain agents are added to the process to enhance 
autolysis. Yeast extract is the soluble part of the final product and relates to the pro-
tein concentrate, that is released naturally by the cell after degradation of the intra-
cellular content [36]. Ultrasonic disruption, electric pulses, and high-pressure 
homogenization can be used before autolysis to increase the extraction yield of 
yeast intracellular products [31]. As mentioned above, YE has a wide range of fla-
vors varying according to the methods used for their production and it is influenced 
by the relations among amino acids, peptides, nucleotides, and carbohydrates pres-
ent in the extracts. The work of In et al. [37] investigated amino the acids composi-
tion of a YE from a spent brewer after a treatment (enzymatic, heating and 
debittering) and according to the results, the amino acids content in YE was around 
(%) Glu 11.6, Asp 4.0, Phe 13.0, Lys 8.0, Leu 17.0, Thr 3.0, Val 8.0, Met 2.0, Arg 
3.0, Ala 12.0, Tyr 3.8.

According to Biospringer [12], YE has been used in snacks (28%), prepared 
meals as Bolognese spaghetti (23%), sauce (16%), fish based prepared meals (12%), 
and soups (10%) as a food additive.

Other important products that have been used as FAs to enhance or preserve wine 
aromatic composition and/or improve desired mouthfeel properties are inactive 
yeasts (IY). To produce them, the yeast cream (obtained from A or B in Fig. 7.2) is 
pasteurized and sterilized, to inactivate yeasts, and after they are subjected to a 
spray dryer. Nutritional properties are maintained after this procedure [35], such as 
cheese-type flavor, protein and vitamins source, and peptide glutathione, which 
helps break down the gluten matrix and reduce mix times in bakery products. In a 
study carried out by Pozo-Bayón et al. [36] different IY preparation were used to 
wine production, and according to the results, some compounds like peptides, 
aspartic and glutamic acid, free amino acids, α-alanine, γ-aminobutyric acid, and 
other were released by IY to wine.

7.3.2  Salty Taste, Umami Taste and Meaty Flavor 
From Yeast Extract

The tongue and nose recognize the taste and flavors of what we eat or drink, and 
they send the information to our brain. There are five basic tastes known: saltiness, 
sweetness, bitterness, sourness, and umami [6]. Though the umami featured mono-
sodium glutamate (MSG), 5’-guanosine monophosphate (5’-GMP), and inosine 
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5'-monophosphate (5’-IMP) are also naturally present in many foodstuffs [38] and 
are also related to the umami taste. These compounds can be extracted from tomato, 
asparagus, and seaweeds [38] to enhance umami taste; however, S. cerevisiae stands 
out as an excellent umami taste provider, due to the possibility of large volume and 
controlled production [10] and high umami content. When S. cerevisiae is used as a 
source of umami taste, YE can be fractionated to obtain these compounds [39]. 
MSG is obtained from yeast hydrolysis (see Sect. 7.3.1), in association with its 
oligomers and other amino acids that have umami characteristics [40]. The content 
of glutamate and other amino acids or oligopeptides with umami properties is 
related to the YE production process selected [32]. The umami taste and meaty fla-
vor can be produced by thermally treated YE since thermal treatment accelerates 
hydrolysis (taste-active oligopeptides and peptides) and causes the pyrolysis, gener-
ating new aromas.

5’-GMP and 5’-IMP can be obtained from S. cerevisiae RNA hydrolysis. YE has 
high RNA content (2.5–15%), and the conventional method for its extraction is by 
YE treatment with a solution based on hot alkaline sodium chloride (5–12%) [6]. 
Centrifugation is used to separate the soluble fraction and by the addition of an acid 
or ethanol, the RNA is precipitated. Obtained RNA can be spray-dried for use as a 
substrate to produce 5'-nucleotides. During this process, RNA is degraded releasing 
2'-, 3'- ribonucleotides (with no flavoring characteristics and are of little commercial 
interest); associated with 5'- ribonucleotides obtained at high yields (>86%) [39]. 
The last one is a high value-added molecule used in the foodstuffs. Due to the high 
by-product releasing during acid hydrolysis, the production of 5’-nucleotides is pre-
ferred by enzymatic hydrolysis by proteases, 5'-phosphodiesterase, and nucle-
ases [39].

The limit of MSG addition is 100–300 ppm, on the other hand, 5’- GMP and 
5’-IMP stands at 35 and 120 ppm (concentrations in aqueous solution), respectively 
[32] The association of 5’-nucleotides and umami amino acids in foodstuffs as addi-
tives results in low salt, sugar, and fat addition to the final food product (‘light’ 
foodstuffs). In 2017, safe levels for glutamate FAs were recommended by the 
FDA [29].

Soups and sauces for reheating ready-to-eat dinner dishes, meat and mushroom 
fillings, cold meats, pate, savory snacks, and a range of food concentrates are con-
ventional and organic food that has manufactured with these yeast formulations 
(rich in MSG, 5’-IMP and 5’-GMP) [32].

7.3.3  Cell Wall Components

S. cerevisiae cell wall is approximately 70–100 nm thick [41] and contains three 
major constituents: glucan (glucose polysaccharide), mannan (mannose polysac-
charide), and a protein fraction [42]. The yeast cell wall plays an important role as 
a physical barrier to protect cells against stress factors in the environment [43]. The 
cell wall structure is composed of two layers that have different chemical 
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compositions. The first one, the inner part of the cell wall, is built with glucose 
polymers: β(1, 3) and β(1, 6)-glucan and the main structural components of the 
organelle (50–65% dry substance of the wall). The other layer is composed mainly 
of mannoproteins, constituting about 35–40% of the dry matter of the yeast cell wall 
[44, 45].

The separation of these polymers is simple and inexpensive when low yields are 
required, however, it is difficult and expensive to obtain more than 65% pure frac-
tions. Because of that, these components are produced and sold at low levels of 
purity. Their largest commercial application has been as animal feed nutritional 
supplements, but yeast cell wall is known as a food grade ingredient for humans.

The thickness of β-glucan and mannoprotein layers are dependent on the strain 
of yeast and growth conditions (see Sect. 7.2), like the kind and availability of nutri-
ents in the growth medium, temperature, pH, aeration and duration of breeding but 
also the phase of the cell cycle [41, 44, 46]. Under conditions of environmental 
stress, yeast activates mechanisms responsible for cell survival. Modification of the 
cell wall structure is one of the strategies for yeast survival [43, 47]. Mannoproteins 
play an important protective function under the stress, since it connects to the loss 
of water [43], and creates a permeability barrier for macromolecules [48]. β(1,3)-
Glucan functions as the rigid structural skeleton of the wall, to which β(1,6)-glucan, 
mannoproteins and chitin are cross-linked. β(1,3)-glucan protects yeasts against 
adverse outer conditions to the cell and it is responsible for osmotic stability [46].

Moreover, cell walls are used as a novel coating for the encapsulation of different 
materials in the food industry. For example, it has been shown that flavors encapsu-
lated in empty yeast cells leaked out only at temperatures higher than 243 °C [49]. 
By their phospholipid membranes, yeast cells can behave as liposomes and have 
been used for the encapsulation of both hydrophobic and hydrophilic molecules [50].

7.3.3.1  β-glucan

As the predominant polysaccharide in the S. cerevisiae cell wall, β-Glucan have 
exhibited multifunctional features, including wound healing, antimicrobial, immu-
nomodulation (Epicor™), probiotic, antioxidant, and anticholesterolemic effects, 
justifying its approval as a dietary supplement by health regulatory agencies [32, 51, 
52]. β-Glucan extracted from spent yest exhibits promising in vitro antioxidant 
activity, protection against oxidative damage in calf thymus DNA, and antimicro-
bial activity against Escherichia coli, Staphylococcus aureus, Proteus vulgaris, 
Bacillus subtilis, and Salmonella enterica serovar Typhi, and other. It also shows 
prebiotic activity; and it is used as a nondigestible dietary ingredient with a benefi-
cial effect on the host by selectively stimulating the growth of and/or activating the 
metabolism of health-promoting microorganisms in the gut [16]. Vlassopoulou 
et al. [53] compiled randomized controlled trials regarding health-promoting effects 
in humans, triggered by the consumption of β -(1,3 and 1,6)-D-glucans, indicating 
that the oral administration of this compound from 2.5 to 1000 mg daily for up to 
6.5  months led to immune system boosts, minimizing infections, and allergic 
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symptoms and their incidence. By the reduction of inflammation or the immune 
reactions (i.e., it exerts a prophylactic effect against common cold infection), an 
immunomodulatory activity can be induced [16]. In this sense, the β-glucan accept-
able daily intake is up to 375 mg/day as food supplements, and up to 600 mg/day as 
nutritional food [54].

Moreover, β-glucan as a cell wall polysaccharide obtained from the yeast also 
can be used in food products as an emulsifying stabilizer, or oil-binding, water- 
holding, and thickening agent [55]. A study by Piotrowska et al. [56] showed that 
when β-glucan, obtained post-production of spent yeast (Fig.  7.2, process A), is 
added to yogurt in 0.15 to 0.9% amounts then at 0.3% this does not adversely affect 
sensory food quality, texture, and stability of the liquid product during storage. A 
dietary intake of 250 g of this product can provide the body with 0.7 g of β-glucan, 
affording pro-health benefits and meeting the criteria set for functional foods [57].

In Europe, β-glucan is approved as a novel food ingredient by the Regulation of 
the European Parliament and Council (EU) 2015/2283 from 25th November 2015 
concerning novel foods, amending the Regulation of the European Parliament and 
of the Council (EU) No 1169/2011 and repealing Regulation (EC) No 258/97 of the 
European Parliament and Council along with Commission Regulation (EC) No 
1852/2001. Thus accordingly, β-glucan from yeasts can be used in dietary supple-
ments, fruit drinks, cereal bars, biscuits, crackers, breakfast cereals, yogurt, choco-
late, soup, protein bars and foodstuffs intended for particular nutritional uses, 
excepting infant formulae. Spent yeast β-glucan is generally recognized as safe 
(GRAS) by the FDA [58] and Brazilian Health Regulatory Agency (ANVISA) also 
approved β-glucan as a functional food in 2008 [59].

7.3.3.2  Mannoproteins

Cell wall mannoproteins exhibit many techno-functional properties that make them 
attractive for food applications. The techno-functional and health properties of cell 
wall mannoproteins are related to their structural and molecular properties, the 
monosaccharide composition, molecular weight, and the glycosylation extent [30]. 
Cell wall mannoproteins are natural emulsifiers in mayonnaise or salad dressing 
without affecting the sensory attributes since they have shown high emulsifying and 
stabilizing properties [60–62]. Due to the complexation with phenolic compounds, 
their techno-functions in the adsorption of ochratoxin A, the inhibition of tartrate 
salt crystallization, the increase in the growth of malolactic bacteria, the prevention 
of haze formation and the reinforcement of aromatic components, cell wall man-
noproteins have also been extensively used in the enology industry [63]. 
Mannoproteins stimulate the growth of lactic acid bacteria [64] and inhibit patho-
genic bacteria [64] since they showed health promoting benefits.

The isolation of mannoproteins from yeast/yeast cell wall by-products with well- 
defined structures and glycosylation levels is challenging because of the heteroge-
neity of their structures [65–67]. Li and Karboune [60] cited that the acid-alkaline 
method has mainly been used for the isolation of mannoproteins from yeasts. This 
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study showed that after NaOH (2%, w/v, 2 h) treatment of spent yeasts, the yield, 
and the purity of the mannoproteins extract were 5.93% and 88.24%, respectively 
[60]. Heat treatment (for the isolation of non-covalently bound mannoproteins), 
sodium dodecyl sulfate (SDS) (used for the isolation of mannoproteins that are 
loosely associated with the cell wall, but SDS can also extract the majority of the 
plasma membrane proteins from yeasts) and enzymatic method are also used for 
mannoprotein isolation. The enzymatic method with β-1,3-glucanase was investi-
gated as a potential one for the isolation of the covalently bound cell wall manno-
proteins [60].

7.3.4  Ergosterol

Ergosterol (C28H44O) is a sterol compound responsible for the cell membrane integ-
rity, permeability, and transport along with the plasma-membrane proteins activity 
and cellular cycle. Also, it is crucial for Vitamin D2, bile acids and steroid hormones 
synthesis and during stress adaptation in fermentations [68, 69]. In yeasts, such as 
S. cerevisiae, ergosterol is present in the plasma-membrane as its free form and as 
fatty acids in lipids. Ergosterol synthesis, because of its asymmetric center present 
in the molecule, needs complex steps, while having low yield and high cost [70].

This sterol is interesting as a food additive since it can reduce cholesterol absorp-
tion in the intestinal tract and to impair its synthesis in the human body. With that, 
low-density lipoprotein (LDL) cholesterol levels are reduced and consequently the 
risk of coronary heart failure decreases. In addition, ergosterol has anti-cancer, anti-
proliferative, anti-inflammatory and antimicrobial properties [71].

One of the ways to produce ergosterol industrially is by S. cerevisiae fermenta-
tions. Aerobic fermentation is the most charming approach for ergosterol produc-
tion and S. cerevisiae has been applied due to its easier manipulation and the great 
knowledge of sterol’s metabolism [69]. Oxygen concentration was shown to be an 
important parameter for ergosterol production in either batch or fed-batch fermenta-
tions [70]. When oxygen is available, the cells do not assimilate exogenous sterols, 
but synthesize their own ergosterol to meet their metabolism needs [70].

Ergosterol is produced during cell propagation. After the cultivation step, the 
cells are usually separated from the broth by centrifugation and a few steps are fol-
lowed for ergosterol extraction. After centrifugation, the cells are subjected to a 
solution containing KOH, for saponification by heating and extraction with some 
type of ether. Lavová et al. [19], studied the disruption of yeasts cells in the suspen-
sion of sea sand and alcoholic KOH (10%) after a centrifugation step. After that, 
saponification by heating (90 °C) and extraction with diethyl ether was performed, 
followed by evaporation at 50 °C to dryness. Wu et al. [21] used S. cerevisiae cells 
cultured and centrifuged for ergosterol recovery by KOH plus ethanol solution. For 
saponification, the mixture was heated to 80 °C and then petroleum ether was added 
to extract the ergosterol.
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7.3.5  Polyphosphate

Phosphoric acid and carbonates are used as raw materials for polyphosphates 
(PolyP) synthetic production. PolyP are considered non-toxic to humans [13] and 
biodegradable, and they are used as a food additive in bacon, ham, fish, poultry, and 
shellfish [72]. PolyP has a buffering capacity (avoid changing the color in product 
during storage), antibacterial effect (prolong the product shelf-life), water retaining 
ability, and stabilize suspensions, emulsions and dispersions, and favoring gel for-
mation and water binding capacity. The acceptable daily intake corresponds to an 
intake of 2.8 g of phosphorus per day for an average adult weighing 70 kg [73]. 
PolyP can be produced by S. cerevisiae since it has high PolyP content (28%) [74], 
however, there are no reports on the soluble polyP by S. cerevisiae production in a 
highly scalable biotechnological process [74].

Christ and Blank [75] cultured S. cerevisiae VH2.200 (an industrial yeast strain 
used for yeast extract production and bakery foodstuff) in aerobic and anaerobic 
conditions by using a culture media containing glucose, mineral salts and vitamins 
aiming orthophosphate (Pi) starvation followed by Pi feeding protocol for YE pro-
duction. After YE production, autolysis, plasmolysis and enzymatic hydrolysis with 
or without prior heat inactivation were applied for YE fractionation. The results 
showed that aerobic and anaerobic conditions had no difference related to PolyP 
production, and by the protocol established, around 28% (w/w) polyphosphate (as 
KPO3) was attained. Enzymatic hydrolysis was the most promising protocol to bio-
technologically produce PolyP-rich YE. According to these authors, PolyP is a 
promising clean-label food additive and the desired characteristics of this additive 
include a linear molecular structure, appearance as a dry white water-soluble pow-
der, and a purity comparable with chemically produced polyP, and food-grade 
quality.

7.4  S. cerevisiae as Chassis for Biotechnological Food 
Additive Production

7.4.1  Special Requirements to Choose S. cerevisiae 
as the Host Organism

To select the host organism to produce a heterologous metabolite some general 
considerations need to be made, such as the available tools for the expression of 
heterologous proteins (strains, vectors, promoters and signal peptides), genetic 
information and the availability of classical genetic approaches as well as the acces-
sibility of modern molecular biological tools. In this sense, S. cerevisiae is one of 
the most used model hosts in metabolic engineering. Because it is recognized as 
safe and it has a high tolerance to high osmotic pressure, low pH, and phage infec-
tion, making it advantageous in industrial fermentation. Furthermore, its 
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engineering and applications are greatly facilitated due to the well-defined physio-
logical information and sophisticated metabolic engineering tools. Fortunately, 
S. cerevisiae has excellent DNA transformation efficiency and high inherent homol-
ogous recombination efficiency [76], which facilitates genetic manipulations. Since 
the yeast was first sequenced in 1996, the genetic toolbox has been under continu-
ous development and the last few years have brought significant progress in this 
area. These unique skills make S. cerevisiae useful for biotechnological purposes, 
especially food and beverage fermentations.

As already cited, the genome of S. cerevisiae was completely sequenced in 1996 
[1]. Two years later, a website, Saccharomyces Genome Database (SGD) (http://
www.yeastgenome.org/) was created to provide the genomic information, func-
tions, and pathways of the budding yeast [77]. During the next decades the knowl-
edge advantage and the single gene deletion collection, covering 96% of annotated 
open reading frames (ORFs) of S. cerevisiae, was constructed [78]. Many tools for 
RNA profiling have been developed like microarray, which uses S. cerevisiae’s 
genome plasticity enabled strains to diverge through deletion, duplication, horizon-
tal gene transfer, and introgression upon hybridization, mainly in the chromosomal 
DNA [2, 79]. S. cerevisiae contains extrachromosomal materials, namely the 
85.78 kb mitochondrial DNA (mtDNA) and the so called 2 μm circle plasmid with 
6.318  kb, located in the nucleus, comprising multiple copies and categorized as 
facultative, since its absence causes minimal growth rate reduction, and does not 
affect industrial applications [10, 80].

7.4.2  Genetic Tools and Techniques to Build and Improve 
Yeast Strains

Many different systems have been developed for the genetic modification of yeasts 
(Fig. 7.3). Exogenous DNA introduced into the cell by several transformation meth-
ods is the most used technique, and it has been a PCR-based gene targeting method. 
Endogenous DNA can be the source to express enzymes in the genetically engi-
neered microorganism, from the exogenous (called heterologous expression) or by 
the same organism (e.g., to produce more of an existing enzyme). ‘Self-cloning’ is 
obtained when the exogenously DNA is sourced from a closely related microorgan-
ism capable of natural DNA exchange (frequently the same genus) [81]. To con-
struct a comprehensive set of gene deletion mutants in S. cerevisiae a native double 
stranded break (DSB) repair system has been used [78, 82]. It is difficult to study 
the phenotypic effects of gene families in this technique, due to multiple genes need 
to be deleted in the same background to reveal the phenotype [83]. In this sense, 
researchers have used a marker recycling method, exploiting site specific recombi-
nase technologies that utilize recombinases. This is particularly useful if retention 
of the selectable marker in the genome is not desirable, or the same selectable 
marker is to be used to delete another gene (marker recycling). Cre-loxP-mediated 
recombinase and delitto perfetto are good examples of such a system.

7 Utilization of Saccharomyces cerevisiae as a Source of Natural Food Additives
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Fig. 7.3 Evolution of methodology yeast genome modification.  (1 and 2) Double strand break 
(DSB) mechanism mediated either by non-homologous end joining (NHEJ) or homologous 
recombination (HR). To increase the efficiency of genome editing by HR, Cre-loxP mediated 
recombination or in delitto perfetto a CORE cassette is used to replace a gene or sequence of inter-
est by HR. (3) CRISPR/Cas9. A plasmid system is used to express the Cas9 endonuclease and 
guide RNA (gRNA) or, the Cas9 gene is integrated into the yeast genome and the gRNA is deliv-
ered on a plasmid. (Created in BioRender)

However, the CRISPR system has modernized the area of precision genome 
engineering in many organisms, including yeast. The application of the Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR- 
associated (Cas) systems in genome editing is a breakthrough in the development of 
genetic tools. CRISPR-Cas is a complex of genetic guides (CRISPR sequences) and 
enzymes (Cas proteins) that together find and edit DNA [84]. The CRISPR/Cas9 
system was first introduced into S. cerevisiae by DiCarlo et al. [85] in 2013. The 
CRISPR/Cas9 system allows for highly efficient, multiple and simultaneous, and 
seamless knock-out or knock-in events.

Due to recent advancements in genome editing methods like CRISPR/Cas and 
high-throughput omics tools, biotechnological applications of synthetic biology 
tools including multiplex genome engineering are expanding rapidly and the con-
struction of strategically designed yeast cell factories becomes increasingly possi-
ble. The yeast S. cerevisiae became an important synthetic biology chassis for 
high-value metabolite production. Multiplex genome engineering approaches can 
expedite the construction and fine tuning of effective heterologous pathways in 
yeast cell factories. Numerous multiplex genome editing techniques have emerged 
to capitalize on this recently. Coupling the CRISPR/Cas system with traditional 
yeast multiplex genome integration or donor DNA delivery methods expedites 
strain development through increased efficiency and accuracy. Novel approaches 
such as replacing synthetic sequences in the genome along with improved 
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bioinformatics tools and automation technologies have the potential to further 
streamline the strain development process. In addition, the techniques discussed to 
engineer S. cerevisiae can be adapted for use in other industrially important yeast 
species for cell factory development [85].

7.4.3  S. cerevisiae Recombinant in Additive Food Production

Several recombinant S. cerevisiae strains are reported for food additive production. 
In Table 7.2 we compiled examples of strains constructed and its application. As we 
can see, a lot of these strains were modified to produce bioactive compounds, anti-
oxidants originally extracted from plants, like resveratrol [86–91] coumaric acid 
[92, 93], vitamins [94, 95], or pigments like anthocyanins, β-carotene and lycopene 
[22, 96–98]. S. cerevisiae is reported for pigments as the better host organism for 
heterologous production of anthocyanins (ACN), because the full-length pathways 
to most ACN structures require the action of multiple plant enzymes, which are 
normally difficult to express in bacterial hosts [96, 97, 99].

Also, genome-scale model of S. cerevisiae has been used to identify gene disrup-
tion strategies for desired phenotype improvements in several studies for success-
fully predicting metabolic engineering strategies, e.g., for improving the production 
of succinic acid [100] and vanillin [101], that are FAs with antimicrobial and flavor 
activity. Other organic acids that act as food preservatives, like lactate/lactic acid 
and malate, are reported by heterologous production in S. cerevisiae [102–105].

The advances in synthetic biology and metabolic engineering had enabled high 
levels of triacylglycerols (TAG), linolenic, stearidonic and arachidonic acid produc-
tion in S. cerevisiae [76]. One of these approaches provided possible solutions for 
cocoa butter equivalents (CBEs) production thanks to recent development in phy-
tomics and multi-omics technologies. Biosynthesis of CBE using engineered 
S. cerevisiae is one promising way to satisfy growing CB demand. Efficient genes 
of GPATs (acyl-CoA:glycerol-sn-3-phosphate acyl-transferase), LPATs (lysophos-
phatidic acid acyltransferase), and DGATs (acyl-CoA:diacylglycerol acyltransfer-
ase) encoding for 1,3-distearoyl-2-oleoyl-glycerol (SOS; C18:0–C18:1–C18:0) 
production from oil crops can be screened using both computational and experi-
mental approaches. The expression of these lipid biosynthetic genes in S. cerevisiae 
chassis with high-level C18:0- and C18:1-production ability would strongly increase 
the CBE production. Metabolic engineering and rewiring have enabled turning 
S. cerevisiae from alcoholic fermentation to lipogenesis, and further systems biol-
ogy, synthetic biology, evolutionary engineering and other advanced systems meta-
bolic engineering strategies might further increase CBE and other lipids production 
in S. cerevisiae [114].

Some strains were modified to enable S. cerevisiae to consume different sub-
strates like xylose, the second most abundant renewable sugar in nature, which is, 
however, not naturally utilized by this yeast. Currently, the production of vitamin A, 
protopanaxadiol, p-coumaric acid, carotenoid, xylitol, and other natural products 
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has been achieved in S. cerevisiae (Table 7.2) by fermentation on xylose [93, 98, 
106]. For instance, a lycopene biosynthetic pathway consisting of CrtE, CrtB, and 
CrtI was introduced into xylose-fermenting S. cerevisiae overexpressing native XK 
and Sc. stipitis derived from XYL1 and XYL2. The resultant strain produced 1.6-fold 
more lycopene using the mixture of glucose and xylose than using glucose alone 
[98]. Another recombinant strain of xylose metabolizing S. cerevisiae was engi-
neered to carry the pathway for p-coumaric acid production through the expression 
of tyrosine ammonia lyase (TAL) and overexpression of some tyrosine biosynthetic 
pathway genes [93]. This strain produced 242 mg/L of p-coumaric acid from xylose 
while the titer was only 5.35 mg/L on glucose.

Another recombinant approach is the genetic modification of S. cerevisiae to 
improve fermentative performance in baker and beverage production. This tool can 
provide different flavors or decrease undesirable compounds in the final product, for 
example. In this sense, Denby et al. [107] create drop-in brewer’s yeast strains capa-
ble of biosynthesized monoterpenes that give rise to hoppy flavor in finished beer, 
without the addition of flavor hops. To achieve this end, they identify genes suitable 
for monoterpene biosynthesis in yeast; develop methods to overcome the difficulties 
associated with stable integration of large constructs in industrial strains and sensory 
analysis performed with beer brewed in pilot industrial fermentations demonstrates 
that engineered strains confer hoppy flavor to finished beer. Another example of a 
recombinant approach is the genetic modification of S. cerevisiae to improve the 
fermentative performance of bakers. This process uses different flour additives such 
as enzymes (amylases, hemicellulases, and proteases) to change and improve dough 
properties and/or bread quality. Baker’s yeast modification with heterologous genes 
encodes these enzyme expressions and could substitute these flour additive enzymes. 
To date, there is no yeast strain used in the baking industry, which is genetically 
modified, despite some studies demonstrating that the application of recombinant 
DNA technology is a possibility for improved strains suitable for baking [108].

As a robust cell factory, S. cerevisiae has been used to produce many chemicals, 
ranging from bulk chemicals and biofuels to high-value natural products. Several 
processes that use engineered yeast as the host have been commercialized (Table 7.3), 
such as resveratrol (Evolva in 2014), vanillin (Evolva and International Flavors & 
Fragrances in 2014) and stevia (Evolva and Cargill expected in 2016) [117]. Another 
example of an additive recombinant product commercialized is RealSweet™ Reb M, 
a bioidentical to stevia’s sweetest molecule. This compound is present in the leaves 
at only very low concentrations (less than 0.1%), making it difficult to isolate using 
traditional extraction and harvesting processes. But the biotechnological company 
Amyris creates the pure Reb M molecule through fermentation, by engineering 
S. cerevisiae and fermenting sugarcane, so none of the challenges that exist with leaf 
purification exist with Amyris’ clean chemistry [116].

As previously commented in beer production, another commercial application of 
S. cerevisiae GMO is in wine production where genetic modification can be made to 
provide different flavors, enhance bioactive compounds, decrease undesirable com-
pounds, or improve fermentation performance. In these bioprocesses, malolactic 
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Table 7.3 S. cerevisiae recombinant strains approved for industrial and commercial production of 
food additives

Product Genetic modification Application Company

RealSweet™ 
Reb M

Add steviol synthesis routa Sweetener Amyris SA [116]

Stevia Add steviol synthesis routa Sweetener Evolva and Cargill 
expected in 2016 
[117]

Veri-te™ 
resveratrol

Add resveratrol synthesis routa Antioxidant Evolva in 2020 
[117]

Vanillin Add vanillin synthesis routa Flavor, 
antioxidant, and 
antimicrobial

Evolva and 
International 
Flavors & 
Fragrances in 
2014 [117]

Wine Linear cassette containing the 
Schizosaccharomyces pombe malate 
permease gene (mae1) and the 
Oenococcus oeni malolactic gene (mleA) 
under control of the S. cerevisiae PGK1 
promoter and terminator sequences into 
the URA3 locus of an industrial wine 
yeast

Wine production Hunisk et al. [118]

aGenes and original organism gene not described at the approved regulation

fermentation is essential for the deacidification of high acid grape must. Husnik et al. 
[118] constructed a genetically stable industrial strain of S. cerevisiae by integrating 
a linear cassette containing the Schizosaccharomyces pombe malate permease gene 
(mae1) and the Oenococcus oeni malolactic gene (mleA) under control of the S. cere-
visiae PGK1 promoter and terminator sequences into the URA3 locus of industrial 
wine yeast. The malolactic yeast strain, ML01, fully decarboxylated 5.5  g/L of 
malate in Chardonnay grape must during the alcoholic fermentation. Analysis of the 
phenotype, genotype, transcriptome, and proteome revealed that the ML01 yeast is 
substantially equivalent to the parental industrial wine yeast. The ML01 yeast enjoys 
‘Generally Regarded as Safe’ status from the FDA and is the first genetically 
enhanced yeast that has been commercialized. Its application will prevent the forma-
tion of noxious biogenic amines produced by lactic acid bacteria in wine.

7.4.4  Regulatory Aspects of GMO Use in Food

Organisms with recombinant DNA are referred to as ‘genetically modified’ (GM) in 
Europe and as ‘genetically engineered’ (GE) in Canada and the US. Many regula-
tions make a distinction between food substances that are “derived from” or “pro-
duced from” a genetically engineered source. That is an important aspect when 
talking about the production of FAs by these recombinant microorganisms, because 
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under these regulations, such as those in the European Union (Regulation (EC) No 
1830/2003), the United States (7 CFR 66), and Canada (CAN/CGSB-32.315-2004), 
food substances “produced with” a GEM (the GEM is essentially a processing aid 
or incidental additive) do not require to be labeled as GMO, while food substances 
“derived from/produced from” a GEM (the GEM and/or its genetic material remain 
present in the food substance) or other genetically engineered source must be labeled 
as GMO unless they qualify for another exemption (such as processing aid status for 
enzymes in most jurisdictions or the exemption for highly refined ingredients in the 
United States National Bioengineered Food Disclosure regulation). This increases 
the market and applications of these additives that do not face the barrier of a portion 
of the market that has resistance to consume GMO-labeled products [81].

In the United States, three federal agencies within the U.S. government work 
together to regulate most GMOs. “GMO” (genetically modified organism) has 
become the common term consumers and popular media use to describe a plant, 
animal, or microorganism that has had its genetic material (DNA) altered through a 
process called genetic engineering. The U.S. Food and Drug Administration (FDA), 
U.S. Environmental Protection Agency (EPA), and U.S. Department of Agriculture 
(USDA) ensure that GMOs are safe for human, plant, and animal health. These 
agencies also monitor the impact of GMOs on the environment.

In European Union (EU), the Novel Food Regulation has been recently amended 
by three new regulations concerning genetically modified organisms including 
derived foods and feeds: EC1829/2003 (EC 2003a), 1830/2003 (EC 2003b) and 
65/2004 (EC 2004), which define the procedures for authorization, labeling and 
traceability. Also, Regulation 1829/2003 describes the information to be provided 
by an applicant seeking authorization to place a product on the market. The product 
then goes through the approval procedure between the European Food Safety 
Agency (EFSA) in Brussels, the European Commission and member states. Labeling 
is mandatory, even if the recombinant DNA or the corresponding protein cannot be 
detected in the final product. Foods containing GMOs have to be labeled “geneti-
cally modified” or “produced from genetically modified (name of the ingredient).” 
Labeling is not required for foods containing traces of GMOs, which are adventi-
tious and technically unavoidable, in a proportion lower than the threshold of 0.9% 
of the food ingredients (relation between recombinant and non-recombinant ingre-
dients). Whereas the Novel Food Regulation was based on the principle of evidence, 
in the sense of mandatory labeling for food products containing more than 1% 
GMOs, Regulation EC1829/2003 is supported by the principle of application, mak-
ing the declaration of GMO use during the production of food compulsory, but 
declaration does not rely on the detection of recombinant DNA or protein in the 
final product. According to Regulations No. 1830/2003 (EC 2003b) and 65/2004 
(EC 2004), GMOs and products derived from GMOs must be traceable during all 
stages of their placing on the market through the production and distribution chain, 
in order to facilitate the withdrawal of products when necessary and to facilitate the 
implementation of risk management measures.

In Brazil the responsible agency is the National Technical Commission for bios-
ecurity (CTNBio), a multidisciplinary collegiate body, created by law n° 11,105 
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(2005), with the purpose to provide technical advisory support and advice to the 
Federal Government in formulation, updating and implementation of the National 
Biosafety Policy related to GMOs. The agency is responsible for the establishment 
of technical safety standards and technical opinions regarding the protection of 
human health, living organisms and the environment, for activities involving con-
struction, experimentation, cultivation, handling, transport, commercialization, 
consumption, storage, release and disposal of GMOs and derivatives. The commer-
cial approval process of genetically modified organisms must follow the recommen-
dations of Normative Resolution CTNBio n°5/2008 (RN5). The list of approved 
GMOs in Brazil had 43 strains approved for industrial and commercial use, 20 of 
which are Saccharomyces cerevisiae recombinant strains utilized in biofuel ethanol 
and farnesene, and food additive steviol [119].

All these regulations require to show that the referred food compounds must not: 
have adverse effects on human and animal health and the environment; mislead the 
consumer and differ from the food which it is intended to replace to such an extent 
that its normal consumption would be nutritionally disadvantageous for the con-
sumer. Such products must undergo a safety assessment before being placed on the 
market, including a technical dossier with detailed information concerning results 
obtained from research and developmental releases in order to evaluate the GMO’s 
impact on human health and the environment [81].

7.5  Conclusions

S. cerevisiae is the most studied yeast, and it has been used since Neolithic times for 
food and beverage production. The evolution and domestication of this yeast along 
with industrial application shows the wide range opportunities to its integral use as 
yeast extract and inactive yeast or fractionated to obtain additives, such as ergos-
terol, polyphosphate, umami taste, mannoproteins, glucomannan and other. As peo-
ple present health concerns regarding animal welfare issues, besides aiming for a 
healthier life, vegan movements are increasing worldwide. As an attempt to over-
come this situation, meat industries are developing meat analogues, which avoid 
animal killing, by using alternative sources such as microbial ingredients, opening 
the opportunity for S. cerevisiae food additive market increase. S. cerevisiae has 
gained attention due to providing flavor and to achieve an end-product that tastes 
like meat, besides providing high content of protein, peptides, amino acids and vita-
mins. It also demonstrates the potential for future molecules in the additive food 
industry since it can be genetically modified to express different enzymes.
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Chapter 8
Preservation of Natural Food Additives

Eduart Andrés Gutiérrez, Leidy Johanna Gómez, Paula Andrea Méndez, 
and Laura María Reyes

8.1  Introduction

Characteristics in foods such as color, aroma, crispness, juiciness, among others, are 
the main attributes that influence the purchase decision by consumers, as well as 
their microbiological and nutritional stability and quality. During the processing of 
various food matrices, it is necessary to add different additives in order to improve 
or maintain properties or strengthen existing ones. According to the Food and Drug 
Administration (FDA), additives are a variety of natural or synthetic substances 
added to foods [1, 2]; the latter have been widely used by the food industry, since 
they are stable and relatively cheap. However, studies have shown adverse reactions 
derived from the consumption of these synthetic food additives (SFAs), such as 
cancer, allergic reactions, induction of hyperactivity, and behavioral changes in 
children [3, 4], which has led to the prohibition of the use of some of these food 
additives (FAs). The concern of consumers regarding the consumption of SFAs has 
forced the food industry to find natural food additives (NFAs) as a replacement for 
SFAs, which are mostly obtained from vegetable and mineral sources. However, in 
recent years, they have obtained natural ingredients from recycled materials within 
the circular economy and bioprospecting framework [5, 6].

NFAs can confer nutritional and preservative properties to foods, but they are 
generally unstable and easily degrade during food processing; among them are bio-
active compounds, which are recognized for their efficacy in reducing the risks of 
diseases such as diabetes, obesity, cancer, chronic leukemia, inflammation, and 
fighting free radicals [7–10]. Many of these compounds are chemically unstable, 
primarily when exposed to high temperatures, light, and humidity [10]. Currently, 
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to improve the stability of NFAs and other bioactive compounds against adverse 
conditions, various physical stabilization methods have been used (trapping, encap-
sulation, adsorption, among others) [11], expanding their range of food applica-
tions, mainly in the dairy, meat, fruit, and vegetable industries.

The absorption method, in addition to preserving and stabilizing the properties of 
different NFAs can also be used for the extraction and concentration of active ingre-
dients from various natural sources. Among the most widely used adsorbents to 
stabilize, recover and concentrate bioactive compounds, macroporous resins, clay 
minerals, activated carbon, nanobiomaterials, plant biomass, yeasts, fungi, and 
some algae have been used [12–14]. Unlike absorption, in trapping, the support 
material has not been previously developed, since it is obtained in the presence of 
the active compound, extract, or molecules, which are trapped during the formation 
of said material (films, hydrogels, and nanocarriers) [15]. Finally, encapsulation 
allows various active compounds to be trapped within a thin layer of coating mate-
rial, trapping many biomolecules [16]. The high interest in the food industry in the 
application of these methods is because, with them, it is possible to preserve the 
bioactivity and physicochemical stability of natural compounds during the process-
ing or storage of food products, thus protecting it from heat, pH, oxygen, light, 
humidity, or other extreme conditions. The current chapter aimed to extensively 
review and analyze the use of adsorption, trapping, and encapsulation as alternatives 
to stabilize NFAs, as well as to appoint the applications of these new materials as 
natural additives in the dairy, meat, fruit, and vegetable industries.

8.2  Trapping of Natural Additives

According to the FDA, the additives are a variety of natural or synthetic substances 
added to the foods. These functional ingredients affect the characteristics of the 
foods, such as color, flavor, freshness, safety, nutritional value, texture, appearance, 
and taste. FDA considers the term “natural” to indicate that no synthetic substances 
were used for food processing. Most of the NFAs are derived from plant and mineral 
sources [1]. However, natural ingredients have been obtained from recycled materi-
als in the last years, a prominent and sustainable alternative for future research [17]. 
Table 8.1 summarizes some NFAs, their use, and examples.

Preservation of NFAs allows to maintain the physicochemical properties and 
functionality of the compounds and molecules that these contain, preventing their 
degradation during extraction, storage, and application. The physic methods such as 
adsorption, trapping, micro-and nano-encapsulation are the most used to preserve 
NFAs, which involve the inter-and intramolecular forces such as electrostatic inter-
actions, hydrogen bond, steric effects, and Van der Waals forces [11] (Fig. 8.1).

Trapping of NFAs is a method where the active compounds, extracts, or mole-
cules are trapped during the formation of a support material such as films, hydro-
gels, and nanocarriers. Unlike the adsorption method, trapping is a physical method 
where the material has not been previously developed because it is obtained in the 
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Table 8.1 Natural food additive types and their uses

Additive type Example Application Reference

Preservative Ascorbic acid, citric acid, 
tocopherols (Vitamin E), 
antioxidants, oils

To avoid biological alterations as 
fermentation and putrefaction 
process; so, these maintain freshness

[18–20]

Color Carmine, anthocyanins, 
annatto extract, beta- 
carotene, paprika, turmeric, 
saffron

To improve the intensity of the color 
foods or change the color to make 
them more attractive

[21]

Emulsifier Pectin Soy lecithin These substances improve the 
solubility and dispersion of the 
insoluble products in a mixture, 
preventing a separation

[1, 22–24]

Stabilizer Guar and xanthan gums 
Pectin

To get and maintain a uniform 
texture

[1, 22, 23]

Enzyme 
preparation

Lactase Papain Bromelain 
Pectinase

Enzymes are used in food processing [25–28]

Antioxidant Tannins Phenolic 
compounds Propolis

To avoid and delay the oxidation 
process induced by the light and air

[18, 19, 
29, 30]

presence of the additive. In this case, the reaction conditions affect the functionality 
of the NFAs, so it can favor or not their properties [15].

8.2.1  Films

Films with NFAs are a new tendency of active and intelligent packaging, oral deg-
radation films, and sensors [31, 32]. Biodegradable polymers have been used as 
material support to carry antioxidants, essential oils, stabilizers, emulsifiers, preser-
vatives, and colors. The materials used to form films have shown high potential to 
carry active ingredients, protect their properties, and improve other materials’ prop-
erties. Depending on the additive type, the reaction conditions should be studied, 
such as solvents used, temperature, additive concentration, pH, the solubility of the 
components, polymer nature, and preparation method (casting, extrusion, compres-
sion, spray-drying, laser abrasion, spin coating, plasma irradiation) [33, 34]. 
Furthermore, the materials must be biocompatible, not toxic, and friendly with the 
environment for the food industry and biomedical applications. The antioxidants are 
the most used compounds in films, getting bioactive materials with physicochemi-
cal properties improved such as color, adhesivity, homogeneous surface, and stabil-
ity. Plant extracts with antioxidant activity have shown changes in the coloration of 
the film, acting as a colorant or affecting the transparency of the films. Furthermore, 
the concentration of the compounds can modulate the release of them and their 
effect in the final application; the hydrophobic-hydrophilic nature of the additives 
influences the trapping efficiency (TE); for these cases, other components have been 
added to improve the formulations [35]. Gelatin, chitosan, alginate, cellulose, 
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Fig. 8.1 Preservation of natural food additives by trapping and some interactions forces involved 
in the process

starch, and pectin are examples of natural polymers used to carry bioactive com-
pounds. However, other components such as montmorillonite nanomaterial [32] and 
silica nanoparticles [36] have been used to reinforce the stability of nanoemulsions 
and the solubility of additives like essential oils in the polymer matrix. On the other 
hand, plant extracts (coffee extract with 45 wt.% of polyphenols, cocoa, and cinna-
mon extracts with 5 wt.% of polyphenols) were used as anti-aging in polylactide 
(PLA) films. An excess of the extracts was used (0.5; 1; 3; 5 or 10 wt.%), being that 
the films were obtained by extrusion process. The authors observed that films manu-
factured with a high extract concentration had changes in surface roughness and 
adhesive strength, the water vapor permeability was reduced and the oxygen perme-
ability increased, but the active properties of the films were not reported [37]. 
However, other study about impregnation of cinnamon essential oil (CEO) in films 
composed of PLA showed an inhibition against E. coli and B. subtilis by the agar 
diffusion method, the inhibition was observed in the concentration of CEO between 
1–5 wt.%, as the concentration of CEO was increased [38].

Lignin and cellulose nanocrystals have been used as additives to improve film 
thickness and water resistance. The reactive structure of the lignins due to the 
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presence of aromatic rings and their diversity in the functional groups provide prop-
erties such as dispersing, binding, and plasticization agent [39]. In another study 
was investigated the films formation from proteins to protect NFAs and using layer-
by- layer assembled protein-tannic acid (TA) films (Bovine serum albumin (BSA)-TA 
and pepsin-TA). In this research was evidenced the stability of the films when 
immersed in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) for 
delivery of active food-derived ingredients. To evaluate the stability, the film thick-
ness was evaluated, it was found that pepsin-TA evidenced a major change due to 
the pepsin, which is an enzyme present in SGF favoring the interaction and the 
increase of the film thickness. By the contrary, SIF treatment showed a decrease in 
the thickness due to the digestion process of enzymes such as amylase, lipase, and 
trypsin. In this work was evaluated the stability of the films and TA was considered 
an cementing agent; however, the bioactivity was not evaluated after the in vitro 
essays [31]. Trapping of NFAs by the film formation can also be affected by the 
temperature. The heat-moisture treatment in starch changed some properties such as 
granule size, gelatinization process, solubility, and crystallinity, which affected the 
complexation and the interaction forces with the additives [40].

The functionality of the bioactive compounds in the polymer matrix is evidence 
by means of the preservation of NFAs. In trapping, the polymer matrix can protect 
the bioactive compound against temperature. For example, films based on polypro-
pylene with active properties were obtained after the blending of phenolic com-
pounds with polymer pellets, 0.2 wt.% of Irganox 1010 and tomato extract 2 wt.% 
were used as antioxidant additives. In this study films were manufactured by press-
ing the blended polymer chips at 200 °C and 50 MPa, after the blending bioactive 
additives with polymer pellet at 180  °C, confirming the thermal stabilization of 
active compounds during the film’s processing [41]. Other active ingredients as 
peptides and proteins as food preservatives have been used in films getting antimi-
crobial and antioxidant activity after the interaction with the polymer and the form-
ing of the film [42]. The compatibility between the NFAs and the materials is an 
important characteristic, but the stability of the NFAs in the material and after the 
different treatments must be analyzed. The effect of the temperature on the adsorp-
tion process of anthocyanins on the Laponite® (Lap), a commercial colloidal clay, 
evidenced a stability of this biohybrid. Anthocyanins were extracted from Jambolan 
fruits and the adsorption was 15.98 mg of cyanidin-3-glucoside equivalent/g of Lap; 
this process was independent of the temperature in the range of 5–40 °C. The activ-
ity of the functional compounds after the desorption process evidenced a better 
antioxidant activity, the anthocyanins adsorbed in the Lap and the crude extract 
inhibited 58.14% and 70% the DPPH radical, respectively [43]; possibly the inor-
ganic nature of the Lap contributes to the stability of this pigments improving their 
activity [44].
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8.2.2  Hydrogels

Hydrogels are three-dimensional polymeric networks that can absorb and retain 
water. These materials have hydrophilic nature due to the presence of functional 
groups such as carboxyl (–COOH), hydroxyl (–OH), and amino (–NH2) groups. 
Hydrogels have the swelling and wetting capacity; however, they cannot be dis-
solved in water. Hydrogels have been used as thickeners and stabilizers, edible 
films, confectionery, yogurt, and gel-type products in the food industry. 
Unfortunately, these materials have a low loading capacity of bioactive compounds 
and the mechanical strength is too weak. Most hydrogels are produced using poly-
saccharides and proteins obtained from natural sources, widely known by their bio-
degradability and biocompatibility. Since food safety must be guaranteed, the 
physical methods to prepare hydrogels are the most used, physical cross-linking, 
heating-cooling, ionic interaction, complex coacervation, hydrogen bonding, matu-
ration, and enzymatic-induced crosslinking. Although these methods have limita-
tions in the loading capacity of the bioactive substances and gel stability, these can 
be reversible by not using cross-linking agents, achieving weak interactions [45–
48]. Studies have been carried out to improve the stability and mechanical proper-
ties of hydrogels, particularly, variables such as pH, polymer concentration, and 
temperature have been investigated to modulate the physical interactions (ionic, 
H-bonding, hydrophobic) between polymers or substances of the formulation. 
Recent works have shown that chitosan forms gel under neutral and basic condi-
tions, and sodium alginate experiments gelation in a narrow pH range; however, the 
interaction between chitosan-sodium alginate forms robust composite hydrogels 
over a wide pH range getting significant changes in viscoelastic properties. In addi-
tion, these physical cross-linking hydrogels evidenced the trapping of citral with a 
efficiency of 77.5% with chitosan at pH 7, an natural flavoring compound that is 
unstable in acidic aqueous solutions; it explains the importance of the variables in 
the preparation method, in this case the pH of the ionic polymers chitosan and algi-
nate, and the stability of the NFAs [49]. On the other hand, new strategies have been 
explored to improve the trapping of NFAs, hydrogel beads containing liposomes 
with incorporated bioactive compounds, α-linolenic acid (0.804  ±  0.012%) and 
quercetin (0.158 ± 0.003%) were obtained. Liposomes were added and the hydrogel 
was formed with chitosan by injection-gelation method; the content of the α-linolenic 
acid (0.986  ±  0.037%) and quercetin (0.194  ±  0.010%) increased; due to the 
dynamic equilibrium of the ion crosslinking the hydrophilic phase of the liposome 
was stabilized and the hydrophobic phase trapped the bioactive compounds. Hence, 
the combination of them integrates advantages [50].

Finally, NFAs can be used to form hydrogels, in this way, phytic acid (PA) 1 M, 
an organic acid present in vegetables can be used as physical crosslinker with the 
polycation poly(trimethylamino)ethylmethacrylate chloride (pTMAEMA), their 
interactions as multivalent ion and hydrogen bonding formed the hydrogel, getting 
to improve rheological properties and antibacterial capability which was 
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proportional to the concentration of PA, so, the annular radius increased in gram-
negative E. coli and gram-positive S. epidermidis [51].

8.2.3  Nanocarriers

Nanotechnology is related to the manipulation of structures at the nanoscale 
(1–100 nm). In recent years, several research studies have focused to explore the use 
of nanotechnology in the food industry, hence, the use of nanoadditives, nanoceuti-
cals, and the nanoencapsulation are examples of nanotechnological applications in 
the food sector [52]. Furthermore, the food packaging industry has explored the use 
of nanomaterials, in this way, different food packaging can be manufactured con-
taining antimicrobials agents or receptors, both at nanometric scale and used to 
reduce the microbial growth or detect pathogens in foods, respectively [53]. 
Nanocarriers are obtained from organic or inorganic materials, natural or synthetic 
polymers, hydrophilic or hydrophobic macromolecules [54]. These nanostructures 
can be used as carrier agents with controlled delivery, protecting the antioxidant and 
antimicrobial properties of NFAs [53, 55, 56]. Different nanocarriers have been 
explored in the last years, including liposomes, inorganic nanoparticles, polymeric 
nanoparticles, solid lipid nanoparticles, dendrimers, quantum dots, micelles, nano-
fibers, nanogels, nanocomposites, and nanocages. Chitosan nanostructures have 
been studied as systems to encapsulate vitamin C (70%) by the method of ionic 
gelation, curcumin (90%) by coacervation and enzymes by electrospinning (Norep). 
Ferritin nanocage was studied in the encapsulation of epigallocatechin gallate 
(EGCG) and curcumin obtaining a loading efficiency less than 2% [52, 56, 57].

According to the nature of additive (ionic, hydrophilic, hydrophobic), the nano-
carrier material and the preparation method are selected because the trapping effi-
ciency depends on the physical interactions between nanocarrier material and 
bioactive compounds. So, the polycation chitosan favors the ionic gelation with 
tripolyphosphate (TPP) to encapsulate hydrophilic molecules as vitamin C getting 
an encapsulation efficiency (EF) of 95% [52]; but compounds with lower hydrophi-
licity as Resveratrol has been encapsulated in sodium carboxymethyl cellulose by 
emulsification getting EF of 58%. Curcumin, a polyphenol with antioxidant proper-
ties, has shown a broad spectrum of biological functions due to their properties 
anti-inflammatory, anti-microbial, anti-diabetic, and anti-cancer. However, this 
molecule is unstable chemically and has low bioavailability, limiting its use. 
Different strategies have been studied to trap this natural additive using nanolipo-
somes, lipid solid nanoparticles, polymeric nanoparticles, and dendrimers. For these 
cases, trapping efficiency (TE) depended on the type of molecule used to form the 
nanocarrier and the preparation method. Nanoliposomes prepared by thin film 
hydration using soybean phospholipids showed a higher TE (82.3%) for curcumin 
than soy lecithin (34.7–70%) and cholesterol (57%); the amphiphilic behavior of 
the phospholipids incorporates between the liposomal layer the lipophilic com-
pounds and the hydrophilic segment of the phospholipid stabilize the system getting 
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a higher TE.  Poly (lactide-co-glycolide) (PLGA) nanoparticles showed a high 
entrapment efficiency of curcumin by using nanoprecipitation and emulsification 
solvent evaporation-like preparation methods, 90% and 90.8%, respectively. The 
hydrophobic nature of the polymer and the molecular size of the material favors the 
interactions with Curcumin and the high TE [55, 58].

Nanoparticles can protect NFAs from physiological conditions, so these nano-
structures are an alternative to improve the bioavailability of bioactive ingredients 
in the gastric medium. For example, alginate beads encapsulated jabuticaba peel 
extract with EF of 89.6%; the release profile in simulated gastric media (pH 1.2) 
showed that the 43.1% of the anthocyanins were released after 240 min and their 
color remained, which suggest that alginate beads protected the anthocyanins pres-
ent in the extract [59]. On the other hand, nanocarriers like liposomes, micelles, and 
nanoemulsions have shown potential application in preservation, reducing the 
impact of taste and enhancing the antimicrobial activity of some bioactive com-
pounds like propolis, a natural preservative with antiseptic, antimicrobial, and anti-
oxidant properties [18]. For example, the micelles have been used to improve the 
solubility of the bioactive compounds; curcumin solubility was improved with their 
trapping in beta-casein micelles (B-CN), the change in fluorescence intensity (35 a.u 
at 50 μmol.L−1 of B-CN) and the absorption spectra of curcumin in the presence of 
B-CN, showed a shift toward lower wavelengths (blue shift), which evidences 
changes in the polar environment [60, 61].

The bioactive molecules have functional groups of hydrophilic (hydroxyl, car-
boxyl, amino, and carbonyl) and hydrophobic (aromatics, alkenes, alkynes, and 
cycloalkanes) nature, favoring the inter-and intramolecular forces with the entrap-
ment material. Inorganic nanoparticles have been used in recent years due to their 
different carrier matrix and hydrophobic nature. Silica nanoparticles with size close 
to 200 nm showed high potential to load curcumin (70%), but volatile thymol evi-
denced a lower loading efficiency (23%). In addition, microparticles (1500  nm) 
showed higher loading efficiency due to the molecules were adsorbed onto the outer 
surface, 100% for the curcumin and 33% for the thymol. The porosity of the inor-
ganic material influenced the encapsulation efficiency; lower surface area with 
accessible pore structure (1–2.5 nm) favored the encapsulation, however the release 
kinetic was not favored in microparticles due to the burst effect caused by the 
adsorption of the molecules in the surface, the 80% was released in 24 h in culture 
media, and the 50% in 65 h in food simulated media [62].

8.3  Encapsulation of Bioactive Compounds 
and Food Additives

Encapsulation is defined as a simple process during which a core material (active 
food ingredients, bioactive compound, enzymes, or other compounds) is entrapped 
inside a thin layer of coating material (shell); this is an interesting technique because 
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they entrap a considerable number of biomolecules [63]. Encapsulation term is 
originally from biotechnology and pharmaceutical field, where it was used to pro-
tect sensitive drug and vaccine delivery. However, in recent years, the application of 
encapsulation technique in the food industry has been grown much rapidly, mainly 
for the encapsulation of NFAs such as colorants, preservatives, flavors, vitamins, 
minerals, and bioactive compounds [64, 65]. Nowadays, encapsulation is used to 
preserve the physicochemical properties and bioactivity of NFAs during food pro-
cessing and storage, thus protecting from heat, pH, oxygen, light, moisture, or other 
extreme conditions. Furthermore, encapsulation can be utilized to restrict undesir-
able interactions between the core material and other food ingredients [16]. In addi-
tion, encapsulating bioactive compounds can mask the core’s undesirable taste, 
color, or odor so that sensory attributes are not compromised, increasing the con-
sumer acceptance. It can be used to design controlled release formulations to achieve 
targeted and sustained delivery of bioactive compounds [63]. The encapsulation 
technique can be categorized according to the arrangement of the core into: (i) 
micro/nanocapsules, which is a vesicular system where the active substance is con-
fined and surrounded by wall material; and (ii) micro/nanospheres that are a matrix 
system, in which the active substance is uniformly dispersed in the wall material 
[66, 67]. On the other hand, based on the size, the encapsulation technique can be 
broadly categorized into microencapsulation (2–800 μm) and nanoencapsulation 
(1–1000 nm); both methods have their advantages and disadvantages, but the nano-
encapsulation technique is considered to be the better approach because can enhance 
the bioavailability, controlled release, and enable precision targeting of the active 
compounds to a greater extent than microencapsulation [68].

Many factors can influence encapsulation efficiency, mainly core material, car-
rier/matrix, and encapsulation technique. The core material should be considered 
numerous properties, including concentration, solubility, size, diffusivity, and pos-
sible interactions with other components [69]. On the other hand, according to the 
type of carrier/matrix; some properties such as encapsulant materials, composition, 
and rheology of phases, the physical state of phases, original size, porosity, shape, 
and structure, could affect encapsulation efficiency and release rate of the com-
pounds [70]. Depending on the encapsulation technique, it is possible to use differ-
ent types of wall material, including polysaccharides, proteins, or lipids. For food 
application, materials used in the encapsulation systems should satisfy some condi-
tions from the health and safety point of view, such as being approved as “generally 
recognized as safe” (GRAS) substances being biodegradable rather than natural 
origin. Moreover, the chosen carrier should be able to maintain physicochemical 
properties and preserve the potency of the encapsulated compound and mask any 
unpleasant appearance or flavor of the compound but without altering the organo-
leptic properties the food product, [71]. Some of the most popular wall materials 
used for micro nanoencapsulation application in food are: arabic gum, maltodextrin 
inulin, modified starches, alginate, casein, isolate and concentrate whey gelatin or 
soy protein, vegetable oil, and hydrogenated fats [72, 73]. Other factors that can 
affect the successfulness of the encapsulation process are the emulsifier and surfac-
tant type and concentration, the pH of the solution, and environmental conditions 

8 Preservation of Natural Food Additives



224

such as temperature and the presence of ions [70]. The choice of the encapsulation 
technique depends on the physicochemical properties of core and wall materials, 
carrier matrix stability, physical properties required in encapsulates such as size and 
shape and cost material [74], some characteristics of the different encapsulation 
techniques are described below.

8.3.1  Encapsulation Techniques

There are several techniques, so the selection of the method is based on the budget, 
costs, core, the desired size of the capsules, and the release mechanisms [67]. 
Broadly the methods are divided into three types: (i) chemical methods that include 
polymerization and cross-linking; (ii) physicochemical methods including ionic 
gelation, coacervation, supercritical assisted encapsulation, emulsion, and molecu-
lar inclusion complexes; and (iii) physicomechanical processes such as spray dry-
ing, freeze-drying, solvent evaporation and fluid bed coating [16, 75]. Some of the 
main ones used in the food industry are discussed.

8.3.1.1  Simple and Complex Coacervation

Coacervation is considered the original encapsulation method. It is defined as sepa-
rating aqueous colloidal solution into two liquid phases. One is rich in a polymer 
(coacervate phase), and another is poor in a polymer called equilibrium solution 
[75]. Coacervation techniques can be divided in aqueous phase, which can only be 
used to encapsulate water-insoluble materials, or organic phase which allows the 
encapsulation of water-soluble material [76]. On the other hand, two methods for 
coacervation, namely simple and complex processes, differ by how the phase sepa-
ration is carried out [70]. Complex coacervation has advantages over simple coac-
ervation, because it can produce microcapsules with smaller particle sizes and gives 
an unusually higher payload of up to 90% for single-core and 60% for multicore 
than other microencapsulation processes [75, 77].

8.3.1.2  Ionic Gelation

This is an easy technique based on the capacity to cross-link polyelectrolytes in the 
presence of multivalent ions such as Ba2+, Ca2+, and Al3+, being used to encapsulate 
hidrophylic/emulsified or hydrophobic compounds [76]. Ionic gelation can be car-
ried out by extrusion or emulsification/gelation. It is necessary to use coating mate-
rials, which can be gums, carbohydrates, celluloses, lipids, proteins, and inorganic 
materials, and a crosslinking solution of multivalent ions, usually calcium ions [75]. 
Encapsulation by gelation technique could be performed either externally or inter-
nally. External gelation is the most common and easy for both types of compounds, 

E. A. Gutiérrez et al.



225

soluble and insoluble. It produces heterogeneous gels and provides larger capsule 
sizes (>2000 μm) and encapsulation efficiency ranges from 65% to 95% approxi-
mately [78, 79]. On the other hand, a uniform capsule size and smooth surface are 
obtained when internal gelation is induced, making caking less agglutination and, 
therefore, less cracking or pores [80]. Alginate is the most common wall material 
used in the ionic gelation technique since its non-toxic profile, solubility, and bio-
compatibility. Further, it shows high toughness, has considerable effects on the 
mechanical stability of beads [70] and can encapsulate macromolecular and low 
molecular weight agents [75].

8.3.1.3  Spray Drying

This process involves core particles dispersion in a carrier material (polymer solu-
tion), followed by the atomization of the mixture in a hot chamber, causing uniform 
and rapid solvent evaporation by direct contact [75]. Various natural polymers can 
be used as wall materials in spray drying technique, especially polysaccharide- 
based encapsulation materials such as gums, starches fructooligosaccharides, algi-
nates, and their derivatives [81]. Spray drying has some advantages over other 
encapsulation techniques such as low-cost production, fast processing, and high 
productivity, so it is a technique widely used in the food industry to extend the shelf 
life of a wide variety of components, including flavors, colors, vitamins, minerals, 
fats, and oils [82]. However, spray drying also has some disadvantages, such as loss 
of active compound due to high temperatures, presence of core material on the sur-
face, and limited availability of core materials [67].

8.3.1.4  Freeze-Drying

This technique includes three principal stages, firstly freezing followed by a pri-
mary drying where ice or other frozen solvents are removed from the material by 
sublimation, and a secondary drying where bounded water is removed by desorp-
tion [75]. The third stage is a treatment to prevent rehydration of the material [67]. 
Before the freeze-drying process, the core material must be dissolved, dispersed or 
emulsified into the wall material [72]. The main advantage of freeze-drying is to 
keep a low temperature in the product during the process, whence is a suitable tech-
nique that could maintain the characteristics of many heat-sensitive products such 
as anthocyanins, oils, probiotics, enzymes, among others [75]. However, this tech-
nique exhibits high energy use, long processing time, and high production costs [67].

8 Preservation of Natural Food Additives



226

8.3.1.5  Interfacial Polymerization

In this process, the polymerization of a hydrophilic and lipophilic monomer occurs 
at the interface of an oil-in-water emulsion, forming a membrane, which will give 
rise to the wall of the microcapsules [75]. This process involves three steps: (i) dis-
persion of an aqueous solution of a water-soluble reactant in an organic phase to 
produce a water-in-oil emulsion; (ii) formation of a polymeric membrane on the 
surface of the water droplets, initiated by the addition of an oil-soluble complex to 
the previous emulsion; and (iii) separation of the microcapsules from the organic 
phase and their transfer in water to give an aqueous suspension [66]. Interfacial 
polymerization has potential benefits, including high loading of the active com-
pound, low cost, easy-to-scale, simplifying, and process reliability. The method 
does not need catalysts and can be performed at low temperatures, allowing to con-
trol the capsule size and membrane thickness. However, some factors limit the 
application of this technique, mainly because it presents a challenge for controlling 
large oil-water interfaces via interfacial polymerization and to assure yield and 
membrane quality [75].

8.3.2  Nanoencapsulation Approaches

Nanoencapsulation is a promising new technology and has some advantages over 
microencapsulation in targeted site-specific delivery of encapsulated compounds 
and improved controlled release [83]. Moreover, the nanoscale size leads to greater 
efficient absorption through cells by prolonging gastrointestinal retention time due 
to improved bioadhesiveness in the mucus covering the intestinal epithelium, pro-
viding high solubility and preserving included compounds [68]. On the other hand, 
particles at the nanoscale have a high surface-to-volume ratio, increasing their reac-
tivity with modifications in viscoelastic properties [16]. It has been effectively 
shown that nanoencapsulation can preserve compounds from degradation in food 
processing, providing enhanced stability, retention of volatile ingredients, and pro-
tection against oxidation and other environmental factors [84]. Furthermore, 
nanoparticles create a more stable system as they have less tendency for particle 
aggregation or gravitational separation in foods. The nanoencapsulation techniques 
are more complex than microencapsulation techniques, mainly due to the difficulty 
in attaining the complex capsule and core material morphology and the demands of 
controlling release rate in nanoencapsulated materials [67]. Several nanoencapsula-
tion methods include nanoparticles, nanodroplets, nanoemulsions, and nanohydro-
gels. The selection depends on different parameters, including chemical and 
physical characteristics of the core and shell materials, particle size, and the required 
rate of release and delivery of encapsulated compounds [74].

Some techniques developed and used for microencapsulation purposes include 
emulsification–solvent evaporation, inclusion complexation, coacervation, ionic 
gelation, anti-solvent precipitation, coacervation, spray drying, and supercritical 
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fluid techniques, can be considered to be nanoencapsulation techniques because 
they can produce capsules in the nanometer range [85]. Moreover, emerging and 
promising approaches to produce nanocapsules or nanofibers like electro-spraying 
and electro-spinning have been of interest in recent years due to the high efficiency 
in encapsulation, facility, and cost-effective [67, 70]. On the other hand, the nano-
encapsulation techniques can be divided into top-down, which involves the applica-
tion of the precise tool that allows size reduction and shaping the structure of the 
nanomaterial, or bottom-up approaches, in which materials are constructed by self- 
assembly and self-organization of molecules. The bottom-up approach is influenced 
by many factors such as pH, temperature, concentration, and ionic strength, and it 
includes supercritical fluid techniques, inclusion complexation, coacervation, and 
nanoprecipitation techniques. In contrast, the top-down approach uses emulsifica-
tion and emulsification-solvent evaporation techniques [68].

8.3.3  Perspective on Challenges and Future Trends

A high number of research regarding new technologies and advances for obtaining 
desired characteristics of micro or nano-capsules, e.g., the combination of two 
encapsulation techniques such as emulsification with spray drying or electro- 
spinning, has recently been studied, offering combined benefits [67]. Similarly, the 
combination of two or more carrier materials such as polysaccharides with protein 
or lipid, or a combination of polysaccharides, has recently received attention 
because they have shown advantageous effects on compounds retention and release 
characteristics [83].

Another concept recently introduced in food industries is the co-encapsulation of 
two or more active functional ingredients in a single matrix. This application offers 
multiple benefits and synergies with improved bioactivity and functionality than 
Campo’s single component [63]. Co-encapsulation concept has been widely popu-
larized for pharmaceutical products. It has vast possibilities as a potential single 
micro delivery vehicle for probiotic strains and prebiotics, essential oil, vitamins, 
antimicrobial compounds, among others. Nevertheless, there is very limited research 
regarding the formulation of functional food products based on co-encapsulation, so 
it is a topic that still needs to be investigated [73]. Different methods such as emul-
sification, spray drying, freeze-drying, coacervation process, or electrospraying can 
be used for co-encapsulation of bioactive compounds and food ingredients. 
However, someone could present drawbacks; for example, the extrusion process 
leads to a lower payload, and the freeze-drying method is costly [86]. On the other 
hand, the co-encapsulation products have shown to be more hygroscopic due to the 
readily release of core ingredients because of their amorphous nature [87].

Growing consumer concern for the environment has resulted in greater food by- 
products use. In this context, the study of materials from food by-products as a 
“green” wall material to encapsulate bioactive and food ingredients has increased 
the interest as new and sustainable alternatives [88]. For example, Marson et al. [89] 
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evaluated yeast cells from brewery waste as encapsulating materials. This material 
presents some advantages, such as low cost, less than 20 μm, and high amounts of 
proteins. The use of food by-products as carrier materials for encapsulation repre-
sents an opportunity since it has low cost, multiple technological properties, and 
availability. Moreover, proteins with emulsifier properties can be extracted from 
food by-products, so the highest advances are associated with the emulsion’s pro-
duction, which could replace synthetic emulsifiers [65].

Some future challenges regarding encapsulation techniques include the develop-
ment of solvent-free and environmentally friendly methods, developing economi-
cally feasible and easily scaleup-able methods for helping their commercialization, 
and validation of data obtained from in vitro studies with in vivo experiments should 
be addressed in future research [90]. On the other hand, there is limited information 
on the digestion of nano/microencapsulated compounds. In vitro and vivo trials 
could be important future research direction to explain controlled and targeted site- 
specific delivery of different food ingredients and bioactive compounds encapsu-
lated and the degree of cellular uptake of compounds in the encapsulated form [77].

8.4  Adsorption of Natural Additives

Adsorption is a surface phenomenon in which a molecule (known as adsorbate) is 
adhered to a generally solid surface (adsorbent). Since it is a surface phenomenon, 
it is assumed that there is no diffusion inside the adsorbent [91, 92]. An essential 
condition for adsorption is the surface of the adsorbent. An adsorbent with more 
surface has more capacity to adsorb a more significant amount of absorbate [93, 94]. 
For this reason, the best adsorbents are porous substances, or more generally those 
with the largest surface area per unit volume (activated carbon, clays, synthetic 
resins and, biopolymers) [3–6]. The reverse process of the adsorption phenomenon 
is the desorption process. In other words, the release of adsorbed molecules. Like 
the adsorption process, desorption plays an essential role in many technological 
applications for instance, in foods [14, 95, 96], cosmetics [74, 97, 98] and pharma-
ceuticals [10, 27, 74].

The adsorption process occurs mainly through physical (physisorption) or chem-
ical adsorption (chemisorption). In the first, the adsorbent adheres to the surface 
through weak electrostatic forces (Van Der Waals interactions, dipole-dipole inter-
actions), forming even multilayers. In chemisorption, the formation of covalent 
bonds keeps the adsorbate molecules strongly attached to the surface of the adsor-
bent. Only a monolayer of adsorbate can be chemisorbed to the adsorbent surface 
[30, 91, 99, 100]. For the adsorption process to occur, low activation energy is 
required; that is, equilibrium can be reached quickly if the physicochemical condi-
tions of the environment do not change significantly over time. For this reason, 
adsorption is usually described by a time-independent relationship between the 
amount of adsorbate attached to the adsorbent and the amount in the environment. 
Such relationships are called isotherms, which means that their validity is limited to 
the case of a constant temperature [91, 101–103].
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Table 8.2 Adsorption isotherm models most used to study the characteristics of adsorbate- 
adsorbent systems

Model Equation Application Reference

Langmuir

q
q K C

K Ce
m L e

L e

�
�1

Adsorption and desorption of flavonoids 
of the lemon peel by means of graphene 
oxide.

[104, 
105]

Amberlite XAD-7HP resin for 
adsorption to separate and concentrate 
procyanidins from cranberry pomace.

[106]

Anthocyanin adsorption on 
montmorillonite clays

[107, 
108]

Freundlich qe = KF (Ce)1/n Brown algae and fungus as biosorbents 
of copper and lead ions

[109]

Graphenic-biopolymeric composites for 
adsorption of crocin from saffron 
extract

[110]

Adsorption of gallic acid (GA) and 
propyl gallate (pG) on activated carbon 
(Ac)

[111]

BET

q
q K X

X K Xe
m BET

BET

�
�� � � �� ��� ��1 1 1

Phenol adsorption from aqueous 
solutions using Pinus pinaster bark.

[112]

Organically activated bentonite and a 
humic acid polymer in mycotoxin 
adsorption.

[113]

Adsorption of maltodextrin or gum 
arabic by chicken protein hydrolysate 
powder

[114]

qe (mg ∗ g−1): Solute adsorbed per unit weight of adsorbent at equilibrium
Ce (mg ∗ L−1): Equilibrium concentration of the solute in the bulk solution
qm (mg ∗ g−1): Maximum adsorption capacity
KF (mg ∗ g−1)(mg ∗ L−1)−1/n: Constant indicative of the relative adsorption capacity of the adsorbent
KF (mg ∗ g−1): Constant indicative of the relative adsorption capacity of the adsorbent
n: Indicates the intensity of the adsorption
KBET: Equilibrium constant
X = Ce/C∗

C∗ (mg ∗ L−1): Saturation solubility

Several isotherms’ models are used to describe the behavior of the adsorbate- 
adsorbent interaction. The most used are the Langmuir isotherm [104], the 
Freundlich isotherm [91, 102] and the Brunauer, Emmett and Teller (BET) isotherm 
[102]. Table 8.2 summarizes the main characteristics of the most common models 
employed in the adsorption process study, highlighting bioactive compounds stabi-
lization, extraction, and concentration. Like many other physicochemical phenom-
ena, adsorption is influenced by system conditions, particularly by pH, temperature, 
and the redox properties of the involved species; due to these limitations, it is of 
interest to know the optimal conditions in which the system reaches the maximum 
adsorption capacity.
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8.4.1  Adsorption in the Food Industry

Properties such as color, aroma, and antioxidant capacity are the main attributes that 
influence the decision by consumers in the choice and acceptance of foods. 
Sometimes when processing foods, it is necessary to add different additives to 
improve new properties or strengthen existing ones [1, 115]. The food industry has 
widely used SFAs as they are stable and relatively inexpensive [21]. However, stud-
ies have shown adverse reactions derived from the consumption of these FAs, such 
as cancer, allergic reactions, induction of hyperactivity, and behavioral changes, that 
have led to prohibiting some of these SFAs in foods. Consumer concerns regarding 
the consumption of SFAs have forced the food industry to find natural sources to 
replace them [116].

NFAs give foods useful health, nutrition, and preservation properties, but they 
are generally unstable and quickly degrade during food processing. Many of these 
compounds are chemically unstable, primarily when exposed to high temperatures, 
light, and moisture. Currently, to improve the stability of NFAs and other bioactive 
compounds against adverse conditions, various physicochemical techniques have 
been used such as trapping [117], encapsulation [69] and, adsorption [107], expand-
ing their range of food applications.

Adsorption processes have shown great versatility in preserving and stabilizing 
the properties of NFAs. Also, this technology is very versatile as it can also be used 
to extract and concentrate active ingredients from many natural sources and their 
by-products, increasing the natural additive bioavailability [10].

The adsorbents used in the adsorption process can be divided into two main 
groups: natural and engineered or processed adsorbents [118]. Among the most 
widely used adsorbents to stabilize, recover and concentrate bioactive compounds, 
the studies have demonstrated that macroporous resins with different chemical and 
physical properties could be a simple, environmentally sustainable, and efficient 
approach for enriching polyphenols compounds. The adsorption/desorption behav-
iors, kinetics, and thermodynamics for polyphenols compounds’ adsorption are 
investigated using different macroporous resins systems. The results indicated that 
macroporous resins could be utilized for the large-scale production of polyphenols 
compounds from fruits, vegetables, and their by-products. Such highly concentrated 
polyphenols compounds production might expand their application as a biologi-
cally active agent for the food industry and pharmacy [13, 106, 119]. Also, zeolites 
which are intrinsically microporous aluminosilicates of molecular dimensions that 
allow the adsorbate molecules to infiltrate into these pores, have been exploited in 
adsorption technologies. The process of adsorption and desorption of molecules in 
zeolites are based on differences in molecular size, shape, and other properties such 
as polarity [11, 118, 120, 121]. The application of natural clays as adsorbents of 
bioactive compounds has been studied using anthocyanins and other natural dyes 
for a relatively long time [108, 122, 123]. High adsorptive capacity properties of 
clays such as montmorillonite and saponite are due to their negative structural 
charges. The negative charge makes them potential adsorbents for positively charged 
species [107, 124, 125]. Many other materials such as activated carbon [111], 
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nanomaterials [92], plant biomass [126], yeasts, fungi, and some algae [109, 127] 
have been commonly used to adsorb mainly natural dyes, an antioxidant com-
pounds, and heavy metal cations. The interest in the possible enhancing effects of 
NFAs on human health has motivated the evaluation of various aspects of the 
adsorption process, such as adsorbent structure, bioactive compound/adsorbent 
interaction, stability, and antioxidant capacity adsorbate-adsorbent hybrid 
composite.

The design of adsorption processes has played an essential role in developing 
various technologies. It has economically boosted different productive sectors such 
as food, petrochemical, pharmaceutical, agricultural, to mention a few. The func-
tionality and simplicity of this technology encourage its use in novel applications, 
especially in the food sector, in which it has been exploited as mentioned above in 
the stabilization of NFAs, improvement of extraction processes and concentration 
of bioactive compounds, development of controlled release systems, design and 
manufacture of nutraceuticals, smart packaging materials, and among others [10, 
128, 129].

Anthocyanins, water-soluble pigments widely distributed in the plant kingdom, 
change their hue depending on the pH; their stability depends on temperature, light 
absorption, and the presence of oxygen. Betalains are red, yellow, pink, or orange 
pigments derived mainly from beets. These show limited solubility in water, and 
their stability depends mainly on exposure to light and changes in pH. Curcumin, 
also called diferuloylmethane, is the main natural polyphenol found in the rhizome 
of curcuma longa whose stability depends on exposure to light and changes in 
pH.  Carotenoids are yellow, orange, and red pigments synthesized by plants. In 
diets, the most common carotenoids are α-carotene, β-carotene, β-cryptoxanthin, 
lutein, zeaxanthin, and lycopene [10, 97, 113]. Phenolic and non-phenolic com-
pounds are suitable as natural additives for food, cosmetics, and dietary supple-
ments due to the demand for healthier products and their antioxidant properties 
[103]. As mentioned in this section, bioactive compounds have been extracted and 
separated from the solution by adsorption operation onto the surface of different 
adsorbents. The adsorption process for extraction of bioactive from fruits, vegeta-
bles, and their by-products usually are adjusted by Langmuir, BET, and Freundlich 
models. All models have been shown an excellent fitting (R2 ≥ 0.98), allowing us to 
know optimal conditions for the stabilization, purification, and recovery of bioac-
tive compounds. These parameters are essential to maintaining the stability of the 
extracted compound, ensuring that the health-beneficial properties of these sub-
stances are not altered.

8.5  Food Applications

Current markets increasingly demand the use of natural products as substitutes for 
SFAs in foods, which have traditionally been used for their characteristics as anti-
microbial agents, antioxidants, anti-browning, as well as to improve the nutritional 
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and sensory properties of foods [19, 130]. However, several studies show that exces-
sive consumption of SFAs are related to respiratory, neurological, gastrointestinal 
and dermatological adverse reactions [19, 131, 132]. To enhance the use and appli-
cation of GRAS additives [2] with biological activity, totally or partially substitut-
ing SFAs, techniques such as encapsulation, entrapment, adsorption, among others, 
have been studied [19, 88, 133]. Other studies point to the potential use of these 
substances to develop edible or biodegradable films and coatings that allow extend-
ing the shelf life of food [134–137].

8.5.1  Dairy Products

Some studies show the importance of incorporating plant-based or fruit-based addi-
tives to fortify dairy products, due to their limited content of bioactive compounds 
[19, 138, 139]. Some authors have carried out studies for the fortification of yogurts 
with different antioxidants, Matricaria recutita L. (chamomile) and Foeniculum 
vulgare Mill. (fennel) rich in phenolic compounds such as quercetin-3-O-glucoside 
and 5-O-caffeolylquinic acid, or di-caffeoyl-2,7-anhydro-3-deoxy-2- -
octulopyranosonic acid and luteolin-O-glucuronide, respectively [19], as well as 
their efficient use as preservatives in cottage cheese [140, 141]. On the other hand, 
have been used bioactive dairy peptides and a mixture of lotus seed and lily bulb 
powder in goat yogurt resulted in a fermentation time reduction, water holding 
capacity improvement, and inhibition of post-acidification of goat yogurt during 
storage. The addition of both supplements was found to be useful in making up for 
the two defects of goat yogurt, prolonged fermentation, and soft curds. Therefore, 
bioactive dairy peptides and lotus seeds/lily bulb powder are recommended to be 
added to goat yogurt as nutritional supplements [142].

Other studies have shown the antimicrobial activity of bioactive compounds for 
the preservation of dairy products, specifically cheese. The added moringa oleifera 
extract to cream cheese at different ratios 2.00, 3.00, and 4.00 g/100 g extend its 
shelf life up to 4 weeks and increase the probiotic counts, total phenol content, and 
antioxidant activity of finale products [143]. In cottage cheese, it was added decoc-
tions of Foeniculum vulgare Mill. (fennel) and the antioxidant and antimicrobial 
potential was evaluated. The incorporation of fennel-based ingredients did not alter 
significantly the nutritional characteristics of control cottage cheese (without fennel- 
based ingredients) but avoided the increase in yellowness (after 7 days of storage) 
and the decrease in lactose content (after 14 days of storage) observed in control 
samples [140].

In other products such as butter and ice cream, the effect on the nutritional, phys-
icochemical, and microbiological quality of the incorporation of essential oils, plant 
extracts, peptides, among others, has also been evaluated. Ginger rhizomes in pulp, 
juice, candy, and powder were used and added to the ice cream mix during the freez-
ing step. The addition of different forms of ginger decreased the fat and protein 
content and increased the ash and fiber content of the resulting ice cream. Antioxidant 
activity and total phenols were significantly increased by adding ginger in different 
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forms. In addition, ice cream overrun was reduced and melting resistance increased 
with the addition of ginger preparations [144].

8.5.2  Meat Products

Meat and meat products are rich sources of nutrients. Still, deterioration problems 
can occur during the storage and distribution period mainly due to microorganisms 
and loss of flavor and aroma due to molds and yeasts. That is why the incorporation 
of natural additives has been proposed as an alternative to prevent or reduce the 
growth of pathogenic and deteriorating microorganisms in this kind of food [132, 
145–148]. To improve the stability of active compounds such as essential oils, tech-
niques such as encapsulation have been used [145, 149]. This strategy protects the 
oil by one or more layers of a coating agent, avoiding their interaction with the food 
components and increasing their bioactivity [150]. Moreover, a controlled release of 
active compounds occurs and masks the intense odors associated with essential oils 
[151]. This strategy would reduce essential oil in meat products, resulting in a safe 
and good quality [152].

Adding essential oils such as coriander in low concentrations (0.075–0.150 μL/g) 
has a significant effect on the conservation of cooked pork sausage, presenting a 
reduction in the residual nitrite concentration and limiting microbial growth [147]. 
Another study shows the effect of cinnamon oil nanoemulsion for its antimicrobial 
and antioxidant efficacy to preserve quality and extend the shelf-life of Asian sea-
bass (Lates calcarifer) fillet during chilled storage. During storage, cinnamon oil 
nanoemulsion was effective in inhibiting the growth of bacteria and oxidation. The 
shelf-life of the fillets was 2–4 days for the control and at least 6–8 days for the 
cinnamon oil nanoemulsion-treated samples [153]. Other studies with essential oils, 
fruits, and vegetable extract are presented in Table 8.3.

Table 8.3 Active compounds used for the preservation of meat and meat products

Natural additive Property
Food 
application Reference

Cinnamon essential oil 
and grape seed extract

Antimicrobial (Clostridium 
perfringens) and antioxidant activity

Lyoner-type 
sausages

[154]

Clove essential oil and 
grape seed extract

Antimicrobial and antioxidant activity Raw Buffalo 
Patty

[155]

Clove and cinnamon 
essential oil

Antimicrobial activity (Listeria 
monocytogenes)

Ground beef [156]

Thyme essential oi Antimicrobial and antioxidant activity Beef burgers [157]
Cuminum Cyminum L. 
aqueous extract

Antimicrobial and antioxidant activity Sardine fish [158]

Thyme, Cannelle and 
Oregano essential oil

Antimicrobial activity (S. enterica, S 
aureus, and E. coli)

Chicken [159]

Clove, sage and kiwifruit 
peel extracts

Antimicrobial and antioxidant activity Fish fingers [160]
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8.5.3  Edible and Biodegradable Films and Coatings

The interest of the food packaging sector in bioactive compounds is based on their 
lack of toxicity, being designated as GRAS compounds by the FDA, and it is also 
due to their interesting biological properties that include, among others antibacte-
rial, antifungal and antioxidant properties [133, 161].

Several investigations have focused on incorporating natural compounds such as 
antioxidants, antimicrobials, colorants, flavors, fortified nutrients, and spices in 
active packaging. One of the main objectives of this type of biologically active 
material is to allow controlled release on food surfaces. This method can serve as a 
better alternative to direct application of active compounds on food surfaces and 
slow penetration into the internal part of the food. [162]. Table 8.4 presents some 
studies on active films and coatings for food preservation.

Active packaging developed with different biopolymers such as chitosan [97, 
136, 170], gelatin [134, 171], whey protein [165, 172], thermoplastic starch [167, 
173], among others [168, 174–176], have been used as vehicles for active com-
pounds, essential oils [172, 174, 177, 178] and vegetable and fruit extracts [97, 165, 
179] obtained mainly from agro-industrial waste, mainly [180].

Table 8.4 Active films and coatings used in food preservation

Natural additive
Preservation 
method

Polymeric 
matrix Property

Food 
application Reference

Satureja 
khuzestanica 
essential oils

Nanoencapsulation Chitosan Antimicrobial 
and 
antioxidant 
activity

Lamb meat [163]

Ginger essential 
oil

Nanoemulsion Sodium 
caseinate

Antimicrobial 
and 
antioxidant 
activity

Chicken 
breast 
fillets

[164]

Rosemary and 
sage extract

Trapping – films Whey protein 
concentrate

Antimicrobial 
activity

Soft cheese [165]

Laurus nobilis 
and Rosmarinus 
officinalis 
essential oils

Encapsulation Zein Antimicrobial 
activity

Cheese 
slice

[166]

Ho wood and 
Cinnamon 
essential oils

Nanoencapsulation Thermoplastic 
starch

Antifungal 
activity

Strawberry [167]

Shallot onion 
wastes

Trapping – films Sodium 
alginate and 
carboxymethyl 
cellulose

Anti- 
browning

Fresh-cut 
apple and 
potato

[168]

Akebia trifoliata 
(Thunb.) Koidz. 
peel extracts and 
montmorillonite

Trapping – films Chitosan Delaying 
crack and 
mature

A. 
trifoliata 
fruits

[169]
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These active packaging and coatings have been used to preserve foods, mainly to 
increase the shelf life of the products and maintain their physicochemical and sen-
sory characteristics mainly. Bahmid et al. [181] developed an antimicrobial cellu-
lose acetate film containing finely ground mustard seeds (500  mg) was used to 
preserve low-fat ground beef, showing an increase in shelf life of 3.7 days compared 
to the sample without the film. Other studies developed in dairy products such as 
cheese, demonstrate the activity of gelatin-based film enriched with 20 μg ethanolic 
extract of Lepidium sativum seeds /mL reduced the syneresis by 40% and stabilized 
the color, peroxidation and bacteria growth as compared to the unwrapped sample 
after 6 days of storage [182]. Likewise, different active packaging for fruits and 
vegetables have been developed using natural additives such as extracts of Artemisia 
scoparia to maintain the quality parameters (microbial count, acidity loss, soluble 
solid content loss, weight loss and quality decay) of strawberries and loquats [183]. 
This is how the development of active packaging using various natural additives 
such as plant extracts and essential oils, mainly, are viewed as a potentially viable 
alternative for food preservation.

8.6  Conclusions

Different techniques focused on obtaining and preserving natural food additives 
(NFAs) have been used mainly in the food and pharmaceutical industries. Among 
the main techniques, the encapsulation is a widely used in the food industry to con-
serve NFAs, micronutrients, and bioactive compounds. This technique can be used 
to protect the degradation of these compounds in food processing, provide enhanced 
stability, prevent their interaction with other food components, mask undesirable 
sensory properties, and control release rate. To achieve efficient micro/nanoencap-
sulation, many factors must be considered: core material, carrier/matrix, and encap-
sulation technique. The selection of these factors directly affects the physicochemical 
properties of micro or nano-capsules, such as particle size, shape, cost, rate of 
release, and delivery of encapsulated compounds. Due to the growing importance of 
encapsulation processes in the food industry, new advances and innovations in this 
field have been developed in recent years, such as the combination of two encapsu-
lation techniques or two or more carrier materials, co-encapsulation of active func-
tional ingredients, and using of food by-products as a “green” wall material.

Another of the most used techniques and with a growing trend for the conserva-
tion of NFAs is by trapping. Different materials, preparation methods and structures 
in one, two, and three dimensions have allowed development systems to protect the 
bioactive compounds in nanostructures, hydrogels, and films through the physical 
interactions between the additive and the entrapment system. Future research stud-
ies could be addressed to improve the trapping efficiency and the thermal and chem-
ical stability of bioactive molecules, as well as to apply these systems in food 
products. In addition, it is necessary to evaluate the functionality of bioactive mol-
ecules after the entrapment process.
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Other aspects to consider in the use of these techniques are the low cost, the ease 
of design, the high performance, and the simplicity of the processes. In that case, 
adsorption processes make them an attractive tool for preserving, stabilizing, and 
removing/recovering a variety of NFAs. Adsorption shows several advantages over 
other preservation and separations techniques of bioactive compounds derived from 
selectivity, environmental impact, and toxicological effects. The large surface area 
materials such as clays, zeolites, and resins have been widely studied to preserve, 
recover, and purify NFAs. These materials have been shown an excellent perfor-
mance in preserving NFAs properties along the time. Here, characteristics such as 
pH, temperature, light conditions, and many other variables in the adsorption of 
NFAs are essential, and they could drastically affect the process. The adsorption 
behaviors of NFAs components in the complex mixtures enable the possibility of 
obtaining concentrates enriched in defined NFAs, suitable for many applications in 
the food industry. Studies on the characterization of the detailed interactions 
between adsorbate and adsorbent at real simulated conditions, evaluating the influ-
ence of mentioned above variables, and on the regeneration and recycling of spent 
adsorbents are needed for design. Combining adsorption stages with other conven-
tional and/or emerging technologies (encapsulation and trapping) provides opportu-
nities to develop optimal, flexible, effective, and environmentally friendly processes 
for obtaining products with defined applications in the food industry.

Obtaining and preserving NFAs through encapsulation, trapping and absorption 
techniques has allowed their incorporation for the development of biodegradable 
packaging, films and coatings used in the food industry. The main NFAs used in this 
type of material are plant extracts, essential oils, which have demonstrated their 
effectiveness in food preservation, mainly due to their antimicrobial, antioxidant 
and anti-browning characteristics or due to the properties they exhibit, thus becom-
ing a viable alternative for the total or partial substitution of polymers and synthetic 
preservatives that are in direct contact with food and that have sometimes presented 
adverse reactions in consumers
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Chapter 9
Effect of Thermal Treatments 
on the Properties of Natural Food 
Additives

María Gabriela Goñi, María Celeste Pellegrini, and Alejandra Graciela Ponce

9.1  Introduction

Food processing often involves heat treatment, usually to increase sensory parame-
ters such as flavor, texture, or color; and to improve safety and stability by reducing 
microbial population and inactivating endogenous enzymes [1]. In accordance with 
processing, food additives (FAs) play an important role in the food industry since 
their application can reduce processing costs, increase shelf life, and ensure 
safety [2].

Food processing in general, and thermal processing in particular, have increased 
the shelf life of several food products, most of the time with the aid of FAs [3]. 
Additives in food play important roles, like antioxidant, antibrowning, antimicro-
bial, color, and texture agents, among others [2]. There is extended evidence of the 
advantages of the use of FAs from the nutritional, functional, sensorial, economical 
point of view, and obviously from a safety point of view [2]. Some examples of the 
benefits of the use of FAs could be seen in bakery, meat processing, ready to eat 
food, and dairy industry [4–6].

Heat treatments used in the food industry, such as pasteurization, high tempera-
ture sterilization, drying, and evaporation, among others, ensure microbiological 
quality but favor the destruction of some food ingredients such as vitamins and 
agents with antioxidant activity such as heat-sensitive polyphenols [7]. Many FAs 
are especially heat sensitive and should be considered when a thermal process is 
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included to obtain certain food products [8]. In the present chapter, this topic would 
be discussed, and current literature will be explored.

Nowadays, there is a growing interest in new natural food additives (NFAs) since 
consumers demand natural and environmentally friendly products [2]. As a conse-
quence, several studies are focusing on finding potential ingredients in non- 
traditional sources such as residue from the citrus industry [9]. However, more 
research is needed in finding the effect of thermal treatment on these compounds 
when used as FAs in more complex foods.

NFAs often have a dual role in the food, including their technological aspect and 
nutritional or functional aspect, for example as polyphenolic compounds such as 
β-carotene which could act as colorant agent and antioxidant of lipids, as well as 
vitamins. Dietary fiber could be also used as a texturizing or gelling agent as well as 
a functional ingredient aimed to improve intestinal health. Intake of these types of 
bioactive compounds are often considered important to maintenance of health and 
for the prevention of non-transmissible diseases like cancer, cardiovascular ill-
nesses, and several degenerative diseases [4, 8].

Generally, for a food to be safe and have a stable shelf life, the heat treatment that 
is applied must be prolonged, which promotes chemical and physical reactions that 
result in a food that is not healthy with detrimental effects on its quality. After heat 
treatment food may present strange odors or off-flavors associated with the loss of 
freshness and nutrients. This phenomenon is more common when solid or semi- 
solid foods are prepackaged in which the heat transfer when using conventional 
methods is slow and the temperature in the center of the product is difficult to rise 
[3]. Proper design of conventional or novel thermal processes requires a compre-
hensive understanding of the thermal properties of foods and quantitative changes 
of target microorganisms, enzymes, or quality attributes. It is desirable to select 
optimal process conditions to control microorganisms and enzymes while minimiz-
ing food quality degradations [3, 7, 10, 11].

Food matrices are complex systems, and they are greatly affected by thermal 
processing extensively reported and reviewed in the literature [12, 13]. FAs should 
also be considered, in order to assure their stability and therefore their functionality. 
Therefore, the aim of the present chapter was to comprehensively analyze and 
describe the effect of thermal processing on NFAs and to explore current alterna-
tives and future needs on the subject.

9.2  Synthetic Versus Natural Food Additives: Pro and Cons

Codex Alimentarius defines a food additive as any substance that is not normally 
consumed by itself or as a common ingredient, regardless of its own nutritional 
value, but that is added into food with a technological, or organoleptic purpose. It 
could be included in the manufacturing, processing, packaging, storage, or any 
other step of the whole process. The FDA (Food and Drug Administration) in the 
United States has a similar definition as in most countries. Along with a definition, 
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most countries and organizations also have defined certain rules for their application 
and clear limits for their use in foods [2].

Nowadays, most consumers prefer foods added of NFAs, rather than synthetic 
food additives (SFAs) [9], which is seen by the food industry as an opportunity to 
find new and more efficient natural-based solutions, meanwhile fighting to reduce 
the overall use of SFAs, producing minimally processed goods [2, 7, 14]. The ben-
efits of NFAs are endless, their synergy and effectiveness are a great leap over arti-
ficial additives that carry out, in most cases, only one effect on the food [2, 15].

Plant and fungi kingdoms are great sources of bioactive compounds that can be 
used to develop NFAs [2, 8, 15]. These natural compounds can be added as extracts, 
taking advantage of the synergistic effects between compounds, or as individual 
molecules, after purification, thus adding the most bioactive ones to the foodstuff. 
Although quite promising, NFAs still face some drawbacks and limitations. 
Therefore, an important research topic is the discovery of new alternative sources of 
NFAs fulfilling the different classes: preservatives (such as antimicrobials, antioxi-
dants and antibrownings), nutritional additives, coloring agents, flavoring agents, 
texturizing agents, and miscellaneous agents. In accordance with consumer percep-
tion of NFAs, several new laws and requirements from private buyers are introduc-
ing changes in the allowed limits of several known additives, thus forcing the need 
for new natural alternatives [2].

9.3  Most Common Natural Food Additives

The antioxidant agents used as NFAs are substances that control the autoxidation of 
oils and fats by donating their hydrogen to free radicals originating in the initiation 
and propagation stages of autoxidation. Much research has been carried out using 
natural plant extracts in edible oils due to the tendency to minimize or avoid the use 
of SFAs. According to data in the literature, there are many natural antioxidants that 
can be extracted from inexpensive sources, such as most parts of the olive plant, 
green tea, sesame, medicinal plants, among others [16].

Natural plant extracts can assist in maintaining the appearance, taste, and qual-
ity of food without any negative impact on the color, odor, and taste profiles. A 
large variety of extracts have effective antioxidant and antimicrobial properties, 
constituting alternatives to conventional synthetic preservatives. Although most of 
the preservatives used in food are of synthetic origin, there are several products 
from naturally occurring plants that can be used as food preservatives. It is esti-
mated that 1–10% of the 500,000 species of plants in the world, that is, approxi-
mately 500, have been used as food preservatives [17]. However, more research is 
needed in order to increase the number of food preservatives originated in plants, 
as extraction, purification, and stabilization of the extract are usually difficult. 
Moreover, its effectiveness is often limited to certain microbial populations and 
only acts as bacteriostatic or fungistatic agents while synthetic antimicrobials 
have larger targets.
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9.4  Effect of Thermal Processing on Natural Food Additives

The stability of natural antioxidants to be used as NFAs is fundamental, mainly dur-
ing thermal treatments. For example, it has been shown that most NFAs have higher 
antioxidant activity and thermal stability than SFAs in different edible oils [16].

Betalains are water-soluble nitrogenous pigments with coloring properties and 
antioxidant activities. These natural compounds have been incorporated into several 
foods. The stability of betalains is affected by different factors, such as temperature, 
pH, water activity, light, presence or absence of oxygen, and enzymatic action [18, 
19]. Betacyanins in beet extracts have been noted as having pH stability in the range 
of 3–7 [20] and are readily susceptible to thermal degradation [21]. Temperatures 
above 50 °C are reported to produce color degradations and reduction in the antioxi-
dant capacity. In the heat treatment, the betacyanins can be degraded by isomeriza-
tion and/or decarboxylation [22]. A slight hypsochromic and hypochromic change 
can occur displacing the maximum absorption in the spectrum, therefore imparting 
an orange-red color [23]. Furthermore, betanin and isobetanin can be dehydroge-
nated and hydrolyzed causing the formation of neobetanin (4, 15-dehydrobetanin), 
which is bright yellow [19]. On the other hand, betaxanthins are also thermally 
sensitive and have lower stability than betacyanins [24].

Norbixin is a carotenoid with antioxidant properties, this compound is used as a 
natural colorant in various processed products; however, its chemical structure 
makes it susceptible to environmental factors such as light, oxygen, and tempera-
ture. A widely used technique to improve the stability and solubility of these com-
pounds is microencapsulation. A study carried out by Tupuna et al. [25] showed that 
the efficiency of this technology depends on the encapsulation agents and the oper-
ating parameters. For this, a stability study was carried out using an aqueous model 
at temperatures of 60, 90, and 98 °C for 300 min. The thermal degradation kinetics 
of norbixinfollowed a first order kinetic reaction. The activation energy (Ea) required 
for the degradation of norbixin microcapsules (Ea = 15.08 kcal/mol) was twice that 
required for non-encapsulated norbixin (Ea = 7.61 kcal/mol). Microencapsulation 
by spray drying improved the thermal stability of norbixin. Therefore, the increases 
in the shelf life of this bioactive compound and norbixin microcapsules can be con-
sidered as an additive with high potential for use as a natural colorant in food and 
beverages [25].

Other technologies used to improve the stability of different NFAs, that is, the 
preservation of their functional properties, would be using encapsulation tech-
niques, such as spray drying, spray cooling, coacervation, extrusion, fluidized bed 
coating and polymerization. Microencapsulation is described as a technique to trap 
small particles of solids or droplets of liquids or gases in a biopolymer to result in 
small spheres called microcapsules or microparticles with diameters ranging from 1 
to 1000 μm. This technique could simplify the manufacture, handling and storage of 
food, reducing production costs. In addition, bioactive compounds microencapsu-
lated are protected against environmental conditions, thus improving their stability 
[26]. On the other hand, nanoencapsulation process, for example, is an interesting 
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and promising method applied by the food industry to obtain special NFAs with 
antimicrobial and antioxidant properties and high thermal stability [27]. The encap-
sulation of bioactive substances protects their active molecules from thermal degra-
dation processes and improves their physical and chemical stability and solubility in 
foods (e.g., solubilization of hydrophilic components and hydrophobic matrices and 
vice versa) [28].

Other bioactive agents with potential application to be used as NFAs are essential 
oils that have antimicrobial activity since they are generally non-toxic and have 
important properties for food preservation. In addition, some of them have the prop-
erty of being antioxidants and, when they are protected by coatings such as nano-
capsules, they can be used to produce high-performance antimicrobial or antioxidant 
active packaging. Understanding the content of bioactive compounds that are part of 
the food is crucial for the formulation of new dietary plans. This information is also 
important for consumers with progressive development of nutritional aware-
ness [29].

9.4.1  Blanching

Blanching is a widely used process in food industries that process vegetables and 
some fruits. This treatment is part of a stage prior to other processes, whose main 
objective is to inactivate enzymes, increase the fixation of chlorophyll (especially 
important in green vegetables) and soften the product to favor its subsequent pack-
aging. Blanching is prior to freezing, which seeks the destruction of enzymes that 
affect color, flavor, and vitamin content. In the blanching process foods are heated 
at temperatures between 70 and 100 °C for a time between 30 s and 3 min, then 
foods are cool down. Otherwise, this process contributes to the proliferation of ther-
mophilic microorganisms, resistant to temperature [30].

There are two widely distributed enzymes in plants that are resistant to heat: 
peroxidase and catalase. Verifying the absence of their activity is a clear indicator of 
the effectiveness of blanching. Sicari et al. [31] conducted a study with the aim of 
investigating the phytochemical content and bioactivity of traditionally consumed 
wild plants (Hypochaeris laevigata, Hypochaerisradicata, Hyoseris radiata and 
Hyoserislucida subsp. taurina), both fresh as after blanching. The impact of pro-
cessing on these food matrices was evaluated. Among the bioactive phytochemicals, 
Total Phenols Content (TPC), Total Flavonoids Content (TFC), lycopene, β-carotene 
and chlorophylls were quantified. The samples were studied for their antioxidant 
potential using different approaches and as inhibitors of enzymes related to obesity 
and hyperglycemia. Fresh and scalded samples, as well as residual blanching water, 
were studied. Blanching determined a reduction of up to 45% in the content of all 
classes of phytochemicals investigated. On the other hand, it was observed that the 
blanching water retained most of the bioactive compounds being correlated with a 
good antioxidant and inhibitory activity against enzymes linked to obesity and 
related diseases such as type 2 diabetes [31].
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In another research, Otálora et al. [32] studied the thermal stability at 5, 25, and 
45 °C of betalains present in by-products of blanching and cutting Beta vulgaris 
tissues. The blanching water degraded pigments independently of the temperature 
studied. Red beet powders underwent thermal degradation of pigments only at 
45 °C. This can be attributed to its low water activity and the presence of lignin 
which can protect the pigments from thermal degradation, through its antioxidant 
activity, allowing these powders to be used as a food colorant up to 
45 °C. Chromatographic studies showed that storage at 45 °C for 6 days affected the 
chemical stability of betalains. Degradation reactions may affect the use of these 
powders as natural pigments in heat-treated foods at temperatures above 45 °C after 
the inclusion of the pigment in the food formulation [26].

Blanching is a very important unit operation in fruits and vegetable processing. 
It not only affects the inactivation of polyphenol oxidase (PPO) and peroxidase 
(POD) but also affects other quality attributes of products such as microbiological 
quality, color, and texture. Blanching can inactivate enzymes present in products, 
enhancing dehydration rate, removing pesticide residue, and reducing microbial 
load. The indicators that are frequently used to assess include POD and PPO 
enzymes, ascorbic acid and nutrient contents, color, and texture. The conventional 
water and steam blanching methods are mature technologies that are being applied 
in many food processors [33].

9.4.2  Pasteurization and Sterilization

Pasteurization and sterilization are the most used techniques to inactivate enzymes 
and microorganisms in food products, increasing the food shelf life [34]. Thermal 
pasteurization is mainly used for the manufacture of microbiologically safe food 
products, by reducing or inactivating the microbial count [35], but due to the high 
temperature required, it can affect the organoleptic and nutritional properties in 
some foods compared to unconventional technologies [36]. Sterilization is consid-
ered one of the most effective techniques in food preservation since it can provide 
almost complete inactivation of microorganisms, including spores, which leads to 
products having a longer shelf life [37, 38], but this, like pasteurization, can in some 
cases affect the nutritional properties mainly of antioxidant compounds including 
vitamins and induce changes in color, flavor, and texture which affect the sensory 
quality of the food. Undesirable by-products can even be formed during processing, 
affecting the quality of the final product [37, 39].

The use of NFAs in pasteurized milk processing allows enhancing the function-
ality of this product. In this way, matoa (Pometia enhancing) and alginate have been 
used as ingredients that exerts antimicrobial properties against Staphylococcus 
aureus and Escherichia coli. Triana et al. [40] investigated the antimicrobial activity 
of matoa leaf extract and alginate. The authors concluded that concentrations of 
0.20% and 0.2–0.3% in the use of matoa leaf extract and alginate respectively had 
the best inhibitory effects on the growth of Escherichia coli and Staphylococcus 
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aureus. Milk was added with matoa leaf extract and alginate at particular concentra-
tions, then pasteurized using high-temperature, short-time (HTST) at 72 °C for 15 s. 
Finally, authors observed that supplementation of matoa leaf extract and alginate in 
pasteurized milk was able to exert inhibitory effects against Sthaphylococcus aureus 
and Escherichia coli.

On the other hand, phytosterols are plant sterols recommended as NFAs for 
hypercholesterolemia, and tocopherols are well-known antioxidants. However, tem-
perature sensitivity, lipophilicity, and efficacy are formulation dependent. Poudel 
et al. [41] studied the development of liposomes containing brassicasterol, campes-
terol, and β-sitosterol obtained from canola oil deodorant distillate, along with 
alpha, gamma, and delta tocopherol. Three types of formulations were produced: 
thin-film hydration-homogenization, thin-film hydration-ultrasonication, and the 
Mozafari method which consists of one of the most recently introduced and one of 
the simplest techniques for the preparation of liposomes and nanoliposomes and 
allows manufacture of carrier systems in one-step, without the need for the pre- 
hydration of ingredient material, and without employing toxic solvents or deter-
gents. The stability of the liposomal formulations before and after pasteurization 
using the HTST technique was investigated for 1 month. Liposomes with optimal 
particle size (less than 200 nm) and zeta potential (−9 to −14 mV) were incorpo-
rated into orange juice, showing adequate stability after pasteurization (72 °C for 
15 s) for 1 month stored at 4 °C.

In another research, Noriega et  al. [42] determined the nutritional value and 
safety of a puree using NFAs and modified some operational parameters in the con-
ventionally used process. For the food formulation, the following ingredients were 
used: chicken breast, potatoes, carrots, leeks, tomatoes, olive oil, and mineral water. 
The NFAs selected for the preparation of the formulated product were orange juice 
due to its high content of vitamin C and, therefore, high antioxidant capacity, and 
leek due to its antifungal property, constituting a nutritious and healthy natural alter-
native to avoid SFAs such as sorbates and benzoates. In the methodology, two 
important sterilization factors were adjusted (temperature and time evacuation), tak-
ing into account the effect on the nutritional and organoleptic properties, as well as 
the microbiological safety of the product. Two sterilization methods were applied 
using the same temperature (121.1 °C) and different times (40 and 45 min), to pro-
pose the variation of the sterilization regimes and to use times shorter than those 
usually recommended. The obtained nutritional values reported as g per 100 g (7.8 
of proteins, 2.6 of fat, 20.2 of carbohydrates, 6.2 of fiber, and energy) for the mashed 
vegetables and chicken preserved, heated for40 min of sterilization were superior to 
those obtained in foods heated for 45 min, indicating that the nutritional content was 
better at lower sterilization time. The microbiological analysis shows that the prod-
ucts obtained do not present microorganisms selected as safety indicators (total coli-
forms, Escherichia coli and molds and yeast). Finally, from the sensory evaluation it 
was established that the sample subjected to the sterilization at 121.1 ° C for 40 min 
had greater acceptance in the respondents for its organoleptic characteristics [42].

Both pasteurization and sterilization are based on time–temperature combination 
processes applied to food products to achieve intended target lethality [43].
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9.4.3  Drying

Drying is a preservation technology that reduces the moisture content of foods, thus 
reducing the weight and volume and facilitating the transport and storage of the 
product. When fruits and vegetables are dried, the water activity decreases (<0.6), 
which inhibits the development of spoilage microorganisms and enzyme activity, as 
well as physical and chemical changes during storage [44].

Drying is usually defined as the thermal substance removal process of volatiles 
(moisture) until obtaining a dry product. It is a unit operation in which the simulta-
neous transport of heat and mass occurs: the transfer of energy (mainly as heat 
energy) from the surrounding medium to evaporate moisture from the surface and 
the transfer of internal moisture to the surface of the solid and its evaporation later. 
The removal of water in the form of vapor from the surface of the solid depends on 
external conditions of temperature, flow, and humidity of the air, the surface area of 
the exposed material and pressure while the movement of water through the solid 
depends on its physical composition, the temperature, and its percentage of humid-
ity. Energy transfer can occur by convection, conduction, or radiation, or in some 
cases by a combination of them [45].

Corrêa-Filho et al. [46] investigated the microencapsulation of β-carotene in arabic 
gum using the spray drying method. The arabic gum concentration and drying inlet 
temperature influenced the drying yield, encapsulation efficiency, and load capacity 
responses. The antioxidant activity of β-carotene was reduced from 2.35 μmol Trolox/
mg of β-carotene to 0.78 μmol Trolox/mg of β-carotene when microencapsulated at 
high temperature (200 °C) in relation to low temperature (110 °C).

Drying technology is an alternative to consuming fresh fruit and vegetables, 
which allows their use out of season. The use of dehydrated can be multiple: prepa-
ration of red food dyes to enhance the color of ice cream, tomato puree, desserts, 
jams and jellies, sauces, sweets, and cereals, as well as in dry forms such as chips, 
tea, bakery powder, food supplements, etc. Dehydration alters the properties of the 
food and therefore the color and reflectance. NFAs such as carotene or chlorophyll 
undergo changes caused by heat during drying, such as oxidation. In general, pig-
ment degradation can be observed with temperature and time increasing during the 
drying process. Among the non-enzymatic browning reactions are Maillard and 
caramelization reactions. The Maillard reaction involves amino acids and reducing 
sugars that give rise to the formation of melanoidins, with the consequent loss of 
nutritional value. These reactions start at 70 °C and their rate depends on the type of 
sugars present in the food. Furthermore, foods with a water activity in the range of 
0.5 and 0.8 are more susceptible to non-enzymatic browning. Caramelization reac-
tions occur with sugars at temperatures above 120 °C, giving rise to dark products 
called caramels [47].

The development of powder blends using spray drying of avocado as a powdered 
drink is an attractive option that has generated products with high nutritional value 
and stability. Dantaset al [48] used an experimental design to evaluate the influence 
of drying conditions on avocado formulations. To execute this, work an industrial 
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spray drying unit with a capacity to evaporate 10 kg of water per hour was available 
for product production. The experimental points were selected so the outlet tem-
perature would be at least 10 °C below the estimated glass transition temperature. 
Atomization gas flow rate (Fatom) varying between 2 to 4 kg/h was combined with 
drying gas inlet temperature (Tin) varying between 80 to 120  °C. A final center 
point of 3 kg/h for Fatom and 100 °C for Tin was used. Results revealed that inlet 
temperature in combination with smaller droplets the primary factors in process 
yield and setting powder properties such as moisture content and water activity. 
This combination suggests that higher evaporation rates are responsible for a smooth 
and optimized process. Besides inlet temperature and atomization flow rate, malto-
dextrin proved to be essential for the spray drying of avocado. The inclusion of 
maltodextrin preserved protein, ascorbic acid, and phenolic compounds during the 
drying process, possibly due to the stabilization of these compounds by hydro-
gen bonds.

9.4.4  Frying

Frying is a cooking technique used to prepare sensory-friendly foods that are pri-
marily characterized by a crispy crust, moist center, and appealing flavor. In frying, 
food is immersed in hot oil (150–190 °C), causing mass exchange and heat transfer 
between the frying oil and the fried food. Under deep frying conditions, the oil 
which is in contact with oxygen and moisture from the food can be hydrolyzed, 
oxidized, or even degraded thermically [49]. There are numerous publications that 
indicate that frying causes the formation of undesirable and harmful compounds 
resulting in food of less quality [49]. Frying in olive oil can lead to the incorporation 
of bioactive compounds from the oil in the food, decreasing the food oxidation and 
positively affecting the nutritional properties of the fried food [50].

Recently, Carvalho et al. [50] carried out an investigation on the evolution of the 
profile of virgin olive oil (VOO) during consecutive frying cycles and evaluated the 
transfer of metabolites to French fries. In this study, the evolution of 56 compounds 
was monitored by two complementary methods using liquid chromatography, mass 
spectrometry, diode array and fluorescence detectors. Sterols and lignans were 
remarkably stable (greater than 70% retention in frying oil). Seven of the ten classes 
of compounds identified in the oil transferred to the fry. French fries in arbequina oil 
from Brazil incorporated the highest amounts of minor components of virgin olive 
oil among the analyzed samples, and sterols presented the highest transfer rate. 
French fries were enriched with bioactive compounds from olive oil during frying, 
especially in the first 2 days, improving their nutritional value.

Frying is a technology used in foods rich in starch. After ingestion, starch and fat 
in food are hydrolyzed by enzymes in the human digestive tract, thus providing an 
important source of energy (glucose and fatty acids) for the human body. On the 
other hand, excessive consumption of rich foods in fried starches can promote over-
weight, obesity, and other chronic diseases. In addition, frying can generate toxic 
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products that harm people’s health [51]. Because of this, there is great interest in 
developing alternative frying technologies that reduce the levels of undesirable 
components in fried foods, such as vacuum, microwave, air, and radiation frying 
methods. Vacuum frying is one of the earliest and most mature alternative frying 
methods, still has some problems that are difficult to solve, such as long processing 
times, the production of “off” flavors, and high equipment costs. However, the utili-
zation of a combination of microwave and ultrasonic waves can be used to over-
come these problems to some extent. These results suggest that it is feasible to 
improve the efficacy of alternative frying methods by combining different technolo-
gies. As a result, it may be possible to improve the quality and nutritional value of 
fried starchy products, as well as develop new products. Nevertheless, a lot of 
research is still needed to clarify the physicochemical mechanisms involved in dif-
ferent innovative frying technologies and to create commercially viable processing 
operations. The cost of air-frying is relatively low, and it has already entered the 
kitchen of many ordinary families, but there are still some problems with the taste 
of the products produced using this method [51].

On the other hand, Sordini et al. [52] evaluated the effect of a phenolic extract 
from oil mill wastewater on the stabilization of refined olive oil and the quality of 
French fries during the frying process. Frozen pre-fried potatoes were fried at 
180 °C for 8 min in refined olive oil enriched with different concentrations of a 
phenolic extract, while oil enriched with a common synthetic antioxidant (butylated 
hydroxytoluene) was used for comparison. The frying process was carried out for 
6 h. The phenolic extracts were mixed into two samples of refined olive oil (1.6 kg 
each) to reach final phenolic compound concentrations of 400 and 600  mg/kg, 
expressed as the sum of tyrosol (p-HPEA), hydroxytyrosol (3,4-DHPEA), the dial-
dehydic form of decarboxymethylelenolic acid linked to hydroxytyrosol 
(3,4-DHPEA-EDA) and verbascoside. The phenolic extract has been revealed as a 
very promising oil stabilizing agent during frying, playing an important role (dose- 
dependent) in the preservation of antioxidants both in the oil and in the food, in the 
reduction of the formation of unwanted compounds (acrolein and hexanal), and in 
contrasting the production of acrylamide. In this way, the phenolic extract can be 
used as a source of natural antioxidants to replace (or avoid) SFAs in oils.

In order to offer consumers quality products that meet their expectations and 
satisfaction and, in turn, improve their quality characteristics, a new paradigm is 
required. More research is needed to propose that fried foods need not be a health 
risk in a balanced diet when frying technology and oil quality are carefully 
maintained.

9.4.5  Microwave

Microwave technology is a form of electromagnetic radiation where wavelengths in 
the range of 300 and 300,000 MHz exerts their effect by inducing friction in the 
polar molecules of food, thus generating considerable amounts of heat, requiring for 
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this, shorter exposure times compared to conventional heating; in which heat trans-
fer occurs through a temperature gradient. Microwave heating of foods is an attrac-
tive process due to the rapid temperature rise, controllable heat deposition, and easy 
cleaning opportunities. This method has been used to pasteurize and sterilize with 
advantages over conventional heating for the basic reason that the process is fast and 
requires the shortest time to reach the desired process temperature. The dielectric 
heating mechanism is different from traditional conduction heating, and itis used on 
polar molecules and charged ions that interact with the alternating electromagnetic 
fields, resulting in rapid and volumetric heating through their frictional losses. Such 
a heating pattern would cause a certain change in the microwave treatment, which 
is an indisputable reality [43].

Aiming to apply the microwave technology in foods, Shang et al. [53] investi-
gated the effects of microwave-assisted extraction conditions on antioxidant capac-
ity of sweet tea (Lithocarpus polystachyus Rehd.) and identified its antioxidants. In 
this study, the optimization of parameters for the extraction of antioxidants was: 
ethanol concentration of 58.43% (v/v), solvent to sample ratio of 35.39:1 mL/g, 
extraction time of 25–26  min, extraction temperature of 50  °C and microwave 
power of 600 W. In addition, the largest antioxidant components in the extract were 
detected by high performance liquid chromatography with diode array detection 
(HPLC-DAD), including phlorizin, phloretin, and trilobatin. Under this optimal 
condition, the ferric reducing antioxidant power value of the extract was 
381.29 ± 4.42 μM Fe(II)/g dry weight, the Trolox equivalent antioxidant capacity 
value was 613.11 ± 9.32 μM Trolox/g dry weight and the total phenolic content 
value was 135.94 ± 0.52 mg gallic acid equivalent /g dry weight. The authors con-
cluded that the obtained extract could be used as a food additive or become a func-
tional food for the prevention and treatment of diseases related to oxidative stress.

Depending on the case, boiling is preferred over other heat treatments. As in the 
case of potato tubers, boiling (1 h) was chosen as the best treatment over microwave 
cooking (20  min at highest power level) and baking (204  °C for 1  h) methods, 
because boiled potato tubers retained more polyphenols (flavonols, lutein, andan-
thocyanins) [54]. Few investigations suggest that the use of high temperatures 
increases the diffusion of the solvent in the food matrix and results in a higher yield, 
the non-target material can also be extracted together with the required material. On 
the other hand, high temperatures and longer extraction time sometimes cause deg-
radation of the target material [55].

Hayatet al [56]. concluded that the phenolic content of pomace extracts was 
higher at higher microwave powers, with yields of 1163–1317 μg/g dry weight and 
664–854 μg/g dry weight applying powers of 125–500 W respectively. These results 
suggest that greater amounts of phenolic compounds can be achieved as microwave 
power was increased.

In vegetables, the application of microwave treatments produces a localized 
increase in temperature that results in tissue alteration, causing the displacement of 
phenolic compounds to the surrounding solvents [57].

While microwave ovens are commonly used to heat and reheat food, trends show 
that they are increasingly being used for cooking and defrosting as well. The 
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application of this technology in industries has increased in recent years and micro-
wave processing units have been developed on an industrial scale for drying, pre-
cooking meat, pasteurizing prepared meals, and tempering meat and fish. Modern 
food consumers demand high-quality, minimally processed products, which has led 
to the development of new microwave processing technologies for microwave-
assisted thawing, blanching, baking, pasteurization, and bioactive compound extrac-
tion [58].

9.4.6  Ohmic Heat (OH) Processing

Ohmic heating occurs when an electric current passes through the food, causing the 
temperature inside to rise as a result of the resistance it offers to the passage of the 
electric current. The advantages of this process derive from the fact that the heating 
takes place inside the food. In this way, and unlike what happens in conventional 
heating, there are no hot contact surfaces. Ohmic heating is fast and has greater 
penetration capacity than microwaves, which makes it especially useful in the case 
of particulate foods, sauces, fruit purees, liquid eggs, or meat products, among oth-
ers. This type of treatment prevents overheating, which allows less deterioration in 
the constituents and less formation of deposits, the latter aspect of special relevance 
in foods rich in salts and proteins, such as milk [59].

There are a large number of applications for ohmic heating including blanching, 
pasteurization, sterilization, thawing, evaporation, dehydration, fermentation, and 
extraction, among others. A difference with respect to microwaves is the absence of 
equipment in the domestic sphere. They do exist at the scale of pilot plants and 
industry.

Unlike conventional technologies, the application of electric fields during ohmic 
heating induces a more rapid inactivation of lipoxygenase and polyphenol oxidase. 
Thus, ohmic heating was found to be more efficient for the required pectin esterase 
and microbial inactivation due to a shorter treatment time. Compared to conven-
tional pasteurization, ohmic treatment, the flavor compounds are not degraded as 
quickly and better products with higher quality are produced compared to those 
produced by conventional food processing technologies [55]. On the other hand, 
this technology has several advantages compared to conventional heating, such as 
providing a higher yield, maintaining the higher nutritional value of food, faster and 
more uniform heating of food, it is also cleaner and more environmentally 
friendly [60].

Ohmic heating has shown higher extraction yields of different substances such as 
beet dye, sucrose, oil and other bioactive substances from rice bran and red polyphe-
nols, grape pomace [61]. In raw artichokes, the total phenolic content expressed was 
1639.45 ± 15.34 mg GAE/100 g of fresh food product. In the case of blanched food 
samples, this processing technology significantly affected the residual contents of 
total phenolic compounds. Particularly with respect to the raw samples, ohmic heat 
processing resulted in a 29% increase in the concentration of total polyphenols. In 
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contrast, in artichokes, immediately after conventional treatment, a 27% increase in 
the concentration of total phenolic compounds was observed [62].

The optimization of the different parameters to apply this technology to different 
food matrices requires further study. Therefore, it is necessary to understand, char-
acterize and model this phenomenon in order to optimize and possibly exploit its 
effects.

9.5  Future Aspects

Currently, the most investigated techniques that do not require strong thermal treat-
ments are: high hydrostatic pressure, pulsed electric fields, ionizing radiation, ultra-
sound, microwaves, cold plasma, among others. Which are capable of inactivating 
microorganisms at room temperature or at not very high temperatures, preventing 
defects caused by heat [36] in order to produce safer foods and minimize losses and 
waste caused by the food deterioration, especially fruit and vegetables which are 
highly perishable. New research in those areas of vacancy could be useful in the 
next few years, in order to answer the market demand for better alternatives.

Exploring new sources of NFAs, such as bioactive compounds obtained from 
plant processing, from fungi or algae, could also be relevant to a growing demand. 
It could lead to new antioxidant or antimicrobial compounds, as well as to improve 
sustainability by reducing pollution and adding value to existing by-products.

9.6  Conclusions

Traditional heat treatments are essential for the food industry and guarantee the 
required safety, prolonging the shelf life of food. However, these treatments cause 
loss of desired organoleptic properties and damage to temperature-labile nutrients 
and vitamins. Because of this, new thermal and non-thermal technologies have 
emerged to meet the required demands for the safety or shelf life of food products 
while minimizing the effects on the nutritional and quality attributes of a product. 
The validation of these processes in the industry has become a challenge, consider-
ing the complexities of food matrices and the variety of foods produced. These 
technological drivers for validation are shelf-life extension, nutritional and sensory 
aspects, new functional and organoleptic properties, consumer acceptability and 
environmental impact.
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Chapter 10
Effect of Nonthermal Treatments 
on the Properties of Natural Food 
Additives

Denise Adamoli Laroque, Amanda Gomes Almeida Sá, Jaqueline Oliveira de 
Moraes, Germán Ayala Valencia, João Borges Laurindo, 
and Bruno Augusto Mattar Carciofi

10.1  Introduction

Consumers demand fresh and minimally processed foods with natural ingredients 
that enhance health or prevent disease. This trend raises industries’ and researchers’ 
interest in developing processing techniques that result in higher quality foods free 
of chemical additives. Thermal treatment, commonly used to increase the shelf life 
of foods through the inactivation of microorganisms and enzymes, has detrimental 
effects on processed foods‘nutritional and sensory attributes, including the loss of 
antioxidant activity, phenolics, and discoloration. Nonthermal technologies have 
been highly recommended in the food industry as an alternative to conventional 
processes to prevent quality losses in food products. High-pressure processing 
(HHP), ultrasound (Us), pulsed light (PL), UV-light, cold plasma (CP), pulsed elec-
tric field (PEF), and radio frequency (RF) are some nonthermal techniques of the 
emerging research that can improve, maintain or change properties of compounds 
related to natural additives in food manufacturing.

A suitable nonthermal technology may promote several modifications in natural 
food additives (NFAs), improving sensory and texture properties, digestibility, and 
antimicrobial and antioxidant activities. An increase efficiency when extracting 
intracellular compounds such as phenolics, pigments, starches, and proteins has 
been the main effect reported in using nonthermal technologies in foods [1–6]. In 
contrast, structural changes such as depolarization and crosslink are reported mainly 
in macromolecules (e.g., starch and protein) [7–9]. Furthermore, technologies such 
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as CP and PEF can act as abiotic stressors, inducing reactions and the formation of 
bioactive compounds [4, 5, 10, 11].

In food processing, aiming at improving natural compounds, nonthermal tech-
nologies have advantages over traditional processes due to the possibility of reduc-
ing the use of solvents, energy efficiency, and shorter processing time, in addition to 
the quality of the final product [1]. Knowing the impact of these emerging technolo-
gies on changing the food compounds allows the development of strategies to 
improve food properties, reduce the number and amount of additives in a given 
product, or improve the quality of natural compounds that can be used as food addi-
tives. The following sections will present the impact of nonthermal techniques ben-
efiting NFAs and discuss the mechanisms associated with them.

10.2  High-Pressure Processing

High-pressure processing (HPP) – also known as high isostatic pressure (HIP) or 
high hydrostatic pressure (HHP) – is a nonthermal treatment using pressures up to 
1000 MPa into a product in controlled time and temperature conditions [12]. The 
observed HPP effects converges to increase surface hydrophobicity, change the 
structure of the non-covalent bonds, and cause molecules denaturation and aggrega-
tion (e.g., proteins) [13]. HPP can also improve protein functionality and digest-
ibility of cereals and legumes [14] while reducing microorganisms for juice 
preservation [15].

High-pressure homogenization (HPH)  – also called dynamic high-pressure 
(DHP) – imposes high-pressure conditions by pumping liquid food through a tiny 
gap in a valve, which results in a high velocity that causes high shear stresses. 
Consequently, it causes changes in food rheological properties [8]. HPH combines 
the effectiveness of high-frequency vibration, high-velocity impact, quick pressure 
drop, cavitation, and intense shear stress in a short time [16]. Typical HPH pressures 
are moderate and usually up to 100 MPa [17], while HPP can reach ten times more. 
HPH was also recently applied to food products aiming at microbial inactivation 
and changes in the protein’s techno-functional properties [12].

High pressures favor extracting bioactive compounds from plants (e.g., carot-
enoids, chlorophylls, sterols, fibers, and phenolics) [8] by decreasing solvent con-
sumption, increasing extraction yields, and shortening the extraction time. Studies 
demonstrated that HPP could be applied to foods and increase their antioxidant 
capacity by maintaining/improving the concentration of anthocyanins [18, 19], 
ascorbic acid/vitamin C [20], tocopherols/vitamin E [21], which are natural antioxi-
dants in foods. Likewise, the carotenoids (lutein, α-carotene, and β-carotene), which 
can be used as colorings and antioxidants, were evaluated after HPP treatment 
(600 MPa) and no differences between the untreated and treated pumpkin purées 
was observed [22]. Table 10.1 shows more examples of high-pressure technology 
applied to foods aiming their role as natural additives.
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Table 10.1 Examples of high-pressure processing (HPP) applied to foods aiming their role as 
natural additives

Food
Natural additive 
present Additive role

HPP 
conditions Results Reference

Apple juice Ascorbic acid, 
quercetin, gallic 
acid, 
procyanidin B2, 
and catechin

Antioxidant 300–
600 MPa
5–15 min

HPP treatment caused 
the degradation of 
ascorbic acid, 
quercetin, gallic acid, 
procyanidin B2, and 
catechin after storage

[15]

Persimmon 
fruit

Gallic acid and 
catechin

Antioxidant 100 MPa
10 min

Low intensity of HPP 
significantly increased 
the extractability of 
phenolics

[23]

Nectarine 
purée

Criptoxantin, 
β-carotene, 
zeaxanthin and 
lutein, and 
gallic acid

Coloring and 
antioxidant

450–
600 MPa
5–10 min

HPP at 
600 MPa/10 min 
showed the highest 
phenolics content. 
Zeaxanthin + lutein 
and criptoxantin was 
significantly highest in 
purées treated at the 
lowest pressure 
intensity and shortest 
holding time

[19]

Açaí juice Anthocyanins, 
tocopherols, and 
gallic acid

Antioxidant 400–
600 MPa
5 min
20 °C

HPP was effective for 
the preservation of 
anthocyanins and 
phenolics. Tocopherols 
activity were not 
affected

[21]

Turmeric Gallic acid, 
curcumin,
ferulic acid, 
vanillin, and 
vanillic acid

Antioxidant 100–
550 MPa
15 min

HHP at 400 MPa for 
20 min was the optimal 
extraction condition 
for the highest 
antioxidant activity

[24]

White tea Catechin and 
caffeine

Antioxidant 300–
500 MPa
120–600 s

The maximum total 
phenolic content 
(1949.2 mg/L) and 
total antioxidant 
activity (91.9%) were 
achieved at 300 MPa 
for 600 s

[25]

Coconut 
water

Ascorbic acid 
and gallic acid

Antioxidant 500 MPa
5 min

HPP treatment 
substantially delayed 
losses of ascorbic acid, 
phenols, and 
antioxidant capacity

[20]

(continued)
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Table 10.1 (continued)

Food
Natural additive 
present Additive role

HPP 
conditions Results Reference

Pomegranate 
juice

Anthocyanin 
and rutin

Antioxidant 400–
600 MPa
3–10 min
20 °C

For anthocyanins and 
antioxidant activity, the 
maximal retention of 
95.69% and 95.89% 
was achieved at 
600 MPa/3 min

[18]

Jussara juice Anthocyanin Antioxidant 200–
500 MPa
5–10 min

While 200 MPa/5 min 
retained anthocyanins, 
82% were lost at the 
500 MPa/10 min

[26]

Carambola 
purée

β-carotene, 
gallic acid, and 
rutin

Coloring and 
antioxidant

200–
800 MPa
5–15 min
25 °C

The color change was 
caused by the 
β-carotene release. The 
phenolics and the 
antioxidant activity 
increased with the 
increase of pressure

[27]

Fruit juice 
mixture 
sweetened 
with Stevia 
rebaudiana

Ascorbic acid, 
anthocyanin, 
and gallic acid

Antioxidant 300–
500 MPa
5–15 min

HPP conducted at 
300 MPa/14 min led to 
a beverage with the 
greatest presence of 
antioxidant compounds

[28]

Citrus 
beverages

Hesperidin, 
anthocyanins 
(cyanidin 
3-O- glucoside), 
and ascorbic 
acid

Antioxidant 450–
600 MPa
180 s

Phenolic compounds 
were little affected by 
the HPP. Ascorbic acid 
showed significant 
degradation after 
processing under any 
condition

[29]

Soybean 
protein isolate

Protein Foaming 
properties

100–
300 MPa

Foaming increased 
after HPP treatment

[30]

Peanut protein 
isolate

Protein Water- and 
oil-holding 
capacities

50–
200 MPa
5 min

HPP can be used to 
modify the properties 
of peanut protein 
isolate at the 
appropriate pressure 
within a short time

[31]

(continued)
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Table 10.1 (continued)

Food
Natural additive 
present Additive role

HPP 
conditions Results Reference

Sweet potato 
protein

Protein Water- 
holding and 
gelation 
properties

250–
550 MPa
pH 3–9

The hardness, 
springiness, chewiness, 
and water-holding 
capacity of gels treated 
at moderate pressure 
(250 and 400 MPa) 
were improved, leading 
to a compact and 
uniform three- 
dimensional gel 
network

[32]

Sweet potato 
protein

Protein Gelation 
properties

400 MPa
25 °C
30 min

Textural properties of 
gels were improved by 
sulfur-containing 
amino acids and HHP

[13]

Fababean 
protein

Protein Emulsifying 
and foaming 
properties

103–
207 MPa
32–45 °C
6 cycles

Improvement in 
foaming capacity and 
decreased emulsifying 
capacity by HPP

[33]

Potato protein 
isolate

Protein Gelation 
properties

300–
500 MPa

300–500 MPa allows 
the formation of 
physical gels only at 
pH 3, and when the 
system crosses 30 °C 
by adiabatic heating 
during pressurization

[34]

Pork batters 
with gum

Protein-gum Water- 
holding and 
gelation

400 MPa
15 min

Water-holding capacity 
and gel strength 
increased with the 
increase in pressure

[35]

10.3  Ultrasound

Ultrasound (Us) technique uses low-frequency and high-intensity soundwaves, 
ranging from 20 to 100 kHz [36]. As consequence, it leads to the cavitation phe-
nomenon, forming gas bubbles within the liquid phase and causing local microex-
plosions and volume increase [37]. The Us provides high shear forces in the 
extractive agent, accelerates the mass transfer of bioactive compounds [38], and 
improves solubility due to cellular structure’s high stress and deformation [37]. The 
increased temperature, turbulence, and cavitation caused by the Us treatment also 
increase extraction efficiency [8] and reduce extraction time and protein aggregates 
[39]. Additionally, the cavitation bubbles result in micro-jetting and particle break-
down, improve solvent permeation into the food matrix, and enhance protein func-
tionality [36, 39].
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High-intensity ultrasound is a quick and cost-effective technology to modify pro-
teins’ structural and functional properties [40] while recovering valuable bioactive 
compounds, such as natural additives from plants (e.g., carotenoids, chlorophylls, 
and phenolics) [41]. Table  10.2 displays examples of Us technology applied to 
foods aiming their role as natural additives.

10.4  Cold Plasma

Plasma is described as ionized gas containing reactive species (e.g., in air it forms 
oxygen reactive species, ROS: atomic oxygen (O), superoxide anion (O2

−), ozone 
(O3), singlet oxygen (1O2), and hydroxyl radical (OH•), and reactive nitrogen spe-
cies, RNS: atomic nitrogen (N), nitric oxide (NO•), and nitric dioxide (NO2•)), 
ultraviolet radiation (UV), free radicals, electrons, and charged particles [6, 8]. 
Usually, the plasma is generated by applying a high electrical potential difference 
between two electrodes that causes gas ionization due to free electrons colliding 
with the gas molecules. The plasma is classified as thermal and nonthermal. There 
is a local thermal equilibrium in thermal plasma, and all the species are at the same 
temperature. Conversely, in the nonthermal or cold plasma (CP), there is no local 
thermal equilibrium, characterized by an electron temperature much above that of 
the ions and neutral molecules [60].

CP technology has a great diversity of applications in various industry sectors. 
Specifically, agency regulators have not yet approved the CP application in food [6]. 
However, a wide range of studies demonstrates the application of CP for nutritional 
improvements. For example, for a natural food addictive present in food products, 
CP can be used to alter the physicochemical properties of starches and proteins, the 
bioactive content and properties, modulate aromas, and change the pigment’s color. 
In addition, CP effectively inactivates microorganisms [61] and enzymes [62], 
enhances antioxidant activity [63], and degrades mycotoxin [64], pesticides [65], 
and allergenic [66]. Table 10.3 displays examples of CP technology applied to foods 
aiming their role as natural additives.

The design aspects of each CP generating system and operational parametric 
setup lead to different CP properties and, consequently, different food product prop-
erties after the treatment. Among others, the most impacting characteristics of a CP 
system are the source (piece of equipment design), feed gas, electrode material, and 
operating humidity, frequency, and voltage [6]. Therefore, plasma induces numer-
ous reactions, and the synergistic contributions of them make plasma chemistry 
rather complex. Besides, multiple reaction pathways are plausible, including acti-
vating complex metabolic pathways in fruits and vegetables [10, 67], in special 
when CP interacts with foods matrix, that are complex and multicomponent sys-
tems. The interactions of reactive plasma particles with each food component lead 
to specific changes in chemical composition, generation of new products, and alter-
ing the component characteristics [68].
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Table 10.2 Examples of ultrasound (Us) technology applied to foods aiming their role as natural 
food additives

Food

Natural food 
additive 
present Additive role Us conditions Results Reference

Maqui 
berries

Anthocyanin 
and gallic acid

Antioxidant 10–70 °C
30–70% 
amplitude

The optimal 
extraction time was 
15 min for gallic 
acid, while 5 min 
for anthocyanins

[42]

Raspberry 
seed oil

Tocopherol Antioxidant 250 W
0–70 °C
40 kHz
10–40 min

30 min and 50 °C 
were the best 
conditions to extract 
tocopherol 
(15.1 mg/g sample)

[43]

Lemon 
balm and 
peppermint 
leaves

Gallic acid, 
carotenoids, 
and 
chlorophylls

Antioxidant 35 kHz
140 W
5–30 min
28.2–56.4 °C

A significant 
increase in all 
studied bioactive 
compounds was 
found during 
5–20 min extraction. 
The maximum of 
total chlorophylls 
and carotenoids 
were determined 
during 20 min of 
ultrasonic extraction

[41]

Green 
propolis

Gallic acid Antioxidant 40 kHz
20 min
25 °C

Extracts were 
suitable to produce 
natural ingredients 
with antioxidant 
capacity aiming for 
food use

[44]

Red beet Betalain Coloring and 
antioxidant

165 W
0–100%
30 °C

Us resulted in 
higher betalains 
content at low 
temperature using 
less extraction time

[45]

Mung bean 
coat

Gallic acid, 
catechin, 
coumaric acid, 
vitexin, and 
isovitexin

Antioxidant 70 °C
46 min

Compared with 
conventional 
methods 
(maceration and 
Soxhlet), optimized 
US was much more 
efficient for 
extracting 
antioxidant 
ingredients

[46]

(continued)
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Table 10.2 (continued)

Food

Natural food 
additive 
present Additive role Us conditions Results Reference

Blueberry 
pomace

Anthocyanin, 
gallic acid, 
and catechin

Antioxidant 64 W
35 kHz

Us under slightly 
basic pH conditions 
positively affected 
total phenolic 
content and 
antioxidant activity 
compared to acidic 
pH, but lowered the 
anthocyanin content

[47]

Green tea Gallic acid, 
catechins, 
caffeine, 
epicatechin 
gallate, ellagic 
acid, and 
astragalin

Antioxidant 360 W
25–85 °C
0–35 min

The combined 
treatment of tannase 
and ultrasound 
markedly increased 
the antioxidant 
activity of the green 
tea extract

[48]

Olive and 
fig leaves

Gallic acid, 
catechin, and 
carotenoids

Antioxidant 
and 
antimicrobial

375 W
10 min

Results showed that 
Us extracted more 
carotenoids than 
conventional 
extraction while 
impacting on higher 
flavonoids (olive 
leaves) and total 
phenolics (fig 
leaves). Extracts 
presented the 
highest bacterial 
growth inhibition 
and showed the 
highest anti- 
inflammatory 
activity

[49]

Thyme and 
sage

Chlorophylls, 
carotenoids 
(β-carotene, 
lutein, 
zeaxanthin)

Coloring and 
antioxidant

60 °C
10.3 MPa
3 cycles/10 min

The extracted 
pigments were 
determined in the 
range of 
73.8–
127.6 mg/100 g

[2]

Soybean 
protein 
isolate

Protein Emulsifying 
properties

200–600 W Us pretreatment 
results in 
hydrolysates with 
improved 
emulsifying 
capability

[50]

(continued)
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Table 10.2 (continued)

Food

Natural food 
additive 
present Additive role Us conditions Results Reference

Flaxseed 
gum

β-carotene Coloring and 
antioxidant

500 W
22 kHz
50% amplitude
10–30 min

Us showed highest 
β-carotene 
extraction when 
compared to 
microwave or 
alkaline extractions

[51]

Cashew- 
apple 
coproduct

Gallic acid 
and quercetin

Antioxidant 150 W
25 kHz
30 °C

The optimized 
process provided a 
great yield of gallic 
acid (750 mg/100 g) 
and quercetin 
(479 mg/100 g)

[52]

Sweet 
potato and 
wild carrot

β-carotene Antioxidant Ni The Us approach is 
the preferred 
method for 
extracting 
β-carotene from 
carrots, sweet 
potato, and 
marketed 
formulations

[53]

Kiwi peel Catechin and 
quercetin-3-O- 
glucoside

Antioxidant 5–500 W
20 kHz
1–45 min

The sonication at 
94.4 W for 
14.8 min, using 
68.4% ethanol, 
resulted in a 
maximum of 1.5 mg 
of flavonoids per g 
of extract

[54]

Soybean 
protein 
isolate

Protein Gelation and 
water-holding 
properties

20 kHz
150–450 W

Under 300 W, the 
gel hardness reached 
a maximum of 
998.9 g, with a 
water-binding 
capacity of 87%

[55]

Pea protein 
concentrate

Protein Emulsifying 
properties

412.5–712.5 W
336–582 s

Emulsions were 
greatly improved

[56]

Pea protein 
isolate

Protein Foaming 
properties

20 kHz
30–90%
30 min

Foaming ability 
increased from 
145.6 to 200% and 
foaming stability 
from 58 to 73.3%

[40]

(continued)
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Table 10.2 (continued)

Food

Natural food 
additive 
present Additive role Us conditions Results Reference

Soybean 
and rice 
protein 
isolates and 
pea protein 
concentrate

Protein Oil- and 
water-holding 
properties

20 kHz
562.5–712.5 W
120–600 s

Properties are 
improved as the 
dispersibility of 
protein materials 
increases (712.5 W, 
600 s)

[57]

Tamarind 
seed protein 
isolate

Protein Emulsifying, 
foaming, 
oil-and 
water-holding 
properties

100–200 W
15–30 min

The functional 
properties were the 
highest when both 
time and intensity of 
treatment were high

[58]

Shell eggs Protein Foaming 
properties

200–450 W
2–5 min
24 °C

Us caused stability 
of foam and 
maintained both 
foaming properties/ 
whipping capacity 
due to avoiding 
changes in the pH 
during storage

[59]

Ni Not informed

The phenolic compounds, responsible for the natural antioxidant activity, antimi-
crobial activity, flavor, and color in fruits and vegetables, can be altered by CP treat-
ment by different mechanisms. The UV radiation and reactive species active cell 
defense mechanisms, acting as an abiotic stressor and inducing the biosynthesis of 
the phenolic [63], cause structural tissue damage, enhancing the extractability of 
bioactive compounds from the vacuoles [69, 70]. CP promotes the tannins depoly-
merization by breaking covalent bonds and forming smaller phenolic molecules 
(e.g., tannins to gallic acid) [71]. Also, the chemical transformations in the volatile 
compound profile are obtained [72, 73]. However, degradation of the compounds 
may occur depending on the treatment conditions, such as treatment time and feed 
gas [74, 75].

In response to the abiotic stress caused by CP, there is a higher consumption of 
sugars as a source of energy for the biosynthesis of phenolic compounds [63]. In 
contrast, the increase in sugar content is related to the depolymerization of starch, 
sucrose, and oligosaccharides, forming glucose, fructose, and other small-chain 
sugars [76]. The depolarization can also form molecules of small-chain of starch 
and oligosaccharide [9, 77].

CP also results in alterations of starch’s chemical, physical, and mechanical 
properties. Crosslinking induced by CP occurs due to the cleavage at the extremity 
of two polymeric starch chains (C–OH) and forming of a new C–O–C linkage [78], 
resulting in a decrease in the viscosity and retrogradation, which increases the sta-
bility of the paste at high temperatures and on cooling [79].
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Table 10.3 Examples of cold plasma (CP) technology applied to foods aiming their role as natural 
additives

Food
Natural food 
additive present Additive role

CP 
conditions Results Reference

Grape 
pomace

Anthocyanins, 
quercetin, gallic 
acid, 
protocatechuic 
acid, and stilbenes

Coloring and 
antioxidant

DBD
60 kV
60 Hz
He
5–15 min

CP pretreatment 
disrupted the 
epidermal cell 
structures, increased 
the grape peels 
hydrophilicity, 
accelerated grape 
drying, and 
increased the yield 
of phenolic extracts 
(10.9–22.8%) and 
antioxidant capacity 
(16.7–34.7%)

[75]

Camu-camu 
pulp

Terpenoids and 
sesquiterpenoids

Flavor and 
aroma

Glow 
discharge
80 kV
50 kHz
Air
0.3 bar
10–30 min
10–30 mL/
min

Chemical 
transformations in 
the volatile 
compound profile 
varied with the 
operating 
conditions. The 
main change in 
aroma profile was in 
the woody, pine, 
and spicy notes, and 
in the flavor profile 
was in the woody, 
camphoraceous, and 
citrus notes

[73]

Apple cubes 
and apple 
juice

Sucrose Sweetness DBD: 
20 kV, 
50–900 Hz, 
air, 15 min
Glow 
discharge: 
80 kV, 
50 kHz, 
synthetic 
air, 0.3 bar, 
10–30 min, 
10–30 mL/
min

Glow discharge 
decreases sucrose 
content and 
increases glucose, 
fructose, and malic 
acid, increasing 
sweetness power up 
to 27%. DBD 
reduced the sucrose, 
glucose, and 
fructose content and 
increased malic acid 
content, reducing 
the sweetness power 
up to 44%

[76]

(continued)
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Table 10.3 (continued)

Food
Natural food 
additive present Additive role

CP 
conditions Results Reference

Pomegranate 
juice

Tannins, 
anthocyanins, 
procyanidins, 
phenolic acids, 
and flavonol 
glycosides

Antioxidant Plasma jet
25 kHz
Ar
3–7 min
0.75–
1.25 L/min

Pasteurization and 
CP increased total 
phenolic content by 
29.55% and 
33.03%, 
respectively. 
Ellagitannins 
depolymerization by 
CP increased ellagic 
acid content three 
times

[71]

Apple juice Ascorbic acid, 
polyphenols, and 
pectin

Antioxidant Plasma jet 
(spark and 
glow)
7.9–
10.9 kV
20–65 kHz
1–5 min

Spark discharge at 
10.5 kV for 5 min 
almost completely 
inactivated the 
polyphenol oxidase. 
As a result, juice 
color was lighter, 
increased 
antioxidant capacity 
(up to 17%), and 
polyphenols content 
(up to 69%), and the 
juice was stable 
during storage

[69]

Fresh-cut 
pitaya

Glucose and 
fructose
gallic acid, 
protocatechuic
acid, 
p-hydroxybenzoic 
acid, caffeic acid, 
and p-coumaric 
acid

Sweetness,
antioxidant,
antimicrobial

DBD
60 kV
Air
5 min

Treatment inhibited 
up to 2 log cfu 
growth of total 
aerobic bacteria, 
increased up to 27% 
phenolic total, and 
increased up to 21% 
antioxidant activity. 
The sugar 
consumption was 
triggered (after 
48 h, glucose 
decreased 21.6% 
(control) and 27.4% 
(CP), fructose 
decreased by 20.1% 
(control) and 26.7% 
(CP)), increased 
energy supply and 
ROS signal, 
activating 
phenylpropanoid 
metabolism

[63]

(continued)

D. A. Laroque et al.



281

Table 10.3 (continued)

Food
Natural food 
additive present Additive role

CP 
conditions Results Reference

Fresh-cut 
apples

Phenolics
(Catechin, 
Epicatechin, 
Procyanidin, 
Caffeoylquinic 
acid, Quercetin)

Antioxidant DBD
12.7 kHz
150 W
Air
10–30 min

CP decreased the 
pH and the 
browning. Phenolic 
increase up to 20% 
at 10 min treatment 
and a progressive 
decrease was 
observed with 
increasing exposure 
time

[74]

Rice starch Starch Thickening 
and gelling

DBD
13.56 MHz
40–60 W
Air
0.15 mbar
5–10 min

Treatment increased 
in gel hydration 
properties, 
syneresis, and final 
viscosities, 
decreased amylose 
content (from 29.3 
to 22.8), pH (from 
7.42 to 6.94), 
turbidity (from 30.0 
to 18.5), 
gelatinization 
temperature, and 
pasting temperature. 
The addition of 
carboxyl and 
hydroxyl groups, 
the formation of 
fissures on granules, 
and 
depolymerization 
were observed

[80]

(continued)
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Table 10.3 (continued)

Food
Natural food 
additive present Additive role

CP 
conditions Results Reference

Potato starch Starch Thickening 
and gelling

Glow 
plasma
1.1 A
245 V
N2 and He
20 mbar
30–60 min

Polymerization and 
crosslink on 
molecular-scale 
increased starch 
branched, 
decreasing the 
viscosity and 
retrogradation, 
increasing the 
high-temperature 
paste stability and 
paste cooling 
stability. 
Gelatinization and 
pasting were 
facilitated, and the 
granules’ surface 
etching was 
observed

[79]

Corn 
starches

Starch Thickening 
and gelling

DBD and 
RF
13.56 MHz
90 W
HMDSO
0.35 m3/min
10 min

RF treatment 
formed cavities 
allowing the active 
species to modify 
the internal structure 
of the granule, 
increasing the 
amylose helix order 
and thermal 
stability. DBD 
treatment promoted 
a thicker coating 
deposition and 
HMDSO functional 
groups inclusion, 
increased the 
granular interaction 
and the 
decomposition 
temperature

[89]

(continued)
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Table 10.3 (continued)

Food
Natural food 
additive present Additive role

CP 
conditions Results Reference

Whey 
protein

protein Emulsifier, 
gelling, 
flavor, and 
texture

DBD
70 kV
Air
1–60 min

ROS and RNS 
increased yellow 
color and decreased 
pH. The treatment 
within 15 min 
caused mild 
oxidation, increased 
the carbonyl groups 
and the surface 
hydrophobicity, 
reduced free SH 
groups, improved 
foaming, and 
emulsifying 
capacity. Treatments 
at 30 and 60 min 
decreased the 
foaming and 
emulsifying 
capacity drastically 
and increased the 
foam stability

[87]

Wheat flour Protein Emulsifier, 
gelling, and 
texture

DBD
15–20 V
9 kHz
Air
1–2 min

The treatment did 
not change the total 
aerobic bacterial 
count, mold count, 
concentration of 
non-starch lipids, 
non-polar, and 
glycolipids. At 20 V 
accelerated lipid 
oxidation, reducing 
total free fatty acids 
and phospholipids, 
and increased 
molecular protein 
weight, resulting in 
the stronger dough

[88]

The etching caused by CP treatment on the starch granule surface indicates 
surface- structural disorganization, easing water permeation into the granules, 
decreasing long-range crystallites and short-range orders, gelatinization tempera-
ture, and melting enthalpy [79]. The starch granules are oxidized by CP reactive 
oxygen species, decreasing the pH due to forming chemical groups with acidic 
characters, such as the carbonyl group [80].

Concerning natural pigments, generally phenolics, the main effect caused by CP 
treatment is their extraction from the vacuoles by the cell membrane degradation. 
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Also, the anthocyanin chromophores (responsible for coloring) can undergo oxida-
tive cleavage and conjugated double bonds break by the reactive species, resulting 
in product color loss [81]. Besides, anthocyanins show different conformations at 
different pH, and as the CP treatment tends to decrease the medium pH, a color 
change can occur. Whereas chlorophyll degradation can occur by several routes, 
resulting in different colors. Colored intermediate compounds formed in the por-
phyrin ring’s pathways remain unchanged. The additional oxidation cleaves these 
intermediates’ porphyrin ring, producing fluorescent catabolites and, subsequently, 
colorless compounds [82, 83]. Groups can be changed or removed from the chloro-
phyll molecule periphery. This pathway can remove the phytol, forming green 
derivatives [83]. The acid environment also can change the chlorophyll color, where 
two hydrogen ions replace the Mg-atom of the porphyrin ring, converting chloro-
phylls into pheophytins, an olive-brown pigmentation [84, 85].

The main changes triggered by CP in proteins are ROS and RNS. The reactive 
species interact with the side chain of amino acid residue and protein polypeptide 
backbone, resulting in unfolding, crosslinking, fragmentation, and conformational 
changes [86]. The protein oxidation changes its functionalities, increasing the emul-
sifying and foaming capacity and foam stability at CP long exposure [87]. The CP 
in wheat flour promotes polymerization, solubility alteration, and forming of a glu-
ten network, resulting in a stronger dough [88]. Also, CP can inactivate enzymes 
involved in undesirable reactions, such as peroxidase, polyphenol oxidase, and 
lipoxygenase, as well as the inactivation of the allergenic protein [6].

10.5  Pulsed Electric Field

The pulsed electric field (PEF) applies high voltage pulses for a very short time 
(from several nanoseconds to milliseconds) to a food product placed between two 
electrodes [8]. PEF induces the formation of irreversible or reversible pores in bio-
logical cell membranes, known as the electroporation phenomenon (cell electrical 
breakdown) [90, 91]. This nonthermal technology can improve food products 
through microbial inactivation due to the dielectric breakdown of the cell membrane 
and enzyme inactivation. The PEF pretreatment of food products is effective for 
osmotic dehydration [92], improvement of freezing and thawing processes [93], and 
reducing drying process time [94]. The main effect of PEF on bioactive compounds 
relays on the disruption of cells which increases the mass transfer of intracellular 
compounds, making them more available. As a result, bioactive extraction effi-
ciency increases, shorting extraction time, reducing solvent consumption, and 
maintaining the quality of these compounds [5]. Table 10.4 displays examples of 
PEF technology applied to foods aiming their role as NFAs.

The PEF treatment efficacy depends, among other factors, on the electric field 
intensity, temperature, treatment time, pulse wave, and physical properties of food, 
such as electrical conductivity, size, and shape of cells. For example, foods with 
more current-conducting compounds within their cells (e.g., ions of dissociated 
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Table 10.4 Examples of pulsed electric field (PEF) technology applied to foods aiming their role 
as natural food additives

Food

Natural 
additive 
present

Additive 
role

PEF 
conditions Results Reference

Carrot Phenolics Antioxidant 
and pigment

0.8–
3.5 kV/cm
5–30 
pulses

At 5 pulses of 3.5 kV/cm 
and 30 pulses of 0.8 kV/cm 
was the highest increase in 
phenolics (about 40%) after 
storage for 24 h at 4 °C; 
color and hardness were 
maintained. Weight loss 
reached 9.3% at 3.5 kV/cm 
(the control was 1%). A 
higher increase in media 
conductivity was observed 
after treatment at 2 and 
3.5 kV/cm. The cell viability 
was reduced up to 73% for 
carrots treated

[97]

Spinach Chlorophyll
carotenoids

Antioxidant 
and pigment

3.3–
26.7 kV/
cm
1 kHz
20 μs

PEF treatment increased the 
chlorophyll a, b, 
carotenoids, and antioxidant 
activity up to 26.3, 21.0, 
41.5, 14%, respectively, 
compared to the untreated. 
In addition, promoted the 
crosslink reaction with other 
chlorophyll molecules and 
affected carotenoids’ 
unsaturated bond, changing 
conformation from cis to 
trans

[101]

Tomato 
peel

Lycopene Antioxidant 
and pigment

1–5 kV/cm
10 Hz
20 μs
10–833 
pulse 
number

PEF before the solvent 
extraction process enhanced 
the extraction rate (27–
37%), lycopene yields 
(12–18%), and antioxidant 
power (18%). PEF induced 
size reduction and separation 
between the plant cells due 
to pore formation and 
leakage of intracellular 
matter

[110]

(continued)
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Table 10.4 (continued)

Food

Natural 
additive 
present

Additive 
role

PEF 
conditions Results Reference

Freshwater 
mussel

Protein Nutrient 10–35 kV/
cm
2 μs
2–12 pulse 
number
40–
3000 Hz

The protein extraction yield 
was 77.08% at 20 kV/cm, 8 
pulse number, and 2 h 
enzymolysis time. 
Compared with other 
extraction methods (NaCl, 
alkali, and enzyme method), 
the PEF increased the speed 
and yield extraction from the 
mussel

[103]

Canola 
seeds

Protein Emulsifier, 
foaming, 
and 
water- 
holding

10–35 kV
100–
1000 Hz
1–10 μs
60–210 s 
(residence 
time)

PEF pretreatment increased 
the functional properties of 
canola protein: solubility (up 
to 46%), water-holding 
capacity (up to 68%), 
emulsibility (up to 13%), 
emulsion stability (up to 
21%), oil-holding capacity 
(up to 74%), foamability (up 
to 40%), and foam stability 
(up to 51%). PEF changed 
the secondary structure, 
increased free sulfhydryl 
groups, and surface 
hydrophobicity, and formed 
protein aggregates with low 
molecular mass

[107]

Macroalgae 
(Ulva 
Ohnoi)

Protein and 
starch

Nutrient 1 kV/cm
30 Hz
50 μs

PEF treatment increased the 
conductivity sample 
(indicating that treatment 
affected membrane 
permeability), and the 
extraction of starch, protein, 
and ash (60, 15, and 68%, 
respectively) compared to 
the control (52, 3, and 47%, 
respectively)

[104]

(continued)
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Table 10.4 (continued)

Food

Natural 
additive 
present

Additive 
role

PEF 
conditions Results Reference

Esterified 
Potato 
starch

Starch Emulsifier 
and 
digestibility

1.25–5 kV/
cm
1000 Hz
40 μs
60 min 
(residence 
time)

The slowly digestible starch 
fractions increased from 
6.6% (control) to 17.5% 
(PEF-treated). As the 
electric intensity was 
increased, more 
deformations, protrusions, 
and pits were observed on 
the starch granules’ surface. 
The sample treated with 
higher electric intensity 
resulted in a stable emulsion

[109]

Waxy rice 
starch

Starch Thickening 
and 
digestibility

3–50 kV/
cm
1 kHz
40 μs

PEF treatment decreased the 
gelatinization temperature 
(up to 17%), enthalpy (up to 
45%), crystallinity (up to 
23%), and slowly digestible 
starch level (up to 23%), and 
increased rapidly digestible 
starch (up to 55%). The 
changes were more 
pronounced as the intensity 
of the electric field was 
increased

[108]

salts and charged molecules of proteins) are more susceptible to electropora-
tion [95].

The PEF treatment increased the content of phenolic compounds and antioxidant 
activity of fruits and vegetables and improved the extraction of natural pigments 
(e.g., carotenoids and anthocyanins) [96, 97]. However, depending on the PEF oper-
ating parameters, it may decrease the bioactive compounds content [11, 95]. Also, 
different PEF parameters can modulate the chemical composition of bioactive 
extracts [98]. The co-pigmentation and pigments formation may be favored by PEF 
pretreatment, as observed for winemaking before the macerating fermentation step, 
in which the polyphenols extraction increased 48%, and the wine color attributes 
increased 56% [99].

The PEF voltage can cause dissociation of water and other molecules, producing 
free radicals and hydrogen peroxide [100]. Thus, PEF treatment can act as an abi-
otic stressor for the biosynthesis of secondary metabolites, increasing the phenolic 
content in the food products [97]. Also, the pigments chlorophyll are affected by 
free radicals, mainly the chemical bonds between the pyrrole ring and central mag-
nesium ions of the molecule that can form the chlorophyll aggregated structures and 
increase the stability [101].
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PEF treatment can influence biomacromolecules’ physicochemical and func-
tional properties [102]. In addition to improving the extraction of proteins [103] and 
starch [104] from the cell tissue, treating proteins with PEF can induce structural 
and functional changes. The ionization of various chemical groups or breaking of 
electrostatic interactions alters the secondary and tertiary structure of proteins, con-
secutively in the loss of α-helix and β-sheet, resulting in modifications such as 
unfolding, crosslinking, and aggregation of proteins [105–107]. Also, PEF alters 
starch properties by disintegrating amylopectin linkages and damaging starch gran-
ules, allowing water molecules to ingress into the crystalline region, decreasing 
crystallinity, gelatinization temperatures, and increasing water holding capacity 
[108]. These damages facilitate enzymes attack to the granules, increasing the 
digestibility. On the other hand, starch acetylation can increase the content of slowly 
digestible starch fractions [109].

10.6  Pulsed Light/UV-Light

Ultraviolet (UV) and pulsed light (PL) treatments are used as alternatives to chemi-
cal and thermal processing to inactivate microorganisms on surfaces, liquid foods, 
beverages, ingredients, and packaging, producing foods with better quality, extended 
shelf-life, and often with enhanced health benefits [111–113]. However, both tech-
nologies are based on irradiation, so the products can suffer photoreactions, depend-
ing on the food‘s optical properties, such as absorption, transmission, reflection, and 
the light spectrum emissions and irradiation doses. Once foodstuffs are exposed for 
too long and high doses of light energy, secondary products can be produced and 
cause matter changes, such as discoloration, off-flavors, loss of vitamins, and other 
essential nutrients [114–116].

The efficacy of both treatments is generally related to the absorption of UV-C 
light by microbial nucleic acids, causing photochemical changes, but for PL treat-
ment, photothermal and photophysical changes on microorganisms are also related 
[111]. Therefore, UV-light technology is often found as monochromatic light in the 
UV-C spectrum (λ = 254 nm). UV-C devices work with low power; thus, long times 
are needed to be effective against microorganisms, which can cause the degradation 
of some other compounds, such as carotenoids, chlorophylls, flavonoids, and lipids 
[114]. In contrast, PL is found as a polychromatic light that includes ultraviolet 
(200–400 nm), visible light (380–780 nm), and infrared radiation (700–1100 nm) 
[111]. A capacitor stores high-intensity power energy and is released in short- 
intense pulses no longer than 2  ms. US Food and Drug Administration (FDA) 
approved PL to treat food surfaces with fluence levels not higher than 12 J cm−2 
[117]. Together with other technologies and even mild temperatures, these tech-
nologies can enhance results further.

The literature is scarce on NFAs as ingredients in foodstuffs treated by light. 
However, natural compounds extracted from raw foods can be added to improve 
nutritional or functional properties of other products, Table 10.5. Plants exposed to 
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light with different wavelengths have shown synthesized pigments, such as antho-
cyanins, associated with enzymes changes [116], which is often related to the visi-
ble blue light [118]. However, the exposition of these compounds to UV-C light 
causes their degradation [116]. Curcumin is natural pigment extracted from plants 
that have been discussed in the literature because of its photosensitizer property, 
which generates reactive oxygen species (ROS) after excitation, causing microbial 
inactivation [119].

Vitamins are crucial for human metabolism, and many foods can be fortified with 
these additives, which can be natural or synthetic. The literature reports UV-C light 
transforming ergosterol into vitamin D2 [120], and to break chemical bonds between 
vitamin B3 and nucleotides, and vitamin B5 and coenzyme A, turning into more 
bioavailable vitamins [115]. Nevertheless, light radiation also degrades vitamins C 
and B6 [115, 121].

Light control is essential in the flavor stability of vegetable oils and other unsatu-
rated fats. The literature reports many cases of light-induced oxidation, as rapeseed, 
corn, soybean, and coconut oils and milk fat subjected to light in the wavelength 
ranging from 350 to 750 nm [122]. Fishes are rich in unsaturated fatty acids such as 
Omega-3 polyunsaturated fatty acids (PUFAs), a natural health additive used in 
supplements. Lipid oxidation increased by 6% when a sample was submitted to low 
UV-light doses and 13% for high doses [123]. A study on the addition of essential 
oils to foods aiming to improve the lethality of a UV-light treatment showed a syn-
ergistic effect on inactivating biofilms of S. Typhimurium [124].

Proteins are functional molecules that, after exposure to PL, aggregate with lip-
ids and carbohydrates, reducing their solubility [125]. In milk proteins, it was 
reported that the only conformational modification was the aggregation of disulfide 
bonds [126]. However, when whey protein isolated (WPI) was exposed to PL treat-
ment, its solubility and foaming ability were improved due to the dissociation and 
partial unfolding of WPI [127]. In addition, egg white proteins treated by PL showed 
structural changes, resulting in different functional properties, such as increased 
immunoreactivity, decreased gelling temperature, and higher foam stability [128].

UV-light and PL treatment have shown the potential to inactivate bacteria in clear 
and transparent liquids. However, their efficiency is compromised as turbidity 
increases, and for solid foods; low absorption and shadowing effects are challenging 
to be solved for the application of PL in the food industry. On the other hand, pho-
todegradation products are restricted to the product’s surface, often having low 
impact on the sensory and nutritional properties of the products.

10.7  Conclusions

The technologies reported herein are attractive due to their capacity to produce and 
preserve natural additives in foods, superior to the food quality when conventional 
thermal processes are applied for inactivating pathogenic and spoilage micro- 
organisms and enzymes. In addition, those nonthermal methods cause structural 
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changes in cell membranes and structural modifications in some (macro)molecules, 
favoring extraction, digestibility, and desirable functional/nutritional properties.

Some of these emerging nonthermal technologies are on a small scale (labora-
tory or pilot level) and need to be scaled up before industrial use. On the other hand, 
the development of industrial equipment after scientific development has been 
intense and fast, as is the case of high-pressure systems. It is crucial to consider 
governmental regulations in each country and the safety aspects of each pair of 
technology-food product. Furthermore, costs, cultural changes, and consumer 
awareness are challenges in implementing a nonthermal process to obtain and mod-
ify natural compounds. Based on the state-of-the-art, these emerging nonthermal 
methods will keep evolving and reaching the food industry since they require fewer 
chemical additives, favoring natural additives usage.
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Chapter 11
Toxicological Aspects of Natural Food 
Additives

Tania Gómez-Sierra, Estefani Yaquelin Hernández-Cruz, 
Ariadna Jazmín Ortega-Lozano, Alexis Paulina Jiménez-Uribe, 
Jose Pedraza Chaverri, and Estefany Ingrid Medina-Reyes

11.1  Introduction

Natural food additives (NFAs) are perceived as innocuous substances and are 
believed to be healthy to confer added value as biological bioactive compounds. 
These NFAs are extracted from vegetables, fruits, plants, fungi, algae, and bacteria. 
Adequate extraction and isolation techniques must be used to preserve the com-
pound and avoid changes in chemical structure, contaminants, and solvents resi-
dues. NFAs are usually proteins, lipids, carbohydrates, vitamins, and metabolites to 
be eliminated from the body through metabolic conversion. Although people prefer 
to consume foods containing natural additives (NAs) over synthetic ones [1] gener-
ally, these compounds are used at higher levels than synthetic food additives (SFAs) 
to achieve the same technological or organoleptic function; thus, toxicological stud-
ies are needed to ensure their safety. Except for natural flavours, there is no defini-
tion of natural preservatives, antioxidants, colours, or sweeteners, which shows the 
growing concern regarding the regulation of NAs since they are widely used, 
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especially in ultra-processed food products in Western countries. Conversely, natu-
ral flavourings are legislated in the European Union (EU) and the United States of 
America (USA); however, this legislation must not be extrapolated to other classes 
of additives.

The safety of food additives is evaluated by the Joint FAO/WHO Expert 
Committee on Food Additives (JECFA) through acute, short-term, sub-chronic, and 
chronic toxicity studies, as well as carcinogenicity, reproductive, and developmen-
tal toxicity studies [2–5]. These toxicological studies are carried out on animals 
(rodents and non-rodent species), and according to each food additive’s nature and 
potential toxicity, a maximum amount of the food additive contained in the product 
could be established. However, sometimes those maximum amounts are referred to 
as “good manufacturing practices” (GMP), which means the product can contain as 
much as needed to reach the desired effect. The acute toxicity test is the first toxico-
logical study required, the animals are administered once by oral, intramuscular, 
intraperitoneal, or dermal administration route, and the effects are observed at 24 or 
48 h to obtain the median lethal dose (LD50); this value indicates the dose of the food 
additive that causes 50% of the death of test animals and serves to estimate the 
potential danger to humans, identify target organs and doses levels to be used for 
other toxicological studies [4, 6]. Furthermore, food additives can be classified into 
different toxicity categories based on the LD50, as shown in Table 11.1.

In short-term toxicity studies, oral administration is the most appropriate route, 
and usually, a food additive is administered repeatedly for 14 or 28 days. These 
studies are helpful to establish the dose for sub-chronic and chronic toxicity studies 
[2, 8]. Through the long-term toxicity studies mentioned above, values such as No 
Observed Adverse Effect Levels (NOAEL) and Lowest Observed Adverse Effect 
Level (LOAEL) are determined [9]. These values are used to extrapolate to human 
exposure and calculate the acceptable daily intake (ADI), which is the amount of a 
food additive that can be consumed daily over a lifetime without appreciable risk to 
the health of the human population, including sensitive age groups such as children. 
The ADI is expressed as mg/kg body weight (bw) per day and is calculated by divid-
ing NOAEL or LOAEL by safety factors that consider intraspecies and interspecies 
variation. The safety factor of 100 is commonly used; it is calculated by multiplying 

Table 11.1 Toxicity range classification based on the LD50

LD50 (mg/kg body weight) Category

<5 Extremely toxic
5–50 Highly toxic
50–500 Moderately toxic
500–5000 Slightly toxic
5000–15,000 Practically non-toxic
>15,000 Relative harmless

Adapted from Loomis and Hayes [7]
LD50 Median lethal dose

T. Gómez-Sierra et al.
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10 by 10; the first safety factor extrapolates from animal to human and the second 
considers the human-to-human variability response. However, if the toxic effect in 
animals is severe; another factor 10 is added [2, 3, 9, 10]. It is important to note that 
if the LOAEL is used to calculate the ADI, an additional safety factor of 2–3 is 
added to account for the observed adverse effect not considered by the NOAEL [2]. 
Currently, the WHO guideline suggests subdividing the traditionally 10 factors by 
10, the result of multiplying 4 by 2.5, which consider the toxicokinetic and toxico-
dynamic of the food additive, respectively, these safety factors reflect the difference 
between humans and species of test and reduce the uncertainty in estimating the 
ADI [2, 9]. Once established the ADI value, JECFA has to verify if the maximum 
levels of food additives proposed for a specific technological function are within the 
ADI values, and then they are made public for consultation [11]. It is unlikely that 
a person exceeds the ADI because the levels of additives used in foods are minimal, 
and the person would have to consume a large amount of food. If it were to occur, 
occasional overconsumption of the food additives would not pose a health risk 
unless it is over prolonged periods [12]. Moreover, there are food additives, mainly 
naturally occurring, that have been shown to have low toxicity, and the levels used 
in foods do not pose a health hazard, so these food additives have an ADI not speci-
fied or are considered as generally regarded as safe (GRAS), these NFAs should be 
used under GMP conditions [11]. The GRAS status is evaluated by the FDA consid-
ering published scientific studies of identity and composition, detection methods, 
use levels, estimated exposure in foods, proposed tolerances, complete toxicity 
studies reports, and environmental information [4].

The toxicity of NFAs will depend on the levels used in foods, the time of expo-
sure, the species (human or animals), and, above all, the interaction with other food 
additives or food components. There are few studies focused on the toxicity of 
NFAs, and most have a non-specified ADI, indicating that their consumption does 
not have harmful effects on human health. This chapter summarises the toxic effect 
of some NFAs from the different groups, such as antioxidants, colourants, antimi-
crobials, and sweeteners (Table 11.2).

11.2  Natural Antioxidants

Antioxidant additives play an essential role in the food industry since they have 
become one of the most widespread methods for preserving food due to their low 
cost and ease of use [47]. Antioxidants are mainly used in foods to preserve attri-
butes such as colour, texture, aroma, flavour, and overall product quality by inhibit-
ing the oxidation of lipids, proteins, and pigments [48]. According to their 
mechanism of action, antioxidants can be classified into (1) primary antioxidants 
known as radical scavengers or chain-breaking antioxidants; (2) chelators, which 
bind to metals and prevent them from initiating radical formation; (3) fire extin-
guishers, which deactivate high-energy oxidising species; (4) oxygen scavengers, 
which remove oxygen from systems, preventing their destabilization; and (5) 
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antioxidant regenerators, which regenerate other antioxidants when they radicalise 
[49]. Consumer trends have caused the industry to look to natural antioxidants for 
food preservation, and while SFAs have been mainstream, their natural counterparts 
have gained interest [47]. Most of these natural compounds have been marked as 
harmless for the same reason; many have an ADI not specified; therefore, they can 
be added to food products under GMP conditions [47]. However, it is necessary to 
find the source of natural antioxidants that is acceptable, safe, with high potential, 
and biologically active in low concentrations [50].

Polyphenols are one of the types of natural food antioxidants used, among which 
we can find rosemary extracts (Rosmarinus officinalis L.) and green tea extracts 
(Camellia sinensis) [47, 50]. Rosemary extracts have been identified as a food addi-
tive with E392. The most important antioxidant effects of rosemary extracts are 
attributed mainly to the phenolic diterpenes carnosic acid and carnosol (carnosol 
being the primary oxidised metabolite of carnosic acid) [51]. They are used in oils, 
animal fats, sauces, processed potatoes, soups, processed nuts, baked goods, fish, 
meat pies (between 22.5 and 130 ppm for meat pies), and chicken patties (1000 ppm 
per mg of rosemary extract/kg of meat), among others [19, 52]. Previously, rose-
mary extracts were considered innocuous; however, the 80-s meeting of the JECFA 
in 2017 proposed a temporary ADI of 0.3 mg/kgbw/day (expressed as total carnosic 
acid and carnosol) for rosemary extracts [53]. Among the side effects that have been 
noted from rosemary extracts are liver alterations. A study in male and female rats 
treated with acetone (800 mg/kgbw) and supercritical carbon dioxide (300, 600, or 
2400  mg/kgbw) extracts of rosemary for 90  days reported liver enlargement and 
hepatocellular hypertrophy. However, these effects have been declared fully revers-
ible, adaptive, and without toxicological concerns. In this study, the NOAEL was 
considered to be 64 mg/kgbw/day [54]. Cytotoxic effects have also been observed in 
the invertebrate Daphnia manga; however, those effects have been only reported in 
very high doses of an ethanolic dry extract of rosemary leaves (at least 500 μg/mL) 
[20]. Rosemary extract is sometimes added with other antioxidants such as butylhy-
droxyanisole (BHA; ADI: 0.5 mg/kgbw/day), butylhydroxytoluene (BHT; 0–0.3 mg/
kgbw), propyl gallate (PG; 0–1.4 mg/kgbw), and tert-butylhydroxyquinone (TBHQ; 
0.7  mg/kgbw) to cause a synergistic effect and enhance the antioxidant effect in 
foods [55–58]. However, some synthetic antioxidants can cause neurotoxic effects, 
testicular dysfunction, and hepatoxicity [59–61].

On the other hand, catechins from green tea extract have been used as additives 
in meat, poultry, sausages, cheeses, fish, shrimp, oysters, and plant food products 
such as edible oils, bread, cookies, cakes, and noodles [62]. In general, catechins 
from green tea consumption is considered safe; however, hepatotoxicity cases have 
been reported in humans, mice, rats, and dogs [31, 63]. The hepatotoxicity of green 
tea has been related to the presence of (−)-epigallocatechin-3-gallate (EGCG), one 
of the most abundant catechins in this tea, especially when the intake is equal to or 
greater than 800 mg/day. For example, consumption of 843 mg/day of EGCG for 
12 months induces moderate to severe abnormalities in liver function in about 6.7% 
of postmenopausal women, which was reflected by increased alanine aminotrans-
ferase [64, 65]. There is no evidence of hepatotoxicity in clinical studies using 
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concentrations below 800 mg of EGCG/day for 12 months [66, 67]. Given the hepa-
totoxic effects associated with EGCG, an oral LD50 value in a range of 190–1900 mg 
EGCG/kgbw was established in rats [31, 68]. This dose was similar to the LD50 for 
green tea extracts (with 93% EGCG) in Wistar rats, which is reported to be between 
200 and 2000 mg/kgbw (186.8 and 1868 mg EGCG/kgbw). This means that a dose of 
2000 mg of green tea preparation/kgbw is lethal to rats, while a 200 mg/kgbw dose 
does not induce toxicity [69]. In addition, a clinical study showed that excessive 
consumption of green tea (concentration not mentioned in the article) could cause 
iron deficiency anaemia due to the formation of complexes between this metal and 
the catechins of green tea [70].

It should be noted that oil-soluble green tea extract (OS-GTE), a green tea prepa-
ration used as a food additive, did not present toxic effects and was defined as a 
GRAS product [71]. OS-GTE is designed to be added to various conventional foods 
in the US at usage levels ranging from 0.05% to 0.28% (500–2800  ppm) [71]. 
Furthermore, a study conducted in Sprague-Dawley rats with a 90-day treatment of 
OS-GTE found the NOAEL to be 0.50 g/kgbw/day, while the 30-day treatment found 
the NOAEL to be 2.33  g/kgbw/day [72]. Therefore, the European Food Safety 
Authority (EFSA) has recommended that studies be conducted to determine the 
dose-response of hepatotoxicity and other toxic effects that green tea catechins 
might have and to examine interspecies and intraspecies variability. In addition, 
since green tea extracts are thought to be contaminated with pyrrolizidine alkaloids, 
maximum limits should be established due to they may contribute to hepatotoxicity. 
The labels of green tea products must include the content of catechins and the pro-
portion of EGCG [31].

Another type of natural food antioxidant used is that of tocopherols (vitamin E). 
This group has been identified with the numbers E306–E309. EFSA has only 
allowed α-, β- and γ-tocopherol to be used as a food additive, leaving out δ-tocopherol 
[47]. The main target of tocopherols is foods with high lipid content since they are 
the most powerful lipophilic antioxidants, which is why they have been used in 
bacon, meat, dairy products, oils, and coatings [47, 49]. Tocopherols have long been 
reported to have no harmful health effects. In addition, vitamin E is essential for life 
since it protects the human body’s cells against oxidation and helps assimilate vita-
min K [73]. An ADI for tocopherols has not yet been established; however, a 
Tolerable Upper Intake Level (UL) for vitamin E of 300 mg/day for adults has been 
proposed [43]. As common antioxidants, tocopherols have GRAS status and are 
considered safe substances added to food. In the USA, common tocopherols are 
limited to 0.03%, or 300 ppm in animal fats, and 0.02% in blends with BHA, BHT, 
and PG [44]. Although relatively large amounts of vitamin E generally do not cause 
harm, isolated cases of toxicity have been reported. For example, in a 3-year double- 
blind clinical trial, vitamin E treatment (400 IU/d of all rac-α-tocopheryl acetate) 
was reported to significantly increase the risk of prostate cancer among healthy men 
[74]. However, the UK Group of Experts on Vitamins and Minerals established a 
NOAEL for humans (age not defined) of 540 mg of α-tocopherol equivalents for 
vitamin E supplements, which is equivalent to 9.0 mg/kgbw/day in a 60 kg adult [75].
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Another antioxidant widely used as a food additive is L-ascorbic acid (vitamin 
C) and its salts (sodium ascorbate and calcium ascorbate), identified with E300-E304. 
Ascorbic acid is one of the most widespread antioxidants in food [44, 47]. Ascorbic 
acid and ascorbate salts are used in practically every country globally and have 
GRAS status with no limits on use [44]. They are used in lipid oils, dry fermented 
sausages, dairy products, cured or cooked meat products. All ascorbate additives 
have ADI not determined [47]. As indicated in the literature, vitamin C is protected 
at supplementation levels of up to 600 mg/day, with an upper intake limit of up to 
2000 mg/day [44].

Furthermore, ascorbic acid is usually added in combination with synthetic anti-
oxidants such as BHT and BHA to further increase their antioxidant capacity, given 
the excellent properties of ascorbic acid to regenerate other antioxidants. It is also 
associated with tocopherols since it helps to regenerate them [47]. To date, no short- 
term and long-term toxic effects of ascorbic acid are known [76].

11.3  Natural Colorants

Colour is one of the most relevant organoleptic attributes that confers attractive, 
appealing, appetising, and informative features influencing consumers’ acceptance 
and food selection. For this reason, the industry adds colourants to enhance existing 
colours, prevent colour loss during the manufacture or over the shelf life, or attribute 
new colours to the final product [77].

The FDA defines a colour additive as any dye, pigment, or other substance that 
can impart colour to a food, drug, cosmetic, or the human body; however, this defi-
nition does not differentiate between natural or synthetic colour additive. Most natu-
ral colourants are extracts derived from plants, which leads to problems such as 
varying colour intensity, instability upon exposure to light or heat, traces from the 
extraction process, reactivity with other food components, and addition of second-
ary sources flavours and odours. Although there are many dyes, we will review 
some of the most used.

Anthocyanins identified as E163 are obtained from vegetables and edible fruits 
by maceration or extraction with sulphite water, carbon dioxide or methanol/ etha-
nol. These anthocyanins are responsible for pigments such as red, purple, violet, and 
they are used for colour beverages, confectionery, desserts, ice cream, fruit prepara-
tions, bakers jam, yoghurt, gelatine desserts, candy, and bakery fillings and top-
pings, among others [78]. There are no reports about the adverse health effect of 
anthocyanins, the LD50 in mice and rats is 2000 mg/kgbw, and the ADI is 0–2.5 mg/
kgbw/day. However, it describes that anthocyanin can produce sedative effects in 
animals at 5000  mg/kgbw, but as usually consumed in the diet, they are safe for 
human consumption [15].

Annatto is a permitted natural food colourant extracted from the Bixa Orellana 
L. tree and labelled as E160b. Annatto mixture is mainly constituted by carotenoids 
bixin and norbixin, which display dark red solutions, emulsions, or dark red 
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powders, also offering a wide spectrum of colours from yellow to orange. Annatto 
is highly used in cakes (from 250 to 1000 mg/kg of dough), butter, margarine, salad 
dressing, ice cream and other frozen desserts, confectionery, egg products, fish and 
fish products, meat products, cereals, cakes, beverages, soup mixes, fruit products, 
snacks, bakery products, spices and seasonings, and sausage casings [79]. In 2013, 
the scientific opinion from EFSA Panel concluded that further research should be 
carried out due to a lack of toxicological data, and ADI for bixin was established to 
0–12 mg/kgbw/day and ADI for norbixin and its disodium and dipotassium salts of 
0–0.6 mg/kgbw/day expressed as norbixin [16].

Another food colourant highly used is paprika, mainly extracted from Capsicum 
annuum L., and the mixture of two carotenoids, capsanthin and capsorubin, display-
ing an orange to red colour. Paprika is labelled as E160c and approved in the EU and 
is used to colour meat products, confectionery, vegetable oils, snacks, surimi, mari-
nades, seasonings, salad dressings, soups, sauces, bakery products, and processed 
cheese, among others. The EU has established an ADI of 24 mg/kgbw/day for paprika 
extract [21].

There are many other carotenoids used in food, namely β-carotene, lutein, vio-
laxanthin, neoxanthin, β-cryptoxanthin, fucoxanthin, lycopene, and astaxanthin, as 
well as other carotenes identified as E160a(i), E160a(ii), E160a(iii), and 
E160a(iv) in EU.

Carotenes are mainly obtained from carrots (Daucus carota), oil of palm fruit 
(Elaeis guinensis), sweet potato (Ipomoea batatas), saffron (Crocus sativus). 
However, they could also be extracted from algae and even insects, representing a 
broad spectrum of colours in the food industry. The main applications of carot-
enoids in food are related to sauces, marinades, spice blends, coatings, beverages, 
milk, beverages including cider, margarine, cheeses, cake fillings, custards, 
yoghurts, processed nuts, precooked pasta, and noodles [24].

Curcumin identified as E100 is a pigment purified from turmeric, which is 
extracted from the dried rhizomes of the plant Curcuma longa L. This dye confers 
an orange colour to food products such as mustard, yoghurt, baked goods, dairy 
industry, fine bakery products, desserts, seasoning, fish paste and crustacean paste, 
precooked crustaceans, smoked fish, ice creams, processed cheese, salami, meal 
substitutes, soups, dried potato granules and flakes, jams, and salad dressings. 
Curcumin (E100) has very low toxicity, has not shown genotoxicity [80], and the 
ADI is 3 mg/kgbw/day [29]. There are currently six food categories for which maxi-
mum permitted levels for curcumin have been adopted in the General Standard of 
Food Additives [81].

Carminic acid labelled as E120 is a dominant pigment in the insect Dactylopius 
coccus Costa, and a brilliant red colour could be obtained after mixing with alu-
minium. However, due to is mainly extracted from this insect is relatively expensive 
when compared to other red pigments since about 100,000 are needed to obtain 1 kg 
of product, although its quality, efficiency and stability are elevated. It is used in 
jams, gelatines, baked goods, dairy products, non-carbonated drinks, meat products, 
seafood, confectionery, alcoholic beverages, vinegar, and yoghurts [82, 83]. 
Currently, there are more than 70 food categories for which maximum permitted 
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levels for carmines have been implemented in the General Standard of Food 
Additives (GSFA). Since 2000, the ADI for cochineal, carminic acid, and carmine 
(E120) has been limited to 5 mg/kgbw/day [21]. Currently, the acute, short-term, 
sub-chronic carcinogenicity, reproduction, and developmental toxicity studies con-
ducted in rats or mice did not show any toxicological potential [84].

The chloroplasts of higher plants contain chlorophyll a and b, which are insolu-
ble in water, sensitive to light, pH, oxygen, and heat. Thus, the instability of chloro-
phyll, with the code E140(i), limits its use as a food additive, despite the absence of 
toxicity for the amounts usually consumed [27]. However, chlorophyllins E140(ii) 
and chlorophylls derivates are water-soluble, and although the polarity is high, the 
stability is still poor, and the industry prefers lipid-soluble cupric chlorophyll 
E141(i) and water-soluble chlorophyllin complexes E141(ii). These derivatives 
result from replacing Mg2+ by Cu2+ atoms in the chlorophyll molecule, stabilising 
the molecule and improving colour stability for longer. E140 and E141 are used in 
dairy products, desserts, beverages, dairy products, ice cream, fruit preparation, 
sauces, bakery products, snack food, drinks, soups, and sugar confections [82]. 
Since chlorophylls occur naturally in plants at relatively high concentrations, its 
consumption as a food additive is not of safety concern since the consumption is 
higher through the diet than as an additive [27].

11.4  Natural Antimicrobials

Various additives are used in the food industry to prevent microbial contamination 
and foodborne illnesses, such as food poisoning caused by Staphylococcus aureus 
or Bacillus cereus toxins [85]. Some natural antimicrobial additives, also named 
biopreservatives, are from bacterial, fungi, plants, and animals origin [86].

Currently, the only natural additives with antimicrobial activity found in JECFA 
are nisin, lysozyme and natamycin [49, 87, 88]. Nisin labelled as E234 is an antimi-
crobial peptide, also known as a bacteriocin, produced mainly by Lactococcus lac-
tis, although other bacteria such as Staphylococcus capitias and Blautia obeum 
could also produce it [89, 90]. This natural antimicrobial is used in dairy products 
and meat to avoid the growth of several relevant contaminants in the food industry, 
such as Listeria monocytogenes, Staphylococcus aureus, Clostridium sp. and 
Bacillus sp. [36]. It is used in different concentrations from 3 to 12.5 ppm of prod-
uct, and it should be considered that one international unit (UI) corresponds to 
0.25 μg of nisin [91]. This natural antimicrobial has GRAS status with NOAEL of 
224.7 mg/kgbw [92]; since its oral administration for 13 weeks at different concen-
trations in a rat model has no effects on histology of pituitary gland, thyroids, heart, 
liver, kidney, reproductive organs, saliva glands and with minimal hyperplasia in 
forestomach [38, 39]. Thus, JECFA established an ADI of 0–2 mg/kgbw/day [93]. 
However, an increasing approach focuses on the gastrointestinal microbiota, and 
previously nisin was reported not to affect the composition of the gut microbiota 
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[94]. However, a deeper analysis in rat faeces shows that nisin consumption in dif-
ferent starch matrices reduces Bifidobacterium, but increases the Escherichia/
Shigella genera [95]. In addition, nisin consumption reduces the Staphylococcus, 
Rodentibacter, Rothia, and Lactobacillus genera in the oral cavity of rats, increas-
ing Acinetobacter, Aerococcus, and Pseudomonas genera; moreover, the levels of 
immunoglobulin A in saliva are reduced [96]. Although there are currently no 
reports of nisin toxicity, it is essential to point out that its effects on microbiota 
could be relevant in gastrointestinal infection and other pathologies with dysbiosis 
such as obesity [97] and chronic kidney disease [98].

Lysozyme (CAS 9066-59-6), also known as muramidase, is a polypeptide pro-
duced by most vertebrates and found in several tissues and serum [99]. In the food 
industry, the primary source of lysozyme is the chicken egg, which is often used 
mainly in cheese and wine [96]. In acute toxicity studies in rats and mice, it was 
found that oral administration of lysozyme was tolerated up to 4000 mg/kgbw in 
mice and rats. At the same time, tolerance by intravenous administration was up to 
1000 mg/kgbw in mice and up to 2000 mg/kgbw in rats and rabbits [35]. Although 
lysozyme is considered safe [56], some harmful effects have been shown, for 
instance, is a potential allergen [100] and, in the case of chemically modified lyso-
zyme by the Maillard reaction, it produces advanced glycation end products (AGEs), 
which has been reported to cause diet-induced inflammatory responses [101].

Another natural antimicrobial used in food products is natamycin (CAS 
7681-93-8), also known as pimaricin; it is an antifungal agent produced by 
Streptomyces natalensis, S. chattanogenesis, S. gilvosporeous and, S. lydicus. This 
molecule has a broad range of action against yeast and mold, such as Saccharomyces 
cerevisiae, Zygosaccharomyces rouxii, Aspergillus sp., Penicillium sp., Mucor sp., 
Fusarium sp., among others [102]. This antifungal agent is used in dairy products, 
sausages, juices, and wines, and the acceptable levels are from 6 to 40 ppm [102]. 
Although natamycin currently has GRAS status, the LD50 has been reported to be in 
more than 450 mg/kgbw in different species [102]. Different studies assure the con-
sumption of pimaricin, reflecting that it has no negative effects on reproduction nor 
carcinogenic or mutagenic potential. However, studies carried out in rabbits and in 
men with doses higher than 500 mg/kgbw/day and 300–400 mg/kgbw/day of pimari-
cin, respectively, report effects such as diarrhoea, nausea and vomiting. In the case 
of the study conducted with rabbits, it was reported that the animals that died pre-
sented haemorrhagic gastric mucosa. While in the case of the studies conducted 
with males, it is reported that gastrointestinal symptoms begin to appear from 5 mg/
kgbw/day. Therefore, JECFA established an ADI of 0–0.3 mg/kgbw/day [40, 102].

The natural antimicrobial epsilon-poly-L-lysine possesses a broad range of 
activity against bacteria, mould, and yeast [103]. This molecule can be synthesised 
by chemosynthesis or by a great diversity of bacteria, with Streptomyces albulus 
being the most commonly used for industrial production [104]. The use of epsilon- 
poly- l-lysine in food range from 10 to 500 ppm in boiled rice, noodles, soup stock, 
and cooked vegetables, while 1000–5000  ppm is used in fish [105]. Nowadays, 
epsilon-poly-L-lysine is considered non-toxic and possesses the GRAS status [106]. 
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However, a study in pigs reveals that its consumption alters microbiota in the ileum 
and reduces the digestibility [107], having an anti-obesogenic effect [108], although 
this could have a potential risk in persons with gastrointestinal alterations, such 
inflammatory bowel disease [109].

11.5  Natural Sweeteners

Since excessive sugar consumption has been linked to the development of chronic 
metabolic diseases prevalent in Western countries, low-caloric or no-caloric sweet-
eners have been an alternative in the human diet due to their low caloric content. 
These sweeteners can be natural or artificial in origin. The application of natural 
sweeteners has grown, as they are considered safer than artificial sweeteners. 
However, an additive of natural origin is not strictly safe. Consequently, natural 
sweeteners have been subjected to toxicological studies to ensure their consump-
tion. However, studies investigating the safety of sweeteners in the short- and long- 
term periods are controversial about the effects on human health [45, 110] as well 
as noting that most of the studies carried out on the effect of the consumption of 
natural sweeteners that reflect a toxicological impact on health were carried out in 
the 1960 and 1990s. Therefore, in this section, we will focus on the toxicological 
effects of natural sweeteners.

Steviol glycosides (E960) are alternative natural non-caloric sweeteners obtained 
mainly from the leaves of the shrub Stevia rebaudiana Bertoni [111, 112]. Nine 
steviol glycosides have been identified in the leaves of S. rebaudiana: stevioside, 
rebaudiosides A-F, dulcoside A, and steviolbioside [113, 114]. Steviol glycone (ste-
viol) is the major metabolite of stevioside by the hepatic and intestinal microbiota 
of humans and rats [41, 115]. Comparative toxicological studies show that stevio-
side does not display toxicity, while steviol could be mutagenic [41, 42, 116, 117]. 
In addition, previous studies have shown that steviol has very low acute oral toxicity 
with an LD50 > 15 g/kgbw for rats and mice, and in hamsters were 5.20 and 6.10 g/
kgbw for males and females, respectively. However, nephrotoxic has also been 
observed in the proximal tubules of the renal cortex of hamsters [41, 118, 119]. 
Matsui et al. [117] reported that steviol with metabolic activation could be muta-
genic, inducing chromosomal breakage in the Chinese hamster lung fibroblast cell 
line at 1.0–1.5 mg/mL [117]. Likewise, Nunes et al. [116] reported that administra-
tion of stevioside at 4 mg/mL for 45 days in drinking water resulted in lesions in 
chromosomal DNA in blood cells, spleen, liver, and brain in Wistar rats [116]. On 
the other hand, toxicity evaluations have been performed from stevia leaf com-
pounds obtained by aqueous extraction; but a study by Qiannan Zhang et al. [120] 
performed with stevia leaf compounds extracted by ethanolic extraction showed no 
genotoxicity effects but low cytotoxicity by oral exposure. Since the evidence is not 
conclusive, JECFA determined in 2019 that there are no safety concerns about ste-
viol glycosides, indicating that the temporary ADI for steviol is 0–4  mg/kgbw/
day [121].
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Sugar alcohols or polyols are a group of low-calorie natural sweeteners; within 
this group, tagatose (E963), xylitol (E967), and erythritol (E968) are found. In gen-
eral, subchronic and chronic toxicity studies conducted in rats, mice, dogs, and 
humans, and in vitro studies conducted to assess mutagenicity, clastogenicity, 
embryotoxicity have reflected the safety of sugar alcohol consumption [122–126]. 
Excessive consumption’s main adverse health effects are gastrointestinal problems 
such as vomiting, gas, or laxative effects [45, 127]. The LD50 determined by oral 
route for erythritol in male and female rats is 13,100 and 13,500, respectively, and 
<5000 for male dogs [45, 125, 128]. In addition, the erythritol maximum tolerated 
dose in 184 children aged from 4 to 6 years was determined after the administration 
by non-carbonated beverages, showing that ingestion of 15 g (0 0.73 g/kgbw for both 
sexes, 0.72 g/kgbw for boys, and 0.76 g/kgbw for girls) was well tolerated with no 
severe gastrointestinal alterations [129]. Although doses of xylitol as low as 0.15 g/
kgbw in dogs can cause life-threatening hypoglycaemia and acute liver failure, no 
such adverse effects have been reported in humans, indicating that xylitol is not well 
tolerated in dogs [125]. Consequently, JECFA has assigned an ADI of not specified 
due to its very low toxicity for this type of sweeteners [130].

Additionally, sweet proteins such as thaumatin (E957) and monellin are alterna-
tive sources of low caloric natural sweeteners; however, their toxicological effects 
on health are relatively low [131, 132]. Since no adverse effects were observed in 
subchronic studies in rats and dogs at the highest dose tested up to 5200 and 
1476  mg/kgbw/day, respectively, the thaumatin is currently considered safe and 
authorised by regulatory agencies for consumption and sale in the EU [46, 133]. 
Thus, the LD50 established is >20,000  mg/kgbw in rats and mice [134]. Similar 
results have been found in human studies, observing the lack of toxicity from oral 
exposure to thaumatin in 15 subjects at 280  mg thaumatin/day to thaumatin for 
13 weeks [46]. Consequently, the ADI for humans has been evaluated as not speci-
fied [46, 133]. Based on a study by A. Hagiwara et al., thaumatin was administered 
orally to Sprague-Dawley rats of both sexes for 13 weeks; they revealed that thau-
matin exerted no adverse effect. Thus, the NOAEL was considered a dietary level of 
at least 3.0% (2502 mg/kgbw/day for males, 2889 mg/kgbw/day for females) [135].

11.6  Conclusions

In this chapter, we summarised and analysed the current toxicological information 
about some NFAs from the different groups, such as antioxidants, colourants, anti-
microbials, and sweeteners. In general, NFAs tend to be safe; indeed, several of the 
NFAs do not have an established ADI and most of them are approved as GRAS by 
the FDA. Additionally, the NOAEL reported is usually a very high dose indicating 
their safety. However, to ensure the food safety, the toxicity of NFAs must be evalu-
ated periodically as well as those products using labels such as “all natural addi-
tives” or “no synthetic additives”, particularly because the toxic effects in humans 
could emerge after several years of consumption and years after the toxicological 
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evaluation was approved. Moreover, although the toxic effects mainly depend on 
the dose, humans do not only consume a single additive, but a mixture of food addi-
tives and other compounds, and there are genetic and environmental factors that 
may or may not enhance the toxic effects of the additives.

In addition, in vitro, in vivo, and epidemiological information should be consid-
ered to state a conclusion about the toxicity induced by NFAs and demonstrate their 
safety since the data obtained from those different models draw different conclu-
sions. Moreover, the continuous development of new techniques and technological 
and scientific advances make it possible to evaluate with greater precision the 
changes at the genetic, immunological and microbiome levels, that were previously 
not detected. It is also worthy to mention, that toxicological parameters such as 
NOAEL, LOAEL, LD50, and ADI are reference values that estimate potential toxic-
ity and the adequate doses for human consumption. However, these are not absolute 
toxicological values since factors such as the specie model used, gender differences, 
purity of the compounds, doses and time for evaluation could impact in the measur-
able toxicological parameters.

Conflicts of Interest The authors declare no conflict of interest.

Acknowledgments Estefani Yaquelin Hernández-Cruz is a doctoral student from Doctoral 
Program in Biological Sciences from National Autonomous University of Mexico (UNAM), and 
received fellowship 779741 from CONACYT, México. Ariadna Jazmín Ortega-Lozano is a doc-
toral student from Programa de Doctorado en Ciencias Biomédicas, UNAM and received fellow-
ship 637627 from CONACYT, México. Estefany Ingrid Medina Reyes received a postdoctoral 
felowship from Dirección General de Asuntos del Personal Académico (DGAPA), UNAM.

References

1. Carocho M, Barreiro MF, Morales P, Ferreira ICFR. Adding molecules to food, pros and 
cons: a review on synthetic and natural food additives. Compr Rev Food Sci Food Saf. 
2014;13:377–99. https://doi.org/10.1111/1541- 4337.12065.

2. Barlow SM. Toxicology of food additives. In: Ballantyne B, Marrs TC, Syversen TLM, edi-
tors. General and applied toxicology. Chichester: John Wiley & Sons, Ltd; 2009.

3. Güngörmüş C, Kılıç A. The safety assessment of food additives by reproductive and develop-
mental toxicity studies. In: El-Samragy Y, editor. Food additive. InTech; 2012.

4. Pressman P, Clemens R, Hayes W, Reddy C.  Food additive safety. Toxicol Res Appl. 
2017;1:239784731772357. https://doi.org/10.1177/2397847317723572.

5. WHO: Safety evaluation of certain food additives: prepared by the eighty-second meeting of 
the Joint FAO/WHO Expert Committee on Food Additives (JECFA). 2017. https://apps.who.
int/iris/handle/10665/258934.

6. Erhirhie EO, Ihekwereme CP, Ilodigwe EE. Advances in acute toxicity testing: strengths, 
weaknesses and regulatory acceptance. Interdiscip Toxicol. 2018;11:5–12. https://doi.
org/10.2478/intox- 2018- 0001.

7. Loomis TA, Hayes AW. Loomis’s essentials of toxicology. 4th ed. Academic Press; 1996.
8. Guy RC. Redbook (redbook 2000: toxicological principles for the safety of food ingredients). 

In: Wexler P, editor. Encyclopedia of toxicology. Elsevier; 2014. p. 61–2.
9. Chilakapati J, Mehendale HM.  Acceptable daily intake (ADI). In: Wexler P, editor. 

Encyclopedia of toxicology. Elsevier; 2014. p. 8–9.

T. Gómez-Sierra et al.

https://doi.org/10.1111/1541-4337.12065
https://doi.org/10.1177/2397847317723572
https://apps.who.int/iris/handle/10665/258934
https://apps.who.int/iris/handle/10665/258934
https://doi.org/10.2478/intox-2018-0001
https://doi.org/10.2478/intox-2018-0001


317

10. Gilsenan MB. Additives in dairy foods | safety. In: Fox PF, Fuquay JW, McSweeney PLH, 
editors. Encyclopedia of dairy sciences. Elsevier; 2011. p. 55–60.

11. Tomaska LD, Brooke-Taylor S. Food additives: food additives – general. In: Motarjemi Y, 
Moy G, Todd ECD, editors. Encyclopedia of food safety. Elsevier; 2014. p. 449–54.

12. Ilbäck N-G, Busk L.  Food additatives. Use, intake and safety. Näringsforskning. 
2000;44:141–9. https://doi.org/10.3402/fnr.v44i0.1778.

13. EFSA. The safety of annatto extracts (E 160b) as a food additive. EFSA J. 2016;14:e04544. 
https://doi.org/10.2903/j.efsa.2016.4544.

14. CFR: Anatto. https://www.ecfr.gov/current/title- 21/chapter- I/subchapter- A/part- 73/
subpart- C/section- 73.2030.

15. Burton-Freeman B, Sandhu A, Edirisinghe I.  Anthocyanins. In: Gupta R, editor. 
Nutraceuticals. Elsevier; 2016. p. 489–500.

16. EFSA. Scientific opinion on the re-evaluation of anthocyanins (E 163) as a food additive. 
EFSA J. 2013;11:3145. https://doi.org/10.2903/j.efsa.2013.3145.

17. JECFA: Toxicological evaluation of certain food additives. http://apps.who.int/iris/bitstream/
handle/10665/41546/WHO_TRS_683.pdf;jsessionid=608074810026DB9EEB2ECB26E1
2C8071?sequence=1.

18. CFR: Grape color extract. https://www.ecfr.gov/current/title- 21/chapter- I/subchapter- A/
part- 73/subpart- A/section- 73.169.

19. Chammem N, Saoudi S, Sifaoui I, Sifi S, de Person M, Abderraba M, Moussa F, Hamdi 
M. Improvement of vegetable oils quality in frying conditions by adding rosemary extract. 
Ind Crop Prod. 2015;74:592–9. https://doi.org/10.1016/j.indcrop.2015.05.054.

20. Gîrd CE, Nencu I, Popescu ML, Costea T, Duţu LE, Balaci TD, Olaru OT. Chemical, antioxi-
dant and toxicity evaluation of rosemary leaves and its dry extract. Farmacia. 2017;65:978–83.

21. EFSA. Scientific opinion on the re-evaluation of cochineal, carminic acid, carmines (E 120) 
as a food additive. EFSA J. 2015;13:4288. https://doi.org/10.2903/j.efsa.2015.4288.

22. JECFA: 55th Report of the JECFA. Evaluation of certain food additives and contaminants. 
https://www.who.int/ipcs/publications/jecfa/reports/trs940.pdf.

23. CFR: Cochineal extract; carmine. https://www.ecfr.gov/current/title- 21/chapter- I/
subchapter- A/part- 73/subpart- A/section- 73.100.

24. IACM: Carotenes. https://iacmcolor.org/color- profile/carotenoids/.
25. JECFA: Evaluation of certain food additives and contaminants: forty-first report of the Joint 

FAO/WHO Expert Committee on Food Additives (meeting held in Geneva from 9 to 18 
February 1993). https://apps.who.int/iris/handle/10665/36981.

26. EFSA.  Scientific opinion on the re-evaluation of mixed carotenes (E 160a (i)) and beta- 
carotene (E 160a (ii)) as a food additive. EFSA J. 2012;10:2593. https://doi.org/10.2903/j.
efsa.2012.2593.

27. EFSA. Scientific opinion on the re-evaluation of chlorophylls (E 140(i)) as food additives. 
EFSA J. 2015;13:4089. https://doi.org/10.2903/j.efsa.2015.4089.

28. IACM. International Association of Color Manufacturers. Chlorophylls. Available on: https://
iacmcolor.org/color-profile/chlorophylls-and-chlorophyllins/

29. EFSA. Scientific opinion on the re-evaluation of curcumin (E 100) as a food additive. EFSA 
J. 2010;8:1679. https://doi.org/10.2903/j.efsa.2010.1679.

30. JECFA: Evaluation of certain food additives and contaminants. https://apps.who.int/iris/
handle/10665/42849.

31. EFSA, Younes M, Aggett P, Aguilar F, Crebelli R, Dusemund B, Filipič M, Frutos MJ, Galtier 
P, Gott D, Gundert-Remy U, Lambré C, Leblanc J, Lillegaard IT, Moldeus P, Mortensen 
A, Oskarsson A, Stankovic I, Waalkens-Berendsen I, Woutersen RA, Andrade RJ, Fortes 
C, Mosesso P, Restani P, Arcella D, Pizzo F, Smeraldi C, Wright M.  Scientific opinion 
on the safety of green tea catechins. EFSA J. 2018;16:e05239. https://doi.org/10.2903/j.
efsa.2018.5239.

11 Toxicological Aspects of Natural Food Additives

https://doi.org/10.3402/fnr.v44i0.1778
https://doi.org/10.2903/j.efsa.2016.4544
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73/subpart-C/section-73.2030
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73/subpart-C/section-73.2030
https://doi.org/10.2903/j.efsa.2013.3145
http://apps.who.int/iris/bitstream/handle/10665/41546/WHO_TRS_683.pdf;jsessionid=608074810026DB9EEB2ECB26E12C8071?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/41546/WHO_TRS_683.pdf;jsessionid=608074810026DB9EEB2ECB26E12C8071?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/41546/WHO_TRS_683.pdf;jsessionid=608074810026DB9EEB2ECB26E12C8071?sequence=1
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73/subpart-A/section-73.169
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73/subpart-A/section-73.169
https://doi.org/10.1016/j.indcrop.2015.05.054
https://doi.org/10.2903/j.efsa.2015.4288
https://www.who.int/ipcs/publications/jecfa/reports/trs940.pdf
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73/subpart-A/section-73.100
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-A/part-73/subpart-A/section-73.100
https://iacmcolor.org/color-profile/carotenoids/
https://apps.who.int/iris/handle/10665/36981
https://doi.org/10.2903/j.efsa.2012.2593
https://doi.org/10.2903/j.efsa.2012.2593
https://doi.org/10.2903/j.efsa.2015.4089
https://iacmcolor.org/color-profile/chlorophylls-and-chlorophyllins/
https://iacmcolor.org/color-profile/chlorophylls-and-chlorophyllins/
https://doi.org/10.2903/j.efsa.2010.1679
https://apps.who.int/iris/handle/10665/42849
https://apps.who.int/iris/handle/10665/42849
https://doi.org/10.2903/j.efsa.2018.5239
https://doi.org/10.2903/j.efsa.2018.5239


318

32. Cao Y, Ai N, True AD, Xiong YL. Effects of (−)-epigallocatechin-3-gallate incorporation on 
the physicochemical and oxidative stability of myofibrillar protein–soybean oil emulsions. 
Food Chem. 2018;245:439–45. https://doi.org/10.1016/j.foodchem.2017.10.111.

33. EFSA. Scientific opinion on the safety of the proposed extension of use of erythritol (E 968) 
as a food additive. EFSA J. 2015;13:4033. https://doi.org/10.2903/j.efsa.2015.4033.

34. Gültekin F. Food additives and microbiota. North. Clin. Istanbul. 2019;7:192–200. https://
doi.org/10.14744/nci.2019.92499.

35. WHO: Lysozyme (WHO food additives series 828). 1992.
36. Özel B, Şimşek Ö, Akçelik M, Saris PEJ. Innovative approaches to nisin production. Appl 

Microbiol Biotechnol. 2018;102:6299–307. https://doi.org/10.1007/s00253- 018- 9098- y.
37. EFSA, Younes M, Aggett P, Aguilar F, Crebelli R, Dusemund B, Filipič M, Frutos MJ, Galtier 

P, Gundert-Remy U, Kuhnle GG, Lambré C, Leblanc J, Lillegaard IT, Moldeus P, Mortensen 
A, Oskarsson A, Stankovic I, Waalkens-Berendsen I, Woutersen RA, Wright M, Herman L, 
Tobback P, Pizzo F, Smeraldi C, Tard A, Papaioannou A, Gott D. Safety of nisin (E 234) as a 
food additive in the light of new toxicological data and the proposed extension of use. EFSA 
J. 2017;15:5063. https://doi.org/10.2903/j.efsa.2017.5063.

38. Hagiwara A, Imai N, Nakashima H, Toda Y, Kawabe M, Furukawa F, Delves-Broughton 
J, Yasuhara K, Hayashi S. A 90-day oral toxicity study of nisin A, an anti-microbial pep-
tide derived from Lactococcus lactis subsp. lactis, in F344 rats. Food Chem Toxicol. 
2010;48:2421–8. https://doi.org/10.1016/j.fct.2010.06.002.

39. Reddy KVR, Gupta SM, Aranha CC. Effect of antimicrobial peptide, Nisin, on the reproduc-
tive functions of rats. ISRN Vet Sci. 2011;2011:1–8. https://doi.org/10.5402/2011/828736.

40. WHO. Evaluation of certain food additives and contaminants: thirty-fifth report of the Joint 
FAO/WHO Expert Committee on Food Additives. World Health Organ  – Tech Rep Ser. 
1990;789:7–37.

41. Brusick DJ. A critical review of the genetic toxicity of steviol and steviol glycosides. Food 
Chem Toxicol. 2008;46:S83–91. https://doi.org/10.1016/j.fct.2008.05.002.

42. Moore J. 84th JECFA  – Chemical and Technical Assessment (CTA), 2017 © FAO 2017 
STEVIOL GLYCOSIDES Chemical and Technical Assessment (CTA). Revised by Madduri 
V. Rao, Ph.D. and reviewed by Daniel Folmer, Ph.D. Revised by Jeff Moore for the 82nd 
JECFA R. 2017.

43. EFSA.  Scientific opinion on the re-evaluation of tocopherol-rich extract (E 306), 
α-tocopherol (E 307), γ-tocopherol (E 308) and δ-tocopherol (E 309) as food additives. 
EFSA J. 2015;13:4247. https://doi.org/10.2903/j.efsa.2015.4247.

44. Manchanda S, Chandra A, Bandopadhyay S, Deb PK, Tekade RK.  Formulation additives 
used in pharmaceutical products. In: Tekade R, editor. Dosage form design considerations. 
Elsevier; 2018. p. 773–831.

45. Ruiz-Ojeda FJ, Plaza-Díaz J, Sáez-Lara MJ, Gil A. Effects of sweeteners on the gut micro-
biota: a review of experimental studies and clinical trials. Adv Nutr. 2019;10:S31–48. https://
doi.org/10.1093/advances/nmy037.

46. EFSA Panel on Food Additives and Flavourings (FAF), Younes M, Aquilina G, Castle L, 
Engel K, Fowler P, Frutos Fernandez MJ, Fürst P, Gürtler R, Gundert-Remy U, Husøy T, 
Manco M, Mennes W, Passamonti S, Moldeus P, Shah R, Waalkens-Berendsen I, Wölfle 
D, Wright M, Batke M, Boon P, Bruzell E, Chipman J, Crebelli R, Fitzgerald R, Fortes 
C, Halldorsson T, LeBlanc J, Lindtner O, Mortensen A, Ntzani E, Wallace H, Civitella C, 
Horvath Z, Lodi F, Tard A, Vianello G. Re-evaluation of thaumatin (E 957) as food additive. 
EFSA J. 2021;19:e06884. https://doi.org/10.2903/j.efsa.2021.6884.

47. Carocho M, Morales P, Ferreira ICFR. Antioxidants: reviewing the chemistry, food appli-
cations, legislation and role as preservatives. Trends Food Sci Technol. 2018;71:107–20. 
https://doi.org/10.1016/j.tifs.2017.11.008.

48. Ribeiro JS, Santos MJMC, Silva LKR, Pereira LCL, Santos IA, da Silva Lannes SC, da Silva 
MV. Natural antioxidants used in meat products: a brief review. Meat Sci. 2019;148:181–8. 
https://doi.org/10.1016/j.meatsci.2018.10.016.

T. Gómez-Sierra et al.

https://doi.org/10.1016/j.foodchem.2017.10.111
https://doi.org/10.2903/j.efsa.2015.4033
https://doi.org/10.14744/nci.2019.92499
https://doi.org/10.14744/nci.2019.92499
https://doi.org/10.1007/s00253-018-9098-y
https://doi.org/10.2903/j.efsa.2017.5063
https://doi.org/10.1016/j.fct.2010.06.002
https://doi.org/10.5402/2011/828736
https://doi.org/10.1016/j.fct.2008.05.002
https://doi.org/10.2903/j.efsa.2015.4247
https://doi.org/10.1093/advances/nmy037
https://doi.org/10.1093/advances/nmy037
https://doi.org/10.2903/j.efsa.2021.6884
https://doi.org/10.1016/j.tifs.2017.11.008
https://doi.org/10.1016/j.meatsci.2018.10.016


319

49. Carocho M, Morales P, Ferreira ICFR. Natural food additives: quo vadis? Trends Food Sci 
Technol. 2015;45:284–95. https://doi.org/10.1016/j.tifs.2015.06.007.

50. Gramza-Michałowska A, Kmiecik D. Functional aspects of antioxidants in traditional food. 
In: Kristbergsson K, Ötles S, editors. Functional properties of traditional foods. Boston: 
Springer US; 2016. p. 3–7.

51. Loussouarn M, Krieger-Liszkay A, Svilar L, Bily A, Birtić S, Havaux M.  Carnosic acid 
and carnosol, two major antioxidants of rosemary, act through different mechanisms. Plant 
Physiol. 2017;175:1381–94. https://doi.org/10.1104/pp.17.01183.

52. Rajeev PS, Johannah NM, Gopakumar G, Maliakel B, Krishnakumar IM.  Optimization 
of antioxidant efficacy of a deflavored and decolorized rosemary extract: effect of carno-
sol content on the oxidative stability of paprika colored beef patties. J Food Sci Technol. 
2017;54:1665–77. https://doi.org/10.1007/s13197- 017- 2599- 3.

53. JECFA: Rosemary extract. In: Safety Evaluation of Certain Food Additives. Eighty-second 
meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA), June 7–16, 
2016. Rome/Geneva: Food and Agriculture Organization of the United Nations (FAO)/World 
Health Organization (WHO); 2017. p. 123–79, 491, 493.

54. Phipps KR, Lozon D, Baldwin N. Genotoxicity and subchronic toxicity studies of super-
critical carbon dioxide and acetone extracts of rosemary. Regul Toxicol Pharmacol. 
2021;119:104826. https://doi.org/10.1016/j.yrtph.2020.104826.

55. Guo Q, Gao S, Sun Y, Gao Y, Wang X, Zhang Z. Antioxidant efficacy of rosemary etha-
nol extract in palm oil during frying and accelerated storage. Ind Crop Prod. 2016;94:82–8. 
https://doi.org/10.1016/j.indcrop.2016.08.032.

56. EFSA.  Scientific opinion related to a notification from the Oenological Products and 
Practices International Association (OENOPPIA) on lysozyme from hen’s egg to be used in 
the manufacture of wine as an anti-microbial stabilizer/additive pursuant to Article 6. EFSA 
J. 2011;9:2386. https://doi.org/10.2903/j.efsa.2011.2386.

57. EFSA. Scientific opinion on the re-evaluation of butylated hydroxytoluene BHT (E 321) as a 
food additive. EFSA J. 2012;10:2588. https://doi.org/10.2903/j.efsa.2012.2588.

58. EFSA. Statement on the refined exposure assessment of tertiary-butyl hydroquinone (E 319). 
EFSA J. 2016;14:4363. https://doi.org/10.2903/j.efsa.2016.4363.

59. Ham J, Lim W, You S, Song G.  Butylated hydroxyanisole induces testicular dysfunc-
tion in mouse testis cells by dysregulating calcium homeostasis and stimulating endo-
plasmic reticulum stress. Sci Total Environ. 2020;702:134775. https://doi.org/10.1016/j.
scitotenv.2019.134775.

60. Ham J, Lim W, Park S, Bae H, You S, Song G. Synthetic phenolic antioxidant propyl gallate 
induces male infertility through disruption of calcium homeostasis and mitochondrial func-
tion. Environ Pollut. 2019;248:845–56. https://doi.org/10.1016/j.envpol.2019.02.087.

61. Park S, Lee J-Y, Lim W, You S, Song G. Butylated Hydroxyanisole exerts neurotoxic effects 
by promoting cytosolic calcium accumulation and endoplasmic reticulum stress in astrocytes. 
J Agric Food Chem. 2019;67:9618–29. https://doi.org/10.1021/acs.jafc.9b02899.

62. Nikoo M, Regenstein JM, Ahmadi Gavlighi H.  Antioxidant and antimicrobial activi-
ties of (−)-epigallocatechin-3-gallate (EGCG) and its potential to preserve the qual-
ity and safety of foods. Compr Rev Food Sci Food Saf. 2018;17:732–53. https://doi.
org/10.1111/1541- 4337.12346.

63. Brown AC.  Liver toxicity related to herbs and dietary supplements: online table of case 
reports. Part 2 of 5 series. Food Chem Toxicol. 2017;107:472–501. https://doi.org/10.1016/j.
fct.2016.07.001.

64. Dostal AM, Samavat H, Bedell S, Torkelson C, Wang R, Swenson K, Le C, Wu AH, Ursin G, 
Yuan J-M, Kurzer MS. The safety of green tea extract supplementation in  postmenopausal 
women at risk for breast cancer: results of the Minnesota Green Tea Trial. Food Chem 
Toxicol. 2015;83:26–35. https://doi.org/10.1016/j.fct.2015.05.019.

65. Yu Z, Samavat H, Dostal AM, Wang R, Torkelson CJ, Yang CS, Butler LM, Kensler TW, Wu 
AH, Kurzer MS, Yuan J-M. Effect of green tea supplements on liver enzyme elevation: results 

11 Toxicological Aspects of Natural Food Additives

https://doi.org/10.1016/j.tifs.2015.06.007
https://doi.org/10.1104/pp.17.01183
https://doi.org/10.1007/s13197-017-2599-3
https://doi.org/10.1016/j.yrtph.2020.104826
https://doi.org/10.1016/j.indcrop.2016.08.032
https://doi.org/10.2903/j.efsa.2011.2386
https://doi.org/10.2903/j.efsa.2012.2588
https://doi.org/10.2903/j.efsa.2016.4363
https://doi.org/10.1016/j.scitotenv.2019.134775
https://doi.org/10.1016/j.scitotenv.2019.134775
https://doi.org/10.1016/j.envpol.2019.02.087
https://doi.org/10.1021/acs.jafc.9b02899
https://doi.org/10.1111/1541-4337.12346
https://doi.org/10.1111/1541-4337.12346
https://doi.org/10.1016/j.fct.2016.07.001
https://doi.org/10.1016/j.fct.2016.07.001
https://doi.org/10.1016/j.fct.2015.05.019


320

from a randomized intervention study in the United States. Cancer Prev Res. 2017;10:571–9. 
https://doi.org/10.1158/1940- 6207.CAPR- 17- 0160.

66. Pezeshki A, Safi S, Feizi A, Askari G, Karami F. The effect of green tea extract supplemen-
tation on liver enzymes in patients with nonalcoholic fatty liver disease. Int J Prev Med. 
2016;7:28. https://doi.org/10.4103/2008- 7802.173051.

67. Ullmann U, Haller J, Decourt JD, Girault J, Spitzer V, Weber P. Plasma-kinetic characteristics 
of purified and isolated green tea catechin epigallocatechin gallate (EGCG) after 10 days 
repeated dosing in healthy volunteers. Int J Vitam Nutr Res. 2004;74:269–78. https://doi.
org/10.1024/0300- 9831.74.4.269.

68. Emoto Y, Yoshizawa K, Kinoshita Y, Yuki M, Yuri T, Yoshikawa Y, Sayama K, Tsubura 
A. Green tea extract-induced acute hepatotoxicity in rats. J Toxicol Pathol. 2014;27:163–74. 
https://doi.org/10.1293/tox.2014- 0007.

69. Isbrucker RA, Bausch J, Edwards JA, Wolz E.  Safety studies on epigallocatechin gallate 
(EGCG) preparations. Part 1: genotoxicity. Food Chem Toxicol. 2006;44:626–35. https://doi.
org/10.1016/j.fct.2005.07.005.

70. Fan FS.  Iron deficiency anemia due to excessive green tea drinking. Clin Case Rep. 
2016;4:1053–6. https://doi.org/10.1002/ccr3.707.

71. Kemin Industries, I. d/b/a K.F.T., FDA: GRAS notice for oil-soluble green tea extract (green 
tea catechin palmitate). 2018.

72. Liu Z, Liu D, Cheng J, Mei S, Fu Y, Lai W, Wang Y, Xu Y, Vo TD, Lynch BS. Lipid-soluble 
green tea extract: genotoxicity and subchronic toxicity studies. Regul Toxicol Pharmacol. 
2017;86:366–73. https://doi.org/10.1016/j.yrtph.2017.04.004.

73. Lidon F, Silva M. An overview on applications and side effects of antioxidant food Additives. 
Emir J Food Agric. 2016;28:823. https://doi.org/10.9755/ejfa.2016- 07- 806.

74. Klein EA, Thompson IM, Tangen CM, Crowley JJ, Lucia MS, Goodman PJ, Minasian LM, 
Ford LG, Parnes HL, Gaziano JM, Karp DD, Lieber MM, Walther PJ, Klotz L, Parsons JK, 
Chin JL, Darke AK, Lippman SM, Goodman GE, Meyskens FL, Baker LH. Vitamin E and 
the risk of prostate cancer. JAMA. 2011;306:1549. https://doi.org/10.1001/jama.2011.1437.

75. EVM.  Safe upper levels for vitamins and minerals. London, UK: Food Standards 
Agency; 2003.

76. EFSA. Scientific opinion on the re-evaluation of ascorbic acid (E 300), sodium ascorbate (E 
301) and calcium ascorbate (E 302) as food additives. EFSA J. 2015;13:4087. https://doi.
org/10.2903/j.efsa.2015.4087.

77. Dey S, Nagababu BH.  Applications of food color and bio-preservatives in the food and 
its effect on the human health. Food Chem Adv. 2022;1:100019. https://doi.org/10.1016/j.
focha.2022.100019.

78. Sigurdson GT, Tang P, Giusti MM.  Natural colorants: food colorants from natu-
ral sources. Annu Rev Food Sci Technol. 2017;8:261–80. https://doi.org/10.1146/
annurev- food- 030216- 025923.

79. IACM: Annatto extracts. https://iacmcolor.org/color- profile/annatto- extract/.
80. Aggarwal ML, Chacko KM, Kuruvilla BT. Systematic and comprehensive investigation of 

the toxicity of curcuminoid-essential oil complex: a bioavailable turmeric formulation. Mol 
Med Rep. 2016;13:592–604. https://doi.org/10.3892/mmr.2015.4579.

81. FAO/OMS: Curcumin (100(i)). https://www.fao.org/gsfaonline/additives/details.
html?id=107.

82. MacDougall DB.  Colour in food. Improving quality. Colour food, vol. 388. Woodhead 
Publishing, CRC Press; 2002.

83. IACM: Carmines. https://iacmcolor.org/color- profile/carmines/.
84. Silva MM, Reboredo FH, Lidon FC.  Food colour additives: a synoptical overview on 

their chemical properties, applications in food products, and health side effects. Foods. 
2022;11:379. https://doi.org/10.3390/foods11030379.

T. Gómez-Sierra et al.

https://doi.org/10.1158/1940-6207.CAPR-17-0160
https://doi.org/10.4103/2008-7802.173051
https://doi.org/10.1024/0300-9831.74.4.269
https://doi.org/10.1024/0300-9831.74.4.269
https://doi.org/10.1293/tox.2014-0007
https://doi.org/10.1016/j.fct.2005.07.005
https://doi.org/10.1016/j.fct.2005.07.005
https://doi.org/10.1002/ccr3.707
https://doi.org/10.1016/j.yrtph.2017.04.004
https://doi.org/10.9755/ejfa.2016-07-806
https://doi.org/10.1001/jama.2011.1437
https://doi.org/10.2903/j.efsa.2015.4087
https://doi.org/10.2903/j.efsa.2015.4087
https://doi.org/10.1016/j.focha.2022.100019
https://doi.org/10.1016/j.focha.2022.100019
https://doi.org/10.1146/annurev-food-030216-025923
https://doi.org/10.1146/annurev-food-030216-025923
https://iacmcolor.org/color-profile/annatto-extract/
https://doi.org/10.3892/mmr.2015.4579
https://www.fao.org/gsfaonline/additives/details.html?id=107
https://www.fao.org/gsfaonline/additives/details.html?id=107
https://iacmcolor.org/color-profile/carmines/
https://doi.org/10.3390/foods11030379


321

85. Forghani F, Wei S, Oh D. A rapid multiplex real-time PCR high-resolution melt curve assay for 
the simultaneous detection of Bacillus cereus, Listeria monocytogenes, and Staphylococcus 
aureus in Food. J Food Prot. 2016;79:810–5. https://doi.org/10.4315/0362- 028X.JFP- 15- 428.

86. Pisoschi AM, Pop A, Georgescu C, Turcuş V, Olah NK, Mathe E. An overview of natural 
antimicrobials role in food. Eur J Med Chem. 2018;143:922–35. https://doi.org/10.1016/j.
ejmech.2017.11.095.

87. Cao Y, Liu H, Qin N, Ren X, Zhu B, Xia X. Impact of food additives on the composition and 
function of gut microbiota: a review. Trends Food Sci Technol. 2020;99:295–310. https://doi.
org/10.1016/j.tifs.2020.03.006.

88. Inchem: Monografías del JECFA. https://inchem.org/pages/jecfa.html.
89. Gharsallaoui A, Oulahal N, Joly C, Degraeve P. Nisin as a food preservative: part 1: physi-

cochemical properties, antimicrobial activity, and main uses. Crit Rev Food Sci Nutr. 
2016;56:1262–74. https://doi.org/10.1080/10408398.2013.763765.

90. Małaczewska J, Kaczorek-Łukowska E. Nisin—a lantibiotic with immunomodulatory prop-
erties: a review. Peptides. 2021;137:170479. https://doi.org/10.1016/j.peptides.2020.170479.

91. Younes M, Aggett P, Aguilar F, Crebelli R, Dusemund B, Filipič M, Frutos MJ, Galtier P, 
Gundert-Remy U, Kuhnle GG, Lambré C, Leblanc J, Lillegaard IT, Moldeus P, Mortensen 
A, Oskarsson A, Stankovic I, Waalkens-Berendsen I, Woutersen RA, Wright M, Herman L, 
Tobback P, Pizzo F, Smeraldi C, Tard A, Papaioannou A, Gott D. Safety of nisin (E 234) as a 
food additive in the light of new toxicological data and the proposed extension of use. EFSA 
J. 2017;15:e05063. https://doi.org/10.2903/j.efsa.2017.5063.

92. WHO. Evaluation of certain food additives and contaminants. World Health Organ Tech Rep 
Ser. 2013;983:1–75., back cover.

93. WHO. Evaluation of certain food additives and contaminants. World Health Organ – Tech 
Rep Ser. 1983;696:25–9.

94. Bernbom N, Licht TR, Brogren C-H, Jelle B, Johansen AH, Badiola I, Vogensen FK, Nørrung 
B. Effects of Lactococcus lactis on composition of intestinal microbiota: role of nisin. Appl 
Environ Microbiol. 2006;72:239–44. https://doi.org/10.1128/AEM.72.1.239- 244.2006.

95. Gough R, Cabrera Rubio R, O’Connor PM, Crispie F, Brodkorb A, Miao S, Hill C, Ross RP, 
Cotter PD, Nilaweera KN, Rea MC. Oral delivery of nisin in resistant starch based matri-
ces alters the gut microbiota in mice. Front Microbiol. 2018;9:1186. https://doi.org/10.3389/
fmicb.2018.01186.

96. Wu T, Jiang Q, Wu D, Hu Y, Chen S, Ding T, Ye X, Liu D, Chen J. What is new in lysozyme 
research and its application in food industry? A review. Food Chem. 2019;274:698–709. 
https://doi.org/10.1016/j.foodchem.2018.09.017.

97. Vamanu E, Rai SN. The link between obesity, microbiota dysbiosis, and neurodegenerative 
pathogenesis. Diseases. 2021;9:45. https://doi.org/10.3390/diseases9030045.

98. Feng Z, Wang T, Dong S, Jiang H, Zhang J, Raza HK, Lei G.  Association between gut 
dysbiosis and chronic kidney disease: a narrative review of the literature. J Int Med Res. 
2021;49:030006052110532. https://doi.org/10.1177/03000605211053276.

99. Jiang L, Li Y, Wang L, Guo J, Liu W, Meng G, Zhang L, Li M, Cong L, Sun M. Recent 
insights into the prognostic and therapeutic applications of lysozymes. Front Pharmacol. 
2021;12:767642. https://doi.org/10.3389/fphar.2021.767642.

100. Mainente F, Simonato B, Pasini G, Franchin C, Arrigoni G, Rizzi C. Hen egg white lysozyme 
is a hidden allergen in Italian commercial ciders. Food Addit Contam Part A. 2016;34:1–7. 
https://doi.org/10.1080/19440049.2016.1265673.

101. Teodorowicz M, Hendriks WH, Wichers HJ, Savelkoul HFJ.  Immunomodulation by pro-
cessed animal feed: the role of Maillard reaction products and advanced glycation end- 
products (AGEs). Front Immunol. 2018;9:2088. https://doi.org/10.3389/fimmu.2018.02088.

102. Meena M, Prajapati P, Ravichandran C, Sehrawat R. Natamycin: a natural preservative for 
food applications—a review. Food Sci Biotechnol. 2021;30:1481–96. https://doi.org/10.1007/
s10068- 021- 00981- 1.

11 Toxicological Aspects of Natural Food Additives

https://doi.org/10.4315/0362-028X.JFP-15-428
https://doi.org/10.1016/j.ejmech.2017.11.095
https://doi.org/10.1016/j.ejmech.2017.11.095
https://doi.org/10.1016/j.tifs.2020.03.006
https://doi.org/10.1016/j.tifs.2020.03.006
https://inchem.org/pages/jecfa.html
https://doi.org/10.1080/10408398.2013.763765
https://doi.org/10.1016/j.peptides.2020.170479
https://doi.org/10.2903/j.efsa.2017.5063
https://doi.org/10.1128/AEM.72.1.239-244.2006
https://doi.org/10.3389/fmicb.2018.01186
https://doi.org/10.3389/fmicb.2018.01186
https://doi.org/10.1016/j.foodchem.2018.09.017
https://doi.org/10.3390/diseases9030045
https://doi.org/10.1177/03000605211053276
https://doi.org/10.3389/fphar.2021.767642
https://doi.org/10.1080/19440049.2016.1265673
https://doi.org/10.3389/fimmu.2018.02088
https://doi.org/10.1007/s10068-021-00981-1
https://doi.org/10.1007/s10068-021-00981-1


322

103. Yoshida T, Nagasawa T. ε-Poly-l-lysine: microbial production, biodegradation and appli-
cation potential. Appl Microbiol Biotechnol. 2003;62:21–6. https://doi.org/10.1007/
s00253- 003- 1312- 9.

104. Wang L, Zhang C, Zhang J, Rao Z, Xu X, Mao Z, Chen X. Epsilon-poly-L-lysine: recent 
advances in biomanufacturing and applications. Front Bioeng Biotechnol. 2021;9:748976. 
https://doi.org/10.3389/fbioe.2021.748976.

105. Chheda AH, Vernekar M. A natural preservative ε-poly-L-lysine: fermentative production 
and applications in food industry. Int Food Res J. 2015;22:23–30.

106. Hiraki J, Ichikawa T, Ninomiya S, Seki H, Uohama K, Seki H, Kimura S, Yanagimoto 
Y, Barnett JW.  Use of ADME studies to confirm the safety of ε-polylysine as a pre-
servative in food. Regul Toxicol Pharmacol. 2003;37:328–40. https://doi.org/10.1016/
S0273- 2300(03)00029- 1.

107. Zhang X, Hou Z, Xu B, Xie C, Wang Z, Yu X, Wu D, Yan X, Dai Q. Dietary supplementation 
of ε-Polylysine beneficially affects ileal microbiota structure and function in ningxiang pigs. 
Front Microbiol. 2020;11:544097. https://doi.org/10.3389/fmicb.2020.544097.

108. Kido Y, Hiramoto S, Murao M, Horio Y, Miyazaki T, Kodama T, Nakabou Y. ε-Polylysine 
inhibits pancreatic lipase activity and suppresses postprandial hypertriacylglyceridemia in 
rats. J Nutr. 2003;133:1887–91. https://doi.org/10.1093/jn/133.6.1887.

109. Kilby K, Mathias H, Boisvenue L, Heisler C, Jones JL. Micronutrient absorption and related 
outcomes in people with inflammatory bowel disease: a review. Nutrients. 2019;11:1388. 
https://doi.org/10.3390/nu11061388.

110. Moriconi E, Feraco A, Marzolla V, Infante M, Lombardo M, Fabbri A, Caprio 
M. Neuroendocrine and metabolic effects of low-calorie and non-calorie sweeteners. Front 
Endocrinol (Lausanne). 2020;11:444. https://doi.org/10.3389/fendo.2020.00444.

111. Vasconcelos MA, Orsolin PC, Silva-Oliveira RG, Nepomuceno JC, Spanó MA. Assessment 
of the carcinogenic potential of high intense-sweeteners through the test for detection of epi-
thelial tumor clones (warts) in Drosophila melanogaster. Food Chem Toxicol. 2017;101:1–7. 
https://doi.org/10.1016/j.fct.2016.12.028.

112. Grembecka M. Natural sweeteners in a human diet. Rocz Panstw Zakl Hig. 2015;66:195–202.
113. Ceunen S, Geuns JMC. Steviol glycosides: chemical diversity, metabolism, and function. J 

Nat Prod. 2013;76:1201–28. https://doi.org/10.1021/np400203b.
114. Steurs G, Moons N, Van Meervelt L, Meesschaert B, De Borggraeve WM. Characterization 

of microbial degradation products of steviol glycosides. Molecules. 2021;26:6916. https://
doi.org/10.3390/molecules26226916.

115. Purkayastha S, Kwok D. Metabolic fate in adult and pediatric population of steviol glyco-
sides produced from stevia leaf extract by different production technologies. Regul Toxicol 
Pharmacol. 2020;116:104727. https://doi.org/10.1016/j.yrtph.2020.104727.

116. Nunes APM, Ferreira-Machado SC, Nunes RM, Dantas FJS, De Mattos JCP, Caldeira- 
de- Araújo A. Analysis of genotoxic potentiality of stevioside by comet assay. Food Chem 
Toxicol. 2007;45:662–6. https://doi.org/10.1016/j.fct.2006.10.015.

117. Matsui M, Matsui K, Kawasaki Y, Oda Y, Noguchi T, Kitagawa Y, Sawada M, Hayashi M, 
Nohmi T, Yoshihira K, Ishidate M, Sofuni T. Evaluation of the genotoxicity of stevioside and 
steviol using six in vitro and one in vivo mutagenicity assays. Mutagenesis. 1996;11:573–9. 
https://doi.org/10.1093/mutage/11.6.573.

118. Toskulkac C, Chaturat L, Temcharoen P, Glinsukon T. Acute toxicity of stevioside, a natu-
ral sweetener, and its metabolite, steviol, in several animal species. Drug Chem Toxicol. 
1997;20:31–44. https://doi.org/10.3109/01480549709011077.

119. Panel E, Additives F, Sources N. Scientific opinion on the safety of the proposed amendment 
of the specifications for steviol glycosides (E 960) as a food additive. EFSA J. 2015;13:4316. 
https://doi.org/10.2903/j.efsa.2015.4316.

120. Zhang Q, Yang H, Li Y, Liu H, Jia X. Toxicological evaluation of ethanolic extract from 
Stevia rebaudiana Bertoni leaves: genotoxicity and subchronic oral toxicity. Regul Toxicol 
Pharmacol. 2017;86:253–9. https://doi.org/10.1016/j.yrtph.2017.03.021.

T. Gómez-Sierra et al.

https://doi.org/10.1007/s00253-003-1312-9
https://doi.org/10.1007/s00253-003-1312-9
https://doi.org/10.3389/fbioe.2021.748976
https://doi.org/10.1016/S0273-2300(03)00029-1
https://doi.org/10.1016/S0273-2300(03)00029-1
https://doi.org/10.3389/fmicb.2020.544097
https://doi.org/10.1093/jn/133.6.1887
https://doi.org/10.3390/nu11061388
https://doi.org/10.3389/fendo.2020.00444
https://doi.org/10.1016/j.fct.2016.12.028
https://doi.org/10.1021/np400203b
https://doi.org/10.3390/molecules26226916
https://doi.org/10.3390/molecules26226916
https://doi.org/10.1016/j.yrtph.2020.104727
https://doi.org/10.1016/j.fct.2006.10.015
https://doi.org/10.1093/mutage/11.6.573
https://doi.org/10.3109/01480549709011077
https://doi.org/10.2903/j.efsa.2015.4316
https://doi.org/10.1016/j.yrtph.2017.03.021


323

121. WHO: Sweetening agent: Stevioside (WHO food additives series 42). 2022.
122. Lina BAR, Bos-Kuijpers MHM, Til HP, Bär A. Chronic toxicity and carcinogenicity study 

of erythritol in rats. Regul Toxicol Pharmacol. 1996;24:S264–79. https://doi.org/10.1006/
rtph.1996.0108.

123. Munro I, Bernt W, Borzelleca J, Flamm G, Lynch B, Kennepohl E, Bär E, Modderman 
J.  Erythritol: an interpretive summary of biochemical, metabolic, toxicological 
and clinical data. Food Chem Toxicol. 1998;36:1139–74. https://doi.org/10.1016/
S0278- 6915(98)00091- X.

124. Carocho M, Morales P, Ferreira ICFR. Sweeteners as food additives in the XXI century: a 
review of what is known, and what is to come. Food Chem Toxicol. 2017;107:302–17. https://
doi.org/10.1016/j.fct.2017.06.046.

125. Eapen AK, de Cock P, Crincoli CM, Means C, Wismer T, Pappas C. Acute and sub-chronic 
oral toxicity studies of erythritol in beagle dogs. Food Chem Toxicol. 2017;105:448–55. 
https://doi.org/10.1016/j.fct.2017.04.049.

126. Wölnerhanssen BK, Meyer-Gerspach AC, Beglinger C, Islam MS. Metabolic effects of the 
natural sweeteners xylitol and erythritol: a comprehensive review. Crit Rev Food Sci Nutr. 
2020;60:1986–98. https://doi.org/10.1080/10408398.2019.1623757.

127. Tetzloff W, Dauchy F, Medimagh S, Carr D, Bär A. Tolerance to subchronic, high-dose inges-
tion of erythritol in human volunteers. Regul Toxicol Pharmacol. 1996;24:S286–95. https://
doi.org/10.1006/rtph.1996.0110.

128. Mäkinen KK. Gastrointestinal disturbances associated with the consumption of sugar alcohols 
with special consideration of xylitol: scientific review and instructions for dentists and other 
health-care professionals. Int J Dent. 2016;2016:1–16. https://doi.org/10.1155/2016/5967907.

129. Jacqz-Aigrain E, Kassai B, Cornu C, Cazaubiel J-M, Housez B, Cazaubiel M, Prével J-M, 
Bell M, Boileau A, de Cock P. Gastrointestinal tolerance of erythritol-containing beverage in 
young children: a double-blind, randomised controlled trial. Eur J Clin Nutr. 2015;69:746–51. 
https://doi.org/10.1038/ejcn.2015.4.

130. Additives F. Evaluation of certain food additives. Twenty-third report of the Joint FAO/WHO 
Expert Committee on Food Additives. World Health Organ – Tech Rep Ser. 1980;648:39–42. 
https://doi.org/10.1016/0015- 6264(81)90537- x.

131. Kant R. Sweet proteins – potential replacement for artificial low calorie sweeteners. Nutr 
J. 2005;4:5. https://doi.org/10.1186/1475- 2891- 4- 5.

132. Cancelliere R, Leone S, Gatto C, Mazzoli A, Ercole C, Iossa S, Liverini G, Picone D, 
Crescenzo R. Metabolic effects of the sweet protein MNEI as a sweetener in drinking water. 
A pilot study of a high fat dietary regimen in a rodent model. Nutrients. 2019;11:2643. 
https://doi.org/10.3390/nu11112643.

133. Higginbotham JD, Snodin DJ, Eaton KK, Daniel JW. Safety evaluation of thaumatin (talin pro-
tein). Food Chem Toxicol. 1983;21:815–23. https://doi.org/10.1016/0278- 6915(83)90218- 1.

134. WHO: Thaumatin (WHO food additives series 20). 2022.
135. Hagiwara A, Yoshino H, Sano M, Kawabe M, Tamano S, Sakaue K, Nakamura M, Tada M, 

Imaida K, Shirai T. Thirteen-week feeding study of thaumatin (a natural proteinaceous sweet-
ener), sterilized by electron beam irradiation, in Sprague–Dawley rats. Food Chem Toxicol. 
2005;43:1297–302. https://doi.org/10.1016/j.fct.2005.04.001.

11 Toxicological Aspects of Natural Food Additives

https://doi.org/10.1006/rtph.1996.0108
https://doi.org/10.1006/rtph.1996.0108
https://doi.org/10.1016/S0278-6915(98)00091-X
https://doi.org/10.1016/S0278-6915(98)00091-X
https://doi.org/10.1016/j.fct.2017.06.046
https://doi.org/10.1016/j.fct.2017.06.046
https://doi.org/10.1016/j.fct.2017.04.049
https://doi.org/10.1080/10408398.2019.1623757
https://doi.org/10.1006/rtph.1996.0110
https://doi.org/10.1006/rtph.1996.0110
https://doi.org/10.1155/2016/5967907
https://doi.org/10.1038/ejcn.2015.4
https://doi.org/10.1016/0015-6264(81)90537-x
https://doi.org/10.1186/1475-2891-4-5
https://doi.org/10.3390/nu11112643
https://doi.org/10.1016/0278-6915(83)90218-1
https://doi.org/10.1016/j.fct.2005.04.001


325

Chapter 12
Consumer Attitudes Toward Natural Food 
Additives

Sibel Bolek

12.1  Introduction

Modern food processing includes the use of several food improvement agents [1]. 
Among them, consumers are most familiar with food additives (FAs) that are ingre-
dients added to foods aiming to improve their freshness, color, flavor, texture, and 
nutritional value [2]. Some of the FAs may be extracted from naturally occurring 
materials; others are manufactured by the chemical industry. All FAs must have a 
proven useful purpose and pass a rigorous scientific safety evaluation before they 
can be approved for use. Hence, these FAs have crucial importance in the food 
supply [3].

Every day, consumers are faced with many food choices that contain FAs. Most 
of the FAs used by the food industry are also found naturally in foods that people eat 
routinely. However, most consumers are not aware of these benefits of FAs, so they 
are skeptical, although FAs provide important benefits to consumers. Most consum-
ers see FAs as a major threat [4]. Numerous surveys revealed that consumers express 
concerns about their daily diet, and they are worried about being exposed to syn-
thetic food additives (SFAs) [5, 6]. Natural, homemade foods with local, kitchen 
cupboard ingredients, are the standard narrative targeted by many consumers, 
unfortunately they have a very short shelf-life. Therefore, communications aimed at 
enabling consumers to make informed decisions regarding FAs should be planned 
meticulously and include key issues relating to consumers’ perspectives on risk [7]. 
Sustaining high standards of food safety, selection, and convenience food supply 
would not be possible without FAs [8]. Most additives are only allowed in certain 
foods, and they are subject to certain quantitative limits. Each food additive is 
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Table 12.1 Food additives and their functions

Food additive Function

Antimicrobial, antibrowning, and 
antioxidant

Preservatives

Vitamins and minerals Nutritional Supplements
Sweeteners, flavor enhancers, and other 
flavors

Flavoring agents

Carotenoids, green dyes, blue dyes etc. Colorings
Stabilizers and emulsifiers Texturing agents
Enzymes, catalyzers, solvents, and 
propellants

Miscellaneous (antioxidants, antimicrobials, and 
stabilizers)

Adapted from Güngörmüş & Kılıç [11]

expressed with a code number determined by the European Union (EU) [9, 10]. FAs 
and their functions are given in Table 12.1.

The perception of health risk in FAs prevents consumers from understanding the 
role of these ingredients in food safety and forming a proper behavior towards FAs. 
Moreover, it brings with it a series of negative effects such as reducing the trust in 
both processed food and the government [12]. Before approval a new food additive, 
extensive risk assessments are generally carried out based on animal studies, and 
FAs currently in use are periodically reassessed [13]. Unfortunately, even these 
strict measures controlling for additive use have not raised the confidence of aver-
age consumers in additives [14]. Consumers with lower education levels rely more 
on government agencies to regulate FAs. Therefore, reducing the general public’s 
fears of food, strengthening government regulations, or communicating through 
government officials can have a positive effect on people with low education [15]. 
Taking into consideration individual gains, worries, and past experiences of con-
sumers can be helpful in dealing with risk perception [16]. Tarnavölgyi [17] inves-
tigated consumers’ attitudes towards FAs using focus group, being analyzed people 
with high education levels (doctorate degree), people without high education level, 
and food industry experts by qualitative market research methods. The results of 
their study stated that consumers have a variety of concerns pertaining to the health 
effects of FAs. According to the results, it was suggested that informational cam-
paigns might decrease these concerns. In another study, Esfahani et al. [18] investi-
gated attitudes, knowledge, and practices of university personnel. Their study 
demonstrated that the personnel had poor attitudes, knowledge, and practices about 
FAs. These results were explained by insufficient education and training in terms of 
FAs and interpretation of food labels. In the same line, Ismail et al. [19] investigated 
the level of awareness of the use of additives in processed foods among consumers. 
They found a general lack of knowledge about the functions of the broadly used 
additives in processed foods. In another research, Sachithananthan [20] investigated 
consumer awareness of FAs in packaged food. They found that majority of the con-
sumers had awareness about the presence of FAs in the packed foods that they buy, 
but they lacked any specific knowledge about the effects of these additives. Hence, 
communications aimed at enabling consumers to make informed decisions 
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regarding FAs should be carefully designed and include key issues from a risk- 
related viewpoint and from consumers’ perspectives [21]. The attention is given by 
consumers to food safety issues and healthy eating can specify the potential future 
of any food ingredient [22–25].

Results of previous surveys suggested that gender is a critical factor pertaining to 
risk perception. Women were more sensitive to potential food risks [26, 27]. Also, 
men and women may differ in food value (e.g., importance of healthiness, taste, 
calorie), which may affect the predictors of acceptance of food colors or sweeteners. 
Different categories of FAs including preservatives, food colorants, or sweeteners 
may be perceived differently because they serve different aims and consumers ben-
efit from their use to varying degrees [28].

As consumers increasingly become more conscious of natural ingredients, the 
increasing importance of naturalness among consumers has meant significant rami-
fications for the food industry [29]. Devcich et al. [30] stated that consumers are 
becoming more and more knowledgeable about FAs and prefer natural food addi-
tives (NFAs) in place of SFAs. Naturalness seems like an important feature for 
consumers. As unnatural foods are associated with health risks, natural foods are 
regarded as safe or even healthy [31]. This chapter aimed to analyze consumer atti-
tudes toward NFAs and the factors affecting these attitudes.

12.2  Regulation of Food Additives

Before approving FAs, intensive risk assessment is required [32]. Historically, the 
safety of FAs has been evaluated based on the risk assessment paradigm defined by 
the World Health Organization (WHO). The Community legislation on FAs relies 
on the principle that only additives that are on the list of authorized FAs should be 
used. It is an important principle of the legislation that consumers are not misled 
about the use of additives in foods. It is recommended that all FAs be used in limited 
quantities in foodstuffs [33]. The safety evaluation requires the assessment of data 
on carcinogenicity, toxicokinetic, genotoxicity, and subchronic/chronic toxicity 
[34]. Each target jurisdiction/country’s regulatory authority uses its own regulatory 
framework, and while definitions, regulations, and approval processes differ 
between all target countries, there are many similarities in general. Prior to use in 
food, all FAs must be authorized, and each is given the same “E-number” to sim-
plify and harmonize labeling items [35]. In any case, the main objective of each 
authority is to establish and maintain/enforce a regulatory framework to ensure that 
the food consumed and sold in their country is safe [36]. Categories of FAs and the 
percentage of their use are given in Table 12.2.
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Table 12.2 Categories of food additives and percentage of their use

Additive

Cereals and 
Cereal Products 
(%)

Candy and 
chocolate (%)

Beverages 
(%)

Dairy and Meat 
Products (%)

Total 
(%)

Emulsifiers and 
Stabilizers

41.09 89.24 44.44 73.56 70.73

Natural coloring 37.21 8.37 63.89 11.85 20.94
Artificial coloring 10.08 28.29 19.44 14.00 20.94
Chemical 
Leavening Agents

29.46 14.34 Ni Ni 15.81

Preservatives 10.08 Ni 75.00 22.00 11.11
Flavorings 62.79 94.42 88.89 37.85 78.85
Anti-caking agents 18.60 Ni Ni 2.00 5.34
Flavor enhancers 16.28 Ni Ni 5.56 5.13
Humectants 6.98 4.38 Ni Ni 4.27
Sweeteners Ni 3.59 19.44 4.00 3.85
Gelling agents Ni 6.37 Ni Ni 3.42
Antioxidants 0.78 Ni 19.44 7.56 2.56
Thickeners 0.78 1.20 5.56 1.85 1.50
Glazing agents Ni Ni Ni 2.00 0.21

Ni Not informed
Adapted from Lorenzoni et al. [37]

12.3  Natural Food Additives

Health risk perceptions of FAs were generally associated with their artificiality. 
Naturalness is a quality that enhances the positive perception of foods and makes 
these products more attractive than the corresponding unnatural products [38–40]. 
NFAs are compounds, groups of compounds, or essential oils. NFAs have come a 
long way from their beginnings. Algae, fungi, and seaweeds are great sources of 
NFAs. These herbs and their extracts, which have started to attract attention due to 
changes in consumption habits, are also evaluated in terms of health benefits and 
combined effects [41].

12.4  Consumers’ Perceptions of Natural Food Additives

For several decades, NFAs have received more attention from both the public and 
food manufacturers. The use of NFAs is steadily increasing because consumers 
associate SFAs with diseases [42]. Since consumers are hesitant to accept SFAs, 
naturalness is of crucial importance for consumers. NFAs are considered safe while 
SFAs are related to health risks [31, 43, 44]. Aiming to increase sales, the food 
industry has used this perception to its advantage by replacing SFAs with NFAs 
[45]. The personal importance of the naturalness of foods is crucial in the decision 
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to accept FAs and perception of risk and benefit. On the other hand, generally, con-
sumers choose foods with no additives [41]. When a type of food or technology is 
unknown, consumers tend to exaggerate the risk and minimize the risk in familiar 
foods or in-home preparation [46]. Although NFAs generally do not provide more 
benefits than SFAs, in most cases they are considered to be healthier, perform vari-
ous functions in food and provide added value (bioactivity, nutraceutical). 
Consumers evaluate the naturalness of foods based on their personal perceptions 
rather than the actual content of a food item [47]. Rozin et al. [48] stated that partici-
pants preferred natural foods and drugs to their artificial counterparts irrespective of 
healthfulness.

E-numbers are considered clues for the lack of naturalness. FAs with E-number 
are perceived unhealthier compared with only presenting the chemical [49]. It has 
been known for a long time that the risk perception level of women is higher than 
that of men. For example, women are more anxious about environmental and tech-
nological risks including nuclear waste and gene technology [50]. Similarly, women 
in Europe were more concerned than men about the health effects of chemicals [51]. 
When it comes to foods, women were found more anxious than men for risks such 
as additives, bacteria, oils, and pesticides [52, 53]. Roininen et al. [54] stated that 
women are more interested than men in the health and natural aspects of food. 
Similarly, Dickson-Spillmann et al. [55] and Schifferstein and Ophuis [56] observed 
greater numbers of women in consumer groups more interested in eating a natural 
diet or in customer groups of organic food stores.

12.4.1  Consumers’ Perceptions of Natural Antioxidants

Antioxidants prevent the autoxidation process in various ways, depending on their 
antioxidant mechanism and structure [57]. Due to their food safety aspects affecting 
food choices, food antioxidants are one of the fundamental topics of food science 
[58]. They have a critical role in maintaining the overall quality of products [59]. 
Synthetic antioxidants, such as some FAs, whose effects on human health are con-
troversial and associated with potential public health risks. Therefore, there is a 
tendency to use NFAs instead of SFAs. However, synthetic antioxidants are widely 
used due to their stability, high availability, and low cost [60]. Some examples of 
synthetic antioxidants are BHA (butylated hydroxyanisole), BHT (butylated 
hydroxytoluene), and TBHQ (tert-Butylhydroquinone). Nowadays, these synthetic 
antioxidants are going through a difficult time because they have a negative percep-
tion in consumers [61]. Acceptable daily intake (ADI) quantities of SFAs are given 
in Table 12.3.

Since natural antioxidants are relatively unstable, various synthetic antioxidants 
are used to stabilize food items [62]. The advantages and disadvantages of natural 
and synthetic antioxidants are summarized in Table 12.4. The natural antioxidants 
are mainly derived from medicinal plants and foods such as vegetables, fruits, cere-
als, mushrooms, beverages, spices, flowers, and traditional medicinal herbs 
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Table 12.3 Acceptable daily intake (ADI) quantities of synthetic food additives

Name ADI
E 
number Legislation

Butylated
hydroxyanisole 
(BHA)

0.5 mg/kg bw E320 Code of Federal Regulations 21 
Sec.175.110
EU Regulation No. 1129/2011

Butylated
hydroxytoluene 
(BHT)

0.05 mg/kg bw E321 Code of Federal Regulations 21 
Sec.175.115
EU Regulation No. 1129/2011

tert- 
butylhydroquinone
(TBHQ)

0.7 mg/kg bw E319 Code of Federal Regulations 21 
Sec.172185
EU Regulation No. 1129/2011

Ethoxyquin (EQ) 0.005 mg/kg 
bw

E224 Code of Federal Regulations 21 
Sec.172.140
EU Regulation No. 1129/2011

Propyl galate (PG) 1.4 mg/kg bw E310 Code of Federal Regulations 21 
Sec.184.1660
EU Regulation No. 1129/2011

bw body weight; EU European Union
Adapted from Carocho et al. [41]

Table 12.4 Advantages and disadvantages of natural and synthetic antioxidants

Natural antioxidants Synthetic antioxidants

Expensive Cheap
High antioxidant activity Moderate to high antioxidant

activity
Perceived as safe substances Increasing safety concern
Usage of some products restricted Widely applied
Fully metabolized Some of them are stored in

adipose tissue
Increasing usage and expanding
applications

Some are banned

Wide range of solubilities Low water solubility
Increasing interest Decreasing interest

Adapted from Sarkar & Ghosh [74]

[63–65]. Aiming to apply natural colorants with antioxidant properties in foods, 
Caleja et al. [66] compared the effects of natural and synthetic antioxidants on bis-
cuits and concluded that the combination of natural and synthetic additives did not 
change the color or nutritional value of biscuits significantly. In another study, 
Caleja et al. [67] found that enriching yogurts with natural and synthetic antioxi-
dants did not change pH and nutritional values of yogurts samples significantly. 
Similarly, Fernandes et  al. [68] investigated the sensory quality of lamb burgers 
prepared with the most promising natural antioxidants replacing sodium erythor-
bate. Their study revealed that natural antioxidants produced from spices have the 
potential to prevent changes that cause the deterioration of meat products. In the 
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same line, Taghvaei & Jafari [69] stated that several NFAs (caffeic acid, catechin, 
and myricetin) have high thermal stability and better antioxidant activity than SFAs 
in various edible oils. Finally, Yang et al. [70] stated that adding natural, plant-based 
(rosemary extract) antioxidants to vegetable oils prevents their lipid oxidation.

Regarding consumer attitudes, Mitterer-Daltoé et al. [71] investigated the con-
sumers’ cognitive assessment of food antioxidants by the qualitative consumer 
method Word Association. The results of the study demonstrated that consumers 
have a positive perception of natural antioxidants. In the same line, Rather et al. [72] 
found that consumers are increasingly choosing meat products with NFAs due to 
concerns about the adverse health effects of SFAs, particularly some synthetic anti-
oxidants. Recently, Lungu et al. [73] surveyed awareness of antioxidants and atti-
tudes towards the use of natural antioxidants as preservatives in meat and meat 
products. Their study revealed that participants supported use of natural antioxi-
dants in these food products.

12.4.2  Consumers’ Perceptions of Natural Colorants

Color has an important role in the acceptability and palatability of foods [75]. 
Colorants are used in many processed foods and beverage products, which play the 
role of compensating for coloration caused by exposure to moisture, light, air, pro-
cessing, and storage conditions, have properties that include improving sensory 
aspects, correcting color variations, and providing food diversification [76]. Apart 
from the traditional use of FAs, food colorants have received special attention due 
to their ability to color foods strongly, as well as providing health benefits [77, 78]. 
Although food colorants have an insignificant weight share of the consumed prod-
ucts, and they have a large impact on consumers’ perception of foods [79]. 
Furthermore, they are significant and controversial ingredients. Many studies were 
performed to learn about consumers’ perceptions of the colors of food and bever-
ages [80]. Table 12.5 lists the natural color additives approved by the FDA (Food 
and Drug Administration) [81].

Despite the technical advantages provided by synthetic colors, consumer 
demands for natural colorants are increasing. Compared to artificial colors and 
sweeteners, consumers perceive significantly more risks associated with colors [7]. 
Natural colorants, which provide health benefits and important technological and 
sensory properties to food systems, have emerged as an alternative to synthetic colo-
rants because of consumers’ concerns [82, 83]. Natural colorants are widely used in 
food systems [84–92]. However, because of technological issues, the use of natural 
colorants in food systems is still limited. Recently, Murley & Chambers [93] found 
that products derived from plants and products with natural colors and flavors were 
perceived to be the most natural. Consumers often associated the colors of bever-
ages from natural sources with fruits, such as yellow for lemon or red for straw-
berry. Fruits are a great source of natural compounds, that allow the obtainment of 
a broad range of colorant molecules including carotenoids, anthocyanins, and 
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Table 12.5 Color additives approved by the FDA for use in human foods

Straight color Uses and restrictions

Beet juice or powder GMP
Annatto extract GMP
Astaxanthin Salmonid fish food only
Carrot oil GMP

β-Apo-8′-carotenal Foods and feeds

Caramel GMP
Algae meal, dried Chicken feed only
Corn endosperm oil Chicken feed only
Tagetes (Aztec marigold) meal and extract Chicken feed only
Carmine or cochineal extract GMP
Canthaxanthin Foods, salmonid fish feed, broiler

chicken feed
Vegetable juice GMP
Copper chlorophyllin, sodic Citrus-based dry beverage mixes
Grape color extract Non-beverage food only
Turmeric and turmeric oleoresin GMP
Fruit juice GMP
Paprika and paprika oleoresin GMP
Grape skin extract (enocianina) Beverages and beverage bases
Xanthophyllomyces dendrorhous (Phaffia) yeast Salmonid fish feed only
Paracoccus pigment Salmonid fish feed only
Cottonseed flour, toasted partially defatted cooked GMP
Riboflavin GMP
β-Carotene, natural and synthetic GMP
Saffron GMP
Haematococcus algae meal Salmonid fish feed only
Ferrous gluconate or lactate Ripe olives

FDA Food and Drug Administration; GMP Good Manufacturing Practices

chlorophylls [94]. Tennant & Klingenberg [95] found that exposures from food 
color use and coloring foods separately or combined are lower than those from a 
natural occurrence in foods. Nevertheless, consumers are very concerned about syn-
thetic colorants.

12.4.3  Consumers’ Perceptions of Natural Antimicrobials

Antimicrobials, also known as preservatives, are used to control the microbial 
growth in foods. These additives have been used for centuries in a variety of foods, 
along with other factors such as low storage temperatures, good sanitation practices 
and, application of physical microbial reduction treatments [96]. Due to the nega-
tive public perception of industrially synthesized food antimicrobials, the trend 
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towards the production and use of natural antimicrobials has increased [97]. Natural 
antimicrobials found in extracts from essential oils, herbs and spices, and other 
secondary metabolites from bacteria, herbs and enzymes have traditionally been of 
particular importance and are still widely used [98]. Besides acting as antimicrobi-
als and antioxidants, natural compounds in plants also enhance color and flavor of 
food products [99]. Due to increasing consumers’ demand for food free of synthetic 
preservatives, the demand for natural antimicrobial agents increases steadily for 
replacing synthetic compounds [100]. Hence, it is important to seek new sources of 
antimicrobial substances, including plant metabolites [101]. Tayengwa et al. [102] 
investigated the possibilities of dietary citrus pulp and grape pomace as natural 
preservatives for extending beef shelf life. These authors concluded that beef added 
of dried citrus pulp and dried grape pomace had lower coliform loads, as well as 
lipid and protein oxidation than control beef.

Regarding consumer perception, Perito et al. [6] investigated consumers’ accep-
tance of food preservatives. Their results revealed that 64% of respondents stated 
that they would be willing to consume biological preservatives only if natural pre-
servatives were used instead of synthetic preservatives. Finally, Hung et al. [103] 
investigated consumer attitude and purchase intention towards processed meat 
products with natural compounds and a reduced level of nitrite. The results of this 
study revealed that the use of natural additives against chemical additives positively 
affects consumers’ purchase intention.

12.4.4  Consumers’ Perceptions of Natural Sweeteners

Sweeteners have been used for decades to make food tastier and attract consumers. 
The preference for sweet taste is simply an innate universal attitude [104]. 
Sweetening agents are used to prepare chocolates, jams, sweets, beverages, soft- 
drinks, ice-creams, chewing-gums, candies, cakes, juices, and many other food 
items [105]. Since consumption of foods with low or no sugars increases, the food 
industries try to include sugar substitutes in food formulations [106, 107]. The phys-
icochemical stability and sweetness profile during processing are the main factors 
for successful application of an alternative sweetener in a food [108]. Synthetic 
sweeteners and natural sweeteners have the same purpose of pretending to be sweet 
while dieting has fewer or no calories [109]. Since consumers pay more attention to 
their health, the demand for zero-calorie and naturally derived sweeteners has dra-
matically grown in the last decade [110]. Natural sweeteners contain a wide variety 
of compounds including amino acids, proteins, sugars, sugar alcohols, terpenoid 
glycosides, and some polyphenols [111]. Sylvetsky et al. [112] found that parents 
generally do not perceive synthetic sweeteners as safe for their children and fre-
quently do not recognize common containing synthetic sweeteners foods and bever-
ages. Farhat et  al. [113] investigated the perceptions and knowledge of artificial 
sweeteners within the UK adult population. The results of their study revealed that 
risk perceptions are higher in women, older adults, and those with an education 
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qualification. Rusek et al. [114] investigated consumer knowledge and opinion on 
selected sweeteners. Their results revealed that 53% of respondents stated that 
sweeteners had a negative effect on health, and only 55% of responders think that 
legally approved sweeteners were safe. Therefore, consumers do not believe in all 
the information from different sources about sweeteners, but they rely on their own 
opinion.

12.4.5  Consumers’ Perceptions of Texture Modifiers

Emulsifiers, stabilizers, and thickeners are widely used in foods as texturing modi-
fiers [115]. The main aim of these texture modifiers is to maintain consistent texture 
and to prevent the separation of ingredients in such products as low-fat spreads, 
margarine, salad dressings, ice cream, and mayonnaise. Food emulsifiers are amphi-
philic molecules that help create a mixture of oil and water. They are generally used 
for bakery products such as cakes, bread, and cookies. Thickeners contribute to 
increase the viscosity of foods [116]. They are added to foods such as salad dress-
ings and flavored milk. The most common stabilizers used in milk products are 
listed in Table 12.6.

Demand for synthetic food emulsifiers as a food additive may decrease due to 
adverse health effects. New thickeners of natural origin derived from food biopoly-
mers have always received significantly increased attention, especially in food fields 
where the edible safety of thickeners is highly demanded [125]. Varela and Fiszman 
[24] investigated consumers’ knowledge and awareness of hydrocolloids used as 
food additives and food ingredients. As a result of their study, it was found that 
consumers had little knowledge and a relatively negative perception of the addi-
tives, but when consumers thought of additives, they did not have food hydrocol-
loids in mind.

Table 12.6 Use of food stabilizers in milk products

Stabilizer Food matrix Purpose Reference

Guar gum Yoghurt Firmness [117]
κ-Carrageenan Vanilla ice cream Reduction of

hardness and
iciness

[118]

Gelatin Corn–milk yoghurt Firmness [119]
Locust bean gum Ice cream Viscousness [120]
Xanthan Yoghurt Firmness [121]
β-Lactoglobulin Dressings Creaminess [122]
Pectin Yoghurt Compactness [121]
Exopolysaccharides Yoghurt, cheese,

fermented cream milk
based desserts

Firmness and
creaminess

[123]

Adapted from Verma et al. [124]
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12.5  Conclusions

The challenge for the industry is to work hard to inform and educate consumers 
about the safety of food additives and the role they play in delivering a wide range 
of fresh, nutritious, desired food with extended shelf life. The commercial future of 
any food additive is determined by consumer perceptions and resulting actions. 
Scaring people about additives and ingredients that are safe to use could well be one 
of the biggest risks to innovation in the sector. Surveys show that concern among 
consumers is steadily declining over time, but there is still a great deal of work to be 
done. Consumers are becoming more conscious and involved in what they eat, and 
both consumers and the food industry are showing more interest in natural foods. 
Consumers perceive naturalness as a beneficial property of foodstuffs. It is possible 
that these food products, which are not perceived as natural, are not accepted by a 
large number of consumers in most countries. Education may be required to develop 
knowledge and attitude about food additives. This chapter proposes more commu-
nication programs on food safety issues.
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Chapter 13
Regulation of Natural Food Additives

Sebahat Öztekin, Katya Anaya, and Aysun Yurdunuseven-Yıldız

13.1  Introduction

Food additives (FAs) are intentionally added to foods to improve the safety, texture, 
appearance, freshness, and flavor after being subjected to a thorough scientific 
safety examination by the relevant authorities [1]. In this context, Codex Alimentarius 
Commission (CAC) establishes maximum levels of FAs deemed safe by the Joint 
FAO/WHO Expert Committee on Food Additives (JECFA) [2, 3]. The regulations 
on FAs may vary across the countries for instance, in the United States, Food and 
Drug Administration (FDA) [4]; in Europe, European Food Safety Authority 
(EFSA) [5]; in Japan, Ministry of Health, Labor and Welfare (MHLW) [6]; in India, 
Food Safety and Standards Authority of India (FSSAI) [7]; and in Argentina, Brazil, 
Paraguay, and Uruguay, Mercosur [8] approve the FAs. All of the regulations aim to 
ensure the safety of FAs and define requirements for their continued use in food. 
However, the allowable concentrations and carry-over of FAs, authorization proce-
dures, labelling, processing aids, and accessibility may differ among them [9].

FAs can be divided into four basic groups based on their origin and manufacture: 
natural food additives (NFAs), obtained directly from animals or plants; similar to 
NFAs, modified from natural, and synthetic food additives (SFAs) [10].
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Naturalness in food products has captivated consumers and policymakers due to 
its health and environmental benefits. In this sense, NFAs are increasingly used in 
functional foods inventing the term “clean label” with their health-promoting prop-
erties [11, 12]. The shift to natural foods has been led by Europe, with the goal of 
replacing SFAs with NFAs. However, there is no universal or clear definition of 
“natural,” and substantial clinical trials are required to receive approval for a health 
claim. Furthermore, because totally natural alternatives do not yet exist technically 
or commercially, our food‘s shift to full naturalness was delayed. There is no regula-
tory definition of the phrase “natural” for any elements added to food, with the 
exception of flavourings, especially from the consumer’s standpoint. To date, the 
most thorough definition of “natural” has been given in Annex II (Article 16.2) of 
Regulation (EC) No. 1334/2008 on flavourings; “The term ‘natural’ for the descrip-
tion of a flavouring may only be used if the flavouring component comprises only 
flavouring preparations and/or natural flavouring substances”. Among six catego-
ries of flavourings, two groups are considered in the natural status: flavouring sub-
stances and flavouring preparations. The European authorities aim to draft a NFAs 
legislation within the European regulatory framework, based on the concept of natu-
ral in the flavourings regulations. However, foods that were previously deemed 
natural may no longer be considered natural if the flavourings legislation is applied 
to them. Thermally processed flavouring is not considered natural in the EU, despite 
being made entirely of natural materials. According to flavourings legislation, 
canned foods, breakfast cereals, and snack foods cannot be considered as natural 
status due to excessive heat application (>120  °C) during their processing [13]. 
Apart from this, “natural” definitions are available in the natural flavourings in the 
US (21CFR101.22) especially for meat products [14]. More recently, technical 
specifications (TS) 19657 on NFAs was published in 2017, ensuring a “level- playing 
field and fair practices in business-to-business relationships” [15]. However, TS 
19657 provides a correct but inadequate interpretation of customers’ views of the 
naturalness of food ingredients [16].

In Europe, all approved FAs (natural or synthetic) have an E-number, where E 
stands for Europe. The E-numbering system was developed to assist consumers in 
determining which additives have been approved for usage in the European Union 
[17]. Although clean labelled products contain E-numbered ingredients which are 
hidden by using their full name on the label, generating a natural consumer percep-
tion. For example, instead of showing E392 on the food label, “extract of rosemary” 
can be written, which may unjustifiably infer that food is of higher quality than its 
counterparts. To emphasize the naturalness, some food products are intentionally 
labelled with “containing only natural colours” although there is no proper definition 
of natural colours. However, some consumers believe that FAs reduce the integrity 
and purity of the product; this is mainly the case if the additive has an E number. 
Therefore, a universally accepted definition of “natural” is highly needed along with 
their regulations within the scope of food ingredients, additives, and flavourings [18].

Each food additive was investigated for possible toxicity to determine the 
NOAEL (no observed adverse effect level) and the ADI (acceptable daily intake), 
the amount of a food additive, expressed as mg/kg body weight. Before approval, 
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the maximum permitted levels need to be determined for each food group. Quantum 
satis was defined as “no maximum level is specified and substances shall be used 
following good manufacturing practice, at a level not higher than is necessary to 
achieve the intended purpose and provided the consumer is not misled” by EFSA in 
the Regulation (EC) No 1333/2008. In addition, Regulation (EC) No 1331/2008 
[19] set a common authorization for FAs, enzymes, and flavorings. Based on the 
regulations above, only approved FAs can be commercialized in Europe. FAs can be 
re-evaluated if there is a potential risk to human health [20]. Currently, EFSA [21] 
re-evaluated colorants in 2015; preservatives, antioxidants, glutamates, silicon 
dioxide in 2016; all other additives except sweeteners in 2018; and finally, sweeten-
ers in 2020 [22]. Development of new NFAs would be accelerated if there was a 
more uniform international approach to their approval with full toxicological evalu-
ation [18].

The regulations for FAs mentioned above set the standards for their ongoing use 
in food while ensuring food safety and fair trade practices; however, there is no 
separate regulation for NFAs yet [23, 24]. In this line, natural colorants, natural 
antioxidants, natural antimicrobials (preservatives), and natural sweeteners were 
covered in this chapter, focusing on regulations in Europe, the United States, and 
other countries.

13.2  Regulation of Natural Food Additives 
in the European Union

The European Union (EU) maintains a stringent protocol for human consumption 
and international trade of FAs. The European Food Safety Authority (EFSA) Panel 
on Food Additives and Nutrient Sources added to Food (ANS) assesses FAs together 
with the Food Ingredient and Packaging (FIP) Unit [25]. The EU legal definition of 
a ‘food additive’ is defined in Regulation (EC) No 1333/2008 as meaning “any sub-
stance not normally consumed as a food in itself and not normally used as a charac-
teristic ingredient of food, whether or not it has nutritive value, the intentional 
addition of which to food for a technological purpose in the manufacture, processing, 
preparation, treatment, packaging, transport or storage of such food results, or may 
be reasonably expected to result, in it or its by-products becoming directly or indi-
rectly a component of such foods”. In this context, FAs should meet requirements 
that contain information to appropriately identify the food additive, including its ori-
gin and a description of the permissible purity requirements [26]. Firstly, European 
Commission (EC) proposed a common regulation for FAs, enzymes, and flavors with 
Regulation (EC) No 1331/2008. The following regulations (1332/2008 for enzymes, 
1332/2008 for FAs, and 1334/2008 for flavourings) were adopted under the Food 
Improvement Agents Package (FIAP) [19]. All approved FAs in the EU must meet 
the specifications outlined in Regulation (EC) No 231/2012 established by Regulation 
(EC) No 1333/2008. Names, synonyms, chemical and physical properties, origin/

13 Regulation of Natural Food Additives
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source and process of preparation of the substance, the appearance of the substance, 
E numbers, conditions of use, the maximum levels of use, specific identification 
tests, and purity criteria are included for each additive [27]. Regulation (EC) No 
1333/2008 contains the following five annexes:

• Annex I list the 27 EU functional classes of FAs, including sweeteners, colors, 
preservatives, antioxidants, carriers, acids, acidity regulators, anti-caking agents, 
anti-foaming agents, bulking agents, emulsifiers, emulsifying salts, firming 
agents, flavor enhancers, foaming agents, gelling agents, glazing agents, humec-
tants, modified starches, packaging gases, propellants, raising agents, seques-
trants, stabilizers, thickeners, flour treatment agents and contrast enhancers,

• Annex II lists a Union list of FAs approved for use in foods and their condi-
tions of use,

Table 13.2 Natural Colorants Approved for use in Foods for Human Consumption According to 
the Food and Drug Administration from United States

Natural colorant Color Origin

Annatto extract Yellow to orange-red Plant
Beet powder Bluish-red to brown Plant
Beta-carotene Yellow to orange Plant, Algae, Fungi
Butterfly pea flower extract Purple to denim blue Plant
Calcium carbonate White Mineral
Canthaxanthin Reddish-orange Fungi, Algae, 

Bacteriaa

Caramel Yellow to brown, black Plant
Carrot oil Purple, orange Plant
Cochineal extract; carmine Red Animal, Fungusb

Fruit or vegetable juices, concentrated or 
dried

Variable Plant

Grape skin extract Red, green Plant
Mica-based pearlescent pigments Glittery, metallic, silky – 

varying colors
Mineral

Paprika extract Orange-red Plant
Riboflavin Yellow to orange-yellow Bacteriac

Saffron Yellow-orange Plant
Soy leghemoglobin Reddish-brown Yeast
Spirulina extract (phycocyanin) Blue Algae
Toasted partially defatted cooked 
cottonseed flour

Brown Plant

Tomato lycopene extract; tomato lycopene 
concentrate

Red Plant

Turmeric, curcumin Yellow Plant
a[59]
b[58]
c[60]

13 Regulation of Natural Food Additives



352

• Annex III lists a Union list of FAs, including carriers approved for use in FAs, 
food enzymes, food flavourings, nutrients, and their conditions of use,

• Annex IV lists traditional foods for which certain Member States may continue 
to prohibit the use of certain categories of FAs,

• Annex V lists the food colors for which the labelling of foods shall include addi-
tional information [28].

Once a food manufacturer has determined the proper classification for their product, 
they can quickly determine the full list of permitted additives and the concentrations 
at which they can be used. The union list of FAs (both synthetic and natural addi-
tives in Part B section) and their conditions of use appeared in Annexes II (Regulation 
(EC) No 1129/2011) and III (Regulation (EC) No 1130/2011) under Regulation 
(EC) No 1333/2008 [28]. The EU allows 363 distinct additives in food, which are 
specified by number in EU Regulation 1129/2011. These 363 additives are included 
in Directive 2000/133 and Regulation 510/2013, described in Annex I of Regulation 
1333/2008, and have 23 different recognized uses [29].

More recently, steviol glycosides from Stevia were regulated under Regulation 
(EU) No 2021/1156, amending Annex II to Regulation (EC) No 1333/2008 [30]. 
FAs Database by EFSA classified approved FAs into four different categories; 
Group I (additives), Group II (food colors authorized at quantum statis), Group III 
(food colors with combined maximum limit), and Group IV (Polyols), along with 
their condition of use [31]. EFSA [32] defined sweeteners, colorants, preservatives, 
and antioxidants based on their functional classifications in Annex I.

When applying for the authorization of a new food additive, the petitioners pres-
ent their dossier to the European Commission, which must comprise a technical 
dossier with administrative and risk assessment data, as well as a cover letter. The 
Commission subsequently sends the dossier to the European Food Safety Authority 
(EFSA), which will decide on the risk assessment’s acceptability within 30 days. If 
appropriate, the EC will do a validation phase, which will be followed by an EFSA 
risk assessment that will take no more than 9 months [26]. In this regard, scientific 
safety data, ADI value, permissible concentrations, and intended uses of FAs need 
to be well-defined before EU approval. Following the approval, the EC requests that 
the EFSA issue an opinion on the safety of substances for their intended uses. In 
vitro and in vivo animal research, human testing, and epidemiological studies can all 
be used to assess the safety data. Finally, it can be published in the European Union’s 
Official Journal, making it available to all EU member states. The FDA follows a 
similar system when it comes to approving new FAs, albeit they don’t specify the 
legal timelines for each procedure [33].

Since 2008, the European Parliament and the Council have set standards for FAs 
with regulation (EC) No 1333/2008 to ensure food safety, health, and trade through-
out Europe, which harmonizes FAs in European countries. In this sense, approved 
FAs can be revised based on new scientific and technological data. However, NFAs 
are regulated alongside synthetic ones because there is no other separate legislation 
for NFAs globally. Unfortunately, sometimes it is unclear how they are made or 
where their source (synthetic or natural) came from [34].
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The use of the color additive is restricted in the EU to specific food groups. 
Colorants, for example, are expressly prohibited from being added to unprocessed 
foods, organic-labeled foods, baby food, several EU traditional foods, and unfla-
vored milk, bread, and butter. Colorants of mostly natural origin, listed in the regu-
lation as group II additives, are permitted in certain food categories as quantum 
satis. Color additives used in food products in the EU must be declared by giving 
the full name and/or E number in the ingredient list. It is illegal to write ‘natural 
color or natural colourant’ on labels, neither in the EU nor the USA. Regulations do 
not distinguish between artificial and natural colorants [35]. According to the 
European Parliament’s Regulation (EC) No 1129/2011, there are 40 colorants 
approved for use in food in the EU.  Anthocyanins (E163), betanin (E162), and 
carotenoids (E160), including -carotene (E160a), lycopene (E160d), lutein (E161b), 
canthaxanthin (E161g), chlorophyll and chlorophyllin (E140 and E141), and cur-
cumin (E100) are all regulated colorants from natural sources (according to 
Regulation (EC) No 1129/2011) [36].

In the last decade, one of the most notable legislative reforms has been the use of 
biotechnology-derived chemicals with their conditions of use in various food cate-
gories. With more additives available today than ever before, there is a growing 
trend toward regulating the level of a number of low ADI additives [37]. In this 
regard, NFAs are shown in Table 13.1, based on EU No 1129/2011, (EU) 2021/1156 
and (EU) No 0738/2013, amending only Annex II and (EU) No 2020/0771, (EU) 
No 0232/2012 and (EU) No 2015/1832 amending both Annexes II and III to 
Regulation (EC) No 1333/2008 [28, 30, 38–42].

13.3  Regulation of Natural Food Additives 
in the United States

The government of the United States has a lengthy history of intervening to safe-
guard the food supply. The Food and Drug Administration (FDA) is the federal 
government’s oldest and most comprehensive consumer protection agency [43]. 

Table 13.3 Natural antimicrobial agents are approved for use in foods for human consumption 
according to the US FDA regulation

Natural antimicrobial 
agenta Added to/ Applied on Origin

Bacteriophage 
preparation

Meat and poultry Virus

Lactic acid All foods, except in infant foods and infant formulas Bacteria
Natamycin (pimaricin) Cheese Bacteria
Nisin Cheese spreads and pasteurized process cheese spreads 

with or without fruits, vegetables, or meats
Bacteria

Propionic acid All foods Bacteria
aAll listed substances are GRAS
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Driven by concerns about the safety of FAs, the Delaney Committee began an 
examination into the safety of additives in the US Congress in 1950, which provided 
the groundwork for the most significant revisions to the US Food, Drug, and 
Cosmetic (FD&C) Act: The FAs Amendment, which was enacted in 1958, and the 
Color Additive Amendment, enacted in 1960. They introduced the concept of 
“GRAS,” as “a food substance generally recognized by qualified experts as safe,” 
publishing the first list of GRAS substances containing nearly 200 compounds [44]. 
Since then, FDA has evaluated and monitored the safety of FAs, although concerns 
are raised regarding the adequacy of a 60-years old regulation considering the cur-
rent scientific knowledge in the field [45].

In the face of the increasing demand for natural foods and ingredients, another 
problem with the current US regulation is the lack of clear definitions and classifica-
tion between NFAs and SFAs. The Code of Federal Regulation (CFR) only explains 
the term ‘natural’ in the section’ Food Labeling’ (21 CFR 101.22), not in the sec-
tions related to FAs and color additives. The abovementioned part of the CFR 
defines ‘natural flavor’ or ‘natural flavoring’ as

"(…) the essential oil, oleoresin, essence or extractive, protein hydrolysate, distillate, or 
any product of roasting, heating or enzymolysis, which contains the flavoring constituents 
derived from a spice, fruit or fruit juice, vegetable or vegetable juice, edible yeast, herb, 
bark, bud, root, leaf or similar plant material, meat, seafood, poultry, eggs, dairy products, 
or fermentation products thereof, whose significant function in food is flavoring rather than 
nutritional. Natural flavors include the natural essence or extractives obtained from plants 
listed in §§ 182.10, 182.20, 182.40, and 182.50 and part 184 of this chapter and the sub-
stances listed in § 172.510 of this chapter." (21 CFR 101.22(a)(3)).

The FDA has a longstanding policy for not formally defining ‘natural.’ According to 
the agency, they have received citizen petitions in the last years requesting the defi-
nition of the term and the prohibition of its use in food labeling [46]. Indeed, there 
are many questions to be addressed before reaching the proper definition of ‘natu-
ral’ when it comes to food, as a claim in food labeling. However, if the agency has 
already defined ‘natural flavors,’ why not provide an appropriate definition for ‘nat-
ural’ in the context of the other categories of FAs?

On the other hand, the use of the term ‘artificial’ can also mislead consumers to 
wrong interpretations: FDA defines ‘artificial color’ or ‘artificial coloring’ as “any 
color additive“(21 CFR 101.22), then includes ‘color additives‘as “any material 
(…) that is a dye, pigment, or other substance made by a process of synthesis or 
similar artifice, or extracted, isolated, or otherwise derived, with or without inter-
mediate or final change of identity, from a vegetable, animal, mineral, or other 
source and that, when added or applied to a food, drug, or cosmetic or to the human 
body or any part thereof, is capable (alone or through reaction with another sub-
stance) of imparting a color thereto.” (21 CFR 70.3).

Based on this food labeling regulation, a simple fruit juice, with no additives 
other than an extract of the same fruit, used as a color enhancer or for color stan-
dardization, will have the term ‘artificial color’ on its label, even if the color additive 
is from a natural source. In this case, the colorant is natural yet artificially added to 
the product to change its appearance. Possibly, inattentive or uninformed consumers 
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do not easily understand this label information and negatively perceive the term 
‘artificial’ with a bad connotation, culminating in product rejection. Thus, a more 
precise conceptualization of ‘artificial’ would also greatly benefit food consumers.

Before we move forward to list and discuss some of the NFAs approved by the 
FDA, we must mention the GRAS regulation (21 CFR 182-186). According to the 
Final Rule on Substances GRAS [47], the items in this category are not subject to 
premarket approval. To gain this status, the substance (natural or synthetic) must 
have general recognition of safety based on scientific procedures or through experi-
ence based on common use in foods. If the “common knowledge” argument is used, 
the notifier must present a substantial history of consumption for food use. However, 
no GRAS status is conferred if the substance does not satisfy the safety standards 
for a food additive. And even proven safe and classified as GRAS, not all known 
NFAs will necessarily be found in the GRAS list. FDA affirms that “A food ingredi-
ent of natural biological origin that has been widely consumed for its nutrient prop-
erties (…) without known detrimental effects, which is subject only to conventional 
processing (…) and for which no known safety hazard exists, will ordinarily be 
regarded as GRAS without specific inclusion in part 182, part 184 or part 186 of 
this chapter.” (21 CFR 170.30) [48].

Any person may prepare a petition to voluntarily notify the FDA of a conclusion 
that a substance is GRAS under the conditions of its intended use. The agency will 
analyze if the mandatory information and data provided fulfill safety criteria. The 
list of filed GRAS notices and the FDA letters of responses are made readily acces-
sible to the public in an open database [49]. In the inventory of GRAS notices, the 
documents provide information on the intended use for each notified substance. 
However, the purpose of the use is not always available in the GRAS regulatory lists 
(21 CFR 182, 184, and 186). Natural extracts, spices, and essential oils, for exam-
ple, are not identified by function. A classification based on specific uses (anticak-
ing, preservatives, sequestrants, stabilizers, nutrients, emulsifiers, and multipurpose 
food substances) is available only for isolated compounds in part 182 of the docu-
ment. Unless expressly stated, no use limitation is imposed for GRAS substances in 
food as long as the producer applies the current good manufacturing practices (GMP).

13.3.1  Natural Colorants

There is an increasing demand for natural colorants in the food industry [50]. 
Several different pigments can be found in natural sources such as fruits, vegetables, 
animals, minerals, algae, and microorganisms, which could potentially be used as 
food colorants if proven safe for consumption.

In the United States, some well-known natural color additives are present in the 
‘List of Color Additives Exempt from Certification’ of the FDA regulation. However, 
since there is no legal definition for the term ‘natural color additive‘or ‘natural colo-
rant,’ the document usually leads consumers and the food industry to the miscon-
ception that all additives present in the list are natural, which is not true. The list 
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includes natural ingredients deliberately used as a food colorant and usually pre-
sented in the form of extracts. When added (as a whole or in parts) to foods and 
contribute to their final color, other naturally colored ingredients (such as berries, 
chocolate, green or red peppers, and carrots) are not regarded as color additives. 
They are simply considered food ingredients [51].

NFAs should be subjected to the same strict safety standards as synthetic sub-
stances regardless of their source. According to Simon and coworkers, however, 
noncertified colors must only comply with identity and purity specifications (and 
use limitations), not being subject to quality and safety examination for the protec-
tion of public health before being cleared to be marketed [52].

As a result of the efforts and crescent interest of the food industry in searching 
novel natural sources of pigments for food application, some natural colorants were 
recently approved by the FDA, such as spirulina extract, soy leghemoglobin, and 
butterfly pea flower extract. Table 13.2 highlights natural colorants approved for use 
in foods in the US. For each of the listed colorants, the regulation has a “uses and 
restrictions” section indicating the type of food product on which they can be safely 
applied in amounts consistent with good manufacturing practices.

Although listed as safe for use as a color additive (according to specific limits of 
addition) and exempt from certification, the natural colorant astaxanthin is not 
approved for use in human food by FDA. Some natural microbial pigments success-
fully applied in food products, such as prodigiosin and violacein [53, 54], have not 
been added to the US regulatory lists of color additives yet. The only direct mention 
of a color additive derived from microorganisms is riboflavin biosynthesized by 
Eremothecium ashbyi. However, this citation occurs in the CFR section of GRAS 
substances (21 CFR, §184.1695), not in the color additives section.

Despite the increasing popularity of natural colorants worldwide [55], their 
safety assessment and quality control can only be guaranteed with a solid harmo-
nized international regulatory framework. Most natural colorants are extracted from 
complex raw matrices; thus, the use of uniform definitions and standardized criteria 
for quality control, purity, and safety of these additives would benefit the color addi-
tives market and avoid intentional adulteration [52]. This could also encourage 
research and improve the proposition of novel food-grade natural colorants as well 
as facilitate their evaluation by the regulatory agencies.

Biotechnological approaches, such as genetically engineered microbial cell fac-
tories, have helped the food industry achieve sustainable large-scale production of 
several natural compounds used as additives [56]. But here is raised another impor-
tant question related to the construction of consistent regulatory definitions: Can we 
consider color additives produced by heterologous biosynthesis as natural colo-
rants? This discussion must be resolved in the near future since growing efforts to 
scale-up production have been using emergent cost-effective and eco-friendly strat-
egies, such as synthetic biology and metabolic engineering [54, 56–58]. An example 
is soy leghemoglobin, approved and labeled as a color additive in 2019, produced 
by controlled fermentation by a non-pathogenic and non-toxicogenic genetically 
modified yeast strain (Pichia pastoris). Soy leghemoglobin is not described as a 
“natural colorant” but is exempt from certification.
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Table 13.4 List of food additives from natural origin allowed by Japanese authorities

Name Main active compound

Annatto extract norbixin and bixin
Beet red betanin and isobetanin
Cacao color polymers of anthocyanins
Carthamus red carthamin
Clove extract eugenol
Cochineal extract carminic acid
Coffee bean extract chlorogenic acid and polyphenols
Dunaliella carotene β-carotene
Enzymatically decomposed apple extract catechins and chlorogenic acid
Grape skin-derived substance polyphenols
Grape fruit seed extract fatty acids and flavonoids
Japanese persimmon color flavonoids
Oregano extract carvacrol and thymol
Spirulina color phycocyanin
Tea extract catechins
Tomato color lycopene
Turmeric oleoresin curcumin

Although listed as safe for use as a color additive (according to specific limits of 
addition)

As previously mentioned, any color additive, either natural or synthetic, must 
have its safety tested and proved. These substances can only be used upon listing by 
FDA in the CFR. The Office of Food Additive Safety (OFAS) receives and evaluates 
the formal petitions, which include the proposition of use and all data from experi-
ments, deciding on the adequacy of the additive in terms of safety and suitability for 
the intended use [61]. Despite the fact that some authors are not optimistic regarding 
the search for new natural colors [62], there are currently three petitions under 
review proposing novel natural colorants: jagua (genipin-glycine) blue, gardenia 
blue powder, and blue galdieria (Galdieria sulphuraria) extract.

13.3.2  Natural Antioxidants

FDA describes ‘antioxidants’ as “substances used to preserve food by retarding 
deterioration, rancidity, or discoloration due to oxidation“(21 CFR 170.3) [63]. 
Only two natural compounds  – gum guaiac and nordihydroguaiaretic acid  – are 
directly mentioned as FDA-approved to be used as ‘antioxidant’ additives. These 
NFAs can be isolated from plants and they are used in food packaging [64]. 
Nevertheless, they are allowed to be added to food packaging and migrate to the 
food matrix within a specific limit.

13 Regulation of Natural Food Additives



358

Under the label of ‘chemical preservatives’ in part 184 of GRAS substances, we 
can find ascorbic acid, erythorbic acid, sorbic acid, and tocopherols — naturally 
occurring antioxidant substances that are commonly produced by chemical synthe-
sis. Manufacturers prefer synthetic counterparts over natural antioxidants due to 
their high stability, low cost, and high availability [65].

When using the term ‘antioxidant’ in the mechanism of search of GRAS notice 
inventory, the following natural products were found: grape seed extract and grape 
pomace extract, isoquercitrin, phytic acid, red grape pomace extract, pecan shell 
fiber, palmitoylated green tea catechins, hesperidin, hydrolyzed aqueous olive pulp 
extract.

13.3.3  Natural Antimicrobials

Antimicrobial agents are defined by US FDA as “substances used to preserve food 
by preventing the growth of microorganisms and subsequent spoilage, including 
fungistats, mold and rope inhibitors, and the effects listed by the National Academy 
of Sciences/National Research Council under ‘preservatives’“(21 CFR 170.3) [63]. 
As previously discussed, there is no distinction, in US regulation, between natural 
and synthetic antimicrobial additives (or any other food additive, except for flavor-
ings). A list of natural antimicrobial agents approved by the FDA for use in food is 
presented in Table 13.3.

‘Listeria-specific bacteriophage preparation’ is listed by FDA among FAs per-
mitted for direct addition to food for human consumption. It is approved as an anti-
microbial against the pathogenic bacteria Listeria monocytogenes by direct spray 
application to the surface of ready-to-eat meat and poultry products (21 CFR 
172.785) [66]. Bacteriophages are ubiquitous viruses that only grow in bacteria, 
meaning that they cause no harm to humans and other animals. They are valuable 
candidates for detecting and controlling contamination because of their innate spec-
ificity to infect and kill their target bacteria [67].

Although known to take part in the food fermentation process, lactic acid bacte-
ria (LAB) can also be used for biopreservation [33]. They indirectly impair the 
growth of spoilage and pathogenic bacteria by reducing food pH or affecting them 
by the production of bacteriocins, a group of antimicrobial peptides [68]. FDA clas-
sified several LAB as GRAS, which means that live bacteriocin-producing LAB can 
potentially be used as antimicrobial additives. A GRAS notice dated 2005 proposes 
using a LAB mixture in fresh meat and carcasses of beef and poultry at use levels 
between 106 to 108 colony-forming units of lactobacilli per gram of product. The 
intended use was “to control the growth of pathogenic bacteria.”

Several substances from natural sources with antimicrobial activity are listed in 
the GRAS notice inventory: lactoferrin, lysozyme, hops beta acids, polylysine, cit-
rus fruit extract, glycolipids from Dacryopinax spathularia, and many preparations 
of bacteriophages. Other antimicrobial agents of different sources, such as essential 
oils, extracts, spices, and herbs, meet the eligibility criteria for classification as 
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GRAS and are present in lists provided by the regulation (21 CFR 182). The GRAS 
regulation does not include a separate list of isolate compounds classified as ‘anti-
microbial agents.’

13.3.4  Natural Sweeteners

The US food regulatory document for FAs subdivides sweeteners into nutritive and 
non-nutritive. Nutritive sweeteners are considered as “substances having greater 
than 2 percent of the caloric value of sucrose per equivalent unit of sweetening 
capacity” and non-nutritive sweeteners are described as “substances having less 
than 2 percent of the caloric value of sucrose per equivalent unit of sweetening 
capacity” [63]. No special sections are dedicated to describing and listing the sub-
stances in these two groups. As discussed in this chapter, no distinction regarding 
natural or synthetic origin is presented in the US regulation related to this group of 
additives.

Besides honey, a natural product, other well-known and commonly used nutritive 
carbohydrate sweeteners are cane sugar, beetroot sugar, and corn syrup. Nonetheless, 
for obvious reasons related to the ultra-processing procedures their plant raw mate-
rial undergoes, the ‘naturalness‘of these three ingredients is highly questionable 
(although defined as GRAS by FDA). Cane sirup, maple sirup, and sorghum sirup, 
defined by Castro-Muñoz and coworkers as ‘natural sweeteners‘ [69], are listed in 
the ‘Sweeteners and Table Sirups’ section (Part 168).

GRAS notices for sweeteners from natural sources (nutritive and non-nutritive) 
are registered in the GRAS database. They include agave extract (Agave tequilana), 
steviol glycosides obtained from the stevia plant (Stevia rebaudiana Bertoni), 
extracts of Swingle fruit (Siraitia grosvenorii), and thaumatin — a protein origi-
nally expressed by the plant Thaumatococcus daniellii, but industrially produced by 
genetic engineering processes. The sugars erythritol, D-tagatose, and trehalose also 
appear in the GRAS notice inventory. As explained in the database documents, these 
are naturally occurring sugars usually produced by fermentation or enzymatic 
synthesis.

13.4  Regulation of Natural Food Additives Based on ISO TS 
19657:2017

The issue of the naturalness of food ingredients often leads to inconsistencies. In 
this context, a technical specification was published by the International Organization 
for Standardization (ISO) in December 2017, which includes the necessary defini-
tions and technical requirements for food ingredients to be described “natural.” 
Despite consumers’ interest in “natural foods,” no internationally accepted 
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regulatory standard has been announced for the use of the term “natural” (with the 
exception of natural mineral water and natural flavors) until the ISO/TS 19657:2017 
technical specification is published [70]. The ISO/TS 19657:2017 technical specifi-
cation aimed to define the natural ingredient. Thus, this specification has provided 
technical criteria to which businesses can apply to use the term “natural.”

ISO/TS 19657:2017 technical specification [15]:
It has defined technical requirements for food ingredients that can be described 

as natural. However, this document does not contain all the factors that influence the 
naturalness of food. For this reason, a more comprehensive specification should be 
prepared to meet the needs of consumers.

• It contains basic guidelines for the food and beverage industry. Thus, this speci-
fication is intended to help the food and beverage industries communicate in the 
same language.

• While it can help with business-to-business (B2B) communication, it cannot 
help with consumer-to-product communication.

• Natural mineral waters, bottled drinking water, and flavorings are outside the 
scope of this technical specification.

According to the ISO/TS 19657:2017 technical specification, it must meet the fol-
lowing criteria for a food ingredient to be described as natural [15].

 (a) It is stated that for a food ingredient to be considered natural, it must be obtained 
from “plant, algae, fungus, animal, microorganism, mineral deposits or seawa-
ter.” It has also been stated that fossil fuels will not be used as a source.

 (b) Physical, enzymatic, and microbiological processing methods are allowed for 
food ingredients to be considered natural. However, the specification addition-
ally states that “enzymatic or microbiological processes should not be used to 
produce substances not found in nature.” It has also been added that pH adjust-
ments are allowed in these processes.

 (c) It is stated that if the above-mentioned methods cannot be applied in the pro-
cessing of foods, other processes can be used “to meet food safety or regulatory 
requirements.” In addition, it was stated that food components should not be 
changed by processes.

In addition to the above criteria, it is stated that the removal and addition of water 
during processing or the removal of any component from the food ingredient “does 
not affect the naturalness of the food content.”

13.5  Regulation of Natural Food Additives 
in Other Countries

Although the definition of a food additive varies from country to country, it is gener-
ally defined as a substance added to achieve a technological function in the final 
product. Apart from the USA and the EU, there are other regulatory systems for 
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other countries that regulate FAs and examine their safety. Before these regulatory 
systems publish the list of permitted FAs, they research their safety and determine 
the criteria for conditions of use. If the use of a food additive is not allowed, the 
applicant who wants to use this food additive must apply in accordance with the 
regulatory rules for the approval of its use in the relevant country [71]. Although 
there are important developments in terms of food additives, the lack of uniformity 
in the regulations of additives between countries causes contradictions.

• Ministry of Health, Labor and Welfare of Japan (MHLW), Food Standards 
Australia New Zealand (FSANZ), and the Food Safety and Standards Authority 
of India (FSSAI) are examples of organizations dealing with food regulations in 
other countries [72].

13.5.1  Japan

The Food Sanitation Act (FSA), passed in 1947 by the MHLW, is the first compre-
hensive Act for food safety. All FAs have been regulated by this act since 1947 [73]. 
The list of FAs of natural origin in Japan was first published by the MHLW on April 
16, 1996, and this list has been updated several times. A total of 357 NFAs are listed 
as of February 26, 2020 [74]. Some of this list is given in Table 13.4 as an exam-
ple [65].

13.5.2  Australia New Zealand

FSANZ is in charge of defining and managing food standards in Australia and New 
Zealand. FSANZ is governed by a Board that works for the Australian and New 
Zealand Food Regulation Ministerial Council. The standards developed by FSANZ 
are defined by the Australian New Zealand Food Standards Act [75]. There is no 
specific regulation regarding NFAs, but they are regulated by existing legal and 
regulatory frameworks.

13.5.3  India

In India, FAs are regulated by the FSSAI. In 2006, the FSSAI developed six key 
regulations and came into force on 5 August 2011. It is updated when necessary 
[76]. FSSAI published the “Food Safety and Standards (Food Products Standards 
and Food Additives) Regulation” as the regulatory standard for FAs in 2011. In this 
regulation, natural colorants and natural flavorings are mentioned in relation to 
NFAs. There is a list of natural colorants. This list includes chlorophyll, caramel, 
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curcumin or turmeric, carotene and carotenoid, canthaxanthin, riboflavin, annatto, 
saffron. However, there is no list of natural flavorings in this regulation. In addition, 
additives such as grape skin extract, paprika extract, natural tocopherol are also on 
the list. However, no special classification has been made for these, and they are 
among other additives [77].

13.5.4  Mercosur

Mercosur was founded in 1991 by Argentina, Brazil, Paraguay, and Uruguay. 
Venezuela joined as a member in 2012, but its membership was suspended in 2016 
[78]. Mercosur standards are influenced by the EU, Codex Alimentarius, and FDA 
[79]. In some cases, they have adopted these standards; in others, they have intro-
duced the necessary changes. Harmonization of national food standards has been 
undertaken by Argentina, Brazil, Paraguay, and Uruguay [78]. These countries are 
generally improving their food regulation systems and replacing them with official 
Mercosur standards [80]. Additives were assigned to their categories after long and 
tedious discussions. This slow progress has been slow due to different raw materials 
available in member countries, different processing and packaging equipment, stor-
age and distribution conditions, consumer dietary habits, and consumer expecta-
tions. The first harmonized list was approved in 1993 [81], and the last revision was 
made in 2006 [82]. Several natural substances are approved for use as FAs and 
present in the harmonized list. Nevertheless, there is no classification based on their 
sources nor the use of the ‘natural’ term.

The Brazilian “Agência Nacional de Vigilância Sanitária” (ANVISA) uses the 
Mercosur standards as a basis for its internal regulations, but complementary regu-
lations and list updates are frequently released. The last published updates included 
the permission to use tocopherols [83], steviol glycosides, and microbial β-carotene 
in some classes of foods [84].

13.6  Future Perspectives for New Products

Consumers are eager to purchase clean-labelled, safe, healthy, and no-synthetic- 
added foods. To meet this desire, food manufacturers can reformulate their products 
with NFAs to have healthy, safe, and sustainable food products [23, 85, 86]. NFAs 
are also popular for their added benefits, such as bioactivity and nutraceutical char-
acteristics [10]. Based on the recent studies, essential oils [87, 88] and natural anti-
microbials [33] in films and coatings, as well as bio-additives and -colorants [56], 
natural sweeteners [69], natural antioxidants [34], and their combinations, are 
promising alternatives as natural FAs that can be used in and on foods once the 
European Commission (EC) registers them. FAs can be introduced directly at con-
trolled levels (e.g., the low-calorie sweetener aspartame in yogurt, beverages, 
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chewing gum, puddings [89]) or indirectly (e.g., trace amounts of coating or paper 
material transferred into food via packaging, storage, and handling) to serve a tech-
nical function [90].

The valorization of agricultural by-products can be used as natural antioxidants 
[91]. For example, pomegranate peel extract was proposed to be used as a natural 
food additive with its strong antioxidant and antimicrobial traits without affecting 
the sensory properties of foods. Still, toxicity and safety data are required to estab-
lish allowable limits [92]. Additionally, kiwi [93] and citrus peel waste [94] can be 
utilized as natural FAs. Green (without using harsh chemicals) extraction of natural 
antioxidants is important. For instance, phenolic compounds from grape pomace 
were obtained with ultrasound-assisted extraction and water as a safe solvent [95]. 
Similarly, pomace extract exhibited strong antibacterial effects on Listeria monocy-
togenes and Staphylococcus aureus [96]. With their possible toxicity and carcinoge-
nicity, synthetic antioxidants (e.g., butylated hydroxytoluene (BHT), butylated 
hydroxyanisole (BHA), and tert-butylhydroquinone (TBHQ)) might be substituted 
with natural alternatives. In this context, rosemary extract (E392) was approved in 
meat/seafood products and oil/fat [97].

Natural antimicrobials can be used in foods to combat foodborne pathogens or 
spoilage bacteria, implying a clean-label and healthy food approach [98]. Some 
natural antimicrobials from plants (spices and herbs, essential oils, antioxidants), 
animals (chitosan, lysozyme, pleurocidin, curvacin A, spheniscin, free fatty acids, 
magainin-antimicrobial peptide, lactoperoxidase, and lactoferrin), and microorgan-
isms (bacteriocins, nisin, pediocin, reuterin, bacteriophages, yeasts) can be utilized 
in foods instead of synthetic/chemical counterparts [33]. For example, natamycin (E 
235) is a GRAS antimicrobial used in ready-to-drink tea beverages; fruit-flavored 
energy, sport, isotonic drinks; fruit-flavored drinks [99]. The EU authorizes a maxi-
mum of 1 mg/dm2 of natamycin as an additive on the surface of semi-hard and semi- 
soft cheese rinds [28]. Natural antimicrobials can be added to foods directly (as an 
ingredient) or indirectly (via packaging or coating materials) through the active 
packaging technique [98]. Similarly, nisin (E 234) from Lactococcus lactis is a 
GRAS bio-preservative against harmful gram-positive microorganisms, and its 
combination with active packaging and non-thermal (such as pulsed electric field) 
applications can broaden its antimicrobial activity on gram-negatives [100, 101]. 
Likewise, the combined application of reuterin, lactoperoxidase, and lactoferrin 
inactivated food-borne pathogens (with 5 log Salmonella Enteritidis and E. coli 
O157:H7, and 0.8 log CFU/g reduction for Listeria monocytogenes) in cooked ham 
under high hydrostatic pressure (450 MPa for 5 min) [102]. Furthermore, lysozyme 
(E 1105) is a GRAS [103] antimicrobial enzyme that can lyse the cell wall of Gram- 
positive bacteria’s peptidoglycan structure due to their high peptidoglycan content 
[104, 105]. Lactoperoxidase, another antimicrobial enzyme with bactericidal and 
bacteriostatic activity against various microorganisms, was widely used in the dairy 
industry [106]. Lactoferrin is an antimicrobial protein with an iron-binding property 
used to combat pathogenic microorganisms (including L. monocytogenes, 
Salmonella spp, Escherichia coli, Bacillus stearothermophilus, Shigella dysente-
riae, and Bacillus subtilis) found in meat, dairy, beverages, bakery, and seafood 
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[107]. Natural antimicrobials can be combined to make use of ‘hurdle technology’; 
for example, nisin (12.5 mg/kg), natamycin (200 mg/kg), green tea extract (0.2%), 
and citric acid (pH 3.5) have extended the shelf life of fruit and vegetable smoothies 
by 14  days while also controlling Listeria monocytogenes contamination (6 log 
CFU/mL) [108]. Importantly, with antibiotic resistance on the rise, lactoferrin- 
derived peptides and plant extracts (terpenoid, alkaloid, and phenolic chemicals) are 
promising candidates for novel natural antimicrobial agents [109].

Natural sweeteners can be sourced from various compounds, such as sugars, 
sugar alcohols (polyols; mannitol, sorbitol, erythritol, and xylitol), amino acids or 
proteins, terpenoid glycosides, and some polyphenols [85, 110]. Natural sweeteners 
(e.g., glucose, fructose, sucrose, and steviol glycosides) are gaining popularity as 
healthier alternatives to their artificial (e.g., aspartame, saccharin, sucralose, 
acesulfame- potassium, cyclamate, alitame, neotame, and dulcin) semi-artificial 
(e.g., neohesperidine dihydrochalcone) equivalents without sacrificing flavor or 
functional characteristics. Natural sweeteners such as honey, sugar alcohols (e.g., 
erythritol, mannitol, and xylitol), stevia (steviol glycosides), molasses, agave nectar, 
coconut sugar, date syrup, maple syrup, and sorghum syrup; are claimed to have a 
higher nutritional value, resulting in a lower glycemic index, which also offers 
added health benefits due to their high vitamin and mineral content [69, 85]. In addi-
tion, monk fruit, yacon syrup, carob syrup, and palm sugar were also considered 
natural sweeteners in yoghurt, skim milk, and chocolate products. Notably, natural 
sweeteners‘utilization is highly dependent on their organoleptic properties, struc-
ture, and texture [69]. In addition to intrinsic (nutritive value, sweetening power) 
and origin (synthetic, semisynthetic, and natural) qualities, thermal stability and 
hydrophilic nature are essential factors for sweetness potency [85]. In this context, 
sucrose is the most commonly used sweetener (sweetness potency  =  1) [85], 
although it can lead to dental problems, diabetes, cancer, and obesity [111].

Sweeteners are categorized into two categories depending on their relative sweet-
ness: bulk (e.g., Erythritol) and intense (e.g., Aspartame). Bulk sweeteners have 
equal or lower sweetening potencies than sucrose, whereas intense sweeteners have 
a higher potency [85]. Besides, natural sweeteners such as erythritol (E 968), taga-
tose (no E number), steviol glycosides (E 960), and thaumatin (E 957) can be pro-
duced through eco-friendly approaches. Moreover, sugar alcohols such as erythritol, 
mannitol, and xylitol are also classified as natural sweeteners and are widely used in 
soft drinks, gum, candy, and baked products. Furthermore, sugar alcohols act as 
prebiotics, improving beneficial microbes in gut microbiota, and are generally con-
sidered safe. Their consumption within the acceptable daily intake (ADI) levels 
does not pose a health risk. On the other hand, sugar alcohols can be partially 
metabolized compared to sucrose and glucose, and their excessive consumption 
may result in laxative symptoms [85]. In this context, erythritol was found in vari-
ous fruits (for example, watermelons, pears, and grapes), classified as GRAS [112]. 
Erythritol accounts for approximately 65% of the sweetness of sucrose, which can 
also be produced through the fermentation of fungi or lactic acid bacteria, followed 
by purification. Similarly, trehalose (naturally occurring in plants, fungi, insects, 
and yeasts and composed of two glucose units with α-1,1-glycosidic bond) and 
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tagatose (fructose isomer naturally occurring in some fruit and dairy products) are 
sucrose substitutes [34, 85]. Likewise, tagatose (with 92% of sweetness potency) 
can be converted from D-galactose to D-tagatose via enzymatic reaction, which was 
approved as GRAS [113] prebiotic monosaccharide to be used as a flavor enhancer 
in cereals, diet soft drinks, chocolate, soft/hard confectionery, ice cream, yoghurt, 
chewing gum, frostings and dietary supplements [114].

However, artificial sweeteners have fewer or zero calories than sugar and can 
adversely alter the microbiome [115], resulting in reduced glucose tolerance. 
Although there are FDA- (aspartame, neotame, saccharin, acesulfame-K, sucralose, 
and advantame) and EFSA- (acesulfame-K (E 950), aspartame (E 951), cyclamate 
(E 952), saccharin (E 954), sucralose (E 955), thaumatin (E 957), neohesperidine 
DC (E 959), steviol glycosides (E 960), neotame (E 961), aspartame-acesulfame 
salt (E 962), advantame (E 969)) approved sweeteners, several safety controversies 
on artificial sweeteners’ safety [116] have made their use debatable and optional. 
Aspartame, the first FDA-approved sweetener, was found to cause oxidative stress 
in blood cells, leading to hepatotoxicity and kidney failure. In addition, aspartame 
is not recommended for phenylketonuria patients due to its phenylalanine content 
[117]. However, several studies have shown that aspartame has no negative effects 
on blood pressure and is a suitable replacement for type 2 diabetes [118]. A similar 
controversial situation is available for sucralose, saccharin, and acesulfame-K. In 
this sense, sucralose is roughly 600 times sweeter than sugar and is assumed to be 
indigestible by humans; nevertheless, investigations have revealed that it may be 
digested. Increasing glucose and insulin levels can lead to diabetes [119, 120]. 
Similarly, saccharin was found to cause bladder cancer and was banned in Canada. 
The FDA and EFSA approved it after several studies refuted the claims about its 
carcinogenic risk. A similar tendency was observed for acesulfame-K, which cannot 
be digested by humans and is 120 times sweeter than sugar, but was thought to be 
safe at low concentrations [69]. Furthermore, saccharin, acesulfame-K, and aspar-
tame can damage DNA in human peripheral lymphocytes [121], and non-caloric 
artificial sweeteners can adversely affect the brain, restricting its usage for lengthy 
periods [122]. The usage of new/potential natural sweeteners instead of artificial 
sweeteners is becoming increasingly popular.

13.7  Conclusions

The lack of a universal definition of ‘natural’ generates disagreements between 
regulatory agencies worldwide regarding food additives, potentially misleading 
food-chain suppliers, manufacturers, and consumers. Intense technological advances 
in the food industry and the globalized food trade urge the search for a consensus in 
the use of the term ‘natural,’ not only for labeling purposes but also for food ingre-
dients production and marketing, including additives. This movement will be essen-
tial to the international food market and to avoiding litigation disputes about 
“natural” claims in food labeling.
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Independently of the need to extinguish ambiguity around the term ‘natural’ in 
the food industry, consumers education is a pivotal point if we want to help people 
with healthy eating habits. One of the reasons for the reluctance of regulatory agen-
cies to adopt a wide use of the term ‘natural’ is probably the consumer’s misconcep-
tion that what is natural is always safer, purer, healthier, and, consequently, of 
superior quality. Government, academia, health workers, food industry, and mer-
chandising companies all have a role in providing science-based, reliable, and pre-
cise information to the population, demystifying the term ‘natural,’ using language 
accessible to all types of audiences.

With no means to verify the natural status of food and its ingredients, consumers 
rely only on the government regulations to protect them from food industries and 
retailers seeking economic advantages under the misuse of ‘natural’ claims. 
Therefore, it is crucial that regulatory documents include clear and harmonized defi-
nitions for natural additives, avoiding multiple interpretations. Regular revisions are 
also imperative, considering the constant increment of novel processing technolo-
gies, products, and ingredients, thanks to food science and technology advances.
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