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Preface

This book is an introduction to the use of natural food additives.

Nowadays, the use of additives in the food industry has become a regular practice 
due to their ability to improve the organoleptic properties or extend the shelf life 
of food products. However, some additives, known to be potentially hazardous if 
consumed in excess, have driven an increasing consumer trend to avoid this type 
of product. One possible effect of these molecules is potential allergic reactions 
or health risks associated with frequent consumption. This phenomenon collides 
with a growing interest in developing a green and sustainable economy and the 
emergence of natural additives with equal or greater benefits than synthetic ones. 
Many of these compounds are already approved and generally recognized as safe 
(GRAS) flavoring food additives by the Food and Drug Administration (FDA) and 
European Food Safety Authority (EFSA). In parallel, the effectiveness and new 
potential applications of additives and their addition to novel food matrices are the 
focus of study by many research groups. This book discusses natural food additives, 
emerging compounds used as food additives and active packaging, molecular 
gastronomy, and enzyme production in the food industry.

Chapter 1 discusses the implications of replacing synthetic food antioxidant additives 
with natural ones in food systems, whereas Chapter 2 offers a summary of the types 
of green extraction techniques to obtain natural food additives production. After this 
brief introduction, Chapters 3, 4, 5, and 6 present theoretical information about some 
of the emerging natural additives used in the food industry, namely, carotenoids, 
flavonoids, vitamins, minerals, and natural emulsifiers. They summarize their main 
chemical structures, functions, extraction and production methods, and applications 
in food systems. The final section, which includes Chapters 7, 8, 9, 10, and 11, offers 
different approaches to the applications of food additives in different food products 
including fish, cheese, and vegetables, among others.

We would like to thank our IntechOpen Commissioning Editor, Iva Simcic, and 
Author Service Manager, Romina Rovan for all the help and support during the pub-
lishing process. We especially appreciate and thank all authors that have contributed 
to the book, with a special mention to Prof. Dr. Lillian Barros and Prof. Dr. Filomena 
Barreiro from the Polytechnic Institute of Bragança (IPB), Portugal. We would like 
to thank all the authors, colleagues, and reviewers that participated in the review 
process of the book.

Miguel A. Prieto, Paz Otero and María Carpena Rodriguez
Faculty of Science,

Department of Analytical Chemistry and Food Science,
Universidade de Vigo,

Nutrition and Bromatology Group,
Ourense, Spain
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Chapter 1

The Implications of Replacing 
Synthetic Antioxidants with 
Natural Ones in the Food Systems
Thomas Amarachukwu Uzombah

Abstract

Antioxidants are substances that delay/prevent the autoxidation process of 
other compounds or neutralize free radicals which are applicable in food processing 
industries to hinder oxidation, enhance flavor, aroma and color. Types of antioxi-
dants include synthetic and natural ones as the major types, and others as endog-
enous, exogenous, dietary antioxidants etc. Whereas synthetic antioxidants are 
products of artificial synthesis, natural antioxidants are products of natural synthe-
sis occurring in plants, animals, and also in bacteria. Though synthetic antioxidants 
have been associated with side effects that affect health at the long term, their usage 
in food system was higher from the inception of applications of antioxidants as 
food preservatives. Hence, the increasing suggestion of their replacement with the 
natural ones, which the literature associated with benefits like enhancement of food 
quality, broadening orientations of food to include health interest, promotion of 
eco-friendly food system/circular economy, processing more composite foods for 
maximum exploitation of natural antioxidants, in addition to, repositioning food 
systems as means of reducing/preventing occurrences of some chronic diseases. The 
replacement may promote interest in increasing values derivable from food systems 
and facilitate the accomplishment of food safety and food security in every society 
that makes it part of its food policy.

Keywords: implications, synthetic antioxidants, natural antioxidants, food systems

1. Introduction

The major drive of recent developments in food processing and storage activities is, 
undoubtedly, to produce food products that have the potential of providing required 
nutrients and bioactive compounds in order to reduce increasing lifestyle diseases like 
cancers, cardiovascular, diabetes, and others. Bioactive compounds are non-essential 
biomolecules that have biological values beyond their calorie content found in foods 
that are capable of modulating metabolic processes resulting in the promotion of better 
health [1]. Antioxidants are bioactive compounds contained in foods, though not con-
sidered as part of nutrients, but by their antioxidative activities, are capable of enhanc-
ing the foods’ keeping quality or promoting the consumers’ health. Sardarodiyan and 
Sani [2] posit that antioxidants have become an indispensable group of food additives 
mainly because of their unique properties of extending the shelf-life of food products 
without any adverse effect on their sensory or nutritional qualities. Studies about anti-
oxidants have shown that they are chemical compounds that are capable of hindering 
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the generation of reactive species and their derivatives, either in the food systems or in 
the human body. They are categorized into two major groups which include synthetic 
and natural antioxidants, based on their sources. Natural antioxidants are produced 
by natural molecular formations in plants, animals, mushrooms, microorganisms like 
algae and bacteria and are thus extracted directly from organic sources such as fruits, 
vegetables, grains, and meat. Synthetic antioxidants are artificially synthesized by 
combinations of some chemical compounds in laboratories for use, mainly, in the pres-
ervation of foods. Though both categories of antioxidants are assumed to perform the 
same function in food systems, they have a distinct effect. According to the literature, 
in terms of zero tolerance to side effects and contribution to delay or prevention of 
occurrence of chronic diseases, natural antioxidants are more effective; while in terms 
of preservation of high lipid food products synthetic antioxidants are more effective. 
Morton et al. [3] corroborated with this assertion by reporting preference in the use of 
synthetic antioxidants in preserving foods with high rancidity levels to natural antioxi-
dants usable in preserving hydrogenated oils with lower rancidity levels.

1.1 Definition of antioxidant

Antioxidants are substances that prevent or retard oxidative activities in foods 
or body systems. Halliwell [4] and Arun and Abdul Azeez [5] reported that they 
are usually present in relatively small concentrations but are capable of frustrating 
oxidative activities in the systems. Tuberoso et al. [6] and Atta et al. [7] mentioned 
them as resources for use in preventing or greatly retarding the oxidation of easily 
oxidizable materials such as fats (and or peroxidation of lipids in food products and 
cells of the body systems. They are also defined as substances that engage harmful 
forms of oxygen to prevent them from harming the cells of either the food products 
or those of the body of food consumers. Kebede and Admassu [8] stated that anti-
oxidants are capable of slowing down the autoxidation process of other compounds 
or neutralize free radicals. Although Becker et al. [9] and Halliwell [10] specified 
the above definition in the context of the biological system, Atta et al. [7] alluded 
to it as a broader definition encompassing many vulnerable macromolecules (e.g. 
DNA, lipids and proteins) that can be affected by oxidation. Such broad definition 
means that compounds that inhibit specific oxidizing enzymes, react with oxidants 
before they damage molecules, sequester dangerous metal ions or even repair 
systems such as iron transport proteins, can fit into the definition [7]. Ihekoronye 
and Ngoddy [11] defined them as substances that retard the rate of oxidation which 
serve two principal functions: breaking the oxidation chain by containing free 
radicals or acting as hydrogen donors and facilitating the breakdown of peroxides 
into stable substances that inhibit further oxidation. Atta et al. [7] referred to the 
above description as the mechanistic definition of antioxidants. The definition 
considers radical scavenging capacity or amount of free radical captured by antioxi-
dant food components [12]. Asimi et al. [13] considers antioxidants as compounds 
or systems that can safely interact with free radicals generated in the food products 
or by metabolic activities to prevent them from reacting with the cells and cause 
damages, in the case of the body. Their affinity with the free radicals facilitates their 
disposition to mop up the radicals generated by metabolic processes to protect the 
cells. Antioxidants, indeed, are substances that at low concentrations retard the 
oxidation of easily oxidizable biomolecules [14] such as lipids and proteins either 
in food products or in living cells of the body system to discourage adverse effects 
of oxidation. Antioxidants act at different levels in the oxidative sequence involv-
ing lipid molecules [2]. Bontempo et al. [15] reported several ways they function 
including reducing oxygen concentration, intercepting singlet oxygen (1O2), 
scavenging initial radicals like hydroxyl radical to avoid initiation of first-chain 
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reaction, binding metallic ion catalysts, decomposing primary products of oxida-
tion to non-radical species and breaking chain reactions to prevent continued 
hydrogen abstraction from substrates. The necessity to produce healthier foods to 
discourage occurrences of lifestyle diseases and their associated increasing intake 
of drugs propels consideration for replacing synthetic antioxidants with the natural 
ones in the food system.

2. Operational mechanism of antioxidants

The reduction or stoppage of oxidative processes by antioxidants, in any system, 
follows two principal mechanisms of action. Kebede and Admassu [8] reported a 
chain-breaking mechanism as the first action in which primary antioxidants donate 
electrons to the free radicals present in the system. The ways they achieve this 
include stoppage of formation of free radicals, providing electrons to the existing 
free radicals to stabilize them and checkmating their reactivity. A free radical can be 
defined as, “any molecular species capable of independent existence that contains 
an unpaired electron in an atomic orbital and capture electrons from other sub-
stances in order to neutralize themselves” [16]. Atta et al. [7] referred to this action 
as neutralization of free radicals and identified two major pathways through which 
this is accomplished to include chain-breaking and preventive processes. In chain-
breaking free radicals release or abstract electron to form second radical which does 
the same thing to the third molecule to continue to generate unstable products to 
propagate the chain of reactivity and oxidation processes. The free radical has the 
ability to donate or to accept an electron from other molecules [17]. This stabilizes 
the free radical at the beginning but starts to produce another in the process [14]. 
The moment a chain reaction begins, thousands of free radical reactions can occur 
within a few seconds on the primary reaction [18].

Antioxidants readily donate an electron to the free radicals to get them stabilized. 
This assertion is in agreement with the report of Brewer [19] that the propagation 
of free radical chain reaction can be minimized by the donation of hydrogen from 
the antioxidants and the metal chelating agents. The preventive pathway of antioxi-
dants entails the removal or scavenging of free radicals to prevent their interaction 
with food substrate. The view of Nawar [20] about the mechanisms of antioxidants 
indicated that antioxidants scavenge species that initiate peroxidation, chelate metal 
ions, and disable their potential to generate reactive species or decompose lipid per-
oxides, quench or prevent the formation of peroxides, break the autoxidative chain 
reaction, and/or reducing localized O2 concentration. This assertion described by 
Kebede and Admassu [8] as the second mechanism of action of antioxidants, entails 
quenching chain initiator mechanisms that incidentally eliminates initiators of reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS). It is worthy to men-
tion here, according to Pisochi and Pop [21] and Perez and Aguilar [22], that free 
radicals are derived from oxygen, nitrogen, and fsulfur molecules and, hence the 
free radicals constitute groups of molecules called reactive oxygen species, reactive 
nitrogen species, and reactive sulfur species. Atta et al. [7] stated that free radicals of 
ROS include superoxide anion (O2−•), perhydroxyl radical (HO2•), hydroxyl radical 
(·OH), nitric oxide and other species such as hydrogen peroxide (H2O2), singlet 
oxygen (O2), hypochlorous acid (HOCl) and peroxynitrite (ONOO–). According to 
them, whereas RNS are products of the reaction of nitric oxide with O2−• to form 
ONOO–; RSS is derived from the reaction of thiols with ROS.

The mechanisms of antioxidants are further explicable with identification of 
three stages of mechanisms of chain reactions which according to the reports of 
Rosenblat and Aviram [23], Polumbryk et al. [24], and Kebede and Admassu [8] 
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include: initiation, propagation, and termination stages. In the initiation stage, 
the abstraction of the hydrogen atom from the system generates free radicals to 
initiate chemical reactions of oxidation activities. The presence of antioxidants 
inhibits the formation of free radicals to delay or disable the start of initiation 
or propagation of the chain reaction. Below is a typical initiation stage of a 
system RH, a free radical R* formed as a result of the abstraction of a hydrogen 
atom H*.

 R HRH→ ∗+ ∗  (1)

 2R R O ROO∗→ ∗+ → ∗  (2)

 22ROOH H OROO RO→ ∗+ ∗+  (3)

The propagation of free radical chain reaction is occasioned by the ability of 
free radicals or the reactive species to react with a molecule of oxygen from the 
environment, resulting in the formation of peroxides and peroxy radical ROO* in 
the propagation stage [8] shown below. Also, the presence of antioxidants frustrates 
the intermediates from propagating free radicals, which according to Brewer [19] 
and Atta et al. [7] could be by the donation of hydrogen from the antioxidants. The 
propagation stage is represented below.

 2R O ROO∗+ → ∗  (4)

 ROOH RROO RH∗+ → + ∗  (5)

 RRO RH ROH∗+ → +  (6)

In the terminal stage shown below, either two free radicals combine to form a 
stabilized or nonradical species or the antioxidants donate hydrogen atom (H*) to 
radicals to terminate the chain reaction. Brewer [19] stated that the free radicals of 
antioxidants may then form a stable peroxy-antioxidant compound.

 R R R R∗+ ∗→ +  (7)

 R ROORROO∗+ ∗→  (8)

 2ROOR OROO ROO∗+ ∗→ +  (9)

 2Antioxidants O Oxidized antioxidants+ →  (10)

Although based on the mode of production antioxidants are majorly classified 
into natural and synthetic antioxidants, the cellular level as the targeted site of 
free radicals’ damage and defensive approach of antioxidants, was also mentioned 
by Anwar et al. [25] as a criterion for further classifying the antioxidants into 
enzymatic and nonenzymatic ones. However, the classification reported by Kebede 
and Admassu [8], Akbarirad et al. [26] and Anbudhasan et al. [14] highlighted the 
mode of the provision of antioxidants to the body system; and mentioned exog-
enous, endogenous, and dietary antioxidants, as classes of antioxidants, subsumes 
the forgoing classification. Lastly, classification based on the course of action was 
equally mentioned by Manessis et al. [27] in their report on the classification of 
antioxidants. Some of them will be discussed briefly.
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2.1 Natural antioxidants

Natural antioxidants are, at times, considered as extra nutritional components 
that occur in small quantities in food materials, especially if such food materials 
contain compounds like vitamins C or E that dually serve as providers of nutrients 
and bioactive compounds. Grozea [28] stated that they are found in natural sources, 
such as fruits, vegetables, and meats. They are also found in all plants parts like 
nuts, seeds, leaves, roots, and barks [26]. Table 1 shows some natural antioxidants 
that are increasingly applied in food systems. Though natural antioxidants are prod-
ucts of animals, plants, mushrooms, and algae. Kebede and Admassu [8] reported 
that natural antioxidants that are mainly used in the food system are mostly synthe-
sized by plants (e.g. vitamins and other naturally occurring chemical compounds 
in food). Yadav et al. [30] corroborated with the foregoing and mentioned anti-
oxidants commonly found in everyday foods to include vitamin C (ascorbic acid), 
vitamin E (tocopherols), vitamin A (carotenoids), various polyphenols including 
flavonoids, anthocyanins, lycopene (a type of carotenoid), and coenzyme Q10, also 
known as Ubiquitin, which is a type of protein. Some of these antioxidants and oth-
ers highlighted in Table 1 are significantly sourced from plant-based foods. Natural 
antioxidants are found in most fresh foods [14]; with fruits, vegetables, and medici-
nal herbs being the richest sources of antioxidant compounds such as vitamins A, 
C, and E, ß-carotene, and important minerals [31]. Mohdali [32] reported different 
variations in phenolic contents not only among different fruits or vegetables but 
also reports of different authors even for the same fruits or vegetables. Also, two 
major groups, enzymatic antioxidants and non-enzymatic antioxidants constitute 
the human antioxidant [33, 34].

2.2 Dietary antioxidants

Dietary antioxidants are a complex mixture of micronutrients and bioactive 
phytochemicals in the diets that exhibit a range of antioxidant functions, and also 
according to Da Costa et al. [29], play an important role in the defense against 
stress. They are sufficiently supplied to the body system by the consumption of 
balanced diets, fruits, and vegetable-based diets. Hence, they are as well, part 

Exogenous antioxidants Dietary sources

Vitamin C (ascorbic acid/ascorbate) Bell peppers, strawberries, kiwi, Brussels sprout, broccoli, most 
fruits (particularly citrus fruits), some vegetables, tomatoes.

Vitamin E (tocopherol, tocotrienols) Vegetable oil (olive, sunflower, safflower) and its derivatives 
(margarine, salad dressing, nuts and seeds, cereal grains, 
broccoli, Brussels sprouts, cauliflower, almonds, hazelnuts

Carotenoids(carotene, zeaxanthin, 
lutein, lycopene, β-cryptoxanthin, 
etc.)

Orange and red vegetables and fruits (carrots, tomatoes, 
apricots, plums) and green leafy vegetables (spinach and kale), 
dark leafy vegetables, sweet potatoes, yams, citrus fruits, kale, 
papaya

Polyphenols (flavonols, flavanols, 
catechins, anthocyanins, isoflavones, 
phenolic acids

Fruits (apples, berries, grapes, citrus), vegetables (celery, kale, 
onions, lettuce, eggplants, peppers, cruciferous vegetables, 
onions) legumes (beans, soybeans, nuts), wine, tea, cocoa, 
oilseeds, black tea

Trace elements(selenium, zinc) Seafood, red meat, chicken, and whole grains

Sources: Da Costa et al. [29] and Kebede and Admassu [8].

Table 1. 
Some dietary antioxidants and examples of their sources.
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of exogenous antioxidants. Young et al. [35] indicated that the members of the 
Food and Nutrition Board of the National Research Council in the United States, 
described dietary antioxidants as components of food that significantly mitigate the 
adverse effects of reactive oxygen species and reactive nitrogen species in normal 
physiologic function in humans. And typical dietary antioxidants are ascorbate, 
tocopherols, carotenoids, and bioactive plant phenols. The potential of fruits and 
vegetables to promote human health, according to the literature, is due to the 
presence of antioxidant inclined vitamins, and the large number of phytochemicals 
having antioxidant properties. The most widely studied dietary antioxidants, 
according to Yadav et al. [30], are Vitamin C, vitamin E, ß-carotene, and other 
carotenoids and oxycarotenoids, e.g., lycopene and lutein. They have the potential, 
to reduce reactive oxygen species and reactive nitrogen species and their associ-
ated adverse effects on the body [36]. Dietary antioxidants, at times, referred to as 
exogenous antioxidants are derived from food eaten to complement or strengthen 
the activities of the endogenous antioxidants. Hence, they are either sourced 
from synthetic antioxidants or natural ones. Percival [37] mentioned vitamins, 
flavonoids, anthocyanins, and some mineral compounds as some of the naturally 
sourced dietary antioxidants. Table 1 highlights some of these antioxidants and 
their sources. Yadav et al. [30] reported that there is an increasing interest in the 
application of antioxidants as food preservatives, particularly dietary antioxidants 
intended to prevent the presumed deleterious effects of free radicals in the human 
body, as well as the deterioration of fats and other constituents of foodstuffs. The 
report of Sardarodiyan and Sani [2] indicated that vitamins C and E, carotenoids, 
stilbenes, phenolic acids such as benzoic and hydroxybenzoic acids, cinnamic and 
hydroxycinnamic acid derivatives and flavonoids—flavonols, flavones, flavanones, 
flavanols, flavones, and anthocyanidins (as the aglycones of anthocyanins) and 
others are the main dietary antioxidants. Table 1 indicates that trace elements such 
as selenium and zinc usually sourced from seafood, meat, and whole grains; are 
part of exogenous antioxidants. Although, synthetic antioxidants are not among the 
dietary antioxidants in Table 1, Butylated hydroxyanisole (BHA) and BHT (butyl-
ated hydroxytoluane that are frequently applied as food preservatives are examples 
of exogenous antioxidants (see Table 1). They are not deliberately added as food 
ingredients but are used as preservatives, hence are involuntarily consumed with 
foods and are observed to play some roles in the body system.

2.3 Synthetic antioxidants

Synthetic antioxidants are synthesized artificially by combinations of some 
chemical substances in the laboratory. They are widely used as food additives to 
prevent rancidification, owing to their high performance and wide availability 
[14]. They are chemically synthesized compounds since they do not occur in nature 
and are added to food as preservatives to help prevent lipid oxidation [7]. The 
instability of the natural antioxidants occasioned their involvement as preserva-
tives for food products. According to the literature, the predominant applications 
of synthetic antioxidants as food preservatives are due to their high reactivity and 
more efficiency and effectiveness in preserving foods. Butylated hydroxytoluene 
(BHT) and butylated hydroxyanisole (BHA) were originally developed to protect 
petroleum from oxidative gumming [38]. However, these compounds have been 
used as antioxidants in human foods since 1954 and are perhaps the most com-
mon antioxidants used in those foods today [39]. Though they are predominantly 
used, the food industry is pushing for their replacement with natural antioxidants 
because of the consumers’ increasing preference for natural antioxidants which in 
addition, not only are more affordable but are eco-friendly. However, their usage is 
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regulated by the established authorities to protect food consumers like the Nigerian 
Food and Drugs Administration (NAFDAC) and Standard Organization of Nigeria 
(SON), Food and Drug Administration (FDA) of the USA, European Food Safety 
Agency etc. Rashmi et al. [40] reported that the level of antioxidants permitted for 
use in food is usually determined by the fat content of the recipient food item, and 
is limited to 0.02% total antioxidants. Table 2 shows synthetic antioxidants com-
monly used as food preservatives and their recommended levels of usage, based on 
the legislations of FDA, European Food Safety Agency (EFSA), Joint FAO/WHO 
Expert Committee on food additives etc (Table 2).

2.4 Action-oriented classification

Manessis et al. [27] further classified antioxidants based on the way they act in 
the biological system into the following; (i) primary antioxidants, (ii) oxygen scav-
engers, (iii) secondary antioxidants, (iv) enzymatic antioxidants, and (v) chelating 
agents. According to them, primary antioxidants donate electron or hydrogen to 
terminate free-radical chain reactions and some antioxidants in this group include 
phenolic compounds, tocopherols; and synthetic antioxidants such as alkyl gallates, 
BHA, BHQ , and TBHQ; (ii) oxygen scavengers are groups of antioxidants that 
remove oxygen to reduce their chance of furthering oxidative activities and they 
include vitamin C, ascorbyl palmitate, erythorbic acid, and its sodium salt; (iii) 
secondary antioxidants are group of antioxidants that breakdown lipid hydroperox-
ides into stable end-products such as dilauryl thiodipropionate and thiodipropionic 

Compound name Limit in foods Morphology/solubility Food matrix

BHA (butylated 
hydroxyanisole)

< 200 mg/kg* White waxy flakes, 
soluble in fat, insoluble 
in water

Cereals, chewing gum, potato chips, 
vegetable oils, biscuits, cakes pastries, 
sugar honey, meat products, spices, milk 
products, etc

BHT (butylated 
hydroxytoluane

< 100 mg/kg* White crystalline 
compound /soluble in fat, 
insoluble in water

Vegetable oil, meat products, potato 
sticks, chicken soup base, chewing gum, 
sugar, honey, spices, milk products, etc.

PG (Propyl Gallate) < 200 mg/kg* White crystalline powder 
sparingly soluble in water

Vegetable oil, meat products, potato 
sticks, chicken soup base, chewing gum, 
sugar, honey, spices, milk products, etc.

OG (Octyl Gallate) < 200 mg/kg* White to creamy 
white crystalline solid, 
insoluble in water

Oils and fats, cereals, snack foods, dairy 
produce, sugar, honey, meat products, 
etc

DG (Dodecyl Gallate) < 200 mg/kg* White to creamy white 
Crystalline solid, 
insoluble in water

Oils and fats, cereals, snack foods, dairy 
produce, meat products, etc.

EDTA 75ppm** Slowly soluble in water Salad dressing, margarine, sandwich 
spreads, mayonnaise, processed fruits 
and vegetables, canned shellfish, soft 
drinks

TBHQ (tertiary 
butylhydroquinone)

120 mg/kg* Beige colored powder, 
soluble in fats

Milk, milk products like cheese, meat 
and meat products, chewing gum, fish 
& Fish products, sea food, sugar, honey, 
spices, etc.

Source: Rashmi et al. [40].*CODEX Alimentarius/Joint FAO/WHO Expert Committee on food additives.
**US FDA.

Table 2. 
Typical synthetic antioxidants used as preservatives, their legal limits in the foods.
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acid; (iv) enzymatic antioxidants act by removing oxygen like glucose oxidase and 
removing ROS by such enzymes like superoxide dismutase, catalase etc. and (v) 
chelating agents act to remove metallic ions like iron and copper, known to catalyze 
lipid oxidation. Common chelating agents, according to, Pokorný [41] and Hudson 
[42] are citric acid, ethylenediaminetetraacetic acid (EDTA), and amino acids.

3. Effectiveness of natural and synthetic antioxidants

Antioxidants, depending on the category they belong, differ in their delivery or 
operation in checkmating undesirable oxidation and their derivatives to mitigate 
food deterioration. Variation in effectiveness of antioxidants is connected with 
several factors which include the system of operation, type or the group the anti-
oxidant belongs to, aspect of functionality etc. The literature mentioned the use of 
antioxidants as food preservatives, and the differences in potency observed between 
synthetic and natural antioxidants. For instance, Rasmi and Disha [40] reported the 
differences in the potency of natural and synthetic antioxidants as food preservatives 
and stated how both differ in performance levels. The ascertainment of performance 
levels of both synthetic and natural antioxidants, according to Rasmi and Disha [40], 
depending on the number of peroxides formed in lipids over time and what they 
referred to as carry-through properties i.e. the ability of the antioxidant to provide 
stability under different processing conditions like heat (such as frying or baking), 
varying solubility, etc. According to the literature, the application of antioxidants as 
food preservatives depend on the nature or class of food being preserved and overall 
price consideration. For instance, preservation of foods with high rancidity levels 
is better achieved by using synthetic antioxidants since these are more potent and 
hence, have high-performance levels, while natural antioxidants with lower potency 
and performance levels can suffice for hydrogenated oils with lower rancidity levels 
[3]. However, the effectiveness of antioxidants may be measured based on the extent 
to their utilization promotes food safety, in terms of promoting the health of the 
consumers, with respect to disabling occurrences of degenerative diseases in vivo, 
and in terms of preventing or minimizing lipid peroxidation which produces toxic 
compounds that enhance deterioration of flavor, color, texture, and nutritional values 
[43] which incidentally lead to overall depreciation of food quality and its consumer 
acceptability [44]. Also, studies carried out on the applications of natural antioxi-
dants, according to Fernades et al. [45] showed their promotion of the palatability 
of food products, that is, the appetizingness of such products. The effectiveness of 
natural antioxidants in stabilizing food products in a manner equivalent to that of 
synthetic antioxidants and their contribution to longer shelf-life to meat products 
was, as well, reported by Jung et al. [46]. The strong correlation between diet and dis-
ease prevention instigated by applications of antioxidants in the food system which 
pushes industrial trend toward the development of functional food products [47] 
is leading to increasing adoption of many dietary and technological techniques that 
facilitate the use of these antioxidants in maintaining the quality of food products like 
meat and its derivatives [45]. The type of such technological strategy was reported 
by Velasco and Williams [48] to be the inclusion of plant ingredients having high 
bioactive potential in packaging materials or incorporation of dietary supplements 
in animal feeds. Hence, whereas synthetic antioxidants are considered to be more 
potent or effective as preservatives because of their readiness to donate electrons to 
food substrates, the increasing preference of consumers to natural antioxidants and 
the associated inclination of the food industry to satisfy the consumers’ demands; 
is factored on the following: their good bioactive health potential, their perceived 
functional properties and increasing demand for healthy food products.
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Also, in terms of the involvement of food in promoting the consumers’ health, 
food processors are increasingly producing food products containing prerequisite 
antioxidants (natural ones) to discourage the high incidence of degenerative 
diseases and improve food safety. Voutilainen [49] reported the important role 
nutrition play in preventing many chronic diseases such as cardiovascular diseases 
(CVD), cancers, and degenerative brain diseases. This assertion was corroborated 
by Atta et al. [7] who stated that consumption of dietary antioxidants such as 
β-Carotene prevents muscular degeneration and cataracts. The potency of natural 
antioxidants in this regard overrides that of synthetic antioxidants. The overrid-
ing contributions of natural antioxidants in checkmating occurrences of lifestyle 
diseases aforementioned are well reported in the literature. Though the use of syn-
thetic antioxidants in maintaining the quality of ready-to-food products has gained 
prominence, the increasing demand for food products that guarantee the safety of 
consumers has instigated the food industry to seek their replacement with natural 
antioxidants [50]. According to Anbudhasan et al. [14], food products containing 
natural antioxidants were more functional in promoting shelf-life and health of 
their consumers when compared with those ones whose antioxidants were removed 
during processing. The above reports indicated that natural antioxidants are the 
kernels of involvement of foods in minimizing chronic diseases, promoting health 
and incidentally reducing intake of drugs taken for healing, which also generate 
adverse side effects. Whereas synthetic antioxidants have the advantages of being 
readily available and affordable and are more reactive when compared with natural 
antioxidants, the preference of consumers for food products processed with natural 
antioxidants, is increasingly demeaning their applications as food preservatives.

4. The uses of antioxidants in food systems

Antioxidants are part of food additives used in the food systems primarily to 
infringe oxidation of lipids and proteins to elongate the keeping quality of food 
products, thus enhancing the shelf-life of food products. Antioxidant compounds 
present in food systems help to reduce the number of lifestyle diseases which may 
reduce the amount of drugs consumed by people who suffer from these diseases. 
Atta et al. [7] agreed with the above assertion with a report that antioxidants are 
widely used as an ingredient in a dietary supplement for promoting good health. 
Recent developments in food processing are indicating that food could be used as 
preventive and curative channels to discourage increasing occurrences of chronic 
diseases such as cardiovascular diseases, high blood pressure, diabetes, cancers etc. 
being witnessed among people. This may enliven the intention of replacing syn-
thetic antioxidants with natural ones that have the potential to elongate food quality 
and enhance the health of food consumers. The use of antioxidants as a preservative 
and in enhancing the flavor, aroma, and color of food products is reported in the 
literature [8]. The addition of antioxidants to food items as preservatives can be 
during many different stages of food production [51], but since the antioxidants 
have no potential to reverse already oxidized food products; their application during 
the early stage of the manufacturing process may give better results. Some practical 
applications of antioxidants in the food system include their addition to fats and 
oils used in food production [14], in the preservations of vegetables and vegetable 
products; fruits and fruit products [52]; cereals and bakery products; milk and milk 
products like cheese; meat, fish and their products; spices; and other dry foods like 
sugar, honey, beverages, and chewing gum [53].

Also, apart from being used as preservatives, antioxidants could be utilized to 
enhance the benefits of food to man. Aside from the provision of nutrients, the 
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inclusions of antioxidants or the use of antioxidant-containing ingredients in food 
processing improve the productivity of food processing and its products. Their use 
could bring about an added value to food products by giving them the potential to 
provide nutrients and bioactive compounds and hence, promote the tendency of 
food consumed to checkmate lifestyle diseases and intake of drugs occasioned by 
occurrences of the diseases.

The use of antioxidants in food systems is bringing up novel food products 
designed to take care of both the nutritional and health aspects of human life. 
Before now, food products were produced to provide mainly nutritional needs of 
the consumers with little or no attention given to using food to address the increas-
ing occurrence of degenerative diseases and to incidentally discourage the intake of 
drugs because of their associated side effects.

Also, the reports of the literature have indicated that the inclusion of plants parts 
with a high concentration of antioxidants is more effective than the use of extracted 
antioxidants as food supplements, either in terms of prolongation of shelf-life or 
particularly of promoting health orientations of food products in the food system 
[54]. Anbudhasan et al. [14] corroborated the foregoing by implying that process-
ing impacts negatively on the potency of the antioxidants. And incidentally, the 
literature is replete with information that most antioxidants are concentrated in the 
areas of plants, like the seed/seed-coat, peels, etc. as in mango fruits; usually gener-
ated as wastes/byproducts discarded as pollutants to the environment by process-
ing operations. Kebede and Admassu [8] confirmed this assertion by stating that 
wastes and by-products of fruits and vegetables in the food processing industry are 
abundant sources of antioxidant polyphenols or phenolic compounds. This means 
reintegration of these components as constituents of the food system could boost 
the strength of food in providing required antioxidants. The exploration of antioxi-
dants may, therefore, likely reduce the quantity of wastes/by-products generated 
to promote eco-friendly food processing. Some studies have already been done on 
by-products, which could be potential sources of antioxidants [32]. Agricultural 
and industrial residues are attractive sources of natural antioxidants [55]. The use of 
waste as a source of polyphenols and antioxidants may have considerable economic 
benefits to food processing industries. Therefore, a cheap, efficient, and environ-
mentally sound utilization of these huge agro-industrial wastes is needed [56].

The use of antioxidants in the food system depends on the conditions of food 
processing operations applied. According to Reddy et al. [57], processing (includ-
ing preparation) of food is designed to make food healthier, safer, tastier, and 
more shelf-stable. This is achieved by inactivating disease-causing microorganisms 
(pathogens) and enzymes to reduce moisture content and concentrate nutrients 
and bioactive compounds in processed foods, or to soften the outer tissue to sepa-
rate fruit/vegetable skin [58]. This incidentally causes several changes including 
appearance, composition, nutrition, and sensory properties which occur during 
processing in terms of color, texture, and flavor. Generally, food-processing proce-
dures are recognized as one of the major factors responsible for the destruction or 
changes of natural phytochemicals, which may affect the antioxidant capacity in 
foods [59]. Processing conditions either boost nutrients and antioxidants or reduce 
them depending on many factors. The conditions that are generally considered in 
food processing include temperature, time, the level of antioxidants in the ingredi-
ents/raw material; but for antioxidants, it is reported that genetics, environment, 
growing conditions (moisture, fertilization, pests, and disease burden, etc.) of the 
fruits and vegetables from which they are extracted, as well as processing methods 
and storage conditions affect the level of antioxidant activity of phytochemicals 
[60–62]. The understanding that over-processing or some severe processing 
conditions and environment could eliminate most of the antioxidants are inducing 



13

The Implications of Replacing Synthetic Antioxidants with Natural Ones in the Food Systems
DOI: http://dx.doi.org/10.5772/intechopen.103810

processors to explore processing techniques capable of producing food products 
containing assured levels of nutrients and antioxidants. One of the techniques, as 
shown by the recent development in food processing, is the enclosure or entrap-
ment of antioxidants within a material or substance reported in the literature as 
encapsulation technology. Trifkovic et al. [63] reported on different encapsulation 
technologies applicable in food processing for antioxidants to include spray dry-
ing, spray chilling, spray cooling spray-drying, spray-chilling, spray-cooling, melt 
injection, fluidized bed coating etc. Encapsulation according to Pattnaik et al. 
[64], protects sensitive antioxidants from being destabilized by severe processing 
conditions or environment, improves their bioavailability, masks their identifiable 
astringent flavors, enhances their delivery in active forms to the targeted site or 
appropriate release in the gastrointestinal tracts.

Furthermore, apart from the use of encapsulation technology for the retention 
of nutrients and antioxidants in food products, the interplay of processing condi-
tions is another way to optimize the availability of nutrients and antioxidants. 
Nayak et al. [58] reported that the application of kinetic models in the thermal pro-
cessing of foods is important to assessing and predicting the influence of processing 
operations on critical quality parameters to minimize the undesirable changes and 
to optimize the quality of specific foods. Thus foods could be processed to provide 
the required nutrients and antioxidants.

5.  Implications of replacing synthetic antioxidants with the natural  
ones in food systems

Food being one of the basic needs of man must always be available as and 
when needed at an acceptable condition or quality. This means preserving 
natural or processed food products, ensuring retention of the characteristics 
of the foods that constitute acceptable quality to consumers. The application of 
antioxidants in the food system was widely reported in the literature to check-
mate undesirable oxidative reactions, identified as one of the major causatives 
of food deterioration; in order to maintain the quality of foods. Antioxidants 
have become an indispensable group of food additives mainly because of their 
unique properties of extending the shelf-life of food products without leaving 
any adverse effect on their sensory or nutritional qualities [2]. Atta et al. [7] also, 
reported the use of antioxidants to prevent the oxidation process in foods which 
leads to rancidity and browning. The major segment of antioxidants, natural and 
synthetic antioxidants, are involved as ingredients in food systems, mainly as 
preservatives and then recently as the promoter of health orientation of foods. 
Anbudhassan et al. [14] mentioned the involvement of both aspects of antioxi-
dants, especially the recent drastic increase in the application of natural anti-
oxidants at the expense of synthetic ones in the food system, because of concern 
for the safety of food consumers. Before now, synthetic antioxidants were highly 
involved in the food system because they were adjudged to be more reactive 
and effective as food preservers than natural ones. While the use of synthetic 
antioxidants (such as butylated hydroxytoluene and butylated hydroxyanisole) 
to maintain the quality of ready-to-eat food products has become commonplace, 
consumer concern regarding their safety has motivated the food industry to 
increasingly apply more natural antioxidants [50].

Thus, the friendliness of natural antioxidants, in comparison to synthetic ones, to 
the body system could be the reason for increasing interest in replacing synthetic with 
natural antioxidants, as food preservers, in food systems. Though Anbudhassan et al. 
[14] reported that synthetic antioxidants are widely used as food additives to prevent 
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rancidification, owing to their high performance and wide availability, the public opin-
ion that natural compounds are safer and more health-beneficial per se, has motivated 
the meat industry, for instance, to exploit plant-derived additives in meat systems with 
the objective of replacing synthetic antioxidants [65]. Whereas the literature is replete 
with increasing replacement of natural antioxidants with synthetic ones, it is neces-
sary to elucidate implications of this in the food system. The increasing use of natural 
antioxidants will promote health orientation of foods, bring up new food products, 
enhance food quality, promote processing of composite food product, improve safety 
with assured attainment of food security, improve the circular economy of nations that 
invest in it, ameliorate occurrences of chronic diseases and their associated reduction 
in drug intake and many other benefits that are discussed hereunder.

5.1 Promotion of health orientation of food

Food is an indispensable resource to a man taken to provide nutrients required for 
the growth of the body cells with little or no consideration for its inclination to health 
aspects of life. The recent development in the food systems which targets the use of 
food to prevent chronic diseases as afore-mentioned seem to be widening the scope 
of benefits uses or productivity of food to man. In recent years, considerable research 
has been carried out, evaluating natural substances as antioxidative additives in 
food products, leading to novel combinations of antioxidants and the development 
of novel food products. The natural antioxidants have, in addition, shown a sup-
portive effect to the human body with documented health benefits [8]. The targets 
of food processors, in the recent development, are to provide food products made 
up of required nutrients and antioxidants to ensure that foods have added value of 
promoting health of the consumers [66]. Antioxidants have important preventive 
roles not only on undesirable changes in the flavor and nutritional quality of food but 
also on tissue damage in various human diseases [8]. They are potentially effective in 
the prevention of degenerative illnesses, such as different types of cancers, cardio-
vascular and neurological diseases, cataracts, and oxidative stress dysfunctions [67, 
68]. Chronic diseases such as arteriosclerosis and cancer, which are the leading causes 
of death in the Western world, are likely to be mediated by free radical and lipid 
peroxidation mechanisms [69], but could be remedied with increasing consump-
tion of dietary antioxidants processed into food products. Antioxidants have been 
investigated and reported to play a specific role in the prevention of these diseases/
disorders [68]. In the last decades, several epidemiological studies have shown that 
dietary intake of foods rich in natural antioxidants was correlated with a reduced risk 
of coronary heart disease [70, 71]. Dietary and natural antioxidants present in foods 
and other biological materials have attracted considerable interest because of their 
presumed safety and potential nutritional and therapeutic or health effects [72, 73]. 
While processing food to provide required nutrients, food processors should also 
consider other health-related aspects of their additives and products. The quality 
parameters for acceptance of food should widen to include adequate availability of 
antioxidants in addition to those characteristics for which food quality is measured.

5.2 Production of novel food products

The attempt to include the required availability of antioxidants in food as a 
measure of food quality characteristics is undoubtedly throwing up a novel or new 
products in food systems globally. Kedebe and Admassu [8] reported changes in 
human lifestyle and his view of food which are occasioning shift from one nature of 
food to another, e.g. from convenient foods to ready to eat food products category. 
The deadliness of chronic diseases and the understanding that consumption of the 
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right foods could prevent or end their occurrences may broaden the demands of 
consumers of inclusion of antioxidants at the required levels in food products. In a 
bid to meet this dynamic demands of consumers, food processors are increasingly 
developing new food products processed to provide nutritive and healthy values to 
consumers.

5.3 Enhancing food quality

The contributions of antioxidants to the enhancement of food quality are well 
reported in the literature. Anbudhassan et al. [14] mentioned the involvement of 
antioxidants, both natural and synthetic in accentuating the shelf-life and appear-
ance of many food products to buttress the disposition of antioxidants toward 
promoting food quality. While the use of synthetic antioxidants (such as butylated 
hydroxytoluene and butylated hydroxyanisole) to maintain the quality of ready-
to-eat food products has become commonplace, consumer concern regarding their 
safety has motivated the food industry to seek natural antioxidants [50]. The anti-
oxidants obtained from plants are more functional toward improving the shelf life 
of food products and providing healthier promotion when compared to materials 
whose antioxidants have been removed during processing [14]. Orientating foods 
toward promoting the health of consumers, in addition to their nutritional roles 
emphasizes the widening contributions of natural antioxidants to the maintenance 
of food quality. Kebede and Admassu [8] alluded to the effectiveness of natural 
antioxidants in preventing undesirable changes in the flavor and nutritional qual-
ity of food and tissue damage that occasion incidence of various human diseases; 
and asserted that nutritional importance, promotion of health, and prevention 
against damages caused by free radicals can lead to the potential applications of 
antioxidants in food industries in more intensified approaches. The applications of 
natural antioxidants in the food system will undoubtedly improve keeping quality 
of foods in the food systems. This is in agreement with reports of Arshiya et al. [50] 
and Singh et al. [68] on natural antioxidants such as vitamins (ascorbic acid [AA] 
and α-tocopherol (E306)), many herbs and spices (rosemary, thyme, oregano, 
sage, basil, pepper, clove, cinnamon, and nutmeg), and plant extracts (tea and 
grape seed) applied on meat products as preservatives. The supremacy of natural 
antioxidants over synthetic ones in the functionality of antioxidants as enhancers 
or enablers of increasing shelf-life of foods is indeed incontrovertible as attested 
to with the report of Kebede and Admassu [8], which stated that the antioxidants 
obtained from plants are more functional toward improving the shelf life of food 
products and providing health promotion.

5.4 Promotion of circular economy

The increasing applications of natural antioxidants will incidentally boost 
or signify a circular economy since most the antioxidants are derived from by-
products/wastes generated during food processing or utilization. The literature is 
replete with the involvement of food by-products or wastes in the extractions of 
natural antioxidants or their recycling for their use as ingredients in the processing 
of some foods. Bartosz et al. [74] associated the use of food by-products/wastes as 
raw materials in the production and or commercialization of natural antioxidants 
as well as in the advancement of the circular economy. The circular economy is a 
regenerative system that, unlike the linear economy, involves recycling or reuse of 
wastes generated in the food system to boost values derivable from the food pro-
cessing system. The circular economy is all about minimizing waste generation in 
the food system by the re-use of food, conversion of by-products, and wastes into 
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usable products, recycling nutrients, and adopting changes in diet toward more 
diverse and more efficient food patterns [75]. The identification of food wastes as 
reservoirs of antioxidants, and increasing inclination to eco-friendly food process-
ing culture will purvey strategies and projects required to encourage upstream 
waste recovery, leading to the production of downstream value-added ingredients 
(e.g. natural antioxidants), based on a sustainable economy, i.e. circular economy. 
In the concept of a circular economy, recovery and valorization of wastes allow 
materials to be reused and be recycled into the supply chain, allowing economic 
growth from environmental losses [76]. Thus increase in applications of natural 
antioxidants will incidentally translate to an increase in the utilization of food 
wastes or adoption of eco-friendliness in food processing, the purveyor of the 
sustainable or circular economy.

6. Conclusion

Antioxidants are substances that minimize or disable oxidative activities in 
food and body systems to preserve them from being damaged. Two major types 
of antioxidants, based on their mode of synthesis applicable in the food system 
for food preservation are natural and synthetic antioxidants. Though synthetic 
antioxidants, from the inception of food processing, are predominantly used as 
food preservatives to maintain the keeping quality and appearance of many food-
stuffs; some reports about their carcinogenicity and mutagenicity and hence, the 
concern of consumers’ health have motivated the food industry to seek for their 
replacement with natural antioxidants. The replacement is necessary because of the 
increasing demands of consumers for health-promoting foods globally. The use of 
natural antioxidants, either in the form of extracts and or parts of natural resources 
that contain concentrations of antioxidants; in food processing and preservation, 
may encourage consumption of healthy foods. Also, the discovery that natural 
antioxidants are mostly concentrated in the parts of raw resources usually removed 
as wastes during food processing and, the efforts to reintegrate the wastes into the 
food system, seemingly included promotion of eco-friendly food processing and a 
guaranteed sustainable/circular economy; as one of the implications of replacing 
synthetic antioxidants with natural ones in the food system. The use of plant parts, 
as food ingredients instead of extracted antioxidants as food supplements, height-
ens the effectiveness of natural antioxidants in the food system either in terms 
of prolonging shelf-life or promoting health orientations of food products. The 
replacement of synthetic antioxidants with natural ones will, thus, boost sensory, 
safety, and other quality parameters as well as health orientations of food products 
and incidentally, the values of food to man.
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Abstract

During the last decades, consumers have increased the demand for healthier 
natural foods with lower presence of chemical additives. One reason of this choice is 
the controversy about chemical additives possible adverse effects. To fulfill market 
needs, different techniques have been developed to extract compounds from vari-
ous raw materials to produce natural additives with different properties (preserva-
tives, emulsifiers, or colorants) and bioactivities. In addition, the growing concern 
about the effects of climate change has led the development of more sustainable 
techniques to carry out the extraction. The use of new alternative nonconventional, 
emerging, or green extraction methodologies has gained considerable attention 
during the last decade. These novel techniques have been applied to minimize any 
negative changes in the nutritional, physicochemical or sensory properties of the 
natural source, while at the same time reducing the environmental impact of the 
process and gaining competitiveness of the world market. For this purpose, new 
green extraction methods have been proposed and optimized for the reduction of 
the consumption of raw materials, solvents, and energy. In this chapter, a revision 
of different types of green extraction techniques is compiled together with the main 
factor that can affect extraction-process feasibility and the main challenges and 
future trends for their development.

Keywords: Natural additives, green extraction techniques, conventional extraction, 
solvent, energy

1. Introduction

The use of additives in the food industry has become a routine process due 
to the ability of this type of compound to improve the organoleptic properties 
(flavor, aroma, color) of foodstuff or to extend its shelf-life due to its bioactivities 
(mainly, antioxidant and antimicrobial) [1]. Food additives are the most useful tool 
to improve foodstuff quality. According to the European Food Safety Authority 
(EFSA), food additives are defined as “substances that are not normally consumed 
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as food nor used as intrinsic ingredients of food, which has a technological purpose” 
[2]. In this context, the nature of some additives, known to be potentially hazardous 
if consumed in excess, has derived to an increasing consumer trend to avoid these 
types of products. One possible effect of these molecules is the potential allergic 
reactions or health risks associated with a frequent consumption. Compounds that 
have been subjected to this controversy are sulfites, nitrosamines or palm oil, whose 
presence in food have been sometimes forbidden (e.g., sulfites in wines sold in the 
USA) [3, 4], leading to an ideological current against synthetic additives [5]. This 
phenomenon collides with a growing interest for developing a green and sustainable 
economy and reducing generated wastes. For this reason, and the food industry has 
focused its efforts research on new effective and feasible extraction methods of nat-
ural compounds from different raw materials (including by-products) that could be 
used as additives [6]. These compounds belong to different classes, being the most 
studied phenolic compounds (i.e. phenolic acids, flavonoids, tannins), pigments (i.e. 
chlorophylls, carotenoids, anthocyanins), vitamins, polysaccharides, proteins and 
unsaturated fatty acids [7–11]. They have different bioactivities, depending on the 
chemical structure of the molecule (Figure 1). For example, phenolic compounds, 
pigments or vitamins are recognized as potent antioxidants and antimicrobials, 
whereas pigments like β-carotene will additionally provide color to the product. In 
addition, there are other aromatic compounds such as terpenoid carvacrol, obtained 
from thyme and oregano, d-limonene from citrus tree or curcumin from turmeric 
with beneficial properties which can be also used as food additives [12].

Studies pointed out that natural additives may have higher bioactivity than 
artificial ones. For example, it has been observed that phenolic compounds (pheno-
lic acids and flavanols) have comparable or even more potent antioxidant activity 
than currently used artificial additives like propyl gallate or butylhydroxytoluene in 
meat, fish and bakery products [13–16]. Hence, there is scientific evidence to pro-
pose their use as alternative condiments. On this matter, many of these compounds 
and/or extracts, like essential oils, are already approved and generally recognized 
as safe (GRAS) flavoring food additives by the Food and Drug Administration 
(FDA) and EFSA [2, 17]. Some examples of additives directly extracted from 
natural sources approved by EFSA include plant and algal pigments, tocopherols, or 
antioxidant-rich extracts like those from rosemary. On the other hand, some natural 
additives, like tannic acid, are approved for their use in animal feed but are not yet 
approved for human consumption [18].

Figure 1. 
Properties and main applications of major additives of natural origin in foods.
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Compound Applications Current & Potential 
Natural Sources

E-Number Ref.

Benzoic acid Antioxidant & 
antimicrobial 
preservatives

Cranberries, blueberries 
(Vaccinium sp.)

E-210 [21]

Ascorbic acid Antioxidant Peppers, kiwifruit, citrus, 
rosehip.

E-300 [22]

Citric acid Antioxidant, acidifier Citrus E-330 [23]

Tartaric acid Acidifier Grapes E-334 [24]

Chlorophylls Colorant Green leaves from alfalfa, 
nettles, spinach, green 

microalgae

E-140, 
E-141

[25]

Carotenoids 
(β-carotene)

Colorant, antioxidant Pigmented vegetables 
(carrots, palm fruit), red 

microalgae

E160a [26]

Curcumin Colorant, flavoring, 
antioxidant

Turmeric (Curcuma longa) E-100 [27]

Lutein Colorant, antioxidant Kale (Brassica oleracea), 
spinach, Calendula 

officinalis, Tagetes erecta

E-160b [28]

Paprika extract 
(capsaicin, 
captaxanthin, 
capsorubin)

Colorant, flavoring Red peppers (Capsicum 
sp.)

E-160c [29]

Lycopene Colorant Tomato peels E-160d [30]

Anthocyanins Colorant Red grape skin, 
pomegranate, black 

currant

E-163 [31]

Glutamate Flavoring Wheat gluten, de-oiled 
soybeans

E-620 [32]

Limonene Odorant, antimicrobial Citrus peels — [33]

Eugenol Flavoring, 
antimicrobial 
preservative

Clove — [34, 35]

Carvacrol Flavoring, 
antimicrobial 
preservative

Oregano, thyme, 
rosemary

— [35, 36]

Rosemary 
extract 
(carnosic acid, 
carnosol)

Preserver (antioxidant, 
antimicrobial), 

flavoring

Rosemary E-392 [37]

Lecithins Emulsifiers, lubricants Soybean, sunflower 
kernels, rapeseed

E-322 [38]

Alginates Texturizer, binder, 
thickener

Brown seaweeds E-401, 
E-402

[39]

Agar Texturizer, binder, 
softener

Red seaweeds E-406 [40]

Carrageenan Texturizer, binder, 
softener

Red seaweeds E-407 [41]

Pectins Thickener, texturizer Apple pomace, citrus 
peels

E-440 [42]
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In parallel, the effectiveness and new potential applications of additives like food 
active packaging and their addition into novel food matrices are the focus of study 
by many research groups. To release new functional food to market, health claims 
and properties must be supported by scientific evidences to be legally labeled as 
functional food [19]. Thereupon, a great number of compounds or extracts may be 
obtained from natural sources, such as vegetables, fruits, algae or even by-products 
for their application as food and feed additives but also as cosmetic ingredients [20]. 
Table 1 collects a list of selected natural additives that may be directly extracted 
from natural sources. Although these compounds are of natural origin and may be 
extracted from natural sources, efficient yields, costs and steady production has 
led the chemical and biotechnology industry to manufacture them by biological 
or chemical synthesis. Representative examples are ascorbic acid and citric acid. 
Ascorbic acid is a potent antioxidant and an essential vitamin with many uses in 
agriculture and food industry. While it is present in a wide number of fruits and 
vegetables (i.e. citrus, peppers, kiwifruit), the current production approach com-
prises microbiological synthesis with either bacteria or fungi, chemical synthesis 
from d-sorbitol, or a combination of both [48]. Natural colors, pigments such as 
chlorophylls, carotenoids and anthocyanins, are more feasible to obtain from their 
natural sources [49]. It is of great importance to carry out optimization process 
according to raw material and compounds of interest. This fact leads the increase 
of the operation performance and the reduction of costs. Therefore, developing 
optimum and environmental-friendly extraction procedures and methods is of 
great importance to value natural sources in a cost-effective way.

2. Conventional extraction technologies: advantages and drawbacks

Extracting compounds from complex vegetable matrixes requires the applica-
tion of several techniques to extract and isolate the selected molecules. Thus, it is 
important to choose the best fitting extraction technique to the specific additive 
in need of isolation. Conventional extraction techniques, which have been applied 
for many years, include maceration, Soxhlet extraction, distillations, infusions, 
and cold-pressed extractions [50]. They are usually not eco-friendly due to the 
large amounts of solvents and energy required for their application [51], which 
also provides a safety concern for the workers and consumers involved, as well 
as the lack of sustainability, and green extraction protocols [52]. Besides, some 

Compound Applications Current & Potential 
Natural Sources

E-Number Ref.

Arabic gum Thickener, texturizer Acacia nilotica E-414 [43]

Tannic acid Antioxidant, 
plasticizer, flavoring

Grape seeds, skins — [44, 45]

Phytosterols Functional, health Soybean E-499 [46]

Tocopherols Health, antioxidant Vegetal oils, cereal germs, 
rapeseed, soybean

E-306, 
E-307, 
E-308, 
E-309

[47]

*Described natural sources are indicated and evidenced in the used references, but chemical or microbiological 
synthesis as well as enzymatic transformations from natural sources may be the most extended production method.

Table 1. 
Summary of main natural additives from vegetable sources* and EU E-number reference, if they are at present 
approved for use in the EU.
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of these techniques are also very time-consuming which aggravates the energy 
spending problem as the equipment must remain working for long periods of 
time, being one of the biggest expenses heating or cooling. Lastly, the yields 
obtained using these methodologies are usually not as rentable as the ones pro-
duced using more innovative extraction techniques, that are faster and more 
efficient than the previously available protocols. For this reason, conventional 
methodologies are started to be conjugated with new technologies resulting 
in Soxhlet or distillations assisted by ultrasound or microwave technologies to 
respond to the current needs of the industry.

Nevertheless, these techniques are still used nowadays because they allow the 
extraction of compounds in a cost-effectively manner with simpler equipment 
[52], like the distillation of essential oils [53], or they achieved a better stability of 
the extracted compound to be used as additive, as is the case cold pressing for oils 
extraction [54].

2.1 Maceration

Maceration is one of the most known and used conventional extraction tech-
niques [55]. It is a solid–liquid extraction achieved by applying heat and agitation to 
a previously selected solvent, with a convenient polarity, that is in contact with the 
sample of interest [52, 56].

Maceration has few advantages. It can be performed using low-cost and simple 
equipment compared with other conventional and innovative techniques. Besides, 
a large range of molecules can be extracted by changing the protocols and adapting 
the variables like solvent [57], temperature, agitation, and time in order to optimize 
the extraction of the desired compounds [58]. Furthermore, this extraction tech-
nique is still used due to its easy scale-up to several applications in the industry.

In comparison, maceration also has some major drawbacks. It often requires long 
extraction times, large volumes of solvent (mostly organic solvents), high tempera-
tures which translate in a big amount of energy spent, and it has to be coupled with 
several filtration or centrifugation steps in order to separate the extract from the 
biomass [52, 59–62].

2.2 Soxhlet extraction

Soxhlet is a reference extraction method to evaluate the performance of other 
liquid–solid extraction methodologies [56]. This technique, developed in 1879, uses 
a particular type of condenser known as the Soxhlet apparatus [50]. The traditional 
Soxhlet extractor is composed by a thimble-holder where the sample is placed inside 
the thimble, and a distillation flask where fresh solvent is added. When the solvent 
reaches the boiling point, it vaporizes and enters the matrix, solubilizing compat-
ible compounds. After that, the solvent hits the cooling tubes of the condenser and 
condense back into the initial flask with the extracted compounds. This operation 
repeats until the full extraction is completed [50, 52].

This type of extraction presents several advantages. Firstly, the constant renova-
tion of the solvent in contact with the matrix, allows for a disequilibrium between 
the compounds in the sample and the lack of them in the solvent, favoring the 
extraction of these compounds. Secondly, the temperature of the system is main-
tained throughout the process. Soxhlet extraction also does not require filtration 
or centrifugation of the final extracts, being perfectly separated from the original 
biomass. And lastly, it allows for the treatment of several samples in parallel at 
a relatively low cost and easy operational processes, considering that the basic 
 equipment is quite affordable and simple [52, 63].
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However, Soxhlet extraction also presents some disadvantages, as a large 
amount of organic solvents required, long periods of extraction until the final 
number of cycles is completed [52], the high temperatures employed to boil the 
solvents that can degrade the compounds [50], and this technique cannot be 
accelerated by adding agitation [55, 63].

Nevertheless, the Soxhlet extraction has continued to evolve to try to compen-
sate some of these disadvantages, by automating the process, aiming to shorten the 
extraction times, and even recently Soxhlet extraction has been coupled to innova-
tive technologies like high-pressure Soxhlet extraction, supercritical fluid-Soxhlet 
extraction, and automated Soxhlet extraction or by applying auxiliary energies such 
as ultrasounds or microwaves, that results in higher efficiency than the conven-
tional Soxhlet extraction [52, 63].

2.3 Distillation

Distillation is one of the oldest extraction techniques that has been used for over 
5000 years and is still currently used. It main application is to separate liquid mixtures 
through the boiling point of each component of the mixture after which condensation 
steps take place [64]. Another ancient application is to create “distilled waters” from 
plant materials [65]. Distillation is still used in chemical refineries to separate and 
purify compounds, due to its simplicity and easy scale up [66]. Even though distilla-
tion processes are still quite common, they have many drawbacks. For example, the 
necessity for the consumption of large amounts of energy for long periods of time, as 
well as the high temperatures used which can degrade the additive of interest. In addi-
tion, the large amounts of solvent required [52] and the long extraction times [66].

Regarding the extraction of compounds from natural products, distillation is 
mostly used to isolate volatile molecules from mixtures of compounds of even sev-
eral biological matrices, but it is only efficient in the case of thermostable molecules 
due to the high temperatures employed. Even so, steam distillation is still currently 
the most used technique in the food industry for extracting volatile compounds 
and essential oils to be used as food additives. Distillation can be divided into three 
types: water, water-steam, and steam distillations, and the extraction of essential 
oils is based on the latest, which the steam goes into a recipient containing the plant 
matrix, releasing the essential oils from the samples, then the essential oil is cooled 
and condensed, generating two different phases that can be separated [53].

2.4 Infusions

Infusions are very short macerations, where the plant is put in contact with boil-
ing or sometimes cold water, for short periods of time. Therefore, infusions contain 
the readily soluble active chemical compounds that were present in the crude plant, 
in a diluted concentration. This methodology is used to obtain fresh infusions 
with the phytochemicals from aromatic or medicinal plants which can be further 
used as food additives [55]. Many infusions nowadays are prepared starting from 
a very concentrated infusion and diluting one volume of it to 9 volumes of water. 
To prepare the concentrated infusions the most common strategy is a percolation 
or modified maceration. In a modified maceration it is added 25% ethanol to the 
extraction solvent during or after the maceration process. The final solution is then 
diluted with water to resemble the scent and the potency of a normal fresh infusion.

One of the greatest susceptibilities of this method is that infusions are very 
prone to fungus and bacterial growth, due to the large amount of water they 
contain, so they have a very short shelf life and need to be used right away. For that 
reason, infusions are rarely used in industrial fields [67].



29

Application of Green Extraction Techniques for Natural Additives Production
DOI: http://dx.doi.org/10.5772/intechopen.100320

2.5 Cold pressing technique

This technique relies on pure pressure applied to the ground plant material 
to squeeze out what they contain. When the plant is well dried and grounded, 
this extraction technique is a viable, simple and eco-friendly option to consider 
for the extraction of some oils. During the process, cold pressers apply a large 
amount of pressure which translates into a mechanical rupture of the oil glands 
in the plant. The oil is extracted independently of its polarity and is rich in 
several lipophilic compounds. This process is still used in some industries because 
of its simplicity and easy scalability and for the fact that the obtained oils are 
more stable and resistant to oxidative stress than oils that have been refined or 
processed in any other way [54]. However, this technique can only be used to 
produce some specific vegetable and seed oil and it is not suitable to produce 
essential oils. Furthermore, the final product can many times contain other 
chemicals or contaminants [50].

3. Green extraction techniques

The application of green extraction techniques to obtain food natural additives 
is gaining great interest in recent years due to the growing demand of healthier 
and more sustainable products. Figure 2 collects the main advantages of the green 
extraction techniques applied to natural sources.

3.1 Ultrasound assisted extraction (UAE)

Ultrasound assisted extraction (UAE) is used in different fields such as biomedi-
cine or food technology, in which UAE is applied to obtain compounds of interest or 
as a pre-step in numerous technological procedures. There are several parameters to 
consider optimizing the method including ultrasound power intensities, frequency, 
wavelength and time. High frequency and low power ultrasounds are used in medi-
cal science. However, low frequency and high power ultrasounds are used in food 
industry [68].

Low frequency and high-power conditions produce cell disruption and the sub-
sequent release of compounds present in the matrix [69–71]. This liberation of the 

Figure 2. 
Conventional and green extraction techniques development.
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compounds is based on the principle of cavitation. This physical–chemical process 
comprises generating bubbles that grow in such a way that they explode causing the 
rupture of the cell wall of plants, and the consequent release of the substances in 
their interior [72]. Another important characteristic of ultrasonic-assisted extrac-
tion is that the hot spots created by cavitation bubbles during the extraction process 
hardly generate heating and have a great capacity to cool down while the process 
is taking place, in this way UAE is cataloged as an extraction method suitable for 
extracting thermolabile compounds. However, when the extraction is longer than 
five minutes, at high powers it is necessary to use some refrigeration to keep the 
temperature constant [73].

Among the advantages of this technology are reduction of solvents consump-
tion, temperature and time, low equipment investment and easy implementation, 
so it can be basically industrially employed in local companies [74]. One of the 
main disadvantages of UAE is that heating can degrade the additives present in the 
sample. Other common applications of UAE in food industry are cooking of meat 
and vegetable, drying of dehydrated products, degassing of juices, sterilization and 
in the formation of emulsions among others [72]. This is due to UAE can reduce 
the activity of enzymes and microorganisms without modifying the organoleptic 
characteristics and the presence of bioactive compounds in food. Table 2 collects 
some studies supporting the application of UAE to obtain bioactive compounds to 
be used as food additives from natural sources.

Several are the parameters that have influence on the UAE extraction. They 
include the type of the reactor, the ultrasonic intensity and frequency, the extrac-
tion time and temperature, the solvent proportion and nature [90]. In this sense, 
the intensity or power is proportional to the ultrasonic amplitude, however, a 
greater ultrasonic amplitude is not directly related to a better efficiency of the 
process. On the contrary, it could be related to certain problems such as those that 
cause the erosion of the probe and reduce the formation of cavitation which can 
even promote the degradation of the extracted compounds [91]. Regarding the fre-
quencies used, they must be selected together with the ultrasonic intensity to obtain 
the desired cavitation. Higher extraction yields are reported in the low frequency 
range (20–40 kHz). Regarding temperature, high temperatures help to interrupt 
the interaction of the solvent and the matrix and improve the diffusion rates of 
the solvent, while low temperatures improve cavitation. Extraction time is another 
variable to consider. Long extraction time improves extraction yields; however, it 
can cause changes in the extracted compound. In addition, the nature of the solvent 
has influence in the UAE, so that a viscous solvent reduces cavitation and a volatile 
solvent can be evaporated if the extraction is carried out at a higher temperature for 
a long period. Finally, the size of the matrix, its interaction with the solvent and the 
ratio of solvent to matrix are also parameters to consider when UAE is used [91].

3.2 High pressure assisted extraction (HPAE)

High pressure assisted extraction (HPAE) is a novel technique used for extrac-
tion of active ingredients from plant materials. Its mechanism of action is based 
on two principles: the isostatic principle and the Le Chatelier’s principle. Isostatic 
principle establishes that the pressure is exerted uniformly on the matrix regard-
less of its shape or constitution. In turn, according to Le Chatelier’s principle, by 
applying a force (pressure) that alters the equilibrium, the system acts trying to 
minimize said disturbance [92]. To carry out this type of extraction, it is necessary 
to apply pressures ranging from 100 to 800 MPa, even in some cases reaching values 
of 1000 MPa, which has been proved to be more effective. However, HPAE cannot 
be applied for the extraction of all compounds since this technique can cause some 
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structural changes in foods, such as cellular deformation, cellular membrane dam-
age or protein denaturation. The parameters that must be optimized to increase the 
extraction yield are type and amount of solvent, temperature, pressure, extraction 
time and number of cycles [93].

Among the advantages of HPAE are the improvement of the mass transfer rate, 
the enhancement of solvent permeability in cells as well as secondary metabolite 
diffusion. Other advantages include shorter extractions times, the process may be 
performed at room temperature (avoiding thermal degradation of heat labile com-
ponents) and higher extraction yields. In addition, the use of solvents with different 
polarity allows to extract a great variety of compounds [94].

Some studies can already be observed that support the application of HPAE to 
obtain bioactive compounds derived from both plants and food (Table 3). However, 
research in the field of HPAE is in its initial stages, and more in-depth studies are 
still needed to determine the full potential of HPAE.

Compound Raw material Conditions Yield Ref.

Freq. Intensity t T Solvent

kHz W/cm3 min °C

Phenolics Nephelium 
lappaceum L. 

fruit peel

— 20 20 50 H2O 5.53 mg 
GAE/g

[75]

Phenolics Plinia cauliflora 
(jabuticaba) peel

25 150 10 30 EtOH 92.8 mg 
GAE/g

[76]

Phenolics Microalgae 40 700 60 75 EtOH 9.8 mg 
GAE/g

[77]

Phenolics Nannochloropsis 
spp.

24 400 5 21 EtOH 50% [78]

Phenolics Ascophyllum 
nodosum

20 750 25 21 0.06 M HCl 143.12 mg 
GAE/g

[79]

Phenolics Malva sylvestris 
leaves

20 110 49 48 EtOH 279.9 mg 
GAE/g

[80]

Phenolics Elaeocarpus 
serratus L. leaves

40 300 120 21 EtOH 92.4 mg 
GAE/g

[81]

Capsaicinoids Peppers 20 360 10 50 MeOH 448 μmol/kg [82]

Vitamin C Citrus sinensis 
(orange) peels

20 400 30 21 EtOH 53.78 mg 
AA/100 g

[83]

Carotenoids Punica granatum 
(pomegranate) 

wastes

20 130 30 51.5 Sunflower 
oil and soy 

oil

93.8% [84]

Carotenoids Daucus carota 
(carrots)

20 22.5 20 40 Sunflower 
oil

334.75 mg/L [85]

β-Carotene Daucus carota 
(carrot) wastes

20 100 50 50 — 83.32% [86]

Sulfated 
polysaccharide

Nizamuddinia 
zanardinii

20 196 58 70 EtOH 3.51% [87]

Fucoidan Fucus evanescens 35 150 15 23 H2O 3.63% [88]

Polysaccharides Silvetia compressa — 3.8 — 50 EtOH 23% [89]

Abbreviations: EtOH: ethanol; MeOH: methanol; T: temperature; t: time; Freq: frequency.

Table 2. 
Different experimental conditions carried out with ultrasound assisted extraction (UAE).
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3.3 Microwave assisted extraction (MAE)

Microwave assisted extraction (MAE) is a technique which combines con-
ventional solvent extraction with microwave heating. Microwaves are composed 
of electric and magnetic fields with spectral frequency ranging from 300 to 
300,000 MHz [98]. Many reports have been published on the extraction of second-
ary metabolite from plants using MAE. Some of them are collected in Table 4. The 
advantages of this technique include high efficiency, rapid temperature rise, short 
extraction time, better process monitoring, and low energy consumption and cost 
[104]. One of the disadvantages of MAE is the degradation of some compounds due 
to the heat produced by irradiation. The efficiency of the MAE depends on factors 
such as the extractant nature, the power of microwave irradiation, the temperature, 
and the extraction time as well as the characteristics of the matrices and the solvent-
food relationship. The extraction efficiency usually behaves directly proportional 
to the microwave power due to the local heating that contributes to the rupture 
of the matrix. However, there is a limit in the microwave power that can cause a 
decrease in the extraction efficiency. In this sense, Alara and co-workers point out 
that a power between 400 and 500 W in the microwave, the extraction amount 
of phenolic compounds is greater than that achieved using a power upper 500 W 
[111]. This is because overexposure to radiation from the microwaves produce 
overheating and degradation of compounds [112]. On the other hand, the choice of 
solvent influences the extraction of compounds. It was reported that a mixture of 
organic solvents and water has a desirable impact on the extraction efficiency. On 
the contrary, it was observed that the presence of water in organic solvents leads to 
greater penetration of the extractant in the matrix molecules promoting microwave 
heating and causing a positive impact on the general efficiency and extraction time 
compared to MAE that uses only organic solvents [113].

Also, the toxicity of the solvent is another important factor that must be evalu-
ated with respect to the selection of a suitable extractant for MAE [114] since some 
theories highlight the efficiency and selectivity of MAE depends on the dielectric 
constant of the solvent mixture [115]. The polarity of organic solvents increases 
with the addition of water, the temperature within the sample increases due to 
better absorption of microwave energy, and extraction increases. The extraction 
time is another parameter that influences the extraction by MAE. Long times of 
extraction decreases the yield due to the alteration of the structural integrity of the 

Compound Raw material Conditions Yield Ref.

P t T Solvent

MPa min °C

Flavonoids Ficus carica L. 
(fig)

600 18–29 — 40% 
EtOH

35% [94]

Phenolics Olea europaea 
(olive)

10.3 110 60 EtOH 386.42 mg GAE g/ 
extract

[95]

Phenolics Chenopodium 
formosanum

600 5 25 70% 
EtOH

567–642 mg 
GAE/g

[96]

Melanoidins Allium sativum 
(garlic)

300 5 25 DW (595.14 ± 12.14 μg/
mg melanoidins

[97]

Abbreviations: EtOH: ethanol; P: pressure; T: temperature; t: time; DW: distilled water; DPPH: 2,2-diphenyl-1-
picryl-hydrazyl-hydrate free radical method; GAE: gallic acid equivalent.

Table 3. 
Different experimental conditions carried out with high pressure assisted extraction (HPAE).



33

Application of Green Extraction Techniques for Natural Additives Production
DOI: http://dx.doi.org/10.5772/intechopen.100320

chemically active principles. In this way, the extraction time in most of the MAE 
process is ranged from a few minutes to 30 min. Nevertheless, when MAE is used 
without solvent, longer extraction times can be employed. In this case, extraction 
cycles can be used to reduce the degradation of the compounds [116]. Additionally, 
the agitator effect influences the extraction process, reducing the negative effects of 
the S/F ratio on extraction recovery [116].

3.4 Enzyme assisted extraction (EAE)

Enzymes are protein molecules whose function is to catalyze chemical reactions. 
Due to this ability to accelerate reactions, enzymes have always been important to 
food technology and are widely used to transform raw materials into improved food 

Compound Raw material Conditions of extraction Yield Ref.

T t Power Solvent 
ratios°C min W

Polysaccharides Potentilla 
anserina

63.3 76.8 369 Water:raw 
material 

14.5:1

13.33% [98]

Polysaccharides Actinidia 
chinensis (kiwi)

80 120 480 EtOH 
(80%) 

1:10

2.92% [99]

Polysaccharides Ascophyllum 
nodosum

120 15 — EtOH 
(80%) 

1:10

16.08% [100]

Polysaccharides Palmaria 
palmata

70 10 500 Water 1:70 17.01% [101]

Polysaccharides Ribes nigrum 30 41 414 Water 
1:30

10.59% [102]

Essential oil O. vulgare 
(oregano)

60 50 600 Water 20:1 7.1% [103]

Crocetin Crocus sativus L. 
(saffron)

96 30 2.45 GHz 59.59% 
EtOH

228 mg/g [104]

Polyphenols Malus domestica 
(apple) skin

150 90 60 Water 1:10 50.4 mg 
GAE/g

[105]

Phenolics Hibiscus 
sabdariffa 
(hibiscus)

164 12.5 850 EtOH 
(45%)

42.4% [106]

Phenolics Aristotelia 
chilensis

100 2 800 MeOH 
(60%)

54.3 mg/g [107]

Usnic acid Cladonia 
foliacea

80 5 — ACE 1:10 4.2 mg/g [108]

Flavonolignan Silybum 
marianum

30 12 600 EtOH 
(80%) 

1:25

79% [109]

Vicine Vicia faba 
(beans)

30 0.5 1140 MeOH 
(50%)

— [110]

Abbreviations: EtOH: ethanol; MeOH: methanol; ACE: acetone; T: temperature; t: time; GAE: gallic acid 
equivalent.

Table 4. 
Different experimental conditions carried out with microwave-assisted extraction (MAE).
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products such as starch processing, meat processing, dairy industry, wine industry 
and manufacturing of predigested foods [117]. However, with the advancement of 
technology, new applications have been developed as well as new sources for obtain-
ing enzymes, being microbial enzymes the preferred source due to the advantages 
they present, among which it is worth highlighting an easy, profitable and constant 
production [118]. Among the novel applications of enzymes is the extraction of 
compounds of interest from different raw materials to be used as additives in the food 
industry. However, they are typically used for a feedstock pretreatment that makes 
conventional solvent extraction or distillation more efficient. Enzymes promote access 
to the substances of interest, so its applications include, among others, the extraction 
of flavor and color from plant materials as a pre-treatment of the raw material before 
subjecting the plant material to hydro-distillation/solvent extraction [119].

This entire process must be optimized to obtain the extract with the highest 
yield, that is, in a more purified and profitable way. To carry out this optimization, 
it is necessary to know the mechanism of action of the enzymes and, therefore, 
their optimal conditions of activity, being pH and temperature of vital importance. 
Another important factor to take into account is the majority composition of the 
raw material, which will determine the type of enzyme to be used (lipases, cel-
luloses, proteases) [120]. This system has been investigated for extracting lipids, 
proteins, polysaccharides, phenols and oils among others (Table 5).

This technique has the advantages over other traditional methods of having a high 
selectivity and efficiency, being an environmentally friendly process with a minimum 
consumption of energy and chemical products, having good performance and the 
possibility of recycling the process. However, it also has some drawbacks such as the 
cost of the enzymes, the need for storage tanks that may require long-term incuba-
tion, the lack of knowledge about optimal or compatible enzyme formulations for cell 
disruption and the inability to fully hydrolyze the bonds in the plant cell wall [136].

3.5 Supercritical fluid extraction (SFE)

Extraction by supercritical fluids is characterized by bringing the fluid to 
conditions of temperature and pressure above the critical point, at which time the 
extracting agent behaves as a liquid and a gas simultaneously. Among the advan-
tages of this method are the absence of toxic residues in the final product, high 
selectivity, short times, low consumption of solvents, high stability of the product 
obtained and that the remaining biomass can be treated with other techniques to 
continue the extraction. This technique can also be used to remove undesirable 
compounds such as pollutants, toxins, and pesticides [136].

The extraction process takes place in several stages. At the beginning, the plant 
matrix absorbs the supercritical solvent, producing a swelling of the cell structure 
with the consequent dilation of the intercellular channels. This results in a decrease in 
resistance to mass transfer. In addition, there is a simultaneous transfer of matter from 
the internal matrix to the surface. After that, these compounds are transported from 
the surface to the supercritical solvent and finally removed from the solvent [137].

To increase extraction performance, several parameters need to be optimized. 
These are fundamentally temperature, pressure and co-solvent type and all depend 
on the compound to be extracted. The most widely used solvent is CO2 for its ther-
modynamic and heat transfer properties. Furthermore, it has a low critical point 
(31°C, 73 bar). In addition, the polarity of CO2 can be modified by using co-solvents 
such as ethanol, so that the polar components are also extracted [138].

Several reviews have been published on SFE fundamentals, experimental design 
and specific applications on food processing, surface coating analysis, vegetable 
matrices, extraction of metals as complexes, functional ingredients from natural 
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sources, constituents of fish oil and decontamination of hazardous substances 
[139]. Table 6 shows some examples. Despite the large number of studies using 
this extraction technique, the comparatively high cost of investment has kept 
this expertise from being broadly considered as an alternative. Nevertheless, new 
studies have proved that SFE is an economically viable choice [152]. Moreover, the 
interest in SFE is not only at the laboratory level as an analytical tool but also in 
industrial processing, mainly decaffeination of coffee or tea, extraction of essential 
oils, extraction of high added value compounds and fatty acids [153].

Compound Raw material Enzyme Conditions Yield Ref.

T pH t

°C — h

Proteins Glycine max (soy) Protease 50 9.0 1 97% [121]

Proteins Brassica napus 
(rapeseed)

Pectinase, 
cellulase, 

β-glucanase

48 10.0 4 83.0% [122]

Proteins Arachis hypogaea 
(peanut)

Alcalase 60 9.5 1.5 88.2% [123]

Lipids Rubus idaeus 
(raspberry)

Proteases 60 9.0 2 38% [124]

Polysaccharides Allium sativum 
(garlic)

Cellulase 45 5.0 1.3 35.3% [125]

Polysaccharides Medicago sativa 
(alfalfa)

Cellulase, 
pectin, pectase

52.7 3.9 2.73 5.1% [126]

Phenols Vitis vinifera 
(grape) marc 

seeds

Pectinase 48 3.5 2.7 18–20 mg/g [127]

Phenols Brassica oleracea 
(cauliflower)

Viscozyme 35 4.0 0.5 0.6 mg/g [128]

Phenols Ulmus pumila 
(elm tree)

Cellulase, 
pectinase, 

β-glucosidase

52.6 4.6 1 16.04 mg/g [129]

Oils Citrullus lanatus 
(watermelon) 

seeds

Protex 47.1 7.9 7.8 97.9% [130]

Oils Yellow mustard 
flour

Protex 60 4.5 3 91.0% [131]

Vitamin C Malpighia 
emarginata 
(acerola)

Celluclast 50 4.5 2 23.4 g/L [132]

Carotenoids Capsicum annum 
(pepper)

Viscozyme L 60 4.5 1 87.0% [133]

Carotenoids Capsicum annum 
(pepper)

Viscozyme L 50 4.5 5 78.0% [134]

Lycopene Solanum 
lycopersicum 

(tomato)

Pectinase 60 5.0 0.4 1.1 mg/g [135]

Abbreviations: T: temperature; t: time.

Table 5. 
Different experimental conditions carried out to obtain additives by enzyme-assisted extraction.
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The extraction through supercritical fluids presents greater efficiency in 
terms of increased yields and shorter extraction times compared to conventional 
methods. There are several factors that could limit its effectiveness, includ-
ing solvent type, temperature, pressure, extraction time and particle size of 
the matrix to be studied [153]. Among them, it seems that the effectiveness of 
an SFE depends mainly on temperature and pressure. When temperature and 
pressure variations are considered, these have important repercussions on fluid 
hydrodynamics, solubility, and mass transfer [146]. In this sense, the low tem-
perature is crucial for the conservation of bioactive compounds in the extracts 
and to achieve higher global/specific yields or greater bioactive capacities in the 
extracts. Numerous studies apply an extraction temperature range of 40–50°C 
[154–157]. Regarding pressure, there is evidence that the optimum range is 
between 200 and 400 bars [154, 158–161]. Additionally, an increase in pressure 
can modify the solubility of the solute, therefore, it is interesting to control the 
composition of the extract by pressure [162]. In addition, the optimal conditions 
of pressure and temperature can be influenced by the origin of the biomass and 
their morphology. The type of modifier and its proportion are also of extreme 
importance within the extraction, since they determine the solubility of the 
analytes, ethanol being the most applied modifier [155]. The size of the biomass 
particle, shape and porosity are also important factors in terms of the mass trans-
fer rate [152]. The use of small particles would have the advantage of increasing 
the accessible solute, but could lead to clogging of the extraction, making the use 
of dispersing agents useful in such cases.

Compound Raw material Conditions Yield Ref.

Pressure T Flow t Mass

bar °C h g mg/g

Lipids Hypnea charoides 241–379 40–50 1 mL/min 2 2 58 mg/g [140]

Vitamin E Spirulina platensis 361 83 50 mL/min 1.5 75 29.4 mg/g [141]

Protein Spirulina platensis 350 40 400 g/min 4 — — [142]

Astaxanthin Haematococcus 
pluvialis

435 65 167 mL/min 3.5 240 87.4% [143]

Lycopene Solanum 
lycopersicum 

(tomato)

300 60 1.44 cm/min 6 1 213 mg/g [144]

Capsaicinoids Capsicum chinensis 
(chili pepper)

150 60 2 mL/min 1.4 2.5 0.5% [145]

Flavonoids Mentha spicata 
(mint)

200 60 15 g/min 1 30 60.57 mg/g [146]

Phenols Vitis lambrusca 160 45 0.2 mL/min 0.3 3 12.3% [147]

Decaffeination Green tea 300 80 1500 mL/min 2 10 70.2% [148]

Decaffeination Ilex paraguariensis 
(yerba mate)

300 60 15.83 g/min 4.25 0.65 99.97% [149]

Aroma Vinegar 350 50 0.42 g/min 2 200 96.6% [150]

Sulforaphane Brassica oleracea 
(cauliflower)

250 60 2 g/min 3 25 0.47% [151]

Abbreviations: T: temperature; t: time.

Table 6. 
Different experimental conditions carried out with supercritical-fluid extraction (SFE).
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3.6 Pulse electrified field extraction (PEF)

Electric pulse is one of the newest techniques in the field of thermal food process-
ing. Its mechanism of action is based on causing the permeability of cell membranes 
in a short period of time and with low energy consumption. This is achieved by 
applying short duration pulses (μs to ms) of moderate electric voltage (typically 
0.5–20 kV/cm) to a substrate of choice placed between two electrodes, which is com-
monly used for preservation, enzyme and microbial inactivation purposes [163].

These characteristics have led to different studies being carried out in order to 
improve the extraction performance of bioactive compounds, such as polyphenols, 
anthocyanins and vegetable oil from plant tissues and their by-products, as well as 
soluble intracellular matter of microorganisms [164]. However, low to mild PEF treat-
ment intensities are often considered an effective pretreatment method for enhance-
ment of secondary metabolite extraction yields in cell cultures and plant systems [165].

Critical parameters of the process are electric field intensity, treatment time 
(number of pulses x pulse duration), pulse waveform, conductivity, pH and ionic 
strength of the medium [166]. Among the advantages of this method are avoidance 
of undesirable changes in a biological material, which are typical of other tech-
niques such as thermal, chemical and enzymatic ones. Moreover, it is able of killing 
microorganism [167].

As it can be observed in Table 7, most PEF-assisted extraction studies from 
by-products have targeted the polyphenolic compounds; nonetheless, extraction of 
polysaccharides, proteins, phytosterols, alkaloids, seed and germ oil among others 
have also been investigated. In general, according to the studies available so far, it 
has been demonstrated that the application of moderate electric field pulse technol-
ogy either as pretreatment step or as continuous extraction system improves the 
extraction in the area of phytochemical extraction from by-products.

3.7 Pressurized liquid assisted extraction (PLE)

This technique is also known as Accelerated Solvent Extraction (ASE), 
Pressurized Hot Water Extraction (HSPE), Pressurized Fluid Extraction (PFE) or 
Enhanced Solvent Extraction (ESE) [178]. This technique, firstly described in 1996 
as a new emerging environmentally-friendly technique, presents the following 
advantages [179]: reduced use of solvents, lower energy consumption and short 
time periods (5–10 min). It consists of an extraction procedure which uses organic 
liquid solvents applied at high pressures (normally up to 200 bar) and temperatures 
(normally up to 200°C) to extract target compounds, this is, PLE is based on apply-
ing high pressures to heat the extraction solvent above its boiling point while using 
low volume of organic solvents [178, 180].

Extraction efficiency and selectivity is significantly affected by the following 
parameters, namely: i) extraction solvent; ii) temperature; iii) pressure; iv) static 
extraction time and number of cycles and v) sample weight [178]. Temperature 
and pressure have a significant effect on PLE, therefore, they are the most impor-
tant for PLE optimization. Many studies support that the use of solvents at high 
temperatures and pressures improve the yield in comparison to other conventional 
techniques [178, 180, 181].

On the other hand, two types of instrumentation can be used in PLE: static and 
dynamic. However, generally, the equipment is very similar between them, except 
for some small differences such as a more sophisticated high-pressure pump and a 
pressure restrictor in the case of dynamic PLE. The extraction design equipment 
can contain the following basic parts: i) solvent supply; ii) a pump; iii) a heater; 
iv) a pressure vessel where occurs the extraction and v) a collected vessel for the 
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extract [182]. Regarding static PLE, the process occurs in one or several extraction 
cycles with replacement of solvent in between. When the static time finishes (nor-
mally between 5 and 10 min), part of solvent in the extraction cells is replaced with 
fresh solvent (new extraction cycle). After the last cycle, the nitrogen gas is used for 
purging the sample cell and to remove the remaining solvent. As regards dynamic 
PLE, the extraction solvent is continuously pumped through the extraction vessel 
containing the sample [183]. Currently, static PLE is the most used and there are 
not equipment of dynamic PLE in the market [184]. This system has been employed 
to recover different target compounds that can be used as food additives, including 
proteins, phenolic compounds or fatty acids, among others (Table 8).

Parameters such as the characteristics of the matrix, the solvent type, the extrac-
tion time, and temperature show a big influence on the extraction efficiency of PLE. 
It is pursued an appropriate combination of analyte and solvent to achieve high 
diffusion rates and mass transfer, the use of binary solvents such as ethanol: water 
or methanol: water is more efficient and respectful with the environment than pure 
reagents [193]. Regarding the characteristics of the matrix, they affect the recovery 
rate of the compounds, including the nature of the target compounds, the relative 
binding behavior of the analyte with the solvent, the particle size, and the moisture 
content [181]. Additionally, temperature and pressure significantly influence the 
selectivity and efficiency of PLE. The use of high temperatures under reduced 
pressure helps to break the matrix structure by overcoming the molecular bonding 

Compound Raw material Conditions Yield Ref.

P T Solvent Static cycles t

MPa °C min

Proteins Punica granatum 
(pomegranate) 

peels

10.34 120 E 70% 
(v/v)

4, s.t. 3 min 12 9% [185]

Phenolic 
compounds

Hibiscus sabdariffa 
(hibiscus)

10.34 200 E 100% 
(v/v) E

1 20 — [186]

Fatty acids Anacardium 
occidentale 
(cashew)

8 80 E-Pr 4, s.t. 5 min; 
4, s.t. 10 min

60 19.2–33.1% [187]

Cafestol and 
Kahweol 
diterpenes

Coffea arabica 
(coffee) beans

10.34 70 E (99.3%) 3, s.t. 8 min 24 9.78% [188]

Anthocyanins Phaseolus vulgaris 
L. (black beans) 

hulls

10 60 E-CA 
(30:70) 
(v/v)

1 26 3.96 mg 
C3GE/g 

DW

[189]

Phenolic, 
antioxidant and 
antimicrobial 
compounds

Psidium guajava L. 
(pineapple guava) 

peels

10 80 E 1 60 42% [190]

E-W 50%

Antihyaluronidase Padina pavonica 15 60 W 2, s.t. 10 min 20 0.04 mg/
mL (IC50)

[191]

Polysaccharides Campomanesia 
xanthocarpa 

(gabiroba) pulp

15 120 UW 
(pH 6.9)

1 15 5.70% of 
pectin

[192]

Abbreviations: P: pressure; T: temperature; t: time; C3GE: cyanidin-3-glucoside equivalents, DW: dry weight; s.t.: 
static time. W: water, E: ethanol, CA: citric acid, Pr: propane, UW: Ultrapure water.

Table 8. 
Different experimental conditions carried out with pressurized liquid extraction (PLE).
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forces [194]. In this way the use of high temperatures reduces the activation energy 
and overcomes the interactive forces (cohesive and adhesive) between the matrix 
and the solvent molecules to cause desorption. However, the use of high pressure 
causes bubbling problems during extraction, causing low solubility rate [181].

3.8 Surfactant assisted extraction (SAE)

Surfactants are components able to lower the surface tension between two 
liquids (gas–liquid) or between liquid and solid. They are usually amphiphilic 
organic compounds: with a polar group in the head part (hydrophilic) and a nonpo-
lar group in the queue part. Their distinctive characteristic is their capacity to lower 
surface tension of a solvent. Generally, the higher surfactant concentration in the 
solution, the lower surface tension. This occurs due to adsorption of the surfactant 
at the interface. Surfactants can be classified following two criteria: according to its 
structure or its hydrophilic–lipophilic balance (HLB).

Regarding its structure, some authors divide surfactants in three groups: i) ionic: 
within this group are anionic and cationic; ii) nonionic (without electric charge); 
iii) amphoteric (they contain anionic and cationic groups in the molecule) and v) no 
hydrocarbons. Among them, nonionic surfactants are the most used [195]. Regarding 
its balance, Griffin and co-workers introduced an arbitrary scale for classifying surfac-
tants according to HLB. The HLB scale has a ranges from 0 to 20, so that a molecule is 
hydrophilic when HLB value is above 9, and lipophilic when HLB value is below 9 [196].

One of the main parameters used in surfactant assisted extraction (SAE) is the 
adsorption efficiency (pC20). The higher pC20, the lower concentration of surfactant 
required to surface tension of pure solvent to decrease to 20 mM/m. Ideally, a surfactant 
employed to extract a compound of interest should have a high adsorption efficiency. A 
study verified that pC20 was higher when the surfactant consists of an anionic and non-
ionic mixture than when the surfactant was only anionic [197]. Nowadays, SAE is not 
used as an individual technique to extract bioactive compounds in food or nutraceutical 
industry. Generally, it is used as a complement in other type of extractions, mainly 
with MAE. A study employed surfactant-MAE method to obtain high yield bioactive 
compounds from fig leaves [198]; another study used a MAE - solid–liquid extraction 
approach using a surfactant to extract bioactive phenolic compounds from Vitis vinifera 
leaves [199]. Also, different ionic liquid based surfactants were used together with MAE 
to extract flavonoids from Mangifera sp. and Passiflora sp. leaves [200].

4. Conclusions

There are many natural compounds with possible potential applications as 
preservatives to act either antioxidants, antimicrobials or to provide specific flavor, 
aroma, or color to foods. A great number of compounds can be obtained from 
natural sources, such as vegetables, fruits, plants, macroalgae and microalgae for 
their application as food and feed additives but also as cosmetic ingredients.

To isolate the molecules of interest to be used as food additives, it is necessary to 
apply adequate extraction techniques which preserve intact the compounds. Among 
them, green extraction techniques are becoming popular due to the society growing 
demand in sustainable products. Green extraction methods, which comprise UAE, 
MAE, EAE, PEP and high-pressure methods (SFE and PLE), have some advantages 
over the traditional extraction methods such as lower solvent and resources consump-
tion, as well as matching and extraction yields improvement, in some cases. Besides, 
these techniques are in line with the green aspects of sample preparation, they 
avoid the use of harmful reagents and minimize the use of organic solvents. In this 
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context, several studies investigating the effects of the extraction parameters of these 
novel techniques on yield and composition pointed the importance of optimizing 
the extraction time, temperature and solvent type depending on the characteristics 
of the matrix. Also, in the case of UAE and MAE, other parameter to considered 
are the frequency and the ultrasonic intensity (UAE) and power of microwave 
irradiation (MAE). Higher extraction yields are reported in the low frequency range 
(20–40 kHz). Moreover, European politics on circular economy highlight the impor-
tance of food revalorization. By-products represent a rich source of valuable additives 
with high antimicrobial and antioxidant activities. And in many cases, these additives 
are being obtained through the employment of environmentally friendly extraction 
techniques. Thus, these techniques are being used in various types of industries due to 
the benefit in the decrease of the time needed to achieve sample extraction.

Abbreviations

DPPH 2,2-diphenyl-1-picryl-hydrazyl-hydrate free radical method
GAE Gallic Acid Equivalent
GRAS Generally Recognized as Safe
EFSA European Food Safety Authority
FDA Food and Drug Administration
LDL Low-density lipoprotein
UAE Ultrasound Assisted Extraction
HPAE High Pressure Assisted Extraction
MAE Microwave Assisted Extraction
EAE Enzyme Assisted Extraction
SFE Supercritical Fluid Extraction
PEF Pulse Electrified Field extraction
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Abstract

The application of natural colorants is increasing in the food industry because 
they are considered safer and healthier than some synthetic pigments. Natural 
colorants can improve the organoleptic properties of foodstuffs, provide additional 
benefits such as enhance their nutritional value and/or extend shelf-life. Plants, 
fungi, bacteria or algae naturally produce different natural colorants, including 
carotenoids. These compounds are classified into two main groups: pure hydro-
carbon carotenes (α- and β-carotenes, lycopene) and oxygenated derivatives of 
xanthophylls (lutein, zeaxanthin, astaxanthin, fucoxanthin, cryptoxanthin, etc.). 
Carotenoids have been related with beneficial properties like antioxidant, antidia-
betic, antitumor or antimicrobial, so they are a natural and healthy alternative to the 
use of synthetic colorants. Thus, it is critical to optimize their extraction, by utilizing 
novel and green techniques, and their stability through encapsulation processes. This 
chapter aims to review natural sources of carotenoids, strategies to efficiently extract 
and produce them and their potential application as food colorants.

Keywords: carotenoids, natural colorants, natural pigments, natural additives, 
antioxidant, green carotenoid extraction

1. Introduction

1.1 Carotenoids: natural pigments for coloring in food industry

Carotenoids are a class of natural pigments broadly distributed in nature and 
synthesized by plants, certain bacteria, fungi and algae. These molecules are classified 
in two main groups: carotenes, which are pure hydrocarbons (α−/β-carotenes and 
lycopene), and xanthophylls, which represent the oxygenated derivatives (lutein, 
zeaxanthin, astaxanthin, fucoxanthin and cryptoxanthin) [1]. These hydrocarbons 
are formed by eight five-carbon isoprenoid units with conjugated double bonds, 
responsible of multiple geometrical isomers (cis/trans), although carotenoids are 
mainly found in the most stable configuration, the all-trans one [2, 3]. These double 
bonds act as chromophores and are responsible for light absorption in the visual range 
of the spectrum [4], providing yellow, orange and red coloration [5]. Among the main 
biological properties described for carotenoids, they stand out for their antioxidant 
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capacity and ability to quench singlet oxygen species [6]. Carotenoids have also been 
described to wield anti-inflammatory, antimicrobial and anti-hyperglycemic activi-
ties, to prevent cardiovascular and/or neurodegenerative diseases and to stimulate the 
immune system [7, 8]. These beneficial properties made them emerge as a promising 
alternative to synthetic additives, which have been related with negative side-effects. 
Besides, these pigments improve the nutritional value of foodstuff and can be used 
for food coloring. These reasons have boosted carotenoids’ market size, which is 
expected to reach $300 billion by 2024, due to the interest shown by food, animal 
feeding, pharmaceutical, nutraceutical and cosmetic industries [9].

1.2 Carotenes

1.2.1 Alpha and beta-carotene

Found primarily in microalgae species such as Dunaliella sp. or Arthrospira sp. and 
vegetables like carrots and pumpkins, β-carotene is an isomer form of α-carotene 
(Figure 1). The latter compound is also found in these vegetables and in cereals 
like corn and fruits like peaches and apples [10]. Since β-carotene bioconversion 
efficiencies surpass those of α-carotene, it is more abundantly distributed among the 
vegetal kingdom [11]. Carotenes have been approved as Group II food additives by 
the European Commission under the E160 number [12], being used as an orange-red 
pigment on non-alcoholic beverages, cheese, pastry and ice cream [13]. Moreover, 
both pigments are known for being vitamin A (retinal, retinol and retinoic acid) 
precursors [5]. Vitamin A intake has proven to prevent the development of ocular 
diseases associated with its deficiency [11, 14] and systemic affections involving an 
increase of the oxidative status as in immunological diseases or cancers [5]. Thus, 
their versatility and multiple benefits have made them emerge as high-valued food 
additives with large economic significance, catching the attention of food industry.

1.2.2 Lycopene

Lycopene can be found in fruits and vegetables, especially in tomatoes 
(Figure 2), being the carotenoid with the highest antioxidant capacity. It has 
been seen that this pigment is involved in modulating many anti-inflammatory 
processes, and some authors have linked it with the prevention of bone diseases, 
such as osteoporosis [15]. Furthermore, lycopene also shown anticancer effects 
against several tumoral and normal cell lines, particularly prostate cancer cell 
lines (PrEC and PC-3), in in vitro and in vivo studies [16, 17]. For all these health 
benefits and for being easily obtainable, lycopene is widely used by the food 
industry as a colorant, being applied into many foodstuffs like cheese, sausages 

Figure 1. 
Chemical structure of α-carotene and β-carotene.
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or dairy drinks, among many others [10]. However, the major drawback of lyco-
pene is its bioavailability, which depends on several factors, including the food 
source, people’s metabolism and even the interaction with other food [18].

1.3 Xanthophylls

Xanthophylls comprise oxidized derivatives of carotenoids, being broadly 
available in nature. These pigments are characterized for having yellow, orange or 
red coloration. Some of the most common xanthophylls present in nature include 
lutein, zeaxanthin, astaxanthin, β-cryptoxanthin and fucoxanthin (Figure 3) [6]. 
These compounds are polar molecules and, unlike non-polar carotenes, they get 
accumulated, contributing to skin pigmentation [1]. Antioxidant, neuroprotec-
tive, antiplasmodial or anticancer are some of the biological activities that pointed 
xanthophylls as a promising nutraceutical. These beneficial bioactivities may have 
preventive effects in an extensive variety of diseases such as oral, allergic, neuro-
logic, ophthalmologic and immune affections [6]. Moreover, beneficial proper-
ties may be transferred to food. Hence, these characteristics have prompted the 
incorporation of xanthophylls as natural additives to obtain products with a better 
appearance according to the consumers’ standards [1, 19].

1.3.1 Lutein

Lutein is a dihydroxy derivative of β-carotene with hydroxyl groups at both sides 
of the molecule (Figure 3a), converting it in a dipolar xanthophyll. This chemi-
cal configuration confers hydrophilic characteristics and improves its capacity to 
scavenge free radicals [6, 20]. The most common chemical configuration of lutein 

Figure 2. 
Chemical structure of lycopene.

Figure 3. 
Chemical structure of a) lutein, b) zeaxanthin, c) astaxanthin, d) cryptoxanthin and e) fucoxanthin.
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is acylated with different fatty acids [1], such as lauric (C12:0) or palmitic acid 
(C16:0), becoming mono- and diacylated derivatives [21]. Leafy vegetables and 
plants, flower petals and yellow and orange fruits are the most important sources of 
lutein. Its extraction is mainly carried out with organic solvents from flower petals 
that have been previously fermented and/or dried [1].

1.3.2 Zeaxanthin

Zeaxanthin (Figure 3b) is a structural isomer of lutein with a darker yellow 
tone, closer to orange [20]. It is naturally found in leaves of green vegetables, flower 
petals, in some yellow and orange fruits, corn and even in microbial Flavobacterium 
sp. Also, it can be transferred into animal products such as egg yolks [6, 20, 22]. 
Zeaxanthin’s poor stability in presence of oxygen and light and its lipophilic nature 
limit its applications in food industry. Nanoencapsulation of the molecule seems to 
be a promising strategy to improve zeaxanthin stability in the final product [22]. 
Currently, in the food industry, zeaxanthin is used as colorant and feed additive in 
birds to color skin and egg’s yolk, and in swine and fish for skin pigmentation [20].

1.3.3 Astaxanthin

Astaxanthin (Figure 3c) is a lipophilic carotenoid with a reddish-orange color 
[23]. This pigment is found in high concentrations in microalgae like Haematococcus 
pluvialis, and Chlorella zofingiensis. Furthermore, it is also encountered in red yeast 
like Xanthophyllomyces dendrorhous and some bacteria like Agrobacterium aurantia-
cum [24]. Ascending in the food chain, astaxanthin gets accumulated in crustaceans 
like krill, shrimps, lobsters or crabs, and fish flesh like in salmon [20, 25]. This 
xanthophyll is mainly used as a food additive in aquaculture for animal feeding, as 
well as in poultry, to provide the characteristic pigmentation [24]. However, astax-
anthin presents several disadvantages such as undesirable sensory attributes, low 
solubility in water and is easily oxidated, problems that can be overcome by micro-
encapsulation [26]. Moreover, this molecule exerts a powerful quenching of singlet 
oxygen activity and scavenging oxygen free radicals, translated into a high antioxi-
dant activity. These qualities convert astaxanthin into a promising supplement with 
antioxidant and anti-inflammatory properties [24, 27].

1.3.4 Cryptoxanthin

β-cryptoxanthin is a naturally occurring pigment mainly found in tropical fruit like 
papaya, highlighting its accumulation in citrus fruit such as oranges and tangerines 
[28]. This xanthophyll is closely related to β-carotene since, aside from being a vitamin 
A precursor, their structures are very similar, varying by just the addition of a hydroxyl 
group in one of the β-ionone rings in β-cryptoxanthin’s structure (Figure 3d), result-
ing in a bipolar conformation. These conformation makes its bioaccumulation easier, 
facilitating food coloring as well as being more nutritionally valuable, contributing to 
vitamin A production [29]. Moreover, β-cryptoxanthin intake has been associated with 
a reduced risk of inflammatory diseases, like polyarthritis or rheumatoid arthritis, by 
suppressing bone resorption and stimulated bone formation [30].

1.3.5 Fucoxanthin

Fucoxanthin (Figure 3e) is mostly known for giving the characteristic brownish/
olive-green color to brown algae (Phaeophyceae), as in species belonging to the genus 
Undaria, Sargassum and Laminaria, although some microalgae, mainly diatoms and 
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Chrysophyta, can accumulate higher concentrations [31, 32]. This pigment has been 
related with antioxidant, anticancer, antihypertensive, anti-inflammatory, anti-dia-
betic, anti-obesity, neuroprotective, anti-angiogenic and photoprotective bioactivities 
[33], being considered as a non-toxic and safe bioactive ingredient for coloring and 
food supplementation purposes [34]. However, some limitations arise due to its low 
water-solubility, reduced bioavailability, and sensitivity to temperature, light and 
oxygen [35]. In addition, its synthesis is complex and expensive and extraction pro-
cedures from algae have not been standardized yet [36, 37]. Despite these drawbacks, 
some studies reported great fucoxanthin stability after encapsulation [38, 39].

2. Natural sources of carotenoids

Generally, natural sources of carotenoids are divided into: i) fruits, vegetables 
and flowers; ii) microorganisms (microalgae, cyanobacteria, fungi, bacterial and 
yeasts); and iii) by-products (peels, seeds and skin).

2.1 Fruits, vegetables and flowers

There is a wide variety of fruits and vegetables recognized as natural sources of 
carotenoids in human diet. Besides, flowers, recently introduced in gastronomy, 
appeared to be a suitable source of carotenoids (Table 1). In general terms, the 
most relevant carotenoid found among these groups is β-carotene, although lutein, 
β-cryptoxanthin, lycopene and zeaxanthin are also highlighted as major carot-
enoids. Reviewed literature showed very different ranges of carotenoid concentra-
tions depending on the analyzed tissue, variety, ripening stage, geographical origin, 
etc. [46, 47]. Nevertheless, Table 1 points to fruit as the most relevant source of 
carotenoids.

Carotenoids extracted from fruits, vegetables and flowers become too expen-
sive due to high production costs associated with large production areas required. 
Besides, the supply of carotenoids extracted from plants becomes unstable, since it 
is dependent on unpredictable climatologic conditions [66]. Therefore, more sus-
tainable and green approaches have been explored for a more efficient carotenoids’ 
collection, including the use of microorganism or the reutilization of agricultural 
by-products

2.2 Microorganisms

Nowadays, the interest on microbial carotenoids has increased because of 
their low production area requirements when compared to plants. Besides, 
microbial cultures are nearly independent of climatic conditions, seasonality 
and soil composition. Current technological advances permit a tight control of 
culturing conditions, which improves the efficiency of microbial carotenoid pro-
duction and reduces costs. Examples of efficient production of carotenoids using 
microalgae, bacteria, yeasts or fungi are displayed in Table 2, that demonstrates 
the huge variability of microorganisms capable of producing specific types of 
carotenoids being the most relevant β-carotene, lutein, astaxanthin, canthaxan-
thin and torulene (Table 2).

2.3 By-products

Food waste has been increased in the last years driven by an increasing popula-
tion, expected to reach 10 billion people by 2050, and inefficient and unsustainable 
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Source Main Carotenoids Carotenoid Content (mg/g) Ref.

Fruits

Apricot Prunus armeniaca β-car, β-crypt, Lut, Zea 0.07–0.08 (DW) [40]

‘Gac’ oil Momordica 
cochinchinensis

α−/β-Car, Lyc 1.8–11 (FW) [41, 
42]

Goji Lycium barbarum β-car, β-crypt, Zea 0.04–0.51 (FW) [43]

Kaki Diospyros kaki β-car, β-crypt, Lut, Zea 0.03–0.07 (DW) [40]

Banana and 
plantain

Musa sp. α−/β-Car, Lut 0.01–0.04 (DW) [44, 
45]

Mandarin 
juice

Citrus reticulata ζ−/ β-car, β-crypt 0.01 (DW) [46]

Mango Mangifera indica α−/β-Car, β-crypt, 
Lut, Zea

3–129 (FW) [47]

Orange Citrus sinensis α−/ β−/ζ-car, β-crypt, 
Lut, Zea

0.01–0.03
0.01–0.02 (DW)

[46, 
48]

Papaya Carica papaya β−/ζ-car, β-crypt, Lyc, 
Vio, Zea

0.14–4.13 (FW) [49, 
50]

Peach Prunus persica β-car, β-crypt, Lut, Zea 0.04–0.09 (DW) [40]

Vegetables and cereals

Broccoli Brassica oleracea var. 
italiaca

Lut, Neo 8.5–11.6 (DW) [51]

Carrot Daucus carota α−/β-car, Lut, Lyc 0.01–0.8 (DW)(TC’s) [52, 53]

Kale B. oleracea var. sabellica Zea 1.6–2.5 (DW) [54]

β-car 0.10 (DW)

Neo 0.12 (DW)

Lettuce Lactuca sativa Lut 0.1–0.13 (DW) [55]

β-car 2.2–2.9 (DW)

Pea Pisum sativum Lut 0.01–0.02 (DW) [56]

β-car 0.01–0.02 (DW)

Pepper Capsicum annuum β-car 0.39–0.71 (DW) [57]

Zea 0.31–0.73 (DW)

Spinach Spinacia oleracea Neo 0.1–0.2 (FW) [58]

Lut 0.34–0.53 (FW)

β-car 0.2–0.32 (FW)

Sweet corn Zea mays Lut 0.02 (DW) [59]

β-car 0.01 (DW)

Tomato Lycopersicon 
esculentum

β-car 0.01 (FW) [60]

Lyc 0.05–0.08 (FW)

TCs 0.04–0.2 (FW)

Flowers

Blue centaurea Centaurea cyanus β-car, Lut 0.06 (DW) [61]

Blue borage Borago officinalis β-car, Lut 1.8 (DW)

Camelia Camelia japonica β-car, Lut 0.2 (DW)

Carnation Dianthus caryophyllus Xanthophylls 0.001–0.003 (P) (DW) 
0.04–0.07 (L) (DW)

[62]

Marigold Tagetes sp. Lut 0.0002–0.006 (DW) [63]
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Source Main Carotenoids Carotenoid Content (mg/g) Ref.

Nasturtium Tropaeolum majus Lut 0.4–1.2 (DW) [64]

Pansies Viola x wittrockiana β-car, Lut, Zea 0.2–1.1 (DW) [61, 
65]

Snapdragon Antirrhinum majus β-car, Lut, Zea 0.03 (DW) [65]

Abbreviations: DW: dry weight, FW: fresh weight, L: leaves, P: petals. Carotenoids: α−/β−/γ−/ζ-car: α−/β−/γ−/ζ-
carotene, β-crypto: β-cryptoxanthin, lyc: lycopene, lut: lutein, neo: neoxanthin, TCs: total carotenoids content, vio: 
violaxanthin, zea: zeaxanthin.

Table 1. 
Quantitative and qualitative analysis of carotenoids content in different species of fruits, vegetables, and flowers.

Species Most abundant Carotenoids Content (mg/g) Ref.

Microalgae

Dunaliella tertiolecta β-car 0.001–0.0045 (DW) [67]

Haematococcus pluvialis Ast 2–20 (DW) [68]

Haematococcus alpinus Ast 6–19 (DW) [69]

Nostoc commune Canthaxanthin N.D [70]

Scenedesmus almeriensis Lut 0.01 (DW) [71]

β-car 1.50 (DW)

Bacteria

Arthrobacter sp. P40 Decaprenoxanthin and derivatives 
mono−/diglucosides; Lyc

0.3–0.4 (DW) [72]

Corynebacterium glutamicum β-Car 0.01–3.1 (CDW) [73]

Zea 0.01–0.9 (CDW)

Cryobacterium sp. P19 Carotenoids, glucoside derivatives 0.4–0.5 (DW) [72]

Chryseobacterium sp. P36 Zea; β-Crypto; β-Car; β-Zeacarotene 0.5–0.6 (DW)

Flavobacterium sp.P33 Zea; β-Crypto; β-Car; β-Zeacarotene 0.7–0.8 (DW)

Planococcus sp. 48 Carotenoids and glucoside derivatives 0.7 (DW) [72]

Salinibacterium sp. P15 Carotenoids and glucoside derivatives 0.5 (DW) [72]

Yeasts and filamentous fungi

Blakeslea trispora Fungi β-car 30 (DW) [68]

Lyc >900 (DW)

Mucor circinelloides β-car 0.275–0.698 (DW) [74]

Phycomyces blakesleeanus β-car 0.05–10 (DM) [68]

Phaffia rhodozyma Yeasts Ast 0.000725–0.007642 (DW) [75, 76]

Rhodotorula minuta β-car 0.0172 (DW) [77]

Rhodotorula glutinis Torulene 5–14 (DW) [78, 79]

Torularhodin 32.2 (DW)

Rhodotorula graminis Torulene 18.2 (DW) [79, 80]

Torularhodin 9.3 (DW)

Sporobolomyces sp. Torulene 0.0001 (DW) [79]

Torularhodin 0.00001 (DW)

Xanthophyllomyces 
dendrorhous

Ast 0.0026–0.001 (DW) [81]

Abbreviations: DW: dry weight; CDW: cold-water-dispersible; N.D: not determined. Carotenoids: ast: astaxanthin, 
β-car: β-carotene, β-crypto: β-cryptoxanthin, lut: lutein, lyc: lycopene, TCs: total carotenoids content; zea: zeaxanthin.

Table 2. 
Quantitative and qualitative analysis of carotenoids content in different species microorganisms such as 
microalgae, bacteria, yeasts, filamentous fungi and cyanobacteria.
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production systems [82]. These factors boosted waste production, which is usually 
composted or burnt, emitting high amounts of CO2 to the atmosphere. To counter-
act this situation, multiple strategies have been explored in the last decades, such as 
the revalorization of wastes as source of biomolecules. In fact, peels, seeds, husks, 
pomace or pulp are recognized as alternative sources of compounds with diverse 
biological properties [83].

Table 3 collects information about potential agricultural and food by-products 
as sustainable sources of carotenoids.

2.4 Macroalgae

In the last decades, macroalgae have been pointed out as a promising source of 
carotenoids. These photosynthetic organisms contain high amounts of pigments 
involved in light absorption for nourishment. However, they also have a secondary 
role related with damage protection from UV exposition. The main xanthophylls 
found in macroalgae include fucoxanthin, lutein, or zeaxanthin, being fucoxanthin 
the most abundant one, while β-carotene stands out from carotenes (Table 4). 
The main advantage of using macroalgae, is that invasive species can be used as an 
alternative source of carotenoids.

By-product Most abundant Carotenoids Content (μg/g) Ref.

Tucumã peels β-car 68–88 (FW) [84]

Peach palm peel 71–75 (FW)

Mandarin epicarp β-car 1397–1417 (DW) [85]

Melon peels β-car 67–915 (DW) [86]

β-crypto 3–49 (DW)

Atlantic shrimp cooked shell Ast 57.3–284.5 (DW) [87]

Grape canes Lut; β-car 0.3–2.4 (DW) [88]

Peels and pulp of persimmon β-crypto 6500–167,000 (DW) [89]

β-car 6900–45,000 (DW)

Pressed palm fibers α-car 142–305 (DW) [90]

β-car 317–713 (DW)

Mango peel α−/β-car; crypto 5600 (β-car) (DW) [91]

Skin and seeds of tomatoes Lyc 3.8–166.4 (DW) [92]

β-car 0.6–26.4 (DW)

Lut 0.8–10.8 (DW)

Carrot by-products β-car 230 (FW) [93]

Carrot juice processing waste β-car 240 (DW) [94]

Tomato peels and seeds Lyc 410 (P);28 (S) (FW) [95]

β-car 31 (P); 5.2 (S) (FW)

Abbreviations: P: peel; S: seeds. Carotenoids: ast: astaxanthin, α−/β-car: α−/β-carotene, β-crypto: β-cryptoxanthin, 
lut: lutein, lyc: lycopene. FW – Fresh weight, DW – Dry weight.

Table 3. 
Quantitative and qualitative analysis of carotenoids content in different by-products derived from agricultural 
and food industries.



67

Carotenoids as Natural Colorful Additives for the Food Industry
DOI: http://dx.doi.org/10.5772/intechopen.101208

3. Extraction and production techniques for carotenoids recovery

3.1 Conventional extraction

In the last century, pigment extraction has been performed using solid–liquid 
extraction with different organic solvents. Extracts were later purified via semi-
preparative high-performance liquid chromatography (HPLC) [104] or clean up 
and separation columns using organic solvents such as hexane or dichloromethane 
[105]. The use of non-polar solvents for carotenoid extraction like petroleum ether 
or hexane has been linked with toxicity, having a negative impact in the environ-
ment in the long term. In addition, in the current legislation regarding the use of 
these solvents for the production of food ingredients is not allowed. For this reason, 
in the latest years, novel “greener” extraction processes have been developed for 
pigment recovery, including supercritical fluid extraction (SFE), pressurized liquid 
extraction (PLE), ultrasonic assisted extraction (UAE) and microwave assisted 
extraction (MAE) (Table 5). Implementing these techniques improved, among 
other things, extraction times, yields and solvent usage [114].

3.2 Novel techniques

Supercritical fluid extraction (SFE) emerged in 80s decade as a promising alterna-
tive to conventional organic extractions [115]. This is a process where a compound is 
separated from its matrix making use of the unique properties of supercritical fluids 
as solvents, being CO2 the most commonly used. Supercritical fluid technology applies 
pressures and temperatures above the critical point of the extracting solvent, leading 
to a balanced state between liquid and gas phases. This balance confers low viscosity, 
high diffusivity, enhanced solubility and no surface tension, facilitating mass transfer 
[116]. However, this process involves a high cost, due to high temperatures and pres-
sures requirements. Moreover, CO2 only dissolves non-polar molecules, although using 
a co solvent overcomes this issue, being ethanol the most employed [107, 108].

As well as in SFE, pressurized liquid extraction (PLE), also called accelerated 
solvent extraction (ASE), makes use of high temperature and pressure, although 

Species Most abundant Carotenoids Content (mg/g) Ref.

Cystoseira sp. Fuco 2.0–3.5 (DW) [96]

Dictyota sp. Fuco 0.4–6.4 (DW) [97]

Eisenia bicyclis Fuco 0.42 (DW) [98]

Fucus serratus Fuco, Lut 5.2 (DW)
0.3 (DW)

[99]

Laminaria digitata 1.4 (DW)
0.1 (DW)

Himanthalia elongata Fuco 18.6 (DW) [100]

Hypnea musciformis β-car, lut, zea 0.0029 (TCs, FW) [101]

Monostroma nitidum Lut 0.3 (FW) [102]

Sargassum muticum Fuco 0.0084 (TCs, DW) [103]

Abbreviations: DW: dry weight, FW: fresh weight, β-car: β-carotene, fuco: fucoxanthin lut: lutein, TCs: total 
carotenoids content, zea: zeaxanthin.

Table 4. 
Quantitative and qualitative analysis of carotenoids content in different macroalgae species.
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along with a liquid solvent to accelerate the extraction of specific analytes from 
solid matrices. In this system, pressure is high enough to keep the solvent liquid 
without hampering extraction performance. However, extraction time, tempera-
ture, solvent type and volume have influence on extraction performance, especially 
temperature and solvent type. Temperature range is mostly comprised from 40 
to 180°C and it has been seen that the use of Generally Recognized as Safe (GRAS) 
solvents, like water, ethanol or its mixtures enhance extraction efficiencies [117]. 
Nevertheless, other more non-polar solvent mixtures like methanol: tetrahydrofu-
ran can also be used [40].

Source Carotenoids Conditions Recovery (μg/g) Ref.

SFE

Dunaliella salina β-car CO2, 60 °C, 300 bar 15,000 (DW) [106]

Hachiyakaki sp. (Pe) α−/β-car, 
β-crypto, lyc, 

lut, zea

CO2 + EtOH, 30 MPa 392 (TCs) [107]

Rosmarinus officinalis 
(L)

Carotenoids CO2 + EtOH, 25°C, 
20 min, 20 MPa

47,000–53,000 [108]

Scenedesmus almeriensis Lut CO2, 65°C, 55 MPa 3000 (DW) [109]

Scenedesmus sp. Ast, β-car, lut, 
neo, zea

CO2 + 10% EtO, 25°C, 
20 min, 20 Mpa

73; 60, 436, 671, 
90

[110]

Tomato, apricot, peach, 
pumpkin (Fl, Pe), 
pepper (Fl, wastes)

β-car, lut, lyc CO2/EtOH, 59°C, 
30 min, 350 bar

88–100% β-car [111]

PLE

Carrot
by-products

β-car EtOH 99%, 
60–180°C, 5 min, 

50 bar, 1–5 cycles of 
2 min

120–230 (FW) 
(soft soggy 

carrots)
80–190 (FW) 

(orange carrots)

[93]

Diospyros kaki, P. 
armeniaca

β-crypto, β-car, 
lut, zea

MeOH: THF 2:8 (v:v), 
40 °C, 5 min, 103 bar

Kaki: β-crypto 
≤29, lut ≤ 13, 

zea ≤ 18
Apricot: ≤48 

(β-car)

[40]

Eisenia bicyclis Fucoxanthin 90% EtOH, 110°C, 
5 min, 1500 psi

420 [98]

Porphyridium cruentum β-car, zea 125°C, 20 min, 
10.5 MPa

Zea ≤14,000
β-car ≤8000

[112]

UAE

Dark red tomato Lyc EtAc: tomato paste 8:1 
(V/W), 86°C, 29 min

89,000 [113]

MAE

Carrot juice wastes β-car Flaxseed oil: wastes 
8:1 g/g, 165 W, 9.4 min

775,000 [94]

Abbreviations: DW: dry weight, EtOH: ethanol, EtAc: ethyl acetate, Fl: flesh, FW: fresh weight, L: leaves, MeOH: 
methanol, Pe: peels, THF: tetrahydrofuran. Carotenoids: ast: astaxanthin, α−/β-car: β-carotene, β-crypto: 
β-cryptoxanthin, lyc: lycopene, lut: lutein, neo: neoxanthin, TCs: total carotenoids, zea: zeaxanthin.

Table 5. 
Novel extraction techniques to efficiently recover carotenoids from natural sources.
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Ultrasonic assisted extraction (UAE) also emerged as a novel technique, which 
employs using ultrasonic waves that propagate causing the implosion of bubbles, 
phenomenon known as cavitation. This perturbation leads to a diffusion of the 
solute from the porous matrix to the solvent. Nowadays, UAE is used for extracting 
various compounds including carotenoids from a wide diversity of matrices, such as 
macroalgae, microalgae and plants. This technique is environment-friendly, simple, 
cheap and efficient, reporting high yields when compared to conventional tech-
niques, although the reproducibility of the samples is jeopardized by equipment’s 
aging [118].

Microwave assisted extraction (MAE) is a relatively new extraction tech-
nique that combines microwave and traditional solvent extraction. Since the late 
1980s, MAE has become one of the most popular and cost-effective extraction 
methods [81]. This technique is based on the application of microwaves for 
heating both solvents and matrices, increasing the kinetic of the extraction. 
Compared to conventional and novel (SFE and PLE) techniques, MAE reduced 
extraction time and solvent usage, leading to higher extraction rates and 
reduced costs [94].

4.  Carotenoids’ incorporation into food: reported and future 
applications

Color is an important sensory attribute associated with safety and nutritional 
values of food, reason why, in the last years, consumer awareness regarding the use 
of synthetic food coloring has been increased. In order to develop a more natural 
food industry, natural pigment demand has raised, as is the case for carotenoids. 
These pigments are used for their coloring properties as well as for their antioxidant 
potential and biological functions. Carotenoids can be either applied directly into 
food matrices like beverages or pasta, among others [119, 120], or indirectly, into 
animal feeding to improve pigmentation of final products as in eggs or fish flesh [1, 
29, 121]. Moreover, carotenoids have pointed out as promising ingredients in active 
packaging films. Their inclusion in protective films can improve the storing proper-
ties of the package, extending the shelf-life of the product, as well as transferring 
carotenoids’ nutritional values [122, 123]. Several applications of carotenoids in the 
food industry have been collected in Table 6.

Since the late 1980s, carotenoids implementation into food has significantly 
increased. Among all, β-carotene is the most applied one, being used for coloring 
oils and butters, providing a yellowish color. In addition, it has been also used 
to fortify different food matrices for its provitamin A activity [127]. Apart from 
β-carotene, other carotenoids have been incorporated as free molecules into food 
matrices (Table 6). However, the direct application of these natural pigments 
is limited by their low stability, so micro- and nanoencapsulation technologies 
have been applied. Multiple encapsulation technologies including spray or freeze 
drying, emulsion, spray chilling, extrusion coating, liposome entrapment, 
coacervation and ionic gelation [128] have been applied to improve solubil-
ity, chemical stability and bioavailability of pigments, as well as for masking 
unpleasant organoleptic properties [129]. Most of these technologies have been 
applied to encapsulate carotenoids, generally on a nanometric scale (≤100 nm). 
The type of encapsulation materials used for food applications have to be food-
graded biopolymers such carbohydrates or gums (Persian gum), proteins (gelatin 
or whey), and animal or vegetal lipids [22, 26, 130]. Emulsion is also a prominent 
encapsulation processes, which results in an improved bio accessibility and 
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bioavailability [131]. Lutein emulsions, β-carotene oil-in-water emulsions or 
microcapsules containing lycopene are just some examples of microencapsula-
tion found in the food industry to improve the stability, bio accessibility and 
bioavailability of these pigments [129, 132, 133]. Similarly, multiple studies 
support carotenoids’ nanoencapsulation [134, 135].

A different way to incorporate natural pigments in human food is through 
animal feeding. By doing so, pigments get incorporated in foodstuff such as in fish 
flesh or eggs, giving a characteristic pigmentation and an increased nutritional 
value that will be further transferred to humans or animals [121, 136]. One of the 
main industries where carotenoids have been implemented is aquaculture. Fish fac-
tories have been making use of pigments such as β-carotene as an important source 
of provitamin A, which has been shown to improve the antioxidant capacity and 
immune system of fish, enhancing growth and preventing lipid peroxidation [137]. 
In fact, in aquaculture, different biological sources of xanthophylls such as green 
microalgae, yeast, krill, or crab waste have been utilized as feeding supplements. 
This complementary pigmentation enhances the nutritional value of fish products 

Carotenoid Origin Application Properties Ref.

β-Carotene Fruits & 
vegetables

Free and encapsulated Yellow colorant and 
antioxidant

[120]

Incorporated into 
polymer materials

Antioxidant, O2 and 
light barrier

[123]

α-Carotene Free and encapsulated Yellow colorant, 
anti-carcinogenic 
and antioxidant

[120, 
124]

α-Tocopherol High fat 
vegetables

Incorporated into 
polymer materials

Antioxidant [123]

Astaxanthin Marigold flower Incorporated into 
packaging material

Fish feeding for 
antioxidation and 
flesh coloring

[125]

Bixin Annatto seeds Incorporated into 
polymer materials

Antioxidant, O2 and 
light barrier

[123]

Canthaxanthin Mushrooms Alginate-pectin 
microencapsulation

Red colorant and 
antioxidant

[126]

Cryptoxanthin Mandarin, 
papaya, orange

Free and encapsulated Orange colorant and 
antioxidant

[120]

Lutein Green vegetables Encapsulation in food Eye protection 
against AMD 
development 
or cataracts. 
Anticancer

[124]

Lycopene Tomato, 
watermelon, 
pink grapefruit, 
guava

Free and encapsulated Red colorant, eye 
UV-protection, 
antioxidant

[120, 
123, 
124]

Incorporated into 
polymer materials

Antioxidant, O2 and 
light barrier

Zeaxanthin Mandarin, 
papaya, orange

Orange colorant Eye protection 
against macular 
degeneration and 
cataracts

[120, 
124]

Table 6. 
Carotenoids applications in food industry.
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by providing strong antioxidant activity and higher amounts of provitamin A [1]. 
Other industry where pigments are widely use is poultry. EU approved egg yolk and 
poultry tissues pigmentations with yellow and red carotenoids, including lutein, 
zeaxanthin, β-cryptoxanthin, violaxanthin and capsanthin [136].

Natural pigments can also be incorporated into packaging materials to improve 
food preservation. Carotenoids such as lycopene or β-carotene prevent color altera-
tions due to oxidation processes and UV-induced damage, providing stability to 
packaging polymers [123]. Besides, pigment migration from active packaging into 
food matrices has been reported, transferring the beneficial properties. As could be 
seen in Table 6, several carotenoids such have been included in active packaging, 
achieving promising results.

5. Conclusions

Synthetic pigments have been frequently used as food additives to improve food 
appearance since colorful products have been associated with healthy and high-
quality properties by consumers. However, tendency has slowly shifted towards a 
stronger presence of natural ingredients due to a raising concern about the nega-
tive side effects associated with synthetic molecules. In this context, carotenoids 
have come up as an attractive replacement of synthetic pigments, being found 
in multiple sources, like plants, algae, fungi, microorganisms and by-products. 
Moreover, carotenoids have been linked with diverse beneficial properties, such 
as antioxidant, prevention of degenerative diseases, cancer and stimulation of the 
immune system. For all these reasons, carotenoids have caught the attention of 
many industries, including food, nutraceutical and cosmetic industries.

In order to extract these pigments, novel technologies emerged to improve the 
extraction rates of traditional techniques, mostly based on maceration. Among 
these new strategies, SFE and PLE highlight. Equipment may result into an initial 
economic expense, but they offer satisfactory extraction rates while minimizing 
solvent usage and experimental times.

Regarding food industry, carotenoids have been widely used for their applica-
tion into food matrices or as part of packaging materials. Their inclusion as food 
additives or feed supplements for animals is the most extended and explored 
application, improving the organoleptic properties and nutritional values, aiming 
for a higher commercial acceptance. Besides, carotenoids have also been used as 
ingredients for active packaging films to extend products’ shelf-life. Regardless the 
matrix of inclusion, natural carotenoids have been incorporated as free molecules 
or encapsulated. This last strategy prolongs the stability and bio accessibility of 
carotenoids, protecting core ingredients from chemical degradation.

Furthermore, due to their extensive bioactivities, carotenoids are very useful 
to formulate new cosmetic ingredients. Besides, its antioxidant properties that can 
benefit the skin and promote skin regeneration and healthy aging, carotenoids also 
mitigate the harmful effects of UV radiation, which makes them excellent candi-
dates for their application in cosmetic formulations as preservatives with photopro-
tective, antioxidant and anti-aging properties.
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Abstract

Recently, there has been an increasing interest in health-promoting products
which are also natural and safe for consumption because the consumer market has
been searching for a healthy lifestyle. This global market trend has driven the food
industry to invest in developing innovative products containing bioactive compo-
nents. Flavonoids are a group of phenolic compounds of low molecular weight,
consisting of 15 carbon atoms. Their alterations in the heterocyclic ring’s substitu-
tion pattern generate six subclasses: flavonols, flavanols, flavones, flavanones,
isoflavones and anthocyanins. Also, different studies have reported that diets rich in
flavonoids provide numerous benefits associated with health-promoting effects by
reducing the risk of development of chronic diseases such as cardiovascular dis-
eases, diabetes type II and some types of cancers. These effects have been related to
their biological properties which also include other activities such as colorant effects
(e.g., anthocyanins), transforming them into potential food additives with desirable
capacities. Therefore, this review aims to revise the classes of flavonoids and their
main biological properties as well as the most used extraction techniques applied for
obtaining these compounds, their bioavailability and the application to formulate
new natural food additives.

Keywords: flavonoids, health benefits, extraction techniques, bioavailability, food
additives

1. Introduction

The growing interest in a healthy lifestyle has led the food industry to establish
an alliance with the scientific community to create a viable and effective alternative
for the consumer, carrying out several studies about the bioactive potential of
various compounds present in natural matrices [1].

The recently discovered properties of phenolic compounds have been exploited,
and the food industry has launched numerous new functional products whose
health functionality is closely connected with their polyphenols content [2].
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The scientific community have been developing several studies to determine the
presence of phenolic compounds natural matrices, namely the presence of flavo-
noids. For example, in cereals, several kinds of flavonoids (principally glycosylated
flavones) are distributed in these grass crops; in legumes, the presence of a total of
690 isoflavonoids have been reported; and in medicinal plants these molecules are a
major constituent in lists of metabolites responsible for the bioactivities [3].

Flavonoids are a subdivision of polyphenols that are abundant in the human diet
and can be found in several matrices; specifically, they are commonly found in
fruits, vegetables, nuts, teas, dark chocolate, red wine and legumes [3].

These compounds are divided into principal subclasses of flavanols, including
flavanol monomers (flavan-3-ols) and flavanol polymers (called proantho-
cyanidins), flavonols, flavanones, flavones, isoflavones, and anthocyanins
(depending on the substitution at the heterocyclic ring (C-ring)) [4]. Regarding
their physiological potential, flavonoids have a vast range of bioactivities, namely
antioxidant, anti-inflammatory, vasorelaxant, anticoagulant, cardio-protective,
anti-obesity and anti-diabetic, chemoprotective, neuroprotective, and antidepres-
sant properties that are progressively being clarified [5]. These beneficial properties
are strongly dependent on the polyphenols chemical structure [2].

1.1 Flavonols

Flavonols are the most important subgroup of flavonoids. Chemically, these com-
pounds (as other flavonoids) have a characteristic 15-carbon skeleton (C6-C3-C6),
two benzene rings constitute its structure (catechol B ring and resorcinol A ring)
joined together by a 4-pyrone heterocyclic ring C (Figure 1) [6].

Some compounds of this subclass include quercetin, myricetin, kaempferol,
galangin, and fisetin [7–9]. These molecules represent the most ubiquitous and
abundant flavonoids in the plant kingdom (dicotyledonous plants, especially
flowers and leaves of woody) [10, 11] and occur abundantly in fruits (e.g., apples,
bananas, several berries, pomegranate), vegetables (broccoli, red and white onion,
tomato, spinach), cocoa and chocolate, and beverages (such as tea and red wine)
[7, 12].

The scientific community has widely studied the positive effects of flavonols on
human health. These molecules have been reported as important antioxidants due
to their abilities to suppress free radical formation, scavenge free radicals, and
upregulate or protect antioxidant systems. They also inhibit the enzymes associated
with free radical production, reduce lipid peroxidation, and chelate metal ions in
reducing free radical generation [10, 11]. In addition to the antioxidant potential,
these molecules have shown other target biological activities such as antimicrobial,
anti-viral (interruption of virus’s entry and replication cycle) hepatoprotective,

Figure 1.
Chemical structure of flavonols. Designed with eMolecules (https://www.emolecules.com/).
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nephroprotective (effective for the treatment of chronic kidney disease), anti-
inflammatory, vasodilatation effects, and cardiovascular protective effects (pre-
ventative role in coronary diseases). They also have been considered as potential
anticancer agents [8, 13, 14].

However, despite all the flavonols have a broad spectrum of biological activities,
kaempferol, myricetin, and quercetin are the main representatives and have been
widely studied due to their health-promoting functions. Both kaempferol and quer-
cetin have unique biological properties as anticarcinogenic, antimicrobial,
antidiabetic, anti-viral, anti-allergic, antioxidant, and anti-inflammatory [7, 8, 11].

1.2 Flavanols (flavan-3-ols)

Flavanols or flavan-3-ols are another flavonoid subclass with a hydroxyl group at
position 3 and a fully saturated carbon ring structure (Figure 2) [9].

The most common flavan-3-ol monomers are catechin, epicatechin, catechin
gallate, epicatechin gallate, gallocatechin, epigallocatechin, gallocatechin gallate and
epigallocatechin gallate [2]. These compounds are widely spread in nature and can
be found in a wide range of natural matrices as apples, peaches, cocoa powder, nuts,
dark chocolate, grapes, berries and beverages (such as red wine, tea, and cider) [9].
Furthermore, they can also be found in certain food plants, such as Vitis vinifera,
Camellia sinensis and Theobroma cacao [15]. In these foods, flavanols can exist as
monomers, such as epicatechin, or in oligomeric forms referred to as procyanidins
or, more broadly, proanthocyanidins [16]. The presence of flavanols in food affects
food quality parameters, principally the astringency, bitterness, sourness, sweet-
ness, salivary viscosity, aroma, and color formation [17].

Over time, the interest in flavanols has grown, and different studies have reported
these compounds’ health benefits. These compounds present several beneficial effects
in consumers’ health, acting as antioxidant (scavenging of free radicals, chelation of
transition metals, as well as the mediation and inhibition of enzymes),
anticarcinogen, cardio-preventive (modulation of vascular homeostasis), anti-
microbial, anti-viral, and neuro-protective agents [4, 18]. Besides, dietary interven-
tion studies demonstrated that consuming certain flavanol-containing foods results in
improved arterial function, a decrease in blood pressure, positive modulation of
hemostasis, and improved insulin sensitivity [15]. In this sense, diets enriched in
flavan-3-ol containing foodstuffs may provide beneficial health effects [17].

1.3 Flavones

Flavones are also a subgroup of the flavonoid class based on the backbone of 2-
phenylchromen-4-one (2-phenyl-benzopyran-4-one). The molecular formula of the
flavone molecule is C15H10O2. It has a three-ring skeleton, C6-C3-C6, and the rings

Figure 2.
Chemical structure of flavanol. Designed with eMolecules (https://www.emolecules.com/).
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are referred to as A-, C-, and B-rings, respectively (Figure 3). These compounds are
also characterized by the presence of three functional groups, including hydroxy,
carbonyl, and a conjugated double bond. Consequently, they exhibit characteristic
reactions of all three functional groups [19].

The most abundant types of flavones are luteolin, apigenin and chrysin [20].
These compounds are commonly found in edible vegetables, fruits, nuts, seeds and
plant-derived beverages and cereals, which are ingested inadvertently in our daily
diet and positively impact consumers’ health without significant side effects [3, 20].

The scientific community has carried out several studies to determine the bio-
logical potential of flavones. These molecules have received broad interest for their
antioxidant potential [21] and their ability to modulate several enzyme systems
involved in many diseases [22]. Also, these compounds have demonstrated to have
other biological properties beneficial to health, namely anti-inflammatory activities
[23], antibacterial [24], antifungal [25], antiviral [26] and anti-carcinogenic [27].
Furthermore, they also have immunomodulatory effects [28], and they intervene in
the reduction of total cholesterol [29]. Recent studies in numerous disease areas
(osteoporosis, prostate hyperplasia, endocrinology, and others) have shown that
many disorders, specifically in the metabolic area, are multi-factorial and are better
treated with combinations of drugs and natural products [19]. However, all these
therapeutic actions depend and differ according to the different compounds
belonging to the subclass of flavones [30].

1.4 Flavanones

Flavones are another subgroup of flavonoids and have a C6-C3-C6 skeleton
composed of 3 rings, A-, C-, and B-, respectively, and a chiral carbon at the C-3
position (Figure 4) [31].

Formerly, flavanones were considered minor flavonoids, like chalcones,
dihydrochalcones, dihydroflavonols and aurones; nevertheless, in the past 15 years,
the total number of known flavanones has increased, and they are now considered a
major flavonoid class like flavones, isoflavones, flavanols, flavonols and
anthocyanidins. Nowadays, in nature, up to 350 flavanone aglycones and 100 fla-
vanone glycosides have been identified [32].

Flavanones are mainly divided into naringenin, hesperetin and eriodicthiol [20].
They are characteristic compounds of citrus fruit, principally lemon, lime, manda-
rin (tangerine), sweet orange, grapefruit, sour (bitter) orange and tomato [33–35].
These compounds are also widely distributed in around 42 plant families
(Compositae, Leguminosae and Rutaceae). They can be found in all plant parts, above

Figure 3.
Chemical structure of flavones. Designed with eMolecules (https://www.emolecules.com/).
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and below ground, from vegetative part to generative organs: stem, branches, bark,
flowers, leaves, roots, rhizomes, seeds, fruits, peels, and others [32].

As in the other subgroups of flavonoids, flavanones also exhibit biological prop-
erties, which positively affect consumers’ health. Properties associated with flava-
none intake include antioxidant [34], anti-inflammatory [36], antitumor, antiviral
[37] and antimicrobial activities [38]. Furthermore, flavanones are related to some
beneficial effects, such as improved gastrointestinal function [39], decreased blood
cholesterol level [38], cardioprotective effect [40] and reduction of inflammatory
responses caused by SARS-CoV-2 infection [35].

1.5 Isoflavones

Some structural variation from flavones are presented in isoflavones, which
differs from flavones in the location of the phenyl group’s location at C3 rather than
C2 position (Figure 5) [9].

Isoflavones are divided into genistein, daidzein and glycitein [20]. These com-
pounds are naturally-occurring plant compounds and are usually found in legumes
from the Fabaceae family (chickpeas, beans, lupine and soybean) and red clover
(Trifolium pratense), as well as small amounts of isoflavones are also contained in
other plant products, fruits, vegetables (broccoli and cauliflower), barley and nuts
[20, 41, 42].

Isoflavones have also demonstrated bioactive properties that intervene benefi-
cially in human health. The therapeutic effects of isoflavones are anti-
inflammatory, antioxidant [43], anti-obesity [44] and antitumor activities [45].
Besides, several benefits are associated with isoflavones, such as relieving meno-
pausal symptoms [46], hepatoprotective [47], cardiovascular protection [48], ther-
apeutic potential in the control of diabetes [49], osteoporosis prevention and
treatment [50], modulatory effect of the intestinal microbiota [51] and studies in
rats have reported an improvement in kidney function in obese rats [52].

Figure 4.
Chemical structure of flavanones. Designed with eMolecules (https://www.emolecules.com/).

Figure 5.
Chemical structure of isoflavones. Designed with eMolecules (https://www.emolecules.com/).
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1.6 Anthocyanins

Anthocyanins belong to the large group of flavonoids, being considered the most
revealing water-soluble pigments for extraction from natural matrices [53].
Regarding their chemical characterization, anthocyanins come from a basic struc-
ture of 3 rings of the C6-C3-C6 shape, defined as an aglycone portion, called the
flavylic cation (Figure 6). When associated with chemical groups in the R positions,
it is called anthocyanidin [53, 54].

The most common types of anthocyanins are cyanidin, delphinidin,
pelargonidin, peonidin, malvidin and petunidin [55]. The anthocyanin compounds
are present in a composition of a wide range of vegetables (red onion, radish, red
cabbage, red lettuce, eggplant, red-skinned potato and purple sweet potato),
flowers (red hibiscus, red rose, red pineapple sage, red clover, and pink blossom)
and several red fruits, such as: cherries, plums, strawberries, raspberries, black-
berries, grapes, and many others [56, 57].

Anthocyanins are involved in many biological activities that positively impact
human health. The use of these molecules for medicinal purposes has been long
supported by epidemiological evidence. Still, just in recent years, some of the
specific, measurable pharmacological properties of isolated anthocyanin pigments
have been proven by controlled in vitro, in vivo or clinical research studies [57].
According to several authors, the health benefits are associated with the increase of
sight acuteness, anti-carcinogenic activity, antioxidant capacity, antiulcer activity
and the maintenance of normal vascular permeability (vitamin C2), as well as acting
in the prevention of various diseases, such as coronary and degenerative diseases,
diabetes, inflammation or reduction of the risk of obesity, among others [58–60].

2. Biological properties of flavonoids

The bioactive properties of flavonoids are directly linked to the functions they
exert. Flavonoids, present in higher plants’ cells, have a protective role against
parasites and other pathogens (participating in allelopathy processes), herbivores,
and ultraviolet (UV) radiation [61]. They have a regulatory function like most lipid-
soluble vitamins and act as pollinating agents. The varied colors they can have
attract pollinators, thus contributing to plant seeds’ dispersion [62]. The following
sections display a set of functions attributed to these compounds, seeking to relate
their bioactivity to their chemical features and/or possible mechanism of action.

2.1 Antioxidant activity

The antioxidant properties of flavonoids have been recognized over the years.
Given the wide presence of flavonoids in various fruits, vegetables, legumes, grains

Figure 6.
Chemical structure of anthocyanins. Designed with eMolecules (https://www.emolecules.com/).
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and nuts, these compounds represent approximately two-thirds of the phenols
consumed in the diet, being the class predominantly described [63, 64]. The mech-
anisms underlying the antioxidant properties of flavonols include eliminating free
radicals and the chelating activity of transition metal ions, being the preventive
action and chain-breaking mechanisms responsible for the high bioactivity of fla-
vonoids [65, 66]. In fact, flavonoids can eliminate free radicals and reduce their
formation and/or their effects. As expected, the chemical structure plays a key role
in the antioxidant activity of flavonoids. That is, due to the reducing capacity of the
phenolic hydroxyl groups (presence of hydrogen-/electron-donating substituents),
flavonoids can donate hydrogen; thanks to the ability to delocalize the unpaired
electron leading to the formation of a stable phenoxyl radical, flavonoids can pro-
tect against damage caused by reacting oxygen species (ROS), and flavonoids can
chelate transition metals capable of promoting the formation of hydroxyl radicals in
reduced forms through the Fenton reaction under abnormal conditions. This prop-
erty is strongly dependent on the arrangement of hydroxyls and carbonyl group
around the molecule [66]. Considering these characteristics that underlie the anti-
oxidant potential of flavonoids, studies carried out over the years have shown that
the flavonoids with greater antioxidant activity have the following structure fea-
tures: (i) a certain hydroxylation pattern, particularly in the ring B, namely 30,40-
dihydroxyl group (e.g., 30, 40-catechol group); (ii) the 3 � OH moiety in the C ring;
(iii) the C2 = C3 double bond in the C ring conjugated with a C4-carbonyl group in
the ring, causing electron delocalization from the B ring; and (iv) both 3 � OH
group in C ring and 5 � OH group in A ring combined with a 4-carbonyl group and
C2 = C3 double bond [65–68]. The influence of the chemical structure on the
bioactivity of flavonoids was also demonstrated by Novaes et al. [69]. The authors
tested the antioxidant potential of 11 flavonols extracted from the leaves of Annona
coriacea Mart. using four approaches, and attributed the differences obtained in the
assays to the B-ring substitution pattern of flavonols. Recent studies also suggest
that the C � H bonds may contribute to the antioxidant activity of flavonols since
they evaluated the antioxidant properties of 13 flavonoids with the hydroperoxyl
radical (HOO) and concluded that the C � H bonds (C3 � H of the flavonoid
backbone structures) play a fundamental role in the antioxidant properties of fla-
vonoids containing 4-carbonyl and/or 3-hydroxyl groups. These groups release the
single electron on the C3 radical (the C3 � H bond) into the O � C3 � C4 � O
system and form intermolecular bonds to stabilize the radicals, yielding reduced
bond dissociation energy (C3 � H) and increased the antioxidant activity of the
flavonoids. This study also showed that the hydrogen atom transfer (HAT) mecha-
nism is the main pathway for flavonoids’ antioxidant activity [68].

If the abovementioned features favor the antioxidant potential of flavonoids, on
the other hand, the presence of saccharide groups seems to reduce the antioxidant
properties of these molecules. Still, some studies showed that C-glycosyl flavonoids
have greater potential than O-glycosides [70, 71]. It should be highlighted that
although the antioxidant activity of glycosides is weaker than the corresponding
aglycone, the bioavailability is reasonably increased in vivo due to the cleavage of
glycosidic bonds that frequently occur. Therefore, under these conditions, the anti-
oxidant activity is increased [66].

However, the abundant consumption of flavonoids, as polyphenols in general,
through the daily diet does not always correspond to obtaining the effects observed
in vitro in the natural matrix of origin. Nevertheless, there are already some studies
carried out in this direction. Some works proved that even given the sensitivity of
these biomolecules (to food processes and storage), it is possible to obtain positive
results when inserted in foods, namely as ingredients/additives with preservative
capacity, and bring potential health benefits, as described in the following sections.
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2.2 Antimicrobial activity

The antimicrobial properties of natural products rich in flavonoids have been
reported and recognized since antiquity. Of the best-known products, propolis can
be highlighted, whose healing properties have been mentioned for thousands of
years and used to treat wounds and ulcers. In fact, propolis’s antimicrobial proper-
ties have been attributed to its high content of flavonoids, particularly galangin and
pinocembrin [72]. As previously mentioned, flavonoids’ bioactivity is related to
their function in nature, namely protecting plants against pathogens. In this way,
plant-derived flavonoids have different antibacterial mechanisms of action than
conventional drugs, and generally, their bioactivity does not confer resistance. In
fact, to the best of our knowledge, no report claims to have observed bacteria
developing resistance to plant-based antimicrobials. In this way, antibacterial
agents based on natural extracts rich in flavonoids represent an important alterna-
tive in developing new antibacterial formulations, both from a clinical perspective,
as in any other application such as the food sector [73]. The possible mechanisms of
antimicrobial action of flavonoids are briefly: (i) cell envelop synthesis inhibition
(e.g., quercetin, myricetin, luteolin); (ii) inhibition of nucleic acid synthesis (e.g.,
quercetin, kaempferol, apigenin); (iii) bacterial motility inhibition (e.g., sinensetin,
luteolin, epigallocatechin gallate); (iv) inhibition of ATP synthesis on electron
transport chain (e.g., baicalein, silibinin, silymarin); (v) bacterial toxins inhibition
(e.g., naringenin, kaempferol, quercetin 6-hydroxyflavone); (vi) biofilm formation
inhibition (e.g., genistein, apigenin, naringenin); (vii) inhibition of bacterial
enzyme-dependent virulence (e.g., amoradicin, kaempferol-3-rutinoside, baicalin);
(viii) membrane disruption (e.g., apigenin, catechin, quercetin); (ix) inhibition of
bacterial efflux pumps (e.g., luteolin, morin, rutin); and (x) inhibition of bacterial
quorum sensing (e.g., naringin, taxifolin, chrysin) [74]. Therefore, when relating
the chemical structure of flavonoids with their antimicrobial activity through vari-
ous mechanisms, quercetin, apigenin, kaempferol, fisetin, myricetin, luteolin,
taxifolin, or naringenin features can be highlighted, among others.

2.3 Prebiotic activity

Polyphenols’ prebiotic effects have also been explored, with available reports
from pre-clinical and clinical studies. Flavonoids have been the most investigated
phenolic compounds in terms of their effects on the composition of the intestinal
microbiota and the health benefits of the host [75]. It must be highlighted that the
current definition of prebiotic recognizes that, in addition to the stimulation of
Bifidobacterium and Lactobacillus bacteria, prebiotic targets include other microor-
ganisms, such as Roseburia, Eubacterium and Faecalibacterium spp. However, they
are not limited to these genera [76]. The health benefits associated with prebiotics
are well known and comprise immunomodulation, increased mineral absorption,
improved intestinal function and positive effects on glucose homeostasis, inflam-
mation, blood lipid profile, satiety and defense against pathogens [77]. The main
studied flavonoids that revealed potential prebiotic effects proven in pre-clinical
studies include anthocyanins (bilberry extract, grape pomace extract, and Arctic
berry extracts), proanthocyanidins (Arctic berry extracts, and cranberry extract),
proanthocyanidin A (cinnamon bark extract), catechins and caffeine (green and
black tea extracts, decaffeinated green and black tea polyphenol extracts, oolong tea
water extracts, aqueous, raw and ripe Pu-erh tea extract), isoflavones (soy extract),
naringenin (S. chinensis pollen extract), polymeric and oligomeric procyanidin
(apple), genistein and hydroxysafflor yellow A [75]. In addition to the beneficial
effects on the intestinal microbiota, authors also found other beneficial health
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effects such as the decrease in: (i) digestive enzymes activity; (ii) fat mass gain; (iii)
liver steatosis; (iv) adiposity; (v) body weight gain and metabolic endotoxemia;
(vi) serum lipid profile, glucose and insulin; (vii) serum triglycerides; (viii) oxida-
tive damage and inflammation; and (ix) fasting blood glucose. On the other hand,
they found an increase in insulin sensitivity, expression of hepatic lipid metabolism
genes, glucose tolerance, and glycolysis.

In clinical trials, anthocyanins consumed in a wild blueberry drink have been
studied, in a dose of 25 g/250 mL of water. The study included 20 healthy male
individuals, with a 6-week consumption of the drink. After this period, an increase
of Lactobacillus acidophilus and Bifidobacterium spp. in the human gut was observed
[78]. In another study, they inserted punicalagins and ellagic acid (from pomegran-
ate extract) in capsules with 0.45 g or 1.8 g of extract. These capsules were admin-
istered to 49 overweight-obese individuals (mild hyperlipidemia) for 9 weeks. After
this time, the authors verified an increase of Faecalibacterium and decreased
lipopolysaccharide-binding protein in the gut microbiota [79].

2.4 Colorant activity

Color is the most important sensory perception that defines consumer expecta-
tions about foods’ organoleptic properties [80]. Thus, adding or improving food
color has been one of the food industry’s commitments to make products more
appealing. Although each coloring agent used by the food industry in the European
Union is subjected to a rigorous safety assessment, some problems of intolerance
and/or allergies or hyperactivity have been related to its consumption [81], which
may justify the consumer’s preference for natural additives to the detriment of the
artificial counterparts. In this way, the scientific community has been looking for
natural alternatives to the artificial colors widely used in the industry. The major
natural pigments obtained from nature include chlorophylls, carotenoids, betalains
and flavonoids. Among the main classes of flavonoids used as coloring agents, the
flavonols and anthocyanins stand out, obtaining a range of colors between cream,
yellow, pink, red, blue and black [82]. There is already a natural coloring agent,
based on flavonoids, approved by the regulatory authorities for its use in the food
sector, namely anthocyanins (E163). The approved anthocyanin extract is obtained
from the natural strains of vegetables and edible fruits, including blackcurrant
pomace and grape skin [83]. The pH strongly influences the color of anthocyanins.
In acidic conditions, anthocyanins are red, while in basic pH, they appear blue,
being purple in solutions with neutral pH. Hence, grapes are one of the best sources
of this natural red pigment, since their anthocyanins are largely methylated, leading
to an increase in color intensity and higher stability [84, 85]. After consulting the
literature, we found that most studies on natural food colors based on flavonoids are
strongly focused on anthocyanins. Other classes of flavonoids have been studied as
copigments. Given the sensitivity of anthocyanins to various factors, not only pH
but also temperature, light, oxygen, among others. Copigments or other co-solutes
can be added, even when colorless, since they trigger a hyperchromic effect [82].
Copigmentation may occur by forming (in the presence or absence of metal ions)
noncovalent complexes involving an anthocyanin or anthocyanin-derived pigment
(e.g., a pyranoanthocyanin or anthocyanin-flavanol adduct) on the one hand and a
copigment on the other; and by subsequent changes in optical properties of the
pigment. Among these interactions, intramolecular and intermolecular
copigmentation are the most important mechanisms of copigmentation [82, 86].
Also, the effects of flavonoid C-glycoside extracts from pigeon pea leaves and its
main components vitexin (apigenin-8-C-glucoside) and orientin (luteolin-8-C-glu-
coside) on the color and anthocyanins stability of blueberry juice were evaluated.
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Authors verified that the addition of flavonoid C-glycoside markedly extended the
half-life of anthocyanin and enhanced the juice quality. The need to explore other
target flavonoids to obtain additional coloring agents to be applied in food formu-
lations seems apparent [87].

2.5 Other activities

Besides the properties previously described, some other bioactivities have been
assigned to flavonoids, such as anti-diabetic, anti-inflammatory or anticancer
activities. For instance, a new approach to treat diabetes with enhanced antidiabetic
activity from a flavonoid nanoparticulate system has been proposed. This system
with new biodegradable releasers would increase the solubility of flavonoids and
consequently their bioavailability, preventing flavonoid from first-pass metabolism
and intestinal absorption in the form of a flavonoid nanoparticulate system. Flavo-
noids exert their antidiabetic properties by enhancing insulin secretion via regener-
ation of pancreatic β-cells, enhancing insulin-mediated glucose uptake by target
cells, inhibiting aldose reductase and increasing Ca2+ uptake [88]. Antidiabetic
activity of flavonoids depends on the chemical criterion (C-2-C-3 double bond and
ketonic group at C-4 position on ring B) which is fundamental for the bioactivity of
polyphenols [89]. The antioxidant and anti-inflammatory activity of the flavonol
fisetin (7, 30, 40-flavon-3-ol) has been evaluated, showing that it could improve the
plasma insulin and antioxidant levels in diabetic rats and significantly decrease the
levels of blood glucose. Therefore, the authors suggested that fisetin could be
considered as an adjunct for the treatment of diabetes [90]. Regarding anthocya-
nins, in addition to their coloring capacity, other studies suggest that these flavo-
noids also have bioactivity with a potential impact on human health, namely
antioxidant activity, chemopreventive potential, anti-inflammatory and immuno-
modulatory properties [91]. Some of the bioactivities attributed to flavonoids have
been specifically pointed to flavonoid glycosides. For example, the C-glycosidation
improved the intracellular antioxidation performance of apigenin [92]. Moreover,
many in vitro assays reported the positive role of flavonoid glycosides on the
immune response (e.g., quercetin 3-O-xyloside). Other flavonoid glycosides have
shown anticancer properties (quercetin 6-C-glucoside), anti-inflammatory and
analgesic effects (luteolin 6-O-rhamnoside) and anti-parasitic activity (acyl flavo-
noid glycosides) [92]. Furthermore, it has been suggested that some isoflavonoids
may exert antiophidic potential against Bothrops jararacussu snake venom [93].

3. Extraction and production techniques for flavonoids recovery

According to the current and continuously increasing demand for new healthy
products for a better lifestyle of the population, an increase in the number of
techniques used to extract bioactive compounds has occurred. Choose the best
extraction technique for each sample is essential in terms of the quality and quantity
of the target molecules obtained, that is, flavonoids. Nowadays, there is many
extraction techniques that can be employed. These techniques are selected
depending on the characteristics of the raw material, which are, in general, plants,
food or liquid samples such as wine, tea or olive oil [94]. Independently of the
source, the samples must be homogenized. Hence, the most used methods are
grinding, milling, filtration, pulverizing and mechanical stirring. Depending on the
raw material, before or after homogenization, a pretreatment could be used to
facilitate or improve the homogenization and the extraction process. The pretreat-
ments usually used are freezing (in a freezer or by liquid nitrogen), different drying

92

Natural Food Additives



process and freeze-drying [95]. However, the use of these pretreatments can affect
the extract characteristics, limiting the optimization of the extraction process
[96–98]. There is no standard for every source of raw material, so selected pre-
treatments must be chosen depending on the physical and chemical characteristics
of the samples. Moreover, depending on the pretreatment and homogenization
method, the sample must be stored in the appropriate conditions or perform the
extraction immediately before the homogenization and the pretreatment [99, 100].
The extraction techniques can be divided into two groups, conventional and novel
approaches.

3.1 Conventional extraction techniques

Conventional extraction techniques are characterized using conventional sol-
vents, with or without heat and usually under agitation. In a standard conventional
extraction, the sample is homogenized and submerged in a solvent or a mix of
solvents. Using this extraction methodology, flavonoids are obtained through the
diffusion and mass-transfer phenomena [101, 102]. The most used methods are
maceration and Soxhlet. Nevertheless, other techniques like percolation, hydro-
distillation, boiling, reflux and soaking can be used [103, 104]. The advantages of
using these techniques are their simplicity and low cost, so they are preferred by
companies [102]. On the other hand, these methods have several disadvantages:
high volumes of solvent, low extraction yields and long times. Furthermore, due to
the sensitivity of flavonoids to high temperature, in extraction assisted by heat, the
compounds’ biological properties could be affected [105, 106].

For its simplicity and low cost, extraction by Soxhlet is the most used [106]. The
main advantages of this method are three. The first one is that through repeated
cycles, the sample is in contact with fresh solvent almost all the time, helping the
displacement of the mass transfer equilibrium. In the second place, after the
extraction, it is not necessary to filter the sample. Lastly, the amount of sample
extracted can be improved easily by simultaneous parallel extraction, which needs
very little investment. However, Soxhlet extraction has some disadvantages
concerning other conventional extractions. The main disadvantages of this tech-
nique are its duration (i.e., between 6 and 12 h or higher) and the large amount of
solvent used. In addition, after extraction, the high amount of solvent in the sample
is usually needed to evaporate. Moreover, the high operating temperature could
produce the thermal decomposition of some compounds. Despite the weaknesses,
nowadays, Soxhlet extraction could be combined with other novel techniques to
improve extraction efficiency [107].

Significant differences in the extraction yields between different conventional
extractions can be observed. There are also differences between the number of
compounds obtained and their bioactivity within the same method. These varia-
tions are caused by the parameters directly implicated in the extraction process like
temperature, time, number of extractions (cycles), the ratio of solvent to raw
material or type of solvent [108]. Table 1 shows diverse examples of extractions
carried out under different conditions and different methods to compare the
conventional extraction methods.

3.2 Novel techniques

Non-conventional extraction techniques put their effort in concentrate the
energy to extract the bioactive compounds in a more efficient and/or selective way
than in conventional extractions. Nowadays, methods that employ microwaves,
ultrasounds, high pressure, supercritical fluids or digestive enzymes can extract
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Type
(cycles)

Substrate Solvent (%) Temperature
(°C)

Time
(min)

Yields References

Batch A. marmelos (fruit) Ethanol 50 50 2.04 mg/g dw [109]

HRE G. affine Eth:W (80:20) — 150 1.16% (Flavonoid
extraction yield)

[110]

Mac P. oleracea L. Eth:W (70:20) 25 2880 5.6 mg/g dw [111]

Reflux P. oleracea L. Eth:W (70:20) — 150 6.8 mg/g dw [111]

SAE Moringa oleifera L.
(leaves)

Eth:W (52:48) 30 30 12.77 � 0.65 mg/g
dw

[112]

SBE A. marmelos (fruit) Ethanol 50 450 48.15 mg RE/g [109]

Soxhlet A. marmelos (fruit) Ethanol 60 460 67.85 mg RE/g [109]

Soxhlet G. affine Eth:W (80:20) — 300 1.48% (Flavonoid
extraction yield)

[110]

Soxhlet M. oleifera L.
(leaves)

Ethanol 90 180 10.67 � 0.27 mg/g
dw

[112]

Soxhlet P. oleracea L. Eth:W (70:30) — 300 7.0 mg/g dw [111]

Soxhlet Pleurotus florida Methanol — 300 0.40 � 0.03 mg
QE/g dw

[113]

Soxhlet Humulus lupulus
(hops)

Ethyl acetate 77 480 11.4 � 0.6 (wt%
extract)

[114]

Soxhlet H. lupulus (hops) Metanhol 65 480 25.8 � 0.7 (wt%
extract)

[114]

Soxhlet H. lupulus (hops) N-hexane 69 480 6.7 � 0.2 (wt%
extract)

[114]

Soxhlet H. lupulus (hops) Ethanol 78 480 25.8 � 0.9 (wt%
extract)

[114]

Soxhlet Mentha spicata L.
(leaves)

Methanol 40 360 267.33 � 3.12 mg/
g dw

[115]

Soxhlet M. spicata L.
(leaves)

Ethanol 360 218 � 4.24 mg/
dw

[115]

Soxhlet M. spicata L.
(leaves)

Petroleum
ether

360 30.47 � 2.34 mg/g
dw

[115]

Soxhlet M. spicata L.
(leaves)

Eth:W (70:30) 360 257 � 3.47 mg/g
dw

[115]

Soxhlet Populus temula Methanol — 2880 11.5 mg/g dw [116]

ASE Rheum palmatum L Met:W
(80:20)

80 10 3.9 mg/g dw [117]

ASE (3) Passiflora species
(leaves)

Eth:W
(40:60)

40 30 49.22 mg GAE/g
dw

[118]

ASE (3) Passiflora species
(leaves)

Eth:W
(40:60)

80 30 41.46 mg GAE/g
dw

[118]

ASE (3) Passiflora species
(leaves)

Ethanol 40 30 110.89 mg GAE/g
dw

[118]

ASE (3) Passiflora species
(leaves)

Ethanol 80 30 101.61 mg GAE/g
dw

[118]

ASE (1) Passiflora species
(leaves)

Eth:W (70:30) 40 10 72.60 mg GAE/g
dw

[118]
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Type
(cycles)

Substrate Solvent (%) Temperature
(°C)

Time
(min)

Yields References

ASE (1) Passiflora species
(leaves)

Eth:W (70:30) 80 10 79.43 mg GAE/g
dw

[118]

ASE (5) Passiflora species
(leaves)

Eth:W (70:30) 40 50 65.78 mg GAE/g
dw

[118]

ASE (5) Passiflora species
(leaves)

Eth:W (70:30) 80 50 84.53 mg GAE/g
dw

[118]

ASE (1) Passiflora species
(leaves)

Eth:W
(40:60)

60 10 58.54 mg GAE/g
dw

[118]

ASE (1) Passiflora species
(leaves)

Ethanol 60 10 85.83 mg GAE/g
dw

[118]

ASE (5) Passiflora species
(leaves)

Eth:W
(40:60)

60 50 60.21 mg GAE/g
dw

[118]

ASE (5) Passiflora species
(leaves)

Ethanol 60 50 80.31 mg GAE/g
dw

[118]

ASE (3) Passiflora species
(leaves)

Eth:W (70:30) 60 30 60.57 mg GAE/g
dw

[118]

ASE (3) Passiflora species
(leaves)

Eth:W (70:30) 60 30 63.70 mg GAE/g
dw

[118]

ASE (3) Passiflora species
(leaves)

Eth:W (70:30) 60 30 60.89 mg GAE/g
dw

[118]

ASE Durio zibethinus M.
(leaves)

N-hexane 200 13 839.2 � 232.3 QE/
100 mg dw

[119]

ASE (2) Morus.
atropurpurea Roxb.

Water 100 20 4.83 � 1.52 mg/
GAE g dw

[120]

ASE (2) Morus.
atropurpurea Roxb.

Methanol 100 20 15.3 � 0.6 mg/
GAE g dw

[120]

ASE (2) Morus.
Atropurpurea Roxb.

Met:W
(50:50)

100 20 4.28 � 0.24 mg/
GAE g dw

[120]

ASE (2) Morus.
atropurpurea Roxb.

Met:AA
(99.5:0.5)

100 20 11.58 � 0.5 mg/
GAE g dw

[120]

ASE (2) Morus.
atropurpurea Roxb.

Acetone 100 20 13.8 � 0.6 mg/
GAE g dw

[120]

ASE (2) Morus.
atropurpurea Roxb.

A:W (50:50) 100 20 13.2 � 0.3 mg/
GAE g dw

[120]

ASE (2) Morus.
atropurpurea Roxb.

A:AA
(99.5:0.5)

100 20 13.5 � 0.8 mg/
GAE g dw

[120]

ASE (2) Morus.
atropurpurea Roxb.

Met:W:AA
(50:49.5:0.5)

100 20 15.1 � 0.1 mg/
GAE g dw

[120]

ASE (2) Morus.
atropurpurea Roxb.

A:W:AA
(50:49.5:0.5)

100 20 14 � 1 mg/GAE g
dw

[120]

Mac Cassia alata Ethanol 60 120 70.13 � 4.43 mg
QE/g dw

[121]

Mac (2) Brassica oleracea L
var. botrytis L
subvar cymosa

(flower)

A:W (70:30)
Methanol

4 1440 0.32 � 0.05 mg
GAE/g fw

[122]

Mac (2) B. oleracea L var.
botrytis L (flower)

A:W (70:30)
Methanol

4 1440 0.18 � 0.01 mg
GAE/g fw

[122]

95

Flavonoids: A Group of Potential Food Additives with Beneficial Health Effects
DOI: http://dx.doi.org/10.5772/intechopen.101466



more compounds of interest at a lower cost. Moreover, these novel techniques
decrease the extraction time, increase the compounds’ selectivity and reduce the
amount of solvent per extraction. In addition to solvent reduction, some of these
techniques allow the use of solvents less harmful to the environment and human
health. Therefore, some of these techniques are green methods that can be used
with green solvents. This fact has prompted companies to optimize these techniques
for subsequent implementation on an industrial scale [101, 123].

3.2.1 Ultrasound-assisted extraction (UAE)

The parameter most characteristic of ultrasound is the frequency. The frequency
of ultrasound is between 20 kHz and 10 MHz, while the frequency of sound is
between 16 Hz and 20 kHz. The ultrasound-assisted extraction (UAE) uses one of
the two types of ultrasound, power ultrasound (low frequency and high intensity),
to extract different compounds from a wide variety of sources [124]. The mecha-
nism of action of UAE consists in the formation of cavitation bubbles in the medium
or solvent used. The appearance of voids by the compression and rarefaction cycle,
which subjects the liquid to points above its critical molecular distance, creates
cavitation bubbles in the medium. The compression and rarefaction cycle produce
the enlargement of the bubbles until the bubbles collapse. This collapsing liberates a
considerable amount of energy and subject the medium to high temperatures
(4726.85°C) and pressures (2000 atm) now of the collapse. This extreme condition
produces microjets that can break solid surfaces like vegetable cells favoring

Type
(cycles)

Substrate Solvent (%) Temperature
(°C)

Time
(min)

Yields References

Mac (2) B. oleracea L var.
capitata L (leaves)

A:W (70:30)
Methanol

4 1440 0.1 � 0.01 mg
GAE/g fw

[122]

Mac (2) Lactuca sativa L
(leaves)

A:W (70:30)
Methanol

4 1440 0.1 � 0.01 mg
GAE/g fw

[122]

Mac (2) Brassica chinensis L
(leaves)

A:W (70:30)
Methanol

4 1440 0.94 � 0.7 mg
GAE/g fw

[122]

Mac (2) Artemisia vulgaris
Cantley (leaves)

A:W (70:30)
Methanol

4 1440 0.44 � 0.07 mg
GAE/g fw

[122]

Mac (2) Daucus carot L
subsp. sativus

(Hoffm) Arcang
(root)

A:W (70:30)
Methanol

4 1440 0.045 � 0.002 mg
GAE/g fw

[122]

Mac (2) Allium cepa L
(bulb)

A:W (70:30)
Methanol

4 1440 0.51 � 0.04 mg
GAE/g fw

[122]

Mac (2) Lycopersicon
esculentum Mill

(fruit)

A:W (70:30)
Methanol

4 1440 0.08 � 0.01 mg
GAE/g fw

[122]

Mac (2) Capsicum annum L
(fruit)

A:W (70:30)
Methanol

4 1440 0.32 � 0.02 mg
GAE/g fw

[122]

SBE: sequential batch extraction; HRE: heat reflux extraction; SAE: stirring-assisted extraction; QE: quercetin
equivalent; RE: rutin equivalent; Mac: maceration; AA: acetic acid; A: acetone; MA: maceration with agitation; GAE:
gallic acid equivalent; ASE: accelerated solvent extraction; dw: dry weight; and fw: fresh weight.

Table 1.
Summary of studies of extraction of flavonoids from different sources.
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Type
(cycles)

Substrate Solvent Temperature
(°C)

Time
(min)

Yield References

UAE Celastrus hindsii
(leaves)

Eth:W (65:35) 40 29 23.60 � 0.31 mg
QE/g dw

[72]

UADESE Lycium barbarum
(fruit)

CC:1,2-
Propanediol

(33:67)

Rt 90 4.9 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:Glycerol
(33:67)

Rt 90 2.9 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:EG (33:67) Rt 90 8.7 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:Malic a.
(50:50)

Rt 90 11.1 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:Malonic a.
(50:50)

Rt 90 8 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:p-Ta
(33:67)

Rt 90 88.9 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:La. (33:67) Rt 90 16.5 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC: Oxalic a.
(33:67)

Rt 90 11 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:Resorcinol
(25:75)

Rt 90 6.5 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC:Xylitol
(50:50)

Rt 90 3.2 mg/g fw [35]

UADESE L. barbarum
(fruit)

CC: Urea
(33:67)

Rt 90 5.5 mg/g fw [35]

UADESE L. barbarum
(fruit)

Water Rt 90 3.6 mg/g fw [35]

UADESE L. barbarum
(fruit)

Methanol Rt 90 3.2 mg/g fw [35]

UADESE L. barbarum
(fruit)

Ethanol Rt 90 4.2 mg/g fw [35]

UAE Citrus sp. (peel) Water 40 30 19.595 � 2.114 mg
GAE/g dw

[73]

UAE Crataegus sp.
(seeds)

Eth:W (72:28) 65 37 16.45 � 0.2 mg/g dw [74]

UAE Crinum asiaticum Eth:W (60:40) 64 47 16.4 mg/g dw [75]

UAE Prunella vulgaris
L. (fruit)

Eth:W (41:59) 79 30.5 36.2 mg/g dw [76]

HPAE Momordica
cochinchinensis

(leaves)

Eth:Water
(50:50)

25 3 5.8 � 0.1 mg QE/g dw [77]

UAE M. cochinchinensis
(leaves)

Eth:Water
(50:50)

25 20 5.9 � 0.2 mg QE g dw [77]

HHPE Solanum
lycopersicum

(pulp)

Hexane:W
(60:40)

20 10 21.5� 0.1 mg QE g dw [78]

HPAE Agave americana
(leaves)

Methanol 150 240 15.5 mg/g dw [79]
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intracellular compounds’ extraction. Moreover, microjets also benefit the solvent-
substrate interaction by reducing the particle size [124–126].

This method has been used in the food and pharmaceutical industries for several
purposes [125]. The yield of the flavonoid extraction depends on diverse parame-
ters: frequency, solvent, solid-solvent ratio. Table 2 shows numerous studies about
the optimization of flavonoid extraction from different raw materials. Although
UAE is considered a green extraction technique for their reduction of energy and
time consuming, the use of green solvents with UAE is currently a new trend. In the
case of flavonoids and other phenolic compounds, deep eutectic solvents (DES) are
becoming a viable alternative to traditional polluting solvents (Table 2) [127–131].
The use of UAE has numerous benefits compared with other conventional and
novel techniques. UAE obtains higher yields and productivity with lower extraction
times and solvent consumption than the conventional techniques. Moreover, it is
more ecofriendly and a wider variety of solvents can be used. Furthermore, the
extraction can be carried out at low temperatures reducing the risk of thermal
degradation of flavonoids. Nevertheless, UAE has some drawbacks. Before the
extraction, a filtration step is required, and the unstable compounds are not suitable
for this method [132].

Type
(cycles)

Substrate Solvent Temperature
(°C)

Time
(min)

Yield References

HPAE Flos sphorae Eth:W (75:25) 80 120 200 � 8.63 mg/g dw [80]

MAE Aegle marmelos Eth:W (80:20) 50 1 77.26 mg RE/g dw [16]

MAE Trigonella
foenum-graecum

(seeds)

Eth:W (80:20) 80 4 37.18 mg QE/g dw [81]

MAE Cassia alata Ethanol Rt 4 135 � 3 mg QE/g dw [82]

MAE Epimedium
sagittatum
(leaves)

Eth:E (60:20) 65 25 97.19 mg/g dw [83]

MAE Astragalus
mongolicus (root)

Eth:W (90:10) 110 25 1.19 � 0.04 mg dw [84]

SFE
(CO2)

Ziziphus jujuba
Mill.(leaves)

Eth:W (90:10) 52.5 113 29.011 mg/g dw [85]

SFE
(CO2)

Odontonema
strictum (leaves)

Eth:W (95:05) 65 270 18.92 mg QE g dw [86]

SFE
(CO2)

Maydis stigma
(flowers)

Eth:W (20:80) 51 120 4.24 mg/d dw [87]

SFE
(CO2)

Pueraria lobata
(Roots)

Ethanol 50 90 16.95 � 0.43 mg/g dw [88]

SFE
(CO2)

Vaccinium
myrtillus (fruit)

Eth:W (10:80) Rt 30 72.18 � 1.13 mg/g dw [89]

SFE
(CO2)

Lepidium sativum Eth:W (96:4) 50 70 58 mg RuE/g dw [90]

UAE: ultrasound-assisted extraction; CC: choline chloride; EG: Ethylene glicol; a.: acid; p-Ta: p-toluenesulfonic acid;
La.: levulinic acid; UADESE: ultrasound-assist deep eutectic solvent extraction; HPAE: high pressure assisted
extraction; HHPE: high hydrostatic, pressure extraction; Rt: room temperature; SFC-CO2: supercritical CO2 fluid
extraction; dw: dry weight; and fw: fresh weight.

Table 2.
Parameters that affect novel extraction techniques of flavonoids from different sources.

98

Natural Food Additives



3.2.2 High pressure assisted extraction (HPAE)

Le Chatelier’s principle states that if a system in equilibrium is perturbed,
it restores the balance changing other parameters [133]. Therefore, if a system
(solvent – raw material) is subjected to an increase in pressure, it will suffer a
decrease in volume that will result in a more efficient extraction [134]. The volume
changes produce variations in the cellular membrane and other big molecules that
can cause the cell membrane and organelles’ rupture, thus facilitating the transfer of
bioactive compounds to the solvent [135]. The process of high pressure-assisted
extraction (HPAE) has three stages. Firstly, the sample is mixed with the solvent in
the pressure vessel at ambient pressure. The sample is subjected to a sudden pres-
sure change up to 100–1000 MPa. At this point, the plant cell wall, the cell mem-
brane, or any other barriers are subjected to a large differential pressure between
the inside and outside of the barrier producing deformations and ruptures. The
solvent penetrates the barriers through the ruptures and deformations, accessing
the cell interior. Once the solvent is in the cell interior, the mass transfer of soluble
compounds is favored. Moreover, the differential pressure could exceed the cell’s
deformation limit (cell wall and/or membrane). This will collapse, resulting in the
liberation of all the compounds which will flow to the outside and dissolved in the
solvent. Finally, all pressure is quickly released to atmospheric pressure, which
produces cell expansion deforming the cell wall and membrane again [136]. The
parameters that are usually considered at the time of the extraction are: tempera-
ture, pressure, type of solvent and concentration, holding pressure time, the ratio of
solvent to raw material and the number of cycles [137]. Table 2 shows how some of
these parameters affect the extraction of flavonoids.

Regarding their advantages, the use of HPAE has demonstrated that the
extraction could be performed at low temperatures without damaging heat-
sensitive compounds or other compounds. Moreover, HPAE is considered an
environment-friendly process, so it is a suitable alternative [138]. Other advantages
are: the possible combination of more than one solvent to extract more than one
type of compound, short periods of extraction, low use of energy or high cell
penetration, resulting in higher mass transfer and extraction performance [137].
Nevertheless, in most cases, this technique uses some contaminant solvents, and
after the extraction process, a filtration step is mandatory [139].

3.2.3 Microwave-assisted extraction (MAE)

The microwave-assisted extraction (MAE) consists of applying electromagnetic
waves to produce changes in the cell wall and membrane. Microwaves have a fre-
quency between 300 MHz and 300 GHz and belong to the electromagnetic field
[140]. The MAE process’s main advantage is the synergetic combination of heat and
mass gradients flowing in the same direction [141]. The electromagnetic waves inter-
act with the polar components inside the cells producing heat through ionic conduc-
tion and dipole rotation only in the compounds with an adequate dielectric constant
[142]. Depending on the interaction between the compounds and the microwaves the
compounds can be classified into three categories: opaque, transparent and absorbing
materials. Microwaves heat only absorbing materials by the absorption of the energy
of the electromagnetic waves. The mass transfer of flavonoids is produced because of
the capacity to heat the cell’s intracellular volume, causing an increase of the intra-
cellular pressure producing the collapse of the cell wall and membrane. Then, the
compounds can flow out of the cell and the gradient of heat flows [143].

The yield of the flavonoid extraction will depend on the raw material and selected
parameters, such as temperature and time of the extraction, composition of the
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solvent, solvent-to-feed ratio, microwave power, the water content of the matrix and
the number of cycles for optimal extraction of flavonoids [141]. Table 2 shows the
yields of some flavonoid extractions by MAE and how some parameters affect flavo-
noid recovery. In comparison with conventional extractions, MAE has demonstrated
better time of the extraction, yield, selectivity and quality of the flavonoid extracted.
Moreover, the amount of solvent required is lower than in other techniques [144].
Nevertheless, the solvent and target compounds must fulfill some characteristics,
compounds must be polar, and solvent must be not too viscous and absorb micro-
wave energy. However, thermally labile compounds cannot be extracted with this
method and after the extraction, extract filtration is required [132].

3.2.4 Supercritical fluid extraction (SFE)

A supercritical fluid (SF) is a homogeneous liquid in which the liquid and gas
state’s demarcation surface disappears. This homogeneous state is caused by
exceeding the critical point of temperature and pressure [145]. The diffusivity and
density of a SF are between what is expected in a gas and a liquid. As the same as
gases, SFs experience a change of density when temperature or pressure are altered,
which can produce variations in the density affecting the solvating power [146].
Therefore, these phenomena can improve the solubility of the compounds in the
SFs. Supercritical fluid extraction (SFE) is a complex process widely studied along
the literature [145–148]. Nowadays, CO2 is the most SF used for SFE. CO2 has some
very advantageous characteristics for SFE, low critical temperature (32°C) and
pressure (704 MPa). Moreover, CO2 in low concentrations is non-explosive, non-
toxic, non-inflammable and is easy to purchase at a low price with a high degree of
purity. Besides, CO2 has more than double the diffusivity of other fluids with lower
surface tension and viscosity. Nevertheless, CO2 is more suitable for nonpolar
compounds than for polar compounds [149, 150].

The main limiting parameters are temperature, pressure and time of extraction
[151]. Table 2 shows how these parameters affect the yield of flavonoid SFE. More-
over, other factors like flow rate, modifiers and fractionation can affect the yield of
the extraction [146]. The main advantages of SFE are rapidity, low amount of sol-
vent, high selectivity and yield. On the other hand, SFE is a complex process with
many parameters to optimize. High investment is needed, and specific alterations
such as adding modifiers when extracting polar compounds are necessary [132].

3.2.5 Enzyme assisted extraction (EAE)

The enzyme assisted extraction (EAE) consists of the disruption of the plant cell
wall and membrane by the enzymatic digestion of the polysaccharides that conform
these two barriers. The plant cell wall comprises a complex structural mixture of
polysaccharides, such as hemicellulose, cellulose and pectin, together with other
molecules such as structural proteins and lignin [152]. Pectin is composed of a chine
of α-D-galacturonate and L-rhamnose units linked by glycosidic bonds in α-1,4 or 1,2
that create the structure called pectic elbows [153]. For the hydrolysis of pectin,
several types of pectinases (protopectinases, esterases, depolymerases) are used in
the juice industry but also in the extraction of polyphenols [154, 155]. Cellulose is a
polymer consisting of glucose β-1,4, which linked to other molecules, gives protection
and stability to the cell wall [156]. Cellulases catalyze the breakdown of cellulose.
Although its mechanism of action is not fully established, the most accepted theory
affirms that three different types of proteins work synergistically during cellulose
catalysis. Endonucleases act first, followed by the cellobiohydrolases and, finally,
exoglucanases, resulting in free glucose molecules [157]. Hemicellulose is a
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heterogeneous mixture of carbohydrates homologous to cellulose, such as xyloglucans
and mannans. Hemicellulases are a big group of enzymes with several enzymatic
activities to break down all hemicellulose forms [158]. Lignins refer to aromatic
polymers resulting from the oxidative combinatorial coupling of 4-hydroxyphenyl-
propanoids [159]. Nowadays, enzymes kits for digestion of the cell wall are prepared
to carry out the functions previously mentioned and thus liberate flavonoids in the
cell interior and improve the solvent’s mass transfer [160]. Besides, EAE could be
used alone or combined with other techniques (MAE, UAE, SFE or HPAE) [161].

Parameters like temperature and pH are essential when working with enzymes.
Moreover, selected enzymes, mode of action and time are other parameters to
consider [161]. Table 3 shows several studies of the extraction of flavonoids from
different sources and the yield variation depending on some parameters that affect
extraction efficiency. In terms of environmental pollution, this method is one of the
most environmentally friendly. Besides, EAE could be performed at low tempera-
ture, valid for many different raw materials, and different enzymes can be selected
depending on the targets of the extraction [160, 162–165].

4. Bioavailability of flavonoids

Bioavailability refers to the concentration of a molecule or related like-molecules
that become absorbed and available for exerting their biological activity in the site
of drug action of the target tissue, organ or system [166]. The term bioavailability is
strongly related to the concept of bioaccessibility and to bioactivity. Bioaccessibility
refers to the number of compounds that, after digestion, becomes available and
absorbable through the intestinal epithelium. This definition is linked to bioactivity,
which involves the physiological effects that biomolecules trigger in the organism
and includes their transport through systemic circulation to the target receptor and
their interaction with other biomolecules [167].

The bioavailability of polyphenolic compounds has been described to be poor
since they hardly reach bioaccessibility rates higher than 30–50% [167]. Among the
parameters involved in this low bioavailability, there are several physicochemical
properties of flavonoids which include their chemical structure, polymerization
degree, solubility, variability of attached saccharides or potential interactions they
established with other compounds, or flavonoids stability, both during storage and
along the digestion process [168]. Different approaches have been developed to
enhance the accessibility to the final number of flavonoids or to blur their metabo-
lism through digestion and improve and extend their chemical stability. These
intend to maximize the bioavailability of flavonoids. To increase the available con-
centration of flavonoids in food, different treatments have been applied to food
matrixes. The main purpose is to alter the matrix’s structural organization in which
biomolecules are embedded so they can get easily released. Both heating and
freezing approaches have been tested and demonstrated to positively affect the
bioaccessibility of polyphenols [167]. Nevertheless, other techniques requiring more
technological development have demonstrated a better performance to improve
flavonoids bioaccessibility (Figure 7). In fact, the pharmaceutical industry has
established alternative approaches to improve the oral bioavailability of flavonoids
with clinical applications. Some of the most utilized strategies are the use of
absorption enhancers (nonionic surfactants, myo-inositol hexaphosphate, chitosan
or pectin), the induction of structural transformations which include the introduc-
tion of functional groups with higher polarity (sulfuric acids, amino acids,
carbamoyls, glycosides, etc.), or the complexation with a carrier (such as
cyclodextrins, phospholipids or polymeric carriers) [169].
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Among these approaches, nanosuspension, in which pure drug particles are
combined with stabilizers, has been demonstrated as a promising strategy to
enhance the bioavailability of flavonoids. This system facilitates the delivery of
flavonoids using particles in the nanometers range, which allows reaching a higher
concentration quickly by increasing solubility and dissolution rates. For instance, in
a recently published work in which different nanosuspension formulae were
applied, the solubility of myricetin was increased from 43 to nearly 75 times. This
increment was accompanied by an improved bioavailability in the relative range of
161–357% [169]. Another flavonol, quercetin, was also submitted to
nanosuspension. This strategy improved its saturation solubility about eleven times
which also provided a much better bioaccessibility. The bioaccesibility increased
slowly, reaching its maximum peak between 2 and 3 h, while the pure molecule
reached this maximum at 1.5–2 h. The amount of quercetin released from the
nanosuspension was higher than the pure, duplicating its bioaccessibility even at the
last measured times [170]. The bioactivity of the orally administrated flavanone,
naringenin, was also tested using rats. It was shown that the nanosuspension of
naringenin was nearly 4 times higher when compared against the control [171].

A common methodology applied in both food and pharmacological industries
for increasing flavonoids bioavailability and bioaccesibility, which ultimately
enhances their potential bioactivity, relies on their encapsulation [169, 172]. Differ-
ent techniques, with diverse complexity degrees, permit the encapsulation of a
considerable variability of core ingredients using different shell materials for
obtaining capsules with various physical properties. Some of the most used encap-
sulation methods include spray or freeze-drying, spray chilling and cooling, coac-
ervation, fluidized bed coating, liposome entrapment, rotational suspension
separation, extrusion and inclusion complexation, (micro)emulsions, etc. [173]. The
main aim of the encapsulation process is to prevent biological and physicochemical
degradation of bioactive ingredients. Encapsulation permits to extend the chemical
stability of the target molecules and thus their bioactivities. Besides, encapsulation
may also allow the controlled release of the compounds delivered using concentra-
tions. Scientific literature provides several examples of flavonoids that have been

Figure 7.
Strategies to enhance flavonoids bioavailability. Nanosuspension, nanoencapsulation or nanoemulsions have
been proved as successful approaches to improve flavonoids solubility and enhance their bioavailability,
bioaccesibility and, bioactivity.
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encapsulated. Among the benefits of encapsulation, bioaccesibility and bioavail-
ability are two parameters that can be improved using this approach. Besides,
encapsulation permits to embed flavonoids in the most appropriate matrices to
reinforce their stability [172]. The flavonoid subclass of anthocyanins has been
extensively used to evaluate the performance of different encapsulation techniques
and materials. For instance, anthocyanins from grape peels have been submitted to
encapsulation by emulsification/internal gelation using both spray and freeze-
drying techniques. The former provided smaller microcapsules (0.6 μm) with
higher encapsulation efficiency and better microcapsule and anthocyanins stability,
which extended their release in simulated gastrointestinal digestion and improved
their bioaccessibility [174]. Two major anthocyanins were identified in extracts
from Rubus idaeus as cyanidin-3-O-glucoside and 3-O-sophoroside and encapsulated
using β-lactoglobulin. This encapsulation strategy was demonstrated to increase the
bioavailability of these anthocyanins after submitting them to simulated gastroin-
testinal digestion up to nearly double (19%) than its free presentation (11%) [175].
Different prototypes of nanoparticles were created for encapsulating commercial
anthocyanins, containing as major representatives cyanidin-3-O-glucoside and
peonidin-3-O-glucoside. The improvement of free anthocyanins’ bioavailability was
determined to get increased from 17 to 27% when loaded in chitosan-based
nanoparticles and to 40% when anthocyanins were encapsulated using a mixture of
chitosan and β-lactoglobulin [176]. Other flavonoids have also been encapsulated
with a demonstrated enhancement of their bioavailability. Quercetin, naringenin,
and hesperetin were nanoencapsulated, thus preventing their degradation under the
hydrolytic conditions of the small intestine. It also reinforced their bioaccesibility,
especially in the case of quercetin which reached a relative bioaccesibility after
simulated digestion of around 80% when encapsulated against the scarcely 10%
when present as a free molecule. Similarly, free naringenin and hesperetin showed
low bioaccesibility (about 15–20%) that reach about 70% when encapsulated [177].
The encapsulation of the glycoside flavonoid, naringin, prompted a progressive
release in both gastric and intestinal environments when compared to the free
molecule. In the intestine, the liberation was faster, probably due to the presence of
bile salts and pancreatin. However, this poorer release at the gastric level and higher
at the intestinal level is desirable. It would allow the arrival of higher concentrations
of naringin to the intestine, and thus more amounts of this biocompound would be
available for its adsorption [178].

Another technique tested for enhancing the bioavailability of flavonoids is based
on their emulsion. This emulsion can be created by utilizing emulsifying agents or
mixtures of oil-(co)surfactants-water, which permit the self-emulsion with a simple
process, agitation. In fact, different alternatives of this approach have been proved
successful for different kinds of flavonoids. Anthocyanins from blueberry fruits
were micro-emulsified and their bioavailability and bioactivity were evaluated
against the control (without vehicle). Non-purified and purified anthocyanins,
especially malvidin-3-O-glucoside, showed hypoglycemic activity when emulsified
while those without vehicle did not [179]. Quercetin was also self-emulsified in an
oily matrix using Tween 20 as surfactant and ethanol as co-surfactant. The oral
bioavailability of this specific emulsified flavonol was increased up to 5 times [180].
An even better bioavailability was obtained through the quercetin’s nano-emulsion
using an oil-water phase and different surfactants and co-surfactants. The opti-
mized emulsified presentation of this flavonol was based on an equimolar mixture
of Capryol and Labrafil as oily phase representing a 17% while water phase was
around 33%, and remaining fractions corresponding to an equimolar combination
of Labrasol and Tween 80 as surfactant and an equimolar mixture of Cremophor
EL:polyethylene glycol 400 as co-surfactant. The emulsion obtained following this
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protocol improved its gastrointestinal permeability, accompanied by enhanced bio-
activity (higher mice weight reduction) and bioavailability in rats, 33 times higher
than its aqueous dispersion [181]. Similarly, the flavonol, myricetin, was micro-
emulsified using 6% of Tween 80, 12% of Cremophor RH40, 9% of Transcutol HP,
18% of WL 1349, and 55% of distilled water. This formula allowed the increment of
its aqueous solubility more than 1000 times, increased its bioavailability 14 times
and hence its bioactivities, both antioxidant and anti-proliferative [182]. From the
sub-group of flavones, tangeretin was also emulsified using as part of the oily phase
medium-chain triacylglycerol and lecithin to which aqueous phase was added fol-
lowing previously optimized temperature, pressure and stirring conditions. This
emulsion doubled the bioavailability of tangeretin, which ultimately improved its
tested bioactivities, especially the anti-proliferative [183, 184]. Also the flavone
baicalein has been nano-emulsified using a composed oil (isopropyl myristate)
and water, Cremophor EL35 as surfactant and propylene glycol as co-surfactant.
This preparation improved intestinal absorption of baicalein along all the different
parts of the intestine, especially in duodenum and jejunum. This kind of
nanoemulsions protect the core ingredient from enzymatic damage and can pro-
long drug retention in the intestine. In fact, its pharmacokinetic behavior was
improved 7 times, and its oral exposure increased nearly 15 times compared to the
suspension of baicalein [185].

Therefore, very different techniques have been proved to improve the poor
solubility of flavonoids and to enhance their bioavailability, bioaccesibility and,
hence, their bioactivity. Among these techniques, the most successful ones are
based on the application of nanosuspensions, encapsulations or emulsions of the
flavonoids.

5. Development of flavonoids based natural additives: reported and
future applications

Currently, consumers are increasingly aware of their healthier food choices,
associating them with their health and well-being. In this way, there is a global
demand on the part of the food industry to develop innovative natural products and
health promoters that contain bioactive components [186].

Different bioactive ingredients, namely flavonoids, have been studied to adapt
organoleptic, sensory and conservation properties. They have also been explored as
functional ingredients with bioactive properties, such as antioxidant, anti-
inflammatory and immunomodulatory referred to earlier in this manuscript
[187–189]. Thus, bioactive compounds are considered valuable options to be
explored in the design of innovative food formulations with health benefits.

Different flavonoids have been studied, and their bioactive properties have been
proven by several authors, which has arisen the high interest of the food industry in
their application in functional foods. Foods and beverages such as dairy products,
bakery and confectionery products, meat products, juices and energy drinks,
snacks, pasta, gums and sweets are some of the products explored the most in the
addition of bioactive compounds [190].

In a recent study, the stability of anthocyanins from grape residues was evalu-
ated when applied as a food coloring in carbonated water and proved that the
degradation of the incorporated anthocyanins followed the kinetic behavior during
storage, when exposed to light or dark [191]. The anthocyanin malvidin-3-glycoside
showed the greatest stability when added to the water. Additionally, it was found
that the light had adverse effects on the color of the carbonated water. Bakery and
pastry products, recognized for providing consumers of all ages with pleasure and
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fun, have been explored exponentially in an attempt to find functional natural
ingredients and/or colors with potential for application in a highly competitive area
[192]. A recent study intended to explore the bioaccesibility and bioavailability of
phenolic compounds (namely flavonoids) obtained from green tea in wheat bread.
The results showed an increase in the nutraceutical potential and the protection of
lipids against oxidation. Also, in vitro studies showed that digestion induced the
release of phenolic compounds in bread, proving bioaccesibility and bioavailability
[193]. In its turn, another study optimized the obtaining of an anthocyanin-rich
extract (33.58 mg anthocyanins per g of extract where cyanidin-3-O-glucoside
appears as the major anthocyanin compound) from Rubus ulmifolius Schott. The
authors described an extract with bioactive properties (antioxidant, anti-tumor and
antimicrobial potential) with excellent coloring ability when applied to a pastry
product, the donut, proving to be a great approach for replacing artificial
colorants [194].

Dairy products have been extensively tested and explored due to the industry’s
high interest to supplement functional ingredients [195]. Aqueous extracts of
Foeniculum vulgare Mill. and Matricaria recutita L. rich in phenolic compounds
namely flavonoids (11.52 � 0.11 mg/g and 17.89 � 0.91 mg/g flavonoids, respec-
tively) were explored as health-promoting natural ingredients in cottage cheese
[196, 197]. The results obtained demonstrate that the tested natural extracts
improved the natural conservation of the cottage cheese by increasing the shelf life
and adding antioxidant properties to the product. Since yogurt is considered one of
the most traditionally consumed dairy snacks globally, several studies explore
functional ingredients with preservative and coloring properties. The coloring abil-
ity of different anthocyanin extracts from edible flowers (rose, cornflower and
dahlia) was tested in yoghurts as a replacement for artificial colors (specifically
E163, anthocyanin extract). The results showed the hydrophilic rose extract as the
most appropriate natural ingredient to replace E163 since, in addition to not altering
the nutritional composition of the product, it presented close scores in the color
parameters achieved by the artificial colorant [198].

Some fruits have also been explored as natural ingredients. In a recent study,
extracts from Vaccinium myrtillus L. fruits (blueberry) revealed a high concentra-
tion of anthocyanins (21.1 � 0.2 mg/g), highlighting malvidin glycoside and
delphinidin glycoside derivatives as the majority [199]. The high content of these
compounds was responsible for their bioactive properties that arouse interest for
incorporation. In the same study, the coloring potential of the natural ingredient in
yoghurts was tested. The results showed that although the blueberry extract has a
lower coloring capacity when compared to the artificial additive E163, it presented
greater stability over the storage time.

However, incorporating these compounds in this type of food product has
represented a challenge about the quality of the final product and the stability of
bioactive compounds. The high-water content and low pH value of yogurt as well as
the low solubility of polyphenols have represented a great challenge for the use of
herbal extracts, especially hydrophobic extracts [200]. The use of bioactive com-
pounds as natural ingredients in food products has been characterized in several
studies as limited due to their stability and bioavailability. Storage conditions, thermal
and non-thermal processes and extraction treatments are some of the parameters
identified as responsible for affecting these compounds’ effectiveness [201, 202].
Some bioactive compounds are susceptible to environmental factors, namely pH,
temperature, oxygen, enzymes, light, metal ions, sulfur dioxide and ascorbic acid
[203]. The molecular interactions between bioactive compounds with other food
ingredients can also affect some properties of these compounds, such as bioavailabil-
ity, bioactivity and organoleptic properties [204]. After oral consumption, the
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chemical structure and bioactivities of the components are altered in intestinal
metabolism. Thus, it is necessary to ensure that the bioactive compounds in the
gastrointestinal tract are stable and allow controlled release at target points [205].

This type of limitations has been a concern for the food industry since it can
hamper its industrial application. For example, quercetin is a flavonol recognized
for its anti-diabetic properties; however, its low solubility and aqueous permeability
limit its application. Anthocyanins, which are very attractive due to their ability to
provide color and potential health benefits, have also represented a major industrial
challenge in controlling their deterioration and increasing their bioavailability in
food systems [206, 207].

For this reason, different microencapsulation and delivery systems have been
explored to guarantee the production of functional foods with acceptable organo-
leptic characteristics and the controlled release of flavonoids, thus preventing
interactions with other food components, and overcoming problems encountered
during food processing and gastrointestinal transit [208, 209]. Some examples will
be mentioned as follows. A blueberry-derived mixture of anthocyanins was encap-
sulated into chitosan nanoparticles, and its stability in a drink was evaluated. The
results suggested that the chitosan nanoparticles delayed the anthocyanin degrada-
tion in the simulated gastrointestinal fluid and increased the anthocyanin storage
stability in the drink [201]. In other work, an encapsulated polyphenolic extract
(rich in anthocyanins) from Artemide black rice obtained through the atomization
process with maltodextrins and gum arabic (50:50, w/w) was incorporated into
biscuits. The results showed that the encapsulated ingredient emerged as the most
stable during storage and cooking and with the most significant antioxidant capac-
ity than the control biscuit [210].

Also, in vitro assays such as those presented above make it possible to understand
the potential beneficial health effects these compounds may have after ingestion
[211]. However, studies on in vitro release of microencapsulated phenolic com-
pounds are still relatively scarce. A study demonstrated a better solubility of
microencapsulated curcumin and quercetin in niosomes [212]. Also, an anthocyanin
extract obtained from fruits of V. myrtillus L. was tested in a gastrointestinal model
in vitro, and the results demonstrated an improvement in stability in adverse pH
conditions during digestion, being released only in the intestinal mucosa [213].

The exploitation of natural ingredients with antioxidant and antimicrobial
properties in combination with natural polymers has also been ceased by the scien-
tific community in the development of edible films that allow to reduce the depen-
dence on synthetic polymers and offer viable solutions for industrial application
[214]. Polyamide, polyethylene terephthalate, ethylene vinyl alcohol,
polyvinylidene chloride, polypropylene and polyethylene are some of the most
widely used polymer materials in the food industry for food preservation. However,
some authors report that polymers in direct contact with food allow the migration
of the additives and other components to food, causing some adverse effects for
consumers [215]. In this sense, studies on plastics and plasticizers and non-toxic
bio-based food coatings to replace their synthetic counterparts have been increasing
[216]. These coatings make it possible to coordinate natural polymers with bioactive
ingredients from plant extracts with preservative and antimicrobial properties that
improve the organoleptic and functional properties of food [217].

6. Concluding remarks and future research directions

Although many bioactive compounds are currently tested in different food
matrices to improve their organoleptic properties, to fortify and functionalize these
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same products, it is considered that the protection of such functional ingredients in
the food matrix during processing, storage and passage the gastrointestinal tract has
been little explored. Several flavonoids have been extensively studied and have
shown to be highly promising bioactive compounds, capable of improving the
physical-chemical, sensory and health properties of food products. However, stud-
ies on the effectiveness and interactions of these bioactive compounds for the
development of new innovative products are still scarce and there are some gaps
between digestion, metabolism and bioactive substance delivery approaches across
biological barriers that must be explored. This type of studies’ transition to a com-
mercial scale is an essential future step in innovation to provide more practical
information that can be transposed to industry. Thus, and to meet consumers
preferences and requirements, there is a great need for new and more complete
in vivo studies capable of verifying the appropriate dosage for different ingredients
to be incorporated in different food matrices and, consequently, build the proper
design of food products ensuring the desired safety and functionality. The produc-
tion of functional foods is a current trend in the growing exploitation of the food
industry. Therefore, the exploration of new bioactive compounds from different
sources to deliver and modulate the properties of foods will be the objective of
analysis in the scientific community to respond to the industry’s needs.
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Chapter 5

Food Supplementation with 
Vitamins and Minerals: An 
Overview
Myriam El Ati-Hellal and Fayçal Hellal

Abstract

Vitamins are organic substances that are essential for normal metabolism, 
growth, development, and regulation of cell function. Mineral elements are 
non-organic substances. They constitute 4% of the body mass. Multivitamins 
and minerals are commonly used as dietary supplements to maintain good health 
and prevent chronic diseases. In this chapter, we described selected vitamins and 
minerals used as nutritional supplements. We presented their dietary sources as 
well as their absorption, metabolism, storage and functions in human body. We also 
discussed their benefits and potential harmful effects associated with deficiency or 
excess intake. The prevalence, recommended intakes, regulatory status and health 
effects of supplementation with these micronutrients were also detailed. Finally, the 
use of vitamins and minerals as food additives was described in this chapter.

Keywords: vitamins, minerals, dietary sources, bioavailability, recommended intakes

1. Introduction

According to the US Food and Drug Administration (FDA), a dietary supple-
ment is a product taken by mouth that contains a “dietary ingredient” intended to 
supplement the diet [1]. The use of dietary supplements is widespread in the United 
States, Canada as well as in several European countries [2–5]. Up to 50% of adults 
and one-third of children in economically advanced economies consume these 
supplements [6]. Dietary supplements may be used to correct deficiencies or main-
tain adequate intake of some nutrients. However, they may be harmful with excess 
intake. Hence, it is necessary to control their levels for a safe intake [7–9]. Vitamins 
and minerals are the most frequently used dietary supplements among adults in 
United States [10]. Thirteen vitamins (A, B1, B2, B3, B5, B6, B8, B9, B12, C, D, E, K) 
and fifteen minerals (calcium, phosphorus, potassium, sodium, chloride, magne-
sium, iron, zinc, iodine, chromium, copper, fluoride, molybdenum, manganese, 
and selenium) have been recognized as essential for the maintenance of human 
health [11]. The first multivitamin/mineral (MVM) formulas was introduced in the 
1930s and the most common definition of this term is a dietary supplement contain-
ing 3 or more vitamins and minerals [12]. MVM supplements are recommended to 
prevent or treat nutrition-related infectious diseases such as the Acquired Immune 
Deficiency Syndrome (AIDS) disease that arises from human immunodeficiency 
virus (HIV) infection and which is responsible for more than half of total deaths in 
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some developing countries [13]. Tuberculosis is another chronic infectious disease 
that is correlated to the presence of vitamin A levels in human bodies. Indeed several 
epidemiological studies found that healthy population has significantly higher vita-
min A serum levels than tuberculosis patients [14, 15]. MVM supplements are also 
widely used to promote health and prevent chronic diseases and cancer. However, 
controversial findings were reported on the beneficial effect of these supplements 
on cardiovascular diseases prevention [16–18]. The aim of this chapter was to give 
a global idea on the main vitamins and minerals that are essential in our life and to 
present the most important users of MVM supplements as well as their frequency of 
use and the related deficiency diseases.

2. Vitamins

Vitamins are organic molecules that are necessary for the organism and which 
humans cannot synthesize in a sufficient quantity. Unlike habitual nutrients that 
are introduced in large quantities in the body and that contribute to the production 
of energy, only small amounts of vitamins are required for a healthy metabolism 
(micrograms or milligrams per day). Vitamins are obtained naturally from a 
balanced and diversified diet or can be added to foods. Their deficiency can cause 
health disorders such as cardiovascular diseases or cancers while an overconsump-
tion can lead to toxic effects in the medium or long term (Table 1) [1–5].

Vitamin Deficiency symptoms Excess intake symptoms

Vitamin A • Measles

• Night blindness

• Respiratory infection

• Diarrhea

• Xerophthalmia disease

• Nausea and vomiting

• Anorexia

• Abdominal pain

• Skin desquamation

• Blurred vision

Vitamin B1 • Anorexia and muscle weakness

• Gastrointestinal disturbances

• Peripheral and central neuropathy

• Cardiovascular irregularities

• Beriberi disease

• Gastric upset

Vitamin B2 • Angular stomatitis and glossitis

• Seborrheic dermatitis

• Intense photophobia

• Superficial vascularization of the cornea

• No toxic effects

Vitamin B3 • Fatigue and headache

• Diarrhea

• Dementia and dermatitis

• Pigmented rush

• Pellagra disease

• Flushing of the skin

• Hyperuricemia

• Hepatic and ocular abnormalities

• Hyperglycemia

• Liver damage

Vitamin B6 • Epileptiform convulsions

• Stomatitis and cheilitis

• Glossitis

• Irritability

• Depression and confusion

• No toxic effects
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Thirteen vitamins were discovered during the first half of the twentieth century 
and the last discovery was that of vitamin B12 in 1948. These compounds have diverse 
biochemical functions such as antioxidants, coenzymes, hormones or mediators of 
cell signaling. They are classified in two categories: fat-soluble (e.g. vitamins A and D) 
and water-soluble (e.g. vitamins B and C). While water-soluble vitamins should be 
consumed daily, fat-soluble vitamins can be consumed at less regular intervals due to 
their ability to be stored in the liver and in adipose tissue [1, 2, 6]. Among the thirteen 
known vitamins, six water-soluble and three fat-soluble ones were described, due to 
their high nutritive value and their frequent use as food supplements and nutritional 
additives.

2.1 Vitamin A

Vitamin A is a fat-soluble vitamin discovered in the early 1900s by McCollum 
and independently by Osborne and Mendel as an essential dietary factor for 
growth [2, 7]. Forms of vitamin A include provitamin A carotenoids (principally 
β-carotene, α-carotene, and β-cryptoxanthin), retinol (preformed vitamin A), ret-
inal, retinoic acid and retinyl esters. The requirements for vitamin A are expressed 
in retinol activity equivalents (RAEs), such that 1 μg RAE = 1 μg performed 
retinol = 12 μg β-carotene = 24 μg α-carotene or β-cryptoxanthin [8, 9].

2.1.1 Dietary sources

Preformed vitamin A is found naturally only in animal-based products such 
as liver and fish liver oil, dairy products, eggs and fish. It is also used in food 

Vitamin Deficiency symptoms Excess intake symptoms

Vitamin B9 • Irritability and hostility

• Memory loss and paranoid behavior

• Poor growth

• Glossitis

• Megaloblastic anemia

• No toxic effects

Vitamin B12 • Weakness and fatigue

• Shortness of breath and palpitations

• Memory loss and dementia

• Loss of appetite

• Flatulence and constipation

• No toxic effects

Vitamin C • Fatigue

• Ecchymoses and coiled hairs

• Myocardial infractions

• Stroke

• Scurvy disease

• Diarrhea

• Nausea

• Kidney stones

• Iron overabsorption

• Gastrointestinal disturbances

Vitamin D • Bow legs or knock knees

• Pelvic and thoracic deformities

• Spine curvature

• Epiphyseal abnormalities

• Rickets and Osteomalacia diseases

• Nausea and vomiting

• Hypercalceamia and muscle weakness

• Polyuria and polydipsia

• Hypercalciuria

• Anorexia and thirst

Table 1. 
Deficiency and toxic effects of selected vitamins.
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fortification of sugar, cereals, fats or condiments. The main dietary sources of 
provitamin A carotenoids are pigmented vegetables and fruits including spinach, 
parsley, amaranth, lettuce, carrot, papaya, mango, etc. [1, 9, 10].

2.1.2 Absorption, metabolism and storage

About 70-90% of preformed vitamin A is absorbed from the small intestine 
dissolved in lipid micelles. Carotenoids are absorbed into the small intestine by 
passive diffusion. Their biological availability varies between 5 and 60% [8].

After absorption, retinal esters and nonhydrolyzed carotenoids are trans-
ported to the liver in chylomicrons and chylomicron remnants. About 90% 
of retinol is stored in the liver as retinol palmitate. The remaining fraction is 
transported to other adipose tissues by Retinol Binding Protein (RBP). The total 
body vitamin A is excreted in the urine or the feces and to a lesser extent in the 
bile [1, 9, 11].

2.1.3 Function

Vitamin A is required for normal vision, embryonic development, reproduc-
tion, gene expression, growth and immune function [7, 9]. In the visual system, the 
dim-light vision is related to the presence of rhodopsin, a photosensitive pigment 
formed in rod cells, after the binding of the 11-cis-retinaldehyde to the optin pro-
tein. Following an equivalent mechanism, the vision of shapes and colors is carried 
out in the presence of iodopsin pigments formed in the cones after the binding of 
the 11-cis-retinaldehyde to the photopsin protein [4, 10, 11]. As regards embryonic 
development, retinoic acid as well as endogenous retinoids play an important role 
in the anterior–posterior development of the central body axis and in limb develop-
ment. Their concentrations are highly regulated, both spatially and temporally [3]. 
Vitamin A is essential for reproduction too, through the biosynthesis of glycopro-
teins specific to spermatogenesis [4, 11]. It is also required to regulate the expression 
of a number of genes through interactions of retinoic acid with various cytosolic 
and nuclear receptors [11, 12]. These genes include the growth hormone gene, and 
therefore the normal growth and development of children are affected by vitamin 
A deficiency. Finally, vitamin A enhances cellular and humoral immunity through 
all-trans-retinoic acid. It stimulates the synthesis of immunoglobulins and the 
proliferation of lymphocytes and thymocytes [4, 11].

2.2 Vitamin B1 (thiamin)

Historically, vitamin B1 has been known as the preventive and curative agent of 
the human disease “beriberi” [2, 7]. Its structure determination and synthesis were 
carried out in 1936. This water-soluble vitamin includes substituted pyrimidine 
and thiazole moieties linked by a methylene bridge. Three phosphorylated forms 
of thiamin occur in nature: thiamin monophosphate, thiamin diphosphate (the 
active coenzyme also known as thiamin pyrophosphate) and thiamin triphosphate. 
Thiamin is particularly sensitive to sulfites and polyphenols, which destroy its 
biological activity [8].

2.2.1 Dietary sources

The most abundant sources of vitamin B1 include yeast and yeast extract, whole 
cereal grains, nuts, lean pork, wheat bran, heart, kidney, liver and fortified food 
such as bread and breakfast cereals. Fresh food, such as fruits, vegetables and dairy 
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products except butter, could protect against vitamin B1 deficiency if it is consumed 
regularly and in sufficient amount [1, 3, 7].

2.2.2 Absorption, metabolism and storage

Dietary thiamin phosphates are hydrolyzed to free thiamin by intestinal 
phosphatases. Then, absorption of free thiamin takes place in the duodenum and 
proximal jejunum [3, 4]. Two parallel mechanisms are involved in thiamin absorp-
tion: a saturable active transport at low physiological concentrations of the vitamin 
and a passive diffusion at higher concentrations [3, 7, 9]. Transport of thiamin 
is modulated by various biological factors such as age, diabetic state and alcohol 
exposure [7]. Some thiamin is phosphorylated to thiamin monophosphate in the 
intestinal mucosa and both free thiamin and thiamin monophosphate circulate in 
the bloodstream, the former bound to plasma proteins. Approximately 30 mg of 
total thiamin is found in human body, of which about 80% is thiamin diphosphate, 
10% is thiamin triphosphate, and the remainder is free thiamin and thiamin mono-
phosphate. Due to the low storage capacity and the relatively high turnover rate of 
thiamin, a regular intake of this vitamin is then necessary [1, 3].

2.2.3 Function

Thiamin diphosphate is a coenzyme for three multienzyme complexes 
involved in the oxidative decarboxylation of oxoacids: pyruvate dehydrogenase, 
α-ketoglutarate dehydrogenase and branched-chain ketoacid dehydrogenase. 
Thiamin triphosphate plays a role in nerve transmission for sodium and potassium 
transport [1, 3].

2.3 Vitamin B2 (riboflavin)

The water-soluble vitamin riboflavin was synthesized independently by Kuhn’s 
and Karrer’s groups in 1935 [3]. This fluorescent, yellow crystalline compound was 
discovered during the 1920s as a preventive factor from human “pellagra” as well as 
“beriberi” disease. Riboflavin is a flavin with the flavin ring attached to an alcohol 
related to ribose [2]. It is a relatively heat–stable molecule but it is rapidly inacti-
vated in ultraviolet (UV) light [7].

2.3.1 Dietary sources

Major food sources of vitamin B2 include milk and dairy products as well as 
meat and meat products. Green vegetables such as collard greens, turnip greens 
and broccoli are good sources of riboflavin. Natural grain products contain low 
amounts of riboflavin but enrichment of these food items with the vitamin has 
improved its intake. Vitamin B2 is also widely used as food color due to its intense 
yellow color [2, 3, 7].

2.3.2 Absorption, metabolism and storage

Flavin coenzymes are hydrolyzed by alkaline phosphatase in the upper small 
intestine to free riboflavin, which is then absorbed. Absorption is enhanced when 
riboflavin is ingested along with other foods and in the presence of bile salts. Much 
of the absorbed riboflavin is phosphorylated in the intestinal mucosa and enters the 
bloodstream as riboflavin phosphate. About 50% of plasma riboflavin in plasma 
is free riboflavin, with somewhat less flavin adenine dinucleotide (FAD) and less 
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than 10% flavin mononucleotide (FMN). The average concentration of riboflavin in 
plasma is about 0.03 μM [3, 4, 7]. The liver is the main storage organ of vitamin B2. 
Other storage sites are the spleen, kidney and cardiac muscle. Urinary excretion of 
vitamin B2 occurs predominantly in the form of free riboflavin with a small amount 
as a variety of its glycosides and metabolites [4].

2.3.3 Function

Riboflavin functions as the precursor of the flavin coenzymes, FMN and FAD, 
and of covalently bound flavins. These coenzymes catalyze numerous oxidation–
reduction reactions in several metabolic pathways including the mitochondrial 
electron transport chain. The majority of flavoproteins require FAD as the pros-
thetic group rather than FMN. Other major functions of riboflavin include drug, 
lipid and steroid metabolisms [3, 7, 8].

2.4 Vitamin B3 (niacin)

Niacin is a generic term referring to two vitamers nicotinic acid and nicotin-
amide. Nicotinic acid was discovered by Huber in 1867 as a product of nicotine 
oxidation, but its curative and preventive role against “pellagra” disease was not 
recognized until much later, in 1938. Niacin is a whitish water-soluble crystal-
line compound. It can be synthesized in the body from the essential amino acid 
tryptophan, which constitutes an important route for meeting the body’s niacin 
requirement [1, 2, 7].

2.4.1 Dietary sources

Niacin requirements are generally expressed as mg niacin equivalents; 1 mg 
niacin equivalent = 1 mg preformed niacin + 1/60 × mg tryptophan. Due to the 
contribution of tryptophan, foods rich in proteins are important sources of the 
vitamin. Lean red meat, fish, liver and poultry contain high amounts of both niacin 
and tryptophan. Other contributors to niacin intake include ready-to-eat cereals 
supplemented with nicotinic acid. Vegetables and fruits provide useful amounts of 
the vitamin, depending upon the dietary intake [1, 3, 7].

2.4.2 Absorption, metabolism and storage

Niacin is present in food largely in the form of the nicotinamide nucleotides, 
nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide 
phosphate (NADP). These nucleotides are hydrolyzed to free nicotinamide in the 
intestinal lumen. At low concentrations, absorption from the small intestine is 
mediated by a sodium-dependent facilitated diffusion. At higher amounts, absorp-
tion is by passive diffusion [7, 9]. Niacin compounds entering the portal circulation 
are either transported to the liver or internalized by erythrocytes. In the liver, nico-
tinic acid and nicotinamide, together with tryptophan, are converted to (NAD). On 
reaching the tissues, the niacin vitamers are used for the intracellular synthesis of 
NAD and NADP. The liver plays an important role in the preparation of niacin for 
urinary excretion, converting excess niacin to methylated derivatives [3, 7].

2.4.3 Function

The nicotinamide nucleotides NAD and NADP play a major role in a wide variety 
of oxidation–reduction reactions. The NAD coenzyme is involved in catabolic 
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reactions while NADP is more often required in synthetic mechanisms such as the 
synthesis of steroids and fatty acids [1]. The coenzyme NAD is easily convertible 
to NADP and vice versa, while both molecules can also exchange their oxidation 
state. This conversion maintains a balance between the energy-consuming synthetic 
reactions and the catabolic reactions that produce energy [1].

2.5 Vitamin B6

The pure crystalline water-soluble vitamin B6 was first isolated in 1938 by 
Lepkovsky, than synthesized by Harris and Folkers in 1939. There are six nutrition-
ally active B6 vitamers, namely pyridoxine (PN), pyridoxal (PL), pyridoxamine 
(PM), and the corresponding 5′-phosphate esters pyridoxine phosphate (PNP), 
pyridoxal phosphate (PLP) and pyridoxamine phosphate (PMP) [2, 3]. Aqueous 
vitamin B6 solutions are colorless, except for PLP solutions, which are yellow and 
not very stable in neutral or alkaline medium [11].

2.5.1 Dietary sources

High quantities of vitamin B6 are found in yeast, liver, fortified cereals and grain 
germs. Other important sources include nuts, pulses, meat, fish, avocado, banana 
and potatoes. Eggs, fruit and milk, contain relatively low concentrations of the 
vitamin [1, 3, 9].

2.5.2 Absorption, metabolism and storage

The absorption of vitamin B6 occurs following the hydrolysis of the phosphory-
lated forms in the lumen of intestine through a sodium-dependent carrier-mediated 
system [7]. Once absorbed, the different forms of the vitamin B6 vitamers are 
interconverted and conveyed to the liver in the form of free non-phosphorylated 
vitamers. In the liver, the vitamers are accumulated by diffusion and converted to 
phosphorylated forms, under the action of pyridoxal kinase enzyme. The PNP and 
PMP are oxidized to PLP by pyridoxine oxidase. A proportion of PLP is released 
into the bloodstream bound to plasma albumin. The remaining portion of PLP is 
dephosphorylated and oxidized to pyridoxic acid, which is released into the plasma 
and excreted in the urine [3].

2.5.3 Function

The metabolically active vitamer is PLP, which is involved in a wide variety 
of amino acids reactions, including transamination, transulphuration, desul-
phuration and decarboxylation. PLP is also required in the regulation of steroid 
hormone actions. In addition, PLP vitamer acts as the cofactor of glycogen phos-
phorylase in muscle and liver and has an essential role in lipid metabolism and 
immune function [3, 4, 8].

2.6 Vitamin B9 (folates)

The water-soluble vitamin B9 is represented by the group of folates (from folium 
the Latin word for leaf). The isolation, chemical structure determination and 
synthesis of vitamin B9 was carried out in 1946 by Angier’s group [3]. Since the early 
1990s, the associations between folate intake and birth outcome or chronic disease 
risk were investigated. Research studies established a reduction in the risk of neutral 
tube defects after a daily periconceptional supplementation with folic acid. These 
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important results led to the implementation of public health policies that include 
mandatory folic acid fortification in North America [7].

2.6.1 Dietary sources

Good sources of folate include fortified grain products, orange juice, fresh dark 
green leafy vegetables, lentils, kidney beans, lima beans, avocado, peas and peanut 
products. Meat in general is not a good source of folate, except liver [1, 3, 7].

2.6.2 Absorption, metabolism and storage

About 80% of dietary folate occurs in a polyglutamate form, which is hydrolyzed 
to the monoglutamate form before absorption by enterocytes primarily in the 
jejunum. Monoglutamyl folate is then transported across the intestinal mucosa via a 
saturable, pH dependent active transport process. Nevertheless, at high concentra-
tions, the intestinal uptake takes place by a nonsaturable passive diffusion. Plasma 
folate, primarily 5-methyl THF, is distributed in two major forms: free folate and 
folate bound to albumin. A small proportion of plasma folate (less than 5%) is 
bound to high-affinity binders [3, 4, 8]. The majority of reduced monoglutamates 
arriving at the liver from the intestine is metabolized and retained or released into 
the blood or bile [3]. Folate is excreted in the urine as folate derivatives and only 
1%-2% of the vitamin is emitted as intact urinary folate [7].

2.6.3 Function

Due to their chemical structure, folates play a major role in the mobilization of 
one-carbon units in intermediary metabolism. Such reactions are required in the 
synthesis of the purines guanine and adenine and the pyrimidine thymine, which 
are used in the formation of nucleoproteins deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA) [2, 3]. Folates are also essential in the metabolism of amino 
acids, by means of THF derivatives that serve as donors of one-carbon units in a 
variety of synthetic reactions [3].

2.7 Vitamin B12

Vitamin B12 was discovered after a series of important contributions from 
different fields including medicine, chemistry and microbiology, which led to the 
awarding of Nobel Prizes. The chemical structure of vitamin B12 was elucidated 
by the x-ray crystallographer Dorothy Hodgkin, that was awarded the Nobel Prize 
for chemistry in 1964. The total chemical synthesis of vitamin B12 took 11 years 
and was led by Robert Woodward, who received the Nobel Prize in Chemistry in 
1965 [7]. The term vitamin B12 is used as a generic descriptor of cobalamins, which 
have a structure similar to heme but the central iron atom is replaced by a cobalt 
atom. Cyanocobalamin, a water-soluble purplish red powder, is the most stable of 
the vitamin B12-active cobalamins. It is widely used in food supplementation and 
pharmaceutical preparations. However, it is a light sensitive molecule [3, 11].

2.7.1 Dietary sources

Vitamin B12 is found almost exclusively in foods of animal origin and liver is the 
most abundant dietary source of the vitamin followed by kidney and heart [2, 3]. 
Other important sources include milk, fish, eggs, shellfish and muscle meat. Different 
forms of vitamin B12 exist in foods such as adenosyl- and hydroxocobalamins in 
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meat and fish, Sulphitocobalamin in canned meats and fish and small quantities of 
Cyancobalamin in egg white and cheeses [3].

2.7.2 Absorption, metabolism and storage

Vitamin B12 is absorbed by two different mechanisms: one active and the other 
passive. The major route of vitamin B12 active absorption is by attachment in the 
intestinal lumen to a small glycoprotein secreted by the parietal cells of the gastric 
mucosa named intrinsic factor. In the stomach, vitamin B12 binds to cobalophilin 
protein, which is hydrolyzed in the duodenum, releasing vitamin B12 to bind to 
intrinsic factor. In plasma, vitamin B12 circulates bound to transcobalamin I and II 
proteins, which prevent the vitamin from urine excretion as it passes through the 
kidney [3, 8]. With over 60% of the total vitamin content present in the body, the 
liver is the richest organ in vitamin B12.

2.7.3 Function

Viamin B12 is involved in the metabolism of proteins, fats and carbohydrates. 
It is essential in the regeneration of the 5-methyl-folic acid into folic acid, which 
prevents from its direct urine excretion. In addition, vitamin B12 contributes to the 
transport and storage of folic acid in cells and plays a crucial role in the synthesis of 
myelin lipoprotein [1]. Vitamin B12 is also an important cofactor in the maintenance 
of normal DNA synthesis, the regeneration of methionine for adequate protein 
synthesis and methylation capacity, and the avoidance of homocysteine accumula-
tion leading to various degenerative diseases [7].

2.8 Vitamin C (ascorbic acid)

The scurvy disease, due to vitamin C deficiency, was described in the Ebers 
papyrus of 1500 B.C. and by Hippocrates [4]. It was endemic in many areas, espe-
cially in the earliest explorations of the New World where over 2 million sailors died 
of scurvy during the era, often called the “Age of Sail” [7]. The structure of vitamin 
C, was elucidated in 1933 by Walter Haworth and his associates, at the University of 
Birmingham in England. It was synthesized in the same year by the same research 
team [3]. Vitamin C is the generic descriptor for all compounds with the biological 
activity of L-ascorbic acid. It is a water-soluble white crystalline powder, that is 
stable at solid state and that serves as a good reducing agent [2, 11].

2.8.1 Dietary sources

Vitamin C is synthesized by almost all living organisms, except humans and 
other primates, guinea pigs, fish, fruit-eating bats and some exotic birds [3, 8]. 
It occurs in significant amounts in green vegetables, fresh fruits, especially citrus 
fruits and blackcurrants and in animal organs such as liver, kidney and brain. Other 
good sources of vitamin C include potatoes, tomatoes, strawberries and cabbage. 
Muscle meat and cereal grains are poor dietary sources of the vitamin. Cooking 
causes significant losses of vitamin C through leaching into the cooking water and 
also atmospheric oxidation [3, 7].

2.8.2 Absorption, metabolism and storage

The biologically active forms of vitamin C are ascorbic acid and dehydroascorbic 
acid. Both vitamers are absorbed across the buccal mucosa by carrier-mediated 
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passive processes. At physiological intakes, the intestinal absorption of vitamin 
C is by active transport mechanism, while at high doses, there is a less efficient 
passive diffusion, which proceeds at a very low rate [11]. In plasma, vitamin C 
occurs mainly as free ascorbate, and dehydroascorbic acid is present at undetect-
able concentrations. Liver has the greatest store of vitamin C in the body by virtue 
of its size. Other organs containing ascorbate include kidney, pancreas and brain. 
Excretion of vitamin C is mainly in urines with negligible amounts of ascorbic acid 
or its catabolites excreted in feces [3].

2.8.3 Function

Vitamin C acts as a cofactor in various hydroxylation reactions catalyzed by 
oxygenases. For example, vitamin C plays an important role in collagen and cat-
echolamines biosynthesis. It is also involved in carnitine synthesis, which takes place 
in liver from the amino acid lysine. Both vitamin C and copper act as cofactors in the 
catabolism of phenylanaline and thyrosine enzymes, which is impaired with vitamin 
C deficiency. In addition, some peptide hormones like peptidylglycine are activated 
in the presence of copper, oxygen and ascorbate. By promoting the incorporation of 
iron into ferritin, vitamin C influences the distribution of this mineral in the body. It 
is also required in the metabolism of histamine and nitrosamine. Moreover, vitamin 
C increases the mobility of leukocytes and protects their membranes from oxidative 
attacks. Due to its high reducing power, vitamin C has also an important biochemical 
function of antioxidant. The powerful antioxidant action of vitamin C allows it to 
protect the sperm from AND oxidative attacks or the eye from radical attacks [11].

2.9 Vitamin D

Rickets, a disease due to vitamin D deficiency, occurred in ancient times about 
50,000 B.C. [7]. Due to air pollution and little sunlight, Rickets has spread in north-
ern Europe, England, and the United States during the Industrial Revolution. There 
are two common forms of vitamin D: cholecalciferol (vitamin D3) and ergocalcif-
erol (vitamin D2). The structures of vitamin D2 and vitamin D3 were determined by 
Windaus and his associates respectively in 1932 and in 1936, in Germany. Dorothy 
Hodgkin, the Nobel laureate x-ray crystallographer, was the first to develop a three-
dimensional model of vitamin D3. While vitamin D2 is synthesized in plants, fungi 
and yeasts by the solar irradiation of ergosterol, vitamin D3 is produced in vivo by 
the action of sunlight on skin [3, 7].

2.9.1 Dietary sources

There are relatively few sources of vitamin D. The richest dietary sources are 
fish-liver oils, especially halibut-liver oil. Other major sources of the vitamin are 
fatty fish such as tuna, sardines, pilchards or herring. Eggs, mammalian liver and 
dairy products are good sources of vitamin D. However, vegetables, fruit and cereals 
are exempt of the vitamin. Fortified products include margarine, breakfast cereals 
and milk. Vitamin D can also be synthesized by the skin after exposure to sunlight. 
This endogenous synthesis constitutes a much more important source of vitamin D 
than foodstuff [2, 3, 8].

2.9.2 Absorption, metabolism and storage

Vitamin D is absorbed in lipid micelles and incorporated into chylomicrons 
through the lymphatic system. Following intestinal absorption, vitamin D is rapidly 
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taken up by the liver, where it is hydroxylated to form the 25-hydroxy derivative 
calcidiol before entering the circulation bound to a vitamin D binding globulin. 
On arrival at the kidney, the calcidiol undergoes 1-hydroxylation to yield the active 
metabolite 1,25-dihydroxyvitamin D (calcitriol) or 24-hydroxylation to yield an 
apparently inactive metabolite, 24,25-dihydroxyvitamin D (24-hydroxycalcidiol) 
[3, 8]. These conversions are regulated in response to the concentrations of calcium 
and phosphorous minerals in plasma. Vitamin D is mainly excreted in bile after 
catabolism into highly polar inactivation products by the liver [3].

2.9.3 Function

The primary physiologic role of vitamin D is to maintain the plasma concen-
trations of calcium and phosphorous in the body. Calcitriol acts to rise intestinal 
absorption of calcium, to decrease its excretion and to mobilize the mineral from 
bone [4]. It plays an important role in immune muscle functions, nervous system 
and cell differentiation. In addition, it regulates more than 50 genes by activating 
nuclear receptors that modulate gene expression. 24-hydroxycalcidiol has also a 
biological activity in cartilage or in bone formation during the development of 
knockout mice [4].

3. Minerals

Minerals are inorganic substances that are required for normal metabolism, 
development, growth, body structure, cell function regulation, and electrolyte 

Mineral Deficiency symptoms Excess intake symptoms

Calcium • Memory loss

• Muscle cramps

• Increased risk of fractures

• Osteopenia

• Osteoporosis

• Hypercalcemia

• Renal insufficiency

• Kidney stones

Magnesium • Ischemic heart disease

• Hypertension

• Osteoporosis

• Diabetes

• Stroke

• Diarrhea

• Muscular paralysis

• Central nervous system depression

Iron • Fatigue and weakness

• Anemia

• Mental retardation

• Brain damage

• Behavioral impairment

• Vomiting and diarrhea

• Liver, kidney and heart diseases

• Neurological defects

• Gastrointestinal effects

• Hormonal abnormalities

Iodine • Goiter and cretinism

• Hypothyroidism

• Growth retardation

• Neurological defects

• Reproductive disturbance

• Goiter

• Hypothyroidism

• Hyperthyroidism

• Thyroiditis

Table 2. 
Deficiency and toxic effects of selected minerals.
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balance [13]. Minerals are divided in two groups, the major (macro) miner-
als, which are present in the human body in concentrations greater than 100 
milligrams per kilogram and trace (micro) minerals occurring at much lower 
amounts (micrograms or milligrams per kilogram) [8]. Minerals are considered 
as essential when deficiency symptoms are noted with depletion or removal. 
Typically, calcium constitutes about 46% and phosphorous about 29% of total 
body minerals. Chloride, potassium, sulfur, sodium and magnesium together 
account for about 25%, while essential trace elements represent less than 0.3% of 
the total. Bone is the primary storage site for many essential elements (99% of the 
total calcium, 80 to 85% of phosphorous and some 70% of magnesium), while 
the thyroid gland contains more than 80% of the total body iodine. Generally, 
mineral distribution within the body’s tissue is not uniform and each organ has 
a specific mineral composition [14]. Table 2 shows the benefits and potential 
harmful effects associated with deficiency or excess intake of four frequently 
used minerals as food additives and/or supplements [1, 2, 9, 10, 15].

3.1 Calcium

Calcium is a soft, silvery white metal ranked fifth in order of abundance among 
the elements in the earth crust. It has an atomic weight of 40.08, and an atomic 
number of 20. Calcium is found in nature only in compounds, mainly as carbonate, 
fluoride, sulfate and phosphate [8, 14]. Metallic calcium or calcium compounds are 
used in steel industry, plastics, cement manufacture, paper industry, alloys produc-
tion, etc. Calcium is the most abundant mineral in the organism and 99% of this 
macro mineral is found in bone and teeth [14].

3.1.1 Dietary sources

Dairy products are the most important dietary sources of calcium including 
milk, yoghurt and cheese. Tinned fish such as sardine, oilseeds like almonds and 
dried fruit are also good sources of calcium. Generally, foods of plant origin are 
poor sources of calcium. However, due to their high level of consumption they make 
a significant contribution to the total calcium intake. Contributions from calcium-
enriched foods such as breakfast cereals and dietary supplements containing 
calcium salts may be also significant [8].

3.1.2 Absorption, metabolism and storage

The absorption of calcium takes place by two mechanisms. The first is active 
and regulated by vitamin D and the second is by passive diffusion. At low levels of 
dietary calcium, most of the absorption is by active transport and is done princi-
pally in the duodenum. Passive diffusion is more important at high calcium intakes 
and ileum is the most active absorptive site. The large intestine contributes also 
to calcium absorption. Generally, only 30 to 50% of dietary calcium is normally 
absorbed [14]. Calcium absorption is largely dependent on other nutrients in the 
diet, hormonal status and physiological conditions such as pregnancy and breast-
feeding [1]. Lactose and vitamin C supplementation increase calcium absorption. 
Dietary sources rich in oxalic acid or phytic acid could inhibit calcium absorption 
from foodstuff [9]. Calcium homeostasis is regulated by calcitonin and parathyroid 
hormones that are associated to the active form of vitamin D, 1,25-dihydroxyvita-
min D. Bone is the primary storage site of calcium and the decrease of calcium levels 
in blood leads to a quick metal mobilization from the bone to bring the blood levels 
back to normal. Plasma contains from 9 to 12 mg of calcium per 100 mL, which 
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is distributed in ionized, protein bound and complexed fractions. Excretion of 
calcium is done principally in feces.

3.1.3 Function

The primary role of calcium in the body is to form the structures of bone and 
teeth. During skeletal growth and maturation, calcium accumulates in the skeleton 
at an average rate of 150 mg/day. During maturity, the skeleton is in calcium equi-
librium until the age of fifty, from which the bone is lost from all skeletal sites. This 
bone loss increases the risk of hip fracture with aging. Extraskeletal calcium, which 
represent around 1% of the total body calcium, play important roles in various 
essential functions in body metabolism such as enzymatic activation, cell division, 
muscular contraction, nerve transmission and vesicular secretion [1, 8].

3.2 Magnesium

Magnesium is a silvery white metal ranked seventh in order of abundance in 
the crust. It has an atomic number of 12 and an atomic weight of 24.31. Magnesium 
occurs in nature in compounds such as dolomite, magnetite, epsomite and carnallite. 
Due to its relatively low density (1.74 g/cm3), magnesium is widely used as a con-
struction material. Other applications include production of alloys, steel industry, 
automotive construction, aviation and space technology, glass and cement manu-
facture, etc. [16]. In green plants, magnesium plays a central role, as photosynthesis 
does not proceed, when the metal has been removed from the chlorophyll molecule.

3.2.1 Dietary sources

Dietary sources rich in magnesium include whole grains, green leafy veg-
etables, tofu and nuts. Milk, legumes and potatoes are good sources of the metal. 
Plants are generally well endowed with magnesium due to its central role in 
photosynthesis [8, 9].

3.2.2 Absorption, metabolism and storage

The main site of magnesium absorption is the small intestine. Active transport, 
solvent drag and passive diffusion are the three mechanisms of magnesium absorp-
tion. Generally, 20–70% of ingested magnesium is absorbed in normal healthy 
humans [8]. Magnesium absorption could be affected by many dietary and physi-
ological factors. While protein intake seems to increase magnesium absorption, fat 
supplementation has been shown to generate the opposite effect. In addition, high 
levels of phosphorous and calcium inhibit magnesium absorption. Magnesium is 
primarily stored in the bones (60–70%) and the remainder is evenly distributed 
between muscle and other soft tissue. Magnesium is excreted mainly in the urine or 
in feces [14].

3.2.3 Function

Magnesium has various physiological functions. Its is involved in more than 300 
enzymatic processes in the body and plays an important role in skeletal mineraliza-
tion and development, fatty acids synthesis, phosphorylation and dephosphoryla-
tion mechanisms, DNA and protein synthesis, insulin action in the liver, metabolic 
pathways for energy production, sodium and phosphorous metabolism and mainte-
nance of transmembrane electrical potentials in nerves and muscle [1, 14].



Natural Food Additives

140

3.3 Iron

Iron is a silvery-white metal classified second in the order of abundance of the 
elements in the earth crust after aluminum. It has an atomic number of 26 and an 
atomic weight of 55.8. It is mainly combined with oxygen in the crust forming iron 
oxide ores such as hematite, magnetite or limonite. Due to its interesting physico-
chemical properties, iron is used in various domains such as steel industry, alloys, 
food fortification, environmental protection, bio-medical applications, etc. Iron is 
an essential element for almost all living organisms. It exists in the body in complex 
forms bound to protein as heme compounds (hemoglobin and myoglobin), heme 
enzymes, or nonheme compounds (transferrin, ferritin, and hemosiderin [14]. Iron 
deficiency anemia is the most common deficiency disorder in the world [8, 14].

3.3.1 Dietary sources

Organ meats such as liver and kidney, egg yolk, dried legumes, cocoa, cane 
molasses, and parsley are among the richest dietary sources of iron. Meat meals and 
fish meals contain lower iron amounts than blood meals. Generally, the bioavailabil-
ity of heme iron found in animal products is better than that of nonheme iron found 
in vegetables or chlorophyll plants. Poor sources of iron include dairy products, 
fresh fruits and vegetables, white floor, white sugar and unenriched bread [1, 14].

3.3.2 Absorption, metabolism and storage

Generally, iron absorption increases with higher dietary intake of the metal. 
Only 5 to 15% of ingested iron is absorbed by human adults. However, this level 
may increase to twice or more in children and in deficient adults. The primary sites 
of iron absorption are the duodenum and the jejunum in the small intestine. Iron 
absorption is enhanced by ascorbic acid and cysteine dietary intake. However, 
tannins, phytates, egg yolk, tea, coffee, milk and soy proteins have an inhibitory 
effect on iron absorption [1]. Upon entering plasma, ferrous iron is oxidized to 
ferric form, then most of it binds to transferrin, and the rest to ferritin. Transferrin 
regulates iron body distribution by transporting more than 70% of plasma iron to 
the bone marrow for hemoglobin synthesis. The synthesized hemoglobin is then 
destroyed by phagocytes and the released iron is either returned to the circulation 
via plasma transferrin or stored as ferritin or hemosiderin. The liver, spleen, and 
bone marrow are the main sites of iron storage in the body [9]. Excretion of iron 
is done primary in feces and urine in addition to losses through sweat, hair, and 
nails [14].

3.3.3 Function

Almost two-thirds of body’s iron is found in hemoglobin, a quarter is stored and 
most of the remaining 15% is in the muscle protein myoglobin. The primary func-
tion of iron is the transport of oxygen and carbon dioxide in the organism through 
red cells [1]. Iron is also a component of various enzymes required for energy pro-
duction, immune system functioning or adenosine triphosphate (ATP) production.

3.4 Iodine

Iodine is a bluish black solid that belongs to halogen family including fluorine, 
chlorine and bromine. It has an atomic number of 53 and an atomic weight of 126.9. 
It is a relatively rare element in the earth’s crust, which occurs in the dispersed state 
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in soil, water, air, and living organisms. There are many regions in the world low 
in iodine. This could be due to distance from the sea, low annual rainfall or recent 
glaciation [14]. Iodine is used in many industrial fields such as pharmaceutics, 
medicine, metallurgy, lasers, herbicides, animal feeds, colorants, photographic 
equipment, etc. [8]. Iodine deficiency is one of the main cause of impaired cognitive 
development in children.

3.4.1 Dietary sources

The iodine content of food is highly dependent on the type of soil, climatic 
conditions and fertilizers. Hence, it is useless to give the concentration of dietary 
iodine in food composition tables since it is highly variable. Nevertheless, seafood, 
fish, seaweed and plants of the seaside are very rich in iodine. Fortified foods 
are also good iodine sources such as breakfast cereals or milk and milk products. 
The salt iodized with potassium iodate remains the most reliable source of iodine 
worldwide [1, 9].

3.4.2 Absorption, metabolism and storage

Iodine in water and food occurs usually as iodide or iodate compound. In these 
forms, it is rapidly absorbed in the gastrointestinal tract and circulates in the blood 
to all body tissues. Over 90% of ingested iodine is concentrated in the thyroid gland 
for adequate thyroid hormone synthesis or excreted in urine. If iodine supply is 
abundant, only 10% of iodine absorbed by the gut appears in the thyroid. However, 
this fraction may reach 80% or more, with long-standing iodine deficiency [14]. 
Iodine is stored in thyroid in the form of thyroglobulin, an iodinated glycoprotein 
that represent 90% of the total thyroid iodine. It is excreted either as organic iodine 
in the feces or as free iodine in the urine. Important goitrogen-containing foods 
include cassava, broccoli, cabbage, sprouts, kohlrabi, turnips, swedes, rapeseed, 
and mustard [8].

3.4.3 Function

Iodine is an essential constituent of the thyroid hormones thyroxine, and 
triiodothyronine. These hormones have multiple biological roles in thermo-
regulation, reproduction, growth and development, intermediary metabolism, 
cell activity, and muscle function. Thyroid hormones also affect heart rate, 
respiratory rate, metabolism of carbohydrates and lipogenesis. In addition, they 
regulate proteins associated with cartilage metabolism, skin epidermis and hair 
production [8, 14].

4. Multivitamins and minerals as food supplements

4.1 Prevalence of use and associated factors

Vitamins and minerals are found in diets rich in fruits and vegetables. In 
the early 20th century, these micronutrients have been isolated, purified and 
manufactured as dietary supplements. Multivitamin/mineral (MVM) supple-
ments, defined by the National Institutes of Health (NIH) as dietary supplements 
containing 3 or more vitamins and minerals, are the most commonly used type of 
dietary supplements among adults in the United States (US) [17]. According to the 
National Health and Nutrition Examination Survey (NHANES) 2011–2014 data 
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(n = 11,024), 52% of US adults took at least one dietary supplement in a 30-day 
period and MVM supplements account for the vast majority of total dietary 
supplements use [18]. MVM use was higher among women (34.0%) than men 
(28.3%) and the use raised linearly with age. Supplementation with MVM was 
particularly higher among older women (44.0%), non-Hispanic whites (35.7%), 
higher educated adults (36.3%), overweight adults (34.0%), former smokers 
(37.8%), moderate alcohol consumers (1 drink/day) (39.0%), adults with excellent 
or very good self-reported health status (36.7%) and those with private health 
coverage (35.1%) compared to their counterparts [18]. Perlitz et al. reported data 
on the use of vitamins and mineral supplements by adolescent living in Germany 
from the second wave of the German Health Interview and Examination Survey 
for Children and Adolescents (EsKiMoII), conducted from June 2015 to September 
2017 [19]. They found that 16.4% of the adolescents (girls: 18.8%, boys: 14.0%) 
aged 12 to 17 years had consumed vitamin or mineral supplements in the previous 
four week. The use of micronutrients was higher among girls (18.8%) than boys 
(14.0%), normal weight adolescent (17.0%) than overweight ones (9.3%) and 
among adolescents with a high level of physical exercise (19.9%) than those with 
a low level of physical exercise (11.5%). Only one supplement, with both vitamins 
and minerals nutrients, was consumed by the majority of users. The most fre-
quently used vitamin supplements were vitamin C (43.9%), followed by vitamin D 
(41.1%) and vitamin B12 (30.4%). As regards mineral supplements, those contain-
ing magnesium (45.9%), zinc (28.1%), and iron (24.1%) were the most commonly 
consumed [19]. In Iran, the prevalence of dietary supplements use among children 
and adolescents was 34.1% [20]. Iron supplements were the most frequently used 
dietary supplements, with a prevalence of use of 12.9%, followed by multivitamins 
(8.1%) and vitamin D supplement (2.9%). Results showed that boys, children with 
excess weight and those with high-educated parents used less supplements com-
pared to their counterparts [20].

Pregnant women are particularly vulnerable population groups and the MVM 
supplementation especially with iron and folic acid in pregnancy is highly recom-
mended to improve birth outcome and to reduce low birth weight [21]. Data on 
MVM supplementation of pregnant women living in European countries revealed 
the presence of iron, iodine, vitamin A and zinc deficiencies, not only in low-
income countries but also to an extent in Europe [22]. The inadequate intake among 
pregnant women may be due to poor knowledge about adequate nutrition, healthy 
vegetarian or vegan diets, special diets that avoid excessive weight gain, etc. [22]. 
Data on the dietary intake and mineral status of Polish pregnant women showed 
that 53.7% of pregnant women used supplements during pregnancy. Of supple-
ment users, 93% took folic acid and only 16% consumed iron. Composite vitamin 
and mineral supplements were used by only 17.6% of Polish pregnant women [23]. 
Results of the NHANES 2007-2014 cross-sectional study revealed that 61.6% of 
American pregnant women used MVM supplements during pregnancy. However, 
the majority of this group do not consume the recommended amount of fruits and 
vegetables (five servings per day) [24].

4.2 Recommended intakes

Table 3 displays the recommended intakes of selected vitamins and minerals 
for men and women according to AFSSA (French Food Safety Agency), EFSA 
(European Food Safety Authority), IOM (Institute of Medicine) and WHO (World 
Health Organization) [25]. Table 3 shows that several terms, referring to the 
population’s nutritional references, are used by the different organisms. Hence, it is 
necessary to harmonize these terms.
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4.3 Availability and regulatory status

MVM supplements can be obtained directly by the health care providers or 
purchased from retail stores such as pharmacies, grocery stores or health food stores. 
Many forms of vitamins and minerals and many routes of administration are avail-
able [13]. For example, vitamin D is manufactured as cholecalciferol or ergocalciferol 
and iodine is available as iodide or iodate [26]. Vitamin and mineral dietary supple-
ments can be compounded in various ways and sold in capsules, pills, tablets, sachets 
of powder, ampoules of liquids and other similar forms of powder and liquids [13].

According to the Codex Alimentarius Guidelines for Vitamin and Mineral Food 
Supplements, the sources of vitamin and mineral supplements may be natural or 
synthetic and their selection should be based on considerations such as safety and 
bioavailability [27]. The minimum level of each vitamin and/or mineral contained in a 
vitamin and mineral supplement per daily portion of consumption should be 15% of 
the WHO recommended dietary intake. Moreover, the vitamin and mineral supple-
ments must be packed in containers that are safe and suitable for their intended use.

4.4 Health effects

The use of MVM supplements is recommended in disease states, to correct defi-
ciencies, or to promote health and protect from future chronic diseases in healthy 
subjects [28–31]. The main nutrient deficiency diseases prevalent in developing 
countries include Xerophthalmia, which is responsible of the blindness of over five 
million children suffering from visual impairment in the world [32]. According to 
Beaton et al. (1993), vitamin A supplementation reduces the mortality of children 
aged from six months to five years by 23% [33]. In addition, data showed a decrease 
in the prevalence of Xerophthalmia in children who regularly received vitamin A 
supplements, reaching 70% [32, 33]. In 1999, over 700 million people living in 
developing countries suffered from goiter and cretinism with severe brain damage 
and mental retardation [8]. An important progress was made with universal salt 
iodization including an approximate 13-point increase in intelligence quotient [32]. 
Iron deficiency anemia have adverse effects on the development of children as well 
as on the mortality and morbidity of infant and mother during pregnancy [8]. 
Research studies established that the use of iron supplements allowed a 20% reduc-
tion in mothers mortality [32]. In Nepal, the results of a demographic and health 
survey carried out in 2006 showed that in five years, the coverage of iron supple-
mentation increased from 23–59%. These improvements, associated to additional 
measures, led to a reduction in iron deficiency anemia in pregnant women from 
75–42% [34]. Zinc deficiency is associated to the incidence of serious childhood 
infectious diseases such as pneumonia and diarrhea, which causes 18% of deaths in 
children under five [35–37]. Zinc supplementation of children during acute diarrhea 
allowed the decrease of the illness duration by 9-23% [36]. In a community-based, 
double-blind, randomized trial conducted in India, zinc supplementation resulted 
in a 33% lower diarrheal incidence in children with low plasma concentrations 
[38]. During pregnancy, there is a high risk of fetal neural tube defects with folate 
deficiency. Research studies proved that folate intake by pregnant women reduced 
the risk of neural tube defects by 50% [32, 39].

5. Addition of vitamins and minerals to food

Vitamins and minerals are added to foods mainly to improve or maintain 
their nutritional quality. However, these nutrients are also used for other additive 
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functions (Table 4) [40]. Various forms of vitamin and mineral additives are com-
mercially available such as powders, oily suspensions or emulsions [2, 40]. The most 
important factors affecting their stability include heat, oxygen, pH, moisture and 
light. For example, the stability of β-carotene and other provitamin A carotenoids 
is enhanced by ascorbic acid antioxidant, both in liquid or powder forms [41]. In 
addition, vitamin D is more stable when prepared in edible oils than in powder 
form. Preparations of vitamin D are usually provided in lightproof containers with 
inert gas flushing. The detrimental interactions between vitamins and minerals are 
also taken in consideration in the manufacture of these micronutrients, especially in 
liquid preparations. Some interactions between vitamins are advantageous such as 
niacinamide that act as solubilizer for riboflavin and folic acid [41].

6. Conclusion

Despite the essential role of vitamins and minerals in human’s health, these 
micronutrients are not consumed in sufficient amounts in developing countries 
where millions of children die each year from micronutrients deficiency due to 
malnutrition. Therefore, additional efforts should be made worldwide to minimize 
disparities between developing and developed countries in the quality of nutrition.
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Function Vitamins and minerals

Antioxidants Ascorbic acid, β-carotene, calcium ascorbate, ascorbyl palmitate, sodium ascorbate, 
tocopherols (mixed α, γ and δ), tocopherol (mixed natural concentrate)

Colourings β-carotene, riboflavin, riboflavin-5′-phosphate, iron oxide, calcium carbonate

Flavor 
enhancers

Calcium chloride, magnesium sulfate

Floor additives Calcium carbonate

Nutritive 
additives

Ascorbic acid, β-carotene, ascorbyl palmitate, calcium ascorbate, calcium carbonate, 
calcium lactate, cholecalciferol, ergocalciferol, ferrous sulphate, folic acid, magnesium 
oxide, nicotinic acid, retinol, riboflavin, retinyl acetate, thiamin, thiamin hydrochloride, 
thiamin mononitrate, α-tocopherol

Sequestrants Calcium chloride, calcium citrate, calcium sulfate

Table 4. 
Examples of use of vitamins and minerals as food additives.
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Abstract

The food industry depends on using different additives, which increases 
the search for effective natural or natural-derived solutions, to the detriment 
of the synthetic counterparts, a priority in a biobased and circular economy 
scenario. In this context, different natural emulsifiers are being studied to create 
a new generation of emulsion-based products. Among them, phospholipids, 
saponins, proteins, polysaccharides, biosurfactants (e.g., compounds derived 
from microbial fermentation), and organic-based solid particles (Pickering 
stabilizers) are being used or start to gather interest from the food industry. This 
chapter includes the basic theoretical fundamentals of emulsions technology, 
stabilization mechanisms, and stability. The preparation of oil-in-water (O/W) 
and water-in-oil (W/O) emulsions, the potential of double emulsions, and the 
re-emerging Pickering emulsions are discussed. Moreover, the most relevant 
natural-derived emulsifier families (e.g., origin, stabilization mechanism, 
and applications) focusing food applications are presented. The document is 
grounded in a bibliographic review mainly centered on the last 10-years, and 
bibliometric data was rationalized and used to better establish the hot topics in 
the proposed thematic.

Keywords: natural emulsifiers, biosurfactants, emulsion technology, Pickering 
emulsions, food applications, market and product trends

1. Introduction

Food emulsions are produced from two immiscible liquids (usually oil and 
water), which in the presence of an emulsifier and by applying an emulsification 
method, can be dispersed one into another. Some typical examples include mayon-
naise, salad dressings, sauces, milk, ice cream, and sausages. These systems can 
be used to encapsulate, protect, and deliver biocompounds, including vitamins, 
flavors, colorants, and nutraceuticals [1]. Emulsifiers are food additives acting by 
forming a physical barrier between the oil and water, enabling their compatibiliza-
tion. Effective emulsifiers must be quickly adsorbed at the oil–water interfaces 
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leading to a rapid decrease in the interfacial tension, preventing droplets aggrega-
tion. Moreover, they must generate strong repulsive interactions promoting emul-
sion stability [2, 3].

Synthetic emulsifiers (e.g., Tweens and Spans) are well-known for their abil-
ity to form highly stable emulsions. However, consumers’ preferences for healthy, 
sustainable and natural lifestyle habits have increased worldwide. Moreover, some 
studies have reported intestinal dysfunctions caused by synthetic emulsifiers [4, 5].  
In this context, natural emulsifiers have emerged as great alternatives to replace 
their conventional counterparts, namely proteins [6], polysaccharides [7], phos-
pholipids [8] and saponins [9]. Concerning protein-based natural emulsifiers, the 
most use ones come from animal sources (e.g., whey proteins, caseins, egg protein, 
gelatin) [10]. However, plant-based proteins have demonstrated to be good alterna-
tives for their replacement in products with dietary restrictions (e.g., lactose-free) 
and in vegetarian and vegan foods. Moreover, plant-based proteins are more 
sustainable as they have a lower carbon footprint [11, 12]. Examples include pea 
[13, 14] and soy proteins [15], which have been reported for emulsions production.

Aligned with natural emulsifiers, Pickering stabilizers (in particular organic-
based colloidal particles) are emerging as promising solutions. Pickering emulsions 
or particle-stabilized emulsions present high resistance to coalescence and Oswald 
ripening due to the tight fixation of the particles to the droplets surface [16]. Several 
food-grade particles have been studied, namely particles based on proteins [17], 
polysaccharides [18], and protein/polysaccharide complexes [19]. Furthermore, 
natural emulsifiers from microbial origin such as biosurfactants and bioemulsifiers 
are also potential alternatives to be explored in food emulsions [20, 21].

This chapter covers a bibliographic review focused on the last 10-years on 
natural emulsifiers and emulsion technology field. Research and market trends 
are also highlighted, showing the most relevant natural emulsifier families. Basic 
concepts concerning emulsion production, classification, and stabilization methods 
are introduced. A special emphasis is given to Pickering emulsions regarding novel 
trends in food emulsion systems.

1.1 Bibliometric and market trend analysis

According to the Research and Markets report, amidst the Covid-19 crisis, the 
global emulsifiers’ market is projected to reach US$ 6.1 Billion by 2027, growing 
at a Compound Annual Growth Rate (CAGR) of 4.8% over the forecast period 
(2020–2027). Particularly, natural emulsifiers’ area is estimated to get US$ 3.3 
Billion, recording a 5.4% CAGR [22]. In agreement, the “Global Food Emulsifiers 
Market 2020-2027 report” from MarketResearch, foresees a high potential for the 
plant-based emulsifiers in the global food emulsifiers market [23].

Concurrently, scientific literature corroborates the global food emulsifiers 
report’s projections. More than 8,000 documents were found using the terms 
“natural emulsifier*” OR “bioemulsifier*” OR “bio-emulsifier*” OR “biosurfac-
tant*” OR “bio-surfactant*” OR “Pickering emulsion*” searched in title, abstract, 
keywords and Keywords plus sections using the Web of Science Core Collection 
(SCI-EXPANDED), in the 2010–2020 period. Excluding documents with early 
publication and applying the “Food Science and Technology” filter from WOS, 
792 documents were found. By removing 4 documents from 2021 in a final 
manual screening, 788 documents were analyzed using Biblioshiny app from the 
Bibliometrix-R package (RStudio) [24] and VosViewer software [25]. The survey 
was performed on April 25th, 2021.

Table 1 presents some of the retrieved 788 documents concerning the applica-
tion of natural emulsifiers or Pickering stabilizers in emulsion formation/stability, 
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including their use in biocompound delivery systems. Some works regarding the 
production of bioemulsifiers or biosurfactants by microorganisms were also found 
[31, 32]. Several studies addressing Pickering emulsions and the use of high-pres-
sure homogenization were identified.

Figure 1a shows the wordcloud from Author’s Keyword. The higher font size 
indicates an increased frequency of the keyword. Figure 1b also illustrates keyword 
co-occurrence network analysis; the terms distributed in the same cluster present 
the higher similarity, in comparison with the terms distributed in different clusters.

“Pickering emulsions” is the most frequent keyword, followed by biosurfactant 
(Figure 1). Other keywords (e.g., whey protein, sodium caseinate, glycolipid, 
sophorolipids, rhamnolipids, Quillaja saponin) appeared in the wordcloud.

These findings substantiate the keyword co-occurrence analysis (Figure 1). 93 
keywords (Author’s keywords) were organized in 9 clusters. The number of occur-
rences indicates the number of documents where the keyword appears. Each circle 
represents a keyword with at least 5 occurrences, being their areas proportional to 
the number of occurrences. The clusters are characterized by different colors and 
their words can be related.

Some clusters present words associated to recent trends in the area of natural 
emulsifiers. Clusters 1, 6, 8 and 9 refer to “Pickering emulsions” and other inter-
related words, including nanoparticles, Pickering stabilization, and some com-
monly used Pickering stabilizers such as starch granules, cellulose nanocrystals 
and kafirin. Clusters 1 and 2 comprise terms related to the rheological properties 
of emulsions, an important parameter in food applications. The words included in 
clusters 4 and 5 are associated with microorganisms (e.g., Pseudomonas aeruginosa; 
Starmerella bombicola; Bacillus subtilis) and the biosurfactants they produce (e.g., 
rhamnolipids; sufactin; sophorolipids). P. aeruginosa is a food-borne pathogen and 
a source of rhamnolipids [33]. Starmerella bombicola is a non-pathogenic yeast 

Natural emulsifiers or 
Pickering stabilizers

Emulsification method Main target Reference

Zein-Chitosan complex 
particles

High-shear homogenization Delivery system 
(Curcumin)

[26]

Mannoprotein High-shear homogenization Formation/Stability [27]

Whey protein
Gum arabic
Quillaja saponin
Lecithin

Dual-channel 
microfluidization

Formation/Stability [28]

Gum arabic
Beet pectin
Corn fiber gum

High-shear homogenization
Microfluidizer

Formation/Stability [7]

Ginseng saponins High-shear/
High-pressure 
homogenization

Delivery system
(Astaxanthin)

[9]

Wheat gluten nanoparticles 
(WPN)
WPN-xanthan gum 
nanoparticles

High-shear homogenization Delivery system
(β-carotene)

[29]

Pea protein microgel 
particles

High-pressure 
homogenization

Formation/Stability [30]

Table 1. 
Studies reporting the use of natural molecules and Pickering stabilizers selected from the retrieved 788 
documents of the bibliometric search.
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producing sophorolipids, whereas B. subtilis is a non-pathogenic bacteria yielding 
surfactin [31, 34]. Some of these biosurfactants have been applied in food emulsion 
systems (e.g., surfactin in O/W food emulsions [20]) due to their high ability to sta-
bilize emulsions, and present antioxidant and antimicrobial properties. However, 
some aspects, especially safety, require attention as biosurfactants may be produced 
by pathogenic bacteria [35].

Cluster 7 and 9 are centered in words related to the biocompounds delivery 
systems, namely bioavailability/bioaccessibility, controlled release, encapsula-
tion and examples of used biocompounds, such as beta-carotene, curcumin, 
and vitamin E. Clusters 8 and 9 refer to proteins, phospholipids, saponins and 
polysaccharides, such as whey protein isolate, soy lecithin, Quillaja saponin, 

Figure 1. 
(a) Wordcloud from Author’s keywords (100 keywords; minimum frequency of 5); (b) keyword co-occurrence 
network (9 clusters; Author’s keywords; number of occurrences 5).
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and pectin, respectively. Some of these natural emulsifiers also appeared in 
the wordcloud analysis, being the most used ones in the food science and 
 technological fields.

In a general overview, the analysis showed the progressive interest in natural 
emulsifiers due to their relevance for the scientific and industrial communities, 
as well as for the global market. Moreover, Pickering emulsions are emerging as 
advanced emulsion technologies within future trends in the food industry.

2. Principal natural-based emulsifier groups

Natural emulsifiers belong to a broad range of chemical families and some main 
examples are shown in Figure 2. Within each family, aspects such as the used natu-
ral source or extraction method can lead to different properties. Therefore, the next 
sections summarize the most relevant families in the area of natural emulsifiers and 
their contextualization in the field of food applications.

2.1 Phospholipids

Phospholipids are amphiphilic molecules, and a main constituent of natural 
membranes. Their structure comprises a hydrophilic head holding a phosphoric 
acid (H3PO4), combined with a hydrophobic tail composed by one or two non-polar 
fatty acids. They comprise groups as glycerophospholipids or sphingolipids, with 
lecithins (glycerophospholipid) assuming an important role. Phospholipids can 
be obtained from diverse natural sources, including milk, vegetable oils (soybean, 
rapeseed or sunflower), egg yolk, meat and fish [36, 37]. Specifically, lecithins 
are known to be good stabilizers for food emulsions, for example the ones derived 
from soy or egg yolk are applied in mayonnaise, creams, or sauces [38]. Other 
phospholipid examples include phosphatidylcholine, phosphatidylglycerol, phos-
phatidylethanolamine, phosphatidylinositol, phosphatidylserine, phosphatidic 
acid, sphingomyelin. The amphiphilic character of these compounds supports their 
capacity to stabilize emulsions. Concurrently to their ability to stabilize emulsions 

Figure 2. 
Representative chemical structures for each emulsifier family.
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they can act as texturizing agents, thus influencing the organoleptic attributes of 
the final product [39].

2.2 Saponins

Saponins are a complex family derived from plants, constituted by triterpenes 
or steroid aglycones linked to glycosyl derived sugar structures [40]. Usually the 
aglycones involve pentacyclic triterpenoids with oleanolic acid and the sugars 
moieties comprise rhamnose, xylose, glucose or galactose [41]. Factors condition-
ing the composition of saponins are their botanical origin and extraction method. 
Quillaja saponaria Molina is the principal source of saponins, named Quillaja 
saponins, characterized by high contents of quillaic acid groups (hydrophobic) 
and rhamnose, galactose or glucuronic acids (hydrophylic) [42]. Saponins produce 
highly stable emulsions, including at the nanoscale, and at relatively low surfactant 
contents, with promising stability in terms of pH, ionic strength or temperature 
conditions [40]. Their promising properties avail their use in diverse applications, 
with examples of food-grade saponins applied in beverages added with flavors or 
bioactives such as vitamins [43]. More recently, the utilization of saponins was 
extended to the use of saponin-rich extracts obtained from plant sources [44], 
by-products and food wastes [40]. Besides the increased costs of using highly pure 
saponins, they provide weaker functional properties comparatively with extracts, 
due to the lack of additional bioactive compounds, e.g. polyphenols [45].

2.3 Proteins

Proteins are molecules resulting from the combination of 21 different amino 
acids, having diverse properties, including water solubility, which varies depend-
ing on their composition [46]. Structurally, the presence of both hydrophobic 
and hydrophilic amino acids confer an amphiphilic character, allowing them to be 
absorbed at oil/water interfaces, leading to emulsion stabilization [47]. However, 
proteins have low surface activity in comparison with conventional emulsifiers. 
This is attributed to the random distribution of the hydrophilic and hydrophobic 
groups within the peptide chains, limiting their adsorption. This effect is balanced 
by the protein film formation around the droplets, leading to stabilization through 
molecular interactions [48]. Diverse proteins (e.g., whey, casein, soy or faba bean 
proteins) have been tested in food applications, e.g., emulsions for the controlled 
release of lutein [49], w-3 oil [50], bioactive hydrophobic compounds [51], fish 
oil [52, 53] or β-carotene [54]. Their application in final products is still hindered 
by environmental conditions such as pH, temperature and ionic strength [48]. 
However, these drawbacks can be surpassed by using more complex formulations, 
namely by combining proteins with polysaccharides [48] or by chemically modify-
ing the proteins trough grafting with other compounds such as polyphenols [54].

2.4 Polysaccharides

Polysaccharides are biopolymers composed of monosaccharide units such as 
glucose, fructose, mannose or galactose, bonded by glycosidic bonds. Their struc-
tural rearrangement, i.e., type and number of monosaccharides, type of glycosidic 
bonds, molecular weight, electrical charge, branching degree, hydrophobicity 
and the presence of other groups (carboxylate, sulfate or phosphate), rule the 
polysaccharides functional properties such as solubility, rheology, and amphiphilic 
character, among others [10]. Their amphiphilicity depends on the presence of 
hydrophobic (glycolipids) and hydrophilic (hydroxyls) groups, being adsorbed 
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at the interface, forming a thick stabilizing layer (e.g., pectins, gum Arabic) [55]. 
Moreover, non-amphiphilic polysaccharides can contribute to emulsion stabiliza-
tion due to their thickener role, increasing the viscosity and decreasing oil droplets’ 
motion (e.g., alginates, carrageenan) [56]. Despite the high number of polysaccha-
rides available in nature, only few are authorized as food emulsifiers in EU, namely 
alginic acid (E400), gum Arabic (E414), pectin (E440), cellulose and chemically 
modified celluloses (E460 to E469) [57]. Polysaccharides can be obtained from 
animal, vegetal, microbial fermentation or marine sources (algae), being their 
properties mostly dependent on the source and extraction process [10].

2.5 Natural based emulsifiers from microbial sources

Microbial synthetic routes are emerging as valuable sustainable and green alterna-
tives to produce emulsifiers. They generate compounds with low ecotoxicity, biode-
gradability, stability (pH and salinity) and low critical micellar concentration (CMC), 
in addition to biological activity, biocompatibility and digestibility [58]. Emulsifiers 
produced by microorganisms are classified according to their molecular weight. Low 
molecular weight family includes glycolipids (e.g., rhamnolipids, sophorolipids, 
trehalose lipids) and lipopeptides (e.g., surfactin, iturin, fengycin) and are referred 
as biosurfactants. Polysaccharides, proteins, lipoproteins, and lipopolysaccharides 
belong to the high molecular weight family and are referred as bioemulsifiers [59, 60]. 
Glycolipids like rhamnolipids and trehalose lipids are mostly produced by bacterial 
strains like Pseudomonas aeruginosa, Pseudomonas fluorescens, Rhodococcus erythropolis, 
Nocardia erythropolis, Arthrobacter sp. or Mycobacterium sp. while sophorolipids are 
generally produced by yeasts (e.g. Candida bombicola or Candida antartica) or by 
filamentous fungi like Aspergillus flavus or Rhizopus oryzae [58, 61]. Lipopeptides can 
be produced by Bacillus sp. Serratia marcescens and P. fluorescens [58]. Bioemulsifiers 
such as Emulsan/Biodispersan are commercially available products, being produced 
by Acinetobacter spp., while mannoproteins are commonly obtained from the yeasts 
Saccharomyces cerevisiae or Kluyveromyces marxianus [61]. The excellent properties of 
both microbial derived biosurfactants and bioemulsifiers make them appealing as 
natural based emulsifiers for foods. Several studies reported the use of glycolipids 
for fat emulsions stabilization [62, 63], and glycolipids and lipopeptides as rheology 
modifiers in cookies and muffins dough [64–66]. Other works refer bioemulsi-
fiers (e.g., exopolysaccharides, mannoproteins) as having high potential in aromas 
emulsification [67]. Nevertheless, the practical application in foods is still limited due 
to two main factors, their high production costs narrowing the commercial profit, 
together with the legal regulations that limit the use of compounds produced by 
microbial strains classified as pathogenic in food applications. Examples include the 
bacteria genera like Pseudomonas and Bacillus. In opposition, yeasts like S. cerevisiae 
and Kluyveromyces lactis, which are classified as GRAS organisms, are authorized for 
food applications [68].

3. Emulsion technology

Emulsions are colloidal systems constituted by two immiscible liquids (oil 
and water), formed in the presence of an emulsifier, and, usually, by applying 
an energy input. The emulsifier selection is therefore an important step to reach 
stability. They can be classified based on the hydrophilic region that correspond to 
ionic structures (anionic or cationic surfactants), change charge with pH (ampho-
teric surfactants) or present no charged centers (nonionic surfactants) [69]. 
Among them, nonionic surfactants are often used in food applications because 
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they are less toxic and less affected by pH and ionic strength changes [70, 71]. The 
choice of a nonionic surfactant can be based on the hydrophilic–lipophilic bal-
ance (HLB) index [72]. This scale (0–20), reflects the changing from hydrophobic 
to hydrophilic character, that is, a lower HLB value corresponds to a lipophilic 
surfactant being appropriate to stabilize water-in-oil (W/O) emulsions, whereas 
a high HLB indicates the ability to stabilize oil-in-water (O/W) emulsions, due to 
the strong hydrophilic balance [72].

3.1 Emulsion classification

Emulsions can be classified according to their typology and structure. The first 
refers to the relative distribution of the immiscible phases (oil and water), and the 
latter refers to the arrangement of the emulsified entities [73]. Considering the 
typology, they can be classified as simple (O/W and W/O) or double (oil-in-water-
in-oil (O/W/O), and water-in-oil-in-water (W/O/W)) emulsions (Figure 3). 
Examples of O/W emulsions in food systems include products such as milk, sauces, 
beverages, yogurts, ice-creams, and mayonnaise [74]. W/O emulsions are not so 
frequent but can be found in butter and margarine [73, 75]. For double emulsions, 
W/O/W are the most used systems due to their ability to generate reduced-fat prod-
ucts, when compared to O/W emulsions. Moreover, they can serve as base systems 
to encapsulate and control the release of sensitive water-soluble compounds, such 
as flavors or bioactive ingredients [16, 75, 76].

Regarding structure, emulsions can be classified as macroemulsions (usually 
called emulsions), nanoemulsions, or microemulsions. These systems present 
specific physicochemical properties that influence their range of applications 
[71]. Emulsions and nanoemulsions are thermodynamically unstable systems 
because their free energy is higher than the one of the individual phases [74, 77]. 
Thus, considering that all systems tend to their lowest energy state, phase sepa-
ration will occur. However, due to their kinetic stability, they may remain in a 
metastable state for a considerable period of time, delaying the phase separation 
phenomenon. The kinetic stability is governed by two mechanisms, namely the 
energy barriers between the two states (emulsified and separated phases) and 
mass transfer between the phases. Therefore, high energy barriers and slow mass 
transfer processes delay phase separation [78]. By contrast, microemulsions are 

Figure 3. 
Typology of simple and double emulsions.
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thermodynamically stable systems because their free energy is lower than the 
one of separate phases. Thus, they can be formed spontaneously under particu-
lar compositions and temperature conditions. In practice, some energy input 
is needed due to the existence of kinetic energy barriers [71]. Regarding the 
droplet size, nanoemulsions and microemulsions present droplet sizes <200 nm, 
whereas emulsions hold sizes between 200 nm and 100 μm [16, 71].

Nanoemulsions and microemulsions are optically transparent or slightly turbid 
due to their small droplet size, being valuable for applications requiring transpar-
ency, such as soft drinks [79]. Comparatively with nanoemulsions, microemulsions 
require a higher emulsifier content, have a lower particle size, and droplets can 
assume a non-spherical shape, feature that can be used to differentiate the two 
systems. Emulsions are typically turbid to opaque and are used in creamy systems 
such as dairy products [80]. Table 2 provides some application examples for each 
system addressing natural emulsifiers.

System Type Natural emulsifiers Final applications Reference

Emulsions O/W Whey protein Ice-cream [81]

O/W Quillaja saponin and soy 
lecithin

Coffee creamers [82]

W/O/W Whey, rice and pumpkin 
seed proteins

Cheese [83]

O/W Faba bean protein Tofu and yogurts [84]

O/W Pectin Functional foods [85]

O/W Rhamnolipid Beverages [86]

O/W Whey protein, locust 
bean gum, and 
iota-carrageenan

Mayonnaise, salad 
dressings, and sauces

[87]

O/W Modified starch Dairy products [88]

Nanoemulsions O/W Soy lecithin Fruit juices [89]

O/W Quillaja saponin, whey 
protein, and soy lecithin

Soft foods, creams, 
sauces, and salad 
dressings

[90]

O/W Quillaja saponin and soy 
lecithin

Functional foods and 
beverages

[91]

O/W Ginseng saponin [9]

O/W Whey protein, gum 
Arabic, and soy lecithin

[92]

O/W Modified starch, whey 
and casein proteins

[93]

Microemulsions W/O Soy lecithin Extraction of edible 
vegetable oils

[94]

W/O Soy lecithin Functional foods and 
soft drinks

[95]

O/W Soy lecithin [96]

O/W Quillaja saponin, 
Rhamnolipid, and soy 
lecithin

Soft drinks and minced 
meat

[97]

Table 2. 
Food applications of emulsions, nanoemulsions and microemulsions using natural emulsifiers.



Natural Food Additives

160

3.2 Stabilization mechanisms

Emulsions are thermodynamically unstable mixtures, characterized by the 
presence of at least two immiscible phases and an emulsifier that, when provided 
with enough mixing energy, are able to maintain stability over time [98]. The 
role of the emulsifier is essential to assure stable long-term properties. In general, 
emulsifiers are active surface substances, enabling their positioning at the oil–
water interface, reducing the interfacial tension, hindering (or delaying) aggrega-
tion phenomena [99]. Typically, the hydrophilic part of the emulsifier is located 
in the aqueous phase, while the hydrophobic tail remains enclosed in the oil phase 
[82, 100]. During emulsion formation, the surfactant molecules require time to 
move to the interface, forming a layer to reach the interfacial tension equilibrium, 
a phenomenon related with their adsorption kinetics [82]. This pattern is depen-
dent on emulsifiers’ nature, taking from minutes (e.g., some saponins) to hours 
(e.g., some proteins), besides being dependent on environmental conditions (e.g., 
pH, temperature) [82]. To note that, even emulsions are commonly stabilized 
by a monolayer structure around the droplets, multilayer structures can also be 
formed. The multilayer pattern favors the electrostatic and steric repulsion of the 
droplets, improving stability while providing additional protection to the internal 
phase [16].

The emulsion stabilization mechanism can differ depending on the nature of 
the used surfactant. In this context four principal stabilization mechanisms are 
known, namely electrostatic repulsion, steric repulsion, Marangoni-Gibbs effect, 
and thin film stabilization mechanisms [101]. The electrostatic repulsion is related 
to ionic emulsifiers and consists on the formation of an electrical double layer at the 
droplet’s interface, hindering their approximation. Steric repulsion is characteristic 
of nonionic and/or polymeric emulsifiers, and droplet’s distance is kept due to the 
adsorption of the hydrophobic segment by the oil phase [101]. The Marangoni-
Gibbs effect preserve emulsions’ structure through the deformation of adjacent 
droplet’s surface, avoiding their outflow, whereas the thin film stabilization mecha-
nism avail the stability of the emulsion by generating a rigid and viscoelastic film, 
preventing droplets from destabilization effects [101].

Other factors can condition emulsion’s stabilization mechanism, including 
the emulsifier content, the oil to water ratio or the preparation conditions (pH 
or temperature). For example, some phospholipids can have no charge at neutral 
pH, turning into anionic at acidic media, promoting molecule’s swelling at the 
interface [100]. Moreover, the surfactant concentration can have also impact, 
e.g., sunflower lecithin in O/W emulsions, at low contents, create a layer sur-
rounding the oil droplets, while at higher concentrations, the stabilization 
mechanism changes, producing, concurrently, liposomes that might destabilize 
the emulsion [10]. Considering amphiphilic polymers, when they are used as 
emulsifiers, they become positioned at the interface, just like the small mol-
ecules, but their ability to create intermolecular interactions can provide addi-
tional stabilization effects. Their effect on viscosity can also provide a positive 
stabilization effect [102]. The high hydrophilicity of most polysaccharides can 
difficult their emulsifier role, if considering the importance of the emulsifiers’ 
hydrophilic/lipophilic character to interact with both phases. This constraint can 
be overcome by either chemical or physical strategies [103]. Namely, the suit-
ability of anchoring hydrophobic groups into the polysaccharide structure can 
equilibrate the hydrophilic/lipophilic balance, that is the hydrophobisation of 
emulsifier’s surface. Otherwise, alternative approaches imply the mixture of the 
polysaccharides with other polymers (co-surfactants) to favor the hydrophilic/
lipophilic equilibrium and stabilization role.
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3.3 Production methods

Food emulsions can be produced using several methods, classified as low-energy 
and high-energy processes, as represented schematically in Figure 4. The selec-
tion of the most appropriate method and respective equipment is based on the 
volume to process, characteristics of the initial mixture, emulsion’s physicochemi-
cal properties, droplet size, and process costs [104]. In Table 3 a survey of recent 
works dealing with emulsion production trough different methods and using 
natural emulsifiers in their pure form or compounded with synthetic emulsifiers 
is presented. Moreover, their potential to encapsulate bioactives for food industry 
applications is also described.

Low-energy methods comprise, spontaneous emulsion, and emulsion phase 
inversion (e.g., phase inversion composition and phase inversion temperature), 
which occur due to environmental or composition changes namely temperature, 
pH, and ionic strength of the formulation [104]. Low-energy approaches are more 
cost effective than high-energy methods. However, they are limited to certain oils 

Figure 4. 
Schematic representation of the emulsification process through high- and low-energy methodologies.
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and emulsifiers, requiring also large amounts of surfactants, which is not desir-
able for many food applications [71]. In the work reported by Komaiko et al. [36], 
spontaneous emulsification lead to emulsions with large droplet size (>10 μm), 
comparatively with those produced by high-energy methods (<10 μm). The authors 
concluded that natural emulsifiers can be used in SE emulsions for applications 
where fine droplets are not essential (Table 3). By contrast, Mayer et al. [105] 
concluded that it was not possible to produce nanoemulsions using natural emulsi-
fiers by the emulsion phase inversion method. These limitations imply that even 
natural-based emulsions can be prepared through low-energy methods, high-
energy approaches are needed when natural emulsifiers are used.

High-energy methods generate intensive forces promoting the water and oil 
phases disruption and their subsequent mixture. High-shear homogenizers are 
the most used equipment’s for producing emulsions in the food industry. They 
consist on a rotor-stator or stirrer device able to mix the components at high speeds. 
Usually, large droplets are produced using this approach (1–10 μm) in comparison 
to alternative high-energy methods. High-pressure homogenization is also widely 
used in the food industry, being more effective to reduce the droplet size of a pre-
emulsion. Generally, this coarse pre-emulsion is produced by high-shear homoge-
nizers, then subjected to the high-pressure homogenization process. The equipment 
consists of a high-pressure pump (3–500 MPa) to pass the coarse emulsion through 
a narrow homogenizing valve, generating intensive disruptive forces (shear and 
cavitation), breaking down the droplets into smaller ones [80, 81].

Many studies have been conducted using two high-energy sequential methods 
(high-shear and -pressure homogenizers) to produce emulsions/nanoemulsions 
with natural emulsifiers [111–113]. Flores-Andrade and co-workers performed 
a study with soy lecithin, whey protein concentrate (WPC) and gum Arabic as 
natural emulsifiers, and paprika oleoresin as the oil phase. The coarse emulsion was 
produced by a high-speed homogenizer, then treated in a high-pressure homog-
enizer. O/W nanoemulsions were produced, being WPC more effective to form 
small droplets (d < 150 nm) than the other tested emulsifiers [92].

Microfluidization is the most effective method for producing emulsions with 
fine droplets (d < 100 nm). This approach is based on feeding the fluid into the 
homogenizer, which consists of a mixture chamber with two channels. Intensive 
disruptive forces are generated when these two fluid streams collide at high speed, 
breaking larger droplets and intermingling the fluids [3]. As the high-pressure 
homogenizers, microfluidizers were used after preparing a pre-emulsion by high-
shear mixers [42, 114]. Ultrasound technique uses high-intense ultrasonic waves, 
generating intense shear and pressure gradients. The droplets are disrupted mainly 
by cavitation and turbulent effects [99, 115].

Currently, high-energy approaches are commonly used in the food industry due 
to their large-scale production capacity and the possibility to process a wide range 
of raw ingredients [71]. Although several high-energy emulsification devices are 
available, high-shear and pressure homogenizers, microfluidizers and ultrasound 
equipment’s are the most used in the production of natural emulsifiers-based 
emulsions.

3.4 Emulsion stability

Emulsion stability is an important parameter indicating its ability to resist 
physicochemical changes over time [116]. For food emulsions, the required stability 
varies according to the intended final application. For example, short-term stability 
of minutes to hours, is enough for intermediate food emulsions such as cake bat-
ter and ice cream mixtures, while long-term stability is required for long shelf-life 
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products, including mayonnaise and salad dressings [117]. For the latter ones, the 
development of effective strategies to retard emulsion destabilization implies the 
identification of the main mechanisms leading to this effect [73].

Emulsion instability can occur due to physical and/or chemical processes. The 
physical instability is responsible for modifying the emulsion droplets spatial distri-
bution and structure, including gravitational separation (creaming/sedimentation), 
flocculation, coalescence, and Ostwald ripening phenomena (Figure 5). These effects 
depend on the emulsion composition and structure, besides the storage conditions, 
namely temperature variation and mechanical stirring [74, 116]. Moreover, the 
physical phenomena are interrelated and can influence each other during emulsion 
storage [77].

Gravitational separation is driven by density differences between the droplets 
and the continuous phase. The droplets are subjected to gravitational forces tend-
ing to accumulate in the top (creaming) or in the bottom (sedimentation) of the 
system. Most edible oils present densities lower than water, favoring creaming in 
O/W emulsions, whereas sedimentation is usually observed in W/O emulsions 
[116]. Considering the impact of gravitational forces in the large droplets, the 
separation usually occurs for emulsions with droplet sizes higher than 100 nm 
or in a final stage of a sequence of instability phenomena [116]. By contrast, 
for lower droplet sizes, e.g., nanoemulsions, Brownian motion dominates over 
gravitational forces. Thus, reducing the droplet size is a suitable strategy to 
retard gravitational separation, with the emulsifier playing an important role to 
effectively reduce droplets’ size [2, 74]. Furthermore, the emulsifier’ layers tend 
to minimize the density difference between the emulsion phases, thus reducing 
the velocity of gravitational separation. Other strategies include modifying the 
rheology of the continuous phase or increasing the concentration of the droplets 
[74, 116].

Ostwald Ripening consists of the increase of the droplets size due to the dif-
fusion of small droplets into larger ones, effect driven by their solubility in the 
continuous phase. This effect is promoted when the droplet’s size decreases [73], 
being also influenced by the emulsifiers’ properties. Namely, Ostwald Ripening 
can be retarded by decreasing the interfacial tension of the phases, favored when 
small-molecule surfactants are used or when using emulsifiers able to form rigid 
shell around the droplets. By contrast, emulsifiers prone to solubilize the oil and 
water phases through the formation of colloidal structures (e.g., micelles) accelerate 
the Ostwald Ripening [2].

Flocculation and coalescence mechanisms are related to droplets aggrega-
tion, effect leading to droplet size increase [74]. In flocculation the association 
of at least two droplets in an aggregate occurs, whereas in the coalescence, the 
droplets merge into a larger one [77]. Both phenomena are highly dependent on 
the selected emulsifier [77, 116], namely their nature and colloidal interactions’ 
capacity [2].

Figure 5. 
Common types of instability phenomena in emulsions.
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4. Pickering emulsions

Pickering emulsions are defined as systems stabilized by solid colloidal particles 
adsorbed at the oil–water interface in a practically irreversible process, creating a 
coating around the droplets, either in the form of a single or multiple layer, generat-
ing a strong steric barrier providing high stability [118]. In the context of Pickering 
emulsions, the search for natural-based particles is currently a hot topic to face mar-
ket demands for novel clean label products (absent of emulsifiers) [119]. Pickering 
emulsions (Figure 6) are raising high interest in the recent years. They are charac-
terized by a long-term stability and have green connotations due to the absence of 
conventional emulsifiers. These attributes comply with the recent trends of food 
industry towards the use of sustainable and healthy technologies [16]. The stability 
of Pickering emulsions is related with the intrinsic properties of the oil and water 
phases (e.g., type, oil/water ratio, pH, ionic strength) and of the particle stabilizers 
(e.g., wettability, particle morphology, size and concentration). Particles presenting 
a contact angle (θ) below 90° are generally suitable for preparing O/W emulsions, 
whereas θ values greater than 90° indicate good stabilizers for W/O emulsions. At 
90°, the particle is immersed equally in both phases [120].

Regarding natural-based particles, three main typologies of stabilizers can be 
used, namely nanoparticles, microgels and fibrils. Examples include protein derived 
stabilizers, namely nanoparticles based on corn zein, and colloidal particles of 
kafirin and gliadin [118, 121–123]. Although many polysaccharides have high hydro-
philic character, some can include hydrophobic side groups (e.g., beet pectin and 
modified starch) or even active proteins attached to the surface (e.g., gum Arabic) 
[120], offering potential to act as Pickering stabilizers. Other polysaccharides 
widely used to produce Pickering bionanoparticles include chitin, chitosan and 
cellulose. To overcome particle’s limitations as Pickering stabilizers, the formation 
of complexes has been also proposed, namely complexes such as polysaccharide-
polysaccharide, protein–protein, and polysaccharide-protein [124]. Examples 
include zein-xanthan [125], and tea water insoluble proteins/κ-carrageenan com-
plexes [126].

In the context of the recent trends in Pickering emulsions, research aiming at 
finding new biological particles, the use of high internal phase emulsions (HIPPE), 

Figure 6. 
Schematic representation of a Pickering emulsion putting in evidence the particle stabilizers where θ represent 
the contact angle.
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and the development of bio-based films from Pickering emulsions are becoming 
topics of high interest for the development of novel food applications. Table 4 
presents an overview of recent works dealing with the preparation of Pickering 
emulsions based on novel biological particles together with the description of the 
main results envisaging potential food applications.

HIPPEs are characterized by having a high volume fraction of internal phase 
(generally higher than 74%), together with relatively low particles concentration 
resulting in an extremely compacted droplet’s structure [140]. HIPPEs are becom-
ing a novel approach of increasing interest in the food industry, since it combines 

Particle materials Main results Reference

Apple pomace Smaller particles led to emulsions with smaller droplet size, 
showing higher stability over time (30 days), in addition 
to improved physical properties (gel-like samples) and 
antioxidant activity.

[127]

Bamboo shoots dietary 
fiber

The emulsions were stable for 4 weeks avoiding coalescence 
against pH and ionic strength changes and pasteurization 
conditions.

[128]

Chitosan-sodium 
tripolyphosphate

The emulsions presented good thermal stability, showing 
potential to be applied as a food delivery system for essential 
oils.

[129]

Gliadin-pectin The emulsion with higher particles content (2%) showed 
suitable physical stability for 30 days, elastic-solid 
characteristics and good thermal stability (20–80°C).

[130]

Hordein-chitosan The emulsions exhibited good stability during storage 
(14 days, oil ratio = 0.5 and 0.6) and physical properties 
(elastic gel-like network).

[131]

Pea protein The emulsions with higher particle content showed stability 
against coalescence over 3 months.

[30]

Sago starch nanocrystals The emulsions were stable with no signs of creaming for over 
2 months.

[132]

Soy protein 
isolate-anthocyanin

The emulsions were reached a cream index of 17%, presenting 
stability for 7 weeks. They presented improved oxidative 
stability and resistance to in vitro digestion conditions.

[133]

Soy protein 
isolate-chitosan

Cream index values were very low, and the emulsion 
presented good stability to a broad range of ionic strength and 
mild temperature conditions (4–60°C).

[134]

Tea protein Emulsions with gel-like properties were produced, presenting 
no creaming over 50 days.

[135]

Zein-corn fiber gum High oil concentrations (oil ratio = 0.5) led to higher stability 
and the formation of a gel-like structure.

[136]

Zein-gum arabic The emulsion showed a high stability against coalescence and 
Ostwald ripening during 30 days of storage (oil ratio = 0.7).

[137]

Zein-pectin The emulsions maintained excellent physical stability for 
1 month. In addition, they demonstrated good performance as 
delivery systems of essential oils.

[138]

β-lactoglobulin-gum 
arabic

The particles provided stability against coalescence and 
Ostwald ripening for up to 12 weeks, in addition to improve 
chemical stability.

[139]

Table 4. 
Examples of bionanoparticles as Pickering stabilizers. All the systems are of O/W type.
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diverse advantages, namely a semi-solid texture with the ability to encapsulate high 
amounts of bioactive compounds [141]. HIPPEs allow to control the droplet size 
distribution, manipulate the morphology and rheological properties, generally pre-
senting enhanced stability against physical, chemical and microbiological stresses 
[142]. They are positioned as extremely promising substitutes for foods such as 
margarine, mayonnaise or ice creams [143, 144]. For example, Liu et al. studied 
wheat gluten as stabilizer in a HIPPE to develop a novel mayonnaise substitute 
[145]. They obtained excellent results concerning texture and sensory attributes 
when compared with commercial products.

Bio-based films made from hydrophilic particles added with hydrophobic com-
pounds is another emerging approach in the scope of new applications developed 
from Pickering emulsions [146]. These strategies provide the ability to improve the 
stability of the base materials (hydrophilic), in addition to facilitate the combina-
tion with hydrophobic materials (e.g., waxes, fatty oils and oils) leading to systems 
with enhanced moisture barrier properties [147].

5. New trends in food emulsion systems

The wide variety of emulsion-based systems using natural emulsifiers makes 
their applicability attractive for various products, particularly in the food industry. 
The nature and function of emulsifiers, and the formed emulsion type (e.g., nano/
micro-scale, simple or double character) can tailor appearance, sensorial charac-
teristics, and attractiveness of foods. Among their diverse functions, the increasing 
use of emulsions as functionality carriers should be highlighted. In fact, recent 
works have demonstrated their potential and versatility for the encapsulation of 
flavors, and to protect and deliver specific bioactives in foods or beverages, helping 
to strengthen nutritional balances, and enabling the production of reduced-fat 
products. A summary of examples addressing new trends of emulsion-based prod-
ucts with potential in the food industry are included in Table 5, with some highlighs 
provided next.

Lopes Francisco et al. [149] reported an emulsifying system with encapsula-
tion potential based on commercial pea and soy proteins. The work involved the 
encapsulation of an orange essential oil rich in d-limonene using a O/W emulsion 
followed by spray drying to obtain powder microparticles. It was demonstrated 
the ability of pea and soy proteins to act as emulsifiers in the encapsulation of 
orange essential oil, getting a slightly higher efficiency if using soy protein as 
the natural emulsifier. These promising results can help consolidate a platform 
aiming at developing new protective systems to encapsulate flavors for foods, 
complying with the increasing demand from this industrial sector for natural-
based systems.

At the nanoscale, Flores-Andrade et al. [92] reported the preparation of O/W 
nanoemulsions by high-pressure homogenization, using amphiphilic biopoly-
mers to stabilize paprika oleoresin, namely whey protein, gum Arabic, phospho-
lipids, and soy lecithin. The results demonstrated the effective oil encapsulation, 
preserving carotenoids (e.g., lipophilic colorants) from chemical degradation, 
besides positioning this strategy as an attractive route to design new protective 
and delivery carriers for bioactive compounds aimed at food and/or beverage 
products.

The potential of double emulsions was also demonstrated by Cetinkaya et al. 
[152] that evidenced the reduction of the saturated fat content in O1/W/O2 emul-
sions prepared by fat crystallization according to a two-stage process. Firstly, the 
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primary O1/W emulsion was prepared using sunflower oil and xanthan gum and 
gelatin as emulsifiers, which was then stabilized in a second oil phase (palm oil), 
resulting in a structured O1/W/O2 system. Microstructure examination revealed 
that the accumulation of fat crystals at the interface contributed to stabilize the 
internal water phase containing the encapsulated sunflower phase. These complex 
structures showed potential to directly encapsulate hydrophobic oils and act as 
texturizing reduced-fat agents, which might be of particular interest for the edible 
oils industry.

6. Conclusions

This chapter presents an up-to-date overview of current trends in natural 
emulsifiers and their application in emulsion technology directed to food applica-
tions. For this purpose, first, the evolution of food emulsifiers’ scenario over the 
last 10 years was analyzed through the Bibliometrix-R package (RStudio) and 
VosViewer software. This analysis indicated a clear driving force towards using 
natural emulsifiers and the re-emerging importance of the Pickering emulsions. 
These facts are expected to impact the market growth following the prospectus of 
available market analysis. The six main identified families of natural emulsifiers 

Emulsion 
type

Oil phase Emulsifier Highlights Reference

O/W Vegetable oil Orange pulp and peel 
powders

Base emulsions for food 
applications

[148]

O/W Orange 
essential oil

Pea protein concentrate 
and soy protein isolate

Encapsulation of flavors 
for the food industry 
(powder form)

[149]

O/W Sunflower, 
soybean, MCT, 
and orange oils

Crude saponins isolated 
from onion skin wastes

Food nanoemulsions 
(stable emulsions, except 
at acidic pH and high 
ionic strength)

[40]

O/W Paprika 
oleoresin

Whey protein and gum 
Arabic, and soy lecithin

Food and beverage 
systems for the delivery 
of carotenoids

[92]

O/W Hemp seed oil Aesculus hippocastanum 
L. extract

Food nanoemulsions 
with enhanced 
nutritional properties

[150]

O/W Almond, 
mustard, olive, 
and soyabean 
oils

Biosurfactants isolated 
from Candida albicans 
SC5314 and Candida 
glabrata CBS138 yeast 
strains

Food emulsions with 
improved antibacterial 
capacity

[151]

O/W Corn and 
sunflower 
oils) /

Biosurfactant isolated 
from Candida utilis

Food emulsions with 
promising properties for 
salad dressings

[63]

O1/W/O2 O1 – 
Sunflower; O2 
- palm oil

Primary emulsion - 
gelatin, xanthan gum; 
Secondary emulsion - 
solid fat crystals

Oil encapsulation 
systems
for texturizing reduced-
fat agents

[152]

Table 5. 
Applications of natural-based emulsifiers in food industry.
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were phospholipids, saponins, proteins, polysaccharides, emulsifiers from micro-
bial sources and Pickering stabilizers. Some of them already find extensive use in 
practical food applications. However, others, mainly natural-based emulsifiers 
from microbial sources and Pickering stabilizers, despite their high potential, are 
still needing research investment and regulation clarification (e.g., related to the 
use of nanoparticles and the use of microbial strains classified as pathogenic in 
foods). From a technological perspective, the main concepts related to the typology, 
production methods, stabilization mechanisms, and instability phenomena were 
presented. Highlighting the increasing interest in Pickering emulsions, a summary 
of the most recent applications of these systems, including the so-called HIPPEs 
and their advantages in reduced-fat products development, was provided. To con-
clude, an analysis of current trends in food emulsion-based products was discussed, 
putting in evidence the emulsions increasing role as delivery systems of bioactives 
to support innovative fortified foods advances and the increasing interest in systems 
based on double emulsions, which provide the opportunity to combine bioactives of 
different nature. Overall, the field of natural-based emulsifiers combined with the 
new trends in emulsion technology can, hopefully, be the basis of a new generation 
of healthy and nutritious food products.
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Chapter 7

Role of Natural Additives on 
Quality and Shelf Life Extension 
of Fish and Fishery Products
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Sivam Visnuvinayagam and Mukteswar P. Mothadaka

Abstract

Fish and fishery products have drawn greater attention due to their high 
 nutritional value owing to the presence of cheap superior quality proteins, essential 
fatty acids, and macro and micronutrients. But higher water content, non- protein 
nitrogen, and post mortem pH (6–7) in fish favor rapid spoilage by autolysis or 
putrefaction, and can result in health risk as well as economic loss. Moreover, the 
quality of fish is affected by species, harvesting season, handling and method of 
processing. Thus, application of food additives become necessary to maintain the 
shelf life, nutritional content, texture and flavor of the raw material as well as 
processed products. Considerable research is being done on applications of natural 
additives after the emergence of the concept ‘Green consumerism’ which resulted 
in decreased consumer preference for using synthetic food additives. In this back-
ground, this chapter will review the natural additives used for quality maintenance 
and shelf life extension of fish and fishery products.

Keywords: Spoilage, Autolysis, Putrefaction, Shelf life, Green consumerism

1. Introduction

Fish and fishery products have become increasingly popular due to their high 
demand and nutritional value. According to Food and Agriculture Organization 
(FAO), worldwide production of finfish, mollusks (mainly bivalves), and crusta-
ceans are 54.3, 17.7, and 9.4 million tons respectively [1]. Human consumption of 
fish is around 88% of total production and among them, 44% consist of live, fresh, 
or chilled products, and 35% consist of frozen products [2]. But, among animal-
derived products, fish is considered as the most perishable commodity as it contains 
a high amount of water, high post mortem pH (greater than 6), non-protein-nitro-
gen content, free amino acids, lower content of connective tissues, and presence of 
an osmoregulant, trimethylamine oxide (TMAO) [3]. Spoilage or the deterioration 
process refers to any change in the condition of food in terms of taste, smell, appear-
ance, or texture and becomes undesirable or unacceptable for human consumption. 
Generally, the process involves 3 stages; rigor mortis, autolysis, and putrefaction. 
Rigor mortis or the muscle stiffening will last for hours (time may vary with temper-
ature) after their catch. Subsequently softening occurs due to enzymatic or oxidative 
self-digestion, and completed by microbiological processes (putrefaction) [4].
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Every year, chemical and microbial deterioration alone contributes 25% of gross 
primary product loss (agricultural and fishery products). Besides this, there are 
several other factors such as harvesting season, type of species, capturing method, 
handling, the time lag from catch to processing, method of processing, storage 
temperature, etc. that also influence the rate of spoilage. During spoilage, the 
breakdown of various components and formation of new compounds responsible 
for the off- flavor, off odor, discoloration, and texture damage of the fish meat 
takes place [5]. Therefore, certain food additives have been added to maintain the 
quality, and the shelf-life of fish and fishery products. The main aim is to combat 
microbial contamination as well as oxidation for the extension of product’s shelf 
life. Generally, lipid oxidation leads to quality deterioration, and some of them can 
be detected by organoleptic evaluation, but microbial contamination especially 
pathogenic microorganisms mostly do not produce sensory deterioration, which 
act as a challenge for food safety. It emphasizes the importance of the application 
of antimicrobials in the preservation techniques [6]. In the case of fish and fishery 
products, preservation techniques draw more scientific attraction, since they 
represent internationally traded products. Even though many strategies have been 
developed to prevent chemical and microbial spoilage by chemical preservation, 
there is still a need for the use of natural preservatives, considering consumer 
safety. Thus, various researches and efforts have been made to invent more natural 
alternative solutions in the field of food preservation.

2. Quality changes in fish and fishery products

Fish and fishery products deteriorate rapidly as a consequence of various 
biochemical breakdowns and microbial activities on the chemical composition 
of meat. The spoilage involves autolysis or self-digestion of these compounds by 
digestive enzymes or by free radicals [7]. The major spoilage process is lipid degra-
dation, which mainly occurs through oxidation or hydrolysis. The oxidation could 
be various types such as photo-oxidation, thermal oxidation, enzymatic oxidation, 
and auto-oxidation. It can also be accelerated by prooxidants within the body such 
as hemoglobin, myoglobin, cytochrome c, etc. The process involves the reaction of 
unsaturated fatty acids of triglycerides with atmospheric oxygen to form unstable 
primary products like free fatty acids (FFAs), dienes, and peroxides and secondary 
products like aldehydes, ketones, alcohols, hydrocarbons, volatile organic acids, 
trienes, epoxy compounds and carbonyls [8]. The process of lipid hydrolysis or 
lipolysis is breaking down of triglycerides into FFAs by the action of enzyme lipases. 
Accumulation of these FFAs stimulates protein denaturation, texture damage, and 
drip loss by the formation of protein-lipid cross-linkages [9]. Generally, protein 
denaturation in fish occurs mainly by the action of proteolytic enzymes in the 
muscle (cathepsins) and the intestinal tract (trypsins), which results in muscle 
solubilization and leads to undesirable texture damage. End products like amino 
acids, peptides, amines, H2S, ammonia, indole, etc. will be formed and will all act 
as a medium for microbial growth. Microbial breakdown of amino acids will lead to 
bitterness, souring, bad odor, sliminess, etc. of the flesh [10].

For fish and fishery products, gram-negative bacteria like Shewanella, Photo
bacterium, Pseudomonas, Moraxella, Acinetobacter, Flavobacterium, Aeromonadaceae, 
and Vibrionaceae and the gram-positive bacteria such as Bacillus, Micrococcus, 
Lactobacillus, Clostridium, and Corynebacterium are considered as the major spoil-
ers [3, 10]. The spoilage resulting in off-flavors is due to the formation of specific 
alcohols, aldehydes, acids, ketones, and sulfur and nitrogen compounds. One of 
the other major non-nitrogen compounds formed is trimethylamine (TMA) by 
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the action of several spoilage bacteria on TMAO, an osmoregulant, present in fish 
(mostly marine and some freshwater fish), and cause a high (positive) redox poten-
tial (Eh) in the flesh. Under anoxic conditions, many of the spoilage bacteria utilize 
TMAO as a terminal hydrogen acceptor, thus allowing them to grow, and resulting in 
the formation of TMA. TMA reacts with lipids in the muscle to produce the off odor 
of low-quality fish. This could be a reason for rapid spoilage occurring in seafood 
than other muscle foods [11]. Thus, microbial spoilage can be determined by TMA 
level in the product. In the case of shrimps, at above 10°C, indole-positive organisms 
such as Aeromonas cause subsequent conversion of tryptophan to indole, which is 
associated with the off-odor of decomposition of shrimp. Thus high levels of indole 
in the flesh is an indicator of high temperature in the chilled storage process [12]. 
Clams and oysters undergo fermentative type spoilage also [13]. Generally, the 
microbial contamination in the fish mainly occurs through microbes associated with 
the habitat, invasion during processing, handling, and long-term storage. Growth 
of spoilers differs by habitats like freshwater or marine, temperate or tropical water, 
and storage or processing conditions. The microbial and chemical stability of food 
during processing and storage will be determined by the available water for micro-
bial growth, called water activity (aw). Yeast requires aw of minimum 0.7 for their 
growth, and except Staphylococcus aureus, most bacteria require at least 0.9 aw to 
grow [14]. Thus, it can be said that microbiologically stable fish product is with an 
aw less than 0.6 [15]. Thus, the water content in the product should be minimum to 
prevent microbial spoilage. Moreover, pathogenic microbes of public health concern 
are also taken into consideration as they can produce hazardous toxins. Some of 
these are; toxin produced by Clostridium botulinum (botulinum toxin) in processed 
food, Scombrotoxin as a result of the microbial conversion of histidine to histamine. 
Bacteria involved in this process include Morganella morganii, Klebsiella pneumoniae, 
Hafnia alvei, Pseudomonas putrefaciens, and Clostridium perfringens. Shellfishes 
can accumulate various algal toxins like brevetoxins, okadaic acids, domoic acids, 
saxitoxins, etc., and cause serious illness to humans [16].

Another important spoilage mechanism is post-mortem nucleotide catabolism, 
resulting in ATP depletion and subsequent formation of hypoxanthine (Hx) 
(Figure 1). The breakdown products do not affect the safety but sensory quality 
undergoes some changes [17, 18]. Based on these compounds formed, the freshness 
can be expressed. The ratio of inosine (Ino) and Hx to total nucleotides and their 

Figure 1. 
Nucleotide catabolism as a result of autolysis and putrefaction.
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catabolic derivatives will give the K value, an indicator of loss of freshness [19]. The 
ratio of Hx to the total of Inosine monophosphate (IMP), Ino, and Hx will give the 
H value, an indicator of Hx accumulation (bitterness), and its limit for human con-
sumption has been suggested as 60% [20]. Another quality indicator is the F value. 
It is the ratio of IMP to the total of IMP, Ino, and Hx, and fish with F-value of 10% 
and higher is considered unacceptable [21]. Thus there is a huge need for the use of 
additives in the food industry. Application of food additives and low-temperature 
preservation leads to diminution of most of the spoilage process to a greater extent.

3. Role of chemical additives and natural alternative solutions

By definition, additives are the substances that are added to maintain or improve 
the safety, freshness, taste, texture, or appearance of food. Generally additives can 
occur in fish and fishery products during production, processing, storage, packag-
ing, and transportation. Additives can be of two types; Synthetic or chemical, and 
natural additives. Some of them are listed in Table 1.

3.1 Chemical additives

Among chemical additives, the most common and widely used chemical is 
sodium chloride (NaCl). Salt drying and brining is the most traditional as well 
as an effective method of food preservation, and several studies have been made 
to explore all the preservation properties of NaCl. In Nile tilapia fillets, NaCl 
improved the weight and minimized drip loss [34], showed weight gain in white 
shrimp (Litopenaeus vannamei) [35], and had anti-melanotic activity along with the 
shelf-life extension in shrimp (Xyphopenaeus kroyeri) [36]. Like salt, sugar is also 
easily available and is a widely used additive for seafood products. Sugar treatment 
can significantly reduce pH value and decrease volatile bases like total volatile base 
nitrogen (TVB-N) [37]. It also showed a cryoprotectant action in frozen surimi (wet 
protein concentrate) and other products [38, 39], protection of myofibrillar protein 
[40], decrease the accumulation of biogenic amines in sausages and dry-cured grass 
carp [41, 42], and prevention of protein denaturation in minced fish meat [43]. The 
combination of both sugar and salt could also delay spoilage and improve many 
sensory qualities [37]. The product ‘gravad’ traditionally manufactured in Nordic 
countries is prepared by such a combination of sugar and salt [44]. Additives such 
as table salt and organic acids like acetic acid or citric acid in the Marination tech-
nique not only prevent microbial growth but also improve organoleptic properties 
of fish and fishery products [45]. In seafood, the addition of organic acids provides 
great preservative action as an antimicrobial agent. Acetic acid and lactic acid, 
either single-use or combination had a growth-inhibiting effect against pathogens 
like Listeria monocytogenes and Escherichia coli [46]. The inhibitory effect of these 
acids against L. monocytogenes was also reported from mussels [47]. Generally, the 
addition of citric acid showed a positive impact on TVB-N accumulation, tough-
ness, and pH, but a negative impact on the texture and cooking yield of refrigerated 
shrimp. In such a case, sodium citrate helps to improve cooking yield and texture by 
preventing excessive pH drop [48]. Sodium or potassium lactate is also considered 
a good additive for seafood products. It showed shelf-life extension in minced fish 
products [49], antibacterial effect in sliced salmon [50], in cold-smoked salmon 
[51], and in catfish fillets [52].

Many other compounds, including phosphates, carbonates, and sulfites, are 
used as major seafood additives. Phosphate compounds especially, polyphosphates 
(PP) have been widely used in fish and fishery products as cryoprotectant [38], 
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gel strength, and flavor enhancer [53], for providing higher cooking yield [31], 
improving weight, and reducing drip loss [34, 54], modifying texture, color, and 
reducing cooking loss [55–57], improving quality of fillet [58], minimizing drip 
loss in shrimp [59, 60], drip loss in sea robin (Prionotus punctatus) and pink cuskeel 
(Genypterus brasiliensis) fillet [31], and weight gain in kutum (Rutilus frisii) fillets 
[61]. Sodium hexametaphosphate (SHMP) or tripolyphosphate (STPP), or pyro-
phosphate- tribasic/ tetrabasic (TSPP) are the major phosphate compounds used 
in processing. Among carbonates, sodium carbonate (Na2CO3) sodium bicarbonate 
(NaHCO3), and magnesium carbonate (MgCO3) have been widely used. Weight gain 
is observed when white shrimp are treated with Na2CO3 and NaHCO3 [35]. The addi-
tion of NaHCO3 also provides the highest expansion volume for yellow pike conger 
crackers [62]. Sulfites have been widely used as additives due to their desirable 
technical properties like preventing melanosis or discoloration. The most predomi-
nant sulfiting agent is sodium sulfite used to prevent melanosis in crustaceans like 
shrimp, lobster, crab, crayfish, etc. [32]. Nitrite is another chemical commonly used 
as an antimicrobial agent, and effective against C. botulinum and its toxin production 
[63]. A combination of nitrite and sorbic acid would also give the best result as it can 
inhibit most yeasts. A combination of sorbic acid with benzoic acid could preserve 
brined shrimp [64]. Moreover, additives such as flavor enhancers, sweeteners, 
colorants, etc. are used to enhance the appeal of the food. Monosodium glutamate 
(MSG), calcium chloride (CaCl2), and Disodium guanylate/ inosinate are the major 
flavor enhancers. Commonly used sweetening agents are saccharin, sucralose, glyc-
erol, acesulfame potassium, aspartame, sodium cyclamate, neotam, and neohesperi-
dine. Widely used colorants include carmine, carmosine, caramel, paprika, annatto 
dye, iron oxides and hydroxides, ponceau, cochineals, titanium dioxide (TiO2), 
FD&C Yellow, and astaxanthin (Table 1). Butylated hydroxyl toluene (BHT), butyl-
ated hydroxyanisole (BHA), tertbutylhydroquinone (TBHQ ), propyl gallate (PG), 
and sodium acetate are widely used synthetic antioxidants to prevent lipid oxidation 
through free radicals scavenging, breaking chain reactions, peroxide decomposition, 
and decreasing oxygen concentrations and thereby increasing the shelf life [50]. 
But preservatives include sulfites, nitrates, benzoates, sorbates, formaldehyde, and 
others that may possess carcinogenic side effects. Thus nowadays the use of chemical 
preservatives in food industries steadily decreases and consumers are turning to the 
use of natural additives.

3.2 Natural additives

3.2.1 Plantderived products

The use of plant-derived natural compounds such as essential oils, plant 
extracts, hydrocolloids, phenolic compounds, etc. is very popular in seafood preser-
vation. Their strong antimicrobial and antioxidant activities present great potential 
for use in the food industry [64–66].

Plant extracts and essential oils can be derived from plant petals, leaves, fruits, 
peels, stems, roots, and xylems and their antioxidant effects are due to volatile 
organic compounds, terpenoid, and phenolic components in the plant. The inhibi-
tory effects of essential oil on gram-negative bacteria are less than that of gram-
positive bacteria as their lipopolysaccharide cell wall of gram-negative bacteria 
blocked the invasion of hydrophobic oils into the cell membrane [67]. Using 
essential oils (EOs) and plant extracts to extend shelf-life and maintain the qual-
ity of fish and fishery products has been reported frequently. Some of the recent 
studies of their application in fish and fishery products are represented in Table 2. 
However strong odor and taste, high volatility, complex chemical composition, 
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Plant derived 
compounds

Preservative properties Product Reference

Essential oils

Rosemary Retarded microbial growth, delay 
chemical deterioration, sensory qualities, 
and extend the shelf life for 14 days during 
storage.

Bonito Fish 
Patties

[68]

Rosemary and basil Inhibited the formation of TVB-N and 
lipid oxidation products during storage

Atlantic 
Mackerel

[69]

Rosemary, laurel, 
thyme, and sage

Antimicrobial, antioxidant properties, and 
also enhanced the organoleptic quality

Rainbow trout 
fillet

[70]

Rosemary, cinnamon 
fennel and cardamom

The counts of S. aureus, E. coli and Bacillus 
cereus were reduced

Carp fingers [71]

Green pepper Inhibited the growth of wild type strain of 
P. aeruginosa and attenuated its virulence 
properties

Fish-based 
products

[72]

Orange leaf Enriched with Gelatin film showed shelf-
life extension of 10 days

Shrimps [73]

Carvacrol, bergamot 
and grapefruit

Improved the quality of fresh fish and 
extended the shelf-life up to 4 days.

Seabream [74]

Oregano, thyme, and 
star anise

Inhibited microbial growth and delaying 
lipid oxidation

Grass carp [75]

Ginger Significant reduction in the TVBN and 
lipid oxidation

Cobia steaks [76]

Clove, cumin, and 
spearmint

Retarded sensory deterioration and 
formation of biogenic amines.

Red drum 
fillets

[77]

Black cumin Higher sensory quality, and extended 
shelf life

Fresh fish 
fillets

[78]

limonene Maintained spoilage bacteria at a lower 
level and extended the shelf-life of 15 days

Gilthead sea 
bream fillets

[79]

Allyl Isothiocyanate Extended the shelf-life by maintain 
specific spoilage organisms at a lower level

Gilthead sea 
bream

[80]

Oregano Activity against Listeria spp. Salmon [81]

Fennel Coating with chitosan nanoparticles 
reduced the PV, TVBN, TBARS and 
microbial count

Huso huso fish 
fillets

[82]

Satureja thymbra leaves Reduced peroxide value and eliminates 
secondary oxidation products

Gilthead 
seabream 
fillets

[83]

Lemon Lowered accumulation of histamine, and 
improved sensory characteristics

Salted sardines [84]

cinnamon bark Inhibited Aeromonas and Shewanella, 
and reduced the accumulation of TVBN, 
putrescine, cadaverine

Grass carp [85]

Plant extracts

Cumin seed and Wild 
mint leaf

Retarded microbial growth, chemical 
deterioration, and improved sensory 
characteristics

Rainbow trout 
fillets

[86]

Shallot fruit and ajwain 
seed

Delayed lipid oxidation and 
microbiological spoilage

Semi-fried 
coated 
rainbow trout 
fillets

[87]
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low bioavailability and stability, and factors affecting chemical compositions like 
plant genetic variability, extraction techniques, etc. are some limitations for the 
application of these phytogenic additives [99]. Like other plant-derived products, 
seaweed and algal extracts are emerging as a rich source of natural antioxidants, 
along with many nutritional values. The three important widely used hydrocol-
loids are; agar-agar, align, and Carrageenan. As thickening agent agar-agar is used 
mainly in fish paste products. Carrageenan is used to enhance the gelling property 
of fish mince [100–102], and organoleptic properties of mussels and squids [103]. 
The sodium salt of alginic acid is widely used as a stabilizer and thickener in coating 
films. Sodium alginate coating with rosemary extract reduced the accumulation 
of biogenic amines and bacterial count in Abalone (Haliotis discus hannai) [104]. 
Coating with gingerol delayed lipid oxidation, protein degradation, nucleotide 
breakdown, and inhibited microbial growth in Seabream (Pagrosomus major) [105]. 
Coating with tea polyphenols had significantly lowered the levels of TVB-N, lipid 
oxidation, and protein decomposition in Japanese Sea Bass (Lateolabrax japonicas) 
fillets [106]. The use of alginate-calcium film coating with Citrus wilsonii extract 
delays the deterioration and results in a higher sensory score for L. vannamei 
[107]. Significant reduction in the TVB-N, TMA, and thiobarbituric acid reactive 
substance (TBARS) has been detected during chilled storage with the presence of 
Gracilaria gracilis extract in shrimp [108], G. verrucosa extract in Indian mackerel 
[109], and extracts of Hypnea musciformis and A. muscoides in black tiger shrimp 
[110]. Similarly, seaweeds like Sargassum kjellmanianurn [111], and Grateloupia 

Plant derived 
compounds

Preservative properties Product Reference

Allium paradoxum and 
Eryngium caucasicum 
trauve.

Significantly delayed oxidative 
deterioration and maintain lower bacterial 
growth

Silver carp 
fillets

[88]

Punica granatum peels 
and Hibiscus sabdariffa 
calyxes

Colorant, preservative, and antimicrobial 
action

Burger and 
surimi

[89]

Nothopanax sutellarium 
leaf

Potential to preserve the fresh fish during 
transportation

Nile tilapia [90]

Mint leaf and citrus peel Retarded the quality changes and 
extended the shelf life

Indian 
mackerel

[91]

Syzygium australe and S. 
luehmannii fruit and leaf

Inhibition to Shewanella spp. Fresh and cold 
storage fish

[92]

Kakadu plum Inhibited bacterial growth for 15 days at 
4°C

Fish fillets [93]

Clove, Sage and 
kiwifruit peel

Antioxidant and antimicrobial potential, 
and extend the shelf life

Fish fingers [94]

Pomegranate, rosemary, 
and olive

Delayed the lipid oxidation, and microbial 
count

Fish patties [95]

Plectranthus amboinicus 
leaf

Improved the color, rehydration and water 
activity

Fish oil 
fortified soup 
powder

[96]

Green Tea Leaves and 
Fenugreek Seeds

Decreased TVBN, TBARS, total bacterial 
count, and pH

Shrimp [97]

Basil leaf Antimicrobial effect and longest shelf life Mullet fillet [98]

Table 2. 
Summary of some of the recent studies of application of essential oils, and plant extracts in fish and fishery 
products.
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filicina [112] exhibits a good antioxidant activity and prevent lipid oxidation in 
fish oil. Extracts of seaweeds such as Fucus vesiculosus inhibited the hemoglobin-
mediated lipid oxidation in washed cod muscle and cod protein isolates [113], and 
extracts of Durvillaea antarctica (cochayuyo/ulte), Pyropia columbina (red luche), 
and Ulva lactuca (sea lettuce) improved the lipid and sensory qualities in canned 
salmon [114]. Some phenolic compounds like flavonoids, phenolic acids, hydroxy-
cinnamic acid, and lignans are also used as plant derived natural additives [115]. 
In surimi-derived products, several hydrocolloids like konjac enhance the gelling 
property [116]. Other products like starch [101, 102], gums such as garrofin, guar, 
xanthan [117], etc. also provide a gelling effect and assure elasticity of the product. 
Iota carrageenan and xanthan had a cryoprotective effect too [118]. Other plant-
derived products such as soybean protein, wheat gluten, and starch are also used as 
additives for fish-paste products [119].

3.2.2 Animalderived products

Nowadays, animal-derived products like chitosan, gelatin, and whey proteins 
are widely used as food additives. Chitosan is a natural polymer obtained from 
chitin, a component of the exoskeleton of shellfish and fungal cell walls. Gelatin is 
a protein derived from the raw collagen of animal body parts. Whey protein is one 
of the two proteins, other than casein, found in milk. The bioactive coating of food 
products with these compounds provides antioxidant and antimicrobial properties 
and can thereby increase the shelf life of the product. Direct addition of compounds 
into the packaging materials also provided more potent preservative action [120]. 
Some of the recent studies on the application of chitosan, gelatin, and whey protein 
as edible coatings in fish and fish product preservation are represented in Table 3. 
But in moist environments, edible films and coating showed relatively low stiffness 
and strength, thus limited their use in specific conditions. Another animal-derived 
product, bioactive peptide (specific protein fragments) showed antimicrobial 
[137], and antioxidant activities [138]. In fish paste products, the products like 
plasma hydrolysate, plasma protein, ovomucoid, egg albumin, egg white, etc. were 
added as additives for improving strength [119]. The binding effect of egg whites 
and hydrolyzed beef plasma proteins in surimi gels [139], gel enhancing effect of 
bovine plasma powder, and egg white powder in arrow tooth surimi [140] were also 
reported.

3.2.3 Microbialderived products

Bacteriocin, a major bacterial-derived bio preservative (mostly from Lactobacillus) 
has potent antimicrobial properties. The mode of action is interfering cell wall syn-
thesis of bacteria by pore formation and squeezing out of the inner material thereby 
restricting their growth [141]. Along with this antimicrobial action, other properties 
like nontoxicity, active in a wide range of pH and temperature, etc. making them gen-
erally recognized as safe (GRAS) additive [142]. The most common bacteriocins pro-
duced by Lactobacillus are Nicin, lacticin, pediocin, etc. Many bacteriocins are known 
to be more effective against endospore-forming bacteria. Bacteriocins were used to 
reduce the counts of Salmonella and Vibrio spp. in marine fishes and loligo [143], 
Listeria inaqua, and Pseudomonas spp. in fish homogenates [144], and aerobic and 
anaerobic bacteria in cold smoked salmon [145]. A novel bacteriocin BCC7293 from 
Weissella hellenica showed activity against L. monocytogenes, S. aureus, P. aeruginosa, A. 
hydrophila, E. coli, and S. Typhimurium in Pangasius fillets [146]. Bacteriocin FGC-12 
and DY4–2 produced by Lactobacillus plantarum showed some inhibitory effect on 
Vibrio parahaemolyticus in shrimp [147], and Pseudomonas fluorescens in turbot fillet 
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[148] respectively. Bacteriocin LJR1produced by Pediococcus pentosaceus showed 
activity against L. monocytogenes in white shrimp [149]. Bacteriocin GP1 produced 
by Lactobacillus rhamnosus active against Coliforms, Aeromonas, and Vibrio spp. in 
fish fillets [150]. The combination of bacteriocins with other preservation techniques 
usually results in better action. Microencapsulated Ziziphora clinopodioides essential 
oil and Nisin showed the strongest effect on preserving the sensorial quality of fish 

Fish product Preservative action Reference

Chitosan-based

Grass carp Inhibited cathepsin activities and thereby retarded the proteolysis [121]

Olive flounder Coating combined with clove oil improved the quality and shelf life 
was extended by 6 days

[122]

White shrimp Coating combined with pomegranate peel extract reduced the 
melanosis, TVBN and microbial count

[123]

Mackerel Coating combined with gallic acid decreased microbial growth, 
protein decomposition, biogenic amine formation, lipid oxidation and 
nucleotide breakdown and shelf life was extended

[124]

Fish burgers The chitosan film containing lactoperoxidase system suppress the 
increase of Pseudomonas spp. and Shewanella spp. and TBARS value

[125]

Mori Fish Spoilage reduction when coated with rosemary extract on storage [126]

Gelatin-based

Rainbow trout 
fillets

Coating incorporating oregano essential oil minimized the formation 
of volatile bases, oxidation products, and the growth of total and 
psychrotrophic bacteria

[127]

Shrimp Fish gelatin reduced lipid oxidation and extend shelflife [128]

Shrimp Coating enriched with orange leaf essential oil extend shelf life about 
10 days

[73]

Tilapia fillets Combined with grape seed extract
reduced the formation of undesirable metabolites like TMA and 
histidine significantly

[129]

Chitosan-gelatin-based

Golden- pomfret 
fillets

Inhibits myofibril degradation [130]

White shrimp Decreased the total and psychrotrophic bacteria and increased the 
shelf-life

[131]

Salmon fillet Incorporated with garlic and lime extracts extended the shelf life by 
antibacterial and antioxidant activity

[132]

Minced trout 
fillet

Incorporated with grape seed extract Ziziphora clinopodioides essential 
oil reduced the spoilage

[133]

Whey protein-based

Pike-Perch Coating with lactoperoxidase system and α-tocopherol extended the 
shelflife significantly

[134]

Rainbow trout 
fillet

Reduced microbial growth, and TVB-N and TBA [135]

Rainbow trout 
fillet

Inhibited Shewanella and P. fluorescens and shelf life was extended [136]

Table 3. 
Some of the recent studies on the application of chitosan, gelatin, and whey protein as edible coatings in fish 
and fish product preservation.
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burgers [151]. However the use of bacteriocin is limited due to its high cost. Another 
microbial-derived product kojic acid, a natural product of many fungi like Aspergillus 
and Penicillium, has certain anti-enzymatic browning and antibacterial effects, 
especially against gram-negative bacteria [152]. A combination of kojic acid and tea 
polyphenols showed an antibacterial effect against spoilage bacteria in refrigerated 
seabass (Lateolabrax japonicas) [153]. ε-Polylysine is another microbial-derived 
product with excellent preservative properties. It was isolated originally from bacteria 
Streptomyces albulus. Treatment with ε-Polylysine lowered the TVB-N, putrescine, 
cadaverine, and hypoxanthine and extended the shelf-life of shrimp [154]. The addi-
tion of ε-polylysine chitosan and carrageenan showed shelf life extension of Chinese 
shrimp (Fenneropenaeus chinensis) [155], and chitosan-based coatings combined with 
ε-polylysine and rosmarinic acid contributed to the reduction of TVB-N, TMA, and 
ATP-related compounds in Half-smooth tongue sole fillets [156]. A combination of 
plant, animal, and microbial-derived products showed the strongest preservative 
action than the independent use.

4. Conclusions

As a perishable food commodity, most of the world’s supply of fish and fishery 
products are lost through chemical and microbial spoilage than other reasons like 
improper storage, handling and processing damage. Thus, the increasing demand 
for good quality fish products has intensified the search for applications of additives 
in preservation strategies. It is well known that none of the additives offer complete 
protection against spoilage, but can improve the quality of fish as well as shelf life to 
a greater extent. By considering the potential health hazards associated with chemi-
cals as well as consumer preference, application of natural products from cheap and 
underutilized resources enabling food safety holds promise.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 8

Active and Intelligent Packaging of 
Cheese: Developments and Future 
Scope
Gaurav Kr Deshwal and Narender Raju Panjagari

Abstract

Technological advances and changes in consumer preferences for safer food with 
better shelf life have led to packaging innovations like smart packaging. Smart pack-
aging systems involve the blend of active and intelligent packaging properties. Most 
of the smart packaging systems in food sector are mainly focused on fish, sea, food, 
meat, poultry, fruits and vegetables. With cheese being the major dairy product and 
its market expanding exponentially, smart packaging systems for cheese are exhaus-
tively addressed in this book chapter. Some of the smart packaging systems pertain-
ing to cheese like antioxidant releasers, antimicrobial packaging, ripening indicator 
and self-cleaning rinds can hasten commercial acceptance and reliability of cheese 
products. This book chapter also tabulates the recent data related to production, and 
consumption of cheese, permitted additives, types of active and intelligent pack-
aging systems explored for cheese and commercial suppliers of smart packaging 
systems. Along with, future research directions for smart packaging of cheese are 
also presented.

Keywords: active packaging, intelligent packaging, cheese, dairy products

1. Introduction

Packaging industry stands at third position globally, next to food and petroleum 
industries contributing nearly 2% of Gross National Product in developed nations 
[1]. Approximately 51% of all packaging applications are dedicated to food sector 
[2]. Consumer inclination towards safe and healthy food have led to the develop-
ment of state-of-the-art and unique approaches in food processing and packaging. 
One such development is the introduction of smart packaging technologies. Smart 
packaging although interchangeably used for intelligent packaging at times, refers 
to combination of active and intelligent packaging [3]. The Framework Regulation 
on Food Contact Materials (1935/2004) defines “active materials and articles” as 
materials intended to extended the shelf-life or to maintain or improve the condi-
tion of packaged food; they are designed to deliberately incorporate components 
that would release or absorb substances into or from the packaged food or the 
environment surrounding the food. Similarly, according to Framework Regulation 
(EC) No. 1935/2004 materials and articles which monitors the condition of pack-
aged food or the environment surrounding the food are defined as “intelligent 
materials and articles” [2]. Most of the smart packaging interventions in food sector 
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are limited to fruits and vegetables, fish products, meat and seafood [4] indicating 
huge scope and potential to be explored for dairy products.

Active and intelligent packaging market was estimated at 17.50 billion US $ in 
2019 and expected to reach at 25.16 billion US $ by 2025 witnessing a CAGR of 
6.78%. Asia Pacific region was identified as the fastest growing market including 
China, Japan, India and South Korea and North America as the largest market with 
WestRock®, Honeywell®, BASF® and Amcor Ltd. as the major market players. 
Oxygen and moisture scavengers are the utmost commercialized forms of active 
packaging. Gas scavengers for food was the most marketed active packaging tech-
nique in USA during 2018–2019 [5]. During past ten years, the research interested-
ness in active and intelligent packaging has increased steadily as indicated by the 
trend of peer-reviewed publications in Figure 1 during 2010–2019. As per a survey 
conducted by O’Callaghan and Kerry (2016) [6] for applicability of smart packag-
ing to cheese, the future is highly optimistic with consumers willing to pay more 
on receiving the information provided by these advanced technologies. However, 
to the best of our knowledge, not a single article has reviewed the application and 
future research directions of smart packaging technologies in cheese. Therefore, the 
present review offers insight to active and intelligent packaging systems for cheese 
and future research aspects.

2. Status of cheese market

World cheese production has shown significant increase from 5.43 million tonnes 
in 1961, 14.58 million tonnes in 1995 to 22.65 million tonnes in 2015 [7]. About 3000 
varieties of cheeses are produced throughout the world and the annual total cheese 
consumption during 2015–2028 is expected to grow at a CAGR of 1.4% [8]. EU 28 
(European Union consisting of 28 countries) stood at first position in cheese export 
by exporting 841.8 thousand tonnes of cheese. The USA accounted for almost 20% 
of the world’s cheese production and exported 348.5 thousand tonnes of cheese con-
tributing 13.8% of the total export share during 2018 while Japan and Russia were 
the top export destination [8]. Approximately 40% of world’s milk is converted to 
cheese with France, USA, Iceland, Finland and other developed nations being the 
major players in cheese production and consumption [7]. The total cheese produc-
tion in USA was 5,908 million kg, with an import of 176 million kg [8]. Mozzarella 
is the highest produced cheese variety in USA and several other major cheese 

Figure 1. 
Graph illustrating the number of publications on active packaging, intelligent packaging and cheese during the 
year 2010–2019 (Source: compiled from SCOPUS using document search with title, abstract, keywords).
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producing nations [9]. Additionally, the retail prices of cheese in almost all the 
countries had shown an upsurge during last ten years [8]. The detailed information 
about cheese production, consumption, import, export quantity of several countries 
and retail price of selected cheeses are presented in Table 1. The total whole cow 
milk cheese in India was 2250 tonnes in 2014 [7]. It is true that India is not a tradi-
tionally structured ‘cheese nation’ but it is gaining pace with increased domestic 
consumption and exports. India offers only 40 varieties of cheese of which about 
60 per cent of the market is dominated by processed cheeses, 30 per cent by cheese 
spreads and the remaining 10 per cent by flavored and Mozzarella cheese [10].

3. Presently used cheese packaging systems

In order to simplify the cheese packaging requirements, its mandatory to 
classify them in several categories depending on their moisture content (hard, 
semi-hard, soft, very-soft), shapes (wheels or half-wheel cheese, cheese slabs also 
known as portioned cheese, sliced cheese, cheese squares, soft and creamy cheese, 
grated, diced and processed cheese) and preservation techniques (cheese preserved 
in brine, wax coated, modified atmosphere or vacuum packaged). The very hard, 
extra hard, hard to semi-hard category of cheese possess moisture content in 
the range of 36–52% and includes Edam, Gouda, Swiss, Parmesan, Cheshire and 
Romano [11]. Rindless types of cheese are ripened in their packaging material alike 
to cheeses having their surface covered with molds, bacteria or yeasts produc-
ing enzymes responsible for ripening [12]. The important factors for selecting 
packaging materials of very hard to hard varieties of cheese are ripening time, 
temperature, cheese surface area to volume ratio, gas production (if any), cheese 
product form (sliced, grated, portions) and permeability of packaging materials 
[13]. The packaging systems for rindless cheeses includes laminates of polyethylene 
terephthalate- low density polyethylene (PET-LDPE) (300/50 μm thickness), cover 
film of oriented (O)PET-LDPE (23/75 μm thickness), tubular bags of oriented 
polyamide (OPA)-LDPE (15/40 μm thickness) and trough film of PET-HMLDPE 
(high molecular weight LDPE) (200/25/25 μm thickness). Wax coatings (mineral, 
paraffin and microcrystalline wax) are used to prevent mold growth, moisture 
evaporation and high gas barrier properties [11]. Modified atmosphere packaging 
(MAP) with high barrier materials (PA/EVOH (ethylene vinyl alcohol), LLDPE/
EVA (ethylene vinyl acetate)/Ionomers) is generally used for portioned or sliced 
hard cheese owing to their large surface area exposure to light and oxygen. Vacuum 
packaging is not preferred for cheese with eyes (Swiss, Gouda, Edam) as it rupture 
the eyes structure [14].

The semi-soft and soft varieties of cheese contain 52–80% moisture and can 
be further categorized broadly in three groups (i) ripened by bacteria e.g. Brick, 
Munster; (ii) ripened by surface mold e.g. Limburger, Brie, Camembert and 
(iii) internally mold ripened e.g. Gorgonzola, Roquefort, Stilton [15]. Packaging 
requirements of bacteria ripened cheeses is affected by presence of light, humid-
ity, pH and gases. Internally mold ripened cheese should be packed in O2, CO2 and 
water permeable packages e.g. polystyrene, polyvinyl chloride or thermoformed 
packages etc., for optimum mold growth [3]. For externally ripened cheese, pack-
aging should not take place until mold had grown to certain extent and packaging 
material with certain permeability to O2 and H2O are prerequisite to avoid growth 
of anaerobic proteolytic bacteria and moisture condensation inside cheese pack, 
respectively. Penicillium camemberti converts lactate to CO2 and H2O, hence per-
forated OPP (oriented polypropylene) is the suitable material for gas and water 
passage [16].
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Fresh or unripened cheeses (e.g. cottage, quark, cream etc.) have moisture 
content greater than 80% and are exposed to lactic acid fermentation. Such cheeses 
have very high chances of dehydration or whey expulsion owing to their high-water 
activity. Some of the suitable packaging material for fresh cheeses are injection 
molded HDPE or PP packages with side slits for whey drainage, paraffin or PVDC 
(polyvinylidene chloride) coated paper and LDPE or PP laminated aluminum (Al) 
foil (7–20 μm) [14]. Processed cheese is hot filled into pouches, polymer coated 
or lacquered Al foils (12–15 μm). Processed cheese slices are packed in laminates 
of PET-HDPE, PET-PVDC and OPP-EVOH-LDPE and processed cheese spreads 
in tubes of LDPE/EVOH/PET or metal tubes, PP or PET-LDPE cups heat sealed 
with Al foil, tin plate or enameled Al cans and glass cups closed with Al foil plastic 
laminate or lidded with an easy opening tin plate [17]. A comprehensive list of 
permitted additives and their recommended usage level is presented in Table 2, 
which could be utilized for the development of legally permitted smart packaging 
materials. Also, a few commercially available smart packaging systems used for 
cheese are listed in Figure 2.

4. Active packaging of cheese: concepts and applications

“Active packaging” term was coined by food scientist Dr. Theodore Labuza [3], 
which includes oxygen absorbers, carbon dioxide absorbers/emitters, moisture 
absorbers, self-heating and self-cooling containers, antimicrobial packaging, etha-
nol emitters, flavor absorbers/releasers and microwave assisted containers [18]. The 
following section discusses different active packaging systems applicable to cheese 
and brief studies on active packaging materials for cheese and its products are also 
presented in Table 3.

Figure 2. 
Commercially available active and intelligent packaging systems for cheese (A) biodegradable active 
antifungal film Antipack™ AF, Handary, Brussels, Belgium (B) antimicrobial films with natamycin, VGP 
SL®, Barcelona, Spain (C) edible plastic films developed from casein by Lactips, France (D) pull timer™, 
time temperature indicator for indicating temperature abuse developed by Macfarlane labels and insignia 
technologies, Scotland. (Source: compiled from internet).
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4.1 Moisture absorbers

The presence of moisture not only affects the package appearance but also 
leads to poor texture and quality of cheese both microbiologically and chemically. 
Moisture control in the cheese package reduces the water activity thus prevent-
ing microbial growth and leaching of soluble nutrients [17]. Moisture scavengers 

Type of active 
packaging

Variety of cheese Description

Antimicrobial 
packaging

Cottage cheese [19] Sachets of allyl isothiocyanate were effective against yeast 
and mold

Mozzarella cheese [13] Lysozyme and ethylenediaminetetraacetic disodium 
salt (Na2-EDTA) inhibited the growth of coliform and 
Pseudomonadaceae without affecting the lactic acid bacteria

Kashar Cheese [20] Zein and zein-wax coating with lysozyme, catechin and 
gallic acid. Lysozyme based film prevented the growth of 
Listeria monocytogens

Mozzarella cheese [21] Packages containing calcium lactate and lactic acid-based 
brine enhanced the shelf-life by 50%

Surface ripened  
cheese [22]

Polyethylene films coated with polyvinyldichloride and 
containing natamycin/nisin possessed inhibitory effect 
against Penicillium expansum in surface ripened cheese i.e. 
Blatacke zlato and Olomoucke tvaruzky

Zamorano sheep  
cheese [23]

Poly propylene and polyethylene terephthalate films with 
Origanum vulgare and ethyl lauroyl arginate essential oils 
inhibited E.coli O157:H7

Saloio cheese [24] Whey protein isolate coating containing natamycin reduced 
water loss, color changes and microbial growth throughout 
the storage period of 60 days

Oxygen 
absorbers

Low fat cheese (5% fat 
in dry matter) [25]

Microbial oxygen absorber; Contains microorganisms 
which utilizes oxygen e.g. Lactococcus lactis strain; Flavor 
and odor improved

High fat cheese (60% 
fat in dry matter) [25]

Microbial oxygen absorber containing Lactococcus lactis 
strain; Flavor improved and no explicit difference on odor

Cheddar cheese [26] Microbial oxygen absorber containing Lactococcus lactis 
strain; Positive influence on shelf-life

Delite 5% sliced  
cheese [26]

Microbial oxygen absorber containing Lactococcus lactis 
strain; Positive influence on product characteristics

Moisture 
absorbers

Saloio cheese [27] Humidipak®, Moisture controlling sachets with sodium 
propionate impregnated over it to control mold growth. 
Extended the shelf significantly by decreasing the water 
loss

Camembert cheese [28] 3-layered film with absorber/desorber film. 10% 
concentration of water absorbent, maintained attractive 
white appearance of cheese while 25% caused damage of 
the varnish layer due to swelling.

UV light 
absorbers

Cheese puffs [29] Tricalcium phosphate-based UV light inhibitor could be 
incorporated directly into dry mix flavor powder of cheese 
puffs cooked in hot oil to prevent light induced rancidity 
and spoilage.

Table 3. 
Types of active packaging materials/systems explored for cheese and cheese-based products.
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include desiccants like silica gel, molecular sieves, natural clays like calcium oxide, 
calcium chloride and modified starch in the form of pads, sheets, sachets and 
blankets [4]. Moisture control in cheese packages could also be attained by incor-
porating humectant between different layers of packaging material, while keeping 
the inside layer water permeable. A two layered packaging material for moisture 
sensitive products like soft cheese was developed by [30] Marbler & Parmentier, 
(1999). The packaging material consisted of first functional layer (coated paper) for 
storing and releasing moisture and second layer (plastic laminate) for controlling 
gas permeability as a function of moisture content. These types of packaging mate-
rial find their utility for cheese matured inside the package. Pantaleao, Pintado, & 
Pocas (2007) [27] successfully demonstrated humidity controller (Humidipak®) 
with Saloio cheese for shelf-life extension. A dual compartment vacuum packaging 
system (Tenderpac®) developed by SEALPAC® (Germany) for neatly collecting 
the drip loss from meat products, could be optimized for fresh unripened cheeses 
like mozzarella, quarg and cottage [31].

4.2 Oxygen scavengers

Oxygen scavengers market size was 1.80 billion USD in 2016 which is estimated 
to reach 2.41 billion USD in 2022 at a compound annual growth rate (CAGR) of 
5.1%. North America (USA, Canada and Mexico) is the leading market while Asia 
Pacific region (China, India, Japan and South Korea) is the fastest growing market 
[5]. Oxygen is majorly responsible for cheese spoilage as its presence facilitates the 
growth of aerobic microorganisms, oxidation of cheese components, nutritional 
value decline, off-flavors generation, unacceptable color changes, shelf-life reduc-
tion and decrease in food safety [32]. Therefore, control of oxygen content inside 
cheese package is of prime importance. Modified atmosphere packaging (MAP), 
vacuum packaging and oxygen absorbers are the alternatives available to reduce 
or completely remove oxygen from the package [25]. However, MAP and vacuum 
packaging require costly equipment for packing cheese and still do not remove the 
oxygen completely (residual oxygen could be up to 1% in the headspace). Vacuum 
packaging can affect the appearance and structure of soft cheeses adversely and 
oxygen can also permeate through the packaging film during later stages of storage 
or distribution [33]. Oxygen scavengers provide the best alternative to remove the 
oxygen permeating through the packaging film and also to overcome the challenges 
of MAP and vacuum packaging [34].

The shelf-life of cheese tarts increased to 48 days when packaged with an 
iron-oxide based oxygen scavenger as compared to 7 days for control samples 
[35]. An oxygen scavenging film containing a blend of ethylene, methyl acry-
late and cyclohexene methyl acrylate copolymer as oxygen scavenger resin was 
developed to overcome the oxidative rancidity in cheeses, dried milk and meat 
products [36]. A study on the effectiveness of various packaging methods for 
Gouda cheese revealed that oxygen scavengers (ATCO FT 210) were as effective 
as vacuum packaging and MAP (40% CO2 and 60% N2) in prolonging its shelf-life 
[34]. Microbiological oxygen scavenging material consisting of Lactococcus lactis 
strain was reported to consume oxygen in cheese packs with limited production 
of acetoin and diacetyl [25]. Graviera cheese when packed using a combination of 
oxygen scavenger and ethanol emitter showed lower microbial growth as com-
pared to 100% nitrogen modified atmosphere packages. An increase in sensory 
shelf-life for oxygen scavenger and ethanol emitter combined packages was also 
observed [33]. Negamold®, an ethanol vapor sachet was developed by Nippon 
Kayalan firm (Japan) for meat products. Later, Freund corporation (Japan) com-
bined oxygen absorber with Negamold® and used it for cheese packaging [37].  
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Ozdemir & Sadikoglu (1998) [38] had also suggested the replacement of ethanol 
emitters in cheese packages with UV-excimer-laser-treatment of polymer films 
to generate bactericidal properties. BIOPACK is a polylactic acid-based packag-
ing system consisting of oxygen scavengers and preservatives encapsulated in 
cyclodextrin with an objective to extend the best before date of cheeses from 2 to 
3 months to 9 months with minimum effect on cost of package [39].

4.3 Free radical scavenger or antioxidant incorporated films

Cheeses like Cheddar, Swiss, Blue, Colby etc. are highly prone to lipid oxidation 
owing to their high fat content. Antioxidants are extensively used to prevent oxida-
tion by scavenging free radical but due to augmented customer trend for additives 
free food products, incorporation into packaging material is the best option [40]. 
Antioxidants incorporation into packaging material not only prevents quality 
deterioration of the product but also stabilizes the polymer [41]. Synthetic antioxi-
dants like butylated hydroxytoluene (BHT) and butylated hydroxy anisole (BHA) 
are conventionally used in cheese packing. As per Code of Federal Regulation (CFR 
21/172.115), the maximum rate of BHT addition to cheese is 200 mg/kg of fat and 
specific migration limit of BHA is 30 mg/kg of food product as per EU 10/2011 
regulations. Asadero cheese was vacuum packed in LDPE co-extruded film contain-
ing 8 and 14 mg/g of BHT. Cheese packed in LDPE film incorporated with 8 mg/g of 
BHT had oxidized flavor while film with 14 mg/g of BHT surpassed the legal limit 
of BHT addition [42]. Therefore, similar to natural counterparts of other addi-
tives the recent focus is on natural antioxidants. Pomegranate peel extract (PPE) 
incorporated into zein films for packaging of Himalayan Kalari cheese retarded the 
oxidation of fat and protein due to the presence of polyphenols in PPE [43]. Sliced 
cheese packed in red algae films incorporated with 1% grape fruit seed extract 
(GFSE) showed decreased peroxide and thiobarbituric acid value indicating the 
antioxidant capability of GFSE [44]. Gelatin-chitosan edible film with Boldo herb 
extract possessed antioxidant and antimicrobial activity and had preservative effect 
on sliced Prato cheese by preventing psychrotrophs [41]. Similarly, other natural 
antioxidants like green tea extract [45], catechins [46] and rosemary extract [40] 
had been explored for their antioxidant potential in cheese packaging but the major 
challenge with antioxidant incorporated films in cheese packaging is synchroniza-
tion of antioxidant diffusion rate according to cheese requirement. Also, for natural 
antioxidant incorporation in continuous film production by extrusion, their stabil-
ity or thermal degradation is the major concern [46].

4.4 Carbon dioxide absorbers

Cheeses packed with higher CO2 may suffer from sensory related issues as its 
dissolution leads to formation of carbonic acid [14]. Taleggio cheese produced 
excessive 2.5 mmol kg-1 day-1 CO2 when stored in nitrogen flushed packages at 6°C 
causing quality degradation [47]. However, carbon dioxide production is essential 
in some cheeses to achieve desired texture, eye formation in Emmental and Swiss 
cheese, and inhibition of microorganisms but excessive production could lead 
to puffed pouches or package burst [48]. When cheeses are preserved and sold 
at ambient temperature or when desired shelf life is high, the adverse effects of 
higher CO2 concentration aggravates many folds [47]. In such circumstances, 
carbon dioxide absorbers could be used to remove the excess CO2 and create a 
balanced internal cheese package atmosphere [2]. The only noticeable progress in 
segment of CO2 absorbers for cheese is by Fellows (2009) [49], who developed a 
mechanism for CO2 release from mold ripened cheese (e.g. Camembert) package 
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using one-way valve while disallowing other gases to infiltrate. Crump (2012) 
[50] developed a CO2 absorber pouch using polyethylene that contained 1.1 g of 
calcium hydroxide (200 mesh) and silica gel each in 2:1 mixture of water for shrink 
wrapped Swiss cheese (114 g) and reported that the product remained in good 
color with acceptable taste without any expansion due to CO2 release during stor-
age at 5°C for 4 months. The gas composition and volume of modified atmosphere 
packed semi-hard cheese (Kadett®, Arla Foods) packages were optimized using 
mathematical modeling based on gas solubility coefficients, initial carbon dioxide 
content in cheese and packaging material, thus avoiding consumer rejection due to 
volume changes [48].

4.5 Light stabilizers

Light, and principally UV light, may cause or accelerate various undesirable 
reactions like lipid oxidation in cheese. Also, riboflavin, an efficient photosensitizer, 
present in cheeses at levels of 0.30–0.60 mg/100 g, quickly captivates energy owing 
to its conjugated double bond and generates either free radicals or reactive oxygen 
species (ROS). These free radicals and ROS are the major causes of lipid oxidation, 
off-flavors, color bleaching and nutrient losses especially vitamin A in cheeses [51]. 
Light stabilizers are divided into five major categories namely: light absorbers, light 
screeners, excited-state quenchers, peroxide decomposers and free radical scaven-
gers based on their mode of action [52]. Kristoffersen, Stussi, & Gould (1964) [53] 
reported reduced flavor deterioration in consumer packs of cheddar cheese using 
Uvinul D 49® as a UV light screening material. Uvinul® S-Pack is a novel FDA 
approved UV absorber for PET packaging films, which prevented the UV degrada-
tion of vitamins and β-carotene, thus highlighting its potential of preventing light 
degradation changes in cheeses kept in refrigerated illuminated cabinet of super-
markets [54]. Recently, flavonoids had been reported to facilitate the dissipation 
of photon energy to heat thus deterring photodegradation [22]. Thus, flavonoids 
incorporated packaging material as natural active element for UV light absorption 
may be explored for cheese.

4.6 Antimicrobial releasers

Antimicrobial packaging is the most researched forms of cheese active packag-
ing. Antimicrobial agent at certain minimum concentration (known as minimum 
inhibitory concentration (MIC)) diminishes or impedes microbial growth [9]. 
Antimicrobial effect in cheeses is most commonly obtained by organic acids and its 
salt derivatives (sorbic acid, citric acid and their anhydrides), bacteriocins (nisin, 
lacticin and pediocin), fungicides (imazalil and natamycin), enzymes (lysozyme 
and lactoferrin), essential oils (basil leaf, thyme, oregano and cinnamon) and mis-
cellaneous compounds like potassium metabisulphite, allyl isothiocyanate, EDTA 
(ethylenediaminetetraacetic acid) or a combination of these agents [22, 55, 56]. 
Antimicrobial agents which are sensitive to higher polymer processing temperature 
are usually applied as coatings. Gliadin based bioplastic films prepared by casting, 
and containing cinnamaldehyde as active ingredient inhibited fungal growth in 
cheese spreads [57]. Immobilization of antimicrobial agents like nisin on the surface 
of cheese packaging material is a convenient technique, however immobilization is 
appropriate for fluids because of direct contact between antimicrobial surface and 
entire liquid food [58]. Active polyethylene terephthalate film immobilized with 
silver nanoparticles extended the shelf-life of white fresh cheese up to 30 days [59]. 
Labels containing antimicrobial agents can also be used for enhancing cheese shelf 
life. Labels containing allyl isothiocyanate enhanced the shelf-life of Danish Danbo 
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cheese to 28 weeks when used in combination with MAP as compared to 18 weeks 
with MAP alone [60].

Chitosan, a natural polysaccharide had been utilized for antimicrobial cheese 
packaging owing to its biodegradable, antimicrobial, filmogenic and metal com-
plexation attributes [61]. Cellulose polymer based antimicrobial films incorporated 
with nisin and natamycin showed the potential for preservation of sliced Mozzarella 
cheese [62]. Electrospinning technique was utilized for incorporation of nisin (at 
the rate of 5 mg/mL) in polyethylene oxide nanofibers to inhibit Listeria monocyto-
gens contamination in cheddar cheeses without affecting its sensory attributes [63]. 
A novel antimicrobial film based on hybrid organic–inorganic material commonly 
called as “anionic clays”, consisting of layered double hydroxide intercalated with 
salicylate and carbonate anions increased the storage life of Mozzarella to three 
weeks at a storage temperature of 18°C [64]. DSM™ has developed Pack-Age® as a 
solution for ripening of cheese in a vapor pervious foil united with yeast and mold 
blockers [65].

4.7 Color and flavor releasers

Flavor emitters are mainly used to impart flavor to any packed product or 
scalp/downgrade any undesirable flavor due to harsher processing conditions, 
thereby improving sensorial attributes and chances of modifying product for-
mulation [66]. It may be used for masking off-flavors but food processors may 
unfairly market their expired, unsafe or low-quality foods without letting the 
consumers know. ScentSational Technologies® is global leader in developing food 
packages with controlled release of legally permitted flavor into headspace of a 
pack at varying intervals and provision for adjustment of flavor intensity [31]. 
Recently, they have also ventured into developing customized and patented injec-
tion molded scented and/or flavored parts of any pack. Kraft foods had developed 
a system for controlled and prolonged release of volatile flavor upon opening and 
reopening of the package [67]. Such type of packaging innovation could also be 
used for cheese products like chiplets, slices, processed cheese etc. which are usu-
ally contained in multi-use packages.

Color releasing multilayered film is the novel technique for incorporating per-
mitted food grade colors (Table 2) such as annatto over cheese surface. Such films 
generally find their application when low intensity shade of color is desired or color 
is adversely affected during any processing step, storage or distribution. Mohan, 
Ravishankar, & Gopal, (2010) [4] suggested the migration of edible food permitted 
red color from the wrapper of surimi to provide it a more desirable and acceptable 
color. Similarly, α, β-citral migrated from the cellulose acetate films and improved 
the yellowness of Coalho cheese without affecting its texture during 25 days of 
storage [68].

4.8 Miscellaneous active packaging systems for cheese

4.8.1 Self-cleaning rinds

Rindless cheeses are cooked or uncooked hard varieties of cheese that are 
ripened in plastic film which allows little or no gas or moisture movement e.g. 
Cheddar, Edam, Gouda and Swiss. Natural rind is the outer crust of cheese formed 
either during cheese making or storage under controlled humidity and temperature 
[3]. These rinds are highly susceptible to undesirable fungal growth and becomes 
slimy at times. Gerber, Koehler, Grass, & Stark (2012) [69] developed a three 
layered, self-cleaning and porous rind inoculated with Penicillium roqueforti. The 
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base layer consisted of polyvinyl chloride (90 μm), living layer of agar (300 μm) 
with inoculum and porous cover layer of polycarbonate (10 μm) for diffusion of 
gases and nutrient supply. There is immense future potential for the development 
of antibacterial self-cleaning rinds using penicillin producing molds (Penicillium 
jensenii) for cheese varieties [69].

4.8.2 Microwave assisting films

Microwave susceptors are the substances which absorb microwave energy and 
convert it into heat energy. It consists of Al foil layer deposited on paperboard or 
polyester film for uniform heating treatment [18]. Emmi®, a USA based cheese 
manufacturing firm, provides different variants of fondue recipes (melted Swiss 
cheese) in microwaveable containers which are ready-to-(h)eat, convenient and 
recyclable [70]. These types of microwave assisted heating packs could be used for 
melted cheese recipes. The major concern with microwave assisted heating cheese 
containers is duration of microwave heating. Some pop-up sound mechanism could 
be attached with package which blows up and makes a noise on complete even 
 heating of the package content [3].

4.8.3 Pesticide control agents

Pesticide control agents are generally used with secondary packaging systems 
to prevent insects, or for fungicidal control, during import and export of food 
products over distant horizons. Packaging material with pesticide control could also 
be used to prevent detrimental effects of pests and insects for cheeses like Cheddar, 
Parmesan etc. which require longer ripening period. The major concerns with these 
types of pesticide control agents containing packaging is their permissible limit and 
regulatory issues for use with cheeses. Natamycin is a GRAS status (as per FDA) 
fungicide which is produced during fermentation by Streptomyces natalensis. Romero 
et al. (2016) [71] showed positive effect of natamycin incorporated biodegradable 
triticale flour films on mold inhibition when used for wrapping soft cheese.

5. Intelligent packaging of cheese: concepts and applications

Intelligent packaging has not been researched extensively for cheese as reflected 
by very few publications in Figure 1. A few intelligent packaging systems investi-
gated for cheese are presented in this section. However, large size of cheese market 
including import and export offers attractive opportunities. A list of different 
suppliers of commercially available smart packaging materials along with their head 
office, website and contact point are detailed in Table 4.

5.1 Gas indicators

Gas indicators or package integrity or leak indicators generally indicate the 
presence or absence of any gas (majorly oxygen) on the basis of certain chemical 
or enzymatic reactions. Cheeses are packed under modified atmospheres usually 
devoid of oxygen to enhance their shelf life. However, the gas composition of cheese 
package may change relying on the microbial growth inside the package, barrier 
properties of the packaging material, efficiency of packaging system, or physical 
damage, if any, that causes leakage [72]. So, knowing the level of oxygen is impor-
tant to ensure cheese quality and safety in the entire supply chain and throughout 
its shelf-life. Redox dye-based oxygen indicators have been reported to indicate the 
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package integrity and status of MAP in food non-destructively [73]. A schematic 
illustration of Mozzarella cheese package equipped with an oxygen indicator and 
oxygen scavenger with dye-based oxygen sensor is presented in Figures 3 and 4, 
respectively.

A single use fluorescent-based oxygen sensor prepared using platinum octaeth-
ylporphyrin-ketone (PtOEPK), a phosphorescent oxygen-sensitive dye, sensed oxy-
gen concentration changes in MAP cheddar cheese over a period of 4 months. The 
sensor was reported to possess sensitivity in the range between 0.02% and 100% 
oxygen. Correlation between oxygen concentration and microbial growth presented 
an opportunity for assessment of cheese quality using colorimetric oxygen sensor 
[74]. Similarly, dye based ultraviolet light activated oxygen sensor was successfully 
developed and characterized for its oxygen sensitivity, oxygen dependent color 
change and mechanical properties by Deshwal et al. (2018) [75]. The developed 
indicator was integrated with MAP Mozzarella cheese as an integrity/oxygen indica-
tor, which could be helpful for stakeholders in the entire supply chain [15]. Hempel, 
Gillanders, Papkovsky, & Kerry, (2012) [76] successfully exploited optical oxygen 
sensors for detecting integrity (ingress of oxygen) of vacuum packaged cheddar 
cheese samples during its storage.

Figure 4. 
A schematic illustration of smart (active + intelligent) packaging system for mozzarella cheese package with 
oxygen indicator (shown in pink color) and oxygen scavenger (O-buster® oxygen scavenger) (Source: [15]).

Figure 3. 
A schematic illustration of intelligent packaging system using an oxygen indicator applied to mozzarella cheese 
package (Source: [15]).
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5.2 Freshness indicators

Freshness indicators, mostly colorimetric in nature, determine the safety, qual-
ity or freshness of product based on microbial growth or chemical change. They 
trigger a visual indication mechanism by detecting the metabolites of microbial 
or chemical change [77]. Possibilities of freshness detection of packaged milk, 
cream and cottage cheese using polymer-based labels was proposed by Chen & 
Zall (1987) [78]. Major approach for characterizing the deterioration of any cheese 
is by identifying the volatile organic compounds liberated during its storage (or 
ripening) using solid phase microextraction-gas chromatography/mass spectros-
copy (SPME-GC–MS). Octane, hexanal and 2-pentyl-furan were the indicators 
for light exposure as obtained during the volatile profile of processed cheese [79]. 
Fourier Transform Infrared Spectroscopy (FTIR) and near infrared spectroscopy 
(NIR) have also been used to rapidly identify the chemical groups involved in the 
Crescenza cheese spoilage for possible development of freshness indicator [80]. 
Most recently, a biodegradable chitosan film containing pomegranate peels/Melissa 
officinalis essential oil demonstrated not only antimicrobial potential but also 
anthocyanins functionality as a spoilage indicator changing its color from blue to 
red due to pH change of cream cheese during spoilage [77]. A diverse blue cheese 
classification or identification indicator based on chromogenic array pattern of 
several pH dyes differentiated five cheeses i.e. Roquefort, Blue Stilton, blue cheese 
with leaves, blue cheese spread and Cheddar with 100% accuracy [81]. Such type of 
indicators can be used as freshness indicators of blue cheese where the changes in 
pH and color could be correlated with cheese spoilage. An attempt for the develop-
ment of red cabbage extract-based pH indicator for monitoring Ricotta cheese 
spoilage was reported by Bento, Pereira, Chaves, & Stefani, (2015) [82]. Biogenic 
amines like histamine, tyramine, tryptamine and phenylethylamine are produced 
in cheese during ripening. Several reports of histamine poisoning in the past for 
Gouda, Swiss, Cheddar, Cheshire etc. cheeses indicate the potential of biogenic 
amines as freshness or spoilage indicators for cheese [83]. Freshness indicators for 
poultry, fish and seafood are commercially available, but a very few “biological 
use by date” or “chemical best before date” indicators for dairy products had been 
reported to the best of our knowledge indicating research possibilities in this area.

5.3 Ripening indicators

Cheese ripening indicator could be defined as the use of any technique/process/
sensor for spotting metabolites (majorly volatiles) or chemical breakdown by-prod-
ucts of glycolysis, proteolysis and lipolysis to quantify the maturity or age of any 
cheese variety. The earliest attempt in cheese segment included the use of amido 
black dye for detecting the age of Cheddar and lactose-hydrolyzed cheddar cheese. 
Dye binding values were correlated with the free amino acid content [84]. Electric 
nose (or e-nose) had been used for headspace fingerprinting of packaged ripened 
cheese (Crescenza) volatiles and the data obtained was found to be helpful for its 
shelf-life measurement [85]. Tavaria, Ferreira, & Malcata, (2004) [86] quantified 
major ripening descriptors like free fatty acids, acetic, isobutyric and isovaleric acid 
concentration during 180 days ripening period of Serra da Estrela cheese. These 
volatile fatty acids furnished information about the optimal consumption time 
of cheese which could also be successfully used as ripening indicator. Industrially 
successful models based on infrared reflectance spectra, attributed to the changes 
in absorbance patterns of alcohol and amide groups have been used to predict the 
ripening stages and sensory characteristics of Cheddar [87] and Camembert cheese 
[88] with a minute error of one day.
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5.4 Time temperature indicators (TTIs)

The shelf-life of any food commodity as mentioned on the package in terms of 
“biological use by date” or “chemical best before date” is subject to its temperature 
exposure history owing to temperature dependence of microbial growth, enzyme 
activity and chemical reactions. Time temperature indicators (TTIs) convey 
information about the temperature exposure of the food commodity over a period 
of time [89]. TTIs mainly finds their applications in temperature sensitive food 
products that are stored or distributed in chilled conditions like milk, cheese, 
ice-cream, yoghurt, meat, fish etc. Shellhammer & Singh (1991) [90] used enzyme-
based full history TTI (I-POINT®) on cottage cheese to correlate temperature 
variation with cheese quality parameters and reported that the TTIs response was 
significantly affected by pH, titratable acidity and standard plate count of cheese 
samples. However, attempts of TTI usage in cheese are few and include shelf-life 
evaluation of Taleggio cheese [91] and Caprino type cheese [92] using TTIs. 
Potential of diacetylenic monomers as active ingredient in TTIs based on polym-
erization reaction for monitoring cheese maturity had also been suggested [93]. A 
study on evolution of proteolytic activity products in Azeitao cheese with fluctuat-
ing temperature revealed prominent presence of two free amino acids (valine and 
leucine) and two biogenic amines (tyramine and putrescine), which may serve as 
temperature change indicators for the development of microbial TTI for ripened 
cheese [94].

5.5 Radio frequency identification devices (RFID)

Cheese traceability at batch level is maintained using self-adhesive casein 
labels, written records, and in advanced cases information is stored in a local 
database. However, such systems are inefficient considering food safety, 
counterfeiting risks, voluminous cheese production, warehouse optimization 
and cost involved in production [95]. So, application of RFID tags at ‘farm to 
fork’ levels of cheese industry could provide reliable solutions as it stores more 
information and assess at longer distances [12]. Regattieri, Gamberi, & Manzini 
(2007) [96] developed a RFID based traceability systems for hard cheese 
(Parmigiano Reggiano) which detects the history of the product over entire 
supply chain. Every minute information starting from feed input, production 
details to detailed pedigree of a cheese piece is available, thus even facilitat-
ing consumers to authorize cheese origin and prevent cheese imitation. The 
final cost of such RFID tags on customer was calculated to be 0.5%. Similarly, 
improved traceability of long-ripened cheeses (Bra Tenero, Bra Duro, Raschera 
and Toma Piemontese) with automatic movement recording during production, 
handling in ripening room and warehouse, delivery, packing and selling was 
achieved using tags operating at low (125 kHz), high (13.56 MHz) and ultra-high 
(865 MHz) frequency [12]. RFID tags with an ability to store data related to 200 
variables of cheese production not only improved the quality and yield control 
of the production plant but also possessed robustness against different tempera-
ture, humidity, acid and frictional forces [97]. Papetti et al. (2012) [98] designed 
a web based “infotracing system” for Italian cheese (Caciottina massaggiata di 
Amaseno) using RFID tags. On linking maturity level of cheeses with quality 
information (chemical, sensory and spectrophotometric data), RFID system 
was found to be reliable and compatible with production process. An additional 
application is “Smart Shelf ” which consists of network of RFID antennae for 
identifying a product’s location. It had been successfully validated for tracking 
expiry dates of processed cheese [99].
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5.6 Physical shock indicators

Physical shock indicators are of prime importance for status quo of any fragile 
product during its rough handling or carriage. Cheeses are often exported across the 
globe with highest probability of mishandling by personnel during any step of dis-
tribution channels or improper selection of transportation channel. Physical shock 
indicators could be developed using diffusion mechanism, where a fluid leaks and 
collects irreversibly in another impermeable package, thus indicating the force or 
pressure to which package content had been exposed. To the best of our knowledge 
and literature mining no physical shock indicator for cheese and food packaging 
had been reported. Convex-concave type of metallic structure could also be used to 
identify the forces to which any cheese packages are exposed over long distances.

6.  Development trends and research directions for smart packaging  
of cheese

6.1 Active packaging systems

Packaging could also be used for facilitating the reduction of cholesterol and lactose 
in cheeses using cholesterol reductase and lactase enzymes. Cholesterol reductase 
enzyme converts cholesterol to undigested form (coprosterol), reducing its absorption 
in intestine. An innovative ethylene-vinyl alcohol copolymer (EVOH) plastic encom-
passing 30% beta-cyclodextrins reduced the cholesterol concentration by 23% in UHT 
milk [100]. Such type of active plastic films could be incorporated with β-galactosidase 
enzyme (lactase) and explored for the development of lactose free whey cheeses due to 
increased incidences of lactose intolerance across the globe [101].

Citric acid, ferrous salt/ascorbic acid, cellulose triacetate and activated carbon/
clays/zeolites are most commonly used off-odor absorbers finding their use in fish, 
cereals, fruits and poultry products [3]. Off-flavor and odor scavengers prevent 
cross contamination of pungent odor and aids in improving the overall acceptance 
of cheeses. However, it is imperative that the constituents scavenged should not be 
spoilage indicators or essential for flavor development. Some ketones, aldehydes and 
esters are associated with fruity flavor of cheeses which may be undesirable for some 
customers [102]. Aldehyde and ester scavengers in cheese packaging can be helpful 
in improving its sensorial quality. The identified volatile compounds from the head-
space of cheese packages revealed the possibilities for development of absorption 
system and stabilization of sensory qualities of semi-soft ripened cheese [103].

The earliest documented and patented step to achieve the tack ability of a 
multilayered polyester film over cheese surface was the electrical discharge or flame 
treatment of the inner surface [104]. Such films were temporarily adherent and 
easily peel able while opening cheese package. Presently, these anti-stick films can 
find their vast application for packaging individual slices of processed cheese or 
Mozzarella cheese spheres thus, reducing sticking losses.

Carbon dioxide and ethanol not only inhibit bacteria, yeasts, molds but also 
reduces oxidation and could be used individually or in combination for cheese pack-
aging systems to inhibit microbial growth and pack shrinkage [105]. Cheese is most 
commonly packed with higher CO2 concentration using MAP technique but CO2 
dissolves in the product leading to package collapse [6]. Package collapse could be 
overcome by inserting CO2 emitters in standard MAP cheese trays with perforated 
false bottom. The controlled release of ethanol in cheese packs could be obtained 
by encapsulating in a carrier material [65]. Ethicap®, a commercialized ethanol 
emitter absorbed in silica pads and embedded in sachets made from ethylene vinyl 
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acetate copolymer prevented the growth of molds and yeast, thereby enhancing the 
shelf-life of soft cheeses [106]. However, objectionable off-flavors involved with 
higher concentration of CO2 and ethanol are concerning and supplementary flavor 
mixtures may be required.

An innovative single use package having the ability to absorb oxygen, carbon 
dioxide and water vapor, comprising of calcium hydroxide which emits water due 
to CO2 absorption, thus activating transition metal (iron oxide) based oxygen 
scavenger has been developed. Such containers would be suitable for hard cheeses 
like Taleggio, which emits large amount of CO2 during ripening and require slight 
oxygen for maintaining the growth of live cultures [107].

Self-cooling packaging technique is based on an endothermic chemical reaction 
involving the dissolution of ammonium chloride or ammonium nitrate in water 
and heat pump technology using water as the heat transmission medium. Such type 
of packaging systems may remunerate the cold chain conditions, especially where 
supply channel is inefficient [3]. Initially, thermal sensitive cheese varieties may 
be shipped using secondary or tertiary thermal management system. Greenbox 
Thermal Management Systems™ utilizes organic phase change nanomaterial 
labeled as PureTemp®, to provide specifically designed distribution carriage sys-
tems with an ability to maintain temperature precisely for longer durations of sup-
ply [108]. It consists of a reusable, recyclable and completely biodegradable boxes in 
box arrangement with exterior layer of corrugated plastic. Such type of self-cooling 
containers may be really helpful for exporting cheeses over longer distances without 
any thermal abuse and quality deterioration.

6.2 Intelligent packaging systems

Emmental and Gouda cheese possess typical and desired regular round holes 
(eyes) owing to the production of large amount of carbon dioxide during lactate 
metabolism [109]. Dye based CO2 indicators based on color intensity that is cor-
related with amount of CO2 released could be used to monitor advances in ripening 
and signpost the accomplishment of optimal ripening. Recently, a novel consum-
able adhesive CO2 indicator strip consisting of phenol red dye and tetrabutylammo-
nium hydroxide coated onto silica nanoparticles was developed by Wang, Yusufu, 
& Mills, (2019) [110]. The color response was dependent on temperature and 
thickness of polymer barrier films. Such type of indicators could be explored for 
the development of CO2 indicator or freshness indicator for modified atmosphere 
packaged cheese and cheese-based products.

Temperature sensitive networks based on chitosan-poly-(N-isopropylacrylamide) 
for controlled release were developed by Alvarez-Lorenzo et al. (2005) [111], which 
can be used in active cheese packaging materials for precise emission of any active 
component. Films changing their gas permeability in response to degree of tempera-
ture and exposure duration may be frequently used during storage and distribution 
of respiring cheeses like Camembert and Gouda. BreatheWay® membrane technol-
ogy (Apio Inc., California), based on side chain crystallizable (SCC) polymers pro-
vides the solution for gas permeability control according to change in temperature. 
The change in polymer properties like chain length and side chains can be used for 
attaining required oxygen and carbon dioxide permeabilities in cheese packages [3].

7. Conclusion

With the focal point being shifted to consumer convenience, quality and safety, 
active and intelligent packaging tools may help customers with informed choice. 
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As the world is witnessing increased consumption of cheese, these packaging tools 
have potential market growth. The expansion of smart packaging technologies in 
cheese industry remains at a nascent stage. Recent research publications on smart 
packaging of meat, fish, fruits and vegetables suggest innovative ideas which could 
be conceptualized for cheese in near future. Smart packaging tools need to be of low 
cost and multiple benefits. The partnership of active and intelligent packaging can 
be used to complement each other’s actions. Existing challenges could be overcome 
by multidisciplinary approaches for the development of smaller, more powerful 
and cost-effective smart packaging systems. Biotechnology, nanotechnology, food 
science, sensor technology and information technology could be combined for 
overcoming the shortcomings. Biosensor and hybrid devices for cheese packaging 
remains untouched in terms of its development and commercialization. It could be 
expected that with the continuous advances in intelligent packaging and growing 
modified atmosphere packaged dairy products market, the demand for such type of 
intelligent packaging systems is expected to rise.
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Chapter 9

Demystifying Emulsifiers as 
Additives through Molecular 
Gastronomy: A Contribution to 
Rise Consumer’s Sovereignty
Lígia Rebelo Gomes, Cláudia Silva and Catarina D. Simões

Abstract

According to the Food and Agriculture Organisation of the United Nations, one 
third of food produced annually for human consumption results in food losses or 
wastage, which is environmentally degrading, economically unviable, ethically 
incorrect, and does not contribute to sustainable development. The use of additives 
can help prevent the waste of food that is still fit for consumption in a world where 
about 16% of the world’s population goes hungry. Food additives may overcome the 
problem of limited supply of natural ingredients, increase the shelf life of foods and 
simplify the complex cooking procedures. To raise the consumer’s knowledge about 
food additives, this work presents and explain in a simple manner some physical/
chemical properties of emulsifiers, namely fatty acids esters and sucrose esters 
of fatty acids. Moreover, this work reviews and illustrates, recurring to recipes of 
molecular gastronomy, how these additives are used in food preparation to achieve 
and maintain certain desirable characteristics, how they contribute to obtain a 
better result in final preparation, and how they can be used in modern cuisine. 
Preparations coming from the discipline of molecular gastronomy have been chosen 
since they are based on laboratory related procedures and only use few ingredients, 
including an additive.

Keywords: food additives, emulsifiers, sucrose esters, mono- and diglycerides of 
fatty acids, molecular gastronomy

1. Introduction

Despite all the literature available concerning the food additives, the availability 
of easy reading yet scientifically sounding information about the nature, chemical 
composition, role, and safety of the additives is scarce. It appears that, in a world 
where fake information is quickly spread in social media and food additives start to 
be perceived as harmful, the development of tools that permit the demystification 
of their use and therefore their acceptance, is essential as they, at least, contribute to 
the expansion of food’s the shelf life and fight waste.

Following the work that our group has undertaken, to raise the consumer’s 
knowledge about additives, we desire to present and explain in a simple manner 
some physical/chemical properties of emulsifiers, EU codes, in the 400–499 range, 
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namely fatty acids esters and sucrose esters of fatty acids. How those additives are 
used in food preparation in order to achieve and maintain certain desirable char-
acteristics, how they contribute to obtain a better result in final preparation and 
how they can be used in modern cuisine will be illustrated and reviewed recurring 
to recipes of molecular gastronomy. Preparations coming from the discipline of 
molecular gastronomy have been chosen since they are based on laboratory related 
procedures and they use only a few ingredients, including an additive.

This review chapter is a means to attain a final objective which is to develop tools 
for the demystification of food additives targeted to wider target people audience 
than researchers as, for example, undergraduate students of chemical, biological 
and nutrition sciences, students of gastronomy, chefs and high school teachers, in 
the hope of encouraging them to spread genuine scientific information based, as 
far as possible, on the current state-of-art. This will contribute to the raising of the 
level of knowledge of those additives thus allowing the consumer to make informed 
decisions.

Emulsifying agents are discussed first, the chapter begins with a simple review 
of emulsification and interfacial tension. Then the E471 and E473 class of additives 
will be presented (chemical constitution and relevant physical properties). For each 
class the most common uses in food processing will be discussed as well as their role 
in a particular recipe. Finally, a brief summary concerning their safety will be made.

2. Interfacial tension and emulsions

A mixture is formed when it is thermodynamically more stable than the states 
given by its separate components. That occurs when the interaction energies 
between molecules of the mixture are higher than the sum of the interaction ener-
gies of the primary constituents [1]. This condition is usually satisfied when the 
molecular constituents that are to be mixed have cohesive forces of similar mag-
nitude. Otherwise, they do not tend to mix, even when shaken and whipped, and 
phase separation occurs spontaneously [2]. Anyhow, components must contact in 
the interfaces and interfaces are particular: surface phenomena such as surface ten-
sion (or interfacial tension) applies. The term interfacial tension usually relates to 
the liquid/liquid and liquid/solid phase boundaries; the term surface tension applies 
to the liquid/gaseous interface and the term surface free energy applies for the solid/
gaseous. The surface free energy affects wettability [3].

Interfacial tension and surface tension are defined as the work that must be 
done to maintain the unit of interface or free surface, respectively [1]. By way of 
an example, consider the interface of two immiscible liquids (oil and water), see 
Figure 1. The molecules placed in the boundary surface are interacting with mol-
ecules of both liquids, as such, the sum of interactive forces that act in the boundary 
molecule is unbalanced. That means that there is a net force that tends to push those 
molecules into their respective bulk. Thus, in order to keep the surface or the inter-
face, a network of molecules is formed against the pull, as so, work must be done 
in order to maintain or increase the size of the interface. As consequence, when a 
water solution is vigorously stirred with an oil solution, the droplets formed after 
stirring tend to aggregate and phase separation occur. This happens because the 
system will minimise its energy when it reaches the smaller surface of contact [3].

The additives that will be here presented can act as surfactants that is, they have 
the capability of modify the surface tension/interfacial tension/surface free energy 
of the heterogeneous systems. As so, they can act as emulsifiers and/or humectants. 
This ability comes from their chemical constitution: they are amphipathic mol-
ecules, e.g., they are unbalanced in their charge distribution, which means that one 
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can recognise a part of the molecule that is polar (hydrophilic) and another that is 
non-polar (hydrophobic), see Figure 2(a) for an example (a sucrose ester). Those 
kinds of molecules are named as surfactants agents due to their ability to modify the 
interface/surface tension value. If this value is lowered by action of the surfactant 
agent, then they stabilise the interface. The mechanism by which this is possible is 
related to the amphiphilic nature of the molecule: the polar part of the molecule will 
interact preferentially with the polar liquid (water) and the non-polar preferentially 
with the oil, see Figure 2(c) and (d).

Two common two-phase systems in food products are emulsions and foams. 
Emulsions are composed of two immiscible liquids that may be stabilised by a type 
of surfactant named emulsifier [3]. Foams are dispersions of gas bubbles in a liquid 
continuous phase containing foaming agents, i.e., surface-active substances that 
ensure the stability of the system [2].

An emulsion is characterised by the existence of small droplets that constitute 
the dispersed phase imbibed in an immiscible liquid, which forms the continuous 
phase, see Figure 2(d). Foams are a state where air (gas) is confined as bubbles 
into a continuous phase that could be a water solution, fat, or a hydrocolloid. When 
the emulsion is called oil–water (O/W), the oil is the dispersed phase and water 
is the continuous phase and the reverse happens for a water–oil emulsion (W/O). 
An emulsifier agent is a tension-active molecule (or mixture of molecules) that 
has the ability to be adsorbed at the O/W/W/O interface, lowering the tension and 
preventing the dispersed-phase droplets from aggregating [4]. The type of emul-
sion formed when an aqueous solution is mixed with an oil and with an emulsifying 
agent depends on the solubility of that agent: “The phase where the emulsifier is 
most soluble will be the continuous phase”, hence, even if a preparation has 60% 
of constituents of oily origin an O/W emulsion will be obtained if the emulsifier 
chosen is soluble in water [1].

The mechanisms by which the emulsifiers stabilise emulsions and dispersions 
are based in electrostatic or/and steric phenomena. Non-ionic emulsifiers, as 
sucrose esters of fatty acids and mono and di-glycerides of fatty acids are good 

Figure 1. 
Schematic representation of the differences on the net forces in two liquid that are not mixable, e.g., polar 
water molecules (in red circles) and non-polar oil molecules (blue curved lines): in the bulk of each liquid 
the net forces between molecules are balanced while on the interface the net forces acting on the molecules are 
not, as consequence of the differences on the mutual interaction energies. Such molecules tend to undergo a 
displacement to the respective bulk solution and new molecules are displaced to the inner solution to replace 
them. This dynamic is kept in order to maintain the interface and the energy required to do it, per surface unit, 
is called the interfacial tension.
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steric stabilisers. In most cases, they cope with presence of any ions in solution and 
do not react with them, allowing for a wide application in various systems, espe-
cially in water of unknown hardness [1, 5].

Thus, in order to stabilise an emulsion, the appropriate emulsifier must be 
selected. One of the challenges is to select an emulsifier with an adequate hydro-
philic/lipophilic balance (HLB) suitable for the system. The HLB is a measure of the 
hydrophilicity of an emulsifier: higher HLB values indicate a higher hydrophilicity. 
Emulsifiers with HLB values of 3.5–6 tend to be the most suitable for W/O emul-
sions, and those with HLB values from 8–18 are best suited for O/W emulsions. 
Surfactants with values ranging from 7–9 are good wetting agents [1, 5].

Most commercial emulsifiers, especially glycerides of fatty acids and sucrose 
esters, are mixtures of mono-, di- and tri-esters. Emulsifier HLB values are largely 
dependent on the monoester content; a greater monoester content leads to a higher 
HLB value [5]. The HLB value also depends on the chain length(s) of the fatty acids 
attached to the emulsifier; short fatty acid chains lead to higher HLB values [6].

Another factor to take into account is the molecular weight of the surfactant: 
emulsifiers with low molecular weight are usually more rapidly adsorbed onto 
the phase interface and prevent droplet coalescence during homogenisation, 
they are a preferable choice for making micro-emulsions, as those used in food 
processing [7, 8].

Figure 2. 
(a) Structure of a sucrose di-ester (derived from stearic acid). The polar part of the molecule is identified as 
hydrophilic and the non-polar as hydrophobic (or lipophilic), (b) usual scheme representation of the molecule, 
(c) the surface-active agent has the ability to stabilise the interface: The polar part of the molecule interacts 
preferentially with the polar liquid (water) and the non-polar preferentially with the oil; (d) when the 
mixture is shaken, droplets of oil disperse into the water phase (continuous phase).
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2.1 The critical micelle concentration

A micelle is considered a supramolecular aggregate shape of molecules with 
spherical that is formed by surfactant molecules. Micelles in water are aggregates 
with the hydrophilic part of the molecule contacting with surrounding solvent 
and the hydrophobic tail regions in the micelle centre. The micelle content can be 
air (see Figure 3) or a fat. In colloidal and surface chemistry, the critical micelle 
concentration (CMC) is defined as “the concentration of surfactants above 
which micelles form and all additional surfactants added to the system will form 
micelles”.

Figure 3 depicts a graphical representation of the surface tension (γ) of water 
solutions of a fatty acid di-ester of a glucopyranoside at various concentrations. 
When the concentration of the surfactant is low, the whipping of the solution will 
not give “stable bubbles”, but this will occur after the surfactant concentration 
reaches the CMC (value indicated by the arrow). As seen, before the CMC there 
is a strong change of the surface tension and after the CMC that value reaches a 
minimum and stays independent of the concentration, giving stability to the air 
droplets. For the mono and di-glycerides of fatty acids and as well for sucrose esters 
the stability of the micelles is given by the strong hydrogen bonds that the sugar 
moiety can make with water [9, 10].

The CMC depends on the temperature, the pressure and it also changes with the 
composition of the water solution, namely with the presence of other surface-active 
compounds.

3. E473 and E471 classes of additives

This revision will concern about two classes of food additives, the sucrose 
esters of fatty acids (E473) and the mono- and diglycerides of fatty acids (E471). 
Both are widely used nowadays in food industry and thus present in the prepara-
tions available in supermarket shelves. The sucrose esters of fatty acids are used 
to obtain mostly O/W emulsion (but not only) and mono- and diglycerides of 
fatty acids are used to obtain W/O emulsions. Both are good agents for form 
stable foams.

Figure 3. 
A graphical representation of the surface tension (γ) of water solutions of a fatty acid ester of a 
glucopyranoside at various concentrations. The arrow indicates the value of the critical micelle concentration 
(CMC): before the CMC there is a strong change of the surface tension; after the CMC that value is minimum 
and stays constant and the air micelle in water is stabilised. Adapted from [9, 10].



Natural Food Additives

244

3.1 Sucrose esters of fatty acids (sucrose esters), E473

Sucrose esters of fatty acids class of compounds (E473) are tensioactive agents 
that have fatty acids esterified in sucrose. They synthesised by the esterification 
of the available hydroxyl groups of sucrose (O-α-D-glucopyranosyl-(1 → 2)-β-D-
fructofuranoside) and fatty acids. In Figure 4 the structure of sucrose is depicted: 
this is a disaccharide formed from condensation of glucose and fructose to produce 
α-D-glucopyranosyl-(1 → 2)-β-D-fructofuranoside. The free hydroxyl groups are 
numbered as red labels; the primary hydroxyl groups are more reactive since they 
are not so steric hindered, as such, their reaction with fatty acids is most probable 
giving the sucrose mono-, di-, or tri-esters. They can be obtained with a very wide 
range of variation in the molecular structure due to the different combinations 
between the length of the fatty acid chain, the degree of saturation of the fatty acid 
and the degree of esterification. The length of the fatty acid chain generally varies 
between 4 and 18 carbon atoms, but the most used fatty acids for esterification are 
i) the saturated lauric, myristic, palmitic and stearic acids, see Figure 5(a), and ii) 
the unsaturated oleic and erucic acids, Figure 5(b).

Sucrose esters can be synthesised either chemically or enzymatically. In 
industrial scale they are obtained by trans-esterification (see Figure 6): the reac-
tants are sucrose, a triglyceride (TG), potassium carbonate as catalyst in N,N-
dimethyformamide (DMF, CAS: 68–12-2) or dimethylsulfoxide (DMSO, CAS: 
67–68-5) as solvents. This reaction gives a product that is a mixture of the sucrose 
monoester (> 50%), sucrose di-esters (~10%) higher esters, sucrose and TAG [11]. 
This processing method has issues connected with the removal of the solvents that 
have high boiling points [426.2 ± 0.7 K (~153°C) for DMF and 463 ± 1 K (~189°C) 
for DMSO] and the separation of the monoester from the other by-products. 
Sucrose monoesters may be also produced in large scale by the reversible trans-
esterification process, see Figure 6, using sucrose and a fatty acid methyl ester as 
reagents and sucrose esters and methanol will be obtained as products. This this a 
reversible process, so, the methanol should be removed during the reaction. Under 
the optimal conditions this protocol can provide material containing upwards of 
70% of the monoester [11].

Chemical synthesis uses solvents such as DMSO and/or DMF that display 
toxicity [12–14]. In alternative, enzymatic based reaction procedures have 
been developed more recently [15, 16], and present some advantages over the 
chemical reactions: i) they can take place under lower temperatures ii) they 
use less toxic solvents and iii) they allow better control over the reaction final 
products. However, the main obstacle to commercial sucrose ester production 
by the enzymatic means is the fact that the reaction has to be run in batch rather 
than flow mode [17]. The most promising enzymes are a group of esterases that 
catalyse the hydrolysis of lipids. In the present context, important lipases are the 

Figure 4. 
The structure of produce α-D-glucopyranosyl-(1 → 2)-β-D-fructofuranoside (sucrose). The labelled atoms are 
carbons atoms containing hydroxyl groups available for sterifications. The primary C1’, C6′ and C6 are the 
most reactive.
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triacylglycerol lipases that selectively hydrolyse insoluble triacylglycerol’s at the 
substrate-water interface [18, 19].

Most of the physical–chemical characteristics of a determined sucrose ester are 
related to the kind of fatty acids used for esterification. In Figure 7 the chemical 
formula of a di-ester of sucrose is show, where the esterification occurred in the 1 
and 6’ position and the fatty acid used was the stearic acid.

Sugar esters are considered as typical low molecular weight surfactants, they 
decrease the surface tension on interfaces and form micelle sub-structures of oil 
and air in water after reaching the CMC. The CMC depends on the structure of the 
sugar ester. Having low molecular weight, sucrose esters are soluble in water and 
they will make the stabilisation of O/W emulsions. The HLB value depends on the 
type of fatty acids used in esterification [20]. The relationship between HLB water-
solubility and composition in the sucrose esters is dependent on three factors: (a) 
the degree of substitution; (b) the alkyl chain length in the ester group; and (c) the 
presence of dienoic or trienoic acyl groups. Providing the right blend of mono- and 
di- sucrose esters linear values of HLB range from 10–16. If mixtures are made with 
glycerides and sucrose esters the HLB range from 4–16 can be covered [21]. The 
HLB scale of sucrose esters is usually defined by suppliers and it should be merely 
considered as an index of ranking: from the most hydrophilic (high HLB) to the 
most lipophilic (low HLB) within the sucrose ester family.

Figure 5. 
The most used fatty acids for esterification into sucrose (a) saturated fatty acids (b) unsaturated fatty acids.

Figure 6. 
Reaction pathways to obtain the sucrose esters.
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Some authors [22] worked on the clarification of the real HLB for the sucrose 
esters. They concluded that the experimental HLB of sucrose monoesters, would 
be around 11–12 for short fatty chains (6 to 12 carbons) and around 10–11 for long 
fatty chains (14 to 18 carbons). Those values are slightly different than the values 
presented by the producers that range from 2–16. Sucrose esters powders may come 
with residual amounts of fatty acids and those, by their turn, may appear in the 
neutral form or in the protonated form. Fatty acids in neutral state are also able to 
act as surfactants and they are good to stabilise the O/W emulsions.

The easiest parameter to evaluate the thermal stability of sucrose esters is the 
melting point, it can vary within the 40–60°C range depending on the type of fatty 
acids that have been esterified. Nevertheless, the emulsions can be heated to about 
180°C (they decompose above 220°C) without compromise their emulsification 
properties of the surfactants (however a colour change may be observed in high 
temperatures if sugars are present due to caramelisation). The thermal properties of 
sucrose esters depend on the various HLB values: high or medium HLB values tend to 
be vitrified by melting. Since sucrose esters are usually a mixture, apart from crystal-
lisation, they also present amorphous structures which slowly crystallise in time [23].

Sucrose esters are stable in the pH range of 4 to 8, so they can be used as an addi-
tive in most foods. At pH higher than 8, saponification (hydrolysis of the ester bond 
to release the original sucrose and the salt of fatty acids) might occur. Hydrolysis 
could also occur at pH lower than 4.

3.1.1 Common uses for sucrose esters

Monoesters of sucrose esters are most commonly studied, although applications 
of di-esters or higher esters have also a wide range of applications. The sugar esters 
can be used in white sauces, dairy products that are alternative to milk, aerated 
dairy desserts, like ice cream, mousses, bakery, confectionery, preparation of cereal 
based products [18].

Thus, no wonder that the use of sucrose esters as surfactants in the food industry 
has been increasing exponentially. Apart from the emulsification power that will be 
discussed next, they also present advantages concerning about their biodegradability: 
after ingestion, the sucrose esters are hydrolysed by digestive enzymes into sucrose 
and their component fatty acids that are further metabolised in the usual way [5].

In a general approach the use of sucrose esters as additive in food preparations will 
allow the formation of O/W emulsions. The presence of the sucrose ester will replace 
the oil (fat) continuous phase by smaller globules/oil droplets imbibed into a water 

Figure 7. 
The chemical formula of (a) a mono-acyl-sucrose ester and of a (b) di-acyl sucrose ester.
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phase. The encapsulation of the oil will protect it against oxidation, which occurs in the 
presence of oxygen and light. This will improve the stability of the prepared food and 
will increase the shelf life. They can also act as humectants as they can make the stabi-
lisation of the water/air interface, as so, they are popular in preparations of foams. In 
addition of acting as emulsifiers and texturizers, they present several other advantages 
such as the protection of proteins from flocculation, the prevention of sugar crystallisa-
tion and they form stable structures resulting from interaction with starch.

3.1.1.1 Preparations based in oil/water emulsions

Typical O/W emulsions are mayonnaise and dressings. Sucrose esters are used 
in their preparation as an alternative to egg yolk. Sucrose esters with a high HLB 
value are soluble in cold water so the preparation can be made at room temperature. 
They also do permit the formation of stable emulsions with very small droplets; 
this is only possible due to their ability of significantly lowering the tension in the 
oil–water interface. Another important feature is that emulsions can be made with 
homogeneous droplet radius; this will avoid coalescence of the small droplets into to 
bigger, ones once the former have higher Laplace pressure.

Visually the emulsions made with sucrose esters appear like a white sauce and 
they impart a creamy sensation. A large number of small oil droplets give the 
impression of a higher fat content, thus, the creamy mouth feel and flavour percep-
tion of the preparations and will mimic the sensation of taste provided by fats. In 
addition, the small droplets will scatter the light into various directions increasing 
the brightness of the preparation and giving a whiter appearance. In the preparation 
of mayonnaise, the emulsion must be made before adding the acidic components in 
order to prevent the hydrolysis of the ester that can occur at values below pH 4.

Sucrose esters can replace milk proteins in the preparation of white sauces 
and improve the stability of the emulsion. There are sucrose esters (or mixture 
of sucrose esters) in the market that have higher O/W emulsification power than 
proteins. The small size of the oil droplets obtained and their homogeneity, provide 
high stability against flocculation and the emulsions may not require a high viscous 
continuous phase. The viscosity of the continuous phase is, generally, obtained by 
adding starch (in this case it will work as a stabiliser). The advantage in gastronomic 
terms is to have sauces that are less sticky, more satiny and with good power to 
release flavours. Furthermore, the preparation does not decompose by Maillard 
reaction1 during pasteurisation or sterilisation. Drinks based on soy, almond, rice 
and coconut are popular alternative products to milk. The addition of sucrose 
esters in their processing allows the stabilisation of the oil emulsion in a continuous 
hydrophilic phase that usually displays low viscosity. Again, “the milk alternative 
product” will appear whiter. Usually the mono-esterified esters are chosen since 
they interact better with proteins that are pH sensitive due to their isoelectric point. 
The tension-active agent will interact with these proteins, stabilising preparations 
against flocculation [28].

1 Reaction between amino acids and reducing sugars that initiate a complex cascade of reactions during 
heating, resulting in the final formation of substances brown called melanoidins. It begins with the 
nucleophilic attack of the α-carbonyl group of a reducing sugar, for example, to the amino group of 
proteins. The occurrence of the reaction in food depends on several factors: high temperatures (above 
40°C), water activity in the range of 0.4 to 0.7, pH in the range of 6 to 8 (preferably alkaline), relative 
humidity of 30% at 70%, the presence of transition metal ions such as Cu2 + and Fe2 +, which can 
catalyse the reaction [24–27].
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Pre-preparations of fat-soluble substances for further water dilution: fat soluble 
substances such as omega-3 and some natural dyes may be previously mixed with 
sucrose esters and kept as a concentrated emulsion for further incorporation into 
water-dispersed form in beverages, dairy products, and confectionery.

3.1.1.2 Preparations based in oil/water emulsions with significant sugar content

In preparations with sugar like chewy soft candy and ices, sucrose esters are also 
widely used nowadays. The reason for that is related to the capacity of sugar esters 
to control sugar crystallisation. Sucrose esters promote the formation of secondary 
grains during crystal growth process and prevent the agglomeration by making a 
homogenisation of the crystal size. The delay on sucrose crystallisation may be due 
to the decrease of the molecular mobility [29] or to the disrupting the crystal lattice 
due to molecular interactions between sucrose and the additive [30]. The polar 
group of the sucrose ester interferes with crystallisation after cooling precluding 
the crystal growth: during cooling the non-polar fatty acid of the sucrose ester will 
move from the polar sugar solution to the less polar sugar crystal. As a result, the 
sugar crystals will be surrounded by a layer of fatty acids that will prevent further 
crystal growth see Figure 8. The re-solubilisation and re-crystallisation of the sugar 
will be inhibited. The sugar ester layer around the micro-crystalline nuclei stabilises 
the outer shell of water and prevents water evaporation from the sugar mixture 
(in fondants). This will result in a gritty mouth feel.

Bakery products with sucrose esters as additives are very usual. The esters form 
a flexible network with gluten making the preparations more resistant to mechani-
cal stress during processing. In addition, they contribute to maximise gas reten-
tion due to their properties of stabilisation of the air/solid interface (see 3.2.1.3). 
Sucrose esters are also able to interact with starch: they have the ability to complex 
with the linear and helical amylose and the branched amylopectin. In consequence 
the temperature and enthalpy of gelatinization will change [31]. The capacity of 
interaction with starch varies with the length of the monoester and the degree of 
saturation. The sucrose fatty acids interact preferentially with amylose and form a 
helical complex during gelatinization. This reaction prevents retrogradation of the 
starch and increases the long-life term [32].

3.1.1.3 Aerated oil/water emulsions preparations

Sucrose esters are good humectant agents since they significantly decrease the 
surface tension value of water solutions or hydrocolloids. They help into aeration 
and promote foam stabilisation.

Foams correspond to the macroscopic manifestation of an air/liquid or air/
solid interface, air appearing as bubbles. The dispersive phase can be a water 

Figure 8. 
Effect of sucrose ester into the crystal growth of sugar (a) without the surfactant; (b) with surfactant: the 
crystals are surrounded by the fatty acid chain that protect the micro-crystals from further growth.
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solution, fat, protein or hydrocolloids. Water has a high surface tension thus, 
without a surfactant, it is difficult to retain air inside. The addition of a sugar 
ester to the preparation reduces the surface tension in the interphase and makes 
the foam stable. Table 1 gives the values for surface tension of several sucrose 
surfactants [33, 34].

The lower the surface tension the easier to prepare the foam and to keep it over 
time. The value for the surface tension of air/water interfaces that is obtained at 
concentrations higher than the CMC tends to be in the range of 24–44 mN/m. One 
of the most effective surfactants is the sucrose laurate with HLB of 15 and surface 
tension of 28.5 mN/m.

The presence of three phases (water/oil/air) puts additional challenges to the 
stabilisation of the preparation. First, the presence of fatty materials destabilises 
the aqueous foams because the water film around the air bubble will be squeezed 
by the presence of the fat: this will decrease its thickness leading to the collapse of 
the air bubble. If an emulsion is made previously to aeration the surfactant must 
be used to stabilise the fat droplets first in order to preclude the interference of the 
fat with the water layer around the bubble. For this purpose, the use of a surfactant 
with medium HLB value (6–11) is the better choice since they can make stable 
oil-in-water emulsions. However, to ensure a longer shelf life without syneresis and 
retraction, preparations must contain stabilising and gelling agents.

The second challenge deals with the presence of proteins. Proteins are surface 
active agents and compete with the sucrose esters in the surface of air/water and 
in the interface of oil/water droplets and, as seen, generally the formation of the 
oil/water emulsion precedes the aeration process. In preparations of creams those 
proteins are egg and milk proteins. It seems that egg proteins are more effectively 
absorbed in the oil/water interface than milk proteins [35], but low weight surfac-
tants are able to displace the proteins from the fat layer drops, lowering the steric 
stabilisation made by the macromolecules, especially if they are daily proteins [36]. 
This will increase the probability of the coalescence of the emulsion during whip-
ping. Those effects have been studied at least one decade ago and it seems that the 
content of sucrose ester is a key to obtain a good stability for the foam: in concentra-
tions lower than 0.1% the amount of sucrose ester that is absorbed into the surface 
oil films is insignificant while in concentrations higher than 0.1125% most of the 
proteins are displaced by the surfactant in the oil/water interface [37], that is, little 
protein is left around the oil droplets of the emulsion due to the preferential adsorp-
tion of sucrose ester over milk proteins (Figure 9).

Additionally, the shear stress given by whipping promotes a higher desorption 
of milk proteins on the oil/water interface, that is, the egg proteins are better for 

% of monoester HLB value Surface tension
10−3 (N/m)

Sucrose laurate 70 15 28.5

Sucrose palmitate 75 16 34.0

Sucrose stearate 70 15 34.5

Sucrose stearate 50 11 36.7

Sucrose stearate 30 6 46.8

water 72.8

Table 1. 
Values for hydrophilic/lipophilic balance (HLB) and surface tension (Du Noüy method) for several sucrose 
esters surfactants and for water at T = 20°C [33]. Concentration above the critical micelle concentration.
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preparation of stable foams, but in order to get a stable foam, partially coalescence 
of fat droplets should occur [38, 39].

3.1.2 Examples for the use of sucrose esters in molecular gastronomy

3.1.2.1 Preparation of a butter cream

The ingredients for the preparation of a butter cream are: egg whites (4 units); 
sugar (267 g) and water (60 g); unsalted butter (454 g); salt (1.5 g) and sucrose 
esters (5.4 g) (Figure 10).

Preparation consists in:

1. Mixing the surface-active agents: whisk the whites and sucrose esters and 
beat in an electric mixer initially at low speed (1) and then at medium 
speed (3).

2. Preparing the sugar syrup (aqueous phase): heat the sugar with the water to 
T = 115°C.

3. Incorporating of surfactants in the aqueous phase: slowly mix the glucose 
syrup into the egg whites until incorporated, increase the speed to medium-
high and beat for 10 minutes. Allow to cool.

Figure 10. 
Butter cream (a) and cream bubbles (b) preparations using sucrose esters, suggestion of presentation.

Figure 9. 
There is a competitive absorption in the oil–water interface between milk proteins: in consequence a mixed 
surfactant protein film is formed around oil droplets. This last film is weaker than that obtained when only 
protein is present and will contribute to the destabilisation of the emulsion. The higher the content of sucrose 
ester in the preparation, the higher the degree of substitution.
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4. Preparing the O/W emulsion: add the butter slowly at room temperature 
(2 tablespoons at a time), until a homogeneous mixture is obtained.

5. Preparing the foam: add the salt and beat the mixture until it is well ventilated.

This is a typical O/W emulsion even if it looks like the opposite; although the 
amount of fat is higher than that of the water, the nature of the surface-active 
agent (its HLB) dictates the type of the obtained emulsion. On first step, protein 
egg whites (including globulins as albumins and mucoproteins) that can act also as 
tensioactive agents are mixed with the sucrose esters. After the preparation of the 
sugar syrup the tensioactive agents are to be mix with the aqueous phase. Sucrose 
esters interact in stabilisation of sugar crystallisation process but here the sugar 
syrup is kept always warm, as so, sugar esters will play a role into the solid/liquid 
interface only after aeration. Careful must be taken with temperature: not too low to 
avoid sugar crystallisation; not too high to avoid proteins denaturation (sugar esters 
protect protein against from flocculation). The oil phase is added slowly at room 
temperature in order to form the emulsion. In step 5 the whipping allows the air to 
be retain in the pre-obtained emulsion, that will be stabilised by the sucrose esters 
in the air/(O/W) emulsion.

3.1.2.2 Cream bubbles

Ingredients: Cream (250 g); milk (125 g); water (87.5 g); water for sugar syrup 
(37.5 g); sugar (37.5 g); sucrose ester (5 g) and spices (seeds of 1 piece cardamom, 
seeds of 1 piece of vanilla, ginger flower).

Preparation consists in:

1. Preparing the sugar syrup (aqueous phase): heat the sugar with the water to 
T = 115°C.

2. Incorporation of the sucrose esters with cream and milk (plus spices).

3. Incorporation of the sugar syrup into the of the oil/water emulsion: using 
a hand blender make a mixture of the syrup with the remaining boiled  
ingredients.

4. Filtration of the solids (spices): make a filtration with fine mesh sieves and 
keep warm.

5. Formation of the foam: mix with a hand blender right before serving.

Foams and whipped emulsions are stabilised by dairy proteins. The illustrated 
preparation has fats, proteins, hydrocolloids, and colloidal components. The pres-
ence of the sucrose ester contributes, together with the proteins, to stabilising the 
interacting components of the preparation as an emulsion when they are first boiled 
and mix (homogenisation). Then, at last minute, the aeration process to make the 
foam should be implemented (aeration).

Proteins (namely dairy proteins) and the sucrose ester present in the bulk 
preparation compete at interfaces air/water and oil/water. At high concentrations, 
the water-soluble sucrose ester is more effectively adsorbed at those interfaces and 
displace the proteins. This mechanism occurs depending on the ratio protein/sur-
factant. As so, proteins they are to be apportioned between the bulk phase (water) 
and interfaces (oil/water).
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The mix of the sucrose ester with proteins in the interfacial layers makes the 
surface film to be weaker when compared only with proteins, contributing to the 
destabilisation of the emulsion. This is important to the aeration process: when a 
cream is whipped, shear forces are acting into an aqueous dispersive system with 
a high interface area that encloses, oil and gaseous phases brought together. The 
destabilisation of the emulsion will make the incorporating of air easier during the 
foam manufacture and at same time the aqueous phase behaves like a reservoir of 
active material surface, say, protein and surfactant. This is beneficial for building a 
network of partially coalesced fat globules around the air bubbles and for stabilising 
new formed air-water interfaces.

3.1.3 Safety and maximum daily intake

Sucrose esters were approved and registered by European Food Safety Authority 
or EFSA under the E number of 473. The authorization for the use of sucrose esters 
of fatty acids (E 473) was made in 1995 in various preparations but not for colour 
stabilisation and sweetening preparations but, having a wide range of applications, 
sucrose esters are used in many industrial preparations and the European Food 
Safety Authority (EFSA) requested to the food industries extra data about the use 
of the sucrose esters in baked goods and flavoured drinks (chocolate milk, cocoa, 
eggnog, drinking yogurt and whey based drinks) in 2004 [40].

The and the panel responsible for the evaluation concluded that the daily 
the exposure to the additive exceeded the acceptable daily intake of 40 mg/
kg/bw/day.

Meanwhile health concerns on high consumption of the sugar esters of fatty 
acids raised since it is used in several categories of food of preparations where data 
was not provided from producers. As so, the current exposes could be higher than 
that advised by the panel.

In 2010, the panel recommend the collection of reported used form industry for 
fine bakery and flavoured drinks and in the light of new data, ANS Panel indeed 
concluded that the use of sucrose esters of fatty acids (E 473) may lead to an expo-
sure higher than the 40 mg/kg/bw/day [41].

The uncertainty regarding the amount of E473 that could be ingested by the 
population, due to the wide use of these additives, led the commission to launch of a 
public call for data aiming at collecting reported use levels from industry or analyti-
cal data and a motorization of the presence of the surfactant on the label of foods 
in 2014. A refined analysis was made based on the preference of the population for 
consuming certain food categories and brands (flavoured drinks, fine bakery, only 
dairy-based and almond drinks). The panel concluded that the refined exposure 
in the brand-loyal scenario could be estimated as 54 mg/kg/bw/per day for babies 
(12–35 months) and as 124 mg/kg/bw/per day for children (3–9 years), but as not 
all categories were included this value may be overestimated [42].

The panel in 2018 recommended a higher detail in data collection in order to 
provide the scientific experts with data for a more realistic estimation. Thus, the 
actual studies point that there is an over cumulative intake of this additive by the 
European population due to quantity of preparations available in marked that use 
sucrose esters of fatty acids [42].

3.2 Mono- and diglycerides of fatty acids (E471)

Monoglycerides and diglycerides are lipid molecules composed of a single fatty 
acid or two fatty acids, respectively, esterified with hydroxyl groups of the glycerol 
[43, 44]. The food additive itself, consists of a mixture of glycerol mono-, di- and 
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tri-esters of fatty acids derived from edible oils and fats [45, 46]. The amount of 
mono- and di-esters should be at least 70% according to the European Regulation 
(2012), and may also contain a small quantity of free glycerol (maximum 7%) and 
fatty acids [45]. Therefore, it is a mixture of substances which may contain different 
mono- and diglycerides of fatty acids, depending on the fatty acid sources. The fatty 
acids in mono- and diglycerides may be saturated or unsaturated, being the lauric, 
linoleic, myristic, oleic, palmitic, and stearic fatty acids the most prevalent. [46].

A revision concerning the synthesis of monoglycerides was published some 
years ago [46]. Their synthesis can be made according to schematic reactions pre-
sented in Figure 11. As seen, mono- and diglycerides of fatty acids may be produced 
by chemical methods, such as inter-esterification (glycerolysis) of fatty acid esters 
with glycerol and direct esterification of glycerol with fatty acids [47–49]. Some 
methyl esters of the fatty acids used are depicted in Figure 12. Both reactions occur 
under alkaline conditions at a high temperature (200–250°C), and yield a mixture 
of mono-, di- and triglycerides in addition to a reduced fraction of free glycerol [46, 
50]. Alternatively, mono- and diglycerides of fatty acids may be produced by enzy-
matic hydrolysis of triglycerides [51, 52]. The advantages of enzymatic synthesis are 
higher yields and mild reaction conditions, resulting in products of higher quality 
and lower energy consumption [53].

Regardless of the chosen method, it is usually necessary to separate and to 
concentrate these glycerides [48]. Monoglycerides may be separated from the 

Figure 11. 
Synthesis of monoglycerides, diglycerides and triglycerides via trans-esterification (glycerolysis) using methyl-
fatty acids and glycerol in a basic reaction medium (adapted from [46]).

Figure 12. 
Examples of methyl esters fatty acids used in the esterification of glycerol.
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diglycerides, triglycerides, and glycerol by molecular distillation. This a method to 
separate and purify thermally unstable compounds and substances with low vapour 
pressure and higher molecular weight, without significant thermal decomposition 
[48]. Molecular distilled monoglycerides contain an equilibrium of 1-monoglycer-
ides and 2-monoglycerides dependent on the temperature used during the process. 
The monoester content is usually 90–95% in commercially distilled monoglycerides 
[50]. Distilled monoglycerides have a better dispersibility in water than the mono- 
and diglycerides of fatty acids because they present high purity and well-defined 
molecular structure, forming a liquid crystalline mesomorphic phase with ordered 
bilayers of the fatty acid chains, separated by water layers associated with the polar 
groups [50]. This feature is useful in food products where interactions with water-
soluble ingredients (e.g., starch components) or the aerating properties of fat-free 
products are of importance [54]. When distilled monoglycerides are heated to their 
melting point with water, a gel is formed in which the water layers alternate with 
lipid bilayers [55]. The melting point depends on the chain length of the fatty acid 
and on the purity of the monoglyceride [50].

Mono- and diglycerides of fatty acids are amphipathic molecules, which can be 
represented as depicted in synthetic pathways of Figure 11. They can be absorbed in 
the water/oil surfaces once the hydrophilic head has a high affinity for water, and a 
lipophilic tail to the oil [49]. The structure of mono- and di-glycerides of fatty acids 
classifies them as surfactants, i.e., surface-active agents or molecules that migrate to 
the interface between two phases (solid, liquid, or gas).

The functional properties of mono- and diglycerides of fatty acids are deter-
mined by the HLB of the mixture that will depend on i) the type of fat used as the 
base ingredient, i.e., if the original fat is saturated or unsaturated, ii) the length 
of the hydrocarbon chain fatty acids and iii) the percentage of monoglycerides. 
The mono- and di-glycerides of fatty acids are non-ionic oil soluble surfactants, 
predominantly lipophilic and only sparingly soluble in water, having a low HLB. 
Therefore, they stabilise W/O emulsions such as margarines and spreads, by form-
ing reversed micelles in oil [50, 56]. They are also used to inhibit fat crystallisation 
in some O/W emulsions because this improves the stability of the food product to 
refrigeration conditions, for example, in dressings. Moreover, oil-soluble emulsi-
fiers can be used in combination with water-soluble emulsifiers to facilitate protein 
displacement from fat droplets during the manufacturing of ice creams, whipped 
creams, and toppings.

3.2.1 Common uses for mono- and diglycerides of fatty acids

The food additive mono- and diglycerides of fatty acids offers the food industry 
many solutions for optimal product formulation and processing. When used as 
additive in food products such as bread and baked products and ice cream, mono- 
and diglycerides of fatty acids require a high concentration of monoglycerides [57, 
58]. The high interest of the food industry in the utilisation of mono- and diglycer-
ides of fatty acid additives is due to the fact they are safe for consumption and have 
useful properties that improve the production of food products [59].

Food-grade mono- and diglycerides of fatty acids have been studied as surface-
active substances or foaming agents. Diglycerol monomyristate influences the 
foamability and stability of olive oil foams, depending on the surfactant concentra-
tion, and the size of its solid particles [60]. Moreover, the addition of a mixture 
of distilled mono- and diglycerides of edible saturated fatty acids from vegetable 
origin with a total content in monoglycerides larger than 90% result in high stable 
foams of rapeseed oil, in which a dense layer of surfactant crystals at the oil-air 
interface protects the air bubbles, thus preventing the dissolution and coalescence 
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of the system [61]. In addition, there is reported evidence of Pickering stabilisa-
tion of gas bubbles by monoglyceride crystals at the air–oil interface. Gunes et al. 
observed that the air bubbles produced in sunflower oil with a monoglyceride (98% 
saturated) were covered by a layer of monoglyceride crystals preventing rapid dis-
solution and coalescence of the oil foam [62]. In addition, whipping is an important 
mechanical process for the effective coverage of the bubble surface with the stabilis-
ing layer of fat crystals as compared to foams obtained by depressurization [62].

3.2.2  Examples for the use of mono- and diglycerides of fatty acids in molecular 
gastronomy

3.2.2.1 Mono- and diglycerides of fatty acids to prepare “olive oil foam”

To prepare “olive oil foam”, two ingredients are necessary: extra virgin olive oil 
(200 g) and mono- and diglycerides flakes (200 g) Figure 13.

Preparation consists in:

1. Heat the olive oil with the mono- and diglycerides of fatty acids flakes until the 
mixture reaches the temperature of 60°C. Stir until the flakes dissolve.

2. Pour the mixture into a heat resistant whipping siphon and charge as instructed 
by the manufacturer.

3. Serve warm. To use it later, keep the whipping siphon at room temperature.

3.2.3 Safety and maximum daily intake

According to the European Regulation the presentation of the food additive 
E-471 varies from a pale yellow to pale brown oily liquid to a white or slightly off-
white hard waxy solid. The solids may be in the form of flakes, powders, or small 
beads [63].

Mono- and diglycerides of fatty acids are the most widely used food emulsifiers, 
accounting for around 70% of the world production of food emulsifiers [3, 56].  
Commercial mono- and diglycerides of fatty acids usually contain 45–55% mono-
glycerides, 38–45% diglycerides, 8–12% triglyceride and 1–7% free glycerol [50]. 
Mono- and diglycerides of fatty acids are also produced in the gastrointestinal tract 
during the hydrolysis of the food derived triglycerides by gastric and pancreatic 
lipases [64]. Mono- and diglycerides of fatty acids have been evaluated by the Joint 

Figure 13. 
A olive oil foam prepared with diglycerides flakes.
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FAO/WHO Expert Committee on Food Additives in 1974. The commission recom-
mended a specific risk assessment for its use in food products for infants under 
the age of 12 weeks [65]. In 2017, the safety of mono- and diglycerides of fatty 
acids when used as a food additive was re-evaluated by the EFSA Panel on Food 
Additives and Nutrient Sources added to Food for ages above 12 weeks of age [66]. 
Since the hydrolysis of mono- and diglycerides of fatty acids is likely to occur in the 
gastrointestinal tract with production of free glycerol and free fatty acids. For this 
reason, the Panel also evaluated the safety of the food additives glycerol (E 422) and 
fatty acids (E 570). No evidence for adverse effects was reported in toxicity studies 
that assessed these additives. Neither genotoxic nor carcinogenic effects have been 
observed [67]. On the other hand, exposure to mono- and diglycerides of fatty acids 
may be compared with the fat consumed, due to the similarity in their metabolic 
breakdown. US dietary guidelines recommend an overall fat consumption of 30% 
of total energy intake and saturated fat consumption of 10% of total energy intake 
[68]. High saturated fat intake has been associated with higher risk of coronary 
heart disease and mortality [69]. Although not all saturated fats have the same 
biological activity, the saturated fatty acids palmitic acid and myristic acid, often 
used in E-471 additives, may have the most negative impact on serum lipidic levels 
[70]. However, EFSA Panel reports a small contribution of mono- and diglycerides 
of fatty acids to the daily fat intake, representing around 0.8–3.5% of the recom-
mendation [67]. EFSA Panel concluded that there was no safety concern regarding 
the use of these food additives for the general population and that there was no need 
for a numerical acceptable daily intake [66]. In addition, since the dietary exposure 
to emulsifiers has not increased over the 10-year period there is no reason to suspect 
that the dietary exposure may cause a safety concern [47].

As mentioned before, the additives here discussed act as surfactant food addi-
tives. Independently of the assessment and evaluation, it is worthy to be mention 
that there are studies concerning their possible effects on intestinal barriers and 
microbiota that probably will keep the experts watchful. Recent studies suggest 
that high doses of emulsifier consumption may contribute to the rising incidence of 
several diseases involving the gastro-intestinal tract [71–73]. The rise of scientific 
reports and population studies will help risk assessors make adequate re-evaluations 
concerning the authorised food emulsifiers.

4. Conclusions

The utilisation of sucrose esters of fatty acids and mono- and diacylglycerides 
of fatty acids as food additives has been increasing exponentially. Those molecules 
act as surfactants and, depending of their mixtures and nature of the esterified 
fatty acids, they can present a wide range of HLB values. As so, they are useful for 
promoting the stabilisation of oil–water; water–oil and water/oil-gas emulsions. 
They are a common ingredient in industrial bakery, white sauces, alternative dairy 
to milk, aerated dairy desserts, ice creams, mousses, confectionery and preparation 
of cereals based products. They are obtained by chemical or enzymatic synthesises 
from natural reagents as fatty acids, sucrose and glycerol by esterification pres-
ent advantages concerning about their biodegradability: after ingestion, they are 
hydrolysed by digestive enzymes into sucrose/glycerol and their component fatty 
acids that are further metabolised in the usual way. Despite this, concerns about 
their safety are rising since the daily intake doses may become higher than the 
maximum safe daily intake doses. Evaluation panels made studies about refined 
exposure in the brand-loyal scenario concluding that the daily intake doses could be 
overestimated specially in babies and children.
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Abstract

Sweetpotato [sweet potato; Ipomoea batatas (L.) Lam.] is the seventh most 
valued food crop of the world. It has an inherent ability to grow under diverse agro-
ecological and microclimatic zones ranging from tropical and subtropical zones to 
temperate areas with its tuberous roots enriched with the secondary metabolites of 
immense nutritional value. Among these, carotenoids are the most conspicuous one 
for having their use in nutritional, pharmaceutical, food, feed, aquaculture, and 
cosmetic industries. In food industries, carotenoids are used as food additives being 
antioxidants with attractive colors. Despite the immense economic importance, 
sweetpotato has received lesser attention in terms of its breeding with improved 
varieties. The conventional method of breeding by crossing has not been much suc-
cessful due to the complexity of genome sterility and cross-incompatibility. Hence, 
the modern molecular breeding approaches, e.g. genetic, genomic, and metabolic 
(pathway) engineering, have been applied to this crop by some of researchers in 
Japan, Korea, and China to generate various cultivars with improved quantities and 
qualities of carotenoids. This has also opened a new gate for molecular breeders to 
engineer new sweetpotato cultivars enriched with carotenoids under current global 
scenario of dramatically rising climatic changes where novel food resources are bit-
terly needed, especially under alarmingly growing world population, the majority 
of which suffers from malnutrition.

Keywords: sweetpotato, carotenoids, molecular breeding, metabolic engineering, 
pathway engineering

1. Introduction

Sweetpotato [Ipomoea batatas (L.) Lam.], also described as “sweet potato,” 
belongs to the family Convolvulaceae and occupies the seventh position among the 
food crops of the world after wheat, rice, maize, potato, barley, and cassava [1, 2]. 
The largest genus in the family Convolvulaceae is Ipomoea, consisting of 600–700 
species, among which, only I. batatas is cultivated widely as a food crop around the 
world [3, 4]. In comparison with other tuber crops, sweetpotato comprises higher 
contents of carbohydrates, many minerals, and more protein estimates than other 
vegetables [5, 6]. It also contains much higher levels of provitamin A, vitamin C, 
and minerals than those of rice or wheat [7]. Hundred grams of raw sweetpotato 
contain 1.57 g of protein, 20.12 g of carbohydrates, 3 g of total dietary fiber, 41.8 g 
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of total sugars, 30 mg of calcium, 0.61 mg of iron, 25 mg of magnesium,  
47 mg of phosphorous, 337 mg of potassium, 55 mg of sodium, 0.3 mg of  
zinc, 2.4 mg of vitamin C, 0.5 mg of niacin, 0.2 mg of vitamin B6, 14,187 IU 
of vitamin A (VA), 0.2 mg of vitamin E, 11 μg of vitamin B-9, and 8509 μg 
of β-carotene (β,β-carotene) [8]. The starch in sweetpotato is easy to digest. 
Therefore, it is a valuable constituent in the preparation of excellent weaning meals 
[9]. It is a source of food supply to combat malnutrition in the developing nations, 
since the tuberous roots (tubers) are enriched with starch and dietary fiber, along 
with carotenoids, anthocyanin, ascorbic acid, potassium, calcium, iron, and other 
bioactive ingredients [10–13]. For people of South East Asia and Africa, this crop 
is the main source of β-carotene [10, 14]. The tubers of the Japanese cultivars are 
diverse concerning carotenoids accumulation [15]. Sweetpotato may exert diverse 
health positive effects, since it contains high amounts of numerous phytochemicals 
in roots or leaves [6, 16]. I. batatas cultivars with color-fleshed tubers have been 
reported for their excellent bioactivities, such as antimutagenic [17], free radical 
scavenging [18], hepatoprotactive, reduction of liver injury [19, 20], anticancer 
[21–23], antioxidative activities [23–25], antimicrobial activity, antihypertension, 
anti-inflammatory, antidiabetic, anticaries effect, ultraviolet protection [23], 
and chemopreventive activities [26]. Previous reports also suggest that its tubers 
may be useful for treating peptic ulcers [27]. The genome of I. batatas is structur-
ally complex and has a size of 4.8–5.3 pg/2C nucleus [28]. Due to the existence 
of polyploidy, sweetpotato is a hexaploid species (2n = 6x = 90) that has a basic 
chromosome number of 15, [3] with a huge genome size of 2200–3000 Mbp [29]. 
The genetic studies on this species are exhausting, since it is difficult to generate 
seeds and to evaluate the effects of polyploidy on the genome [30, 31]. Complex 
structure of its genome also manifests self and cross-incompatibility, causing 
barrier for genetic studies on important agronomical characters [3, 32]. Its tubers 
exhibit various colors, such as white, yellow, orange and purple orange, and yellow 
and orange-fleshed lines, were shown to contain β-carotene as the predominant 
carotenoid [11–13, 33, 34]. Annual yield of sweetpotato is currently exceeding 
the value of 105 million metric tons, 95% of which is shared by the developing 
countries. China is the world’s leader among all in sweetpotato consumption that 
counts about 66% of the total global consumption. China is followed by Nigeria 
and Tanzania, though, each of these last two countries shares only 4% of the total 
global consumption [35]. By applying the conventional breeding, biofortification 
of sweetpotato involved the selection of orange-fleshed varieties, to combat vita-
min A deficiency among the developing nations [36]. In Japan, high β-carotene-
accumulating varieties, such as “Benihayato,” “J-Red,” and “Sunny-Red,” were 
initially developed by Japanese breeders at the Kyushu-Okinawa Agricultural 
Research Center (formerly the Kyushu National Agricultural Experiment Station), 
Miyakonojo, Miyazaki, Japan [37–39]. The enhancement of sweetpotato with 
provitamin A carotenoids (PVACs) has also been the area of research focus for 
the HarvestPlus (a company headquartered in Washington, DC, USA, involved in 
the development of nutritious food crops through biofortification and promotion 
of such crops) since the launch of its projects on biofortification [40]. Genetic 
modification of sweetpotato by using the transgenic tools and in order to improve 
the nutritional quality offers huge scope, and numerous research reports have 
already been published on genetic modification of sweetpotato using molecular 
gene engineering technologies [41]; however, it is the immense need to overcome 
hidden hunger, specially the one related with the insufficiency of provitamin A 
carotenoids among the poorly fed but rapidly growing populations in the develop-
ing countries by molecular breeding of sweetpotato varieties on sustainable basis.



267

Molecular Breeding of Sweetpotato Carotenoids
DOI: http://dx.doi.org/10.5772/intechopen.101849

2. Carotenoids and their distribution

Carotenoids, the visible colors of life, are the 40-carbon isoprenoids synthesized 
naturally by fungi, bacteria, algae, and cyanobacteria [42–44] and conspicuously 
by green plants including bryophytes [45] and higher plants [44, 46, 47]. Being 
intracellular, carotenoids are commonly located in the membranes of chloroplasts, 
mitochondria, or endoplasmic reticulum [48]. Approximately 750 carotenoids have 
been reported so far [49, 50].

Maoka et al. (unpublished) analyzed carotenoids that were extracted from 
the orange tubers of the cultivar W71. It was consequently found that there were 
β-carotene-5,8,5′,8′-diepoxide (13.8% of the total carotenoids), β-carotene-5,6,5′,8′-
diepoxide (9.2%), β-carotene-5,8-epoxide (4.6%), β-cryptoxanthin (3.2%), 
β-cryptoxanthin-5′,6′-epoxide (2.2%), lutein (2%), and zeaxanthin (trace amounts), 
in addition to β-carotene (59.3%). The biosynthetic pathway of these carotenoids 
is proposed in Figure 1. The carotenoids with 5,6-epoxy-β-ring or with 5,8-epoxy-
β-ring are unique to sweetpotato. The tubers of the Japanese cultivar “Benimasari” 
were also found to accumulate not only the unique carotenoids, such as β-carotene-
5,8,5′,8′-diepoxide (40.5% of the total carotenoids), β-carotene-5,8-epoxide (6.5%), 
β-cryptoxanthin-5′,8′-epoxide (10.5%), and β-carotene (10.5%), but also typical 
carotenoids that included 5,6-dihydroxy-β-ring (named ipomoeaxanthins) [15].

2.1 Role of carotenoids in animals

Animals, with very few exceptions [51, 52] are unable to synthesize them [53, 
54]; however, carotenoids are accumulated by crustaceans, crabs, fish, crayfish, 
prawns, mammals, and in insects such as butterflies. The animal and human diet 
must include carotenoids as essential nutrients [44].

In marine animals, astaxanthin (3,3′-dihydroxy-β,β-carotene-4,4′-dione) 
has been reported as the most commonly stored carotenoid pigment [55]. It is 

Figure 1. 
Proposed carotenoid biosynthetic pathway in sweetpotato orange tubers [10].
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responsible for the red/pink coloration of crustaceans [56, 57] and the flesh of 
salmonoids [58]. Astaxanthin has received much attraction for its likely role in 
preventing cardiovascular diseases and aging caused by UV light in human body 
[59]. Chemical structures of some major dietary carotenoids are shown in Figure 2.

Both á -carotene and β-carotene have provitamin A activity and are converted to 
retinol in the human body [60–64]. Carotenes such as the lycopene and β-carotene 
play a potential role in human nutrition and act as protectants against diseases, such 
as lycopene protects against cardiovascular [65], aging-related diseases, macular 
degradation of eye [66, 67], and certain types of cancers including gastrointestinal, 
cervix, breast, and prostate cancer [47, 61, 68–73].

Beneficial effects of dietary carotenes, α-carotene, and β-carotene on human 
health related to enhancement of immune system and minimizing the risk of 
cancer are due to their antioxidant potential [69, 74]. β-Carotene, α-carotene, and 
β-cryptoxanthin are provitamin A carotenoids (PVACs) and hence they are the 
main precursors of vitamin A (VA) in the human body [75].

Figure 2. 
Structures of some major dietary carotenoids.
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2.2 Carotenoids use in disease prevention

Carotenoids, especially astaxanthin, have been reported to enhance both the non-
specific and specific immune system and protect cell membranes and cellular DNA 
from mutation [44, 76]. Intake of fruits and vegetables rich in carotenoids mainly 
lycopene, α-carotene, β-carotene, β-cryptoxanthin, zeaxanthin, and lutein lowers the 
risk of morbidity and mortality by cardiovascular diseases and atherosclerosis [69]. 
Epidemiological studies have reported that lycopene can lower the risk of prostate 
cancer [77] and in its ability to quench singlet oxygen; it is 2- to 10-fold stronger than 
β-carotene and α-tocopherol, respectively [78]. Clinical studies have reported that the 
lycopene-enriched foods are protective against oxidative DNA damage in leukocytes 
in vitro [79] and prostate tissue in vivo [80]. β-Carotene is useful in reducing the risk 
of ischemic heart disease and myocardial infarction [81]. In the macular region of 
human eye including eye lens, two xanthophylls, lutein and zeaxanthin, exist in high 
concentrations and are regarded very important carotenoids for eye health. Reports 
suggest that these two carotenoids protect eye from high energy UV light and are 
excellent reactive oxygen species scavengers [82]. The role of lutein and zeaxanthin 
as macular pigments and their function in eye health has been reported in previous 
studies [83]. It has been anticipated that phytoene and phytofluene which are color-
less precursors of other carotenoids possess light absorption in UV-A and UV-B range 
and protect skin by their photo-protective characteristics [84, 85]. Astaxanthin is also 
known as the super antioxidant. Since, it contains particular molecular configura-
tion, making it extremely powerful antioxidant consequently, protecting cells against 
oxidation by quenching singlet oxygen and dissipating the energy as heat. It has the 
strong potential for scavenging free radicals and effectively breaks peroxide chain 
reactions [86, 87]. Studies have showed that the low-density lipoprotein (LDL) high 
cholesterol levels in mice decreased when supplemented with astaxanthin. Neither 
β-carotene nor canthaxanthin produced the same effect. Astaxanthin or other carot-
enoids can decrease the oxidation of the lipid carriers and thereby reduce the risk of 
atherosclerosis [88]. It also has positive effects in case of antitumor activity [89].

2.3 Industrial uses of carotenoids

All carotenoids show antioxidants activities appearing in a variety of colors 
in red, yellow, and orange; therefore, carotenoids are used as natural pigments in 
food, food supplements, nutraceuticals, pharmaceuticals, and cosmetic industry 
and various biotechnological purposes [90, 91]. Global carotenoids market touched 
$1.5 billion ($1500 million) in 2017 with a projection of $2.0 billion by 2022 [92]. In 
a previous report, the global market for carotenoids was $766 million in 2007. The 
expected projection for the year 2015 was $919 million with a compound annual 
growth rate (CAGR) of 2.3%. In 2007, β-carotene alone shared the market value 
at $247 million; this segment was predicted to be worth $285 million by 2015 with 
CAGR of 1.8% [91, 93]. In horticultural crops, they appear as a trait of attractive-
ness, adding value to the marketing potential of fruits and vegetables [94, 95]. 
Green algae Haematococcus pluvialis, which is the natural source of astaxanthin, 
has been reported for huge amounts ranging from 10,000 to 40,000 ppm (mg/
kg) of astaxanthin in addition to other important carotenoids such as β -carotene, 
lutein, and canthaxanthin [58, 96]. Industrially, astaxanthin has been utilized as 
a feed supplement for cultured fish and shellfish [97, 98]. Other diverse biologi-
cal functions of astaxanthin include an involvement in cancer prevention [99], 
enhancer of immune responses [100], and a free radical quencher [58, 101]. It is 
evident, therefore, that astaxanthin is a biomolecule with huge biofunction poten-
tial both to the pharmaceutical and food industries [58].
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3. Sweetpotato carotenoids

The carotenoids present in the sweetpotato leaves can scavenge free radical agents 
as singlet-oxygen quenchers [102–105]. In a recent analytical report [105], the total 
phenol, carotenoid, anthocyanin, and flavonoids contents of the sweetpotato leaves 
ranged from 2.0 to 22.5 (g/100 g DW), 0.9 to 23.4 (β-carotene equivalents/100 g; 
BET/100 g), 2.2 to 24.5 (color value/g DW), and 62.8–272.2 (catechin equivalents; 
μg/g), respectively [105]. Consumption of sweetpotato in Asia ranges from its use 
as additional food of minute status to a very vital supplementary food to rice and/
or other root and tuber crops [106]. It is cooked or used to make cakes, chapatis, 
mandazia, bread, buns, and cookies [107]. In the United States and some other 
developed countries, sweetpotato is strictly used as a luxury food. In Japan, it is 
used in novel plant products and/or nutraceuticals [108]. By using absorption 
spectroscopy, Ishiguro et al. [109] analyzed carotenoids from eight cultivars of 
yellow-fleshed sweetpotato and compared them in terms of their carotenoids. 
By HPLC analyses, they revealed some 17 different carotenoids from yellow- and 
orange-fleshed sweetpotato. In yellow-fleshed sweetpotato, the major carotenoids 
included β-carotene-5,8, 5′,8′-diepoxide (32–51%) and β-cryptoxanthin 5,8-epx-
ide (11–30%), whereas β-carotene with amounts ranging from 80 to 92% were 
dominant in the orange-fleshed cultivars. For other orange cultivars, e.g. W71 and 
“Benimasari,” carotenoid composition in the tubers has already been described along 
with a comprehensive metabolic pathway [10, 15]. Kammona et al. [110] analyzed 
and compared the carotenoid composition in some Malaysian orange, yellow, purple, 
and white sweetpotato tubers. They reported the highest total carotenoid contents 
from orange sweetpotato followed by yellow, purple, and white sweetpotato. Among 
the individual carotenoids analyzed, β-carotene existed in all types ranging from 
91.95 ± 2.05 μg/g DW in white sweetpotato to 376.03 ± 11.05 μg/g DW in orange 
sweetpotato tubers. Traces of zeaxanthin were reported with values 5.44 ± 3.23 μg/g 
DW and 20.47 ± 2.03 μg/g DW in yellow and white sweetpotato, respectively. 
Lutein was available only in orange sweetpotato at trace amount of 0.91 ± 1.03 μg/g 
DW. Purple sweetpotato contained only β-carotene (113.86 ± 14.17 μg/g DW) with 
absence of other carotenoids [110].

Islam et al. [111] performed HPLC analyzes of trans- and cis-β-carotene from 
raw and boiled sweetpotato which included three orange-fleshed, three yellowish-
cream-fleshed, and one white-fleshed varieties of sweetpotato. The deep-orange-
fleshed variety Kamalasundari (BARI SP-2) showed the highest amounts of 
β-carotene among all the varieties followed by yellow varieties. On the other hand, 
from one of the two white-fleshed varieties, only trace amounts of β-carotene were 
obtained with no amounts at all from the other one. Their results proposed that the 
orange-fleshed varieties of sweetpotato contain the highest amounts of β-carotene 
in raw as compared to those which were boiled.

Despite huge economic value, sweetpotato has not received due importance 
as compared with common staple crops such as wheat, maize, and rice. World 
increasing hidden hunger, especially in developing countries, needs new foods and 
nutrition sources on sustainable bases. In this regard, sweetpotato not only offers 
immense nutritional, medicinal, industrial, and potential benefits but is also a new 
horizon in modern industrial biotechnological uses for biofunction development 
through the latest molecular tools and technologies of molecular plant breeding.

3.1 Isolation and functional identification of carotenoids biosynthesis genes

The heterologous complementation expression system in Escherichia coli offers 
unique tool for functional analysis of isolated new carotenoids biosynthesis genes 
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from different organisms [112]. Carotenoid biosynthetic pathway in microorganisms, 
such as Erwinia uredovora and Erwinia herbicola (reclassified as Pantoea ananatis and 
Pantoea agglomerans, respectively), is specified by a gene cluster, encoding biosynthetic 
enzymes that function in a pathway starting with the synthesis of geranylgeranyl 
pyrophosphate (GGPP) and ending in the synthesis of zeaxanthin glucosides  
[113, 114]. Complete carotenoid gene clusters or part of it from E. uredovora or 
 E. herbicola have been introduced into E. coli, which is otherwise a nonpigmented 
bacterium, and such transformed E. coli engineered in a way that they accumulate a 
range of colorful carotenoids [114, 115]. Since carotenoids are derived from isoprenoid 
precursors, E. coli can accumulate carotenoids by coupling an endogenous isoprenoid 
biosynthetic pathway with enzymes encoded by transformed genes of carotenogenic 
organisms such as E. uredovora. Hence, the biosynthetic pathway can be reconstructed 
in vivo even if the enzymes are of such diverse origin as those encoded by bacteria 
and plants [116–118]. The expression of carotenoid genes in E. coli has been useful for 
identifying function of gene products [118–120], the manipulation of the pathway 
[121, 122], investigating transcriptional regulators of carotenoids biosynthesis genes 
[123], and the isolation of new genes encoding enzymes of the carotenoid biosynthetic 
pathway [124] or enzymes catalyzing the synthesis of carotenoid precursors [125].

Misawa et al. [55] isolated and functionally identified the carotenoids biosynthe-
sis genes cluster that included crtB (phytoene synthase), crtI (phytoene desaturase), 
crtW (β-carotene ketolase), and crtZ (β-carotene hydroxylase) from Agrobacterium 
aurantiacum (reclassified as Paracoccus sp. strain N81106). The functional identi-
fication of the isolated gene cluster led them to propose astaxanthin biosynthetic 
pathway for the first time.

Misawa et al. [114] isolated and functionally identified the carotenoid bio-
synthesis genes, such as crtE (GGPP synthase), crtX (Zeaxanthin glucosyltrans-
ferase), crtY (lycopene β-cyclase), crtI (phytoene desaturase), crtB (phytoene 
synthase), and crtZ (β-carotene hydroxylase), form E. uredovora by analyzing 
carotenoids accumulated in E. coli transformants in which these genes were 
expressed. By analysis of accumulated carotenoids in the transformed E. coli by 
these individual genes, they found that carotenoids in this pathway appeared to be 
close to those in higher plants rather than to those in bacteria. Although HPLC is a 
routine analytical tool to analyze various metabolic products from plants, highly 
developed and comprehensive metabolome analytical techniques with respect 
to particular tissues now offer precise analytical approaches such as nuclear 
magnetic resonance (NMR; COSY and NOESY) and accurate mass spectrom-
etry (MS) techniques [47, 126]. A foreign crtW gene was expressed in the W71 
cultivar of sweetpotato, and carotenoids generated there have been successfully 
analyzed by UV-vis, ESI-MS, 1H-NMR, and CD spectral data [127]. As a result, 
novel carotenoids, shown in Figure 3, i.e. echinenone 5′,8′-epoxide, echinenone 
5′,6′-epoxide, and 3′-hydroxyechinenone 5′,6′-epoxide, were identified besides 
ketocarotenoids including astaxanthin.

3.2  Sweetpotato carotenoids biosynthesis genes, cloning, and genetic 
engineering

Although, sweetpotato is highly important as a valuable source of carotenoids 
especially β-carotene, very little research has been done on molecular biological 
aspects of its carotenoid biosynthesis [10, 14, 31, 128]. The development of an effi-
cient and reproducible transformation system is needed for genetic manipulation 
of sweet potato to either improve the crop or establish it as a novel “transgenic plant 
bioreactor” [129]. Otani et al. [130] developed and reported the first successful trans-
formation protocol for the production of transformed (transgenic) sweetpotato 



Natural Food Additives

272

plants that was based on the formation of hairy roots using leaf disks as explants 
for Agrobacterium rhizogenes. However, the regenerated transgenic plants showed 
some morphological abnormalities such as short storage root and internodes. 
Later on, to overcome such anomalies, a modified and successful Agrobacterium 
tumefaciens-mediated transformation protocol was developed via somatic cell 
embryogenesis [131–133]. Liao et al. [14] isolated and functionally characterized an 
isopentenyl diphosphate isomerase (idi) gene from sweetpotato cultivar YUSU 303 
from Southeast China. They isolated a full-length cDNA of idi gene by SMART™ 
RACE cDNA Amplification Kit (Clontech, USA). Isolated idi was 1155 bp with an 
open reading frame of 892 bp encoding a polypeptide of 296 amino acids (GenBank 
accession No. DQ150100). Isolated idi gene was cloned in pTrc expression vec-
tor and was fed to E. coli which contained pAC-BETA plasmid for β-carotene 
accumulation. E. coli were cultured and carotenoids were analyzed by color 
complementation. Cultures of E. coli which were transformed with idi gene turned 
orange indicative for β-carotene and suggested its potential activity in promoting 
β-carotene biosynthesis. Kim et al. [134] isolated a partial sequence of phytoene 
synthase (PSY) which contained 354 bp from a cultivar Shinhwangmi (accession 
No. HQ828092). It showed 94% sequence identity with a PSY isolated from Ipomoea 
species Kenyan (GenBank accession No. AB499050.1). However, no gene function 
of isolated PSY from sweetpotato could be reported. Ling et al. [135] isolated a 
lycopene ε-cyclase (LCYe) gene from sweetpotato cultivar Nongdafu 14 from China. 
However, they did not functionally characterize it. They isolated a full-length cDNA 
of idi gene by GeneRacer TM Kit (Invitrogen Carlsbad, CA, USA). Isolated LCYe 
was 1805 bp with an open reading frame of 1236 bp encoding a polypeptide of 411 
amino acids. Quantitative real-time PCR analysis showed that IbLCYe expression 
levels were desirably higher in roots as compared to those in leaves. Isolated LCYe 
gene was expressed in tobacco cultivar Winconsin 38. Carotenoids from transgenic 
tobacco plants were extracted and analyzed by HPLC which revealed transgenes 
accumulating more β-carotene as compared to control plants. Kim et al. [128] 
isolated a partial lycopene β-cyclase (IbLCYb) from a cultivar Yulmi of sweetpotato. 
They synthesized primers by using a partial sequence of IbLCYb from database 
with accession number JX393306 and amplified a partial cDNA of IbLCYb by 

Figure 3. 
Novel carotenoids produced in the tuber of the transgenic sweetpotato engineered with the crtW gene of 
bacterial origin.
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RT-PCR. By using isolated IbLCYb, an IbLCYb-RNAi vector was constructed and 
then used to transform white-fleshed sweetpotato. Transformed sweetpotatoes 
were cultured and analyzed for accumulated carotenoids. Their results showed a 
total increase in the carotenoids contents along with increase in resistance against 
salt stress in transgenic sweetpotato as compared to the control. Significant levels of 
carotenoids genes expression were observed in all plant parts with highest expres-
sion in leaves to lowest in the fibrous roots. But in case of transgenic calli, expres-
sions of IbLCYb were dramatically reduced and found high in non-transgenic calli. 
Lycopene was not produced both by transgenic and non-transgenic sweetpotato. In 
an another experiment, Kim et al. [134] cloned a partial cDNA encoding β-carotene 
hydroxylase (BHY) from storage roots of sweetpotato cultivar Shinhwangmi and 
constructed an RNA-i-IbCHY-β vector for transformation of white-fleshed cultivar 
Yulmi and evaluation of inhibition effects of β-carotene hydroxylase (BHY) in 
transgenic lines. Downregulation of IbBHY gene expression altered the content and 
degree of carotenoids between transgenic and non-transgenic cells with an increase 
in the β-carotene and total carotenoids in transgenic sweetpotato cells along with an 
increase in their antioxidation potential.

3.3  Metabolic engineering of the carotenoid biosynthetic pathway to enhance 
carotenoid contents in higher plants

The pathway engineering approach using a variety of carotenoid biosynthesis 
genes is becoming a potential approach as one of the most effective methods to gen-
erate large quantities of structurally diverse carotenoids [59, 136, 137]. Astaxanthin 
(3,30-dihydroxy-4,40-diketo-β-carotene) is a high-value ketocarotenoid that is bio-
synthesized only by a few organisms typically at low levels. This red pigment (pro-
duced through chemical synthesis) has been used in large amounts in aquaculture. 
Currently, natural astaxanthin is employed as a health boosting food and is inves-
tigated for the treatment of a number of human diseases including cancers [138]. 
The limited renewable sources and growing demand for natural astaxanthin have 
attracted tremendous interest in its engineering into heterologous hosts, especially 
plants with the ability of sequestering 10- to 50-fold higher carotenoids than micro-
organisms, to produce the high-value pigment, during the past decade [139, 140]. 
The most promising approach reaching high astaxanthin yields was by chloroplast 
transformation using a bacterial ketolase gene [141]. Plastid genome transformation 
of lettuce (Lactuca sativa) has similarly been site-specifically modified with the 
addition of three transgenes, which encoded β,β-carotenoid 3,3′-hydroxylase (crtZ) 
and β,β-carotenoid 4,4′-ketolase (4,4′-oxygenase; crtW) from a marine bacterium 
Brevundimonas sp. strain SD212, and isopentenyl-diphosphate-isomerase (idi) 
from a marine bacterium Paracoccus sp. strain N81106. The resultant transplastomic 
lettuce leaves generated 49.2% astaxanthin fatty acid diester, 18.2% astaxanthin 
monoester, and 10.0% astaxanthin in its free forms along with the 17.5% of other 
ketocarotenoids. The ketocarotenoids produced in transplastomic lettuce were 
94.9% of total carotenoids. The wild-type native carotenoids analyzed were 3.8% 
lactucaxanthin and 1.3% lutein in the transplastomic lettuce [142]. Likewise, by 
the introduction and heterologous expression of crtW gene, astaxanthin and other 
intermediates have been produced and reported in carrot (Daucus carota) roots 
[143], canola (Brassica napus) seeds [144], and maize (Zea mays) endosperms [145]. 
A comprehensive carotenoid biosynthetic pathway in these higher plants is shown 
in Figure 4 with a summarized illustration for the metabolic pathway engineering 
with heterologous crtW and crtZ genes expression.

Through pathway engineering that utilizes the marine bacterial carotenoid 
4,4′-ketolase (4,4′-oxygenase) gene named crtW, unique keto-carotenoids such as 
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astaxanthindiglucoside, 2,2′-dihydroxyastaxanthin, and 2,2′-dihydroxycanthaxan-
thin have been produced in Escherichia coli [146, 147] and 4-ketoantheraxanthin in 
tobacco (Nicotiana tabacum) plants [148]. Breitenbach et al. [149] also synthesized 
α-echinenone (4-keto-α-carotene) in rice callus using crtW. Recently, 4-keto-
zeinoxanthin was produced in E. coli cells by introducing the bacterial crtW gene 
and carotenogenic genes from liverwort [150].

3.4  Metabolic engineering of the carotenoids biosynthetic pathway  
in sweetpotato

Metabolic engineering of carotenoid biosynthetic pathway using a combinato-
rial approach has led to the efficient production of interesting carotenoids of high 
commercial value and pharmaceutical potential [44, 59, 151].

Starting with transgenic approach, prerequisite is to have a sound knowledge on 
the metabolic pathways regulating the carotenoid biosynthesis and their accumula-
tion. Due to efforts of many scientists, the carotenoid metabolic pathway and the 
function of the biosynthetic enzymes involved in carotenoids biosynthesis have 
been elaborated well [152]. It was reported that sweetpotato contained not only 
β-carotene but also several epoxy carotenoids unique to the sweetpotato tubers, e.g. 
β-carotene-5, 8-epoxside and β-carotene-5, 8, 5′8′-diepoxside [15]. Therefore, it 

Figure 4. 
Carotenoid biosynthetic pathway in higher plants. A summarized illustration for the introduction and 
function of heterologous crtW and crtZ genes expressed in tobacco [141] and lettuce [142] leaves. The 
carotenoids shown in black represent native carotenoids accumulated by both tobacco and lettuce, and black 
and underlined are those reported from both of the transgenic tobacco and lettuce. Carotenoids underlined 
red are reported from lettuce only, where GGPS, is geranylgeranyl pyrophosphate synthase, PSY is phytoene 
synthase, PDS is phytoene-desaturase, ZDS is ζ-carotene desaturase, CRTISO is carotenoid isomerase, LCYb is 
lycopene β-cyclase, LCYe is lycopene ε-cyclase, LsLCYe is lettuce LCYe, LsCYP97C is lettuce heme-containing 
cytochrome P450-type carotene ε-ring hydroxylase, BHY is non-heme di-iron-type carotene β-ring hydroxylase, 
EHY is carotene ε-ring hydroxylase, ZEP is zeaxanthin-epoxidase, VDE is violaxanthin de-epoxidase, and 
NSY is neoxanthin synthase.
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was assumed that the new structural carotenoids with epoxy and keto groups can 
be produced by expressing the ketolase crtW gene in sweetpotato tubers. Recently, 
marine bacterial genes that include the crtW gene encoding carotenoid 4,4′-ketolase 
[148] was introduced into sweetpotato cultivar W71 under the control of the CaMV 
promoter. Consequently, novel carotenoids with epoxy and keto groups 1, 2, and 
3 were obtained along with a series of ketocarotenoids. The structural elucidation 
of these novel epoxy-keto carotenoids along with biosynthetic pathway in sweet-
potato was also proposed [127]. A tabulated summary of recent developments in 
molecular breeding of sweet potato by genetic, metabolic, and pathway engineering 
approaches is presented in Table 1.

“White Star” (WS) and W71, which produce white- and orange-fleshed tubers, 
respectively, are important sweetpotato cultivars, since they are amenable to 
Agrobacterium-mediated transformation [10, 127, 158, 159]. Chemical analysis of 
the carotenoids and isolation and functional characterization of the carotenoids 
biosynthesis genes of these two cultivars was reported in more details by Khan 
et al. [10] for the first time. One of the initial works that led to the sweetpotato 
genetic improvement for enhancing provitamin A amounts was done by Kim et al. 
[160] which involved isolation and functional analysis of the orange (Or) gene, 
from orange-fleshed sweetpotato controlling the carotenoids accumulation in the 
transgenic calli of sweetpotato. White-fleshed sweetpotatoes were transformed 
by the orange (Or) gene, which resulted in the 10-fold increased accumulation 
of β-carotene and total carotenoids. Later, identical results were presented by 
Park et al. [161] who observed that the overexpression of IbOr gene boosted the 
carotenoid composition in purple-flesh sweetpotato cultivar. In higher plants, 
the biosynthesis of carotenoids from lycopene involves the enzymatic activity 

Gene engineered Promoter used Carotenoids enhancement References

ZDS Cauliflower mosaic 
virus (CaMV) 35S

3.96–2.37 increase in β-carotene and lutein 
and, 2.23-fold increase in total carotenoids 
accompanied with enhanced salt tolerance

[153]

PSY Tuber-specific primer 6.3-fold increase in carotenoid, 19-fold increase 
in β-carotene

[154]

LCYb Cauliflower mosaic 
virus (CaMV) 35S

1.4–1.8 times higher in β-carotene, increased 
tolerance to drought stress

[128]

LCYe 5.44-fold to 6.59-fold
Increase in β-carotene and 1.77–2.75 times 
increase in total carotenoids

[155]

BHY Cauliflower mosaic 
virus (CaMV) 35S

Twofold increase in total carotenoids and 16-fold 
increase in β-carotene

[152]

CrtW Cauliflower mosaic 
virus (CaMV) 35S

Novel carotenoids with epoxy and keto 
groups were produced including a series of 
ketocarotenoids

[127]

CrtO Cauliflower mosaic 
virus (CaMV) 35S

10–12% increase in total carotenoid [156]

BHY Silencing of BHY 117 μg/g (dry weight) increase in total 
carotenoids and 34.43 lg/g (dryweight) in 
β- carotene

[134]

IbOr-R96H cauliflower mosaic 
virus (CaMV) 35S 
promoter

19.6- and 186.2-fold higher total carotenoid and 
β-carotene contents, respectively

[157]

Table 1. 
Role of metabolic engineering in carotenoids enhancement in sweetpotato*.
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of lycopene ϵ-cyclase (LCYe) gene, via β-branch-specific biosynthetic pathway 
yielding β-carotene. By downregulating the expression of IbLCYe through RNA 
interference (RNAi) technology, higher amounts of β-carotene were recorded 
[162]. To increase the β-carotene contents in sweetpotato, researchers have also 
made use of the molecular markers along with the evaluation and screening of 
available germplasm.

This combined approach is thought very useful in selecting the desirable parents 
for breeding new sweetpotato varieties with the higher levels of β-carotenes [163]. 
To analyze the gene diversity and evolutionary relationships among various culti-
vars of sweetpotato, Hwang et al. [164] have applied the use of Simple Sequence 
Repeats (SSRs). Their results showed that polycross-derived cultivars have higher 
levels of genetic diversity suggesting the application of polycross breeding that 
overcomes the challenges of cross-incompatibility. For breeding high β-carotene 
sweetpotato varieties, Quantitative Trait Loci (QTLs) for β-carotene content in a 
cross sweetpotato were reported for the first time by Cervantes-Flores et al. [165] 
which led to the understanding of the inheritance pattern and is considered the 
foundation of the development of marker-assisted breeding techniques for breeding 
high β-carotene (provitamin A) accumulating sweetpotato cultivars.

Orange-fleshed sweetpotato, which is a genetically modified crop, is now well 
accepted by consumers [166, 167] and has appeared as a sound supply of provita-
min A. To achieve the daily provitamin A needs, mere 125 g of fresh orange-fleshed 
sweetpotato roots from most varieties are enough [35].

4. Conclusion

The rapidly increasing world population demands sustainable supply of 
ample quantities of quality food, especially under the changing climatic condi-
tions. Food insecurity accompanied with already existing malnutrition among 
the developing countries is a grand challenge of the day. Foods rich in phyto-
nutrients not only contribute toward enhancing the health but also reduce the 
risk of many diseases including early aging. In this regard, genetic improvement 
of the major staple crops such as sweetpotato needs additional strategies of the 
molecular plant breeding to overcome the genetic complexity. The application of 
metabolic engineering supplemented with the omics and the recently developed 
gene editing tools and technologies are the potential strategies to be adopted 
which promise scope for improving the quantity of phytonutrients, especially the 
carotenoids in sweet potato. It will contribute to prevent the malnutrition and 
the diseases linked with foods deficit in quality nutrients. There is a dire need to 
apply multiple gene engineering approaches for multi-phytonutrients improve-
ment to meet the need.

5. Recent development and future scope

Recent developments in carotenoids gene manipulations have helped to make 
insight that engineering sweetpotato with IbOr gene manipulations would be a 
potential strategy to improve the total carotenoids and specially the β-carotene 
through enhancing sink strength in storage roots of sweet potato. Moreover, 
site-directed mutagenesis supplanted with the genome editing tools such as 
CRISPR-Cas9 such as CRISPR-Cas9 and its different modifications will further lead 
to a fruitful biofortification of sweet potato for nutritional enhancement through 
carotenoids improvement.



277

Molecular Breeding of Sweetpotato Carotenoids
DOI: http://dx.doi.org/10.5772/intechopen.101849

Author details

Muhammad Zubair Khan1*, Miho Takemura2, Takahashi Maoka3,  
Jun-ichiro Hattan2, Motoyasu Otani2 and Norihiko Misawa2

1 Faculty of Agriculture, Department of Plant Breeding and Molecular Genetics, 
University of Poonch Rawalakot, Rawalakot, Azad Jammu and Kashmir, Pakistan

2 Research Institute for Bioresources and Biotechnology, Ishikawa Prefectural 
University, Nonoichi, Ishikawa, Japan

3 Research Institute for Production Development, Kyoto, Japan

*Address all correspondence to: zubairkhan@upr.edu.pk

Acknowledgements

Principal and the corresponding author Dr. Muhammad Zubair Khan is highly 
thankful to the MEXT, Japan, for fully funding the research and studies conducted 
for the completion of doctoral degree. The author is also very much thankful to the 
laboratory technical staff members, Ms. Chisako Fuchimoto, Miyuki Murakami, 
Ayaka Atsumi, and Megumi Hashida for technical supports in the laboratory 
experiments. Author is highly thankful to the president of Ishikawa Prefectural 
University, Director, and office staff of the Research Institute for Bioresources and 
Biotechnology and the administrative staff of the Ishikawa Prefectural University, 
Ishikawa, Japan.

Conflict of interest

The authors declare that they have no conflict of interest.

Notes/thanks/other declarations

Corresponding author is highly thankful to the Prefectural government offices 
of Kanazawa city hall, Nonoichi city hall and Nagoya Regional Immigration Bureau 
Kanazawa Branch Office for facilitating stay pertaining to the whole term of the 
doctoral research and studies conducted.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



278

Natural Food Additives

References

[1] Ahn YO, Kim SH, Kim CY, Lee JS, 
Kwak SS, Lee HS. Exogenous sucrose 
utilization and starch biosynthesis 
among sweetpotato cultivars. 
Carbohydrate Research. 2010;345(1): 
55-60

[2] Rodriguez-Bonilla L, Cuevas HE, 
Montero-Rojas M, Bird-Pico F, 
Luciano-Rosario D, Siritunga D. 
Assessment of genetic diversity of sweet 
potato in Puerto Rico. PLoS One. 
2014;9(12):e116184

[3] Hirakawa H, Okada Y, Tabuchi H, 
Shirasawa K, Watanabe A, Tsuruoka H, 
et al. Survey of genome sequences in a 
wild sweet potato, Ipomoea trifida 
(HBK) G. Don. DNA Research. 
2015;22(2):171-179

[4] Austin DF, Huáman Z. A synopsis of 
Ipomoea (Convolvulaceae) in the 
Americas. Taxon.  Feb 1996;45(1):3-38

[5] Shih PH, Yeh CT, Yen GC. 
Anthocyanins induce the activation of 
phase II enzymes through the 
antioxidant response element pathway 
against oxidative stress-induced 
apoptosis. Journal of Agricultural and 
Food Chemistry. 2007;55(23):9427-9435

[6] Ji H, Zhang H, Li H, Li Y. Analysis on 
the nutrition composition and 
antioxidant activity of different types of 
sweet potato cultivars. Food and 
Nutrition Sciences. 2015;6(01):161

[7] Wang H, Cao G, Prior RL. Oxygen 
radical absorbing capacity of 
anthocyanins. Journal of Agricultural 
and Food Chemistry. 1997;45(2): 
304-309

[8] USDA. (U.S. Department of 
Agriculture), National Nutrient 
Database for Standard Reference, 
Release 28. Basic Report: Raw, 11507, 
Sweetpotato, Unprepared. USA: Online, 
2016. Available from: https://ndb.nal.
usda.gov/ndb/foods/show/ [Accessed: 
December 16, 2016]

[9] Antonio GC, Takeiti CY, de 
Oliveira RA, Park KJ. Sweet potato: 
Production, morphological and 
physicochemical characteristics, and 
technological process. Embrapa 
Agroindústria de Alimentos-Artigo em 
periódico indexado (ALICE). 
2011;5(2):1-18

[10] Khan MZ, Takemura M, Maoka T, 
Otani M, Misawa N. Carotenoid analysis 
of sweetpotato Ipomoea batatas and 
functional identification of its lycopene 
β-and ε-cyclase genes. Zeitschrift für 
Naturforschung C. 2016;71(9-10): 
313-322

[11] Purcell AE, Walter WM. 
Carotenoids of centennial variety sweet 
potato, Ipomea batatas. Journal of 
Agricultural and Food Chemistry. 
1968;16(5):769-770

[12] Teow CC, Truong VD, 
McFeeters RF, Thompson RL, 
Pecota KV, Yencho GC. Antioxidant 
activities, phenolic and β-carotene 
contents of sweet potato genotypes with 
varying flesh colours. Food Chemistry. 
2007;103(3):829-838

[13] Grace MH, Yousef GG, Gustafson SJ, 
Truong VD, Yencho GC, Lila MA. 
Phytochemical changes in phenolics, 
anthocyanins, ascorbic acid, and 
carotenoids associated with sweetpotato 
storage and impacts on bioactive 
properties. Food Chemistry. 2014;145: 
717-724

[14] Liao Z, Chen M, Yang Y, Yang C, 
Fu Y, Zhang Q , et al. A new isopentenyl 
diphosphate isomerase gene from sweet 
potato: Cloning, characterization and 
color complementation. Biologia. 
2008;63(2):221-226

[15] Maoka T, Akimoto N, Ishiguro K, 
Yoshinaga M, Yoshimoto M. Carotenoids 
with a 5, 6-dihydro-5, 6-dihydroxy-β-
end group, from yellow sweet potato 



279

Molecular Breeding of Sweetpotato Carotenoids
DOI: http://dx.doi.org/10.5772/intechopen.101849

“Benimasari”, Ipomoea batatas Lam. 
Phytochemistry. 2007;68(13):1740-1745

[16] Tsuda T, Horio F, Osawa T. Dietary 
cyanidin 3-O-β-d-glucoside increases ex 
vivo oxidation resistance of serum in 
rats. Lipids. 1998;33(6):583

[17] Mazza G, Kay CD, Cottrell T, 
Holub BJ. Absorption of anthocyanins 
from blueberries and serum antioxidant 
status in human subjects. Journal of 
Agricultural and Food Chemistry. 
2002;50:7731-7737

[18] Tsoyi K, Park HB, Kim YM, 
Chung JI, Shin SC, Lee WS, et al. 
Anthocyanins from black soybean seed 
coats inhibit UVB-induced 
inflammatory cylooxygenase-2 gene 
expression and PGE2 production 
through regulation of the nuclear 
factor-κB and phosphatidylinositol 
3-kinase/Akt pathway. Journal of 
Agricultural and Food Chemistry. 
2008;56(19):8969-8974

[19] Wang J, Mazza G. Inhibitory effects 
of anthocyanins and other phenolic 
compounds on nitric oxide production 
in LPS/IFN-γ-activated RAW 264.7 
macrophages. Journal of Agricultural 
and Food Chemistry. 2002;50(4): 
850-857

[20] Pisha E, Pezzuto JM. Fruits and 
vegetables containing compounds that 
demonstrate pharmacological activity in 
humans. Economic and Medicinal Plant 
Research. 1994;6:189-233

[21] Hagiwara A, Yoshino H,  
Ichihara T, Kawabe M, Tamano S, 
Aoki H, et al. Prevention by natural 
food anthocyanins, purple sweet potato 
color and red cabbage color, of 2-amino-
1-methyl-6-phenylimidazo [4, 5-B] 
pyridine (phip)-associated colorectal 
carcinogenesis in rats. The Journal of 
Toxicological Sciences. 2002;27(1): 
57-68

[22] Kurata R, Adachi M, Yamakawa O, 
Yoshimoto M. Growth suppression of 

human cancer cells by polyphenolics 
from sweetpotato (Ipomoea batatas L.) 
leaves. Journal of Agricultural and Food 
Chemistry. 2007;55(1):185-190

[23] Islam S. Sweetpotato (Ipomoea 
batatas L.) leaf: Its potential effect on 
human health and nutrition. Journal of 
Food Science. 2006;71(2):R13-R21

[24] Kano M, Takayanagi T, Harada K, 
Makino K, Ishikawa F. Antioxidative 
activity of anthocyanins from purple 
sweet potato, Ipomoera batatas cultivar 
Ayamurasaki. Bioscience, Biotechnology, 
and Biochemistry. 2005;69(5):979-988

[25] Cho J, Kang JS, Long PH, Jing J, 
Back Y, Chung KS. Antioxidant and 
memory enhancing effects of purple 
sweet potato anthocyanin and cordyceps 
mushroom extract. Archives of 
Pharmacal Research. 2003;26(10): 
821-825

[26] Kamei H, Kojima T, Hasegawa M, 
Koide T, Umeda T, Yukawa T, et al. 
Suppression of tumor cell growth by 
anthocyanins in vitro. Cancer 
Investigation. 1995;13(6):590-594

[27] Panda V, Sonkamble M. Anti-ulcer 
activity of Ipomoea batatas tubers 
(sweet potato). Functional Foods in 
Health and Disease. 2012;2(3):48-61

[28] Ozias-Akins P, Jarret RL. Nuclear 
DNA content and ploidy levels in the 
genus Ipomoea. Journal of the American 
Society for Horticultural Science. 
1994;119(1):110-115

[29] Yan L, Gu YH, Tao X, Lai XJ, 
Zhang YZ, Tan XM, et al. Scanning of 
transposable elements and analyzing 
expression of transposase genes of sweet 
potato [Ipomoea batatas]. PLoS One. 
2014;9(3):e90895

[30] Roullier C, Duputié A, Wennekes P, 
Benoit L, Fernández Bringas VM, 
Rossel G, et al. Disentangling the origins 
of cultivated sweet potato (Ipomoea 



Natural Food Additives

280

batatas (L.) Lam.). PLoS One. 2013; 
8(5):e62707

[31] Arizio CM, Tártara SC, 
Manifesto MM. Carotenoids gene 
markers for sweetpotato (Ipomoea 
batatas l. lam): Applications in genetic 
mapping, diversity evaluation and 
cross-species transference. Molecular 
Genetics and Genomics. 2014;289(2): 
237-251

[32] Martin FW. Incompatibility in the 
sweet potato. A review. Economic 
Botany. 1965;19(4):406-415

[33] Holden JM, Eldrige AL, Beecher GR, 
Buzzard MI, Bhagwat S, Davis CS, et al. 
Carotenoid content of U. S. Foods: An 
update of the database. Journal 
of Food Composition and Analysis. 
1999;12:169-196

[34] Burns J, Fraser PD, Bramley PM. 
Identification and quantification of 
carotenoids, tocopherols and 
chlorophylls in commonly consumed 
fruits and vegetables. Phytochemistry. 
2003;62(6):939-947

[35] CIP, International Potato Center. 
2019. Available from: https://
cipotato.org/

[36] Institute of Food Technologists. 
Chapter 4: Nutritionally Improved 
Sweetpotato. Comprehensive Reviews in 
Food Science and Food Safety. 
2008;7:81-91.(1t)

[37] Kukimura H, Yoshida T, Komaki K. 
New sweet potato cultivars, Benihayato 
and Satsumahikari, making a new turn 
for processing. JARQ. 1988;22(1):7-13

[38] Yamakawa O, Yoshinaga M, 
Kumagai T, Hidaka M, Komaki K, 
Kukimura H, et al. “J-red”: A new 
sweetpotato cultivar. Bulletin of the 
Kyushu Agricultural Experiment Station 
(Japan). 1997;33:49-72

[39] Yamakawa O, Kumagai T, 
Yoshinaga M, Ishiguro K, Hidaka M, 

Komaki K, et al. “Sunny-red”: A new 
sweetpotato (Ipomoea batatas) cultivar 
for powder. Bulletin of the Kyushu 
Agricultural Experiment Station 
(Japan). 1999;35:19-40

[40] Tanumihardjo SA, Ball AM, 
Kaliwile C, Pixley KV. The research and 
implementation continuum of 
biofortified sweet potato and maize in 
Africa. Annals of the New York 
Academy of Sciences. 2017;1390(1): 
88-103

[41] Liu Q. Improvement for 
agronomically important traits by gene 
engineering in sweetpotato. Breeding 
Science. 2017;67:15-26. DOI: 10.1270/
jsbbs.16126

[42] Walter MH, Strack D. Carotenoids 
and their cleavage products: 
Biosynthesis and functions. Natural 
Product Reports. 2011;28(4):663-692

[43] Okada K, Kasahara H, Yamaguchi S, 
Kawaide H, Kamiya Y, Nojiri H, et al. 
Genetic evidence for the role of 
isopentenyl diphosphate isomerases in 
the mevalonate pathway and plant 
development in Arabidopsis. Plant and 
Cell Physiology. 2008;49(4):604-616

[44] Misawa N. Carotenoids. 
Comprehensive Natural Products. 
2010;II:733-753. DOI: 10.1016/
b978-008045382-8.00009-5

[45] Takemura M, Maoka T, Misawa N. 
Biosynthetic routes of hydroxylated 
carotenoids (xanthophylls) in 
Marchantia polymorpha, and 
production of novel and rare 
xanthophylls through pathway 
engineering in Escherichia coli. Planta. 
2015;241(3):699-710

[46] Sugawara T, Yamashita K, Asai A, 
Nagao A, Shiraishi T, Imai I, et al. 
Esterification of xanthophylls by human 
intestinal Caco-2 cells. Archives of 
Biochemistry and Biophysics. 
2009;483(2):205-212



281

Molecular Breeding of Sweetpotato Carotenoids
DOI: http://dx.doi.org/10.5772/intechopen.101849

[47] Fraser PD, Bramley PM. Metabolic 
profiling and quantification of 
carotenoids and related isoprenoids in 
crop plants. In: Plant Metabolomics. 
Berlin, Heidelberg: Springer; 2006. 
pp. 229-242

[48] Margalith PZ. Production of 
ketocarotenoids by microalgae. Applied 
Microbiology and Biotechnology. 
1999;51(4):431-438

[49] Farré G, Maiam Rivera S, Alves R, 
Vilaprinyo E, Sorribas A, Canela R, 
et al. Targeted transcriptomic and 
metabolic profiling reveals temporal 
bottlenecks in the maize carotenoid 
pathway that may be addressed by 
multigene engineering. The Plant 
Journal. 2013;75(3):441-455

[50] Britton G, Liaaen-Jenson S, 
Pfander H. (Eds), Compiled by 
Mercadante AZ, and Egeland ES, 
Birkhauser Verlag, Basle, Switzerland. 
Free Radical Research. 2004;38(8):885. 
DOI: 10.1080/10715760410001727849

[51] Moran NA, Jarvik T. Lateral transfer 
of genes from fungi underlies 
carotenoid production in aphids. 
Science. 2010;328(5978):624-627

[52] Tonhosolo R, Fabio LD, de Rosso VV, 
Gazarini ML, Matsumura MY, Peres VJ, 
et al. Carotenoid biosynthesis in 
intraerythrocytic stages of Plasmodium 
falciparum. Journal of Biological 
Chemistry. 2009;284(15):9974-9985

[53] Ruiz-Sola MA, Rodríguez- 
Concepción M. Carotenoid biosynthesis 
in Arabidopsis: A colorful pathway. 
Arabidopsis Book. 2012;10:e0158

[54] Cazzonelli CI. Carotenoids in 
nature: Insights from plants and beyond. 
Functional Plant Biology. 2011;38(11): 
833-847

[55] Misawa N, Satomi Y, Kondo K, 
Yokoyama A, Kajiwara S, Saito T, et al. 
Structure and functional analysis of a 

marine bacterial carotenoid 
biosynthesis gene cluster and 
astaxanthin biosynthetic pathway 
proposed at the gene level. Journal of 
Bacteriology. 1995;177(22):6575-6584

[56] Matsuno T. In: Krinsky NI, 
Mathews-Roth MM, Taylor F, editors. 
"Carotenoids:" In Chemistry and 
Biology. New York: Plenum Publishing 
Corp; 1989. pp. 59-74

[57] Renstrøm B, Borch G, Skulberg OM, 
Liaaen-Jensen S. Optical purity of 
(3S,3'S)-astaxanthin from 
Haematococcus pluvialis. 
Phytochemistry. 1981;20(11):2561-2564. 
DOI: 10.1016/0031-9422(81)83094-4

[58] Fraser PD, Miura Y, Misawa N. In 
vitro characterization of astaxanthin 
biosynthetic enzymes. Journal of 
Biological Chemistry. 1997;272(10): 
6128-6135

[59] Misawa N. Pathway engineering for 
functional isoprenoids. Current Opinion 
in Biotechnology. 2011;22(5):627-633

[60] Zeb A, Mehmood S. Carotenoids 
contents from various sources and their 
potential health applications. Pakistan 
Journal of Nutrition. 2004;3(3):199-204

[61] Jaswir I. Carotenoids: Sources, 
medicinal properties and their 
application in food and nutraceutical 
industry. Journal of Medicinal Plants 
Research. 2011;5:33. DOI: 10.5897/
jmprx11.011

[62] Thane C, Reddy S. Processing of 
fruit and vegetables: Effect on 
carotenoids. Nutrition & Food Science. 
1997;97(2):58-65. ISSN: 0034-6659

[63] Park SY, Nomura AM, Murphy SP, 
Wilkens LR, Henderson BE, Kolonel LN. 
Carotenoid intake and colorectal cancer 
risk: The multiethnic cohort study. 
Journal of Epidemiology. 2009;19(2): 
63-71. DOI: 10.2188/jea.je20080078



Natural Food Additives

282

[64] Carrillo-Lopez A, Yahia EM, 
Ramirez-Padilla GK. Bioconversion of 
carotenoids in five fruits and vegetables 
to vitamin A measured by retinol 
accumulation in rat livers. American 
Journal of Agricultural and Biological 
Sciences. 2010;5(2):215-221

[65] Böhm V. Lycopene and heart health. 
Molecular Nutrition & Food Research. 
2012;56(2):296-303

[66] Gupta SK, Trivedi D, Srivastava S, 
Joshi S, Halder N, Verma SD. Lycopene 
attenuates oxidative stress induced 
experimental cataract development: An 
in vitro and in vivo study. Nutrition. 
2003;19(9):794-799

[67] Chichili GR, Nohr D, Frank J, 
Flaccus A, Fraser PD, Enfissi EM, et al. 
Protective effects of tomato extract with 
elevated β-carotene levels on oxidative 
stress in ARPE-19 cells. British Journal 
of Nutrition. 2006;96(4):643-649

[68] Peto R, Doll R, Buckley JD, 
Sporn MB. Can dietary beta-carotene 
materially reduce human cancer rates? 
Nature. 1981;290(5803):201-208

[69] Fiedor J, Burda K. Potential role of 
carotenoids as antioxidants in human 
health and disease. Nutrients. 
2014;6(2):466-488

[70] Stahl W, Heinrich U, Jungmann H, 
von Laar J, Schietzel M, Sies H, et al. 
Increased dermal carotenoid levels 
assessed by noninvasive reflection 
spectrophotometry correlate with serum 
levels in women ingesting Betatene. The 
Journal of Nutrition. 1998;128(5): 
903-907

[71] Woodall AA, Lee SW, Weesie RJ, 
Jackson MJ, Britton G. Oxidation of 
carotenoids by free radicals: 
Relationship between structure and 
reactivity. Biochimica et Biophysica Acta 
(BBA)-General Subjects. 1997;1336(1): 
33-42

[72] Erdman JW Jr, Ford NA, 
Lindshield BL. Are the health attributes 
of lycopene related to its antioxidant 
function? Archives of Biochemistry and 
Biophysics. 2009;483(2):229-235

[73] Giovannucci E. Obesity, gender, and 
colon cancer. Gut. 2002;51(2):147-147

[74] Das A, Yoon SH, Lee SH, Kim JY, 
Oh DK, Kim SW. An update on 
microbial carotenoid production: 
Application of recent metabolic 
engineering tools. Applied Microbiology 
and Biotechnology. 2007;77(3):505-512

[75] Arscott SA, Tanumihardjo SA. Carrots 
of many colors provide basic nutrition 
and bioavailable phytochemicals acting as 
a functional food. Comprehensive 
Reviews in Food Science and Food Safety. 
2010;9(2):223-239

[76] Bendich A. Carotenoids and the 
immune system. In: Carotenoids. 
Boston, MA: Springer; 1989.  
pp. 323-335

[77] Nakazawa Y, Sashima T, 
Hosokawa M, Miyashita K. Comparative 
evaluation of growth inhibitory effect of 
stereoisomers of fucoxanthin in human 
cancer cell lines. Journal of Functional 
Foods. 2009;1(1):88-97

[78] Rao LG, Guns E, Rao AV. Lycopene: 
Its role in human health and disease. 
Agro Food. 2003;7:25-30

[79] Pool-Zobel BL, Bub A, Müller H, 
Wollowski I, Rechkemmer G. 
Consumption of vegetables reduces 
genetic damage in humans: First results 
of a human intervention trial with 
carotenoid-rich foods. Carcinogenesis. 
1997;18(9):1847-1850

[80] Bowen P, Chen L, Stacewicz- 
Sapuntzakis M, Duncan C, Sharifi R, 
Ghosh L, et al. Tomato sauce 
supplementation and prostate cancer: 
Lycopene accumulation and modulation 
of biomarkers of carcinogenesis. 



283

Molecular Breeding of Sweetpotato Carotenoids
DOI: http://dx.doi.org/10.5772/intechopen.101849

Experimental Biology and Medicine. 
2002;227(10):886-893

[81] Hennekens CH, Buring JE, 
Manson JE, Stampfer M, Rosner B, 
Cook NR, et al. Lack of effect of long-
term supplementation with beta 
carotene on the incidence of malignant 
neoplasms and cardiovascular disease. 
New England Journal of Medicine. 
1996;334(18):1145-1149

[82] Edge R, McGarvey DJ, Truscott TG. 
The carotenoids as anti-oxidants—A 
review. Journal of Photochemistry and 
Photobiology B: Biology. 1997;41(3): 
189-200

[83] Abdel-Aal ES, Akhtar H, Zaheer K, 
Ali R. Dietary sources of lutein and 
zeaxanthin carotenoids and their role in 
eye health. Nutrients. 2013;5(4): 
1169-1185

[84] Stahl W, Sies H. β-Carotene and other 
carotenoids in protection from sunlight. 
The American Journal of Clinical 
Nutrition. 2012;96(5):1179S-1184S

[85] Engelmann NJ, Clinton SK, Erdman 
JW Jr. Nutritional aspects of phytoene 
and phytofluene, carotenoid precursors 
to lycopene. Advances in Nutrition. 
2011;2(1):51-61

[86] Kurashige M, Okimasu E, Inoue M, 
Utsumi K. Inhibition of oxidative injury 
of biological membranes by 
astaxanthin. Physiological Chemistry 
and Physics and Medical NMR. 
1990;22(1):27-38

[87] Jørgensen K, Skibsted LH. Carotenoid 
scavenging of radicals. Zeitschrift für 
Lebensmittel-Untersuchung und 
Forschung. 1993;196(5):423-429

[88] Murillo E. Efecto hipercolesterolémico 
de la cantaxantina y la astaxantina en 
ratas. Archivos Latinoamericanos de 
Nutrición. 1992;42(4):409-413

[89] Jyonouchi H, Sun S, Iijima K, 
Gross MD. Antitumor activity of 

astaxanthin and its mode of action. 
Nutrition and Cancer. 2000;36(1):59-65

[90] Martín JF, Gudiña E, Barredo JL. 
Conversion of β-carotene into 
astaxanthin: Two separate enzymes or a 
bifunctional hydroxylase-ketolase 
protein? Microbial Cell Factories. 
2008;7(1):1-10

[91] Kushwaha K, Saini A, Saraswat P, 
Agarwal MK, Saxena J. Colorful world 
of microbes: Carotenoids and their 
applications. Advanced Biology. 
2014;2014:837891

[92] The Global Market for Carotenoids. 
FOD025F. 2018

[93] FOD025C. BBC Research. Available 
from: http://www.bccresearch.com/
report/FOD025C.html

[94] Azadi P, Otang NV, Chin DP, 
Nakamura I, Fujisawa M, Harada H, 
et al. Metabolic engineering of Lilium× 
formolongi using multiple genes of the 
carotenoid biosynthesis pathway. Plant 
Biotechnology Reports. 2010;4(4): 
269-280

[95] Clotault J, Peltier D, Berruyer R, 
Thomas M, Briard M, Geoffriau E. 
Expression of carotenoid biosynthesis 
genes during carrot root development. 
Journal of Experimental Botany. 
2008;59(13):3563-3573

[96] Turujman SA, Wamer WG,  
Wei RR, Albert RH. Rapid liquid 
chromatographic method to distinguish 
wild salmon from aquacultured salmon 
fed synthetic astaxanthin. Journal of 
AOAC International. 1997;80(3): 
622-632

[97] Fujita T, Satake M, Watanabe T, 
Kitajima C, Miki W, Yamaguchi K, et al. 
Pigmentation of cultured red sea bream 
with astaxanthin diester purified from 
krill oil. Nippon Suisan Gakkaishi. 
1983;49(12):1855-1861



Natural Food Additives

284

[98] Matsuno T. Xanthophylls as 
precursors of retinoids. Pure and 
Applied Chemistry. 1991;63(1):81-88

[99] Tanaka T, Morishita Y, Suzui M, 
Kojima T, Okumura A, Mori H. 
Chemoprevention of mouse urinary 
bladder carcinogenesis by the naturally 
occurring carotenoid astaxanthin. 
Carcinogenesis. 1994;15(1):15-19

[100] Jyonouchi H, Zhang L, Tomita Y. 
Studies of immunomodulating actions 
of carotenoids. II. Astaxanthin enhances 
in vitro antibody production to 
T-dependent antigens without 
facilitating polyclonal B-cell activation. 
Nutrition and Cancer. 1993;19:269-280

[101] Miki W, Otaki N, Yokoyama A, 
Izumida H, Shimidzu N. Okadaxanthin, 
a novel C 50-carotenoid from a 
bacterium, Pseudomonas sp. KK10206C 
associated with marine sponge, 
Halichondria okadai. Experientia. 
1994;50(7):684-686

[102] Foote CS. Photosensitized 
oxidation and singlet oxygen: 
Consequences in biological systems. In: 
Pryor WA, editor. Free Radicals in 
Biology Vol II. Vol. 35. New York: 
Academic Press; 1976. pp. 3-22

[103] Hue SM, Boyce AN, 
Somasundram C. Comparative study on 
the antioxidant activity of leaf extract 
and carotenoids extract from Ipomoea 
batatas var. Oren (sweetpotato) leaves. 
International Journal of Nutrition and 
Food Engineering. 2011;5(10):604-607

[104] Hue SM, Boyce AN, 
Somasundram C. Antioxidant activity, 
phenolic and flavonoid contents in the 
leaves of different varieties of sweet 
potato ('Ipomoea batatas'). Australian 
Journal of Crop Science. 2012;6(3): 
375-380

[105] Islam S. Some bioactive constituents, 
antioxidant, and antimutagenic activities 
in the leaves of Ipomoea batatas Lam. 

Genotypes. Journal of Food Science and 
Technology. 2016;4(3):70-80

[106] Sosinski B, He L, Cervantes- 
Flores J, Pokrzywa RM, Bruckner A, 
Yencho GC. Sweetpotato genomics at 
North Carolina State University. In: 
International Conference on 
Sweetpotato. Food and Health for the 
Future. Vol. 583. Lima, Peru: Acta 
Horticulture; 2001. pp. 51-60. DOI: 
10.17660/ActaHortic.2002.583.4

[107] Aguoru CU. Varietal 
characterisation and taxonomic 
evaluation of sweet potato (Ipomoea 
batatas) using macro-and 
micromorphological evidence. Open 
Access Library Journal. 2015;2(08):1

[108] Wanda CW. Genetic improvement 
for meeting human nutrition needs. In: 
Quebedeaux B, Bliss F, editors. 
Proceedings of the First International 
Symposium on Horticulture and Human 
Nutrition, Contributor of Fruits and 
Vegetables. London: Prentice Hall; 1987. 
pp. 191-199

[109] Ishiguro K, Yoshinaga M, Kai Y, 
Maoka T, Yoshimoto M. Composition, 
content and antioxidative activity of the 
carotenoids in yellow-fleshed 
sweetpotato (Ipomoea batatas L.). 
Breeding Science. 2010;60(4):324-329

[110] Kammona S, Othman RA, 
Jaswir IR, Jamal P. Characterisation of 
carotenoid content in diverse local sweet 
potato (Ipomoea batatas) flesh tubers. 
International Journal of Pharmacy and 
Pharmaceutical Sciences. 2015;7(2): 
347-351

[111] Islam SN, Nusrat T, Begum P, 
Ahsan M. Carotenoids and β-carotene in 
orange fleshed sweet potato: A possible 
solution to vitamin A deficiency. Food 
Chemistry. 2016;199:628-631

[112] Wurtzel ET, Valdez G, Matthews PD, 
Wurtzel E. Variation in expression of 
carotenoid genes in transformed E. coli 
strains. Bioresearch Journal. 1997;1:1-1



285

Molecular Breeding of Sweetpotato Carotenoids
DOI: http://dx.doi.org/10.5772/intechopen.101849

[113] Sandmann G, Woods WS, 
Tuveson RW. Identification of 
carotenoids in Erwinia herbicola and in 
a transformed Escherichia coli strain. 
FEMS Microbiology Letters. 
1990;71(1-2):77-82

[114] Misawa N, Nakagawa M, 
Kobayashi K, Yamano S, Izawa Y, 
Nakamura K, et al. Elucidation of the 
Erwinia uredovora carotenoid 
biosynthetic pathway by functional 
analysis of gene products expressed in 
Escherichia coli. Journal of Bacteriology. 
1990;172(12):6704-6712

[115] Misawa N, Yamano S, Linden H, de 
Felipe MR, Lucas M, Ikenaga H, et al. 
Functional expression of the Erwinia 
uredovora carotenoid biosynthesis gene 
crtl in transgenic plants showing an 
increase of β-carotene biosynthesis 
activity and resistance to the bleaching 
herbicide norflurazon. The Plant 
Journal. 1993;4(5):833-840

[116] Misawa N, Truesdale MR, 
Sandmann G, Fraser PD, Bird C, 
Schuch W, et al. Expression of a tomato 
cDNA coding for phytoene synthase in 
Escherichia coli, phytoene formation in 
vivo and in vitro, and functional 
analysis of the various truncated gene 
products. The Journal of Biochemistry. 
1994;116(5):980-985

[117] Li ZH, Matthews PD, Burr B, 
Wurtzel ET. Cloning and characterization 
of a maize cDNA encoding phytoene 
desaturase, an enzyme of the carotenoid 
biosynthetic pathway. Plant Molecular 
Biology. 1996;30(2):269-279

[118] Chamovitz D, Misawa N, 
Sandmann G, Hirschberg J. Molecular 
cloning and expression in Escherichia 
coli of a cyanobacterial gene coding for 
phytoene synthase, a carotenoid 
biosynthesis enzyme. FEBS Letters. 
1992;296(3):305-310

[119] Cunningham FX, Chamovitz D, 
Misawa N, Gantt E, Hirschberg J. 

Cloning and functional expression in 
Escherichia coli of a cyanobacterial gene 
for lycopene cyclase, the enzyme that 
catalyzes the biosynthesis of β-carotene. 
FEBS Letters. 1993;328(1-2):130-138

[120] Sandmann G. [30] carotenoid 
analysis in mutants from Escherichia coli 
transformed with carotenogenic gene 
cluster and Scenedesmus obliquus 
mutant C-6D. Methods in Enzymology. 
1993;214:341-347

[121] Hundle B, Alberti M, Nievelstein V, 
Beyer P, Kleinig H, Armstrong GA, et al. 
Functional assignment of Erwinia 
herbicola Eho10 carotenoid genes 
expressed in Escherichia coli. Molecular 
and General Genetics MGG. 
1994;245(4):406-416

[122] Sandmann G, Misawa N. New 
functional assignment of the 
carotenogenic genes crtB and crtE with 
constructs of these genes from Erwinia 
species. FEMS Microbiology Letters. 
1992;90(3):253-257

[123] Penfold RJ, Pemberton JM. 
Sequencing, chromosomal inactivation, 
and functional expression in Escherichia 
coli of ppsR, a gene which represses 
carotenoid and bacteriochlorophyll 
synthesis in Rhodobacter sphaeroides. 
Journal of Bacteriology. 1994;176(10): 
2869-2876

[124] Kajiwara S, Kakizono T, Saito T, 
Kondo K, Ohtani T, Nishio N, et al. 
Isolation and functional identification 
of a novel cDNA for astaxanthin 
biosynthesis from Haematococcus 
pluvialis, and astaxanthin synthesis in 
Escherichia coli. Plant Molecular Biology. 
1995;29(2):343-352

[125] Ohnuma SI, Suzuki M, Nishino T. 
Archaebacterial ether-linked lipid 
biosynthetic gene. Expression cloning, 
sequencing, and characterization of 
geranylgeranyl-diphosphate synthase. 
Journal of Biological Chemistry. 
1994;269(20):14792-14797



Natural Food Additives

286

[126] Keeler J. Understanding NMR 
Spectroscopy, 2nd ed. West Sussex, 
United Kingdom: Wiley; 2010. pp. 
184-187. ISBN: 978-0-470-746080

[127] Maoka T, Otani M, Khan MZ, 
Takemura M, Hattan JI, Misawa N. 
Novel carotenoids produced on the 
interaction of the foreign carotenoid 
ketolase CrtW and endogenous 
epoxycarotenoids unique to sweetpotato 
tubers. Tetrahedron Letters. 
2016;57(42):4746-4748

[128] Kim SH, Jeong JC, Park S, Bae JY, 
Ahn MJ, Lee HS, et al. Down-regulation 
of sweetpotato lycopene β-cyclase gene 
enhances tolerance to abiotic stress in 
transgenic calli. Molecular Biology 
Reports. 2014;41(12):8137-8148

[129] Song GQ , Honda H, Yamaguchi KI. 
Efficient Agrobacterium tumefaciens-
mediated transformation of sweet potato 
(Ipomoea batatas (L.) Lam.) from stem 
explants using a two-step kanamycin-
hygromycin selection method. In Vitro 
Cellular & Developmental Biology-
Plant. 2004;40(4):359-365

[130] Otani M, Mii M, Handa T, 
Kamada H, Shimada T. Transformation 
of sweet potato (Ipomoea batatas (L.) 
Lam.) plants by Agrobacterium 
rhizogenes. Plant Science. 1993;94(1-2): 
151-159

[131] Otani M, Shimada T. Efficient 
embryogenic callus formation in sweet 
potato (Ipomoea batatas (L.) Lam.). 
Japanese Journal of Breeding. 
1996;46(3):257-260

[132] Otani M, Shimada T, Kimura T, 
Saito A. Transgenic plant production 
from embryogenic callus of sweet potato 
(Ipomoea batatas (L.) Lam.) using 
Agrobacterium tumefaciens. Plant 
Biotechnology. 1998;15:11-16

[133] Lou HR, Maria MS, Benavides J, 
Zhang DP, Zhang YZ, Ghislain M. Rapid 
genetic transformation of sweetpotato 

(Ipomoea batatas (L.) Lam) via 
organogenesis. African Journal of 
Biotechnology. 2006;5(20):1851-1857

[134] Kim SH, Ahn YO, Ahn MJ, Lee HS, 
Kwak SS. Down-regulation of 
β-carotene hydroxylase increases 
β-carotene and total carotenoids 
enhancing salt stress tolerance in 
transgenic cultured cells of sweetpotato. 
Phytochemistry. 2012;74:69-78

[135] Ling YU, Hong ZH, Wei CH, HE 
SZ, LIU QC. Cloning and functional 
analysis of lycopene ɛ-cyclase (IbLCYe) 
gene from sweetpotato, Ipomoea batatas 
(L.) Lam. Journal of Integrative 
Agriculture. 2013;12(5):773-780

[136] Lee P, Schmidt-Dannert C. Metabolic 
engineering towards biotechnological 
production of carotenoids in 
microorganisms. Applied Microbiology 
and Biotechnology. 2002;60(1):1-1

[137] Giuliano G, Aquilani R, 
Dharmapuri S. Metabolic engineering of 
plant carotenoids. Trends in Plant 
Science. 2000;5(10):406-409

[138] Guerin M, Huntley ME, 
Olaizola M. Haematococcus astaxanthin: 
Applications for human health and 
nutrition. Trends in Biotechnology. 
2003;21(5):210-216

[139] Misawa N. Pathway engineering of 
plants toward astaxanthin production. 
Plant Biotechnology. 2009;26(1):93-99

[140] Zhu C, Naqvi S, Capell T, 
Christou P. Metabolic engineering of 
ketocarotenoid biosynthesis in higher 
plants. Archives of Biochemistry and 
Biophysics. 2009;483(2):182-190

[141] Hasunuma T, Miyazawa SI, 
Yoshimura S, Shinzaki Y, Tomizawa KI, 
Shindo K, et al. Biosynthesis of 
astaxanthin in tobacco leaves by 
transplastomic engineering. The Plant 
Journal. 2008;55(5):857-868



287

Molecular Breeding of Sweetpotato Carotenoids
DOI: http://dx.doi.org/10.5772/intechopen.101849

[142] Harada H, Maoka T, Osawa A, 
Hattan JI, Kanamoto H, Shindo K, et al. 
Construction of transplastomic lettuce 
(Lactuca sativa) dominantly producing 
astaxanthin fatty acid esters and 
detailed chemical analysis of generated 
carotenoids. Transgenic Research. 
2014;23(2):303-315

[143] Jayaraj J, Devlin R, Punja Z. 
Metabolic engineering of novel 
ketocarotenoid production in carrot 
plants. Transgenic Research. 2008;17(4): 
489-501

[144] Fujisawa M, Takita E, Harada H, 
Sakurai N, Suzuki H, Ohyama K, et al. 
Pathway engineering of Brassica napus 
seeds using multiple key enzyme genes 
involved in ketocarotenoid formation. 
Journal of Experimental Botany. 
2009;60(4):1319-1332

[145] Zhu C, Naqvi S, Breitenbach J, 
Sandmann G, Christou P, Capell T. 
Combinatorial genetic transformation 
generates a library of metabolic 
phenotypes for the carotenoid pathway 
in maize. Proceedings of the National 
Academy of Sciences. 2008;105(47): 
18232-18237

[146] Yokoyama A, Shizuri Y, Misawa N. 
Production of new carotenoids, 
astaxanthin glucosides, by Escherichia 
coli transformants carrying carotenoid 
biosynthesis genes. Tetrahedron Letters. 
1998;39(22):3709-3712

[147] Nishida Y, Adachi K, Kasai H, 
Shizuri Y, Shindo K, Sawabe A, et al. 
Elucidation of a carotenoid biosynthesis 
gene cluster encoding a novel enzyme, 2, 
2′-β-hydroxylase, from Brevundimonas 
sp. strain SD212 and combinatorial 
biosynthesis of new or rare xanthophylls. 
Applied and Environmental 
Microbiology. 2005;71(8):4286-4296

[148] Shindo K, Hasunuma T, Asagi E, 
Sano A, Hotta E, Minemura N, et al. 
4-Ketoantheraxanthin, a novel 
carotenoid produced by the 

combination of the bacterial enzyme 
β-carotene ketolase CrtW and 
endogenous carotenoid biosynthetic 
enzymes in higher plants. Tetrahedron 
Letters. 2008;49(20):3294-3296

[149] Breitenbach J, Bai C, Rivera SM, 
Canela R, Capell T, Christou P, et al. A 
novel carotenoid, 4-keto-α-carotene, as 
an unexpected by-product during 
genetic engineering of carotenogenesis 
in rice callus. Phytochemistry. 
2014;98:85-91

[150] Maoka T, Takemura M, Tokuda H, 
Suzuki N, Misawa N. 
4-Ketozeinoxanthin, a novel carotenoid 
produced in Escherichia coli through 
metabolic engineering using 
carotenogenic genes of bacterium and 
liverwort. Tetrahedron Letters. 
2014;55(49):6708-6710

[151] Umeno D, Arnold FH. Evolution of 
a pathway to novel long-chain 
carotenoids. Journal of Bacteriology. 
2004;186(5):1531-1536

[152] Kang L, Ji CY, Kim SH, Ke Q , 
Park SC, Kim HS, et al. Suppression of 
the β-carotene hydroxylase gene 
increases β-carotene content and 
tolerance to abiotic stress in transgenic 
sweetpotato plants. Plant Physiology 
and Biochemistry. 2017;117:24-33

[153] Li R, Kang C, Song X, Yu L, Liu D, 
He S, et al. A ζ-carotene desaturase 
gene, IbZDS, increases β-carotene and 
lutein contents and enhances salt 
tolerance in transgenic sweetpotato. 
Plant Science. 2017;262:39-51

[154] Ducreux LJ, Morris WL, 
Hedley PE, Shepherd T, Davies HV, 
Millam S, et al. Metabolic engineering 
of high carotenoid potato tubers 
containing enhanced levels of 
β-carotene and lutein. Journal of 
Experimental Botany. 2005;56(409): 
81-89

[155] Ke Q , Kang L, Kim HS, Xie T, 
Liu C, Ji CY, et al. Down-regulation of 



Natural Food Additives

288

lycopene ε-cyclase expression in 
transgenic sweetpotato plants increases 
the carotenoid content and tolerance to 
abiotic stress. Plant Science. 2019;281: 
52-60

[156] Gerjets T, Sandmann G. 
Ketocarotenoid formation in transgenic 
potato. Journal of Experimental Botany. 
2006;57(14):3639-3645

[157] Kim SE, Lee CJ, Park SU, Lim YH, 
Park WS, Kim HJ, et al. Overexpression 
of the golden SNP-carrying Orange gene 
enhances carotenoid accumulation and 
heat stress tolerance in sweetpotato 
plants. Antioxidants. 2021;10(1):51

[158] Gama MI, Leite RP, Cordeiro AR, 
Cantliffe DJ. Transgenic sweet potato 
plants obtained by Agrobacterium 
tumefaciens-mediated transformation. 
Plant Cell, Tissue and Organ Culture. 
1996;46(3):237-244

[159] Takahata Y, Tanaka M, Otani M, 
Katayama K, Kitahara K, Nakayachi O, 
et al. Inhibition of the expression of the 
starch synthase II gene leads to lower 
pasting temperature in sweetpotato 
starch. Plant Cell Reports. 2010;29(6): 
535-543

[160] Kim SH, Ahn YO, Ahn MJ, 
Jeong JC, Lee HS, Kwak SS. Cloning and 
characterization of an Orange gene that 
increases carotenoid accumulation and 
salt stress tolerance in transgenic 
sweetpotato cultures. Plant Physiology 
and Biochemistry. 2013a;70:445-454

[161] Park SC, Kim SH, Park S, Lee HU, 
Lee JS, Park WS, et al. Enhanced 
accumulation of carotenoids in 
sweetpotato plants overexpressing 
IbOr-Ins gene in purple-fleshed 
sweetpotato cultivar. Plant Physiology 
and Biochemistry. 2015;86:82-90

[162] Kim SH, Kim YH, Ahn YO, Ahn MJ, 
Jeong JC, Lee HS, et al. Downregulation 
of the lycopene ϵ-cyclase gene increases 
carotenoid synthesis via the 

β-branch-specific pathway and 
enhances salt-stress tolerance in 
sweetpotato transgenic calli. Physiologia 
Plantarum. Apr 2013;147(4):432-442

[163] Ma DFLI. Selection of  
parents for breeding ed-ible varieties of 
sweetpotato with high carotene content. 
Agri-cultural Sciences in China. 
2009;8(10):1166-1173

[164] Hwang SY, Tseng YT, Lo HF. 
Application of simple sequence repeats 
in determining the genetic relationships 
of cultivars used in sweet potato 
polycross breeding in Taiwan. Scientia 
Horticulturae. 2002;93(3-4):215-224

[165] Cervantes-Flores JC, Sosinski B, 
Pecota KV, Mwanga RO, Catignani GL, 
Truong VD, et al. Identification of 
quantitative trait loci for dry-matter, 
starch, and β-carotene content in 
sweetpotato. Molecular Breeding. 
2011;28(2):201-216

[166] Laurie SM, Van Jaarsveld PJ, 
Faber M, Philpott MF, Labuschagne MT. 
Trans-β-carotene, selected mineral 
content and potential nutritional 
contribution of 12 sweetpotato varieties. 
Journal of Food Composition and 
Analysis. 2012;27(2):151-159

[167] Pillay K, Khanyile N, Siwela M. 
Acceptance of an orange-fleshed sweet 
potato complementary food by infant 
caregivers in KwaZulu-Natal 
Province—A preliminary study. South 
African Journal of Child Health. 
2018;12(3):100-104



Chapter 11

Prospective Application of
Aspergillus Species: Focus on
Enzyme Production Strategies,
Advances and Challenges
Mohammadhassan Gholami-Shabani,
Masoomeh Shams-Ghahfarokhi, Fatemehsadat Jamzivar
and Mehdi Razzaghi-Abyaneh

Abstract

Fungal enzymes that catalyze different types of biochemical reactions play a
significant role in modern industry by improving existing processes. Also, the use of
enzymes to replace some traditional toxic chemical or mechanical approaches helps
decrease energy demand and environmental pollution. However, enzymes must be
able to compete commercially with relatively low-priced traditional approaches.
Meeting economical and commercial feasibility criteria depends on a number of
enzymatic properties including the specificity to the substrate, stability in industrial
enzymatic reaction conditions and catalytic efficiency. Fungi used as an enzyme
manufacture host should be appropriate for industrial scale fermentation. Aspergil-
lus species are being developed as one of the best enzyme manufacture factories due
to their capability to secrete high quantities of enzymes suitable for industrial
applications. The industrial importance of Aspergillus species also includes the pro-
gress and commercialization of new products derived from genetically engineered
modified strains. Hence, the main aim of this chapter investigation is to analyze the
secreted and cellular proteins from Aspergillus species and their application in
industries.

Keywords: filamentous fungi, Aspergillus species, fermentation, enzymes,
intra- and extracellular secretion

1. Introduction

With the exponential increase in science and knowledge about biochemical
processes; it would be fair to say that it is inconceivable to consider any biological
process without an enzyme. They are biocatalysts that enhance the rate of reaction
in numerous folds. Enzymes usually are reusable. In other words, they are not used
up by the reaction and can be reused. Once an enzyme binds to a substrate and
catalyzes the reaction, the enzyme is released, unchanged, and can be used for
another reaction. This means that for each reaction, it is not necessary to have a
ratio of 1:1 between enzymatic molecules and substrate molecules. Enzymes mostly
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are proteinaceous-based in nature (there are a few RNA-based enzymes) and nec-
essary for all living organisms [1]. A significant number of them have been recog-
nized as safe from a biotechnological perspective. Fungi, as one of the simplest
organisms, are often used to produce enzymes. In addition, factors such as low
energy, low cost, non-toxic and environmentally friendly nature make them popu-
lar in many industrial processes [2]. Also, the need for gentle temperature and
pressure for enzymes to function enables them to become a viable alternative to
hazardous chemical catalysts [3]. Enzymes are commonly used to make wine, beer,
bread, cheese, vinegar, and leather and textiles. However, the pure and clean form
of enzymes has found wide applications in industry only a few decades ago [4].
Enzymes produced by the fungal system are commonly used in various sectors
including food, chemicals, medicine, agriculture and energy [5]. Today, due to
multiple applications, the demand for different kind of enzymes in various food
sectors has increased greatly [6–18], as shown in Table 1. Additionally, the manip-
ulation of strains through recombinant DNA techniques and protein engineering
technology has made it possible to meet the growing demand for enzymes [19].
Fungi are metabolically dynamic, simple to ferment and can work on an industrial
scale, require simple nutrients and can be used throughout the year and are not
subject to seasonal conditions [20]. The genus Aspergillus has more than 340 offi-
cially known species [21]. These fungi are characterized by an extraordinary capa-
bility to produce and secrete large amounts of proteins, metabolites, and organic
acids into their growth medium [22]. Notwithstanding the existence of different
pathogenic Aspergillus strains, a significant number of them have been recognized
from a biotechnological perspective [23]. Characteristics such as the existence of a
secretory pathway, the eventuality of genetic manipulation, and high productivity
using diverse fermentative processes are beneficial and positive for the make use of
Aspergillus species [23]. Enzymes produced by Aspergillus species have been broadly
investigated for their potential in the formulation of commercial products [24].
Hence, the main goal of this chapter investigation is to analyze the secreted and
cellular proteins from Aspergillus species and their utilization in food industries.

Enzymes Food sectors Applications

Amylases Brewing industry Fermentation of alcohol by converting starch to sugars

Baking industry Breakdown of starch into simple sugars; thereby allowing the
bread to rise and impart flavor

Dough conditioning

Generates additional sugar in the bread, which improves the taste,
crust color and toasting quality

Anti-staling effect during bread making; improves the softness and
shelf-life

Cellulases Fruit industry Fruit and vegetable juice clarification

Reducing the viscosity of nectars

Alteration of fruit sensory properties

Beverages
industry

Concentrating purees

Health food
industry

Carotenoids extraction

Edible oil
extraction
industry

Olive oil extraction

Baking industry Improvement quality of bakery products
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Enzymes Food sectors Applications

Chitosanases Seafood industry The degradation of crustacean chitinous waste

Agriculture
industry

Biological activities such as antifungal effect

Galactosidases Dairy industry Production of low lactose/milk free lactose

Production of prebiotics

Prevents crystallization of lactose Improves the scoop ability and
creaminess of the product

Production of ice creams, sweetened flavor and condensed milks

Improves the scoop ability and creaminess of the product

Invertases Food sweetener
market

Invert sugar production

Confectionery
food industry

Production of high fructose syrup

Manufacturing of soft-centered candies

Manufacture of artificial honey

Laccase Wine industry Removal of polyphenol, thereby providing stability to wines

Preparation of cork stoppers of wine bottles

Reduces cork taint generally imparted to aged wine bottles

Brewing industry Removal of oxygen at the end of beer fermentation process

Prevent the formation of off-flavors (trans 2-nonenal)

Fruit industry Juice clarification

Baking industry Increase strength, stability and reduce stickiness

Increase volume, improved crumb structure and softness of the
product

Lipases Fats and oils food
industry

Production of mayonnaise and other emulsifiers, Triglycerides
synthesis and trans-esterification of triglycerides in non-aqueous
media; specially fat production

Dairy industry Development of flavoring agent in milk, cheese, and butter

Hydrolysis of milk, fat, cheese ripening, and modification of butter
fats

Meat industry Degumming during the refining of vegetable oil

Flavor development, meat and fish product fat removal

Baking industry Flavor development, shelf-life prolongation

Naringinases Fruit industry Debittering of citrus fruit juices

Wine industry Enhances the aroma in the wine

Production of pruning, a flavonoid

Pectinases Fruit industry Clarification of the fruit juices

Enhanced levels of fruit juice volume when fruit pulps treated with
pectinase

Soften the peel of citrus fruits

Enhances the citrus oil extraction such as lemon oil

Beverages
industry

Accelerates tea fermentation

Reduces foam forming property in instant tea powders

Remove mucilaginous coat from coffee beans

Wine industry Imparts stability of red wine
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2. History and background

The use of various Aspergillus species dates back to almost a century ago, when it
was discovered that the fungus Aspergillus niger was able to produce citric acid,
which is a food and beverage additive and is normally extracted from citrus fruits
[25]. Nowadays, A. niger is preferable to other microbes for the commercial pro-
duction of citric acid because of its improved manufacturing yield. Aspergillus
species are easily manipulated and can ferment different low-priced raw materials
and offer high yields [26]. Thus, Aspergillus strains can be improved to generate
industrial strains for application in the commercial manufacture, and mutagenesis
and strain choice have been performed for such improvement. Through the appli-
cation of different mutagenic agents, including various radiation for example ultra-
violet, gamma and X-rays radiation, various chemicals for example, ethyl methane
sulphonate and diethyl sulphonate have been commonly used to induce the muta-
tion of Aspergillus species [26]. However, the industrial applications of Aspergillus
species are not limited to the manufacture of citric acid. They have the capability to
produce other organic acids such as gluconic, malic and itaconic acids, secondary
metabolites and industrially important enzymes [26]. For example, A. niger has
been used to manufacture different extracellular enzymes such as glucose oxidase,
pectinase, α-amylase and glucoamylase, organic acids, and recombinant proteins
[26]. A. oryzae is a fungus that widely plays an indispensable role in Asian food
industrialized, such as soy sauce (sake and shoyu) and soybean paste (miso).
Moreover, it has been applicable in the manufacture of industrial enzymes used in
food processing [27]. A. terreus has attracted interest due to its ability to produce a
group of secondary metabolites called statins that are used in the manufacture of
cholesterol-lowering drugs [28]. A. nidulans is a capable fungal cell factory that can

Enzymes Food sectors Applications

Phytases Baking industry Reduction of phytate content in dough & fresh breads

Shortening of formulation time without any change in pH

Increase in bread volume and an improvement in crumb texture

Softer bread crumbs were obtained

Other texture parameters like gumminess and chewiness were also
decreased

Proteases Dairy industry Prevent coagulation of casein during cheese production

Flavor development

Meat industry Meat tenderization

Baking industry Assures dough uniformity

Improve dough consistency

Gluten development

Improve texture and flavor

Reduce mixing time

Tannase Brewing industry Removal of polyphenolic compounds

Beverages
industry

Manufacture of instant tea

Table 1.
The main applications of enzymes in different food sectors [6–18].
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produce different industrial enzymes such as amylase, cellulases, cutinases, gluco-
sidases, etc. [29]. There are many companies (such as Genencor, Novozymes,
Pfizer, Amano Enzyme, Verenium, etc.) that used enzymes, proteins and secondary
metabolites produced by different species of Aspergillus on a large scale to produce
commercial products [30].

3. Enzymes production process

A general overview of the enzyme production process has been shown in
Figure 1. Fermentation has two parts, upstream processes (UsP) and downstream
processes (DsP). The UsP for the enzyme manufacture include the selection of
Aspergillus strain, inoculum and sterilization of media [31]. For primary culture, the
frozen culture of the Aspergillus strain is inoculated into the medium. The culture
media are sterilized before inoculations for primary and secondary culture. Once
the strain is inoculated, primary cultivation is acceptable for primary fermentation
[31, 32]. The primary culture is used as inoculum during the secondary fermenta-
tion process [32]. The DsP of the fermented product depends on the nature of the
secretion of an enzyme (intracellular/extracellular) [31]. If the enzymes are intra-
cellular, the cells are first collected with the help of centrifugation and other filtra-
tion methods [32]. Disruption of cells by diverse techniques such as sonication,
french press, enzymatic lysis and freezing/thawing process is necessary to get the
intracellular content [31, 32]. After the cell breaking, the cell residue is excluded by
filtration. In the case of extracellular proteins, the enzymes are secreted in the
culture medium, so they are easier to purify. The enzymes produce using both
intracellular and extracellular fermentation are subsequently concentrated using
concentrators. The fermentation is generally followed by cell lysis or cell extraction
then elimination of cells-residue from the culture, either using centrifugation, fil-
tration or sedimentation. The cell-free culture is then concentrated using ultra-
filtration, ammonium sulphate precipitation or liquid extraction with organic sol-
vents [33]. About 80% of the purification processes employed thus far have used a
precipitation step, with 65% of these using ammonium sulphate and 35% using
ethanol, acetone or an acid (usually hydrochloric) followed by a combination of
ultra-filtration system and various chromatographic techniques (20%) for example
gel filtration and affinity chromatography [33]. The purification of an enzyme leads
to the procedure of formulation [34]. The formulation may include methods such as
drying, vacuum drying, spray drying, and freezedrying [34]. These processes make

Figure 1.
Process steps for conversion of low-cost substrate to various enzymes by Aspergillus strains. The fermentation
(submerged or solid-state) is generally followed by cell-lysis/extraction, then elimination of cells-residue from
the culture, either using centrifugation, filtration, sedimentation. The cell-free culture is then concentrated using
ultra-filtration, ammonium sulphate precipitation or liquid extraction with organic solvents. Then followed by
a combination of various chromatographic techniques for example gel filtration and affinity chromatography.
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a decision how an enzymatic product will be launched in the market. It can be a
mixture of two enzymes or more of them. The formulation is exclusively based
upon the research and development of an industry or a lab. Formulation develop-
ment is a fundamental factor not only in the early stages of enzymes/protein
development, but also in the future marketing success of a promising investiga-
tional product. This is the operation of discovering novel sciences which can be used
to generate novel and valuable products. The development part comes after the
study and analysis and is the act of turning the discovered science into a precious
product that the company can commercialize and sell. All the UsP and DsP lead to
the formation of the final product.

3.1 Fermentation

Both submerged (SmF) and solid-state (SSF) fermentation are used for making
different enzymes by fungi [35–99]. Due to easy measurement and of control
fermentation parameters, reduction fermentation time and basic ways for
harvesting and refining enzymatic products, more attention has been paid to SmF
[62–65]. In recent time, intensive investigate on SSF has been conducted and has
gained reliability due to low water consumption, low energy necessities, less con-
tamination and high manufacture yields [35, 52]. However, Aspergillus species have
shown potential for producing enzymes under both SSF and SmF (Table 2).

3.2 Use of low-cost/economical substrates for enzyme cost-effective/
commercial production

A large amount of agro-industrial waste like wheat straw, rice straw, rice husk,
bagasse, potato waste, industrial effluents, citrus wastes, sludge, etc., are produced
annually. They are rich sources of sugars, mineral elements, vitamins, fiber and
different phenolic compounds, etc. Consequently, they can be used for the manu-
facture of commercially important products like enzyme, due to their nutritional
potential (Table 2). Enzymes like amylases, celluloses, chitosanases, galactosidases,
invertases, laccase, lipases, naringinases, pectinases, phytases, proteases, tannase,
etc., have industrial significance and are broadly used in different industries such as
pulp and paper, textile, wine and brewery, food processing, laundry and detergent,
agricultural industries and bio-ethanol production [6–18]. The cost of these
enzymes is a big subject faced by these industries, and efforts are going on to
decrease the cost through strain improvement, better fermentation and recovery
system and utilization of easily available low-cost substrates [60]. These agro-
industrial wastes have exposed potential for the production of various kinds of
enzymes using Aspergillus species [46, 60, 100].

3.3 Recovery purification and formulation

Enzymes are recovered from fermentation through chemical engineering oper-
ations that are broadly used to produce enzymes [101]. When the enzyme is intra-
cellular, the cells must be broken down to release the enzyme. This can be done
using mechanical methods (such as high-pressure press, grinding, or ultrasound) or
non-mechanical methods (such as drying or lysis). In the case of extracellular
enzymes, an early stage of isolation (centrifugation, filtration or both) is often used
to eliminate residue of the cells [101]. Then the dissolved enzyme is concentrated by
eliminating the water (cross-flow filtration or evaporation), resulting in an enzyme
concentrate. Alternatively, a whole enzyme preparation containing inactivated cells
or cell debris may be suitable where the resulting food undergoes further
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refinement, for example in potable alcohol production. In all cases, the prepared
enzyme is free of viable fungi [101]. The concentrate is then formulated using the
correct ingredients to stabilize and standardize the enzyme [101]. The raw materials
used for recovery and formulation require to be of suitable purity for the future use
and require to be used according to good manufacturing Practices, i.e., in the
minimal quantities required to achieve the desired effect [101]. The utilize of
potential allergens in the process of producing food enzymes must be addressed
and, if necessary, included in the enzyme preparation. At the end of the
manufacturing procedure, the last formulated enzyme generate is introduced in the
market after testing to verify agreement with qualifications for contaminants
(microbial and chemical) established for enzyme preparations by the Food
Chemicals Codex and FAO/WHO’s JECFA. In other words, enzymes come in three
diverse forms. Firstly, there is the enzymatic protein itself, which is a pure sub-
stance that is used in labs [102]. Secondly, enzymatic concentrates are products
produced following fermentation or extraction [102]. They contain the enzyme
produced in much smaller amounts from other substances obtained during the
fermentation process, like other (secondary) enzymes or the remainder of the
fermentation [102]. These enzymatic concentrates are evaluated for safety prior to
being approved for marketing. Finally, there are enzymatic preparations, which are
formulations containing one or more enzymatic concentrates with added stabi-
lizers, preservatives, and diluents to stabilize enzymes and maintain activity. These
formulas are sold commercially. In general, a proven quality feature of enzymes
produced by microorganisms is the lack of viable cells. In addition, other specific
features of microbial enzymes include their ability and significant activity under
abnormal conditions, mostly temperature and pH. For example, some microbial
enzymes are produced in thermophilous, acidophilic or alkalophilic forms.

4. Recombinant DNA (rDNA) technology

In industries, the rDNA technique will contribute to the manufacture of
chemicals of commercial importance, to the advancement of existing fermentation
processes and protein/enzyme production from waste materials. For this purpose,
more effective strains of microorganisms can be developed. Thus, the technology of
rDNA has many useful applications in crop betterment, medication and industry.

The rDNA in microorganisms occurs through three different parasexual pro-
cesses namely conjugation, transduction, and transformation [103]. Internal genetic
rearrangements can also occur via translocatable DNA segments (insertion
sequences or transposons) [103]. Conjugation implies DNA transfer through cell-
to-cell contact. Transduction occurs from the host cell to the recipient cell through
bacteriophaging mediation. Transformation involves the absorption and expression
of bare DNA by the appropriate cells. Competence occurs naturally but can also be
induced by changes in the physical and chemical environment. In the laboratory, it
can be induced by cold calcium chloride treatment, protoplasting, electroporation
and heat shock [103]. After 1980, there was a heightened interest in the application
of genetic recombination to the production of important microbial products such as
antibiotics. The use of rDNA technology has made it possible to produce new
enzymes appropriate for specific food-processing conditions [104]. Various sub-
stantial enzymes (lipases, pectinases, cellulases, amylases, etc.) are useable for the
specific manufactures because of their exclusive roles and utilization in food and
feed industries. Manufacture of microbial strains is another vast accomplishment
that became feasible with the assist of rDNA technology. Various microbial strains
have been expanded to manufacture superior enzymes by particular engineering.
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Specific strains of fungi have been modified in order that their capability of
manufacturing toxic and hazardous materials could be decreased. Wide ranges of
recombinant proteins/enzymes have been expressed in different species of fungi to
be used as enzymes in industries [105]. Aspergillus species are regarded as promising
candidates for developing large-scale heterologous protein production platforms.
However, production yields of heterologous proteins are usually significantly lower
than those detected for native proteins. Failure to achieve the favorable protein
amounts in Aspergillus cultures can be ascribed to limitations associated to tran-
scription, translation, and the post-translation processing and modifications during
protein manufacture. Furthermore, bottlenecks in the fungal secretion system and
the problem of extracellular breakdown further impede the effective production of
foreign proteins in Aspergillus species [106].

Several Aspergillus species, in particular A. niger and A. oryzae, are widely used as
protein-production hosts in a variety of biotechnology applications. To improve the
expression and secretion of recombinant proteins from these filamentous fungi,
several novel genetic engineering strategies have been developed over the past few
years. Yu et al. reported construction and application of a novel genetically
engineered A. oryzae for expressing proteases [107]. Their results showed different
degrees of improvement in the protease activity when compared with wild-type A.
oryzae. A major improvement in the polypeptide yield was achieved when these
strains were used in soybean meal fermentation. The polypeptide conversion rate of
transformants A. oryzae reached 35.9%, which was approximately twofold higher
than that exhibited by wild-type A. oryzae [107]. Amino acid content analysis
showed that the essential amino acid content and amino acid composition of the
fermentation product significantly improved when engineered A. oryzae strains
were used for soybean meal fermentation [107]. Prathumpai et al. reported lipase
production by recombinant strains of A. niger expressing a lipase-encoding gene
from Thermomyces lanuginosus [108]. Their heterologous lipase was expressed using
the TaKa amylase (the A. oryzae amylase is known as Taka-amylase) promoter from
A. oryzae. Their results showed the transformants strain was found to be the best
producer. Record et al. reported expression of the Pycnoporus cinnabarinus laccase
gene in A. niger. A. niger preprosequence allowed an 80-fold increase in laccase
production [109]. Bohlin et al. reported heterologous expression of Trametes
versicolor laccase in A. niger. Their results showed recombinant laccase from A. niger
harboring the lcc2 cDNA was purified to homogeneity and it was found to be a
70 kDa homogeneous enzyme with biochemical and catalytic properties similar to
those of native T. versicolor laccase [110]. Dragosits et al. reported recombination for
the production and purification of two previously uncharacterized β-galactosidases
from A. nidulans as well as one β-galactosidase from A. niger. Their results
showed that A. niger and A. nidulans are suitable for various glycobiological and
biotechnological applications [111].

5. Enzymes production by Aspergillus species and their application

5.1 Amylases

The Aspergillus species produce a wide range of intra- and extracellular enzymes,
and amylases are one of the main enzymes used in industrial markets (Table 2).
Amylases are broadly employed in food manufacturing such as brewing, baking,
preparation of digestive aids, manufacture of cakes, fruit juices and starch syrups
[112]. They have been extensively used in the baking industry. Amylases can be
added to the dough of bread which degrade the starch in the flour into smaller
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dextrins, and these smaller dextrins are subsequently fermented by the yeast. The
addition of these enzymes to the dough results in improving the rate of fermenta-
tion and the reduction of the viscosity of dough, resulting in progresses in the
volume and texture of the product. Moreover, they produce additional sugar in the
dough that improves the flavor, crust color and toasting qualities of the bread [112].
In addition to producing fermentable compounds, they also have an antistaling
effect in baking bread which advances the retention of the softness of bakery
products, increasing the shelf life of these products. These enzymes are also used for
the clarification of fruit and veggie juices or beer or for the pretreatment of animal
feed to improve the digestibility of fiber [6, 34–44].

5.2 Cellulases

Cellulases are groups of enzymes that are secreted using a wide range of
Aspergillus species (Table 2). According to current enzyme market information, the
main areas of the industry where cellulases enzymes are progressively being applied
are textile, pulp and paper, laundry detergents, healthcare, food and beverages.
Their extensive application in coffee and tea processing, fruit juice production and
wine making is associated to food and beverage segment. In other industrial appli-
cations, it is widely used to generate laundry detergents and cleaning and washing
agents. These enzymes are also being highly known as an effective alternative to
available various antibiotics and antifungal. Lemnaru Popa et al. reported bacterial
cellulose in skin wound treatment is very attractive due to its unique characteristics.
Their results confirmed the drugs’ presence in the bacterial-cellulose dressing’s
structure as well as the antimicrobial efficiency against Staphylococcus aureus and
Escherichia coli [113]. In another study, Limón et al. reported antifungal and
chitinase specific activities of Trichoderma harzianum CECT 2413 by addition of a
cellulose binding domain was increased [114]. Consequently, the potential of these
enzymes is a wonderful trend to fight against antibiotic-resistant bacteria which
may overcome problems in the healthcare sector [7]. Furthermore, in the food
market these enzymes have many applications. Fruit and veggie juice clarification,
carotenoid extraction, reducing the viscosity of nectars, alteration of fruit sensory
properties, concentrating purees, olive oil extraction, and the quality betterment of
bakery products are among the different processes in food industry and biotech-
nology where cellulases are exploited worldwide. Consequently, these enzymes can
cause a huge economic impact. However, there are some significant bottlenecks of
employing this enzyme in the industry such as loss of enzyme activity, immobiliza-
tion of enzyme in undesired conformation and subsequent loss of activity, cost of
carrier and additional preparation materials and methods, as well as laborious
training strategies, mass transfer limitations, laborious and time-consuming
immobilization processes [7, 46–50].

5.3 Chitosanases

Chitosanases can degrade chitin and it can generate using various Aspergillus
species (Table 2). These enzymes play a significant role in nutrition and defense.
Due to its antimicrobial activity against a wide range of filamentous fungi, yeasts
and bacteria, they have attracted much attention as a potential food preservative
[8]. These enzymes potentially used in preparation of N-acetyl d-glucosamine and
chitooligosaccharides. Chitooligosaccharides and N-acetyl glucosamine are cur-
rently of enormous relevance to pharmaceutical, nutraceutical, cosmetics, food, and
agriculture industries due to their wide range of biological activities, which include
antimicrobial, antitumor, antioxidant, anticoagulant, wound healing,
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immunoregulatory, and hypocholesterolemic effects. Furthermore, the control of
pathogenic fungi in agriculture could be done using chitonases. The degradation of
crustacean chitinous waste in seafood industry could be enhanced using them. It is
also valuable for the preparation of single-cell protein and also for the isolation of
protoplasts from fungi and yeast, etc. [8, 51–55].

5.4 Galactosidases

Galactosidases can be generated by various Aspergillus species and being used in
food industry for hydrolysis of lactose in milk and milk by-products (Table 2).
They have attracted much attention in view of lactose intolerance in human popu-
lation and due to importance of milk in human diet. These enzymes can hydrolyze
galactopyranosides, that is, lactose, and form a wide range of trans-galactosylation
products or galactooligosaccharides capable of providing some health benefits as
prebiotics. Furthermore, these enzymes also find applications in production of
lactose based sweeteners from high lactose containing effluents of cheese
manufacturing industries. At present, these enzymes are mainly obtained from
various A. niger strains [9, 56–59].

5.5 Invertase

Invertases are generated using plants, bees, and microorganisms [10], but the
filamentous fungi belonging to the Aspergillus species are the most prominent
organisms used for invertases manufacture (Table 2). They are used to hydrolyze
sucrose and polysaccharides, which have the same type of β-d-fructofuranosyl
bond, to obtain fructose and glucose as final products [10]. They are significant in
the food biotechnology, especially in confectionery and candy manufacturers, as a
catalytic factor in obtaining an artificial sweetener. Hence, they are used for the
construction of formulations that prevent crystallization of certain sweet prepara-
tions, using in the chocolate industry markets. In some syrup, it is also used to
growth its sweetening properties such as producing of soft caramel fillings. Honey is
the most common form of this inverted sugar that is a supersaturated mixture of
fructose and glucose. Furthermore, they are able to synthesize fructooligosac-
charides through fructotransferase where sucrose is presented in high concentra-
tions. The fructooligosaccharides are related to improve human health [9, 60–62].

5.6 Laccases

Fungi such as Aspergillus species have been used to generate Laccases (Table 2).
Laccases are a broadly studied enzyme because of its potential use in some industries
areas such as textile, paper and pulp [16]. They can be used in bioremediation,
beverage processing (such as wine, fruit juice and beer), sugar beet pectin gelation,
ascorbic acid determination, baking, and as biosensor and to progress food sensory
parameters [17]. They can increase the productivity, efficiency and quality of food
goods without costly investment, and this is an advantage. Wide areas of the food
industry that benefit from processing with these enzymes include juice processing,
wine stabilization, baking industry, and bioremediation of waste water [16, 17, 63–65].

5.7 Lipases

Lipases are one of the most important biocatalysts that perform different reac-
tions in aqueous and non-aqueous media [11]. These enzymes usually catalyze the
hydrolysis of long-chain triglycerides. They can operate on a diversity of substrates
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counting natural oils, artificial triglycerides, and esters of fatty acids. They are
manufactured using animals, plants, and microorganisms. Presently, fungal lipases
are achieving much consciousness with the rapid development of enzyme technol-
ogy. Fungi-produced lipases have played an interesting role in industrial biotech-
nology because many of them are stable in a wide range of pH, high temperatures,
and organic solvents. They are signifying one of the most important groups of
biocatalysts for industrial applications. Aspergillus species is an important chief
manufacturer of lipases (Table 2). They are capable to modify the characteristics of
lipids by altering the location of fatty acid chains in the glyceride and exchange one
or more fatty acid with new ones. Cocoa butter is a crucial ingredient in chocolate
that has a high butterfat value because it contains palmitic and stearic acids and has
a melting point of almost 37°C. Melting of cocoa butter in the mouth creates a
positive favorable cooling sensation in a product such as chocolate [11]. Lipases are
used ex-situ to create taste and to change the formation using inter- or transester-
ification that obtain products of improved nutritional value, or appropriate for
feeding [11]. They are also been used in food to modify taste using manufacture of
esters of short-chain fatty acids and alcohol, which are known flavor and fragrance
compounds. Lipases facilitate the elimination of fat from meat and fish products.
They are used for the manufacture of maltose and lactose like sugar fatty acid esters.
They have many applications in food and flavor industry and in the production of
ice cream [11, 66–70].

5.8 Naringinases

Various microbial sources of naringinases have been reported worldwide by vari-
ous investigators [12]. Production of naringinases has been very well studied in fungal
sources. Among fungi, Aspergillus species (especially A. niger) have been reported as
major producers of naringinases (Table 2). Naringin is a flavonoid naturally which
present in citrus fruits (such as oranges, lemon, and grapefruit). Flavonoids may cause
interference during the citrus fruit juice processing and are responsible for the bitter
taste. The processing of citrus fruit juice has faced formidable problems in terms of
bitterness and delayed onset of bitterness. The bitterness affects its consumer accept-
ability. In citrus juices two compounds namely flavonoids and limonoids are
established responsible for bitterness. The bitterness in grapefruit juice can be reduced
by using enzymes such as naringinases which hydrolyzes naringin into relatively non-
bitter compounds. They are an enzyme which catalyzes the hydrolysis of naringin into
pruning, rhamnose, glucose and then into naringenin, which is non-bitter and taste-
less. This enzyme has two different enzyme activities (due to two different subunits).
One is α-rhamonosidase which acts on naringin to release prunin and α-rhamnose.
Second is β-D-glucosidase which acts on prunin to release naringenin and β-D-glucose.
There are only few reports on the commercial manufacture of this enzyme. These
enzymes have been used for elimination of bitter flavor in citrus fruit juice (due to
naringin) [12, 71–78].

5.9 Pectinases

Pectinases have the most important role in fruit and veggie juice marketing by
breaking the pectin (polysaccharide) structure present in the cell wall of plants.
They are mainly manufactured using microorganisms and plants. Among microor-
ganisms, fungi (especially Aspergillus species) have a high ability to secrete them
(Table 2). Pectinases are a class of enzymes that catalyzes the degradation of pectic
substances [13]. They have broad applications in food and agricultural industries.
Pectinases can be used and commercially applied for the processing of fruit juices
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and wines. In food industry, these enzymes are used especially for clarification,
maceration, extraction and stabilization of fruit juices. They also enhance fruit juice
yield and involved in fermentation of coffee, cocoa and tea and preparation of jams
and jellies. They are used in oil extraction from plant but olive oil extraction is the
most common. These enzymes are added for easy oil extraction during grinding of
olives. They have capability to reduce feed viscosities which directly increase the
nutrients absorption capability of animals. These nutrients are released from fibers
using hydrolysis process and it also reduces animal defecation [13, 79–84].

5.10 Phytases

Phytases have a role in food and feed industry. They are synthesized using fungi,
mainly from Aspergillus species (Table 2). They can reduce the antinutritional
effect of phytate and improve the digestibility of phosphorous, calcium, amino
acids and energy, as well as minimize the negative impact of inorganic phosphorous
excretion on the environment [14]. The benefits of using phytase in animal feed are
well recognized [14]. Especially, phytate-degrading enzymes from Aspergillus
species offer industrial and economical feasibility for their manufacture and
application. Phytates have been considered as a threat in human diet due to its
antinutrient behavior, which is known as strong chelator of divalent minerals such
as Ca2+, Mg2+, Zn2+ and Fe2+. There is a high potential for the employ of phytases in
processing and developed of food for human consumption. Investigation in this
aspect focuses on the progress of the nutritional value of plant-based food and feed
as well as on the technical improvement of food processing. A diet rich in phytate
leads to a significantly decreased absorption of dietary minerals and the dephos-
phorylation of phytate during food processing results in the formation of only
partially phosphrylated myo-inositol phosphate esters with a lower capability to
impair with the intestinal uptake of dietary minerals. Individual myo-inositol phos-
phate esters have been shown to have some important physiological functions in
man. Consequently, phytases may find application in food processing to generate
functional foods. Also, phytases were showing to be an excellent bread making
improver [14, 85–88].

5.11 Proteases

Proteases are produce in all organisms, such as plants, animals, and microbes
[15]. The peptide bond present in the polypeptide chain is hydrolyzed by proteases.
They are degradative enzymes and demonstrate specificity and selectivity in pro-
tein modification. They are one of the most important industrial enzymes and their
international market is significantly growing annually. Of the 60% of enzymes
marketed worldwide, proteases account for 20%. Proteases have been successfully
produced by researchers from various microbial sources [15]. Reports suggest that
two-thirds of the world’s commercial proteases are produced by microorganisms
because of their greater yield, reduction in time consumption, reduction in space
requirement, lofty genetic manipulation, and cost-effectiveness, which have made
them suitable for biotechnological application in the market. Among microbes,
Aspergillus species have been extensively studied for protease manufacture in a large
scale (Table 2). Proteases are used on a large commercial scale in the production of
baked goods, bread, crackers and waffles. Proteases produced by Asperjillus oryzae
have been used to modify wheat gluten using limited proteolysis. They are also used
in the dairy industry. Their main application in the dairy industry is in cheese
manufacture. In cheese manufacture, the primary function of proteases is to
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hydrolyze the certain peptide bond to generate para-k-casein and macro peptides
[15, 89–92].

5.12 Tannase

Tannases are a group of enzymes that are employed in multitudinous industries
such as food, brewing, and pharmaceutical [18]. They have an expansive range of
scattering and are generated form animals, plants, and microbial sources. However,
manufactured tannins of microbial origin are favored over other sources for indus-
trial utilization. Fungi such as Aspergillus species have been used to generate
tannases (Table 2). They operate upon hydrolyzable tannins by cracking the ester
and depside bonds so as to release glucose and gallic acid. One of the most signifi-
cant commercial applications of tannases is gallic acid manufacture. Besides that,
they are widely employed in the food industry, especially in the manufacture of
instant tea, where it increases the extractability and cold water solubility of key
compounds [18]. Another significant applying of tannase is the elimination of haze
formation and unflavored phenolic compounds from beer and wine [18]. Moreover,
the quality of fruit juices can be enhanced using tannases enzymes. The turbidity
and bitterness of fruit and veggie juices are minimized by using these enzymes.
While using agro-industrial residues as animal feed, tannins-rich biomass are con-
sidered as anti-nutritional factors. De-tannification of feed using tannases enzymes
treatment can extensively progress the quality of animal feed [18, 93–99].

6. Future perspectives and conclusions

At present, enzymes have become an important part of various industries [1].
The total enzymes market size in the worldwide is anticipated to reach over $13–14
billion by 2027. However, the manufacture of different enzymes has always been a
challenge. They are produced from plants, animals and microorganisms [4]. Micro-
bial enzyme production is generally accepted and occupies approximately 85–90%
of the global enzyme market. In microbial enzyme manufacture, the localization of
enzyme is a major aspect to be considered. If an enzyme is extracellular, the cost of
downstream processing is reduced [100]. However, when it comes to intracellular
enzymes, it becomes an expensive process to purify such enzymes. The degree of
purification also varies according to the use of enzymes. Among microorganisms,
fungi are especially used for the manufacture of various enzymes in a wide range
[5]. Out of about 260 commercial enzymes, 60% are sourced from about 25 fungal
genera [115]. Fungi can produce a number of industrial enzymes that are used in
variety different industrial processes. Owing to their ability to use low-value sub-
strates, their ability to handle and their ability to produce high enzymatic titres,
fungi are the subject of extensive studies for industrial enzymes. Enzymes of fungal
origin (especially from Aspergillus species) are employed in a wide range of indus-
trial applications. The advantages of using Aspergillus species in the industry are
multiple and they are a rich source of enzymes with valuable properties in industrial
processes. A good example is their outstanding high stability, as they naturally
evolved to work in a relatively harsh extracellular environment. They can use
common “types of waste” as a source of carbon and energy and release the valuable
enzymatic product from their cells into the medium. The cost of enzyme manufac-
ture by Aspergillus species is another attractive parameter and an essential prereq-
uisite for the exploitation of these catalysts in large-scale industrial settings. In
addition, Aspergillus species will be able to produce strong, multifunctional (chime-
ric) enzymes using recombinant DNA technology, high-efficiency screening of the
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latest, metagenomic screening, silicon enzyme engineering and site-to-site muta-
genesis to meet future needs.
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