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Preface

Many food products typically exist in one of the forms of colloidal systems, and colloid sci‐
ence provides a strong background to modern food science. It is concerned with the study of
the physical chemistry of dispersed systems. The practical benefits of the science of colloids
for the food industry are controlling the sensory and textural aspects of existing food prod‐
ucts as well as formulating different structures using innovative combinations of new ingre‐
dients and methods.

The goal of this book is a brief description of some recent developments in food colloids.
The emphasis is placed on understanding the dynamics of colloids, the stability of colloids,
approaches of production, applications, and regulatory aspects. This volume is therefore ap‐
propriate for university researchers and food manufacturers.

In the first chapter, classification and stability of colloidal systems are described. Then, the
new structured functional ingredients for the design of a novel colloidal matrix are re‐
viewed. Finally, the recent advances of colloidal systems in foods are discussed.

Adding of free radical scavenging antioxidants is one of the practical approaches controlling
the oxidative stability in food emulsions. In the second chapter, applications of plant antioxi‐
dants in colloidal systems, ranging from their structural features to their benefits in human
health as well as their antioxidant role in controlling the oxidative stresses mainly in lipid-
based emulsions, are discussed.

Nanoemulsions are very attractive due to the advances of nanotechnology in recent years.
Nanoemulsions have been applied in functional foods and pharmaceutical industries. Sub‐
sequently, nanoemulsion production with novel techniques and their stability is very impor‐
tant. Chapter 3 is an overview of nanoemulsion terminology and formulation, and various
approaches for the production of nanoemulsions. In addition, the application of nanoemul‐
sions in the food industry is discussed in detail.

In Chapter 4, nanostructured dispersions and their applications in various areas of food sci‐
ence are discussed. Nanostructured dispersions are nanosized materials that can be inherent‐
ly present in food or they can be formed as the result of food processing technologies. Such
materials can lead to the development of new and innovative food products and ingredients.
Exciting fields of applications of nanostructured colloids in food science include functional
food ingredients, food additives, food supplements, food packaging, and nanosensors.

In Chapter 5, the role of electrostatic and static forces in food dispersions and their stability
is discussed. Emphasis is on the combination of various energy terms responsible for parti‐
cle/particle attraction or repulsion. These forces are significant in dispersion stabilization
and macroscopic phase separation.
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Noticeably, the science of food colloids is a broad subject and various topics highlighted in
this volume do not cover all of them. Finally, it is my pleasure to acknowledge the authors
for the valuable information presented in this book.

Jafar M. Milani
Department of Food Science and Technology

Sari Agricultural Sciences and Natural Resources University (SANRU)
Sari, Iran
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1. Introduction

Food products usually showed the colloidal systems as emulsions, foams, gels, and disper-
sions. They are multicomponent systems containing different types of ingredients. Therefore, 
researches about food colloid are important; but first, we must be answered to below ques-
tions before starting. (1) How the physical properties of structure, stability, and rheology are 
influenced by the ingredient composition and formulation conditions? (2) How the interac-
tions between various kinds of dispersed entities (e.g., particles, droplets, and bubbles) and 
macromolecules (proteins and polysaccharides) influence behavior in bulk fluid phases and 
at solid and liquid interfaces (air-in-water or oil-in-water)?

For these aims, many types of research are annually carried out for the understanding of how 
different classes of food ingredients control the physicochemical mechanisms determining 
overall stability and textural properties. Information on these model systems determined the 
reliable data about these colloidal systems, but not very reliant, because in the food products
numerous components exist which influenced the quality and stability of final products. One 
of the main objectives of the colloid-based approach is the control of biopolymer interactions 
with the objective of fabricating well-defined nanoscale structures for controlled destabiliza-
tion of colloidal systems [1, 2].

It should be noted that based on many papers presented at the 13th European Food Colloids 
Conference, almost all researches are focusing on four main areas: (i) structure and rheol-
ogy of protein gels; (ii) properties of adsorbed protein layers; (iii) functionality from protein-
polysaccharide interactions; and (iv) oral processing of food colloids. But nowadays, the 
behavior of dispersed systems within the human digestive systems has emerged as a major 
topic of research interest. Another outstanding influence on future food colloids research has 

© 2019 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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a strong biomedical emphasis (the topic of controlled release and nutrient delivery) [3]. The 
development of colloid-based strategies to control delivery of nutrients during digestion in 
gastrointestinal is very important.

In this chapter, the progress in the field of ingredients, microstructure, and stability of food 
colloidal systems are discussed. Moreover, the application of new structured functional 
ingredients for the design of novel colloidal matrix (such as multilayer interfaces, mul-
tiple emulsion, gel-like emulsions, and so on) are reviewed. In this further, we will discuss:  
(i) classification and functions of colloidal systems in food; (ii) types of colloidal systems in 
food; and (iii) stability of colloidal systems.

A colloid system is a type of mixture in which one part is dispersed constantly throughout 
another. Colloid systems are usually formed when one part is dispersed through another, but 
does not combine to form a solution. Therefore, there are many types of colloidal systems that 
depend on the form of the two parts mixed together.

A colloidal system contains two separate phases: a dispersed phase (or internal phase) and 
a continuous phase (or dispersion medium). The part which is dispersed is known as the 
dispersed phase and is suspended in the continuous phase. Colloidal systems in food can be 
classified into different groups based on the states of matter constituting the two phases. Food 
colloids are sols, gels, emulsion, and foam. For example, egg white foam is a simple colloid 
system. Air bubbles (disperse phase) are trapped in the egg white (continuous phase) result-
ing in a foam. The detailed classification of colloidal systems in food is shown in Table 1 [4].

Food colloids give structure, texture, and mouth-feel to many different food products; for 
example, jam, ice cream, mayonnaise, etc. Food colloid contains hydrocolloid that provides 
thickening, gelling, emulsifying, and stabilizing properties in food products [5].

Food hydrocolloids are high molecular weight hydrophilic biopolymers used as functional 
constituents in the food processing to modify microstructure, texture, flavor, and shelf-life. 
The term “hydrocolloid” comprises all the numerous polysaccharides that are obtained 
from plants, seaweeds, and microbial sources, as well as modified biopolymers made by the 
chemical or enzymatic treatment of starch or cellulose. One of the key functional roles of food 
hydrocolloids is in the preparation of emulsions and in the control of emulsion shelf-life. Most 

System Minor phase Major phase Products

Sol Solid Liquid Raw custard, unset jelly

Gel Liquid Solid Jelly and jam

Emulsion Liquid Liquid Mayonnaise, milk

Solid emulsion Liquid Solid Butter, margarine

Foam Gas Liquid Whipped cream, whisked egg white

Solid foam Gas Solid Meringue, bread, cake, ice cream

Table 1. Colloidal systems in food.

Some New Aspects of Colloidal Systems in Foods2

hydrocolloids can behave as stabilizers (stabilizing additives) of oil-in-water emulsions, but 
sole a few of them can act like emulsifiers (emulsifying agents). The second functionality needs 
considerable surface activity at the oil-water interface, and therefore the capability to favor the 
development and stabilization of fine droplets throughout and next emulsification [6, 7].

2. Stability of colloidal systems

The most part of colloids are stable, but the two phases may separate during a period of time 
due to an increase in temperature or through physical force. Furthermore, they may become 
unstable after freezing or heating, especially if they contain an emulsion of fat and water. The 
details of the instability of food colloids are reviewed in further part.

2.1. Sols and gels

A sol can be defined as a colloidal dispersion in which a solid is the dispersed phase and 
liquid is the continuous phase. Gravy stirred custard and other thick sauces are some of the 
examples. While jelly is formed, gelatin is scattered into a liquid and heated to make a sol. As 
the solution cooks, protein molecules unwind developing a network which traps water and 
creates a gel.

If corn flour is mixed with water and heated, the starch granules absorb water till they rap-
ture, after that starch granule disperses in the water and the mixture becomes more viscous 
and makes a gel after cooling. Additional types of gel are formed with pectin and agar. Pectin, 
a form of carbohydrate found in fruit, is used in the production of jam to help it set. Agar is 
a polysaccharide extracted from seaweed which is capable of forming gels. If a gel is allowed 
to stand for a time, it starts to “weep.” This loss of liquid is known as syneresis. The proper 
ratio of the ingredients is necessary to achieve the desired viscosity of the sols at a certain 
temperature.

Sols can be transformed into gels as a result of a reduction in temperature. In pectin gels, the 
pectin molecules are a major phase and the liquid is the scattered phase, whereas in pectin sol, 
the pectin molecules are a minor phase and the liquid is a major phase. Sols can be made as 
an initial step in the creation a gel. Jams and jellies produced using pectin are traditional cases 
that make a sol before the preferred structure.

2.2. Emulsions

Numerous natural and processed foods involve either relatively or entirely as emulsions 
or have been in an emulsified form at some time through their fabrication containing milk, 
cream, butter, margarine, fruit beverages, soups, batters, mayonnaise, cream liqueurs, sauces, 
desserts, salad cream, ice cream, and coffee whitener.

Emulsion products exhibit a wide variety of different physicochemical and organoleptic char-
acteristics in appearance, aroma, texture, taste, and shelf-life. The processing of an emulsion-
based food product with specific quality features is influenced by the selection of suitable 
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raw materials (e.g., water, oil, emulsifiers, thickeners, minerals, acids, bases, vitamins, flavors, 
colorants, etc.) and processing situations (e.g., mixing, homogenization, pasteurization, ster-
ilization, etc.).

An emulsion involves two immiscible phases (typically oil or water), with one of the liquids 
scattered as fine sphere-shaped droplets in the other. A system which contains oil droplets 
dispersed in an aqueous phase is termed an oil-in-water or O/W emulsion (e.g., mayonnaise, 
milk, cream, soups, and sauces). A system which involves water droplets scattered in an oil 
phase is termed as a water-in-oil or W/O emulsion (e.g., margarine, butter, and spreads) [8].

Multiple (or double) emulsions are multipart liquid dispersion systems well-known too as 
emulsions of emulsions, in which the droplets of one scattered liquid (water-in-oil or oil-in-
water) are more scattered in another liquid (water or oil, correspondingly), making W/O/W 
or O/W/O. The innermost scattered droplets (hereafter called inner droplets or just droplets, 
while the droplets of the multiple emulsion will be named, for simplicity, the drops) in the 
multiple emulsion are disconnected from the external liquid phase by a film of another phase.

Although multiple emulsions are an emerging technology, only a few industrial products 
based on multiple emulsions exist in the marketplace. The main application of multiple emul-
sions is a protection system for the controlled release of active compounds. In the food indus-
try, W/O/W emulsions are able to increase the solubility of specific active materials, solubilize 
oil-insoluble ingredients, and serve as protecting liquid reservoirs for molecules sensitive to 
outside environmental reactivity including oxidation, light, and enzymes, and act as entrap-
ment reservoirs for covering off flavors and odors.

Applications in the cosmetics trade include aqueous preparations that provide a good “feel” 
and slow release of active materials or flavors, deposition of water-soluble agents onto the skin 
from wash-off systems. Most applications are related to the pharmaceutical industry, such as 
enhancing the chemotherapeutic effect of anticancer drugs, drug immobilization, treatment 
of drug overdoses, and protecting insulin from enzymatic degradation. However, the size of 
the droplets and the thermodynamic instability is a significant drawback of this technology. It 
seems that double-emulsion technology can now be applied in various areas, mainly in food, 
cosmetics, and pharmaceuticals [9, 10].

Emulsions are suggested as carriers of plant antioxidants in food systems that are discussed 
deeply in Chapter 2. In fact, plant antioxidants due to the natural sources and health-promot-
ing product are very attractive in food science. So, information about the structure of plant 
antioxidants, degradation of them in food systems, physical and chemical stabilities of these 
systems are important for study in the future. In Chapter 3, the application of nanoemul-
sion in food science is discussed. Nanoemulsion is very attracting due to the advances of 
nanotechnology in the recent years. Nanoemulsion has been applied in functional foods and 
pharmaceutical industries. Therefore, nanoemulsion production with a novel technique and 
its stability is very important.

In general, emulsions are thermodynamically unstable and therefore tend to breakdown over 
time due to various physicochemical mechanisms. Therefore, stabilizers are used in emulsion 
formulations for improving their long-term stability, such as emulsifiers, texture modifiers, 
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ripening inhibitors, and weighting agents. Emulsifiers (such as small molecule surfactants, 
phospholipids, proteins, polysaccharides, and other surface-active polymers) are typically 
amphiphilic molecules that have both hydrophilic and hydrophobic groups on the same 
molecule.

The most important polysaccharide emulsifiers in food applications are Arabic gum, modified 
starches, modified cellulose, pectin, and some galactomannans. The role of the emulsifier is to 
adsorb at the surface of the freshly formed fine droplets and so prevent them from coalescing 
with the near droplets to form larger droplets again. Mayonnaise is an example of a stable 
emulsion of oil and vinegar, when egg yolk (lecithin) may be used as an emulsifying agent.

Emulsions are usually formulated by a single type of emulsifier. But, in some cases, the qual-
ity and functional properties of emulsions can be improved by using a combination of sev-
eral emulsifiers rather than the individual alone. Each of them has a unique molecular and 
physicochemical characteristic that can be applied for modulation the interfacial properties 
of emulsion droplets.

Novel or improved functional attributes can often be obtained by using emulsifier mixtures 
rather than single emulsifiers, for example, enhancements in antioxidant activity, flavor 
encapsulation, nutraceutical delivery, or textural attributes. Due to the increasing demand for 
clean-label products, utilization of natural emulsifier’s mixtures can be recommended [11]. In 
addition, the new technique to conjugate proteins with polysaccharide by Maillard reaction 
arising in the controlled dry heating between the ℇ-amino groups of proteins and the reducing 
end carbonyl groups of polysaccharides are established. The most remarkable characteristic 
of the resultant protein-polysaccharide conjugates is the outstanding emulsifying attributes 
which are preferred in comparison to commercial emulsifiers [12].

Moreover, wet-heating has been adopted to prepare protein-polysaccharide conjugate. Wet-
heating mostly shortens the reaction time to only several hours at high temperature and short 
reaction time limits the Maillard reaction to initial stage to provide better browning control [13, 14].

2.3. Foams

Foams consist of small bubbles of gas (frequently air) scattered in a liquid, for example, egg 
white foam. As liquid egg white is whipped, air bubbles are included. The mechanical action 
leads albumen proteins to unfold and make a network, entrapping the air. If egg white is 
heated, protein coagulates and moisture is driven off. This creates solid foam, for example, a 
meringue. Ice cream, bread, and cake are other instances of solid foams.

3. Recent advances in food colloidal systems and recommendations

Recent interest from researches is the application of structural design principles for the fabri-
cation of edible colloids with novel functional properties. This research activity is driven for-
ward by an increasing recognition within the food industry of the value of colloidal systems 
as delivery vehicles for nutrients and flavor compounds.
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In Chapter 5, the role of electrostatic and steric forces in food colloids and their stability are 
discussed. Based on biopolymer interaction, a combination of protein and polysaccharide 
functionality for production of the novel biopolymer with enhanced functional properties 
is deeply studied. Proteins and polysaccharides are two groups of hydrocolloids that are 
widely used in food formulations simultaneously. These macromolecules are known to play 
important physicochemical roles, such as thickening, stabilizing, gelling, emulsifying proper-
ties, etc., in food products. Interactions between two hydrocolloids play an important role in 
the structure and stability of processed foods and depend not only on the physicochemical 
properties of proteins or polysaccharides alone [15–17].

Nowadays, the intelligent manipulation of protein and polysaccharide interactions provides 
opportunities for the design of new ingredients and interfacial structures with applications in 
the food and pharmaceutical industries.

So, food scientists can control the microstructure, texture, and shelf-life of edible colloidal 
systems with attention to theirs. Protein-polysaccharide interactions could play a key role in 
the nanoscale engineering of novel foods designed to address the widespread health concerns 
associated with obesity problem and the release of specific nutrients [18].

In addition, nowadays multilayer interfaces are very interested in food industries. Multilayer 
interfaces in food colloids typically consist of adsorbed layers of proteins and polysaccharides 
made by the sequential or simultaneous deposition of oppositely charged macromolecules at 
the surface of emulsion droplets [19].

With the advancement of nanotechnology in different fields such as food industry, some 
researchers studied various nanoencapsulation techniques for controlled and protection 
of some bioactive ingredients including pharmaceuticals and food bioactive components 
with the high bioavailability. Based on the main applied ingredients/equipment for 
the formulation of encapsulation systems, nanocarriers are classified into five groups:  
(1) lipid-based nanocarriers (such as nanoemulsions, nanoliposomes, and nanolipid carri-
ers); (2) nanostructured colloids nanocarriers (such as caseins, cyclodextrins, and amylose); 
(3) nanocarriers produced by special equipment such as electro-spinning/spraying, nano-
spray dryer, and micro/nanofluidics systems; (4) biopolymers nanoparticles nanocarriers 
(such as single biopolymer nanoparticles, biopolymer-biopolymer complexation, nanogels 
of alginates, whey, soy proteins, and chitosan, nanotubes, or nanofibrils); and (5) miscella-
neous nanocarriers (such as nanoparticles made from chemical polymers, nanostructured 
surfactants, inorganic nanoparticles, and nanocrystals). Hence, it is possible to choose 
appropriate nanodelivery systems based on the solubility and predicted functionality of 
bioactive components.

In last few years, there has been many published studies on the nanoencapsulation of differ-
ent food ingredients such as phenolic compounds and antioxidants, natural food colorants, 
antimicrobial agents and essential oils, minerals, flavors, essential fatty acids and fish oil, 
and vitamins [20]. Active compounds such as antioxidants and antimicrobials are added into 
the food formulation for aims of quality loss and microbial safety management. But there 
are limitations such as pro-oxidation in lipid foods and compliance of regulatory maximum 
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allowable concentration. Therefore, controlled release packaging (CRP) is a novel technology 
that is applied for the package with release active compounds in a controlled trend to improve 
safety and quality for food products during storage. Research in controlled release packag-
ing focused on released systems such as active compounds from the package, non-releasing 
antimicrobials or antioxidants, oxygen absorbers, and free-radical scavengers those grafted 
on to packaging materials [21].

One developing area in the application of colloidal dispersions is the manufacture of func-
tional foods. Functional foods are becoming progressively favorite among consumers as 
the result of improved knowledge of functional components and their influence on human 
wellbeing and biological functions. The customers would like to overcome health problems 
such as cardiovascular problems and obesity through consuming foods rather than drugs. 
The plan of functional foods for the delivery of nutraceuticals and micronutrients is a great 
technological challenge. Colloidal delivery systems are actually found in nature. Casein, for 
example, is a very illustrative instance of a natural colloidal delivery system for calcium. In 
milk, calcium is cleverly “engineered” into porous casein colloidal elements of sizes lesser 
than approximately 500 nm [22]. In Chapter 4, the nanostructured colloids in various areas of 
food science are discussed.

Nanostructured colloids can be naturally present in food or they can be synthetically manu-
factured. Some examples of natural nanostructured colloids include casein micelles and 
β-lactoglobulin in milk, and in the case of synthetically manufactured colloids are metal oxide 
nanoparticles and clay. Synthetically manufactured nanostructures are added to enhance 
solubility, improve bioavailability, biologically active compounds protection, increasing 
shelf-life, color, flavor, and add nutritional value.

The industrial sciences have been of great attention to the development of new bio-based 
structures with potential in innovative applications. Structures with gel-like behavior are usu-
ally used in the cosmetic, pharmaceutical, and food industries for the aim of controlling the 
physical properties of final products. In the food industry, words like oleogels and organogels 
have been increasingly used. Oleogels are new emulsion-based structure that can be used to 
control phase separation and decrease the mobility and migration of the oil phase, provid-
ing solid-like properties without using high levels of saturated fatty acids as well as to be a 
carrier of bioactive compounds. In this area, it can be used as the food grade and bio-based 
structurants for producing edible oleogels with fat replacement and structure-tailoring func-
tionality [23].
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Abstract

Addition of free radical scavenging antioxidants (AOs) is one of practical strategies con-
trolling the oxidative stability in food emulsions. Attention has been directed toward AOs 
derived from natural plant extracts with the capacity to improve health and well-being 
due to lack of consumers’ trust toward synthetic antioxidant in food. Nevertheless, anti-
oxidant efficiency varies widely from one compound to another and the most abundant 
AOs in our diet are not necessarily those that have the best availability profile at the reac-
tion place with free radicals. In this book chapter, we will provide a state-of-the-art sum-
mary of the uses of plant AOs in colloidal systems, ranging from their main structural 
features to their benefits for the human health and their antioxidant role in controlling the 
oxidative stress and, particularly, the oxidation of lipid-based food emulsions.

Keywords: antioxidants, oxidative stress, lipid oxidation, emulsion stability

1. Introduction

Oxygen plays a controversial role in life: its presence is essential for aerobic organisms and, 
at the same time, it has been extensively reported as a toxic agent. Such toxicity derives from 
its capacity to form free radicals, considered highly energetic, unstable compounds with the 
ability of reacting easily with other molecules because they have unpaired electrons in the out-
ermost orbitals. Whatever is the initiating mechanism, once the free radicals are formed, they 
can react with a biologically relevant molecule such as lipids, proteins, DNA, etc., leading to 
significant molecular blockage, degradative oxidation, and/or cell damage [1]. Polyunsaturated 
fatty acids, PUFAs (see Figure 1) are especially susceptible to chemical oxidation.
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In practical terms, lipid peroxidation (Figure 2) implies the reaction between a preexisting 
free radical and PUFAs during the initiation phase, whose reaction rate is given by the initia-
tion constant, ki, in which fatty acid radicals (R•) are generated. Subsequently, these radicals 
are able to react rapidly with molecular oxygen (O2) to produce fatty acid hydroperoxyl 
radicals (ROO•), which constitutes the starting point for the subsequent propagation phase, 
driven by the rate of propagation constant, kp, leading to oxidative stress. Finally, oxidative 
chain reactions may undergo a termination phase, characterized by its constant, kt, where 
non-radical products are formed. Subsequently, ROO• radicals can be intercepted by AOs, 
throughout inhibition reactions, depending on their constant, kinh. Furthermore, intercepted 
AOs may undergo termination reactions toward non-radical compounds production driven 
by the rate constant kc, Figure 2 [2].

Oxidative stress was first defined by Sies [3] as the lack of balance between the occurrence of 
reactive oxygen and nitrogen species (ROS and RNS, respectively) and the organism’s capac-
ity to counteract their action by the antioxidative protection systems. Since then, oxidative 
stress has been widely studied for decades, as it plays a key role on the etiology of several 
chronical diseases, i.e., diabetes, inflammation-related, neurodegenerative, and cardiovascu-
lar diseases, and cancer [1]. In order to overcome the deleterious effects attributed to oxidative 
stress, cells should maintain their redox homeostasis by enhancing de novo synthesis of AOs or 
by uptaking them from the diet or other exogenous sources.

Figure 1. Chemical structures of some PUFAs.

Figure 2. Main steps of the free radical oxidation of lipids and the inhibition by radical scavenger AOs. Average 
rate constant values for representative steps are also included. Constant abbreviations are found in the text. RH, 
lipid substrate; R•, lipid radical; ROO•, lipid peroxyl radical; ROOH, lipid hydroperoxide; ArOH, antioxidant; ArO• 
antioxidant radical.
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2. Plant antioxidants

According to Figure 2, an efficient antioxidant is that molecule whose rate of trapping peroxyl 
radicals equals or overcomes the rate of formation of peroxyl radicals in the initiation step. 
Both rates depend on their intrinsic rate constants k and on the concentrations of reactants 
at the reaction site. Thus, the efficiency of a known amount of AO in a given reaction site 
depends on the value of the absolute rate constant for inhibition, kinh, compared to the propa-
gation rate constant, kp, for reaction of the substrate with peroxyl radicals, e.g., the ratio kp/kinh. 
In general, AOs may protect against oxidation by a combination of various mechanisms. The 
predominant mechanism in a particular situation determines, to a great extent, the efficiency 
of the AO in inhibiting lipid oxidation.

Due to the high number of AOs reported to date and the plethora of reaction mechanisms 
that may be involved, the classification can be established according to multiple criteria. In a 
simple approach, AOs can be classified as follows: (1) according to their reactivity, (2) accord-
ing to their origin, and (3) according to their structural features.

2.1. Functional classification of AOs

Based on functional features, AOs can be classified in two general groups: primary or chain-
breaking AOs, responsible for the defense against ROS attack, by intercepting chain-propagat-
ing, O-centered, free radicals; and secondary or preventive AOs, that may prevent the attack of 
ROS on a substrate.

2.1.1. Primary or chain-breaking AOs

Primary (chain-breaking) AOs can trap two lipid radicals by donating a hydrogen atom to one 
radical and receiving an electron from another radical to form stable non-radical products. 
They inactivate free radicals by three main mechanisms, all playing important roles in deter-
mining radical scavenging activities depending on the particular environmental conditions: 
(1) transferring H-atoms to peroxyl radicals (hydrogen atom transfer mechanism, HAT), (2) 
electron transfer-proton transfer mechanism (SETPT), and (3) sequential proton loss-electron 
transfer mechanisms (SPLET) [4–6]. Probably the most common is the HAT mechanism, which 
involves the hemolytic cleavage of the O-H bond, converting them into harmless hydroper-
oxides and the oxidized antioxidant radical, which is less reactive with respect to R•, RO•, or 
ROO• because of the delocation of the unpaired electron within their structures to form stable 
resonance hybrids.

2.1.2. Secondary or preventive AOs

Secondary AOs’ function is closely related to lipid peroxidation, as it focuses on the intercep-
tion of oxidative propagation processes after initiation. These agents may exert synergistic 
effects along with primary AOs as well, through several mechanisms [1]: (1) providing an 
acidic environment to stabilize primary AOs; (2) acting as hydrogen donors to regenerate 
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primary AOs; (3) promoting metal chelation activity; and (4) quenching molecular oxygen 
with the aim of intercepting its reaction with oxidation-sensitive compounds.

Oxidized transition metal ions (mainly iron and copper) are one of the leading causes of the 
oxidative burst since their reduction implies the participation of O2 and hydrogen perox-
ide (H2O2). Consequently, oxygen is enrolled in the initiation of redox reactions and could 
give rise to oxygen-, lipid-, or protein-derived radical formation. In this sense, chelators are 
able to interfere with metal oxidized ions to avoid the implication of O2. Catechol or galloyl 
moieties-containing AOs have the ability of forming complexes with metals due to the pres-
ence of adjacent hydroxyl groups (▬OH) within their structures, conversely to AOs bearing 
unique ▬OH groups (e.g., vanillic, syringic, and ferulic acids). A well-known chelating agent 
is citric acid, widely found in plant-derived foods, which is able to form stable coordination 
complexes with transition metals (with a typical stoichiometry of 1:1). Citric acid-metal ion 
complexes (Fe2+, Cu2+, Al3+, etc.) formation is driven by their respective equilibrium constants, 
K1, ranging from 103 to 105 M−1. Specifically, citric acid Fe2+ complex binding constant has been 
reported to be K1 ≈ 1600 M−1 [2]. Moreover, AOs such as caffeic acid can also chelate metal 
ions and its reported binding constants, K2, range from 100 to 102 M−1. In this sense, the bind-
ing constant for the formation of caffeic acid—Fe2+ complexes—is K2 = 8 M−1, as it has been 
reported elsewhere [7, 8].

2.2. Origin-based classification of AOs

AOs can be also classified, according to their origin, into endogenous and exogenous, since 
total antioxidant capacity in biological systems involves endogenous antioxidant systems 
(mainly enzymes) and exogenous antioxidant compounds, proceeding from the diet.

Endogenous AOs comprise all the inner compounds and enzymatic systems acting like 
antioxidant agents under physiological conditions. As a general rule, antioxidant enzymes 
not only catalyze the synthesis or regeneration of previously oxidized AOs but also develop 
additional activities as free-radical scavengers and peroxide decomposers (see Figure 3). The 
three major enzymatic systems acting as AOs are superoxide dismutases (SOD), catalases 
(CAT), and glutathione peroxidases (GPX) [6]. Particularly, these enzymes show an important 
structural feature that is closely related to their antioxidant properties since they all contain 
transition metal ions within their active structures.

Besides antioxidant enzymes, inner antioxidant agents, such as GSH, coenzyme Q, and uric 
acid, may act as indirect scavengers of free radicals, metal ion sequesters, and oxidation-
repairing agents [9]. Nevertheless, in most cases, such features are correlated to enzymatic 
systems.

Exogenous AOs (especially polyphenols) are mainly obtained from the diet. Polyphenols are 
considered one of the major compounds proceeding from plant secondary metabolism, since 
their distribution in the plant kingdom is wide. These compounds have been categorized as 
nutraceuticals due to their presence in edible plants and antioxidant-rich foods and drug 
supplements; therefore, they have gained much attention as preventive agents of several 
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diseases worldwide. In this sense, neurodegenerative diseases, particularly Alzheimer’s dis-
ease, and other oxidation-related diseases can be effectively prevented by polyphenol-rich 
foods intake. This way the regular consumption of polyphenols has been seen as an efficient 
antioxidant therapy against ROS due to the health benefits and anticancer effects attributed 
to such compounds [2].

2.3. Structural classification of plant-derived AOs

Plants have been used for centuries in traditional medicine for the effective treatment of sev-
eral diseases. Such beneficial effects are a consequence of the biosynthesis of phytochemical 
compounds, derived from plant secondary metabolism in response to their environmental 
adaptation and protection. Thus, phytochemicals not only play a defensive role within plants 
but also many of them present additional features (acting as reproduction and environmen-
tal adaptation-related agents). Concerning dietary sources, the most common antioxidant 
phytochemicals found in vegetables and fruits are polyphenols and carotenoids [8]. Certain 
vitamins, which have also been isolated from several plant-based foods, show a strong anti-
oxidant potential (see Figure 4).

2.3.1. Polyphenols

Polyphenols are structurally characterized by the presence of one or more aromatic rings 
bearing, and at least two hydroxyl groups in their chemical structures. As a consequence 

Figure 3. Overview of antioxidant enzymatic mechanisms: Fe-SOD: superoxide dismutase; Fe-CAT: catalase; GPX: 
glutathione peroxidase; GSH: glutathione; and GSSG: oxidized glutathione.
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of their structural heterogeneity, polyphenols can be further subdivided into three groups, 
taking into account their presence in diet-derived products: flavonoids, phenolic acids, and 
stilbenes (see Figure 4).

2.3.1.1. Flavonoids

Flavonoids are plant secondary metabolites synthesized under oxidative conditions, due to 
their antioxidant properties as ROS scavengers, metal chelators, lipid peroxide decomposers, 
antioxidant enzymes inductors, and UV light absorbers [10]. Structurally, they are C6-C3-C6 
benzo-γ-derivatives, containing phenolic and pyrane rings (Figure 4), and are broadly clas-
sified by the oxidation degree on their C-ring into: flavonols, flavones, flavanols (catechins), 
flavanones, isoflavones, and anthocyanins. However, only some of these groups achieve an 
effective antioxidant function throughout the diet.

Figure 4. Typical classification of AOs and chemical structures of some representative AOs.
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2.3.1.2. Phenolic acids

Phenolic acids are plant secondary metabolites that contain at least one aromatic ring bear-
ing one or more hydroxyl groups. They can be divided into two classes, according to the 
original acid they derive from: cinnamic acid (C6–C3) derivatives and benzoic acid (C6–C1) 
derivatives (Figure 4) [11]. The antioxidant activity attributed to these compounds is directly 
linked to the number of hydroxyl groups existing in their structure. Altogether, phenolic acids 
develop a pleiotropic antioxidant activity. The scavenging of oxygen and nitrogen-derived 
free radicals is the most significant feature which acts as chain-breaking AOs [12]. Just like 
flavonoids, phenolic acids are ubiquitous secondary metabolites found in various vegetables 
(artichoke and spinach), fruits (mainly citrus and berries), cereals, and coffee [11].

2.3.1.3. Stilbenes

Stilbenes are polyphenols containing a 1,2-diphenylethylene structural nucleus (Figure 4). 
Unlike other phenolic compounds, stilbene occurrence is limited within the plant kingdom 
and only discrete compounds have been studied in depth. In this sense, most of the studies 
concerning stilbenes have pointed at resveratrol (3,4′,5-trihydroxy-trans-stilbene, Figure 4) as 
the paramount compound belonging to this family. As an antioxidant agent, resveratrol pos-
sesses ROS and RNS scavenging activity and presents a strong influence upon the enhance-
ment of antioxidant enzymatic systems [13]. Grapes, wine, and peanuts and their derived 
products are its principal sources [14].

2.3.2. Vitamins

For decades, many in vitro and in vivo studies highlighted the beneficial relation between 
the dietary consumption of vitamin-rich foods and the prevention of degenerative diseases, 
as a consequence of the antioxidant action of three vitamins: A, C, and E. Due to structural 
reasons, only vitamins C and E will be considered in this section, thus excluding vitamin A (a 
β-carotene-derived compound) to the next section.

Vitamin C (ascorbic acid, Figure 4) has been classically identified as a prominent antioxidant, 
due to its pleiotropic effects as free radical scavenger, metal chelator, and lipid oxidation 
inhibitor, with chain-breaking properties. An additional antioxidant feature of vitamin C 
is the ability of regenerating the oxidized form of vitamin E back to their active form, thus 
enhancing the synergistic effect between both compounds [15]. Fruits and vegetables, such 
as strawberries, papaya, kiwi, grapes, orange and their respective juices, pepper, tomato, and 
broccoli are considered their major sources [16].

Vitamin E covers a group of eight lipid-soluble molecules, derived from tocopherol and 
tocotrienol. Only α-tocopherol (Figure 4) has been found in significant amounts in dietary 
foods, such as edible oils and seeds [17]. The antioxidant efficiency of α-tocopherol is due 
to its chain-breaking properties, showing a strong specific affinity toward peroxyl radicals, 
exclusively [18].
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of their structural heterogeneity, polyphenols can be further subdivided into three groups, 
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Figure 4. Typical classification of AOs and chemical structures of some representative AOs.
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broccoli are considered their major sources [16].

Vitamin E covers a group of eight lipid-soluble molecules, derived from tocopherol and 
tocotrienol. Only α-tocopherol (Figure 4) has been found in significant amounts in dietary 
foods, such as edible oils and seeds [17]. The antioxidant efficiency of α-tocopherol is due 
to its chain-breaking properties, showing a strong specific affinity toward peroxyl radicals, 
exclusively [18].
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2.3.3. Carotenoids

Carotenoids gained much interest in food chemistry as one of the major lipid-soluble groups 
of antioxidant compounds. Structurally, carotenoids are derived from phytoene, which is 
accepted as their tetraterpenoid precursor (Figure 4). However, only β-carotene (pro-vitamin 
A, Figure 4) and lycopene achieve a notable effect in dietary terms. They possess an enhanced 
effectiveness toward peroxyl radical scavenging and, additionally, their lipidic nature ensures 
an improved affinity to cell membranes, acting as protectors of these cell structures [15]. Due 
to their behavior as plant pigments, β-carotene is mainly found in highly pigmented fruits, 
such as apricots, carrots, and broccoli, while tomato is admitted as the major source of lyco-
pene [19].

3. Food emulsions

Many natural and processed foods may be shown as examples of emulsion-type products. In 
the matter at hand, because of lipids that are highly hydrophobic and have a very low water 
solubility, they are usually incorporated into some kind of colloidal delivery system to make 
them dispersible in aqueous solutions. Emulsions are the main group of colloidal systems 
relevant for lipid-based foods [20]. Moreover, AOs are frequently added to lipid-based food 
emulsions because they are effective to hinder lipid oxidation. Over the past few years, there 
has been a growing emphasis on the understanding of the efficiency of AOs in emulsions, and 
it was found that antioxidant activity may vary largely depending on the composition of the 
emulsion [21]. Thereby, antioxidant activity is determined by a number of parameters such as 
interphase transport, surface accessibility, partitioning of AOs, and interaction of emulsifier 
with AOs. Advances in our understanding of the relationship between emulsion properties 
and antioxidant activity can be made through development of the principles and techniques 
of emulsion science, with the final purpose of improving the quality of the food production. 
The aim of this section is to give an introduction to the essential principles of emulsion science 
that are basic for understanding and manipulating the properties of food products.

Emulsion is a mixture of two immiscible liquids (usually oil and water), in which one liquid 
is dispersed as small spherical droplets in the other liquid. Foods such as milk, fruit juices, or 
mayonnaise, are composed by small droplets of oil dispersed in an aqueous solution (oil in 
water emulsion O/W). On the contrary, small droplets of water dispersed in a lipid medium 
are present in butter (water in oil emulsion W/O). They are all considered emulsions. The 
liquid present as discrete droplets is usually called disperse phase, and the another liquid is 
denoted by continuous phase.

The water phase in a food emulsion provides an unique environment, which not only sup-
plies dissolving medium but also enhances interaction with many water-soluble components 
(protein, polysaccharide, vitamin, sugar, mineral, acid, base, preservative, etc.) [21, 22]. Also 
relevant is the oil phase since it contains aroma components at oil-water interface and dis-
solves several components, including AOs, oil-soluble vitamins, preservatives, and essential 
oils [20].
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3.1. Physical stability of emulsions

The molecules of the two immiscible liquids composing the emulsion are in direct contact 
with each other at the interface of each droplet. From a thermodynamical point of view, this 
arrangement is highly unfavorable. On the one hand, the entropy of the emulsion increases as 
the emulsion is formed due to increased entropy of mixing. However, this effect is not enough 
to compensate for the increased enthalpy, which is caused by the contact between hydrophilic 
and hydrophobic molecules. As a consequence, emulsions tend to separate the two liquids 
until the contact area between them is minimized (minimal free energy). Therefore, due to 
the presence of two immiscible phases, emulsions are thermodynamically unstable, that is, 
emulsions are vulnerable to break down over time by different process.

Although emulsions are thermodynamically unstable, it is possible to make it kinetically sta-
ble using an appropriate emulsifier. An emulsifier is usually a kind of molecule that consists 
of a water soluble hydrophilic part and an oil-soluble lipophilic part, as shown in Figure 5.

The addition of an emulsifier or surfactant to a mixture of water and oil stabilizes the emul-
sion because the emulsifier is arranged on the interface between the two phases [22]: the 
hydrophilic part of the emulsifier is anchored into water and its lipophilic part into oil. In 
this way, the emulsifier forms a film surrounding the surface of the droplets. It results in a 
reduction of interfacial tension, so emulsifiers or surfactants can be called surface-active com-
pounds, which ensures kinetic stability in a certain period [23]. The choice of the emulsifier is 
crucial in the formation of the emulsion and its long-term stability (see Figure 6) [24].

3.1.1. Thermodynamic stability of emulsions

Droplet size and thermodynamic stability are one of the most characteristic features of an 
emulsion for classification as follows:

1. Macroemulsions: they constitute the most common emulsion type in foods, and they are 
thermodynamically unstable but kinetically stable. The droplet size ranges from 0.1 to 
5 μm.

Figure 5. Representation of a location of the emulsifier at droplet surface.
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water emulsion O/W). On the contrary, small droplets of water dispersed in a lipid medium 
are present in butter (water in oil emulsion W/O). They are all considered emulsions. The 
liquid present as discrete droplets is usually called disperse phase, and the another liquid is 
denoted by continuous phase.

The water phase in a food emulsion provides an unique environment, which not only sup-
plies dissolving medium but also enhances interaction with many water-soluble components 
(protein, polysaccharide, vitamin, sugar, mineral, acid, base, preservative, etc.) [21, 22]. Also 
relevant is the oil phase since it contains aroma components at oil-water interface and dis-
solves several components, including AOs, oil-soluble vitamins, preservatives, and essential 
oils [20].
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with each other at the interface of each droplet. From a thermodynamical point of view, this 
arrangement is highly unfavorable. On the one hand, the entropy of the emulsion increases as 
the emulsion is formed due to increased entropy of mixing. However, this effect is not enough 
to compensate for the increased enthalpy, which is caused by the contact between hydrophilic 
and hydrophobic molecules. As a consequence, emulsions tend to separate the two liquids 
until the contact area between them is minimized (minimal free energy). Therefore, due to 
the presence of two immiscible phases, emulsions are thermodynamically unstable, that is, 
emulsions are vulnerable to break down over time by different process.

Although emulsions are thermodynamically unstable, it is possible to make it kinetically sta-
ble using an appropriate emulsifier. An emulsifier is usually a kind of molecule that consists 
of a water soluble hydrophilic part and an oil-soluble lipophilic part, as shown in Figure 5.

The addition of an emulsifier or surfactant to a mixture of water and oil stabilizes the emul-
sion because the emulsifier is arranged on the interface between the two phases [22]: the 
hydrophilic part of the emulsifier is anchored into water and its lipophilic part into oil. In 
this way, the emulsifier forms a film surrounding the surface of the droplets. It results in a 
reduction of interfacial tension, so emulsifiers or surfactants can be called surface-active com-
pounds, which ensures kinetic stability in a certain period [23]. The choice of the emulsifier is 
crucial in the formation of the emulsion and its long-term stability (see Figure 6) [24].

3.1.1. Thermodynamic stability of emulsions

Droplet size and thermodynamic stability are one of the most characteristic features of an 
emulsion for classification as follows:

1. Macroemulsions: they constitute the most common emulsion type in foods, and they are 
thermodynamically unstable but kinetically stable. The droplet size ranges from 0.1 to 
5 μm.
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2. Nanoemulsions: they are close to macroemulsions, but have a size range of 20–100 nm. 
They are only kinetically stable, so they are exposed to environmental degradation [25].

3. Microemulsions: droplet size is smaller than the previous ones (5–50 nm) and they are 
thermodynamically stable [26].

4. Multiple emulsions (W/O/W and O/W/O systems) can be described as emulsion of an 
emulsion. They are thermodynamically unstable dispersion systems [27].

Alternatively, emulsions may be classified according to HLB value (hydrophile-lipophile 
balance, see above) as hydrophilic (O/W type and HLB value of the water phase 9–18) or 
lipophilic (W/O type and HLB value of the oil phase 3–8).

3.1.2. Breakdown processes

One of the main goals of making food emulsions is to provide a stable and manageable 
source of food, whose properties do not significantly change until the product is consumed. 
Producing stable emulsions is already a challenge as it requires an in-depth understanding of 
interfacial physics, because emulsions are inherently unstable. To explain this, the fundamen-
tal nature of emulsions must be briefly considered.

Emulsions are usually prepared from the mixture of the two immiscible liquids by mechani-
cal means, provided that the two liquids have no (or a very insufficient) mutual solubility. The 
average drop size in emulsions may grow with time until emulsions eventually separate into 
two liquid phases. The different breakdown processes are illustrated in Figure 7. These break-
down processes may occur on storage depending basically on the balance between attractive 
van der Waals forces and repulsive electrostatic (due to double layer) and steric forces.

The physical treatment involved in colloid stabilization is not simple, and it requires analysis 
of the various surface forces involved. DLVO1 theory justifies why some colloids aggregate 

1Derjaguin & Landau, Verwey & Overbeek.

Figure 6. Common emulsifiers used to prepare food-grade emulsions.
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and others remain separately. Colloidal particles have electric charge and they are surrounded 
by ions with opposite charge, so an electric double layer is generated. The double layer causes 
electrostatic repulsion between droplets, which hinders their approximation. So double layer 
plays as a shield that provides kinetic stability. Colloidal particles come together if collision 
between two droplets is enough energetic to break the double layer and solvatation. If the 
particles strongly repel each other, the colloidal system will be stable.

A summary of the breakdown processes, details of each process, and methods of its preven-
tion are given as follows.

Creaming and sedimentation take place when gravitational or centrifugal forces exceed the 
thermal motion of the droplets. If droplet density is lower than that of the medium, heavier 
droplets move faster to the top. On the contrary, they will move to the bottom when their 
density is larger than that of the medium. The closeness of the droplets favors breakdown 
of the interface. Eventually, the droplets can build up a close-packed arrangement at the top 
or bottom, giving rise to creaming or sedimentation, respectively. For a deeper discussion, 
see Refs. [28, 29]. The recovery of a creamed emulsion may be made by simply shaking or 
prevented by the following ways: (1) reducing the droplet size because the gravitational force 
is proportional to the cube of the droplet size; (2) increasing the viscosity of the continuous 
phase because it causes a slowdown of droplet movement; and (3) adding thickening agents 
(high-molecular-weight polymers such as carrageenans, alginates, etc., that hinder droplets 
motion and increase the viscosity in the continuous phase).

Coalescence is a growth process during which the emulsified droplets join together to form 
larger ones. Contrary to creaming, coalescence implies the irreversible fusion of droplets into 
larger ones, which implies disruption of the interdroplet liquid film. So the driving force for 
coalescence is the film fluctuations. The high mobility of molecules at the interface gives rise to 
fluctuations in the interface film, which can cause the film to break [30], and thus the two drop-
lets spontaneously merge, causing coalescence. For a deeper study of coalescence, see Ref. [29].

Coalescence occurs in colloidal systems in which electrical repulsive effect is negligible, 
so it takes place particularly in O/W systems containing nonionic surfactants. Repulsive 

Figure 7. Scheme of breakdown processes that may occur in emulsions.
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(high-molecular-weight polymers such as carrageenans, alginates, etc., that hinder droplets 
motion and increase the viscosity in the continuous phase).

Coalescence is a growth process during which the emulsified droplets join together to form 
larger ones. Contrary to creaming, coalescence implies the irreversible fusion of droplets into 
larger ones, which implies disruption of the interdroplet liquid film. So the driving force for 
coalescence is the film fluctuations. The high mobility of molecules at the interface gives rise to 
fluctuations in the interface film, which can cause the film to break [30], and thus the two drop-
lets spontaneously merge, causing coalescence. For a deeper study of coalescence, see Ref. [29].

Coalescence occurs in colloidal systems in which electrical repulsive effect is negligible, 
so it takes place particularly in O/W systems containing nonionic surfactants. Repulsive 

Figure 7. Scheme of breakdown processes that may occur in emulsions.

Plant Antioxidants in Food Emulsions
http://dx.doi.org/10.5772/intechopen.79592

21



interactions can be modified by changing the charge at the surface, or by using a surfactant 
that provides a different thickness. Apart from that, coalescence is frequently caused by an 
incomplete covering of the droplets with surfactant molecules, so replace or increase surfac-
tant can commonly avoid coalescence.

Flocculation is the process by which droplets (without changing droplet size) are aggregated 
into larger units. It occurs when there is not sufficient repulsion to keep the droplets apart to 
distances where the van der Waals attraction is weak. The van der Waals attraction is inversely 
proportional to the droplet-droplet distance of separation [29]. Flocculation is determined 
by the magnitude of attractive versus repulsive forces. On the contrary, coalescence is deter-
mined by the stability of the interdroplet film.

The van der Waals attractive forces depend on temperature, ionic strength, and charge of the 
interfacial layer [31], which strongly affects emulsion stability. Emulsions can be stabilized by 
electrostatic repulsion using ionic surfactants or by steric stabilization (adding large polymers 
to the surrounding aqueous phase).

Phase inversion is the process by which the dispersed phase and the medium are exchanged. 
As time goes by or due to a change in conditions, an O/W emulsion may turn to a W/O 
emulsion. Phase inversion usually takes place through a transition state including multiple 
emulsions. It can be minimized by choosing a suitable surfactant.

Finally, another process affecting emulsion stability is the Ostwald ripening, caused by the finite 
solubility of the liquid phases. Thus, liquids considered as being immiscible usually have no 
negligible solubilities. Specifically, in emulsions, curvature effects in the smaller droplets give 
rise to larger solubility than the larger ones. This difference in solubility between small and 
large droplets is the driving force for Ostwald ripening. The increase in solubility takes place 
when the droplet curvature increases, that is, when the droplet size decreases [32]. So the 
smaller droplets disappear and are deposited on the larger ones, resulting in larger droplets 
that grow at expenses of smaller ones.

There is a range of possibilities for modification in the properties of the emulsion which 
influence the stability and functional behavior of the colloidal system. Different protocols to 
ensure food storage stability can be found in Ref. [32]. All of them are based on the analysis of 
the following emulsion properties:

Droplet size distribution and droplet concentration are one of the most characteristic features of 
an emulsion not only due to the fact that most of the instability process are driven by droplet-
droplet interactions, but also to the bulk properties (such as taste, color and texture), which 
depends mainly on these two parameters [22]. In particular, the speed of creaming depends 
on the effective particle size.

Composition of the stabilizing layer at the interface has an essential role to ensure emulsification 
and stability. The main component of the interfacial layer is the emulsifier or surfactant. The 
most used scale to classify emulsifiers is the hydrophilic-lipophilic balance (HLB), that is, a 
parameter relating molecular structure to interfacial packing and film curvature. The HLB 
value ranges from 0 to 20. An emulsifier with higher lipophilicity shows a lower HLB whereas 
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higher hydrophilicity has high HLB, and the behaviors and functions to water depend on this 
HLB. This parameter was introduced by Griffin [33] in order to obtain an empirical Eq. (1) 
for nonionic alkyl polyglycol ethers (CiEj) based on the surfactant chemical composition, 
where Ej wt% and OH wt% are the weight percent of ethylene oxide and hydroxide groups, 
respectively.

  HLB =  ( E  j   wt % +OH wt%)  / 5  (1)

Also relevant can be the presence of solid particles and cosurfactant at the interface layer. 
Specifically, food emulsions frequently carry particulate material which is located at oil-water 
interface favoring emulsion stabilization [34]. Pickering-type food emulsions are emulsions 
consisting of droplets coated by a layer of adsorbed solid particles at the interface. The forma-
tion of O/W or W/O emulsions is determined by whether the particles are predominantly 
hydrophilic or hydrophobic [34].

The addition of a cosurfactant usually allows to enhance the effectiveness of surfactant. A cosur-
factant is added to break up the assembling at the liquid/liquid interface so that it allows to 
attain lower interfacial tension. Furthermore, cosurfactants can be used to fine-tune the formu-
lation, for example, by expanding the temperature or salinity range of microemulsion stability.

3.2. Chemical stability of the emulsions

As it was mentioned, an AO is efficient in inhibiting lipid oxidation of the emulsified foods if 
rinh ≥ rp, where rinh is the rate of trapping of the lipid radicals R• and rp is the rate for propaga-
tion step. However, many factors can affect the both rates. Both rates depend on their intrinsic 
rate constants k and on the concentrations of AOs at the reaction site. On the one hand, the 
radical scavenging activity of an AO depends on its chemical structure. On the other hand, 
the concentration of the AOs at the reaction site (that is, interfacial region in emulsions [35]) 
depends on the distribution of AOs between the oil, interfacial and aqueous regions of the 
emulsions, which in turn, depend on the physicochemical features of AOs and other param-
eters such as the nature of oil, the oil/water ratio, the electrical nature and the hydrophilic-
lipophilic balance (HLB) of emulsifier, acidity and temperature [2]. Therefore, all these factors 
and their effects need to be taken into account to enhance the AO efficiency in depth.

3.2.1. Substituent effects

Substituents play a key role on the hydrogen atom donating capacity of AOs and understand-
ing on their conformational, electronic, and geometrical characteristics is of vital significance 
to comprehend the relationship among AO structure and AO activity [36, 37]. The presence 
of electron donor groups, particularly at the ortho and/or para positions of the ▬OH group 
improve the scavenging activity of AOs due to lower the phenolic O▬H bond dissociation 
enthalpy and higher reactivity with lipid radicals R•. For this reason, key structural features 
for a valuable radical scavenging activity are the position and number of hydroxyl groups 
attached to the aromatic ring and the presence of other functional groups such as alkyl chains 
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interactions can be modified by changing the charge at the surface, or by using a surfactant 
that provides a different thickness. Apart from that, coalescence is frequently caused by an 
incomplete covering of the droplets with surfactant molecules, so replace or increase surfac-
tant can commonly avoid coalescence.

Flocculation is the process by which droplets (without changing droplet size) are aggregated 
into larger units. It occurs when there is not sufficient repulsion to keep the droplets apart to 
distances where the van der Waals attraction is weak. The van der Waals attraction is inversely 
proportional to the droplet-droplet distance of separation [29]. Flocculation is determined 
by the magnitude of attractive versus repulsive forces. On the contrary, coalescence is deter-
mined by the stability of the interdroplet film.

The van der Waals attractive forces depend on temperature, ionic strength, and charge of the 
interfacial layer [31], which strongly affects emulsion stability. Emulsions can be stabilized by 
electrostatic repulsion using ionic surfactants or by steric stabilization (adding large polymers 
to the surrounding aqueous phase).

Phase inversion is the process by which the dispersed phase and the medium are exchanged. 
As time goes by or due to a change in conditions, an O/W emulsion may turn to a W/O 
emulsion. Phase inversion usually takes place through a transition state including multiple 
emulsions. It can be minimized by choosing a suitable surfactant.

Finally, another process affecting emulsion stability is the Ostwald ripening, caused by the finite 
solubility of the liquid phases. Thus, liquids considered as being immiscible usually have no 
negligible solubilities. Specifically, in emulsions, curvature effects in the smaller droplets give 
rise to larger solubility than the larger ones. This difference in solubility between small and 
large droplets is the driving force for Ostwald ripening. The increase in solubility takes place 
when the droplet curvature increases, that is, when the droplet size decreases [32]. So the 
smaller droplets disappear and are deposited on the larger ones, resulting in larger droplets 
that grow at expenses of smaller ones.

There is a range of possibilities for modification in the properties of the emulsion which 
influence the stability and functional behavior of the colloidal system. Different protocols to 
ensure food storage stability can be found in Ref. [32]. All of them are based on the analysis of 
the following emulsion properties:

Droplet size distribution and droplet concentration are one of the most characteristic features of 
an emulsion not only due to the fact that most of the instability process are driven by droplet-
droplet interactions, but also to the bulk properties (such as taste, color and texture), which 
depends mainly on these two parameters [22]. In particular, the speed of creaming depends 
on the effective particle size.

Composition of the stabilizing layer at the interface has an essential role to ensure emulsification 
and stability. The main component of the interfacial layer is the emulsifier or surfactant. The 
most used scale to classify emulsifiers is the hydrophilic-lipophilic balance (HLB), that is, a 
parameter relating molecular structure to interfacial packing and film curvature. The HLB 
value ranges from 0 to 20. An emulsifier with higher lipophilicity shows a lower HLB whereas 
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higher hydrophilicity has high HLB, and the behaviors and functions to water depend on this 
HLB. This parameter was introduced by Griffin [33] in order to obtain an empirical Eq. (1) 
for nonionic alkyl polyglycol ethers (CiEj) based on the surfactant chemical composition, 
where Ej wt% and OH wt% are the weight percent of ethylene oxide and hydroxide groups, 
respectively.

  HLB =  ( E  j   wt % +OH wt%)  / 5  (1)

Also relevant can be the presence of solid particles and cosurfactant at the interface layer. 
Specifically, food emulsions frequently carry particulate material which is located at oil-water 
interface favoring emulsion stabilization [34]. Pickering-type food emulsions are emulsions 
consisting of droplets coated by a layer of adsorbed solid particles at the interface. The forma-
tion of O/W or W/O emulsions is determined by whether the particles are predominantly 
hydrophilic or hydrophobic [34].

The addition of a cosurfactant usually allows to enhance the effectiveness of surfactant. A cosur-
factant is added to break up the assembling at the liquid/liquid interface so that it allows to 
attain lower interfacial tension. Furthermore, cosurfactants can be used to fine-tune the formu-
lation, for example, by expanding the temperature or salinity range of microemulsion stability.

3.2. Chemical stability of the emulsions

As it was mentioned, an AO is efficient in inhibiting lipid oxidation of the emulsified foods if 
rinh ≥ rp, where rinh is the rate of trapping of the lipid radicals R• and rp is the rate for propaga-
tion step. However, many factors can affect the both rates. Both rates depend on their intrinsic 
rate constants k and on the concentrations of AOs at the reaction site. On the one hand, the 
radical scavenging activity of an AO depends on its chemical structure. On the other hand, 
the concentration of the AOs at the reaction site (that is, interfacial region in emulsions [35]) 
depends on the distribution of AOs between the oil, interfacial and aqueous regions of the 
emulsions, which in turn, depend on the physicochemical features of AOs and other param-
eters such as the nature of oil, the oil/water ratio, the electrical nature and the hydrophilic-
lipophilic balance (HLB) of emulsifier, acidity and temperature [2]. Therefore, all these factors 
and their effects need to be taken into account to enhance the AO efficiency in depth.

3.2.1. Substituent effects

Substituents play a key role on the hydrogen atom donating capacity of AOs and understand-
ing on their conformational, electronic, and geometrical characteristics is of vital significance 
to comprehend the relationship among AO structure and AO activity [36, 37]. The presence 
of electron donor groups, particularly at the ortho and/or para positions of the ▬OH group 
improve the scavenging activity of AOs due to lower the phenolic O▬H bond dissociation 
enthalpy and higher reactivity with lipid radicals R•. For this reason, key structural features 
for a valuable radical scavenging activity are the position and number of hydroxyl groups 
attached to the aromatic ring and the presence of other functional groups such as alkyl chains 
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containing C▬C double bonds and C═O carbonyl groups, alkyl hydrocarbon chains among 
others. In general, it was found that rates for the reaction of catechols, 1,2-dihydroxybenzene 
and derivatives, with lipid radicals R• are higher than those for ortho-methoxyphenols due 
to the stabilization of the semiquinone radical formed from catechol. Catechols constitute the 
skeleton of many natural AOs such as flavonoid compounds (Figure 4). Structure of phenolics 
that allows conjugation and electronic delocalization, as well as resonance effects also can 
improve the radial scavenging activity of AOs.

3.2.2. Partitioning effects of AOs

Efficiency of the AOs depends not only on the AO nature but also on its concentration at the 
reaction site because AOs can be transferred between different regions (aqueous, oil and inter-
face) of the food emulsions (see Figure 8), affecting their radical scavenging activity. Though 
the chemical properties and reactivities of relevant AOs toward free radicals are becoming 
well comprehended, it remains less clear how these properties translate into multiphasic sys-
tems. Thus, prediction of the efficiency of AOs in multiphasic systems such as food emulsions 
can become unclear since their partitions between the different regions were not explored 
[2, 38].

The physical impossibility of separating the interfacial region from the aqueous and oil regions 
of emulsions makes that any attempt to determine antioxidant distributions needs to be done 
in the intact emulsions, that is, without sample pretreatment. Application of the pseudophase 
kinetic model to emulsions provides a natural explanation, based on molecular properties, of 
the effects of a variety of parameters (nature and type of the oil, HLB, temperature, acidity, 
etc.) on the distribution of components between the oil, interfacial, and aqueous regions of 
emulsions prepared with edible oils [39, 40]. The reaction of choice was the reduction of a 
hydrophobic arenediazonium ion, whose reactive group is located in the interfacial region of 
the emulsions, and that can be monitored by a sampling method.

Figure 8. Left: optical microscope image of the droplets of an olive oil-in-water emulsion. Right: partition of AOs between 
the oil, interfacial (where lipid oxidation primarily occurs), and aqueous regions of the emulsion [38, 44].
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Results obtained for a series of AOs (caffeic, gallic, protocatechuic acids, and hydroxyty-
rosol series) show that their distribution can be correlated with their antioxidant efficiency 
[35, 41–43]. This finding may have important consequences for the food industry because 
it opens the possibility of choosing the most efficient AOs for a particular food system on 
a scientific basis, resulting in an increase of the shelf-life of the product. Results should 
contribute to enhance current understanding of how antioxidant structure and physical 
location within the food system affect their efficiency and should provide basic informa-
tion on the factors controlling antioxidant distributions and efficiencies, allowing a more 
rational selection of AOs and emulsifiers in food stabilization to maintain the organoleptic 
properties of foods.

3.2.3. Medium properties effects

The solvent properties of the reaction site affect both the intrinsic rate constant for the reaction 
between AO and free radicals, kinh, and the partitioning of AOs between the different regions 
of the food emulsions. Among others:

• Emulsifier nature: the emulsifier electrical nature and HLB of the emulsifier can affect the 
concentration of AOs at the reaction site. Distribution results showed that the HLB of the 
emulsifier can modify the partition of moderate to high hydrophobicity AOs and the main 
parameter controlling the partition of AOs is the emulsifier concentration [45].

• Acidity of the aqueous region: the acidity of the medium can change substantially the par-
titioning of phenolic AOs. At the typical acidities of foods, phenolic AOs may be neutral or 
partially ionized and the ionic forms of the AOs are usually oil insoluble but much more 
aqueous soluble than the neutral forms, changing the partition of AOs and, as a conse-
quence, the antioxidant efficiency [46].

• Oil nature: oxidation rates of monounsaturated fatty acids are much slower than those of 
polyunsaturated fatty acids. In this way, foods enriched with omega-3 can be seriously 
compromised by the oxidation of lipids due to their high degree of lipid unsaturation [35].

• Temperature: the temperature can affect lipid oxidation in many ways. It can produce not 
only variations in the rates for the reactions involved but also in the concentration of AOs 
in different regions of the emulsions due to changes in the solubility of the AOs [47].

• Oil/water (O/W) ratio: changing the O/W ratio of the emulsions significantly can affect the 
interfacial concentrations of very hydrophobic or hydrophilic AOs but not that of AOs of 
intermediate hydrophobicity [41].

4. Conclusions and future trends

Synthetic AOs have been employed for years, but because of the growing consumer interest 
in natural and health-promoting products, the industry is now challenged to offer new and 
efficient AOs derived from natural sources. Attention has, therefore, been directed toward 
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polyunsaturated fatty acids. In this way, foods enriched with omega-3 can be seriously 
compromised by the oxidation of lipids due to their high degree of lipid unsaturation [35].
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the isolation of extracts of spices, herbs, and other plants rich in AOs because they have the 
capacity to minimize/inhibit oxidative degradation of biomolecules and thereby improve the 
quality and nutritional value of food. However, a careful choice of the AOs and the delivery 
system employed is crucial because it strongly affects their bioavailability and chemical reac-
tivity against ROS. Their evaluation requires a wide range of experimental models from the 
simplest antioxidant assays in homogeneous solution to the biologically more relevant cel-
lular systems. Many emulsion-based delivery systems for lipophilic compounds are regarded 
as one of the most promising techniques for transporting AOs to the target areas, deserving 
further investigations on the topics.
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Abstract

A great attention has been received in the last few years for nanotechnology applica-
tions in food as well as pharmaceutical industries. People are looking for healthy and 
safe food worldwide. Therefore, researchers have been currently focusing on nanoemul-
sion technology that is particularly suited for the production of functional food. This 
chapter includes an overview about nanoemulsion terminology and formulation, vari-
ous approaches for production of nanoemulsions which include high energy approaches 
such as high-pressure valve homogenization, microfluidizers and ultrasonic homogeni-
zation, and low energy methods such as spontaneous emulsification, phase inversion 
composition, phase inversion temperature and emulsion inversion point. In addition, the 
applications of nanoemulsions in food industry are discussed in detail.

Keywords: nanoemulsions, formulation, production approaches, food industry, 
applications

1. Introduction

Serious health-related problems contribute to the worldwide distribution of healthier, safer, 
and cost-effective food products. Additionally, functional foods were introduced as a tool 
to give an additional function to food. This can be achieved by increasing the production of 
existing biologically active molecules or adding new bioactive ingredients. Therefore, food 
products in addition to their nutritional value, they usually have health-promotion or disease 
prevention values. Nevertheless, it has become evident that the low bioavailability or inef-
ficient long-term stability of these health-promoting products may not sustain their benefits. 
Subsequently, a great attention has been received in the last few years for nanotechnology in 
food applications. Nanoemulsions are one of the most interesting delivery systems in food 

© 2018 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.



Chapter 3

Nanoemulsions in Food Industry

Mohamed A. Salem and Shahira M. Ezzat

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79447

Provisional chapter

DOI: 10.5772/intechopen.79447

© 2016 The Author(s). Licensee InTech. 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. 

Nanoemulsions in Food Industry

Mohamed A. Salem and Shahira M. Ezzat

Additional information is available at the end of the chapter

Abstract

A great attention has been received in the last few years for nanotechnology applica-
tions in food as well as pharmaceutical industries. People are looking for healthy and 
safe food worldwide. Therefore, researchers have been currently focusing on nanoemul-
sion technology that is particularly suited for the production of functional food. This 
chapter includes an overview about nanoemulsion terminology and formulation, vari-
ous approaches for production of nanoemulsions which include high energy approaches 
such as high-pressure valve homogenization, microfluidizers and ultrasonic homogeni-
zation, and low energy methods such as spontaneous emulsification, phase inversion 
composition, phase inversion temperature and emulsion inversion point. In addition, the 
applications of nanoemulsions in food industry are discussed in detail.

Keywords: nanoemulsions, formulation, production approaches, food industry, 
applications

1. Introduction

Serious health-related problems contribute to the worldwide distribution of healthier, safer, 
and cost-effective food products. Additionally, functional foods were introduced as a tool 
to give an additional function to food. This can be achieved by increasing the production of 
existing biologically active molecules or adding new bioactive ingredients. Therefore, food 
products in addition to their nutritional value, they usually have health-promotion or disease 
prevention values. Nevertheless, it has become evident that the low bioavailability or inef-
ficient long-term stability of these health-promoting products may not sustain their benefits. 
Subsequently, a great attention has been received in the last few years for nanotechnology in 
food applications. Nanoemulsions are one of the most interesting delivery systems in food 

© 2018 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.



industry. Nanoemulsion-based delivery systems improve the bioavailability of the encapsu-
lated bioactive components and increase food stability [1].

Nanoemulsions are emulsions that have very small particle size [2]. They have some unique 
characteristics such as small size, increased surface area and less sensitivity to physical and 
chemical changes, making them ideal formulas in food industry [3, 4].

Food grade nanoemulsions are being increasingly used in for improving digestibility, effi-
cient encapsulation, increasing bioavailability and targeted delivery [3–5]. The aforemen-
tioned advantages of nanoemulsions over the conventional emulsions increased the utility of 
nanoemulsions in food industry. The kinetic stability of nanoemulsions can be improved by 
incorporating stabilizers such as emulsifiers, ripening retarders, weighting agents or texture 
modifiers [3]. Emulsifiers such as small molecule surfactants (Tweens or Spans), amphiphilic 
polysaccharides (gum Arabic or modified starch), phospholipids (soy, egg or dairy lecithin) 
and amphiphilic proteins (caseinate or whey protein isolate) can be used in food industry 
to formulate nanoemulsions. Texture modifiers, substances that increase the viscosity such 
as proteins (whey protein isolate, gelatin or soy protein isolate), sugars (high-fructose corn 
syrup or sucrose), polysaccharides (carrageenan, xanthan, pectin, alginate) and polyols (sor-
bitol or glycerol) can be also used as stabilizers. Dense lipophilic materials such as brominated 
vegetable oil, sucrose acetate isobutyrate, ester gums can be used as a weighting agent to 
balance the densities of the liquids nanoemulsions [1, 3, 5–9].

In this chapter, we provide an overview on the terminology used in emulsions, formulation 
of nanoemulsions and diverse approaches for production of nanoemulsions. Additionally, we 
summarize the recent applications of nanoemulsions in food industry.

Emulsions are defined by International Union of Pure and Applied Chemistry (IUPAC) as 
“a fluid colloidal system in which liquid droplets and/or liquid crystals are dispersed in a 
liquid” [10]. If the continuous phase of the emulsion is an aqueous solution, the emulsion 
is oil-in-water and denoted by the symbol O/W, whereas, if the continuous phase is oil, the 
emulsion is referred to W/O (Figure 1) [10]. An emulsifier is a surfactant or surface-active 
agent, a substance that lowers the surface tension and/or the interfacial tension [10].

Figure 1. Schematic representation of oil in water (O/W, A) and water in oil (W/O, B) emulsions.
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Nanoemulsions are emulsions that have a particle size at the nanometer range (20–500 nm) 
[2, 5, 6, 11]. Nanoemulsions have major differences in size, shape and stability from the clas-
sical macroemulsions and microemulsions [5]. While microemulsions are thermodynamically 
stable, both macroemulsions and nanoemulsions are thermodynamically unstable [5, 11].

2. Formulation of nanoemulsions

A typical nanoemulsion consists of a water phase, an oil phase and an emulsifier [5]. When 
present in small amounts, an emulsifier facilitates the formation of emulsions by decreasing 
the interfacial tension between the oil and water phases [5]. Additionally, emulsifiers aid the 
stabilization of nanoemulsions [11]. Formation and stabilization of nanoemulsions depend 
largely on the physico-chemical properties of the three aforementioned constituents.

O/W nanoemulsions have the greatest application in commercial products [9]. The particles in 
O/W nanoemulsion have a core-shell-type structure with a shell of surface-active amphiphilic 
material covers a core made of lipophilic material.

2.1. Oil phase

The oil phase used to prepare food-grade nanoemulsions can be formulated from a variety of 
nonpolar molecules, such as free fatty acids (FFA), monoacylglycerols (MAG), diacylglycerols 
(DAG), triacylglycerols (TAG), waxes, mineral oils or various lipophilic nutraceuticals [9]. 
TAG oils extracted from soybean, safflower, corn, flaxseed, sunflower, olive, algae or fish are 
the most commonly used in nanoemulsions primarily due to their low cost and nutritional 
value [9]. Physical and chemical characteristics of the oil phase such as viscosity, water solu-
bility, density, polarity, refractive index and interfacial tension and chemical stability greatly 
influence the properties of nanoemulsions [1, 3, 5–8].

2.2. Aqueous phase

The aqueous phase used to prepare food-grade nanoemulsions can be formulated from 
water with a variety of polar molecules, carbohydrates, proteins, acids, minerals or alcoholic 
cosolvents [9]. The selection of the aqueous phase has a great impact on the physicochemical 
properties of the produced nanoemulsion.

2.3. Stabilizers

Stabilizers influence the long-term stability of nanoemulsions; therefore, the selection of the 
appropriate stabilizer is one of the most important factors to consider for the proper pro-
duction of nanoemulsions. Various kinds of stabilizers are added to improve the long-term 
stability of nanoemulsions, and they are summarized in Table 1 [1, 3, 5–9]. Stabilizers can 
be emulsifiers, ripening retarders, texture modifiers and weighting agents. Emulsifiers are 
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Small molecule 
surfactants

Type Examples Remarks

Ionic surfactants Negatively charged Sodium lauryl sulfate (SLS)

Diacetyl tartaric acid ester 
of mono- and diglycerides 
(DATEM)

Citric acid esters of mono 
and diglycerides (CITREM)

• Used with low- and high-energy 
approaches.

• They can cause irritation.

Positively charged Lauric arginate

Nonionic 
surfactants

Sugar esters Sucrose monopalmitate

Sorbitan monooleate

• Used with low- and high-energy 
approaches.

• They have low toxicity.

• No irritability.
Polyoxyethylene alkyl 
ethers (POE)

Brij-97

Ethoxylated sorbitan esters Tweens 20 and 80

Spans 20, 40, 60 and 80

Zwitterionic 
surfactants

Positively and negatively 
charged groups

Phospholipids (lecithin) pH influences the net positive, 
negative or neutral charge

Table 2. Examples of small molecule surfactants added to nanoemulsions.

Stabilizers Function Examples

Emulsifiers Single emulsifier or combination of 
emulsifiers are added to stabilize 
emulsions by increasing their kinetic 
stability

1. Small molecule surfactants (Table 2)

2. Amphiphilic polysaccharides (gum Arabic or 
modified starch)

3. Phospholipids (soy, egg or dairy lecithin)

4. Amphiphilic proteins (caseinate or whey protein 
isolate)

Ripening retarders Hydrophobic substances that stabilize 
nanoemulsions by retarding or 
inhibiting Ostwald

ripening

1. Mineral oil

2. Ester gum

3. Long-chain triglyceride

Texture modifiers Substances that increase the viscosity of 
nanoemulsions

1. Proteins (whey protein isolate, gelatin or soy 
protein isolate)

2. Sugars (high-fructose corn syrup or sucrose)

3. Polysaccharides (carrageenan, xanthan, pectin, 
alginate)

4. Polyols (sorbitol or glycerol)

Weighting agents Substances that balance the densities of 
the liquids nanoemulsions

1. Brominated vegetable oil

2. Sucrose acetate isobutyrate

Table 1. Kinds of stabilizers added to improve long-term stability of nanoemulsions.
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the most common stabilizers added in nanoemulsions. Emulsifiers of different kinds may 
be added such as phospholipids, small molecule surfactants, polysaccharides, and proteins. 
Examples of small molecule surfactants are listed in Table 2.

3. Approaches for production of nanoemulsions

Nanoemulsion is a nonequilibrium system which needs external or internal energy source to 
be successfully formed [12]. Nanoemulsions can be fabricated using many approaches that 
can be classified as high-energy or low-energy approaches.

The used techniques for the production of nanoemulsion has a great effect on the droplet size 
and consequently affect the stability mechanisms of the emulsion system through operating 
conditions and composition. Generally, preparation of nanoemulsions applies lower concen-
trations of surfactant (5–10%) than the microemulsion (20% and higher) [13].

Mechanical devices which can produce strong disruptive forces are used in high-energy 
approaches to mix and disrupt oil and water phases allowing the formation of tiny oil 
droplets [2, 14–16]. On the other hand, low energy approaches depend on the spontaneous 
formation of tiny oil droplets in the oil-water-emulsifier mixed systems when either the 
solution or the environmental conditions such as temperature and composition are changed 
[14, 17–21]. The used approach in nanoemulsion formation, together with the operating 
conditions, and the composition of the system affect the size of the formed droplets. In this 
section, we have a brief overview on the most commonly used high-energy and low-energy 
approaches for nanoemulsion formation.

3.1. High-energy emulsification

The preparation of nanoemulsions by high-energy methods is strongly dependent on the 
surfactants used as well as the functional compounds in addition to the quantity of energy 
applied [1]. Accordingly, the nanoemulsions formed by high-energy approaches constitute a 
natural method for the preservation of the nanoemulsions against formulation modification 
such as addition of monomer, surfactant, cosurfactants [17].

High-energy methods employ mechanical devices to produce disruptive forces that can 
mix and disrupt oil and water phases leading to the formation of the tiny oil droplets, such 
devices as high-pressure valve homogenizers, microfluidizers, and sonication methods [14, 
16]. To keep the droplets in spherical shapes, intense energies are applied in order to generate 
disruptive forces that exceed the restoring forces, and these restoring forces could be calcu-
lated by the Laplace Pressure: ΔP = γ /2r, which increases by reducing droplet radius (r) and 
increasing interfacial tension (γ) [22]. Generally, the droplet size produced by high-energy 
approaches is controlled by a balance between two opposing processes that occur within the 
homogenizer, which are the droplet disruption and droplet coalescence [23]. Smaller drop-
lets can be obtained by increasing the homogenization intensity or duration, increasing the 
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formation of tiny oil droplets in the oil-water-emulsifier mixed systems when either the 
solution or the environmental conditions such as temperature and composition are changed 
[14, 17–21]. The used approach in nanoemulsion formation, together with the operating 
conditions, and the composition of the system affect the size of the formed droplets. In this 
section, we have a brief overview on the most commonly used high-energy and low-energy 
approaches for nanoemulsion formation.

3.1. High-energy emulsification

The preparation of nanoemulsions by high-energy methods is strongly dependent on the 
surfactants used as well as the functional compounds in addition to the quantity of energy 
applied [1]. Accordingly, the nanoemulsions formed by high-energy approaches constitute a 
natural method for the preservation of the nanoemulsions against formulation modification 
such as addition of monomer, surfactant, cosurfactants [17].

High-energy methods employ mechanical devices to produce disruptive forces that can 
mix and disrupt oil and water phases leading to the formation of the tiny oil droplets, such 
devices as high-pressure valve homogenizers, microfluidizers, and sonication methods [14, 
16]. To keep the droplets in spherical shapes, intense energies are applied in order to generate 
disruptive forces that exceed the restoring forces, and these restoring forces could be calcu-
lated by the Laplace Pressure: ΔP = γ /2r, which increases by reducing droplet radius (r) and 
increasing interfacial tension (γ) [22]. Generally, the droplet size produced by high-energy 
approaches is controlled by a balance between two opposing processes that occur within the 
homogenizer, which are the droplet disruption and droplet coalescence [23]. Smaller drop-
lets can be obtained by increasing the homogenization intensity or duration, increasing the 
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concentration of the used emulsifier or by controlling the viscosity ratio [14, 22, 24]. The small-
est droplet size that can be obtained using certain high-energy device is governed by the flow 
and force profiles of the homogenizer, the operating conditions such as the energy intensity 
and duration of the process, the environmental conditions meaning the applied temperature, 
the sample composition which includes the oil type, emulsifier type and concentrations, and 
the physicochemical properties of the phases which means the interfacial tension and viscos-
ity [14, 25, 26]. In more clear words, the droplet size decreases as the intensity or duration of 
energy increases, the interfacial tension decreases, the emulsifier adsorption rate increases, 
and the disperse-to-continuous phase viscosity ratio falls within a certain range (0.05 < ηD/
ηC < 5) [12, 13, 27]. Production of small droplets depends on the extent of the ηD/ηC range 
and the nature of the disruptive forces produced by the particular homogenizer used, that is, 
simple shear versus extensional flow. Thus, the smaller the droplet radius, the more difficult 
is to break them up further.

High-energy approaches are the most suitable methods for the production of food-grade 
nanoemulsions as they can be applied to various types of oils such as triacylglycerol oils, 
flavor oils, and essentials oils as the oil phase as well as different emulsifier types such as 
proteins, polysaccharides, phospholipids, and surfactants. Even so, the size of the formed 
particles is strongly dependent on the oil characteristics and the used emulsifier. For instance, 
it is easier to produce very small droplets when flavor oils, essential oils or alkanes are used 
as the oil phase because they have low viscosity and/or interfacial tension [9]. Now we present 
the most commonly used devices in high-energy approaches.

3.1.1. High-pressure valve homogenization

In high-pressure valve homogenization, first a very high pressure is applied on the mixture 
and then it is pumped through a restrictive valve (Figure 2). The very fine emulsion droplets 
are generated by the very high shear stress [28, 29]. High-pressure and multiple passes are 
necessary to produce the required droplet size [9]. The combination of intensive disruptive 
forces such as shear stress, cavitation, and turbulent flow conditions can break the large drop-
lets into smaller ones [30]. Production of conventional emulsions with small droplet sizes 
in food industry is commonly done using high-pressure valve homogenizers [22, 31]. Some 
of the food nanoemulsions prepared by high-pressure valve homogenization technique is 
β-carotene, thyme oil, and curcumin nanoemulsions [32–34].

These devices are more suitable for reducing the size of the droplets in preexisting coarse 
emulsions than in making emulsions directly from two separate liquids [9]. To describe the 
operation in the high-pressure valve homogenizer, the coarse emulsion is produced by the 
high shear mixer and is then passed into a chamber by the pump through the inlet of the high-
pressure valve homogenizer and then forced through a narrow valve at the end of the chamber 
on its forward stroke. The coarse emulsion particles are broken down into smaller ones by a 
combination of intense disruptive forces when it passes through the valve. Different nozzle 
designs are available to increase the efficiency of droplet disruption [9].

The droplet size produced using a high-pressure valve homogenizer usually decreases as 
the number of passes and/or the homogenization pressure increases. It also depends on the 
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viscosity ratio of the two phases (usually oil and water) being homogenized. As mentioned 
before, small droplets can only usually be produced when the disperse-to-continuous phase 
viscosity ratio falls within a certain range (0.05 < ηD/ηC < 5) [12, 13, 27]. Moreover, sufficient 
emulsifier is required to cover the surfaces of the new droplet formed during homogeniza-
tion, and the emulsifier should be rapidly adsorbed on the droplet surfaces to prevent re-
coalescence [23].

As a summary, to obtain the required droplet size in nanoemulsions, we need to operate at 
extremely high pressures and to use multiple passes through the homogenizer. Even then, 
high emulsifier levels, low interfacial tensions, and appropriate viscosity ratios are required 
to obtain droplets less than 100 nm in radius [9].

3.1.2. Microfluidizer

This device is similar in design to high-pressure valve homogenizer in that it employs high 
pressure to force the premix of emulsion through a narrow orifice to facilitate the disrup-
tion of droplet but differs only in the channels in which the emulsion flows (Figure 2). The 
emulsion flowing in a microfluidizer is divided through a channel into two streams, each 
passes through a separate fine channel, and then both streams are redirected into interac-
tion chamber, in which they are exposed to intense disruptive forces leading to highly effi-
cient droplet disruption [3]. Increasing the homogenization pressure, number of passes, and 

Figure 2. Schematic representation of three devices utilized in high-energy approach for production of food-grade 
nanoemulsions: A. high-pressure valve homogenization; B. ultrasonic homogenization; C. microfluidizer; and D.D. 
droplet disruption.
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concentration of the used emulsifier or by controlling the viscosity ratio [14, 22, 24]. The small-
est droplet size that can be obtained using certain high-energy device is governed by the flow 
and force profiles of the homogenizer, the operating conditions such as the energy intensity 
and duration of the process, the environmental conditions meaning the applied temperature, 
the sample composition which includes the oil type, emulsifier type and concentrations, and 
the physicochemical properties of the phases which means the interfacial tension and viscos-
ity [14, 25, 26]. In more clear words, the droplet size decreases as the intensity or duration of 
energy increases, the interfacial tension decreases, the emulsifier adsorption rate increases, 
and the disperse-to-continuous phase viscosity ratio falls within a certain range (0.05 < ηD/
ηC < 5) [12, 13, 27]. Production of small droplets depends on the extent of the ηD/ηC range 
and the nature of the disruptive forces produced by the particular homogenizer used, that is, 
simple shear versus extensional flow. Thus, the smaller the droplet radius, the more difficult 
is to break them up further.

High-energy approaches are the most suitable methods for the production of food-grade 
nanoemulsions as they can be applied to various types of oils such as triacylglycerol oils, 
flavor oils, and essentials oils as the oil phase as well as different emulsifier types such as 
proteins, polysaccharides, phospholipids, and surfactants. Even so, the size of the formed 
particles is strongly dependent on the oil characteristics and the used emulsifier. For instance, 
it is easier to produce very small droplets when flavor oils, essential oils or alkanes are used 
as the oil phase because they have low viscosity and/or interfacial tension [9]. Now we present 
the most commonly used devices in high-energy approaches.

3.1.1. High-pressure valve homogenization

In high-pressure valve homogenization, first a very high pressure is applied on the mixture 
and then it is pumped through a restrictive valve (Figure 2). The very fine emulsion droplets 
are generated by the very high shear stress [28, 29]. High-pressure and multiple passes are 
necessary to produce the required droplet size [9]. The combination of intensive disruptive 
forces such as shear stress, cavitation, and turbulent flow conditions can break the large drop-
lets into smaller ones [30]. Production of conventional emulsions with small droplet sizes 
in food industry is commonly done using high-pressure valve homogenizers [22, 31]. Some 
of the food nanoemulsions prepared by high-pressure valve homogenization technique is 
β-carotene, thyme oil, and curcumin nanoemulsions [32–34].

These devices are more suitable for reducing the size of the droplets in preexisting coarse 
emulsions than in making emulsions directly from two separate liquids [9]. To describe the 
operation in the high-pressure valve homogenizer, the coarse emulsion is produced by the 
high shear mixer and is then passed into a chamber by the pump through the inlet of the high-
pressure valve homogenizer and then forced through a narrow valve at the end of the chamber 
on its forward stroke. The coarse emulsion particles are broken down into smaller ones by a 
combination of intense disruptive forces when it passes through the valve. Different nozzle 
designs are available to increase the efficiency of droplet disruption [9].

The droplet size produced using a high-pressure valve homogenizer usually decreases as 
the number of passes and/or the homogenization pressure increases. It also depends on the 
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viscosity ratio of the two phases (usually oil and water) being homogenized. As mentioned 
before, small droplets can only usually be produced when the disperse-to-continuous phase 
viscosity ratio falls within a certain range (0.05 < ηD/ηC < 5) [12, 13, 27]. Moreover, sufficient 
emulsifier is required to cover the surfaces of the new droplet formed during homogeniza-
tion, and the emulsifier should be rapidly adsorbed on the droplet surfaces to prevent re-
coalescence [23].

As a summary, to obtain the required droplet size in nanoemulsions, we need to operate at 
extremely high pressures and to use multiple passes through the homogenizer. Even then, 
high emulsifier levels, low interfacial tensions, and appropriate viscosity ratios are required 
to obtain droplets less than 100 nm in radius [9].

3.1.2. Microfluidizer

This device is similar in design to high-pressure valve homogenizer in that it employs high 
pressure to force the premix of emulsion through a narrow orifice to facilitate the disrup-
tion of droplet but differs only in the channels in which the emulsion flows (Figure 2). The 
emulsion flowing in a microfluidizer is divided through a channel into two streams, each 
passes through a separate fine channel, and then both streams are redirected into interac-
tion chamber, in which they are exposed to intense disruptive forces leading to highly effi-
cient droplet disruption [3]. Increasing the homogenization pressure, number of passes, and 

Figure 2. Schematic representation of three devices utilized in high-energy approach for production of food-grade 
nanoemulsions: A. high-pressure valve homogenization; B. ultrasonic homogenization; C. microfluidizer; and D.D. 
droplet disruption.

Nanoemulsions in Food Industry
http://dx.doi.org/10.5772/intechopen.79447

37



emulsifier concentration can efficiently reduce the droplet size formed. McClements and Rao 
have practically proved that the logarithm of the mean droplet diameter decreased linearly 
as the logarithm of the homogenization pressure increased for both ionic surfactant and a 
globular protein (β-lactoglobulin). But it could be noticed that this relation was appreciably 
steeper for the surfactant than for the protein, and this could be explained by the slow rate of 
the protein to adsorption to the droplet surfaces, with the formation of a viscoelastic coating 
which inhibits further droplet disruption [9].

In addition, there is an optimum range of disperse-to-continuous phase viscosity ratio, which 
facilitates the formation of small droplets [14]. But this relation is highly affected by the surfactant 
used, for the ionic surfactant mean droplet diameter decreases when the viscosity ratio decreases. 
On the other hand, the mean droplet size is hardly affected by viscosity ratio when a globular 
protein was used as an emulsifier, which may be also attributed to the relatively slow adsorption 
of the protein and its ability to form a coating that inhibits further droplet disruption [9].

Microfluidizers have been extensively used for the preparation of pharmaceutical products as 
nutraceutical emulsions, food and beverages such as homogenized milk in addition to the produc-
tion of flavor emulsion [9]. Nanoemulsions of various bioactive compounds such as β-carotene 
and lemon grass essential oil were prepared using microfluidization technique [35–37].

3.1.3. Ultrasound homogenizer

When two immiscible liquids in the presence of a surfactant are subjected to high-frequency 
sound waves (frequency > 20 kHz) using sonicator probes that contain piezoelectric quartz crys-
tals that expand and contract in response to an alternating electrical voltage, this causes strong 
shock waves produced in the surrounding liquid by the tip of the sonicator placed within the 
liquid (Figure 2). The mechanical vibrations lead to the formation of liquid jets at high speed, the 
collapse of the micro-bubbles formed by cavitation generates intense disruptive forces that lead 
to droplet disruption and the formation of emulsion droplets of nano size (70 nm). The emul-
sion should spend sufficient time within the region where droplet disruption occurs to ensure 
efficient and uniform homogenization [9, 16, 25, 38]. Practically, the droplet size decreases when 
the intensity of ultrasonic waves, sonication time, power level, and emulsifier concentration 
increase [25, 39, 40]. The type and amount of the emulsifier used, as well as the viscosity of 
the oil and aqueous phases affect the homogenization efficiency [16, 23, 25, 40]. All the above 
parameters should be first optimized to produce nanoemulsions of the right droplet size. It is 
noteworthy to mention that sonication methods may lead to protein denaturation, polysac-
charide depolymerization, or lipid oxidation during homogenization. Thus, this technology has 
not yet been proved as efficient for industrial-scale applications [3].

3.1.4. High-speed devices

Rotor/stator devices (such as Ultra-Turrax) do not provide a good dispersion in terms of drop-
let sizes when compared to other high-energy techniques. The efficiency of such devices when 
calculated was 0.1%, where 99.9% is dissipated as heat during the homogenization process, so 
the energy provided mostly being dissipated, generating heat [12, 13, 17].
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3.2. Low-energy emulsification

The low-energy methods are dependent on the internal chemical energy of the system [13, 41]. 
The nanoemulsions here are formed as a result of phase transitions that occur during the emul-
sification process due to the change in the environmental conditions such as temperature or 
composition [20], applying constant temperature and changing the composition or using con-
stant composition and changing the temperature [42–44]. The composition of the emulsion such 
as surfactant-oil-water ratio, surfactant type and ionic strength in addition to the environmental 
conditions temperature, time history and stirring speeds greatly affect the droplet size [17, 44].

Low-energy approaches can produce smaller droplet sizes than high-energy approaches; 
however, low-energy approaches can be applied to limited types of oils and emulsifiers. For 
example, proteins or polysaccharides cannot be used as emulsifiers; alternatively, high con-
centrations of synthetic surfactants should be used to form nanoemulsions by low-energy 
approaches. This factor limits the use of such approaches in many food applications [4, 9]. The 
low-energy approaches are listed in the next section and represented in Figure 3.

3.2.1. Membrane emulsification method

This technique involves the formation of a dispersed phase (droplets) through a membrane 
into a continuous phase (Figure 3). It requires less surfactant and produces emulsions with a 
narrow size distribution range than the high-energy techniques. Unfortunately, the low flux 
of the dispersed phase through the membrane is a strong limitation during scale-up of this 
method [29].

Figure 3. Schematic representation of four devices utilized in low-energy approach for production of food-grade 
nanoemulsions: A. membrane emulsification method; B. spontaneous emulsification method; C. phase inversion 
temperature method; D. emulsion inversion point method; a, rotating membrane; b, disperse phase; stabilized droplets 
of colloidal particles; d, surfactant and oil phase, e, aqueous phase; f, surfactant moves to water phase; g, oil in water 
emulsion; H. W/O emulsion; I. O/W emulsion; and J. O/W nanoemulsion.
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emulsifier concentration can efficiently reduce the droplet size formed. McClements and Rao 
have practically proved that the logarithm of the mean droplet diameter decreased linearly 
as the logarithm of the homogenization pressure increased for both ionic surfactant and a 
globular protein (β-lactoglobulin). But it could be noticed that this relation was appreciably 
steeper for the surfactant than for the protein, and this could be explained by the slow rate of 
the protein to adsorption to the droplet surfaces, with the formation of a viscoelastic coating 
which inhibits further droplet disruption [9].

In addition, there is an optimum range of disperse-to-continuous phase viscosity ratio, which 
facilitates the formation of small droplets [14]. But this relation is highly affected by the surfactant 
used, for the ionic surfactant mean droplet diameter decreases when the viscosity ratio decreases. 
On the other hand, the mean droplet size is hardly affected by viscosity ratio when a globular 
protein was used as an emulsifier, which may be also attributed to the relatively slow adsorption 
of the protein and its ability to form a coating that inhibits further droplet disruption [9].

Microfluidizers have been extensively used for the preparation of pharmaceutical products as 
nutraceutical emulsions, food and beverages such as homogenized milk in addition to the produc-
tion of flavor emulsion [9]. Nanoemulsions of various bioactive compounds such as β-carotene 
and lemon grass essential oil were prepared using microfluidization technique [35–37].

3.1.3. Ultrasound homogenizer

When two immiscible liquids in the presence of a surfactant are subjected to high-frequency 
sound waves (frequency > 20 kHz) using sonicator probes that contain piezoelectric quartz crys-
tals that expand and contract in response to an alternating electrical voltage, this causes strong 
shock waves produced in the surrounding liquid by the tip of the sonicator placed within the 
liquid (Figure 2). The mechanical vibrations lead to the formation of liquid jets at high speed, the 
collapse of the micro-bubbles formed by cavitation generates intense disruptive forces that lead 
to droplet disruption and the formation of emulsion droplets of nano size (70 nm). The emul-
sion should spend sufficient time within the region where droplet disruption occurs to ensure 
efficient and uniform homogenization [9, 16, 25, 38]. Practically, the droplet size decreases when 
the intensity of ultrasonic waves, sonication time, power level, and emulsifier concentration 
increase [25, 39, 40]. The type and amount of the emulsifier used, as well as the viscosity of 
the oil and aqueous phases affect the homogenization efficiency [16, 23, 25, 40]. All the above 
parameters should be first optimized to produce nanoemulsions of the right droplet size. It is 
noteworthy to mention that sonication methods may lead to protein denaturation, polysac-
charide depolymerization, or lipid oxidation during homogenization. Thus, this technology has 
not yet been proved as efficient for industrial-scale applications [3].

3.1.4. High-speed devices

Rotor/stator devices (such as Ultra-Turrax) do not provide a good dispersion in terms of drop-
let sizes when compared to other high-energy techniques. The efficiency of such devices when 
calculated was 0.1%, where 99.9% is dissipated as heat during the homogenization process, so 
the energy provided mostly being dissipated, generating heat [12, 13, 17].
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3.2. Low-energy emulsification

The low-energy methods are dependent on the internal chemical energy of the system [13, 41]. 
The nanoemulsions here are formed as a result of phase transitions that occur during the emul-
sification process due to the change in the environmental conditions such as temperature or 
composition [20], applying constant temperature and changing the composition or using con-
stant composition and changing the temperature [42–44]. The composition of the emulsion such 
as surfactant-oil-water ratio, surfactant type and ionic strength in addition to the environmental 
conditions temperature, time history and stirring speeds greatly affect the droplet size [17, 44].

Low-energy approaches can produce smaller droplet sizes than high-energy approaches; 
however, low-energy approaches can be applied to limited types of oils and emulsifiers. For 
example, proteins or polysaccharides cannot be used as emulsifiers; alternatively, high con-
centrations of synthetic surfactants should be used to form nanoemulsions by low-energy 
approaches. This factor limits the use of such approaches in many food applications [4, 9]. The 
low-energy approaches are listed in the next section and represented in Figure 3.

3.2.1. Membrane emulsification method

This technique involves the formation of a dispersed phase (droplets) through a membrane 
into a continuous phase (Figure 3). It requires less surfactant and produces emulsions with a 
narrow size distribution range than the high-energy techniques. Unfortunately, the low flux 
of the dispersed phase through the membrane is a strong limitation during scale-up of this 
method [29].

Figure 3. Schematic representation of four devices utilized in low-energy approach for production of food-grade 
nanoemulsions: A. membrane emulsification method; B. spontaneous emulsification method; C. phase inversion 
temperature method; D. emulsion inversion point method; a, rotating membrane; b, disperse phase; stabilized droplets 
of colloidal particles; d, surfactant and oil phase, e, aqueous phase; f, surfactant moves to water phase; g, oil in water 
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3.2.2. Spontaneous emulsification method

This technique involves spontaneous formation of nanoemulsion as a result of the movement 
of a water miscible component from the organic phase into the aqueous phase when the two 
phases are mixed together (Figure 3) [17]. The organic phase is usually a homogeneous solution 
of oil, lipophilic surfactant and water-miscible solvent, and the aqueous phase consists of water 
and hydrophilic surfactant [19]. The spontaneous characteristic of this technique results from 
the initial nonequilibrium states when the two liquids are mixed without stirring. Accordingly, 
spontaneous emulsification is brought about by various methods such as diffusion of solutes 
between two phases, interfacial turbulence, surface tension gradient, dispersion mechanism or 
condensation mechanism. These mechanisms are highly influenced by the systems’ composi-
tions and their physicochemical features such as the physical properties of the oily phase and 
nature of the surfactants [19]. The size of the droplets produced can be controlled by varying 
the compositions of the two initial phases, as well as the mixing conditions [9].

There are many physicochemical mechanisms that can be utilized for spontaneous emulsifica-
tion [45]. When two immiscible phases like water and oil are brought into contact with each 
other, and one of the phases contains a component that is partially miscible with both phases 
such as amphiphilic alcohol or surfactant. In this case, some of the components that are par-
tially miscible with both phases will move from its original phase into the other one causing 
an increase in oil-water interfacial area, interfacial turbulence, and spontaneous formation of 
droplets. In this method, the variation in the compositions of the two initial phases, and the 
mixing conditions can control the size of the droplets produced.

McClements and Rao [9] compared the spontaneous emulsification method of producing 
nanoemulsions with the high-energy method named the microfluidizer. The surfactant-oil-
water system used consisted of 15.4 wt% nonionic surfactant, 23.1 wt% medium-chain triglyc-
erides (MCT), and 61.5% water, with the surfactant containing a 50:50 mixture of a hydrophilic 
(Tween 80) and lipophilic (Tween 85) surfactant. The microfluidization method produced 
droplets with a diameter of about 110 nm, whereas the spontaneous emulsification method 
could produce droplets with diameters around 140 nm. This simple experiment demonstrated 
that nanoemulsions could be produced using the spontaneous emulsification method, pro-
vided that the system composition was optimized, that is, surfactant, oil, and water contents.

This process itself increases entropy and thus decreases the Gibbs free energy of the sys-
tem [17]. In pharmaceutical industry, the systems prepared by spontaneous emulsification 
method are referred to either as self-emulsifying drug-delivery systems (SEDDS) or as 
self-nano-emulsifying drug delivery systems (SNEDDS).

3.2.3. Solvent displacement

This method depends on the rapid diffusion of a water-miscible organic solvent that contains 
a lipophilic functional compound in the aqueous phase promoting the formation of nano-
emulsions. This rapid diffusion enables the one-step preparation of nanoemulsion at low-
energy input with high yield of encapsulation. At the end, the organic solvent is evaporated 
from the nanodispersion under vacuum [20, 21]. However, the use of this technique is limited 
to water-miscible solvents [21].
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Another low-energy approaches are the phase inversion methods that use the chemical energy 
released as a result of phase transitions that occur during the emulsification. Nanoemulsions 
have been formed by inducing phase inversion in emulsion from a W/O to O/W form or vice 
versa by either changing the temperature in the phase-inversion temperature (PIT), the com-
position in phase-inversion composition (PIC) or emulsion-inversion point (EIP) [6].

3.2.4. Phase inversion temperature method

This method depends on that at a fixed composition and by changing temperature, the non-
ionic surfactants changes their affinities to water and oil through the changes in the optimum 
curvature (molecular geometry) or relative solubility of nonionic surfactants [46, 47]. Using 
the PIT method, nanoemulsions are spontaneously formed by varying the temperature-
time profile of certain mixtures of oil, water, and nonionic surfactant, thus nanoemulsions 
are formed by suddenly breaking-up the microemulsions maintained at the phase inversion 
point by a rapid cooling [48] or by a dilution in water or oil [17] the formed nanoemulsions 
are kinetically stable and can be considered as irreversible [3]. PIT also involves the controlled 
transformation of W/O emulsion to O/W emulsion or vice versa through an intermediate 
liquid crystalline or bicontinuous microemulsion phase [9].

The key for this phase inversion is the temperature-induced changes in the physicochemi-
cal properties of the surfactant (Figure 3). Here the molecular geometry of a surfactant is 
dependent on the packing parameter, p = aT/ aH, where, aT is the cross-sectional area of the 
lipophilic tail-group and aH is the cross-sectional areas of the hydrophilic head-group [49].

In water, the surfactant molecules tend to associate with each other forming a monolayer due 
to the hydrophobic effects, and these monolayers have an optimum curvature that causes 
the most efficient packing of the molecules [49]. The packing parameter p determines the 
optimum curvature of the surfactant monolayer, when p < 1, the optimum curvature is convex 
and the surfactant favors the formation of O/W emulsions, for p > 1 the optimum curvature 
is concave favoring W/O emulsions, while for p = 1, monolayers have zero curvature, where 
surfactants do not favor either O/W or W/O systems and instead lead to the formation of form 
liquid crystalline or bicontinuous systems (Figure 3).

The relative solubility of surfactants in oil and water phases usually changes with tempera-
ture due to the physicochemical properties and packing parameter (p) of nonionic surfactants 
[50, 51]. At a particular temperature, the solubility of the surfactant in the oil and water phases 
is approximately equal, and this is known as phase inversion temperature or PIT at which an 
oil-water-surfactant system changes from an O/W emulsion to a W/O emulsion as the packing 
parameter equals unity (p = 1). At temperatures greater than the PIT (≈ T > PIT +20°C), the 
head group becomes progressively dehydrated and the solubility of the surfactant in water 
decreases, it becomes more soluble in oil, its p > 1, and the formation of a W/O emulsion is 
favored. When the temperature is decreased (≈T < PIT-30°C), the head group of a nonionic 
surfactant becomes highly hydrated and tends to be more water soluble (p < 1), favoring the 
formation of O/W emulsions [9].

Above PIT, the surfactant molecules are being present predominantly within the oil droplets 
as they are more oil-soluble at this temperature. When this system is quench-cooled below the 
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3.2.2. Spontaneous emulsification method

This technique involves spontaneous formation of nanoemulsion as a result of the movement 
of a water miscible component from the organic phase into the aqueous phase when the two 
phases are mixed together (Figure 3) [17]. The organic phase is usually a homogeneous solution 
of oil, lipophilic surfactant and water-miscible solvent, and the aqueous phase consists of water 
and hydrophilic surfactant [19]. The spontaneous characteristic of this technique results from 
the initial nonequilibrium states when the two liquids are mixed without stirring. Accordingly, 
spontaneous emulsification is brought about by various methods such as diffusion of solutes 
between two phases, interfacial turbulence, surface tension gradient, dispersion mechanism or 
condensation mechanism. These mechanisms are highly influenced by the systems’ composi-
tions and their physicochemical features such as the physical properties of the oily phase and 
nature of the surfactants [19]. The size of the droplets produced can be controlled by varying 
the compositions of the two initial phases, as well as the mixing conditions [9].

There are many physicochemical mechanisms that can be utilized for spontaneous emulsifica-
tion [45]. When two immiscible phases like water and oil are brought into contact with each 
other, and one of the phases contains a component that is partially miscible with both phases 
such as amphiphilic alcohol or surfactant. In this case, some of the components that are par-
tially miscible with both phases will move from its original phase into the other one causing 
an increase in oil-water interfacial area, interfacial turbulence, and spontaneous formation of 
droplets. In this method, the variation in the compositions of the two initial phases, and the 
mixing conditions can control the size of the droplets produced.

McClements and Rao [9] compared the spontaneous emulsification method of producing 
nanoemulsions with the high-energy method named the microfluidizer. The surfactant-oil-
water system used consisted of 15.4 wt% nonionic surfactant, 23.1 wt% medium-chain triglyc-
erides (MCT), and 61.5% water, with the surfactant containing a 50:50 mixture of a hydrophilic 
(Tween 80) and lipophilic (Tween 85) surfactant. The microfluidization method produced 
droplets with a diameter of about 110 nm, whereas the spontaneous emulsification method 
could produce droplets with diameters around 140 nm. This simple experiment demonstrated 
that nanoemulsions could be produced using the spontaneous emulsification method, pro-
vided that the system composition was optimized, that is, surfactant, oil, and water contents.

This process itself increases entropy and thus decreases the Gibbs free energy of the sys-
tem [17]. In pharmaceutical industry, the systems prepared by spontaneous emulsification 
method are referred to either as self-emulsifying drug-delivery systems (SEDDS) or as 
self-nano-emulsifying drug delivery systems (SNEDDS).

3.2.3. Solvent displacement

This method depends on the rapid diffusion of a water-miscible organic solvent that contains 
a lipophilic functional compound in the aqueous phase promoting the formation of nano-
emulsions. This rapid diffusion enables the one-step preparation of nanoemulsion at low-
energy input with high yield of encapsulation. At the end, the organic solvent is evaporated 
from the nanodispersion under vacuum [20, 21]. However, the use of this technique is limited 
to water-miscible solvents [21].
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Another low-energy approaches are the phase inversion methods that use the chemical energy 
released as a result of phase transitions that occur during the emulsification. Nanoemulsions 
have been formed by inducing phase inversion in emulsion from a W/O to O/W form or vice 
versa by either changing the temperature in the phase-inversion temperature (PIT), the com-
position in phase-inversion composition (PIC) or emulsion-inversion point (EIP) [6].

3.2.4. Phase inversion temperature method

This method depends on that at a fixed composition and by changing temperature, the non-
ionic surfactants changes their affinities to water and oil through the changes in the optimum 
curvature (molecular geometry) or relative solubility of nonionic surfactants [46, 47]. Using 
the PIT method, nanoemulsions are spontaneously formed by varying the temperature-
time profile of certain mixtures of oil, water, and nonionic surfactant, thus nanoemulsions 
are formed by suddenly breaking-up the microemulsions maintained at the phase inversion 
point by a rapid cooling [48] or by a dilution in water or oil [17] the formed nanoemulsions 
are kinetically stable and can be considered as irreversible [3]. PIT also involves the controlled 
transformation of W/O emulsion to O/W emulsion or vice versa through an intermediate 
liquid crystalline or bicontinuous microemulsion phase [9].

The key for this phase inversion is the temperature-induced changes in the physicochemi-
cal properties of the surfactant (Figure 3). Here the molecular geometry of a surfactant is 
dependent on the packing parameter, p = aT/ aH, where, aT is the cross-sectional area of the 
lipophilic tail-group and aH is the cross-sectional areas of the hydrophilic head-group [49].

In water, the surfactant molecules tend to associate with each other forming a monolayer due 
to the hydrophobic effects, and these monolayers have an optimum curvature that causes 
the most efficient packing of the molecules [49]. The packing parameter p determines the 
optimum curvature of the surfactant monolayer, when p < 1, the optimum curvature is convex 
and the surfactant favors the formation of O/W emulsions, for p > 1 the optimum curvature 
is concave favoring W/O emulsions, while for p = 1, monolayers have zero curvature, where 
surfactants do not favor either O/W or W/O systems and instead lead to the formation of form 
liquid crystalline or bicontinuous systems (Figure 3).

The relative solubility of surfactants in oil and water phases usually changes with tempera-
ture due to the physicochemical properties and packing parameter (p) of nonionic surfactants 
[50, 51]. At a particular temperature, the solubility of the surfactant in the oil and water phases 
is approximately equal, and this is known as phase inversion temperature or PIT at which an 
oil-water-surfactant system changes from an O/W emulsion to a W/O emulsion as the packing 
parameter equals unity (p = 1). At temperatures greater than the PIT (≈ T > PIT +20°C), the 
head group becomes progressively dehydrated and the solubility of the surfactant in water 
decreases, it becomes more soluble in oil, its p > 1, and the formation of a W/O emulsion is 
favored. When the temperature is decreased (≈T < PIT-30°C), the head group of a nonionic 
surfactant becomes highly hydrated and tends to be more water soluble (p < 1), favoring the 
formation of O/W emulsions [9].

Above PIT, the surfactant molecules are being present predominantly within the oil droplets 
as they are more oil-soluble at this temperature. When this system is quench-cooled below the 
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PIT, the surfactant molecules rapidly move from the oil phase into the aqueous phase just like 
the movement of water-miscible solvent in the spontaneous-emulsification method, which 
leads to the spontaneous formation of small oil droplets because of the increase in interfacial 
area and interfacial turbulent flow generated. For this reason, Anton et al. [51] proposed that 
he formation of nanoemulsions by the PIT method has a similar physicochemical basis to the 
spontaneous emulsification method.

This process is characterized by being simple, prevents the encapsulated drug being degraded 
during processing, consumes low amounts of energy, and allows an easy industrial scale-up [17].

3.2.5. Phase inversion composition method

PIC method is very close to PIT method, but here the optimum curvature of the surfactant 
is altered by changing the formulation of the system, rather than the temperature [51]. For 
example, an O/W emulsion can be phase inverted to a W/O emulsion by adding salt as in this 
case the packing parameter increased and becomes greater than unity (p > 1) due to the ability 
of the salt ions to screen the electrical charge on the surfactant head groups [52]. Alternatively, 
a W/O emulsion containing a high salt concentration can be phase inverted to O/W emulsion 
by dilution with water in order to reduce the ionic strength below some critical level. Another 
PIC method for preparation of nanoemulsions is to change the electrical charge and stability 
of emulsions by changing the pH. The carboxyl groups of fatty acids are uncharged at low 
pH (pH < pKa) and have a relatively high oil solubility (p > 1), so they could stabilize W/O 
emulsions, but at high pH, they become ionized so they become more water-soluble (p < 1) 
and stabilize O/W emulsions. Consequently, nanoemulsions can be formed by increasing the 
pH of a fatty acid-oil-water mixture from below to above the pKa value of the carboxyl groups 
[41, 52].

3.2.6. Emulsion inversion point

This method involves changing the composition of the system at a constant temperature. In 
order to create kinetically stable nanoemulsions, the structures are formed through a pro-
gressive dilution with water or oil [17]. In EIP methods, the change from W/O to O/W or 
vice versa needs a catastrophic-phase inversion, rather than a transitional-phase inversion 
as with the PIC or PIT methods [53]. A transitional-phase inversion occurs when the char-
acteristics of a surfactant are changed through adjusting one of the formulation variables, 
such as the temperature, pH, or ionic strength. A catastrophic-phase inversion occurs by 
changing the ratio of the oil-to-water phases while the surfactant properties remain constant. 
The emulsifiers used in catastrophic-phase inversion are usually limited to small molecule 
surfactants that can stabilize both W/O emulsions (at least over the short term) and O/W 
emulsions (over the long term) [9].

McClements and Rao [9] showed practically that increasing the amount of water in a W/O 
emulsion consisting of water droplets dispersed in oil with continuous stirring can cause the 
formation of additional water droplets within the oil phase at low amounts of added water; 
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however, once a critical water content is exceeded, the coalescence rate of water droplets 
exceeds the coalescence rate of oil droplets, and so phase inversion occurs from a W/O to an 
O/W system (Figure 3). Thus, the catastrophic-phase inversion is usually induced by either 
increasing (or decreasing) the volume fraction of the dispersed phase in an emulsion above 
(or below) some critical level.

The value of the critical concentration where phase inversion occurs, as well as the size of the 
oil droplets produced, depends on process variables, such as the stirring speed, the rate of 
water addition, and the emulsifier concentration [53].

4. Applications of nanoemulsions in food industry

Nanoemulsions have diverse applications such as drug delivery, pharmaceuticals, cosmetics, 
and food [5]. In this section, we focus on the applications of nanoemulsions in food indus-
try. Nanoemulsions have been used as a suitable form to improve the digestibility of food, 
bioavailability of active components, pharmacological activities of certain compounds, and 
solubilization of drugs. Some applications are listed below.

4.1. Nanoemulsions and encapsulation of lipophilic components

One of the most important applications of nanoemulsions in food industries is the encapsula-
tion of lipophilic components such as vitamins, flavors, and nutraceuticals [9]. Encapsulation 
is a useful tool to entrap a bioactive ingredient in a core or a fill within a carrier (coating, 
matrix, membrane, capsule, or shell) for improving the delivery of bioactive molecules within 
living cells [54].

This technology has many applications in food industry for masking the unpleasant taste 
or smell of some bioactive materials, increasing the bioavailability of some components, 
improving the stability of food ingredients, decreasing air-induced food degradation or 
decreasing the evaporation of food aroma [54]. One of the most interesting applications of 
encapsulation in food industry is probiotics. Probiotics are defined as microorganisms that 
provide health benefits when consumed in adequate amounts [55, 56]. Encapsulation of 
bioactive compounds in nanoemulsion-based delivery system was achieved for resveratrol 
(Figure 4) [57].

Nanoemulsions from food-grade ingredients are being increasingly utilized to encapsulate 
biologically active lipids such as Omega-3 fatty acids, polyunsaturated fatty acids (PUFAs) 
[9]. Omega-3 fatty acid supplementation may be protective effect against cancer, cardiac 
death, sudden death, cognitive aging, asthma, inflammation and myocardial infarction. 
α-Linolenic acid (ALA), an Omega−3 fatty acid, is one of two essential fatty acids together 
with linoleic acid (Figure 4). ALA is necessary for health and cannot be synthesized within 
the human body.
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PIT, the surfactant molecules rapidly move from the oil phase into the aqueous phase just like 
the movement of water-miscible solvent in the spontaneous-emulsification method, which 
leads to the spontaneous formation of small oil droplets because of the increase in interfacial 
area and interfacial turbulent flow generated. For this reason, Anton et al. [51] proposed that 
he formation of nanoemulsions by the PIT method has a similar physicochemical basis to the 
spontaneous emulsification method.

This process is characterized by being simple, prevents the encapsulated drug being degraded 
during processing, consumes low amounts of energy, and allows an easy industrial scale-up [17].

3.2.5. Phase inversion composition method

PIC method is very close to PIT method, but here the optimum curvature of the surfactant 
is altered by changing the formulation of the system, rather than the temperature [51]. For 
example, an O/W emulsion can be phase inverted to a W/O emulsion by adding salt as in this 
case the packing parameter increased and becomes greater than unity (p > 1) due to the ability 
of the salt ions to screen the electrical charge on the surfactant head groups [52]. Alternatively, 
a W/O emulsion containing a high salt concentration can be phase inverted to O/W emulsion 
by dilution with water in order to reduce the ionic strength below some critical level. Another 
PIC method for preparation of nanoemulsions is to change the electrical charge and stability 
of emulsions by changing the pH. The carboxyl groups of fatty acids are uncharged at low 
pH (pH < pKa) and have a relatively high oil solubility (p > 1), so they could stabilize W/O 
emulsions, but at high pH, they become ionized so they become more water-soluble (p < 1) 
and stabilize O/W emulsions. Consequently, nanoemulsions can be formed by increasing the 
pH of a fatty acid-oil-water mixture from below to above the pKa value of the carboxyl groups 
[41, 52].

3.2.6. Emulsion inversion point

This method involves changing the composition of the system at a constant temperature. In 
order to create kinetically stable nanoemulsions, the structures are formed through a pro-
gressive dilution with water or oil [17]. In EIP methods, the change from W/O to O/W or 
vice versa needs a catastrophic-phase inversion, rather than a transitional-phase inversion 
as with the PIC or PIT methods [53]. A transitional-phase inversion occurs when the char-
acteristics of a surfactant are changed through adjusting one of the formulation variables, 
such as the temperature, pH, or ionic strength. A catastrophic-phase inversion occurs by 
changing the ratio of the oil-to-water phases while the surfactant properties remain constant. 
The emulsifiers used in catastrophic-phase inversion are usually limited to small molecule 
surfactants that can stabilize both W/O emulsions (at least over the short term) and O/W 
emulsions (over the long term) [9].

McClements and Rao [9] showed practically that increasing the amount of water in a W/O 
emulsion consisting of water droplets dispersed in oil with continuous stirring can cause the 
formation of additional water droplets within the oil phase at low amounts of added water; 
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however, once a critical water content is exceeded, the coalescence rate of water droplets 
exceeds the coalescence rate of oil droplets, and so phase inversion occurs from a W/O to an 
O/W system (Figure 3). Thus, the catastrophic-phase inversion is usually induced by either 
increasing (or decreasing) the volume fraction of the dispersed phase in an emulsion above 
(or below) some critical level.

The value of the critical concentration where phase inversion occurs, as well as the size of the 
oil droplets produced, depends on process variables, such as the stirring speed, the rate of 
water addition, and the emulsifier concentration [53].

4. Applications of nanoemulsions in food industry

Nanoemulsions have diverse applications such as drug delivery, pharmaceuticals, cosmetics, 
and food [5]. In this section, we focus on the applications of nanoemulsions in food indus-
try. Nanoemulsions have been used as a suitable form to improve the digestibility of food, 
bioavailability of active components, pharmacological activities of certain compounds, and 
solubilization of drugs. Some applications are listed below.

4.1. Nanoemulsions and encapsulation of lipophilic components

One of the most important applications of nanoemulsions in food industries is the encapsula-
tion of lipophilic components such as vitamins, flavors, and nutraceuticals [9]. Encapsulation 
is a useful tool to entrap a bioactive ingredient in a core or a fill within a carrier (coating, 
matrix, membrane, capsule, or shell) for improving the delivery of bioactive molecules within 
living cells [54].

This technology has many applications in food industry for masking the unpleasant taste 
or smell of some bioactive materials, increasing the bioavailability of some components, 
improving the stability of food ingredients, decreasing air-induced food degradation or 
decreasing the evaporation of food aroma [54]. One of the most interesting applications of 
encapsulation in food industry is probiotics. Probiotics are defined as microorganisms that 
provide health benefits when consumed in adequate amounts [55, 56]. Encapsulation of 
bioactive compounds in nanoemulsion-based delivery system was achieved for resveratrol 
(Figure 4) [57].

Nanoemulsions from food-grade ingredients are being increasingly utilized to encapsulate 
biologically active lipids such as Omega-3 fatty acids, polyunsaturated fatty acids (PUFAs) 
[9]. Omega-3 fatty acid supplementation may be protective effect against cancer, cardiac 
death, sudden death, cognitive aging, asthma, inflammation and myocardial infarction. 
α-Linolenic acid (ALA), an Omega−3 fatty acid, is one of two essential fatty acids together 
with linoleic acid (Figure 4). ALA is necessary for health and cannot be synthesized within 
the human body.
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4.2. Nanoemulsions to improve drug bioavailability and pharmacological effects

Low bioavailability of some naturally occurring active compounds hinders their efficient 
pharmacological activities. Nanoemulsions have been used as a suitable form to increase 
bioavailability of natural extracts. Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hep-
tadiene-3,5-dione (Figure 4), is a yellow-colored polyphenolic compound isolated from the 
rhizomes of turmeric (Curcuma  longa, family Zingiberaceae) [58]. Curcumin has been used 
as a natural coloring agent health benefits such as anticarcinogenic, antioxidant, anti-inflam-
matory, and antimicrobial [59]. Curcumin nanoemulsions showed significant inhibition of 
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflammation [60]. However, low bio-
availability hinders the efficiency of orally administrated curcumin. Flavored nanoemulsions 
have been prepared with improved curcumin digestibility compared to directly taken cur-
cumin [60, 61].

Additionally, nanoemulsion formulation of oil-soluble vitamins such as alpha-tocopherol 
enhanced their oral bioavailability and pharmacological effects [62, 63]. α-Tocopherol, a type 
of vitamin E, is mainly present in olive and sunflower oils (Figure 4). Vitamin E supplements 
have important antioxidant, anticancer as well as cardiovascular protective activities.

Figure 4. Applications of nanoemulsions-based delivery systems in food industry.
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Moreover, nanoemulsion preparations improved the bioavailability quercetin or methylquer-
cetin [64]. Quercetin, a polyphenol from the flavonoid group of, has been found in many 
fruits, vegetables, leaves, and grains (Figure 4). Quercetin supplements have been promoted 
as antioxidant and anticancer.

4.3. Nanoemulsions to improve digestibility characters

Food digestibility is a measure of how much of food is absorbed by the gastro-intestinal tract 
into the bloodstream. Nanoemulsions have been used as a suitable form to improve digest-
ibility characters of food and natural extracts.

β-Carotene is a red-orange pigment that is found in plants such as carrots and colorful veg-
etables. β-Carotene is a member of the carotenes, which are terpenoids (isoprenoids), bio-
synthesized from geranylgeranyl pyrophosphate (Figure 4). β-Carotene is the best-known 
provitamin A carotenoid. β-Carotene flavored nanoemulsion with improved digestibility has 
been applied [20, 33, 65].

4.4. Nanoemulsions to improve drug solubilization

Nanoemulsion formulation has been applied to increase the solubilization of phytosterols 
[66]. Phytosterols have been shown to lower the blood cholesterol, and therefore, they reduce 
the risk of coronary heart diseases. Among phytosterols, β-sitosterol has been isolated from 
many vegetables and fruits (Figure 4). Moreover, nanoemulsions formulas increased also the 
solubilization of lycopene [66]. Lycopene, a carotenoid pigment and phytochemical, has been 
found in tomatoes, other red fruits and vegetables (Figure 4). Lycopene has potential effects 
on prostate cancer and cardiovascular diseases.

5. Conclusion and future perspectives

Nanoemulsions have gained great attention and popularity during the last decade due to 
their exceptional properties such as high surface area, transparent appearance, robust sta-
bility, and tunable rheology. The most commonly known preparation approaches for nano-
emulsions include high-energy approaches such as high-pressure valve homogenization, 
microfluidizers and ultrasonic homogenization, and low energy methods such as spontane-
ous emulsification, phase inversion composition, phase inversion temperature and emulsion 
inversion point. There is little understanding of the possible industrial relevance of many 
of these approaches as the physics of nanoemulsion formation is still semi-empirical and 
rational scale-up procedure have not been widely explored. The interest in nano-emulsion 
preparation and application is growing, but few of the numerous ideas reported become com-
mercial final applications. Nanoemulsions are considered one of the most promising systems 
to improve solubility, bioavailability, and functionality of nonpolar active compounds. Food 
industry seeks to use these systems for the incorporation of the lipophilic functional com-
pounds for the development of innovative food products. The application of nanoemulsions 

Nanoemulsions in Food Industry
http://dx.doi.org/10.5772/intechopen.79447

45



4.2. Nanoemulsions to improve drug bioavailability and pharmacological effects

Low bioavailability of some naturally occurring active compounds hinders their efficient 
pharmacological activities. Nanoemulsions have been used as a suitable form to increase 
bioavailability of natural extracts. Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hep-
tadiene-3,5-dione (Figure 4), is a yellow-colored polyphenolic compound isolated from the 
rhizomes of turmeric (Curcuma  longa, family Zingiberaceae) [58]. Curcumin has been used 
as a natural coloring agent health benefits such as anticarcinogenic, antioxidant, anti-inflam-
matory, and antimicrobial [59]. Curcumin nanoemulsions showed significant inhibition of 
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflammation [60]. However, low bio-
availability hinders the efficiency of orally administrated curcumin. Flavored nanoemulsions 
have been prepared with improved curcumin digestibility compared to directly taken cur-
cumin [60, 61].

Additionally, nanoemulsion formulation of oil-soluble vitamins such as alpha-tocopherol 
enhanced their oral bioavailability and pharmacological effects [62, 63]. α-Tocopherol, a type 
of vitamin E, is mainly present in olive and sunflower oils (Figure 4). Vitamin E supplements 
have important antioxidant, anticancer as well as cardiovascular protective activities.

Figure 4. Applications of nanoemulsions-based delivery systems in food industry.
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Moreover, nanoemulsion preparations improved the bioavailability quercetin or methylquer-
cetin [64]. Quercetin, a polyphenol from the flavonoid group of, has been found in many 
fruits, vegetables, leaves, and grains (Figure 4). Quercetin supplements have been promoted 
as antioxidant and anticancer.

4.3. Nanoemulsions to improve digestibility characters

Food digestibility is a measure of how much of food is absorbed by the gastro-intestinal tract 
into the bloodstream. Nanoemulsions have been used as a suitable form to improve digest-
ibility characters of food and natural extracts.

β-Carotene is a red-orange pigment that is found in plants such as carrots and colorful veg-
etables. β-Carotene is a member of the carotenes, which are terpenoids (isoprenoids), bio-
synthesized from geranylgeranyl pyrophosphate (Figure 4). β-Carotene is the best-known 
provitamin A carotenoid. β-Carotene flavored nanoemulsion with improved digestibility has 
been applied [20, 33, 65].

4.4. Nanoemulsions to improve drug solubilization

Nanoemulsion formulation has been applied to increase the solubilization of phytosterols 
[66]. Phytosterols have been shown to lower the blood cholesterol, and therefore, they reduce 
the risk of coronary heart diseases. Among phytosterols, β-sitosterol has been isolated from 
many vegetables and fruits (Figure 4). Moreover, nanoemulsions formulas increased also the 
solubilization of lycopene [66]. Lycopene, a carotenoid pigment and phytochemical, has been 
found in tomatoes, other red fruits and vegetables (Figure 4). Lycopene has potential effects 
on prostate cancer and cardiovascular diseases.

5. Conclusion and future perspectives

Nanoemulsions have gained great attention and popularity during the last decade due to 
their exceptional properties such as high surface area, transparent appearance, robust sta-
bility, and tunable rheology. The most commonly known preparation approaches for nano-
emulsions include high-energy approaches such as high-pressure valve homogenization, 
microfluidizers and ultrasonic homogenization, and low energy methods such as spontane-
ous emulsification, phase inversion composition, phase inversion temperature and emulsion 
inversion point. There is little understanding of the possible industrial relevance of many 
of these approaches as the physics of nanoemulsion formation is still semi-empirical and 
rational scale-up procedure have not been widely explored. The interest in nano-emulsion 
preparation and application is growing, but few of the numerous ideas reported become com-
mercial final applications. Nanoemulsions are considered one of the most promising systems 
to improve solubility, bioavailability, and functionality of nonpolar active compounds. Food 
industry seeks to use these systems for the incorporation of the lipophilic functional com-
pounds for the development of innovative food products. The application of nanoemulsions 
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to food systems still poses challenges that need to be addressed both in terms of the production 
process, especially their cost, and of the characterization of both the resulting nanoemulsions 
and the food systems to which they will be applied in terms of product safety and acceptance.

Although nanoemulsions have potential advantages over conventional emulsions such as the 
preparation of transparent foods and beverages, their improved bioavailability, and physical 
stability. However, there are a number of regulatory aspects that should be overcome first to 
allow the wide applications of nanoemulsions.

First of all, most of the components used in formulation of nanoemulsions either in low-
energy or high-energy approaches are unsuitable for widespread utilization within the food 
industry such as synthetic surfactants, synthetic polymers, synthetic oils, or organic solvents. 
Thus, food-grade ingredients such as flavor oils, triglyceride oils, proteins, and polysac-
charides must be utilized in the formulation of food nanoemulsions as these ingredients are 
legally accepted, label-friendly and economically viable.

Second, in order to fabricate food-grade nanoemulsions on the industrial scale, suitable pro-
cessing operations should be employed to obtain economic and robust products. Accordingly, 
many of the identified approaches which were developed in the research laboratories are not 
suitable for industrial production especially the low-intensity approaches, which could not be 
yet investigated in industrial scale production. At present, the high-intensity approaches only 
are utilized for production of nanoemulsions in the food industry.

Finally, there are certain safety concerns associated with the utilization of very small lipid 
droplets in foods. For example, the route of absorption, the bioavailability or potential toxicity 
of a lipophilic component encapsulated within nanometer-sized lipid droplets are consider-
ably different from those dispersed within a bulk lipid phase. For these reasons, extensive 
studies are strongly needed in the area of nanoemulsion safety.
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to food systems still poses challenges that need to be addressed both in terms of the production 
process, especially their cost, and of the characterization of both the resulting nanoemulsions 
and the food systems to which they will be applied in terms of product safety and acceptance.

Although nanoemulsions have potential advantages over conventional emulsions such as the 
preparation of transparent foods and beverages, their improved bioavailability, and physical 
stability. However, there are a number of regulatory aspects that should be overcome first to 
allow the wide applications of nanoemulsions.

First of all, most of the components used in formulation of nanoemulsions either in low-
energy or high-energy approaches are unsuitable for widespread utilization within the food 
industry such as synthetic surfactants, synthetic polymers, synthetic oils, or organic solvents. 
Thus, food-grade ingredients such as flavor oils, triglyceride oils, proteins, and polysac-
charides must be utilized in the formulation of food nanoemulsions as these ingredients are 
legally accepted, label-friendly and economically viable.

Second, in order to fabricate food-grade nanoemulsions on the industrial scale, suitable pro-
cessing operations should be employed to obtain economic and robust products. Accordingly, 
many of the identified approaches which were developed in the research laboratories are not 
suitable for industrial production especially the low-intensity approaches, which could not be 
yet investigated in industrial scale production. At present, the high-intensity approaches only 
are utilized for production of nanoemulsions in the food industry.

Finally, there are certain safety concerns associated with the utilization of very small lipid 
droplets in foods. For example, the route of absorption, the bioavailability or potential toxicity 
of a lipophilic component encapsulated within nanometer-sized lipid droplets are consider-
ably different from those dispersed within a bulk lipid phase. For these reasons, extensive 
studies are strongly needed in the area of nanoemulsion safety.
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Abstract

Nanostructured colloids are materials with at least one dimension in the nanometer range
(<100 nm). Such materials find multiple and exciting applications in various areas of food
science, and can lead to development of new and innovative food products and ingredients.
Nanostructured colloids can be naturally present in food or they can be synthetically
manufactured and added during different stages of food production and packaging. The
building blocks of nanostructures in food consist of organic molecules (proteins, lipids,
saccharides), inorganics (metal and metal oxides, carbon-based materials, clays) and com-
bined organic and inorganic compounds. Some examples of nanostructured colloids natu-
rally occurring in food include fat globules in homogenized milk, casein micelles, β-
lactoglobulin fibers in milk. Synthetically manufactured colloids (artificial and engineered)
include nanoemulsions, nanomicelles, nanocapsules, nanofoams, nanoliposomes, nanogels,
nanofibers, metal and metal oxide nanoparticles. Synthetically manufactured nanostructures
are normally added in food to enhance solubility, improve bioavailability, protect the biolog-
ically active compounds from degradation, increase the shelf life, color, flavor, and add
nutritional value. Exciting fields of applications of nanostructured colloids in food science
comprise: functional food ingredients, food additives, food supplements, food packaging
and nanosensors.

Keywords: natural nanocolloids, artificial nanocolloids, engineered nanocolloids,
applications, safety

1. Introduction

Nanotechnology provides innovative means of controlling and structuring food. Recently,
nanotechnology has become an active research field in food science, especially related to the
development of functional foods with improved functionality and value. Nanostructured
colloids (nanocolloids) are nano-sized materials that can be inherently present in food, or they
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Abstract

Nanostructured colloids are materials with at least one dimension in the nanometer range
(<100 nm). Such materials find multiple and exciting applications in various areas of food
science, and can lead to development of new and innovative food products and ingredients.
Nanostructured colloids can be naturally present in food or they can be synthetically
manufactured and added during different stages of food production and packaging. The
building blocks of nanostructures in food consist of organic molecules (proteins, lipids,
saccharides), inorganics (metal and metal oxides, carbon-based materials, clays) and com-
bined organic and inorganic compounds. Some examples of nanostructured colloids natu-
rally occurring in food include fat globules in homogenized milk, casein micelles, β-
lactoglobulin fibers in milk. Synthetically manufactured colloids (artificial and engineered)
include nanoemulsions, nanomicelles, nanocapsules, nanofoams, nanoliposomes, nanogels,
nanofibers, metal and metal oxide nanoparticles. Synthetically manufactured nanostructures
are normally added in food to enhance solubility, improve bioavailability, protect the biolog-
ically active compounds from degradation, increase the shelf life, color, flavor, and add
nutritional value. Exciting fields of applications of nanostructured colloids in food science
comprise: functional food ingredients, food additives, food supplements, food packaging
and nanosensors.
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applications, safety
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can be formed because of food processing technologies such as milling, homogenization,
emulsification, electrospraying, spray-drying, supercritical CO2-based techniques, gelation,
foaming, etc. [1, 2].

According to the European Commission, “Nanomaterial” means a natural, incidental or
manufactured material containing particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50% or more of the particles in the number size distribution, one or
more external dimensions is in the size range of 1–100 nm. In specific cases and where
warranted by concerns for the environment, health, safety or competitiveness, the number size
distribution threshold of 50% may be replaced by a threshold between 1 and 50% [3].

Additionally, engineered nanomaterial means any intentionally produced material that has
one or more dimensions of the order of less than 100 nm, or that is composed of discrete
functional parts, either internally or at the surface, many of which have one or more dimen-
sions of the order of 100 nm or less, including structures, agglomerates or aggregates, which
may have a size above the order of 100 nm but retain properties that are characteristic of the
nanoscale. Properties characteristic of the nanoscale include: (i) those related to the large
specific surface area of the materials considered; and/or (ii) specific physicochemical properties
that are different from those of the non-nanoform of the same material [3].

Two approaches are commonly encountered in food science and industry to produce nano-
sized particles: the so-called ‘bottom-up’ and ‘top-down’ approaches. The ‘bottom-up’
approach is related to the ability of molecules to self-assemble; it is a method based on atomic
and molecular manipulation. Self-assembly is characteristic for the formation of naturally
occurring nanostructures in foods. The ‘top-down’ approach leads to particle size reduction
down to the nanometer range during physical processing of breaking-up bulk materials such
as milling, homogenization, emulsification, and nanolithography [1, 4, 5].

Molecular self-assembly at the nanometer scale can be achieved by non-covalent interactions.
The self-assembly of nanostructured food components is thermodynamically driven by non-
covalent interactions such as van der Waals interactions, hydrogen bonds, electrostatic inter-
actions, Coulomb interactions, coordinate bonding, or hydrophobic interactions. Proteins,
peptides, lipids and polysaccharides have the ability to self-assemble into different types of
nanostructures such as self-assembly of casein micelles, folding of globular proteins, formation
of protein nanofibers, and formation of starch [6].

The ‘top-down’ approach most commonly includes dry milling, high-pressure homogeniza-
tion, and ultrasound emulsification. In milling, mechanical energy is applied to break-up the
particles and reduce their size to the nanometer range. Dry milling can be applied to reduce the
size of wheat flour and increase thus its water-binding capacity. Also, applying dry milling to
reduce the size of green tea particles resulted in increased oxygen-eliminating enzyme activity
[5]. High-pressure homogenization or microfluidization converts high fluid pressure into shear
forces, leading to uniform particle size reduction and formation of nanostructures. The tech-
nique is normally used in dairy sector for size reduction of fat globules which is useful to
increase the stability of emulsions. Microfluidization results in size reduction and emulsion
formation, leading to improved texture and aspect. It is applied for obtaining fillings and
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icings, salad dressings, yoghurts, syrups, flavored oil emulsions, creams, drinks [4, 5, 7].
Ultrasound emulsification is also used to prepare stable oil and water emulsions making use
of high intensity ultrasound waves.

2. Types of nanostructured colloids in food science

2.1. Naturally occurring nanocolloids in food

In many cases, food products naturally contain ingredients in the nanometer range, which are
different from the synthetically manufactured ones. There is a large variety of naturally occur-
ring food structures that fall within the nanometer range at least in one dimension. Such
nanostructures result from the self-assembly of the biological molecules through non-covalent
interactions. The nanostructures can result from the arrangement of proteins, lipids, polysac-
charides as-such, or in combinations, even combinations with small ligands. Also, most poly-
saccharides and lipids in food form linear polymeric chains less than 1 nm thick. Milk contains
many naturally occurring nanostructures; during milk homogenization, lipid vesicles of
around 100 nm are formed. Proteins in food are globular structures with size between 10 nm
and hundreds of nm.

Some particular examples of commonly encountered protein nanostructures include: the
casein molecule, β-lactoglobulin, bovine serum albumin, α-lactalbumin, lactoferrins (all pre-
sent in milk), and lysozyme, ovalbumin, avidin (all present in egg white) [5, 8]. Most of the
proteins of vegetal and animal origin are globular proteins, with few exceptions such as casein
which forms micelles. Globular proteins such as whey proteins from milk have the ability to
form particles with sizes of 40 nm.

Caseins belong to a family of phosphoprotein nanostructures present in milk that self-assemble
into micellar granular structures which are suspended in the aqueous phase of milk. Ninety-
five % of the caseins naturally self-assemble into micelles with 50–500 nm diameter [8, 9]. There
are four varieties of caseins present in the mammalian milk: casein αs1, αs2, β, and κ [5, 10].
Casein accounts for 80% of the proteins in the cow’s milk and 20–45% of the proteins in the
human milk [11]. The casein micelle is stabilized by calcium-phosphate bonds. The high phos-
phate content of casein micelles allows it to associate with calcium and to form calcium phos-
phate salts. The high phosphate content of milk allows it to contain much more calcium than
would be possible if all the calcium were dissolved in solution, thus casein proteins provide a
good source of calcium for milk consumers. Thus, this type of colloidal micelles significantly
increase the bioavailability of the calcium and phosphate ions [12]. Moreover, the casein micelles
are important in milk digestion in the stomach and intestine, and constitute the basis for many of
the milk products, being the major component of cheese (cheese is obtained by coagulation of
casein). Casein is also used as food additive.

β-Lactoglobulin is the major whey protein in mammalian milk, except the human milk. The
β-lactoglobulin monomer is a 3.6 nm long nanofiber which consists of a 162 amino acid
sequence, and a molecular weight of 18.4 kDa. Depending on the pH, β-lactoglobulin can exist
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peptides, lipids and polysaccharides have the ability to self-assemble into different types of
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particles and reduce their size to the nanometer range. Dry milling can be applied to reduce the
size of wheat flour and increase thus its water-binding capacity. Also, applying dry milling to
reduce the size of green tea particles resulted in increased oxygen-eliminating enzyme activity
[5]. High-pressure homogenization or microfluidization converts high fluid pressure into shear
forces, leading to uniform particle size reduction and formation of nanostructures. The tech-
nique is normally used in dairy sector for size reduction of fat globules which is useful to
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icings, salad dressings, yoghurts, syrups, flavored oil emulsions, creams, drinks [4, 5, 7].
Ultrasound emulsification is also used to prepare stable oil and water emulsions making use
of high intensity ultrasound waves.

2. Types of nanostructured colloids in food science

2.1. Naturally occurring nanocolloids in food

In many cases, food products naturally contain ingredients in the nanometer range, which are
different from the synthetically manufactured ones. There is a large variety of naturally occur-
ring food structures that fall within the nanometer range at least in one dimension. Such
nanostructures result from the self-assembly of the biological molecules through non-covalent
interactions. The nanostructures can result from the arrangement of proteins, lipids, polysac-
charides as-such, or in combinations, even combinations with small ligands. Also, most poly-
saccharides and lipids in food form linear polymeric chains less than 1 nm thick. Milk contains
many naturally occurring nanostructures; during milk homogenization, lipid vesicles of
around 100 nm are formed. Proteins in food are globular structures with size between 10 nm
and hundreds of nm.

Some particular examples of commonly encountered protein nanostructures include: the
casein molecule, β-lactoglobulin, bovine serum albumin, α-lactalbumin, lactoferrins (all pre-
sent in milk), and lysozyme, ovalbumin, avidin (all present in egg white) [5, 8]. Most of the
proteins of vegetal and animal origin are globular proteins, with few exceptions such as casein
which forms micelles. Globular proteins such as whey proteins from milk have the ability to
form particles with sizes of 40 nm.

Caseins belong to a family of phosphoprotein nanostructures present in milk that self-assemble
into micellar granular structures which are suspended in the aqueous phase of milk. Ninety-
five % of the caseins naturally self-assemble into micelles with 50–500 nm diameter [8, 9]. There
are four varieties of caseins present in the mammalian milk: casein αs1, αs2, β, and κ [5, 10].
Casein accounts for 80% of the proteins in the cow’s milk and 20–45% of the proteins in the
human milk [11]. The casein micelle is stabilized by calcium-phosphate bonds. The high phos-
phate content of casein micelles allows it to associate with calcium and to form calcium phos-
phate salts. The high phosphate content of milk allows it to contain much more calcium than
would be possible if all the calcium were dissolved in solution, thus casein proteins provide a
good source of calcium for milk consumers. Thus, this type of colloidal micelles significantly
increase the bioavailability of the calcium and phosphate ions [12]. Moreover, the casein micelles
are important in milk digestion in the stomach and intestine, and constitute the basis for many of
the milk products, being the major component of cheese (cheese is obtained by coagulation of
casein). Casein is also used as food additive.

β-Lactoglobulin is the major whey protein in mammalian milk, except the human milk. The
β-lactoglobulin monomer is a 3.6 nm long nanofiber which consists of a 162 amino acid
sequence, and a molecular weight of 18.4 kDa. Depending on the pH, β-lactoglobulin can exist
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as slightly different structures such as dimmers, monomers, tetramers. The exact role of β-
lactoglobulin has not yet been clearly established. It is believed to be involved in the transport
of molecules due to its capacity to bind hydrophobic molecules and iron [5, 13].

α-lactalbumin is a 123 amino acid residue milk protein, with 2.01 nm radius, 14.2 kDa molecular
weight and an isoelectric point between 4.2 and 4.5. α-Lactalbumin is a component of lactose-
synthase, the enzyme responsible for lactose synthesis in mammalian milk, so it has a key role in
regulating lactose production in milk. It has been proved that some folding variants of α-
lactalbumin have bactericidal activity and some of them cause apoptosis of tumor cell [12, 14].

Lactoferrin is a 689 amino acid iron-binding protein with 3.6 nm radius, 82.4 kDa molecular
weight and 8.7 isoelectric point. Lactoferrin has antibacterial and antifungal activity, it plays a
role in iron adsorption, and studies have shown that lactoferrin is involved in the immune
system responses [5, 15]. Human colostrum has the highest lactoferrin content, providing
protective and antibacterial activity to infants. Lactoferrin normally complexes with other milk
components such as casein, β-lactoglobulin, DNA, polysaccharides, and some of its biological
activity is due its complexated forms [15].

Lysozyme (C-type) is a 129 amino acids globular antibacterial protein found in egg white, with
a diameter of about 4.2 nm. C-type lysozyme is related to α-lactalbumin regarding the
sequence structure [16].

Ovalbumin is the main protein in egg white, accounting for 55% of its protein content. It is a
385 amino acids sequence with 42.7 kDa molecular weight and 6.1 nm diameter [5, 17].

Lipid based nanocolloids naturally occurring in food are represented by lipoproteins in egg yolk,
oleosomes found in plant seeds, fat globules in milk. The lipid nanostructures in food are nor-
mally composed of a hydrophobic core (triacylglycerols, glycerols, esterified fatty acids), surrou-
nded by other phospholipids or proteins. The lipoproteins present in egg yolk form spherical
structures with 15–60 nm diameter. The oleosomes are specialized lipid-based organelles in plant
seeds, 0.1–10 μm in diameter, used for energy storage and for preventing fats from oxidation
during germination. They are good vitamin reservoirs, being composed of a vitamin and
triacylglycerol-rich core, surrounded by a phospholipid layer and protein layer [18].

2.2. Artificial nanocolloids in food

The term artificial refers to synthetically manufactured organic structures to produce colloidal
particles on the nanoscale. There is huge interest towards designing nano- and microstructures
for the food industry sector, since bioactive molecules can be encapsulated in such nanostr-
uctures. In many situations, encapsulation offers significant advantages, such as enhancing the
stability and solubility of bioactive compounds (e.g. carotenoids), improving bioavailability (e.g.
carotenoids, vitamins, minerals), protecting nutrients and bioactive compounds from degrada-
tion during manufacturing and storage, facilitating controlled release, masking unpleasant taste
during eating (e.g. fish oil, polyphenols) [19].

Artificial organic colloidal nanostructures are most often synthesized from proteins, polysac-
charides, and lipid molecules. Artificial organic nanostructures can be build-up of one type of
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molecule only, or, alternatively they can be combinations of different molecules. Commonly
encountered artificial nanocolloids include nanoemulsions, nanomicelles, nanocapsules,
nanofoams, nanoliposomes, nanogels, and nanofibers. The development of such structures
has impact on the stability, protection, delivery, and bioavailability of bioactive molecules.

2.2.1. Nanoemulsions

Nanoemulsions are dispersions of at least two immiscible liquids, usually oil-in-water disper-
sions with mean diameters of 10–100 nm. Basically, they are fine dispersions of droplets of one
liquid in another one in which the first is not soluble (usually defined as the oil phase and
aqueous phase). Compared to conventional emulsions, nanoemulsions offer significant advan-
tages for certain applications. First, nanoemulsions are much more stable compared to tradi-
tional emulsions, due to the small particle size [4, 20, 21]. They have higher stability towards
particle aggregation and gravitational separation. In addition, nanoemulsions are used to
increase solubility and bioavailability of bioactive hydrophobic molecules, especially caroten-
oids (lutein, lycopene, β-carotene), polyphenols (resveratrol), vitamins (A, D, E3), enzymes (co-
enzyme Q10), fatty acids (omega-3 fatty acids). Also, compared to traditional emulsions, the
very small particle size of nanoemulsions, which can be smaller than the wavelength of light,
only scatters light weakly. This does not alter the appearance of the food in which they are
incorporated. So, they can be incorporated into optically transparent foods and beverages
without affecting their clarity. Nanoemulsions can be prepared by high-pressure homogeniza-
tion or ultrasound-assisted homogenization.

2.2.2. Nanoliposomes

Nanoliposomes are spherical bilayered vesicles made of amphiphilic molecules, such as phos-
pholipids (e.g. lecithin, cholesterol). The molecules are arranged in two concentric circles, such
that the hydrophilic end of the outer layer is exposed to the outer environment, while the inner
hydrophilic end makes the hydrophilic core. The hydrophobic tails are in between the two
hydrophilic layers. Their size varies between 20 and 400 nm usually. Liposomes can encapsu-
late both hydrophobic and hydrophilic molecules: hydrophobic molecules are encapsulated in
the hydrophobic tail regions, while water soluble molecules are encapsulated in the hydro-
philic core [4, 21].

2.2.3. Nanomicelles

Nanomicelles are spherical monolayered vesicles made of amphiphilic molecules. In a biolog-
ical system, the molecules tend to arrange themselves in such a manner that the inner core is
hydrophobic and the outer end is hydrophilic in nature. Thus, they can be used for encapsula-
tion of hydrophobic molecules. Nanomicelles size varies in the range 5–100 nm.

2.2.4. Polymeric nanocapsules

Polymeric nanocapsules are synthetic colloidal nanostructures obtained from different natural
or synthetic biocompatible polymers, with the final goal of encapsulating bioactive com-
pounds. Most common polymers are poly lactic acid, poly-ε-caprolactone, poly-lactide-co-
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only scatters light weakly. This does not alter the appearance of the food in which they are
incorporated. So, they can be incorporated into optically transparent foods and beverages
without affecting their clarity. Nanoemulsions can be prepared by high-pressure homogeniza-
tion or ultrasound-assisted homogenization.
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pholipids (e.g. lecithin, cholesterol). The molecules are arranged in two concentric circles, such
that the hydrophilic end of the outer layer is exposed to the outer environment, while the inner
hydrophilic end makes the hydrophilic core. The hydrophobic tails are in between the two
hydrophilic layers. Their size varies between 20 and 400 nm usually. Liposomes can encapsu-
late both hydrophobic and hydrophilic molecules: hydrophobic molecules are encapsulated in
the hydrophobic tail regions, while water soluble molecules are encapsulated in the hydro-
philic core [4, 21].

2.2.3. Nanomicelles

Nanomicelles are spherical monolayered vesicles made of amphiphilic molecules. In a biolog-
ical system, the molecules tend to arrange themselves in such a manner that the inner core is
hydrophobic and the outer end is hydrophilic in nature. Thus, they can be used for encapsula-
tion of hydrophobic molecules. Nanomicelles size varies in the range 5–100 nm.

2.2.4. Polymeric nanocapsules

Polymeric nanocapsules are synthetic colloidal nanostructures obtained from different natural
or synthetic biocompatible polymers, with the final goal of encapsulating bioactive com-
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glycolide, natural polysaccharides (chitosan, Xanthan gum, Arabic gum), whey protein, etc.
[22]. Nanocapsules are synthetic vesicles in which the bioactive compounds of interest, solubi-
lized in an aqueous or oil core are covered by a polymeric shell. Polymeric nanocapsules can be
build-up of single or multilayered polymeric walls, such as for example the polyelectrolyte
multilayer capsules made of alternating layers of positively and negatively charged polymers.
The bioactive compounds are normally encapsulated within the nanocapsule’s core. Examples
of molecules that can be encapsulated in polymeric nanostructures are the carotenoids lutein,
lycopene, β-carotene, bixin, but also quercetin, α-tocopherol, vitamin B12, turmeric oil, lemon-
grass oil, cinnamon oil, etc. [22].

2.3. Engineered food nanocolloids

Engineered food nanocolloids mainly refer to synthetic metal and metal oxide nanoparticles.
According to the European Commission, these nanoparticles are attracting great interest
because they are increasingly used through sunscreen creams or other cosmetics, paints,
plastics, dyes, food, medicines. Commonly used engineered colloidal systems in food indus-
try include silver nanoparticles (AgNPs), titanium dioxide nanoparticles (TiO2-NPs), zinc
oxide nanoparticles (ZnO-NPs), silicon dioxide nanoparticles (SiO2-NPs), nickel oxide
nanoparticles (NiO-NPs), copper oxide nanoparticles (CuO-NPs), tin oxide nanoparticles
(SnO2-NPs), chromium oxide nanoparticles (Cr2O3-NPs), or composites between such
nanoparticles [23]. A more complete list containing nanomaterials currently used in the
European Union is presented in Table 1, based on an inventory of the European Food Safety
Authority (EFSA) [3].

Naturally occurring nanomaterials Nisin Proteins Casein

Cellulose Green tea Lysozyme

Starch Enzymes Zeolites

Nanodroplets Nanolipids Nanosalts

Artificial nanomaterials Nanocapsules (liposomes, micelles, nanocapsules, nanoemulsions)

Engineered nanomaterials Silver Copper Nickel

Titanium dioxide Fullerenes Cerium oxide

Nanocomposites Selenium Aluminum

Zinc oxide Calcium Aluminum oxide

Clays Calcium carbonate Carbon black

Synthetic amorphous Silica Calcium silicate Organic Pigments

Carbon nanotubes Calcium phosphate Platinum

Silicon dioxide Copper oxide Sulfur

Gold Chromium Amorphous Na-Al silicate

Iron Lead Titanium nitride

Table 1. Nanomaterials in the agricultural, food and feed sector, as reported by an EFSA inventory [3].
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Even if there is great potential for applications of such colloidal nanostructures in food indus-
try, this class of structures is also related to potential food safety implications, health and
environmental hazards. There is currently a continuous debate in this regard. The health
hazards related to human exposure to such engineered nanostructures is due to the fact that
their accumulation in tissues and cells is not entirely understood, and there is a fear of long
term systemic toxicity. Environmental concerns are closely related to the fact that hundreds of
tons of nanoparticles end up annually into the environment and further into the food chain.
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Gold Chromium Amorphous Na-Al silicate

Iron Lead Titanium nitride

Table 1. Nanomaterials in the agricultural, food and feed sector, as reported by an EFSA inventory [3].
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According to a report of EFSA [3], AgNPs and TiO2-NPs are most used nanomaterials, with
food additives and food contact materials being the most encountered applications. Some of
the common potential fields of application of nanostructures and nanotechnology in food
science and agriculture sectors are highlighted in Figure 1.

3.1. Sensing

Lately, there is an increasing number of sensing devices with applications in the food analysis
sector, especially food quality control. Such devices are mainly based on colloidal metal oxide
nanoparticles. They can mainly detect unwanted gases and volatile organic compounds that
are produced in food products due to their spoilage. The working principle of such sensors is
based on the interaction between the gas molecules and the colloidal metal oxide particles,
which generates the change of a physical parameter in the transduction mechanism, making it
possible to identify and in some situations to quantify the unwanted gas molecules. The
colloidal metal oxide nanoparticle sensors can be independent devices used for food quality
monitoring or they can be incorporated in intelligent packaging systems (see Section 3.3).

Some examples include sensors for the detection of trimethylamine, dimethylamine and
ammonia, which are gas molecules naturally formed during biodegradation of plants, fish
and animal tissues. Their presence is directly related to the degree of freshness of the fish and
seafood products. Different metal oxide nanoparticle sensors have been reported for the
detection of trimethylamine such as TiO2-NPs, Au-WO3-NPs, ZnO-Cr2O3-NPs, Cr2O3-SnO2-
NPs [23, 24]. For dimethylamine detection different formulations of ZnO-NPs have been
reported. Besides being used for detection of fish meat freshness, detection of ammonia is also
useful to give information about spoilage of other meat products.

3.2. Encapsulation and functional foods

Incorporation of several bioactive molecules in various food systems is limited by their poor
water solubility and instability in presence of light, heat, and oxygen. As mentioned above,
bioactive food compounds can be encapsulated by inclusion in different nano-sized structures,
such as nanoemulsions, nanomicelles, nanoliposomes, nanocapsules. Vitamins, probiotics,
fatty acids, lipids, antioxidants, preservatives, proteins, enzymes, peptides have been incorpo-
rated in several nanocapsule-based systems.

To summarize, the main objectives of encapsulation are:

• to enhance the solubility (e.g. coloring agents, antioxidants);

• to improve the bioavailability of the compounds, meaning the amount of bioactive com-
pound which is absorbed by the human body (antioxidants, vitamins, minerals, enzymes);

• to improve stability and shelf life;

• to protect bioactive molecules and micronutrients during manufacture, storage, retail;

• to allow controlled release of bioactive molecules and drugs (only at desired target organs,
only in particular parts of the gastrointestinal tract; e.g. pH-driven release, light-driven
release).
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As particular example, enzymes are a very important class of bioactive molecules for which
colloidal nanoencapsulation can bring advances regarding improvement of their stability,
activity, avoiding of denaturation, improving absorption in the gastro-intestinal tract.
Enzymes would benefit delivery through functional foods and supplements, but since they
are susceptible to denaturation, encapsulation is one was to overcome the problem. Food-
grade colloidal enzyme delivery nanocapsules are normally composed of lipids, proteins,
polysaccharides (starch, carrageenan, etc.), and encapsulating structures include colloidal
nanoemulsions, solid-lipid nanoparticles, liposomes, gels [25].

Micelles and liposomes are used as encapsulating and carrier structures for different hydro-
phobic molecules such as essential oils, flavors, antioxidants (polyphenols, carotenoids, coen-
zyme Q10), vitamins, minerals, proteins, nutrients, nutraceuticals [4, 21].

Nanoemulsions find applications in the production of table spreads and yoghurts, flavored
oils, personalized beverages, sweeteners, fortification of milk with vitamins, minerals, antiox-
idants [4, 5].

Nanoliposomes in food were reported as vesicles for encapsulation of antioxidants, fatty acids,
oils. Stable nanoliposomes made of ω-3 and ω-6 fatty acids, tocopherol and vitamin C encap-
sulated in soy phosphatidylcholine were studied as functional ingredients in acidic foods, such
as the orange juice [26].

Nanocapsules can be incorporated in interactive foods and drinks which can release flavors,
aromas, colors by breaking up at certain pH values or at certain infrared frequencies. Breaking
up causes delivery and release of the content. One such example of colloidal polymeric
nanocapsules is the light-responsive polyelectrolyte capsules containing gold nanoparticles as
light responsive nanomaterial [27]. These colloidal nanocapsules are formed by alternating
layers of positively and negatively charged, biocompatible polymers, hold together by electro-
static interactions. The bioactive molecules are encapsulated into the nanocapsules core, while
the optically addressable colloidal AuNPs are embedded within the nanocapsule walls. The
AuNPs within the capsule walls absorb light in the near infrared region, where most tissues
show only weak absorption; the laser energy is then efficiently transformed into heat, being
possible to open the capsules and achieve laser-induced release of the encapsulated molecules,
with minimal damage of the surrounding tissues and of the bioactive molecules. There is
currently a lot of effort being put into developing this type of light-responsive systems. One
potential application could be the encapsulation of antioxidants such as carotenoids and their
efficient delivery to retina cells—to be used as food supplements and to prevent and treat age-
dependent macular degeneration.

3.3. Food packaging and antimicrobials

Lately, several innovative food packaging materials based on colloidal nanoparticles have been
developed. Nano-packaging is a new generation of food packaging technology which repre-
sents a radical alternative to the conventional food packaging. Basically, nanomaterials are
incorporated in the polymer matrix to offer mechanical strength or to function as a barrier
against gases, volatile components (e.g. flavors) or moisture. Widely used colloidal
nanostructures in food packaging include colloidal AgNPs, ZnO-NPs, TiO2-NPs, mostly used
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for antimicrobial activity and ultraviolet protection, also nanoclays used to develop materials
with enhanced gas-barrier properties, colloidal Silica nanoparticles used for surface coating of
packaging materials. Titanium nitride in the nanoparticle form is authorized in the EU for use
as additive or polymer production aid in plastic food contact materials (EU Regulation 1183/
2012) [28].

The concept of active packaging, e.g. antimicrobial packaging involving incorporation of
nanoparticles with antibacterial and antioxidant properties (AgNPs, ZnO-NPs, MgO-NPs,
TiO2-NPs) into the food package has attracted increasing interest due to its potential huge
impact in the food safety sector [29]. An active packaging system involves interaction between
the packaging material and the food to provide desirable effects, such as microbial safety,
extended shelf life of foods. For example, colloidal AgNPs have been for long known to be
effective antibacterials. They are reported by several authors [30, 31] to be incorporated in
antibacterial coatings, efficient against different fungi, gram positive and gram-negative path-
ogens such as Escherichia coli, Staphylococcus aureus, Aspergillus niger, Penicillium funiculosum,
Chaetomium globosum, Aspergillus terreus, and Aureobasidium pullulans.

Other nanocolloidal systems (e.g. TiO2-NPs, SiO2-NPs, nanoclays) can ensure good food pres-
ervation by blocking the UV radiation, improving mechanical and heat-resistance properties,
reducing the permeability of foils, deodorizing, antimicrobials [32]. Colloidal TiO2-NPs are UV
blocking agents, used as filler particles in foils, food packaging, plastic containers. Nanoclays
are among the first polymer nanostructures to emerge on the market as improved materials for
food packaging [33]. Clays are one of the oldest and most important types of available
colloidal materials. Nanoclay based food packaging increases the shelf life of oxygen sensitive
foods by increasing the water and gas barrier of the polymer material. Uses have been reported
for manufacturing of bottles for beers and carbonated drinks [33]. Nanoclays have been also
reported to improve mechanical properties, thermal stability and fire resistance of polyethyl-
ene, polypropylene, nylon, poly(e-caprolactone), polyethylene terephthalate polymers.

The possibility to improve the performances of polymers for food packaging by adding
nanoparticles has led to the development of a variety of polymer nanomaterials. Polymers
with nanofillers, e.g. polymer nanocomposites, are created by dispersing an inert, nanofiller
into a polymeric matrix. Filler materials can include nanoclays as mentioned above, SiO2-NPs,
carbon nanotubes, starch nanocrystals, cellulose-based nanofibers, chitin and chitosan
nanoparticles [29, 32]. Compared to conventional polymers, polymer nanocomposites show
improved packaging properties by having better mechanical resistance, flame resistance, and
better thermal properties (e.g. melting points, degradation and glass transition temperatures).
Polymer nanocomposites can improve quality of meat and meat products by reducing mois-
ture loss, reducing lipid peroxidation, improving thus the appearance of the products by
maintaining the flavors, color, and texture.

Very recent work in the field of nanocomposites and antimicrobial packaging reports on the
use of polyvinyl alcohol/nanocellulose/Ag nanocomposite films with antibacterial activity
against Staphylococcus aureus and Escherichia coli [34]. Other advances report the development
of nanocomposite gelatin based antifungal films efficient against Aspergillus niger [35, 36]. For
the gelatin-based nanocomposite preparation either chitin nanofibers and ZnO-NPs, or chitin
nanofibers and corn oil were used.
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Intelligent packaging involves incorporation of nanosensors into food packaging to improve
detection and tracking of the physicochemical changes in food during storage and transport. It
gives information based on its ability to detect changes in the product’s environment [29].

Despite tremendous advances in applying nanostructures in food packaging, there is continuous
debate regarding the potential diffusion in time of nano-sized materials from food packaging
into the packaged food and this is a topic that requires further and careful investigation [37].

3.4. Food additives

3.4.1. Titanium dioxide (TiO2)

TiO2 is a food coloring agent approved by EFSA, known as E171. It is used as whitener and
colorant. It is also used as a food additive and flavor enhancer in a variety of non-white foods,
including dried vegetables, nuts, seeds, soups, and mustard, as well as beer and wine. E171
contains TiO2 particles, partially in the nanometer size. The average particle size is 200–
300 nm, part of this bulk material may contain a fraction of particles with sizes <100 nm. A
recent study showed that 5–36% of the TiO2 in food products is in the nano-size range [38].
Colloidal TiO2 can be found in products such as candies, sweets, chewing gum, toothpaste,
nutritional supplements, sunscreen protection products [39].

Other metals in the form of colloidal nano-sized particles are available as food or health supple-
ments. These include selenium nanoparticles [40], calcium nanoparticles, iron nanoparticles, and
colloidal suspensions of metal particles, e.g. cobalt nanoparticles, gold nanoparticles, platinum
nanoparticles, silver nanoparticles, molybdenum nanoparticles, paladium nanoparticles, tita-
nium nanoparticles, and zinc nanoparticles.

Extensive use of TiO2 has been, in some studies linked with adverse health effects. The Europ-
ean Chemicals Agency has concluded that titanium dioxide may cause cancer if inhaled [41].
In their study on mice, Rizk et al. [42] found that some biochemical parameters and the liver
structure were influenced by colloidal TiO2-NPs in a dose-dependent manner. There is contin-
uous debate and further studies are needed to elucidate all the safety aspects of TiO2 in its
nano- and non-nanoforms on pharmaceutical and food applications. In September 2016, EFSA
published an opinion on the re-evaluation of E171, based on a detailed literature review on
TiO2 nanoparticles. It was concluded that current exposure of consumers to E171 related to its
use in foodstuffs is not likely to constitute a health risk, but that it was not possible to establish
an acceptable daily intake [43].

3.4.2. Zinc oxide (ZnO)

Zinc oxide nanoparticles (ZnO-NPs) are used in some food contact materials such as polypro-
pylene and polyethylene. ZnO is used as a transparent ultraviolet light absorber in un-
plasticized polymers at up to 2% by weight [44]. It is added as nanopowder in the formulations
and thus colloidal nanoparticles are present in the final polymer. It absorbs UV light without
re-emitting it as heat, improving thus the stability of the polymers. It is also used in nutritional
supplements, for example vitamins [39].
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There are several in vitro studies demonstrating some degree of toxicity of ZnO-NPs. A study
on RKO human colon carcinoma cells found that the toxicity is not related to the colloidal
ZnO-NPs concentration, but to the direct particle-cell contact [45]. In vivo studies have shown
that ZnO in the nanometer form tends to accumulate in liver, spleen, kidney tissues in higher
amounts compared to the micrometer ZnO particles. EFSA has performed a safety assessment
study of ZnO-NPs used in food contact materials [44]. Considering previous knowledge on the
nanoparticles diffusion in polymers and the solubility characteristics of the ZnO-NPs, it was
concluded that ZnO-NPs do not migrate and the focus should be on the migration of soluble
ionic Zn, which complies with the current specific migration limit.

3.4.3. Silicon dioxide (SiO2)

Silicon dioxide (SiO2) is a licensed food additive (E551), used as anticaking agent. It is one of the
most important caking agents, present in many powdered food items, chewing gums, cheese,
seasonings, cooking salt [3]. It is also used for clearing of beverages. E551contains primary
particles, aggregates and agglomerates, and partially it contains SiO2 in the nanometer range,
with sizes <100 nm.

3.5. Agriculture and animal feed

Nanostructured colloidal materials have been reported to have contributions in the delivery of
agro-chemicals such as pesticides and herbicides through, for example controlled delivery
systems based on encapsulation. Such systems can decrease the amounts of sprayed chemicals
by more efficient delivery of bioactive compounds. Different nanostructured delivery systems
could be applied to store, protect, deliver, release of pesticides, nutrients, fertilizers [5]. Some
formulations of nanocapsules with pesticides and herbicides have been reported. Some com-
panies have produced nanosuspensions and nanoemulsions containing water or oil soluble
pesticides and herbicides. Nanocapsules can also be used for the delivery of DNA and
chemicals to plant tissues, with the final goal of ensuring protection against several pests and
diseases [5].

Additionally, uses of colloidal nanostructures in agriculture have been reported for wastewater
treatment, disinfectants (AgNPs mainly), sensors for detection of pesticides, fertilizers, herbi-
cides, pathogens, aflatoxins, soil pH and moisture, etc. The efficiency of colloidal AgNPs and
colloidal gold nanoparticles (AuNPs) as larvicide against Aedes aegyptiwas reported [46]. AgNPs
were also found to be effective against powdery mildew in cucumber and pumpkin, under
different cultivation conditions in vitro and in vivo [47]. Powdery mildew is one of the most
devastating diseases in cucurbits, which can lead to serious crop yield decrease. Colloidal AgNPs
have been studied also as an alternative for the antibiotics used in the poultry production [48].

Colloidal nano-sized minerals, vitamin or other additives could equally be used for animal
feed, to ensure improved delivery of veterinary drugs and to improve availability and quality
of nutrients in feed.
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3.6. Some examples of commercial nanofood products

Many food companies are investigating or already employing nanocolloids to change the
structure of food and drinks. Examples include the interactive foods and drinks containing
colloidal nanocapsules that can change color and flavor, spreads and ice creams with nanopar-
ticle emulsions that improve food texture [49]. In the following, some examples of commercial
nanofood products existing on the market will be provided.

Nanotea [50] is a colloidal formulation containing nano-selenium in concentration of 3–5 ppm,
prepared using nanotechnology. The nanotea can release effectively all the excellent essences of
the tea, being a good selenium supplement (10-fold increase).

Nanoceuticals™ Slim Shake Chocolate [51] is a slimming product containing Cocoa
nanoclusters reported to enhance the taste benefits of the product.

Canola Active Oil [52] produced by Shemen Industries, Israel, is a product obtained by the
nano-sized self-assembled structured liquids (NSSL) technique, giving compressed micelles,
called nanodrops. These micelles act as liquid carriers, allowing encapsulation of different
bioactive components (vitamins, minerals, phytosterols). The micelles are added to the food
products for improving bioavailability of the bioactives, being able to pass through the diges-
tive system effectively, without breaking up, and thus effectively reaching the absorption site.

Hydracel [53] is a food supplement containing nanocolloidal minerals, made of water, silicon,
magnesium sulfate, potassium carbonate, potassium hydroxide, sunflower oil, reported to
improve the cell life cycle.

Nano calcium [54] is a food supplement containing calcium in the nanoparticle colloidal form,
reported to enhance and fasten calcium absorption in the body.

Production of carotenoid preparations in the form of coldwater-dispersible nano powders with
up to 200 nm size, and the use of the novel carotenoid preparations are reported by US patent
5968251A [55].

LycoVit [56] is a BASF product containing lycopene in the nanosize range. Its intended use is
for dietary supplement, beverage and food applications such as turbid beverages, carbonated
drinks, cake and biscuit fillings, dairy desserts, candies, pastas, meats and soups. It is reported
to be a safe, highly effective substitute for artificial colors, which may have an adverse effect on
activity and attention in children.

NovaSOL curcumin [57] is a nanomicelle-based compound, stable through the digestive pro-
cess, able to deliver curcumin to the intestinal wall with maximum therapeutic effect. It is
reported that NovaSOL curcumin has 185� increased bioavailability than native powdered
turmeric/curcumin.

NutraLease Ltd. Company [58], through the nano-sized self-assembled structured liquids (NSSL)
technology develops nanocarriers to be incorporated in food systems and cosmetics. The tech-
nology allows enhanced solubility and bioavailability of compounds in water-based or oil-based
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media. The encapsulated compounds include lycopene, beta-carotene, lutein, phytosterols, coen-
zyme Q10, lipoic acid, and DHA/EPA. The company focuses on fortifying foods and beverages.

4. Regulatory aspects of nanotechnology in the agri-food sector in the EU
countries

As mentioned, nanotechnology and the use of colloidal nanoparticles in the food science and
agricultural sectors open up the possibility to produce new ingredients and foods with
improved and beneficial properties. However, as the research in the field is intensifying, in
some cases several health and environmental concerns appear. Therefore, a careful assessment
of the potential risks is essential before approval of any nanostructured ingredients. Efforts are
being made worldwide to ensure the production and safe use and handling of nanomaterials
in the agricultural and food sector.

Nanomaterials are present in many commercial preparations. Some of the nanoparticles are
ingested by humans through food consumption. EFSA observed that organic artificial
nanomaterials (vesicles, nanoemulsions) present a low risk for health as they are most likely
completely metabolized. In contrast, the agency considered that the research effort has to be
concentrated on inorganic, synthetic nanomaterials, whose faith and accumulation in the
human body is not exactly certain, nor are their effects upon long term exposure.

There is no single legislation fully dedicated to nanomaterials, but there are several regulations
addressing different aspects of nanomaterials use in the agri-food sector. Table 2 summarizes
relevant European regulations connected to the use of nanomaterials in food. The “General
Principles and Requirements of Food Law” are established by the EC Regulation 178/2002,
containing several articles on novel foods, novel foods ingredients, food and feed additives,

Legislation number Legislation topic

(EC) 178/2002 General principles and requirements of food law

(EU) 2283/2015 Novel foods, novel food ingredients, food and feed additives, food supplements, vitamins,
minerals, food contact materials

(EC) 1332/2008 Food enzymes

(EC) 1333/2008 Food additives

(EC) 1334/2008 Food flavorings

(EC) 46/2002 Food supplements

(EC) 10/2011 Plastic materials and food contact materials

(EC) 450/2009 Active and intelligent materials and food contact materials

(EU) 528/2012 Biocides

(EC) 1107/2009 Plant protection products

Table 2. Overview of the European legislation on the agri-food sector, in relation to nanomaterials.

Some New Aspects of Colloidal Systems in Foods66

food supplements, vitamins, minerals and food contact materials. Regulation (EU) 2283/2015
concerning novel foods and novel food ingredients covers aspects of the use of nanotechnol-
ogy in food production and repeals the older Regulation (EC) 258/97. Food additives are
covered by several regulations: Regulation (EC) 1333/2008 on food additives, Regulation (EC)
1332/2008 on food enzymes, Regulation (EC) 1334/2008 on flavorings and certain food ingre-
dients with flavoring properties for use in food. Regulation 1331/2008 establishes a common
authorization procedure for food additives, enzymes and flavorings prior to their entrance on
the market. Vitamins and minerals are regulated by Directive (EC) 46/2002 on food supple-
ments. Regulation (EC) 10/2011 establishes specific rules for plastic materials and articles
intended to come in contact with food, to be applied for their safe use. Regulation (EC) 450/
2009 deals with active and intelligent materials and articles intended to come into contact with
food. The Biocidal Products Regulation (EU) 528/2012 lays down the provisions for the use of
non-agricultural pesticides by both professionals and consumers and Regulation (EC) 1107/
2009 concerns placing of plant protection products on the market [3, 59, 60].

5. Conclusions

Applications of colloidal nanostructures in food science are receiving increased attention due
to the possibility of developing structures and materials with improved properties compared
to the conventional ones. In the future, enabling a better control over the colloidal nanostruc-
ture formation will enhance the control over food structure formation, leading to the design of
new food products with improved characteristics and enhanced impact on consumers’. It is the
unique physical, chemical, optical and biological properties of the nanocolloidal systems,
considerably different from those of the corresponding bulk materials that are responsible for
their unique properties. Colloidal nanostructures are also raising a series of health and envi-
ronmental concerns, since not so much information is known on the long-term exposure of
organisms to such materials, even if at the present time most of them are considered safe. In
the future, more studies and regulations regarding the health and environmental impact of
colloidal nanostructures will be needed.

Despite the fate and potential toxicity of such colloidal nanostructures being not fully under-
stood, it is obvious that this research field will bring significant advances in the food sector,
which will most likely impact the food safety and nutrition sectors, the production of new
functional foods and ingredients, the developing of innovative packaging with great potential
to transform the future of food packaging, will as well help assisting in the detection of
pesticides, pathogens, toxins, etc.
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Abstract

The role that some forces exert on food colloid stability is discussed. The focus is on the
combination of different energy terms, determining particle-particle attraction or repul-
sion. The forces are relevant in dispersion stabilization and macroscopic phase separation.
The observed features depend on the energies at work and colloid concentration. Exam-
ples deal with food manipulations giving cheese, yogurt, and mayonnaise. All products
result from the overlapping of forces jointly leading to aggregation or phase separation in
foods. The combination of attractive, van der Waals (vdW), and repulsive, double-layer
(DL) forces results in the dominance of aggregation or dispersion modes, depending on
the particle concentration, on the force amplitude, and on their decay length. DL and vdW
forces are at the basis of Derjaguin-Landau-Verwey-Overbeek (DLVO) theory on colloid
stability. That approach is modified when these forces, jointly operating in bio-based
colloids, overlap with steric stabilization and depletion modes. Steric effects can be
strongly dispersive even at high ionic strength, despite this is rather counterintuitive,
when depletion ones favor the nucleation in a single phase.

Keywords: van der Waals forces, double-layer forces, Poisson-Boltzmann equation, steric
stabilization, depletion, food-based colloids

1. Introduction

Optimization of food properties is of fundamental interest because of growing demand for its
widespread availability [1]. Substantial efforts tend to optimize the steps required in advanced
food chain. Scientists and technicians focus on all preparation stages, from the collection of raw
matter to transformation in the required form. Freezing, cooking, drying, salting, and all pro-
cedures which are part of human knowledge since thousand years are considered [2–6].
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Protein-rich preparations, such as anchovy paste [7], stockfish, dried venison, and cheese [8],
are relevant examples. There is an urgent need to render old-fashioned preparations reliable
and safe to a huge number of potential users. It is also necessary to ensure them good quality,
together with homogeneous and “permanent” textures. Old-dated preparations give high-
quality matter but operate in small scale, with drawbacks due to costs and durability. These
preparations must be optimized to fulfill industry and safety requirements. Foods shall be
stable for long times, still retaining their peculiar quality and taste. This is one of the reasons
why modern preparations use stabilizers [9]. Storage must not require conditions hardly at
hand in developing countries; think of the lack of low temperature and storage chains.

The focus is on semifluid matrices, such as creams and pastes, in other words, on items
arbitrarily defined as soft matter food. Such products (ice creams, mayonnaise, pastes, sauces,
etc.) are stabilized by addition of salts, lipids, proteins, and/or polysaccharides [10, 11]. Stabi-
lizers are taste-neutral, fully biocompatible, and not expensive. They are obtained in large
amounts, from the same sources as the products to be stabilized. In addition, food colloids
must have peculiar rheological properties.

We do not consider explicitly the biological quality of preparations, which must fulfill the
standards required from national/international panels. Many chemical, biochemical, and physi-
cochemical properties characterize the features of stabilizers used in the food industry. Such
properties always imply the stabilizer’s capability to adsorb onto surfaces [12–14]. The latter is

Figure 1. Electrolyte-modulated interactions among charged colloids. In (A), the case where repulsive electrostatic effects
dominate is drawn; (B) refers to the reverse case (at high ionic strength). Light or dark blue colors indicate low and high
ionic strength media, respectively. (C) The experimental determination of attractive/repulsive forces as a function of
distance among two surfaces. The green horizontal line in that graph indicates equilibrium, i.e., ΔG = 0.
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the result of wrapping [15], steric [16, 17], osmotic [18], and electrostatic effects [19] and combi-
nations thereof [20]. It is hard to ascertain whether the desired effect is due to the combination of
more contributions. Think of the role played by proteins and polysaccharides as food stabilizers!

Electrostatic effects due to such stabilizers are relevant in most cases considered here. With this
in mind, we report on the role that some forces exert in food stabilization. To proceed along
this line, it is required to know the fundamental aspects of food biocolloids, interpreted
according to the so-called Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [21, 22]. In its
original form, it is simple to handle and applies to all colloid mixtures, irrespective of their
nature and physical state. DLVO theory combines attractive, van der Waals (vdW), and
repulsive, double-layer (DL) forces. Refinements and modifications of the original theory are
available [23–27]. The theory explains why food colloids remain dispersed, or coagulated,
depending on the experimental conditions. This is because DL counteracts with vdW terms
and their combination tunes the interaction modes. Similarly charged surfaces undergo long-
range repulsions, and the energy barriers keeping them apart may be several KBT units high
[28]. However, if the electrolyte concentration in the medium increases, a secondary minimum
in force vs. distance plots is observed (see Figure 1) [29]. The repulsive forces are minimized,
and attractive ones dominate, i.e., coagulation occurs as σ approaches zero.

2. Some food preparation procedures

We report first on qualitative descriptions of food-making procedures. For some of them, the
role that physical forces exert in the stabilization or phase separation is evident, in others much
less. Enzymatic reaction steps are common. Energy barriers must be overcome to make the
required processes effective; that is the reason for the need of heating during some preparation
steps. Food preparation may occur in one or more stages.

Though they share the same raw product in common, significant difference occurs between
cheese-making and yogurt-making procedures, briefly reported below. The former proceed by
controlling milk fermentation, to get a product with specific organoleptic requirements in
terms of appearance, flavor, taste, and texture. Such properties must be reproducible every
time cheese is made. In fact, a particular cheese needs a specific preparation. In modern
industrial cheese-making, the craft elements are retained to some extent, but there is more
science than craft. In contrast, individual cheese-makers and craft-based factories operate on
small scale and sell “handmade” products. In cases of the like, each batch may differ from
another, as commonly occurs in the manipulation of natural products.

Some cheeses are deliberately left to ferment under the action of spores and bacteria; this leads
to products of high added value in a niche market, such as Roquefort. In culturing the cheese-
maker brings pasteurized milk in the vat to the thermal range promoting the growth of
bacteria that feed on lactose. That sugar ferments into lactic acid. Bacteria may be wild, with
non-pasteurized milk, added from a given culture, frozen or freeze-dried concentrates. Those
producing only lactic acid are homofermentative; the ones producing CO2, alcohol, aldehydes,
ketones, etc. are heterofermentative.
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Protein-rich preparations, such as anchovy paste [7], stockfish, dried venison, and cheese [8],
are relevant examples. There is an urgent need to render old-fashioned preparations reliable
and safe to a huge number of potential users. It is also necessary to ensure them good quality,
together with homogeneous and “permanent” textures. Old-dated preparations give high-
quality matter but operate in small scale, with drawbacks due to costs and durability. These
preparations must be optimized to fulfill industry and safety requirements. Foods shall be
stable for long times, still retaining their peculiar quality and taste. This is one of the reasons
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hand in developing countries; think of the lack of low temperature and storage chains.
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cochemical properties characterize the features of stabilizers used in the food industry. Such
properties always imply the stabilizer’s capability to adsorb onto surfaces [12–14]. The latter is

Figure 1. Electrolyte-modulated interactions among charged colloids. In (A), the case where repulsive electrostatic effects
dominate is drawn; (B) refers to the reverse case (at high ionic strength). Light or dark blue colors indicate low and high
ionic strength media, respectively. (C) The experimental determination of attractive/repulsive forces as a function of
distance among two surfaces. The green horizontal line in that graph indicates equilibrium, i.e., ΔG = 0.
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the result of wrapping [15], steric [16, 17], osmotic [18], and electrostatic effects [19] and combi-
nations thereof [20]. It is hard to ascertain whether the desired effect is due to the combination of
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range repulsions, and the energy barriers keeping them apart may be several KBT units high
[28]. However, if the electrolyte concentration in the medium increases, a secondary minimum
in force vs. distance plots is observed (see Figure 1) [29]. The repulsive forces are minimized,
and attractive ones dominate, i.e., coagulation occurs as σ approaches zero.

2. Some food preparation procedures

We report first on qualitative descriptions of food-making procedures. For some of them, the
role that physical forces exert in the stabilization or phase separation is evident, in others much
less. Enzymatic reaction steps are common. Energy barriers must be overcome to make the
required processes effective; that is the reason for the need of heating during some preparation
steps. Food preparation may occur in one or more stages.

Though they share the same raw product in common, significant difference occurs between
cheese-making and yogurt-making procedures, briefly reported below. The former proceed by
controlling milk fermentation, to get a product with specific organoleptic requirements in
terms of appearance, flavor, taste, and texture. Such properties must be reproducible every
time cheese is made. In fact, a particular cheese needs a specific preparation. In modern
industrial cheese-making, the craft elements are retained to some extent, but there is more
science than craft. In contrast, individual cheese-makers and craft-based factories operate on
small scale and sell “handmade” products. In cases of the like, each batch may differ from
another, as commonly occurs in the manipulation of natural products.

Some cheeses are deliberately left to ferment under the action of spores and bacteria; this leads
to products of high added value in a niche market, such as Roquefort. In culturing the cheese-
maker brings pasteurized milk in the vat to the thermal range promoting the growth of
bacteria that feed on lactose. That sugar ferments into lactic acid. Bacteria may be wild, with
non-pasteurized milk, added from a given culture, frozen or freeze-dried concentrates. Those
producing only lactic acid are homofermentative; the ones producing CO2, alcohol, aldehydes,
ketones, etc. are heterofermentative.
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Both homo- and heterofermentation produce cheeses with typical features in terms of taste,
macroscopic textures, consistency, elasticity, presence of bubbles, and bubble size. When the
cheese technicians judge that enough lactic acid has been developed, they add rennet, which
precipitates casein. Rennet contains chymosin which converts κ-casein to para-κ-caseinate, the
main component of cheese curd (see Figure 2). There is also a glycomacropeptide, almost always
lost in the cheese whey. After adding the rennet, milk is left to form curds over a period of time.
As curds are formed, milk fat is trapped in a casein matrix; whey must be released once cheese
curds are fully developed. There are several ways to do that.

The presence of water and bacteria encourages further decomposition. Therefore, water or
whey must be removed. When cheese curds are formed, a partial, sometimes significant,
dehydration occurs. This gives rise to good quality products keeping their main features over
time. In a stage termed cheddaring (from cheddar), curd acidity increases. When it has reached
the required level, the curd is milled in pieces, and salt is added to arrest acid development.
After some other stages, pressed cheese blocks are removed from the molds and waxed or
stored for maturation. Vacuum packing removes O2 and prevents fungal growth during mat-
uration. This process is desired or not, depending on the required product. By going through a
series of maturation steps where temperature and humidity are controlled, the cheese-maker
allows the surface mold to grow and mold ripening of cheese by fungi to occur. Mold-ripened
cheeses mature quickly compared to hard ones (weeks vs. months or years), because fungi are

Figure 2. (A) Steric stabilization of casein micelles due to proteins facing toward the bulk and keeping micelles apart. (B)
Enzymes present in the rennet cut κ-casein portions facing toward the bulk. (C) Depleted micelles attract each other and
coagulate in curds. The process ends in cheese formation.
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more active than bacteria. Camembert and Brie are surface-ripened by molds; Stilton is ripened
internally and admits air to promote mold spore germination and growth. Surface ripening of
some cheeses may be influenced by yeasts, contributing to flavor and coat texture. Others
develop bacterial surface growths, giving characteristic colors and appearances.

Yogurt, conversely, is produced by bacterial fermentation of milk. Lactic acid acts on milk
proteins and imparts yogurt its texture and flavor. Cow’s milk is the common source to make
yogurt; it may be homogenized or not. Yogurt is produced by Lactobacillus delbrueckii subsp.
bifidobacteria (LDsB), Lactobacillus bulgaricus, and Streptococcus thermophilus bacterial cultures.
Genome analysis of LDsB indicates that the bacterium presumably originated on the surface of
a plant. Milk may have been exposed to contact with such plants, or bacteria transferred from
domestic milk-producing animals. The real origin of yogurt preparation procedures is
unknown but reasonably dates back to 5000 BC. To produce along, milk is heated to denature
milk proteins so that they do not form curds. After cooling, the bacterial culture is mixed in,
and the temperature is maintained for some hours to allow fermentation.

Mayonnaise, conversely, is a very peculiar product in terms of origin, components, and phys-
ical state. On physicochemical grounds, it is a surface-stabilized oil/water (o/w) dispersion,
whose quality is determined by the presence of adsorbed lecithins at the o/w interface. The
stability of this dispersion is modulated by tiny amounts of acetic or citric acid, which impart
phospholipids as a moderate and permanent charge. Stability of the dispersion is modulated
by added electrolyte, such as NaCl. In addition, the o/w dispersion, as a whole, adsorbs
significant volume fraction of air. Thus, a heterogeneous two-phase dispersion acts as air
dispersant; the final result is a three-phase system stabilized by surface-adsorbed lipids.

3. Some aspects of food colloids

3.1. General considerations

Animal-based foods and most of our own body organs generally contain about 55–75% water;
in vegetables it can be over 90 wt%. Solid moieties are proteins, fats, lipids, etc., associating in
different forms to give gel-like, liquid crystalline, amorphous, or semisolid matrices. Most
tissues result from colloid packing. From that evidence comes the generalization that animals
and vegetables are made of several different colloid entities, nicely, but functionally,
interconnected. In all these systems, disperse colloid particles coagulate. Coagulation does
not occur when particles are similarly charged; that is, coalescence is prevented by electrostatic
forces. This holds also in dispersions of oil droplets stabilized by a phospholipid layer. Low
amounts of electrolyte ensure lipid-covered droplets to repel each other. If the surface charge
density, σ, or the related potential, Ψ, is moderate, the energy barrier among particles, propor-
tional to zeΨ, is low, and there is a marked tendency to coagulation. The limit at which such
phenomena occur is known as coagulation/flocculation threshold.

Further increase of salt reducesΨ and ensures permanent coagulation. Asσ approaches 0, the DL
force is null, electrostatic effects vanish, and the whole energy coincides with the vdWone; thus,
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more active than bacteria. Camembert and Brie are surface-ripened by molds; Stilton is ripened
internally and admits air to promote mold spore germination and growth. Surface ripening of
some cheeses may be influenced by yeasts, contributing to flavor and coat texture. Others
develop bacterial surface growths, giving characteristic colors and appearances.

Yogurt, conversely, is produced by bacterial fermentation of milk. Lactic acid acts on milk
proteins and imparts yogurt its texture and flavor. Cow’s milk is the common source to make
yogurt; it may be homogenized or not. Yogurt is produced by Lactobacillus delbrueckii subsp.
bifidobacteria (LDsB), Lactobacillus bulgaricus, and Streptococcus thermophilus bacterial cultures.
Genome analysis of LDsB indicates that the bacterium presumably originated on the surface of
a plant. Milk may have been exposed to contact with such plants, or bacteria transferred from
domestic milk-producing animals. The real origin of yogurt preparation procedures is
unknown but reasonably dates back to 5000 BC. To produce along, milk is heated to denature
milk proteins so that they do not form curds. After cooling, the bacterial culture is mixed in,
and the temperature is maintained for some hours to allow fermentation.

Mayonnaise, conversely, is a very peculiar product in terms of origin, components, and phys-
ical state. On physicochemical grounds, it is a surface-stabilized oil/water (o/w) dispersion,
whose quality is determined by the presence of adsorbed lecithins at the o/w interface. The
stability of this dispersion is modulated by tiny amounts of acetic or citric acid, which impart
phospholipids as a moderate and permanent charge. Stability of the dispersion is modulated
by added electrolyte, such as NaCl. In addition, the o/w dispersion, as a whole, adsorbs
significant volume fraction of air. Thus, a heterogeneous two-phase dispersion acts as air
dispersant; the final result is a three-phase system stabilized by surface-adsorbed lipids.

3. Some aspects of food colloids

3.1. General considerations

Animal-based foods and most of our own body organs generally contain about 55–75% water;
in vegetables it can be over 90 wt%. Solid moieties are proteins, fats, lipids, etc., associating in
different forms to give gel-like, liquid crystalline, amorphous, or semisolid matrices. Most
tissues result from colloid packing. From that evidence comes the generalization that animals
and vegetables are made of several different colloid entities, nicely, but functionally,
interconnected. In all these systems, disperse colloid particles coagulate. Coagulation does
not occur when particles are similarly charged; that is, coalescence is prevented by electrostatic
forces. This holds also in dispersions of oil droplets stabilized by a phospholipid layer. Low
amounts of electrolyte ensure lipid-covered droplets to repel each other. If the surface charge
density, σ, or the related potential, Ψ, is moderate, the energy barrier among particles, propor-
tional to zeΨ, is low, and there is a marked tendency to coagulation. The limit at which such
phenomena occur is known as coagulation/flocculation threshold.

Further increase of salt reducesΨ and ensures permanent coagulation. Asσ approaches 0, the DL
force is null, electrostatic effects vanish, and the whole energy coincides with the vdWone; thus,

Stabilization of Food Colloids: The Role of Electrostatic and Steric Forces
http://dx.doi.org/10.5772/intechopen.80043

77



particle-particle interactions become attractive. Similar conditions are met when food colloids
aggregate in early manipulation stages and then redisperse as the pH or the ionic strength (I)
varies. A simple case deals with oil droplets. The case of raw milk manipulation is substantially
different from what is described above and ends in cheese formation. The whole process is
controlled by the presence of fatty acids and glycerides existing as droplets; micelle-forming
casein; coagulating enzymes, salts, and lactose (a milk sugar transformed in lactic acid) [30]; and
so forth. The whole process is completed when aggregation/gelation occurs [31] and is governed
by heating, enzymic activity, changes in pH, presence of ions, and combinations thereof.

Although casein micelles are charged, significant amounts of added salt do not ensure coagu-
lation to form cheese seeds [32]. In fact, casein micelles are stabilized by steric effects, not
allowing them to come in contact and coagulate. Steric stabilization counteracts attractive
vdW forces and does not allow seed clustering. Such effects are minimized by the action of
enzymes, cutting the κ-casein parts facing outward micelles. In the early cheese-making steps,
pH activates/deactivates hydrolytic enzymes [33], whose activity also depends on T [34].

The presence of rennet, essential in the first stages of cheese curdling, is also relevant. Ion
content and valence (calcium better suits compared to monovalent ions) favor casein aggrega-
tion in large micelles and, therefore, curd formation [35, 36]. To elucidate such aspects, we
introduce below an approach to electrostatic stabilization and show that it, in combination
with vdW forces, is relevant in food formulations, as indicated in Figure 3.

3.2. Electrostatic forces

Colloid entities are characterized by a given mass density and average size, can be more or less
size polydisperse, and wear a surface electrostatic potential [37]. When dispersed in water,
uncharged colloids readily coagulate, but surface charge density avoids that process.
Irrespective of their nature and shape, colloid particles are covered with stabilizers, adsorbing
thereon, and imparting them a permanent surface charge. In consequence of that, particles
repel, depending on the modulus ofΨ, |Ψ|, which exerts a long distance effect and scales with
kD (Figure 3).

The distance is D and 1/k is Debye’s screening length. Repulsion occurs when particles are
close to each other. The effect has the same meaning as that between planar surfaces of equalΨ
values (Figure 4).

Electrostatic potentials decay according to

Ψ xð Þ ¼ Ψ
�
exp�kD (1)

where D is the distance from a charged surface of nominal potential equal to Ψ�. The meaning
of k has been given above.

Another master equation for electrostatics refers to the interaction between two surfaces
characterized by the same Ψ. It decays according to

∇2Ψ ¼ d2Ψ=dx2 þ d2Ψ=dy2 þ d2Ψ=dz2 ¼ � ϱ=εε
�� �

(2)
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where ϱ is the ion number density of the medium and ε and ε� are the permittivity of vacuum
and of the dispersant, respectively. The electric field is radial and its value does not depend on
the direction; thus, we consider its components along only one axis, say x. And, Eq. (2) can be
rewritten as

∇2Ψ ¼ d2Ψ=dx2 ¼ � ϱ=εε
�� �

(3)

Let us consider now the statistical energy terms. Boltzmann’s law for the distribution of
charged species in a given medium can be written as

ci ¼ ci� exp� zeΨ=KBTð Þ (4)

where ci is the local concentration of the ith ion, ci� is its equilibrium value, zeΨ is the energy
associated to the electric field for an ion of valence (z), and KBT is the thermal one. Eq. (3) is

Figure 3. Combination of vdW and double-layer (DL) forces as a function of distance among two particles for high (red),
medium (black), and low (l) surface charge densities. vdW terms are always attractive, i.E., E < 0; DL ones are always
repulsive. Their combination results in energy vs. distance plots. The location of maxima, ⧫, and minima, ●, depends on
ionic strength, I. The primary minima at very short distances are not indicated. The maxima in the curves represent the
location of energy barrier.
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particle-particle interactions become attractive. Similar conditions are met when food colloids
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casein; coagulating enzymes, salts, and lactose (a milk sugar transformed in lactic acid) [30]; and
so forth. The whole process is completed when aggregation/gelation occurs [31] and is governed
by heating, enzymic activity, changes in pH, presence of ions, and combinations thereof.
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allowing them to come in contact and coagulate. Steric stabilization counteracts attractive
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content and valence (calcium better suits compared to monovalent ions) favor casein aggrega-
tion in large micelles and, therefore, curd formation [35, 36]. To elucidate such aspects, we
introduce below an approach to electrostatic stabilization and show that it, in combination
with vdW forces, is relevant in food formulations, as indicated in Figure 3.
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Colloid entities are characterized by a given mass density and average size, can be more or less
size polydisperse, and wear a surface electrostatic potential [37]. When dispersed in water,
uncharged colloids readily coagulate, but surface charge density avoids that process.
Irrespective of their nature and shape, colloid particles are covered with stabilizers, adsorbing
thereon, and imparting them a permanent surface charge. In consequence of that, particles
repel, depending on the modulus ofΨ, |Ψ|, which exerts a long distance effect and scales with
kD (Figure 3).

The distance is D and 1/k is Debye’s screening length. Repulsion occurs when particles are
close to each other. The effect has the same meaning as that between planar surfaces of equalΨ
values (Figure 4).

Electrostatic potentials decay according to

Ψ xð Þ ¼ Ψ
�
exp�kD (1)

where D is the distance from a charged surface of nominal potential equal to Ψ�. The meaning
of k has been given above.

Another master equation for electrostatics refers to the interaction between two surfaces
characterized by the same Ψ. It decays according to

∇2Ψ ¼ d2Ψ=dx2 þ d2Ψ=dy2 þ d2Ψ=dz2 ¼ � ϱ=εε
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where ϱ is the ion number density of the medium and ε and ε� are the permittivity of vacuum
and of the dispersant, respectively. The electric field is radial and its value does not depend on
the direction; thus, we consider its components along only one axis, say x. And, Eq. (2) can be
rewritten as

∇2Ψ ¼ d2Ψ=dx2 ¼ � ϱ=εε
�� �

(3)

Let us consider now the statistical energy terms. Boltzmann’s law for the distribution of
charged species in a given medium can be written as

ci ¼ ci� exp� zeΨ=KBTð Þ (4)

where ci is the local concentration of the ith ion, ci� is its equilibrium value, zeΨ is the energy
associated to the electric field for an ion of valence (z), and KBT is the thermal one. Eq. (3) is

Figure 3. Combination of vdW and double-layer (DL) forces as a function of distance among two particles for high (red),
medium (black), and low (l) surface charge densities. vdW terms are always attractive, i.E., E < 0; DL ones are always
repulsive. Their combination results in energy vs. distance plots. The location of maxima, ⧫, and minima, ●, depends on
ionic strength, I. The primary minima at very short distances are not indicated. The maxima in the curves represent the
location of energy barrier.
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modulated by the electrical to thermal energy ratio. The balance of such forces determines the
spatial distribution of ions around a charged entity, depending on the electric field and thermal
motions. Then,

ϱ ¼ ε cþ � c�ð Þ ¼ εc
�
exp� zeΨ=KBTð Þ � exp zeΨ=KBTð Þ
h i

(5)

In the above form, the equation (usually different from 0) represents the local charge density
due to an ion in excess. If |zeΨ/KBT| is <<1, the difference between exponents can be
transformed in hyperbolic form (expx � exp�x = 2sinhx) and linearized. We assume x = zeΨ/
KBT. Thus, when x << 1, Eq. (4) indicates a linear perturbation regime. Such conditions are
currently used to determine the electrostatic energy contributions. Advantages due to lineari-
zation are substantial.

The charge density, ϱ, is related to the surface potential, σ, which, in turn, depends on Ψ. The
links between ϱ, σ, and Ψ are expressed as

σ ¼ �
ð
ϱdx (6)

σ ¼ 2n
�
εKBT=⊓

� �1=2
sinh zeΨ=KBTð Þ (7)

Figure 4. Relationship between ionic strength, surface charge density, and attractive/repulsive forces at fixed D. It is
evident that repulsive forces turn to attractive, depending on I value.
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where ε is the dielectric permittivity of the medium. σ relates the system energy to electrical
terms, according to

ΔG ¼ �
ð
σdΨ (8)

Let us consider the role of electrostatic forces, favoring/disfavoring phase separation. In simple
cases the focus is on the formation of mayonnaise and yogurt; subsequently, the more cumber-
some case of cheese is described. vdW forces are present in all such cases. Significant differ-
ences arise when steric, osmotic, and DL contributions counteract vdW forces, do not allow
adhesion, or shift the coagulation threshold to high concentrations. These features, observed in
some cheese-making stages, are outlined below.

3.3. Electrostatic vs. vdW forces

In the classical formulation of DLVO theory, vdW forces are combined with DL ones. For
bodies at constant T, the interaction energy (Eint) significantly depends on distance (D). At
high D values, Eint is zero and all contributions vanish. Modulation of the above terms results
in the presence of a primary and a secondary minimum. The first one occurs at very short
distances, and the second one, at higher ones. The secondary minimum shifts to lower values
in proportion to I; an energy barrier separates it by the primary minimum. The barrier height is
related to the activation energy of coagulation (Figure 3).

The secondary minimum in Figure 3, some KBT units high, shifts to lower distances in propor-
tion to I. The tendency to coagulate is represented by the progressive overlapping of vdW and
DL curves. The minimum at short distances is not indicated; the maximum is related to Eatt.
The role of ionic strength can be evidenced considering the electrostatic potential among two
surfaces with a fixed number of charges per unit area which are shielded by increasing
concentrations of salt (Figure 4).

In Figure 5 we indicate how the electrostatic potential changes with I. In distilled water, Ψ�

rapidly increases with ion concentration. Neutral electrolytes (in the concentration range of
10�3 moles kg�1) have a buffer effect on Ψ�. Since most foods contain substantial amounts of
salt, the region where the effect of Ψ is significant ranges from 25 to 100 mV, in modulus [38].
For values <|25| mV, samples tend to coagulate; above 100 mV counterion adsorption
becomes large, thus minimizing electrostatic repulsions. Small changes in Ψ values are large
enough to ensure dispersion, aggregation, or sedimentation in all such media. That is why a
careful balance of surface energy terms is necessary.

The electrostatic contributions in real systems are measured by the so-called z-potential, a
distance (d) apart from the colloid particle surface, at the slipping plane limit. z-potential is
measured by electrophoretic mobility experiments or laser Doppler methods [39]. The decay of
z-potential with pH and/or I is easily determined (see Figure 6).

Accordingly, surface charges are titrated, and coagulation or redispersion occurs (Figures 5
and 6). The salient point in the latter is the zero surface charge value, where precipitation
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modulated by the electrical to thermal energy ratio. The balance of such forces determines the
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KBT. Thus, when x << 1, Eq. (4) indicates a linear perturbation regime. Such conditions are
currently used to determine the electrostatic energy contributions. Advantages due to lineari-
zation are substantial.

The charge density, ϱ, is related to the surface potential, σ, which, in turn, depends on Ψ. The
links between ϱ, σ, and Ψ are expressed as

σ ¼ �
ð
ϱdx (6)

σ ¼ 2n
�
εKBT=⊓

� �1=2
sinh zeΨ=KBTð Þ (7)

Figure 4. Relationship between ionic strength, surface charge density, and attractive/repulsive forces at fixed D. It is
evident that repulsive forces turn to attractive, depending on I value.
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where ε is the dielectric permittivity of the medium. σ relates the system energy to electrical
terms, according to

ΔG ¼ �
ð
σdΨ (8)

Let us consider the role of electrostatic forces, favoring/disfavoring phase separation. In simple
cases the focus is on the formation of mayonnaise and yogurt; subsequently, the more cumber-
some case of cheese is described. vdW forces are present in all such cases. Significant differ-
ences arise when steric, osmotic, and DL contributions counteract vdW forces, do not allow
adhesion, or shift the coagulation threshold to high concentrations. These features, observed in
some cheese-making stages, are outlined below.

3.3. Electrostatic vs. vdW forces

In the classical formulation of DLVO theory, vdW forces are combined with DL ones. For
bodies at constant T, the interaction energy (Eint) significantly depends on distance (D). At
high D values, Eint is zero and all contributions vanish. Modulation of the above terms results
in the presence of a primary and a secondary minimum. The first one occurs at very short
distances, and the second one, at higher ones. The secondary minimum shifts to lower values
in proportion to I; an energy barrier separates it by the primary minimum. The barrier height is
related to the activation energy of coagulation (Figure 3).

The secondary minimum in Figure 3, some KBT units high, shifts to lower distances in propor-
tion to I. The tendency to coagulate is represented by the progressive overlapping of vdW and
DL curves. The minimum at short distances is not indicated; the maximum is related to Eatt.
The role of ionic strength can be evidenced considering the electrostatic potential among two
surfaces with a fixed number of charges per unit area which are shielded by increasing
concentrations of salt (Figure 4).

In Figure 5 we indicate how the electrostatic potential changes with I. In distilled water, Ψ�

rapidly increases with ion concentration. Neutral electrolytes (in the concentration range of
10�3 moles kg�1) have a buffer effect on Ψ�. Since most foods contain substantial amounts of
salt, the region where the effect of Ψ is significant ranges from 25 to 100 mV, in modulus [38].
For values <|25| mV, samples tend to coagulate; above 100 mV counterion adsorption
becomes large, thus minimizing electrostatic repulsions. Small changes in Ψ values are large
enough to ensure dispersion, aggregation, or sedimentation in all such media. That is why a
careful balance of surface energy terms is necessary.

The electrostatic contributions in real systems are measured by the so-called z-potential, a
distance (d) apart from the colloid particle surface, at the slipping plane limit. z-potential is
measured by electrophoretic mobility experiments or laser Doppler methods [39]. The decay of
z-potential with pH and/or I is easily determined (see Figure 6).

Accordingly, surface charges are titrated, and coagulation or redispersion occurs (Figures 5
and 6). The salient point in the latter is the zero surface charge value, where precipitation
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occurs. The electrostatic theory, thus, explains why salts screen repulsions, in direct proportion
to valence and concentration. For instance, oil droplets covered by a charged lipid layer
coagulate when NaCl content in the dispersing water-based medium reaches a critical value
(some millimoles kg�1).

Particle size, disparity, shape, and physical state (i.e., solid- or liquid-like) are immaterial.
Although its value seems moderate, the surface charge density is relevant. σ of lipid-coated
oil droplets (Figure 5) is about 1 unit charge/15 nm2. And, despite such a relatively low value,
stabilization is effective. Also, ion valence is relevant, as indicated by the relation I = 1/2 Σi = 1

cizi
2. The coagulation concentration is concomitant to the secondary minimum of the curves in

Figure 3 and depends on zi. The combination of such effects is also responsible for the
stabilization effect due to proteins. Solving the above questions and taking into account
protein stabilization are relevant in steric stabilization, as outlined in the forthcoming section.

3.4. Steric stabilization

This concept applies to entities covered by polymers or polyelectrolytes protruding outside the
surfaces on which they are bound. Coatings consist of covalently linked (CL) or physically
adsorbed (PA) polymers: the differences among two such classes are energetically significant.

Figure 5. Effect of ionic strength, I, in moles kg�1, on the electrostatic potential, Ψ�, of particles dispersed in water, red
color line, and in 3.0 � 10�3 moles kg�1 MgCl2, at 25.0�C. Note that I in bio-based systems can be significant; usually, the
overall salt concentration is >5.0 � 10�3 moles kg�1.
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CL entities have permanent stabilizer/particle ratio. PA ones partition between particle surface
and bulk, depending on the system composition and affinity; these composites are nonstoi-
chiometric. PA surface adsorption energies are grossly one order of magnitude lower than
those pertinent to covalent ones; indeed, both ensure substantial stability. The mentioned
modes and energies have both advantages and drawbacks. CL polymers are depleted from
the particles’ surface by chemical reaction. This holds, for instance, when κ-casein is cut away
from the surface of micelles by the combined action of rennet, pH, and temperature. Otherwise,
casein micelles are stable for an indefinitely long time. The hydrolytic capacity of rennet, thus,
is a prerequisite for effective coagulation. Once hydrolysis has gone to completion, PAs are
detached from casein micelles and partition with the bulk. Unbalanced osmotic effects due to
bulk polymer concentration in excess result in depletion flocculation [40]. That is, PAs are
released and no longer stabilized micelle clusters of casein and calcium phosphate coagulate,
and phase separation occurs to give cheese seeds and clusters.

Steric stabilization overlaps with other effects, jointly tending to keep particles dispersed. The
result is modulated by the presence of charges on the protruding polymers. Osmotic, electro-
static, steric, and hydration forces sum each other and counteract vdW ones (Figure 7).

It is clear, thus, why particles may remain dispersed even when DL contributions are mini-
mized. In some instances, the terms due to the aforementioned forces may be noticeable and

Figure 6. Dependence of z-potential, in mV, on the ratio titrant to titrand, R. When R ffi 1, the z-potential approaches zero.
The curve is symmetrical with respect to R. Data refer to 3.52� 10�2 dispersions of sunflower oil (in volume fraction) with
2.3 mg/ml dipalmitoylphosphatidylcholine (DPDC) as dispersant. The solvent is 2.50 � 10�2 moles kg�1 NaCl and the
temperature is 35.0�C. In this case the titrand/titrant ratio, R, depends on pH.
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favor the dispersed state with respect to coagulation. For instance, consider the possibility to
add to the plot in Figure 7 osmotic and hydration forces.

We may combine all forces effective in a given medium in the generalized relation:

Etot ¼ Σ
i¼1

Ei exp�kiD (9)

where Ei is a given energy mode, D is the distance, and 1/ki is the related screening length.
Expectedly, forces decay exponentially, even though this statement is not to be generalized.
Most forces, in fact, scale as 1/Dn (with n ≥ 3). Eq. (8) conforms to short-distance decay modes
and indicates that repulsion rapidly decreases with distance [20]. Attraction, conversely, is
governed by vdW terms, responsible for phase separation. In this regard, the differences
between yogurt and cheese coagulation clarify which forces govern the onset of such materials.

4. Conclusions

Forces responsible for attractive/repulsive interactions among food colloids are discussed. One
must be aware that some of them, i.e., DL ones, are ubiquitous, although not always stabiliz-
ing. This ineludible fact is due to the presence of ions in most media. That is why association or

Figure 7. Dependence of the interaction energy, E, in arbitrary units, on the normalized distance among particles, D, in
case of double layer, red, or when double layer and steric contributions overlap.
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phase separation is common as the ionic strength increases. Salting/desalting methods are
responsible for cheese- and yogurt-making, among others. It is worth noting that the latter
occurs in media which per se contain ions in the original matrix. It is also worth mentioning
that calcium is present in significant amounts; that is why aggregation is relatively easy.
Additional effects counteracting vdW ones arise from steric and osmotic contributions. It was
suggested how to face with such processes and how to estimate from simple considerations
stabilizing/destabilizing effects. It must be pointed out that DL effects significantly reduce on
increasing the ionic strength.

The hierarchy of active forces and their combination ensure slightly different aggregation
modes, giving more or less complex conglomerates. These can be homogeneous or not,
depending on the nature of dispersed colloids. The supramolecular phases thus obtained may
be due to intertwingled association of one colloid type into matrices made up by another. The
uptake of fat droplets in cheese curds is a pertinent example. More effects, mostly due to
surface adsorption, may significantly affect the final quality and appearance of the mentioned
soft matter food.

Perspectives are governed by the continuous developments and optimization of food manipu-
lation processes. These usually optimize former know-how, not disregarding the maintenance
and quality of classical produce. In this regard it is safer to rely on craft-tempered goods
produced by advanced technologies.
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