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ABSTRACT: This article reviews the development and potential application of novel food-grade materials based on heteroaggregation
of oppositely charged particles. These particles typically consist of a hydrophobic lipid core and an electrically charged emulsifier
shell. Heteroaggregation leads to the formation of emulsion-based products that are highly viscous or gel-like at much lower droplet
concentrations than in nonaggregated systems. Heteroaggregation may therefore be useful for developing food products with novel
textural characteristics or for creating reduced-calorie versions of full fat foods. We give an overview of the principles of heteroaggre-
gation, the relationship between emulsion microstructure and texture, and possible commercial applications of this method. © 2013
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INTRODUCTION

The recent increase in the number of overweight or obese indi-
viduals in many countries has become a major health and eco-
nomic issue because of the increase in associated chronic
diseases and associated health care costs." In response to this
problem the food industry is developing reduced-calorie
versions of many of its products. Dietary fat has the highest
energy density of all the major macronutrients found in foods
(i.e., fat, protein, and carbohydrates). Consequently, the removal
of fat from food products has been a major target of the food
industry. However, the development of high quality reduced fat
products has proved to be challenging because fats play complex
roles in determining the overall appearance, flavor profile,
texture, and biological response (such as satiety) of foods.>
These desirable attributes of a product may be lost once the fats
are removed, which leads to consumer rejection. Therefore,
there is a need to develop new strategies to create reduced fat
foods that maintain their desirable characteristic sensory attrib-
utes, such as creaminess, richness, or smoothness.

In this article, we focus on the development of reduced fat
emulsion-based foods. Emulsions consist of the two of
immiscible liquids (usually oil and water) and are formed by
application of vigorous stirring or more intense mechanical
forces.> The most common emulsions used in the food indus-
try are oil-in-water (O/W) and water-in-oil (W/O) emulsions:
O/W emulsions consist of oil droplets dispersed in water
(e.g., milk, cream, dressings, sauces, and desserts), whereas
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W/O emulsions consist of water droplets dispersed in oil
(e.g., butter and margarine). The optical properties, rheology,
and stability of these products depend on the concentration,
size, and interactions of the droplets they contain. Typically,
the lightness, viscosity, and stability of emulsions increases as
their fat content increases.” Consequently, removing some or
all of the fat droplets from a product (such as a dessert,
dressing, or sauce) will alter its desirable sensory properties.”®
For this reason, fat replacers are typically added to reduced-
fat foods to replace the physicochemical and sensory attrib-
utes normally provided by the fat droplets. For example,
food-grade polymers or particles may be added to the aque-
ous phase of reduced-fat O/W emulsions to increase their
texture or provide opacity.

Heteroaggregation has proved to be a useful technique for creat-
ing novel structures and material properties in nonfood applica-
tions, such as ceramics, water purification, and delivery systems
(see next section). Recently, it has been shown that controlled
heteroaggregation can also be used to formulate food-grade
emulsions that have high viscosities or gel-like properties at
reduced fat contents.”™'* These aggregated systems may be used
to create reduced fat food products that can mimic the desirable
textural and sensory properties of their high fat counterparts. In
this article, we provide an overview of the physical principles of
heteroaggregation, the factors that affect the formation and
physicochemical properties of heteroaggregates, and their poten-
tial applications within the food industry. This information
should prove useful for the development of novel food
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Figure 1. Schematic representation of the interaction potential between two emulsion droplets: (a) extended DLVO theory with van der Waals attraction,
electrostatic attraction, and steric repulsion; (b) extended DLVO theory with van der Waals attraction, electrostatic repulsion, and steric repulsion. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

products, as well as other emulsion-based commercial products,
such as cosmetics, health-care products, and pharmaceutical
preparations.

PRINCIPLES OF HETEROAGGREGATION

In general, heteroaggregation is defined as the aggregation of
dissimilar particles, which may differ in their size, shape, charge,
chemical composition, and other properties.'»'* Heteroaggrega-
tion has been widely used in nonfood science applications for a
variety of reasons, such as controlling the rheological properties
of ceramics,” creating ion-exchange columns,'® removing col-
loidal particles from aqueous solutions,'” and encapsulating and
targeting biomolecules.'®' Heteroaggregation of oppositely
charged particles through electrostatic attraction is the most
commonly used method for most applications, and therefore
this method will be the focus of this review.

There can be considered to be two different stages in the heter-
oaggregation of oppositely charged particles. First, the particles
are attracted to each other through electrostatic attraction,
which leads to the formation of heteroaggregates. Second, the
continued growth of the heteroaggregates is inhibited because of
electrostatic repulsion between similarly charged particles. The
dimensions and structural organization of the droplets within a
heteroaggregated system depend on the sign, strength, and
range of the electrostatic interactions, as well as the collision
mechanism (e.g., Brownian motion, gravitational separation, or
shearing).

Colloidal Interactions

One of the most widely utilized models for describing the inter-
actions between charged colloidal particles is the extended
DLVO theory. In this theory, the overall interaction between
colloidal particles is taken to be the sum of three contributions:
Vr=Vy+Vg+Vs, where Vr is the total interaction energy, Vy
is the energy resulting from van der Waals attractive forces, Vg
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is the energy associated with electrostatic interactions, and Vi is
the energy associated with steric repulsion forces.”> The electro-
static interactions may be either attractive (oppositely charged
particles) or repulsive (similarly charged particles), which leads
to different colloidal interaction profiles (Figure 1). In addition,
their sign, magnitude, and range may change appreciably if
solution conditions (such as pH and ionic strength) are
changed. In particular, the strength of the electrostatic interac-
tions tends to decrease appreciably when the ionic strength of
the aqueous phase increases, or the pH changes so that the
charges on the two kinds of droplets have a similar sign. Mathe-
matical models are available to predict the influence of different
properties on the various types of interactions between colloidal
particles, and these have been used in theoretical models and
computer simulations of heteroaggregation.”

Modeling Aggregate Formation

Ideally, one would like to predict the structural organization of
the colloidal particles within any aggregates formed when a sus-
pension of positive and negative particles are mixed together. A
number of different approaches have been developed to provide
insights into the structure of the aggregates formed, for exam-
ple, statistical thermodynamics and computer simulations.

Statistical thermodynamics has recently been used to model
aggregate formation when two types of equal-sized particles (A
and B) are mixed together.”* This theory relates the number of
particles per aggregate to the total particle concentration, the
ratio of the two particle types, and the strength of the attractive
forces between the different particle types. It is assumed that
the interactions between similar particle types (i.e.,A-A or B-B)
are repulsive (hard shell model), while the interactions between
different particle types (i.e., A-B) are attractive (“sticky” hard
shell model). This theory relates the average aggregate size (S)
to the strength of the attraction between the unlike particles
and the ratio of unlike particles.”® A major limitation of
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Figure 2. Schematic representation of a phase diagram (a) and average cluster size (b) for a heteroaggregated system containing particles that are
attracted to each other. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

statistical thermodynamic approaches is that they do not take
into account nonequilibrium effects, which are known to be
important in heteroaggregation.

More sophisticated approaches are required to take into account
these nonequilibrium effects, such as those based on computer
simulations.'>*>* For example, heteroaggregation can be mod-
eled using diffusion-limited cluster—cluster aggregation simula-
tions.”” These simulation methods have been used to examine
the influence of various factors on the structural organization of
mixed colloidal systems, such as total particle concentration,
unlike particle ratio, particle size ratio, and interaction
strength.'>?%**3% Computational approaches have shown that
various kinds of heteroaggregates with different structures can
be formed depending on the initial characteristics of the system.
A highly schematic representation of the nature of the aggre-
gates formed under different conditions is shown in Figure 2.
When one kind of particle dominates, then small heteroaggre-
gates tend to be formed that consist of one kind of particle sur-
rounded by the other kind of particle. On the other hand, when
the two types of particles are present in similar concentrations,
then large heteroaggregates are formed that contain a mixture
of both particles. At relatively high total particle concentration,
heteroaggregation may lead to the formation of a three-

(1)

Output
Fine
T Emulsion

Input
—

Coarse
Emulsion

[~
Droplet

disruption

dimensional (3D) network of particles that give the system
solid-like characteristics.

CONVENTIONAL EMULSIONS

Initially, we consider the formation and properties of conven-
tional emulsions so as to contrast their behavior with mixed
emulsions in which heteroaggregation has been induced. A
conventional O/W emulsion consists of fat droplets dispersed
within an aqueous medium. Each fat droplet is coated by a
thin layer of emulsifier molecules that normally protects it
from aggregation. There are many methods available for pre-
paring O/W emulsions, including various low-energy and
high-energy methods, which have been reviewed elsewhere.”"*>
In the food industry, the most common method of making
fine emulsions is to use high-pressure homogenization (Fig-
ure 3). In this method, an oil phase is blended with an aque-
ous phase that contains a water-soluble emulsifier. The
resulting coarse emulsion is then passed through the high-
pressure homogenizer to further reduce the particle size. The
size of the droplets present within an emulsion can be con-
trolled by varying the homogenizer type or operating condi-
tions, as well as sample composition, such as the type and
amount of emulsifiers present.

(2

Jee

Figure 3. Schematic representation of principle of heteroaggregation. First, a mechanical device is used to produce two conventional emulsions with

opposite charges, such as a high-pressure valve homogenizer. Second, the two emulsions with opposite charges are mixed together to form a heteroaggre-
gated emulsion. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Highly schematic representation of protein-, polysaccharide-, and surfactant-coated fat droplets that can be used as building blocks to induce
heteroaggregation. In reality, the thickness of the interfacial layers usually decreases in the following order: polysaccharides > proteins > surfactants.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The long-term stability of the emulsions can be controlled by
selecting different types of emulsifiers to coat the fat droplets.
The nature of the emulsifier selected determines interfacial char-
acteristics such as charge, thickness, polarity, and chemical reac-
tivity. In turn, these interfacial characteristics influence the
physiochemical properties, sensory attributes, and biological fate

of emulsions.*>**

The tendency for fat droplets to aggregate with each other, or
to remain as individual entities, depends on the balance of
attractive and repulsive interactions operating between them
(Figure 1). When the attractive interactions dominate, then the
droplets will tend to associate and form aggregates. In the case
of conventional emulsions, this process can be referred to as
homoaggregation because there is only one type of particle
involved. Homoaggregation can be induced in conventional
emulsions in a variety of ways, for example, decreasing electro-
static repulsion by increasing the ionic strength, or increasing
attraction by adding absorbing or nonadsorbing polymers to
the aqueous phase.”® The size, shape, and deformability of the
aggregates formed depend on the strength of the attractive
interactions between droplets.

The aggregation state of the droplets within an emulsion plays a
major role in determining the overall texture and stability.”' In
dilute emulsions, droplet aggregation tends to lead to an
increase in the creaming rate because of an increase in effective
particle size. Conversely, in concentrated emulsions, droplet
aggregation may decrease the creaming rate because the droplets
are trapped within a 3D network that inhibits droplet move-
ment. The textural characteristics of emulsions are also strongly
dependent on the droplet aggregation state. Droplet aggregation
leads to an increase in shear viscosity in relatively dilute systems
and to gel formation in relatively concentrated systems.

HETEROAGGREGATED EMULSIONS

In this section, we focus on heteroaggregation in O/W emul-
sions because these are normally the most suitable systems for
utilization within the food industry. Nevertheless, it should be
noted that heteroaggregation can also be induced in W/O emul-
sions containing oppositely charged water droplets,”® or in other
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types of colloidal suspensions, for example, air bubbles or bio-
polymer particles in water.

Heteroaggregated emulsions are typically formed by mixing
together two conventional emulsions.”'®*® Each of these emul-
sions contains fat droplets coated by a layer of electrically
charged emulsifier molecules, but the type of emulsifier used is
different. The two emulsions are then mixed together under
conditions where one of them contains negatively charged drop-
lets, and the other contains positively charged droplets
(Figure 3). The structure of the heteroaggregates formed and
the subsequent functional performance of the overall emulsion
depends strongly on the electrical characteristics of the different
fat droplets. One of the most important factors determining the
formation of heteroaggregated emulsions is therefore the nature
of the emulsifiers used.

Emulsifiers

A variety of different emulsifiers can be used to prepare O/W
emulsions containing electrically charged droplets, such as pro-
teins, polysaccharides, and ionic surfactants (Figure 4). Each
type of emulsifier has its own advantages and disadvantages for
particular applications.”® Selection of the most appropriate
emulsifier is one of the most important factors influencing the
formation of heteroaggregated emulsions. In this section, we
provide an overview of a number of electrically charged food-
grade emulsifiers that can be used.

Proteins. Protein-based emulsifiers can be isolated from various
natural sources, including various animal, plant, and marine
products.”’ However, the most commonly used protein-based
emulsifiers in the food industry are those derived from bovine
milk because of their relatively low cost and ease of isolation,
that is, caseins and whey proteins.”” Caseins are relatively flexi-
ble and disordered proteins that make up about 80% of milk
proteins, and include four main fractions: og;-casein, og,-casein,
B-casein, and x-casein.®® Whey proteins are compact globular
proteins that make up about 20% of milk proteins, and also
include a number of different fractions, such as f-lactoglobulin
(p-Lg), a-lactalbumin, bovine serum albumin (BSA), lactoferrin,
and various other minor components.*

These proteins are amphiphilic molecules that have both non-
polar and polar groups on the same molecule, and can therefore
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Table I. Summary of the Isoelectric Points and Acid Dissociation Constants (pK,) of Some Common Food-Grade Biopolymers that can Be Used to

Form Electrically Charged Emulsion Droplets

Types of emulsifiers

Proteins Polysaccharides
(isoelectric points) (acid-dissociation constants)
Casein B-Lg Lactoferrin WPI Modified starch Gum arabic Pectin Chitosan
4.5 5 8.5 5 2.3 3.5 3.5 6.3-7

B-Lg, p-lactoglobulin; WPI, whey protein isolate.

adsorb to oil-water interfaces."” They normally provide stabili-
zation against droplet aggregation by a combination of electro-
static and steric repulsion.*’ The electrical characteristics of
different proteins are determined by their primary sequence,
especially the type, number, and location of ionizable amino
acid side groups and other charged groups (such as phosphates)
along the polypeptide backbone. Each type of protein can be
characterized by its isoelectric point (pI), which is the pH where
the net charge on the protein is zero (that is, the number of
positive and negative charges are balanced). Below the pI the
electrical charge on the proteins is positive, but above this pH it
is negative. The isoelectric points and acid dissociation constant
point of some common biopolymers are summarized in Table I.
The variation of the electrical charge on protein-coated fat
droplets stabilized by different proteins (lactoferrin and f-Lg) is
shown in Figure 5.

When the adsorbed proteins form a relatively thin interfacial
coating around the fat droplets, the primary stabilization mech-
anism is electrostatic repulsion.*™*' For this type of system, the
stability of the emulsion is particularly sensitive to changes in
pH and ionic strength. Droplet aggregation tends to occur

60
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Figure 5. Change in electrical charge (z-potential) of protein-coated fat
droplets with pH: f-Lg, f-lactoglobulin; LF, lactoferrin. [Color figure can
be viewed in the which is available at

online  issue,
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when the pH is close to the isoelectric point (low net droplet
charge) or at high salt concentrations (strong electrostatic
screening).”> B-Lg is a commonly used globular protein that
forms thin interfacial coatings around fat droplets, and is there-
fore highly sensitive to solution pH and ionic strength. How-
ever, when the adsorbed proteins form a relatively thick
hydrophilic coating around the fat droplets, the stabilization
mechanism is a combination of electrostatic and steric repul-
sion. Emulsions stabilized by this kind of protein are much
more resistant to alterations in pH and ionic strength. Lactofer-
rin is an example of a globular protein that forms thick interfa-
cial coatings around fat droplets because of its high molecular
weight and the fact it contains hydrophilic carbohydrate side
chains that protrude into the aqueous phase.*>** Experimental
studies have shown that lactoferrin-coated fat droplets are
highly stable to changes in pH and salt concentration, provided
there is sufficient protein present to fully coat the droplet surfa-
ces. If there is insufficient surface coverage, the lactoferrin-
coated droplets do aggregate.*’

Another factor that is important for determining the functional
performance of globular protein-coated fat droplets is their
response to temperature changes.** Globular proteins (such as
p-Lg, BSA, and lactoferrin) unfold when they are heated above
their thermal denaturation temperature (7T;,). These conforma-
tional changes expose reactive amino acid groups, such as those
containing nonpolar or sulthydryl groups, which promote pro-
tein—protein interactions.”® As a result, fat droplets coated by
these proteins may aggregate at elevated temperatures because
of increases in the hydrophobic attraction or disulfide bond for-
mation between proteins on different droplets. On the other
hand, there are no major changes in the conformation of
caseins when they are heated, and therefore they are more stable
to thermal processing.*’

Previous studies have shown that heteroaggregation can be
induced by mixing together two protein-stabilized emulsions:
one containing f-Lg-coated droplets and one containing
lactoferrin-coated droplets.” f-Lg has an isoelectric point
around pH 4.5, whereas lactoferrin has a pI around 8.5
(Figure 5).** Consequently, there is a range of intermediate pH
values where the two types of droplets have opposite charges
and will tend to associate with each other through electrostatic
attraction.

Polysaccharides. A number of natural and modified polysaccha-
rides are amphiphilic molecules that are capable of stabilizing
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O/W emulsions, such as gum arabic (GA) and modified starch
(MS).*® MS is produced by chemically modifying natural
starches so that they gain some nonpolar groups.*’ This is nor-
mally achieved by covalently attaching nonpolar octenyl succinic
anhydride (OSA) side groups to the polar starch backbone. This
leads to an amphiphilic biopolymer molecule that can adsorb to
oil-water interfaces and stabilize fat droplets against aggrega-
tion.***® The non-polar OSA groups tend to penetrate into the
oil droplets, while the polar starch molecules protrude into the
surrounding aqueous phase.”’ Previous studies have shown that
MS-coated fat droplets are negatively charged over a wide pH
range (pH 2-9) because of the presence of anionic groups on
the OSA side chains.”> MS molecules form a relatively thick
hydrophilic layer at the droplet surfaces and therefore can pre-
vent droplet aggregation through a combination of steric and
electrostatic repulsion.

GA is isolated from the exudate of a shrub (acacia tree) and is
surface active because of the presence of polysaccharide and
protein moieties on the same molecule.’® The protein part is
believed to be nonpolar and anchors the molecule to the fat
droplet surface, whereas the polysaccharide part is polar and
protrudes into the aqueous phase.”® GA is negatively charged
form around pH 2-9 and can therefore be used to create ani-
onic droplets suitable for fabricating heteroaggregates.”> The
fact that GA forms a thick negatively charged interfacial coating
around fat droplets means that it mainly provides stabilization
against aggregation through a combination of steric and electro-
static repulsion. In general, polysaccharides-based emulsifiers
tend to be more stable to pH, ionic strength, and thermal treat-
ment than protein-based emulsifiers.’

Surfactants. There are a number of food-grade surfactants that
can also be used to form electrically charged fat droplets in O/
W emulsions.”®” These surfactants consist of a hydrophilic
head group that protrudes into the aqueous phase, and a hydro-
phobic tail group that protrudes into the oil phase. Most of the
ionic surfactants available for utilization in the food industry
are negatively charged, such as DATEM, CITREM, and lysoleci-
thin.’*>” Nevertheless, lauric arginate is a cationic surfactant
that is capable of producing stable positively charged droplets at
relatively low pH values (pH < 7).”® Ionic surfactants can be
used in isolation, or they can be mixed with nonionic surfac-
tants to improve emulsion stability.

Emulsifier Exchange. A potential problem with using two dif-
ferent kinds of fat droplets stabilized with different emulsifiers
is the exchange of emulsifiers between them. When one mixes
droplets coated by different emulsifiers together then the emul-
sifier from one droplet may exchange with the emulsifier from a
different droplet. This process is likely to occur via the bulk
aqueous phase that separates the droplets, that is, an adsorbed
emulsifier exchanges with a nonadsorbed emulsifier in the sur-
rounding aqueous phase. As a result, the electrical charge on
the two kinds of droplets will become more similar. If complete
mixing of the emulsifiers occurs at the droplet interfaces, then
all the droplets will eventually have the same charge, which may
prevent heteroaggregation. Emulsifier exchange may limit the
types of emulsifiers that can be used to form heteroaggregated
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systems. Polymeric emulsifiers tend to be more resistant to
exchange than small molecule surfactants,’>®® particularly if
they can be cross-linked at the interface, for example, by ther-
mal, chemical, or enzymatic treatment.®!

Preparation of Heteroaggregated Emulsions

In principle, various kinds of oppositely charged particles can
be used to induce particle—particle heteroaggregation, including
fat droplets, air bubbles, starch granules, and biological cells.
Previous studies have largely been carried out using oppositely
charged fat droplets and therefore we will focus on these sys-
tems. In this case, heteroaggregation is induced by mixing an
O/W emulsion containing positively charged droplets with
another one containing negatively charged droplets.”*® This
process can be carried out using either a one-step or two-step
method depending on the charge characteristics of the fat
droplets:

o One-step method: The two emulsions are mixed together
under conditions where the two types of droplets have oppo-
site charges so that heteroaggregation occurs immediately
(Figure 3).

e Two-step method: The two emulsions are mixed together
under conditions where the two types of droplets have similar
charges, and then the solution conditions (pH) are altered so
that the droplet charges become opposite and then heteroag-
gregation occurs.

The nature of the heteroaggregates formed and the resulting
physicochemical properties of the mixed system depend on a
number of factors, including the total particle concentration,
the positive-to-negative particle ratio, the size of the two types
of particles, and the mixing method.” Recent studies have been
carried out in our laboratory using two different surface-active
globular proteins to coat the fat droplets: lactoferrin (LF) and
B-Lg 12304340 1R has an isoelectric point around 8.5,
whereas f-Lg has an isoelectric point around 4.5 and so there is
a wide range of pH values where they have opposite charges
(Figure 5). Some of the major factors influencing the heteroag-
gregation of this system are highlighted below:

Particle Ratio. Mixed emulsions were prepared by mixing
together different mass ratios of LF-coated droplets (d ~ 300
nm) and fS-Lg coated droplets (d ~ 300 nm). Small aggregates
were formed at low- and high-particle ratios, but very large
aggregates were formed at intermediate particle ratios, which is
in agreement with theoretical predictions and computer simula-
tions.”*?*?° The apparent shear viscosity of the mixed systems
was orders of magnitude higher than that of the two original
emulsions (Figure 6). Indeed, the samples at intermediate parti-
cle ratios were paste-like materials that did not flow to the bot-
tom of the test tubes when they were inverted, whereas the
original emulsions were fluid-like. Consequently, heteroaggrega-
tion may be able to produce highly viscous or gel-like food
materials at much lower fat contents than is required normally.

Total Particle Concentration. The influence of total particle
concentration on the apparent shear viscosity of emulsions
containing only positive droplets, only negative droplets, or a
mixture of positive and negative droplets has been studied.”"'
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Figure 6. Influence of particle ratio on the apparent shear viscosity of
mixed emulsions containing LF-coated droplets (positive) and b-LG
coated droplets (negative). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

There was only a moderate increase in the viscosity of the emul-
sions containing a single type of droplet with increasing particle
concentration from 0% to 40%. On the other hand, there was a
steep increase in viscosity of mixed emulsions because of the fact
that they were highly aggregated. At sufficiently high particle con-
centrations, a 3D network of aggregated droplets was formed that
had paste-like characteristics. These systems could be character-
ized by a yield stress, consistency index, and flow index.”"'

Particle Size. The size of the particles in mixed emulsions also
has a major influence on cluster formation and bulk physico-
chemical properties.'”> We recently carried out studies contain-
ing oppositely charged droplets with different sizes: L(+), L(—),
S(+), and S(—), where L and S refer to large and small particles,
respectively. Emulsions containing small droplets (d ~ 300 nm)
were much more susceptible to heteroaggregation and gelation
than those containing larger droplets (d ~ 3000 nm) (Figure 7).
This effect was attributed to the fact that the small droplets
could form a 3D network that could fill the entire volume of the
container, and thereby give elastic-like properties. In addition,
the droplet—droplet collision frequency will be appreciably
higher for smaller droplets because of their faster diffusion rates.

Emulsifier Type. Most of the early studies on heteroaggregation
were carried out using highly purified globular proteins: f-Lg
and lactoferrin.”™'> However, these proteins are too expensive
for most commercial applications and therefore it is important
to identify commercially viable alternatives. Recent studies have
shown that heteroaggregation can be induced using widely used
commercial ingredients, such as whey protein isolate (WPI),
MS, and GA.°* For example, heteroaggregation has been
induced by mixing WPI-coated droplets with either MS- or
GA-coated droplets at low pH. At pH values below the isoelec-
tric point of WPI (pI ~ 5), the WPI-coated droplets are posi-
tive, whereas the MS- or GA-coated droplets are negative,
leading to an electrostatic attraction between them. The possi-
bility of using these emulsifiers in commercial food applications
has been examined.®”

Emulsion Type. We recently showed that heteroaggregation
could also be induced in W/O emulsions.®® In this case, two
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Figure 7. Influence of droplet size on the apparent shear viscosity of
mixed emulsions containing small (d ~ 300 nm) or large (d ~ 3000 nm)
droplets. L, Large droplets; S, Small droplets; (+), cationic droplets; (—),
anionic droplets. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

100%

W/O emulsions were prepared, one containing f-Lg-rich water
droplets and the other containing LF-rich oil droplets. These
two emulsions were then mixed together, which induced hetero-
aggregation between the negatively charged f-Lg-rich water
droplets and the positively charged LF-rich oil droplets. As in
W/O emulsions, heteroaggregation caused a pronounced
increase in the apparent shear viscosity of the W/O emulsions,
particularly after the mixed emulsions were heated to induce
thermal denaturation and gelation of the globular proteins. This
approach may therefore be suitable to application in commer-
cial products that have an oily continuous phase, such as mar-
garines and spreads.

PHYSICOCHEMICAL PROPERTIES OF
HETEROAGGREGATED EMULSIONS

In commercial applications, a product may experience various
environmental stresses during its production, storage, transport,
and utilization. It is therefore important to understand how the
physicochemical properties of heteroaggregated emulsions are
impacted by environmental stresses such as pH, ionic strength,
temperature, and mechanical stresses.

pH

The pH of the aqueous solution surrounding the droplets in
mixed emulsions plays a critical role in determining their physi-
cochemical properties. The sign and magnitude of the electrical
charge on protein-based and polysaccharide-based emulsifiers
usually depends on pH.***>° For example, the change in
charge with pH is shown in Figure 5 for two emulsions contain-
ing protein-coated droplets with different isoelectric points. At
low or high pH values, both types of emulsion droplets are
either positively charged or negatively charged and therefore no
heteroaggregation occurs because of the electrostatic repulsion
between them. At intermediate pH values, the two types of
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emulsion droplets are oppositely charged and therefore hetero-
aggregation occurred, which led to a large increase in viscosity.

Ionic Strength

The ionic strength of the aqueous phase surrounding the droplets
also has a major influence on the properties of heteroaggregated
systems because of its influence on electrostatic interactions. As
the ionic strength increases both attractive and repulsive electro-
static interactions will be reduced because of electrostatic screen-
ing effects.”* The addition of low or intermediate levels of salt to
a mixed emulsion containing oppositely charged droplets has
been shown to reduce the viscosity of the system by promoting
dissociation of heteroaggregated droplets.*” On the other hand,
the viscosity may increase again at high salt levels because homo-
aggregation occurs because of reduction of the electrostatic repul-
sion between similarly charged droplets.*’

Temperature

Commercial products are often subjected to thermal processes,
such as sterilization, pasteurization, or cooking, and therefore it
is important to understand how temperature influences their
properties. Heating protein-coated fat droplets can influence the
overall physicochemical properties because of thermally induced
alterations in the interfacial properties of the proteins. For
example, globular proteins unfold above their thermal denatura-
tion temperature, which increases the hydrophobic and disulfide
bonds between proteins. As a result, the strength of droplet—
droplet interactions may increase, which leads to increases in
viscosity or gel formation."" On the other hand, fat droplets
coated by random-coil proteins or polysaccharides (such as
casein, GA, or MS) are relatively stable to heating, and are
therefore less influenced by thermal processing.

Mechanical Stresses

The structural organization of the aggregated droplets within a
mixed emulsion may be permanently altered when a mechanical
stress (such as a compressive or shear force) is applied, thereby
resulting in irreversible changes in physicochemical properties,
such as rheology and appearance. At present, there have been few
reported studies on the influence of mechanical stresses on the
microstructure or rheology of heteroaggregated emulsions, but
this would be an important area for future work, as this has con-
siderable commercial implications for their practical application.

CONCLUSIONS

The use of heteroaggregation to control the properties of food
products is relatively new, but it has great potential for certain
applications. In the food area, controlling the textural characteris-
tics of products is one of the main potential applications of het-
eroaggregation. Inducing droplet aggregation in a product
through heteroaggregation causes a large increase in viscosity and
may lead to gel-like or paste-like properties. This phenomenon
can be used to create food products with novel textural charac-
teristics, or it can be used to reduce the fat-content of high fat
food products. Another potential application of heteroaggregates
in the food industry is to encapsulate multiple oil soluble com-
ponents within a single system. For example, positively charged
emulsions can encapsulate one kind of lipophilic component,
whereas the negatively charged emulsions can be used to encap-

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39631

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

sulate another kind of lipophilic component. These two oppo-
sitely charged emulsions could then be mixed together to form
microclusters. This may be useful if the two agent components
would normally interact with each other, or if they needed to be
released at different times or locations. Future research on the
sensory evaluation of heteroaggregates and their potential biologi-
cal fate would be useful for their practical applications.
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