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Abstract

Background

Emulsion gels are a class of soft solid-like materials. These composite materials are structurally
either a polymeric gel matrix into which emulsion droplets are incorporated (emulsion-filled gels),
or a network of aggregated emulsion droplets (emulsion particulate gels). Emulsion gels are

increasingly used in pharmaceutics, cosmetics and food industries.

Scope and Approach

This article reviews fabrication methods of emulsion gels, and describes factors that influence gel
properties and functionality. Effect of polymer-surfactant interactions on the rheology of emulsion
gel systems is explained. Then, irreversible and reversible clustering of oil droplets as the basis of

making emulsion particulate gels is deliberated.

Key Findings and Conclusions

Oil droplets depending on their interfacial composition act as either active or inactive fillers in an
emulsion-filled gel. Actively functioning oil droplets can increase gel modulus, whereas, inactive
oil droplets typically weaken gel texture. Interactions between surfactants and polymers, which
influences filler affinity to gel matrix, have significant consequences on emulsion gel rheology.

For protein-based emulsion gels, surfactant may also influence proteins unfolding and aggregation.

In situ gelation of an emulsion can be triggered by environmental factors such as temperature
changes during processing and storage or by physiological stimuli such as acidic pH in the
stomach. The clustering approach, which is used to form emulsion particulate gels may be utilized

to control digestibility of lipids in the gastrointestinal tract. The capability of encapsulating two or
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more different lipophilic components within a single delivery system may be achieved via

heteroaggregation technique.

Keywords: Emulsion gel; Aggregated droplets; Filler particle; Adsorbed polymer.

1. Introduction

Oil-in-water emulsions have been widely utilized in various domains such as food, pharmaceutical,
cosmetic, and paint industries owing to their ability to transport or solubilize hydrophobic
components in a water continuous phase (Budai-Szucs, 2008; Leal-Calderon, Schmitt, & Bibette,
2007). However, emulsions are thermodynamically unstable systems and attempt to revert back
into separate water and oil phases over time via various physicochemical mechanisms, including
coalescence, gravitational separation, flocculation, Ostwald ripening and phase separation
(McClements, 2014; McClements, Decker, & Weiss, 2007). This hinders their more widespread
application. For example, in pharmacy and medicine, emulsions are limitedly used for oral and
parenteral administration of drugs due to their unpredictable drug release profiles and possible

toxicity that arise from emulsion instability (Budai-Szucs, 2008; Eccleston, 2013; Sarkar, 2009).

The stability of emulsion can be greatly improved by confining oil droplets within a three-
dimensional solid-like aqueous network (hydrogels). Formation of a hydrogel network
immobilizes droplets within the gel structure, thus preventing flocculation and coalescence
(Eccleston, 2013). Hydrogels, on the other hand, may be per se utilized as delivery systems owing
to their ability to protect active ingredients from hostile environments and to deliver them in
response to environmental stimuli such as alterations in temperature and pH (Komaiko &
McClements, 2015; Subirade & Chen, 2008). In the food industry, a fundamental advantage of

utilizing hydrogels is that they can stabilize food texture, which is a desirable feature in
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manufacturing food products (Subirade & Chen, 2008). Nonetheless, hydrogels are not proper
carriers for delivery of hydrophobic compounds (Nayak, Olatunji, Bhusan Das, & Vladisavljevic,
2016). Fabrication of a composite system, named “emulsion gel” or “emulgel can provide the
advantages of both emulsions and hydrogels, i.e., the ability to solubilize both hydrophobic and
hydrophilic components and also good thermodynamic stability (Torres, Murray, & Sarkar, 2016).
As a consequence, emulsion gels can act as dual control release systems (Alexander et al., 2013).
These composite materials can be considered as a network of cross-linked polymers into which
droplets are embedded (described as emulsion-filled gels), or as a network formed from flocculated
droplets. The latter is a type of particulate gel (Dickinson, 2012, 2014). However, distinguishing
among cross-linked biopolymer molecules and flocculated droplets is not always easy for some
real systems such as food emulsion gels and their composite structure is considered as a hybrid
network fabricated from a combination of both these idealized models of structuring (Dickinson,

2014; Geremias-Andrade, Souki, Moraes, & Pinho, 2016).

Emulsion gels can be produced with a wide range of rheological properties, which depend on a
number of intrinsic factors such as the nature of interactions between the components, droplet
volume fraction, and matrix stiffness (Dickinson, 2014; Genovese, 2012). The effects of these
factors governing overall theology of an emulsion gel are of considerable practical importance
when utilizing an emulsion gel system for pharmaceutical, cosmetic and food applications. This
article aims to provide a review about fabrication of emulsion gel systems and investigation of the

main factors influencing their rheological properties.

2. Emulsion-filled gels
Emulsion-filled gels consist of oil droplets, as filler particles within a gel matrix (Torres et al.,

2016). The droplets can be classified as either active or inactive fillers depending on their effect

4
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on gel properties. Active fillers (so-called bound fillers) are connected to the gel network and
contribute to gel strength whereas inactive (unbound) fillers show low chemical affinity to gel
matrix, and do not interact or interact limitedly with gel matrix (Fig. 1) (Chen & Dickinson, 1999a;
Dickinson, 2012; Oliver, Berndsen, van Aken, & Scholten, 2015). For real food emulsion gels, it
is difficult to predict the precise role of filler particles because of the complex composition and
unknown properties of the interfacial membranes surrounding the emulsion droplets (Chen &
Dickinson, 1999a).

2.1. Fabrication methods

Emulsion-filled gels can be produced by embedding an emulsion into either a gel phase or a pre-
gel polymer solution, followed by gelation (Budai-Szucs, 2008; Dickinson, 2014). Sunflower oil
emulsions stabilized by octenyl succinic anhydride-modified starch were incorporated into native
starch gels to produce emulsion gels (Torres, Tena, Murray and Sarkar, 2017). In contrast,
emulsions stabilized by different emulsifying agents were added into heat-denatured whey protein
isolate (WPI), k-carrageenan and gelatin solutions and gelation was induced by adding glucono-
d-lactone into the WPI dispersion/emulsion mixture or by cooling the carrageenan/emulsion and
gelatin/emulsion mixtures (Sala, 2007). The acid-induced cold-set gelation of WPI was also
employed to gelify a mixture of native WPI-stabilized emulsion and WPI aggregates (Rosa, Sala,
van Vliet, and van de Velde, 2006). The embedding approach provides control over the functional
performance of the whole system via the manipulation of the properties and composition of the
surrounding matrix (Dickinson, 2014).

Emulsion-filled gels are also made through gelation of the continuous phase of an emulsion with
a low or moderate oil content. Accordingly, emulsion contains a gel-able polymer in the aqueous

phase (Chen & Dickinson, 1998; Kim, Renkema, & van Vliet, 2001; Lorenzo, Zaritzky, &
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Califano, 2013; Mao, Roos, & Miao, 2014; Saxena et al., 2013). When the polymer acts as both
emulsifier and gelling agent, more than enough of polymer required to completely saturate the
droplet surface is added into the aqueous phase. Emulsions produced by this approach are more
prone to flocculation by depletion interactions due to the present of excess unadsorbed polymer in
the continuous aqueous phase of emulsion (Dickinson, 2012; Chen, Dickinson, Langton, &
Hermansson, 2000). Chen and Dickinson (1998) made heat-set WPI-stabilized emulsion-filled
gels by this method. They reported that the emulsion underwent extensive flocculation as a result

of the use of extra whey protein during homogenization. However, as long as polymer-to-oil ratio

produced through acidification of oil-in-water emulsions made by mixing WPI solution and oil,
followed by high pressure homogenization using a microfluidizer. It was reported that all droplets
were smaller than 300 nm, and the droplet size distribution was narrow.

Utilization of stimuli-responsive polymers in the formulation of emulsion gels can provide the
possibility of in situ gelation. Stimuli-responsive polymers (synthetic or natural) undergo a
significant physicochemical change in response to small changes in the environmental conditions
which leads to a sol-gel transition in situ (Almeida, Amaral, Lobao, & Lobo, 2014; Grassi, Grassi,
Lapasin, & Colombo, 2006). The stimuli capable of triggering microstructural changes include
chemical (e.g., pH or ionic strength) and physical factors (e.g., temperature, magnetic fields, or
mechanical stress) (Almeida et al., 2014; Gil & Hudson, 2004; Oliveira & Mano, 2015).
Temperature and pH are the most widely utilized stimuli since they are easily controllable and

effective in a wide range of applications (Gil & Hudson, 2004). Wan et al. (2018) produced
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antibacterial thermo-reversible emulgels based on gelatin in order to preserve refrigerated meat.
To obtain meat samples coated with the emulgels, emulsions prepared using eugenol and nonionic
surfactants were added to gelatin solutions and then the pieces of meat were soaked in warm liquid
emulgels. Gelation was induced during storage of the samples at 4°C (Wan et al., 2018). In a study
by Soukoulis, Cambier, Hoffmann, and Bohn (2016), surfactant-stabilized o/w emulsions (5% w/w
oil) containing sodium alginate and calcium carbonate were prepared. Emulsions were then mixed
with glucono-o6-lactone, to trigger slow in situ release of calcium ions causing gelation of the
continuous aqueous phase of emulsions. The shearing-induced gelation of inulin was exploited to
cause sol-gel transition of an olive oil emulsion to filled hydrogel (Paradiso et al., 2015). Likewise,
a rice bran oil and rosemary essential oil emulsion containing inulin was gelled by ultrasonic
irradiation. The ultrasound was however detrimental to oil quality (Nourbehesht, Shekarchizadeh
and Soltanizadeh, 2018).

In situ gelation of system can also be triggered by physiological stimuli such as acidic pH in the
stomach (Almeida et al., 2014). Madadlou, Rakhshi and Abbaspourrad (2016) concluded that
pectin and alginate-enriched milk protein-stabilized emulsions can gel in the stomach. The
emulsions that gel intragastrically may be able to slow down the stomach emptying, resulting in a
protracted sense of fullness. Also they can be used as carriers for the delivery of highly gastric
irritant drugs, which prevent direct contact of the embedded drug with the gastric mucosa avoiding
the side effects of irritant drug. In addition, these in situ gelling emulsion formulations sustain the
release of the drug, which leads to better treatment efficacy and safety (de Araujo, 2014; Saxena
et al., 2013). In a study by Saxena et al. (2013), in situ gelling emulsions were prepared using
Gelucire 39/01 and low viscosity sodium alginate solution as lipid and aqueous phases of

emulsions, respectively. Appropriate amount of CaCO3 and drug were added to the prepared
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emulsions. The authors reported formation of gel in stomach after oral administration of the
emulsions and sustained release of the model drug over a period of 8 to 10 hours.

2.2. Important factors affecting the rheology of emulsion-filled gels

The rheological properties of emulsion-filled gels are different from those of conventional
hydrogels with the same nature of the gel matrix and depend on several factors such as
characteristics of filler and matrix and also interactions between them (Dickinson & Yamamoto,
1996b; Genovese, 2012; McClements, Monahan, & Kinsella, 1993; Torres et al., 2016). Some of

the most important of these factors are described below.

2.2.1. Type and concentration of emulsifying agent

The type of emulsifier adsorbed to the surface of droplets dictates the nature of interactions
between droplet and gel network (Torres et al., 2016). Active fillers enhance or diminish emulsion
gel modulus depending on the ratio between droplet modulus and that of the gel matrix (Chen &
Dickinson, 1999b; Oliver, Scholten, & van Aken, 2015). For an emulsion droplet, shear modulus
is related to the Laplace pressure (Equation 1), which is proportional to the ratio of interfacial

tension (y) to droplet radius R (Chen & Dickinson, 1999a; Walstra, 2003).

G’=pL=2'Y/R (Eq 1)

The enhancement of emulsion gel modulus (G”) occurs when the droplet modulus is higher than
the modulus of gel matrix (Chen & Dickinson, 1999a; Sala, 2007). On the other hand, inactive or
non-interacting fillers in the network are expected to behave like small holes in a composite
material (Dickinson, 2012). Therefore, they may weaken the gel and disrupt the network. In heat-
set emulsion gels that whey protein served as the sole emulsifier and gelling agent, the protein-

covered oil droplets behaved as active filler particles conferring a high viscoelasticity to gel;
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however, in the presence of an excess amount of a non-ionic surfactant, droplets behaved as

inactive fillers and the gel texture weakened (Chen et al, 2001).

In emulsion systems containing a mixture of polymer and surfactant, rheological character
becomes more complex because they both contribute to emulsion stability and rheological
properties. Rheological properties of such emulsion gel systems can be affected by polymer-
surfactant interactions and their effects on polymer adsorption at interface and chemical affinity
between filler and matrix. In the case of proteins, unfolding and aggregation of protein molecules
can also be affected by surfactants, which influence the rheological behavior of protein-based
emulsion gels containing surfactant. The effects of polymer-surfactant interactions depend on the
type of added surfactant (non-ionic, cationic or anionic), concentration of surfactant and the

solution conditions such as pH, temperature and ionic strength (Dickinson & Hong, 1997).

Surfactants can influence adsorption of polymers at interface through two different mechanisms
including binding of surfactant to the polymer, which alters polymer solubility, and the competitive
adsorption between the adsorbed polymer and surfactant (Guzman et al., 2016; Kronberg,
Holmberg, & Lindman, 2014). If there is a strong attraction between the surfactant and the
polymer, adsorption of the polymer can be enhanced as a result of decreased solvency. This can
be explained by the fact that association of an ionic surfactant to oppositely charged polymer
reduces the polymer charge, which leads to compaction of the polymer chain and a diminished
solubility. Thereby, an enhanced adsorption of the surfactant—polymer complex can be attained
due to charge neutralization (Chen & Dickinson, 1995a; Chen & Dickinson, 1995b; Kronberg et
al., 2014). At higher surfactant concentrations, the surfactant—polymer complex achieves the same
charge as the surfactant and becomes soluble because of its high charge density. In this region of

surfactant concentration, the polymer—surfactant complexes do not adsorb and the interface is
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covered with adsorbed surfactant only (Chen & Dickinson, 1995b; Kronberg et al., 2014). As well,
if an ionic surfactant is added to a non-charged polymer pre-adsorbed onto interface, the polymer
desorbs from the surface due to binding of the surfactant to the polymer via hydrophobic
interactions, and forming a soluble polymer—surfactant complex with the charges originating from

the surfactant (Kronberg et al., 2014).

In addition to the mechanism of formation of soluble complexes causing polymer desorption,
polymers can also be desorbed from an O/W interface due to competitive adsorption between the
adsorbed polymer and surfactant (Chen & Dickinson 1995¢; Guzman et al., 2016). When there is
a repulsive interaction or a weak attractive interaction between the surfactant and the polymer, i.e.
the surfactant and polymer have the same charge or surfactant is non-ionic, then the surfactant can
displace the polymer from the interface to reduce the surface energy (Guzman et al., 2016;
Kronberg et al., 2014). Under such conditions and at below the critical micelle concentration
(CMC) of the surfactant, both the polymer and the surfactant are adsorbed to interface. Above the
CMC, almost all polymer is desorbed and only the surfactant is present at the interface (Kronberg

et al., 2014).

In the case of protein-surfactant mixed systems, some different behavior may be seen due to the
specific secondary and tertiary structures of proteins (Guzman et al., 2016). In particular, globular
proteins as the most frequently studied proteins are different from the other polymers since they
are compact and monodisperse macromolecules with lack of conformational freedom (Piculell,
Lindman, & Karlstrom, 1998). Proteins can interact with surfactants with both hydrophobic and
electrostatic interactions due to their amphiphilic character and net charge (Kronberg et al., 2014).
Binding of larger amounts of surfactant to a protein, especially for ionic surfactants, may lead to a

drastic conformational change that is irreversible and can give rise to the complete denaturation of
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the protein. Therefore, proteins may be involved in different conformational states which
complicates studies of interactions (Piculell et al., 1998). It is established that surfactants can be
classified into two categories: denaturing surfactants which complex to proteins and induce
unfolding of their tertiary structure, and non-denaturing surfactants in which the tertiary structure
is maintained (Jones & Brass, 1991). Nonionic surfactants such as the Tritons or n-octyl-p3-
glucoside (OBG), have minor effects on the tertiary structure of proteins. On the other hand, ionic
surfactants tend to associate strongly with proteins and can then initiate unfolding of their tertiary
structure. Anionic surfactants, e.g. sodium n-dodecylsulphate (SDS), can unfold proteins more
than cationics (Jones & Brass, 1991). One of interesting manifestations of the amphiphilic nature
of proteins is when a surfactant is added to a concentrated solution of a protein. Surfactant addition
leads to a considerable enhancement in viscosity with a maximum as a function of the surfactant
concentration (Kronberg et al., 2014). This viscosity effect is attributed to the formation of mixed
micelle-like aggregates containing surfactants and hydrophobic groups belonging to two distinct
protein chains. The mixed micelles cross-link the protein molecules (Dickinson & Hong, 1997;
Djabourov, Nishinari, & Ross-Murphy, 2013). This behavior has similarities with that suggested
for systems containing mixtures of hydrophobically modified water-soluble polymers and
surfactants. At higher surfactant concentrations, the cross-linking effects are eliminated because
each of the mixed micelles will contain only one hydrophobic group (Fig. 2). It has been shown
that anionic surfactants, at concentrations above the CMC, are more effective in increasing the
viscosity of gelatin solutions than cationic surfactants. As well, nonionic surfactants have

negligible effect on the gelatin solution viscosity (Chen & Dickinson, 1995b).

Dickinson and Hong (1997) studied the influence of sodium dodecyl sulphate (SDS), as an anionic

surfactant, on the rheology of heat-set B-lactoglobulin-stabilized emulsion gels. They found that
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the storage modulus of emulsion gel was highly dependent on the total protein content and,
specifically, the surfactant/protein molar ratio. For low surfactant additions to the concentrated
emulsion systems, the storage modulus tended slightly to decrease as a consequence of increased
electrostatic repulsion between the droplets caused by surfactant binding (Dickinson & Hong,
1997). At intermediate SDS concentrations, the storage modulus increased which was attributed
to SDS-induced unfolding of protein and surfactant-mediated cross-links via mixed micellar
aggregates (Dickinson & Hong, 1997). The authors also reported that a large reduction in the
storage modulus at high surfactant/protein molar ratio in the concentrated emulsions was due to
complete solubilization of protein into discrete unconnected mixed micelles. In systems containing
an anionic water-dispersible emulsifier diacetyl tartaric acid ester of monoglyceride (DATEM), it
was found that the storage modulus of emulsion gel increased with increasing surfactant/protein
molar ratio due to poor ability of DATEM to displace the adsorbed protein competitively

(Dickinson, 2012; Dickinson and Hong, 1994; Dickinson & Hong, 1997).

For nonionic emulsifier in mixed surfactant-protein systems, it has been shown that replacement
is the predominant mechanism (Dickinson & Hong, 1995; Guzman et al., 2016). Non-ionic water-
soluble surfactants such as Tween 20 are more effective in displacing proteins from oil-water
interfaces compared to oil-soluble emulsifiers e.g., glycerol monostearate (Dickinson, 2012). For
a protein-stabilized emulsion gel, as the proteins start to displace from the droplet surface in the
presence of Tween 20, chemical affinity between the filler and the matrix is weakened which leads

to a decrease in the storage modulus of emulsion gel (Torres et al., 2016).

2.2.2. Filler concentration and size
The influence of filler concentration on the rheology of emulsion-filled gels depends on the type

of filler (Dickinson & Chen, 1999). It has been reported by several authors that gel strength
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increases with increasing filler concentration for droplets bound to matrix, i.e. active droplets
(Boutin, Giroux, Paquin, & Britten, 2007; Gwartney, Larick, & Foegeding, 2004; Line,
Remondetto, and Subirade, 2005; Rosa et al., 2006). Sala (2007) found that the fracture strain
decreased with increasing oil concentration for droplets interacted to the matrix such as gelatin
gels with WPI-stabilized emulsions and WPI gels with WPI aggregate-stabilized emulsions,
whereas remained constant for noninteracting droplets including gelatin gels with Tween-
stabilized emulsions and k-carrageenan gels with WPI-stabilized emulsions. van Vliet (1988)
studied dynamic moduli of casein gels and polyvinyl alcohol (PVA)-Congo red gels filled with
particles as a function of filler type and volume fraction of fillers. He showed that if there was no
interaction between the fillers and gel matrix, the modulus decreased with increasing volume

fraction of the filler for both the filled PVA and the filled casein gels.

Droplet volume fraction can be influenced by distribution of the droplets in the gel matrix (Oliver
et al., 2015). Flocculated state of droplets within the gel matrix causes a higher effective volume
fraction of filler as compared with single droplets due to the matrix entrapped within the
flocculated droplets. For an emulsion gel system with bound and flocculated droplets, a higher
effective volume fraction results in greater values of viscoelastic parameters (Chen & Dickinson,
1998; Sala, 2007). van Vliet (1988) reported that the increase in elastic moduli, as a function of
the volume fraction of fillers, for casein gels containing active fillers (milk fat globules) was much
greater than expected. He explained that during the gel formation process, the milk fat globules
became flocculated. Since the volume of such a flocculated particle composed of fat globules was
greater than the sum of the volumes of individual globules, the effective volume fraction of
dispersed fat globules was enhanced which led to a higher elastic moduli of the filled casein gels.

Similar trends of effect of the increased effective volume fraction of dispersed phase on elastic

13
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modulus of gels, induced by droplet flocculation, have been reported for heat-set whey protein
emulsion gel systems (Chen & Dickinson, 1998) and soy protein emulsion gel systems (Kim et al.,

2001).

In terms of filler size, smaller average particle sizes tend to enhance the filler effect due to an
increase in surface area-to-volume ratio and in the number of filler particles which reduces distance
between droplets (Dickinson & Chen, 1999; Torres et al., 2016). Several studies conducted on
large deformation and fracture properties of emulsion gels have indicated that, at a constant volume
fraction, gel strength increases as the size of active fillers decreases. For example, in the case of
soybean protein isolate gels containing oil droplets stabilized by soy protein and WPI gels
containing emulsions stabilized by WPI, as well myofibrillar protein (MP) gels containing MP-
coated oil droplets, lowering of the oil droplet size resulted in a higher gel strength for gels (Kim
et al., 2001; Yost & Kinsella, 1993; Wu, Xiong, & Chen, 2011). On the other hand, for gels
containing emulsions stabilized by SDS, Tween 20 and Triton X-100, i.e. inactive filler particles,
no effect of the droplet size on gel strength was observed (McClements et al., 1993). Sala (2007)
found that the effect of a decrease in the size of oil droplet on the Young’s modulus of gels with
non-flocculated bound droplets and that of gels with droplets unbound to the matrix was according

to the van der Poel theory, unless when the droplets were flocculated.

Van der Poel theory can predict the shear modulus of filled gels for a given moduli of gel matrix
(G'mawix) and filler particles (G'riner), provided that the filler particles are assumed to behave as
bound fillers, and also be non-interacting with each other (Geremias-Andrade et al., 2016). The
theory expresses when the filler particles are more rigid than the gel matrix (Gsitler > Gmauix), the
shear modulus of the filled gel is higher than that of the matrix, whereas a reversed trend is

predicted for the situation of Gfier < Gmarix (Geremias-Andrade et al., 2016; Sala, 2007). To
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calculate the modulus of gels containing unbound fillers, a modification of the van der Poel theory
was proposed by van Vliet (1988) via setting the filler modulus to zero. On the basis of this theory,
Sala (2007) demonstrated that for gels with non-flocculated bound fillers, e.g. gelatin gels
containing emulsions stabilized by WPI, a decrease of the filler size caused stiffening of the fillers
and, therefore, results in an increase of the Young’s modulus of filled gels. In the case of unbound
droplets (k-carrageenan gels with WPI-stabilized emulsions and gelatin gels with Tween-stabilized
emulsions), he reported that droplet size alterations exerted no effect on the Young’s modulus of
gels which corroborates the approximation of setting the effective modulus of unbound droplets to
zero (Sala, 2007). In gel systems containing flocculated bound droplets, if the flocs modulus is
greater than the modulus of the gel matrix, larger flocs can induce an enhanced effective volume
of the fillers, resulting in an increase of the filled gel modulus, whereas the opposite trend may

occur for gels containing the flocs with a lower modulus than that of the matrix (Sala, 2007).

2.2.3. Solid fat content

Replacement of a liquid oil by a solid fat in an emulsion leads to an increased stiffness of the
emulsion-filled gel (Oliver et al., 2015). The modulus of droplets with solid fat content is enhanced
by the presence of a fat crystal network which is formed due to aggregation of crystals via van der
Waals attraction (Kloek, van Vliet, & Walstra, 1997; Torres et al., 2016). Oliver et al., (2015)
investigated alteration in rheological behaviour of emulsion-filled gels when a high saturated solid
fat is replaced by unsaturated liquid oil. They demonstrated that the hardness of the fat phase
formed inside the emulsion droplets increases the modulus of the emulsion gel. Therefore, gels
comprising droplets with a higher solid fat content possess larger modulus values than those
containing droplets of liquid oil (Oliver et al., 2015). Furthermore, partial coalescence phenomena

can occur when fat crystals located near the interface protrude into the aqueous phase, pierce the
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film separating two droplets and penetrate into the oil phase of adjacent droplets. This causes the
droplets to stay flocculated (Leal-Calderon et al., 2007; McClements, 2015). As a consequence,
the effective volume fraction of droplet increases, which can stiffen the emulsion gel (Torres et

al., 2016).

2.2.4. Matrix stiffness

As mentioned earlier, the modulus of gel matrix influences rheological properties of the emulsion-
filled gel. Elastic modulus of the gel matrix is significantly affected by polymer concentration
(Geremias-Andrade et al., 2016). In a study on the rheological properties of emulsion-filled protein
gels, Mao et al. (2014) reported that gels with a higher protein content had a higher storage
modulus and showed a higher force and strain at breaking, which was attributed to formation of a
more compact gel network. Soltani and Madadlou (2016) demonstrated that pectin gels containing
Pickering emulsions became harder with increasing pectin content. They also reported that gelation
time was shorter at a higher content of pectin. Increasing the gelling agent concentration causes
polymer chains to come closer together, resulting in a reduction in the number of voids in the
matrix and formation of more bonds between structural elements. This increases the elastic
modulus of gel matrix (Oliver et al., 2015; Torres et al., 2016). The type of polymer utilized as
gelling agent can influence matrix stiffness. In a study by Lorenzo et al. (2013), two types of gellan
(high and low-acyl versions) were used as gelling agent to produce emulsion-filled gels. The
authors reported that only high acyl gellan formed stable emulsion gels. The emulsion gels
formulated by low acyl gellan remained fluid for a longer time, which allowed oil droplets to
cream. Emulsion-filled gels based on high acyl gellan gum exhibited a “strong gel-like” behavior

with a frequency-independent storage modulus (Lorenzo et al., 2011).

2.4.5. Interfacial ageing
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Age of the interfacial layer of biopolymers influences the extent of the reinforcing effect of the
fillers (Dickinson, 2012). Chen and Dickinson (1999b) studied the interfacial ageing effect of
protein monolayer around the droplets on the viscoelasticity of a heat-set protein emulsion gel. In
this study B-lactoglobulin-stabilized emulsions were made and then either mixed immediately with
whey protein isolate or left for up to few days before mixing and thermal processing. They found
that the aged monolayer had weaker chemical affinity for the gel matrix leading to less influence
on increasing the viscoelasticity of the final gel. The loss of interfacial reactivity was attributed to
rapid conformational changes in the adsorbed protein structure, leading to formation of lateral
intra-layer cross-links between adsorbed protein molecules and correspondingly a reduction in
cross-links between the adsorbed proteins and the proteins of the gel matrix (Chen, & Dickinson

1999b; Dickinson, 2012; Torres et al., 2016).

2.3. Water-holding capacity

Water-holding capacity of emulsion-filled gels is related to their microstructural properties (Line
et al., 2005). Two different types of microstructure can be distinguished for the gel matrix of
emulsion-filled gels: particulate and fine-stranded gel matrixes (Fig. 3) (Gwartney et al, 2004).
Particulate gel matrixes consist of a three-dimensional network of rather large aggregates
composed of numerous biopolymer molecules. These highly aggregated gels possess coarser
network structures with large pores between the polymeric aggregates, which makes them prone
to syneresis because it is not possible to hold water tightly by capillary forces (McClements, 2015).
Particulate gels of globular proteins are formed at pH values close to the iso-electric point of
protein or at high salt concentrations (Nicolai & Durand, 2013). In fine-stranded gels, biopolymer
molecules build up thin filaments and have a low tendency to aggregate further (Hermansson,

2008). For these finer gel matrixes, smaller and more homogenous pore sizes mean that the water
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are held tightly by capillary forces and cannot be pressed out (Bryant & McClements, 1998;
Hermansson, 2008). Gels formed by a large number of hydrocolloids such as pectin, agar, gelatin,
gellan, alginate, etc. have fine-stranded structure. In the case of globular proteins, fine stranded
gels are formed at low ionic strengths and pH values significantly far from the isoelectric point of
protein (Nicolai & Durand, 2013). Under these conditions, protein molecules do not undergo
extensive aggregation owing to the strong electrostatic repulsion between them (Bryant &
McClements, 1998). A number of factors can influence the matrix microstructure of emulsion gels
such as oil concentration, polymer concentration, ionic strength and thermal treatment (Line et al.,
2005; Mao et al., 2014). Increasing the concentration of oil droplets acting as bound fillers
decreases emulsion gel syneresis. Bound fillers, as an integrated part of the gel matrix, diminish
the effective pore size of gel network and obstruct micro-channels, thereby leading to a reduction

in water release when pressure is applied to the gel (Boutin et al., 2007; Line et al., 2005).

Emulsion gels with a higher polymer content have a higher water-holding capacity due to
formation of a more compact gel network with lower permeability. Boutin et al. (2007) reported
that the syneresis of WPI emulsion gels was significantly affected by whey protein concentration.
The effect of polymer content on syneresis of emulsion-filled gels is more pronounced than that
of oil, which is probably due to the water-binding sites that exist on biopolymer chains (Mao et

al., 2014).

Gel structure and water-holding capacity can be affected by calcium ion level. A mixture of Na*
(25 mM NaCl) and Ca** (10 mM CaCl») caused formation of particulate heat-set WPI emulsion
gels at pH 7.0 in comparison to Na* (25 mM NaCl) that produced stranded gels (Gwartney et al.,
2004). The particulate emulsion gel held less water than the stranded gel. Similarly, Line et al.

(2005) observed that an increase in Ca®* level from 11.7 to 68.3 mM changed the cold-set B-
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lactoglobulin emulsion gel microstructure from fine-stranded, with small pore size, to particulate
microstructure comprising larger protein aggregates and larger pores. Gel microstructure is also
affected by thermal treatment before or after emulsification. The water holding capacity of cold-
set soy protein isolate (SPI) emulsion gels induced by CaCl, and glucono-6-lactone was enhanced
by thermal treatment after emulsification, whereas thermal treatment before emulsification led to
a slight decrease in water-holding capacity. Thus, formation of protein aggregates before
emulsification was not in favor of gel microstructure, whereas thermal treatment after
emulsification leading to unfolding and aggregation of proteins adsorbed at the oil-water interface
improved the microstructural properties of emulsion gels. The improvement was a consequence of
enhanced inter-droplet interactions and interactions between adsorbed and unadsorbed proteins
(Tang, Chen, and Foegeding, 2011). Heat treatment duration and temperature is significant
because they influence protein aggregation extent (Torres et al. 2016). A stronger thermal
treatment causes a more significant denaturation and more exposure of hydrophobic domains,
thereby leading to extensive aggregation of protein molecules (Ruffin, Schmit, Lafitte, Dollat, &

Chambin, 2014).

3. Emulsion particulate gels

Controlled clustering of droplets can be utilized to produce emulsion gel systems with particle gel
microstructures (Bremer, Bijsterbosch, Walstra, & Van Vliet, 1993; Dickinson, 2012). A particle
gel consists of a collection of aggregated particles, which occupy the enclosing volume, forming
a continuous three-dimensional network (Fig. 4) (Bremer, 1992; Sala, 2007). It is noteworthy that
some authors use the terms aggregation and flocculation interchangeably, whereas others
distinguish between the two terms. Nonetheless, the distinction has not a significant practical

importance (Dickinson, 2010). Here, the term ‘flocculation’ may be replaced by ‘aggregation’
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without significant loss of meaning. Rheology of a particle gel can be mainly affected by strength
of interaction forces between the particles and also deformability of the particles (Bremer, 1992;
Walstra, 2003). In the case of oil droplets, deformability is determined by the Laplace pressure
within the droplet (Oliver et al., 2015). It has been reported that when particles are less deformable
and the strands of aggregated particles are less flexible and curved, it will result in smaller fracture
strains for emulsion gels (van Vliet, 2013).

Based on the nature of the interactions between the droplets, aggregation and gelation of emulsion
droplets may be strong and irreversible or weak and reversible (Dickinson, 2010; Petsev, 2002,
2004).

3.1. Irreversible aggregation

In irreversible aggregation and gelation, droplets stick together very strongly and form permanent
fractal-type flocs (Dickinson, 2000; Genovese, 2012). These flocs grow large enough to join
together and ultimately form large interconnected macroscopic networks (Blijdenstein, Hendriks,
van der Linden, van Vliet, & van Aken, 2003; Dickinson, 2000). The resulting structure of the
flocs is related to aggregation mechanisms and the interparticle interactions (Tirado-Miranda,
Rodriguez-Valverde, Schmitt, Callejas-Ferniandez, & Fernandez-Barbero, 2009). Two idealized
mechanisms of particle aggregation considered for irreversible processes are diffusion-limited
cluster aggregation (DLCA) and reaction-limited cluster aggregation (RLCA) (Bremer et al., 1993;
Dickinson, 2000; Djabourov et al., 2013). In the case of DLCA model, repulsive forces are
negligible and every collision between particles or clusters leads to irreversibly attachment upon
contact (Bremer, 1992; Turgeon & Laneuville, 2009). Such a fast aggregation process results in
more open and porous flocs of lower fractal dimension because of little time for rearrangement of

the flocs (Bremer, 1992; Grassi et al., 2006). In the RLCA model, particles still possess a small

20



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

but nonnegligible repulsive barrier that must be overcome before the particles irreversibly join
together (Del Gado et al., 2016). Since particles do not immediately stick and the aggregation rate
is slower, the particles can diffuse further within a growing aggregate which results in more
interpenetrated and compact flocs with higher fractal dimension (Bremer, 1992; Del Gado et al.,
2016; Grassi et al., 2006). In a polymer-stabilized emulsion, when approximately all the available
gelling polymer is located at the interface and only a trace amount of excess polymer exists in the
continuous aqueous phase, flocculation and gelation can occur through direct links between
polymers located at different droplet surfaces (Chen & Dickinson, 1999b). As a consequence, a
particle gel with polymer-coated emulsion droplets comprising the primary structural units is
formed. Some of the most common physico-chemical processes used to induce irreversible
flocculation and gelation of polymer-coated droplets are explained below.

3.1.1. Altering pH and ionic strength

For electrostatically stabilized emulsions fabricated by using electrically charged emulsifiers, e.g.,
ionic surfactants, proteins, or polysaccharides, flocculation can be induced by changing pH and
ionic strength of the surrounding aqueous phase or by binding divalent ions especially Ca?* to
adsorbed emulsifier molecules (Dickinson, 2010; McClements, 2015). In protein-stabilized
emulsions, the net charge on the protein is relatively low upon approaching the isoelectric point
and the electrostatic repulsion forces between the droplets are no longer sufficiently strong to
prevent droplets from getting close together, leading to flocculation. Chen, Dickinson and Edwards
(1999) and also Chen and Dickinson (2000) produced sodium caseinate emulsion gels through
acidification of sodium caseinate stabilized emulsions by adding glucono-d-lactone. Large
deformation behavior of the produced emulsion gels was more like a typical particle gel which

includes short linear viscoelastic region and shear-weakening behavior beyond the linear region
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(Chen & Dickinson, 1999b, 2000; Chen et al., 1999). An increase in ionic strength of the
surrounding solution under influence of concentration and valence of the ions leads to a
progressive screening of the electrostatic repulsion between droplets, which results in flocculation
(McClements, 2015). Tang and Liu (2013) prepared gel-like soy protein emulsions by means of
microfluidization at appropriate NaCl concentrations. They demonstrated that attractive inter-
droplet interactions and subsequently, the extent of droplet flocculation increased due to
electrostatic repulsion screening of charged groups of the adsorbed proteins by the salt. The
minimum amount of electrolyte required to induce flocculation, defined as critical flocculation
concentration (CFC), decreases with increasing the valence of the counter ions and decreasing the
surface potential of droplets (Tadros, 2006).

Monovalent counter-ions screen electrostatic interactions but do not change the surface charge
density or isoelectric point of charged emulsion droplets; whereas, multivalent counter-ions, in
addition to being more effective in charge screening, alter the surface charge density and isoelectric
point of emulsion droplets by binding to the surface of droplets (Guzey & McClements, 2006;
McClements, 2015). Thereby multivalent counter-ions are particularly efficient at lowering
flocculation stability of the electrostatically stabilized emulsions than monovalent counter-ions

(McClements, 2004).

3.1.2. Thermal processing

In the case of emulsions stabilized by globular proteins, hydrophobic interactions play a significant
role in determining the flocculation stability (McClements, 2015). It has been shown that surface
denaturation at relatively low temperatures (below 65°C) and unfolding at thermal denaturation
temperature of adsorbed globular proteins after emulsification can cause exposure of hydrophobic

segments, which leads to flocculation of emulsion droplets by thermal treatment or ageing,
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depending on the content of non-adsorbed protein and ionic strength (Dickinson, 2010). Dickinson
and Chen (1999) produced heat-set whey protein-stabilized emulsion gels behaving more like

particle gels at oil volume fractions more than 30 %.

3.1.3. Bridging flocculation

Formation of bridges between polymers either during emulsification or after it can result in
emulsion droplets flocculation (Dickinson, 2010). Bridging flocculation during emulsification
occurs when concentration of a polymer used as emulsifier is insufficient to completely cover the
interface and hence the same polymer adsorbs simultaneously onto more than one droplet. This
leads to formation of “bridges” or “links” between oil droplets (Kronberg et al., 2014; Pal, 1996).
After emulsification, bridging flocculation and gelation can be induced by mixing an emulsion
containing electrically charged polymer-coated droplets with a solution of oppositely charged
polymers at a concentration below that required for total surface coverage (Dickinson &
Pawlowsky, 1997). Simo, Mao, Tokle, Decker, and McClements (2012) prepared emulsion-based
gel systems by addition of pectin solution to emulsions containing B-lactoglobulin-coated lipid
droplets at pH values lower than the isoelectric point of B-lactoglobulin (pI=5) where the droplets
were positively charged and the pectin molecules were negatively charged. Consequently, pectin
molecules were attracted to the surfaces of protein-coated droplets leading to droplet aggregation
and gel formation by a bridging flocculation mechanism (Simo et al., 2012). If the protein-coated
droplets are fully covered by added anionic polymers, then bridging flocculation is replaced by a
restabilization mechanism arising from the electrostatic and steric repulsion between the droplets

(Dickinson & Pawlowsky, 1997).

3.1.4. Enzyme treatment
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The enzyme transglutaminase (glutaminyl-peptide y-glutamyltransferase, EC 2.3.2.13) can
covalently cross-link most proteins through the formation of e-(y-glutamyl)lysine bridges
(Matsumura, Kang, Sakamoto, Motoki, & Mori, 1993; Zeeb, Fischer, & Weiss, 2014). Flexible
proteins such as gelatin and casein are good substrates for this enzyme, while globular proteins, in
native state, are poor substrates owing to their compact structure which limits the accessibility of
enzyme to the target glutamine and lysine residues (Lim, Mine, Britt, & Tung, 2002).

Aggregation of droplets in a protein-stabilized oil-in-water emulsion is conveniently achieved
using transglutaminase treatment through crosslinking between protein molecules adsorbed on
different droplets (Chanyongvorakul, Matsumura, Sawa, Nio, & Mori, 1997). In systems of high
volume fraction with sufficiently extensive crosslinking, the liquid-like emulsion will be converted
into an emulsion gel (Dickinson, 1997). Dickinson and Yamamoto (1996a) produced
transglutaminase-induced milk protein gels and emulsion gels and as well, compared rheological
properties of these systems with those of the equivalent heat-induced gels and emulsion gels. They
found that, for protein gels (no oil droplets) the enzymatic treatment made a stronger gel than the
heat processing while for the emulsion gels, the opposite trend was observed. The authors
explained that these differences in rheological behavior was due to the presence of unbreakable
crosslinks in the enzyme-treated system imposing topological constraints, which prevents some
adsorbed protein molecules from making crosslinks with other adsorbed protein molecules and
limits further strengthening of the network via subsequent structural rearrangements in the

emulsion gel (Dickinson & Yamamoto, 1996a).

3.1.5. High-pressure processing
Flocculation and gelation of concentrated emulsions stabilized by globular proteins can be induced

by the application of high pressure (Dickinson & James, 1998). As with thermal treatment, pressure
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processing can denature globular proteins and lead to aggregation (Galazka, Dickinson, &
Ledward, 2000). The effect of pressure on proteins is rather complex and depends on the protein
structure, pH, ionic strength, solvent composition and pressure processing conditions such as
temperature, the magnitude and duration of the applied pressure (Dumay, Kalichevsky, & Cheftel,
1994; Galazka et al., 2000). It has been found that intramolecular hydrophobic and electrostatic
interactions are affected by pressure but hydrogen bonds are virtually insensitive to the applied
pressure (Galazka et al., 2000; Messens, Van Camp, & Huyghebaert, 1997). This means that the
tertiary and quaternary structure of globular proteins are disrupted while their secondary structure
is relatively unaffected (Singh & Ye, 2014).

Dickinson and James (1998) produced p-lactoglobulin-stabilized emulsion gels through
application of high pressure and thermal treatment. They reported that maximum values of elastic
moduli for emulsion gels fabricated by thermal treatment (Tmax = 80 °C) can be some 2-3 orders
of magnitude higher than for those fabricated by high-pressure treatment (Pmax = 800 MPa). It was
found that the emulsion gel made by severe high-pressure processing (800 MPa for 60 min) can
possess viscoelastic properties that are almost the same as those for the equivalent emulsion gel
made by mild thermal treatment (65°C for 5 min). Therefore, high-pressure processing can be
considered as a milder treatment in comparison with thermal treatment (Dickinson, 2012;

Dickinson & James, 1998).

3.2. Reversible aggregation

In reversible aggregation and gelation, emulsion droplets stick together by moderately weak forces
to form a transient network possessing viscoelastic properties of a weak gel-like solid (Dickinson,
2000; Genovese, 2012). It was found that in systems containing high concentrations of oil and

polymer, a weak and reversible particle gel network can be formed by the mechanism of depletion
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flocculation even without further processing (Dickinson, 2012; Dickinson & Golding, 1997).
Depletion flocculation tends to occur when there is excess unadsorbed colloidal particles, such as
polymer molecules or surfactant micelles in the continuous phase (Dickinson, 2012; McClements,
2009). In such systems, as two droplets approach each other, there will be a point where there is
no longer space for unadsorbed colloidal particles between the droplets (Kronberg et al., 2014).
The exclusion of the colloidal particles from this narrow region between two droplets gives rise to
an osmotic pressure gradient driving solvent molecules out of this area into the bulk liquid in order
to dilute the surrounding colloid-rich solution. These entropic exclusion and osmotic effect result
in a net attraction between the droplets causing flocculation (Appelgvist, Golding, Vreeker, &
Zuidam 2016; McClements, 2000). Dickinson and Golding (1997) investigated the influence of
unadsorbed protein on the stability of emulsions prepared with sodium caseinate. They
demonstrated that in emulsions containing relatively high concentrations of both protein and oil, a
weak particle gel network was formed by depletion flocculation of oil droplets due to caseinates
remaining unadsorbed and forming sub-micelles in the aqueous phase. In a study on formation of
emulsion-based gel-like materials, Simo et al., (2012) showed that mixing an emulsion containing
B-lactoglobulin-coated lipid droplets with a pectin solution under conditions where the droplets
and pectin molecules had similar charges (i.e., at pH 7) can induce depletion flocculation and gel
network formation above a critical pectin concentration. It was ascribed to the presence of pectin

molecules, which are not attracted to the droplet surfaces.

3.3. Heteroaggregation
In contrast to aggregation of similar colloidal particles (homoaggregation) in single-particle
systems, heteroaggregation phenomenon can occur between particles of different types in mixed

particle systems (Dickinson, 2011; Lopez-Lopez, Schmitt, Moncho-Jorda, & Hidalgo-Alvarez,
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2006). For a binary emulsion system, in which each emulsion separately is stabilized
electrosterically by biopolymers having different isoelectric points, heteroaggregation of
oppositely charged droplets and also gelation of system may occur under certain conditions
(Dickinson, 2011). In dilute mixed systems, discrete clusters of charged droplets with various sizes
and structures are formed depending on the nature and ratio of the positive and negative droplets
involved (Dickinson, 2011; Mao & McClements, 2011, 2012a). In concentrated systems, created
clusters extend all over the volume of the system which lead to the formation of particle gel
network (Dickinson, 2011; Mao & McClements, 2011). Mao and McClements (2011) prepared
gel-like mixed-protein emulsions based on heteroaggregation, through mixing an emulsion
stabilized by B-lactoglobulin with another emulsion stabilized by lactoferrin. These two proteins
possess different isoelectric points (B-lactoglobulin pI=5 and lactoferrin pI=8) resulting in oil
droplets with different electrical charge versus pH profiles. Clusters were formed at pH values
between the isoelectric points of the two single-protein emulsions where the two used proteins
possessed opposite charges (Mao & McClements, 2011). Formation of mixed particle gels through
heteroaggregation approach can provide highly viscous products at lower fat contents than in the

absence of heteroaggregation (Mao & McClements, 2012b).

4. Conclusions

Emulsion gel systems have advantages over conventional emulsions and hydrogels for certain
applications, such as improved physical or chemical stability, texture modification, encapsulation
of both lipophilic and hydrophilic components, and controlled release. Different methods by using
several types of formulation additives have been employed for the manufacturing of emulsion gels.
Physicochemical properties of emulsion gels which play an important role in determining their

functional performance, are affected by employed fabrication method and formulation. The
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embedding approach producing emulsion-filled gel systems allows the functional performance of
the whole system e.g., the release of encapsulated components to be controlled via the
manipulation of the composition, dimensions, permeability, and environmental responsiveness of
the surrounding matrix. In situ-gelling approach provides injectable low viscosity fluids that can
be introduced into the body prior to gelling within the desired tissue or organ. Clustering of
droplets leading to formation of particle gels can be used to provide high viscosity and paste-like
characteristics in some products or to control digestibility of lipids in the gastrointestinal tract.
Formation of mixed particle gels through heteroaggregation can be a useful approach of creating
products with novel textural characteristics or decreased fat contents. As well, encapsulation of
two or more different lipophilic components within a single delivery system may be achieved via
heteroaggregation approach. Considering the wide range of potential applications of emulsion gels
in pharmaceutical, cosmetic and food industries, more studies are required in order to know the
most appropriate conditions and ingredients needed to obtain the systems with specific functional
attributes. As well, there is a need to carry out more studies to provide better understanding what
happens to the emulsion gel systems during complex processes occurring within the human body.
It could offer scientists the capability to design more effective functional systems with considering

health-related aspects.

References

Alexander, A., Khichariya, A., Gupta, S., Patel, R. J., Giri, T. K., & Tripathi, D. K. (2013).
Recent expansions in an emergent novel drug delivery technology: Emulgel. Journal of

Controlled Release, 171, 122-132.

28



636
637
638

639
640
641

642
643
644

645
646
647

648
649

650
651

652
653
654

655
656

657
658
659

660
661
662

Almeida, H., Amaral, M. H., Lobao, P., & Lobo, J. M. S. (2014). In situ gelling systems: a
strategy to improve the bioavailability of ophthalmic pharmaceutical formulations. Drug

Discovery Today, 19, 400-412.

Appelqgvist, I. A. M., Golding, M., Vreeker, R., & Zuidam, N. J. (2016). Emulsions as delivery
systems in foods. In J. M. Lakkis (Ed.), Encapsulation and controlled release technologies in

food systems (pp. 129-172). Chichester: John Wiley & Sons.

Blijdenstein, T. B., Hendriks, W. P., van der Linden, E., van Vliet, T., & van Aken, G. A. (2003).
Control of strength and stability of emulsion gels by a combination of long-and short-range

interactions. Langmuir, 19, 6657-6663.

Boutin, C., Giroux, H. J., Paquin, P., & Britten, M. (2007). Characterization and acid-induced
gelation of butter oil emulsions produced from heated whey protein dispersions. International

Dairy Journal, 17, 696-703.

Bremer, L. G. B. (1992). Fractal aggregation in relation to formation and properties of particle

gels. Ph.D. Thesis. Netherlands: Wageningen Agricultural University.

Bremer, L. G. B, Bijsterbosch, B. H., Walstra, P., & Van Vliet, T. (1993). Formation, properties

and fractal structure of particle gels. Advances in Colloid and Interface Science, 46, 117-128.

Bryant, C. M., & McClements, D. J. (1998). Molecular basis of protein functionality with special
consideration of cold-set gels derived from heat-denatured whey. Trends in Food Science &

Technology, 9, 143-151.

Budai-Szucs, M. (2008). Formulation and investigation of gel-emulsions containing polymeric

emulsifiers. Ph.D. Thesis. Szeged: University of Szeged.

Chanyongvorakul, Y., Matsumura, Y., Sawa, A., Nio, N., & Mori, T. (1997). Polymerization of
B-lactoglobulin and bovine serum albumin at oil-water interfaces in emulsions by

transglutaminase. Food Hydrocolloids, 11, 449-455.

Chen, J., & Dickinson, E. (1995a). Protein/surfactant interfacial interactions Part 1. Flocculation
of emulsions containing mixed protein+ surfactant. Colloids and Surfaces A: Physicochemical

and Engineering Aspects, 100, 255-265.

29



663
664
665

666
667
668

669
670

671
672

673
674

675
676

677
678

679
680
681

682
683
684

685
686

Chen, J., & Dickinson, E. (1995b). Protein/surfactant interfacial interactions Part 2.
Electrophoretic mobility of mixed protein+ surfactant systems. Colloids and Surfaces A:

Physicochemical and Engineering Aspects, 100, 267-277.

Chen, J., & Dickinson, E. (1995¢). Protein/surfactant interfacial interactions Part 3. Competitive
adsorption of protein+ surfactant in emulsions. Colloids and Surfaces A: Physicochemical and

Engineering Aspects, 101, 77-85.

Chen, J., & Dickinson, E. (1998). Viscoelastic properties of protein-stabilized emulsions: effect

of protein— surfactant interactions. Journal of Agricultural and Food Chemistry, 46, 91-97.

Chen, J., & Dickinson, E. (1999a). Effect of surface character of filler particles on rheology of

heat-set whey protein emulsion gels. Colloids and Surfaces B: Biointerfaces, 12, 373-381.

Chen, J., & Dickinson, E. (1999b). Interfacial ageing effect on the rheology of a heat-set protein
emulsion gel. Food Hydrocolloids, 13, 363-369.

Chen, J., & Dickinson, E. (2000). On the temperature reversibility of the viscoelasticity of acid-

induced sodium caseinate emulsion gels. International Dairy Journal, 10, 541-549.

Chen, J., Dickinson, E., & Edwards, M. (1999). Rheology of acid-induced sodium caseinate

stabilized emulsion gels. Journal of Texture Studies, 30, 377-396.

Chen, J., Dickinson, E., Langton, M., & Hermansson, A. M. (2000). Mechanical properties and
microstructure of heat-set whey protein emulsion gels: effect of emulsifiers. LWT-Food Science

and Technology, 33(4), 299-307.

Chen, J., Dickinson, E., Lee, H. S., & Lee., W. P. (2001). Protein-based emulsion gels: effects of
interfacial properties and temperature. In E. Dickinson & R. Miller (Eds.), Food Colloids
Fundamentals of Formulation (pp. 384-391). Cambridge: Royal Society of Chemistry.

de Araujo, J. P. L. (2014). Oxaprozin-loaded lipid nanoparticles towards overcoming NSAIDs
side-effects. M.Sc. Thesis. Portugal: University of Porto.

30



687
688
689

690
691

692
693

694
695

696
697

698
699

700
701
702

703
704

705
706

707
708
709

710
711
712

Del Gado, E., Fiocco, D., Foffi, G., Manley, S., Trappe, V., & Zaccone, A. (2016). Colloidal
gelation. In A. Fernandez-Nieves & A. M. Puertas (Eds.), Fluids, colloids and soft materials: an

introduction to soft matter physics (pp. 279-292). Hoboken: John Wiley & Sons.

Dickinson, E. (1997). Enzymic crosslinking as a tool for food colloid rheology control and

interfacial stabilization. Trends in Food Science & Technology, 8, 334-339.

Dickinson, E. (2000). Structure and rheology of simulated gels formed from aggregated colloidal

particles. Journal of Colloid and Interface Science, 225, 2-15

Dickinson, E. (2010). Flocculation of protein-stabilized oil-in-water emulsions. Colloids and

Surfaces B: Biointerfaces, 81, 130-140.

Dickinson, E. (2011). Simple statistical thermodynamic model of the heteroaggregation and

gelation of dispersions and emulsions. Journal of Colloid and Interface Science, 356, 196-202.

Dickinson, E. (2012). Emulsion gels: The structuring of soft solids with protein-stabilized oil
droplets. Food Hydrocolloids, 28, 224-241.

Dickinson, E. (2014). Understanding food structures: the colloid science approach. In M. Boland,
M. Golding, & H. Singh (Eds.), Food structures, digestion and health (pp. 3-49). London:

Elsevier.

Dickinson, E., & Chen, J. (1999). Heat-set whey protein emulsion gels: role of active and

inactive filler particles. Journal of Dispersion Science and Technology, 20, 197-213.

Dickinson, E., & Golding, M. (1997). Depletion flocculation of emulsions containing

unadsorbed sodium caseinate. Food Hydrocolloids, 11, 13-18.

Dickinson, E., & Hong, S.-T. (1994). Surface coverage of B-lactoglobulin at the oil-water
interface: influence of protein heat treatment and various emulsifiers. Journal of Agricultural and

Food Chemistry, 42, 1602-1606.

Dickinson, E., & Hong, S.-T. (1995). Influence of water-soluble nonionic emulsifier on the
rheology of heat-set protein-stabilized emulsion gels. Journal of Agricultural and Food

Chemistry, 43, 2560-2566.

31



713
714
715

716
717
718

719
720
721

722
723
724

725
726

727
728

729
730
731

732
733

734
735

736
737

Dickinson, E., & Hong, S.-T. (1997). Influence of an anionic surfactant on the rheology of heat-
set B-lactoglobulin-stabilized emulsion gels. Colloids and Surfaces A: Physicochemical and

Engineering Aspects, 127, 1-10.

Dickinson, E., & James, J. D. (1998). Rheology and flocculation of high-pressure-treated 3-
lactoglobulin-stabilized emulsions: comparison with thermal treatment. Journal of Agricultural

and Food Chemistry, 46, 2565-2571.

Dickinson, E., & Pawlowsky, K. (1997). Effect of 1-carrageenan on flocculation, creaming, and
rheology of a protein-stabilized emulsion. Journal of Agricultural and Food Chemistry, 45, 3799-
3806.

Dickinson, E., & Yamamoto, Y. (1996a). Rheology of milk protein gels and protein-stabilized
emulsion gels cross-linked with transglutaminase. Journal of Agricultural and Food Chemistry,

44, 1371-1377.

Dickinson, E., & Yamamoto, Y. (1996b). Viscoelastic properties of heatset whey protein-

stabilized emulsion gels with added lecithin. Journal of Food Science, 61, 811-816.

Djabourov, M., Nishinari, K., & Ross-Murphy S. B. (2013). Physical gels from biological and
synthetic polymers. New York: Cambridge University Press, (Chapter 6).

Dumay, E. M., Kalichevsky, M. T., & Cheftel, J. C. (1994). High-pressure unfolding and
aggregation of B-lactoglobulin and the baroprotective effects of sucrose. Journal of Agricultural

and Food Chemistry, 42, 1861-1868.

Eccleston, G. M. (2013). Emulsions and creams. In M. E. Aulton, & K. Taylor (Eds.), Aulton's

pharmaceutics: the design and manufacture of medicines (pp. 435-464). Elsevier.

Galazka, V. B., Dickinson, E., & Ledward, D. A. (2000). Influence of high pressure processing

on protein solutions and emulsions. Current Opinion in Colloid & Interface Science, 5, 182-187.

Genovese, D. B. (2012). Shear rheology of hard-sphere, dispersed, and aggregated suspensions,

and filler-matrix composites. Advances in Colloid and Interface Science, 171-172, 1-16.

32



738
739

740
741

742
743

744
745
746

747
748
749

750
751

752
753

754
755
756

757
758

759
760
761

Geremias-Andrade, I. M., Souki, N. P., Moraes, 1. C., & Pinho, S. C. (2016). Rheology of

emulsion-filled gels applied to the development of food materials. Gels, 2, 22.

Gil, E. S., & Hudson, S. M. (2004). Stimuli-reponsive polymers and their bioconjugates.
Progress in Polymer Science, 29, 1173-1222.

Grassi, M., Grassi, G., Lapasin, R., & Colombo, 1. (2006). Understanding drug release and

absorption mechanisms: a physical and mathematical approach. Boca Raton: CRC Press.

Guzey, D., & McClements, D. J. (2006). Formation, stability and properties of multilayer
emulsions for application in the food industry. Advances in Colloid and Interface Science, 128,

227-248.

Guzman, E., Llamas, S., Maestro, A., Ferndndez-Peiia, L., Akanno, A., Miller, R., Ortega, F., &
Rubio, R. G. (2016). Polymer—surfactant systems in bulk and at fluid interfaces. Advances in
Colloid and Interface Science, 233, 38-64.

Gwartney, E., Larick, D., & Foegeding, E. (2004). Sensory texture and mechanical properties of

stranded and particulate whey protein emulsion gels. Journal of Food Science, 69, S333-S339.

Hermansson, A. M. (2008). Structuring water by gelation. In J. M. Aguilera, & P. J. Lillford
(Eds.), Food materials science (pp. 255-280). New York: Springer.

Jones, M., N., & Brass, A. (1991). Interactions between small amphipathic molecules. In E.
Dickinson (Ed.), Food polymers, gels and colloids (pp. 65-80). Cambridge: Royal Society of
Chemistry.

Kim, K.-H., Renkema, J., & Van Vliet, T. (2001). Rheological properties of soybean protein

isolate gels containing emulsion droplets. Food Hydrocolloids, 15, 295-302.

Kloek, W., van Vliet, T., & Walstra, P. (1997). Structure of fat crystal aggregates. In E.
Dickinson, & B. Bergenstahl (Eds.), Food colloids: proteins, lipids and polysaccharides (pp. 168-
184). Cambridge: Woodhead Publishing.

33



762
763
764

765
766

767
768

769
770
771

772
773

774
775
776

777
778

779
780

781
782

783
784
785

Komaiko, J., & McClements, D. J. (2015). Food-grade nanoemulsion filled hydrogels formed by
spontaneous emulsification and gelation: optical properties, rheology, and stability. Food

Hydrocolloids, 46, 67-75.

Kronberg, B., Holmberg, K., & Lindman, B. (2014). Surface chemistry of surfactants and
polymers. Chichester: John Wiley & Sons.

Leal-Calderon, F., Schmitt, V., & Bibette, J. (2007). Emulsion science: basic principles. (2th
ed.). New York: Springer Science & Business Media.

Lim, L. T., Mine, Y, Britt, I. J., & Tung, M. A. (2002). Formation and properties of egg white
protein films and coatings. In A. Gennadios (Ed.), Proteins-based films and coatings (pp. 233-
252). Boca Raton: CRC Press.

Line, V. L. S., Remondetto, G. E., & Subirade, M. (2005). Cold gelation of -lactoglobulin oil-
in-water emulsions. Food Hydrocolloids, 19, 269-278.

Lopez-Lopez, J. M., Schmitt, A., Moncho-Jorda, A., & Hidalgo-Alvarez, R. (2006). Stability of
binary colloids: kinetic and structural aspects of heteroaggregation processes. Soft Matter, 2,

1025-1042.

Lorenzo, G., Zaritzky, N. E., & Califano, A. N. (2011). Viscoelastic characterization of fluid and

gel like food emulsions stabilized with hydrocolloids. Procedia Food Science, 1, 281-286.

Lorenzo, G., Zaritzky, N., & Califano, A. (2013). Rheological analysis of emulsion-filled gels
based on high acyl gellan gum. Food Hydrocolloids, 30, 672-680.

Madadlou, A., Rakhshi, E., & Abbaspourrad, A. (2016). Engineered emulsions for obesity
treatment. Trends in Food Science & Technology, 52, 90-97.

Mao, Y., & McClements, D. J. (2011). Modulation of bulk physicochemical properties of
emulsions by hetero-aggregation of oppositely charged protein-coated lipid droplets. Food

Hydrocolloids, 25, 1201-1209.

34



786
787
788

789
790
791

792
793
794

795
796

797
798

799
800

801
802

803
804
805

806
807

808
809

810
811

Mao, Y., & McClements, D. J. (2012a). Fabrication of functional micro-clusters by
heteroaggregation of oppositely charged protein-coated lipid droplets. Food Hydrocolloids, 27,
80-90.

Mao, Y., & McClements, D. J. (2012b). Influence of electrostatic heteroaggregation of lipid
droplets on their stability and digestibility under simulated gastrointestinal conditions. Food &

Function, 3, 1025-1034.

Mao, L., Roos, Y. H., & Miao, S. (2014). Study on the rheological properties and volatile release
of cold-set emulsion-filled protein gels. Journal of Agricultural and Food Chemistry, 62, 11420-
11428.

Matsumura, Y., Kang, 1. J., Sakamoto, H., Motoki, M., & Mori, T. (1993). Filler effects of oil

droplets on the viscoelastic properties of emulsion gels. Food Hydrocolloids, 7, 227-240.

McClements, D. J. (2000). Comments on viscosity enhancement and depletion flocculation by

polysaccharides. Food Hydrocolloids, 14, 173-177.

McClements, D. J. (2004). Protein-stabilized emulsions. Current Opinion in Colloid & Interface
Science, 9, 305-313.

McClements, D. J. (2015). Food emulsions: principles, practices, and techniques. (3th ed.). Boca
Raton: CRC press.

McClements, D. J. (2009). Biopolymers in food emulsions. In S. Kasapis, I. T. Norton, & J. B.
Ubbink (Eds.), Modern biopolymer science: bridging the divide between fundamental treatise

and industrial application (pp. 129-166). London: Elsevier.

McClements, D. J. (2014). Nanoparticle-and microparticle-based delivery systems:

encapsulation, protection and release of active compounds. Boca Raton: CRC Press.

McClements, D. J., Decker, E., & Weiss, J. (2007). Emulsion-based delivery systems for
lipophilic bioactive components. Journal of Food Science, 72, R109-R124.

McClements, D. J., Monahan, F. J., & Kinsella, J. E. (1993). Effect of emulsion droplets on the
rheology of whey protein isolate gels. Journal of Texture Studies, 24, 411-422.

35



812
813

814
815
816

817
818

819
820
821

822
823
824
825

826
827

828
829

830
831

832
833
834

835
836

Messens, W., Van Camp, J., & Huyghebaert, A. (1997). The use of high pressure to modify the
functionality of food proteins. Trends in Food Science & Technology, 8, 107-112.

Nayak, A., Olatunji, O., Bhusan Das, D., & Vladisavljevic, G. (2016). Pharmaceutical
applications of natural polymers. In O. Olatunji (Ed.), Natural polymers: industry techniques and

applications (pp. 263-314). Heidelberg: Springer.

Nicolai, T., & Durand, D. (2013). Controlled food protein aggregation for new functionality.
Current Opinion in Colloid & Interface Science, 18, 249-256.

Nourbehesht, N., Shekarchizadeh, H., & Soltanizadeh, N. (2018). Investigation of stability,
consistency, and oil oxidation of emulsion filled gel prepared by inulin and rice bran oil using

ultrasonic radiation. Ultrasonics Sonochemistry, 42, 585-593.

Oliveira, M. B., & Mano, J. F. (2015). Natural-based and stimuli-responsive polymers for tissue
engineering and regenerative medicine. In M. M. Pradas & M. J. Vicent (Eds.), Polymers in
regenerative medicine: biomedical applications from nano- to macro-structures (pp. 49-90).

Hoboken: John Wiley & Sons.

Oliver, L., Berndsen, L., van Aken, G. A., & Scholten, E. (2015). Influence of droplet clustering
on the rheological properties of emulsion-filled gels. Food Hydrocolloids, 50, 74-83.

Oliver, L., Scholten, E., & van Aken, G. A. (2015). Effect of fat hardness on large deformation
rheology of emulsion-filled gels. Food Hydrocolloids, 43, 299-310.

Pal, R. (1996). Rheology of emulsions containing polymeric liquids. In D. Schuster (Ed.),
Encyclopedia of emulsion technology, Vol. 4 (pp. 93-265). New York: Marcel Dekker.

Paradiso, V. M., Giarnetti, M., Summo, C., Pasqualone, A., Minervini, F., & Caponio, F. (2015).
Production and characterization of emulsion filled gels based on inulin and extra virgin olive oil.

Food Hydrocolloids, 45, 30-40.

Petsev, D. N. (2002). Mechanisms of emulsion flocculation. In A. T. Hubbard (Ed.),
Encylcopedia of surface and colloid science (pp. 3192-3207). New York: Marcell Dekker.

36



837
838

839
840

841
842

843
844

845
846

847
848

849
850
851

852
853
854

855
856
857

858
859
860

Petsev, D. N. (2004). Emulsions: structure, stability and interactions. London: Elsevier, (Chapter

8).

Piculell, L., Lindman, B., & Karlstrom G. (1998). Phase behavior of polymer-surfactant systems.
In J.C.T. Kwak (Ed.), Polymer-surfactant systems (pp. 65-142). New York: Marcell Dekker.

Rosa, P., Sala, G., van Vliet, T., & van De Velde, F. (2006). Cold gelation of whey protein

emulsions. Journal of Texture Studies, 37, 516-537.

Ruffin, E., Schmit, T., Lafitte, G., Dollat, J. M., & Chambin, O. (2014). The impact of whey

protein preheating on the properties of emulsion gel bead. Food chemistry, 151, 324-332.

Sala, G. (2007). Food gels filled with emulsion droplets: linking large deformation properties to

sensory perception. Ph.D. Thesis. Netherlands: Wageningen University.

Sarkar, A. (2009). Molecular farming. New Delhi: Discovery publishing house Pvt., (Chapter
12).

Saxena, A., Mishra, A. K., Verma, N., Bhattacharya, S. S., Ghosh, A., Verma, A., & Pandit, J. K.
(2013). Gelucire based in situ gelling emulsions: a potential carrier for sustained stomach

specific delivery of gastric irritant drugs. BioMed research international, 2013.

Simo, O. K., Mao, Y., Tokle, T., Decker, E. A., & McClements, D. J. (2012). Novel strategies
for fabricating reduced fat foods: heteroaggregation of lipid droplets with polysaccharides. Food
Research International, 48, 337-345.

Singh, H., & Ye, A. (2014). Interactions and functionality of milk proteins in food emulsions. In
M. Boland, H. Singh, & A. Thompson (Eds.), Milk proteins: from expression to food (pp. 359-
386). San Diego: Academic Press.

Soltani, S., & Madadlou, A. (2016). Two-step sequential cross-linking of sugar beet pectin for
transforming zein nanoparticle-based Pickering emulsions to emulgels. Carbohydrate Polymers,

136, 738-743.

37



861
862
863

864
865
866

867
868

869
870
871
872

873
874
875

876
877
878
879

880
881

882
883

884
885
886
887

Soukoulis, C., Cambier, S., Hoffmann, L., & Bohn, T. (2016). Chemical stability and
bioaccessibility of B-carotene encapsulated in sodium alginate o/w emulsions: Impact of Ca2+

mediated gelation. Food Hydrocolloids, 57, 301-310.

Subirade, M., & Chen, L. (2008). Food-protein-derived materials and their use as carriers and
delivery systems for active food components. In N. Garti (Ed.), Delivery and controlled release

of bioactives in foods and nutraceuticals (pp. 251-278). Cambridge: Woodhead.

Tadros, T. F. (2006). Applied Surfactants: principles and applications. Weinheim: John Wiley &
Sons, (Chapter 6).

Tang, C. H., Chen, L., & Foegeding, E. A. (2011). Mechanical and water-holding properties and
microstructures of soy protein isolate emulsion gels induced by CaCl2, glucono-d-lactone
(GDL), and transglutaminase: Influence of thermal treatments before and/or after emulsification.

Journal of Agricultural and Food Chemistry, 59, 4071-4077.

Tang, C. H., & Liu, F. (2013). Cold, gel-like soy protein emulsions by microfluidization:
emulsion characteristics, rheological and microstructural properties, and gelling mechanism.

Food Hydrocolloids, 30, 61-72.

Tirado-Miranda, M., Rodriguez-Valverde, M. A., Schmitt, A., Callejas-Fernandez, J., &
Fernandez-Barbero, A. (2009). Fractal structures and aggregation kinetics of protein-
functionalized colloidal particles. In R. Hidalgo-Alvarez (Ed.), Structure and functional

properties of colloidal systems (pp. 289-314). Boca Raton: CRC Press.

Torres, O., Murray, B., & Sarkar, A. (2016). Emulsion microgel particles: novel encapsulation

strategy for lipophilic molecules. Trends in Food Science & Technology, 55, 98-108.

Torres, O., Tena, N. M., Murray, B., & Sarkar, A. (2017). Novel starch based emulsion gels and

emulsion microgel particles: design, structure and rheology. Carbohydrate Polymers, 178, 86-94.

Turgeon, S. L., & Laneuville, S. I. (2009). Protein+ polysaccharide coacervates and complexes:
from scientific background to their application as functional ingredients in food products. In S.
Kasapis, I. T. Norton, & J. B. Ubbink (Eds.), Modern biopolymer science: bridging the divide

between fundamental treatise and industrial application (pp. 327-363). London: Elsevier.

38



888
889

890

891

892
893

894
895
896

897
898

899
900

901

van Vliet, T. (1988). Rheological properties of filled gels. Influence of filler matrix interaction.

Colloid and Polymer Science, 266, 518-524.
van Vliet, T. (2013). Rheology and fracture mechanics of foods. Boca Raton: CRC Press.
Walstra, P. (2003). Physical chemistry of foods. New York: Marcel Dekker.

Wan, J., Hu, Y., Ai, T., Huang, Q., Li, J., & Li, B. (2018). Preparation of thermo-reversible

eugenol-loaded emulgel for refrigerated meat preservation. Food Hydrocolloids, 79, 235-242.

Wu, M., Xiong, Y. L., & Chen, J. (2011). Rheology and microstructure of myofibrillar protein—
plant lipid composite gels: effect of emulsion droplet size and membrane type. Journal of Food

Engineering, 106, 318-324.

Yost, R. A., & Kinsella, J. E. (1993). Properties of acidic whey protein gels containing
emulsified butterfat. Journal of Food Science, 58, 158-163.

Zeeb, B., Fischer, L., & Weiss, J. (2014). Stabilization of food dispersions by enzymes. Food &
Function, 5, 198-213.

39



Figure captions

Fig. 1. Schematic representation of two emulsion-filled gels. a) oil droplets behave as active filler
particles, b) oil droplets behave as inactive filler particles.

Fig. 2. Schematic representation of interactions between hydrophobically modified water-soluble
polymers and surfactants. Inter-chain mixed aggregates formed at low surfactant concentration
are progressively transformed into intra-chain mixed aggregates with increasing surfactant
concentration (Kronberg et al., 2014).

Fig. 3. Schematic representation of two different matrix structures of emulsion-filled gels.

Fig.4. Schematic representation of a) fractal clusters of aggregated particles, b) network of fractal
clusters (particle gel).
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