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Abstract

Background

Lipophilic molecules such as flavours, essential oils, vitamins and fatty acids araltdiff deliver in
food matrices owing to their limited solubility, rapid oxidation and degradatiangiphysiological
transit. Among the technologies available to deliver lipophilic molecules, emulsioogel particle
are a relatively new class of soft solid particles of discrete size, shapentargkting release

properties.

Scope and approach
Relevant literature concerning the processing of emulsion gels and emulsiogahjarticles has
been reviewed. Factors affecting the mechanical properties of protein-stabitizdsion gels with

key emphasis on the role of “active” and “inactive fillers” are discussed echnologies for creation of

emulsion gel particles using top-down and bottom-up approaches has been covered. Spedoial attent

was dedicated to the release mechanisms from emulsion microgel particles via swelling and erosion

Key findings and conclusions
Emulsion gels with “active fillers” offer the potential to create emulsion microgel particles using top-
down approach. Polymer extrusion, multiple emulsion templating, fluid gels are feas rfort
creating emulsion microgel particles using bottom-up approaches. Although whey proteieehas
well researched, modified starch, plant proteins need to be investigatedifpr afesew emulsion
microgel particles that can act as surfactant and bulk gelling agents finotteiright through
intelligent tuning of processing conditions. If designed carefully with an eadl of “controlled
delivery” in mind, responsiveness to oral temperature, gastric enzymes, intestinal pahdte, built
into emulsion microgel particles so that they may find novel applicatiofeod, pharmaceutical and

personal care industries.
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1. Introduction

Lipophilic active molecules, such as fat soluble vitamins, flavourings, fatty acids and
essential oils pose challenges for their application in food matrices as they are water
insoluble. They tend to oxidize rapidly in the presence of air, light and heat. Additionally, due
to their hydrophobic nature, most of these compounds are difficult to deliver in human
physiology and are generally partially absorbed by the body or their biological activity is
partly or fully degraded during their transit. Thus, there is a huge need to phaset
lipophilic compounds without environmental degradation and tailor their release at a
physiological site, such as burst release of flavours or essential oils in mouth or protect the
omega-3 fatty acids during gastric transit and release them in the intestine.

A wide range of technologies have been developed to encapsulate lipid molecules,
such as emulsions, emulsion gels, liposomes, micelles, nanoparticles, etc. Each of these have

their own specific advantages and disadvantages in terms of protection, delivery, cost,

regulatory status, ease of use, biodegradability and biocompatipility (McClements|& Li,

2010). Among these, emulsions gels are an alternative technique that allows stabilization and

delivery of lipophilic compounds in food matrices. Emulsion gesfrequently produced in

food products, such as, sausages, yogurt, dairy desserts, cheege, etc. (Mun, Kim,| Shin, &

McClements, 2015). Currently, there has been an upsurge in research efforts in the domain of

emulsion gels resulting in engineering of novel soft solids, such as emulsion fluid gels and
emulsion microgel particles. To understand different terminologies used in the literature
definitions of each of these classes of emulsion gels with their corresponding microstructures

are included in Table 1.
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Emulsion microgel particles are a relatively new class of soft solids, particularly in food
research. Emulsion microgel particles have similar polymer chemistry to emulsion gels
though their physical arrangement and scale is different. Both emulsion gels and emulsion

microgel particles have oil and gel phases but microgels are much smaller discrete particles

with well-defined spherical shage (Thorne, Vine, & Snowden, R011). In emulsion gels, the

emulsion droplets are stabilised by emulsifiers and heterogeneously distributed in a
continuous gel matrix whereas in emulsion microgel particles, emulsion droplets are
stabilised by an emulsifier and gelling agent, creating a soft solid shell around several
emulsion droplets which are then incorporated into a continuous gel matrix. Therefore, in
emulsion gels before gelation of the matrix, emulsion droplets are rather mobile due to
Brownian motion and can be unstable due to faster flocculation, coalescence and creaming.
Meanwhile, in emulsion microgel particles, several emulsion droplets are entrapped into a

soft solid shell providing better control of droplet size, mobility and mechanical properties

Mun, Kim, & McClements, 2015Ruffin, Schmit, Lafitte, Dollat, & Chambin, ZOHZhang,

Zhang, Decker, & McClements, 2 ang, Zhang, Tong, Decker, & McClements, 2015).

Additionally, microgel particls have been demonstrated to protect against oxidation

lipophilic compound such as polyunsaturated fatty a¢ids (Augustin & Sanguansr|, 2012

Beaulieu, Savoie, Paquin, & Subirade, ZTOBung, Degner, Decker, & McClements, 2p13

Mao & Miao, 201T|Matalanis, Jones, & McClements, 2(J)/Elikov & Pelan, 2008).

The microgel particle encapsulation method has been desexbi&ehart” because
the size, physicochemical properties of these particles are tuneable and allow the microgel to

swell or de-swell, as well as degrade in response to specific temperature, pH, ionic strength,

enzymatic condition$ (Ballauff & Lu, 20gJKawaguchi, 2014Shewan & Stokes, ZOHBVei,

Li, & Ngai, 2016). Hence, emulsion microgel particles can be effective for site-dependent

release of lipophilic bioactives (Ching, Bansal, & Bhandari, 2016). For instance,
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incorporation of filled hydrogel particles in low fat dairy products have been found to retain

the sensory attributed of the dairy product by controlling the release of lipophilic aroma and

mimicking fat droplet functionality (Chung, et al., 2Q{I8ye & McClements, 201Malone

& Appelqvist, 2003|Malone, Appelqvist, & Norton, 200liver, Berndsen, van Aken, &

Scholten, 20150liver, Scholten, & van Aken, 2018°izzoni, Compagnone, Di Natale,

D’Alessandro, & Pittia, 2015||Zhang, Zhang, Chen, Tong, & McClements, 2015). Hydrogel

particles encapsulating hydrophilic compounds have been well studied and revigwed jpy Joye

and McClements (2014) ard McClements (2015) as well as protein-based msibesgleéen

investigated by Dickinson (2015). Nevertheless to our knowledge, no review on emulsion

microgel particles encapsulating lipophilic compounds is available. Hence, this review aims
to detail the formation of emulsion microgel particles and their application for controlled
release of lipophilic compounds.

We begin by covering the basic processing steps of emulsion gels since this sets the scene for
the top-down approach of making emulsion microgel particles from the parent emulsion gel.
In the second section, we discuss the role of oil dropf@ier” or gel “matrix”, and
interactions that govern the mechanical properties of emulsion gels. We have focussed
mainly on whey protein (from bovine milk) and also covered the few available publications
on modified starch-based systems, since both these biopolymers have potential to act as
surfactants and gelling agent when subjected to suitable processing conditions. The third
section deals with the bottom-up approach of preparation of emulsion microgel particles
using polymer extrusigmmultiple emulsion-based templating or the fluid gel route. Finally,

we discuss the different release mechanisms of these emulsion microgel particles.
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2. Formation of Emulsion Gels

The formation of emulsion gels is generally a two-step process as shown in Figure 1. The
first step involves the formation of an al~water emulsion. During high shear mixing, such

as high pressure homogenization, colloid milling, etc., globular whey proteins unfold and
adsorb onto the surface of oil droplets due to their surface active properties, decreasing the

interfacial tension between the oil and agueous phase and stabilizing the oil droplets via the

W

electrostatic stabilization (Dickinson, 2@ rlQakran & Antipina, 2014Sala, de Wijk, van d

Velde, & van Aken, 2008Sarkar & Singh, 2016). The second step involves the formation of

a three-dimensional protein network entrapping the emulsified oil droplets by gelling the
continuous phase (Figure 1) by heat, salt and/or acid treatment.

In the same way, modified starch, which has been modified by attaching hydrophobic
octenyl succinic acid moieties has been well reported in literature as both an emuldifier an
starch is well known as a thickening agent. Because of the free carboxylic acahaiidle

present in OSA, OSA-starch could be considered as a weakly negatively surface active

charged polyelectrolyt¢ (Shogren, Viswanathan, Felker, & Gross,|.2088¢h, Gerhards

and Schubert (2002) investigated the use of OSA starcreesusfactant. They reported that

OSA starch has similar surface activity and surface tension to whey protein due to its

amphiphilic naturg (Wang, et al., 2Q11). The stabilisation mechanism imparted to emulsions

is primarily steric due to the adsorbed branched amylopectin chains (Chivero, Gohtani,

Yoshii, & Nakamura, 20l1gDomian, Brynda-Kopytowska, & Oleksza, 2Q1kttelaie,

Holmes, Chen, & Farshchi, 20)16esch, et al., 2002). Many authors have been studying the

gelatinization properties of OSA starches since compared to native starches which swell and

melt at high temperature, OSA-starches exhibit lower gelatinization temperatures (Bag, Xing,

Phillips, & Corke, 2008Bhosale & Singhal, ZOTIDrtega-Ojeda, Larsson, & Eliasson, 2p05

Sweedman, Tizzotti, Schafer, & Gilbert, 2QIBhirathumthavorn & Charoenrein, 2006)
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OSA-starches cold gelatinization properties have been attributed to the weakening of the
interactions between amylopectin and amylose, caused by the improved steric repulsion

disrupting starch crystalline structure after OSA modification, increasing the solubility of the

modified starch and allowing OSA starch to entrap higher amounts of water (Ettelaie, et al.,

2014|Sweedman, et al., 20{L3). Additionally, not all hydrophobic groups on the backbone of

the polymer adsorb at the oil-water interface thus, hydrophobic interaction between OSA

chains on neighbouring amylopectin branches can enhance the viscosity of the solution and

form a polymer network (Ettelaie, et al., 2Q{Titega-Ojeda, et al., 20)Sweedman, et al

2013 |Thirathumthavorn & Charoenrein, 2006). Interestingly, no literature was found on

formation of an emulsion gel using OSA starch alone without any added surfactant or gelling
agent: studies focesd either on the stabilisation properties of OSA starch or on its thermal
and pasting properties.

In general, different kinds of processing methods can be employed to gel the continuous

phase. The key ones are heat, acid or salt treatment. Acid milk gels have défilbete

excluded here as they have been covered extensively in other reviews (Loveday, Sarkar, &

Singh, 201§Lucey & Singh, 199f).

2.1 Thermal treatment of protein stabilised emulsions

Heat treatment induces denaturation and/or thermal gelation of several biopolymers. The sol-
gel transition of biopolymers can either be irreversible (whey protein) or partly reversible
(starch) depending on the physical or chemical interactions involved.

On heating above the denaturation temperatureé@of the key globular protein of whey

fS-lactoglobulin, the molecule unfolds and the gelation process happens in three connected

steps: denaturation, aggregation and three-dimensional network forrpation (Alting, Hamer, de

Kruif, & Visschers, 200§Dang, Loisel, Desrumaux, & Doublier, 2Q(Nicolai, Britten, &




166 [Schmitt, 2011). Structural, physical and chemical changes are induced on heating Bétween

167 and 90°C for between 5 to 60 min. WheftJactoglobulin unfolds it retains its dimeric form,

168  exposing its sulfhydryl and hydrophobic groups causing the protein molecule to become

169  reactive|(Moakes, Sullo, & Norton, 201B&/0lz & Kulozik, 20153). Further rearrangement of

170  p-lactoglobulin secondary structure provides association points via intermolgeshaets
171 forming high molecular mass oligomers. Simultaneously, aggregation of these activated
172 molecules occurs when two unfolded molecules collide, forming the primary polymers,

173 resulting in higher molecular weight aggregates and increasing the viscosity of the system

174 Moakes, et al., 2015pVijayanti, Bansal, & Deeth, 201Wolz & Kulozik, 2015). These

175  clusters arise from physical non-covalent interactions, such as hydrophobic, electrostatic and

176 hydrogen bond interactions between unfolded protein molegules (Boutin, Giroux, Paquin, &

177  |Britten, 2007|Fitzsimons, Mulvihill, & Morris, 200Livney, 2011|Monahan, McClement$

178 |& German, 199p). Different protein aggregation degrees can be obtained by varying

179  environmental conditions, such as protein concentration, temperature, time, pH and addition

180  of ions |(Chen & Dickinson, 199fDang, et al., ZOCTNicolai, et al., 201 Ruffin, et al.,

181 [2014). For instance, protein concentration strongly influences whey protein aggregation

182  kinetics. Increasing the concentration of protein speeds up the denaturation process since at
183  higher protein concentration, the collision probability between molecules is increased

184  Therefore, the aggregation rate increases and the overall protein denaturation process

185 acceleratey (Dissanayake, Ramchandran, Donkor, & Vasiljevic,| ROD® & Kulozik,

186 [2018).

187 During further heat treatment, the aggregation process continues through chemical

188  covalent cross links such as intermolecular disulphide bonds and sulfhydryl-disulphide

189 interchange that reinforces the network permangntly (Monahan, et al||Ni@B&i, et al.,

190 |2011). In the case of whey protein-stabilized emulsions, both intra- and inter- droplet
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interactions occur. As explained py Monahan, et al. (1996), denatured whey protein

molecules adsorb at the oil-water interface during emulsification with hydrophobic residues
located at the interface and hydrophilic residues located in the continuous phase. With time,
proteins located in the continuous phase denature enabling their interaction with unfolded

protein adsorbed onto oil droplets, forming an emulsion gel. These interactions can generate

even thicler interfacial layes (Sarkar, Arfsten, Golay, Acquistapace, & Heinrich, 2016) and

inter-droplet aggregation via disulphide interchange reactions which contributes to forming

the protein gel network (Monahan, et al., 1996).

2.2 Cationic treatment

Addition of salts such as monovalent or divalent salts (NaCl, £&Z@Chk, MgCl,) to an
emulsion is another technique inducing gelation, so called cold gelation. The higher valency
of multivalent ions means that they are much more effective at screening electrostatic
repulsion between droplets. Furthermore, multivalent ions suchiso@a can specifically

bind to adsorbed protein carboxylate groups on different droplet surfaces forming ion bridges

Sarkar, Kamaruddin, Bentley, & Wang, 2016).

With regard to whey protein stabilised emulsions and cold gelation induced by the

addition of salts, the system must first be heat-treated to allow proteins to unfold and expose

their hydrophobic patchgs (Dickinson, 2012). Hydrophobic patches from protein adsorbed to

oil droplets can combine with hydrophobic patches located on other protein moieties leading

to oil droplet aggregation. These aggregates constitute the building blocks leading to the

cationic gel 3D network (Sok, Remondetto, & Subirade, 2005). Addition of calcium ions on

cooling leads to further aggregation and gelation through calcium ion-mediated interactions

Bryant & McClements, 1998Hongsprabhas & Barbut, 199Kuhn, Cavallieri, & D3

Cunha, 201D).
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3. Filler-Matrix I nteractions

The rheological behaviour of emulsion filled gels has been extensively studied due to their

importance in pharmaceuticals, cosmetics and foods. In 1956, Kerner established a model for

gels filled with strongly bound particles, which predicts that these particles increase the

storage modulus of a g

el (Kerner, 14

Biver, Scholten, et al., 20

L 5Dil droplets have been

reported to behave in a similar mani|

AW

ner (Dickinson,

88k, Van Aken, Stuart, & Van De

Velde, 2007). The rheological properties of an emulsion gel depend on (Dickinson & Chen,

1999(Sala, et al., 20Q08)

I.  the properties of the background gel matrix (biopolymer composition, crosslinking

density, biopolymer concentration, etc) and the properties of the emulsified oll

droplets, i.e., the filler (fatty acid composition, droplet size);

ii.  the filler volume fraction;

iii. the filler - matrix

interactions;

iv.  the state of aggregation of the filler.

In general, the final rigidity of emulsion gels often greater than the rigidity of the

corresponding protein gels without the filler due to denatured protein adsorbed on the oll

droplets forming crosslinks with protein unfolded in the ma

3.1 Theoretical models

trix (Dickinson, [2012).

In emulsion gels, oil droplets are often hypothesized to behave like solid particles. In this

case, both Van der Poel theory (1958) and Kerner theory (1956) of the shear modubfs, G

a composite gelled material can be applied (Oliver, Scholten, et al., 2015), which are based

on three assumptiorjs (Sala, et al., 2

007)

i.  The filler particles are entirely adherent to the matrix,

10
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ii.  The filler particles remain as independent particles and do not interact with each
other, i.e., emulsion droplets are not flocculated,
iii.  The filler particles are homogeneously distributed throughout the matrix.
These theories predict three different regimes of mechanical behaviour during small
deformation depending upon the filler volume fraction for given moduli of the matriy) (G
and filler particles (G):
i. G't<Gm:Filler particles deform more than the matrix,
i. G't=Gm:Filler particles deform equally to the matrix,
iii.  G’t+>Gm: Filler particles deform less than the matrix.

The shear modulus of liquid filler particles’tGvas later estimated by Vawiliet (1988)

according to the Laplace pressut¥; =27y, where r is the radius of monodispersed oil

droplet andy is the oil-water interfacial tensio|n (Sala, et al., 20&h Vliet, 19813). In this

study, Van Vliet included the aspect of non-interacting filler particles, where the storage
moduli of non-interacting filled gels approached the theoretical behaviour of unfilled gel with
increasing filler volume fraction (i.e., the filled gel modulus decreases with increasing filler
volume fraction under small deformation).

Filler-matrix interactions are theoretically dependent on the composition of the
adsorbed layer at the oil interface. Some layers can chemically interact with the rpolyme
matrix (e.g., protein adsorbed onto oil droplets can interact with protein gel network) whereas

other layers may weakly interact with the matrix (e.g., surfactant coated oil droplets weakly

interact with the protein gel networl) (Dickinson, 2p12). The extent and strength of filler-

matrix interactions are difficult to quantify since different thermal processing and distribution
of surface active components between bulk and interface lead to different filler-matrix

interactions. To our knowledge, no adequate method exists to directly quantify the extent and

11
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strength of the filler-matrix interactions. Rheological measurement can, howevean
indirect method in understanding the type of interactions taking place.
In summary (Table 2), fillercan be classed as bouifdctive”) or unbound“inactive) and

have different effects with regards to the rheological behaviour of the emulsion gel

Dickinson, 201¥Dickinson & Chen, 1919).

3.2 Factors affecting the mechanical properties of emulsion gels

The presence of oil droplets affects the overall rheological behaviour of emulsion gels
depending on several factors. Extensive studies have been carried out on filler-matrix
interactiors, particularlyin whey protein emulsion gels (Dickinson, 1998). Table 3 shows

compilation (non-exhaustive) of various whey protein-based emulsion gels, where the whey
protein-stabilized emulsion droplets act as active fillers and the factors which dictate different
kinds of interactions and resultant rheological behaviour. In this section, we describe some of

these systems with respectwwtkey variables, i.e., filler and matrix properties.

3.2.1 Effect of Filler

i.  Types of emulsifier
The type of emulsifying agent dictates the nature of interactions between the droplet surface
and matrix (i.e., active or inactive filler). Whey protein stabilised emulsion droplets in a whey
protein gel generally acts dactive’ or “bound” fillers and enhance the gel strength. On the

other hand, droplets stabilised by non-ionic or ionic surfactant will interact weattly w

protein gel matrix, decreasing the storage moduilus (Chen, Dickinson, Lee, & Le¢, 2001

Dickinson & Chen, 1999McClements, Monahan, & Kinsella, 1993)hese “inactive” or

“unbound filler§ will decrease the elastic modulus - except if the droplets are small and rigid

- compared to active fillers, regardless of droplet size, droplet volume fractign, etc (Digkinson

12



289 [& Chen, 1999) (Figure 2). In the case of a mixed monolayer of protein and surfactants, such

290 as Tween 20, surfactants tetoddisplace the proteins due to their stronger affinity for the oil
291  droplet interfaces. Hence, oil droplets will not interact with the protein matrix, weakening

292  chemical affinities between the filler and the matrix, resulting in the decrease of gel strength

293 Chen, Dickinson, Langton, & Hermansson, 2d@Gckinson, 2012|Dickinson & Chen

294 |1999 |Sala, et al., 2008). For instange, Chen, et al. (2000) investigated the viscoelastic

295 properties of heat set WPI stabilised emulsion gels in presence or absence of added
296 emulsifier. The study showed that whey protein emulsion gel had a five times higlte0%s

297 kPa) as compared to that of mixed whey protein + Tween 20-stabilized emulsion gel (0.95
298  kPa).

299

300 ii.  Droplet volume fraction

301  Seweral authors have reported that increasing the concentration of active fillers increases G

302 Dickinson & Chen, 199|9Sok, et al., 200%Yost & Kinsella, 1992)| Chen and Dickinspn

303  (1998) studied the effect of droplet volume fraction (0-45 vol%) on 10 wt% whey protein
304 emulsion gels and observed a significant increase in gel strength when droplet volume
305 fraction was above 20 vol% (Table 3).

306

307 iii. Emulsion droplet size and emulsifier concentration

308 A balance has to be found between emulsion droplet size and emulsifying agent
309 concentration. Small droplets have a larger surface area which needs to be covered by
310 surfactant. Thus, a high concentration of emulsifier is required to avoid bridging flocculation
311 and aggregation. With larger droplets, an excess of micellar emulsifier might lead to

312  depletion flocculation which can be beneficial in increasing the gel strength as discussed in

313 the next section (Boutin, et al., 2<ﬂ§7hen & Dickinson, 19&3113Yost & Kinsella, 1992).

13
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In terms of emulsion droplet size, McClements, et al. (4993) reported that emulsion gels

prepared with 10 wt% whey protein isolate (WPI) and 40 wt% oil droplets showed% 100
increase in Gon decreasing the mean droplet diameter\(dlue) from approximately 4 to
0.7 um. Decreasing emulsion droplet size at a constant volume fraction increases the total

droplet surface area. With this increase in surface tarealume ratio, they become more

closely packed and the number of protein interactions between droplets ingreases ($ala, van

Vliet, Cohen Stuart, van de Velde, & van Aken, 2009). Therefore, eardatiplets reinforce

the matrix and increase th®ung’s modulus to a greater extent. Droplets larger than the pore
size of the matrix might disrupt the three-dimensional network and may also iresult
lowering the modulus even though they are active fillers (McClements, et al., 1993; Yost &

Kinsella, 1992).

iv.  Flocculation of emulsion droplets

Recently} Oliver, Berndsen, et al. (20[L5) showed effects of emulsion droplet clustering using

emulsions(1 wt% WPI, 40wt% oil) in a gelatin matrix (4 to 10 Wb). At a slow gelation
rates, depletion interactions allowed aggregation of droplets in the absence of other attractive

interactions between adjacent droplets. Thistted heterogeneous distribution of droplets

distribution in a homogenedysgelled matrix|(Oliver, Berndsen, et al., 2015). Clustering of

emulsion droplet thus lead to an increase in thqSala, et al. (200f) also showed that

aggregated emulsion droplets had a greater impact on the rheological properties of the

emulsion gels due to the increase in localized volume fragtion. van Aken, Oliver, and

Scholten (2015), explainetthe effect of particle clustering using a theoretical model. This
model recognizes that the deformability of aggregated particles is linked to the volume

fraction inside each cluster and their firmness.

14
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v.  Solid Fat content
The firmness of aggregated droplets can be increased by increasing the solid fat content of

droplets, which also increases the G’. The effective modulus of liquid oil droplets is related to

their Laplace pressui®P = ZTY where r is the radius of monodispersed oil droplet and vy is

the oil-water interfacial tension for an emulsipn (Oliver, Scholten, et al.,| R@LbVliet,

1988). The modulus of solid fat droplets is related to the presence of a fat crystal network

enhancing the droplets rigidity. Therefoeehigher solid fat content containing larger fat

crystal network incre&sthe firmness of the emulsion droplet which in turn increasesf G

the emulsion ge|. Oliver, Scholten, et al. (2015) showed that &, % (w/w) WPI

stabilised emulsion gel with low solid fat content (27%) had a 20-fold lower tangential stress
(12.1 kPa), compared to that with higher solid fat content (61.6%, 251.7 kPa). Furthermore,
compared to liquid oil droplets, highsolid fat droplets are more prone to partial coalescence

due to fat needles from one droplet protruding to the adjacent droplets. Such partial

coalescence can significantly increase the effective droplet volume fraction, which

strengthens the emulsion gel further (Dickinson, ﬂ@]ﬂﬁ/er, Scholten, et al., ZOnﬂost &

Kinsella, 1992).

vi.  Interfacial ageing

In case of emulsion gels with active fillers, the extent of strengthening is also dependent on

the age of the interfacial adsorbed layer if it consists of a biopolymer (Dickinsor|, 2012).

Studies conducted by Chen and Dickinson (1999b) have indicated that aged (1 day to 1 week)

protein-stabilised emulsion droplets have weaker affinities for the protein in the matex (G
1 kPa) as compared to freshly prepared emulsion geb(& kPa). Interactions can occur
between folded and unfolded protein in the bulk and protein already adsorbed at the surface

of the emulsion droplets within the solution although the aged adsorbed protein will be
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364 unfolded in a different way. The sulfhydryl groups can lose their reactivity due to rapid

365 conformational changes of the adsorbed protein structure during surface ageing. Therefore,

366 the filler and matrix are less bound to each other, which decreasgghén & Dickinson

367 [19990).

368
369 3.2.2 Matrix Properties

370 The concentration of gelling agent influences the rheology of emulsion gels as explained by
371 the van Vliet theory of emulsion gels with either active or inactive fillers. The modulus
372 increases or decreases depending on the ratio between the matrix modulus (affected by the
373 gelling agent concentration, etc.) and the filler modulus (Table 2). For the matrix itself,

374 variation of gelling agent concentration typically alters theaGcording to a power law

375  relation, i.e.,G ~ c" (c: concentration of protein; n: power law) (Puyol, Pérez, & Hqrne,

376 [2001). At high concentrations of gelling agent, the number of bonds between molecules are

377 more important than at lower concentrations. Decreasing the amount of voids (free space) in

378 (gels leads to denser gelgBoutin, et al., 2007). Studies conducted on emulsion gels, as

379 described in Table 3, also show similar results, i.e., higher matrix concentration leads to

380 firmer gels|(Fitzsimons, et al., 2008liver, Scholten, et al., 20 L|5;ala, et al., 20Q$resch,

381 et al.,, 2002). For instance, Chen and Dickinson (1998) reported that increasing the

382  concentration of WPI from 1 wt% to 8 wt% in an emulsion gel containing 20 vol% oil nearly

383 doubled theG’ of the emulsion gel. Nevertheless, a critical gelling agent concentration was

384 noticed by Chen and Dickinson (1998) for active oil droplets, which depends on the oll

385 volume fraction and the source of the prot&iar instance, a pure protein gel formed with 14
386  wt% WPI had the same strength as a emulsion gel formed with 3 wt% WPI agtuféidi

387  volume fraction (45 vol.% oil). Above this critical matrix concentration, the storage modulus
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of the matrixG’m is so high that the effect of the filler is insignificgnt (Chen & Dickingon,

1998|van der Poel, 1958).

In summary, the mechanical behaviour of a gel can be conttwfitghing the properties of

the inner phase (emulsion droplets) and the biopolymer matrix. Interestingly, most literature
on emulsion gels with active fillers has focussed on whey protein based emulsion gels.
Literature on starch based emulsion gels where modified stat€lasaboth surfactant and
gelling agent appears largely unexplored. This might be an interesting field of research to
explore systematicallio understand if OSA starch-stabilized droplets act as active fillers or
not, and whether interfacial OSA starch interacts with the starch present at the continuous

phase during thermal gelation.

4. Emulsion microgel particle formation

Emulsion microgel particles can be formed using two rodtestop-down approach or a

bottom-up approach. In the top-down approach, large materials are broken down into small

particles with the use of specific shearing equipment (McClements,| 2014). For instance,

emulsion gels with or without added lipophilic bioactive molecules, can be sheageed in
controlled manner resulting in small gel particles. It can be hypothesized that the properties

of filler-matrix interaction will be critical for the break-up of such microgel particles. This

facile processing route has been successfully used in whey protein-based microgels|(Sarkar,

Murray, et al., 2016), and holds potential for creation of emulsion microgel particles too. In

theory, emulsion gels with active fillers should be better for this top-down processing so that
the oil droplets contained within do not coalesce and leak out of the gel particles during the
shearing process. This is a research question which needs expldratcmmparison the

bottom-up approach is based on the spontaneous formation of particles due to alteration of

molecular interactions forcing molecules to rearrange themselves (McClements, 2014). In
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this case the starting emulsion is directly gelled into micron-sized soft emulsion particles
using different techniques under appropriate conditions such as ionic strength, temperature,

pH, etc.

4.1 Formation of emulsion microgel particles using bottom-up approaches

4.1.1 Polymer extrusion route

Polymer extrusion is a process in which a polymer at relatively high concentration is forced
through a nozzle aa certain pressure, flow rate and temperature. The polymer extruded

through the nozzle usually changes texture due to the release of steam or reaction with ions,

leading to its gelatiorl\ (Harper & Clark, 1979). Whey protein microgel particles without filler

emulsions have been successfully prepared using this technique by extruding denatured WPI

into CaC} solution |Egan, O’Riordan, O’Sullivan, & Jacquier, 2014). This method required

a heating step during which whey proteins were denaturated and polymerized into soluble
aggregates, followed by a cooling step and the subsequent addition of calcium ions, which
results in the formation of a network via ®mediated interactions of soluble aggregates.
This Ca*-mediated cold gelation of whey protein may be compared to alginate gelation
resulting from a dimeric association of guluronic and mannuronic acid regions WitinCa
the “egg box™ formation.

Formation of emulsion microgel particles via extrusion can also be achieved by
passing the emulsion through nozzle where gelled emulsion particles would exit the
extrusion device due to heat, salt or acid treatment or their combination. Pre-treated whey

protein-stabilised emulsions have been reported to successfully gel into emulsion microgel

particlesor “emulsion gel beads” using such an external gelation method (Beaulieu, et al.,

2002 |Egan, Jacquier, Rosenberg, & Rosenberg, g&L8fin, et al., 2014). The technique

involved extruding emulsion droplets stabilised by denatured WPI through a syringe into a
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bath containing Caglsolution (Egan, Jacquier, Rosenberg, & Rosenberg,)2Ck8cium

ions had numerous effects on the elasticity, size and morphology of the resultant particles

Beaulieu, et al.,, 20Q%Liang, Leung Sok Line, Remondetto, & Subirade, 2010). éfigh

concentrations of Caglled to a decreasm the size of the microgel particle as wat

increase in their sphericity. Beaulieu, et al. (2002) related this effect to the increase in kinetics

of gelation via calcium ions. An increase@a* concentration increases the amount of ionic
bridges formed between calcium ions and sulfhydryl groups on the protein which increases
protein-protein interactions and aggregation, leading to an accelerated formation of a three
dimensional network. As the gelation kinetic is accelerated droplets do not have enough time
to destabilize via screening of electrostatic repulsiprCa?* and small emulsion microgel
particles can be produced. In the case of the internal gelation technique, emulsification of oil
containing insoluble calcium present as Ca@@th denatured WPI is the first step. The
emulsion gels due to the addition of acid, releasing the calcium ions.

As compared to the top-down approach, the bottom-up approach of polymer extrusion
excludes the use of high temperature on the encapsulated bioactive molecule since it is a cold
gelation technique. However, the main disadvantage of the polymer extrusion technique is the
large size of the microgel particldsrmed (> 500 um), though internal gelation has the

ability to form smaller particles (< 100 um). Particles size formed via external gelation
mainly depend on the nozzle or syringe diameter which has a restricted range of sizes. In
comparison, particles size formed via internal gelation depends on the emulsion droplet size
generated by the multiple emulsion which can be controlled by the concentration of
emulsifier, homogenization conditions, concentration of CaGtring rate and oil volume
fraction allowing better control over particle size than the former. As particles over 100 um
impact the sensory perception of food, these might have some adverse sensory aspects when

incorporated in food.
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As well as external or internal gelation via polymer extrusion, co-extrusion techniques
have also been investigated in literature. In this case, a surfactant stabilised emulsion is first

prepared and then mixed with alginate solution followe€&yion mediated gelation using

a spray aerosol methogl. Ching, Bansal, and Bhandari (R015) showed that the alginate

microgel particles with filled emulsion droplets had droplet sizes in the range of 20-80 pm.
During this process, there is a possibility that as the droplets are gelled, shrinkage of the
microgel particles might force the droplets closer to each other and result in droplet
coalescence. Furthermore, it requires an additional hydrocolloid, such as alginate, which
increases the cost and this also might not be thermodynamically compatible with the
biopolymer used to stabilize the emulsion (e.g., protein) or lead to depletion flocculation of

the droplets before gelation can occur.

4.1.2 Multiple emulsion templating route

Sung, Xiao, Decker, and McClements (2015) descrbesiv method of producing emulsion

microgel particles usinga multiple emulsion templating routén this study| Sung, et 4.

(2015) gelled the aqueous phaseanf oil-in-waterin-oil multiple emulsion via thernta
gelation of the whey protein in the inner aqueous phase. The emulsion microgel particles
were separated from the secondary oil phase using an organic solvent. The advantage of this
methodis that it produces small particles (mean diametes) (d 12 um). However, this

methodis time consuming due to the number of processing steps required and use of organic

solvent which limits its applications in fogd. Egan, et al. (2P13) prepared emulsion microgel

particles usinga combination of the internal gelation method and multiple emulsion
templating. Compared to external gelation, this technique was mainly affected by the stirring

rate, which allowedreduction of the size of the particles below 100 pm.
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488 4.1.3 Fluid gel route

489  Recently, the new technique of fluid gels has been presented by Moakes, Sullo, and Norton

490  (2015b) building on research done on multiple emulsion-based hydrogels and shear gels. Thi
491 is a bottom-up approach as shear is appbethe biopolymer solution that is undergoing a

492  sol-gel transition. This prevents the formation of a continuous gel network and instead

493  produces discrete spherical gel partigles (Garrec & Norton,|a0d2kes, et al., 201%b). The

494  particle size and morphology of the microgels formed are controlled by the shear rate and
495 thermal history of the biopolymerResearch on fluid gels formed with whey protein, at a

496  typical concentration of 10 wt% shows that the shear applied to the primary aggregates of
497 whey protein restricts particle-particle aggregation and therefore complete whey protein
498  gelation does not occur. This restricted sol-gel transition alters whey protein interactions
499 forcing the molecules to rearrange themselves. In terms of thermal treatment, the rapid
500 heating rate increases particle-particle interactions tduBrownian motion and also the

501 strengthening of hydrophobic interactions between protein aggregates makes them resistant to
502 shear. Therefore, large aggregated particles are formed. Low heating rates, in comparison,
503 decreases the protein aggregation rate and do not strengthen hydrophobic interactions. Thus,

504 aggregates formed are smaller and single non aggregated particles can also be produced

505 Moakes, et al., 201%a).

506 Using the same design principle, emulsion fluid gel particles were prepared. iknaiter

507 emulsion (5 to 20 vol% oil) was first stabilised using a solution of WPI (5 to 30 wt%). The
508 emulsion was then heat treated (0G/min to 80°C), which started protein denaturation

509 process and hydrophobic aggregation. Shear (450 rpm) was applied preventing gelation of the

510 emulsion in entirety. As a result, WPl adsorbed onto the oil droplets was gelled forming

511  emulsion fluid gel particles (Moakes, et al., 2015b).

512
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5. Déelivery of lipophilic molecules using emulsion microgel particles
In general, on ingestion, an emulsion microgel particle is expected to be exposed to a wide
range of physical (e.g. shear and temperature) and biochemical (e.g. dilution, ionic strength

pH, pepsin, amylase, pancreatin, mucins and bile salts) conditions as it passes through the

mouth into the stomach and then the intestirl\es (Singh & Sarkar,| 2011). During its

physiological transit, the emulsion microgel particle can release the encapsulated active
molecule by two approaches: 1. Swelling of the particle due to pH and environmental ionic
strength and 2. Erosion due to enzymatic degradation or shear. Figure 3 illustrates the release

of active molecules when triggered by particular physical and/or biochemical factors.

5.1 Swelling of emulsion microgel particles

The swelling of an emulsion gel particle containing ionized or ionisable groups can occur

depending on the pH and ionic strength of the environment (Beaulieu, et al}, 2002). As

illustrated in Figure 3, when emulsion microgels with ionisable groups are exposed to a
specific pH, loss of attractive electrostatic interactions drive the charged groups apart. This

repulsion might lead to the swelling of emulsion microgel particle, which increases the pore

size|(Zhang, Zhang, Chen, et al., 2D16jhe lipophilic active molecules are smaller than the

stretched pores, they can more easily diffuse out or, if the active molecules are
electrostatically bound they would be more easily released if there is change in ionic
environment. Therefore, controlling the environment or tuning the microgel can allow control
of their swelling ratio.

This swelling ratio can be calculated in two different ways:

i.  Fick’s model of diffusion This can be used to predict the release of the

entrapped lipophilic molecules from swollen ggls (Paulsson & Edsman} 2002

Ritger & Peppas, 1987);
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Dt'/?
Q= 2Co —_
T

Q: amount of active molecule released per unit area
Co: initial concentration of active molecule in emulsion microgel particle
t: time elapsed since release experimented started
D: diffusion coefficient of active molecula the emulsion microgel
ii.  Swelling ratio: This calculates the weight change before and after incubation

of emulsion gel particles in a particular environmental condition, such as oral

or gastrointestinal phase (Beaulieu, et al., 2B@nasekaran, Ko, & Xiag,

2007|Liang, et al., 2010)

W,
Swelling ratio or water uptake ability (%) = WTd X 100
d

W.: wet weight of microgel particles, d\Vdry weight of microgel particles

Studies conducted on whey protein emulsion microgel particles have reported that at pre-
prandial acidic / gastric pH (1.9), the particles did not extensively swell (Swelling ratio =
20%). All negatively charged carboxyl groups at the surface of the microgel partide we
neutralized, however the protein chain contained few positively charged amine groups,
leading to low electrostatic repulsive forces. At a pH close to the prpt€pH 5.2), the
swelling ratio was lowest (Swelling ratio = 13%) as the net charge of the protein was close to
zero and thus, no electrostatic repulsion. At intestinal pH (7.5), the swelling ratio was quite
high (Swelling ratio = 42%) because whey protein had a high amount of négatiaegel

carboxyl groups at the surface of the microgel, leading to strong electrostatic repulsive forces

Beaulieu, et al., 200fGunasekaran, et al., 2(”Eunasekaran, Xiao, & Ould Eleya, 2(006)

Additionally, several authors reported that the protein concentration also had an effect on the

swelling ratio of beads. At high protein concentration, the cross-linking density of the
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microgel network was higher, leading to a decrease in the swelling ratio. Hence, it takes

longer for particles to swell and liberate the encapsulated substance, which can be a strategy

for slow releasq (Egan, et al., 2Q[3unasekaran, et al., 2407). In comparison to protein,

OSA starch based emulsion microgel systems might not be so much affected by the

environmeral pH or ionic strength (Tesch, et al., 2002), since it is only weakly charged. This

might be an interesting area for further research.

5.2 Matrix erosion by enzyme degradation

During physiological processing, enzymes degrade biopolymers enabling erosion of the
matrix and release of the encapsulated compounds. As compared to swelling, the matrix is
disrupted either partly or completely, enabling a burst release in erosion. So, it can be
expected that whey protein emulsion microgel particles would be digested by proteolytic
enzymes, such as trypsin or pepsin, whereas OSA starch based microgel particles would be

digestedby amylase, unless their susceptible bonds were engineered to be inaccessible or

partly accessible to the enzymes. Studies conducted by Beaulieu, et alf (2002) reported that

whey protein emulsion microgels were resistant to gastric enzymes such as pepsin but were
attacked by intestinal enzyme mixtures such as pancreatim targeted intestinal delivery

seems plausible. This is quite unlike the behaviour of whey protein emulsions or whey

protein based microgel particles which are readily hydrolysed by pepsin at gas}ric pH (Sarkar,

Goh, Singh, & Singh, ZO(TFSarkar, Murray, et al., 201&ingh & Sarkar, 201/1). Resistance

of emulsion microgel particles to pepsin might be attributable toethe&ial of hydrophobic
groups during the emulsification and gelation proegswith little or no accessibility to
pepsin. Nevertheless, during intestinal digestion emulsion microgel particles were digested by

trypsin and chymotrypsin. The former acts on the carboxyl end of peptide bond involving
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lysine and arginine, whereas, the later attacks peptide bonds at large hydrophobic groups

Beaulieu, et al., ZO(ﬂBunasekaran, et al., 2d{Kananen, et al., 2000).

In modified starch hydrogels,uting oral and intestinal processing, a-amylase would

hydrolyse the starch to some extent. The amount of amylose contained in starch affects the

gel strength of the matrix (Mun, Kim, Shin, et al., 2035)igher amount$ead to a more

compressed and packed structdre (Tangsrianugul, Suphantharika, & McClements, 2015).

This increase in strength and/or compactness as well as the cross-linking achieved through

processing might enable prevention of immediate matrix erosion due to amylase attack

Atyabi, Manoochehri, Moghadam, & Dinarvand, 2p06).

6. Conclusions and futur e outlook

Emulsion gels containing active or inactive fillers and their rheological properties have been
well characterised. Such knowledge will enable creation of emulsion microgel paswicles,
new class of soft solid particles, which has attracted recent research attention. Emulsion
microgels might be carefully designed using top down approaches of controlled shearing of
emulsion gels with active fillers, or bottom up approaches using polymer extrusion, fluid
gels, or multiple emulsion templating. Such particles could be used to release the
encapsulated lipophilic phase in a sustained or burst manner via erosion due to shear
treatment or enzyme, such as with amylase or pepsin, or swelling of the matrix due to
changes of pH and ionic strengththe physiological regime. Whey protein based emulsion
microgel particles are currently being investigated. Many food proteins and polysaccharides
can be used to form edible emulsion microgel particles. Use of gelatine, modified starch and
plant proteins would be of great interest, since they show potential for emulsion microgel
particle formation by acting as both emulsifying and bulk gelling agents. However, to our

knowledge, no systematic research has been conducted using these biopolymers.
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611  Furthermore, these biopolymers kapecific responsiveness to pH, ionic strength, enzymes,
612 etc , whichcanbe exploited for tailored properties. Elaboration of these systems for food,
613  pharmaceutical and personal care industries will strongly depend on the progress in designing
614  innovative microgels that allow site-dependent controlled release.
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890 Table 1. Definitions and microstructures (at various length scales) of differatsi@mgel based

891  strategies for delivery of lipophilic molecules. (A) Transmission electron microgidy)(of

892  emulsion gels (reproduced frpm Anton, Le Denmat, Beaumal, and Pilet [2001). (B) Scanning electron
893  micrograph (SEM) of emulsion microgel particle (reproduced from Egan, et al., 2013).

Nomenclature and

Microstructure Description References
A) Emulsion gel
| “Emulsion gel8, also namedas “emulsion hydrogé&l “emulger,
| “emulsion-filled gel” are defined as soft solids where emulsified lij (Briuglia,
' droplets are entrapped in a gel matrix. Generally, the emulsified [Urguhart, &

| droplets are referred tas “fillers” and the gelled aqueous phase is
~ referred to as the “matrix”. They are formed either by suitab
| application of temperature, pH, ionic strength to the emulsion n
\ with high concentration of biopolymer (especially protein in cast
protein-based emulsion gel) or by addition of a gelling agent tc
| continuous phase forming physical cross-links between emu
droplets It has the advantages of both hydrogels (i.e. thermodyn:
stability) and emulsions (i.e., delivery of lipid soluble molecules

B) Emulsion
particle

microgel

“Emulsion microgel particles”, “emulsion filled hydrogel particles”,
“emulsion gel beads” or “fluid emulsion gel” are a new class of
particles formed by encapsulating several emulsion droplets into ¢
gel-based shell either using a top-down or a bottom-up approach.
1 emulsion gels are a specific case of emulsion microgel particles a:
1 are formed by applying shear to the continuous phase whilst gellin

Lamprou, 201

Dickinson, 2019

Oliver, Scholten, ef

al., 2014 Sarkar, e
al., 2014
Satapathy, et al.

201

Beaulieu, et al.,
200Z[Ching, et al.
2014[Dickinson,
2015[(Egan, et al.,

2013|Garrec &

Norton, 2012

Moakes, et al.,

2015H0|Sung, et al.

2019
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895 Table 2. Effects of active and inactive filler on the rheological behaviour of emuls&(Eyestorage
896  modulus;¢: volume fraction?: increase; |: decrease).

897
Active/ Bound filler Inactive/ Unbound filler
Flllefs are mgchanlcglly connected to the Little or no chemical or physical affinity of the fillers for
. matrix. Such interaction can occur via : oo .
Definition the surrounding matrix; fillers behave like small holes o

electrostatic, hydrogen bonding, covalent

bonding and/or hydrophobic interaction voids™ within the matrix

Effect on elastic

modulus of the

filled emulsion
gel(G’, Pa)

1 or| G depending o% |G

Filler volume _ . _
fraction @, %) | 1 #7716 Little effect of ¢ on G
Filler droplet size | 1 droplet size=> | G’ G’ is independent to filler droplet size

(um)

898

899
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900 Table 3. Filler-matrix interactions and rheological behaviour of whey protein emulsion gels (G
901 storage modulug: volume fraction] ]: concentration?: increase; |: decrease; =>: leads to ).

; Oil: .
Procng Emulsifier B|opolym¢r Processing conditions M echanical Behaviour References
condition ratio concentration
5.1 pH~= 7]c [MCICIements, |
. 90 °C for o Active filler=> 1 G’ etal., 1998
10:1 10-15 wt% 1530 min Sung, et al.,
0- 200mM NacCl 201
e 10=>1G {Chen &
Thermal 5:1, pH=7 - e 1 number of crosslinks =>1  |Dickinson
ireatment 10:1 6-9 wt% 85°C for 30 min G
e | oil droplet size => 1 G’
Old emulsion=> | G’
1:4 e 1 [protein] =>1 gel strength r
1:1, 5-30 Wit pH=46-5 o WPI precipitates at pH close 2“322:2(65’ ettgl'
33:1, ) 0 50-90 °C for 15min toits pl (5.2) => random = 93
. . insella, 1992)
aggregation and 1T G
e 1 ¢+ same [CH] =>
structural changes from
particulate to both fine
stranded and random
aggregates
1:1, e Same} + 1 [Ca?*] => larger
N ;.5 01, pH 4-6.8 gel pores + protein 2%%aulieu et al.
Divalent 01, ’ aggregates Egan, et
ions 2.8:1, 8-10 wi% 12-140 mM Cacd e 1 [Ca2*] => particulate al., 2013 Sok,
43:1 structure of random et al., 200$)

aggregates + oil droplets
flocculation (excessive
calcium bridging between
proteins)

e | [Ca?*] => filamentous
network
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902
903 Figure captions

904  Figure 1. Schematic of emulsion gel formation using whey protein.

905

906  Figure 2. Schematic diagram illustrating the effect of fillers n(&olid line: inactive filler; dotted
907 line: active filler).

908

909  Figure 3. Schematic of controlled release of lipophilic molecules from emulsavogel particle via

910 swelling or matrix erosion.

911

35



912 Figurel.

oil — =

Water —1

» Globular whey protein

913
914

QOil-in-water emulsion stabilised by

Homogenization

Unfolding of
protein

— Excess protein in solution
Adsorbed protein

whey protein

Heat treatment
(>70°C)

or Salt addition

Emulsion gel

36



915

Figure 2.

G' (Pa)

916
917
918

Active filler attached to the

matrix

— Biopolymer
_ Qil droplets

---------------------
-
-
aeo®
-
-
-
-

Inactive filler having little
affi nity with the matrix

Shear strain (%)

37



919 Figure3.
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