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Abstract

ABSTRACT

Alginate gels filled with emulsion droplets (i.e., alginate-based emulsion gels) have
received increased interest in recent years, and soy protein isolate (SPI), used as a emulsifier,
has been widely investigated in the food industry. However, the effect of SPI on properties
of alginate-based emulsion gels has rarely been reported. This study investigated three kinds
of alginate-based emulsion gels containing SPI-coated droplets, according to their
morphological properties (i.e., the diameter/length of gels): bulk emulsion gels (> 1 cm),
emulsion macro-gel beads (1-10 mm) and emulsion micro-gel particles (0.2-1,000 ym).

For preparation of emulsion gels, the first step is to prepare emulsions containing
alginate in the continuous phase, and the gelation of the continuous phase is then triggered
by introducing Ca?". The addition sequence of oppositely charged dispersions may affect the
structure and stability of emulsions and thus the mechanical and structural properties of bulk
emulsion gels. Stable emulsions containing unflocculated alginate/SPI-coated droplets were
produced by adding low levels of SPI-stabilized emulsions into alginate solutions at pH 3.0,
and bulk emulsion gels prepared from the above emulsions with GDL and CaCOs had less
flocculated droplets, higher L* values, and stronger mechanical properties than those
prepared by adding alginate solutions into SPI-stabilized emulsions.

In terms of emulsion macro-gel beads, their Young's modulus kept increasing during the
gelling process by external gelation (i.e., dropping emulsions into CaCl, solutions), before
reaching a plateau accompanied by syneresis (i.e., water loss), shrinkage, and structural
tightening. SPI adsorbed at the surfaces of emulsion droplets could prevent coalescence of
droplets during gelation. However, the presence of SPI decreased Young's modulus of
emulsion gel beads, compared to emulsion gel beads without proteins. In addition, the
presence of SPI accelerated changes in Young's modulus and shrinkage during simulated
gastric digestion and delayed the release of lycopene from emulsion gel beads during

intestinal digestion. The pH of emulsions can also influence the gelation mechanism and
\%



Abstract

properties of emulsion gel beads. Emulsion gel beads at pH 3.0 showed lower mechanical
strength, higher storage stability of encapsulated lycopene, and faster release of lycopene
during in-vitro digestion than those at pH 7.0 or 5.0.

In terms of emulsion micro-gel particles, external/internal O/W/O emulsion-gelation
methods were compared to prepare emulsion micro-gels. External gelation could produce
emulsion micro-gels with small size (< 100 um), while emulsion micro-gels prepared by
internal gelation had bigger size and a more narrow size distribution. The suspensions of
emulsion micro-gels prepared by external gelation had higher ¢, ¢;, G', and G" values than
those prepared by internal gelation. Emulsion micro-gel particles prepared by external
method collapsed more rapidly than those prepared by internal method during intestinal
digestion. Moreover, SPI-stabilized emulsions turned into gel-like emulsions at high levels
of externally-induced micro-gel particles (> 6.0%) in the presence of alginate (> 0.1%).
Viscosity and creaming stability of emulsions and storage modulus (G') of gel-like
emulsions increased with increasing contents of micro-gel particles in emulsions.

Findings in this study are important for structuring emulsions and emulsion gels with
naturally occurring polymers to achieve improved emulsion stability and controlled release

of encapsulated compounds.
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Introduction

INTRODUCTION

Emulsion gels are defined as emulsions with gel-like network structures and solid-like
mechanical properties produced by gelling the continuous phase of emulsions (i.e., gels
filled with emulsion droplets) or by aggregating the emulsion droplets (i.e., gel-like
emulsions). The gelation of the continuous phase of emulsions can be carried out by various
methods for different matrix materials such as heat treatment, enzyme treatment,
acidification, and addition of ions for protein-based emulsion gels, cold-set and addition of
ions for polysaccharide-based emulsion gels, and self-assembly for low molecular weight
compound-based emulsion gels. Emulsion gels are classified into bulk emulsion gels,
emulsion gel beads/particles, gel-like Pickering emulsions, and disrupted emulsion gels
according to their morphological properties. Different properties are emphasized for
different emulsion gels in previous studies, such as the importance of mechanical and release
properties for bulk emulsion gels, syneresis and swelling properties for emulsion gel
particles, rheological properties for micro-gel particle suspensions, and flow behavior and
release property for fluid emulsion gels. Different morphological properties of emulsion gels
also determine their various applications in the food industry, such as fat replacers for bulk
emulsion gels, encapsulation materials and structuring agents for emulsion gel particles, and

delivery systems and thickening agents for gel-like emulsions.

Alginate gels filled with emulsion droplets (i.e., alginate-based emulsions gels) have
received increased interest in recent years, due to their mild gelling process, pH sensitivity
and targeted release of encapsulated nutrients. In addition, alginate-based emulsion gels
(including bulk emulsion gels and emulsion macro-gel beads) have been widely investigated
in previous studies, in which emulsions were prepared with WPI as emulsifiers or without
emulsifiers. However, alginate-based emulsion micro-gel particles and using SPI as

emulsifiers in alginate-based emulsions gels have rarely been reported. Although the major
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proteins in WPI and SPI are globular proteins (i.e., f-lactoglobulin in WPI and S-conglycinin
(7S fraction) and glycinin (11S fraction) in SPI), WPI and SPI have different functional
properties (i.e., solubility, hydrophobicity, emulsifying properties, and gelling properties).
Therefore, SPI and WPI may have different impacts on properties of alginate-based
emulsion gels. In addition, zeta potential of sodium alginate and SPI are pH-dependent, so
different electrostatic interactions between them may occur at different pHs in the
continuous phase and/or droplet surfaces of emulsions, which may affect structural and

mechanical properties of emulsion gels.

In terms of applications of alginate-based emulsion gels, fat replacers in meat products
and delivery systems for food nutrients are two main applications in the food industry.
Previous studies mainly focused on the applications of bulk emulsion gels (as fat replacers
and delivery systems) and emulsion macro-gel beads (as delivery systems). Polysaccharide-
based (especially alginate-based) emulsion gels are less sensitive to gastric fluid than
protein-based emulsion gels, and may protect encapsulated nutriments from harsh gastric
environment, while the remaining gel structures can further collapse during intestinal
digestion. However, emulsion gels normally give low effective bio-availability of
encapsulated lipophilic compounds, due to insufficient digestion of the gel matrix and
resulting unreleased and undigested lipid phase. Using emulsion gels with smaller size (e.g.,
emulsion micro/nano-gel particles) as encapsulation materials may facilitate complete
digestion of the gel matrix and encapsulated lipid phase and thus improve the effective bio-
availability of encapsulated food nutrients than bulk emulsion gels and emulsion macro-gel
beads, which need further investigation. In addition, emulsion gels with different
morphological properties (i.e, the diameter/length of gels) may also have different impacts
on the properties (i.e., textural properties and sensory acceptability) of final food products,

which also need further investigation.

It was therefore hypothesized that alginate-based emulsion gels with different

morphological properties may have different functional properties and applications in food,
2
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and that SPI may act emulsifiers and/or structuring agents in alginatete-based emulsion gels
and thus affect properties of emulsion gels. Three kinds of emulsion gels were designed in
this study, including bulk emulsion gels/gel-lile emulsions (> lcm), emulsion macro-gel
beads (1-10 mm) and emulsion micro-gel particles (0.2-1000 4m) classified according to the
diameter/length of emulsion gels. The preparation methods (e.g., external and internal
gelation), properties (e.g., morphology, micro-structure and mechanical properties) and
applications (e.g., encapsulation materials and structuring agents) of different emulsion gels
were investigated. In order to fill in the research gap in this field, this thesis addressed the

following three main aspects:

(i) Structuring alginate-based bulk emulsion gels through electrostatic protein-
polysaccharide interactions and the role of mixing sequence of oppositely charged SPI-

stabilized emulsions and alginate solutions at pH 3.0 (i.e., Chapter 2);

(i1) Understanding gelling process of alginate-based and SPI-stabilized emulsion macro-
gel beads (i.e., Chapter 3) and investigating properties of such gel beads after gelation and
during storage and in-vitro digestion: comparing SPI to WPI as emulsifiers (i.e., Chapter 4)

and the effect of pH of emulsions (i.e., Chapter 5);

(ii1) Comparing external/internal O/W/O emulsion-gelation methods for preparation of
alginate-based and SPI-stabilized emulsion micro-gel particles and their application to gel-
in-gel beads (i.e., Chapter 6) and fabrication of emulsion micro-gel particle-induced gel-like

emulsions with improved creaming stability (i.e., Chapter 7).
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Chapter one

Abstract

In recent years, there has been increasing interest in emulsion gels, due to their better
stability during storage and potential for prolonged intestinal drug release compared to liquid
emulsions. There are three kinds of emulsion gels, classified according to their
morphological properties: bulk emulsion gels, emulsion gel particles and liquid emulsion
gels. Different emulsion gels result from different preparation methods, and have various
structure-property relationships and applications. Many methods can be used to prepare bulk
emulsion gels, involving different matrix materials, processing techniques, and purposes.
This can result in different structures of gel matrices and emulsion droplets and interactions
between them, which can influence the structures of bulk emulsion gels and then their
mechanical and release properties. On the other hand, extrusion and impinging aerosol
methods are two methods for preparing emulsion gel particles, while liquid emulsion gels
can be prepared by Pickering emulsions and disrupted gel systems. Rheological, syneresis
and swelling properties are critical for gel particle suspensions, while flow behavior and
release properties are important to liquid emulsion gels. In addition, fat replacers and
delivery systems are main applications of emulsion gels in the food industry. However,
previous studies mainly focused on bulk emulsion gels, so further studies on emulsion gel

particles and liquid emulsion gels are required.

Keywords: Emulsion gel; Preparation; Interaction; Structure; Property; Fat replacer;

Delivery.
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1.1. Introduction

Emulsion gels, also known as emulgels (Balakrishnan, et. al., 2017), are complex
colloidal materials with gel-like network structures and solid-like mechanical properties
formed by gelling the continuous phase of emulsions or by aggregating the emulsion
droplets (de Souza Paglarini et al., 2018; Dickinson, 2012). Proteins or polysaccharides are
normally used as gelling agents to trigger the gelation the continuous phase of oil-in-water
(i.e., O/W) emulsions and then form emulsion gels (i.e., hydrogels filled with emulsion
droplets) (Farjami & Madadlou, 2019). Low-molecular-weight organogelators (e.g., f-
sitosterol and y-oryzanol), polymeric gelators (e.g., ethylcellulose), or food-grade waxes
(e.g., beeswax) can also gel the continuous phase of water-in-oil (i.e., W/O) emulsions and
form emulsion gels (i.e., oleogels filled with emulsion droplets) (Bot et al., 2011). In
addition, increasing the volume fraction of emulsion droplets can lead to the aggregation of
emulsion droplets and thus result in emulsions with solid-like mechanical properties (i.e.,

gel-like emulsions) (Xu, Liu, & Tang, 2019).

During the last decade, emulsion gels have received growing interest, due to their
advantages compared to emulsions, such as higher stability during storage, due to decreased
oil movement and oxygen diffusion within the systems (Cofrades et al., 2017; Corstens et al.,
2017; Lim et al., 2015; Ma, Wan, & Yang, 2017; Sato, Moraes, & Cunha, 2014), controlled
and prolonged gastric and/or intestinal drug release because of the protection by the gel
matrices (Corstens et al., 2017; Guo, Bellissimo, & Rousseau, 2017), and practical
applications, including overcoming the textural problems caused by lipid particles in food
products and mimicking the effect of fat on hardness and water-holding capacity of meat

products (Alejandre et al., 2016; Brito-Oliveira et al., 2017).

According to the interactions between emulsion droplets and the gel matrix, emulsion
droplets can be divided into active and inactive fillers (Figure 1-1). Active fillers are

mechanically connected to the gel network through emulsifiers by non-covalent and/or
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covalent bonds, especially when emulsifiers are natural molecules (e.g., proteins, egg
lecithin, and soy lecithin); in contrast, inactive fillers have little chemical or physical affinity
with the molecules of the gel matrix, especially when low molecular weight (LMW)
emulsifiers (e.g., Tween 20, Span80, or Span 85) or no emulsifiers are used (Van Vliet,
1988). For example, it has been reported that alginate-based emulsion gels without
emulsifiers were prepared by adding GDL and CaEDTA into alginate solutions containing
olive oil (30%, v/v) after homogenization, in which emulsion droplets acted as inactive

fillers (Sato et al., 2014).
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Figure 1-1. Schematic presentation of two kinds of droplet fillers in emulsion gels: (A)
active fillers (e.g, emulsion droplets coated by proteins, egg lecithin, or soy lecithin), and
(B) inactive fillers (e.g., emulsion droplets coated by Tween 20, Span80, or Span 85).

Figure 1-2. Visual appearances of alginate-based (A) bulk emulsion gels, (B) emulsion gel

particles, and (C) fluid emulsion gels. Preparing alginate-based emulsion gels includes two
steps: first preparing emulsions with 1 wt% sodium alginate and 0.5 wt% Tween 80 in water
phase and 40 wt% sunflower oil, and then turning emulsions into emulsion gels by gelling
the continuous phase of emulsions. For the preparation of bulk emulsion gels, 0.5 wt% CaCl,
were added into emulsions, and the samples were allowed to gel for 6 h in stand. For the
production of emulsion gel particles, emulsions were dropped into a 2.0 wt% CaClI2 solution,
and the samples were allowed to gel in the CaCla solution for 6 h with mild magnetic stirring.
For producing fluid emulsion gels, 0.5 wt% CaCl, was added into emulsions, and the mixture
was sheared under constant paddle stirring at 600 rpm for 6 h (original work).

7
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Bulk emulsion gels, emulsion gel beads/particles and liquid emulsion gels are three kinds
of emulsion gels (Figure 1-2), which exhibit their own particular properties, due to their
different morphological properties. Bulk emulsion gels and emulsion gel beads/particles are
solid-like emulsion gels prepared by gelling the continuous phase of emulsions, while liquid
emulsion gels are gel-like emulsions prepared by aggregating the emulsion droplets or
disrupted gel systems by shearing emulsion gels. The size and shape of bulk emulsion gels
are determined by the emulsion volume and containers (e.g., beakers and tubes) with
different shapes and sizes being used during the emulsion gel preparation, and bulk emulsion
gels can also be broken into smaller pieces with different sizes and shapes. Therefore,
mechanical properties (including viscoelastic and textural properties) of bulk emulsion gels
are important. Emulsion gel beads/particles are normally spherical with sizes (diameters)
from nano to macro (Ching, Bansal, & Bhandari, 2017). Thus, mechanical properties are
also important for the macro-gel beads. However, emulsion gel beads/particles can be
dispersed in aqueous media, and gel beads/particles may swell or shrink as a function of
environmental conditions, resulting in changes in their size and/or physicochemical
properties (Torres et al., 2017). In addition, there are two types of fluid emulsion gels: gel-
like emulsions and disrupted emulsion gel systems. Fluid emulsion gels do not have solid
shapes, but they have higher viscoelasticity than conventional emulsions. Gel-like emulsions
are similar to bulk emulsion gels, and may also exhibit a solid state (Zou et al., 2015), while
disrupted emulsion gels normally exhibit fluid characterization (Soukoulis et al., 2016). This
chapter provides an overview of the current knowledge of preparation methods, structure-

property relationships, and applications of different emulsion gel systems.

1.2. Preparation of different emulsion gels

1.2.1. Bulk emulsion gels

Proteins (e.g., myofibrillar protein, whey protein, soy protein, gelatin, bovine serum

albumin, sodium caseinate, and casein), polysaccharides (e.g., carrageenan, gellan gum, agar,

8
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alginate, and inulin), and LMW compounds (e.g., saponin glycyrrhizic acid and the mixture
of f-sitosterol and y-oryzanol) are normally used as matrix materials in bulk emulsion gels.
According to the gelation process, preparation methods for bulk emulsion gels include heat-
set, one-step cold-set, cold-set after heat treatment, enzyme treatment, acidification treatment,
addition of ions, and self-assembly gelation methods. Choosing an appropriate method
depends on the matrix materials (i.e., proteins, polysaccharides or LMW compounds) and
applications of resultant emulsion gels such as mimicking food processing (i.e., heating
process of meat), protecting encapsulated nutrients, controlled release of encapsulated
nutrients, or obtaining better mechanical properties. For heat-set, one-step cold-set, cold-set
after heating, and self-assembled gelation methods, the concentration of proteins,
polysaccharides and LMW compounds in the water phase should be higher than the critical
gelation concentration to guarantee the gelation. However, for gelation methods based on
enzyme treatment, acidification treatment, or addition of ions, the concentration of matrix
molecules can be below the critical gelation concentration, especially to avoid gelation

during the pre-heating process (Ye & Taylor, 2009).

1.2.1.1. Protein-based bulk emulsion gels

Several methods have been studied for preparing protein-based bulk emulsion gels: heat
treatment, cold-set after pre-heating, acidification, addition of ions, and enzyme treatment,

depending on the gelation properties of proteins (Farjami & Madadlou, 2019).

Heat treatment can denature proteins, and denatured protein molecules can aggregate and
form three-dimensional structures through chemical forces (i.e., disulfide bonds, electrostatic
interactions, hydrophobic interactions, hydrogen bonds, and ionic bonds) under appropriate
conditions (e.g., protein concentration, pH, and ionic strength) (Tolano-Villaverde et al.,
2015). In addition, heat treatment with the assistance of microwave pretreatment is regarded
as a more effective method to prepare protein-based emulsion gels compared to heat

treatment without microwave treatment (Li et al.,, 2021). Proteins, which undergo heat-

9
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induced gelation (e.g., myofibrillar protein (MP), whey protein isolate (WPI), and soy
protein isolate (SPI)), can be used as matrix materials to prepare heat-induced bulk emulsion
gels. However, recent studies mainly focused on MP- and WPI-based bulk emulsion gels
(Guo et al., 2013; Wang et al., 2018a). Studying heat-induced MP-based bulk emulsion gels
is important to develop high quality processed meat products such as sausages and surimi,
because interactions between MPs and fat globules or oil droplets play an important role in
textual properties and stability of meat products. In addition, heat treatment is the most
common method for producing WPI-based bulk emulsion gels in order to investigate

interactions between emulsifiers and the WPI-based gel matrices (Chen et al., 2000).

One-step cold-set or cold-set after heat treatment is normally used for preparing gelatin-
based emulsion gels. The gelation mechanism of gelatin is that, when the gelatin solution is
cooled below 30°C, a self-assembly process of gelatin occurs and helices are created
(Gémez-Guillén et al., 2011). Heat treatment (above 40°C) is normally used to increase the
solubility of gelatin before cold-set treatment. However, for cold-soluble gelatin, the thermal
process is not necessary (Pintado et al., 2015). In addition, ethanol has recently been used to
denature proteins and produce cold-set whey protein emulsion gels (Xi et al., 2019), which
can also be regarded as a cold-set gelation method. The mechanism here is that ethanol can
unfold proteins and then the structural cross-linking occurs between protein molecules in the

continuous phase and on the surfaces of oil droplets.

The mechanism of acid-induced protein gelation is that acidification, usually carried out
by adding glucono-d-lactone (GDL), decreases the pH and neutralizes the surface charges of
protein aggregates, and a gel network then forms by hydrophobic interactions and Van der
Waals forces (Ringgenberg, Alexander, & Corredig, 2013). Before acidification, heat
treatment is normally used to denature proteins and form protein aggregates. In such cases,
two different processes can be used to produce acid-induced protein-based emulsion gels:
using pre-heating-induced protein aggregates to form emulsions (Lu et al., 2020) or heating

native protein-stabilized emulsion to form protein aggregates (Ye & Taylor, 2009) before
10
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acidification. However, heating native protein-stabilized emulsions may lead to droplet
flocculation, which limits the application of emulsion gels for encapsulation of heat-

sensitive compounds (Mao, Roos, & Miao, 2014).

Addition of ions (normally Ca** in the form of CaCly) can promote soluble protein
aggregates to form a gel network by ionic cross-linking (Wang et al., 2019). It has been
reported that structures of CaCl-induced SPI emulsion gels are mainly composed of
particulate clusters of protein-coated droplets, which were different from filamentous gel
networks formed by microbial transglutaminase (MTGase) and GDL (Tang, Chen, &
Foegeding, 2011). In addition, the concentration of Ca** can affect the structures of protein-
based emulsion gels; Sok Line, Remondetto, & Subirade (2005) found that low calcium
concentrations (e.g., 11.7 mM Ca*") induced emulsion gels with a fine-stranded structure,
while high calcium concentrations (e.g., 40 mM or 68 mM Ca*") led to random aggregates.
Therefore, CaCl, at a concentration of 8-20 mM is normally used to produce Ca**-induced

emulsion gels (Liang et al., 2010; Tang, Chen, & Foegeding, 2011; Ye & Taylor, 2009).

MTGase and laccase can be used to promote cross-linking between protein molecules
and improve the properties of protein-based emulsion gels (Gaspar & de Goes-Favoni, 2015;
Qayum et al., 2021). Compared to other methods, enzyme treatment is a safe method to
produce protein-based emulsion gels with high quality under mild process conditions (35—
37°C) and without producing any side-products (Tang et al., 2013a). It was found that the gel
strength of MTGase-induced SPI-based emulsion gels was much higher than that of GDL- or
CaClx-induced emulsion gels (Tang, Chen, & Foegeding, 2011). Two points should be
highlighted when enzyme treatment is used to prepare protein-based emulsion gels. Firstly,
the order of adding enzymes into emulsions may influence the properties of emulsion gels.
Tang et al. (2013b) found that adding enzymes prior to emulsification required less enzyme,
but induced emulsion gels with higher stiffness compared to adding enzymes after
emulsification. Secondly, although the formation of protein aggregates is not necessary for

producing enzyme-induced gels, unfolding the compact structures of globular proteins (e.g.,
11
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SPI, WPI, and MP) can provide more target glutamine and lysine residues for the MTGase
treatment. For example, pre-incubation of SPI and egg white protein (Alavi et al., 2020;
Tang et al., 2013b), pre-oxidation treatment of MP (Wang, Xiong, & Sato, 2017), and
breaking down disulfide bonds in bovine serum albumin (Kang et al., 2003) can improve
gelation properties of proteins induced by MTGase. However, it has been found that heated
SPI-stabilized emulsions after emulsification could not form gels following enzymatic

treatment (Tang, Chen, & Foegeding, 2011).

1.2.1.2. Polysaccharide-based bulk emulsion gels

Several methods have been studied for preparing polysaccharide-based bulk emulsion
gels, such as heat-set, cold-set after pre-heating, addition of ions, and self-assembly

(crystallization), depending on the gelation properties of polysaccharides.

Curdlan is a water-soluble f-(1,3)-glucan extracted from Alcaligenes faecalis, and
curdlan-based emulsion gels can be obtained after heating emulsions (i.e., heat-induced
gelation), while cold-set after pre-heating is normally used to prepare carrageenan-, agar-,
and gellan gum-based emulsion gels (Jiang et al., 2019; Zheng et al., 2020). For producing
cold-set emulsion gels, polysaccharides should be dissolved at a high temperature (normally
above 70°C), and/or emulsions should be prepared at a medium temperature (normally
between 45°C and 70°C), after which emulsion gels are formed at a low temperature
(normally less than 25°C). The gelation mechanism involves forming double helices and
cross-linking helical domains to create a three-dimensional structure during cooling

(Nishinari & Takahashi, 2003).

The addition of ions is normally used to produce alginate-based emulsion gels. Sodium
alginate has the ability to form ‘egg-box’ shaped gels when the sodium ions are replaced by
divalent cations (mostly calcium in the food industry) (Ching, Bansal, & Bhandari, 2017).
Two different methods can be used to prepare alginate-based emulsion gels. Pintado et al.

(2015) added CaSOy4 into an alginate-based emulsion to produce an alginate-based emulsion
12
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gel directly. Sato, Moraes, & Cunha (2014) used a different method to produce emulsion
gels, in which CaEDTA was added to the alginate-based emulsion first, after which an acid

was then introduced to liberate calcium ions.

Inulin is an oligosaccharide which includes 2 to 60 fructose molecules connected by f-
(2—1) glycoside bonds (Glibowski & Pikus, 2011). Inulin with a crystal structure can
disperse in an aqueous environment and form a suspension, in which the most of crystals do
not change their structures, except for some of smallest crystals dissolving in water.
Amorphous inulin can change its structure to crystallite in water (Glibowski & Pikus, 2011).
Then, small crystallites can aggregate to form larger clusters, which ultimately interact to
form a gel (Bot et al., 2004). Paradiso et al. (2015) compared three different homogenization
technologies (i.e., mechanical, ultrasonic and cold ultrasonic homogenization) to prepare
inulin-based emulsion gels, and found that ultrasonic homogenization is a suitable method to
prepare emulsion gels with better textural properties compared to the other two

homogenization technologies.

A new strategy has recently been reported to prepare xanthan-based emulsion gels, in
which beeswax was introduced into liquid oil to from solidified droplets and thus promote
droplet-droplet interactions and strengthen gel structures (Liu et al., 2021). In addition,
polysaccharide-based bulk emulsion gels can be obtained through compatibility or
electrostatic attraction (i.e., self-assembly) with other polysaccharides or proteins, such as
alginate/konjac glucomannan-, xanthan/konjac glucomannan-, and egg yolk protein/alginate-

based emulsion gels (Yang et al., 2019; Yang et al., 2020a; Yang et al., 2020b).

1.2.1.3. Self-assembly of low molecular weight compound-based bulk emulsion gels

Many LMW organic compounds, such as glycyrrhizic acid and a combination of S-
sitosterol and y-oryzanol, can be used as oil-structuring agents, due to their self-assembly, to
replace solid fats and provide required sensory and flavor properties in food products

(Pernetti et al., 2007; Wan et al., 2017). These organic compounds, when in a water or oil
13
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phase, can form soft solid-like structured gels, which are known as oleogels or organogels

(Co & Marangoni, 2012), and they can be also used to produce emulsion gels.

Saponin glycyrrhizic acid (GA) is a monodesmosidic saponin which is comprised of a
hydrophobic triterpenoid aglycon moiety (18 S-glycyrrhetinic acid) attached to a hydrophilic
diglucuronic unit. GA molecules have both gelation and emulsifying properties, owing to
their self-assembly ability and amphiphilic structures. GA cannot structure vegetable oil
directly because of its low solubility in oil. However, GA molecules can self-assemble into
long nanofibrils in water, and nanofibrils not only adsorb at the oil-water interface but also
further assemble and entangle to create a supramolecular hydro-gel in water phase. Wan et al.
(2017) investigated GA-based O/W emulsion gels and found that, for more polar oils, GA
fibrils had a higher affinity to the oil-water interface, leading to the formation of a lot of fine
multilayer emulsion droplets with smaller droplet size. Ma, Wan, & Yang (2017) used GA to
produce GA-based water-in-oil-in-water (W1/O/W>) emulsion gels; a W1/O emulsion was
prepared first, before mixing with GA solutions at 80°C, and GA-based W1/O/W> emulsion

gels were formed at room temperature by the self-assembly of GA.

The combination of S-sitosterol and y-oryzanol can self-assemble in an oil phase to form
a helical ribbon, and then these tubules can aggregate and form networks, which are known
as oleogels or organogels. Thus, the combination of fS-sitosterol and y-oryzanol can be used
to prepare gelled W/O emulsions by gelling the continuous phase of emulsions. However,
the oil phase should be prepared at high temperature (  100°C) to dissolve f-sitosterol and y-
oryzanol, and W/O emulsions should also be prepared at 90°C to prevent the gelation of oil
phase during emulsification. It has been reported that, when a mixture of f-sitosterol and y-
oryzanol was used to prepare W/O emulsion gels, the presence of water weakened the
tubules and reduced the firmness of gelled emulsions, due to the hydration of f-sitosterol
and the transition of crystals from anhydrous and hemihydrate into monohydrate forms (Bot

et al., 2011). On the other hand, it was found that reducing the water activity and using oils
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with low polarity could promote the formation of tubular micro-structure of oryzanol and

sitosterol in emulsions (Sawalha et al., 2012).

1.2.2. Emulsion gel particles

Gel particles/beads can be divided into three categories according to their
diameter/length: macro-gel beads (> 1 mm), micro-gel particles (0.2—1000 #m), and nanogel
particles (< 0.2 um) (Ching, Bansal, & Bhandari, 2017). In the food area, previous studies
mainly focused on macro-gel beads and micro-gel particles, and alginate was the matrix
material most frequently used to produce gel particles (Benavides et al., 2016; Corstens et al.,
2017). Ching, Bansal, & Bhandari (2017) reviewed current technologies for producing
alginate hydro-gel particles (e.g., simple dripping, jet back up extrusion, spinning disk,
atomization, impinging aerosol method, emulsification technique, microfluidics, and
templating method), but studies on producing emulsion gel particles have rarely been
reported. Methods used to prepare emulsion gel particles include simple dripping,

electrostatic extrusion, and the impinging aerosol method.

An electrostatic extrusion technique has been used to prepare alginate-based emulsion
beads with diameters in the range from 960 to 1650 um (Levi¢ et al., 2015), in which a
syringe pump and electrostatic immobilization unit (at a voltage of 6.5 kV) were used to
extrude an O/W emulsion containing alginate in its continuous phase through a needle (22
gauge) into a collecting solution (0.015 g/ml of CaCl, solution). The reason for using an
electrostatic immobilization unit is that electrostatic forces can disrupt the liquid filament at
the tip of the needle and create a charged stream of small droplets. However, bigger beads
(diameter from 2100 to 2350 um) were formed without applying voltage, i.e., extrusion by
syringe or simple dripping, which is thus a simple method to produce macro-gel beads, but
this method usually leads to large particle sizes. Ching, Bansal, & Bhandari (2016)
developed a spray aerosol method to prepare alginate-based emulsion micro-gel particles

with the size of 36.2 to 57.8 um. A fine aerosol mist of alginate-based emulsion and an
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aerosol mist of 0.5 M calcium chloride solutions are created at the top and bottom of the
chamber, respectively, using an air atomizing nozzle. Two mists combine in the chamber,
and emulsion gel particles form in the chamber and are collected at the base of chamber.
This is an effective and continuous method to produce emulsion gel particles with small size,

but this method needs a special spray aerosol system.

1.2.3. Fluid emulsion gels

Apart from bulk emulsion gels and emulsion gel particles, fluid emulsion gels are the
third type of emulsion gels. Fluid emulsion gels are different from bulk gels and gel particles
with solid shapes, but fluid emulsion gels usually have a higher viscosity than conventional
liquid emulsions. Fluid emulsion gels mainly include two types according to their

preparation methods: gel-like emulsions and disrupted emulsion gel systems.

1.2.3.1. Gel-like emulsions

Gel-like emulsions can be obtained by aggregating emulsion droplets (Ruckenstein &
Kim, 1988), and previous studies on gel-like emulsions mainly focused on gel-like Pickering
emulsions (Chang et al., 2020). Pickering emulsions are a kind of emulsion which is
stabilized by amphiphilic solid particles, and can be mainly divided into three categories:
polysaccharide particle-, protein particle-, and polysaccharide/protein mixture-stabilized
Pickering emulsions (Lv et al., 2020). In addition, some other polymer particles were also
reported to be used in preparation of Pickering emulsions, such as dihydromyricetin (Geng
et al., 2021). Pickering emulsions are considered as better delivery systems than
conventional emulsions, owing to their enhanced storage stability against oxidation and
coalescence and lower susceptibility to lipolysis. Pickering emulsions can turn into gel-like
emulsions under appropriate conditions (e.g., proper solid particle type, solid particle

concentration, oil phase concentration, pH, and ionic strength) (Boostani et al., 2020).
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It has been reported that gel-like emulsions could be formed with 6 wt% preheated soy
globulins at high glycinin contents (> 75%) with soy oil at a oil volume fraction (¢) of 0.3,
and that G' and G" values of gel-like emulsions increased as the increase of glycinin
contents (from 75% to 100%), while neither unheated soy globulins nor preheated soy
globulins with low glycinin contents could form gel-like emulsions (Luo, Liu, & Tang,
2013). This was probably because the formation of a gel-like network was largely attributed
to hydrophobic interactions between denatured glycinin molecules adsorbed at the interface
of oil droplets. However, Xu, Liu, & Tang (2019) found that, with increasing oil fractions (¢
=0.1 to 0.88), a 0.5 wt% soy fS-conglycinin-stabilized Pickering emulsion could turn into a
gel-like emulsion at an oil fraction of 0.7. It was also found that, with increasing wheat
gluten level (emulsifier in oil-in-glycerol emulsions, 0.25-1.0 wt%), gel-like emulsions
could be formed at high wheat gluten contents (>= 0.5 wt%) (Liu et al., 2016). Shao & Tang
(2016) found that, with increasing oil fraction (0.2 to 0.6), pea protein-based Pickering
emulsions changed from liquid to a gel-like state, while Zou et al. (2015) found that
zein/tannic acid complex-stabilized Pickering emulsion gels with high oil volume fraction
(¢ > 0.5) could be successfully produced. Therefore, the oil phase and emulsifier contents
should be high enough to assure that solid particles adsorbed at the surface of neighboring
oil droplets can connect and/or react with each other (Su et al., 2020; Wouters & Delcour,

2019).

1.2.3.2. Disrupted gel systems

Fluid emulsion gels can also be prepared by breaking down bulk emulsion gels (Leon et
al., 2018). Soukoulis et al. (2016) investigated so-called sheared oil-in-gel (o/g) emulsions
prepared by stirring an alginate-based emulsion gel system at 1000 rpm for 6 h during the
gelation process. Torres et al. (2017) developed a method to produce starch-based gel
emulsions by homogenizing the bulk emulsion gels. This is a simple method to produce fluid

emulsion gels with small dispersed gel particles (5-50 um in diameter), but the gel matrix-
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covered structure may be destroyed, leading to separation of the gel matrix and oil droplets
during homogenization, which may influence the stability of oil droplets and/or encapsulated

nutrients during storage.

1.3. Structure-property relationships of different emulsion gels

1.3.1. The structure-property relationships of bulk emulsion gels

Some properties of bulk emulsion gels are emphasized in the food industry, such as
mechanical properties (e.g., rheological, and textural perception), and release properties (i.e.,
targeted release of encapsulated droplets and food nutrients during digestion). Many factors
(e.g., structures of the gel matrices, structures of emulsion droplets, and interactions between
the gel matrices and droplets) can influence the structures of bulk emulsion gels and then

their mechanical and release properties.

Food emulsions normally include single emulsions (O/W and W/O emulsions) and
multiple emulsions (W1/O/W2 and O1/W/O; emulsions). After turning emulsions into bulk
emulsion gels, the structures of emulsion gels therefore also include single structures (i.e.,
O/W and W/O) and multiple structures (i.e., Wi/O/W2 and O1/W/O). The matrix materials
of O/W and W1/O/W, emulsion gels are protein-, polysaccharide-, or organic compound-
based hydro-gels, while the matrix materials of W/O and O1/W/O, emulsion gels are organic
compound-based oleogels (also known as organogels or structured oil). Moreover, properties
of O/W and W1/O/W; emulsion gels and W/O and O1/W/O; emulsion gels differ, because the
properties of emulsion gels mainly depend on the properties of matrix materials (i.e.,
protein-, polysaccharide-, or organic compound-based gels), although the properties of
emulsion droplets and the interactions between the gel matrix and droplets also influence the
properties of emulsion gels. However, O/W emulsion gels have been studied more widely
than W/O, W1/O/W> and O1/W/O, emulsion gels, so the following discussions in this review

will focus on O/W emulsion gels unless other structures are emphasized.
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1.3.1.1. The structure-mechanical property relationships of bulk emulsion gels

Mechanical properties of bulk emulsion gels are closely associated with other properties
(e.g., storage stability, oral perception, and controlled release) and their applications. The
most common mechanical properties of bulk emulsion gels are dynamic modulus (i.e.,
storage and loss modulus), Young's modulus, fracture strength (i.e., strain and stress), yield
strength, and hardness. There are many ways or tools to measure mechanical properties of
bulk emulsion gels, such as rheometry, dynamic mechanical analysis (DMA), and textural

analysis (Anseth, Bowman, & Brannon-Peppas, 1996).

1.3.1.1.1. Matrix structures

* Protein-based matrices

For protein-based bulk emulsion gels, using different proteins and preparation methods
can lead to different protein matrix structures and mechanical properties, owing to different
gelation mechanisms and resultant different molecular forces between protein molecules in
the gel matrix. Globular proteins (e.g., SPI, WPI, and MP) and non-globular proteins (e.g.,
gelatin, casein, and sodium caseinate) have been widely used as matrix materials in

producing bulk emulsion gels.

The heat-set gelation method has been most used to prepare globular protein-based
emulsion gels, but globular protein-based emulsion gels can be also prepared through
acidification treatment, addition of ions, enzyme treatment, and malondialdehyde (MDA)
modification. For heat-induced emulsion gels, non-covalent cross-linking (i.e., electrostatic
interactions, hydrophobic interactions, and hydrogen bonds) and inter-molecular disulfide
bonds are the main forces between globular protein molecules (Wu, Xiong, & Chen, 2011).
The main linking forces in GDL-induced emulsion gels are hydrophobic interactions and
Van der Waals forces, while salt-bridges are the main linking forces in salt-induced emulsion

gels, and MTGase-induced emulsion gels involve more covalent cross-links (i.e., &-(y-
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glutamyl)-lysine (G-L) cross-links). Therefore, different preparation methods may lead to
different mechanical properties of globular protein-based emulsion gels (Liang et al., 2020;
Wang, Xiong, & Sato, 2017; Ye & Taylor, 2009); for example, it was found that CaSOs-
induced SPI-based emulsion gels were stiffer, with higher rigidity, than MTGase-induced

gels which performed better elasticity (Wang et al., 2018Db).

Gelatin can form gels under one-step cold treatment or cold treatment after pre-heating
as descried in section 1.2.1.1.2. Cold-set gelatin gels, a kind of elastic polymer gel, are
formed with flexible and random-coil protein chains (Sala et al., 2009). Other non-globular
protein-based emulsion gels are normally prepared with enzyme treatment and acidification
treatment. For example, although the main linking forces in both of acid-induced casein gels
and WPC gels are non-covalent cross-links, the firmness of acid-induced sodium caseinate
gels was lower than that of acid-induced WPC gels, probably due to their differences in

protein structures and sensitivity to acidification treatment (Kiokias & Bot, 2005).

Overall, contributions to the connectivity of a three-dimensional protein network arise
from four different kinds of molecular forces: covalent bonds, electrostatic interactions,
hydrogen bonding and hydrophobic interactions. The presence of covalent bonds leads to
permanent ‘chemical’ cross-linking within the network, whereas the other three types of
weaker ‘physical’ forces contribute to a complex set of more temperature-dependent
interactions (Chen & Dickinson, 1999b). In addition, process parameters (e.g., temperature,
protein content, ionic strength, pH, the presence of other components, ultrasound
pretreatment, and high-pressure homogenization) also can influence the structures and
mechanical properties of protein-based bulk emulsion gels (Bi et al., 2020; Chen &

Dickinson, 2000; Cheng et al., 2019).

Firstly, temperature can influence the degree of denaturation of proteins, and thus affect
the stability of protein-stabilized emulsions and mechanical properties of emulsion gels.

Generally, a high degree of denaturation of proteins results in low stability of protein-
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stabilized emulsions but better mechanical properties of emulsion gels (Kiokias & Bot, 2005;
Ye & Taylor, 2009). Chen & Dickinson (2000) also found that gelation temperature could
influence the rate of gelation and the dynamic modulus of acid-induced sodium caseinate-
based emulsion gels by changing the strength of physical bonding rather than the network

structures.

Secondly, the influence of protein content on the mechanical properties of emulsion gels
depends on the state of emulsion droplets. The mechanical properties of droplet-filled gels
and inactive droplet-aggregated gels mainly depend on the gel strength of gel matrix
structures, while interactions between the gel matrix (i.e., protein and polysaccharide) and
lipid droplets contribute more to the active droplet-aggregated gels (Pintado et al., 2015).
Therefore, increasing protein content can increase the gel strength of both kinds of emulsion
gels but for different reasons (i.e., increased gel strength of protein matrix for droplet-filled
gels and inactive droplet-aggregated gels, but strengthened interactions between the gel
matrix and droplets and increased gel strength of protein matrix for active droplet-

aggregated gels).

Thirdly, ionic strength and pH can influence inter-molecular repulsion and gel structures
in emulsion gels. For example, at low ionic strength (< 50 mM NaCl) and pH values (below
4 or above 6) far away from p/ of whey proteins, a fine-stranded network consisting of whey
protein strands with a length of ~50 nm and a diameter of ~10 nm is formed; at high ionic
strength (> 150 mM NacCl) and pH values near the p/, the strands with weak inter-molecular
repulsion can accumulate and form a particulate network structure (Chen et al., 2000; Guo,
Bellissimo, & Rousseau, 2017; Langton & Hermansson, 1992). However, both fine-stranded
and particulate gels exhibit high gel strength (Guo, Bellissimo, & Rousseau, 2017; Tang,
Chen, & Foegeding, 2011). It was found that fine-stranded whey protein gels prepared at low
ionic strength (10 or 25 mM NaCl) were rubbery and soft, but that particulate whey protein
gels prepared at high ionic strength (100 or 200 mM NaCl) were hard and brittle (Guo et al.,

2013).
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Fourthly, the presence of other components (e.g., sucrose, glucose, hydroxytyrosol,
rosmarinic acid, genipin, sodium pyrophosphate, insoluble dietary fiber, and EGCG) can
also influence the structures and mechanical properties of emulsion gels (Chen et al., 2019;
Feng et al., 2017; Freire et al., 2017a; Montes de Oca-Avalos et al., 2016; Wang, Jiang, &
Xiong, 2019; Zhuang et al., 2019). Generally, if components can strengthen protein-protein
interactions and/or reduce droplet size, they can increase gel strength of emulsion gels.
However, if these components can interact with protein molecules and disturb the
interactions between protein molecules, they can weaken the gel strength of emulsion gels,
and these effects are normally dose-dependent. Overall, preparation methods can affect
linking forces between protein molecules, and protein type and processing parameters can
influence the network structures of the gel matrix, both of which can affect the mechanical

properties of emulsion gels.
* Polysaccharide-based matrices

In terms of polysaccharide-based emulsion gels, polysaccharide type, preparation
methods, and processing parameters can influence the structures of the polysaccharide-based
gel matrix. Cold-set gellan gun-, agar-, and x-carrageenan-based emulsion gels are a kind of
polymer gels with strand-based structures (Kim et al., 1999; Wang et al., 2013). They
normally show a predominantly elastic behavior, which resemble gelatin-based emulsion
gels but differ from WPI-based emulsion gels with particulate structures (Sala et al., 2009).
The network structures of alginate gels are in the shape of ‘egg-box’, in which sodium ions
are replaced by divalent cations, and each cation can bind with four a-L-guluronic acid (G)
residues to form a three-dimensional network structure (Ching, Bansal, & Bhandari, 2017),
which can be affected by freeze-thawing treatment (Li et al., 2020). Inulin gels are formed
by connection of micro-crystals, and their rheological properties resemble that of fat crystal-
based networks in oil (Nourbehesht, Shekarchizadeh, & Soltanizadeh, 2018). However, there
are no studies on comparing mechanical properties of emulsion gels formed by different

kinds of polysaccharides.
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In addition, the influence of polysaccharide content on the mechanical properties of
emulsion gels depends on emulsifier type and gel structures. Most naturally occurring
polysaccharides, except gum Arabic and some kinds of pectin, have weak emulsifying
abilities, compared to proteins and synthetic emulsifiers (Charoen et al., 2011). Hence, the
interactions between the gel matrix and emulsion droplets in polysaccharide-based emulsion
gels with/without synthetic emulsifiers are normally weak, and increasing polysaccharide
content can increase their gel strength, mainly due to the decreased void spaces and
increased gel strength of the gel matrix (Kim et al., 1999). However, when proteins are used
as emulsifiers, increasing polysaccharide content can increase the gel strength of emulsion,
mainly due to increased interactions between polysaccharide molecules and droplets and/or
the gel strength of polysaccharide gels. Although studies on the effects of ionic strength and
pH on the mechanical properties of polysaccharide-based emulsion gels have rarely been
reported, Ozturk et al. (2015) found that ionic strength and pH did not have significant
influences on the stability of a gum Arabic-stabilized emulsion, which was different from a
WPI-stabilized emulsion because of their different emulsification mechanisms (i.e.,
electrostatic repulsion for WPI and steric repulsion for gum Arabic). Therefore, it is
proposed that the influence of ionic strength and pH on the structure and mechanical
properties of polysaccharide-based emulsion gels differs from that for protein-based

emulsion gels.

* LMW compound-based matrices

For LMW organic compound-based emulsion gels, saponin glycyrrhizic acid (GA) and
the combination of fS-sitosterol and y-oryzanol have been investigated to prepare emulsion
gels by self-assembly. GA can dissolve in water, and GA molecules can self-assemble to
form long nanofibrils and gels in water phase, and so can be used to prepare emulsion gels
with O/W or W1/O/W; structures. The combination of S-sitosterol and y-oryzanol can self-
assemble in an oil phase to form a helical ribbon, then these tubules can aggregate and form

a network, and so can be used to prepare gelled W/O emulsions. Processing parameters (e.g.,
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organic compound content and solvent type) also can influence the structure and mechanical
properties of organic compound-based emulsion gels. Ma, Wan, & Yang (2017) found that
an emulsion stabilized by GA at a low concentration (0.5 wt%) could not form a gel, but
self-standing emulsion gels could be formed and the viscoelastic modulus also significantly
increased with increasing GA concentration (1-4 wt%). It was also found that no tubules
were formed but only sitosterol and oryzanol crystals were present in emulsion gels at 16%
total sterol concentration, while there were tubules next to the crystals at 32% total sterol

concentration (Bot et al., 2011).

In addition, the polarity of solvents (i.e., oil in W/O emulsions) can influence the water
activity of W/O emulsions and structures of the oil phase. It has been reported that more
water molecules bind to the f-sitosterol molecules and formed monohydrate crystals in
higher polarity oils (e.g., eugenol and castor oil), which hindered the formation of tubules
and resulted in weaker emulsion gels compared to less polar oils (e.g., decane and limonene)
(Sawalha et al., 2012). However, studies on comparing structures and mechanical properties
of emulsion gels prepared with different kinds of organic compounds have rarely been
reported. Over all, many factors (e.g., gel matrix type, preparation method, and process
parameters) can affect the gel structures of bulk emulsion gels and thus their mechanical

properties.

1.3.1.1.2. Properties of emulsion droplets

The properties of emulsion droplets (e.g., droplet size and surface structures) can
influence the mechanical properties of bulk emulsion gels as well. Properties of emulsion
droplets are normally influenced by oil phase (e.g., oil type, and oil content), and emulsifier
type (e.g., LMW emulsifiers or proteins). In the food industry, emulsifiers mainly include
two categories: low molecular synthetics (e.g., Span 80, Tween 80, and monoglycerides) and
natural molecules (e.g., proteins, egg lecithin, and soy lecithin) (Chen et al., 2020).

Emulsifiers can not only decrease the interfacial tension and thereby increase the stability of
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emulsions but also affect the interactions between droplets and the gel matrix, leading to
active or inactive fillers (Van Vliet, 1988). Therefore, the effect of emulsion droplets on the
mechanical properties of emulsion gels depends on not only emulsion droplets (i.e., oil type,
oil content, and droplet size) but also the interactions between droplets and the gel matrix

(Chen et al., 2021; Farjami & Madadlou, 2019).

The effect of active fillers on the rheological properties of emulsion gels mainly depends
on the stiffness of the oil droplets and the droplet volume fraction (Sala, van Vliet, Cohen
Stuart, Aken, & van de Velde, 2009). The Kerner model can explain the effect of active

fillers on the mechanical properties of emulsion droplet-filled gels (Kerner, 1956):

_ 150- ) -1
T (8-10 ) +7-5 -(8-10 ) -1 +1 (-

where = — , and G'gel, G'iller, and G 'manix are the shear modulus of the overall gel, the

filler droplets and the gel matrix, respectively, ¢ is the actual droplet volume fraction, and v
is the Poisson’s ratio of the gel matrix. In addition, the Kerner model modified by Lewis and
Nielsen can be used to explain the effect of active fillers on the mechanical properties of

emulsion droplet-aggregated gels (Lewis & Nielsen, 1970):

_ 150- HC -1
T (8-10 ) +7-5 -(8-10 )( -1 +1 (1-2)

where w¢r is the effective volume fraction of fillers, which takes into account the crowding

effect of fillers and can be expressed as follows (Lewis & Nielsen, 1970):

1_

= [1+( > ) ] (1-3)

where ¢max is the maximum volume fraction of the fillers. According to Eq. (1-2), increasing
the shear modulus and the effective volume fraction (w¢r) or actual volume fraction (¢r) of
fillers can increase the mechanical properties of emulsion gels, which has been supported by

many studies (Gwartney, Larick, & Foegeding, 2004; Li et al., 2012; Oliver, Scholten, & van
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Aken, 2015; Oliver, Wieck, & Scholten, 2016; Tang et al., 2013b). However, the Kerner
model and the modified Kerner model are used under the assumption that M or G 'mauix do not
change with changes in other factors (e.g., ¢r and G'rier) (Chen & Dickinson, 1998a; Oliver
et al., 2015), especially at oil volume fractions (@) below 0.2 and protein (i.e., gel matrix)
contents above 6 wt% (Guo, Bellissimo, & Rousseau, 2017). However, the shear modulus of
filler droplets (G'sner = 4y / d, where y is surface tension and d is the average diameter of the
oil droplets) is influenced by oil type, oil content, droplet size, emulsifier type, emulsifier
content, and process parameters (Farjami & Madadlou, 2019; Sala et al., 2009; Van Vliet,
1988). In addition, the shear modulus of the gel matrix (G'maix) is influenced by droplet size,
oil content, gel matrix type, preparation method, and process parameters (Sato, Moraes, &
Cunha, 2014). Therefore, when taking those factors (e.g., droplet size, process parameters,
and high oil content), which can affect the mechanical properties of both filler droplets and
the gel matrix, into account, the Kerner model and the modified Kerner model cannot be
applied. For instance, it has been reported that increasing the size of olive oil droplets in a
gelatin-based emulsion gel led to a weaker gel strength, probably due to the increase in
interfacial area, a higher amount of gelatin adsorbed to the interface, and a lower quantity of
protein available in the continuous phase (Sato, Moraes, & Cunha, 2014); however, it was
found that increasing the size distribution of dispersed vegetable fat in a WPI-based
emulsion gel led to an increase in firmness, probably because of a larger number of contacts
between droplets (Kiokias & Bot, 2006). Oliver, Wieck, & Scholten (2016) found that
increasing the casein content (from 4% to 9%) could decrease the relative Young's modulus
of emulsion gels at high oil volume fractions (¢r > 0.15), probably owing to the higher
inhomogeneity of casein-based gel matrix and increased effective volume fraction of
droplets at lower casein concentration; this indicated that the effective volume fraction (y¢r)
plays a more important role than G'marix in affecting the mechanical properties of emulsion

gels with high matrix inhomogeneity and at high oil volume fractions.

26



Chapter one

The effect of inactive fillers on the rheological properties of emulsion gels depends on
the properties and concentrations of LMW emulsifiers, droplet size, and oil content,
although there have been few studies on modelling the effect of inactive fillers on the
rheological properties of emulsion gels. Chen & Dickinson (1999a) investigated the effect of
LMW emulsifiers on the viscoelastic properties of heat-set whey protein-based emulsion
gels, and found that the elastic modulus of heat-set whey protein-based emulsion gels
decreased after adding a low level of diglycerol monolaurate (DGML, the surfactant/protein
molar ratio (R) = 4) and diglycerol monooleate (DGMO, R = 4-32), while high levels of
emulsifiers (R = 32 for DGML, and R = 64 for DGMO) could increase the storage and loss
modulus of emulsion gels, probably due to depletion flocculation of the emulsion prior to
heat-treatment. However, it has been reported that Tween 20 (R = 0.25-8) always decreased
the mechanical properties of emulsion gels, and a high addition level (R = 8) could even
break down the network structure of proteins and lead to a liquid-like emulsion (Chen &
Dickinson, 1998b). It has been found that increasing oil content decreased fracture stress and
stress intensity factor of agar gels and x-carrageenan-locust bean gum gels (Kog et al., 2019).
It has also been found that increasing solid lipid content could increase the gel strength of
WPI/xanthan gum-based emulsion gels at an emulsifier content of 4 g/100 g, but decreased

the gel strength at an emulsifier content of 2 g/100 g (Geremias-Andrade et al., 2017).

1.3.1.2. The structure-release property relationships of bulk emulsion gels

Bulk emulsion gels, especially O/W emulsion gels, are often used for the delivery and
release of oil-soluble bioactive compounds and nutrients, such as a-tocopherol (Liang et al.,
2010) and fS-carotene (Soukoulis et al., 2017). Compared to emulsions, emulsion gels can
provide better protection for encapsulated compounds and show slower release behavior
during digestion (Cofrades et al., 2017). Many studies have focused on the matrix erosion,
lipid digestion and controlled release of encapsulated compounds during digestion of

emulsion gels. The digestion behaviors of protein- and polysaccharide-based emulsion gels
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differ in the gastrointestinal tract because of different digestion processes of proteins and
polysaccharides. For protein-based emulsion gels, Liang et al. (2010) found that gel loss (i.e.,
matrix erosion owing to protein degradation) and release of a-tocopherol occurred in both
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF), respectively, which
indicated that release of a-tocopherol was controlled mainly by matrix erosion because of
protein degradation. However, under simulated gastrointestinal (GI) conditions (0.5 h SGF
followed by 6 h SIF), gel loss and release of a-tocopherol only occurred in the SGF step,
probably due to the formation of a viscous layer on the surfaces of gel residuals. Moreover,
gel rigidity of protein-based emulsions is an important factor affecting the lipid digestion in
GI digestion. It has been reported that gastric digesta of a soft gel (prepared with 10 or 20
mM NaCl) mainly consisted of individual oil droplets and small gel particles (~10 mm),
while gastric digesta of a hard gel (prepared with 100 or 200 mM NaCl) mainly consisted of
small gel particles (~10 mm) after 240 min gastric digestion, and the remaining network
structure of gel particles hindered further breakdown during intestinal digestion (Guo et al.,
2016). It was also found that digestion of emulsion gels in the intestinal step was delayed by
denser, more spatially heterogeneous protein matrices (Guo, Bellissimo, & Rousseau, 2017).
In terms of polysaccharide-based emulsion gels, although there are fewer reports about their
digestion, it was found that oil droplets could be released from agar-based emulsion gels
during GI digestion in both SGF and SIF steps (2.0 h SGF followed by 4-14 h of SIF), while
emulsifier type (glycerol monolaurate with different degrees of polymerization) affected the

size distribution of released oil droplets (Wang et al., 2013).

Bulk emulsion gels are also used for the delivery and release of volatile flavor
compounds, such as ethyl butyrate, ethyl hexanoate, ethyl octanoate, propanol, diacetyl,
pentanone, hexanal, and heptanone (Hou et al., 2016; Mao, Roos, & Miao, 2014). The
release of volatile compounds in the oral cavity is normally measured by a simulated nose
breath device (Hou et al., 2016) or gas chromatography (GC) headspace analysis (Mao,

Roos, & Miao, 2014). The release rate of volatile compounds depends on the gel matrix
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structure, oil content, the nature of volatile compounds, and the interactions between flavor
compounds and food ingredients (particularly oils in O/W emulsion gels) (Boland,
Delahunty, & van Ruth, 2006; Guichard, 2002). It has been reported that the release rate of
ethyl butyrate was significantly lower in a SPI/sugar beet pectin (SBP) complex-based
emulsion gel with a compact network than SPI- or SBP-based emulsion gels, but the release
rate of aroma compounds with higher hydrophobicity was not significantly influenced by the
structures of emulsion gels, probably because of their high affinity for the lipid phase rather
than interacting with proteins and/or polysaccharides (Hou et al., 2016). Mao, Roos, & Miao
(2014) also found that emulsion gels with higher storage modulus at a high oil content (20%)
had lower release rates and partition coefficients of the volatiles, and that increasing oil
contents (from 5% to 20%) significantly decreased the release rate of heptanone, probably

owing to its highly lipophilic characterization.

1.3.2. The structure-property relationships of emulsion gel particles

Although emulsion gel particles and bulk emulsion gels have similar structures (i.e.,
active fillers, inactive fillers, emulsion droplet-filled gels, and emulsion droplet-aggregated
gels) and structure-property relationships, their physical properties and length scales differ

(Ching, Bansal, & Bhandari, 2016).

Firstly, the rheological behavior of gel particles differs to that of bulk gels, because the
micro-gel particle system is a suspension (usually gel particles in water). The rheological
properties of micro-gel particle suspensions are influenced by three parameters: volume
fraction (¢), particle modulus (modulus of particles that make up the suspension) and
interaction potential (Ching, Bansal, & Bhandari, 2016). The volume fraction (¢) can be

determined using the equation below (Ching, Bansal, & Bhandari, 2016):

=— (1-4)
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where ¢ = final micro-gel suspension volume fraction, m = mass of micro-gel concentrate, p
= density of micro-gel concentrate measured with a 50 mL calibrated pycnometer, and v =
volume of water added to micro-gel concentrate. Eq. (1-4) was modified by the equations
developed by Suzawa & Kaneda (2010), who calculated the volume fraction by the weight
and density of emulsions but did not consider the weight loss (normally water loss) of gel
particles during gelation. At low volume fraction, the flow behavior is determined by the
continuous phase; at higher volume fraction, softer micro-gels will exhibit a lower storage
modulus compared to hard micro-gels (Adams, Frith, & Stokes, 2004). Ching, Bansal, &
Bhandari (2016) found that, at the same volume fraction, suspensions with more deformable
alginate-based micro-gels exhibited a lower bulk modulus. However, it is technically
difficult to investigate the rheological properties of macro-gel particles, although their
mechanical properties could be investigated by a texture analyzer. It has been reported that,
with increasing oil contents in alginate-based macro-gels, the elastic modulus of particles
decreased, which indicates that oil droplets in alginate-based emulsion gel particles without

emulsifiers were inactive fillers (Ching, Bansal, & Bhandari, 2016).

Secondly, syneresis and swelling properties are important properties of gel particles
(Ching, Bansal, & Bhandari, 2017). It was found that alginate-based emulsion gel particles
shrank less if they had higher oil content, and that the swelling was more pronounced for
smaller particles, probably owing to the larger contact surface, but was less pronounced at
increased oil contents, probably because of droplets acting as physical barriers for water

transport (Levi¢ et al., 2015).

Thirdly, encapsulation efficiency (EE), loading capacity (LC) and encapsulation yield,
which are important parameters in encapsulation processes of emulsion gel particles, are
affected by properties and contents of matrix material, emulsifier, and oil. It has been
reported that increasing alginate contents in the water phase could increase the oil EE in
lupin protein isolate (LPI)-stabilized emulsion gel particles, probably due to the formation of

a stronger gel matrix and better cross-linking on the external surfaces of particles (Piornos et
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al., 2017). However, when the protein content was higher than the saturation concentration,
or the oil content was very low, in which excessive free protein molecules existed in the
water phase, the aggregation of non-adsorbed protein molecules could lead to lower
emulsion stability and lower EE (Guzey & McClements, 2006). In addition, Ruffin, Schmit,
Lafitte, Dollat, & Chambin (2014) found that, compared to native WPI, using pre-heated
WPI at 80°C for 30 min as emulsifier in pectin-based emulsion gel particles slightly
improved the yield and stability of encapsulated vitamin A, because of the increased

viscosity of denatured WPI dispersions and the decreased particle size of emulsions.

1.3.3. The structure-property relationships of fluid emulsion gels

1.3.3.1. Gel-like emulsions

The oil content, particle content, and surface charge of particles can affect the
rheological properties of gel-like Pickering emulsions and release behavior of encapsulated
compounds from such emulsions (Jiang et al., 2021; Shao & Tang, 2016; Xu, Liu, & Tang,
2019). For the effect of oil content, Dai et al. (2018) found that zein/gum arabic complex-
stabilized Pickering emulsion gels solidified at high oil volume fractions in emulsions (¢ >=
0.5), and increasing oil volume fractions (¢ = 0.5-0.7) increased the G' and G" values of gel-
like emulsions, probably due to increased interactions between emulsion droplets (Xiao et al.,
2016). It was also reported that a gel-like emulsion at ¢ = 0.6 exhibited much lower release
rate of S-carotene but higher stability during digestion than a Pickering emulsion at ¢ = 0.3
(Shao & Tang, 2016). In terms of the effect of particle content, Xu, Liu, & Tang (2019)
found that increasing soy f-conglycinin contents from 0.2 to 1.0 wt% led to a progressive
decrease in droplet size, but a progressive increase in stiffness of the gel-like emulsions at ¢
= 0.8. Liu et al. (2019) also found that increasing pre-heated WPI contents from 2.5 to 10
wt% led to a progressive increase in gel strength, hardness, WHC, and stability of the gel-
like emulsions at 75 vol% oil; they also found that increasing protein contents could increase

the bio-accessibility of f-carotene, because of reduced aggregation of the oil droplets and
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retarded degradation of f-carotene during digestion, owing to a dense WPI-based gel
structure around droplets. In addition, the surface charge of (nano)particles can affect their
emulsification and interfacial behavior (Larson-Smith, Jackson, & Pozzo, 2012). It has been
reported that electrostatic screening by adding NaCl could improve the performance of soy
glycinin nanoparticles in forming gel-like emulsions and increase stiffness of the resultant
gel-like emulsions, due to enhanced diffusion and adsorption of solid particles at the

interface (Liu & Tang, 2016).

1.3.3.2. Disrupted gel systems

Although there are few studies on the structure-property relationships of disrupted gel
systems, Torres et al. (2017) found that increasing starch contents (from 15 to 20 wt%) and
oil fractions (from 0 to 20 wt%) could improve the elastic modulus of starch-based disrupted
gels stabilized by octenyl succinin anhydride (OSA) modified starch, which fitted the Kerner
model. It has been reported that, compared to alginate-based emulsions and bulk emulsion
gels, sheared oil-in-gel (o/g) emulsions exhibited higher bio-accessibility of encapsulated f-
carotene after in-vitro digestion, due to the lower unbound calcium content and higher
colloidal stability throughout gastrointestinal passage, whereas encapsulated f-carotene in

the bulk emulsion gels exhibited highest chemical stability (Soukoulis et al., 2016).

1.4. Applications of emulsion gels in the food industry

1.4.1. Use of emulsion gels as fat replacers in meat products

Emulsion gels formed by myofibrillar proteins (MPs), water and lipid not only contribute
to the sensory properties (appearance and flavor) but also relate to the textural properties
(water- and oil-holding, and cooking losses) of meat products (Wang et al., 2018; Zhao et al.,
2017). Additives, such as extracts from herbs and spices, polyphenols, and NaCl, can
influence structures of emulsion gels and the properties of meat products (Wang et al., 2018a;

Zhao et al., 2017). Wang et al. (2018a) found that a low level of rosmarinic acid (RA) (12
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uM/g protein) could protect thiol and &-NHs groups in MP-based emulsion gels from
oxidation, and thus improve the gel strength and water- and oil-holding abilities of emulsion
gels; however, a high level of RA (300 uM/g protein) could induce interactions between RA
and MPs, which led to aggregation of MPs and a poor emulsion gel network, while a high

level of NaCl (0.6 M) could promote these interactions.

However, while health concerns around some meat products containing high fat content
(over 27%) have increased in recent years, reducing fat content usually negatively influences
consumer acceptance and textural properties of final products (Oliver, Scholten, & van Aken,
2015). In order to avoid undesirable textural changes and improve the nutritional value of
meat products (e.g., sausages and patties), promising methods have been studied, such as
replacing fat with unsaturated oil (Oliver, Scholten, & van Aken, 2015) or structured oil (e.g.,
olive, linseed, fish, perilla, and sunflower seed oil encapsulated in emulsion gels formed
with SPI, WPI, sodium caseinate, carrageenan, gelatin, alginate, chia flour, oat bran, or
inulin) (Alejandre et al., 2016; de Souza Paglarini et al., 2018; de Souza Paglarinia, Martinib,
& Pollonio, 2019; Freire et al., 2018; Freire et al., 2017b; Glisic et al., 2019; Pintado et al.,
2018; Pintado et al., 2021; Poyato et al., 2015; Serdaroglu, Nacak, & Karabiyikoglu, 2017).
Reformulated lipid systems may show similar rheological and technological properties to
saturated fats, so emulsion gels offer great potential to replace fats in meat products (de

Souza Paglarini et al., 2019).

However, these methods may lead to undesirable sensory quality changes (e.g., color
parameters and sensory acceptability) (dos Santos et al., 2020; Paglarini et al., 2021;
Serdaroglu & Oztiirk, 2017). Oliver, Scholten, & van Aken (2015) found that physical
properties of fat or oil and structural properties of the gel matrix could influence the
rheological properties of fat-filled emulsion gels or oil-filled emulsion gels. Hence, the
properties of fat in meat products should be considered, and the gelling agent and oil should
be chosen carefully when emulsion gels are used as fat replacers (Freire et al., 2017b). It has

been reported that combining emulsion gels and animal fat could be a good method to
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produce healthier meat products with acceptable sensory properties (de Souza Paglarini et al.,
2019). In addition, emulsion gels help to control sodium availability and perception by
changing sodium mobility and binding behavior, and can thus allow reduction of the salt
content in meat products (Okada & Lee, 2017). However, most studies have focused on bulk
emulsion gels and their uses in solid foods, and thus more studies on emulsion gel particles

and their uses in liquid foods are needed.

1.4.2. Emulsion gels used as delivery systems to encapsulate and release food nutrients

Absorption of encapsulated lipophilic food nutrients (e.g., S-carotene, curcumin, 7-3
fatty acid, vitamin A, and a-tocopherol) in emulsion gels include several steps: release from
the gel matrix as the result of mechanical, chemical and enzymatic processes throughout the
oral processing and gastrointestinal passage, incorporation in the co-digested lipid droplets,
interaction with endogenous lipid surface active compounds (mainly bile salts and
phospholipids) promoting the formation of mixed micelles, and eventual transportation of
the mixed micelles to the small intestinal epithelium (Soukoulis et al., 2016; Yonekura &
Nagao, 2007). Polysaccharides (e.g., alginate, x-carrageenan, and starch) and proteins (e.g.,
gelatin and WPI) are normally used as gelation materials in producing emulsion gels
encapsulating lipophilic food nutrients, but their digestion behaviors differ. Protein-based
emulsion gels are mainly disrupted in gastric digestion as the result of enzymatic hydrolysis
by pepsin, and the remaining protein-based network structures can hinder further breakdown
during intestinal digestion (Guo et al., 2016; Liang et al., 2010). On the other hand,
polysaccharide-based (especially alginate-based) emulsion gels are less sensitive to gastric
fluid than protein-based emulsion gels, and may protect the encapsulated nutriments from
harsh gastric environment, and the remaining gel structures can be further disrupted during

intestinal digestion (Wang et al., 2013; Xu et al., 2019).

However, emulsion gels normally give low effective bioavailability of encapsulated

lipophilic compounds, due to insufficient digestion of the gel matrix and resulting unreleased
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and undigested lipid phase (Liang et al., 2010; Zhang et al., 2016). Therefore, it is important
to choose appropriate materials for different nutrients, which can protect encapsulated
nutrients and control their release, and also do not inhibit release in the targeted
gastrointestinal tract (Zhang et al., 2016). Although emulsion gels may not improve the final
bio-accessibility of encapsulated food nutrients, they can improve the stability of emulsions
and encapsulated nutrients during storage, exhibit slow release effects in the gastrointestinal
passage compared to emulsions, and reduce the sensory perception of capsaicinoids
encapsulated in emulsion gels during oral digestion (Brito-Oliveira et al., 2017; Luo et al.,

2019, 2020; Ma, Wan, & Yang, 2017; Soukoulis et al., 2016; Zhang et al., 2016).

1.5. Conclusions

Various preparation methods for emulsion gels are available for different matrix
materials (e.g., heat treatment, enzyme treatment, acidification, and addition of ions for
protein-based emulsion gels, cold-set and addition of ions for polysaccharide-based
emulsion gels, and self-assembly for LMW compound-based emulsion gels), purposes (e.g.,
cold-set for protecting encapsulated nutrients and better mechanical properties), and
emulsion gel types (e.g., internal gelation for bulk emulsion gels, external gelation for
emulsion gel particles, self-assembly for gel-like Pickering emulsions, and mechanical stir
for disrupted emulsion gels). Due to differences in the morphological properties among
different emulsion gels, different physical properties are emphasized, such as the importance
of mechanical and release properties for bulk emulsion gels, syneresis and swelling
properties for emulsion gel particles, rheological properties for micro-gel particle
suspensions, and flow behavior and release property for fluid emulsion gels. In terms of bulk
emulsion gels, many factors (e.g., structures of gel matrix and emulsion droplets and
interactions between them) can influence their structures and thus mechanical and release
properties. Structures of the gel matrix in bulk emulsion gels are affected by matrix material,

preparation method, and process parameters, while structures of emulsion droplets are
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affected by oil type, oil content, droplet size, and emulsifier type. In terms of emulsion gel
particles, oil content and particle size can influence their syneresis and swelling properties.
The rheological properties of micro-gel particle suspensions are influenced by volume
fraction, particle modulus, and interaction potential. In terms of gel-like Pickering emulsions,
their rheological and release properties also are influenced by many factors (e.g., oil content,
particle content, and surface charge of particles). Finally, two main applications of emulsion
gels in the food industry are fat replacers in meat products and delivery systems for food

nutrients.
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CHAPTER TWO

The Role of Mixing Sequence in Structuring O/W Emulsions and
Emulsion Gels Produced by Electrostatic Interactions between Soy
Protein Isolate-coated Droplets and Alginate

Chapter 2 was published in:

Lin, D., Kelly, A. L., & Miao*, S. (2021). The role of mixing sequence in structuring O/W
emulsions and emulsion gels produced by electrostatic protein-polysaccharide interactions
between soy protein isolate-coated droplets and alginate molecules. Food Hydrocolloids,
113, 106537.

The work contained in this chapter was undertaken and written solely by myself with specific

contributions from each co-author.
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Abstract

Multilayer emulsions produced by electrostatic protein-polysaccharide interactions have
received increased interest recently, but the addition sequence of oppositely charged
dispersions for emulsion preparation has rarely been investigated. The purpose of this study
was to investigate the effect of addition sequence of oppositely charged soy protein isolate
(SPI)-stabilized emulsions and alginate solutions on the stability and structure of emulsions
involving electrostatic protein-polysaccharide attraction and the structural and rheological
properties of emulsion gels produced by internal gelation (i.e., addition of GDL and CaCQOs).
Stable multilayer emulsions containing unflocculated alginate/SPI-coated droplets were
produced by adding low levels of SPI-stabilized emulsions into alginate solutions at pH 3.0,
and emulsion gels prepared from above resultant emulsions by gelling the continuous phase
containing alginate had higher L* values and storage modulus than emulsion gels prepared
by adding alginate solutions into SPI-stabilized emulsions. Unstable emulsions containing
flocculated droplets were obtained on adding high levels of SPI-stabilized emulsions into
alginate solutions or adding alginate solutions into SPI-stabilized emulsions (independent of
concentration) at pH 3.0 with mild stirring. The findings of this study are important for
preparing stable multilayer emulsions and structuring emulsion gels by changing the

addition sequence of oppositely charged dispersions for emulsion preparation.

Keywords: Emulsion gel; Electrostatic interaction; Addition sequence; Structure; SPI;

Alginate.
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2.1. Introduction

Polysaccharide-based emulsion gels have received growing interest in the food industry
recently, such as x-carrageenan-, gellan gum-, agar-, inulin- and alginate-based emulsion
gels (Herrero et al., 2018; Lorenzo et al., 2013; Paradiso et al., 2015; Wang et al., 2013;
Zheng et al., 2020). Compared to protein-based emulsion gels, polysaccharide-based
(especially alginate-based) emulsion gels are less readily digested and damaged in gastric
fluid, and the remaining gel structures can be further disrupted during intestinal digestion,
due to the increased repulsive forces of the uronic acid groups on alginate and ion-exchange
between Na* ions in the digestive fluid and Ca®" ions in gel beads (Bokkhim et al., 2016).
These characteristics make polysaccharide-based emulsion gels ideal materials for
encapsulation of compounds such as a-tocopherol, S-carotene, curcumin, and D-limonene
(Feng et al., 2018; Levic et al., 2015; Soukoulis et al., 2017; Xu et al., 2019), which can be
protected from the harsh gastric environment and released from emulsion gels during

intestinal digestion.

For preparation of emulsion gels, the first step is to prepare emulsions, in which
emulsifiers are normally used to decrease the droplet size and increase the stability of
droplets, and these emulsions can then be turned into emulsion gels by various mechanisms
for different matrix materials (e.g., heat treatment, enzyme treatment, acidification treatment,
and addition of ions) (Lin, Kelly, & Miao, 2020). Use of naturally occurring proteins (e.g.,
whey protein isolate (WPI), soy protein isolate (SPI), lactoferrin and zein) as emulsifiers has
received increased attention for replacement of synthetic chemicals (e.g., Tween 20 and
Span 80) in recent years, due to increased customer demand for healthy foods (Ruffin et al.,
2014; Su et al., 2016; Tang et al., 2013). In addition, electrostatic interactions between
protein-coated droplets and polysaccharide molecules in the continuous phase (particularly
oppositely charged proteins and polysaccharides) are critical, as these can affect the stability
and structure of emulsions and thus the mechanical and structural properties of emulsion

gels (Evans et al., 2013; Tavernier et al., 2017).
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Previous studies have shown that pectin/WPI-, alginate/f-lactoglobulin-,
carboxymethylcellulose/sodium caseinate-, and pectin/f-lactoglobulin-stabilized emulsions
had better stability than protein-stabilized emulsions at pH 4-4.5 (Guzey & McClements,
2007; Harnsilawat et al., 2006; Liu et al., 2012; Salminen & Weiss, 2014), and that
introducing chitosan into ovalbumin- or glycinin-stabilized emulsions could increase the
stability of emulsions at pH 4.5-5.5 (Xiong et al., 2018; Yuan et al., 2013). Electrostatic
interactions between oppositely charged protein-coated droplets and polysaccharide
molecules led to the adsorption of polysaccharide molecules on the surfaces of protein-
coated droplets, and thus the formation of polysaccharide/protein-coated bilayer droplets

with increased surface charge and enhanced electrostatic repulsion (Evans et al., 2013).

Many factors can affect electrostatic interactions between oppositely charged protein-
coated droplets and polysaccharide molecules, such as polymer properties (e.g., molecular
weight, charge density and flexibility) and mixing conditions (e.g., the pH, ionic strength,
temperature, stirring, ratio of protein to polysaccharide and addition sequence of dispersions),
but the addition sequence of dispersions has rarely been discussed (Evans et al., 2013;
Guzey & McClements, 2006; Ye, 2008). There are four main routes for preparing emulsions
stabilized by electrostatic polysaccharide-protein complexes (Albano et al., 2019). The
following discussion mainly focuses on anionic polysaccharides, because most of charged

polysaccharides are anionic.

Firstly, anionic polysaccharide/anionic protein mixtures may be prepared at pH > p/, and
then oil introduced into the system to prepare emulsions by homogenization, followed by
adjusting pH below the p/ of the protein present. Secondly, the dispersion of anionic
polysaccharide/cationic protein complex may be prepared at pH < p/, and emulsions
prepared by adding oil and homogenization. Thirdly, anionic protein-stabilized emulsions
can be mixed with anionic polysaccharide solutions at pH > p/, and then the pH of emulsions

adjusted below the p/ of the protein present. Finally, cationic protein-stabilized emulsions
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may be mixed with anionic polysaccharide solutions at pH < p/, which is the easiest way to

prepare polysaccharide/protein-stabilized emulsions formed by electrostatic interactions.

Emulsions prepared by the first and second methods are termed mixed emulsions, in
which polysaccharide-protein complexes adsorb at the droplet surfaces, while emulsions
prepared by the third and fourth methods are called bilayer or layer-by-layer (LbL)
emulsions (Golkar et al., 2015). Bilayer emulsions show better stability than mixed

emulsions, probably because of the higher charge density of bilayer emulsions, and

are normally used to prepare polysaccharide-based emulsion gels (Azarikia et al., 2017).

In addition, the addition sequence of oppositely charged protein-stabilized emulsions and
polysaccharide solutions may affect the structure and stability of bilayer emulsions. It can be
hypothesized that, when adding protein-stabilized emulsions into oppositely charged
polysaccharide solutions, polysaccharides can attach to protein-coated droplets, leading to
multilayer emulsions with or without flocculation, depending on the repulsive forces
between polysaccharide/protein-coated droplets and unadsorbed polysaccharides in the
continuous phase; however, when the content of protein-coated droplets exceeds a critical
concentration on adding emulsions into polysaccharide solutions, polysaccharide levels may
not be sufficient to interact with protein-coated droplets and bridging flocculation may occur

(McClements, 2005).

On the other hand, when adding polysaccharide solutions into oppositely charged
protein-stabilized emulsions, bridging flocculation may occur immediately, because
insufficient polysaccharide molecules are shared by neighboring droplets; however, with
continuously adding polysaccharide solutions into emulsions with strong mechanical stirring,
stable emulsions without flocculation could be formed or depletion flocculation may occur
(McClements, 2005). In addition, the structure of emulsion droplets can also affect the
mechanical and structural properties of emulsion gels. According to the Kerner model

modified by Lewis and Nielsen, emulsion gels containing flocculated droplets have
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improved mechanical properties compared to emulsion droplet-filled gels (Kerner, 1956;

Lewis & Nielsen, 1970).

The purpose of this study was therefore to investigate the effect of the addition sequence
of SPI-stabilized emulsions and alginate solutions on the stability and structure of emulsions
and the structural and rheological properties of alginate-based emulsion gels. Sodium
alginate, a linear unbranched anionic polysaccharide, has been widely investigated in the
field of emulsion gels. In addition, using SPI as emulsifier has received increasing interest
due to its good emulsifying capacity. SPI-stabilized emulsions and alginate solutions were
thus investigated at pH 3.0, under which conditions SPI is positively charged, with good

solubility and emulsifying capacity, and alginate is negatively charged.

2.2. Materials and methods

2.2.1. Materials

Defatted soy flour (Bob's Red Mill, Milwaukie, Oregon, USA) and sunflower oil (Aldi
Stores Ltd., Kildare, Ireland) were purchased from iHerb and Aldi, respectively. Soy protein
isolate (SPI) was extracted from defatted soy flour, according to the method described by
Urbonaite et al. (2015); the protein content of the SPI powder was 96.29 + 0.03%. Sodium
alginate (viscosity of 1 wt% sodium alginate solution in 0.15 M NaCl at 25°C = 210-340
¢P, M = 69-117 kDa, and M/G = 71/29) was obtained from Special Ingredients
(Chesterfield, UK). D-(+)-glucono-d-lactone (GDL), calcium carbonate, sodium hydroxide,
hydrochloric acid, and other analytical reagents were purchased from Sigma-Aldrich (St.

Louis, MO, USA).

2.2.2. Solution/dispersion preparation

The SPI dispersion was prepared by mixing SPI powder with deionized water (0.5:94.5,

w/w) and stirring at room temperature for 2 h using a magnetic stirrer, and then the pH of
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dispersion was adjusted to 3.0 with 1 M HCl and NaOH. Sodium alginate (0.4%, w/w) was
mixed with deionized water by shearing at 400 rpm for 30 min with a magnetic stirrer and
then allowed to rest for 24 h to permit hydration. The resulting 0.4 wt% sodium alginate
solutions (Ao.4) were diluted to levels of 0.025 wt% (Ao.025), 0.05 Wt% (Ao.05), 0.1 wt% (Ao.1),
and 0.2 wt% (Ao2) with deionized water, and then the pH was adjusted to 3.0 with 5 M HCI

and NaOH.

2.2.3. Emulsion preparation

For preparation of SPI-stabilized emulsions, sunflower oil (5.0 wt% in emulsions, w/w)
was mixed with the SPI dispersions (95.0 wt% in emulsions containing 0.5 wt% SPI, w/w)
at 13,000 rpm for 2 min with an Ultra-Turrax (IKA-25, Staufen, Germany). The resultant
emulsions (Eos) were diluted into Eo; (i.e., containing 0.1 wt% SPI and 1.0 wt% oil), Eo»
(i.e., containing 0.2 wt% SPI and 2.0 wt% oil), Eo3 (i.e., containing 0.3 wt% SPI and 3.0
wt% oil), and Eo4 (i.e., containing 0.4 wt% SPI and 4.0 wt% oil) with deionized water (pH
adjusted to 3.0 using 0.1 M HCI and 0.1 M NaOH), and the pH of emulsions was then
adjusted to 3.0 with 0.5 M HCI and NaOH. SPI/polysaccharide-stabilized emulsions were
prepared by adding one dispersion into the other slowly (1 mL/10 seconds) with stirring at
500 rpm for 5 min using a magnetic stirrer. The resulting samples were transferred to test

tubes for further investigation.

2.2.4. Properties of emulsions

2.2.4.1. Morphological properties

Samples in test tubes were allowed to rest for 2 h, and then photographs of samples were
taken using a camera. The creaming or phase separation of samples may occur after being
allowed to rest for 2 h. The top creaming layers were regarded as the upper portions, and the
lower layers without cream were regarded as the lower portions. The turbidity and

microstructure of both upper and lower portions of samples were investigated. The viscosity,
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droplet size and zeta potential of the bottom portion of samples were investigated; the upper

and lower portions of samples were transferred by pipettes.

2.2.4.2. Turbidity measurements

The turbidity of the upper and lower portions of mixed emulsions was analyzed with a
Spectronic Genesys-5 UV spectrophotometer (Milton Roy Co., New York, USA). Samples
were diluted 10 times with deionized water (pH adjusted to 3.0 by 0.1 M HCI and 0.1 M
NaOH) before testing. The absorbance at 600 nm of samples was taken as the turbidity of

dispersion.

2.2.4.3. Emulsion micro-structure

Optical microscopy images of the upper and lower portions of mixed emulsions were
recorded using an Olympus BX51 light microscope with a built-in camera (Olympus Optical
Co. Ltd., Tokyo, Japan). Samples were dropped on a microscope slide, covered with a glass

coverslip, and observed using a 10x or 20x objective lens and 10X eyepiece.

2.2.4.4. Zeta potential measurements

The zeta potential of the lower portion of mixed emulsions was measured by particle
electrophoresis technology using a laser particle analyzer (Nano-ZS, Malvern Instruments,
Worcestershire, UK). Samples were diluted 100 times (w/w) with ultrapure water (pH
adjusted to 3.0 by 0.1 M HCI and 0.1 M NaOH) before testing. The operation temperature
was set at 25°C, and the refractive index and absorption index of samples were set at 1.48

and 0.001, respectively.

2.2.4.5. Size distribution measurements

The size distributions of oil droplets in the lower portion of mixed emulsions were
analyzed with a MasterSizer 3000 (Malvern Instruments Ltd., Worcestershire, UK). Samples
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were added to an automated wet dispersion unit until the obscuration reached between 1 and
10%. The stirrer speed was set at 2000 rpm. The refractive index and absorption index of

samples were set at 1.48 and 0.001, respectively.

2.2.4.6. Rheological measurements

The viscosity of the lower portion of mixed emulsions was tested at 25°C using an AR
2000ex rheometer (TA Instruments, Crawley, UK) with an aluminium parallel plate (60 mm
in diameter, and 0.5 mm in gap). Each sample was added in the middle of the Peltier plate
and allowed to stand for 2 min before testing. The flow measurement was performed over a
shear rate range of 0.1 to 100 s, and viscosity (1) was obtained from the data analysis

software. The final results of viscosity were presented at a shear rate of 100 s

2.2.5. Emulsion gel preparation

Two emulsion samples Eo.1A¢.4 (i.e., adding emulsions (containing 0.1 wt% SPI and 1.0
wt% oil) into 0.4 wt% alginate solutions) and A¢.4Eo.1 (i.e., adding 0.4 wt% alginate solutions
into emulsions containing 0.1 wt% SPI and 1.0 wt% oil) were prepared at pH 3.0 according
to the methods described in Section 2.2.3. The control sample was prepared by adding
deionized water (pH adjusted to 3.0 by 0.1 M HCI and 0.1 M NaOH) into the same volume
of alginate solutions (0.4 wt%). GDL (10 mM) was added into the above samples followed
by mixing at 500 rpm for 5 min, and then CaCOj3 (5 mM) was added and stirred at 500 rpm
for 1 min. The resultant liquid mixtures were used to prepare emulsion gels by moving 30

mL samples into a beaker and incubating at 30°C for 3 h.

2.2.6. Properties of emulsion gels

2.2.6.1. Morphological and structural properties of emulsion gels

For recording visual appearance of emulsion gels, emulsion gels were removed from

beakers into a plastic Petri dish, and then photographs of samples were taken using a digital
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camera. For investigating the colour of emulsion gels, the liquid emulsion mixtures (3 mL,
prepared in Section 2.2.5) containing 10 mM GDL and 5 mM CaCOs were transferred to
plastic cuvettes (10 x 10 x 45 mm), and samples were incubated at 30°C for 3 h to ensure the
formation of emulsion gels. The colour parameter (L") of emulsion gels in cuvettes was
measured using a Minolta Chroma Meter CR-400 colorimeter (Minolta Ltd., Milton Keynes,

UK).

For observing the micro-structure of emulsion gels, the liquid emulsion mixtures (500
uL, prepared in Section 2.2.5) containing 10 mM GDL and 5 mM CaCOs3 were transferred to
a glass slide, and the edge of samples between the coverslip and the glass slide was covered
by a layer of silicone oil to prevent evaporation. These samples were incubated at 30°C for 3
h to ensure the formation of emulsion gels. Optical microscopy images of emulsion gels

were then recorded using an Olympus BX51 light microscope.

2.2.6.2. Dynamic rheological measurements of emulsion gels during gelation

The small deformation shear rheological properties of dispersions (time sweep) were
tested at 30°C using an AR 2000ex rheometer (TA Instruments, Crawley, UK) with an
aluminium parallel plate (60 mm in diameter, and 1.0 mm in gap). Each liquid mixture
sample prepared in Section 2.2.5 was added immediately in the middle of Peltier plate after
preparation and allowed to stand for 2 min before testing. The edge of samples between the
parallel plate and the Peltier plate was covered by a layer of silicone oil to prevent
evaporation. Small-deformation shear measurement was performed at 0.01 wt% strain
(within the linear viscoelastic regime) and a constant frequency of 1 Hz for 180 min. Storage

modulus (G") values were obtained from the data analysis software.
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2.2.7. Statistical analysis

All measurements were performed three times and were reported as mean =+ standard
deviation (SD). Differences between samples were analyzed using analysis of variance and a

t-test, and p < 0.05 was regarded as statistically significant.

2.3. Results and discussion

2.3.1. Structuring alginate/SPI-stabilized emulsions by addition sequence

2.3.1.1. Adding SPI-stabilized emulsions into alginate solutions

Figures 2-1A and 2-1B show the visual appearance, turbidity and microscopic
structures of mixtures prepared by adding various levels of SPI-stabilized emulsions (0.1—
0.5 wt% SPI and 1.0-5.0 wt% oil) into 0.2 wt% alginate solutions (1:1) at pH 3.0,
respectively. Adding low-concentration SPI-stabilized emulsions (0.1 wt% SPI and 1.0 wt%
oil) into alginate solutions resulted in an alginate/SPI-stabilized emulsion (Eo.1A02) without
visible creaming, in which the turbidity of upper and lower portions of emulsions was not
significantly different (Figure 2-1A), and single droplets without flocculation could be
observed in both portions (Figure 2-1B). In contrast, adding highly concentrated SPI-
stabilized emulsions (0.2—0.5 wt% SPI and 2.0-5.0 wt% oil) into alginate solutions resulted
in mixtures (Eo2Ao02—Eo0.5A0.2) that showed creaming, in which the turbidity of upper portions
was significantly higher than that of lower portions of mixtures (Figure 2-1A) and

flocculated droplets could be observed in the upper portions of mixtures (Figure 2-1B).

This indicates that adding high levels of SPI-stabilized emulsions into appositely charged
alginate solutions (0.2 wt%) may lead to unstable emulsions, which was probably because
0.2 wt% alginate was insufficient to fully cover high levels of oppositely charged SPI-coated

droplets (0.2-0.5 wt% SPI and 2.0-5.0 wt% oil) by electrostatic interactions.
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Figure 2-1. (A) Turbidity and visual appearance (top right corner) and (B) microscopic
structures of alginate/SPI-stabilized emulsions prepared by adding SPI-stabilized
emulsions (0.1-0.5 wt% SPI and 1.0-5.0 wt% oil) into 0.2 wt% alginate solutions (1:1) at
pH 3.0. The control sample was prepared by adding deionized water (pH 3.0) into 0.2
wt% alginate solutions (1:1). All samples were measured after creaming by being allowed
to stand for 2 h after preparation. Red dashed lines separate the top and bottom portions of
samples.
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Many factors can affect the concentration of polysaccharides which is needed to fully
cover oppositely charged protein-coated droplets, such as the type and charge density of
polyelectrolyte, the pH, temperature, and ionic strength of mixture system, and the
concentration and size of emulsion droplets (Guzey & McClements, 2007). For example, it
has been reported that emulsions containing 0.1 wt% corn oil and 0.005 wt% f-lactoglobulin
can be fully covered by 0.003 wt% pectin solutions by electrostatic interactions at pH 4.0
(Guzey & McClements, 2007). It has also been reported that emulsions containing 5 wt%
corn oil and 0.45 wt% p-lactoglobulin can be fully covered by 0.15 wt% pectin solutions
through electrostatic interactions at pH 3.0 (Moreau et al., 2003). Therefore, the zeta-
potential and viscosity of the lower liquid phases of mixtures were further studied to
investigate the electrostatic interactions between SPI-coated droplets and alginate molecules
(Table 2-1).

Table 2-1. Zeta potential, droplet/aggregate size (Da43) and viscosity of the lower liquid

portions of alginate/SPI-stabilized emulsions prepared by adding SPI-stabilized emulsions
(0.1-0.5 wt% SPI and 1.0-5.0 wt% oil) into 0.2 wt% alginate solutions (1:1) at pH 3.0.

Samples Zeta potential (mV) D43 (pm) Viscosity (mPa-s)
EoAo.2 -20.2 +1.2° / 451+0.124
Eo.1A0.2 -29.3£2.4° 252 +4.12 4.21+0.02¢
Eo.2A0.2 -31.8+1.7° 253+£2.0° 3.01 £0.04¢
Eo3Ao2 -29.8+4.1¢ 293 +2.12 2.11+£0.12°
Eo.4Ao.2 -26.1 £1.7° 24.0 +£5.92 1.74 £ 0.06?
Eo.5A0.2 -10.3 £ 0.6 / 1.46 £ 0.09°

»d Values with different superscript letters in the same column are significantly different (p
<0.01).

SPI-coated droplets (zeta-potential of +29.9 £ 0.9 mV in sample AoEo.1) and alginate
molecules (zeta-potential of —20.2 £ 1.2 mV in sample EoAo.) are oppositely charged at pH

3.0, and adding low-concentrated SPI-stabilized emulsions (0.1 wt% SPI and 1.0 wt% oil)

into alginate solutions decreased the zeta-potential of emulsion droplets to —29.3 + 2.4 mV
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in sample Eo1Ao2 (p < 0.01, Table 2-1). This indicates that alginate molecules were
adsorbed at the surfaces of SPI-coated droplets through electrostatic interactions, and thus
positively charged SPI-coated droplets turned into negatively charged alginate/SPI-coated
droplets in sample Eo.1A¢2. With increasing emulsion concentrations (0.2—0.4 wt% SPI and
2.04.0 wt% oil) in the mixtures (i.e., Eo2A02-Eo04Ao2), the droplets in lower portion of
mixtures shown similar zeta-potential with that of Eo1Ao2 (p > 0.01), while creaming

occurred in samples Eo2A02-Eo.4Ao.2 (Figure 2-1A and Table 2-1).

The above results indicate that alginate molecules in 0.2 wt% alginate solutions have
been fully occupied in covering the surfaces of SPI-coated droplets in emulsions containing
0.1-0.2 wt% SPI and 1.0-2.0 wt% oil at pH 3.0 by electrostatic interactions between
oppositely charged alginate molecules and SPI-coated droplets (Guzey & McClements,
2006). Therefore, there were no more alginate molecules available in the continuous phase
to interact with further introduced SPI-stabilized droplets in samples Eo2A02-Eo4Ao2, and
thus droplet flocculation occurred, due to electrostatic interactions between positively
charged SPI-stabilized droplets and negatively charged alginate/SPI-coated droplets. Then,
creaming occurred in samples Eo2A02-Eo4Ao2 after being allowed to stand for 2 h (Figure
2-1A), in which flocculated droplets moved to the upper phase and unflocculated
alginate/SPI-coated droplets remained in the lower phase, which was seen from the non-

significant differences in droplet size of samples Eo2A—Eo4A (Table 2-1).

Meanwhile, the levels of remaining alginate/SPI-coated droplets in the lower phase of
samples Eo2Ao2-EosAo2 decreased with increased addition levels of SPI-stabilized
emulsions, due to the interactions between alginate/SPI-coated droplets and further added
SPI-coated droplets. This was also shown by the decreased viscosity of the lower liquid
phases of samples Eo.1A02—EosAo2 (Table 2-1). In addition, the relatively clear lower liquid
of sample EosA could not produce enough light obscuration to test its droplet size, which

also indicates that there was a minimal level of alginate/SPI-coated emulsion droplets.
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2.3.1.2. Adding alginate solutions into SPI-stabilized emulsions

Figures 2-2A and 2-2B show the visual appearance, turbidity and microscopic
structures of mixtures prepared by adding different levels of alginate solutions (0.025-0.4
wt%) into SPI-stabilized emulsions containing 0.1 wt% SPI and 1.0 wt% oil (1:1) at pH 3.0,
respectively. Adding alginate solutions into SPI-stabilized emulsions resulted in emulsions
with visible creaming, in which the turbidity of upper and lower portions of emulsions were
significantly different (Figure 2-2A) and flocculated droplets could be observed in upper
portions of all samples (Ao.025E0.1—Ao.4E0.1) and in the lower portions of samples Ao2Eo.1 and
Ao4Eo.1 (Figure 2-2B). This indicates that adding alginate solutions into SPI-stabilized
emulsions with mild stirring led to unstable emulsions, independent of the concentration of

alginate solutions.

In order to explain above phenomenon, the zeta-potential, droplet size and viscosity of
the lower liquid phases of mixtures were further studied (Table 2-2). Adding 0.025 wt%
alginate solutions into emulsions (containing 0.1 wt% SPI and 1.0 wt% oil) decreased the

zeta-potential of the lower liquid phases of mixtures from +29.9 + 0.9 mV (AoEo.1) to —5.7

+ 2.1 mV (Aog.025Eo0.1). This was probably because 0.025 wt% alginate (i.e., 0.0125 wt% in the
final mixtures) was not enough to fully cover 0.1 wt% SPI molecules (i.e., 0.05 wt% SPI in
the final mixtures) adsorbed at droplet surfaces, which led to bridging flocculation (i.e.,
insufficient alginate molecules shared by neighbouring SPI-coated droplets); then, creaming
occurred on samples being allowed to stand for 2 h (Figure 2-2A), in which flocculated
droplets moved to the upper phase, leading to few remaining emulsion droplets and alginate
molecules in the lower phase. With increasing alginate concentrations (0.05-0.4 wt%), the
lower liquid phase of emulsions became more negatively charged (i.e., increased absolute
values of zeta-potential) and had higher viscosity (Table 2-2), which both indicate an

increased level of alginate molecules in the lower liquid portions.
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Figure 2-2. (A) Turbidity and visual appearance (top left corner) and (B) microscopic

structures of alginate/SPI-stabilized emulsions prepared by adding alginate solutions
(0.025-0.4 wt%) into SPI-stabilized emulsions containing 0.1 wt% SPI and 1.0 wt% oil
(1:1) at pH 3.0. The control sample was prepared by adding deionized water (pH 3.0) into
SPI-stabilized emulsions (1:1). All samples were measured after creaming by being
allowed to stand for 2 h after preparation. Red dashed lines separate the top and bottom
portions of samples.
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Table 2-2. Zeta potential, droplet/aggregate size (D43) and viscosity of the lower liquid
portions of alginate/SPI-stabilized emulsions prepared by adding alginate solutions (0.025—
0.4 wt%) into SPI-stabilized emulsions containing 0.1 wt% SPI and 1.0 wt% oil (1:1) at pH
3.0.

Samples Zeta potential (mV) D43 (um) Viscosity (mPa-s)
AoEo.1 +29.9 £ 0.9¢ 16.9+0.32 0.99 £ 0.05%
Ao.025E0.1 -5.7+2.1¢ / 0.94 +0.02°
Ao.0sEo.1 -143+£2.20 / 1.11£0.03°
Ao.1Eoa -20.3 £ 4.0® / 1.72 £ 0.03¢
Ao2Eo.1 -28.9+£2.2° 154 £ 18° 3.27 +£0.06¢
Ap.4Eo1 -27.8+1.3? 81.7+11.0 7.39 £0.03¢

*¢ Values with different superscript letters in the same column are significantly different (p <
0.01).

In addition, the particle size (Table 2-2) and microscopic pictures (Figure 2-2B) of the
lower phase of mixtures show that there were some flocculated droplets in the lower phase
of samples Ao2Eo.1 and Ag4Eo.1, but there were hardly any unflocculated alginate-SPI-coated
droplets. This result was unexpected, because it has been reported that, with increasing
content of polyelectrolyte (C) in oppositely charged emulsions, stable emulsions without
aggregation (C = 0), bridging flocculation (0 < C < Csauration), Stable emulsions without
aggregation (Csaturation < C < Ceepletion), and depletion flocculation (Caepietion < C) may occur
(McClements, 2005). However, unflocculated alginate/SPI-coated droplets were not
observed in all samples in this study, although there were sufficient alginate molecules in the
continuous phase (i.e., the increased viscosity of the lower liquid portions of alginate/SPI-
stabilized emulsions as shown in Table 2-2) to dispel bridging flocculation and then form

stable emulsions.

The reason for this phenomenon is probably because of the preparation method used in
this study. Alginate solutions were slowly added into SPI-stabilized emulsions, and thus
bridging flocculation occurred in all samples at the initial stage of the addition process, due

to there being insufficient alginate molecules present; however, when large numbers of
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alginate molecules were present in the continuous phase after adding higher levels of
alginate solutions, the magnetic stirring force was not high enough to break bridging-
flocculated droplets and promote further adsorption of alginate molecules at the surfaces of

SPI-coated droplets, to form stable emulsions without droplet aggregates.

2.3.1.3. Mechanism of structuring emulsions on mixing of dispersions

In order to understand the effect of the addition sequence of dispersions on the structure,
stability and rheological properties of emulsions produced by electrostatic adsorption,
emulsion samples Eo.1Ao2 and Ao2Eo1 were compared (Figures 2-1 and 2-2). Eo.1A¢2 and
Ao2E0.1 were prepared by the same components (i.e., 0.2 wt% alginate solutions and SPI-
stabilized emulsions containing 0.1 wt% SPI and 1 wt% oil) but with different addition
sequences of dispersions (i.e., adding emulsions into alginate solutions for Eoi1Ao> and
adding alginate solutions into emulsions for Ao2Eo.1). Figures 2-1 and 2-2 show that Eo.1A02
had better stability than Ag2Eo.1, and that Eo.1Ao2 contained unflocculated droplets while
Ao2E01 contained flocculated droplets. This indicates that adding protein-stabilized
emulsions into oppositely charged polysaccharide solutions is a better way to prepare stable
multilayer emulsions induced by electrostatic adsorption than adding polysaccharide

solutions into emulsions under mild stirring conditions.

The proposed mechanism is that, when adding protein-stabilized emulsions into
oppositely charged polysaccharide solutions slowly, levels of polysaccharide molecules are
sufficient at the beginning of the process and protein-coated droplets can be fully covered by
polysaccharide molecules through electrostatic interactions, which leads to stable multilayer
emulsions (Figure 2-3A). However, when the level of added emulsions exceeds the
saturation concentration and there are not polysaccharide molecules available in the
continuous phase, flocculation occurs because of electrostatic interactions between
polysaccharide/protein-coated droplets and the additional protein-stabilized droplets being

added. On the other hand, when adding polysaccharide solutions into oppositely charged
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protein-stabilized emulsions, protein-stabilized droplets are present in excess at the
beginning and they cannot be fully covered by polysaccharide molecules, which leads to
bridging flocculation (Figure 2-3B). However, mild mixing cannot provide enough energy
to break down bridging-flocculated droplets, and then stable emulsions containing
unflocculated droplets do not occur, although there are sufficient polysaccharide molecules

in the continuous phase after adding high levels of polysaccharide solutions.

Low-level .| High-level
emulsions I emulsions
Low-level High-level
polysaccharide polysaccharide
- -
,,..‘* '"'+'s__+ Emulsion droplets coated by ¥ Negatively charged

+, _._f.."F positively charged protein polysaccharide molecules

Figure 2-3. A proposed mechanism for the effect of addition sequence of oppositely
charged protein-stabilized emulsions and polysaccharide solutions on the structure of
emulsions: (A) adding protein-stabilized emulsions into oppositely charged
polysaccharide solutions slowly or (B) adding polysaccharide solutions into oppositely
charged protein-stabilized emulsions slowly.
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This mechanism not only explains the effect of addition sequence of dispersions and
polysaccharide/protein ratio on the structure and stability of multilayer emulsions formed by
electrostatic interactions between oppositely charged protein—coated droplets and
polysaccharide molecules, but also indicates that structuring polysaccharide-based and
protein-stabilized emulsion gels can be controlled by changing the addition sequence of
dispersions and adjusting the polysaccharide/protein ratio. It can be assumed that adding low
levels of protein-stabilized emulsions into polysaccharide solutions tends to lead to
formation of emulsion gels containing unflocculated emulsion droplets; however, adding
polysaccharide solutions into protein-stabilized emulsions tends to give emulsion gels
containing flocculated emulsion droplets. Therefore, further research was carried out to
investigate the effect of addition sequence of dispersions on the structural and rheological

properties of alginate-based and alginate/SPI-stabilized emulsion gels.

2.3.2. Structuring alginate/SPI-stabilized emulsion gels by addition sequence

2.3.2.1. Morphological and structural properties of emulsion gels

Figure 2-4A—F shows the visual appearance and micro-structure of gels prepared from
the control sample EoAo4, sample Eo.1Ao4 and sample AgsEo1, respectively. Alginate gels
(i.e., control samples) were transparent with many bubbles in matrices (Figures 2-4A and 2-
4D). This was because the internal gelation was used in this study to trigger the formation of
alginate-based gels, in which calcium ions are liberated gradually from the insoluble CaCOs3
particles by the interaction between GDL and CaCOs;, followed by the Ca*-induced
association of alginate chains; CO: was also produced during this process and thus small

CO; gas bubbles occurred in gel matrices.
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Figure 2-4. (A-C) Visual appearance and (D-F) micro-structure of emulsion gels
prepared from (A and D) the control sample (i.e., adding deionized water (pH 3.0) into 0.4
wt% alginate solutions, 1:1), (B and E) sample Eo1Ao4 (i.e., adding emulsions containing
0.1 wt% SPI and 1.0 wt% oil into alginate solutions) and (C and F) sample Ao4Eo.1 (i.e.,
adding alginate solutions into emulsions), respectively. (G) The gelation kinetics of the
control sample, sample Eo.1A0.4 and sample Ao4Eo.1 induced by internal gelation.

Emulsion gels produced from sample Eo.1A¢4 were ivory in colour with L* values of
36.4 + 0.2, and CO; bubbles also occurred in gel matrices (Figures 2-4B and 2-4E). This
was because adding emulsions into alginate solutions (i.e., sample Eo1Ao4) led to the
formation of unflocculated multilayer droplets evenly distributed in mixed emulsions with
high turbidity (i.e., the absorbance of 0.470 £ 0.002 at 600 nm) and thus the formation of
emulsion gels with uniform opaque appearance (Lin, Kelly, Maidannyk, et al., 2020). In

contrast, emulsion gels produced from sample Ag4Eo1 were semi-transparent with L* values
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of 35.9 £ 0.3, and emulsion aggregates and CO> gas bubbles distributed in the matrices
(Figure 2-4C). This was because adding alginate solutions into emulsions (i.e., sample
Ao.4Eo1) tended to form unstable emulsions containing flocculated droplets (Figures 2-4F)
with low turbidity (i.e., absorbance values of 0.245 £+ 0.014 at 600 nm) and thus resulted in

the formation of emulsion gels with an inhomogeneous appearance.

These results indicate that the structural and morphological properties of alginate-based
and alginate/SPI-stabilized emulsion gels are affected by the addition sequence of SPI-
stabilized emulsions and alginate solutions for emulsion preparation. In addition, many
studies have indicated that structures of emulsion gels (e.g., the matrix structure and state of
droplets) affected their mechanical properties (Chen et al., 2000; Lin, Kelly, & Miao, 2020;
Tang et al., 2011), so the effect of the addition sequence of SPI-stabilized emulsions and

alginate solutions on the gelation kinetics of emulsion gels was further investigated.

2.3.2.2. Gelation kinetics of alginate-based emulsion gels

Figure 2-4G shows the evolution of the dynamic storage modulus (G') of the control
sample, sample Eo.1A04 and sample Ao4Eo.1 during gelation. G’ values of the control sample
increased up to 2.5 h and then reached a plateau during gelation. The progressive
introduction of calcium ions which results from the interaction between GDL and CaCOs3
leads to the progressive gelation of alginate molecules and gradually increased G' value of
alginate gels. Many factors can influence the kinetics of alginate gel formation, such as the
molecular weight of alginate, alginate concentration, calcium concentration, and applied

shear rate during rheological measurements (Farrés & Norton, 2014).

The storage modulus of sample Eo1Ao4 reached a plateau at 2.5 h, which was similar to
the control sample during gelation (Figure 2-4G). This was because emulsions produced by
adding SPI-stabilized emulsions into oppositely charged alginate solutions (i.e., Eo.1Ao4)
tended to contain unflocculated droplets, which did not significantly affect the alginate

concentration in the continuous phase, although some alginate molecules were adsorbed at
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the O/W interfaces. In addition, sample Eo.1A04 had lower G’ values than the control sample
during gelation, and the G' values of the control sample and sample Eo.1Ao4 were 68.5 £ 1.6
Pa and 59.4 + 1.8 Pa at plateau, respectively (Figure 2-4G). This was because the
mechanical properties of emulsion gels are determined by the matrix (i.e., matrix material
and gelation mechanism), emulsion droplets (i.e., oil type, oil content, and droplet size) and
the interaction between them (i.e., active and inactive fillers) (Lin, Kelly, & Miao, 2020;

Sala et al., 2009).

Positively charged SPI-coated droplets are active fillers in negatively charged alginate-
based matrices in the current study, due to electrostatic attraction between them (Sala et al.,
2009). According to the Kerner model (Kerner, 1956), introducing active fillers into gels can
increase the mechanical properties of gels (i.e., G emuision geis > G'hydrogeis O G'marrix). However,
the matrix of emulsion gels plays a more important role than emulsion droplets in
determining the mechanical properties of emulsion gels (i.e., Glemutsion gets = Glmarix +
0.22~0.27G " arix according to the Kerner model) (Lin, Kelly, Maidannyk, et al., 2021).
When SPI-stabilized emulsions are mixed with alginate solutions, some unadsorbed
insoluble SPI particles are also introduced into the continuous phase of mixtures, which may
negatively affect Ca?"-induced association of alginate molecules during gelation and
decrease the mechanical properties of alginate-based emulsion gels. Our previous study has
indicated that alginate- and SPIl/alginate-based gel beads had similar gelation kinetics (i.e.,
Young's modulus increased up to 6 min) induced by the external gelation, but SPI/alginate-
based gel beads had lower Young's modulus than alginate-based gel beads, probably due to
insoluble SPI molecules acting as solid barriers in alginate gels (Lin, Kelly, Maidannyk, et

al., 2020).

Figure 2-4G also shows that sample Ao4Eo1 had a different gelation rate (i.e., reached
the plateau faster, with a lower G’ value of 40.3 = 0.7 Pa at 1.9 h, compared to the control
sample and sample Eo.1Ao4). This was because emulsions (i.e., Ao4Eo.1) produced by adding

alginate solutions into oppositely charged SPI-stabilized emulsions tended to contain
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flocculated droplets, which entrapped some alginate molecules in aggregates (McClements,
2015). Although the Kerner model as modified by Lewis and Nielsen indicates that
aggregated droplets can increase the effective volume fraction of fillers and modulus of
emulsion gels (Lewis & Nielsen, 1970), the matrix of emulsion gels plays a more important
role than emulsion droplets in affecting the mechanical properties of emulsion gels. Adding
alginate solutions into oppositely charged SPI-stabilized emulsions not only reduces the
alginate concentration in the continuous phase, because of the formation droplet flocculation
entrapping some alginate molecules, but also introduces some unadsorbed insoluble SPI
particles into the continuous phase, which decreased both the G’ values of emulsion gels and

the time needed to reach the plateau during gelation.

2.4. Conclusions

The stability and structure of emulsions involving electrostatic protein-polysaccharide
interactions can be influenced by the addition sequence of oppositely charged dispersions.
Adding a low concentration of protein-stabilized emulsions into polysaccharide solutions is
a better method to prepare stable emulsions than adding polysaccharide solutions into
protein-stabilized emulsions with mild stirring. In addition, visual appearance, droplet
structure and gel strength of emulsion gels can also be adjusted by the addition sequence of
oppositely charged dispersions for emulsion preparation. Emulsions which were prepared by
adding SPI-stabilized emulsions (0.1 wt% SPI and 1.0 wt% oil) into 0.4 wt% alginate
solutions (i.e., Eo.1A04) led to emulsion gels with more unflocculated droplets, higher L*
and modulus values and slower gelation kinetics than emulsion gels prepared from sample
Ao4Eo.1 (i.e., adding 0.4 wt% alginate solutions into SPI-stabilized emulsions containing 0.1
wt% SPI and 1.0 wt% oil). However, this study mainly focused on the effect of addition
sequence on the mechanical and structural properties of emulsion gels, so further research on
the application of above different emulsion gels (e.g., for encapsulation of food nutrients or

as fat replacers) is needed.
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Abstract

The aim of this chapter was to investigate the influence of concentrations of sodium
alginate (0.5%—1.5% in the continuous phase of an emulsion), soy protein isolate (SPI,
0.5%-2.0% in the continuous phase) and oil phase (10%—40% in the emulsion) on the
properties (including water loss, shrinkage, morphological, elastic, and structural properties)
of emulsion gel beads during gelation (0—30 min). Gel beads were prepared with external
gelation by dropping emulsions into CaCl; solutions using pipettes. The Young's modulus of
emulsion gel beads kept increasing during gelation before reaching a plateau accompanied
by syneresis (i.e., water loss), shrinkage, and structural tightening. SPI adsorbed at the
surface of oil droplets could prevent coalescence of droplets during gelation. Additionally,
increasing concentrations of sodium alginate and oil increased the Young's modulus of gel
beads. Water loss decreased with increasing contents of alginate, SPI and oil, and shrinkage

could be diminished by increasing alginate and oil contents.

Keywords: Alginate; Elastic property; Emulsion gel bead; Microstructure; Shrinkage; Soy

protein isolates.

74



Chapter three

3.1. Introduction

Emulsion gels, also called emulgels, are a complex colloidal material which have some
properties of both emulsions and gels (Dickinson, 2012). During the last decade, emulsion
gels have received growing interest, due to their advantages compared to emulsions, such as
higher storage stability by reducing oil and water phase movement and lipid oxidation (Ma,
Wan, & Yang, 2017) and slower intestinal drug release, due to improved protective effects
against gastric and intestinal phases (Corstens et al., 2017; Guo, Bellissimo, & Rousseau,
2017). In order to produce emulsion gels, emulsions are first prepared by mixing gelling
agents, emulsifiers and oil and then turned into gels by different gelation mechanisms.

The choice of matrix materials and emulsifiers is the key factor in structuring emulsion
gels. Proteins (e.g., soy protein isolate (SPI) and whey protein isolate (WPI)) and
polysaccharides (e.g., agar and gellan gum) have been widely investigated as gelling agents
in the formation of emulsion gels (Brito-Oliveira et al., 2017; Geremias-Andrade et al., 2017;
Guo et al., 2017). Different gelling agents can form different gelation structures, and the
gelation mechanism (e.g., heat, high pressure, acidification, enzymatic treatment, and
addition of ions) for different gelling agents differs (Dickinson, 2012), which can affect the
properties of emulsion gels and encapsulated food nutrients. Both synthetic (e.g., Tween 80
and Span 80) and natural (e.g., proteins, egg lecithin, and soy lecithin) emulsifiers can be
used to prepare emulsion gels. Lipid droplets in emulsion gels can be divided into active and
inactive fillers according to the interactions between gelling agents and emulsifier-coated
lipid droplets (Van Vliet, 1988; Yang et al., 2020), which can also influence the properties of
emulsion gels (Geremias-Andrade et al., 2017).

Alginate, a linear unbranched natural polysaccharide, is derived from brown seaweed
extracts (Phaeophyceae) (King, 1983) and composed of two monomeric isomers: f-(1—4)-
linked D-mannuronic acid (M) residues and a-(1—4)-linked L-guluronic acid (G) residues
(Ching, Bansal, & Bhandari, 2017). Alginate-based emulsion gels received high attention in
recent years (Levi¢ et al., 2015; Qu et al., 2016; Zeeb et al., 2015). Alginate monomers can
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form gels by ionic cross-linking with divalent cations (mostly calcium cations in the food
industry) (King, 1983). External gelation and internal gelation are two methods used to
prepare alginate-based emulsion gels. Pintado et al. (2015) added CaSOs into an alginate-
based emulsion to directly produce an alginate-based emulsion gel (i.e., external gelation).
Sato, Moraes, & Cunha (2014) added CaEDTA to an alginate-based emulsion first, after
which an acid was introduced to liberate calcium ions (i.e., internal gelation). Compared
these two methods, Puguan, Yu, and Kim (2014) found that gels formed by external gelation
had a smoother surface and denser inner structure. In addition, alginate-based gels are not
sensitive to gastric fluids, and can protect the encapsulated nutrients from harsh gastric
environment, and the remaining gel structures can be further disrupted during intestinal
digestion accompanied by the release of encapsulated compounds (Zhang et al., 2016).

Previous studies mainly focused on the formulation, structural properties, mechanical
properties, stability, and digestion of alginate-based emulsion gels. However, there are few
reports on the gelation process of alginate-based emulsion gels. It has been indicated that,
during the gelation process of alginate hydro-gels prepared by external gelation, calcium
cations can diffuse into alginate drops after being dropped into a calcium chloride solution
(Rehm, 2009). Syneresis also occurs during this gelation process, with a consequent
decrease in dimensions of gel beads (Quong et al., 1998; Rehm, 2009). However, the
gelation process of alginate-based emulsion gels may differ from that of alginate gels,
because the presence of lipids and emulsifiers in emulsions may affect the gelation process.
Understanding the gelation process of alginate-based emulsion gels may help to produce
emulsion gels with specific properties (e.g., size, water content, mechanical properties) by
controlling gelation time, formulation, preparation methods and processing technologies.
Therefore, further studies are needed to understand how alginate, emulsifiers and oil affect
the gelation process of emulsion gel beads.

The purpose of this study was thus to investigate the gelation process of alginate-based

emulsion gel beads. In order to improve the encapsulation efficiency and hygroscopicity of
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alginate-based emulsion gels, proteins (e.g., lupin protein and WPI) can be used as
emulsifiers (Corstens et al., 2017; Piornos et al., 2017), and polysaccharides (e.g., Prosopis
alba exudate gum and chitosan) can be used as structural strengthening agents (Natrajan et
al., 2015; Vasile, Judis, & Mazzobre, 2018). In this study, SPI was thus introduced as
surfactant, due to its good emulsifying property (Lin et al., 2017; Nishinari et al., 2014). In
addition, the external gelation was used, in order to obtain gel beads with denser structures,
compared to internal gelation. Effect of concentrations of alginate, SPI, and sunflower oil on
the shrinkage, water loss, elastic and structural properties of alginate-based emulsion gel

beads during gelation were investigated.

3.2. Materials and methods

3.2.1. Materials

Defatted soy flour (Bob's Red Mill, Milwaukie, Oregon, USA) and sunflower oil (Aldi
Stores Ltd., Kildare, Ireland) were purchased from iHerb and Aldi, respectively. Sodium
alginate (viscosity of 1 wt% sodium alginate solution in 0.15 M NaCl at 25°C = 210-340 cP,
M = 69-117 kDa, and M/G = 71/29) was obtained from Special Ingredients (Chesterfield,
UK). Calcium chloride, sodium hydroxide, and hydrochloric acid were purchased from

Sigma-Aldrich (St. Louis, MO, USA).

3.2.2. Preparation of soy protein isolate

SPI was prepared according to the method described by Urbonaite et al. (2015). The
defatted soy flour was suspended in distilled water at a ratio of 1:10 (w/w) at 45°C and
stirred for 30 min. The pH value was then adjusted to 8.0 with 5 M NaOH, and the solution
was stirred for 30 min in the water bath. The supernatant fluid was collected by
centrifugation (30 min, 6000xg, 13°C) (Sorvall LYNX 6000 Superspeed Centrifuge, Thermo
Fisher Scientific, Waltham, USA). Protein isolates were obtained by isoelectric precipitation

by adjusting the pH value to 4.5 with 6 M HCIl. After mild stirring for 12 h at 5°C, the
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suspension was centrifuged (30 min, 6000xg, 7°C). The sediment was re-suspended three
times in deionized water at a ratio of 1:3 (w/w) and filtered by multilayer gauze to remove
any remaining insoluble material. The pH value of filtrate was justified to 7.0 with 5 M
NaOH. Then, the solution was freeze-dried (Free Zone 12 Freeze Dry System, Labconco
Corpotation, Kansas, MO, USA). The dried SPI was kept in polyethylene bags and stored at

room temperature. The protein content of SPI powder was 96.29 + 0.03%.

3.2.3. Preparation of alginate-based and SPI-stabilized emulsions and gel beads

A dispersion of SPI (5.0 wt% in distilled water) was stirred at room temperature for 30
min using a magnetic stirrer, heated at 90°C for 30 min, and then cooled down to room
temperature. For the production of continuous phase, sodium alginate (0.5, 1.0, and 1.5 wt%)
was added into the pre-heated SPI solution with adding water to reach final concentrations
of SPI (0.5, 1.0, and 2.0% wt) by shearing at 400 rpm for 30 min with a magnetic stirrer and
then allowed to rest for 24 h to permit hydration. For the production of O/W emulsion,
sunflower oil (10, 20, and 40% wt) was added to above continuous phase and mixed at
18,000 rpm for 2 min with an Ultra-Turrax (IKA-25, Staufen, Germany). Solutions
containing 1.0% alginate (1A) and dispersions containing 1.0% alginate and 1.0% SPI
(1A1S) were prepared as control samples without mixing at 18,000 rpm for 2 min. Table 3-1
shows the formulations used for preparing emulsions.

For producing gel beads, the resultant dispersions/solutions were dropped into 2 % (w/w)
CaCly-2H,0 solutions using 5-mL measuring pipettes and a S1 pipette filler (Thermo Fisher
Scientific Inc., Waltham, USA). The distance between the tip of pipette and the surface of
CaCl; solutions was fixed at 10 cm. The samples were allowed to gel in CaCls solutions for
30 min with mild magnetic stirring, and the resultant beads were rinsed with distilled water.
Samples were analyzed immediately for measurement of Young's modulus, shrinkage, water
loss, and morphology, and samples were kept in distilled water for observing their structures

within 3 hours after being prepared.
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Table 3-1. Formulations of experimental emulsions.

S Water phase’ Qil content
amples Alginate Soy protein (% wt)
content (% wt) content (% wt)
1A (Control 1) 1.0 0 0
1A1S (Control 2) 1.0 1.0 0
1A1S5200 1.0 1.0 20
0.5A1S5200 0.5 1.0 20
1.5A18200 1.5 1.0 20
1A0.5S200 1.0 0.5 20
1A28200 1.0 2.0 20
1A1S100 1.0 1.0 10
1A1S400 1.0 1.0 40

2The content of water phase was adjusted according to the oil content in the formulation.

3.2.4. Properties of dispersions/solutions

3.2.4.1. Structures

Confocal scanning laser microscopy (CLSM) was used to observe micro-structure of
dispersions/emulsions. Dispersion/emulsion samples (500 uL) were transferred to a glass
slide and stained with 50 4L of a mixture of Nile red (0.1%, w/v, in polyethylene glycol-200)
and fast green (0.1%, w/v, in distilled water) at a ratio of 3:1. Confocal observation was
performed using a Leica TCS SP5 microscope (Leica Microsystems GmbH, Wetzlar,
Germany) at excitation and emission wavelengths of 488 nm and 633 nm, provided by an

argon laser and a HeNe laser, respectively.

3.2.4.2. Viscosity

The viscosity of dispersions/solutions was tested at 25°C using an AR 2000ex rheometer
(TA Instruments, Crawley, UK) with an aluminium parallel plate (60 mm in diameter, and

0.5 mm in gap). Each sample was added in the middle of Peltier plate and allowed to stand
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for 2 min before testing. The flow measurement was performed over a shear rate range of 0.1

to 100 s!, and viscosity () was obtained from the data analysis software.

3.2.5. Properties of emulsion gel beads

3.2.5.1. Micro-structure of gel beads

CLSM was used to observe micro-structure of gel beads. Each gel bead was cut into a
thin layer (~ 1 mm), transferred to a glass slide, and stained with a mixture of Nile red (0.1%,
w/v, in polyethylene glycol-200) and fast green (0.1%, w/v, in distilled water) at a ratio of

3:1. Confocal observation was performed as described in Section 3.2.4.1.

3.2.5.2. Young's modulus of gel beads

The Young's modulus of gel beads during gelation at 1, 2, 3, 4, 5, 6, 8, 10, 20, and 30
min were analyzed by a TA.XT Plus texture analyzer (Stable Micro System, Godalming, UK)
according to the method described by Ching, Bansal, & Bhandari (2016) with a minor
change. The surface of samples was dried with dry paper before testing. Compression tests
were performed using a cylinder probe of 10-mm diameter and a 5-kg load cell. The samples
were compressed to 30% strain at a crosshead speed of 0.1 mm/s, and five beads with same
composition were examined one after another. Due to their ellipsoidal shapes, the cross-
sectional area of samples was calculated after measuring the major axis and minor axis of
samples after being placed on the platform of texture analyzer. The Young's modulus of each
sample was calculated as the gradient of the stress vs. strain curve in the 5-15% strain region,

where stress and strain showed good linearity.

3.2.5.3. Water loss of gel beads

The water loss of samples during gelation was determined at 1, 2, 3, 4, 5, 6, 8, 10, 20,
and 30 min after dispersions/solutions were dropped into calcium chloride solutions. In this

study, the water loss means the decreased water in gel beads during gelation compared to the
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original dispersions/solutions. Five gel particles were obtained from calcium chloride
solutions and washed with distilled water. After drying the surface, the initial weight of 5
beads was weighted (W';) and then they were dried in an oven at 80°C until constant weight
(W'q). The initial weight (W;) and the weight after drying (Wg) of dispersions/solutions (5
drops) were determined by the same method. Thus, the water loss was calculated from Eq.
(3-1), if we assumed that the main content (i.e., alginate, SPI, and oil) of gel beads have no
significant change during gelation, and the experiment was replicated three times:

Water loss (%)= (M—&XM)XIOO% (3-1).
woo oW W

1 1

3.2.5.4. Shrinkage of gel beads

The shrinkage rate of gel beads was determined at 2, 4, 6, 8, 10, 20, and 30 min after
dispersions/solutions were dropped into calcium chloride solutions. Five gel beads were
obtained from the calcium chloride solutions and washed with distilled water. After drying
the surface, photographs of gel beads were taken using a camera. The major semi-axis (I'max)
and minor semi-axis (r'min) of gel beads were measured by using a digital vernier calliper,
and the section area (A’s) was calculated from Eq. (3-2). The major semi-axis (rmax) and
minor semi-axis (rmin) Of gel beads after gelation for 1 min were measured, and the section
area (As) was also calculated from Eq. (3-2). The section shrinkage rate of gel beads was
calculated from Eq. (3-2):

- _314x  x  —314x ' x'

(%) = 3.14x x

x 100% (3-2).

It should be noted that the section shrinkage rate of samples during gelation process was

compared to the section area of samples after gelation for 1 min in this study.
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3.3. Results and discussion

3.3.1. Structural properties of gel beads

Structural properties are important for emulsion gels because they can influence
mechanical properties of emulsion gels and release behavior of encapsulated nutrients. Many
factors (e.g., structures of the gel matrix, structures of emulsion droplets, and interactions
between the gel matrix and droplets) can influence the structures of overall emulsion gels.
Therefore, the effect of concentrations of alginate, SPI and oil on the structures of emulsions
and emulsion gels was investigated in this study.

Figure 3-1 shows the structures of emulsions/dispersions before gelation and gel beads
after gelation for 30 min. In sample 1A1S, SPI formed aggregates and dispersed in alginate
solutions (Figures 3-1A and 3-1V). This was because SPI was heated at 90°C for 30 min in
this study, and thus the solubility of SPI decreased, due to denaturation; in addition,
denatured SPI exposed hydrophobic residues and thus formed aggregations in alginate
solutions (Wagner & Afion, 1990). After mixing the 1AIS dispersion with oil, SPI
molecules can move from the continuous phase to the O/W interfaces and are adsorbed at
the surfaces of oil droplets (comparing Figures 3-1A and 3-1B), due to their amphipathic
nature and emulsifying capacity. Hydrophobic groups of SPI adsorbed on the surface of oil
droplets, and hydrophilic groups connected with the continuous phase, acting as a steric
barrier against coalescence of oil droplets (Nishinari et al., 2014). However, increasing the
alginate concentration to 1.5% led to more SPI aggregations in the continuous phase
(comparing Figures 3-1B and 3-1C), because the higher viscosity of the continuous phase
of emulsions hindered SPI from moving to the oil-water interfaces (Tavernier et al., 2017).
Higher SPI concentrations resulted in more SPI being adsorbed at the surface of oil droplets
but led to more obvious flocculation of oil droplets (comparing Figures 3-1B and 3-1D),
probably due to the depletion flocculation of droplets coated by excessive amount of SPI

(Moschakis, Murray, & Biliaderis, 2010). In addition, increasing oil content of emulsions
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resulted in more compacted gel structures (comparing Figures 3-1B and 3-1E), due to the

decreased ratio of the water phase to the oil phase.

1A1S 1A15200 1.5A15200 1A25200 1A15400

Dispersions . -

Jemulsions | .

Gel beads ,
N

Figure 3-1. CLSM images of dispersions/emulsions (A-E) and gel beads (V-Z) after
gelation for 30 min. SPI and sunflower oil were stained by red and green, respectively.

Figure 3-1 also indicates that there were more dark sections in emulsions/dispersions
than gel beads in all samples, which indicates that syneresis and shrinkage of the continuous
phase (i.e., the gel matrix) during gelation led to more compact filler structures. In addition,
the concentrations of SPI, alginate and oil could affect the stability of droplets during
gelation. As shown in Figures 3-1B and 3-1W, SPI-coated droplets in sample 1A1S200
could maintain their structures during gelation. This was because SPI could stabilize the
O/W emulsions, and gelation, syneresis and shrinkage mainly occurred in the continuous
phase during gelation, which had no significant effects on the structures of emulsion droplets.
Similarly, it was found that WPI-aggregate-stabilized emulsions were stable during the
gelation period (Rosa et al., 2006). Additionally, higher SPI concentration resulted in more
stable droplet structures during gelation, probably because of more SPI being adsorbed at the
surface of oil droplets (Figures 3-1D and 3-1Y). However, increasing the alginate
concentration to 1.5% led to coalescence of droplets during gelation (Figures 3-1C and 3-

1X), because increased viscosity of the continuous phase of emulsions hindered SPI from
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moving to the oil-water interface and thus resulted in decreased stability of emulsion
droplets during gelation. In addition, increasing the oil content to 40% also led to
coalescence of droplets during gelation (Figures 3-1E and 3-1Z), probably because 1.0%

SPI in the continuous phase was not enough to stabilize 40% oil.

3.3.2. Young's modulus of gel beads

3.3.2.1. The profiles of Young's modulus during gelation

Compression tests were carried out to study the elastic properties of gel beads during
gelation. Firstly, the effect of introducing SPI and oil into alginate gels on the profiles of
Young's modulus during gelation was investigated. As shown in Figure 3-2A, the changes
of Young's modulus of gel beads containing 1% alginate (1A in short) included three steps:
increasing up to 5 min, decreasing between 5 and 10 min, and then reaching a plateau. The
Young's modulus of gel beads containing 1% alginate and 1% SPI (sample 1A1S) had a
similar trend to that of sample 1A, but the Young's modulus of emulsion gel beads
containing 1% alginate, 1% SPI, and 20% oil (sample 1A1S200) increased first and then
reached a plateau at 8 min directly (Figure 3-2A). It can be seen that the gelation process of
alginate-based gel beads includes the maturation step (increased Young's modulus), the
structural collapse step (decreased Young's modulus), and the equilibrium step (unchanged
Young's modulus). Therefore, it was assumed that the gelation mechanism of alginate beads
prepared by the external gelation has a direct effect on the changes in Young's modulus

during gelation.
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Figure 3-2. Kinetics of Young's modulus of alginate-based gel beads during gelation: (A)
control groups; (B) effect of alginate concentrations (0.5-1.5% in the water phase); (C)
effect of SPI concentrations (0.5-2.0% in the water phase); and (D) effect of oil contents
(10-40% in the emulsion).

After being dropped into calcium chloride solutions, the surface of alginate drops can gel
instantaneously, and then Ca?* can diffuse from the CaCl, solutions into the interior of
alginate drops, which leads to the gelation of gel beads from outside to inside and increased
Young's modulus (Ching et al., 2017). This process is called the maturation step (Puguan et
al., 2014). The concentration of alginate solutions and the size of gel beads are the main
factors affecting the Ca®* diffusion into alginate gel beads during gelation. It has been
reported that higher alginate concentrations incorporated more calcium ions in alginate gel
beads (Quong et al., 1998). In this study, all gel beads were prepared with 2% (w/w)
CaCly-2H,O0 solutions, and the size of samples 1A (fmax = 2.1 mm and rmin = 2.0 mm), 1A1S
(tmax = 2.2 and rmin= 2.1), and 1A1S200 (rmax = 2.1 and rmin = 2.0) did not significantly differ
at the end the maturation step. Therefore, it was assumed that the changes in Young's

modulus of samples 1A, 1A1S, and 1A1S200 during the maturation step showed a similar
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trend probably because oil and SPI had no significant effect on the Ca?* diffusion from the
CaCl; solutions in alginate gel beads during the maturation step.

After the maturation step, the Young's modulus of samples 1A and 1A1S decreased
before reaching a constant value (Figure 3-2A). The concentrations of Ca?" and alginate in
alginate gel breads decreases from the gel surface to gel core (Quong et al., 1998), which
indicates that the gel structure of the outer regions of beads is stronger than that of inside gel
beads. Therefore, the fragile core structure of gel beads cannot support the whole structure,
which leads to the collapse of the inner structure at the end of the maturation step and thus a
decreased Young's modulus (Puguan et al., 2014). However, the Young's modulus of sample
1A1S200 reached the balance directly after the maturation step during gelation (Figure 3-
2A). This was probably because the structures of sample 1A1S200 are totally different from
that of samples 1A and 1A1S. After introducing oil into 1A1S dispersions, oil droplets
disperse in the alginate solutions during homogenization, and SPI molecules move to the
surface of oil droplets from the continuous phase, due to their emulsifying capacity. The
resultant emulsions can turn into emulsion gels after alginate monomers are cross-linked by
calcium cations, and shrinkage also occurs during this process. However, oil droplets may
act as fillers and help to support the structure of gel beads from collapse after the maturation
step during gelation. It has also been indicated that the oil core could support the shell of
silica gels from fracture during the sol-gel process (Liang et al., 2011). Therefore, it was also
assumed that oil played an important role in preventing the structural collapse of alginate gel
beads during gelation.

The effect of concentrations of alginate (Figure 3-2B), SPI (Figure 3-2C) and sunflower
oil (Figure 3-2D) on the profiles of Young's modulus of emulsion gel beads during gelation
was further investigated. Figure 3-2B shows that the Young's modulus of sample
0.5A1S200 increased initially, decreased between 4 and 8 min, and then increased again,
before reaching a plateau. In this sample, the structure of gel matrix formed by 0.5% alginate

is fragile during the maturation step, which results in severe structural collapse before
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compact emulsion droplets can support emulsion gel structures. However, samples
1A1S200 and 1.5A1S200 showed a similar trend, in which the Young's modulus increased
up to 8 min and then reached a plateau (Figure 3-2B). This indicates that increasing alginate
concentrations from 0.5% to 1.5% not only slowed Ca?* diffusion and thus caused a slowing
of the maturation step but also formed stronger alginate-based matrix structures and thus
protected emulsion gel structures from collapse during gelation. Figures 3-2C and 3-2D
show that increasing SPI concentrations from 0.5% to 2.0% and oil contents from 10% to
40% had no significant effect on the profiles of Young's modulus during gelation (i.e.,
reaching the plateau directly after the maturation step at around 8 min during gelation). This
was probably because increasing concentrations of SPI and oil had no significant impact on
calcium diffusion in emulsion gel beads, and 10% oil was high enough to prevent structural

collapse of emulsion gel beads after the maturation step during gelation.

3.3.2.2. Effect of alginate, SPI and oil on the Young's modulus of gel beads after gelation

Mechanical properties are important for emulsion gels because they are closely
associated with other properties (e.g., storage stability, oral perception, and controlled
release of encapsulated nutrients). Many factors can affect mechanical properties of
emulsion gels, such as gel strength of gel matrix structures (i.e., protein and polysaccharide),
modulus of filler droplets, and interactions between oil droplets and the gel matrix.
Therefore, the effect of concentrations of alginate, oil and SPI on the Young's modulus of
emulsion gel beads was investigated in this study, and all samples were compared after they
were allowed to gel for 30 min in CaCl; solutions (Figures 3-2B-D).

Figure 3-2B shows that increasing alginate concentrations from 0.5 to 1.5% significantly
increased the Young's modulus of emulsion gel beads. This was expected because increasing
alginate concentration could increase gel strength of alginate-based gel matrix and thus
increase the Young's modulus of overall emulsion gels. Similarly, it has previously been

reported that increasing agar contents (from 1.0 to 1.8%) in O/W emulsions containing 0.1
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volume fraction of corn oil decreased the overall volume of void spaces and increased strand
compactness of emulsion gels (Kim et al., 1999).

Figure 3-2D indicates that increasing oil contents from 10% to 40% had no significant
effect on the Young's modulus of emulsion gel beads. According to the interactions between
emulsifier-coated emulsion droplets and the gel matrix, oil droplets can be divided into
active and inactive fillers (also known as bound and unbound fillers) in emulsion gels
(Dickinson, 2012; Yang et al., 2020). Active fillers are mechanically connected to the gel
network by non-covalent and/or covalent bonds through emulsifiers. For examples, it has
been reported that WPI-coated oil droplets could be bound to a WPI-based gel matrix by
covalent interactions (e.g., hydrophobic interactions and sulphur bridges) ( Sala et al., 2008);
it has been also indicated that lactoferrin-stabilized emulsion droplets could bind to a x-
carrageenan gel, probably because of electrostatic interactions between positively charged
lactoferrin (p/ = 8.2) and negatively charged x-carrageenan at pH 7-8 (Sala et al., 2009). In
addition, the Kerner model can explain the effect of active fillers on the mechanical
properties of emulsion gels (Kerner, 1956). According to this model, increasing the volume
fraction (¢r) of active fillers can increase the mechanical properties of emulsion gels, which
has been supported by many studies (Oliver et al., 2015; Sala et al., 2009). However, in this
study, SPI (p/ = 4.5) and alginate were both negatively charged at pH 6.5-7.0, so there are
no electrostatic interactions between SPI-coated droplets and alginate-based gel matrices. It
is also unlikely that SPI-coated droplets can connect to the alginate-based gel network by
covalent interactions. Additionally, the results obtained in this study were in a disaccord with
the Kerner model. Therefore, it was assumed that SPI-coated droplets were inactive fillers in
alginate-based emulsion gel beads in this study.

Figure 3-2C shows that increasing SPI concentrations decreased the Young's modulus of
emulsion gel beads. According to the state of emulsion droplets in gels, structures of
emulsion gels can be divided into two categories: emulsion droplet-filled gels and emulsion

droplet-aggregated gels (Dickinson, 2012). In emulsion droplet-filled gels, the continuous
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phase (e.g., protein- and polysaccharide-based gels) forms a continuous gel matrix, and
emulsion droplets are embedded in this gel matrix. In emulsion droplet-aggregated gels,
emulsion droplets aggregate together and form a network structure, such that the gel matrix
is disrupted by the aggregated emulsion droplets. As shown in Figures 3-1B and 3-1D,
more aggregations of emulsion droplets occurred in sample 1A2S200 compared to sample
1A1S200, probably because increasing SPI concentration led to more depletion flocculation
of SPI-coated droplets in emulsions (Lam & Nickerson, 2013). In active droplet-aggregated
gels, the crowding effect of fillers (particle interactions) increases the shear modulus of the
overall gels (Oliver et al., 2015). However, SPI-coated droplets in alginate-based gel matrix
may act as inactive fillers as discussed before in this study. Therefore, it was assumed that
increased aggregation of SPI-coated droplets (inactive fillers) had a negative effect on the
Young's modulus of alginate-based emulsion gel beads, probably because aggregated
droplets (i.e., the increased phase separation between alginate-based gel matrix and SPI-
coated droplets) may disturb the formation of alginate-based network structures (Dickinson,

2012; Lin et al., 2017).

3.3.3. Water loss of gel beads

During the maturation step, inter-chain interactions between stretches of alginate
monomers and Ca®* occurred with the diffusion of Ca?" from the surface to interior of gel
beads, and the formation of junctions between these stretches forced water out, which led to
shrinkage and increased water loss of gel beads during gelation (Puguan et al., 2014; Rehm,
2009). Figure 3-3 shows the effects of concentrations of alginate, SPI, and oil on the water
loss from emulsion gel beads during gelation. It indicates that increasing alginate contents
(from 0.5 to 1.5%) or SPI concentrations (from 0.5 to 2.0%) had no significant effect on the
rates of water loss, but increasing oil contents (from 10 to 40%) could slow the water loss in
terms of the profiles of water loss during gelation, probably because lower water content of

the original emulsions results in slower water loss of emulsion gels during gelation.
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Figure 3-3. Kinetics of water loss from alginate-based gel beads during gelation: (A) effect
of alginate concentrations (0.5-1.5% in the water phase); (B) effect of SPI concentrations
(0.5-2.0% in the water phase); and (C) effect of oil contents (10—40% in the emulsion).

Figure 3-3 also indicates that the water loss of emulsion gel beads after gelation for 30
min decreased with increasing alginate contents (from 0.5 to 1.5%), SPI concentration (from
0.5 to 2.0%) and oil content (from 10 to 40%). Many factors can affect the water loss of
emulsion gel beads during gelation, such as the concentration of CaCl, solutions, the water
content of original emulsions, the strength of gel matrix, and the hydrophilicity and rigidity
of fillers. It has been reported that increasing the concentration of CaCl, solution (from 0.08
M to 0.3 M) reduced the final weight of alginate gel beads due to the increased water loss
(Puguan et al., 2014), but in this study all samples were dropped into the CaCl, solutions
with the same concentration. Therefore, increasing alginate concentration from 0.5% to
1.5% decreased the water loss of beads from 42.3 £ 1.2% to 36.9 + 0.3% after gelation

(Figure 3-3A), which was probably because elastic modulus of gel beads increased with
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increasing alginate concentration (Figure 3-2B), and gels with more rigid matrix structures
had better water-holding capacity.

In addition, increasing SPI concentrations from 0.5% to 2.0% decreased the water loss of
emulsion gel beads from 40.2 £ 0.6% to 37.3 + 0.3% after gelation as well (Figure 3-3B),
probably due to increased water-absorption capacity of SPI-coated droplets. As shown in
Figures 3-1A and 3-1B, SPI aggregated in sample 1A1S but formed a film at the oil-water
interface in sample 1A1S200, in which hydrophobic groups of SPI connected to oil droplets
and hydrophilic groups connected to water (Nishinari et al., 2014). Therefore, more SPI was
adsorbed at the surface of emulsion droplets by increasing SPI concentration (Figure 3-1D),
which resulted in increased hydrophilicity of SPI-coated droplets and increased water-
retention capacity of emulsion gel beads (Wang et al., 2012). This explanation could be
supported by previous conclusions by Wagner et al. (1990) that SPI with highly denatured
proteins and high surface hydrophobicity exhibited the highest water-absorption capacity.
Additionally, increasing oil content from 10% to 40% led to the decreased water loss of
emulsion gel beads (from 46.1 + 0.2% to 25.1 £ 0.4% after gelation) (Figure 3-3C),
probably because the water content in original emulsions significantly decreased with
increasing oil contents from 10% to 40%, and emulsion droplets could protect gel structures
from collapse as well. A similar finding has been reported where increasing the oil volume
fraction (13%-31.1%) in p-lactoglobulin-based oil-in-water emulsions improved the water-

retention capacity of emulsion gels (Line, Remondetto, & Subirade, 2005).
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Figure 3-4. Visual aspects of alginate-based gel beads during gelation (minimum scale
mark = 1 mm).
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3.3.4. Morphological properties and shrinkage of gel beads

As shown in Figure 3-4, alginate gel beads (1A) were transparent, but the presence of
SPI decreased the transparency of alginate gel beads (1A1S) because of its yellow colour,
and introducing oil led to ivory gel beads, due to the formation of emulsions. In addition, gel
beads in all groups were not completely spherical, and samples 1.5A15200, 1A2S200, and
1A1S400 had small tails. This was because increasing the concentrations of alginate, SPI
and oil could raise the viscosity of emulsions (Figure 3-5), which could affect the
morphological properties of emulsion gel beads. In this study, we used the simple dripping
method to produce emulsion gel beads. The emulsions were pushed out from pipette and one
droplet was formed at the tip before the droplet grew in size gradually and dropped into
CaCl; solutions. During this process, spherical emulsion droplets were formed because of
the surface tension of liquid (Ching et al., 2017). However, Levi¢ et al. (2015) found that D-
limonene could increase the viscosity and reduce the conductivity of the alginate liquid
systems by changing structural ordering of alginate, which indicates that the high viscosity
of emulsion was against the formation of spherical bead at the tip of pipette because of poor
flow properties. For example, the introduction of hydroxypropylmethylcellulose (0.2%—1%)
changed the rheological properties of 2% alginate solutions and produced beads with small

tails (Bellich et al., 2011).
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Figure 3-6. Kinetics of section shrinkage of alginate-based gel beads during gelation: (A)
effect of alginate concentrations (0.5-1.5% in the water phase); (B) effect of SPI

concentrations (0.5-2.0% in the water phase); and (C) effect of oil contents (10—40% in the
emulsion).
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Figure 3-4 also shows that the size of all samples decreased during gelation and, in order
to compare their shrinkage (i.e., dimensional reduction) during gelation, the section
shrinkage rates were calculated (Figure 3-6). The profiles of shrinkage rates show that
shrinkage rates of all samples increased during gelation, probably due to syneresis (i.e.,
water loss) and structural collapse (Rehm, 2009). However, in terms of the profiles of
shrinkage rate, increasing contents of alginate and oil could slow the shrinkage, but
increasing SPI content had no significant effect on the rate of shrinkage during gelation.
Figure 3-6 also shows that the shrinkage rates decreased from 26.7 + 2.1% to 18.2 £ 2.2%
and from 27.1 + 1.6% to 13.6 £ 2.5% after gelation with increasing concentrations of
alginate (from 0.5% to 1.5%) and oil (from 10% to 40%), respectively, but increasing SPI
concentration from 0.5% to 2.0% had no significant effect on the shrinkage rates of
emulsion gel beads after gelation for 30 min. Many factors can affect the shrinkage of
emulsion gels during gelation, such as water loss, gel stiffness, the content and properties of
fillers, and interactions between fillers and the continuous phase (Smith, Scherer, &
Anderson, 1995). In terms of alginate, increasing its concentration could increase the elastic
modulus of emulsion gel beads (Figure 3-2B), which may provide resistance to shrinkage
(Brinker et al., 1994). Increasing oil concentration led to more compact filler structures,
which resisted further shrinkage during gelation as seen on comparing emulsion gel
structures of samples 1A1S200 and 1A1S400 in Figure 3-1. Eichler et al. (1997) also
indicated similar conclusions, in that fructose or polydextrose being introduced into
polyacrylamide (PAAm) gels could act as a mechanical barrier against further volume
shrinkage of PAAm gels during dehydration. However, increasing SPI concentration
reduced the Young's modulus (Figure 3-2C) but increased water retention (i.e., decreased
water loss) (Figure 3-3B) of emulsion gel beads, which may explain why increasing SPI

concentration had no significant effects on shrinkage rates of emulsion gel beads.
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3.4. Conclusions

The Young's modulus of alginate-based emulsion gel beads kept increasing before
reaching a plateau during gelation process. This gelation process was accompanied by
syneresis (i.e., water loss) and shrinkage, which resulted in an increased compactness of
emulsion gel beads. SPI-coated droplets could maintain their structures during gelation.
With increasing alginate concentration (0.5%—1.5%), the water loss decreased, the Young's
modulus increased, and shrinkage rate decreased. Increasing SPI concentration (0.5%—2.0%)
led to decreased Young's modulus and water loss, and undifferentiated shrinkage. Higher oil
content (10%—40%) decreased water loss and section shrinkage rates, and had no significant
effect on the Young's modulus. These findings underlined the effect of concentrations of
components on the properties of emulsion gel beads during gelation, which are very
important because the properties of emulsion gel beads may affect encapsulation, stability,

and release of hydrophobic functional ingredients encapsulated in emulsion gel beads.
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Effect of Structuring Emulsion Gels by Whey or Soy Protein Isolate
on the Structure, Mechanical Properties, and In-vitro Digestion of
Alginate-based Emulsion Gel Beads
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Abstract

Whey protein isolate (WPI) and soy protein isolate (SPI) were used as emulsifiers and
structure-modifying agents to produce alginate-based emulsion gel beads. The purpose of
this chapter was to compare the effects of WPI and SPI on the structural and mechanical
properties of alginate-based emulsion gel beads and the in-vitro release of encapsulated
lycopene from emulsion gel beads. The results of microscopy and light scattering indicated
that WPI had better emulsifying properties than SPI, resulting in emulsions with smaller and
more even droplet-size distribution. The rheological properties of protein/alginate mixtures
and emulsions indicated strong interactions between WPI and alginate and weak interactions
between SPI and alginate, resulting in increased Young's modulus of WPI-stabilized
emulsion gel beads and decreased Young's modulus of SPI-stabilized emulsion gel beads,
compared to gel beads without proteins. The presence of WPI and SPI increased changes of
Young's modulus and shrinkage during simulated gastric digestion and delayed the release
of lycopene from gel beads. Findings in this study are important for structuring emulsion
gels with naturally occurring polymers to achieve controlled release of encapsulated

compounds.

Keywords: Alginate; Emulsion gel bead; Lycopene; Soy protein isolate; Structure; Whey

protein isolate.
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4.1. Introduction

Sodium alginate is a linear unbranched natural polysaccharide, and its monomers can
form gels by ionic crosslinking when sodium ions are replaced by divalent cations (mostly
calcium ions in the food industry). Sodium alginate has been widely investigated in the field
of emulsion gels for encapsulation of food nutrients such as thyme oil, linseed oil,
resveratrol, a-tocopherol, f-carotene and D-limonene to improve their stability during food
processing and storage (Benavides et al., 2016; Feng et al., 2018; Levic¢ et al., 2015; Piornos
et al.,, 2017; Soukoulis et al., 2016). There are also some advantages associated with
alginate-based encapsulation techniques, such as mild gelation process with a low-cost and
eco-friendly procedure and controlled release of encapsulated food nutrients because of pH
sensitivity of alginate gels (i.e., shrinking at gastric environment and swelling during
intestinal digestion) (Calvo, Busch, & Santagapita, 2017; George & Abraham, 2006). In
alginate-based emulsion gels, proteins especially whey protein isolate (WPI) are often used
as emulsifiers to improve the encapsulation efficiency during gelation and the stability of

encapsulated food nutrients during storage (Feng et al., 2018; Piornos et al., 2017).

However, the presence of proteins may also change the structural and mechanical
properties of alginate-based emulsion gels during gelation and digestion, which has rarely
been investigated (Leon et al., 2018). Previous studies on interactions between proteins and
alginate have indicated that proteins affect the gelation process and physicochemical
properties of calcium-induced alginate gels through several mechanisms. Firstly, positively
charged proteins can compete with calcium ions to associate with carboxylic acid sites on
the negatively charged alginate molecules through electrostatic attractions (George &
Abraham, 2006). Secondly, negatively charged proteins can interact with alginate through
intermolecular hydrogen bonds between proteins and alginate and/or weak electrostatic
attractions between carboxylic anionic groups of alginate and cationic groups of proteins,
although both of them are negatively charged (Erben et al., 2019; Yang et al., 2016). Thirdly,

insoluble proteins can act as solid fillers in alginate gels (Leon et al., 2018).

102



Chapter four

In addition, the presence of proteins may also affect the digestion behavior of alginate
gels. It is well known that alginate gels shrink during gastric digestion, because of
protonation of free carboxylate groups on alginate and thus decreased repulsive charges of
alginate monomers at the acidic pH (pH 2-3) (Li et al., 2011). Alginate gels then swell
during intestinal digestion, because of the increased repulsive forces at the neutral pH above
the pKa of the uronic acid groups on alginate (Rayment et al., 2009) and structural
disintegration of Ca?"-associated networks due to ion-exchange between Na* ions present in
the digestive fluid and Ca®" ions present in gel beads (Bajpai & Sharma, 2004; Mongar &
Wassermann, 1949). This digestion behavior can protect encapsulated nutrients from the
harsh gastric environment due to the shrinkage of gels during gastric digestion, and
encapsulated nutrients then diffuse through the pores of alginate gel networks into the small
intestine due to the swelling of gels during intestinal digestion. However, the zeta potential
of proteins is also influenced by pH, which may affect the interactions between proteins and
alginate and thus the physicochemical properties of alginate-based emulsions gels during
digestion. Therefore, the effect of proteins on the structural and mechanical properties of
alginate-based emulsion gels and the release of encapsulated nutrients during digestion need

further investigation.

The properties of different proteins (e.g., solubility and amphipathy) affect their
interactions with other polymers (Lin et al., 2017). WPI is the most widely used protein-
based emulsifier in emulsion gels, and soy protein isolate (SPI) has received increasing
interest, due to its good emulsifying and gelation properties. SPI contains more polar amino
acids (492.8 mg/g) than WPI (433.7 mg/g), and WPI contains more positively charged
amino acids (267.9 mg/g) than SPI (200.9 mg/g) at pH 7.0 (Pefia-Ramos, Xiong, & Arteaga,
2004; Tang et al., 2006). Polar amino acids tend to form hydrogen bonds with alginate, and
positively charged amino acids tend to react with alginate by electrostatic attractions. In
addition, WPI has higher solubility and surface hydrophobicity than SPI (Castro et al., 2018;

Voutsinas, Cheung, & Nakai, 1983). Protein solubility affects protein-water interactions, and
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surface hydrophobicity influences protein-oil interactions at droplet surfaces (Pelegrine &

Gasparetto, 2005).

Therefore, the objective of this study was to compare WPI to SPI in structuring alginate-
based emulsion beads and delivering encapsulated nutrients to a target site (i.e., small
intestine). The effect of WPI and SPI on the properties of emulsions and emulsion gel beads
and the release behavior of encapsulated nutrients during in-vitro digestion were studied.
Lycopene was encapsulated in emulsion gels to study the effect of WPI and SPI on the
digestion behavior of alginate-based emulsion gels. Lycopene has a huge commercial value
in the food industry, due to its high antioxidant capacity among carotenoids (Costa-
Rodrigues, Pinho, & Monteiro, 2018; Liu et al., 2008). However, lycopene is highly
sensitive to high temperature, oxygen and light (Bou et al., 2011; Shi et al., 2008; Ukai et al.,
2014), and has limited solubility in water because of its high hydrophobicity (Shariffa et al.,
2017), which limits its applications in the food industry (Srivastava & Srivastava, 2013).
Therefore, encapsulating lycopene in alginate-based emulsion gels can improve its
functionality and stability during food processing, storage, and digestion (Aguirre Calvo,

Busch, & Santagapita, 2017; Soukoulis et al., 2016).

4.2. Materials and methods

4.2.1. Materials

Defatted soy flour (Bob's Red Mill, Milwaukie, Oregon, USA) and sunflower oil (Aldi
Stores Ltd., Kildare, Ireland) were purchased from iHerb and Aldi, respectively. Sodium

alginate (viscosity of 1 wt% sodium alginate solution in 0.15 M NaCl at 25°C = 210-340

mPa's, M = 69-117 kDa, and M/G = 71/29) was obtained from Special Ingredients
(Chesterfield, UK). Whey protein isolate (WPI) was purchased from Carbery Group Limited
(Ballineen, Co. Cork, Ireland). Soy protein isolate (SPI) was extracted from defatted soy

flour, according to the method described by Urbonaite et al. (2015), and the protein content
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of SPI powder was 96.29 + 0.03%. Tomato extract containing lycopene (0.059 mg/mg in the
tomato extract), calcium chloride, sodium hydroxide, hydrochloric acid, and other analytical

reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2.2. Preparation of emulsions and emulsion gel beads containing lycopene

The dispersions of WPI or SPI (4.0% in distilled water) were stirred at room temperature
for 2 h using a magnetic stirrer, and then pH values of dispersions were adjusted to 7.0 with
IM HCI and NaOH. For preparing continuous phase, sodium alginate (0.4% in continuous
phase) was added into the protein dispersions (4.0%) with water to reach final concentration
of proteins (2.0% in continuous phase) by shearing at 400 rpm for 30 min with a magnetic
stirrer and then allowed to rest for 24 h to permit hydration. The continuous phase without
protein (i.e., 0.4% sodium alginate solutions) was prepared as control sample. For
preparation of lycopene-capsulated emulsions, tomato extract containing lycopene (15
mg/100 g in the emulsions) was dissolved in sunflower oil (10 g 0il/100 g in the emulsions)
at 140°C for 30 s, and then it was cooled down to the room temperature immediately and
mixed with the continuous phase (1:9, w/w) at 13,000 rpm for 2 min with an Ultra-Turrax
(IKA-25, Staufen, Germany). For production of emulsion gel beads, the resultant emulsions
were dropped into 2 % (w/w) CaClz2H20O solutions using 5-mL measuring pipette and a S1
pipette filler (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the distance between
the tip of pipette and the surface of CaCl, solutions was fixed at 10 cm. The samples were
allowed to gel in CaCl, solutions for 30 min with mild magnetic stirring, and the resulted
beads were rinsed with distilled water. All samples were kept in distilled water until further

analyses.
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4.2.3. Properties of emulsions

4.2.3.1. Viscosity

The viscosity of dispersions/solutions was tested at 25°C using an AR 2000ex rheometer
(TA Instruments, Crawley, UK) with an aluminium parallel plate (60 mm in diameter, and
0.5 mm in gap). Each sample was added in the middle of Peltier plate and allowed to stand
for 2 min before testing. The flow measurement was performed over a shear rate range of 0.1

to 100 s!, and viscosity () was obtained from the data analysis software.

4.2.3.2. Droplet-size distributions

The droplet-size distributions of oil droplets in emulsions were analyzed with
MasterSizer 3000 (Malvern Instruments Ltd., Worcestershire, UK). Samples were added to
an automated wet dispersion unit until the obscuration reached between 3 and 12%. The
stirrer speed was set at 2000 rpm. The refractive index and absorption index of samples were

set at 1.48 and 0.001, respectively.

4.2.3.3. Structural analysis

Optical microscopy images of dispersion/emulsion samples were recorded using an
Olympus BX51 light microscope with a built-in camera (Olympus Optical Co. Ltd., Tokyo,
Japan). Samples were dropped on a microscope slide, covered with a glass coverslip, and

observed using a 10x objective lens and a 10x eyepiece.

Confocal scanning laser microscopy (CLSM) was used to observe micro-structure of
dispersions/emulsions. Dispersion/emulsion samples (500 uL) were transferred to a glass
slide and stained with 50 4L of a mixture of Nile red (0.1%, w/v, in polyethylene glycol-200)
and fast green (0.1%, w/v, in distilled water) at a ratio of 3:1. Confocal observation was

performed using a Leica TCS SP5 microscope (Leica Microsystems GmbH, Wetzlar,
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Germany) at excitation and emission wavelengths of 488 nm and 633 nm, provided by an

argon laser and a HeNe laser, respectively.
4.2.4. Properties of emulsion gel beads
4.2.4.1. Water and oil contents

The gel beads before desiccation were weighted (W;), and samples were dried in an oven

at 80°C until constant weight (W,). The water content was calculated by Eq. (4-1):

Water content (%) = % x 100% @-1).

Dry gel beads were ground and then mixed with 20 mL of hexane in a beaker. The mixture
was stirred with a magnetic stirrer at room temperature for 10 min. The solvent mixture was
filtered through a Whatman filter paper n° 1 into a beaker, and residues were rinsed three
times with 15 mL of hexane in total. Then, the solvent was heated at 60°C to evaporate

hexane until constant weight (Wr). The oil content was calculated by Eq. (4-2):

Oil content (%) = o* x 100% (4-2).

4.2.4.2. Lycopene content

Lycopene was extracted and quantified according to the method described by Anthon &
Barrett (2006) with some modification. Samples (0.5 g of emulsion gel beads) were weighed
into a screw cap tube, and 8.0 mL of hexane : acetone : ethanol (50 : 25 : 25) solutions
containing 0.1% BHT was added. The control solution was prepared with 0.5 g water instead
of gel beads. After mixing for 1 min by a vortex, all samples were allowed to rest for 24 h
until gel beads became pale. Water (1.0 mL) was added followed by mixing for 25 s again.
The mixture was left to stand for 10 min to allow phases to separate and all bubbles to

disappear. All samples were protected from light throughout extraction and analysis.
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Lycopene concentration (Cryc) in the upper layer of mixtures was then measured by a
rapid spectrometric method (Anthon & Barrett, 2006). The cuvette was rinsed with the upper
layer of samples, and absorbance (Aso3) of the upper layer was measured at 503 nm with a

spectrophotometer. Lycopene concentration can be calculated by Eq. (4-3):

Lycopene concentrate (mg/kg) = (Asgz < 537 x 8 x 0.55)/(0.50 x 172) = Aggz *x 27.5

(4-3)

where 537 g/mole is the molecular weight of lycopene, 8 mL is the volume of mixed solvent,
0.55 is the volume ratio of upper layer to the mixed solvents, 0.5 g is the weight of gel beads

added, and 172 mM! is the extinction coefficient for lycopene in hexane.

4.2.4.3. Structural analysis

CLSM was used to observe the micro-structure of emulsion gel beads. Samples were cut
into a thin layer (~ 1 mm) and transferred to a glass slide and stained with a mixture of Nile
red (0.1%, w/v, in polyethylene glycol-200) and fast green (0.1%, w/v, in distilled water) at

aratio of 3:1. Confocal observation was performed as described in Section 4.2.3.3.

4.2.4.4. Size and Young's modulus measurement

The Young's modulus of gel beads after gelation for 30 min were analyzed by a TA.XT
Plus texture analyzer (Stable Micro System, Godalming, UK). The surface of samples was
dried by dry paper before testing. Compression tests were performed using a cylinder probe
with 10 mm diameter and a 5-kg load cell. The samples were compressed to 30% strain at a
crosshead speed of 0.1 mm/s, and five beads with same composition were examined one
after another. Due to their ellipsoidal shapes, the cross-sectional area of samples was
calculated after measuring the major axis (Rmax) and minor axis (Rmin) of gel beads using a

digital vernier calliper after samples were placed on the platform of texture analyzer. The

108



Chapter four

Young's modulus of each sample was calculated as the gradient of the stress vs. strain curve

in the 5-15% strain region, where stress and stain showed good linearity.

4.2.5. In-vitro digestion

Simulated digestion of emulsion gel beads included the oral, gastric and small intestinal
phases in this study. The simulated saliva fluid (SSF), gastric fluid (SGF), and intestinal
fluid (SIF) electrolyte stock solutions (i.e., 1.50x concentrates) were prepared as described
by Minekus, et al. (2014) with some modification. Simulated digestion fluids are made of

electrolyte stock solutions, enzymes, CaCl,, and water as described below.

Oral phase: 5 g of emulsion gel beads were mixed with 2.5 mL of SSF electrolyte stock
solution followed by adding 25 4L of 0.3 M CaCl: (final 0.75 mM), 475 uL of water, and
2.0 mL of 375 U/mL a-amylase solution (final 75 U/g) with pH adjustment to 7.0. The

mixtures were incubated at 37°C for 2 min with continuous agitation at 300 rpm.

Gastric phase: the oral bolus (~10 g) was mixed with 5.0 mL of SGF electrolyte stock
solution, 4.0 mL porcine pepsin stock solution of 10, 000 U/mL (final 2000 U/g), 5.0 uL of
0.3 M CaCl; (final 0.075 mM), 0.5 mL of 1 M HCI to reach pH 3.0 and 0.5 mL of water.

The mixtures were incubated at 37°C for 2 h with continuous agitation at 300 rpm.

Intestinal phase: the gastric chyme (~20 g) was mixed with 10 mL of SIF electrolyte
stock solution, 5 mL of a pancreatin solution 800 U/mL (final 100 U/g of trypsin), 4 mL bile
solution of 25 g/LL (Albarracin, Jose Gonzalez, & Drago, 2015), 40 4L of 0.3 M CacCl; (final
0.3 mM), 0.1 mL of 1 M NaOH to reach pH 7.0 and 0.9 mL of water. The mixtures were
incubated at 37°C for 6 h with continuous agitation at 300 rpm, and 0.1 M NaOH was used

to maintain the pH (7.0) during the intestinal phase.
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4.2.6. Young's modulus measurement of gel beads during oral and gastric digestion

Gel beads after oral digestion and during gastric digestion at 30, 60, 90 and 120 min
were collected. The surface of samples was rinsed with distilled water, and the Young's

modulus of samples were analyzed according to the methods described in Section 4.2.4.4.
4.2.7. Shrinkage measurement of gel beads during gastric digestion

The section shrinkage rate of gel beads was determined after 30, 60, 90, and 120 min of
gastric digestion. Five gel beads were obtained from the gastric fluid. After drying the
surface, the major axis (R'max) and minor axis (R'min) of gel beads were measured by using a
digital vernier calliper, and the cross-section area (A¢) was calculated from Eq. (4-4). The
major axis (Rmax) and minor semi-axis (Rmin) of gel beads after oral digestion for 2 min were
measured as well, and the cross-section area (Ao) was also calculated from Eq. (4-4). The

section shrinkage rate of gel beads was calculated from Eq. (4-4):

A —-A 3.14X@x®—3_14xﬁx@
0 t = 2 2 2 2 (4_4)
Rrﬂﬂx

0 314 Rowe s R
2 "2

Section shrinkage rate (100%) =

where Ay indicates the section area of samples at the beginning of gastric digestion (i.e.,
after oral digestion for 2 min) and A indicates the section area of samples after 30, 60, 90, or
120 min of gastric digestion. The section shrinkage rate of samples during gastric digestion

was compared to the section area of samples after oral digestion for 2 min in this study.

4.2.8. Micro-structure of bead residuals after gastric digestion

The digesta was filtered by multilayer gauze to collect bead residuals, and CLSM was
used to observe the micro-structure of emulsion gel bead, according to the method described

in Section 4.2.4.3.
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4.2.9. Release of lycopene during intestinal digestions

The digesta was filtered by multilayer gauze to separate bead residual and digestive juice,
and the digestive juice (Wtjice) was weighted. Lycopene in 1.0 g of digestive juice (Cryc-y)
was extracted and analyzed by the methods described in Section 4.2.4.2. The ratios of the
amount of lycopene in digestive juice (WtLycs) to that in original beads (WtLyc.s) are
regarded as release rates (Rreicasc). The release rate of lycopene was estimated through Eq. (4-

5):

W _ CLyc—ixWtii
Release rates (%) = - x 100%6= ~=" 5 10094 (4-5).
LYC—B LYC-B

4.2.10. Statistical analysis

All measurements were performed three times and were reported as mean + standard
deviation (SD). Differences between samples were analyzed using analysis of variance and a

t-test, and p < 0.05 was regarded as statistically significant.

4.3. Results and discussion
4.3.1. Properties of alginate/protein-stabilized emulsions
4.3.1.1. Structures of emulsions

As shown in Figures 4-1A—C, optical microscopy images of dispersions show that
flocculation and coalescence occurred in dispersions without protein (i.e., the control
sample), and flocculation occurred in SPI-stabilized emulsions, but WPI-stabilized emulsion
droplets dispersed evenly in the continuous phase. Alginate is a naturally occurring
hydrophilic polysaccharide and has poor emulsifying capacity, because it lacks hydrophobic
groups (Lee & Mooney, 2012). Therefore, alginate-stabilized oil droplets have high surface
tension and tend to merge into bigger oil droplets to reduce the contact area between the oil

and water phases and reach the most thermodynamically stable state. In contrast, proteins
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can adsorb at the O/W interfaces to prevent droplet coalescence by reducing the surface
tension of droplets and decrease flocculation through droplet-droplet repulsion. However,
SPI-coated droplets had more significant flocculation than WPI-coated droplets, probably
due to depletion flocculation of droplets coated by excessive amount of insoluble SPI
(Moschakis, Murray, & Biliaderis, 2010) and/or lower zeta-potential of SPI-coated droplets

than WPI-coated droplets at pH 7.0 (Chen et al., 2020).

Figure 4-1. Optical microscopy and CLSM images of (A and D) dispersions without
proteins, (B and E) WPI-stabilized emulsions, and (C and F) SPI-stabilized emulsions.
Protein and sunflower oil were stained by red and green in CLSM figures D-F, respectively.

CLSM was further used to observe the distribution of oil and protein in dispersions.
Figures 4-1D-F show a red background of WPI- and SPI-stabilized emulsions, which
indicates that some soluble protein molecules were still found in the continuous phase. The
possible reason is that protein molecules were trapped by the continuous phase, due to the
interactions between protein and alginate; also, 2% protein was probably higher than the
saturation level of protein to cover the 10% oil droplets. Figures 4-1D-F also show that

more SPI molecules adsorbed at the O/W interfaces than WPI molecules, probably because
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that WPI has higher solubility than SPI and thus more WPI molecules were held by alginate
in the continuous phase through the interactions between them. As shown in Figure 4-2,
optical microscopy images of alginate solutions, WPI/alginate solutions, and SPI/alginate
dispersion show that more insoluble substances were observed in SPIl/alginate dispersion,
compared to alginate and WPI/alginate solutions. This indicates that SPI has lower solubility

than WPI and tends to self-aggregate in alginate solutions.

Figure 4-2. Optical microscopy images of (A) alginate solutions (0.4%, w/w), (B)
WPJ/alginate solutions (2.0% WPI and 0.4% alginate, w/w), and (C) SPI/alginate dispersions
(2.0% SPI and 0.4% alginate, w/w).

In addition, the viscosity of alginate solutions, WPI/alginate solutions, and SPIl/alginate
dispersion was further investigated to demonstrate the interactions between protein and
alginate. As shown in Figure 4-3A, WPl/alginate solutions exhibited more obvious shear-
thinning behavior and higher viscosity than sodium alginate solutions and SPIl/alginate
dispersion, which indicates that WPI had stronger interactions with alginate than SPI. It has
been reported that intermolecular associations between bovine serum albumin molecules and
alginate chains occurred by electrostatic interactions between the oppositely charged amino
acids and the anionic polysaccharide molecules, even though both polymers were negatively
charged (Zhao et al., 2009). In addition, WPI contains many polar amino acids (Pefia-Ramos,
Xiong, & Arteaga, 2004), which could form hydrogen bonds between side chains of WPI
amino acids and residues of alginate molecules. Therefore, the interactions between WPI

and alginate were probably driven by the electrostatic interactions and hydrogen bonds
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(Erben et al., 2019). On the other hand, SPI had weaker interactions with alginate, probably
due to its lower solubility and fewer positively charged amino acids than WPI (i.e., 200.9
mg/g and 267.9 mg/g positively charged amino acids for SPI and WPI at pH 7.0,

respectively) (Pefia-Ramos, Xiong, & Arteaga, 2004; Tang et al., 20006).
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Figure 4-3. (A) Viscosity of alginate solutions (0.4%, w/w), WPI/alginate solutions (2.0%
WPI and 0.4% alginate, w/w), and SPI/alginate dispersions (2.0% SPI and 0.4% alginate,
w/w). (B) Viscosity of oil-in-water dispersions without proteins, WPI- and SPI-stabilized
emulsions, in which solid symbols present the experimental viscosity of samples and open
symbols present the calculated viscosity.

4.3.1.2. Droplet-size distributions of emulsions

Figure 4-4 shows that WPI- and SPI-stabilized emulsions had similar droplet-size
distribution, while emulsions without protein (i.e., the control sample) had more large
droplets than WPI- and SPI-stabilized emulsions. The droplet size in emulsions during
homogenization depends on a balance between droplet disruption and droplet coalescence,
so the droplet size can be affected by energy input, emulsifier type, and properties of the
continuous phase. Increasing the intensity or duration of energy during homogenization can
reduce the size of droplets in emulsions, but the energy input to all samples was the same in
this study. The molecular properties of emulsifiers (e.g., size, conformation, flexibility, and

interactions) can also affect the size of droplets in emulsions, because emulsifiers with better
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hydrophobicity, higher flexibility, and/or smaller molecular size can adsorb more quickly at
the surface of droplets to prevent droplet coalescence and thus produce smaller droplets
during homogenization (McClements, 2015). In addition, the higher viscosity of the
continuous phase can decrease droplet coalescence and thus produce smaller droplets. The
poor hydrophobicity of alginate is probably the main reason leading to large droplets in the
control sample, although the high viscosity of the continuous phase (i.e., alginate solutions)

may also help to slow droplet coalescence.
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Figure 4-4. Droplet size distribution of dispersions without proteins and WPI- and SPI-
stabilized emulsions.

However, many studies have indicated that WPI has higher hydrophobicity than SPI,
although both of them are globular proteins with similar flexibility (Voutsinas, Cheung, &
Nakai, 1983), which was at variance with the size distribution of WPI- and SPI-stabilized
emulsions obtained in current study. This was probably because interactions between WPI
and sodium alginate (as discussed in Section 4.3.1.1) decreased the translational diffusion
coefficient of WPI (i.e., slower movement of WPI molecules from the continuous phase to
the O/W interfaces). Therefore, it can be hypothesized that WPI- and SPI-stabilized

emulsions had similar droplet size distribution, which was because interactions between
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WPI and alginate negatively affect the adsorption kinetics of WPI, although WPI has higher

hydrophobicity than SPI.
4.3.1.3. Viscosity of emulsions

Figures 4-3A and 4-3B show that adding 10% (¢, w/w) sunflower oil into alginate
solutions or SPIl/alginate dispersions increased their viscosity, while adding sunflower oil
decreased the viscosity of WPI/alginate solutions. The viscosity of suspensions containing
non-interacting spherical fluid particles (i.e., dispersed phase) can be calculated by the

following equation (Larson, 1999; Tadros, 1994):

n=n(1+ 2222 ¢) (4-6)

n1+N2

where 7 is the viscosity of dispersions, #; is the viscosity of the liquid surrounding the
droplets, #2 is the viscosity of the liquid in the droplets (the viscosity of sunflower oil is
0.063 £ 0.01 Pa-s), and ¢ is the dispersed phase volume fraction (i.e., 10% of the oil content

in this study).

As shown in Figure 4-3B, the viscosity of the dispersion without protein (i.e., the
control sample) could fit Eq. (4-6) well, which indicates that oil droplets in alginate
solutions without protein were non-interacting spherical particles. However, the estimated
viscosity of the SPI-stabilized emulsions was lower than their experimental values, and the
estimated viscosity of the WPI-stabilized emulsions was higher than their experimental
values. This was probably because SPI-coated emulsion droplets were flocculated.
Emulsions containing flocculated droplets have higher viscosity than emulsions containing

isolated droplets, because flocculated droplets trap some of the continuous phase within their
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structures and therefore have a higher effective volume fraction (gerr) than the actual volume
fraction of the dispersed phase (i.e., ¢ef > 10%) (McClements, 2015). The more obvious
shear-thinning behavior of SPI-stabilized emulsions than SPl/alginate dispersions also
proved that flocculation has occurred in SPI-stabilized emulsions. However, the situation is
different for WPI-stabilized emulsions. As discussed in Section 4.3.1.1, WPI has strong
interactions with alginate, probably driven by electrostatic interactions and hydrogen bonds.
After adding oil into WPI/alginate solutions, some of WPI molecules move to the oil/water
interface and then attach to the interface. The attachment of WPI molecules to the oil/water
interface may lead to part of molecule structures attaching into the oil droplets, which leads
to a decreased contact area between WPI and alginate and thus a decreased viscosity (1) of
the continuous phase surrounding the droplets (as shown in Figure 4-5). Therefore, we
hypothesized that the higher viscosity of SPIl-stabilized emulsions than SPI/alginate
dispersions was due to the occurrence of flocculation and the increased effective volume
fraction (¢@err), while the decreased viscosity of the continuous phase (771) was the main
reason leading to the lower viscosity of WPI-stabilized emulsions compared to WPI/alginate

solutions.

Movement to the Attachment to the
oil/water interface interface
@ Globular protein molecules ; Sodium alginate molecules

Figure 4-5. The adsorption of protein/alginate mixtures at the o/w interface (McClements,
2015).
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4.3.2. Properties of alginate-based and protein-stabilized emulsion gel beads

4.3.2.1. Water and oil contents and structures of emulsion gel beads

Table 4-1 shows that SPI-stabilized emulsion gel beads had higher water content than
WPI-stabilized emulsion gel beads, and emulsion gel beads without protein had lowest water
content. If the oil was not lost during gelation, according to the oil content in gel beads, the
water quantity in the gel beads compared to the weight of original emulsions can be
calculated as 38.8 + 3.1, 42.2 + 2.8, and 564 + 5.3 g/100g in original emulsions for
emulsion gel beads without protein, WPI-stabilized emulsion gel beads, and SPI-stabilized
emulsion gel beads, respectively. The results indicate that water loss in emulsion gel beads
without protein, WPI-stabilized emulsion gel beads, and SPI-stabilized emulsion gel beads
during gelation were 50.8 £ 3.1, 45.4 +£ 2.8, and 31.4 £ 5.3 g/100g (p < 0.05), compared to
their original emulsions, respectively. This indicates that both WPI and SPI could prevent
water loss from alginate-based emulsion gel beads during gelation. This was probably
associated with the solubility of proteins and interactions between protein and alginate,
which affected the gelation process, structures and thus water content of alginate-based

emulsion gel beads (Lin et al., 2020a).

Table 4-1. Properties of emulsion gel beads.

Size (mm) Young’s modulus (Pa)
Water il content gz:t(:;l:]etne
content (%) (%) . Theoretical value
(mg/kg) Minor axis Major axis Experimental predicted by the
value
Kerner model

Gel beads without ) 3, | s 95940 0c  [48+10° 33+£01° 35+0.°  219+8 225-234
proteins
WPI-stabilized 731404 238+17° 124+08 35+0.1° 3.6+01>  233+7 305-318
emulsion gel beads
SPl-stabilized 762+13°  179+17° 97+07° 38+0.1° 40£02° 18746 131-136

emulsions gel beads

2 Different lowercase letters indicate significant differences between values in a column (p <

0.05).
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In this study, emulsion gel beads were prepared by the external gelation method, in
which emulsions were dropped into CaCl, solutions. When emulsion drops contact with the
CaCl solution, the surface of drops gelatinizes immediately, and then the gelation process
progresses gradually from the surface to interior of gel beads with the diffusion of Ca?*.
During this process, stretches of alginate monomers interact with Ca**, and the formation of
junctions between them forces water out and leads to shrinkage of gel beads (Rehm, 2009).
When WPI was added into this system, due to the high solubility of WPI, water molecules
may serve as bridges to form hydrogen bonds between polar amino acids of WPI and
residues of alginate molecules, which decreased water loss during gelation and a larger bead
size. However, SPI has lower solubility and less interaction with alginate than WPI, so SPI
may act as barriers to block the gelation process of alginate monomers, which led to weak

gel structures, decreased water loss during gelation, and thus larger bead size as well.

Figure 4-6. CLSM images of (A) gel beads without proteins, (B) WPI-stabilized emulsion
gel beads, and (C) SPI-stabilized emulsion gel beads. Protein and sunflower oil were
stained by red and green, respectively.

Figure 4-6 shows the distribution of protein and oil droplets in emulsion gel beads: more
WPI was distributed in matrices (as seen by a more evenly red background) than SPI, while
SPI tended to self-aggregate around oil droplets. In addition, the deformation and
coalescence of emulsion droplets occurred in all gel beads during gelation, compared to their

original emulsion structures before gelation (Figure 4-1). This was probably because, in
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current study, the emulsion gel matrix structure formed by 0.4% alginate was fragile, and

thus structural collapse occurred during gelation (Lin et al., 2020a).

In addition, Table 4-1 also shows that the oil content of emulsion gel beads without
protein was higher than that of WPI- and SPI-stabilized emulsion gel beads, although the oil
contents in their original dispersions were the same (i.e., 10%, w/w). This was probably
because, when water loss occurs during gelation, the oil content in samples increases
accordingly. Emulsion gel beads without protein lost more water during gelation, so the oil
content in them was higher compared to WPI- and SPI-stabilized emulsion gel beads. This
was also the main reason why gel beads without protein had higher lycopene content

compared to WPI- and SPI-stabilized emulsion gel beads (as shown in Table 4-1).

4.3.2.2. Young’s modulus of emulsion gel beads

The mechanical properties of emulsion gel beads are very important, because they are
closely associated with other properties (e.g., storage stability, oral perception, and
controlled release) and their applications. Many factors can affect the mechanical properties
of emulsion gel beads, such as matrix structure, interactions between matrix and emulsifier-
stabilized droplets, oil type, oil volume fraction, and droplet size (Lin, Kelly & Miao, 2020).
However, the matrix structure may be the most important factor affecting the release of
nutrients encapsulated in emulsion gels during digestion. It has been reported that a denser
WPI-based matrix structure delayed the digestion of lipid encapsulated in emulsion gels
(Guo, Bellissimo, & Rousseau, 2017). In this study, the Young's modulus of emulsion gel

beads was analyzed.

Table 4-1 shows that the Young's modulus of the control sample was higher than that of
SPI-stabilized emulsion gels but lower than that of WPI-stabilized emulsion gels. The
modulus of overall emulsion gels was affected by matrix and filler droplets, according to the

Kerner model modified by Lewis and Nielsen (Kerner, 1956; Lewis & Nielsen, 1970):
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ool _ 15(1 - vin) (M - D)ws +1
G matrix (8 = 10Vm)M + 7 — 5V — (8 — 10Vm) (M — L) ¢

4-7)

where M = m, "set, G'fitler, and G'marix are the modulus of the overall gel, the filler

matrix

droplets and the gel matrix, respectively, w¢r is the effective droplet volume fraction, and v

is the Poisson’s ratio of the gel matrix.

In addition, the modulus of the filler droplets (G'sner = 4y / d) is affected by the surface
tension () and the average diameter (d) of the oil droplets. It can be seen that the modulus of
the overall gel (G'ya) is in direct proportion to the M, wéy, and G'marix. However, it should be
noted that the modified Kerner model is normally used under the assumption that M or

G'marix do not change with changes in other factors (e.g., ¢r) (Lin et al., 2020Db).

According to Eq. (4-7), the theoretical values of G'gel/G'manix 0f alginate-based emulsion
gels were 1.22—1.27 with the assumption that M was 12~70 (Chen & Dickinson, 1998), yér
was 0.1, and v, was 0.5 (Ahearne, Yang, El Haj, Then, & Liu, 2005; Langley & Green,
1989). In contrast, the experimental values of G'marix 0f emulsion gels without protein, and
WPI- and SPI-stabilized emulsion gels (i.e., alginate, alginate/WPI, and alginate/SPI gel
beads) were 184 £+ 15 Pa, 250 = 17 Pa, and 107 &+ 6 Pa, respectively, which indicates that the
presence of WPI led to the formation of alginate gel beads with stronger gel strength than
SPI. Therefore, their experimental values of G'gel/G'marix Were 1.19 + 0.04, 0.93 + 0.03, and
1.75 £ 0.06, respectively. It can be seem that alginate-stabilized emulsion gels without
protein (i.e., the control sample) fitted the modified Kerner model well; however, the
experimental value of G'gel/G'marix for WPI-stabilized emulsion gels was lower than the
theoretical value, and the experimental value of SPI-stabilized emulsion gels was higher than
the theoretical value. The possible reason was that adding oil led to the absorption of protein
from the matrix to the oil/water surface, which resulted in decreased interactions between
WPI and alginate molecules in the matrix, and thus a decreased G'marix of WPI-stabilized

emulsion gels, but led to a less structural obstruction of SPI to the matrix and thus an
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increased G'marix of SPI-stabilized emulsion gels. Therefore, we presume that the presence of
oil in alginate/protein based emulsion gels affected the mechanical properties of overall
emulsion gels, because oil droplets draw proteins from the matrix to the oil/water interfaces,

and thus affects the mechanical properties of alginate/protein-based matrix.

4.3.3. In-vitro digestion behavior of emulsion gel beads containing lycopene

4.3.3.1. Young's modulus, shrinkage, and structure of emulsion gel beads during oral and

gastric digestion

Alginate-based gel beads normally shrink during gastric digestion and swell during
intestinal digestion, probably due to the changes in electrostatic forces in the gel matrix at
different pH and/or the occurrence of ion-exchange at various ionic strength conditions
(Rayment et al., 2009). The shrinkage of beads during gastric digestion can affect the
structural and mechanical properties of beads and thereby their digestion behavior in the
following intestinal digestion. In addition, the zeta potential of WPI and SPI also differs at
different pH values, which may affect the interactions between alginate and protein
molecules. Therefore, it is important to investigate the changes in mechanical properties of

protein/alginate-based emulsion beads during oral and gastric digestion.

Figure 4-7A shows that the Young's modulus of gel beads without protein, WPI-
stabilized emulsion beads and SPI-stabilized emulsion beads at the end of oral digestion
were 1.32, 1.22, and 1.13 times higher than their original Young's modulus before digestion,
respectively. A possible explanation for increased Young's modulus of alginate-based gel
beads during oral digestion is that, the simulated saliva fluid (SSF) contains 13.6 mM
sodium bicarbonate, which may react with calcium ions in alginate-based gel beads (i.e.,
Ca’* + HCO* — CaCOs + H") and thus lead to the dissociation of calcium ions from
alginate multimers and the formation of CaCO3 nanoparticles and hydrogen bonds between

alginate chains (Norton, Frith, & Ablett, 2006). The CaCO3 nanoparticles may also act as
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physical cross-linker between carboxylic groups of alginate (Shen, Nystrom, & Mezzenga,
2017). On the other hand, the presence of proteins in alginate-based emulsion beads led to a
lower change rate of Young's modulus during oral digestion compared to gel beads without
protein, which was probably because the presence of proteins disrupted the gelation process
of alginate during the preparation, and then original gel beads contained higher levels of
water, which led to lower concentrations of calcium ions in the gel matrices (Quong et al.,

1998).

- Gel beads without proteins —&— Gel beads withou proteins
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Figure 4-7. (A) Young's modulus of gel beads without proteins, WPI-stabilized emulsion
gel beads, and SPI-stabilized emulsion gel beads during irn-vitro oral and gastric digestions.
(B) Shrinkage of gel beads without proteins, WPI-stabilized emulsion gel beads, and SPI-
stabilized emulsion gel beads during in-vitro gastric digestions. CLSM images of (C) gel
beads without proteins, (D) WPI-stabilized emulsion gel beads, and (E) SPI-stabilized
emulsion gel beads after in-vitro gastric digestion for 120 min. Protein and sunflower oil
were stained by red and green in CLSM figures D-F, respectively.
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Figure 4-7A also shows that the Young's modulus of gel beads without protein, WPI-
stabilized emulsion beads and SPI-stabilized emulsion beads at the end of gastric digestion
were 1.16, 1.59, and 1.36 times higher than their Young's modulus at the end of oral
digestion, respectively. The further increased Young's modulus of alginate-based gel beads
during gastric digestion probably resulted from the decreased electrostatic forces between
alginate monomers. The pH of digestive juice was maintained at 3.0 during gastric digestion,
and pKa of alginate is at around 3.5 and thus alginate loses its negative charge at lower pH
values (Li et al., 2011). Therefore, alginate monomers with lower charges had less
electrostatic repulsion with each other, and a denser structure formed. On the other hand, the
presence of proteins in alginate-based emulsion beads led to a higher rate of change of
Young's modulus during gastric digestion compared to gel beads without protein. A possible
reason is that the electrostatic attractions between alginate monomers and protein molecules
increased with the decreased pH (from 7.0 to 3.0). The isoelectric point of WPI and SPI has
been reported to be pH 5.0 and 4.5, respectively, and thus proteins should be positively

charged at pH 3.0 during gastric digestion (Fioramonti et al., 2014).

The shrinkage of emulsion gel beads during gastric digestion may also be a critical factor.
As shown in Figure 4-7B, emulsion gel beads without protein shrank by 2.1%, while WPI-
stabilized emulsion beads and SPI-stabilized emulsion beads shrank by 11.9% and 25.9%
after gastric digestion, respectively, compared to their size after oral digestion. This indicates
that the presence of WPI and SPI in alginate-based emulsion gels led to more shrinkage than
gel beads without protein during gastric digestion, probably also due to the electrostatic
attractions between alginate and proteins at pH 3.0. In addition, the size of emulsion gel
beads without protein, WPI-stabilized emulsion beads, and SPI-stabilized emulsion beads
decreased from R'min=3.2 = 0.1 mm and R'max= 3.5 £ 0.2 mm to R'min=3.2 £ 0.1 mm and
R'max=3.4 £ 0.1 mm, from R'yjn=3.3 £ 0.1 mm and R'max=3.4 + 0.1 mm to R'min=3.0 %+ 0.1
mm and R'max = 3.2 £ 0.1 mm, and from R'min= 3.7 £ 0.1 mm and R'max = 3.8 £ 0.1 mm to

R'min=3.1 £ 0.1 mm and R'max = 3.3 £ 0.1 mm, respectively, during gastric digestion. This
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indicates that the presence of WPI and SPI led to smaller size of alginate-based emulsion gel

beads after gastric digestion and thus denser gel structures.

Figures 4-7C-E shows the distribution of protein and oil droplets in emulsion gel beads
after gastric digestion. The coalescence of droplets further increased after gastric digestion,
compared to their original emulsion gel structures (Figure 4-6). There are several likely
reasons for this observation. Firstly, the decreased electrostatic forces between alginate
monomers during gastric digestion may result in a denser structure of gel matrix and thus
force oil droplets to merge together. Secondly, peptic hydrolysis of proteins may have
reduced the stability of emulsion droplets (Liu, Gao, & Yuan, 2015). Thirdly, the decreased
pH values of gel beads may decrease the zeta-potential value of WPI and SPI and lead to
protein aggregation and thus a decreased emulsifying capacity (Bokkhim et al., 2016;

Elizalde, Bartholomai, & Pilosof, 1996).

4.3.3.2. Lycopene release from emulsion gel beads during intestinal digestion

The visual appearance of alginate-based and protein-stabilized emulsion gels (Figure 4-
8) and the release of encapsulated nutrient (i.e., lycopene) from gel beads during intestinal
digestion (Figure 4-9) were studied. Alginate gels normally swell during intestinal digestion,
due to the deprotonation and increased repulsive forces of the uronic acid groups on alginate
at neutral pH above the pKa, and then structural degradation occurs, due to ion-exchange
between Na* ions present in the digestive fluid and Ca?* ions present in gel beads (Bajpai &
Sharma, 2004; Rayment, et al., 2009). As shown in Figure 4-8, structural collapse of gel
beads without proteins, WPI-stabilized emulsion gel beads, and SPI-stabilized emulsion gel
beads occurred at 2-3 h, 4-5 h, and 3-4 h after swelling during intestinal digestion,
respectively. This indicates that the presence of WPI and SPI could slow the swelling
process and thus delay the structural degradation of alginate-based emulsion gel beads

during intestinal digestion, probably because of the denser structures formed by electrostatic
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attractions between negatively charged alginate monomers with positively charged protein

molecules after gastric digestion (as discussed in Section 4.3.3.1).

Gel beads without

proteins

WPI-stabilized

emulsion gel beads

SPI-stabilized
emulsion gel beads

Figure 4-8. Visual appearance of gel beads without proteins, WPI-stabilized emulsion gel
beads, and SPI-stabilized emulsion gel beads during in-vitro intestinal digestion.

Figure 4-9 shows that lycopene release from gel beads without proteins, WPI-stabilized
emulsion gel beads, and SPI-stabilized emulsion gel beads commenced at 2.5-3 h, 4-4.5 h,
and 3.5-4h, respectively, which corresponded with the start point of the structural collapse
of gel beads (Figure 4-8). This indicates that lycopene was released with degradation of
network structures after swelling of gel beads during intestinal digestion. It has been
reported that the encapsulated nutrients can be released from gel beads by two mechanisms:
diffusion through increasingly large pores and/or release following degradation of network
structures during intestinal digestion, which depends on the size of pores in beads and the

size of encapsulated nutrients (George & Abraham, 2006).

In this study, lycopene release was correlated with the release of oil droplets from

emulsion gel beads. The size of oil droplets in gel beads (Figures 4-7C-E) were
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significantly larger than the pores of alginate gel matrices (normally between 5 and 200 nm)
(George & Abraham, 2006). Therefore, lycopene and oil droplets were released from
alginate-based emulsion gel beads due to structural degradation after swelling rather than
during the swelling process. Figure 4-9 also shows that the presence of WPI and SPI in
alginate-based emulsion beads delayed the release of lycopene from beads during intestinal
digestion. This was because the presence of WPI and SPI slowed the swelling process, due
to the denser structures formed after gastric digestion, and thus delayed the structural
collapse. Therefore, it may be assumed that the digestion of gel matrix and the release of
encapsulated nutrients from emulsion beads are affected by not only the gel strength but also

the gel density, the matrix components of gels, and the size of droplets.
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Figure 4-9. Lycopene release from gel beads without proteins, WPI-stabilized emulsion gel
beads, and SPI-stabilized emulsion gel beads during in-vitro intestinal digestion.

4.4. Conclusions

The presence of WPI in alginate-based emulsions resulted in emulsions with higher
viscosity and less flocculation of droplets than emulsions containing SPI, probably because
WPI had better solubility and stronger interactions with alginate than SPI. WPI and SPI
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could prevent water loss from alginate-based emulsion gel beads during gelation, resulting in
lower oil and lycopene contents, compared to gel beads without proteins. The presence of
WPI increased the Young's modulus of gel beads, due to increased Young's modulus of
WPL/alginate complexes-based gel matrix, while the presence of SPI decreased the Young's
modulus because of its low solubility, compared to alginate-based gel beads without proteins.
The presence of proteins (both WPI and SPI) resulted in higher shrinkage rate and
accelerated change in Young's modulus of gel beads during in-vitro gastric digestion, and

led to delayed release of lycopene from gel beads during in-vitro intestinal digestion.

The findings of this study underline the role of different proteins in the properties of
alginate-based emulsions and emulsion gel beads, and the delayed release of lycopene from
gel beads during in-vitro digestion, which makes it possible to design emulsion gel beads
with potential controlled released of functional hydrophobic ingredients by structuring the
gel matrix and the water/oil interfaces with natural polymers (e.g., proteins) instead of
synthetic chemicals (e.g., Tween 20 and Span 80). However, this study mainly focused on
the effect of WPI and SPI on the mechanical and structural properties of alginate-based
emulsion gel beads after gelation and during in-vitro digestion, so further research on the
effect of WPI and SPI on the stability of encapsulated lycopene during storage and the bio-

availability during intestinal digestion is needed.
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CHAPTER FIVE

Effect of pH on Mechanical Properties, Storage Stability and In-
vitro Digestion of Alginate-based and Soy Protein Isolate-stabilized
Emulsion Gel Beads

Chapter 5 has been submitted:

Lin, D., Kelly, A. L., & Miao*, S. (2021). The impact of pH on mechanical properties,
storage stability and digestion of alginate-based and soy protein isolate-stabilized emulsion
gel beads with encapsulated lycopene (submitted to Food Chemistry).

The work contained in this chapter was undertaken and written solely by myself with specific

contributions from each co-author.
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Abstract

In alginate-based emulsion gels containing protein-coated droplets, pH can influence the
gelation mechanism of alginate gels, and interactions between alginate molecules and
protein-coated droplets, and thus properties of emulsion gels. The purpose of this chapter
was to investigate the effect of pH of emulsions (i.e., pH 3-7) on the properties (e.g., droplet
status, surface structures of droplets, mechanical properties, storage stability, digestion
behavior) of alginate-based and soy protein isolate(SPI)-stabilized emulsion gel beads.
Emulsion droplets in alginate/SPI-stabilized emulsions were coated by a single layer of SPI
at pH 6-7 and a double layer of alginate/SPI at pH 3-5. Emulsion droplet flocculation only
occurred in emulsions at pH 7.0. Emulsion gel beads formed at pH 3.0 had lower mechanical
strength, higher storage stability, and faster release of encapsulated lycopene during in-vitro
digestion than those formed at pH 7.0 and 5.0. The findings of this study are important for
structuring emulsion gels by changing the pH of emulsions to achieve controlled release and

improved storage stability of encapsulated compounds.

Keywords: Alginate; Controlled release; Emulsion gel; pH; Soy protein isolate; Surface

structure.
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5.1. Introduction

Emulsions gels are solidified emulsions prepared either by increasing the oil fractions in
emulsions or introducing gelling agents into the continuous phase of emulsions. Emulsion
gels may show higher stability and/or better protective effect on encapsulated food nutrients
than fluid emulsions, due to decreased oil movement and oxygen diffusion within the
systems after turning emulsions into emulsion gels (Lin et al., 2020a). Sodium alginate-
based emulsion gels have received increased interest recently, and they have been used to
encapsulate nutrients, such as linseed oil (Piornos et al., 2017), a-tocopherol (Feng et al.,
2018), p-carotene (Soukoulis et al., 2016), lycopene (Calvo et al., 2017), and D-limonene
(Levi¢ et al., 2015). In addition, alginate gels normally shrink during gastric digestion, due
to the protonation of free carboxylate groups and decreased repulsive forces between
alginate monomers at low pH, and then swell and break during intestinal digestion, due to
ion-exchange between calcium ions in gels and sodium ions in digestive juice. Therefore,
alginate-based emulsion gels can protect encapsulated nutrients during gastric digestion and
control and prolong intestinal release of nutrients (Pasparakis & Bouropoulos, 2006;

Rayment et al., 2009).

In order to enhance the encapsulation efficiency and storage stability of encapsulated
nutrients in emulsion gels, proteins such as whey protein isolate (WPI) and soy protein
isolate (SPI) are often introduced as emulsifiers (Feng et al., 2018; Piornos et al., 2017). For
alginate-based emulsion gels containing protein-coated droplets, pH is an important factor
that affects the structural and mechanical properties of emulsion gels, stability of
encapsulated nutrients, and digestion behavior of emulsion gels, which has rarely been

discussed.

The pH of emulsions can affect not only the gelation mechanism of the alginate-based
gel matrix but also the interactions between alginate molecules and protein-coated droplets.

Sodium alginate forms weak gels by hydrogen bonds when hydrogen ions replace sodium
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ions in alginate molecules under acidic condition (i.e., alginic acid gels). Sodium alginate
can also form gels when calcium ions replace sodium ions (i.e., calcium-induced alginate
gels) (Bennacef et al., 2021). Calcium-induced alginate gels normally have stronger
mechanical properties than alginic acid gels, probably because ionic bonds have higher bond
energy than hydrogen bonds (Caccavo et al., 2018). In addition, alginate is an anionic
polysaccharide, while the electrical potential of protein is associated with the pH of systems
(i.e., cationic protein at pH < the isoelectric point of protein (p/), neutral protein at p/, and
anionic protein at pH > pl). Therefore, alginate molecules and protein-coated droplets show
different electrostatic interactions (i.e., repulsion or attraction) at different pHs, which may

affect properties of emulsion gels (i.e., structure and gel strength).

The pH of emulsion gels can also affect the stability of encapsulated food nutrients (e.g.,
lipids and carotenoids) in emulsion gels mainly through three mechanisms. Firstly, the pH of
emulsions or emulsion gels can affect the solubility of pro-oxidant metals in the continuous
phase (McClements & Decker, 2000). It has been reported that iron is more water-soluble at
lower pHs, and so lipid oxidation is faster at lower pHs (Graf et al., 1984). Secondly, the pH
of emulsions or emulsion gels can affect the electrical potential and/or thickness of
interfacial membrane surrounding the droplets, which can affect the permeation of pro-
oxidants from the continuous phase into droplets (Waraho et al., 2011). It has been reported
that the lipid oxidation of WPI-stabilized emulsions at pH 3.0 was slower than that at pH 7.0,
because of repulsion between positively charged WPI-coated droplets and pro-oxidant
metals at pH 3.0, and attraction between negatively charged WPI-coated droplet and pro-
oxidant metals at pH 7.0 (Donnelly et al., 1998). Thirdly, the pH of emulsions or emulsion
gels can also affect the emulsifying capacities of emulsifiers and thus droplet size (i.e., the
surface area) (McClements & Decker, 2000). It has also been reported that decreased droplet
size could increase the rate of lipid oxidation in emulsions, due to the increased surface area

of droplets exposed to the continuous phase (Gohtani et al., 1999). However, previous
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studies mainly focused on the effect of pH on lipid oxidation in emulsions, while the effect

of pH on the oxidation of encapsulated carotenoids in emulsion gels has rarely been reported.

Therefore, this study investigated the impact of pH of emulsions on properties of
emulsion droplets (i.e., size, structure, and surface charge), the formation of alginate-based
emulsion gel beads, and stability and release of encapsulated nutrients during storage and
digestion. Lycopene was encapsulated in emulsion gels and served as an indicator to test the
effect of pH on the stability and release of encapsulated nutrients in alginate-based and
protein-stabilized emulsion gels during storage and digestion. SPI was used as the emulsifier
in this study to investigate the effect of pH on the interactions between SPI-coated droplets
and an alginate-based continuous phase. SPI is a widely used plant protein in the food
industry, and use of SPI as emulsifiers to replace synthetic compounds and animal proteins

has drawn increased attention in recent years (Kim et al., 2020).

5.2. Materials and methods

5.2.1. Materials

Defatted soy flour (Bob's Red Mill, Milwaukie, Oregon, USA) and sunflower oil (Aldi
Stores Ltd., Kildare, Ireland) were purchased from iHerb and Aldi, respectively. Soy protein
isolate (SPI) was extracted from defatted soy flour, according to the method described by
Urbonaite et al. (2015); the protein content of SPI powder was 96.29 £+ 0.03%. Sodium

alginate (viscosity of 1.0 wt% sodium alginate solution in 0.15 M NaCl at 25°C = 210-340

¢P, M = 69-117 kDa, and M/G = 71/29) was obtained from Special Ingredients
(Chesterfield, UK). Tomato extract containing lycopene (0.059 mg/mg in the tomato extract),
calcium chloride, sodium hydroxide, hydrochloric acid, and other analytical reagents were

purchased from Sigma-Aldrich (St. Louis, MO, USA).
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5.2.2. Preparation of emulsions

The SPI dispersion was prepared by mixing 0.5 g of SPI powder with 94.5 g of
deionized water and stirring at room temperature for 2 h using a magnetic stirrer, and then
the pH of dispersion was adjusted to 7.0 with 0.5 M HCI and NaOH. Sodium alginate
solutions (1.0 wt% in deionized water) were prepared by shearing at 400 rpm for 24 h with a
magnetic stirrer to permit hydration, and then the pH of solutions was adjusted to 7.0 with 1

M HCI and NaOH.

For preparation of SPI-stabilized emulsions, sunflower oil (5.0% in emulsions, w/w) was
mixed with SPI dispersions at 13,000 rpm for 2 min using an Ultra-Turrax (IKA-25, Staufen,
Germany). The resultant emulsions were named as primary emulsions containing 0.5% SPI
and 5.0% oil. The secondary emulsions were then prepared by adding primary emulsions
into 1.0% sodium alginate solutions (1:1, w/w) and stirring at 500 rpm for 5 min using a
magnetic stirrer. The pH of the resulting emulsions was adjusted to 3.0, 4.0, 5.0, 6.0 and 7.0

with 0.5 M HCI and NaOH.

5.2.3. Properties of emulsions

5.2.3.1. Micro-structural analysis

Optical microscopy images of emulsions were recorded using an Olympus BX51 light
microscope with a build-in camera (Olympus Optical Co. Ltd., Tokyo, Japan). Samples were
dropped on a microscope slide, covered with a glass coverslip, and observed using 4x or 10x

objective lens and 10% eyepiece.

5.2.3.2. Zeta potential measurement

The zeta potential of emulsions was measured by particle electrophoresis technology
using a laser particle analyzer (Nano-ZS, Malvern Instruments, Worcestershire, UK), and the

operation temperature was set at 25°C. The refractive index and absorption index of samples
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were set at 1.480 and 0.001, respectively. Samples were diluted to a final oil content of
0.01% (w/w) with ultrapure water (pH adjusted to 3.0-7.0 by 0.1 M HCI and 0.1 M NaOH)
before testing, and the pH of diluted emulsions was adjusted to the pH value of tested

emulsions with 0.5 M HCIl and NaOH.

5.2.3.3. Size distribution measurement

The droplet-size distributions of emulsions were analyzed with a MasterSizer 3000
(Malvern Instruments Ltd., Worcestershire, UK). Samples were added into an automated wet
dispersion unit until the obscuration reached between 1 and 10%. The stirrer speed was set at
1500 rpm, and the refractive index and absorption index of samples were set at 1.480 and

0.001, respectively.

5.2.4. Preparation of emulsion gel beads

The pH of 2% (w/w) CaClz:2H>O solutions was adjusted to 3.0, 5.0, or 7.0 with 1.0 M
HCI and NaOH, which was the same as the pH of secondary emulsions. The secondary
emulsions were then dropped into CaCl,-2H,O solutions by a pipette and allowed to gel for
30 min. Samples were collected and washed with distill water after gelation and analyzed

immediately for measurement of Young's modulus, size, and morphology.

5.2.5. Size and Young's modulus of emulsion gel beads

The gel strength of gel beads were measured by a texture analyzer with a 5-kg load cell
(Stable Micro System, Godalming, UK), according to the method described in our precious
study (Lin et al., 2021). The size (i.e., major (Rmax) and minor (Rmin) axis) of emulsions gel
beads (5 beads in each group) were measured one after another using a vernier calliper
before compression tests were performed with a 10-mm cylinder probe. The maximum strain
and crosshead speed were set at 30% and 0.1 mm/s, respectively. The Young's modulus was

calculated within the 5—15% strain region.
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5.2.6. Encapsulation of lycopene in emulsion gel beads

For preparation of emulsion gel beads containing lycopene, tomato extract containing
lycopene (15 mg/100 g in the primary emulsions) was dissolved in sunflower oil (5 g 0il/100
g in the primary emulsions) at 140°C with stirring for 30 s and then it was cooled down to
room temperature immediately. The primary and secondary emulsions containing lycopene
were then prepared according to the methods as described in Section 5.2.2. In order to
prevent the growth of microorganisms during storage, 0.02% (w/w) sodium azide was added
into the primary emulsions. Emulsion gel beads containing lycopene were then prepared as
described in Section 5.2.4, but only three groups of samples with pH 3.0, 5.0, or 7.0 were

prepared in this section.

5.2.7. Lycopene content measurement

Gel beads with pH of 3.0, 5.0, or 7.0 (1.0 g) were mixed with organic reagents (8.0 mL)
containing hexane, acetone, and ethanol (50 : 25 : 25% v/v) and 0.1% BHT in a screw-cap
tube by a vortex for 1 min. Samples were then left to stand for 24 h. The absorbance of the
upper layer of samples containing lycopene was then measured with a spectrophotometer at

503 nm. Lycopene concentration in gel beads was then calculated by Eq. (5-1):

Lycopene concentration (mg/kg) = (A, x537x8x0.55) +(1.0x172) = A4, x13.74 (5-1)

where 537 g/mole indicates the lycopene molecular weight, 8 mL is the volume of mixed
organic solvents, 0.55 is the volume ratio of upper layer in mixtures after phase separation,
1.0 g is the weight of gel samples, and 172 mM! indicates the extinction coefficient of

lycopene in hexane (Lin et al., 2021).
5.2.8. Storage stability of lycopene
Measurement of storage stability of emulsions gel beads were carried out as described by

Song et al. (2019) and Yi et al. (2016) with some modification. Emulsion gel beads (~ 0.5 g)
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containing lycopene were transferred into screw-cap tubes and stored in an incubator at 25°C
for 15 days in the dark, which were regarded as control samples. The measurement of
stability of lycopene against pro-oxidant metals was carried out by adding 200 uM FeCl; in
secondary emulsions during sample preparation as described in Section 5.2.6 and by
incubating resulted emulsion gel beads at 25°C for 15 days in the dark. Stability of lycopene
against heat was measured by incubating emulsion gel beads at 50°C for 5 days in the dark.
Stability of lycopene against light was measured by incubating emulsion gel beads at 25°C
for 2 days under illumination with a 100 W light bulb. The light intensity on samples was 36
KLux, which was measured by a digital light meter. The remaining lycopene in emulsion gel

beads during storage was extracted and measured as described in Section 5.2.7.

5.2.9. In-vitro digestion

Simulated oral (pH 7.0, 2 min), gastric (pH 3.0, 2 h) and small intestinal (pH 7.0, 6 h)
digestions of emulsion gel beads were performed in this study (Lin et al., 2021; Minekus, et
al.. 2014). Emulsion gel beads (5 g) were mixed with the simulated saliva fluid (SSF)
electrolyte stock solutions (1.50% concentrates, 2.5 mL), CaCl, (final 0.75 mM), water (475
uL) and a-amylase solution (final 75 U/g) at 37°C for 2 min. The oral bolus (~10 g) was
then mixed with the simulated gastric fluid (SGF) electrolyte stock solutions (1.50x
concentrates, 5.0 mL), porcine pepsin stock solution (final 2000 U/g), CaCl, (final 0.075
mM), 1 M HCI (0.5 mL), and water (0.5 mL) at 37°C for 2 h. The gastric chyme (~20 g) was
then mixed with the simulated intestinal fluid (SIF) electrolyte stock solutions (1.50x
concentrates, 10 mL), pancreatin solution (final 100 U/g of trypsin), 25 g/L bile solution (4

mL), CaCl; (final 0.3 mM), 1 M NaOH (0.1 mL), and water (0.9 mL) at 37°C for 6 h.
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5.2.10. Properties of gel beads during digestion

5.2.10.1. Young's modulus and shrinkage measurement during oral and gastric digestion

The Young's modulus of samples during digestion was analyzed as described in Section
5.2.5. In order to measure the shrinkage of gel beads during digestion, the size of five
original gel beads (i.e., Rmax and Rmin) and the size of five gel beads during digestion (i.e.,
R'max and R'min) were measured by a vernier calliper one after another. The section shrinkage

rate of gel beads during digestion was then calculated by Eq. (5-2):

Ry 3-14X®X&—3.14x%x®
Section shrinkage rate (100%) = ——— = 2 2 - 2 2 (52)
AO 3.14 x —max y ~min
2 2

where Ao and A are the cross-section area of original beads before digestion and beads

during digestion, respectively.

5.2.10.2. Lycopene release during intestinal digestion

The intestinal digestive juice was collected and weighted (Wtjuice) after filtration through
gauze. The lycopene concentrations in digestive juice (Cryc.s) and original gel beads (Cryc-B)
were measured by the method described in Section 5.2.7. The release rate of lycopene

(Rretease) was then calculated by Eq. (5-3):

CLyc—1%Wtjyice

Release rates (%) = % 100% (5-3)

CLyc-B*5

where 5 g is the weight of gel samples used for in-vitro digestion.
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5.2.11. Statistical analysis

All measurements were performed on three times and were reported as mean + standard
deviation (SD). Differences between samples were analyzed using analysis of variance and a

t-test, and p < 0.05 was regarded as statistically significant.

5.3. Results and discussion

5.3.1. Effect of pH on the properties of alginate/SPI-stabilized emulsions

5.3.1.1. Zeta-potential of emulsion droplets

In order to clarify the effect of pH on structural properties and surface charge of
alginate/SPI-stabilized emulsions, SPI-stabilized emulsions (i.e., primary emulsions) were
compared to alginate/SPI-stabilized emulsions (i.e., secondary emulsions) at pH 3.0-7.0. As
shown in Figure 5-1A, the surface charge of primary emulsions changed from negative

(zeta-potential of —34 + 2 mV at pH 7.0) to positive (zeta-potential of +29 + 3 mV at pH

3.0) when pH of emulsions decreased from 7.0 to 3.0, and the electrically neutral point of
primary emulsions was at pH 4.0-5.0. This was associated with the zeta-potential of SPI at
different pHs. The p/ of SPI is pH 4.5, and thus SPI is positively charged at pH < p/ and

negatively charged at pH > p/ (Malhotra & Coupland, 2004).
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Figure 5-1. (A) Zeta potential, (B) droplet size and (C) microscopic structures of primary
emulsions (i.e., SPI-stabilized emulsions) and secondary emulsions (i.e., alginate/SPI-
stabilized emulsions) at pH 3.0-7.0. The symbols (* or #) indicate significant differences
between primary and secondary emulsions (p < 0.01).

Figure 5-1A also shows that all secondary emulsions (i.e., alginate/SPI-stabilized
emulsions) were negatively charged at pH 3.0-7.0. It can also be seen that primary
emulsions and secondary emulsions had similar surface charge at pH 7.0, which indicates
that there were not alginate molecules adsorbed at the surfaces of SPI-coated droplets in
secondary emulsions at pH 7.0, because both alginate molecules and SPI-coated droplets
carry strongly negative charges at pH 7.0 (Loosli et al., 2015; Zhang et al., 2015). However,
secondary emulsions were more negatively charged than primary emulsions at pH 5.0-6.0
(Figure 5-1), which indicates that some alginate molecules were adsorbed at the surfaces of
SPI-coated droplets in secondary emulsions, although both alginate molecules and SPI-
coated droplets were negatively charged at pH 5.0-6.0. A possible reason for this was that

the surface charge of SPI-coated droplets and alginate molecules decreased when decreasing
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pH from 6.0 to 5.0 (Loosli et al., 2015), and the repulsive force between SPI-coated droplets
and alginate molecules thus decreased. Therefore, alginate molecules could approach SPI-
coated droplets and adsorb at the surfaces of SPI-coated droplets through inter-molecular
hydrogen bonds between proteins and alginate and/or weak electrostatic attractions between
carboxylic anionic groups of alginate and cationic groups of proteins, although both of them
are negatively charged (Erben et al., 2019; Yang et al., 2016). In addition, positively charged
primary emulsions changed into negatively charged secondary emulsions at pH 3.0-4.0,
which indicates that alginate molecules were adsorbed at the surfaces of oppositely charged

SPI-coated droplets through electrostatic attraction.

5.3.1.2. Droplet size and structure of emulsions

The surface charge of protein-stabilized emulsions significantly affects the emulsion
stability and the state of emulsion droplets (i.e., unflocculated droplets and droplet
flocculation), so the effect of pH on microscopic structures and droplet size of SPI-stabilized
emulsions (i.e., primary emulsions) and alginate/SPI-stabilized emulsions (i.e., secondary
emulsions) at pH 3.0-7.0 was further investigated (Figures 5-1B and 5-1C). As shown in
Figure 5-1C, unflocculated emulsion droplets were evenly distributed in primary emulsions
at pH 3.0, 6.0 and 7.0, because of strong electrostatic repulsion between SPI-coated droplets
at pHs away from the p/ of SPI (Figure 5-1A), but droplet flocculation occurred in primary
emulsions at pH 4.0 and 5.0 (near the p/ of SPI), due to the decreased surface charges and
electrostatic repulsion of SPI-coated droplets (Figure 5-1A) (Dickinson, 2010). This was
also the reason for increased droplet size in primary emulsions at pH 4.0 or 5.0, compared to

that at pH 3.0, 6.0 or 7.0 (Figure 5-1B).

Figure 5-1B and 5-1C also show that unflocculated emulsion droplets were evenly
distributed in secondary emulsions with similar droplet size at pH 3.0-6.0, due to strong
electrostatic repulsion between alginate/SPI-stabilized emulsions (Zhang et al., 2015). This
also indicates that the presence of alginate molecules in SPI-stabilized emulsions could
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prevent droplet flocculation at pH 4.0-5.0 (near the p/ of SPI) when comparing the
microscopic structures of primary and secondary emulsions (Figure 5-1C), because of
increased surface charge of droplets after absorption of alginate molecules at the surfaces of
SPI-coated droplets (Figure 5-1A). Similar results have been reported, where alginate/f-
lactoglobulin-stabilized emulsions showed better stability than pS-lactoglobulin-stabilized
emulsions at pH 5.0, due to increased electrostatic and steric repulsion between fS-
lactoglobulin-coated droplets after absorption of anionic alginate molecules at around the p/

of f-lactoglobulin (Harnsilawat et al., 2006).

However, droplet flocculation occurred in secondary emulsions at pH 7.0, which differed
from the state of emulsion droplets (i.e., unflocculated emulsion droplets) in primary
emulsions at pH 7.0. This was probably because both alginate molecules and SPI-coated
droplets were strongly negatively charged at pH 7.0, which led to depletion flocculation (Liu
et al., 2012). However, Figure 5-1C shows that secondary emulsions at pH 7.0 had similar
droplet size to that at pH 3.0-6.0. This was probably because depletion flocculation in
secondary emulsions at pH 7.0 could not be detected by the measurement method used in
this study. Emulsions were diluted during testing by adding emulsions into sample
dispersion units containing distilled water and then electrostatic repulsion between alginate
molecules and SPI-coated droplets decreased and depletion flocculation was not present

during testing.

The above results indicate that the presence of alginate could change positively charged
SPI-stabilized emulsions into negatively charged alginate-SPI-stabilized emulsions at pH
3.0-4.0 and prevent flocculation of SPI-stabilized emulsions at pH 4.0-5.0 (near the p/ of
SPI) but promote depletion flocculation of SPI-stabilized emulsions at pH 7.0. In addition, it
has been indicated that the electrostatic interactions between polysaccharide molecules and
protein-coated droplets and the state of emulsion droplets in emulsions may affect the

mechanical properties of emulsion gels (Lin et al., 2020). Therefore, further research on the
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effect of pH on the formation and mechanical properties of alginate-based emulsion gels

containing SPI-coated droplets was carried out at pH 3.0, 5.0 and 7.0.

5.3.2. Effect of pH on mechanical properties of alginate-based emulsion gel beads

The modulus of emulsion gels is determined by the modulus of matrix and filler droplets,

according to the Kerner model (Kerner, 1956):

— 151- H( -1 +1
(8-10 ) +7-5 -(8—10 )( -1

where =

(5-4)

, and G'eel, G'jitter, and G'masic are the shear modulus of the overall gel, the

filler droplets and the gel matrix, respectively, ¢, is the actual droplet volume fraction, and v,

is the Poisson’s ratio of the gel matrix. Table 5-1 shows that alginate-based emulsion gel

beads at pH 5.0 had higher Young's modulus than those at pH 7.0 and 3.0. The main reason

for this was that G'uanix values of alginate-based emulsion gel beads at pH 5.0 were higher

than those at pH 7.0 and 3.0 (Table 5-1).

Table 5-1. Size and Young's modulus of emulsion gel beads (containing 0.5% alginate,
0.25% SPI and 2.5% oil) and alginate/SPI-based hydro-gel beads (containing 0.5% alginate

and 0.1% SPI).

Emulsion gel beads

Alginate/SPI hydro-gel beads

Size (mm) Young's modulus (Pa) Size (mm)
Young's
Minor axis Major axis Experimental - Theoretical Minor axis Major axis modulus (Pa)
value value
pH3.0 3.8+0.2° 4.1+0.1° 76+ 7 115-116 34+02°  40+03° 110£7°
pHS5.0 32+0.1° 33+0.12 266 £ 12¢ 235-237 3.3+0.12 3.5+0.22 224 £11¢
pH7.0 3.1+0.1° 33+0.1° 219 £ 6° 184-185 34+0.1° 3.5+0.12 175+ 6°

2 Different lowercase letters indicate significant differences between values in a column (p <

0.05).
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In this study, emulsion gel beads were prepared from secondary emulsions which were
prepared by mixing 1.0% alginate solutions with primary emulsions containing 0.5% SPI
and 5.0% oil (1:1), so secondary emulsions contained 0.5% alginate, 0.25% SPI and 2.5%
oil. SPI was used as emulsifiers in this study, and some SPI molecules could be adsorbed at
the O/W interfaces, but some unadsorbed SPI was presumably remained in the continuous
phase, which could also affect G'yaix Of alginate-based emulsion gel beads (Lin et al., 2021).
The content of unadsorbed SPI (i.e., 0.1 wt%) in the continuous phase was measured by the
method described by Ye (2008). Table 5-1 shows that alginate/SPI-based hydro-gel beads at
pH 5.0 had higher modulus than that at pH 7.0, probably because, although both alginate/SPI
hydro-gel beads at pH 5.0 and 7.0 were Ca?*-cross-linked gels, parts of carboxylic anionic
groups of alginate molecules were protonated and more hydrogen bonds formed at pH 5.0
than pH 7.0 (Zazzali et al., 2019). However, alginate gels which formed at pH 3.0 may be
alginic acid gels rather than Ca?"-cross-linked gels, which led to decreased modulus of
alginate/gel hydro-gels at pH 3.0 compared to pH 5.0 and 7.0. It has been reported that
alginic acid gels have lower modulus than Ca’*-cross-linked alginate gels (Draget et al.,
20006), probably because the formation of alginic acid gels was based on decreased solubility
of the protonated carboxylic groups in an aqueous medium and weak hydrogen bonds
between chains while, in Ca**-cross-linked gels, the divalent metallic cations cross-link the

polymers, forming a compact interconnected network (Ching et al., 2017).

In addition, the theoretical values of G'gel/G'manix Of alginate-based emulsion gels were
1.05-1.06, under the assumption that M was 12—70, ¢, was 0.025, and v, was 0.5, according
to the Kerner model (Lin et al., 2021). The theoretical values of G'eel/G'maric Of alginate-
based emulsion gels at pH 7.0, 5.0 and 3.0 presented in Table 5-1. It can be seen that
experimental values of G'eel/G'marix Of alginate-based emulsion gels at pH 7.0 and 5.0 were
higher than their theoretical values. This was probably because droplet flocculation occurred
in secondary emulsions at pH 7.0 (Figure 5-1C), which increased the actual droplet volume

fraction and thus values of G'eel/G'marix (Lewis & Nielsen, 1970). Meanwhile, SPI-coated
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droplets could interact with the alginate-based gel matrix through intermolecular hydrogen
bonds between proteins and alginate and/or weak electrostatic attractions at pH 5.0 (Figure
5-1A), which increased the value of M (i.e., G'fiuter/G marix). However, the experimental
values of G'ee/G'maric Of alginate-based emulsion gels at pH 3.0 were lower than their
theoretical values, probably because the presence of oil droplets obstructed the formation of

structures of hydrogen bond-cross-linked alginic acid gels.

5.3.3. Effect of pH on storage stability and in-vitro release of encapsulated lycopene

5.3.3.1. Storage stability of lycopene

Figure 5-2A shows that emulsion gel beads at pH 7.0, 5.0 and 3.0 showed 63 + 3%, 56 +
5% and 69 £ 4% of lycopene retention, respectively, after storage for 15 days at 25°C in the
dark. According to free radical theory, the mechanism of carotenoid degradation is the

interactions between carotenoid molecules and reactive peroxyl radicals (i.e., ROO ) and/or
unsaturated lipid radicals (i.e., LOO ) (Bonne, 1999). It has been reported that lipid stability

in emulsions can be affected by many factors, such as droplet characteristics (i.e., size,
concentration, physical state, and chemical structures of lipids), interfacial characteristics
(i.e., electrical charge, physical and chemical barriers), oxygen concentration, presence of
antioxidants, and interactions between lipids and components in the aqueous phase

(McClements & Decker, 2000).

In this study, the surface structure of droplets at different pHs may be the main reason
leading to different lycopene stability during storage. At pH 3.0, emulsion droplets were
coated by a double layer of emulsifiers as shown in Figure 5-3 (i.e., a positively-charged
SPI-based inner layer and a negatively-charged alginate-based outer layer) as discussed in
Section 5.3.1.1. The negatively-charged outer layer can attract pro-oxidant metals present in
the gel matrix, but the positively charged inner layer can repulse pro-oxidant metals and thus

decrease metal-lipid interactions and the degradation of encapsulated lycopene. In addition,
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the positively charged inner layer may also attract reactive peroxyl radicals (i.e., ROO ) and

thus decelerate the propagation step of lipid and lycopene oxidation.

Lycopene retention C/C (%)

3 6 9 12 15
Storage Time (days)

Lycopene retention C/C_ (%)

20

100

Lycopene retention C/C (%)

Storage Time (days)

Lycopene retention C/C_ (%)

12 24 36 48 60
Storage Time (hour)

Figure 5-2. Lycopene retention in emulsion gel beads (A, C, and D) without adding FeCls or
(B) with 200 uM FeCls at pH 7.0 (solid circles with solid lines), 5.0 (open circles with
dashed lines), and 3.0 (solid squares with dotted lines) during storage. Samples were stored
at (A and B) 25°C and darkness, (C) 50°C and darkness, or (D) 25°C and illumination (36

KLux).

At pH 5.0, emulsion droplets were also coated by a double layer of emulsifiers, but both

the SPI-based inner layer and alginate-based outer layer were negatively charged (Figure 5-

3). Therefore, pro-oxidant metals could be attracted onto the droplet surfaces and trigger

lipid and lycopene oxidation, and emulsion gel beads at 5.0 thus exhibited lower lycopene
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retention than those at pH 3.0 during storage. At pH 7.0, emulsion droplets were only coated
by a single layer of negatively-charged SPI molecules (Figure 5-3), so pro-oxidant metals
could be easily attracted onto the droplet surfaces. However, emulsion gel beads at 7.0
exhibited higher lycopene retention than those at pH 5.0 during storage. This was probably
because droplets at pH 5.0 were more negatively charged than those at pH 7.0 (Figure 5-1A),
due to the absorption of alginate molecules at the droplet surfaces at pH 5.0, which led to

higher attraction to pro-oxidant metals than those at pH 7.0.
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Figure 5-3. A proposed surface structures of emulsion droplets in alginate/SPI-stabilized
emulsion gel beads at pH 7.0, 5.0, and 3.0.

Figure 5-2B shows that introducing 200 uM Fe’* into gel beads accelerated lycopene
degradation in emulsion gel beads during storage compared to the control samples (Figure
5-2A), but gel beads at pH 3.0 exhibited a lower acceleration rate than those at pH 7.0 and
5.0, probably because the positively charged SPI molecules on the droplet surfaces at pH 3.0
repulsed pro-oxidant metals and thus decreased the metal-lipid interactions. In addition,
heating at 50°C (Figure 5-2C) or exposure to light (Figure 5-2D) could also accelerate
lycopene degradation in emulsion gel beads during storage compared to the control samples,

and emulsion gel beads at pH 5.0 still showed lower lycopene retention compared to gel
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beads at pH 3.0 and 7.0, probably because of the higher surface charge of droplets at pH 5.0

than those at pH 3.0 and 7.0. (Figure 5-1A).

5.3.3.2. In-vitro release of lycopene

Alginate-based emulsion gel beads can shrink during gastric digestion, which results in
increased mechanical strength and denser structures, and then they can swell and break
during intestinal digestion and release encapsulated nutrients by diffusion through
increasingly large pores and/or following degradation of network structures (Lin et al., 2021).
Therefore, the visual appearance (Figure 5-4A), Young's modulus (Figure 5-4B), and
shrinkage (Figure 5-4C) of emulsion gel beads, and lycopene release (Figure 5-4D) from

gel beads with different pH values during in-vitro digestion were further studied.
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Figure 5-4. (A) Visual appearance of emulsion gel beads (containing 0.5% alginate, 0.25%
SPI, and 2.5% oil) at pH 7.0, 5.0, and 3.0 during in-vitro digestion. (B) Young's modulus and
(C) shrinkage of emulsion gel beads at pH 7.0 and 5.0 during in-vitro oral and gastric
digestion. (D) Lycopene release from emulsion gel beads at pH 7.0, 5.0, and 3.0 during in-
vitro intestinal digestion.
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Figure 5-4A shows that emulsion gel beads at pH 3.0 were disrupted partially during
oral and gastric digestion, probably due to their weak mechanical properties and the
influence of stirring during in-vitro digestion. In contrast, emulsion gel beads at pH 5.0 and
7.0 could maintain their structures, due to their higher Young's modulus (Table 5-1). Figure
5-4B shows that the Young's modulus of emulsion gel beads at pH 5.0 and 7.0 increased
during oral and gastric digestion, probably due to the interactions between calcium ions in
gel beads and sodium bicarbonate which diffused from the simulated saliva fluid into gel
beads during oral digestion (Lin et al., 2021; Norton et al., 2006) and the decreased
electrostatic forces between alginate monomers at pH 3.0 during gastric digestion (Li et al.,
2011). This could also lead to the shrinkage of gel beads during gastric digestion. Figure 5-
4C shows that gel beads at pH 7.0 and 5.0 shrank by 20 + 3% and 24 + 4% after gastric

digestion, respectively, compared to their original size before digestion.

Figure 5-4D shows the lycopene release from gel beads at pH 7.0, 5.0 and 3.0 during
intestinal digestion (i.e., the movement of lycopene from emulsion gel beads to the digestive
juice, along with the movement of emulsion droplets). It could be seen that gel beads at pH
3.0 could release lycopene from O—1 h during intestinal digestion, due to the structural
degradation of gel beads (Figure 5-4A), which resulted from the ion-exchange between Na*
ions present in the digestive fluid and Ca?" ions present in gel beads (Bajpai & Sharma, 2004;
Rayment et al., 2009). The lycopene content in digestive fluid decreased after 1 h during
intestinal digestion, probably because the presence of enzymes and pro-oxidant metals in the
digestive fluid promoted the degradation of lycopene. Similar results have been previously
reported, where 20% of lycopene was lost during the gastric and duodenal digestion of
lycopene-containing oleoresin (Kopec et al., 2017). In addition, lycopene did not release
from gel beads at pH 5.0 and 7.0 during intestinal digestion (Figure 5-4D). This was
probably because 0.5% alginate-based gel beads had strong gel structures at pH 5.0 and 7.0,
and gel beads shrank during gastric digestion, leading to denser structures, which slowed the

swelling process and thus delayed the structural degradation of alginate-based emulsion gel
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beads during intestinal digestion. Figure 5-4A also shows from visual appearance that gel

beads at pH 5.0 and 7.0 swelled but did not break during intestinal digestion.

In order to compare the effect of pH (i.e., 5.0 and 7.0) of gel beads on the release of
lycopene from gel beads during in-vitro digestion, the alginate content of gel beads was
reduced from 0.5% to 0.36% and the oil content of gel beads was increased from 2.5% to
5.0%. The visual appearance (Figure 5-5A), Young's modulus (Figure 5-5B), and lycopene
release (Figure 5-5C) from gel beads containing 0.36% alginate and 5.0% oil at pH 5.0 and

7.0 during in-vitro digestion were then further studied.
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Figure 5-5. (A) Visual appearance of emulsion gel beads (containing 0.36% alginate, 0.5%
SPI, and 5.0% oil) at pH 7.0 and 5.0 during in-vitro digestion. (B) Young's modulus of
emulsion gel beads at pH 7.0 and 5.0 during in-vitro oral and gastric digestion. (C) Lycopene
release from emulsion gel beads at nH 7.0 and 5.0 durine in-vitro intestinal digestion.

As shown in Figure 5-5A, structural collapse of gel beads at pH 5.0 and 7.0 occurred 3—
4 h and 2-3 h after swelling during intestinal digestion, respectively. This indicates that

emulsion gel beads at pH 5.0 had slower swelling process and thus delayed structural
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collapse during intestinal digestion compared to pH 7.0, probably because gel beads at pH
5.0 had stronger mechanical properties than those at pH 7.0. As shown in Figure 5-5B, the
Young's modulus of emulsion gel beads at pH 5.0 and 7.0 increased during oral and gastric
digestion, and gel beads at pH 5.0 had higher Young's modulus at the end of gastric
digestion than those at pH 7.0. In addition, Figure 5-5C shows that the lycopene release
from gel beads at pH 5.0 and 7.0 commenced at 3-3.5 h and 2.5-3 h, respectively, during
intestinal digestion. This corresponded with the start point of the structural collapse of gel
beads (Figure 5-5A). This indicates that lycopene was released with degradation of network
structures after swelling of gel beads during intestinal digestion, and that stronger structures

could delay the structural collapse and lycopene release during intestinal digestion.

5.4. Conclusions

The droplet states and surface structures of emulsion droplets, mechanical properties of
gel beads, and storage stability and in-vitro release of encapsulated nutrients in alginate-
based and SPI-stabilized emulsion gel beads can be influenced by the pH of emulsions. The
droplets in secondary emulsions (i.e., alginate/SPI-stabilized emulsions) were coated by a
single layer of SPI molecules at pH 7.0, and depletion flocculation in secondary emulsions
only occurred at pH 7.0. The droplets in secondary emulsions were coated by a double layer
of negatively charged SPI molecules and negatively charged alginate at pH 5.0 and a double
layer of positively charged SPI molecules and negatively charged alginate at pH 3.0.
Emulsion gel beads at pH 5.0 had the highest Young's modulus, and gel beads at pH 3.0 had
the lowest Young's modulus among gel beads at pH 7.0, 5.0 and 3.0. Lycopene which was
encapsulated in emulsion gel beads at pH 3.0 had higher storage stability and less delayed
release during in-vitro digestion than those at pH 7.0 and 5.0. These results are important for
designing alginate-based and protein-stabilized emulsion gel beads to encapsulate, store, and

release lipid-soluble nutrients.
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CHAPTER SIX

Formation, Suspension Rheology, and Application of Alginate-based
Emulsion Micro-gel Particles produced by an External/Internal
O/W/O Emulsion-gelation Method
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Abstract

Alginate-based emulsion gels can be used as fat replacers and encapsulation materials,
but studies on emulsion micro-gel particles and nano-gel particles have rarely been reported,
compared to bulk emulsion gels and emulsion macro-gel beads. This chapter investigated
external/internal O/W/O emulsion-gelation methods for preparation of alginate-based
emulsion micro-gel particles. The size, micro-structure, rheological properties and in-vitro
digestion of emulsion micro-gels prepared by external/internal methods were compared.
External gelation under mild stirring could produce emulsion micro-gels with small size (<
100 um), while emulsion micro-gels prepared by internal gelation had bigger size and a
more narrow size distribution. The suspensions of emulsion micro-gels prepared by external
gelation had higher ¢, ¢;, G', and G" values than those prepared by internal gelation.
Emulsion micro-gel particles swelled during intestinal digestion, but those prepared by
external method were collapsed more rapidly than those prepared by internal method.
Structuring emulsion gel beads by introducing emulsion micro-gel particles was also
investigated. The presence of emulsion micro-gel particles prepared by external gelation
increased the Young's modulus of gel beads and delayed their structural collapse and thus
delayed release of encapsulated lycopene during intestinal digestion. The results of this
study are critical for preparation and applications of alginate-based emulsion micro-gel
particles prepared by external/internal O/W/O emulsion-gelation methods in the food

industry.

Keywords: Alginate gel; Digestion; Emulsion micro-gel particle; Suspension rheology;

External/internal gelation.
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6.1. Introduction

Alginate-based emulsion gels have received increased interest in the food industry
recently, as they can be used as fat replacers (Yang et al., 2020) and encapsulation materials
for oil-soluble compounds, such as f-carotene (Soukoulis et al., 2016) and lycopene (Celli et
al., 2016). Alginate-based emulsion gels offer many advantages, such as mild gelation and
encapsulation process (Catarina et al., 2006), high stability of encapsulated compounds
during food processing, storage and gastric digestion (Bokkhim et al., 2016), and controlled

release of encapsulated compounds during intestinal digestion (Burey et al., 2008).

There are two kinds of alginate-based emulsion gels, according to their morphological
properties: bulk emulsion gels and emulsion gel beads/particles (Lin et al., 2020). In addition,
according to the size of alginate gel beads/particles, they can be further divided into three
categories: macro-gel beads (> 1 mm), micro-gel particles (from 0.2 to 1,000 xm), and nano-
gel particles (< 0.2 um) (Ching et al., 2017). Different physical properties are emphasized
for different emulsion gels (i.e., the importance of mechanical and release properties for bulk
emulsion gels, mechanical properties and pH-sensitivity for emulsion macro-gel beads, and
rheology and pH-sensitivity for emulsion micro-gel/nano-gel particles (Lin, et al., 2020).
However, most previous studies focused on bulk emulsion gels and emulsion macro-gel
beads, so further researches on emulsion micro-gel particles and emulsion nano-gel particles

are needed.

Two methods have been reported to produce alginate-based emulsion micro-gel particles:
the spray aerosol method and the emulsification technique (Ching et al., 2016; Ribeiro et al.,
1999). A special setup is needed to prepare micro-gel particles by the spray aerosol method,
in which emulsions containing alginate are sprayed from the top of the setup and CaCl,
solutions are spayed from the bottom of the setup using pneumatic nozzles driven by
compressed air. The mist of emulsions and CaCl, solutions contact in the chamber of the

setup and then emulsion micro-gel particles form (Ching, et al., 2017). Compared to the
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spray aerosol method, the emulsification technique is a simpler and more economic method,
and it also has the potential to be used in industrial-scale. In this method, primary O/W
emulsions containing alginate are dispersed in an oil phase by homogenization to form
secondary O/W/O emulsions (i.e., the emulsification step), and then the gelling agents
(divalent cations) are slowly introduced with stirring to form emulsion micro-gel particles

(i.e., the gelation step) (Ribeiro, et al., 1999).

The emulsion-gelation technique includes external and internal gelation methods.
Calcium chloride is often used as the gelling agent in external gelation. In contrast, in
internal gelation, calcium carbonate is added into primary emulsions and then an acid is
introduced as the gelling agent into secondary emulsions to liberate Ca?>" and trigger the
progressive gelation of emulsion micro-gel particles (Figure 6-S1). Internal gelation has
been reported to prepare emulsion micro-gel particles, in which chitosan-coated alginate
micro-spheres containing soya oil were investigated (Ribeiro et al., 1999). However,
external gelation has rarely been reported to prepare alginate-based emulsion micro-gel
particles. It is well known that alginate-based gels produced by external or internal gelation
may have different properties. It has been reported that alginate-based macro-gel beads
prepared by internal gelation had faster release rate of acetaminophen than beads prepared
by external gelation (Chan et al., 2006). It has also been indicated that alginate-based hydro-
micro-gel particles prepared by internal gelation had looser gel structures with bigger pore
sizes and a faster diffusion rate of haemoglobin into particles than those prepared by external
gelation (Liu et al., 2002). Therefore, we predicted that emulsion micro-gel particles
prepared by external or internal methods may also have different properties (i.e.,

morphology, rheology and swelling).

It is known that Ca?*-cross-linked alginate gels show pH-dependent swelling, which is
closely associated with the release of encapsulated drugs/compounds from alginate gels
during swelling (Amiri et al., 2017; Bajpai & Sharma, 2004). Alginate gels can swell at

neutral/alkaline conditions, because of the increased repulsive forces at pH values above the
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pKa of the uronic acid groups of alginate molecules and/or structural disintegration of Ca**-
cross-linked networks (Lin et al.,, 2021a; Mongar & Wassermann, 1949). The swelling
properties of alginate hydro/emulsion micro-gels have been widely investigated (EI-

Sherbiny et al., 2011; Gémez-Mascaraque et al., 2019).

In contrast, rheology of alginate hydro/emulsion micro-gel suspensions has rarely been
reported, although suspension rheology of soft micro-gel particles is critical in the
determination of flow behavior and modulus of micro-gel particles. Particle suspensions
may show viscous liquid-like behavior, viscoelastic liquid-like behavior or viscoelastic
solid-like behavior depending on the phase volume (¢) of particles in suspensions. When ¢ is
below the random close packing fraction (¢.), particle suspensions are purely viscous with
no measurable viscoelasticity (i.e., the regime ). However, when ¢ is above ¢,., but below
the jamming fraction (¢), the suspensions become shearing and viscoelastic with a
measurable storage modulus (G') less than the loss modulus (G") (i.e., the regime II). Finally,
when ¢ is above ¢, particle suspensions show viscoelastic solid-like behavior (e.g., the
regime III) where G' becomes higher than G" because micro-gel particles pack closely and

form a weakly elastic network (Dickinson, 2015; Shewan & Stokes, 2013).

In terms of application of emulsion micro-gel particles in the food industry, previous
studies mainly focused on the encapsulation of lipophilic compounds (e.g., flavors, essential
oils, vitamins and fatty acids) in micro-gel particles for their targeting delivery in the
digestive tract (Shewan & Stokes, 2013; Torres et al., 2016 ). For example, it has been
reported that 85% of encapsulated dye (i.e., Sudan orange G) in alginate-based emulsion
micro-gels were rapidly released within 15 min during intestinal digestion, while 35% of
encapsulated dye in micro-gels coated by chitosan were slowly release within 2 h during
intestinal digestion (Ribeiro et al., 1999). In addition, micro-gels can also been used as
structuring agents to form gel-in-gels, which has drawn increased concerns in recent years
(Husman et al., 2020; Liu et al., 2008). For instance, a microgel-in-bulk gel system was

reported by Zhu et al. (2016), in which bone morphogenetic protein-2 (BMP-2) was
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encapsulated in alginate-based micro-spheres, and then alginate micro-spheres were
embedded into chitosan/dextran- polylactide/glycerophosphate-based bulk hydro-gels with

the property of continuous release of BMP-2 from gels.

However, previous studies mainly focused on microgel-in-hydrogel systems and release
of encapsulated compounds from the inner sections (i.e., micro-gels) of microgel-in-gel
systems. In this study, we will further explore the effect of the presence of micro-gel
particles on the properties (i.e., mechanical and digestive behavior) of emulsion macro-gels
and thus the release of encapsulated lipophilic nutrients from the outer sections (i.e., macro-

gels) of microgel-in-gel systems during digestion.

The purpose of this study was therefore to compare the morphology, suspension
rheology and digestion behavior of alginate-based emulsion micro-gel particles produced by
an external or internal O/W/O emulsion-gelation method. In addition, an example of
application of micro-gel particles in the formation of gel-in-gel beads was discussed.
Lycopene was encapsulated in emulsion macro-gel beads and served as an indicator to test
the effect of micro-gel particles prepared by different gelation methods on the release of

encapsulated nutrients in alginate-based emulsion macro-gel beads during digestion.

6.2. Materials and methods

6.2.1. Materials

Sunflower oil (Aldi Stores Ltd., Kildare, Ireland) and sodium alginate with M of 69—
117 kDa (Special Ingredients, Chesterfield, UK) were purchased from local markets. Soy
protein isolate (SPI) was prepared according to our previous study (Lin et al., 2019). D-(+)-
gluconic-d-lactone (GDL), calcium carbonate, calcium chloride, Tween 80, Span 80, sodium
hydroxide, hydrochloric acid, and other analytical reagents were purchased from Sigma-

Aldrich (St. Louis, MO, USA).
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6.2.2. Preparation of emulsion micro-gel particles

Sodium alginate solutions (2.0%, w/w) were prepared with deionized water by shearing
at 400 rpm for 30 min and then resting for 24 h at 4°C. For preparation of coarse emulsions,
SPI powder (2.0 wt%) was mixed with deionized water (78 wt%) by stirring at room
temperature for 2 h, and then sunflower oil (20 wt%) was mixed with above dispersions at
16,000 rpm for 2 min with an Ultra-Turrax (IKA-25, Staufen, Germany). The primary
emulsions (i.e., O/W emulsions containing alginate) were then prepared by mixing the above
coarse emulsions with 2.0% sodium alginate solutions (1:3, w/w) at 14,000 rpm for 2 min
with an Ultra-Turrax. For the preparation of secondary emulsions (i.e., O/W/O emulsions),
Span 80 (2.0 wt%) was mixed with sunflower oil (78 wt%) by stirring at room temperature
for 5 min using a magnetic stirrer, and then primary emulsions (20 wt%) were mixed with

above oil phase by stirring at 800 rpm.

External gelation was carried out by adding 1.0% CaCl,:2H>O solutions into secondary
emulsions (1:5, w/w) and stirring at 1000 rpm for 30 min using a magnetic stirrer. For
preparation of micro-gel particles by internal gelation, CaCO3; was added into coarse
emulsions (1:20, w/w) in advance during emulsion preparation, and then 4.0% GDL
solutions were added into secondary emulsions (1:5, w/w) and stirring at 1000 rpm for 30
min using a magnetic stirrer (Figure 6-S1). After gelation, above resultant dispersions
containing particles were added into deionized water (1:5, w/w) and mixed at 500 rpm for 2
min using a magnetic stirrer. The mixtures were left to stand for 2 h, and the oil cream on the
top of mixtures was removed and the sediment of emulsion micro-gel particles were

collected by filtration and washed twice by deionized water.
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6.2.3. Properties of emulsion micro-gel particles

6.2.3.1. Morphological analysis

Emulsions and emulsion micro-gel particles were dropped on microscope slides without
covering by glass coverslips before observing with an Olympus BX51 light micro-scope

(Olympus Optical Co. Ltd., Tokyo, Japan).

6.2.3.2. Particle size distribution

The size distributions of emulsion micro-gel particles were analyzed with MasterSizer
3000 (Malvern Instruments Ltd., Worcestershire, UK). The obscuration and the stirrer speed
were set at 1-10% and 2000 rpm, respectively, with the refractive index of 1.55 and the

absorption index of 0.001.

6.2.3.3. Rheological analysis

Emulsion micro-gel particles were dried by filter papers twice and then particles were
diluted by deionized water to the final ¢ from 1.0 to 0.1. The viscosity and modulus of
particle suspensions were tested using an AR 2000ex rheometer (TA Instruments, Crawley,
UK) by the method described in our previous publication (Lin et al., 2021b), but the flow
and strain sweep measurements were carried out over a shear rate range of 0.1 to 1000 s’
and a strain range of 1% to 50%, respectively. The final viscosity and modulus values used
to calculate ¢, and ¢; were obtained at a shear rate of 100 s! (below ¢,¢,) or 10 s (above

$rep) and a strain of 10%.

6.2.3.4. In-vitro digestion

Concentrated electrolyte stock solutions (i.e., 1.5% concentrate) of simulated saliva fluid
(SSF), gastric fluid (SGF), and intestinal fluid (SIF) were prepared as described by Minekus,
et al. (2014) with some modification. Simulated oral digestion of emulsion micro-gel
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particles was performed by mixing micro-gel particles (5 g) with SSF electrolyte stock
solutions (2.5 mL), a-amylase (final 75 U/g), CaCl; (final 0.75 mM), and water at 37°C for 2
min. Simulated gastric digestion was performed by mixing oral bolus (~10 g) with SGF
electrolyte stock solutions (4.0 mL), porcine pepsin (final 2000 U/g), CaCl, (final 0.075
mM), and water at 37°C for 2 h after adjusting pH to 3.0 with HCI. Simulated intestinal
digestion was performed by mixing gastric chyme (~20 g) with SIF electrolyte stock
solutions (10 mL), pancreatin (final 100 U/g of trypsin), bile (final 0.25 wt%), CaCl, (final

0.3 mM), and water at 37°C for 3 h after adjusting pH to 7.0 with NaOH.

Optical microscopy images and size distributions of emulsion micro-gel particles during

in-vitro digestion were analyzed as described in Sections 6.2.3.1 and 6.2.3.2.

6.2.4. Preparation of emulsion gel beads containing micro-gel particles

Primary emulsions (i.e., O/W emulsions) were prepared by mixing 0.8% alginate
solutions and coarse emulsions containing 5.0% oil, 0.5% SPI and 94.5% water, according
to the methods described in Section 6.2.2, but the ratio of coarse emulsions to alginate
solutions was 1:1. Lycopene was also encapsulated in primary emulsions by mixing 5 mg of
tomato extract (containing 0.059 mg lycopene/mg) with 5.0 g of oil before preparing coarse
emulsions. Micro-gel particle dispersions were then prepared by mixing filtered micro-gel
particles with deionized water (3:2, w/w), and then primary emulsions were mixed with
micro-gel particle dispersions (9:1, w/w). The control sample was prepared by mixing
primary emulsions with deionized water (9:1, w/w). Emulsion gel beads were then prepared
by dropping primary emulsions with/without micro-gel particles into 2.0% CaCly-2H>O
solutions using a S1 pipette filler, and gel beads were mildly stirred for 30 min and then

collected and washed by deionized water.
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6.2.5. Properties of emulsion gel beads containing micro-gel particles

6.2.5.1. In-vitro digestion

Simulated digestion was performed as described in Section 6.2.3.4, and properties of
emulsion gel beads (i.e., shrinkage rate, Young's modulus, and visual appearance) and

lycopene release from them during in-vitro digestion were then tested.

6.2.5.2. Measurement of Young's modulus and shrinkage during oral and gastric digestion

The sizes of gel beads including major and minor axis (Rmaj and Rmin) were measured by
a digital vernier caliper with a sensitivity of 0.1 mm. The shrinkage rate of gel beads during
digestion was calculated by comparing decreased sectional area (i.e., A =7 X Rmaj X Rmin + 4)
of gel beads during digestion to that of original gel beads before digestion. The Young's
modulus of gel beads was measured by a texture analyzer (Stable micro-System, Godalming,
UK). The compression test was performed with the maximum strain of 30% and the
crosshead speed 0.1 mm/s. The Young's modulus was calculated in the linear elastic region

of gel beads (i.e., the 5-15% strain region).

6.2.5.3. Measurement of lycopene release during intestinal digestion

The supernatant (1.0 g) of digestive fluids after centrifugal separation at 4000 rpm for 15
min was mixed with 8.0 mL of hexane, acetone, and ethanol (50 : 25 : 25% v/v) containing
0.1% BHT by a vortex for 1 min, and lycopene in digestive fluid was then extracted and

measured by the method described in our previous publication (Lin et al., 2021a).

6.2.6. Statistical analysis

All measurements were performed three times and were reported as mean + standard
deviation (SD). Differences between samples were analyzed using analysis of variance and a

t-test, and p < 0.05 was regarded as statistically significant.
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6.3. Results and discussion

6.3.1. Formation and morphology of emulsion micro-gel particles produced by

external/internal emulsification methods

Figure 6-1A shows the size distributions of emulsion micro-gel particles produced by
external/internal emulsion-gelation methods under mild stirring. Emulsion micro-gel
particles produced by external method (D43 = 39.6 + 0.5 um) were significantly smaller than
those produced by internal method (D43 = 144 + 5 um, p < 0.05) under mild stirring. In
addition, a previous study indicated that particles with size over 100 um may be detected by
mouth and negatively affected sensory of food (Kim et al., 2019). Therefore, we predicted
that emulsion micro-gel particles produced by the external gelation has potential to use as
micro-capsules and structuring agents in food products without affecting their sensory

properties.

Different gelation mechanisms of external/internal emulsion-gelation methods may be
the main reason for emulsion micro-gel particles with different morphological properties. A
commonly-used method to prepare micro-gel particles in previous studies was adding oil
containing CaCl, particles or acetic acid into emulsions to trigger gelation, in which CaCl,
or acetic acid could diffuse from oil into water phases (Liu et al., 2007; Paques et al., 2013).
In this study, CaCl, or GDL solutions were added into secondary emulsions to trigger
gelation under mild stirring, in which CaCl, or GDL solutions may merge with water phases
in O/W/O emulsions (Figure 6-S1). Figures 6-1B—E show the micro-structure of micro-gel
particles produced by external/internal methods and O/W/O emulsions which were used to
prepare micro-gel particles. It could be seen that O/W droplets in O/W/O emulsions
(Figures 6-1C and 6-1E) were smaller than micro-gel particles in both gelation methods
(Figures 6-1B and 6-1D). This indicates that CaCl, or GDL solutions, which were
introduced into O/W/O emulsions to trigger gelation, merged with O/W droplets during

gelation process. A similar result was reported by Ribeiro et al. (1999), where soya oil-in-
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alginate droplets, with size of around 200 um, which were dispersed in silicone oil, were
smaller than alginate emulsion micro-gel particles, with size of 250-1000 um, produced by
internal gelation. However, CaCl,-induced external gelation was a faster process than GDL-
induced internal gelation, so each O/W droplet merged with less CaCl, solutions in external
gelation than GDL solutions in internal gelation, which resulted in smaller micro-gel

particles produced by external method than those produced by internal method.

Figure 6-1A also shows that micro-gel particles produced by the internal gelation had a
more narrow size distribution than those produced by external method under mild stirring.
The diameter of micro-gel particles produced by internal and external methods ranged from
15 to 450 um and from 2.5 to 110 um, respectively. The possible reason was that random
droplet coalescence occurred in O/W/O emulsions after introducing CaCl; solutions during
the external gelation. It has been reported that adding CaCl, solutions into W/O emulsions to
produce alginate hydro-micro-spheres by external gelation caused the disruption of the
equilibrium of the system during stirring, resulting in a significant degree of congregating of

micro-spheres (Chan et al., 2002).

Volume density (%)

124 —— External gelation
- = =Internal gelation

Size classes (um)

Figure 6-1. (A) The size distribution of alginate-based emulsion micro-gel particles
produced by external/internal O/W/O emulsification methods, (B) the micro-structure of
emulsion micro-gel particles produced by external gelation and (C) the micro-structure of
O/W/O emulsions used, and (D) the micro-structure of emulsion micro-gel particles
produced by internal gelation and (E) the micro-structure of O/W/O emulsions used.
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6.3.2. Suspension rheology of emulsion micro-gel particles

In order to predict functions and guide production and application of micro-gel particles
in the food industry, it is important to investigate the rheology of micro-gel particle
suspensions. It is known that the rheology of micro-particle suspensions is affected by
properties of solvents (i.e., viscosity and pH), properties of particles (i.e., size, size
distribution, mechanical strength, surface properties, and interaction potential), and particle
phase volume (Shewan, 2015). In regime I, the viscosity of particle suspensions () can be
calculated by the Einstein equation (Eq. (6-1), 0 < ¢ <0.05), Batchelor equation (Eq. (6-2),

0.05 < ¢ <0.15), and Meron-Pierce-Quemada model (MPQ model, as shown in Eq. (6-3), 0.2

<6< du):
= (1+25) (6-1)
= (1+25 + 5 ? (6-2)
= a-—)7 (6-3)

where 7 is the solvent viscosity, C> is a constant with a range of values from 4.2 to 6.2, and
ém 1s the maxing packing fraction which could be assumed to be equal to ¢, (Shewan,

2015).

In regime III, G' of particle suspensions can be calculated by the Evans and Lips model

modified by Adams (Eq. 6-4):
=a [1-¢7" (6-4)

in which a and b are constants equal to 0.4 and 1.2, respectively, G, is the shear elastic
modulus of particles, and ¢, is a relative phase volume (i.e., ¢» = ¢/@m or ¢/¢.») (Shewan,
2015). Therefore, it can be assumed that alginate-based emulsion micro-gel particles with

higher modulus and lower ¢, may lead to particle suspensions with higher modulus in
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regime III. However, modelling the regime II has rarely been reported in previous studies
because measuring suspension rheology around particle jamming is challenging and

available experimental results are often questioned (Shewan, 2015).
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Figure 6-2. Relative viscosity (7,), storage modulus (G') and loss modulus (G") of
suspensions of emulsion micro-gel particles produced by (A) external or (B) internal O/W/O
emulsification methods as a function of phase volume (¢9). Regime I (0 < ¢ < ¢,,,) indicates
that particle suspensions are purely viscous; Regime II (¢, < ¢ < ¢;) indicates that particle
suspensions are viscoelastic with a measurable G' less than G"; Regime III (¢; < ¢ < 1)
indicates that particle suspensions are solid-like with G’ higher than G".
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Figure 6-2 shows the relative viscosity, G', and G" of suspensions of alginate-based
emulsion micro-gel particles produced by internal/external gelation methods compare to the
phase volume (¢) of particles in suspensions. Suspensions of emulsion micro-gel particles
produced by external gelation had higher ¢,., and ¢; values than those produced by internal
gelation (Figures 6-2 and 6-S2). The possible reason was that micro-gel particles produced
by external gelation had smaller size and a wider particle size distribution than those
produced by internal gelation (Figure 6-1). When ¢ is below the ¢, of particle suspensions,
micro-gel particles can freely move past one another and particle suspensions are purely
viscous with no measurable viscoelasticity, while, when ¢ is above the ¢., of particle
suspensions, micro-gel particles closely contact and particle suspensions become shearing
and viscoelastic. Smaller particles had higher packing density than larger particles (Ye et al.,
2018), so smaller particles have a higher ¢,,. In addition, the maximum packing fraction (¢»)
or ¢, and ¢; increase when the particle size distribution increases, because small particles

can fit in the gaps among larger particles (Shewan, 2015).

Figure 6-2 also shows that the suspensions of micro-gel particles produced by external
gelation had higher G' than those produced by internal gelation when ¢ is above the ¢; of
particle suspensions. This indicates that micro-gel particles produced by external gelation
had stronger mechanical properties than those produced by internal gelation. The possible
reason was that each O/W droplet merged with less CaCl, solutions during external gelation
than GDL solutions during internal gelation, and thus O/W droplets were less diluted by
gelling agents during external gelation, which resulted in higher alginate concentrations in
micro-gel particles produced by external gelation, compared to those produced by internal

gelation.

6.3.3. Degradation of emulsion micro-gel particles during digestion

The above results indicate that different gelation methods (i.e., external or internal

emulsification method) led to emulsion micro-gel particles with different morphological and
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mechanical properties, which may also affect the pH-sensitivity and digestion behavior of
micro-gel particles. Therefore, in-vitro digestion of emulsion micro-gel particles prepared by

external/internal emulsification method was further investigated.

Figures 6-3 and 6-4 show the micro-structure and size distribution of emulsion micro-
gel particles during simulated oral, gastric and intestinal digestion. It can be seen that
emulsion micro-gel particles, which were prepared by external gelation, slightly swelled
after oral and gastric digestion (Figures 6-3 and 6-4A). A similar finding has been reported,
where alginate micro-gels (D43 < 500 um), which were prepared by dropping alginate
solutions into CaCl; solutions by syringes, slightly swelled after gastric digestion at pH 3.0,
probably because of ion exchange between univalent cations in stimulated gastric fluids and
divalent cations in alginate micro-gels (Gémez-Mascaraque et al., 2019). On the other hand,
Figures 6-3 and 6-4B show that emulsion micro-gel particles, which were prepared by
internal gelation, shrank partially and swelled partially during gastric digestion (i.e., a wider
size distribution of emulsion micro-gels after gastric digestion than those before digestion).
The possible reason for such shrinkage was that remaining CaCQOs in micro-gel particles
further reacted with H* in the digestive fluid during gastric digestion. As shown in Figure 6-
S3, remaining CaCOs particles in internally-induced micro-gel particles could be observed
under a fluorescence microscopy but CaCO; particles disappeared in parallel with the
shrinkage of emulsion micro-gels after incubating emulsion micro-gels in 0.1 M HCI-KCI

solutions (1:1, w/w) at pH 1.2 for 2 h.
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Figure 6-3. The micro-structure of emulsion micro-gel particles produced by
external/internal O/W/O emulsification methods during in-vitro digestion.
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Figure 6-4. The size distribution of emulsion micro-gel particles produced by (A) external
or (B) internal O/W/O emulsification methods during in-vitro digestion.
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Figure 6-4B also shows that the size distribution of emulsion micro-gel particles
prepared by internal method had two peaks (i.e., D = 4.5 um in left peak and D = 270 ym in
right peak) after intestinal digestion for 1 h, which indicates that micro-gel particles further
swelled and parts of micro-particles broke, due to increased pH of digestive fluids and ion-
exchange between digestive fluids and micro-particles. The area of the left-hand peak
increased, but the area of the right-hand peak decreased after intestinal digestion for 3 h,
which indicates further breaking of swelled particles and the presence of unbroken particles.
This was also confirmed by the micro-structure of emulsion micro-gel particles prepared by
internal gelation after intestinal digestion for 3 h (Figure 6-3), in which both swollen micro-

particles and dissociative oil droplets were observed.

However, the size distribution of emulsion micro-gel particles prepared by external
method had three peaks (i.e., D = 4.0 um in left peak, D = 16.4 ym in middle peak and D =
98.1 um in right peak) after intestinal digestion for 1 h, and the area of the right-hand peak
increased and a fourth peak occurred at D = 310 um after intestinal digestion for 3 h (Figure
6-4A), but unbroken micro-particles were rarely observed and large oil droplets could be
observed in digestive juice (Figure 6-3). A possible reason for this was that coalescence
between released oil droplets from emulsion micro-gel particles occurred during intestinal
digestion, which led to increased droplet size. These also indicate that emulsion micro-gel
particles prepared by external method were more sensitive to intestinal environment and
more easily collapsed during intestinal digestion than those prepared by internal method.
Many factors affect the swelling of alginate gels in solutions/buffers, such as alginate
concentration, alginate type and Ca?' concentration in gels, intensity of gel structures,
temperature, pH and ionic strength of solutions/buffers (Pasparakis & Bouropoulos, 2006;
Sriamornsak et al., 2007). It has been indicated that alginate macro-gel beads prepared using
1% CaCl; solutions had higher swelling rates in a pH 7.4 solution than gel beads prepared
using 2% CaCl, solutions (Dai et al., 2008). It has been also reported that reduced swelling

was observed when alginate gels exposed to low pH or lower concentrations of cations (Moe

176



Chapter six

et al., 1993). However, in this study, the main reason for different intestinal digestion
behavior of emulsion micro-gel particles was probably that emulsion micro-gel particles
prepared by internal method had larger size and thus may have stronger buffer capacity to

pH change and ion-exchange during intestinal digestion.

6.3.4. Structuring emulsion gel beads by emulsion micro-gel particles

6.3.4.1. Effect of micro-gel particles on mechanical properties of emulsion gel beads

Figure 6-5A shows that the Young's modulus of emulsion gel beads without micro-gel
particles or with 6.0 % of emulsion micro-gel particles prepared by internal/external O/W/O
gelation methods were 241 + 9 Pa, 246 + 9 Pa, and 315 + 19 Pa, respectively. The possible
reason for similar Young's modulus of emulsion gel beads containing micro-gel particles
prepared by internal gelation (p > 0.05) but increased Young's modulus of emulsion gel
beads containing micro-gel particles prepared by external gelation (p < 0.05), compared to
that without micro-gel particles, was that micro-gel particles prepared by external gelation
had stronger Ca?*-induced cross-linking with alginate molecules in the continuous phase of

emulsions than micro-gel particles prepared by internal gelation.

In order to verify above explanation, rheological properties of 0.4% alginate solutions
containing micro-gel particles (0—10 wt%) prepared by internal/external O/W/O gelation
methods were further investigated (Figure 6-S4). It shows that 0.4% alginate solutions
containing micro-gel particles (0—10 wt%) prepared by internal gelation showed viscoelastic
properties with slightly increased viscosity and an unmeasurable G’ (i.e., unstable and
negative values) with increasing content of micro-gel particles, which indicated that there
was little cross-linking between alginate molecules and micro-gel particles prepared by
internal gelation. On the other hand, introducing high levels of micro-gel particles (6—10
wt%) prepared by external gelation into alginate solutions increased the viscosity of

mixtures significantly, which showed solid-like behavior with a measurable storage modulus
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(G") higher than the loss modulus (G"). This indicates that the presence of micro-gel

particles prepared by external gelation could promote interactions between alginate

molecules, but the mechanism needs further investigation. There are mainly two types of

speculation: firstly, Ca?" could be released from micro-gel particles prepared by external

gelation into alginate solutions, which triggered the interactions between alginate molecules;

secondly, micro-gel particles prepared by external gelation could cross-link with alginate

molecules through Ca** adsorbed on the surfaces of micro-gel particles.
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Figure 6-5. (A) Young's modulus and (B) shrinkage rate of emulsion gel beads without
micro-gel particles (i.e., control samples) or with 6.0% micro-gel particles produced by
external/internal O/W/O emulsification methods during oral and gastric digestion. (C)
Visual appearance of emulsion gel beads and (D) lycopene release from emulsion gel beads
without micro-gel particles or with 6.0% micro-gel particles produced by external/internal
methods during in-vitro intestinal digestion.
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6.3.4.2. Digestion of emulsions gels beads containing emulsion micro-gel particles

Figures 6-5A and 6-5B show that emulsion gel beads without emulsion micro-gel
particles or with 6.0 % of emulsion micro-gel particles prepared by internal/external O/W/O
gelation methods shrank and their Young's modulus increased during oral and gastric
digestion, probably due to interactions between Ca** in gel beads and HCOj" in the simulated
saliva fluid and decreased repulsive forces of alginate molecules under acidic conditions
during gastric digestion (Lin et al., 2021a). It can also be seen that emulsion gel beads
containing emulsion micro-gel particles prepared by external gelation shrank more (31 & 3%,
p < 0.05) and had higher Young's modulus (551 £+ 33 Pa, p < 0.05) after gastric digestion,
compared to emulsion gel beads without emulsion micro-gel particles (23 + 5% and 456 +
23 Pa) or with 6.0 % of emulsion micro-gel particles prepared by internal gelation (24 £+ 4%

and 430 + 29 Pa).

Figures 6-5C and 6-5D show the visual images and lycopene release from gel beads
during intestinal digestions. It can be seen that emulsion gel beads without emulsion micro-
gel particles or with 6.0 % of emulsion micro-gel particles prepared by internal/external
O/W/O gelation methods broke and released lycopene after 1-2 h, 2-3 h, and 3.5-4.5 h of
intestinal digestion, respectively. The presence of micro-gel particles prepared by external
gelation in emulsion gel beads could delay the structural collapse of gel beads, probably
because the ion-exchange between Na* ions in digestive juices and Ca?" ions in gel beads
and the pH-dependent swelling of gel beads were delayed, due to stronger and denser

structures of gel beads formed by after introducing micro-gel particles.

6.4. Conclusions

Properties (i.e., the size distribution, micro-structure, suspension rheology, and digestion
behavior) of emulsion micro-gel particles produced by internal/external O/W/O gelation

methods under mild stirring were compared in this study. Micro-gel particles produced by
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external gelation had smaller size and a wider size distribution than those produced by
internal gelation, probably due to their different gelation mechanisms. The suspensions of
micro-gel particles produced by external gelation showed higher ¢, ¢;, G', and G" values
than those prepared by internal gelation. Micro-gel particles produced by external gelation
slightly swelled during gastric digestion and further swelled during intestinal digestion and
then totally collapsed after intestinal digestion, while micro-gel particles produced by
internal gelation partially swelled and partially shrank during gastric digestion and partially
collapsed with swelling after intestinal digestion. Micro-gel particles can also be used for
structuring emulsion gel beads by formation of gel-in-gel beads. Emulsion gel beads
containing micro-gel particles produced by internal gelation had similar mechanical
properties with the control samples without gel particles. However, introducing gel particles
produced by external gelation increased mechanical strength of gel beads, which delayed
structural collapse of gel beads and lycopene release from gel beads during intestinal
digestion. The findings are important for the production of emulsion micro-gel particles and
structuring food by emulsion micro-gel particles produced by external/internal O/W/O

emulsion-gelation methods.
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Supplementary materials

Gel particles formation

o'W
emulsion

(b)

Oil phase

0O/W/0 emulsion

Gel partlcles

o'W
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(b)

Oil phase
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Figure 6-S1. The schematic diagram for preparation of emulsion micro-gel particles by (A)
external and (B) internal emulsion gelation methods.
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Figure 6-S2. (A) The viscosity, (B) G' (solid symbols) and G" (open symbols) of
suspensions of emulsion micro-gel particles (¢ = 0—1) prepared by external gelation. (C)
The viscosity, (D) G’ (solid symbols) and G" (open symbols) of suspensions of emulsion

micro-gel particles (¢ = 0—1) prepared by internal gelation. Dashed line-surrounded figures

were zoom-in view of overlapping lines in figures A and C.
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Figure 6-S3. Micro-structure of micro-gel particles prepared by internal gelation were
observed under a fluorescence microscopy with a high pressure mercury burner. (A) The
original particles and (B) particles incubated in 0.1 M HCI-KCI solutions (1:1, w/w) at pH

1.2 for2 h.
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Figure 6-S4. The viscosity of 0.4% alginate solutions containing micro-gel particles (0—10
wt%) prepared by (A) external or (B) internal gelation methods. Dashed line-surrounded

figures were zoom-in view of overlapping lines in figures A and B.
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CHAPTER SEVEN

Improved Stability of Alginate/Soy protein isolate-stabilized
Emulsions by Formation of Micro-gel Particle-induced Gel-like
Emulsions

Chapter 7 has been submitted:

Lin, D., Kelly, A. L., & Miao*, S. (2021). Formation and creaming stability of
alginate/micro-gel particle-induced gel-like emulsions stabilized by soy protein isolate
(submitted to Food Hydrocolloids).

The work contained in this chapter was undertaken and written solely by myself with specific

contributions from each co-author.
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Abstract

Many strategies have been developed to improve stability of plant protein-stabilized
emulsions, such as modifying properties of plant proteins, using plant protein-
polysaccharide complexes, and forming gel-like emulsions. In this study, a novel method
was investigated to enhance stability of soy protein isolate (SPI)-stabilized emulsions by
introducing alginate and alginate-based micro-gel particles to form gel-like emulsions. Gel-
like emulsions could be obtained at high levels of micro-gel particles (> 6.0%) in the
presence of alginate (> 0.1%), while the concentration of SPI-coated droplets (0-10%)
played a relatively unimportant role, probably because the gelation mechanism was
interactions between alginate molecules and Ca?*-induced micro-gel particles. Viscosity and
creaming stability of emulsions and storage modulus (G') of gel-like emulsions increased
with increasing contents of micro-gel particles in emulsions. Emulsions without micro-gel
particles showed extensive creaming during storage, and emulsions containing micro-gel
particles were visually stable after storage for six weeks, although all samples showed good
stability to coalescence. In addition, the presence of micro-gel particles in emulsions slightly
decreased the bio-accessibility of encapsulated lycopene after in-vitro digestion. The method
presented in this study was important for improving stability of plant protein-stabilized
emulsions and expanding application of plant protein-stabilized emulsions in the food

industry.

Keywords: Digestion; External gelation; Gel-like emulsion; Micro-gel particle; Storage

stability.
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7.1. Introduction

In recent years, plant protein-stabilized emulsions, such as soy protein-, pea protein-,
potato protein-, rice protein-, wheat gliadin- and zein-stabilized emulsions, have received
increased interest (Lin et al., 2017), due to increased consumer demand for healthier foods
(da Silva et al., 2021; Wan et al., 2015). However, compared to animal proteins (e.g., casein
and whey protein) and synthetic chemicals (e.g., span 85, span 80 and Tween 20), plant
proteins often result in emulsions with lower stability (especially creaming stability),
probably due to low hydrophobicity and large droplet size of plant protein-stabilized
droplets (Benjamin et al., 2014; Zhang et al., 2021). Many strategies therefore have been
investigated to solve this problem, such as protein modification by physical, chemical and/or
enzymatic treatments (Albano et al., 2019; Bara¢ et al., 2004) and turning emulsions into

emulsion gels (Lin, Kelly, & Miao, 2020).

Many methods have been reported to modify structural properties of plant proteins, in
order to improve their emulsifying capacity, such as heating (Peng et al., 2016), high
pressure (Chen et al., 2016; Molina et al., 2001), extrusion (Mozafarpour et al., 2019),
ultrasound (O'sullivan et al., 2016), pH-shifting process (Jiang et al., 2009), enzymatic
hydrolysis (Chen et al., 2011), and oxidation ( Liu et al., 2015), due to improved protein
solubility, reduced molecular size, and/or exposure of hidden hydrophobic residues. In
addition, plant protein-polysaccharide complexes, which are formed by Maillard reaction or
electrostatic interaction, can also be used to improve emulsion stability (Evans et al., 2013).
It has been reported that soy protein isolate (SPI)-dextran conjugate-stabilized emulsions
showed better physical and structural stability than emulsions stabilized by native SPI or
SPI-dextran mixtures, probably due to higher electrostatic repulsion and steric hindrance
(Zhou et al., 2020). On the other hand, the pH is crucial for stability of emulsions containing
plant protein-polysaccharide complexes produced by electrostatic interaction, because

electrostatic properties of proteins and polysaccharides are clearly pH-dependent (Albano et
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al., 2019). Many reports have been indicated that the presence of anionic polysaccharides
could increase the stability of plant protein-stabilized emulsions near the p/ of the proteins
present, due to the formation of electrostatic interaction-induced plant protein-
polysaccharide complexes at the droplet interfaces and thus increased electrostatic repulsion

of emulsion droplets at pH 4.0—4.5 (Lin, Kelly, & Miao, 2021b; Yildiz et al., 2018).

The final physical state of modified plant protein-stabilized emulsions is still liquid,
while another widely-investigated strategy to improve stability of plant protein-stabilized
emulsions is turning emulsions into emulsion gels/gel-like emulsions, due to increased
viscosity and solid-like properties and thus reduced mobility of emulsion droplets. Therefore,
emulsions prepared by these two methods may have different applications in the food
industry. It has been reported that emulsion gels/gel-like emulsions containing plant protein-
stabilized droplets may be used in meat products and solid-like delivery systems (de Souza
Paglarini et al., 2019), while modified plant protein-stabilized emulsions were often used in

sauce, yogurt, beverage, and liquid delivery systems (Ashaolu, 2020).

There are several methods used to prepare gel-like emulsions. Firstly, increasing the oil
fraction is the simplest method to form gel-like emulsions, because of droplet
flocculation/bridging (Lee et al., 2012), which has been widely reported in plant protein
particle-stabilized Pickering emulsions (Liu & Tang, 2016; Zou et al., 2017). Secondly,
modifying structural properties of plant proteins adsorbed at droplet surfaces may also lead
to the formation of gel-like emulsions; it has been reported that SPI-stabilized emulsions
turned into gel-like emulsions after microfluidization, probably due to structural deformation
of proteins and increased inter-droplet interactions during microfluidization treatment (Tang
& Liu, 2013). It has also been reported that soy glycinin- or potato protein-stabilized
emulsion droplets could cross-link together and form gel-like emulsions by tyrosinase-
induced enzymatic cross-linking (Glusac et al., 2017; Isaschar-Ovdat et al., 2015). Thirdly,
introducing gelling agents into the continuous phase of emulsions can also form emulsion

gels by various gelation mechanisms depending on gelling agents used, as reviewed by Lin,
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Kelly, & Miao (2020). For example, alginate and CaCO;s particles have been introduced into
SPI-stabilized emulsions, and then emulsion gels formed after adding glucono-delta-lactone
(GDL) into the system to release Ca?" and trigger Ca?*-induced alginate gelation (Lin, Kelly,

& Miao, 2021b).

Alginate-based emulsion gels received increased interest in recent years, due to their
characters (e.g., mild gelation process and slow digestion during intestinal digestion),
compared to other gelling agent-based emulsion gels (Lin, Kelly, Maidannyk, et al., 2021).
The alginate gelation mechanism involves sodium ions in alginate molecules being replaced
by Ca** or H*, which leads to Ca?*-cross-linked or hydrogen bond-linked network structures.
Therefore, CaCl,, CaCOs, and GDL are often used to trigger alginate gelation in the food
industry (Draget et al., 2006). However, our previous study found that the presence of
alginate-based emulsion micro-gels prepared by external gelation could increase the
viscosity of alginate solutions with solid-like behavior (Lin, Kelly, & Miao, 2021a). In
addition, it has also been reported that nanoparticles (e.g., TiO2 nanorobs, carbon nanotubes,
and ZnO nano-powders) could interact with proteins, lipids and polysaccharides through
ionic interactions, hydrogen bonds, and/or Van der Waals interactions, and that the size,
shape, and surface characters of nanoparticles (NPs) played an important role in affecting
interactions between NPs and polymers (Saptarshi et al., 2013). For example, acrylamide/N-
isopropylacrylamide-based nanoparticles could interact with heparin through hydrogen
bonds, ionic interactions and dehydration (Zeng et al., 2012). Therefore, we predicted that
Ca**-induced emulsion micro-gels could also lead to the formation of gel-like emulsions
containing alginate in the continuous phase and thus improve the stability of plant protein-

stabilized emulsions, which has not previously been studied.

Furthermore, there are mainly two advantages of this method. Firstly, this is a simple
method to prepare gel-like emulsions by mixing micro-gel particles with emulsions, and the
viscosity and gel strength of gel-like emulsions can be easily controlled by adjusting the

amount of micro-gel particles for different applications in foods. In addition, a novel food
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structure (i.e., microgel-in-gel emulsions) can be developed, which may be used for specific
delivery systems in future. Therefore, the aim of this study was to investigate the formation
and properties (i.e., rheology, morphology, droplet size, stability, digestion, and
encapsulation for food nutrients) of micro-gel particle-induced gel-like emulsions containing

SPI-coated droplets and alginate in the continuous phase.

7.2. Materials and methods

7.2.1. Materials

SPI containing 96.29 + 0.03% protein was extracted from defatted soy flour (Bob's Red

Mill, Milwaukie, Oregon, USA) by the method described in our previous study (Lin, Kelly,

Maidannyk, et al., 2020). Sodium alginate ( M = 69-117 kDa and M/G = 71/29) was
obtained from Special Ingredients (Chesterfield, UK), and sunflower oil (Aldi Stores Ltd.,
Kildare, Ireland) was purchased from local markets. Span 80, CaCl,-2H,O, NaOH, HCI,
tomato extract, sodium azide, butylated hydroxytoluene (BHT), hexane, acetone, ethanol,

and other analytical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

7.2.2. Preparation of emulsion micro-gel particles

The external O/W/O emulsion-gelation method was used to prepare emulsion micro-gel
particles. The coarse emulsions were firstly prepared by mixing 20 wt% sunflower oil with
80wt% SPI dispersions containing 2.0 wt% SPI at 16,000 rpm for 2 min with an Ultra-
Turrax (IKA-25, Staufen, Germany). The primary emulsions were then prepared by mixing
coarse emulsions with 2.0 wt% sodium alginate solutions (1:3, w/w) at 14,000 rpm for 2 min.
The secondary emulsions were finally prepared by mixing primary emulsions (20 wt%) with
oil phase containing 78 wt% sunflower and 2.0 wt% Span 80 at 700 rpm for 5 min with a
magnetic stirrer, and then CaCly-2H,O solutions (1.0 wt%) were added into secondary
emulsions (1:5, w/w) and stirring at 1000 rpm for 30 min. The resultant dispersions were

then poured into deionized water (1:5, w/w), mixed at 500 rpm for 1 min and left to stand for
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2 h. Emulsion micro-gel particles in sediments were finally collected by filtration and

washed twice by deionized water after the oil cream in the top of mixtures was removed.

7.2.3. Preparation of emulsions containing micro-gel particles

The coarse emulsions were prepared as described in Section 7.2.2 and diluted with
deionized water. The primary emulsions were then prepared by mixing diluted coarse
emulsions (containing 0.5-2.0 % SPI and 5.0-20% SPI) with diluted sodium alginate
solutions (0.2-1.0%) at a ratio of 1:1, w/w at 14,000 rpm for 2 min with an Ultra-Turrax
(Figure 7-S1). Micro-gel particles were dried by filtration paper twice, and then micro-gel
particle dispersions (10-50%, w/w) were then prepared by adding deionized water into
micro-gel particles. Micro-gel particles (2.0-10 wt% in final emulsions) were then
introduced into primary emulsions by mixing primary emulsions with micro-gel particle
dispersions (4:1, w/w). The final emulsions containing micro-gel particles were mixed at

500 rpm for 1 min and then the properties of final emulsions were measured immediately.

7.2.4. Properties of emulsions containing micro-gel particles

7.2.4.1. Visual appearance

Emulsions (~ 10 g) were transferred into screw-cap glass bottles before resting for 2 h,
and then samples were turned upside down before taking photographs of them using a

camera.

7.2.4.2. Rheological measurements

The rheological properties of emulsions were measured using an AR 2000ex rheometer
(TA Instruments, Crawley, UK). Emulsions were added on an aluminium parallel plate (60
mm in diameter, and 0.5 mm in gap) and allowed to stand at 20°C for 2 min before
measurement. The flow measurement (the shear rate from 0.1 to 300 s') and oscillatory

measurement (the frequency from 0.1 to 10 Hz with a fixed strain of 0.1%) were then carried
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out to determine the viscosity (#) and the storage (G') and loss (G'"") modulus of emulsions,

respectively.

7.2.4.3. Micro-structure of emulsions

An Olympus BX51 light microscope (Olympus Optical Co. Ltd., Tokyo, Japan) with a

built-in camera was used to record microscopic images of emulsions.

7.2.4.4. Creaming stability measurements

The stability of emulsions to gravitational separation (i.e., creaming stability) was
analyzed with a Lumisizer (LUM GmbH, Berlin, Germany). Emulsions were centrifuged at
3000 rpm and 25°C with a scanning rate of once every 20 s for 300 profiles. The space- and
time-related transmission profiles over the sample length and the fluctuation in light

transmittance during centrifugation were recorded.

7.2.4.5. Size distribution measurements

A MasterSizer 3000 (Malvern Instruments Ltd., Worcestershire, UK) was used to
measure the droplet-size distribution of emulsions. The obscuration rate, stirrer speed,
refractive index and absorption index were set at 1% to 10%, 2000 rpm, 1.48, and 0.001,

respectively.

7.2.5. Preparation and storage stability of emulsions containing lycopene

For preparation of lycopene-encapsulated emulsions, 30 mg of tomato extract
(containing 0.059 mg lycopene/mg) were dissolved in 20 g of sunflower oil at 140°C with
stirring for 30 s before cooling down to the room temperature, and then lycopene-
encapsulated primary emulsions and final emulsions containing micro-gel particles were

prepared as described in Section 7.2.3.
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The final emulsions (~ 10 g) containing lycopene and micro-gel particles were
transferred into screw-cap tubes and stored in a cold room at 4°C for 6 weeks in the dark.
Properties of emulsions (e.g., visual appearance, micro-structure, and droplet-size
distribution) were measured every 2 weeks during storage by the methods described in
Section 7.2.4, but the refractive index of 1.69 was used for the droplet-size measurement of
emulsions containing lycopene. The remaining lycopene in emulsions (Cryc-e) during
storage was also extracted and measured as described by Lin, Kelly, Maidannyk, et al.

(2021).

7.2.6. Bio-accessibility of lycopene after in-vitro digestion

Simulated digestion of emulsions included the oral, gastric and small intestinal phases in
this study, which was performed as described in our previous study (Lin, Kelly, Maidannyk,
et al., 2021). The digesta after intestinal digestion was centrifuged at 4,500 rpm and 4°C for
40 min, and the middle layer, which was regarded as the micelle fraction, was collected and
weighted (Wtwmicelle). Lycopene in 0.5 g of the micelle fraction (CrLyc-m) was extracted and
measured by the method described in our previous study (Lin, Kelly, Maidannyk, et al.,

2021). The bio-accessibility of lycopene in micelle was then calculated by Eq. (7-1):

C wt,,.
Bio-accessibility (%) = —£X<M " R wtcelte o 1) (7-1)
CLYM*E X 5

where Cryck is the lycopene content in original emulsions and 5 g is the weight of original

emulsions used for in-vitro digestion.
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7.3. Results and discussion

7.3.1. Effect of concentrations of alginate-based micro-gel particles, alginate, and SPI-coated

droplets on the formation of gel-like emulsions

Table 7-1 shows the effect of concentrations of alginate micro-gel particles, alginate,
and SPI-coated droplets on the gel point of SPI-stabilized emulsions. The establishment of
gel point of emulsions in this study was based on the rheological properties of emulsions
(Figures 7-S2 and 7-S3). At the gel point, emulsions changed from liquid-like behavior
with relatively low viscosity to solid-like behavior with shear-thinning properties and G’

value higher than G".

Table 7-1. Effect of concentrations of alginate-based micro-gel particles, alginate, and SPI-
coated droplets on the formation of gel-like emulsions. When the effect of alginate
concentration (0—0.5 wt%) was investigated, the concentration of SPI-coated droplets was
set at 5.0 wt%. When the effect of concentration of SPI-coated droplets (0—10 wt%) was
investigated, the alginate concentration was set at 0.3 wt%. The results shown are based on
the rheological properties of emulsions (see supplementary material).

Samples Alginate (Wt%) SPI-coated droplets (wt%)
0 0.1 0.3 0.5 0 2.5 5.0 10
Micro-gel 0 xa X X x X X X
particles (wt%)
x X X X X X X
4 x X X X X X X X
6 x x4 A AN NN
8 o« x4 NN NN
T S A N N

2 A cross mark indicated that emulsions were still liquid with relatively low viscosity.

> A check mark indicated the formation of gel-like emulsions with shear-thinning behavior
and G' value higher than G".
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As shown in Table 7-1, gel-like emulsions could not be obtained in SPI-stabilized
emulsions without alginate no matter how many micro-gel particles (0-10%) were added.
When the concentration of alginate in emulsions increased to 0.1%, and 10% of micro-gel
particles were added, gel-like emulsions formed, while emulsions still showed liquid-like
behavior under low concentrations of micro-gel particles (0-8.0%). In addition, when the
concentrations of alginate in emulsions increased to 0.3% or 0.5%, gel-like emulsions
formed at high concentrations of micro-gel particles (6.0-10%). These indicate that the
conditions for the formations of gel-like emulsions were the presence of alginate and

addition of high levels of alginate-based micro-gel particles.

It has been reported that calcium ions were distributed at the surfaces of alginate-based
macro-gel beads produced by external gelation method, as determined by electron dispersive
spectroscopy (Patel et al., 2017). Therefore, it can be proposed that the mechanism of the
formation of gel-like emulsions containing alginate and Ca®*-induced alginate micro-gel
particles is probably interactions between alginate molecules and Ca®* on the surfaces of
alginate micro-gel particles in the continuous phase of emulsions, which however needs
further investigation. This potential mechanism for the formation of alginate-based gel-like
emulsions is different from that in previous studies, in which insoluble calcium salts (e.g.,
CaCO;3, CaSO4, or CaEDTA) were introduced into emulsions containing alginate before an
acid (e.g., GDL or pyrophosphate) was added to release calcium ions and trigger the gelation

and formation of alginate-based emulsion gels (Pintado et al., 2015; Sato et al., 2014).

Table 7-1 also shows that 0.3% of alginate solutions without SPI-coated droplets also
showed solid-like behavior at high concentrations of micro-gel particles (6.0-10%), and the
gel point was unchanged when the concentrations of SPI-coated droplets increased from 0%
to 10%. These indicate that the concentration of SPI-coated droplets and the interactions
between alginate micro-gel particles and SPI-coated droplets played a relatively unimportant
role in the formation of gel-like emulsions. This was probably because the ionic bonding

between alginate and Ca?" is stronger than the electrostatic interactions between SPI and
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Ca?" (Chan et al., 2002; Lu et al., 2010), or may relate to the fact that contents of SPI in
emulsions were less than 1.0% in this study, which were much lower than the concentrations
of SPI (> 6.0%) needed for Ca?*-induced protein gelation (Maltais et al., 2005). Therefore, it
can be concluded that the gel point of emulsions was affected by the concentrations of
micro-gel particles and alginate rather than the concentration of SPI-coated droplets in this

study.

7.3.2. Properties of emulsions containing alginate and micro-gel particles

Figure 7-S2 shows that although emulsions containing 5.0% SPI-coated droplets, 0.1%
alginate, and 10% micro-gel particles exhibited gel-like behavior (i.e., G' > G"), the G' of
gel-like emulsions (i.e., 0.5-2.0 Pa) was low, which indicates low extents of cross-linking in
the resultant gel-like emulsions. Therefore, properties of emulsions containing higher
concentration of alginate (i.e., 0.3%) and various concentrations of micro-gel particles (i.e.,

0-10%) were further investigated.

7.3.2.1. Rheological properties

Figure 7-1A shows that the viscosity of emulsions increased with increasing the
concentrations of micro-gel particles from 0 to 10% in emulsions. This was probably
because increased interactions between micro-gel particles and alginate molecules in the
continuous phase decreased the fluidity of emulsions. In addition, emulsions containing
higher contents of micro-gel particles (= 6.0%) showed more obvious shear-thinning
behavior in the low range of shear rate, which also indicates that the extent of cross-linking
between micro-gel particles and alginate molecules increased when increasing the
concentrations of micro-gel particles. This was also confirmed by the increased values of G’
and G" of emulsions containing higher contents of micro-gel particles (> 6.0%) (Figure 7-
1B). A similar result has been reported, where emulsion gels were prepared by introducing

Persian gum and CaCl, into the continuous phase of whey protein isolate-stabilized
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emulsions, and increasing the levels of Persian gum increased the G', G", and #* values of

emulsion gels (Khalesi et al., 2019).

Figure 7-1B also shows that emulsions containing low levels of micro-gel particles (<
6.0%) had low G' values (< 10 Pa), while emulsions turned into gel-like emulsions (G'> G")
when 6.0% micro-gel particles were added, and that increasing the concentrations of micro-
gel particles to 8% and 10% increased the G' of gel-like emulsions to 1235 Pa and 64-97 Pa,

respectively, in the frequency range of 0.1-10 Hz.
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Figure 7-1. (A) Viscosity and (B) moduli (G' and G") of emulsions containing 0-10%
micro-gel particles, 0.3% alginate and 5.0% oil droplets.
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In addition, the tan 6 (G'/G") values also deceased from 2.43-15.9 to 0.11-0.27 when
increasing the concentrations of micro-gel particles from 4.0% and 10%. This was probably
because high contents of micro-gel particles in emulsions led to the formation of gel network
structures, in which micro-gel particles may act as cross-linking sites between neighboring
alginate molecules through interactions between alginate molecules and Ca?" on the surfaces
of alginate micro-gel particles and/or Ca?>" may release from micro-gel particles and cross-
link alginate molecules in the continuous phase of emulsions. However, low concentrations
of micro-gel particles (< 6.0%) were insufficient to cross-link alginate molecules and form
network structures. Our results thus indicate that the viscoelasticity of gel-like emulsions can

be easily adjusted by the addition amount of micro-gel particles.

7.3.2.2. Morphology, micro-structure and droplet-size

Figure 7-2A shows the visual appearance of SPI-stabilized emulsions containing 0.3%
alginate and 0—10% of micro-gel particles. Emulsions without micro-gel particles moved to
the bottom of bottle after inverting the glass bottle, while some emulsions containing 2.0—
4.0% of micro-gel particles stuck to the inner walls of bottles, due to the slightly increased
viscosity (Figure 7-1A). Emulsions containing 6.0% of micro-gel particles turned into gel-
like emulsions and some residual gel material remained on the top and wall of bottle after
inverting it, while emulsions containing 8—10% of micro-gel particles showed solid-like and
self-standing behavior, and are classed as emulsion gels, probably due to high extents of
cross-linking between alginate molecules and micro-gel particles in the continuous phase of
emulsions. Our results indicated that SPI-stabilized emulsions, gel-like emulsions, or
emulsion gels could be obtained by adjusting the content of micro-gel particles. Similar
results have also been reported, where starch granule-stabilized Pickering emulsions
converted from liquid-like behavior to solid-like behavior with increasing the oil volume

fractions from 10% to 60% (Li et al., 2020).
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Figure 7-2. (A) Visual appearance and (B) micro-structure with droplet-size distribution of
emulsions containing 0—10% micro-gel particles.

Figure 7-2B shows the micro-structure and droplet-size distribution of SPI-stabilized
emulsions containing 0.3% alginate and 0-10% of micro-gel particles. Partial emulsion
flocculation occurred in emulsions without micro-gel particles (i.e., the control sample),
probably because the electrostatic repulsion between anionic alginate and SPI-coated
droplets at pH 6—7 led to depletion flocculation (Fioramonti et al., 2015). Both micro-gel
particles and emulsion droplets could be observed in samples containing 2.0—4.0% of micro-
gel particles, and they had similar droplet sizes to the control sample. However, increasing
the contents of micro-gel particles to 6.0-10% significantly increased the droplet size of

sample (i.e., the presence of another peak at around 100 um in the distribution), but the
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micro-structure of emulsion droplets containing 6.0-10% of micro-gel particles were similar
to those containing 2.0—4.0% of micro-gel particles, in which droplet coalescence did not
occur. Therefore, the possible reason for increased droplet size was that the presence of
micro-gel particles (D = 4.03—-144 um) (Figure 7-S4) were detected in samples containing
higher contents of micro-gel particles (i.e., 6.0-10%), although the presence of micro-gel
particles had no significant effects on the emulsion droplet-size distribution regardless of

micro-gel particle concentration.
7.3.2.3. Creaming stability

Figure 7-3 shows the light transmission profiles of SPI-stabilized emulsions containing
0.3% alginate and 0-10% of micro-gel particles during centrifugation. The light
transmission through the bottom of sample cells containing emulsions without micro-gel
particles (i.e., the control sample in Figure 7-3A) increased sharply during centrifugation,
which indicates the occurrence of creaming in the control sample. Creaming in emulsions is
driven by the buoyancy of emulsion droplets dispersed in the continuous phase and,

according to the Stokes law, the creaming rate (Cr) can be calculated through Eq. (7-2):

2
CrzR (pc po)
.

(7-2)

where R indicates the size of droplets, p. indicates the density of the continuous phase, p,
indicates the density of droplets, and 7. indicates the viscosity of the continuous phase

(Chanamai & McClements, 2000).

However, the presence of low levels of micro-gel particles in emulsions (i.e., 2.0-4.0%)
slowed the changes on the light transmission through the bottom of sample cells (Figures 7-
3B and 7-3C), which indicates an increase in creaming stability of emulsions. This was
probably because low extents of cross-linking occurred between alginate molecules and
micro-gel particles in the continuous phase, which increased the viscosity of continuous

phase and thus decreased the creaming rate of emulsions. Further increasing the addition
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levels of micro-gel particles in emulsions to 6.0-10% led to a stable system with low light
transmission in emulsions during centrifugation (Figures 7-3D-F), which indicated high
creaming stability of emulsions, probably because of the high extents of cross-linking

between alginate molecules and micro-gel particles and the formation of gel-like emulsions.
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Figure 7-3. (A-F) Transmission profiles with time of emulsions containing 0%, 2.0%, 4.0%,
6.0%, 8.0%, and 10% micro-gel particles during 100 min of centrifugation at 3000 rpm.

7.3.3. Storage stability and digestion of micro-gel particle-induced gel-like emulsions with

encapsulated lycopene

7.3.3.1. Storage stability of emulsions with encapsulated lycopene

The storage stability of emulsions containing 0%, 4.0%, or 8.0% of micro-gel particles
and encapsulated lycopene were further investigated, by storage of samples at 4°C in the
dark for six weeks. Figure 7-4A shows the visual appearance of emulsions during storage. It

can be seen that creaming occurred in the control samples without micro-gel particles during
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storage, while emulsions containing 4.0% or 8.0% of micro-gel particles showed relatively
high creaming stability. This was probably because the interactions between micro-gel
particles and alginate molecules increased the viscosity of the continuous phase, decreased
the mobility of droplets, and thus improved the storage stability of emulsions, as discussed

in Section 7.3.2.3.

The micro-structure and droplet-size distribution of emulsions during storage were also
investigated (Figure 7-4B). The D43 of droplets in emulsions containing 0% or 4.0% of
micro-gel particles before storage were 9.31 + 0.03 um and 9.12 £ 0.02 um with one peak in
the distribution, respectively, while the D43 of droplets in emulsions containing 8.0% of
micro-gel particles before storage were 74.2 + 12.7 um with two peaks in the distribution.
The droplet size of emulsions containing 0%, 4.0%, or 8.0% micro-gel particles after storage
for six weeks were 9.26 + 0.04 um, 9.08 = 0.04 um, and 83.6 £ 2.2 um, respectively. In
addition, droplet coalescence was not observed from micro-structure of emulsions during
storage. These indicate that all SPI-stabilized emulsions containing alginate showed good
stability to coalescence regardless of the presence of micro-gel particles, probably because
proteins adsorbed at the surfaces of droplets could prevent two droplets from merging to

form a larger droplet (Tcholakova et al., 2006).

Figure 7-4C shows the content of lycopene encapsulated in SPI-stabilized emulsions
containing 0%, 4.0%, or 8.0% of micro-gel particles during storage. It can be seen that
lycopene in all samples showed high stability during storage, although their contents
decreased slightly. It is well known that heating (> 100°C) and light irradiation can
accelerate lycopene degradation (Ax et al., 2003; Shi et al., 2003). However, samples were
stored at 4°C in the dark in this study, so lycopene were relatively stable, although the
mobility of droplets in emulsions containing different levels of micro-gel particles were

different.
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Figure 7-4. (A) Visual appearance of emulsions, (B) micro-structure with droplet-size
distribution of emulsions, and (C) lycopene content in emulsions containing 0%, 4.0%, and
8.0% micro-gel particles during storage for six weeks at 4°C and darkness.

7.3.3.2. Bio-accessibility of encapsulated lycopene from emulsions during digestion

In-vitro digestion of emulsions containing 0%, 4.0%, or 8.0% of micro-gel particles and
encapsulated lycopene were also studied, and Figure 7-5 shows the micro-structure of
emulsions during digestion. Emulsions after oral digestion had similar structures to those
before digestion (Figure 7-4B). However, severe flocculation occurred during gastric
digestion in all samples, probably because the pH of simulated gastric liquids was
maintained at 3.0 and the surface charges of SPI-stabilized droplets and the repulsive forces
between neighboring droplets decreased at such pH. It has also been reported that whey
protein-stabilized emulsions underwent flocculation during simulated gastric digestion at pH
2.52-6.16 (Wang et al., 2019). Figure 7-5 also shows that small parts of droplets could still

be observed after intestinal digestion for 2 h, and some droplets were coated by membranous
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cysts in emulsions containing 4.0% or 8.0% of micro-gel particles, which was probably

because undigested alginate gel matrix residuals attached to the droplets.

In addition, the bio-accessibility of encapsulated lycopene after intestinal digestion was
also investigated, and the lycopene bio-accessibility in emulsions containing 0%, 4.0%, or
8.0% of micro-gel particles were 56.8 + 7.0%, 52.7 £ 7.1%, and 51.0 + 6.7%, respectively
(»p > 0.05). It is known that carotenoids in lipids could be released and dissolved into
micelles during intestinal digestion along with lipid digestion (Mutsokoti et al., 2017), while
the presence of micro-gel particle-induced gel-like alginate matrices in emulsions may
inhibit bio-accessibility of enzymes to lipids and thus slow lipid digestion and decrease
carotenoid bio-accessibility. It has been reported that less f-carotene was released from

whey protein-beet pectin-stabilized emulsions into micelles than from whey protein-
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Figure 7-5. Micro-structure of emulsions containing 0%, 4.0%, and 8.0% micro-gel
particles and lycopene during in-vitro digestion. Arrows pointed out the membranous cyst-
coated droplets.

stabilized emulsions (Xu et al., 2014).
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7.4. Conclusions

The formation and properties (i.e., micro-structure, rheological properties, creaming
stability, storage stability, and in-vitro digestion) of gel-like emulsions containing alginate-
based micro-gel particles and alginate molecules were investigated. The conditions for the
formation of gel-like emulsions were high concentrations of micro-gel particles (> 6.0%) in
the presence of alginate (> 0.1%), but the concentration of oil droplets (0—10%) did not
affect the gel point of emulsions, which indicated that interactions between alginate
molecules and micro-gel particles may be the reason for the formation of gel-like emulsions.
In addition, increased viscosity and G' values of emulsions/gel-like emulsions with
increasing contents of micro-gel particles in emulsions also indicated increased cross-linking
between alginate molecules and micro-gel particles. The creaming stability and storage
stability of emulsions were significantly improved after introducing high concentrations of
micro-gel particles (> 6.0%) compared to the control samples without micro-gel particles,
although the presence of micro-gel particles slightly decreased the in-vitro bio-accessibility
of lycopene encapsulated in emulsions (p > 0.05). However, the mechanism of interactions
between alginate molecules and Ca?*-induced micro-gel particles (especially the surface
properties of micro-gel particles), the effect of higher oil phase fraction (> 10%) on the
properties of micro-gel particle-induced gel-like emulsions, and the application of these gel-

like emulsions in foods, need further investigation.
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Supplementary materials

SPI-stabilized emulsions SPI-stabilized emulsions SPI-stabilized emulsions
containing algiante containing algiante and
microgel particles

-

i+ SPl-coated droplets ~vwr- Sodium alginate @ Micro-gel particles

Figure 7-S1. Preparation of SPI-stabilized emulsions containing sodium alginate and micro-
gel particles.
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Figure 7-S2. The effect of alginate concentration (i.e., (A) 0%, (B) 0.1%, and (C) 0.5%) on
viscosity and moduli (G’ and G") of emulsions containing 0—10% micro-gel particles and
5.0% oil droplets. The results of effect of 0.3% alginate were presented in Figure 7-1.
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Figure 7-S3. The effect of oil phase fraction (i.e., (A) 0%, (B) 2.5%, and (C) 10%) on
viscosity and moduli (G' and G") of emulsions containing 0—10% micro-gel particles and
0.3% alginate. The results of effect of 5.0% oil were presented in Figure 7-1.
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Figure 7-S4. Micro-structure and size distribution of alginate-based micro-gel particles
produced by the external O/W/O emulsion-gelation method.
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CHAPTER EIGHT

General Discussion and Conclusions
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8.1. Overview and summary

This thesis investigated the formulation, properties and application of alginate-based and
soy protein isolate (SPI)-stabilized emulsion gels. It includes three sections divided by the
morphology of emulsion gels studied: (1) structuring bulk emulsion gels by electrostatic
protein-polysaccharide interactions (Chapter 2) and formation of micro-gel particle-induced
gel-like emulsions (Chapter 7); (2) the gelling process of emulsion macro-gel beads
(Chapter 3) and the effect of emulsifiers and pH of emulsions on properties of emulsion
macro-gel beads (Chapters 4 and 5); and (3) preparation and application of emulsion

micro-gel particles (Chapters 6 and 7).

8.1.1. Bulk emulsion gels/gel-like emulsions

Alginate-based bulk emulsion gels/gel-like emulsions have been widely investigated
(Sato et al., 2014; Soukoulis et al., 2016), in which using naturally occurring ingredients
(e.g., oat bran, chia flour, and SPI) as emulsifiers has received increased interest in recent
years (Herrero et al., 2018; Pintado et al., 2015). Alginate is an anionic polysaccharide,
while SPI is positively charged when pH is below 4.5 (i.e., the isoelectric point (p/) of SPI)
(Freitas et al., 2017). Therefore, electrostatic protein-polysaccharide interactions between
SPI-coated droplets and alginate molecules are critical in emulsions and emulsion gels, and
may influence properties of emulsions and emulsion gels (e.g., the droplet distribution and

stability of emulsions and the structure and mechanical strength of emulsion gels).

Previous studies mainly focused on the improved stability of anionic
polysaccharide/protein-stabilized emulsions at pH 4-4.5 (Guzey & McClements, 2007,
Salminen & Weiss, 2014) and the formation and properties of polysaccharide-based and
protein-stabilized emulsion gels at neutral pH or around p/ (Feng et al., 2018; Lam &
Nickerson, 2014). The studies in Chapter 2 investigated the electrostatic protein-
polysaccharide interactions between SPI-coated droplets and alginate molecules at pH 3.0
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and focused on the role of mixing sequence of oppositely charged SPI-stabilized emulsions
and alginate solutions in preparation of emulsions and emulsion gels. It was found that
adding alginate solutions (0.025-0.4 wt%) into SPI-stabilized emulsions containing 0.1 wt%
SPI and 1.0 wt% oil (1:1) and adding high concentration SPI-stabilized emulsions (0.2-0.5
wt% SPI and 2.0-5.0 wt% oil) into 0.2 wt% alginate solutions (1:1) at pH 3.0 with mild
stirring resulted in unstable emulsions containing flocculated droplets. However, relatively
stable emulsions containing unflocculated and negatively charged droplets could be only
obtained by adding low concentration SPI-stabilized emulsions (0.1 wt% SPI and 1.0 wt%
oil) into alginate solutions (0.2 wt%), and emulsion gels prepared from above resultant
emulsions had less flocculated droplets and higher L* and G’ values than emulsion gels

prepared by adding alginate solutions into SPI-stabilized emulsions.

SPI-stabilized emulsions normally show lower stability than animal protein- or synthetic
chemical-stabilized emulsions (Benjamin et al., 2014; Zhang et al., 2021), and forming gel-
like emulsions is an effective method to improve their stability. Previous studies on SPI-
stabilized gel-like emulsions mainly focused on Pickering emulsions (Liu & Tang, 2016),
modifying structural properties of SPI adsorbed at droplet surfaces (Tang & Liu, 2013), and
introducing gelling agents (e.g., alginate and WPI) into the continuous phase of emulsions
(Lin et al., 2021). A novel strategy was investigated in Chapter 7 to enhance stability of
SPI-stabilized emulsions by introducing alginate and alginate-based micro-gel particles into
SPI-stabilized emulsions to form gel-like emulsions. Increasing the concentrations of micro-
gel particles (from 2.0% to 10%) in alginate/SPI-stabilized emulsions gradually increased
the viscosity of mixtures, and gel-like emulsions were obtained when the concentrations of
micro-gel particles were higher than 6.0%. The creaming stability and storage stability of
SPI-stabilized emulsions after turning into gel-like emulsions were thus significantly
improved. However, the bio-accessibility of lycopene encapsulated in SPl-stabilized
emulsions slightly decreased with increasing concentrations of micro-gel particles after in-

vitro digestion.
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8.1.2. Emulsion macro-gel beads

The formulation (Levi¢ et al., 2015; Piornos et al., 2017), structural and mechanical
properties (Corstens et al., 2017), digestion of alginate-based emulsion macro-gel beads, and
release of encapsulated lipophilic compounds from them (Xu et al., 2019) have been widely
investigated. In addition, previous studies mainly focused on alginate-based emulsion
macro-gel beads stabilized by whey protein isolate (WPI) (Corstens et al., 2017), lupin
protein isolate (Piornos et al., 2017), or Tween 80 and Span 80 (Xu et al., 2019). The gelling
process of alginate-based emulsion macro-gel beads and using SPI as emulsifiers in alginate-

based emulsion macro-gel beads have rarely been investigated.

The gelling process of alginate-based and SPI-stabilized emulsion macro-gel beads was
investigated in Chapter 3, in which external gelation was used to produce gel beads by
dropping emulsions into CaCl, solutions. It is already known that calcium cations can
diffuse into alginate drops along with syneresis (i.e., water loss) and shrinkage during
gelation (Quong et al., 1998; Rehm, 2009). In addition, it was found that the Young's
modulus of 1% alginate-based hydro-gel beads increased up to 5 min (i.e., the maturation
step), decreased between 5 and 10 min (i.e., the structural collapse step), and finally reached
a plateau (i.e, the equilibrium step) during gelation for 30 min. However, there was no
structural collapse step after introducing 1.0% SPI and 20% oil into gel beads (i.e., emulsion
gel beads), although decreasing the alginate content in emulsions to 0.5% still led to the
structural collapse of emulsion gel beads. In addition, increasing the alginate contents from
0.5 to 1.5% did not affect the speed of water loss but slowed the shrinkage of emulsion gel
beads during gelation. Also, increasing the SPI concentrations from 0.5% to 2.0% did not
affect the profiles of Young's modulus and the speed of water loss and shrinkage during
gelation, and increasing the oil contents from 10 to 40% did not affect the profiles of

Young's modulus but slowed the speed of water loss and shrinkage.
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The degradation of alginate-based and SPI-stabilized emulsion macro-gel beads and the
release of encapsulated lipophilic compounds (use lycopene as an example) from them
during digestion were further investigated in Chapter 4. After simulated oral digestion, the
Young's modulus of gel beads without protein (i.e., the control samples) and SPI-stabilized
emulsion beads increased 1.32 and 1.13 times, respectively, than those before digestion. The
Young's modulus of gel beads further increased during simulated gastric digestion (i.e.,
increased 1.16 and 1.36 times after 2 h of gastric digestion for control samples and SPI-
stabilized emulsion beads, respectively). In addition, control samples and SPI-stabilized
emulsion beads shrank by 2.11% and 25.92% after gastric digestion, respectively, compared
to their size before gastric digestion, which led to SPI-stabilized emulsion gel beads with
smaller size and denser structure than control samples. Therefore, structural collapse of SPI-
stabilized emulsion gel beads and lycopene release from them were then delayed during

intestinal digestion than control samples.

In addition, the effect of emulsion pH (i.e., pH 7.0, 5.0, and 3.0) on mechanical
properties of alginate-based and SPI-stabilized emulsion macro-gel beads and the stability
and release of encapsulated lycopene during storage and digestion were further investigated
in Chapter 5. Emulsion gel beads at pH 3.0 had lower Young's modulus than those at pH
7.0 or 5.0, which was consistent with the changes on Young’s modulus of SPI/alginate-
based hydro-gel beads at different pHs. This indicated that the change on G'yaix values was
the main reason for the change on Young’s modulus of emulsion macro-gel beads at
different pHs. However, emulsion gel beads at pH 5.0 had a lower lycopene retention rate
(i.e., 56 £ 5%) than those at pH 7.0 or 3.0 (i.e., 63 + 3% and 69 + 4%, respectively),
probably due to different surface structures and surface charges of droplets at different pHs.
In addition, gel beads at pH 3.0 show faster structural collapse and accelerated release of
encapsulated lycopene than those at pH 5.0 or 7.0 during intestinal digestion, probably due

to weaker mechanical properties of gel beads at pH 3.0.

220



Chapter eight

The findings of this section highlighted the gelling process of alginate-based and SPI-
stabilized emulsion macro-gel beads and the influence of emulsion pH on the mechanical
properties and in-vitro digestion behavior of emulsion gel beads, which makes it possible to
design emulsion gel beads with potential controlled released of encapsulated hydrophobic
ingredients by structuring the gel matrix and the water/oil interfaces with naturally occurring

polymers (e.g., proteins).

8.1.3. Emulsion micro-gel particles

Micro-gel particles have potential'to be used as structuring agents for adjusting
rheological and textural properties of food, replacing fats, and encapsulating nutrients for
their protection and targeted delivery in the food industry (Shewan & Stokes, 2013).
Therefore, protein-/polysaccharide-based micro-gels have received increased interest
recently. Alginate-based hydro-mirogels have also been widely investigated, in terms of
their formation (Chan et al., 2002; Paques et al., 2013), properties (Leon et al., 2016),
digestion behavior (Bokkhim et al., 2016), and application for encapsulation (Lupo et al.,
2014; Zhang et al., 2016). In contrast, alginate-based emulsion micro-gels have rarely been
studied, although it has been reported that emulsion (0.20 um) filled alginate micro-gel
particles (20—80 um) were prepared by the impinging aerosol technique (Ching et al., 2015),
and that chitosan-coated alginate-based emulsion micro-gels (500—800 um) were prepared
by the emulsion/internal gelation technique (Ribeiro et al., 1999). However, the preparation
of alginate-based emulsion micro-gels by the emulsion/external gelation and their properties
(i.e., suspension rheology and digestion) and applications in the food industry have rarely

been investigated.

Therefore, the formation, morphology, suspension rheology, and digestive behavior of
alginate-based and SPI-stabilized emulsion micro-gels prepared by the external or internal
gelation were compared in Chapter 6, and their application to gel-in-gel beads was also

investigated. The average size (i.e., D43) of emulsion micro-gels prepared by the external
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gelation was 39.6 + 0.5 um, with a size distribution from 2.5 to 110 um, while the average
size (i.e., D43) of emulsion micro-gels prepared by internal gelation was 144 = 5 um with the
size distribution from 15 to 450 um. Externally-induced particle suspensions showed higher
G', ¢, and ¢.p values than internally-induced particle suspensions. Externally- and
internally-induced particles also showed different digestive behaviour. Externally-induced
particles slightly swelled during simulated gastric digestion, while internally-induced
particles partially shrank and partially swelled during gastric digestion. In addition,
externally-induced particles showed faster structural collapse than internally-induced
particles during simulated intestinal digestion. It was also found that externally-induced
particles had stronger cross-linking with alginate molecules in alginate-based emulsion
macro-gels, which led to increased Young's modulus and delayed structural collapse and
release of encapsulated lycopene during digestion compared to internally-induced particles.
Based on these findings, externally-induced particles were further investigated to trigger
formation of gel-like emulsions to improve stability of alginate/SPI-stabilized emulsions in
Chapter 7, which has been discussed in Section 8.1.1. The findings in this section set the

stage for further investigation on alginate-based emulsion micro-gel particles.

8.1.4. The role of SPI in emulsion gels: Emulsifiers and structuring agents

It has been reported that 7S and 118 proteins of soy proteins showed good emulsifying
capacity four decades ago (Aoki et al., 1980), and since then SPI used as emulsifiers in
emulsions has been widely investigated. However, using SPI as emulsifiers in alginate-based
emulsion gels has rarely been reported, although WPI was often used in alginate-based
emulsion gels in previous studies (Feng et al., 2018; Ruffin et al., 2014). Figure 3-1 shows
that oil droplets can be coated by SPI in alginate/SPI-stabilized emulsions because
hydrophobic groups of SPI (i.e., hydrophobic side chains of Gly, Ala, Val, Leu, lle, Pro, Phe,
Met, and Trp) can adsorb on the surfaces of oil droplets while hydrophilic groups (i.e., polar
side chains of Ser, Thr, Cys, Asn, Gln, and Tyr) can connect with the water phase. SPI-
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coated droplets can prevent droplet coalescence not only in emulsions during storage
(Chapter 7) but also in emulsion gels during gelation (Chapters 2 and 3). Figure 7-4B
shows that the droplet-size distribution in alginate/SPI-stabilized emulsions was stable
during storage for six weeks and droplet coalescence was not observed from micro-structure
of emulsions. In addition, Figure 3-1 shows that SPI-coated droplets in alginate-based
macro-gel beads maintained their structures during gelation, while droplet coalescence
occurred during gelation in those samples without being coated with SPI. Figures 2-1 and
2-4 also show that droplet coalescence did not occur in alginate-based and SPI-stabilized

bulk emulsion gels during gelation.

In addition, SPI can also function as structuring agents in alginate-based emulsion gels
through several mechanisms. Firstly, insoluble SPI proteins as solid fillers may obstruct the
formation of alginate-based network structures. Figure 3-2 shows that alginate/SPI-based
hydro-gel beads had lower Young's modulus than alginate-based hydro-gel beads without
proteins, and Table 4-1 also shows that alginate-based and SPI-stabilized emulsion gel
beads had lower Young's modulus than alginate-based emulsion gel beads without proteins.
Secondly, surface properties of SPI-coated droplets differ at different pHs, and electrostatic
protein-polysaccharide interactions between SPI-coated droplets and alginate molecules
affect structures of emulsion gels at different pHs. Figures 5-1 and 5-3 indicate that
unflocculated droplets in alginate/SPI-stabilized emulsions at pH 3.0 and 5.0 were coated by
a double layer of emulsifiers (i.e., the SPI-based inner layer and alginate-based outer layer),
due to electrostatic attraction between SPI-coated droplets and alginate molecules, while
droplets at pH 7.0 were coated by a single layer of negatively charged SPI and droplet
flocculation occurred, due to strong electrostatic repulsion between SPI-coated droplets and
alginate molecules. In addition, Figures 2-1 and 2-2 show that adding low-level of SPI-
stabilized emulsions into alginate solutions at pH 3.0 tended to form stable emulsions
without flocculated droplets, while adding alginate solutions into SPI-stabilized emulsions

tended to form unstable emulsions containing flocculated droplets, due to bridging
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flocculation (i.e., insufficient alginate molecules shared by neighbouring SPI-coated
droplets). Emulsions prepared by adding alginate solutions into SPI-stabilized emulsions led
to bulk emulsion gels with flocculated droplets and lower L* and G’ values than those

prepared by adding SPI-stabilized emulsions into alginate solutions (Figure 2-4).

8.1.5. Application of emulsion micro-gel particles: Formation of gel-in-gel systems

Embedding micro-gels into another gels to produce gel-in-gel systems and to achieve
controlled release of encapsulated compounds has received growing interest in recent years
(Husman et al., 2020; Liu et al., 2008). A microgel-in-bulk gel system was reported by Zhu
et al. (2016), in which bone morphogenetic protein-2 (BMP-2) was encapsulated in alginate-
based micro-spheres, and then alginate micro-spheres were embedded into chitosan/dextran-
polylactide/glycerophosphate-based bulk hydrogels, which showed continuous release of
BMP-2 from gels. A microparticle-in-macrogel system was reported by Busatto et al. (2019),
in which lignin-based microparticles encapsulated with atrazine were prepared first, and then
lignin microparticles were introduced into alginate-based macro-gel beads, and atrazine
showed slower release from microparticle-in-macrogel beads than from lignin microparticles.
A microgel-in-microgel system has also been reported (Ma et al., 2018), in which whey
protein-coated oil droplets were loaded into alginate- or carrageenan-based microgels, and
emulsion microgels were further embedded into carrageenan- or alginate-based microgels,
and lipid digestion decreased in microgel-in-microgel systems compared to free oil droplets

and those in emulsion microgels.

However, previous studies mainly focused on hydro-gel-in-hydro-gel or emulsion gel-in-
hyro-gel systems. This thesis fabricated emulsion gel-in-emulsion gel systems, in which
emulsion micro-gel particles were introduced into emulsion macro-gel beads in Chapter 6.
The effect of micro-gel particles prepared by different gelation methods (i.e., external or
internal gelation) on mechanical properties and digestive behavior was compared. It was

found that the presence of externally-induced micro-gels led to increased Young's modulus
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of alginate-based emulsion gel beads and delayed release of lycopene from them, with
delayed structural collapse during in-vitro intestinal digestion, compared to emulsion gel
beads containing internally-induced micro-gel particles or the control samples without
micro-gel particles. In addition, alginate/SPI-stabilized gel-like emulsions containing
externally-induced micro-gel particles were investigated in Chapter 7. It was found that
alginate/SPI-stabilized emulsions could turn into gel-like emulsions in the presence of high
levels of micro-gel particles (> 6.0%). Micro-gel-induced gel-like emulsions showed higher
creaming stability then liquid emulsions, but gel-like emulsions showed lower bio-
accessibility of encapsulated lycopene after in-vitro digestion than liquid emulsions. The
formation and properties of emulsion microgel-in-bulk emulsion gels and application of

these gel-in-gel systems in food systems need further investigation.

8.2. Overall conclusions

Based on findings and discussion in this thesis, overall conclusions are shown as follows:

® Adding low-level of SPI-stabilized emulsions into oppositely charged alginate solutions
at pH 3.0 led to stable emulsions, while adding high-level of SPI-stabilized emulsions
into alginate solutions or adding alginate solutions into SPI-stabilized emulsions led to
flocculation. In addition, emulsion flocculation accelerated gelation kinetics and
decreased G' values of bulk emulsion gels, compared to stable emulsions without

flocculation (Chapter 2);

® Young's modulus of emulsion gel beads kept increasing before reaching a plateau along
with continuous water loss and shrinkage during gelation for 30 min, while the speed of
shrinkage could be slowed by increasing contents of alginate (from 0.5% to 1.5%) and

oil (from 10% to 40%) in emulsions (Chapter 3);

® Water loss and shrinkage of emulsion gel beads led to more compact filler structures

during gelation, and higher SPI concentrations resulted in more stable droplet structures
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during gelation, while increasing contents of alginate to 1.5% and oil to 40% led to

coalescence of droplets during gelation (Chapter 3);

The presence of WPI increased Young's modulus of alginate-based emulsion gel beads,
while the presence of SPI decreased their Young's modulus probably because WPI had
stronger interactions with alginate than SPI, although the presence of WPI or SPI
delayed release of lycopene from alginate-based beads during digestion, compared to

control samples without proteins (Chapter 4);

Alginate-based and SPI-stabilized emulsion gel beads at pH 5.0 had higher Young's
modulus than those at pH 7.0 or 3.0. Lycopene encapsulated in emulsion gel beads at
pH 3.0 had higher stability than those at pH 7.0 or 5.0 during storage. In addition,
lycopene showed faster release from gel beads at pH 3.0 during digestion than those at

pH 7.0 or 5.0 (Chapter 5);

Emulsion micro-gel particles produce by external gelation under mild stirring had
smaller size, wider particle-size distribution, and faster structural collapse during in-
vitro digestion than internally-induced micro-gels, and the suspensions of externally-
induced particles exhibited higher G’, ¢;, and ¢., values than those of internally-induced

particles (Chapter 6);

The presence of externally-induced micro-gel particles in alginate-based emulsion
macro-gel beads increased their mechanical strength and thus delayed structural
collapse and lycopene release during digestion, while internally-induced particles did

not show such effects (Chapter 6);

The presence of alginate (> 0.1%) and high levels of externally-induced emulsion
micro-gel particles (> 6.0%) turned SPI-stabilized emulsions into gel-like emulsions
with improved creaming stability, while the content of SPI-coated droplets (0—10%)

played an relatively unimportant role in gel formation (Chapter 7);

226



Chapter eight

® Increasing the content of micro-gel particles in alginate/SPI-stabilized emulsions
increased their viscosity and G’ values of gel-like emulsions but slightly decreased bio-

accessibility of encapsulated lycopene after in-vitro digestion (Chapter 7).

8.3. Prospects for further study

Based on findings and discussion in this thesis, further studies on alginate-based and

SPI-stabilized emulsion gels are recommended as follows:

8.3.1. Mechanism of formation of emulsion micro-gel particle-induced gel-like mixtures

Chapters 6 and 7 showed that gel-like mixtures could be obtained when adding
externally-induced emulsion micro-gel particles into alginate solutions and that gel-like
emulsions were formed after adding micro-gel particles into alginate/SPI-stabilized
emulsions. However, the mechanism of such gelation is still unknown, although two
hypotheses were given: Ca*" ions may release from micro-gel particles and trigger the
gelation of alginate and/or micro-gel particles may cross-link with alginate molecules
through Ca?" ions adsorbed on the surfaces of micro-gel particles. FTIR, SEM, Zetasizer,

and calcium sensors can be used to unravel the hidden mechanism behind this phenomenon.

8.3.2. Preparation, application and safety of emulsion nano-gel particles

Nanomaterials have received growing interest in the food industry, due to their unique
physicochemical properties and potential in the development of nano-sized food additives,
delivery systems and innovative food packaging materials (Jain et al., 2018). Alginate-based
and SPI-stabilized emulsion nano-gel particles may be produced by electrostatic atomization
or the liposomal template method, which have been used to prepared nano-sized alginate
hydro-gel particles (Ching et al., 2017). However, the toxicity of nanomaterials has drawn

attention, due to their small size and large surface area, which allow easy dispersion and
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invasion of anatomical barriers in human body (Jain et al., 2018). Therefore, it is also

important to know more about the toxicological effects of emulsion nano-gel particles.

8.3.3. Surface modification to emulsion micro-/nano-gel particles

The surface properties (i.e., surface area, surface structure, surface composition, and
surface charge) of micro-/nano-particles play an important role in interactions between
micro-/nano-particles and other polymers (e.g., proteins, lipids and polysaccharides) through
ionic interactions, hydrogen bonds, and/or Van der Waals interactions (Saptarshi et al.,
2013). Therefore, the surface properties of emulsion micro-/nano-gel particles prepared by
external/internal gelation, the preparation, properties, and application of complexes formed
by emulsion micro-/nano-gel particles and other polymers, and modifications to surface
properties of particles to modify their reactivity with other polymers, need further

investigation.

8.3.4. Application of emulsion gels in food systems

Emulsion gels can be used as delivery systems for food nutrients, while the application
of emulsion gels as nutrient carriers in real food systems has rarely been reported, although
it has been reported that bulk emulsion gels were used as fat replacers in meat products, such
as sausages (dos Santos et al., 2020) and patties (Pintado et al., 2021). Therefore, the
application of emulsion gels as structuring agents and/or nutrient carriers in real food
systems needs further investigation. For instance, emulsion macro-gel beads or micro-/nano-
gel particles encapsulated with nutrients or flavour compounds can be introduced into solid
yogurts to produce functional yogurts; also, the combination of alginate and externally
induced-emulsion micro-gel particles can be introduced into semi-solid foods (e.g., salad
dressing, mayonnaise, butter spread, and sauce) to structure foods with reduced fat contents

or improved functional properties.
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ABSTRACT

Background: In recent years, there has been increasing interest in emulsion gels, due to their better stability
during storage and potential for prolonged intestinal drug release compared to emulsions. There are three kinds
of emulsion gels, classified according to their morphological properties: bulk emulsion gels, emulsion gel par-
ticles and liquid emulsion gels.

Scope and approach: This paper provides a comprehensive review of the mechanisms and procedures of different
methods for preparing different emulsion gels and relationships between structures and properties of emulsion
gels. The applications of emulsion gels in the food industry are finally discussed.

Key findings and conclusions: Different emulsion gels result from different preparation methods, and have various
structure-property relationships and applications. Many methods can be used to prepare bulk emulsion gels,
involving different matrix materials, processing techniques, and purposes. This can result in different structures
of gel matrices and emulsion droplets, and interactions between them, which can influence the structures of bulk
emulsion gels and then their mechanical and release properties. On the other hand, extrusion and impinging
aerosol methods are two methods for preparing emulsion gel particles, while liquid emulsion gels can be pre-
pared by Pickering emulsions and disrupted gel systems. Rheological, syneresis and swelling properties are
critical for gel particle suspensions, while flow behavior and release properties are important to liquid emulsion
gels. In addition, fat replacements and delivery systems are main applications of emulsion gels in the food
industry. However, current research has mainly focused on bulk emulsion gels, so further studies on emulsion gel
particles and liquid emulsion gels are required.

1. Introduction

droplets is a combination of these two different structures (i.e., partially
droplets filled in the gel matrix and partially aggregated droplets),

Emulsion gels, also known as emulgels or gelled emulsions
(Balakrishnan, Nguyen, Schmitt, Nicolai, & Chassenieux, 2017), are
complex colloidal materials in which both emulsion droplets and gels
exist (Dickinson, 2012). According to the state of emulsion droplets in
gels, structures of emulsion gels can be divided into two categories:
emulsion droplet-filled gels and emulsion droplet-aggregated gels
(Fig. 1). In emulsion droplet-filled gels, the continuous phase (e.g.,
protein- and polysaccharide-based gels) forms a continuous gel matrix
which can be defined as the support of emulsion gels, and emulsion
droplets are embedded in this gel matrix. In emulsion droplet-ag-
gregated gels, emulsion droplets aggregate together and form a network
structure, such that the gel matrix is disrupted by the aggregated
emulsion droplets. In most cases, the structural state of emulsion

probably owing to the inhomogeneous distribution of emulsion dro-
plets. Moreover, according to the interactions between emulsion dro-
plets and the gel matrix, emulsion droplets can be divided into active
and inactive fillers (Fig. 2). Active fillers are mechanically connected to
the gel network through emulsifiers by noncovalent and/or covalent
bonds, especially when emulsifiers are natural molecules (e.g., proteins,
egg lecithin, and soy lecithin); in contrast, inactive fillers have little
chemical or physical affinity with the molecules of gel matrix, espe-
cially when low molecular weight (LMW) emulsifiers or no emulsifiers
are used and matrix materials have weak emulsifying properties (Van
Vliet, 1988).

Preparing emulsion gels normally includes two steps: first preparing
emulsions and then turning emulsions into gels. During the last decade,
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Fig. 1. Structures of two idealized models of emulsion gels: (A) emulsion dro-
plet-filled gels, and (B) emulsion droplet-aggregated gels (Dickinson, 2012).

emulsion gels have received growing interest, due to their advantages
compared to emulsions, such as higher stability during storage, owing
to decreased oil movement and oxygen diffusion within the systems
(Cofrades, Bou, Flaiz, Garcimartin, Benedi, Mateos, et al.,, 2017;
Corstens et al., 2017; Lim, Kim, Choi, & Moon, 2015; Ma, Wan, & Yang,
2017; Sato, Moraes, & Cunha, 2014), controlled and prolonged gastric
and/or intestinal drug release because of the protection by the gel
matrix (Corstens et al., 2017; Guo, Bellissimo, & Rousseau, 2017), and
practical applications, including overcoming the textural problems
caused by lipid particles in food products and mimicking the effect of
fat on hardness and water-holding capacity of meat products
(Alejandre, Poyato, Ansorena, & Astiasaran, 2016; Brito-Oliveira, Bispo,
Moraes, Campanella, & Pinho, 2017).

Bulk emulsion gels, emulsion gel particles and liquid emulsion gels
are three kinds of emulsion gels (Fig. 3), which exhibit their own
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Fig. 2. Schematic presentation of two kinds of droplet fillers in emulsion gels:
(A) active fillers (droplets covered by black line), and (B) inactive fillers (dro-
plets covered by white line).

particular properties, due to their different morphological properties.
The size and shape of bulk emulsion gels are determined by the emul-
sion volume and containers (e.g., beakers and tubes) with different
shapes and sizes used during the emulsion gel preparation, and bulk
emulsion gels can also be broken into smaller pieces with different sizes
and shapes. Therefore, mechanical properties (including viscoelastic
and textural properties) of bulk emulsion gels are important. Emulsion
gel particles are normally spherical with sizes (diameters) from nano to
macro (Ching, Bansal, & Bhandari, 2017). Thus, mechanical properties
are also important for the macrogel particles. However, emulsion gel
particles can be dispersed in aqueous media, and gel particles may swell
or shrink as a function of environmental conditions, resulting in
changes in their size and/or physicochemical properties (Torres, Tena,
Murray, & Sarkar, 2017). There are two types of fluid emulsion gels:
gel-like Pickering emulsions and disrupted emulsion gel systems. Fluid
emulsion gels do not have solid shapes, but they have higher
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Fig. 3. Visual appearances of alginate-based (A) bulk emulsion gels, (B)
emulsion gel particles, and (C) fluid emulsion gels. Preparing alginate-based
emulsion gels includes two steps: first preparing emulsions with 1 wt% sodium
alginate and 0.5 wt% Tween 80 in water phase and 40 wt% sunflower oil, and
then turning emulsions into gels. For the preparation of bulk emulsion gel,
0.5 wt% CaCl, was added to the emulsion, and the samples were allowed to gel
for 6 h in stand. For the production of emulsion gel particles, the emulsion was
dropped into a 2 wt% CaCl, solution, and the samples were allowed to gel in the
CaCl; solution for 6 h with mild magnetic stirring. For producing fluid emulsion
gel, 0.5 wt% CaCl, was added to the emulsion, and the mixture was sheared
under constant paddle stirring at 600 rpm for 6 h.

viscoelasticity than conventional emulsions. Gel-like Pickering emul-
sions are similar to bulk emulsion gels, exhibiting a solid state (Zou,
Guo, Yin, Wang, & Yang, 2015), while disrupted emulsion gels normally

Trends in Food Science & Technology 102 (2020) 123-137

exhibit fluid characterization (Soukoulis, Cambier, Hoffmann, & Bohn,
2016). This paper provides an overview of the current knowledge of
preparation methods, structure-property relationships, and applications
of different emulsion gel systems.

2. Preparation of different emulsion gels
2.1. Bulk emulsion gels

As shown in Table 1, proteins (e.g., myofibrillar protein, whey
protein, soy protein, gelatin, bovine serum albumin, sodium caseinate,
and casein), polysaccharides (e.g., carrageenan, gellan gum, agar, al-
ginate, and inulin), and LMW compounds (e.g., sapoin glycyrrhizic acid
and the mixture of S-sitosterol and y-oryzanol) are normally used as
matrix materials in bulk emulsion gels. According to the gelation pro-
cess, preparation methods for bulk emulsion gels include heat-set and
cold-set (including one-step cold-set, cold-set after heat treatment, en-
zyme treatment, acidification treatment, addition of ions, and self-as-
sembly) gelation methods. Choosing an appropriate method depends on
the matrix materials (i.e., proteins, polysaccharides or LMW com-
pounds) and applications of prepared emulsion gels such as mimicking
food processing (i.e., heating process of meat), protecting encapsulated
nutrients, controlled release of encapsulated nutrients, or obtaining
better mechanical properties. For heat-set, one-step cold-set, cold-set
after heating, and self-assembled gelation methods, the concentration
of proteins, polysaccharides and LMW compounds in the water phase
should be higher than the critical gelation concentration to guarantee
the gelation. However, for gelation methods based on enzyme treat-
ment, acidification treatment, or addition of ions, the concentration of
matrix molecules can be below the critical gelation concentration,
especially to avoid gelation during the pre-heating process (Ye &
Taylor, 2009).

2.1.1. Protein-based bulk emulsion gels

Several methods have been studied for preparing protein-based bulk
emulsion gels: heat treatment, cold-set after pre-heating, acidification,
addition of ions, and enzyme treatment, depending on the gelation
properties of proteins (Farjami & Madadlou, 2019).

Heat treatment can denature proteins, and denatured protein mo-
lecules can aggregate and form three-dimensional structures through
chemical forces (i.e., disulfide bonds, electrostatic interactions, hydro-
phobic interactions, hydrogen bonds, and ionic bonds) under appro-
priate conditions (e.g., protein concentration, pH, and ionic strength)
(Tolano-Villaverde, Torres-Arreola, Ocafno-Higuera, & Marquez-Rios,
2015). Proteins (e.g., myofibrillar protein (MP), whey protein isolate
(WPI), and soy protein isolate (SPI)), which undergo heat-induced ge-
lation, can be used as matrix materials to prepare heat-induced bulk
emulsion gels. However, recent studies have focused on MP- and WPI-
based bulk emulsion gels (Guo, Ye, Lad, Dalgleish, & Singh, 2013;
Wang, Zhang, Chen, Xu, Zhou, Li, et al., 2018). Studying heat-induced
MP-based bulk emulsion gels is important to develop high quality
processed meat products such as sausages and surimi, because the in-
teractions between MPs and fat globules or oil droplets play an im-
portant role in textual properties and stability of meat products. In
addition, heat treatment is the most common method for producing
WPI-based bulk emulsion gels in order to investigate the interactions
between emulsifiers and the WPI-based gel matrix (Chen, Dickinson,
Langton, & Hermansson, 2000).

One-step cold-set or cold-set after heat treatment is normally used
for preparing gelatin-based emulsion gels. The gelation mechanism of
gelatin is that, when the gelatin solution is cooled below 30 °C, a self-
assembly process of gelatin occurs and helices are created (Gomez-
Guillén, Giménez, Lopez-Caballero, & Montero, 2011). Heat treatment
(above 40 °C) is normally used to increase the solubility of gelatin be-
fore cold-set treatment. However, for cold-soluble gelatin, the thermal
process is not necessary (Pintado, Ruiz-Capillas, Jimenez-Colmenero,
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gelation properties of polysaccharides.

Curdlan is a water-soluble 3-(1,3)-glucan extracted from Alcaligenes
faecalis, and curdlan-based emulsion gels can be obtained after heating
emulsions (i.e., heat-set gelation), while cold-set after pre-heating is
normally used to prepare carrageenan-, agar-, and gellan gum-based
emulsion gels (Jiang et al., 2019). For producing cold-set emulsion gels,
polysaccharides should be dissolved at a high temperature (normally
more than 70 °C), and/or emulsions should be prepared at a medium
temperature (normally between 45 °C and 70 °C), after which emulsion
gels are formed at a low temperature (normally less than 25 °C). They
are cold-set and thermo-reversible gels. The gelation mechanism in-
volves forming double helices and cross-linking helical domains to
create a three-dimensional structure during cooling (Nishinari &
Takahashi, 2003).

The addition of ions is normally used to produce alginate-based
emulsion gels. Sodium alginate, a linear unbranched natural poly-
saccharide, is derived from brown seaweed extracts (Phaeophyceae)
(King, 1983). Sodium alginate has the ability to form ‘egg-box’ shaped
gels when the sodium ions are replaced by divalent cations (mostly
calcium in the food industry) (Ching et al., 2017). Two different
methods can be used to prepare alginate-based emulsion gels. Pintado
et al. (2015) added CaSO, into an alginate-based emulsion to produce
an alginate-based emulsion gel directly. Sato et al. (2014) used a dif-
ferent method to produce emulsion gels, in which CaEDTA was added
to the alginate-based emulsion first, after which an acid was then in-
troduced to liberate calcium ions.

Inulin is an oligosaccharide which includes 2 to 60 fructose mole-
cules connected by B-(2 — 1) glycoside bonds (Glibowski & Pikus,
2011). Inulin with a crystal structure can disperse in an aqueous en-
vironment and form a suspension in which the most of crystals do not
change their structures, except some of smallest crystals dissolving in
water. Amorphous inulin can change its structure to crystallite in water
(Glibowski & Pikus, 2011). Then, small crystallites can aggregate to
form larger clusters, which ultimately interact to form a gel (Bot, Erle,
Vreeker, & Agterof, 2004). Paradiso et al. (2015) compared three dif-
ferent homogenization technologies (i.e., mechanical, ultrasonic and
cold ultrasonic homogenization) to prepare inulin-based emulsion gels,
and found that ultrasonic homogenization is a suitable method to pre-
pare emulsion gels with better textural properties compared to the
other two homogenization technologies.

2.1.3. Self-assembly of low molecular weight compound-based bulk
emulsion gels

Many LMW organic compounds, such as glycyrrhizic acid and a
combination of B-sitosterol and y-oryzanol, can be used as oil-struc-
turing agents, due to their self-assembly, to replace solid fats and pro-
vide required sensory and flavor properties in food products (Pernetti,
van Malssen, Floter, & Bot, 2007; Wan et al., 2017). These organic
compounds, when in a water or oil phase, can form soft solid-like
structured gels, which are known as oleogels or organogels (Co &
Marangoni, 2012), and they can be also used to produce emulsion gels.

Saponin glycyrrhizic acid (GA) is a monodesmosidic saponin which
is comprised of a hydrophobic triterpenoid aglycon moiety (18 f-gly-
cyrrhetinic acid) attached to a hydrophilic diglucuronic unit. GA mo-
lecules have both gelation and emulsifying properties, owing to their
self-assembly ability and amphiphilic structures. GA cannot structure
vegetable oil directly because of its low solubility in oil. However, GA
molecules can self-assemble into long nanofibrils in water, and nano-
fibrils not only absorb at the oil-water interface but also further as-
semble and entangle to create a supramolecular hydrogel in water
phase. Wan et al. (2017) investigated GA-based O/W emulsion gels and
found that, for more polar oils, GA fibrils had a higher affinity to the oil-
water interface, leading to the formation of a lot of fine multilayer
emulsion droplets with smaller droplet size. Ma et al. (2017) used GA to
produce GA-based water-in-oil-in-water (W;/0/W,) emulsion gels; a
W1/0 emulsion was prepared first, before being mixed with GA solution
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at 80 °C, and GA-based W;/0/W, emulsion gels were formed at room
temperature by the self-assembly of GA.

The combination of f3-sitosterol and y-oryzanol can self-assemble in
an oil phase to form a helical ribbon, and then these tubules can ag-
gregate and form networks, which are known as oleogels or organogels.
Thus, the combination of f-sitosterol and y-oryzanol can be used to
prepare gelled W/O emulsions. However, the oil phase should be pre-
pared at high temperature (~100 °C) to dissolve S-sitosterol and vy-or-
yzanol, and W/O emulsions should also be prepared at 90 °C to prevent
the gelation of oil phase during emulsification. It has been reported
that, when a mixture of f-sitosterol and y-oryzanol was used to prepare
W/0 emulsion gels, the presence of water weakened the tubules and
reduced the firmness of gelled emulsions, due to the hydration of -
sitosterol and the transition of crystals from anhydrous and hemi-
hydrate into monohydrate forms (Bot et al., 2011). On the other hand,
it was found that reducing the water activity and using oils with low
polarity could promote the formation of tubular microstructures of
oryzanol and sitosterol in emulsions (Sawalha et al., 2012).

2.2. Emulsion gel particles

Gel particles or gel beads can be divided into three categories ac-
cording to their size: macrogel particles (> 1 mm), microgel particles
(0.2-1000 pm), and nanogel particles (< 0.2 um) (Ching et al., 2017).
In the food area, studies have mainly focused on macrogel and microgel
particles, and alginate was the matrix material most frequently used to
produce gel particles. Ching et al. (2017) reviewed current technologies
for producing alginate hydrogel particles (e.g., simple dripping, jet back
up extrusion, spinning disk, atomization, impinging aerosol method,
emulsification technique, microfluidics, and templating method), but
studies on producing emulsion gel particles have rarely been reported
(Lin, Kelly, Maidannyk, & Miao, 2020). As shown in Table 2, methods
used to prepare emulsion gel particles include simple dripping, elec-
trostatic extrusion, and the impinging aerosol method.

An electrostatic extrusion technique has been used to prepare algi-
nate-based emulsion beads with diameters in the range from 960 to
1650 pm, in which a syringe pump and electrostatic immobilization
unit (at a voltage of 6.5 kV) were used to extrude an alginate-based
emulsion through a needle (22 gauge) into a collecting solution
(0.015 g/mL of CaCl, solution) (Levi¢ et al., 2015). The reason for using
an electrostatic immobilization unit is that electrostatic forces can
disrupt the liquid filament at the tip of the needle and create a charged
stream of small droplets. However, bigger beads (diameter from 2100
to 2350 um) were formed without applying voltage, i.e., extrusion by
syringe or simple dripping, which is thus a simple method to produce
macrogel particles, but this method usually leads to large particle sizes
(Lin et al., 2020). Ching, Bansal, and Bhandari (2016) developed a
spray aerosol method to prepare alginate-based emulsion microgel
particles with the size of 36.2-57.8 um. A fine aerosol mist of alginate-
based emulsion and an aerosol mist of 0.5 M calcium chloride solutions
are created at the top and bottom of the chamber, respectively, using an
air atomizing nozzle. Two mists combine in the chamber, and emulsion
gel particles form in the chamber and are collected at the base of
chamber. This is an effective and continuous method to produce
emulsion gel particles with small size, but this method needs a special
spray aerosol system.

2.3. Fluid emulsion gels

Apart from bulk emulsion gels and emulsion gel particles, fluid
emulsion gels are the third type of emulsion gels. Fluid emulsion gels
are different from bulk gels and gel particles with solid shapes, but fluid
emulsion gels have higher viscoelastic properties than conventional
emulsions. Fluid emulsion gels mainly include two types according to
their preparation methods: gel-like emulsions and disrupted emulsion
gel systems (Table 3).
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2.3.1. Gel-like emulsions

Pickering emulsions are a kind of emulsions which are stabilized by
amphiphilic solid particles, and can be divided into three categories:
polysaccharide particle-, protein particle- and mixture-stabilized
Pickering emulsions. Pickering emulsions are considered as better de-
livery systems than conventional emulsions, owing to their enhanced
storage stability against oxidation and coalescence and lower suscept-
ibility to lipolysis. Pickering emulsions can turn into gel-like emulsions
under appropriate conditions (e.g., proper solid particle type, solid
particle concentration, oil phase concentration, pH, and ionic strength).
It has been reported that gel-like emulsions could be formed with 6 wt%
preheated soy globulins at high glycinin contents (> 75%) with soy oil
at a oil volume fraction (¢) of 0.3, and that G’ and G” values of gel-like
emulsions increased as the increase of glycinin contents (from 75% to
100%), while neither unheated soy globulins nor preheated soy glo-
bulins with low glycinin contents could form gel-like emulsions (Luo,
Liu, & Tang, 2013). This was probably because the formation of a gel-
like network was largely attributed to hydrophobic interactions be-
tween denatured glycine molecules absorbed at the interface of oil
droplets. However, Xu, Liu, and Tang (2019) found that, with in-
creasing oil fractions (¢ = 0.1 to 0.88), a 0.5 wt% soy -conglycinin-
stabilized Pickering emulsion could turn into a gel-like emulsion at an
oil fraction of 0.7. It was also found that, with increasing wheat gluten
level (emulsifier in oil-in-glycerol emulsions, 0.25-1.0 wt%), gel-like
emulsions could be formed at high wheat gluten contents (= 0.5 wt%)
(Liu, Chen, Guo, Yin, & Yang, 2016). Shao and Tang (2016) found that,
with increasing oil fraction (0.2-0.6), pea protein-based Pickering
emulsions changed from liquid to a gel-like state, while Zou et al.
(2015) found that zein/tannic acid complex-stabilized Pickering
emulsion gels with high oil volume fraction (¢ > 0.5) could be suc-
cessfully produced. Therefore, the oil phase and emulsifier contents
should be high enough to assure that solid particles absorbed at the
surface of neighboring oil droplets can connect and/or react with each
other (Wouters & Delcour, 2019).

2.3.2. Disrupted gel systems

Fluid emulsion gels can also be prepared by breaking down bulk
emulsion gels (Leon, Medina, Park, & Aguilera, 2018). Soukoulis et al.
(2016) investigated so-called sheared oil-in-gel (o/g) emulsions pre-
pared by stirring an alginate-based emulsion gel system at 1000 rpm for
6 h during the gelation process. Torres et al. (2017) developed a method
to produce starch-based gel emulsions by homogenizing the bulk
emulsion gels. This is a simple method to produce fluid emulsion gels
with small dispersed gel particles (5-50 pm in diameter), but the gel
matrix-covered structure may be destroyed, leading to separation of the
gel matrix and oil droplets during homogenization, which may influ-
ence the stability of oil droplets and/or encapsulated nutrients during
storage.

3. Structure-property relationships of different emulsion gels
3.1. Bulk emulsion gels

Some properties of bulk emulsion gels are emphasized in the food
industry, such as mechanical properties (e.g., rheological, and textural
perception), and release properties (including stability during storage
and targeted-release in digestion). Many factors (e.g., structures of the
gel matrix, structures of emulsion droplets, and interactions between
the gel matrix and droplets) can influence the structures of bulk
emulsion gels and then their mechanical and release properties.

Food emulsions normally include single emulsions (O/W and W/O
emulsions) and multiple emulsions (W;/0/W, and O,/W/O, emul-
sions). After turning emulsions into bulk emulsion gels, their structures
usually do not change. Thus, the structures of emulsion gels also include
single structures (i.e., O/W and W/0) and multiple structures (i.e., W1/
0O/W, and O;/W/0,). The matrix materials of O/W and W;/0/W,
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emulsion gels are protein-, polysaccharide-, or organic compound-based
hydrogels, while the matrix materials of W/O and O,/W/O, emulsion
gels are organic compound-based oleogels (also known as organogels or
structured oil). Moreover, properties of O/W and W;/0/W, emulsion
gels and W/0 and O;/W/0, emulsion gels differ, because the properties
of emulsion gels mainly depend on the properties of matrix materials
(i.e., protein-, polysaccharide-, or organic compound-based gels), al-
though the properties of emulsion droplets and the interactions be-
tween the gel matrix and droplets also influence the properties of
emulsion gels. However, O/W emulsion gels have been studied more
widely than W/O, W;/0/W, and O;/W/O, emulsion gels, so the fol-
lowing discussions in this review will focus on O/W emulsion gels un-
less other structures are emphasized.

3.1.1. The structure-mechanical property relationships of bulk emulsion gels

Mechanical properties of bulk emulsion gels are closely associated
with other properties (e.g., storage stability, oral perception, and con-
trolled release) and their applications. The most common mechanical
properties of bulk emulsion gels are dynamic modulus (i.e., storage and
loss modulus), Young's modulus, fracture strength (i.e., strain and
stress), yield strength, and hardness. There are many ways or tools to
measure mechanical properties of bulk emulsion gels, such as rheo-
metry, dynamic mechanical analysis (DMA), and textural analysis
(Anseth, Bowman, & Brannon-Peppas, 1996).

3.1.1.1. Matrix structures. For protein-based bulk emulsion gels, using
different proteins and preparation methods can lead to different protein
matrix structures and mechanical properties, owing to different
gelation mechanisms and resultant different molecular forces between
protein molecules in the gel matrix. Globular proteins (e.g., SPI, WPI,
and MP) and non-globular proteins (e.g., gelatin, casein, and sodium
caseinate) have been widely used as matrix materials in producing bulk
emulsion gels.

The heat-set gelation method has been most used to prepare glob-
ular protein-based emulsion gels, but globular protein-based emulsion
gels can be also prepared through acidification treatment, addition of
ions, enzyme treatment, and MDA modification. For heat-induced
emulsion gels, noncovalent cross-links (i.e., electrostatic interactions,
hydrophobic interactions, and hydrogen bonds) and intermolecular
disulfide bonds are the main forces between globular protein molecules
(Wu, Xiong, & Chen, 2011). The main linking forces in the glucono-8-
lactone (GDL)-induced emulsion gels are hydrophobic interactions and
Van der Waals forces, while salt-bridges are the main linking forces in
salt-induced emulsion gels, and TGase-induced emulsion gels involve
more covalent cross-links (i.e., e-(y-glutamyl)-lysine (G-L) cross-links).
Therefore, different preparation methods may lead to different me-
chanical properties of globular protein-based emulsion gels (Liang
et al., 2020; Wang et al., 2017; Ye & Taylor, 2009); for example, it was
found that CaSO4-induced SPI-based emulsion gels were stiffer and
shown higher rigidity than MTGase-induced gels which performed
better elasticity (Wang, Luo, Liu, Zeng, Adhikari, He, et al., 2018).

Gelatin can form gels under one-step cold treatment or cold treat-
ment after pre-heating as descried in section 2.1.1.2. Cold-set gelatin
gels, a kind of elastic polymer gel, are formed with flexible and random-
coil protein chains. Therefore, gelatin-based emulsion gels are similar to
gels with active-fillers (bound droplets) in which stress concentration
phenomena play a larger role compared to friction phenomena (Sala,
van Vliet, Cohen Stuart, Aken, & van de Velde, 2009). Other non-
globular protein-based emulsion gels are normally prepared with en-
zyme treatment and acidification treatment. For example, although the
main linking forces in acid-induced casein gels are also noncovalent
cross-links, the firmness of acid-induced sodium caseinate gels was
lower than that of acid-induced WPC gels, probably due to their dif-
ferences in gelation mechanism (Kiokias & Bot, 2005).

Overall, contributions to the connectivity of a three-dimensional
protein network arise from four different kinds of molecular forces:
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covalent bonds, electrostatic interactions, hydrogen bonding and hy-
drophobic interactions. The presence of covalent bonds leads to per-
manent ‘chemical’ cross-links within the network, whereas the other
three types of weaker ‘physical’ forces contribute to a complex set of
more temperature-dependent interactions (Chen & Dickinson, 1999b).
In addition, process parameters (e.g., temperature, protein content,
ionic strength, pH, the presence of other components, ultrasound pre-
treatment, and high-pressure homogenization) also can influence the
structures and mechanical properties of protein-based bulk emulsion
gels (Bi et al., 2020; Chen & Dickinson, 2000; Cheng et al., 2019).

Firstly, temperature can influence the degree of denaturation of
proteins, and thus affect the stability of protein-stabilized emulsions
and mechanical properties of emulsion gels. Generally, a high degree of
denaturation of proteins results in low stability of protein-stabilized
emulsions but better mechanical properties of emulsion gels (Kiokias &
Bot, 2005; Ye & Taylor, 2009). Chen and Dickinson (2000) also found
that gelation temperature could influence the rate of gelation and the
dynamic modulus of acid-induced sodium caseinate-based emulsion
gels by changing the strength of physical bonds rather than the network
structures.

Secondly, the influence of protein content on the mechanical
properties of emulsion gels depends on the state of emulsion droplets.
The mechanical properties of droplet-filled gels and inactive droplet-
aggregated gels mainly depend on the gel strength of gel matrix
structures, while interactions between the gel matrix (i.e., protein and
polysaccharide) and lipid droplets contribute more to the active dro-
plet-aggregated gels (Pintado et al., 2015). Therefore, increasing pro-
tein content can increase the gel strength of both kinds of emulsion gels
but for different reasons (i.e., increased gel strength of protein matrix
for droplet-filled gels and inactive droplet-aggregated gels, but
strengthened interactions between the gel matrix and droplets and in-
creased gel strength of protein matrix for active droplet-aggregated
gels). For example, it has been reported that increasing the con-
centration of sodium caseinate can decrease the gelation time (Tg) of
sodium caseinate/sunflower oil emulsion-based gels (Montes de Oca-
Avalos, Huck-Iriart, Candal, & Herrera, 2016).

Thirdly, ionic strength and pH can influence intermolecular repul-
sion and gel structures in emulsion gels. For example, at low ionic
strength (< 50 mM NaCl) and pH values (below 4 or above 6) far away
from pI of whey proteins, a fine-stranded network consisting of whey
protein strains with a length of ~50 nm and a diameter of ~10 nm is
formed; at high ionic strength (> 150 mM NaCl) and pH values near the
pL, the strains with weak intermolecular repulsion can accumulate and
form a particulate network structure (Chen et al., 2000; Guo et al.,
2017; Langton & Hermansson, 1992). However, both fine-stranded and
particulate gels exhibit high gel strength (Guo et al., 2017; Tang et al.,
2011). It was found that fine-stranded whey protein gels prepared at
low ionic strength (10 or 25 mM NaCl) were rubbery and soft, but that
particulate whey protein gels prepared at high ionic strength (100 or
200 mM NaCl) were hard and brittle (Guo et al., 2013).

Fourthly, the presence of other components (e.g., sucrose, glucose,
hydroxytyrosol, rosmarinic acid, genipin, sodium pyrophosphate, in-
soluble dietary fiber, and EGCG) also can influence the structures and
mechanical properties of emulsion gels (Chen et al., 2019; Feng et al.,
2017; Freire, Bou, Cofrades, & Jimenez-Colmenero, 2017; Montes de
Oca-Avalos et al., 2016; Wang, Zhang, et al., 2018; Wang, Jiang, &
Xiong, 2019; Zhuang et al., 2019). Generally, if components can
strengthen protein-protein interactions and/or reduce droplet size, they
can increase gel strength of emulsion gels. However, if these compo-
nents can interact with protein molecules and disturb the interactions
between protein molecules, they can weaken the gel strength of
emulsion gels, and these effects are normally dose-dependent. Overall,
preparation methods can affect linking forces between protein mole-
cules, and protein type and processing parameters can influence the
network structures of the gel matrix, both of which can affect the me-
chanical properties of emulsion gels.
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In terms of polysaccharide-based emulsion gels, polysaccharide
type, preparation methods, and processing parameters can influence the
structures of the polysaccharide-based gel matrix. Cold-set gellan gun-,
agar-, and k-carrageenan-based emulsion gels are a kind of polymer gels
with strand-based structures (Kim, Gohtani, Matsuno, & Yamano, 1999;
Wang, Neves, Kobayashi, Uemura, & Nakajima, 2013). They normally
show a predominantly elastic behavior, which resemble gelatin-based
emulsion gels but differ from WPI-based emulsion gels with particulate
structures (Sala et al., 2009). The network structures of alginate gels are
in the shape of ‘egg-box’, in which sodium ion is replaced by a divalent
cation, and each cation can bind with four G residues to form a three-
dimensional network structure (Ching et al., 2017), which can be af-
fected by freeze-thawing treatment (Li, Gong, Hou, Yang, & Guo, 2020).
Inulin gels are formed by connection of microcrystals, and their rheo-
logical properties resemble that of fat crystal-based networks in oil
(Nourbehesht, Shekarchizadeh, & Soltanizadeh, 2018). However, there
are no studies on comparing mechanical properties of emulsion gels
formed by different kinds of polysaccharides.

In addition, the influence of polysaccharide content on the me-
chanical properties of emulsion gels depends on emulsifier type and gel
structures. Most naturally occurring polysaccharides, except gum
Arabic and some kinds of pectin, have weak emulsifying abilities,
compared to proteins and synthetic emulsifiers (Charoen et al., 2011).
Hence, the interactions between the gel matrix and emulsion droplets in
polysaccharide-based emulsion gels with/without synthetic emulsifiers
are normally weak, and increasing polysaccharide content can increase
their gel strength, mainly due to the decreased void spaces and in-
creased gel strength of the gel matrix (Kim et al., 1999). However, when
proteins are used as emulsifiers, increasing polysaccharide content can
increase the gel strength of emulsion, mainly due to increased inter-
actions between polysaccharide molecules and droplets and/or the gel
strength of polysaccharide gels. Although studies on the effects of ionic
strength and pH on the mechanical properties of polysaccharide-based
emulsion gels have rarely been reported, Ozturk, Argin, Ozilgen, and
McClements (2015) found that ionic strength and pH did not have
significant influences on the stability of a gum Arabic-stabilized emul-
sion, which was different from a WPI-stabilized emulsion because of
their different emulsification mechanisms (i.e., electrostatic repulsion
for WPI and steric repulsion for gum Arabic). Therefore, it is proposed
that the influence of ionic strength and pH on the structure and me-
chanical properties of polysaccharide-based emulsion gels differs from
that on protein-based emulsion gels.

For LMW organic compound-based emulsion gels, saponin glycyr-
rhizic acid (GA) and the combination of f-sitosterol and y-oryzanol
have been investigated to prepare emulsion gels by self-assembly. GA,
B-sitosterol and y-oryzanol have physical properties, so they have been
used to prepare different types of emulsion gels. GA can dissolve in
water, and GA molecules can self-assemble to form long nanofibrils and
gels in water phase, and so can be used to prepare emulsion gels with
O/W or W;/0/W, structures. The combination of f3-sitosterol and y-
oryzanol can self-assemble in an oil phase to form a helical ribbon, then
these tubules can aggregate and form a network, and so can be used to
prepare gelled W/O emulsions. Processing parameters (e.g., organic
compound content and solvent type) also can influence the structure
and mechanical properties of organic compound-based emulsion gels.
Ma et al. (2017) found that an emulsion stabilized by GA at a low
concentration (0.5 wt%) could not form a gel, but self-standing emul-
sion gels could be formed and the viscoelastic modulus also sig-
nificantly increased with increasing GA concentration (1-4 wt%). It was
also found that no tubules were formed but only sitosterol and oryzanol
crystals were present in emulsion gels at 16% total sterol concentration,
while there were tubules next to the crystals at 32% total sterol con-
centration (Bot et al., 2011).

In addition, the polarity of solvents (i.e., oil in W/O emulsions) can
influence the water activity of W/O emulsions and structures of the oil
phase. It has been reported that more water molecules bind to the f-
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sitosterol molecules and formed monohydrate crystals in higher po-
larity oils (e.g., eugenol and castor oil), which hindered the formation
of tubules and resulted in weaker emulsion gels compared to less polar
oils (e.g., decane and limonene) (Sawalha et al., 2012). However, stu-
dies on comparing structures and mechanical properties of emulsion
gels prepared with different kinds of organic compounds have rarely
been reported. Over all, many factors (e.g., gel matrix type, preparation
method, and process parameters) can affect the gel structures of bulk
emulsion gels and thus their mechanical properties.

3.1.1.2. Structures of emulsion droplets. The structure of emulsion
droplets can influence the mechanical properties of bulk emulsion
gels as well. Structures of emulsion droplets are normally influenced by
oil phase (e.g., oil type, oil content, and droplet size), and emulsifier
type (e.g., LMW emulsifiers or proteins). In the food industry,
emulsifiers mainly include two categories: low molecular synthetics
(e.g., Span 80, Tween 80, and monoglycerides) and natural molecules
(e.g., proteins, egg lecithin, and soy lecithin) (Chen, Mao, Hou, Yuan, &
Gao, 2020). Emulsifiers can not only decrease the interfacial tension
and thereby increase the stability of emulsions but also affect the
interactions between droplets and the gel matrix leading to active or
inactive fillers (Van Vliet, 1988). Therefore, the effect of emulsion
droplets on the mechanical properties of emulsion gels depends on not
only emulsion droplets (i.e., oil type, oil content, and droplet size) but
also the interactions between droplets and the gel matrix (Farjami &
Madadlou, 2019).

The effect of active fillers on the rheological properties of emulsion
gels mainly depends on the stiffness of the oil droplets and the droplet
volume fraction (Sala et al., 2009). The Kerner model can explain the
effect of active fillers on the mechanical properties of emulsion droplet-
filled gels (Kerner, 1956):

glel _ 15(1—Vm)(M—1)<0f +1
Grax (8 — 10v)M + 7 — 50, - (8 — 10v,)(M — 1)g
(@]

o
1
where M = G,ﬁ ", and G’gel, G'iller> aNd G'maurix are the shear modulus

of the overall %"éf the filler droplets and the gel matrix, respectively, ¢
is the actual droplet volume fraction, and vy, is the Poisson's ratio of the
gel matrix. In addition, the Kerner model modified by Lewis and Nielsen
can be used to explain the effect of active fillers on the mechanical
properties of emulsion droplet-aggregated gels (Lewis & Nielsen, 1970):

éel _ 15(1 - v)(M ~ 1)1/’§0f +
Gr/natrix (8 - 10Vm)M + 7 - Svm_(s - 10vm)(M - 1)¢§0f
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where yy is the effective volume fraction of fillers, which takes into
account the crowding effect of fillers and can be expressed as follows
(Lewis & Nielsen, 1970):

by = [1 + (l_z&)‘f’f}"f
% 3)

max
where @« is the maximum volume fraction of the fillers. According to
Eq. (2), increasing the shear modulus and the effective volume fraction
(wep) or actual volume fraction (¢f) of fillers can increase the me-
chanical properties of emulsion gels, which has been supported by
many studies (Gwartney, Larick, & Foegeding, 2004; Li, Kong, Zhang, &
Hua, 2012; Oliver, Scholten, & van Aken, 2015; Oliver, Wieck, &
Scholten, 2016; Tang, Yang, et al., 2013). However, the Kerner model
and the modified Kerner model are used under the assumption that M
or G'matrix do not change with changes in other factors (e.g., ¢r and
G’fiter) (Chen & Dickinson, 1998a; Oliver, Berndsen, van Aken, &
Scholten, 2015), especially at oil volume fractions (¢) below 0.2 and
protein (i.e., gel matrix) contents above 6 wt% (Guo et al., 2017).
However, the shear modulus of filler droplets (G’gjer = 4v/d, where v is
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surface tension and d is the average diameter of the oil droplets) is
influenced by oil type, oil content, droplet size, emulsifier type, emul-
sifier content, and process parameters (Farjami & Madadlou, 2019; Sala
et al., 2009; Van Vliet, 1988). The shear modulus of the gel matrix
(G’mawix) is influenced by droplet size, oil content, gel matrix type,
preparation method, and process parameters (Sato et al., 2014).
Therefore, when taking those factors (e.g., droplet size, process para-
meters, and high oil content), which can affect the mechanical prop-
erties of both filler droplets and the gel matrix, into account, the Kerner
model and the modified Kerner model cannot be applied. For instance,
it has been reported that increasing the size of olive oil droplets in a
gelatin-based emulsion gel led to a weaker gel strength, probably due to
the increase in interfacial area, a higher amount of gelatin adsorbed to
the interface, and a lower quantity of protein available in the con-
tinuous phase (Sato et al., 2014); however, it was found that increasing
the size distribution of dispersed vegetable fat in a WPI-based emulsion
gel led to an increase in firmness, probably because of a larger number
of contacts between droplets (Kiokias & Bot, 2006). Oliver et al. (2016)
found that increasing the casein content (from 4% to 9%) could de-
crease the relative Young's modulus of emulsion gels at high oil volume
fractions (¢¢ > 0.15), probably owing to the higher inhomogeneity of
casein-based gel matrix and increased effective volume fraction of
droplets at lower casein concentration; this indicated that the effective
volume fraction (w¢y) plays a more important role than G,y in af-
fecting the mechanical properties of emulsion gels with high matrix
inhomogeneity and at high oil volume fractions.

The effect of inactive fillers on the rheological properties of emul-
sion gels depends on the properties and concentrations of LMW emul-
sifiers, droplet size, and oil content, although there have been few
studies on modelling the effect of inactive fillers on the rheological
properties of emulsion gels. Chen and Dickinson (1999a) investigated
the effect of LMW emulsifiers on the viscoelastic properties of heat-set
whey protein-based emulsion gels, and found that the elastic modulus
of heat-set whey protein-based emulsion gels decreased after adding a
low level of diglycerol monolaurate (DGML, the surfactant/protein
molar ratio (R) = 4) and diglycerol monooleate (DGMO, R = 4-32),
while high levels of emulsifiers (R = 32 for DGML, and R = 64 for
DGMO) could recover the storage and loss modulus of emulsion gels,
probably due to depletion flocculation of the emulsion prior to heat-
treatment. However, it has been reported that Tween 20 (R = 0.25-8)
always decreased the mechanical properties of emulsion gels, and a
high addition level (R 8) could even break down the network
structure of proteins and lead to a liquid-like emulsion (Chen &
Dickinson, 1998b). It has been found that increasing oil content de-
creased fracture stress and stress intensity factor of agar gels and «-
carrageenan-locust bean gum gels (Koc et al., 2019). It has also been
found that increasing solid lipid content could increase the gel strength
of emulsion gels at an emulsifier content of 4 g/100 g, but decreased the
gel strength at an emulsifier content of 2 g/100 g (Geremias-Andrade,
Souki, Moraes, & Pinho, 2017).

3.1.2. The structure-release property relationships of bulk emulsion gels
Bulk emulsion gels, especially O/W emulsion gels, are often used for
the delivery and release of oil-soluble bioactive compounds and nu-
trients, such as a-tocopherol (Liang et al., 2010) and p-carotene
(Soukoulis et al., 2017). Compared to emulsions, emulsion gels can
provide better protection for encapsulated compounds and show slower
release behavior (Cofrades et al., 2017). Many studies have focused on
the matrix erosion, lipid digestion and controlled release of en-
capsulated compounds during digestion of emulsion gels. The digestion
behaviors of protein- and polysaccharide-based emulsion gels differ in
the gastrointestinal tract because of different digestion processes of
proteins and polysaccharides. For protein-based emulsion gels, Liang
et al. (2010) found that gel loss (i.e., matrix erosion owing to protein
degradation) and release of a-tocopherol occurred in both simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF), respectively,
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which indicated that release of a-tocopherol was controlled mainly by
matrix erosion because of protein degradation. However, under simu-
lated gastrointestinal (GI) conditions (0.5 h SGF followed by 6 h SIF),
gel loss and release of a-tocopherol only occurred in the SGF step,
probably due to the formation of a viscous layer at the surface of gels.
Moreover, gel rigidity of protein-based emulsions is an important factor
affecting the lipid digestion in GI digestion. It has been reported that
gastric digesta of a soft gel (prepared with 10 or 20 mM NacCl) mainly
consisted of individual oil droplets and small gel particles (~10 mm),
while gastric digesta of a hard gel (prepared with 100 or 200 mM NacCl)
mainly consisted of small gel particles (~10 mm) after 240 min gastric
digestion, and the remaining network structure of gel particles hindered
further breakdown during intestinal digestion (Guo, Ye, Lad, Dalgleish,
& Singh, 2016). It was also found that digestion of emulsion gels in the
intestinal step was delayed by denser, more spatially heterogeneous
protein matrices (Guo et al., 2017). In terms of polysaccharide-based
emulsion gels, although there are fewer reports about their digestion, it
was found that oil droplets could be released from agar-based emulsion
gels during GI digestion in both SGF and SIF steps (2.0 h SGF followed
by 4-14 h SIF), while emulsifier type (glycerol monolaurate with dif-
ferent degrees of polymerization) affected the size distribution of re-
leased oil droplets (Wang et al., 2013).

Bulk emulsion gels are also used for the delivery and release of
volatile flavor compounds, such as ethyl butyrate, ethyl hexanoate,
ethyl octanoate, propanol, diacetyl, pentanone, hexanal, and heptanone
(Hou, Guo, Wang, & Yang, 2016; Mao et al., 2014). The release of
volatile compounds in the oral cavity is normally measured by a si-
mulated nose breath device (Hou et al., 2016) or gas chromatography
(GC) headspace analysis (Mao et al., 2014). The release rate of volatile
compounds depends on the gel matrix structure, oil content, the nature
of volatile compounds, and the interactions between flavor compounds
and food ingredients (particularly oils in O/W emulsion gels) (Boland,
Delahunty, & van Ruth, 2006; Guichard, 2002). It has been reported
that the release rate of ethyl butyrate was significantly lower in a SP1/
sugar beet pectin (SBP) complex-based emulsion gel with a compact
network than SPI- or SBP-based emulsion gels, but the release rate of
aroma compounds with higher hydrophobicity was not significantly
influenced by the structures of emulsion gels, probably because of their
high affinity for the lipid phase rather than interacting with proteins
and/or polysaccharides (Hou et al., 2016). Mao et al. (2014) also found
that emulsion gels with higher storage modulus at a high oil content
(20%) had lower release rates and partition coefficients of the volatiles,
and that increasing oil contents (from 5% to 20%) significantly de-
creased the release rate of heptanone, probably owing to its highly li-
pophilic characterization.

3.2. The structure-property relationships of emulsion gel particles

Although emulsion gel particles and bulk emulsion gels have similar
structures (i.e., active fillers, inactive fillers, emulsion droplet-filled
gels, and emulsion droplet-aggregated gels) and structure-property re-
lationships, their physical properties and length scales differ (Ching
et al., 2016).

Firstly, the rheological behavior of gel particles differs to that of
bulk gels, because the microgel particle system is a suspension (usually
gel particles in water). The rheological properties of microgel particle
suspensions are influenced by three parameters: volume fraction (¢),
particle modulus (modulus of particles that make up the suspension)
and interaction potential (Ching et al., 2016). The volume fraction (¢)
can be determined using the equation below (Ching et al., 2016):

o |3

@:

+

m
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where ¢ = final microgel suspension volume fraction, m = mass of
microgel concentrate, p = density of microgel concentrate measured
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with a 50 mL calibrated pycnometer, and v = volume of water added to
microgel concentrate. Eq. (4) was modified by the equations developed
by Suzawa and Kaneda (2010), who calculated the volume fraction by
the weight and density of emulsions but did not consider the weight loss
(normally water loss) of gel particles during gelation. At low volume
fraction, the flow behavior is determined by the continuous phase; at
higher volume fraction, softer microgels will exhibit a lower storage
modulus compared to hard microgels (Adams, Frith, & Stokes, 2004).
Ching et al. (2016) found that, at the same volume fraction, suspensions
with more deformable alginate-based micorgels exhibited a lower bulk
modulus. However, it is technically difficult to investigate the rheolo-
gical properties of macrogel particles, although their mechanical
properties could be investigated by a texture analyser (Lin et al., 2020).
It has been reported that, with increasing oil contents in alginate-based
macrogels, the elastic modulus of particles decreased, which indicates
that oil droplets in alginate-based emulsion gel particles without
emulsifiers were inactive fillers (Ching et al., 2016).

Secondly, syneresis and swelling properties are important properties
of gel particles (Ching et al., 2017). It was found that alginate-based
emulsion gel particles shrank less if they had higher oil content (Lin
et al., 2020), and that the swelling was more pronounced for smaller
particles, probably owing to the larger contact surface, but was less
pronounced at increased oil contents, probably because of droplets
acting as physical barriers for water transport (Levic et al., 2015).

Thirdly, encapsulation efficiency (EE), loading capacity (LC) and
encapsulation yield, which are important parameters in encapsulation
processes of emulsion gel particles, are affected by properties and
contents of matrix material, emulsifier, and oil. It has been reported
that increasing alginate contents in the water phase could increase the
oil EE in lupin protein isolate (LPI)-stabilized emulsion gel particles,
probably due to the formation of a stronger gel matrix and better
crosslinking on the external surfaces of particles (Piornos, Burgos-Diaz,
Morales, Rubilar, & Acevedo, 2017). However, when the protein con-
tent was higher than the saturation concentration, or the oil content
was very low, in which excessive free protein molecules existed in the
water phase, the aggregation of non-adsorbed protein molecules could
lead to lower emulsion stability and lower EE (Guzey & McClements,
2006). In addition, Ruffin, Schmit, Lafitte, Dollat, and Chambin (2014)
found that, compared to native WPI, using pre-heated WPI at 80 °C for
30 min as emulsifier in pectin-based emulsion gel particles slightly
improved the yield and stability of encapsulated vitamin A, because of
the increased viscosity of denatured WPI dispersions and the decreased
particle size of emulsions.

3.3. The structure-property relationships of fluid emulsion gels

3.3.1. Gel-like emulsions

The oil content, particle content, and surface charge of particles can
affect the rheological properties of gel-like Pickering emulsions and
release behavior of encapsulated compounds from such emulsions
(Shao & Tang, 2016; Xu, Liu, & Tang, 2019). For the effect of oil con-
tent, Dai, Sun, Wei, Mao, and Gao (2018) found that zein/gum arabic
complex-stabilized Pickering emulsion gels solidified at high oil volume
fractions in emulsions (¢ = 0.5), and increasing oil volume fractions
(¢ = 0.5-0.7) increased the G’ and G” of gel-like emulsions, probably
due to increased interactions between emulsion droplets (Xiao, Wang,
Gonzalez, & Huang, 2016). It was also reported that a gel-like emulsion
at ¢ = 0.6 exhibited much lower release rate of $-carotene but higher
stability during digestion than a Pickering emulsion at ¢ = 0.3 (Shao &
Tang, 2016). In terms of the effect of particle content, Xu, Liu, et al.
(2019) found that increasing soy f-conglycinin contents from 0.2 to
1.0 wt% led to a progressive decrease in droplet size, but a progressive
increase in stiffness of the gel-like emulsions at ¢ = 0.8. Liu et al.
(2019) also found that increasing pre-heated WPI contents from 2.5 to
10 wt% led to a progressive increase in gel strength, hardness, WHC,
and stability of the gel-like emulsions at 75 vol% oil; they also found
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that increasing protein contents could increase the bioaccessibility of -
carotene because of the reduced aggregation of the oil droplets and
retarded degradation of S-carotene during digestion, owing to a dense
WPI-based gel structure around droplets. In addition, the surface charge
of (nano)particles can affect their emulsification and interfacial beha-
vior (Larson-Smith, Jackson, & Pozzo, 2012). It has been reported that
electrostatic screening by adding NaCl could improve the performance
of soy glycine nanoparticles in forming gel-like emulsions and increase
stiffness of the resultant gel-like emulsions, due to enhanced diffusion
and adsorption of solid particles at the interface (Liu & Tang, 2016).

3.3.2. Disrupted gel systems

Although there are few studies on the structure-property relation-
ships of disrupted gel systems, Torres et al. (2017) found that increasing
starch contents (from 15 to 20 wt%) and oil fractions (from 0 to 20 wt
%) could improve the elastic modulus of starch-based disrupted gels
stabilized by octenyl succinin anhydride (OSA) modified starch, which
fitted the Kerner model. It has been reported that, compared to algi-
nate-based emulsions and bulk emulsion gels, sheared oil-in-gel (0/g)
emulsions exhibited higher bioaccessibility of encapsulated f-carotene
after in vitro digestion, due to the lower unbound calcium content and
higher colloidal stability throughout gastrointestinal passage, whereas
encapsulated f-carotene in the bulk emulsion gels exhibited highest
chemical stability (Soukoulis et al., 2016).

4. Applications of emulsion gels in the food industry
4.1. Use of emulsion gels as fat replacers in meat products

Emulsion gels formed by myofibrillar proteins (MPs), water and
lipid not only contribute to the sensory properties (appearance and
flavor) but also relate to the textural properties (water- and oil-holding,
and cooking losses) of meat products (Wang, Zhang, et al., 2018; Zhao
et al.,, 2017). Additives, such as extracts from herbs and spices, poly-
phenols, and NaCl, can influence structures of emulsion gels and the
properties of meat products (Wang, Zhang, et al., 2018; Zhao et al.,
2017). Wang, Luo, et al. (2018) and Wang, Zhang, et al. (2018) found
that a low level of rosmarinic acid (RA) (12 pM/g protein) could protect
thiol and e-NHj3 groups in MP-based emulsion gels from oxidation, and
thus improve the structure and water- and oil-holding abilities of
emulsion gels; however, a high level of RA (300 uM/g protein) could
induce interactions between RA and MPs, which led to aggregation of
MPs and a poor emulsion gel network, while a high level of NaCl
(0.6 M) could promote these interactions.

However, while health concerns around some meat products con-
taining high fat content (over 27%) have increased in recent years,
reducing fat content usually negatively influences consumer acceptance
and textural properties of final products (Oliver, Scholten, et al., 2015).
In order to avoid undesirable textural changes and improve the nutri-
tional value of meat products (e.g., sausages and patties), promising
methods have been studied, such as replacing fat with unsaturated oil
(Oliver, Scholten, et al., 2015) or structured oil (e.g., olive, linseed, fish,
perilla, and sunflower seed oil encapsulated in emulsion gels formed
with SPI, WPI, sodium caseinate, carrageenan, gelatin, alginate, chia
flour, oat bran, or inulin) (Alejandre et al., 2016; de Souza Paglarini
et al., 2018; de Souza Paglarinia, Martinib, & Pollonio, 2019; Freire
et al., 2018; Glisic et al., 2019; Pintado, Herrero, Jimenez-Colmenero,
Pasqualin; Cavalheiro, & Ruiz-Capillas, 2018; Poyato, Astiasaran,
Barriuso, & Ansorena, 2015; Serdaroglu, Nacak, & Karabiyikoglu,
2017). However, these methods may lead to undesirable sensory quality
changes (e.g., color parameters and sensory acceptability) (Serdaroglu
& Oztiirk, 2017). Oliver, Scholten, and van Aken (2015) found that
physical properties of fat or oil and structural properties of the gel
matrix could influence the rheological properties of fat-filled emulsion
gels or oil-filled emulsion gels. Hence, the properties of fat in meat
products should be considered, and the gelling agent and oil should be
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chosen carefully when emulsion gels are used as a fat replacer (Freire
et al., 2017). It has been reported that combining emulsion gels and
animal fat could be a good method to produce healthier meat products
with acceptable sensory properties (de Souza Paglarini et al., 2019). In
addition, emulsion gels help to control sodium availability and per-
ception by changing sodium mobility and binding behavior, and can
thus allow reduction of the salt content in meat products (Okada & Lee,
2017). However, most studies have focused on bulk emulsion gels and
their uses in solid foods, and thus more studies on emulsion gel particles
and their uses in liquid foods are needed.

4.2. Emulsion gels used as delivery systems to encapsulate and release food
nutrients

Absorption of encapsulated lipophilic food nutrients (e.g., S-car-
otene, curcumin, n-3 fatty acid, vitamin A, and a-tocopherol) in emul-
sion gels include several steps: release from the gel matrix as the result
of mechanical, chemical and enzymatic processes throughout the oral
processing and gastrointestinal passage, incorporation in the co-di-
gested lipid droplets, interaction with endogenous lipid surface active
compounds (mainly bile salts and phospholipids) promoting the for-
mation of mixed micelles, and eventual transportation of the mixed
micelles to the small intestinal epithelium (Soukoulis et al., 2016;
Yonekura & Nagao, 2007). Polysaccharides (e.g., alginate, x-carra-
geenan, and starch) and proteins (e.g., gelatin and WPI) are normally
used as gelation materials in producing emulsion gels encapsulating
lipophilic food nutrients, but their digestion behaviors differ. Protein-
based emulsion gels are mainly disrupted in gastric digestion as the
result of enzymatic hydrolysis by pepsin, and the remaining protein-
based network structures can hinder further breakdown during in-
testinal digestion (Guo et al., 2016; Liang et al., 2010). On the other
hand, polysaccharide-based (especially alginate-based) emulsion gels
are less sensitive to gastric fluid than protein-based emulsion gels, and
may protect the encapsulated nutriments from harsh gastric environ-
ment, and the remaining gel structures can be further disrupted during
intestinal digestion (Wang et al., 2013; Xu et al., 2019a). However,
emulsion gels normally give low effective bioavailability of en-
capsulated lipophilic compounds, due to insufficient digestion of the gel
matrix and resulting unreleased and undigested lipid phase (Liang
et al., 2010; Zhang et al., 2016). Therefore, it is important to choose
appropriate materials for different nutrients, which can protect en-
capsulated nutrients and control their release, and also do not inhibit
release in the targeted gastrointestinal tract (Zhang et al., 2016). Al-
though emulsion gels may not improve the final bioaccessibility of
encapsulated food nutrients, they can improve emulsion structures and
stability of nutrients during storage, and exhibit slow release effects in
the gastrointestinal passage compared to emulsions (Brito-Oliveira
et al., 2017; Ma et al., 2017; Soukoulis et al., 2016; Zhang et al., 2016).

5. Conclusions

Various preparation methods of emulsion gels are available for
different matrix materials (e.g., heat treatment, enzyme treatment,
acidification, and addition of ions for protein-based emulsion gels, cold-
set and addition of ions for polysaccharide-based emulsion gels, and
self-assembly for LMW compound-based emulsion gels), purposes (e.g.,
cold-set for protecting encapsulated nutrients and better mechanical
properties), and emulsion gel types (e.g., internal gelation for bulk
emulsion gels, external gelation for emulsion gel particles, self-as-
sembly for gel-like Pickering emulsions, and mechanical stir for dis-
rupted emulsion gels). Due to differences in the morphological prop-
erties among different emulsion gels, different physical properties are
emphasized, such as the importance of mechanical and release prop-
erties for bulk emulsion gels, syneresis and swelling properties for
emulsion gel particles, rheological properties for microgel particle
suspensions, and flow behavior and release property for fluid emulsion
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gels. In terms of bulk emulsion gels, many factors (e.g., structures of gel
matrix and emulsion droplets and interactions between them) can in-
fluence their structures and thus mechanical and release properties.
Structures of the gel matrix in bulk emulsion gels are affected by matrix
material, preparation method, and process parameters, while structures
of emulsion droplets are affected by oil type, oil content, droplet size,
and emulsifier type. In terms of emulsion gel particles, oil content and
particle size can influence their syneresis and swelling properties. The
rheological properties of microgel particle suspensions are influenced
by volume fraction, particle modulus, and interaction potential. In
terms of gel-like Pickering emulsions, their rheological and release
properties also are influenced by many factors (e.g., oil content, particle
content, and surface charge of particles). Finally, two main applications
of emulsion gels in the food industry are fat replacers in meat products
and delivery systems for food nutrients.
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Multilayer emulsions produced by electrostatic protein-polysaccharide interactions have received increased in-
terest recently, but the addition sequence of oppositely charged dispersions for emulsion preparation has rarely
been investigated. The purpose of this study was to investigate the effect of addition sequence of oppositely
charged soy protein isolate (SPI)-stabilized emulsions and alginate solutions on the stability and structure of

Structure . N . . . . . . N
emulsions involving electrostatic protein-polysaccharide attraction and the structural and rheological properties

SPI 1 lving electrostatic protein-polysaccharide attract: d the structural and rheological propert:

Alginate of emulsion gels produced by internal gelation. Stable multilayer emulsions containing unflocculated alginate/

SPI-coated droplets were produced by adding low levels of SPI-stabilized emulsions into alginate solutions at
pH 3.0, and emulsion gels prepared from the above emulsions had higher L* values and storage modulus than
emulsion gels prepared by adding alginate solutions into SPI-stabilized emulsions. Unstable emulsions containing
flocculated droplets were obtained on adding high levels of SPI-stabilized emulsions into alginate solutions or
adding alginate solutions into SPI-stabilized emulsions (independent of concentration) at pH 3.0 with mild
stirring. The findings of this study are important for preparing stable multilayer emulsions and structuring

emulsion gels by changing the addition sequence of oppositely charged dispersions for emulsion preparation.

1. Introduction

Polysaccharide-based emulsion gels have received increasing inter-
est in the food industry recently, such as x-carrageenan-, gellan gum-,
agar-, inulin- and alginate-based emulsion gels (Herrero, Ruiz-Capillas,
Pintado, Carmona, & Jiménez-Colmenero, 2018; Lorenzo, Zaritzky, &
Califano, 2013; Paradiso et al., 2015; Wang, Neves, Kobayashi, Uemura,
& Nakajima, 2013; Zheng, Mao, Cui, Liu, & Gao, 2020). Compared to
protein-based emulsion gels, polysaccharide-based (especially
alginate-based) emulsion gels are less readily digested and damaged in
gastric fluid, and the remaining gel structures can be further disrupted
during intestinal digestion (Bokkhim, Bansal, Grg¢ndahl, & Bhandari,
2016). These characteristics make polysaccharide-based emulsion gels
ideal materials for encapsulation of compounds such as a-tocopherol,
p-carotene, curcumin, and p-limonene (Feng, Yue, Ni, & Liang, 2018;
Levic et al., 2015; Soukoulis et al., 2017; Xu et al., 2019), which can be
protected from the harsh gastric environment and released from emul-
sion gels during intestinal digestion.
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For preparation of emulsion gels, the first step is to prepare emul-
sions, in which emulsifiers are normally used to decrease the droplet size
and increase the stability of droplets, and these emulsions can then be
turned into emulsion gels by various mechanisms for different matrix
materials (e.g., heat treatment, enzyme treatment, acidification treat-
ment, and addition of ions) (Lin, Kelly, & Miao, 2020). Use of naturally
occurring proteins (e.g., whey protein isolate (WPI), soy protein isolate
(SPI), lactoferrin and zein) as emulsifiers has received increased atten-
tion for replacement of synthetic chemicals (e.g., Tween 20 and Span 80)
in recent years, due to increased customer demand for healthy foods
(Ruffin, Schmit, Lafitte, Dollat, & Chambin, 2014; Su et al., 2016; Tang,
Luo, Liu, & Chen, 2013). In addition, electrostatic interactions between
protein-coated droplets and polysaccharide molecules in the continuous
phase (particularly oppositely charged proteins and polysaccharides)
are critical, as these can affect the stability and structure of emulsions
and thus the mechanical and structural properties of emulsion gels
(Evans, Ratcliffe, & Williams, 2013; Tavernier, Patel, Van der Meeren, &
Dewettinck, 2017).
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Previous studies have shown that pectin/WPI-, alginate/f-lacto-
globulin-, carboxymethylcellulose/sodium caseinate-, and pectin/
p-lactoglobulin-stabilized emulsions had better stability than protein-
stabilized emulsions at pH 4-4.5 (Guzey & McClements, 2007; Harnsi-
lawat, Pongsawatmanit, & McClements, 2006; Liu et al., 2012; Salminen
& Weiss, 2014), and that introducing chitosan into ovalbumin- or
glycinin-stabilized emulsions could increase the stability of emulsions at
pH 4.5-5.5 (Xiong et al., 2018; Yuan et al., 2013). Electrostatic in-
teractions between oppositely charged protein-coated droplets and
polysaccharide molecules led to the absorption of polysaccharide mol-
ecules onto the surfaces of protein-coated droplets, and thus the for-
mation of polysaccharide/protein-coated bilayer droplets with
increased surface charge and enhanced electrostatic repulsion (Evans
et al., 2013).

Many factors can affect electrostatic interactions between oppositely
charged protein-coated droplets and polysaccharide molecules, such as
polymer properties (e.g., molecular weight, charge density and flexi-
bility) and mixing conditions (e.g., the pH, ionic strength, temperature,
stirring, ratio of protein to polysaccharide and addition sequence of
dispersions), but the addition sequence of dispersions has rarely been
discussed (Evans et al., 2013; Guzey & McClements, 2006; Ye, 2008).
There are four main routes for preparing emulsions stabilized by elec-
trostatic polysaccharide-protein complexes (Albano, Cavallieri, & Nic-
oletti, 2019). The following discussion mainly focuses on anionic
polysaccharides, because most of charged polysaccharides are anionic.

Firstly, anionic polysaccharide/anionic protein mixtures may be
prepared at pH > pl, and then oil introduced to the system to prepare
emulsions by homogenization, followed by adjusting pH below the pI of
the protein present. Secondly, the dispersion of anionic polysaccharide/
cationic protein complex may be prepared at pH < pl, and emulsions
prepared by adding oil and homogenization. Thirdly, anionic protein-
stabilized emulsions can be mixed with anionic polysaccharide solu-
tions at pH > pl, and then the pH of emulsions adjusted below the pI of
the protein present. Finally, cationic protein-stabilized emulsions may
be mixed with anionic polysaccharide solutions at pH < pI, which is the
easiest way to prepare polysaccharide/protein-stabilized emulsions
formed by electrostatic interactions.

Emulsions prepared by the first and second methods are termed
mixed emulsions, while emulsions prepared by the third and fourth
methods are called bilayer or layer-by-layer (LbL) emulsions (Golkar,
Nasirpour, & Keramat, 2015). Bilayer emulsions show better stability
than mixed emulsions, probably because of the higher charge density of
bilayer emulsions, and are normally used to prepare
polysaccharide-based emulsion gels (Azarikia, Abbasi, Scanlon, &
McClements, 2017).

In addition, the addition sequence of oppositely charged protein-
stabilized emulsions and polysaccharide solutions may affect the struc-
ture and stability of bilayer emulsions. It can be hypothesized that, when
adding protein-stabilized emulsions into oppositely charged poly-
saccharide solutions, polysaccharides can attach to protein-coated
droplets, leading to multilayer emulsions with or without flocculation,
depending on the repulsive forces between polysaccharide/protein-
coated droplets and unabsorbed polysaccharides in the continuous
phase; however, when the content of protein-coated droplets exceeds a
critical concentration on adding emulsions into polysaccharide solu-
tions, polysaccharide levels may not be sufficient to interact with
protein-coated droplets and bridging flocculation may occur (McCle-
ments, 2005).

On the other hand, when adding polysaccharide solutions into
oppositely charged protein-stabilized emulsions, bridging flocculation
may occur immediately, because insufficient polysaccharide molecules
are shared by neighboring droplets; however, with continuously adding
polysaccharide solutions into emulsions with strong mechanical stirring,
stable emulsions without flocculation could be formed or depletion
flocculation may occur (McClements, 2005). In addition, the structure of
emulsion droplets can also affect the mechanical and structural
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properties of emulsion gels. According to the Kerner model modified by
Lewis and Nielsen, emulsion gels containing flocculated droplets have
improved mechanical properties compared to emulsion droplet-filled
gels (Kerner, 1956; Lewis & Nielsen, 1970).

The purpose of this study was therefore to investigate the effect of the
addition sequence of SPI-stabilized emulsions and alginate solutions on
the stability and structure of emulsions and the structural and rheolog-
ical properties of alginate-based emulsion gels. Sodium alginate, a linear
unbranched anionic polysaccharide, has been widely investigated in the
field of emulsion gels. In addition, using SPI as emulsifier has received
increasing interest due to its good emulsifying capacity. SPI-stabilized
emulsions and alginate solutions were thus investigated at pH 3.0,
under which conditions SPI is positively charged, with good solubility
and emulsifying capacity, and alginate is negatively charged.

2. Materials and methods
2.1. Materials

Defatted soy flour (Bob’s Red Mill, Milwaukie, Oregon, USA) and
sunflower oil (Aldi Stores Ltd., Kildare, Ireland) were purchased from
iHerb and Aldi, respectively. Soy protein isolate (SPI) was extracted
from defatted soy flour, according to the method described by Urbo-
naite, De Jongh, Van Der Linden, and Pouvreau (2015); the protein
content of the SPI powder was 96.29 + 0.03%. Sodium alginate (vis-
cosity of 1 wt% sodium alginate solution in 0.15 M NaCl at 25 °C =
210-340 cP and M = 69-117 kDa) was obtained from Special In-
gredients (Chesterfield, UK). D-(+)-Gluconic acid §-lactone (GDL), cal-
cium carbonate, sodium hydroxide, hydrochloric acid, and other
analytical reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

2.2. Solution/dispersion preparation

The SPI dispersion was prepared by mixing SPI powder with deion-
ized water (0.5 : 94.5, w/w) and stirring at room temperature for 2 h
using a magnetic stirrer, and then the pH of dispersion was adjusted to
3.0 with 1 M HCI and NaOH. Sodium alginate (0.4%, w/w) was mixed
with deionized water by shearing at 400 rpm for 30 min with a magnetic
stirrer and then allowed to rest for 24 h to permit hydration. The
resulting 0.4 wt% sodium alginate solutions (A 4) were diluted to levels
of 0.025 wt% (Ag.025), 0.05 Wt% (Ag.05), 0.1 wt% (Ag.1), and 0.2 wt%
(Ap.2) with deionized water, and then the pH was adjusted to 3.0 with 5
M HCl and NaOH.

2.3. Emulsion preparation

For preparation of SPI-stabilized emulsions, sunflower oil (5.0 wt%
in emulsions, w/w) was mixed with the SPI dispersions (95.0 wt% in
emulsions containing 0.5 wt% SPI, w/w) at 13,000 rpm for 2 min with
an Ultra-Turrax (IKA-25, Staufen, Germany). The resulting emulsions
(Eo.5) were diluted into Eg; (i.e., containing 0.1 wt% SPI and 1.0 wt%
oil), Eg 2 (i.e., containing 0.2 wt% SPI and 2.0 wt% oil), Eg 3 (i.e., con-
taining 0.3 wt% SPI and 3.0 wt% oil), and Eg 4 (i.e., containing 0.4 wt%
SPI and 4.0 wt% oil) with deionized water (pH adjusted to 3.0 using 0.1
M HCl and 0.1 M NaOH), and the pH of emulsions was then adjusted to
3.0 with 0.5 M HCl and NaOH. SPI/polysaccharide-stabilized emulsions
were prepared by adding one dispersion into the other slowly (1 mL/10
s) with stirring at 500 rpm for 5 min using a magnetic stirrer. The
resulting samples were transferred to test tubes for further investigation.

2.4. Properties of emulsions

2.4.1. Morphological properties
Samples in test tubes were allowed to rest for 2 h, and then
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photographs of samples were taken using a camera. The creaming or
phase separation of samples may occur after being allowed to rest for 2
h. The top creaming layers were regarded as the upper portions, and the
lower layers without cream were regarded as the lower portions. The
turbidity and microstructure of both upper and lower portions of sam-
ples were investigated. The viscosity, droplet size and zeta potential of
the bottom portion of samples were investigated; the upper and lower
portions of samples were transferred by pipettes.

2.4.2. Turbidity measurements

The turbidity of the upper and lower portions of mixed emulsions
was analysed with a Spectronic Genesys-5 UV spectrophotometer (Mil-
ton Roy Co., New York, USA). Samples were diluted 10 times with
deionized water (pH adjusted to 3.0 by 0.1 M HCl and 0.1 M NaOH)
before testing. The absorbance at 600 nm of samples was taken as the
turbidity of dispersion.

2.4.3. Emulsion microstructure

Optical microscopy images of the upper and lower portions of mixed
emulsions were recorded using an Olympus BX51 light microscope with
a built-in camera (Olympus Optical Co. Ltd., Tokyo, Japan). Samples
were dropped on a microscope slide, covered with a glass coverslip, and
observed using a 10 x or 20 x objective lens and 10 x eyepiece.

2.4.4. Zeta potential measurements

The zeta potential of the lower portion of mixed emulsions was
measured by particle electrophoresis technology using a laser particle
analyser (Nano-ZS, Malvern Instruments, Worcestershire, UK). Samples
were diluted 100 times (w/w) with ultrapure water (pH adjusted to 3.0
by 0.1 M HCl and 0.1 M NaOH) before testing. The operation temper-
ature was set at 25 °C, and the refractive index and absorption index of
samples were set at 1.48 and 0.001, respectively.

2.4.5. Size distribution measurements

The size distributions of oil droplets in the lower portion of mixed
emulsions were analysed with a MasterSizer 3000 (Malvern Instruments
Ltd., Worcestershire, UK). Samples were added to an automated wet
dispersion unit until the obscuration reached between 1 and 10%. The
stirrer speed was set at 2000 rpm. The refractive index and absorption
index of samples were set at 1.48 and 0.001, respectively.

2.4.6. Rheological measurements

The viscosity of the lower portion of mixed emulsions was tested at
25 °C using an AR 2000ex rheometer (TA Instruments, Crawley, UK)
with an aluminium parallel plate (60 mm in diameter, and 0.5 mm in
gap). Each sample was added in the middle of the Peltier plate and
allowed to stand for 2 min before testing. The flow measurement was
performed over a shear rate range of 0.1-100 s7! and viscosity (1) was
obtained from the data analysis software. The final results of viscosity
were presented at a shear rate of 100 s~

2.5. Emulsion gel preparation

Two emulsion samples Eg 1A 4 (i.e., adding emulsions (containing
0.1 wt% SPI and 1.0 wt% oil) into 0.4 wt% alginate solutions) and
Ag4Eo1 (i.e., adding 0.4 wt% alginate solutions into emulsions con-
taining 0.1 wt% SPI and 1.0 wt% oil) were prepared at pH 3.0 according
to the methods described in Section 2.3. The control sample was pre-
pared by adding deionized water (pH adjusted to 3.0 by 0.1 M HCI and
0.1 M NaOH) into the same volume of alginate solutions (0.4 wt%). GDL
(10 mM) was added into the above samples followed by mixing at 500
rpm for 5 min, and then CaCOs3 (5 mM) was added and stirred at 500 rpm
for 1 min. The resulting liquid mixtures were used to prepare emulsion
gels by moving 30 mL samples into a beaker and incubating at 30 °C for
3h.
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2.6. Properties of emulsion gels

2.6.1. Morphological and microstructural properties of emulsion gels

For recording visual appearance of emulsion gels, emulsion gels were
removed from beakers into a plastic Petri dish, and then photographs of
samples were taken using a digital camera. For investigating the colour
of emulsion gels, the liquid emulsion mixtures (3 mL, prepared in Sec-
tion 2.5) containing 10 mM GDL and 5 mM CaCOj3 were transferred to
plastic cuvettes (10 x 10 x 45 mm), and samples were incubated at
30 °C for 3 h to ensure the formation of emulsion gels. The colour
parameter (L*) of emulsion gels in cuvettes was measured using a
Minolta Chroma Meter CR-400 colorimeter (Minolta Ltd., Milton
Keynes, UK).

For observing the microstructure of emulsion gels, the liquid emul-
sion mixtures (500 pl, prepared in Section 2.5) containing 10 mM GDL
and 5 mM CaCOs were transferred to a glass slide, and the edge of
samples between the coverslip and the glass slide was covered by a layer
of silicone oil to prevent evaporation. These samples were incubated at
30 °C for 3 h to ensure the formation of emulsion gels. Optical micro-
scopy images of emulsion gels were then recorded using an Olympus
BX51 light microscope with a build-in camera (Olympus Optical Co.
Ltd., Tokyo, Japan). Samples were observed using a 10 x or 20 X
objective lens and 10 x eyepiece.

2.6.2. Dynamic rheological measurements of emulsion gels during gelation

The small deformation shear rheological properties of dispersions
(time sweep) were tested at 30 °C using an AR 2000ex rheometer (TA
Instruments, Crawley, UK) with an aluminium parallel plate (60 mm in
diameter, and 1.0 mm in gap). Each liquid mixture sample prepared in
Section 2.5 was added immediately in the middle of Peltier plate after
preparation and allowed to stand for 2 min before testing. The edge of
samples between the parallel plate and the Peltier plate was covered by a
layer of silicone oil to prevent evaporation. Small-deformation shear
measurement was performed at 0.01 wt% strain (within the linear
viscoelastic regime) and a constant frequency of 1 Hz for 180 min.
Storage modulus (G') values were obtained from the data analysis
software.

3. Results and discussion
3.1. Structuring alginate/SPI-stabilized emulsions

3.1.1. Adding SPI-stabilized emulsions into alginate solutions

Fig. 1A and B shows the visual appearance, turbidity and microscopic
structures of mixtures prepared by adding various levels of SPI-
stabilized emulsions (0.1-0.5 wt% SPI and 1.0-5.0 wt% oil) into 0.2
wt% alginate solutions (1:1) at pH 3.0, respectively. Adding low-
concentration SPI-stabilized emulsions (0.1 wt% SPI and 1.0 wt% oil)
into alginate solutions resulted in an alginate/SPI-stabilized emulsion
(Eo.1A0.2) without visible creaming, in which the turbidity of upper and
lower portions of emulsions was not significantly different (Fig. 1A) and
unflocculated droplets could be observed in both portions (Fig. 1B). In
contrast, adding highly concentrated SPI-stabilized emulsions (0.2-0.5
wt% SPI and 2.0-5.0 wt% oil) into alginate solutions resulted in mix-
tures (Eg 2A¢ 2—Eo.5A0.2) that showed creaming, in which the turbidity of
upper portions was significantly higher than that of lower portions of
mixtures (Fig. 1A) and flocculated droplets could be observed in the
upper portions of mixtures (Fig. 1B).

This indicates that adding high levels of SPI-stabilized emulsions into
appositely charged alginate solutions (0.2 wt%) may lead to unstable
emulsions, which was probably because 0.2 wt% alginate was insuffi-
cient to fully cover high levels of oppositely charged SPI-coated droplets
(0.2-0.5 wt% SPI and 2.0-5.0 wt% oil) by electrostatic interactions.

Many factors can affect the concentration of polysaccharides which
is needed to fully cover oppositely charged protein-coated droplets, such
as the type and charge density of polyelectrolyte, the pH, temperature,
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and ionic strength of mixture system, and the concentration and size of
emulsion droplets (Guzey & McClements, 2007). For example, it has
been reported that emulsions containing 0.1 wt% corn oil and 0.005 wt
% p-lactoglobulin can be fully covered by 0.003 wt% pectin solutions by
electrostatic interactions at pH 4.0 (Guzey & McClements, 2007). It has
also been reported that emulsions containing 5 wt% corn oil and 0.45 wt
% p-lactoglobulin can be fully covered by 0.15 wt% pectin solutions
through electrostatic interactions at pH 3.0 (Moreau, Kim, Decker, &
McClements, 2003). Therefore, the zeta-potential and viscosity of the
lower liquid phases of mixtures were further studied to investigate the
electrostatic interactions between SPI-coated droplets and alginate
molecules (Table 1).

SPI-coated droplets (zeta-potential of +29.9 + 0.9 mV in sample
AgEp 1) and alginate molecules (zeta-potential of —20.2 + 1.2 mV in
sample EgAg2) are oppositely charged at pH 3.0, and adding low-
concentration SPI-stabilized emulsions (0.1 wt% SPI and 1.0 wt% oil)

Table 1

Zeta potential, droplet/aggregate size (d4,3) and viscosity of the lower liquid
portions of alginate/SPI-stabilized emulsions prepared by adding SPI-stabilized
emulsions (0.1-0.5 wt% SPI and 1.0-5.0 wt% oil) into 0.2 wt% alginate solu-
tions (1:1) at pH 3.0.

Zeta potential (mV) ds,3 (pm) Viscosity (mPa-s)
EoAo.2 —20.2 +1.2° / 451 +0.12¢
Eo1A02 —29.3 £+ 2.4° 25.2 + 4.1* 4.21 + 0.02¢
Eo.2A02 -31.8 + 1.7¢ 25.3 + 2.0° 3.01 + 0.04¢
Eo.3A0.2 —29.8 + 4.1° 29.3 + 212 2.11 +0.12°
Eo.4Ao2 ~-26.1 £ 1.7 24.0 £ 5.9° 1.74 + 0.06%
Eos5A02 —10.3 + 0.6% / 1.46 + 0.09°

#d yalues with different superscript letters in the same column are significantly
different (p < 0.01).

lutions (1:1). All samples were measured after
creaming by being allowed to stand for 2 h after
preparation. Red dashed lines separate the top and
bottom portions of samples. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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into alginate solutions decreased the zeta-potential of emulsion droplets
to —29.3 + 2.4 mV in sample Eg A2 (Table 1). This indicates that
alginate molecules were absorbed at the surfaces of SPI-coated droplets
through electrostatic interactions, and thus positively charged SPI-
coated droplets turned into negatively charged alginate/SPI-coated
droplets in sample Ey1Ag2. With increasing emulsion concentrations
(0.2-0.4 wt% SPI and 2.0-4.0 wt% oil) in the mixtures (i.e.,
Eg.2A0.2-E0.4A¢.2), the droplets in lower portion of mixtures shown
similar zeta-potential with that of Eg 1A¢ 2, while creaming occurred in
samples EO‘ZAO.Z_EO.4AO‘2 (Fig. 1A and Table 1).

This indicates that alginate molecules in 0.2 wt% alginate solutions
have been fully occupied in covering the surface of SPI-coated droplets
in emulsions containing 0.1-0.2 wt% SPI and 1.0-2.0 wt% oil at pH 3.0
by electrostatic interactions between oppositely charged alginate mol-
ecules and SPI-coated droplets (Guzey & McClements, 2006). Therefore,
there were no more alginate molecules available in the continuous phase
to interact with further introduced SPI-stabilized droplets in samples
Eg.2A0.2-E0.4A¢.2, and thus droplet flocculation occurred, due to the
electrostatic interactions between positively charged SPI-stabilized
droplets and negatively charged alginate/SPI-coated droplets. Then,
creaming occurred in samples Eg Ao 2-Eg 4A¢ 2 after being allowed to
stand for 2 h (Fig. 1A), in which flocculated droplets moved to the upper
phase and unflocculated alginate/SPI-coated droplets remained in the
lower phase, which was seen from the non-significant differences in
droplet size of samples Eg 2A-Eg 4A (Table 1).

Meanwhile, the levels of remaining alginate/SPI-coated droplets in
the lower phase of samples Eg 2A¢ 2-Eo5A¢.2 decreased with increased
addition levels of SPI-stabilized emulsions, due to the interactions be-
tween alginate/SPI-coated droplets and further added SPI-coated drop-
lets. This was also shown by the decreased viscosity of the lower liquid
phases of samples Eg 1A9.2-Eo.5A¢.2 (Table 1). In addition, the relatively
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clear lower liquid of sample EgsA could not produce enough light
obscuration to test its droplet size, which also indicates that there was a
minimal level of alginate/SPI-coated emulsion droplets.

3.1.2. Adding alginate solutions into SPI-stabilized emulsions

Fig. 2A and B shows the visual appearance, turbidity and microscopic
structures of mixtures prepared by adding different levels of alginate
solutions (0.025-0.4 wt%) into SPI-stabilized emulsions containing 0.1
wt% SPI and 1.0 wt% oil (1:1) at pH 3.0, respectively. Adding alginate
solutions into SPI-stabilized emulsions resulted in emulsions with visible
creaming, in which the turbidity of upper and lower portions of emul-
sions were significantly different (Fig. 2A) and flocculated droplets
could be observed in upper portions of all samples (Ag.g25E9.1—A0.4E0.1)
and in the lower portions of samples Ag 2E¢ 1 and Ag 4Eq 1 (Fig. 2B). This
indicates that adding alginate solutions into SPI-stabilized emulsions
with mild stirring led to unstable emulsions, independent of the con-
centration of alginate solutions.

In order to explain above phenomenon, the zeta-potential, droplet
size and viscosity of the lower liquid phases of mixtures were further
studied (Table 2). Adding 0.025 wt% alginate solutions into emulsions
(containing 0.1 wt% SPI and 1.0 wt% oil) decreased the zeta-potential of
the lower liquid phases of mixtures from +29.9 + 0.9 mV (AEq 1) to
—5.7 + 2.1 mV (Ag25E0.1). This was probably because 0.025 wt%
alginate (i.e., 0.0125 wt% in the final mixtures) was not enough to fully
cover 0.1 wt% SPI molecules (i.e., 0.05 wt% SPI in the final mixtures)
absorbed at droplet surfaces, which led to bridging flocculation (i.e.,
insufficient alginate molecules shared by neighboring SPI-coated drop-
lets); then, creaming occurred on samples being allowed to stand for 2 h
(Fig. 2A), in which flocculated droplets moved to the upper phase,
leading to few remaining emulsion droplets and alginate molecules in
the lower phase. With increasing alginate concentrations (0.05-0.4 wt

= §
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Table 2

Zeta potential, droplet/aggregate size (d43) and viscosity of the lower liquid
portions of alginate/SPI-stabilized emulsions prepared by adding alginate so-
lutions (0.025-0.4 wt%) into SPI-stabilized emulsions containing 0.1 wt% SPI
and 1.0 wt% oil (1:1) at pH 3.0.

Zeta potential (mV) ds3 (pm) Viscosity (mPa-s)
AoEo1 +29.9 + 0.9¢ 16.9 + 0.3° 0.99 + 0.05%"
Ao.025F0.1 —5.7 £2.1¢ / 0.94 + 0.02?
Ao.05E0.1 ~14.3 +2.2° / 1.11 + 0.03"
Ao.1Eo1 —20.3 + 4.0°® / 1.72 + 0.03¢
Ao 2Eo1 —28.9 £ 2.2° 154.25 + 18.4° 3.27 + 0.06¢
Ao4Eo 1 —27.8 +1.3° 81.65 + 11.0° 7.39 + 0.03°

%€ Values with different superscript letters in the same column are significantly
different (p < 0.01).

%), the lower liquid phase of emulsions became more negatively
charged (i.e., increased absolute values of zeta-potential) and had higher
viscosity (Table 2), which both indicate an increased level of alginate
molecules in the lower liquid layer.

In addition, the particle size (Table 2) and microscopic pictures
(Fig. 2B) of the lower phase of mixtures show that there were some
flocculated droplets in the lower phase of samples A sEg1 and Ag 4Eq 1,
but there were hardly any unflocculated alginate-SPI-coated droplets.
This result was unexpected, because it has been reported that, with
increasing content of polyelectrolyte (C) in oppositely charged emul-
sions, stable emulsions without aggregation (C = 0), bridging floccula-
tion (0 < C < Csaturation), Stable emulsions without aggregation
(Csaturation <C< Cdepletion)g and depletion flocculation (Cdepletion <Q
may occur (McClements, 2005). However, unflocculated
alginate/SPI-coated droplets were not observed in all samples in this
study, although there were sufficient alginate molecules in the

Fig. 2. (A) Turbidity and visual appearance (top left
corner) and (B) microscopic structures of alginate/
SPI-stabilized emulsions prepared by adding algi-
nate solutions (0.025-0.4 wt%) into SPI-stabilized
emulsions containing 0.1 wt% SPI and 1.0 wt% oil
(1:1) at pH 3.0. The control sample was prepared by
adding deionized water (pH 3.0) into SPI-stabilized
emulsions (1:1). All samples were measured after
creaming by being allowed to stand for 2 h after
preparation. Red dashed lines separate the top and
bottom portions of samples. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

# Top
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continuous phase to dispel bridging flocculation and then form stable
emulsions (Table 2).

The reason for this phenomenon is probably because of the prepa-
ration method used in this study. Alginate solutions were slowly added
into SPI-stabilized emulsions, and thus bridging flocculation occurred in
all samples at the initial stage of the addition process, due to there being
insufficient alginate molecules present; however, when large numbers of
alginate molecules were present in the continuous phase after adding
higher levels of alginate solutions, the magnetic stirring force was not
high enough to break bridging-flocculated droplets and promote further
absorption of alginate molecules at the surfaces of SPI-coated droplets,
to form stable emulsions without droplet aggregates.

3.1.3. Mechanism of structuring emulsions on mixing of dispersions

In order to understand the effect of the addition sequence of dis-
persions on the structure, stability and rheological properties of emul-
sions produced by electrostatic adsorption, emulsion samples E1Aq .2
and Ag2Eo; were compared (Figs. 1 and 2). Eg1A¢.2 and Ag2Eg1 were
prepared by the same components (i.e., 0.2 wt% alginate solutions and
SPI-stabilized emulsions containing 0.1 wt% SPI and 1 wt% oil) but with
different addition sequences of dispersions (i.e., adding emulsions into
alginate solutions for Eg 1A 2 and adding alginate solutions into emul-
sions for Ag2Eq 1). Figs. 1 and 2 show that Ey 1A 2 had better stability
than Ag2Eq 1, and that Eg 1A 2 contained unflocculated droplets while
Ap2Ep1 contained flocculated droplets. This indicates that adding
protein-stabilized emulsions into oppositely charged polysaccharide
solutions is a better way to prepare stable multilayer emulsions induced
by electrostatic adsorption than adding polysaccharide solutions into
emulsions under mild stirring conditions.

The proposed mechanism is that, when adding protein-stabilized
emulsions into oppositely charged polysaccharide solutions slowly,
levels of polysaccharide molecules are sufficient at the beginning of the
process and protein-coated droplets can be fully covered by poly-
saccharide molecules through electrostatic interactions, which leads to
stable multilayer emulsions (Fig. 3A). However, when the level of added
emulsions exceeds the saturation concentration and there are not
polysaccharide molecules available in the continuous phase, floccula-
tion occurs because of electrostatic interactions between
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polysaccharide/protein-coated droplets and the additional protein-
stabilized droplets being added. On the other hand, when adding poly-
saccharide solutions into oppositely charged protein-stabilized emul-
sions, protein-stabilized droplets are present in excess at the beginning
and they cannot be fully covered by polysaccharide molecules, which
leads to bridging flocculation (Fig. 3B). However, mild mixing cannot
provide enough energy to break down bridging-flocculated droplets, and
then stable emulsions containing unflocculated droplets do not occur,
although there are sufficient polysaccharide molecules in the continuous
phase after adding high levels of polysaccharide solutions.

This mechanism not only explains the effect of addition sequence of
dispersions and polysaccharide/protein ratio on the structure and sta-
bility of multilayer emulsions formed by electrostatic interactions be-
tween oppositely charged protein—coated droplets and polysaccharide
molecules, but also indicates that structuring polysaccharide-based and
protein-stabilized emulsion gels can be controlled by changing the
addition sequence of dispersions and adjusting the polysaccharide/
protein ratio. It can be assumed that adding low levels of protein-
stabilized emulsions into polysaccharide solutions tends to lead to for-
mation of emulsion gels containing unflocculated emulsion droplets;
however, adding polysaccharide solutions into protein-stabilized emul-
sions tends to give emulsion gels containing flocculated emulsion
droplets. Therefore, further research was carried out to investigate the
effect of addition sequence of dispersions on the structural and rheo-
logical properties of alginate-based and alginate/SPI-stabilized emul-
sion gels.

3.2. Structuring alginate/SPI-stabilized emulsion gels by addition
sequence

3.2.1. Morphological and structural properties of emulsion gels

Fig. 4A-F shows the visual appearance and microstructure of gels
prepared from the control sample EgAg 4, sample Eg1Ag4 and sample
Ay .4Eq.1, respectively. Alginate gels (i.e., control samples) were trans-
parent with many bubbles in matrices (Fig. 4A and D). This was because
the internal gelation was used in this study to trigger the formation of
alginate-based gels, in which calcium ions are liberated gradually from
the insoluble CaCOs by the interaction between GDL and CaCOs,

polysaccharide
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Fig. 3. A proposed mechanism for the effect of addition sequence of oppositely charged protein-stabilized emulsions and polysaccharide solutions on the structure of
emulsions: (A) adding protein-stabilized emulsions into oppositely charged polysaccharide solutions slowly or (B) adding polysaccharide solutions into oppositely

charged protein-stabilized emulsions slowly.



D. Lin et al.

Food Hydrocolloids 113 (2021) 106537

80 4
70
50:
50:

40

G'(Pa)

J:v.‘n\“‘

Bubble

. ;
A

« Control
= EO0.1A0.4
A0.4E0.1

‘g@-mmﬁrﬁ}a e

T v T ¥ T ¥ 1
6000 8000 10000 12000

time (s)

Fig. 4. (A-C) Visual appearance and (D-F) microstructure of emulsion gels prepared from (A and D) the control sample (i.e., adding deionized water (pH 3.0) into
0.4 wt% alginate solutions, 1:1) (B and E) sample Eq1A¢ 4 (i.e., adding emulsions containing 0.1 wt% SPI and 1.0 wt% oil into alginate solutions), and (C and F)
sample Ag 4Eq 1 (i.e., adding alginate solutions into emulsions), respectively. (G) The gelation kinetics of the control sample, sample Eq1A¢ 4 and sample Ay 4E¢ 1

induced by internal gelation.

followed by the Ca®*-induced association of alginate chains; CO, was
also produced during this process and thus small CO, gas bubbles
occurred in gel matrices.

Emulsion gels produced from sample E 1A 4 were ivory in colour
with L* values of 36.37 & 0.16, and CO5 bubbles also occurred in gel
matrices (Fig. 4B and E). This was because adding emulsions into algi-
nate solutions (i.e., sample Eg1A¢4) led to the formation of unfloccu-
lated multilayer droplets evenly distributed in mixed emulsions with
high turbidity (i.e., the absorbance of 0.470 + 0.002 at 600 nm) and thus
the formation of emulsion gels with uniform opaque appearance (Lin,
Kelly, Maidannyk, et al., 2020). In contrast, emulsion gels produced
from sample Ag 4Eq; were semi-transparent with L* values of 35.92 +
0.31, and emulsion aggregates and COy gas bubbles distributed in the
matrices (Fig. 4C). This was because adding alginate solutions into
emulsions (i.e., sample Ag4Eq 1) tended to form unstable emulsions
containing flocculated droplets (Fig. 4F) with low turbidity (i.e.,
absorbance values of 0.245 4 0.014 at 600 nm) and thus resulted in the
formation of emulsion gels with an inhomogeneous appearance.

These results indicate that the structural and morphological prop-
erties of alginate-based and alginate/SPI-stabilized emulsion gels are
affected by the addition sequence of SPI-stabilized emulsions and

alginate solutions for emulsion preparation. In addition, many studies
have indicated that structures of emulsion gels (e.g., the matrix structure
and state of droplets) affected their mechanical properties (Chen,
Dickinson, Langton, & Hermansson, 2000; Lin, Kelly, & Miao, 2020;
Tang, Chen, & Foegeding, 2011), so the effect of the addition sequence
of SPI-stabilized emulsions and alginate solutions on the gelation ki-
netics of emulsion gels was further investigated.

3.2.2. Gelation kinetics of alginate-based emulsion gels

Fig. 4G shows the evolution of the dynamic storage modulus (G') of
the control sample, sample Eg 1A¢ 4 and sample A 4Eq ; during gelation.
G’ values of the control sample increased up to 2.5 h and then reached a
plateau during gelation. The progressive introduction of calcium ions
which results from the interaction between GDL and CaCO3 leads to the
progressive gelation of alginate molecules and gradually increased G’
value of alginate gels. Many factors can influence the kinetics of alginate
gel formation, such as the molecular weight of alginate, alginate con-
centration, calcium concentration, and applied shear rate during rheo-
logical measurements (Farrés & Norton, 2014).

The storage modulus of sample Eg 1A 4 reached a plateau at 2.5 h,
which was similar to the control sample during gelation (Fig. 4G). This
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was because emulsions produced by adding SPI-stabilized emulsions
into oppositely charged alginate solutions (i.e., Eg1A0.4) tended to
contain unflocculated droplets, which did not significantly affect the
alginate concentration in the continuous phase, although some alginate
molecules were adsorbed at the o/w interfaces. In addition, sample
Eo.1A0.4 had lower G’ values than the control sample during gelation,
and the G’ values of the control sample and Eg 1A 4 were 68.5 + 1.6 Pa
and 59.4 + 1.8 Pa at plateau, respectively (Fig. 4G). This was because
the mechanical properties of emulsion gels are determined by the matrix
(i.e., matrix material and gelation mechanism), emulsion droplets (i.e.,
oil type, oil content, and droplet size) and the interaction between them
(i.e., active and inactive fillers) (Lin, Kelly, & Miao, 2020; Sala, Van
Vliet, Stuart, Van Aken, & Van de Velde, 2009).

Positively charged SPI-coated droplets are active fillers in negatively
charged alginate-based matrices in the current study, due to electrostatic
attraction between them (Sala et al., 2009). According to the Kerner
model (Kerner, 1956), introducing active fillers into gels can increase
the mechanical properties of gels (i.e., G’emuision gels > G hydrogels OF
G’marrix)- However, the matrix of emulsion gels plays a more important
role than emulsion droplets in determining the mechanical properties of
emulsion gels (i.e., G emuision gels = G 'matrix + 0.22-0.27G maprix according
to the Kerner model) (Lin, Kelly, Maidannyk, & Miao, 2021). When
SPI-stabilized emulsions are mixed with alginate solutions, some unad-
sorbed insoluble SPI particles are also introduced into the continuous
phase of mixtures, which may negatively affect Ca?*-induced associa-
tion of alginate molecules during gelation and decrease the mechanical
properties of alginate-based emulsion gels. Our previous study has
indicated that alginate- and SPI/alginate-based gel beads had similar
gelation kinetics (i.e., Young’s modulus increased up to 6 min) induced
by the external gelation, but SPI/alginate-based gel beads had lower
Young’s modulus than alginate-based gel beads, probably due to insol-
uble SPI molecules acting as solid barriers in alginate gels (Lin, Kelly,
Maidannyk, et al., 2020).

Fig. 4G also shows that sample A 4E¢ 1 had a different gelation rate
(i.e., reached the plateau faster, with a lower G’ value of 40.3 4 0.7 Pa at
1.9 h, compared to the control sample and sample Ey 1Aq 4). This was
because emulsions (i.e., Ag.4E¢.1) produced by adding alginate solutions
into oppositely charged SPI-stabilized emulsions tended to contain
flocculated droplets, which entrapped some alginate molecules in ag-
gregates (McClements, 2015). Although the Kerner model as modified
by Lewis and Nielsen indicates that aggregated droplets can increase the
effective volume fraction of fillers and modulus of emulsion gels (Lewis
& Nielsen, 1970), the matrix of emulsion gels plays a more important
role than emulsion droplets in affecting the mechanical properties of
emulsion gels. Adding alginate solutions into oppositely charged
SPI-stabilized emulsions not only reduces the alginate concentration in
the continuous phase, because of the formation droplet flocculation
entrapping some alginate molecules, but also introduces some unab-
sorbed insoluble SPI particles into the continuous phase, which
decreased both the G’ values of emulsion gels and the time needed to
reach the plateau during gelation.

4. Conclusions

The stability and structure of emulsions involving electrostatic
protein-polysaccharide interactions can be influenced by the addition
sequence of oppositely charged dispersions. Adding a low concentration
of protein-stabilized emulsions into polysaccharide solutions is a better
method to prepare stable emulsions than adding polysaccharide solu-
tions into protein-stabilized emulsions with mild stirring. In addition,
visual appearance, droplet structure and gel strength of emulsion gels
can also be adjusted by the addition sequence of oppositely charged
dispersions for emulsion preparation. Emulsions which were prepared
by adding SPI-stabilized emulsions (0.1 wt% SPI and 1.0 wt% oil) into
0.4 wt% alginate solutions (i.e., Eg 1A¢.4) led to emulsion gels with more
unflocculated droplets, higher L* and modulus and slower gelation
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kinetics than emulsion gels prepared from sample Ay 4Eq 1 (i.e., adding
0.4 wt% alginate solutions into SPI-stabilized emulsions containing 0.1
wt% SPI and 1.0 wt% oil). However, this study mainly focused on the
effect of addition sequence on the mechanical and structural properties
of emulsion gels, so further research on the application of above
different emulsion gels (e.g., for encapsulation of food nutrients or as fat
replacers) is needed.
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The aim of this study was to investigate the influence of concentrations of sodium alginate (0.5%-1.5% in the
water phase of an emulsion), soy protein isolate (SPI, 0.5%-2.0% in the water phase) and oil phase (10%-40% in
the emulsion) on the properties (including water loss, shrinkage, morphological, elastic, and structural proper-
ties) of emulsion gel beads during gelation (0-30 min). Gel beads were prepared with external gelation by
dropping emulsions into CaCl, solutions using pipettes. The Young's modulus of emulsion gel beads kept
increasing during gelation before reaching a plateau accompanied by syneresis (i.e., water loss), shrinkage, and

structural tightening. SPI absorbed at the surface of oil droplets could prevent re-coalescence of droplets during
gelation. Additionally, increasing concentrations of sodium alginate and oil increased the Young's modulus of gel
beads. Water loss decreased with increasing contents of alginate, SPI and oil, and shrinkage could be diminished
by increasing alginate and oil contents.

1. Introduction

Emulsion gels, also called emulgels, are a complex colloidal material
which have some properties of both emulsions and gels (Dickinson,
2012). During the last decade, emulsion gels have received growing
interest, due to their advantages compared to emulsions, such as higher
storage stability by reducing oil and water phase movement and lipid
oxidation (Ma, Wan, & Yang, 2017) and slower intestinal drug release,
due to improved protective effects against gastric and intestinal phases
(Corstens et al., 2017; Guo, Bellissimo, & Rousseau, 2017). In order to
produce emulsion gels, emulsions are first prepared by mixing gelling
agent, emulsifier and oil and then turned into gels by different gelation
mechanisms.

The choice of matrix material and emulsifier is the key factor in
structuring emulsion gels. Proteins (e.g., soy protein isolate (SPI) and
whey protein isolate (WPI)) and polysaccharides (e.g., agar and gellan
gum) have been widely investigated as gelling agents in the formation of
emulsion gels (Brito-Oliveira, Bispo, Moraes, Campanella, & Pinho,
2017; Geremias-Andrade, Souki, Moraes, & Pinho, 2017; Guo et al.,
2017). Different gelling agents can form different gelation structures,

and the gelation mechanism (e.g., heat, high pressure, acidification,
enzymatic treatment, and addition of ions) for different gelling agents
differs (Dickinson, 2012), which can affect the properties of emulsion
gels and encapsulated food nutrients. Both synthetic (e.g., Tween 80 and
Span 80) and natural (e.g., proteins, egg lecithin, and soy lecithin)
emulsifiers can be used to prepare emulsion gels. Lipid droplets in
emulsion gels can be divided into active and inactive fillers according to
the interactions between gelling agents and emulsifier-coated lipid
droplets (Van Vliet, 1988; Yang et al., 2020), which can also influence
the properties of emulsion gels (Geremias-Andrade et al., 2017).
Alginate, a linear unbranched natural polysaccharide, is derived
from brown seaweed extracts (Phaeophyceae) (King, 1983) and
composed of two monomeric isomers: $-(1 — 4)-linked p-mannuronic
acid (M) residues and a-(1 — 4)-linked 1-guluronic acid (G) residues
(Ching, Bansal, & Bhandari, 2017). Alginate-based emulsion gels
received high attention in recent years (Levic, Paji¢ Lijakovic, Dordevic,
Rac, Raki¢, Solevi¢ Knudsen et al., 2015; Qu, Zhao, Fang, Nishinari,
Phillips, Wu, et al., 2016; Zeeb, Saberi, Weiss, & McClements, 2015).
Alginate monomers can form gels by ionic crosslinking with divalent
cations (mostly calcium cations in the food industry) (King, 1983).
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External gelation and internal gelation are two methods used to prepare
alginate-based emulsion gels. Pintado, Ruiz-Capillas, Jimenez-Colme-
nero, Carmona, and Herrero (2015) added CaSOy4 into an alginate-based
emulsion to directly produce an alginate-based emulsion gel. Sato,
Moraes, and Cunha (2014) used internal method to produce emulsion
gels, in which CaEDTA was added to an alginate-based emulsion first,
after which acid was introduced to liberate calcium ions. Compared
these two methods, Puguan, Yu, and Kim (2014) found that gels formed
by external gelation had a smoother surface and denser inner structure.
In addition, alginate-based gels are not sensitive to gastric fluids, and
can protect the encapsulated nutrients from harsh gastric environment,
and the remaining gel structures can be further disrupted during intes-
tinal digestion accompanied by the release of encapsulated compounds
(Zhang et al., 2016).

Previous studies mainly focused on the formulation, structural
properties, mechanical properties, stability, and digestion of alginate-
based emulsion gels. However, there are few reports on the gelation
process of alginate-based emulsion gels. It has been indicated that,
during the gelation process of alginate hydrogels prepared by external
gelation, calcium cations can diffuse into alginate drops after being
dropped into a calcium chloride solution (Rehm, 2009). Syneresis also
occurs during this gelation process, with a consequent decrease in di-
mensions of gel beads (Quong, Neufeld, Skjak-Braek, & Poncelet, 1998;
Rehm, 2009). However, the gelation process of alginate-based emulsion
gels may differ from that of alginate gels, because the presence of lipids
and emulsifers in emulsions may affect the gelation process. Under-
standing the gelation process of alginate-based emulsion gels may help
to produce emulsion gels with specific properties (e.g., size, water
content, mechanical properties) by controlling gelation time, formula-
tion, preparation methods and processing technologies. Therefore,
further studies are needed to understand how alginate, emulsifiers and
oil affect the gelation process of emulsion gel beads.

The purpose of this study was thus to investigate the gelation process
of alginate-based emulsion gel beads. In order to improve the encapsu-
lation efficiency and hygroscopicity of alginate-based emulsion gels,
proteins (e.g., lupin protein and WPI) can be used as emulsifiers (Cors-
tens et al., 2017; Piornos, Burgos-Diaz, Morales, Rubilar, & Acevedo,
2017), and polysaccharides (e.g., Prosopis alba exudate gum and chito-
san) can be used as structural strengthening agents (Natrajan, Sriniva-
san, Sundar, & Ravindran, 2015; Vasile, Judis, & Mazzobre, 2018). In
this study, denatured SPI was thus introduced as surfactant, because SPI
has a huge potential value in producing emulsion gels, due to its good
emulsifying property, and denatured SPI has increased emulsifying ca-
pacity compared to natural SPI (Lin et al., 2017; Nishinari, Fang, Guo, &
Phillips, 2014). In addition, the external gelation was used, in order to
obtain gel beads with denser structures, compared to internal gelation.
Therefore, effect of concentrations of alginate, SPI, and sunflower oil on
the shrinkage, water loss, elastic and structural properties of
alginate-based emulsion gel beads during gelation were investigated in
this study.

2. Materials and methods
2.1. Materials

Defatted soy flour (Bob’s Red Mill, Milwaukie, Oregon, USA) and
sunflower oil (Aldi Stores Ltd., Kildare, Ireland) were purchased from
iHerb and Aldi, respectively. Sodium alginate was obtained from Special
Ingredients (Chesterfield, UK). Calcium chloride, sodium hydroxide, and
hydrochloric acid were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

2.2. Preparation of soy protein isolate

SPI was prepared according to the method described by Urbonaite,
de Jongh, van der Linden, and Pouvreau (2015). The defatted soy flour

Food Hydrocolloids 108 (2020) 105998

was suspended in distilled water at a ratio of 1:10 (w/w) at 45 °C and
stirred for 30 min. The pH value was then adjusted to 8.0 with 5 M
NaOH, and the solution was stirred for 30 min in the water bath. The
supernatant was collected by centrifugation (30 min, 6000xg, 13 °C)
(Sorvall LYNX 6000 Superspeed Centrifuge, Thermo Fisher Scientific,
Waltham, USA). Protein isolates were obtained by isoelectric precipi-
tation by adjusting the pH value to 4.5 with 6 M HCl. After mild stirring
for 12 h at 5 °C, the suspension was centrifuged (30 min, 6000xg, 7 °C).
The sediment was re-suspended three times in deionized water at a ratio
of 1:3 (w/w) and filtered by multilayer gauze to remove any remaining
insoluble material, and the filtrate was centrifuged (30 min, 6000xg, 7
°C) again. The sediment was finally suspended in deionized water at a
ratio of 1:4 (w/w), and the pH value was justified to 7.0 with 5 M NaOH.
Then, the solution was freeze-dried (Free Zone 12 Freeze Dry System,
Labconco Corpotation, Kansas, MO, USA). The dried SPI was kept in
polyethylene bags and stored at room temperature. The protein content
of SPI powder was 96.29 + 0.03%.

2.3. Preparation of alginate-based and SPI-stabilized emulsions and gel
beads

A dispersion of soy protein isolate (5% wt in distilled water) was
stirred at room temperature for 30 min using a magnetic stirrer, heated
at 90 °C for 30 min in a waterbath, and then cooled to room temperature.
For the production of continuous phase, sodium alginate (0.5, 1.0, and
1.5% wt) was added into the pre-heated soy protein isolate solution with
adding water to reach final concentrations of SPI (0.5, 1.0, and 2.0% wt)
by shearing at 400 rpm for 30 min with a magnetic stirrer and then
allowed to rest for 24 h to permit hydration. For the production of o/w
emulsions, sunflower oil (10, 20, and 40% wt) was added to above
continuous phase and mixed at 18,000 rpm for 2 min with an Ultra-
Turrax (IKA-25, Staufen, Germany). Solutions containing 1.0% algi-
nate (1A) and dispersions containing 1.0% alginate and 1.0% SPI (1A1S)
were prepared as control groups without mixing at 18,000 rpm for 2
min. Table 1 shows the formulations used for preparing emulsions.

For producing gel beads, the resulting dispersions/solutions were
dropped into 2% (w/w) CaCly-2H,0 solutions using 5-ml measuring
pipettes and a S1 pipette filler (Thermo Fisher Scientific Inc., Waltham,
USA). The distance between the tip of pipette and the surface of CaCl,
solutions was fixed at 10 cm. The samples were allowed to gel in CaCl,
solutions for 30 min with mild magnetic stirring, and the resulting beads
were rinsed with distilled water. Samples were analysed immediately for
measurement of Young's modulus, shrinkage, water loss, and
morphology, and samples were kept in distilled water for observing their
structures within 3 h after being prepared.

Table 1
Formulations of experimental emulsions.

Group Water phase® 0il Con. (%
Alginate Con. (% Soy protein Con. (% wi)
wt) wt)

1A (Control 1) 1.0 0 0

1A1S (Control 1.0 1.0 0

2)

1A1S200 1.0 1.0 20

0.5A1S200 0.5 1.0 20

1.5A1S200 1.5 1.0 20

1A0.55200 1.0 0.5 20

1A25200 1.0 2.0 20

1A1S100 1.0 1.0 10

1A1S400 1.0 1.0 40

# The content of water phase was adjusted according to the oil content in the
formulation.
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2.4. Properties of dispersions/solutions

2.4.1. Structures

Confocal scanning laser microscopy (CLSM) was used to observe
microstructures of dispersions/emulsions. Dispersion/emulsion samples
(500 pl) were transferred to a glass slide and stained with 50 pl of a
mixture of Nile red (0.1%, w/v, in polyethylene glycol-200) and fast
green (0.1%, w/v, in distilled water) at a ratio of 3:1. Confocal obser-
vation was performed using a Leica TCS SP5 microscope (Leica Micro-
systems GmbH, Wetzlar, Germany) at excitation and emission
wavelengths of 488 nm and 633 nm, provided by an argon laser and a
HeNe laser, respectively.

2.4.2. Viscosity

The viscosity of dispersions/solutions was tested at 25 °C using an AR
2000ex rheometer (TA Instruments, Crawley, UK) with an aluminium
parallel plate (60 mm in diameter, and 0.5 mm in gap). Each sample was
added in the middle of Peltier plate and allowed to stand for 2 min
before testing. The flow measurement was performed over a shear rate
range of 0.1-100 s, and viscosity (1) was obtained from the data
analysis software.

2.5. Microstructures of gel beads

CLSM was used to observe microstructures of gel beads. Each gel
bead was cut into a thin layer (~1 mm), transferred to a glass slide, and
stained with a mixture of Nile red (0.1%, w/v, in polyethylene glycol-
200) and fast green (0.1%, w/v, in distilled water) at a ratio of 3:1.
Confocal observation was performed by the method described in section

A veross 6ptpressjogo’
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surface, the initial weight of 5 beads was weighted (W';) and then they
were dried in an oven at 80 °C until constant weight (W'q). The initial
weight (W;) and the weight after drying (Wy) of dispersions/solutions (5
drops) were determined by the same method. Thus, the water loss was
calculated from Eq. (1), if we assumed that the main content (i.e.,
alginate, SPI, and oil) of gel beads have no significant change during
gelation, and the experiment was replicated three times.

Wi Wa Wa Wi =W,
W, W wW,

Water loss (%)= ( ) x 100% 1)

2.8. Shrinkage of gel beads

The section shrinkage rate of gel beads was determined at 2, 4, 6, 8,
10, 20, and 30 min after dispersions/solutions were dropped into cal-
cium chloride solutions. Five gel beads were obtained from the calcium
chloride solutions and washed with distilled water. After drying the
surface, photographs of gel beads were taken using a camera (iPhone 7
plus, Apple Inc., California, USA). The major semi-axis (' max) and minor
semi-axis ('min) of gel beads were measured by using a digital vernier
calliper, and the section area (A’s) was calculated from Eq. (2). The
major semi-axis (I'max) and minor semi-axis (rmin) of gel beads after
gelation for 1 min were measured, and the section area (Ag) was also
calculated from Eq. (2). The section shrinkage rate of gel beads was
calculated from Eq. (2), and the experiment was replicated three times.
It should be noted that the section shrinkage rate of samples during
gelation process was compared to the section area of samples after
gelation for 1 min in this study.

3.14 X Foar X Fuin — 314 X7 X F

max min % 100% (2)

Section shrinkage rate (%)=—

2.4.1.

2.6. Young's modulus of gel beads

The Young's modulus of gel beads during gelation at 1, 2, 3, 4, 5, 6, 8,
10, 20, and 30 min were analysed by a TA.XT Plus texture analyser
(Stable Micro System, Godalming, UK) according the method described
by Ching, Bansal, and Bhandari (2016) with a minor change. The surface
of samples was dried with dry paper before testing. Compression tests
were performed using a cylinder probe of 10-mm diameter and a 5-kg
load cell. The samples were compressed to 30% strain at a crosshead
speed of 0.1 mm/s, and five beads with same composition were exam-
ined one after another. Due to their ellipsoidal shapes, the
cross-sectional area of samples was calculated after measuring the major
axis and minor axis of samples after being placed on the platform of
texture analyser. The Young’s modulus of each sample was calculated as
the gradient of the stress vs. strain curve in the 5-15% strain region,
where stress and strain showed good linearity. The experiment was
performed in triplicate.

2.7. Water loss of gel beads

The water loss of samples during gelation was determined at 1, 2, 3,
4,5, 6, 8, 10, 20, and 30 min after dispersions/solutions were dropped
into calcium chloride solutions. In this study, the water loss means the
decreased water in gel beads during gelation compared to the original
dispersions/solutions. Five gel particles were obtained from calcium
chloride solutions and washed with distilled water. After drying the

Ay 3.14 X Fpax X Fouin

3. Results and discussion
3.1. Structural properties of gel beads

Structural properties are important for emulsion gels because they
can influence mechanical properties of emulsion gels and release
behavior of encapsulated nutrients. Many factors (e.g., structures of the
gel matrix, structures of emulsion droplets, and interactions between the
gel matrix and droplets) can influence the structures of overall emulsion
gels. Therefore, the effect of concentrations of alginate, SPI and oil on
the structures of emulsions and emulsion gels was investigated in this
study.

Fig. 1 shows the structures of emulsions/dispersions before gelation
and gel beads after gelation for 30 min. In sample 1A1S, SPI formed
aggregates and dispersed in alginate solutions (Fig. 1A and V). This was
because SPI was heated at 90 °C for 30 min in this study, and thus the
solubility of SPI decreased, due to denaturation; additionally, denatured
SPI exposed hydrophobic residues and thus formed aggregations in
alginate solutions (Wagner & Anon, 1990). After mixing the 1A1S
dispersion with oil, SPI modules can move from the continuous phase to
the O/W interfaces and are absorbed at the surface of oil droplets
(Fig. 1A and B), due to their amphipathic nature and emulsifying ca-
pacity. Hydrophobic groups of SPI absorbed onto the surface of oil
droplets, and hydrophilic groups connected with the water phase, acting
as a steric barrier against coalescence of oil droplets (Nishinari et al.,
2014). However, increasing the alginate concentration to 1.5% led to
more SPI aggregations in the water phase (Fig. 1B and C), because the
higher viscosity of the continuous phase of emulsions hindered SPI from
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1A25200 1A15400

Fig. 1. CLSM images of dispersions/emulsions (A-E) and gel beads (V-Z) after gelation for 30 min. SPI and sunflower oil were stained by red and green, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

moving to the oil-water interface (Tavernier, Patel, Van der Meeren, &
Dewettinck, 2017). Higher SPI concentrations resulted in more SPI
being absorbed at the surface of oil droplets but led to more obvious
flocculation of oil droplets (Fig. 1B and D), probably due to the depletion
flocculation of droplets coated by excessive amount of SPI (Moschakis,
Murray, & Biliaderis, 2010). In addition, increasing oil content of
emulsions resulted in more compacted gel structures (Fig. 1B and E), due
to the decreased ratio of the water phase to the oil phase.

Fig. 1 also indicates that there were more dark sections in emulsions/
dispersions than gel beads in all samples, which indicates that syneresis
and shrinkage of the water phase during gelation led to more compact
filler structures. In addition, the concentrations of SPI, alginate and oil
could affect the stability of droplets during gelation. As shown in Fig. 1B
and W SPI-coated droplets in sample 1A1S200 could maintain their
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structures during gelation. This was because SPI could stabilize the o/w
emulsions, and gelation, syneresis and shrinkage mainly occurred in the
water phase during gelation, which had no significant effects on the
structures of emulsion droplets. Similarly, it was found that WPI-
aggregate-stabilized emulsions were stable during the gelation period
(Rosa, Sala, Van Vliet, & Van De Velde, 2006). Additionally, higher SPI
concentration resulted in more stable droplet structures during gelation,
probably because of more SPI being absorbed at the surface of oil
droplets (Fig. 1D and Y). However, increasing the alginate concentration
to 1.5% led to re-coalescence of droplets during gelation (Fig. 1C and X),
because increased viscosity of the continuous phase of emulsions hin-
dered SPI from moving to the oil-water interface and thus resulted in
decreased stability of emulsion droplets during gelation. In addition,
increasing the oil content to 40% also led to re-coalescence of droplets
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Fig. 2. Kinetics of Young's modulus of alginate-based gel beads during gelation: (A) control groups; (B) effect of alginate concentrations (0.5-1.5% in the water
phase); (C) effect of SPI concentrations (0.5-2.0% in the water phase); and (D) effect of oil contents (10-40% in the emulsion).
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during gelation (Fig. 1E and Z), probably because 1.0% SPI in the water
phase was not enough to stabilize 40% oil.

3.2. Young's modulus of gel beads

3.2.1. The profiles of Young's modulus during gelation

Compression tests were carried out to study the elastic properties of
gel beads during gelation. Firstly, the effect of introducing SPI and oil
into alginate gels on the profiles of Young's modulus during gelation was
investigated. As shown in Fig. 2A, the changes of Young’s modulus of gel
beads containing 1% alginate (1A in short) included three steps:
increasing up to 5 min, decreasing between 5 and 10 min, and then
reaching a plateau. The Young’s modulus of gel beads containing 1%
alginate and 1% SPI (sample 1A1S) had a similar trend to that of sample
1A, but the Young's modulus of emulsion gel beads containing 1%
alginate, 1% SPI, and 20% oil (sample 1A1S200) increased first and
then reached a plateau at 8 min directly (Fig. 2A). It can be seen that the
gelation process of alginate-based gel beads includes the maturation step
(increased Young's modulus), the structural collapse step (decreased
Young’s modulus), and the equilibrium step (unchanged Young's
modulus). Therefore, it was assumed that the gelation mechanism of
alginate beads prepared by the external gelation has a direct effect on
the changes in Young’s modulus during gelation.

After being dropped into calcium chloride solutions, the surface of
alginate drops can gel instantaneously, and then Ca?* can diffuse from
the CaCl; solutions into the interior of alginate drops, which leads to the
gelation of gel beads from outside to inside and increased Young's
modulus (Ching et al., 2017). This process is called the maturation step
(Puguan et al., 2014). The concentration of alginate solutions and the
size of gel beads are the main factors affecting the Ca?* diffusion into
alginate gel beads during gelation. It has been reported that higher
alginate concentrations incorporated more calcium ions in alginate gel
beads (Quong, Neufeld, Skjak-Brak, & Poncelet, 1998). In this study, all
gel beads were prepared with 2% (w/w) CaClz-2H>0 solutions, and the
size of samples 1A (rpax = 2.1 mm and ryj, = 2.0 mm), 1A1S (rpax = 2.2
and 1y = 2.1), and 1A1S200 (rpmax = 2.1 and rp;, = 2.0) did not
significantly differ at the end the maturation step. Therefore, it was
assumed that the changes in Young’s modulus of samples 1A, 1A1S, and
1A1S200 during the maturation step showed a similar trend probably
because oil and SPI had no significant effect on the Ca" diffusion from
the CaCl; solutions in alginate gel beads during the maturation step.

After the maturation step, the Young’s modulus of samples 1A and
1A1S decreased before reaching a constant value (Fig. 2A). The con-
centrations of Ca®" and alginate in alginate gel breads decreases from
the gel surface to gel core (Quong et al., 1998), which indicates that the
gel structure of the outer regions of beads is stronger than that of inside
gel beads. Therefore, the fragile core structure of gel beads can not
support the whole structure, which leads to the collapse of the inner
structure at the end of the maturation step and thus a decreased Young's
modulus (Puguan et al., 2014). However, the Young's modulus of sample
1A1S200 reached the balance directly after the maturation step during
gelation (Fig. 2A). This was probably because the structures of sample
1A1S200 are totally different from that of samples 1A and 1A1S. After
introducing oil into 1A1S dispersions, oil droplets disperse in the algi-
nate solutions during homogenization, and SPI molecules move to the
surface of oil droplets from the water phase, due to their emulsifying
capacity. The resulting emulsions can turn into emulsion gels after
alginate monomers are crosslinked by calcium cations, and shrinkage
also occurs during this process. However, oil droplets may act as fillers
and help to support the structure of gel beads from collapse after the
maturation step during gelation. It has also been indicated that the oil
core could support the shell of silica gels from fracture during the sol-gel
process (Liang et al., 2011). Therefore, it was also assumed that oil
played an important role on preventing the structural collapse of algi-
nate gel beads during gelation.

The effect of concentrations of alginate (Fig. 2B), SPI (Fig. 2C) and
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sunflower oil (Fig. 2D) on the profiles of Young's modulus of emulsion
gel beads during gelation was further investigated. Fig. 2B shows that
the Young’'s modulus of sample 0.5A1S200 increased initially,
decreased between 4 and 8 min, and then increased again, before
reaching a plateau. In this sample, the structure of gel matrix formed by
0.5% alginate is fragile during the maturation step, which results in
severe structural collapse before compact emulsion droplets can support
emulsion gel structures. However, samples 1A1S200 and 1.5A15200
showed a similar trend, in which the Young’s modulus increased up to 8
min and then reached a plateau (Fig. 2B). This indicates that increasing
alginate concentrations from 0.5% to 1.5% not only slowed Ca®*
diffusion and thus caused a slowing of the maturation step but also
formed stronger alginate-based matrix structures and thus protected
emulsion gel structures from collapse during gelation. Fig. 2C and D
shows that increasing SPI concentrations from 0.5% to 2.0% and oil
contents from 10% to 40% had no significant effect on the profiles of
Young’s modulus during gelation (i.e., reaching the plateau directly
after the maturation step at around 8 min during gelation). This was
probably because increasing concentrations of SPI and oil had no sig-
nificant impact on calcium diffusion in emulsion gel beads, and 10% oil
was high enough to prevent structural collapse of emulsion gel beads
after the maturation step during gelation.

3.2.2. Effect of alginate, SPI and oil on the Young's modulus of gel beads
after gelation

Mechanical properties are important for emulsion gels because they
are closely associated with other properties (e.g., storage stability, oral
perception, and controlled release of encapsulated nutrients). Many
factors can affect mechanical properties of emulsion gels, such as gel
strength of gel matrix structures (i.e., protein and polysaccharide),
modulus of filler droplets, and interactions between oil droplets and the
gel matrix. Therefore, the effect of concentrations of alginate, oil and SPI
on the Young's modulus of emulsion gel beads was investigated in this
study, and all samples were compared after they were allowed to gel for
30 min in CaCly solutions (Fig. 2B-D).

Fig. 2B shows that increasing alginate concentrations from 0.5 to
1.5% significantly increased the Young’s modulus of emulsion gel beads.
This was expected because increasing alginate concentration could in-
crease gel strength of alginate-based gel matrix and thus increase the
Young’s modulus of overall emulsion gels. Similarly, it has previously
been reported that increasing agar content (from 1.0 to 1.8%) in o/w
emulsions containing 0.1 volume fraction of corn oil decreased the
overall volume of void spaces and increased strand compactness of
emulsion gels (Kim, Gohtani, Matsuno, & Yamano, 1999).

Fig. 2D indicates that increasing oil contents from 10% to 40% had
no significant effect on the Young’'s modulus of emulsion gel beads.
According to the interactions between emulsifier-coated emulsion
droplets and the gel matrix, oil droplets can be divided into active and
inactive fillers (also known as bound and unbound fillers) in emulsion
gels (Dickinson, 2012; Yang et al., 2020). Active fillers are mechanically
connected to the gel network by noncovalent and/or covalent bonds
through emulsifiers. For examples, it has been reported that WPI-coated
oil droplets could be bound to a WPI-based gel matrix by covalent in-
teractions (e.g., hydrophobic interactions and sulphur bridges) (Sala, de
Wijk, van de Velde, & van Aken, 2008); it has been also indicated that
lactoferrin-stabilized emulsion droplets could bind to a k-carrageenan
gel, probably because of electrostatic interactions between positively
charged lactoferrin (pI = 8.2) and negatively charged k-carrageenan at
pH 7-8 (Sala, van Vliet, Cohen Stuart, Aken, & van de Velde, 2009). In
addition, the Kerner model can explain the effect of active fillers on the
mechanical properties of emulsion gels (Kerner, 1956). According to this
model, increasing the volume fraction (¢s) of active fillers can increase
the mechanical properties of emulsion gels, which has been supported
by many studies (Oliver, Berndsen, van Aken, & Scholten, 2015; Sala
et al., 2009). However, in this study, SPI (pI = 4.5) and alginate were
both negatively charged at pH 6.5-7.0, so there are no electrostatic
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interactions between SPI-coated droplets and alginate-based gel matrix.
It is also unlikely that SPI-coated droplets can connect to the
alginate-based gel network by covalent interactions. Additionally, the
results obtained in this study were in a disaccord with the Kerner model.
Therefore, it was assumed that SPI-coated droplets were inactive fillers
in alginate-based emulsion gel beads.

Fig. 2C shows that increasing SPI concentrations decreased the
Young’s modulus of emulsion gel beads. According to the state of
emulsion droplets in gels, structures of emulsion gels can be divided into
two categories: emulsion droplet-filled gels and emulsion droplet-
aggregated gels (Dickinson, 2012). In emulsion droplet-filled gels, the
continuous phase (e.g., protein- and polysaccharide-based gels) forms a
continuous gel matrix, and emulsion droplets are embedded in this gel
matrix. In emulsion droplet-aggregated gels, emulsion droplets aggre-
gate together and form a network structure, such that the gel matrix is
disrupted by the aggregated emulsion droplets. As shown in Fig. 1B and
D, more aggregations of emulsion droplets occurred in sample 1A25200
compared to sample 1A1S200, probably because increasing SPI con-
centration led to more depletion flocculation of SPI-coated droplets in
emulsions (Lam & Nickerson, 2013). In active droplet-aggregated gels,
the crowding effect of fillers (particle interactions) increases the shear
modulus of the overall gels (Oliver et al., 2015). However, SPI-coated
droplets in alginate-based gel matrix may act as inactive fillers as dis-
ccussed before in this study. Therefore, it was assumed that increased
aggregation of SPI-coated droplets (inactive fillers) had a negative effect
on the Young's modulus of alginate-based emulsion gel beads, probably
because aggregated droplets (i.e., the increased phase separation be-
tween alginate-based gel matrix and SPI-coated droplets) may disturb
the formation of alginate-based network structures (Dickinson, 2012;
Lin et al., 2017).
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3.3. Water loss of gel beads

During the maturation step, inter-chain interactions between
stretches of alginate monomers and Ca?* occurred with the diffusion of
Ca?* from the surface to interior of gel beads, and the formation of
junctions between these stretches forced water out, which led to
shrinkage and increased water loss of gel beads during gelation (Puguan
et al.,, 2014; Rehm, 2009). Fig. 3 shows the effects of concentrations of
alginate, SPI, and oil on the water loss from emulsion gel beads during
gelation. It indicates that increasing alginate contents (from 0.5 to 1.5%)
or SPI concentration (from 0.5 to 2.0%) had no significant effect on the
rares of water loss, but increasing oil content (from 10 to 40%) could
slow the water loss in terms of the profiles of water loss during gelation,
probably because lower water content of the original emulsions results
in slower water loss of emulsion gels during gelation.

Fig. 3 also indicates that the water loss of emulsion gel beads after
gelation for 30 min decreased with increasing alginate contents (from
0.5 to 1.5%), SPI concentration (from 0.5 to 2.0%) and oil content (from
10 to 40%). Many factors can affect the water loss of emulsion gel beads
during gelation, such as the concentration of CaCl; solutions, the water
content of original emulsions, the strength of gel matrix, and the hy-
drophilicity and rigidity of fillers. It has been reported that increasing
the concentration of CaCl; solution (from 0.08 M to 0.3 M) reduced the
final weight of alginate gel beads due to the increased water loss
(Puguan et al., 2014), but in this study all samples were dropped into the
CaCl, solutions with the same concentration. Therefore, increasing
alginate concentration from 0.5% to 1.5% decreased the water loss of
beads from 42.3 + 1.2% to 36.9 + 0.3% after gelation (Fig. 3A), which
was probably because elastic modulus of gel beads increased with
increasing alginate concentration (Fig. 2B), and gels with stronger
matric structures had better water-bolding capacity.

In addition, increasing SPI concentration from 0.5% to 2.0%
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Fig. 3. Kinetics of water loss from alginate-based gel beads during gelation: (A) effect of alginate concentrations (0.5-1.5% in the water phase); (B) effect of SPI
concentrations (0.5-2.0% in the water phase); and (C) effect of oil contents (10-40% in the emulsion).
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decreased the water loss of emulsion gel beads from 40.2 + 0.6% to 37.3
+ 0.3% after gelation as well (Fig. 3B), probably due to increased water-
absorption capacity of SPI-coated droplets. Denatured SPI has emulsi-
fying capacity because it has both hydrophobic and hydrophilic groups
(Nishinari et al., 2014). As shown in Fig. 1A and B, SPI aggregated in
sample 1A1S but formed a film at the oil-water interface in sample
1A1S200, in which hydrophobic groups of SPI connected to oil droplets
and hydrophilic groups connected to water. Therefore, more SPI was
absorbed at the surface of emulsion droplets by increasing SPI concen-
tration (Fig. 1D), which resulted in increased hydrophilicity of
SPI-coated droplets and increased water-retention capacity of emulsion
gel beads (Wang, Marcone, Barbut, & Lim, 2012). This explanation
could be supported by previous conclusions that SPI with highly dena-
tured proteins and high surface hydrophobicity exhibited the highest
water-absorption capacity (Wagner and Anon, 1990). Additionally,
increasing oil content from 10% to 40% led to the decreased water loss
of emulsion gel beads (from 46.1 + 0.2% to 25.1 + 0.4% after gelation)

2 min 6 min
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(Fig. 3C), probably because the water content in original emulsions
significantly decreased with increasing oil contents from 10% to 40%,
and emulsion droplets could protect gel structures from collapse as well.
A similar finding has been reported where increasing the oil volume
fraction (13%-31.1%) in p-lactoglobulin-based oil-in-water emulsions
improved the water-retention capacity of emulsion gels (Line, Remon-
detto, & Subirade, 2005).

3.4. Morphological properties and shrinkage of gel beads

As shown in Fig. 4, alginate gel beads (1A) were transparent, but the
presence of SPI decreased the transparency of alginate gel beads (1A1S)
because of its yellow colour, and introducing oil led to ivory gel beads,
due to the formation of emulsions. In addition, gel beads in all groups
were not completely spherical, and samples 1.5A15200, 1A25200, and
1A1S400 had small tails. This was because increasing the concentra-
tions of alginate, SPI and oil could raise the viscosity of emulsions
20 min

10 min 30 min

a ©

Fig. 4. Visual aspects of alginate-based gel beads during gelation (minimum scale mark = 1 mm).
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Fig. 6. Kinetics of section shrinkage of alginate-based gel beads during gelation: (A) effect of alginate concentrations (0.5-1.5% in the water phase); (B) effect of SPI
concentrations (0.5-2.0% in the water phase); and (C) effect of oil contents (10-40% in the emulsion).

(Fig. 5), which could affect the morphological properties of emulsion gel
beads. In this study, we used the simple dripping method to produce
emulsion gel beads. The emulsions were pushed out from pipette and
one droplet was formed at the tip before the droplet grew in size grad-
ually and dropped into CaCl; solutions. During this process, spherical
emulsion droplets were formed because of the surface tension of liquid
(Ching et al., 2017). However, Levic et al. (2015) found that p-limonene
could increase the viscosity and reduce the conductivity of the alginate
liquid systems by changing structural ordering of alginate, which in-
dicates that the high viscosity of emulsion was against the formation of
spherical bead at the tip of pipet because of poor flow properties. For
example, the introduction of hydroxypropylmethylcellulose (0.2%-1%)

changed the rheological properties of 2% alginate solutions and pro-
duced beads with small tails (Bellich, Borgogna, Cok, & Cesaro, 2011).

Fig. 4 also shows that the size of all samples decreased during gela-
tion and, in order to compare their shrinkage during gelation, the section
shrinkage rates were calculated (Fig. 6). The profiles of shrinkage rates
show that shrinkage rates of all samples increased during gelation,
probably due to syneresis (i.e., water loss) and structural collapse
(Rehm, 2009). However, in terms of the profiles of shrinkage rate,
increasing contents of alginate and oil could slow the shrinkage, but
increasing SPI content had no significant effect on the rate of shrinkage
during gelation. Fig. 6 also shows that the shrinkage rates decreased
from 26.7 + 2.1% to 18.2 £+ 2.2% and from 27.1 + 1.6% to 13.6 + 2.5%
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after gelation with increasing concentrations of alginate (from 0.5% to
1.5%) and oil (from 10% to 40%), respectively, but increasing SPI
concentration from 0.5% to 2.0% had no significant effect on the
shrinkage rates of emulsion gel beads after gelation for 30 min. Many
factors can affect the shrinkage of emulsion gels during gelation, such as
water loss, gel stiffness, the content and properties of fillers, and in-
teractions between fillers and the continuous phase (Smith, Scherer, &
Anderson, 1995). In terms of alginate, increasing its concentration could
increase the elastic modulus of emulsion gel beads (Fig. 2B), which may
provide resistance to shrinkage (Brinker et al., 1994). Increasing oil
concentration led to more compact filler structures, which resisted
further shrinkage during gelation as seen on comparing emulsion gel
structures of samples 1A1S200 and 1A1S400 in Fig. 1. Eichler, Ramon,
Ladyzhinski, Cohen, and Mizrahi (1997) also indicated similar conclu-
sions, in that fructose or polydextrose being introduced into poly-
acrylamide (PAAm) gels could act as a mechanical barrier against
further volume shrinkage of PAAm gels during dehydration. However,
increasing SPI concentration reduced the Young’s modulus (Fig. 2C) but
increased water retention (i.e., decreased water loss) (Fig. 3B) of
emulsion gel beads, which may explain why increasing SPI concentra-
tion had no significant effects on shrinkage rates of emulsion gel beads.

4. Conclusions

The Young’'s modulus of alginate-based emulsion gel beads kept
increasing before reaching a plateau during gelation process. This
gelation process was accompanied by syneresis (i.e., water loss) and
shrinkage, which resulted in an increased compactness of emulsion gel
beads. SPI-coated droplets could maintain their structures during gela-
tion. With increasing alginate concentration (0.5%-1.5%), the water
loss decreased, the Young's modulus increased, and shrinkage rate
decreased. Increasing SPI concentration (0.5%-2.0%) led to decreased
Young’s modulus and water loss, and undifferentiated shrinkage. Higher
oil content (10%-40%) decreased water loss and section shrinkage rates,
and had no significant effect on the Young’'s modulus. These findings
underlined the effect of concentrations of components on the properties
of emulsion gel beads during gelation, which are very important because
the properties of emulsion gel beads may affect encapsulation, stability,
and release of hydrophobic functional ingredients encapsulated in
emulsion gel beads.
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ARTICLE INFO ABSTRACT

Keywords: Whey protein isolate (WPI) and soy protein isolate (SPI) were used as emulsifiers and structure-modifying agents
Alginate to produce alginate-based emulsion gel beads. The purpose of this study was to compare the effects of WPI and
Emulsion gel bead SPI on the structural and mechanical properties of alginate-based emulsion gel beads and the in-vitro release of
];zcop:;fzin isolate encapsulated lycopene from emulsion gel beads. The results of microscopy and light scattering indicated that
S tr};fmre WPI had better emulsifying properties than SPI, resulting in emulsions with smaller and more even droplet size

distribution. The rheological properties of protein/alginate mixtures and emulsions indicated strong interactions
between WPI and alginate and weak interactions between SPI and alginate, resulting in increased Young’s
modulus of WPI-stabilized emulsion gel beads and decreased Young’s modulus of SPI-stabilized emulsion gel
beads, compared to gel beads without proteins. The presence of WPI and SPI increased changes of Young’s
modulus and shrinkage during simulated gastric digestion and delayed the release of lycopene from gel beads.
Findings in this study are important for structuring emulsion gels with naturally occurring polymers to achieve

Whey protein isolate

controlled release of encapsulated compounds.

1. Introduction

Sodium alginate is a linear unbranched natural polysaccharide, and
its monomers can form gels by ionic crosslinking when sodium ions are
replaced by divalent cations (mostly calcium ions in the food industry).
Sodium alginate has been widely investigated in the field of emulsion
gels for encapsulation of food nutrients such as thyme oil, linseed oil,
resveratrol, a-tocopherol, f-carotene and p-limonene to improve their
stability during food processing and storage (Benavides, Cortés, Parada,
& Franco, 2016; Feng, Yue, Ni, & Liang, 2018; Levi¢ et al., 2015; Pior-
nos, Burgos-Diaz, Morales, Rubilar, & Acevedo, 2017; Soukoulis,
Cambier, Hoffmann, & Bohn, 2016). There are also some advantages
associated with alginate-based encapsulation techniques, such as mild
gelation process with a low-cost and eco-friendly procedure and
controlled release of encapsulated food nutrients because of pH sensi-
tivity of alginate gels (i.e., shrinking at gastric environment and swelling
during intestinal digestion) (Calvo, Busch, & Santagapita, 2017; George
& Abraham, 2006). In alginate-based emulsion gels, proteins especially
whey protein isolate (WPI) are normally used as emulsifiers to improve

the encapsulation efficiency during gelation and the stability of encap-
sulated food nutrients during storage (Feng et al., 2018; Piornos et al.,
2017), However, the presence of proteins may also change the structural
and mechanical properties of alginate-based emulsion gels during
gelation and digestion, which has rarely been investigated (Leon,
Medina, Park, & Aguilera, 2018). Previous studies on interactions be-
tween proteins and alginate have indicated that proteins affect the
gelation process and physicochemical properties of calcium-induced
alginate gels through several mechanisms. Firstly, positively charged
proteins can compete with calcium ions to associate with carboxylic acid
sites on the negatively charged alginate molecules through electrostatic
attractions (George & Abraham, 2006). Secondly, negatively charged
proteins can interact with alginate through intermolecular hydrogen
bonds between proteins and alginate and/or weak electrostatic attrac-
tions between carboxylic anionic groups of alginate and cationic groups
of proteins, although both of them are negatively charged (Erben, Pérez,
Osella, Alvarez, & Santiago, 2019; Yang et al., 2016). Thirdly, insoluble
proteins can act as solid fillers in alginate gels (Leon et al., 2018).

In addition, the presence of proteins may also affect the digestion
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behaviour of alginate gels. It is well known that alginate gels shrink
during gastric digestion, because of the protonation of free carboxylate
groups on alginate and thus decreased repulsive charges of alginate
monomers at the acidic pH (pH 2-3). Alginate gels then swell during
intestinal digestion, because of the increased repulsive forces at the
neutral pH above the pKa of the uronic acid groups on alginate (Ray-
ment et al., 2009) and structural disintegration of Ca®*-associated net-
works due to ion-exchange between Na™ ions present in the digestive
fluid and Ca* ions present in gel beads (Bajpai & Sharma, 2004; Mongar
& Wassermann, 1949). This digestion behaviour can protect encapsu-
lated nutrients from the harsh gastric environment due to the shrinkage
of gels during gastric digestion, and encapsulated nutrients then diffuse
through the pores of alginate gel networks into the small intestine due to
the swelling of gels during intestinal digestion. However, the zeta po-
tential of proteins is also influenced by pH, which may affect the in-
teractions between proteins and alginate and thus the physiochemical
properties of alginate-based emulsions gels during digestion. Therefore,
the effect of proteins on the structural and mechanical properties of
alginate-based emulsion gels and the release of encapsulated nutrients
during digestion need further investigation.

The properties of different proteins (e.g., solubility and amphipathy)
affect their interactions with other polymers (Lin et al., 2017). WPI is the
most widely used protein-based emulsifier in emulsion gels, and soy
protein isolate (SPI) has received increasing interest, due to its good
emulsifying and gelation properties. SPI contains more polar amino
acids (492.8 mg/g) than WPI (433.7 mg/g), and WPI contains more
positively charged amino acids (267.9 mg/g) than SPI (200.9 mg/g) at
pH 7.0 (Pena-Ramos, Xiong, & Arteaga, 2004; Tang, Ten, Wang, & Yang,
2006). Polar amino acids tend to form hydrogen bonds with alginate,
and positively charged amino acids tend to react with alginate by elec-
trostatic attractions. In addition, WPI has higher solubility and surface
hydrophobicity than SPI (Castro et al., 2018; Voutsinas, Cheung, &
Nakai, 1983). Protein solubility affects protein-water interactions, and
surface hydrophobicity influences protein-oil interactions at droplet
surfaces (Pelegrine & Gasparetto, 2005).

Therefore, the objective of this study was to compare WPI to SPI in
structuring alginate-based emulsion beads and delivering encapsulated
nutrients to a target site (i.e., small intestine). The effect of WPI and SPI
on the properties of emulsions and emulsion gel beads and the release
behaviour of encapsulated nutrients during in-vitro digestion were
studied. Lycopene was encapsulated in emulsion gels to study the effect
of WPI and SPI on the digestion behaviour of alginate-based emulsion
gels. Lycopene has a huge commercial value in the food industry, due to
its high antioxidant capacity among carotenoids (Costa-Rodrigues,
Pinho, & Monteiro, 2018; Liu, Shi, Colina Ibarra, Kakuda, & Jun Xue,
2008). However, lycopene is highly sensitive to high temperature, ox-
ygen and light (Bou, Boon, Kweku, Hidalgo, & Decker, 2011; Shi, Dai,
Kakuda, Mittal, & Xue, 2008; Ukai, Lu, Etoh, Yagi, Ina, Oshima, et al.,
2014), and has limited solubility in water because of its high hydro-
phobicity (Shariffa, Tan, Uthumporn, Abas, Mirhosseini, Nehdi, et al.,
2017), which limits its applications in the food industry (Srivastava &
Srivastava, 2013). Therefore, encapsulating lycopene in alginate-based
emulsion gels can improve its functionality and stability during food
processing, storage, and digestion (Aguirre Calvo et al., 2017; Soukoulis
et al., 2016).

2. Materials and methods
2.1. Materials

Defatted soy flour (Bob’s Red Mill, Milwaukie, Oregon, USA) and
sunflower oil (Aldi Stores Ltd., Kildare, Ireland) were purchased from
iHerb and Aldi, respectively. Sodium alginate (viscosity of 1 wt% so-
dium alginate solution in 0.15 M NaCl at 25 °C = 210-340 mPa s and M
= 69-117 kDa) was obtained from Special Ingredients (Chesterfield,
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UK). Whey protein isolate (WPI) was purchased from Carbery Group
Limited (Ballineen, Co. Cork, Ireland). Soy protein isolate (SPI) was
extracted from defatted soy flour, according to the method described by
Urbonaite, De Jongh, Van Der Linden, and Pouvreau (2015), and the
protein content of SPI powder was 96.29 + 0.03%. Tomato extract
containing lycopene (0.059 mg/mg in the tomato extract), calcium
chloride, sodium hydroxide, hydrochloric acid, and other analytical
reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of emulsions and emulsion gel beads containing lycopene

The dispersions of WPI or SPI (4% in distilled water) were stirred at
room temperature for 2 h using a magnetic stirrer, and then pH values of
dispersions were adjusted to 7.0 with 1M HCl and NaOH. For preparing
continuous phase, sodium alginate (0.4% in continuous phase) was
added into the protein dispersions (4% wt) with water to reach final
concentration of proteins (2.0% in continuous phase) by shearing at 400
rpm for 30 min with a magnetic stirrer and then allowed to rest for 24 h
to permit hydration. The continuous phase without protein (i.e., 0.4%
sodium alginate solutions) was prepared as control sample. For prepa-
ration of lycopene-capsulated emulsions, tomato extract containing
lycopene (15 mg/100 g in the emulsions) was dissolved in sunflower oil
(10 g 0il/100 g in the emulsions) at 140 °C for 30 s, and then it was
cooled down to the room temperature immediately and mixed with the
continuous phase (1:9, w/w) at 13,000 rpm for 2 min with an Ultra-
Turrax (IKA-25, Staufen, Germany). For production of emulsion gel
beads, the resulting emulsions were dropped into 2% (w/w) CaCly-2H,0
solutions using 5-mL measuring pipets and a S1 pipet filler (Thermo
Fisher Scientific Inc., Waltham, MA, USA), and the distance between the
tip of pipet and the surface of CaCl; solutions was fixed at 10 cm. The
samples were allowed to gel in CaCly solutions for 30 min with mild
magnetic stirring, and the resulting beads were rinsed with distilled
water. All samples were kept in distilled water until further analyses.

2.3. Properties of emulsions

2.3.1. Viscosity

The viscosity of dispersions/solutions was tested at 25 °C using an AR
2000ex rheometer (TA Instruments, Crawley, UK) with an aluminium
parallel plate (60 mm in diameter, and 0.5 mm in gap). Each sample was
added in the middle of Peltier plate and allowed to stand for 2 min
before testing. The flow measurement was performed over a shear rate
range of 0.1-100 s~!, and viscosity (;) was obtained from the data
analysis software.

2.3.2. Droplet size distributions

The droplet size distributions of oil droplets in emulsions were
analyzed with MasterSizer 3000 (Malvern Instruments Ltd., Worcester-
shire, UK). Samples were added to an automated wet dispersion unit
until the obscuration reached between 3 and 12%. The stirrer speed was
set at 2000 rpm. The refractive index and absorption index of samples
were set at 1.48 and 0.001, respectively.

2.3.3. Structural analysis

Optical microscopy images of dispersion/emulsion samples were
recorded using an Olympus BX51 light microscope with a build-in
camera (Olympus Optical Co. Ltd., Tokyo, Japan). Samples were drop-
ped on a microscope slide, covered with a glass coverslip, and observed
using a 10 x objective lens and 10 x eyepiece.

Confocal scanning laser microscopy (CLSM) was used to observe
microstructures of dispersions/emulsions. Dispersion/emulsion samples
(500 pl) were transferred to a glass slide and stained with 50 pl of a
mixture of Nile red (0.1%, w/v, in polyethylene glycol-200) and fast
green (0.1%, w/v, in distilled water) at a ratio of 3:1. Confocal obser-
vation was performed using a Leica TCS SP5 microscope (Leica Micro-
systems GmbH, Wetzlar, Germany) at excitation and emission
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wavelengths of 488 nm and 633 nm, provided by an argon laser and a
HeNe laser, respectively.

2.4. Properties of emulsion gel beads

2.4.1. Water and oil contents

The gel beads before desiccation were weighted (W;), and samples
were dried in an oven at 80 °C until constant weight (W,). The water
content was calculated by Eq. (1):

W, —W,

Water content (%) = x 100% @

Dry gel beads were ground and then mixed with 20 mL of hexane in a
beaker. The mixture was stirred with a magnetic stirrer at room tem-
perature for 10 min. The solvent mixture was filtered through a What-
man filter paper n° 1 into a beaker, and residues were rinsed three times
with 15 mL of hexane in total. Then, the solvent was heated at 60 °C to
evaporate hexane until constant weight (Wg). The oil content was
calculated by Eq. (2):

W,
Oil content (%) :W/ x 100% )

i

2.4.2. Lycopene content

Lycopene was extracted and quantified according to the method
described by Anthon and Barrett (2006) with some modification. Sam-
ples (0.5 g of emulsion gel beads) were weighed into a screw cap tube,
and 8.0 mL of hexane: acetone: ethanol (50 : 25: 25) solutions containing
0.1% BHT was added. The control solution was prepared with 0.5 g
water instead of gel beads. After mixing for 1 min by a vortex, all
samples were allowed to rest for 24 h until gel beads became pale. Water
(1.0 mL) was added followed by mixing for 25 s again. The mixture was
left to stand for 10 min to allow phases to separate and all bubbles to
disappear. All samples were protected from light throughout extraction
and analysis.

Lycopene concentrate (Cpyc) in the upper layer of mixtures was then
measured by a rapid spectrometric method (Anthon & Barrett, 2006).
The cuvette was rinsed with the upper layer of samples, and absorbance
(Asp3) of the upper layer was measured at 503 nm with a spectropho-
tometer. Lycopene concentration can be calculated by Eq. (3):

Lycopene concentrate (mg [ kg) = (Aso3 X 537 x8 % 0.55)/(0.50x 172)
=Asp3 X27.5 3)

where 537 g/mol is the molecular weight of lycopene, 8 mL is the vol-
ume of mixed solvent, 0.55 is the volume ratio of upper layer to the
mixed solvents, 0.5 g is the weight of gel beads added, and 172 mM ! is
the extinction coefficient for lycopene in hexane.

2.4.3. Structural analysis

CLSM was used to observe the microstructure of emulsion gel beads.
Samples were cut into a thin layer (~1 mm) and transferred to a glass
slide and stained with a mixture of Nile red (0.1%, w/v, in polyethylene
glycol-200) and fast green (0.1%, w/v, in distilled water) at a ratio of
3:1. Confocal observation was performed as described in Section 2.3.3.

2.4.4. Size and Young’s modulus measurement

The Young’s modulus of gel beads after gelation for 30 min were
analyzed by a TA.XT Plus texture analyser (Stable Micro System, God-
alming, UK). The surface of samples was dried by dry paper before
testing. Compression tests were performed using a cylinder probe with
10 mm diameter and a 5-kg load cell. The samples were compressed to
30% strain at a crosshead speed of 0.1 mm/s, and five beads with same
composition were examined one after another. Due to their ellipsoidal
shapes, the cross-sectional area of samples was calculated after
measuring the major axis (Rpax) and minor axis (Ry;n) of gel beads using
a digital vernier calliper after samples were placed on the platform of
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texture analyser. The Young’s modulus of each sample was calculated as
the gradient of the stress vs. strain curve in the 5-15% strain region,
where stress and stain showed good linearity.

2.5. In-vitro digestion

Simulated digestion of emulsion gel beads included the oral, gastric
and small intestinal phases in this study. The simulated saliva fluid
(SSF), gastric fluid (SGF), and intestinal fluid (SIF) electrolyte stock
solutions (i.e., 1.50 x concentrates) were prepared by the method of
Minekus et al. (2014) with some modification. Simulated digestion
fluids are made of electrolyte stock solutions, enzymes, CaCl,, and water
as described below.

Oral phase: 5 g of emulsion gel beads were mixed with 2.5 mL of SSF
electrolyte stock solution followed by adding 25 uL of 0.3 M CaCl; (final
0.75 mM), 475 uL of water, and 2.0 mL of 375 U/mL a-amylase solution
(final 75 U/g) with pH adjustment to 7.0. The mixtures were incubated
at 37 °C for 2 min with continuous agitation at 300 rpm.

Gastric phase: the oral bolus (~10 g) was mixed with 5.0 mL of SGF
electrolyte stock solution, 4.0 mL porcine pepsin stock solution of 10,
000 U/mL (final 2000 U/g), 5.0 uL of 0.3 M CaCl; (final 0.075 mM), 0.5
mL of 1 M HCI to reach pH 3.0 and 0.5 mL of water. The mixtures were
incubated at 37 °C for 2 h with continuous agitation at 300 rpm.

Intestinal phase: the gastric chyme (~20 g) was mixed with 10 mL of
SIF electrolyte stock solution, 5 mL of a pancreatin solution 800 U/mL
(final 100 U/g), 4 mL bile solution of 25 g/L (Albarracin, Jose Gonzalez,
& Drago, 2015), 40 uL of 0.3 M CaCl, (final 0.3 mM), 0.1 mL of 1 M
NaOH to reach pH 7.0 and 0.9 mL of water. The mixtures were incubated
at 37 °C for 6 h with continuous agitation at 300 rpm, and 0.1 M NaOH
was used to maintain the pH (7.0) during the intestinal phase.

2.6. Young’s modulus measurement of gel beads during oral and gastric
digestion

Gel beads after oral digestion and during gastric digestion at 30, 60,
90 and 120 min were collected. The surface of samples was rinsed with
distilled water, and the Young’s modulus of samples were analyzed ac-
cording to the methods described in Section 2.4.4.

2.7. Shrinkage measurement of gel beads during gastric digestion

The section shrinkage rate of gel beads was determined after 30, 60,
90, and 120 min of gastric digestion. Five gel beads were obtained from
the gastric fluid and washed with distilled water. After drying the sur-
face, the major axis (R'max) and minor axis (R'min) of gel beads were
measured by using a digital vernier calliper, and the cross-section area
(Ap) was calculated from Eq. (4). The major axis (Rpax) and minor semi-
axis (Rmin) of gel beads after oral digestion for 2 min were measured as
well, and the cross-section area (Ag) was also calculated from Eq. (4).
The section shrinkage rate of gel beads was calculated from Eq. (4), and
the experiment was replicated three times. The section shrinkage rate of
samples during gastric digestion was compared to the section area of
samples after oral digestion for 2 min in this study.

Ronax ¢ Rinin R max v R myin
:Ang,:3.14>< o X Tain — 3,14 X e =

Section shrink; te (100%
ection shrinkage rate (100%) A 3114 x B x g

4

where A indicates the section area of samples at the beginning of gastric
digestion (i.e., after oral digestion for 2 min) and A indicates the section
area of samples after 30, 60, 90, or 120 min of gastric digestion.

2.8. Microstructures of bead residuals after gastric digestion

The digesta was filtered by multilayer gauze to collect bead residuals,
and CLSM was used to observe the microstructure of emulsion gel bead,
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according to the method described in Section 2.4.3.

2.9. Release of lycopene during intestinal digestions

The digesta was filtered by multilayer gauze to separate bead re-
sidual and digestive juice, and the digestive juice (Wtjyice) was weighted.
Lycopene in 1.0 g of digestive juice (Cryc.y) was extracted and analyzed
by the methods described in Section 2.4.2. The ratios of the amount of
lycopene in digestive juice (Wtryc.s) to that in original beads (Wtryc p)
are regarded as release rates (Ryelease). The release rate of lycopene was
estimated through Eq. (5):

Wiryc
Wtiye-s

Cryc-y X Wijice

100% =
v Crycs X 5

Release rates (%) = x 100%

(5)
3. Results and discussion
3.1. Properties of alginate-based and protein-stabilized emulsions

3.1.1. Structures of emulsions

As shown in Fig. 1A-C, optical microscopy images of dispersions
show that flocculation and coalescence occurred in dispersions without
protein (i.e., the control sample), and flocculation occurred in SPI-
stabilized emulsions, but WPI-stabilized emulsion droplets dispersed
evenly in the continuous phase. Alginate is a naturally occurring hy-
drophilic polysaccharide and has poor emulsifying capacity, because it
lacks hydrophobic groups (Lee & Mooney, 2012). Therefore,
alginate-stabilized oil droplets have high surface tension and tend to
merge into bigger oil droplets to reduce the contact area between the oil
and water phases and reach the most thermodynamically stable state. In
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contrast, proteins can absorb at the o/w interface to prevent coalescence
by reducing the surface tension of droplets and decrease flocculation
through droplet-droplet repulsion. However, SPI-coated droplets had
more significant flocculation than WPI-coated droplets, probably due to
the depletion flocculation of droplets coated by excessive amount of
insoluble SPI (Moschakis, Murray, & Biliaderis, 2010) and/or lower
zeta-potential of SPI-coated droplets than WPI-coated droplets at pH 7.0
(Chen, Yokoyama, Liang, & Zhong, 2020).

CLSM was further used to observe the distribution of o0il and protein
in dispersions. Fig. 1D-F shows a red background of WPI- and SPI-
stabilized emulsions, which indicates that some soluble protein mole-
cules were still found in the continuous phase. The possible reason is
that protein molecules were trapped by the continuous phase, due to the
interactions between protein and alginate; also, 2% protein was prob-
ably higher than the saturation level of protein to cover the 10% oil
droplets. Fig. 1D-F also show that more SPI molecules absorbed at the o/
w interfaces than WPI molecules, probably because that WPI has higher
solubility than SPI and thus more WPI molecules were held by alginate
in the continuous phase through the interactions between them. As
shown in Fig. 2, optical microscopy images of alginate solutions, WP/
alginate solutions, and SPI/alginate dispersion show that more insoluble
substance was observed in SPI/alginate dispersion, compared to alginate
and WPI/alginate solutions. This indicates that SPI has lower solubility
than WPI and tends to self-aggregate in alginate solutions.

In addition, the viscosity of alginate solutions, WPI/alginate solu-
tions, and SPI/alginate dispersion was further investigated to demon-
strate the interactions between protein and alginate. As shown in
Fig. 3A, WPI/alginate solutions exhibited more obvious shear-thinning
behaviour and higher viscosity than sodium alginate solutions and
SPl/alginate dispersion, which indicates that WPI had stronger in-
teractions with alginate than SPI. It has been reported that

Fig. 1. Optical microscopy and CLSM images of (A and D) dispersions without proteins, (B and E) WPI-stabilized emulsions, and (C and F) SPI-stabilized emulsions.
Protein and sunflower oil were stained by red and green in CLSM figures D-F, respectively. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. Optical microscopy images of (A) alginate solutions (0.4%, w/w), (B)
WPI/alginate solutions (2.0% WPI and 0.4% alginate, w/w), and (C) SPI/algi-
nate dispersions (2.0% SPI and 0.4% alginate, w/w).

intermolecular associations between bovine serum albumin molecules
and alginate chains occurred by electrostatic interactions between the
oppositely charged amino acids and the anionic polysaccharide mole-
cules, even though both polymers were negatively charged (Zhao, Li,
Carvajal, & Harris, 2009). In addition, WPI contains many polar amino
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Fig. 3. (A) Viscosity of alginate solutions (0.4%, w/w), WPI/alginate solutions
(2.0% WPI and 0.4% alginate, w/w), and SPI/alginate dispersions (2.0% SPI
and 0.4% alginate, w/w). (B) Viscosity of dispersions without proteins, WPI-
and SPI-stabilized emulsions, in which solid symbols present the experimental
viscosity of samples and open symbols present the calculated viscosity.

acids (Pena-Ramos, Xiong, & Arteaga, 2004), which could form
hydrogen bonds between side chains of WPI amino acids and residues of
alginate molecules. Therefore, the interactions between WPI and algi-
nate were probably driven by the electrostatic interactions and
hydrogen bonds (Erben et al., 2019). On the other hand, SPI had weaker
interactions with alginate, probably due to its lower solubility and fewer
positively charged amino acids than WPI (i.e., 200.9 mg/g and 267.9
mg/g positively charged amino acids for SPI and WPI at pH 7.0,
respectively) (Pena-Ramos, Xiong, & Arteaga, 2004; Tang et al., 2006).

3.1.2. Droplet size distributions of emulsions

Fig. 4 shows that WPI- and SPI-stabilized emulsions had similar
droplet size distribution, while emulsions without protein (i.e., the
control sample) had more large droplets than WPI- and SPI-stabilized
emulsions. The droplet size in emulsions during homogenization de-
pends on a balance between droplet disruption and droplet coalescence,
so the droplet size can be affected by energy input, emulsifier type, and
properties of the continuous phase. Increasing the intensity or duration
of energy during homogenization can reduce the size of droplets in
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Fig. 4. Droplet size distribution of dispersions without proteins and WPI- and
SPI-stabilized emulsions.

emulsions, but the energy input to all samples was the same in this study.
The molecular properties of emulsifiers (e.g., size, conformation, flexi-
bility, and interactions) can also affect the size of droplets in emulsions,
because emulsifiers with better hydrophobicity, higher flexibility, and/
or smaller molecular size can absorb more quickly at the surface of
droplets to prevent droplet coalescence and thus produce smaller
droplets during homogenization (McClements, 2015). In addition, the
higher viscosity of the continuous phase can decrease droplet coales-
cence and thus produce smaller droplets. The poor hydrophobicity of
alginate is probably the main reason leading to large droplets in the
control sample, although the high viscosity of the continuous phase (i.e.,
alginate solutions) may also help to slow droplet coalescence.

However, many studies have indicated that WPI has higher hydro-
phobicity than SPI, although both of them are globular proteins with
similar flexibility (Voutsinas et al., 1983), which was at variance with
the size distribution of WPI- and SPI-stabilized emulsions obtained in
current study. This was probably because interactions between WPI and
sodium alginate (as discussed in Section 3.1.1) decreased the trans-
lational diffusion coefficient of WPI (i.e., slower movement of WPI
molecules from the continuous phase to the O/W interfaces). Therefore,
it can be hypothesised that WPI- and SPI-stabilized emulsions had
similar droplet size distribution, which was because interactions be-
tween WPI and alginate negatively affect the adsorption kinetics of WPI,
although WPI has higher hydrophobicity than SPI.

3.1.3. Viscosity of emulsions

Adding 10% (¢, w/w) sunflower oil into alginate solutions or SPI/
alginate dispersions increased their viscosity, while adding sunflower oil
decreased the viscosity of WPI/alginate solutions (Fig. 3A and B). The
viscosity of suspensions containing non-interacting spherical fluid par-
ticles (i.e., dispersed phase) can be calculated by the following equation
(Larson, 1999; Tadros, 1994):

M +2-5’72} )
= (14 L= (6)
= ( [ N+, ¢

where 7 is the viscosity of dispersions, #; is the viscosity of the liquid
surrounding the droplets, 7, is the viscosity of the liquid in the droplets
(the viscosity of sunflower oil is 0.063 + 0.01 Pa s), and ¢ is the
dispersed phase volume fraction (i.e., 10% of the oil content in this
study).

As shown in Fig. 3B, the viscosity of the dispersion without protein (i.
e., the control sample) could fit Eq. (6) well, which indicates that oil
droplets in alginate solutions without protein were non-interacting
spherical particles. However, the estimated viscosity of the SPI-
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stabilized emulsions was lower than their experimental values, and
the estimated viscosity of the WPI-stabilized emulsions was higher than
their experimental values. This indicates that SPI-coated emulsion
droplets were flocculated. Emulsions containing flocculated droplets
have higher viscosity than emulsions containing isolated droplets,
because flocculated droplets trap some of the continuous phase within
their structures and therefore have a higher effective volume fraction
(@efe) than the actual volume fraction of the dispersed phase (i.e., @eff >
10%) (McClements, 2015). The more obvious shear-thinning behaviour
of SPI-stabilized emulsions than SPI/alginate dispersions also proved
that flocculation has occurred in SPI-stabilized emulsions. However, the
situation is different for WPI-stabilized emulsions. As discussed in Sec-
tion 3.1.1, WPI has strong interactions with alginate, probably driven by
electrostatic interactions and hydrogen bonds. After adding oil into
WPI/alginate solutions, some of WPI molecules move to the oil/water
interface and then attach to the interface. The attachment of WPI mol-
ecules to the oil/water interface may lead to part of molecule structures
attaching into the oil droplets, which leads to a decreased contact area
between WPI and alginate and thus a decreased viscosity (1) of the
continuous phase surrounding the droplets (as shown in Fig. 5).
Therefore, we hypothesised that the higher viscosity of SPI-stabilized
emulsions than SPI/alginate dispersions was due to the occurrence of
flocculation and the increased effective volume fraction (gegf), while the
decreased viscosity of the continuous phase (17;) was the main reason
leading to the lower viscosity of WPI-stabilized emulsions compared to
WPI/alginate solutions.

3.2. Properties of alginate-based and protein-stabilized emulsion gel beads

3.2.1. Water and oil contents and structures of emulsion gel beads

Table 1 shows that SPI-stabilized emulsion gel beads had higher
water content than WPI-stabilized emulsion gel beads, and emulsion gel
beads without protein had lowest water content. If the oil was not lost
during gelation, according to the oil content in gel beads, the water
quantity in the gel beads compared to the weight of original emulsions
can be calculated as 38.78 + 3.05, 42.22 + 2.75, and 56.36 + 5.29 g/
100g in original emulsions for emulsion gel beads without protein, WPI-
stabilized emulsion gel beads, and SPI-stabilized emulsion gel beads,
respectively. The results indicate that water loss in emulsion gel beads
without protein, WPI-stabilized emulsion gel beads, and SPI-stabilized
emulsion gel beads during gelation were 50.82 + 3.05, 45.38 + 2.75,
and 31.4 + 5.29 g/100g, compared to their original emulsions, respec-
tively. This indicates that both WPI and SPI could prevent water loss
from alginate-based emulsion gel beads during gelation. This was
probably associated with the solubility of proteins and interactions be-
tween protein and alginate, which affected the gelation process, struc-
tures and thus water content of alginate-based emulsion gel beads (Lin,
Kelly, Maidannyk & Song, 2020).

In this study, emulsion gel beads were prepared by the external
gelation method, in which emulsions were dropped into CaCl; solutions.
When emulsion drops contact with the CaCl, solution, the surface of
drops gelatinizes immediately, and then the gelation process progresses
gradually from the surface to interior of gel beads with the diffusion of
Ca?*. During this process, stretches of alginate monomers interact with
Ca*, and the formation of junctions between them forces water out and
leads to shrinkage of gel beads (Rehm, 2009). When WPI was added into
this system, due to the high solubility of WPI, water molecules may serve
as bridges to form hydrogen bonds between polar amino acids of WPI
and residues of alginate molecules, which decreased water loss during
gelation and a larger bead size. However, SPI has lower solubility and
less interaction with alginate than WPI, so SPI may act as barriers to
block the gelation process of alginate monomers, which led to weak gel
structures, decreased water loss during gelation, and thus larger bead
size as well.

Fig. 6 shows the distribution of protein and oil droplets in emulsion
gel beads: more WPI was distributed in matrices (as seen by a more
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Fig. 5. The adsorption of protein/alginate mixtures at the o/w interface (McClements, 2015).

Table 1
Properties of emulsion gel beads.

Samples

Water content (%) Oil content (%) Lycopene content (mg/kg) Size (mm)

Young’s modulus (Pa)

Minor axis Major axis  Experimental value Theoretical value predicted

by the Kerner model

Gel beads without proteins 71.32 + 1.52 2592 +2.06 14.78 +1.01
WPI-stabilized emulsion gel beads 73.11 + 0.39 23.78 £1.72 12424+ 0.81
SPI-stabilized emulsions gel beads 76.18 + 1.28 17.87 £1.68  9.66 + 0.65

3.32+0.08 3.46 £0.11 219.46 + 7.69
3.52+0.11 3.64£0.11 233.39 +6.75
3.82+£0.04 4.02+£0.20 187.27 +£6.11

224.68-233.88
305.05-317.55
130.52-135.86

evenly red background) than SPI, while SPI tended to self-aggregate
around oil droplets. In addition, the deformation and coalescence of
emulsion droplets occurred in all gel beads after gelation, compared to
their original emulsion structures before gelation (Fig. 1). This was
probably because, in current study, the emulsion gel matrix structure
formed by 0.4% alginate was fragile, and thus structural collapse
occurred during gelation (Lin, Kelly, Maidannyk, & Miao, 2020a).

In addition, Table 1 also shows that the oil content of emulsion gel
beads without protein was higher than that of WPI- and SPI-stabilized
emulsion gel beads, although the oil contents in their original disper-
sions were the same (i.e., 10%, w/w). This was probably because, when
water loss occurs during gelation, the oil content in samples increases
accordingly. Emulsion gel beads without protein lost the most water
content during gelation, so the oil content in them was higher compared
to WPI- and SPI-stabilized emulsion gel beads. This was also the main
reason why gel beads without protein had higher lycopene content
compared to WPI- and SPI-stabilized emulsion gel beads (as shown in
Table 1).

3.2.2. Young’s modulus of emulsion gel beads

The mechanical properties of emulsion gel beads are very important,
because they are closely associated with other properties (e.g., storage
stability, oral perception, and controlled release) and the applications.
Many factors can affect the mechanical properties of emulsion gel beads,

Fig. 6. CLSM images of (A) gel beads without proteins, (B) WPI-stabilized
emulsion gel beads, and (C) SPI-stabilized emulsion gel beads. Protein and
sunflower oil were stained by red and green, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

such as matrix structure, interactions between matrix and emulsifier-
stabilized droplets, oil type, oil volume fraction, and droplet size (Lin,
Kelly & Miao, 2020). However, the matrix structure may be the most
important factor affecting the release of nutrients encapsulated in
emulsion gels during digestion. It has been reported that a denser
WPI-based matrix structure delayed the digestion of lipid encapsulated
in emulsion gels (Guo, Bellissimo, & Rousseau, 2017). In this study, the
Young’s modulus of emulsion gel beads was analyzed.

Table 1 shows that the Young’s modulus of the control sample was
higher than that of SPI-stabilized emulsion gels but lower than that of
WPI-stabilized emulsion gels. The modulus of overall emulsion gels was
affected by matrix and filler droplets, according to the Kerner model
modified by Lewis and Nielsen (Kerner, 1956; Lewis & Nielsen, 1970):

,gel _ 15(1 = v,)(M - 1)W‘Pf L1
(8 — 10v,)M + 7 — 5v, = (8 — 10v,)(M — 1)y,

G
Il

matrix

)

/

G.
where M = G,ﬁi, G'get, G'fitler, and G'jpaerix are the modulus of the overall
irix

gel, the filler droplets and the gel matrix, respectively, s is the effec-
tive droplet volume fraction, and v, is the Poisson’s ratio of the gel
matrix.

In addition, the modulus of the filler droplets (G'ser = 4y/ d) is
affected by the surface tension (y) and the average diameter (d) of the oil
droplets. It can be seen that the modulus of the overall gel (G'g) is in
direct proportion to the M, ygf, and G’ patrix- However, it should be noted
that the modified Kerner model is normally used under the assumption
that M or G/ jarrix do not change with changes in other factors (e.g., ¢f)
(Lin, Kelly, & Miao, 2020b).

According to Eq. (7), the theoretical values of G'get/G'magix Of
alginate-based emulsion gels were 1.22-1.27 with the assumption that
M was 12-70 (Chen & Dickinson, 1998), we¢r was 0.1, and vy, was 0.5
(Ahearne, Yang, El Haj, Then, & Liu, 2005; Langley & Green, 1989). In
contrast, the experimental values of G'yqix Of emulsion gels without
protein, and WPI- and SPI-stabilized emulsion gels (i.e., alginate, algi-
nate/WPI, and alginate/SPI gel beads) were 184.16 + 14.95, 250.04 +
16.56, and 106.98 + 6.00 Pa, respectively. Therefore, their experimental
values of G'get/G'marrix were 1.19 + 0.04, 0.93 + 0.03, and 1.75 + 0.06,
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respectively. It can be seem that alginate-stabilized emulsion gels
without protein (i.e., the control sample) fitted the modified Kerner
model well; however, the experimental value of G'gt/G'maix for
WPI-stabilized emulsion gels was lower than the theoretical value, and
the experimental value of SPI-stabilized emulsion gels was higher than
the theoretical value. The possible reason was that adding oil led to the

A
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absorption of protein from the matrix to the oil/water surface, which
resulted in decreased interactions between WPI and alginate molecules
in the matrix, and thus a decreased G'jqaix Of WPI-stabilized emulsion
gels, but led to a less structural obstruction of SPI to the matrix and thus
an increased G’ pqprix Of SPI-stabilized emulsion gels. Therefore, we pre-
sume that the presence of oil in alginate/protein based emulsion gels
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Fig. 7. (A) Young’s modulus of gel beads without proteins, WPI-stabilized emulsion gel beads, and SPI-stabilized emulsion gel beads during in-vitro oral and gastric
digestions. (B) Shrinkage of gel beads without proteins, WPI-stabilized emulsion gel beads, and SPI-stabilized emulsion gel beads during in-vitro gastric digestions.
CLSM images of (C) gel beads without proteins, (D) WPI-stabilized emulsion gel beads, and (E) SPI-stabilized emulsion gel beads after in-vitro gastric digestion for
120 min. Protein and sunflower oil were stained by red and green in CLSM figures D-F, respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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affected the mechanical properties of overall emulsion gels, because oil
droplets draw proteins from the matrix to the oil/water interfaces, and
thus affects the mechanical properties of alginate/protein-based matrix.

3.3. In-vitro digestion behaviour of emulsion gel beads containing
Lycopene

3.3.1. Young’s modulus, shrinkage, and structure of emulsion gel beads
during oral and gastric digestion

Alginate-based gel beads normally shrink during gastric digestion
and swell during intestinal digestion, probably due to the changes in
electrostatic forces in the gel matrix at different pH and the occurrence
of ion-exchange at various ionic strength conditions (Rayment et al.,
2009). The shrinkage of beads during gastric digestion can affect the
structural and mechanical properties of beads and thereby their diges-
tion behaviour in the following intestinal digestion. In addition, the zeta
potential of WPI and SPI also differs at different pH values, which may
affect the interactions between alginate and protein molecules. There-
fore, it is important to investigate the changes in mechanical properties
of protein/alginate-based emulsion beads during oral and gastric
digestion.

Fig. 7A shows that the Young’s modulus of gel beads without protein,
WPI-stabilized emulsion beads and SPI-stabilized emulsion beads at the
end of oral digestion were 1.32, 1.22, and 1.13 times higher than their
original Young’s modulus before digestion, respectively. A possible
explanation for increased Young’s modulus of alginate-based gel beads
during oral digestion is that, the simulated saliva fluid (SSF) contains
13.6 mM sodium bicarbonate, which may react with calcium ions in
alginate-based gel beads (i.e., Ca®* 4+ HCO3 — CaCOs + H™) and thus
lead to the dissociation of calcium ions from alginate multimers and the
formation of CaCO3 nanoparticles and hydrogen bonds between alginate
chains (Norton, Frith, & Ablett, 2006). The CaCO3 nanoparticles can also
act as physical cross-linker between carboxylic groups of alginate (Shen,
Nystrom, & Mezzenga, 2017). On the other hand, the presence of pro-
teins in alginate-based emulsion beads led to a lower change rate of
Young’s modulus during oral digestion compared to gel beads without
protein, which was probably because the presence of proteins disrupted
the gelation process of alginate during the preparation, and then original
gel beads contained higher levels of water, which led to lower concen-
trations of calcium ions in the gel matrices (Quong, Neufeld, Skjak-Brak,
& Poncelet, 1998).

Fig. 7A also shows that the Young’s modulus of gel beads without
protein, WPI-stabilized emulsion beads and SPI-stabilized emulsion
beads at the end of gastric digestion were 1.16, 1.59, and 1.36 times
higher than their Young’s modulus at the end of oral digestion,
respectively. The further increased Young’s modulus of alginate-based
gel beads during gastric digestion probably resulted from the
decreased electrostatic forces between alginate monomers. The pH of
digestive juice was maintained at 3.0 during gastric digestion, and pK, of
alginate is at around 3.5 and thus alginate loses its negative charge at
lower pH values (Li, Hu, Du, Xiao, & McClements, 2011). Therefore,
alginate monomers with lower charges had less electrostatic repulsion
with each other, and a denser structure formed. On the other hand, the
presence of proteins in alginate-based emulsion beads led to a higher
rate of change of Young’s modulus during gastric digestion compared to
gel beads without protein. A possible reason is that the electrostatic
attractions occurred between negatively charged alginate monomers
with positively charged protein molecules at pH 3.0. The isoelectric
point of WPI and SPI had been reported to be at pH 4.5, and thus proteins
are positively charged at pH 3.0 during gastric digestion (Fioramonti,
Perez, Aringoli, Rubiolo, & Santiago, 2014).

The shrinkage of emulsion gel beads during gastric digestion may
also be a critical factor. As shown in Fig. 7B, emulsion gel beads without
protein shrank by 2.11%, while WPI-stabilized emulsion beads and SPI-
stabilized emulsion beads shrank by 11.91% and 25.92% after gastric
digestion, respectively, compared to their size after oral digestion. This
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indicates that the presence of WPI and SPI in alginate-based emulsion
gels led to more shrinkage than gel beads without protein during gastric
digestion, probably also due to the electrostatic attractions between
alginate and proteins at pH 3.0. In addition, the size of emulsion gel
beads without protein, WPI-stabilized emulsion beads, and SPI-
stabilized emulsion beads decreased from Ry, = 3.24 + 0.13 mm
and R'jax = 3.50 &+ 0.19 mm to R = 3.23 £+ 0.10 mm and R/ =
3.43 4+ 0.10 mm, from R’ jn = 3.28 £ 0.10 mm and R pax = 3.40 4+ 0.08
mm to R pjn = 3.03 & 0.06 mm and R/, = 3.23 £ 0.06 mm, and from
R’ min = 3.66 + 0.05 mm and R’ = 3.82 + 0.11 mm to R/ = 3.12 +
0.08 mm and R'pax = 3.32 £+ 0.13 mm, respectively, during gastric
digestion. This indicates that the presence of WPI and SPI led to smaller
size of alginate-based emulsion gel beads after gastric digestion and thus
denser gel structures.

Fig. 7C-E shows the distribution of protein and oil droplets in
emulsion gel beads after gastric digestion. The coalescence of droplets
further increased after gastric digestion, compared to their original
emulsion gel structures (Fig. 6). There are several likely reasons for this
observation. Firstly, the decreased electrostatic forces between alginate
monomers during gastric digestion may result in a denser structure of
gel matrix and thus force oil droplets to merge together. Secondly, peptic
hydrolysis of proteins may have reduced the stability of emulsion
droplets (Liu, Gao, & Yuan, 2015). Thirdly, the decreased pH values of
gel beads may decrease the zeta-potential value of WPI and SPI and lead
to protein aggregation and thus a decreased emulsifying capacity
(Bokkhim, Bansal, Grgndahl, & Bhandari, 2016; Elizalde, Bartholomai,
& Pilosof, 1996).

3.3.2. Lycopene release from emulsion gel beads during intestinal digestion

The visual appearance of alginate-based and protein-stabilized
emulsion gels (Fig. 8) and the release of encapsulated nutrient (i.e.,
lycopene) from gel beads during intestinal digestion (Fig. 9) were
studied. Alginate gels normally swell during intestinal digestion, due to
the deprotonation and increased repulsive forces of the uronic acid
groups on alginate at neutral pH above the pKa, and then structural
degradation occurs, due to ion-exchange between Na' ions present in
the digestive fluid and Ca* ions present in gel beads (Bajpai & Sharma,
2004; Rayment et al., 2009). As shown in Fig. 8, structural collapse of gel
beads without proteins, WPI-stabilized emulsion gel beads, and
SPI-stabilized emulsion gel beads occurred at 2-3 h, 4-5 h, and 3-4 h
after swelling during intestinal digestion, respectively. This indicates
that the presence of WPI and SPI could slow the swelling process and
thus delay the structural degradation of alginate-based emulsion gel
beads during intestinal digestion, probably because of the denser
structures formed by electrostatic attractions between negatively
charged alginate monomers with positively charged protein molecules
after gastric digestion (as discussed in Section 3.3.1).

Fig. 9 shows that lycopene release from gel beads without proteins,
WPI-stabilized emulsion gel beads, and SPI-stabilized emulsion gel
beads commenced at 2.5-3 h, 4-4.5 h, and 3.5-4h, respectively, which
corresponded with the start point of the structural collapse of gel beads
(Fig. 8). This indicates that lycopene was released with degradation of
network structures after swelling of gel beads during intestinal diges-
tion. It has been reported that the encapsulated nutrients can be released
from gel beads by two mechanisms: diffusion through increasingly large
pores and/or release following degradation of network structures during
intestinal digestion, which depends on the size of pores in beads and the
size of encapsulated nutrients (George & Abraham, 2006).

In this study, lycopene release was correlated with the release of oil
droplets from emulsion gel beads. The size of oil droplets in gel beads
(Fig. 7C-E) were significantly larger than the pores of alginate gel
matrices (normally between 5 and 200 nm) (George & Abraham, 2006).
Therefore, lycopene and oil droplets were released from alginate-based
emulsion gel beads due to structural degradation after swelling rather
than during the swelling process. Fig. 9 also shows that the presence of
WPI and SPI in alginate-based emulsion beads delayed the release of
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Gel beads without

proteins
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emulsion gel beads

SPI-stabilized

emulsion gel beads

Fig. 8. Visual appearance of gel beads without proteins, WPI-stabilized emulsion gel beads, and SPI-stabilized emulsion gel beads during in-vitro intestinal digestion.

emulsions with higher viscosity, smaller droplet size distribution, and

+%lbaa‘g’;‘l_"":§w‘ Plf‘?h""sl . less flocculation of droplets than emulsions containing SPI, probably
—O— t 14 . . . :
100 - il Spl_:t:bi;;ed :ﬁuﬂsﬁgg; bead: because WPI had better solubility and stronger interactions with algi-

nate than SPI. WPI and SPI could prevent water loss from alginate-based
emulsion gel beads during gelation, resulting in lower oil and lycopene
contents, compared to gel beads without proteins. The presence of WPI
increased the Young’s modulus of gel beads, due to increased Young’s
modulus of WPI/alginate complexes-based gel matrix, while the pres-
ence of SPI decreased the Young’s modulus because of its low solubility,
compared to alginate-based gel beads without proteins. The presence of
proteins (both WPI and SPI) resulted in higher shrinkage rate and higher
ratio of change in Young’s modulus of gel beads during in-vitro gastric
digestion, and led to delayed release of lycopene from gel beads during
in-vitro intestinal digestion.

The findings of this study underline the role of different proteins in
the properties of alginate-based emulsions and emulsion gel beads, and

80

2]
(=]
1

Lycopene release rate (%)
[ T
o o
1 1

0 - the delayed release of lycopene from gel beads during in-vitro digestion,
. | | ; ; ; N which makes it possible to design emulsion gel beads with potential

0 1 2 3 4 5 6 controlled released of functional hydrophobic ingredients by structuring

Time (h) the gel matrix and the water/oil interfaces with natural polymers (e.g.,

proteins) instead of synthetic chemicals (e.g., Tween 20 and Span 80).
Fig. 9. Lycopene release from gel beads without proteins, WPI-stabilized However, this study mainly focused on the effect of WPI and SPI on the
emulsion gel beads, and SPI-stabilized emulsion gel beads during in-vitro in- mechanical and structural properties of alginate-based emulsion gel
testinal digestion. beads after gelation and during in-vitro digestion, so further research on
the effect of WPI and SPI on the stability of encapsulated lycopene
during storage and the bio-availability during intestinal digestion is

lycopene from beads during intestinal digestion. This was because the ded
needed.

presence of WPI and SPI slowed the swelling process, due to the denser
structures formed after gastric digestion, and thus delayed the structural
collapse. Therefore, it may be assumed that the digestion of gel matrix
and the release of encapsulated nutrients from emulsion beads are
affected by not only the gel strength but also the gel density, the matrix
components of gels, and the size of droplets.
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ARTICLE INFO ABSTRACT

Keywords: Alginate-based emulsion gels can be used as fat replacers and encapsulation materials, but studies on emulsion
Alginate gel micro-gel particles and nano-gel particles have rarely been reported, compared to bulk emulsion gels and
Digestion

emulsion macro-gel beads. This study investigated external/internal O/W/O emulsion-gelation methods for
preparation of alginate-based emulsion micro-gel particles. The size, micro-structure, rheological properties, and
in-vitro digestion of emulsion micro-gels prepared by external/internal methods were compared. The external
gelation could produce emulsion micro-gels with small size (<100 pm), while emulsion micro-gels prepared by
the internal gelation had bigger size and a more narrow size distribution. The suspensions of emulsion micro-gels
prepared by the external gelation had higher ¢, ¢j, G', and G” values than those prepared by the internal
gelation. Emulsion micro-gel particles swelled during intestinal digestion, but those prepared by the external
method were collapsed faster than those prepared by the internal method. Structuring emulsion gel beads by
introducing emulsion micro-gel particles was also investigated. The presence of emulsion micro-gel particles
prepared by the external gelation improved the Young’s modulus of gel beads, delayed their structural collapse
and thus delayed release of encapsulated lycopene during intestinal digestion. The results of this study are critical
for preparation and applications of alginate-based emulsion micro-gel particles prepared by external/internal O/
W/O emulsion-gelation methods in the food industry.

Emulsion micro-gel particle
Suspension rheology
External/internal gelation

1. Introduction nano-gel particles (<0.2 pm) (Ching et al., 2017). Different physical

properties are emphasized for different emulsion gels (i.e., the importance

Alginate-based emulsion gels have received increased interest in the
food industry recently, as they can be used as fat replacers (Yang et al.,
2020) and encapsulation materials for oil-soluble compounds, such as
p-carotene (Soukoulis et al., 2016) and lycopene (Celli et al., 2016).
Alginate-based emulsion gels offer many advantages, such as mild
gelation and encapsulation process (Catarina et al., 2006), high stability
of encapsulated compounds during food processing, storage and gastric
digestion (Bokkhim et al., 2016), and controlled release of encapsulated
compounds during intestinal digestion (Burey et al., 2008).

There are two kinds of alginate-based emulsion gels, according to their
morphological properties: bulk emulsion gels and emulsion gel beads/
particles (Lin et al., 2020). In addition, according to the size of alginate gel
beads/particles, they can be further divided into three categories:
macro-gel beads (>1 mm), micro-gel particles (from 0.2 to 1000 pm), and
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E-mail address: song.miao@teagasc.ie (S. Miao).
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of mechanical and release properties for bulk emulsion gels, mechanical
properties and pH-sensitivity for emulsion macro-gel beads, and rheology
and pH-sensitivity for emulsion micro-gel/nano-gel particles) (Lin et al.,
2020). However, most of previous studies focused on bulk emulsion gels
and emulsion macro-gel beads, so further research on emulsion micro-gel
particles and emulsion nano-gel particles is needed.

Two methods have been reported to produce alginate-based emulsion
micro-gel particles: the spray aerosol method and the emulsification
technique (Ching et al., 2016; Ribeiro et al., 1999). A special setup is
needed to prepare micro-gel particles by the spray aerosol method, in
which emulsions containing alginate are sprayed from the top of the setup
and CaCl, solutions are spayed from the bottom of the setup using pneu-
matic nozzles driven by compressed air. The mist of emulsions and CaCly
solutions contact in the chamber of the setup and then emulsion micro-gel
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particles form (Ching et al., 2017). Compared to the spray aerosol method,
the emulsification technique is a simpler and more economic method, and
it also has the potential to be used in industrial-scale. In this method,
primary O/W emulsions containing alginate are dispersed in an oil phase
by homogenization to form secondary O/W/O emulsions (i.e., the emul-
sification step), and then the gelling agents (divalent cations) are slowly
introduced with stirring to form emulsion micro-gel particles (i.e., the
gelation step) (Ribeiro et al., 1999).

The emulsion-gelation technique includes external and internal
gelation methods. Calcium chloride is normally used as the gelling agent
in the external gelation. In contrast, in the internal gelation, calcium
carbonate is added into primary emulsions and then an acid is intro-
duced as the gelling agent into secondary emulsions to liberate Ca?* and
trigger the progressive gelation of emulsion micro-gel particles. The
internal gelation has been reported to prepare emulsion micro-gel par-
ticles, in which chitosan-coated alginate micro-spheres containing soya
oil were investigated (Ribeiro et al., 1999). However, the external
gelation has rarely been reported to prepare alginate-based emulsion
micro-gel particles. It is well known that alginate-based gels produced
by the external or internal gelation may have different properties. It has
been reported that alginate-based macro-gel beads prepared by the in-
ternal gelation had faster release rate of acetaminophen than beads
prepared by the external gelation (Chan et al., 2006). It has also been
indicated that alginate-based hydro-micro-gel particles prepared by the
internal gelation had looser gel structures with bigger pore sizes and a
faster diffusion rate of haemoglobin into particles than those prepared
by the external gelation (Liu et al., 2002). Therefore, we predicted that
emulsion micro-gel particles prepared by external or internal methods
may also have different properties (i.e., morphology, rheology and
swelling).

It is known that Ca®*-cross-linked alginate gels show pH-dependent
swelling, which is closely associated with the release of encapsulated
drug/compound from alginate gels during swelling (Amiri et al., 2017;
Bajpai & Sharma, 2004). Alginate gels can swell at neutral/alkaline
conditions, because of the increased repulsive forces at pH values above
the pKa of the uronic acid groups of alginate molecules and/or structural
disintegration of Ca?*-cross-linked networks (Lin, Kelly, Maidannyk, &
Miao, 2021; Mongar & Wassermann, 1949). The swelling properties of
alginate hydro/emulsion micro-gels have been widely investigated
(El-Sherbiny et al., 2011; Gomez-Mascaraque et al., 2019).

In contrast, rheology of alginate hydro/emulsion micro-gel suspensions
has rarely been reported, although suspension rheology of soft micro-gel
particles is critical in the determination of flow behavior and modulus of
micro-gel particles. Particle suspensions may show viscous liquid-like
behavior, viscoelastic liquid-like behavior or viscoelastic solid-like
behavior depending on the phase volume (¢) of particles in suspensions.
When ¢ is below the random close packing fraction (¢), particle sus-
pensions are purely viscous with no measurable viscoelasticity (i.e., the
regime I). However, when ¢ is above ¢y, but below the jamming fraction
(), the suspensions become shearing and viscoelastic with a measurable
storage modulus (G') less than the loss modulus (G”) (i.e., the regime II).
Finally, when ¢ is above gj, particle suspensions show viscoelastic solid-
like behavior (e.g., the regime III) where G' becomes higher than G”
because micro-gel particles pack closely and form a weakly elastic network
(Dickinson, 2015; Shewan & Stokes, 2013).

In terms of application of emulsion micro-gel particles in the food
industry, previous studies mainly focused on the encapsulation of lipo-
philic compounds (e.g., flavors, essential oils, vitamins and fatty acids)
in micro-gel particles for their targeted delivery in the digestive tract
(Shewan & Stokes, 2013; Torres et al., 2016). For example, it has been
reported that 85% of encapsulated dye (i.e., Sudan orange G) in
alginate-based emulsion micro-gels were rapidly released within 15 min
during intestinal digestion, while 35% of encapsulated dye in micro-gels
coated by chitosan were slowly release within 2 h during intestinal
digestion (Ribeiro et al., 1999). In addition, micro-gels can also been
used as structuring agents to form gel-in-gels, which has drawn
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increased interest in recent years (Husman et al., 2020; Liu et al., 2008).
For instance, a microgel-in-bulk gel system was reported by Zhu et al.
(2016), in which bone morphogenetic protein-2 (BMP-2) was encapsu-
lated in alginate-based micro-spheres, and then alginate micro-spheres
were embedded into chitosan/dextran-polylactide/glycerophosphate
-based bulk hydro-gels, which showed continuous release of BMP-2
from gels.

However, previous studies mainly focused on microgel-in-hydrogel
systems and release of encapsulated compounds from the inner sec-
tions (i.e., micro-gels) of microgel-in-gel systems. In this study, we will
further explore the effect of the presence of micro-gel particles on the
properties (i.e., mechanical and digestive behavior) of emulsion macro-
gels and thus the release of encapsulated lipophilic nutrients from the
outer sections (i.e., macro-gels) of microgel-in-gel systems during
digestion.

The purpose of this study was therefore to compare the morphology,
suspension rheology and digestion behavior of alginate-based emulsion
micro-gel particles produced by an external or internal O/W/O
emulsion-gelation method. In addition, an example of application of
micro-gel particles in the formation of microgel-in-emulsion-macrogels
was discussed. Lycopene was encapsulated in emulsion macro-gel
beads and served as an indicator to test the effect of micro-gel parti-
cles by different gelation methods on the release of encapsulated nu-
trients from alginate-based emulsion macro-gel beads during digestion.

2. Materials and methods
2.1. Materials

Sunflower oil (Aldi Stores Ltd., Kildare, Ireland) and sodium alginate
with M of 69-117 kDa (Special Ingredients, Chesterfield, UK) were
purchased from local markets. Soy protein isolate (SPI) was prepared
according to our previous study (Lin et al., 2019). D-(+)-Gluconic acid
S-lactone (GDL), calcium carbonate, calcium chloride, Tween 80, Span
80, sodium hydroxide, hydrochloric acid, and other analytical reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of emulsion micro-gel particles

Sodium alginate solutions (2.0%, w/w) were prepared with deion-
ized water by shearing at 400 rpm for 30 min and then resting for 24 h at
4°C. For preparation of coarse emulsions, SPI powder (2.0 wt%) was
mixed with deionized water (78 wt%) by stirring at room temperature
for 2 h, and then sunflower oil (20 wt%) was mixed with above dis-
persions at 16,000 rpm for 2 min with an Ultra-Turrax (IKA-25, Staufen,
Germany). The primary emulsions (i.e., O/W emulsions containing
alginate) were then prepared by mixing the above coarse emulsions with
2.0% sodium alginate solutions (1: 3, w/w) at 14,000 rpm for 2 min with
an Ultra-Turrax. For the preparation of secondary emulsions (i.e., O/W/
O emulsions), Span 80 (2.0 wt%) was mixed with sunflower oil (78 wt%)
by stirring at room temperature for 5 min using a magnetic stirrer, and
then primary emulsions (20 wt%) were mixed with above oil phase by
stirring at 800 rpm.

The external gelation was carried out by adding 1.0% CaCly-2H50
solutions into secondary emulsions (1:5, w/w) and stirring at 1000 rpm for
30 min using a magnetic stirrer. For preparation of micro-gel particles by
the internal gelation, CaCO3 was added into coarse emulsions (1:20, w/w)
in advance during emulsion preparation, and then 4.0% GDL solutions
were added into secondary emulsions (1:5, w/w) and stirring at 1000 rpm
for 30 min using a magnetic stirrer. After gelation, above resulted dis-
persions containing particles were added into deionized water (1: 5, w/w)
and mixed at 500 rpm for 2 min using a magnetic stirrer. The mixtures
were left to stand for 2 h, and the oil cream on the top of mixtures was
removed and the sediment of emulsion micro-gel particles were collected
by filtration and washed twice by deionized water.
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2.3. Properties of emulsion micro-gel particles

2.3.1. Morphological analysis

Emulsions and emulsion micro-gel particles were dropped on mi-
croscope slides without covering by glass coverslips before observing
with an Olympus BX51 light micro-scope (Olympus Optical Co. Ltd.,
Tokyo, Japan).

2.3.2. Particle size distribution

The size distributions of emulsion micro-gel particles were analyzed
with MasterSizer 3000 (Malvern Instruments Ltd., Worcestershire, UK).
The obscuration and the stirrer speed were set at 1-10% and 2000 rpm,
respectively, with the refractive index of 1.55 and the absorption index
of 0.001.

2.3.3. Rheological analysis

Emulsion micro-gel particles were dried by filter papers twice and
then particles were diluted by deionized water to the final ¢ from 1.0 to
0.1. The viscosity and modulus of particle suspensions were tested using
an AR 2000ex rheometer (TA Instruments, Crawley, UK) by the method
described in our previous publication (Lin, Kelly, & Miao, 2021), but the
flow and strain sweep measurements were carried out over a shear rate
range of 0.1-1000 s~ and a strain range of 1%-50%, respectively. The
final viscosity and modulus values used to calculate ¢, and ¢; were
obtained at a shear rate of 100 s~ (below @rep) or 10 s~ 1 (above ¢rep) and
a strain of 10%.

2.3.4. In-vitro digestion

Concentrated electrolyte stock solutions (i.e., 1.5 x concentrate) of
simulated saliva fluid (SSF), gastric fluid (SGF), and intestinal fluid (SIF)
were prepared as described by Minekus et al. (2014) with some modi-
fication. Simulated oral digestion of emulsion micro-gel particles was
performed by mixing micro-gel particles (5 g) with SSF electrolyte stock
solutions (2.5 mL), a-amylase (final 75 U/g), CaCl, (final 0.75 mM), and
water at 37°C for 2 min. Simulated gastric digestion was performed by
mixing oral bolus (~10 g) with SGF electrolyte stock solutions (5.0 mL),
porcine pepsin (final 2000 U/g), CaCly (final 0.075 mM), and water at
37°C for 2 h after adjusting pH to 3.0 with HCIL. Simulated intestinal
digestion was performed by mixing gastric chyme (~20 g) with SIF
electrolyte stock solutions (10 mL), pancreatin (final 100 U/g), bile
(final 0.25 wt%), CaCl, (final 0.3 mM), and water at 37°C for 3 h after
adjusting pH to 7.0 with NaOH.

Optical microscopy images and size distributions of emulsion micro-
gel particles during in-vitro digestion were analyzed as described in
Sections 2.3.1 and 2.3.2.

2.4. Preparation of emulsion gel beads containing micro-gel particles

Primary emulsions (i.e., O/W emulsions) were prepared by mixing
0.8% alginate solutions and coarse emulsions containing 5.0% oil, 0.5%
SPI and 94.5% water, according to the methods described in Section 2.2,
but the ratio of coarse emulsions to alginate solutions was 1:1. Lycopene
was also encapsulated in primary emulsions by mixing 5 mg of tomato
extract (containing 0.059 mg lycopene/mg) with 5.0 g of oil before
preparing coarse emulsions. Micro-gel particle dispersions were then
prepared by mixing filtered micro-gel particles with deionized water
(3:2, w/w), and then primary emulsions were mixed with micro-gel
particle dispersions (9:1, w/w). The control sample was prepared by
mixing primary emulsions with deionized water (9:1, w/w). Emulsion
gel beads were then prepared by dropping primary emulsions with/
without micro-gel particles into 2.0% CaCly-2H20 solutions using a S1
pipette filler, and gel beads were mildly stirred for 30 min and then
collected and washed by deionized water.
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2.5. Properties of emulsion gel beads containing micro-gel particles

2.5.1. In-vitro digestion

Simulated digestion was performed as described in Section 2.3.4, and
properties of emulsion gel beads (i.e., shrinkage rate, Young’s modulus,
and visual appearance) and lycopene release from them during in-vitro
digestion were then tested.

2.5.2. Measurement of Young’s modulus and shrinkage during oral and
gastric digestion

The size of gel beads including major and minor axis (Ryaj and Rpin)
was measured by a digital vernier caliper with a sensitivity of 0.1 mm.
The shrinkage rate of gel beads during digestion was calculated by
comparing decreased sectional area (i.e., A = T X Rpaj X Rin + 4) of gel
beads during digestion to that of original gel beads before digestion. The
Young’s modulus of gel beads was measured by a texture analyzer
(Stable micro-System, Godalming, UK). The compression test was per-
formed with the maximum strain of 30% and the crosshead speed 0.1
mm/s. The Young’s modulus was calculated in the linear elastic region
of gel beads (i.e., the 5-15% strain region).

2.5.3. Measurement of lycopene release during intestinal digestion

The supernatant (1.0 g) of digestive fluids after centrifugal separa-
tion at 4000 rpm for 15 min was mixed with 8.0 mL of hexane, acetone,
and ethanol (50 : 25: 25% v/v) containing 0.1% BHT by a vortex for 1
min, and lycopene in digestive fluids was then extracted and measured
by the method described in our previous publication (Lin, Kelly, Maid-
annyk, & Miao, 2021).

2.6. Statistical analysis

All measurements were performed three times and results are re-
ported as mean =+ standard deviation (SD). Differences between samples
were analyzed using analysis of variance and a t-test, and a p value <
0.05 was regarded as statistically significant.

3. Results and discussion

3.1. Formation and morphology of emulsion micro-gel particles produced
by external/internal emulsification methods

Fig. 1A shows the size distributions of emulsion micro-gel particles
produced by external/internal emulsion-gelation methods. Micro-gel
particles produced by the external method (D43 = 39.6 + 0.5 pm)
were significantly smaller than those produced by the internal method
(D4,3 = 144 +£ 5 pm, p < 0.05). In addition, a previous study indicated
that particles with size over 100 pm may be detected by mouth and
negatively affected sensory of food (Kim et al., 2019). Therefore, we
predict that emulsion micro-gel particles produced by the external
gelation has potential to be used as micro-capsules and structuring
agents in food without affecting sensory properties of final products.

Different gelation mechanisms of external/internal emulsion-
gelation methods may be the main reason for emulsion micro-gel par-
ticles with different morphological properties. A commonly-used
method to prepare micro-gel particles in previous studies was adding
oil containing CaCl, particles or acetic acid into emulsions to trigger
gelation, in which CaCl; or acetic acid could diffuse from oil into water
phases (Liu et al., 2007; Paques et al., 2013). In this study, CaCl, or GDL
solutions were added into secondary emulsions to trigger gelation, in
which CaCl; or GDL solutions may merge with water phases in O/W/O
emulsions. Fig. 1B-E shows the micro-structure of micro-gel particles
produced by external/internal methods and O/W/O emulsions which
were used to prepare micro-gel particles. It could be seen that O/W
droplets in O/W/O emulsions (Fig. 1C and E) were smaller than
micro-gel particles in both gelation methods (Fig. 1B and D). This in-
dicates that CaCl; or GDL solutions, which were introduced into O/W/O
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Fig. 1. (A) The size distribution of alginate-based emulsion micro-gel particles produced by external/internal O/W/O emulsification methods, (B) the micro-
structure of emulsion micro-gel particles produced by the external gelation and (C) the micro-structure of O/W/O emulsions used, and (D) the micro-structure of
emulsion micro-gel particles produced by the internal gelation and (E) the micro-structure of O/W/O emulsions used.

emulsions to trigger gelation, merged with O/W droplets during gelation
process. A similar result was reported by Ribeiro et al. (1999), where
soya oil-in-alginate droplets, with size of around 200 pm, which were
dispersed in silicone oil, were smaller than alginate emulsion micro-gel
particles, with size of 250-1000 pm, produced by the internal gelation.
However, CaCly-induced external gelation was a faster process than
GDL-induced internal gelation, so each O/W droplet merged with less
CaCly solutions in the external gelation than GDL solutions in the in-
ternal gelation, which resulted in smaller micro-gel particles produced
by the external method than those produced by the internal method.

Fig. 1A also shows that micro-gel particles produced by the internal
gelation had a more narrow size distribution than those produced by the
external method. The diameter of micro-gel particles produced by in-
ternal and external methods ranged from 15 to 450 pm and from 2.5 to
110 pm, respectively. The possible reason was that random droplet
coagulation occurred in O/W/O emulsions after introducing CaCly so-
lutions during the external gelation. It has been reported that adding
CaCly solutions into W/O emulsions to produce alginate hydro-micro-
spheres by the external gelation caused the disruption of the equilib-
rium of the system during stirring, resulting in a significant degree of
clumping of micro-spheres (Chan et al., 2002).

3.2. Suspension rheology of emulsion micro-gel particles

In order to predict functions and guide production and application of
micro-gel particles in the food industry, it is important to investigate the
rheology of micro-gel particle suspensions. It is known that the rheology
of micro-particle suspensions is affected by properties of solvents (i.e.,
viscosity and pH), properties of particles (i.e., size, size distribution,
mechanical strength, surface properties, and interaction potential), and
particle phase volume (Shewan, 2015). In regime I, the viscosity of
particle suspensions (7)) can be calculated by the Einstein equation (Eq.
(1), 0 < ¢ < 0.05), Batchelor equation (Eq. (2), 0.05 < ¢ < 0.15), and
Meron-Pierce-Quemada model (i.e., MPQ model, as shown in (Eq. (3),
0.2 < ¢ < om):

n=n,(1+2.5¢) @

n=1,(1+25¢+ C¢%) @)
@ -2

n=n, (1 - —) )
P

in which #; is the solvent viscosity, Cz is a constant with a range of values
from 4.2 to 6.2, and ¢, is the maxing packing fraction, which could be
assumed to be equal to ¢, (Shewan, 2015).

In regime III, G’ of particle suspensions can be calculated by the
Evans and Lips model modified by Adams (Eq. (4)):

G =aG[1-¢;'7] Q)

in which a and b are constants equal to 0.4 and 1.2, respectively, G, is
the shear elastic modulus of particles, and ¢;, is a relative phase volume
(i.e., ¢r = @/ pm or ¢/ prep) (Shewan, 2015). Therefore, it can be assumed
that alginate-based emulsion micro-gel particles with higher modulus
and lower ¢, may lead to particle suspensions with higher modulus in
regime III. However, modelling of regime II has rarely been reported in
previous studies because measuring suspension rheology around parti-
cle jamming is challenging and available experimental results are often
questioned (Shewan, 2015).

Fig. 2 shows the relative viscosity, G/, and G” of suspensions of
alginate-based emulsion micro-gel particles produced by internal/
external gelation methods compare to the phase volume (¢) of particles
in suspensions. Suspensions of emulsion micro-gel particles produced by
the external gelation had higher ¢, and ¢; values than those produced
by the internal gelation (Figs. 2 and S1). The possible reason was that
micro-gel particles produced by the external gelation had smaller size
and a wider particle size distribution than those produced by the in-
ternal gelation (Fig. 1). When ¢ is below the ¢, of particle suspensions,
micro-gel particles can freely move past one another and particle sus-
pensions are purely viscous with no measurable viscoelasticity, while,
when ¢ is above the ¢, of particle suspensions, micro-gel particles
closely contact and particle suspensions become shearing and visco-
elastic. Smaller particles had higher packing density than larger particles
(Ye et al., 2018), so smaller particles have a higher ¢,. In addition, the
maximum packing fraction (@) or ¢y increases when the particle size
distribution increases, because small particles can fit in the gaps among
larger particles (Shewan, 2015).

Fig. 2 also shows that the suspensions of micro-gel particles produced
by the external gelation had higher G’ than those produced by the internal
gelation when ¢ is above the ¢y, of particle suspensions. This indicates
that micro-gel particles produced by the external gelation had stronger
mechanical properties than those produced by the internal gelation. The
possible reason was that each O/W droplet merged with less CaCly solu-
tions during the external gelation than GDL solutions during the internal
gelation, which resulted in higher alginate concentrations in micro-gel
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Fig. 2. Relative viscosity (7,), storage modulus (G') and loss modulus (G”) of suspensions of emulsion micro-gel particles produced by (A) external or (B) internal O/
W/0 emulsification methods as a function of phase volume (o). Regime I (0 < ¢ < ¢y,) indicates that particle suspensions are purely viscous; Regime II (¢, < ¢ <
;) indicates that particle suspensions are viscoelastic with a measurable G’ less than G"’; Regime III (¢; < ¢ < 1) indicates that particle suspensions are solid-like with

G’ higher than G”.

particles produced by the external gelation, compared to those produced
by the internal gelation.

3.3. Digestion of emulsion micro-gel particles

The above results indicate that different gelation methods (i.e.,
external or internal emulsification method) led to emulsion micro-gel
particles with different morphological and mechanical properties,
which may also affect the pH-sensitivity and digestion behavior of
micro-gel particles. Therefore, in-vitro digestion of emulsion micro-gel
particles prepared by external/internal emulsification methods was
further investigated.

Figs. 3 and 4 show the micro-structure and size distribution of
emulsion micro-gel particles during simulated oral, gastric and intesti-
nal digestion. It can be seen that emulsion micro-gel particles, which
were prepared by the external gelation, slightly swelled after oral and
gastric digestion (Figs. 3 and 4A). A similar finding has been reported,
where alginate micro-gels (D43 < 500 pm), which were prepared by
dropping alginate solutions into CaCly solutions by syringes, slightly
swelled after gastric digestion at pH 3.0, probably because of ion-
exchange between monovalent cations in stimulated gastric fluids and
divalent cations in alginate micro-gels (Gomez-Mascaraque et al., 2019).
On the other hand, Figs. 3 and 4B show that emulsion micro-gel particles
which were prepared by the internal gelation shrank partially and
swelled partially during gastric digestion. The possible reason for such

Oral digestion 2min Gastric digestion 2h

shrinkage was that remaining CaCOs in micro-gel particles further
reacted with H' in the digestive fluids during gastric digestion. As
shown in Fig. S2, CaCOs particles in micro-gel particles, which were
prepared by the internal gelation, could be observed under a fluores-
cence microscopy but disappeared after incubating in 0.1 M HCI-KCl
solutions (1:1, w/w) at pH 1.2 for 2 h.

Fig. 4B also shows that the size distribution of emulsion micro-gel
particles prepared by the internal method had two peaks (i.e., D =
4.5 pm in left peak and D = 270 pm in right peak) after intestinal
digestion for 1 h, which indicates that micro-gel particles further swelled
and parts of micro-particles broke, due to increased pH of digestive
fluids and ion-exchange between digestive fluids and micro-particles.
The area of the left-hand peak increased, but the area of the right-
hand peak decreased after intestinal digestion for 3 h, which indicates
further breaking of swelled particles and the presence of unbroken
particles. This was also confirmed by the micro-structure of emulsion
micro-gel particles prepared by the internal gelation after gastric
digestion (Fig. 3), in which both swollen micro-particles and dissociative
oil droplets were observed.

However, the size distribution of emulsion micro-gel particles pre-
pared by the external method had three peaks (i.e., D = 4.0 pm in left
peak, D = 16 pm in middle peak and D = 98 pm in right peak) after
intestinal digestion for 1 h, and the area of the right-hand peak increased
and a fourth peak occurred at D = 310 pm after intestinal digestion for 3
h (Fig. 4A), but unbroken micro-particles were rarely observed and large

Intestinal digestion 1h

Intestinal digestion 3h

External
gelation

Internal
gelation

Fig. 3. The micro-structure of emulsion micro-gel particles produced by external/internal O/W/O emulsification methods during in-vitro digestion.
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Fig. 4. The size distribution of emulsion micro-gel particles produced by (A) external or (B) internal O/W/O emulsification methods during in-vitro digestion.

oil droplets could be observed in digestive juice (Fig. 3). The possible
reason was that released oil droplets from emulsion micro-gel particles
could emerge into bigger droplets during intestinal digestion, which led
to increased droplet size. These also indicate that emulsion micro-gel
particles prepared by the external method were more sensitive to in-
testinal environment and more easily collapsed during intestinal diges-
tion than those prepared by the internal method. Many factors affect the
swelling of alginate gels in solutions/buffers, such as alginate concen-
tration, alginate type and Ca" concentration in gels, intensity of gel
structures, temperature, pH and ionic strength of solutions/buffers
(Pasparakis & Bouropoulos, 2006; Sriamornsak et al., 2007). It has been

indicated that alginate macro-gel beads prepared using 1% CaCls solu-
tions had higher swelling rates in a pH 7.4 solution than gel beads
prepared using 2% CaCl, solutions (Dai et al., 2008). It has been also
reported that reduced swelling was observed when alginate gels exposed
to low pH or lower concentrations of cations (Moe et al., 1993). How-
ever, in this study, the main reason for different intestinal digestion
behavior of emulsion micro-gel particles was probably that emulsion
micro-gel particles prepared by the internal method had larger size and
thus may have stronger buffer capacity to pH change and ion-exchange
during intestinal digestion.
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Fig. 5. (A) Young’s modulus and (B) shrinkage rate of emulsion gel beads without micro-gel particles (i.e., control samples) or with 6.0% micro-gel particles
produced by external/internal O/W/O emulsification methods during oral and gastric digestion. (C) Visual appearance of emulsion gel beads and (D) lycopene
release from emulsion gel beads without micro-gel particles or with 6.0% micro-gel particles produced by external/internal methods during in-vitro intesti-

nal digestion.
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3.4. Structuring emulsions gels beads by emulsion micro-gel particles

3.4.1. Effect of micro-gel particles on mechanical properties of emulsion gel
beads

Fig. 5A shows that the Young’s modulus of emulsion gel beads
without micro-gel particles or with 6.0% of emulsion micro-gel particles
prepared by internal/external O/W/O gelation methods were 241 + 9
Pa, 246 + 9 Pa, and 315 + 19 Pa, respectively. The possible reason for
similar Young’s modulus of emulsion gel beads containing micro-gel
particles prepared by the internal gelation (p > 0.05) but increased
Young’s modulus of emulsion gel beads containing micro-gel particles
prepared by the external gelation (p < 0.05), compared to that without
micro-gel particles, was that micro-gel particles prepared by the external
gelation had stronger Ca®*-induced cross-linking with alginate mole-
cules in the continuous phase of emulsions than micro-gel particles
prepared by the internal gelation.

In order to verify above explanation, rheological properties of 0.4%
alginate solutions containing micro-gel particles (0-10 wt%) prepared
by internal/external O/W/O gelation methods were further investigated
(Fig. S3). It shows that 0.4% alginate solutions containing micro-gel
particles (0-10 wt%) prepared by the internal gelation showed visco-
elastic properties with slightly increased viscosity and an unmeasurable
G (i.e., negative values) with increasing content of micro-gel particles,
which indicated that there was little cross-linking between alginate
molecules and micro-gel particles prepared by the internal gelation. On
the other hand, introducing high levels of micro-gel particles (6-10 wt
%) prepared by the external gelation into alginate solutions increased
the viscosity of mixtures significantly, which showed solid-like behavior
with a measurable G’ higher than G”'. This indicates that the presence of
micro-gel particles prepared by the external gelation could promote
interactions between alginate molecules, but the mechanism needs
further investigation. There are mainly two types of speculation: firstly,
Ca?* could be released from micro-gel particles prepared by the external
gelation into alginate solutions, which triggered the interactions be-
tween alginate molecules; secondly, micro-gel particles prepared by the
external gelation could cross-link with alginate molecules through Ca*
absorbed on the surfaces of micro-gel particles.

3.4.2. Digestion of emulsions gels beads containing emulsion micro-gel
particles

Fig. 5A and B shows that emulsion gel beads without emulsion micro-
gel particles or with 6.0% of emulsion micro-gel particles prepared by
internal/external O/W/O gelation methods shrank and their Young’s
modulus increased during oral and gastric digestion, probably due to the
interactions between Ca®" in gel beads and HCO3 in the simulated saliva
fluid and decreased repulsive forces of alginate molecules under acidic
conditions during gastric digestion (Lin, Kelly, Maidannyk, & Miao,
2021). It can also be seen that emulsion gel beads containing emulsion
micro-gel particles prepared by the external gelation shrank more (31 +
3%) and had higher Young’s modulus (551 + 33 Pa) after gastric
digestion, compared to emulsion gel beads without emulsion micro-gel
particles (23 + 5% and 456 + 23 Pa, p < 0.05) or with 6.0% of emul-
sion micro-gel particles prepared by the internal gelation (24 + 4% and
430 £+ 29 Pa, p < 0.05).

Fig. 5C and D shows the visual images and lycopene release from gel
beads during intestinal digestions. Emulsion gel beads without emulsion
micro-gel particles or with 6.0% of emulsion micro-gel particles pre-
pared by internal/external O/W/O gelation methods broke and released
lycopene after 1-2 h, 2-3 h, and 3.5-4.5 h of intestinal digestion,
respectively. The presence of micro-gel particles prepared by the
external gelation in emulsion gel beads could delay the structural
collapse of gel beads, probably because the ion-exchange between Na *
ions in digestive juice and Ca" ions in gel beads and the pH-dependent
swelling of gel beads were delayed, due to stronger and denser structures
of gel beads after introducing micro-gel particles (Fig. 5A and B).

Food Hydrocolloids 120 (2021) 106926

4. Conclusions

Properties (i.e., the size distribution, micro-structure, suspension
rheology, and digestion behavior) of emulsion micro-gel particles pro-
duced by internal/external O/W/O gelation methods were compared in
this study. Micro-gel particles produced by the external gelation had
smaller size and a wider size distribution than those produced by the
internal gelation, probably due to their different gelation mechanisms.
The suspensions of micro-gel particles produced by the external gelation
showed higher ¢y, ¢j, G, and G” values than those prepared by the
internal gelation. Micro-gel particles produced by the external gelation
slightly swelled during gastric digestion and further swelled during in-
testinal digestion and then totally collapsed after intestinal digestion,
while micro-gel particles produced by the internal gelation partially
swelled and partially shrank during gastric digestion and partially
collapsed with swelling after intestinal digestion. Micro-gel particles can
also be used for structuring emulsion gel beads by formation of gel-in-gel
beads. Emulsion gel beads containing micro-gel particles produced by
the internal gelation had similar mechanical properties with the control
samples without gel particles. However, introducing gel particles pro-
duced by the external gelation increased mechanical strength of gel
beads, which delayed structural collapses of gel beads and lycopene
release from gel beads during intestinal digestion. The findings are
important for the production of emulsion micro-gel particles and
structuring food by emulsion micro-gel particles produced by external/
internal O/W/O emulsion-gelation methods.
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Many strategies have been developed to improve stability of plant protein-stabilized emulsions, such as modi-
fying properties of plant proteins, using plant protein-polysaccharide complexes, and forming gel-like emulsions.
In this study, a novel method was investigated to enhance creaming stability of soy protein isolate (SPI)-stabi-
lized emulsions by introducing alginate and alginate-based micro-gel particles to form gel-like emulsions. Gel-
like emulsions could be obtained at high levels of micro-gel particles (>6.0%) in the presence of alginate
(>0.1%), while the concentration of SPI-coated droplets (0-10%) played a relatively unimportant role, probably
because the gelation mechanism was interactions between alginate molecules and Ca?*-induced micro-gel
particles. Viscosity and creaming stability of emulsions and storage modulus (G') of gel-like emulsions
increased with increasing contents of micro-gel particles in emulsions. Emulsions without micro-gel particles
showed extensive creaming during storage, and emulsions containing micro-gel particles were visually stable
after storage for six weeks, although all samples showed good stability to coalescence. In addition, the presence
of micro-gel particles in emulsions slightly decreased the bioaccessibility of encapsulated lycopene after in-vitro
digestion. The method presented in this study was important for improving creaming stability of plant protein-

stabilized emulsions and expanding application of plant protein-stabilized emulsions in food industry.

1. Introduction

In recent years, plant protein-stabilized emulsions, such as soy pro-
tein-, pea protein-, potato protein-, rice protein-, wheat gliadin- and
zein-stabilized emulsions, have received increased interest (Lin et al.,
2017), due to increased consumer demand for healthier foods (da Silva,
Almeida, & Sato, 2021; Wan, Guo, & Yang, 2015). However, compared
to animal proteins (e.g., casein and whey protein) and synthetic chem-
icals (e.g., span 85, span 80 and Tween 20), plant proteins often result in
emulsions with lower stability (especially creaming stability), probably
due to low hydrophobicity and inter-facial tension of plant
protein-stabilized droplets (Benjamin, Silcock, Beauchamp, Buettner, &
Everett, 2014; Zhang, Yan, Jiang, & Ding, 2021). Many strategies
therefore have been investigated to solve this problem, such as protein
modification by physical, chemical and/or enzymatic treatments
(Albano, Cavallieri, & Nicoletti, 2019; Barac, Stanojevi¢, Jovanovi¢, &
Pesi¢, 2004) and turning emulsions into emulsion gels (Lin, Kelly, &
Miao, 2020).

Many methods have been reported to modify structural properties of
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plant proteins, in order to improve their emulsifying capacity, such as
heating (Peng et al., 2016), high pressure (Chen, Chen, Yu, & Wu, 2016;
Molina, Papadopoulou, & Ledward, 2001), extrusion (Mozafarpour,
Koocheki, Milani, & Varidi, 2019), ultrasound (O’sullivan, Park, &
Beevers, 2016), pH-shifting process (Jiang, Chen, & Xiong, 2009),
enzymatic hydrolysis (Chen, Chen, Ren, & Zhao, 2011), and oxidation
(Liu, Lu, Han, Chen, & Kong, 2015), due to improved protein solubility,
reduced molecular size, and/or exposure of hidden hydrophobic resi-
dues. In addition, plant protein-polysaccharide complexes, which are
formed by Maillard reaction or electrostatic interaction, can also be used
to improve emulsion stability (Evans, Ratcliffe, & Williams, 2013). It has
been reported that soy protein isolate (SPI)-dextran conjugate-stabilized
emulsions showed better physical and structural stability than emul-
sions stabilized by native SPI or SPI-dextran mixtures, probably due to
higher electrostatic repulsion and steric hindrance (Zhou et al., 2020).
On the other hand, the pH is crucial for stability of emulsions containing
plant protein-polysaccharide complexes produced by electrostatic
interaction, because electrostatic properties of proteins and poly-
saccharides are clearly pH-dependent (Albano et al., 2019). Many
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reports have been indicated that the presence of anionic polysaccharides
could increase the stability of plant protein-stabilized emulsions near the
pI of the proteins present, due to the formation of electrostatic
interaction-induced plant protein-polysaccharide complexes at the
droplet interfaces and thus increased electrostatic repulsion of emulsion
droplets at pH 4.0-4.5 (Lin, Kelly, & Miao, 2021b; Yildiz, Ding, Andrade,
Engeseth, & Feng, 2018).

The final physical state of modified plant protein-stabilized emul-
sions is still liquid, while another widely-investigated strategy to
improve stability of plant protein-stabilized emulsions is turning emul-
sions into emulsion gels/gel-like emulsions, due to increased viscosity
and solid-like properties and thus reduced mobility of emulsion droplets.
Therefore, emulsions prepared by these two methods may have different
applications in the food industry. It has been reported that emulsion
gels/gel-like emulsions containing plant protein-stabilized droplets may
be used in meat products and solid-like delivery systems (de Souza
Paglarini et al., 2018), while modified plant protein-stabilized emul-
sions were often used in sauce, yogurt, beverage, and liquid delivery
systems (Ashaolu, 2020).

There are several methods used to prepare gel-like emulsions. Firstly,
increasing the oil fraction is the simplest method to obtain gel-like
emulsions, because of droplet flocculation/bridging (Lee, Chan, &
Mohraz, 2012), which has been widely reported in plant protein
particle-stabilized Pickering emulsions (Liu & Tang, 2016; Zou et al.,
2017). Secondly, modifying structural properties of plant proteins
absorbed at droplet surfaces may also lead to the formation of gel-like
emulsions; it has been reported that SPI-stabilized emulsions turned
into gel-like emulsions after microfluidization, probably due to struc-
tural deformation of proteins and increased inter-droplet interactions
during microfluidization treatment (Tang & Liu, 2013). It has also been
reported that soy glycinin- or potato protein-stabilized emulsion drop-
lets could cross-link together and form gel-like emulsions by
tyrosinase-induced enzymatic cross-linking (Glusac, Isaschar-Ovdat,
Kukavica, & Fishman, 2017; Isaschar-Ovdat, Rosenberg, Lesmes, &
Fishman, 2015). Thirdly, introducing gelling agents into the continuous
phase of emulsions can also form emulsion gels by various gelation
mechanisms depending on gelling agents used, as reviewed by Lin,
Kelly, and Miao (2020). For example, alginate and CaCOs particles have
been introduced into SPI-stabilized emulsions, and then emulsion gels
formed after adding glucono-delta-lactone (GDL) into the system to
release Ca®" and trigger Ca'-induced alginate gelation (Lin et al.,
2021b).

Alginate-based emulsion gels received increased interest in recent
years, due to their characters (e.g., mild gelation process and slow
digestion during intestinal digestion), compared to other gelling agent-
based emulsion gels (Lin, Kelly, Maidannyk, & Miao, 2021). The alginate
gelation mechanism involves sodium ions in alginate molecules being
replaced by Ca®" or HY, which leads to Ca®"-cross-linked or hydrogen
bond-linked network structures. Therefore, CaCly, CaCO3, and GDL are
often used to trigger alginate gelation in the food industry (Draget,
Skjék-Braek, & Stokke, 2006). However, our previous study found that
the presence of alginate-based emulsion micro-gels prepared by external
gelation could increase the viscosity of alginate solutions with solid-like
behavior (Lin, Kelly, & Miao, 2021a). In addition, it has also been re-
ported that nanoparticles (NPs) could interact with proteins, lipids and
polysaccharides through ionic interactions, hydrogen bonds, and/or Van
der Waals interactions, and that the size, shape, and surface characters
of NPs played an important role in affecting interactions between NPs
and polymers (Saptarshi, Duschl, & Lopata, 2013). For example,
acrylamide/N-isopropylacrylamide-based NPs could interact with hep-
arin through hydrogen bonds, ionic interactions and dehydration (Zeng
et al,, 2012). Therefore, we predicted that Ca®*-induced emulsion
micro-gels could also lead to the formation of gel-like emulsions con-
taining alginate in the continuous phase and thus improve the creaming
stability of plant protein-stabilized emulsions, which has not previously
been studied.
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Furthermore, there are mainly two advantages of this method.
Firstly, this is a simple method to prepare gel-like emulsions by mixing
micro-gel particles with emulsions, and the viscosity and gel strength of
gel-like emulsions can be easily controlled by adjusting the amount of
micro-gel particles for different applications in foods. In addition, a
novel food structure (i.e., microgel-in-gel-like emulsions) can be devel-
oped, which may be used for specific delivery systems in future.
Therefore, the aim of this study was to investigate the formation and
properties (i.e., rheology, morphology, droplet size, creaming stability,
digestion, and encapsulation for food nutrients) of alginate/microgel-
induced gel-like emulsions and to improve creaming stability of SPI-
stabilized emulsions by formation of such gel-like emulsions.

2. Materials and methods
2.1. Materials

SPI containing 96.29 + 0.03% protein was extracted from defatted
soy flour (Bob’s Red Mill, Milwaukie, Oregon, USA) by the method
described in our previous study (Lin, Kelly, Maidannyk, & Miao, 2020).
Sodium alginate (M = 69-117 kDa) was obtained from Special In-
gredients (Chesterfield, UK), and sunflower oil (Aldi Stores Ltd., Kildare,
Ireland) was purchased from local markets. Span 80, CaCly-2H50,
NaOH, HCI, tomato extract, sodium azide, butylated hydroxytoluene
(BHT), hexane, acetone, ethanol, and other analytical reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of emulsion micro-gel particles

The external O/W/O emulsion-gelation method was used to prepare
emulsion micro-gel particles. The coarse emulsions were firstly prepared
by mixing 20 wt% sunflower oil with 80 wt% SPI dispersions containing
2.0 wt% SPI at 16,000 rpm for 2 min with an Ultra-Turrax (IKA-25,
Staufen, Germany). The primary emulsions were then prepared by
mixing coarse emulsions with 2.0 wt% sodium alginate solutions (1: 3,
w/w) at 14,000 rpm for 2 min. The secondary emulsions were finally
prepared by mixing primary emulsions (20 wt%) with oil phase con-
taining 78 wt% sunflower and 2.0 wt% Span 80 at 700 rpm for 5 min
with a magnetic stirrer, and then CaCly-2H>0 solutions (1.0 wt%) were
added into secondary emulsions (1:5, w/w) and stirring at 1000 rpm for
30 min. The resultant dispersions were then poured into deionized water
(1: 5, w/w), mixed at 500 rpm for 1 min and left to stand for 2 h.
Emulsion micro-gel particles in sediments were finally collected by
filtration and washed twice by deionized water after the oil cream in the
top of mixtures was removed.

2.3. Preparation of emulsions containing micro-gel particles

SPI dispersions were firstly prepared by stirring SPI powders (2 g)
with deionized water (78 g) for 2 h. Sodium alginate solutions (2.0 wt%
in deionized water) were also prepared by stirring for 24 h to permit
hydration. Coarse emulsions (i.e., SPI-stabilized emulsions) were then
prepared by mixing 20 wt% sunflower oil with 80 wt% SPI dispersions at
16,000 rpm for 2 min with an Ultra-Turrax (IKA-25, Staufen, Germany).
The primary emulsions (i.e., alginate/SPI-stabilized emulsions) were
then prepared by mixing coarse emulsions (containing 0.5-2.0% SPI and
5.0-20% SPI) with sodium alginate solutions (0.2-1.0%) at a ratio of 1:
1, w/w and homogenizing at 14,000 rpm for 2 min with an Ultra-Turrax.
The coarse emulsions and sodium alginate solutions were diluted with
deionized water before mixing.

For preparation of alginate/SPI-stabilized emulsions containing
micro-gel particles, gel particles, which were prepared as described in
Section 2.2, were firstly dried using filter paper to absorb free water
from gaps in particle clusters. In order to increase the dispersibility of
micro-gel particles in emulsions, gel particle dispersions (10-50% in
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deionized water, w/w) were then prepared by adding deionized water
into micro-gel particles and stirring mildly for 1 min using a magnetic
stirrer. Emulsions containing micro-gel particles (2.0-10 wt% in final
emulsions) were finally prepared by mixing primary emulsions with
micro-gel particle dispersions (4:1, w/w) at 500 rpm for 1 min using a
magnetic stirrer and the properties of final emulsions were then
measured immediately. The control samples were prepared by mixing
primary emulsions with deionized water (4:1, w/w) using a magnetic
stirrer.

2.4. Properties of emulsions containing micro-gel particles

2.4.1. Visual appearance

Emulsions (~10 g) were transferred into screw-cap glass bottles
before resting for 2 h, and then samples were turned upside down before
taking photographs of them using a smart phone camera (iPhone 7,
Apple, Cupertino, CA, USA). A black cardboard was placed under sam-
ples and another was placed in the background before taking photos.

2.4.2. Rheological measurements

The rheological properties of emulsions were measured using an AR
2000ex rheometer (TA Instruments, Crawley, UK). Emulsions were
added on an aluminium parallel plate (60 mm in diameter, and 0.5 mm
in gap) and allowed to stand at 20 °C for 2 min before measurement. The
flow measurement (the shear rate from 0.1 to 300 s~ 1) and oscillatory
measurement (the frequency from 0.1 to 10 Hz with a fixed strain of
0.1%) were then carried out to determine the viscosity () and the
storage (G') and loss (G”) modulus of emulsions, respectively.

2.4.3. Micro-structure of emulsions

An Olympus BX51 light microscope (Olympus Optical Co. Ltd.,
Tokyo, Japan) with a built-in camera was used to record microscopic
images of emulsions. Samples were dropped on a microscope slide using
pipettes without covering with glass coverslips and observed using 4 x
or 10 x objective lens and 10 x eyepiece. Images were then taken using
the camera control software ProgRes CapturePro 2.10 (Jenoptik, Jena,
Germany).

2.4.4. Creaming stability measurements

The stability of emulsions to gravitational separation (i.e., creaming
stability) was analyzed with a Lumisizer (LUM GmbH, Berlin, Germany).
Emulsions were centrifuged at 3000 rpm and 25 °C with a scanning rate
of once every 20 s for 300 profiles. The space- and time-related trans-
mission profiles over the sample length and the fluctuation in light
transmittance during centrifugation were recorded.

2.4.5. Size distribution measurements

A MasterSizer 3000 (Malvern Instruments Ltd., Worcestershire, UK)
was used to measure the droplet-size distribution of emulsions. The
obscuration rate, stirrer speed, refractive index and absorption index
were set at 1%-10%, 2000 rpm, 1.48, and 0.001, respectively.

2.5. Preparation and storage stability of emulsions containing lycopene

For preparation of lycopene-encapsulated emulsions, 30 mg of to-
mato extract (containing 0.059 mg lycopene/mg) were dissolved in 20 g
of sunflower oil at 140 °C with stirring for 30 s before cooling down to
the room temperature, and then lycopene-encapsulated primary emul-
sions containing micro-gel particles were prepared as described in Sec-
tion 2.3.

Emulsions (~10 g) containing lycopene and micro-gel particles were
transferred into screw-cap tubes and stored in a cold room at 4 °C for 6
weeks in the dark. Properties of emulsions (e.g., visual appearance,
micro-structure, and droplet-size distribution) were measured every 2
weeks during storage as described in Section 2.4, but the refractive index
of 1.69 was used for the droplet-size measurement of emulsions
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containing lycopene. The remaining lycopene in emulsions (Crycg)
during storage was also extracted and measured as described by Lin et al.
(2021).

2.6. Bioaccessibility of lycopene after in-vitro digestion

Simulated digestion of emulsions included the oral, gastric and small
intestinal phases in this study, which was performed as described in our
previous study (Lin et al., 2021). The digesta after intestinal digestion
was centrifuged at 4500 rpm (~1900xg) and 4 °C for 40 min (Mikro
200R, Hettich, Tuttlingen, Germany), and the middle layer, which was
regarded as the micelle fraction, was collected and weighted (Wtyicelte)-
Lycopene in 0.5 g of the micelle fraction (Cryc.m) was extracted and
measured by the method described in our previous study (Lin et al.,
2021). The bioaccessibility of lycopene in the micelle was then calcu-
lated by Eq. (1):
~ Wiyen Crye-m X Wipgicene

= = x 100% (@D)]
Wirye g Cryc-g X 5 ’

Bioaccessibility (%)

where Wtpyc.m and Wtyyc.g are the amount of lycopene in the micellar
phase and that in the original emulsions before digestion, respectively,
Cryck is the lycopene content in original emulsions, and 5 g is the weight
of original emulsions used for in-vitro digestion.

3. Results and discussion

3.1. Effect of concentrations of alginate-based micro-gel particles,
alginate, and SPI-coated droplets on the formation of gel-like emulsions

Table 1 shows the effect of concentrations of alginate-based micro-
gel particles, alginate, and SPI-coated droplets on the gel point of SPI-
stabilized emulsions. The establishment of gel point of emulsions in
this study was based on the rheological properties of emulsions (Figs. S1
and S2). At the gel point, emulsions changed from liquid-like behavior,
with relatively low viscosity, to solid-like behavior, with shear-thinning
properties and G’ value higher than G

As shown in Table 1, gel-like emulsions could not be obtained in SPI-
stabilized emulsions without alginate no matter how many micro-gel
particles (0-10%) were added. When the concentration of alginate in
emulsions increased to 0.1%, and 10% of micro-gel particles were
added, gel-like emulsions formed, while emulsions still showed liquid-
like behavior under low concentrations of micro-gel particles
(0-8.0%). In addition, when the concentrations of alginate in emulsions

Table 1

Effect of concentrations of alginate-based micro-gel particles, alginate, and SPI-
coated droplets on the formation of gel-like emulsions. When the effect of
alginate concentration (0-0.5 wt%) was investigated, the concentration of SPI-
coated droplets was set at 5.0 wt%. When the effect of concentration of SPI-
coated droplets (0-10 wt%) was investigated, the alginate concentration was
set at 0.3 wt%. The results shown are based on the rheological properties of
emulsions (see supplementary material).

Samples Alginate (wt%) SPI-coated droplets

(Wt%)

0 0.1 03 05 0 25 50 10

Micro-gel particles (wt 0 X X X X X X X X
%) a
2 X X X X X X X X
4 X X X X X X X X
6 X X v v v v v 4
8 X X 4 v v v v v
10 x Ve v VS v v
@ A cross mark indicated that emulsions were still liquid with relatively low

viscosity.
b A check mark indicated the formation of gel-like emulsions with shear-
thinning behavior and G’ value higher than G".
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increased to 0.3% or 0.5%, gel-like emulsions formed at high concen-
trations of micro-gel particles (6.0-10%). These indicate that the con-
ditions for the formations of gel-like emulsions were the presence of
alginate and addition of high levels of micro-gel particles.

It has been reported that calcium ions were distributed at the sur-
faces of alginate-based macro-gel beads produced by external gelation,
as determined by electron dispersive spectroscopy (Patel, AbouGhaly,
Schryer-Praga, & Chadwick, 2017). Therefore, it can be proposed that
the mechanism of the formation of gel-like emulsions containing algi-
nate and Ca’™-induced alginate micro-gel particles is probably in-
teractions between alginate molecules and Ca®t on the surfaces of
alginate micro-gel particles in the continuous phase of emulsions, which
however needs further investigation. This potential mechanism for the
formation of alginate-based gel-like emulsions is different from that in
previous studies, in which insoluble calcium salts (e.g., CaCOs3, CaSOy,
or CaEDTA) were introduced into emulsions containing alginate before
an acid (e.g., GDL or pyrophosphate) was added to release calcium ions
and trigger the gelation and formation of alginate-based emulsion gels
(Pintado, Ruiz-Capillas, Jiménez-Colmenero, Carmona, & Herrero,
2015; Sato, Moraes, & Cunha, 2014).

Table 1 also shows that 0.3% of alginate solutions without SPI-coated
droplets also showed solid-like behavior at high concentrations of micro-
gel particles (6.0-10%), and the gel point was unchanged when the
concentrations of SPI-coated droplets increased from 0% to 10%. These
indicate that the concentration of SPI-coated droplets and interactions
between alginate micro-gel particles and SPI-coated droplets played a
relatively unimportant role in the formation of gel-like emulsions. This
was probably because the ionic bonding between alginate and Ca®" is
stronger than electrostatic interactions between SPI and Ca®* (Chan,
Jin, & Heng, 2002; Lu, Lu, Yin, Cheng, & Li, 2010), or may relate to the
fact that contents of SPI in emulsions were less than 1.0% in this study,
which were much lower than the concentrations of SPI (>6.0%) needed
for Ca®*-induced protein gelation (Maltais, Remondetto, Gonzalez, &
Subirade, 2005). Therefore, it can be concluded that the gel point of
emulsions was affected by the concentrations of micro-gel particles and
alginate rather than the concentration of SPI-coated droplets in this
study.

3.2. Properties of emulsions containing alginate and micro-gel particles

Fig. S1 shows that although emulsions containing 5.0% SPI-coated
droplets, 0.1% alginate, and 10% micro-gel particles exhibited gel-like
behavior (i.e., G’ > G"), the G’ values of gel-like emulsions (i.e.,
0.5-2.0 Pa) were low, which indicates low extents of cross-linking in the
resultant gel-like emulsions. Therefore, properties of emulsions con-
taining 5.0% SPI-coated droplets, higher concentration of alginate (i.e.,
0.3%) and various concentrations of micro-gel particles (i.e., 0-10%)
were further examined.

Food Hydrocolloids 121 (2021) 107040

3.2.1. Rheological properties

Fig. 1A shows that the viscosity of emulsions increased with
increasing the concentrations of micro-gel particles from 0 to 10% in
emulsions. This was probably because increased interactions between
micro-gel particles and alginate molecules in the continuous phase
decreased the fluidity of emulsions. In addition, emulsions containing
higher contents of micro-gel particles (>6.0%) showed more obvious
shear-thinning behavior in the low range of shear rate, which also in-
dicates that the extent of cross-linking between micro-gel particles and
alginate molecules increased when increasing the concentrations of
micro-gel particles. This was also confirmed by the increased values of
G’ and G” of emulsions containing higher contents of micro-gel particles
(>6.0%) (Fig. 1B). A similar result has been reported, where emulsion
gels were prepared by introducing Persian gum and CaCl, into the
continuous phase of whey protein isolate-stabilized emulsions, and
increasing the levels of Persian gum increased the G/, G”, and n* values
of emulsion gels (Khalesi, Emadzadeh, Kadkhodaee, & Fang, 2019).

Fig. 1B also shows that emulsions containing low levels of micro-gel
particles (<6.0%) had low G’ values (<10 Pa), while emulsions turned
into gel-like emulsions (G’ > G") when 6.0% micro-gel particles were
added, and that increasing the concentrations of micro-gel particles to
8% and 10% increased the G’ of gel-like emulsions to 12-35 Pa and
64-97 Pa, respectively, in the frequency range of 0.1-10 Hz.

In addition, the tan § (G’’/G’) values also deceased from 2.43 to 15.9
to 0.11-0.27 when increasing the concentrations of micro-gel particles
from 4.0% to 10%. This was probably because high contents of micro-gel
particles in emulsions led to the formation of network structures, in
which micro-gel particles may act as cross-linking sites between neigh-
boring alginate molecules through interactions between alginate mole-
cules and Ca?" on the surfaces of alginate micro-gel particles. However,
low concentrations of micro-gel particles (<6.0%) were insufficient to
cross-link alginate molecules and form network structures.

Our results thus indicate that the viscoelasticity of gel-like emulsions
can be easily adjusted by the addition amount of micro-gel particles. In
addition, the G’ values of gel-like emulsions gradually increased with
increasing oscillatory frequency (Fig. 1B), which also indicates the for-
mation of non-covalent bond-cross-linked network structures in gel-like
emulsions. The similar phenomenon has also been reported in SPI-
stabilized gel-like emulsions produced by microfluidization (Tang &
Liu, 2013).

3.2.2. Morphology, micro-structure and droplet-size distribution

Fig. 2A shows the visual appearance of SPI-stabilized emulsions
containing 0.3% alginate and 0-10% of micro-gel particles. Emulsions
without micro-gel particles moved to the bottom of bottle after inverting
the glass bottle, while some emulsions containing 2.0-4.0% of micro-gel
particles stuck to the inner walls of bottles, due to the slightly increased
viscosity (Fig. 1A). Emulsions containing 6.0% of micro-gel particles
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Fig. 1. (A) Viscosity and (B) moduli (G’ and G") of emulsions containing 0-10% micro-gel particles, 0.3% alginate and 5.0% oil droplets.
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Fig. 2. (A) Visual appearance and (B) micro-structure with droplet-size distribution of emulsions containing 5.0% oil droplets, 0.3% alginate and 0-10% micro-

gel particles.

turned into gel-like emulsions and some residual gel material remained
on the top and wall of bottle after inverting it, while emulsions con-
taining 8-10% of micro-gel particles showed solid-like and self-standing
behavior, and are classed as emulsion gels, probably due to high extents
of cross-linking between alginate molecules and micro-gel particles in
the continuous phase of emulsions. Our results indicated that SPI-
stabilized liquid emulsions, gel-like emulsions, or emulsion gels could
be obtained by adjusting the content of micro-gel particles. Similar re-
sults have also been reported, where starch granule-stabilized Pickering
emulsions converted from liquid-like behavior to solid-like behavior
with increasing the oil volume fractions from 10% to 60% (Li, Zhang, Li,
Fu, & Huang, 2020).

Fig. 2B shows the micro-structure and droplet-size distribution of
SPI-stabilized emulsions containing 0.3% alginate and 0-10% of micro-
gel particles. Partial emulsion flocculation occurred in emulsions
without micro-gel particles (i.e., the control sample), probably because
the electrostatic repulsion between anionic alginate and SPI-coated
droplets at pH 6-7 led to depletion flocculation (Fioramonti, Martinez,
Pilosof, Rubiolo, & Santiago, 2015). Both micro-gel particles and
emulsion droplets could be observed in samples containing 2.0-4.0% of
micro-gel particles, and they had similar droplet sizes to the control
sample. However, increasing the contents of micro-gel particles to
6.0-10% significantly increased the droplet size of sample (i.e., the
presence of another peak at around 100 ym in the distribution), but the

micro-structure of emulsion droplets containing 6.0-10% of micro-gel
particles were similar to those containing 2.0-4.0% of micro-gel parti-
cles, in which droplet coalescence did not occur. Therefore, the possible
reason for increased droplet size was that the presence of micro-gel
particles with D43 of 63.3 + 7.4 ym (Fig. S3) were detected in sam-
ples containing higher contents of micro-gel particles (i.e., 6.0-10%),
although the presence of micro-gel particles had no significant effects on
the emulsion droplet-size distribution, regardless of micro-gel particle
concentration.

3.2.3. Creaming stability

Fig. 3 shows the light transmission profiles of SPI-stabilized emul-
sions containing 0.3% alginate and 0-10% of micro-gel particles during
centrifugation. The light transmission through the bottom of sample
cells containing emulsions without micro-gel particles (i.e., the control
sample in Fig. 3A) increased sharply during centrifugation, which in-
dicates the occurrence of creaming in the control sample. Creaming in
emulsions is driven by the buoyancy of emulsion droplets dispersed in
the continuous phase and, according to the Stokes law, the creaming rate
(Cr) can be calculated through Eq. (2):

R (p. = p,)
’1(.‘

Cr= (2)
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Fig. 3. (A-F) Transmission profiles with time of emulsions containing 5.0% oil droplets, 0.3% alginate and 0%, 2.0%, 4.0%, 6.0%, 8.0%, or 10% micro-gel particles

during 100 min of centrifugation at 3000 rpm.

where R indicates the size of droplets, p. indicates the density of the
continuous phase, p, indicates the density of droplets, and 7, indicates
the viscosity of the continuous phase (Chanamai & McClements, 2000).

However, the presence of low levels of micro-gel particles in emul-
sions (i.e., 2.0-4.0%) slowed the changes on the light transmission
through the bottom of sample cells (Fig. 3B and C), which indicates an
increase in creaming stability of emulsions. This was probably because
low extents of cross-linking occurred between alginate molecules and
micro-gel particles in the continuous phase, which increased the vis-
cosity of the continuous phase and thus decreased the creaming rate of
emulsions. Further increasing the addition levels of micro-gel particles
in emulsions to 6.0-10% led to a stable system with low light

transmission in emulsions during centrifugation (Fig. 3D-F), which
indicated high creaming stability of emulsions, probably because of the
high extents of cross-linking between alginate molecules and micro-gel
particles and the formation of gel-like emulsions.

3.3. Storage stability and digestion of alginate/microgel-induced gel-like
emulsions with encapsulated lycopene

3.3.1. Storage stability of emulsions with encapsulated lycopene

The storage stability of emulsions containing 0%, 4.0%, or 8.0% of
micro-gel particles and encapsulated lycopene were further investi-
gated, by storage of samples at 4 °C in the dark for six weeks. Fig. 4A
shows the visual appearance of emulsions during storage. It can be seen

Lycopene content (ma/kg)

4 8
Micro-gel particle content (%)

Fig. 4. (A) Visual appearance of emulsions, (B) micro-structure with droplet-size distribution of emulsions, and (C) lycopene content in emulsions containing 5.0%
oil droplets, 0.3% alginate and 0%, 4.0%, or 8.0% micro-gel particles during storage for six weeks at 4 °C and darkness.
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that creaming occurred in the control samples without micro-gel parti-
cles during storage, while emulsions containing 4.0% or 8.0% of micro-
gel particles showed relatively high creaming stability. This was prob-
ably because the interactions between micro-gel particles and alginate
molecules increased the viscosity of the continuous phase, decreased the
mobility of droplets, and thus improved the storage stability of emul-
sions, as discussed in Section 3.2.3.

The micro-structure and droplet-size distribution of emulsions dur-
ing storage were also investigated (Fig. 4B). The D43 of droplets in
emulsions containing 0% or 4.0% of micro-gel particles before storage
were 9.31 £ 0.03 ym and 9.12 £ 0.02 ym with one peak in the distri-
bution, respectively, while the D4 3 of droplets in emulsions containing
8.0% of micro-gel particles before storage were 74.2 + 12.7 ym, with
two peaks in the distribution. The droplet size of emulsions containing
0%, 4.0%, or 8.0% micro-gel particles after storage for six weeks were
9.26 + 0.04 ym, 9.08 £+ 0.04 ym, and 83.6 + 2.2 um, respectively. In
addition, droplet coalescence was not observed from micro-structure of
emulsions during storage. These indicate that all SPI-stabilized emul-
sions containing alginate showed good stability to coalescence regard-
less of the presence of micro-gel particles, probably because proteins
absorbed at the surfaces of droplets could prevent two droplets from
merging to form a larger droplet (Tcholakova, Denkov, Ivanov, &
Campbell, 2006).

Fig. 4C shows the content of lycopene encapsulated in SPI-stabilized
emulsions containing 0%, 4.0%, or 8.0% of micro-gel particles during
storage. Lycopene in all samples showed high stability during storage,
although their contents decreased slightly. It is well known that heating
(>100 °C) and light irradiation can accelerate lycopene degradation
(Ax, Mayer-Miebach, Link, Schuchmann, & Schubert, 2003; Shi, Le
Maguer, Bryan, & Kakuda, 2003). However, samples were stored at 4 °C
in the dark in this study, so lycopene were relatively stable, although the
mobility of droplets in emulsions containing different levels of micro-gel
particles were different.

Oral di Gast
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3.3.2. Bioaccessibility of encapsulated lycopene from emulsions after
digestion

In-vitro digestion of emulsions containing 0%, 4.0%, or 8.0% of
micro-gel particles and encapsulated lycopene were also studied, and
Fig. 5 shows the micro-structure of emulsions during digestion. Emul-
sions after oral digestion had similar structures to those before digestion
(Fig. 4B). However, severe flocculation occurred during gastric digestion
in all samples, probably because the pH of simulated gastric liquids was
maintained at 3.0 and the surface charges of SPI-stabilized droplets and
the repulsive forces between neighboring droplets decreased at such pH.
It has also been reported that whey protein-stabilized emulsions un-
derwent flocculation during simulated gastric digestion at pH 2.52-6.16
(Wang, Lin, Ye, Han, & Singh, 2019). Fig. 5 also shows that small parts of
droplets could still been observed after intestinal digestion for 2 h, and
some droplets were coated by membranous cysts in emulsions contain-
ing 4.0% or 8.0% of micro-gel particles, which was probably because
undigested gel-like alginate films attached to the droplets.

In addition, the bioaccessibility of encapsulated lycopene after in-
testinal digestion was also investigated, and the lycopene bio-
accessibility in emulsions containing 0%, 4.0%, or 8.0% of micro-gel
particles were 56.78 + 6.98%, 52.65 + 7.13%, and 50.95 + 6.65%,
respectively. It is known that carotenoids in lipids could be released and
dissolved into micelles during intestinal digestion along with lipid
digestion (Mutsokoti et al.,, 2017), while the presence of
microgel-induced gel-like alginate matrices in emulsions may inhibit
availability of enzymes to lipids and thus slow lipid digestion and
decrease carotenoid bioaccessibility. It has been reported that less
p-carotene was released from whey protein-beet pectin-stabilized
emulsions into micelles than from whey protein-stabilized emulsions
(Xu et al., 2014).

4. Conclusions

The formation and properties (i.e., micro-structure, rheological
properties, creaming stability, storage stability, and in-vitro digestion) of

Intestinal digestion

Fig. 5. Micro-structure of emulsions containing 5.0% oil droplets, 0.3% alginate and 0%, 4.0%, or 8.0% micro-gel particles during in-vitro digestion. Arrows pointed

out the membranous cyst-coated droplets.
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gel-like emulsions containing alginate-based micro-gel particles and
alginate molecules were investigated. The conditions for the formation
of gel-like emulsions were high concentrations of micro-gel particles
(>6.0%) in the presence of alginate (>0.1%), but the concentration of
oil droplets (0-10%) did not affect the gel point of emulsions, which
indicated that interactions between alginate molecules and micro-gel
particles may be the reason for the formation of gel-like emulsions. In
addition, increased viscosity and G’ values of emulsions/gel-like emul-
sions with increasing contents of micro-gel particles in emulsions also
indicated increased cross-linking between alginate molecules and micro-
gel particles. The creaming stability and storage stability of emulsions
were significantly improved after introducing high concentrations of
micro-gel particles (>6.0%) compared to the control samples without
micro-gel particles, although the presence of micro-gel particles slightly
decreased the in-vitro bioaccessibility of lycopene encapsulated in
emulsions. However, the mechanism of interactions between alginate
molecules and Ca?*-induced micro-gel particles (especially the surface
properties of micro-gel particles), the effect of higher oil phase fraction
(>10%) on the properties of alginate/microgel-induced gel-like emul-
sions, and the application of these gel-like emulsions in foods, need
further investigation.
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