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Abstract

Novel starch-based emulsion microgel particles were designed using a facile top-down shear-
induced approach. The emulsion droplets were stabilized using octenyl succinic anhydride
(OSA) modified starch and incorporat@to heat-treated and sheared native starck, gel
forming emulsion gels. Using gelation kinetics and small deformation rheological
measurements of sheared native starch gels and emulsion gels, OSA starch-stabilized emulsion
droplets were demonstratedéaotas “active fillers”. By varying native starch concentrations
(15-20 wt%) and oil fraction®-20 wt%), optimal concentrations for the formation of emulsion
microgel particles were identified. Microscopy at various length scales (transmission confocal
laser scanning and cryo-scanning electron microscopy) and static light scattering
measurements revealed emulsion microgel particles of 5ib0diameter. These novel
emulsion microgel particles created via careful combination of gelatinized native starch and
OSA stabilised-emulsion droplets acting as active fillers may find applications in food and

personal care industries for delivery of lipophillic molecules.
Keywords

Emulsion microgel particle; native starch; OSA starch; encapsulation; rheology; active filler

1 Introduction

Lipophilic molecules, such as flavourings, essential oils or drugs pose considerable
challenges when incorporated into food, pharmaceuticals and other soft matter applications,
due to their partial or complete water insolubility. Because of this and their susceptibility to
oxidation, most of these compounds are difficult to deliver pre- and post-consumption
(McClements, 2015). A wide range of emulsion-based approaches have been developed to
encapsulate oil-soluble molecules, such as conventional emulsions, nanoemulsions, double

emulsions, emulsion gels, etc, (Zhang, Zhang, Chen, Tong & McClements, 2015).
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Emulsion microgel particles are a relatively new class of soft solids vehicle that has not
been explored as widely. The particles have a similar structure to emulsion gels, although their
physical characteristics and length scales differ. In emulsion microgel particles, emulsion
droplets are stabilised by an emulsifier and gelling agent inside a larger (microgel) particle
(Torres, Murray & Sarkar, 2016, 2017). In other words, several emulsion droplets are
encapsulated together within a soft solid shell. The soft solid shell around the oil droplets has
been demonstrated to protect lipophilic compounds against oxidation (Beaulieu, Savoie,
Paquin & Subirade, 2002). The microgel particle itself can be dispersed in a controlled manner
in an aqueous media. Additionally, microgel particles allow swelling or de-swelling as a
function of environmental conditions, tuning ithgize and/or physicochemical properties,
enabling the protection and possible release of lipophilic active compounds in a range of soft
material applications (Ballauff & Lu, 2007; Wei, Li & Ngai, 2016)ence, it is important to
design such emulsion microgel particles using biocompatible polymers, such as starch, which
is the second most abundant biopolymer in nature.

Native starch is widely used in commercial applications and its versatility as a gelling age
is well-recognized (Teyssandier, Cassagnau, Gérard & Mignard, 2011; Zhang et al., 2013)
Drastic changes in the microstructure and viscoelastic properties of starch gels can be generated
by shearing during gelatinization. Previous studies have shown that shear breaks down the
swollen granules into smaller fragments producing a more viscous and translucent gel. These
smaller fragments have been suggested to be responsible for decreasing the rigidity by acting
as inactive fillers in the amylose gel matrix (Lu, Duh, Lin & Chang, 2008; Svegmark &
Hermansson, 1991).

The incorporation of solubilized modified starch into non-sheared gelatinized native starch
has also been reported to affect the viscoelasticity and retrogradation properties of native starch

gels (Thirathumthavorn and Charoenrein, 2006, Tukomane and Varavinit, 2008). On the other
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hand, starch modified with octenyl succinic anhydride (OSA) has been widely demonstrated to
stabilize oilin-water emulsions, via the addition of hydrophobic groups (OSA) to the starch
molecules (Zhang et al., 2015, Nilsson and Bergenstahl, 2006, Tesch et al., 2002). The
incorporation of hydrophobic groups in OSA starch molecules has been suggested to retard
hydrogen bonding between amylose molecules in the native starch dispersions, hindering the
gelation process (Thirathumthavorn and Charoenrein, 2006, Tukomane and Varavinit, 2008,
Bao et al., 2003). Aggregation of OSA groups has also been shown to allow the formation of a
network via hydrophobic interactions between adjacent OSA starch chains (Ortega-Ojeda et
al., 2005, Thirathumthavorn and Charoenrein, 2006, Tukomane and Varavinit, 2008).
Nevertheless, no studies have been performed to understand the interaction between OSA
starch at the oil-water interface and sheared gelatinized native starch. It is criticakstantte

how OSA starch-stabilized emulsion droplets would bind to a sheared starch matrix within an
emulsion gel and how this would influence processing of this starch-based emulsion gel into
emulsion microgel particles via a top-down approach i.e., controlled shearing.

To our knowledge, there is only one study in the literature describing production of starch-
based microgel particles, however involving protein coated oil droplets (Malone and
Appelqvist, 2003) In this study, starch granules were dispersed into a low oil fraction (<
10wt%) sodium caseinate-stabilised ioiwater emulsion, which was then heat treated to
allow the starch to gelatinize, followed by moulding into gel particles of 3 mm of diameter. It
is worth recognizing that thermodynamic incompatibility between the protein and the starch at
the oil/water interface might result in uncontrolled release behaviour as well as instability of
the particles over time if the oil fraction was increased above 10 wt%. The large particle size
(> 45um) might also limit food applications due to possible impact on sensory perception
(Torres, Murray & Sarkar, 2016). An alternative would be to explore designing OSA starch-

stabilized emulsion droplets embedded into a sheared starch matrix. In addition, it would be
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crucial to understand how gel stiffness and emulsion droplet binding to the starch matrix would
affect the ability to break up such a system into emulsion microgel particles via a controlled
shearing process (top-down approach).

Therefore, the objectives of this study were firstly to understand the interactions between
OSA starch-stabilized emulsions and gelatinized sheared native starch and secondly to design
starch-based emulsion microgel particles usingntrolled shearing process. As a control, the
interactions between solubilized OSA starch and sheared native starch were also studied using
small deformation rheology. It is hypothesised that the OSA-stabilised emulsion droplets
would strongly bind to theheared native starch gel as‘antive filler” and this should enable

break up of this emulsion gel into microgel particles without any oil leakage.

2 Material and Methods

2.1Materials
Wheat native starch was purchased from Sigma-Aldrich (Gillingham, Céthmercial OSA
starch refined from waxy maize starch was used. Sunflower oil was obtained from Morrisons
(UK) supermarket. All dispersions were prepared with Milli-Q water hasingsistivity of
18.2 MQ-cm at 25 °C (Milli-Q apparatus, Millipore, Bedford, UK). All other chemicals were

of analytical grade and purchased from Sigma-Aldrich unless otherwise specified.

2.2 Determination of amylose content of native wheat starch and waxy OSA starch
The amylose content was determined using a spectrophotometer (6715 UV/Vis.
Spectrophotometer, Jenway, Keison Ltd, UK) following the method developed by Kaufman,
Wilson, Bean, Herald and Shi (2015).
The amylose standard curve was prepared using different ratios of pure amylose from potato

and pure amylopectin from corn starch purchased from Sigma-Aldrich (Dorset, UK).
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The regression equation was determined from the standard curve using the absorbance
difference between 620 and 510 nm. The amylose content of the different starch sample was

then calculated using eq (1):

(Abs 620—Abs 510)—y intercept of regression (1)

Amylose % = ,
slope of regression

2.3 Preparation of stock modified starch stabilized lsmons
The OSA starch at different concentrations (1.7, 3.4 and 6.7 wt%) was dissolved i@ Milli-
water and gently stirred (500 rpm) for 2 h using a magnetic stirrer.

Sunflower oil was subsequently mixed with the OSA starch dispersion at ambient
temperature. The ratio of the lipid phase to aqueous phase in the emulsion was 40:60 (w/w),
with a final OSA starch concentration of 1, 2 or 4 wt%. These oil-aqueous phase mixtures were
pre-emulsified with a high speed rotor-stator mixer (Silverson, L5M-A, UK) at 8,000 rpm for
5 min for 1 and 2 wt% OSA starch or 10 minutes for 4 wt% OSA starch. The pre-emulsions
were further homogenized in a laboratory scale two-stage valve high pressure homogenizer at
250/50 bar using two passes (Panda Plus, GEA Niro Soave, Parma, ltaly). The emulsion

samples were stored at 4 °C for 24 h for further analysis.

2.4 Particle size analysis
The particle size distribution of the emulsion droplets and emulsion microgel particles was
measured via a Malvern Mastersizer 3000E hydro, (Malvern Instruments, Worcestershire,
UK). Sizing of the emulsion oil droplets was conducted based on a relative refractive index
(RI) of 1.097 (i.e., the ratio of tHel of sunflower oil (1.46) to that of the aqueous phase (1L.33)
Sizing of the emulsion microgel particles was conducted based on a r&labovéd.150 (i.e.,

the ratio of tle RI of the patrticle (1.5) to that of the aqueous phase at (1.33)). For comparison
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of particle size distributionsl;, = (X n;d? /Y n;d?) andd,; = (X n;d} /Y. n;d}) were

calculated.

2.5 Preparation of mixed gels and emulsion gels
Native starch gels were formed by dispersing nativeeat starch in MilliQ water and
heating at 80 °C for 40 minutes in a water batm®ianeously, shear treatment was
continuously applied for two minutes with three oiies interval using a hand blender
(Hand blender, XB986B, 170W, Argos, UK).
Emulsion gels containing different concentrations of native starch (15 or 20 wt%), OSA starch
(0.5, 1, 1.5 or 2 wt%) and oil fractions (5, 10, 15, 20 wt%) were prepared by mixing nativ
starch gels with 40 wt% oik-water emulsion stabilized by 4 wt% OSA starch at different
ratios. Table 1 summarizes the different initial and finalcemrations of native starch and

OSA starch as well as oil fraction.

Table 1. Initial and final concentrations of native starch and 40 wt%-@ikter emulsion
stabilised by 4 wt% OSA starch as well as mixing ratios for the formation of the different

emulsion gels.

Native Oil-in-water Native Oil-in-water
starch gel Emulsion Native starch starch gel Emulsion
. Initial Initial gel : Emulsion . Final Final
'“'E‘\z{&'\;sl [0i]  [OSA] Ratio F'E‘V"’J{OBN)S] [oil] [0SA]
0 (Wt%)  (Wt%) 0 (Wt%) (Wt%)
17.2 87.5:12.5 5 0.5
20 75:25 10 1
24 40 4 62.5:37.5 15 15 15
30 50:50 20 2
22.9 87.5:12.5 5 0.5
26.7 75:25 10 1
32 40 4 62.5:37.5 20 15 15
40 50:50 20 2
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For comparison purposes, OSA starch dispersiortsowitany oil droplets was also mixed

with native starch using the same ratios as fordtmailsion gels, forming mixed OSA
starch-native starch gels.

The different ratios of OSA starch dispersion or emulsion were first heat treated to 80 °C before
being vigorously mixed with the sheared starch gel at 80 °C, allowing the formation of starch

mixed gels and emulsion gels, respectively.

2.6 Small deformation rheology

Small deformation viscoelasticity of the differegels was investigated under dynamic
oscillatory shear rheometry using a Kinexus ultraorneter (Malvern Instruments Ltd
Worcestershire, UK). A cone-and-plate geometry syst@l0 mm, model: CP4/40
SS017SS) was used for all measurements. About 0.5 mL efageplaced onto the sample
plate and sealed with a thin layer of the 350silicone oil to prevent evaporation.

The elastianodulus (G”) and viscousmodulus (G’’) were measured firstly while
conducting a strain sweep between 0.01 and 100 % strain, at 1 Hz and 25 °C, to determine the
linear viscoelastic region. A frequency sweep was also conducted between 0.6 to6atrad s
0.5 % strain and 25 °C to determine the complex viscosity (n*) of the different gels. The third
test performed on the different gels was temperature and time sweep, carried out in the linear
viscoelastic region (0.5 % strain) and 1 Hz. The sample plate was preheated to 80 °C before
the addition of the samples. TGé and G’ were measured during two different temperature
changes: (a) cooling at 4 °C ritifrom 80 °C to 25 °C and (b) holding at 25 °C for 66
minutes. The limiting deformation valg;) of the different gels was arbitrarily chosan
the point where the elastic modulus decreased by 20% from the first value of the modulus

measured at 0.1 % strain.



196 2.7 Preparation of emulsion microgel particles

197 Emulsion microgel particles were produced using@down approach as illustrated in
198 Figure 1. The sheared native starch gels or emulpeds were refrigerated 4t°C for three
199 hours. The refrigerated emulsion gels were thersgrhswice through a laboratory scale
200 two-stage valve high pressure homogenizer at 25680 Panda Plus, GEA Niro Soave,
201 Parma, ltaly). The resulting particles were colldcite a beaker and immediately diluted
202  with Milli-Q water and stirred for 30 min at 150nmpto limit particle aggregation.

203

OSA starch 40 wt% oil-in-water emulsion
dispersion o0 o stabilised by 4 wt% OSA

- %,%rg}i 40 wt% oil Q;\

6.7 Wt% OSA starch

Homogenization

250/50 bars

| ; ; Emulsion microgel
Native starch emulsion gel g

Native starch

particles

gel:Emulsion

87.5:12.5 Homogenization | 4§
75:25

62.5:37.5 : :>
50:50 250/50 bars

Broken down
starch granules

Native wheat
starch granules

Heat g Shear and heat
" treatment treatment
(b) | IS ,\ P
\ <9 80 °C-10 min = 80 °C - 30 min
15 or 20 wt% native starch Thick opaque paste Viscous translucent paste

204  Figure 1. Schematic diagram and corresponding rgiamhs of the formation of OSA
205 starch-stabilised emulsion (a), sheared nativestgel (b) and native starch emulsion gel
206 and emulsion microgel particles (indicated withasHed box).

207

208 2.8 Microscopy

209  All emulsions, emulsion gels and emulsions microgel particlesl(p@ere imaged via optical

210  microscopy (Nikon, SMZ-2T, Japan), confocal laser scanning microscopy (CLSM) and cryo-

9
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scanning electron microscopy (cryo-SEM). A Zeiss LSM 700 confocal microscope (Carl Zeiss
Microlmaging GmbH, Jena, Germany) with a 40x magnification lens was used. Abalut 10

of Nile Red (1 mg mt! in dimethyl sulfoxide, 1:100 v/v) was used to stain oil (argon laser with
an excitation line at 488 nm), 1A of Nile Blue (0.1 mg mt! in Milli-Q water, 1:100 v/v)

was used to stain native starch (HeNe with an excitation line at 639 nm) aiddtQ %
Methylene Blue was used to stained OSA starch (Ar laser with an excitation line at 639 nm).

A cryo-scanning electron microscope (FEI Quanta 200F FEG ESEM, Japan), equipped
with a Quorum PolarPrep 2000 cryo-system was also used to study the structural features of
the emulsion microgel particles. A drop of emulsion microgel particles dispersion (10-20
was placed on rivets mounted on a cryo-SEM stub. These were then frozen in liquid nitrogen
slush and then transferred into the PP2000 preparation chamber. The frozen samples were
fractured with a blade and carefully etched at -95 °C for 4 min, followed by coating with
platinum (5 nm). The samples were then transferred into the cryo-SEM observation chamber

for imaging at 5 kV.

2.9 Statistical analysis
Data was obtained in triplicate and mean and standard deviation were calculated. Significant
differences between samples were determined by one-way ANOVA and multiple comparison

test with Tukey’s adjustment was performed using SPSS software (IBM, SPSS statistics,

version 24) and the level of confidence was 95%.

3 Results and Discussion

3.1Effect of the addition of OSA starch on native wheat starch gels

10
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The first set of control experiments were carried out with OSA starch added to native
starch without the addition of any emulsion droplets. This sets the scene to understand the
interaction between dispersed OSA starch and native starch. Figure 2 shelustihéG’)
and viscous (G’”) modulus of the different gels as a function of time and temperature.

All samples can be consideredgss from time 0 s since G’ >> G’” and G’ remained
relatively constant throughout the whole frequency range (0.6 to 60'yd@pplementary
file S1). The gels had similar rheological behaviour irrespective of the concentrations of native
starch (15 or 20 wt%) and OSA starch (0 to 2 wt%) used. During the cooling stage, G’ increased
by over 70% and during the holding stagé further increased by approximately 30%. This
significant increase in G’ can be attributed to the reorganization and association of colloidal-
and molecularly- dispersed amylose and amylopectin (Singh, Singh, Kaur, Singh Sodhi &

Singh Gill, 2003; Teyssandier, Cassagnau, Gérard & Mignard, 2011).

10000

480 180
o = )
1608 T 10004 \A leo®
o = o
NI 2
t40 £ 2 440 5
o @© Q
E g 100 £
oo 120"

0 10+ 0

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (s) Time (s)

Figure 2 Elastic modulus (G’, filled symbols) and icous modulus (G’’, empty symbols) as a

function of time and temperature (full black line) of 15 wt% native starch gel (A) and 20 wt%

native starch gel (B) prepared with different OSA starch concentrations (Omv®4& wt%,

o; 1 wt%, A; 1.5 wt%,¢; 2 wt%,<«) at 1 Hz and 0.5 % strain.

11
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As expected, the concentration of native wheat starch affected the initial and final elastic
modulus of the gels significantly (p <0.05) (Figure 2). For instance, the G’ increased by almost
one order of magnitude oncreasing the native starch concentration by 5 wt% (0.046 +£0.006
kPa for 15 wt% starch, 0.24 +0.034 kPa for 20 wt% starch). Amylose is the main starch
molecule responsible for forming the three-dimensional network (via hydrogen bonding)
between the starch chains during gel formation (Miles, Morris, Orford & Ring, 1985; Wang,
Li, Copeland, Niu & Wang, 2015). In this study, the amylose content of the native wheat starch
and commercial waxy OSA starch were measured to be 18.7% and 0.17%, respectively, in
accordance with previous studies (Singh, Singh, Kaur, Singh Sodhi & Singh Gill, 2003).
Increasing the concentration of native starch by 5 wt% would therefore increase the amylose
content by a factor of 1/4 in thendil gel, which explains the significantly higher G’ values
(Rosalina & Bhattacharya, 2002).

The addition of OSA starch (0.5 to 2 wt%) to 20 wt% sheared native starch gels did not
affect the initial ad final G’ of the gels significantly (p > 0.05) (Figure 2B). On the other hand,
the addition of OSA starch (0.5 to 2 wt%) to 15 wt% sheared native starch gels significantly
increased the initial strength of the gels by over 70% (from 0.046 kPa to 0.2 kPa), respectively
(Figure 2A, see supplementary file S2 for statistical analysis). Over time, however, only 0.5
and 1 wt% OSA starch significantly increased thalfiG’ of 15 wt% native starch, \b
approximately 50%.

Previous studies have demonstrated that high amounts of OSA starch (i.e. minimum
ratio of 20:80 by weight, OSA starch:native starch) added to non-sheared native starch affected
the retrogradation phenomenon of the gels (Ortega-Ojeda, Larsson & Eliasson, 2005;
Tukomane & Varavinit, 2008). The retrogradation process of amylose and amylopectin was
found to ke retarded due to the substitution of OSA groups on the amylopectin, hindering the

hydrogen bonding and re-association between starch molecules via steric hindrance (Bao,

12
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Xing, Phillips & Corke, 2003; Thirathumthavorn & Charoenrein, 2006). Additionally, the
viscosity and elastic modulus of mixed gels were found to increase significantly. These effects
were attributed to the ability of OSA starch to form hydrophobic interactions with other OSA
starch moleculegBhosale & Singhal, 2007; Krstonosi¢, Doki¢ & Milanovi¢, 2011).
Hydrophobic bonds between neighbouring OSA groups allidive formation of a network
increasing the elastic modulus of the gels (Ortega-Ojeda, Larsson & Eliasson, 2005; Tukomane
& Varavinit, 2008). Hence, the addition of 0.5 to 2 wt% OSA starch to the lower concentration
of native starch (15 wt%) affected the gel possibly via the same OSA starch-OSA starch cross-
linking mechanism. At the higher concentration of native starch (20 wt%), OSA starch had
probably little influence on the gels because the usual hydrogen bonds between native starch
molecules were more numerous and dominated the gel strength.

Figure 3 demonstrates that the addition of OSA starch (0.5 to 2 wt%) affected the linear
viscoelastic region (LVER) and limiting deformation vajyeof native starch gels, confirming
that addition of hydrophobic groups might have an impact on sheared native starch gel. Native
starch gels at both 15 and 20 wt%, without OSA starch, had a sjmilar> 0.05) of 10 and
3.2 % strain, respectively. The addition of over 1.5 wt% OSA starch to 15 and 20 wt% native
starch gels significantly increasgg to over 20 and 25 % strain (p < 0.05), respectively, even
though their elastic modulus and complex viscosity was similar to their respective native starch
gel without OSA starch (Figure 2A and Supplementary file S1A and B). At higher
concentration of OSA starch (> 1.5 wt%), a denser network might have been formed due to
OSA starch aggregation via hydrophobic interactions, which might have decreased the elastic
modulus of the mixed gels but increased their flexibility as well as their LVER (Bhosale &
Singhal, 2007; Sweedman, Tizzotti, Schéafer & Gilbert, 2013; Wang, Li, Copeland, Niu &
Wang, 2015). These OSA starch aggregates would have possibly allowed the gel network to

adsorb the energy applied during shearing and deform rather than fracture, for example

13
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Figure 3. Elastic modulus (G’, filled symbols) and viscous modulus (G’’, empty symbols) as a

function of strain of 15 wt% native starch gel (A) and 20 wt% native starch gel (B) prepared
with different OSA stare concentrations (0 wt%, m; 0.5 wt%, e; 1 wt%, A; 1.5 wt%,¢; 2
wt%, ). The limiting deformation valuey() of native starch gels at 15 wt% (black) and 20

wt% (white) is reported as a function of oil concentration (C), samples with syflaoé(not

significantly different (p > 0.05) to native starch gel (15 or 20 wt%) without OSA starch.
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(Dickinson, 2012; Torres, Murray & Sarkar, 2017his reversible decrease in G’ is
representative of “weak’ gel systems, which can undergo a progressive breakdown into smaller

clusters with increasing strain. In comparison, “strong” gels under strain break down in an

irreversible manner.

3.2 Droplet size of OSA-stabilised emulsions

6+ " (8)
' " d32=1.13 ym
ds2=0.15 pm ! da3=5.66 pm
d43=0.6 pm

0.01 0.1 1 10 100 1000
Droplet size (um)

Figure 4. Droplet size distribution (A) indicating.@nd ds values of 40 wt% oiln-water

emulsion stabilised by 1 wt% OSA (red dashed line), 2 wt% OSA (blue dotted line) and 4 wt%

OSA (black full line) and CLSM micrograph (B) of 40 wt% oikwater emulsion stabilised

by 4 wt% OSA, oil droplets in red stained using Nile Red and OSA starch in blue stained using

Methylene Blue. Scale bar represents 10 pm.

Figure 4A shows the oil droplet size distribution of 40 wt% sunflower oil emulsions
stabilised by either 1 wt%, 2 wt% or 4 wt% OSA starch. At the low concentration of OSA
starch (1 wt%), the droplet size distribution was bimodal and had a lasgealdewith
significant population of oil droplets in the region of 20 um suggesting aggregation or
coalescence. Increasing the concentration of OSA starch to 2 wt% led to a significant (90%)

decrease of theszgl and ds values, to 0.09 and 0.82 um respectively (Figure 4A). The
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significantly lower dz2 value (0.09 um) might suggest the formation of OSA starch aggregates

in the unadsorbed phase. Previous authors have referred to such aggregates of OSA starch
molecules as micelles, although the structures formed must be far more complex than
conventional surfactant micelldsrstonosic¢ et al. (2011), Zhu et al. (2013) and Sweedman et

al. (2014) reported critical micelle concentrations between 0.41 - 0.88 Gherefore, at 2

wt% OSA starch, the formation of micelles are unlikely. The increased OSA starch
concentration (from 1 to 2 wt%) might have allowed a faster adsorption of the OSA starch to
the oil droplet. Furthermore, an increase in viscosity of the aqueous phase, due to the increase
of OSA starch concentration, would limit any coalescence (as observed with the emulsion
stabilised by 1 wt%) post homogenization and thus significantly reduced the oil droplet size
(Nilsson and Bergenstahl, 2006).

. Doubling the concentration of OSA starch further to 4 wt% showed a significant
increase in the emulsion stability as the oil droplet size distribution became monomodal and
symmetrical. The CLSM image (Figure 4B) further confirms that the oil droplets (in red) were
uniformly distributed in agreement with the light scattering data (Figure 4A). These results are
in accordance with previous studies conducted on the stabilization properties of OSA starch
(Sweedman, Tizzotti, Schafer & Gilbert, 2013; Tesch, Gerhards & Schubert, FOORer
studies are needed focusing on kinetics of stability of OSA-starch stabilized emulsions
However, we note that most emulsions, if they exhibit the good stability shown here over 24 h,
tend to be stable over much longer peridgissed on theeresults, further experiments were

conducted using this optimized formulation (i.e., 40 wt% oil, 4 wt% OSA starch).

3.3 Rheological properties of OSA starch-stabilised emulsion gels
The influence of different concentrations of OSA starch-stabilised emulsions on the

rheology of the native sheared wheat starch gels was recorded (Figure 5A and B) saerethe
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351  Figure 5 Elastic modulus (G’, filled symbolg and viscous modulus (G”’, empty symbols) as a
352  function of time and temperature (full line) of 15 wt% native starch gel (A) and 20 wt% native
353  starch gel (B) prepared using different oil fractions (0 wt%, m; 5 wt%, e; 10 wt%, A ; 15 wt%,

354 ¢; 20 wt%,«), at 1 Hz and 0.5 % strain. Final elastic modulus of native starch gels at 15 wt%

355 (black) and 20 wt% (white) is shown as a function of oil concentration (C) measured at 25 °C,
356 1 Hz and 0.5 % strain, samples with symbolgre not significantly different (p > 0.05) to
357 native starch gel (15 or 20 wt%) without oil droplets.
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cooling and holding regime (from 80 to 25 °C followed by 66 min at 25 °C) as discussed for
the previous experiments. As in the previous results, all samples showed “gel”-like signature

from time 0 s since G’ >> G’’ and they all had a similar rheological behaviour irrespective of
the native starch (15 or 20 wt%) or OSA starch-stabilised emulsion concentrations (5, 10, 15
or 20 Wt%).

In contrast with the previous results (samples without added oil droplets) (Figures 2A
and 2B), the addition of OSA-stabilised emulsion had a significant impact on the final elastic
modulus of the gels (Figures 5A and 5B).The incorporation of the emulsions to 15 wt% native
starch gels led to an almost linear increase offittml G* (Figure 5C), although 5 wt% oil
appeared to be not sufficieatiough to increase the final G* of 15 wt% native starch gel
significantly (p > 0.05). The addition of 5 wt% emulsion droplets and/or 0.26 wt% OSA starch
did not contribute to significant strengthening of the gel matrix, probably because the OSA
starch molecules were mainly adsorbed at the surface of the oil droplets and were not in excess
to interact with the continuous phase (Dickinson & Chen, 1999). Also, the volume fraction of
filler added was not high enough to significantly reinforce the matrix (Torres, Murray & Sarkar,
2016) .

At 20 wt% native starch, the emulsion droplets (5 to 20 wt%) significantly (p < 0.05)
increased th final G’ of the gels (Figure 5B). The addition of 5 to 15 wt% oil provided an
average 0f50% increase in G’, whereas 20 wt% oil strengthened the gel matrix by
approximately 70% (Figure®. The oil droplet size was on average/0vi, hence the Laplace
pressure means such droplets can be considered effectively as solid particles (van Vliet, 1988).
The increasen elastic modulus (G”) points to the OSA-starch stabilized emulsion droplets
acting as‘active fillers’ in the starch gel matrix (Dickinson & Chen, 1999; Torres, Murray &
Sarkar, 2016, 2017). To our knowledge, this is the first study that reports the use of OSA starch-

stabilized droplets as active fillers in starch gels. The binding of the filler (droplets) to the
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matrix (native starch gel) was no doubt due to association between the native starch and OSA
groups protruding from the surface of the oil droplets. Three types of interactions might have
contributed to the filler-matrix association: (i) OSA groups adsorbed at the surface of oll
droplets might have some hydrophobic groups oriented towards the aqueous phase allowing
the formation of a hydrophobic network between neighbouring OSA groups absorbed on other
oil droplets and OSA groups found in the continuous phase; (ii) hydroxyl groups on
neighbouring native wheat starch molecules might interact via hydrogen bonding, and (iii)
some association between non-absorbed OSA starch molecules (via hydrogen bonding or
hydrophobic interaction) may have also made a more minor contribution to the overall modulus
— on the basis of the minor effect of OSA starch alone on the native starch gels described above
(Bhosale & Singhal, 2007; Singh, Singh, Kaur, Singh Sodhi & Singh Gill, 2003; Sweedman,
Tizzotti, Schafer & Gilbert, 2013).

Similar rheological behaviour has been previously demonstrated using whey protein stabilised
emulsion gels (20 wt% oil fraction), where the oil droplets were bound to the matrix via
electrostatic, hydrogen bonding and hydrophobic interactions (Dickinson & Chen, 1999;
Torres, Murray & Sarkar, 2017). However, no net charges were present in the OSA-stabilised
emulsion (data not showf;potential = 0 £ 0.12nV), suggesting electrostatic interactions
were probably not involved in this case. For comparison purposes, the relative change in final
G’ was calculated, using | AG’| = |(G’(emu|sion gel G’gen)) / G’ (emuision gelj , for both whey

protein and starch gels at 20 wt% oil. The incorporation of 20 wt% oil droplets with an average
size of 0.1uminto a whey protein gel matrix led 165’ ~ 98 % increase in the strength of the

gel (Torres, Murray & Sarkar, 2017), whereas in the starch matrix@et 67 %. The absence

of strong electrostatic interactions in the starch emulsion gel might explain their significantly

weaker elastic modulus as compared to whey protein emulsion gel at the same oil volume
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Figure 6 Elastic modulus (G’, filled symbolg and viscous modulus (G”’, empty symbols) as a

function of strain of 15 wt% native starch gel (A) and 20 wt% native starch gel (B) prepared
using different oil fractions (0 wt%, m; 5 wt%, e; 10 wt%, A; 15 wt%, ¢; 20 wt%,«). The
limiting deformation valuey) of native starch gels at 15 wt% (black) and 20 wt% (white) is
reported as a function of oil concentration (C), samples with sympak€ not significantly

different (p > 0.05) to native starch gel (15 or 20 wt%) without oil droplets.
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fraction and oil droplet size 4= 0.1um) (Dickinson, 2012). Under strains 0.1 to 100%, the
incorporation of OSA-stabilised oil droplets bound to the native starch gel affected their linear
viscoelastic region (LVER), as observed in Figure 6. Low amounts of emulsion (5 and 10 wt%)
did not significantly affect the LVER ar,of 15 wt% native starch gels, again suggesting that

the oil volume fraction or OSA starch concentration was not high enough to significantly
interact with the native starch gel matrix. Increasing the oil concentration to 15 and 20 wt%
gave a significant increageg for both gels (Figure 6A and B). For examplg,of 20 wt%

native starch gel without emulsion droplets was measured to be 3.2 + 0.85 % strain, whereas
with the addition of 20 wt% oif; increased to 31.5 = 3.7 % strain (Figure 6C), i.e. the gels
were less brittle. In comparison, whey protein emulsion gel (20 wt% oil fraction) broke down
readily at lowery, (6.3 % strain) (Torres, Murray & Sarkar, 2017). Thus, although the filled
starch emulsion gels were not as rigid, they may have the rheological advantage of being more
flexible.

At the same time, it is seen that the LVER of the emulsion gels with 20 wt% oil was
significantly shorter than the LVER of native starch gels with the same freely added OSA starch
concentration (2 wt%) (compare Figure 3A and 6A). For example, for 15 wt% native starch
gel + 2 wt% of OSA starcly, of the gel was 79.6 + 9.43 % strain and 15 wt% native starch
gel + 20 wt% emulsion get, was 31.8 £ 3.71 % strain (Figure 3A and 6A). In a similar
manner, the oil droplets entrapped in the whey protein gel matrices increaggdrtine 6.3
to 12.5 % (Torres, Murray & Sarkar, 2017). Thus, oil droplets bound to either whey protein or
native starch gel matrices may act as crack initiators weakening the emulsion gel under higher

strain.
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435 3.4 Characteristics of starch emulsion microgel particles
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Figure 7. CLSM micrograph with superimposed droplet size distributionzamad ds values
of emulsion microgel particles producatdl5 wt% native starch + 5 wt% oil (A), 15 wt%
native starch + 10 wt% oil (B), 20 wt% native staftctD wt% oil (C) and 20 wt% native starch

+ 15 wt% oil (D). Dotted circles highlights the emulsion microgel particles in the images.

Wheat starch in green, stained with Nile Blue and oil droplets in red stained with Nile Red.
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Starch-based emulsion microgel particles wereghesl from the emulsion gels
with oil fraction (5, 10 and 15 wt%) and the contration of native wheat starch (15 and
20 wt%) and OSA starch (0.5, 1, 1.5 wt%).

The size of the emulsion microgel particles produae different concentrations of
native starch and oil were similar (Figure 7). ALt6 wt% oil content, all three particle size
distributions were monomodal, @8 xm) with similar &> and ds values (Figure 7A, B and
C) (note the ¢b of encapsulated oil droplets was previously meagwas around 0.Am).

All the above suggests that the emulsion microgetigle formation process did not lead
to significant destabilization and coalescencehefémulsion droplets but that most of the
droplets were encapsulated into emulsion microgetiges.

Increasing the oil fraction to 15 wt% led to sigodintly larger particles with asgl
value of 30.3um (Figure 7D). As discussed previously, increasing oil fraction to
15 wt%, significantly increased the critical straihtbe emulsion gel (see Figure 6C). The
larger critical strain of the emulsion gel mightvkaallowed the emulsion gel to deform
more extensively under high pressure homogenizatioth fracture the gel into larger
particles as compared to emulsion gels vaitbwer critical strainwhich were more brittle
and therefore might break down more randomly int@ltan emulsion microgel particles
(Dickinson, 2012; Moakes, Sullo & Norton, 2015; fes, Murray & Sarkar, 2017). The
emulsion microgel particle morphology was mostljepcal (see Figure 7). No significant
variation in morphology was observed at the difféereoncentrations of starch or
percentage oil droplets. Most oil droplets (in regemed to be entrapped in a starch gel
matrix (in green) and no free surface oil was obsérafter homogenization, suggesting
little loss of droplets to the aqueous phase. Harewcreasing the concentration of starch
from 15 to 20 wt% led to a higher amount of mattebris n dispersionas well as more

structures where individual oil droplets (in red@ne visibly surrounded by a thin layer of
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468  starch (in green in Figure 7C and D). At higher @amtrations of native starch (20 wt%)
469 and olil fraction (10-15 wt%), the fin&’ and critical strain of the emulsion gel was the
470 highest, forming larger emulsion microgel particks®e above). During the first pass
471  through the homogenizer, the higher native staacentration and oil fraction enabled
472  the formation of large emulsion microgel particiesere some were only loosely bound
473  beneath the surface of the microgel particles. §&éeond pass through the homogenizer
474  might have disrupted such particles and releasec nmalividual oil droplets surrounded

475 by fragments of the matrix (Dickinson, 2000; Malaaé\ppelgvist, 2003).

476
(A) (B)

_ 20 um
Quanta FEG 5.00

S5um
Quanta FEG

477  Figure Cry-SEM micrograph of starch emuion microgelpartlcles produced using 10 wt%
478 OSA-stabilised emulsion encapsulated into 15 wt% native starch, scale bar repregemts 20
479  (A) and higher magnification image showing the external surface of the emulsion microgel
480 particles, scale bar representgnd (B). The arrows point to the individual emulsion microgel
481  particles.
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The ciyo-SEM micrographs (Figure 8) indicates that emulsion microgel particles were
of the order of 2-3im, which is about 40-50% lower as compared to that of CLSM images
(Figure 7). This might be due to the potential shrinkage during the cryo-SEM preparation
procedure. Figure 8A shows several emulsion microgel particles of similar sizes
homogeneously distributed throughout the micrograph. Most particles appeared to be spherical
and did not seem to be significantly aggregafadnigher magnification (Figure 8B), a few
emulsion microgel particles seemed to have aggregaietinear chains, but this is assumed
to be an artefact of the cryo-SEM preparation.

Higher magnification images (Figure 8B) showed that the particles appeared to have a
“raspberry-like” surface, which is assumed to be due to the underlying intact encapsulated oil
droplets. It has been demonstrated that composite materials containing hydrophobic particles
bound to a gel matrix tend to fracture adjacent to the particle surface (Dickinson, 2012; Langley
& Green, 1989). Therefore, under shear, one might expect, the emulstorbgedk adjacent

to the oil droplet surface, explaining the appearance of the emulsion microgel particle surface.

4 Conclusion

Findings from this study have demonstrated that OSA stabilised-emulsion droplets act as active
fillers in a sheared native starch gel allowing the design of novel starch emulsion microgel
particles i.e., a soft solid network encapsulating several oil droplets into one particle via a facile
top-down shearing approach. The emulsion droplets are firmly bound to the gel network
probably due to a combination of three types of associations: the OSA starch at the oil-water
interface forminga hydrophobic network with neighbouring OSA starch-stabilized droplets;
native wheat starch macromolecules associatoyggther via hydrogen bonding; minor
hydrogen bonds forming between hydroxyl groups on OSA starch and native starch in the

continuous phase.
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508 Emulsion microgel particles with tuneable sizes and mechanical properties can be produced
509 from starch and OSA starch as long as there is a strong understanding of the interplay between
510 the concentration of the native starch, surface active (OSA) starch, oil volume fraction, gelation
511  kinetics and emulsion gel mechanical behaviour. However, further experiments on these
512  emulsion microgel particles, such as encapsulation efficiency and stability tests over time and
513 temperature are required before such particles can be used in commercial food and personal
514  care application such as, release of lipophilic flavour and aroma molecules.
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