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Abstract 27 

Novel starch-based emulsion microgel particles were designed using a facile top-down shear-28 

induced approach. The emulsion droplets were stabilized using octenyl succinic anhydride 29 

(OSA) modified starch and incorporated into heat-treated and sheared native starch gels, 30 

forming emulsion gels. Using gelation kinetics and small deformation rheological 31 

measurements of sheared native starch gels and emulsion gels, OSA starch-stabilized emulsion 32 

droplets were demonstrated to act as “active fillers”. By varying native starch concentrations 33 

(15-20 wt%) and oil fractions (5-20 wt%), optimal concentrations for the formation of emulsion 34 

microgel particles were identified. Microscopy at various length scales (transmission confocal 35 

laser scanning and cryo-scanning electron microscopy) and static light scattering 36 

measurements revealed emulsion microgel particles of 5-50 µm diameter. These novel 37 

emulsion microgel particles created via careful combination of gelatinized native starch and 38 

OSA stabilised-emulsion droplets acting as active fillers may find applications in food and 39 

personal care industries for delivery of lipophillic molecules.  40 

Keywords 41 

Emulsion microgel particle; native starch; OSA starch; encapsulation; rheology; active filler 42 

 43 

1 Introduction 44 

Lipophilic molecules, such as flavourings, essential oils or drugs pose considerable 45 

challenges when incorporated into food, pharmaceuticals and other soft matter applications, 46 

due to their partial or complete water insolubility. Because of this and their susceptibility to 47 

oxidation, most of these compounds are difficult to deliver pre- and post-consumption 48 

(McClements, 2015). A wide range of emulsion-based approaches have been developed to 49 

encapsulate oil-soluble molecules, such as conventional emulsions, nanoemulsions, double 50 

emulsions, emulsion gels, etc, (Zhang, Zhang, Chen, Tong & McClements, 2015). 51 
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Emulsion microgel particles are a relatively new class of soft solids vehicle that has not 52 

been explored as widely. The particles have a similar structure to emulsion gels, although their 53 

physical characteristics and length scales differ. In emulsion microgel particles, emulsion 54 

droplets are stabilised by an emulsifier and gelling agent inside a larger (microgel) particle 55 

(Torres, Murray & Sarkar, 2016, 2017). In other words, several emulsion droplets are 56 

encapsulated together within a soft solid shell. The soft solid shell around the oil droplets has 57 

been demonstrated to protect lipophilic compounds against oxidation (Beaulieu, Savoie, 58 

Paquin & Subirade, 2002). The microgel particle itself can be dispersed in a controlled manner 59 

in an aqueous media. Additionally, microgel particles allow swelling or de-swelling as a 60 

function of environmental conditions, tuning their size and/or physicochemical properties, 61 

enabling the protection and possible release of lipophilic active compounds in a range of soft 62 

material applications (Ballauff & Lu, 2007; Wei, Li & Ngai, 2016). Hence, it is important to 63 

design such emulsion microgel particles using biocompatible polymers, such as starch, which 64 

is the second most abundant biopolymer in nature. 65 

Native starch is widely used in commercial applications and its versatility as a gelling agent 66 

is well-recognized (Teyssandier, Cassagnau, Gérard & Mignard, 2011; Zhang et al., 2013). 67 

Drastic changes in the microstructure and viscoelastic properties of starch gels can be generated 68 

by shearing during gelatinization. Previous studies have shown that shear breaks down the 69 

swollen granules into smaller fragments producing a more viscous and translucent gel. These 70 

smaller fragments have been suggested to be responsible for decreasing the rigidity by acting 71 

as inactive fillers in the amylose gel matrix (Lu, Duh, Lin & Chang, 2008; Svegmark & 72 

Hermansson, 1991).  73 

The incorporation of solubilized modified starch into non-sheared gelatinized native starch 74 

has also been reported to affect the viscoelasticity and retrogradation properties of native starch 75 

gels (Thirathumthavorn and Charoenrein, 2006, Tukomane and Varavinit, 2008). On the other 76 
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hand, starch modified with octenyl succinic anhydride (OSA) has been widely demonstrated to 77 

stabilize oil-in-water emulsions, via the addition of hydrophobic groups (OSA) to the starch 78 

molecules (Zhang et al., 2015, Nilsson and Bergenståhl, 2006, Tesch et al., 2002). The 79 

incorporation of hydrophobic groups in OSA starch molecules has been suggested to retard 80 

hydrogen bonding between amylose molecules in the native starch dispersions, hindering the 81 

gelation process (Thirathumthavorn and Charoenrein, 2006, Tukomane and Varavinit, 2008, 82 

Bao et al., 2003). Aggregation of OSA groups has also been shown to allow the formation of a 83 

network via hydrophobic interactions between adjacent OSA starch chains (Ortega-Ojeda et 84 

al., 2005, Thirathumthavorn and Charoenrein, 2006, Tukomane and Varavinit, 2008). 85 

Nevertheless, no studies have been performed to understand the interaction between OSA 86 

starch at the oil-water interface and sheared gelatinized native starch. It is critical to understand 87 

how OSA starch-stabilized emulsion droplets would bind to a sheared starch matrix within an 88 

emulsion gel and how this would influence processing of this starch-based emulsion gel into 89 

emulsion microgel particles via a top-down approach i.e., controlled shearing.  90 

To our knowledge, there is only one study in the literature describing production of starch-91 

based microgel particles, however involving protein coated oil droplets (Malone and 92 

Appelqvist, 2003). In this study, starch granules were dispersed into a low oil fraction (≤ 93 

10wt%) sodium caseinate-stabilised oil-in-water emulsion, which was then heat treated to 94 

allow the starch to gelatinize, followed by moulding into gel particles of 3 mm of diameter. It 95 

is worth recognizing that thermodynamic incompatibility between the protein and the starch at 96 

the oil/water interface might result in uncontrolled release behaviour as well as instability of 97 

the particles over time if the oil fraction was increased above 10 wt%. The large particle size 98 

(> 45 ȝm) might also limit food applications due to possible impact on sensory perception 99 

(Torres, Murray & Sarkar, 2016). An alternative would be to explore designing OSA starch-100 

stabilized emulsion droplets embedded into a sheared starch matrix. In addition, it would be 101 
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crucial to understand how gel stiffness and emulsion droplet binding to the starch matrix would 102 

affect the ability to break up such a system into emulsion microgel particles via a controlled 103 

shearing process (top-down approach).  104 

Therefore, the objectives of this study were firstly to understand the interactions between 105 

OSA starch-stabilized emulsions and gelatinized sheared native starch and secondly to design 106 

starch-based emulsion microgel particles using a controlled shearing process. As a control, the 107 

interactions between solubilized OSA starch and sheared native starch were also studied using 108 

small deformation rheology. It is hypothesised that the OSA-stabilised emulsion droplets 109 

would strongly bind to the sheared native starch gel as an “active filler” and this should enable 110 

break up of this emulsion gel into microgel particles without any oil leakage. 111 

 112 

2 Material and Methods  113 

2.1 Materials 114 

Wheat native starch was purchased from Sigma-Aldrich (Gillingham, UK). Commercial OSA 115 

starch refined from waxy maize starch was used. Sunflower oil was obtained from Morrisons 116 

(UK) supermarket. All dispersions were prepared with Milli-Q water having a resistivity of 117 

18.2 Mっ:cm at 2η °C (Milli-Q apparatus, Millipore, Bedford, UK). All other chemicals were 118 

of analytical grade and purchased from Sigma-Aldrich unless otherwise specified. 119 

 120 

2.2 Determination of amylose content of native wheat starch and waxy OSA starch 121 

The amylose content was determined using a spectrophotometer (6715 UV/Vis. 122 

Spectrophotometer, Jenway, Keison Ltd, UK) following the method developed by Kaufman, 123 

Wilson, Bean, Herald and Shi (2015).  124 

The amylose standard curve was prepared using different ratios of pure amylose from potato 125 

and pure amylopectin from corn starch purchased from Sigma-Aldrich (Dorset, UK). 126 
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The regression equation was determined from the standard curve using the absorbance 127 

difference between 620 and 510 nm. The amylose content of the different starch sample was 128 

then calculated using eq (1): 129 

 130 畦兼検健剣嫌結 ガ 噺 岫凋長鎚 滞態待貸凋長鎚 泰怠待岻貸槻 沈津痛勅追頂勅椎痛 墜捗 追勅直追勅鎚鎚沈墜津鎚鎮墜椎勅 墜捗 追勅直追勅鎚鎚沈墜津      (1) 131 

 132 

2.3 Preparation of stock modified starch stabilized emulsions  133 

The OSA starch at different concentrations (1.7, 3.4 and 6.7 wt%) was dissolved in Milli-Q 134 

water and gently stirred (500 rpm) for 2 h using a magnetic stirrer.  135 

Sunflower oil was subsequently mixed with the OSA starch dispersion at ambient 136 

temperature. The ratio of the lipid phase to aqueous phase in the emulsion was 40:60 (w/w), 137 

with a final OSA starch concentration of 1, 2 or 4 wt%. These oil-aqueous phase mixtures were 138 

pre-emulsified with a high speed rotor-stator mixer (Silverson, L5M-A, UK) at 8,000 rpm for 139 

5 min for 1 and 2 wt% OSA starch or 10 minutes for 4 wt% OSA starch. The pre-emulsions 140 

were further homogenized in a laboratory scale two-stage valve high pressure homogenizer at 141 

250/50 bar using two passes (Panda Plus, GEA Niro Soave, Parma, Italy). The emulsion 142 

samples were stored at 4 °C for 24 h for further analysis. 143 

 144 

2.4 Particle size analysis 145 

The particle size distribution of the emulsion droplets and emulsion microgel particles was 146 

measured via a Malvern Mastersizer 3000E hydro, (Malvern Instruments, Worcestershire, 147 

UK). Sizing of the emulsion oil droplets was conducted based on a relative refractive index 148 

(RI) of 1.097 (i.e., the ratio of the RI of sunflower oil (1.46) to that of the aqueous phase (1.33)). 149 

Sizing of the emulsion microgel particles was conducted based on a relative RI of 1.150 (i.e., 150 

the ratio of the RI of the particle (1.5) to that of the aqueous phase at (1.33)). For comparison 151 
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of particle size distributions, 穴戴態 噺 岫デ 券沈穴沈戴 デ 券沈穴沈態エ 岻 and 穴替戴 噺 岫デ 券沈穴沈替 デ 券沈穴沈戴エ 岻  were 152 

calculated.  153 

 154 

2.5 Preparation of mixed gels and emulsion gels  155 

Native starch gels were formed by dispersing native wheat starch in MilliQ water and 156 

heating at 80 °C for 40 minutes in a water bath. Simultaneously, shear treatment was 157 

continuously applied for two minutes with three minutes interval using a hand blender 158 

(Hand blender, XB986B, 170W, Argos, UK).  159 

Emulsion gels containing different concentrations of native starch (15 or 20 wt%), OSA starch 160 

(0.5, 1, 1.5 or 2 wt%) and oil fractions (5, 10, 15, 20 wt%) were prepared by mixing native 161 

starch gels with 40 wt% oil-in-water emulsion stabilized by 4 wt% OSA starch at different 162 

ratios. Table 1 summarizes the different initial and final concentrations of native starch and 163 

OSA starch as well as oil fraction.  164 

 165 

Table 1. Initial and final concentrations of native starch and 40 wt% oil-in-water emulsion 166 

stabilised by 4 wt% OSA starch as well as mixing ratios for the formation of the different 167 

emulsion gels.  168 

 169 

 170 

Native 
starch gel 

Oil-in-water 
Emulsion Native starch 

gel : Emulsion 
Ratio 

Native 
starch gel 

Oil-in-water 
Emulsion 

Initial [NS] 
(wt%) 

Initial 
[oil] 

(wt%) 

Initial 
[OSA] 
(wt%) 

Final [NS] 
(wt%) 

Final 
[oil] 

(wt%) 

Final 
[OSA] 
(wt%) 

17.2 

40 4 

87.5:12.5 

15 

5 0.5 
20 75:25 10 1 
24 62.5:37.5 15 1.5 
30 50:50 20 2 

22.9 

40 4 

87.5:12.5 

20 

5 0.5 
26.7 75:25 10 1 
32 62.5:37.5 15 1.5 
40 50:50 20 2 
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For comparison purposes, OSA starch dispersions without any oil droplets was also mixed 171 

with native starch using the same ratios as for the emulsion gels, forming mixed OSA 172 

starch-native starch gels.  173 

The different ratios of OSA starch dispersion or emulsion were first heat treated to 80 °C before 174 

being vigorously mixed with the sheared starch gel at 80 °C, allowing the formation of starch 175 

mixed gels and emulsion gels, respectively. 176 

 177 

2.6 Small deformation rheology 178 

Small deformation viscoelasticity of the different gels was investigated under dynamic 179 

oscillatory shear rheometry using a Kinexus ultra rheometer (Malvern Instruments Ltd. 180 

Worcestershire, UK). A cone-and-plate geometry system (40 mm, model: CP4/40 181 

SS017SS) was used for all measurements. About 0.5 mL of gel was placed onto the sample 182 

plate and sealed with a thin layer of the 350 cst silicone oil to prevent evaporation. 183 

 The elastic modulus (G’) and viscous modulus (G’’) were measured firstly while 184 

conducting a strain sweep between 0.01 and 100 % strain, at 1 Hz and 25 °C, to determine the 185 

linear viscoelastic region. A frequency sweep was also conducted between 0.6 to 63 rad s-1 at 186 

0.η % strain and 2η °C to determine the complex viscosity (さ*) of the different gels. The third 187 

test performed on the different gels was temperature and time sweep, carried out in the linear 188 

viscoelastic region (0.5 % strain) and 1 Hz. The sample plate was preheated to 80 ºC before 189 

the addition of the samples. The G’ and G’’ were measured during two different temperature 190 

changes: (a) cooling at 4 ºC min-1 from 80 ºC to 25 ºC and (b) holding at 25 ºC for 66 191 

minutes. The limiting deformation value 岫紘岌挑岻 of the different gels was arbitrarily chosen as 192 

the point where the elastic modulus decreased by 20% from the first value of the modulus 193 

measured at 0.1 % strain.  194 

 195 
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2.7 Preparation of emulsion microgel particles  196 

Emulsion microgel particles were produced using a top-down approach as illustrated in 197 

Figure 1. The sheared native starch gels or emulsion gels were refrigerated at 4 °C for three 198 

hours. The refrigerated emulsion gels were then passed twice through a laboratory scale 199 

two-stage valve high pressure homogenizer at 250/50 bar (Panda Plus, GEA Niro Soave, 200 

Parma, Italy). The resulting particles were collected in a beaker and immediately diluted 201 

with Milli-Q water and stirred for 30 min at 150 rpm to limit particle aggregation.  202 

 203 

Figure 1. Schematic diagram and corresponding micrographs of the formation of OSA 204 

starch-stabilised emulsion (a), sheared native starch gel (b) and native starch emulsion gel 205 

and emulsion microgel particles (indicated within dashed box).  206 

 207 

2.8 Microscopy 208 

All emulsions, emulsion gels and emulsions microgel particles (50 ȝL) were imaged via optical 209 

microscopy (Nikon, SMZ-2T, Japan), confocal laser scanning microscopy (CLSM) and cryo-210 
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scanning electron microscopy (cryo-SEM). A Zeiss LSM 700 confocal microscope (Carl Zeiss 211 

MicroImaging GmbH, Jena, Germany) with a 40× magnification lens was used. About 10 ȝL 212 

of Nile Red (1 mg mL-1 in dimethyl sulfoxide, 1:100 v/v) was used to stain oil (argon laser with 213 

an excitation line at 488 nm), 10 ȝL of Nile Blue (0.1 mg mL-1 in Milli-Q water, 1:100 v/v) 214 

was used to stain native starch (HeNe with an excitation line at 639 nm) and 10 ȝL of 1% 215 

Methylene Blue was used to stained OSA starch (Ar laser with an excitation line at 639 nm).  216 

A cryo-scanning electron microscope (FEI Quanta 200F FEG ESEM, Japan), equipped 217 

with a Quorum PolarPrep 2000 cryo-system was also used to study the structural features of 218 

the emulsion microgel particles. A drop of emulsion microgel particles dispersion (10-20 ȝL) 219 

was placed on rivets mounted on a cryo-SEM stub. These were then frozen in liquid nitrogen 220 

slush and then transferred into the PP2000 preparation chamber. The frozen samples were 221 

fractured with a blade and carefully etched at -95 °C for 4 min, followed by coating with 222 

platinum (5 nm). The samples were then transferred into the cryo-SEM observation chamber 223 

for imaging at 5 kV.  224 

 225 

2.9 Statistical analysis  226 

Data was obtained in triplicate and mean and standard deviation were calculated. Significant 227 

differences between samples were determined by one-way ANOVA and multiple comparison 228 

test with Tukey’s adjustment was performed using SPSS software (IBM, SPSS statistics, 229 

version 24) and the level of confidence was 95%. 230 

 231 

3 Results and Discussion  232 

 233 

3.1 Effect of the addition of OSA starch on native wheat starch gels 234 
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The first set of control experiments were carried out with OSA starch added to native 235 

starch without the addition of any emulsion droplets. This sets the scene to understand the 236 

interaction between dispersed OSA starch and native starch. Figure 2 shows the elastic (G’) 237 

and viscous (G’’) modulus of the different gels as a function of time and temperature. 238 

All samples can be considered as gels from time 0 s since G’ >> G’’ and G’ remained 239 

relatively constant throughout the whole frequency range (0.6 to 60 rad s-1) (Supplementary 240 

file S1). The gels had similar rheological behaviour irrespective of the concentrations of native 241 

starch (1η or 20 wt%) and OSA starch (0 to 2 wt%) used. During the cooling stage, G’ increased 242 

by over 70% and during the holding stage, G’ further increased by approximately 30%. This 243 

significant increase in G’ can be attributed to the reorganization and association of colloidal- 244 

and molecularly- dispersed amylose and amylopectin (Singh, Singh, Kaur, Singh Sodhi & 245 

Singh Gill, 2003; Teyssandier, Cassagnau, Gérard & Mignard, 2011).  246 

 247 

Figure 2. Elastic modulus (G’, filled symbols) and viscous modulus (G’’, empty symbols) as a 248 

function of time and temperature (full black line) of 15 wt% native starch gel (A) and 20 wt% 249 

native starch gel (B) prepared with different OSA starch concentrations (0 wt%, ﾐ; 0.5 wt%, 250 

ズ; 1 wt%, ﾒ; 1.5 wt%, ヰ; 2 wt%,ﾕ) at 1 Hz and 0.5 % strain. 251 

(A) 
 

(B) 
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As expected, the concentration of native wheat starch affected the initial and final elastic 252 

modulus of the gels significantly (p < 0.0η) (Figure 2). For instance, the G’ increased by almost 253 

one order of magnitude on increasing the native starch concentration by 5 wt% (0.046 ±0.006 254 

kPa for 15 wt% starch, 0.24 ±0.034 kPa for 20 wt% starch). Amylose is the main starch 255 

molecule responsible for forming the three-dimensional network (via hydrogen bonding) 256 

between the starch chains during gel formation (Miles, Morris, Orford & Ring, 1985; Wang, 257 

Li, Copeland, Niu & Wang, 2015). In this study, the amylose content of the native wheat starch 258 

and commercial waxy OSA starch were measured to be 18.7% and 0.17%, respectively, in 259 

accordance with previous studies (Singh, Singh, Kaur, Singh Sodhi & Singh Gill, 2003). 260 

Increasing the concentration of native starch by 5 wt% would therefore increase the amylose 261 

content by a factor of 1/4 in the final gel, which explains the significantly higher G’ values 262 

(Rosalina & Bhattacharya, 2002). 263 

The addition of OSA starch (0.5 to 2 wt%) to 20 wt% sheared native starch gels did not 264 

affect the initial and final G’ of the gels significantly (p > 0.05) (Figure 2B). On the other hand, 265 

the addition of OSA starch (0.5 to 2 wt%) to 15 wt% sheared native starch gels significantly 266 

increased the initial strength of the gels by over 70% (from 0.046 kPa to 0.2 kPa), respectively 267 

(Figure 2A, see supplementary file S2 for statistical analysis). Over time, however, only 0.5 268 

and 1 wt% OSA starch significantly increased the final G’ of 1η wt% native starch, by 269 

approximately 50%. 270 

Previous studies have demonstrated that high amounts of OSA starch (i.e. minimum 271 

ratio of 20:80 by weight, OSA starch:native starch) added to non-sheared native starch affected 272 

the retrogradation phenomenon of the gels (Ortega-Ojeda, Larsson & Eliasson, 2005; 273 

Tukomane & Varavinit, 2008). The retrogradation process of amylose and amylopectin was 274 

found to be retarded due to the substitution of OSA groups on the amylopectin, hindering the 275 

hydrogen bonding and re-association between starch molecules via steric hindrance (Bao, 276 
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Xing, Phillips & Corke, 2003; Thirathumthavorn & Charoenrein, 2006).  Additionally, the 277 

viscosity and elastic modulus of mixed gels were found to increase significantly. These effects 278 

were attributed to the ability of OSA starch to form hydrophobic interactions with other OSA 279 

starch molecules (Bhosale & Singhal, 2007; Krstonošić, Dokić & Milanović, 2011). 280 

Hydrophobic bonds between neighbouring OSA groups allowed the formation of a network 281 

increasing the elastic modulus of the gels (Ortega-Ojeda, Larsson & Eliasson, 2005; Tukomane 282 

& Varavinit, 2008). Hence, the addition of 0.5 to 2 wt% OSA starch to the lower concentration 283 

of native starch (15 wt%) affected the gel possibly via the same OSA starch-OSA starch cross-284 

linking mechanism. At the higher concentration of native starch (20 wt%), OSA starch had 285 

probably little influence on the gels because the usual hydrogen bonds between native starch 286 

molecules were more numerous and dominated the gel strength.   287 

Figure 3 demonstrates that the addition of OSA starch (0.5 to 2 wt%) affected the linear 288 

viscoelastic region (LVER) and limiting deformation value 紘岌挑 of native starch gels, confirming 289 

that addition of hydrophobic groups might have an impact on sheared native starch gel. Native 290 

starch gels at both 15 and 20 wt%, without OSA starch, had a similar 紘岌挑 (p > 0.05) of 10 and 291 

3.2 % strain, respectively. The addition of over 1.5 wt% OSA starch to 15 and 20 wt% native 292 

starch gels significantly increased 紘岌挑 to over 20 and 25 % strain (p < 0.05), respectively, even 293 

though their elastic modulus and complex viscosity was similar to their respective native starch 294 

gel without OSA starch (Figure 2A and Supplementary file S1A and B). At higher 295 

concentration of OSA starch (≥ 1.η wt%), a denser network might have been formed due to 296 

OSA starch aggregation via hydrophobic interactions, which might have decreased the elastic 297 

modulus of the mixed gels but increased their flexibility as well as their LVER (Bhosale & 298 

Singhal, 2007; Sweedman, Tizzotti, Schäfer & Gilbert, 2013; Wang, Li, Copeland, Niu & 299 

Wang, 2015). These OSA starch aggregates would have possibly allowed the gel network to 300 

adsorb the energy applied during shearing and deform rather than fracture, for example  301 
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Figure 3. Elastic modulus (G’, filled symbols) and viscous modulus (G’’, empty symbols) as a 302 

function of strain of 15 wt% native starch gel (A) and 20 wt% native starch gel (B) prepared 303 

with different OSA starch concentrations (0 wt%, ﾐ; 0.η wt%, ズ; 1 wt%, ﾒ; 1.5 wt%, ヰ; 2 304 

wt%,ﾕ). The limiting deformation value (紘岌挑) of native starch gels at 15 wt% (black) and 20 305 

wt% (white) is reported as a function of oil concentration (C), samples with symbol (†) are not 306 

significantly different (p > 0.05) to native starch gel (15 or 20 wt%) without OSA starch. 307 

(A) 
 

(B) 
 

(C) 
 

紘岌 挑 岫ガ岻
 

†  †   †  †   
†   
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(Dickinson, 2012; Torres, Murray & Sarkar, 2017). This reversible decrease in G’ is 308 

representative of “weak” gel systems, which can undergo a progressive breakdown into smaller 309 

clusters with increasing strain. In comparison, “strong” gels under strain break down in an 310 

irreversible manner.  311 

 312 

3.2 Droplet size of OSA-stabilised emulsions  313 

Figure 4. Droplet size distribution (A) indicating d32 and d43 values of 40 wt% oil-in-water 314 

emulsion stabilised by 1 wt% OSA (red dashed line), 2 wt% OSA (blue dotted line) and 4 wt% 315 

OSA (black full line) and CLSM micrograph (B) of 40 wt% oil-in-water emulsion stabilised 316 

by 4 wt% OSA, oil droplets in red stained using Nile Red and OSA starch in blue stained using 317 

Methylene Blue. Scale bar represents 10 µm.  318 

 319 

Figure 4A shows the oil droplet size distribution of 40 wt% sunflower oil emulsions 320 

stabilised by either 1 wt%, 2 wt% or 4 wt% OSA starch. At the low concentration of OSA 321 

starch (1 wt%), the droplet size distribution was bimodal and had a large d43 value with 322 

significant population of oil droplets in the region of 1 – 20 µm suggesting aggregation or 323 

coalescence. Increasing the concentration of OSA starch to 2 wt% led to a significant (90%) 324 

decrease of the d32 and d43 values, to 0.09 and 0.82 µm respectively (Figure 4A). The 325 

(A) 
 

(B) 
 

d32 = 0.15 µm 
d43 = 0.6 µm 
 

d32 = 0.09 µm 
d43 = 0.82 µm 
 

d32 = 1.13 µm 
d43 = 5.66 µm 
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significantly lower d32 value (0.09 µm) might suggest the formation of OSA starch aggregates 326 

in the unadsorbed phase. Previous authors have referred to such aggregates of OSA starch 327 

molecules as micelles, although the structures formed must be far more complex than 328 

conventional surfactant micelles. Krstonošić et al. (2011), Zhu et al. (2013) and Sweedman et 329 

al. (2014) reported critical micelle concentrations between 0.41 - 0.88 g L-1. Therefore, at 2 330 

wt% OSA starch, the formation of micelles are unlikely. The increased OSA starch 331 

concentration (from 1 to 2 wt%) might have allowed a faster adsorption of the OSA starch to 332 

the oil droplet. Furthermore, an increase in viscosity of the aqueous phase, due to the increase 333 

of OSA starch concentration, would limit any coalescence (as observed with the emulsion 334 

stabilised by 1 wt%) post homogenization and thus significantly reduced the oil droplet size 335 

(Nilsson and Bergenståhl, 2006). 336 

. Doubling the concentration of OSA starch further to 4 wt% showed a significant 337 

increase in the emulsion stability as the oil droplet size distribution became monomodal and 338 

symmetrical. The CLSM image (Figure 4B) further confirms that the oil droplets (in red) were 339 

uniformly distributed in agreement with the light scattering data (Figure 4A). These results are 340 

in accordance with previous studies conducted on the stabilization properties of OSA starch 341 

(Sweedman, Tizzotti, Schäfer & Gilbert, 2013; Tesch, Gerhards & Schubert, 2002). Further 342 

studies are needed focusing on kinetics of stability of OSA-starch stabilized emulsions. 343 

However, we note that most emulsions, if they exhibit the good stability shown here over 24 h, 344 

tend to be stable over much longer periods. Based on these results, further experiments were 345 

conducted using this optimized formulation (i.e., 40 wt% oil, 4 wt% OSA starch).    346 

 347 

3.3 Rheological properties of OSA starch-stabilised emulsion gels   348 

The influence of different concentrations of OSA starch-stabilised emulsions on the 349 

rheology of the native sheared wheat starch gels was recorded (Figure 5A and B) over the same  350 
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Figure 5. Elastic modulus (G’, filled symbols) and viscous modulus (G’’, empty symbols) as a 351 

function of time and temperature (full line) of 15 wt% native starch gel (A) and 20 wt% native 352 

starch gel (B) prepared using different oil fractions (0 wt%, ﾐ; η wt%, ズ; 10 wt%, ﾒ; 15 wt%, 353 

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

(black) and 20 wt% (white) is shown as a function of oil concentration (C) measured at 25 °C, 355 

1 Hz and 0.5 % strain, samples with symbol (†) are not significantly different (p > 0.05) to 356 

native starch gel (15 or 20 wt%) without oil droplets. 357 

(A) 
 

(B) 
 

(C) 
 

†   
†   
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cooling and holding regime (from 80 to 25 °C followed by 66 min at 25 °C) as discussed for 358 

the previous experiments. As in the previous results, all samples showed “gel”-like signature 359 

from time 0 s since G’ >> G’’ and they all had a similar rheological behaviour irrespective of 360 

the native starch (15 or 20 wt%) or OSA starch-stabilised emulsion concentrations (5, 10, 15 361 

or 20 wt%).  362 

In contrast with the previous results (samples without added oil droplets) (Figures 2A 363 

and 2B), the addition of OSA-stabilised emulsion had a significant impact on the final elastic 364 

modulus of the gels (Figures 5A and 5B).The incorporation of the emulsions to 15 wt% native 365 

starch gels led to an almost linear increase of the final G’ (Figure 5C), although 5 wt% oil 366 

appeared to be not sufficient enough to increase the final G’ of 1η wt% native starch gel 367 

significantly (p > 0.05). The addition of 5 wt% emulsion droplets and/or 0.26 wt% OSA starch 368 

did not contribute to significant strengthening of the gel matrix, probably because the OSA 369 

starch molecules were mainly adsorbed at the surface of the oil droplets and were not in excess 370 

to interact with the continuous phase (Dickinson & Chen, 1999). Also, the volume fraction of 371 

filler added was not high enough to significantly reinforce the matrix (Torres, Murray & Sarkar, 372 

2016) .  373 

At 20 wt% native starch, the emulsion droplets (5 to 20 wt%) significantly (p < 0.05) 374 

increased the final G’ of the gels (Figure ηB). The addition of 5 to 15 wt% oil provided an 375 

average of η0% increase in G’, whereas 20 wt% oil strengthened the gel matrix by 376 

approximately 70% (Figure 5C).  The oil droplet size was on average 0.1 ȝm, hence the Laplace 377 

pressure means such droplets can be considered effectively as solid particles (van Vliet, 1988). 378 

The increase in elastic modulus (G’) points to the OSA-starch stabilized emulsion droplets 379 

acting as “active fillers” in the starch gel matrix (Dickinson & Chen, 1999; Torres, Murray & 380 

Sarkar, 2016, 2017). To our knowledge, this is the first study that reports the use of OSA starch-381 

stabilized droplets as active fillers in starch gels. The binding of the filler (droplets) to the 382 
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matrix (native starch gel) was no doubt due to association between the native starch and OSA 383 

groups protruding from the surface of the oil droplets. Three types of interactions might have 384 

contributed to the filler-matrix association: (i) OSA groups adsorbed at the surface of oil 385 

droplets might have some hydrophobic groups oriented towards the aqueous phase allowing 386 

the formation of a hydrophobic network between neighbouring OSA groups absorbed on other 387 

oil droplets and OSA groups found in the continuous phase; (ii) hydroxyl groups on 388 

neighbouring native wheat starch molecules might interact via hydrogen bonding, and (iii) 389 

some association between non-absorbed OSA starch molecules (via hydrogen bonding or 390 

hydrophobic interaction) may have also made a more minor contribution to the overall modulus 391 

– on the basis of the minor effect of OSA starch alone on the native starch gels described above 392 

(Bhosale & Singhal, 2007; Singh, Singh, Kaur, Singh Sodhi & Singh Gill, 2003; Sweedman, 393 

Tizzotti, Schäfer & Gilbert, 2013).  394 

Similar rheological behaviour has been previously demonstrated using whey protein stabilised 395 

emulsion gels (20 wt% oil fraction), where the oil droplets were bound to the matrix via 396 

electrostatic, hydrogen bonding and hydrophobic interactions (Dickinson & Chen, 1999; 397 

Torres, Murray & Sarkar, 2017). However, no net charges were present in the OSA-stabilised 398 

emulsion (data not shown, こ-potential = 0 ± 0.12 mV), suggesting electrostatic interactions 399 

were probably not involved in this case. For comparison purposes, the relative change in final 400 

G’ was calculated, using Ň〉G’Ň = Ň(G’(emulsion gel) – G’(gel)) / G’(emulsion gel)Ň, for both whey 401 

protein and starch gels at 20 wt% oil. The incorporation of 20 wt% oil droplets with an average 402 

size of 0.1 ȝm into a whey protein gel matrix led to 〉G’ ≈ 98 %  increase in the strength of the 403 

gel (Torres, Murray & Sarkar, 2017), whereas in the starch matrix gel 〉G’ ≈ 67 %. The absence 404 

of strong electrostatic interactions in the starch emulsion gel might explain their significantly 405 

weaker elastic modulus as compared to whey protein emulsion gel at the same oil volume  406 
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Figure 6. Elastic modulus (G’, filled symbols) and viscous modulus (G’’, empty symbols) as a 407 

function of strain of 15 wt% native starch gel (A) and 20 wt% native starch gel (B) prepared 408 

using different oil fractions (0 wt%, ﾐ; η wt%, ズ; 10 wt%, ﾒ; 15 wt%, ヰ; 20 wt%,ﾕ). The 409 

limiting deformation value (紘岌挑)  of native starch gels at 15 wt% (black) and 20 wt% (white) is 410 

reported as a function of oil concentration (C), samples with symbol (†) are not significantly 411 

different (p > 0.05) to native starch gel (15 or 20 wt%) without oil droplets. 412 

紘岌 挑 岫ガ岻
 

(A) 
 

(B) 
 

(C) 
 

† 
† † 
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fraction and oil droplet size (d32 = 0.1 ȝm) (Dickinson, 2012). Under strains 0.1 to 100%, the 413 

incorporation of OSA-stabilised oil droplets bound to the native starch gel affected their linear 414 

viscoelastic region (LVER), as observed in Figure 6.  Low amounts of emulsion (5 and 10 wt%) 415 

did not significantly affect the LVER or 紘岌挑of 15 wt% native starch gels, again suggesting that 416 

the oil volume fraction or OSA starch concentration was not high enough to significantly 417 

interact with the native starch gel matrix. Increasing the oil concentration to 15 and 20 wt% 418 

gave a significant increase 紘岌挑 for both gels (Figure 6A and B). For example, 紘岌挑 of 20 wt% 419 

native starch gel without emulsion droplets was measured to be 3.2 ± 0.85 % strain, whereas 420 

with the addition of 20 wt% oil 紘岌挑 increased to 31.5 ± 3.7 % strain (Figure 6C), i.e. the gels 421 

were less brittle. In comparison, whey protein emulsion gel (20 wt% oil fraction) broke down 422 

readily at lower 紘岌挑 (6.3 % strain) (Torres, Murray & Sarkar, 2017). Thus, although the filled 423 

starch emulsion gels were not as rigid, they may have the rheological advantage of being more 424 

flexible.  425 

At the same time, it is seen that the LVER of the emulsion gels with 20 wt% oil was 426 

significantly shorter than the LVER of native starch gels with the same freely added OSA starch 427 

concentration (2 wt%) (compare Figure 3A and 6A). For example, for 15 wt% native starch 428 

gel + 2 wt% of OSA starch, 紘岌挑 of the gel was 79.6 ± 9.43 % strain and 15 wt% native starch 429 

gel + 20 wt% emulsion gel 紘岌挑 was 31.8 ± 3.71  % strain (Figure 3A and 6A). In a similar 430 

manner, the oil droplets entrapped in the whey protein gel matrices increased the 紘岌挑 from 6.3 431 

to 12.5 % (Torres, Murray & Sarkar, 2017). Thus, oil droplets bound to either whey protein or 432 

native starch gel matrices may act as crack initiators weakening the emulsion gel under higher 433 

strain.  434 
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3.4 Characteristics of starch emulsion microgel particles 435 

Figure 7. CLSM micrograph with superimposed droplet size distribution and d32 and d43 values 436 

of emulsion microgel particles produced at 15 wt% native starch + 5 wt% oil (A), 15 wt% 437 

native starch + 10 wt% oil (B), 20 wt% native starch + 10 wt% oil (C) and 20 wt% native starch 438 

+ 15 wt% oil (D). Dotted circles highlights the emulsion microgel particles in the images. 439 

Wheat starch in green, stained with Nile Blue and oil droplets in red stained with Nile Red. 440 

 441 

 442 
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 Starch-based emulsion microgel particles were designed from the emulsion gels 443 

with oil fraction (5, 10 and 15 wt%) and the concentration of native wheat starch (15 and 444 

20 wt%) and OSA starch (0.5, 1, 1.5 wt%).  445 

The size of the emulsion microgel particles produced at different concentrations of 446 

native starch and oil were similar (Figure 7). At 5-10 wt% oil content, all three particle size 447 

distributions were monomodal, (1-10 ȝm) with similar d32 and d43 values (Figure 7A, B and 448 

C) (note the d32 of encapsulated oil droplets was previously measured as around 0.1 ȝm). 449 

All the above suggests that the emulsion microgel particle formation process did not lead 450 

to significant destabilization and coalescence of the emulsion droplets but that most of the 451 

droplets were encapsulated into emulsion microgel particles. 452 

Increasing the oil fraction to 15 wt% led to significantly larger particles with a d32 453 

value of 30.3 ȝm (Figure 7D).  As discussed previously, increasing the oil fraction to 454 

15 wt%, significantly increased the critical strain of the emulsion gel (see Figure 6C). The 455 

larger critical strain of the emulsion gel might have allowed the emulsion gel to deform 456 

more extensively under high pressure homogenization and fracture the gel into larger 457 

particles as compared to emulsion gels with a lower critical strain, which were more brittle 458 

and therefore might break down more randomly into smaller emulsion microgel particles 459 

(Dickinson, 2012; Moakes, Sullo & Norton, 2015; Torres, Murray & Sarkar, 2017). The 460 

emulsion microgel particle morphology was mostly spherical (see Figure 7). No significant 461 

variation in morphology was observed at the different concentrations of starch or 462 

percentage oil droplets. Most oil droplets (in red) seemed to be entrapped in a starch gel 463 

matrix (in green) and no free surface oil was observed after homogenization, suggesting 464 

little loss of droplets to the aqueous phase. However, increasing the concentration of starch 465 

from 15 to 20 wt% led to a higher amount of matrix debris in dispersion as well as more 466 

structures where individual oil droplets (in red) were visibly surrounded by a thin layer of 467 
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starch (in green in Figure 7C and D). At higher concentrations of native starch (20 wt%) 468 

and oil fraction (10-15 wt%), the final G’ and critical strain of the emulsion gel was the 469 

highest, forming larger emulsion microgel particles (see above). During the first pass 470 

through the homogenizer, the higher native starch concentration and oil fraction enabled 471 

the formation of large emulsion microgel particles where some were only loosely bound 472 

beneath the surface of the microgel particles. The second pass through the homogenizer 473 

might have disrupted such particles and released more individual oil droplets surrounded 474 

by fragments of the matrix (Dickinson, 2000; Malone & Appelqvist, 2003).  475 

  476 

Figure 8. Cryo-SEM micrograph of starch emulsion microgel particles produced using 10 wt% 477 

OSA-stabilised emulsion encapsulated into 15 wt% native starch, scale bar represents 20 ȝm 478 

(A) and higher magnification image showing the external surface of the emulsion microgel 479 

particles, scale bar represents 5 ȝm (B). The arrows point to the individual emulsion microgel 480 

particles.  481 

 482 
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The cryo-SEM micrographs (Figure 8) indicates that emulsion microgel particles were 483 

of the order of 2-3 ȝm, which is about 40-50% lower as compared to that of CLSM images 484 

(Figure 7). This might be due to the potential shrinkage during the cryo-SEM preparation 485 

procedure. Figure 8A shows several emulsion microgel particles of similar sizes 486 

homogeneously distributed throughout the micrograph. Most particles appeared to be spherical 487 

and did not seem to be significantly aggregated. At higher magnification (Figure 8B), a few 488 

emulsion microgel particles seemed to have aggregated into linear chains, but this is assumed 489 

to be an artefact of the cryo-SEM preparation.  490 

Higher magnification images (Figure 8B) showed that the particles appeared to have a 491 

“raspberry-like” surface, which is assumed to be due to the underlying intact encapsulated oil 492 

droplets. It has been demonstrated that composite materials containing hydrophobic particles 493 

bound to a gel matrix tend to fracture adjacent to the particle surface (Dickinson, 2012; Langley 494 

& Green, 1989). Therefore, under shear, one might expect, the emulsion gel to break adjacent 495 

to the oil droplet surface, explaining the appearance of the emulsion microgel particle surface.  496 

 497 

4 Conclusion 498 

Findings from this study have demonstrated that OSA stabilised-emulsion droplets act as active 499 

fillers in a sheared native starch gel allowing the design of novel starch emulsion microgel 500 

particles i.e., a soft solid network encapsulating several oil droplets into one particle via a facile 501 

top-down shearing approach. The emulsion droplets are firmly bound to the gel network, 502 

probably due to a combination of three types of associations: the OSA starch at the oil-water 503 

interface forming a hydrophobic network with neighbouring OSA starch-stabilized droplets; 504 

native wheat starch macromolecules associating together via hydrogen bonding; minor 505 

hydrogen bonds forming between hydroxyl groups on OSA starch and native starch in the 506 

continuous phase.  507 
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Emulsion microgel particles with tuneable sizes and mechanical properties can be produced 508 

from starch and OSA starch as long as there is a strong understanding of the interplay between 509 

the concentration of the native starch, surface active (OSA) starch, oil volume fraction, gelation 510 

kinetics and emulsion gel mechanical behaviour. However, further experiments on these 511 

emulsion microgel particles, such as encapsulation efficiency and stability tests over time and 512 

temperature are required before such particles can be used in commercial food and personal 513 

care application such as, release of lipophilic flavour and aroma molecules.  514 
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