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 22 

Abstract 23 

The combination of proteins and polysaccharides has potential to act as good emulsifiers 24 

and stabilizers. The aim of this study was to evaluate the stability of the emulsion system 25 

stabilized by whey protein isolate (WPI) (2-5 wt%) and xanthan gum (XG) (0.25 and 0.5 26 

wt%). Furthermore, the influence of WPI-XG emulsion system on the thermal stability of 27 

incorporated astaxanthin under different storage temperatures (5, 25, 37, 55 and 70 ºC) and 28 

in vitro digestion were investigated. The emulsion system with higher XG concentration 29 

(0.5 wt%) exhibited the highest viscosity, emulsion stability, and creaming stability. The 30 

WPI-XG stabilized emulsion exhibited higher stability of astaxanthin at lower storage 31 

temperature (5, 25 and 37 ºC) with 10-12% astaxanthin loss during 15 days of storage. 32 

During in vitro digestion, emulsion stabilized by WPI-XG demonstrated influence on 33 

droplet digestion process, significantly (p˂0.05) lower lipid digestibility and lower 34 

astaxanthin digestion (12.6%) in comparison to emulsion stabilized by WPI alone. This 35 

research study provides platform for designing fortified food or beverage systems 36 

incorporated with hydrophobic bioactive compounds for better stability and delivery to 37 

target sites. 38 

Keywords: Whey protein isolate; xanthan gum; astaxanthin; emulsion; in vitro digestion 39 

 40 

 41 

 42 

 43 
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 44 

 45 

1. Introduction 46 

Emulsion-based delivery system is an effective approach to improve the water solubility 47 

and bioavailability of hydrophobic bioactive compounds (Liu et al., 2016). Proteins and 48 

polysaccharides are the biopolymers commonly used as emulsifiers/stabilizers. Due to 49 

amphiphilic character, proteins can strongly adsorb at oil-water interface and provide 50 

electrostatic and/or steric repulsion force which prevents droplet aggregation and 51 

coalescence (Jain and Anal, 2018). On the other hand, polysaccharides increase the 52 

viscosity of aqueous phase and enhance the stability of emulsion by inhibiting the droplets 53 

movement, and hence are used as stabilizer/thickening agents (Ozturk and McClements, 54 

2016). 55 

The interaction between proteins and polysaccharides is a natural phenomenon of great 56 

importance in food systems for stabilization of colloidal systems, particularly emulsion-57 

based delivery systems (Anal et al., 2019). The combination of proteins and 58 

polysaccharides under appropriate conditions (concentration, protein-to-polysaccharide 59 

ratio, pH, ionic strength, temperature) exhibits a great improvement in emulsion stability 60 

(Donald, 2008; Guzey and McClements, 2006). These biopolymeric interactions, therefore, 61 

combine the stabilizing effect of polysaccharide with the emulsifying ability of protein in 62 

the formulation of stable colloidal food formulations. The mechanism of emulsion 63 

stabilization is based on polysaccharide absorption ability and interaction with the proteins. 64 

Firstly, protein-polysaccharide complex is formed due to  polysaccharides adsorption  to 65 

the surface of protein-coated droplet via the electrostatic interactions between proteins and 66 

polysaccharides (Qiu et al., 2015a). Secondly, proteins and polysaccharides can stabilize 67 
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emulsion without developing any attractive interactions, for instance, proteins adsorb at 68 

oil-water interface, while polysaccharides only modify the viscosity of aqueous phase due 69 

to their non-adsorbing nature (Bouyer et al., 2012).  70 

Xanthan gum (XG) is a high molecular weight (1.5 × 106 to 5 × 106 g/mol) anionic 71 

heteropolysaccharide produced by the microorganism Xanthomonas campestris. XG is a 72 

non-adsorbing polysaccharide which does not bind to protein-stabilized droplet surfaces. 73 

The addition of XG into oil-in-water emulsion improves the emulsion stability by 74 

increasing the viscosity of aqueous phase and restricting the mobility of oil droplets 75 

(Khouryieh et al., 2015; Moschakis et al., 2005). Bouyer et al. (2013), reported that β-76 

lactoglobulin stabilized emulsion in the presence of XG  exhibited the better efficacy in 77 

comparison to β-lactoglobulin alone and β-lactoglobulin-gum arabic stabilized emulsion. 78 

Park et al. (2018) investigated the effect of XG addition on lipolysis and β-carotene 79 

bioaccessibility of the rice starch-based filled hydrogel loaded with β-carotene. The highest 80 

rate and overall extent of lipid digestion was exhibited by the hydrogel in the presence of 81 

XG at the concentration of 1 and 2 wt%. Further, the bioaccessiblity of β-carotene was 82 

observed to decrease with the increase in XG concentration. It is, therefore, important to 83 

understand the effect of XG on the behavior of emulsion during passage through the 84 

gastrointestinal tract, which includes emulsion fate, lipid digestion and the bioaccessibility 85 

of encapsulated bioactive compounds.  86 

Astaxanthin is a deep red color carotenoid synthesized as metabolic product by several 87 

microorganisms. Green algae Haematococcus pluvialis, is one of the main sources of 88 

natural astaxanthin (Feng et al., 2018; Martínez-Delgado et al., 2017). The consumption of 89 

astaxanthin presents a great deal of health benefits, such as prevention of oxidative stress 90 

and cardiovascular diseases (Martínez-Delgado et al., 2017), due to which it is gaining 91 

interest as a nutraceutical ingredient in the fortification of food products. However, 92 
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astaxanthin has poor water solubility, low bioavailability and prone to degrade by exposure 93 

to oxygen, heat and light (Taksima et al., 2015). Emulsion-based delivery systems have 94 

been used for improving solubility and bioavailability of astaxanthin (Meor Mohd Affandi 95 

et al., 2011; Ribeiro et al., 2005). Cod liver oil is a source of omega-3 fatty acids, 96 

especially eicosapentanoic acid (EPA) and docosahexaenoic acid (DHA) and vitamins A, 97 

D and E (Calvano et al., 2008). Therefore, the cod liver oil is used as an oil phase to 98 

develop the delivery system for lipophilic bioactive ingredients to fortify the food 99 

emulsions (Farvin et al., 2014).  100 

To our knowledge, none of the study has reported the formulation of WPI-XG stabilized 101 

emulsion system to encapsulate astaxanthin oleoresins. The main purpose of this study was 102 

to investigate the effect of WPI-XG stabilized emulsion system on the thermal stability and 103 

in vitro digestion behavior of encapsulated astaxanthin oleoresin extracted from microalgae 104 

Haematococcus pluvialis. 105 

2. Materials and methods 106 

2.1 Materials 107 

Haematococcus pluvialis astaxanthin oleoresin (10 wt% astaxanthin) was purchased from 108 

Yunnan Alphy Biotech Co. Ltd, China. Cod liver oil (Engelvaer Norwegian) was acquired 109 

from Piping Rock Health Products Co. Ltd, New York, USA. Whey protein isolate (WPI) 110 

was acquired from Club Protein Co. Ltd, Thailand. Xanthan gum (XG) was obtained from 111 

Union Chemical 1986 Co. Ltd, Thailand. All other chemicals/reagents used were analytical 112 

grade. 113 

2.2 Preparation of wall materials  114 
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Mixture of WPI and XG at different proportions was used as wall material to formulate oil-115 

in-water emulsion. Effects of varying XG concentrations (0, 0.25 and 0.5 wt%) and WPI 116 

concentrations (2, 3, 4 and 5 wt%) on the emulsion viscosity, emulsion stability and 117 

creaming index were studied. In each formulation, wall material (mixture of WPI and XG) 118 

was dispersed in distilled water and sodium azide (0.04 wt%) was added into the mixture 119 

to inhibit microbial growth (Chityala et al., 2016). The mixture was continuously stirred at 120 

100 rpm (VelpScientifica, Europe) for at least 6 h to ensure hydration. 121 

2.3 Preparation of astaxanthin-loaded emulsions 122 

The astaxanthin-loaded oil-in-water emulsion was prepared by following (Liu et al., 2016) 123 

with slight modification. The oil phase was prepared by dispersing 1 g of astaxanthin 124 

oleoresin into 100 g of cod liver oil by magnetic stirring at 100 rpm for 2 h. The wall 125 

material solution was used as an aqueous phase. The oil phase was added into the wall 126 

material solution and total solid content of each emulsion system was adjusted to15% 127 

(w/w). Initially, coarse emulsions were prepared by blending the mixture through a high-128 

speed blender (OTTO, BE-127/127A, Thailand) for 2 min at 2000 rpm. The coarse 129 

emulsions were then passed through a high-pressure homogenizer (IKA Labor-pilot, 130 

2000/4, Staufen, Germany) for three passes at 500 bars to form an oil-in-water emulsion. 131 

The final emulsions were adjusted to pH 7 using 1 N HCl or 1 N NaOH. The emulsions 132 

were then kept in a sterilized test tubes and stored at 5 ± 1 ºC in dark conditions to prevent 133 

the degradation of astaxanthin by the effect of light (Tamjidi et al., 2014a). 134 

2.4 Emulsion stability, creaming index, and viscosity 135 

The emulsion stability was measured by following the method of Tamnak et al. (2016). 136 

The emulsion (10 mL) was centrifuged at 2000 × g for 5 min at 4 °C. The emulsion 137 

stability was calculated by using Eq. (1). 138 



7 

 

��������	�
�����
	(%) 	= ��
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× 100      (1) 139 

Where H1 is the initial height of fresh emulsion and H2 is the height of emulsion after 140 

centrifugation. 141 

The creaming index was determined by using Eq. (2). Emulsion (10 mL) was placed in 142 

glass test tube with cap and stored at 25 ± 1 ºC for 15 days. The height of the cream and 143 

serum layer was measured.  144 

��������	�����	(%) = � !"#	$%& !	' ()'*
+,*%$	' ()'*	,-	 #"$.(,/ 	× 100    (2) 145 

Emulsion viscosity was measured following the method described by Jain and Anal 146 

(2018). The viscosity of emulsions was determined using a Brookfield digital viscometer at 147 

25 ºC (DV-II + Pro Viscometer, Brookfield Engineering Laboratories, Stoughton, USA). 148 

Viscosity was measured within 24 h of preparation and expressed in mPa.s. 149 

The optimized emulsions with higher emulsion viscosity, emulsion stability and lower 150 

creaming index were selected for further characterization and classified as E1, E2, E3 and 151 

E4 emulsion systems with varying concentration of WPI (2, 3, 4 and 5 wt%, respectively) 152 

and fixed concentration of XG (0.5 wt%). 153 

2.5 Particle size and particle charge measurement 154 

The mean particle diameter (z-average), polydispersity index (PDI) and zeta potential of 155 

emulsions were determined by dynamic light scattering technique using Zetasizer Nano ZS 156 

(ZEN 3600, Malvern 220 Instrument Ltd., Malvern, Worcestershire, UK). Prior to analysis, 157 

emulsion samples were diluted (100 times) with distilled water to prevent multiple 158 

scattering effects. All the measurements were carried out at 25 ºC. 159 

2.6 Microstructure  160 
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Microscopic images of emulsion samples were studied using light microscope (Olympus 161 

CX31, Tokyo, Japan) at 40× objective magnification. Freshly prepared emulsion sample 162 

(50 µL) was dropped on a clear glass slide with a coverslip and observed under 163 

microscope.  164 

2.7 Effect of storage temperatures on thermal stability of the astaxanthin-loaded 165 

emulsion 166 

Astaxanthin-loaded emulsions were stored in dark conditions at different temperatures (5 ± 167 

1, 25 ± 1, 37 ± 1, 55 ± 1 and 70 ± 1 °C) for the period for 15 days. Emulsions were stored 168 

in cold storage room (5 ± 1 ºC), room temperature (25 ± 1 ºC) and hot air oven (37 ± 1, 55 169 

± 1 and 70 ± 1 °C) to maintain the different storage temperatures. The storage temperature 170 

was monitored by calibrated digital thermometer. Thermal stability of astaxanthin was 171 

evaluated in terms of change in color and astaxanthin concentration in emulsions during 172 

the storage period. The color measurement was performed by following the method 173 

reported by Davidov-Pardo et al. (2016) in the term of L*, a*, b* color parameters of 174 

CIELAB system using a colorimeter (Hunter Lab Spectrocolorimeter, TC-P III A, Tokyo 175 

Denshoku Co., Ltd., Japan). The total color difference (∆E) was calculated using following 176 

Eq. (3). 177 

Δ� = √(2∗ − 2(∗)5 + (�∗ − �(∗)5 + (�∗ − �(∗)5     (3) 178 

Where L*, a*, b* are color coordinates measured at specific time, and Li*, ai*, bi* are the 179 

initial values of color coordinates measured immediately after emulsion preparation.  180 

The concentration of astaxanthin in the emulsion systems was determined by following the 181 

method of Khalid et al. (2017) with slight modifications. The emulsions (50 µL) were 182 

diluted in 4.95 mL of organic solvent (dichloromethane: methanol = 2:1, v/v) and then 183 
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centrifuged at 4472 × g for 20 min. Astaxanthin was measured from the supernatant using 184 

UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan) at 480 nm. The emulsion without 185 

astaxanthin was used as a blank. A calibration curve was developed by dissolving the 186 

astaxanthin standard in the organic solvent (dichloromethane: methanol = 2:1, v/v) in a 187 

concentration range of 0 to 12 mg/L (r2 = 0.986). The stability of astaxanthin in emulsion 188 

system was expressed as astaxanthin retention (%), which was calculated by following Eq. 189 

(4). 190 

Astaxanthin	retention	(%) = B
BC × 100      (4) 191 

Where C is the astaxanthin concentration at certain day and C0 is the astaxanthin retention 192 

at 0 day 193 

According to Niamnuy et al. (2008), astaxanthin degradation rate was calculated following 194 

fist-order kinetic model as shown in Eq. (5).   195 

�� D E
ECF = −G
          (5) 196 

Where C0 and C are astaxanthin concentrations (mg/mL) at time 0 and specific time t (day) 197 

respectively; t is the storage time (day); k is the temperature dependent rate constant (day-
198 

1). 199 

The degradation rate (temperature dependent) was measured by using the Arrhenius 200 

relationship (Eq. 6). 201 

��(G) = ��(H) − IJ
K+         (6) 202 

where k is the astaxanthin degradation rate constant; A is a preexponential factor; Ea is the 203 

activation energy; R is the universal gas constant (8.3145 J mol-1 K-1); T is the absolute 204 

temperature in Kelvin. 205 
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2.8 In vitro digestion of astaxanthin-loaded emulsion 206 

The astaxanthin-loaded emulsions were passed through an in vitro digestion model 207 

including the simulated mouth, stomach, and small intestinal phases following the method 208 

as described by Shrestha et al. (2018) with slight modification.  209 

Initial stage: The initial emulsion system was comprised of astaxanthin-loaded WPI-XG 210 

stabilized emulsion. The emulsion (10 mL) was transferred to a glass beaker and 211 

maintained at a temperature of 37 ºC in a water bath. 212 

Simulated mouth phase: Simulated saliva fluid (SSF) was prepared by mixing 0.1594 g 213 

NaCl, 0.0202 g KCl, amylase (0.87% w/v) and 0.022 g mucin into phosphate buffer 214 

solution (PBS 10 mM, pH 7) to obtain final volume of 100 mL and the pH of SSF was 215 

adjusted to 6.8. SSF (5 mL) was mixed to the initial emulsion system (5 mL) and 216 

maintained at 37 ºC in a water bath for 5 min with continuous shaking at 100 rpm. 217 

Simulated gastric phase: Simulated gastric fluid (SGF) was prepared by dissolving 0.32 218 

wt% pepsin and 0.2 wt% NaCl in 10 mM phosphate buffer solution (pH 2.5). SGF (10 mL) 219 

was added to the resulted mixture from the simulated mouth phase (10 mL). The mixture 220 

was incubated at 37 ºC for 2 h with a continuous shaking at 100 rpm in the water bath. 221 

Simulated intestinal phase: Simulated intestinal fluid (SIF) contained 39 mM K2HPO4, 150 222 

mM NaCl and 30 mM CaCl2.The resultant mixture from the gastric phase (20 mL) was 223 

mixed with SIF (20 mL) followed by the addition of bile salt extract (5 mg/mL) and 224 

pancreatin (1.6 mg/mL). The pH of the resulting mixture was adjusted at 7 and placed in a 225 

water bath at 37 ºC with continuous shaking for 2h. 226 

Emulsion samples from each stage of the in vitro digestion process were collected and 227 

diluted (100 times) by respective buffer of each digestion phase (without enzymes). The 228 
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diluted emulsion samples were analyzed for mean particle diameter (z-average), and zeta 229 

potential by dynamic light scattering technique using Zetasizer Nano ZS.  230 

2.9 Determination of free fatty acid released 231 

The degree of lipid digestion was determined in term of free fatty acids (FFAs) released 232 

within small intestine using titration method (Pinsirodom and Parkin, 2001). The intestinal 233 

digesta (5 mL), acetone (10 mL) and 3 drops phenolphthalein (1%, w/v) were mixed 234 

together and titrated with 0.1 M NaOH. The volume of NaOH used to obtain the endpoint 235 

was recorded. The amount of free fatty acid released was calculated by using Eq. (7). 236 

LLH	(%) = DMNJOP×#NJOP×QRSTU
5×RSTU

F × 100      (7) 237 

where V NaOH is the volume of NaOH required for titration (mL); m NaOH is the molarity of 238 

used NaOH; MW oil is the molecular weight of oil (g mol-1); W oil is the initial weight of 239 

oil. 240 

2.10 Determination of astaxanthin digestion 241 

The digestion of astaxanthin after passing through in vitro digestion was measured by 242 

following the method as described by Salvia-Trujillo et al. (2013) with some modification. 243 

Raw digesta (10 mL) was centrifuged (EBA8S, Hettich, Germany) at 716 × g for 60 min at 244 

25 ºC. After centrifugation, the supernatant containing astaxanthin solubilized in mix 245 

micelle was collected. A top layer of non-digested oil was discarded from the micelle 246 

fraction before analysis. The aliquots (5 mL) of raw digesta or micelle fraction were mixed 247 

with 5 mL organic solvent (dichloromethane: methanol = 2:1, v/v) and centrifuged at 137 × 248 

g for 10 min at 25 ºC. The bottom layer which solubilized astaxanthin was collected, 249 

whereas the top layer was mixed again with organic solvent (5 mL) and the same 250 

procedure was followed. The bottom part of organic solvent layer was mixed into the 251 
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previous one and the absorbance was measured at 480 nm using UV-VIS 252 

spectrophotometer (Shimadzu, Kyoto, Japan). The digestion of astaxanthin was calculated 253 

using Eq. (8). 254 

H�
����
ℎ��	�����
���	(%) = 100 × W BXYZ[\\[
B]^_	`Ya[bc^

d    (8) 255 

Here CMicelle is the astaxanthin concentration in micelles fraction and CRaw digesta is the 256 

astaxanthin concentration in raw digesta 257 

2.11 Statistical analysis 258 

All experiments were performed in triplicates and the resulted were expressed as mean 259 

values with standard deviation. Statistical testing was carried out by using SPSS statistical 260 

software (SPSS, 22.0). Analysis of variance (ANOVA) and Tukey’s HSD test were carried 261 

out to determine the significant differences (p < 0.05) among the mean observations. 262 

3. Results and discussion 263 

3.1 Effect of WPI and XG on the physical stability of astaxanthin-loaded emulsion 264 

The effects of different concentrations of WPI and XG on viscosity, emulsion stability and 265 

creaming index of astaxanthin-loaded emulsions are summarized in Table1. 266 

3.1.1 Viscosity  267 

During 15 days of storage, the absence of XG, emulsions stabilized by WPI (2-4 wt%) 268 

alone had no significant effect on viscosity. Moreover, the emulsions stabilized by WPI 269 

alone exhibited the lowest viscosity indicating that presence of XG had significant role in 270 

the viscosity of emulsion (Chityala et al., 2016). At each WPI concentration (2-5 wt%), 271 

increase in XG concentration increased the viscosity of emulsions significantly (p < 0.05) 272 

which was due to the predominant thickening effect of XG. This result indicates that the 273 
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emulsion viscosity is proportional to the viscosity of the continuous phase (Khouryieh et 274 

al., 2015). Similarly, Sun et al. (2007) reported a sharp increase in an emulsion viscosity as 275 

XG concentration exceeded 0.2 wt%. 276 

3.1.2 Emulsion stability  277 

The emulsion stabilized by WPI-alone exhibited the lowest emulsion stability (6.67-7.22 278 

%) whereas emulsions stabilized by WPI-XG mixture (with 0.5 wt% XG) exhibited the 279 

highest emulsion stability (94.39-99.02 %). At each WPI concentration, emulsion stability 280 

was increased with increase in XG concentration. Similarly,  Xu et al. (2017) also reported 281 

an improvement in creaming stability of the emulsion at pH 7 stabilized by hydrolyzed rice 282 

glutelin in the presence of XG (0.4 wt%). However, in the absence of XG, WPI had no 283 

significant effect on emulsion stability. XG plays the role in emulsion stability due to 284 

following reasons: firstly, XG is a molecule with high molecular weight, charge density, 285 

and rigidity and thus it may adsorbed to positive patches on the surface of protein-coated 286 

droplets, leading to increases in the electrostatic and steric repulsive force between droplets 287 

(Protonotariou et al., 2013). Secondly, XG effectively increases the viscosity of aqueous 288 

solutions, which may prevent the movement of droplets that causes creaming, even though 289 

the droplets were flocculated (Chen et al., 2016). 290 

3.1.3 Creaming index 291 

The emulsions stabilized by WPI alone showed rapid and the highest creaming index 292 

(90.63-92.63 %). However, with the addition of 0.25 wt% XG, creaming index of emulsion 293 

was significantly reduced (2.11-17.23 %) and no creaming was observed in emulsions in 294 

the presence of 0.5 wt% XG (Table 1). This decrease in creaming index in presence of XG 295 

might be due to  increase in viscosity that prevents the mobility of oil droplets. Velez et al. 296 

(2003) reported that the presence of polysaccharides (at ~ > 0.1 wt%) reduced the 297 
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creaming rate of emulsion. Addition of non-adsorbing biopolymer at certain level increase 298 

the continuous phase viscosity which limits the droplets movement resulting a decrease in 299 

creaming rate (McClements, 2015). It was observed that emulsion system with the highest 300 

viscosity showed the highest emulsion stability and the lowest creaming index (Table 1). 301 

However, emulsion viscosity cannot be always linked with emulsion stability. The 302 

emulsion stability is further dependent on biopolymer nature and pH of emulsion system 303 

(Owens et al., 2018). The stability of emulsion at pH 7 attributes that at this pH both 304 

protein and XG carried negative charge, thus anion groups on XG adsorbed to cationic 305 

patches on protein molecule, which provide the electrostatic and steric repulsion between 306 

droplet surface (Qiu et al., 2015a). Furthermore, XG provided the high viscosity within 307 

continuous phase, which limited creaming instability (Xu et al., 2017). In the present study, 308 

WPI stabilized emulsion in the presence of 0.5 wt% XG remained stable with no sign of 309 

creaming at 25 ºC for one month (Fig. S1, supplementary material). 310 

 311 

Finally, based on higher emulsion viscosity, emulsion stability and lower creaming index 312 

(Table 1), the astaxanthin-loaded WPI-XG emulsion systems with varying concentration of 313 

WPI (2, 3, 4 and 5 wt%) and fixed concentration of XG (0.5 wt%) were selected for further 314 

particle characterization and classified as E1, E2, E3 and E4 respectively. 315 

3.2 Effect of WPI on the particle characteristics of astaxanthin-loaded WPI-XG 316 

emulsions 317 

The particle characteristics of WPI-XG emulsions (E1– E4) with varying concentrations of 318 

WPI (2-5 wt%) and XG (0.5 wt%) were determined (Table 2). The mean particle diameter 319 

of each WPI-XG emulsions systems was significantly different (ranging from 1.71 to 2.85 320 

µm). Further, it was observed to decrease significantly (p < 0.05) with the increase in WPI 321 
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concentration. The smallest droplet size was exhibited by WPI-XG emulsions system 322 

containing higher (5 wt%) WPI concentration. Similarly, Huck-Iriart et al. (2013) reported 323 

a decrease in volume-weighted mean diameter (D4,3, 4.47 to 0.41 µm) of emulsions with 324 

the increase in sodium caseinate concentration (0.2-5 wt%) in the presence of  XG (0.5 325 

wt%). 326 

Polydispersity index (PDI) indicates the width of particle size distribution, which ranges 327 

from 0 to 1. The lower PDI value (0.1-0.25) shows a relatively narrow size distribution, 328 

while the value of PDI more than 0.5 indicates a highly broad distribution (Tamjidi et al., 329 

2014a). The PDI value of all WPI-XG emulsion systems exceeded 0.25 indicating the 330 

broad particle size distribution. However, the E3 emulsion system (4% WPI + 0.5% XG) 331 

exhibited significantly lower PDI value (0.26) in comparison to other emulsion systems. 332 

Zeta potential exhibits the nature of the electrostatic potential near the droplet surface. A 333 

higher zeta potential indicates the greater electrostatic repulsion and separation distance 334 

between droplets resulting in reduced flocculation and aggregation (Thaiphanit et al., 335 

2016). The zeta potential between -10 mV and +10 mV is considered nearly neutral, 336 

whereas zeta potential value more than +30 mV or less than -30 mV are indicated strongly 337 

cationic and anionic respectively (Dizaj et al., 2016). Study of zeta potential of WPI-XG 338 

emulsion (E1-E4) showed that all emulsions systems except E3 exhibited more than -30 339 

mV zeta potential. This indicates relatively high negative charge that generates strong 340 

electrostatic repulsion preventing droplets coalescence and flocculation (Jain and Anal, 341 

2018). 342 

The microscopic images obtained by light microscope (Fig. 1) indicated that the 343 

flocculation occurred without phase separation in the E3 and E4 WPI-XG emulsion 344 

systems, while no flocculation was observed in the WPI-XG emulsion systems E1 and E2. 345 
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The microstructure, therefore, indicated that droplet flocculation increased with increase in 346 

WPI concentration. This result corroborates with results of zeta potential, such that E3 and 347 

E4 emulsion system exhibited lower negative value of zeta potential and hence weak 348 

electrostatic repulsion. Since, there was no significant difference in the zeta potential of E1 349 

and E2 emulsion system, only the emulsion system E1was selected for further evaluation 350 

of the stability of astaxanthin and in vitro digestion behavior. 351 

3.3 Effect of storage temperatures on thermal stability of the astaxanthin-loaded 352 

emulsion 353 

The thermal stability of astaxanthin was evaluated by determining the total color difference 354 

(∆E) and astaxanthin concentration during storage of astaxanthin-loaded emulsions at 355 

different temperature (5, 25, 37, 55 and 70 °C) for 15 days. The changes in emulsion color 356 

stored at different incubation temperature was noted using colorimeter to obtain the CIE 357 

L*a*b* color coordinates throughout the storage period. The lightness of the emulsion 358 

gradually increased at lower incubation temperature while there was sharp increase in 359 

lightness of emulsion incubated at higher temperature (Fig. 2A). On the other hand, 360 

redness and yellowness of the emulsion remained relatively stable at the lowest incubation 361 

temperatures (Fig. 2B and 2C respectively) and started to decrease gradually with the 362 

increase in incubation time and temperature. Oxidation of astaxanthin causes the reduction 363 

in red and yellow color of astaxanthin. In addition, the product of oxidation is colorless 364 

compounds, such as epoxides and hydroxyl compound (Niamnuy et al., 2008). Besides the 365 

color fading caused by the oxidation, Niamnuy et al. (2008) reported the change of color of 366 

dried shrimp (the color belongs to astaxanthin pigment) due to astaxanthin isomerization 367 

occurring simultaneously with the oxidation of astaxanthin. Moreover, higher total color 368 

difference was observed at in the emulsion stored at elevated temperature (55 and 70 °C) 369 

compared to emulsion incubated at lower temperature (5, 25 and 37 °C) indicating that 370 
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color degradation is strongly dependent on storage temperature (Fig. 2D). Similar result 371 

was reported by Davidov-Pardo et al. (2016) who demonstrated the effect of storage 372 

temperature on the rate of color fading in lutein (a xanthophyll class of carotenoids).  373 

Further, the thermal stability of astaxanthin at different storage temperatures was 374 

determined in terms of the astaxanthin concentration remaining in emulsion and expressed 375 

as astaxanthin retention (%) (Fig. 3). The initial astaxanthin retention (100%) was observed 376 

to decrease with the increase in storage time and temperature. The stability of astaxanthin 377 

was the highest in emulsion stored at 5 °C with only 9% loss after 15 days of storage. 378 

Astaxanthin retention was lower for emulsions stored at high temperature (55 and 70 °C) 379 

compared to low temperature (5, 25 and 37 °C). Astaxanthin retention profile followed a 380 

similar trend with previous studies which reported faster astaxanthin degradation during 381 

storage at elevated temperatures (Davidov-Pardo et al., 2016; Liu et al., 2016; Shrestha et 382 

al., 2018). An increase in astaxanthin degradation at high temperatures might be due to the 383 

effect of heat causing an acceleration of a collision of astaxanthin-loaded emulsified 384 

droplets with pro-oxidant, resulting in the stimulation of rate of oxidation reaction (Tamjidi 385 

et al., 2014b). 386 

The degradation of astaxanthin concentration was estimated by following the first-order 387 

kinetic reaction as demonstrated by previous studies (Bustamante et al., 2016; (Bustos-388 

garza et al., 2013) (Vakarelova et al., 2017). Table 3 represents the degradation rate 389 

constant (day-1) and activation energy of reduction in astaxanthin. The astaxanthin 390 

degradation constant rate was found to increase with the increase in storage temperature. 391 

There was no significant difference (p > 0.05) in the astaxanthin degradation constant rate 392 

for 5 °C (0.68 day-1) and 25 °C (0.99 day-1), while it was significantly higher for 37 °C 393 

(1.33day-1), 55 °C (4.72 -day1) and 70 °C (7.90 day-1). The activation energy was 31.55 KJ 394 

mol-1 which was higher than the activation energy of color fading. 395 
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3.4 In vitro digestion of astaxanthin-loaded emulsion 396 

3.4.1 Droplet size 397 

Initially, the mean droplet diameter was 1.53 and 2.89 µm for emulsions stabilized by 398 

WPI-only and WPI-XG respectively (Fig. 4A). After incubation in SSF, there was 399 

significant (p < 0.05) increase in the mean particle diameter of emulsion stabilized by WPI 400 

alone (2.24 µm). An increased in droplet size could be due to the presence of mucin and 401 

mineral ions in the simulated saliva fluid such that mucin, a charged glycoprotein which 402 

can promote bridging and/or depletion flocculation (Qiu et al., 2015a), and mineral ions 403 

can impact on surface electrostatic effects (Qiu et al., 2015b). Conversely, there were no 404 

significant changes in the mean particle diameter of WPI-XG stabilized emulsion. This 405 

indicated that the addition of XG could prevent droplet flocculation in the mouth phase. 406 

The particle size of both emulsion systems was significantly increased after passing 407 

through the simulated gastric conditions. An increased in the mean droplet diameter could 408 

be due to various physicochemical mechanisms including (i) the highly ionic strength 409 

within gastric fluid decreased the electrostatic repulsion between droplets surfaced, (ii) 410 

hydrolysis of protein by pepsin could decrease the stability of droplet from aggregation 411 

(Golding et al., 2011), (iii) some of protein-coated droplets might be replaced by other 412 

surface molecules present in the system (Qiu et al., 2015a). 413 

After incubation in SIF, the increase in droplet diameter was observed for both emulsion 414 

systems. This increase in droplet size might be due to droplet aggregation and coalescence, 415 

caused by the digestion of oil phase and displacement of lipid digestion products such as 416 

free fatty acids, monoacylglycerols and diacylglycerols due to the action of pancreatin (Xu 417 

et al., 2014). On the other hand, the mean droplet size of emulsion stabilized by WPI-alone 418 

(6.67 µm) was significantly (p< 0.05) larger than emulsion stabilized by WPI-XG (5.26 419 
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µm). The small droplet size in emulsion with WPI-XG might be attributed to the presence 420 

of XG, that can potentially prevent the formation of the large particles after digestion (Qiu 421 

et al., 2015a). 422 

3.4.2 Zeta potential 423 

Zeta potential exhibits the electrical characteristic of emulsified droplets and indicates the 424 

changes in the interfacial composition of the emulsion after passing through each stage of 425 

digestion. At initial stage zeta potential of WPI and WPI-XG stabilized emulsion was -32.8 426 

and -34.9 mV respectively (Fig. 4B). After passing through simulated mouth conditions, 427 

both emulsion system exhibited anionic zeta potential indicating no variation on interfacial 428 

composition in consistent with the droplet size. As emulsions were incubated in SGF, the 429 

magnitude of zeta potential of both emulsions changed appreciably to positive charge. This 430 

change in zeta potential might be due to pH of SGF being lower than the isoelectric point 431 

of WPI (pI = 4.5), which in turn reduced anionic charge of XG by increasing cationic 432 

charge of WPI, or may be due to replacement of original emulsifier by the action of pepsin 433 

digested WPI (Shrestha et al., 2018). 434 

Finally, on passing from gastric to small intestinal phase, the zeta potential was -10.0 mV 435 

for WPI emulsion and -24.9 mV for WPI-XG stabilized emulsion. The decline in zeta 436 

potential might be due to the fact that some of WPI coated droplets were digested by 437 

pepsin or displaced by lipid digestion products. However, the emulsion stabilized by WPI-438 

XG exhibited significantly higher negative charge indicating the presence of XG on coated 439 

droplets (Xu et al., 2014). 440 

3.4.3 Free fatty acid released 441 

The rate of free fatty acids released was significantly different (p<0.05) by the emulsion 442 

systems stabilized by WPI-alone and WPI-XG (Fig. 4C). There was initially a rapid release 443 
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of free fatty acids from both emulsion systems during the first 20 min, followed by an 444 

almost constant release of free fatty acids along with the digestion time. However, the rate 445 

of free fatty acids released was higher in emulsion stabilized by WPI alone compared to 446 

WPI-XG stabilized emulsion during the first 20 min of digestion till at the end of digestion 447 

time (120 min). This indicated that the presence of XG impacts on the fat digestion. 448 

Similarly, Espert et al. (2019) found a reduction (68%) in the amount of free fatty acids 449 

released from cream containing XG as comparison to cream without XG. The 450 

incorporation of XG may inhibit the lipid digestion by restricting the access of bile salt and 451 

lipase to react efficiently at the lipid droplet surface.  452 

 453 

3.4.4 Digestion of astaxanthin 454 

Finally, the influence of emulsion stabilized by WPI-alone and WPI-XG emulsion system 455 

on the solubilization of astaxanthin in the micelle phase was examined (Fig. 5). After the 456 

final stage of in vitro digestion, the digesta was collected and centrifuged. Three layers 457 

were developed after centrifugation, including the bottom sediment phase, the middle 458 

micelle phase, and the upper oil phase. The middle phase was yellowish-orange and 459 

optically transparent which suggested that astaxanthin was solubilized in small mixed 460 

micelles. The extent of released astaxanthin was 46.2% and 12.6% from emulsion with 461 

WPI alone and WPI-XG stabilized emulsion. A similar result was reported by Xu et al. 462 

(2014) who reported 45.5% and 23.0% of β-carotene was observed to be released from 463 

emulsion stabilized by WPI and the mixture of WPI-beet pectin, respectively, into water-464 

soluble mixed micelles. 465 

There was consistency between the extent of free fatty acid formation and the amount of 466 

astaxanthin released. The lower astaxanthin release from emulsion containing XG might be 467 

due to the fact that presence of XG limited the access of bile salt and lipase to react at lipid 468 
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droplet surface, thus inhibited the formation of micelles and astaxanthin still remained in 469 

non-digested droplets, as a consequent decreased the solubility of astaxanthin into the 470 

aqueous phase (Zhang et al., 2015), secondly the binding of XG to the released astaxanthin 471 

might result in the formation of a dense molecular complex (Yonekura and Nagao, 2007; 472 

Mun et al., 2016). 473 

4. Conclusion 474 

Astaxanthin-loaded oil-in-water emulsion was stabilized by WPI and XG. The addition of 475 

XG significantly increased emulsion stability in comparison to emulsions stabilized by 476 

WPI alone. No creaming was observed in the WPI-XG emulsions containing 0.5 wt% XG. 477 

The astaxanthin encapsulated WPI-XG emulsion system was more stable at low 478 

temperature of storage (5, 25 and 37 ºC). During in vitro digestion, emulsion stabilized by 479 

WPI-XG exhibited the smaller droplet size within gastric and intestinal phase indicating 480 

the addition of XG can improve the stability of protein-stabilized emulsion. The presence 481 

of XG in combination with WPI demonstrated lower lipid digestibility and limited the 482 

content of released free fatty acid. Further, the combination of WPI-XG reduced the 483 

digestion and released of astaxanthin in comparison to emulsion system stabilized by WPI 484 

alone. This study signifies the application of economical and easily accessible 485 

biopolymers, i.e. WPI and XG in the formulation of astaxanthin enriched stable emulsions 486 

for food and feed applications. The provided results are useful for designing functional 487 

foods (such as mayonnaise, sauce, gravy, and salad dressing) fortified with health-488 

promoting ingredient. 489 
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Figure Captions 680 

Fig. 1. Microscopic images of astaxanthin-loaded emulsions containing 0.5 wt% XG with 681 

different WPI concentration (magnification 40×); (E1) 2 wt% WPI + 0.5 wt% XG; (E2) 3 682 

wt% WPI + 0.5 wt% XG; (E3) 4 wt% WPI + 0.5 wt% XG; (E4) 5 wt% WPI + 0.5 wt% 683 

XG 684 

Fig. 2. Effect of the storage temperature on the lightness (L*) (A); redness (a*) (B); 685 

yellowness (b*) (C); total color (∆E) (D) of the astaxanthin-loaded emulsion incubated at 686 

different temperatures.  687 

Fig. 3. Effect of storage temperature on astaxanthin retention of the astaxanthin-loaded 688 

emulsion incubated at different temperatures.  689 

Fig. 4. Changes in droplet properties: the mean particle diameter (A); zeta-potential (B) 690 

throughout the in vitro digestion model; and free fatty acids (FFA %) released in the 691 

intestine phase (C) of the emulsions stabilized by WPI and WPI-XG. Different capital 692 

letters (A-C) indicate significant differences (p < 0.05) in the mean particle size (z-693 

average) when samples were compared between different stages of in vitro digestion (same 694 

emulsion system). Different lowercase letters (a-b) indicate significant differences (p < 695 

0.05) between emulsion systems (within same in vitro digestion stage). 696 

Fig. 5. Effect of WPI and WPI-XG stabilized emulsions on the digestion of astaxanthin. 697 

Different lowercase letters (a, b) indicate significant differences (p < 0.05) in the 698 

astaxanthin digestion between emulsion systems (WPI and WPI-XG stabilized emulsion). 699 
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Table 1 Effect of WPI and XG on emulsion viscosity, stability and creaming index of 700 

WPI-XG stabilized emulsion  701 

Composition (% wt) Viscosity 

(mPa.s) 

Emulsion stability 

(%) 

Creaming index 

(%) WPI XG Oil 

2 0 13.0 5.55 ± 0.24g 7.22 ± 1.74e 91.58 ± 0.42a 

 0.25 12.75 186.13 ± 0.78e 94.97 ± 0.32bc 17.23 ± 0.47b 

 0.5 12.5 582.2 ± 0.72b 99.02 ± 0.35a 0.00 ± 0.0e 

3 0 12.0 5.80 ± 0.23g 6.11 ± 0.48e 90.63 ± 0.76a 

 0.25 11.75 186.03 ± 1.53e 92.87 ± 2.29cd 5.61 ± 1.61c 

 0.5 11.5 583.1 ± 0.50b 96.86 ± 1.00ab 0.00 ± 0.0e 

4 0 11.0 6.97 ± 0.12g 5.83 ± 0.84e 92.14 ± 0.32a 

 0.25 11.75 192.93 ± 1.75d 95.13 ± 1.64bc 4.38 ± 0.80c 

 0.5 11.5 584.0 ± 0.92ab 97.19 ± 0.51ab 0.00 ± 0.0e 

5 0 10.0 12.22 ± 0.49f 6.67 ± 0.84e 92.63 ± 0.53a 

 0.25 9.75 218.40 ± 0.82c 89.61 ± 1.3d 2.11 ± 1.06d 

 0.5 9.5 586.4 ± 0.53a 94.39 ± 1.73bc 0.00 ± 0.0e 

Different superscript letters (a-g) indicate significant differences (p < 0.05) within the 702 

column 703 

 704 

 705 

 706 

 707 
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Table 2 Particle size, polydispersity index (PDI) and zeta potential of astaxanthin-loaded 708 

emulsions containing 0.5 wt% XG at different WPI concentration 709 

Emulsion 

systems 

Composition (wt%) Mean particle 

diameter (µm) 

Polydispersity 

index  

Zeta potential 

(mV) 

E1 2% WPI + 0.5% XG 2.85 ± 0.12a 0.33 ± 0.04ab -34.9 ± 1.31a 

E2 3% WPI + 0.5% XG 2.53 ± 0.16b 0.43 ± 0.04a -36.2 ± 0.29a 

E3 4% WPI + 0.5% XG 2.09 ± 0.07c 0.26 ± 0.06b -28.2 ± 0.34c 

E4 5% WPI + 0.5% XG 1.71 ± 0.07d 0.43 ± 0.14a -30.6 ± 0.59b 

Different superscript letters (a-d) indicate the significant differences (p < 0.05) in the same 710 

column.  711 

  712 
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Table 3 Astaxanthin degradation rate constant of emulsions at different storage 713 

temperatures 714 

Storage 
temperature 

(°C) 

First-order degradation k ×10-2 (day-1) R2 Activation 
energy 

(kJ/mol) 

5 C = 0.456 [-exp (0.0068) t] 0.68a 0.91 31.55 

25 C = 0.456 [-exp (0.0099) t] 0.99a 0.90  

37 C = 0.456 [-exp (0.0133) t] 1.33b 0.93  

55 C = 0.456 [-exp (0.0472) t] 4.72c 0.97  

70 C = 0.456 [-exp (0.079) t] 7.90d 0.98  

C is Concentration of astaxanthin (mg/mL), k is degradation rate constant, R2 is square of 715 

correlation coefficient. Different superscript letters (a-d) indicate the significant (p < 0.05) 716 

differences among degradation rate constant (k).  717 

 718 













Highlights 

• Oil-in-water emulsions with whey protein isolate (WPI) as wall material and xanthan 

gum (XG, 0.5%) showed better stability 

• WPI-XG stabilized emulsions showed higher stability of astaxanthin at lower storage 

temperature (5-37 °C) for 15 days 

• In vitro digestibility of astaxanthin was lower in WPI-XG emulsion system as compared 

to WPI emulsion system (control) 

 


