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Abstract 14 

The aim of this work was to prepare concentrated water-in-oil-in-water (W1/O/W2) 15 

double emulsions to entrap resveratrol (RSV) with high encapsulation efficiency, good 16 

stability, and appropriate rheological behaviour. 17 

W1/O was formulated with an ethanol/water RSV solution (W1) dispersed in Miglyol 18 

812 (O) (20 vol.%) with polyglycerol polyricinoleate as stabiliser. W2 was a 2% w/v 19 

Tween 20 solution with and without sodium carboximethylcellulose as thickening agent. 20 

Different volumetric ratios (20/80 to 80/20) of W1/O dispersed into W2 were used. 21 

W1/O/W2 emulsions were characterized in terms of visual inspection, droplet size 22 

distribution, and stability. The rheology of these double emulsions was fully studied. 23 

Actual encapsulation efficiency was determined considering the non-encapsulated 24 

RSV recovery yield. 25 

The concentrated W1/O/W2 double emulsions with the optimum formulation 26 

showed high encapsulation efficiency (up to 58%), good storage stability, shear-27 

thinning behaviour, and dominant elastic character, with 6.2 mg/L of encapsulated RSV. 28 

These double emulsions may be suitable for food applications.  29 
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 42 

1. Introduction 43 

Resveratrol (3,5,4’-trihydroxystilbene, RSV) is a natural polyphenol present in 44 

many plants. Therefore, RSV can be got from different sources, such as grapes, nuts, 45 

berries, dark chocolate, and especially red wine, where the highest RSV concentration 46 

is found (Guerrero et al., 2009; Mullin, 2011).  47 

Many in vitro and in vivo studies have suggested that RSV has a great number of 48 

potential health benefits in combating diseases, such as cancer, diabetes, 49 

neurodegeneration, cardiovascular disorders, inflammation, and other age-related 50 

pathologies (Diaz-Gerevini et al., 2016; Murtaza et al., 2013; Novelle et al., 2015; Saiko 51 

et al., 2008; Yang et al., 2014). 52 

However, this great RSV potential is hindered by its poor pharmacokinetic 53 

properties, such as low aqueous solubility, low photostability, short biological half-life, 54 

and rapid metabolism and elimination (Amri et al., 2012; Francioso et al., 2014; 55 

Gomes-Silva et al., 2013; Neves et al., 2012; Yang et al., 2015). To overcome these 56 

limitations, encapsulation of RSV seems to be a good alternative for using this valuable 57 

ingredient in food, pharmaceutical and cosmetic industries. 58 

Several encapsulation studies have been conducted to protect RSV from 59 

degradation, increasing its solubility in water and improving its chemical stability and 60 

bioavailability via multiparticulate forms and colloidal carriers (Amri et al., 2012; 61 

Davidov-Pardo & McClements, 2014; Ganesan & Choi, 2016; Pangeni et al., 2014; 62 

Sessa et al., 2014; Soo et al., 2016; Summerlin et al., 2015).  63 

Double emulsions, such as water-in-oil-in-water (W1/O/W2) emulsions, are one of 64 

these colloidal delivery systems available to encapsulate and protect RSV (Hemar et 65 
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al., 2010; Matos et al., 2014; Wang et al., 2017).  66 

W1/O/W2 double emulsions consist of small water droplets trapped within larger oil 67 

droplets that are themselves dispersed in a continuous water phase (Aserin, 2008; Kim 68 

et al., 2003; McClements & Li, 2010; Muschiolik, 2007). 69 

One of the main drawbacks of W1/O/W2 double emulsions is their low stability, due 70 

to the excess free energy associated with droplets surface of the primary and 71 

secondary emulsions. The stability of the W1/O primary emulsion must be ensured to 72 

obtain a stable W1/O/W2 double emulsion, which depends on droplet sizes, amounts of 73 

dispersed and continuous phase, and emulsifier affinity for both phases (Garti, 1997; 74 

Muschiolik & Dickinson, 2017; Schuch et al., 2013; Yildrim et al., 2017). 75 

Although W1/O/W2 double emulsions have shown their suitability to encapsulate 76 

RSV, encapsulation efficiencies (EE) were not as high as those for other types of 77 

colloidal systems (Matos et al., 2014), even when it was enhanced by membrane 78 

emulsification techniques (Matos et al., 2015a). Also, the concentration of encapsulated 79 

RSV in the final double emulsion should be clearly improved regarding previous works. 80 

Wang et al. (2017) reported high EE values but with very low RSV concentration, and 81 

Hemar et al. (2010) used an initial RSV concentration larger than the RSV solubility in 82 

the W1 phase, what means that RSV was not completely dissolved under those 83 

conditions. 84 

On the other hand, high internal phase emulsions (HIPEs) are concentrated 85 

systems with a large volume of internal (or dispersed) phase. HIPEs contain more than 86 

74 vol.% of internal phase, which corresponds to the Ostwald critical volume. But it is 87 

possible to reach higher packing values by the concentration of polydisperse 88 

emulsions, since small droplets may fill the voids between the large ones even losing 89 

their spherical shape becoming polyhedral (Babak & Stebe, 2002; Cameron & 90 

Sherrington, 1996). These systems have wide application in cosmetics, foodstuffs, 91 

emulsion explosives, drug delivery systems, reaction media, and especially in the 92 

production of porous polymers (emulsion-templated porous polymers, PolyHIPEs) 93 

(Llinàs et al., 2013; Park et al., 2003; Silverstein, 2014; Solans et al., 2003; Zhang & 94 

Guo, 2017).  95 

Moreover, stability studies revealed that HIPEs are very stable against 96 

destabilization phenomena and lead to high EE values (Gutiérrez et al., 2014; Matos et 97 

al., 2015b).  98 
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In addition to that, a few studies with new approaches to produce concentrated 99 

double emulsions have been recently published (Leal-Calderon et al., 2012; Lei et al., 100 

2016; Li et al., 2014). 101 

In this paper, the preparation of concentrated W1/O/W2 double emulsions 102 

containing RSV through a two-step mechanical emulsification process is reported. The 103 

main purpose of this work was to prepare a product with high RSV content and to 104 

enhance the EE through the use of concentrated W1/O/W2 double emulsions with large 105 

stability. In previously reported works using double emulsions to encapsulate RSV, the 106 

RSV EE values were low (Matos et al., 2014; Matos et al., 2015a), or the final RSV 107 

concentration in the double emulsion was small (Wang et al., 2017), or the RSV 108 

concentration in W1 was higher than its solubility limit, what indicated the presence of a 109 

suspension instead of a solution (Hemar et al., 2010).  110 

Moreover, it is well known that the determination of EE in double emulsions 111 

requires the emulsion destabilization (frequently by centrifugation) and subsequent 112 

extraction of a sample of W2 previously filtered to analyse the non-encapsulated RSV 113 

(Hemar et al., 2010; Wang et al., 2017). However, with this experimental procedure 114 

some amount of non-encapsulated RSV could remain retained either by interactions 115 

with filter materials or with other formulation components, which would be considered 116 

as encapsulated RSV providing an overestimated EE value. In this work, therefore, the 117 

RSV amount lost during centrifugation, filtration, and W2 sample extraction processes 118 

was measured and taken into consideration for determining the actual EE value. 119 

Furthermore, the rheology of these double emulsions was fully studied since it is 120 

largely influenced by the emulsion concentration and the emulsion rheological 121 

behaviour is also a key parameter in the final application of the product (Pal, 2011).  122 

 123 

 2. Materials and methods 124 

2.1. Materials 125 

RSV (C14H12O3), absolute ethanol, Tween® 20 (polyoxyethylenesorbitan 126 

monolaurate, C58H114O26), and sodium carboximethylcellulose (CMC, C8H16NaO8) with 127 

polymerization degree 1100 (molar mass=982 kg/kmol) were purchased from Sigma 128 

Aldrich (USA). Miglyol® 812 (density 945 kg/m3 at 20 ºC), which is a neutral oil formed 129 

by esters of caprylic and capric fatty acids and glycerol, was supplied by Sasol GmbH 130 

(Germany). Polyglycerol polyricinoleate (PGPR, C21H42O6) was obtained from Brenntag 131 

AG (Germany). Sodium chloride was supplied by Panreac (Spain).  132 
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The hydrophilic-lipophilic balance (HLB) values of the emulsifiers tested in this 133 

study are: Tween 20=16.7; PGPR=3.0.  134 

HPLC-grade methanol, acetonitrile, 2-propanol, and acetic acid were obtained 135 

from Sigma Aldrich (USA). 136 

Paraffin oil supplied by VWR International (USA) was used as dispersant for 137 

droplet size measurements of W1/O emulsions. 138 

 139 

2.2. W1/O emulsion preparation 140 

The primary W1/O emulsion was formulated with 20 vol.% of inner aqueous phase 141 

(W1) and 80 vol.% of oil phase (O).  142 

Miglyol 812 containing 5 wt.% of the hydrophobic emulsifier (PGPR) previously 143 

dissolved by magnetic stirring at 50C for 30 min was used as the oil phase. PGPR is 144 

highly effective for stabilizing W/O emulsions (Márquez et al., 2010; Wolf et al., 2013). 145 

In order to increase RSV solubility, a 20 vol.% ethanol/water solution with 50 mg/L 146 

of RSV was selected as the inner aqueous phase.  147 

0.1M NaCl was added to the inner aqueous phase in all double emulsions to 148 

ensure W1 droplets stability because it had been previously reported that electrolytes 149 

increase W1/O emulsion stability (Jiang et al., 2013; Márquez et al., 2010).  150 

Both phases were emulsified in glass vessels by high shear mixing (Silentcruser M 151 

Homogenizer, Heidolph, Germany) using a 6 mm dispersing tool at 15,000 rpm for 10 152 

min. 153 

 154 

2.3. W1/O/W2 double emulsions preparation 155 

The W1/O/W2 double emulsions were prepared dispersing the W1/O primary 156 

emulsion into the external aqueous phase (W2) at several volumetric ratios of W1/O in 157 

W2: 20/80, 40/60, 50/50, 60/40, 70/30, and 80/20. W2 was a 2% (w/v) Tween 20 158 

solution. Emulsification was carried out by mixing the continuous and dispersed phases 159 

with the aforementioned Silentcruser M Homogenizer at 5,000 rpm for 2 min. 160 

These double emulsions were also formulated with 0.5% (w/v) CMC in the W2 161 

phase. Overnight magnetic stirring was needed to completely dissolve CMC. Then, 2% 162 

(w/v) Tween 20 was added and dissolved proceeding with the stirring for 30 min.  163 

0.1M NaCl was also added to the W2 phase to maintain an appropriate osmotic 164 
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balance between W1 and W2, the inner and outer aqueous phases, in all emulsions. 165 

 166 

2.4. Emulsion characterization 167 

2.4.1. Droplet size and visual inspection 168 

Emulsion droplet size distributions were analysed using laser light scattering 169 

technique in a Mastersizer S long bench apparatus (Malvern Instruments, Ltd. UK).  170 

For single W1/O emulsion measurements, the samples were dispersed in paraffin 171 

oil, whereas W1/O/W2 double emulsion samples were diluted with deionized water. 172 

 Micrographs of the emulsions were obtained with a light microscope Olympus 173 

BX50 (Olympus, Japan) with 10-100x magnification using UV-vis and fluorescence 174 

lamps.  175 

 176 

2.4.2. Resveratrol analysis and encapsulation efficiency  177 

RSV content in the external aqueous phases was determined by RP-HPLC (HP 178 

series 1100 chromatograph, Hewlett Packard, USA). The system was equipped with a 179 

UV-vis absorbance detector HP G1315A or a fluorescence detector 1260 Infinity A 180 

(Agilent Technologies, USA). The separation was performed with a reversed phase 181 

column Zorbax Eclipse Plus C18 of 5 m particle size and 4.6 mm × 150 mm (Agilent 182 

Technologies, USA).  183 

The mobile phase consisted of a mixture of (A) 100% milliQ-water and (B) 100% 184 

methanol with gradient elution at a flow rate of 0.8 mL/min. The step gradient started 185 

with 80% mobile phase (A) running 100% of mobile phase (B) in minute 5 for 10 min. 186 

The mobile phase (B) was run for 2 min after each injection to prepare the column for 187 

the next run. The separation was carried out at room temperature. A wavelength of 305 188 

nm was used for UV-vis detector while fluorescence detector was used at 189 

excitation/emission of 310/410 nm. The column was cleaned after each analysis by running 190 

first the mobile phase (A) for 20 min and a mobile phase (C) consisting of 50% 191 

acetonitrile, 25% milliQ-water, 25% 2-propanol, and 0.01% acid acetic for 40 min at a 192 

flow rate of 0.25 mL/min. Finally, the column was rinsed with 50% of mobile phase (A) 193 

and 50% of mobile phase (B) for another 20 min. 194 

The external aqueous phases injected in the HPLC were previously recovered by 195 

centrifugation at low speed (1000 rpm for 20 min) followed by filtration with a 0.22 m 196 

polyvinylidene difluoride syringe filter to remove all the oil phase that could be still 197 
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present (Matos et al., 2014, 2015a).  198 

The recovery yield (Ry) after the centrifugation and filtration stages was used to 199 

know the amount of RSV retained during both separation processes. This amount 200 

corresponded to non-encapsulated RSV either retained by interactions with filter 201 

materials or with other formulation components, which could be considered as 202 

encapsulated RSV providing an overestimated EE value.  203 

For this purpose, a standard emulsion, where 100% of W1 is present in W2, was 204 

required. Therefore, an oil-in-water (O/W2) emulsion was prepared using the same 205 

formulation as in the other experiments. This O/W2 emulsion was then diluted at the 206 

same ratio with W1, which contained the appropriate amount of RSV initially added. 207 

Then, the concentration in the recovered aqueous phases (Crecovered) was determined 208 

by RP-HPLC. A blank without RSV that consisted of an O/W2 emulsion diluted with W1 209 

was prepared for performing this analysis. The recovery yield, Ry, was calculated as: 210 

0

eredre
y

C

100C
R


 cov        (1) 211 

where C0 is the maximum concentration expected in the external aqueous phase.  212 

EE of these double emulsions was defined as the percentage of encapsulated 213 

RSV in W1 that remained in the W1/O primary emulsion after the second emulsification 214 

step (Matos et al., 2014, 2015a; O´Regan & Mulivhill, 2009). It was calculated as: 215 

y0

eredcovre

RC

100C
100EE


       (2)  216 

Three to five replicates of the analytical measurements were conducted for each 217 

sample and the average value was taken. 218 

 219 

2.4.3. Stability 220 

Emulsion stability was determined by measuring backscattering (BS) and 221 

transmission (TS) profiles in a Turbiscan apparatus (Formulaction, France). Samples of 222 

emulsions were placed without dilution in the test cells. Transmitted and backscattered 223 

light was monitored as a function of time and cell height for 9 days at 30 C.  224 

 225 

2.4.4. Rheology 226 

A Haake MARS II rotational rheometer (Thermo Fisher Scientific, USA) in 227 
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combination with a serrated plate-plate configuration (PP35) was used for emulsion 228 

rheological measurements performed at 25 °C. The measuring gap was 1 mm. 229 

Emulsion samples were deposited on the rheometer plate for 5 min before making 230 

measurements to minimize any internal stress. All measurements were replicated 231 

twice, and they were performed during the next 24 h after emulsion preparation to 232 

avoid aging effects.  233 

2.4.4.1. Steady-state flow measurements 234 

Viscosities of the double emulsions were determined at 25 °C using a linear ramp 235 

of shear rates increasing from 1 to 500 s-1 in 5 min.  236 

2.4.4.2. Oscillatory rheological analyses 237 

Frequency sweep tests were carried out from 0.1 to 10 Hz at a constant shear 238 

stress of 1 Pa and 25°C. 239 

 240 

3. Results and discussion 241 

3.1. Droplet size distributions 242 

Fig. 1A shows the droplet size distribution of the primary emulsion W1/O, whose  243 

D(v,0.5) value was 0.660.14 m. A peak is also observed around 0.2 µm likely caused 244 

by the presence of PGPR (inverse) micelles, as it was already reported (Matos et al., 245 

2015a). 246 

As Figs. 1B-1C show, droplet size distributions of the W1/O/W2 double emulsions 247 

prepared at several volumetric ratios of the W1/O primary emulsion in the W2 external 248 

aqueous phase are bimodal and highly polydisperse. The mean peak for all these 249 

double emulsions is in the 10-30 m range, and this value is consistent with those of 250 

previous studies (Hemar et al., 2010; Matos et al., 2014, 2015a). 251 

 It was not possible to prepare an 80/20 volumetric ratio double emulsion with CMC in 252 

its external aqueous phase since emulsion inversion took place. 253 

 254 
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(A) 

  

(B) (C) 

Fig. 1. Droplet size distributions of the W1O primary emulsion (A) and the W1/O/W2 255 

double emulsions formulated at several volumetric ratios of W1/O in W2 without 256 

(B) and with (C) 0.5% (w/v) of CMC in the external aqueous phase  257 

 258 

As can be seen, there are no significant differences in size due to the presence 259 

(Fig. 1C) or absence (Fig. 1B) of CMC. It is only noticed a decrease in the mean size 260 

for concentrated double emulsions at volumetric ratios of 70/30 and 80/20 probably due 261 

to the proximity to the emulsion inversion point (Rondón-González et al., 2006).  262 

 263 

3.2. Visual inspection 264 

Fig. 2 shows some of the optical microscopy images of W1/O/W2 double emulsions 265 

formulated with and without CMC in W2. Only photomicrographs for the most 266 
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representative volumetric ratios are given in Fig. 2, and they show experimental results 267 

that are in good agreement with the mean droplet sizes provided by the Mastersizer 268 

equipment.  269 

The presence of inner water droplets can be observed in all images, and also how 270 

the W1/O droplets start to be more packed as the volumetric ratio of W1/O in W2 271 

increases.  272 

 273 

 
30/70 without CMC in W2 

 
30/70 with CMC in W2 

 
50/50 without CMC in W2 

 
50/50 with CMC in W2 

 
70/30 without CMC in W2 

 
70/30 with CMC in W2 
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80/20 without CMC in W2 

 274 

Fig. 2. Optical microscopy images of W1/O/W2 double emulsions formulated without 275 

and with 0.5% (w/v) of CMC in W2 at several volumetric ratios of W1/O in W2 276 

 277 

3.3. Encapsulation efficiency 278 

EE values for W1/O/W2 double emulsions formulated at several volumetric ratios of 279 

W1/O in W2 are depicted in Fig. 3.  280 

It is observed that EE remains nearly constant up to a 60/40 volumetric ratio of 281 

W1/O in W2 for all double emulsions independently if CMC is or not present in W2. 282 

For volumetric ratios higher than 60/40, the EE values greatly increase with this 283 

ratio for both types of emulsion. The maximum EE value (58.3%) is achieved when the 284 

double emulsion turns into a HIPE.  285 

In all cases, double emulsions with CMC show EE values slightly higher than those 286 

for double emulsions without CMC in the external aqueous phase.  287 
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 288 

Fig. 3. Encapsulation efficiency of RSV for W1/O/W2 double emulsions formulated 289 

without and with 0.5% (w/v) of CMC in the external aqueous phase at several 290 

volumetric ratios of W1/O in W2 291 

 292 

 Table 1 shows, in a comparative way, the results from this study and from previous 293 

works where RSV was also encapsulated using W1/O/W2 double emulsions (Hemar et 294 

al., 2010; Matos et al., 2015a; Wang et al., 2017). It is important to point out that we 295 

take into account the Ry of RSV for the calculation of its EE. This procedure enables us 296 

to measure the amount of non-encapsulated RSV retained during both separation 297 

processes (centrifugation and filtration) and to avoid an EE overestimation. For that 298 

reason, our EE values in Table 1 have been corrected, since Ry had not been 299 

considered by the other authors.   300 

Comparing to Matos et al. (2015a), it is observed a high increase of the EE value 301 

when concentrated W1/O/W2 double emulsions are used, from 21.6% (at 20/80 302 

volumetric ratio of W1/O in W2) to 77.5% (at 80/20 volumetric ratio of W1/O in W2).   303 
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Table 1. Characteristics and properties of different W1/O/W2 double emulsions formulated for encapsulating RSV  304 

W1 Oil W2 

Initial 

RSV in 

W1 

(mg/L) 

Surfactant 

W1/O 

Surfactant 

O/W2 

Ratio 

W1/O 

Ratio 

(W1/O/W2 

(v/v) 

EE  

(%) 

RSV 

encapsulated 

in final double 

emulsion 

(mg/L) 

Ref. 

Ethanol/Water 

(20/80 v/v) +  

0.1 M NaCl 

Miglyol 

812 

Water + 

0.1 M NaCl 
50 PGPR Tween 20 20:80 20/80 21.6a 0.43d 

Matos 

et al.,  

2015a 

Ethanol/Water 

(20/80 v/v) + 

0.1 M NaCl 

Miglyol 

812 

Water + 

0.1 M NaCl 
50 PGPR Tween 20 20:80 80/20 77.5b 6.2d 

Present 

work 

Ethanol/Water 

(20/80 v/v) + 

0.1 M NaCl 

Canola  

oil 

Water + 0.1 

M NaCl + 0.5 

wt % CMC 

2500 PGPR 
Whey 

proteins 
20:80 40/60 98.0c 196d 

Hemar 

et al., 

2010 

Pure water 
Miglyol 

812 
Pure water 13.2 PGPR Tween 80 20:80 20/80 94.97c 0.50d 

Wang 

et al., 

2017 

Pure ethanol 
Miglyol 

812 
Pure water 9703 PGPR Tween 80 20:80 20/80 99.97c 388d 

Wang 

et al., 

2017 

(a) 20% if the recovery yield (Ry) is taken into account 305 

(b) 58.3% if Ry is taken into account 306 

(c) Values taking into account Ry are not known 307 

(d) Values calculated without taking into account Ry 308 

 RSV solubility at 20 oC:  In water, 36 mg/L; In ethanol, 62,869 mg/L; In ethanol/water (20/80 v/v), 745 mg/L (Sun et al., 2008) 309 
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Although Hemar et al. (2010) did not report the EE of RSV in their original 310 

manuscript, we have calculated from the RSV present in both W1 and W2 aqueous 311 

phases that it should be as high as 98%. However, it is very important to point out that 312 

the initial amount of RSV in W1 was extremely large what means that RSV was not 313 

completely dissolved under these conditions, as evidenced by the solubility values 314 

reported by Sun et al. (2008). Therefore, in these experiments, solid RSV had to be 315 

encapsulated and it could hardly be dissolved into W2. In addition, as Ry was not 316 

calculated, an important overestimation of the EE value should be expected, making it 317 

not comparable to our results. 318 

On the other hand, when our results are compared to those from Wang et al. 319 

(2017), it is evident that they reported larger values of EE using either pure water 320 

(94.97%) or pure ethanol (99.97%) as internal phase (W1). However, if the 321 

concentration of RSV encapsulated in the final double emulsion is considered, we 322 

entrapped a higher amount of RSV using a 20/80 v/v of ethanol/water solution as W1 323 

(6.2 mg/L versus 0.50 mg/L when pure water was used). Wang et al. (2017) obtained 324 

the largest concentration of RSV (388 mg/L) when pure ethanol was used as W1 325 

phase. However, ethanol content needs to be controlled in food formulations. 326 

 327 

3.4. Stability  328 

The dispersed phase droplets of an emulsion (droplets of the W1/O primary 329 

emulsion in this case) tend to migrate to the upper zone of the cell that contains the 330 

double emulsion. Several factors may influence the velocity of droplets migration such 331 

as continuous phase viscosity, densities of each phases, and mean diameter of 332 

dispersed phase droplets. 333 

BS profiles are given in Fig. S1 (Supplementary Material). They show that the 334 

surfactant present in the external aqueous phase (W2) prevents the coalescence of 335 

W1/O droplets. However, a creaming process is observed in all cases, which is caused 336 

by the movement of the W1/O droplets that tend to go to the upper part of the cell due 337 

to their lower density. 338 

Fig. 4 shows the evolution of the thickness of the clarified layer for all double 339 

emulsions formulated without (Fig. 4A) and with (Fig. 4B) CMC in W2. Although the 340 

emulsion samples were monitored for 9 days, only the evolution for the first 40 hours is 341 

given in Fig.4 as no changes were noticed afterwards. 342 
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(A) (B) 

Fig. 4.  Thickness of the clarified layer vs time for W1/O/W2 double emulsions 343 

formulated at several volumetric ratios of W1/O in W2 without (A) and with (B) 344 

0.5% (w/v) of CMC in the external aqueous phase  345 

 346 

The creaming velocity decreased as the volumetric ratio of W1/O in W2 increased 347 

leading to more stable W1/O/W2 double emulsions, as it can be seen in Fig. 4. This is 348 

the expected behaviour, since the volume occupied by the W1/O droplets is higher for 349 

high volumetric ratios and these droplets have less space to move what prevents 350 

creaming.  351 

The clarified layer remained constant after the first few hours, especially for double 352 

emulsions with higher volumetric ratios. In addition, the thickness of the clarification 353 

layer for double emulsions without CMC (Fig. 4A) reached a constant value more 354 

quickly than those with CMC (Fig. 4B). 355 

 356 

3.5. Rheology 357 

Viscosity vs shear rate plots for all W1/O/W2 double emulsions are depicted in Fig. 358 

5. Also shear stress vs shear rate graphs are given in Fig. S2 (Supplementary 359 

Material).   360 

The flow properties of these double emulsions followed the Power Law or Oswalt-361 

de Waele model (Eq. 3). 362 

 363 

                                                                         (3) 364 

where   is the shear stress (Pa),   is the shear rate (s-1), K is the consistency index 365 

(Pa·sn), and n is the flow behaviour index (dimensionless). 366 
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This model has already been successfully applied to double emulsions with a 367 

30/70 volumetric ratio of W1/O in W2 (Hernández-Marín et al., 2013). 368 

Values of K and n for all the double emulsions prepared are summarized in Table 369 

2. 370 
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Fig. 5. Viscosity vs shear rate for W1/O/W2 double emulsions formulated at several 375 

volumetric ratios of W1/O in W2 without (A) and with (B) 0.5% (w/v) of CMC in 376 

the external aqueous phase   377 

 378 

Table 2. Power law model parameters of W1/O/W2 double emulsions formulated at 379 

several volumetric ratios of W1/O in W2 without and with 0.5% (w/v) of CMC in 380 

the external aqueous phase   381 

 382 

 Without CMC in W2 With CMC in W2 

W1/O in 

W2 (v/v) 

K  

(Pa·sn) 
n R2 

K  

(Pa·sn) 
n R2 

20/80 0.0014 1.16 0.972 0.012 0.94 0.993 

30/70 0.0021 1.12 0.972 0.063 0.87 0.998 

40/60 0.0015 1.16 0.977 0.140 0.80 0.999 

50/50 0.0022 0.86 0.996 0.607 0.66 0.999 

60/40 0.066 0.79 0.996 0.540 0.67 0.999 

70/30 1.28 0.48 0.998 2.55 0.48 0.997 

80/20 10.5 0.29 0.997 - - - 

 383 

Nearly all double emulsions behaved as pseudoplastic fluids with a more 384 

significant shear-thinning behaviour at lower n values. Only the double emulsion 385 

formulated with CMC at the lowest volumetric ratio (20/80) behaved almost as a 386 

Newtonian-like fluid. Similar results have been previously reported (Hernández-Marín 387 

et al., 2013; Matos et al., 2015a; O´Regan & Mulivhill, 2009; Yildrim et al., 2017). This 388 

shear-thinning behaviour is explained by the structural deformation of the network that 389 

is formed at equilibrium state. As higher shear stresses are applied, stronger 390 

elongations, network rupture, and deformation of droplets of primary emulsion occur, 391 

which leads to decrease apparent viscosity values (Yildrim et al., 2017). 392 

Surprisingly, the double emulsions formulated without CMC at low volumetric ratios 393 

of W1/O in W2 (up to 40/60) showed a shear-thickening behaviour as values of n 394 

indicate. Experimental results in Fig. 5 show a viscosity peak approximately at the 395 

shear rate of 100 s-1. 396 

This unusual phenomenon had already been observed in highly concentrated 397 

surfactant solutions and it was attributed to shear-induced disordering and 398 

entanglement of the worm-like micelles of surfactant (Pal, 1992). It should be point out 399 

that double emulsions with less volume of W1/O droplets contain larger amount of W2 400 
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and hence more Tween 20 surfactant molecules. As the Tween 20 concentration is high 401 

and there is less oil/water interface to stabilize, worm-like micelles are more likely to 402 

appear. 403 

The presence of CMC in the external aqueous phase seems to mitigate this effect, 404 

since it is just slightly observed for the lowest volumetric ratio of W1/O in W2. Small-405 

amplitude oscillatory shear tests were performed to obtain mechanical spectra (Fig. 6 406 

and 7) and, therefore, to ascertain whether viscous or elastic properties predominate in 407 

these double emulsions. 408 

As shown in Fig. 6, both storage (G’) a d loss (G’’) moduli had low values with 409 

marked dependence on frequency. Experimental data indicated an initial viscous 410 

behaviour where G’’ was higher tha  G’ u til a crossover occurred (G’(c)   G’’(c)) 411 

above a certain frequency, c, of 2.5 rad/s for W1/O/W2 double emulsions formulated 412 

without CMC at volumetric ratios of W1/O in W2 in the range 20/80 – 60/40 (Fig. 6A-413 

6B). Beyo d this poi t, G’ was higher tha  G’’ for the freque cy ra ge covered. 414 

Therefore, the viscoelastic behaviour of double emulsions formulated at low volumetric 415 

ratios corresponds to complex or polymeric solutions, where G’ a d G’’ curves i tersect 416 

within the range of tested frequencies, which indicates a clear fluid-like behaviour.  417 

In contrast, W1/O/W2 double emulsions formulated at 70/30 and 80/20 volumetric 418 

ratios of W1/O in W2 show a dominant elastic character (G’ is higher tha  G’’ for all the 419 

frequency range in Fig. 6B).  420 

This unusual bulk elasticity showed by the most concentrated W1/O/W2 double 421 

emulsions had been already reported for highly concentrated simple emulsions 422 

stabilized with proteins (Dimitrova & Leal-Calderón, 2004).  423 
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(B) 

Fig. 6. Storage (G´) and loss (G´´) moduli vs frequency for W1/O/W2 double emulsions 424 

formulated without CMC in the external aqueous phase at several volumetric 425 

ratios of W1/O in W2: (A) 20/80, 30/70, 40/60, 50/50; (B) 60/40, 70/30, 80/20 426 

 427 

A similar trend was found for W1/O/W2 double emulsions formulated with CMC in 428 

W2 (Fig. 7), but the change of rheological behaviour appeared at lower volumetric 429 

ratios. Therefore, it was observed a  i itial viscous behaviour where G’’ was higher 430 

tha  G’ u til a crossover occurred arou d 4 rad/s for W1/O/W2 double emulsions 431 

formulated with CMC at volumetric ratios of W1/O in W2 in the range 20/80 – 40/60  432 

(Fig.7A).  A dominant elastic character was observed for volumetric ratios ranging from 433 

50/50 to 70/30 (Fig. 7A-7B). 434 

Results previously reported for diluted double emulsions (up to 30/70 volumetric 435 

ratio of W1/O in W2) (Keyvani et al., 2014) showed a viscous behaviour for all the 436 

frequency ranged covered.  It is important to point out that those double emulsions did 437 

not have thickening agent in the external aqueous phase, as it is the case of the 438 

emulsions formulated without CMC in the present study. 439 
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(A) 

 

(B) 

Fig. 7. Storage (G´) and loss (G´´) moduli vs frequency for W1/O/W2 double emulsions 441 

formulated with 5% (w/v) CMC in the external aqueous phase at several 442 

volumetric ratios of W1/O in W2: (A) 20/80, 30/70, 40/60, 50/50; (B) 60/40, 70/30 443 

 444 

4. Conclusions  445 

In this work, concentrated W1/O/W2 double emulsions containing RSV were 446 

prepared by a conventional two-step mechanical emulsification process, which could 447 

be appropriate for the double emulsions production on an industrial scale. Moreover, 448 

these concentrated double emulsions (with 6.2 mg/L of encapsulated RSV) showed 449 

high encapsulation efficiency (up to 58%), good storage stability, shear-thinning 450 

behaviour, and dominant elastic character, which makes them suitable for food 451 

applications.   452 

 Once this food application is selected, it would be necessary further work to 453 

explore the incorporation of RSV-entrapped double emulsion into the final product. The 454 

impact of food matrices on the stability and controlled delivery of RSV should be 455 
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especially undertaken, as well as the effects of the concentrated double emulsions on 456 

the physicochemical, rheological and sensory properties of this final product. 457 
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Figure captions 

Fig. 1. Droplet size distributions of the W1O primary emulsion (A) and the W1/O/W2 

double emulsions formulated at several volumetric ratios of W1/O in W2 without 

(B) and with (C) 0.5% (w/v) of CMC in the external aqueous phase  

Fig. 2.  Optical microscopy images of W1/O/W2 double emulsions formulated without 

and with 0.5% (w/v) of CMC in W2 at several volumetric ratios of W1/O in W2 

Fig. 3.  Encapsulation efficiency of RSV for W1/O/W2 double emulsions formulated 

without and with 0.5% (w/v) of CMC in the external aqueous phase at several 

volumetric ratios of W1/O in W2 

Fig. 4. Thickness of the clarified layer vs time for W1/O/W2 double emulsions 

formulated at several volumetric ratios of W1/O in W2 without (A) and with (B) 

0.5% (w/v) of CMC in the external aqueous phase  

Fig. 5. Viscosity vs shear rate for W1/O/W2 double emulsions formulated at several 

volumetric ratios of W1/O in W2 without (A) and with (B) 0.5% (w/v) of CMC in 

the external aqueous phase   

Fig. 6. Storage (G´) and loss (G´´) moduli vs frequency for W1/O/W2 double emulsions 

formulated without CMC in the external aqueous phase at several volumetric 

ratios of W1/O in W2: (A) 20/80, 30/70, 40/60, 50/50; (B) 60/40, 70/30, 80/20 

Fig. 7. Storage (G´) and loss (G´´) moduli vs frequency for W1/O/W2 double emulsions 

formulated with 5% (w/v) CMC in the external aqueous phase at several 

volumetric ratios of W1/O in W2: (A) 20/80, 30/70, 40/60, 50/50; (B) 60/40, 70/30 
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Table 1. Characteristics and properties of different W1/O/W2 double emulsions formulated for encapsulating RSV  

W1 Oil W2 

Initial 
RSV in 

W1 
(mg/L) 

Surfactant 
W1/O 

Surfactant 
O/W2 

Ratio 
W1/O 

Ratio 
(W1/O/W2 

(v/v) 

EE  
(%) 

RSV 
encapsulated 
in final double 

emulsion 
(mg/L) 

Ref. 

Ethanol/Water 
(20/80 v/v) +  
0.1 M NaCl 

Miglyol 
812 

Water + 
0.1 M NaCl 

50 PGPR Tween 20 20:80 20/80 21.6a 0.43d 
Matos 
et al.,  
2015a 

Ethanol/Water 
(20/80 v/v) + 
0.1 M NaCl 

Miglyol 
812 

Water + 
0.1 M NaCl 

50 PGPR Tween 20 20:80 80/20 77.5b 6.2d 
Present 
work 

Ethanol/Water 
(20/80 v/v) + 
0.1 M NaCl 

Canola  
oil 

Water + 0.1 
M NaCl + 0.5 
wt % CMC 

2500 PGPR 
Whey 
proteins 

20:80 40/60 98.0c 196d 
Hemar 
et al., 
2010 

Pure water 
Miglyol 
812 

Pure water 13.2 PGPR Tween 80 20:80 20/80 94.97c 0.50d 
Wang 
et al., 
2017 

Pure ethanol 
Miglyol 
812 

Pure water 9703 PGPR Tween 80 20:80 20/80 99.97c 388d 
Wang 
et al., 
2017 

(a) 20% if the recovery yield (Ry) is taken into account 

(b) 58.3% if Ry is taken into account 

(c) Values taking into account Ry are not known 

(d) Values calculated without taking into account Ry 

 RSV solubility at 20 oC:  In water, 36 mg/L; In ethanol, 62,869 mg/L; In ethanol/water (20/80 v/v), 745 mg/L (Sun et al., 2008) 

Table 1



Table 2. Power law model parameters of W1/O/W2 double emulsions formulated at 

several volumetric ratios of W1/O in W2 without and with 0.5% (w/v) of CMC in 

the external aqueous phase   

 

 Without CMC in W2 With CMC in W2 

W1/O in 

W2 (v/v) 

K  

(Pa·sn) 
n R2 

K  

(Pa·sn) 
n R2 

20/80 0.0014 1.16 0.972 0.012 0.94 0.993 

30/70 0.0021 1.12 0.972 0.063 0.87 0.998 

40/60 0.0015 1.16 0.977 0.140 0.80 0.999 

50/50 0.0022 0.86 0.996 0.607 0.66 0.999 

60/40 0.066 0.79 0.996 0.540 0.67 0.999 

70/30 1.28 0.48 0.998 2.55 0.48 0.997 

80/20 10.5 0.29 0.997 - - - 

 

 

Table 2



  

Supplementary Interactive Plot Data (CSV)
Click here to download Supplementary Interactive Plot Data (CSV): Supplementary Material revised.docx

http://ees.elsevier.com/jfoodeng/download.aspx?id=882161&guid=9c0e9513-d92e-42de-9d1b-9488171b7678&scheme=1

