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Abstract 11 

Trans-Resveratrol (3, 5, 4'-trihydroxystilbene) is a naturally occurring polyphenol easily 12 

oxidizable and extremely photosensitive with a short biological half-life that must be 13 

encapsulated to maintain its beneficial properties on the human body. The aim of this work is 14 

to increase the amount of resveratrol encapsulated using concentrated double water-in-oil-in-15 

water (W1/O/W2) emulsions, making these systems more interesting as ingredient for 16 

functional food products formulations. The concentration of the inner emulsion (W1/O) for 17 

several external (W1O/W2) ratios was optimized in terms of encapsulation efficiency (EE), 18 

colloidal stability and rheological behaviour. W1/O emulsions formulated with ratios of 30/70 19 

and 40/60 were used to obtain double emulsions (with ratios of 20/80 up to 80/20 of 20 

W1O/W2). 21 
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Trans-Resveratrol EE increased up to 90% when the most concentrated double emulsions were 22 

prepared for both W1/O ratios tested. The maximum resveratrol concentrations on double 23 

emulsions were 10.8 mg/L and 14.4 mg/L when 30/70 and 40/60 of W1/O ratios were used, 24 

respectively. However, longer time stability was found for double high internal phase 25 

emulsions (W1O/W2) with a ratio of 30/70 of W1/O. 26 

The double emulsion with 80/20 W1O/W2 volumetric ratios together with 30/70 of W1/O 27 

seems suitable to be used as ingredient for pharmaceutical and food devices/products due to 28 

its high colloidal stability, clearly pseudoplastic and elastic behaviour, high EE and large RSV 29 

carried capacity. 30 

Keywords 31 
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1. Introduction 33 

Trans-Resveratrol is a polyphenol with antioxidant nature that seems to produce beneficial 34 

effects on human health in the fight against cancer, diabetes, neurodegeneration, 35 

cardiovascular disorders, inflammation, and other age-related pathologies what has greatly 36 

increased its applications in pharmaceutical and cosmetics industry [1–10].  37 

However, trans-Resveratrol needs to be encapsulated because of its high instability and 38 

photosensitive character [11,12]. Several types of colloidal systems were used for resveratrol 39 

encapsulation such as nanovesicles (niosomes, liposomes, transfersomes) [13–16], 40 

nanoemulsions [17], water-in-oil-in-water (W1/O/W2) double emulsions [18–20], polymeric 41 

and solid lipid nanoparticles, lipospheres, cyclodextrins, polymeric microspheres, yeast cells 42 

carriers and calcium or zinc pectinate beads [21]. It was demonstrated that resveratrol 43 

oxidation and photodegradation was delayed when entrapped improving the stability and the 44 

shelf life of trans-resveratrol by protecting it against several degradation processes [22,23]. 45 
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Double emulsions have a wide application field as in food, cosmetic, pharmaceutical and 46 

medical where they are frequently used as biocompounds carriers [20,24–33]. They are highly 47 

desirable as drug delivery systems, when the therapy requires repeated administration, via 48 

ingestion or injection, and for compounds with very short half-life [34,35]. The single 49 

administration of actives component through a double emulsion has shown prolonged release 50 

properties, avoiding alterations caused by the environment (e.g. oxidation, light, enzymatic 51 

degradation) or during food digestion [36,37]. In the case of hydrophilic bioactive compounds 52 

they are encapsulated in the dispersed phase (inner aqueous droplets) and the intermediate 53 

phase acts as a barrier from the external environment, increasing chemical stability and shelf 54 

life.  55 

It has been reported in previous studies that the use of emulsions with a large amount of 56 

internal phase provides higher stability against creaming, remaining stable for longer time. 57 

Satisfactory results were obtained with concentrated double emulsions [19] used to 58 

encapsulate trans-Resveratrol. However, the total amount of trans-Resveratrol encapsulated 59 

was limited (6.2 mg/L) by its poor solubility in water, being necessary the addition of ethanol in 60 

the W1 where the trans-Resveratrol is incorporated. In this previous study, it was reported the 61 

effect of increasing the ratio of the primary emulsion into the external aqueous phase 62 

(W1O/W2) but using a constant W1/O ratio of 20/80 since this is the ratio optimized and used 63 

by other authors in order to avoid destabilization by coalescence of the inner water droplets 64 

[20,24,26–29,31,32,38–40]. There are also some studies in which the ratio of 30/70 was 65 

reported [33,41–43] and only a few have reported higher ratios, such us, 40/60 [44,45] and 66 

50/50 [30,46]. The larger the amount of inner water phase, where the hydrophilic 67 

biocompounds of interest are entrapped, the larger the amount encapsulated, but it is 68 

necessary to stablish the colloidal stability limit of these thermodynamically unstable systems 69 

[19,47]. 70 
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To our knowledge, the effect of concentrating both emulsions W1/O and W1O/W2 71 

simultaneously on the resulting colloidal stability and encapsulation efficiency (EE) has not 72 

been previously explored. Therefore, the aim of this work is to increase the amount of trans-73 

Resveratrol encapsulated using concentrated double water-in-oil-in-water (W1/O/W2) 74 

emulsions by optimizing the concentration both of the primary and secondary emulsions, 75 

making these systems more interesting ingredients for functional food products formulations 76 

due to its high biocompound loading capacity.  77 

The influence of the inner emulsion W1/O ratio was studied for several external W1O/W2 ratios 78 

(from 20/80 to 80/20). The formulation was optimized in terms of EE and the total amount of 79 

trans-Resveratrol encapsulated on the final emulsion without sacrificing emulsion stability and 80 

appropriate rheological properties.  81 

2. Materials and methods 82 

2.1 Materials 83 

Trans-Resveratrol (C14H12O3), absolute ethanol and Tween 20 (HLB 16.7) were purchased from 84 

Sigma–Aldrich (USA). Miglyol® 812 (density 945 kg/m3 at 20°C), which is a neutral oil formed by 85 

esters of caprylic and capric fatty acids and glycerol, was supplied by Sasol GmbH (Germany). 86 

Polyglycerol polyricinoleate (PGPR, HLB 3.0) was supplied by Brenntag AG (Germany). Sodium 87 

chloride was obtained from Panreac (Spain). Deionized water (Millipore Elix 5, Merck, 88 

Germany) was used for the preparation of both aqueous phases. 89 

HPLC-grade methanol, acetonitrile, 2-propanol, and acetic acid were obtained from Sigma 90 

Aldrich (USA). 91 

2.2. Methods 92 

2.2.1 Water-in-oil (W1/O) inner emulsion preparation 93 
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Trans-Resveratrol is barely soluble in water and highly soluble in ethanol, but its solubility in 94 

alcohol decreases as the carbon number of the alcohol increases [48]. Thus, a 20% ethanol 95 

(v/v) aqueous solution was used as the dispersed phase containing 50 mg/L of trans-96 

Resveratrol.  97 

It has been reported that the addition of electrolytes to the aqueous phase increases the W1/O 98 

emulsion stability. It has been suggested that the presence of electrolytes lowers the attractive 99 

force between water droplets, decreasing the dielectric constant of the aqueous phase, 100 

therefore reducing collision frequency. NaCl was added being 0.1 M its concentration in the 101 

inner aqueous phase. This was carried out in all double emulsions to ensure W1 droplet 102 

stability [49–51]. 103 

Miglyol 812 was used as the continuous phase (oil phase) containing PGPR as hydrophobic 104 

surfactant previously added, and easily dissolved by magnetic stirring for 5 min. PGPR is 105 

commonly used in food formulation and has been demonstrated to be highly effective at 106 

stabilizing W1/O emulsions [51–53]. 107 

The PGPR/internal aqueous phase ratio was kept constant to ensure that the surface of the 108 

dispersed droplets (W1) was always covered by the PGPR. A ratio of 0.4 (w/w) was selected in 109 

order to ensure emulsion stability regarding preliminary results [20]. 110 

Two W1/O volumetric ratios were studied, 30/70 and 40/60, since experiments performed at 111 

higher ratios led to destabilization of the final double emulsions. Both phases were emulsified 112 

in glass vessels by high shear mixing (SilentCruser M Homogenizer, Heidolph, Germany) using a 113 

6 mm dispersing tool at 15,000 rpm for 10 min. A total amount of 100 g of emulsion was 114 

prepared each time. 115 

2.2.2. Water-in-oil-in-water (W1/O/W2) double emulsions preparation 116 
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The W1/O/W2 double emulsions were prepared by dispersing the W1/O primary emulsion into 117 

the external aqueous phase (W2) using several volumetric ratios of W1O/W2: 20/80, 30/70, 118 

40/60, 50/50, 60/40, 70/30, and 80/20, respectively.  119 

W2 was a 2% (w/v) Tween 20 solution in 0.1 M NaCl. Tween 20 was added as an outer stabilizer 120 

and was dissolved by stirring for 30 min. NaCl was added to the W2 phase in order to 121 

equilibrate the osmotic pressure between W1 and W2 in all emulsions (0.1 M NaCl). 122 

Emulsification was carried out by mixing the continuous and dispersed phases with the 123 

SilentCruser M Homogenizer (Heidolph, Germany) at 5,000 rpm for 2 min. 124 

The mixing conditions are considerably milder than in the case of simple emulsion preparation 125 

in order to preserve the integrity of the initial emulsion. 126 

2.2.3. Emulsion characterization 127 

A. Droplet size distribution 128 

Emulsion droplet size distributions were obtained by the laser light scattering technique in a 129 

Mastersizer S long bench apparatus (Malvern Instruments, Ltd., UK).  130 

The refractive index of the Miglyol 812 (1.54) was used for double emulsions droplet size 131 

measurements.  132 

Samples were first diluted with deionized water to prevent multiple scattering effects. They 133 

were then circulated through the measuring zone using a Hydro SM small volume sample 134 

dispersion unit, following the manufacturer’s recommendations for this type of emulsion. 135 

Three replicates were performed for each emulsion and the results were reported as the 136 

typical droplet size distribution.  137 
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The size results are expressed in terms of equivalent spherical diameter, that is, the diameter 138 

of a sphere of the same volume as the measured particle. Emulsions usually show spherical 139 

drops. 140 

B. Colloidal stability 141 

Emulsion stability was measured by backscattering (BS) and transmission (TS) profiles in a 142 

Turbiscan apparatus (Formulaction, France). Emulsion samples were placed without dilution in 143 

the test cells. Transmitted and backscattered light was monitored as a function of time and cell 144 

height for 7 days at 30°C. TS and BS data were collected every 40 m and given in percentage 145 

relative to the standard (suspension of monodisperse spheres in silicone oil) as a function of 146 

the sample height (in mm). These profiles build up a macroscopic fingerprint of the emulsion at 147 

a given time, providing useful information about changes in droplet size distribution, 148 

appearance of a creaming layer or a clarification front with time.  149 

The Turbiscan Stability Index (TSI) is the sum of all the variations detected in the samples in 150 

terms of size and/or concentration, and is defined by equation (1): 151 

      
                 

                                                                                (1) 152 

where H is the total height of the cell at i interval time. 153 

C. Visual inspection 154 

Micrographs were used for emulsions visual inspection to confirm the droplet size obtained by 155 

laser light scattering. Micrographs of the emulsions were obtained with an Olympus BX50 light 156 

microscope (Olympus, Japan) with 10–100× magnification using UV–vis. 157 

D. Rheology 158 
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The rheological tests were carried out with a Haake MARS II rotational rheometer 159 

(ThermoFisher Scientific) with a Peltier unit to control the temperature. All the analyses were 160 

carried out at 25±0.1°C and a plate/plate measuring system (PP60Ti) with a gap of 1 mm was 161 

employed. Samples rested for at least 5 min previous to any measurement, allowing the 162 

stresses induced during sample load to relax. Flow curves were carried out in CR mode from 163 

0.01 to 500 s-1 Pa in 500 s. The Ostwald-de Waele model parameters were fitted to the 164 

obtained data: 165 



 nk                                                                                (2) 166 

Where τ is the shear stress, 


  the shear rate, k the consistency index and n the flow index. 167 

Viscoelastic properties of the emulsions were assessed by means of frequency sweeps that 168 

were carried out from 0.1 to 600 rad/s at a constant shear stress of 0.1 Pa.  169 

E. Determination of the initial encapsulation efficiency (EE)  170 

Trans-Resveratrol content in the external aqueous phase was determined by HPLC 171 

chromatography (HP series 1100 chromatograph, Hewlett Packard, USA). The system was 172 

equipped with a UV-vis absorbance detector HP G1315A or a fluorescence detector 1260 173 

Infinity A (Agilent Technologies, USA).  174 

The separation was performed with a Zorbax Eclipse Plus C18 reversed phase column, with a 175 

particle size of 5 m and 4.6 mm × 150 mm (Agilent Technologies, USA).  176 

The mobile phase consisted of a mixture of (A) 100% milliQ-water and (B) 100% methanol with 177 

gradient elution at a flow rate of 0.8 mL/min. The step gradient started with 80% mobile phase 178 

(A) changing to 100% of mobile phase (B) in 5 minutes, maintaining it for another 10 min. The 179 

mobile phase (B) was run for 2 min after each injection to prepare the column for the next run. 180 

Separation was carried out at room temperature. A wavelength of 305 nm was used by the 181 
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UV-vis detector while the fluorescence detector was used at λexcitation/ λ emission of 310/410 nm. 182 

The column was cleaned after each group of samples by first running the mobile phase (A) for 183 

20 min and a mobile phase (C) consisting of 50% acetonitrile, 25% milliQ-water, 25% 2-184 

propanol, and 0.01% acid acetic for 40 min at a flow rate of 0.25 mL/min. Finally, the column 185 

was rinsed with 50% of the mobile phase (A) and 50% of the mobile phase (B) for another 20 186 

min. 187 

The external aqueous phases injected in the HPLC were previously separated by centrifugation 188 

at 5000 rpm for 10 min, followed by filtration with a 0.22 m polyvinylidene difluoride syringe 189 

filter to remove all the oil phase that could be still present. 190 

The recovery yield (Ry) of trans-Resveratrol after the centrifugation and filtration stages was 191 

used to determine the amount of trans-Resveratrol that is transferred from the inner emulsion 192 

(W1/O) to the outer aqueous phase (W2). For this purpose, an emulsion simulating the 193 

situation of 100% transfer of W1 phase into W2 phase is prepared. An oil-in-water (O/W2) 194 

emulsion was prepared following the procedure described, and then W1 phase was added, 195 

simulating that all the components of W1 were transferred to W2. The trans-Resveratrol 196 

concentration for this case is denominated the maximum concentration expected (C0) in 197 

equation 3. The trans-Resveratrol concentration measured in the separated aqueous phase 198 

from the double emulsions prepared, analyzed by Reverse Phase HPLC is denominated 199 

recovered concentration (Crecovered) in equation 3. The recovery yield, Ry, was calculated as: 200 

       
          

  
          (3) 201 

EE of double emulsions was defined as the percentage of encapsulated trans-Resveratrol in W1 202 

that remained in the W1/O primary emulsion after the second emulsification step. It was 203 

calculated using the recovery yield defined in equation 3 as: 204 

            
               

     
     (4) 205 
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At least three replicates of the analytical measurements were conducted for each sample and 206 

the average values were taken.  207 

3. Results and discussion 208 

The influence of the ratio of the W1O/W2 on final emulsion properties was studied in two 209 

series of experiments. The ratio of W1O/W2 was varied from 20/80 to 80/20 using 10 % 210 

increments. Each series was carried out using simple emulsions of ratio 30/70 and 40/60 of 211 

W1/O. 212 

3.1. Droplet size and visual inspection 213 

Droplet size distributions for double emulsions with an internal phase concentration W1/O of 214 

30/70 are shown in Figure 1A. 215 

Figure 1 216 

Two well-defined peaks can be observed for each sample in both series. This bimodal 217 

distribution has been observed in previous studies [19,20,54]. The first peak is due to the 218 

formation of inverse PGPR micelles in the external aqueous phase W2 [55].  219 

Two trends can be clearly identified in the droplet size distribution. The main drop size 220 

decreases with the W1O/W2 ratio. Double emulsions D[4,3] (volume weighted mean diameter) 221 

decreased from 29.8 m to 10.3 m when W1O/W2 ratio increased from 20/80 to 80/20, being 222 

the more concentrated emulsions the ones with narrower size distribution. The same trends 223 

were already observed in previous works [19]. Figure 1A also shows that the most significant 224 

changes take place close to the Ostwald critical concentration, being the ratios of W1O/W2, 225 

70/30 and 80/20 the ones that presented narrower size distribution. 226 
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A similar trend was observed for double emulsions formulated with a 40/60 W1/O ratio, as 227 

shown in Figure 1B regarding a decrease in D[4,3] from 41.8 m to 7.5 m for emulsions with an 228 

external ratio of 20/80 and 80/20, respectively. 229 

The reduction on droplet size can be attributed to the increase of the internal emulsion 230 

viscosity due to their larger oil fraction. Similar results were observed when simple emulsions 231 

with oils of several viscosities were prepared, resulting that oil-in-water emulsions prepared 232 

with higher oil viscosity produced emulsions with smaller droplet size [47]. 233 

Moreover, for emulsions with ratio 40/60 (W1/O), it can be observed at naked eye that 234 

emulsions results in a very low viscosity. According to Salager studies [56], the reduction in 235 

droplet size and the reduction in viscosity are the parameters that indicate the proximity to 236 

emulsion inversion point.  237 

Figure S1 in supplementary material shows the optical microscopy images of the more 238 

concentrated double emulsions formulated with 30/70 and 40/60 ratios of W1/O, respectively. 239 

The presence of inner water droplets (W1) can be observed in all images confirming the 240 

presence of double W1/O/W2 emulsions being the oil droplets smaller and more packed as the 241 

W1O/W2 ratio increases. It can also be observed how the droplets lose their sphericity when 242 

they exceed the Ostwald critical concentration due to the high degree of packing (Fig. S1 EF) 243 

regarding also presence of some bigger droplets probably due to coalescence for emulsions 244 

formulated using W1/O of 40/60 (Fig. S1 F). Similar results were reported by Gutiérrez et al. 245 

with concentrated simple emulsions [47].  246 

3.2. Colloidal stability 247 

Backscattering (BS) profiles from stability measurements for all double emulsions of both 248 

series of experiments are shown in Figures S2 and S3 of supplementary material corresponding 249 

to double emulsions formulated with W1/O ratios of 30/70 and 40/60, respectively. Creaming 250 
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was produced by migration of the droplets to the upper part of the cell due to density 251 

differences between both phases. Migration of oils drops to the surface was observed in all BS 252 

profiles, being quicker for double emulsions with lower W1O/W2 ratios, as expected due to less 253 

hindrance produce by the presence of other drops on .creaming phenomenon was less 254 

important at high W1O/W2 ratios.  255 

However, creaming phenomena due to drop migration is not only dependent on droplet 256 

density and W1O/ W2 ratios but also depends on droplet size. It is also important to realize that 257 

not all double emulsions have the same droplet size (Fig. 1) what also implies a clear influence 258 

on creaming phenomena. Modified Stokes law equation (including the internal phase volume 259 

fraction) [57] was used to calculate migration velocity (V), as it was reported in previous works 260 

(equation 5): 261 

  
          

    

     

   
    

      
 
                                                                    (5) 262 

where d is the droplet diameter,      are the densities of the external phase and droplet 263 

respectively,  is the continuous phase viscosity of the external phase and   the internal phase 264 

volume fraction. Results are presented in Table S1 of supplementary material. For calculation, 265 

mean volume diameter, D[4,3], was used for all samples. 266 

Table 1 shows that theoretically creaming phenomenon will appear sooner for emulsions 267 

prepared with low W1O/W2 ratio and will be more pronounced for those emulsions prepared 268 

with 40/60 W1/O ratio. Excepting for more concentrated emulsions prepared with high 269 

W1O/W2 ratio (70/30 and 80/20) which according to equation 5 was expected to had higher 270 

migration velocities for emulsions formulated with an internal W1/O ratio of 30/70 than for 271 

those prepared with 40/60.   272 

Table 1 273 
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Table 1 also presents the clarification height measured after one week for all samples 274 

prepared. The larger the W1O/W2 ratio used, the lower the clarification height as it was 275 

expected, since there was a lower concentration of oil droplets to migrate 276 

Surprisingly, emulsion with higher W1O/W2 ratio and W1/O ratio of 40/60 did not follow the 277 

trend described, indicating that probably other destabilization phenomena could be taking 278 

place either escape of internal water droplets to the external aqueous phase or oil droplet 279 

coalescence. Observing backscattering profile of this sample (Figure S4 G) it was appreciated 280 

that a change of the backscattering value was at the middle of the sample, what is an 281 

indication that a variation in mean size is taking place (coalescence of oil droplets or swelling of 282 

W1 drops). 283 

Figure 2 shows the Turbiscan Stability Index (TSI) measured along time. Lower values of TSI 284 

imply higher emulsion stability as it reflects minor changes in the emulsion during ageing [58].  285 

Figure 2 286 

Trend observed is in good agreement with what has been aforementioned since either Figure 287 

2A or Figure 2B show that emulsion stability increased with the W1O/W2 ratio for both inner 288 

emulsion ratios used (W1/O). Similar trend was observed for simple and double emulsions in 289 

previous studies [19,47] and agree with the conclusions extracted from clarification heights 290 

measured and theoretical migration velocities. However, it was observed in Figure 2B the 291 

change on the trend for the more concentrated emulsions with a W1/O ratio of 40/60, being 292 

TSI value higher for double emulsion with W1O/W2 ratio of 20/80 than for the emulsion with 293 

W1O/W2 ratio of 30/70. 294 

As a general trend, TSI values after one week showed that the higher W1/O ratio tested (40/60) 295 

produce less stable final double emulsions (higher TSI values) than those obtained with the 296 

lower W1/O ratio tested (30/70) 297 
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From the stability results the optimum formulation was the double emulsion prepared with an 298 

W1/O ratio of 30/70 and W1O/W2 ratio of 80/20. 299 

3.3. Rheology 300 

The effect of W1/O to W2 ratio on rheological behaviour of emulsions is shown in Figure 3. In 301 

addition, the viscoelastic properties of double emulsions have been assessed by means of 302 

frequency sweeps and results can be seen in Figure 4 and Figure 5. 303 

Figure 3  304 

It is remarkable that flow curves of double W1/O/W2 emulsions prepared with W1/O ratios of 305 

50/50 and 40/60 showed a deviation from linearity at a shear rate of 100 s-1 (Figure 3B). This 306 

singular behaviour has been previously reported in highly concentrated surfactant solutions 307 

[19,59,60] and it can be attributed to shear-induced disordering and entanglement of the 308 

micelles. Indeed, the deformation and rupture of the aggregates of the drops located in the 309 

upper part of the sample (due to the difference in density between the oily and aqueous 310 

phases) are responsible of this phenomenon. 311 

Parameters of the Ostwald de Waele model obtained for double emulsions are shown in Table 312 

2.  313 

Table 2 314 

The values obtained for the flow index (n) for double emulsions with a 30/70 W1/ O ratio 315 

decreased with the W1O/W2 ratio. Additionally, the flow index was 1.098 for a 20/80 W1O/W2 316 

ratio, which indicated a slightly dilatant behaviour, while the rest of the samples showed a 317 

pseudoplastic behaviour (n < 1). This property has also been underlined by other authors 318 

[61,62]. This pseudoplastic behaviour increased with the W1O/W2 ratio. Indeed, the flow index 319 

value varied between 0.8 and 0.9 (reflecting an almost Newtonian behaviour) for 30/70, 40/60 320 
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and 50/50 W1O/W2 ratios, but decreased to 0.4 for the emulsion with 80/20 ratio (indicating a 321 

clear pseudoplastic behaviour). n values for emulsions with a 40/60 of W1/O ratio, showed a 322 

slightly dilatant behaviour for low W1O/W2 ratios (20/80 and 30/70) whereas the rest of 323 

samples exhibited a scarcely pseudoplastic character, showing an almost Newtonian behaviour 324 

(n was approximately 0.9). This dilatant behaviour, i.e., viscosity increases with applied shear 325 

stress, may be caused by the scape of water droplets from W1 to W2 at higher values of shear 326 

stress, which entails an increment in viscosity values. 327 

Moreover, regarding viscosity values at 100 s-1 of shear rate for both double emulsions, 30/70 328 

and 40/60, an increase is observed when the W1O/W2 ratio increases; this can be originated by 329 

the inner droplets scape from W1 to W2 due to coalescence phenomena. It also should be 330 

noticed the great difference observed between double emulsions in case of 80/20 ratio, 331 

viscosity value was almost 12 times higher in 30/70 emulsion in comparison to 40/60 one. This 332 

lower viscosity value seems to indicate higher instability in 40/60 emulsion, which was near to 333 

the inversion point, again probably due to the scape of water droplets from W1 to W2 [47]. 334 

The consistency index (k), parameter that gives an idea of the viscosity of a fluid, increased 335 

with W1/O to W2 ratio. Furthermore, k values for 30/70 to 60/40 W1/O to W2 ratios were in the 336 

same order of magnitude for both series of double emulsions prepared (30/70 and 40/60 W1 337 

to O ratios), whereas for 70/30 and 80/20 W1/O to W2 ratios, k values were much higher in the 338 

case of 30/70 W1 to O ratio. It is important to point out that emulsion with 70/30 and 80/20 339 

W1/O to W2 ratios prepared with a 40/60 W1 to O ratio showed clear proximity to the inversion 340 

point and low viscosity. 341 

The results of frequency sweeps performed in order to determine viscoelastic behaviour of the 342 

emulsions are shown in Figure 4. 343 

Figure 4 344 

https://en.wikipedia.org/wiki/Shear_stress
https://en.wikipedia.org/wiki/Shear_stress
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Figure 4A and Figure 4B show that both moduli increased with frequency. From 20/80 up to 345 

60/40 W1O/W2 ratios the viscous modulus (G”) is higher than the elastic modulus (G’) at low 346 

frequencies, their values intersect at approximately 1 rad/s.  347 

For higher W1O/W2 ratios (70/30 and 80/20), Fig. 4B, emulsions showed a more elastic 348 

behaviour for all frequencies. The difference between the value of G’ and G’’ was more 349 

pronounced for the case of 80/20 W1O/W2 ratio. For this last case, the elastic modulus was 350 

practically constant for all frequencies, with a value of around 100 Pa, only increasing at very 351 

high frequencies (near to 100 rad/s), which is in agreement with results obtained in a previous 352 

work [19]. 353 

Viscous and elastic modulus for 40/60 W1 to O ratio are shown in Figure 4C and Figure 4D. 354 

The results were in general very similar to those shown in Figure 4A and Figure 4B, especially 355 

for low W1O/W2 ratios represented in Figure 4C. 356 

Emulsions with high W1O/W2 ratio shown in Figure 4D presented the same trend as shown in 357 

Fig. 4B, but with values significantly lower. For the emulsions with W1O/W2 ratios of 60/40 and 358 

70/30, both G’ and G” moduli were almost three orders of magnitude lower than those of the 359 

emulsions with W1/O ratio of 30/70 and the same ratios of W1O/W2. Finally, for the 80/20 360 

W1O/W2 ratio, the elastic modulus also remained practically constant throughout the 361 

frequency sweep for the concentrated emulsion, although the value was one order of 362 

magnitude lower than for the emulsions with W1/O ratio of 30/70. 363 

3.4. Encapsulation efficiency (EE) 364 

Figure 5A shows the EE values for all emulsions prepared at different W1/O and W1O/W2 365 

ratios. 366 

Figure 5 367 
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Resveratrol EE increased slowly with the W1O/W2 ratio from 20/80 to 50/50 for both series of 368 

experiments (W1/O ratio 30/70 and 40/60). However, in this range the emulsions with W1/O 369 

ratio of 30/70 had a considerably higher EE, from twice to three times with respect to the 370 

emulsions with W1/O ratio of 40/60. The sharpest increase in EE value occurs for the highest 371 

W1O/W2 ratios for both series. Similar behaviour was observed in a previous work for 372 

emulsions prepared using a 20/80 W1/O volumetric ratio [19]. Therefore, these data have also 373 

been plotted for easy comparison (Fig. 5A). Both series of 30/70 and 40/60 W1/O ratios 374 

showed the similar EE values for emulsions with W1O/W2 ratios from 60/40 to 80/20, reaching 375 

a value of 90% of EE for the higher oil droplet concentration. 376 

The maximum concentration of resveratrol entrapped was 10.8 mg/L for the emulsions 377 

prepared using 30/70 of W1/O and 14.4 mg/L for the one prepared using 40/60 of W1/O 378 

(Figure 5B). Observing encapsulated trans-Resveratrol concentration, similar value was 379 

obtained for the following two emulsions: (i) ratios 30/70 (W1/O) and 80/20 (W1O/W2) (ii) 380 

ratios 40/60 (W1/O) and 70/30 (W1O/W2) which were the more concentrated double 381 

emulsions prepared with acceptable stability. Previous works reported EE for double 382 

emulsions prepared using a volumetric ratio of W1/O of 20/80 and a W1O/W2 ratio of 80/20 383 

was 77.5% with a total encapsulated resveratrol concentration of 6.2 mg/L [19]. Studies with 384 

different composition of the internal W1 phase indicate a total encapsulated resveratrol 385 

concentration between 0.5 and 388 mg/L [63] but to arise higher values to the ones presented 386 

in this  work higher amounts of ethanol were required what could be a disadvantage from the 387 

final food application point of view. 388 

From the data obtained in the present work and in the ones previously published [19] it can be 389 

concluded that the amount of resveratrol encapsulated increases with the increase of the 390 

internal phase concentration. These results were expected in the sense that more aqueous 391 

drops were incorporated into the final emulsion formulated but also an increase in EE was 392 
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observed as the concentration of the internal phase increases making that the resveratrol 393 

emulsion capacity increases exponentially in all cases. 394 

Moreover, analyzing in depth the variation of EE as W1O/W2 ratios increased for the three 395 

series of emulsions formulated with inner ratios of 20/80, 30/70 and 40/60, two different 396 

behaviors were observed. A nearly constant EE value was registered until W1O/W2 ratio of 397 

60/40 for all ratios of W1/O tested, regarding an EE increase as the W1/O ratio increases both 398 

for 20/80 and 30/70 within this range. However, this is not the case for the double emulsions 399 

prepared with the W1/O ratio of 40/60, probably due to the instability of this type of emulsions 400 

(as it is previously observed) what could produce the early escape of the W1 drops to the 401 

external aqueous phase.  402 

On the other hand, from W1O/W2 ratios of 60/40 to 80/20 EE increased exponentially for the 403 

three cases studied, observing then a synergic effect of the concentration of the aqueous 404 

droplets (W1) and the oil droplets (W1O). From these conclusions two equations could be used 405 

to predict trans-Resveratrol EE in double emulsions. One could be valid for double emulsions in 406 

which the external concentration (W1O/W2) does not exceed the value of 60/40 (equation 6) in 407 

which the only parameter will be the fraction of the W1 drops ( w). Another equation (equation 408 

7) could be valid for double emulsions with W1O/W2 ratios higher than 60/40, and will have 409 

two parameters  w and the fraction of W1O drops ( wO). 410 

     
 

                                                                      (6) 411 

    
 

   
  

                                                                    (7) 412 

where k, a and b will be the adjusting parameters. 413 

4. Conclusions 414 
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The feasibility of preparing high concentrated double emulsions encapsulating trans-415 

Resveratrol with a simple W1/O emulsion of 30/70 W1 to O ratio has been demonstrated, being 416 

80/20 the maximum W1/O to W2 ratio of the final double emulsion W1/O/W2 formulated. 417 

When higher W1/O ratio is used (40/60) the final concentration of the double emulsion 418 

(W1O/W2) could not exceed 30/70 with satisfactory stability and rheological results. 419 

As a general trend, the colloidal stability versus creaming phenomena of formulated double 420 

emulsions increases within the W1O/W2 ratio. However, a compromise with the total 421 

concentration of water and oil drops on the final double emulsions should be taken into 422 

account in order to avoid water swelling droplets and oil droplets coalescence. 423 

Rheological behaviour of emulsions is highly dependent on the internal phase emulsion 424 

concentration. Nearly Newtonian behaviour has been observed for diluted emulsions tending 425 

to become more pseudoplastic as the concentration of the secondary W1O/W2 emulsions 426 

increases. The effect of internal phase on flow properties were clearly observed for emulsion 427 

formulated with a W1/O ratio of 30/70, in comparison to 40/60 ones, as it was indicated by n 428 

parameter values.  429 

Regarding oscillatory measurements, in both cases, 20/80, 30/70, 40/60, 50/50 and 60/40 430 

emulsions were predominantly viscous at low angular velocities, while over 1 rad/s they 431 

became mainly elastic, regarding similar viscoelastic behaviour for both double emulsions 432 

formulated using primary W1/O emulsions with 30/70 and 40/60 ratios. 433 

The increase of the concentration of the inner emulsion had a positive influence on the final EE 434 

value when the external double emulsion was also concentrated. However, a negative effect of 435 

the concentration of the internal emulsion on EE was observed when diluted external double 436 

emulsions were tested. 437 
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The maximum concentration of resveratrol entrapped were around 11 mg/L for the most 438 

concentrated emulsions with acceptable stability and rheological behaviour. 439 

This study indicates that not only is important to prepare high internal phase double emulsions 440 

by increasing the concentration of the secondary W1O/W2 emulsions but also a small increase 441 

of the concentration of the primary W1/O emulsions could duplicate the amount of 442 

biocompound encapsulated.  443 

The concentrated double emulsions formulated at this study seemed to be appropriated to be 444 

used as ingredient for food fortification formulations for functional food preparation due to its 445 

high stability and high EE as well as its clearly pseudoplastic nature. 446 
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7. Figure Captions 660 

Figure 1. Droplet size distribution of the double W1/O/W2 emulsions formulated with different 661 

of W1/O to W2 ratios using 30/70 (A) and 40/60 (B) W1 to O ratios  662 

Figure 2. Evolution of TSI values for double emulsions formulated with different of W1/O to W2 663 

ratios using 30/70 (A) and 40/60 (B) W1 to O ratios  664 

Figure 3. Flow curves obtained for the double emulsions W1/O/W2 at different W1/O to 665 

W2ratios: (A) 20/80 and 30/70; (B) 40/60 and 50/50; (C) 60/40; (D) 70/30 and 80/20 666 

Figure 4. Elastic modulus (G ') and viscous modulus (G ") versus frequency for double 667 

emulsions W1/O/W2 with 30/70 W1 to O ratio formulated for different W1/O to W2 668 

ratios: (A) 20/80, 30/70, 40/60 and 50/50; (B) 60/40, 70/30 and 80/20; and for double 669 

emulsions W1/O/W2 with 40/60 W1 to O ratio formulated for different W1/O to W2 670 

ratios: (C) 20/80, 30/70, 40/60 and 50/50; (D) 60/40, 70/30 and 80/20 671 

Figure 5. Comparison between the double W1/O/W2 emulsions formulated with different of 672 

W1/O to W2 ratios using 20/80, 30/70 and 40/60 W1 to O ratios: A) the encapsulation 673 

efficiencies (EE) and (B) encapsulated concentration of trans-Resveratrol on final 674 

emulsion in mg/L 675 
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Highlights 

 Resveratrol was encapsulated in water-in-oil-in water concentrated double emulsions 

 Both the primary W1/O and the final loaded W1/O/W2 emulsions were concentrated 

 Resveratrol encapsulation efficiency (EE) was determined by RP-HPLC method 

 Maximum concentration rate was optimized in terms of colloidal stability and EE 

 The double emulsions were prepared by mechanical agitation using a two-step process 
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Table 1. Theoretical migration velocities of oil drops to the sample surface and experimental 

clarification height 

Ratio W1O/W2 

emulsion 

Experimental 

clarification 

height (mm) 

Theoretical 

Migration 

velocity (m/s) 

Experimental 

clarification 

height (mm) 

Theoretical 

Migration 

velocity (m/s) 

Ratio W1/O 30/70 Ratio W1/O 40/60 

20/80 31.5 6.2·10-9 32.0 1.2·10-8 

30/70 23.9 2.9·10-9 27.5 6.7·10-9 

40/60 23.5 1.2·10-9 22.4 2.9·10-10 

50/50 20.1 3.7·10-10 19.9 6.9·10-10 

60/40 13.0 1.1·10-10 16.2 1.4·10-10 

70/30 6.8 1.5·10-11 7.2 1.1·10-11 

80/20 5.5 1.1·10-12 10.1 5.9·10-13 
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Table 2. Values of the parameters applying the rheological model of Ostwald-de Waele for each 
of the formulated double emulsions, and viscosity at 100 s-1 

Double 

emulsions 

ratio 

W1/O toW2 

Internal phase 

W1 to O: 30/70 

Internal phase 

W1 to O: 40/60 

 k n 
Viscosity 

(cP) 
k n 

Viscosity 

(cP) 
 

20/80 0.001 1.098 2.258 0.001 1.192 1.436 

30/70 0.008 0.873 5.865 0.001 1.082 2.860 

40/60 0.016 0.847 9.132 0.008 0.890 8.152 

50/50 0.022 0.888 12.900 0.018 0.888 12.175 

60/40 0.059 0.816 22.755 0.031 0.928 20.710 

70/30 0.240 0.668 55.580 0.017 0.902 16.010 

80/20 4.590 0.415 267.050 0.033 0.907 22.855 
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Figure 2 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 1 2 3 4 5 6 7 

TS
I 

Time (days) 

20/80 30/70 40/60 50/50 60/40 70/30 80/20 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 1 2 3 4 5 6 7 

TS
I 

Time (days) 

20/80 30/70 40/60 50/50 60/40 70/30 80/20 

Figure(s) 2



 

(A) 

 

(B) 

Figure 3 
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