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Abstract

The aim of this work was to prepare concentrated water-in-oil-in-water (W./O/W,)
double emulsions to entrap resveratrol (RSV) with high encapsulation efficiency, good

stability, and appropriate rheological behaviour.

W /O was formulated with an ethanol/water RSV solution (W;) dispersed in Miglyol
812 (O) (20 vol.%) with polyglycerol polyricinoleate as stabiliser. W, was a 2% w/v
Tween 20 solution with and without sodium carboximethylcellulose as thickening agent.
Different volumetric ratios (20/80 to 80/20) of W4/O dispersed into W, were used.

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

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

Actual encapsulation efficiency was determined considering the non-encapsulated

RSV recovery yield.

The concentrated W,/O/W, double emulsions with the optimum formulation
showed high encapsulation efficiency (up to 58%), good storage stability, shear-
thinning behaviour, and dominant elastic character, with 6.2 mg/L of encapsulated RSV.

These double emulsions may be suitable for food applications.
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Abbreviations: BS, backscattering profile; CMC, sodium carboximethylcellulose; EE,
encapsulation efficiency; HIPE, high internal phase emulsion; HLB, hydrophilic-
lipophilic balance; O, oil phase; PGPR, polyglycerol polyricinoleate; RP-HPLC,
reversed-phase high-performance liquid chromatography; RSV, resveratrol; TS,
transmission profile; UV-vis, ultraviolet-visible; Wy, inner aqueous phase; W,, external
aqueous phase; W,/O, primary emulsion; W,;/O/W, water-in-oil-in-water double

emulsion.

1. Introduction

Resveratrol (3,5,4’-trihydroxystilbene, RSV) is a natural polyphenol present in
many plants. Therefore, RSV can be got from different sources, such as grapes, nuts,
berries, dark chocolate, and especially red wine, where the highest RSV concentration
is found (Guerrero et al., 2009; Mullin, 2011).

Many in vitro and in vivo studies have suggested that RSV has a great number of
potential health benefits in combating diseases, such as cancer, diabetes,
neurodegeneration, cardiovascular disorders, inflammation, and other age-related
pathologies (Diaz-Gerevini et al., 2016; Murtaza et al., 2013; Novelle et al., 2015; Saiko
et al., 2008; Yang et al., 2014).

However, this great RSV potential is hindered by its poor pharmacokinetic
properties, such as low aqueous solubility, low photostability, short biological half-life,
and rapid metabolism and elimination (Amri et al.,, 2012; Francioso et al., 2014;
Gomes-Silva et al., 2013; Neves et al., 2012; Yang et al., 2015). To overcome these
limitations, encapsulation of RSV seems to be a good alternative for using this valuable

ingredient in food, pharmaceutical and cosmetic industries.

Several encapsulation studies have been conducted to protect RSV from
degradation, increasing its solubility in water and improving its chemical stability and
bioavailability via multiparticulate forms and colloidal carriers (Amri et al., 2012;
Davidov-Pardo & McClements, 2014; Ganesan & Choi, 2016; Pangeni et al., 2014;
Sessa et al., 2014; Soo et al., 2016; Summerlin et al., 2015).

Double emulsions, such as water-in-oil-in-water (W./O/W,) emulsions, are one of

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

W,/O/W, double emulsions consist of small water droplets trapped within larger oil
droplets that are themselves dispersed in a continuous water phase (Aserin, 2008; Kim
et al., 2003; McClements & Li, 2010; Muschiolik, 2007).

One of the main drawbacks of W/O/W, double emulsions is their low stability, due
to the excess free energy associated with droplets surface of the primary and
secondary emulsions. The stability of the W4/O primary emulsion must be ensured to
obtain a stable W1/O/W, double emulsion, which depends on droplet sizes, amounts of
dispersed and continuous phase, and emulsifier affinity for both phases (Garti, 1997;
Muschiolik & Dickinson, 2017; Schuch et al., 2013; Yildrim et al., 2017).

Although W./O/W, double emulsions have shown their suitability to encapsulate
RSV, encapsulation efficiencies (EE) were not as high as those for other types of
colloidal systems (Matos et al., 2014), even when it was enhanced by membrane
emulsification techniques (Matos et al., 2015a). Also, the concentration of encapsulated
RSV in the final double emulsion should be clearly improved regarding previous works.
Wang et al. (2017) reported high EE values but with very low RSV concentration, and
Hemar et al. (2010) used an initial RSV concentration larger than the RSV solubility in
the W; phase, what means that RSV was not completely dissolved under those

conditions.

On the other hand, high internal phase emulsions (HIPEs) are concentrated
systems with a large volume of internal (or dispersed) phase. HIPEs contain more than
74 vol.% of internal phase, which corresponds to the Ostwald critical volume. But it is
possible to reach higher packing values by the concentration of polydisperse
emulsions, since small droplets may fill the voids between the large ones even losing
their spherical shape becoming polyhedral (Babak & Stebe, 2002; Cameron &
Sherrington, 1996). These systems have wide application in cosmetics, foodstuffs,
emulsion explosives, drug delivery systems, reaction media, and especially in the
production of porous polymers (emulsion-templated porous polymers, PolyHIPES)
(Llinas et al., 2013; Park et al., 2003; Silverstein, 2014; Solans et al., 2003; Zhang &
Guo, 2017).

Moreover, stability studies revealed that HIPEs are very stable against
destabilization phenomena and lead to high EE values (Gutiérrez et al., 2014; Matos et
al., 2015b).
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In addition to that, a few studies with new approaches to produce concentrated
double emulsions have been recently published (Leal-Calderon et al., 2012; Lei et al.,
2016; Li et al., 2014).

In this paper, the preparation of concentrated W,/O/W, double emulsions
containing RSV through a two-step mechanical emulsification process is reported. The
main purpose of this work was to prepare a product with high RSV content and to
enhance the EE through the use of concentrated W1/O/W, double emulsions with large
stability. In previously reported works using double emulsions to encapsulate RSV, the
RSV EE values were low (Matos et al., 2014; Matos et al., 2015a), or the final RSV
concentration in the double emulsion was small (Wang et al., 2017), or the RSV
concentration in W4 was higher than its solubility limit, what indicated the presence of a

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

Moreover, it is well known that the determination of EE in double emulsions
requires the emulsion destabilization (frequently by centrifugation) and subsequent
extraction of a sample of W, previously filtered to analyse the non-encapsulated RSV
(Hemar et al.,, 2010; Wang et al., 2017). However, with this experimental procedure
some amount of non-encapsulated RSV could remain retained either by interactions
with filter materials or with other formulation components, which would be considered
as encapsulated RSV providing an overestimated EE value. In this work, therefore, the
RSV amount lost during centrifugation, filtration, and W, sample extraction processes

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

Furthermore, the rheology of these double emulsions was fully studied since it is
largely influenced by the emulsion concentration and the emulsion rheological

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

2. Materials and methods
2.1. Materials

RSV (CyH1,0;:), absolute ethanol, Tween® 20 (polyoxyethylenesorbitan
monolaurate, CsgH114026), and sodium carboximethylcellulose (CMC, CgH;sNaOg) with
polymerization degree 1100 (molar mass=982 kg/kmol) were purchased from Sigma
Aldrich (USA). Miglyol® 812 (density 945 kg/m?® at 20 °C), which is a neutral oil formed
by esters of caprylic and capric fatty acids and glycerol, was supplied by Sasol GmbH
(Germany). Polyglycerol polyricinoleate (PGPR, C,;H4,06) was obtained from Brenntag
AG (Germany). Sodium chloride was supplied by Panreac (Spain).
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The hydrophilic-lipophilic balance (HLB) values of the emulsifiers tested in this
study are: Tween 20=16.7; PGPR=3.0.

HPLC-grade methanol, acetonitrile, 2-propanol, and acetic acid were obtained
from Sigma Aldrich (USA).

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

droplet size measurements of W,/O emulsions.

2.2. W,/O emulsion preparation

The primary W,/O emulsion was formulated with 20 vol.% of inner agueous phase
(W1) and 80 vol.% of oil phase (O).

Miglyol 812 containing 5 wt.% of the hydrophobic emulsifier (PGPR) previously
dissolved by magnetic stirring at 50°C for 30 min was used as the oil phase. PGPR is

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

In order to increase RSV solubility, a 20 vol.% ethanol/water solution with 50 mg/L
of RSV was selected as the inner aqueous phase.

0.1M NaCl was added to the inner aqueous phase in all double emulsions to
ensure W, droplets stability because it had been previously reported that electrolytes

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

Both phases were emulsified in glass vessels by high shear mixing (Silentcruser M
Homogenizer, Heidolph, Germany) using a 6 mm dispersing tool at 15,000 rpm for 10

min.

2.3. W,/O/W, double emulsions preparation

The W,/O/W, double emulsions were prepared dispersing the W,/O primary
emulsion into the external aqueous phase (W,) at several volumetric ratios of W,/O in
W,: 20/80, 40/60, 50/50, 60/40, 70/30, and 80/20. W, was a 2% (w/v) Tween 20
solution. Emulsification was carried out by mixing the continuous and dispersed phases

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

These double emulsions were also formulated with 0.5% (w/v) CMC in the W,
phase. Overnight magnetic stirring was needed to completely dissolve CMC. Then, 2%

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

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

2.4. Emulsion characterization
2.4.1. Droplet size and visual inspection

Emulsion droplet size distributions were analysed using laser light scattering
technique in a Mastersizer S long bench apparatus (Malvern Instruments, Ltd. UK).

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

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

Micrographs of the emulsions were obtained with a light microscope Olympus
BX50 (Olympus, Japan) with 10-100x magnification using UV-vis and fluorescence

lamps.

2.4.2. Resveratrol analysis and encapsulation efficiency

RSV content in the external aqueous phases was determined by RP-HPLC (HP
series 1100 chromatograph, Hewlett Packard, USA). The system was equipped with a
UV-vis absorbance detector HP G1315A or a fluorescence detector 1260 Infinity A
(Agilent Technologies, USA). The separation was performed with a reversed phase
column Zorbax Eclipse Plus Cyg of 5 um particle size and 4.6 mm x 150 mm (Agilent
Technologies, USA).

The mobile phase consisted of a mixture of (A) 100% milliQ-water and (B) 100%
methanol with gradient elution at a flow rate of 0.8 mL/min. The step gradient started
with 80% mobile phase (A) running 100% of mobile phase (B) in minute 5 for 10 min.
The mobile phase (B) was run for 2 min after each injection to prepare the column for
the next run. The separation was carried out at room temperature. A wavelength of 305
nm was used for UV-vis detector while fluorescence detector was used at
Aexcitation! hemission Of 310/410 nm. The column was cleaned after each analysis by running
first the mobile phase (A) for 20 min and a mobile phase (C) consisting of 50%
acetonitrile, 25% milliQ-water, 25% 2-propanol, and 0.01% acid acetic for 40 min at a
flow rate of 0.25 mL/min. Finally, the column was rinsed with 50% of mobile phase (A)

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

The external agueous phases injected in the HPLC were previously recovered by
centrifugation at low speed (1000 rpm for 20 min) followed by filtration with a 0.22 um

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

The recovery yield (R,) after the centrifugation and filtration stages was used to
know the amount of RSV retained during both separation processes. This amount
corresponded to non-encapsulated RSV either retained by interactions with filter
materials or with other formulation components, which could be considered as

encapsulated RSV providing an overestimated EE value.

For this purpose, a standard emulsion, where 100% of W, is present in W,, was
required. Therefore, an oil-in-water (O/W,) emulsion was prepared using the same
formulation as in the other experiments. This O/W, emulsion was then diluted at the
same ratio with W,, which contained the appropriate amount of RSV initially added.
Then, the concentration in the recovered aqueous phases (Ciecovered) Was determined
by RP-HPLC. A blank without RSV that consisted of an O/W, emulsion diluted with W,

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

Ry — Crecovered x100 (1)
C0

where C, is the maximum concentration expected in the external agueous phase.

EE of these double emulsions was defined as the percentage of encapsulated
RSV in W, that remained in the W1/O primary emulsion after the second emulsification
step (Matos et al., 2014, 2015a; O"Regan & Mulivhill, 2009). It was calculated as:

Cre covered %X 100
CoR,

EE=100 — (2)

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

sample and the average value was taken.

2.4.3. Stability

Emulsion stability was determined by measuring backscattering (BS) and
transmission (TS) profiles in a Turbiscan apparatus (Formulaction, France). Samples of
emulsions were placed without dilution in the test cells. Transmitted and backscattered

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

2.4.4. Rheology

A Haake MARS Il rotational rheometer (Thermo Fisher Scientific, USA) in
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combination with a serrated plate-plate configuration (PP35) was used for emulsion
rheological measurements performed at 25 °C. The measuring gap was 1 mm.
Emulsion samples were deposited on the rheometer plate for 5 min before making
measurements to minimize any internal stress. All measurements were replicated
twice, and they were performed during the next 24 h after emulsion preparation to
avoid aging effects.

2.4.4.1. Steady-state flow measurements

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

of shear rates increasing from 1 to 500 s™ in 5 min.
2.4.4.2. Oscillatory rheological analyses

Frequency sweep tests were carried out from 0.1 to 10 Hz at a constant shear
stress of 1 Pa and 25°C.

3. Results and discussion
3.1. Droplet size distributions

Fig. 1A shows the droplet size distribution of the primary emulsion W;/O, whose
D(v,0.5) value was 0.66+0.14 um. A peak is also observed around 0.2 pum likely caused
by the presence of PGPR (inverse) micelles, as it was already reported (Matos et al.,
2015a).

As Figs. 1B-1C show, droplet size distributions of the W;/O/W, double emulsions
prepared at several volumetric ratios of the W,/O primary emulsion in the W, external
agueous phase are bimodal and highly polydisperse. The mean peak for all these
double emulsions is in the 10-30 um range, and this value is consistent with those of
previous studies (Hemar et al., 2010; Matos et al., 2014, 2015a).

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

its external aqueous phase since emulsion inversion took place.
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Fig. 1. Droplet size distributions of the W;0 primary emulsion (A) and the W1/O/W,
double emulsions formulated at several volumetric ratios of W;/O in W, without
(B) and with (C) 0.5% (w/v) of CMC in the external aqueous phase

As can be seen, there are no significant differences in size due to the presence
(Fig. 1C) or absence (Fig. 1B) of CMC. It is only noticed a decrease in the mean size
for concentrated double emulsions at volumetric ratios of 70/30 and 80/20 probably due

to the proximity to the emulsion inversion point (Rondon-Gonzélez et al., 2006).

3.2. Visual inspection

Fig. 2 shows some of the optical microscopy images of W,/O/W, double emulsions

formulated with and without CMC in W,. Only photomicrographs for the most



267  representative volumetric ratios are given in Fig. 2, and they show experimental results
268 that are in good agreement with the mean droplet sizes provided by the Mastersizer
269  equipment.

270 The presence of inner water droplets can be observed in all images, and also how
271 the W//O droplets start to be more packed as the volumetric ratio of W,/O in W,
272 increases.
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Fig. 2. Optical microscopy images of W;/O/W, double emulsions formulated without
and with 0.5% (w/v) of CMC in W, at several volumetric ratios of W;/O in W,

3.3. Encapsulation efficiency

EE values for W,/O/W, double emulsions formulated at several volumetric ratios of
W4/O in W, are depicted in Fig. 3.

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

W,/O in W, for all double emulsions independently if CMC is or not present in W,.

For volumetric ratios higher than 60/40, the EE values greatly increase with this
ratio for both types of emulsion. The maximum EE value (58.3%) is achieved when the

double emulsion turns into a HIPE.

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

for double emulsions without CMC in the external aqueous phase.

11
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Fig. 3. Encapsulation efficiency of RSV for W,/O/W, double emulsions formulated
without and with 0.5% (w/v) of CMC in the external agueous phase at several

volumetric ratios of W41/O in W,

Table 1 shows, in a comparative way, the results from this study and from previous
works where RSV was also encapsulated using W,/O/W, double emulsions (Hemar et
al., 2010; Matos et al., 2015a; Wang et al., 2017). It is important to point out that we
take into account the Ry, of RSV for the calculation of its EE. This procedure enables us
to measure the amount of non-encapsulated RSV retained during both separation
processes (centrifugation and filtration) and to avoid an EE overestimation. For that
reason, our EE values in Table 1 have been corrected, since R, had not been

considered by the other authors.

Comparing to Matos et al. (2015a), it is observed a high increase of the EE value
when concentrated W,/O/W, double emulsions are used, from 21.6% (at 20/80
volumetric ratio of W,/O in W,) to 77.5% (at 80/20 volumetric ratio of W/O in W5,).

12
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Table 1. Characteristics and properties of different W;/O/W, double emulsions formulated for encapsulating RSV

. RSV
Initial .
. . Ratio encapsulated
. RSVin | Surfactant | Surfactant | Ratio EE oo
W, il W, (W./0/W, in final double Ref.
W, W,/0 O/W, W,/0 (%) .
(me/L) (v/v) emulsion
mg
(mg/L)
Ethanol/Water ) Matos
Miglyol | Water + . p
(20/80 v/v) + 50 PGPR Tween 20 20:80 20/80 21.6 0.43 etal,
812 0.1 M NacCl
0.1 M NacCl 2015a
Ethanol/Water )
Miglyol | Water + b q Present
(20/80 v/v) + 50 PGPR Tween 20 20:80 80/20 77.5 6.2
812 0.1 M NacCl work
0.1 M NacCl
Ethanol/Water Water + 0.1 Hemar
Canola Whey . d
(20/80 v/v) + o M NaCl + 0.5 2500 PGPR roteins 20:80 40/60 98.0 196 etal.,
i i
0.1 M NacCl wt % CMC P 2010
. Wang
Miglyol c d
Pure water 81> Pure water 13.2 PGPR Tween 80 20:80 20/80 94.97 0.50 etal.,
2017
. Wang
Miglyol c d
Pure ethanol 812 Pure water 9703 PGPR Tween 80 20:80 20/80 99.97 388 et al.,,
2017

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

(b) 58.3% if R, is taken into account

(c) Values taking into account R, are not known

(d) Values calculated without taking into account R,

RSV solubility at 20 °C: 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)

13




310
311
312
313
314
315
316
317
318

319
320
321
322
323
324
325
326

327

328

329
330
331
332
333

334
335
336
337
338

339
340
341
342

Although Hemar et al. (2010) did not report the EE of RSV in their original
manuscript, we have calculated from the RSV present in both W; and W, aqueous
phases that it should be as high as 98%. However, it is very important to point out that
the initial amount of RSV in W; was extremely large what means that RSV was not
completely dissolved under these conditions, as evidenced by the solubility values
reported by Sun et al. (2008). Therefore, in these experiments, solid RSV had to be
encapsulated and it could hardly be dissolved into W,. In addition, as R, was not
calculated, an important overestimation of the EE value should be expected, making it

not comparable to our results.

On the other hand, when our results are compared to those from Wang et al.
(2017), it is evident that they reported larger values of EE using either pure water
(94.97%) or pure ethanol (99.97%) as internal phase (W;). However, if the
concentration of RSV encapsulated in the final double emulsion is considered, we
entrapped a higher amount of RSV using a 20/80 v/v of ethanol/water solution as W,
(6.2 mg/L versus 0.50 mg/L when pure water was used). Wang et al. (2017) obtained
the largest concentration of RSV (388 mg/L) when pure ethanol was used as W;
phase. However, ethanol content needs to be controlled in food formulations.

3.4. Stability

The dispersed phase droplets of an emulsion (droplets of the W,/O primary
emulsion in this case) tend to migrate to the upper zone of the cell that contains the
double emulsion. Several factors may influence the velocity of droplets migration such
as continuous phase viscosity, densities of each phases, and mean diameter of

dispersed phase droplets.

BS profiles are given in Fig. S1 (Supplementary Material). They show that the
surfactant present in the external aqueous phase (W,) prevents the coalescence of
W4/O droplets. However, a creaming process is observed in all cases, which is caused
by the movement of the W,/O droplets that tend to go to the upper part of the cell due

to their lower density.

Fig. 4 shows the evolution of the thickness of the clarified layer for all double
emulsions formulated without (Fig. 4A) and with (Fig. 4B) CMC in W,. Although the
emulsion samples were monitored for 9 days, only the evolution for the first 40 hours is

given in Fig.4 as no changes were noticed afterwards.

14
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Fig. 4. Thickness of the clarified layer vs time for W,/O/W, double emulsions
formulated at several volumetric ratios of W./O in W, without (A) and with (B)

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

The creaming velocity decreased as the volumetric ratio of W,/O in W, increased
leading to more stable W1/O/W, double emulsions, as it can be seen in Fig. 4. This is
the expected behaviour, since the volume occupied by the W,/O droplets is higher for
high volumetric ratios and these droplets have less space to move what prevents

creaming.

The clarified layer remained constant after the first few hours, especially for double
emulsions with higher volumetric ratios. In addition, the thickness of the clarification
layer for double emulsions without CMC (Fig. 4A) reached a constant value more
quickly than those with CMC (Fig. 4B).

3.5. Rheology

Viscosity vs shear rate plots for all W1/O/W, double emulsions are depicted in Fig.
5. Also shear stress vs shear rate graphs are given in Fig. S2 (Supplementary

Material).

The flow properties of these double emulsions followed the Power Law or Oswalt-
de Waele model (Eq. 3).

c=K " ()

where o is the shear stress (Pa), y is the shear rate (s™), K is the consistency index

(Pa-s"), and n is the flow behaviour index (dimensionless).
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367 This model has already been successfully applied to double emulsions with a
368  30/70 volumetric ratio of W;/O in W, (Hernandez-Marin et al., 2013).

369 Values of K and n for all the double emulsions prepared are summarized in Table
370 2.
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Fig. 5. Viscosity vs shear rate for W,/O/W, double emulsions formulated at several
volumetric ratios of W,/O in W, without (A) and with (B) 0.5% (w/v) of CMC in
the external aqueous phase

Table 2. Power law model parameters of W;/O/W, double emulsions formulated at
several volumetric ratios of W;/O in W, without and with 0.5% (w/v) of CMC in

the external aqueous phase

Without CMC in W, With CMC in W,

W,/Oin K K

W; (V/v) (Pa-s") n R (Pa-s" n R
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 - - -

Nearly all double emulsions behaved as pseudoplastic fluids with a more
significant shear-thinning behaviour at lower n values. Only the double emulsion
formulated with CMC at the lowest volumetric ratio (20/80) behaved almost as a
Newtonian-like fluid. Similar results have been previously reported (Herndndez-Marin
et al., 2013; Matos et al., 2015a; O"Regan & Mulivhill, 2009; Yildrim et al., 2017). This
shear-thinning behaviour is explained by the structural deformation of the network that
is formed at equilibrium state. As higher shear stresses are applied, stronger
elongations, network rupture, and deformation of droplets of primary emulsion occur,

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

Surprisingly, the double emulsions formulated without CMC at low volumetric ratios
of W,/O in W, (up to 40/60) showed a shear-thickening behaviour as values of n
indicate. Experimental results in Fig. 5 show a viscosity peak approximately at the

shear rate of 100 s™.

This unusual phenomenon had already been observed in highly concentrated
surfactant solutions and it was attributed to shear-induced disordering and
entanglement of the worm-like micelles of surfactant (Pal, 1992). It should be point out

that double emulsions with less volume of W,/O droplets contain larger amount of W,
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and hence more Tween 20 surfactant molecules. As the Tween 20 concentration is high
and there is less oil/water interface to stabilize, worm-like micelles are more likely to

appear.

The presence of CMC in the external aqueous phase seems to mitigate this effect,
since it is just slightly observed for the lowest volumetric ratio of W/O in W,. Small-
amplitude oscillatory shear tests were performed to obtain mechanical spectra (Fig. 6
and 7) and, therefore, to ascertain whether viscous or elastic properties predominate in

these double emulsions.

As shown in Fig. 6, both storage (G’) and loss (G”) moduli had low values with
marked dependence on frequency. Experimental data indicated an initial viscous
behaviour where G” was higher than G’ until a crossover occurred (G'(o.) = G”(®.))
above a certain frequency, o, of 2.5 rad/s for W,/O/W, double emulsions formulated
without CMC at volumetric ratios of W,/O in W, in the range 20/80 — 60/40 (Fig. 6A-
6B). Beyond this point, G’ was higher than G” for the frequency range covered.
Therefore, the viscoelastic behaviour of double emulsions formulated at low volumetric
ratios corresponds to complex or polymeric solutions, where G’ and G” curves intersect

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

In contrast, W./O/W, double emulsions formulated at 70/30 and 80/20 volumetric
ratios of W,/O in W, show a dominant elastic character (G’ is higher than G” for all the

frequency range in Fig. 6B).

This unusual bulk elasticity showed by the most concentrated W1/O/W, double
emulsions had been already reported for highly concentrated simple emulsions

stabilized with proteins (Dimitrova & Leal-Calderén, 2004).
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Fig. 6. Storage (G") and loss (G™") moduli vs frequency for W,/O/W, double emulsions
formulated without CMC in the external agueous phase at several volumetric
ratios of W,/O in W,: (A) 20/80, 30/70, 40/60, 50/50; (B) 60/40, 70/30, 80/20

A similar trend was found f