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Abstract

This work aimed at obtaining an optimized formation procedure of water-in-oil-in-water
(W1/O/W>) double emulsions as potential templates to carry hydrophilic (eg.
chlorophyllin, CHL) and/or hydrophobic (eg. lemongrass essential oil; LG-EO) active
compounds. As a first step, the impact of the hydrophobic surfactant (ie. Span 80 or
PGPR), sodium alginate or NaCl concentration as well as the homogenization method (ie.
high-shear homogenization, ultrasonication or microfluidization) on the particle size of
the primary W1/O emulsions was evaluated. The inner phase (W1/O) formulated with
PGPR (4% w/w) and sodium alginate (2% w/w) with NaCl (0.05M) and treated by high-
shear homogenization (11,000 rpm, 5 min) presented the smallest particle size (d[4;3] =
0.51 pm). As a second step, the primary W1/O emulsion was subsequently dispersed in a
secondary aqueous phase (W) at varying hydrophilic surfactant (ie. lecithin or Tween
20), sodium alginate or NaCl concentrations and magnetic stirring rate (rpm and time) to
obtain double emulsions (W1/O/W>). The formation of stable W1/O/W> emulsions with
d[4;3] of 7 um was achieved with the use of lecithin (2% w/w), sodium alginate (2% w/w)
with NaCl (0.05M) and treated by low-intensity UT homogenization (5,600 rpm, 2 min)
followed by 24h of magnetic stirring. The incorporation of CHL and LG-EO in the inner
aqueous phase and lipid phase respectively did not change the double emulsion
characteristics. Overall, this study presents an effective two-step optimized procedure to

form stable double emulsions as potential delivery systems for functional compounds.

Keywords: double emulsion; chlorophyllin; lemongrass essential oil; PGPR; two-step

procedure
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1. Introduction

Water-in-oil-in-water (W1/O/W>) double emulsions are emulsion-based systems in
which the dispersed phase is an emulsion itself (Dickinson, 2011a). The inner aqueous
phase (W) is usually miscible with the final external phase (W>) since they have the same
polarity, whereas the intermediate phase (O) is immiscible with the other two (Wang et
al. 2006). Recently, several applications have been attributed to double emulsions, such
as fat replacers or delivery systems of active compounds. The formation of double
emulsions is generally achieved with a two-step emulsification procedure in which first a
primary water-in-oil emulsion (W1/0) is formed, and is subsequently emulsified to form
the secondary emulsion (W1/O/Wz) (Muschiolik & Dickinson, 2017). However, the
fabrication and stabilization of double emulsions remains as a challenge as they are highly
susceptible to destabilization phenomena. Several destabilization mechanisms have been
described in double emulsions, being (7) the coalescence of the lipid dispersed phase; (ii)
coalescence of the inner aqueous droplets between them or with the external aqueous
phase and (iii) swelling or shrinkage of the inner water droplets as result of diffusive
transport between both aqueous phases (Dickinson, 2011).

For the overall double emulsion stabilization, the stability of both the inner aqueous
W, and the outer lipid W1/O dispersed phase and their respective interfaces needs
consideration. On the one hand, the presence of a lipophilic surfactant is required for the
emulsification and stabilization of the inner aqueous phase. Spans are commonly used for
this purpose but their efficiency in primary emulsion stabilization needs to be elucidated.
Polymeric surfactants such as polyglycerol polyricinoleate (PGPR) at a 4 to 6% w/w
concentration are often utilized as an alternative of spans (Su et al. 2006). However, its
use in food-grade formulations is strictly regulated and it may be detected rapidly due to

its unpleasant off-taste when incorporated in the required doses for double emulsion

3
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stabilization (Altuntas et al. 2017). On the other hand, the outer W1/O dispersed phase
may be stabilized by using an hydrophilic surfactant, such as lecithin, Tweens or proteins
(Garti and Bisperink 1998). The formation and stabilization of the secondary emulsion
with the dispersed W1/O droplets depends on two main factors. First, the osmotic balance
between the two aqueous phases must be kept in order to avoid diffusive transport of
water, which leads to destabilization of double emulsions (Muschiolik, 2007). For
instance, the addition of salt in the Wi-droplets may be able to reduce the osmotic
differences and avoid swelling of the inner aqueous dispersion (Yan and Pal 2001). And
second, the homogenization method to disperse the oil phase containing the Wi-droplets
determines in a high extent the retention of the aqueous inner droplets within the lipid
phase. In this regard, moderate emulsification conditions should be applied to prevent
intense high shearing hydrodynamic forces that may destabilize the previously formed
primary emulsion (Muschiolik & Dickinson, 2017). Due to this mild emulsification
conditions, the droplet size of the dispersed W1/O phase remains relatively large, which
in turn allows the retention of the inner W dispersed droplets. However, their large
droplet size may result in significant destabilization and phase separation of the W1/O
phase from the W» aqueous phase. This effect may be diminished or avoided by the use
of thickening agents in the aqueous phases, such as sodium alginate among others, in
order to reduce the mobility of the W1/O phase and as a consequence prevent phase
separation. Sodium alginate has a strong defined polarity in the aqueous media since it is
deprotonated, which avoids its migration to the internal oil-water interface and may
enhance the achievement of aqueous phase rheological control (Artiga-Artigas, Acevedo-
Fani, & Martin-Belloso, 2017; Dickinson, 2011a).

Therefore, the aim of this work was to study the formation and stabilization of double

emulsions. First of all, the formation of the primary W1/O emulsion was investigated with
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regards the effect of the homogenization method (ultrasonication, microfluidization or
high-shear mixing) and processing conditions on the particle size of the dispersed W1
droplets in the oil phase. Moreover, the use of several lipophilic emulsifiers (PGPR or
Span 80) at different concentrations was evaluated. Afterwards, the formation of double
(W1/O/W>) emulsions was studied by applying different low-shear homogenization
conditions and emulsifiers (lecithin or Tween 20). Additionally, the salt addition in both
aqueous phases in order to maintain the osmotic balance between both phases was studied
as well as the incorporation of sodium alginate as thickening agent. Finally, the use of the
formulated double emulsion as carriers of chlorophyllin (CHL) in the W1 phase and/or
lemongrass essential oil (LG-EO) in the oil phase as examples of active compounds due
to their high antioxidant capacity to be encapsulated and delivered in food systems was
assessed (Cheel et al. 2005; Guerra-Rosas et al. 2017; Lopez-Carballo et al. 2008; Tumolo

and Lanfer-Marquez 2012).



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

2. Material and Methods

2.1. Materials
Sodium alginate (MANUCOL®DH) was obtained from FMC Biopolymer Ltd (Scotland,
U.K.). CHL (coppered trisodium salt) with a molecular weight of 724.15 g/mol, copper
contain of 3.5-6.5% and a purity of > 95% was purchased from Alfa Aesar (Thermo Fisher
Scientific, GmbH, Karlsruhe, Germany). NaCl from POCH S.A. (Gliwice, Poland) was
used to improve interfacial thermodynamic stability by controlling the osmotic balance
between the two aqueous phases. Corn oil (Koipesol Asua, Deoleo, Spain) and LG-EO
(Cymbopogon citratus) from Laboratories Dicana (Spain) were used as lipid phase.
Sunflower oil, which was kindly donated by Borges (Lleida, Spain), was the dispersant
in particle size measurements. Span 80 (Sorbitane monooleate) obtained from Alfa Aesar
(Thermo Fisher Scientific, GmbH, Karlsruhe, Germany) or Polyglycerol Polyricinoleate
(PGPR 90) from castor oil (Grinsted®, DuPont Danisco NHIB Iberica S.L, Barcelona,
Spain) were utilized as hydrophobic surfactants. Tween 20 (Polyoxyethylenesorbitan
Monoesterate) (Lab Scharlab, Barcelona, Spain) or L-a-Soybean lecithin was acquired
from Alfa Aesar (Thermo Fisher Scientific, GmbH, Karlsruhe, Germany) and used as
food-grade non-ionic surfactants. Ultrapure water, obtained from Millipore Milli-Q

filtration system (0.22 um) was used for the formulation and analysis of nanoemulsions.

2.2. Water-in-oil emulsions (W1/O) and double emulsions (W1/O/W>)
formation

W1/O/W> nanoemulsions were prepared following a “two-step” emulsification

process where first a water-in-oil (W1/O) emulsion was formed and this one was

subsequently dispersed in a second aqueous phase to obtain the so called double emulsion

(W1/O/W>).
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Formation of water-in-oil (W1/0O) emulsions

For the formation of the W1/O emulsions, a ratio aqueous phase (W1)/oil phase (O) of
30/70 (w/w) was used. Different parameters including hydrophobic surfactant type and
concentration, emulsification mechanism as well as sodium alginate and salt
concentration in the inner aqueous phase were evaluated during the formation of W1/O
emulsions. In addition, the feasibility of incorporating LG-EO as a hydrophobic
compound in the lipid phase of W1/O emulsions was tested.

Firstly, in order to assess the type and concentration of hydrophobic surfactant, the
aqueous phase of emulsions was prepared by dissolving 1% w/w sodium alginate in
ultrapure water at 70 °C and stirred during 3 hours to ensure its complete hydration. After
reaching room temperature, the exact amount of CHL (27 ppm) was added to the alginate
solution until its dissolution. This aqueous phase was dispersed into a lipid phase
containing corn oil and Span 80 (4, 6 or 10% w/w) or PGPR (4, 6 or 10% w/w), which
were evaluated as hydrophobic surfactants. Both phases were mixed through three
different procedures for the formation of W1/O: A) high shear homogenization (HSH)
with a T25 digital Ultra-Turrax (IKA, Staufen, Germany) at 11,000 or 22,000 rpm and
during 1, 2, 3 or 5 min; B) HSH (11,000 rpm, 5 min) followed by ultrasonication (US)
with a UP 400S Hielscher sonifier (Hielscher Ultrasound Technology, Teltow, Germany)
at amplitudes of 30, 60 or 100 um and for 1, 3 or 5 min and C) HSH (11,000 rpm, 5 min)
followed by microfluidization (MF) with a microfluidizer (M110P, Microfluidics,
Massachusetts, USA) at 150 MPa and 1-5 cycles.

Secondly, for the establishment of sodium alginate and NaCl concentration W;/O
emulsions containing 0-2% w/w of biopolymer and 0-0.25M in their aqueous phase were

mixed by HSH at 11,000 rpm during 5 min.
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Finally, when the optimization procedure and formulation of the double emulsions as
a model of delivery system of bioactive compounds was established, 1% w/w lemongrass
(as hydrophobic bioactive compound) was incorporated to the lipid phase of Wi/O
emulsions.

Formation of double (W1/O/W>) emulsions

The previously prepared W1/O emulsion was dispersed in a secondary aqueous phase
(W2) in a ratio 1/4 (primary emulsion/W>) leading to W1/O/W> emulsion formation. The
W: phase contained 2% w/w sodium alginate, NaCl (0-0.25 M) and Tween 20 or lecithin
(2-4% w/w) as hydrophilic surfactants. W1/O/W> emulsions were obtained by HSH with
an Ultra Turrax (T25 digital Ultra-Turrax, IKA, Staufen, Germany) at 5,600 rpm and 2

min followed by magnetic stirring at 750 rpm, during 3, 5, 18 and 24h.

2.3.Characterization of water in oil emulsions (W1/O) and double

emulsions (W1/O/W)

In order to establish the most suitable processing conditions and formulation for the
formation of W1/O and W1/O/W> emulsions, these were characterized in terms of mean
droplet diameters (d[4:3]) and particle size distribution. Turbidity measurements were
performed on selected double emulsions in order to detect possible flocculation or
creaming phenomena. Once the formulation and processing conditions were optimized,
apparent viscosity and color with regards to a *and b* parameters and whiteness index of
W1/0O and W1/O/W> emulsions were measured. Also, particle size and morphology of the
resultant W1/O/W: emulsions were evaluated through confocal microscopy together with

the assessment of their turbidity during 21 days of refrigerating storage.
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2.3.1. Particle size and particle size distribution

The emulsion droplet size was measured by the laser diffraction technique with a
Mastersizer 3000™ (Malvern Instruments Ltd., Worcestershire, UK). The measured
droplet size was expressed as volume-weight and surface-weight diameter (d[4;3] and
d[3;2] in um. Refractive indexes (RI1) of corn oil and lemongrass essential oil were 1.47
and 1.48, respectively. For the measurement of particle sizes of W1/O emulsions,
sunflower oil, whose RI was the same as corn oil, was used as dispersant, whereas

W1/O/W, emulsions were dispersed in distilled water (R1=1.33).

2.3.2. Apparent viscosity

A vibro-viscometer (SV-10, A&D Company, Tokyo, Japan) vibrating at 30 Hz
was used to measure the viscosity (mPa-s) of 10 mL aliquots of the W1/O and W1/O/W»
emulsions. Moreover, the viscosity of water, which was used as dispersant phase, was
0.91 mPa-s. This value was considered with regard to DLS measurements, which were

all performed at 25 + 2 °C.

2.3.3. Color of W1/Oand W1/O/W2emulsions

The color of W1/O and W1/O/W> emulsions was measured with a colorimeter
(Minolta CR-400, Konica Minolta Sensing, Inc., Osaka, Japan) at room temperature set
up for illuminant D65 and 10° observer angle and calibrated with a standard white plate.
CIE L*, a* and b* values were determined, and the whiteness index (WI) was calculated

with equation 1 (Salvia-Trujillo, Rojas-Grall, Soliva-Fortuny, & Martin-Belloso, 2013a):

WI= 100-((100-L)?*+(a?+b?))°® eq.(1)
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2.3.4. Turbidity over time
The stability of the prepared W1/O and W1/O/W- emulsions containing CHL and/or LG-
EO was performed in duplicate through a turbidity study with a Turbiscan Classic
(Formulaction, Toulouse, France) during 21 days of refrigerated storage at 4°C. The
turbidity measurement allows the detection of the most common destabilization
mechanisms of emulsions such as creaming, sedimentation, flocculation or coalescence
by multiple light scattering. Then, the Turbiscan software enables to interpret the obtained

data easily.

2.3.5. Confocal fluorescence microscopy

Fresh double emulsions containing CHL and/or LG-EO were dyed with Nile red
(Sigma Aldrich, Merk, Darmstadt, Germany), a fat-soluble fluorescent dye that was
previously dissolved at 0.1% (w/v) in polyethilenglycol (Sigma Aldrich, Merk,
Darmstadt, Germany). Afterwards, double emulsions microstructure was observed with
an Olympus Spectral Confocal Microscope (Olympus FV1000, Melville, NY) with 100x
oil immersion objective lens. All images were taken and processed using the instrument

software program (Olympus FV10-ASW viewer, Melville, NY).

2.3.6. Encapsulation efficiency of double emulsions (W1/O/W2) containing
chlorophyllin

In order to calculate the CHL encapsulation efficiency (EE) of W1/O/W>emulsion,

aliquots of 10 mL were placed inside a centrifuge tube and 20 mL of food grade methanol

were added. After centrifuging (3000 g, 10 min) with a Hettich® Universal 320 centrifuge

(Sigma-Aldrich, Darmstadt, Germany) the outer aqueous phase with the non-

encapsulated CHL (free CHL) was filtered through a 0.22 mm Vinylidene Polyfluoride

(PVDF) syringe filter and quantified by analyzing the solvent spectrophotometrically

10



223

224

225

226

227
228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

with a V-670 spectrophotometer (Jasco, Tokyo, Japan) at 405 nm. The EE of the obtained

W1/O/W> emulsions was calculated by equation (2) (Giroux et al. 2013):

C(W1)*X(W1)— Cs+(V+X(W2))
C(W1)*X(W1)

WEE = x 100 eq.(2)

where C(w1) is the initial CHL concentration in the internal aqueous phase of the emulsion
(27 ppm), Cs is the CHL concentration in the subphase collected after centrifugation of
the diluted emulsion, X(W1) and X(W3) are, respectively, the mass fractions of the
internal (0.06) and external (0.8) aqueous phases for 1Kg (V) of emulsion. All the

measurements were performed in triplicate.

2.3.7. Antioxidant capacity of double emulsions (W1/O/W>)

The antioxidant capacity of CHL and lemongrass essential oil (LG-EO) both
solved in methanol (used as controls), as well as, CHL- and CHL/LG-EO-loaded
emulsions was determined by DPPH and FRAP assays. Although both methods are able

to measure the antioxidant capacity of a sample, the main difference between them is that

DDPH assay is based on the presence of radicals (DPP *), whereas FRAP consists of an

electrons exchange (Thaipong et al. 2006).

The DPPH procedure was conducted according to the method of Brand-Williams, W.;
Cuvelier, M. E. & Berset, (1995) with some modifications. The DPPH radical solution
was prepared by dissolving 3.75 mg of DPPH radical in 100 mL of methanol. The
absorbance of solution was adjusted to a value between 0.7-0.8 £ 0.02 (measured at 515
nm). Aliquots of 10 pL of sample were placed in a microplate with 90 uL of Milli-Q water
and 3900 puL of DPPH radical solution was added to each sample. Samples were incubated

for 30 min in the dark and the absorbance at 405 nm was measured.

11
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FRAP assay was carried out as described by Benzie & Strain (1996) with some
modifications where 150 pL of sample were placed into each tube and mixed with 2850
pL of FRAP solution. The samples were incubated at room temperature in the dark for 30
min and the absorbance was measured at 630 nm after prior filtration.

Results were reported as mg of Trolox equivalents per mL of solution (mg TE/mL) using
a standard curve of Trolox (Velderrain-Rodriguez et al., 2015). In both methods, triplicate

determinations were made at each dilution of the standard.

2.4.Statistics

All the procedures were assessed in duplicate, and at least three measurements of each
parameter were carried out. The statistical software SigmaPlot 11.0 (Systat Software Inc.,
Pennsylvania, USA) was used to perform the analysis of variance. To determine
differences among mean of the different procedures One Way ANOVA test was run at a

5% significance level.

3. Results and Discussion

First, the formation of the primary (W1/O) emulsion was studied by determining the
influence of the surfactant type and concentration, and homogenization method on the
particle size and particle size distribution of the inner W-droplets dispersion. Second, the
formation of the subsequent double emulsion was evaluated in terms of the surfactant
type and concentration and emulsification conditions. The effect of the presence of salt
and sodium alginate were assessed both in the primary and double emulsions. Finally, the
incorporation of CHL in the inner W1 phase and LG-EO in the oil phase of the optimized
double emulsion formulation was determined and the physicochemical stability and

antioxidant capacity of the final double emulsion was determined.
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3.1. Water-in-oil emulsions (W1/O)

Primary W1/O emulsions were formed at varying Span 80 or PGPR concentrations (4,
6 and 10% w/w) (Figure 1A) by HSH (11,000 rpm, 5 min). Subsequently, several
homogenization methods and conditions were studied, such as HSH, US or MF (Figure
2). Also the influence of sodium alginate incorporation (0-2% w/w) as well as salt addition
(0-0.25M) on the particle size of the primary W1/O dispersion was investigated (Figure

1B and C, respectively).

3.1.1. Effect of type and concentration of the hydrophobic surfactant in the

particle size of W1/O emulsions

The particle size of W1/O emulsions decreased at increasing the concentration of
Span 80 or PGPR from 4% to 10% w/w (Figure 1A). Nevertheless, the performance in
reducing the particle size of the Wi/O emulsions was significantly different for both
surfactants. In this regard, PGPR led to W1/O emulsions with remarkably smaller particle
sizes than Span 80. In fact, particle sizes of PGPR-stabilized W1/O emulsions ranged
between 0.396 and 0.802 um with monomodal particle size distributions while those with
Span 80 exhibited particle sizes above 32 pum for all the tested concentrations. Moreover,
particle size distributions of W/O emulsions containing Span 80 presented intensity
peaks around 1 and 10 um suggesting a high polydispersity.

Span 80 is a small molecular surfactant that is expected to rapidly adsorb to water
droplets thus reducing the interfacial tension and avoiding coalescence (Wooster et al.
2008). However, Surh et al. (2007) observed that although Span 80 was soluble in
vegetable oils such as corn oil at room temperature, the resultant W1/O rapidly separated
after the homogenization process. Therefore, in order to obtain water-in-oil emulsions
with particle sizes sufficiently small to be re-encapsulated during the second step, Span

80 needs to be at very high concentrations in the oil (Dickinson, 2011).
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One alternative to avoid the use of elevated concentrations of surfactant is to
increase the viscosity of the oil phase (Weiss and Muschiolik 2007). In this regard,
polymeric surfactants such as PGPR are potential substitutes to stabilize multiple
emulsions. Certainly, the use of PGPR at surfactant concentration of 4% w/w led to W1/O
emulsions with particle size bellow 1 um (Figure 1A). PGPR may be able to better interact
with lipid phase due to its higher hydrophobicity compared to Span 80, thus forming a
kinetic barrier protecting the emulsion against droplets coalescence (Tabibiazar and
Hamishehkar 2015). Therefore, the chosen hydrophobic surfactant used for the formation

of the subsequent double emulsions was PGPR (4% w/w).

3.1.2. Influence of the homogenization procedure on the formation of W1/O
emulsions

It has been reported that the fabrication of W, dispersed droplets of nanosized
range contributes in the overall stability of the resultant W1/O/W> emulsion (Fathi et al.
2012; Lamba et al. 2015). Therefore, three different high energy procedures including
laboratory HSH, HSH followed by US or MF were tested in order to obtain W;/O
emulsions with small particle sizes. The first HSH was performed at 11,000 or 22,000
rpm during 1, 2, 3 or 5 minutes. At 11,000 rpm, the longer the processing time, the smaller
the mean particle size (d[4:3]) of W1/O emulsions reaching values of 509 nm after 5 min
(Figure 2A). However, as increasing the frequency of HSH processing up to 22,000 rpm,
the destabilization of W1/O emulsions started after the first 2 minutes of processing
leading to polydisperse distributions with particles sizes higher than 15 pm. This suggests
that HSH frequency significantly affected the reduction of particle size. HSH device
produces cavitation, collision and turbulence forces, which causes breakdown of the

droplets and uniform dispersion of the dispersed phase (Lamba et al. 2015). However,
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under certain conditions, these forces can cause an over-processing of the emulsions that
may provoke re-coalescence due to an increase in the surface area, thus favoring
polydispersion (Jafari et al. 2007). Therefore, the most suitable conditions to obtain
nanoparticles and monomodal distributions were 11,000 rpm during 5 min.

After these conditions of HSH, US at amplitudes of 30, 60 and 100 pm during 1,
3 or 5 min; or MF (1-5 cycles at 800 bar) were applied in order to evaluate their effect in
W1/0 emulsions particle size. Regarding US application, the longer the processing time,
the larger the particle size of W1/O emulsions regardless the amplitude applied (Figure
2B). In this regard, the smallest particle sizes were obtained after 1 min of US in all the
cases being the one prepared with an amplitude of 30 um, which lead particle sizes below
1 um, (d[4:3]=850 nm). Moreover, all the distributions were polydisperse thus suggesting
an over-processing of emulsions, which may cause droplets re-coalescence and further
emulsions destabilization (Jafari et al. 2007).

In the case of using MF after HSH, particle size of W1/O promptly increased
immediately after the first cycle of microfluidization from 0.51 to 38.06 um and it was
further reduced during the following cycles (Figure 2C). Despite the fact that MF is
considered as the most efficient technique to form fine emulsions, the reduction in particle
size it 1s effective only until a certain limit (Xu et al. 2014). This means that shearing the
emulsion at the same pressure may not produce any additional rupturing or change in
particle size (Meleson et al. 2004; Laura Salvia-Trujillo et al. 2013b). Indeed, MF reduced
particle size of W1/O emulsions with increasing cycles up to the 4" one, reaching values
of 1.51 um (Figure 2C). Then, particle size slightly increased after the application of the
last cycle (Figure 2C). In agreement with our results, Jafari et al. (2007) observed an
increase in the d[4;3] of their submicron emulsions after increase the microfluidization

pressure from 20 to 60 MPa. Several authors including Kolb, Viardot, Wagner, & Ulrich
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(2001) and Schultz, Wagner, Urban, & Ulrich (2004) also observed this over-processing
during high-pressure homogenization. This phenomenon has been attributed to the fact
that the efficiency of each microfluidization cycle is not complete since shear flow is not
equal distributed in all the emulsion being the droplets near the walls who experimented

the weakest forces thus resulting in size distributions containing larger particles.

3.1.3. Impact of sodium alginate and NaCl salt incorporation in the
stabilization of W1/O emulsions
Sodium alginate incorporation has a critical impact in the stabilization of W/O
emulsions since its absence led to emulsions with huge particle sizes (>280 um), whereas
a concentration of 1% w/w was enough to obtain monomodal distributions and particle
sizes below 1 um (Figure 1B). Moreover, at increasing the concentration of sodium
alginate up to 2% w/w water-in-oil emulsions showed twice of apparent viscosity (data
not shown). It is reported that the enhancement of the viscosity of the prior W1/O emulsion
may improve the stability of the subsequent double emulsion (Muschiolik & Dickinson,
2017). In addition, other authors have also observe a positive effect on W1/O/W;
stabilization after the incorporation of biopolymers to the inner aqueous phase
(Dickinson, 2011b; Mezzenga, Folmer, & Hughes, 2004). 1t is believed that the origin of
this enhancement of stability is due to the interaction between polysaccharide and
lipophilic surfactant, which provides a viscoelastic barrier thus preventing droplets
coalescence (Garti 1997). Indeed, some authors as Dickinson (2011b) also observed this
synergistic stabilizing effect between the biopolymer (eg. sodium caseinate) and PGPR.
Also, the incorporation of electrolytes like NaCl together with biopolymers to the
inner water phase of double emulsions (W1) can improve their thermodynamic stability

by controlling the osmotic balance (Benichou et al. 2004). Figure 1C shows that salt
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incorporation had not a significant effect in the particle size of fresh emulsions. However,
Figure 3A revealed that water-in-oil emulsions prepared without NaCl, experimented an
increase of particle size (zone Il) and creaming (zone Il1) during the first 72 h. Each
backscattering plot generated can be split in three zones named as I (on the left), II (in the
middle) and IIT (on the right) corresponding to the bottom, the intermediate part and the
top of the tube, respectively. In this regard, down peaks in zone I mean clarifications and
are usually related with up peaks in zone III thus suggesting creaming. Likewise, up peaks
in zone [ may indicate sedimentation and are often accompanied by down peaks in zone
III. The displacement of the horizontal lines from zone II points out variations in
emulsions particle size due to flocculation or coalescence. However, those containing
0.05M of NaCl salt did not experiment variation in their turbidity thus suggesting that
they were stable during at least a week of refrigerated storage (Figure 3C). In the case of
Wi1/0O emulsions with concentrations of salt below or over 0.05M, phase separation
occurred after 4 days of storage (Figures 3B or 3E and 3F, respectively) being this
disruption even more abrupt in emulsions containing NaCl concentrations of 0.25M (zone
I1). Scherze, Knoth, & Muschiolik (2006) also observed that the addition of NaCl to the
inner aqueous phase of W1/O emulsions containing PGPR as surfactant was essential to
prevent coalescence phenomenon. This suggests that the interaction between NaCl and
PGPR may contribute to increase droplet size stability since electrolytes can increase the
adsorption density of surfactant thus reducing emulsion interfacial tension (Aronson &

Petko, 1993; Dickinson, 2011).

3.2. Double emulsions (W1/O/W>)

Iniatially, the prepared W1/O emulsion containing 2% w/w of sodium alginate and
NaCl 0.05M in the inner aqueous phase, was dispersed in a second aqueous phase (W>)

and the effect of the time of magnetic stirring (3-24h) on the formation of Wi/O/W»
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emulsions was assessed (Figure 4A). Secondly, W1/O/W> emulsions were prepared using
different concentrations (2-4% w/w) of Tween 20 or lecithin as hydrophobic surfactants
(Figure 4B-D). Finally, the impact of NaCl incorporation (0-0.25 M) in the W2 on the

particle size of the resultant W1/O/W> emulsions was also evaluated (Figure 4E).

3.2.1 Effect of the homogenization procedure on the formation of Wi/O/W-

After dispersing W1/O emulsion into the W2 both phases were mixed by HSH at
5,600 rpm and 2 min, followed by magnetic stirring at 750 rpm during different times (3-
24h) to the formation of W1/O/W> emulsions. Regarding Figure 4A, all the obtained
double emulsions were polydisperse probably due to the application of low shear energies
required to prevent the disruption of the initial water-in-oil interface (Marquez, Palazolo,
& Wagner, 2007; Muschiolik & Dickinson, 2017). As it is shown in Figure 4A, the higher
the time of stirring, the lower the particle size of W1/O/W; emulsions, reaching a value of
3.6 um after 24h with regards the initial one of 8.6 um. It is well-known that lower particle
sizes provide high colloidal stability and large interfacial area to volume ratio thus
preventing phenomena such as coalescence (Wooster et al. 2008). Nonetheless, the final
particle size of W1/O/W; emulsion has to be large enough to ensure the absence of external
(W1/O globule-W1/O globule) and internal (Wi droplet-W; droplet) coalescence
phenomena (Bonnet et al. 2010). In their study Bonnet et al. (2010) reported that their
Wi1/0O/W> emulsions, in which W1/O globules were about eight times larger than W
droplets, remained invariant over 30 days. In this regard, concerning our results, Wi
droplets of 509 nm should be able to coexist without coalescing within those W1/O, whose
mean particle sizes were around 4 um. Therefore, magnetic stirring performed at 750 rpm
during 24 h were considered as valid processing conditions to prepare Wi/O/W»

emulsions.
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3.2.2 Influence of the hydrophilic surfactant type and concentration on the
particle size of W1/O/W2

In order to observe the influence of type and concentration of surfactant on their
particle size and stability over time, W1/O/W> emulsions containing Tween 20 or lecithin
as hydrophilic surfactant at concentrations of 2 and 4% w/w were prepared (Figure 4B
and C-D, respectively). As increasing the concentration of surfactant from 2 to 4% w/w,
the mean particle size of W1/O/W> emulsions, decreased from 7.3 to 6.8 um when Tween
20 was used and from 8.7 to 5.7 um in those lecithin-stabilized. Therefore, only in the
case of lecithin the premise that the higher the concentration of surfactant, the smaller the
particle size is fulfilled (Zirak and Pezeshki 2015). In spite of 4% w/w lecithin led to
smaller particles sizes, at lower concentration of lecithin (2% w/w) the minor peak
observed in the particle size distribution plot was minor and the major peak was more
intense. This suggested a more successful Wi/O/W> emulsion formation since the
polydispersity index was lower (Figure 4B). Moreover, W1/O/W> emulsions containing
lecithin remained stable during at least 10 days as suggested by the turbidity
measurements, whereas in those containing Tween 20 destabilization occurred after the
second day of storage (Figure 4C and 4D, respectively). Indeed, according to Bastida-
Rodriguez (2013) lecithin and PGPR have complementary rheological properties, which
allows an optimal control in the stability of the prepared systems.

3.2.3 Impact of sodium alginate and NaCl salt incorporation on the

stabilization of W1/O/W2

The effect of NaCl incorporation on the particle size and particle distribution of
W1/O/W> emulsions is presented in Figure 4E. All of the emulsions showed bimodal
distributions regardless the concentration of salt. Moreover, W1/O/W; emulsions particle

size increased from 6.3 to 7.9 um when the concentration of NaCl in the W; phase

19



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

incremented from 0.01 to 0.25M. However, significant differences between particle sizes
of double emulsions containing 0.05 or 0.1M of NaCl were not observed. In order to
ensure the stability of the second interface, a balance between Laplace and osmotic
pressures is required, which means between W1 droplets in oil and between W1 droplets
and the outer aqueous phase (W>) (Kanouni et al. 2002). Therefore, it is recommended
that the concentration of salt in both aqueous phases (W1 and W>) was the same. Actually,
an excess or lack of salt in one of them may cause droplets migration to or from the other,
respectively causing subsequent breaking of W1/O/W; emulsions structure (Rosano and
Hidrot 1998). Likewise, sodium alginate contains functional groups such as carboxylates,
which can easily dissociate in the aqueous phase and as a result, provide negative charge
to the emulsions (Pereira et al. 2013). Therefore, again an excess of a lack of ions in one
of the aqueous phases may disrupt the osmotic balance between them leading to W1/O/W-
emulsion destabilization. Thus, in order to avoid ions migration, which may in turn lead
to water diffusion between the inner and outer aqueous phases, 2% w/w of sodium alginate

and 0.05M NaCl were also added in the W phase.

3.3 Physicochemical characterization of W1/O and W1/O/W> emulsions

containing chlorophyllin and/or lemongrass essential oil
W1/0O/W> emulsions loaded with CHL and/or LG-EO were prepared in order to assess
the effectiveness of these systems as carriers of one or more active compounds through
the study of their physicochemical properties (ie. particle size and distribution, turbidity,
apparent viscosity and color). Also, the encapsulation efficiency of CHL and antioxidant
capacity of W1/O/W; emulsions were evaluated.
Physicochemical properties of loaded W/O and W1/O/W; emulsions
The three types of prepared W1/O emulsions containing (i) 27 ppm CHL, (ii) 1%

w/w LG-EO or (iii) both, showed particle sizes around 560 nm (d[4;3]), whereas their
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subsequent W1/O/W> emulsions had d[4;3] about 6-7 + 0.7 pum (Figure 5A). Moreover,
droplet sizes of W1/O and W1/O/W; emulsions loaded with CHL and/or LG-EO were not
significantly different. The formation of W1/O/W;emulsions containing CHL and/or LG-
EO and their particle size were confirmed by confocal images. As it can be observed in
Figure 5B, the majority of oil droplets contained several small water droplets within them,
proving the successful formation of W1/O/W; emulsions (Lamba et al. 2015).

Moreover, W1/O/W> emulsions containing LG-EO exhibited high stability during
storage time (Figure 5C), where initiation of creaming was registered (small up peaks in
zone III) after 15 or 21 days of refrigerated storage (without or with CHL, respectively).
However, particle sizes of W1/O/W> emulsions without LG-EO changed over time as
indicated by the displacement of horizontal lines in zone II (Figure 5C). Our previous
research showed a synergistic effect between LG-EO and the biopolymer (Artiga-Artigas
et al. 2018). Therefore, the presence of LG-EO in the oil phase of double emulsions might
improve Wi/O/W> emulsions emulsification in presence of sodium alginate thus
enhancing their stability. These results are in agreement with the %EE values since double
emulsions containing CHL and LG-EO exhibited higher EE than those without EO (91 +
6-107 and 84 + 1-1072, respectively). This suggests that concentrations of 1% w/w LG-EO
were able to slowdown inner water droplets diffusion. Therefore, a small quantity of LG-
EO (1% w/w) in the oil phase of W1/O/W> emulsions might contribute positively to extend
their stability over time by improving emulsification.

In general, the apparent viscosity of W1/O/W2 emulsions (>250 mPa-s) almost
duplicated the viscosity of W1/O emulsions (=145 mPa-s) as it is shown in Tables 2 and
1, respectively. This is probably because W1/O/W> emulsions also contained 2% w/w of
sodium alginate in the outer aqueous phase (W2). Yang, Jiang, He, & Xia (2012) also

observed a strong influence of sodium alginate dispersed in the aqueous phase in the
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apparent viscosity of emulsions, which can increase until sixty times when the
biopolymer was not microfluidized (Artiga-Artigas et al. 2017).

Moreover, the color of Wi/O and Wi/O/W2 emulsions varied significantly
depending on the encapsulated bioactive as it can be observed in Tables 1 and 2,
respectively. In emulsions containing CHL, a* values were negative and b* values
positive, which respectively determine green and yellow characteristics. After W1/O/W»
emulsion formation a* parameter decreased (became less negative), whereas b * increased
(Tables 1-2). This can be explained because CHL in the W1/O/W> emulsion is doubly
encapsulated, then if there is no migration of the pigment to the W», green color should
be less intense. Additionally, this double encapsulation consists of dispersing the primary
emulsion containing the CHL into a second water phase (W2) in a ratio 1/4. Therefore,
the final concentration of CHL in the W1/O/W; emulsion is lower than in the W1/O
emulsion. High values of »* parameter were also expected because of the intense yellow
color of corn oil (Ekthamasut and Akesowan 2010). In addition, WI of W1/O/W> emulsion
was higher than of the primary emulsion (Tables 2 and 1, respectively). After
homogenization corn oil as many vegetable oils may increase emulsions opacity, which
translates as the increase of their WI (Artiga-Artigas et al. 2017). It is described that the
light scattering of oil droplets depends on emulsions droplet size ( McClements, 2002).
Therefore, large particles of W1/O/W> emulsion scatter the light more intensely than
smaller ones (W1/0 emulsion), which may cause an increase in the lightness, opacity and
whiteness index of emulsions (McClements, 2011; Salvia-Trujillo, Rojas-Graii, Soliva-
Fortuny, & Martin-Belloso, 2015).

Likewise, in those emulsions containing LG-EO, b* parameter was predominant
since both oils (LG-EO and corn oil) are yellow-colored. Moreover, as observed in Tables

1 and 2, this parameter abruptly increased after the formation of W1/O/W> emulsion. This
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increase might be directly related to a decrease in WI according to equation 1. The WI of
W1/0 emulsions containing LG-EO was higher than that of those prepared with just corn
oil. This parameter depends fundamentally on the RI of continuous and dispersed phases
thus since the RI of LG-EO is 1.48 while corn oil’s RI is 1.47, LG-EO contributed to
increase emulsions opacity (McClements, 2002). However, the second HSH and
following magnetic stirring did have a positive effect in reducing WI. Similarly to our
results, Guerra-Rosas, Morales-Castro, Ochoa-Martinez, Salvia-Trujillo, & Martin-
Belloso (2016) and Salvia-Trujillo et al. (2013a) also reported a decrease of WI in
nanoemulsions containing LG-EO and alginate in the aqueous phase after HSH
procedures.
Antixidant capacity of loaded W1/O/W; emulsions

Antioxidant capacity (AC) of W1/O/W> emulsions and the two prepared controls
expressed as mg of Trolox equivalents (TE) per g of emulsion is shown in Table 3.
Regarding the solutions of pure bioactive compounds in MeOH, both assays showed that
AC of LG-EO was higher than the AC of CHL. Based on the results obtained by DPPH
assay, all Wi/O/W; emulsions presented high AC and similar among them and to both
control solutions (= 8,000,000 mgTE/g). However, when FRAP assay was performed, AC
of W1/O/W3z emulsions containing LG-EO was significantly higher than the other two
types of double emulsions (Table 3) being those containing both bioactive compounds
which exhibited the lowest AC (1,696.4 + 643.9 mgTE/g). It could be due to FRAP assay
is based on the reducing power of double emulsions and more specifically, of bioactive
compounds within them. Thus, this assay consists of detecting the reduction of ferric ion
(Fe*") into ferrous iron (Fe?") using ferrozine as dye (Cheung et al. 2016). In this regard,
if some species are reduced, others have to be oxidized being the LG-EO the most

exposed bioactive compound in double emulsions. After catalytic oxidation, the essential
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oils show stronger antioxidant effects than before oxidation, as measured by both
methods, DPPH and FRAP (Juki¢ and Milo§ 2005). Thus, the lower AC of LG-EO in

presence of CHL suggests that the latter is preventing essential oil oxidation.

4. Conclusion

Summarizing, neither US nor MF techniques combined with HSH were able to
reduce W1/O emulsion particle size as much as the HSH alone since they cause an over-
processing of the emulsions. This HSH (11,000 rpm, 5 min) followed by HSH (5,600
rpm, 2 min) and magnetic stirring (750 rpm, 24h) allowed stable W1/O/W> emulsion
preparation. PGPR acted more efficiently than Span 80 as emulsifier of the first interface
probably because of the higher hydrophobicity of the polymeric surfactant. Sodium
alginate and NaCl (0.05M) incorporated in the Wi of W1/O emulsions were absolutely
necessary to reduce particle size and better stabilize W1/O emulsions. In this regard, the
outer aqueous phase had to contain the same concentrations of sodium alginate and salt
as Wi to prevent ions migration from one phase to the other causing the disruption of
W1/O/W> emulsion.

Furthermore, template W1/O/W> emulsions allowed the successful incorporation of
CHL and LG-EO without suffering destabilization. Both active compounds loaded in the
prepared dual systems not only maintained their AC but showed a synergic behavior.
Indeed, LG-EO incorporation increased the %EE of CHL, suggesting that the oil was able
to slowdown inner water droplets diffusion and in turn, CHL delayed essential oil
oxidation according to AC values, which is of great importance from the technological and
nutritional point of view. Moreover, LG-EO and sodium alginate contributed positively to
reduce particle size and extending the stability of W1/O/W> emulsions over time.

Therefore, this study presents an effective two-step optimized procedure to form
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stable W1/O/W> emulsions and evidences their potential capacity as delivery system
templates to encapsulate and carry two or more active compounds with different polarity

and diverse functionality.
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736  Figure 1. Effect of the type and concentration of hydrophobic surfactant in the particle

33



737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

size of water-in-oil emulsions (W1/O) produced by high-shear homogenization (11,000
rpm, 5 min) containing 27 ppm of Chlorophyllin and 1% w/w of sodium alginate in the
aqueous phase and corn oil as dispersed phase (A). Influence of sodium alginate
concentration (0-2% w/w) (B) and NaCl concentration (0-0.25 M) (C) in the inner
aqueous phase on the formation W1/O emulsions, containing 27 ppm of Chlorophyllin
and 2% w/w sodium alginate in the aqueous phase and 4% w/w of PGPR in corn oil as
dispersed phase. Mean volume-weighed droplet diameters (d[4;3]) of emulsions

expressed in um are specified within boxes.
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766  Figure 2. Effect of the homogenization procedure in the formation of Wi/O (3/7)
767  emulsions containing 27 ppm of chlorophyllin (CHL) and 1% w/w sodium alginate as
768  aqueous phase and 4% w/w PGPR in corn oil as lipid phase. (A) Variation of the high
769  shear homogenization frequency and time. (B) High shear homogenization (11,000 rpm,
770 5 min) followed by sonication at different amplitude and times. (C) High shear
771  homogenization (11,000 rpm, 5 min) followed by microfluidization (150 MPa, 1-5
772  cycles). Mean droplet diameters (d[4;3]) of emulsions are specified within boxes.
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Figure 3. Turbidity assessment expressed as back scatter intensity (%) along a tube (mm)
containing water-in-oil emulsions (W1/O) formulated with 27 ppm of chlorophyllin, 2%
w/w sodium alginate and 4% w/w PGPR, after no salt addition (A) or 0.01M NaCl (B);
0.05M Nac(Cl (C), 0.1M NacCl (D) and 0.25M NaCl (E) was added. The destabilization
phenomena usually registered by the Turbiscan include clarifications (down peaks in zone
I), variations in particle size (displacement of the horizontal lines from zone II:

flocculation or coalescence) and creaming (up peaks in zone III).
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Figure 4. Effect of the magnetic stirring time on the particle size distribution of double
emulsions (W1/O/W2) containing 2% w/w sodium alginate, 27 ppm of chlorophyllin and
0.05M NaCl in the inner aqueous phase (W1) and 4% w/w PGPR and corn oil as dispersed
phase (O). As a model of outer aqueous phase (W2), 2% w/w sodium alginate and 4% w/w
Tween 20 was used as stabilizing agent and surfactant, respectively (A). Influence of
Tween 20 and lecithin concentration in the (B) particle size and (C, D) turbidity during
time of W1/O/W> emulsions at concentrations of hydrophilic surfactant of 2 and 4% w/w.
(E) Impact of NaCl incorporation (0-0.25 M) in the particle size of W1/O/W> emulsions
containing 2% w/w as hydrophilic surfactant.

Overall, W1/O emulsions had been prepared by high shear homogenization (11,000 rpm,
5 min) and mean volume-weighed droplet diameters (d[4;3]) of emulsions are specified
within the boxes. W1/O/W> were prepared by low-energy high shear homogenization at
5,600 rpm during 2 min followed by magnetic stirring at 750 rpm, during 3, 5, 10 or 24 h

(A) or during 24 h in the rest of plots.
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824  Figure 5. Mean droplet diameters (d[3;2] and d[4;3]) of water-in-oil emulsions (W1/O)
825  and double emulsions (W1/O/W>) and particle size distributions (A), confocal images (B)
826 and tubidity measurements during 21 days of refrigerated storage (C) of W1/O/W2

827  emulsions containing chlorophyllin (CHL) and/or lemongrass essential oil (LG-EO).
828
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829  Table 1. Physicochemical properties of water-in-oil (W1/0O) carrying chlorophyllin and/or lemongrass essential oil.

Viscosity a* b Whiteness index
Bioactive compound (mPa-s) (WI)
W1/0 Wi/0 Wi1/0 W1/O
Chlorophyllin (CHL) 144 + 1° -5.82+0.05* 3.24+0.08? 73.38 +£0.03*
Lemongrass EO (LG-EOQ) 153 +5-102% -0.87+0.03> 4.50+0.04>  79.63 +0.03°
CHL/LG-EO 141 £3-10%*  -4+5-10°¢ 4+8-103°¢ 76.33 +0.09¢
830
831  *»¢Mean in same column with different letters are significantly different at p < 0.05.
832
833  Table 2. Physicochemical properties of double emulsions (W1/OQ/W>) carrying chlorophyllin and/or lemongrass essential oil.
Viscosity a* b Whiteness index
Bioactive compound (mPa-s) (WI)
W1/O/W, Wi1/0O/W2 Wi1/0O/W2 W1i/O/W,
Chlorophyllin (CHL) 253 £23%®  472+0.01*  6.34+0.04° 74.89 +0.05*
Lemongrass EO (LG-EOQ)  27°%2" 2324007 1348+£007°  73.65+0.04°
CHL/LG-EO 266 + 26° -4.60 £ 0.06° 13.7+0.2° 72.3+£0.1°
834
835  ®"Mean in same column with different letters are significantly different at p < 0.05.
836
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