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Abstract: Three multiple water-in-oil-in-water (W/O/W) nanoemulsions have been designed
for potential inclusion of either lipophilic or hydrophilic drugs using a two-step emulsification
process exclusively based on low-energy self-emulsification. The W/O primary emulsion was
constituted by a blend of oil (medium chain triglyceride), a mixture (7:3) of two surfactants, and
a 10% water phase. The surfactants were a mixture of Polysorbate-85/Labrasol®, Polysorbate-85/
Cremophor® EL or glycerol/Polysorbate-85. The final W/O/W nanoemulsions were obtained
by the addition of water, with a weight ratio nanoemulsion/water of 1:2. The multiple emulsion
stability was found to increase from 24 hours to 2 and 6 months with Labrasol, glycerol, and
Cremophor, respectively. Cytotoxicity was found for formulations including Labrasol and Cre-
mophor EL. The concentration of emulsion inhibiting 50% cell viability (IC, ) was determined
using the alamarBlue® test, giving after 24 hours of incubation, IC, = 10.2 mg/mL for the
Labrasol formulation and IC, = 11.8 mg/mL for the Cremophor EL formulation. Corresponding
calculated IC,; values for surfactants were 0.51 mg/mL for Labrasol and 0.59 mg/mL for
Cremophor EL. In both cases, cytotoxicity was due to an apoptotic mechanism, evidenced by
chromatin condensation and P2X7 cell death receptor activation. The formulation including
glycerol, investigated between 1 and 100 mg/mL concentration of nanoemulsion, did not affect
cell viability. Moreover, neither chromatin condensation nor P2X7 activation was found between
the 10 and 30 mg/mL final concentration of the emulsion. This last formulation would therefore
be of major interest for further developments.

Keywords: Labrasol, Cremophor EL, apoptosis, P2X7 receptor, polysorbate, glycerol

Introduction

Nanoemulsions have been developed over the last decade for their particular interest for
drug delivery through different routes.!* Multiple emulsions, such as water-in-oil-in-
water (W/O/W), have been less developed as drug carriers. These systems, also called
double emulsion, are emulsions within an emulsion and consist of a primary water-in-
oil (W/O) emulsion of water droplets dispersed in oil droplets, which are themselves
dispersed in an external water, giving the W/O/W multiple emulsion (schematically
represented in Figure 1). The first major advantage of the multiple system is that it
allows the absorption, via the enteric route, of poorly absorbed hydrophilic compounds,
such as insulin.* The second advantage is its potential for the co-delivery of drugs,
giving the opportunity to carry hydrophilic and lipophilic compounds simultaneously
in one single vehicle.’ The main drawback is the poor stability of the multiple systems
due to their thermodynamic instability, but this can be enhanced by alteration in the
size of the micrometer droplets. Nevertheless, multiple nanoemulsion systems have
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Figure | Schematic representation of W/O/W multiple emulsion.
Abbreviation: W/O/W, water-in-oil-in-water.

been recently developed as drug carriers® and have shown
better stability to particle aggregation, due to small droplet
size.” However, these later systems still exhibited short-term
stability, with quick enhancement of their mean droplet size
within 7 days of observation.

Usually, a two-step emulsification process is required
to obtain multiple emulsions, with a first process leading
to the W/O emulsion, followed by a second emulsification
step leading to the final W/O/W emulsion.® More recently,
a one-step emulsification has been developed, which forms
multiple droplets in the microscale range.” A two-step
emulsification process able to give multiple nanoemulsions
requires high energy input, which limits their application to
thermoresistant drugs.'® For sensitive drugs, such as proteins,
an alternative is the use of low-energy processes that have
been developed for O/W nanoemulsion systems, based on a
self-emulsification method.!""!* Multiple W/O/W emulsions
have been obtained by self-emulsification but have exhibited
very large droplet size (around 40—150 um)." To the best of
our knowledge, multiple nanoemulsion systems obtained
by self-emulsification, thus giving multiple droplets in the
nanoscale range, have not yet been developed. The main
drawback of the self-emulsifying method, in comparison with
the high-energy methods for producing nanoemulsions, is
its use of great amounts of synthetic surfactants, which can
lead to toxic effects and hence limit its choice as a route of
administration."

—— Water (external phase)

Oil phase

— Internal water droplet

}Multiple W/O/ droplet

The objective of the present work was to design original
multiple nanoemulsions following a self-emulsifying method
and assess their respective in vitro cytotoxicities, so as to
consider their possible development for intravenous (IV)
and/or oral routes of administration.

Materials and methods

Materials

Polysorbate-85, polyoxyethylene 20 sorbitan trioleate
(Montanox® 85) was provided by Seppic Inc (Paris, France).
Caprylocaproyl macrogol-8-glyceride (Labrasol®) was kindly
provided from Gattefossé (St Priest, France), medium chain
C8-C10 triglycerides from SIO (St Laurent Blangy, France),
and polyoxyl 35 castor oil (Cremophor® EL) from BASF
(Ludwigshafen, Germany). Glycerol was provided by Fagron
Nordic A/S (Rotterdam, The Netherlands). All other reagents
were of pharmaceutical grade.

Reagents for cell culture were provided by Eurobio SA
(Montpellier, France). alamarBlue® was provided by Sigma-
Aldrich (St Louis, MO, USA). Hoechst 33342 and YO-
PRO®-1 were purchased from Life Technologies (Carlsbad,
CA, USA).

Multiple W/O/W nanoemulsion

preparation
Multiple W/O/W nanoemulsions were prepared using a
two-step emulsification process: a first step to form the
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primary emulsions (W/O) and a second step to form multiple
nanoemulsions (W/O/W) (Figure 2).

Primary W/O nanoemulsion

A blend of oil and surfactants was firstly mixed with a high-
shear mixer (Ultra-Turrax® T 25 basic; Ika-Werke GMBH
and Co, Staufen, Germany) at 13,500 rpm for 15 minutes.
W/O nanoemulsions were formed by admixing water with oil
and a surfactant blend, with gentle vortex stirring to ensure
thorough mixing.

Final multiple W/O/W nanoemulsion
The previous W/O nanoemulsion was directly added to water,
with a weight ratio nanoemulsion/water of 1:2.

Multiple W/O/W nanoemulsion

formulations

Different formulations of coupled surfactant/cosur-
factant systems were developed, based on titration
of the W/O primary emulsion, which was expected
to give a clear, transparent isotropic formulation, the
so-called microemulsion.!’ Pseudoternary phase dia-
grams were constructed for the Polysorbate-85/Labrasol

Surfactant mixture ‘

[
‘ High shear mixer ‘

‘ Blend oil/surfactants

surfactants, using weight ratios of 6:4, 7:3, 8:2, and 9:1. For
the two other systems (Polysorbate-85/Cremophor EL and
glycerol/Polysorbate-85) and based on the results of the first
formulations, only the three main weight ratios (surfactant/
cosurfactant) of 7:3, 8:2, 9:1 were investigated for the selec-
tion of the optimal formulation.

When performed, pseudoternary phase diagrams were
developed using the titration method, and temperature
was controlled with a 25°C water bath. For each phase
diagram, different weight ratios of oil and mixed surfactant/
cosurfactant were investigated: 10:0, 9:1, 8:2, 7:3, 6:4, 5:5,
4:6, 3.7, 2:8, 1:9, and 0:10 (w/w). Slow titration with the
aqueous phase was performed for each weight ratio of oil
and mixed surfactant/cosurfactant, and visual observation
was carried out for a clear transparent W/O microemulsion.
Once stable transparent formulations were obtained, simple
tests of nondispersibility in water and conductance tests were
conducted to confirm that they were W/O microemulsions.
In addition, the W/O microemulsions were observed
under polarizing light and found to be nonbirefringent, as
expected from their isotropic nature. The physical state of
the microemulsion was marked using the ProSim Ternary
Diagram computer program (ProSim, Labége, France), on

‘ 90% blend oil/surfactants

‘ ‘ 10% water

Mixing ‘

‘ W/O nanoemulsion:primary nanoemulsion

‘ Water (2 volumes)

|

Mixing ‘

W/O/W multiple nanoemulsion

Figure 2 Schematic representation of W/O/W nanoemulsion preparation.
Abbreviations: W/O/W, water-in-oil-in-water; W/O, water-in-oil.
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a pseudo-three-component phase diagram, with one axis
representing the aqueous phase, another representing oil,
and the third axis representing the mixture of surfactant and
cosurfactant at fixed weight ratios. The selection of the best
surfactant/cosurfactant systems was orientated to the high-
est surface of the microemulsion phase from pseudoternary
phase diagrams. Twenty-seven formulations within the
pseudoternary phase diagrams were produced.

Physical characterization of W/O/W

nanoemulsion systems

Macroscopic observation

The macroscopic homogeneity of the final W/O/W multiple
nanoemulsions was assessed for 6 months.

Droplet-size measurement

The mean multiple droplet size and polydispersity index
(PDI) of multiple droplets were determined by dynamic light
scattering (Zetasizer Nano-SZ®; Malvern Instruments Ltd,
Malvern, UK). Prior to measurement, to avoid multiple scat-
tering effects, the multiple W/O/W emulsions were diluted in
water (1:100). The measurements were performed at 25°C, at
a fixed scatter angle of 173°, directly after the sample dilu-
tion and were expressed as mean * standard deviation (SD)
(n =3). The PDI was a dimensionless measure of the width
of'the size distribution, calculated from the cumulant analysis
ranging from O to 1. A small value of PDI, usually <0.2, is
indicative of a monodisperse population.

Zeta potential measurement

The zeta potential was obtained from electrophoretic mobility
measurements using a Zetasizer Nano-SZ* (Malvern Instru-
ments Ltd). Prior to measurements, the samples were diluted
1:250 with sodium chloride 1 mM to maintain conductivity
constant at 0.140 mS cm™!. Measurements were performed
directly after the samples were diluted (and were expressed
as mean * SD, [n = 3]), at 25°C.

pH measurement

The pH was determined for each formulation (PHM210
standard pH Meter, Radiometer Analytical, Copenhagen,
Denmark), at 25°C. Measurements were realized in triplicate
(and expressed as mean + SD [n = 3]).

Osmolality measurement
The osmolality of the different formulations was mea-
sured using Fiske® Mark 3 osmometer, (Advanced

Instruments Inc, Norwood, MA, USA). Measurements were
realized in triplicate and were expressed as mean = SD
(n=23).

Transmission electron microscopy (TEM)

The multiple W/O/W emulsions were observed by TEM. For
this, 5 UL of sample was deposited on a carbon-coated grid and
adsorbed. Then, 5 UL of uranyl acetate (negative stain) was
applied to this and rapidly absorbed. The sample analysis was
performed with a JEOL JEM 2100 (JEOL Ltd, Tokyo, Japan)
TEM operating at 200 kV and magnifications of %20,000,
x40,000, and x100,000. Images were recorded using a 2 k
Ultrascan® 1000 CCD Gatan camera (Gatan Inc, Pleasanton,
CA, USA).

Stability study

The stability of the multiple W/O/W nanoemulsion was
evaluated by size distribution measurements by dynamic light
scattering (and expressed as mean + SD [n = 3]) at ambi-
ent temperature for 6 months; and by visual observation of
macroscopic changes, such as phase separation or creaming.
The short-term stability of the multiple nanoemulsions was
assessed after dilution (1:1) of the W/O/W nanoemulsions
with an aqueous solution simulating gastric pH 1.2 (HCI,
NaCl solution) or intestinal pH 6.8 (phosphate buffer, NaOH
solution). Stability was assessed by visual observation and by
measurement of size distribution by dynamic light scattering
(expressed as mean * SD [n = 3]) at time zero and 2 hours
after contact.

Cytotoxicity assay

Cell culture

Cell culture was run on a human ocular epithelial cell line
(Wong Kilbourne Derivative; European Collection of Cell
Cultures [ECACC] 93120839; Salisbury, UK). Cells were
cultured under standard conditions (moist atmosphere
of 5% CO, at 37°C) in Dulbecco’s minimum essential
medium (DMEM). DMEM was supplemented with 2.5%
(for cytotoxicity assays) or 10% of fetal bovine serum (for
cell proliferation), 2 mM L-glutamine, 50 Ul/mL penicillin,
and 50 Ul/mL streptomycin. The medium was changed every
three days. Confluent cultures were removed by trypsin incu-
bation, and cells were seeded (200 UL per well) into 96-well
culture microplates at a density of 110,000 cells/mL. The
cultures were kept at 37°C for 24 hours prior to emulsion
exposure, to allow the cells to attach to the microplate and
reach confluency.
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Cell viability

Cell viability and necrotic cells were determined using the
alamarBlue® test.!® The tested emulsions were previously
diluted at nine different concentrations in culture medium
supplemented with 2.5% of fetal bovine serum. Prior to
incubation, the cells were washed with 200 UL phosphate-
buffered saline (PBS); then, 100 UL of each dilution of emul-
sion was distributed in the wells, and plates were incubated
for 1 hour or 24 hours at 37°C. After incubation times (1 and
24 hours), emulsions were removed, and the cells were rinsed
with 200 uL of PBS. The alamarBlue dye solution (200 pL)
was then added to each well for 6 hours incubation at 37°C.
The alamarBlue dye solution had been previously diluted at
0.09 mg/mL in the culture medium supplemented with 2.5%
fetal bovine serum. AlamarBlue fluorescence (A =535 nm;
A,,,= 600 nm) was measured using a cytofluorometer (Safire;
Tecan Group Ltd, Mannedorf, Switzerland) adapted to the
microplates. Results were obtained in fluorescence intensity
and were expressed as percentage of viable cells compared
with the control without nanoemulsion.!”!¥

Apoptosis assessments

For apoptosis assessment, the tested emulsions were diluted
at ratios of 1/35, 1/50, and 1/100 in culture medium (supple-
mented with 2.5% fetal bovine serum), as determined by the
cell viability test (alamarBlue test). For apoptosis assess-
ment, we performed cytometric apoptosis analysis and used
propidium iodide counterstaining for all DNA probes, to
discriminate the necrotic mechanism, according to the rec-
ommendations by Darzynkiewicz et al'’ and Darzynkiewicz
and Huang.?

Apoptosis assessment by chromatin

condensation (Hoechst 33342 test)

Hoechst 33342 is a probe that can evaluate chromatin
condensation.?! Propidium iodide was used to discriminate
necrotic cells. The tested emulsions were previously diluted
in culture medium supplemented with 2.5% fetal bovine
serum at ratios of 1/35, 1/50, and 1/100. Prior to incuba-
tion, the cells were washed with 200 uL PBS; then, 100 uL
of each sample was incubated in wells for 1 and 24 hours.
At the end of incubation times, the cells were washed with
PBS (200 uL). To overcome the risk of apoptotic induction
by the Hoechst 33342 probe itself at high concentration,?>?3
we used a low concentration and short incubation time
of 30 minutes for the apoptosis analysis, in accordance
with Rat et al>** and the guidelines described in Galluzzi

et al.® Then, 10 ng/mL Hoechst 33342 solution in PBS
containing 0.05 mg/mL propidium iodide was distributed
in wells (200 UL per well). The plates were incubated at
room temperature for 30 minutes in the dark. Hoechst
fluorescence (A, = 360 nm; A = 450 nm) was directly
measured using a microplate cytofluorometer according to
P Rat protocol.** The Hoechst fluorescent signal was then
observed by inverted fluorescence microscopy (DMIRB;
Leica Microsystems, Wetzlar, Germany) and photographed
(Coolpix 5000; Nikon, Tokyo, Japan). Results were obtained
in fluorescence intensity reported to the fluorescence inten-
sity of the control, giving the percentage of dead cells. To
take into account the number of living cells after incubation,
results were expressed as a fluorescence ratio of Hoechst/
viable cells (alamarBlue), this ratio being the percentage of
dead cells obtained by Hoechst reported to the percentage
of viable cells obtained with alamarBlue test, at the same
final concentration of nanoemulsion.

Apoptosis assessment by P2X7 cell death

receptor activation (YO-PRO™! test)

YO-PRO-1 stain is a DNA probe used with flow cytometry
and fluorescence microscopy to discriminate cells dying by
apoptosis from those dying by necrosis.?’ This probe enters
apoptotic cells after P2X7 receptor activation (which leads to
the formation of apoptotic membrane pores).?** YO-PRO-1
is a nuclear dye that does not label living cells.?’ The tested
emulsions were diluted in culture medium (supplemented
with 2.5% fetal bovine serum) at the same dilution levels as
those used in the Hoechst 33342 test. Prior to incubation, the
cells were washed with 200 uLL PBS; then, 100 UL of each
sample was incubated in wells for 1 and 24 hours. At the end
of incubation times, the cells were rinsed with PBS (200 uL)
and 2 uM YO-PRO-1 solution in PBS was directly distributed
in the 96-well microplates (200 pL per well) according to the
protocol of Dutot et al.?® The microplates were incubated at
room temperature for 10 minutes in the dark. The YO-PRO-1
fluorescent signal was then observed by inverted fluorescence
microscopy and photographed. Results were obtained in
fluorescence intensity reported to the fluorescence intensity
of the control, giving the percentage of dead cells. To take
into account the number of living cells after incubation,
results were expressed as a fluorescence ratio YO-PRO-1/
viable cells (alamarBlue), this ratio being the percentage of
dead cells obtained by YO-PRO-1 reported to the percentage
of viable cells obtained by the alamarBlue test, at the same
final concentration of nanoemulsion.
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Statistical analysis

Each dilution of emulsion was tested in six wells, and each
experiment was realized in triplicate. The mean values for
each concentration were analyzed by a one-way analysis of
variance (ANOVA), followed by Dunnett’s test.>*3! The level
of significance was fixed at 0.05. Statistical analysis was
performed using SigmaStat 2.0 software (Systat Software
Inc, San Jose, CA, USA).

Results

Selection of the formulation systems
The results of pseudoternary phase diagram studies performed
for Polysorbate-85/Labrasol formulations are shown in Figure 3.
Four pseudoternary phase diagrams of surfactant mixtures
(Polysorbate-85/Labrasol with ratios of [A] 9:1, [B] 8:2,
[C]7:3, and [D] 6:4), medium chain triglyceride oil, and water
were obtained. The diagrams show an increased area of W/O
microemulsion zones, with a shifting towards the water rich
regions, upon increased ratio of Labrasol in the surfactant/
cosurfactant mixture. But the nonmicroemulsion oil dispersion
phase formed between oil-surfactant axes and the microemulsion
phase increased with the Labrasol ratio. All in all, the surfactant/
cosurfactant ratio 7:3 gave the highest microemulsion surface of
20.3% in comparison with 13.9%, 16.3%, and 17.9% obtained
for the ratios 6:4, 9:1, and 8:2, respectively.

According to the best area results found with the 7:3,
8:2, 9:1 systems, the formulations where Labrasol was

Polysorbate-85/Labrasol®

Polysorbate-85/Labrasol®
6:4 7:3

Oil Water Oil Water

Polysorbate-85/Labrasol® Polysorbate-85/Labrasol®

8:2 9:1

Oil Water Qil Water
Figure 3 Pseudoternary phase diagrams of Polysorbate-85/Labrasol®, oil (MCT)
and water, with different ratios of Polysorbate-85:Labrasol®. (A) 6:4; (B) 7:3;
(C) 8:2; (D) 9:1.

Note: B = microemulsion phase.

Abbreviation: MCT, medium chain triglycerides.

substituted by Cremophor EL were confirmed to be in the
microemulsion domain, giving a homogenous and translucent
system for all W/O primary systems. For the nanoemul-
sion including glycerol, the W/O primary emulsion was
homogenous but exhibited a light haze whatever the system
used (9:1, 8:2, or 7:3), due to the large amount of glycerol.
Compositions of the selected primary W/O emulsions are
given in Table 1.

With regard to the final W/O/W nanoemulsions,
Table 2 gives the granulometric results and visual aspects
of the multiple W/O/W nanoemulsions immediately after
emulsification. Among the three surfactant ratios investigated,
the 7:3 systems of Polysorbate-85/Labrasol; Polysorbate-85/
Cremophor EL; and glycerol/Polysorbate-85 gave the best
granulometric results, in comparison with the 8:2 and 9:1 sys-
tems. Moreover, in terms of stability, the best formulation was
the Polysorbate-85/Cremophor EL system that exhibited the
same granulometric characteristics for more than 3 months.
Visual color change, ie, whitening, was observed at 6 months,
with a granulometric enlargement of 210.6 £ 9.5 nm (PDI:
0.086 £ 0.043) but remaining still within the nanometric
scale. Conversely, the worst stability level was observed
with the Polysorbate-85/Labrasol systems, where fast phase
separation was visually observed within 24 hours, with
dramatic enlargement of the droplet sizes to 1080 + 54 nm
(PDI: 0.281 £ 0.045). The tendency toward instability was
enhanced when the surfactant ratios used were in the §:2
and 9:1 systems, with phase separation observed within
12 hours and 5 hours, respectively. The glycerol/Polysor-
bate-85 system exhibited an intermediate behavior in terms
of stability, with a stability of granulometric parameters for
1 month; and an enlargement of droplet size beginning at
2 months, with creaming and enlargement of droplet size to
664.00 £ 38.32 nm (PDI: 0.101 + 0.045). Moreover, the 8:2
and 9:1 systems showed dramatic enlargements over time,
with droplet size above 1.5 um and polydispersity indexes
above 0.2.

Table | Composition (%) of selected primary W/O nanoemulsions

Surfactant ratio 7:3 8:2 9:1
FormulatoniID A B C A’ B C A” B”
Polysorbate-85 35 35 I5 40 40 10 45 45 5

Labrasol® 5 - - o - - 5 - -
Cremophor® EL - 5 - - o - - 5 -
Glycerol - - 35 - - 40 - - 45
Oil:medium chain 40 40 40 40 40 40 40 40 40
triglyceride

Water 10 10 10 10 10 10 10 10 10

Abbreviation: W/O, water-in-oil.
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Table 2 Granulometric characteristics and visual aspect of W/O/W multiple nanoemulsions immediately after emulsification

Nanoemulsion Surfactant MDS (nm)* PDI* Visual observation
ratio of W/O/W final emulsion

A 7:3 154.14 + 1.21 0.062 £+ 0.050 White

B 7:3 40.46 £ 0.20 0.099 £ 0.007 Bluish translucent

C 7:3 196.40 + 4.39 0.202£0.110 White

A 82 156.30 + 0.40 0.183 £ 0.060 White

B’ 82 46.65+£0.17 0.117 £ 0.005 Bluish translucent

c’ 8:2 475.90 £ 25.50 0.543 £0.150 White

A” 9:1 196.60 + 1.50 0.244 + 0.06 White

B” 9:1 193.00 + 0.36 0.228 £0.013 White

c” 9:1 976.00 £ 342.00 0.087 £ 0.067 White

Notes: *Data presented as mean value + standard error (n = 3).

Abbreviations: MDS, mean droplet size; PDI, polydispersity index; W/O/W, water in oil in water.

Therefore, with regard to granulometric characteristics
and stability, the best formulations for the three sets of sur-
factants were obtained with the 7:3 surfactant ratio. These
were selected for toxicological assessment and further char-
acterizations, namely zeta potential and TEM.

Multiple W/O/W nanoemulsion

characterization
The best three formulations (herein referred to as formu-
lations A—C), selected previously, were characterized for
zeta potential, pH, osmolarity and TEM micrograph. Zeta
potential was found to be close to neutrality, in particular for
formulation A; the most negative potential was found with
the glycerol/Polysorbate-85 surfactant system (Table 3).
With a view to their future applications, their pH was
considered as compatible with parenteral administration, and
does not have to be adjusted. Conversely, osmolality would
need to be brought to isotonicity for the three formulations.
The correction of osmolality can be done using a low con-
centration of glycerol (formulation A: 1.5% [w/w] and for-
mulation B: 2.25% [w/w]) and with the same concentration
in the external and internal aqueous phases, to limit water
exchange between the two phases.>33 Formulation C, which
was found to be hypertonic, would have to be diluted before
parenteral administration. With the view to their potential
administration via the oral route, a short term stability study,
with pH 1.2 and 6.8 aqueous solutions simulating gastric and

Table 3 Zeta potential and pH of the three formulations

Formulation Zeta potential (mV) pH

A -12£03 55%0.1
B -23+02 64£0.1
C -6.0+0.1 5.8+0.1

Note: A: Polysorbate-85/Labrasol®; B: Polysorbate-85/Cremophor® EL;
C: glycerol/Polysorbate-85.

intestinal pH, respectively, showed no modification of their
macroscopic aspects and no creaming, precipitation, or phase
separation during the 2 hours of observation. Apart from this,
a very small enhancement of mean droplet sizes (Table 4)
was observed in comparison with the reference formulation
but never compromised the nanoscale range.

Figure 4 shows the TEM micrograph of the three
formulations. Visualization of the internal droplets depended
on the multiple droplet size; it was thus not possible to visu-
alize internal droplets of the Cremophor EL/Polysorbate-85
systems (formulation B) that exhibited a very low size for
the multiple droplets (around 40 nm). Conversely, internal
water droplets of around 10 nm were visualized in the
glycerol/Polysorbate-85 emulsions and to a lesser extent in
the Labrasol/Polysorbate-85 system. For those two systems,
multiple droplet size was around 150-200 nm.

Toxicological analysis

Cell viability

Cell viability results showed an important cytotoxicity for
formulation A after 1 hour of incubation, with a decrease of
50% in cell viability for the concentration of 25.6 mg/mL of
the emulsion, and after 24 hours of incubation, for the con-
centration of 10.2 mg/mL of the emulsion. For formulation B,
an IC, was not reached after 1 hour of incubation but was
found after 24 hours of incubation, for the concentration of
11.8 mg/mL of the emulsion. Finally, for formulation C, no
cytotoxicity was detected both after 1 hour and 24 hours of
incubation, with undeterminable IC, values (Figure 5).

Apoptosis assessment

Three concentrations of the three formulations (28.5, 20,
and 10 mg/mL) were chosen for apoptosis assessment.
Figure 6 shows the results of the chromatin condensation test
(Hoechst 33342), and Figure 7 shows the results of the P2X7
cell death receptor activation test (YO-PRO-1 test).
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Table 4 Granulometric parameters of W/O/W nanoemulsions with gastric and intestinal pH-simulating aqueous solutions

Formulation/ pH 1.2 pH 6.8

observation time MDS (nm)* PDI (nm)? MDS (nm)* PDI (nm)*
AITO 177.30 + 3.06 0.106 + 0.070 211.60 + 6.56 0.133 £ 0.030
AIT2 h 201.90 £ 2.51 0.100 + 0.023 230.30 + 6.45 0.137 £0.019
B/TO 49.72+0.20 0.150 + 0.022 4727 £0.30 0.138+0.012
B/T2h 48.14+ 03I 0.108 + 0.062 46,32 £ 031 0.112 +0.003
cITo 21430 £0.37 0.352 +0.054 21830 % 1.5 0.319 + 0.059
CIT2h 210.90 + 3.54 0316 +0.042 213.40 + 4.05 0.329 £0.072

Note: *Data presented as mean value + standard error (n = 3). A: Polysorbate-85/Labrasol®; B: Polysorbate-85/Cremophor® EL; C: glycerol/Polysorbate-85.
Abbreviations: MDS, mean droplet size; PDI, polydispersity index; W/O/W, water-in-oil-in-water.

100 nm

Figure 4 Transmission electron microscopy micrographs of W/O/W nanoemulsions. (A) Polysorbate-85/Labrasol®; (B) Polysorbate-85/Cremophor® EL; (C) glycerol/
Polysorbate-85.

Abbreviation: W/O/W, water-in-oil-in-water.
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Figure 5 Cell viability of W/O/W nanoemulsion formulations using alamarBlue® test at |-hour and 24-hour incubation times. (A) Polysorbate-85/Labrasol®; (B) Polysorbate-85/
Cremophor® EL; (C) glycerol/Polysorbate-85.

Notes: Each value represents the mean and standard deviation (n = 3). *Cell viability was significantly (P < 0.001) below cell viability of the control without nanoemulsion.
Abbreviation: W/O/W, water-in-oil-in-water.
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Figure 6 Apoptosis chromatin condensation assessment (Hoechst 33342
test) of W/O/W nanoemulsion formulations after |- and 24-hour incubation.
(A) Polysorbate-85/Labrasol®; (B) Polysorbate-85/Cremophor® EL;
(C) glycerol/Polysorbate-85.

Notes: Hoechst/AB ratio significantly (**P < 0.001; *P < 0.05) compared with
the control without nanoemulsion. Each value represents the mean and standard
deviation (n = 3).

Abbreviations: AB, alamarBlue®; W/O/W, water-in-oil-in-water.

With regard to the chromatin condensation test, formu-
lation A exhibited significantly higher apoptosis ratios in
comparison with the control, both after 1 hour of incubation
(P < 0.001 for the three concentrations) and 24 hours of
incubation (P < 0.001 for the 28.5 and 20 mg/mL emul-
sion concentrations and P < 0.05 for 10 mg/mL emulsion
concentration). Apoptosis ratios (Hoechst/alamarBlue)
decreased with the dilution, giving values for 1 hour of
incubation of around 470, 260, and 130 for the 28.5, 20,
and 10 mg/mL concentrations of emulsion, respectively and

after 24 hours of incubation, around 2000, 800, and 120

Nanoemulsion concentration (mg/mL)

Figure 7 Apoptosis P2X7 cell death receptor activation (YO-PRO®- | test) of W/O/W
nanoemulsion formulations after |- and 24-hour incubation. (A) Polysorbate-85/
Labrasol®; (B) Polysorbate-85/Cremophor® EL; (C) glycerol/Polysorbate-85.
Notes: Each value represents the mean and standard deviation (n = 3).
YO-PRO®-1/AB ratio significantly (**P < 0.001) compared with the control
without nanoemulsion.

Abbreviations: AB, alamarBlue® W/O/W, water-in-oil-in-water.

for the 28.5, 20, and 10 mg/mL emulsion concentrations,
respectively. With formulation B, after one hour of incuba-
tion, the apoptosis ratio was significantly higher (P < 0.05)
only for the highest concentration (28.5 mg/mL) of the
nanoemulsion investigated. Conversely, the apoptosis ratios
were slightly higher than with formulation A after 24 hours
of incubation, with ratios around 2500 and 1100 and signifi-
cantly different from the control (P < 0.001) for the 28.5
and 20 mg/mL emulsion concentrations, respectively. For
formulation C, no chromatin condensation was observed
regardless of the dilution and incubation times; Further, no
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significant difference was observed for the apoptosis ratio
relative to the control.

With regard to P2X7 cell death receptor activation
(YO-PRO-1 test), formulation A induced a concentration-
dependent increase in fluorescence intensity when com-
pared with the control cells after 1 hour and after 24 hours
(Figure 7). YO-PRO-1/alamarBlue ratios were significantly
different (P < 0.001) from the control both after 1 hour and
24 hours of incubation, for the highest emulsion concentra-
tions of 28.5 and 20 mg/mL. For formulation B, no increase
in fluorescence intensity was observed after 1 hour, but
there was a strong increase in P2X7 activation after 24 hours
incubation. YO-PRO-1/alamarBlue ratios were significantly
higher (P < 0.001) than the control for the three concentra-
tions investigated (28.5, 20, and 10 mg/mL). Cells incubated
with formulation C showed no increase in P2X7 activation
after either 1 or 24 hours of incubation.

From these results, we can conclude that P2X7 receptor
activation is one of the first steps of apoptosis induced by
formulation A (which leads to chromatin condensation and
cell death). An example of fluorescence results obtained for
formulation A after 1 hour of incubation is given in Figure 8.
For formulation B, after 1 hour of incubation, results are
in accordance with Hoechst 33342 results, whereas after
24 hours, the fluorescence increase corresponded to signifi-
cant apoptosis induction. We can conclude that for formula-
tions A and B, P2X7 receptor activation is associated with
apoptosis induction, observed by chromatin condensation.
For formulation C, there was neither chromatin condensation
nor P2X7 receptor activation.

Discussion
The original emulsion formulations performed with regard
to the visual aspect and droplet size in the nanometric scale
belong to the nanoemulsion class of emulsions as defined
by Porras et al.**

Our choice for multiple W/O/W final emulsion was
orientated by the need to change the biopharmaceutical

Control

characteristics of drugs which can be included in primary
droplets by the vehicle characteristics. In the case of insulin,
it has been previously demonstrated that multiple emulsions
are able to protect the entrapped substance.*® The protective
effect of emulsions has been also demonstrated in our previ-
ous investigation of a lipidic drug entrapped inside the oil
phase of a O/W nanoemulsion.*® Similarly, the multiple final
W/O/W emulsion could allow the protection of polar drugs by
their inclusion in the water phase of the W/O nanoemulsion
within the lipidic continuous phase. With regard to the emul-
sion characteristics, our objective was to perform a multiple
emulsion with a small droplet size in the nanoscale range.
Small droplet size was shown to improve oral absorption®’
as well as system stability.** The use of a spontaneous pro-
cess of emulsification using high ratios of surfactants could
explain the result in the nanoscale range, which contrasts
with published data, where multiple emulsions are gener-
ally in the microscale range.®* Moreover, the low-energy
process could allow the inclusion of polar drugs sensitive to
high shear stress, such as peptides.*!

Component selection

The use of medium chain triglycerides was justified by their
ability to form microemulsions spontaneously at room tem-
perature and their benefit in terms of intestinal-absorption
improvement.*#

The determination of the water ratio of 10% for the
internal phase of the former W/O microemulsion was bal-
anced between the need to include a satisfactory amount
of polar drug, and the final characteristics. Constantinides
and Scalart* selected a 3% internal phase for calcein for-
mulation. More recently, Cheng et al* selected a 10% water
ratio for incorporating a fibrinolytic enzyme. For a W/O
microemulsion including Labrasol, Djordjevic et al*
demonstrated that above the 10% water ratio, the droplet
structure was altered (not spherical or biscontinuous) and
that above 50% of water, phase inversion was observed,
giving the O/W emulsion.

Figure 8 Apoptosis P2X7 cell death receptor activation (YO-PRO-I test). Examples of fluorescence records observed after | hour of incubation, of cells incubated with
Labrasol® nanoemulsion at three final concentrations: (A) 10 mg/mL; (B) 20 mg/mL; and (C) 28.5 mg/mL.
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The nonionic surfactant Polysorbate-85 was selected on
account of its acceptability as a nontoxic excipient for oral
administration, its potential absorption-enhancing proper-
ties (demonstrated for indomethacin),*” and its capacity to
efficiently and spontaneously produce W/O microemul-
sions with medium chain triglycerides, for a Polysorbate-85
ratio between 30% and 45%.%® Cosurfactant Labrasol was
also selected for its use in developing microemulsion
formulations® and its ability to enhance intestinal absorption
of hydrophilic drugs.”#4*5° However, formulations including
Labrasol were found to have poor stability, exhibiting phase
separation within 24 hours.

Therefore, substitution of Labrasol was justified, to find
alternative components capable of being administered by
IV route and exhibiting the same capacity to form multiple
nanoemulsions by self-emulsification. For this purpose,
Cremophor EL and glycerol were found to be potential can-
didates for this substitution. Cremophor EL was previously
and successfully used to form self-emulsifying systems, such
as self-nanoemulsifying drug delivery systems or self-micro-
emulsifying drug delivery systems.!>! As regards to glycerol,
this is currently used in parenteral formulations, mainly as
a solvent, at concentrations below 50%.% Krishna et al®
have shown that glycerol can be used as a self-emulsifying
agent to form submicron emulsions, called parenteral
self-emulsifying drug delivery systems, at concentrations
up to 30%. Moreover, glycerol presents the advantages of
being both a safe and biocompatible agent.>

Surfactant ratio selection

To obtain the primary W/O emulsion using a microemulsifi-
cation process, a pseudoternary diagram was established and
used as a reference method for determining the translucent
isotropic areas,* with ternary systems combining surfactant/
cosurfactant, oil, and water. According to Constantinides,™
the W/O microemulsion existence field was identified in
pseudoternary phase diagrams. Among the different ratios
of surfactant/cosurfactant systems investigated, the optimal
was 7:3 (Polysorbate-85/Labrasol), where the highest surface
of the W/O microemulsion existence field phase was found.
When Labrasol was substituted by Cremophor EL or glycerol,
the optimal ratio system was also found to be 7:3 for both
Cremophor EL/Polysorbate-85 and glycerol/Polysorbate-85.
For the last system, the choice of a minimum of 30% of glyc-
erol was dictated by previous work showing that a minimum
of 30% of glycerol was needed for an autoemulsification
process.> Moreover, as the 7:3 ratio with Labrasol/Polysor-
bate-85 had poor stability, displaying fast phase separation

and an increase in droplet size within 24 hours, one of the
objectives of the substitution was to improve the stability
of the multiple nanoemulsion. Thus, in order to select the
optimal ratio system for the formulations in which Labrasol
was substituted by either Cremophor EL or glycerol, the
criteria were orientated toward the macroscopic behavior and
granulometric profile of the multiple nanoemulsions rather
than the W/O primary emulsions.

Stability of W/O/W nanoemulsions

Multiple emulsion instability was recognized to follow two
possible mechanisms: (i) coalescence of the small inner
droplets with the globule interface and (ii) coalescence of
the small inner droplets within the globule.® The coalescence
of the inner droplets with the globule interface is favored by
the amount of hydrophilic surfactants in the external water
phase. Considering our formulations, the surfactant systems
used were exclusively hydrophilic, with a hydrophilic/
lipophilic balance (HLB) of HLB 14 for Labrasol, HLB
12 to 14 for Cremophor, and HLB 11 for Polysorbate-85.%
All formulations were expected to be highly unstable, and
possibly destabilized within a few hours. However, this
rapid instability was only found for formulation A with
Labrasol. The mechanism of instability in our systems
could then be more likely attributable to nanoemulsion
instability. Nanoemulsions are metastable systems, sub-
jected to breakdown over time through different possible
physical mechanisms, mainly through coalescence and
Ostwald ripening.'> Among the factors influencing stability,
electrical surface charge > and mean droplet size' have to
be considered. With regard to droplet size, formulation B
exhibited the best stability results, which can be linked to
its very small multiple droplet size (around 40 nm). On the
other hand, the mean droplet size of formulation A was lower
than it was for formulation C, but formulation C exhibited
great stability improvement, which could then be linked to
the surface charge of the droplets. For injectable nanoemul-
sions, negative charges have been shown to contribute to
their stability,” whereas neutral charges are recognized to be
detrimental to stability.> In our study, the three formulations
exhibited low negative charges; the lowest was for formula-
tion C, with glycerol, that had a —6 mV zeta potential. This
low charge could contribute to greater repulsive efficiency
in comparison with formulation A, with Labrasol, that
exhibited a —1.2 mV Zeta potential. Nevertheless, the area
where repulsive efficiency is more likely to occur is above
—15 mV?* and could explain the reduced, 2-month stability of
formulation C. With regards to short term stability at gastric
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and intestinal pH, the three formulations (A—C) were found
to preserve their granulometric and macroscopic character-
istics during the 2 hours of observation, which is of interest
for further development of oral route use.

Cytotoxicity

For the cytotoxicity study, the alamarBlue assay was used,
rather than the MTT test previously used for emulsion
evaluation.”” MTT is metabolized by mitochondrial succinic
dehydrogenase to produce water-insoluble blue formazan,
which then must be dissolved for colorimetric measurement,
whereas alamarBlue is an oxidation-reduction-sensitive
indicator, which becomes fluorescent upon reduction by
metabolically active, living cells (cytosolic and microsomal
enzymes).”® The alamarBlue assay was considered to be a
more sensitive assay than the MTT assay for most compounds,
with better specificity due to fluorometric detection.

Our results showed that formulation B with Cremophor
exhibited delayed toxicity, while formulation A with
Labrasol exhibited acute cytotoxicity; no cytotoxicity was
notified for the formulation with glycerol.

The toxicity of formulations A and B could be correlated
to the cosurfactant (Labrasol or Cremophor) rather than to
Polysorbate-85. Polysorbates are generally considered to
be nontoxic emulsifiers. Nevertheless, to the best of our
knowledge, toxicity studies are not available for the use
of Polysorbate-85 by IV route, but one microemulsion
formulation of clonixic acid that included a mixture of
Polysorbate-85, Polysorbate 20, and Cremophor EL was
successfully administered in rats, giving a significant ben-
efit for IV pain in comparison to a control solution.’® With
regard to our results, a comparison can be drawn between
the three formulations with Polysorbate-85, at the same final
concentration. Respective concentrations of surfactants in
formulations are given in Table 5. Thus, the 1/100 dilutions of

Table 5 Final concentration (mg/mL) of surfactants contained in
WI/O/W nanoemulsions for cytotoxicity assessment

Dilution ratio 1/135 1/50 1/100
Formulation A
Labrasol® 1.42 1.00 0.50
Polysorbate-85 333 2.33 1.17
Formulation B
Cremophor® EL 1.42 1.00 0.50
Polysorbate-85 333 2.33 1.17
Formulation C
Glycerol 333 2.33 1.17
Polysorbate-85 1.42 1.00 0.50

Abbreviation: W/O/W, water-in-oil-in-water.

formulations A and B can be compared with the 1/50 dilution
of formulation C. For the latter, cytotoxicity was not dif-
ferent (P < 0.1) from the control; still, it was significantly
different (P < 0.001) from the 1/100 A and B formulations
found to be cytotoxic. Therefore, we can hypothesize that
the reported cytotoxicity was attributable to the surfactants
Labrasol and Cremophor EL rather than to Polysorbate-85.
Moreover, in vivo toxicities have previously been reported
for surfactants Labrasol and Cremophor EL. Cremophor
EL exhibited a lethal concentration (LD, ) of 6.5 g/kg in
mice via IV route and was greater than 6.4 g/kg in rats for
the oral route; further, this has previously been used for the
IV formulation of paclitaxel.’> However, some toxic effects,
including cardiological or anaphylactic reactions, have been
reported after IV administration.>? Labrasol seemed to pres-
ent low toxicity by oral route, with an LD, of 22 mL/kg in
rats,” but was recently found to exhibit acute toxicity by
oral route when at a high (40%) concentration, inducing
respiratory and abdominal signs and spontaneous mortality
in rats.®® Moreover, it was found to exhibit acute toxicity by
IV route in mice, when formulated in a nanoemulsion.®' In

our study, the corresponding IC_, expressed in surfactant

50
concentration, was for Labrasol, 1.28 mg/mL after 1 hour
of incubation and 0.51 mg/mL after 24 hours. On the other
hand, 24 hours of incubation was necessary to observe the
IC,, value of 0.56 mg/mL for Cremophor EL. These values
could be related to the IC,  of 0.25 mg/mL (by MTT)® found
for Polysorbate 80, which is a nonionic surfactant commonly
used in drug formulations, especially for IV formulation.>

Surfactant cytotoxicity could be explained by its
amphiphilic structure, which may cause damage on cell
membranes.®® The absorption-promoting effect from the
oral route could also explain its toxicity; however, an in
vitro study investigating Labrasol and Cremophor EL for
intestinal absorption and intestinal membrane toxicity found
an absorption-promoting effect for Labrasol without causing
intestinal membrane damage, whereas Cremophor EL was
found to damage the intestinal membrane with no absorption-
promoting effect.*

In our study, the mechanism of cell death involving
chromatin condensation and P2X7 cell death receptor activa-
tion was more rapidly observed in the presence of Labrasol
nanoemulsion than in the Cremophor EL nanoemulsion.
At 24 hours, only one dilution of the nanoemulsion, cor-
responding to the 0.5 mg/mL concentration of Labrasol,
failed to show an effect on P2X7 activation. For Cremophor
at 24 hours, significant effects were found on chromatin
condensation and P2X7 activation, at all the concentrations
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investigated (1.4, 1, and 0.5 mg/mL). The toxic mechanism
corresponds to P2X7 cell death receptor activation, with
a chromatin condensation confirming apoptosis.®® To the
best of our knowledge, P2X7 activation has not been
associated with a cytotoxic effect of the surfactant used
in common formulations of drug delivery systems. Castor
oil, of which polyoxyl-35 castor oil (Cremophor EL) is a
derivative, has previously been found capable of activat-
ing P2X7 receptors. Our own results suggest that polyoxyl
derivatives of castor oil could also be cytotoxic through
P2X7 receptor activation.® Taking into consideration that
P2X7 cell death receptor activation induces inflammation
with inflammasome induction and degenerative pathway
simulation, this mechanism could explain the toxic effects
found in vivo for Cremophor EL and Labrasol.®” P2X7 has
been involved in different degenerative pathways, such as
Alzheimer’s disease and age-related macular degeneration;
the chronic use of formulations involving P2X7 cytotoxicity
should then be avoided.

Among the three formulations, on the basis of toxicity,
the multiple W/O/W nanoemulsion with glycerol would be
the safest formulation to be developed, since no cytotoxicity
was observed with this.

Conclusion

We developed new formulations of W/O/W emulsions in
the nanoscale range, obtained exclusively by a two-step,
low-energy process of self-emulsification allowing inclu-
sion of sensitive drugs. Via the oral route, this system could
allow enhanced oral absorption of polar drugs included in
the water phase of the lipid nanodroplets, due to the capacity
of'the lipidic vehicle to be absorbed through lipolysis and/or
lymphatic transport, and to the inclusion of surfactants pro-
moting absorption (eg, Cremophor, Labrasol). For the IV
route, cytotoxicity results would limit the choice among the
three formulations designed. Due to the acute cytotoxicity
of all formulations with Labrasol, the development of this
formulation would probably be excluded for IV application.
Moreover, the P2X7 cell death receptor activation involved
in its cytotoxicity would limit any development for chronic
administration, even for the oral route. Formulations with
Cremophor EL were found to exhibit delayed cytotoxic-
ity involving P2X7 receptor activation, which could limit
its development for chronic administration as well. Of the
three formulations investigated here, the multiple W/O/W
nanoemulsion formulation with glycerol was found to be
the safest formulation with regard to cytotoxicity results
and would be of great interest for both IV and oral routes.

Finally, our work also showed the pertinence of early study of
nanovector toxicity, before considering further developments
as safe drug delivery systems.
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