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In the present study multiple W/O/W nanoemulsions were optimised for the dermal application of the
antiviral drug aciclovir. The phase inversion temperature method was employed to prepare the formu-
lations without the input of high pressure. During formulation design the ethoxylated surfactants were
varied and if possible partly replaced by natural sugar surfactants. Multiple nanoemulsions with mean
droplet sizes around 100 nm and polydispersity indices below 0.1 were prepared. At room temperature,

they exhibited excellent physicochemical stability over an observation period of 6 months. Furthermore,
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cryo electron microscopy gave an insight into the microstructure of the multiple nanoemulsions. More-
over, the formulations’ interaction with skin was analysed by ATR-FTIR. In Franz-type diffusion cell and
tape stripping experiments aciclovir showed satisfying skin permeation from the novel nanoemulsions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, a large number of studies has dealt with
the optimisation of oil-in-water emulsions with particle sizes in
the lower submicron range (Yilmaz and Borchert, 2005; Hoeller
et al, 2009; Klang et al.,, 2011a). These systems, conveniently
termed “nanoemulsions”, are aimed at topical drug delivery or
cosmetic applications on skin (Klang et al., 2011b; Patravale and
Mandawgade, 2008). To this end, lipophilic actives are incorporated
into the respective oil phase. However, there is a surprising lack of
data on nanoemulsions optimised for the delivery of hydrophilic
drugs despite the fact that such skin-friendly systems might prove
to be more appropriate for the delivery of hydrophilic drugs on
sensitive skin than classical systems such as hydrogels or other
ethanol-based formulations (Watkinson et al., 2009). A possi-
ble drawback of nanoemulsion systems might be the tendency
of hydrophilic drugs to recrystallise within the aqueous phase
during longer storage periods, especially at refrigerated storage.
Such issues may be overcome by the development of a multi-
ple emulsion system. This technique has recently been adapted to
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submicron-sized emulsions by incorporating hydrophilic com-
pounds into reverse micelles located within the dispersed phase
of an O/W nanoemulsion (Anton et al., 2010; Vrignaud et al., 2011).
These W/O/W nanoemulsions can be conveniently created by the
phase inversion temperature (PIT) method.

The aim of the present study was to optimise this technique
as well as the involved surfactants to create eudermic W/O/W
nanoemulsions for the dermal delivery of the hydrophilic drug aci-
clovir. Since this method has only been patented recently to create
reverse micelle-loaded lipid nanocarriers (Vrignaud et al., 2011),
no data exist on the potential of these novel systems as dermal
drug delivery vehicles. Thus, this study represents the first substan-
tiated approach to systematically study the novel carrier system
for dermal application. Franz-type diffusion cell and tape stripping
experiments were performed to investigate the skin permeation
behaviour of the developed formulations. Moreover, the interac-
tion of the developed multiple nanoemulsions with the stratum
corneum was investigated by ATR-FTIR studies. Both the type and
the amount of surfactant for the droplet formation as well as for
the preparation of reverse micelles was varied to identify the low-
est possible surfactant concentration which would lead to W/O/W
systems of satisfying droplet size, physicochemical stability and
skin permeation. Since the PIT method for the development of
W/O/W nanoemulsions requires comparatively large amounts of
ethoxylated surfactants, the optimisation of this technique using
biodegradable sucrose ester surfactants was among the primary
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interests of this study. Thus, the advantages and drawbacks of these
compounds that were observed for the presented application are
discussed in detail.

2. Materials and methods
2.1. Materials

Solutol HS 15 (polyoxyethylene-660-12-hydroxy stearate, HLB
14-16) was kindly donated by BASF, Germany. Ryoto sugar ester
S-1670 with a HLB of 16 (75% sucrose stearate monoester) and
S-270 with a HLB of 2 (10% sucrose stearate monoester) were a
gift from Mitsubishi-Kagaku Foods Corporation, Japan. Miglyol 815
(neutral oil) was purchased from Dr. Temt Laboratories, Austria,
and aciclovir from Fagron, Germany. Methanol for HPLC analysis
and Span 80® (sorbitane monooleate, HLB 4) were obtained from
Sigma Aldrich, Austria.

2.2. Methods

2.2.1. Nanoemulsion preparation

The preparation of W/O/W nanoemulsions was performed
according to Anton et al. (2010) using the phase inversion tem-
perature (PIT) method. The composition of the formulations is
given in Table 1. A defined amount of the lipophilic surfactant
above its critical micelle concentration (CMC) was poured into
the oil phase. In case of aciclovir-loaded nanoemulsions, 1% of
the active ingredient was added and stirred for two hours to
ensure incorporation into the reverse micelles (formulations Sol-
(Span)-ACV, Sol-(5270)-ACV, Sol-S1670-(S270)-ACV). For reasons
of comparison, the same formulations were prepared without
the two hours of stirring. In this case, we assumed that aci-
clovir was not incorporated into the reverse micelles (formulations
Sol-(Span)-ACV-unencaps., Sol-(5270)-ACV-unencaps., Sol-S1670-
(S270)-ACV-unencaps.). Subsequently, the hydrophilic surfactant,
approximately 40% (w/w) of the water phase and sodiumchloride
were mixed at room temperature. The temperature was slowly
increased above the phase inversion temperature to about 85°C.
At this point, the reverse micelle-loaded oil phase was added drop-
wise. In a final step, the system was diluted abruptly with the
remaining part of the distilled water at room temperature.

2.2.2. Physicochemical characterisation and stability

Mean droplet size (MDS), polydispersity index (PDI) and zeta
potential (ZP) were determined with a Zeta Sizer Nano ZS (Malvern
Instruments, United Kingdom). All samples were diluted 1:400 with
0.01 mM Nacl solution before the measurement. For the ZP mea-
surements, the conductivity of the samples was kept constantly
below 0.05mScm~!. Moreover, the pH was determined for each
formulation. In order to obtain information about the stability of the
formulations, the above mentioned parameters were determined
over a period of 6 months. The formulations were stored at room
temperature (25 +2°C, 60+ 5% RH).

2.2.3. Cryo electron microscopy

Samples for cryo transmission electron microscopy (TEM) were
frozen with a Leica EM GP immersion freezer (Leica Microsystems,
Austria) according to Resch et al. (2011). The environmental cham-
ber of the TEM was operated at 37 °C and 90% relative humidity. 4 .1
of the specimen were diluted 1:10 (formulation A) or 1:3 (formula-
tions B and C) with distilled water, pre-warmed to 37 °Cand applied
onto a glow discharged EM grid coated with a perforated Quantifoil
R1.2/1.3 carbon film (Quantifoil, Germany). After 30's, the suspen-
sion was blotted for 1.0 s with Whatman No. 1 filter paper using the
instrument’s blotting sensor and immediately plunged into liquid
ethane just above its freezing point (—184°C).

The vitrified specimens were visualised at liquid nitrogen tem-
perature on a Tecnai F30 ‘Helium’ (Polara) cryo-TEM (FEI Company,
Netherlands) operated at 300kV. Low dose micrographs were
acquired at nominal magnification of 31,000x at a defocus of
—10.0 wm for high contrast and captured with a Gatan US4000 CCD
camera.

2.24. Invitro skin studies

Franz-type diffusion cell and tape stripping experiments were
performed as previously described in Schwarz et al. (2011). Porcine
skin samples were stored in a freezer at —18°C for a maximum of
6 months. For the Franz-cell experiments, dermatomed abdomi-
nal pig skin of 500 pm thickness was used as a model membrane.
An infinite dose of 50 mgcm—2 of formulation was applied onto
the skin. Phosphate buffer (pH 7.4, 0.012 M) served as an accep-
tor medium. Samples were taken after 2, 4, 6 and 8 h. The aciclovir
content in each sample was determined with HPLC analysis.

Tape stripping experiments were performed on full-thickness
porcine ear skin. The hair was carefully removed by clipping.
Subsequently, 5mgcm~2 of the formulation was applied. After a
residence time of one hour, twenty tape strips were removed at a
defined area and individually analysed for the amount of corneo-
cytes by NIR (Klang et al., 2011b). The corresponding content of
aciclovir was analysed by HPLC after extraction of the tape strips
with methanol (Klang et al., 2011d, 2011c). The entire horny layer
thickness was determined beforehand by removing the whole stra-
tum corneum with up to 80 tape strips. This procedure was stopped
when the limit of detection of the NIR densitometer was reached.

2.2.5. HPLC analysis

The quantitative analysis of aciclovir was carried out by HPLC
(Perkin Elmer, Austria) using a UV diode array detector (235C).
The wavelength of detection was set at 280 nm. A Nucleosil 1005
C18 column (250 mm x 4 mm, MachereyNagel, USA) plus precol-
umn (SS 8/4) was used for analysis. The mobile phase consisted of
methanol/water (10/90) and was pumped through the system at
a flow rate of 1mlmin~! (Hasanovic et al., 2010). The calibration
curve ranged from 0.3 to 506 p.g/ml.

2.2.6. ATR-FTIR spectroscopy

The effect of the developed W/O/W nanoemulsions on skin was
also investigated by ATR-FTIR spectroscopy. Infrared spectra of
impregnated porcine ear skin samples were obtained using a Ten-
sor 27 FTIR instrument (Bruker Optics, Germany) with a Bio-ATR |
tool and a photovoltaic MCT detector at the skin surface temper-
ature of 32 °C. Porcine ear skin samples were treated as described
in Hasanovic et al. (2011). For the measurements, the skin samples
were placed on the ZnSe ATR crystal with the stratum corneum
facing down. A weight of 100 g was placed on each sample to keep
the intensity of the spectra constant. Data analysis was performed
using the OPUS software version 5.5.

2.2.7. Statistical analysis

Allresults are mean values + standard deviation of three or more
experiments. The statistical analysis was performed using the stu-
dent’s t-test with p<0.05 as level of significance (GraphPad Prism
Software, USA).

3. Results and discussion
3.1. Nanoemulsion characterisation

In preliminary studies the lowest amount of surfactant required
for nanoemulsification was determined. While blank nanoemul-

sions containing between 3% and 4.5% (w/w) of the hydrophilic
surfactant Solutol HS15 exhibited particle sizes above 140 nm with
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Table 1

Composition of the multiple W/O/W nanoemulsions [% (w/w)]. The reverse micelle forming surfactant is displayed in parentheses. Abbreviations: Sol (Solutol HS 15), Span

(Span 80), ACV (aciclovir).

Formulation Solutol HS15 S$1670 Span 80 S270 Miglyol 812 NaCl Aqua dest. ACV
A

Sol-(Span) 5.00 - 0.25 - 8.35 0.60 84.80 -
Sol-(Span)-ACV 5.00 - 0.25 - 8.35 0.60 84.80 1.00
Sol-(Span)-ACV-unencaps. 5.00 - 0.25 - 8.35 0.60 84.80 1.00
B

Sol-(S270) 5.00 - - 0.25 8.35 0.60 84.80 -
Sol-(S270)-ACV 5.00 - - 0.25 8.35 0.60 84.80 1.00
Sol-(S270) ACV-unencaps. 5.00 - - 0.25 8.35 0.60 84.80 1.00
C

Sol-S1670-(S270) 4.30 0.70 - 0.25 8.35 0.60 84.80 -
Sol-S1670-(S270)-ACV 4.30 0.70 - 0.25 8.35 0.60 84.80 1.00
Sol-S1670-(S270)-ACV-unencaps. 4.30 0.70 - 0.25 8.35 0.60 84.80 1.00

polydispersity indices of 0.15 and higher, formulations with 5%
(w/w) surfactant showed excellent physicochemical properties
with a mean droplet size of about 105 nm and PDI values around
0.07 (Table 2, formulation A). Therefore, the content of hydrophilic
surfactant was set at 5% (w/w). Subsequently, the lipophilic surfac-
tant employed for the formation of reverse micelles was varied.
To this end, Span 80 was replaced by the natural sugar surfac-
tant S270. As a result even smaller particle sizes and lower PDI
values were obtained (Table 2, formulation B). As a final step the
nature of the hydrophilic surfactant was altered. Only polyethoxy-
lated surfactants such as Solutol HS 15 show the characteristic
temperature-dependent phase inversion behaviour which is neces-
sary to form nanoemulsions by the PIT method (Anton et al., 2007).
However, polyethoxylated surfactants are sometimes viewed crit-
ically regarding their skin compatibility (Bergh et al., 1998). Thus,
we attempted to partially replace the ethoxylated surfactant by
the biodegradable and eudermic surfactant sucrose stearate (Klang
et al.,, 2011a). A combination of Solutol HS 15 and the sugar sur-
factant S1670 (13 +2) was found to lead to satisfying results. A
further reduction in mean droplet size and PDI values was observed
(Table 2, formulation C). As expected, a complete replacement of
Solutol HS 15 by S1670 was not feasible as the mean droplet size
and the polydispersity index deteriorated to unacceptable values.
In summary, the nature of the lipophilic surfactant was impor-
tant for the particle size distribution. The replacement of Span 80
by sucrose stearate S270 resulted in a decrease in the mean droplet
size and PDI; the zeta potential and pH values remained almost
identical. We can therefore recommend this optimisation strategy.
In case of the hydrophilic surfactant, a decrease of mean droplet size
was observed after a partial replacement of the polyethoxylated
surfactant by the sugar surfactant S1670. However, the polydis-
persity index increased suggesting a more inhomogenous droplet
size distribution. Since the corresponding absolute zeta potential

value increased it may nevertheless be assumed that the overall
stability might not be impaired. The value of a mixed hydrophilic
surfactant film for this preparation method remains therefore to be
investigated with further formulations.

The described formulations A, B and C were prepared both
without drug and with aciclovir. The latter was encapsulated into
reverse micelles. The successful incorporation into the reverse
micelles was confirmed on one hand by visual inspection and on
the other hand by the smaller droplet sizes and narrow size distri-
butions as detected by dynamic light scattering (DLS). The prepared
systems formed spontaneously without additional energy input
and exhibited a uniform blueish translucent appearance. For rea-
sons of comparison, formulations A, B and C were also prepared
without encapsulating aciclovir into reverse micelles. In addition
to their less homogeneous appearance, these formulations showed
significantly higher particles sizes with larger standard devia-
tions and more variable PDIs (Table 2 and Fig. 1b). Although all
reverse micelle loaded formulations exhibited satisfying physico-
chemical properties, formulation B (Sol-(S270)) possessed the most
favourable characteristics with a mean droplet size of about 100 nm
and an exellent polydispersity index of about 0.09.

3.2. Physicochemical stability

In order to evaluate the stability of the multiple nanoemulsions,
the discussed physicochemical parameters were monitored over a
period of 6 months. The formulations exhibited excellent interme-
diate stability at room temperature. The values of all determined
parameters showed no significant differences from the initial val-
ues given in Table 1 over the whole observation period (P> 0.05
in all cases). As indicated in Fig. 1a, the mean droplet sizes of
formulation A, B and C remained largely constant. Neither the
PDI nor the ZP or pH values varied significantly over the whole

Table 2

Physicochemical parameters of the formulations. Abbreviations: MDS, mean droplet size; PDI, polydispersity index; ZP, zeta potential.
formulation MDS (nm) PDI ZP [mV] pH
A
Sol-(Span) 104.54 + 3.53 0.070 + 0.007 —6.19 + 5.50 6.1+0.2
Sol-(Span)-ACV 108.12 + 0.26 0.189 + 0.131 —15.88 + 0.59 6.3 + 0.1
Sol-(Span)-ACV-unencaps 125.29 + 24.25 0.236 + 0.231 —13.24 + 1.98 6.1 +£0.2
B
Sol-(S270) 88.73 +3.35 0.064 + 0.011 —15.07 + 1.80 6.0 + 0.1
Sol-(S270)-ACV 99.02 + 2.74 0.091 + 0.024 -13.17 £ 1.59 6.1 £0.1
Sol-(S270)-ACV-unencaps 114.51 + 11.03 0.270 + 0.169 —10.80 + 3.81 6.1 + 0.0
C
Sol-S1670-(S270) 63.34 + 0.19 0.080 + 0.006 —20.30 £ 4.10 59+ 0.0
Sol-S1670-(S270)-ACV 74.61 + 4.40 0.283 + 0.110 —20.60 + 2.70 5.8 + 0.0
Sol-S1670-(S270)-ACV-unencaps 122.26 + 56.34 0.295 + 0.136 —29.70 + 6.00 59+ 0.1
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Fig.1. (a) Meandroplet size of investigated formulations with aciclovir as determined
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observation period (P>0.05, respectively). Moreover, an obser-
vation of the physicochemical stability parameters of the
nanoemulsions with aciclovir encapsulated into reverse micelles
compared to those of the nanoemulsions with unencapsulated aci-
clovir showed significantly better results for the reverse micelle
loaded formulations (P<0.05, respectively; Fig. 1b). The formu-
lations with aciclovir encapsulated in reverse micelles possessed
significantly smaller mean droplet sizes with narrower size distri-
bution which remained constant over 6 months (P<0.05).

3.3. Cryo electron microscopy

Cryo TEM studies were conducted to gain a deeper insight into
the microstructure of the nanoemulsions (Fig. 2). As can be clearly
seen in the obtained images, the oil droplets were uniformly dis-
persed in the surrounding bulk water phase. However, the reverse
micelle structures inside the oil droplets were too small to be visu-
alised with this technique. Furthermore, formulation C showed
the most smoothly shaped oil droplets. This might be due to the
employment of sucrose stearate in the hydrophilic surfactant mix-
ture with Solutol HS 15. As generally known, mixed surfactant films
are usually more flexible and thus more suitable to form emulsified
oil droplets of spherical shape (Trotta et al., 2002). In addition, the
microscopic investigations served to confirm the DLS data. Since
DLS alone exhibits certain limitations for the analysis of nanoemul-
sion droplet size (Klang et al., 2011e), an additional technique such
as cryo electron microscopy is strongly recommended. Indeed, the
mean droplet sizes of all three formulations as determined by DLS

were in good agreement with the microscopically observed droplet
sizes.

3.4. Invitro skin studies

The skin permeation experiments using Franz-type diffusion
cells revealed that formulation A-ACV and A-ACV-unencaps. led
to very similar permeation rates (P> 0.05). In addition, the flux of
aciclovir from both nanoemulsions was approximately 1.3-times
higher than the flux of aciclovir from an aqueous solution (P<0.05,
respectively; Fig. 3a). The latter finding was not surprising since for-
mulation A-ACV and A-ACV-unencaps. contained the same amount
of surfactants. Most surfactants can generally be considered as
permeation enhancers. Thus, the skin permeation of the active
compounds from a formulation will most likely be higher than
the drug permeation from an aqueous solution without any addi-
tives. Subsequently, the three final W/O/W nanoemulsions were
compared regarding their skin diffusion potential. All of them
showed excellent skin permeation properties. Between 70% and
80% of the incorporated drug had permeated through the skin
after 8 h. Formulation B-ACV showed a slightly superiour drug flux
of 59.21+2.89 in comparison to formulation A-ACV with a flux
of 56.68+3.59 and formulation C-ACV with a flux of 55+4.70
(Fig. 3b). However, these differences did not reach statistical sig-
nificance (P> 0.05, respectively).

The observed trends were confirmed in tape stripping exper-
iments on porcine ear skin. Fig. 4 shows a representative skin
penetration profile of aciclovir from formulation A-ACV. In case of
formulation A-ACV and B-ACV, skin penetration depths of about
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Fig. 2. Cryo electron microscopic images of formulations A: Sol-(Span), B: Sol-(S270) and C: Sol-S1670-(S270). The scale bars represent 200 nm.
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experiments were employed to elucidate the drug delivery from
the developed systems into and through the skin, ATR-FTIR
spectroscopy was used to analyse the interaction between the for-
mulations and the stratum corneum on a molecular level. Spectra
of porcine ear skin incubated with the formulations were com-
pared to those of porcine ear skin incubated with water. The
following bands were recorded: CH, asymmetric (2920cm~1!) and
symmetric stretching vibration (2850 cm~1), amide I (C=0) vibra-
tion (1640 cm~') and amide II (C-N) vibration (1540 cm~') and the
CH, scissoring mode (between 1470 and 1460 cm~'). These bands
are caused by the intercellular lipids and keratin inside the cor-
neocytes of the skin and correlate well with values found in the
literature (Hasanovicetal.,2011; Obataetal.,2010; Rodriguez et al.,
2010). In Fig. 5, a spectrum of pig ear skin incubated with water
is presented in comparison with spectra of porcine ear samples
incubated with formulation A, B and C, respectively. Although most
bands were observed to be identical, there was a significant shift
of the amide I band from 1639 cm~! after incubation with water to
1643 cm~!. This shift was observed for all three formulations and
may indicate a change in the secondary structure of keratin. It may
be assumed that a conformational change from mostly a-helical
to a higher content of B-sheet occurs, possibly resulting in a less
tightly packed structure (He et al., 2009; Babita et al., 2006).

4. Conclusion

The optimised W/O/W nanoemulsions are well suited for the
dermal delivery of aciclovir. A satisfying skin penetration poten-
tial of aciclovir from the formulations was observed in different
experiments. The employed PIT method allowed for a simple and
rapid preparation of nanoemulsions with excellent physicochem-
ical properties which remained constant upon storage during the
whole observation period. Cryo TEM confirmed mean droplet sizes
of around 100 nm as found by dynamic light scattering. Further
studies shall examine the antiviral properties of the developed for-
mulations in vitro and in vivo.
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