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Purpose. To obtain and characterize reverse hexagonal phase nanodispersions of monoolein and oleic
acid, and to evaluate the ability of such system to improve the skin penetration of a model peptide
(cyclosporin A, CysA) without causing skin irritation.

Methods. The nanodispersion was prepared by mixing monoolein, oleic acid, poloxamer, and water.
CysA was added to the lipid mixture to obtain a final concentration of 0.6% (w/w). The nanodispersion
was characterized; the skin penetration of CysA was assessed in vitro (using porcine ear skin mounted in
a Franz diffusion cell) and in vivo (using hairless mice).

Results. The obtainment of the hexagonal phase nanodispersion was demonstrated by polarized light
microscopy, cryo-TEM and small angle X-ray diffraction. Particle diameter was 181.77 + 1.08 nm. At
0.6%, CysA did not change the liquid crystalline structure of the particles. The nanodispersion promoted
the skin penetration of CysA both in vitro and in vivo. In vitro, the maximal concentrations (after 12 h)
of CysA obtained in the stratum corneum (SC) and in the epidermis without stratum corneum (E) +
dermis (D) were ~2 fold higher when CysA was incorporated in the nanodispersion than when it was
incorporated in the control formulation (olive oil). /n vivo, 1.5- and 2.8-times higher concentrations were
achieved in the SC and [E+D], respectively, when the nanodispersion was employed. No histopatho-
logical alterations were observed in the skin of animals treated with the nanodispersion.

Conclusion. These results demonstrate that the hexagonal phase nanodispersion is effective in

improving the topical delivery of peptides without causing skin irritation.

KEY WORDS: Cyclosporin A; peptides; reverse hexagonal phase; skin irritation; skin penetration.

INTRODUCTION

The efficacy of dermatological agents is influenced by
their penetration within the skin, which can be increased
by using adequate topical formulations. Liquid crystalline
phases of monoolein (MO), such as reverse hexagonal and
cubic phases, present interesting properties for a topical
delivery system, and hence have been studied to deliver
compounds of pharmaceutical interest to the skin and
mucosa (1-3). These phases are (i) bioadhesive, (ii) present
a permeation enhancer as the structure forming lipid (MO),
and (iii) present ability to incorporate compounds indepen-
dently of their solubility, to protect them from physical and
enzymatic degradation, and to sustain their delivery (2-6).
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The reverse hexagonal phase (here referred to as hexagonal
phase, for simplicity) requires the addition of a third non-
polar compound such as oleic acid to be formed at room
temperature (5). Therefore, such a phase also presents the
advantage of having two penetrations enhancers in its struc-
ture, namely, MO and oleic acid (3,4,7-10).

By modifying the proportions of the components of the
bulk hexagonal phase, and by dispersing this liquid crystalline
phase in excess water in the presence of a dispersing agent
(such as poloxamer), an aqueous dispersion of hexagonal
phase particles can be obtained (11-13). It was demonstrated
that the dispersed particles retain the internal structure of the
bulk phase and its properties (12-17). In comparison with the
bulk gel, the dispersion of hexagonal phase presents some
advantages. It has a larger surface area to interact with the
skin, high fluidity, and can be incorporated into other
product formulations (15,16).

Recently, dispersions of cubic phase have been sug-
gested as suitable systems for percutaneous delivery of small
molecules such as indomethacin (18). However, the use of
other dispersed liquid crystalline phases as colloidal carriers
for topical delivery of peptides and proteins has not been
explored to date. The present study was aimed at obtaining
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and characterizing aqueous dispersions composed of hexag-
onal phase particles of nanometric size (referred to as nano-
dispersion in this study) for topical delivery of peptides.
Before developing and validating a more complex method to
assess the skin penetration of a model peptide in the skin, we
probed whether the hexagonal phase nanodispersion had the
ability to increase the skin penetration of a small molecule of
easy detection, the fluorescent marker fluorescein isothiocya-
nate (FITC). Having demonstrated the formulation’s ability to
increase the skin penetration of FITC, we next evaluated
whether the skin penetration of a model, a relatively large
peptide, could also be increased by its incorporation in the
nanodispersion. CysA was chosen as the model peptide due to
its poor skin penetration (unless a chemical or physical
technique is used) and its usefulness in the treatment of
cutaneous diseases (19-21). Lastly, we tested whether the
nanodispersion causes skin irritation.

MATERIALS AND METHODS
Materials

Monoolein (MO, Myverol 18-99) was supplied by Quest
(Norwich, NY, USA), oleic acid and FITC were obtained from
Sigma (St. Louis, MO, USA), poloxamer 407 was obtained from
BASF (Florham Park, NJ, USA), and CysA from Boechel
(Hamburg, Germany). Acetonitrile and methanol were pur-
chased from Ominsolve (Merck, Darmstadt, Germany).

Preparation of the Hexagonal Phase Nanodispersion

Bulk hexagonal phases containing excess water were
prepared by mixing melted monoolein (at 42°C) and oleic
acid (8:2 w/w), and by adding a 1% aqueous solution of
poloxamer to the lipid mixture to achieve a monoolein/oleic
acid/poloxamer/water system (8:2:0.9:89.1, w/w/w/w). The
selected monoolein/oleic acid ratio has been shown to lead
to the formation of a hexagonal phase gel (5), and the
selected poloxamer/lipid ratio has been demonstrated to
allow the formation of dispersed hexagonal phase particles
(12). The system was allowed to equilibrate at room
temperature for 24 h. Then, the hexagonal phase with excess
water was vortex-mixed, sonicated in ice-bath for 1 min, and
passed through a 0.8-um membrane. The resulting dispersion
had pH of 6.3-6.4. A dispersion containing CysA (model
peptide; 0.6% or 4%, w/w) or FITC (fluorescent marker;
0.03%, w/w) was obtained by adding either compound to the
initial monoolein—oleic acid mixture.

Characterization of the Hexagonal Phase Dispersions
Polarized Light Microscopy

The MOJoleic acid/poloxamer/water system (8:2:0.9:89.1,
w/w/w/w) and the MOJoleic acid/drug/poloxamer/water sys-
tem [MOJoleic acid/CysA/poloxamer/water at 8:2:0.6:0.9:88.5
(w/wiw/w/w) and MO/oleic acid/FITC/poloxamer/water at
8:2:0.03:0.9:89.07 (w/w/w/w/w)] were characterized under a
polarized light microscope (Axioplan 2 Image Pol micro-
scope, Carl Zeiss, Oberkochen, Germany) before and after
the sonication process used to disperse the bulk phase.
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Small-Angle X-Ray Diffraction

To characterize the liquid crystalline structure of the
dispersed particles, small-angle synchrotron radiation X-ray
diffraction measurements were performed at the Brazilian
Synchrotron Light Laboratory (LNLS), Campinas, SP, Brazil,
using the D11A-SAXS beamline (22,23). The white photon
beam was extracted from the ring through a high-vacuum
path. After passing through a thin beryllium window, the
beam was monochromatized and horizontally focused by a
cylindrically bent and asymmetrically cut (111) silicon single
crystal. The selected wavelength was 1.608 A. The focus was
located at the detection plane. The scattered intensities were
collected by a one-dimension position sensitive detector
located at 736.5 mm from the sample. An ionization detector
monitored the intensity of the incident beam. The data were
corrected by detector homogeneity, incident beam intensity,
sample absorption, and blank subtraction (poloxamer/water
solution). Unloaded nanodispersion and nanodispersions
containing 0.6 or 4% (w/w) of CysA were analyzed.

Cryo-Transmission Electron Microscopy

The liquid crystalline structure of the particles of the
unloaded nanodispersion and their morphology was also
investigated by cryo-transmission electron microscopy (Cryo-
TEM). The samples were prepared with slight modifications
of the procedures first described by Bellare et al. (24). The
method consisted of obtaining a thin vitrified aqueous film of
the sample in a controlled environment vitrification system
(CEVS), where temperature and humidity could be con-
trolled. A drop (~1 pL) of the unloaded nanodispersion was
deposited on a copper TEM grid covered with a perforated
polymer film and blotted to form a thin film using filter
paper. After blotting, the sample was immediately vitrified in
liquid ethane held (with liquid nitrogen) at its freezing point.
The vitrified sample was then transferred under liquid
nitrogen to a Zeiss EM 902A transmission electron micro-
scope (Carl Zeiss NTS, Oberkochen, Germany). The instru-
ment was operating at 80 kV and in zero loss brightfield mode.
The specimen temperature was kept below —160°C and
protected against atmospheric conditions during examination.

Light Scattering

The mean diameter and particle size distribution of
unloaded nanodispersion and the nanodispersion containing
CysA at 0.6% (w/w) were determined by using a dynamic
light scattering system (Malvern 4700, Malvern, UK) at 90°
with a He—Ne laser. Samples were diluted in particle-free
purified water, and the measurements (n = 3 for each sample)
were performed at 25°C.

In Vitro Skin Penetration
Skin Penetration of FITC

As the hexagonal phase dispersion had never been used
for topical delivery, we first tried to visualize FITC skin

penetration. FITC was chosen as the fluorescent marker
because it presents relatively high absorptivity, good fluores-
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cence quantum yield, and low cost, and because its extensive
use in the past makes it a very well characterized fluorophore
for microscopy. The penetration of FITC in the skin was
assessed in an in vitro model using porcine ear skin (25). The
skin from the outer surface of a freshly excised porcine ear was
carefully dissected (making sure that the subcutaneous fat was
maximally removed), stored at —20°C, and used within a
month. On the day of the experiment, the skin was thawed and
mounted in a Franz diffusion cell (diffusion area of 1 cm?;
Laboratory Glass Apparatus, Inc., Berkeley, CA, USA), with
the stratum corneum facing the donor compartment (where
the formulation was applied) and the dermis facing the
receptor compartment. The latter compartment was filled
with 100 mM phosphate buffer (pH 7.2) containing ethanol
(10%), and maintained at 37°C under constant stirring. We
chose the receptor phase buffered at 7.2 based on previous
published studies that evaluated lipid-based systems (25-28).
Previous studies used receptor phases containing up to 20%
of ethanol (29). A hundred microliters of an FITC-containing
dispersion (0.03% w/w) or a hydroalcoholic (10% ethanol)
solution of FITC (0.03% w/w) was applied to the surface of
the skin. Because the skin presents autofluorescence, skin
sections treated with PBS were used as control.

After 6 h, the surface of the skin was carefully cleaned,
and the diffusion area of skin samples was frozen by using
isopentane at —30°C, embedded in Tissue-Tek® OCT com-
pound (Pelco International, Redding, CA, USA), and
sectioned using a cryostat microtome (Leica, Wetzlar,
Germany). The skin sections (8 um) were mounted on glass
slides. The slides were visualized without any additional
staining or treatment through a 20x objective using a Zeiss
microscope (Carl Zeiss, Thornwood, NY) equipped with a
filter for FITC and AxioVision software.

FITC present in the receptor phase was quantified by
fluorimetry. Samples (2 mL) of the receptor phase were
lyophilized for 24 h, and the residue was dissolved in 200 puL
hydroalcoholic (10% ethanol) solution. All solutions were
subjected to fluorimetry analysis using a Gemini SpectraMax
platereader (Molecular Devices, Sunnyvale, CA, USA) with
excitation at 495 nm and emission at 518 nm.

Skin Penetration of CysA

The skin penetration of CysA incorporated in the hexa-
gonal phase nanodispersion was assessed using porcine ear
skin mounted in the Franz diffusion cell (diffusion area of 1.77
c¢m?; Hanson instruments, Chatsworth, CA, USA). The
receptor compartment was filled with 100 mM phosphate
buffer (pH 7.2) containing ethanol (10%). The receptor phase
was maintained at 37°C and under constant stirring. One
hundred milligrams of the nanodispersion containing 0.6%
CysA (w/w) was applied to the surface of the stratum corn-
eum. A solution of CysA (0.6%, w/w) in olive oil was used as
the control formulation because, being the goal of the pre-
sent study to evaluate the ability of the nanodispersion as a
whole to improve the delivery of CysA to the skin, it was
important to use a vehicle that contains no component of the
formulation. As in a previous study (19), we used olive oil.

At 6 or 12 h postapplication, skin surfaces were carefully
washed with distilled water and wiped with a cotton swab to
remove excess formulation. To separate the stratum corneum
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(SC) from the remaining epidermis (E) and dermis (D), skin
sections were subjected to tape stripping (21). The skin was
stripped with 15 pieces of adhesive tape, and the tapes
containing the SC were immersed in 5 mL methanol and
vortex-stirred for 2 min. The methanolic phase was filtered
using a 0.45-um membrane, and the resulting filtrate assayed
for CysA. The remaining [E + D] was cut in small pieces,
vortex-mixed for 2 min in 2 mL methanol, and bath-sonicated
for 30 min. The resulting mixture was filtrated using 0.45-um
membranes, and CysA was assayed in the filtrate. The
amounts of drug detected in SC and in [E + D] are indicatives
of drug penetration in the skin.

To validate the extraction procedure, the absolute re-
covery of CysA from skin tissue was determined by spiking
skin sections (area of 1.77 cm?) with CysA solutions in
methanol (100 and 200 pg/mL). The spiked skinsections (n = 5
for each concentration) were allowed to rest for 20 min, and
CysA was extracted as described above from the SC and
[E + D]. Recovery of CysA from the skin (SC + [E + D]) was
89 £ 49% and 92.5 £ 2.1% for the lower and higher con-
centrations, respectively.

In Vivo Skin Penetration of CysA

Hairless mice (males, 6-8 weeks old) were obtained
from the colony of the Pharmacy School of Ribeirdo Preto
(University of Sao Paulo, Ribeirdo Preto, SP, Brazil). They
were housed at 24-26°C, exposed to a daily 12:12-h light/dark
cycle (lights on at 6:00 A.M.), and had free access to standard
mice chow and tap water. To reduce the stress associated
with the experimental procedure, the mice were handled
daily for 1 week before experimentation. The protocols were
in accordance with the Principles of Laboratory Animal Care
(NTH publication) and with the guidelines of the University
of Sao Paulo Animal Care and Use Committee.

On the day of the experiment, 100 mg of CysA-
containing nanodispersion or control formulation (CysA in
olive oil at 0.6%, w/w) was applied to a limited area (2 cm?) of
the skin on the back of each mouse. At 6 h postapplication,
each mouse was killed with an overdose of carbon dioxide,
and the skin area where the formulation was applied was
dissected. The skin was subjected to tape stripping (as
described for the in vitro permeation experiment), and the
amount of CysA in the SC and [E + D] was determined.

Skin Irritation Test

To evaluate whether the hexagonal phase nanodisper-
sion caused skin irritation, the occurrence of histological
changes in the skin of hairless mice was examined after
topical application of the system for 2 days. One hundred
milligrams of the nanodispersion was applied topically on a
limited area (~2 cm?) (30) of the skin on the back of each
mouse once a day for 2 days. On the third day (~12 h after
the second application of the formulation), the animals were
killed with an overdose of carbon dioxide and the skin area
where the formulation was applied was dissected, fixed by
immersion in Bouin liquid at room temperature for 24 h,
processed for inclusion in paraffin, sectioned with 6 um of
thickness, and stained with Masson tricromic. This regimen
was chosen to simulate a short-term treatment. Skin sections
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were examined under conventional light microscopy (Carl
Zeiss, Oberkochen, Germany) for epidermis thickening,
edema, and infiltration of inflammatory cells in the dermis
(30). Epidermis thickness was measured using the AxiVision
software (Carl Zeiss, Oberkochen, Germany). The skin of
untreated animals and animals treated with saline were used
as the controls. In another study conducted in our laboratory
(Lopes et al., unpublished data), this method was found to be
sensitive enough to detect skin irritation caused by a bulk
hexagonal phase gel.
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Analytical Methodology for CysA

CysA was assayed by high-performance liquid chroma-
tography (HPLC) using a Shimadzu equipment, which consist-
ed of a Model LC10 AD solvent pump, a Rheodyne injector,
a 20-uL loop, a Model SPD-10A variable wavelength UV
detector, a Model CTO-10A column oven, and a Model SCL-
10A controller system. The separation was performed by a
Lichrospher 100 RP-18 column (5 pm; Merck), which was
equipped with a RP-8 precolumn (Merck) and equilibrated at

Fig. 1. Microscopic characterization of the bulk hexagonal phase and hexagonal phase nanodispersion.
(A) Polarized light microscopy of the bulk hexagonal phase composed of monoolein/oleic acid/
poloxamer/water at 64:16:0.9:19.1 (w/w/w/w). (B) Polarized light microscopy of the hexagonal phase
nanodispersion composed of monoolein/oleic acid/poloxamer/water at 8:2:0.9:89.1 (w/w/w/w). (C and D)
Cryo-TEM microscopy of the hexagonal phase nanodispersion (scale bar: 200 nm). (E) Polarized light
microscopy of the bulk hexagonal phase with excess water composed of MO/oleic acid/FITC/poloxamer/
water at 8:2:0.03:0.9:89.07 (w/w/w/w/w). (F) Polarized light microscopy of the bulk hexagonal phase with
excess water composed of MO/oleic acid/CysA/poloxamer/water at 8:2:0.6:0.9:88.5 (w/w/w/w/w).
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60°C. A mobile phase of 67% acetonitrile and 33% water
(flow rate of 1 mL/min) was used, and CysA was detected at
210 nm. Under these conditions, the retention time of CysA
was 9.1 min. The area under the peak was used to calculate the
concentration range of CysA and linearity was achieved over
the concentration range between 0.15 and 500.00 pg/mL, pre-
senting a following correlation coefficient (r) of 0.9998. The
detection sensibility of this HPLC assay was 0.15 pg/mL, with
less than 5.15% intraday variation, and less than 2.77%
interday variation. The error was less than 5.50%. Using this
HLPC procedure, unidentified peaks were not detected.

Statistical Analyses

The results are reported as means + SD. As in previous
skin penetration studies (21), data were statistically analyzed
using nonparametric tests. Mann-Whitney test was used to
compare two experimental groups. Kruskal-Wallis test (fol-
lowed by Dunns post-hoc test) was used to compare more
than two experimental groups. The level of significance was
set at p < 0.05.

RESULTS
Characterization of the Hexagonal Phase Dispersions
Unloaded Nanodispersion

The liquid crystalline structure of the nanodispersion
composed of MO, oleic acid, poloxamer, and water was
characterized by polarized microscopy, Cryo-TEM, and small
angle X-ray diffraction (SAXRD). The system composed by
MO/oleic acid/poloxamer/water at 64:16:0.9:19.1 (w/w/w/w)
presented a fanlike structure, typical of hexagonal phase, as
observed by polarized light microscopy (Fig. 1A). The
addition of excess water in the system (MO/oleic acid/
poloxamer/water at 8:2:0.9:89.1, w/w/w/w) led to the obtain-
ment of a mixture of hexagonal phase plus excess water. The
sonication of such a system resulted in the obtainment of a
milky, low-viscosity, and anisotropic dispersion, which was
passed through a 0.8-um membrane to obtain particles with
similar size (Fig. 1B).

The shape and structure of the particles were investigated
by Cryo-TEM, and we observed that the sonication of the MO/
oleic acid/poloxamer/water system (8:2:0.9:89.1, w/w/w/w)
gave rise to more or less faceted particles, many of which
showed textures of hexagonal symmetry (Fig. 1C and D).
These particles were observed together with some vesicular
structures, which have already been observed by other
authors, especially when sonication was used to disperse the
hexagonal phase in water (12,16).

The internal structure of the particles was further
investigated by SAXRD. Dispersed samples gave broad X-
ray reflections, which is probably a consequence of the small
crystallite sizes (Fig. 2). The X-ray diffractograms of the
unloaded nanodispersion displayed three to four diffraction
lines. The diffraction lines were indexed, and the hexagonal
structure of the formed phase was demonstrated (Fig. 2 and
Table I). This is in accordance with the cryo-TEM observa-
tions. The particle diameter of the unloaded nanodispersion
was 181.77 £ 1.08 nm.
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Fig. 2. Small-angle X-ray diffraction patterns of the unloaded hexa-
gonal phase nanodispersion (A), nanodispersion containing 0.6% of
CysA (B), and nanodispersion containing 4% of CysA (C).

Dispersion Containing FITC

Addition of FITC (0.03%, w/w) to the MOJ/oleic acid
system allowed the obtainment of the bulk hexagonal phase
with and without excess water, as observed by polarized light
microscopy. The system showed a fanlike texture, typical of
the hexagonal phase (Fig. 1E). After sonication of the bulk
phase with excess water and filtration of the resulting system,
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Table I. Small-Angle X-ray Diffraction Data for the Dispersions

26 Ratio and
Sample (deg) d (A) (hkl) Structure
Unloaded 1.962 45.03 1/1 (100) Hexagonal
nanodispersion
3.386 26.09 143 (110) Hexagonal
3.919 22.55 144 (200) Hexagonal
5.234 16.88 17 (210) Hexagonal
Nanodispersion 2.027 43.58 1/1 (100) Hexagonal
+ 0.6% CysA
3.489 25.32 143 (110) Hexagonal
4.031 21.92 1/V4 (200) Hexagonal
- - 147 (210) Hexagonal
Nanodispersion 2.412 36.62 - -
+ 4% CysA

Samples: unloaded hexagonal phase nanodispersion, nanodispersion
containing 0.6% of CysA, and nanodispersion containing 4% of
CysA. 6 = diffraction angle, d = observing Bragg spacing, 1kl = Miller
indices.

a milky, low-viscosity, and anisotropic dispersion (like the
unloaded system) was obtained.

Dispersion Containing CysA

Addition of CysA (0.6%, w/w) to the MOJ/oleic acid
system also allowed the obtainment of the hexagonal phase
with and without excess water (Fig. 1F). The internal

. :. %" ‘Qﬁ\
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structure of liquid crystalline nanodispersion was unaltered
by 0.6% CysA, as demonstrated by SAXRD (Table I and
Fig. 2). The X-ray diffractogram of the nanodispersion
containing 0.6% CysA displayed three diffraction lines; the
lines were indexed, and the results demonstrated the
hexagonal structure. On the other hand, 4% CysA disorga-
nized the system, and a hexagonal structure was no longer
observed. Samples of the bulk phase containing excess water
(more than 85%) and 4% CysA did not exhibit textures of
hexagonal phase, as observed by polarized light microscopy.
The X-ray diffractogram of the nanodipersion containing
CysA at 4% presented only one broad reflection, and the
internal structure of the particles could not be determined
(Table I and Fig. 2). Because CysA at 4% did not allow the
formation of the hexagonal phase nanodispersion, this
concentration was not used for further experiments.

The presence of CysA at 0.6% slightly decreased the size
of the particles (diameter of 162.62 + 1.04 nm). The
polydispersity index was below 0.150-0.200. Because light
scattering analysis demonstrated the presence of particles of
nanometric size, the system was referred to as nanodispersion.

In Vitro Skin Penetration
Skin Penetration of FITC
The skin penetration of FITC incorporated in the MO/

oleic acid dispersion or in a hydroalcoholic solution was
visualized by fluorescence microscopy. As expected (31),

Fig. 3. Microscopic evaluation of porcine ear skin after treatment for 6 h with different formulations.
(A) Light microscopy of skin treated with PBS (hematoxylin staining). (B) Fluorescence microscopy of
skin section treated with PBS. (C) Fluorescence microscopy of skin treated with the hidroalcoholic
solution of FITC. (D) Fluorescence microscopy of skin treated with the nanodispersion containing FITC.
Sections were visualized using FITC filter through a 20x objective. Scale bar: 100 um. Three batches of
each formulation were tested, and representative pictures are shown.
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untreated skin presented a very weak autofluorescence
(especially the SC; Fig. 3A and B). When FITC was in-
corporated in the hydroalcoholic solution, fluorescence was
predominantly present in the SC, and only a weak fluores-
cence was observed in the epidermis (Fig. 3C). On the other
hand, treatment of the skin with the MO/oleic acid dispersion
containing FITC resulted in a strong fluorescent staining of SC
and viable epidermis (Fig. 3D). Some fluorescence could also
be observed in the dermis. No FITC was detected at
6 h postapplication in the receptor phase using either the
hydroalcoholic solution or the nanodispersion.

Skin Penetration of CysA

We next evaluated the ability of the hexagonal phase
nanodispersion to increase the skin penetration of a model
peptide in vitro. Compared to the control formulation (olive
oil), the nanodispersion significantly enhanced the skin
penetration of CysA (Fig. 4). When CysA was incorporated
in the nanodispersion, its concentration in the SC was
significantly enhanced at 6 h (p < 0.05) and 12 h (p < 0.01)
postapplication. Similarly, CysA concentration in [E + D]
was significantly enhanced after 6 and 12 h (p < 0.05). When
the control formulation was used, the maximal concentra-
tions of CysA were achieved at 12 h postapplication. We
found that 6.51 + 1.42% of the applied dose/cm” of CysA was
delivered to the SC, whereas 2.48 + 0.53% of the applied
dose/cm® of CysA was delivered to [E + D]. Using the
hexagonal phase nanodispersion, the maximal concentrations
of CysA in the SC and [E + D] were ~2-fold higher than
those obtained when CysA was incorporated in the control
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N
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Cyclosporin A
(% applied dose/cmz)
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6 12
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Fig. 4. In vitro penetration of CysA in the SC and [E + D] at 6 and
12 h following its topical application using the hexagonal phase
nanodispersion or the control formulation. SC: stratum corneum,
[E + DJ: epidermis (without SC) plus dermis, * p < 0.05. Five to six
batches of each formulation were tested, and the results are shown as
mean + SD.
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Fig. 5. In vivo skin penetration of CysA at 6 h following its topical
application using the hexagonal phase nanodispersion or the control
formulation. SC: stratum corneum, [E + DJ: epidermis (without SC)
plus dermis, * p < 0.05. Four to five batches of each formulation were
tested, and the results are shown as mean + SD.

formulation. On the other hand, no CysA was detected in the
receptor phase after 12 h using either the control formulation
or the nanodispersion.

In Vivo Skin Penetration of CysA

In vivo penetration of CysA in the SC and [E + D] was
evaluated using hairless mice. Similar to our in vitro
observations, the hexagonal phase nanodispersion signifi-
cantly (p < 0.05) enhanced the skin penetration of CysA in
vivo at 6 h postapplication compared with the control formu-
lation (Fig. 5). When CysA was incorporated in the control
formulation, ~3.91 + 0.20% and 2.41 + 0.48% of the applied
dose/cm? was detected in SC and [E + D], respectively, at
6 h postapplication. When CysA was incorporated in the
nanodispersion, 1.5 and 2.8 times higher concentrations were
achieved in the SC and [E + D], respectively.

Skin Irritation Test

On the third day after topical application of the nano-
dispersion or an inert solution (saline), the histological
characteristics of the skin were determined. We searched
for three established endpoints of irritation: epidermal
thickening, edema, and immunocyte infiltration in dermis.
Light microscopy indicated none of these endpoints in the
skin of animals treated with the hexagonal phase nano-
dispersion or saline, as compared to the untreated animals
(Fig. 6A—C). Figure 6D shows the thickness of epidermis of
animals subjected to topical treatment with saline or with the
unloaded nanodispersion; no significant difference was ob-
served in comparing the nanodispersion-treated, saline-treat-
ed, and untreated animals.

DISCUSSION

Aqueous dispersions of liquid crystalline phases of
MO have been previously obtained and characterized
(11,12,16,32,33), but the use of hexagonal phase dispersions
as colloidal carriers for topical delivery of peptides and
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Fig. 6. Analysis of the skin of untreated animals and animals subjected to topical application of saline or
nanodispersion. (A) Light microscopy of untreated skin. (B) Light microscopy of skin treated with PBS.
(C) Light microscopy of skin treated with the hexagonal phase nanodispersion. (D) Thickness of the
epidermis of untreated animals and those treated with saline or nanodispersion. Sections were micro-
scopically analyzed using a 20x objective; scale bar: 50 pm. The number of animals in each group was 3.

proteins has not been explored to date. In the present study,
we described the obtainment, characterization, and evalua-
tion of a nanodispersion of hexagonal phase for topical
delivery of CysA as a model peptide.

The X-ray diffraction and cryo-TEM results demonstrat-
ed that the internal structure of the hexagonal (MO/oleic
acid/water) phase was preserved after the dispersion of the
bulk gel phase in a poloxamer solution by sonication. Even
though the sonication process did not influence the liquid
crystalline structure of the hexagonal phase, it is well known
that the presence of other compounds in the system can
influence the packing parameter of the lipid and consequent-
ly the liquid crystalline phase formed (5, 34). It has been
shown that poloxamer (the dispersion agent) at the polymer/
lipid ratio used in the present study (9%) promotes the
formation of hexagonal phase dispersion (12). Although a
low poloxamer/lipid ratio (<4%) does not allow the forma-
tion of a stable dispersion and a high ratio (>9%) prompts
the formation of vesicles, poloxamer has been shown not to

affect the internal structure of the system (12). This may be
explained by the fact that poloxamer, being a large molecule,
is excluded from the water channels of the hexagonal phase
particles; it is probably adsorbed to the surface of the
particles to account for the colloidal stability (11,12). Unlike
poloxamer, CysA was demonstrated to concentration-depen-
dently affect the liquid crystalline structure of MO-based
systems. CysA at 4% (final concentration) destabilized the
structure of the dispersed particles, and a hexagonal structure
was no longer observed. This effect of CysA is likely to be
related to the observed interaction between monoolein and
CysA, which involves the resonance structure of the second-
ary amides from CysA with the polar headgroup of mono-
olein (Lopes et al., unpublished data). Using CysA at 0.6%,
we were able to obtain the hexagonal phase nanodispersion.
Thus, 0.6% CysA was selected for further experiments.

As the hexagonal phase nanodispersion had never been
used for topical delivery, we first tried to visualize the skin
penetration of a fluorescent marker using fluorescence
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microscopy. Even though we did not fully characterize
whether FITC addition alters the internal liquid crystalline
structure of the dispersed particles, it is unlikely to occur
based on polarized light microscopy results. Thus, in this
experiment we evaluated whether the dispersion formed by
two known penetration enhancers (oleic acid and monoolein)
would increase the skin penetration of FITC, and hence
prove to be a suitable topical delivery system. The applica-
tion of the dispersion containing FITC on the skin resulted in
an increased fluorescence in the viable layers of the skin
compared to FITC hydroalcoholic solution.

Next, we evaluated whether the hexagonal phase nano-
dispersion was able to increase the skin penetration of a large
peptide, CysA (MW = 1,202 Da). We observed an increased
penetration of CysA in SC and [E + D] in vitro 6 h following
application of the nanodispersion. No CysA was detected in
the receptor phase, which is an advantage of the nano-
dispersion, because our aim is the topical (not transdermal)
delivery of CysA. Like our in vitro observations, the in vivo
skin penetration experiment revealed that incorporation of
CysA in the nanodispersion also results in an increase in the
skin penetration of the peptide at 6 h postapplication. The
skin models used in the in vitro and in vivo experiments
present distinct characteristics, and thus, caution should be
taken to compare the results. Mouse skin used in the in vivo
experiment is more permeable than the porcine skin used in
the in vitro experiment; thus, skin penetration might be faster
in the mouse (35). Additionally, the lack of blood flow in the
dermis of the porcine skin in vitro may artificially hinder the
skin absorption of lipophilic compounds in this water-rich
environment (36,37). Even though the skin models used are
different, the results obtained in vivo confirmed our in vitro
observation that the nanodispersion enhances skin penetra-
tion of CysA. Taken together, these results demonstrate that
the hexagonal phase nanodispersion presents the ability to
increase the penetration of CysA in the skin compared to a
control formulation without affecting the transdermal deliv-
ery, and thus, can be a useful strategy to improve the topical
delivery of peptides.

In relative terms, a comparison of our in vitro results
with the results obtained with other colloidal carrier systems
reveals that hexagonal phase nanodispersion provided an
efficient delivery of CysA, especially to the viable layers of
the skin. We observed that 6 h following application of the
nanodispersion containing CysA, 7.12 + 0.94% of the applied
dose/cm? was delivered to the SC and 3.85 + 0.96% of the
applied dose/cm? was delivered to the [E + D], whereas at
12 h postapplication, 13.10  1.65% of the applied dose/cm?
was delivered to the SC and 5.06 + 0.78% of the dose/cm? was
delivered to the [E + D]. In particular, the amount delivered
to deep skin layers is higher than that delivered by other
methods. Verma and Fahr (20) observed that when CysA was
applied in liposomes containing ethanol (10%), 4.079% of
the applied dose/cm® was delivered to the SC after 6 h,
whereas 0.042% of the applied dose/cm® was detected in
deeper skin layers. Dowton et al. (38) studied the influence of
vesicle components on CysA penetration in the skin. CysA
was incorporated at 0.8-2.2 mg/mL of liposomal dispersion,
which was applied in an area of 1.77 cm?. They reported that,
depending on the composition of the carrier, up to 94.3% of
the applied dose (after 24 h) may be delivered to the SC, but

Lopes et al.

the amount delivered to deeper skin layers did not exceed
2.1% of the applied dose.

Considering that the applied dose of CysA with the
hexagonal phase dispersion was 600 pg, and that ~11%
(~7% in the SC and ~4% in E + D) of this dose was found in
the permeation area of the skin (which weighs ~0.4 g) at
6 h postapplication in the in vitro assay, we estimate that an
average skin concentration of CysA of 165 pg/g was achieved
using the dispersion. This concentration is 4-fold higher than
the concentration of CysA effective to prolong skin allograft
survival, as reported by Black et al. (39). It should be noted,
though, that this analysis is speculative, and that in vivo
studies in animal models of skin disorders will be necessary to
evaluate whether the CysA-bearing nanodispersion would be
effective.

Although we did not investigate the mechanism by
which the hexagonal phase nanodispersion influences the
skin penetration of CysA, some speculation can be made.
MO, the main structural lipid of the nanodispersion, is a
penetration enhancer that has already been demonstrated to
increase skin penetration of peptides and other compounds
(1-3,21,40). In a previous study of ours (21), we have shown
that, when mixed with propylene glycol, 5-10% of MO
promoted not only the skin penetration but also the
transdermal delivery of CysA; only at 20-70% MO was the
retention of CysA in the skin maximized and its transdermal
delivery minimized.

When the nanodispersion was used, an increased con-
centration of CysA in the skin associated with negligible
transdermal delivery was obtained with no more than 8%
MO. Hence, the properties of MO do not fully explain the
characteristics of the nanodispersion. In addition to MO, the
nanodispersion contains oleic acid as a less abundant
structural lipid, and oleic acid can also act by itself as a skin
penetration enhancer (10). Both MO and oleic acid were
shown to be released from a liquid crystalline structure (cubic
phase), being available to interact with surface epithelium
(2,3). Tt is of interest that the drug delivery properties of the
nanodispersion might also depend on the complex structure
of the system. Being a potential intermediary in the
membrane fusion process (41), the hexagonal phase may
facilitate the fusion of the system particles with SC and
deeper skin layers. The hexagonal structure may also
improve drug delivery to the skin by protecting the drug
from physical and enzymatic degradation (4). Last but not
least, the system particles can form a depot in the skin
surface and appendages, resulting in a prolonged release of
the incorporated compound (42,43). Despite of the many
advantages of the hexagonal phase nanodispersion for topical
delivery of peptides, it should be pointed out that the
therapeutic use of the nanodispersion may be limited by the
complexity and the cost of process for its preparation.

The demonstrated ability of the dispersed system to
increase the skin penetration of a model peptide suggests a
more general use of this system for the topical delivery of
several other peptides of dermatological interest. For exam-
ple, TGF-B and leptin may promote/accelerate wound heal-
ing, INF-o may be useful against viral infections, bacitracin
and polymixins may be used to treat bacterial infections, and
palmytoyl-glycyl-hystidyl-lysine tripeptide may improve
overall skin condition by stimulating collagen synthesis
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(26,44-47). The application of peptide antigens to the skin is
also of interest to the development of vaccines (48,49).

In addition to promoting the delivery of peptides, a
viable topical delivery system must produce no or minimal
adverse effects. It was thus important to evaluate whether the
nanodispersion under investigation would cause skin irrita-
tion. By evaluating established endpoints of skin irritation
(epidermal thickening, edema, and immunocyte infiltration
in dermis), we were able to demonstrate that the daily
application of the hexagonal phase nanodispersion for up to 2
days does not cause skin irritation.

A viable delivery system must also display satisfactory
long-term stability. Although the stability of the system was
not determined in the present study (but is being considered
in other ongoing studies in our laboratory), it is noteworthy
that at least the structure of the bulk (not dispersed) hex-
agonal phase is not altered for as long as 5 months after its
preparation (Lopes and Bentley, unpublished observations).
When it comes to dispersed systems, Esposito et al. (16) has
shown that organoleptic and morphological aspects of a
monoolein-based supramolecular system containing no oleic
acid (cubic phase dispersion) do not change for up to 1 year.

CONCLUSION

In conclusion, the present study demonstrates that the
nanodispersion of hexagonal phase of monoolein and oleic
acid increased the skin penetration of CysA both in vitro and
in vivo, and did not cause skin irritation. Thus, the use of the
hexagonal phase nanodispersion is a safe and promising
strategy to deliver peptides to the skin.
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