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Abstract The aim of the current investigation was to
develop and statistically evaluate nanovesicular systems
for dermal imiquimod delivery. To this purpose,
transethosomes were prepared with phospholipid, ethanol
and different permeation enhancers. Conventional etho-
somes, with soy phospholipid and ethanol, were used as
control. The prepared vesicles were characterized for size,
zeta potential, stability and entrapment efficiency. The
optimal transethosomal formulation with mean particle size
of 82.3 £ 9.5 nm showed the higher entrapment efficiency
(68.69 £ 1.7 %). In vitro studies, permeation results of
accumulated drug and local accumulation efficiency were
significantly higher for transethosomes (24.64 pg/cm? and
6.70, respectively) than control (14.45 pg/cm? and 3.93,
respectively). Confocal laser scanning microscopy of rho-
damine 6G-loaded transethosomes revealed an enhanced
retention into the deeper skin layers as compared to con-
ventional ethosomes. Besides, Fourier-transform infra-red
spectroscopy studies were also performed to understand the
mechanism of interaction between skin and carriers.
What’s more, results of in vivo studies indicated the
transethosomes of imiquimod providing the most effec-
tiveness for dermal delivery among all of the formulations.
These results suggested that transethosomes would be a
promising dermal carrier for imiquimod in actinic keratose
treatment.
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1 Introduction

Skin cancers are by far the most common malignancies in
fair skinned populations, with an incidence now reaching
epidemic proportions [1, 2]. There are ~ 700,000 cases of
cutaneous squamous cell carcinoma (cSCC) diagnosed
each year in the United States and the frequency is rising
worldwide [3]. An estimated 65 % of cSCC arises from
precursor lesions termed actinic keratose (AK), a common
skin disease characterized by cutaneous lesions due to the
skin exposition to ultraviolet radiation [4]. Until now,
numbers of different treatments have been tried to prevent
the transformation of the cutaneous lesions into cSCC and
to reduce the progression of nonmelanoma skin cancers
into invasive and destructive malignant cells [5]. In this
attempt, different therapeutic methods based on photody-
namic therapy [6], topical therapy [7], and anticancer drugs
[8, 9] are generally proposed. In particular, imiquimod
(IM), administered as topical formulations, shows a certain
effectiveness in the treatment of AK [10].

Imiquimod, the only immune response modifier ap-
proved for clinical applications (as Aldara®), has been
successfully used to treat AK [11]. It induces, through
stimulation of Toll-like receptors localized on the surface
of antigen-presenting cells, the synthesis and release of
several endogenous pro-inflammatory cytokines, which in
turn stimulate both the innate and acquired immune path-
ways, resulting in upregulation of natural antiviral and
antitumor activity [12]. However, highly hydrophobic na-
ture and unsatisfactory cutaneous permeability of IM limit
its therapeutic value for topical administration in form of
conventional formulations (e.g., ointments).

Dermal drug delivery systems offer many advantages
over other traditional routes of administration for their
ability of eliminating first-pass effect, providing sustained
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plasma levels and improving patient compliance. The ef-
fectiveness of dermal delivery depends on the drug’s skin
penetration sufficient to reach therapeutic level [13]. Un-
fortunately, the barrier nature of the skin presents a sig-
nificant obstacle for most drugs to be delivered into and
through it [14, 15]. Many delivery systems have been
studied to overcome the nature barrier of stratum corneum
(SC) to achieve higher dermal retention, for instance,
liposomes, which have evoked considerable interest as the
topical drug delivery systems [16—18].

However, it is generally agreed that the classic lipo-
somes are of little or no value as carriers for dermal drug
delivery because they can not deeply penetrate into the
skin, but rather remain confined to upper layer of the SC
[19]. Several researchers have reported that modification of
lipid vesicular composition would lead to deformable
vesicles which have superior capability to enhance dermal
drug delivery. Noteworthy, ethosomal (ELs) systems,
comprising of phospholipids, ethanol and water, have been
proposed in the last two decades [19]. Several authors have
tested different penetration enhancer molecules in the
novel deformable vesicles [20, 21]. Transethosomes
(TELs), which are composed of phospholipid, ethanol and
permeation enhancers, have shown to possess the advan-
tage of combining ethosomes and permeation enhancers
ability to enhance the skin permeation and deposition of
drug [22].

In contrast to current therapy, the therapeutic efficacy of
IM in AK was related to its immune modulation. With the
aim of finding nano-vesicles capable of improving IM
cutaneous retention, different permeation enhancers were
studied. Therefore, the current study was conducted with
multiple aims: (1) to explore the superiority of nanovesicle
transethosomes which performed significant skin targeting
effect for dermal IM delivery; (2) to investigate the
therapeutic effect, safety and mechanism of IM-loaded
nano-vesicles based on in vitro and in vivo studies; and (3)
to indicate the optimal transethosomes as a potential nano-
vehicle for IM delivery for the treatment of AK.

2 Materials and methods

2.1 Materials and animals

2.1.1 Materials

Soy phospholipid (Spc, 95 %, phosphatidylcholine) was
purchased from Heowns (Tianjin, China). Imiquimod (IM,
Mw 240.3, 99 % purity) was obtained from Xinghe Che-
mical Industry Co. (Hubei, China). Sodium dodecyl sul-

phate (SDS) was kindly provided by BASF SE
(Ludwigshafen, Germany). Sodium deoxycholate (SDC)
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and oleic acid were purchased from Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). Sephadex
G-50 (medium) was procured from Sigma Chemicals
(St. Louis, MO, USA). Imiquimod 5 % cream (Aldara®,
w/w) was obtained from 3 M Pharmaceuticals of St Paul.
Trypsin and rhodamine 6G (Rh 6G) were sourced from
Sigma-Aldrich (St. Louis, MO, USA). All other agents
were analytical grade or better and used without further
purification. Double-distilled water was used throughout
the study.

2.1.2 Skin samples and animals

Skin samples were taken from the pig of about 3 months
old. After removing the hair and the subcutaneous fatty
tissue, the skin was cleaned in normal saline, then divided
into smaller pieces and stored at —20 °C prior to use.
Pharmacokinetic studies with male Sprague-Dawley rats
weighing 200 + 20 g were performed under the guidelines
for humane and responsible use of animals in research set
by School of Pharmaceutical Science and Technology,
Tianjin University. The animals were kept in an agreeable
environment with free access to a rodent diet and water and
were acclimatized for at least 1 week before using.

2.2 Preparation of liposome formulations

Four different novel liposomal formulations (ELs ~
TEL3) of IM shown in Table 1 were prepared by thin film
dispersion-ultrasonic method with a slight modification.
Spc (final concentration of 36 mg/ml), permeation en-
hancers and IM (final concentration of 0.5 mg/ml) were
dissolved in 25 ml chloroform—methanol (4:1, v/v). The
lipid mixture was deposited as a thin film in a round-bot-
tom flask by rotary evaporating the chloroform—methanol
under reduced pressure at 35 £ 1 °C, which was applied
for 1 h to ensure total removal of solvent traces. The lipid
film was hydrated with 10 ml phosphate buffer solution

Table 1 Composition of various transethosomal and ethosomal
formulations

Composition Formulation code

ELs TELI TEL2 TEL3
Spc (mg) 360 360 360 360
SDS (mg) - 80 - -
SDC (mg) - - 80 -
Oleic acid (mg) - - - 40
Ethanol (ml) 2 2 2
PBS 5.8 (ml) 8 8 8
Imiquimod (mg) 5 5 5
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(PBS, pH 5.8) containing 20 % ethanol (modifiers) by
gently mixing for 1 h at room temperature and sonicated
for 20 min. The sonicated vesicles were extruded through
400 nm polycarbonate membranes for further size reduc-
tion. A low pH was chosen to ensure IM encapsulation in
the elastic liposome bilayer. All products were kept at 4 °C
until used.

Rh 6G-labeled vesicles were prepared using an aliquot
of stock solution at the concentration of 0.5 mg/ml in
methanol. Briefly, Spc and 6 ml stock solution containing
Rh 6G (as well as permeation enhancers if added) were
added in 25 ml chloroform—methanol (4:1, v/v), then the
solution was evaporated to form a lipid film on the wall of
flask. The following steps were the same with the prepa-
ration of IM-loaded samples. At last, Rh 6G formulations
were obtained at a final concentration of 0.03 %.

2.3 Characterization of liposomes
2.3.1 Vesicles shape

The morphology of vesicles was observed with a JEM-100
CX transmission electron microscope (TEM) (Jeol Ltd.,
Tokyo, Japan), with an accelerating voltage of 80 kV. A
drop of diluted dispersions (1:10) was applied to a film-
coated copper grid coated with carbon film and the resul-
tant construct was then air-dried. Following this, the films
were negatively stained with 0.5 % phosphotungstic acid
solution and air-dried under room temperature. Then the
air-dried samples were directly examined under the TEM.

2.3.2 Particle size and zeta potential measurement

The particle size and polydispersity index (PDI) for each of
these vesicles were determined by the dynamic light scat-
tering (DLS) method using a computerized particle size
analyzer (Nano-ZS, Malvern, UK). The zeta potential was
measured by laser-Doppler electrophoretic light scattering
method using the same device. For each sample, the
measurement was carried out in triplicate and the average
value was recorded. Moreover, a long-term stability study
was performed by monitoring the vesicle average size, PDI
and zeta potential over 90 days under the environment of
4 £ 1°C and 45 = 10 % relative humidity.

2.3.3 Entrapment efficiency

The prepared IM-vesicles were separated from free IM
using a Sephadex G-50 minicolumn (1.0 cm x 10 cm)
[23]. Briefly, 0.2 ml of the IM-loaded vesicles dispersion
was placed onto a Sephadex G-50 column, followed by
washing for six times with 0.5 ml of PBS (pH 5.8) per
time. Then the IM-vesicles nanoparticles were separated

and achieved within the eluates. The eluates were vortexed
for 3 min by adding methanol to break down nanovesicles.
Thereafter, the amount of entrapped IM was detected using
fluorescence spectroscopy (F-2700, Japan) at the emission
wavelength of 340 nm, excitation wavelength of 260 nm,
and slit width of 5 nm, respectively. The method was
validated for selectivity, linearity, accuracy and precision.
Each sample was conducted in triplicate. The EE % of IM
was calculated directly from the amount of entrapped drug,
according to the following equation:

EE%z%xlOO% (1)

where T was the initial amount of IM that was added and C
was the amount of entrapped drug that was determined by a
Sephadex G-50 minicolumn technique.

2.4 In vitro skin permeation studies

Permeation studies were performed according to the
method described before [24] with slight modifications. Pig
abdominal skin were sandwiched securely between donor
and receptor compartments of the Franz Diffusion Cells
(diffusion area = 1.77 cm?, receptor volume = 17.6 ml)
with the SC side facing upwards into the donor compart-
ment. Before each experiment, the skin samples were
thawed to room temperature and equilibrated at
32 4+ 0.1 °C for 1 h with PBS (pH 5.8). Since pKa value of
IM is 2.27, solution mixture of PBS (pH 5.8)/ethanol at 9:1
(v/v) ratio was filled in the receptor compartment for the
maintenance of sink condition. The receptor compartment
was continuously stirred with a small magnetic bar at a
speed of 500 rpm. The IM-loaded sample (0.2 ml) was
applied onto the skin surface. 2 mg of Aldara® (5 % w/w)
was used as control. For each formulation, at least six
replicates were carried out. Then 500 pl receptor medium
was sampled at predetermined time intervals and an equal
volume of receiver medium was replaced to keep a con-
stant volume. The samples were filtered through 0.45 pm
membrane filter, diluted with methanol to 2.5 ml and
analyzed for drug content by fluorescence spectropho-
tometer as mentioned in Sect. 2.3.

At the end of the experiment (24 h), the drug retention
in each skin layer was determined. The skin surface was
wiped with cotton ball soaked with fresh receiver medium.
SC layer was removed by tape stripping method [25].
Repeated tape-stripping (average 10 strips) was continued
until SC layer was disappeared. All the strips were col-
lected, combined, and digested in 10 ml PBS (pH 5.8).
After that, the skin was cut into small sections with scis-
sors. The tissue was further homogenized with PBS (pH
5.8)/50 % methanol (v/v) solution and then sonicated for
20 min to extract the drug. The tissue suspension were
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filtered and assayed for their drug content by fluorescence
spectrophotometer.

2.5 Confocal laser scanning microscopy (CLSM)
study

CLSM was used to scan the fluorescence signal of
fluorescence agent-loaded samples at different skin depths.
During the preparation, samples were performed fluores-
cent by adding Rh 6G, which was similar to the properties
of IM, and then applied (0.25 g) onto the skin mounted on
Franz diffusion cell. After 24 h, the skin was removed and
washed with distilled water. Sections of skin (20 um
thickness) were cut with a cryostat microtome perpen-
dicular to the surface, mounted on a glass microscope slide.
Analyses were carried out using a Leica TCS SP5X In-
verted Supercontinuum confocal laser scanning microscope
(Leica Microsystems, Heidelberg, Germany) equipped with
an argon laser beam with excitation at 555 nm and emis-
sion at 560 nm. The fluorescence emission intensities and
areas were analyzed by the Release Version ImageJ 1.46r
analysis software (Wayne Rasband, National Institutes of
Health, USA) [26]. Control images were obtained using pig
skin incubated with Rh 6G-loaded ELs and tested for
autofluorescence studies.

2.6 Infrared imaging spectroscopy
2.6.1 Stratum corneum isolation and sample preparation

The skin incubated with ELs, TEL1, TEL2 or TEL3 for
24 h by means of diffusion cells was the same as described
in Sect. 2.4. After incubation, the skin samples were re-
moved and residual samples on the surface of the skin was
absorbed using cotton ball soaked with fresh receiver
medium. The untreated skin acted as control. Then the SC
was separated from the dermis by placing the skin samples
on several sheets of filter paper saturated with a solution of
0.1 % trypsin in phosphate-buffered saline pH 7.4 for 5 h.
The filter paper was maintained at 37 °C using thermostatic
water pump. The mushy epidermis was removed from the
overlying SC by digestion with trypsin for an additional
1 h. The resulting SC sheets were rinsed with cold hexane,
dried at room temperature and stored in desiccator over-
night. SC sheet samples were then subjected to Fourier-
transform infra-red analysis. All experiments were per-
formed in triplicate.

2.6.2 Fourier-transform infra-red spectroscopy
FTIR spectra were recorded with a Bruker TENSOR 27

spectrometer (100 scans). Spectra were acquired at a
resolution of 2 cm™' and the measurement range was
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4000-400 cm™"'. All spectra were collected after baseline
correction. The spectrometer was linked to a PC equipped
with Bruker OPUS software to allow the automated col-
lection of IR spectra. All measurements were performed at
ambient temperature of 25 & 1 °C. The FTIR spectrum of
the control was also recorded.

2.7 In vivo skin permeation studies

Lab-made non-occlusive containers (diameter 1.5 cm),
simulating Franz diffusion donor cells, were adhered on the
rat dorsal skin, which had been shaved carefully to remove
hair. Then infinite doses (0.3 ml of the formulations, which
corresponded to 0.15 mg of IM) were topically applied into
the test area. And 3 mg of Aldara® (which corresponded to
0.15 mg of IM) was used as control. At the end of the
experiment, the rats were humanely sacrificed. Full thick-
ness skin tissue were excised and rinsed in PBS (pH 5.8) to
clear off the remaining formulations. The excised skin was
then processed as described in the in vitro studies, and
subsequently analyzed by fluorescence spectrophotometer.

2.8 SKkin histological examination

Histological alteration and skin compliance after applica-
tion with IM formulations were evaluated using Sprague—
Dawley rats. The backside of the animals was clipped free
of hair prior to the application and then 0.3 ml formulation
was applied on the hair free skin with uniform spreading
within the area of 1.77 cm?. Aldara® was used as control.
Autopsy samples were taken from the skin of rats in dif-
ferent groups and fixed in 10 % formol saline for 24 h.
Paraffin bees wax tissue blocks were prepared for sec-
tioning at 10 pm by slide microtome. The obtained tissue
sections were collected on glass slides and stained by he-
matoxylin and eosin stains for histopathological examina-
tion through a light microscope.

2.9 Statistical analysis

Data was mean =+ standard deviation (SD) from at least
three independently performed experiments. The statistical
analysis was assessed using a two-tailed Student’s 7 test
and a value of P <0.05 was considered statistically
significant.

3 Results and discussion

3.1 Vesicle formation and characterization

In the present work, nanovesicular formulations were pre-
pared by hydrating the lipid film with different permeation
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enhancers. Conventional ethosomes were also prepared for
control. Four formulations were compared in terms of
morphology, size, surface charge, encapsulation efficiency
(Table 2) and stability.

The morphological evaluation analysis showed a small
spherical or oval shape by TEM images, providing the
formation of nano-vesicular (Fig. 1). Besides, it was also
confirmed by the photon correlation spectroscopy that all
vesicles size were between 82 and 190 nm (Table 2). It had
been shown that the smaller particle size increased the
penetration of encapsulated drugs into the deeper skin
layers [27]. In this study, the particle size of TEL1 and
TEL2 were significantly smaller (P < 0.01) than the con-
trol ethosomes, indicating the superior properties of the
optimal formualtions. The PDI values of all nano-vesicle
formulations were between 0.21 and 0.29, suggesting that
all samples were sufficiently homogeneous. In general,
nano-vesicles could form a stable dispersion when the
absolute value of zeta potential was above 30 mv due to the
electric repulsion between particles [28]. In this study, all
TELSs displayed a absolute negative surface charge ranging
from —22.0 £ 1.1 to —29.0 £ 2.7 mv compared with
—19.9 £ 2.7 mv of ELs, which might be due to the pres-
ence of permeation enhancers [29]. The relationship be-
tween net charge and size of liposomes was reported
elsewhere [30], for some points of view, the more neutral
net charge would result in the larger size of liposomes,
which possibly due to the aggregation. Although the zeta
potential values were less than 30 mv, there were no sig-
nificant changes in size or zeta potential of vesicle for-
mulations over 90 days at 4 = 1°C and 45 + 10 %
relative humidity (data not shown).

In addition, the EE % values of all formulations were
investigated. All TEL formulations were able to incorpo-
rate a good amount of IM ranging from 68.69 £ 1.7
(TEL1) to 85.38 + 1.4 % (TEL3) (Table 2). With the in-
creased carbon chain length of the surfactant, the lipophi-
licity and the solubility of the lipophilic drug in the bilayer
would be increased [31] which might explain the increase
in EE % of IM in the bilayer of TELs. On the other hand,
the active agents might compete with the surfactants during
the process of assembling in the bilayer and therefore be
excluded.

3.2 In vitro skin permeation study

The prepared formulations were subjected to in vitro re-
lease studies across pig abdominal skin. Even though new
born pig skin presented a marked difference in terms of
thickness, it was a good substitute for in vitro permeation
study due to its similar SC with human in terms of lipid
composition [32].

Cumulative amounts of permeated drug were calculated
and plotted against time (Fig. 2). All formulations dis-
played sustained permeation of IM during the first 12 h. In
the presence of surfactants (TEL1, TEL2) or oleic acid
(TEL3), the permeation amount of IM was remarkably
lower than that of the control group. Moreover, the per-
centage of maximum cumulative permeation at 24 h was
only 1.37 % (for TEL3), which demonstrated that more
active agents in TELs retained in the epidermis and dermis.

TEL1 formulation showed the highest Local Accumu-
lation Efficiency [33] (LAC, 6.70) (Table 3) value followed
by the TEL2 (LAC = 4.43), TEL3 (LAC = 3.58), ELs
(LAC = 3.31) and commercial cream (LAC = 2.22),
suggesting the obvious skin targeted effect of IM-loaded
TELs compared with the control investigated formulations.
The relatively higher drug deposition into the epidermis
layer seemed to indicate that TELs were capable of
penetrating into the hairless pig skin, reaching the target
site of dermis where they formed a depot from which the
drug could be released [34].

Figure 3 showed the cumulative amount of drug re-
tained into skin layers after 24 h non-occlusive treatment.
As could be seen, drug delivery was significantly enhanced
by nano-vesicles in comparison with control. In the SC
layer, the drug deposition significantly increased by the
ELs as compared to control cream (Fig. 3). The incorpo-
ration of ethanol acted in the nano-vesicle dispersion not
only affected the intercellular region of SC [35], but also
softened lipid bilayers [36, 37]. As a result, more active
agents were deposited into epidermal and dermal layers in
the present of TELs. The improvement in the dermal de-
livery of active agents due to the vesicles had been related
to a number of different mechanisms such as the alteration
of the skin hydration [38, 39], and the increased thermo-
dynamic activity of the drug [17]. This result also indicated

Table 2 Particle

characterization of IM loaded Formulations  Vesicle size (nm £ SD)  PDI (£SD) Zeta potential (mV £ SD)  EE (% + SD)

nano-vesicles ELs 190.6 & 10 029 +£0.05 —19.9+27 4193 + 2.1
TEL1 82.3 £ 9.5%%* 0.21 £0.03 —-29.0+1.9 68.69 £ 1.7%*
TEL2 92.7 £ 8.7%% 0.26 = 0.04 —28.0+24 70.86 £ 1.2%%*
TEL3 142.4 £+ 13* 0.28 £+ 0.05 —22.0 £ 1.1 85.38 + 1.4%*

Values are the mean & SD (n = 3) (* P < 0.05, ** P < 0.01)
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Fig. 1 TEM images of IM-loaded formulations prepared in this study. a Ethosomes, b transethosomes 1, ¢ transethosomes 2, d transethosomes 3
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Fig. 2 In vitro diffusion of IM through pig skin from TELs in
comparison with ELs and control cream. Data represent the
mean + standard deviation of at least six experimental determinations

that the TEL vesicles had the targeted effect to enhance the
drug deposition in the SC and deeper skin stratum, mean-
while reduce the drug permeation into the blood for
avoiding systemic side effects. In short, the in vitro per-
meation studies revealed superiority of the nano-vesicles
compared to control.
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Fig. 3 Cumulative amount of IM retained into skin layers after 24 h
non-occlusive treatment with vesicles suspensions and control. SC,
stratum corneum; Ep, epidermis; D, dermis. Each value is the
mean =+ standard deviation of at least six experimental determina-
tions (*P < 0.05, **P < 0.01)

3.3 CLSM study

CLSM study was performed to visualize the skin distribution
and retention of all nanovesicles from the cross section of
tissue. For these studies, a fluorescent hydrophobic label Rh
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Table 3 Results of in vitro permeation study from control cream, ELs and TELs

Composition Accumulated (pg/cm?) Permeated (pg/cm? + SD) LAC J (ug/em*h £ SD)
Control 14.45 6.52 £ 1.53 222 0.27 + 0.03
ELs 15.53%* 6.72 £ 1.61* 2.31 0.28 + 0.07
TELLI 24.64%* 3.68 £ 1.28%** 6.70 0.15 + 0.08
TEL2 20.63%* 4.66 + 1.31%* 443 0.19 £+ 0.05
TEL3 17.88%%* 5.00 £+ 1.58* 3.58 0.21 £+ 0.03

Amount of IM accumulated into the whole skin and delivered through the pig skin at the end of the experiments (24 h); LAC values; and

transdermal flux (J)

Local accumulation efficiency (LAC) values: drug accumulated into the skin/drug delivered through the skin ratio. Values are the mean £+ SD

(n = 6) (* P <0.05, * P <0.01)

6G, with an oil/water partition coefficient (Log P = 2.69)
[40] similar to IM (Log P = 2.27), was added, mimic the
drug, in the lipophilic phase during vesicle preparation. Fig-
ure 4 illustrated the confocal images of skin treated with Rh
6G-loaded formulations for 12 and 24 h. After 12 h, signal
was found mostly in surface area, and stronger fluorescent
intensity was emitted by SC layer. The fluorescence located in
skin of TEL1, TEL2 and TEL3 could be seen as points with
more intense red colour compared to control after 24 h. A
systematic increase in fluorescence intensity suggested that
the vesicular penetration was a time-dependent process. The
permeation of Rh 6G via ELs was mostly restricted to the
superficial epidermal layers, predominantly in the SC layer,
which due to the absence of the permeation enhances for the
different nano-vesicles. Therefore, compared to the control
vehicle, an enhanced permeation of Rh 6G in skin layers was
shown in TELs, which was consistent with in vitro penetration
studies and further confirmed the targeting effect of TELSs.

3.4 SC lipid organization alteration study
with intact SC and FTIR

FTIR analysis provided more spectral information on the
vesicles-skin interaction (Fig. 5). In the IR spectrum, the

Fig. 4 CLSM micrographs of
skin after in vitro application of
formulations for 12 and 24 h.
Images showed the distribution
of fluorescence into the stratum
corneum (SC), epidermis and
dermis (Ep + D). Image size:
1024 x 1024 pixels, where
each pixel = 0.625 um for x40
objective

ELs TEL1 TEL2
SC
12h
EptD
: . . . .

intensity of band (height and area) represented the amount
of lipids/proteins in the SC. When an enhancer extracted
SC lipids, these bands would show a decrease in band
height and/or area or would completely disappear [41].
Hydrocarbons within the lipid domain below their transi-
tion temperature normally existed in a trans conformation.
A trans gauche shift to a higher frequency (blue shift)
would occur when the lipid domain became fluidized [42].

The FTIR analysis of SC provided bands at different
wavenumbers, which were attributed to lipid and protein
molecular vibrations in the SC [43]. In this study, untreated
SC layer showed bands at 3409, 2923, 2856, 1745 and
1653 cm™'. Due to the N-H and O-H stretching from
lipid, protein and water, the bands were observed in range
of 3000-3600 cm™"'. The prominent peaks obtained near
2923 and 2856 cm ™' respectively represented asymmetric
and symmetric stretching modes of the terminal methylene
groups of the lipids (ceramides, phospholipids, etc.).
Meanwhile, changes in the band position from trans to
gauche conformation indicated the fluidization of the lipid
bilayer [44]. In addition, the small peak at 1745 cm™'
position was due to the lipid ester carbonyl stretch in the
SC. For nano-vesicles, the bands at 1653 and 1545 cm™!
may represent amide 1 (C—O stretching) and amide 2 (C-N

TEL3
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Fig. 5 The FTIR spectra of untreated SC and SC treated with
prepared vesicles

stretching) linkages of the helical secondary structure
found in epidermal keratin [45].

Blue shifts at 2925 and 2857 cm™' which shown in the
spectral analysis of TELs (Fig. 5) indicated lipid bilayer
fluidization and SC hydration. These shifts and the
1735 cm ™! band were also accompanied with a decrease in
peak heights, suggesting that lipid extraction was gener-
ated. After treatment with ethosomal samples, reduced
peak intensity at 2923 and 1745 cm™' may be related to
extraction of lipid which due to presence of alcohols in the
formulations. In general, FTIR data indicated that TELs
formulations enhanced permeation of active agents mainly
by fluidization and extraction of lipid bilayer.

3.5 In vivo skin deposition study

In vivo skin deposition experiments were conducted to
further study the distribution of drug in different skin layers
(SC, epidermal and dermal) after administration with nano-
vesicles and control Aldara® (Fig. 6). After 24 h, the
amount of drug deposited in the SC and epidermis/dermis
of Sprague—Dawley rat skin was measured by fluorescence
spectrophotometer. As shown in Fig. 6, the in vivo skin
deposition showed the same tendency as the in vitro skin
results, however, the IM retention in skin layers in vivo
was lower than that in vitro, which might be due to the
thinner skin of rat compared with pig. Moreover, the im-
proved skin permeability of TELs might be related to the
nano-vesicle deformability and the smaller particle-size
distribution. As a result, in the epidermis/dermis, the
in vivo skin deposition in conjunction with TELs was
significantly higher than that of Aldara®. Thus, the mod-
ified IM-loaded nano-vesicles had the potential to deliver
the effective amount of drugs to the targeted site in skin
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Fig. 6 Cumulative amount of drug accumulated into the skin layers
after in vivo treatment with vesicular suspensions and control cream.
SC, stratum corneum; Ep, epidermis; D, dermis. Each value is the
mean =+ standard deviation of at least six experimental determina-
tions (*P < 0.05, **P < 0.01)

layers. In addition, novel nano-vesicles could enable the
maintenance of their localized depot and, therefore, pro-
long residence time for the treatment of AK.

Blood samples were also collected in these preparation
groups, unfortunately, IM concentration in the blood during
24 h was below the limit of determination, which indicated
the lower side effect in in vivo studies.

3.6 Histological examinations

To evaluate the biocompatibility of IM-loaded nano-vesi-
cles on dorsal skin of mice, we investigated histopatho-
logical features of treated skin. Nano-vesicles and cream
were assessed in the same way.

Histopathological images (Fig. 7) showed neither sig-
nificant thickening of the skin layers, nor an accumulation
of inflammatory cell nucleus in the inflamed skin layer.
The rat epidermis remained intact with no obvious changes
and stratified squamous cells arranged closely comprised
epithelial tissue. As compared with control, no inflamma-
tory reaction was observed in skin which exposed to the
test formulations, indicating that the nano-vesicles were
biocompatibility. The results demonstrated that using
phospholipids alone or in conjunction with ethanol or
permeation enhances lead to hardly any irritation of the
skin for short time application.

4 Discussion
The greatest obstacle for dermal delivery is the barrier

property of the SC. Many approaches have been used to
breach the skin barrier; for example, the use of lipid nano-



J Mater Sci: Mater Med (2015) 26:192

Page 9 of 11 192

x 40

(E) TEL3 _

Fig. 7 Wistar rats skin appearance after treatment and representative images of skin tissues after H&E staining

vesicles to modulate the SC is gaining interest. Further-
more, the incorporation of ethanol in lipid nano-vesicles
(ELs) is a good approach to fluidize the skin lipid mem-
brane and accordingly enhance drug deposition and pro-
vision. The ethanol can interact with the polar head group
region of the lipid molecules, resulting in the reduction of
the melting point of the SC lipid, thereby increasing lipid
fluidity and cell membrane permeability [46].

However, the use solely of ethanol in preparation of ELs
often leads to excessive transdermal drug flux, and there-
fore, unsatisfactory skin deposition [47]. Previous reports
have revealed that ethanol combined with penetration en-
hancer in vesicles can significantly enhance the skin de-
position of drugs [48].

It has been reported that the H-bonding capability of a
penetration enhancer is one of the major factors in deter-
mining its skin penetration behavior [49, 50]. The most
powerful H-bonding lipid in the SC layer is ceramide 6,
which had four secondary alcohol and one secondary
amide groups [51]. Thus, interactions among ceramide 6
molecules are believed to represent the major inter-
molecular binding among SC lipids [52].

Penetration enhancers, such as SDS, SDC, and oleic
acid, could intercalate into skin lipids due to its long
lipophilic hydrocarbon chain, loosen up intermolecular
binding among SC lipids, and increase the skin

permeability. On the other hand, sulfo group (for SDS,
SDC) and carboxyl group (for oleic acid) have an extra
oxygen atom which could form additional H-bonding with
adjacent ceramide head groups, raising the possibility of
crosslinking to both. Therefore the selected penetration
enhancers could positively affect the physico-chemical
properties of phospholipid vesicles and synergically im-
prove the dermal delivery of loaded IM.

5 Conclusion

In the present study, TELs, combining the advantages of
penetration enhancers and modifiers, were prepared and
characterized, and their efficacy as potential carriers for
skin IM delivery was also evaluated. CLSM and in vitro/
vivo skin permeation/deposition testing suggested superior
aptness of IM-loaded TELs to ELs, which might be due to
greater solubility, retentivity, and adaptability in lipid bi-
layers consisting of permeation enhancers. FTIR data
indicated that TELs formulations enhanced permeation of
active agents mainly by fluidization and extraction of lipid
bilayer. Histological examinations further confirmed the
biocompatibility of nano-carriers by showing no inflam-
matory cell infiltration or erythema in dorsal skin. These
findings demonstrated that topical administration of IM-
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loaded TELs might become a promising target treatment
for local AK.
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