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a  b  s  t  r  a  c  t

The  trans-resveratrol  (t-res),  a non-flavonoid  polyphenol  extracted  from  different  plants,  has  recently
earned  interest  for  application  on  the  skin  for different  applications.  In  this  work,  the potential  of
nanocarriers,  namely  transfersomes  and  ethanol-containing  vesicles,  to  deliver  t-res  into/through  the
skin was  investigated.  Thus,  transfersomes  with  different  surfactants,  namely  polysorbate  80  (Tw80),
sodium  cholate  (SC)  and  sodium  deossicholate  (SDC)  and  ethanol-containing  vesicles with  different  lipid
composition,  namely  soy  phosphatidylcholine  (SPC)  and  cholesterol  (chol),  encapsulating  t-res  were  pre-
pared and  characterized.  The  nanocarriers  had  a mean  diameter  ranging  between  83 and  116  nm  with  a
high t-res  encapsulation  efficiency  (≥70%).  Moreover,  cytotoxicity  as well  as the  inhibition  of production
thanol-containing vesicles
esveratrol
opical delivery
eratinocytes
eactive oxygen species

of  reactive  oxygen  species  (ROS)  and  lipid  peroxidation,  following  incubation  of  H2O2-stimulated  human
keratinocyte  (HaCaT)  with  t-res,  as  free  or encapsulated  into  the  nanocarriers,  were  investigated.  Only
blank nanocarriers  containing  Tw80  or ethanol  were  cytotoxic  and  led to increase  of  ROS,  but  this  effect
was  not  observed  when  using  nanocarriers  encapsulating  t-res.  Finally,  permeation  studies  on  porcine
skin carried  out  on  Franz  diffusion  cells,  showed  that  only ethanol-containing  vesicles  based  SPC  were

meat
able  to promote  t-res  per

. Introduction

The resveratrol (3,5,4′-trihydroidroxystilbene) is a non
avonoid polyphenol, present in different plants. It is extracted

rom the grapes peel of the common red grapewine (Vitis vinifera),
nd exists in two different isoforms: the trans and the cis-
esveratrol. Several beneficial effects have been attributed to
esveratrol and its use has been proposed in the treatment or
revention of different diseases (Baur and Sinclair, 2006). Special

ttention has been devoted to the topical application of resveratrol
n different physiological and pathological conditions. In particular,
esveratrol has been used to prevent skin cancer (Jang et al., 1997;

Abbreviations: t-res, trans-resveratrol; Tw80, polysorbate 80; SC, sodium
holate; SDC, sodium deossicholate; SPC, phosphatidylcholine; chol, cholesterol;
OS, reactive oxygen species; HaCaT, human keratinocyte; MTT, 3-(4,5-
imethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide; DMEM,  Dulbecco’s
odified Eagle’s medium; FBS, fetal bovine serum; HPLC, high performance

iquid chromatographic; RP-HPLC, reverse-phase chromatography; H2DCFDA, 2′ ,7′-
ichlorofluorescin-diacetate.
∗ Corresponding author at: Dipartimento di Chimica Farmaceutica e Tossicolog-

ca, Facoltà di Farmacia, Università degli Studi di Napoli Federico II, Via Domenico
ontesano 49, 80131 Napoli, Italy. Tel.: +39 081 678 666; fax: +39 081 678 630.

E-mail address: gderosa@unina.it (G. De Rosa).
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378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijpharm.2012.08.009
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Bhat and Pezzuto, 2002) or to treat inflammatory diseases such as
psoriasis (Hrenn et al., 2006). Moreover, the use of resveratrol as
antimicrobial and antiviral agent has also been proposed to treat
human skin infection (Chan, 2002; Docherty et al., 2005). Finally, it
has been reported the positive role of resveratrol in wound healing
processes (Khanna et al., 2002). Recently, our group demonstrated
clinically relevant and statistically significant decrease of symp-
toms related to acne vulgaris by using a resveratrol-containing gel
(Fabbrocini et al., 2011). This effect has been explained by resvera-
trol interference with the hyperproliferation of keratinocytes, the
inflammatory response, and P. acnes growth to be exerted at the
level of the follicular epithelium, located into the dermis. From
here, there is a great interest to increase resveratrol concentration
into the dermis. However, the skin permeation/accumulation of
resveratrol can be significantly affected by the formulation (Hung
et al., 2008). Moreover, resveratrol is also a very unstable molecule
and, following exposure to solar rays, it converts its trans form in
the less active cis form (Orallo, 2006). Thus, the topical use of the
trans-resveratrol for cosmetic or therapeutic purposes requires
the development of suitable formulations, able to assure bioavail-
ability and stability of the active. The use of nanotechnology for

topical administration of drugs has showed several advantages
and a number of products are today on the market or in clinical
trials (Elsayed et al., 2007a,b). Different strategies have been
investigated to modulate vesicle composition in order to improve

dx.doi.org/10.1016/j.ijpharm.2012.08.009
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:gderosa@unina.it
dx.doi.org/10.1016/j.ijpharm.2012.08.009
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he ability of nanocarriers to carry drugs and macromolecules to
eeper tissues, leading to two novel vesicular carriers, ultraflexible

ipid-based elastic vesicles (transfersomes) and ethosomes, that
ave the most promising results. In particular, transfersomes are
lastic vesicles, which were first introduced in the early 1990s
y Cevc and Blume (1992).  They have been reported to be able
o penetrate intact skin, carrying therapeutic concentrations of
rugs when applied under non-occlusive conditions (Cevc, 1996; El
aghraby et al., 2000a,b; Cevc and Blume, 2001; Trotta et al., 2004;
oneywell-Nguyen et al., 2004). They are liquid-state vesicles with

 highly deformable membrane (Cevc and Gebauer, 2003) which
ermits their easy penetration through skin pores much smaller
han the vesicles’ size. They have been proven to be superior to
onventional gel-state and even liquid-state vesicles in terms
f both, the enhancement of drug permeation and interactions
ith human skin (van den Bergh et al., 2001; Dragicevic-Curic

t al., 2010). Vesicles composed of phospholipids, water and
thanol have been named ethosomes (Touitou et al., 2000; Elsayed
t al., 2007a).  Several studies addressed the effect of ethanol on
hysicochemical characteristics of the ethosomal vesicles (Dayan
nd Touitou, 2000; López-Pinto et al., 2005; Elsayed et al., 2007a).
thosomes were reported to be effective at delivering molecules
o and through the skin to the systemic circulation. Contrary
o deformable liposomes, ethosomes were able to improve skin
elivery of drugs both under occlusive (Dayan and Touitou, 2000;
inbinder and Touitou, 2005; López-Pinto et al., 2005; Paolino
t al., 2005) and non-occlusive conditions (Dayan and Touitou,
000; Elsayed et al., 2007a).  The exact process of drug delivery by
thosomes is still unknown. However, a synergistic mechanism
etween ethanol, vesicles and skin lipids can be suggested (Touitou
t al., 2000). Indeed, ethanol could interact with lipid molecules
n the polar headgroup region, resulting in an increasing of the
tratum corneum fluidity. In addition, the ethosome itself may
nteract with the stratum corneum barrier. Ethanol may  also
rovide the vesicles with soft flexible characteristics which allow
hem to more easily penetrate into deeper layers of the skin.

In this study, we prepared and characterized different vesicles
or topical application of t-res. In particular, we prepared trans-
ersomes and ethanol-containing vesicles encapsulating t-res. We
lso investigated the effects of t-res, alone or encapsulated into
he nanocarriers, on the generation ROS and lipid peroxidation, in
2O2-stimulated human keratinocytes. Finally, the t-res accumula-

ion into dermis and permeation through skin, following incubation
ith the different nanocarriers, was evaluated on porcine skin.

. Materials and methods

.1. Materials

t-res, chol, Tw80, SC, SDC, Sephadex G-50150, N,N-
imethylformamide, 2′,7′-dichlorofluorescin-diacetate (H2DCFDA)
nd 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium
romide (MTT) were purchased from Sigma (USA). Methanol (HPLC
rade), ethanol, chloroform, glacial acetic acid were provided by
arlo Erba Reagenti (Italy). Soy phosphatidylcholine (SPC) was
indly offered from Lipoid GmbH (Cam, Switzerland). Dulbecco’s
odified Eagle’s medium (DMEM) and penicillin/streptomycin
ere from Biowhittaker, fetal bovine serum (FBS) was from Lonza
ioWhittaker (Milan, Italy).

.2. Preparation of transfersomes and ethanol-containing vesicles
The transfersomes and ethanol-containing vesicles have been
repared by the thin lipid film hydration method. Briefly, for
he transfersomes, mixture composed of SPC/Tw80 (9:1 molar
f Pharmaceutics 440 (2013) 179– 187

ratio) and SPC/SC or SPC/SDC (9:1 weight ratio), containing t-res
(0.1 mg/ml), was dissolved in a mixture of chloroform/methanol
(2:1 v/v). For the ethanol-containing vesicles, the lipid mixture
composed of SPC or SPC/chol (2:1 weight ratio), containing t-res,
was dissolved in a mixture of chloroform/methanol (2:1 v/v). The
organic solution was  added to a 50 ml  round-bottom flask for
each preparation, and the solvent was removed under reduced
pressure by a rotary evaporator (Laborota 4010 digital, Heidolph,
Schwabach, Germany) under nitrogen atmosphere. The resulting
film was then hydrated (40 mg  PC/ml hydration solution) with
phosphate buffer solution (PBS pH 7.2) or an aqueous solution
containing 40% (v/v) of ethanol, in the case of tranfersomes and
ethanol-containing vesicles, respectively, followed by agitation on
vortex in presence of glass beads. All formulations, with the excep-
tion of transfersomes containing Tw80, were then extruded using
a thermobarrel extruder system (Northern Lipids Inc., Vancou-
ver, BC, Canada) passing the suspension under nitrogen through
polycarbonate membrane (Nucleopore Track Membrane 25 mm,
Whatman, Brentford, UK) with decreasing pore size (from 0.4
to 0.1 �m).  In the case of transfersomes containing Tw80, sus-
pensions were sonicated by micro-tip (Sonicator 3000, Misonix,
Farmingdale, USA) for 15 min  with intervals of 30 s each 60 s. The
unencapsulated t-res was removed by passing the nanocarrier sus-
pension through Sephadex G-50150 column and eluted in aqueous
or PBS (pH 7.2) solution. All the steps of the preparation were car-
ried out avoiding exposure of t-res to the light. The suspensions
were then stored at 4 ◦C in the dark. Each formulation was  prepared
in triplicate.

2.3. Transfersome and ethosome size and zeta potential

The mean diameter of the transfersomes and ethanol-
containing vesicles, soon after preparation and after storage at
4 ◦C, was determined at 20 ◦C by photon correlation spectroscopy
(N5, Beckman Coulter, Miami, USA). Each sample was diluted in
deionizer/filtered (0.22 �m pore size, polycarbonate filters, MF-
Millipore, Microglass Heim, Italy) water and analyzed with detector
at 90◦ angle. As measure of the particle size distribution, polydis-
persity index (P.I.) was  used.

The zeta potential (ZP) of the transfersomes and ethanol-
containing vesicles was  determined in distilled water at 20 ◦C by
Zetasizer Nano Z (Malvern, UK). For each batch, mean diameter, size
distribution and ZP were the mean of three measures. For each for-
mulation, the mean diameter and P.I. were calculated as the mean
of three different batches (n = 3).

2.4. t-res encapsulation and stability into transfersomes and
ethanol-containing vesicles

t-res dosage was carried out by a high performance liquid chro-
matographic (HPLC) method (Chen et al., 2007). The HPLC system
consisted of an isocratic pump (LC-10A VP, Shimadzu, Kyoto, Japan)
equipped with a 7725i injection valve (Rheodyne, Cotati, USA),
SPV-10A UV–vis detector (Shimadzu) set at the wavelength of
303 nm.  The system was controlled by a SCL-10A VP System Con-
troller (Shimadzu) connected with a computer. Chromatograms
were acquired and analyzed by a Class VP Client/Server 7.2.1
program (Shimadzu). The quantitative analysis of t-res was per-
formed by reverse-phase chromatography (RP-HPLC) on a Luna
5 �m C18 column 250 mm × 4.60 mm,  110 Å (Phenomenex, Klwid,
USA) equipped with a security guard. The mobile phase was a mix-
ture 50:50 (v/v) of water and methanol containing the 0.5% (v/v) of

acetic acid. The t-res analysis was performed in isocratic condition,
at a flow rate of the mobile phase of 1 ml/min and at room temper-
ature. HPLC analysis was  also used to investigate the conversion of
t-res in its cis isomer. The cis isomer of resveratrol was prepared as
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eported elsewhere (Fan et al., 2008). Briefly, a t-res solution was
xposed at the sun light for 5 days at room temperature. The HPLC
nalysis of the resulting solution showed two chromatographic
eaks: according with the literature, one was attributed to t-res and
he other, with higher retention time, attributed to the cis isomer
f resveratrol.

To determine the amount of encapsulated t-res, 100 �l of trans-
ersomes or ethanol-containing vesicles suspension was  added
o 900 �l of methanol; the resulting solution was  centrifuged
t 13,000 rpm for 30 min  and the supernatant was analyzed by
P-HPLC. t-res loading into transfersomes or ethanol-containing
esicles was investigated soon after preparation and after storage
t 4 ◦C. For each batch, t-res loading was the mean of three mea-
ures. For each formulation, the t-res loading was  calculated as the
ean of the measures obtained in three different batches (n = 3).

he amount of t-res loaded into the nanocarriers was  expressed
s t-res actual loading and encapsulation efficiency, calculated as
g of t-res/mg of SPC and percent ratio between t-res actually

oaded into transfersomes or ethanol-containing vesicles and t-res
heoretical loading, respectively. The phospholipid content of the
arrier suspension was determined by the Stewart assay (Stewart,
980). Briefly, an aliquot of the liposome suspension was added
o a two-phase system, consisting of an aqueous ammonium fer-
ithiocyanate solution (0.1 N) and chloroform. The concentration of
PC was obtained by measure of the absorbance at 485 nm into the
rganic layer.

.5. Cell culture

The human keratinocyte HaCaT cell line was cultured at 37 ◦C
n humidified 5%CO2/95% air in DMEM containing 10% fetal bovine
erum 100 U/ml penicillin and 100 �g/ml streptomycin. The cells
ere plated in 24 culture wells at a density of 2.5 × 105 cells/ml
er well and allowed to adhere for 2 h. Thereafter the medium was
eplaced with fresh medium and cells were incubated with trans-
ersomes or ethanol-containing vesicles, blank or containing t-res
0.5, 1.0 and 2.0 �g/ml), or with t-res (2.0 �g/ml) in the presence
r absence of H2O2 (10%). Transfersomes or ethanol-containing
esicles (final t-res concentration in the cell medium 0.5, 1.0 and
.0 �g/ml) or naked t-res (2.0 �g/ml) were added to the cells 10 min
efore H2O2 (10%) challenge.

.6. Cell viability

The cell viability was determined by using MTT  conversion
ssay (De Stefano et al., 2007). Briefly, 100 �l MTT  (5 mg/ml  in
omplete DMEM)  were added and the cells were incubated for
n additional 3 h. After this time point the cells were lysed and
he dark blue crystals solubilized with 500 �l of a solution con-
aining 50% (v:v) N,N-dimethylformamide, 20% (w:v) SDS with
n adjusted pH of 4.5. The optical density (OD) of each well was
easured with a microplate spectrophotometer (Titertek Multi-

kan MCCC/340) equipped with a 620 nm filter. The cell viability
n response to treatment with test compounds was calculated as %
ead cells = 100 − (OD treated/OD control) × 100.

.7. Measurement of reactive oxygen species

The formation of reactive oxygen species (ROS) was  evaluated by
eans of the probe H2DCFDA as described elsewhere (De Stefano

t al., 2007).
Briefly, HaCaT cells were grown in DMEM containing 10% (v/v)
etal bovine serum, then were plated at a density of 1.5 × 104

ells/well and then incubated in the growth medium containing
 �M H2DCF-DA for 2 h at 37 ◦C. H2DCF-DA is a nonfluorescent
ermeant molecule that passively diffuses into cells, where the
f Pharmaceutics 440 (2013) 179– 187 181

acetates are cleaved by intracellular esterases to form H2DCF
and thereby traps it within the cell. In the presence of intra-
cellular reactive oxygen species, H2DCF is rapidly oxidized to
the highly fluorescent 2′,7′-dichlorofluorescein (DCF). Cells were
washed twice with PBS buffer; thereafter, the medium was replaced
with fresh medium and cells were incubated with transfersomes or
ethanol-containing vesicles, blank or containing t-res (0.5, 1.0 and
2.0 �g/ml) or naked t-res (2.0 �g/ml) alone in the presence of H2O2
(10%). After treatment, cells were washed twice with PBS buffer and
plates were placed in a fluorescent microplate reader (Perkin Elmer
LS55 Luminescence Spectrometer; Perkin Elmer, Beaconsfield, UK).
Fluorescence was monitored using an excitation wavelength of
485 nm and an emission wavelength of 538 nm. In each experi-
ment, fluorescence increase was  measured in ten replicate cultures
(n = 10) for each treatment.

2.8. Malondialdehyde assay

Lipid peroxidation products from HaCat cells were measured
by the thiobarbituric acid colorimetric assay. Briefly, cells were
stimulated with H2O2 after incubation with the transfersomes or
ethanol-containing vesicles formulations in the absence or pres-
ence or resveratrol. Then, cells were washed three times with PBS
1× and scraped in PBS 1× containing 0.5 mM  EDTA and 1.13 mM
butylated hydroxytoluene. Cell lysis was  performed by means of
six cycles of freezing and thawing. One milliliter of 10% (w/v)
trichloroacetic acid was added to 450 �l of cellular lysate. After cen-
trifugation at 1500 × g for 10 min, 1.3 ml  0.5% (w/v) thiobarbituric
acid was  added, and the mixture was  heated at 100 ◦C for 20 min.
After cooling, malonyldialdehyde (MDA) formation was recorded
(A530 nm and A550 nm) in a Perkin-Elmer LS-5B spectrofluorime-
ter. The results are presented as RFU.

2.9. Ex vivo experiments

Freshly excised skin from pig ear was mounted on the receptor
compartment of a Franz diffusion cell assembly with the stratum
corneo (SC) side facing upwards into the donor compartment. Eight
milliliters of 3:7 (v/v) ethanol-pH 7.4 buffer was used as the recep-
tor medium. The donor compartment was filled with 1 ml  of a mix
ethanol/water (1:1 v/v) in the case of free t-res or a suspension of
the nanovectors in PBS. For all samples, the t-res concentration in
the donor compartment was 0.1 mg/ml. The available diffusion area
between compartments was 0.6 cm2. The stirring rate and temper-
ature were kept at 600 rpm and 37 ◦C, respectively. At appropriate
intervals (0.5, 12, 4, 6, 24 h), 300 �l aliquots of the receptor medium
were withdrawn and immediately replaced with an equal volume
of fresh medium. The duration of this experiment was 24 h. The
t-res concentration in the receiver samples was determined by fil-
tration of the solution and following HPLC analysis. The amount
of t-res accumulated in the dermis was  determined as previously
reported (Detoni et al., 2012). Briefly, after 24 h the experiment was
stopped, and the dermis was recovered by heating the skin with an
hairdryer and a spatula. t-res was extracted from the dermis with
a mix  of acetonitrile/water (3:1 v/v) and 1 h of sonication in a soni-
cator bath (3510, Branson Ultrasonics, USA). The resulting solution
was filtered and the t-res concentration was  determined by HPLC.
Finally, the dermis was dried under vacuum and weighted. t-res
accumulation was expressed as ng of t-res/mg of dermis. All the
experiments were carried out in triplicate.

2.10. Statistical analysis
Results are expressed as the means ± SEM of n experiments.
Statistical significance was calculated by one-way analysis of
variance (ANOVA) and Bonferroni-corrected p-value for multiple
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Table 1
Composition of the different formulations.

Formulation Lipid composition Additives in the lipid bilayer and additive/lipid ratio Hydration phase

Tw80-Trans SPC Tw80 (1/9 mol/mol) PBS
SDC-Trans SPC SDC (1/9 w/w) PBS

C (1/9
 

 

c
d

3

3
v

c
t
T
v
S
e
c
a
i
s
f
o
A
t
S
d
T
w

m
m
c
9
H
i
o
d
S
r

3
e

i
I
e
a
t
o
t
w
s
r
t
o
(

SC-Trans SPC S
SPC-Etho SPC –
SPC/chol-Etho SPC/chol (2:1 weight ratio) –

omparison test. The level of statistically significant difference was
efined as p < 0.05.

. Results

.1. Characteristics of the transfersomes and ethanol-containing
esicles containing t-res

Different formulations based on transfersomes and ethanol-
ontaining vesicles containing t-res were prepared. In particular, in
he case of transfersomes, three different edge activators, namely
w80, SC ad SDC, were used. In the case of ethanol-containing
esicles, vesicles based on different lipid composition, namely
PC or SPC/chol, were prepared. The composition of the differ-
nt formulations is reported in Table 1. All the formulations were
haracterized in terms of size, ZP and t-res encapsulation, soon
fter preparation and upon storage at 4 ◦C. The results are reported
n Tables 2 and 3. In the case of transfersomes, mean diameter,
oon after the preparation, was about 81.5, 111.5 and 105.4 nm
or Tw80-Trans, SDC-Trans and SC-Trans, respectively. The type
f surfactant significantly affected transfersomes size distribution.
ctually, transfersomes based on SC and SDC showed a P.I. lower

han 0.15, while, when using Tw80, a P.I. higher than 0.4 was found.
ize characteristics of transfersomes did not significantly changed
uring storage at 4 ◦C for 60 days. Tw80-Trans, SDC-Trans and SC-
rans showed a ZP of about −7, −13 and −22 mV,  respectively,
ithout any significant difference during the storage.

In the case of ethanol-containing vesicles, namely the for-
ulations SPC-Etho and SPC/chol-Etho, the size characteristics
easured soon after preparation were not affected by the lipid

omposition. In particular, a mean diameter between 92.5 and
4.0 nm and a P.I. about 0.2 were found for both formulations.
owever, size characteristics of ethanol-containing vesicles, signif-

cantly changed during storage at 4 ◦C, with a progressive increase
f mean size, while P.I. remain unaffected. The presence of chol
id not significantly improved ethosome physical stability. Finally,
PC-Etho and SPC/chol-Etho showed a ZP of about −9 and −13 mV,
espectively, without significant differences following storage.

.2. Encapsulation of t-res into transfersomes and
thanol-containing vesicles

In our experimental conditions, HPLC analysis of t-res resulted
n a chromatographic peak at the retention time (RT) of about 5 min.
n the same conditions, an aqueous solution of t-res previously
xposed to sun light, resulted in an further chromatographic peak
t the RT of about 7 min. According with literature (Fan et al., 2008),
his second chromatographic peak was attributed to the cis isomer
f resveratrol. In all cases, the HPLC analysis of t-res extracted by
he nanocarriers showed a chromatographic peak at the RT of 5 min,
hile any peak was detected at the RT of cis-resveratrol (data not

hown). The t-res actual loading of the different formulations is

eported in Table 3. In the case of transfersomes, high encapsula-
ion efficiencies were obtained. In particular, a t-res actual loading
f about 2.5 �g/mg SPC in the case of Tw80-Trans and SDC-Trans
encapsulation efficiency about 100%) and about 2.4 �g/mg SPC in
 w/w) PBS
Ethanol 40◦

Ethanol 40◦

the case of SC-Trans (encapsulation efficiency about 95.6%) were
found. Compared to transfersomes, ethosome-based formulations
showed lower encapsulation efficiencies. In particular, ethanol-
containing vesicles had an actual loading of about 1.8 �g/mg SPC
(encapsulation efficiency about 70%), without significant differ-
ence between the two  formulations. t-res actual loading gradually
decreased during storage, with the highest t-res release in the case
of Tw80-Trans.

3.3. Effect of transfersomes and ethanol-containing vesicles
containing t-res on cell viability

Exposure of HaCaT to blank transfersomes (Fig. 1) or blank
ethanol-containing vesicles (Fig. 2) for 24 h caused a general
reduction of cell viability, as compared to untreated cells, with
the higher toxicity observed in the case of the Tw80-containing
formulation (Fig. 1A). In contrast, encapsulating t-res into the
nanocarriers reverted cell viability in a concentration-dependent
manner (Figs. 1 and 2). In particular, SDC-Trans or SC-Trans and
SPC-Etho or SPC/chol-Etho did not affect cell viability (Figs. 1 and 2).
Finally, t-res in free form, at the concentration of 2 �g/ml (the high-
est used with the carriers), was not cytotoxic (Figs. 1 and 2).

3.4. Effect of transfersomes and ethanol-containing vesicles
containing t-res on intracellular ROS generation

Incubation of cells with blank Tw80-Trans, blank SDC-Trans
or blank SC-Trans did not cause a significant increase of intra-
cellular ROS, as compared to untreated cells (Fig. 3). Incubation
of cells with H2O2 resulted in an increased ROS production,
which was  significantly inhibited, in a concentration-dependent
manner, by Tw80-Trans (by 61.93 ± 0.16%, 33.94 ± 0.13% and
11.01 ± 0.21%, respectively; n = 12), SDC-Trans (by 48.17 ± 0.14%,
33.49 ± 0.11% and 22.01 ± 0.07%, respectively; n = 12) or SC-Trans
(by 62.40 ± 0.20%, 50.91 ± 0.10% and 42.70 ± 0.19%, respectively;
n = 12). In the case of ethanol-containing vesicles, the addition of
blank SPC-Etho or blank SPC/chol-Etho caused an accumulation of
ROS which was significantly reduced by SPC-Etho (by 7.42 ± 0.13%,
25.00 ± 0.09% and 34.37 ± 0.08%, respectively; n = 12) as well as
SPC/chol-Etho (by 23.44 ± 0.13%, 36.33 ± 0.09% and 41.79 ± 0.09%,
respectively; n = 12). t-res alone, at the highest concentration
(2 �g/ml), significantly inhibited ROS generation (by 27.34 ± 0.19%;
n = 12) (Figs. 3 and 4).

3.5. Effect of transfersomes and ethanol-containing vesicles
containing t-res on lipid peroxidation

To explore whether trasferosomes or ethanol-containing vesi-
cles were capable of preventing H2O2-induced lipid peroxidation,
MDA  assay was performed. Incubation of cells with H2O2 resulted
in an increased generation of peroxidized lipids (Figs. 5 and 6).
Incubation of cells with blank Tw80-Trans caused a significant

increase of lipid peroxidation. This effect was  reverted by using
Tw80-Trans (by 46.76 ± 0.14%, n = 6). Cell incubation with SDC-
Trans, blank or containing t-res, significantly reduced generation
of peroxidized lipids (by 53.96 ± 0.08% for SDC-Trans; n = 6). In the
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Fig. 1. MTT  assay shows the effect of Tween80 (A), SDC (B) or SC (C) transferosomes
in  the absence or presence of t-res on cell viability. Data are mean ± S.E.M. of six
experiments in triplicate. ***p < 0.001 vs. unstimulated cells.

case of SC-Trans, blank vesicles reduced lipid peroxidation, and
this effect was increased when using t-res containing SC-Trans (by
41.73 ± 0.11%, n = 6). Finally, cell incubation with blank SPC-Etho
or blank SPC/chol-Etho significantly inhibited lipid peroxidation.
This effect was  only slightly, but not significantly, increased by
using SPC-Etho as well as SPC/chol-Etho (by 34.53 ± 0.12% and
36.69 ± 0.12%, respectively; n = 6) (Figs. 6 and 7).

3.6. Ex vivo experiments
The accumulation/permeation of t-res in/through the porcine
skin were investigated on Franz cells. In the receptor compartment,
free t-res or t-res-encapsulating nanocarriers, was used at the con-
centration of 0.1 mg/ml. The results are shown in Figs. 7 and 8.
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Table 3
t-res actual loading of transferosomes and ethanol-containing vesicles, after preparation and following storage at 4 ◦C.

Formulations Actual loading (�g t-res/mg SPC ± S.D.)

Soon after preparation After 7 days of storage at 4 ◦C After 30 days of storage at 4 ◦C After 60 days of storage at 4 ◦C

Tw80-Trans 2.50 ± 0.32 2.39 ± 0.42 2.30 ± 0.57 1.36 ± 0.61
SDC-Trans 2.49 ± 0.30 2.35 ± 0.34 2.03 ± 0.23 1.96 ± 0.09
SC-Trans 2.39 ±  0.23 1.83 ± 0.35 1.94 ± 0.39 1.73 ± 0.12

N
i
t
b
c
d
p
1
a
v
(
t
p
d
u
l
c
i
i
u
2
r
d

4

c
t
i
c
i
r
w

F
c
e

SPC-Etho 1.75 ±  0.07 1.72 ± 0.01 

SPC/chol-Etho 1.76 ± 0.15 1.64 ± 0.02 

o permeation rate was observed with t-res alone during 24 h of
ncubation (data shown only until 6 h). When using transfersomes,
-res permeation through the skin was not observed, independently
y the formulation used. On the contrary, in the case of ethanol-
ontaining vesicles, an enhanced permeation rate was observed,
ependently on the formulation. Actually, when the SPC-Etho was
laced in contact with the skin, t-res permeation was observed after

 h and 100% of the applied dosage accumulated in the receiving cell
fter 6 h. However, when using chol into the ethanol-containing
esicles formulation, any permeation rate was observed until 24 h
data shown only until 6 h). In Fig. 8, the amount of t-res found in
he dermis following 24 h of skin incubation with the different sam-
les is shown. A significant amount t-res, lower that 30 ng/mg of
ermis, was found when incubating skin with a t-res solution. The
se of transfersomes led to a decreased amount of t-res accumu-

ated into the skin, that was about 12, 16 and 12 ng/mg of dermis, in
ase of Tw80-Trans, SDC-Trans and SC-Trans, respectively. A strong
mprovement of the t-res accumulated into the dermis, was  found
n the case of ethanol-containing vesicles, but only when chol was
sed in the nanocarriers, with about 45 ng/mg of dermis found after
4 h. SPC-Etho showed a t-res accumulation in the dermis compa-
able to that observed in the case of transfersomes (about 13 ng/mg
ermis).

. Discussion

In this study, we explored the possibility to develop nanocarriers
onceived for topical administration of t-res. Due their proper-
ies to promote accumulation and/or passage of different drugs
nto/trough the skin, transfersomes (Cevc et al., 2008;) and ethanol-

ontaining vesicles (Ainbinder et al., 2010) were taken into account
n this study. In particular, different formulations based on t-
es encapsulating transfersomes and ethanol-containing vesicles
ere developed. The first part of the study, the effect of vesicle

ig. 2. MTT assay shows the effect of SPC or SPC/CHOL ethanol-containing vesi-
les, blank or encapsulating t-res, on cell viability. Data are mean ± S.E.M. of six
xperiments in triplicate.◦◦p < 0.01 vs. unstimulated cells.
1.57 ± 0.410 1.23 ± 0.31
1.37 ± 0.11 1.23 ± 0.30

composition on the technological characteristics of the formula-
tions, with special attention to the vesicle stability during storage,
was investigated. For comparison purpose, the two  type of vesi-
cles were similarly prepared by hydration of a lipid film with an
aqueous solution (with or without ethanol), while method typi-
cally used to prepare ethosomes (Touitou et al., 2000) was  avoid to
limit difference in vesicle morphology. For this reason, in the case
of vesicles prepared in presence of ethanol, we avoid the term of
ethosomes and we  preferred to use a more general term of ethanol-
containing vesicles. Size characteristics of the vesicles depended on
the type of nanocarriers and their composition. In the case of trans-
fersomes, differences in mean diameter between the formulations
were observed. Actually, transfersomes containing Tw80 showed
a mean diameter significantly lower than SDC-Trans or SC-Trans.
Moreover, SPC/Tw80 transfersomes were more heterogeneous in
size, as indicated by the higher P.I. It has been already reported
that the type of surfactant, actually the HLB, affect vesicle size (El
Zaafarany et al., 2010). Moreover, it is worthy of note that in the
preparation of SDC-Trans or SC-Trans, vesicle sizing was  carried
out by extrusion; in the case of vesicles containing Tw80, vesi-
cle extrusion resulted in strong foaming and sizing by sonication
was preferred. Thus, the type of surfactant, together with the sizing
method could justify differences in size characteristics of transfer-
somes. In the case of ethanol-containing vesicles, any significant
difference in size characteristics was  observed between the two
formulations. All formulations were stable following storage until
two months at 4 ◦C.

All formulations had high encapsulation efficiency, especially in
the case of transfersomes. The encapsulation process of a lipophilic
drug into lipid vesicles should be driven by drug solubility into
the lipid phase and partition coefficient between lipid phase and
aqueous solution. The high solubility of t-res into the organic lipid
solution, together with the low water solubility should contribute
to the high actual loading into the transfersomes. However, the
presence of 40% ethanol and the consequent higher t-res solubility
into the hydration phase, could explain the lower t-res encapsula-
tion found in the case of ethanol-containing vesicles. t-res solubility
in the lipid phase should also favor its slow diffusion in the exter-
nal phase during storage. This is the reason for that nanocarriers
encapsulating t-res were freshly prepared before in vitro and ex
vivo experiments.

The cytotoxicity of surfactants is well known, although a number
of them have been approved for use as pharmaceutical excip-
ients. In our experiments, we found toxicity in the case of all
the formulations containing surfactants. This is expected due to
the detergent activity of these molecules on the cell membrane.
However, nanocarriers containing surfactant generally show lower
toxicity than individual components (Müller et al., 1997). In our
study, the nanocarriers showed a different cytotoxicity, depend-
ing on the type of surfactant and on the presence of t-res. Actually,
a higher toxicity of blank Tw80-Trans, compared with blank SDC-

Trans and blank SC-Trans, was found. A concentration-dependent
toxicity of nanocarriers containing Tw80 on HaCaT cells has been
already reported (Weyenberg et al., 2007). Taken together, these
finding can be explained with the strong Tw80 detergent activity
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Fig. 3. Effect of Tw80 (A), SDC (B) or SC (C) transferosomes, blank or encapsulat-
ing  t-res, on ROS generation in HaCat cells stimulated with H2O2 for 24 h. Data
a
*

o
t
r
b
o

Fig. 4. Effect of SPC or SPC/chol ethanol-containing vesicles, blank or encapsulat-

reduced t-res accumulation into the dermis, with an effect depen-
re  mean ± S.E.M. of six experiments in triplicate.◦◦◦p < 0.01 vs. unstimulated cells;
*p  < 0.01, ***p < 0.001 vs. H2O2.

n cell membrane, that can undergo autoxidation with forma-
ion of high ROS concentrations. This is in agreement with already

eported data (Yao et al., 2009). Indeed, ROS production induced
y blank Tw80-Trans were found in our experiments in absence of
xidant stimulus (i.e. H2O2 challenge). This effect was not observed
ing t-res, on ROS generation in HaCat cells stimulated with H2O2 for 24 h. Data
are  mean ± S.E.M. of six experiments in triplicate.◦◦◦p < 0.01 vs. unstimulated cells;
*p < 0.05, **p < 0.01, ***p < 0.001 vs. H2O2.

in the case of blank SDC-Trans and blank SC-Trans. This hypothesis
was also confirmed by MDA  assay in which we  found high lipid per-
oxidation when cells were incubated with blank Tw80-Trans. Once
more, this effect was not found when cells were incubated with
blank SDC-Trans and blank SC-Trans. However, when using Tw80-
Trans, we  observed a strong reduction of ROS production as well
as reduction of lipid peroxidation, compared with blank nanocar-
riers. This is in agreement with the reduced toxicity observed with
Tw80-Trans, compared with blank Tw80-Trans. In the case ethanol-
containing vesicles, a significant cytotoxicity was observed with
blank SPC-Etho and blank SPC/chol-Etho. Moreover, when cells
were incubated with t-res-containing ethanol-containing vesicles,
namely SPC-Etho and SPC/chol-Etho, a lower toxicity was  observed
in concentration depending manner. These results reflect find-
ings on ROS production, in which high ROS concentration was
found following cell incubation with blank ethanol-containing vesi-
cles. Again, ROS production was lower when incubating cells with
SPC-Etho and SPC/chol-Etho, especially at high t-res concentra-
tion. Thus, ethanol-containing vesicles cytotoxicity can certainly
be ascribed to the induction of ROS production, that can be limited
by presence of t-res. It is worthy of note that, differently than Tw80
containing carriers, the cytotoxicity of ethanol-containing vesicles
as well as the induction of ROS production did not relate to the lipid
peroxidation, that was reduced by presence of ethanol-containing
vesicles, blank or containing t-res. It is reasonable to hypothesize
that, in the case of ethanol-containing vesicles, the ethanol is the
main responsible of the cytotoxicity. Our data underline that a dif-
ferent mechanism should be ascribed to justify the different toxicity
observed in the case of Tw80 and ethanol containing nanocarriers.
Further experiments should clarify this aspect.

Transfersomes and ethanol-containing vesicles have been
shown to enhance the percutaneous delivery and accumulation of
drugs into the skin, as compared with liposomes (Rao et al., 2004;
Fang et al., 2008). The edge activators or ethanol may enhance
the deformability of the lipid bilayer. Alternatively, the interac-
tion between ethanol or edge activator and lipids in the stratum
corneum may  decrease the transformation temperature of the lat-
ter, increase its fluidity, and promote drug permeation (Rao et al.,
2004; Fang et al., 2008). In our study, ex vivo measurements demon-
strated that only the SPC-Etho facilitated the transfer of resveratrol
across samples of porcine skin just after 6 h, whereas t-res perme-
ation was not observed when it was simply dissolved in water and
placed in contact with the skin samples. The use of transfersomes
dent on the type of surfactant used in the formulation. In the case
of ethanol-containing vesicles, t-res accumulation was lowered or
enhanced in the case of SPC-Etho and SPC/chol-Etho, respectively.
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Fig. 5. Effect of Tween80 (A), SDC (B) or SC (C) transferosomes, blank or encapsu-
lating t-res, on lipid peroxidation in HaCat cells stimulated with H2O2 for 24 h. Data
are mean ± S.E.M. of six experiments.◦◦◦p < 0.01 vs. unstimulated cells; ***p < 0.001
vs.  H2O2.

Fig. 6. Effect of SPC or SPC/chol ethanol-containing vesicles, blank or encapsulat-
ing t-res, on lipid peroxidation in HaCat cells stimulated with H2O2 for 24 h. Data
are  mean ± S.E.M. of six experiments.◦◦◦p < 0.01 vs. unstimulated cells; **p  < 0.01,
***p  < 0.001 vs. H2O2.
Fig. 7. t-res permeation through excised skin from pig ear, following incubation
with t-res in solution or encapsulated into the nanocarriers.

From this data it is possible to speculate that ethanol and fluidity
of vesicle bilayer could be both essential to promote t-res perme-
ation though the skin. In fact, the use of ultraflexible liposomes,
such as transfersomes, was not sufficient to achieve t-res passage,

leading to reduced t-res accumulation in dermis and no perme-
ation through the skin. in the case of ethanol-containing vesicles,
an increased t-res accumulation into the dermis was observed. In
particular, in the case of SPC/chol-Etho, t-res accumulation into the

Fig. 8. t-res accumulation in the dermis after 24 of excised skin incubation with
t-res in solution or encapsulated into the nanocarriers.
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ermis was enhanced, when compared with skin incubated with a
-res in solution. The higher fluidity of SPC-Etho due to the absence
f chol in the bilayer, should facilitate the enhancer effect of ethanol
nto the vesicles, thus allowing not only t-res accumulation into the
ermis, but also promoting t-res permeation through the skin.

. Conclusions

In this study, the potential of transfersomes and ethanol-
ontaining vesicles to deliver resveratrol through the skin has been
nvestigated. In particular, we demonstrated that with both the
ype of nanocarrier a high t-res encapsulation efficiency can be
chieved. The toxicity of the nanocarrier can be strongly affected
y the surfactant used in the formulation. Polysorbate 80 as well as
thanol were certainly the most dangerous for cell viability in vitro.
owever, the presence of t-res can have a protective effect, reduc-

ng ROS formation as well as formation of lipid peroxides. Finally,
nly ethanol-containing vesicles based on SPC were able to pro-
ote t-res passage through the skin in ex vivo experiments. This

tudy should contribute to understand the effect of the formula-
ion on skin permeation of t-res, a molecule for a which there is

 growing interest, especially for its dermatological applications.
oreover, from our finding, a new possible application for ethanol-

ontaining vesicles can be proposed. Of course, stability issues need
o be addressed before to propose this kind of formulation for com-

ercial applications.
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