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a b s t r a c t

A new delivery system for cutaneous administration combining the advantages of cyclodextrin inclusion
complexes and those of deformable liposomes was developed, leading to a new concept: drug-in-
cyclodextrin-in-deformable liposomes. Deformable liposomes made of soybean phosphatidylcholine
(PC) or dimyristoylphosphatidylcholine (DMPC) and sodium deoxycholate as edge activator were com-
pared to classical non-deformable liposomes. Liposomes were prepared by the film evaporation method.
Betamethasone, chosen as the model drug, was encapsulated in the aqueous cavity of liposomes by the use
of cyclodextrins. Cyclodextrins allow an increase in the aqueous solubility of betamethasone and thus, the
encapsulation efficiency in liposome vesicles. Liposome size, deformability and encapsulation efficiency
were calculated. The best results were obtained with deformable liposomes made of PC in comparison
etamethasone

ranz cells with DMPC. The stability of PC vesicles was evaluated by measuring the leakage of encapsulated calcein
on the one hand and the leakage of encapsulated betamethasone on the other hand. In vitro diffusion
studies were carried out on Franz type diffusion cells through polycarbonate membranes. In comparison
with non-deformable liposomes, these new vesicles showed improved encapsulation efficiency, good
stability and higher in vitro diffusion percentages of encapsulated drug. They are therefore promising for

n vivo
future use in ex vivo and i

. Introduction

A major obstacle to cutaneous drug delivery is the permeation
haracteristics of the stratum corneum, which limits drug transport,
aking this route of administration frequently insufficient for med-

cal use. During the past few decades there has been wide interest in
xploring new techniques for increasing drug absorption through
he skin (Barry, 2001; Honeywell-Nguyen and Bouwstra, 2005).
opical delivery of drug by liposomes has aroused a considerable
nterest.

Recently, it became evident that, in most cases, classical lipo-
omes are of little or no value as carriers for transdermal drug
elivery as they do not penetrate skin deeply, but rather remain
onfined to upper layers of the stratum corneum (Elsayed et al.,
007). In order to target deeper underlying skin tissue, intensive

esearch led to the introduction and development of a new class of
ipid vesicles, the highly deformable (elastic or ultraflexible) lipo-
omes, which have been called Transfersomes® (Cevc and Blume,
992). Several studies have reported that deformable liposomes are

∗ Corresponding author. Tel.: +32 4 366 43 06 fax: +32 4 366 43 02.
E-mail address: aline.gillet@ulg.ac.be (A. Gillet).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.06.027
experiments.
© 2009 Elsevier B.V. All rights reserved.

able to improve in vitro skin delivery of various drugs (Trotta et
al., 2004) and to penetrate intact skin, in vivo, transferring ther-
apeutic amounts of drugs (Cevc and Blume, 2004). According to
Cevc and Blume (1992), the improved drug delivery by deformable
liposomes is due to the driving force provided by the osmotic gra-
dient between the outer and inner layers of the stratum corneum.
The important difference between deformable liposomes and tra-
ditional liposomes is the high and stress-dependent adaptability
of such deformable vesicles, which enables them alone to squeeze
between the cells in the stratum corneum, despite the large average
vesicle size (Cevc et al., 2002). Thus, they can pass through the intact
skin spontaneously, under the influence of the naturally occurring,
in vivo transcutaneous hydration gradient (Cevc and Blume, 2001).
These vesicles consist of phospholipids and an edge activator. An
edge activator is often a single chain surfactant, with a high radius
of curvature, which destabilizes lipid bilayers of the vesicles and
increases their deformability (Elsayed et al., 2007).

Liposomes are able to encapsulate hydrophilic drugs in their

aqueous compartment, while lipophilic drugs are encapsulated
in their lipid bilayer. However the accommodation of lipophilic
compounds in the lipid phase can be problematic as some drugs
can interfere with bilayer formation and stability. This accom-
modation is often limited in terms of drug to lipid mass ratio

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:aline.gillet@ulg.ac.be
dx.doi.org/10.1016/j.ijpharm.2009.06.027
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McCormack and Gregoriadis, 1994; Maestrelli et al., 2005). In
he case of the encapsulation of betamethasone into liposomes,
he use of cyclodextrins was shown to increase the drug to
ipid mass ratio (Piel et al., 2006). Entrapping water-soluble
rug–cyclodextrin inclusion complexes in the aqueous compart-
ent of liposomes have been proposed in order to avoid such

rawbacks (McCormack and Gregoriadis, 1994; Maestrelli et al.,
005). Cyclodextrins are cyclic (�-1,4)-linked oligosaccharides of
-glucopyranose containing a relatively hydrophobic central cav-

ty and a hydrophilic outer surface. Cyclodextrins are able to form
nclusion complexes with poorly water-soluble drugs. In a previ-
us piece of research, we studied the effect of cyclodextrins on
he encapsulation efficiency and release kinetics of betamethasone
rom liposomes. We showed the feasibility and the advantages of
he betamethasone-in-cyclodextrin-in-liposome formulation (Piel
t al., 2006). Hydroxypropylated � cyclodextrin (HP�CD) and
rysmeb®, a methylated � cyclodextrin, increased the aqueous sol-
bility of betamethasone at the highest level when compared to
ther cyclodextrins. The affinity constants (K1-1) of betamethasone
or HP�CD and Crysmeb® were 12,606 and 10,011 M−1, respectively.
hese two cyclodextrins were shown to be particularly effective
or obtaining high betamethasone concentrations and were conse-
uently selected for this study. Piel et al. (2006) also demonstrated
hat these cyclodextrins had a higher affinity for betamethasone
han for membrane lipids, allowing the entrapment of highly con-
entrated betamethasone inclusion complex solutions without or
ith minimal interaction with lipid components of the liposome
embrane.

The purpose of this study is to develop a new delivery sys-
em for cutaneous administration combining the advantages of
rug–cyclodextrin inclusion complexes and those of deformable

iposomes, leading to a new concept: drug-in-cyclodextrin-in-
eformable liposomes, first developed by Jain et al. (2008). This
resent study deals with the characterization and the in vitro diffu-
ion properties of these vesicles.

Betamethasone was chosen as the model drug, because of its
ydrophobic nature and its well known ability to form inclusion
omplexes with various cyclodextrins (Flood et al., 2000).

. Materials and methods

.1. Materials

Soybean phosphatidylcholine (PC) was purchased from
ipoïd (Ludwigshafen, Germany). 1,2-Dimyristoyl-sn-Glycero-3-
hosphocholine (DMPC) came from Avanti®Polar Lipids (Pelham,
L, USA). Hydroxypropylated � cyclodextrin (HP�CD, D.S. 0.7,
.41% H2O) was obtained from Wacker-Chemie GmbH (Munich,
ermany) and Kleptose® Crysmeb (Crysmeb, D.S 0.5, 4.29% H2O)

rom Roquette Frères (Lestrem, France). Sodium deoxycholate and
alcein were purchased from Sigma–Aldrich (Bornem, Belgium).
etamethasone (E.P.) was purchased from Medeva (Braine L’Alleud,
elgium). All other reagents and solvents were of analytical grade.

All experiments were performed using a 0.22 �m-filtered
0 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
HEPES) buffer (Sigma–Aldrich, Bornem, Belgique), containing
45 mM NaCl and adjusted to pH 7.4 with 0.1 N NaOH solution.

.2. Formation of inclusion complexes
Cyclodextrins were dissolved in HEPES buffer pH 7.4 in order to
btain a 10 mM HP�CD or Crysmeb solution. Betamethasone was
dded in excess to the cyclodextrin solution. Water-soluble inclu-
ion complexes were formed after stirring the mixture for 48 h at
5 ◦C. The milky solutions were then filtered through a 0.22 �m
armaceutics 380 (2009) 174–180 175

filter. Betamethasone concentrations obtained for HP�CD and
Crysmeb inclusion complexes were 2.02 mg/mL and 2.16 mg/mL
respectively.

2.3. Liposome preparation

Classical liposomes were made of PC or DMPC with (70:30 mol%)
or without cholesterol, while PC or DMPC and sodium deoxycholate
at 13% m/m as “edge activator” were used for deformable lipo-
somes. Liposomes were prepared by hydration of lipid films. In
practice, the required amount of lipids was dissolved in ethanol
in a round-bottomed flask, using a rotary evaporator and was dried
under vacuum. The resulting lipid film was hydrated using 3 mL of
the corresponding betamethasone–cyclodextrin complex solution.
Suspensions were then extruded through Nucleopore® polycar-
bonate membranes of successive 0.4 and 0.2 �m pore diameters
(Whatman, Maidstone, UK). Free betamethasone complexes were
separated from liposome-encapsulated betamethasone complexes
by three successive ultracentrifugations at 35,000 rpm. The first
cycle lasted 3 h followed by two cycles of 1 h 30 at 4 ◦C. The super-
natant was removed and the pellet was resuspended in HEPES
buffer. Betamethasone and PC were assayed in purified liposomes.
The same preparation method was used to make liposomes encap-
sulating calcein in order to study liposome stability. A 3 mL calcein
solution was used to hydrate the lipid film. In order to detect a
leakage-induced effect, the self-quenching fluorescent dye calcein
was entrapped in these vesicles at a concentration of 40 mM. At
this concentration, calcein shows minimal fluorescence, owing to
the formation of ground state dimers. Any fluorescence measured
will be due to calcein leakage and dilution in the exterior aque-
ous media. After extrusion, external calcein was removed by a first
ultracentrifugation at 35,000 rpm for 3 h at 4 ◦C followed by four
successive ultracentrifugations at 35,000 rpm for 45 min at 4 ◦C.

2.4. Liposome characterization

2.4.1. Measurement of liposome size
Liposome dispersions were sized by photon correlation spec-

troscopy (PCS) (HPPS, Malvern Instruments). Measurements were
made at 25 ◦C with a fixed angle of 90◦ and the results were
expressed as the average liposomal hydrodynamic diameter (nm).

2.4.2. Freeze-fracture electron microscopy
Freeze-fracture replicas of liposome suspensions were exam-

ined in transmission electron microscopy. A drop of liposome
suspension, containing 20% glycerol as a cryoprotectant, was
deposited in a small gold cup and rapidly frozen in liquid nitro-
gen. Fracturing, freeze etching and shadowing with Pt–C were
performed at −100 ◦C in shadowing equipment (Balzers® BAF-400)
fitted with a freeze-fracture and etching unit. The replicas were
examined with a JEOL (JEM-100SX) transmission electron micro-
scope, operating at 80 kV accelerating voltage.

2.4.3. Encapsulation efficiency
Encapsulation efficiency was calculated by two different ways.

The first encapsulation efficiency (EEB/l) corresponds to the drug to
lipid mass ratio or the amount of betamethasone in purified lipo-
somes (CB) compared to the total lipid concentration (Cl) in purified
liposomes:

EEB/l(%) =
(

CB
)

× 100

Cl

The second encapsulation efficiency (EEB/Bt) was the yield
obtained. It corresponds to the concentration of betamethasone
encapsulated in liposomes (CB) compared to the total drug con-
centration first introduced (CBt). This EEB/Bt was corrected to the
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oncentration of lipids in order to take into account the loss of
iposomes during the liposomes preparation:

EB/Bt(%) = (CB/Cl)
(CBt/Clt)

× 100

Cl is the lipid concentration in purified liposomes and Clt is the
ipid concentration first introduced.

.4.3.1. Betamethasone determination. Betamethasone was deter-
ined using a validated HPLC method. HPLC was performed using
system consisting of a LaChrom® Merck Hitashi system L-7100

ump, an L-4000 UV detector, a L-7200 autosampler and a D-
500 chromato integrator. Twenty microliter samples were injected
nto a LiChroCART® column (250 mm × 4 mm i.d.) prepared with an
ctadecylsilane (C18) phase Superspher® (Merck) and maintained
t 30 ◦C. The mobile phase consisted of a 50:50 (v:v) mixture of
PLC grade acetonitrile and water. The flow rate was 0.8 mL/min.
etamethasone was detected at 240 nm.

.4.3.2. Quantification of lipids. Total lipid concentrations were
alculated by measuring PC or DMPC by an enzymatic method
LabAssayTM Phospholipid, Wako, Osaka, Japan). The principle of
his enzymatic assay consists of the cleavage of PC in choline
y phospholipase D and the oxidation of choline into betaine
ith the simultaneous production of hydrogen peroxide. The

ydrogen peroxide, which is produced quantitatively, couples
-aminoantipyrine and N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-
imethoxyaniline sodium salt (DAOS). Peroxidation results in the
eneration of a coloured compound quantified by spectrophotom-
try at 600 nm (spectrophotometer PerkinElmer Lambda 11).

.4.4. Deformability
Electron spin resonance (ESR) is currently used to investigate the

icroenvironment in membrane liposome. The relative anisotropy
bserved in an ESR spectrum of a nitroxide spin probe is directly
elated to the rotational mobility of the probe, a term that can be
orrelated with the probe’s microviscosity. Here, the microviscosity
s defined as homogenous solution viscosity, which results in the
ame spectrum as that recorded in the microenvironment. Standard
urves of microviscosity values have been established by calibration
f the ESR spectra of three n-doxyl stearic acids (n-DSA: n = 5, 12,
6) probes in glycerol–ethanol mixtures of known viscosities (Bahri
t al., 2005). These curves allow the quantifying of the effective
icroviscosity at different depths inside liposomes by measuring

he order parameter (S) and the correlation time (�c) on n-DSA
SR spectra. S and �c were calculated according to the method of
cConnel (Hubbell and McConnel, 1971).

In this study, we used a 5-doxyl stearic acid (5-DSA) probe
o measure the microviscosity of the liposomes. All ESR mea-
urements were performed at 9.5 GHz using a Brucker ESR 300E
pectrometer (Brucker, Germany) equipped with a variable temper-
ture controller accessory and operating at a centre field strength
f 3360 G with 120 G as the scan range. The measurements were
ade at 32 ◦C. Each measurement was repeated at least four times

nd the microviscosity standard deviation was calculated to be 2%.

.4.5. Liposome permeability
The membrane integrity of liposomes at three temperatures

4 ◦C, 25 ◦C, and 37 ◦C) was evaluated by measuring the leakage of
ncapsulated calcein on the one hand and the leakage of encap-
ulated betamethasone–cyclodextrin inclusion complexes on the

ther hand. The leakage of liposomal content into the medium is

ndicative of changes in the membrane permeability.

.4.5.1. Calcein leakage. In practice, 100 �L liposome suspension
ere added to 100 �L Hepes buffered solution or 100 �L of a 2%
armaceutics 380 (2009) 174–180

Triton X-100 solution, for complete liposome destruction, in a
96-well plate. Calcein release from liposomes was measured flu-
orometrically (SpectraMax Gemini XS); excitation and emission
wavelengths were 490 and 520 nm, respectively. The amount of
calcein released was calculated by the following equation:

% calcein released = I

IT
× 100

where I is the fluorescence intensity at 520 nm and IT is the flu-
orescence intensity at 520 nm after complete destruction of the
liposomes by Triton X-100.

2.4.5.2. Betamethasone release. In practice, every day, a sample
stored at each temperature was centrifuged at 35,000 rpm for
45 min at 4 ◦C. The supernatant was then assayed to determine the
released betamethasone. The amount of betamethasone released
was calculated by the following equation:

% betamethasone released = CBt

CB0
× 100

where, CBt is the concentration of betamethasone in the super-
natant after t days of storage and CB0 is the concentration of
betamethasone encapsulated in liposomes at day 0.

2.5. In vitro diffusion studies

Diffusion studies were carried out using Franz type glass diffu-
sion cells. These consist of two compartments with a polycarbonate
membrane (pore size: 50 nm) clamped between the donor and
receiver chambers. The cell body was filled with 7.5 mL of a receptor
phase consisting of HEPES buffer solution pH 7.4 which was con-
stantly stirred with a small magnetic bar and thermostated at 37 ◦C
throughout the experiments. 350 �L of liposome suspension at
150 �g/mL betamethasone concentration, were placed in the donor
chamber onto the polycarbonate membrane, in non-occlusive con-
ditions. The diffusion area was 1.767 cm2. Samples of receptor phase
(<0.5 mL) were withdrawn after predetermined time intervals (0.5,
1, 2, 3, 4, and 6 h) and the betamethasone concentration was mea-
sured by HPLC. Each sample removed was replaced by an equal
volume of fresh receptor phase. The calculated betamethasone was
plotted as a function of time. All the permeation studies obtained
were determined in triplicate in three independent experiments
and the mean values ± standard deviation were calculated.

3. Results and discussion

3.1. Liposome characterization

Deformable liposomes containing betamethasone–HP�CD or
betamethasone–Crysmeb inclusion complexes with sodium deoxy-
cholate as the edge activator were always compared to the
corresponding formulation of non-deformable liposomes. Two
lipid compositions were tested: PC or DMPC. PCS and freeze-
fracture electron microscopy were performed for size analysis and
morphology determination. As shown in Table 1, liposomes are
characterized by mean hydrodynamic diameters between 206 nm
(±2.5) and 280 nm (±26.1). The polydispersity indexes (not shown)
were always lower than 0.2, indicating that liposomes were homo-
geneous in size, except for deformable liposomes made of DMPC,
whatever the cyclodextrin used. In the latter case, different pop-

ulations with sizes ranging from a few nm up to more than
500 nm were observed. These observations were confirmed by
freeze-fracture electron microscopy and could not be explained at
the present time. This phenomenon was not observed either for
classical liposomes made of DMPC or for deformable liposomes
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Table 1
Size ± S.D. (nm) and encapsulation efficiencies (EEB/l) ± S.D. (%) and (EEB/Bt) ± S.D. (%) of liposomes containing betamethasone (BMS)–cyclodextrin complexes as a function of
their composition (n = number of batches, ND = not determined).

Composition Size ± S.D. (nm) n EEB/l ± S.D. (%) n EEB/Bt ± S.D. (%) n

DMPC–BMS-HP�CD 280 ± 26.1 4 0.98 ± 0.14 4 24.1 ± 3.4 4
DMPC–BMS-HP�CD–deoxycholate Na ND 0.89 ± 0.13 4 19.2 ± 2.9 4
DMPC–BMS-Crysmeb 265 ± 27.6 3 0.74 ± 0.04 3 17.2 ± 1.0 3
DMPC–BMS-Crysmeb–deoxycholate Na ND 0.73 ± 0.03 3 14.5 ± 0.8 3
P
P
P
P

c
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l
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s
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s
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e
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l

C–BMS-HP�CD 269 ± 7.9 3
C–BMS-HP�CD–deoxycholate Na 209 ± 4.9 3
C–BMS-Crysmeb 261 ± 6.7 3
C–BMS-Crysmeb–deoxycholate Na 206 ± 2.5 3

omposed of PC. These deformable PC liposomes showed a signifi-
antly smaller size than that of the corresponding non-deformable
iposome, whatever the cyclodextrin used (206 and 209 nm for
C deformable liposomes with Crysmeb or HP�CD betametha-
one complexes versus 261 and 269 nm for PC non-deformable
iposomes with Crysmeb or HP�CD betamethasone complexes;
< 0.05). This reduction of the particle size for deformable PC lipo-

omes may be ascribed to increased flexibility and reduced surface
ension of the vesicles due to the presence of sodium deoxycholate,
s observed by Chen et al. (2009). Betamethasone in cyclodextrin
n deformable PC liposomes showed very good size reproducibility
rom batch to batch. The choice of cyclodextrins, HP�CD or Crysmeb,
id not influence the size of PC deformable liposomes contain-

ng inclusion complexes. To confirm the results by an imaging
ethod, a freeze-fracture technique with subsequent transmission

lectron microscopy was used. This technique was only applied

n liposomes containing betamethasone–HP�CD inclusion com-
lexes. Pictures obtained are shown in Fig. 1. The bar represents
00 nm. Fig. 1(A) and (C) represents classical liposomes made of
C and DMPC, respectively. These two pictures show the pres-
nce of ±200 nm small unilamellar vesicles of homogeneous size.

ig. 1. Transmission electron micrographs of freeze-fractured liposomes containing betam
iposomes (B), classical DMPC liposomes (C), and deformable DMPC liposomes (D). The ba
1.63 ± 0.09 7 40.6 ± 2.1 7
2.11 ± 0.17 7 45.3 ± 3.7 7
1.31 ± 0.01 3 30.4 ± 0.1 3
2.29 ± 0.21 3 46.0 ± 4.3 3

Deformable liposomes made of PC are shown in Fig. 1(B). We can
observe that these vesicles showed a more flattened shape in com-
parison with the shape of the corresponding classical liposomes,
maybe due to their elastic properties. Fig. 1(D) shows deformable
liposomes made of DMPC. This picture shows the presence of big
vesicles with a size greater than 1 �m. The results from PCS and
freeze-fracture electron microscopy measurements were in good
agreement.

Betamethasone encapsulation efficiencies are reported in
Table 1. It must be noted that encapsulation efficiency EEB/l
represents the drug to lipid ratio, which explains the relatively
low values obtained in comparison with the EEB/Bt expressing
the encapsulation efficiency as a function of the total drug con-
centration. The addition of sodium deoxycholate significantly
enhanced the EEB/l from 1.63% (±0.09) to 2.11% (±0.17) for
PC liposomes containing betamethasone–HP�CD complexes, and

from 1.31% (±0.01) to 2.29% (±0.21) for PC liposomes contain-
ing betamethasone–Crysmeb complexes (p < 0.05). Concerning the
calculation of the yield, the addition of sodium deoxycholate
significantly enhanced the EEB/Bt from 40.6 ± 2.1 to 45.3 ± 3.7
for PC liposomes containing betamethasone–HP�CD complexes,

ethasone—HP�CD inclusion complexes. Classical PC liposomes (A), deformable PC
r represents 200 nm.
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Table 2
Microviscosity as a function of the liposome composition (n > 4; S.D. <2%).

Composition Microviscosity

PC–cholesterol 226.0 mPa s
PC 175.9 mPa s

a
b
e
s
t
(
b
e
a
D
t
w
l
t
e
D

c
s
s
p
o
M
s
t
t
k
m
s
T
v
m
t
l
p
w
b
c
a
v
t
o

t
o
i
t
t
a
n
o
s
w
(
t
d

Fig. 2. Liposome membrane permeability, expressed as a percentage of calcein
PC–deoxycholate Na 169.2 mPa s
PC–deoxycholate Na–BMS-Crysmeb 166.2 mPa s
PC–deoxycholate Na–BMS-HP�CD 166.2 mPa s

nd from 30.4 ± 0.1 to 46.0 ± 4.3 for PC liposomes containing
etamethasone–Crysmeb complexes (p < 0.05). This increase in
ncapsulation efficiency could be explained by the presence of
odium deoxycholate in the bilayer, which could be supposed
o be able to “solubilise” and “hold” the free betamethasone
betamethasone–cyclodextrin complex is in equilibrium with free
etamethasone and cyclodextrin) in the lipid bilayer and therefore
nhance the encapsulation efficiency for the deformable liposomes,
s observed by Chen et al. (2009) with fenofibrate. Concerning
MPC liposomes, the encapsulation efficiency was always lower

han that of corresponding PC liposomes. In addition, no difference
as observed between deformable DMPC liposomes and DMPC

iposomes without sodium deoxycholate, whatever the cyclodex-
rin used (p > 0.05). The results obtained for size and encapsulation
fficiency led us to abandon the formulation of liposomes made of
MPC.

The deformability was evaluated by measuring the microvis-
osity of the liposome membrane by electron spin resonance
pectroscopy. These experiments were only carried out on PC lipo-
omes. ESR spectra were collected for the 5-DSA probe. The S
arameter was measured at 32 ◦C, to evaluate the microviscosity
f vesicles at skin temperature. Results are summarised in Table 2.
easurements showed that the microviscosity of empty PC lipo-

omes is higher in the presence of cholesterol (70:30 mol%) and in
he absence of cholesterol, respectively 226 mPa s and 175.9 mPa s,
han the PC deformable ones (169.2 mPa s). In fact, cholesterol is
nown to increase the stability and thus, the rigidity of liposome
embranes. This explains the difference observed for classical lipo-

omes with or without cholesterol (226 mPa s versus 176 mPa s).
he addition of the edge activator allowed a decrease in the micro-
iscosity of the membrane to around 169 mPa s. This decrease in
embrane microviscosity may reflect a deformation increase in

hese vesicles. Moreover, in comparison with the non-deformable
iposomes, the incorporation of betamethasone–cyclodextrin com-
lexes allowed a reduction of the microviscosity to 166 mPa s,
hatever the cyclodextrin used. The difference in microviscosity

etween empty deformable liposomes and deformable liposomes
ontaining the inclusion complexes is not significant. Thus, the
ddition of inclusion complexes did not significantly influence the
iscosity of the membrane of the deformable liposomes. EPR spec-
roscopy seemed to show a tendency towards higher deformability
f the new deformable vesicles.

The stability of PC liposomes was first evaluated by measuring
he leakage of encapsulated calcein. When calcein was able to leak
ut from the vesicles into the surrounding buffer, the fluorescence

ncreased dramatically, due to the relief from the self-quenching
hat occurs. Control wells contained the detergent Triton X-100®

o rupture the vesicles and cause complete calcein release. This
llowed us to determine maximum fluorescence for the proper
ormalization of results. The leakage of calcein from the interior
f liposomes was measured every day for 8 days. The results are
hown in Fig. 2(A) and (B). No significant increase in calcein leakage

as observed when liposomes were stored at 4 ◦C, under nitrogen

p > 0.05). However, Fig. 2(B) shows a rise in calcein leakage with
emperature, up to around 32% in comparison with day 0, after 8
ays of storage at 37 ◦C for deformable liposomes. Loss of calcein
released from PC liposomes as a function of time. (A) Classical liposomes and (B)
deformable liposomes are stored at three different temperatures: 4 ◦C (�); 25 ◦C
(�); 37 ◦C (�).

from the vesicles stored at elevated temperatures may be attributed
to the effect of temperature on the gel to liquid transition of lipid
bilayers together with possible chemical degradation of the phos-
pholipids, leading to defects in the membrane packing, as observed
by Dubey et al. (2006).

After 1 month of storage at 4 ◦C, the increase in the percentage of
calcein released compared to day 0 was 9.43% (±5.38) and 23.75%
(±4.36) for classical and deformable liposomes respectively (results
not shown). It must be noted that the basal fluorescence, at day 0,
was around 37% for both classical and deformable PC liposomes.

In a second experiment, the stability of PC liposomes con-
taining betamethasone–cyclodextrin inclusion complexes was
evaluated by measuring the leakage of encapsulated betametha-
sone. Fig. 3(A) and (B) shows the results obtained for liposomes
containing betamethasone–HP�CD and betamethasone–Crysmeb
inclusion complexes respectively. We can observe that, whatever
the cyclodextrin used, PC classical and deformable liposomes were
stable for 1 month at 4 ◦C (p > 0.05). As observed for the release of
calcein, the leakage of betamethasone increased with an increased
temperature. However this increase occurred more slowly than was
observed with calcein. The higher release of calcein compared to
betamethasone could be explained by the concentration gradient
that appears through the lipid bilayer. Betamethasone–cyclodextrin
inclusion complexes are in equilibrium with free betamethasone
and cyclodextrin. Because only free betamethasone can diffuse

through the liposome membrane, the gradient is smaller in the case
of betamethasone than for calcein, which is not complexed with
cyclodextrin. According to Fick’s law, higher is the gradient of con-
centration higher is the flux through the membrane. The percentage
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Fig. 3. Liposome membrane permeability, expressed as a percentage of betametha-
sone released from PC liposomes as a function of time. (A) Liposomes
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ontaining betamethasone–HP�CD inclusion complexes, and (B) liposomes con-
aining betamethasone–Crysmeb inclusion complexes. Classical (dark symbol) and
eformable (open symbol) liposomes are stored at three different temperatures: 4 ◦C
�, �); 25 ◦C (�, �); 37 ◦C (�, �).

f betamethasone diffused at day 0 was about 20% for classical
iposome and more than 40% for deformable ones, whatever the
yclodextrin used. This high level of difference was not observed
or liposomes encapsulating calcein. The ultracentrifugation cycle,
eeded before each measurement in the betamethasone release
tudy, could explain this difference. The loss of entrapped drug was
robably due to the deformation phenomenon of lipid membrane
hat occurs during the ultracentrifugation process, as observed by
opez-Pinto et al. (2005). Deformable liposomes are certainly more
ensitive to ultracentrifugation than classical liposomes because of
he presence of sodium deoxycholate, which destabilizes the mem-
rane and makes it more permeable.

.2. In vitro diffusion studies

Franz type diffusion cells were used to evaluate the in vitro
iffusion of betamethasone from liposomes. Test conditions were
hosen in order to respect sink conditions in the receiver compart-
ent. Saturation concentration of betamethasone in HEPES buffer
as evaluated at 65.2 �g/mL, corresponding to around 10 times

he maximum concentration of betamethasone that could be found
n the receiver compartment. All samples were adjusted at a final
etamethasone concentration of 150 �g/mL.
The polycarbonate membrane used had a pore size of 50 nm,
smaller size than the mean diameter of liposomes. The dif-

usion studies were carried out in non-occlusive conditions to
llow the driving force provided by the osmotic gradient. Fig. 4(A)
nd (B) shows the cumulative percentage of betamethasone
Fig. 4. Comparison of betamethasone release kinetics from (�) classical PC lipo-
somes containing betamethasone–cyclodextrin inclusion complexes and from (�)
deformable PC liposomes containing betamethasone–cyclodextrin inclusion com-
plexes: (A) HP�CD and (B) Crysmeb.

released from classical and deformable liposomes containing
betamethasone–HP�CD and betamethasone–Crysmeb inclusion
complexes respectively, during 6 h of diffusion. The presence of
sodium deoxycholate enhanced the percentage of betamethasone
diffused from 59.63% (±7.03) to 73.79% (±4.61), when HP�CD was
used (p < 0.001) (Fig. 4 (A)). When Crysmeb was used, the presence
of sodium deoxycholate enhanced the percentage of betametha-
sone diffused from 51.64% (±4.25) to 67.92% (±0.26) (p < 0.001)
(Fig. 4(B)). The type of cyclodextrin did not influence significantly
the percentage of betamethasone diffused (for classical liposome,
p = 0.1676 and for deformable liposomes, p = 0.0925). The release
profiles exhibited a plateau effect after about 3 h diffusion. This
plateau was due to donor depletion, which occurs where the pro-
portion of permeant entering the membrane is large, relative to
the amount applied (finite dose technique). The percentage of
betamethasone diffused did not rise up to 100%, even after 24 h
of diffusion (results not shown) and even if sink conditions were
respected. This observation could be explained by the fact that
the liposomal formulation did not completely dry up after the
diffusion time; a part of sample remaining in the donor cham-
ber. The amount of phospholipids that had permeated through
the membrane was determined in the receptor phase by the enzy-
matic assay. At the end of the experiments, 4 mL of receptor phase
was lyophilized and dispersed in 200 �L water in order to con-

centrate this receptor phase. Even then, no phospholipids were
found in the receiver compartment. The first explanation was that
the membrane used is hydrophilic and may not appropriate for
studying the diffusion of liposomes, but only that of the aqueous
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etamethasone–cyclodextrin complexes. However, this fact was
lso observed by Sinico et al. (2005). They studied the diffusion of
iposomes encapsulating tretinoin through a silicone membrane,

hich is a polymeric hydrophobic membrane, and they did not
nd any phospholipids in the receiver compartment either; even

hough about 16% of tretinoin permeated after 24 hours from their
iposomal formulation. The improvement of betamethasone release
rom deformable liposomes could be explained by a higher bilayer
ermeability because of the presence of sodium deoxycholate. We
ould not show a diffusion of intact deformable liposomes through
he polycarbonate membrane. Ex vivo diffusion studies using pig
kin would help us to confirm these results and to understand the
iffusion mechanism.

. Conclusion

This study proved the feasibility of a new topical delivery sys-
em: drug-in-cyclodextrin-in deformable liposomes and showed its
romising characteristics for future experiments using pig ear skin
nd human skin. The use of sodium deoxycholate as the edge acti-
ator increased up to 1.8 times the encapsulation efficiency and up
o 1.3 times the percentage of betamethasone diffused in compar-
son with classical liposomes. These new vesicles showed higher
eformability and a good stability, when stored at 4 ◦C.

Ex vivo diffusion studies using pig skin and in vivo studies would
elp us to confirm these in vitro results.
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