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a b s t r a c t

In order to increase topical delivery of temoporfin (mTHPC), a highly hydrophobic photosensitizer with
low percutaneous penetration, neutral, anionic and cationic flexible liposomes (i.e. flexosomes) were
prepared and investigated for their penetration enhancing ability. The in vitro skin penetration study
was performed using human abdominal skin mounted in Franz diffusion cells. Besides the effect of
surface charge of flexosomes on skin penetration of mTHPC, also its effect on physical properties (par-
ticle size, polydispersity index, lamellarity) and physicochemical stability of vesicles was investigated.
Photon-correlation spectroscopy revealed that vesicles had after preparation a small particle size and
low polydispersity index, while cryo-electron microscopy confirmed that these vesicles were mostly
unilamellar and of a spherical shape. Regarding stability, contrasting to anionic flexosomes showing lack

◦
lexosomes
kin
ercutaneous penetration

of long-term stability, neutral and cationic flexosomes were stable during 9 months storage at 4 C. As
to the penetration enhancing ability, cationic flexosomes possessed the highest, i.e. they delivered the
highest mTHPC-amount to stratum corneum and deeper skin layers compared to conventional liposomes,
neutral and anionic flexosomes.

In conclusion, mTHPC-loaded cationic flexosomes could be a promising tool for delivering mTHPC to the
skin, which would be beneficial for the photodynamic therapy of cutaneous malignant or non-malignant

diseases.

. Introduction

In recent years liposomes have been intensively studied as drug
arrier systems for topical delivery, since they have the potential to
nhance drug penetration into the skin (El Maghraby et al., 2001;
erma et al., 2003a,b; Betz et al., 2005), improve therapeutic effec-

iveness (Seth et al., 2004; Mura et al., 2007), decrease side-effects
Seth et al., 2004) and act as a local depot for sustained release of
ermally active components (Schreier and Bouwstra, 1994). The
heory that intact conventional vesicles could penetrate into and
ven through stratum corneum (SC), acting as drug carrier systems
as been rejected by several authors, who found no evidence of

ntact vesicles in the deeper skin layers (Lasch et al., 1991; Zellmer

t al., 1995; van Kuijk-Meuwissen et al., 1998). It was suggested that
ost likely conventional vesicles disintegrate at the skin surface

nd that their components penetrate molecularly dispersed into
he intercellular lipid matrix, where they mix with the SC lipids

∗ Corresponding author. Present address: Apoteka “Beograd”, Bojanska 16/IV, 11
00 Belgrade, Serbia. Tel.: +381 65 6655330; fax: +381 11 3910347.

E-mail address: ninadragicevic@hotmail.com (N. Dragicevic-Curic).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.10.006
© 2009 Elsevier B.V. All rights reserved.

modifying the lipid lamellae (Hofland et al., 1994; Zellmer et al.,
1995; Kirjavainen et al., 1996) and inducing new vesicle-like struc-
tures (Hofland et al., 1994). These conformational changes of SC
lipids are strongly correlated with the enhanced percutaneous drug
penetration (Coderch et al., 1999).

Regarding enhanced drug penetration, conventional liquid-
state vesicles have proven to be superior to gel-state vesicles (van
Kuijk-Meuwissen et al., 1998; El Maghraby et al., 1999, 2001),
whereas elastic vesicles have shown to be superior to conventional
gel-state and even liquid-state vesicles in terms of interactions with
human skin (van den Bergh et al., 1999) and enhanced drug pene-
tration (El Maghraby et al., 1999). Therefore, a series of liquid-state
vesicles with elastic membranes were developed. These include
vesicles containing phosphatidylcholine (PC) and edge activators
(sodium cholate, polysorbate 80 or polysorbate 20), i.e. the so-
called Transfersomes® (Cevc et al., 2002; Cevc and Blume, 2003,
2004), vesicles composed of the bilayer-forming surfactant L-595

(sucrose laurate ester) and the micelle-forming surfactant PEG-
8-L (octaoxyethylene laurate ester) (van den Bergh et al., 1999),
ethosomes containing phospholipids and high amounts of ethanol
(Touitou et al., 2000) and invasomes composed of phosphatidyl-
choline, ethanol and a mixture of terpenes as penetration enhancers

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:ninadragicevic@hotmail.com
dx.doi.org/10.1016/j.ijpharm.2009.10.006
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Verma et al., 2004; Dragicevic-Curic et al., 2008a,b). One proposed
echanisms of the penetration enhancement of elastic vesicles

s that vesicles or vesicle materials can disorganise and disrupt
ntercellular lipid lamellae thereby forming channel-like penetra-
ion pathways, through which drug molecules penetrate (van den
ergh et al., 1999), whereas another mechanism is that intact vesi-
les are penetrating into SC through pre-existing channels with low
enetration resistance (Schätzlein and Cevc, 1998).

In addition to the thermodynamical state of the liposomes’
embranes, many researchers have outlined that drug penetration

an be influenced by modifying the surface charge of liposomes
Katahira et al., 1999; Ogiso et al., 2001; Manosroi et al., 2002).

ontenegro et al. (1996) demonstrated in vitro a higher skin perme-
tion of retinoic acid from positively charged liposomes compared
o negatively charged liposomes, which showed a similar perme-
tion to that obtained from neutral liposomes. Katahira et al. (1999)
lso found in vitro a higher skin permeability of rhodamine B from
ositively charged liposomes compared to negatively charged lipo-
omes. In addition, Puglia et al. (2005) demonstrated in vivo a higher
ustained release of methyl nicotinate from neutral and negatively
harged liposomes with respect to positively charged liposomes,
hich was in accordance to results from Katahira et al. (1999),
ho found that negatively charged liposomes provided better drug

etention in the skin compared to the positive ones. However, Ogiso
t al. (2001) demonstrated in vitro and in vivo the capability of
egatively charged liposomes to increase the permeation rate of
ifferent model drugs through the skin. Manosroi et al. (2004) eval-
ated the effect of liposomes’ surface charge on the permeation
f amphotericin B and showed sustained skin absorption of drugs
ntrapped in charged liposomes. Positive liposomes provided the
ighest amount of amphotericin B in the stratum corneum, while
he negative liposomes delivered the highest amount of ampho-
ericin B in the viable epidermis. Song and Kim (2006) showed
hat the in vitro skin permeation and in vivo penetration into the
eeper skin layers of the low-molecular-weight heparin were sig-
ificantly higher from cationic flexible liposomes than from anionic
nd neutral flexible liposomes.

Temoporfin (mTHPC) is a very potent second-generation syn-
hetic photosensitizer. It is activated at 652 nm wavelength, with
depth of light penetration of at least 1 cm, and residual photo-

ensitivity of only 2 weeks (Ris et al., 1991, 1993; Hopper, 2000). It
as reported to be effective in the photodynamic therapy (PDT)

f primary non-melanomatous tumours of the skin of the head
nd neck (Kübler et al., 1999). These treatments were performed
y intravenous administration of mTHPC, since there are no top-

cal formulations of mTHPC on the market. Topical application of
THPC would be of great interest for the PDT of cutaneous malig-

ant (basal-cell carcinoma) or non-malignant diseases (psoriasis).
t would simplify the therapy, since the skin is readily accessible
or topical treatment, increase the drug concentration in the skin,
nhance patient compliance and restrict the residual photosen-
itivity only to the site of application. However, mTHPC, whose
tructure is given in Fig. 1, is a highly hydrophobic drug with a
arge molecular weight of 680 Da, which makes its percutaneous
enetration very low.

The aim of our study was to develop a mTHPC-loaded carrier
ystem able to enhance the skin delivery of mTHPC. In order to
chieve this, neutral, positively and negatively charged mTHPC-
iposomes with flexible (i.e. elastic) membranes (i.e. flexosomes)

ere prepared. Flexosomes contained PC as the main component,
n edge activator (polysorbate 20), which provides the deformabil-

ty of these vesicles, and positively or negatively charged lipids. The
exosomes were investigated in vitro for their penetration enhanc-

ng ability, using human abdominal skin as a model membrane,
nd for their long-term stability by storing them for 9 months at
◦C.
Fig. 1. Chemical structure of mTHPC.

2. Materials and methods

2.1. Materials

Unsaturated soybean phosphatidylcholine Lipoid S PC (PC,
purity 98.8%) was a gift from Lipoid GmbH (Germany). Dicetyl
phosphate (DCP) and stearylamine (SA) were purchased from
Sigma (Germany). Unsaturated soybean PC dissolved in ethanol
NAT 8539 (PC:ethanol = 75:25, w/w) was a gift from Phospho-
lipid GmbH (Germany), and its dry residue contained PC 77.3%,
lyso-phosphatidylcholine 5.0%, cephaline 3.0% and phosphatic
acid 1.1%. 7,8-dihydro-5,10,15,20-tetrakis-(3-hydroxyphenyl) por-
phyrin (temoporfin, mTHPC) was a gift from biolitec AG (Jena,
Germany). Polyoxyethylene (20) sorbitan monolaurate (polysor-
bate 20, Tween® 20) was obtained from Uniqema (Germany).
Bovine serum albumine (BSA), potassium dihydrogenphosphate
and sodium hydroxide were purchased from Sigma–Aldrich (Ger-
many). Methanol (HPLC grade) was purchased from Carl Roth
GmbH&Co. (Germany). All other chemicals were of analytical grade.

2.2. Liposome preparation

Conventional liposomes were composed only of PC, while neu-
tral flexible liposomes (i.e. flexosomes) contained in addition to
phosphatidylcholine (PC) also polysorbate 20. Cationic flexosomes
were composed of PC and stearylamine (SA), approximately 9:1
molar ratio, and contained polysorbate 20. Anionic flexosomes
were composed of PC and dicetyl phosphate (DCP), approximately
9:1 molar ratio, and contained polysorbate 20. The ratio of lipid to
polysorbate 20 was in all flexosomes 84.6:15.4 (w/w). The amount
of lipid together with polysorbate 20 was in all liposome disper-
sions 10% (w/w), while the mTHPC-amount was 1.5 mg/ml. The
composition of the aforementioned liposome dispersions is rep-
resented in Table 1.

The different liposomes were prepared by the conventional
film method. mTHPC was dissolved in solution of lipids in
methanol:chloroform (2:1, v/v). This mixture was dried to a thin

film by slowly reducing the pressure from 500 to 1 mbar at
50 ◦C using the rotary evaporator (BÜCHI Vacobox B-177, BÜCHI,
Switzerland). The obtained film was kept under vacuum (1 mbar)
for 2 h at room temperature and afterwards flushed with nitrogen.
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Table 1
Composition of different mTHPC-loaded liposome formulations.

Formulation mTHPC [mg/ml] SPC [mg/ml] SA [mg/ml] DCP [mg/ml] Tween 20 [mg/ml] PBS pH 7.4
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Conventional liposomes 1.5 100
Neutral flexosomes 1.5 84.60
Cationic flexosomes 1.5 81.35
Anionic flexosomes 1.5 78.26

he film was then hydrated with phosphate buffer saline (PBS)
H 7.4 for 30 min at 50 ◦C. After that, all liposome dispersions,
xcept the anionic flexosomes, were extruded through polycar-
onate membranes of different pore sizes (400 nm, 200 nm, 100 nm
nd 50 nm), through each 21 times, with the help of the LiposoFast®

ini-extruder (Avestin, Canada). The anionic flexosomes were son-
cated (15 min, duty cycle 50%, 10 W) with the probe sonicator
Soniprep 150 MSE, Zitec AG, Switzerland).

In order to enable the comparison of the penetration enhanc-
ng ability of flexosomes with that obtained for mTHPC-loaded
nvasomes (Dragicevic-Curic et al., 2008a), conventional liposomes
sed as the control in the invasomes’ study (labeled as liposomes
% ethanol) were also prepared in this study (labeled as liposomes-
ontrol to invasomes). They were prepared by the film method
Dragicevic-Curic et al., 2008a) as the flexosomes, but without
olysorbate 20 and using the ethanolic phospholipid solution (NAT
539) instead of pure PC (Lipoid SP C). The PC-amount in liposomes
as 10% (w/w) and the mTHPC-amount was 1.5 mg/ml.

.3. Physical characterization of liposome dispersions

.3.1. Particle size, size distribution and zeta potential of
iposomes

The particle size, polydispersity index (PDI) and the zeta poten-
ial of the prepared liposomes were determined by means of
hoton-correlation spectroscopy (PCS) using the Zetasizer NS
Malvern Instrument, Germany). The particle size was calculated
rom the autocorrelation function of the intensity of light scattered
rom particles, assuming a spherical form of particles, a medium
iscosity of 0.89 mPa s and a refractory index of 1.33. Samples were
iluted with phosphate buffer saline (PBS) pH 7.4 prior to the mea-
urements. For the particle size measurements 5 �l of the vesicle
ispersions were diluted with 495 �l of PBS (pH 7.4). To obtain the
eta potential values of vesicles, 10 �l of vesicle dispersions were
iluted with 990 �l of PBS pH 7.4.

.3.2. Shape and type of liposomes
Cryo-electron microscopy was used to evaluate the shape and

amellarity of liposomes. Five microliters of dispersions were put
nto a perforated coated net of copper (Quantifoil R 1.2/1.3,
00 mesh). Excess was removed from the samples with a sheet
f filter paper. The samples were quickly frozen with liquid
thane (−170 to −180 ◦C) in a cryo-box (Carl Zeiss NTS GmbH).
xcess ethane was removed by blotting the samples in the cold
nd the samples were placed with the help of a cryo-transfer
evice (Gatan 626 Single Tilt Cryotransfer System) in a pre-
ooled transmission-cryo-electron microscope (Philips CM 120).
icroscopy was performed at 120 kV.

.3.3. Stability of liposomes
Liposomes were stored at 4 ◦C for 9 months under light

rotection. At predetermined time intervals the particle size

nd polydispersity index (PDI) of liposomes were measured by
hoton-correlation spectroscopy (PCS), and the mTHPC-content

n samples was determined spectrophotometrically (Beckman DU
40 Spectrophotometer) after diluting the samples with methanol.
easurements were performed at � = 649 nm using methanol as
– – ad 1 ml
– 15.40 ad 1 ml
– 15.40 ad 1 ml
6.34 15.40 ad 1 ml

the blank. The measuring range (calibration curve) was from
2 �g/�l to 10 �g/�l (r = 0.9985).

2.4. In vitro skin penetration studies

2.4.1. Skin preparation
For the penetration studies human abdominal skin, obtained

after plastic surgery, was used. The subcutaneous fatty tissue was
removed from the skin using a scalpel and surgical scissors. The
skin surface was cleaned with Ringers’ solution and allowed to dry.
The skin was packed in aluminum foil and stored in a polyethy-
lene bag at −20 ◦C. Under these conditions the skin is, with respect
to the penetration studies, stable for 3–6 months (Harrison et al.,
1984). All investigations were conducted in full compliance with
ethical principles, i.e. the studies were reviewed and approved by
the Ethics Committee of the Friedrich Schiller University Jena.

2.4.2. Preparation of Franz diffusion cells
The nominal surface of the Franz diffusion cells (FDC) was

3.14 cm2 and acceptor compartments had a capacity of approx-
imately 13 ml. Skin discs of 36 mm were punched out, allowed
to thaw, cleaned with Ringers’ solution and transferred onto the
FDC. The acceptor compartment was filled with phosphate buffer
saline (PBS) pH 7.4. Bovine serum albumine (BSA, 1%, w/w) was
added in order to ensure the sink condition (i.e. the dissolution
of mTHPC), since mTHPC is practically insoluble in PBS. The pre-
pared FDC were stored in the refrigerator (4 ◦C) overnight in order
to hydrate the skin. The next day, magnetic bars were put into
the acceptor compartments of the FDC. The skin was kept at 32 ◦C
using a water bath during the experiment. After an equilibration
time of 15 min at 32 ◦C, formulations were applied onto the skin. In
order to simulate an in vivo application, finite doses of formulations
(10 �l/cm2) were applied under non-occlusion. The experiment
was carried out under light protection for 6 h. Incubation time of
6 h was used because it was shown in preliminary studies that the
amount of mTHPC delivered into the skin significantly increased
in the first 4 h, while between the 4th and 6th hour the mTHPC-
amount increased to a lesser extent, indicating that a steady state
was achieved and that further increase of the incubation time
would not significantly increase the mTHPC-amount in the skin.
Hence, after 6 h a sample of 1 ml was withdrawn from the acceptor
solution and analyzed for the mTHPC-content and the formula-
tions were removed from the skin by wiping the skin with cotton
balls soaked with Ringers’ solution. After cleaning, the skin was
transferred onto a device for tape-stripping the stratum corneum
(SC).

2.4.3. Tape-stripping of the stratum corneum (SC)
Tape-stripping of SC, i.e. the successive removal of cell layers

of SC from the same skin area using adhesive tapes, is a com-
mon technique in cutaneous studies (Coderch et al., 1996; Surber,
1999). It presents a useful, efficient and minimally invasive method

to study: (a) drugs’ penetration into the skin, (b) drugs’ perme-
ation through the skin, (c) drugs’ distribution within the SC, (d)
dermatopharmacokinetics of topically applied cosmetic products
and drugs (Weigmann et al., 1999; Surber et al., 2001), as well as,
(e) SC physiology (Reed et al., 1993; Ohman and Vahlquist, 1994).
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mong a variety of models (e.g. microdialysis, confocal laser scan-
ing microscopy or transepidermal water loss), the tape-stripping
ethod, which assesses drug amount in SC, seems to have the

reatest potential for dermatopharmacokinetic characterization of
opical drug products, which may provide an alternative approach
o clinical trials for the determination of bioequivalence of topical
ermatological products (Shah et al., 1998). An important advan-
age is also the applicability to nonradiolabeled drugs. However,
his method shows also following disadvantages. The vehicle com-
onents of a product may influence the adhesive properties of the
ape as well as the cohesion of the corneocytes, which makes the
emoval of corneocytes dissimilar (Surber, 1999). Therefore, it is
ssential for the comparison of the penetration of different for-
ulations that the amount of formulation detected on the single

ape-strip is related to its standardized real position in the stratum
orneum (Lademann et al., 2009). In addition, tape-stripping may
ield cell layers that originate from various depths also because of
urrows in the skin (van der Molen et al., 1997). Another disadvan-
age is that depending on the skin origin and source, skin storing
onditions and duration of the experiment, the integrity of the skin
ay vary (Surber, 1999).
The protocol of tape-stripping experiments of different research

roups (Wagner et al., 2002; Verma et al., 2003a,b; Jacobi et al.,
006) is almost the same: after topical application and penetration
f formulations, the cell layers of the stratum corneum are suc-
essively removed using adhesive films. In order to avoid furrows,
hich could be a reason for false results of the stripping proce-
ure, the skin is stretched and mounted with pins on cork discs
Wagner et al., 2002; Verma et al., 2003a,b; Dragicevic-Curic et al.,
008a) resulting in SC layers of nearly the same thickness (Borchert,
994; Pershing et al., 1994; Theobald, 1998) or the adhesive tapes
re pressed onto the skin using rollers providing a constant overall
ressure (Jacobi et al., 2006). The relative amount of SC removed
ith 20–30 tape-strips can be estimated with the use of transepi-
ermal water loss and an overall SC density of 1 g/cm3 (Kalia et
l., 2001), weight of the removed adhesive tapes containing SC lay-
rs and an overall SC density of 1 g/cm3 (Verma et al., 2003a,b;
ragicevic-Curic et al., 2008a) or following another developed stan-
ard protocol (Jacobi et al., 2005). The weight of SC layers is used to
alculate the SC thickness in order to obtain a drug concentration-
C (and also skin) depth profile. The SC thickness in a cross-section
lso can be determined by a light microscope, and it is afterwards
ivided by the number of strips giving the thickness of SC layers
er one strip (Wagner et al., 2002).

In this study the skin was after its cleaning stretched and
ounted with pins on cork discs, in the previously mentioned

pecial device (Section 2.4.2). The skin was covered with a Teflon
ask with a central hole of 15 mm in diameter. For the purposes

f removing the SC by tape-stripping, 20 pieces of adhesive tape
Cristall-klar Tesa, Beiersdorf AG, Hamburg, Germany) were used.
he tape-strips were of a sufficient size to cover the hole, i.e. the
rea of the skin intended for stripping. In a standardized proce-
ure, each tape-strip, previously weighed, was put onto the skin
nd charged for 10 s with a weight of 2 kg. Afterwards the tape-
trips were rapidly removed with forceps and weighed. Using Eq.
1) the weight of each SC layer was used to calculate the thickness
f each SC layer (Michel et al., 1992):

= d

a · p
(1)

here T is the thickness of removed SC (�m), d is the difference

n the weight of tape-strips before and after stripping (�g), a is
he stripping area (�m2), and p is the density of SC (10−6 �g/�m3).
sing this equation the cumulative SC thickness could be estimated.

Due to analytical saving reasons, the stripped tapes were col-
ected in vials according the following scheme: vial 1 = strip 1, vial
l of Pharmaceutics 384 (2010) 100–108 103

2 = strip 2–3, vial 3 = strips 4–5, vial 4 = strips 6–8, vial 5 = strips
9–12, vial 6 = 13–16, and vial 7 = 17–20.

2.4.4. Cryo-sectioning of deeper layers of the skin
After tape-stripping the skin was frozen in liquid nitrogen

and a disc of 10 mm diameter was punched out of the stripped
area. The skin disc was mounted with Tissue-tec O.C.T.® (Sakura
Finetechnical, Tokyo, Japan) onto a metal sample holder, which was
transferred into the cryomicrotome (Reichert-Jung 2800 Frigocut,
Leica Instruments GmbH, Nussloch, Germany). The skin was cut
parallel to the surface into 25 �m thick layers. The skin sheets were
put together in the following scheme: vial 1 = incomplete cuts, vial
2 = 10 �m × 25 �m complete cuts, vial 3 = 10 �m × 25 �m complete
cuts, and vial 4 = skin rest. Vials were weighed before collecting
skin cuts and afterwards. The mean value of the thickness per mg
(�m/mg) was calculated using Eq. (2):

mean thickness per mg (�m/mg) =
∑

thickness of the cuts
weight of the cuts

(2)

Knowing the mean value of the thickness per mg (�m/mg) and the
weight of the incomplete cuts and the skin rest, the thickness of the
incomplete cuts and the skin rest can be calculated.

2.4.5. HPLC assay of mTHPC in the skin samples
For the extraction of mTHPC from the samples methanol was

used. The tape-strips were extracted with 3 ml methanol and the
skin cuts with 1 ml methanol. The samples were shaken for 4 h
at 60 ◦C under light protection. After that, 1–2 ml of the sample
was centrifuged for 10 min at 13,000 rpm (Eppendorf miniSpin,
Eppendorf AG, Hamburg, Germany). The supernatant was analyzed
afterwards for the mTHPC-content by HPLC. The samples removed
from the acceptor compartment after 6 h incubation time, were
analyzed by HPLC directly. The HPLC system consisted of the sol-
vent module “System Gold 126” (Beckman Coulter), autosampler
“Triathlon” (Spark), fluorescence detector “RF-10A XL” (Shamdzu)
with SS420x interface set for excitation wavelength at 410 nm
and for emission wavelength at 654 nm, online degasser (ERC3415
alpha, ERC), column thermostat Jet-Stream Plus set at 30 ◦C (Ther-
motechnic Products), column LiChroCART250-4 with Purospher
STAR RP-18 endcapped and guard column LiChroCART4-4 with
Purospher STAR RP-18e endcapped (Merck). The mobile phase was
composed of acetonitrile: 0.1% trifluoroacetic acid (TFA) in water
(57.5:42.5, v/v) and the flow rate was set at 1 ml/min. The reten-
tion time for mTHPC was about 10 min and the injection volume
was 50 �l. The measuring range was from 0.25 pg/�l to 100 pg/�l
(r = 0.9998) and the detection limit 0.05 pg/�l. The software used
was 32 Karat Software, Version 5.0, Build 1021 (Beckman Coulter).
The tissue concentration of mTHPC was determined from a cali-
bration curve constructed by plotting the peak height of mTHPC
standard solutions. The calibration was linear within this range.

2.5. Statistical analysis

All measurements in the study were performed in triplicate and
reported data present mean values ± S.D. Statistical analysis was
carried out using the Student’s t-test. A p < 0.05 was considered
statistically significant.

3. Results and discussion

3.1. Physical characterization of liposome dispersions
3.1.1. Particle size, size distribution and zeta potential of
liposomes

The particle size analysis revealed that the size of all investigated
vesicles was in the range of 88.40 ± 0.20 nm to 97.34 ± 0.12 nm
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Table 2
Characterization parameters of different mTHPC-liposome formulations.

Liposome dispersion Particle size (nm) Polydispersity index Zeta potential (mV)

Conventional liposomes 88.40 ± 0.20 0.073 ± 0.015 −2.99 ± 0.52
Neutral flexosomes 97.34 ± 0.12 0.062 ± 0.004 −5.50 ± 0.32
Cationic flexosomes 96.00 ± 0.17 0.129 ± 0.005 39.10 ± 0.78
Anionic flexosomes 94.12 ± 0.20 0.264 ± 0.017 −39.28 ± 1.06

F d flexible liposomes. (a) Conventional liposomes, (b) neutral flexosomes, (c) anionic flex-
o dium length arrows represent bilamellar vesicles and long arrows represent oligolamellar
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ig. 2. Cryo-electron microscopy of mTHPC-loaded conventional and surface-charge
somes, and (d) cationic flexosomes. Short arrows represent unilamellar vesicles, me
esicles.

Table 2), indicating that vesicles were of a small size. Small par-
icle size is a highly desirable property of vesicles, since it was
hown that by decreasing the vesicles’ particle size, the penetration
f encapsulated drugs into deeper skin layers increases (Verma et
l., 2003a). In addition, there was no marked difference in the parti-
le size between the differently surface-charged flexible liposomes,
.e. the incorporation of dicetyl phosphate (DCP) and stearylamine
SA) into the flexosomes’ bilayers did not have an influence on the
article size. However, the incorporation of polysorbate 20 into
onventional phosphatidylcholine (PC) vesicles in order to obtain
eutral flexible vesicles had an influence on the particle size, i.e.
olysorbate 20 increased slightly the vesicles’ particle size. The
olydispersity index (PDI) of the investigated vesicles had values
rom 0.062 ± 0.004 (high homogeneity) to 0.264 ± 0.017 (lower,
ut acceptable homogeneity, since PDI < 0.3), indicating homoge-
ous populations of vesicles (Table 2). Conventional liposomes and
eutral flexosomes possessed smaller PDI values than the surface-
harged flexosomes (i.e. cationic and anionic flexosomes). Hence,
he incorporation of surface charged lipids (SA and especially DCP)
nto the flexosomes decreased their homogeneity. However, as

entioned before, the homogeneity of all vesicles was satisfactory.
Regarding the zeta potential, conventional liposomes and neu-

ral flexosomes possessed only a small negative surface charge and
ere therefore considered as neutral. Cationic flexosomes pos-

essed a high positive surface charge, while anionic flexosomes
ossessed a high negative surface charge. The absolute values of
he zeta potential of cationic and anionic flexible liposomes were
lmost the same. SA and DCP were mixed with PC at the same molar
atio of 1:9 in order to obtain vesicles of similar absolute value of
eta potential, but of opposite charge. In this way the influence of
esicles’ surface charge on the penetration of the incorporated drug
ould investigated.

.1.2. Shape and type of liposomes
Cryo-electron microscopy was used to study the vesicles’ shape

nd lamellarity of different vesicle dispersions. Vesicles of conven-
ional liposome dispersion seemed to be mostly unilamellar and of a
pherical shape (Fig. 2a, short arrows). However, bilamellar (Fig. 2a,
edium length arrows) and oligolamellar (Fig. 2a, long arrow) vesi-
les were also seen in the dispersion. Vesicles of the neutral, cationic
nd anionic flexosome dispersion were mostly unilamellar and of a
pherical shape (Fig. 2b–d, short arrows), but also bilamellar vesi-
les were seen (Fig. 2c and d). Hence, cryo-electron microscopy
id not show structural differences between different vesicles indi-

Fig. 3. Stability study of mTHPC-loaded conventional and surface-charged flexible
liposomes during storage at 4 ◦C. (a) Change of the particle size of vesicles. (b) Change
of the PDI of vesicles. (c) Change of the mTHPC-content in the different vesicles. Each
data point represents the mean ± S.D. (n = 3).
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ating that flexibility and surface charge did not have a marked
nfluence on the vesicles’ structure.

.2. Storage stability

The stability of different liposome dispersions was investigated
uring their storage at 4 ◦C. The results of the particle size and poly-
ispersity index (PDI) analysis are represented in Fig. 3a and b. The
article size values of conventional and flexible liposome disper-
ions, except of the anionic flexosomes, did not show any marked
ifferences compared to their initial values after 9 months’ storage
t 4 ◦C. The particle size of anionic flexosomes started to increase
lready in the first month after their preparation, and reached a
alue of 460 nm after only 3 months, which was 490% higher than
ts initial value. The storage of these vesicles was aborted after 3

onths. The PDI values of all vesicles, except of anionic flexosomes,
howed some small fluctuations during the storage time. However,
he PDI values of vesicles did not differ markedly from their initial
alues after 9 months’ storage, indicating that the homogeneity
id not decrease during storage. Only the PDI value of anionic flex-
somes showed an extremely high increase even during the first
onth of storage. In contrast to the other mentioned liposomes,
hich could be considered physically stable during 9 months’ stor-

ge at 4 ◦C, anionic liposomes do not possess a long-term stability,
ndicating the need of preparation just before their application.
his extremely high increase of particle size and PDI of anionic
exosomes can be explained by fusion or aggregation of vesicles.

In order to assess the long-term chemical stability of the inves-
igated different liposomes, it was also necessary to determine
he mTHPC-content in liposome dispersions during their storage
t 4 ◦C for 9 months. The anionic flexosomes were analyzed for
he mTHPC-content only for 3 months, since after that time their
article size and PDI value increased extremely which resulted

n abortion of the further stability investigation. The results of
he mTHPC-determination (Fig. 3c), revealed that mTHPC was sta-
le in all formulations during 9 months’ or 3 months’ storage (in
he case of anionic flexosomes). At the end of the investigation
eriod the mTHPC-content was in all formulations in the range
f 96.22–97.59% of its initial content. The obtained data revealed
hat the mTHPC-content did not show a marked decrease during
torage.
.3. In vitro skin penetration studies

The diffusional barrier of the skin is localized in the stratum
orneum (SC) and prevents entry of molecules greater than 350 Da
Delgado-Charro and Guy, 2001). mTHPC generally penetrates the

able 3
mounts of mTHPC delivered from different formulations to different layers of human s
ifferent formulations.

Formulation SC Deeper skina

[% dose/cm2] [ng/cm2] [% dose/cm2] [ng/cm2]

Conventional
liposomes-control

0.67 ± 0.09 88 ± 9 0.032 ± 0.027 4.12 ± 3.34

Neutral flexosomes 1.53 ± 0.04 221 ± 7 0.038 ± 0.023 5.61 ± 3.45
Cationic flexosomes 1.78 ± 0.20 267 ± 30 0.062 ± 0.016 9.28 ± 2.36
Anionic flexosomes 1.27 ± 0.29 184 ± 34 0.033 ± 0.013 4.78 ± 1.93
Liposomes-control to

invasomesd
0.84 ± 0.12 131 ± 17 0.025 ± 0.017 3.92 ± 2.70

a Deeper skin = viable epidermis and dermis.
b ER1 = mTHPC-amount delivered to the whole skin by flexible liposomes [cumulative %

iposomes used as a control [cumulative % of dose applied/cm2].
c ER2 = mTHPC-amount delivered to the whole skin by flexible liposomes [cumulative %

iposomes used in the study on invasomes as a control [cumulative % of dose applied/cm2

d These conventional liposomes were used as a control (labeled as liposomes 0% ethano
o enable a comparison of flexosomes to invasomes.
mTHPC-formulations onto human abdominal skin (expressed as cumulative % of
dose applied/cm2 ± S.D., n = 3). (a) SC strip profile of mTHPC and (b) Skin depth profile
of mTHPC.

skin very poorly due to its large molecular weight of 680 Da and
extremely high hydrophobicity. Therefore, mTHPC has been till
now applied only intravenously in the photodynamic therapy (PDT)
of skin tumours and other tumours, and there are no topical
mTHPC-formulations on the market. The strategy of using vesicles
is gaining interest to overcome the difficulty related to low skin
penetration of drugs. Flexible mTHPC-loaded liposomes, i.e. flexo-
somes, of different surface charge were developed and investigated
for their penetration enhancing ability. In addition to flexible lipo-
somes also conventional phosphatidylcholine (PC) liposomes were

investigated. Conventional liposomes delivered only 0.66% of the
applied mTHPC-dose to the SC (Table 3 and Fig. 4a). Neutral flex-
osomes delivered a significantly higher (p < 0.05) mTHPC-amount
to the SC compared to conventional liposomes, i.e. they provided
1.53% of the applied mTHPC-dose in the SC (Table 3 and Fig. 4a).

kin after 6 h non-occlusive application (n = 3) and the enhancement ratios (ER) of

SC + deeper skin ER1b ER2c SC Deeper skin

[% dose/cm2] [ng/cm2] [ng/mg tissue] [ng/mg tissue]

0.70 ± 0.12 92 ± 12 – – 82 ± 7 0.044 ± 0.036

1.57 ± 0.05 226 ± 10 2.2 1.8 228 ± 23 0.056 ± 0.033
1.84 ± 0.18 277 ± 28 2.6 2.1 297 ± 30 0.095 ± 0.025
1.29 ± 0.30 189 ± 33 1.9 1.5 223 ± 49 0.054 ± 0.022
0.86 ± 0.13 135 ± 19 1.2 – 145 ± 25 0.042 ± 0.030

of dose applied/cm2]/mTHPC-amount delivered to the whole skin by conventional

of dose applied/cm2]/mTHPC-amount delivered to the whole skin by conventional
].

l) in the study on invasomes (Dragicevic-Curic et al., 2008a) and served in this study
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ence, neutral flexosomes showed a 2.2-fold higher mTHPC-
ccumulation in the SC than conventional liposomes, indicating a
ositive effect of the surfactant presence in the liposomes’ bilay-
rs on the penetration of mTHPC. In order to further enhance the
THPC-penetration, the effect of surface charge of flexosomes on

he drug penetration was investigated. The incorporation of dicetyl
hosphate (DCP) into the flexosomes which resulted in the forma-
ion of negatively charged flexosomes did not further increase the

THPC-penetration into the SC compared to neutral flexosomes.
hese anionic flexosomes delivered 1.27% of the applied mTHPC-
ose to the SC (Table 3 and Fig. 4a), which was less than the amount
elivered by neutral flexosomes, but 1.9-fold higher (p < 0.05) than
he mTHPC-amount provided by conventional liposomes. However,
he incorporation of stearylamine (SA) into flexosomes resulting
n the formation of positively charged flexosomes increased fur-
her the mTHPC-penetration. Cationic flexosomes delivered 1.78%
f the applied mTHPC-dose to the SC, which was 2.6-fold higher
p < 0.05) than the mTHPC-amount provided by conventional lipo-
omes (Table 3 and Fig. 4a). The mTHPC-amount delivered by
ationic flexosomes was even higher than the amount delivered
y neutral and negatively charged flexosomes. This finding was in
greement with the findings of other authors (Manosroi et al., 2004;
ong and Kim, 2006).

Summarizing, the SC deposition of mTHPC decreased in the
ollowing order: cationic flexosomes > neutral flexosomes > anionic
exosomes > conventional liposomes.

The skin depth profile of mTHPC (Table 3 and Fig. 4b) was almost
he same as the SC strip profile, i.e. cationic flexosomes provided
he highest accumulation of mTHPC in the deeper skin layers, fol-
owed by neutral flexosomes and anionic flexosomes. The smallest
mount of mTHPC was delivered to the deeper skin layers by con-
entional liposomes.

The highest total penetration enhancing effect was ascribed
o cationic flexosomes, since they delivered the highest mTHPC-
mount to the whole skin (expressed as cumulative % of the dose
pplied/cm2 or cumulative absolute amount ng/cm2), which was
hown by the highest enhancement ratio (ER1) (Table 3). As to the
ermeation through skin, mTHPC was not found in the acceptor
ompartment regardless of the applied vesicle formulation, indi-
ating no risk of systemic side-effects (i.e. photosensitivity).

Regarding the effect of surface charge of liposomes on the
rug penetration, the results obtained are in agreement with
hose of Katahira et al. (1999) and Montenegro et al. (1996), who
ound that the skin permeation of drugs incorporated in positively
harged liposomes was higher compared to negatively charged
iposomes. Since it was suggested that the skin could act as a neg-
tively charged membrane (Burnette and Ongpipattanakul, 1987),
he aforementioned authors support the theory that the positive
harges on the surface of liposomes could bind to negative charges
f the SC enhancing the drug penetration/permeation through the
kin. In addition, Puglia et al. (2005) showed that neutral and neg-
tively charged liposomes enabled a higher sustained release of
he drug with respect to positively charged liposomes. They pro-
osed that the electrostatic interaction between the negatively
harged skin surface and the positively charged liposomes could
romote the drug permeation and its consequent rapid depletion
y the bloodstream in the vascularized section of the skin. Since
ur results are in agreement with the aforementioned findings, we
upport their theory that probably positive charges on the surface
f cationic liposomes could bind to negative charges of the SC lead-
ng to an enhanced drug penetration into/through the skin. Song

nd Kim, 2006 demonstrated in vitro and in vivo a higher drug pen-
tration from positively charged flexible liposomes compared to
eutral and negatively charged flexible liposomes. On the contrary,
giso et al. (2001) observed higher drug permeation from nega-

ively charged liposomes. However, it should be outlined that the
l of Pharmaceutics 384 (2010) 100–108

effect of the inclusion of surface charged phospholipids into flex-
osomes on the drug penetration was smaller in comparison to the
effect of the incorporation of the surfactant polysorbate 20 into con-
ventional liposomes. The difference in the penetration enhancing
ability between differently surface charged flexosomes was not as
pronounced as between flexosomes and conventional liposomes,
i.e. the addition of polysorbate to conventional liposomes showed
a higher impact on the penetration enhancing ability of vesicles.
The higher penetration enhancing ability of deformable vesicles
compared to conventional liposomes is in accordance with the
findings of other authors (El Maghraby et al., 1999, 2001; Trotta
et al., 2002; Honeywell-Nguyen et al., 2003; Jain et al., 2003a, b,
2004; Mishra et al., 2007), who also demonstrated the superior-
ity of deformable liposomes. The mechanism of the penetration
enhancing ability of deformable vesicles was in detail investigated
by Cevc (2004), who introduced the first passive, drug concentra-
tion insensitive vesicular system for non-diffusive transcutaneous
drug delivery, the so-called Transfersomes® (Cevc, 1995). Due to
the inclusion of membrane softeners (bile salts or polyoxyethy-
lene surfactants) into the PC membrane, these vesicles possess
high adaptability, allowing the vesicles to adjust their shape to
fit into pores smaller than their size, and surface hydrophilicity
(Cevc and Gebauer, 2003; Cevc, 2004), which makes such vesicles
capable to cross the skin (acting as a nano-porous membrane) fol-
lowing the hydration gradient across the skin. According to Cevc
(2004), after the non-occlusive application of the aqueous vesi-
cle dispersion onto the skin, water starts to evaporate and when
the vesicles reach their solubility limit, their very deformable and
hydrophilic aggregates start to experience an attractive hydration
gradient (“hydrational driving force” or hydrotaxis) across the skin
barrier. This allows the vesicles to be “pulled” from the relatively
dry skin surface through the stratum corneum into relatively water-
rich viable skin regions (Cevc et al., 2003). The process continues
until the vesicles reach the water-rich viable epidermis, where the
osmotic “pull” ceases (Schätzlein and Cevc, 1998). The vesicles’
bulkiness hampers further vesicle motion, as the vesicles’ concen-
tration gradient and their diffusivity are comparably small in a
living tissue (Cevc, 2004).

The intention of this study was not to investigate the mech-
anism of the penetration enhancing ability of flexible vesicles.
However, since our vesicles are composed of soya PC and contain
a polyoxyethylene surfactant as in the case of deformable vesicles
investigated by Cevc et al. (2008a,b), we support the theory of Cevc
(2004). This concept of hydration-driven transcutaneous transport
proposed already in 1992 (Cevc and Blume, 1992) was later con-
firmed by others (El Maghraby et al., 1999; Honeywell-Nguyen et
al., 2003).

Flexosomes used in this study could also have been compared
to invasomes investigated in our previous study (Dragicevic-Curic
et al., 2008a), since in this study also conventional liposomes
(liposomes-control to invasomes), used as a control in the inva-
somes’ study, were prepared and tested (Table 3). From the
data represented in Table 3 and from the study on invasomes
(Dragicevic-Curic et al., 2008a) it can be concluded that cationic
flexosomes were regarding their penetration enhancing ability
comparable with invasomes containing 0.5% (w/w) of the stan-
dard terpene mixture, i.e. they were less efficient than invasomes
containing 1% (w/w) of the terpene mixture.

In addition, the results showed that mTHPC reached upon the
application of all flexosomes doses in the SC and deeper skin layers,
which would be required in the PDT to induce tumour necro-

sis. Namely, it was shown in mice bearing the subcutaneously
(s.c.) located human colorectal carcinoma HT-29 that the required
mTHPC-amount in the s.c. located tumour was between 0.105 and
0.050 ng mTHPC/mg wet tissue weight, depending on the light dose
used in PDT, i.e. the amount decreased with increasing the light
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ose from 10 to 50 J/cm2 (unpublished data from biolitec AG, Ger-
any).

. Conclusion

Neutral and cationic flexosomes appeared to be physically stable
uring storage at 4 ◦C for 9 months in contrast to anionic flexo-
omes. mTHPC could be delivered into the stratum corneum (SC)
nd deeper skin layers in sufficient amounts required for a topi-
al photodynamic therapy (PDT) by dermal application of neutral
nd surface charged flexosomes. Flexosomes provided significantly
nhanced mTHPC-amount in the skin compared to conventional
iposomes. Cationic flexosomes delivered the highest mTHPC-
mount to SC and deeper skin layers. In addition, mTHPC was not
ound in the acceptor compartment regardless of the applied vesicle
ormulation, indicating no risk of systemic side-effects (i.e. photo-
ensitivity).

Hence, cationic flexosomes could be used as an efficient
rug delivery system for the highly hydrophobic photosensitizer
THPC, which would be advantageous for the PDT of cutaneous
alignant (basal-cell carcinoma) or non-malignant diseases (pso-

iasis, acne, etc.).
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