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bstract

Bicelles are discoidal aggregates formed by a flat dimyristoyl-glycero-phosphocholine (DMPC) bilayer, stabilized by a rim of dihexanoyl-
lycero-phosphocholine (DHPC) in water. Given the structure, composition and the dimensions of these aggregates around 10–50 nm diameter,
heir use for topical applications is a promising strategy. This work evaluates the effect of DMPC/DHPC bicelles with molar ratio (2/1) on intact
kin. Biophysical properties of the skin, such as transepidermal water loss (TEWL), elasticity, skin capacitance and irritation were measured in
ealthy skin in vivo. To study the effect of the bicellar systems on the microstructure of the stratum corneum (SC) in vitro, pieces of native tissue
ere treated with the aforementioned bicellar system and evaluated by freeze substitution applied to transmission electron microscopy (FSTEM).
ur results show that bicelles increase the TEWL, the skin elastic parameters and, decrease skin hydration without promoting local signs of
rritation and without affecting the SC lipid microstructure. Thus, a permeabilizing effect of bicelles on the skin takes place possibly due to the
hanges in the phase behaviour of the SC lipids by effect of phospholipids from bicelles.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bicelles are discoidal aggregates constituted by a flat
imyristoyl-glycero-phosphocholine (DMPC) bilayer, stabi-
ized by a rim of dihexanoyl-glycero-phosphocholine (DHPC)
n water (Fig. 1) (Sanders and Landis, 1995; Triba et al., 2005).
he size of these structures is controlled by the molar ratio of

he long/short-chain phospholipid (q) and the total phospholipid
oncentration (cL). This system was developed to solve experi-
ental problems of current membrane models in NMR studies of
rotein characterization, such as low reorientation rates and high
hospholipid packing curvature (Vold et al., 1997). Nowadays,
he use of bicelles is mainly based on their ability to spon-

Abbreviations: Cer, ceramide; DHPC, dihexanoylphosphocholine; DMPC,
imyristoylphosphocholine; FSTEM, freeze-sustitution transmission electron
icroscopy; SC, stratum corneum; TEWL, trans epidermal water loss.
∗ Corresponding author. Tel.: +34 93400 61 00; fax: +34 93204 59 04.

E-mail address: oloesl@cid.csic.es (O. López).
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aneously align in magnetic fields (Marcotte and Auge, 2005;
riba et al., 2005). Due to the presence of a planar core region,
icelles mimic sections of natural membranes. This fact allows
o orient membrane proteins inserted in the bilayer structure and
o study the superficial interactions between proteins and the
hospholipid bilayer (Whiles et al., 2002).

The bilayered structure and dimensions of bicelles, with
iameters in the range of 10–50 nm and thickness about 4–6 nm,
re slightly different from those of liposomes and micelles.
hese two nanostructures have often been used for skin treat-
ent (Muller-Goymann, 2004; Elsayed et al., 2007) although

heir application is debated due to some aspects. Liposomes are
oo large to penetrate into the narrow intercelullar spaces of stra-
um corneum (SC) (Benson, 2005). Concerning the micelles,
he usual presence of surfactant in their composition supposes a

roblem due to the well known irritating effect of these solubilis-
ng agents on the skin (Kartono and Maibach, 2006). In this line,
he use of bicelles for skin treatment may report advantages com-
aring to the use of liposomes and micelles: the size of bicelles is

mailto:oloesl@cid.csic.es
dx.doi.org/10.1016/j.ijpharm.2007.10.012
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ig. 1. Schematic representation of a bicelle showing the planar region,
omposed of long-chain phospholipid, surrounded by a rim of short-chain phos-
holipid.

mall enough for passing through the SC lipid lamellae and their
omposition consists exclusively of lipids. These features open
ew possibilities of applications for this innovative system in
kin research. Due to its bilayered structure, bicelles can be use-
ul as drug carriers through the skin. In addition, these structures
otentially represent a new model for skin lipids studies.

In earlier works we have studied the structure and composi-
ion of the SC (Coderch et al., 2002; López et al., 2001, 2007)
s well as the effect of different nanostructures and molecules,
uch as liposomes with varying compositions, lipid mixtures,
urfactants, organic solvents, etc., on the skin, particularly on
he SC (López et al., 2000a,b, 2002). We have demonstrated
he disturbing effect of surfactants on SC microstructure and on
kin conditions and, inversely, the beneficial effect of structures
ontaining lipids similar to those present in SC. In the present
ork, the effect of bicelles on the SC microstructure and on

he skin biophysical properties is investigated for the first time.
icellar systems combine the necessary requirements for skin
pplications. Since phospholipids may increase the water con-
ent of skin (Betz et al., 2005) the parameters skin hydration
nd elasticity were chosen to estimate the extent of penetration
f the bicelles into skin. Erythema measurements were used to
ndicate the skin tolerance to the bicelles and, transepidermal
ater loss (TEWL) reported on the barrier integrity (Van der
eest et al., 1996). Additionally, freeze-substitution transmis-

ion electron microscopy (FSTEM) was used to evaluate in vitro
he microstructural alterations of SC induced by bicelles.

. Materials and methods

.1. Chemicals

Bicelles were formed by 1,2-dimyristoyl-sn-glycero-3-
hosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-
hosphocholine (DHPC) purchased from Avanti Polar Lipids
Alabaster, Al). The 31P NMR study of bicellar systems required
euterium oxide as internal standard, which was acquired from
igma (St. Louis, MO).

Trypsin and phosphate buffered solution (PBS), needed for
C isolation, were purchased from Sigma Co. The chemicals
or preparing microscopy samples were: ruthenium tetrox-
de (RuO4), lowicryl HM20, glutaraldehyde and cacodylate
uffer which were supplied by Electron Microscopy Sciences

Hatfield, PA, USA), methanol and potassium ferrocyanide
K4Fe(CN)6) provided by Merck, and osmium tetroxide
OsO4) purchased from Pelco International, Redding CA,
SA.

q

w
r
d
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.2. Preparation and characterization of the bicellar system

Taking into account the objective of using bicelles for skin
enetration, the molar ratio q = 2 was chosen to obtain small
ggregates. This molar ratio was previously described for struc-
ures with about 20 nm of diameter (Marcotte and Auge, 2005).
amples were prepared by mixing appropriate amounts of
MPC powder and a DHPC chloroform solution to reach
MPC/DHPC molar ratio, q = 2. After mixing the components,

he chloroform was removed with a rotary evaporator and the
ystems were hydrated with water to reach 20% (w/v) of total
ipid concentration. The sample for 31P NMR was hydrated with
euterium oxide instead of water. Bicellar solutions were pre-
ared by subjecting the sample to several cycles of sonication
nd freezing until sample became transparent (Triba et al., 2005).
he systems were analysed 24 h and 14 days after preparation
y 31P nuclear magnetic resonance (31P NMR), small angle of
-ray scattering (SAXS) and dynamic light scattering (DLS).
dditionally, they were visualized by freeze-fracture electron
icroscopy (FFEM) in order to characterize the morphology

f the aggregates. Samples were maintained under refrigeration
≈4 ◦C) during the 14 days of experiment and the measurements
ere performed at room temperature.

.2.1. 31P-NMR
The NMR spectra were recorded on a Varian System

00 MHz spectrometer equipped with a 5 mm probe at room
emperature. 31P-NMR spectra were recorded at 161.901 MHz
sing a single pulse, quadrature detection, complete phase
ycling of the pulses, and proton decoupling during the sig-
al acquisition. Typical acquisition parameters are as follows:
ulse length of 8.5 �s, recycle delay of 0.5 s, spectral width of
868.1 Hz, and 22 K data size. Spectra were referenced to 85%
hosphoric acid.

.2.2. Small angle X-ray scattering
SAXS measurements were carried out using a Kratky cam-

ra of small angle (M Braun) coupled to a Siemens KF 760
3 KW) generator. Nickel-filtered radiation with wavelength cor-
esponding with the Cu K� line (1.542 Å) was used. The linear
etector was PSD-OED 50 M-Braun, and the temperature con-
roller was a Peltier KPR AP PAAR model. The sample was
nserted between two Mylar sheets with a 1 mm separation. The
AXS curves were smoothed by fitting a degree three polyno-
ial to an increasing number of points as the channel number

ncreases. The fitting software has been designed to guarantee
onstant slopes and fixed peak position. The system uses a line
ollimated beam, therefore, to preserve sharpness, the smoothed
urves were desmeared using the procedure of Singh (Singh et
l., 1993). The SAXS curves are shown as a function of the
cattering vector modulus

= 4π
sin θ (1)
λ

here θ is the scattering angle and λ the wavelength of the
adiation (1.542 Å). The position of the diffraction peaks are
irectly related to the repeat distance of the molecular structure,
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s described by Bragg’s law

d sin θ = nλ (2)

n which n and d are the order of the diffraction peak and the
epeat distance, respectively. In the case of a lamellar structure,
he various peaks are located at equidistant positions, then

n = 2πn

d
(3)

eing qn the position of the nth order reflection.

.2.3. Dynamic light scattering
The hydrodynamic diameter (HD) and polydispersity index

PI) were determined by means of DLS using a Zetasizer Nano
S (Malvern Systems, Southborough, MA). The DLS mea-
ures the Brownian motion of the particles and correlates this
o the particle sizes. The relationship between the size of a par-
icle and its speed due to Brownian motion is defined in the
tokes–Einstein equation:

D = kT

3
πη D (4)

here HD is the hydrodynamic diameter, D is the transla-
ional diffusion coefficient (m2/s), k is the Boltzmann’s constant
1.3806503 × 10−23 m2 kg s−2 k−1), T is the absolute tempera-
ure (K) and η is the viscosity (mPa s).

.2.4. Freeze-fracture electron microscopy
FFEM study was carried out according to the procedure

escribed by Egelhaaf (Egelhaaf et al., 1996). About 1 �L
f suspension was sandwiched between two copper platelets
sing 400-mesh gold grids as spacer. Then the sample was
rozen by plunging in propane at −180 ◦C and fractured at
150 ◦C and 2 × 10−7 mbar in a Balzers BAF 300 freeze-

racturing apparatus (BAL-TEC, Liechtenstein). The replicas
ere obtained by unidirectional shadowing with 2 nm of Pt/C

nd 20 nm of C, and they were floated on distilled water
nd examined in a JEOL 1010 TEM electron microscopy at
0 kV.

.3. In vitro study

.3.1. Stratum corneum isolation
Sections of human fresh skin excised for clinical reasons in

he Department of Dermatology, University Hospital “Principes
e España”, Barcelona, Spain, were placed in water at 65 ◦C
or 4–5 min, and the epidermis was scraped off in sheets. These
heets were placed in 100 ml of 0.5% trypsin in PBS (pH 7.4,
◦C, overnight). The SC pieces were then collected, rinsed in

istilled water, and suspended in a large volume of water. The
ieces were transferred to a round flask with fresh trypsin/PBS
olution and rotated at 100 rpm (25 ◦C, 2 h). Then, the SC pieces
ere washed with distilled water (López et al., 2007) and incu-
ated separately with bicelles and deionised water for 18 h at
oom temperature.
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s
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2
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.3.2. FSTEM experiments
The SC was cut into small ribbons with a size of approx-

mately 2 mm × 1 mm. The ribbons were fixed in 5% (w/v)
lutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2,
nd postfixed in 0.2% (w/v) RuO4 in sodium cacodylate
uffer, pH 6.8 with 0.25% (w/v) potassium ferrocyanide
K4Fe(CN)6). After 1 h, the RuO4 solution was replaced
y fresh RuO4 in order to establish an optimal fixation.
fter rinsing in buffer, the tissue samples were cryofixed
y rapid freezing on a liquid nitrogen-cooled metal mirror
Cryovacublock, Leica) at −196 ◦C prior to freeze substitu-
ion.

The freeze-substitution procedure was carried out in an
FS (Automatic Freeze Substitution) system (Leica). The tis-

ue samples were cryosubstituted at −90 ◦C for 48 h using
00% methanol, containing 1.0% (w/v) osmium tetroxide
OsO4), 0.5% (w/v) uranyl acetate and 3.0% (w/v) glutaralde-
yde. After the 48 h substitution period, the temperature was
aised to −50 ◦C, the samples were washed 3 times in 100%
ethanol, and subsequently the methanol solution was grad-

ally replaced by the embedding medium Lowicryl HM20
100%). This resin was replaced after 24 and 48 h by freshly
ade embedding medium. Finally the samples were trans-

erred to a mould containing Lowicryl, and were incubated
or 48 h at −50 ◦C under UVA-radiation, to allow polymeri-
ation. Ultrathin sections were cut (Ultracut UCT, Leica),
ransferred to formvar-coated grids and examined in a Hitachi
00 transmission electron microscope. For each sample, 10
verviews and approximately 30–40 detail electron micro-
raph were taken (Van den Bergh et al., 1999; López et al.,
002).

.4. In vivo study

.4.1. Study design
Non-invasive biophysical parameters were measured in order

o evaluate the effect of bicelles on the in vivo skin. Intra-
ndividual comparison of three test areas on the volar forearm of
olunteers was carried out. Bicelles, deionised water and con-
rol (non-treated) areas were randomized to the test sites on each
ubject. Considering that bicelles had been prepared with 80%
ater content, deionised water was applied in one of the test

reas to observe the isolated effect of this substance.10 �L of
ample 20% (w/w) and of deionised water were applied daily
ver a period of 10 days on 6 healthy caucasian females (age
5–38) with no visible skin abnormalities. The subjects were
ot allowed to use moisturizers on the lower arm for one week
rior to, and during the days of the experiments. The volunteers
ere accommodated in an air-conditioned room at 21 ± 1 ◦C and
0 ± 5% relative humidity for 15 min before the measurements
ere carried out. The skin properties were measured prior to the

pplication of bicelles, on day 0. From then, measurements were
arried out daily, 24 h after sample application until 1 day after

he last application (day 11). In order to be able to make valuable
tatements on the effect of the bicellar system, the results were
alculated with the following equation (Yilmaz and Borchert,
006):
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hanges in skin property (%) = Qtv

(Q0v − 1)
× 100 (5)

here, Qtv is the mean of the quotients of the measured values
f treated and untreated skin area after application time t of all
olunteers v, and Q0v is the mean of quotients of the measured
alues of treated and untreated skin area before application time
f all volunteers.

.4.2. Transepidermal water loss
The measurement of water evaporation rates with the

ewameter TM 300 (Courage and Khazaka, Electronic GmbH,
ologne, Germany) is based upon diffusion principles in an
pen cylinder system dm/dt = −DAdp/dx (where A represents
he surface in m2, m the water transported in g, t the time in
, D the diffusion constant 0.877 g/m h, p the vapour pressure
f the atmosphere in mmHg and x the distance from the skin
urface to the point of measurement in m) according to Fick’s
aw (Miteva et al., 2006). Measurement values are given in g/m
h.

.4.3. Skin hydration
The experiment of the skin humidity was carried out with a

orneometer 825, which was mounted on a Multi Probe Adapter
PA5 (Courage and Khazaka, Electronic GmbH, Cologne, Ger-
any). The measurement is based in the capacitance method

hat uses the relatively high dielectric constant of water com-
ared to the substances of the skin. Three measurements were
erformed in each testing area at different points of the volar
orearms.

.4.4. Skin elasticity
The measurement of the elastic parameters were performed

sing a Cutometer SEM 575 (Courage and Khazaka Electronic
mbH, Cologne, Germany) based on a suction- and elongation
ethod. The cutometer exhibited deformation-time curves from
hich the following parameters were calculated: Uf, Ur/Ue and
r/Uf. Uf is the maximal skin extension and it is associated
ith skin distensibility. Ue represents the elastic deformation or

mmediate extensibility and Ur corresponds to the elastic imme-
iate recovery or tonicity. The relative parameter Ur/Ue reflects
he net elasticity of the skin without viscous deformation and
he Ur/Uf represents the biological elasticity, i.e. the ratio of
mmediate retraction to total extension. Absolute parameters are
nfluenced by skin thickness, whereas relative parameters are not
nd, thus, can be compared without preliminary standardization
o skin thickness (Seok Yoon et al., 2002; Holzer et al., 2005;
azin and Fanchon, 2006).

.4.5. Erythema and skin irritation
Ocular inspection of the test areas were daily performed and

ny kind of change in skin surface was recorded. The patho-

ogical parameter erythema, was measured photometrically by

Mexameter 18 (Courage and Khazaka Elecrocnic Gmbh,
olorgne, Germany) based on remission principle. A receiver
easures the light reflected by the skin. The erythema index

o
b
t
s
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as calculated by the instrument according to the equation:

I =
(

500

log 5

) (
log

(
red-reflection

green-reflection

)
+ log 5

)
(6)

ach measurement was performed in triplicate on different
oints of the volar forearms.

.4.6. Data treatment
The mean values and standard deviations (S.D.) were cal-

ulated and presented in column graphics with error bars. The
esults were doubly evaluated as a percentage of modification
espect to the basal (initial value) and control zones. The mean
f the initial values of skin before treatment is represented in the
y” axis of the graphics as the 100% value.

The Dixon’s test was used for detecting outliers, which were
xcluded from the data. The ANOVA variance analysis was used
o determine significant differences between values obtained
rom different treatments (significance level accepted, *p < 0.05)
sing the Statgraphics® program.

. Results

.1. Evaluation of the bicellar system: 31P NMR, SAXS,
LS and FFEM

Fig. 2 shows the 31P NMR spectra for DMPC/DHPC bicelles
4 h (2A) and 14 days (2B) after preparation. A doublet is
bserved with peaks around −0.754 and −0.927 ppm (2A) and
0.764 and −0.935 ppm (2B), in addition to the reference peak

ited at 0.000 ppm. This spectral appearance was previously
eported by others authors for small disks in rapid rotation (Triba
t al., 2005). The reproducibility of the bicelles characteristic
esonances in the spectrum of 24 h and 14 days (Fig. 2A and
) indicates good structural stability of the sample for at least 2
eeks. Fig. 3 plots the SAXS curve of bicelles 24 h after prepa-

ation. No difference was detected between this scattering curve
nd the one corresponding to 14 days after preparation (data
ot shown). This fact also corroborates the stability of the sys-
em. The lamellar repeated distance d was estimated from the
nalysis of the peak by the Bragg’s law and was attributed to
he bilayer thickness in a similar way that studies with lipo-
omes and other bilayer models (Singh et al., 1993). A repeat
istance value of d = 4.5 nm was obtained in both spectra (24 h
nd 14 days after preparation) suggesting that no alteration in
he bilayer occurred during the 14 days of experiment. The size
istributions curves obtained by DLS exhibited a monomodal
istribution with a HD of 15.9 nm and PI of 0.211, 24 h after
reparation. Values for the same sample 14 days after prepara-
ion resulted very similar: HD = 16.3 nm and PI = 0.303. The HD
btained by DLS is that of a hypothetical hard sphere that dif-
uses with the same speed as the particle under experiment. As
he bicelles present a flat appearance, the values of particle size
btained with this technique can be considered as an estimation

f the structure’s dimension. The particle size values obtained
y this technique show quite good agreement with the struc-
ure sizes visualized by FFEM (Fig. 4). The micrograph shows
tructures with sizes around 20 nm in which a discoidal shape
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Fig. 2. 31P NMR spectra for DMPC/DHPC bicelles 24 h (A) and 14 days (B)
after preparation.

Fig. 3. Small angle X-ray scattering (SAXS) curve of bicelles 24 h after prepa-
ration.
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ig. 4. FFEM micrograph of DMPC/DHPC q = 2 bicelles. The image depicts a
one full of bicelles. Black arrows denote disks viewed face-on and white arrows
enote disks viewed edge-on.

s observed. Face (black arrows) and the edges (white arrows)
reas are clearly visualized. Similar structures were reported
y other authors using other electron microscopy techniques
Glover et al., 2001; Arnold et al., 2002; vam Dam et al., 2004,
006).

In resume, the physicochemical characterization of the bicel-
ar system indicates structural stability at least for 14 days after
reparation, which guarantees the integrity of the samples during
he in vivo experiment.

.2. Structure of native and treated SC with DMPC/DHPC
icelles: FSTEM

FSTEM allow us to accurately visualize the SC tissue.
ig. 5 shows native SC, previously to the treatment with the
icellar system. The pictures show that RuO4 fixation is lim-
ted to a maximum of 6–10 cell layers from the skin surface
ownwards. Therefore, some skin bilayers in lower parts of
he SC cannot be visualized and consequently intercellular
paces appear as “empty”. Fig. 5A and B clearly show skin
orneocytes (C), flattened cells characterized by the absence
f cell organelles and the presence of electron dense ker-
tin filaments. In the intercellular spaces, lipid bilayers (L)
nd corneosomes (CD) (SC desmosomes representing contact
reas between adjacent corneocytes) are visualized. In Fig. 5A,
n overview of the SC is shown, whereas Fig. 5B depicts
n enhanced micrograph of the intercellular lipids (L) and
orneosomes (CD) from native SC. Micrograph from Fig. 6
how low (A) and high (B) magnifications of SC sections
fter treatment with bicelles. In a similar way that native
ample, the SC treated with bicelles showed corneocytes, cor-
eosomes and, in the intercellular spaces, the lipid lamellae
ere also clearly visualized. No microstructural differences

ere visualized on SC treated with bicelles in comparison to

he non-treated SC. These findings indicate that no apparent
amage was produced on the SC microstructure by the effect of
icelles.
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Fig. 5. FSTEM micrograph of native SC. Picture A: overview. Picture B:
enhanced area in which lamellar strucutre is visualized. Symbols: corneocytes
(C), lipids (L) and corneodesmosomes (CD).

Fig. 6. FSTEM micrograph of SC after incubation with bicelles. Picture A:
overview. Picture B: enhanced area in which lamellar strucutre is visualized.
Symbols: corneocytes (C), lipids (L) and corneodesmosomes (CD).

Fig. 7. Variation of relative TEWL values during the treatment period for con-
trol and treated areas. Changes were doubly evaluated versus basal and control
v
b
r
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F
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alues. (*p < 0.05, significance is evaluated using ANOVA variance analyses
etween each percentage results and their corresponding control percentage
esults.)

.3. In vivo experiments: biophysical measurements

Fig. 7 shows that consecutive application of bicelles on the
kin promotes an increase of 47.2% in TEWL from days 0 to
1. The average values evolve sequentially after every measure-
ent, except at day 7, in which a considerably increase of values

s observed. Taking into account that the peak for the water
one in this specific day also increased in similar amplitude,
e can consider this event as external from the experiment,
ossibly instrumental or environmental-related. In our experi-
ent the maximum TEWL absolute value was 17 g/m2/h (only

etected for one of the volunteers in the last day of measurement)
nd the means in whatever case were always below 10 g/m2/h.
EWL values associated to damaged skin of volar forearm

ave been described in the range of 25–40 g/m2/h (Branco et
l., 2005; Kim et al., 2006). Hence, although the experiment
ndicates that application of bicelles on SC induces an increase

ig. 8. Changes in the skin hydration measured as relative variations in the
lectrical capacitance during the treatment period for control and treated areas.
hanges were doubly evaluated versus basal and control values. (*p < 0.05, sig-
ificance is evaluated using ANOVA variance analysis between each percentage
esults and their corresponding control percentage results.)
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Table 1
Mean absolute values and standard deviation (S.D.) corresponding to the elastic
biomechanical parameters Uf, Ur/Ue and Ur/Uf before (day 1) and after (day
11) treatment in test area (treated with bicelles) and control areas (non-treated
area)

Test areas Control areas

Day 1 Day 11 Day 1 Day 11

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

Uf 0.240 0.03 0.230 0.04 0.270 0.06 0.260 0.03
U
U
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r/Ue 0.805 0.33 0.842 0.08 1.002 0.14 0.908 0.22
r/Uf 0.637 0.18 0.664 0.03 0.734 0.13 0.677 0.17

.D.: standard deviation.

f the TEWL, the values detected never reached pathological
evels.

Changes in the skin hydration measured as variations in the
lectrical capacitance are plotted in Fig. 8. It is shown that appli-
ation of bicelles decreased sequentially the skin capacitance.

pronounced fluctuation at day 10, i.e. after the 7th of appli-
ation is observed. The skin capacitance decreases to be further
ecovered at day 11. Since data obtained for the water zone did
ot show the same tendency, this fluctuation could be related
o some inter-individual variation. The initial (before the first
pplication) mean value of capacitance was 35.4 a.u., and the
ean value in the last day of experiment was 26.07 a.u. indicat-

ng a decrease about 26% of this parameter by effect of bicelles
reatment.

Biomechanical parameters Uf, Ur/Ue and Ur/Uf were also
easured. The relative percentages of these parameters showed

light differences between the areas treated with bicelles and the
ontrol areas. Table 1 shows the mean absolute values and the
tandard deviation (S.D.) obtained before (day 1) and after treat-
ent (day 11) in test area (treated with bicelles) and in control
reas (non-treated areas). It is shown that values of Uf decreases
rom 0.24 (before bicelle treatment) to 0.23 (after bicelle treat-
ent). However, this decrease is not significant given that control

reas also indicated a decrease from 0.27 to 0.26 during the

ig. 9. Variation of relative erythema index values during the treatment period
or control and treated areas. Changes were doubly evaluated versus basal and
ontrol values. (*p < 0.05, significance is evaluated using ANOVA variance anal-
ses between each percentage results and their corresponding control percentage
esults).
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ame period. A slight increase of Ur/Ue and Ur/Uf parameters in
reas treated with bicelles is also observed. Interestingly, control
reas show decrease in these parameters indicating that values
btained for test areas could be even more pronounced.

Ocular inspections of the treated areas did not report any
rritant effect of bicelles and no volunteer perceived irritation
r annoyances in the test zones. Additionally, the erythema
ndex was evaluated photometrically using the Mexameter. The
ercentage changes in the erythema considering inter- and intra-
ndividual variability in areas treated with bicelles or with water
re plotted on Fig. 9. The maximum change in this param-
ter was detected on day 8 and resulted on an increase of
.5% which is not indicative of an irritation process (Holm et
l., 2006). Besides, this percentage decreased in the follow-
ng days of treatment with bicelles. Thus, the results report
o evidence for any irritant effect of bicellar systems on the
kin.

. Discussion

Bicellar systems formed with high DHPC proportions (typ-
cally q ≤ 2.5) have been described as small isotropic disks
Whiles et al., 2002). In these systems the DMPC is orga-
ized as a flat bilayer while the DHPC is mainly located in
he edges of the structures (Triba et al., 2005). The typical
1P NMR spectrum of systems with these characteristics is
omposed by a low field doublet near −1.000 ppm (Marcotte
nd Auge, 2005), which reflects slightly different environ-
ents of the DMPC and DHPC on the bicelle structure. Our

pectra (Fig. 2A and B) accurately reproduce this descrip-
ion indicating the presence of small bicelle disks in the
ample solution. In addition, SAXS and DLS experiments
eported dimensions for these disks (16 nm diameter and 4.5 nm
hickness, approximately) that are consistent with the FFEM

icrograph and with the data published by other authors (Vold
nd Prosser, 1996). The shape of broad maximum in the
AXS curves is similar to that observed for unilamellar lipo-
omes (Bouwstra et al., 1993), suggesting the non-stacking
rganization of bicelles, as it could be expected from an
sotropic discoidal system. Besides, the d-spacing value 4.5 nm,
ssociated to bilayer thickness, is in accordance with results
rom Kucerda, obtained with DMPC vesicles (Kucerka et al.,
004).

Considering the structure of SC, corneocytes embedded on
lipid matrix formed by lipid lamellae with very narrow inter-

amellar spaces (Coderch et al., 2002), the pass of small bicelles
hrough the lipid region seems reasonable. This fact is interest-
ng given that other lipid vehicles used for topical applications
ave bigger dimensions and, such a thing difficult their pass
hrough the SC (Benson, 2005). Thus, taking into account the
tructural data obtained with the above mentioned techniques,
he bicellar system used in this study has the appropriate size
o reach internal structures of this tissue. In spite of this pos-

ibility, FSTEM images from SC before and after incubation
ith bicelles did not show differences, which seems to indicate

hat bicelles could interact with SC lipids apparently without
romoting microstructural modifications.
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Given that experimental conditions in vivo and in vitro
re different, the comparison of the effect of bicelles on skin
arameters in vivo with the microstructural events observed
n vitro has to be done carefully. The in vivo experiment was
rganized sequentially and the effects were observed after a
rotocol of consecutive applications. On the other hand, the
n vitro experiment of microscopy was based on an inten-
ive treatment designed for maximize the possible effect of
icelles on the microstructure, for this reason the treatment
onsisted in an overnight (18 h) incubation. The SC area
xamined by microscopy consists of a tiny section that prob-
bly do not accurately represent inter- and intra-variability
f the whole skin in vivo. However, no apparent modifica-
ion in the SC lipid structure was observed after the intensive
ncubation with bicelles. This fact allows us to assume with
ertain reliability the preservation of the lipid structure of
he in vivo treated skin. The skin irritation experiment cor-
oborates this affirmation by reporting no irritating effect of
icelles on the skin. Thus, the modifications observed on
kin parameters in the volunteers by treatment with bicelles
re probably not related to a microstructural damage on the
C.

The incorporation of the phospholipids from bicelles into SC
ipid lamellae could induce the transition of the lipid lamellar
tructures of the skin from gel state to liquid crystalline, promot-
ng increase in skin permeability and consequent increase in the
EWL. This argument is understood considering the transition

emperature (Tm) of SC lipids, about 37 ◦C (Gay et al., 1994),
nd that for phospholipids forming bicelles, about 23 ◦C (Koan
nd Blanchard, 2006). At this regard, bicelles could have simi-
ar effect as penetration enhancers such as azone and oleic acid,
hich cause phase transformations in the lipid domains that may
e relevant in the context of skin permeation (El Maghraby et al.,
005). In comparison to these enhancers, bicelles would have
he additional advantage of not promoting signs of skin irrita-
ion (Kanikkannan and Singh, 2002). Another explanation for
he increase of the TEWL could be a possible DHPC surfactant-
ike effect. The DHPC is a short-chain phospholipid that forms

icelles in water. Due to these characteristics, the DHPC can
e mixed with phospholipid bilayers forming bicelles. Similar
ffect could be produced on the SC lipids. DHPC would be incor-
orated in the lipid matrix giving rise to structural modifications
n the lipid bilayers promoting alterations on the evaporation
ates.

From the literature and our own experience many factors are
nown to influence in vivo skin biophysical parameters. These
actors are either instrument related, environmental related or
ndividual related (Pinnagoda et al., 1990). Among these fac-
ors the high inter-individual variations seen in the measured
alues of untreated skin play an important role (Pinnagoda
t al., 1989). Due to these high inter-individual variations,
omparisons between absolute values measured on different
est subjects are highly problematic. Therefore we decided to

ompare mainly percentage changes in the skin parameters.
evertheless, mean of absolute values allows estimating the

xtension of the effects of bicelles in some cases and, for this
eason these values are also discussed.

t
p
l
w
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TEWL is a well-established method for characterizing the
ntegrity of the skin barrier function. Our results showed an
ncrease in TEWL after treatment with bicelles that is often
ndicative of the disturbance of this protective barrier. However,
iven that absolute TEWL values remained hardly below those
eported for impaired skin, the damage in the barrier function by
ffect of bicelles was discarded. Given that TEWL is a measure-
ent of the rate of water lost through the skin, determination

f this parameter is also useful to estimate the ability of the
kin to retain moisture. Thus, in some cases, the increase of
EWL correlates with the decrease of water content of the skin.
his fact would explain the reduced capacitance values detected

n our results when TEWL increases. Diminishing hydration
nd water content are usually related with lost of skin elastic-
ty and risks of cracking. It is noteworthy, however, that these
onsequences on the elastic properties were not observed after
reatment with bicelles. In fact, elasticity measurements showed
slight improvement of the net and biological elasticity of the

kin. Explanation of this lack of correlation could be that the
orneometer registers the electrical capacitance of the skin sur-
ace and depicts changes of hydration to a depth of 0.1 mm (Kim
t al., 2002). It is reasonably to assume that deeper layers retain
ater enough to preserve the elastic skin behaviour. Regarding

hese elasticity parameters, Uf gives information about firm-
ess of the skin and Ur/Ue and Ur/Uf stand for the net and
iological elasticity, respectively (Wissing and Müller, 2003).
t is necessary to consider that the skin is 100% elastic when
r/Ue and Ur/Uf are close to 1 (Wissing and Müller, 2003).
his fact indicates that the skin recovers completely after defor-
ation, specifically when Ur/Uf = 1. In this sense the increase

n the Ur/Ue and Ur/Uf values obtained in our experiments
ndicates that treatment with bicelles positively affected this
kin property. The high values detected for these parameters
ven before treatment with bicelles are indicative that volun-
eers had high initial skin elasticity. Due to the fact that they
ere 27 ± 4 years old, they did not have the so-called “aged”

kin.

. Conclusion

Non-invasive biophysical methods increasingly gain in
mportance in order to prove the efficacy and safety of new
ystems for topical application. In the present work, some of
hese methods were used to evaluate the effect of bicellar sys-
ems on skin properties. Our results indicate that bicelles formed
y DMPC/DHPC at q = 2 and total lipid concentration cL = 20%
ncrease skin permeation, elastic parameters, and decrease skin
ydration without affecting SC lipid microstructure and without
romoting erythema or visual signs of irritation. This increase
n the permeability could be related with an alteration in the
hase behaviour of SC lipids by effect of phospholipids from
icelles. All in all, bicelles should be considered as new nanos-
ructures with promising applications as drug carriers through

he skin. These systems could have an enhancer effect on skin
ermeability and could incorporate different compounds in their
ipid structure, questions that should be investigated in future
orks.
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ópez, O., Cócera, M., Coderch, L., Parra, J.L., de la Maza, A., 2002. Recon-
stitution of liposomes inside the intercellular lipid domain of the stratum
corneum. Langmuir 18, 7002–7008.
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