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a b s t r a c t

The optical activity of transdermal permeation enhancers is one of the crucial factors for the enhancement
of drug permeation via the skin. We investigated the effects of optically active menthols on a lipid bilayer
model composed of ceramide 5, cholesterol, and palmitic acid. We first examined the fluidizing effects
of l- and d-menthols on the lipid bilayers. The fluorescence anisotropy and thermodynamic parameters,
such as the transition temperature and transition enthalpy, were significantly reduced by treatment
with the optically active menthols. The effects of d-menthol were stronger than those of l-menthol.
To discuss further, we also performed a detergent insolubility study and measured wide angle X-ray
scattering. The amount of liquid-ordered phase membranes in the bilayers was significantly reduced by
tratum corneum

ynchrotron X-ray scattering
enthol

eramide
ptical activity

treatment with d-menthol. Whereas, l-menthol did not affected to the liquid-ordered phase membranes.
The apparent ratio of orthorhombic hydrocarbon chain packing was substantially reduced by treatment
with l-menthol. Thus, the distinct effects of optically active menthols on lipid bilayers were clarified: l-
menthol acts on orthorhombic hydrocarbon chain packing with high selectivity, whereas d-menthol has
no such specific effect. These findings extend our understanding of the mechanisms by which menthols

ids in
affect the intercellular lip

. Introduction

Transdermal drug delivery systems have potential advantages
ver oral, injection-based, and intravenous drug administration.
hese advantages include convenience, noninvasiveness, and the
voidance of first-pass degradation of the drug or its metabolism in
he gastrointestinal tract or liver. However, drug permeation via the
kin is prevented by the barrier function of the stratum corneum,
he outermost layer of the skin and it has possibility that dosage
s inaccurately in a part of dosage forms. To date, various tech-
iques have been used to promote transdermal drug permeation,

ncluding the use of chemical permeation enhancers (Obata et al.,
993; Nakamura et al., 1996), iontophoresis (Kaliam et al., 2004),

nd microneedles (Prausnitz, 2004). Among these, the use of per-
eation enhancers is thought to be the most efficient strategy for

onvenient and safe transdermal drug delivery systems.

Abbreviations: CER, ceramide; CHOL, cholesterol; DRM, detergent-resistant
embrane; DSC, differential scanning calorimetry; DPH, 1,6-diphenyl-1,3,5-

exatriene; OD, optical density; PA, palmitic acid; SXRS, synchrotron X-ray
cattering; TX-100, Triton X-100; WAXS, wide-angle X-ray scattering.
∗ Corresponding author. Tel.: +81 3 5498 5783; fax: +81 3 5498 5783.

E-mail address: obata@hoshi.ac.jp (Y. Obata).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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the stratum corneum.
© 2010 Elsevier B.V. All rights reserved.

l-Menthol is a well-known and efficient permeation enhancer
(Obata et al., 1993; Amit et al., 2002; Mohammed et al., 2007), and
can enhance the diffusion and/or partition of a drug in the stra-
tum corneum (Barry, 1991). Although the mechanism responsible
for this enhancement effect has not yet been clarified, the fluidiz-
ing effect of l-menthol on the intercellular lipids in the stratum
corneum is thought to be a crucial factor. We previously observed
the strong conformational disorder of the intercellular lipids in
the stratum corneum caused by treatment with l-menthol, using
Fourier transform infrared spectroscopy (Obata et al., 2010). dos
Anjos et al. also reported that terpenes, including l-menthol, dis-
rupted the hydrogen-bond network of the polar head groups in
the intercellular lipids of the stratum corneum, in an electron spin
resonance spectroscopy study (dos Anjos et al., 2007).

It is exceptionally important to understand the effects of l-
menthol on the intercellular lipids of the stratum corneum, in order
for the development of the effective transdermal drug delivery sys-
tems. However, it is very difficult to detect such slight changes in the
stratum corneum because of its complex microstructure, composed
of various lipids.
A simple intercellular lipid model is a useful substitute for the
intercellular lipids in the stratum corneum, because the effect of
pharmaceutical additives on the microstructure of the intercellu-
lar lipid can be detected with a high sensitivity. Many trials using
model membranes have been performed to clarify the structure

dx.doi.org/10.1016/j.ijpharm.2010.09.038
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:obata@hoshi.ac.jp
dx.doi.org/10.1016/j.ijpharm.2010.09.038
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nd function of the intercellular lipids in the stratum corneum
Bouwstra et al., 2002; Narishetty and Panchagnula, 2005; dos
njos and Alonso, 2008; Suhonen et al., 2008; Emmanuella et al.,
009; Watanabe et al., 2009; Groen et al., 2010). Recently, we inves-
igated the membrane properties of lipid bilayers composed of the
ominant lipids in the stratum corneum, ceramide 5 (CER5), choles-
erol (CHOL), and palmitic acid (PA) (Watanabe et al., 2010). With
n analysis using the response surface method incorporating spline
nterpolation and Kohonen’s self-organizing maps, we classified the
ernary lipid bilayers into four distinct clusters with similar mem-
rane properties. We further confirmed that the CER5/CHOL/PA
26.5:13.9:59.6 mol%) bilayers, the typical lipid bilayer of cluster
, has a similar structure to the intrinsic intercellular lipids in the
tratum corneum, using synchrotron X-ray scattering (SXRS) mea-
urements (Watanabe et al., 2010). Consequently, we believe that
ER5/CHOL/PA bilayers are an efficient substitute for the intercellu-

ar lipids of the stratum corneum for estimating the local events in
he intercellular lipids induced by administration of the permeation
nhancers.

In this study, we investigated the effects of l- and d-menthols
n lipid bilayers. Many substances in the human body, such as
roteins and enzymes, are optical isomers, which play important
oles in biological and pharmaceutical activities. To date, several
roups have focused on the involvement of optical activity in trans-
ermal drug delivery. For example, the skin permeation of the
ptically active ketoprofen differs (Kommura et al., 1998). Zhang et
l. reported that the optical activity of limonene affects the lag time
n the transdermal transport of ligustrazine hydrochloride (Zhang
t al., 2006). Based on these reports, it is possible that the fluidizing
ffects of optically active menthols on lipid bilayers will differ. We
ssessed the structural changes in the lipid bilayers induced by l-
nd d-menthols by examining various membrane characteristics.

. Materials and methods

.1. Materials

(2S,3R)-2-(2-Hydroxyhexadecanoyl) aminooctadecane-1,3-
iol (95%) (CER5) was supplied by Takasago International (Tokyo,

apan). CHOL (99%), PA (99%), l- and d-menthols (99%), and
,6-diphenyl-1,3,5-hexatriene (DPH; 98%) were purchased
rom Sigma-Aldrich (St Louis, MO, USA). Isooctylphenoxy-
olyethoxyethanol (Triton X-100 (TX-100); 98%) was purchased
rom GE Healthcare Japan (Tokyo, Japan). All other chemicals used
ere reagent grade.

.2. Preparation of lipid bilayers suspension

CER5/CHOL/PA bilayers were prepared as reported previously
Wertz et al., 1986; Wang et al., 2004). The molar ratio of
ER5/CHOL/PA was 26.5:13.9:59.6 mol%. This is the typical lipid
omposition of cluster 2, which has a similar structure to the inter-
ellular lipids in the stratum corneum (Watanabe et al., 2010).

In brief, the designated amounts of lipid dissolved in chloro-
orm/methanol (2:1) were transferred into a flask by pipette, and
he solvent was removed by evaporation at room temperature
nder a stream of nitrogen. This procedure resulted in the for-
ation of a thin lipid film in the inside wall of the flask. Acetate

uffer (pH 5.0, 10 ml) was added to the flask, and the lipids were

ydrated for 30 min above the phase transition temperature in the
ater bath. The suspension was sonicated for 5 min above the phase

ransition temperature. The CER5/CHOL/PA bilayer suspension was
repared at a total lipid concentration of 10 mM and stored at room
emperature until it was used in the experiments.
Pharmaceutics 402 (2010) 146–152 147

2.3. Fluorescence anisotropy measurements

The CER5/CHOL/PA bilayers were labeled with DPH by the addi-
tion of 10 �l of 10 mM DPH stock solution freshly prepared in
tetrahydrofuran to 1 ml of the liposome suspension and the sub-
sequent incubation of the mixture at 37 ◦C for 2 h in the dark to
complete the reaction. The menthols were then applied to the bilay-
ers by the addition of 750 �l of l- and d-menthol in 40% ethanol
solution to 1 ml of CER5/CHOL/PA bilayers and the incubation of the
sample for 2 h at 37 ◦C. The menthol concentrations were 10, 20, or
30 mol% relative to the amount of lipid, based on the fact that men-
thol uptake into the human stratum corneum is about 100 mg/g
(Mackay et al., 2001).

The fluorescence anisotropy of DPH in the CER5/CHOL/PA
bilayers was measured using a fluorescence spectrophotometer (F-
7000; Hitachi High-Technologies Co., Tokyo, Japan) at an excitation
wavelength of 351 nm and an emission wavelength of 430 nm. Flu-
orescence anisotropy was calculated with the following equation:

A = I0 − G × I90

I0 + 2G × I90
(1)

where A is anisotropy, I0 and I90 are the intensities measured par-
allel and perpendicular to the polarized exciting light, respectively,
and G is the instrumental constant.

2.4. Differential scanning calorimetry (DSC) measurements

The DSC measurements were made with a Thermo plus DSC-
8230 (Rigaku Co., Tokyo, Japan), with first heating scans at a rate
of 10 ◦C/min. After treatment with optically active menthols, the
CER5/CHOL/PA bilayer suspensions were placed in an aluminum
pan (Rigaku Co.). The transition temperatures were determined as
the peaks of the endothermic transition peaks.

2.5. Wide angle X-ray scattering (WAXS) measurements

Wide angle X-ray scattering measurements were carried out at
the Photon Factory BL15A in the High Energy Accelerator Research
Organization (Ibaraki, Japan) and BL40B2 (Structural Biology II
Beamline) at SPring-8 (Hyogo, Japan). The wavelength (�) of the X-
ray beam was about 0.151 nm and the sample-to-detector distances
were about 160 mm for Photon Factory BL15A and 500 mm for
BL40B2 at SPring-8. The reciprocal spacing S = 1/d = (2/�)sin(2�/2)
was calibrated from the lattice spacing of a plumbum stearate crys-
tal at room temperature, where 2� is the scattering angle and d is
the lattice distance. A sample cell containing CER5/CHOL/PA bilay-
ers treated with the optically active menthol was sealed with a
polyimide film and placed in the sample holder of the X-ray diffrac-
tometer. The sample temperature was controlled at 35 ◦C using a
differential scanning calorimeter (FP-99; Mettler-Toledo, Tokyo,
Japan). The apparent ratio of the hexagonal and orthorhombic
hydrocarbon chain packing (RHexa/Ortho) was calculated according
to the following equation, defined previously (Watanabe et al.,
2010):

RHexa/Ortho = (S2.38 − 2 × S2.70)/3
S2.70

(2)

where S2.38 is the integrated intensity of the diffraction peak at
S = 2.38 nm−1, and S2.70 is that of the peak at S = 2.70 nm−1. The
denominator indicates the apparent area of orthorhombic hydro-
carbon chain packing and the numerator indicates the apparent

area of hexagonal hydrocarbon chain packing. S2.70 × 2 is the appar-
ent area derived from orthorhombic hydrocarbon chain packing
in the area of the diffraction peak at S = 2.38 nm−1. When hexag-
onal and orthorhombic hydrocarbon chain packing occur in the
CER5/CHOL/PA bilayers in equivalent amounts, the RHexa/Ortho value
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Fig. 1. Fluorescence anisotropy of the DPH in CER5/CHOL/PA bilayers at 35 ◦C.
Each column represents a mean ± S.D. (n = 3). **P < 0.01 and ***P < 0.001 vs. control
(40% ethanol treated CER5/CHOL/PA bilayers) (Dunnett’s test); ##P < 0.01 vs. sample
treated with l-menthol (Student’s t test).

Fig. 2. DSC thermograms of CER5/CHOL/PA bilayers after treatment with optically
active menthols. Menthols (10 mol%) relative to the total lipid of the bilayers were

the control level of 0.610, as d-menthol increased. In contrast, no
significant effect was observed after treatment with l-menthol.

Table 1
The molar ratios of CER5, CHOL, and PA in DRMs.
48 H. Watanabe et al. / International Jou

s 1. Greater RHexa/Ortho values indicate that hexagonal hydrocarbon
hain packing is dominant in the CER5/CHOL/PA bilayers.

.6. Detergent resistance study

Detergent resistance membranes (DRMs) were extracted
ccording to a previous report, with minor modifications (Wang et
l., 2004). After treatment with menthols, 750 �l of a 10% TX-100
queous solution was added to 1000 �l of CER5/CHOL/PA bilayer
uspension, and the sample was incubated at 25 ◦C for 2 h. The
ample was centrifuged at 15,400 × g for 10 min to separate the
upernatant and pellet. The pellet of DRMs was collected and resus-
ended in an equal volume of fresh acetate buffer (pH 5.0). The
ample was diluted with acetate buffer (pH 5.0), and the optical
ensity (OD) at 400 nm was measured with a spectrophotometer
Ubest-30; Jasco, Tokyo, Japan). The OD at 400 nm of a freshly pre-
ared CER5/CHOL/PA bilayer suspension was also measured, and
his value was used as the initial level. Detergent insolubility was
alculated with the following equation:

etergent insolubility = OD400 nm+TX-100

OD400 nm−TX-100
(3)

here OD400 nm + TX-100 and OD400 nm − TX-100 are the ODs at 400 nm
or the DRMs and CER5/CHOL/PA bilayers, respectively.

The lipid composition of the DRMs extracted from intact
ER5/CHOL/PA bilayers was quantified with the following method.
he amount of CER5 was determined using a high-performance
iquid chromatograph (LC-20AT; Shimadzu Co., Tokyo, Japan)
quipped with a UV/vis detector (PSD-20A; Shimadzu Co.). Chro-
atographic separation was accomplished with an ODS column

150 mm × 4.6 mm; YMC Co., Ltd., Kyoto, Japan) at 40 ◦C. A mobile
hase of 50 mM ammonium acetate in methanol solution was
luted at 1 ml/min. The column effluent was detected at 210 nm.
he calibration curve for the quantification of CER5 was linear over
he range of concentrations of 0.5–5.0 mM with a correlation coeffi-
ient of R2 = 0.989. The DRMs were dissolved in 50 mM ammonium
cetate in methanol solution and 90 �l of the DRM organic solution
as injected. CHOL and PA were determined with the Total Choles-

erol E-Test Wako and NEFA C-Test Wako (Wako Pure Chemical
ndustries, Osaka, Japan), respectively.

.7. Statistical analysis

Each value is expressed as a mean ± S.D. For group comparisons,
ne-way analysis of variance, Student’s t test and Dunnett’s test
ere used. P values of less than 0.05 were considered significant.

. Results

.1. Fluidizing effects of optically active menthols on
ER5/CHOL/PA bilayers

The effects of 10 mol% optically active menthols on membrane
uorescence anisotropy at 35 ◦C are shown in Fig. 1. Treatment with

- and d-menthol significantly reduced the fluorescence anisotropy
alues, indicating the fluidization of the CER5/CHOL/PA bilay-
rs. Treatment with d-menthol induced an especially pronounced,
ose-dependent reduction in the fluorescence anisotropy value.
his reduction represents the fluidization of the CER5/CHOL/PA
ilayers.

Fig. 2 shows the thermograms derived from the DSC measure-

ents. The CER5/CHOL/PA bilayers displayed two endothermic

hase transitions near 58.6 ◦C (first phase transition) and 65.8 ◦C
second phase transition; Fig. 2(a)). The transition enthalpies of
he first and second phase transitions were 2.85 and 4.89 mJ/mg,
espectively. Fig. 3 shows the thermotropic properties calculated
applied to the CER5/CHOL/PA bilayers for 2 h at 37 ◦C. The temperature was scanned
at 10 ◦C/min. (a) Control, 40% ethanol treated CER5/CHOL/PA bilayers; bilayers after
treatment with (b) l- and (c) d-menthols.

from the data of Fig. 2. The temperature of the first phase transition
was shifted to a lower temperature, to 56.7 and 55.9 ◦C by treatment
with 10 mol% l- and d-menthol, respectively (Fig. 3(a)). The transi-
tion enthalpy was reduced to the same extent by treatment with
10 mol% l- and d-menthol, to 0.899 and 1.10 mJ/mg, respectively
(Fig. 3(b)). Only d-menthol significantly reduced the second phase
transition temperature to 63.7 ◦C and the enthalpy to 3.034 mJ/mg.

We then separated the DRMs from the CER5/CHOL/PA bilay-
ers by incubation with TX-100. As shown in Table 1, the molar
ratios of CER5, CHOL, and PA in the DRMs were 40.8 ± 2.8 mol%,
26.5 ± 1.2 mol%, and 32.5 ± 1.6 mol%, respectively. The contents of
CER5 and CHOL in the DRMs were increased almost twofold com-
pared with those in the intact CER5/CHOL/PA bilayers. Fig. 4 shows
the detergent insolubility after treatment with l- and d-menthols.
The detergent insolubility decreased progressively, compared with
CER5 (mol%) CHOL (mol%) PA (mol%)

CER5/CHOL/PA bilayers 26.5 13.9 59.6
DRMs 40.8 ± 2.8 26.5 ± 1.2 32.5 ± 1.6

Each value represents a mean ± S.D. (n = 3).
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chain packing (the RHexa/Ortho values) were calculated (Fig. 6).
The RHexa/Ortho value was significantly increased by treatment
ig. 3. Changes in the thermodynamic parameters of CER5/CHOL/PA bilayers. The p
a and b) and the second peak (c and d) were calculated from the DSC curves shown
s. control (40% ethanol treated CER5/CHOL/PA bilayers) (Dunnett’s test).

.2. Effects of the optical activity of menthols on the hydrocarbon
hain packing of CER5/CHOL/PA bilayers examined by WAXS

The effects of optically active menthols on hydrocarbon chain
acking were investigated using WAXS. Fig. 5 shows the WAXS
rofiles for CER5/CHOL/PA bilayers treated with 10 mol% l- and

-menthol. Two diffraction peaks (S = 2.39 and 2.66 nm−1, corre-
ponding to lateral distances of 0.418 and 0.376 nm, respectively)
ere obtained for the intact CER5/CHOL/PA bilayers. The inte-

rated intensities of the diffraction peaks at S = 2.39 and 2.66 nm−1

ig. 4. Detergent insolubility of CER5/CHOL/PA bilayers. DRMs were extracted from
he CER5/CHOL/PA bilayers by applying TX-100 to the CER5/CHOL/PA bilayer solu-
ion for 2 h at 25 ◦C. Each column represents a mean ± S.D. (n = 3). *P < 0.05, **P < 0.01
nd ***P < 0.001 vs. control (40% ethanol treated CER5/CHOL/PA bilayers) (Dunnett’s
est); #P < 0.05 vs. sample treated with l-menthol (Student’s t test).
transition temperature (a and c) and transition enthalpy (b and d) for the first peak
2. Each column represents a mean ± S.D. (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001

were reduced and their peaks were shifted to lower lattice con-
stants by 10 mol% l- and d-menthol. To clarify the effects of the
optically active menthols on the hydrocarbon chain packing in
the CER5/CHOL/PA bilayers, the apparent ratios of hydrocarbon
with 10 mol% l-menthol, indicating that the relative amount of
orthorhombic hydrocarbon chain packing was reduced from 41.3%

Fig. 5. SXRS profiles of CER5/CHOL/PA bilayers. Menthols (10 mol%) relative to the
total lipid of the bilayers were applied to the CER5/CHOL/PA bilayers for 2 h at
37 ◦C. The temperature was scanned at 10 ◦C/min. (a) Control, 40%-ethanol-treated
CER5/CHOL/PA bilayers; bilayers after treatment with (b) l- and (c) d-menthols.
The reciprocal spacing is indicated by the formula: S = n�/2 sin �, where � is the
wavelength of the X-ray, n is the degree of scattering, and � is the scattering angle.
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Fig. 6. Apparent ratio of hexagonal and orthorhombic hydrocarbon chain packing in CER5/CHOL/PA bilayers. (a) RHexa/Ortho values were calculated from the analysis of the
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ata in Fig. 5 using Eq. (2). Each column represents the mean ± S.D. (n = 3). *P < 0.05 v
ith d-menthol (Dunnett’s test). (b) Areas occupied by hexagonal and orthorhombi

nd closed bars represent hexagonal and orthorhombic hydrocarbon chain packin
revious study (Watanabe et al., 2010).

o 25.2%. In contrast, the RHexa/Ortho value for the CER5/CHOL/PA
ilayers was not altered by d-menthol.

. Discussion

We investigated the effects of l- and d-menthol on
ER5/CHOL/PA bilayers to estimate the difference their pro-
oting activities in the transdermal drug permeation. Model
embranes are effective for investigating the details of membrane

hanges, because the composition of a model membrane can be
anipulated completely to suit the purpose of the experiment, and

he findings are likely to be consistent. For the model membrane
sed in this study, simple components and a structure similar to
hat of biological membranes were required. The CER5/CHOL/PA
ilayers were previously confirmed to be similar to the stratum
orneum in terms of their lamellar structure and hydrocarbon
hain packing (Watanabe et al., 2010).

We first examined the fluidizing effects of menthol with
uorescence anisotropy and DSC measurements. As shown in
ig. 1, treatment with optically active menthols induced the flu-
dization of the CER5/CHOL/PA bilayers. The effect of d-menthol

as especially marked. From DSC measurements, the differ-
nt effects of l- and d-menthols on the two main endothermic
hase transitions of the CER5/CHOL/PA bilayers were examined
Figs. 2 and 3). The two optically active menthols acted equally
n the first phase transition, whereas the second phase transi-
ion was only affected by d-menthol. Therefore, the fluidizing
ffect of d-menthol is stronger than that l-menthol. According to
im et al. (1993) and Maghraby et al. (2005), the phase transi-

ion at about 58.6 ◦C represents the phase transition from the gel
hase to the liquid-crystalline phase, and the phase transition at
bout 65.8 ◦C represents the conformational disorder of the liquid-
rdered phase, as in membranes. Taken together, these findings
uggest that l- and d-menthols have different modes of action on
ipid bilayers.

In general, lipid bilayers are classified into three different
hases in order of increasing fluidity: the solid-ordered phase,

he liquid-disordered phase, and the liquid-ordered phase. Hydro-
arbon chain packing in the solid-ordered phase is ordered and
ight, whereas that in the liquid-disordered phase shows high lat-
ral fluidity. CHOL-rich bilayers exist in the liquid-ordered phase,
hich is intermediate between the solid-ordered phase and the
trol (40% ethanol treated CER5/CHOL/PA bilayers) and P < 0.01 vs. sample treated
rocarbon chain packing were estimated based on the RHexa/Ortho values. The opened
ectively. The method of estimating each type of packing was fully described in a

liquid-disordered phase. Its ordered hydrocarbon chain packing
is similar to that of the solid-ordered phase, but its high lateral
mobility is more similar to that of the liquid-disordered phase.
The CER5/CHOL/PA bilayers in the cluster 2 might be formed the
solid-ordered phase and liquid-ordered phase membranes at room
temperature (Watanabe et al., 2010). Furthermore, Garibel et al.
proposed that domain mosaic model as a model for the intercellu-
lar lipid in stratum corneum (Garibel et al., 2010). They suggested
that intercellular lipid in stratum corneum is not homogenous
structure so that means the distinct ordered phase is embedded
in a more fluid liquid-ordered phase membrane. The variety of
the microstructure may reflect the barrier function of the stratum
corneum.

To investigate the effects of optically active menthols on ordered
phase membranes, we conducted a detergent insolubility study of
the CER5/CHOL/PA bilayers. This method is based on the obser-
vation that ordered lipid domains tend to resist solubilization by
nonionic detergents, such as TX-100, whereas disordered fluid
domains dissolve in these detergents. The insoluble membrane
fraction, DRM, has been used as an index of the tightly packed
domains that are present in samples before the addition of the
detergent (Wang et al., 2004; Onuki et al., 2008).

We initially characterized the DRMs extracted from the
CER5/CHOL/PA bilayers. From quantitative determination of the
lipid composition, the molar fraction of CER5 and CHOL in DRMs
were strongly increased. In the case of amount of CHOL, a large
number of CHOL was excited in the DRMs. These indicated that
DRMs are CHOL-rich membranes (Table 1). In a range of temper-
ature from 50.0 to 70.0 ◦C, there was no marked reduction in the
values representing the phase transitions, and the values were high
enough to regard the DRMs as ordered-phase membranes (also see
Supplemental data, Fig. S1). Intact CER5/CHOL/PA bilayers have a
phase transition at about 60.0 ◦C, with a substantial reduction in
the fluorescence anisotropy values, from 0.318 to 0.198 (Watanabe
et al., 2010). Therefore, the DRMs obtained from the CER5/CHOL/PA
bilayers were mostly composed of liquid-ordered phase membrane
domains distributed in the membrane before TX-100 treatment.

We then investigated the effects of optically active menthols on
the DRMs. The DRMs were disturbed by the d-menthol treatment
but resisted to the l-menthol treatment (Fig. 4), suggesting that the
liquid-ordered phase membranes were changed into disordered
phase membranes by treatment with d-menthol.
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We further examined the effects of l- and d-menthols on the
ydrocarbon chain packing in the CER5/CHOL/PA bilayers using
AXS. SXRS analyses have offered significant insight into the
icrostructure of the stratum corneum, including its lamellar

tructure and lateral hydrocarbon chain packing (Obata et al.,
006a,b). There are two lines of microstructures in the lamellar
tructure. One of them is a short lamellar structure with a repeat
istance of about 6 nm, and the other is a long lamellar structure
ith a repeat distance thought to be about 13 nm (Bouwstra et

l., 1991; Charalambopoulou et al., 2004). The type of hydrocarbon
hain packing is distinguished in terms of lattice constants; i.e., a
ingle peak at 0.24 nm−1 represents hexagonal hydrocarbon chain
acking and peaks at 0.24 and 0.27 nm−1 represent orthorhom-
ic hydrocarbon chain packing (Bouwstra et al., 1992). The WAXS
rofiles of the intact CER5/CHOL/PA bilayers showed two kinds of
istinctive diffraction peaks (Fig. 5(a)). These diffractions indicate
hat the CER5/CHOL/PA bilayers were organized with hexagonal
nd orthorhombic hydrocarbon chain packing similar to the inter-
ellular lipids in the human stratum corneum (Watanabe et al.,
010). The integrated intensities of the diffraction peaks for the
ER5/CHOL/PA bilayers at S = 2.39 and 2.66 nm−1 were reduced by
reatment with l- or d-menthol. Furthermore, the positions of both
eaks were shifted to lower lattice constants. These results indicate
hat the menthols disturbed the tightly packed hydrocarbon chains
n the CER5/CHOL/PA bilayers. We also calculated the RHexa/Ortho
alues after treatment with the optically active menthols. Treat-
ent with l-menthol significantly increased the RHexa/Ortho value,

epresenting a reduction in the orthorhombic hydrocarbon chain
acking in the CER5/CHOL/PA bilayers, with high specificity (Fig. 6).
y contrast, d-menthol treatment did not alter the RHexa/Ortho value,
o there was no effect on the apparent ratio between the hexago-
al and orthorhombic hydrocarbon chain packing. These indicated
he l-menthol specifically interacts with orthorhombic hydrocar-
on chain packing, whereas d-menthol allows the fluidization of
hole membrane, regardless of its membrane properties.

Different effects of l- and d-menthols on the CER5/CHOL/PA
ilayers were inferred from these findings. A possible explana-
ion is that l-menthol recognizes the chiral positions of the lipid
ilayers. Among the components of the CER5/CHOL/PA bilayers,
ER5 has optical activity that similar to the nature intercellular

ipid in stratum corneum. Therefore, l-menthol partitions negligibly
o CER5-rich microstructures, which exist as hexagonal hydrocar-
on chain packing, and then fluidizes them with high selectivity.
e think it is possible that the highly specific effect of l-menthol

n the lipid bilayer plays an important role in its enhancement of
ransdermal drug permeation.

In conclusions, our CER5/CHOL/PA bilayers are useful tools for
dentifying the functions of the intercellular lipids in the stratum
orneum and the mechanisms responsible for the effects of per-
eation enhancers, such as l-menthol. Using these bilayers, we

larified the distinct effects of l- and d-menthols on CER5/CHOL/PA
ilayers. The action of l-menthol on CER5/CHOL/PA bilayers was
ighly specific compared with that of d-menthol; l-menthol acted
egligibly on the liquid-ordered phase membrane and hexago-
al hydrocarbon chain packing. The distinct effects obtained in
his study may well be associated with the permeation enhancing
ffects of optically active menthols. But detailed effect of optically
ctive menthols on the intrinsic intercellular lipids did not fully
larified yet. Further effort should be paid to clarify the mode of
ction of menthols on the intercellular lipids in stratum corneum.
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