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To develop a transdermal drug delivery system, it is necessary to search for effective modulators to act as
permeation enhancers and evaluate its mechanisms of action. It has been suggested that attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR) is a useful tool for evaluating the func-
tional group interaction of the intercellular lipids in the stratum corneum. The purpose of this study is
elucidation of the effect of the transdermal permeation enhancers on the intercellular lipid in hairless rat
stratum corneum using the ATR-FTIR. Firstly, to confirm the frequencies related to the intercellular lipid
ransdermal drug delivery
ntercellular lipids
tratum corneum
hase behavior
ourier transform infrared spectroscopy

in stratum corneum, CH2 asymmetric and symmetric vibrations were clearly related to the intercellular
lipids. In intact stratum corneum, the blue shift of CH2 asymmetric and symmetric stretching vibrations
begins at about 40 ◦C and remarkable change is induced at 50 ◦C. The administration of l-menthol causes
disorder of the intercellular lipids in stratum corneum similar to that of heat application. The disorder-
ing of intercellular lipid lattices in stratum corneum induced by the l-menthol might be related to the

thol.
-Menthol enhancing effect of l-men
drug delivery systems.

. Introduction

Transdermal drug delivery systems have many advantages com-
ared with the conventional administration routes for drugs such
s intravenous injection or oral administration. However, it is diffi-
ult to deliver sufficient amounts of drugs for treatment of disease
o the circulation via the skin because of the barrier function of
he stratum corneum. Previously, we have reported that l-menthol
(1R,2S,5R)-menthol) and related compounds enhanced the skin
ermeation of various drugs in vitro and in vivo (Obata et al.,
990). Moreover, the enhancing mechanisms of l-menthol related
o increasing the drug partition and diffusion parameters have been
larified (Obata et al., 2006). The active site of those enhancers is
hought to be intercellular lipids as confirmed using laser scanning
onfocal microscopy (Obata et al., 2006). To develop an effective
ransdermal delivery system, it is important to clarify the mode
f action of enhancers, not only from a macroscopic point of view

ncluding reconstruction of formulations, but also from the aspect
f the molecular interactions between enhancers and components
f stratum corneum.

∗ 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.
oi:10.1016/j.ijpharm.2010.01.007
The results provide information for the development of novel transdermal

© 2010 Elsevier B.V. All rights reserved.

The stratum corneum of the skin is a distinctive two-
compartment system, consisting of corneocytes embedded in the
intercellular lipid matrix, which are responsible for the barrier to
dehydration and invasion of foreign substances. The intercellular
lipids in the stratum corneum form two kinds of lamellar struc-
tures with repeat distances of approximately 6 and 13 nm, and
two kinds of hydrocarbon chain packing consisting of hexagonal
and orthorhombic hydrocarbon chain packing (Bouwstra et al.,
1992; Ohta et al., 2001). It is considered that the lamellar struc-
ture is one of the key factors controlling drug permeation of the
skin. To develop transdermal drug delivery systems, it is neces-
sary to investigate the microstructure of intercellular lipids in the
stratum corneum in detail and to search for effective modulators
to act as permeation enhancers. Recently, the lipid organization
and microstructure of the stratum corneum had been investigated
using various techniques including synchrotron X-ray scattering
(Bouwstra et al., 1992; Ohta et al., 2001; Hatta et al., 2006), dif-
ferential scanning calorimetry (Al-Saidan et al., 1998), and Fourier
transform infrared spectroscopy (FTIR) (Jain et al., 2002; Vaddi et
al., 2002; Tokudome and Sugibayashi, 2003). Among them, FTIR

is considered the most powerful tool for determining the molec-
ular vibrations of the materials in the stratum corneum at the
functional group level. Because of the complex composition of stra-
tum corneum including lipids, proteins, minerals, and amino acids,
many infrared absorption bands appear in the spectrum obtained

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.2010.01.007
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methylene groups on the acyl side chain of intercellular lipids
(ceramides and fatty acids) in stratum corneum and the amide I
and II vibrations belonged to the amide bonds of the keratin in
corneocytes.
Y. Obata et al. / International Jour

rom the stratum corneum. However, numerous databases have
lready been established from which to determine the origin of
ach vibration. Thus, we can readily assign the particular vibra-
ion derived from the functional group in which we are interested.
urthermore, infrared spectrometry is a probe-free and noninva-
ive technique for measurement of the stratum corneum. Its use
nsures that the experimentally obtained vibrations directly reflect
he characteristics of the stratum corneum. Because of those advan-
ages, the vibrations derived from lipids are a good index from
hich to evaluate the microstructure of the lamellar lipid con-

tructs in the intercellular space in the stratum corneum. This is
mportant because the active sites of lipophilic transdermal per-

eation enhancers are thought to be intercellular lipids. Using
ttenuated total reflection (ATR)-FTIR, it is thought to be possible
o observe the lipid organization in the stratum corneum not only
n the surface, but also in deeper regions in the stratum corneum.
n general, changes in the absorbance frequency reflect changes
n the conformational arrangement of functional groups. It might
e possible to predict the changes in the intercellular lipids in the
tratum corneum induced by the treatment with skin permeation
nhancers.

In this study, we focused on the phase transition of intercellular
ipids in the stratum corneum as a function of temperature and
lucidated the effect of l-menthol on functional group interaction
y thermal scanning ATR-FTIR. We also attempted to determine
uantitatively any changes in lamellar lipid constructs caused by
bsorption enhancers.

. Materials and methods

.1. Materials

l-Menthol (99%) was purchased from Tokyo Chemical Industry
Tokyo, Japan). Chloroform was of a certified grade. Other chemicals
sed were of reagent grade.

.2. Preparation of stratum corneum sheet from hairless rat skin

The stratum corneum was separated from the excised abdomi-
al regions of hairless rats (strain HWY/Slc, 12 weeks old, Sankyo
abo Service, Tokyo, Japan) by digestion with 0.1% (w/w) trypsin
n phosphate-buffered saline (pH 7.4) at 37 ◦C for 24 h. The sepa-
ated stratum corneum was rinsed in purified water and dried in
acuo. The stratum corneum was incubated in purified water, 40%
w/w) ethanol, permeation enhancer solution (0.5% (w/w) or 1.0%
w/w) l-menthol in 40% (w/w) ethanol) for 2 h at ambient tem-
erature and dried under a stream of nitrogen until it reached an
cceptable predetermined weight (125% of weight prior to treat-
ent). Procedures involving animals and their care complied with

he regulations of the Committee on Ethics in the Care and Use of
aboratory Animals of Hoshi University.

.3. Lipid extraction

Lipids were extracted from the hairless rat stratum corneum
sing the method of Folch (Swartzendruber et al., 1987). Briefly,
he stratum corneum was incubated in chloroform/methanol mix-
ures (1:2, 1:1, 2:1, v/v) for 2 h, respectively. The organic solvent
as evaporated under a stream of nitrogen, and subsequently the

xtracted lipids were stored in desiccators.
.4. ATR-FTIR measurement

Fourier transform infrared spectroscopic measurements were
erformed using an FTIR 4100 type A spectrophotometer (JASCO

nternational, Tokyo, Japan) with an ATR accessory “Specac MKII
Pharmaceutics 389 (2010) 18–23 19

Golden Gate” (JASCO International). All spectra were obtained as an
average of 45 scans recorded between 4000 cm−1 and 1000 cm−1

at 4 cm−1 resolution. The stratum corneum sheets were placed on
a sample stage. Spectra were routinely acquired at every 1 ◦C incre-
ment from 30 ◦C to 120 ◦C.

2.5. Statistical analysis

Student’s t-test was employed for evaluation of the results. A
p < 0.05 was considered as significant.

3. Results

3.1. Assignment of infrared absorption of hairless rat stratum
corneum

Hairless rats are frequently used as a model to evaluate skin
permeation of drugs in early stages of development of transder-
mal formulation. In this study, stratum corneum sheets obtained
from hairless rats were used as a model stratum corneum. The
infrared spectra of the stratum corneum was expected to have
various bands, CH2 stretching vibration, CH2 scissoring vibra-
tion, and amide vibration, derived from intercellular lipids and
keratin in corneocytes. The infrared spectra of intact stratum
corneum (Fig. 1(A)), delipidated stratum corneum (Fig. 1(B)), and
extracted lipids (Fig. 1(C)) were determined at 30 ◦C. In intact stra-
tum corneum, the absorbance frequencies derived from the CH2
asymmetric stretching vibration (∼2920 cm−1), the CH2 symmet-
ric stretching vibration (∼2850 cm−1), and amide I (∼1650 cm−1)
and II (∼1550 cm−1) bonds were observed. On the other hand,
the spectral absorbance bands from CH2 stretching vibrations dra-
matically decreased in delipidated stratum corneum as shown in
Fig. 1(B). However, the absorbance derived from amide I and II
bonds was not changed. Furthermore, in the infrared spectra of
extracted lipids, amide I and II vibrations dramatically decreased
compared with those of intact stratum corneum. Thus, asymmet-
ric and symmetric CH2 vibrations are important elements for the
evaluation of change in intercellular lipids. Those results suggested
that CH2 asymmetric and symmetric vibrations were derived from
Fig. 1. The infrared spectrum of the hairless rat stratum corneum. (A) Intact stratum
corneum, (B) delipidated stratum corneum, and (C) extracted lipid.
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ig. 2. The contour map of thermotropic response of the CH2 asymmetric and sy
orneum and (B) stratum corneum treated with 1.0% l-menthol for 2 h.

.2. Thermotropic behavior of infrared absorption of hairless rat
tratum corneum

Figs. 2A and 3A show the thermotropic behavior of the CH2
symmetric and symmetric stretching vibrations of the intercellu-
ar lipid in intact stratum corneum. The asymmetric and symmetric
H2 stretching vibrations showed a blue shift and the full-width at
alf maximum was gradually increased as a function of tempera-
ure. The change in those parameters indicates that the vibration
f the hydrocarbon chain of ceramide and fatty acids increased. As
hown in Figs. 2A and 3A, the blue shift of asymmetric and symmet-
ic CH2 stretching vibrations began at about 40 ◦C and remarkable
hange was induced by 50 ◦C. The increase in the full-width at half
aximum of the infrared absorption profile indicates a deviation

f the vibration of particular functional groups. Those phenomena
ndicated that the rigid microstructure constructs of intercellular

ipids became disordered according to increase in temperature.
his might be related to phase transition of intercellular lipids.
he change in peak position of absorbance frequency is shown in
ig. 3. Those findings suggested that the disorder of intercellular
ipid in the stratum corneum was induced from 40 ◦C by heat appli-

ig. 3. The effect of l-menthol on the change in peak wavenumber of asymmetric (A) and
ean ± S.D. (n = 3). (©) control and (�) 1.0% l-menthol treated.
ric frequencies in the intercellular lipids in stratum corneum. (A) Intact stratum

cation. However, the phase transition observed at 71 ◦C in hairless
mouse stratum corneum was considered lower in hairless rat stra-
tum corneum, about 60 ◦C shown in Fig. 3. It is speculated that the
difference in phase transition temperature is caused by differences
in the components of intercellular lipids. From these findings, it is
suggested that the change in CH2 stretching vibration reflected in
the phase behavior of microstructure is a good parameter for mea-
suring the disorder of intercellular lipids in the stratum corneum.

3.3. Effect of l-menthol on the infrared adsorption characteristics
of intercellular lipids

To elucidate the effect of l-menthol on the intercellular lipids in
the stratum corneum, we firstly measured the infrared spectrum
of l-menthol at 30 ◦C. CH2 asymmetric and symmetric stretch-
ing vibrations (∼2925 cm−1 and ∼2845 cm−1, respectively) and

CH3 asymmetric and symmetric stretching vibrations (∼2955 cm−1

and ∼2869 cm−1, respectively) were appeared in the ATR-FTIR
spectrum of the l-menthol. The asymmetric and symmetric CH3
vibrations in the l-menthol spectrum were quite strong compared
with absorption from intercellular lipids in the stratum corneum.

symmetric (B) CH2 absorption identified by curve fitting. Each point represents the
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Table 1
The asymmetric and symmetric CH2 stretching frequencies of intercellular lipids in
the stratum corneum at 30 ◦C.

Asymmetric stretching Symmetric stretching

Control 2916.836 ± 0.209 2849.286 ± 0.105
40% ethanol 2917.053 ± 0.125 2849.410 ± 0.141
0.5% l-menthol 2917.546 ± 0.385** 2849.532 ± 0.092*
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1.0% l-menthol 2917.984 ± 0.175** 2849.831 ± 0.126**

ach value represents the mean ± S.D. (n = 3).
* p < 0.05.

** p < 0.01.

he infrared spectra of intercellular lipids in stratum corneum
reated with l-menthol indicated less absorption by asymmet-
ic and symmetric CH3 vibrations. Therefore, the presence of
-menthol crystal in stratum corneum can be neglected under this
xperimental condition.

When 40% ethanol was used as a solvent for l-menthol, an
nsignificant blue shift was observed as shown in Table 1. From
hese findings, it is suggested that the effect of ethanol to increase
he vibration of lipids was negligible under these experimental
onditions. In a study dealing with the skin permeation of ionic
olecules, at lower ethanol concentrations (∼40%) slight changes

n asymmetric and symmetric CH2 stretching vibrations might
ccur (Kurihara-Bergstrom et al., 1990). Moreover, the lipid lamel-
ar structure was only slightly affected by application of 40% ethanol
n synchrotron X-ray diffraction studies (unpublished data). On
he other hand, the asymmetric and symmetric CH2 stretching
ibrations showed a significant blue shift after l-menthol treat-
ent. In stratum corneum treated with 1.0% l-menthol in 40%

thanol, the asymmetric CH2 stretching vibration was shifted from
916.8 cm−1 to 2918.0 cm−1, and symmetric stretching vibration
as shifted from 2849.3 cm−1 to 2849.8 cm−1 at 30 ◦C. The effect of

.0% l-menthol on the both CH2 stretching vibrations was shown
n Figs. 2 and 3. In controls, absorption is observed at ∼2920 cm−1

nd gradually decreased according to increases in temperature.
n stratum corneum treated with 1.0% l-menthol in 40% ethanol,
he change in absorption at ∼2920 cm−1 showed irregularity. As
hown in Fig. 3, the wavenumber for asymmetric and symmetric
H2 stretching vibrations of stratum corneum treated with 1.0% l-
enthol in 40% ethanol was greater than that of control particularly

t the physiological temperature. On the other hand, at higher tem-
eratures, the blue shift of asymmetric and symmetric CH2 stretch-

ng vibrations reached a steady state similar to the control (Fig. 3).
t is suggested that the microstructure of intercellular lipids in the
tratum corneum was strongly disturbed at lower temperature and
he phase transition became unclear by the l-menthol treatment.

. Discussion

The light of ATR-FTIR can attain approximately 1 �m in depth
t specific area. Moreover, the distribution of components thought
o be heterogeneous in stratum corneum. However, in this study,
e can focus on the behavior of lipids. Thus, the change in infrared

pectra derived from lipids at the surface of stratum corneum gave
s the useful information of intercellular lipids affected by admin-

stration of absorption enhancers. As shown in Fig. 1, the CH2
symmetric and symmetric stretching vibrations characterized the
nfrared spectrum of the intercellular lipid in the stratum corneum.
he previous studies, the asymmetric (∼2920 cm−1) and symmet-
ic (∼2850 cm−1) CH2 stretching vibrations have been commonly
sed as parameters for evaluation of lipid acyl chains (Narishetty

nd Panchagnula, 2004; Rerek et al., 2005; Gooris and Bouwstra,
007). Until now, it has not been clear which vibration is more

mportant for evaluation of molecular interactions between lipids
nd other materials. Thus, we have evaluated both asymmetric and
ymmetric CH2 vibrations in this study.
Pharmaceutics 389 (2010) 18–23 21

4.1. Thermotropic behavior of infrared absorption of lipids in
hairless rat stratum corneum

In the development of transdermal delivery systems, lipid
organization at physiological temperatures is considered to be
important. However, the lipids show several forms depending
on the surrounding temperature. It might be possible to under-
stand the characteristics of lipids inclusively by measurement of
their characteristics at a wide range of temperatures. Previous
study using differential scanning calorimetry, indicated that the
phase transitions of intercellular lipids in hairless mouse stra-
tum corneum occurred at 39 ◦C, 51 ◦C, and 71 ◦C (Hatta et al.,
2006). Furthermore, the change in lamellar structure of intercel-
lular lipids was consistent with the phase behavior investigated by
a synchrotron X-ray diffraction study using hairless mouse stra-
tum corneum (Hatta et al., 2006). The intercellular lipids in the
stratum corneum of hairless rats are considered to form a rigid
lamellar structure and hydrocarbon chain packing below 39 ◦C.
At 39 ◦C, the orthorhombic hydrocarbon chain packing disappears
and is transposed to high-temperature hexagonal hydrocarbon
chain packing at higher temperatures. The disappearance of long
lamellar structure occurred at 51 ◦C and changed to a liquid
crystalline phase of hexagonal hydrocarbon chain packing. Sub-
sequently, the short lamellar structure melts at 71 ◦C. Al-Saidan
et al. reported that the thermotropic behavior of the hairless rat
stratum corneum was similar to that of hairless mouse. There-
fore, those phase transitions of hairless mouse stratum corneum
might support the phase behavior in hairless rat stratum corneum.
The change in asymmetric and symmetric CH2 vibration fre-
quencies by the heat application was very small. Nevertheless, a
clear tendency was observed in infrared absorption by lipids with
increasing temperature. Transdermal drug delivery increased by
heat application has been seen in vitro (Akomeah et al., 2004).
Moreover, clinically, the effect of heat on the transdermal deliv-
ery of fentanyl has been reported (Shomaker et al., 2000). Those
findings suggested that an increase in lipid acyl chain vibration
facilitated an increase in drug permeation. In general, the asym-
metric and symmetric CH2 stretching vibrations blue shift reflects
the increasing disorder of the intercellular lipids in the stra-
tum corneum. Small changes in the asymmetric and symmetric
CH2 stretching vibrations might have a profound effect on the
conformation of lipids in the stratum corneum influencing drug
permeation via the skin. Further study is necessary to clarify those
phenomena.

4.2. Effect of l-menthol on the infrared adsorption characteristics
of intercellular lipids

To elucidate the interaction between intercellular lipids in stra-
tum corneum and skin permeation enhancers was useful for the
development of the effective transdermal drug delivery systems.
As shown in Fig. 3 and Table 1, the wavenumber for the CH2
asymmetric and symmetric stretching vibrations were significantly
increased by the treatment of l-menthol. This indicates that l-
menthol strongly induced disorder of lipid lamellar structures at
physiological temperatures. The orthorhombic hydrocarbon chain
packing was dominant below 39 ◦C in stratum corneum; thus, it
is supposed that l-menthol causes orthorhombic packing below
physiological temperature. Focused on the results at 30 ◦C, the blue
shift of the asymmetric and symmetric CH2 stretching vibration
frequencies was evaluated according to temperature. �� value was

defined as Eq. (1) to quantify the effect of l-menthol:

�� = (Peak value at specified temperature) − (Peak value at 30 ◦C)

(1)



22 Y. Obata et al. / International Journal of Pharmaceutics 389 (2010) 18–23

F symm
T ts stra
t

A
4
s
a
d

e
e
m
v
a
s
i

y

w
t
v
t
i
i
i
a
s
w
m
b
a
s
b
v
t
t

T
T
f

ig. 4. Effect of l-menthol on the change in wavenumber of the asymmetric (A) and
he open column represents intact stratum corneum and the filled column represen
he mean ± S.D. (n = 3). *p < 0.05.

s shown in Fig. 4, the absorption was shifted significantly at
5 ◦C. This indicates that l-menthol significantly affected the rigid
tructure of lipids at physiological temperatures. At higher temper-
tures, the effect of l-menthol on the lipid lamellar structure was
ecreased.

Moreover, administration of l-menthol produced the same
ffect on the molecular vibration as heat application. Furthermore,
quivalence between heat application and administration of l-
enthol is discussed in comparison with the blue shift of infrared

ibration. To clarify the effect of temperature corresponding to heat
pplication, the control value of asymmetric and symmetric CH2
tretching vibration was fitted to a logistic function. The equation
s as follows:

=
(

A1 − A2

1 + (x/x0)p

)
+ A2 (2)

here y is the peak wavenumber and x is the applied tempera-
ure. In the case of the asymmetric and symmetric CH2 stretching
ibration, A1 is 2916.6, A2 is 2924.3, x0 is 58.2, and p is 6.5. In
he case of symmetric CH2 stretching vibration, A1 is 2849.0, A2
s 2854.3, x0 is 62.7, and p is 4.5. The regression coefficient is 0.995
n asymmetric stretching vibration and 0.994 in symmetric stretch-
ng vibration. The peak wavenumber obtained by each treatment
t 30 ◦C was then extrapolated to the control. In Table 2, the corre-
ponding temperature is summarized. When the stratum corneum
as treated with 40% ethanol, the vibration state was improved by
ore than 6 ◦C. However, the corresponding temperature was still

ellow the phase transition temperature, which might be observed
round 39 ◦C (Hatta et al., 2006). On the other hand, the corre-

ponding phase transition temperature was drastically increased
y the application of 0.5% l-menthol. In the case of asymmetric
ibrations, the corresponding temperature was above the phase
ransition. This indicates that l-menthol plays an important role in
he change of intercellular lipid structure at a functional group level.

able 2
he corresponding temperature required to influence stratum corneum obtained
rom pretreated stratum corneum at 30 ◦C.

Asymmetric stretching Symmetric stretching

40% ethanol 37.8 36.5
0.5% l-menthol 42.8 38.1
1.0% l-menthol 46.0 43.4
etric (B) CH2 stretching frequencies of intercellular lipids in the stratum corneum.
tum corneum treated with 1.0% l-menthol in 40% ethanol. Each column represents

The phase transition caused dissolution of orthorhombic packing
at 39 ◦C. The dissolution of lateral packing could be considered as a
decrease in the resistance to diffusion of drugs. Thus, an increase in
corresponding temperature indicates a decrease in phase transition
temperature. When the concentration of l-menthol was increased
to 1.0%, the corresponding temperature was also increased. The sol-
ubility of l-menthol in 40% ethanol is about 1.99% (Obata et al.,
1993); thus, 1.0% l-menthol in 40% ethanol is below the solubil-
ity. We can speculate that the amount of l-menthol absorbed into
the skin surface increases with increasing application concentra-
tion until the solubility depending on the thermodynamic activity
of l-menthol in 40% ethanol solution. Thus, the contribution of l-
menthol to the change in lateral packing of intercellular lipids will
increase depending of the amount of l-menthol adsorbed into the
skin.

In this study, we have succeeded to the quantitative evaluation
of asymmetric and symmetric CH2 stretching vibration changes
with treatment by transdermal permeation enhancers. Moreover,
we found that treatment with permeation enhancers, such as l-
menthol, was quite similar to heat application at a functional group
level. These results are considered to provide important funda-
mental information for developing novel transdermal delivery drug
systems.

5. Conclusions

In conclusion, it is suggested that ATR-FTIR is a useful tool
for evaluating the functional group interaction of the intercellu-
lar lipids in stratum corneum and to elucidate the mechanisms
of action of transdermal permeation enhancers. l-Menthol dis-
ordered the rigid microstructure of the intercellular lipids in the
stratum corneum to the same extent as heat application. The dis-
order of intercellular lipids in the stratum corneum induced by the
l-menthol is related to the enhancing effect of l-menthol. Finally,
these findings provide fundamental information for the develop-

ment of novel transdermal drug delivery systems.

Acknowledgement

This work was supported by a grant from the Ministry of Edu-
cation, Culture, Sports, Science and Technology of Japan.



nal of

R

A

A

B

G

H

J

K

N

O

Y. Obata et al. / International Jour

eferences

komeah, F., Nazir, T., Martin, G.P., Brown, M.B., 2004. Effect of heat on the percu-
taneous absorption and skin retention of three model penetrants. Eur. J. Pharm.
Sci. 21, 337–345.

l-Saidan, S.M., Barry, B.W., Williams, A.C., 1998. Differential scanning calorimetry
of human and animal stratum corneum membranes. Int. J. Pharm. 168, 17–22.

ouwstra, J.A., Gooris, G.S., Salomons-de Vries, M.A., van der Spek, J.A., Bras, W.,
1992. Structure of human stratum corneum as a function of temperature and
hydration: a wide-angle X-ray diffraction study. Int. J. Pharm. 84, 205–216.

ooris, G.S., Bouwstra, J.A., 2007. Infrared spectroscopic study of stratum corneum
model membranes prepared from human ceramide, cholesterol and fatty acids.
Biophys. J. 92, 2785–2795.

atta, I., Ohta, N., Inoue, K., Yagi, N., 2006. Coexistence of two domains in intercellular
lipid matrix of stratum corneum. Biochim. Biophys. Acta 1756, 1830–1836.

ain, A.K., Thomas, N.S., Panchagnula, R., 2002. Transdermal drug delivery of
imipramine hydrochloride. I. Effect of terpenes. J. Control. Release 79, 93–101.

urihara-Bergstrom, T., Knutson, K., DeNoble, L.J., Goates, C.Y., 1990. Percutaneous

absorption enhancement of ionic molecule be ethanol–water system in human
skin. Pharm. Res. 7, 762–766.

arishetty, S.T.K., Panchagnula, R., 2004. Transdermal delivery of zidovudine: effect
of terpenes and their mechanism of action. J. Control. Release 95, 367–379.

bata, Y., Maruyama, Y., Takavama, K., 2006. The mode of promoting activity of
O-ethylmenthol as a transdermal absorption enhancer. Pharm. Res. 23, 392–400.
Pharmaceutics 389 (2010) 18–23 23

Obata, Y., Takayama, K., Maitani, Y., Machida, Y., Nagai, T., 1993. Effect of pretreat-
ment of skin with cyclic monoterpenes on permeation of diclofenac in hairless
rat. Biol. Pharm. Bull. 16, 312–314.

Obata, Y., Takayama, K., Okabe, H., Nagai, T., 1990. Effect of cyclic monoterpenes on
percutaneous absorption in the case of a water-soluble drug (diclofenac sodium).
Drug Des. Deliv. 6, 319–328.

Ohta, N., Hatta, I., Ban, S., Tanaka, H., Nakata, S., 2001. X-ray diffraction study on
mouse stratum corneum. Stud. Surf. Sci. Catal. 132, 1067–1070.

Rerek, M.E., Van Wyck, D., Mendelsohn, R., Moore, D.J., 2005. FTIR spectroscopic
studies of lipid dynamics in phytosphingosine ceramide model of the stratum
corneum lipid matrix. Chem. Phys. Lipids 134, 51–58.

Shomaker, T.S., Zhang, J., Ashburn, M.A., 2000. Assessing the impact of heat on the
systemic delivery of fentanyl through the transdermal fentanyl delivery system.
Pain Med. 3, 225–230.

Swartzendruber, D.C., Wertz, P.W., Madison, K.C., Downing, D.T., 1987. Evidence that
the corneocyte has a chemically bound lipid envelope. J. Invest. Dermatol. 88,
709–713.

Tokudome, Y., Sugibayashi, K., 2003. The synergic effects of various electrolytes and

electroporation on the in vitro skin permeation of calcein. J. Control. Release 92,
93–101.

Vaddi, H.K., Ho, P.C., Chan, S.Y., 2002. Terpenes in propylene glycol as skin-
penetration enhancers: permeation and partition of haloperidol, Fourier
transform infrared spectroscopy, and differential scanning calorimetry. J. Pharm.
Sci. 91, 1639–1651.


	Infrared spectroscopic study of lipid interaction in stratum corneum treated with transdermal absorption enhancers
	Introduction
	Materials and methods
	Materials
	Preparation of stratum corneum sheet from hairless rat skin
	Lipid extraction
	ATR-FTIR measurement
	Statistical analysis

	Results
	Assignment of infrared absorption of hairless rat stratum corneum
	Thermotropic behavior of infrared absorption of hairless rat stratum corneum
	Effect of l-menthol on the infrared adsorption characteristics of intercellular lipids

	Discussion
	Thermotropic behavior of infrared absorption of lipids in hairless rat stratum corneum
	Effect of l-menthol on the infrared adsorption characteristics of intercellular lipids

	Conclusions
	Acknowledgement
	References


