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Abstract. Using tamsulosin (TAL) as a model drug, the aim of this study was to investigate and compare
the percutaneous permeation behavior of two menthol derivatives, 2-isopropyl-5-methylcyclohexyl
heptanoate (M-HEP) and 2-isopropyl-5-methylcyclohexyl decanoate (M-DEC). In vitro transdermal
permeation study was carried out using porcine skin. The residual amount of enhancers in the skin after
permeation experiment was determined by gas chromatographic (GC) method. The penetration depths of
fluorescein were visualized by two-photon confocal laser scanning microscopy (2P-LSM) after the skin
being treated with different enhancers. Furthermore, changes in the stretching frequency of functional
group of ceramide were investigated by using attenuated total reflectance Fourier transform infrared
(ATR-FTIR) technique. After M-HEP addition, the cumulative amount of TAL permeated in 8 h (Q8)
reached 20.57±0.54 μg/cm2 and the depth of fluorescein was 40 μm; the CH2 of ceramide symmetric
stretching frequency was 4 cm−1 blue shifted. However, M-DEC has an opposite effect on TAL
permeation compared with that of M-HEP. TAL is a crucial factor affecting permeation procedure, and
microenvironment of lipid region determines promotion capability of the enhancers.
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INTRODUCTION

The discovery of new penetration enhancers with high
efficiency and low toxicity is of great importance to the devel-
opment of transdermal drug delivery system. Menthol, a fre-
quently used percutaneous enhancer, is superior to many
other chemical enhancers due to its outstanding safety.
Menthol is naturally sourced and generally recognized as safe
(GRAS) by FDA. Unfortunately, the volatility of menthol is a
disadvantage for transdermal administration. In our previous
studies, a series of menthol derivatives were synthesized and
their ability to enhance the percutaneous permeation of 5-
fluorouracil, isosorbide dinitrate, lidocaine, ketoprofen, and
indomethacin were evaluated (1–3). Some of the menthol
derivatives have exhibited favorable enhancing activities.
However, in the current study, when two menthol derivatives,
2-isopropyl-5-methylcyclohexyl heptanoate (M-HEP) and 2-
isopropyl-5-methylcyclohexyl decanoate (M-DEC) (Fig. 1),
were used as enhancers for transdermal delivery of tamsulosin
(TAL) (Fig. 2), the results showed that M-HEP could promote
the permeation of TAL through the porcine skin, while
M-DEC exhibited retardation effect. This phenomenon was
unexpected since the structure of M-HEP and M-DEC is
almost the same and the only difference between them is that

the hydrocarbon chain of M-DEC contains three more meth-
ylene groups than that of M-HEP. The opposite behavior of
these two derivatives in penetration enhancement might be
attributed to their difference in molecular size. It is highly
desirable to better understand their individual permeation
mechanisms to provide us with the theoretical basis for future
evaluation of other menthol derivatives.

As reported in the literatures, the penetration-enhancing
behavior of oleic acid and O-ethylmenthol has been success-
fully investigated using two-photon confocal laser scanning
microscopy (2P-LSM) (4–6). Sulforhodamine B and rhoda-
mine B hexyl ester have been used as the probe to study oleic
acid-induced change in skin structure and permeation behav-
ior. In addition, the attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) mode has provided insights into
the vibration frequencies of ceramide (CER) in the intact
stratum corneum (SC) (7–9). Unfortunately, most of these
studies concentrated on the interaction between the enhancer
and skin but ignored the potential effect on penetrant charac-
teristics, which is a crucial factor in the penetration process. It
is known that the interaction between penetrant characteris-
tics and ceramide or enhancer can affect the efficiency of
promoter. Therefore, it is absolutely essential to take the
penetrant characteristics into account during enhancer mech-
anism investigation. Moreover, few studies have explained the
reason why some compounds could reversely inhibit the pen-
etration of drugs through the skin.

Therefore, the purpose of this study is to elucidate the
reason for the opposite behavior of M-DEC and M-HEP
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when both of them are used as penetration enhancers of TAL.
First of all, in vitro penetration experiment and gas chromato-
graph (GC) analysis provided direct information about their
enhancing efficiency and retention amount of M-DEC or M-
HEP in the skin. Then, 2P-LSM was applied to visualize the
penetration of fluorescent penetrant in the skin in the pres-
ence of M-HEP or M-DEC. The conformation variation of
CER, the main composition of skin lipid, was shown in ATR-
FTIR spectra after application of M-HEP and M-DEC, which
was expected to provide additional information to elucidate
the penetration mechanism of M-HEP and M-DEC.

MATERIALS AND METHODS

Materials

TAL hydrochloride was purchased from Wuhan He
Zhong Pharmaceutical Co., Ltd. (Hubei, China); TAL was
prepared based on pH adjustment method and identified by
DSC method; isopropyl myristate (IPM) and L-menthol were
supplied by China National Medicine Co., Ltd. (Shanghai,
China). Methanol of HPLC grade was purchased from
Yuwang Pharmaceutical Co., Ltd. (Shandong, China). M-
HEP and M-DEC (the purities of M-HEP and M-DEC are
up to 98%) were synthesized and purified according to our
previous work (Zhao et al., 2008a; Zhao et al., 2008b). The
fluorescein was purchased from Acros Organics (NJ, USA).
All other chemicals and solvents were of analytical grade.

Skin Sample Preparation

The procedure of skin preparation was conducted in
accordance with the Ethical Guidelines for Investigations in
Laboratory Animals and was approved by the Ethics Review
Committee for Animal Experimentation of Shenyang
Pharmaceutical University. The miniature pigs were obtained
from Chongqing Zongshen Biological Technology Research
and Development of Medical Co., Ltd. (Chongqing, China).
After sacrificed, the abdominal skin was excised and the ad-
hering fat was removed. The thickness of the full skin was
about 700 μm. And then, the skin was cleaned with cold
running water to remove the dried blood and dirt. The integ-
rity of the skin was checked by microscopy, and thereafter, the
skin was ready for use.

In Vitro Permeation Study

Skin permeation experiments were performed according
to the method described by Fang et al. (10). In brief, the
porcine skin was mounted between two chambers of a side-
by-side glass diffusion cell with an effective diffusion area of
0.95 cm2 and the temperature was maintained at 32°C by
connecting the device to a water bath via a water jacket to
mimic the physiological skin condition. The donor
compartment was filled with 3.0 ml of TAL suspensions in
IPM. The TAL suspensions with or without 20% M-HEP or
20% M-DEC (20% concentration of total donor volume, v/v)
existed in the donor compartment. Excessive amount of TAL
was added into the donor phase to maintain the saturation
condition of the drug in the donor phase, and the receptor
compartment was filled with 3 ml of phosphate buffer solution
(PBS, pH at 7.4) as receptor medium. Both donor and
receptor phases were continuously stirred at about 600 rpm.
At 1, 2, 3, 4, 5, 6, 7, and 8 h, 2.0 ml of receptor solution was
withdrawn for analysis and replaced with the same volume of
fresh medium to maintain sink conditions.

The cumulative amount of TAL passing across porcine
skin was calculated based on the measured drug concentration
in the receiver medium. The accumulative amount of TAL
permeating through the skin was calculated according to the
following equation:

Q ¼ Ci � V þ
Xn−1

i¼1

Ci−1 � Vi

 !
=A i ¼ 1; 2; 3 ð1Þ

where Q is the cumulative amount of the drug transported
across the skin, Ci is the drug concentration in the receiver
compartment, and V is the volume of the receptor compart-
ment. Vi is the volume of the sample for analysis. The cumu-
lative penetration amount of TAL was plotted as a function of
time.

After the completion of permeation experiment, the re-
tention amounts of TAL and enhancer (M-DEC or M-HEP)
in the skin were also determined. Accurately weighed skin was
cut into small pieces, and the chemicals inside the skin were
extracted by adding 1 ml of methanol and then treated in an
ultrasound bath for 20 min. The content of TAL and enhancer
in the sample was determined by HPLC and GC, respectively.

Determination of Drug and Fluorescein Solubility
and Calculation of Solubility Parameter

To determine the saturated solubility of TAL or fluores-
cein in donor solution, excessive amount of drug or fluoresce-
in was added to the vehicle. After being vortexed for 2 min
and then sonicated for 10 min, the sample was shaken at 32±
0.5°C. After 48 h, the sample was filtered through a 0.45-μm
membrane filter and the concentration of TAL or fluorescein
in the filtrate was determined by HPLC. The experiments
were repeated for four times.

The Hansen solubility parameters of TAL, M-HEP, and
M-DEC were calculated based on their average molecular
weight according to the approaches of Hoftyzer/Van
Krevelen (Krevelen and Krevelen, 1990). The unit of solubil-
ity parameters is (J cm−3)1/2 (11).

Fig. 1. The image of chemical structures of M-HEP (a) and M-DEC
(b)

Fig. 2. The image of chemical structure of tamsulosin (TAL)
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HPLC Determination

A validated HPLC method was developed to determine
the concentra t ion of TAL. The mobi le phase i s
water:methanol (50:50, v/v), with pH adjusted to 6.5 (ethyl
acetate triethylamine buffer), flow rate is 1 ml/min, and oven
temperature is 40°C. Drug concentration in the withdrawn
samples was calculated according to a calibration curve.

GC Determination

A validated GC method was developed to determine the
amount of M-HEP and M-DEC retained in the skin. The gas
chromatography (GC-17A) was equipped with a flame ioni-
zation detector (Shimadzu Corporation, Kyoto, Japan).
Nitrogen was used as a carrier gas at a flow rate of 3.5 ml/
min. A split injection (split ratio=20) was used where injector
temperature, FID temperature, and column oven temperature
were 250, 280, and 280°C, respectively. Concentrations of M-
HEP and M-DEC in the samples were calculated by using the
absolute calibration method.

Visualizing the Penetration of Fluorescein in Skin
by 2P-LSM

In this experiment, a full-thickness porcine skin was
mounted between two chambers of a Franz cell by clamping.
A suspension of fluorescein in IPM with or without 20% M-
HEP or 20% M-DEC and PBS buffer were used as the donor
solution and receiver solution, respectively.

The experiment allowed the fluorescein to penetrate
through the skin under 32°C. One hour later, the porcine
skin was taken off from the device, washed three times
with physiological saline, and then gently wiped with filter
paper; treated area of the skin was cut out. Subsequently,
the skin was positioned on a glass slide with the SC side
upward. The fluorescent images of skin section at differ-
ent z axis positions were obtained with a Zeiss LSM 710
microscope (Heidelberg, Germany) using a W Plan-
Apochromat ×20 /1 .0 ob jec t ive and a Coherent
Chameleon Ultra laser tuned to 780 nm. TPM imaging
was conducted based on a preliminary experiment and
previously published methods (12). Each image was re-
peated for four times.

ATR-FTIR Study

Full porcine skin sample with thickness of about
700 μm was mounted between two Franz cells. Using
IPM with or without 20% M-HEP or 20% M-DEC as
donor solutions and PBS buffer as receiver medium, the
skin was collected after a 1-h permeation process at 32±
0.5°C. The skin surface was wiped cleanly with cotton
swab; thereafter, the skin was placed on the surface of
crystal with SC side down. The ATR-FTIR spectra of the
samples were recorded in the frequency range of 4,000–
500 cm−1 using an IR spectrometer (NEXUS+70, Thermo
Electron Corporation, Waltham, MA, USA). The
spectrum of the control sample was also recorded.

Data Statistics

All experiments were replicated at least four times. All
data were calculated and presented as mean±SE. Statistical
analysis was carried out using analysis of variance (ANOVA).
The level of significance was determined as P<0.05.

RESULTS

In Vitro Porcine Skin Permeation of TAL with M-HEP
or M-DEC

The effect of M-HEP or M-DEC on the permeation of
TAL through porcine abdominal skin was examined. When
there was no enhancer in the donor solution, the cumulative
amount of TAL permeated per unit skin surface area in 8 h
(Q8 h) reached 10.20±0.79 μg/cm2 with 3.92 h of lag time. The
addition of 20% M-HEP in the donor solution significantly
increasedQ8 h of TAL to 20.57±0.54 μg/cm2 (P<0.05), and the
lag time was eliminated completely. Unexpectedly, the Q8 h of
TAL was nearly down to zero when 20% M-DEC was added
in the donor phase. The obtained results indicated that the
presence of M-DEC retarded the permeation of TAL
significantly.

The Solubility of TAL and Fluorescein

The solubility of TAL and fluorescein in different vehi-
cles was measured, and the results are shown in Table I.
According to the method proposed by Hoftyzer /
VanKrevelen (13), the calculated solubility parameters, δ, of
M-HEP, M-DEC, and TAL are 17.28, 17 .15, and
21.35(J cm−3)1/2, respectively.

The Retention Amount of M-HEP or M-DEC in the Skin

The retention amount of potential enhancers in the skin
after 8 h of permeation was measured by the GC method. It
was shown that the retention amount of M-HEP is about 2.5-
fold higher than that of M-DEC (Table I). Obviously, the
higher the remaining amount of potential enhancers in the
skin, the higher the amount of TAL permeated through the
skin.

Visualization of the Penetration of Fluorescein in the SC
by 2P-LSM

As a substitute for TAL, the penetration of fluorescein
inside the skin could be visualized by 2P-LSM. As shown in
Fig. 3, the black regions surrounded by the intercellular green
fluorescence depicted the SC cell shape. As observed, the
green fluorescent light of fluorescein was detectable at the
depth of 40 μm away from the skin surface when 20% of M-
HEP was added into the donor phase. However, fluorescent
signal disappeared at the position deeper than 8 μm when
20% of M-DEC was incorporated into the donor phase. For
the control group without enhancer, the deepest position that
the fluorescein could reach in SC was 12 μm. It was obvious
that M-HEP could enhance while M-DEC would retard the
penetration of fluorescein.
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ATR-FTIR

ATR-FTIR studies were performed to gain further infor-
mation about the effect of M-HEP or M-DEC on the biophys-
ical properties of the SC lipid region. ATR-FTIR spectra of
porcine SC that has been pretreated with different donor
phases containing TAL suspension with or without M-HEP
or M-DEC are presented in Fig. 4. As can be seen, SC
pretreated with M-HEP produced a higher shift in asymmetric
and symmetric C–H vibration peak positions (νs 2,852 cm−1

and νas 2,922 cm−1, respectively) in comparison with that of
control (νs 2,848 cm−1 and νas 2,921 cm−1, respectively). And
the amide bond vibrations II of M-HEP is red shifted
compared with that of control (1,547 vs. 1,549 cm−1).
However, there was no detectable change in C–H vibration
peak position of SC with the 20% M-DEC group compared
with control.

DISCUSSION

The mechanism of M-HEP or M-DEC on the permeability
of TAL through porcine skin is very complicated, and generally,
it is highly related to the interaction among the enhancer, the
penetrant, and skin. Since the solubility parameter of TAL
(21.35(J cm−3)1/2) is similar to that of the skin (20.5(J cm−3)1/2)
(14), it was assumed that TAL could dissolve freely in the SC
lipid. According to the calculated solubility parameter, the δ of
M-HEP is 0.13(J cm−3)1/2 higher than that of M-DEC, implying
that M-DEC might be dissolved in the lipid region easier than
M-HEP. In addition, GC analysis indicated that 2.5 times more
M-HEPwas retained in the skin compared with that ofM-DEC.
Considering that the percentage of lipid composition in SC is
very low, the existence of large amount of M-HEP could change
the microenvironment by changing the solubility parameter of
the lipid region. Consequently, the interaction between TAL
and CER (the main ingredient of SC lipid) was weakened and
TAL could be released from the lipid of SC layer and
continuously passed through skin and went into the receiver
medium accumulatively. In contrast, M-DEC was not able to
change the microenvironment of the lipid region due to its low
retention amount in the skin.

So far, there is no clear interpretation about the action site of
menthol derivatives. 2P-LSM was employed to investigate the
action site of these enhancers after application of M-HEP and M-
DEC. The action path of M-HEP andM-DEC in the porcine skin
samples is illustrated directly by 2P-LSM. In previous researches,
2P-LSM has been employed to evaluate the skin permeation of
drugs (15,16). Since the penetrant is regarded as a crucial factor of
the penetration process, it is necessary to take the effect of the
penetrant into account. To the best of our knowledge, some similar

experiments have ignored to choose appropriate fluorescent re-
agents, which cannot reflect the penetration process (4,5,7,17).
Considering molecular weight and log P being crucial factors of
transdermal procedure, this research selects a suitable fluorescence
agent which possesses similar characteristics with TAL. Themolec-
ular weight of TAL free base is 408.48 and logP 2.2. The properties
of fluorescein (molecular weight 332.31 and log P 2.68) are similar
with those of TAL. To some extent, fluorescein can reflect the
transdermal behavior of TAL. Thus, the results could simulate
the transdermal process of TAL. In this research, clear 2P-LSM
topographies of the skin were used to clarify the acting sites of M-
HEP and M-DEC. The black regions surrounded by the intercel-
lular green fluorescence depicted the SC cell shapes. And the
images reflected that the major acting site of enhancers is continu-
ous intercellular lipid domain. From the images, a weak fluores-
cence was localized within corneocytes of SC treated by M-HEP,
while there was no fluorescence localized within corneocytes of SC
after M-DEC treatment. Moreover, the penetration depth of the
fluorescence into the skin is less than that of the control after M-
DEC treatment, indicating that M-DEC retarded fluorescence
penetration or M-DEC interacted with fluorescence. The 2P-
LSM images showed that themajor action domainwas intercellular
lipid region, and there were obviously different influences between
M-HEP and M-DEC.

Previous studies have suggested that a chemical enhancer
targeting the SC lipid region to enhance skin permeation
requires the enhancer to orient itself within that microenvi-
ronment to perturb and alter the SC lipid lamellae structure
(18,19). In order to reflect the actual effect of M-HEP and M-
DEC in the permeation procedure, TAL was applied in the
pretreatment process for ATR-FTIR experiment. After the
pretreatment procedure, ATR-FTIR could reflect the vibra-
tion frequency of CER in SC under the circumstance of TAL
and enhancers, which provided the explanation for the en-
hancing mechanism considering the effect of the penetrant.

It was reported that the hydrogen bonding made the lipid
bilayer stable and enhanced the barrier characteristic of SC (20,21).
When the CER net was distorted by the enhancers possessing a
functional group, the hydrogen bonding of the trans-conformations
of CER could be affected. Figure 2 shows the CH2 stretching
frequency after the application of M-HEP or M-DEC. Compared
with the control group, the spectrum of the 20% M-HEP group
presented an obvious blue shift. The symmetric stretch was a
sensitive signal to the alkyl chain conformation. And the CH2

symmetric stretching frequency was 4 cm−1 blue shifted. The
magnitude of the shift in C–H stretching vibration was directly
related to the ratio of trans to gauche conformers in the alkyl
chain. The higher the shifts, the higher the ratio of trans to
gauche there. The higher the quantity of M-HEP that entered the
SC lipid region, the more movements the alkyl chain did. It was

Table I. Permeation Parameters of TAL and Fluorescein Through Porcine Skin

Vehicle (w/w)
(10% ethanol/IPM)

TAL solubility
(μg/ml)

Fluorescein
solubility (μg/ml)

TAL retention
amount (μg/g)

Modifier retention
amount (μg/g)

Vehicle 137.64±10.10 96.31±9.49 90.98±8.73 –
20% M-HEP vehicle 148.83±9.12 157.34±11.12 150.71±12.87 15.87±2.31
20% M-DEC vehicle 100.23±8.76 90.87±10.97 29.67±4.43#* 6.14±1.03*

# P<0.05, value is significantly different between 20% M-DEC vehicle control group
*P<0.05, value is significantly different between 20% M-HEP vehicle control group
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Fig. 3. 2P-LSM images of porcine abdominal skin incubated on a vertical diffusion cell with different vehicles. Fig. 2a 2P-
LSM images of porcine abdominal skin incubated on a vertical diffusion cell with 10 % ethanol IPM for 1 h (control). Fig. 2b
The images are porcine abdominal skin treated with 20 % M-HEP 10 % ethanol IPM for 1 h. Fig. 2c 2P-LSM images of
porcine abdominal skin incubated on a vertical diffusion cell with 20 %M-DEC 10 % ethanol IPM for 1 h. The scale is 20 μm
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demonstrated that promoters causing a higher shift of C–H
stretching vibration improved drug permeation (8,20). The
conformation changes of CER are one of the most important
factors to promote TAL penetration. ATR-FTIR spectrum
reflected another potential factor existed in the penetration
procedure. The amide II near 1,550 cm−1 contains mixed N–H in-
plane bending and C–N stretching (22). The change of amide II
absorption peak after treatment with M-HEP suggested that the
amount of α-spiral structure of keratin decreased along with the
increase of β-folding structure and nonregulative structure (23).
And at the position of 1,000 cm−1, some absorption peaks
disappeared, which also indicated the interaction between M-
HEP and CER.

Combining with GC results, the retention amounts of M-
HEP and M-DEC suggested the interaction between M-HEP
and CER. Solubility parameter calculation indicated that M-
HEP could easily interact with the polarity region than M-DEC
and TAL. The different binding site of enhancers in the lipid
region appeared to be another explanation of M-HEP-induced
TAL permeation enhancement. Thus, M-HEP provided the
highest skin permeation, and it offered the shortest lag time.

The spectrum of M-DEC was the same as that of the
control group, implying that M-DEC caused no increase in
the movement of the side chain of CER. Solubility parameter
calculation indicated that M-DEC was prone to interact with
the nonpolarity region than M-HEP. Combined with in vitro
penetration results, TAL penetration induced by M-DEC was
hardly detectable. From the 2P-LSM images, there was little
fluorescein penetration 8 μm beneath the skin surface. The
results of ATR-FTIR suggested that M-DEC could not en-
hance the motion of the alkyl chain but occupy the space
where TAL could penetrate through the skin. Consequently,
when some M-DEC was dissolved in the lipid region, it could
not enhance the motion of the alkyl chain but occupy the

space where TAL could penetrate through the skin. As a
result, TAL penetration was retarded by M-DEC.

CONCLUSION

It is much clearer to elucidate the mechanism of enhancer
when the penetrant is regarded as a crucial factor to the
permeation procedure. The 2P-LSM images reflected the ac-
tion sites and enhancement efficiency of M-HEP and M-DEC.
Meanwhile, ATR-FTIR spectra demonstrated the frequency
changes of CER in the lipid domain to explain the distinct
permeation behavior of M-HEP and M-DEC. All the results
suggested that M-HEP changed the conformation of CER in
the lipid region by affecting the microenvironment and in-
creased the fluidization of the lipid region to promote TAL
penetration through the skin. M-DEC, on the other hand,
does not modify the CER conformation of the lipid region.
The penetrant could affect the penetration procedure of en-
hancer. The conformation of CER in the lipid region is direct-
ly related to the amount of drug permeated.
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