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ABSTRACT
Purpose Compound permeation through stratum corneum-
stripped skin is generally greater than that through full-thickness
skin. In addition, epidermis-to-dermis permeation profile should
be the same as dermis-to-epidermis permeation profile. How-
ever, stripped skin permeability of some compounds was lower
than full-thickness skin permeability and different permeabilities
were found for some compounds between the two directions
of skin permeation. The reasons for these findings were inves-
tigated in this study.
Methods Full-thickness or stripped hairless rat skin was set in a
Franz-type diffusion cell, and a solution of compound was
applied on the epidermis or dermis side to determine the in
vitro skin permeability.
Results Although the stripped skin permeability of pentyl para-
ben (PeP) with extremely high logKo/w was lower than full-
thickness skin permeabilities, the addition of 3% ethanol
resulted in the expected permeation order. Epidermis-to-
dermis permeation of PeP through full-thickness skin was higher
than dermis-to-epidermis permeation. Epidermis-to-dermis
permeations of fluorescein isothiocyanate dextran (FD-4) and
isosorbide 5-mononitrate with negative logKo/w were also
higher than those in the opposite direction.
Conclusions Morphological observation of skin after FD-4
permeation suggested that a conically shaped trans-follicular
permeation pathway model could be advocated to explain the
difference between the epidermis-to-dermis permeation and
that in the opposite direction.
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INTRODUCTION

Many topical formulations containing many pharmaceutical
additives in addition to therapeutically active compounds
have been designed. Since such additives may have undesir-
able effects, skin permeation studies are very important for
safety evaluation as well as effectiveness assessment. Measure-
ment of skin permeability has been found to be difficult in in
vivo experiments as well as in vitro experiments using human
skin. The latter is due to the low availability and high vari-
ability of human skin. Many researchers have used hairless rat
skins and pig skins owing to the high correlation between
compound or chemical permeations through these skins and
those through human skin (1–5). Although animal experi-
ments have been widely undertaken, the concept of animal
welfare and the 3Rs of animal experiments limit these experi-
ments and necessitate alternatives (6–9). Understanding the
skin permeation properties and the mechanism of action of
compounds and chemical compounds is very important to
establish alternatives to animal experiments.

Most of the permeation profiles of compounds through
skin reflect kinetic processes that can be explained by Fick’s
law of diffusion. Generally, the uppermost layer of skin,
stratum corneum, is the biggest barrier against compound
entry through the skin (10–13). Since the stratum corneum
consists of several layers of dead cells, corneocytes, trans-
porters and metabolic enzymes were thought to contribute
little to the skin permeation of most compounds. Thus,
material permeation through full-thickness skin should be
lower than that through stratum corneum-stripped skin. In
addition, epidermis-to-dermis permeation should be the
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same as dermis-to-epidermis permeation, even though the
outer and inner surfaces are quite different as most likely is
the interaction between the permeant and these two differ-
ent biological tissues. In our preliminary experiments, the
stripped skin permeability of some compounds was lower
than the full-thickness permeability and different permeabil-
ities of some compounds were found between the two direc-
tions of skin permeation. Parabens (methyl, ethyl, n-propyl,
n-butyl, and n-pentyl parabens), isosorbide 5-mononitrate
(ISMN), and fluorescein isothiocyanate dextran (FD-4)
were used as model penetrants. Full-thickness and
stripped skin samples excised from male hairless rats
were used as skin membrane. Several in vitro skin perme-
ation studies were conducted using Franz-type diffusion
cells to evaluate diffusion and permeation profiles
through the skin and to obtain morphological informa-
tion on the permeation pathway.

Theory of Skin Permeation

Figure 1a and b illustrate concentration-distance profiles of
compounds applied through full-thickness skin and stripped
skin, respectively, in a steady state condition. Full-thickness
skin consists of stratum corneum layer and underlying epi-
dermis and dermis, which can be expressed by a 2-layered
diffusion model, whereas stripped skin alone can be
expressed by a one-layered diffusion model (14–16). Since
the stratum corneum is the biggest barrier to the skin per-
meation of chemical compounds, as mentioned above, the
permeation rate through full-thickness skin (Fig. 1a) is gen-
erally lower than that through stripped skin (Fig. 1b).

Figure 1c and d show a comparison of diffusion models of
epidermis-to-dermis permeation (Fig. 1c) and dermis-to-
epidermis permeation (Fig. 1d), where Fig. 1c is the equiv-
alent of Fig. 1a. Unless no skin adsorption, no skin metab-
olism, and no transporter-mediated permeation occur in
passive skin permeation, epidermis-to-dermis permeation
should be exactly the same as dermis-to-epidermis perme-
ation of chemical compounds.

Let us explain that the epidermis-to-dermis permeation
through full-thickness skin is the same as the dermis-to-
epidermis permeation. The abscissa in Fig. 1 shows the
direction of the membrane permeation, and the width of
the skin shows the thickness of the skin, whereas the axis of
the ordinate represents the concentration of the penetrant
applied on the skin. Hatched areas in the figures show the
amount of penetrants in unit area of skin (usually presented
as μg/cm2), and products of concentration slopes in the
stratum corneum and viable epidermis/dermis (i.e. concen-
tration gradient) and diffusion coefficient of compounds
become the permeation rate of compounds through the
membrane. Two examples (one is a lipophilic compound
and the other is a hydrophilic compound) are shown to

explain that no difference is found between the epidermis-
to-dermis and the dermis-to-epidermis permeation rates.
When the partition coefficient of a lipophilic compound
from the vehicle to stratum corneum is 4.0 and that from
the vehicle to viable epidermis and dermis is unity (1.0), the
partition coefficient from the stratum corneum to the viable
epidermis/dermis must be 1/4, and that in the opposite
direction is 4.0. In addition, the resistant ratio of stratum
corneum against full-thickness skin is considered to be 0.8
(resistant ratio of viable epidermis and dermis against full-
thickness skin is 0.2). Furthermore, compound concentration
in the vehicle is considered to be 1.0, and sink condition is
maintained in the receiver side. Then, the concentration
gradient of penetrant across the stratum corneum becomes
16/5/Lsc and that across the viable epidermis and dermis is 1/
5/Lved for both directions, as illustrated in Fig. 1c and d. Thus,
the same skin permeation rates must be obtained for the two
directions since the concentration gradient is the same.

Let us explain in case of a hydrophilic compound having a
partition coefficient from the vehicle to stratum corneum is 2.0
and that from the vehicle to viable epidermis and dermis is
unity (1.0) as the same as above, the partition coefficient from
the stratum corneum to the viable epidermis/dermis become
1/2, and that in the opposite direction is 2.0. The resistant
ratio of stratum corneum against full-thickness skin is consid-
ered to be 0.95 (resistant ratio of viable epidermis and dermis
against full-thickness skin is 0.05). The same compound con-
centration in the vehicle (1.0) applied under a sink condition in
the receiver side. Then, the concentration gradient of pene-
trant across the stratum corneum becomes 19/10/Lsc and that
across the viable epidermis and dermis is 1/20/Lved for both
directions, as illustrated in Fig. 1e and f. Thus, the same skin
permeation rates must be obtained for the two directions for a
hydrophilic compound.

In the case of stripped skin permeation both for a lipophilic
compound and hydrophilic compound, a one-layered model
is applied to explain the permeation profile. Thus, it is easy to
understand that the epidermis-to-dermis permeation should
be the same as the dermis-to-epidermis permeation.

In contrast, the steady state concentration for a lipophilic
and hydrophilic compound in skin in the case of epidermis-
to-dermis permeation is 0.33 and 0.1275 and that in dermis-
to-epidermis permeation is 0.97 and 0.9725, respectively,
when the thicknesses of stratum corneum and viable epider-
mis/dermis are 1 and 9. Thus, skin concentration differs
between the cases of epidermis-to-dermis permeation and
dermis-to-epidermis permeation both for lipophilic and hy-
drophilic compounds. Even when the other ratios were
used, the calculated epidermis-to-dermis permeation of
compounds must be the same to the dermis-to-epidermis
permeation, but full-thickness skin concentration of the
compounds after application to the dermis side is not the
same to that to the epidermis side.
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MATERIALS AND METHODS

Reagents and Materials

Model penetrants: methyl paraben (MP), ethyl paraben
(EP), n-propyl paraben (PP), n-butyl paraben (BP), n-pentyl
paraben (PeP), and isosorbide 5-mononitrate (ISMN), were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,

Japan). Fluorescein isothiocyanate dextran with an average
molecular weight of 4.4 kDa (FD-4) was obtained from
Sigma Aldrich (St. Louis, MO, U.S.A.). Table I shows a
summary of molecular weights (M.W.) and logarithmic values
of n-octanol/water partition coefficients (logKo/w) of these
model compounds. Diisopropyl fluorophosphate (DFP), an
esterase inhibitor, was obtained from Wako Chemical Indus-
tries, Ltd. (Osaka, Japan). Other chemicals and reagents were
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Fig. 1 Concentration-distance profile showing permeation profiles of compound through full-thickness skin (a) and stripped skin (b), and that showing full-
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of special grade or HPLC grade commercially obtained and
used without further purification.

Experimental Animals

Male hairless rats (WBN/IL-Ht strain) weighing 220 to 260 g
were obtained from Life Science Research Center, Josai Uni-
versity (Sakado, Saitama, Japan), or Ishikawa Experimental
Animal Laboratories (Fukaya, Saitama, Japan). The rats were
kept in an animal room where the temperature was main-
tained at 25±2°C and light was on from 7:00 to 19:00. Food
and water were provided ad libitum. All animal feeding and
experiments were approved by the Institutional Animal Care
and Use Committee of Josai University.

Human scalp was purchased from Biopredic International
(Rennes, France). The donor was a 60-year-old Caucasian
lady. The average thickness of the skin was 4 mm. This human
experiment was approved by and followed the guidelines on
the ethical use of human-origin organs and tissues of KAC
Co., Ltd. (Ritto, Shiga, Japan).

In Vitro Skin Permeation Experiments

Abdominal skin was cleaned using wet Kimwipe and excised
from hairless rats under anesthesia by i.p. injection of pento-
barbital (50 mg/kg). Stripped skin was made by stripping off
the stratum corneum 20 times using adhesive tape and excised.
To decrease the variability in skin permeability due to abdom-
inal sites of skin, only right and left upper abdominal skin was
used. The excess fat was trimmed off from the excised skin, and
the skin sample was set in a Franz-type diffusion cell (effective
diffusion area, 1.77 cm2) in which the receiver chamber was
warmed at 32°C. Compound solution and PBS were added to
the cap cell and receiver cell, respectively, in all permeation
experiments. Skin piece was mounted in the diffusion cell with
the epidermis side facing upwards in the epidermis-to-dermis
permeation experiment, whereas the dermis side facing up-
wards in the dermis-to-epidermis permeation experiment.
DFP in pH7.4 phosphate-buffered saline (PBS) at a concentra-
tion of 2.7 μmol/mL (6mL) was added to the receiver chamber
and maintained for 30 min to reduce metabolism of parabens.
Then, the skin permeation experiments were started. No effect
of DFP was confirmed on the skin permeation of parabens and
other compounds (17–19). In the cases of other penetrants, only
PBS was used for pretreatment. A penetrant solution in PBS or

3% ethanol (0.5 or 1.0 mL) was added to the donor chamber,
whereas DFP in PBS (0.54 μmol/mL) or PBS alone (6 mL
each) was added to the receiver chamber to start the perme-
ation experiments. The concentration of each penetrant ap-
plied was as follows: MP, 1520 μg/mL; EP, 500 μg/mL; PP,
200 μg/mL; BP, 100 μg/mL; PeP, 50 μg/mL; FD-4, 1 mg/
mL; and ISMN, 100 mg/mL. Receiver solution was agitated
using a stirrer bar and amagnetic stirrer throughout the experi-
ments. An aliquot (500 μL) was withdrawn from the receiver
chamber and the same volume of PBS was added to the
chamber to keep the volume constant. Penetrant concentration
in the receiver chamber was determined by HPLC or using a
fluorescence spectrophotometer.

Hair on the human scalp was carefully cut using scissors.
The resulting scalp was cleaned using PBS and set in a
Franz-type diffusion cell. Skin permeation experiment was
carried out after 12-h hydration with PBS.

Determination of Extraction Ratio

The withdrawn sample containing parabens (200 μL) was
mixed with 200 μL acetonitrile containing internal standard
(EP forMP,MP for EP, BP for PP, PP for BP, and BP for PeP)
and centrifuged at 4°C for 5 min. The obtained supernatant
was injected into an HPLC system. The HPLC system (Shi-
madzu, Japan) consisted of a system controller (CBM-20A), a
pump (LC-20 AD), an auto-sampler (SIL-20 AC), a column
oven (CTO-20A), a UV detector (SPD-M20A), and analysis
software (LC Solution). The column was LiChroCART®

250–4 (KGaA, 64271; Merck, Darmstadt, Germany) main-
tained at 40°C. Mobile phases were as follows: MP and EP,
0.1% phosphoric acid:acetonitrile (65:35); PP and BP, 0.1%
phosphoric acid:acetonitrile (55:45); and PeP, 0.1% phospho-
ric acid:acetonitrile (45:55). The flow rate was adjusted to
1.0 mL in each case. The injection volume of sample was 20
μL and detection was carried out at UV 260 nm.

The ISMN sample was mixed with the same volume of
acetonitrile and centrifuged as explained above. An absolute
calibration method was used. The column was Inertsil®

ODS-34.6 mm×150 mm (GL Sciences Inc., Japan), the
mobile phase was water:acetonitrile (9:1), and detection
was carried out at UV 220 nm. Other methods are the
same as above for the paraben assay.

FD-4 was determined using a fluorescence spectropho-
tometer (RF-5300PC; Shimadzu, Japan) at the emission and
excitation wavelengths of 490 and 520 nm, respectively.

Sectioning of Frozen Skin

Skin sectioning was done only after permeation experiment
FD-4. After the permeation experiment, the skin surface was
washed twice using 1 mL of PBS on the Franz-type diffusion
cell. The skin sample taken from the diffusion cell was

Table I Physical Properties of Model Compounds

MP EP PP BP PeP FD-4 ISMN

M.W. 152.2 166.1 180.2 194.2 208.3 4400 191.1

logKo/w
a 1.93 2.27 2.81 3.53 4.10 −0.773 −0.151

a n-Octanol/water partition coefficient at 37°C
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vertically cut at 0.2 mm thickness using a razor blade,
embedded in super cryoembedding medium (Leica Micro-
systems, Tokyo, Japan), and frozen in dry iced isopentane.
Skin slices (10 μm in thickness) were made using a cryostat
(CM3050S, Leica Microsystems). Each skin slice was ob-
served under a confocal laser scanning microscope (Fluo-
view FV1000 and software: FV10-ASW, Olympus, Japan).

RESULTS

Figure 2 shows the time course of the cumulative amounts of
parabens that permeated through full-thickness skin and

stripped skin. An esterase inhibitor, DFP, was used in the
skin permeation experiments of parabens. Therefore, me-
tabolite of parabens, p-hydroxybenzoic acid, was not found
in the receiver cells. We then ignored the effect of metabo-
lism of parabens on the skin permeation. It was confirmed
that the use of DFP did not affect the barrier function of skin
(17–19). Each profile in the figure shows the typical lag time
period and following steady state flux. The slopes in case of
MP and EP gradually decreased with time. This was due to
a decrease in donor concentration. As expected, stripped
skin permeabilities were higher than full-thickness skin
permeabilities of MP to PP with logKo/w of 1.93 to 2.81
(Fig. 2a-c). On the other hand, the stripped skin permeation
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of BP (logKo/w, 3.53) was almost the same as the full-
thickness skin permeation of the compound (Fig. 2d). Thus,
low-molecular-weight compounds with a logKo/w value
greater than 3.53 easily permeate through the lipophilic
membrane, stratum corneum, and the overall permeation
is limited by the viable epidermis/dermis barrier rather than
the stratum corneum barrier. Interestingly, stripped skin
permeation of PeP was lower than the full-thickness skin
permeation, as shown in Fig. 2e. Since the skin barrier
consists of a barrier in the stratum corneum and one more
barrier in the viable epidermis/dermis, almost the same
permeation may be obtained for the BP permeation
(Fig. 2d), but higher permeation through full-thickness skin
than that through stripped skin is not possible as in PeP
permeation (Fig. 2e).

We considered that this was due to interfacial migration
resistance occurring or an unstirred diffusion layer forming
between the bulk donor solution and the skin membrane
(20–26). Theoretically, partition or distribution of pene-
trants immediately takes place from the vehicle to the skin
at the beginning of the skin permeation (27). When interfa-
cial resistance or unstirred layer is not negligible, the parti-
tion or distribution of penetrants from the vehicle to the skin
develops a kinetic profile in the skin permeation profile.
Since the effect of interfacial resistance or unstirred layer
may be reduced by an increase in the affinity of skin to the
donor solution, 3% ethanol was used instead of PBS. Skin
permeation experiment of PeP was performed and that of
MP was also carried out for comparison.

Figure 3 shows the results. MP permeations through both
full-thickness skin and stripped skin from PBS were the same
as those from 3% ethanol (Fig. 3a). Although ethanol was
found to have an enhancing effect on the skin permeation of
many compounds, 3% ethanol did not have any enhancing
effect, probably due to the low concentration of ethanol. In
contrast, PeP permeation from 3% ethanol through stripped
skin was not significantly (p>0.05) different from that
through full-thickness skin (Fig. 3b), although the compound
permeation from PBS had an unusual result, as shown in
Fig. 2e.

As mentioned above, the use of 3% ethanol increased the
affinity between the compound vehicle and the skin surface
to decrease the effect of permeation resistance or an
unstirred diffusion layer on the delayed skin permeation
(20–26). Similar permeations of PeP (logKo/w, 4.1) even from
3% ethanol through stripped skin and full-thickness skin
mean a greater contribution of the viable epidermis/dermis
barrier to the total skin barrier.

As the main focus in the present study, the reason for the
difference between epidermis-to-dermis permeation and
dermis-to-epidermis permeation of compounds was evalu-
ated. Figure 4a and b show the time course of the cumula-
tive amount of PeP that permeated through skin from PBS
and 3% ethanol, respectively. When PBS was used in the
donor and receiver chambers, the epidermis-to-dermis per-
meation through full-thickness skin was higher than the
dermis-to-epidermis permeation through full-thickness skin,
epidermis-to-dermis permeation through stripped skin, and
dermis-to-epidermis permeation through stripped skin. In
addition, the latter three cases showed almost the same
permeation. Interfacial resistance or unstirred diffusion lay-
er may be the reason for these results (20–26). Then, 3%
ethanol was used in the donor and receiver solutions, which
resulted in no change in the skin permeation for the two
directions.

Therefore, the interfacial resistance or unstirred diffusion
layer probably affects the skin permeation of PeP. Since the
PeP permeation was decreased through viable epidermis
and dermis in the present study, the interfacial resistance
or unstirred diffusion layer probably affects the stripped skin
permeation. The reason for no interfacial effect being ob-
served on the full-thickness skin permeation was the high
affinity of PeP to the highly lipophilic stratum corneum.

Figure 5 shows the time course of the cumulative amount
of MP permeated through skin from PBS and 3% ethanol
solution. Almost the same stripped skin permeation of MP
was observed from PBS. Through the full-thickness skin
from PBS, however, the epidermis-to-dermis permeation
of MP was higher than the dermis-to-epidermis permeation.
Ethanol solution at a concentration of 3% was used instead

0

50

100

150

200

250

300

0 1 2 3 4 5 6

Time (h)Time (h)
0 2 4 6 8 10

0

0.2

0.4

0.6

0.8

1

C
um

ul
at

iv
e 

am
ou

nt
 (µ

g/
cm

2 )

b. PeP: 50 µg/mL, Effect of 3% EtOHa. MP: 1520 µg/mL, Effect of 3% EtOHFig. 3 Time course of changes
in the cumulative amounts of MP
(a) and PeP (b) that permeated
through hairless rat skin. Symbols:
through full-thickness skin from
PBS (●), through stripped skin
from PBS (○), through full-
thickness skin from 3% ethanol
(▲), through stripped skin from
3% ethanol (Δ). Data are shown
as the mean ± S.E. (n03–5).

2482 Oshizaka, Todo and Sugibayashi



of PBS to overcome the effect of interfacial resistance or
unstirred layer. The same trends (higher epidermis-to-dermis
permeation through full-thickness skin) were observed. The
same permeability was observed from 3% ethanol solution
and PBS, suggesting that no interfacial resistance took place.
Active transport or the effect of transporters could have been
involved in skin permeation (28,29). However, it appears that
transporters were not involved in skin permation of MP because
the epidermis-to-dermis permeation through viable skin
(stripped) was the same as the dermis-to-epidermis permeation.
Next, the final donor concentration was determined and the
permeation data were modified to take account of the adsorp-
tion of MP on the diffusion cell and skin surface (30,31). The
obtained results are shown in Fig. 6. Normalized cumulative
amount (% dose applied/cm2) is used in this figure. No differ-
ence was found in the two directions of permeation of MP
through full-thickness skin, suggesting that MP must be easily
adsorbed or distributed on the skin surface or glass diffusion cell.

Next, the effect of direction was investigated for the skin
permeation of aqueous compounds. Figures 7a and b show

the time courses of the cumulative amounts of FD-4 and
ISMN, respectively, which permeated through full-thickness
skin. Epidermis-to-dermis permeations through stripped
skin of FD-4 and ISMN were the same as dermis-to-
epidermis permeations, which was similar to the case for
MP (data not shown). In contrast, the epidermis-to-dermis
permeations through the full-thickness skin of FD-4 and
ISMN were both higher than the dermis-to-epidermis per-
meations. We then modified data by the final concentration
in the donor solution. The results are shown in Fig. 7c and
d. Normalized cumulative amount (% dose applied/cm2)
was also used for the figure the same as in Fig. 6. Different
permeabilities were still observed between the epidermis-to-
dermis and dermis-to-epidermis permeations.

We considered that the reason for this might be the
morphological shape of the permeation pathway through
skin, especially for the high-molecular-weight hydrophilic
compound, FD-4. Skin permeation of chemical compounds
of more than 500 Daltons is severely limited (32). Although
FD-4 has a molecular weight about 9-times greater then 500
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(□), full-thickness skin permeation in the epidermis-to-dermis direction from 3% ethanol (▲), stripped skin permeation in the epidermis-to-dermis direction
from 3% ethanol (Δ), full-thickness skin permeation in the dermis-to-epidermis direction from 3% ethanol (♦), stripped skin permeation in the dermis-to-
epidermis direction from 3% ethanol (◊). Data are shown as the mean ± S.E. (n03–5).
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Daltons, skin permeation of FD-4 was still measurable. In
contrast, skin permeation of FD-4 through a three-
dimensional cultured human skin model, LSE-high, could
not be observed (33). This may be due to the lack of hair
follicles in the cultured skin model. Figure 8 shows the
morphological findings of a skin slice. The skin sample was
obtained after the permeation experiment for FD-4.
Figure 8a shows the skin slice after the epidermis-to-dermis
permeation experiment. No fluorescence was observed in
the stratum corneum, whereas low fluorescence was found
in the hair follicles. On the other hand, Fig. 8b shows the
view after the dermis-to-epidermis permeation experiment.
No fluorescence was observed in the stratum corneum, but
low fluorescence was observed in the hair follicles and viable
epidermis and dermis. These results suggest that the prima-
ry permeation pathway for FD-4 must be the hair follicles.
By megascopic observation (data not shown), an obvious
trail of fluorescence was found on the FD-4 permeation in
the sample for epidermis-to-dermis permeation, whereas no

a. MP: 1520 µg/mL, Normalized data
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clear fluorescence was observed for dermis-to-epidermis per-
meation. Although the dermis-to-epidermis FD-4 permeation
was lower than the epidermis-to-dermis permeation, the skin
concentration after application to the dermis side was much
higher than that after application to the epidermis. Com-
pounds are permeated firstly through the stratum corneum
with a high resistance in the epidermis-to-dermis permeation,
whereas they are permeated firstly through the dermis with a
low resistance in the case of dermis-to-epidermis permeation.
Therefore, the skin concentration of compounds after appli-
cation to the epidermis is different from that after application
to the dermis.

ISMN permeation was similar to the FD-4 permeation.
Thus, hydrophilic low-molecular-weight compounds also
permeate through the hair follicles. The morphological dif-
ference between the epidermis side and the dermis side,
especially for the vertical shape of hair follicles, results in
the difference in the skin permeation between epidermis-to-
dermis and dermis-to-epidermis directions.

Figure 9 shows a comparison of ISMN permeations
through human skin. Scalp human skin was used because
scalp is typical skin with many hair follicles. Only one skin
piece was obtained in the present study (i.e., n01). The
dermis-to-epidermis permeation of ISMN was lower than

the epidermis-to-dermis permeation, which was similar to
the results for the hairless rat skin.

DISCUSSION

Since the uppermost lipophilic skin layer, stratum corneum,
is the biggest barrier to the permeation of compounds
through skin, skin permeation of compounds increases with
lipophilicity or logKo/w (8,15,34–36). However, a further
increase in logKo/w to more than 4.1 decreases the skin
permeability (15,37,38). An increase in lipophilicity from
MP to PP in the present study showed higher permeability.
On the other hand, a further increase in the lipophilicity
from PP to BP decreased the permeability. In addition, the
stripped skin permeability was lower than that of the full-
thickness skin for PeP. Furthermore, the addition of ethanol
at a concentration of 3% improved the unusual results for
the PeP permeation. Interfacial resistance and unstirred
layer may need to be taken into account, especially for the
skin permeation of highly lipophilic compounds (logKo/w of
more than 4.1) such as PeP.

The diffusion of chemical compounds through a
dissolution-diffusion membrane is greatly affected by their

Fig. 8 Skin section image after the permeation experiment in epidermis-to-dermis (a) and dermis-to-epidermis directions (b).
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molecular sizes. In contrast, the distribution or partition from
the donor solutions (vehicles) to the dissolution-diffusionmem-
brane occurs rapidly, so the phenomena are not expressed by
kinetics. This is well known in mass-transfer and rate process
engineering (39,40). We thus used the concept of interfacial
resistance to explain compound diffusion profiles from the
matrices (20). No proof has been obtained as to why ethanol
added to the formulations increased the skin permeation of
highly lipophilic compounds. It has been proven, however,
that ethanol decreases the interfacial resistance of highly lipo-
philic compounds between aqueous vehicles and skin (41–43).

In other words, ethanol does not affect the diffusion of the
compounds through the skin barrier.

Several penetrants may have adsorbed to the skin surface
and diffusion cells. The adsorption took place in the
epidermis-to-dermis permeation of MP for which logKo/w is
1.9. The final concentration in addition to the initial concen-
tration of penetrants must be determined to understand the
real permeability. Only a few researchers are interested in
dermis-to-epidermis permeation. However, comparison of
epidermis-to-dermis permeation and dermis-to-epidermis
permeation is very important to understand the mechanism

Fig. 10 Conical pore model of permeation pathway of hydrophilic compounds (a) and lipophilic compounds (b) through skin.
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of skin permeation of compounds. Analysis of the adsorption
of compounds is also very important. Since compounds with
logKo/w of about 2 are usually taken up by the skin surface,
these compounds may easily adsorb to the skin.

In the case of aqueous penetrants, however, the epidermis-
to-dermis permeability was higher than the dermis-to-
epidermis permeability, even when modification was carried
out using the final donor concentration. No or little skin
permeation was observed when the molecular weight of pen-
etrants was more than 500 Da (32). When determined in
detail, scarce skin permeation was sometimes observed, even
using penetrants larger than 500 Da. This is probably due to
the hair follicles or other pore pathways (27,44–50). Trans-
appendage routes containing the trans-follicular routes must
be considered to fully understand the skin permeation profiles.

Among the compounds used in this experiment, the
epidermis-to-dermis permeations of FD-4 and ISMN
through full-thickness skin were different from the dermis-
to-epidermis permeations. In the permeation through
stripped skin, however, no effect of direction was found on
the skin permeation of both hydrophilic compounds and
lipophilic compounds. These findings suggest that the effect
of direction on the skin permeations of FD-4 and ISMN is
closely related to the vertical morphology of the stratum
corneum. Figure 10 shows a schematic illustration of perme-
ation through stratum corneum of hydrophilic compounds
and lipophilic compounds. As shown in the figure, the aper-
tural area of the appendage is largely open, and the append-
age is narrower at the deeper site, suggesting a conical shape
of pore for the appendage. In the case of epidermis-to-dermis
permeation, the donor solution is easily approached to the
large pore, resulting in the high partitioning of the penetrants
into skin. When the donor solution was applied to a mem-
brane having large pores, the compound molecules in solu-
tion contacted to large pores are easily penetrated into the
pores. In contrast, in the case of dermis-to-epidermis perme-
ation, donor solution is not easily approached to the append-
age or is easily approached only to narrow appendages.
Hydrophilic compounds probably permeate through the
pore regions, not the real domain of the stratum corneum
(Fig. 10a). Thus, the epidermis-to-dermis permeations of
FD-4 and ISMN were higher than the dermis-to-epidermis
permeations. Lipophilic compounds also permeate through
the pore regions (Fig. 10b). The contribution of pore regions,
however, is very low for the skin permeation of lipophilic
compounds since the area ratio of the pore is only 0.1%.

CONCLUSION

Skin permeation profiles of high lipophilic compounds (i.e.,
PeP) and aqueous compounds (i.e., FD-4 and ISMN) were
not simply explained by Fick’s law of diffusion as follows: the

stripped skin permeability of PeP was lower than full-
thickness skin permeabilities, and the epidermis-to-dermis
permeations of FD-4 and ISMN were higher than those in
the opposite direction. Interfacial permeation resistance,
adsorption of compounds on the skin surface and conical
shape (or infundibulum) of hair follicles must be taken into
account to fully understand these skin permeation profiles
and mechanism involved. The present observation can be
utilized to analyze transport pathway and mechanism of
many penetrants through skin.
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