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ABSTRACT
Purpose To develop an in silico method based on Fick’s
law of diffusion to estimate the skin concentration fol-
lowing dermal exposure to chemicals with a wide range
of lipophilicity.
Methods Permeation experiments of various chemicals were
performed through rat and porcine skin. Permeation parame-
ters, namely, permeability coefficient and partition coefficient,
were obtained by the fitting of data to two-layered and one-
layered diffusionmodels for whole and stripped skin. Themean
skin concentration of chemicals during steady-state permeation
was calculated using the permeation parameters and compared
with the observed values.
Results All permeation profiles could be described by
the diffusion models. The estimated skin concentrations
of chemicals using permeation parameters were close to
the observed levels and most data fell within the 95%
confidence interval for complete prediction. The perme-
ability coefficient and partition coefficient for stripped
skin were almost constant, being independent of the
permeant’s lipophilicity.
Conclusions Skin concentration following dermal exposure
to various chemicals can be accurately estimated based on
Fick’s law of diffusion. This method should become a useful
tool to assess the efficacy of topically applied drugs and

cosmetic ingredients, as well as the risk of chemicals likely to
cause skin disorders and diseases.
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ABBREVIATIONS
Css Mean concentration in stripped skin

during steady-state permeation
Cws Mean concentration in whole skin

during steady-state permeation
Ksc Stratum corneum/donor vehicle

partition coefficient
Kss Stripped skin/donor vehicle partition

coefficient
Pss Permeability coefficient through

stripped skin
Pws Permeability coefficient through whole skin
AMP Aminopyrine
ANP Antipyrine
BA Benzoic acid
BP Butyl p-hydroxybenzoate
B-PABA Butyl 4-aminobenzoate
CAF Caffeine
ClogP Calculated LogP
Dopa Dopamine hydrochloride
EP Ethyl p-hydroxybenzoate
E-PABA Ethyl 4-aminobenzoate
Epi Epinephrine hydrochloride
LC Lidocaine hydrochloride
LogP Logarithm of n-octanol/water partition

coefficient
MP Methyl p-hydroxybenzoate
M-PABA Methyl 4-aminobenzoate
PP Propyl p-hydroxybenzoate
P-PABA Propyl 4-aminobenzoate
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INTRODUCTION

Since the Transderm-Scōp® patch was introduced onto the
market more than three decades ago, thirty and more trans-
dermal drug delivery systems have become available as ther-
apeutic tools for a variety of diseases; further development of
such systems is desirable as alternatives to oral formulations
and hypodermic injections, especially for macromolecules and
vaccines (1,2). Skin is one of the protective barriers against
exogenous substances; only a limited number of drugs and
toxins are capable of penetrating it (3). The estimation of
systemic exposure after the absorption of any chemical
through the skin is relevant to both the development of for-
mulations for transdermal drug delivery and risk assessment of
unintended contact with environmental materials. The final
goal is the accurate prediction of skin permeability and blood
concentration without experimental measurement; with this
goal in mind, a number of in silicomodels have been reported
in the literature, from quantitative relationships to mechanis-
tic models (4–10).

Since ancient times, skin has been used as the administra-
tion site to obtain a localized pharmacological effect of drugs;
even now, topical dermatological products are used in treating
various skin disorders (11). Sunscreens and skin protective
agents act at the surface of the skin, whereas the site
of action is the viable epidermis and dermis for antimi-
crobials, NSAIDs, steroids, antipruritics and functional
cosmetics. The skin concentration is more important
than the skin permeation behavior for such topical drugs
and cosmetic ingredients, as well as chemicals likely to cause
skin disorders and diseases.

Many methods of measuring skin concentration have been
reported, such as suction blister (12), punch and shave biopsies
(13), heating (14), autoradiography (15), tape-stripping (16),
microdialysis (17) and Raman spectrophotometry (18), but
are unfortunately expensive and time-consuming. However,
animal experiments have increasingly attracted criticism in
terms of animal welfare (19). Scientists are now encouraged
to follows the 3Rs principle, namely, to replace, reduce and/
or refine laboratory animal use where possible. In silicomodels
for estimating the skin concentration are desired in order to
evaluate the efficacy and safety following dermal exposure to
topically active compounds.

Because the primary resistance to skin permeation occurs
at the stratum corneum, the skin’s most superficial layer (20), a
single-layer membrane has been assumed in most of the
models assessing systemic exposure after the absorption of
chemicals by the skin (5–8). This assumption is reasonable,
except for extremely lipophilic permeants, for which the viable
epidermis and dermis present a barrier against skin perme-
ation (21). In actual fact, accurate predictive values of perme-
ability coefficients for a wide range of chemicals have been
obtained from the physicochemical parameters under the

assumption by Potts and Guy (6) as well as us (22). The viable
epidermis and dermis, which occupy large volumes in the skin
and are the sites of action for some chemicals, are not layers
that can be ignored for the estimation of skin concentration.
This is a reason why establishment of in silico estimation
methods for skin concentration fell behind that for skin per-
meation of chemicals.

We previously demonstrated that the mean paraben (4-
hydroxybenzoate) concentration in hairless rat skin during
steady-state permeation could be predicted based on Fick’s
law of diffusion using permeation parameters obtained from
a permeation experiment (23). This method is here expanded
to estimating the concentration of chemicals with a wide range
of lipophilicity in rat and porcine skins. With the aim of
achieving complete in silico prediction without experimental
measurement, the permeation parameters used in the estima-
tion are related to ClogP, a predictor of the logarithm of the n-
octanol/water partition coefficient (LogP) (24). Since the per-
meation parameters for whole skin have already been related
to LogP (22), we are particularly focusing on viable epidermis
and dermis.

MATERIALS AND METHODS

Materials

Epinephrine hydrochloride (Epi), caffeine (CAF), antipyrine
(ANP), aminopyrine (AMP) and benzoic acid (BA) were pur-
chased from Wako Chemical Industries, Ltd. (Osaka, Japan).
Methyl 4-aminobenzoate (M-PABA), ethyl 4-aminobenzoate
(E-PABA), propyl 4-aminobenzoate (P-PABA), n-butyl 4-
aminobenzoate (B-PABA), methyl 4-hydroxybenzoate (MP),
ethyl 4-hydroxybenzoate (EP), propyl 4-hydroxybenzoate (PP)
and n-butyl 4-hydroxybenzoate (BP) were from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Dopamine hy-
drochloride (Dopa) and lidocaine hydrochloride (LC) were
from Sigma Aldrich (St. Louis, MO). Chemicals used as mod-
el permeants and their physicochemical properties are listed in
Table I. Other chemicals and reagents were of special grade
or HPLC grade, commercially obtained and used without
further purification.

Preparation of Skin Membranes

Male hairless rats (WBM/ILA-Ht, 8 weeks of age, body
weight of 220–260 g) were obtained from the Life Science
Research Center, Josai University (Sakado, Saitama, Japan),
or Ishikawa Experimental Animal Laboratories (Fukaya,
Saitama, Japan). Whole abdominal skin was freshly excised
from hairless rats after being shaved carefully and cleaned
with pH 7.4 PBS under pentobarbital (50 mg/kg, i.p.) anes-
thesia. The stripped skin was prepared by stripping stratum
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corneum 20 times with cellophane tape (Cellotape® CT-15,
Nichiban, Tokyo, Japan) prior to its excision from rats (28). All
animal experiments were performed according to the ethics
committee of Josai University.

Frozen ears of male and female pigs (LWD, 6–12 months)
were purchased from ZEN-NOH Central Institute for Food
and Livestock (Tsukuba, Ibaraki, Japan). The porcine ears
were stored at −80°C and thawed at 32°C immediately be-
fore the skin permeation experiments. The whole skin was
excised after being shaved carefully and cleaned with pH 7.4
PBS; stripped skin was made by tape-stripping the stratum
corneum 30 times with adhesive tape prior to its excision from
the porcine ear (29).

Preparation of Donor Solutions

Donor solutions were prepared considering the solubility and
dissociation of chemicals in aqueous solutions. Dopa and
Epi were applied to skin in 100 mM citrate buffer so-
lution (pH 5), BA was applied in 20 mM citrate buffer
solution (pH 3) and LC was applied in 10 mM carbon-
ate buffer solution (pH 10). The donor concentration in
phosphate-buffered solutions (pH 7.4) was 100 mM for
ANP, ISMN, CAF and AMP; 10 mM for MP and M-PABA;
and 5 mM for BP and B-PABA. To avoid hydrolysis by
esterase in skin, 0.54 mM diisopropyl fluorophosphate,
a serine protease inhibitor, was included in the donor so-
lutions for 4-hydroxybenzoates and 4-aminobenzoates (23).
The chemicals except for Epi, CAF and Dopa existed in their
un-ionized forms in the donor solutions.

Skin Permeation Experiments

Skin permeation experiments were carried out to estimate the
permeation parameters, namely, permeability coefficient and
partition coefficient, of chemicals. Excess fat was trimmed off
from the excised (whole or stripped) skin and the skin sample
was set in a vertical-type diffusion cell (effective diffusion area,
1.77 cm2), in which the receiver chamber was warmed to
32°C. One mL of buffer solution, which corresponded to
the donor solution and contained no permeant, was applied
to the epidermis side and 6 mL of the buffer was applied to the
dermis side of skin to reach an equilibration state for about
30 min (rat) and 1 h (pig). In the cases of 4-hydroxybenzoates
and 4-aminobenzoates, the phosphate-buffered solutions (pH
7.4) containing 2.7 mM diisopropyl fluorophosphates were
used for the complete inhibition of hydrolysis by esterase in
skin. The buffer solutions of both epidermis and dermis sides
were replaced with the same volumes of donor solution and
fresh buffer solution (i.e., receiver solution), respectively, in
order to start the permeation experiment. The phosphate-
buffered solutions (pH 7.4) containing 0.54 mM diisopropyl
fluorophosphates were used as receiver solutions for 4-
hydroxybenzoates and 4-aminobenzoates. The receiver
solution was stirred with a stirrer bar on a magnetic
stirrer and maintained at 32°C throughout the experi-
ments. An aliquot (500 μL) was withdrawn from the
receiver chamber and the same volume of fresh buffer solution
was added to the chamber to keep the volume constant. The
penetrant concentration in the receiver chamber was deter-
mined by HPLC.

Determination of Skin Concentrations

The concentrations of chemicals in rat and porcine whole skin
were measured during steady-state permeation, 4 and 24 h
after the start of permeation experiments, which were per-
formed separately from the experiments mentioned above.
The donor solution was removed, the stratum corneum side
was rinsed three times with 1.0 mL of appropriate buffer so-
lution and then the chemical-applied area was cut out. When
the concentrations in viable epidermis and dermis were mea-
sured, the stratum corneum was removed by tape-stripping
before clipping out the application area. The piece of skin
was minced with scissors and 0.5 mL of buffer solution was
added prior to its homogenization at 12,000 rpm and
4°C for 5 min using a homogenizer (Polytron PT 1200
E, Kinematica AG, Littau-Lucerne, Switzerland). For
the deproteinization, 0.5 mL of 16% trichloroacetic acid
in buffer solution was added to the skin homogenate,
followed by agitation at 32°C for 15 min, and then the mix-
ture was centrifuged at 15,000 rpm and 4°C for 5 min. The
chemical concentration in the resulting supernatant was de-
termined by HPLC.

Table I Physicochemical Properties of Chemicals Used in this Study

Chemical Molecular weight pKa ClogP

Epinephrine (Epi) 219.67 8.55 a −0.68

Caffeine (CAF) 194.19 14.0 b −0.04

Dopamine (Dopa) 189.64 8.89 a 0.17

Antipyrine (ANP) 188.23 2.20 b 0.20

Aminopyrine (AMP) 231.29 5.00 b 0.57

Methyl 4-aminobenzoate (M-PABA) 151.17 2.47 c 1.39

Methyl 4-hydroxybenzoate (MP) 152.15 8.40 b 1.56

Benzoic acid (BA) 122.12 4.20 a 1.88

Ethyl 4-aminobenzoate (E-PABA) 165.19 2.51 c 1.93

Lidocaine (LC) 234.36 7.86 b 1.95

Propyl 4-aminobenzoate (P-PABA) 179.22 2.49 c 2.45

Ethyl 4-hydroxybenzoate (EP) 166.18 8.40 b 2.51

n-Butyl 4-aminobenzoate (B-PABA) 193.24 2.47 c 2.98

Propyl 4-hydroxybenzoate (PP) 180.20 8.40 b 3.04

n-Butyl 4-hydroxybenzoate (BP) 194.23 8.40 b 3.57

ClogP, logarithm of octanol/water partition coefficient calculated using Chem
Draw Ultra 12.2® (PerkinElmer Informatics, Cambridge, MA)
a, b, c Values reported in the literature (25–27)
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HPLC Analysis

Samples were mixed with the same volume of acetonitrile
containing an internal standard and centrifuged at 15,
000 rpm and 4°C for 5 min. The obtained supernatant (10
or 20 μL) was injected into an HPLC system. The HPLC
system (Shimadzu Co., Kyoto, Japan) consisted of a system
controller (SCL-10A), pump (LC-20AD), degasser (DGU-
20A3), auto-injector (SIL-20A), column oven (CTO-20A),
UV detector (SPD-20A) and analysis software (LC Solution).
The column was CAPCELL PAK C18 UG120 S5 4.6 mm×
150 mm (Shiseido Co., Tokyo, Japan) for Dopa and Epi, and
Inertsil®ODS-3 4.6mm×150mm (GL Sciences Inc., Tokyo,
Japan) for the other chemicals. The column was maintained at
40°C and the flow rate of the mobile phase was adjust-
ed to 1.0 mL/min in all cases. Other conditions are listed in
Table II.

Data Analysis

A two-layered diffusion model consisting of the stratum
corneum and viable epidermis and dermis was employed in
predicting the skin concentration following dermal exposure
to chemicals (23). On the basis of this model, the mean concen-
trations of chemicals in whole skin (Cws ) and stripped skin (Css )
during steady-state permeation can be represented as follows:

Cws ¼ Cv

2Lws
K scLsc 1þ Pws

Pss

� �
þ K ssLss

Pws

Pss

� �
ð1Þ

Css ¼ K ssCv

2
ð2Þ

where C, K, P and L are the concentration, partition coeffi-
cient, permeability coefficient of chemicals and thickness of
skin layers, and subscripts v, ws, sc and ss are the vehicle, whole
skin, stratum corneum and stripped skin, in other words, via-
ble epidermis and dermis, respectively. Permeation parame-
ters required in predicting the skin concentration of chemicals
were estimated by model adaptation of permeation data (30).
The parameters for stripped skin (Pss and Kss) were obtained by
fitting permeation data through stripped skin to the one-
layered diffusion model. Estimation of Pws and Ksc values was
carried out by fitting permeation data through whole skin to
the two-layered diffusion model using previously obtained
values of Pss and Kss. A weighted least-squares method based
on a quasi-Newton algorithm, which was run on the solver-
function of Microsoft Excel 2007, was used to estimate the
permeation parameters. The mean steady-state concentrations
(Cws and Css ) were calculated by introducing the estimated
values of permeation parameters and measured mean values
of layer thickness (Lws =600 μm, Lsc =15 μm, Lss =585 μm for
rats, Lws =1500 μm, Lsc =15 μm, Lss =1485 μm for pig) into
Eqs. 1 and 2.

RESULTS

Calculation of Permeation Parameters

Permeation experiments of chemicals with various polarities
through hairless rat and porcine skin were first performed to
obtain the permeation parameters. Figure 1 shows the typical
permeation profiles, a typical hydrophobic permeant, LC and
a typical hydrophilic one, Dopa through whole and stripped
skin of hairless rats. The corresponding data for porcine skin
are shown in Fig. 2. The permeation properties such as per-
meation rate and lag time differed depending on the
permeant and animal. Nevertheless, the permeation profiles
through whole and stripped skin could be described by the
two-layered and one-layered diffusion models, respectively.
The permeation parameters of all model permeants could
be obtained and are given in Table III.

Estimation of Skin Concentration

Mean concentrations of chemicals in whole and stripped skin
of rat and pig during steady-state permeation were estimated
fromEqs. 1 and 2 using the permeation parameters calculated
above. The estimated values were normalized by the applied
(donor) concentration and compared with the observed values
(Figs. 3 and 4). Most data for the two types of skin and animal
fell within the 95% confidence interval for complete predic-
tion, although the concentrations of Epi and Dopa were
underestimated, especially in the whole skin of the both
animals.

Relationship Between Permeation Parameters
and Lipophilicity

Figure 5 shows the relationships between the permeation pa-
rameters, permeability coefficient and partition coefficient of
chemicals for rat stripped skin and ClogP. Each permeation
parameter was almost constant, being independent of ClogP.
A similar relationships were observed for porcine stripped skin
(Fig. 6).

DISCUSSION

In the present study, we established an in silico method for
estimating skin concentration after dermal exposure to
chemicals. We previously demonstrated that the mean
paraben concentration in hairless rat skin during steady-state
permeation could be predicted based on Fick’s law of diffusion
using parameters obtained from a permeation experiment
(23). It is necessary to expand the application range, namely,
to a variety of chemicals and skin types, for clinical use. Fifteen
chemicals, with ClogP ranging from −0.68 to 3.6 and
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molecular weight from 122.12 to 234.30, were used as model
permeants. In addition to hairless rat, pig was selected as a skin
donor due to its skin’s anatomical, physiological and biochem-
ical similarities to human skin (31).

At the beginning of the present study, skin permeation
experiments through whole and stripped skin of rats and pigs

were carried out to obtain the permeation parameters re-
quired for estimation of the chemical concentration in skin.
Steady-state permeation was achieved after a short lag time
for all experiments, but the permeation properties differed
depending on the chemicals, skin types and animals (Figs. 1
and 2). LC permeation through whole skin of the two animals

Table II HPLC Conditions for Analysis of Chemicals Used in this Study

Chemical Mobile phase Detection wavelength (nm) Internal standard

Epi Acetonitrile:0.1% phosphoric acid (35:65)+5 mM sodium dodecylsulfate 280 _a

CAF Acetonitrile:0.1% phosphoric acid (10:90) 254 _a

Dopa Acetonitrile:0.1% phosphoric acid (35:65)+5 mM sodium dodecylsulfate 280 _a

ANP Acetonitrile:water (20:80) 254 _a

AMP Acetonitrile:0.1% phosphoric acid (50:50)+5 mM sodium dodecylsulfate 245 BP

M-PABA Acetonitrile:0.1% phosphoric acid (30:70) 280 E-PABA

MP Acetonitrile:0.1% phosphoric acid (30:70) 260 EP

BA Acetonitrile:0.1% phosphoric acid (45:55) 254 EP

E-PABA Acetonitrile:0.1% phosphoric acid (30:70) 280 M-PABA

LC Acetonitrile:0.1% phosphoric acid (30:70)+5 mM sodium 1-heptanesulfate 230 _a

P-PABA Acetonitrile:0.1% phosphoric acid (45:55) 254 EP

EP Acetonitrile:0.1% phosphoric acid (30:70) 260 MP

B-PABA Acetonitrile:0.1% phosphoric acid (45:55) 280 P-PABA

PP Acetonitrile:0.1% phosphoric acid (45:55) 260 BP

BP Acetonitrile:0.1% phosphoric acid (45:55) 260 PP

a Absolute calibration curve method was used
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Fig. 1 Typical permeation profiles
of LC and Dopa through whole
(a, c) and stripped skin (b, d) of rats.
Solid lines represent nonlinear
least-squares fit of data to one-
(b, d) and two-layered (a, c)
diffusion models (23).
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was higher than that for Dopa, although the donor concen-
tration was ten times lower. Removal of stratum corneum

increased the permeation of chemicals, and its effect on hy-
drophilic Dopa was much greater than that on lipophilic LC.
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(a, c) and stripped skin (b, d) of
pigs. Solid lines represent nonlinear
least-squares fit of data to one-
(b, d) and two-layered (a, c)
diffusion models (23).

Table III Permeation Parameters
Estimated by Model Adaptation of
Permeation Data of Chemicals

Chemicals Hairless rat Pig

Pws
b (cm/s) Ksc

b Pss
a (cm/s) Kss

a Pws
b (cm/s) Ksc

b Pss
a (cm/s) Kss

a

Epi 2.7×10−7 0.70 3.1×10−4 0.64 2.0×10−8 0.5 6.6×10−6 2.4

CAF 2.4×10−7 0.50 1.9×10−5 0.55 5.1×10−8 0.4 5.8×10−6 0.87

Dopa 1.3×10−7 0.43 1.9×10−4 0.58 1.2×10−7 0.4 3.9×10−6 3.6

ANP 2.2×10−6 3.8 1.6×10−5 1.1 1.5×10−7 2.0 7.5×10−6 0.79

AMP 2.7×10−7 1.6 1.2×10−5 2.5 1.4×10−7 1.0 5.4×10−6 0.65

M-PABA 1.5×10−5 20 3.6×10−5 4.6 2.6×10−6 7.5 1.0×10−5 1.0

MP 3.4×10−6 14 4.4×10−5 4.9 4.4×10−6 25 7.6×10−6 1.3

BA 1.3×10−5 6.9 5.8×10−5 6.0 7.2×10−6 18 1.4×10−5 3.3

E-PABA 1.7×10−5 20 2.9×10−5 4.6 2.8×10−6 1.0 7.9×10−6 0.95

LC 7.9×10−6 7.0 2.3×10−5 2.4 1.8×10−6 1.5 4.9×10−6 0.65

P-PABA 1.2×10−5 6.0 2.1×10−5 3.3 7.1×10−6 7.0 9.9×10−6 2.7

EP 7.9×10−6 39 2.5×10−5 7.3 5.0×10−6 20 5.8×10−6 1.4

B-PABA 4.9×10−6 20 5.0×10−6 2.0 4.1×10−6 6.0 5.0×10−6 2.7

PP 5.3×10−6 1.5 2.0×10−5 5.8 4.5×10−6 10 7.1×10−6 2.8

BP 5.5×10−6 2.5 9.6×10−6 7.5 2.6×10−6 6.0 4.0×10−6 3.3

Each value represents the mean of 4 experiments
a The values were obtained by fitting permeation data through stripped skin to the one-layered diffusion model
b The values were estimated by fitting permeation data through whole skin to the two-layered diffusion model using
previously obtained values of Pss and Kss
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There was an approximately 10-fold difference between LC
and Dopa in terms of whole-skin permeation, but the differ-
ence in stripped-skin permeation remained within a few fold.
Such features could be explained by a two-layered diffusion
model, consisting of the first layer, the lipoidal stratum
corneum, and the second layer, the viable epidermis and der-
mis (23,30). Skin permeation profiles of all chemicals through
whole and stripped skin were fully described based on the two-
layered and one-layered diffusion models, respectively, as
shown in Figs. 1 and 2, and permeation parameters were
obtained as listed in Table III.

Permeabilities through porcine skin were generally lower
than those through rat skin (Figs. 1 and 2, Table III). The
difference between the two animals for hydrophilic permeants
was larger than that for lipophilic ones. The permeability co-
efficient through stripped skin of pig was low compared
with that of rat. A similar tendency was observed upon
comparison between human and hairless rat skin
(32,33). The permeation properties of porcine skin do
not completely accord with those of human skin (32).
However, skin permeation of at least two kinds of animal
could be explained by the two-layered diffusion model, which
suggests that the same strategy is applicable to human skin
permeation analysis.

The mean concentrations of chemicals in whole and
stripped skin of rats and pigs during steady-state permeation
were estimated based on the diffusion model used in skin
permeation analysis. This method succeeded in predicting
the skin concentration of most of chemicals tested (Figs. 3
and 4), reconfirming that rat and porcine skin can be consid-
ered as two-layered membranes and that the concentration of
chemicals can be theoretically determined using permeation
parameters. These results also suggest that the permeation
experiment is useful to estimate the skin concentration.

Skin concentrations of Epi and Dopa were underestimated
by the present method and the deviation from complete pre-
diction in whole skin was larger than that in stripped skin in
both animals (Figs. 3 and 4). These drugs may permeate skin
via the aqueous porous pathway (34,35) or via appendages,
such as sweat glands and hair follicles (36,37), due to their
polarity. The contribution of such pathways should be taken
into account in order to estimate the skin concentration of
hydrophilic chemicals. On the other hand, skin concentration
of CAF, which has the similar hydrophilicity to two drugs, was
well predicted. These drugs are basic compounds and disso-
ciate in the donor solutions (see BPreparation of donor
solutions^, Table I). A citrate buffer of pH 5 was used in the
permeation experiments of Epi and Dopa for a sufficient
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degree of dissociation, which would provide a pH gradient
across skin. The pH gradient would allow both ionized and
unionized species to be in the skin, whereas the permeability
coefficient would be determined by the permeation of union-
ized species. In the experiment of CAF, a phosphate buffer of
pH 7.4 was used and thus the drug completely dissociated in
skin. The difference in donor pHmight cause the difference in
predictability among these drugs. It is only a speculation and
further study will be required.

Skin concentrations following dermal exposure to
chemicals can be estimated if only the skin permeation can
be measured. However, it is not always possible to do this,
especially for human skin, so the final goal is accurate predic-
tion without experimental measurement. In the present study,
permeation parameters of permeability coefficient and
partition coefficient were used to calculate the skin
concentration of chemicals, and such parameters can
fortunately be estimated from physicochemical parameters.
The permeation parameters for whole skin have already
been reported to be related to logP by us (22,31) and other
investigators (4–10). The high dependence of whole skin per-
meation on the permeant lipophilicity has been recognized to
reflect the properties of stratum corneum, the rate limiting and
lipophilic layer (19). Systemic exposure after the absorption of
chemicals by the skin is fully assessed from logP values on the

assumption that skin is a single layer membrane (4–10,22,31).
However, the viable epidermis and dermis cannot be ignored
in assessment of skin concentration of chemicals, because they
have large volume in skin and are the sites of action in some
cases. It is necessary to estimate not only permeation parame-
ters for whole skin (stratum corneum) but also those for
stripped skin (viable epidermis and dermis) as shown by
Eqs. 1 and 2. The permeability coefficient and partition coef-
ficient for stripped skin of rats and pigs were almost constant,
independent of the ClogP of chemicals (Figs. 5 and 6). The
features were similar to the permeation behavior through
poly(2-hydroxyethyl methacrylate) (pHEMA) membrane (22)
and may caused by the fact that aqueous vehicles were used in
the permeation experiments.

Skin is made of two principal layers, epidermis and dermis.
The outermost layer of the epidermis referred to as the stra-
tum corneum consists of several layers of completely
keratinized, dead cells and intercellular lipids, whereas the rest
of the epidermis consists of keratinocytes, which secrete kera-
tins and lipids like ceramides (38). The dermis contains mostly
fibroblasts secreting collagen, elastin and ground substances,
and the extracellular matrix composed of collagen fibrils, mi-
crofibrils and elastic fibers, embedded in proteoglycans (39).
In spite of the different cell compositions, viable epidermis and
dermis are highly hydrophilic compared with stratum
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corneum. Therefore, the permeation parameters from aque-
ous vehicles for viable epidermis and dermis might be
insensitive to the lipophilicity of permeants. The range
of molecular weight of permeants was relatively narrow
(about twofold), so the effect of permeability coefficient
could not be detected.

Anyway, the mean skin concentration of chemicals during
steady-state permeation can be estimated using the prediction
equations for permeation parameters without in vitro perme-
ation experiment. For example, the permeation parameter
values of LC for rat whole skin are calculated as Pws=3.28×
10−6 cm/s and Ksc=10.6 from ClogP value (=1.40) using equa-
tions previously reported (8,22). If the corresponding param-
eter values for stripped skin equal the mean values of all
chemicals tested in this study, Pss=2.93×10

−5 cm/s and Kss=
3.76 (Fig. 5). Introducing these values together with layer
thickness ones into Eq. 1, Cws=Cv ¼ 0:352, which is close to
observed value of 0.530. Skin concentrations of other
chemicals are also predictable in the same way. Only ClogP
value of interested chemical is required for the prediction. The
in silico estimation of skin concentration can be further applied
to human, since the prediction equations for permeation pa-
rameters of human skin have been already available
(4–6,8,9,31). The estimated values are the ratio against the
donor concentrations of chemicals and thus vary depending
on vehicles used in the donor solution. The permeation pa-
rameters from vehicles other than aqueous buffers for stripped
skin may depend on the lipophilicity of chemicals. However,
the values multiplied by the corresponding solubility will be-
come constant independent of vehicles unless they affect the
barrier function of skin, resulting from the maximum thermo-
dynamic activity of chemicals (40). Provided that the maxi-
mum skin concentration was once obtained, the values from
donor vehicles with various chemical concentrations can be
predicted.

CONCLUSION

In the present study, we successfully predicted the skin con-
centration following dermal exposure to chemicals with exten-
sive polarity using permeation parameters obtained from a
permeation experiment. As the method is based on Fick’s
law of diffusion, it can eventually be applied to human skin
as well as rat and porcine skin. The aqueous porous pathway
should be included in evaluations of the stratum corneum in
order to achieve more accurate prediction for highly polar
permeants. Complete in silico estimation without experimental
measurement can be expected because the permeation pa-
rameters used in the estimation have been related to ClogP
for whole skin and were independent of lipophilicity for
stripped skin. This present method should become a useful
tool to assess the efficacy of topically applied drugs and

cosmetic ingredients, as well as the risk of chemicals likely to
cause skin disorders and diseases.
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