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In this study, we present a modeling study on the prediction of transdermal perme-
ability of both hydrophobic and hydrophilic solutes, using our recently reported mech-
anistic model of mass transfer in complex media, where the heterogeneous structure of
the stratum corneum is represented by ‘“‘bricks-and-mortar” model. The partition and
diffusion properties of solutes in lipid matrix and corneocytes are calculated
separately, without fitting to the modeled skin permeability data. Skin permeability has
been predicted for a comprehensive experimental data set of chemicals compiled ear-
lier. When the transcellular pathway is included, the agreement between predicted skin
permeability and experimental data is much improved. The improvement is mainly due
to better predicted results for hydrophilic solutes. The contribution of each pathway to
the overall skin permeability has also been analyzed. The results showed that the
transcellular pathway is important not only for highly hydrophilic solutes, but also for
moderately hydrophobic solutes. © 2009 American Institute of Chemical Engineers AIChE J,
56: 1136-1146, 2010
Keywords: computer model, partition, permeability, stratum corneum, transdermal

Modeling Transdermal Permeation. Part .

delivery

Introduction

Human skin is an important organ. The main function of
human skin is to keep water in and external substances out
of the body. The barrier property of human skin is important
to a number of applications including transdermal delivery
of drugs, formulation design of skincare products, and risk
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assessment of hazardous chemical-exposure. There has been
an increasing interest in understanding the barrier properties
of human skin and a great number of experimental studies
have been reported involving both in vivo and in vitro meth-
ods.'™ Of particular interest on the subject is, the modeling
and prediction of transdermal permeation and absorption.
This is partly due to ethical difficulties with respect to
human and animal experiments and partly due to economic
considerations and increasing legislation in the risk assess-
ment of industrial chemicals. A number of mathematical
models have been proposed to predict skin permeability of
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solutes.>*'? Several reviews on various mathematical mod-
els have been reported.>™"> Most models are quantitative
structure and permeability relationship (QSPR) models which
correlate skin permeability to physicochemical properties
and molecular structures by fitting to experimentally meas-
ured data. Early QSPR models correlate skin permeability
(Kp) to the lipophilic property of solutes (octanol-water par-
tition coefficient, K., and molecular weight, My). 115:16
Later models have used molecular structure descriptors and
functional group contributions.®”1>!7 we'8 recently eval-
uated several frequently quoted QSPR models using a com-
prehensive data set compiled from the literature and found
that the early simple QSPR model of Puts & Guy'' gives
better prediction than the later proposed more complex
QSPR models. It is also noticed that QSPR models generally
under-predict the skin permeability of hydrophilic solutes by
several orders of magnitudes. Although transdermal delivery
of hydrophilic solutes is generally slow, under-prediction of
their skin permeability by several orders of magnitudes will
have serious implications for in silico safety assurance.
Another limitation of QSPR approach is that they do not
consider the dynamic process of transdermal permeation,
which is influenced by many other factors including the
physical chemical properties of solutes. To model the
dynamic events of transdermal permeation, many researchers
proposed mechanistic models of transdermal permeation
based on diffusion theory. Early studies attempt to use sim-
ple diffusion theory assuming the SC as homogenous
media'"'??° and did not consider the heterogeneous struc-
ture of the skin. Simple diffusion models are not predictive
as it is necessary to obtain the overall diffusivity of skin
from experimental data,>' although the overall diffusivity
can be related to skin permeability. Besides, solute distribu-
tion in different phases of the SC can not be described by
simple diffusion. Michaels et al.?? first considered solute dif-
fusion in the heterogeneous SC and proposed the so-called
“brick-and-mortar” model where brick represents the trans-
cellular corneocytes phase and mortar represents the intercel-
lular lipid phase. The ‘brick-and-mortar” model soon
received wide interest and was adopted by many research-
ers. 2% Using the “brick and mortar” model, major
progress has been made in estimating the tortuosity of the
intercellular lipid pathway of the SC. In particular, by using
scaled particle diffusion theory and considering the tortuosity
of SC lipids, Mitragotri>'® obtained a theoretical equation
for predicting skin permeability. However, many reported
“brick-and-mortar” models are still not fully predictive.
Many studies assumed the corneocytes as impermeable
barriers. Recently, Wang et al. presented a two-phase micro-
scopic diffusion model which is similar to the “brick-and-
mortar” model.?*? They first showed that some of the
solute diffusion and partition properties in the SC lipid and
corneocytes can be established separately by relating to the
fundamental physicochemical properties of solute. Yet, one
of the transport properties (transbilayer mass transfer coeffi-
cient, kyans) 1S still empirically obtained by fitting to the
simulated experimental data of skin permeability. Further-
more, Wang et al.?’ had limited consideration of hydrophilic
solutes. The dataset they used to validate their model only
included few hydrophilic solutes and the hydrophilic solute
(sucrose, log K, = —3.7) is excluded as an outlier. To our
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knowledge, the following challenges remain as far as in sil-
ico prediction of transdermal permeation is concerned: (i)
quantification of the contribution of intercellular and trans-
cellular pathways to transdermal permeation and absorption;
(i1) determination of model parameters separately without fit-
ting to the experimental data to be modeled; (iii) closed-
form prediction of both skin permeability and the dynamic
process of dermatopharmacokinetic absorption of solutes.

The present work attempts to address the aforementioned
issues by adopting a recently published cellular structure and
composition based mechanistic model for the closed-form
prediction of transdermal permeation and dermatopharmaco-
kinetic absorption of solutes.”® A main advantage of the
model is that the partition and diffusion properties of the SC
lipid matrix and corneocytes are estimated separately by
considering the heterogeneous nature of the SC. In this part
of the article, the model has been applied to predict the skin
permeability of a large data set of both hydrophobic and
hydrophilic chemical compounds. Compared with previous
models, the current model gives much improved prediction
of skin permeability, in particular, for hydrophilic solutes
and moderately hydrophobic solutes. Furthermore, contribu-
tions of the two pathways (intercellular lipid pathway and
transcellular pathway) to skin permeability of both hydro-
phobic and hydrophilic permeants have been quantified.
Apart from skin permeability, another important aspect of
modeling transdermal permeation is the prediction of the
dynamic absorption and bioavailability of topically adminis-
tered solutes in vivo. This will be discussed in a separate ar-
ticle, Part II (Lian GP, Chen LJ, Pudney PDA, Mickael M,
Han LJ. Submitted, AIChE J).

Methods
Model description

The “brick and mortar” model adopted here has been
reported recently.”® Detailed description of the model,
including the geometric and compositional parameters as
well as solute partition and diffusion properties of the SC
lipids and corneocytes can be found in the original article.”®
Here, for completeness, a brief summary is given.

The geometrical and compositional parameters of the SC
are set to typical values quoted in the literature (Table 1).'
In particular, the SC thickness is consistent with that used

Table 1. Structural and Compositional Properties of SC for
“Brick-and-Mortar” Model

Parameters Value
Layers of corneocytes, N 16
Width of corneocytes, d 40 pum
Heigh of corneocytes, ¢ 0.8 um
Thickness of intercellular lipid, g 0.075 um
The lateral spacing between keratinocytes, s 0.075 um
The offset ratio, w 3or8
Dry mass fraction of lipid, f; 12.5%
Dry mass fraction of keratin, fi 87.5%
Saturated water content of the SC, f;. 55% (w/w)
Density of water, py, 1000 kg/m*
Density of lipid, p, 1000 kg/m?
Density of keratin, py 1200 kg/m?
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Table 2. Eight Representative Solutes for Deriving Two
Parameters (« and f) in Eq 5

Observed Predicted
Permeants log Ko, My (Da) log K, (cm/s) log K, (cm/s)
Mannitol -3.01 182.2 —8.16 —8.04
Water —1.38 18 —6.32 —6.48
Methanol —0.77 32 —6.56 —6.44
Hydrocortisone 1.61 362.5 —7.48 —7.36
Hexanol 2.03 102.2 —5.11 —5.42
Octanoic acid 3.05 144.2 —5.16 —-5.13
Ibuprofen 3.97 206.3 —5.00 —5.02
Decanol 4.57 158.3 —4.30 —4.20

by Johnson et al.! Saturated water content was set to 55%
(w/w) to match the in vivo data.>* We are aware that
higher SC thickness and other SC parameters (e.g., saturated
water content) were used elsewhere. 262’

To obtain closed-form prediction, the partition and diffu-
sion properties of the SC lipids and corneocytes need to
be determined separately. Here, the solute partition between
the SC lipids and water is calculated from the widely used
correlation*!”

Knw = K(())\Z (D

The corneocytes are considered as a porous media of gel phase
and the partition coefficient between corneocytes and water is
related to the hydration level by the following equation

Kow = (1 — ¢p)Kiw + Oy ()

where 0y, is the volume fraction of water in the corneocyte-
phase, ¢y, is the volume fraction of water at saturation for the
corneocytes-phase, Ky, is the partition coefficient between
keratin and water and can be calculated by the following
equation®°

0.27
o PO K> 10 X
W) LKW (i K, <10 ©
2

The diffusion coefficient of a solute in the SC lipid phase, Dy,
is calculated by the mechanism model developed by
Mitragotri2

Dp(m?/s) =2 x 1077 exp(—0.46r,%) 4)

where 1 is the radius of solute (A) and can be calculated by the
empirical equation 4/37r,> = 0.9087 My,.*'

There have been very limited studies on solute diffusion
in corneocytes and few experimental data are available.
Kasting et al.»? proposed a diffusion model of water in
corneocytes based on water self-diffusion coefficient meas-
ured by nuclear magnetic resonance (NMR), but it does
not applies to effective diffusion coefficient of solute in
corneocytes. Here, as an approximation, the corneocytes
are considered as a gel phase and the diffusion coefficient
is related to the hydration level using the combined hydro-
dynamic/obstruction diffusion theory in gel networks as
follows™”
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Dy exp[-aS’]

— %)
Dv  [1+5+5]
where
k= pr(1 — 0,) (6)
2
S=(1—0b)[%”] ™

where D, is the diffusion coefficient of solute in water and can
be predicted using the Stokes—Einstein equation,34 k is the
hydraulic permeability and is estimated from the correlation
derived by Jackson and James,* rp is the radius of keratin
microfibril (r; = 35 1&),32 o, 4, B, and y are model parameters
and their values are setto A = 1.09, y = —1.17, . = 9.47, and f§
=9.32 x 10~ The values of A and y are the same as that in
Johnson et al.>* The values of « and p are obtained by applying
the model to fit skin permeability data of eight representative
solutes shown in Table 2. The relationship between D, and
My has been shown in Figure 1. For solutes of My, between 50
Da and 1000 Da, D, is predicted to be ranging from 6.6 x
107" m%s to 1.4 x 107'® m?/s. These predicted values
compare well with those estimated by Heisig et al.,”* where
the predicted Dy, value of molecular with My = 300 Da was
about 1.2 x 107" m?%s.

Computer simulation

More details on computer simulation have been described
in our previous article.”® Here, a brief summary is given. A
fine mesh is used for numerical simulation in this study,
with each corneocyte layer divided into 33 grids, giving a
total number of Ngyigs = 33Njayers grids. Using the numerical
scheme of finite volume, the solute concentration of each
grid satisfied the following mass conservation equation

dCa Y p4as
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dt \%
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Figure 1. The relationship between solute diffusion
coefficient in the corneocytes (D,) and
molecular weight (My).
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with
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where C, and Cy are the solute concentrations in grid A and
B, V is the volume of grid A, ¢ is time, and gap is the flux of
solute from grid A to its neighboring grid B, Sap is the
interfacial area between grid A and grid B, D, and Dg are the
diffusion coefficients of grid A and B, J5 and Jp are the
corresponding diffusion length, Pp is the solute partition
coefficient between grid A and B.

In total, there are Ngqs ordinary differential equations
(ODEs) of mass balance. The ODEs are solved using MAT-
LAB solver odel5s with variable time steps. The solver is
based on the backward differentiation formula, also known
as Gear/s method for stiff ordinary differential equations.
For predicting skin permeability (K}), infinite source and in-
finite sink are assumed for the upper and lower boundaries.
The concentrations of the simulated chemicals in the vehicle
(Cy) are all set to unity. The computer simulation proceeds
until reaching steady state, at which the skin permeability
(K,,) is obtained from steady state flux (/). Under the simu-
lated infinite source and infinite sink condition, the equation
for deriving the skin permeability K, is as follows

Jss

Kp:CV

(10)

Model evaluation

Here, we apply our model to predict skin permeability
and compare with the measured data of the 127 chemical
compounds compiled from various sources (Table
3).1131736739 prediction of the current model is compared
with other models. The parameters used to evaluate the
performance of each model are: R? (correlation coefficient
between predicted and observed values) and MSE (mean
squared error).

i (1 = ¥y

R2 =1- n obs _ yObs\2
Zi:l(Yi =Y)

(1)

S (Y =)
n

MSE = (12)

where Y™ and YP' are the observed and predicted log K,
values, Y°% is the mean value of the observed log K, values, n
is the sample number.

Results and Discussion
The effect of off-set ratio on skin permeability

With the “brick-and-mortar” model, the off-set ratio, w, is
expressed as the ratio to the two horizontal diffusion lengths
of solute from the inter-keratinocyte lipid of the upper layer
to the inter-keratinocyte lipid of the next lower layer. There
have been some inconsistencies in quoting the off-set ratio,
w. In some modeling studies, it is set to 8. Others argued
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that this is the typical value for rodent skin and for human
skin the typical value of the off-set ratio is 3.*” The off-set
ratio, w, affects the effective length of the intercellular lipid
pathway. When w = 0, or oo, the inter-keratinocyte of each
corneocyte layer is vertically aligned and solute diffusion in
the lipid matrix has the shortest pathway. At w = 1, the lipid
diffusion pathway is the longest. The equation for the effec-
tive length of the tortuous lipid pathway, L., was previously
given as*

L= |1+ X L (13)

(1+w)(F5+e)

where L is the thickness of the SC.

When other geometrical parameters are kept to the same,
the value of L. for w = 3 is about two times higher than
that when w = 8. For highly hydrophobic solutes of which
the main permeation pathway is through the intercellular
lipid route, such a difference in L. contributes to a maximum
shift of 0.3 in the log K, values. For solutes of which the
permeation pathway is through both intercellular lipid and
transcellular route, such a difference in L. has less effect on
the predicted skin permeability. We performed computer
simulations with two scenarios of w = 3 and w = 8. For
highly hydrophilic solutes, the two scenarios (w = 3 and w
= 8) gave almost the same prediction of K, values (R* =
0.53, 0.53 and MSE = 0.25, 0.25, respectively). Overall, the
two scenarios of w = 3 and w = 8 gave similar prediction
accuracy as measured by R? (0.67, 0.74) and MSE (0.37,
0.29). Slightly better prediction is achieved for w = 8 and
hence this is the set value in the following analysis. This is
also the off-set ratio used by many recent studies for
estimating the lipid pathway tortuousity of the human SC.

Model comparisons

In recent study,18 we have shown that the simple QSPR
model of Potts & Guy'' and the mechanistic model of Mitra-
gotri'® gave the best prediction. Other QSPR models fail to
give satisfactory prediction of skin permeability for the com-
prehensive data sets of 127 chemicals. We have also shown
that the two best models under-predict skin permeability of
hydrophilic solutes by several orders of magnitudes. Here,
we compare our model prediction with the two best models
and two other recently reported models.'”?**” The model of
Abraham & Martins'” is an improved version of their earlier
QSPR models correlating skin permeability to the molecular
structure-level descriptors of free energy.G’7 The model of
Wang et al.>27 considered both the intercellular and trans-
cellular pathways assuming convoluted and perfect lipid
bilayers around the corneocytes.

The R* and MSE of the respective models are listed in Ta-
ble 4. Clearly, for the whole dataset the current model gave
the best prediction with R? = 0.74 and MSE = 0.29. Mitro-
gotri model"’ gave the second best prediction, with R* =
0.58 and MSE = 0.46. Potts & Guy'' and Wang et al.?’
model give the similar prediction accuracy (R* = 0.52 and
MSE = 0.53 for Potts & Guy,'' R* = 0.53 and MSE = 0.53
for Wang et al.>’ model). The late improved Abraham &
Martins model still gave unsatisfactory prediction with R*

DOI 10.1002/aic 1139



Table 3. List of Chemical Compounds and Measured Skin Permeability

Measured log Predicted
Kp (cm/s) log K, (cm/s)
Log Potts Abraham Wan; Current Model

Solute Kow My Value Reference & Guy'I et al.'” Mitragotri'0 et al.”’ w=28)
Sucrose —3.70 34230 —8.84 38 —11.02 —12.70 —11.40 —11.54 —8.43
Aspartic acid —3.47 13310 —-7.43 37 —9.58 —8.36 —9.59 —9.94 —7.88
Lysine —3.05 14620 —6.87 37 —9.36 —8.17 —9.42 —9.72 -7.92
Mannitol —-3.01 18217 851 39 —9.55 —9.85 —9.71 —10.00 —8.04
Mannitol —-3.01 182.17 —8.18 39 —9.55 —9.85 9.71 —10.00 —8.04
Mannitol —-3.01 182.17 -—8.16 39 —9.55 —9.85 —9.71 —10.00 —8.04
Mannitol —-3.01 182.17 —-7.92 39 —9.55 —9.85 —9.71 —10.00 —8.04
Mannitol -3.01 18217 -7.77 39 —9.55 —9.85 —9.71 —10.00 —8.04
Histidine —290 15520 —7.82 37 —9.31 —8.52 —9.40 —9.68 —7.95
Urea —2.11 60.60 —7.39 36 —8.17 —8.24 —7.87 —7.91 —7.30
Ouabain —2.00 584.60 —9.66 38 —11.29 —12.68 —10.51 —10.93 —8.72
Water —1.38 18.00 —7.26 1 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —7.08 1 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —6.86 1 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —6.56 1 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —6.41 13 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —6.37 13 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —6.36 39 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —6.36 39 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.00 —6.32 39 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01 —6.80 39 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01 —6.72 39 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01 —6.71 39 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01 —6.68 1 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01  —6.60 1 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01 —6.48 1 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01 —6.43 39 —7.39 —6.69 —6.75 —6.27 —6.48
Water —1.38 18.01 —6.42 1 —7.39 —6.69 —6.75 —6.27 —6.48
n-Nitrosodiethanolamine —1.28 134.13 830 1 —8.03 —7.84 —8.07 —8.17 —7.64
2,3-Butanediol —0.92 90.12 747 17 —7.50 —6.19 —7.38 —7.39 —7.18
2,3-Butanediol —-0.92 90.12  —7.86 1 —7.50 —6.19 —7.38 —7.39 —7.18
5-Fluorouracil —0.89 130.08 —6.82 17 —7.73 —7.46 -7.76 —7.82 —7.48
Methanol —0.77 32.00 —6.38 17 —7.04 —6.57 —6.55 —6.22 —6.44
Methanol —0.77 3200 —6.56 39 —7.04 —6.57 —6.55 —6.22 —6.44
Methanol —0.77 3204 —6.35 13 —7.04 —6.57 —6.55 —6.23 —6.44
2-Ethoxyethanol —0.32 90.10 —6.68 17 —7.08 —5.87 —6.96 —6.90 —6.87
Ethanol —0.31 46.07 —7.06 1 —6.80 —6.23 —6.43 —6.18 —6.37
Ethanol —0.31 46.10 —6.17 17 —6.80 —6.23 —6.43 —6.18 —6.37
Ethanol —0.31 46.10 —6.56 39 —6.80 —6.23 —6.43 —6.18 —6.37
p-Phenylenediamine —0.30 108.10 —6.98 17 =7.17 —6.59 —7.13 —7.10 —7.02
Boric Acid —0.22 61.83 —7.48 39 —6.83 —7.98 —6.57 —6.40 —6.51
Boric Acid —0.22 61.83 —7.09 39 —6.83 —7.98 —6.57 —6.40 —6.51
Boric Acid —0.22 61.83 —6.86 39 —6.83 —7.98 —6.57 —6.40 —6.51
Caffeine —0.07 194.00 —7.08 17 —7.53 —7.07 —7.75 —7.71 —7.54
Caffeine —0.07 19420 -7.14 1 —7.53 —7.07 =175 —7.71 —7.54
Caffeine —0.07 19420 —6.35 39 —7.53 —7.07 =17.75 —7.71 —7.54
o-Phenylenediamine 0.15 108.10 —6.70 17 —6.85 —6.47 —6.82 —6.74 —6.75
Propanol 0.25 60.10 —6.48 38 —6.49 —5.91 —6.22 —5.99 —6.19
Propanol 0.25 60.10 —591 17 —6.49 —5.91 —6.22 —-5.99 —6.18
Propanol 0.25 60.10 —6.33 1 —6.49 —591 —6.22 —5.99 —6.18
2-Butanone 0.29 72.11 —=5.90 1 —6.53 —5.91 —6.33 —6.15 —6.29
Nicotinic Acid 036 123.11 -8.18 39 —6.80 —6.50 —6.82 —6.73 —6.75
Diethylcarbamazine 037 199.30 —7.45 38 —7.25 —6.80 —7.49 —7.40 —7.33
Nicorandil 043 211.18 —7.13 39 —7.28 —8.73 —7.54 —7.43 =7.37
2-nitro p-phenylenediamine 0.53 153.10 —6.66 17 —6.86 —6.32 —6.98 —6.89 —6.89
Barbital 0.65 18420 —7.51 1 —6.96 —6.89 —7.16 —7.05 —7.05
Dimethylethylamine 0.70 73.14 —6.26 39 —6.25 —5.43 —6.06 —5.84 —6.03
Dimethylethylamine 0.70 73.14  —5.95 39 —6.25 —5.43 —6.06 —5.84 —6.03
Butyric acid 0.79 88.11 —6.56 38 —6.28 —5.37 —6.16 —-5.97 —6.13
Resorcinol 0.80 110.10 —6.70 17 —6.40 —6.22 —6.38 —6.24 —6.34
Methyl nicotinate 0.83 137.14 —6.07 39 —6.55 —5.80 —6.62 —6.50 —6.56
Methyl nicotinate 0.83 137.14 —6.02 39 —6.55 —5.80 —6.62 —6.50 —6.56
Methyl nicotinate 0.83 137.14 —-5.97 39 —6.55 —5.80 —6.62 —6.50 —6.56
4-chloro-4-phenylenediamine 0.85 142.60 —6.54 17 —6.57 —6.17 —6.66 —6.53 —6.60
Butanol 0.88 74.10 —6.21 1 —6.13 —5.59 —5.94 —5.70 —5.92

1140 DOIT 10.1002/aic Published on behalf of the AIChE May 2010 Vol. 56, No. 5 AIChE Journal



Table 3. (Continued)

Measured log

Predicted

Kp (cm/s) log K, (cm/s)
Log Potts Abraham Wan; Current Model

Solute Kow My Value  Reference & Guy]I et al.'” Mitragotri'0 et al.”’ w=238)
Butanol 0.88 7410 —6.08 1 —6.13 —5.59 —5.94 —5.70 —-5.92
Butanol 0.88 7414  —=5.70 17 —6.13 —5.59 —5.94 —5.70 —-5.92
Ethylether 0.89 7410 —5.36 1 —6.12 —-5.22 —5.93 —5.70 —5.91
Morphine 0.89 28530 —7.81 1 —7.41 -7.32 —7.79 —7.53 —7.50
Aniline 0.90 93.10 —5.21 36 —6.23 —5.46 —6.14 —5.95 —6.11
Dihydromorphine 093 28736 —8.38 36 —7.39 —5.98 -7.77 —7.51 —7.49
4-amino-2-nitrophenol 096 154.10 —6.11 36 —6.56 —-5.99 —6.69 —6.55 —6.62
Scopolamine 098 30340 —7.86 1 —7.45 —7.22 —7.85 —7.55 —7.53
Aldosterone 1.08 360.40 —7.86 1 —-7.73 —7.00 —8.18 —7.75 —7.69
Aldosterone 1.08 360.40 —7.79 1 —7.73 —7.00 —8.18 —7.75 —7.69
Benzyl alcohol 1.10  108.10 —5.78 1 —6.18 —5.68 —6.15 —-5.97 —6.12
Benzyl alcohol 1.10 108.10 —5.33 38 —6.18 —5.68 —6.15 —-5.97 —6.12
Ephedrine 1.13 16520 —5.78 1 —6.51 —6.21 —6.66 —6.51 —6.59
Nicotine 1.17 16223 —6.04 39 —6.46 —6.05 —6.61 —6.45 —6.54
Nicotine 1.17  162.23 —5.54 1 —6.46 —6.05 —6.61 —6.45 —6.54
Nicotine 1.17 16230 —5.28 39 —6.46 —6.05 —6.61 —6.45 —6.54
Acetylsalicylic Acid 1.19 180.16 —5.70 39 —6.55 —5.81 —6.75 —6.58 —6.67
Codeine 1.19 29940 —7.09 1 —7.28 —6.97 —7.68 —7.36 —7.38
2-Amino-4-Nitrophenol 1.26 154.10 —6.74 36 —6.35 —5.86 —6.48 —6.31 —6.41
Ethyl nicotinate 1.32 151.17 —-5.77 39 —6.28 —5.55 —6.41 —6.23 —6.35
Ethyl nicotinate .32 151.17 —-5.74 39 —6.28 —5.55 —6.41 —6.23 —6.35
2-Phenylethanol 1.36 12220 —5.44 1 —6.08 —5.59 —6.11 —5.91 —6.07
Pentanoic acid 1.39  102.13 —6.26 39 —5.94 —5.33 —5.89 —5.66 —5.86
Coumarin 1.39  146.15 —5.60 39 —6.20 —5.12 —6.31 —6.13 —6.26
Coumarin 1.39  146.15 —5.46 38 —6.20 —-5.12 —6.31 —6.13 —6.26
Hydrocortisone succinamate 143  461.60 —8.14 1 —8.10 —7.58 —8.11 —7.85 —7.63
Phenol 1.46 9410 —5.64 13 —5.84 —5.34 —5.75 —5.51 —5.73
Phenol 1.46 94.10 —5.44 1 —5.84 —5.34 —5.75 —5.51 —5.73
Phenol 1.46 94.10 —5.27 1 —5.84 —5.34 —5.75 —5.51 —5.73
Phenobarbital 147 23220 —6.89 1 —6.67 —6.66 —6.98 —6.74 —6.83
Benzaldehyde 148 106.10 —4.77 1 —5.90 —5.15 —5.86 —5.64 —5.83
Benzaldehyde 148 106.10 —4.41 36 —5.90 —5.15 —5.86 —5.64 —5.84
Pentanol 1.51 88.20 —5.78 1 —5.77 —5.26 —5.66 —5.39 —5.63
Hydromorphone 1.60 28530 —7.63 1 —6.90 —7.05 —7.29 —6.95 —7.04
Hydrocortisone 1.61 362.50 —8.35 1 —-7.37 —6.90 —7.82 —7.33 —7.36
Hydrocortisone 1.61 362.50 —7.48 1 —7.37 —6.90 —7.82 —7.33 —7.36
Hydrocortisone 1.61 362.50 —7.19 1 —7.37 —6.90 —7.82 —7.33 —7.36
Nitroglycerine 1.62 227.09 —5.51 38 —6.54 —6.87 —6.83 —6.58 —6.70
Butobarbital 1.73 21240 -7.27 1 —6.37 —6.25 —6.64 —6.39 —6.53
Atropine 1.83 28938 —7.68 39 —6.77 —6.37 -7.16 —6.79 —6.93
Dexamethasone 1.83 392,50 -7.75 1 —7.39 —6.71 —7.83 —7.28 —7.34
Digitoxin 1.85 76492 —8.44 38 —9.65 —8.25 —7.81 —8.04 —7.55
Benzoic Acid 1.87 122.10 —5.16 39 —-5.72 —5.27 —5.75 —5.50 —-5.72
Hydrocortisone hemisuccinate 1.89 462,50 —6.76 1 —7.78 —7.18 —7.78 —7.48 —7.37
4-Nitrophenol 191 139.10 —5.81 1 —5.79 —5.34 —5.88 —5.64 —5.85
Hexanoic acid 1.92 116.16 —5.41 38 —5.65 —5.00 —5.66 —5.40 —5.63
p-Cresol 1.94 108.10 —5.31 1 —5.58 —5.75 —5.56 —-5.29 —5.54
Corticosterone 1.94  346.50 —7.56 1 —17.04 —6.04 —7.48 —6.99 —7.14
Corticosterone 1.94  346.50 —7.08 1 —7.04 —6.04 —7.48 —6.99 —7.14
Corticosterone 1.94  346.50 —6.81 1 —17.04 —6.04 —7.48 —6.99 —7.14
0-Cresol 1.95 108.10 —5.36 1 —5.57 —-5.22 —5.56 —5.28 —5.54
m-Cresol 1.96 108.10 —5.38 1 —5.57 —5.22 —5.55 —5.27 —5.53
Methylhydroxybenzoate 1.96 152.10 —5.60 1 —5.84 —5.25 —-5.97 —-5.72 —-5.93
Trichloromethane 1.97 11938 —5.35 39 —5.63 —4.33 —5.65 —5.39 —5.63
3-Nitrophenol 2.00 139.11 —5.81 1 —5.73 —5.16 —5.82 —5.57 —5.79
Hexanol 2.03 10220 —5.44 1 —5.48 —4.94 —5.44 —5.15 —5.42
Hexanol 2.03 10220 —5.26 1 —5.48 —4.94 —5.44 —5.15 —5.42
Hexanol 2.03 10220 —5.11 1 —5.48 —4.94 —5.44 —5.15 —5.42
Hydrocortisone 2.03 489.60 —7.72 1 —7.85 —6.88 —7.69 —7.44 —7.33

N,N-dimethylsuccinamate
Amylobarbital 2.07 22630 —6.20 1 —6.21 —6.01 —6.51 —6.21 —6.42
Isoquinoline 2.08 12920 —5.33 1 —5.61 —5.25 —5.67 —5.40 —5.65
Anisole 2.11  108.10 —4.69 1 —5.46 —4.75 —5.44 —5.15 —5.43
Benzene 2.13 78.10 —4.51 1 —5.26 —4.53 —5.11 —4.75 -5.10
Benzene 2.13 78.10 —4.35 1 —5.26 —4.53 —5.11 —4.75 —5.10
2-Chlorophenol 2.15 128.60 —5.04 1 —5.56 —4.95 —5.62 —5.34 —5.59
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Table 3. (Continued)

Measured log Predicted
Kp (cm/s) log K, (cm/s)
Log Potts Abraham Wan; Current Model

Solute Kow My Value  Reference & Guy]I et al.'” Mitragotri'0 et al.”’ w=238)
Griseofulvin 2.18 35277 —6.44 39 —6.90 —5.96 —7.36 —6.82 —7.05
Griseofulvin 2.18 35277  —6.27 39 —6.90 —5.96 —7.36 —6.82 —7.05
Salicyclic acid 226 138.10 —5.76 39 —5.54 —5.30 —5.63 —5.35 —5.61
Salicyclic acid 226 138.10 —5.07 1 —5.54 —5.30 —5.63 —5.35 —5.61
Salicyclic acid 226 138.12 548 39 —5.54 —5.30 —5.63 —5.35 —5.61
Salicyclic acid 226  138.12 544 39 —5.54 —5.30 —5.63 —5.35 —5.61
Salicyclic acid 226 138.12 542 1 —5.54 —5.30 —5.63 —5.35 —5.61
Butyl nicotinate 227 17922 534 39 —5.78 —4.94 —5.99 —5.70 —5.95
3,4-xylenol 230 122.10 —5.00 1 —5.41 —4.87 —5.45 —5.15 —5.43
Hydrocortisone pimelamate 230 503.64 —6.61 1 —7.74 —6.64 —7.50 —7.26 —7.21
Heptanol 231 11620 —5.05 1 —5.37 —4.61 —5.38 —5.08 —5.37
Heptanol 231 11620 —4.98 1 —5.37 —4.61 —5.38 —5.08 —5.37
4-Chlorophenol 239 12856  —5.00 1 —5.39 —4.89 —5.45 —5.15 —5.43
Benzyl nicotinate 240 21324 535 39 —5.90 —5.03 —6.18 —5.85 —6.12
Heptanoic acid 242 130.19 —5.26 38 —5.38 —4.67 —5.44 —5.14 —5.43
Lidocaine 244 23430 —5.96 1 —6.00 —5.20 —6.32 —5.96 —6.25
1,1,1-Trichloroethane 249 13340 —5.90 36 —5.35 —4.19 —5.42 —5.12 —5.41
4-Ethylphenol 258 12220 —5.02 1 —5.21 —5.02 —5.25 —4.93 —5.24
4-Bromophenol 259  173.01  —5.00 1 —5.52 —4.83 —5.71 —5.39 —5.69
Hydrocortisone methylsuccinate 2.60 476,57 —7.23 1 —7.36 —6.20 —7.29 —6.95 —7.05
2-Naphthol 2770 14420 —-5.15 1 —5.26 —5.13 —5.38 —5.05 —5.36
2-Naphthol 2770 14420 —5.11 1 —5.26 —5.13 —5.38 —5.05 —5.36
Meperidine 272 24740 599 38 —5.88 —5.18 —6.22 —5.82 —6.16
Toluene 2.73 92.14 356 1 —4.92 —4.18 —4.84 —4.46 —4.84
Etorphine 2779 41150 —6.00 38 —6.83 —6.11 —7.15 —6.57 —6.91
Hydrocortisone hydroxyhexanoate 279  476.60 —6.60 1 —7.23 —5.88 —7.15 —6.79 —6.95
Hydrocortisone propinate 2.80 418,50 —6.02 1 —6.86 —5.80 =7.15 —6.59 —6.91
Styrene 295 104.10 -3.74 1 —4.84 —4.15 —4.82 —4.43 —4.81
Octanol 3.00 13020 —4.84 1 —4.96 —4.29 —5.04 —4.68 —5.03
Octanol 3.00 13020 —4.51 1 —4.96 —4.29 —5.04 —4.68 —5.03
Octanol 3.00 13023 —4.77 39 —4.96 —4.29 —5.04 —4.68 —5.03
Octanoic acid 3.05 14421 5.6 38 —5.01 —4.35 —5.13 —4.77 —5.13
2,4-Dichlorophenol 3.06 163.00 —4.78 1 —5.12 —4.55 -5.29 —4.93 —5.28
Piroxicam 3.06 33140 —7.37 36 —6.15 —8.71 —6.60 —6.01 —6.48
4-Chlorocresol 3.10 14258 —4.82 1 —4.97 —5.05 —5.08 —4.72 —5.08
Ethyl benzene 3.15  106.17 —3.48 1 —4.71 —3.86 —4.70 —4.30 —4.70
Naproxen 3.18 23027 —6.10 38 —5.45 —4.72 =5.77 —5.34 —5.74
Naproxen 3.18 23030 —6.95 39 —5.45 —4.72 =5.77 —5.34 —5.74
Naproxen 3.18 23030 —4.97 1 —5.45 —4.72 =5.77 —5.34 —5.74
Fluocinonide 3.19 49460 —6.33 1 —7.05 —6.08 —6.87 —6.52 —6.73
Hydrocortisone hemipimelate 326 503.60 —6.30 1 —7.06 —5.87 —6.83 —6.49 —6.70
Chloroxylenol 3.27 156.60  —4.83 1 —4.93 —4.70 —5.09 —4.71 —5.09
Thymol 330 15020 —4.84 1 —4.87 —4.31 —5.01 —4.63 —5.01
Testosterone 332 28840 —6.21 1 —5.70 —5.06 —6.11 —5.58 —6.05
Testosterone 332 28840 —5.83 1 —5.70 —5.06 —6.11 —5.58 —6.05
Testosterone 332 28840 548 39 —5.70 —5.06 —6.11 —5.58 —6.05
Testosterone 332 28840 —4.95 39 —5.70 —5.06 —6.11 —5.58 —6.05
Chlorpheniramine 338 27480 —6.22 38 —5.58 —5.19 -5.97 —5.45 —5.92
Propranolol 348 25734 —6.48 39 —5.40 —5.58 =5.77 —5.27 —5.74
Propranolol 348 25734 —6.33 39 —5.40 —5.58 =5.77 —5.27 —5.74
N-Hexyl Nicotinate 351 20727  —=5.30 39 —5.07 —4.33 —5.35 —4.92 —5.34
2.,4,6-Trichlorophenol 3.69 19750 —4.78 1 —4.88 —4.06 —5.15 —4.70 —5.14
Hydrocortisone methylpimelate 370  518.65 —5.82 1 —6.84 —-5.27 —6.52 —6.17 —6.44
Nonanol 377 14430 —4.78 1 —4.50 —3.96 —4.63 —4.20 —4.63
Progesterone 3.87 31450 —5.43 1 —5.47 —4.54 -5.91 —5.27 —5.87
Progesterone 387 31450 —5.08 1 —5.47 —4.54 —-5.91 —5.27 —5.87
Sufentanil 395 386.60 —5.48 1 —5.85 —5.34 —6.34 —5.54 —6.25
Ibuprofen 397 20628 —5.00 39 —4.74 —4.41 —5.02 —4.54 —5.02
Estradiol 4.01 27240 —6.08 1 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 —6.05 1 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 —6.02 1 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 —6.01 1 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 597 1 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 595 1 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 594 1 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 —5.94 1 —5.11 —5.11 —5.51 —4.93 —5.49
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Table 3. (Continued)

Measured log Predicted
Kp (cm/s) log K, (cm/s)
Log Potts Abraham Wan§ Current Model

Solute Kow My Value  Reference & Guy]l et al.'” Mitragotri'0 et al.”’ w=238)
Estradiol 4.01 27240 —5.84 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 —5.82 —5.11 —5.11 —5.51 —4.93 —5.49
Estradiol 4.01 27240 =577 —5.11 —5.11 —5.51 —4.93 —5.49
Fentanyl 4.05 33650 —5.81 —5.48 —5.36 —5.94 —5.24 —5.89
Fentanyl 4.05 33650 —5.56 —5.48 —5.36 —5.94 —5.24 —5.89
Indomethacin 427 35780 —5.39 —5.45 —5.47 —5.93 —5.16 —5.88
Hydrocortisone hexanoate 448 460.60 —5.30 —-5.93 —4.87 —5.97 —5.37 —5.93
Diclofenac 451  296.16 —6.56 —4.90 —4.77 —5.33 —4.67 —5.32
Diclofenac 4.51 296.16 —5.30 —4.90 —4.77 —5.33 —4.67 —5.32
Decanol 4.57 15830 —4.65 —4.02 —3.64 —4.20 —3.73 —4.20
Decanol 4.57 15830 —4.30 —4.02 —3.64 —4.20 —3.73 —4.20
Hydrocortisone octanoate 549 488.70 —4.76 —5.38 —4.25 —5.26 —4.65 —5.26

= 0.42 and MSE = 0.64. Figure 2 compares the prediction
of the current model with the best QSPR model of Potts
and Guy'' and the mechanistic model of Mitragotri.lo
Much of the improvement in the predicted skin permeabil-
ity of our model is from the hydrophilic solutes, as shown
in Table 3. For hydrophilic solutes (log K, < —2), all the
other four models under-predict the skin permeability by 1—
3 orders of magnitudes and the under-prediction generally
increased with the increase in the hydrophilicity of the sol-
utes (Figure 3). The under-prediction of hydrophilic solutes
by both Potts & Guyll and Mitragotri10 models has been
already pointed out earlier.'® A main drawback of many
previous models, including the QSPR models, is that the
contribution of the transcellular pathway to skin permeabil-
ity has been ignored. Although Wang et al.>’ considered
both the intercellular and transcellular pathways, their
model still fails to give satisfactory prediction of the skin
permeability of hydrophilic solutes. This is not surprising
because they did not attempt to establish the diffusion
properties of the corneocytes. Instead, they fitted the mass
transfer property of the corneocytes using the modeled skin
permeability data, which unfortunately, did not contain
much hydrophilic solutes.

There are few modeling studies on transdermal permeation
on hydrophilic solutes. For instance, Mitragotri2 proposed
four permeation pathways including free-volume diffusion
through lipid bilayers, lateral diffusion along lipid bilayers,
diffusion through aqueous pores, and diffusion through
shunts. Compared with the early analytical model, inclusion
of aqueous pores (in lipid matrix) and shunts improved the
prediction for hydrophilic solutes. Still, there is still some
significant under-prediction.

One may argue that accurate prediction of skin permeabil-
ity of hydrophilic drugs is not very relevant because trans-
dermal permeation of hydrophilic solutes is generally rather
slow. However, for safety assurance of sensitizing chemicals,
this is not necessary the case. Under-prediction of skin
permeability by orders of magnitude will have serious impli-
cations. In addition, as we will show later, even for moder-
ately hydrophobic solutes, the transcellular route through
corneocytes can still contribute up to 25-75% of the total
skin permeability.

AIChE Journal May 2010 Vol. 56, No. 5

Contribution of transcellular permeation pathway

To further examine the effect of the transcellular pathway
on transdermal permeation, computer simulations have been
carried out for two scenarios: the diffusion coefficient of the
corneocyte set to D, # 0 and Dy, = 0, respectively. In the
case of Dy # 0, the transcellular pathway through corneo-
cytes is included. When D, is set to zero, the widely used
lipid pathway assumption is recovered. The relative contribu-
tions of the intercellular lipids pathway and transcellular
pathway to the total skin permeability can be calculated as

Koip
cp; = =229 o 100% (14)
p(Dp#0)

Ky p,20) = Kp(py=0)

CPt = x 100% (15)

Ko p,20)

The relative contribution of the two pathways to the overall
skin permeability depends on the molecular weight and
lipophilicity. The effect can be mapped into five regions in
the log K, — My space as shown in Figure 4. In region I, the
transcellular pathway dominates, contributing to more than
95% of the total skin permeability. The contribution of the
tortuous lipid pathway in the region is negligibly small (less
then 5%). Molecules in the region is generally highly
hydrophilic (log K, < —2) and about a handful molecules
in the dataset fall into the region. In region II of the log K, —
M,y space, the transcellular pathway still dominates, con-
tributing to 75-95% of the total skin permeability and the
contribution from the tortuous lipid pathway is still relatively
small, of 5-25%. However, no molecules from the dataset fall

Table 4. Comparison of Skin Permeability Models:
Coefficient of Determination (R?) and Mean Absolute Error
(MSE) Between Predicted Results and Measured Data

Coefficient of Mean Absolute

Models Determination (R?) Error (MSE)
Potts & Guy'' 0.52 0.53
Abraham & Martins'’ 0.42 0.64
Mitragotri'® 0.58 0.46
Wang et al.?’ 0.53 0.53
Current model (w = 8) 0.74 0.29
Published on behalf of the AIChE DOI 10.1002/aic 1143
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Figure 2. Comparison of observed and predicted skin
permeability by Potts & Guy (O), Mitragotri
(C), and current models (x).

into the region. The next region is the region where both the
tortuous lipid pathway and the transcellular pathway are both
important (25% < CP; < 75%). More than a quarter of the
molecules from the dataset are in the region. Molecules in the
region include both moderately hydrophilic (e.g., water) and
moderately hydrophobic (e.g., aldosterone) and the corre-
sponding log K, varied between —2 and 3. Further on the
right of the log K,w — Mw map is region IV, where the
tortuous intercellular lipid pathway is the main route of
transdermal permeation, constitution 75-95% of the total skin
permeability. The contribution from the transcellular pathway
is very small. About half molecules from the dataset fall into
the region. Most molecules in the region are hydrophobic but
few are hydrophilic. Ethanol is in this region. On the far right
on the log K,,, — My map is region V. This is the region that
the intercellular lipid pathway dominates, constituting to more
than 95% of the total skin permeability. There are not many
molecules (ca. 20) in the data set fall into the region.
Molecules in the region are highly hydrophobic (log Ky, > 2).

It should be pointed out that the current simulation
assumes that the SC is fully hydrated. Water consists of
about 55-65% mass fraction of saturated SC and mainly
exists in the corneocyte phase.*' The hydration level of the
SC depends on a number of factors including age, sex, eth-
nic groups, and environmental relative humidity.41 It nor-
mally varies from ca. 15% at the top layer to ca. 55% near
to the basal layer of the SC.*> As the hydration level varies,
the effective diffusion of solutes in the corneocytes is
affected. It is shown that even for the moderately hydropho-
bic solutes the transcellular pathway can still contribute to
25-75% of the skin permeability. Thus, for hydrophilic sol-
utes and moderately hydrophobic solutes in Region I and III,
the interplay of skin hydration with environmental conditions
is expected to have significant impact on their transdermal
permeation. For instance, aldosterone is a moderately hydro-
phobic molecule (log K,, = 1.08). If the SC is hydrated to
55% moisture content, the predicted skin permeability would
be 2.04e-8 cm/s. This compares to a predicted skin perme-
ability of 7.10e —9 cm/s (of 1/3 less) if the moisture content
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logK

Figure 3. Comparison of predicted errors of skin per-
meability by Potts & Guy (O), Mitragotri ([J),
and current models (x).

of SC is at normal condition varying from ca. 15% at the
top to 55% near to the basal layer.

Conclusions

Transdermal permeation of solute through human SC
depends not only on its cellular structure but also its compo-
sition. Apart from the lipid domain and keratin, water is also
a major constituent of the SC and exists in the lipid matrix
and corneocytes. Many transdermal permeation models are
derived empirically by fitting experimental data and few are
mechanistic. Published skin permeability models also consid-
ered the lipid matrix as the main pathway and regarded the
corneocytes as impediments. These models under-predict

800 ——

T WL L ¥ L 1 L T
] \ Pay s‘ \.
700 - m it} VN,V S
] \ \
A .
600 \ . \‘ .
] 1 4 \
500 - ! abd Aa° el
_ : an M7 g \?
© i
O 400 I A & Dl ."I =
g . /! S fes g °° /'/ -
300-: I Ao a8 L % 0/0 -
200 - / A & % # 8 -
| i A 0@ |
100 4 / A 8 o c%o% %b -
| T(O &\Emanol/ I
10 T b T b o 1 1 T

4 3 2 4 0 1 2 3 4 5 6
logk_,,

Figure 4. Mapping of the effect of tortuous lipid path-

way and transcellular pathway on skin per-

meability in log K,, — My space.

L CPy < 5%, CPr > 95%; 1I: 5% < CP; < 25%, 75% <
CPr < 95%; 1IT: 25% < CP; < 75%, 25% < CPy < 75%:
IV: 75% < CP; < 95%, 5% < CPr < 25%:; V: 95% <
CPy, CPr < 5%.
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transdermal permeation of hydrophilic solutes by 2—3 orders
of magnitude. In this study, we apply a recently developed
model to predict the transdermal permeability of both hydro-
philic and hydrophobic compounds. Solute permeation
through the SC is modeled as mass transfer in the complex
media of “bricks-and-mortar,” representing the discrete cor-
neocytes and the continuous lipids matrix. Equations have
been proposed for the complex partition and diffusion prop-
erties of solutes in both lipid matrix and corneocytes, allow-
ing for closed-form prediction of skin permeability from the
fundamental physical-chemical properties of solutes. It is
shown that when compared with many previously reported
models, the current model gives much improved prediction
of skin permeability with R* = 0.74 and MSE = 0.29. In
particular, the current model improved the prediction of
highly hydrophilic solutes significantly by 2-3 orders of
magnitude. The contribution of each pathway to overall skin
permeability has also been analyzed. The results showed that
the transcellular pathway is not only important for skin per-
meability of highly hydrophilic solutes, but for that of mod-
erately hydrophobic solutes. The complex interaction of the
two pathways can be mapped into five regions in the log
Kow — My space with the contributions of the continuous
lipid pathway accounting for 0-5%, 5-25%, 25-75%, 75—
95%, and 95-100%, respectively. Another advantage of the
current model is that it allows the analysis of skin hydration
and miniaturization on transdermal permeation. In the
following article, we will further discuss the application of
the current model for closed-form prediction of dermatophar-
macokinetic absorption and Dbioavailability of topically
administered solutes in vivo.
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