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ABSTRACT
Purpose To develop in-silico model for predicting percutaneous
absorption and disposition kinetics of chemicals in skin layers so as to
facilitate the design of transdermal drug delivery systems and skin care
products, and risk assessment of occupational or consumer exposure.
Methods A general-purpose computer model for simulating skin
permeation, absorption and disposition kinetics in the stratum
corneum, viable dermis and dermis has been developed. Equa-
tions have been proposed for determining the partition and
diffusion properties of chemicals by considering molecular parti-
tion, binding and mobility in skin layers. In vitro skin penetration
data of 12 chemicals was used to validate the model.
Results The observed and simulated permeation and disposition
in skin layers were compared for 12 tested chemicals. For most
tested chemicals, the experimental and model results are in good
agreement with the coefficient of determination >0.80 and rela-
tive root mean squared error <1.20. The disposition kinetic
parameters of the maximum concentration and the area under
the curve in the viable epidermis and dermis initially increased
with hydrophobicity, but reached maxima and then decreased
with further increase of hydrophobicity.
Conclusions By considering skin physiological structure and
composition, the partition and diffusion properties of chemicals
in skin layers are determined. This allows in-silico simulation of
percutaneous permeation, absorption and disposition kinetics of
wide chemical space. The model produced results in good agree-
ment with experimental data of 12 chemicals, suggesting a much
improved framework to support transdermal delivery of drug and
cosmetic actives as well as integrated risk assessment.
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INTRODUCTION

Design of transdermal drug delivery systems (1, 2) and skin
care products (3), and risk assessment of occupational or
dermal exposure (4, 5) require dermatopharmacokinetic char-
acterization of percutaneous permeation, absorption and dis-
position kinetic data in different layers of the skin. Due to
ethical difficulties and economic considerations with respect to
human and animal test, there is an increasing need to develop
non-animal approaches. The key starting point for transder-
mal drug and cosmetic active delivery and safety risk assess-
ment using non-animal approaches is to quantify the absorp-
tion and distribution of chemicals in skin layers and other
relevant organs under different exposure scenarios (6, 7). This
can then be correlated to high throughput in-vitro cell assay
and outcome pathways. There have been intensive interests in
obtaining these fundamental data for topically applied
chemicals (8, 9).

In silicomodeling of transdermal absorption and disposition
is a valuable non-animal approach and a number of mathe-
matical models have been reported (10–20) and comprehen-
sively reviewed recently (21–32). These models include Quan-
titative Structure Permeability Relationships (QSPR) (11, 13,
28), Physiologically Based Pharmacokinetic (PBPK) models
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(15–17, 19), and diffusion-based mechanistic models (12, 14,
20, 22). Many in silicomodels, in particular QSPRmodels and
mechanistic models, are concerned with the prediction of skin
permeability of chemicals using molecular descriptors (molec-
ular weight, octanol-water partition coefficient, hydrogen
bonding, etc.) and lipid partition-diffusion properties. Models
for predicting skin permeability have had various degrees of
success (22, 33–35). Skin permeability is a key parameter of
how fast chemicals are likely to penetrate skin, but this param-
eter alone does not provide detailed prediction of absorption
and disposition kinetics. Few recently reported models pro-
posed the maximum flux (Jmax) is a much improved parame-
ters for quantifying the penetration potential of chemicals (21).
Still such models are limited to steady state conditions without
considering the disposition kinetics in skin layers.

In order to obtain the information of chemical disposition
in different skin layers, modeling of the kinetics of adsorption,
distribution and clearance processes (by metabolism and ex-
cretion), or ADME, is required across skin layers. PBPK
modeling of chemical absorption and distribution in skin
layers normally uses a compartmental ordinary differential
equation approach. Many reported PBPK models are not
predictive and require many model parameters to be fitted
to experimental data. Anissimov and Roberts (2011) reported
a two-compartment PBPK model of drug distribution in the
dermis and underlying tissues (36). Similar to other PBPK
models (17, 18), the transport parameters of different com-
partments were determined by fitting to experimental data.
Extrapolation presents a challenge (15). The PBPK model
reported by Van der Merwe et al. (16) linked the stratum
corneum (SC) compartment properties to the “brick-and-
mortar” structure, but had limited considerations of the par-
tition and diffusion properties of chemicals in lipid and
corneocyte phases. Naegel et al. (2008) and Selzer et al.
(2013) presented a diffusion model of drug permeation
through the skin, in which the SC and viable epidermis/
dermis (deeper skin layers, DSL) were respectively character-
ized by brick-and-mortar structure and homogeneous com-
partment (37, 38). The model parameters such as partition
coefficients and diffusion coefficients were determined under
steady-state diffusion experiments (39).

The absorption in the viable epidermis and dermis layers
play an important role in the percutaneous disposition kinetics
(15). Recently, we reported a “brick and mortar” model of
transdermal permeation limited to stratum corneum (14).
Chemical partition and binding properties are determined
by considering molecular interaction with SC composition.
This work aims to extend this model (14) to include viable
epidermis and dermis. The partition and diffusion properties
of chemical are correlated to their interactions with the com-
positions of cellular lipid, protein and water in viable dermis
and dermis. We first demonstrate closed-form simulation of
percutaneous permeation, absorption and disposition kinetics

of chemicals. We then validate model prediction with pub-
lished in vitro data of 12 chemicals covering a wide range of
physicochemical properties (molecular size, hydrophobicity,
and volatility) (15). Finally, we discuss how molecular weight
and hydrophobicity of chemicals influence percutaneous dis-
position kinetics (the maximum concentration, Cmax; the area
under the curve, AUC) of wide chemicals space under finite
dose conditions. The effect of chemical volatility on percuta-
neous permeation, absorption and disposition kinetics has
been also discussed. To our knowledge, closed-form simula-
tion of dermatokinetics of absorption and disposition in skin
layers with validation of large data sets is the first in its kind
and represents a much improved framework of using in-silico
prediction to support transdermal delivery of drugs and
skincare actives as well as integrated risk assessment of dermal
exposure to chemicals.

MATERIALS AND METHOD

Volatility Experiments of Chemicals

The volatility experiments of the aformentioned 12 chemicals
(1,4-dihydroquinone, benzaldehyde, 3,4-dihydrocoumarin, 4-
ethylresorcinol, cinnamic aldehyde, 6-methylcoumarin,
cinnamyl alcohol, 2,4-dinitrochlorobenzene, phenylbenzoate,
α-hexylcinnamic aldehyde, 1-bromododecane, and 1-
bromohexadecane) were executed. The 12 test chemicals
cover a wide range of physicochemical properties (MW rang-
ing from 106.13 to 305.35 Da, logKow varying from 0.59 to
8.54, Table I) (40, 41). All the tested chemicals, olive oil (highly
refined, low acidity), acetone (LC-MS grade), ultra pure water
(LC-MS grade), ethanol (LC-MS grade), methanol (LC-MS
grade), and dichloromethane (HPLC grade) were supplied by
Sigma-Aldrich Company Limited (Gillingham, Kent, UK).
The charcoal filters (universal cooker hood filters, UNIFIT)
were purchased at a local grocery store.

The conditions for the evaporation test were chosen to
closely mimic those in the absorption test in the Davies et al.
(15), which also employed charcoal filters over the test sam-
ples. Evaporation in this case occurs by free convection rather
than the airflow-related mass transfer process experienced on
unoccluded sites. For each test chemical a 189 mM dose
solution was prepared in the dose vehicle acetone:olive oil
(AOO, 4:1 v/v). A 3 cm2 piece of charcoal filter was placed
in the middle of a 10 ml glass vial. The bottom of the vial was
carefully spiked with a 33 μl aliquot of the 189 mM dose
solution (avoiding to contaminate the filter), capped immedi-
ately and heated at 32°C for a fixed period of time (from 1min
to 24 h). The evaporation profiles of the test chemicals be-
tween AOO and the air under occluded conditions were
assessed using various chromatography methods. The head-
space was analysed byHeadspace Gas ChromatographyMass
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Spectrometry. The vial was then uncapped and the piece of
filter removed. An aliquot of 1.5 ml of ethanol was added
immediately to the 10 ml glass vial to extract the test chemical
remaining in AOO. The extract was analysed by HPLC-UV.
The filter was extracted with 5 ml of dichloromethane for a
minimum of 8 h. The extracts were filtered (Whatman PTFE
syringe filter, 0.45 μm) and analysed by Liquid Injection Gas
Chromatography Mass Spectrometry.

A range of calibration standards for each chemical were
prepared in AOO for the Headspace Gas Chromatography
analysis (from 0.005 to 20 mM). The test samples were
analysed using an Agilent 6890N gas chromatograph system
with an Agilent 5973 mass selective detector. The samples
were analysed by injecting 750 μL of sample or standard in a
split mode (100:1 ratio) (for headspace analysis) or 1 μL of
sample or standard in a splitless mode (liquid injection analy-
sis) onto a J&WScientific DB-624 column (30m*0.32mm ID,
film thickness 1.8 μm.) The gradient and other conditions are
reported in Table II.

A range of calibration standards for each chemical (1-
Bromododecane and 1-bromohexadecane cannot be detected
by UV analysis and were analysed by Liquid Injection Gas
Chromatography Mass Spectrometry) were prepared in eth-
anol (from 5 to 800 ppm). The samples were analysed using an
Agilent 1100 HPLC-UV system with a Multi-wavelength
detector. The hydroquinone and phenyl benzoate samples
and standards were analysed by injecting a 2 μl of sample or
standard onto a Phenonmenex Luna phenyl-hexyl column
(100*2.00 mm, 3 μm). The other chemical standards and

samples were analysed by injecting a 2 μl of sample or stan-
dard onto a Thermo Hypersil Gold C18 column
(100*2.1 mm, 3 μm). Ultra pure water (A) and methanol (B)
were used as mobile phases. The gradient and temperature
conditions are reported in Table II.

Collection of Skin Absorption Experiment Data

In vitro human skin penetration data of 12 tested chemicals
were obtained from previous experiments described in Davies
et al. (2011). The data include monitored time-course of
chemical concentrations in both the donor and receptor fluids.
Chemical distribution in different layers of the skin was also
obtained. All the chemicals were dissolved in the vehicle at a
concentration of approximately 189 mM. In addition, most
chemicals were tested at a concentration of approximately
double or half of 189 mM. A dose (25 μl/cm2) of the vehicle
was applied for the donor phase. For each chemical, parallel
experiments were performed, terminating at 0.5, 1, 2, 4, 8 and
24 h respectively. The outliers from parallel experiments were
detected by Grubbs test (the significance level is set to 1%).
The skin samples were tape-stripped ten times. The tape-
stripped skin was separated into the viable epidermis and
dermis by heat treatment. Detailedly, the tape-stripped skin
was wrapped in cling film and a 200-g brass weight, heated to
60°C, was applied for 90 s to the upper surface of the skin.
The skin was then unwrapped and the viable epidermis re-
moved by scraping with forceps. The amount of radio labelled
chemicals in each skin layers as well as in the receptor fluid was

Table I The Properties, Applied Dose, and Evaporated Percentage of 12 Test Chemicals

Test chemical MW (Da) logKow logKvw
d Capplied (mM) e Me (%) f

1,4-dihydroquinone 110.11 0.59 a 1.20 76; 191 0.97

benzaldehyde 106.13 1.48 a 2.18 191; 2359 81.09

3,4-dihydroucoumarin 148.16 0.97 b 1.15 191; 380 42.21

4-ethylresorcinol 138.17 2.07 b 1.36 191; 399 0.07

cinnamic aldehyde 132.16 1.90 a 1.60 195 39.32

6-methylcoumarin 160.17 2.06 b 1.34 203 20.35

cinnamyl alcohol 134.18 1.95 a 1.62 192; 1510 10.78

2,4-dinitrochlorobenzene 202.55 2.17 c 1.85 99; 189 12.72

Phenyl benzoate 198.22 3.59 a 2.70 187; 379 11.66

α-hexylcinnamic aldehyde 216.33 4.82 b 3.40 177 13.58

1-bromododecane 249.24 6.58 b 4.30 189; 723 4.34

1-bromohexadecane 305.35 8.54 b 5.48 189; 379 1.4

a Experimental logKow value obtained from Hansche et al. (1995)
b Predicted logKow value obtained from KOWWIN v.167a
c Experimental logKow value obtained from Debnath et al. (1991)
d Kvw is the partition coefficient of a chemical between vehicle and water
e Capplied is the applied concentration of test chemical
f Me is the evaporated percentage of applied dose after 24 h, which is calculated from mass balance of in vitro diffusion data

For the chemicals with different applied concentrations, the average values of Me were calculated
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measured by liquid scintillation counting. Themass balance of
the measured chemical compounds in the donor fluid, recep-
tor fluid and skin were checked at different time of the exper-
iments. Further details on experimental materials and
methods were described in Davies et al. (2011).

Model Description

Figure 1 represents the schematic framework for modelling
transdermal absorption and disposition under the flow-
through diffusion cell set-up. The process is simulated as a
process consisting of 1) penetration of tested chemical from the
vehicle into the SC, 2) diffusion and accumulation in the SC,
3) penetration into the viable epidermis, 4) diffusion and
accumulation in the dermis and release to a ‘sink’. Due to
high volatility of acetone, the vehicle was assumed to be
consisted of only olive oil by taking into account that acetone
was fully evaporated at the very early stage of the in-vitro
experiment. After the evaporation of acetone, the initial con-
centration and thickness of vehicle respectively changed ac-
cording to the vehicle composition (acetone:olive oil, 4:1 v/v).
The vehicle thickness was set to 50 μm, derived from the
evaporated volume and area of the donor. The interaction
of acetone with skin lipid has not been modeled in this study.
The geometrical and compositional parameters of the SC
were set to the same as reported in a previous study (14).

The number of the SC corneocyte layers is set to 12 and the
corresponding SC thickness is 10.5 μm with the typical size of
the SC corneocyte cell. The thicknesses of the viable epidermis
and dermis were set to 100 and 1200 μm (42, 43) respectively,
comparable to the values reported by Pendlington et al. (2008).
Both the viable epidermis and dermis layers were simulated as
multiphase materials consisting of 65%water, 2.5% lipids and
32.5% proteins which are typical values quoted in the litera-
ture (23, 44). The thickness of the receptor fluid was set to
4000 μm according to the dimension of the receptor fluid.

The viscosity of vehicle (olive oil) at 32°C was set to
0.051 Pa•s (45), allowing for the calculation of the diffusion
coefficient of chemicals in the vehicle using the Stokes-Einstein
equation (46). The partition coefficient of a chemical between
vehicle and water (Kvw) is an important parameter affecting
transdermal permeation. The partition property of chemicals
in olive oil is not readily available. In this study, this is the only
parameter initially estimated from the measured buildup of
chemicals in the SC and further refined by fitting the predict-
ed percentages of applied dose in the skin layers to the ob-
served values. It is very interesting to note that the fitted Kvw
values of the tested chemicals have good power-law
correlation with the octanol-water partition coefficient
Kow (Kvw =4.62Kow

0.55) (Table I and Fig. 2). This is not sur-
prising as one would expect hydrophobicity as an important
factor affecting solute partition in olive oil.

Table II Gas Chromatography Mass Spectrometry and HPLC UV Conditions

Test chemical GC-MS conditions HPLC UV conditions

Flow rate
(°C/min)

Initial
temperature
(°C)

Final
temperature
(°C)

Total run
time (min)

m/z Flow rate
(ml/min)

Temperature
(°C)

Gradient
conditions

Total run
time (min)

Wave
length
(nm)

1,4-dihydroquinone 35 160 230 9 110 0.28 30 90/10 A/B to
10/90 A/B

16 225

benzaldehyde 20 160 185 6 106 0.3 35 60/40 A/B to
10/90 A/B

14 204

3,4-dihydrocoumarin 32 180 230 10.56 148 0.25 30 50/50 A/B to
10/90 A/B

14.5 203

4-ethylresorcinol 25 150 230 10.2 123 0.25 30 50/50 A/B to
10/90 A/B

14.5 203

cinnamic aldehyde 30 145 230 10.17 131 0.3 30 50/50 A/B to
10/90 A/B

14.5 285

6-methylcoumarin 30 135 230 6.12 160 0.25 30 50/50 A/B to
10/90 A/B

14.5 203

cinnamic alcohol 30 132 230 7.33 92 0.25 30 50/50 A/B to
10/90 A/B

14.5 209

2,4-dinitrochlorobenzene 35 180 230 10 202 0.25 30 50/50 A/B to
10/90 A/B

14.5 203

phenylbenzoate 35 185 230 9.49 105 0.3 30 30/70 A/B to
10/90 A/B

16 201

α-hexylcinnamic aldehyde 35 180 230 10.43 129 0.3 45 60/40 A/B to
10/90 A/B

16 282

1-bromododecane 30 190 230 6.62 137 – – – – –

1-bromohexadecane – 245 245 11.3 135;71 – – – – –
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The SC is modelled by the so-called “brick andmortar”we
reported recently. Detailed description of the model can be
found in the original article (14). Here, for completeness, a
brief summary is given. The solute partition coefficient be-
tween vehicle and SC lipid (Kvm) is derived from the chain rule

K vm ¼ K vw

K mw
ð1Þ

where Kmw is solute partition coefficient of SC lipid to water
and can be determined by the following reported correlation
relationship with octanol-water partition property:

K mw ¼ ρl
ρw

K 0:69
ow ð2Þ

where ρl (=0.9 g/cm3) and ρw (=1 g/cm3) represent the bulk
density of lipid and water (47, 48).

Solute partition coefficient of SC corneocytes to water (Kbw)
is estimated from the following equation (14):

K bw ¼ 1−φbð ÞK kw þ θb ð3Þ

whereϕb is the volume fraction of water at saturation and θb is
the actual volume fraction of water in the corneocyte phase,
Kkw is the solute binding constant to SC keratin and is deter-
mined by the following reported correlation (48):

K kw ¼ ρk
ρw

4:2K 0:31
ow ð4Þ

where ρk (=1.37 g/cm3) represents the bulk density of keratin
(47, 48).

Solute diffusion coefficient in the SC lipid is related to
solute radius (rs) by the equation proposed by Mitragotri (12,
49):

Dm m2=s
� � ¼ 2� 10−9exp −0:46rs2

� �
3� 10‐13

�
if MW ≤380Da
if MW > 380Da

ð5Þ

Solute diffusion coefficient in the SC corneocyte (Db) is
estimated from our recent study (14, 49):

Db

Dw
¼ exp −αSλ

� �

1þ rsffiffiffi
k

p þ rs2

3k

� 	 ð6Þ

where:

k ¼ βr f 2 1−θbð Þγ ð7Þ

S ¼ 1−θbð Þ rs þ r f
r f


 �2

ð8Þ

Fig. 1 Overall scheme and
element discretization for modelling
transdermal penetration and
absorption under in vitro conditions.

Fig. 2 The relationship between Kvw and Kow for 12 tested chemicals. The
line corresponds to the fitted equation (Kvw =4.62Kow

0.55) between Kvw and
Kow for 12 tested chemicals.
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where Dw is the diffusion coefficient of solute in free water and
can be predicted using the Stokes-Einstein equation (46), k is
the hydraulic permeability and is estimated from the correla-
tion derived by Jackson and James (50), rf is the radius of
keratin microfibril (rf =35 Å) (51), α, λ, β and γ are model
parameters and their values are set to λ =1.09, γ=−1.17, α=
9.47 and β=9.32×10−8 (49).

Literature suggests that viable epidermis and dermis have
similar multiphase compositions (23, 44). For this reason, the
partition and diffusion properties in the two layers can be
assumed to be similar, which was also applied in previous
studies (23, 52). Chemicals present in the viable epidermis
and dermis are much more mobile compared to that in the
SC. Because of the multiphase nature of the viable epidermis
and dermis, a chemical in these skin layers will have complex
interactions different from water. One of the important inter-
actions is the binding to proteins, which leads to a partition
between dermis and water. Some models have been proposed
for the partition coefficient between dermis and water, Kdew,
(44, 53). For example, Bunge & Cleek (1995) related Kdew to
Kow based on linear free energy theory and proposed the
following equation:

K dew ¼ K 0:38
ow ð9Þ

The above model is for the bulk property and did not
consider the multiphase nature of the viable dermis and
dermis. Kretsos et al. (2008) and Ibrahim et al. (2012) consid-
ered the composition of skin dermis and proposed the follow-
ing equation assuming that solutes were excluded from the
collagen and elastin protein region:

K dew ¼ 0:7� 0:68þ 0:32
f u

þ 0:001 f nonK ow


 �
ð10Þ

Where fnon is the nonionized fraction of solute in the aque-
ous phase, fu is the fraction of unbound (to albumin) solute
which can be calculated from the equation described by
Yamazaki and Kanaoka (54). It should be noted that current
fu model only considered the binding of albumin protein.

The three terms of 0.68, 0.32/fu and 0.001fnonKow account
for the chemical disposition in albumin-accessible aqueous
phase, albumin-inaccessible aqueous phase and lipid phase,
respectively. The direct use Kow in lipid phase overestimates
the partition of solute between lipid and water (Kmw) which was
often power-law related to Kow based on the observed data of
SC lipid. Although the lipid in viable epidermis and dermis
may be chemically different from SC lipid, the Eq. (2) of Kmw
was still adopted to a first approximation due to the lack of the
partition data on the lipid in viable epidermis and dermis.
Secondly, the coefficient of 0.001 in 0.001fnonKow term

underestimates the lipid content of dermis (~2.5%). In this
study, the Ibrahimmodel is modified by considering improved
estimation of the lipid content and partition property in the
dermis as follows:

K dew ¼ 0:7� 0:68þ 0:32
f u

þ 0:025 f nonK mw


 �
ð11Þ

Another key parameter for modeling solute permeation
and distribution in the viable epidermis and dermis is the
diffusion coefficient. Molecular mobility in the viable epider-
mis and dermis is much higher than that in the SC but will be
still restricted by the complex structures. Diffusion in the
viable epidermis and dermis can take either a trans-
membrane pathway or inter-cellular pathway. Few models
have been reported on the effective diffusion coefficient of
chemicals in dermis (Dde). Bunge & Cleek (1995) derived the
following model:

Dde m2=s
� � ¼ 7:1� 10−10

MW 0:5 ð12Þ

Considering the combined effect of binding and disposition
in water, lipid and protein phases, Kretsos et al. (2008) derived
the following effective diffusivity of solutes in the dermis layer
as follows:

Dde m2=s
� � ¼ Dfree

B f
ð13Þ

where Dfree is the diffusivity in the absence of binding or
partitioning and is related to MW by empirical equation
Dfree=10

−8.15−0.655log(MW), Bf is the binding factor related to
the binding or partitioning properties of the dermis:

B f ¼ 0:68þ 0:32
f u

þ 0:001 f nonK ow ð14Þ

Similar to Kdew, we propose to modified Kretsos model as
follows:

Dde m2=s
� � ¼ 10−8:15−0:655log MWð Þ

0:68þ 0:32
f u

þ 0:025K mw

ð15Þ

The mass transfer equations are solved by a finite differ-
ence scheme. Such numerical solution is realized by dividing
the skin into finite number of smaller elements. The numerical
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scheme for the mass transfer between neighboring elements A
and B can be formulated using the interfacial mass transfer
equation:

qAB ¼ Ai

δA
DA

þ K ABδB
DB

CA−K ABCBð Þ ð16Þ

where qAB is the flux of solute from element A to its neighbor-
ing element B, Ai is the interfacial area between element A and
element B, δA and δB are the corresponding diffusion length,
DA andDB are the diffusion coefficients of element A and B, CA
and CB are the solute concentrations in element A and B, KAB
is the solute partition coefficient between element A and B.
There are two cases for the determination of KAB including
KAB =1 if elements A and B are the same material, KAB = KAw/
KBw if element A is different from element B. The first case
represents mass transfer in vehicle, lipid, corneocyte, viable
epidermis, or dermis. The latter case represents solute transfer
across vehicle-lipid, lipid-corneocyte, lipid-viable epidermis,
viable epidermis-dermis, and dermis-receptor interface.

The above extended model is implemented in MATLAB
(The MathWorks Inc., Massachusetts, USA). The elements
used for numerical solution in the SC is the same as that in the
Chen et al. (2008), where the total number of elements is
10×(the number of SC corneocyte layer)+5. The elements
in the epidermis and dermis are equally discretized into 10 μm
thickness element (Fig. 1). According to mass conservation
principles, concentration of each element A satisfies the fol-
lowing equation

dCA

dts
¼ −

X
B

qAB

V
ð17Þ

where CA is the solute concentration in element A, V is the
element volume, ts is time, qAB is the flux of solute into/out of
element A from neighboring element B. A set of ODEs for all
elements are assembled using Eq. (17) and solved using
MATLAB solver ode15s with variable time steps and specified
relative tolerance (RelTol) of 1×10−3.

There are two main input parameters of model: molecular
weight and octanol-water partition coefficient of modeled
chemicals. Other input parameters are related to the compo-
sition and geometrical parameters of the skin and are listed in
Table III. The geometry and composition of skin are set to
typical values reported in literatures. Another important input
parameter is vehicle (olive oil)-water partition coefficient
which was derived by fitting to experimental data. We late
demonstrate the fitted olive oil-water partition coefficient
correlates well with octanol-water partition coefficient. Gen-
erally speaking, vehicle-water partition coefficient depends

very much on the formulation of the vehicle and can be
experimentally measured or theoretically predicted by consid-
ering the solubility of chemicals in the formulation. This is
beyond the scope of this study.

RESULTS

Evaporation Loss of Tested Chemicals

The mass balance of the measured chemical compounds in
the donor fluid, receptor fluid and skin were checked at
different time of the experiments. For some chemicals, the
total mass from the donor fluid, receptor fluid, skin sample,
and diffusion cell are balanced. For other chemicals, the total
mass decreased with increasing time and this uncovered mass
correlated to the volatility of the chemical. Thus, it was

Table III The Input Parameters of Model

Part name Parameter Value

Test chemical Molecular weight (MW) See Table I

Octanol-water partition coefficient (Kow) See Table I

Vehicle-water partition coefficient (Kvw) See Table I

Applied concentration (Capplied) See Table I

Vehicle Thickness of vehicle 50 μm
Viscosity of vehicle 0.051 Pa•s

Stratum corneum Layers of corneocytes 12

Width of corneocytes 40 μm
Heigh of corneocytes 0.8 μm
Thickness of inter-cellular lipid 0.075 μm
The lateral spacing between keratinocytes 0.075 μm
The offset ratio 8

Dry mass fraction of lipid 12.5% (w/w)

Dry mass fraction of keratin 87.5% (w/w)

Saturated water content of the SC 55% (w/w)

Water content of the first layer corneocyte 55% (w/w)

Water content in the Nth layer corneocyte 55% (w/w)

Density of water 1000 kg/m3

Density of lipid 900 kg/m3

Density of keratin 1370 kg/m3

Viable epidermis Thickness of viable epidermis 100μm
Mass fraction of water 65% (w/w)

Mass fraction of keratin 32.5% (w/w)

Mass fraction of lipid 2.5% (w/w)

Dermis Thickness of dermis 1200 μm
Mass fraction of water 65% (w/w)

Mass fraction of keratin 32.5% (w/w)

Mass fraction of lipid 2.5% (w/w)

Receptor Thickness of receptor 4000 μm
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thought reasonable to attribute the uncovered mass to evap-
orative loss of volatiles. Based on the independent evaporation
experiment, benzaldehyde and cinnamic aldehyde are highly
volatile (the evaporated percentage of applied dose after 24 h
>60%) whilst other chemicals have low volatility or no vola-
tility (the evaporated percentage of applied dose after 24 h
<15%). Except 3,4-dihydrocoumarin and 6-methylcoumarin,
the evaporation loss calculated from mass balance of in vitro
diffusion data (Table I) and independent evaporation data
(Fig. 3) for all other tested chemicals are highly correlated.

With the simulation, the percentage of applied dose evap-
orated along with diffusion time (Met, %) for the two highly
volatile chemicals is described by the following equation:

Met %ð Þ ¼ Me 1−e−kt
� � ð18Þ

where k is rate constant and is derived from mass balance of
the in vitro diffusion data, t is the diffusion time, Me is the
evaporated percentage of applied dose after 24 h.

For volatile compound, the concentration in the donor
compartment (CV) can be derived from the mass balance
principles by combining Eqs. (17) and (18) as follows

dCV

dts
¼ −

X
B

qAB

V V
−
dMet

dts
� C0 � 0:01 ð19Þ

where VV is the volume of vehicle, C0 is the initial concentra-
tion of vehicle.

The k values for benzaldehyde and cinnamic aldehyde were
7.53×10−5 and 5.21×10−5 s−1, respectively. Results of benz-
aldehyde evaporation loss from independent evaporation data
andmass balance of in vitro diffusion data were plotted in Fig. 4.
From this it can be determined that the two sets of data are
similar in trend and that a large proportion of benzaldehyde is
evaporated during the in vitro diffusion experiment. Dancik

Fig. 3 The percentage in solution of applied dose (%) along with time in
volatility experiments for 12 tested chemicals.

Fig. 4 The evaporated benzaldehyde percentage of applied dose (Met, %)
along with the time from (a) mass balance of diffusion data and (b) indepen-
dent evaporated data.
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et al. (2013) and Gong et al. (2014) proposed empirical correla-
tions for estimating evaporative mass transfer coefficient (23,

55), whereas Frasch et al. (2014) developed a dimensionless
evaporation number for quantifying the mass balance between
applied load and depletion through evaporation (56). Those
models require airflow-related mass transfer properties deter-
mined. The approach is very similar to this study.

Partition and Diffusion Coefficients of Viable Epidermis
and Dermis

Observed partition and diffusion values of human skin dermis
(44, 57) were collected to validate the modified equations
along with the other models of Bunge (53), Ibrahim (58),
and Kretsos (44). Figure 5 shows the observed data of Kdew
andDde against predicted values. Bungemodel (Eq. 9) gave the
worst fit to the observed Kdew data with mean absolute per-
centage error (MAPE) =225%, whereas Ibrahim model
(Eq. 10) and modified Ibrahim model (Eq. 11) gave similar
predictions with MAPE =46% for the Ibrahim model and
MAPE =57% for the modified Ibrahim model. For Dde, the
modified Kretsos model (Eq. 15) gave the best prediction with
MAPE =115%, followed by the Kretsos model (Eq. 13) with
MAPE =131%. The Bunge model (Eq. 12) still gave the worst
predictions with the highest error with MAPE =285%.

The slight improvement of the modified equations of par-
tition and diffusion in viable dermis and dermis could be the
way the equations are derived. The Bunge equations (Eqs. 9
and 12) were statistical correlations of bulk property. The
Ibrahim equation (Eq. 10) and the Kretsos equation (Eq. 13)
considering the multiphase nature of viable epidermis and
dermis, but the assigned lipid content is too low. Based on
the improved estimation of lipid content and partition prop-
erty, the modified Ibrahim model (Eq. 11) and the modified
Kretsos model (Eq. 15) were developed, leading to slight
improvement.

Fig. 5 The comparison of observed (Kretsos et al. (2008) (■) (44);
Magnusson et al. (2006) (○) (57)) and predicted (a) dermis-water partition
coefficient (Kdew) and (b) diffusion coefficient in the dermis (Dde) data by
different models (44, 53, 58).

Table IV Comparison of the Observed and Predicted Disposition Data of
the Test Chemicals: Determined Coefficient (r2) and Relative Root Mean
Squared Error (RMSE)

Test chemical r2 Relative RMSE

1,4-dihydroquinone 0.97 0.52

benzaldehyde 0.89 0.64

3,4-dihydrocoumarin 0.98 0.96

4-ethylresorcinol 0.94 0.50

cinnamic aldehyde 0.98 0.54

6-methylcoumarin 0.90 1.17

cinnamic alcohol 0.97 0.72

2,4-dinitrochlorobenzene 0.96 0.42

phenylbenzoate 0.05 2.54

α-hexylcinnamic aldehyde 0.02 47.63

1-bromododecane 0.55 0.87

1-bromohexadecane 0.84 1.16
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Simulation of Chemical Absorption and Disposition
Kinetics in Skin Layers

Simulated data of solute absorption and disposition kinetics in
different skin layers are compared with the experimental data.
For chemicals with different concentrations, the average mass
percentages of applied dose are used. Themodel performance
for each chemical is evaluated by the following parameters: r2

(the coefficient of determination) and RMSE (root mean
squared error). To ensure different skin layers with

comparable weight coefficient, the relative RMSE is calculated
as follows:

Relative RMSE ¼ 1
4
�
X
j¼1

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n j

X
i¼1

n j

Y o j
i −Y

p j
i

� .
Y
o j

i

� 	2vuut ð20Þ

where j =1, 2, 3, and 4 denotes the SC, viable, dermis, and
receptor, respectviely; Yi

oj are the observed mass percentages
of applied dose in the SC, viable epidermis, dermis, and

Fig. 6 Model prediction (lines) compared with observed data (points) of the typical chemicals distributed in the SC, viable epidermis, dermis, and receptor fluid:
(a) 1,4-dihydroquinone, (b) benzaldehyde, (c) 3,4-dihydrocoumarin, (d) 4-ethylresorcinol, (e) cinnamic aldehyde, (f) 6-methylcoumarin, (g) cinnamyl alcohol, (h)
2,4-dinitrochlorobenzene, (i) phenylbenzoate, (j) alpha-hexylcinnamic aldehyde, (k) 1-bromododecane, (l) 1-bromohexadecane.
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receptor, respectively; i
oj are the mean values of Yi

oj; Yi
pj are

the predicted mass percentages of applied dose in the SC,
viable epidermis, dermis, and receptor, respectively; nj are the
sample number in the SC, viable epidermis, dermis, and
receptor, respectively.

The R2 and relative RMSE values were listed in Table IV.
Comparisons of observed and predicted amount of permeated
into the SC, viable epidermis, dermis and receptor fluid are
shown in Fig. 6 for 12 tested chemicals. For most tested
chemicals current model gave good correlations with R2 >

0.80 and relative RMSE <1.20. It should be noted that the
corre la t ions for α -hexy lc innamic a ldehyde and
phenylbenzoate were much worse than those of the other
tested compounds. For α-hexylcinnamic aldehyde, the pre-
dicted errors mainly existed in the data of the SC and dermis
layers. The experimental data in the SC and dermis layers
were the highest and lowest among the tested chemicals,
respectively. This was unexpected because the logKow (=4.82)
and MW (=216.33) of α-hexylcinnamic aldehyde were in the
medium range of the tested chemicals (0.59≤ logKow ≤8.54,

Fig. 6 continued.
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106.13 Da≤MW ≤305.35 Da). The simulations for the two
chemicals were also a challenge to the compartment model of
Davies et al. (2011), in which the three-skin compartment
model with eight fitting parameters and two-skin compart-
ment model with seven fitting parameters were applied.

DISCUSSION

Benzaldehyde and cinnammic aldehyde have high volatility
and significant loss of mass by evaporation. This resulted in
reduced transdermal permeation. Only approximate 3.5% of

Fig. 7 The disposition kinetics parameters (Cmax and AUC) in the viable epidermis and dermis versus logKow for chemicals: (a) Cmax
E /Capplied vs logKow, (b) AUC24

E /
Capplied vs logKow, (c) AUC120

E /Capplied vs logKow, (d) Cmax
D /Capplied vs logKow, (e) AUC24

D /Capplied vs logKow, (f) AUC120
D /Capplied vs logKow. The solid lines correspond to

gaussian fits of the calculated disposition kinetics parameters with logKow.
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applied benzaldehyde permeated and absorbed by the skin
after 24 h. Cinnamic aldehyde had evaporative loss of about
40%, but about 25% permeated into skin at the end of 24 h.
This is due to the fact that the transdermal permeation and
absorption rate of cinnamic aldehyde outpaced its evapora-
tion loss. Generally, small molecule with moderate hydropho-
bicity (0.6<logKow <2) and low volatility such as 3,4-
dihydrocoumarin has the highest transdermal permeation
and absorption rate, whereas highly hydrophobic molecule
such as 1-bromohexadecane (logKow =8.54) partitioned signif-
icantly into the SC but has limited amount penetrated across
the skin after 24 h. The aqueous continuous environment of
the viable epidermis and dermis did not favor their deeper
penetration and accumulation in the region. Clearly, as far as
transdermal permeation and absorption in the dermis and
viable epidermis is concerned, prediction of a single transder-
mal permeability parameter is not sufficient. The dynamic
interaction that governs the disposition of solutes in different
skin layers has to be fully taken into account. The
extended general purpose computer model reported
herein is able to predict the absorption and disposition
kinetics in skin layers.

Two pharmacokinetic/toxicokinetic parameters can be
used to characterize the disposition kinetics of chemicals in
skin (8): the maximum concentration (Cmax) and the area
under the curve (AUC). Here, the Cmax and AUC in the
viable epidermis and dermis layers are obtained from the
computer simulation and plotted in Fig. 7. Davies et al.
(2011) investigated the spearman rank correlation coefficient
between disposition kinetics parameters and logKow and found
that the Cmax and AUC in the viable epidermis and dermis
were not linearly correlated with logKow. This is consistent
with the observation in Fig. 7 that the disposition kinetics
parameters are not shown to scale to hydrophobicity. The
predicted Cmax and AUC in the viable epidermis and dermis
initially increased with increasing hydrophobicity and reached
maxima. As Kow further increases, Cmax and AUC decreased.
This is consistent with the predicted behavior of transdermal
permeation across the skin layers of viable epidermis and
dermis discussed above: the aqueous continues environment
of the viable epidermis and dermis did not favor the absorp-
tion of highly hydrophobic chemicals in the region. For risk
assessment of chemical such as skin allergy and sensitization,
the disposition kinetic parameters in the local regions of the
affected cells are most relevant. Obtaining such locallized
disposition kinetic parameters by experimental methods is
apparently exceedingly difficult if not impossible. The ap-
proach presented in this study provides a valuable tool to
access the required disposition kinetic parameters. With con-
tinued research on the fundamental properties of chemical
partition, binding and mobility at sub-cellular level and mo-
lecular level, the predictive power and accuracy of such model
can be further improved.

CONCLUSIONS

An extended model for closed-form in-silico prediction of
percutaneous permeation, absorption and disposition kinetics
of chemicals in skin layers of the SC, viable dermis and dermis
has been developed. The extended model has been applied to
predict transdermal absorption and disposition kinetics of 12
chemicals under in vitro diffusion cell conditions reported
recently by Davies et al. (2011). The in-vitro experimental data
of the chemicals provided a test of the predictive capability of
the extended model. The results showed that the simulated
data agreed well with the experimental data, with the excep-
tion of phenylbenzoate and α-hexylcinnamic aldehyde. De-
tailed dermatopharmacokinetic information of chemical ab-
sorption and disposition in different skin layers including the
viable epidermis and dermis (Cmax and AUC) are predicted
for wide chemical space. It is shown that the effect of Kow on
absorption and disposition kinetics in the viable epidermis and
dermis is non-linear. Initially, as Kow increases, the amount of
chemicals permeated across the skin as well as the disposition
kinetic parameters in the viable epidermis and dermis in-
creased. As Kow further increases, these parameters reached
maxima and decreased, suggesting simple scaling law with
hydrophobicity does not apply. The model presented in this
study considers cellular heterogeneity of structure and com-
position and predicts local kinetics and disposition of
chemicals in skin layers and hence provides an improved
framework to support transdermal delivery of drugs and
skincare actives as well as integrated risk assessment.
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