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Abstract

This work describes a framework for in-silico modelling of in-vitro diffusion experiments illustrated in an accompanying paper
[S. Hansen, A. Henning, A. Naegel, M. Heisig, G. Wittum, D. Neumann, K.-H. Kostka, J. Zbytovska, C.M. Lehr, U.F. Schaefer,
In-silico model of skin penetration based on experimentally determined input parameters. Part I: experimental determination of partition
and diffusion coefficients, Eur. J. Pharm. Biopharm. XX (2007) xx—xx]. A mathematical model of drug permeation through stratum
corneum (SC) and viable epidermis/dermis is presented. The underlying geometry for the SC is of brick-and-mortar character, meaning
that the corneocytes are completely embedded in the lipid phase. The geometry is extended by an additional compartment for the deeper
skin layers (DSL). All phases are modelled with homogeneous diffusivity. Lipid-donor and SC-DSL partition coefficients are determined
experimentally, while corneocyte-lipid and DSL-lipid partition coefficients are derived consistently with the model. Together with exper-
imentally determined apparent lipid- and DSL-diffusion coefficients, these data serve as direct input for computational modelling of drug
transport through the skin. The apparent corneocyte diffusivity is estimated based on an approximation, which uses the apparent
SC- and lipid-diffusion coefficients as well as corneocyte-lipid partition coefficients. The quality of the model is evaluated by a compar-
ison of concentration—SC-depth-profiles of the experiment with those of the simulation. Good agreements are obtained, and by an anal-
ysis of the underlying model, critical parameters of the models can be identified more easily.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, there has been much interest in mathematical
models and numerical methods available to predict dermal
absorption in-silico in order to avoid unnecessary and
costly in-vitro and in-vivo testing [2,3]. To a great extent,
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this is due to ethical difficulties resulting in a lack of suffi-
cient amounts of human skin. The use of animal skin is lim-
ited by animal healthcare regulations and anatomical
difference. Economic and time constraints must be consid-
ered as well, especially with respect to increasing legislation
in the risk assessment of industrial chemicals [4]. Therefore,
mathematical modelling and numerical simulation of drug
transport through human skin gain key roles in the inves-
tigation of dermal and transdermal drug delivery as well
as risk assessment of chemical exposure.
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Today, most of the pharmacokinetic models are based
on one or more compartments describing the skin layers
and the vehicle [5-10]. The drug concentration in each of
these layers is modelled by an ordinary differential equa-
tion, which does not provide information about the drug
concentrations in the layers of the stratum corneum (SC)
and the deeper skin layers (DSL). Furthermore, the param-
eters like diffusion coefficients and partition coefficients for
these equations are model- and system-dependent allowing
no direct input for computational simulation of skin
transport.

A further mathematical approach for modelling are dif-
fusion models which consist of partial differential equations
describing drug delivery in space and time according to
Fick’s laws of diffusion [11-24,31,33,34]. These models
are based on first principles, such as balance of mass.
Resolving the structure, they have the great advantage that
the parameters, e.g., diffusion and partition coefficients, are
system-independent, allowing a system-independent
parameter identification. Therefore, the effects of different
parameters like corneocyte permeability, corneocyte align-
ment, diffusion and partition coefficients on skin transport
can be studied in-silico on arbitrary skin geometries.

Recently, due to advances in simulation techniques, dif-
fusion models running on fully resolved two-dimensional
or even three-dimensional geometries have become feasi-
ble. A great part of these models are so-called ‘‘brick-
and-mortar” models [19-22,25-33]. The bricks and mortar
correspond to the corneocytes and the surrounding inter-
cellular lipid bilayers, respectively. A very good survey of
existing “‘brick-and-mortar” models is given by Wang
et al. [33].

It was shown several years ago [31] that including the
heterogeneous structure of the SC in the geometry is crucial
for the barrier function of the membrane. This two-dimen-
sional diffusion model allows to calculate the time-depen-
dent spatial distribution of drugs in the different skin
layers and to illustrate the diffusional pathway in the SC.
These illustrations are very similar to photographs of SC
visualised using two-photon fluorescence microscopy
[35-37].

In this paper, we present an extension of our two-dimen-
sional diffusion model [31] by increasing the number of cor-
neocyte layers to 16 and adding a homogeneous epidermal/
dermal compartment. To the best of our knowledge, we are
the first to use experimentally determined partition coeffi-
cients Kiip/don, Ksc/don and Kscypsp as well as diffusion
coefficients Dyj,, Dsc and Dpgp, as input parameters in a
2D-model to evaluate drug concentration-SC/DSL-depth
profiles in-silico. The experimental data are presented in
an accompanying paper by Hansen et al. [1]. Experimen-
tally not accessible partition coefficients Ko, and
Kpsiip as well as diffusion coefficient D, have been deter-
mined as implicit parameters. The data have been success-
fully modelled by assuming constant partition and
diffusion coefficients. As model drugs one lipophilic, how-
ever ionisable, substance (flufenamic acid, FFA) and one

hydrophilic non-ionisable compound (caffeine) are used.
A comparison of the concentration-SC/DSL-depth profiles
obtained by in-vitro and in-silico experiments is presented
and discussed.

2. Description of model

This section formulates a mathematical description of a
Franz diffusion cell experiment for one substance under
infinite dose conditions. In particular, it introduces nota-
tion used in the remainder of the work. At first, a descrip-
tion of the model geometry is given. The next subsection
formulates the distribution of the substance, or more pre-
cisely its concentration, in terms of a partial differential
equation. How this model is related to physical quantities
measured in the experiment is derived afterwards. The sec-
tion concludes with a brief description of the numerical
methods which were applied in the solution process.

2.1. Model geometry

The model used in this article is based on the two-
dimensional brick-and-mortar model which was used for
the SC in [31]. A full-thickness or extended skin model is
derived from this model by adding a homogeneous com-
partment of constant size for the deeper skin layers
(DSL). It is the role of this compartment to guarantee
proper outflow conditions at the interface between SC
and epidermis. It does not focus on a precise resolution
of the processes in epidermis and dermis. This simplifica-
tion is admissible as far as only a structural resolution of
the SC and the barrier property of full thickness skin are
concerned. The resulting geometry of the extended skin
model is depicted in Fig. 1.

Formally, the domain consists of three different phases
Qcor> Qiip, and Qpgy, representing either the corneocytes,
the surrounding lipid matrix or the DSL. The corneocytes
are fully staggered in n = 16 layers. The remaining geomet-
ric parameters are the diameter of lipid channel 6 = 0.1 um,
the corneocyte height /., = 1 pm, the corneocyte width
Loy =30 um, and the height of the DSL compartment
hpsy, = 1.5 mm. These parameters are summarised in
Table 1.

The neighbouring phases are separated by two interfaces
Icortip and I'pgy iip, respectively. The corneocytes and the
deeper skin layers do not share a common interface. The
domain is confined by boundaries I'y,, I’y and [gge. For
the remainder of this work an index set I = {cor, lip, DSL}
will be used in order to avoid an unnecessarily abundant
notation. Subdomains and interfaces are then, for instance,
referred to by the symbols ©; and I';; for i#j and ij€ [
(Table 2).

2.2. Model equations

It is assumed that transport in each phase is due to
Fick’s second law of diffusion,
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Fig. 1. The extended brick-and-mortar model for human stratum corneum and viable epidermis and dermis. Diffusion occurs through lipid layers,
corneocytes and deeper skin layers (DSL). Interfaces, domains and parameters are given in Table 2.

Table 1
Description of the model geometry

1 Lipid layer thickness

L.or Corneocyte length

heor  Corneocyte height

hpsy, Height of DSL compartment

%r  kth SC layer

di Average depth of #; distance of the centre mass of # to the top

surface I'y,
Table 2
Domains and interfaces of the model membrane
Domains and interfaces Symbol Diffusion Partition Concentration
coefficient coefficient
(Donor compartment) n.a. Cdon
Interface Iy Kiip/don
Lipid layers Qiip Dyip Clip
Interface T corpiip Keorfiip
Corneocytes Qcor Deor Ceor
Lipid layers Qsip Dy;p Clip
Interface I'psLyip Kpsiip
Deeper skin layers QbsL Dpsr. CDSL
Interface Iout Kpstace
(Receptor compartment) n.a. Cace
0,ci(x,t) — div(D;Ve(x,8)) =0 (1)

for >0, x € Q,, i € I. On the interfaces between the phases
two different types of transmission conditions apply. Parti-
tioning between the different phases is modelled using a
partition coefficient K/,

ci(x, 1) = Kije;(x, 1) (2)

for t>0, x € I';;, i #j. As for several hydrophilic and also
some lipophilic compounds their intra-corneocyte presence
has been visualised, Ko./iip # 0 needs to be considered at
the lipid-corneocyte interface [37-40]. Additionally, the

flux across an interface must be continuous due to mass
conservation, which means that

(DiVei(x,1) + D;Ve;(x,t)) - n(x) =0 (3)

holds for >0, x € I';;, i #j and any normal n to I';;. The
initial values used are given by

c,-(x, O) = 0’ (4)

for x € Q;, i € I. The boundary conditions are given by

Clip(x7 t) = C]<ii[r)l)7x S Finv (5)
CDSL(X) [) = Cg;gvx S Fout7 (6)
oc; .
8—C(x, t) =0,x € I'ige, i € {lip, cor} (7)
" :
0
nd D5t (x,1) = 0,x € I'bsL sides (8)

for 1> 0. The concentrations on the outer boundaries are
usually induced by concentrations in the donor and the
acceptor compartments, ¢qon, and C,e.. In this model they
are assumed to be constant and have constant partition
coefficients as well:

(in
p

Cji ) :Klip/doncdom (9)

(10)

Cg);]t) :KDSL/acccacc~
The original brick-and-mortar model is obtained by
removing the subdomain Qpgp and by an identification
of the interfaces I'psy jip and Iy In this case, the condi-
tion in Eq. (8) becomes empty and Egs. (6) and (10) must
be substituted by

(out)

clip(xa t) :Clip , X € Fouta

(11)
(12)

Cfi(;ut) :Klip/acccacc-
Note that protein binding effects of the keratin-filled cor-
neocytes, as reported, e.g., by [41], are not included in
the model. This can be done, e.g., by adding a factor before
the time derivative in Eq. (1) for i = cor.
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2.3. Aggregation of quantities

For each time ¢> 0 the amount of substance passing
through an interface I' c 0Q;, is given by

JIt) = — /F(Dlipvclip(x,t)) -ndu.

When I is a part of 0Q, n should be chosen as an outward
normal to obtain a proper direction of the flow. As it is of-
ten desirable to normalise this quantity with respect to an
area of unit size, the flux is defined by

JI',1)

A(r) -

Here A(-) refers to the area operator. In Franz-cell diffusion
experiments, membranes are often characterised by the
steady-state flux J,, = lim J(I';,, ). In the experiment, con-
centrations are alwaystﬁoégregated by inspecting pools of
strips, each of them assigned to a certain depth of the SC.
To compare the results, the same must be done in the sim-
ulation. For k=1, ...,16, we define the kth SC layer by

J(I,t) =

Py =1x € Q: (k- 1)(heor + ) < dist(x, I'n) < k(hor + )1

This definition involves the distance between x € Q and [,
which is given by dist(x, I'iy) = minycr, |x — y|. The (aver-
age) depth of %, within the SC is

@:G—gmw+&

which is the average distance between %, and I';,. The
average concentration ¢; in %} is defined by

1
ff/,’k ldx Ly
where ¢(x) = ¢{x) for x € Q,, i € {cor,lip}. Plotting the pairs

(dy,ci) for k=1, ...,16 results in discrete concentration—
depth-profiles.

c(x)dx, (13)

Cr =

2.4. Numerical techniques

Before computations can be performed, the system has
to be transformed to a dimensionless form. This is a trivial
task, but it is stated formally in Section A.1 for the sake of
completeness. The dimensionless partial differential equa-
tion is then solved numerically using the Rothe method:
first the time is discretised using a fractional-step-0-scheme,
cf. [42,43]. The resulting two-dimensional problem is solved
using a finite-volume-scheme [44,45]. The whole process
leads to large linear systems of equations which are solved
using an algebraic-multigrid method [46,47]. By transform-
ing the variable back into the original dimensions, the
desired quantities can be computed.

3. Model and experiment

This section gives a summary of facts to be kept in mind,
when comparing experiment and simulation. Input param-

eters for the simulation were determined in the companion
study [1] for a Franz diffusion cell with an aqueous donor
and an aqueous receptor compartment. The substances
considered therein are flufenamic acid (FFA) and caffeine.
Though the model discussed so far neither includes a donor
nor an acceptor compartment, Eqs. (9) and (10) already
describe a Franz diffusion cell with infinite dose conditions.
For reasons of simplification, perfect sink conditions will
be assumed in the deeper skin regions, i.e., cg’gi) =
Cace = 0, for the remainder of this work.

3.1. Input parameters

The computational model relies on seven input parame-
ters. The membrane is characterised by the diffusion coeffi-
cients Dy, Deor and Dpg and the partition coefficients
Keorip and Kpsygip- An additional partition coefficient
Kiip/aon and a constant concentration cqo, describe the
donor compartment, cf. Eq. (9).

Hansen et al. describe in [1], how Dpgy, Diip, and Kiip/don
can directly be determined in an experiment. The quantity
Cdon 18 @ free input parameter. In the case of the tape strip-
ping experiment it is given by the concentration used in the
donor compartment. The remaining three parameters D,
Keowiip, and Kpgy i, are hidden from direct access due to
the heterogeneous structure and the small length scales of
the SC membrane. In general, only average concentrations
are available for the SC. Using a definition in analogy
to Eq. (13), this yields an apparent partition coefficient
Ksc/don between donor and the first layer of the SC mem-
brane. Nevertheless, this yields access to the partition coef-
ficients Keoriip and Kpgiiip by using the relative volume
fractions of lipids and corneocytes in the SC.

A similar approach must be taken to determine the dif-
fusion coefficient in the corneocytes. While Dy, and Dpgi.
are determined, e.g., by flux experiments, this does not
carry over to D.,.. Yet this quantity can be derived from
steady-state flux through the SC membrane. Until the
end of the following subsection, the model is restricted to
an SC-only geometry. On this membrane it is possible to
define an apparent diffusion coefficient Dgc: for a homoge-
neous medium Dgc = Dy, = Deor and Keoyyiip = 1 hold, and
the steady-state flux is given by Fick’s first law of diffusion:

(out) (in)

Cji — Cj
J(hom) — (_Dlipvclip) n= _Dliplphilp- (14)
SC

For a heterogeneous membrane the apparent diffusion
coefficient Dgc can be defined analogously, of course. It
is implicitly given by the steady-state flux:

(out) (in)

Cy: — Cp
SC

Solving for Dgc finally yields

J o+ hsc
DSC = (in) (out) (16)
lip — Clip
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where the right hand side of this equation is accessible in
both simulation and experiment. An immediate conse-
quence of Egs. (14) and (195) is the identity

_ Dsc J(hom)

Joo =
o) b)
Dy

which explains the (artificial) definition of Dgc. The quo-
tient Dgc/Dy, is the constant indicating, how the flux
through the heterogeneous SC membrane differs from a
homogeneous membrane with the same thickness. This
interpretation will be used in the subsequent subsection
to derive a value for D.,,.

3.2. Corneocyte diffusion

It is shown in Section A.2 that for a fixed geometry the
flux J is described by a function which is linear in Dy;, and
additionally depends on the variable

= chor/lip (17)

only. By definition, cf. Eq. (16), the same must be true for
the apparent diffusion coefficient. This behavior is men-
tioned earlier in the literature [19,26,33] using a variable
o = 1/&. A short and rigorous proof for this fact is given
in Section A.2 of the Appendix A. The argumentation is
valid for all models based on diffusion equations, and is
in particular independent of geometric assumptions, e.g.,
the shape of the corneocytes.

The role of the dimensionless variable ¢ should be eluci-
dated: It is defined by the product of the speed of diffusion
within the corneocytes, which is evaluated relative to the
lipids, and the partition coefficient between those two
phases. When it comes to membrane permeability, both
quantities can be traded into each other. Slow corneocyte
diffusion can be compensated by an increase in the parti-
tioning into the corneocytes and vice versa, little partition-
ing can be compensated by faster diffusion. In particular
two limit cases are of interest. For ¢ — 0 an impermeable
corneocyte membrane is obtained; there is neither a parti-
tioning of substance into the corneocytes nor a diffusion
within. Analogously £ — oo characterises a highly perme-
able corneocyte membrane; an infinite amount partitions
into the corneocytes and shows an instantaneous diffusion
behavior.

These two cases lead to the minimal and maximal appar-
ent SC-diffusion coefficients which are denoted by Dgc
and Dgc ., respectively. Both coefficients depend on the
geometry. As diffusion in the homogeneous membrane is
typically in between those cases, the constants should sat-
isfy the inequality Dsco < Dyip < Dsc,oo. For the brick-
and-mortar geometries in this work the relation between
Dsc and ¢ is given in terms of the very efficient
approximation

Dsco, — D
SCl‘7sc o *Dli,S;QO ’ ( 1 8)

L+ (Dlip.*DSC.O)/g

The derivation is found in Section A.3 of the Appendix A.

The right hand side characterises a function of ¢ of sigmoid

shape on a logarithmic scale, with a range in the interval
[Dsc.0, Dsc.o]- Solving Eq. (18) for a given Dgc yields

Dscae — Dy Dscoe — D
¢(Dsc) ~ ( sc, lp)/( sc, sc)_ (19)
Dy, — Dscyo Dsc — Dscy
Based on this approximation and Eq. (17), estimates for
D, are available given Dy, Dsc and Koo iip.

Dsc (&) = Dsco +

3.3. Concentration—depth-profiles

The simulation, as described by Eq. (13) in this work,
and the experiment, as described in [1], allow to derive con-
centration—depth-profiles. Input data for both test com-
pounds are derived from two different experimental
setups which are discussed in the companion article in
extenso. Both methods use the same techniques to deter-
mine Dy, Dpsi, and Kiip/gon. They differ in the way to
determine Ksc/qon, Which affects Keorsiip, Kpsiips and Deor.
The first method, denoted by (M1), derives the partition
coefficients from an equilibration experiment, in which
concentrations are determined by measuring the loss of
substance in the donor compartment. Alternatively, one
can measure the substance extracted from the skin, yielding
similar results. In a second method, denoted by (M2), the
partition coefficient between donor and SC is obtained
from a fit to the well-known solution of the one-dimen-
sional heat equation, cf. [48]. The latter approach in partic-
ular also yields values for Dgc. As these turn out to be
below the minimal membrane specific quantity Dgc o, they
were not considered in determining D, according to Eq.
(19).

4. Results

4.1. Apparent SC-diffusion coefficient

The illustration in Fig. 2 shows a plot of Dsc/Dy;, as a
function of ¢ for the model membrane which is denoted
by membrane A. The discrete data points are obtained
from numerical simulation directly, while the continuous
approximation corresponds to the right-hand side of
Eq. (18). The geometry-dependent constants are
DSC,O/D]ip = 0.0004675 and DSC,oo/Dlip = 11.0000000.

To visualise the influence of changes in the geometry,
membranes with different geometric parameters are consid-
ered as well. In a first step the lipid layer thickness of the
model membrane is reduced by a factor of two, i.e.,
0 =10.05 pm (membrane B). In a second step, the relative
cell overlap is gradually changed down to an overlap of
zero. The minimal horizontal length of overlap of two
neighbouring corneocyte blocks is v =1 (Leor + ) (model
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Fig. 2. The apparent diffusion coefficient Dsc/Dyp, for the model SC
geometry is described as a function of ¢ = Do/ DiipKeoryip- Simulated
discrete data and corresponding approximation (model membrane, shown
as membrane A, § =100 nm, v = (Le, + 6)). Additionally: approxima-
tion for membrane B using a thinner lipid layer (6= 50nm,
v= %(LCOr + 0)) and approximations for membranes C—E with a decreased
horizontal ~overlap (6=100nm and v =1(Leor + 0),3 (Leor +6),3
(Leor + 0), 0.0 pm. In all cases Lo = 30 um was used.).

membrane A, fully staggered), v = § (Lcor + ) (membrane
C), v=§(Leor +6) (membrane D) and v =0.0 pm (mem-
brane E, zero overlap), respectively. In all cases the contin-
uous functions show an excellent agreement to the discrete
data. Hence, the latter ones are omitted in the illustration
for the sake of clarity.

4.2. Parameter studies

To visualise the influence of changes in the values of
Deor/Diip and Keorprip, parameter studies have been con-
ducted. A representative test set of parameters consisted
of values of

Keorip € {0.01,0.1,1.0}

and

D

e {107°,107°,107"}.
Dy < }

This results in nine concentration—SC-depth profiles which
are shown in Fig. 3. Due to the influence on the concentra-
tion, they are grouped in three triples according to the
Kouptip value in ascending order. The remaining parameters
in this study are given by Kjip/donCdon = 1 ng/ml, Kiip/psi. =
1.0, and DDDTS: =100.0.

4.3. Concentration—depth-profiles

A summary of the input data is given in Table 3. The
table is extended by two rows for the speed of diffusion
in the corneocytes. The value D, is determined according
to Eq. (19). As this derivation is sensitive with respect to
errors in the input data, an alternative estimate is intro-
duced. This is denoted by D;, and its value is obtained
from D, by a reduction of one (caffeine) and two (FFA)
orders of magnitude, respectively. This latter mentioned

Klip/dtmcdo'n

0.12
0.09
0.06
0.03

10_3 Dcor'/Dlip
Rel. SC depth ® 08 7107
Klip/dorncdon

0.2
0.16
0.12
0.08
0.04

0.2 04 1073DC(7’7‘/DHP

Rel. SC d.ept}(l)'6 08 107°

1073 DCOT/Dlip

0.2
04 0%
Rel. SC depth

17107

Fig. 3. Time dependence of concentration-SC-depth profiles for
Keoriip = 0.01, 0.1, 1.0 (from top to bottom) and various values for
Deor/ Dy = 107", 1073, 10~>. Concentrations are shown relative to Kiip/don

Cion = 1 ng/ml.  Parameters in DSL compartment: KiippsL = 1,
Dpsi/Dyi, =100.  Times are normalised to  Dy,=1.0 pm?/
s =3.6x10"° cm?/h.
Table 3
Experimental input parameters for simulation
Parameter Substance
Flufenamic acid Caffeine

Dyip, (cm*/h) 1.Ix107* 2.1x107*
Dsc (cm?/h) 1.7x1077 1.4%x1077
Dpst (cm?/h) 49x1073 23%x1073
Kiip/aon 20.32 2.15
Cdon (mg/ml) 1.0 12.5

Experimental method

(M1) (M2) (M1) (M2)
Ksc/don 16.20 5.88 4.51 4.70
Keorsip 0.77 0.21 2.22 2.32
Kpstip 0.26 0.10 0.08 0.08
Deor (cm?/h) 14x1077 5.1%x1077 1.8x 1078 1.7x 1078
D, (cm?/h) 14x107°  51x10°  18x107° 1.7x107°

Mean values according to [1]. D., and D

o determined according to
Section 3.2.

quantity is used to generate the concentration—depth-pro-
files which are shown in Figs. 4-9. For each model sub-
stance results are plotted separately for incubation times
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Fig. 5. Concentration-depth-profile for caffeine at r =1 h.

of 1 h (Figs. 4 and 5), 2 h (Figs. 6 and 7) and 6 h (Figs. 8
and 9). As the input data for FFA contain a comparatively
large value of Ksc/qon for (Ml), an overestimation for
Keornip 1s obtained. Hence, these results are excluded from
the illustrations.

5. Discussion

While neglecting geometric information, the model pre-
sented in this work is based on first principles only. This is
independent of the substance and yields excellent predictive
qualities as long as the relevant parameters are determined
accurately enough. Of course, this can be achieved mathe-
matically by using parameter estimation and inverse mod-
elling. However, this limits the predicitive power of the
model, as it relies on an a-posteriori analysis. In order to
avoid this, an experimental access to the relevant model
coefficients is prefered in the study at hand.

The rationale for the choice of the test compounds is to
show that the model is applicable independently of a sub-
stance’s hydrophilic and lipophilic character, respectively.
The main restriction is that the substances must show
Fickian type diffusion behaviour. Therefore, a key assump-
tion in this work is that both substances diffuse freely
through the whole membrane. Note that although the
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molecular weight is not incorporated in the model directly,
it naturally influences the diffusion properties. This may
impair the applicability of the model for molecules with a
particularly large molecular weight. Finally, keratin bind-
ing of flufenamic acid is not included in the model.

5.1. Apparent SC-diffusion coefficient

A comparison of membranes A and B in Fig. 2 yields
that a change in the relative lipid layer thickness affects
the scaling of the approximating function. A reduction of
0 increases the maximal values for Dgc../Dy, and
decreases the minimal values for Dsc o/Dyp. On the con-
trary, variations in the overlap of the corneocyte cells, as
described by the graphs for membranes A, and C-E, affects
the lower bound Dsc /Dy, only. The latter observation
explains, for instance, the differences in the barrier function
between species (e.g., human vs. rat), between human skin
and human skin equivalents as well as between normal and
diseased skin.

For large values ¢ > 0.1, the graphs for membranes A
and C-E almost coincide. In the lower regimes, & <0.1,
especially membrane E, the case of overlap zero, is signifi-
cantly different from the other cases. With respect to the
data presented in Table 3, it must be mentioned that the
experimental results are gathered in the lower regimes
(Dsc/Dyip = 1.5x 1072 for FFA, and Dsc/Dy, = 6.7 x 10°*
for caffeine). This observation has two drawbacks: Firstly,
the variation of geometric parameters in Section 4.1 shows
that changes in the geometry affect the dependence of
Dsc/ Dy, on &. The smaller the horizontal overlap is, the
larger becomes the minimal effective membrane permeabil-
ity. In this case, the resulting ¢ (and consequently also D)
is reduced. Secondly, the computation of ¢ is ill condi-
tioned for Dgc — Dgcyp. In Fig. 2 this is seen easily for
small values of ¢, which correspond to almost identical
values of Dsc/Diip.

Despite these shortcomings it should be stressed that the
concept and the results presented in Sections 3.2 and 4.1
extend to a multitude of membranes in cell biology and
are applicable for all membranes of biphasic character.

5.2. Concentration—depth-profiles

The results for flufenamic acid are shown in Figs. 4, 6
and 8. The development of the profiles in time is similar
for both simulation and experiment; the only exception is
the linear profile for the simulation in Fig. 8. This is an
indicator that steady state is reached after 6 h, which is
not observed in the experiment. The quantitative precision
is quite accurate, though not perfectly within the range of
the experimental error. For caffeine, shown in Figs. 5, 7
and 9, the concentrations of the simulations show signifi-
cantly better agreements with the experiment and are close
to the range of experimental accuracy. Due to the similarity
of input data for (M1) and (M2) for Ksc/don, the result of
the simulations can hardly be distinguished.

Compared to the small incubation times of 1 and 2 h,
experiment and simulation show comparatively large differ-
ences for an incubation time of 6 h. This is firstly caused by
technical problems of the tape stripping technique. With
increasing incubation times water enters into the SC and
leads to a degradation of the structure. As a consequence,
the spatial resolution of the tape stripping profiles is losing
accuracy. Secondly, the mathematical model is lacking pre-
cision as it does not include swelling effects. As reported by
Richter et al. [49], especially the thickness of the lowermost
SC layers can be affected by water content. As such behav-
ior is not included in the simulation, this may lead to an
underestimation of the layer volume, and hence to an over-
estimation of the concentration. This is in particular true
for the lowermost SC layers. Especially for flufenamic acid
the results of simulation and experiment differ in this
region. One reason can be the comparatively large depth
of the DSL compartment. The smaller this compartment,
the tighter is the coupling between the end of the mem-
brane and the lowest SC layers.

Last it must be mentioned that one basic assumption
of this work are equally sized and fully staggered SC lay-
ers. The effect of layers differing in their thicknesses will
be subject to future research. The model also does not
cover that the uppermost skin layer in the stratum cor-
neum disiunctum is packed less tighten than in the lower
SC layers.

5.3. Parameters

One input parameter of particular importance is the dif-
fusion coefficient in the lipids: due to the introduced nor-
malisation, all times in the simulation depend on Dyp,.
This is critical, as this is an apparent quantity itself. It is
known, cf. [32], that lateral diffusion along the lipid bilay-
ers is much faster than vertical diffusion through the lipid
bilayers. Therefore, the experimental value for Dy, must
be regarded to be an averaged value already, which repre-
sents all micro scale effects of diffusion in the SC. This is
implicitly taken into account in the analysis at hand. It is
the major advantage of this approach that this average
quantity is feasible experimentally, while it is uncertain, if
diffusion is Fickian at all on much smaller scales.

The second important unknown is the diffusion coeffi-
cient D¢, Although it is difficult to access this quantity
experimentally, the method presented in Section 3.2 yields
reasonable estimates. Yet, as visualised in Fig. 2, the
method is sensitive against geometric information, such
as the relative corneocyte overlap and the lipid layer thick-
ness. The necessity to reduce D, can be due to differences
in the cell alignment. Although the cells are fully staggered
in the model membrane used for the simulation, it is unli-
kely that this is exactly the case in natural geometries [50].
Instead, already a slight perturbance of the optimal overlap
leads to an increase of Dgc o as can be seen in Fig. 2. For a
constant observed value for Dgc, this corresponds to lower
values for D.,.
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One of the first computer simulation studies to consider
penetrant concentration—depth-profiles in the SC was the
one from Watkinson et al. [51]. These authors modelled
concentration—distance-profiles for the case of heteroge-
neous SC, however their analysis is only applicable to the
steady-state transport. They argued that the diffusion coef-
ficient decreases from outer to inner layers of the SC. Using
variable diffusion and partition coefficient models Anissi-
mov and Roberts [52] showed in a previous study that par-
tition coefficient heterogeneity had a more profound effect
on predicted fluxes than diffusion coefficient heterogeneity.
In a further paper, cf. [53], they argued that the clobetasol
propionate tape stripping data were most consistent with
the partition coefficient decreasing exponentially for half
the SC and then becoming a constant for the remaining
SC. The analysis at hand shows, how diffusion in the cor-
neocytes and partitioning are interrelated and can be com-
pensated by one another. Although constant coefficients
were used, good agreements of simulation and experiment
are obtained.

The different values of Ksc/qon and thus Keo,iip for (M1)
and (M2) for FFA in Table 3 require further investigations.
One reason may be effects of protein binding, which is
caused by compounds attaching to keratin fragments inside
the corneocytes. This behavior is not included in the model.
However, it is known, e.g., from [54], that in the steady
state this is equivalent to a reduction of D,.. This is the
reason, why the correction of D, was chosen to be stron-
ger for FFA than for caffeine.

The time-dependent interplay between Dgo and Keorpiip
is visualised in Fig. 3. It can be observed that the larger
the value of K.oyip, the more extreme the reaction to
changes in D.o,/Dyp. This is what must be expected: with
increasing K.o.iip, the corneocytes become more and more
important for the storage capacity of the SC. When the dif-
fusion in the corneocytes is slow, the reservoirs fill up
slowly. With respect to the SC-depth the influence on the
uppermost layers is the strongest in this case.

6. Conclusion

This study presented an in-silico simulation of drug dif-
fusion in an in-vitro diffusion experiment under infinite
dose conditions. It is based on experimental input data as
determined by Hansen et al. [1]. The substances considered
in this work are flufenamic acid and caffeine, which serve as
representatives for lipophilic and hydrophilic compounds,
respectively.

By a comparison of experiment and simulation it was
shown, which parameters are critical when performing sim-
ulations. The analysis of the underlying model leads to
improved insights how the steady-state flux through the
SC membrane on the one hand and the interaction of dif-
fusion in and partitioning between lipid and corneocyte on
the other hand are coupled. It is shown, how a corrected
interpretation of the input parameters leads to very good

agreements of the concentration—depth-profiles of experi-
ment and simulation.

The future work will include enlarging the set of sub-
stances as well as studying the effect of protein binding
on the permeability properties of the human skin. Addi-
tionally, it must be shown whether the achieved tools are
also valid in three-dimensional models.
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Appendix A

For the sake of a better understanding, the following
passage tries to give a brief overview over the numerical
and mathematical methods. For a vector field
F:QC R>— R’ in two-dimensional space with compo-
nents F = (Fy, F>), the divergence is given by

. 6F1 (X) an (X)
div F(x) = o + o
This corresponds to the limit case of the surface integral
which is normalised by the volume for infinitely small vol-
umes. Regarding the derivation of the formulas of the dif-
fusion equations of the form

—div(aVu) = f in Q

(A1)

the reader may want to refer to standard literature from
physics, cf. [55]. A comprehensible mathematical overview
on this topic, which also considers the effect of the trans-
mission conditions, can be found, e.g., in [56].

A.1. Dimensionless form

By dividing the concentrations ¢; by a density p, we
obtain a dimensionless variable u; = c¢;/p. At the same time
a characteristic length scale A and a characteristic time scale
7 are introduced. The diffusion coefficients can then be
written as

12
A
D,‘ = o;—
T

(A.2)

with a dimensionless scalar value o; > 0. For the time being
it is assumed that 2 =1 um. The characteristic time scale t

is chosen, such that o, = 1 and consequently
Di = D]ipOCi. (A3)

for i € {lip,cor,DSL,SC}. The variables are then coupled
by
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Ci(x7 t) = pui(ya S)
where

t=s-tand x; =y, - 4 (A4)

for each component k of the vector. As it becomes obvious
in Eq. (A.4) all domains and interfaces also undergo a
transformation. Therefore, €;,I';; are substituted by their
dimensionless counterparts €;,I";;. The dimensionless
form of Eq. (1) is then, for instance, given by

asu,» - diVy (oc,—Vyu,-) =0

fors>0,ye SAQ,-, and 7 € I. Analogous results hold for the
other equations, as can be verified in a straightforward
manner. The equations of the dimensionless formulation
are formally identical, but the diffusion coefficients a,,
i € I are given relative to Dy,. As an obvious implication,
the time scale is inversely proportional to Dy, .g., a redu-
plication of all diffusion coefficients is equivalent to acceler-
ating the time scale by a factor of two. Yet, due to Eq. (A.3)
a transformation to physical quantities remains easy, see
Section A.2 for further examples. A list of the parameters
used in the dimensionless formulation is found in Table A.1.

A.2. Flux as a function

Within this subsection the computational domain is
restricted to the SC again. The flux and the permeability
for this membrane are functions of ocor and Keortip. Within
the model both variables are positive constants, oo,
Keoriip > 0. Using the transformation ucor = Keorjlipllcor @
substitution of uq,, by %o results in

Byt — div (o V) =0 in Qp,
K cor iip (Oslicor) — div(EV, o) =0 in leip
and
(ottip Vytiip + EVllcor) - 1 =0,
Ulip =Ucor ON IA" cor,lip

with & = ocorKeorsiip. Note that the piecewise defined
function

u(x) _ {ulip(x)a

Ucor (x)a

X e th
X € Qcor

Table A.1
Parameters of the dimensionless formulation

Dimensionless drug concentration in lipid,
corneocytes and deeper skin layers
Dimensionless diffusion coefficients relative to
Dlips €.8.; Oeor = Dcor/Dlip

Domains after transformation

Lcorjips Tiip,pst Interior interfaces after transformation

Tin, Tside> T out Exterior interfaces after transformation

AT Characteristic length and time scale

Wip,UcorsUDSL
%eor,*SC>ADSL

Qiip, Qcors QpSL

is continuous. As the solution u;, in the lipid channel is not
affected by this transformation, the flux

D]i P . /
Joo = —=— lim [ V,up(y,s) - ndu
A(Fout) $7e0 Tout g p( )

is also an invariant of the transformation. Consequently all
membranes with identical values of ¢ yield the same fluxes.
By definition, this carries over to the permeability and the
effective diffusion coefficient of the SC. The latter one is
from now on denoted by osc = Dsc/Dyp. It should be
stressed that the whole argumentation is independent of
the dimension and the shape of the geometry.

A.3. Effective diffusivity

Plotting the discrete data of ugc as a function of & results
in a graph of sigmoid shape which is bounded between
asc.0 and agc ., cf. Fig. 2 (Simulation A). If agc can be rep-
resented by a continuous function, this representation must
be of the type

0lSC,00 — %SC,0
1 +exp (4(¢))’

where ¢ : R — R is continuous, and satisfies

asc(&) = asco + (A.5)

lim ¢(&) = o0 and_ lim ¢(¢) = —oc.

One approach is to use an affine linear transformation of
the form

_ p—In¢
P(&) = T
with §,7 € R and y > 0. A homogenecous membrane leads
to the constraint agc(1) =1, which is equivalent to the
identity

dscoo — 1
= ln _— .
y=p/ (1 — asc’o)
Inserting this into (A.5) yields

0sC,00 — ASC,0

1+ (M)(I*“}—f) .

l—asco

asc (&) = asco +

The positive constant 5 depends on the geometry and char-
acterises the inflection point of the graph. For the geometry
considered in this work, a non-linear regression analysis
yields that = ln(”ff;:;;) is a good approximation and
consequently

0SC00 —
asc($) = asco + %
L+ (lfﬁsc.o)/é

The latter is equivalent to Eq. (18), since asc = Dsc/Diip
holds, due to Eq. (A.3).
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