Basic Mathematics in Skin

Absorption

Dominik Selzer, Ulrich F. Schaefer,
Claus-Michael Lehr, and Steffi Hansen

Contents

1.1  Mathematical Background
of Analyzing Skin Absorption
Processes.............ccooevirininininienicccee

1.2 Analysis of Skin Permeation .....................
1.2.1 Dealing with Infinite Dose Skin Permeation...
1.2.2 Dealing with Finite Dose Skin Permeation...

1.3 Analysis of Skin Penetration ......................
1.3.1 Skin-Concentration Depth Profiles ...............
1.3.2 Skin Compartmental Approaches .................

1.4 Advanced Mathematical Approaches

for Studying Skin Absorption ....................
Laplace Domain Solutions............cccccceveunee.
Numerical Diffusion Models..........c.c.ccccuuue.

1.4.1
1.4.2

1.5  In Vitro-In Vivo Correlation (IVIVC) ......

1.6  Tips and Tricks.........cccooocnvinininincncnenne
1.6.1 Infinite Sums in Analytical Solutions .
1.6.2 Fitting of Experimental Data.............c.cccoc...

Conclusion ..............ccoevieiieiiiieieceeeeeeeeeee.

References..............cccovvveiivieniinienieie e

D. Selzer » U.F. Schaefer

Biopharmaceutics and Pharmaceutical Technology,
Saarland University, Saarbriicken, Germany
e-mail: d.selzer@mx.uni-saarland.de;
ufs@mx.uni-saarland.de

C.-M. Lehr ¢ S. Hansen (D<)
Biopharmaceutics and Pharmaceutical Technology,
Saarland University, Saarbriicken, Germany

Department of Drug Delivery, Helmholtz Institute
for Pharmaceutical Research Saarland,
Saarbriicken, Germany

e-mail: lehr@mx.uni-saarland.de;

st.hansen @mx.uni-saarland.de

© Springer-Verlag Berlin Heidelberg 2017

Table of Abbreviations

Symbol | Generic units | Description
A m? Area of application
AUC kg/m? Area under the curve
c kg/m? Concentration
Cys kg/m? Steady-state concentration
kg/m? .. .
Go g/m Initial concentration at £ =0
Cl m*/h Systemic clearance
D m?/s Diffusion coefficient
h, M Height of applied
formulation

J mol Diffusion flux

m’s
Jinax mol Maximum diffusion flux

2

m's
Jpeak mol Peak flux

ms
k J/IK Boltzmann’s constant
K - Partition coefficient
Ko — Octanol-water partition

coefficient
k, m/s Permeability coefficient
k, % applied Transfer coefficient
s

/ m (Macroscopic) thickness
m kg Mass
M kg Mass per area
M kg Steady-state amount of

solute in the membrane
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Symbol | Generic units | Description
M. kg Applied mass
MW kg Molecular weight
ODE - Ordinary differential
equation
PK — Pharmacokinetic
r m Radius
S S Saturation concentration
t S Time
Tiag S Lag time
Tpeak S Time to peak flux
T K Temperature
Vv m? Volume
X m Space
n Pas Viscosity
@ ] Chemical potential
mol K
1.1 Mathematical Background

of Analyzing Skin
Absorption Processes

It is usually assumed that the travel of mole-
cules through the skin membrane is governed
simply by passive diffusion due to the absence
of active transporters. From an atomistic point
of view, diffusion is based on Brownian motion
of particles in virtue of their thermal energy.
From an empirical and more macroscopic
understanding, the driving force of molecular
movement is a concentration gradient of the
diffusant in a medium and can be mathemati-
cally described by laws derived by Adolf Fick
in 1855.

Fick’s first law (Eq. 1.1) relates the diffusion
flux J (e.g., in mol/m? s) to the concentration
gradient. Here, D, the diffusion coefficient, is a
proportionality constant usually given in m?s,
and c the concentration at point x in space and
time ¢.

J(x,t):—D Vc(x,t) (1.1)

Assuming conservation of mass, one can
derive Fick’s second law of diffusion (Eq. 1.2):

6c(x,t)

- (1.2)

=V(D Ve(x.t))

In this general equation, the diffusion coefficient
may vary in dependence of location and/or con-
centration. Additional terms can be included to
address, for example, binding phenomena (Frasch
et al. 2011), enzymatic reactions (Guy et al.
1987), corneocyte desquamation (Reddy et al.
2000a, b), or general convective transport to
model elimination or clearance of molecules into
the systematic circulation (Dancik et al. 2012).
For the one-dimensional case and a homogenous
medium (constant diffusivity), (Eq. 1.2) simpli-

fies to Eq. 1.3
52c(x,t)

Sc(x,t) b (13)
5t 5x? ’

Homogeneity is often a strong simplifica-
tion but a typical assumption for easy analyti-
cal models to describe transdermal drug
transport. Solutions of these parabolic partial
differential equations can be solved analyti-
cally for various initial and boundary condi-
tions and are presented in Sect. 1.3. As
mentioned earlier, these conditions often
denote simplifications and are only true for
the description of a specific experimental
setup (e.g., infinite dose or finite dose condi-
tions with certain initial conditions). This is a
fundamental issue and must be always kept in
mind when applying mathematical models in
general. We will shortly discuss more flexi-
ble but complex models in Sect. 1.5 that
allow the application to a wider range of
scenarios.

For the inhomogeneous and more general
case, the diffusion flux at a cross section x at time
t is directed from sites of higher chemical poten-
tial to sites of lower chemical potential ((Eq. 1.4
(Crank 1975); Anissimov and Roberts 2004)).
Inhomogenous media transitions change the clas-
sical diffusion problem to a diffusion-partition
problem.

8¢ (x,1)

J(x,t) = —%c(x,t)—

5x (1.4)
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Here, ¢(x,1) is the chemical potential of the sub-
stance, T is the temperature, and k is Boltzman’s
constant. For the homogeneous case with
@(x,t)=kTIn(c(x,r) and a constant diffusivity,
Eq. 1.4 simplifies to the standard diffusion equa-
tion as stated in Eq. 1.3.

The general case equation that describes the
diffusion-partition problem with the chemical
potential defined as ¢ (x,t) = kT In((c(x.t)/ K (x)).
and the position-dependent partition coefficient
K is given by Eq. 1.5 (Anissimov and Roberts
2004):

se(xt) & D(x);—xc(x,t)

or  ox —D(x)c(x,t)gilnl((x) (1.5)
X

Besides studies with variable partition and/or
diffusion coefficients inside a certain skin layer
(Anissimov and Roberts 2004), it is more
common (especially for more complex multilayer
models) to assign specific diffusion coefficients
to the different layers and specific partition
coefficients to the interfaces of two adjacent lay-
ers. In this chapter, the presented solutions of the
diffusion equation and determination of distinc-
tive parameters almost exclusively depend on
predicted, fitted, or experimentally determined
diffusivities and partition coefficients. Therefore,
at least a basic understanding of the relationship
between molecular properties and the aforemen-
tioned parameters is essential when it comes to
the preparation, setup, and evaluation of transder-
mal skin transport.

For spherical particles in a continuous fluid,
the diffusion coefficient can be calculated by
using the well-known Stokes—FEinstein relation
(Eq. 1.6), with viscosity of the solvent # and par-
ticle radius r:

kT
6rnr

D (1.6)

For diffusion in polymers, it could be found
empirically that for a small particle the following
relationship holds (Eq. 1.7) (Anderson and
Raykar 1989):

D, =D MW™ (1.7)

Here, MW is the solute molecular weight, and n
and D, are constants, the characteristics of the
membrane at a specific temperature. Other theo-
ries derived from polymer research have also
been applied successfully to the field of describ-
ing diffusivities in the skin domain. For deeper
insight, the interested reader is kindly referred to
Hansen et al. (2013).

Where the diffusivity D denotes the speed
of a diffusant through a membrane and is
inversely related to the weight of the solute, the
partition coefficient K accounts for jumps in
concentrations at the interface of two adjacent
skin layers and is often related to a measure of
solute lipophilicity, most commonly the loga-
rithmic octanol-water partition coefficient. K
is a thermodynamic parameter reflecting the
relative affinity of a solute for a certain phase
over another phase. Hence, the partition coef-
ficient between layer m, and layer m,; can be
defined as Eq. 1.8

€q

2 (1.8)

sz /my = Ceq
m

with C;! and C)! being the respective solute
concentrations at the interface of the two adjacent
phases at equilibrium. In general, the partition
coefficient is concentration-dependent, but if the
solubilities in the two phases are relatively low
(which holds true for many cases), this effect can
be neglected, and the partition coefficient can be
defined by using the saturation concentrations
S, and S, in the different layers (Anissimov

m

et al. 2013), with Eq. 1.9

S
K,k =— (1.9)
2 1 S

A typical strategy is to establish a relationship
between an easy-to-observe parameter that
mimics the membrane properties and the
parameter of interest. A prominent example is
the ocanol/water partition coefficient K, that
could be related to the stratum corneum lipid
phase/water partition coefficient Ky, with the
help of a linear free-energy relationship
(Eq. 1.10) (Anderson et al. 1988)
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=ak®

olw

K

lip

(1.10)

Here, the constants a and b correspond to the
characteristics of the relationship between
aqueous vehicle and lipid phase of the stratum
corneum. It is obvious that this relationship
strongly depends on the physicochemical prop-
erties of the layers at the interface (e.g., donor/
SC or viable epidermis/stratum corneum). We
again refer the interested reader to Hansen
et al. (2013) for an extensive overview about
the determination of diffusion model input
parameters.

It must be noted that representation of diffu-
sivity and partition coefficient in certain skin
layers by a single number basically averages sev-
eral transport mechanisms (e.g., several different
routes through the stratum corneum or implicit
binding phenomena) of the diffusant. This impor-
tant fact must be kept in mind when developing
and applying mathematical models as well as
when trying to generalize basic relationships,
such as Egs. (1.7) and (1.10). Since literally all
mathematical models heavily oversimplify the
underlying physics, parameters derived from
mathematical concepts might obfuscate the gov-
erning mechanics.

1.2  Analysis of Skin Permeation
Permeation experiments are usually performed to
measure the amount permeated through the bar-
rier over time in relation to the diffusion area. For
an in vitro setup, this relates to the accumulated
mass in an acceptor compartment. This is an
important measure, especially for systemic and
regional drug delivery through the skin (e.g., for
achieving therapeutic drug levels systemically or
treatment of tissue beneath the site of
application).

Permeation experiments are typically applied
using diffusion cells yielding in a general separa-
tion of the diffusion domain in different compart-
ments, namely donor, barrier, and acceptor
compartments. Frequently used diffusion cells
are static cells, like the well-known vertical Franz

diffusion cell (Franz 1975) and horizontal
Bronaugh cell (Bronaugh and Stewart 1985) as
well as flow through cells (for further details, see
Sect. 3.3 of Chapter 10). Typical barrier mem-
branes for investigation consist of excised human
or animal skin in its various fashions, bioengi-
neered skin or artificial skin surrogates (for a
detailed overview, we kindly refer to Sect. 2 of
Chap. 16).

When it comes to application scenarios, one
can distinguish between infinite dose and finite
dose experiments. In the case of infinite dosing,
the applied dose is assumed to be so large that
evaporation or diffusion through the barrier does
only negligibly change the concentration in the
donor compartment. Therefore, mathematically
the dose is assumed to be infinite (Brain et al.
2002). For the finite dose case, according to the
Organisation for Economic Cooperation and
Development (OECD), finite dose experiments are
defined by an application of a limited volume of
formulation (< 10 pl/cm? of a liquid formulation)
(OECD 20044, b). For semisolid and solid formu-
lations, these values range from 1 to 10 mg/cm?.

Typical concentration/mass/flux versus time
profiles for the infinite, semi-infinite (vol-
ume>10 pl/cm?, but with a depletion of the
donor which is already perceptive), and finite
dose cases are depicted in Fig. 1.1. These theo-
retical calculations were performed using the
DSkin® software.! An aqueous donor/acceptor
with a drug diffusion coefficient of
6.33E-5 cm?/s, stratum corneum lipid channel
diffusion coefficient of 1.87E-8 cm?/s, and parti-
tion coefficient of 6.56 was used for simula-
tions. The initial donor concentration was set to
1 mg/ml, and the donor volume for the semi-
infinite dose and finite dose scenario was set as
2 ul and 20 pl, respectively for an area of diffu-
sion of 1.767 cm?. A tortious stratum corneum
lipid path length of 180 # m was assumed, which
corresponds to a swollen membrane for an
in vitro setup (Talreja et al. 2001). Perfect sink
conditions of the acceptor compartment are
assumed.

'DSkin® http://www.scientific-consilience.com


http://dx.doi.org/10.1007/978-3-662-53273-7_10
http://dx.doi.org/10.1007/978-3-662-53273-7_16
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Fig.1.1 Theoretical change of concentration in the donor
compartment over time (a), change of mass inside the
stratum corneum (b), accumulated mass inside the accep-
tor compartment (c¢), and change of stratum corneum

The chosen values correspond to a model com-
pound of approximately 300 Da with a log Ko
of 2 in an aqueous vehicle, and model parameters
were estimated by DSkin. The concentration-
over-time profile depicted in Fig. 1.1a shows the
characteristic depletion of the donor for the finite
dose case and less pronounced for the semi-infi-
nite case. The barrier mass-over-time curve for
an infinite dose setup does reach a plateau as
soon as the steady state is reached (Fig. 1.1b). As
opposed to this, the mass of the finite dose case
decreases after reaching a maximum (Fig. 1.1b).
In case of the infinite dose setup, the accumulated
mass inside the acceptor compartment reaches the
typical straight steady-state line (Fig. 1.1c). This

Time [h]
Outgoing flux

outgoing flux (d) for infinite (solid line), semi-infinite
(dashed line), and finite dosing (dotted line). Simulations
were performed using the DSkin® software

corresponds to a plateau of the flux-over-time
profile (Fig. 1.1d). In contrast, the finite dose sce-
nario will reach a theoretical mass plateau in the
acceptor compartment if all substance has trav-
eled through the membrane. Obviously, the flux
reaches a maximum and subsequently decreases
with time. For the simulation of the semi-infinite
dose case shown in Fig. 1.1d, the applied volume
per area was set slightly higher than the finite
dose threshold defined by the OECD. This shows
clearly that the assumption of an infinite dose (no
significant depletion) does not automatically hold
by applying fixed volume-based rules. This is
crucial when applying the mathematical concepts
presented in the next subsections, since choosing
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faulty assumptions can lead to serious misinter-
pretation of experimental data. It has to be kept
in mind that even if small volumes of highly
concentrated solutions are applied and the per-
meation is low, the system might behave like an
infinite dose case due to the fact that significant
donor depletion only occurs at very long experi-
mental time periods in relation to the permeated
solute amount in the acceptor compartment.

Investigation of infinite and finite dose experi-
ments typically differ concerning their parame-
ters of interest and application of mathematical
concepts (e.g., analytical solutions of the diffu-
sion equation are always tailored to certain
boundary and initial conditions). In the next two
sections, analytical solutions of the diffusion
equation and mathematical concepts for the most
typical experimental settings are presented. For
an exhaustive compilation of solutions regarding
the diffusion equation for various boundary and
initial conditions, the reader is kindly referred to
the excellent book The Mathematics of Diffusion
by J. Crank (Crank 1975).

1.2.1 Dealing with Infinite Dose

Skin Permeation

Analysis of infinite dose in vitro skin permeation
is typically done by measuring the cumulative
amount of substance inside the acceptor compart-
ment over time. For short times, the amount
increases exponentially until reaching a steady
line (the steady state) with constant flux Jgg

200

2
T

-1)" 22
m(t)zAxlexCO lext—é__;( ) eXp[_Dn;z: t]

2
n

Mass

a1els-Apeals

Time
tiag 2.7 X tigg

Fig.1.2 Accumlated mass over time in the acceptor com-
partment of an infinite dose experiment (solid line) and
linear part of the steady-state phase (dashed line). The
intersection of the linearized steady-state phase and time
axis denotes the lag time

(see Fig. 1.2). From a mathematical point of
view, a few assumptions must be made to derive
an analytical solution for the diffusion equation
by defining initial and boundary conditions. In
this case, we assume a constant and steady con-
centration in the donor compartment, perfect sink
conditions (zero concentration in the acceptor at
all times), and that no compound of interest is
located inside the barrier at time #=0.

By incorporating these rules for a homogeneous
membrane, the absorption curve can be described
by an analytical solution of Fick’s second law of
diffusion (Scheuplein 1967; Crank 1975), with

1.11
B (1.11)

Here, A denotes the area of application, K is
the partition coefficient between donor and bar-
rier, C, is the concentration of applied formula-
tion in the donor which is assumed not to change
significantly during experimental time periods, D
is the macroscopic diffusion coefficient, / is the
macroscopic thickness of the barrier, and ¢ is the
time after application. It is obvious that with 7
leaning toward infinity (and hence reaching the

steadystate), the solution simplifies to the linear
part of the steady state (Fig. 1.2), with

DK I?
!

m(t)=A—C, t—ﬁj (1.12)

From Eq. 1.12, we can examine important
parameters when it comes to analysis of infinite
dose experiments. The first parameter is the
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so-called apparent permeability coefficient, k,
which is often given in units of cm/h and is
defined as

(1.13)

It is independent of the area of application and
initial concentration, and hence a direct parame-
ter for the strength of permeation for a compound
through a certain barrier from a specific vehicle
under infinite dose and perfect sink conditions.
Mathematically, it denotes a normalization of
steady-state flux Jgg with

(1.14)

Such a parameter might heavily depend on exper-
imental conditions. Hence, this has to be kept in
mind when comparing parameters (interlabora-
tory and intralaboratory). Although k, may be a
useful and popular parameter when it comes to
examination of permeation experiments, it can be
sometimes misleading when comparing the per-
meation of several compounds (Michaels et al.
1975; Anissimov et al. 2013). The apparent per-
meability coefficient k, describes an intrinsic
property of a solute to permeate across a specific
medium (e.g., the skin) which is independent of
the dose but influenced by the applied vehicle.
Therefore, comparisons are only possible
between compounds which are applied in identi-
cal vehicles. In 2006, Sloan et al. introduced a
change of paradigm when it comes to explaining
experimental data (Sloan et al. 2006). They sug-
gested to use the more expressive parameter Jy,x
which denotes the maximum possible flux of a
solute through a barrier for comparing permea-
bility (Eq. 1.15). By using J,.., it is possible to
overcome the limitations addressed before
S

Jmax=kp><Sv=D><T‘“ (1.15)
Here, S, is the saturated permeant concentration
in the vehicle and S, is the solubility of the solute
within the barrier. In other words, by removing
the influence of the partition coefficient between
the skin and vehicle, J,,,, should be independent
of the vehicle applied. Thus, it describes an

intrinsic permeability of a solute in a certain
medium, making it an ideal parameter to com-
pare permeability of different solutes. Obviously,
this is the case, as long as the vehicle does not
affect the transport kinetics in the barrier (Zhang
etal. 2011).

In contrast to epidermal k, which is
optimally correlated to the molecular weight
and lipophilicity of a compound (Fiserova-
Bergerova et al. 1990; Potts and Guy 1992;
McKone and Howd 1992), Magnusson et al.
(2004) could show that molecular weight is the
main determinant when it comes to predicting
solute maximum flux.

A further parameter to characterize infinite
dose absorption is the so-called lag time #,
given by

lZ
tlag - 6D
It is a measure that relates to the time it takes for
a compound to travel through the barrier and
establish a steady state. A word of caution is nec-
essary concerning the meaning of #,,. #,, does not
directly represent the time when the steady state
is achieved (see Fig. 1.2); however, it can be
approximated by multiplying #,, with 2.7 (Crank
showed that steady state is achieved when
% =0.45 approximately (Crank 1975)).

(1.16)

From a practical point of view, determination
of permeability coefficient and lag time can gen-
erally be accomplished in two fashions:

1. The easiest approach utilizes the linearization
of the steady state (see Fig. 1.2) which inter-
sects the time axis at #,,. This can be accom-
plished graphically by manual interpolation of
the last data points that contribute to the steady
state or mathematically more soundly by a lin-
ear fit (Schifer-Korting et al. 2008). It is
important to mention that the occurrence of
physically untenable negative lag times often
indicates experimental problems such as
donor depletion (Barbero and Frasch 2009) or
insufficient sink conditions (Anissimov and
Roberts 1999). The permeability coefficient
can be determined by dividing the slope of the
linear part by the initial concentration C, and
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application area A or simply by using the two
steady-state data points with

k=T 1.17
PAC, (1, -1,) (17
If the slope of the curve decreases after reaching
steady state, a general strategy is to employ
the steepest part of the curve for evaluation

(Buist et al. 2010). The clear advantage is the

simplicity in calculations, but several prob-

lems arise using this approach that makes it
extremely prone to errors — from an experi-
mental and evaluation point of view:

(a) This approach cannot be applied if the
steady state was not clearly reached at the
end of the experiment.

(b) It is often difficult to identify which data
points contribute to the steady state and
which do not. Often, a frequent sampling
and stepwise addition of data points from
t.a (last data point) toward 7, (first data
point) and analyzing the linear interpola-
tions can overcome this problem.

(c) Using only a limited amount of data points
generally ignores information. Carelessly

2

RIS )

2
i

m(t)=A4-F-C,-

exp(—P;nzﬂzt)

discarding data often yields wrong results
and can produce a high variability, depend-
ing on which points are chosen for evalua-
tion. This is an obvious but often neglected
problem in processing experimental data.
2. A more sophisticated approach is the use of
the mathematical representation of the entire
curve (Eq. 1.11). In 2009, Henning et al. per-
formed an in-depth analysis of problems that
arise in data evaluation of infinite dose perme-
ation experiments and showed the superiority
of this procedure over the manual approach
(Henning et al. 2009). A huge advantage is the
ability to deliver sound results even if only a
partial representation of the steady state is
available. Often, the macroscopic thickness of
the swollen skin is not exactly known. By
defining partition parameter P; and diffusion
parameter P, with

P=K-I (1.18)
D (1.19)
B=x

and reformulating Eq. 1.11 yields (Diez-Sales
et al. 1991; Kubota et al. 1993)

(1.20)

This reduces the number of unknown parameters.
Hence, P, and P, can be easily fitted to experi-
mental data using a nonlinear least squares
approach. Permeability and lag time can be

subsequently computed by
k,=F-P, (1.21)

1 (1.22)
" =sp,
2

1.2.2 Dealing with Finite Dose Skin
Permeation

In contrast to the infinite dose exposure scenario, a
typical finite dose absorption profile does not

J(t)=2-4-M,-B- Z

a2 exp aiZDt
z,cosa(ﬂ+ﬂ +a) ry

reach a steady state, but builds a mass plateau
inside the acceptor compartment at late time points
(see Fig. 1.1c). Finite dose experiments also show
a characteristic depletion of donor concentration
(Fig. 1.1a) and increase in flux until reaching the
so-called peak flux Jy, at time #,., (Fig. 1.3).

As opposed to the infinite dose case, deduc-
tion and application of an analytical solution
for the description of absorption curves require
a more sound mathematical foundation. Based
on the theory of heat flow by Carslaw and
Jaeger, a description of the flux of the com-
pound leaving the barrier at time 7 is given by
Eq. 1.23 (Carslaw and Jaeger 1959; Cooper and
Berner 1985):

(1.23)
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peak

Flux

Time
‘peak
Fig. 1.3 Sketch of outgoing flux across the barrier—
acceptor interface over time of a finite dose experiment
(solid line). The maximum of the curve denotes the peak
flux J,,.x at time to peak flux #,,,,

M(I)zl—Zﬂw 1

a; Dt

M, pr cosai(ﬁ+ﬂ2+ai

z
2 ) exp[— 112

with
/
B = Kh—, (1.24)

v

and the roots of the transcendal equation, a;
given by

o, tana, = B (1.25)

Here, M_ denotes the applied mass, and 4, is
the height of the formulation in the donor com-
partment. The remaining parameters keep their
meaning as introduced above.

Integrating Eq. 1.23 yields the accumulated
mass per area (Kasting 2001) with

J (1.26)

In comparison to Eq. 1.11 for the infinite dose
case, solving Eq. 1.26 requires a more skillful
evaluation, since Eq. 1.25 must be solved for
arbitrary values of i. A basic strategy to solve
the transcendal equation is to use logistic
regression to tabulated values of the first roots
(see Fig. 1.4). To find further roots a subsequent
linear extrapolation from previous roots
(root, =2 x root, , — root, ,) followed by a
refinement step (root-finding with, e.g., Newton’s
method) (Kasting 2001) is key. To reduce the
number of unknowns, the same approach that

alDt

worked for the infinite dose case (Egs. 1.18 and
1.19) can be applied.

Equation 1.26 can be fitted to experimental
data by a nonlinear least squares approach and
yields values for g, diffusivity D and macro-
scopic path length [.

Important parameters for evaluation of finite
dose permeation experiments are the peak flux
Jpeak and time to peak flux feu.

A general strategy to easily find Jyey and foeu
is finding the root of the first derivative of J(f) and
hence solving the following equation for .,

(1.27)

2-M,-B- Z

ol lec |02 D
exp| — 5 =0
= cosq, (ﬁ+ﬁ +a] ) l

12

A reliable solution for the root-finding prob-
lem is, for example, Brent’s method (Brent 1973).
For small doses ( § < ~0.1), Jyeu and £, can

be calculated by the following simple equations
(Kasting 2001; Scheuplein and Ross 1974):
D
J e =1.85M , — A (1.28)
(7> -h})
tpeak = 6—D (129)

If the thickness of the applied formulation is
reasonably small in comparison to the macro-
scopic diffusion path length, it can be neglected,

and Eq. 1.29 simplifies to the familiar
expression:
12
tpeak 25 (130)

In contrast to fitting solutions of the diffusion
equation to experimental data, some researchers
use the steepest linear part of the absorption curve
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Fig. 1.4 First five roots of the transcendal Eq. 1.25 for
continuous values of #from 0 to 5. Values fitted by logistic
regression to tableted values from Crank (1975)

and the time to the steepest part to determine peak
flux and time to peak flux (van de Sandt et al.
2004; Wilkinson et al. 2006). Obviously, as for
the manual method for the infinite dose case, this
approach is prone to errors. Especially for long
sampling intervals, a fitting of the right kinetic
representation can overcome ambiguities and
imprecisions of the manual method.

For the finite dose case, finding a parameter
related to the permeability coefficient is obvi-
ously not possible, since the flux changes with
time. However, in 1974, Scheuplein defined the
so-called transfer coefficient k, with units of per-
centage of dose per time (Eq. 1.31) (Scheuplein
and Ross 1974):

flux x100

=— """ 1.31
' specific dose (=0

He used the early flux of the linear part of the
curve to estimate the fraction of absorbed dose
after a certain time by multiplying k, by 7. Besides
the fact that this parameter depends on the applied
dose, the amount will be heavily overestimated
when the flux drops and leans toward zero. These
two major drawbacks tremendously limit the use-
fulness of this parameter.

It has to be kept in mind that finite dose kinetics
are also prone to variability of drug distribution in

the donor, as shown by Hahn et al. (2012), and
drug distribution to the nonincubated lateral parts
in a Franz diffusion-cell setup (Selzer et al. 2013b)
yielding a high variability in fitted parameters.

1.3  Analysis of Skin Penetration

1.3.1 Skin-Concentration Depth
Profiles

Besides permeation profiles (accumulated mass
over time) which provide valuable information
about the absorption process and the transport to
the blood circulation and deeper tissue, skin-
concentration depth profiles supply precious data
about the distribution of solute inside the barrier
over time.

One of the most prominent experimental tech-
niques to obtain skin-concentration depth profiles
is tape-stripping (Stinchcomb et al. 1999; Wagner
et al. 2000; Melero et al. 2011). Tape-stripping is
a fast and relatively noninvasive technique to
obtain absorption data for the in vitro and in vivo
scenarios. For a description of the procedure, we
kindly refer to Chapter 10, Sect. 3.11, and refer-
ences (Escobar-Chavez et al. 2008; Lademann
et al. 2009).

As for permeation experiments, the kinetics
clearly differ for different exposure scenarios.
Figure 1.5 shows theoretical skin-concentration
depth profiles for the infinite dose case (Fig. 1.5a),
semi-infinite dose case (Fig. 1.5b), and finite
dose case (Fig. 1.5¢). These curves were pro-
duced with the help of the DSkin software and
show the change of concentration over time and
space in the stratum corneum. The used input
parameters correspond to the simulation param-
eters used to produce the permeation curves in
Sect. 1.3.

The infinite dose curves show the typical
exponential decay for short exposure times and
transition into a straight line when steady state is
reached (Fig. 1.5a). The semi-infinite case shows
comparable kinetics at short times, reaches a
pseudo steady state with a straight line that will
drop due to the depletion of the donor over time
(Fig. 1.5b). For the finite dose scenario, a straight
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Fig.1.5 Theoretical change of concentration in the barrier over time for the infinite dose (a), semi-infinite dose (b), and
finite dose (c¢) cases. Simulations were performed using the DSkin software

line in the concentration over space kinetics is
typically not reached, and a significant drop can
be recognized over time (Fig. 1.5¢).

As for permeation experiments, analytical
solutions for the diffusion equation can be
obtained to describe the change of concentration

c(x,t)=KxC, x[(l—?j—%i%sin(m;—xjexp(

over time and space by using the appropriate ini-
tial and boundary conditions together with
Eq. 1.3. For the infinite dose case, assuming a
homogeneous membrane, one can calculate the
concentration inside the barrier at point x and
time ¢ (Crank 1975; Hansen et al. 2008), with

—%D (132)

As for the permeation case (Eq. 1.11), K denotes
the barrier/vehicle partition coefficient, C, the
initial concentration in the vehicle, D the appar-
ent diffusivity, and / the macroscopic thickness of
the barrier membrane with 0 < x </. The equa-
tion can only be applied if the donor does not

deplete over time (typical infinite dose assump-
tion), the receptor compartment is kept at a theo-
retical zero concentration (perfect sink
conditions), and no solute is present inside the
barrier at ¢ = 0. Obviously, only the passive dif-
fusion process is modeled. Hence, permeation
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enhancement, binding phenomena, and convec-
tion effects are not part of the model.

Eq. 1.32 can be of great benefit to estimate the
values for partﬂion coefficient (K) and diffusion
coefficient (—) and extrapolate the skin-
concentration ‘depth profile for later time points
(Naegel et al. 2008) or even other exposure sce-
narios (Selzer et al. 2013a, b; Naegel et al. 2011).

For late times, the skin-concentration depth
profile will reach steady state, and Eq. 1.32 sim-
plifies to

(1.33)

c. (x)=K><CO(1—§)

+1)7r 2 /

c(x,t)=K><Cog(2n8 cos((2n+1)n£Jexp{Mt—dJ

Obviously, information about diffusivity can
only be obtained before the steady state is
reached. Hence, in order to obtain kinetic param-
eters, fitting Eq. 1.32 to experimental data should
focus on short incubation times.

If experimental data that account for the depth
profile at a certain time cannot be obtained
immediately at the end of an experiment (e.g.,
due to a long tape-stripping procedure), the
obtained values have to be adjusted according to
the time delay (Reddy et al. 2000b), and the
skin-concentration depth profile can be described
with

1.34
24 (134)

tlag

2
Here, t,,, is the lag time with 7, = —— and f, is
. 8 .
the period of delay before the stratugléorneum is
stripped with #, =1 —1_ . fx, denotes the duration

of exposure. Integration of Eq. 1.32 across the

membrane thickness provides the area under skin-
concentration depth profile curve (AUC,
Eq. 1.35). The AUC equals the total amount of
drug present in the membrane at time ¢ divided by
the volume of this compartment (Herkenne et al.
2006):

(2n+1) 7 DtD 139

In 1998, the Food and Drug Administration
released a draft guidance on dermatopharmacoki-
netics for the evaluation of topically applied com-
pounds (Shah et al. 1998). Besides the maximum
amount in the outermost skin layer (stratum cor-
neum) and the time to reach the maximum amount,
the AUC was defined as a parameter of interest.
Hence, Eq. 1.35 can be useful to predict the AUC

D
as a function of time after obtaining K and —
from parameter fits (Herkenne et al. 2007).

z, Beos(a,x/h)—a,sin(a,x/h)

For the steady state, the amount of solute in
the membrane can be easily calculated from a
simplified formulation of Eq. 1.35:

M, :AxlxKXCO

(1.36)

For the finite dose case, an analytical solution for
the diffusion equation can be obtained with « and
p (as defined earlier in Eqs. 1.25 and 1.24)
(Kasting 2001):

c(x,z‘)=2><K><C0><Z1 B a

(1.37)

a’Dt
exp| =
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As for the infinite dose case, the same limitations
hold (e.g., perfect sink conditions and no solute
in the barrier at £ =0).

1.3.2 Skin Compartmental
Approaches

Compartmental or pharmacokinetic models (PK)
are used since the early beginnings of mathemati-
cal description to study the fate of a substance
that was applied in the systemic circulation and
are also part of the history of describing transder-
mal drug absorption. They treat the body as a
series of well-stirred compartments. The basic
idea is the elimination of space dependence of the
partial differential diffusion equation (Eq. 1.2) to
obtain a series of ordinary differential equations
(ODEs) that describe the change of amount of
solute in different compartments over time.

For the family of PK models, a set of first-
order rate constant can be assigned to denote the
transfer of a compound from one compartment to
another. Figure 1.6 shows two examples of skin
compartment models: a one-comparment skin
model and a two-comparment skin model.

The corresponding first-order ODE of the
one-compartment model can be expressed by
Eq. 1.38:

v, dd% =kC -k ,C,+k,C,-k,C,(1.38)

For the two-compartment model, Eqgs. 1.39 and
1.40 hold, respectively:

dcC

v, d—2 =kC -k ,C,+k,C, —k,C,,
t (1.39)
dc
v, 7; =k,C, —k,Cy+k ,C, —k,C,
(1.40)

The separation of the skin in a lipophilic part
(the stratum corneum) and hydrophilic part (via-
ble epidermis) is common practice to mimic the
heterogeneity of the skin (McCarley and Bunge
2001; Seta et al. 1992). The underlying ODEs
can be solved either analytically (for the most
part, only for easy equations) or numerically.
Numerical solvers for nonstiff equations are, for
example, Euler’s method or the famous fourth-
order Runge—Kutta method (widely known as
RK4). For stiff equations, the backward differen-
tiation formula (BDF) is a well-known algo-
rithm. Commercial and free mathematical
software package usually provide various possi-
bilities for the convenient solving of these kinds
of equations.

In comparison to solutions of the diffusion
equation, using compartmental models can have
some advantages.

A. Obviously, the solution of a set of ODEs can
often be derived with little hassle in
comparison to complex multicompartmental

2 N k2
Cy Co Cs
vy Vo V3
N—
K1 ko
e.g. Vehicle e.g. Skin e.g. Systemic circulation
b
N K N o \ K8
Cq Co Cs Cy
vy Vo V3 Vg
J k_1 \ J k_2 . J k-3 \
e.g. Vehicle e.g. Stratum corneum e.g. Viable epidermis e.g. Systemic circulation

Fig. 1.6 Exemplary sketch of a one-compartment (a) and
two-compartment (b) skin model. Here, the number denotes
the number of compartments used to describe the skin bar-
rier, rather than the number of overall compartments.

C denotes the average concentration in the compartment,
assuming simplified well-stirred conditions, and V is the
volume of the compartment that is accessible for the solute
distribution
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diffusion models which are more cumbersome
mathematically. For simple models, even ana-
lytical solutions can be derived with ease.

B. Complicated exposure scenarios with, for
example, periodic application or evaporation
can be implemented very easily in compari-
son to complex diffusion models.

C. Adding systemic PK models to a skin PK
model can be achieved with little overhead.

D. Even numerical integration of the ODE is
typically much faster than solving the diffu-
sion equation numerically.

One big drawback comes with the oversimpli-
fication of having well-stirred compartments that
obviously does not reflect reality. Certain kinetics,
such as the transition of first-order to zero-order
characteristics can only be described unsatisfacto-
rily. PK models were typically used in the past to
analyze in vivo data (Kubota 1991; Guy et al.
1982). A lot of effort was spent to relate rate con-
stants to physicochemical parameters of the dif-
fusant and fit experimental plasma curves or
in vitro permeation profiles to PK models (Wallace
and Barnett 1978; Guy and Hadgraft 1985), gen-
erally with less success than that for the class of
diffusion models (Hansen et al. 2013).

Despite a growing trend toward numerical dif-
fusion models, the class of PK models recently
regained attention by the work of Davies et al.
(2011). They showed that an efficient skin com-
partmental model can be achieved by a two-layer
approach. For excellent overviews on PK models,
the interested reader is kindly referred to refer-
ences (McCarley and Bunge 2001; Reddy et al.
2000a; McCarley and Bunge 2000).

Besides PK models, in 1992, Seta et al. (1992)
presented another compartmental approach and
successfully studied the transport of radiolabeled
hydrocortisone through hairless guinea-pig skin
using three skin layers (stratum corneum, viable
epidermis, and dermis). They divided each com-
partment into several hypothetical thin elements
and calculated the flux between each element.
This approach can be numbered among compart-
mental models, but rather trends toward numeri-
cal finite difference approaches which we will
present briefly in Sect. 1.5.

Advanced Mathematical
Approaches for Studying
Skin Absorption

14

Previously, we presented basic mathematical
concepts to analyze skin permeation and penetra-
tion experiments. These models typically relied
on analytical solutions of the diffusion equation
in the time and/or space domain (see Sects. 1.3
and 1.4.1) or used simple compartmental simpli-
fications to represent the skin (see Sect. 1.4.2). In
this section, we will briefly discuss more
advanced models that are capable of describing
more complex exposure scenarios on a macro-
scopic and microscopic scale. Statistical models
(such as QSAR models (Potts and Guy 1992;
Wilschut et al. 1995) or statistical learning
approaches (Neumann et al. 2005; Agatonovic-
Kustrin et al. 2001; Chen et al. 2007)) that are
typically restricted to making predictions are
beyond the scope of this chapter. The interested
reader is referred to references (Patel et al. 2002;
Fitzpatrick et al. 2004; Neumann 2008)

1.4.1 Laplace Domain Solutions
Another popular approach to solve the diffusion
equation for various scenarios is the application
of the Laplace transform to an objective function
(Hadgraft 1979, 1980; Guy and Hadgraft 1982).
Generically, for a concentration function C(x, 1),
the Laplace transform L is defined as

C(xs)=L(C(x1)) = Ic(x’t)eXp(_St)dt(l.M)

The huge advantage of solving partial differential
equations (PDE) with the help of Laplace trans-
forms is the reduction of a PDE to an ordinary
differential equation (ODE) which can be solved
much more easily. In comparison to analytical
solutions in the time domain, Laplace solutions
of the diffusion equation typically lack infinite
sums and can be expressed for various exposure
conditions with relatively simple adaptions.
A drawback is the need of (numerical) inversion
to the time domain, but most mathematical or
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scientific software packages are capable of per-
forming this task easily and in a convenient man-
ner. Some important parameters, such as
steady-state flux and lag time can even be
extracted from the Laplace solution without
inversion (Anissimov and Roberts 1999).

Solutions for special cases of variable partition
and/or diffusion coefficients inside the stratum
corneum are available in the Laplace space
(Anissimov and Roberts 2004). Finite dosing and
finite receptor and variable receptor clearance for
the infinite dose scenario could be successfully
modeled by Anissimov and Roberts (1999, 2001).
Frasch fruitfully applied a Laplace domain solu-
tion from Anissimov and Roberts to simulate the
permeation of theophylline through the stratum
corneum incorporating slow binding phenomena
(Anissimov and Roberts 2009; Frasch et al. 2011).
Even the effect of desquamation could be investi-
gated, and Simon et al. delivered Laplace domain
solutions for different epidermal turnover rates
(Simon and Goyal 2009).

For further reading, Anissimov et al. compiled
a large amount of Laplace domain solutions of
the diffusion equation for different scenarios in
reference (Anissimov et al. 2013).

1.4.2 Numerical Diffusion Models

Numerical methods for solving the diffusion
equation for various initial and boundary condi-
tions are important techniques and allow a more
flexible construction of advanced skin models
(e.g., incorporation of binding effects (George
2005)), iontophoretic transdermal delivery
(Wearley et al. 1990), repeated applications
(Kubota et al. 2002), controlled release vehicles
(Kurnik and Potts (1997), and in vitro lateral
transport (Selzer et al. 2013a, b)). In comparison
with classical PK skin compartment models, it is
typically much more convenient to relate the nec-
essary input parameters (for the simple diffusion
problem, only diffusivities and partition coeffi-
cients are needed) to physicochemical parame-
ters of the diffusant (Hansen et al. 2013). These
models can be used for descriptive and predictive
tasks as well as for the theoretical investigation of
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Fig. 1.7 Simplified depiction of a macroscopic diffusion
model with effective diffusivities and partition coefficients
(a), and a microscopic representation of the brick-and-
mortar structure (Elias 1983) of the stratum corneum (SC)
with diffusivities and partition parameters for the lipid and
the corneocyte phase (b). Figures are not drawn to scale

the interplay among input parameters. The basic
idea consists of the discretization of time and
space domain (gridding) and a numerical approx-
imation of the partial differential diffusion equa-
tion (e.g., for the most trivial form, see Eq. 1.2).
The discretization allows the construction of
coarse-grained macroscopic and fine-grained
microscopic models (a basic example is depicted
in Fig. 1.7).

Macroscopic models do neglect the heteroge-
neity of different skin layers and use effective
kinetic parameters of a diffusant for each layer to
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describe the transport process. Usually, these
kinds of models are only needed for solving the
underlying diffusion equation for the one-
dimensional case and hence treat the skin as a
series of multilayered slabs (Fig. 1.7a).

Microscopic models allow a heterogeneous
representation of the stratum corneum (Hansen
et al. 2009) (lipid phase and protein phase, see
Fig. 1.7b) and hence yield a more in-depth analy-
sis of the underlying transport processes. In this
case, the absorption kinetics do not only rely on
the definition of diffusion parameters but also on
the definition of spatial geometry. Due to the high
spatial resolution, these models typically require
much higher computational costs in comparison
to coarse-grained macroscopic models. By math-
ematical homogenization, it is possible to reduce
a microscopic model to a macroscopic one with
preservation of model properties (e.g., anisotro-
pic diffusivity in the stratum corneum) (Muha
et al. 2010; Selzer et al. 2013b).

From a numerical perspective, several tech-
niques exist to approximate the solution of the
diffusion equation. For the one-dimensional case,
probably the most prominent method is the finite
differences approach. Assuming a constant dif-
fusivity, Eq. 1.2 can be approximated by

e  —2C+C!
Cl Cz — DCz—l Cz 2+ C'H—l (142)
At (Ax)

The left-hand side of equation is approximated
by first-order forward differences and the right-
hand side by second-order central differences
that both arise from Taylor series expansions. As
for every numerical method, the time and space
domain is discretized. In this case, C{ denotes the
concentration at point iXAx for time #XAf

Cit+1 _Cit ~ D Cit_+11 _2C«it+1 + C~t+1 Cit—l _2Cl' +

with a system of constant space step size Ax and
time step size Az. Obviously, the above-mentioned
equation can be easily generalized to problems in
2D and 3D space. Reformulation of Eq. 1.42
yields

CI* = MC', +(1-2M)C! + MC.,, (1.43)
with
M=p-2 (1.44)
(Ax)

Because of the fact that every point of a certain
layer only depends on points from the past,
there is no functional relationship between dif-
ferent points of one time layer (it is a so-called
uncoupled problem). This leads to the problem
of numerical instabilities that depend on the
value of M (Eq. 1.44) and hence on the choice of
At for a given spatial resolution Ax. It can be
shown that this explicit method is only stable for
values of M <0.5 (for the one-dimensional
case). A violation of this recommendation can
produce noise which may result (empirically, it
always does for the diffusion equation) in nons-
moothable rounding errors. For small diffusion
coefficients (e.g., in the stratum corneum), this
restriction can lead to extremely small time
steps and therefore to high computational
runtimes.

An elegant way to overcome this problem is
by the use of implicit methods that rely not only
on data from the last time point. Undoubtful, the
most widely used approach is the so-called
Crank-Nicolson method (Crank 1975) (Eq. 1.45)
that is unconditionally stable and provides a bet-
ter overall error than the explicit approach:

i+l (1.45)

] T

This equation yields a system of linear equa-
tions (tridiagonal matrix) that can be efficiently
solved by, for example, the Thomas algorithm
(an optimized form of Gaussian elimination that

can solve tridiagonal systems of equations).
Using this implicit method, it is possible to
choose larger time steps, which decrease the
number of computational steps in spite of the
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fact that the solving of the system of linear
equations is computationally more complex
compared to the explicit method. Various works
on modeling transdermal transport that are based
on finite differences exist (Kurnik and Potts
1997; Kubota et al. 2002; George 2005; Nitsche
and Frasch 2011).

Finite differences are not the only mesh-based
technique to find approximate solutions to partial
differential equations, as the diffusion equations.
The method of finite elements that is widely used
in the field of mechanical engineering and finite
volume approaches that can efficiently handle
unstructured girds and is often applied in the field
of computational fluid dynamics are known to
successfully model transdermal transport
(Barbero and Frasch 2005; Heisig et al. 1996;
Naegel et al. 2008, 2011; Selzer et al. 2013b). For
excellent overviews about numerical models, the
interested reader is kindly referred to references
(Frasch and Barbero 2013; Naegel et al. 2013).

1.5 In Vitro-In Vivo Correlation

(IVIVQ)

In vitro—in vivo correlations (IVIVC) address the
question of the significance of in vitro data for
predicting the situation in the living being. In
vitro data are often compared to in vivo data from
studies obtained under different experimental cir-
cumstances, and exact information on relevant
experimental conditions is frequently lacking
(ECETOC 1993). Factors which are known to
influence transdermal absorption include among
others the exposure conditions (such as dose,
vehicle, humidity, temperature, and exposure
duration), the skin type, and anatomical site of
application (for more information, the interested
reader is referred to Chapter 10 in this book).
Therefore, only data which were obtained using
harmonized protocols should be compared. The
type of data obtained in in vitro and in vivo stud-
ies is usually quite different mostly due to experi-
mental, physiological, and ethical constraints.
Several different endpoints can be used to relate
in vitro to in vivo skin absorption data. This para-
graph should give an overview on which kind of

data can be used for the purpose of establishing
IVIVC.

The topic of IVIVC is especially relevant for
estimating bioavailability (BA) and for bioequiv-
alence (BE) testing of topically applied dosage
forms. For systemically acting drugs, BE is gen-
erally demonstrated based on a pharmacokinetic
study comparing the plasma levels of test and ref-
erence product, following the idea that the
pharmacokinetics are correlated to the pharmaco-
logical effect. Similarly, it is possible for
transdermal patches which act systemically to
demonstrate BE based on plasma levels or
excretion data. In particular, a transdermal patch
provides an infinite source and controls the inva-
sion rate into the blood similar to an i.v. infusion.
Consequently, in this case, the transdermal
absorption rates which are measured in vitro can
be correlated with the plasma concentrations
(Chien et al. 1989; Franz et al. 2009).

Finite dosing is of course more relevant to the
real exposure to chemicals or actives, and conse-
quently also for demonstrating IVIVC (Bronaugh
and Maibach 1985). At the same time, accurately
detecting the low systemically absorbed and
excreted amounts of solutes which are applied to
the skin as a finite dose requires sensitive and
selective analysis in complex biological media
(blood, urine). Data which were obtained during
the 1960s—1980s therefore often report radioac-
tivity labeling as a technique to obtain pharmaco-
kinetic data, for example, form excretion to the
urine in human volunteers (Feldmann and
Maibach 1969; Bartek et al. 1972; Feldmann and
Maibach 1974; Wester and Maibach 1976).
Indeed, if skin penetration is the rate-limiting
step, the rate at which the compound appears in
the urine will represent the rate at which it pene-
trates the skin. For solutes which are also fecally
excreted, a correction for the proportion of uri-
nary to fecal excretion is required. Results are
calculated as percent of the applied doses which
are excreted over time and corrected for applica-
tion area and incomplete urinary excretion; divi-
sion by time gives the absorption rate (Feldmann
and Maibach 1969, 1974).

Likewise, if one assumes that the steady-state
flux through skin in vitro (J [p g/cm?h]) is
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equivalent to the rate of input to the systemic cir-
culation in vivo, then in vitro percutaneous
absorption data can be used, for example, during
formulation development for formulation optimi-
zation based on known clinical data:

J xA=C_ xCl (1.46)

Here, A [cm’]=area of skin, C, [u
g/l] =steady-state blood concentration, and CI
[I/h]=systemic clearance. With C and CI being
known, for example, from i.v. application, a tar-
get flux can be calculated which needs to be
achieved with a developed dosage form to obtain
plasma levels accordingly (Franz et al. 2009).

Cnubben et al. further used linear systems
dynamics (Opdam 1991; Vaughan and Dennis
1978; Fisher et al. 1985) to calculate an in vivo
percutaneous absorption rate (z g cm~2h~!) based
on the plasma concentration—time profile of sol-
utes after dermal application and after a reference
i.v. administration (Cnubben et al. 2002). From
this, they derived in vivo permeability coeffi-
cients and lag times and compared these to values
obtained in vitro.

Difficulties arise for topically (i.e., on or in the
skin) or regionally (i.e., in nearby tissues, such as
the joints, muscle, or cartilage) acting drugs for
which the plasma concentration is neither quanti-
fiable nor relevant for their local activity. For
those drugs, measuring the drug concentration at
the site of action, or dermatopharmacokinetics
(DPK), will be more relevant. Unfortunately, a
draft guidance document recommending tape-
stripping for demonstrating BE of topically act-
ing drugs was withdrawn in 2002, due to issues
arising from poorly defined experimental stan-
dardization. Currently, tape-stripping is only rec-
ommended by the FDA for BE testing for certain
classes of drugs, such as for antifungals that tar-
get the stratum corneum itself (Narkar 2010).
This results in the unfortunate situation that the
in vivo skin blanching or vasoconstriction assay
(only for corticosteroids) is currently the only
FDA-recommended assay for demonstrating BE
of generics which does not rely on clinical stud-
ies (with known problems such as poor sensitiv-
ity, requirement for high number of test persons,
and consequently high costs). Franz et al. have

collected substantial evidence that in vitro skin
absorption testing may be used as a surrogate
method for in vivo BA or BE testing (Franz et al.
2009). In particular, two types of measurements
are being discussed for this purpose. First, these
are the already mentioned tape-stripping DPK
measurements which can be performed in vivo as
well as in vitro (for more details, the interested
reader is referred to references (Herkenne et al.
2008; Russell and Guy 2009)). Second, these are
also permeability measurements which are per-
formed in vitro.

In fact, Franz et al. reported that the in vitro
method was able to discriminate between differ-
ent vehicles, a finding which was also supported
by differences in clinical efficacy, while this dif-
ference was not picked up by the vasoconstric-
tion assay (Franz et al. 2009). Importantly, Franz
et al. as well as others demonstrated excellent
IVIVIC, provided that the study protocols
between in vitro and in vivo studies were harmo-
nized (Franz et al. 2009; Lehman et al. 2011).
The latter aspect is certainly very important to
ensure comparability between in vitro and in vivo
results. Treffel and Gabard as well as Chatelain
et al., later in a follow-up study, noticed that dif-
ferences between several sun protection products
which were obvious in tape-stripping experi-
ments as well as sun protection factor (SPF) mea-
surements in human volunteers as early as 30 min
after application could in vitro not be detected
until later time points, that is, 6 h (Treffel and
Gabard 1996; Chatelain et al. 2003). In vivo and
in vitro protocols differed in terms of the applied
dose (2 mg/cm? vs. 3 mg/cm?). The differences
may be also explained by artifacts from nonphys-
iological swelling of the skin inside the Franz dif-
fusion cell obscuring early effects.

Comparing the skin penetration of the nonste-
roidal anti-inflammatory drug flufenamic acid
in vitro and in vivo by tape-stripping, Wagner
et al. observed that the in vivo levels were consis-
tently lower than the in vitro levels which they
found inside the stratum corneum after different
incubation times (Wagner et al. 2000). The rea-
sons for these differences can be manifold, such
as interindividual differences, regional variances,
different pressures applied during tape-stripping
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to name but a few. Nonetheless, correlating the
amounts found after different incubation times,
they demonstrated an excellent IVIVC (Wagner
et al. 2000). To exclude interindividual differ-
ences in a follow-up study, Wagner et al. designed
a special workflow, where they used abdominal
skin from the same exact individual before and
after undergoing abdominal reduction surgery
(Wagner et al. 2002). Unfortunately, the results
obtained from tape-stripping were not usable due
to the disinfectant wipe which was necessary for
the surgery and which significantly changed the
drug levels inside the upper skin layers. However,
they could show excellent agreement of the drug
levels inside the deeper skin layers (Wagner et al.
2002). This collection of reports shows that
obtaining a good IVIVC is possible. However,
the parameters which should be correlated need
to be carefully selected, and the conditions under
which these parameters are obtained are most
critical.

1.6  Tips and Tricks

This section supplies information about common
difficulties when computing analytical solutions
of the diffusion equation and fitting these solu-
tions to experimental data. It should work as a
guide when conducting mathematical analysis of
experimental data.

1.6.1 Infinite Sums in Analytical

Solutions

Many analytical solutions presented in this chap-
ter include an infinite sum of form

F(x)= aiHi (x)+5,

with H,(x) going to zero for i going to infinity.
These are typical examples of solutions of the
diffusion equation for various scenarios. Being
able to deal with this kind of equations is a key
requirement for a sound evaluation of skin trans-
port experiments. Hence, we will give a few hints
for the solid handling.

(1.47)

From a practical point of view, the infinite
sum has to be truncated at some point. Some
researchers only use <10 summations, for exam-
ple, for the infinite dose solution presented in
Sect. 1.3.1, since the subsequent terms do not sig-
nificantly contribute to the overall result (Frasch
and Barbero 2008). To achieve maximal accu-
racy, a more precise way to truncate the sum is to
incorporate a relative threshold, like the so-called
machine epsilon of the computer — a relative error
due to rounding in floating point arithmetic
(Hansen et al. 2008). The machine epsilon ¢, is
defined as the smallest number, such that
1+¢&, >1 holds for a certain machine.

Nowadays, implementing more complex
functions and fitting to experimental data can be
achieved easily using commercial or free data
analysis and statistical software packages or free
scripting languages. For example, the authors
used the popular scripting language Python® in
combination with the SciPy package (scientific
python) (Jones et al. 2001) to compute various
equations presented for the finite dose case.
These kinds of packages provide predefined
functionalities for root-finding, fitting, and
plotting.

1.6.2 Fitting of Experimental Data

As reported here, fitting of experimental data to
analytical solutions of the diffusion equation is
an excellent way of analysis. To gain confidence,
experiments are typically conducted in a recur-
rent manner. For data evaluation, researchers can
fit the objective function to either each individual
dataset (of every single experiment) or a combi-
nation of experimental data (e.g., mean accumu-
lated mass over time).

It is strongly recommended to report the eval-
uation of single experiments (OECD 2004b), and
the authors support the approach of individual
evaluation of experiments and averaging of indi-
vidual determined parameters. Despite this fact,
many researchers prefer to handle arithmetic
means of combined experiments (Schéfer-

*Python: http://www.python.org
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Korting et al. 2008). Fitting is typically done by
applying a linear or nonlinear least-squares
approach. The basic idea is to minimize the sum
of squared residual errors (e.g., minimization of
the so-called weighted root mean square function
displayed in Eq. 1.48):

rats= 150 (4 -a)

noo

(1.48)

Here, n is the number of data points, d;*” is the ith
data point, d<*¢ is the quantity that is being mod-
eled (e.g., concentration in the membrane at time
t and point x or cumulative amount of substance
in the acceptor compartment), and w; are optional
weights for every d; pair. These weights are capa-
ble of emphasizing or de-emphasizing certain
data points. If no weighting is applied, w; is 1 for
every i.

To emphasize experimental uncertainties, a

. . . . 1 .
typical choice of weights is w, =—- (Henning

et al. 2009). This requires knowlegge about the
kind of underlying error or variation. Using the
standard deviation is not the only option to weight
data. Kriise et al. suggested a weighting scheme

with w, =— to de-emphasize later time points
t

(Kriise et al.l 2007). This can be helpful for exam-
ple, for fitting accumulated mass versus time data
for the infinite dose case, since it is well known
that the standard errors of later time points are
additive in nature (Selzer et al. 2013a).

Fitting finite dose permeation data can be
prone to variabilities in the unknowns (especially
the partition coefficient). A stabilization can be
achieved by either fixing an unknown to a con-
stant value and/or fit data from several doses at
once (Kasting 2001).

Conclusion

We hold powerful mathematical tools in our
hands which allow us to interpret experimen-
tal data, predict relevant endpoints, and
improve our understanding of skin absorption.
They find their applications in various fields,
including toxicology, drug delivery, or regula-
tory affairs. Key to the useful application of

such mathematical tools is a fundamental
understanding of the underlying physical and
biological mechanistics but also of experi-
mental and model constraints. These were
highlighted in this chapter.
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