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OBJECTIVE

RESULTS

To develop a predictive mathematical model for transient transdermal drug delivery or dermal risk
assessment of chemicals formulated in different vehicles.

Modelling diffusivity and partitioning is useful to study the effect of different vehicles on skin penetration of
drugs. In a first study we have modelled the effect of an 50% EtOH/water vehicle on transient
percutaneous penetration of CAF. For this study experimental diffusion cell data in human skin for the
model compound CAF in an aqueous2,3 and an aqueous ethanol vehicle (1:1, v/v)9 after finite dosing were
used (cf. Figure 5). Winckle et al.11 have shown that the 2-naphthol Jmax from 50% EtOH/water vehicle was
enhanced about six times relative to an aqueous vehicle. Furthermore, Veryser et al.12 have recently shown
by experiment that the permeability coefficient Kp of CAF in an ethanol/water vehicle (1:1, v/v) is three to
six times greater than the Kp in an aqueous vehicle. Therefore, we increased the value of the lipid diffusion
coefficient DLIP of CAF in an aqueous vehicle by this factor to get an approximated value of DLIP in an 50%
EtOH/water vehicle in the simulation. With this change of the value of the lipid diffusion coefficient the
predicted transient percutaneous penetration mass profiles of CAF were mostly within the experimental
standard deviations and the agreement between experiment and simulation turns out to be good (cf. Figure
5). Furthermore, we increased the value of the lipid-vehicle partition coefficient KLIP/VEH of CAF in an
aqueous vehicle system ten times to study the effect of a change of KLIP/VEH on transient skin penetration of
CAF (cf. Figure 5).

INTRODUCTION
Diffusion coefficients and partition coefficients are important input parameters for diffusion models of
skin absorption. To provide new insights into the impact of changes in different diffusion and partition
coefficients on transient transdermal drug penetration after finite dosing, a sensitivity analysis has been
accomplished1, by means of our two-dimensional mathematical diffusion model2,3. The sensitivity
analysis provided a quantitative evaluation of how the input parameters (i.e. diffusion and partition
coefficients) affect the transient concentration-stratum corneum-depth profiles and mass profiles in
different skin compartments (vehicle (VEH), stratum corneum (SC), deeper skin layers (DSL), acceptor
(ACC)) for lipophilic flufenamic acid (FFA; logP = 4.8)4 and hydrophilic caffeine (CAF; logP = -0.08)4.
Particularly, the computational parameter study has shown that a change in partition coefficients has a
more profound effect on predicted transient mass profiles and concentration-SC-depth profiles in VEH
and SC compartments than a change in diffusion coefficients, for both FFA and CAF. Furthermore, we
have shown that a change in diffusion coefficients has a more profound effect on predicted mass profiles
in DSL and ACC compartments than a change in partition coefficients, for both FFA and CAF (cf.
Figure 4). In order to identify the key parameters for predicting transient skin penetration for a broad
range of non-volatile substances after finite dosing in an aqueous vehicle system we have tested which
input parameters have the greatest influence on our model’s results1. It was shown that transient
concentration-SC-depth profiles and mass profiles in different skin compartments (VEH, SC, DSL, ACC)
are most sensitive to a change in lipid-vehicle partition coefficient KLIP/VEH and corneocyte-lipid partition
coefficient KCOR/LIP as well as to a change in corneocyte diffusion coefficient DCOR, followed by lipid
diffusion coefficient DLIP. The outcomes are less sensitive to a change in vehicle and deeper skin layers
diffusion coefficients DVEH and DDSL as well as deeper skin layers-lipid partition coefficient KDSL/LIP1.
The analysis on the impact of changes in diffusion and partition coefficients on solute skin penetration is
useful for the evaluation of vehicle effects. In this study a predictive two-dimensional mathematical
diffusion model for transient skin penetration after finite dosing has been developed to model the effect
of an 50% ethanol (EtOH)/water vehicle on transient skin penetration of CAF. Ethanol is well known for
its ability to increase skin permeability. The enhancements of SC transport include lipid extraction,
increased lipid fluidity, effects on the putative pore pathway, enhanced drug solubility in SC lipids,
changes in SC hydration, altered keratinized protein and permeant-EtOH copermeation5,6,7,8. These
alterations in the SC by ethanol result in a change of diffusion and partition coefficients. To the best of
our knowledge, there is no evidence in the literature which diffusion and partition coefficients are
changed by ethanol. Therefore, in a first study, the lipid-diffusion coefficient DLIP and the lipid-vehicle
partition coefficient KLIP/VEH has been changed in the simulation to model the effect of an 50% EtOH/
water vehicle on transient skin penetration of CAF.
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Figure 3. Simulated mass profiles in
ACC compartment. Impact of skin
thickness on FFA and CAF skin
penetration. A comparison between
simulation results with the Erlangen
model (skin thickness: 0.9 mm) and the
Saarbruecken model (skin thickness:
3.0 mm) is shown.
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Figure 4. Simulated mass profiles in
ACC compartment (Erlangen model).
Influence of variations in diffusion
coefficients (10xDLIP, 10xDCOR) and
partition coefficients (10xK LIP/VEH ,
0.1xKCOR/LIP) on CAF skin penetration.
Lines serve as a guide to the eye.
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Figure 5. Mass profiles in ACC compartment (Erlangen model). Experimentally (mean ± SD) determined and
predicted mass profiles of CAF for an
aqueous and an 50% EtOH/water vehicle by means of increasing the
original values of DLIP by a factor of 6,
or KLIP/VEH by a factor of 10 (cf. Table 1,
right). Lines serve as a guide to the eye.

In a further study we calculated mass profiles over time in different skin compartments (VEH, SC, DSL,
ACC) using the CAF parameter data for an aqueous vehicle (cf. Table 1, left) and the assumed CAF
parameter data for an 50% EtOH/water vehicle, i.e., (i) six times increase of the lipid-diffusion coefficient
DLIP, and (ii) ten times increase of the lipid-vehicle partition coefficient KLIP/VEH (cf. Table 1, right). The results
are shown in Figure 6.

MATHEMATICAL MODEL

CAF

90

Mass [%]

Mass [%]

40

30
20

20

5 10 15 20 25 30 35 40 45 50
Time [h]

0

5 10 15 20 25 30 35 40 45 50
Time [h]

Deeper skin layers, ΩDSL

12000

Simulation: 1h
Simulation: 2h
Simulation: 4h

10000

Simulation: 8h

8000

Simulation: 24h

6000

Simulation: 48h

4000
2000

ΓOUT

[cm2/h]

2.92E-02

2.92E-02

DLIP

[cm2/h]

2.10E-04

1.26E-03

DCOR

[cm2/h]

1.70E-08

1.70E-08

DDSL

[cm2/h]

2.30E-03

2.30E-03

KLIP/VEH

2.15

21.5

KCOR/LIP

2.22

2.22

KDSL/LIP

0.08

0.08

4000

90

Mass [%]

70
60
50
40

SC

30
20

Figure 2. CAF mass profiles over time in different skin
compartments (VEH, SC, DSL, ACC) (left) and CAF
concentration-SC-depth profiles over time (right). The
plots show experimental data with standard
deviations and simulated data (Saarbruecken
model)2,3.
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Modelling diffusivity and partitioning is useful to study the effect of different vehicles on skin penetration.
To model the effect of an 50% EtOH/water vehicle on transient skin penetration of CAF we increased, in
accordance with the literature11,12, the value of the lipid diffusion coefficient DLIP of CAF in an aqueous
vehicle six times to get an approximated value of DLIP in an 50% EtOH/water vehicle in the simulation.
With this change of the value of the lipid diffusion coefficient the predicted transient percutaneous
penetration mass profiles of CAF were mostly within the experimental standard deviations and the
agreement between experiment and simulation turns out to be good. The mathematical model should
prove useful as a predictive model for transient transdermal drug delivery or dermal risk assessment of
chemicals formulated in different vehicles where experimental measurements are lacking.
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Figure 7. Prediction of concentration-SC-depth profiles of CAF at different time points from t = 5 min to t = 48 h (Erlangen
model). Left: Original CAF data (cf. Table 1, left). Middle: CAF data with a six times higher DLIP. Right: CAF data with a ten
times higher KLIP/VEH (cf. Table 1, right). The calculated data are connected with lines which serve as a guide to the eye.

For the evaluation of the finite dose model for an aqueous vehicle system, mass balances of CAF over
time in different skin compartments (VEH, SC, DSL, ACC) have been experimentally determined and
predicted by simulation3. The difference between the predicted and experimental data in the vehicle
compartment corresponds to the amount which are found in the lateral skin compartment, cf. Figure 2,
left3. Furthermore, we calculated concentration-depth profiles of CAF in SC at different incubation times,
cf. Figure 2, right2.
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Table 1. Input parameters of CAF (diffusion coefficients D
and partition coefficients K) for predictive simulation of
skin penetration after finite dosing in an aqueous vehicle
with 2D diffusion model2,3 (left). To model the effect of an
50% EtOH/water vehicle (i) the value of DLIP in an aqueous
vehicle is increased six times (bold), or (ii) the value of
KLIP/VEH is increased ten times (bold), cf. Table 1, right,
and Figure 5.
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Furthermore, we calculated concentration-SC-depth profiles of CAF at different incubation times using the
CAF parameter data for an aqueous vehicle (cf. Figure 7, left) and the assumed CAF parameter data for an
50% EtOH/water vehicle, i.e., (i) six times increase of the lipid-diffusion coefficient DLIP (cf. Figure 7,
middle), and (ii) ten times increase of the lipid-vehicle partition coefficient KLIP/VEH (cf. Figure 7, right).
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Figure 6. Mass profiles over time in different skin compartments (VEH, SC, DSL, ACC). The plots show predicted data of the
finite dose study for CAF (Erlangen model) for an aqueous vehicle (cf. Table 1, left) . Furthermore, the values of DLIP and
KLIP/VEH have been increased by a factor of 6 and 10, respectively (cf. Table 1, right) to simulate the effects of an 50% EtOH/
water vehicle on CAF skin penetration. The calculated data are connected with lines which serve as a guide to the eye.
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Figure 1. 2D model geometry (Erlangen
model) of human SC (Stratum corneum)
and DSL (Deeper skin layers) with vehicle
compartment (VEH) for simulation of
finite dose experiments (not to scale)2,3.
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A predictive two-dimensional mathematical diffusion model describing the transient transdermal
penetration of non-volatile substances after finite dosing in an aqueous vehicle system has been
presented recently2,3. This mathematical model has been used to model the effect of an 50% EtOH/water
vehicle on transient skin penetration of CAF. For this, the thickness of the model skin membrane was
changed to ~0.9 mm (Erlangen model) instead of ~3.0 mm in the original model (Saarbruecken model) to
fit with the experimental procedure9. The impact of skin thickness on skin penetration of CAF and FFA
has been calculated and is shown in Figure 3.
The model geometry of the mathematical diffusion model is depicted in Figure 1. The input parameters of
CAF for the finite dose study were previously derived from infinite dose experiments in an aqueous
vehicle system4. These input parameters are the diffusion coefficients of the lipids (DLIP), the corneocytes
(DCOR), and the deeper skin layers (DDSL) as well as the partition coefficients between lipid and vehicle
(KLIP/VEH), corneocytes and lipids (KCOR/LIP), and deeper skin layers and lipids (KDSL/LIP). The diffusion
coefficient of the vehicle (DVEH) was derived from a relationship proposed by Anderson and Raykar10. To
model the effect of an 50% EtOH/water vehicle (i) the value of DLIP is increased six times, or (ii) the value
of KLIP/VEH is increased ten times. The input parameters for CAF for an aqueous vehicle and the modelled
50% EtOH/water vehicle are shown in Table 1.
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