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Abstract

European chemical policy in general and the REACH initiative in particular will increase the number of chemical substances
submitted to toxicological evaluation by several orders of magnitude compared to the current status. To limit animal exposure
the resulting enormous increase in testing, however, asks for validated in vitro test systems. While the OECD favours in vitro testing
for cutaneous absorption using viable human and animal skin (Guideline 428) the availability of viable human skin is already limited
today.

We present a comparison of various in vitro techniques suitable for routine skin absorption studies including commercially avail-
able reconstructed human epidermis which may be a reliable alternative to excised human and animal skin. In order to develop a
protocol for the subsequent transfer to partner laboratories the experimental set-up was analysed stepwise using the OECD refer-
ence compounds caffeine and testosterone. Franz cell type, the donor and receptor media for hydrophilic/lipophilic substances, albu-
min and tensid addition, and storage conditions of the excised skins were systematically varied. A protocol has been developed
which now allows to proceed to the pre-validation process.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Percutaneous uptake is of high relevance in the risk
assessment of various types of chemicals. For the appli-
cation of pesticides it was estimated that about 90% of
the total exposure concerns the skin (Lundehn, 1992;
Van Ravenzwaay and Leibold, 2004). The estimation
of percutaneous absorption of compounds using excised
human or animal skin is widely accepted (for review see:
Simon and Maibach, 2000; Hadgraft, 2001) for the tox-
icological risk assessment (for review see: Mattie et al.,
1994; Poet and McDougal, 2002). It is also relevant
for the development of drugs (for review see: Moser
et al., 2001; Bauerova et al., 2001) and safety assessment
of cosmetics (for review see: Indans, 2002; Diembeck
et al., 1999). Recently, the OECD adopted Test Guide-
line 428 (OECD, 2004a) and a corresponding Guidance
Document 28 (OECD, 2003) for in vitro testing which is
based on the use of viable human, rat and pig skin.
Moreover, in parallel another Test Guideline 427 has
been adopted for in vivo testing (OECD, 2004b). Con-
sidering the European Centre for the Validation of
Alternative Methods (ECVAM) criteria these guidelines
are based on retrospective validation of data sets gener-
ated before (Hartung et al., 2004). In about 1990 recon-
structed epidermis became commercially available and
the use of these tissues has been approved by the OECD
for skin corrosivity testing (OECD, 2004c). Possibly,
reconstructed epidermis can be used also for the deter-
mination of percutaneous uptake. However, this re-
quires a thorough validation of their applicability
which started with financial support of the 5th Frame-
work Programme of the European Commission (Lotte
et al., 2002; Dreher et al., 2002). Huggins additionally
stresses the need for validation of alternative methodol-
ogies in general (Huggins, 2003).

Recent changes in the European chemicals policy
(REACH) were the major stimulus to enter into a vali-
dation process. In the near future, within 15 years, all
existing chemicals which have not been notified with
documented toxicological profiles will have to be as-
sessed. This will amount to a total number of about
30,000 substances (Hofer et al., 2004). Under REACH,
more emphasis will be given to a tailor-made testing
program taking into account human exposure. There-
fore, assessment of skin absorption will become more
important. In addition to that, in the Scientific Commit-
tee on Cosmetic Products and Non-Food Products in-
tended for Consumers (SCCNFP)’s Notes of Guidance
skin absorption is of high relevance (SCCNFP, 2003).
The 7th Amendment to the EC Cosmetic Directive pro-
hibits the performance of animal testing of cosmetic
products and their ingredients, making validated in vitro
skin absorption tests inevitable (EC, 2003). The present
sources for excised human skin from surgery, however,
are not at all sufficient to cover this need. Therefore, ani-

mal skin mainly from rat and pig is used instead. The
OECD Guidance Document 28 (OECD, 2003) states
that reconstructed epidermis may be used, too, given
equivalency is proven. Given so, not only penetration
and permeation studies can be run in human skin mod-
els, but also the data can be directly compared to the re-
sults of other approved tests based on reconstructed
epidermis.

A lot of effort has lately been put into the evaluation
of skin models for absorption studies. A formal valida-
tion, however, is lacking. Dreher et al. (2002) compared
the bioavailability of caffeine and a-tocopherol from
different vehicles in skin models (EpiDerm™ and
EPISKIN®) and excised human skin. Except for alco-
hol-containing vehicles, the rank order of solute perme-
ability was similar. Uptake of estradiol via another
commercially available skin model (SkinEthic®) was
compared with uptake from porcine skin and the per-
fused porcine forelimb (Mahmoud et al., 2005), while
cream and a lipid-based drug carrier system were com-
pared with respect to glucocorticoid and antiandrogen
uptake and targeting (Santos Maia et al., 2002; Sivara-
makrishnan et al., 2004; Miinster et al., 2005). Further-
more, reconstructed skin models have been well
characterized and compared to human skin ex vivo with
respect to their morphological characteristics and epi-
dermal lipid composition (Ponec et al., 2002). The less
developed barrier function of the skin models may
explain differences observed in penetration data using
alcohol-containing vehicles (Dreher et al., 2002;
Mahmoud et al., 2005). For percutaneous permeation
and skin absorption, the above mentioned epidermis
models EpiDerm™, EPISKIN® and SkinEthic®
showed greater reproducibility within one lot than be-
tween different lots. The reproducibility was dependent
on the lipophilicity (logP) and other physicochemical
parameters of the investigated substances (Lotte et al.,
2002). In another project, intralaboratory variation of
uptake via the SkinEthic® model was compared by se-
ven independent laboratories using benzoic acid, caf-
feine and testosterone (Heylings et al., 1998).

Van de Sandt et al. performed an international ring
trial in 10 independent laboratories with the OECD test
substances benzoic acid, caffeine and testosterone in
human and rat skin defining inter- and intralaboratory
variation. They came to the conclusion that the in vitro
methodology for assessing skin absorption is relatively
robust and therefore independent of the experimental
conditions. They focused on human skin and did not
evaluate reconstructed epidermis (Van de Sandt et al.,
2004). Suhonen et al. (2003) reported a good correlation
of the permeability characteristics of an organotypic epi-
dermal culture model derived from a rat epidermal
keratinocyte cell line and isolated human cadaver epi-
dermis by testing 18 compounds covering a large range
of physicochemical parameters.
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In order to prepare for a formal validation study
comparing the uptake of chemicals by reconstructed epi-
dermis to uptake in human and animal skin, experi-
ments were performed to set up a standard protocol
for the subsequent transfer to the partner laboratories.
To allow a broad comparison of our data to those estab-
lished previously, experiments were run using the Franz
cell technique and the OECD reference compounds caf-
feine and testosterone (OECD, 2003).

2. Materials and methods
2.1. Materials

Caffeine [58-08-2], testosterone [58-22-0], bovine
serum albumin fraction V (BSA) [9048-46-8], 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) [298-93-1], sodium chloride [7647-14-5], potas-
sium dihydrogen phosphate [7778-77-0], disodium
hydrogen phosphate [7558-79-4], potassium chloride
[7447-40-7], ethanol [64-17-5], glycerol [56-81-5], Igepal®
CA-630 ([octylphenoxy]polyethoxyethanol) [9043-52-1],
MIGLYOL® 812 (medium chain triglycerides) [9043-
52-1] and propylene glycol [57-55-6] were obtained from
Sigma (St. Louis, MO), 1,2,6,7-*H-testosterone (100 Ci/
mmol) [6384-79-8] from Amersham (Freiburg, Ger-
many) and l-methyl-'"*C-caffeine (51.2 mCi/mmol)
[77196-81-7] from Perkin Elmer Life Sciences (Boston,
MA). The radiochemical purity of caffeine and testoster-
one was checked by thin layer chromatography before
use and was found to be greater than 95%. Stock solu-
tions of testosterone (10 mg/ml) in ethanol kept at
4 °C were stable for at least 4 weeks. Scintillation cock-
tail (Optiphase Supermix) was purchased by Wallac
(Turku, Finland). Donor solutions of caffeine (1% or
0.1%) and testosterone (1% or 0.004%) were prepared
by dissolving caffeine in purified water or PBS (phos-
phate buffered saline, pH 7.4) and testosterone in 96%
ethanol, an ethanol/MIGLYOL® 812 (10/90 v/v) mix-
ture or in 2% Igepal® CA-630 in PBS, respectively.
These solutions were spiked with labelled caffeine/testos-
terone, respectively, to achieve a total radioactivity of
37kBq (=20.9 kBg/cm®) per Franz cell. The dialysis
membrane (mw-cutoff 10,000, very high permeability)
was obtained from Diachema (Miinchen, Germany),
biopsy punches (diameter: 4 mm and 8§ mm) from Stiefel
(Offenbach, Germany). All other reagents were obtained
from Merck (Darmstadt, Germany) and were of the
highest quality available.

The reconstructed epidermis (SkinEthic® and Epi-
Derm™) was purchased by Laboratoire SkinEthic
(Nice, France) and MatTek Corp. (Ashland, MA),
respectively. Porcine skin was excised from the abdomen
and the back of pigs of the breed “Deutsche Landrasse
Hybride™ at a local abattoir being able to avoid the pro-

cedure of soaking the cadaver in boiling water. Human
skin (abdomen or breast) was obtained from females
aged 20 to 62 years subjected to cosmetic surgery. Placed
in ice-cold cloth skin was transferred to the laboratory
immediately taking care to avoid contamination of the
surface by subcutaneous lipids. After trimming for fat
and connective tissues cryoconserved pig and human
skin was obtained by freezing at —25°C for at least
24 h, not exceeding 6 months of storage.

2.2. Methods

2.2.1. Permeation experiments

Full thickness skin (1000 £ 100 um) was prepared
from fresh and cryoconserved skin using a Derma-
tome™ (Aesculab, Tuttlingen, Germany) and circles
of 25 mm diameter were punched out. Epidermis was
separated from cryoconserved human skin by heating
the punched skin to 60 °C for 60-90 s in a water bath.
The human epidermis sheet was carefully removed by
forceps and transferred to a supporting dialysis mem-
brane (previously soaked in water for 24 h, then in the
receptor medium for 1 h). The reconstructed epidermis
was used for the experiments within 24 h after delivery
according to the recommendations of the manufactur-
ers: after delivery the EpiDerm™ model was stored at
4 °C overnight. The next morning it was removed from
nutrient agar and placed into a six well-plate previously
filled with maintenance medium. The plates were kept at
37°C and 5% CO, for 1h before starting the experi-
ment. The SkinEthic® model was removed from nutrient
agar directly after the delivery and placed into six-well-
plates previously filled with maintenance medium for
overnight storage in an incubator at 37 °C and 5% CO,.

Thousand micrometer human and porcine skin, heat
separated as well as reconstructed epidermis were
mounted into Franz cells of 15 mm in diameter and of
12 cm® volume of the receiver chamber (PermeGear,
Bethlehem, PA, USA), the stratum corneum facing the
air and the dermis or the supporting membrane of
the skin model or isolated epidermis in contact with
the receptor medium. All skin types were visually in-
spected for integrity after equilibration before starting
the experiment. Skin surface temperature was main-
tained at 32 £ 1°C by a circulating water bath. PBS
+/— 5% BSA or 0.5% Igepal® CA-630, respectively,
served as receptor media in a dynamic (flow rate 8 ml/
h) or static setting. With the latter 4 or 0.4 ml medium
were withdrawn for analysis and replaced by fresh med-
ium each hour. Receptor medium was magnetically stir-
red (magnetic stirrer Ikamag® RO 5 power, IKA,
Germany) at a rate of 500 rpm. After equilibration for
30 min and sampling the appropriate amount of recep-
tor medium as blank value, 282.5 pl/cm? of the 1% or
0.1% donor solution of caffeine or 1% or 0.004% donor
solution of testosterone was applied to the skin surface
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for 6 h or 24 h. The 1% concentrations were chosen as a
first approach for future HPLC analytics. Due to solu-
bility problems of testosterone in an aqueous medium
suitable for all substances the concentration was then re-
duced and a lower caffeine concentration was studied,
too. Receptor fluid was collected repeatedly for up to
24 h for analysis of the substances. For the viability
assay and histological examination, 4 mm or 8 mm
punch biopsies of the skin samples were taken immedi-
ately after the experiment.

2.2.2. Viability assays

In parallel to permeation of the substances viability
of punch biopsies of the reconstructed human epidermis
was measured by MTT-test as described (Mosmann,
1983; Liebsch et al., 2000). Moreover, viability of the tis-
sues was also determined after the stratum corneum was
exposed to 11.3 pl/cm? of increasing concentrations of
Igepal® under conditions of skin cultivation as sug-
gested by the manufacturer. Formazan formation was
quantified at 540 nm and 570 nm, respectively, using iso-
propanol as blank. The data are expressed as [%] of PBS
treated control, which was set 100%. Moreover, other
punch biopsies of skin and reconstructed epidermis
pre-fixed in Karnovsky solution at 4-8 °C for transport
were embedded in epoxy resin (Luft, 1961). Slices of
I um were prepared and stained with 1% pyronin
G/1% toluidine. An observer blind inspection by light
microscopy and classification according to a 8 point his-
tological score describing the degree of damage
followed.

2.2.3. Analysis

Specimens sampled for analysis of the substances
were stored at —80 °C until analysed. Caffeine and tes-
tosterone concentrations in the receptor medium were
quantified by scintillation counting (Microbeta Plus,
Wallac, Turku, Finland). To overcome the quenching
effect of BSA or media components calibration curves
were obtained dissolving the spiked substance in identi-
cal solvents.

2.2.4. Statistics and data analysis

Human skin, pig skin and heat separated epidermis of
three donators and reconstructed epidermis of three
batches were used for experiments which were each per-
formed in triplicate or duplicate. Permeated substance is
given as pg/cm? skin surface. The permeability constant
was calculated as described (Jaeckle et al., 2003; Moss
et al., 2002) assuming equal conditions, i.e. constant skin
thickness and diffusion area of the skin resulting in an
equation only consisting of the slope of the linear por-
tion of the permeation curve divided by the applied
donor concentration (K, (permeability constant) = [V/
A * C]*dCa/de). It is expressed as cm/h where V is
the volume of the receiver chamber (12 cm®), A4 the area

of the skin surface exposed to the receptor medium
(1.768 cm?), C; the initial concentration of the applied
substance in pg/em® and dCa/dr represents the increas-
ing concentration of the substance in the receptor med-
ium with increasing time. Sink conditions were also
tested by total permeation of the test substances into
the receptor medium which should not exceed 10% of
the saturation solubility (SCCNFP, 2003). In fact, a lin-
ear increase of the testosterone concentration in the
receptor medium was seen despite of the fact that the
concentration in some cases (with ethanol/MIGLYOL®
812 (10/90 v/v) serving as donor medium) exceeded 10%
of the saturation solubility. In all other experiments,
sink conditions were guaranteed.

All data are presented as the arithmetic mean val-
ues *+ standard deviation (mean * SD). When indicated
in the figure legends, significance of differences was ana-
lysed using Shapiro-Wilk, F-test and Student’s z-test or
Welch-test if necessary, p < 0.05 was considered to be
significant.

3. Results

Since the OECD Guidance Document 28 (OECD,
2003) implicates that reconstructed epidermis will also
be available for uptake studies given comparable results
are to be obtained, we aimed to identify a test protocol
promising for future interlaboratory validation experi-
ments. Moreover the protocol should be as strictly
defined as possible. Since the OECD Guidance Docu-
ment 28 allows the use of the static and dynamic Franz
cells permeation was compared using both approaches.
Since permeation of the substances did not differ (Fig.
1) as Van de Sandt et al. (2004) also showed, handling
and costs resulted in the final decision for the static
set-up for the following experiments.

permeation (ug/cm?)

time (h)

Fig. 1. Comparison of permeation from 1% solutions using the static
(open symbols) and dynamic (filled symbols) approach. Permeation of
radiolabelled caffeine (in PBS, squares) and testosterone (in
MIGLYOL® 812/ethanol (90/10 v/v), triangles) with PBS serving as
receptor compartment was measured using the SkinEthic® model
inserted into Franz cells. The data represent the mean values = SD
from three independent experiments (three batches, each run in
triplicate).
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permeation (ug/cm?)

time (h)

Fig. 2. Influence of the addition of 5% BSA (filled symbols) to the
receptor fluid (PBS) on the permeation of caffeine (1%) solution in PBS
(squares) and testosterone (1%) in MIGLYOL® 812/ethanol (90/10
vlv, triangles); open symbols = PBS alone. Permeation was measured
using the SkinEthic® model. The data represent the mean values + SD
from three independent experiments (three batches, each run in
triplicate). Increased permeation of testosterone to the BSA-containing
receptor fluid compared to PBS alone was considered to be significant
(p <0.05).

Next the influence of the composition of the receptor
medium on the permeation was tested. Because of re-
stricted solubility testosterone permeation should be
limited, if PBS serves as receptor medium. In order to
overcome solubility restrictions, 5% BSA was added to
the receptor medium according to the recommendations
of the OECD (2003). As to be seen from Fig. 2, testos-
terone permeation more than doubled in the presence of
5% BSA (permeation after 6 h: 3.2% (90.7 pg/cm?) with
PBS and 7.9% (223.8 pg/cm?) with addition of 5% BSA;
p < 0.05) while it had no influence on permeation of the
hydrophilic compound caffeine (permeation after 6 h:
28.5% (804.1 ug/lcm?) with PBS and 29.3% (826.6 pg/
cm?) with addition of 5% BSA). Since the addition of
BSA to the receptor medium was denied by one of the
future project partners because of analytical reasons
when using HPLC, other solubilizers besides BSA were
tested as well. Yet the addition of 0.5% of the non-ionic
surfactant Igepal® to the receptor medium resulted in an
inconsistent pattern of influence on permeation with re-
spect to the different substances and tissues. Moreover,
the viability of the EpiDerm™ model declined by about
85% (Table 1) when the receptor medium contained
0.5% Igepal®. Therefore, also the use of Igepal® in the

Table 1

Influence of the solubilizer Igepal® in receptor and donor media on
the viability of the reconstructed epidermis model EpiDerm™ after
exposure for 6 h in the Franz cell

Igepal® [%] in the 0 2 0 2
donor medium
Igepal® [%] in the 0 0 0.5 0.5

receptor medium

Viability (%) 1000 77%£193 15+139

The skin samples not treated with Igepal® served as control and were
set 100%. The data represent the mean values + SD from skin samples
from three independent batches.

5%£0.1

receptor medium was omitted in further experiments.
Instead we decided for a major decrease in the testoster-
one concentration which was now adjusted to the solu-
bility in PBS. This also helped to overcome solubility
problems in the donor medium.

While the OECD Guidance Document 28 favours the
use of viable human skin for the permeation tests, skin
from other species (preferentially pig skin) and non-via-
ble skin are accepted, too (OECD, 2003). Therefore, we
are obliged to relate our data generated with the recon-
structed epidermis to those generated with human and
porcine skin. First we evaluated the influence of freezing
the skin and the influence of the anatomic region of
withdrawal of porcine skin on permeation of the test
substances. As to be expected (Harrison et al., 1984)
cryopreservation was of no relevance to the flux of the
test compounds (Fig. 3) and we can state that the use
of cryopreserved skin is convenient for uptake studies.
Moreover, also the withdrawal region of the skin is of
minor importance (Fig. 4). For all further experiments,
we decided for porcine skin from the back and for the
use of cryopreserved human and porcine skin due to fea-
sibility. Human skin permeability of heat separated epi-
dermis sheets and full thickness skin were also very close
for testosterone, while caffeine permeation was 4.7 times
more efficient through heat separated epidermis as com-
pared to full thickness skin. This difference, however,
failed to be significant because of the very high variation

250

(A)

permeation (ug / cm?)

time (h)

NG

permeation (ug/cm?)
w

0 T T T

time (h)

Fig. 3. Influence of freezing on the permeation of (A): 1% caffeine
solution in PBS with PBS serving as receptor compartment and (B): 1%
testosterone in MIGLYOL® 812/ethanol (90/10 v/v) with PBS + 5%
BSA serving as receptor compartment. Permeation was measured
using back skin (pig, 1000 um) both fresh (open symbols) and
cryopreserved for 24 h to 6 months at —20 °C (filled symbols). The
data represent the mean values = SD from three independent experi-
ments (three donators) each run in triplicate.
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(A)

permeation (ng/cm?)

permeation (1g/cm?)
N

[oF' T T T
0 1 2 3 4 5 6
time (h)

Fig. 4. Comparison of permeation using different anatomic regions of
withdrawal of cryopreserved porcine skin: abdominal (open symbols)
and back (filled symbols) skin. Solutions of 1% caffeine in PBS with
PBS serving as receptor compartment (A) and 1% testosterone in
MIGLYOL® 812/ethanol (90/10 v/v) with PBS + 5% BSA serving as
receptor compartment (B) were used for permeation. The data
represent the mean values = SD from three independent experiments
(three batches) each run in triplicate.

(Fig. 5) owed to one abdominal skin sample in this sin-
gle experiment of otherwise only breast skin samples
which increased the total permeation and of course the
variability. Without these data not even the tendency
of an increase is to be seen.

Next, we evaluated the influence of the donor med-
ium on the permeation. Hydrophilic substances freely
soluble in water can be applied in isotonic buffer solu-
tions. Highly lipophilic substances, however, are often

permeation (ug/cm?)

time (h)

Fig. 5. Comparison of the permeation using differently treated human
skin: heat separated epidermis (open symbols) versus full thickness
skin (filled symbols). Solutions of caffeine (1%) in PBS with PBS
serving as receptor compartment (squares) and testosterone (1%) in
MIGLYOL® 812/ethanol (90/10 v/v, triangles) with PBS + 5% BSA
serving as receptor compartment were used for permeation. The data
represent the mean values = SD from three independent experiments
(three donators, each run in triplicate). Permeation of caffeine and
testosterone through heat separated compared to full thickness skin
was not considered to be significantly different.

dissolved in non-physiological solvents which may influ-
ence the integrity and viability of the skin. Here we com-
pared the permeation of testosterone dissolved in
ethanol 96% and in ethano/MIGLYOL® 812 (10/90
v/v) through the SkinEthic® model. Using pure ethanol
as a solvent testosterone permeation amounted to about
20% of the permeation applying a solution in ethanol/
MIGLYOL® 812 (Fig. 6A; p < 0.05). The permeation
after 6 h was 1.6% (46.1 pg/cm?) with ethanol 96% and
7.9% (223.8 pg/lem?) with ethano/MIGLYOL® 812
(10/90 v/v). Adding the solubilizer Igepal® (2%) to
PBS (at a reduced testosterone donor concentration of
0.004%) increased permeation through the EpiDerm™
model compared to the PBS solution (Fig. 6B; p <
0.05). After 6h 4.4% (0.5 pg/em?) of testosterone was
recovered from the receptor medium when dissolved in
PBS but 24.2% (2.9 pg/em?), if 2% Igepal® was added.

N
o
S

300

200

100

permeation (ug/cm?)

time (h)

permeation (ug/cm?)
N

0 1 2 3 4 5 6
time (h)
1200 -~
£
(3]
4
c
o
©
o
£
)
o
0 T T T T T ]
0 1 2 3 4 5 6
time (h)

Fig. 6. Influence of the donor composition on the skin permeation.
Testosterone permeation through the SkinEthic® model (A) was
significantly less (p < 0.05) if a 1% solution in ethanol (96%, diamonds)
was applied as compared to a 1% solution in MIGLYOL® 812/ethanol
(90/10 v/v, triangles). While testosterone (0.004% in PBS, open circles)
permeation through the EpiDerm™ model was significantly increased
(p < 0.05) by 2% Igepal® (filled circles) (B), this was not true with
caffeine. Solutions of caffeine (1%) in PBS without (open squares) or
with 2% Igepal® (filled squares) were tested (C). The data represent the
mean values = SD from three independent experiments (three batches/
donators, each run in triplicate).
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Since permeation of the hydrophilic compound caffeine
should not be influenced by the solubilizer, this is an
appropriate test to evaluate the influence of the solubi-
lizer on the integrity of the skin barrier. This way toxic
effects and other interferences of the solvent/solubilizer
on the skin and skin models can be revealed. Fig. 6C
hints at an interference of 2% Igepal® because of the re-
duced caffeine permeation, although the differences
failed to become significant. This might be connected
with the Igepal® toxicity to reconstructed epidermis ob-
served in the MTT-test (Table 1) and by histological
evaluation. The skin damage, however, is less severe
than if Igepal® is added to the receptor medium or to
both receptor and donor medium. Viability declined
by about 23% with Igepal® in the donor medium com-
pared to a decline of about 85% with Igepal® in the
receptor medium and 95% with Igepal® in both receptor
and donor medium. To verify Igepal® toxicity we also
measured the viability of the EpiDerm™ model follow-
ing 24 h exposure to different concentrations of Igepal®
(0.5%, 1%, 2%, 4%, 5%, 20%) in the donor compartment
in transwells. The lowest concentration of the solubilizer
already affected the viability of the epidermis model,
decreasing it to about 13%. Higher concentrations
showed stronger effects. In contrast to reconstructed epi-
dermis, adding Igepal® to the donor solution applied to
porcine skin did not influence caffeine permeation (data
not shown). At low concentrations Igepal® added to the
donor medium appears tolerable and can be used for
the application of highly insoluble test substances at
the lowest concentration possible.

Extended lag-times in permeation experiments with
human and porcine skin have been reported in the liter-
ature (Lotte et al., 2002; An et al., 2003). Considering
this fact and to exclude our data obtained with human
and pig skin lying in the lag-phase we also performed
experiments with prolonged exposure periods (24 h) in
all skin types and skin models. Because of an increased
number of measuring points due to a longer duration of
the experiments we were enabled to make an accurate
determination of lag-times and permeation parameters.
After defining the linear portion of the permeation curve
(Cooper and Berner, 1985) the lag-time describes the

Table 2

intersection of the accordant regression line with the
x-axis. For infinite dose applications as in our case, K,
represents the rate at which a substance penetrates the
skin under steady-state conditions (Nokhodchi et al.,
2003). Due to saturation effects with the extended test
period, negligible lag-times of less than one hour in
the skin models (Table 2) and including viability data,
we decided for a shorter exposure (6 h) in further studies
with these models. Heat separated epidermis showed
very short lag-times with both caffeine and testosterone.
In contrast to that, we observed lag-times of up to 10 h
in porcine skin (Table 2).

4. Discussion

To prepare for a large scale validation study for the
use of reconstructed epidermis in routine skin absorp-
tion tests with maximal success, several pretrial studies
are necessary. Test conditions have to be optimized step-
wise and harmonized in the partner laboratories. Only
with strictly controlled experimental conditions variabil-
ity due to the different test materials will become serious.
For this purpose we selected two substances widely dif-
fering in their lipophilicity, caffeine (log P = —0.01) and
testosterone (log P = 3.32). Both substances are exten-
sively studied in penetration and permeation studies
(Lotte et al., 2002; Dreher et al., 2002; Potard et al.,
1999; Dias et al., 1999; Hueber et al., 1994) and are
therefore recommended as reference substances by the
current OECD Guidance Document 28 for skin absorp-
tion studies (OECD, 2003). Since permeability of a test
matrix is most precisely quantified by the permeability
constant we decided for infinite dose experiments
although these do not reflect actual experience. Finite
dose experiments will be performed at the end of the vali-
dation study.

One of the first experiments was the evaluation of the
differences between the static and dynamic Franz cell ap-
proach. Calculating the amount of the permeated sub-
stances resulted in almost identical curve progressions
(Fig. 1) irrespective of the used Franz cell type, which
fully agrees with existing literature (Bosman et al.,

Permeation parameters of different skin types obtained from 24 h permeation experiments with 0.1% caffeine in PBS or 0.004% testosterone in

PBS + 2% Igepal® serving as donor and PBS serving as acceptor medium

Skin type Caffeine Testosterone

K, x 107> [cm/h] Lag-time [h] K, x 10~ [cm/h] Lag-time [h]
Human epidermal sheet 7.6 9.4 0.03
Porcine skin 31.7 11.5 7.63
EpiDerm™ 176.4 122.4 0
SkinEthic® 777.6 212.4 0.01

0.4 ml medium was withdrawn and replaced each removal time. The data represent the mean values from three independent experiments (three

batches, each run in duplicate).
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1998; Van de Sandt et al., 2004). Because of higher con-
centrations of permeated substance into the receptor
fluid using the static model, the analytical variability de-
clines. Moreover, taking also expenses for the experi-
ment into consideration, the preference was given to
the less error-prone and more economic static approach.

In the next series of experiments the appropriate
receptor media were identified. Since we aimed at the
establishment of a routine test for percutaneous absorp-
tion only, tissue viability is not a matter of concern. We
decided in favour of simple and inexpensive media
which also avoid analytical problems occurring quite
frequently in the case of complex media. While hydro-
philic substances such as caffeine do not show solubility
restrictions, there is a risk to violate the sink conditions
if flux is high (Bosman et al., 1998). Decreasing perme-
ation with proceeding incubation time is a sign for this
violation and should be looked over carefully especially
when testing lipophilic substances. The recommended
addition of 5% BSA (OECD, 2003) to the receptor med-
ium increased the flux of testosterone several times (Fig.
2). Since, however, BSA may induce analytical problems
with respect to online monitoring of the amount of per-
meated substances, the alternative solubilizer Igepal®
was also tested for suitability. Morphology of skin and
skin models which were exposed to Igepal® especially
in the receptor medium showed clear signs of damage
(data not shown). This is well explained by the close
contact of the solubilizer to viable cells on the dermal
side. Therefore, addition of Igepal® to the receptor med-
ium cannot be advocated. Instead the use of 5% BSA is
to be preferred, if the analytics will permit its addition.
Alternatively, the concentration of the applied substance
might be lowered by several orders of magnitude in
order to avoid the risk of solubility restrictions in PBS
as receptor medium. We decided for the second way to
avoid albumin-caused analytical problems occurring
in partner laboratories using online HPLC-technique.
Therefore, the concentration of applied testosterone
was reduced to 0.004%.

Of additional interest is the comparison of perme-
ation via heat separated human epidermis and human
full thickness skin which contains dermis as well. With
the skin of each donator experiments were performed
in parallel. Neither caffeine nor testosterone showed sig-
nificant differences in the flux data (Fig. 5), stressing the
known fact that the main barrier is the stratum corneum
(Regnier et al., 1993). In contrast to the literature (Cross
et al., 2003) the additional barrier of the dermis for lipo-
philic compounds was not detected here.

A very delicate question is the selection of an appro-
priate donor solution in the case of lipophilic substances.
To enable dissolution of the lipophilic substances in
water-based solvents, solvents or solubilizers have to be
introduced. With increasing concentrations there is an
interference with the highly ordered intercellular lipid

structure of the stratum corneum (Krishnaiah et al.,
2002), and consequently the barrier function decreases
(Goto et al., 1993; Levang et al., 1999). This, however,
applies to topical treatment of skin diseases as well and
is often even intended in order to increase the uptake
rate. Therefore, when comparing different matrices for
their suitability for permeation experiments the amount
of solvent or solubilizer has to be carefully balanced ver-
sus the toxic effects on the skin against the background of
intended use of the substance. Compromises have to be
made according to the wanted effects. Keeping in mind
the 24 h viability data with Igepal® even after the optimal
storage (exposition to culture medium in the transwell
system) we decided for the addition of 2% Igepal® to
the donor medium in case of testosterone application
to reach adequate solvation. Taking together negligible
lag-times and high flux data allowing to obtain sufficient
data with 6 h permeation experiments make skin models
elegant tools for routine testing of percutaneous absorp-
tion. The extended lag-time we observed in pig skin is
probably due to modified experimental conditions (de-
creased concentration of donor solution; different vehicle
in the donor solutions and different volume of with-
drawal) in comparison to the 6 h experiment which are
again ascribed to the optimization process of the meth-
ods resulting in a stepwise change of the test conditions.
Experiments with porcine skin and heat separated
human epidermis will therefore be run with prolonged
exposure times of 24 h.

Now we will proceed with the formal validation study
for testing the applicability of reconstructed epidermis
models in skin absorption studies. The test conditions
which are fixed in standard operating procedures will
be transferred to the partner laboratories for further
testing.
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