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ARTICLE INFO ABSTRACT

Editor: Dr Hyo-Bang Moon In this study, we determined partition (Ksc,,) and diffusion (D) coefficients of five different polycyclic aromatic
hydrocarbons (PAH) migrating from squalane into and through the stratum corneum (s.c.) layer of the skin.

Keywords: Carcinogenic PAH have previously been detected in numerous polymer-based consumer products, especially
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those dyed with carbon black. Upon dermal contact with these products, PAH may penetrate into and through
the viable layers of the skin by passing the s.c. and thus may become bioavailable. Squalane, a frequent ingre-
dient in cosmetics, has also been used as a polymer surrogate matrix in previous studies. Ks./m and Dy are
relevant parameters for risk assessment because they allow estimating the potential of a substance to become
bioavailable upon dermal exposure. We developed an analytical method involving incubation of pigskin with
naphthalene, anthracene, pyrene, benzo[a]pyrene and dibenzo[a,h]pyrene in Franz diffusion cell assays under
quasi-infinite dose conditions. PAH were subsequently quantified within individual s.c. layers by gas chroma-
tography coupled to tandem mass spectrometry. The resulting PAH depth profiles in the s.c. were fitted to a
solution of Fick’s second law of diffusion, yielding Kyc/m and Ds.. The decadic logarithm logKsc/m ranged from
—0.43 to +0.69 and showed a trend to higher values for PAH with higher molecular masses. Dy, on the other
hand, was similar for the four higher molecular mass PAH but about 4.6-fold lower than for naphthalene.
Moreover, our data suggests that the s.c./viable epidermis boundary layer represents the most relevant barrier
for the skin penetration of higher molecular mass PAH. Finally, we empirically derived a mathematical
description of the concentration depth profiles that better fits our data. We correlated the resulting parameters to
substance specific constants such as the logarithmic octanol-water partition coefficient logP, Ks./m and the
removal rate at the s.c./viable epidermis boundary layer.

1. Introduction Exposure to PAH is linked to several relevant toxicological endpoints.
For example, benzo[a]pyrene (B[a]P), one of the best studied PAH, can

Understanding the migration of polycyclic aromatic hydrocarbons cause reproductive toxicity (Mackenzie and Murray Angevine, 1981),
(PAH) from consumer products through the skin is of key importance to immune system suppression (Hardin et al., 1992), genotoxicity (Brink-
support risk assessment of this ubiquitous class of contaminants. mann et al., 2012) and cancer (Rota et al., 2014), among other adverse
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concentration; DB[a,h]P, dibenzo[a,hlpyrene; Dy, diffusion coefficient in the stratum corneum; EFSA, European Food Safety Authority; FDC, Franz diffusion cell; GC-
MS/MS, gas chromatography coupled to tandem mass spectrometry; H, total thickness of stratum corneum; IARC, International Agency for Research on Cancer; K. /m,
partition coefficient between stratum corneum and medium; logP, octanol-water partition coefficient; LOQ, limit of quantification; M, molecular mass; OECD, Or-
ganization for Economic Co-operation and Development; PAH, polycyclic aromatic hydrocarbons; s.c., stratum corneum; SCCS, Scientific Committee on Consumer
Safety; SD, standard deviation; SI, supporting information; ¢, time; x, depth in stratum corneum; o, residual standard deviation.
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conditions (Collins et al., 1998). The International Agency for Research
on Cancer (IARC) classifies B[a]P as a class 1 carcinogen, whereas many
other PAH are considered to be possibly carcinogenic to humans (IARC,
2010; TARC, 2018). Multiple regulations have limited the amount of
PAH in consumer products (Regulation (EC), 2006: Regulation (EU)
2013), although there is no safe exposure level for genotoxic carcinogens
(BfR, 2019). Unfortunately, PAH are still detectable in certain com-
modities made of synthetic polymers, such as tools and toys (Alawi et al.,
2018; Bartsch et al., 2017).

Upon dermal contact, these PAH have been shown to migrate
through the stratum corneum (s.c.) into viable human skin layers, where
they potentially become bioavailable (Bartsch et al., 2016). Most
studies, however, investigated skin uptake from aqueous matrices (Luo
etal., 2020; Roy et al., 2007; Sousa et al., 2022) or organic solvents such
as acetone (Moody et al., 1995, 2011; Ng et al., 1991; Sartorelli et al.,
1998), which are only of limited relevance for PAH exposure from
consumer products. To the best of our knowledge, concentration profiles
of these substances in the s.c. after dermal exposure have never been
reported. Accordingly, we decided to study skin penetration of PAH
from squalane. Squalane is a suitable surrogate for aliphatic polymers
that has been used previously to investigate the stability of polymer
additives (Barret et al., 2002; Soebianto et al., 1993; Bartsch, 2018;
Beilmann et al., 2014). It is highly lipophilic (calculated octanol-water
partition coefficient logP = 15.6, Octanol-Water Partition Calculation,
2021) and resembles an extended and branched alkyl chain (Zafar and
Chickos, 2019). Furthermore, it is frequently used as an ingredient in
cosmetic articles, such as anti-aging creams, lotions and shampoos
(Bergfeld et al., 2019; Kim and Karadeniz, 2012).

Upon first contact of a substance with the skin, partitioning occurs
from the applied medium into the s.c., the outermost layer of the skin
representing a crucial barrier for skin penetration (Sousa et al., 2022).
This process is described by the partition coefficient K./, which is
defined as the ratio of the concentration in the s.c. (c,) to the concen-
tration in the medium (c,,; here: squalane) at chemical equilibrium.
Ksc/m is strongly dependent on the physicochemical properties of the
medium in which the substance of interest is applied to the skin. Because
the s.c. is comparatively lipophilic (Raykar et al., 1988), lipophilic
substances are expected to have a higher partition coefficient, as was
shown exemplarily by Rothe et al. (2017) for partitioning from aqueous
media.

Partitioning of a substance into the upper most layer of the s.c. is
followed by diffusion into deeper layers. This process is governed by
Fick’s (1855) laws of diffusion. The second law describes the concen-
tration profile of a substance in a medium as a function of time:

2
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where ¢, is the concentration at depth x of the s.c. and time t, and Dy is
the diffusion coefficient in the s.c. Dy is a measure of how fast a sub-
stance will move through the s.c. and reach the viable epidermis, where
it will potentially become bioavailable.

In silico methods aiming to model partitioning and diffusion of sub-
stances through the skin crucially rely on input parameters — including
Ksym and Dy, — to predict skin permeation accurately. They can
represent helpful alternatives to tedious in vivo studies on dermal
exposure to toxic substances. However, in vitro skin permeation studies
are needed to determine realistic input parameters. The present study
contributes to this work with experimentally derived values for K. m
and Ds of highly lipophilic PAH (logP = 3.4-7.4 (de Lima Ribeiro and
Ferreira, 2003; US EPA, 2012) by employing Franz diffusion cell (FDC)
assays (Franz, 1975). We investigated partitioning and diffusion of
naphthalene, anthracene, pyrene, B[a]P and dibenzo[a,h]pyrene (DB[a,
h]P) from squalane matrices into and through the s.c. of excised pigskin.
These PAH feature molecules consisting of two to six condensed aro-
matic rings. To the best of our knowledge, this study is the first to
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measure these parameters for substances with a high carcinogenic po-
tential applied in a matrix that is relevant for real-life exposure to
polymer-based consumer products and cosmetics.

2. Methods

The following section summarizes the method applied in this work. A
detailed description can be found in the supporting information (SI,
section A.2 Method). The FDC assays were carried out with two different
incubation times (1 h and 24 h) in replicates with n = 4 (24 h: naph-
thalene, pyrene, DB[a,h]P), n = 8 (24 h: B[a]P) and n = 5 (1 h: all PAH).

2.1. Principle of the Franz diffusion cell assay

The FDC assay (Franz, 1975) is a well-established method to inves-
tigate dermal absorption (Bartsch et al., 2018; Bronaugh et al., 1981,
1986, Bronaugh and Stewart, 1984, 1986; Ng et al., 2010) and was
previously established for PAH at our institute (Bartsch et al., 2016). In
this study, the receptor chamber at the bottom of the FDC (Fig. S1)
contained bovine serum albumin (BSA; 50 mg-ml’l) in Dulbecco’s
phosphate buffered saline (DPBS). BSA is known to increase the solu-
bility of lipophilic substances in aqueous solutions, which is also its
primary function in the bloodstream (Bronaugh and Stewart, 1984;
Ellison et al., 2020, 2021; Gerstel et al., 2016). Furthermore, it can
compensate for loss of protein in the dermis, and reduce binding of PAH
to the glass surface of the receptor chamber (Ellison et al., 2020, 2021).
The BSA solution was freshly prepared before each FDC assay.

The receptor chamber is enclosed by a water jacket to regulate the
temperature at 32 + 1 °C corresponding to average skin surface tem-
perature (Lee et al., 2019). The skin was laid atop the upper opening of
the FDC so that it covered the receptor chamber. It was fixed by a donor
chamber cap and a clamp. The sample solution was added to the donor
chamber to start the incubation and the FDCs were occluded with par-
afilm. After the incubation time, the set-up was disassembled and the
compartments were analyzed for their respective analyte concentrations
individually: the donor solution was removed and the skin was taken off.
The s.c. was stripped off layer by layer with tape strips, which is a
common method to determine the concentration profile in the s.c. (Hopf
et al., 2020; Simon et al., 2023). The donor solution, the tape strips and
the remaining skin were then extracted with acetonitrile. The BSA in the
receptor solution was denatured with saturated ethanolic potassium
hydroxide, followed by extraction with cyclohexane. Deuterated inter-
nal standards were used to compensate for analyte losses throughout
sample preparation (SI, section A.2 Methods). All resulting solutions
were analyzed for their PAH content by gas chromatography coupled to
tandem mass spectrometry (GC-MS/MS).

We applied PAH at high concentrations dissolved in squalane
(saturated solution for DB[a,h]P, 500-1000 pg/ml for other PAH; for
exact concentrations, see Table S1) to the skin and incubated for 1 h and
24 h, respectively. For technical reasons, 1 h was the shortest incubation
time for which tape stripping could be performed without significant
deviations in the incubation times for individual s.c. layers. The 24 h
incubation period was chosen because at this time point the system was
considered to have approached a steady state.

2.2. Mathematical analysis and calculation

The diffusion of PAH through the s.c. was modelled with an
analytical solution to Fick’s (1855) second law of diffusion (Eq. (1)). A
solution for the one-dimensional diffusion in x-direction through a plane
sheet of thickness H,. representing the s.c. is (Herkenne et al., 2007)

X 2w 1. [jn JFDy
— —=» _ —sin x |exp| — t
H:t' T j:]] Hyc H:ZE

: (2)
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where ¢, is the concentration at a certain depth x at time t in the s.c., ¢,
is the concentration in the medium applied in the donor chamber, K; /1,
is the partition coefficient between the s.c. and the medium, Hy is the
thickness of the s.c., j is the index of the infinite series and D;. is the
diffusion coefficient in the s.c. The boundary and initial conditions are:
(i) ¢, is assumed to remain constant over the duration of the incubation
period. This is achieved by applying high concentrations close to the
solubility limit of the PAH in squalane, that is, quasi-infinite dose con-
ditions. (ii) The s.c. does not contain any analyte at t = 0 at any position
in x-direction: ¢, o = 0. This assumption is verified by including negative
controls. (iii) The viable epidermis is assumed to act as a perfect sink,
with any substance reaching the last layer of the s.c. being removed
immediately: cg,r = 0.

Ks./m and Dy, were obtained by fitting the measured concentration
profiles in the s.c. with Eq. (2). The number of terms used in the infinite
series was set to 10 000, which was considered sufficiently large to
approximate the solution. The data were analyzed using the statistical
programming language R (version 4.03), using the non-linear least
squares approach.

2.3. Infinite dose conditions

For the determination of Ky.m and Dy, the Organization for Eco-
nomic Co-operation and Development (OECD) recommends to apply
infinite dose conditions in their guidelines on skin penetration studies
employing FDC assays (OECD, 2004a, 2004b). This assures that the
concentration in the donor solution stays quasi-constant during the
course of the experiment. In consequence, steady-state conditions are
established at the boundary layer between the medium and the s.c.
(Anissimov et al., 2013). We therefore used highly concentrated solu-
tions of PAH in squalane in the present study. Naphthalene, anthracene,
pyrene and B[a]P were readily dissolved at a concentration of
1 mg-ml~! in squalane after treatment in an ultrasonic bath for 30 min
at 70 °C. Due to the lower solubility of DB[a,h]P in squalane, a solution
of 1 mg-ml™! in dichloromethane was prepared and mixed 1:1 with
squalane. Evaporation of dichloromethane under reduced pressure (50
mbar) at 55 °C in a parallel evaporation concentrator (Syncore Analyst,
Biichi, Labortechnik AG, Flawil, Switzerland, cooler set to 10 °C) yielded
a saturated solution of DB[a,h]P. Final PAH concentrations of the
applied squalane solutions were determined analytically by GC-MS/MS
(Table S1).

2.4. Skin

The skin used in the FDC assays was provided by the Charité , Uni-
versitdtsmedizin Berlin and treated as described previously (Simon
et al., 2023). Briefly, the skin was taken from the flank of female pigs,
which had been sacrificed shortly before the skin was removed in an
unrelated surgical experiment that did not affect the skin. The excised
skin was transported to our laboratory on ice, sheared, cut into pieces of
approximately 10 x 20 cm with a knife, and stored at — 20 °C before
use. The storage time did not exceed 12 months and skin integrity was
thoroughly checked by monitoring the trans-epidermal water loss in line
with OECD Guideline 428 (SI, section A.2.3 Franz diffusion cell protocol,
OECD, 2004b; Zhang et al., 2018).

Pigskin has been used as a substitute for human skin in various
previous skin penetration studies (Bartsch et al., 2016, 2018; Gerstel
et al., 2016; Herkenne et al., 2006, 2007; Rothe et al., 2017). It was
shown that pigskin does not significantly differ from human skin in
relevant penetration properties, such as lag time and diffusion of sub-
stances in the s.c. (Gerstel et al., 2016; Herkenne et al., 2006; Rothe
et al., 2017). For these reasons, the Scientific Committee on Consumer
Safety (SCCS) also recommends pigskin to be used in skin penetration
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studies (SCCS, 2010).
2.5. Thickness of the stratum corneum

The thickness of the porcine s.c. was determined histologically (SI,
section A.2.8 Determination of stratum corneum thickness). It amounted to
10.14 + 1.88 ym (mean + SD, n = 25 measurements with three bio-
logical replicates, Fig. S2). This is in line with previous studies: Blair
(1968) found a thickness of 12.5-17.4 um for healthy human s.c., Kalia
et al. (1996) found a thickness of 9.5-16.1 ym (human s.c.) and Rothe
et al. (2017) found 11.1 + 1.1 pm (human s.c.) and 10.8 &+ 2.3 ym
(porcine s.c.). During tape stripping, each tape strip removes about one
layer of the s.c so that the depth attained is a linear function of the
number of tape strips (equation (S6), Simon et al., 2023). The concen-
trations of PAH in individual s.c. layers as depicted in Figs. 1 and 3 were
derived from PAH amounts extracted from individual tape strips and
determined via GC-MS/MS. The volume of a single s.c. layer in the FDC
assay was calculated assuming an average height of 0.349 ym and a
permeation area of 1.76 cm~? of the FDC (see SI, section A.2.3 and
equations S5 and S6).

2.6. Concentration of polycyclic aromatic hydrocarbons in the stratum
disjunctum

The guidance on dermal absorption of the European Food Safety
Authority (EFSA) recommends to dismiss the first tape strip from anal-
ysis. The first tape strips removes cells of the stratum disjunctum (Buist
et al., 2017), the upper most layer of the s.c. which is subject to per-
manent desquamation. Substances can accumulate in the folds and
furrows of the stratum disjunctum, which can lead to an
over-determination of the concentration in the upper layer of the s.c. In
this study, we therefore calculated K;,,, and Dy, considering data points
from the second tape strip onwards. We expect this to yield more ac-
curate coefficients for a rather homogeneous s.c. The measured con-
centrations of the first tape strip are represented at negative x-values in
the graphs.

3. Results and discussion
3.1. Recovery of PAH in Franz diffusion cell assays

To determine whether quasi-infinite dose conditions were main-
tained throughout the incubation period, the total PAH recovery across
all compartments was calculated (Fig. S3 and Table S1). After 1h,
97-102% of the applied dose remained in the donor chamber. After
24 h, recovery in the donor compartment ranged between 94% and
97%. These values are in compliance with the OECD guideline that
stipulates less than 10% donor depletion to be sufficient for infinite dose
conditions (OECD, 2004b).

The viable epidermis and the dermis were found to represent a sig-
nificant barrier for the higher molecular mass PAH. The concentration of
each PAH in the s.c. after 1 h and 24 h exposure was about two to three
orders of magnitude higher than the concentration in the remaining skin
(see Table 1 for measured PAH concentrations in individual compart-
ments). After 1 h, naphthalene was already detected in the receptor
solution whereas only trace amounts of the higher molecular mass PAH
were found. After 24 h, the concentration of naphthalene in the receptor
solution was more than an order of magnitude higher than the con-
centration of the other PAH. More lipophilic PAH are thus retained by
the rather lipophilic s.c., whereas the comparatively less lipophilic
naphthalene is better able to permeate through these compartments.
This can be explained by the higher lipophilicity of the s.c. compared to
that of the remaining skin, (Gartner, 2021) since PAH are highly lipo-
philic substances (logP > 3.3, de Lima Ribeiro and Ferreira, 2003; US
EPA, 2012).

Interestingly, the concentrations of pyrene and B[a]P in the
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Fig. 1. Measured relative concentrations c,. of B[a]P (yellow, mean =+ SD) at depth x in the stratum corneum and the corresponding fit of the solution of Fick’s second
law of diffusion (Eq. (2), light blue) after an incubation time of a) 1 h and b) 24 h. The first data points at negative x-values represent the stratum disjunctum and were
omitted from analysis. For other PAH, see Fig. S4. SD: standard deviation, PAH: polycyclic aromatic hydrocarbons, B[a]P: benzo[a]lpyrene, c,.: see Eq. (3).

® npapthalene
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Fig. 2. Calculated a) partition coefficients 10gKs.,,» (mean + SD) with linear regression curves and b) diffusion coefficients logD,. (mean + SD) of five PAH for
incubation times of 1 h and 24 h (upper x-axis: molecular mass (M), lower x-axis: octanol-water partition coefficient (logP). logP and M are linearly related for these
PAH (Fig. S5). SD: standard deviation, PAH: polycyclic aromatic hydrocarbons, B[a]P: benzo[alpyrene, DB[a,h]P: dibenzo[a,h]pyrene.

remaining skin after 24 h are significantly higher than that of naph-
thalene. This might be due to these compounds accumulating at the
interface between the s.c. and the viable epidermis. The s.c. of pigskin is
not completely removed by 20 tape strips (Simon et al., 2023). Pre-
sumably, these compounds are retained in the remaining s.c. layers,
diffusing slower into deeper layers of the skin and can thus not reach the
receptor in comparable quantities.

3.2. Concentration depth profiles in the stratum corneum

The measured concentrations of PAH in the s.c. decrease with
increasing depth (see Fig. 1 for B[a]P and Fig. S4 for other investigated
PAH). Because the concentration in the donor compartment is quasi-
constant (infinite dose conditions), the diffusive loss of PAH in the
upper layers of the s.c. will constantly be replenished with PAH from the
donor compartment. At the lower end of the s.c. (x = Hy), the PAH
partition into the viable epidermis. Hence, a constant flux of PAH
through the s.c. is maintained in a dynamic equilibrium (steady state),

avoiding saturation of s.c. layers.

3.3. Partition coefficients Kyc/m

The values of Ky, determined for an incubation time of 1 h are
lower than after 24 h (Fig. 2a and Table S2). Partition coefficients
describe concentration ratios at chemical equilibrium, which presum-
ably is not yet reached after 1 h. Eq. (2) describes the diffusion through
the s.c. at equilibrium between the medium and the most upper s.c.
layer. Thus, only when equilibrium is reached, can K./, be calculated
accurately. After an extended incubation time of 24 h, the system better
resembles the steady state. Hence, we consider the values calculated for
24 h as the more realistic partition coefficients K. /m.

Values of logKj./m, for the two different incubation time points line-
arly depend on logP and the two linear relationships converge for higher
logP values (Fig. 2). By extension, logKj./m, is also linearly dependent on
the molecular mass M, because logP and M are linearly related for the
investigated PAH (Fig. S5, de Lima Ribeiro and Ferreira, 2003; US EPA,
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Fig. 3. Alternative fit of an empirically determined function (Eq. (4), light blue) of the relative concentration c,; of B[a]P (yellow, mean =+ SD) at depth x in the
stratum corneum after incubation times of a) 1 h and b) 24 h. The first data points at negative x-values represent the stratum disjunctum and were omitted from
analysis. For other PAH, see Fig. S4. SD: standard deviation, PAH: polycyclic aromatic hydrocarbons, B[a]P: benzo[a]lpyrene, c,: see Eq. (3).

Table 1

Measured concentrations (mean + SD) of PAH in different compartments after
incubation time t;. SD: standard deviation, PAH: polycyclic aromatic hydrocar-
bons, s.c.: stratum corneum, B[a]P: benzo[a]pyrene, DB[a,h]P: dibenzo[a,h]
pyrene, LOQ: limit of quantification; please note the different units of PAH
concentrations in individual compartments.

substance t; donor s.c. remaining receptor
[h]  [ugml™']  [pgml™']  skin [ng-ml~']
[ng-ml~!]

naphthalene 1 1028 + 30 63 £ 28 112 £ 24 3.05 £0.83
anthracene 1 1027 += 20 152 £55 162 £+ 85 0.225

+ 0.304
pyrene 1 532+6 104 £ 31 79 £ 47 0.235

+ 0.245
B[a]P 1 644 + 12 185 + 53 102 + 66 0.261

+ 0.331
DB[a,h]P 1 51.3+27 60 £+ 20 74 +£102 <LOQ
naphthalene 24 916 + 71 116 + 100 542 + 28 425 + 89
pyrene 24 851 +15 679 + 419 1156 + 562 19+5
B[a]P 24 838 + 35 499 + 229 799 + 364 5+13
DB[a,h]P 24 37+25 88 + 46 181 £99 0.86 + 0.92

2012). DB[a,h]P (0.685 + 0.056) and naphthalene (—0.432 + 0.060)
feature the highest and lowest values for logKs./m, respectively. Notably,
the two values derived for DB[a,h]P (24 h: 0.685 4 0.056 vs. 1 h: 0.631
+ 0.052) are not significantly different. This trend indicates that under
quasi-infinite dose conditions the more lipophilic PAH also reach steady
state faster.

The experimentally determined value for logK.,m of naphthalene
(—0.432 £ 0.060) is considerably lower than reported previously (0.98
+ 0.19, Ellison et al., 2020, 2021) where naphthalene was applied to the
skin surface in a 0.88% solution of ethanol in DPBS. Here, we used
squalane, which is highly lipophilic (logP = 15.59, Octanol-Water
Partition Calculation, 2021). A higher lipophilicity of the medium re-
duces logK./m for lipophilic substances such as PAH. Importantly,
squalane represents a medium that is better suited to mimic skin contact
to polymer-based consumer products (Barret et al., 2002; Bartsch et al.,
2018; BeiBmann et al., 2014; Soebianto et al., 1993) and cosmetics,
where it is frequently used as an ingredient (Kim and Karadeniz, 2012;
Zafar and Chickos, 2019).

3.4. Diffusion coefficients Dy

The calculated values for D, vary for the two different incubation

times (Fig. 2 and Table S2). Eq. (2) requires that the cellular layers
beyond the s.c. function as a sink for PAH (boundary condition iii). The
flux through the s.c. should thus not be diminished by the solubility of
the PAH in the rather hydrophilic viable epidermis. The sink conditions
are more likely to be fulfilled at shorter incubation times. Hence, Ds.
values obtained after 1 h more accurately describe the diffusion process
in the s.c. The curvature of the function associated with Eq. (2) is
dependent on Dy.. With longer incubation times, the contribution of the
exponential term (containing D) to the measured value of ¢y, de-
creases significantly, leading to a better fit of Eq. (2) at shorter incu-
bation times. Lower residual standard deviations ¢ of the fit of Eq. (2)
describing the concentration profiles measured after 1 h support this
conclusion (Table S3).

The presented values for Dy, represent the first experimentally
determined diffusion coefficients for PAH in the s.c., with the exception
of naphthalene. For naphthalene, values between [2.35 + 1.06]-10~°
m2h~! (Ellison et al., 2020, 2021) and [2.52 + 0.84].107'° m®h~!
(Kim et al., 2008) were reported. These significantly higher coefficients
can be attributed to the medium in which naphthalene was applied to
the skin. Ellison et al. (2020, 2021) used a 1.12% solution of ethanol in
DPBS. Ethanol is known to enhance skin penetration (OECD, 2011). Kim
et al. (2006) applied jet fuel as a medium, which has been shown to
damage the s.c. (Singh et al., 2003). It is of note that the mentioned
studies acknowledge these limitations (Ellison et al., 2020, 2021; Kim
et al., 2008). Squalane, on the other hand, is a medium which was shown
to not substantially enhance the permeation of applied drugs (Takahashi
et al., 1995). Dy, for naphthalene ([1.183 + 0.4711-10"" m%h™Y) is
higher than for any of the other PAH that were analyzed. Thus, upon
dermal exposure, it potentially becomes bioavailable more quickly.
However, the lower value for logK;./m implies lower total amounts of
naphthalene in the s.c. compared to the higher molecular mass PAH
upon skin contact.

3.5. Simplified mathematical description of diffusion in the stratum
corneum

Fick’s (1855) laws are the mathematical basis for each discussion of
diffusion. As discussed, Eq. (2) represents a solution to Fick’s second
law. Boundary condition iii states that the viable epidermis must act as a
perfect sink. Hence, the concentration at the boundary layer between the
s.c. and the viable epidermis (at depth x = Hy. &~ 10 um) must always be
zero. The viable epidermis, however, is an aqueous matrix and therefore
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less lipophilic than the s.c. Thus, after a certain time is passed, a
non-zero concentration of PAH in the deepest investigated s.c. layer
builds up, even after the shorter incubation period of 1 h (Fig. 1 and
Fig. S4). This is supported by the observed underprediction of the con-
centrations in deeper s.c. layers by the fit of Eq. (2).

We propose a simplified alternative to Eq. (2) to deal with this
problem:

Crelx; = uz'eﬂ( + wy, (4)

where crx, is the concentration at depth x and time t divided by the
concentration in the donor solution (compare Eq. (3)). The parameters u,
and w; are time-dependent factors. Eq. (4) describes the data more
accurately than Eq. (2) as implied by the lower residual standard devi-
ation o of the fit (Table S3). It represents an excellent fit to our data for
two different time points and for five different substances. We thus
hypothesize that Eq. (4) could be used for modelling diffusion through
the skin if more data were made available to confirm its suitability for
other substance classes.

The parameter w; can be interpreted as a measure for the retention of
a given PAH at the boundary between the s.c. and the viable epidermis.
It is time-dependent because the amount of PAH retained at this
boundary depends on the amount which is already diffused to this po-
sition. We suspect that it is related to the inverse of the removal rate and
the viable epidermis/s.c. partition coefficient Ky, s.. High removal rates
or large coefficients Ky, /s, as required for sink conditions, would lead to
w; approaching zero.

logw; is linearly dependent on logP (Fig. 4b). Since the s.c. is a more
lipophilic matrix than the viable epidermis (Gartner, 2021), substances
with higher lipophilicity are retained more strongly in the s.c., as
observed for the trend of logw, for different PAH. The parameter logu; is
also linearly correlated with logP (Fig. 4a), as is logKs./m derived from
Eq. (2) (Fig. 2a). Thus, the two parameters are linearly related (Fig. S6).

Eq. (4) does not obey Fick’s second law, since that would require w;
to be time-independent (SI, section A2.6 Mathematical analysis of Eq.
(4)). However, w; is time-dependent (Fig. 4b). Hence, Eq. (4) describes
the diffusion in the s.c. only approximately. Still, this approximation
represents an excellent fit to the experimental data. It can be directly
correlated to physico-chemical properties, including logP and logK;./m.
Additionally, it shows a sound theorized correlation to the removal rate
at the s.c./viable epidermis boundary layer and appeals with its
simplicity.

® npapthalene

a) M [g'mol1]
100 150 200 250 300

logu,

3 4 5 6 7
logP

® anthracene 4 pyrene ¢ B[a]P
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4. Conclusion

We demonstrated that the viable epidermis and dermis represent the
main barrier for the penetration of higher molecular mass PAH through
the skin. Our results indicate that K./, can only be calculated reliably
from measured concentration profiles of dermally applied substances in
the s.c. when a sufficiently long incubation time (for example 24 h) is
maintained. Furthermore, for the investigated PAH, logKj/n, is linearly
related to logP and M. Values for Dy, are highest for naphthalene. For
PAH with three or more condensed rings, Dy is lower but comparable to
each other. We suspect that naphthalene, due to its low molecular mass
and molar volume, features an exceptionally fast diffusion compared to
PAH with more extended aromatic ring systems.

We empirically derived a simplified mathematical description of the
measured concentration profiles, which fits our data better than the
solution to Fick’s second law. Its parameters can be correlated to sub-
stance- and matrix-specific physico-chemical parameters such as logP,
Ks./m and the removal rate at the s.c./viable epidermis boundary layer.
Future work includes the determination of these constants for other
relevant substances in consumer products, such as degradation products
of polymer additives.
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