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Zusammentassung

Die folgende Arbeit beschiftigt sich eingehend mit der Barrierefunktion der Haut, indem sie die
Hautpenetration von zwei toxikologisch wichtigen Stoffklassen untersucht: polyzyklische aroma-
tische Kohlenwasserstoffe (PAK) und die Metallallergene Nickel, Kobalt und Palladium. Dariiber
hinaus wurde die Methode des tape strippings genutzt, um die Abtragungsrate des Stratum corne-

um (s.c.) mit jedem Klebestreifen zu ermitteln.

Hautkontakt zu schéddlichen Stoffen kann durch Verbraucherprodukte, die diese enthalten, auf-
treten. Die Schadstoffe sind den Verbraucherprodukten entweder absichtlich — beispielsweise als
Zusatzstoffe in Kunststoffen oder bestimmte Metalle in Legierungen — oder unbeabsichtigt als
Kontaminanten zugesetzt. PAK kénnen Kunststoffe kontaminieren, die Mineralole als Weichma-
cher oder Carbon Black als Farbemittel enthalten. Nickel, Kobalt und Palladium, die allergische
Kontaktdermatitis hervorrufen kénnen, werden in Legierungen fiir Schmuck zugesetzt, um be-

stimmte Eigenschaften wie beispielsweise Farbe und Korrosionsbestdndigkeit zu erhalten.

Studien zur Hautpenetration stiitzen sich auf die bewdhrte Methode des in vitro Franz-Diffusions-
zellenassay (FDC-Assay). Eine Hautprobe oder ein Hautmodel wird iiber eine Rezeptorkammer
gespannt und eingeklemmt. Die Rezeptorkammer ist mit einem wissrigen Medium befiillt. Der zu
untersuchende Stoff wird in einer Matrix aufgetragen, beispielsweise in Losemittel, in Petrolatum
oder direkt im Verbraucherprodukt. Nach einer bestimmten Inkubationszeit werden die Kompar-

timente analysiert, um die Penetrationsraten dieses Stoffes in die Haut zu ermitteln.

Um die Menge des Stoffes in den einzelnen s.c.-Schichten zu quantifizieren, spielt die Technik des
tape stripping mit Klebestreifen eine wichtige Rolle. Ein Klebestreifen wird auf die Haut gedriickt
und entfernt eine Schicht des s.c. wenn er wieder abgezogen wird. Allerdings ist die Menge des
mit jedem Klebestreifen entfernten s.c. noch immer Gegenstand wissenschaftlicher Debatten. In
einer hier vorgestellten histologischen Studie wurde das s.c. durch tape stripping von Schweine-
haut entfernt und das verbleibende s.c. mikroskopisch quantifiziert. Die Studie ergab eine lineare
Abnahme des s.c. in Bezug auf die Dicke und die Anzahl der Zellschichten bei bis zu zwanzig ab-
genommenen Klebestreifen. Jeder Klebebandstreifen entfernte etwa eine Zellschicht, was einer

Dicke von 0,4 um entspricht.

Im Rahmen dieser Arbeit wurde das Eindringen von PAK durch das s.c. untersucht. Dabei wur-
de der Einfluss der Lipophilie — ausgedriickt durch den Oktanol-Wasser-Verteilungskoeffizienten

(logP) — auf die Durchléssigkeit dieser toxischen Verbindungen gezeigt. Die Auftragung 24 ver-
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schiederner PAK (152-302 g/mol, logP: 3.9-7.3) in Acetonitril in einem FDC-Assay ergab, dass PAK
mit hoherer Lipophilie eine geringere Penetrationsrate aufweisen. Aullerdem wurde die Penetra-
tion fiir Zeitpunkte zwischen 2 und 48 Stunden untersucht. Hoch-lipophile, sechsringige PAK wie
die Dibenzopyrene dringen tiberhaupt nicht durch die Haut, wihrend weniger lipophile, dreiring-

ige PAK wie Acenaphthen die Haut bereits nach zwei Stunden durchdringen.

Die Auswertung von FDC-Assays die mit Menschen- und Schweinehaut durchgefiihrt wurden, er-
moglichte den Vergleich dieser beiden Hauttypen. Es wurde gezeigt, dass das menschliche s.c.

einen groferen Anteil der in die Haut eingedrungenen PAK zuriickhdlt als das s.c. von Schweinen.

Die Abhédngigkeit der Hautpenetration von der Lipophilie der PAH wurde auch durch Experimen-
te untermauert, die darauf abzielten, die Verteilungs- und Diffusionskoeffizienten von fiinf ausge-
wihlten PAK aus einer Polypropylenersatzmatrix (Squalan) in das s.c. von Schweinen zu ermitteln.
Der PAK-Gehalt in den Hautkompartimenten wurde durch Gaschromatographie in Verbindung
mit Tandem-Massenspektrometrie bestimmt. Die Anwendung des tape strippings erlaubte das Er-
stellen eines Konzentrationsprofils im s.c. Dieses Profil wurde an eine mathematische Losung des
zweiten Fickschen Gesetzes angepasst, was die Berechnung der Verteilungs- und Diffusionskoeffi-
zienten ermoglichte. Die Verteilungskoeffizienten korrelierten positiv mit dem logP, wiahrend der

Diffusionskoeffizient fiir Naphthalin am hdchsten und fiir die anderen PAK etwa gleich hoch war.

Nickel und Kobalt sind im Gegensatz zu Palladium Teil der Standardreihe von Epikutantests, die
zur Diagnose von Kontaktallergien verwendet werden. Entsprechend werden Palladiumallergien
selterner diagnostiziert als solche gegen Nickel und Cobalt. Pd** zeigte jedoch in einem in vi-
tro Aktivierungs-induzierten Marker-Assay in menschlichen Blutproben eine héhere Frequenz an
CD154" T-Zellen als Ni?* oder Co®*. Ein Grund fiir die niedrigere Zahl an diagnostizierten Palladi-
umallergien kdnnte neben der geringeren Anzahl an Epukutantests eine geringere Hautpenetrati-

onsrate von Pd?* im Vergleich zu Ni** oder Co?* sein.

Um diese Hypothese zu testen, wurden FDC-Assays mit Schweinehaut durchgefiihrt. Fiir die kli-
nische Diagnose verwendete Epikutantest-Priparate (das jeweilige Metallsalz in Petrolatum) wur-
den auf Schweinehaut aufgetragen und 48 Stunden inkubiert, was dem Zeitrahmen eines Epiku-
tantests entspricht. Zuséatzlich wurden FDC-Assays mit den drei lonen Ni2*, Co%* und Pd?* in einer
wadssrigen Losung durchgefiihrt, um Penetrationsraten unabhingig von der Ionen-Lslichkeit zu
bestimmen. Die Wiederfindungen in den Hautkompartimenten wurden durch Massenspektro-
metrie mit induktiv gekoppeltem Plasma quantifiziert. Pd** zeigte geringere Penetrationsraten als

Ni?* und Co?*, unabhingig von der Anwendung in Petrolatum oder wissriger Losung.

Insgesamt tragt die vorliegende Arbeit zum Verstdndnis und der Untersuchung der Barrierefunkti-
on des s.c. und der Faktoren bei, die die dermale Penetration von zwei unterschiedlichen Klassen

toxikologisch relevanter Stoffe beeinflussen.



Abstract

The present thesis provides an in-depth study of the barrier function of the skin by investigating
the penetration of two toxicologically important substance classes: polycyclic aromatic hydrocar-
bons (PAH) and the metal allergens nickel, cobalt and palladium. Furthermore, the method of
tape stripping was scrutinized to reveal the removal rate of stratum corneum (s.c.) with each tape
strip.

Skin contact to harmful substances can occur through consumer products containing them. Harm-
ful substances are added to consumer products either by design — for example, as additives in
plastic or certain metals in alloys — or inadvertently as contaminants. PAH were found to con-
taminate those plastics that are dyed with carbon black or contain mineral oils used as plasticizers.
Nickel, cobalt and palladium, known to cause allergic contact dermatitis, are added into alloys in

jewelry to attain certain characteristics such as color or corrosion resistance.

Skin penetration studies rely on the well-established in vitro Franz diffusion cell (FDC) assay. A
skin sample or model is fixed over a receptor chamber containing an aqueous medium. The sub-
stance of interest is applied onto the skin in a matrix, for example, in solvents, petrolatum or in the
consumer products themselves. After a certain incubation time, the compartments are analyzed

to reveal the penetration rates of that substance into the skin.

In order to quantify the amount of substance in separate s.c. layers, the technique of tape stripping
plays an important role. A tape strip is pressed onto the skin and removes a layer of the s.c. when
taken off. However, the amount of s.c. removed with each tape strip is still subject of scientific
debate. In a histological study presented here, the s.c. was removed by tape stripping of pigskin
and the remaining s.c. was quantified microscopically. The study revealed a linear decrease in s.c.
in terms of thickness as well as number of cell layers up to 20 removed tape strips. Each tape strip

removed about one cell layer, corresponding to 0.4 um.

In this thesis, the penetration of PAH through the s.c. was extensively studied. The influence of
lipophilicity — expressed by the octanol-water partition coefficient (logP) — on the permeability
of these toxic compounds was demonstrated. Applying 24 different PAH (152-302 g/mol, logP: 3.9-
7.3) in acetonitrile in an FDC assa, revealed that more lipophilic PAH exhibit lower penetration
rates. Furthermore, the penetration was investigated for time intervals ranging from 2 h to 48 h.
Highly lipophilic, six-ringed PAH like the dibenzopyrenes did not permeate the skin at all, whereas
the less lipophilic, three-ringed PAH like acenaphthene permeate after 2 h already.



ABSTRACT

The evaluation of FDC assays using human and pigskin allowed for the comparison of these two
skin types. Human s.c. was shown to retain a greater share of the PAH that partition into the skin

than porcine s.c.

The dependence on lipophilicity of PAH skin penetration is further supported by experiments that
aimed to determine partition and diffusion coefficients of five selected PAH from a polypropylene
surrogate (squalane) into porcine s.c. The PAH content in the skin compartments was quantified
by gas chromatography coupled to tandem mass spectrometry. The use of tape stripping resulted
in a concentration profile along the s.c. This profile was fitted to a solution of Fick’s second law,
allowing the calculation of partition and diffusion coefficients. The partition coefficients positively
correlated with the logP, while the diffusion coefficient was highest for naphthalene and about the
same for the other PAH.

Nickel and cobalt are, contrary to palladium, part of the standard patch test used as diagnostic
tool to detect contact allergies. Therefore, fewer allergies against palladium are diagnosed than
those against nickel and cobalt. Nonetheless, Pd** exhibited higher frequencies of CD154" in an
in vitro activated marker assay in human blood samples than Ni>* and Co?*. A reason for the lower
number of diagnosed palladium allergies next to fewer tests could be a lower penetration rate of

Pd?* as compared to Ni?* or Co?*.

To test this hypothesis, FDC assays using pigskin were employed. Patch test preparations used for
clinical diagnosis (the respective metal salt dispersed in petrolatum) were given onto the skin and
incubated for 48 h, which corresponds to the time frame of a patch test. Additionally, FDC assays
with the three ions in an aqueous solution were carried out to evaluate penetration rates inde-
pendent of ion solubility. The recoveries in the skin compartments were quantified by inductively
coupled plasma mass spectrometry. Pd?* showed lower penetration rates than Ni?* and Co?*, re-

gardless of application in petrolatum or aqueous solution, thus confirming the hypothesis.

Collectively, these studies contribute to the understanding and analysis of the s.c. barrier func-
tion and the factors influencing the dermal penetration of two distinct classes of toxicologically

relevant substances.
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1 Introduction

In 1996, a chemistry professor at Dartmouth college in New Hampshire spilled only a few drops
of dimethylmercury onto her hand protected by two layers of gloves.!!! Less than a year later, she
died of mercury poisoning.?) Fortunately, most substances that come into contact with human
skin are not as dangerous as to cause death from a single drop. However, some can still lead to
adverse health effects after coming into contact with human skin, for example, from consumer

products.

Consumer products are made of many different materials, ranging from wood over metals and
rubber to synthetic materials such as plastics. They contain a plethora of different substances,
some of which might be harmful to humans. These can be divided into two major categories:
intentionally and non-intentionally added substances (NIAS). Substances may be added to a ma-
terial to change its properties, such as plasticizers, dyes or flame retardants in plastics or certain
metals in alloys. Nickel, cobalt and palladium, for example, are commonly used in jewelry, where
they can come into contact with the skin.’>®! All three of these metals are known to cause allergic
contact dermatitis (ACD).!!

NIAS can be detected in consumer products because of contamination or due to degradation of
the material itself or of the intentionally added substances. One important class of NIAS are the
polycyclic aromatic hydrocarbons (PAH), which have been found in consumer products in con-
cerningly high amounts.'>!!) Some PAH are classified carcinogens!!? and the class as a whole is

13-17 Understanding the mechanism and the general expo-

linked to many different health risks.!
sure of these potentially harmful substances to the skin is of key importance for risk assessment.

The skin covers almost the whole human body, which gives it a surface area of around 2 m?.11®

In contrast to most other organs, it is in regular contact to the outside world. One of its main
functions is to protect the inner lying organs from pathogens and substances that humans are
exposed to. The outermost layer of the skin, the stratum corneum (s.c.), consists of multiple layers

S.[19

of dead keratinocytes, the main cell type in the epidermis.!'¥! For substances to reach the viable

parts of our bodies, they must overcome this lipophilic barrier.

The Franz diffusion cell (FDC) assay is an important method for in vitro skin penetration research.
It is named for its inventor, Thomas Franz. The cell was first described in their publication from
1975, aiming at standardizing in vitro skin penetration studies and providing a systematic com-

d. 20

parison to in vivo dat I Since then, the FDC has been used in numerous studies and remains an
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important instrument for in vitro skin penetration experiments.!21-23!

The bottom of the FDC consists of a receptor chamber, filled with a liquid that mimics bodily
fluids. The receptor chamber is enclosed by a water jacket that keeps a consistent temperature,
corresponding to the skin surface temperature (31 °C).[?* The skin or skin model is laid atop the
receptor chamber and fixed with the donor cap (donor compartment). The skin used is ideally do-
nated from humans either from plastic surgery patients or corpses.?>28 Because human skin is
not always readily available, synthetic or lab-grown alternatives are sometimes used.?3?% A more

30-331 An appli-

common substitute is pigskin, which shares crucial properties with human skin.!
cation medium such as a solution or a sample is administered to the skin in the donor chamber
and after a given incubation time, the setup is disassembled. The compartments (donor, skin,

receptor) can then be extracted and analyzed.

To investigate how substances penetrate the s.c. during the FDC assay, tape stripping is a com-
monly used technique to remove the s.c. layer by layer. They can then be analyzed individually
or pooled.!3+3% A tape strip is pressed onto the skin and then torn off in order to remove a por-
tion of the s.c. It is imperative to scrutinize this method, because the amount of s.c. removed with
each tape strip remains unclear as reflected by conflicting literature.'3¢-43! Hence, the histological
investigation of the s.c. after tape stripping represents an important building block in the field of

skin penetration. It serves as a basis for the other studies under the umbrella of this thesis.

The extraction of the analytes for quantification poses a main challenge to skin penetration stud-
ies because of the different matrices present after the FDC assay (application medium, tape strips,
skin, receptor fluid). Depending on the investigated substance, various analysis methods are used
that have differing requirements to the nature of the injection sample. For the analysis with gas
chromatography coupled to tandem mass spectrometry (GC-MS/MS) — a common quantifica-
tion method for volatile organic compounds, for example PAH — the substance should be solved
in an organic solvent free of interfering matrix. Therefore, the sample preparation demands the
extraction with organic solvents that ideally do not extract too much of the matrix to achieve clean
injection solutions. Inductively coupled plasma mass spectrometry (ICP-MS), used for the quan-
tification of metals, demands highly acidic aqueous solutions for efficient ionization. A common
method of sample preparation is the total destruction of the matrix using microwave-assisted di-
gestion in mineral acids. Difficulties with both sample preparations have to be overcome during

the method development phase of the skin penetration studies.

PAH are ubiquitous persistent organic pollutants that are released into our environment by in-
complete combustion of organic material of natural or anthropogenic origin./** PAH are found in
consumer products from rubber utensils to make-up due to the contamination of source mate-
rials such as mineral oils or carbon black.!'*!145 They pose a risk to human health because they
are known to penetrate the skin®’ and many are toxic besides their carcinogenic potential.1>~17)
The dependence of the penetration rate on the lipophilicity of a broad range of PAH was explored

by means of FDC assays. A special focus was laid on five exemplary PAH from the two-ringed

14



INTRODUCTION

naphthalene to the six-ringed dibenzol[a,hlpyrene (DB[a,h]P). For these, the partition and diffu-
sion coefficients through the s.c. from the polypropylene surrogate squalane were determined to
mimic consumer products made from this material. They are important input parameters for in

silico approaches to skin penetration.

The final project of this thesis is concerned with the skin penetration behavior of the metal al-
lergens nickel, cobalt and palladium.*%47! Especially nickel is a well investigated allergen that is
responsible for about half of all diagnosed contact allergies.!®’ The clinical symptom of contact
allergies is ACD, leading to loss of quality of life and economical damages.!*®*9 In an in vitro ac-
tivated marker assay, Pd** showed higher frequencies of CD154" than Ni** and Co?* in human
blood samples, which should indicate a strong potency as allergen.”®®” However, palladium aller-
gies are not detected as often as nickel or cobalt contact allergies.!*”*" Apart from lower test rates,
a lower skin penetration rate of Pd?* compared to Ni** and Co?* could contribute to this discrep-
ancy. Here, the skin penetration rate of Pd** was experimentally compared to those of Ni* and

Co?* in an FDC assay to answer this question.
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2 Skin

Unlike most human organs, the skin is exposed to the elements. In fact, its main function is to
protect the other organs against a wide variety of attacks of biological, physical and chemical na-
ture. The skin is the largest organ of the human body and as such an important entry point for

potentially harmful chemicals, organic and inorganic alike.®"

The outermost layer of the skin is the epidermis. With the exception of vitamin D production,
all functions of the epidermis are protective, for example, against UV radiation, water loss and
microorganisms.!'%%2] The cells of the epidermis are connected by desmosomes — cell structures
that adhere cells to each other — with a fluid in between, allowing nutrients to flow in from the
dermis."®3! This is necessary because the epidermis is not connected to blood vessels. In the lower
part of the epidermis, fresh keratinocytes, the main cell type of the epidermis, are formed. They
gradually move to the surface of the skin, creating keratin on the way. When these keratin-rich
keratinocytes die, they form the s.c., the upper part of the epidermis and the outer layer of the

skin.!%4

The s.c. is often compared to a brick wall with the bricks being the dead keratinocytes and the
mortar being the intercellular fluid (Figure 2.1).1®® The intercellular fluid is mainly composed of
ceramides, cholesterol and free fatty acids.®®! The s.c. is the main barrier for substances permeat-

ing into the skin.!>”!

The upper most layer of the s.c. is the stratum disjunctum. This layer is subject to constant desqua-
mation. The European Food Safety Authority (EFSA) recommends to exclude substances quanti-
fied in the stratum disjunctum in skin penetration studies, because the folds and furrows of the
stratum disjunctum can accommodate the application medium. This can in turn lead to an over-

quantification of the substance in the s.c.[®®!

Below the epidermis lies the dermis. It is supplied with blood and thus, substances that reach
the dermis can be considered bioavailable.®3! The dermis is composed of mainly collagen in con-
nection with glycosamingylcans.®3 These structures are capable of absorbing large quantities of
water, maintaining the turgidity of the skin.!®® The dermis is the thickest part of the skin, about
1.5 to 4 mm thick, corresponding to 90% of skin thickness."®¥ Its main roles are protection against
physical stress, supply of nutrients to the epidermis, temperature regulation and tasks related to

the immune system.>-%4

The lowest layer of the skin is the hypodermis, also called subcutis. It consists mainly of adipocytes,

17



) keratin-rich, dead intercellular
keratirllocytes ﬂLIlid
||| L || | |
J( J |
||| ) J
J( J U
||| ) J

J( L J( ]
) J( JL )

a) v b)
' e g stratum corneum

"\ > viable epidermis

> dermis

Figure 2.1: The skin with the stratum corneum. a) Microsopic image of pigskin with stratum corneum (s.c.),
viable epidermis and dermis. The dermis is not shown in its entirety, which expands far be-
yond the lower bound of the image. 40-fold magnification, hematoxylin-eosin stain. b) The
s.c. bloated with potassium hydroxide solution (2%) to enhance visibility of the individual, dead
keratinocytes and to demonstrate the brick-and-mortar like structure of the s.c. 40-fold magni-
fication, safranin stain. ¢) Brick-and-mortar model of the s.c. Dimensions not to scale.

a type of cell responsible for storing fat. The hypodermis represents the greatest deposit of fat in

the human body, !

with its roles including heat conservation and absorption of physical damage
such as punches.® In in vitro skin penetration studies, the hypodermis generally does not play
arole because it is removed before the experiments. Since the dermis is supplied with blood, the
permeation into the hypodermis is not as relevant for skin penetration research: substances that

have reached the dermis are already considered bioavailable.

Skin models for in vitro studies Wherever possible, human skin should be used in in vitro pen-
etration studies because it mimics exposure to human beings most closely.®” Sources include
plastic surgery or corpses.?126-28] Nevertheless, availability is limited and an ethics vote for its use
is necessary. Synthetic or lab-grown skin models have been used as feasible substitutes in past
studies,®>29 although in the regulatory context they are not recommended for skin penetration
studies.®!]

Pigskin represents a viable alternative: procurement is relatively easy and it shares crucial char-
acteristics with human skin.[6%62! Studies have shown pigskin to provide comparable results to
human skin in permeation experiments concerning lag time and diffusion or partition coeffici-
ents.'30-32] Hence, the use of pigskin is also recommended by guideline 428 on in vitro skin absorp-
tion studies of the Organisation for Economic Co-operation and Development (OECD)!®!l and by

the Scientific Committee on Consumer Safety (SCCS).B3I

Nonetheless, human and pigskin are not identical.'® It was demonstrated that pigskin is more
permeable to certain compounds than human skin, such as the highly lipophilic compounds hep-
tane, hexadecane and xylene (logP > 3).1326465] In the studies summarized in this dissertation,
pigskin was used as the model skin of choice. In one of the four publications discussed in this the-
sis, the differences between human and pigskin are discussed for the permeation of PAH. In the

other three studies, pigskin was exclusively used.
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Transepidermal water loss Besides its role to prevent substances from entering the body, the
epidermis and specifically the s.c. also control the release of water from the human body to the en-
vironment.8! This water loss through the skin — not including sweat — is called transepidermal
water loss (TEWL).67 In general, the TEWL depends on external factors and the skin itself: the
temperature and humidity, but also the site on the body can impact the TEWL.!%8! Average TEWL

68-701 When skin is damaged,

in healthy humans in vivo was reported between 3 and 15 g/ (m?-h).
the TEWL is elevated in comparison to healthy skin. It can therefore be used as a marker for skin

integrity.

In vitro, the TEWL is commonly used to verify the integrity of the skin. However, in 2002, Chilcott
et al. showed no connection between the TEWL measured in an open chamber system and the
gold standard of skin barrier testing: the flux of tritiated water through the skin.[”! Since then, a
new system for TEWL measurement was patented and provides more reliable results.[”?! Contrary
to the older systems using open chambers, the new system applies a closed chamber with a water
condenser. The instrument is thus less influenced by external factors, making it more precise and

[73,74

easier to calibrate. I Using such a system, the TEWL was indeed correlated with the flux of

tritiated water.[”> The TEWL was elevated if the skin was damaged and established that using a

closed chamber system to measure the TEWL is an adequate approach to test skin integrity. "’

In the publications summarized in the present dissertation, the TEWL was measured to verify the
skin barrier function, as recommended by the OECD.®" Since a closed chamber system was ap-
plied, it was possible to use these values to exclude skin specimens that exceeded a certain thresh-
old. Depending on the study, the value for the threshold was either determined by previous vali-

dation studies or compared to literature values.

Tape stripping: studying individual layers of the startum corneum

This section summarizes one of the four publications relevant for this dissertation: Continuous
removal of single cell layers by tape stripping the stratum corneum — a histological study. The

published version is available in the appendix, Section A.1.

Scientific basis

Due to s.c.’s composition of loosely bound dead keratinocytes, the layers can be individually sep-
arated from each other and from the underlying skin layers. The technique used most commonly
for this feat is the rather unassuming use of tape strips. In 1939, Jan Wolf published a study where
they investigated the use of adhesive tape strips to study individual layers of the s.c.[**! Wolf ac-
curately pointed out that the s.c. is resistant against the then customary method of scratching off

of skin layers because that is part of the s.c.’s purpose. A non-destructive removal of cell layers
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could not be achieved this way. However, the s.c. is rather vulnerable against an upward force.
This upward force could only be achieved if it where possible to grab the s.c. layers individually.
Wolf somewhat ingeniously thought of an adhesive tape strip. This made it possible to prepare the

cell layers for microscopy with subsequent staining of the layers.

The method described in the paper from 1939 has not changed fundamentally to this date. Since
then, tape stripping has been widely applied in an abundance of studies. The aim of these studies
ranges from investigation of the nature of the s.c."68% to studies interested in the penetration of
substances into the s.c.[?125328182] Eirgt applications for skin penetration studies are recorded in
the 1970s.81 The method has been used either to remove the s.c. from the underlying skin, com-
pletely or partially, or to analyze the layers of the s.c. individually.["®8384 Because tape stripping is

less invasive than skin biopsies, it can be applied in vivo and in vitro.’®®

An important debate surrounds this simple technique: how many cell layers are removed with
each and every tape strip? Is the removal linear or does it change with increasing s.c. depth? These
questions are important, because their answers allow to determine the depth into the s.c. attained
after a given amount of tape strips. Together with the surface of the stripped skin, the volume of
s.c. removed can be defined, which in turn allows the calculation of the concentration of a given
substance in this layer. These concentrations can be used to establish a concentration profile.
Several studies have been published trying to solve these questions, but no definitive answer has

been found so far.

The removal of the s.c. by tape stripping had been determined by multiple methods, including
weighing,*3! microscopy,®® infrared spectroscopy, 348985 UV/VIS-spectroscopy*®*! or the mea-
surement of the TEWL,®% to name a few. Direct measurement of the s.c. by cryo-transmission
electron microscopy uncovered that the s.c. itself does not greatly vary in thickness with increas-
ing depth.®"8! This does not allow the conclusion that each tape strip removes an equal amount
of s.c. Nonetheless, laser scanning microscopy revealed a constant thickness of s.c. layers removed

0. 36

(0.5 um) up to 30 tape strips deep in vivo.*®! When measuring the cumulative amount of s.c.

stripped, the data show a linear increase of s.c. removed with plateauing beginning at about 20

37,381 These data lead to the conclusion that the s.c. is indeed removed at a constant

tape strips.|
rate up to a certain depth. When this depth is attained, most of the s.c. is probably removed and
no more cells adhere to the tape strips. Studies also measured other quantities besides the weight
of the s.c. One focused on the protein absorption in a colorimetric assay®”! and the other on the

TEWL,® both also displaying a constant removal of s.c.

There are, however, also studies that imply the opposite. The group of Jiirgen Lademann studied
tape stripping extensively, introducing the term pseudo-absorption. This protologism describes
the sum of the absorption, reflection, scattering and diffraction — in total: the non-transmitted
light. They used pseudo-absorption to quantify the amount of s.c. on each tape strip. These studies
found that the amount of s.c. removed decreases with increasing depth.'3%#2l An independent

study confirmed these findings weighing tape strips individually: the mass of s.c. on each tape
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strip decreased.!*3!

Aim and method

All these studies set out to quantify the amount of s.c. removed by measuring the amount attached
to the tape strip. Here, a different approach was chosen — the direct measurement of the s.c. left
behind on the skin. The idea is quite straightforward: At successive points in the tape stripping
process, samples of the skin were taken and prepared as cryo-sections with subsequent staining
for microscopy. Two different staining methods were used: hematoxyline-eosin (HE) stain and
safranin with ensuing bloating of cell layers by potassium hydroxide solution (2%). The first stain-
ing method allowed the measurement of the thickness of the s.c. The second method of staining
and bloating served the counting of the individual cell layers.'®® When plotting the remaining
thickness and cell layers versus the number of tape strips, a direct determination of the attained

s.c. depth was possible.

In this study, pigskin was used as a adequate substitute for human skin. To ensure the integrity
of the skin, the skin was mounted onto an FDC and the TEWL was measured. Skin punches were
excluded and replaced if the TEWL exceeded 10 g/ (h-m?).%! Histological measurements of the
s.c. thickness and the number of cell layers were performed after every second tape strip taken

from the skin.

Results and discussion

The overall thickness of the s.c. amounted to 11.0 + 2.0 um and was reduced to 3.2 + 0.8 um after
20 tape strips (Figure 2.2 a). This corresponds to 27.1 +3.2 and 7.7 + 2.6 layers of s.c., respectively
(Figure 2.2 b). Thus, the s.c. was not completely removed after 20 tape strips. These numbers are

in agreement with measurements from other publications measuring the thickness of s.c.!327891]

When the thickness of the remaining s.c. (6 s.) is plotted against the number of the tape strips (nrs),
the correlation can be fitted linearly (Figure 2.3 a, coefficient of determination r? = 0.975) and is
described by

O05c=-(0.4+0.02) pm-nrs+ (10.4 £0.2) pm. (2.1)

Accordingly, when the number of the remaining s.c. layers (ny.) is plotted against the number of

the tape strips (nrs), the linear correlation (Figure 2.3 b, r? = 0.968) is described by

Nse = —(0.9+0.05) - nys + (27.0 + 0.6). 2.2)
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Figure 2.2: Microscopy images before and after tape stripping of the stratum corneum. a) Hematoxylin-
eosin stain at 40-fold magnification. b) Safranin stain and bloating with potassium hydroxide
solution (2%) at 40-fold magnification. Left: before tape stripping; right: after 20 tape strips
taken off. Image adapted from Simon et al. 2023a licensed under CC BY-NC-ND 4.0.9?!

Plotted against each other, the resulting linear fit (Figure 2.3 c, r?> = 0.977) is described by

8sc=—(0.4+0.02) pm - ngc + (0.1 0.4) pm. 2.3)

The y-axis intercepts of equations (2.1) and (2.2) represent the thickness and number of layers,
respectively, of the s.c. before tape stripping. The slope describes the depth attained as a function
of the thickness and layers. The slope of equation (2.3) can be interpreted as the thickness of a
single s.c. cell layer. The determined thickness (0.40 + 0.02 pm) corresponds approximately to the

thickness of a human s.c. cell layer determined by scanning laser microscopy imaging (0.5 um).3

The data show a clear linear trend with high coefficients of determination for the removal of s.c.
by tape stripping. This indicates that the depth attained during tape stripping can be determined
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Figure 2.3: Linear regressions of tape stripping. a) Thickness of the stratum corneum (s.c., 85;) versus the
number of tape strips taken off (nrs), equation (2.1); b) number of s.c. layers (n,.) versus nrs,
equation (2.2); c) 0 ¢ versus ng, equation (2.3). Image adapted from Simon et al. 2023a licensed
under CC BY-NC-ND 4.0.19%!

easily by microscopic imaging of two scrap pieces of skin collected before and after tape stripping.
Division by the number of tape strips determines the thickness of s.c. removed with each one. In
the case described above, this quick calculation yields a value of 0.39 um per tape strip compared

to 0.4 £ 0.02 um determined by linear regression.

And yet, studies in the past have demonstrated that the removal of s.c. by tape stripping seams to
be dependent on the depth into the s.c. In a study with an ample amount of replicates (n = 240),
the protein content and weight of s.c. material on tape strips was quantified. The results showed
a decrease of s.c. removed with an increase of tape strips.!*3 This was explained with a stronger
cohesion of the s.c. layers near the stratum granulosum. However, a different interpretation of the

data is possible, which would harmonize with the results presented here.

The s.c. predominantly consists of water (35-75%), proteins (25-55%) and lipids (2-5%).193-951 Ap
in vivo study of infant s.c. revealed that the protein content decreased from the surface of the
s.c. to the s.c./viable epidermis boundary layer.3! The water content also increases linearly de-
pendent with s.c. depth.!”® This effect would explain why the protein content on the tape strips
of deeper layers is lower. When it is furthermore considered that proteins are generally more
dense than water,'%! the decreasing mass determined gravimetrically in other studies can also

be explained. 43!

Conclusion

This study provided the first direct measurement of the depth attained with tape stripping whereas

previous studies have relied on indirect quantification of the s.c. on the tape strips. The resulting
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linear regression showed conclusively that the s.c. is indeed removed evenly up to 20 layers deep
and that each tape strip removes about one s.c. layer, corresponding to circa 0.4 um per cell layer.
Microscopy imaging before and after tape stripping of skin scraps can provide a quick estimate of

the removal rate per tape strip that is feasible in any scientific or medical laboratory.
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3 Polycyclic aromatic hydrocarbons

When Percivall Pott described scrotal cancer as being especially common among chimney sweeps
in 1775, he knew nothing about PAH."98! Tt would take more than 150 years until it was clear to the
scientific community that PAH are the main drivers of cancer in soot. In 1915, the repeated appli-
cation of soot and tar to skin had produced cancer in mice after many unsuccessful attempts. %%
The carcinogenity was strongly multiplied by exclusively using the high boiling fraction of coal
tar — free of other carcinogens such as arsenic.!'°%1%2 Further experiments using pure PAH pro-
duced from pyrolysis of isoprene and acetylene induced cancer in mice after regular application to

r,1103-105] Finally, in 1932, the hitherto most potent carcinogen found in

a higher degree than coal ta
coal tar was discovered by synthesis and also by isolation from two tons of coal tar: benzo[a]pyrene
(BlalP, Figure 3.1).[196107) 1 the following years, many more PAH were synthesized or isolated and

tested on mice. 103!

Chemically, PAH are a group of organic substances with two or more condensed aromatic systems
that do not include heteroatoms or substitutents (Figure 3.1). The simplest PAH is naphthalene,
consisting of two condensed aromatic rings.!!319 PAH are rather lipophilic (octanol-water par-
tition coefficient log P > 3.3, Table 3.1) and thus not well soluble in water (< 50 mg/1'1%). PAH are
formed by the incomplete combustion of organic matter, either natural or anthropogenic, for ex-
ample in forest fires, cigarette smoke or combustion engines./*¥ The anthropogenic sources are by
far the greatest contributor of PAH in the environment.!'!! In recent decades, emissions from de-
veloped nations have decreased due to more efficient burning of fossil fuels, however, developing

countries contribute increasingly to global PAH emissions.!112113!

Almost all human cell types are capable of metabolizing PAH, including skin cells.!!4115 The
metabolism serves their elimination, but in the case of PAH, it also unlocks their carcinogenic
potential.!l''6117] The studies included in this thesis used skin that was frozen at —20 °C for storage
and thawed for use. This procedure deactivates the metabolism of the viable skin cells.!!'® Storage
at lower temperatures, which would have potentially retained skin viability, is not advised by the
OECD because it was shown to enhance permeability.!!!¥ The objective of the studies presented
here was to investigate skin permeability and not metabolism. For this reason, a temperature of
—-20 °C was chosen for storage. Nonetheless, the metabolism of PAH is briefly introduced since it

plays an important role in their carcinogenicity.!!16:117]
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Figure 3.1: Polycyclic aromatic hydrocarbons investigated in this thesis.
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Table 3.1: Polycyclic aromatic hydrocarbons investigated in this thesis. Chemical Abstracts Service Reg-
istry Number (CAS), molar mass (M), number of ring systems (five-membered rings are counted
as half), logarithmic octanol-water partition coefficient (logP), logP experimentally derived (exp)
or calculated (calc) and reference (Ref.) for logP.

substance CAS M[g/mol] rings logP exp/calclogP Ref.logP
naphthalene 91-20-3 128 2 337 exp [120]
acenaphthylene 208-96-8 152 2.5 4.00 exp [120]
acenapthene 83-32-9 154 25 392 exp [120]
fluorene 86-73-7 166 25 4.18 exp [120]
anthracene 120-12-7 178 3 454 exp [120]
phenanthrene 85-01-8 178 3 4.57 exp [120]
pyrene 129-00-0 202 4 4.88 exp [120]
fluoranthene 206-44-0 202 3.5 5.22 exp [120]
benzo|c]fluorene 205-12-9 216 3.5 5.40 calc [121]
cyclopentalcd]pyrene  27208-37-3 226 45 5.40 calc [121]
chrysene 218-01-9 228 4 5.86 exp [120]
benz[alanthracene 56-55-3 228 4 591 exp [120]
benzolk]fluoranthene 207-08-9 252 45 6.00 exp [121]
benzo[alpyrene 50-32-8 252 5 6.04 exp [120]
benzo[e]pyrene 192-97-2 252 5 6.04 calc [121]
benzo[b]fluoranthene 205-99-2 252 4.5 6.06 exp [120]
benzo[jlfluoranthene 205-82-3 252 45 6.07 calc [121]
perylene 198-55-0 252 5 6.25 exp [120]
benzo|ghi]perylene 191-24-2 276 6 6.50 exp [120]
indenol1,2,3-cd]pyrene 193-39-5 276 5.5 6.50 exp [120]
dibenz[a,h]anthracene 53-70-3 278 5 6.50 calc [122]
dibenzo[a,llpyrene 191-30-0 302 6 7.20 calc [123]
dibenzo[a, h]pyrene 189-64-0 302 6 7.28 calc [124]
dibenzo[a,e]pyrene 192-65-4 302 6 7.30 calc [125]
dibenzo[a,ilpyrene 189-55-9 302 6 7.30 calc [126]
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Scheme 3.1: Metabolism of benzo[a]pyrene (B[a]P) in mammalian cells.'>"128) CYP: cytochrome P450
dependent monooxygenases, mEH: microsomal epoxide hydrolases, DNA: deoxyribonucleic
acid, dG: deoxyguanosine .

Metabolism of polycyclic aromatic hydrocarbons in mammals

The metabolism of organic, lipophilic xenobiotics is aimed at the conversion into hydrophilic and
excretable conjugates. It follows two phases: i) the biotransformation into electrophilic interme-
diates and ii) the conjugation to polar molecules including glutathione, glucuronic acid, sulphate
and acetic acid.!''*'27! This process serves the excretion through urine. In some cases, the elec-
trophilic intermediates are capable of covalently binding to deoxyribonucleic acid (DNA), causing

[127

mutagenic effects./'?”! The metabolism and ultimate carcinogenicity of PAH is best studied for

BlalP.

Xenobiotics such as B[a]P can be metabolized by almost any cell in the human body, includ-
ing viable skin cells (that is, cells beneath the s.c.).'?” In the cell, B[a]P acts as a ligand to the
aryl hydrocarbon receptor (AhR).!'>”) The AhR is vital for the carcinogenicity of PAH.!5 It is a
ligand induced transcription factor that activates the expression of the microsomal aryl hydro-
carbon hydroxylase cytochrome P450 dependent monooxygenases (CYP).[127130] These enzymes
— for PAH most importantly CYP1A1 and CYP1B1 — oxidize B[a]P, leading to monoepoxides
(Scheme 3.1).1131 B[g]P-4,5-oxide is rapidly deactivated in mammalian cells, however, B[a]P-7,8-

(128

oxide is far more dangerous.!'?8! While both are hydrolyzed by microsomal epoxide hydrolases

28



POLYCYCLIC AROMATIC HYDROCARBONS

(mEH), B[a]P-4,5-diol is then conjugated and excreted, while the predominantly formed (R,R)-
B[a)P-trans-7,8-diol can be further epoxidized.!'?”1?8 In a second epoxidation, this compound is
transformed by CYP1A1 or CYP1Bl1 to B[a]P-(7R,8S5,9S,10R)-7,8-diol-9,10-oxide, the most potent
mutagen among all possible diastereomers and also the preferred configuration.!'2132] Hydrol-
ysis to Bla]P-7,8,9,10-tetrahydrodiol by mEH is sterically hindered by the bay region — the space
between two aromatic rings in PAH (Scheme 3.1) — neighboring the epoxide.!!?® This sterical hin-
drance is the reason for the stronger mutagenic potential of B[a]P-7,8-oxide compared to B[a]P-
4,5-oxide.

Since BlalP-(7R,85,95,10R)-7,8-diol-9,10-oxide is not rapidly biotransformed, it can bind to other
molecules such as the DNA,'3?! specifically to the purine bases, favoring deoxyguanosine.!'33 The
epoxide can be subject to cis- or trans-opening by the nucleotide with the trans-opening being
favored.'2”) This adduct is also more resistant to the nucleotide excision repair pathway (NER),!134
because it is accommodated in the minor DNA groove.!12713% The distortion of the DNA confor-
mation by the trans-adduct is thus less pronounced, leading to a tenfold reduction of NER activity
compared to the cis-adduct.['?7136] A subsequent replication of a gene that has the potential to
cause cancer (oncogene) can lead to the induction of guanine — thymin transversion.!'?”! One of
the most important oncogenes playing a role in the formation of cancer is TP53, the genetic en-

[137]

coding for protein p53. p53 plays a critical role in tumor suppression and gene stability.!!38 If

TP53is mutated, it can no longer fulfill these tasks, and indeed, it is mutated in more than 50% of

all lung cancers, a type of cancer which is usually associated with B[a]P.!137139]

Dermal exposure to polycyclic aromatic hydrocarbons

This section summarizes two of the four publications relevant for this dissertation: Polycyclic aro-
matic hydrocarbon permeation efficiency in vitro is lower through human than pigskin and de-
creases with lipophilicity and Migration of polycyclic aromatic hydrocarbons from a polymer sur-
rogate through the stratum corneum layer of the skin. The published versions are available in the

appendix, Sections A.2 and A.3.

Scientific basis

As far back as 1950, scientist explored the penetration of PAH into the skin. Histological analy-
sis of newborn mice revealed that B[a]P partitions into the s.c. almost immediately from acetone
or benzene.!'*%! Numerous later studies have confirmed these findings using different matrices
ranging from solvents to soil.!!41~146! [t was shown that the matrix has an important impact on
the penetration of PAH into the skin: application of B[a]P in soil resulted in a significantly re-
duced penetration into the skin when compared to the penetration of B[a]P applied in acetone in

vivo (monkey) and in vitro (human cadaver skin).[141143] Generally, PAH uptake from acetone was
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greater than from other matrices, including lubricating 0il'*"148! and coal dust.!149!

Permeation and diffusion through the skin are less governed by the matrix in which the PAH are
applied. They depend more on the properties of the substances in question. For example, per-
meation of PAH decreases with rising logP, as was demonstrated for human skin in vitro from

bitumen. 159

The dermal uptake of PAH can cause skin cancer,!'®!! which is why regulations on the amount of
PAH in consumer products were introduced. In the European Union, PAH content is limited to
1 mg/kg per PAH in general consumer products with intended skin contact and to 0.5 mg/kg in
toys.!'52! Nevertheless, PAH have been found in consumer products with designated skin contact,
for example, in newspaper ink or consumer products containing rubber and plastics.!!!153! Prob-
able contamination sources include mineral oils used as plasticizers and carbon black.!1%154-156!
A study on the migration of PAH from consumer products made of rubber material revealed that
B[a)P was able to permeate human skin in vitro.®! However, about 80% of the applied B[a]P re-

mained in the s.c.[25

The understanding of the distribution of different PAH in the skin is of key importance, because it
allows to asses the bioavailability of a given PAH. If PAH remain mainly in the s.c., they could form a
reservoir and become bioavailable gradually. They also might be shed with the dead keratinocytes
during continuous desquamation. This process is completed every 14 days, meaning that a s.c.

157]

layer takes about 14 days from its creation to the moment it is shed.™™" If, however, PAH permeate

the s.c. barrier in a relatively short amount of time, they could pose a greater threat to human
health.

Aim and methods

Two studies on PAH penetration through the skin by FDC assays with the aim to investigate how
the intrinsic properties logP and M affect the penetration behavior through the skin were part of
this thesis. Their differences are summarized in Table 3.2. All studied PAH are listed in Table 3.1.

Analytical method The analytical method applied for PAH determination in the FDC compart-
ments was GC-MS/MS. GC is a method whereby the analytes are separated in a column according
to their distribution between a gaseous phase and a stationary phase.!1%?! This equilibrium is dic-
tated by the vapor pressure of the analytes and their interaction with the stationary phase. The
gaseous phase acts as a carrier gas and does not interact with the analytes. Modern GC columns
are capillary columns: the stationary phase is coated into a glass capillary, leaving space for the
mobile phase to flow through.!!52! PAH interact well with a non-polar polymer as an stationary
phase due to their low polarity. If analytes exhibit weak interactions with the stationary phase,
they are not effectively separated.!'®3 The time it takes an analyte to pass through the column is

called retention time and is a characteristic property used for its identification.
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Table 3.2: Comparison of the methodology of the studies on PAH skin penetration. Skin penetration of
PAH was investigated in two different studies. The methodological differences are summarized
in this table. logP: logarithmic octanol-water partition coefficient, PAH: polycyclic aromatic hy-
drocarbon, BSA: bovine serum albumin, PBS: phosphate-buffered saline.

parameter Simon et al. 2024a'%!  Simon et al. 2023b!!5%
application matrix acetonitrile squalane
logP matrix —0.3160! 15.6/161
concentration in matrix 1000 ng/ml 500-1000 pg/ml
applied amount 50 ng 100-200 pg
tape strips 5 20
tape strip analysis pooled individually
skin type human and pig pig
receptor fluid 9 g/l saline solution 50 g/1 BSA in PBS
PAH applied broad range of 24 PAH five selected PAH
incubation times 2h,4h,16h,24hand48h lhand24h

MS/MS serves as a detection method after separation by GC. The gaseous stream of analytes com-
ing from the GC column enters a vacuum chamber and the analytes are ionized by a stream of
electrons, a process called electron ionization. The ions are repelled vertically and guided into the
mass analyzer.['5* The most common mass analyzer for MS/MS is a hexapole called quadrupole
for historic reasons. The voltage on the quadrupoles can be manipulated in such a way that only
ions of a given mass-to-charge ratio (m/z) can pass through.!'%* In MS/MS, these ions are called
precursor ions. The selected precusor ions now enter a second quadrupole, where they are guided
through a steady stream of an inert gas (for example, nitrogen) in opposite direction to the ion
stream. According to their collision energy and their molecular properties, the ions dissociate, pro-
ducing distinctive fragment ions. The third quadrupole filters out these ions and only lets through
ions of a certain m/z. These ions are called product ions. An analyte can be identified according to

this characteristic fragmentation in combination with the retention time from GC.

Dermal PAH penetration from acetonitrile Data from the quality controls of FDC assays per-
formed for a study by Bartsch et al. on the penetration of PAH from consumer products were
reevaluated.'?®! 24 PAH had been applied in acetonitril (1000 ng/ml) onto human or pigskin in the
donor compartment. Negative controls were carried out with FDC assays applying pure acetoni-
trile. The incubation times ranged from 2 h to 48 h with data of human skin gathered exclusively
for 24 h. After the incubation, the skin was tape stripped five times and pooled. All FDC compart-
ments were extracted and PAH content determined by GC-MS/MS. The data was then normalized

to the amount taken up by the skin.

Determination of partition and diffusion coefficients The partition (K,y,,;) and diffusion co-

efficients (Dy) of five selected PAH (naphthalene, anthracene, pyrene, BlalP and DB|a,h]P) rep-
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resenting ring sizes from two to six rings were determined. FDC assays were performed apply-
ing highly concentrated solutions in squalane onto the skin in the donor compartment. Squa-
lane is highly lipophilic (logP = 15.6)!!6%! and has been used as a polymer surrogate in previous
studies.[?1:161,166,167] Thege characteristics make it suitable as a matrix for the determination of
Kse/m of PAH for real life exposure to consumer products made of plastics. Negative controls were
carried out with FDC assays applying pure squalane in the donor compartment. The receptor
chamber was filled with a 50 g/1 solution of bovine serum albumin (BSA) in phosphate-buffered
saline (PBS). The function of BSA in bovine blood and of its human counterpart, human serum
albumin, is the transport of lipophilic substances in the bloodstream. In skin penetration studies,
it increases the solubility of these substances in the receptor fluid.[?"3%168! Additionally, it mini-
mizes binding of PAH to the glass surface of the receptor chamber and reduces protein loss from

the dermis.[2”!

The incubation times of the FDC assays for this experiment were 1 h and 24 h (anthracene only
1 h). These time points were chosen because 1 h represented the shortest time period at which the
tape stripping procedure could still be performed without taking up a significant amount of the
incubation time. 24 h were considered long enough for an equilibrium to be reached between the

matrix and the uppermost s.c. layer as well as the diffusion into the s.c.

After incubation, the setup was disassembled to analyze the compartments individually. The
squalane solution still left on the skin was removed (donor compartment) and the skin was tape
stripped 20 times. Each tape strip was extracted and analyzed individually. The remaining skin
and the receptor fluid were also extracted. Each extract was then analyzed by GC-MS/MS for its
PAH content.

Mathematical basis The governing principles of PAH permeation through the s.c. are the par-
titioning from the matrix into the upper most s.c. layer and the diffusion in the s.c. itself. The

partitioning at equilibrium is described by K./, defined as

c
Kserm = i; (3.1)
Cm
where c,. is the concentration of PAH in the s.c. and c;, is the concentration of PAH in the ma-
trix (squalane). Diffusion is described by Fick’s laws of diffusion.'®% Most useful to describe the

diffusion behavior is the second law which reads for the case of diffusion in the s.c.

ac_x,[ _ azc_xy[
ot ¢ ox?

(3.2)
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with the concentration c, ; in dependence of depth x in the s.c. and the time ¢. A solution to this

differential equation is!17"

3 X 21, (j=m jznzDsc
Crel,x,t = Kse/m | 1— H_ - ; }Sln H_x exp|———=—1¢ (3.3)
sc j=1 sc

with the total thickness Hj. of the s.c. and the concentration in the s.c. relative to ¢,

_ Cxp
Crel,x,t = C_ (3.4)

m
This solution is derived by a Laplace transform and has three boundary conditions:

(i) thes.c. must be devoid of any analyte at the beginning of the incubation time at any position

X: Cx0 =0,
(ii) the concentration in the matrix ¢, is considered to be constant over the incubation time,

(iii) the layers under the s.c. must act as a perfect sink. This means that the lowest layer of the
s.c. must always be directly depleted of any analyte.

Condition (i) is relatively easily maintained if the skin is not contaminated with the analyte prior
to the experiments. This is verififed by the analysis of the negative samples. Condition (ii) is nor-
mally achieved by infinite dose conditions, using very high starting concentrations in the appli-
cation medium. Infinite dose conditions are maintained — according to the OECD — when over
the total incubation period less than 10% of the applied substance penetrates the skin.®"'17!l This
is verified by the quantification of analyte in the donor compartment after the incubation time.
Condition (iii) is the most difficult to achieve. The s.c. is a lipophilic matrix while the viable epi-
dermis underneath is rather aqueous. Hence, hydrophilic substances can efficiently partition into

the viable epidermis while lipophilic substances do not.

The parameters (K, and D) were calculated by fitting the concentration profile in the s.c. to

equation (3.3).

The depth into the s.c. x was calculated using
x=0.349- (n7s—0.5). (3.5)

This equation was obtained in the same manner as equation (2.1), but in a separate experiment.
The two equations diverge by about 12%. The subtraction of 0.5 skin layers (n7g) was used to plot
the middle of the s.c. layer removed by the tape strip. Furthermore, the first tape strip is dismissed

from the calculation because it removes the stratum disjunctum (see Chapter 2).58!
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Figure 3.2: logP of polycyclic aromatic hydrocarbons versus their molar mass M. Linear regression curve:
equation (3.7). For values, see Table 3.1. logP: logarithmic octanol-water partition coefficient.

The equation
y=u-e N+ w (3.6)

served as a general equation for data fitting in both studies. y is the dependent parameter, X is the

independent parameter and u and w are fitting parameters.

For the PAH that were investigated in the studies summarized here, logP is linearly related to M

(Figure 3.2) as described by

mol
logP =0.0217 ? - M + 0.660. (3.7

The linear regression was carried out using the data from Table 3.1 (r? = 0.986). Therefore, all in-
terpretations regarding logP could also be made for M. The largest compounds in the studies here
are the dibenzopyrenes with 302 g/mol. Effective skin permeation has been shown for substances
of higher M,12728172l indicating that lipophilicity is a more relevant factor than M, especially when

comparing to other substance classes.

Results and discussion

Dermal penetration of PAH from acetonitrile This study allowed a comparison of five incuba-
tion times, of PAH ranging in logP from 3.9 to 4.2 and M ranging from 152 g/mol to 302 g/mol
as well as skin from humans and pigs. The distribution in the skin layers indicate that large PAH
permeate the skin less efficiently than small PAH (Figure 3.3). After 24 h, small PAH are able to
permeate the s.c. almost completely with amounts in the receptor greater than those in the five
uppermost layers of the s.c. Large PAH on the other hand do not permeate the skin at all: the

largest amounts were found in the uppermost layers of the s.c. while the receptor fluid was devoid
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Figure 3.3: Distribution ratio of polycyclic aromatic hydrocarbons (PAH) in the skin. Distribution ratio of
PAH in each compartment to total amount found in the skin (stratum corneum (s.c.), remaining
skin) and receptor fluid after 24 h incubation time versus logP. Curves represent data fitted to
equation (3.6). a) Human skin. b) Pigskin. logP: logartithmic octanol-water partition coefficient.
Adapted from Simon et al. 2024a licensed under CC BY 4.0.1%8!

of these PAH after 24 h.

Interestingly, the ratio of PAH in the remaining skin layer is almost constant over the whole logP
range of investigated PAH (Figure 3.3, blue curve). The s.c. is not completely removed with five
tape strips, as discussed above (Chapter 2, Section Tape stripping: studying individual layers of the
startum corneum). The remaining skin therefore consists of residual s.c. as well as the complete vi-
able epidermis and large parts of the dermis. These layers are where the partitioning between the
more lipophilic s.c. and the more aqueous layers below takes place. The more lipophlic PAH pre-
sumably reside in the remaining s.c. whereas the less lipophilic PAH are distributed more evenly
between the receptor fluid, dermis and viable epidermis. Hence, PAH of all sizes and lipophilicities

are present to roughly equal ratios in the remaining skin.

The distribution of the PAH in the three different compartments (uppermost s.c., remaining skin,
receptor fluid) can be fitted to equation (3.6) as a function of logP. The resulting curves are dis-
played in Figure 3.3 to help with visualization. The distribution ratios show a saturation at about
logP = 6, meaning that the distribution does not change significantly for PAH of higher lipophilic-
ity. This is consistent for skin of both species, human and pig.

The ratio of PAH in remaining human skin is lower than in remaining pigskin and the limit value
is considerably higher in pigskin than in human skin (pig: 42% versus human: 24%, Figure 3.3).
For small PAH, the ratio found in the receptor is higher in pigskin than in human skin. In the s.c.,
these ratios are reversed: the ratio of all investigated PAH in human s.c. is higher than the ratio in
porcine s.c. When the ratio of PAH in human s.c. is divided by the ratio of PAH in porcine s.c. and
then plotted against logP, the resulting curve gives an idea of how well the permeation properties

of porcine s.c. resemble the properties of human s.c. (Figure 3.4).
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Figure 3.4: Ratio of amount in porcine stratum corneum (s.c.) to amount in human s.c. Curve represents

data fitted to equation (3.6). logP: logarithmic octanol-water partition coefficient. Adapted from
Simon et al. 2024a licensed under CC BY 4.0.[158!

The curve reaches a limit at about 0.6, which means that porcine s.c. retains a maximum of 60%
of PAH that human s.c. retains according to this model. Smaller PAH are held back less strongly
in porcine s.c. than in human s.c.: the smallest PAH almost completely overcome the s.c. barrier
and permeate into the remaining skin. These differences between human and porcine s.c. could
be rationalized by the different packing of lipids in the respective s.c. While the molar ratio of
the lipids in both are comparatively equal, the packing differs: human s.c. lipids are packed or-
thorhombically and porcine s.c. lipids are packed hexagonally.!!”®! This leads to human s.c. lipids

being packed more densely than their porcine counterparts.

An alternative explanation could be the different reaction of pigskin to freezing compared to hu-
man skin. A previous study demonstrated that permeation characteristics of human skin are not
compromised by freezing.!!'”4 Pigskin, however, exhibits a permeability increase of up to 25% com-
pared to fresh pigskin when freezing and storing at —20 °C for the lipophilic substance methyl sal-
icylate (logP = 2.5).! A study on the direct comparison of fresh and frozen human and pigskin
has not been carried out yet. However, a comparison of rat, rabbit and pigskin showed the latter

to be especially vulnerable to freezing.['7®!

FDC assays applying a PAH mixture in acetonitrile were carried out with incubation times from
2 h to 48 h using pigksin. In Figure 3.5 the results are displayed for three expemplary PAH of small
(acenaphthene), medium (pyrene) and large (dibenzola,/|pyrene, DBla,/]P) size. Acenaphthene
permeates into the receptor fluid after 2 h with little retention in the s.c. The distribution does
not significantly change with longer incubation times. The majority of acenaphthene is able to
permeate to the receptor chamber whereas distribution between the s.c. and the remaining skin

remains comparable. Other small PAH demonstrate similar penetration characteristics.

DBJa,l]P does not permeate the skin at all. After 2 h, the majority of DB[a,/|P is detected in the

s.c. which is also the case for every other time point probed. No DBJa,[|P was recovered in the
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Figure 3.5: Distribution ratio of selected polycyclic aromatic hydrocarbons (PAH) in pigskin at different
time points. Distribution ratio in each compartment to total amount found in the skin at differ-
ent time points in pigskin. a) acenaphthene (154 g/mol, logP = 3.92), b) pyrene (202 g/mol,
logP = 4.88) and c) dibenzola,l]pyrene (302 g/mol, logP = 7.20). logP: logarithmic octanol-
water partition coefficient. Adapted from Simon et al. 2024a licensed under CC BY 4.0.[158!

receptor fluid. A possible explanation is the retention at the s.c./viable epidermis boundary layer.
Here, DB[a,l]P does not efficiently partition into the more aqueous layer beneath the s.c., therefore
DBJa,l]P can accumulate in the s.c. and form a reservoir. Over time, small amounts of it could
permeate into the lower layers of the skin. The desquamation process has a turnover of 14 days,
leaving two weeks for the substance to become bioavailable before it would be shed with the dead

keratinocytes.!1%”]

The most time-dependent kinetics are offered by medium-sized PAH. At short incubation times,
pyrene is found mostly in the s.c. with low amounts in the receptor fluid. The ratios in each com-

partment slowly converge until s.c. and remaining skin no longer significantly differ at 48 h.

Determination of partition and diffusion coefficients Five selected PAH were applied to pigskin
in squalane at quasi-infinite dose conditions. Squalane was chosen as a polymer surrogate with
properties close to polypropylene. Infinite dose conditions were chosen to maintain border condi-
tion (ii) of equation (3.3). The donor compartment (the share of PAH on the skin that did not pene-
trate) accounted for 97% to 102% of the applied dose after 1 h and for 94% to 97% after 24 h. Hence,

infinite dose conditions were maintained during the complete duration of the FDC assays. 6!

Large PAH are retained by the s.c. more strongly than small PAH, as already shown above. After 1 h,
the larger PAH are recovered to a higher degree in the s.c. than smaller PAH (1 h, Figure 3.6a). Only
naphthalene was able to penetrate the skin and reach the receptor fluid. After 24 h, the recovery of
naphthalene in the receptor fluid was an order of magnitude higher than those of the other PAH
(Figure 3.6b). All PAH were about equally distributed between s.c. and remaining skin, however,
the s.c. is much thinner than the remaining skin (about 15 pm in this case compared to almost

500 pm of the remaining skin). Thus the concentration of each PAH in the s.c. is higher than in the
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Figure 3.6: Polycyclic aromatic hydrocarbon (PAH) recovery in Franz diffusion cell (FDC) assay with
squalane. Recovery of the total applied mass of each PAH in the individual compart-
ments (donors not shown) of the FDC after application of a quasi-infinite dose in squa-
lane. Mean =+ standard deviation. a) 1 h incubation time, b) 24 h incubation time. B[a]P:
benzo[alpyrene, DB[a,h]P: dibenzo|a,hlpyrene, s.c.: stratum corneum. Adapted from Simon et
al. 2023b licensed under CC BY-NC-ND 4.0.[15%

remaining skin.

The s.c. was tape stripped 20 times and the tape strips of each layer were analyzed separately,
making it possible to portray concentration profiles of the PAH in the s.c. (Figure 3.7 exemplary for
B[a]P). The concentration of PAH in each cell layer decreased with increasing depth. Due to the
infinite dose conditions, the diffusive loss in the upper s.c. layers will be constantly replenished
from the donor compartment. When reaching the s.c./viable epidermis boundary layer, the PAH
partition into the viable epidermis according to their s.c./viable epidermis partition coefficient.
Since the viable epidermis is an aqueous matrix, PAH with higher logP are expected to accumu-

late in the s.c. whereas naphthalene may partition into deeper layers, reaching the receptor more

easily.
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Figure 3.7: Concentration profiles of benzo[a]pyrene (B[a]P) in the stratum corneum (s.c). Profile of B[a]P
in the s.c. after incubation in squalane with 1 h and 24 h incubation time. a) Fit to equation (3.3).
b) Fit to equation (3.6). The values of the first tape strip are dismissed from the calculation
because it removes the stratum disjunctum (Chapter 2).%8! It is represented as a negative value
on the x-axis. Mean * standard deviation. cy;: relative concentration (equation (3.4)). For
all other polycyclic aromatic hydrocarbons investigated here, see the supporting information of
Simon et al. 2023b.!"%9 Adapted from Simon et al. 2023b licensed under CC BY-NC-ND 4.0.!159
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In order to model the diffusion through the s.c., the resulting concentration profiles were fitted
to equation (3.3). The resulting curves allow the determination of K, and Dy, (Table 3.3 and
Figure 3.8a). In theory, the obtained values for the two incubation times should be the same, how-
ever, they do not with the exception for K, of DB|a,h]P. This discrepancy can be explained by
the nature of these coefficients: partition coefficients describe a thermodynamic equilibrium. In
equation (3.3), Ky, is described by the relative concentration (equation (3.4)) at x = 0 irrespective
of the time . Hence, if equilibrium is not yet reached, calculated values for K, are incorrect.
The value after 24 h incubation period can be more plausibly expected to represent the equilib-

rium between donor and upper most s.c. layer.

For both time points, K, is linearly dependent on logP (Figure 3.8a). The two curves cross at
log P = 7.6, which is slightly above the logP of DB[a,h]P (logP = 7.28) and indeed, K, values for
DBla,hlP do not differ significantly. The trend of converging linear curves indicates that the more
lipophilic a PAH is, the faster it reaches equilibrium between squalane and s.c. Ky, are higher for
the more lipophilic PAH, which means that these PAH partition into the s.c. more strongly than
the less lipophilic PAH.

Values for Dy, also differ for the two incubation times (Table 3.3 and Figure 3.8b). Longer incu-
bation times diminish the contribution of the exponential term in equation (3.3). The values ob-
tained after 1 h were thus deemed more accurate, because a variation in Dy, would have a stronger

effect on the accuracy of the fit.

logDy. of naphthalene (-10.9 +£4.4) is considerably higher than logDy. of the other investigated
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2) M [gmol™'] b) M [gmol]
150 200 250 300 150 200 250 300
1.5
0.5
1.0
E o
¥§ 0.0 & 0.5
)
g k)
~ _0s 0.0
-0.5
-1.0
4 5 6 7 4 5 6 7
logP logP

Figure 3.8: log K¢/, and log D of five polycyclic aromatic hydrocarbons versus logP. a) log K./, versus
logP with linear regression curves and b) log D versus logP. Means + standard deviation. The
upper x-axis shows the molar mass M, which is linearly related to the logP of these PAH. Val-
ues for K/, after 1 h and Dy, after 24 h are considered inaccurate. s.c.: stratum corneum, Ksc/m:
partition coefficient between squalane and s.c., Dy diffusion coefficient in the s.c., logP: loga-
rithmic octanol-water partition coefficient. Adapted from Simon et al. 2023b licensed under CC
BY-NC-ND 4.0.15%
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Table 3.3: Partition K, and diffusion D, coefficients of five polycyclic aromatic hydrocarbons in the
stratum corneum (s.c.). Values for K., after 1 h and D, after 24 h are considered inaccurate.
Unit of Dy before logarithm: m?/h, B[a]P: benzo[a]pyrene, DB|a,h]P: dibenzo[a,h]pyrene.

substance logKscm 1 h logDs:1h log K¢/, 24 h logDsc 24 h

naphthalene -0.926+0.117 -10.93+4.35 —-0.43+0.06 -12.602+4.27
anthracene —-0.293+0.023 —-11.54+2.33 — —

pyrene -0.159+0.013 -11.59+2.42 0.13+£0.012 -12.526+2.97
BlalP 0.024+0.002 -11.61+2.07 0.18+£0.016 -12.562+3.09
DBla,h]P 0.631+0.051 -11.65+2.44 0.69+0.056 —12.472+2.81

PAH, which do not differ significantly from each other. Naphthalene is also the only PAH for which
literature values of logD;, exist: —9.60+3.201177) and —8.36 + 3.89.127?8] These formerly reported
values are one and two orders of magnitude higher, respectively, than the value reported here. As
already stated in these studies, the application medium plays a role for D in these cases. Kim et
al. applied naphthalene in jet fuel, known to damage the s.c.!'’”! and Ellison et al. applied naph-
thalene in 1.12% ethanol, which enhances skin permeation.?”?8! Squalane has not been reported

to interfere with diffusion through the s.c.!1”8!

Coincidentally, equation (3.6) fits the concentration profile through the s.c. very well for both time
points and for all PAH (Figure 3.7b, exemplary for B[a]P). Equation (3.6) is not a solution of Fick’s
second law. However, the data fit the equation uncommonly well. Hence, the migration of PAH
through the s.c. is most probably not a purely Fickian process. The coefficients for # and w were
determined for the five PAH in question and for both time points (Table 3.4).
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Figure 3.9: Parameters logu and logw of equation (3.6) versus logP and log K./, of five investigated PAH.
a) logu versus logP, b) logw versus logP and c) logK;./,; versus logu with respective linear regres-
sion curves. Means =+ standard deviation. The upper x-axes of a) and b) show the molar mass M,
which is linearly related to the logP of these PAH (Figure 3.2). s.c.: stratum corneum, Kom: parti-
tion coefficient between squalane and s.c., logP: logarithmic octanol-water partition coefficient.
Adapted from Simon et al. 2023b licensed under CC BY-NC-ND 4.0.[159
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Table 3.4: Coefficients for exponential equation of five polycyclic aromatic hydrocarbons (PAH). u and w
— coefficients of equation (3.6) — of the concentration profile of five PAH in the stratum corneum.
B[a]P: benzo[alpyrene, DB[a,h]P: dibenzo[a,h]pyrene.

substance logulh logwlh logu24h logw24h

naphthalene -0.833+0.093 -1.383+0.154 -0.314+0.046 —1.056+0.153
anthracene -0.212+0.018 -1.145+0.097 — —

pyrene -0.076+0.009 -1.074+0.13 0.224+0.016 -0.441+0.032
B[alP 0.105+0.011 -0.914+0.094 0.274+0.014 -0.423+0.022
DBla,h|P 0.706 +£0.095 —0.325+0.044 0.751+0.055 0.161+0.012

The logarithmic values of the two parameters of this fit, logu and logw, are linearly related to logP,
again in dependence of the incubation time (Figure 3.9). Parameter w could be understood as a
factor governing retention at the s.c./viable epidermis boundary layer. The time dependence of the
parameter is shown by the different values for the two different time points. It can be explained by
the time dependent diffusion of PAH from the surface of the skin to s.c./viable epidermis bound-
ary layer. Furthermore, the removal rate of PAH from the lowest lying s.c. layer into the viable
epidermis should have an impact on w. A high removal rate would lead to w approaching zero,

corresponding to perfect sink conditions.

Parameter logu is also time dependent and linearly related to logK;./, (Figure 3.9). The two linear
fits cross at the values for DB|[a, h]P, similar to the fit of logK/,, versus logP. logu could be regarded
as atime factor for the partitioning between the medium and the s.c. With longer incubation times,
the equilibrium state is reached and the time dependent factor in logu is diminished, making u

and Ky, equal.

Conclusion

The two studies conclusively demonstrated that skin penetration of PAH is dependent on their
lipophilicity. The skin acts as a barrier for highly lipophilic PAH with the dibenzopyrenes not being
able to permeate into the receptor even after long incubation times of 48 h. The main barrier is the
s.c./viable epidermis boundary layer, where the liphophilic PAH are retained and do not efficiently

partition into the aqueous matrix beneath the s.c.

Partitioning into the s.c., on the other hand, is favored for more lipophilic PAH. K., is positively,
linearly dependent on logP. D is higher for naphthalene than for all other PAH of this study, ex-

plaining in part why it more easily reaches the receptor fluid than the other PAH.

The concentration profile in the s.c. is, however, more reliably described by equation (3.6) than
by the solution of Fick’s second law equation (3.3). This indicates a non-Fickian diffusion of PAH

through the s.c.
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4 Metal-induced allergic contact dermatitis

The mammalian immune system can be separated into two parts: the innate and the adaptive
immune system. Both parts constantly interact with each other in order to protect the human
body from harm. The innate immune system developed earlier evolutionarily speaking and is
present in all animals, from snails to jaguars.!'” The adaptive immune system developed in jawed
vertebrates more than 500 million years ago. It is part of a sophisticated system for the protection

of vertebrates and thus, mammalian and human health.}7?!

An allergy is an overreaction of parts of the immune system to otherwise harmless substances.
They are categorized into four types.!'8" A contact allergy is classified as Type IV, which causesa T
cell-mediated, and thus delayed, immune response.!'®!! Contact allergies are associated with skin

contact to the allergen. 1801811

ACD develops, when an allergic person is exposed to their respective allergen, resulting in ec-
zema.!3181 The most notorious substance causing contact allergy is nickel with about 11% of the
general population experiencing ACD upon contact.”! Cobalt is the second most prominent metal
contact allergen and palladium has gained traction because of its increased use in, for example,
implants.'®! The allergic reaction can also be caused by other metals and chemicals, such as fra-

grances or biocides. 39182l

For contact allergies to develop, the body must first be exposed to the allergen during the sensiti-

zation phase. In the case of Nickel, this most probably happens by contact to a nickel alloy in an
injured part of the skin, a prime example being a piercing.!!83184
Nickel activates Toll-like receptor 4 (TLR4), which is normally responsible for the identification of

e.[185186] By an evolutionary coincidence,

I. [3,187]

the gram-negative bacterial product lipopolysaccharid
nickel is able to bind to primate-restricted histidines in TLR4 and thus activate the recepto
This leads to the induction of multiple proinflammatory cytokines,!'8"188! resulting in the activa-

tion of skin-resident dendritic cells.!'8%

Dendritic cells are antigen-presenting cells and thus play an important role in the immune re-
sponse. When nickel enters the skin, it binds to self-peptides (endogenous peptides) in a process
called haptenization. The dendritric cells take up and process the haptenized peptide and travel to
the local draining lymph node (Figure 4.1). Here, the peptide-bound nickel is presented to T cells

on the major histocompatibility complex, the antigen presenting receptor of dendritic cells.!!8%
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T cells are highly specialized cells of the adaptive immune system that are equipped with a in-
dividual receptor for recognizing antigens presented on the major histocompatibility complex of
dendritic cells.!'®!! Naive CD4* and CD8* T cells that recognize the complex are activated and dif-
ferentiate into effector T cells.!3! Mature CD4* cells are T helper cells that regulate the immune re-
sponse, whereas CD8* cells are cytotoxic T cells, tasked with the destruction of infected cells.!18"
A part of the effector T cells develop into memory T cells, which either reside in the skin tissue
(skin-resident memory T cells) or distribute in the whole body (central memory T cells).® 8! It is
believed that the mechanisms for the induction of contact allergy against other contact allergens

such as cobalt and palladium follow a similar route. 9%

Following a renewed contact to nickel, inflammation occurs in the elicitation phase: the nickel
haptenizes a self-peptide and the complex is taken up by dendritic cells. They then present the
nickel haptenized peptide to memory T cells, leading to the release of cytokines, promoting an

allergic reaction and thus, leading to ACD. 31811911

sensitization phase elicitation phase
o O O first contact with O ® (O repeated contact
o O O (O allergen O O j ® with allergen
migration into the skin re.le.ase. of cytokines
uptake by elicitation of eczema
dendritic cell -
0' presentation of
o haptenization protein : the allergen
o = to memory T cells
<
migration to the
lymph node ' 7
o @ E—
Q : \Q . 2
7= <O & —
~ @
presentation of the allergen proliferation and differentiation uptake in the
to naive T cells to memory and effector T cells bloodstream

Figure 4.1: Allergic contact dermatitis. Adapted from Riedel 2022.!'8! Created with BioRender.com.
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Dermal penetration of metal allergens

This section summarizes one of four publications relevant for this dissertation: Less efficient skin
penetration of the metal allergen Pd?* compared to Ni?* and Co®* from patch test preparations. The

published version is available in the appendix, Section A.4.

Scientific basis

Contact allergies are diagnosed by epicutaneous testing (patch testing), where the allergen — dis-
persed in a formulation such as petrolatum — is applied onto the skin for 48 h.[192193] The appli-

cation surface is examined for inflammations afterwards, which are indicative of an allergy.

The lack of global standardization of the patch test often inhibits comparability of allergy preva-
lence between allergens and regions.!!94199 Metal allergens are usually applied in a dispersion of
a metal salt in petrolatum, called patch test preparations (PTPs) in this thesis. Nickel, cobalt and
palladium are generally applied as NiSO4, CoCl, and PdCl,, respectively. Since PdCl, is poorly
water-soluble, Na,PdCl, has been discussed as a possible alternative, 200201 eyen though litera-

ture lacks a reliable value for the solubility of Na,PdCly.

The causes of allergies have recently been investigated in in vitro activation induced marker as-
says. It was shown that metal-specific CD4* T cell frequencies for Pd** exceed those of Ni** and

47501 These frequencies were correlated to acutely allergic patien-

Co?* in human blood samples.!
ts.[*”! However, palladium allergies are seldom diagnosed in the general population.?%?! A possible
explanation for this contradiction could be the less pronounced permeation of Pd** through the

skin as compared to Ni** and Co?* during patch testing.

Aim and method

To test this hypothesis, diagnostic PTPs (Table 4.1) were applied to pigskin in FDC assays with an
incubation time of 48 h. This corresponds to the time frame of a clinical patch test.?%%! Further-
more, a solution of NiSO4, CoCl, and Na,PdCly in PBS was prepared and applied in separate FDC

assays.

The analytical method employed for metal quantification was ICP-MS, typically used for element
quantification.['®¥ The analytes are atomized and ionized in an argon plasma and then guided
to the mass analyzer. In most cases, the mass analyzer is a single quadrupole. ICP-MS is a very
robust and sensitive method, which has lead to its wide spread adaption in the field of element

analytics. 164

For the FDC assays, the pigskin was cut to a thickness of 500 um using a dermatome and the skin
pieces were cut out using a scalpel. Contrary to the other FDC assays, the skin was not punched

out. The nickel content of the cast-iron punch contaminated the skin, which was detectable in the
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remaining skin.

The skin was laid atop the receptor chamber filled with fetal bovine serum, fulfilling the same
function as the BSA in the PAH study (Chapter 3, Section Dermal exposure to polycyclic aromatic
hydrocarbons). The skin’s integrity was verified by the measurement of the TEWL. The donor sub-
stance was applied to the skin (20 mg of PTP or 200 pul of the metal salt solution in PBS, Table 4.1).
Negative controls were carried out with FDC assays applying 20 mg of petrolatum or 200 pl of PBS.
After 24 h, a 100 pl sample was taken from the receptor fluid. After 48 h, the FDCs were disas-
sembled. The skin was cleaned of any application medium with a precision wipe and then tape
stripped twenty times as described above (Chapter 2, Section Tape stripping: studying individual
layers of the startum corneum). Four consecutive tape strips were pooled, dividing the s.c. into five
investigated layers. The remaining skin and the receptor fluid were also analyzed for their metal
content. The samples of all four compartments were subjected to a microwave assisted digestion
in nitric acid. The acidic microwave digestion of petrolautm in presence of Pd** proved challeng-
ing, because it was not possible to fully dissolve the petrolatum in acid without residue. After many
unsuccessful attempts with different acids and digestive conditions, the donor samples containing

Pd?* were extracted using hydrochloric acid. The resulting solutions were analyzed by ICP-MS.

To confirm the higher solubility of Na,PdCl, as opposed to PdCly, saturated solutions of both salts
in water were prepared and the Pd?* concentration of the supernatant was quantified by ICP-MS.
Water solubility is important, because the salts are dispersed in petrolatum. The salt first has to be

solved in water — provided by sweat or the TEWL — for the metal to penetrate the skin.

Table 4.1: Donor substances used in Franz diffusion cell assays of metal allergen penetration: PTPs are
declared as mass percentages (m/m) of the salt. Concentration metrics for each metal ion in
petrolatum: mass percentages of the metal {, mass concentrations  and molar concentrations
cn. Applied surface concentrations 4 (mass) and ¢4 (molar amount) on the skin in the Franz dif-
fusion cell assay with a skin surface area of 1.76 cm? and 20 mg (PTP) or 200 pl (solution) applied.
PTP: patch test preparation; PBS: phosphate-buffered saline.

donor substance ¢ PBimg/mll c,[mM] B, I[pg/cm?] ¢,y [pmol/cm?]
NiSO4 PTP (5% NiSO,-6H,0) 1.1% 9 160 127 2.16
CoCl, PTP (1% CoCly-6H,0) 0.2% 2 35 28 0.48
PdCl, PTP (2% PdCly) 1.2% 10 95 136 1.28
Na,PdCl, PTP (3% Na,PdCly-H,0) 1.0% 9 81 116 1.09
Ni?* solution (NiSO4-6H,0 in PBS) 5 ppm 5-107% 8.5-1073 0.57 17-1073
Co?* solution (CoCl,-6H,0 in PBS) 5 ppm 5-100% 8.5-1073 0.57 17-1073
Pd?* solution (Na,PdCly-H,0 in PBS) 5 ppm 5-100% 4.7-1073 0.57 9.4-1073
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Results and discussion

The total recoveries in the FDC assays were in the acceptable range of 80-104% (Table 4.2).

Patch test preparations After application of the PTPs, the ions are mainly retained in the first
four s.c. layers (Figure 4.2). A higher percentage of Ni?* and Co?* penetrated into the skin as com-
pared to Pd?* from either PTP. No metal was recovered in the receptor fluid after 24 h and no Pd?*
was found there after 48 h. Ni** and Co?* were both detected in the receptor fluid after 48 h, sug-
gesting that these metals permeate the skin more efficiently than Pd?*. This is further underlined
by the low recovery of Pd?* in the remaining skin — consisting of the dermis, the viable epidermis

and the lower most s.c. layers not removed by tape stripping — as compared Ni** and Co?".

There are multiple possible explanations for this. The most obvious being the solubility of the dif-
ferent salts. Since the salts are applied in petrolatum, the salt must first dissolve in water present
on the skin (sweat, TEWL) and can then partition in ionic form into the s.c. This is why two com-
parative FDC assays were performed using the alternative Pd?* salt Na,PdCl, in petrolatum and
dissolved salts in PBS. The data obtained from the solubility experiment shows that Na,PdCly is
indeed better soluble in water than PdCl, (PdCl,: 7.74 + 1.17 mM of Pd**; Na,PdCl,: 241 + 49 mM
of Pd?*). However, after application of both salts as PTPs, no Pd** was found in the receptor fluid
after 48 h. In fact, the Pd?* recovery only differed significantly in s.c. layers 9 to 12, where Pd**
from Na,PdCly PTP was detected but not from PdCl, PTP.

Saltsolution The recovery data of the salts applied in PBS reveal that the concentration of Pd** in
the receptor fluid is significantly lower than the concentration of either Ni** or Co?* (Figure 4.3).
All three metals are mostly recovered in the four upper most s.c. layers. Ni?* and Co?* are also
found in relatively high concentrations in the remaining skin and the receptor fluid. Co** was

even shown to permeate the skin within 24 h. To conclude, even when all metals are completely

Table 4.2: Total recovery after Franz diffusion cell assays with metal allergens. Recoveries and masses of
metal ions after application of patch test preparations (PTPs) or aqueous salt solutions in Franz
diffusion cell assays: Mean recoveries/masses + standard deviations. Total recoveries/masses are
the sum of all compartments. PBS: phosphate-buffered saline.

donor substance applied metal ion mass [ug] recovered metal ion mass [ug] recovery [%]
NiSO4 PTP (5% NiSO,4-6H,0) 229+5.5 219+1.5 96+0.5
CoCl, PTP (1% CoCl,-6H,0) 50.6+1.1 48.4+0.3 96 +0.7
PdCI, PTP (2% PdCly,) 246+5.1 195+1.2 80+0.6
Na,PdCly PTP (3% Na,PdCly-H,0) 210+2.3 177+1.3 84+0.6
Ni?* solution (NiSO4-6H,0 in PBS) 1.0 1.04 +£0.06 104 +6
Co?* solution (CoCl,-6H,0 in PBS) 1.0 0.90+0.05 90+5
Pd?* solution (NazPdCly-H,O in PBS) 1.0 0.85+0.03 85+3
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Figure 4.2: Distribution of the metal allergens nickel, cobalt and palladium in the skin after application
of patch test preparations (PTP). a) Distribution of recovery in the pooled stratum corneum
(s.c.) layers (five pools of four consecutive tape strips), the remaining skin and the receptor after
24 h and 48 h. No ions were recovered after 24 h in the receptor fluid. The light blue bar repre-
sents the total amount that penetrated the skin, that is, the sum of the recovery of all mentioned
compartments. b) Concentrations in the s.c. and the remaining skin based on the volume of
the respective layer; logarithmic scale. Means + standard deviation. Adapted from Simon et al.
2024b licensed under CC BY-NC 4.0.1204!

dissolved in an aqueous solution, Pd** permeates the skin less efficiently than Ni?* or Co®*. Even
though Pd?* was applied in only about half the molar concentration of Ni>* and Co?*, the recover-

ies of Pd?* in the receptor fluid are less than 2% and 3% of those of Ni** and Co?*, respectively.

Another hypothesis regarding the lack of effective Pd?* penetration through the skin could be
the difference in ionic radii, which might result in a size-dependent decrease in skin permeation.
However, even though Pd?* has a larger ionic radius (dependent on coordination and spin, average
of 0.75 +0.16 A) than Ni?* (0.59 + 0.09 A), it is not much larger than that of Co?* (0.71+0.11 A).[2%!
Furthermore, the ionic radius of Hg?* (0.95 +0.19 A) is even greater and Hg?* is known to quite

easily overcome the skin barrier.!2:205-208

48


https://creativecommons.org/licenses/by-nc/4.0/

METAL-INDUCED ALLERGIC CONTACT DERMATITIS

a) @ total recovery w/o donor @ s.c. layers; pools of four B remaining skin B receptor fluid 24 h B receptor fluid 48 h

75

50

recovery [%]

b) = Ni2+ o C02+ ] Pd2+

104

[u=y
o
b

[u=y
o
o

concentration [uM]

[uny
o
=

Figure 4.3: Distribution of the metal allergens nickel, cobalt and palladium in the skin after application
of the metals in an aqueous solution. a) Distribution of recovery in the pooled stratum corneum
(s.c.) layers (five pools of four consecutive tape strips), the remaining skin and the receptor after
24 h and 48 h. The light blue bar represents the total amount that penetrated the skin, that is,
the sum of the recovery of all mentioned compartments. b) Concentrations in the s.c. and the
remaining skin based on the volume of the respective layer; logarithmic scale. Means + standard.
Adapted from Simon et al. 2024b licensed under CC BY-NC 4.0.1204!

Differences in complexation properties might account for the difference in metal permeation.
Chloride concentration on human skin is about 80 mM, 2% which is similar to the concentration
of Pd?* in the PTPs and much higher than the Pd** concentration in the PBS solution. In presence
of chloride, Pd?* forms complexes of the general structure [PACl,(H50)4 4% (x = 2,3,4), whereas
Co?* and Ni?* preferably form the water adducts [Me(H,0)¢4]** (Me = Ni?*, Co®*; x = 0,2). The
Pd?* complexes are negatively charged or neutral, depending on x, while the Ni?* and Co?* com-
plexes are positively charged. This is crucial considering the permselective nature of skin: due
to its structure, cationic transport is favored. The slightly acidic pH of the skin surface (= 5)?1%
follows a gradient to about 7 in deeper layers./?'!! The higher pH leads to more deprotonated car-
boxylic acid groups of proteins and free lipids. This in turn results in anion repulsion and less
efficient anion transport. Therefore, cationic complexes such as those of Ni>* or Co?* could pass
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this barrier more easily.

The immune response resulting in an allergic reaction is highly concentration-dependent. Thus,
the obtained concentration of an allergen in the skin is a determining factor for the elicitation of
contact dermatitis. Concentrations of all three metals after application in solution are in the range
of 450 to 750 uM in the lowest s.c. layers (Figure 4.3b). Former in vitro studies have shown that

these concentrations are sufficient to elicit activation pathways in dendtritic cells.?!?!

Assuming that the patch test is a reliable diagnostic tool for Ni>* contact allergy, the concentrations
detected in the remaining skin and receptor of the FDC assays here can be seen as sufficient for
allergy elicitation. The concentration in the remaining skin after application of NiSO4 PTP is about
54+ 37 uM Ni?*. Hence, this concentration should be sufficient for the detection of contact allergy
in vitro. And indeed, Covani et al. found a concentration of about 40 uM as ideal for in vitro nickel

allergy diagnosis using a quantitative limited dilution assay.!3!

The concentration in the remaining skin of Pd?* from either PTP is below 10 uM. It is probably too
low to activate sufficient Pd-specific T cells and thus, an allergic reaction. This may contribute to

fewer diagnoses of palladium contact allergy as compared to nickel or cobalt contact allergy.

Conclusion

This study demonstrated that the skin is less permeable for Pd?* than for both Ni?* and Co?".
The results indicate that the lower penetration rates cannot be attributed solely to differences in
solubility, as PdCl, and Na,PdCly PTPs exhibit similar penetration rates. The findings regarding
skin penetration from an aqueous solution further underline that intrinsic properties of the ions

such as complexation behavior are responsible for the differences in skin penetration.

The in vitro data provide valuable information on the concentrations in the skin after application
of metal salt PTPs. This can help to understand which concentrations are needed for ACD elicita-

tion and thus advance the development of novel in vitro diagnosis tools for contact allergies.
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5 Conclusion

The s.c. represents the outermost part of the skin and is composed of layers of dead keratinocytes.
It is an important barrier for the dermal penetration of harmful substances humans are exposed
to. Consumer products are made of many different materials, including metals and plastics. They
may contain harmful substances, either by design or inadvertently. PAH are a class of potentially
carcinogenic compounds that have been found to contaminate consumer products dyed with car-

[10,12,2545] The metal allergens nickel, cobalt and palladium are

bon black or containing mineral oil.
present in alloys humans are exposed to through, for example, jewelry.[*®! In contact with the skin,
these metals can cause ACD, a painful dermal rash.”’ The knowledge of the dermal penetration

behavior of these harmful substances is crucial for risk assessment.

An important in vitro technique to investigate the dermal penetration of substances is the FDC
assay. After the incubation of a substance on the skin’s surface, the compartments of the FDC are
extracted and the substance is quantified. Methods for quantification include GC-MS/MS for the
PAH and ICP-MS for the metals in this thesis.

Both investigated substance classes, the PAH and metals, were shown to accumulate in the s.c.
The s.c. is typically analyzed with the help of the tape stripping technique. A tape strip is applied
to the skin’s surface, pressed onto it and then removed. A layer of the s.c. is attached to the tape

strip, which can be extracted and analyzed.

Tape stripping removes skin linearly up to 20 layers deep as illustrated by the histological study
in the first part of this thesis. Removal of the s.c. by tape stripping and subsequent staining made
it possible to measure the thickness of the remaining s.c. directly. Each tape strip removed about
0.4 pm of the s.c. Parallel bloating of the skin layers with potassium hydroxide solution (2%) al-
lowed for the quantification of remaining skin layers and demonstrated that each tape strip re-
moved about one layer of the s.c. The combination of these results revealed a thickness of 0.4 um
per s.c. layer — corresponding to the amount removed by each tape strip. This agrees with former

measurements of the s.c. by scanning laser microscopy.®!

Two studies on the skin penetration of PAH applying the well-established FDC assay investigated
the s.c. barrier function. The data after application of 24 PAH in acetonitrile revealed that less
lipophilic PAH (up to logP = 4.5) effectively permeate the skin and reach the receptor chamber of
the FDC within 2 h. Large PAH such as the dibenzopyrenes were not able to permeate the skin

even after 48 h. They were, however, able to penetrate into the s.c., were they potentially form a
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reservoir and slowly permeate the skin over time, before the s.c. layers are shed by desquamation.

The investigation of skin penetration of five selected PAH from a polymer surrogate matrix, squa-
lane, showed that the partitioning into the s.c. is favored for larger PAH. K./, is linearly dependent
on the logP of the investigated PAH. Thus, the larger PAH are more likely to accumulate in the s.c.
However, the diffusion in the s.c. is favored for naphthalene over the other four investigated PAH.
Dy of naphthalene was significantly higher than those of the other PAH, which could explain why
smaller PAH reach the lower lying receptor more efficiently. An additional reason is the higher
lipophilicity of the s.c. as compared to the underlying viable epidermis. The partitioning from the

s.c. into the viable epidermis is thus favored for smaller and less lipophilic PAH.

For an allergen to elicit ACD, it must reach the lower layers of the s.c. In the study on the skin pene-
tration of metal allergens, the contradiction between a low emergence of palladium contact aller-
gies and the high frequencies of Pd-specific CD4* cells in human blood samples in in vitro assays
was examined.®%% A hypothesis was that the lower skin penetration of palladium as compared to
nickel and cobalt, which are widespread allergens, could account for the lower prevalence of pal-
ladium contact allergy. The FDC assays were preformed with diagnostic PTPs — featuring NiSO,,
CoCly, PdCl, and Na,PdCly in petrolatum — and a solution of all three metal ions in PBS. The re-
sults showed that Pd?* penetrated the skin less effectively than Ni?* or Co?*, regardless of the type
of Pd?* salt or application medium. A possible reason could be the permselective nature of the
skin and the favored cation transport, as Pd?* tends to form anionic complexes. The concentra-
tions determined in the skin can be used for the development of in vitro tools for the detection of

contact allergies against these metals.

These studies investigated different aspects of in vitro skin penetration, ranging from methodology
to the permeation of PAH and metals. They provide valuable insights for future studies such as the
removal rate of s.c. cells by tape stripping, the risk assessment of consumer products with skin
contact containing PAH or the development of in vitro allergy testing kits for metal allergens.
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Abstract

Studies on the penetration of toxicologically or pharmaceutically relevant substances through the
skin and, more specifically, through the stratum corneum (s.c.) often rely on the well-established
method of tape stripping. Tape stripping involves the removal of skin layers by means of adhesive
tape, which is usually followed by quantification of dermally applied substances in these layers.
However, the amount of s.c. removed by each individual tape strip is still a matter of scientific de-

bate. While some studies imply that the amount of s.c. adhering to each tape strip decreases with
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increasing depth into the s.c., others observed a constant removal rate. All these studies rely on the
quantification of the amount of s.c. captured on individual or pooled tape strips. Here, we present
an approach whereby we measured the amount of s.c. remaining on excised porcine skin in the
process of tape stripping. Staining and bloating of the s.c. allowed to measure its thickness and
to count individual s.c. layers, respectively. Histologically, we show that the s.c. remaining on the
skin decreased linearly as a function of strips taken. We found that each tape strip removes about
0.4 pm of s.c., which corresponds to approximately one cellular layer. With a high coefficient of de-
termination (r? > 0.95), we were able to linearly correlate the thickness of the remaining s.c., the
number of remaining cell layers and the number of tape strips applied. Furthermore, we elaborate
on possible reasons for the discrepancies reported in the scientific literature regarding the amount

of s.c. removed by each tape strip.
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Studies on the penetration of toxicologically or pharmaceutically relevant substances through the skin and, more
specifically, through the stratum corneum (s.c.) often rely on the well-established method of tape stripping. Tape
stripping involves the removal of skin layers by means of adhesive tape, which is usually followed by quanti-
fication of dermally applied substances in these layers. However, the amount of s.c. removed by each individual
tape strip is still a matter of scientific debate. While some studies imply that the amount of s.c. adhering to each
tape strip decreases with increasing depth into the s.c., others observed a constant removal rate. All these studies
rely on the quantification of the amount of s.c. captured on individual or pooled tape strips. Here, we present an
approach whereby we measured the amount of s.c. remaining on excised porcine skin in the process of tape
stripping. Staining and bloating of the s.c. allowed to measure its thickness and to count individual s.c. layers,
respectively. Histologically, we show that the s.c. remaining on the skin decreased linearly as a function of strips
taken. We found that each tape strip removes about 0.4 um of s.c., which corresponds to approximately one
cellular layer. With a high coefficient of determination (> > 0.95), we were able to linearly correlate the
thickness of the remaining s.c., the number of remaining cell layers and the number of tape strips applied.
Furthermore, we elaborate on possible reasons for the discrepancies reported in the scientific literature regarding

the amount of s.c. removed by each tape strip.

1. Introduction

Tape stripping is a frequently used method in skin penetration
research, by which the stratum corneum (s.c.) is successively removed by
means of stripping the skin surface with adhesive tape. Earliest de-
scriptions date back to 1939 [1]. Studies in the past have utilized tape
stripping to determine the amount and corresponding concentration
profiles of dermally applied substances in the s.c. [2-4], or to investigate
how the barrier function of the s.c. decreases with fewer cell layers [5].
Compared to skin biopsies, it represents a method that is less invasive
but still applicable in the context of in vivo studies [6].

Concentration profiles of substances in the s.c. crucially rely on the
removal rate of the s.c. layers, that is, how much of the s.c. is taken off by
each tape strip. To determine the removal rate, various methods have
been applied previously, including microscopy [7], measurement of the
transepidermal water loss (TEWL) [8-9], weighing [10-11], UV/vis-

spectrometric characterization of the removed tape strip [12-13],
infrared densitometry [14] and measuring the protein content on the
removed tape strip [15-17]. Importantly, all these studies rely on the
measurement of quantities retrieved from the removed cell layers.
Different studies have come to opposing conclusions: While some infer
that the amount of s.c. taken off by each tape strip remains constant with
successive strips, others show that it decreases with increasing depth.
Colorimetric protein assays, for example, have demonstrated a uni-
form removal of s.c. layers [15-16]. Comparable results were obtained
when the amount of s.c. removed on each tape strip was investigated via
laser scanning microscopy [7]. However, several studies that focus on
measuring the pseudo-absorption (a protologism for non-transmitted
light, that is, the total of absorption, scattering, reflection and diffrac-
tion) report that the amount of s.c. removed with a tape strip decreases
in deeper layers [12-13,17]. Similarly, the mass and the protein content
of s.c. removed by each tape strip were found to decrease with increasing
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numbers of tape strips, thereby confirming these findings [9].

On the other hand, variable results were reported when investigating
the thickness of the s.c. after tape stripping of freshly excised and frozen
human skin [14]. The fresh skin showed a linear decrease of the s.c.
thickness with the number of tape strips whereas for the frozen skin of
the same donor the decrease was not linear. For a different donor, the
results were reversed. However, it was argued that the plateauing
observed after a given number of applied tape strips is due to the com-
plete removal of the s.c.

In this study, we contribute to the ongoing investigation on the
removal rate of s.c. layers by tape stripping excised porcine skin. Porcine
skin has been investigated as a substitute for human skin in various skin
penetration studies [2-4,18-20]. It does not significantly differ from
human skin in relevant permeation characteristics, including lag time,
diffusion behavior of substances in the s.c. [4,18-19] and thickness of
the s.c. [4,21-22], suggesting that results obtained with respect to these
properties are transferrable to human skin. Porcine skin is therefore
recommended by the Scientific Committee on Consumer Safety (SCCS)
to be used in skin penetration studies [23]. In contrast to the afore-
mentioned studies, which examined the amount of s.c. captured on each
tape strip, we inspected the s.c. that is left behind on the skin. Cryo-
sections of the s.c. at successive points in the tape stripping process
were taken and the thickness of the remaining skin was directly
measured microscopically after histological staining. Furthermore, the
number of cell layers remaining were counted and the results were
correlated.

2. Methods
2.1. Porcine skin

The pigskin used in this study was provided by the Charité, Uni-
versitatsmedizin Berlin. The skin was taken from the flank of female
pigs, which was demonstrated to be comparable to frequently used skin
from pig ears [24]. The pigs were sacrificed shortly before the skin was
removed in an unrelated surgical experiment that did not influence the
integrity of the skin. The excised skin was transported to our institute on
ice, sheared, cut into pieces of approximately 10 x 20 cm with a scalpel,
and frozen and stored at —20 °C until further use for a maximum of 12
months.

2.2. Preparation and quality control of skin samples

In preparation for tape stripping experiments, the frozen skin pieces
were partially thawed and a skin sheet of 500 pm thickness was cut off
using a dermatome (Aesculap AG, Tuttlingen, Germany). Sections of 25
mm diameter were punched out of the skin sheets with a stencil. Their
integrity was verified visually and by measuring the TEWL. For TEWL
measurements, the sections were laid atop the receptor chamber of a
Franz diffusion cell (PermeGear, Hellertown, Pennsylvania, United
States) filled with Dulbecco’s phosphate-buffered saline (DPBS, pH 7.4,
PAN Biotech, Aidenbach, Germany) containing 50 mg-ml ! bovine
serum albumin (BSA, Biomol, Hamburg, Germany). It was ensured that
no air bubbles were present directly under the skin specimen in the re-
ceptor solution. The TEWL was measured using the AquaFlux device
AF200 (Biox systems Ltd, London, United Kingdom), in accordance with
OECD Guideline 428 [25]. Skin punches were excluded and replaced if
the TEWL exceeded 10 g-rn’2-h’1 [26]. The skin pieces were removed
from their respective Franz diffusion cell and dried with a clean preci-
sion wipe (Kimtech Science, Kimberly-Clark, Irving, Texas, United
States).

2.3. Tape stripping

The samples were cut in four sections with a scalpel and then strip-
ped with tape strips (kristall-klar, tesafilm, tesa, Norderstedt, Germany)
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up to 20 times, increasing the number of tape strips by two between each
sample. The tape consisted of biaxially oriented polypropylene with
water-based acrylate as an adhesive [27] and has been used in previous
studies for the same purpose [2-3,28]. We were able to confirm the
polypropylene polymer by online-coupled pyrolysis-gas chromatogra-
phy-mass spectrometry (see the Supporting Information, Figure S1).
The stripping protocol was as follows: The tape strip was laid atop the
skin, ensuring that the contact between the skin and the strip was
complete. The tape strip was pressed onto the skin with the backside of
curved tweezers by stroking the strip two times in each perpendicular
direction, taking care to apply constant pressure (this procedure was
carried out by the same person throughout the study). Then, the strip
was removed in a single swift movement. Six replicate skin samples were
used to obtain data for each investigated number of applied tape strips.

2.4. Sample preparation for histology

The skin sections were frozen in optimal cutting temperature com-
pound (Tissue-Tek O.C.T., Sakura, Staufen, Germany) using liquid ni-
trogen (Linde, Pullach, Germany). Of each frozen skin section, multiple
cross sections of 5 um thickness were cut using a cryo-microtome (HM
550 OP, Thermo Fisher Scientific, Waltham, Massachusetts, United
States) and laid onto microscopy slides (Epredia SuperFrost Plus,
Thermo Fisher Scientific). The slides were then submerged in acetone
(Sigma-Aldrich, Darmstadt, Germany) at —20 °C for 20 min to remove
the optimal cutting temperature compound.

2.5. HE-Stain

For staining with hematoxylin and eosin (HE-stain), half of the slides
were placed into freshly filtered (folded filters 3 hw, Ahlstrom Munksjo,
Helsinki, Finland) Mayer’s acidic hematoxylin solution (Carl Roth,
Karlsruhe, Germany) at room temperature for 20 min. The slides were
rinsed with desalinated water and then transferred into Scott’s tap water
substitute (23.8 mM sodium hydrogen carbonate (Sigma-Aldrich, Saint-
Louis, Missouri, United States) and 166 mM magnesium sulfate hepta-
hydrate (Carl Roth) in desalinated water, pH 8.3) for 12 min. The slides
were rinsed with desalinated water and then placed into a freshly
filtered (folded filters 3 hw, Ahlstrom Munksjo) 1% aqueous Eosin Y
solution (Carl Roth) for 3 min. The slides were rinsed again with desa-
linated water and then fixed with a coverslip using FluorSave reagent
(Millipore Corporation, Billerica, Massachusetts, United States). These
slides were used to measure the s.c. thickness by optical microscopy (see
section Optical microscopy).

2.6. Safranin stain

For safranin staining, the other half of the slides were treated ac-
cording to an adapted protocol [29]. The slides were placed into a 1%
aqueous solution of safranin (Carl Roth) for 1 min. The slides were then
taken out of the solution, rinsed off with desalinated water and treated
with a drop of a 2% solution of potassium hydroxide (AppliChem,
Darmstadt, Germany) in desalinated water applied directly onto the skin
cross sections in order to bloat the skin cells for better visualization of
individual cell layers. After 20 s, a cover slip was gently pressed onto the
slides, which were then immediately examined under the microscope.
These slides were used to count the s.c. layers remaining after tape
stripping.

2.7. Optical microscopy

In optical microscopy, the skin sections obtained with both staining
methods were subjected to 10, 20 and 40-fold magnification (fluores-
cence microscope BX51, Olympus, Shinjuku City, Tokyo, Japan) and
photographs were taken (SC50, Olympus).

The measurement of the s.c. thickness was carried out with the HE-
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stained slides using CellSens standard 3.1 software (Olympus). In order
to count the cell layers, the safranin-stained slides were used. Each
measurement was carried out at least five times per analyzed skin
sample. The measurements were performed at different positions and
with different cross-sections of the same sample.

The data were analyzed using the statistical programming language
R (version 4.2.1). Means and standard deviations were calculated based
on all individual measurements.

2.8. Control sample (compression test)

To ensure that the measured decrease in s.c. thickness is not due to
compression during tape stripping, the stripping procedure was
mimicked with six skin sections. A tape strip was laid atop each skin
section and the strip was pressed on with tweezers as described above.
Pressing was repeated twenty times without removing the tape strip in
between. Finally, the tape strips were removed in a single swift move-
ment. The samples were then prepared for optical microscopy as
described above. The individual thickness values of untreated s.c. and
the control specimen were compared with the Wilcoxon rank-sum test.
This test was used because the data of the compression test were not
normally distributed according to a Shapiro-Wilk test (p = 0.369 >
0.05). The hypothesis of the Wilcoxon rank-sum test was that the two
values (total thickness of s.c. vs. thickness of s.c. after compression test)
are not equal, the null hypothesis assumed that the two values cannot be
distinguished.

3. Results

The amount of s.c. removed after every second tape strip was
determined on cryo-sections of individual skin samples in two ways.
First, the thickness of the remaining s.c. on the porcine skin specimen
was measured by optical microscopy after HE-staining. Second, the
number of remaining s.c. layers was counted after staining with safranin
and bloating the cells with a potassium hydroxide solution to better
distinguish individual cell layers during microscopy.

3.1. Stratum corneum thickness

For the thickness of intact s.c. before tape stripping, we determined a
value of §;c = 11.0 & 2.0 um. After 20 tape strips, Jsc was reduced to 3.23
+ 0.76 ym (Fig. 1 and Table 1). The values for the thickness of full s.c.
are in good agreement with previous studies. For example, a thickness of
11.1 to 17.4 um was measured for healthy human s.c. [4,21], whereas a
value of 10.8 + 2.3 um was reported for porcine s.c. [4].

European Journal of Pharmaceutics and Biopharmaceutics 188 (2023) 48-53

The control skin sample — mimicking the compression following 20
tape strips — had a thickness of 10.6 + 1.5 um, which is not statistically
different from ;. when no tape stripping was applied (p-value = 0.304
> 0.05). Furthermore, since the tape strip used to mimic the compres-
sion had to be removed before microscopy, the skin samples had been
stripped once, explaining the slightly lower value.

The s.c. thickness, 8, can be correlated with the number of tape
strips applied, nrs, with a linear function (Fig. 3a, r? = 0.975) described
by:

8y = —(0.38 £ 0.02) pm-nzs + (10.83 £ 0.23) pm. )

Equation (1) can be interpreted as each tape strip reducing the s.c.
thickness on the skin specimen by 0.38 & 0.02 um on average.

3.2. Stratum corneum layers

Intact porcine s.c. before tape stripping consisted of 27.06 + 3.21
cellular layers, ng, on average. This number was reduced to 7.72 + 2.59
layers after 20 tape strips (Fig. 2 and Table 1). A previous report found
21 + 5 cell layers for full thickness s.c. of porcine ear skin [30]. In that
study, an average of 13 + 3 cell layers were removed by stripping the
skin 20 times, compared to about 20 cell layers removed here.

A correlation of ng, and nyg was also derived. The resulting linear
function (Fig. 3b, ? = 0.968) is described by:

Ny = —(0.94 % 0.05)-n75 + (26.99 = 0.63). 2

Equation (2) can be interpreted as 0.94 + 0.05 cell layers of the s.c.
being removed with each tape strip on average.

As described above, we found that not all of the s.c. layers were
removed after 20 tape strips. Equations (1) and (2), however, allow
estimating from their respective x-axis intercepts how many tape strips
would have been required to achieve this. The resulting values of 28.50
and 27.71 tape strips from Equations (1) and (2), respectively, are in
excellent agreement with each other (deviation < 3 %). This validates
both equations as they support the same conclusion although being
derived from different data sets obtained with different and independent
methods (measurement of thickness vs. bloating and counting).

When the two data sets (55 and ny) were directly correlated, we
found a linear relationship (Fig. 3c, r* = 0.977) described by:

Sy = (0.40 £ 0.02) pm-n,. + (0.05 % 0.36) pm. 3)

Importantly, the slope of Equation (3) can be interpreted as the
thickness of a single s.c. layer. Thus, each cell layer adds on average 0.40
+ 0.02 pm to the thickness of the s.c. The function almost perfectly in-
tercepts the origin, further validating the equation as with no remaining

10 pm

Fig. 1. Microscopy image of the upper most skin layers after hematoxylin-eosin (HE) stain at 40-fold magnification. Left: before tape stripping; right: after 20 tape

strips taken off.
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Fig. 2. Microscopy image of the upper most skin layers after safranin stain and bloating with 2% KOH,, at 40-fold magnification. Left: before tape stripping; right:

after 20 tape strips taken off.

Table 1

Thickness and number of layers of the stratum corneum (s.c.) after a given

number of tape strips.

cell layers the s.c. thickness should be zero.

4. Discussion

tape strips thickness s.c. [um] layers s.c. In previous studies, the number of applied tape strips is usually
0 11.03 + 1.99 27.06 + 3.21 correlated with the amount of s.c. that is removed, be it by determining
2 9.91 +£1.90 23.09 +2.35 the mass, the cumulative pseudo-absorption or other measurable quan-
4 8.58 +1.35 22.57 +2.36 tities associated with individual or pooled tape strips. These values are
6 8.88 + 1.64 23.20 + 1.61 . . o .
8 7.90 + 1.02 20.54 + 3.19 then converted into the depth attained within the s.c. In this study,
10 7.20 + 1.49 17.57 + 4.56 however, the remaining s.c. layers and the s.c. thickness were directly
12 6.93 +1.48 16.40 + 4.26 measured. From our data and the corresponding linear regression
14 5.45£1.48 14.46 + 4.07 (Equation (3)), we found that a cellular layer of porcine s.c. is on average
16 423098 11.14 £ 3.76 0.40 + 0.02 thick. This is in approximate agreement with results
18 3.96 + 1.15 9.33 4 3.05 240 = 9.92 um - PP ag; with
20 3.93 + 0.76 7.79 + 2.59 obtained from human skin by scanning laser microscopy imaging that
compression test: 1 10.61 +1.48 23.37 + 3.00 revealed a thickness of 0.5 um [7]. The similarity of these results (within
20% of each other) derived by two different techniques illustrates that in
terms of thickness of the s.c. layers, porcine skin is a suitable surrogate
for human skin.
We report a linear correlation between the number of tape strips
applied and the thickness of the remaining s.c. on the skin specimen
a b c
) ) 4. )
12-
25-
10-
g o 20- E T T
= @ = 8-
o < o Jrl-
i (] d
o 5 5 2
[2} > 1 [
§ 5 é 6- / ol
< [} < - /
Q » Q
c 10- <
- - 4- =
5- - I
0- 0-
6 5 10 15 20 25 30 6 5 10 15 20 25 30 0 5 10 15 20 25 30
tape strips nrg tape strips nrs s.c. layers ng,

Fig. 3. Graphical representation of tape stripping data: a) thickness of the stratum corneum (s.c.), 5, vs. the number of tape strips taken off, nzs; b) number of s.c.
layers, ny, vs. nys; ¢) s Vs. ng. Individual values are reported in Table 1.
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(Equation (1) and Fig. 3a), starting with the first tape strip. The data
correspond to 0.38 + 0.02 pm being removed by each tape strip, which
is significantly higher than a value reported previously (0.22 + 0.02 um)
[9]. However, the latter value was derived from the protein content on
the removed tape strips. As discussed below, this might lead to an un-
derestimation of the reduction in thickness of the s.c. by tape stripping.

Of note, our data indicate that the stratum disjunctum (s.d.), which
represents the outer most layer of the epidermis, is removed efficiently.
However, in dermal absorption studies, substances that are applied onto
the skin can accumulate in the folds and furrows of the s.d. Furthermore,
the s.d. is subject to constant desquamation so that substances in this
layer are less likely to become bioavailable. For these reasons, the
guidance of the European Food Safety Authority (EFSA) on dermal ab-
sorption recommends to exclude the first tape strip from analysis [31].

Apart from the thickness of the s.c., we also quantified the number of
remaining s.c. layers after tape stripping. By linear regression of our data
(Equation (2) and Fig. 3b), we found that each tape strip removed on
average 0.94 + 0.05 cellular layers, which is about one layer per tape
strip. The data obtained from individual tape strips indicate that this
value remained constant over at least 20 tape strips. Thus, outer s.c.
layers, including those of the s.d., were removed with the same effi-
ciency as deeper lying ones. This is in line with studies that have
measured the cumulative amount of s.c. removed. For example, it was
reported that the cumulative mass of s.c. removed increased linearly
with the number of tape strips as determined by a colorimetric protein
assay [15]. Another study concluded similarly when using a gravimetric
approach to determine the number of removed s.c. layers [32].

On the other hand, variable results were obtained in a different
study, with linear dependencies in some cases and plateauing observed
in others [14]. It was hypothesized that for samples where the pene-
tration depth into the s.c. plateaus, the s.c. is composed of fewer layers at
the point probed. Two related reports also indicate a decrease of the
amount of s.c. cells adhering to each tape strip with deeper cell layers
[12,17]. Yet, in one case, data were provided for one replicate only [17].
In the other study, the deviation from linearity only starts after about 30
tape strips [12], which, according to our extrapolations (Fig. 3), would
already result in the complete removal of the s.c. It is possible, however,
that the observed differences are due to the different origin (human vs.
porcine) and location (forearm vs. flank) of the skin samples. In a
regression averaging data from 240 samples [9], the amount of s.c.
removed was quantified by measuring the protein content and the
weight of s.c.-related material on the tape strips. Deviations from a
linear course were explained by the stronger cohesion between cells in
deeper s.c. layers. However, the observed trend could also originate
from a different effect.

Apart from water, proteins are the largest contributor to the mass of
human s.c. (25-55% mass fraction) [33], whereas the lipid content is
found to be between 2% and 10% [33-35]. The density of proteins is
usually higher than 1.4 g-cm ™2 [36]. This is also reflected in the density
of dried s.c. which ranges from 1.4 + 0.18 g-cm’3 [37] to 1.54 + 0.30
g-cm > [38]. However, the density of the s.c. is frequently assumed to be
about 1 g~<:m’3 [4,9], because the s.c. is considered to be an aqueous
matrix. This is despite in vivo confocal Raman spectroscopy of infant s.c.
revealed that the protein content in the layers of the s.c. decreases from
the surface of the s.c. to the viable epidermis/s.c. boundary layer [33].
Thus, it is questionable to consider the s.c. as a homogeneous aqueous
matrix, given that the protein content is a major contributor to its mass.
These results point to a higher density of s.c. layers lying closer to the
surface of the skin. This is corroborated by observations that higher
protein content correlates with higher area-specific mass of the s.c.
[9,39]. In summary, these results indicate that a decreasing protein
amount and, hence, a decreasing mass of the removed s.c. material on
the tape strips do not necessarily correspond to less s.c. layers being
stripped. In fact, this may be explained by the lower protein content and
mass of layers located deeper within the s.c.

For gravimetric approaches, the evaporation of water off the tape
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strips between stripping and weighing could be a second contributing
factor diminishing the expected mass of the removed s.c. Tape strips of
deeper s.c. layers with higher water content will lose more mass due to
this effect if evaporation is exhaustive.

Scanning laser microscopy measurements of the s.c. have also shown
that the s.c. is relatively homogeneous regarding the thickness of indi-
vidual cell layers. The average thickness of an s.c. aggregate on a tape
strip was found to be independent of the depth in the s.c. [7]. Cryo-
transmission electron microscopy (cryo-TEM) — a technique allowing
imaging closer to the native condition than conventional TEM - showed
that the thickness of the s.c. varies very little and only increases near the
stratum granulosum [40-41]. We hypothesize that the often-cited
increased cohesion in deeper layers is only relevant for those s.c.
layers in direct contact with the stratum granulosum, and that the
decreasing amount of s.c. removed per tape strip reported in many
studies is at least partially due to changes in water and protein content of
individual s.c. layers.

5. Conclusion

Using the well-established HE-stain, it was possible to directly
measure the thickness of the remaining s.c. on excised porcine skin by
optical microscopy, instead of quantifying the amount of removed s.c.
on the tape strips. Thereby, potential inaccuracies associated with in-
direct detection methods that may, for example, result from the change
in density of the s.c. as a function of depth, are circumvented. The same
strategy has been used for the quantification of the remaining cell layers
using a well-known histological method that involves bloating of the
individual cells, thus making them better visible in light microscopy.

With this in vitro approach, we have conclusively shown that in
excised pigskin the s.c. is indeed removed linearly, at least up to 20 tape
strips. Each tape strip removes approximately 0.4 um of s.c. which
corresponds to about one cell layer on average. We have demonstrated
that these results are in good agreement with existing literature on
human skin, including in vivo studies [7,40-41], highlighting the rele-
vance of our approach.

We envisage that future studies can benefit from the information
presented in this work. The histological determination of the s.c.
thickness and quantity of cell layers of scraps remaining after punching
of skin samples is a quick, easy and reliable method that is practicable in
many scientific and medical laboratories. With the removal rates re-
ported here, researchers performing in vitro skin penetration studies
could derive quick estimates of how deep in the s.c. a given concen-
tration of analyte is found by counting the number of tape strips
retrieved.
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Supporting Information
Pyrolysis—gas chromatography—mass spectrometry

Pyrolysis—gas chromatography-mass spectrometry (pyrolysis GC-MS) was performed for the qual-
ification of the polymeric tape strip material (polypropylene, according to the manufacturer). A
small piece of the adhesive tape (ca. 1 mm?) was transferred to a pyrolysis tube (Gerstel, Miil-
heim (Ruhr), Germany), pyrolyzed and subsequently analyzed via GC-MS according to a previ-
ously published method (inert method).!"? Briefly, pyrolysis was performed using a platinum fil-
ament localized in a thermal desorption unit (TDU) mounted with a Pyrolyzer Module for TDU
onto a Cooled Injection System (CIS) equipped with liquid nitrogen cooling and a MultiPurpose
Sampler (MPS2-XL; all items from Gerstel).!!! The sample was subjected to inert pyrolysis under
a nitrogen-atmosphere (purity: 99.999%, Linde, Pullach, Germany) at 500 °C for 0.33 min. A sol-
vent vent method was applied and 70 ml/min helium (purity: =99.999%, Linde) passed into the
Pyrolysis-TDU-CIS complex using a pneumatic gas regulator (Gerstel) with a helium vent flow
of 10 ml/min. A vent pressure of 15 kPa was applied. The pyrolysis was connected to a gas chro-
matograph coupled with the mass selective detector 7890A-5975C GC/MSD System (Agilent, Santa
Clara, California, United States) and maintained as described previously.*? We compared our re-
sults to published data on pyrolysis GC-MS of polypropylene materials.'®* We found characteristic
peaks of polypropylene-derived fragments in the GC-MS pyrogram (Fig. S1 a, red boxes) and were
able to identify characteristic mass fragments (Fig. S1 b and Table S1) in a fragmentation pattern
with m/z differences of 14 or 15 between individual fragments, corresponding to CHs or CH units.
The most abundant fragments underlying each pyrogram peak are summarized in Table S1. These

are characteristic for polypropylene.’>*
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Table S1: Most abundant m/z values under characteristic peaks in chromatogram.

m/z Compound

56  iso-butene

69  3-methyl-1-butene

84  3-methyl-1-pentene

97  3-methyl-1-hexene

112 3-methyl-1-heptene or 3,5-dimethyl-1-hexene
126  2,4-dimethy-1-heptene
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Fig. S1: a) Pyrolysis GC-MS chromatogram and b) mass spectra corresponding to the marked peaks. m/z
values are presented together with their respective abundance as a ratio to highest peak in parentheses.
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Abstract

Polycyclic aromatic hydrocarbons (PAH) are persistent environmental pollutants, which occasion-
ally appear as contaminants in consumer products. Upon dermal contact, transfer of PAH into
the stratum corneum (s.c.) and migration through the skin may occur, resulting in this class of
highly toxic compounds to become bioavailable. In this study, dermal penetration through hu-
man and porcine skin of 24 PAH, comprising broad molar mass (M: 152-302 g/mol) and octanol-
water partition coefficient (logP: 3.9-7.3) ranges, was evaluated via Franz diffusion cell in vitro
assays. More lipophilic and potentially more toxic PAH had decreased permeation rates through
the rather lipophilic s.c. into the more hydrophilic viable (epi-)dermis. Furthermore, human skin
was less permeable than pigskin, a commonly used surrogate in skin penetration studies. In par-
ticular, the s.c. of human skin retains a greater share of PAH, an effect that is more pronounced for

smaller PAH. Additionally, we compared the skin permeation kinetics of different PAH in pigskin.
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While small PAH (M <230 g/mol, logP < 6) permeate the skin quickly and are detected in the recep-
tor fluid after 2 h, large PAH (M > 252 g/mol, logP = 6) do not fully permeate the skin up to 48 h.
This indicates that highly lipophilic PAH do not become bioavailable as readily as their smaller
congeners when transferred to the skin surface. Our data suggest that pigskin could be used as a

surrogate for worst case scenario estimates of dermal PAH permeation through human skin.

Graphical Abstract

86

\

{ Experimental setup )

Punawson 24 PAH (2.5 to 6 rings) in acetonitrile
s skin sheet 300 um
=
j—— |
2hto48h I
pigskin Z
— receptor
= quantification
Franz diffusion cell assay by GC-MS/MS
F[Skin penetration of PAH}
lipophilicity
skin permeation efficiency
= . = ..".'.s':.'"- tape strips:
° '_ o J SR S :_-. » ¢ 5 uppermosts.c. layers
= ° = b = .o < *.u = >
® “ o = 5 ®e
] Y A .. .. o & ° % ° ..
R * NP ‘ . > « lowers.c.
gy . -0 . *», viable epidermis
Yol w % v = dermis
‘ 1 . & 1 e & o °
.'. ...0 ° .o :O o ° ® . =
e e g4 %,° : ° ° .
. 0® @ .%.': A s *
R TIPS . receptor
o 2 o ® e 0, ° °

created with Biorender.com




PUBLICATIONS

Environmental Research 255 (2024) 119118

Contents lists available at ScienceDirect

Environmental Research

journal homepage: www.elsevier.com/locate/envres

Check for

Polycyclic aromatic hydrocarbon skin permeation efficiency in vitro is lower [
through human than pigskin and decreases with lipophilicity

a,b,* a,d
5

Konstantin Simon ™" , Nastasia Bartsch ““, Lidia Schneider °, Valerie van de Weijgert
Christoph Hutzler”, Andreas Luch %b " Alexander Roloff®"

@ German Federal Institute for Risk Assessment (BfR), Department of Chemical and Product Safety, Max-Dohrn-Str. 8-10, 10589, Berlin, Germany

Y Department of Biology, Chemistry, Pharmacy, Institute of Pharmacy, Freie Universitét Berlin, Konigin-Luise-Str. 2-4, 14195, Berlin, Germany

¢ German Federal Office of Consumer Protection and Food Safety, Bundesallee 51, 38116, Braunschweig, Germany

4 National Institute for Public Health and the Environment (RIVM), Centre for Safety of Substances and Products, Antonie van Leeuwenhoeklaan 9, 3721, MA Bilthoven,
Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Skin migration

Polycyclic aromatic hydrocarbons (PAH)
Stratum corneum

Human skin

Pigskin

Polycyclic aromatic hydrocarbons (PAH) are persistent environmental pollutants, which occasionally appear as
contaminants in consumer products. Upon dermal contact, transfer of PAH into the stratum corneum (s.c.) and
migration through the skin may occur, resulting in this class of highly toxic compounds to become bioavailable.
In this study, dermal penetration through human and porcine skin of 24 PAH, comprising broad molar mass
(M: 152-302 g/mol) and octanol-water partition coefficient (logP: 3.9-7.3) ranges, was evaluated via Franz
diffusion cell in vitro assays. More lipophilic and potentially more toxic PAH had decreased permeation rates
through the rather lipophilic s.c. into the more hydrophilic viable (epi-)dermis. Furthermore, human skin was
less permeable than pigskin, a commonly used surrogate in skin penetration studies. In particular, the s.c. of
human skin retains a greater share of PAH, an effect that is more pronounced for smaller PAH. Additionally, we
compared the skin permeation kinetics of different PAH in pigskin. While small PAH (M < 230 g/mol, logP < 6)
permeate the skin quickly and are detected in the receptor fluid after 2 h, large PAH (M > 252 g/mol, logP > 6)
do not fully permeate the skin up to 48 h. This indicates that highly lipophilic PAH do not become bioavailable as
readily as their smaller congeners when transferred to the skin surface. Our data suggest that pigskin could be
used as a surrogate for worst case scenario estimates of dermal PAH permeation through human skin.

1. Introduction 2005) and immunosuppression (van Grevenynghe et al., 2005), among

other adverse effects (Sousa et al., 2022; WHO, 2010). Hence, multiple

Polycyclic aromatic hydrocarbons (PAH) are associated with
numerous health risks (Kamal et al., 2015). Many PAH are considered to
be potentially carcinogenic (IARC, 2010, 2018; Kamal et al., 2015; Kim
et al., 2013; Rocha et al., 2021; WHO, 2010), including the risk of
inducing skin cancer after dermal exposure (Boffetta et al., 1997). For
example, benzo[a]pyrene (B[a]P) is classified as a class 1 carcinogen,
whereas certain dibenzopyrenes are suspected to be even more potent
toxins (Collins et al., 1998). Apart from cancer, PAH are also linked to
endocrine disruption (Zhang et al., 2016), heart disease (Burstyn et al.,

regulations have been implemented to limit the exposure to PAH (EC,
2006; EC, 2013; EC, 2023; US-EPA, 2021). Nonetheless, as persistent
organic pollutants, PAH are ubiquitous in the environment (Haney et al.,
2020; Hutzler et al., 2011; Lao et al. 2018a, 2018b; Whitehead et al.,
2011) and occasionally also found as contaminants in consumer prod-
ucts, in particular those containing carbon black or extender oils (Alawi
et al., 2018; Bartsch et al., 2017; Folgado de Lucena et al., 2018). When
PAH come into contact with skin, they can become bioavailable by
diffusion through the stratum corneum (s.c.) into the viable epidermis

Abbreviations: B[a]P, benzo[alpyrene; FDC, Franz diffusion cell; GC-MS/MS, gas chromatography coupled to tandem mass spectrometry; logP, logarithmic
octanol-water partition coefficient; M, molar mass; OECD, Organisation for Economic Co-operation and Development; PAH, polycyclic aromatic hydrocarbons; s.c.,
stratum corneum; SI, supporting information; TEWL, trans-epidermal water loss.
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and dermis layers (Bartsch, 2018; Bartsch et al., 2016; Simon et al.,
2023b).

Skin penetration is investigated either in vivo or in vitro. In vivo
studies come with the drawback of exposing humans or animals to
harmful substances and avoidable risks. Hence, in vitro studies involving
the well-established Franz diffusion cell (FDC) assay remain an impor-
tant pillar of skin penetration research (Franz, 1975; Ng et al., 2010).
The FDC provides a simple set-up where the target substance, usually
embedded or dissolved in a matrix, is spiked onto skin or skin models.
The receptor chamber beneath is filled with a water-based fluid to mimic
the subcutaneous layers and to provide a reservoir for fully permeating
substances. The distribution of the substance within the skin and its
concentration in the receptor compartment after specified incubation
times give insights into the skin permeability.

The gold standard for FDC assays is human skin. However, human
skin is not always readily available because it must be donated from
plastic surgery patients (Bartsch et al., 2016; Hagvall et al., 2021) or
corpses (Ellison et al., 2020, 2021). Synthetic or lab-grown skin models
are alternatives that find increasing utilization in research (Lemoine
et al.,, 2021; Ng et al., 2010), but are not yet recommended for skin
permeation studies within a regulatory context (OECD, 2011). Pigskin is
the most common alternative to human skin because it shares crucial
properties with human skin. Thus, pigskin often provides comparable
results for penetration-relevant parameters such as lag time and diffu-
sion or partition coefficients (Gerstel et al., 2016; Herkenne et al., 2006;
Rothe et al., 2017; SCCS, 2010). In addition, its procurement is relatively
easy (Hopf et al., 2020). Yet, differences between human and pigskin
remain (Khiao In et al., 2019). Studies have shown that pigskin is more
permeable for certain substances than human skin (Barbero and Frasch,
2009; Rothe et al., 2017). A comprehensive comparison of the pene-
tration of PAH into human and pigskin has not yet been reported.

It has been suggested that higher molecular mass (M) PAH (five or
more rings: large PAH) feature lower penetration rates and fluxes
through the skin than PAH with lower M (two to three rings: small PAH,
Moody et al., 2011; Sartorelli et al. 1998, 1999, 2001). However, these
studies either rely on small sample sizes (n < 2), involved non-human
skin or reported PAH concentrations only in the receptor fluid, thus
lacking information about the distribution profiles within individual
skin compartments.

Here, we compiled the data of several FDC assays from a set of 24
dermally applied PAH of various ring numbers (2.5-6, M = 152-302 g/
mol, Table Al and Figure Al in the Supporting Information (SI) A).
Human and pigskin were incubated with PAH solutions in acetonitrile
for 24 h. Pigskin was additionally incubated for various incubation times
(2 h, 4 h, 16 h, 48 h), yielding insights into the migration kinetics.
Subsequently, the five upper s.c. layers of treated skin samples were
tape-stripped to analyze them separately from the remaining skin and
the receptor fluid for their PAH content. Quantification was realized by
gas chromatography coupled to tandem mass spectrometry (GC-MS/
MS). Finally, the distribution of PAH in the skin layers was correlated to
their logarithmic octanol-water partition coefficients (logP).

2. Methods

The data presented here is a compilation of quality controls which
were run in parallel to FDC assays aiming to investigate dermal PAH
penetration from consumer products with foreseeable skin contact
(Bartsch et al., 2016). The concentration of each PAH applied to the skin
specimens in acetonitrile was set at 1000 ng/ml. The method used and
the materials and chemicals applied were published in the former study.
Below, the method is briefly summarized for clarity.

2.1. Skin

Human skin was obtained from plastic surgery at Charité, Berlin and
originated from female abdomen. The proposal to conduct permeation
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studies with human skin samples was reviewed and approved by an
independent ethics committee (Ethics Commission Charité, Berlin, No.
EA2/090/14, July 22, 2014). Flank pigskin was obtained from VION
food GmbH (Perleberg, Germany) and delivered on ice. The un-scalded
skin was taken from deceased pigs that would have not been used for
food production. Both skin types were stored at —20 °C until use.

2.2. Frangz diffusion cell assay

An FDC consists of a donor chamber for the application of a target
substance in a matrix and a receptor chamber. The receptor chamber is
filled with a liquid and jacketed by a water circulation system to keep
the skin at a constant temperature. The skin or skin model is placed over
the receptor chamber and fixed by the donor chamber cap with a clamp.
Substances that reach the receptor fluid can be considered to become
bioavailable. In the present study, the temperature of the receptor
compartment was held at 33 + 1 °C, which corresponds to average skin
surface temperature of 32-35 °C (Lee et al.,, 2019). The receptor
chamber was filled with an isotonic saline solution (9 g/1 sodium chlo-
ride), which is considered to be a good approximation for hypodermal
bodily fluids (Hoorn, 2017).

The skin was cut with a dermatome to a thickness of 300 pm and
placed atop the receptor chamber. The donor cap was fixed onto the
skin, resulting in an exposure area of 1.76 cm? The trans-epidermal
water loss (TEWL) was measured to ensure skin integrity according to
guideline 428 of the Organisation for Economic Co-operation and
Development ( OECD, 2004). If the TEWL of a skin sample was greater
than 30% of the mean TEWL for the specific skin type as previously
confirmed by validation experiments, the skin specimen was eliminated
from the study (Bartsch et al., 2016). 50 pl of a solution containing a
mixture of PAH in acetonitrile (1000 ng/ml, see Table A1 of SI A for a list
of all 24 PAH) were applied onto the skin (corresponding to a dermal
dose of 28 ng/cmz) and incubated for the denoted time intervals (2-48
h, Table 1). For negative controls, 50 pl of pure acetonitrile were
applied.

After the specified incubation times, all samples were spiked with
internal standards (selected deuterated PAH, assignment of analytes to
internal standards: Table Al of SI A). The donor chamber was rinsed
with saline solution (9 g/1 sodium chloride), and the skin was removed
from the assembly and stripped with five tape strips, which were then
pooled. One tape strip was shown to remove one layer of the s.c. (Simon
et al., 2023a), thus, the five upper s.c. layers were analyzed collectively.
The tape strips were extracted using acetonitrile, which was re-extracted
with n-hexane. This double extraction proved beneficial in minimizing
matrix effects caused by the extraction of adhesive from the tape. The
remaining skin was extracted using ethyl acetate and the receptor fluid
was subjected to a solid phase extraction (reversed phase C18) followed
by elution of the PAH with dichloromethane. All obtained extracts were
then concentrated under a nitrogen stream, re-dissolved in acetonitrile
and analyzed for their PAH content by GC-MS/MS. Further details on the
measurement procedure are provided in a previous publication (Bartsch
etal., 2016). This yielded PAH concentrations in three compartments: (i)
upper s.c. (derived from five tape strips), (ii) remaining skin and (iii)
receptor fluid.

Table 1
Number of replicates (n) of Franz diffusion cell assays performed per skin type
and incubation time.

Incubation time Origin of skin n
2h pig 3
4h pig 3
16 h pig 3
24 h pig 9
24h human 13
48 h pig 3
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2.3. Data analysis

The data were analyzed using the statistical programming language
R (version 4.2.2). Data were subjected to a Shapiro-Wilk normality test.
If the data was not normally distributed, the data was tested for outliers
using the Grubb’s outlier test. If the test was positive, the outlier was
removed. The mean and standard deviation for each PAH, skin species,
compartment and incubation time were calculated from the purged data
set. The results of all statistical tests are summarized in the SI B (sheets 1
and 2). Based on the amount of each PAH that penetrated into the skin
(sum of all compartments, including the receptor fluid), the distribution
ratio of the PAH in each compartment was calculated.

Equation (1) was used to fit the data and highlight the relationship of
two variables, y and x, with u and w as regression parameters:

@

y=ue +w
3. Results and discussion

We compared the migration of a broad range of PAH from acetoni-
trile into human skin and one of its most common surrogates in skin
penetration studies, pigskin (SCCS, 2010; Simon and Maibach, 2000).
Furthermore, PAH were incubated on pigskin for different periods to
produce a kinetic profile for each of the investigated PAH. The smallest
and least lipophilic PAH in this study are acenaphthylene (M = 152
g/mol, logP = 4.0, Lu et al., 2008) and acenaphthene (M = 154 g/mol,
logP = 3.9, Lu et al., 2008), the largest and most lipophilic PAH are the
dibenzopyrenes (M = 302 g/mol, logP = 7.2-7.3, PubChem, 2023b, ¢, d,
e; US-EPA, 2012). A comprehensive list of all 24 investigated PAH is
provided in Table A1 and Figure A1 (SI A). For the investigated PAH,
logP and M are linearly related (Figure A2 and equation (A.1), SI A). The
data comprising the quantified mass, amount and ratio of each PAH at
each incubation time for both species and all compartments are sum-
marized in Sheet 3 of SI B.

The regulatory limit of the PAH content in consumer products with
prolonged or repetitive short-term dermal contact is 1 mg/kg (0.5 mg/
kg for toys) in the European Union (EC, 2023). However, significantly
higher values in the range of up to ca. 50-270 mg/kg were measured in
certain consumer products in the past (Bartsch et al., 2017; BVL, 2017).
When these products are in contact with skin, dermal exposure in the
range of the spiked PAH doses applied in this study (28 ng/cm?) are
expected (for example, after 24 h of skin contact, a hammer handle
containing 166 mg/kg B[a]P released 102 ng/cm2 of this PAH, Bartsch
et al., 2016). In different exposure scenarios, certain sub-populations
such as firefighters can be dermally exposed to even higher amounts
of airborne PAH (between 4 and 1200 ng/cmz, Sousa et al., 2022).
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Previous research has shown that high concentrations of multiple
PAH as well as rather complex matrices as application media (Bourgart
et al., 2019; Hopf et al., 2018) can both diminish dermal penetration
rates of PAH. However, the applied doses in the present study were
50-fold (Bourgart et al., 2019) and 5000-fold (Hopf et al., 2018) lower
than in those studies and PAH were applied in solvent-based solutions,
not in complex mixtures. Here, we investigated the relative distribution
in the different skin compartments. Hence, in the following sections, we
base our discussion on relative amounts normalized to the total amounts
of each PAH that penetrated into the skin. This also allows for a better
comparison between individual PAH in the different compartments. In
addition, it compensates for the relatively high deviations that were
occasionally observed in the recoveries for PAHs detected in the skin and
receptor compartments compared to the amounts applied to the skin
(Sheet 3 of SI B).

3.1. Distribution of dermally applied polycyclic aromatic hydrocarbons in
human and pigskin

The more lipophilic the PAH, the more it is retained by the s.c. (see
Fig. 1 for incubation time of 24 h; for other incubation times in pigskin,
see Figure A.3, SI A). When skin migration of B[a]P and dibenzopyrenes
was compared in a previous study, a similar effect was observed (Bartsch
et al.,, 2016). Since logP and M of the investigated PAH are correlated
linearly, these results can be equally interpreted for the molar mass.
However, since hydrophilic substances exceeding M of the most massive
PAH investigated in this study were shown to efficiently permeate the
skin (Ellison et al., 2020, 2021; Potts and Guy, 1992), lipophilicity is
presumably a more relevant factor.

We recently demonstrated that partition coefficients characterizing
the distribution of PAH between squalane and the s.c. are dependent on
M and logP of the respective PAH (Simon et al., 2023b). Highly lipo-
philic PAH partition more readily from this lipophilic matrix (logP =
15.6, ACD/Labs, 2021) into the s.c. Therefore, a similar but more pro-
nounced trend is expected for acetonitrile (logP = —0.3, PubChem,
2023a), since more lipophilic compounds should partition more readily
from this rather polar solvent into the hydrophobic s.c. Similarly,
partition coefficients of a wide range of lipophilic (logP > 3) substances
for aqueous matrices and the s.c. were shown to positively correlate with
logP (Figure A.4 in SI A). Regarding PAH permeation into deeper skin
layers, the influence of the application medium should be less relevant.
However, during incubation, acetonitrile could have penetrated into the
skin, selectively enhancing the permeation of smaller, less lipophilic
PAH.

Since the s.c. is a relatively lipophilic matrix (Raykar et al., 1988),
more lipophilic PAH should also be retained more efficiently by the s.c.

-® uppers.c. ® remaining skin receptor
a) human b) pig
100- 100 -
80- 80 -
S g 60
2 2
- -
£ 40- ; £ 40-
20- : }% ¢ E i 20-
0- 0-
40 45 50 55 60 65 70 75 40 45 50 55 60 65 70 75
logP logP

Fig. 1. Distribution ratio of polycyclic aromatic hydrocarbons in each compartment to total amount found in the skin (stratum corneum (s.c.), remaining skin) and
receptor fluid after 24 h incubation time versus logarithmic octanol-water partition coefficient (logP). Means + standard deviation. Curves represent data fitted to
equation (1). a) Human skin (n = 13). b) Pigskin (n = 9). For other incubation times in pigskin (n = 3), see SI A, Figure A3.
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at the s.c./viable epidermis boundary layer. This was confirmed exper-
imentally: after 24 h incubation time, PAH with lower logP permeate the
entire viable (epi-)dermis and are detected predominantly in the re-
ceptor fluid of the FDC. This effect is stronger for pigskin than for human
skin. Contrarily, large PAH do not permeate the skin completely within
the investigated time frame and were not found in the receptor fluid.
Alternative receptor solutions that include solubility enhancers such as,
for example, albumin might better dissolve these highly lipophilic PAH.
Nonetheless, only minor permeation was observed even at very high
applied dermal doses in the range of 6 pg/cm? when 50 mg/ml BSA were
included in the receptor solution (Simon et al., 2023b). Since the rather
aqueous layers of the viable epidermis and dermis are localized below
the s.c., lipophilic substances would still have to overcome this barrier.

The ratio of the amount of each PAH in the three compartments —
upper s.c., remaining skin and receptor fluid — can be approximated by
fitting equation (1) to the data (Fig. 1; parameters: SI B, Sheet 4). When
plotted, these curves help visualize the dependence of individual dis-
tribution ratios on logP. Furthermore, they show that the distribution
ratios of PAH in each compartment approach a limit at about logP = 6.0.
The distribution does not further change for larger PAH, regardless of
the biological species (pig or human). A possible explanation could be
favored partitioning of more lipophilic PAH into the rather lipophilic s.c.
as opposed to the more aqueous epidermis beneath. Another hypothesis
is a difference in the interaction with skin proteins. If larger PAH have
higher affinities to these proteins, they would also be retained stronger.
In principle, further physico-chemical properties could also modulate
the penetration process. For example, it was shown that the molecular
volume correlates with the flux of PAH through the skin, although we
found no statistically relevant differences in our data (Alalaiwe et al.,
2020).

The fraction detected in the remaining skin does not change sub-
stantially with logP values for either human or pigskin. The applied tape
stripping procedure involving five tape strips only removes the five
upper s.c. layers from the remaining skin (Simon et al., 2023a), which
thus contains a large part of the s.c. as well as the s.c./viable epidermis
boundary layer. Hence, both small and medium PAH that penetrate into
the viable epidermis as well as large PAH, that are predominantly
retained in the s.c. are found in this compartment.

3.2. Comparison of PAH permeation through human and pigskin

Human skin retains small PAH more effectively than pigskin. This is
reflected in the greater share of small PAH in the receptor fluid after an
incubation time of 24 h in pigskin than in human skin (Fig. 1). The same
is true for the amount residing in the remaining skin, which on average is
lower for human skin. These results are in accordance with previous
studies on lipophilic compounds. For example, a study on heptane,
hexadecane and xylene (logP > 3) found higher permeability co-
efficients for these three substances in pigskin than in human skin (Singh
et al., 2002).

The regression curve (equation (1)), fitting the ratios of the relative
amounts of PAH detected in human versus porcine s.c. as a function of
logP asymptotically reaches a limit at 0.60 for highly lipophilic PAH
(Fig. 2; values: Sheet 5, parameters of fit: Sheet 6 of SI B). Hence, for
more lipophilic PAH, porcine s.c. better emulates human s.c. It was
formerly demonstrated that lipids in the human s.c. are packed differ-
ently (orthorhombic lateral packing) and denser than in porcine s.c.
(hexagonal lateral packing) even though the molar ratio of different
lipids is approximately equal (Caussin et al., 2008). These more closely
packed lipids could slow down the diffusion of smaller PAH in human s.
c. Larger PAH, on the other hand, are retained more similarly by the s.c.
of both species and the difference is less pronounced. We previously
determined diffusion coefficients of PAH in porcine s.c., which were
similar for PAH with logP > 4, while naphthalene (logP = 3.4) showed a
significantly higher diffusion coefficient (Simon et al., 2023b). This
might hint to a change of the diffusion mechanism above a given logP
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Fig. 2. Ratio of the relative amount of polycyclic aromatic hydrocarbons (PAH)
found in human stratum corneum (s.c.) to the amount found in porcine s.c. at 24
h incubation time versus the logarithmic octanol-water partition coefficient

(logP) of PAH. Means + standard deviation. Curve represents data fitted to
equation (1). Upper limit of fluorene standard deviation: 1.45.

value and thus more closely related diffusion rates in human and porcine
s.c.

The anatomical site where the skin samples were obtained, however,
does not seem to play a significant role in the composition of the s.c., as
previous studies have shown (Khiao In et al., 2019). Furthermore, it has
been reported that freezing does not significantly alter the penetration
characteristics of human skin (Jacques-Jamin et al., 2017). Contrarily,
pigskin was shown to be affected: freezing and storage at —20 °C
increased the permeability up to 25% compared to fresh skin of the
lipophilic model substance methyl salicylate (Morin et al., 2023). This is
supported by a direct comparison of rat, rabbit and pigskin revealing the
latter to be especially vulnerable to freezing (Sintov and Greenberg,
2014). Since we used frozen skin specimens, this effect could add to the
observed higher permeation rates of PAH through pigskin compared to
human skin.

3.3. Skin penetration kinetics of polycyclic aromatic hydrocarbons

In general, less lipophilic PAH permeate the skin faster than more
lipophilic PAH. This is evident from the relatively high amounts of small
PAH detected in the receptor compartment after incubation times of
only 2 h, whereas large PAH are mostly retained by the upper s.c. up to
48 h and do not permeate into the receptor fluid at all. For example, after
2 h almost 60% of the amount of acenaphthene (a small, 2.5-ringed PAH,
Fig. 3a) recovered from the skin and receptor compartments is detected
in the receptor fluid and less than 20% remain in the upper s.c.
Contrarily, after the same incubation time, dibenzo[aq,[]pyrene (a large,
6-ringed PAH, Fig. 3c) is recovered to more than 75% in the upper s.c.
and levels out at about 70% after 4 h, whereas it was not detectable in
the receptor fluid even after 48 h. Because no considerable change in the
distribution pattern was detected over a period of more than 40 h, we
suspect that large PAH would not fully permeate the skin even after
extended incubation times. Of note, such long exposure times are less
likely to reflect realistic exposure scenarios involving PAH transfer via
dermal contact to consumer products. Nonetheless, PAH that accumu-
late in the s.c. but do not penetrate deeper in the investigated time frame
could form a reservoir from where migration into the skin at later time
points seems possible. The turnover of s.c. cell layers is about 14 days,
which leaves up to two weeks for an accumulated compound to partition
into the viable skin (Milstone, 2004).

The kinetic analysis for medium PAH such as pyrene (Fig. 3b)
revealed that after 2 h, only about 4% of the anmount of pyrene that
penetrated into the skin reach the receptor fluid, nearly 70% are
retained by the upper s.c. and 28% reside in the remaining skin. After 16
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Fig. 3. Distribution ratio of selected polycyclic aromatic hydrocarbons (PAH) in each compartment to total amount found in the skin and the receptor fluid at
different incubation times in pigskin. Means =+ standard deviation. 24 h: n = 9; other incubation times: n = 3. a) acenaphthene (154 g/mol, logP = 3.92), b) pyrene
(202 g/mol, logP = 4.88) and c) dibenzo[a,l]pyrene (302 g/mol, logP = 7.20). For all other PAH, see SI A, Figures A5 to A7.

h, however, 14% reach the receptor fluid and the rest is about evenly
distributed between upper s.c. and the remaining skin. After 48 h, almost
a quarter of the amount of pyrene migrates into the receptor fluid. Re-
sults for skin penetration kinetics of all other investigated PAH are
presented in Figures A.5-A.7 (SI A) and show similar trends.

4. Conclusion

By means of in vitro FDC assays involving human and pigskin, we
showed that skin penetration efficiency of a broad range of PAH depends
largely on logP, and thus, also correlates with M. At incubation times
resembling time frames realistic for dermal exposure to consumer
products that may be contaminated with PAH, small and to a lesser
extent also medium PAH were found to reach the receptor fluid rela-
tively fast (for example, within 2-4 h). For highly lipophilic PAH, on the
other hand, the upper s.c. represents the most important barrier for
permeation of PAH through the skin. These larger PAH do not partition
significantly from the rather lipophilic s.c. into the more aqueous viable
epidermis, and are retained effectively by the s.c. up to 48 h. This is
supported by their recovery in the upper s.c. and the remaining skin,
which contains a large fraction of the s.c. Since large PAH did not reach
the receptor fluid in FDC assays, they would presumably not be trans-
ferred into systemic circulation in vivo, but eventually be removed over
time by desquamation of the contaminated layers. On the other hand,
formation of a reservoir in the s.c. and subsequent migration into the
skin over a longer period cannot be ruled out. Furthermore, we showed
that pigskin is more permeable for PAH than human skin, whereas this
difference is more pronounced for small and less lipophilic PAH.
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Supporting Information A: Polycyclic aromatic hydrocarbon

permeation efficiency in vitro is lower through human than

pigskin and decreases with lipophilicity

Al Investigated polcyclic aromatic hydrocarbons and selected

physico-chemical properties

Table A.1: Investigated polycyclic aromatic hydrocarbons. Chemical Abstracts Service Registry
Number (CAS), internal standard (IStd) attributed in GC-MS/MS analysis, molar mass (M), number
of ring systems (five-membered rings are counted as half), logarithmic octanol-water partition co-
efficient (logP), logP experimentally derived (exp) or calculated (calc) and reference (Ref.) for logP.
GC-MS/MS: gas chromatography coupled to tandem mass spectrometry.

94

substance CAS IStd M [g/mol] rings logP exp/calclogP Ref.logP
acenaphthylene 208-96-8 acenaphthylene-dg 152 2.5 4.00 exp [1]
acenapthene 83-32-9 acenaphthylene-dg 154 25 392 exp 1]
fluorene 86-73-7 fluoranthene-d;( 166 25 4.18 exp [1]
anthracene 120-12-7 phenanthrene-d;g 178 3 454 exp [1]
phenanthrene 85-01-8 phenanthrene-d;g 178 3 457 exp [1]
pyrene 129-00-0 pyrene-d; 202 4 4.88 exp [1]
fluoranthene 206-44-0 fluoranthene-dg 202 3.5 5.22 exp [1]
benzo|c]fluorene 205-12-9 pyrene-d;o 216 3.5 5.40 calc 2]
cyclopenta[cd]pyrene  27208-37-3 chrysene-d;, 226 4.5 5.40 calc [2]
chrysene 218-01-9 chrysene-d;» 228 4 5.86 exp [1]
benz[alanthracene 56-55-3 chrysene-d;, 228 4 591 exp [1]
benzo|[k]fluoranthene 207-08-9 benzo[alpyrene-d;2 252 45 6.00 exp [2]
benzo[alpyrene 50-32-8 benzo[alpyrene-d;, 252 5 6.04 exp [1]
benzo[e]pyrene 192-97-2 benzo[alpyrene-d;, 252 5 6.04 calc [2]
benzo[blfluoranthene 205-99-2 benzo[alpyrene-d;, 252 45 6.06 exp [1]
benzo[jlfluoranthene 205-82-3 benzo[alpyrene-d;, 252 45 6.07 calc [2]
perylene 198-55-0 benzo[alpyrene-d;, 252 5 6.25 exp [1]
benzo[ghilperylene 191-24-2 benzo[ghilperylene-d;, 276 6 6.50 exp [1]
indenol1,2,3-cd|pyrene 193-39-5 benzo|ghilperylene-d;2 276 55 6.50 exp [1]
dibenz[a, h]anthracene 53-70-3 benzo[ghilperylene-d;, 278 5 6.50 calc [3]
dibenzola,l]pyrene 191-30-0 dibenzo(a,ilpyrene-di4 302 6 7.20 calc (4]
dibenzola, hlpyrene 189-64-0 dibenzo(a,ilpyrene-d;4 302 6 7.28 calc [5]
dibenzola,elpyrene 192-65-4  dibenzola,ilpyrene-di4 302 6 7.30 calc [6]
dibenzola,ilpyrene 189-55-9  dibenzo(a,ilpyrene-d;4 302 6 7.30 calc [7]
1
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Figure A.1: Polycyclic aromatic hydrocarbons (PAH) investigated in this publication.
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Linear regression of octanol-water partition coefficient (logP) of 24 polycyclic aromatic hy-
drocarbons versus their molar mass M with coefficient of determination of r? = 0.982 (data
in Table A.1.):

mol
logP =0.0215 ? - M +0.694. (A.1)

160 180 200 220 240 260 280 300
M [g/mol]

Figure A.2: Logarithmic octanol-water partition coefficient (logP) of 24 polycyclic aromatic hydro-
carbons versus their molar mass (M) with linear regression curve (equation (A.1)). For values, see
Table A.1.
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A2 Additional graphs
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Figure A.3: Distribution ratio of polycyclic aromatic hydrocarbons in each compartment to total
amount found in pigskin versus octanol water partition coefficient (logP). Mean + standard devia-
tion (24 h: n =9; other incubation times: n = 3). Curves represent data fitted to equation (1) in the
main manuscript. a) 2 h, b) 4 h, ¢) 16 h and d) 48 h incubation time. s.c.: stratum corneum.
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Figure A.4: Logarithmic partition coefficient (logK, decadic) versus logarithmic octanol/water
partition coefficient (logP, decadic). logK from an aqueous medium into the stratum corneum.
Mean * standard deviation. logK data from Refs.[8, 9]. logP data from Pubchem (retrieved in Septem-
ber 2023).
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Figure A.5: Distribution ratio in each compartment to total amount found in the skin and receptor
fluid at different incubation times in pigskin. Mean + standard deviation. 24 h: n = 9; other incuba-
tion times: n = 3. a) acenaphthene, b) acenaphthylene, c) fluorene, d) anthracene, e) phenanthrene,
f) pyrene, g) fluoranthene, h) benzo|clfluorene and i) cyclopentacd]pyrene. s.c.: stratum corneum.
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Figure A.6: Distribution ratio in each compartment to total amount found in the skin and re-
ceptor fluid at different incubation times in pigskin. Mean + standard deviation. 24 h: n=09;
other incubation times: n = 3. a) chrysene, b) benz[alanthracene, c) benzo[klfluoranthene,
d) benzolalpyrene, e) benzol[elpyrene, f) benzo[b]fluoranthene, g) benzo|[jlfluoranthene, h) perylene
and i) benzo[ghilperylene. s.c.: stratum corneum.
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Figure A.7: Distribution ratio in each compartment to total amount found in the skin and recep-
tor fluid at different incubation times in pigskin. Mean * standard deviation. 24 h: n = 9; other
incubation times: n = 3. a) indeno[1,2,3-cd]pyrene, b) dibenz[a, hlanthracene, c) dibenzola,l]pyrene,
d) dibenzola, hlpyrene, e) dibenzo[a,elpyrene and f) dibenzo[a,i]pyrene. s.c.: stratum corneum.
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Abstract

In this study, we determined partition (Kyy»,;) and diffusion (Ds) coefficients of five different poly-
cyclic aromatic hydrocarbons (PAH) migrating from squalane into and through the stratum cor-
neum (s.c.) layer of the skin. Carcinogenic PAH have previously been detected in numerous
polymer-based consumer products, especially those dyed with carbon black. Upon dermal con-
tact 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 ingredient in cosmetics,
has also been used as a polymer surrogate matrix in previous studies. Ky, and D;. are relevant
parameters for risk assessment because they allow estimating the potential of a substance to be-
come bioavailable upon dermal exposure. We developed an analytical method involving incuba-

tion of pigskin with naphthalene, anthracene, pyrene, benzolalpyrene and dibenzola, hlpyrene in
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Franz diffusion cell assays under quasi-infinite dose conditions. PAH were subsequently quanti-
fied within individual s.c. layers by gas chromatography 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 dif-
fusion, yielding Ky, and Dy.. The decadic logarithm logK;.,,, 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 naphtha-
lene. 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 empir-
ically 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 logarith-
mic octanol-water partition coefficient logP, K., and the removal rate at the s.c./viable epidermis
boundary layer.
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ARTICLE INFO ABSTRACT

Editor: Dr Hyo-Bang Moon In this study, we determined partition (Ksc,m) and diffusion (Ds) 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

stratum corneum

those dyed with carbon black. Upon dermal contact with these products, PAH may penetrate into and through
skin migration

. . the viable layers of the skin by passing the s.c. and thus may become bioavailable. Squalane, a frequent ingre-
polycyclic aromatic hydrocabons (PAH) . . . s . .
partition dient in cosmetics, has also been used as a polymer surrogate matrix in previous studies. K./, and Dy are
diffusion 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 Ks./m and Ds.. The decadic logarithm logKs./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

Abbreviations: B[a]P, benzo[a]pyrene; ¢, concentration in medium; c,, concentration in stratum corneum; c,,, concentration at depth x and time t; c,,;, relative
concentration; DB[a,h]P, dibenzo[a,h]lpyrene; 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; Ks¢/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; t, 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; IARC, 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;
Beimann 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 Ky./m, which is
defined as the ratio of the concentration in the s.c. (cs) 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:
0Cy, P ey,

5 = DPegas @

where c,; is the concentration at depth x of the s.c. and time t, and Dj, 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
Kscym and Ds; — 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 D;. 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[aq,
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 ug/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 Fr*D,.
— . — Ezjzlj—_sm (Hﬂ. x) cxp( - 7 t

Crets = Kepm | 1 ) (2)

with
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Cxt
Crelxt = ;7 3)

m

where cyis 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./m
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 Dj. is the
diffusion coefficient in the s.c. The boundary and initial conditions are:
(i) ¢y 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: ¢, 9 = 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: cp,r = 0.

Ks.ym 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, 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-
versitatsmedizin 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

Ecotoxicology and Environmental Safety 262 (2023) 115113
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 um (human s.c.) and Rothe
et al. (2017) found 11.1 £ 1.1 pm (human s.c.) and 10.8 + 2.3 um
(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 em 2 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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< fit of equation (2)
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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[alpyrene, c..: see Eq. (3).

1h ®24h
® napthalene ® anthracene 4 pyrene ¢ B[a]P ® DB[ah]P
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Fig. 2. Calculated a) partition coefficients logK;./, (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[a]lpyrene, 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),
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avoiding saturation of s.c. layers.

3.3. Partition coefficients Ky./m

The values of K./, 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 Ky, 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 Ks¢/m.

Values of 1ogK./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, logKs./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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data points + fit of equation (4)

a)
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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[alpyrene, 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] [ug-ml~] [ug-ml~'] skin [ng-ml~']
[ng~ml’1]
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 logK./m, respectively. Notably,
the two values derived for DB[a,h]P (24 h: 0.685 + 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;.,; 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 logKs.,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 D

The calculated values for Dy 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, Dy,
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 D,.. With longer incubation times, the contribution of the
exponential term (containing D) to the measured value of crex; 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]-10’9
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 + 0.471]-107'! m?>h™1) 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 pm) 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:

Crely = U € " + Wy, [©)]

where ¢y 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 K, /s.. High removal rates
or large coefficients Ky./sc, 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 1ogKs./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 logKsc/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.

® papthalene

a) M [g-mol™]
100 150 200 250 300

logu,

-1.0-". , ‘ - :
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, logK;./m 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,
Ksc/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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A. Supporting Information

A.1 Additional Images, Tables and Graphs

tempered
water

| €=

receptor chamber

Fig. S1: Overview of the components of the disassembled Franz diffusion cell.

stratum corneum

10.14 + 1.88 pm £
stratum disjunctum ——; 10 um |

Fig. S2: Cross section of pigskin for the determination of the thickness of the stratum corneum and visible
stratum disjunctum, viable epidermis and dermis. 40-fold magnification.
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Table S1: Starting concentrations cm of the different PAH in the donor solutions (mean + SD, n = 3), recovery
in the different compartments, and over-all recovery (mean + SD) after incubation time ti. SD: standard
deviation, PAH: polycyclic aromatic hydrocarbons, s.c.: stratum corneum, B[a]P: benzo[alpyrene, DB[a, h]P:
dibenzola, hlpyrene; please note the different units of PAH concentrations in individual compartments.

substance t;[h] ¢ [pg~ml‘1] donor [%] s.C. [%0] remaining skin [%o] receptor [%o] sum [%]
naphthalene 1 1005 + 36 102.3+3 0.559+0.244 0.488+0.103 0.182+0.05 102.4+3
anthracene 1 1030+46 99.7+19 1.317+0.477 0.69+0.36 0.015+0.018 99.9+2
pyrene 1 541+8 984+1.1 1.171+0.518 0.639+0.385 0.025+0.038 98.6+1.2
Bla]P 1 661+4 97.4+1.8 2.491+0.718 0.675+0.437 0.024+£0.03 97.7+2
DB(a,h]P 1 50.9+£0.9 100.9+5.4 10.6 £3.5 6.345+8.797 0.012+0.02 102.6+6.6
naphthalene 24 965+34 94.95+74 1.08 £0.92 247+1.28 26.4+5.51 98.05+7.52
pyrene 24 895+24 95+1.4 6.76 +3.62 5.67+2.39 1.3+0.3 96.37+0.85
Bla]P 24 900+27  93.78+4 6.98 +2.62 4.7+2.43 0.97+0.89 95.05+3.77
DBJa,h]P 24 50.5+1.5 97.04+4.5 15.61+7.06 15.75+7.46 1.02+0.94 99.89+4.75

napthalene [ anthracene [l pyrene [l Bla]P [ DB[ah]P

a) b)
3- 3-
1h 24 h
5P 5P
2 2
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S S O S S X0
(ece;Q ‘eceQ

Fig. S3: Recovery of the total applied mass of each PAH in each compartment. a) 1 h incubation time (mean +
SD); b) 24 hiincubation time (mean + SD). Donors not shown, see Table S1 for values. SD: standard deviation,
PAH: polycyclic aromatic hydrocarbons, B[a]P: benzo[alpyrene, DB|a,h]P: dibenzo[a, hlpyrene, s.c.: stratum
corneum, r.s.: remaining skin.
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Fig. S4: Measured relative concentrations c,,; of the PAH (yellow, means + SD): i) naphthalene, ii) an-
thracene, iii) pyrene, iv) dibenzo[a,hlpyrene (for benzo[alpyrene see Fig. 1 and 3 of the main paper) at
depth x in the stratum corneum and after an incubation time 1 h (a) and c¢)) and 24 h (b) and d)) and the cor-
responding fit of equation (1) (a) and b)) and equation (3) (c) and d)). Fits in light blue. The first data points
at negative x-values represent the stratum disjunctum and were omitted from mathematical analysis. SD:
standard deviation, PAH: polycyclic aromatic hydrocarbons, c;.;: see equation (3).
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Table S2: Molecular mass (M), logarithmic octanol-water partition coefficient (logP), decadic logarithmic
partition coefficient logKs/, of medium and stratum corneum and diffusion coefficient Dy, for the different
PAH (mean + SD). SD: standard deviation, PAH: polycyclic aromatic hydrocarbons, B[a]P: benzo[a]pyrene,
DBJla, h]P: dibenzo[a,h]pyrene.

substance M[gmol'] logP logKseimlh  Dg:10'2 [m?-h'11h  logKsm24h Dg-10'2 [m?-h7']124h

naphthalene 128 3370 -0.926+0.117 11.83+4.71 -0.432+0.06 0.250 +0.085
anthracene 178 4.5411  —0.293+0.023 2.908 +0.587 — —
pyrene 202 5.18M —0.159+0.013 2.567+0.536 0.134+0.012 0.298+0.071
BlalP 252 6.041  0.024+0.002 2.483+0.443 0.176+0.016 0.274+0.067
DB|a,h]P 302 7.28%)  0.631+0.052 2.257+0.473  0.685+0.056 0.337+0.076

Table S3: Molecular mass (M), logarithmic octanol-water partition coefficient (logP), decadic logarithmic
partition coefficient logK;/, of medium and stratum corneum and diffusion coefficient D;. for the different
PAH (mean + SD). SD: standard deviation, PAH: polycyclic aromatic hydrocarbons, B[a]P: benzo[a]pyrene,
DBJla,h]P: dibenzo[a, hlpyrene.

substance o equation (2) 1h oequation(4)1h ratiolh o equation(2)24h o equation(4)24h ratio24h

naphthalene 0.02709 0.01676 1.617 0.07333 0.04629 1.584
anthracene 0.05465 0.02213 2.47 — — —
pyrene 0.07471 0.03708 2.015 0.22703 0.09548 2.089
BlalP 0.09637 0.0458 2.104 0.67331 0.07266 3.125
DBl[a,h]P 0.44753 0.232 1.929 0.22703 0.38404 1.753

Table S4: Parameters calculated from equation (4) (value + SD). SD: standard deviation, B[alP:
benzo[alpyrene, DB[a,h]P: dibenzol[a,h]pyrene.

substance logu;1h logw;1h logu;24h logw;24h

naphthalene —-0.833+0.093 -1.383+0.154 -0.314+0.046 -1.056+0.153
anthracene —-0.212+0.018 -1.145+0.097 — —

pyrene -0.076 £0.009 -1.074+0.13 0.224+0.016 —0.441+0.032
B[a]P 0.105+0.011 -0.914 +0.094 0.274+0.014 —0.423+£0.022
DBla,h]P 0.707+£0.095 -0.325+0.044 0.751+0.055 0.161+0.012
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Fig. S5: Molar mass (M) vs. octanol-water partition coefficient (logP).'"?' For the investigated PAH,
the two are linearly related as indicated by the purple trend line described by M = (45.199 - logP —
26.341)g- mol ! with coefficient of determination r? = 0.995. PAH: polycyclic aromatic hydrocarbons, B[a]P:

benzo[alpyrene, DB[a,h]P: dibenzol[a,hlpyrene.
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Fig. S6: Decadic logarithmic partition coefficient logKse, vs. logu; (see equation (4), mean + SD) with lin-
ear regressions for both time points (dashed line: y = x). SD: standard deviation, B[a]P: benzo[a]pyrene,

DBla,h]P: dibenzola, h]pyrene.
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A.2 Method

A.2.1 Chemicals

Naphthalene (CAS: 91-20-3) was acquired from Merck Group (Darmstadt, Germany), Bla]P-d12
(63466-71-7), bovine serum albumin (9048-46-8), magnesium sulfate heptahydrate (10034-99-8),
naphthalen-d8 (1146-65-2), pyrene (129-00-0), pyrene-d;( (1718-52-1), and sodium hydrogen car-
bonate (144-55-8) were purchased from Sigma-Aldrich (Saint-Louis, Missouri, United States). Di-
benzol[a,hlpyrene (189-64-0), dibenzo[a,elpyrene (192-65-4), and squalane (111-01-3) were ac-
quired from Tokyo Chemical Industry (TCI, Tokyo, Japan). B[alP (50-32-8) and citric acid (77-
92-9) were acquired from Fluka (Honeywell, Charlotte, North Carolina, United States), cyclohex-
ane (110-82-7), ethanol (64-17-5), and acetonitrile (75-05-8) were acquired from Supelco (Belle-
fonte, Pennsylvania, United States), dichloro-methane (75-09-2), 1% aqueous Eosin Y solution,
and acidic hematoxylin solution by Meyer were acquired from Carl Roth (Karlsruhe, Germany).
Potassium hydroxide (1310-58-3) was acquired from AppliChem (Darmstadt, Germany). Dul-
becco’s phosphate-buffered saline (without calcium and magnesium) was purchased from PAN

Biotech (Aidenbach, Germany).

A.2.2 Quantification of donor solutions

The actual PAH concentration of the applied donor liquid was verified individually for each ex-
periment in triplicate. The test solution in squalane was centrifuged before use to eliminate any
formed precipitate (15430 g, 6 min, Centrifuge 5427 R, Eppendorf, Hamburg, Germany). 200 pl
of the supernatant were transferred to 6 ml of acetonitrile (ACN) and spiked with internal stan-
dard solution (1000 pg-ml~! of the respective deuterated compound in squalane; in the case of
anthracene: phenanthrene-d;, in the case of DB[a,h]P: 10 ug-ml™! dibenzo|a,e]pyrene (DB|a,e]P)
in squalane). The solution was shaken vigorously, placed in an ultrasonic bath for 15 min at room
temperature, and then centrifuged (3700 g, 0 °C, 15 min, Heraeus Multifuge, Thermo Fisher Sci-
entific, Waltham, Massachusetts, United States). The upper ACN layer was removed and the ex-
traction process was repeated once with 6 ml ACN. The combined ACN phases were diluted 1:100
with ACN (1:10 in the case of DB[a,h]P). An aliquot of 100 pul was filled into a vial with insert for
PAH quantification by GC-MS/MS. The internal stand-ard concentration in the final solution was

100 ng-ml~!.

A.2.3 Franz diffusion cell assay protocol

The FDC assay was carried out as follows: six FDCs (PermeGear, Hellertown, PA, United States)
with 15 mm diameter (1.76 cm? permeation area) and a receptor volume of 12 ml were used (see
Fig. S1). Each FDC assay was carried out as quadruplicate experiments with additional duplicate
negative controls (24 h incubation time; B[a]P: n = 8 FDC assays) or as a quintuplicate experiments

with one negative control (1 hincubation time). The receptor solution (50 mg-ml~! of BSA in DPBS)
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of 12 ml was continuously stirred magnetically. It was maintained at 32 + 1 °C by an externally
heated water jacket throughout the incubation period.

The frozen skin pieces were partially thawed and a 500 pum thick skin sheet was cut off using a
dermatome (Aesculap AG, Tuttlingen, Ger-many). Sections of 25 mm diameter were punched out
of the skin sheets with a stencil. Their integrity was visually verified and then laid atop the filled
receptor chamber. It was visually ensured that no air bubbles were present directly under the
skin in the receptor solution. To verify the integrity of the skin, the trans-epidermal water loss
(TEWL) was measured using an AquaFlux device AF200 (Biox systems Ltd, London, United King-
dom), in line with OECD Guideline 428.5%' Skins were excluded and replaced if the TEWL exceeded
10 gm=2-h1.1

The test solution in squalane was centrifuged before use to avoid that any formed precipitate is
applied to the skin (15430 g, 6 min, Centrifuge 5427 R, Eppendorf). 200 pl of the supernatant
were added onto the skin with a syringe (Hamilton, Bonaduz, Switzerland, for concentra-tions,
see Table S1). 200 pl of pure squalane were added onto the skin of negative controls. All cells
were covered with parafilm (American National Can, Greenwich, Connecticut, United States) and
incubated for 1 h or 24 h.

A.2.4 Disassembly and Extraction

After the incubation period, the four compartments of the Franz cell (donor, s.c., remaining skin,
receptor) were treated as follows: The remaining donor liquid was removed with a Pasteur pipette
and transferred into a screw top glass jar. The donor chamber was washed with 3 x 1 ml of ACN and
the washes were added to the glass jar. The donor chamber cap was wiped off using a precision
wipe (Kimtech Science, Kimberly-Clark, Irving, Texas, United States). The wipe was then folded in
on itself and used to wipe off any residual squalane from the skin and added to the squalane/ACN
mixture. An internal standard solution (1000 pg-ml™! of the respective deuterated compound or
phenan-threne-d10 in squalane; in the case of DB[a,h]P: 10 pg-ml‘1 DBla,e]P in squalane) was
added and the jars were placed into an ultrasonic bath for 30 min at room temperature. The liquid
phases were transferred into a centrifugal tube and centrifuged (3720 g, 0 °C, 15 min). The ACN
phase was transferred into a 10 ml volumetric flask and the extraction was repeated once with 5
ml of ACN. The combined solution was filled up to 10 ml and diluted 1:100 with ACN (1:10 in the
case of DB[a,h]P). An aliquot of 100 ul was filled into a vial with insert for PAH quantification by
GC-MS/MS. The internal standard concentration in the final solution was 100 ng-ml™!.

The s.c. was stripped 20 times using tape strips (kristall-klar, tesafilm, Norderstedt, Germany).
Each tape was placed into a separate screw top jar filled with 6 ml of ACN and an internal standard
solution (500 ng-ml™! of the respective deuterated compound, phenanthrene-d;o or DB[a,e]P in
ACN). The tapes were extracted in an ultrasonic bath for 30 min at room temperature. The liquid
phases were transferred into centrifugal tubes. The tape strips were discarded and the jars were
rinsed with 5 ml of cyclohexane that was added into the centrifugal tubes. The tubes were shaken,

then centrifuged (3720 g, 0 °C, 15 min) and the cyclohexane phases were transferred into 10 ml

7
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volumetric flasks (tape strips 1-5) or in test tubes (tape strips 6-20; in the case of DB[a,h]P: all
solutions were directly given into test tubes). The extraction was repeated once with 5 ml of cyclo-
hexane. The solutions in the volumetric flasks were filled up to the mark and an aliquot (1 ml for
tape strips 1-3; 2.5 ml for tape strips 4 and 5) was taken and transferred to test tubes. The solutions
in the test tubes were then evaporated close to dryness under a stream of nitrogen (35-70 kPa,
35 °C) using a concentration workstation (Turbovap, Biotage, Uppsala, Sweden) as published by
Bartsch et al.®! The residue was taken up with 100 ul of cyclohexane and transferred into 1 ml vials
with 100 pl inserts for PAH quantification by GC-MS/MS. The internal standard concentration in
the final solution was 100 ng-ml™'. The skin remaining after the tape stripping was transferred
to a screw top jar filled with 6 ml of ACN and an internal standard solution (10 pg-mlI! of the re-
spective deuterated compound, phenanthrene-d;o or DB[a,e]P in ACN). The jar was placed into
an ultrasonic bath for 30 min at room temperature. The liquid phase was transferred into a 10 ml
volumetric flask. The skin was rinsed twice with 2 ml of ACN, which was added to the volumetric
flask. The flask was filled up to the mark. An aliquot of 100 pl was filled into a vial with insert for
PAH quantification by GC-MS/MS. The internal standard concentration in the final solution was
100 ng-ml.

2 ml of the receptor solution were transferred into a centrifugal tube. An internal standard solu-
tion (10 pug-ml™! of the respective deuterated compound, phenanthrene-d;o or DB[a,e]P in ACN)
was added to the receptor chamber and stirred for 20 min. The solution in the receptor chamber
was then added to the centrifugal tube and the receptor chamber was rinsed twice with 2 ml of
ACN. 12 ml of a saturated, ethanolic potassium hydroxide solution were added into the centrifugal
tube to denature the BSA. The solution was extracted twice with 12 ml and 6 ml of cyclohexane, re-
spectively, which were transferred into a fresh centrifugal tube. The resulting solution was washed
with 12 ml of aqueous citric acid (100 mg-ml™!) to neutralize the solution and with 12 ml of wa-
ter. The cyclohexane phase was then dried with magnesi-um sulfate and the solution was filtered
into glass tubes with graduated appendices (1 ml). The solution was concentrated to < 1 ml under
reduced pressure (150 mbar) at 55 °C in a parallel evaporation concentrator with the cooler set to
10 °C. The solutions were then filled up to 1 ml. An aliquot of 100 ul was filled into a vial with insert
for PAH quantification by GC-MS/MS. The internal standard concentration in the final solution

was 100 ng-ml ™.

A.2.5 GC-MS/MS Analysis

The solutions obtained in the above described protocols were quantified using online-coupled
gas chromatography electron ionization tandem mass spectrometry (GC7890A-MS7000A, Agilent,
Santa Clara, California, United States) in multiple reaction monitoring (MRM) mode. For chro-
matographic separation, a DB-EUPAH GC-column (20 m x 0.18 mm inner diameter; 0.14 pm film
thickness; Agilent) attached to a pre-column (10 m x 0.25 mm inner diameter; Phenomenex, As-
chaffenburg, Germany) was used. Helium (purity = 99.999%, Linde, Pullach, Germany) acted as

carrier gas. The following GC temperature program was applied: 70 °C for 2 min, structured ramp:
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20 °C-min~"! to 100 °C, 50 °C-min! to 340 °C with a hold time of 12 min. For more parameters, see
table S5. For time segments, see table S6. For details on the MRM-settings, see table S7.

The instrument was connected to an autosampler MPS 2XL (MultiPurpose Sampler; Gerstel, Miil-
heim, Ruhr, Germany). A cooled injection system (CIS, programmed temperature vaporizing type;
Gerstel) was used with an initial injection temperature of 45 °C, followed by a ramp of 12 °C-s! to
340 °C with a hold time of 5 min. The injection volume was 1 pl. The syringe was rinsed four times
before and after each injection with cyclohexane or ACN. GC-MS/MS data were acquired using the
Enhanced MassHunter Version 10.0 software (Build 10.0.384.1, Agilent) and Maestro 1.4.56.6/35
software (Gerstel). MassHunter workstation software (Quantitative Analysis Version 10.0.707.0,
Agilent) was used to analyze the GC-MS/MS data. Selected qualifier and quantifier ions were ex-
tracted and automatically integrated accompanied by manual control (Table S7 and Fig. S7). A
deviation of up to 20% from the quantifier to qualifier ratio was deemed acceptable. For all ana-
lytes, a linear regression calibration for the concentration range from 0.50 to 500 ng-ml~! was per-
formed. For the calibration, the relative concentration was determined by dividing the theoretical
concentration by the concentration of the internal standard (10 ng-ml™). The relative response
was calculated by dividing the response by the response of the internal standard. The relative re-
sponse was then plotted against the relative concentration and a linear regression weighted by one

over the relative concentration was calculated (Table S6 and Fig. S8).

Table S5: General GC-MS/MS parameters.

parameter value

source temperature 280°C

GC gas helium

collision gas nitrogen at 1.5 ml-min~!
flow rate GC 1.8 ml-min™!

gain factor 15

ionization energy 70 eV

transfer line temperature 320 °C

quadrupole temperature 150 °C

purge flow to split valve

quench gas flow

50 ml-min~! after 5 min

helium at 2.25 ml-min™!
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Table S6: MRM time segments used in the GC-MS/MS program and factors for linear regression for the
calibration curve of each compound (y = m- x + e): m: slope of linear regression, e: y-axis intercept, r:
coefficient of determination, MRM: multiple reaction monitoring, B[alP: benzo[alpyrene, DB[a,h]P: di-

benzol[a,hlpyrene.
time segment substance start time endtime m e r?
1 naphthalene 4.00min  6.00 min  0.942905 -0.029400 0.9993
2 anthracene  6.00min  7.40min  0.93847 -0.049893 0.9991
3 pyrene 740min  8.80min  1.305984 0.004525 0.9993
4 BlalP 8.80 min 11.50 min 2.032834 -0.151048 0.9986
5 DBla,h|P 11.50 min  20.30 min 0.792002 -0.021443 0.9986

Table S7: Time segments, quantifiers and qualifiers for each compound: m/z: mass to charge ratio; TS: time
segment; f,: retention time; qaunt pre ion: m/z quantifier precursor ion; quant prod ion: m/z quantifier
product ion; qual pre ion: m/z qualifier precursor ion; qual prod ion: m/z qualifier product ion; CE: collision
energy; qual/quant: ratio of qualifier response to quantifier response, B[a]P: benzo[a]pyrene, DB[a,h]P:

dibenzola, h]pyrene.
compound TS t, [min] dwell [ms] qauntpreion quantprodion CE[V] qualpreion qualprodion CE[V] qual/quant (%]
naphthalene 1 499 5 128 128 20 128 102 20 55
naphthalene-d8 1 4982 5 136 136 20 136 108 20 44
anthracene 2 6911 10 178 178 20 178 177 20 23
phenanthrene-d10 2 6.881 10 188 188 20 188 186 20 22
pyrene 3 7729 15 202 202 15 202 201 20 18
pyrene-d10 3 7717 15 212 212 15 212 210 20 13
Bla]P 4 9401 25 252 252 15 252 250 20 15
Bla]P-d12 4 9377 25 264 264 15 264 260 20 10
DB[a,h|P 5 13.798 40 302 302 30 302 300 47 55
DB[a,e]P 5 13.14 40 302 302 30 302 300 47 66
-10°
pyrene
pyrene-d,,
3
naphthalene
naphthalene-dg anthracene
" phenanthrene-d,,
-~
: —
g 2
38
B[a]P DB[a,e]P
B[a]P-d,, (internal standard)
1_
DBJa,h]P
|| ] r\ / /

T T T T T T T T T 1 T
5 6 7 8 9 10 11 12 13 14 15 16 1
retention time [min]

T | 1
7 18 19 20

Fig. S7: Chromatogram of the five investigated compounds at a concentration of 240 ng-ml™! (internal
standard concentration: 100 ng-ml™). B[a]P: benzo[alpyrene, DB/a,h]P: dibenzo|a,h]pyrene, DB|a,e]P: di-
benzo[a,elpyrene.
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A.2.6 Mathematical analysis of equation (4)

For an equation to obey Fick’s second law, the equation

OCy,t 0? Cx,t
b ) (A.1)
ot ¢ ox?
must be fulfilled. The second derivative of equation (3) with respect to the depth x is
OcCrel _
o 2=y, (A.2)
The first derivative of equation (4) with respect to t is
0Crel,x,t _ % —x % (A.3)

— = e .
ot ot ot
The first derivative of w; with respect to ¢ cannot yield zero unless w; would be a time-independent

constant. Our data show that w, is time-dependent (compare Fig. 4b). Thus,

Owt

_x ,O0us _
_D.ut.ex¢a_tt.e X+E’ (A4)

and equation (4) does not obey Fick’s second law.

A.2.7 Determination of stratum corneum thickness

The thickness and the removal rate of the s.c. was determined histologically, as previously descri-
bed.!® Briefly, the scraps of the punched out skin sheets were stripped up to 20 times, increasing
the number of tape strips by two between each sample. Then, a section of about 5 x 5 mm was
cut out using a scalpel. It was frozen in an optimal cutting temperature compound (Tissue-Tek
O.C.T.,, Sakura, Staufen, Germany) using liquid nitrogen. Of each frozen skin section, multiple
cross sections of 5 um were cut using a cryotom (HM 550 OP, Thermo Fisher Scientific) and fixed
onto microscopy slides (Epredia SuperFrost Plus, Thermo Fischer Scientific). The slides were sub-
mersed in acetone at —20 °C for 20 min. The slides were placed into an acidic hematoxylin solu-
tion by Meyer (filtered before use) at room temperature for 20 min. The slides were rinsed with
desalinated water and then transferred into Scott’s Tap Water Substitute (23.8 mM sodium hydro-
gen carbonate and 166 mM magnesium sulfate heptahydrate in desalinated water, pH = 8.3) for
12 min. The slides were rinsed with desalinated water and then placed into a 1% aqueous Eosin Y
solution for 3 min. The slides were rinsed again with desalinated water and then fixed with a cov-
erslip using FluorSave Reagent (Millipore Corporation, Billerica, Massachusetts, United States).

The skin sections were magnified to 10, 20 and 40-fold magnification (Fluorescence microscope

12
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BX51, Olympus, Shinjuku City, Tokyo, Japan) and photographs were taken (SC50, Olympus, com-
pare Fig. S2). The measurement of the s.c. was carried out using CellSens standard 3.1 (Olympus).
The thickness of the s.c. § ;c was then plotted against the number of tape strips nrs, thus calculat-
ing the thickness of a single s.c. layer (0.349 um). This way, the depth d attained can be calculated
with

d=0.349 um- nrs. (A.5)

Because the first tape strip is discarded and because we considered the depth x in our calculations

to be on average in the middle of a given s.c. layer, the equation is adjusted to

x=0.349 um- (n7s—1)—0.5-0.349 um = 0.349 um- (nrs — 0.5). (A.6)
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Abstract

Background: Contrary to Ni?*- and Co?*-induced allergic contact dermatitis (ACD), reactions
against Pd?* are rare. However, Pd?* activates a larger T cell fraction in vitro, suggesting an ineffi-

cient skin penetration.

Objectives: This study compares Ni*, Co?* and Pd?* skin penetration from commonly used di-

agnostic patch test preparations (PTPs) and aqueous metal salt solutions.

Methods: Using Franz diffusion cell assays, we applied the metals in PTPs (5% NiSO,4, 1% CoCl,,
2% PdCl, and 3% Na,PdCly) and in solution to pigskin for 48 h, thereby mirroring the time frame
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of a patch test. The different compartments were analysed individually by inductively coupled

plasma mass spectrometry.

Results: Metal ions were mainly retained in the upper stratum corneum layers. After application

of PTPs, concentrations in the viable skin were lower for Pd?* (1 and 7 uM) compared to Ni** and

Co?* (54 and 17 uM).

Conclusions: Ni?* and Co?* penetrated the skin more efficiently than Pd?* and thus may sensi-
tize and elicit allergic contact dermatitis more easily. This was observed for ions applied in petro-

latum and aqueous solutions. We hypothesize that the differently charged metal complexes are

responsible for the varying skin penetration behaviors.
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+ Skin penetration of allergenic metals from petrolatum
and aqueous solution was analysed by in vitro Franz
diffusion cell assay followed by inductively coupled
plasma mass spectrometry analysis.

* Ni?* and Co?* penetrate skin more effectively than Pd%*,
regardless of the matrix.

* The lower penetration rates might contribute to lower

palladium allergy prevalence.



Received: 14 December 2023

PUBLICATIONS

Revised: 1 March 2024

W) Check for updates

Accepted: 17 April 2024

DOI: 10.1111/cod.14569

ORIGINAL ARTICLE

CONTACT @ WILEY

Less efficient skin penetration of the metal allergen Pd?™
compared to Ni’* and Co?* from patch test preparations

Konstantin Simon1?© |
Alexander Roloff1® |

Department of Chemical and Product Safety,
German Federal Institute for Risk Assessment
(BfR), Berlin, Germany

2Department of Biology, Chemistry, Pharmacy,
Institute of Pharmacy, Freie Universitat Berlin,
Berlin, Germany

Correspondence

Alexander Roloff and Franziska Riedel,
Department of Chemical and Product Safety,
German Federal Institute for Risk Assessment
(BfR), Berlin, Germany.

Email: alexander.roloff@bfr.bund.de and
franziska.riedel@bfr.bund.de

Funding information

BfR-Internal Grants SFP, Grant/Award
Numbers: 1322-774, 1322-719; Deutsche
Forschungsgemeinschaft, Grant/Award
Number: 500312706

1 | INTRODUCTION

Philipp Reichardt® © |
Katherina Siewert? © |

Andreas Luch? |

Franziska Riedel!

Abstract

Background: Contrary to Ni?*- and Co?"-induced allergic contact dermatitis (ACD),
reactions against Pd?" are rare. However, Pd?* activates a larger T cell fraction
in vitro, suggesting an inefficient skin penetration.

Objectives: This study compares Ni?*, Co?* and Pd?* skin penetration from com-
monly used diagnostic patch test preparations (PTPs) and aqueous metal salt
solutions.

Methods: Using Franz diffusion cell assays, we applied the metals in PTPs (5% NiSO,,
1% CoCl,, 2% PdCl, and 3% Na,PdCl,) and in solution to pigskin for 48 h, thereby
mirroring the time frame of a patch test. The different compartments were analysed
individually by inductively coupled plasma mass spectrometry.

Results: Metal ions were mainly retained in the upper stratum corneum layers. After
application of PTPs, concentrations in the viable skin were lower for Pd®* (1 and
7 uM) compared to Ni?* and Co®* (54 and 17 uM).

Conclusions: Ni2* and Co?* penetrated the skin more efficiently than Pd?>* and thus
may sensitize and elicit ACD more easily. This was observed for ions applied in petro-
latum and aqueous solutions. We hypothesize that the differently charged metal

complexes are responsible for the varying skin penetration behaviours.

KEYWORDS
Franz diffusion cell assay; metal allergy; Ni, Co, Pd; patch test preparation; skin penetration;
T cell activation

include metals such as nickel and cobalt which can be released from a

variety of consumer products.! Therefore, nearly everyone is fre-

Contact allergies are T cell-mediated diseases and are estimated to
affect about 20% of the population.! Common contact allergens

Abbreviations: ACD, allergic contact dermatitis; FDC, Franz diffusion cell; ICP-MS,
inductively coupled plasma mass spectrometry; LOD, limit of detection; LOQ, limit of
quantification; PBS, phosphate-buffered saline; PTP, patch test preparation; s.c., stratum
corneum; TLR4, Toll-like receptor 4.

Katherina Siewert and Franziska Riedel shared the last authors.

quently exposed to metal allergens and thus at risk of allergic
sensitization.

We recently quantified metal-specific CD4+ T cells by an in vitro
activation-induced marker assay and identified the underlying interac-
tions with conserved T cell receptor residues.?>* The particularly high
frequencies we observed for Ni>* and Co?" were further exceeded
by those of Pd?*-specific T cells at optimal concentrations (ca. 400 uM

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.

© 2024 The Authors. Contact Dermatitis published by John Wiley & Sons Ltd.
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Pd2"). However, palladium allergy is rarely diagnosed in the general
population, which may be due to less efficient skin penetration
of Pd?*.

Patch testing—also known as epicutaneous testing—is used as a
diagnostic tool to identify contact allergies.*> Although it is the cur-
rent diagnostic standard, the test has several limitations. Patch testing
is supposed to induce the elicitation phase of allergic contact dermati-
tis (ACD) by delivering a critical amount of allergen into the skin to
activate immune cells on a small test area. Antigen-specific tissue-
resident memory T cells emerge during sensitization and become re-
activated by renewed allergen exposure, for example, during patch
testing.®” Tissue-resident memory T cells predominantly reside in the
epidermis near the dermal junction or in the dermis. However, it
remains unclear whether metal ion concentrations on the skin eliciting
ACD in real-life exposure scenarios and those used in patch testing
are similar. As a result, the clinical relevance of a positive patch test
remains unknown.

Patch test preparations (PTPs) of metals are undissolved metal
salts dispersed in petrolatum, which are applied to the back of a
patient. Various PTPs of different compositions used globally can
potentially deliver varying amounts of metal ions into the skin thereby
hindering the comparison of allergy prevalence.8~® Substance proper-
ties, including particle size and solubility of the metal salt, have a sig-
nificant impact on the release and penetration of metal ions into the
skin.**1> Therefore, using an inappropriate substance can lead to false
positive or false negative patch test results, which can ultimately
result in incorrect allergy diagnoses. For instance, the European Soci-
ety of Contact Dermatitis guideline recommends the use of undis-
solved PdCl, in petrolatum as a PTP.> As PdCl, is poorly soluble in

water, it is possible that not enough pPd**

is migrating into the skin
during patch testing. This can lead to false negative results when
employing PdCI, as test substance. As an alternative for palladium-
based PTPs, the water-soluble Na,PdCl4 has been suggested. Positive
patch test results obtained with PdCl, were generally confirmed by
Na,PdCl,. Furthermore, Na,PdCl, allowed for the diagnosis of addi-
tional patients with palladium allergy. The results were obtained
despite the fact that PdCl, was applied to the skin in dissolved form
and Na,PdCl, was applied dispersed in petrolatum. ™8 In the litera-
ture, the permeation of metal ions through skin (human, pig and
mouse) has been analysed mainly via Franz diffusion cell (FDC) assays.
Most of these experiments were carried out with incubation times of
24 h, making it difficult to predict metal permeation rates after 48 h,
which is the typical duration of the patch test.’® Since most studies
are designed to mimic real-life human exposure, mainly undissolved
metal salts or metal nanoparticles in artificial sweat formulations have
been investigated.'?~2* The analysis of skin penetration from artificial
sweat is not representative of the metal ion release from PTPs into
the skin because of the different physicochemical properties of the
formulations. For instance, when investigating the penetration proper-
ties of 5% NiSO, PTPs, no Ni?™ was found in the receptor phase after
48 h*?

In the present study, the metal ion penetration of the patch test
salts NiSO4, CoCl,, PdCl, and Na,PdCly into pigskin was determined
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using FDC assays combined with inductively coupled plasma mass
spectrometry (ICP-MS) analysis. In a setting mimicking clinical use, the
metal salts were applied as PTPs under occlusion for 48 h. In addition,
metal salt solutions in phosphate-buffered saline (PBS) were tested.
According to the Registration, Evaluation, Authorisation and Restriction
of Chemicals legislation of the European Union, products that have
direct and prolonged contact with the skin are restricted to release
nickel to a maximum of 0.5 ug/(cmz-week).23 We used a salt solution
in PBS to apply a similar concentration of 0.57 ug/cm? Ni?* to the
skin. Therefore, it can be assumed that the penetration of Ni?* into
the remaining skin provides an exposure scenario close to the regula-
tory limit. Co?" and Pd?®" were applied in equal amounts for
comparison.

After the incubation period, the FDCs were disassembled and the
stratum corneum (s.c.) was separated from the remaining skin by tape
stripping. The disassembly produced four compartments: donor, s.c.,
remaining skin and receptor fluid, with the remaining skin containing
the dermal junction between the epidermis and dermis.

On the basis of our results, the accuracy of patch test-based diag-
noses of metal contact allergies was evaluated. Furthermore, potential
causes of the observed differences in the prevalence of metal contact
allergies are discussed. The determined metal ion concentrations in
the different FDC compartments can guide the selection of appropri-
ate metal ion concentrations for in vitro studies, including diagnostic T

cell assays.

2 | METHODS

For chemicals and materials, confer to the supporting information
(SI) 1, section A.1 Chemicals. The experimental strategy is summarized
in Figure 1.

2.1 | Pigskin

Pigskin from two female pigs was received from Charité, Universi-
tatsmedizin Berlin. Several earlier skin penetration investigations
have substituted pigskin for human skin.24~3° Pigskin and human
skin do not significantly differ in terms of relevant penetration fea-
tures for organic chemicals,®* such as lag time and diffusion of drugs
in the s.c.26"28 Because pigskin shares key permeation characteris-
tics with human skin, the Scientific Committee on Consumer Safety
advises using it in tests of skin penetration.>2 Metal penetration was
found to be qualitatively similar in pigskin as compared to human
skin, indicating that pigskin is a suitable experimental model for
human skin.®® The skin was treated as published before.?* Briefly,
sows were sacrificed without impact on the skin's integrity after an
unrelated surgical procedure. Flank skin was removed without delay
and brought to our facility on ice. There, the skin was shaved and cut
into pieces of about 10 x 20 cm? with a knife. These pieces were
frozen in plastic bags and kept at a temperature of —20°C for up to
12 months.

851801 SUOLULLOD @AI1e.0 3[cedl|dde au Ag peusenob ake sapiie O ‘8sn JO Sa|nJ 10y Akeiq1T8UIIUO AB]IAA UO (SUOIPUOO-PUR-SLLIBY WD A8 | IM"ARIq 1 U1 [UO//SANL) SUOBIPUOD PUe swiie | 8y} 88S *[7202/90/20] U0 AfeidiaulluO A8|IM ‘69T POS/TTTT OT/I0p/L0D A8 | Im Afe.d 1 jpul|uoy/Sdiy Wiy pepeojumod ‘T %202 ‘9850009T



PUBLICATIONS

SIMON ET AL. CONTACT 13
DERMATI ] W LEYJ—
patch test preparation
500 um skin sheet .
hair removal
freezing for storage
[ thawing 24h
e
pigskin T
/ remaining skin \
E tape strips of .
~— [r stratum corneum receptor fluid
— after
o~ oS acidic digestion
by mi 24h 48h
v y microwave < donor -
or compartment
quantification \
by ICP-MS il ‘
extraction with K /
hydrochloric acid
FIGURE 1  Experimental strategy. Donor substances were applied onto flank pigskin in Franz diffusion cell assays. After 24 h, a sample of the

receptor fluid was taken. After 48 h, the compartments were separated including tape stripping of the stratum corneum. All compartments were
digested with nitric acid in a microwave or extracted using hydrochloric acid. The metal contents of the resulting solutions were quantified by
inductively coupled plasma mass spectrometry (ICP-MS). Created in part with BioRender.com.

TABLE 1 Donor substances used in
Franz diffusion cell assays.

Donor substance

NiSO4 PTP (5% NiSO4-6H,0)
CoCl, PTP (1% CoCly-6H,0)

PdCl, PTP (2% PdCl)

Na,PdCl, PTP (3% Na,PdCl,-H,0)
Ni2* solution (NiSO4-6H,0 in PBS)
Co?* solution (CoCly-6H,0 in PBS)
Pd?* solution (NayPdCl,-H,O in PBS)

4 B (mg/mL) ¢y (MM) Ba (ng/cm?)
1.1% 9 160 127

0.2% 2 35 28

1.2% 10 95 136

1.0% 9 81 116

5 ppm 51072 8.5.10°° 0.57

5 ppm 51073 8.5.10°° 0.57

5 ppm 51073 471073 0.57

Note: PTPs are declared as mass percentages (m/m). Concentration metrics for each metal ion: mass
percentages of the metal {, mass concentrations g, molar concentrations ¢, and applied surface
concentrations 4 on the skin in the Franz diffusion cell assay with a skin surface area of 1.76 cm?. Molar

masses: S| |l sheet 8.

Abbreviations: PBS, phosphate-buffered saline; PTP, patch test preparation.

2.2 | Donor substances

For this study, commercially available and clinically applied PTPs
(ChemotechniqueMB Diagnostics AB, Vellinge, Sweden) were used
(concentrations: Table 1). The amount of PTP applied to the skin was
20 mg as recommended by the European Society of Contact Dermati-

tis.> Furthermore, a solution of the three metals in PBS was used. The

solution was prepared by solving the respective metal salts in hydro-
chloric acid (6.7%, salt concentration: NiSO4.6H,0: 3.36 g/mL,
CoCly-6H,0: 3.03 g/mL and NayPdCls-H,0: 2.21 g/mL) and subse-
quent dilution in PBS to a concentration of 5 pg/mL (pH ~ 7). About
200 pL of this solution was applied to the skin. The resulting surface
concentrations on the skin after the application of PTPs or PBS solu-

tions are summarized in Table 1.
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23 | FDCassay

The FDC assay is commonly applied in skin penetration studies. Here,
we illustrate an overview of the used method (Figure 1). The assays
were carried out as six (per individual metal PTP) or seven (metal salt
solution in PBS) independent experiments. For details on the experi-
mental design and microwave digestion of samples, see the SI |,
section A.2 Protocol of Franz diffusion cell assay.

For the assay, the receptor chamber (12 mL) of the FDC was filled
with fetal bovine serum and a piece of dermatomed pigskin
(1.5 x 1.5 cm?, 500 um thick) was placed onto the cell and fixed with
the donor chamber cap, resulting in an application area of 1.76 cm?.
The skin integrity was assured monitoring the trans-epidermal water
loss, using the AquaFlux device AF200 (Biox Systems Ltd, London,
UK) in accordance with Guideline 428 of the Organisation for Eco-
nomic Co-operation and Development.® Skin pieces were excluded
and replaced if the trans-epidermal water loss exceeded
13gm2h~L

The PTPs or the metal salt solution in PBS were applied to the
skin and the cell was incubated at 32°C. After 24 h, a 100 uL sample
was taken from the receptor chamber using a syringe. After a total
incubation time of 48 h, the FDC was disassembled and the s.c. was
separated from the remaining skin by tape stripping (20 strips, four
consecutive strips were pooled to obtain five groups). All compart-
ments were processed by microwave digestion with nitric acid or an
extraction with hydrochloric acid (conditions: Tables S1-S3 in Sl ).
The samples were then quantified using ICP-MS.

24 | Tape stripping and skin layer volume
calculation

The s.c. was separated from the skin by tape stripping.®4**®” Each
tape strip removes about one layer of the s.c., corresponding to
ca. 0.38 um of s.c. removed per tape strip, as determined in our recent
study.3* In this study, four consecutive tape strips were pooled. Thus,
every pooled sample corresponds to approximately 1.52 um of
s.c. removed. Given the 1.76 cm? permeation area in the FDC, this
amounts to a volume of 268 nL. After 20 tape strips, 7.60 um of the
500 pm thick skin sheet is removed, leaving a volume of 86.7 uL for
the remaining skin. These values were used for the calculation of the
concentrations of metal ions in the different skin layers. Importantly,
20 tape strips were found to not completely remove the s.c. but leave

behind about seven layers in pigskin.3*

2.5 | Establishment of sample preparation for
quantification

Sample treatments were optimized to ensure an efficient digestion,
especially for palladium, and metal ion recoveries for each compart-
ment of the FDC assays were determined from spiked matrix samples

applying optimized conditions. Recoveries were within the range of
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100 + 15%, except for the recovery of palladium from the tape strip
matrix (42.1 £ 2.2%, Table S4). For quantification, the determined
recovery values were used to correct for losses during sample prepa-
ration. Limits of detection (LODs) and limits of quantification (LOQs)
were determined for each of the metals from noise levels of blank
solutions of 3% nitric acid (Table S5). A detailed description can be
found in Sl |, section A.3 Establishment of sample preparation for
ICP-MS.

26 |
in water

Solubility assessment of palladium salts

To determine the water solubility of the palladium salts used in the
PTPs (PdCl, and Na,PdCl,), aqueous saturated solutions of both salts
were prepared. The Pd?* concentrations of the supernatants were
determined by ICP-MS yielding the solubility of each salt. For details

on the experimental set-up, see Sl |, section A.5 Solubility of palladium

salts.
2.7 | Inductively coupled plasma mass
spectrometry

A quadrupole ICP-MS (iCAP Q, Thermo Fisher Scientific GmbH,
Dreieich, Germany) with a perfluoroalkoxy alkane ST-Nebulizer, a
quartz cyclonic spray chamber and a 2.5 mm quartz O-ring-free injec-
tor (all from Elemental Service and Instruments GmbH, Mainz,
Germany) was used. The sample solutions were injected at a flow rate
of 0.4 mL/min. A performance report was evaluated on each measure-
ment day and the instrument was tuned if necessary. All isotopes
were measured with collision gas (5 mL/min, H,: 7 vol%; He: 93 vol%)
in kinetic energy discrimination mode. Calibration solutions were pre-
pared in nitric acid (3.5%) ranging from 0.2 to 120 ng/mL. Blank solu-
tions (3.5% nitric acid, 1% hydrochloric acid) were measured before
and after the calibration solutions as well as after the analysis of every
five samples. Solutions were injected using a prepFast dilution system
(Elemental Scientific, Omaha, Nebraska). The system was tuned using
a diluted solution of Tune B (Thermo Fisher Scientific Co. LLC Wal-
tham, Massachusetts) at a concentration of 1 ppb in 2% isopropanol.
For more details, confer to the Sl |, section A.5 ICP-MS quantification.

2.8 | Data analysis and statistics

Exported raw data (comma-separated values files) were analysed in R
(version 4.2.2) and data points corresponding to metal concentrations
below the LODs (Table S5) were marked as below LOD (<LOD). In the
next step, the means of the concentrations of the negative control
FDC assay results (pure petrolatum applied) were calculated and these
values were subtracted (negative values are documented in Sl Il
sheet 1) from the values obtained from the FDC cells loaded with

metal-containing donor substances. From these background-corrected
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values, the total metal ion masses in each of the compartments were
calculated. The data were then subjected to a Shapiro-Wilk normality
test.3® If the Shapiro-Wilk normality test failed, the dataset was
checked for outliers using boxplots (Figures S1-S3 in Sl I). Outliers
were excluded from the data set if the data were not normally distrib-
uted and if the data point was outside 1.5 times the interquartile
range of the boxplot (outside of whiskers). Differences were consid-
ered significant when a t-test resulted in p < 0.05. Data given in the

text are reported as means + standard deviations.

3 | RESULTS

The aim of this study was to quantitatively compare skin penetration
of Ni%*, Co?" and Pd?* ions from both common diagnostic PTPs and
an aqueous salt solution. Following incubation of pigskin in FDC
assays for 48 h, the metal contents of all compartments including dif-
ferent s.c. layers and the remaining skin were analysed by ICP-MS.
Total recoveries are in the range of 80%-104% (Table 2) illustrating
that the metal ion contents were reliably quantified.

3.1 | Skin penetration of metal ions from patch
test preparations

When applied in PTPs with metal ion concentrations used in clinical
patch testing, Ni?* and Co®" more effectively penetrate into the skin
than Pd?* from PdCl, PTP (Figure 2A,B, Sl Il sheets 2 and 3). A greater
share of Ni?* and Co?* than Pd?* from either PTP was absorbed into
the skin, corresponding to the recovery of all compartments but the
donor compartment, even though the difference between NiSO,4 and
NayPdCl, was not significant (NiSO4: 3.98 + 2.09%; CoCl,: 5.40
+ 2.64%; PdCl,: 1.47 + 0.45%; NayPdCl,: 2.00 + 0.99%, Sl 1l sheet 4
for p values). Furthermore, a greater share of Ni?* and Co?" was
found in the remaining skin after tape stripping (NiSO4: 0.120
+0.045%; CoCly: 0.166 + 0.105%) compared with Pd?* (PdCl,:

0.004 + 0.004%; NayPdCls: 0.032+0.031%, SI Il sheet 5 for

Y] WILEY_ | *

p values). No Pd?* was found in the receptor fluid after 48 h

DERMATI

incubation, while recoveries of Ni?* and Co?* above the LOQ were
determined (Ni?*: 0.182 + 0.186%; Co?": 0.124 + 0.045%). No recov-
eries above the LOD of Ni?*, Co?* or Pd?* were found in the recep-
tor fluid after 24 h incubation time.

The first four tape strips contain the highest amount of any metal
jon regardless of the PTP (Figure 2B). Ni?* and Co?" show very similar
results, however, the decrease after the first four tape strips is more
pronounced for Ni?* than for Co?*. After incubation with PdCl, PTP,
Pd?* was only found in the first eight tape strips in amounts above
the LOD. After incubation with Na,PdCl, PTP, the amount of Pd?*
decreased less rapidly and Pd?* was detected up to 16 tape
strips deep.

The concentration of Ni?* in the first s.c. layers is significantly
(p = 0.025) higher than the other metals probably due to the higher
concentration in the PTP (Figure 2C, Table 3 for values of s.c. layers
17-20 and the remaining skin, Sl Il sheet 6 for all values). Molar con-
centrations in deeper s.c. layers do not differ significantly with few
exceptions (S Il sheet 7). Pd®* from PdCl, was not detected in tape
strips nine through 16 and then again in tape strips 17-20.

Pd?* from PdCl, PTP was found in a significantly lower concen-
tration in the remaining skin than Ni?* and Co?* from their respective
PTPs (p = 0.02). Contrarily, the Pd®>" concentration in the remaining
skin from NayPdCl, PTP is only significantly different from Ni?*
(p = 0.03, NiSO4: 53 + 37 uM; CoCl,: 17 + 10 uM; PdCly: 1.1 + 1.0 uM;
Na,PdCl,: 11.5 + 5.8 uM).

3.2 | Skin penetration of metal ions from
metal salt solutions in PBS

To investigate the different skin penetration capabilities of the metal
ions independent from salt solubility in water, FDCs applying an aque-
ous solution of the salts in PBS were performed (Figure 3). Metal salts
were dissolved in PBS to maintain a stable, neutral pH. Since we
found no reliable values in the literature, the solubilities of PdCl, and
NayPdCl, in water were determined. The values obtained are 7.74

TABLE 2 Total recovery and absolute masses of metal ions after application of patch test preparations (PTPs) and aqueous salt solutions in

Franz diffusion cell assays.

Application Applied metal ion mass (ug)
NiSO,4 PTP 229 +5.5

CoCl, PTP 50.6 £ 1.1

PdCl, PTP 246 +5.1

Na,PdCl, PTP 210+23

Ni?* solution in PBS 1.0

Co?* solution in PBS 1.0

Pd?* solution in PBS 1.0

Recovered metal ion mass (ug) Total recovery (%)

219 +15 96 £0.5
48.4 £0.3 96 +£0.7
195+1.2 80+ 0.6
177 +1.3 84 0.6
1.04 £ 0.06 104+ 6
0.90 £0.05 905
0.85 £ 0.03 85+3

Note: Mean recoveries/masses + standard deviations with n = 6 (PTP) or n = 7 (solution) independent experiments. Total recoveries/masses represent the

sum of the quantified metal contents in all analysed compartments.
Abbreviation: PBS, phosphate-buffered saline.
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FIGURE 2 Recoveries of Ni?*,
Co?* and Pd?* after the application
of different patch test preparations
(PTPs, see Table 1 for metal
concentration) in a Franz diffusion
cell assay after 48 h of incubation.
(A) Stacked diagram. Magnification:
data from the stratum corneum (s.c.)
were omitted for clarity. (B) Bar
diagram of recoveries to compare
different compartments and layers of
the s.c. (C) Bar diagram showing
micromolar concentrations in the
respective skin layers to compare
different PTPs; logarithmic scale. No
ions were recovered after 24 h in the
receptor fluid. Means + standard
deviation with n = 6 independent
experiments.
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+1.17 mM of Pd*" for PdCl, and 241 + 49 mM of Pd*" for Na,PdCl,.
The values determined here are used as guidance to show that
Na,yPdCly, is indeed better soluble in water than PdCl,. For compari-
son, the water solubilities of NiSO4 and CoCl, are 1.9 M of Ni®* and
4.08 M of Co®", respectively.3?4°

Notably, the proportion of the applied ions that was detected in
the entire skin after 48 h did not significantly differ between the
metals (Ni?": 64.5 + 16.4%; Co®": 69.4 £ 16.2%; Pd*": 68.5 + 7.3%).
However, the distribution in individual skin compartments is different:

the recoveries in the uppermost s.c. layers (tape strips one to four)
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significantly vary for all three ions with Pd?* being retained the most,
which is followed by Co?" and Ni?* (p <0.02, Ni*": 13.8 + 3.8%;
Co?*: 22.7 + 4.0%; Pd*": 39.9 £ 5.7%). In s.c. layers 5-20, the three
metals are statistically equally abundant (Ni?*: 11.0 + 2.2%; Co®*:
14.7 + 2.5%; Pd?*: 17.5 + 2.5%). A higher recovery of Ni?* compared
to Pd?* is found in the remaining skin (p = 0.006); Co?* recovery
does not significantly differ from both (Ni**: 23.6 + 8.5%; Co®*: 17.5
+8.1%: Pd?**: 10.6 + 5.4%). In the receptor fluid after 24 h, the only
metal that was detected above LOD was Co?" (5.18 + 1.96%). After
48 h, only a small recovery of Pd®>* was detected in the receptor fluid
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TABLE 3 Metal concentrations in the

lower stratum corneum (s.c.) layers and

the remaining skin. Donor substance
NiSO,4 PTP
CoCl, PTP
PdCl, PTP

Na,PdCl, PTP
Ni?* solution in PBS
Co?* solution in PBS

Pd?* solution in PBS

BEBEY WiLey L

s.c. layers 17-20 Remaining skin

(uM) (ng/ml) (uM) (ug/ml)
6263 + 9349 368 + 549 535+374 3.14+220
333576 19.6 + 33.9 16.5 £ 10.5 0.97 £ 0.62
394 + 622 41.9 + 66.2 11+10 0.12 +0.10
<LOD <LOD 7271 0.77 £0.76
718 £ 1110 42.2 £ 65.1 46.3 £16.7 2.72 +0.98
753 +923 44.4 £ 54.4 34.2+15.9 2.02 +0.94
454 + 645 48.3 £ 68.6 11.5+538 1.22 £0.62

Note: Mean concentrations + standard deviations with n = 6 (PTP) or n = 7 (solution) independent

experiments. Molar masses: S|

Il sheet 8.

Abbreviations: PBS, phosphate-buffered saline; PTP, patch test preparation.

(A)

B)
B s.clayers1to4 Os.c.layers5 to 20 W s.c. layers 1 to 4 Hs.c. layers5to8 Ms.c.layers9to 12

@ remaining skin  Mreceptor fluid24h  @s.c.layers 13 to 16 @s.c.layers 17 to 20 E remaining skin

il

()&x Q&x

|
Ll
W

B Ni>* B Co?* W Pd*

@ receptor fluid 48 h M receptor fluid 24 h Ereceptor fluid 48 h
40-
$ 30
>
60 - § 20 -
3
£ 10
S 0
2 40
&)
8 ©)
2

104

o=,
(=)
@

20~

[S=N
(=
o

-
(=]
=

concentration [puM]

0

S
N
v

N 3

\"(,0 X0 9 X0

e‘(c" ,(C,, %\,
c-\"ﬂ ¥ \a‘ié
£ SS" o o oL

FIGURE 3 Recovery of Ni?*, Co?" and Pd?" after application of a solution of the three metals (see Table 1 for metal concentration) in a
Franz diffusion cell assay at 48 h incubation time. (A) Stacked diagram. Recovery after 24 h was subtracted from recovery after 48 h. (B) Bar
diagram of recoveries to compare different compartments and layers of the stratum corneum (s.c.). (C) Bar diagram of micromolar concentrations

in the respective skin layers to compare different metals; logarithmic scale.

compared to Ni*" and Co®" (p < 0.013; Ni**: 23.0 + 14.5%; Co":
11.7 + 5.8%; Pd®*: 0.59 + 0.29%).

The distribution profile in the s.c. after incubation of the metals
dissolved in PBS is similar for Ni?* and Co?* (Figure 3B). Molar con-

centrations (Figure 3C; Table 3 for values of s.c. layers 17-20 and

Means * standard deviation with n = 7 independent experiments.

remaining skin) on the other hand do not differ significantly in the
different s.c. layers, except for lower Ni®* concentration in the upper-
most s.c. layers (p = 0.002). The molar concentration of Pd?* in the
remaining skin is significantly lower than that of the other two metals

(p < 0.01). Even though the applied molar concentration of Pd?* is
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about half of that of Ni?* and Co®", the molar concentration of Pd?*

in the s.c. is similar. The drop in Pd®* concentration in the remaining
skin is thus not due to a lower applied concentration but shows less

efficient Pd®>* penetration through the skin.

4 | DISCUSSION

Here, we present an investigation of the skin penetration of Ni%H,
Co?" and Pd?* from commonly applied PTPs. Using FDC assays, we
incubated pigskin with the PTPs for 48 h, mimicking the settings of
diagnostic patch testing as recommended by the European Society
of Contact Dermatitis guidelines.” Pigskin served as an often used
alternative to human skin, as it is similar in relevant penetration fea-
tures.3! The skin penetration of metal ions from a solution in PBS was
analysed to investigate penetration independent from water solubility.
Based on the results, we attempt to understand the link between
metal ion penetration and epicutaneous patch testing results for

metal-mediated contact allergies.

4.1 | Chemical factors influencing metal
penetration rates

Ni?* and Co?* from NiSO,4 and CoCl, PTPs penetrated the s.c. and
the viable skin much more efficiently than Pd?" from PdCl, or
Na,PdCl, PTPs (Figure 2A). This can be explained by the different
metal salt water solubilities, which are reported to be in the molar
range for NiSO4 and CoCl, but measured to be in the mid to low milli-
molar range for the two palladium salts.>*C In PTPs, the metal salts
are dispersed in petrolatum, while for skin penetration, it is feasible to
assume a dissolution in an aqueous medium such as sweat prior
to being taken up into the skin. In FDC assays, the necessary water is
provided by the transepidermal water loss (measured at about 10 g/
(h-m?)). Thus, the higher water solubilities of Ni?* and Co?" salts com-
pared to Pd?* salts contribute to higher recoveries of Ni?* and Co?*
in the different s.c. layers and the remaining skin.

The water solubility of metal salts was not the only factor leading
to a lower skin penetration of Pd?* into the skin. Previous research
on the skin penetration of dissolved metal salts indicates that metal
ions are retained in the s.c.?*#*™*® The effect, where Pd** was not
detected in tape strips 9-16 of the s.c., but in tape strips 17-20, could
be due to the s.c./viable epidermis boundary layer. Here, the diffusion
from the s.c. into the viable epidermis is slow. A similar trend was
observed for Ni?*, whose concentration in the s.c. also increased
when approaching this boundary layer. In the literature, the middle
and lower s.c. layers have been shown to provide a barrier to metals,
for example chromium.** Histidine-rich filaggrin proteins strongly che-
late nickel, which is hypothesized to slow down skin penetration. The
effective retention of metal ions may therefore be attributed to

the barrier effect of filaggrin.*4~4¢

5

Infinite dose conditions,®> which occur due to the excessive

abundance of metal salts in PTPs, could compensate for the lower
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solubility. We observed that the majority (>90%) of the metal ions
remain in the donor compartment and do not penetrate the skin. The
metal salt concentration of the PTPs is therefore likely not the deter-
mining factor for the efficient delivery of Pd?* into the remaining skin.
Hence, the difference between the penetration of Ni?* and Co?* on
the one hand and Pd®* on the other hand must at least partially be
due to physico-chemical differences in the ions—such as radius or
complexation behaviour—and biochemical properties determining
their interactions with the skin.

The skin is a permselective membrane preferring cation trans-
port.#”*® The chloride concentration in the skin is around 79.9
+ 4.8 mM,* approximately corresponding to the molar Pd?* concen-
tration in the PTPs. Since Pd?" prefers complexation with chloride, it
is plausible to assume that dermally applied Pd?* will form complexes
with the general structure of [PdCIx(HZO)LX}z*X (x=2, 3, 4).5051
These chloropalladate complexes are negatively charged or neutral.
Ni?* and Co?* on the other hand form complexes with the general
structure of [M(H,0)s_J?" (M =Ni?", Co?*, x=0, 2).°2 These com-
plexes are always positively charged. We thus hypothesize that the
difference in charge of the metal ion complexes contributes to
the observed differences in penetration rates through the skin.

This hypothesis is supported by the skin penetration data for
metal salts in buffered solutions. While the molar concentrations in
the s.c. are similar for all three metal salts (NiSO4 CoCl, and
Na,PdCly,), the concentration of Pd?* in the remaining skin is signifi-
cantly lower than that of Ni*" and Co?*. This difference can be
explained with the pH gradient of the skin: the s.c. surface pH is
acidic, ranging from 4.1 to 5.8.%° In deeper cell layers, the pH rises to
about 7.>* A higher pH corresponds to more deprotonated carboxylic
acid groups and the membrane becomes more permselective for cat-
ions. This effect is intensified by the application medium (PBS), with a
pH of about 7. At this point, the negatively charged Pd?* complexes
are retained stronger while the positively charged Ni** and Co?*
complexes are able to penetrate more readily through the skin into

the receptor fluid, which was held at a physiological pH of 7.4.

4.2 | Potential immunological interactions

Determining the concentration of metal ions in skin layers is crucial
because immune system interactions that trigger metal allergies are
concentration-dependent. During sensitization, the innate immune sys-
tem becomes activated, resulting in the maturation of dendritic cells such
as epidermal Langerhans cells. The dendrites of Langerhans cells can
extend outwards into the lower layers of the s.c.>® In this study, concen-
trations of about 450-750 uM of Ni?*, Co?* and Pd?* were determined
in the lower layers of the s.c. (strips 17-20). Such concentrations were
shown to activate a plethora of pathways in dendritic cells in vitro, for
example, due to reactive oxygen species formation.”® In vitro studies
demonstrated that THP-1 cells were activated by 500 uM Ni?>* and
Co?", while human Toll-like receptor 4 (TLR4) activation occurred at
250 uM Ni%* and 750 uM Co?* in HEK293 cells.’® TLR4 is not
expressed on freshly isolated Langerhans cells or keratinocytes,®” but
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TLR4-expressing cells in the dermis may be in contact with similarly high
metal ion concentrations in case of skin injury. Our results thus demon-
strate that exposure to a Ni?* solution in PBS at concentrations compa-
rable to the regulatory limit may lead to Ni®* concentrations in the skin
relevant for dendritic cell activation.

Using the novel activation-induced marker assay, our previous
research has shown that T cell activation is highly concentration-
dependent, peaking at about 400 uM for all three metal ions.® Nota-
bly, at this concentration, Pd?* activates a large fraction of the T cell
pool. To ensure an accurate allergy diagnosis, PTPs must release
metals to yield concentrations in the viable epidermis comparable to
those that elicit ACD to re-activate tissue-resident memory T cells. In

healthy skin of nickel allergic donors, as little as 7.7 ug/cm? Ni%*

was
sufficient to elicit ACD.>®°? However, these concentrations may not
be the same as those for optimal in vitro T cell activation.

In our FDC assays using the NiSO4 PTP, a Ni>* concentration of
about 54 uM was found in the remaining skin. A concentration within
the same range could therefore be optimal for replicating patch test
results in vitro. Consequently, this concentration could be utilized for an
alternative in vitro assay for diagnosing contact allergies. In accordance
with our results, Cavani et al. identified approximately 40 uM Ni?* as
the most suitable concentration for conducting a nickel allergy diagnosis
using a quantitative limited dilution assay.® Such a quantitative approach
may reveal an increased blood frequency of Ni?*-specific T cells in aller-
gic individuals and thereby enable allergy diagnosis.

Conventional lymphocyte transformation test protocols use lower
metal salt concentrations. Higher concentrations may lead to ambigu-
ous results due to an allergy non-related T cell proliferation caused by
the presence of Ni?* reactive cells in each individual.®*¢? In FDC
assays using CoCl, PTP, we found considerably less Co?" in the
remaining skin compared to Ni?*. Hence, lower concentrations than
those used for Ni>* may be necessary in in vitro experiments to repli-
cate the results of patch tests.

Of the three metals analysed, Pd?* had the lowest concentration
in the remaining skin, regardless of whether PTPs or a metal salt solu-
tion were applied. This suggests that even though Pd?* has the ability
to activate a large portion of the T cell pool, only a very small fraction
of Pd?*-specific T cells become engaged at the low Pd?>* concentra-
tions in the skin.® This may explain why palladium allergies are less
common than nickel allergies, in addition to a generally lower dermal
exposure. On the other hand, individuals may become sensitized to
higher Pd?* concentrations (for example, in case of skin injury), but
PdCl, PTP may not deliver enough ions to enable diagnoses. This may
lead to false negative results when employing PdCl, in a PTP. Previ-
ous research by Muris et al. suggested higher reliability in patch tests
conducted with Na,PdCl, compared to PdCl,,*® proposing the use of

the water-soluble Na,PdCl, for patch testing.?¢”

4.3 | Limitations

Due to the experimental set-up, only 100 uL of the receptor solution

was sampled for analysis after 24 h. As a result of this small volume, it

permatis € IRV LEY_ L *

is possible that the metal ions in this aliquot were below the LODs of

the ICP-MS method and therefore the migrated amount of metal ions
could not be determined. This limitation does not apply to the recep-
tor solution after 48 h.

FDC assays were carried out using either a solution of equal mass
of Ni?*, Co?* and Pd?" in PBS or diagnostic PTPs. An alternative
approach would be the use of equimolar solutions and PTPs. If the
penetration of the metal ions is concentration-dependent, an evalua-
tion of higher concentrated solutions could lead to diverging concen-
trations in the skin. However, we do not believe that the overall trend
(Pd?* penetrates the skin less efficiently than Ni?* and Co?*) would
change. We base this on the similar trend in penetration after the
application of the PBS solution and the PTPs.

The obtained results could further be verified with human skin.
However, the literature indicates that pigskin is a good surrogate for
human skin, yielding qualitatively comparable results.>®

An additional limitation is the use of skin from only two pigs. Data
from a higher number of specimens could better account for variabil-
ity between different individuals, even though we found no variance
between the two analysed individuals.

5 | CONCLUSION

In conclusion, we elucidate a lower skin penetration capacity of
Pd?* compared to Ni?* and Co?*. The approach allows the com-
parison of metal ion penetration into healthy pigskin from aqueous
solutions to that of metal ion penetration from diagnostic PTPs.
Our results provide orientation values on local metal ion concentra-
tion in different layers of the skin, which are important for an
understanding of metal allergies and the patch testing procedure.
The less efficient skin penetration of Pd?>* could potentially result
in lower sensitization rates or underdiagnoses of contact allergies
through patch testing on intact skin, which could partially be
addressed by employing Na,PdCl,-based PTPs. Our findings can
guide the further development of in vitro testing strategies and the
choice of relevant concentrations for cross-reactivity assessment,
given that metal ion interactions with the immune system are

highly concentration-dependent.
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Supporting information |: Less efficient skin
penetration of the metal allergen Pd?>t compared to

Ni?>* and Co?t from patch test preparations

A Methods

A.1 Chemicals

Water was treated with a MilliPore water treatment system (Merck MilliPore, Merck KGaA,
Darmstadt, Germany). Acids and hydrogen peroxide were always used in the concentra-
tion declared in this section, unless stated otherwise. Metal standards were bought as ref-
erence standards for inductively coupled plasma mass spectrometry (ICP-MS). Metal salts
were bought in reagent grade (>98%). Nitric acid (69%) was bought from VWR International
LLC (Darmstadt, Germany) in technical quality and then distilled in a sub-boiling aperture
(MLS GmbH, Leutkirch, Germany) before use. Sulfuric acid (98%, ultrapur) and hydrochlo-
ric acid (30%, suprapur) were acquired from Merck KGaA (Darmstadt, Germany). Hydrogen
peroxide (30%, suprapur), iso-propanol (hypergrade) as well as cobalt and indium standards
were bought from Supelco Inc. (Bellefonte, Pennsylvania). Dichloromethane (rotisolv pestil-
yse) and palladium standard were acquired from Carl Roth GmbH & Co. KG (Karlsruhe, Ger-
many). Nickel standard was bought from Inorganic Ventures (I.V. Labs Inc., Christiansburg,
Virginia). Fetal bovine serum Good and phosphate-buffered saline (without Ca and Mg; PBS)
were purchased from PAN Biotech GmbH (Aidenbach, Germany). Petrolatum (Ph. Eur.),
cobalt(II) chloride hexahydrate, nickel(II) sulfate hexahydrate and sodium tetrachloropalla-
date(II) monohydrate were acquired from Sigma-Aldrich (Merck KGaA). Patch test prepara-

tions (PTPs) were acquired from Chemotechnique MB Diagnostics AB (Vellinge, Sweden).

A.2 Protocol of Franz diffusion cell assay

Each Franz diffusion cell (FDC) assay consisted of seven FDCs: one negative control (petro-
latum) and six PTP or metal salt solution applications. The skin was partially thawed and
a sheet of 500 um thickness was cut off using a dermatome (Aesculap AG, Tuttlingen, Ger-
many). The sheet was cut into 15 x 15 mm pieces with a scalpel (paragon, neoLab Migge
GmbH, Heidelberg, Germany) and the integrity of the pieces was visually controlled. The
receptor chamber of the FDCs (PermeGear Inc., Hellertown, Pennsylvania) with a 15 mm
diameter (1.76 cm? permeation area) was filled with 12 ml of fetal bovine serum. The recep-
tor fluid was continually magnetically stirred. A skin piece (stratum corneum (s.c.) side up)

was laid atop each receptor chamber and fixed with the polytetrafluorethylene (PTFE) donor
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cap and a clamp. It was visually ensured that no air bubbles were present directly under the
skin in the receptor fluid. To further verify the integrity of the skin, the trans-epidermal wa-
ter loss was measured using the AquaFlux device AF200 (Biox systems Ltd, London, United
Kingdom) in accordance with Guideline 428 of the Organisation for Economic Co-operation
and Development.[!! Skin pieces were excluded and replaced if the trans-epidermal water
loss exceeded 13 g-m™2-h~!.

Either 20 mg of the respective PTP was weighed onto a cardboard sample cutout (14 mm
diameter, TownStix, Singapore), which was placed PTP facing the skin onto the skin, or 200 pl
of a 5 pg/ml solution of Ni?*, Co?* and Pd?* in PBS were given onto the skin. The FDC was
then incubated for 48 h at 32 + 1 °C maintained by an externally heated water jacket.

After an incubation time of 24 h, a sample of 100 pl was taken from the receptor chamber
with a syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland). After a total of 48 h, the FDCs

were disassembled.

Sample preparation of Franz diffusion cell assays with CoCl, and NiSO4 patch
test preparations

The cardboard and the remaining PTP were transferred into a PTFE microwave tube (MLS
GmbH, Leutkirch, Germany). The skin and the donor chamber cap were taken off the FDC
and wiped dry with a precision tissue (Kimtech Science, Kimberly-Clark Inc., Irving, Texas),
which was also added to the microwave tube.

The skin was then stripped 20 times with tape strips (kristall-klar, tesafilm, Tesa SE, Norder-
stedt, Germany). Four consecutive strips each were placed into a PTFE microwave tube. The
remaining skin was also transferred into a PTFE microwave tube. The receptor fluid was
filled into a 20 ml volumetric flask (Brand GmbH und Co. KG, Wertheim, Germany). The
emptied receptor chamber was rinsed twofold with 2 ml of water, which was filled into the
volumetric flask. The flask was filled up to the mark and an aliquot of 6 ml was transferred
into a PTFE microwave tube. The receptor fluid sample taken after 24 h was also transferred
into a PTFE microwave tube. Internal standard (donor samples: 40 pl of 1000 pg/ml of in-
dium in 3.5% nitric acid; all other samples: 100 pl of 1000 ng/ml of indium in 3.5% nitric
acid), nitric acid (donor samples: 3.5 ml; all other samples: 2.5 ml), hydrogen peroxide
(donor samples: none; all other samples: 1 ml) and water (tape strip, remaining skin and
receptor fluid 24 h samples: 1 ml; donor and receptor fluid sample 48 h: none) were added
to each of the microwave tubes. The samples were placed into a microwave autoclave (MLS
GmbH) with a baseload of 320 ml of water, 30 ml of hydrogen peroxide and 2 ml of sulfuric
acid. For the digestion program, see Table S1 for donor and tape strip samples and Table S2
for remaining skin and receptor fluid samples. After the digestion and cool down, the sam-

ple solutions were transferred into 50 ml polypropylene tubes (Corning Science Inc.), rinsed
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twice with 2 ml of water and filled up with water. The donor samples were further diluted:
125 pl of the solution were filled up to 50 ml with nitric acid (3.5%). The samples were then
quantified by ICP-MS. The PTFE microwave tubes were subject to a cleanup microwave di-

gestion using nitric acid, hydrogen peroxide and water (program: Table S3).

Table S1: Microwave digestion program for donor compartment and tape strip samples. Py, is
the maximum power of the microwave radiation, T is the target temperature in the samples after the
specified time ¢, T is the maximum allowed temperature in the cooling water and p is the maximum
pressure inside the microwave.

step t[min] P [W] T1[°C] T2[°C] plbar]

1 6.00 1000 110 60 100
2 10.00 1000 160 60 120
3 15.00 1000 200 60 160
4 45.00 1000 200 60 160
5 50.00 cooling down

Table S2: Microwave digestion program for remaining skin and receptor fluid samples. P, is the
maximum power of the microwave radiation, T} is the target temperature in the samples after the
specified time ¢, T is the maximum allowed temperature in the cooling water, and p is the maximum
pressure inside the microwave.

step t[min] P [W] T1[°C] T2I[°C] plbar]

1 10.00 700 85 50 100
2 9.00 500 145 50 100
3 4.00 1000 200 50 150
4 14.00 1000 200 50 160
5 cooling down

142



PUBLICATIONS

Table S3: Microwave digestion program for cleanup. P, is the maximum power of the microwave
radiation, T is the target temperature in the samples after the specified time ¢, T is the maximum
allowed temperature in the cooling water, and p is the maximum pressure inside the microwave.

step t[min] Py [W] T, [°C] T2[°C] plbar]

1 3.00 700 85 50 100
2 9.00 500 145 50 100
3 4.00 1000 180 50 150
4 14.00 1000 180 50 160
5 cooling down

Sample preparation of Franz diffusion cell assays with PdCl, and Na;PdCl; patch
test preparations

The cardboard and remaining PTP were placed into 50 ml polypropylene centrifugal tubes.
The skin and the donor chamber cap were taken off the FDC and wiped dry with a preci-
sion tissue, which was also added to the tube. The donor samples were extracted using hy-
drochloric acid: internal standard (40 pl of 1000 pg/ml of indium in 3.5% nitric acid) was
given into the tubes, along with 5 ml of dichloromethane. The tubes were mixed (vortex,
Scientific Industries Inc., Bohemia, New York) until the petrolatum of the PTP was dissolved.
The liquid phase was transferred into a second 50 ml tube. 15 ml of hydrochloric acid was
added into the first tube to extract the tissue and the cardboard as well as remaining residues.
The tube was shaken and the hydrochloric acid was transferred into the second tube to ex-
tract the dichloromethane. The tube was shaken, centrifuged (2900 rcf, 5 min, room temper-
ature; Hettich GmbH und Co. KG) and the aqueous phase was transferred into a third tube.
The extraction using hydrochloric acid was repeated twice. The pooled aqueous phases were
filled up to 50 ml with hydrochloric acid. 1.5 ml of this solution was passed through a nylon
syringe filter (0.2 pm, Merck) and 125 pl of the filtrate were filled up to 50 ml with 3.5% nitric
acid. The diluted solutions were then used for quantification by ICP-MS.

The skin was stripped 20 times with tape strips. Four consecutive strips each were given into
a glass test tube. The remaining skin was also given into a glass test tube (VWR International
LLC, Darmstadt, Germany).

The receptor fluid was filled into a 20 ml volumetric flask. The emptied receptor chamber
was rinsed twofold with 2 ml of water, which was filled into the volumetric flask. The flask
was filled up to the mark and an aliquot of 6 ml was given into a glass test tube.

Internal standard (100 pl of 1000 ng/ml of indium in 3.5% nitric acid), nitric acid (2.5 ml),

hydrogen peroxide (1 ml) and water (receptor fluid 48 h samples: none; all other samples:
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1 ml) were added to each of the glass test tubes. The samples were placed into a microwave
autoclave with a baseload of 320 ml of water, 30 ml of hydrogen peroxide and 2 ml of sul-
furic acid. For the digestion program, see Table S1 for tape strips and Table S2 for all other
samples. After the digestion and cool down, the sample solutions were transferred into 50 ml
tubes, rinsed twice with 2 ml of water and filled up with water. The samples were then quan-
tified by ICP-MS. The glass tubes were discarded after use.

Franz diffusion cell with metal salt solutions in phosphate-buffered saline

The skin and the donor chamber cap were taken off the FDC and wiped dry with a precision
tissue, which was transferred to a 50 ml polypropylene centrifugal tube. The donor samples
were extracted using hydrochloric acid: internal standard (500 pl of 1000 ng/ml of indium in
3.5% nitric acid) was given into the tubes, along with 10 ml of hydrochloric acid. The tubes
were shaken (vortex) and the liquid phase was transferred into a second 50 ml tube. The
extraction using hydrochloric acid was repeated twice. The pooled aqueous phases were
filled up to 50 ml with water. 15 ml of this solution was passed through a polyethersulfone
syringe filter (0.45 um, Merck) and 10 ml of the filtrate along with 2.5 ml of nitric acid were
filled up to 50 ml with water. The diluted solutions were then used for quantification by
ICP-MS.

The skin was stripped 20 times with tape strips. Four consecutive strips each were given into
a glass test tube. The remaining skin was also given into a glass test tube.

The receptor fluid was filled into a 20 ml volumetric flask and rinsed twofold with 2 ml of
water. The flask was filled up to the mark and an aliquot of 6 ml was given into a glass test
tube.

Internal standard (100 pl of 1000 ng/ml of indium in 3.5% nitric acid), nitric acid (2.5 ml),
hydrogen peroxide (1 ml) and water (receptor fluid samples 48 h: none; all other samples:
1 ml) were added to each of the glass test tubes. The samples were placed into a microwave
autoclave with a baseload of 320 ml of water, 30 ml of hydrogen peroxide and 2 ml of sul-
furic acid. For the digestion program, see Table S1 for tape strips and Table S2 for all other
samples. After the digestion and cool down, the sample solutions were transferred into 50 ml
tubes, rinsed twice with 2 ml of water and filled up with water. The samples were then quan-
tified by ICP-MS. The glass tubes were discarded after use.

A.3 Establishment of sample preparation for quantification

In a series of experiments, the digestion of the different matrices was tested. The results are
summarized here. For a detailed description of the developed method, see section A.2 Pro-

tocol of Franz diffusion cell assay. The matrices were spiked with the analytes and subjected
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to a microwave digestion using acids. Two different microwave programs were used (Table
S1 and S2) since petrolatum and the tape strips needed more aggressive conditions than the

remaining skin and the receptor fluid.

Acidic microwave digestion of the petrolatum proved challenging in the presence of Pd?*.
Different acids in different ratios were tested but the digested solution always contained an
unidentified, insoluble, white substance. After numerous trials to digest petrolatum in pres-
ence of Pd?*, a different approach was chosen: the PTP was extracted with hydrochloric acid
and filtered. This approach proved to be successful and reproducible. The microwave di-
gestion of the PTP in nitric acid containing Ni>* and Co?* was unproblematic. Digestion of
the tape strips was successful up to a maximum of four tape strips, which is why four con-
secutive tape strips were pooled. The digestion of the remaining skin showed that nickel
was present in the blank matrix. This was eliminated by using a scalpel to cut out the skin
samples instead of the commonly used cast iron punch. The digestion of the receptor fluid

needed no adjustments.

During the digestion trials in PTFE microwave tubes, Pd** showed a very strong carry-over
effect. This lead to the usage of single use glass test tubes whenever Pd** was present. How-
ever, Ni>* was detected in the digestion fluid when using the glass tubes. Hence, PTFE tubes
were used for nickel and cobalt set-ups. In the FDC assays of the metal salt solutions, Ni**
and Pd?* were both present in the samples. Thus, the glass tubes were subject to a cleanup
microwave digestion using nitric acid, hydrogen peroxide and water (program: Table S3).
This eliminated contamination with Ni** successfully. All matrices were digested as blank
samples and measured by ICP-MS according to protocol (see section A.2 Protocol of Franz

diffusion cell assay) to assure that they were free of the investigated metals.

Recovery Experiments

To determine the recovery of each metal after digestion, the different matrices were spiked
with a reference standard solution (1000 pg/ml) of the respective metal ion. Then the matri-
ces were digested or extracted according to protocol (see section A.2 Protocol of Franz diffu-
sion cell assay). After the digestion and extraction, the digestion fluids and the extracts were
quantified by ICP-MS and the recovery was recorded (see Table S4). The recovery was used

to correct the calculated masses of the respective ions in the FDC assays.
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Table S4: Recoveries after sample preparation of spiked matrices. n = 5 replicates per matrix. PTP:
patch test preparation, PBS: phosphate buffered saline.

. recovery [%]
matrix

Ni2+ Co2* Pd2+
NiSO4 PTP 98.5+1.3 — —
CoCl, PTP — 102.2+1.6 —
PdCl, PTP — — 105.1+3.4
Na,PdCly PTP — — 1149+238
PBS with Ni?*, Co?*, Pd?* 95.9+0.9 93.0+0.2 82012
tape strips 101.1+5.1 96.4+0.6 42.1+£2.2
remaining skin 104.0£4.8 98.7+19 87.6x2.1
receptor fluid 104.0+4.8 (sic) 94.4+3.9 100.2+0.6

Limit of detection and limit of quantification

The limits of detection (LOD) and limits of quantification (LOQ) of the ICP-MS for each metal
were determined and are summarized in Table S5. Blank nitric acid solutions (3.5%) were
quantified by ICP-MS. The LOD is defined as the noise plus three times its standard deviation
and the LOQ as the noise plus ten times its standard deviation.!?

Table S5: Limit of detection (LOD) and limit of quantification (LOQ).

ion LOD [ng/ml] LOQ [ng/ml]

Ni* 0.05 0.12
Co?* <0.01 <0.01
Pd?* 0.05 0.10

A.4 Solubility of palladium salts

30 mg of PdCI, were weighed into a 15 ml polypropylene centrifugal tube (Corning Science
Inc., Reynosa, Mexico). 100 mg of Na,PdCl,; were weighed into a 1 ml polypropylene cen-
trifugal tube (Eppendorf SE, Hamburg, Germany). The tubes were filled up to the respec-
tive mark with water, shaken and placed into an ultrasonic bath for 15 min at room tem-
perature. The tubes were then stored at room temperature for 60 h and transferred into a
shaker (35 rpm, Turbula, Bachofen AG, Muttenz, Switzerland) for 94 h. The solutions were
centrifuged (PdCly: 2900 rcf, 5 min, room temperature; Hettich GmbH und Co. KG, Tut-
tlingen, Germany, NayPdCly: 16000 rcf, 5 min, room temperature, Eppendorf SE) and the
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supernatant was filtered (polyethersulfone syringe filter, 0.22 um, Merck). The solution was
diluted 1 : 1-10° with water and the metal ion concentrations were determined by ICP-MS.

The experiment was performed in five replicates.

A.5 ICP-MS quantification

The samples were quantified using internal and external calibration. The ICP-MS system was
set up with a Prep-Fast system, which introduced the sample solutions. The solutions were
all spiked with indium as internal standard (see section A.2 Protocol of Franz diffusion cell
assay). The spiked internal standard concentration was set to 2 ng/ml of indium in the final
solutions. Furthermore, the final concentrations were divided by the mean recoveries found
during the method development (see Table S4) to correct for sample loss. The calibration

was performed using a weighted linear regression (weighted by c™1).

B Box plots for outlier analysis
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Figure S1: Boxplots showing the recovery of Ni?*, Co?* and Pd?* in the different compartments
of the FDC assays with PTP applied. a) NiSO; PTP b) CoCl, PTP c) PdCl, PTP d) Na,PdCly PTP.
Concentrations in donor samples were much higher and are thus depicted in a separate figure (Fig.
S2). n = 6 replicates. PTP: patch test preparation, FDC: Franz diffusion cell, s.c.: stratum corneum.
Outliers were circled in red and not included in further data analysis.
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Figure S2: Boxplots showing the recovery of Ni>*, Co?>* and Pd?* in the donor compartment sam-
ples. a) Donor compartments of the different PTPs. b) Donor compartments of the metal salt solution
(logarithmic scale). n = 6 replicates. PTP: patch test preparation. Outliers were circled in red and not

included in further data analysis.
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Figure S3: Boxplots showing the recovery of a) Ni%*, b) Co?* and c) Pd?* in the different compart-
ments of the FDC assay with the metal salt solutions. Concentrations in donor samples were much
higher and are thus depicted in a separate figure (Fig. S2). FDC: Franz diffusion cell, s.c.: stratum
corneum. n = 6 replicates. Outliers were circled in red and not included in further data analysis.
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