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ABSTRACT

Skin permeation and distribution of three of the most common skin sensitizers was investigated using a previ-
ously developed animal-free exposure method combined with imaging mass spectrometry. Nickel, cobalt, and
chromium (III) salts were dissolved in a buffer and exposed to human skin ex vivo, to be analyzed using time of
flight secondary ion mass spectrometry (ToF-SIMS). Our findings demonstrate that metal haptens mainly
accumulated in the stratum corneum, however all three metal sensitizers could also be detected in the epidermis.
Cobalt and chromium (III) species penetrated into the epidermis to a larger extent than nickel species. The degree
of penetration into the epidermis is suggested to be affected by the sensitization potency of the metal salts, as
well as their speciation, i.e. the amount of the respective metal present in the solution as bioaccessible and
solubilised ions. Our method provided permeation profiles in human skin for known sensitizers, on a level of
detail that is not possible to achieve by other means. The findings show that the permeation profiles are different,
despite these sensitizers being all metal ions and common causes of contact allergy. Studying skin uptake by only

considering penetration through the skin might therefore not give accurate results.

1. Introduction

Allergic contact dermatitis is the symptom of T-cell mediated sensi-
tization, i.e., contact allergy. In order to initiate such a sensitization, it is
believed that skin sensitizers first need to penetrate the skin barrier
through the stratum corneum, reaching into the epidermis where they
bind to skin proteins or other macro molecules thus forming antigens
distinguishable to dendritic cells(Karlberg et al., 2008). In general,
metals, preservatives and fragrance compounds are the most common
causes of contact allergy(Diepgen et al., 2016; Lagrelius et al., 2016),
and the most frequent causes of contact allergy to metals in the general
population are nickel, cobalt and chromium(Thyssen and Menne, 2010).
In the case of metals, metal ions constitute the active hapten and skin
contact with everyday metal objects releasing sensitizing metal ions,
such as nickel or cobalt ions, can cause allergic contact dermatitis in
sensitized individuals(Thyssen et al., 2013). Products containing chro-
mium (III) or chromium (VI) compounds, such as leather are known to

cause allergic contact dermatitis in chromium sensitized individuals
(Hedberg et al., 2018; Hedberg and Liden, 2016). Experimentally,
nickel, cobalt and chromium nanoparticles have been shown to dissolve
in artificial sweat, producing ions that can penetrate the skin and
directly start an immune response(Stefaniak et al., 2014). It is of great
interest to study metal ion penetration, distribution, and interaction
within the different layers of the skin. This has so far mostly been studied
using quantitative methods with practical limitations such as tape
stripping or receptor fluid analysis of diffusion cell experiments.
Clinical studies of skin permeation of nickel using tape stripping or
biopsies of positive patch test reactions to nickel have detected nickel in
the stratum corneum using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) or inductively coupled plasma mass spectrom-
etry (ICP-MS) (Hostynek, 2003; Kalimo et al., 1985), however, nickel
could not be detected in deeper skin layers due to the limit of detection
of the analysis method or in the case of tape stripping, data collection
was stopped before reaching the epidermis for ethical reasons. In
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horizontally sliced biopsies from patch tested dermatitis patients
exposed to potassium dichromate, chromium (VI) could be detected
down to 12 slides deep, using atomic absorption spectroscopy (AAS)
(Liden and Lundberg, 1979).

Diffusion cells have been used to study skin penetration of metal
salts, where the receptor fluid have been analyzed and/or the skin
divided using thermal methods, homogenized, and analyzed separately
as stratum corneum, epidermis and dermis. Nickel ions were shown to
penetrate through isolated human stratum corneum ex vivo to about 1%
(Tanojo et al., 2001). Chromium (III) has been detected at the ug/cm2
level in acid degraded and homogenized epidermis using AAS (Gam-
melgaard et al., 1992). Chromium (VI) was detected at 10-fold higher
levels in epidermis compared to chromium (III) and also detected in the
receptor fluid. A more recent study has investigated permeation of
chromium (III) and chromium (VI) salts in human skin using diffusion
cells and found similar results (Van Lierde et al., 2006). Chromium (III)
was chosen in the present study as previous studies have indicated that
chromium (III) passes through the skin to a lesser extent than chromium
(VI), and has been suggested to be more reactive towards protein (Sie-
genthaler et al., 1983).

Skin exposure to metals can also occur in the form of nanoparticles,
mainly in an occupational setting. Cobalt and nickel nanoparticles have
been shown to penetrate human skin in diffusion cells (Crosera et al.,
2016; Larese Filon et al., 2013). Analysis using AAS detected nano-
particles of the respective metal in heat separated and homogenized skin
layers. Highest amounts were detected in the epidermis, and nano-
particles were found to penetrate more readily into the skin compared to
metal powders of larger particle size (Filon et al., 2009).

Despite these efforts to study skin distribution and penetration of
metal ion sensitizers, no method presented allows direct visualization of
the distribution of the metal ions in skin tissue, nor simultaneous anal-
ysis of endogenous compounds in skin as well as the chemicals or ele-
ments to which the skin has been exposed. We recently presented a mass
spectrometry imaging-based alternative to these methods, providing
detailed qualitative data on distribution of metal ions in the skin tissue
and colocalization with endogenous compounds (Malmberg et al.,
2018). The method is an animal-free approach, as experiments can be
performed ex vivo using human skin tissue which otherwise would be
discarded, and it can directly map the distribution of metals in tissue
exposed in a conventional diffusion cell experiment. The method pro-
vided qualitative information on the localization of nickel metal ions in
the stratum corneum of the exposed tissue albeit only at micrometer
scale resolution.

Recent ToF-SIMS developments now allow the analysis to be per-
formed at nanometer resolution, while maintaining a sufficient mass
resolution to separate metal ions from organic ions (Vanbellingen et al.,
2015). Since this would allow a more detailed study of metal ion
permeation at a cellular level, we applied this new method to further
investigate metal ion penetration in human skin ex vivo. The aim of the
present study was to map the distribution in human skin ex vivo after
exposure to nickel, cobalt and chromium (III) salts using imaging mass
spectrometry. First, we investigated the skin distribution of nickel, co-
balt, and chromium (III) salts individually then we compared this to a
scenario of simultaneous exposure of all three metal salts in combina-
tion. In addition, we perform a full speciation analysis to fully under-
stand metal ion solubility and interaction.

2. Materials and methods
2.1. Chemicals
Ammonium formate, nickel (II) sulfate hexahydrate, cobalt (II)

chloride hexahydrate and chromium (III) chloride hexahydrate were
purchased from Sigma Aldrich (St Louis, MO, USA).
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2.2. Skin exposure

Full-thickness human skin was obtained as left-overs from breast
reduction surgery at the Dept. of Plastic Surgery, Sahlgrenska University
Hospital. The tissue was made anonymous upon collection in agreement
with routines approved by the local ethics committee. The skin tissue
was trimmed from subcutaneous fat, cut into 2 x 2 cm pieces, mounted
on cork sheets, wrapped in aluminium foil and kept in —20 °C until use
within 3 months from surgery. Skin samples from one donor were
thawed in room temperature for 30 min prior to experiments. The full
thickness skin was mounted in vertical (Franz-type) skin diffusion cells
(Laboratory Glass Apparatus, Berkley, CA) having an exposed surface
area of 1 cm?. The receptor compartments were filled with ammonium
formate buffer (0.15 M, pH 7.4) to allow best possible mass spectrometry
compatibility. Diffusion cells were prepared in which each skin tissue
section was separately exposed to nickel (II) sulfate hexahydrate (0.15
M), cobalt (II) chloride hexahydrate (0.15 M) and chromium (III) chlo-
ride hexahydrate (0.15 M), and a cocktail solution of these three metal
substances (0.45 M in total). A sample exposed to ammonium formate
buffer solution served as control. The experiment was performed at
room temperature (25 °C) with an exposure time of 24 h. Experiments
were performed in duplicate. At removal, skin samples were gently
rinsed with distilled water.

2.3. Tissue preparation for ToF-SIMS

Immediately after skin exposure, a small tissue section (approx 8 x 8
mm) was collected at the centre of the exposed region from each skin
sample and was then frozen in liquid nitrogen. The frozen skin tissue was
sectioned vertically in a cryostat to a thickness of 10 pm. Four slices from
the middle of the tissue sample were collected and mounted on indium
tin oxide covered (ITO) glass slides for ToF-SIMS analysis. One duplicate
glass was prepared for each tissue experiment, which means that 40 skin
sections on 10 glass slides were made in total from the 5 types of ex-
posures. At least 4 tissue sections per exposure type were stained using
standard Haematoxylin and Eosin staining.

2.4. ToF-SIMS analysis

ToF-SIMS analysis was performed using a ToF.SIMS 5 instrument
(ION-ToF GmbH, Miinster, Germany). Mass spectra in positive ion mode
were recorded by using Biz" primary ions at 25 keV with a pulsed pri-
mary ion current of 0.25 pA. Delayed extraction mode was employed to
obtain images with high spatial (approx. 400 nm) and high mass reso-
lution (approx. 5000 at m/z 369). Multiple images from each section
were recorded in areas of approx. 124 x 124 pm to 150 x 150 pm from
the skin sections using a raster of 256 x 256-pixel points. All images and
mass spectra were processed, recorded, analyzed and evaluated using
the software SURFACELAB (version 7.1, ION-TOF). The spectra were
internally calibrated to signals of common fragment such as [C],
[CH2]", [CH3]", [CsHsPNO4]T, [CoyHas]™ for the positive ion mode.
Five different sections from exposed specimens of nickel (II) sulfate
hexahydrate, cobalt (II) chloride hexahydrate, chromium (III) chloride
hexahydrate, a mixed solution of these substances and a control
(ammonium formate buffer), respectively, were analyzed.

2.5. Chemical speciation modelling

The joint expert speciation system (JESS) software "V used to model
thermodynamically stable species of the metal ions at pH 7.4 in 0.15 M
ammonium formate buffer at 25 °C, atmospheric pressure, and in
normal dissolved oxygen conditions (pe 5). For calculations containing
cobalt, the following JESS species were excluded to avoid a numerical
underflow:  Co(NH3)s>"-H20, Co(NH3)s(COOH)?>",  Co(NH3)sCl
(COOH)™, and Co(NH3)5Cl,(COOH). For calculations containing cobalt
and chromium, the JESS species HCo(NH3)5CrO42+ was excluded
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additionally. Solid species were included and allowed to precipitate.
First, the predominant solids for the single metal salts were determined.
Second, these predominant solids and several combined solids were
included in the calculations for the cocktail solution: Co304, Ni(OH)-,
CrOOH, CoCr,04, and CryNiOg4. The five most predominating species for
each metal salt were evaluated.

3. Results and discussion

Exposure to metal ions occurs in many ways and is difficult to
standardize in an experimental model. Most methods that determine
metal ion penetration in skin are dependent on tape-stripping or the
splitting of the skin layers before analysis. Albeit giving quantitative
data, these methods by their very nature allow only a rudimentary un-
derstanding of the precise localization of the ions of interest in relation
to the surrounding cells in the skin. In this study, by using ToF-SIMS
imaging, we provide a direct chemical map of distribution pathways
of the most common metal sensitizers in different layers of the skin
tissue.

The distribution of cobalt, chromium and nickel ions in tissue
exposed to each ion individually, is presented in Fig. 1. H&E-stained skin
tissue sections show the marked regions selected for ToF-SIMS analysis.
The figure shows red/green color overlay maps of signals of cobalt,
chromium and nickel ions, respectively, as well as phosphatidylcholine
(PC) headgroup. PC is chosen as a marker for skin tissue in general as it is
the most abundant cellular membrane lipid species. Altogether, nickel
ions were found to be mainly located in the stratum corneum while the
distribution of cobalt and chromium ions was more evenly distributed
through the stratum corneum and epidermis. In order to explore this, a
line scan analysis, showing signal intensity as a function of depth in the
tissue was performed.

Fig. 2 show line scan plots from image data analysis of the relative
signal intensity of cobalt, chromium, and nickel ions, respectively, as a
function of skin depth. The distribution into the skin tissue for cobalt and
chromium ions was similar and showed a substantial accumulation in
the deeper skin layers, while nickel ions were mostly accumulated in the
stratum corneum. The ToF-SIMS images of the distribution of cobalt,
chromium and nickel ions constituting the basis of this analysis are

—Epidermis

@® PC headgroup @ PC headgroup
@ Co* ® Cr
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presented in supplemental Fig. S1. Line scans from a replicate experi-
ment can be seen in supplemental Fig. S3. Results from a control
experiment are presented in Fig. 2d showing no signal from cobalt,
chromium, and nickel ions and only noise in the associated line scan.
The line scans used are shown in supplemental Fig. S4.

In order to allow a comparison of the skin penetration for the metal
salts in combination, skin tissue sections exposed to a cocktail solution of
cobalt chloride, chromium chloride and nickel sulfate was subjected to
ToF-SIMS analysis. The H&E-stained image shown in Fig. 3a presents an
overview of the skin section analyzed. The marked area indicates the
220 x 220 pm region analyzed with ToF-SIMS.. Fig. 3b shows a color
overlay image showing the signals of the PC headgroup, cobalt, chro-
mium, and nickel. A high signal intensity of PC was seen in the
epidermis, potentially covering the metal signals in this area. While the
metal ions were highly localized to the stratum corneum, penetration
into the epidermis was also detected. Chromium signals were predom-
inantly seen in the epidermis followed by cobalt signals in green and
nickel signals in yellow, respectively. The distribution of each metal ion
in the skin tissue exposed to the cocktail is represented in the single ion
images of cobalt, chromium and nickel shown in Fig. 3c—e.

Line scan analysis (Fig. 4) showed that the highest signal intensity
was detected from chromium ions in stratum corneum followed by co-
balt and lastly nickel ions. Although chromium ions showed the stron-
gest signal in the stratum corneum, cobalt was shown to penetrate the
deepest into the skin. Again, nickel ions accumulated in the stratum
corneum with little penetration further into the skin. The signal in-
tensities were generally weaker than in the experiments using the metal
salts separately. No signals from cobalt, chromium or nickel were
detected in the control sample (Fig. 2d and Supplemental Fig. S2).

The bioaccessbility of cobalt, chromium (III) and nickel ions in
formate buffer under the conditions of this study was investigated using
chemical speciation calculations. Up to 50% of chromium was predicted
to be present as stable aqueous ions [dominated by Cr(NH3)2(OH),"
cations] in the chromium chloride solution, while CrOOH was found to
be the dominant solid form (50%). In contrast, less than 1% of nickel and
cobalt ions were found to form aqueous ions in the solutions of nickel
sulfate [dominated by Ni-(COOH), ions] and cobalt chloride [dominated
by CO(NHg)ClZ+] , respectively. In the cocktail of all three salts, predicted

Epidermis

® PC headgroup
@ NiI*

Fig. 1. H&E stained images of skin tissue sections exposed to a) cobalt chloride b) chromium chloride and c) nickel sulfate. The marked regions indicate the areas
analyzed with ToF-SIMS. Red/green color overlay of ToF-SIMS ion images on the marked regions at a field of view of approximately 150 x 150 pm from skin tissue
samples exposed to d) cobalt chloride e) chromium chloride and f) nickel sulfate showing Phosphatidylcholine (PC) headgroup signals in red and metal signals in
green in each image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Line scan analysis of ToF-SIMS ion images of skin tissue sections exposed to solutions of cobalt chloride, chromium chloride, and nickel sulfate respectively,
showing the ion intensity of a) cobalt, b) chromium and c) nickel ions versus distance from the skin surface. d) shows cobalt, chromium and nickel distribution in the
control. Stratum corneum layer thickness (approx. 20 pm) is marked with a red line along the x-axes. Each line scan is composed of an average of 4 individual line
scans as can be seen in supplementary Fig. S4. Error bars are standard error of the mean. Cobalt and chromium ions penetrate into the skin tissue while nickel ions
show the highest accumulation in the stratum corneum itself. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

soluble ions were dominated by chromium [Cr(NH3)2(OH),™"1, while
nickel and cobalt were almost entirely present in solid forms, most likely
as nanoparticles of Ni(OH), and Co304. These were also the predomi-
nant solid species in the single solutions of nickel and cobalt. No visible
precipitation was observed in any of the solutions during the experi-
ments. In the mixture, the concentration of aqueous chromium ions was
approximately equal to that of the single chromium solution, however,
the concentration of aqueous cobalt and nickel was more than two-fold
lower as compared to their corresponding single solutions.

Metal haptens are small ions which can traverse through the primary
barrier components and distribute further down through the epidermis.
Their skin transport is determined by the size of metal ions, complexes,
or nanoparticles, their charge, and their protein binding capacity.
Chemical speciation modelling predicts equilibrium species and cannot
give an answer on how rapidly this equilibrium is obtained. There could
hence be a difference in time of reaching the equilibrium between the
two metals that were predicted to be present predominantly in insoluble
form (nickel and cobalt). The predicted soluble forms of nickel and co-
balt differed in their charge, with the two times positively charged co-
balt ion Co(NH3)CI>" being smaller in size than the neutrally charged
nickel ion Ni-(COOH),, which hence could be an explanation for the
higher skin penetration of cobalt as compared to nickel.

This study also confirms the findings of our previous work where
nickel ions were found to accumulate mainly in the stratum corneum
and to some extent in the upper parts of the epidermis(Malmberg et al.,
2018). Similarly, in both individual and cocktail exposure experiments,
nickel ions are found to be located almost entirely in the stratum cor-
neum with little further penetration into the epidermis. The results are
well correlated with previous results obtained from the scanning elec-
tron microscopy study by Kalimo et al. (Kalimo et al., 1985) where a
heavy accumulation of nickel ions was found in the stratum corneum
and very superficial locations of the epidermis in biopsies from patients
exposed to nickel via patch testing. The same trend was seen in the tape
stripping study by Hostynek et al. (Hostynek, 2003).

Our findings indicate that under these conditions, cobalt, and chro-
mium (III) species penetrate considerably into the epidermis unlike
nickel, as illustrated in Figs. 1 and 2. This is again in line with previous
studies, where Cr (III) has been detected in the epidermis in biopsies
from exposed patients and in ex vivo experiments using diffusion cells
(Gammelgaard et al., 1992; Liden and Lundberg, 1979; Van Lierde et al.,
2006). However, these studies are performed using methods which do
not enable detailed information on the distribution in the skin layers.
There is to the best of our knowledge no experimental studies investi-
gating skin penetration of cobalt in human skin. The present results are
thus the first published on this subject. The results are in line with
studies of skin penetration of cobalt in piglet skin, where the piglet skin
was homogenized, analyzed and results compared to cobalt levels in the
receptor fluid of the diffusion cell (Midander et al., 2020).

In skin samples treated with the cocktail of metal salts, both cobalt
and chromium species were found to penetrate more evenly into the
epidermis compared to nickel species. Cobalt species show further
penetration into the skin compared to chromium species, but lower total
concentration in the skin as compared to chromium species. We specu-
late that the observed differences between cobalt and chromium can be
explained by i) a higher fraction of soluble and hence mobile ions of
chromium in solution, as predicted by the chemical speciation analysis,
and ii) a more rapid binding of the trivalent chromium ions to skin
proteins as compared to divalent cobalt ions. The very high binding
capacity to proteins of the trivalent chromium ions as compared to
divalent cobalt and nickel ions is expected (Hedberg et al., 2019). Rapid
binding to skin proteins could hence hinder further transport into the
skin.

In line with this is the hypothesis that skin penetration might be
negatively correlated with the sensitization potency of haptens, and that
a stronger sensitizer would react more quickly and accumulate in the
stratum corneum, while non sensitizers would penetrate further into the
skin. This is supported in the chemistry, since sensitization requires the
metal ion to bind to proteins, and a rapid binding to skin proteins in the
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reader is referred to the web version of this article.)

stratum corneum could be caused by the same mechanism. This hy-
pothesis has been supported by studies of fluorescent model haptens,
showing that among structurally closely similar compounds, the com-
pounds with higher sensitization potency are almost entirely localized to
the stratum corneum (Samuelsson et al., 2009; Simonsson et al., 2012).
Our observations show quite the opposite, where nickel, the weakest
hapten, was found to be located mainly to the stratum corneum. In
earlier studies of the sensitization potency of several metal salts
including cobalt, chromium (VI) and nickel salts in mice, cobalt has the
highest sensitizing potency and nickel the lowest (Basketter et al., 1999;
lkarashi et al., 1992). However, in cross reactivity studies in guinea pigs,
chromium (III) was suggested as the main sensitizer and considered a
stronger sensitizer than chromium (VI) (Siegenthaler et al., 1983). This
stand in contrast to data from clinical investigations, where nickel by far
is the most common cause of contact allergy in the general population
(Thyssen et al., 2007). Nickel, cobalt and chromium are all present in
everyday objects and exposure is frequent in general daily activities. As
chromium and cobalt are stronger sensitizers, higher frequencies of
contact allergy would be expected compared to that of nickel in the
general population. However, many aspects influence the frequency of
contact allergy to a compound in the population, such as skin exposure
dose, skin penetration and sensitization potency of the compound. The
high frequencies of contact allergy to nickel could be caused by a higher
exposure to nickel compared to that of cobalt and chromium. It is also
possible that the data from animal studies of sensitization potency of
nickel are not directly applicable to humans, and that humans are more
susceptible to nickel sensitization than mice (Schmidt et al., 2010). It is

further possible that the chemical species of nickel formed in ion release
from metal objects are different from those formed in the present study.
This would indicate a further penetration of nickel species released from
metal objects compared to the nickel species studied here. A higher
sensitization potency in humans and a higher penetration of nickel from
everyday metal objects compared to studied nickel salts could explain
the high prevalence of contact allergy to nickel. However, nickel sulfate
is the main salt used in patch testing for diagnosis of contact allergy to
nickel and has been proved to detect clinically relevant nickel contact
allergy (Thyssen et al., 2007). In the study by Kalimo et al., positive
contact allergic skin reactions to nickel sulfate were biopsied and
analyzed. Nickel was detected almost exclusively in the stratum cor-
neum (Kalimo et al., 1985). This could indicate that the mechanism of
skin penetration, as the first step of sensitization in contact allergy is
more complex than previously thought.

In the study of skin penetration of the metal haptens present in the
same cocktail, cobalt and chromium showed lower penetration into the
skin tissue compared to the experiments with exposure to a single metal
hapten. For cobalt, this is assumed to be due to the lower fraction of
aqueous cobalt ions, as predicted from chemical speciation. Also, the
coexistence of several metal ions at once could have accelerated the
protein binding (Hedberg et al., 2019) and hence hindered further
penetration. The reduction in penetration, could further be caused by a
matrix effect, a common issue in ToF-SIMS in which signal intensity of
species is possibly influenced by other species coexisting in the analysis
environment (Nakano et al., 2018; Seah and Shard, 2018). However,
such an effect is unlikely in this setup since the major matrix influence is
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Fig. 4. Line scan analysis of ToF-SIMS ion images of skin tissue sections
exposed to a solution of cobalt chloride, chromium chloride, and nickel sulfate
in cocktail, showing the ion intensity of a) cobalt, b) chromium and c) nickel
ions versus distance from the skin surface. Stratum corneum layer thickness
(approx. 20 pm) is marked with a red line along the x-axes. Each line scan is
composed of an average of 4 individual line scans (shown in supplementary
Fig. S4d). Error bars are standard error of the mean. Chromium ions showed the
strongest signal in the stratum corneum whereas cobalt was shown to penetrate
deepest into the skin. The nickel ions accumulated in the stratum corneum with
little penetration further into the skin. Generally, signals were weaker than in
the experiments with single exposure. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

caused by the skin itself, which remains the same in all the experiments
performed here. Our results are partly in contrast to an ICP-MS study
showing that combined exposure to nickel, cobalt, and chromium
caused a relatively higher retention of metals in piglet skin than expo-
sure to the single metal ions (Midander et al., 2020). However, that
study only examined exposure after 2 h in contrast to our 24 h exposure
which could explain the apparent difference.

Our findings demonstrate that metal haptens mainly accumulated in
the stratum corneum, but all three metal sensitizers could also be
detected in the epidermis. Our method provided permeation profiles in
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skin for known sensitizers, on a level of detail not previously published.
Imaging data of the distribution of cobalt ions in human skin is pre-
sented for the first time. The findings show that the permeation profiles
are different, despite these sensitizers being all metal ions and common
causes of contact allergy. Studying skin uptake by only considering
penetration through the skin might therefore not give accurate results.
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