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A B S T R A C T

Allergic contact dermatitis (ACD) is a prevalent inflammatory skin condition triggered by allergens such as 2- 
methyl-4-isothiazolin-3-one (MI), a common preservative. The incidence of contact allergy to MI has fallen in 
Europe in recent years, attributable to government regulation limiting concentrations of MI I; however, incidence 
continues to rise in the USA. The pattern and extent of distribution of MI in skin is unknown and a better un
derstanding of the effect of MI on the skin is needed.

In this study NativeSkin Access® human skin biopsies were treated with MI, and Time-of-Flight Secondary Ion 
Mass Spectrometry (ToF-SIMS) analysis was performed to map the distribution of MI and assess changes in 
endogenous lipids. MI penetrates the stratum corneum and viable epidermis, with significant lipid alterations 
observed in the stratum corneum. The use of Argon gas cluster ion beam (Ar-GCIB) sputtering in the ToF-SIMS 
analysis improved the resolution and clarity of cellular structures, allowing for better visualization of MI 
penetration and its effects on skin lipids.

The study highlights the utility of ToF-SIMS in combination with Argon gas cluster sputtering in visualizing 
allergen distribution and its impact on skin lipid composition, providing insights into the mechanisms of skin 
sensitization.

1. Introduction

Allergic contact dermatitis (ACD) is an inflammatory skin condition 
caused by an allergic reaction to a substance that comes into contact 
with the skin, resulting in symptoms like redness, itching, and blisters. 
[1] It typically occurs within 48–72 h after exposure to the allergen. 2- 
Methyl-4-isothiazolin-3-one (MI) is a low-molecular weight preservative 
used in an extensive variety of products including cosmetics, household 
detergents, paints, metalworking fluids, textiles and plastics, amongst 
others.[2] Use of MI together with methylchloroisothiazolinone (MCI) in 
a 1:3 ratio caused a global epidemic of contact allergy in the 1980s.[3] 
Subsequently, the use of MI alone was introduced in the early 2000s but 

MI is also known to be a sensitizer. MI is categorized as a strong sensi
tizer in the local lymph node assay (LLNA) with an EC3 of 0.4 % in 
acetone: olive oil.[4] Exposure to MI/MCI in the general population is 
widespread, as indicated by detection of a mercapturic acid metabolite 
of MI and MCI in 100 % of sixty persons with no specific exposure to MI 
or MCI/MI.[5] Structurally, MI contains a five-membered heterocycle 
with both a nitrogen (N) and sulfur (S) atom in the ring, also containing 
a conjugated carbonyl moiety (Fig. S1). The N-S bond can react with 
nucleophiles, e.g., amino acid residues on proteins, which can lead to 
skin sensitisation. The incidence of contact allergy to MI has fallen in 
Europe in recent years, attributable to government regulation limiting 
concentrations of MI and MCI/MI; however, incidence continued to rise 
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in the USA reaching a peak in 2018, but has seen a recent decline. 
[2,6–9] In the European Union, MI is not allowed in leave-on products, 
such as skin lotion, and is limited to 0.0015 % in rinse-off products, such 
as shampoo.[10] The pattern and extent of distribution of MI in skin is 
unknown.

In vitro reconstructed human skin models have been widely used in 
drug testing, cosmetics and toxicology studies as an alternative to ani
mal testing.[11,12] They usually consist of human keratinocytes and/or 
fibroblasts. Despite the recent progress that has been made in the 
reconstruction of more complex skin models containing other cell types, 
such models still have limitations, as they are not an exact copy of 
human skin in vivo, and hence the predictability of the human in vivo 
response remains limited. NativeSkin Access® human ex vivo skin is 
considered to be highly predictive and cost effective prior to clinical 
evaluation in humans. NativeSkin Access® consists of human skin bi
opsies obtained after surgery. Hence, it exhibits normal skin barrier 
function.[13].

While the effects of MI have been studied extensively using e.g. patch 
testing (the application of a series of allergens to the patients skin for 
two days, after which the presence of an eczema-like rash indicates an 
allergy to the substance)[14], little is known about its distribution in the 
skin. Studying the distribution of a low-molecular weight compound 
directly in skin is difficult but recent advances in mass spectrometry 
imaging (MSI) have demonstrated the possibility to track both allergens, 
active pharmaceutical ingredients (APIs) and endogenous compounds 
directly in skin tissue sections.[15–17] While matrix assisted laser 
desorption ionization (MALDI) based imaging is the dominating tech
nique used for MSI[18,19], time-of-flight secondary ion mass spec
trometry (ToF-SIMS) has the potential to chemically map biological 
tissues and simultaneously localize both endogenous and exogenous 
compounds at ca 100 nm spatial resolution for conventional ToF-SIMS. 
[15,20,21] Conventional ToF-SIMS has a limited mass resolution of up 
to ca 10,000 MRP while Orbi-SIMS can reach resolutions >240,000 at 
m/z 200 and with spatial resolution down to 2 μm. [22]. Herein, we use 
two conventional ToF-SIMS systems, with and without Argon gas cluster 
sputtering, to study uptake and localization of MI in human ex vivo skin 
tissue from abdomen and follow endogenous lipid changes caused by MI.

2. Materials and methods

2.1. Methylisothiazolinone

MI (95 %, Merck, CAS: 2682-20-4) was diluted to 0.0175 M 
(equivalent to the concentration used for diagnostic patch-testing of 0.2 
% w/v) in phosphate buffered saline (PBS). For ToF-SIMS analysis of the 
MI standard a small amount of MI powder was deposited in a clean 
silicon wafer.

2.2. Ex-vivo skin tissue exposure and preparation

NativeSkin access (11 mm) was cultured in sterile conditions as 
recommended by the manufacturers. Briefly, samples were incubated in 
the provided culture medium for at least one hour at 37 ◦C, 5 % CO2, and 
95 % relative humidity prior to treatment with contact allergens. MI 
(Merck)(20 μL, 0.0175 M solution in PBS) was applied to NativeSkin 
access 11 mm (Genoskin, France)(n = 2). PBS (20 μL) was applied as the 
vehicle control (n = 2). The experiment was performed on two inde
pendent occasions with skin samples from two different donors. Both 
donors were females, aged 42 years old, with skin type 2 according to 
Fitzpatrick’s classification guidelines[23]. The skin sample from both 
donors was taken from the abdominal area. The Trinity College Dublin 
Faculty of Health Sciences Ethics Committee approved the study (ref: 
220401).

After skin exposure, the tissue was collected and frozen in liquid 
nitrogen. The frozen skin tissue was sectioned vertically in a cryostat to a 
thickness of 10 μm. Four slices from the middle of the tissue sample were 

collected and mounted on conventional glass slides for ToF-SIMS anal
ysis. Four duplicate glasses was prepared for each tissue experiment. At 
least 4 tissue sections per exposure type were stained using standard 
Haematoxylin and Eosin staining. The glass slides were kept frozen until 
analysis, when they were defrosted in the load lock of the TOF-SIMS 
instrument at a final vacuum of 10e− 6 mbar.

2.3. TOF-SIMS analysis

The ToF-SIMS surface analysis was carried out using two different 
ToF SIMS 5 instruments (IONTOF GmbH, Münster, Germany). One 
system was equipped with a 25 keV Bi cluster ion gun as a primary ion 
source and a 10 keV C60+ source for sputtering (ToF-SIMS system 1). 
The other system was equipped with a 30 keV bismuth nanoprobe and 
an Argon gas cluster ion source (Ar-GCIB) (ToF-SIMS system 2). For both 
systems mass spectra in positive ion mode were acquired by using the 
bismuth primary ion sources. To acquire images with high spatial 
respective mass resolution, the delayed extraction mode was used.[24] 
The pulsed primary ion currents were in the range of 0.11 pA to 0.17 pA 
using Bi3+ ions. Areas of about 100 μm × 100 μm to 200 μm × 200 μm on 
the skin section were selected with a raster of 256 × 256-pixels and 
analyzed with 100 raster scans. For the ToF-SIMS system 2, sputtering 
with the Ar-GCIB was performed using Ar1500 at 5000 eV with an ion 
current of 4.9 nA.

Three different sections from the specimens of control and MI treated 
samples were analyzed, respectively. The spectra were internally cali
brated to signals of common fragments as [C]+, [CH2] +, [CH3] +, 
[C5H15PNO4] +, and [C27H45] +.

The MI standards and control skin tissue was analyzed in the spec
trometry mode on ToF-SIMS system 2. Here the MI standard was 
introduced to vacuum and analyzed at multiple time points with a 
current of 0.4 pA using Bi3+ ions.

The software SurfaceLab (version 7.3, IONTOF, Germany) was used 
to process, record, analyze and evaluate images and mass spectra.

2.4. Statistics

An automated peak selection was used to select m/z values of both 
the control and MI treated skin in SURFACELAB 7.1 software. The same 
mass range was selected (m/z 50 to m/z 800) for the stratum corneum 
and the viable epidermis. Data was imported to SIMCA software (version 
1.0, Umetrics, MKS Instruments Ltd.) as ion intensities normalized to the 
total ion count. Pareto scaling was performed, and analysis was carried 
out by principal component analysis (PCA).

3. Results and discussion

MI is a small molecule, with the molecular formula C4H5NOS (sup
plementary fig. S1), a molecular weight of 115 and a vapor pressure of 
0.062 mmHg at 25 ◦C[25]. Prior to analysis of MI in skin samples, and to 
understand how MI would behave under vacuum conditions, MI was 
applied on a silicon wafer and run in ToF-SIMS in both positive and 
negative polarities (negative data is not discussed), to get an indication 
about its stability and potential fragmentation patterns.

Spectra from the MI standard (supplementary information, fig. S2) 
showed the molecular ion [M + H]+ from MI at m/z 116.0. The most 
significant peak in the spectrum was sodium, Na+ at m/z 23. Sodium is 
an easily ionized species in ToF-SIMS, and thus it is usually one of the 
highest peaks in the positive ion mode. The spectra showed many other 
potential fragments such as m/z 62.9 and m/z 80.9 that are most likely to 
come from fragmentation or reaction of MI but these remained un
identified. Even with the vapor pressure of MI, the molecular ion 
remained fully stable in the vacuum of the ToF-SIMS for up to 5 h. In the 
skin tissue analyzed a similar stability is to be expected and the samples 
were analyzed within this timeframe. Hence, we chose to use the m/z 
116.0 ion for detection of MI in skin samples as its formation is 
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independent of the matrix being analyzed.
It should however be noted that the ionization of the molecule could 

be different inside the skin tissue based on the matrix of the sample. In 
ToF-SIMS, a primary ion beam bombards the surface of the sample and 
secondary species are ejected from the sample. Only a small fraction of 
the ejected secondary species are ionized and detected.[26] The ioni
zation process is strongly affected by the surface and bulk chemistry, i.e. 
the matrix effect.[27,28] In addition, the response of chemicals to the 
surrounding tissue is very specific and the ion yield of one chemical can 
be enhanced while the ion yield of another chemical can be decreased. 
This can make acquired data from biological samples difficult to inter
pret.[29,30].

3.1. TOF-SIMS analysis of MI in ex vivo human skin without argon 
sputtering (system 1)

ToF-SIMS was then performed on ex vivo skin tissue samples to study 
the uptake of MI and the lipid changes that were caused by MI exposure 
using initially the ToF-SIMS system 1 equipped with the 25 keV bismuth 
source. This system lacked an Ar-GCIB and the obtained data only re
flects the very top monolayers of the surface of the skin tissue cross- 
section. In ToF-SIMS, a pulsed and focused primary ion beam enables 
mass spectrometry imaging. When using conventional ToF-SIMS in
struments, the focusing modes of the primary ion beam can be adjusted 
to either get a high mass resolution or high lateral resolution. An 
alternative method to maintain the mass resolution with high spatial 
resolution is to extract secondary ions from the sample surface with a 
certain delay after the arrival of primary ions, i.e. so-called delayed 
extraction[24]. After identifying the peaks of interest, the delayed 
extraction imaging method was applied on the skin tissue and the MI 
molecular ion was located in the MI treated sample as shown in sup
plementary fig. S3.

The epidermis is the outermost layer of the skin. It consists of four 
distinctive layers, the superficial stratum corneum (SC), stratum gran
ulosum (SG), stratum spinosum (SS), and the innermost stratum basale 
(SB). The SG, SS and SB are part of the viable epidermis (VE, thickness: 
50–100 μm), whereas the SC (thickness: 10–20 μm) is part of the non- 
viable epidermis.[31] Fig. S3a reveals the total ion signal which shows 
a relative homogenous signal across all skin layers. The distribution for 
MI can be seen in fig. S3d and shows a distribution mainly in the SC but 
also inside the VE. Very little biologically relevant information could be 
revealed from the samples except signals from the phosphatidylcholine 
(PC) head group (m/z 184.1, fig. S3b) and cholesterol (m/z 369.3, fig. 
S3e). It was not possible to differentiate any clear morphological cell 
structures. A spectrum from the skin tissue analyzed using ToF-SIMS 
system 1 equipped with the 25 keV bismuth source using the spec
trometry mode can be seen in supplementary information fig. S4. A 
background signal from m/z 116.0 using spectrometry mode on this 
system was also seen (supplementary Fig. S7).

3.2. TOF-SIMS analysis of MI in ex vivo human skin with argon GCIB 
sputtering (system 2)

Additional MI and control samples were run on the ToF-SIMS system 
2 instrument using the 30 keV bismuth nanoprobe and Ar-GCIB sput
tering. The use of Ar-GCIB sputtering in biological ToF-SIMS imaging 
has significantly improved the technique by enabling the detection of 
large biomolecules with minimal sample damage, enhancing sputtering 
yield, and increasing secondary ion intensity [32–34]. Hence, immedi
ately prior to ToF-SIMS analysis, the samples were sputtered with the Ar- 
GCIB for 10 s (approx. 4E+14 ions/cm2) to reveal a fresh surface. The 
sample was then analyzed in the non-interlaced 3D imaging mode using 
sequential imaging with the bismuth nanoprobe and Ar-GCIB sputtering. 
The Ar-GCIB sputters the material from the top layer of the sample and 
allows for improved resolution of the depth profile. The Ar-GCIB is 
considered superior for biological applications to traditional sputtering 

sources like oxygen and cesium due to its ability to distribute ionic en
ergy across a cluster of argon atoms, allowing for softer ionization and 
reduced damage to the sample.[34] Several peaks of interest were 
identified from the ToF-SIMS spectra, including PC headgroup fragment 
ions at m/z 86.1 and m/z 184.1, and a cholesterol fragment ion at m/z 
369.3. Multiple monoacylglycerol fragment ions (m/z 311.1, 313.1, 
339.1) and diacylglycerol fragments (m/z 577.2, 601.3, 603.2, 605.3) 
were also observed as shown in supplementary information fig. S5. The 
MI fragment was identified at m/z 116.0 as discussed earlier.

The localization of the PC, MI, cholesterol and Na2PO3 ions is dis
played in Fig. 1. The images show clear cellular structures in the VE, 
including nuclei and phospholipid membranes. This image is compara
ble to previously published images which visualized GenoSkin biopsies 
using light sheet fluorescence microscopy. These images show a mature 
stratum corneum and the dermal-epidermal junction which is comprised 
of keratinocytes. Similar cellular structures can be seen using this 
improved ToF-SIMS mass spectrometry imaging technique compared to 
the initially used Tof-SIMS system 1. Non-homogenous skin structures 
have also been noted by others using OrbiSIMS and GCIB sputtering. 
[35].

In Fig. 1c, the Na2PO3 at m/z 124.9 can be seen and is also repre
sented in green in the overlay image in Fig. 1f. This was only detected in 
the upper layers of the VE, most likely the SG and SS and was at its 
highest intensity in keratinocytes. This indicates that this ion corre
sponds to a compound that is mainly restricted to the nucleus. Sur
rounding the cells was the PC headgroup fragment (m/z 184.1, Fig. 1b). 
This fragment was also only seen in the VE, corresponding with previ
ously published studies that conclude that levels of phospholipids are 
negligible in the SC.[36] The fragment appeared at its highest intensity 
on the surroundings of the Na2PO3 signal from the cells, indicating that 
this fragment makes up the phospholipid barrier. The MI ion appeared as 
a brighter band at the end of the SC layer but also showed a localization 
similar to the PC headgroup with a low continuous signal across the SC 
and VE (red in Fig. 1f). The signal from cholesterol could be seen mainly 
in the SC layer if the skin as shown in Fig. 1 (Cholesterol images from 
control tissue is seen in supplementary fig. S7).

Analysis of PBS exposed control tissue, also sputtered with Ar-GCIB 
for 10 s, revealed a low background signal at m/z 116.0 and a larger 
adjacent peak at m/z 116.1 that could potentially influence the signals in 
the MI exposed tissue. As this signal was relatively low, and the achieved 
mass resolution allowed separation of m/z 116.0 and m/z 116.1 the 
influence was considered to be non-significant as demonstrated in sup
plementary image S6. The distribution of m/z 116.0 in the control tissue 
is shown in supplementary fig. S7.

A linescan was generated which shows the intensity of the molecular 
ion from MI across the skin sample using ToF-SIMS system 1 and 2 as 
seen in Fig. 2a and b. Linescans were also generated of cholesterol (m/z 
369) and PC headgroup (m/z 86) to localize the SC and the VE respec
tively (Fig. S8). The linescan shows the initial accumulation of MI in the 
SC, and then a substantial increase in intensity at about 30–40 μm into 
the skin sample, representing the penetration of MI into the VE. The 
increase corresponds to the more intense MI signal that appears to 
penetrate the keratinocytes in the upper layers of the VE. The intensity 
of the ion then levels out and decreases slightly as the scan reaches the 
depths of 130–140 μm, representing the lower layers of the VE. The 
results from the line scan from the TOF-SIMS system 2 (Fig. 2b) using Ar- 
GCIB sputtering gives a clearer view of the penetration and shows an 
overall higher level of the ion also within the VE that was more difficult 
to see without Ar-GCIB sputtering. The initially high signal of MI on the 
SC is however lower after GCIB sputtering, indicating that sputtering 
affects the SC layer differentially than the VE layer.

This effect on the diminishing cholesterol signal in the SC could also 
be seen when applying a higher Ar ion dose to the skin tissue. Fig. 3
shows another example of MI exposed tissue where a higher Ar sputter 
dose of 5.3e14 ions/cm2 was applied. The total ion and phosphatidyl
choline appear unaffected (Fig. 3a and b), while the signal from 
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cholesterol in the SC is fully depleted (Fig. 3e); however, the contrast of 
the keratinocyte nuclei was much improved (Fig. 3c). The MI signal can 
still be detected in the SC and the penetration into VE can also be seen 
adjacent to the keratinocyte nuclei (Fig. 3d and f).

3.3. Effect of MI treatment on endogenous skin lipids

To investigate the effect of MI treatment on endogenous skin lipids, 
and due to the complexity of lipid composition in different layers of the 

skin, the SC and VE layers were analyzed separately. The cholesterol 
fragment at m/z 369.3 was used as a marker of the SC region, and the PC 
headgroup fragment at m/z 86.1 was used to identify the VE. Principal 
component analysis (PCA) suggested that lipid changes were more 
prominent in the SC rather than the VE of MI-treated samples. In the PCA 
scores plot (Fig. 4a), t(1) and t(2) denote the sample scores on the first 
and second principal components, showing how the individual skin 
samples are distributed according to their overall lipid profiles. The 
corresponding loadings plot (Fig. 4b) shows p(1) and p(2), which 

Fig. 1. ToF-SIMS data of the epidermal region of human ex vivo skin cross section (150 μm × 150 μm) after 10s Ar GCIB sputtering to 4E+14 ions/cm2. Data was 
acquired using system 2. Ion images of (a) total ion: arrow shows direction of penetration of MI into the skin; (b) phosphatidylcholine (PC) head group (m/z 184.1); 
(c) Na2PO3 nuclear fragment (m/z 124.9); (d) MI molecular ion (m/z 116.0); (e) cholesterol, SC marker (m/z 369.3); (f) a three-colour ion image of the MI fragment 
(in red), Na2PO3 nuclear fragment (in green), and PC (in blue, VE marker). VE: viable epidermis, SC: stratum corneum. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Linescans of the MI molecular ion (m/z 116.0), showing penetration of MI as a function of penetration depth (distance) from the top/edge of the skin tissue 
section into the epidermis and dermis by (a) ToF-SIMS system 1 and (b) ToF-SIMS system 2 with Ar-GCIB sputtering.
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indicate how strongly each m/z feature contributes to these components, 
thereby highlighting which lipid fragments drive the separation be
tween MI-treated and control samples. In detail, the PCA scores plot 
identified differences in the chemical composition of the SC of the 
control (PBS) samples and the treated MI samples [Fig. 4(a)]. The 
clustering of the MI treated samples (green) in a different quadrant 
compared to control samples (blue) indicates differences in the chemical 
makeup of these samples. The loadings plot indicated at which m/z 
values the most variability between samples was observed. The loadings 
plot identified changes in PC headgroup fragment at m/z 86.1 (high
lighted in blue), as well as some potential differences in diacylglycerol 
(DAG) content at an m/z of 577.4 (highlighted in red) [Fig. 4(b), 
magnified version in Fig. S9]. Mass peaks with positive loading values 
are related to the control samples, while those with negative loading 
values are related to the MI-treated samples.

To investigate lipid changes in more detail, a selection of ion peaks 
corresponding to different lipid species were selected and analyzed. 
Lipid species analyzed included PC headgroup (m/z 86.1 and m/z 184.1, 
Fig. 5a), cholesterol (m/z 369.3, Fig. 5b), monoacylglycerols (MAGs) 
(m/z 311.1 and m/z 313.1, Fig. 5c) and DAGs (m/z 577.4 and m/z 601.3, 
Fig. 5d). The differences in intensities of the peaks at these m/z values in 
the MI treated samples and controls were analyzed and significant de
creases in intensity were seen across many lipid species (Fig. 5).

The intensity of PC headgroup fragments at m/z 184.1 and m/z 86.1 
showed a small decrease after treatment with MI, although not statis
tically significant. It is possible that the decrease correlates with previ
ously published data which showed a decrease in another phospholipid, 
phosphatidylethanolamine (PE), in bacterial cultures treated with MI 
[37]. In addition, another sensitizing preservative, sorbic acid, has also 

been documented to induce a decrease in PC levels[38]. A decrease in PC 
headgroup fragment intensity has also been previously documented in 
the SC after treatment with metal allergens [39]. MI is known to induce 
an increase in ROS levels[40], which could lead to increased oxidative 
stress and lipid peroxidation, which could explain the reduction in PC 
levels observed above. Statistically significant decreases in intensity 
were however seen across the cholesterol, MAG, and DAG lipid species. 
DAG ions could also represent triacylglycerols (TAG), as TAG is frag
mented in ToF-SIMS to produce mainly DAG ions[41]. As the concen
tration of MI used in these experiments was equivalent to the 
concentration used in the patch testing for MI allergy, these lipid 
changes are of clinical relevance. In the VE, a significant decrease in 
cholesterol intensity at m/z 369.3 was observed, but there were no 
significant changes observed across the PC, MAG, and DAG lipid species. 
Additional ion intensity changes for hydrocarbon fragments are shown 
in Fig. S10, which shows a variation of increasing and decreasing in
tensities, indicating that the lipid changes observed upon MI treatment 
were not due to a matrix effect.

Changes in lipid composition have been previously implicated in the 
pathophysiology of multiple skin conditions including acne, atopic 
dermatitis, and psoriasis [42–44]. However, future research is needed to 
investigate the effect of lipid composition changes in skin sensitization 
and ACD. Future strategies should include investigation of skin metab
olites[45] and lipids in response to MI and also and MALDI MSI at higher 
mass resolution for more robust lipid analysis to also better understand 
any matrix effects [46]. Additionally, Future studies should investigate 
whether the duration of inflammation influences allergen sensitization 
by altering immune cell engagement rather than simply penetration 
depth. Specifically, tagging dermal dendritic cells and innate lymphoid 

Fig. 3. ToF-SIMS data of the epidermal region of human ex vivo skin cross section (105 μm × 105 μm) after Ar GCIB sputtering to 5.3E+15 ions/cm2. Ion images of 
(a) total ion; (b) phosphatidylcholine (PC) head group (m/z 184.1); (c) Na2PO3 nuclear fragment (m/z 124.9); (d) MI fragment (m/z 116.0), (e) cholesterol, SC marker 
(m/z 369.3); (f) a three-colour ion image of the MI fragment (in red), Na2PO3 nuclear fragment (in green), and PC (in blue, VE marker). VE: viable epidermis, SC: 
stratum corneum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cells will help determine their proximity to potent allergens such as 
methylisothiazolinone (MI). Repeating these experiments in chronically 
inflamed skin with less potent allergens, such as propylene glycol, will 
clarify whether differences in sensitization are driven by allergen 

potency or changes in skin immune microenvironment.

Fig. 4. (a) 2D score plot and (b) loadings plot for PCA of ToF-SIMS data of the SC of MI-treated ex vivo human skin (green) and control (PBS-treated) ex vivo skin 
(blue). t(1) and t(2) represent the first and second principal components while p(1) and (p2) denote the variable loadings. Data was extracted and analyzed as 
normalized intensities to total ion count. Scores plot includes all peaks from a range of m/z 50 to 610. Green samples labelled M1/M2/M3/M4 are MI treated samples, 
and blue samples labelled C1/C2/C3/C4 are control samples. R2X[1] and R2X[2] correspond to the proportion of the variance in the data set that is explained by 
principal component 1 and principal component 2 respectively, in the PCA analysis. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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4. Conclusions

ToF-SIMS imaging could directly visualize the distribution of 2- 
methyl-4-isothiazolin-3-one (MI) in human ex vivo skin (Genoskin) 
using the molecular ion m/z 116.0. The distribution was clearly seen in 
the SC layer and extended from the skin surface to about 130–140 μm 
inside the skin into the VE region as confirmed by line scans. Sputtering 
with Ar-GCIB prior to and during analysis resulted in considerably 
higher clarity of the cellular structures that make up the skin model, and 
increased clarity of the penetration of MI into the VE and in the regions 
adjacent to the keratinocytes. Treatment of ex vivo skin with MI resulted 
in changes in the skin lipid composition of the SC.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.microc.2025.116162.

Fig. 5. SC skin lipid analysis for PBS control treated and MI treated ex vivo human skin. Data was normalized to total ion count in positive ion mode. Skin was treated 
with 0.0175 M MI in PBS. Data was analyzed by two-way ANOVA, with Šidák post-hoc test for multiple comparisons. Cholesterol data was analyzed by unpaired 
students t-test. * = p < 0.05, *** = p < 0.001, **** = p < 0.0001, ns = no significance. n = 4.
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