Vilela et al. Journal of Occupational Medicine and Toxicology (2024) 19:44 Journal of Occu pationa|
https://doi.org/10.1186/512995-024-00442-5 . . .
Medicine and Toxicology

RESEARCH Open Access

®

Check for
updates

Retention of nickel, cobalt and chromium
in skin at conditions mimicking intense
hand hygiene practices using water, soap,
and hand-disinfectant in vitro
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Abstract

Background During the COVID-19 pandemic, increased hand hygiene practices using water, soap and hand
disinfectants, became prevalent, particularly among frontline workers. This study investigates the impact of these
practices on the skin’s ability to retain the allergenic metals nickel, cobalt, and chromium. The study constitutes
three parts: (I) creating an impaired skin barrier, (Il) exposing treated and untreated skin to nickel alone, and (lll) in
co-exposure with cobalt and chromium.

Methods Using full-thickness skin from stillborn piglets, in vitro experiments were conducted to assess retention of
metals in skin at conditions mimicking intense hand hygiene practices. Treatment of skin with varying concentrations
of sodium lauryl sulphate (SLS), to impair its barrier integrity was assessed. This was followed by exposure of treated
and untreated skin to the metals, that were dissolved in Milli-Q water, 0.5% SLS, and ethanol respectively.

Results Results showed that pre-treatment with 5% SLS impaired the skin barrier with regards to the measure of
trans epidermal water loss (TEWL). Metal amounts retained in the skin were generally higher in treated than untreated
skin. The highest amounts of metal retained in skin were observed for exposure to nickel in ethanol. Co-exposure to
nickel, cobalt, and chromium in 0.5% SLS resulted in the highest amounts of total metal retention.

Conclusions The in vitro findings highlight the increased risk of metal retention in skin due to an impaired barrier.
The SLS concentration used in the current study corresponds to those used in many hand hygiene products. Hence,
occupational settings with frequent exposure to water, soap and disinfectants need to consider protective measures
not only for the irritant exposures themselves but also simultaneous exposure to allergenic metals.
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Introduction

During the Coronavirus pandemic 2019 (COVID-19),
hygiene practices changed and more frequent expo-
sure to water and hand disinfectants was observed [1].
Several studies related to increased hygiene measures
during this period, have focused on healthcare workers
and how such COVID-19 related measures increased
skin- health issues [2—5]. Correspondingly, an increased
self-reported exposure to water, soap and usage of hand
disinfectant were demonstrated in frontline workers and
IT personnel, i.e., occupations outside of the hospital set-
ting that required presence at the workplace and one that
could largely work from home [6]. Additionally, frontline
workers also reported higher frequency of hand eczema
than IT personnel [6], which is in line with the associa-
tions between increased hand washing and hand eczema
observed for healthcare workers [2-5].

The most common cause of occupational skin disease
has previously been reported to be occupational contact
dermatitis [7, 8], which depending on aetiology, can be
divided into irritant contact dermatitis and allergic con-
tact dermatitis. While water, detergents, and cleansers
are among the most important irritants, also having the
ability to impair the skin barrier [9-11], the allergenic
metals nickel, cobalt and chromium are common causes
of occupational contact dermatitis [12]. Simultaneous or
consecutive exposure to both irritant/barrier damaging
chemicals and allergens is common, not least in wet work
occupations [13], including health care workers [14]. In
addition, such combined exposures will affect the possi-
bility and degree of penetration and retention of allergens
into the skin, although to an unknown extent.
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The hypothesis of this study was that increased hand
hygiene practices, amidst the COVID-19 pandemic,
could lead to an impaired skin barrier, which in turn,
might affect the skin barrier’s ability to retain allergenic
metals. To test this hypothesis, in vitro experiments were
performed in accordance with the OECD Test Guide-
line for skin absorption [15] to study retention of metals,
in different solvents. The aim was to elucidate to what
degree skin penetration occurred at exposure, under con-
ditions mimicking intensive hand cleaning with water,
soap, hand sanitizer.

Methods

In in vitro-experiments to study retention of allergenic
metals in skin, conditions mimicking intense hand
hygiene practices using water, soap and hand-disinfec-
tant, were obtained by simultaneous exposure to nickel
alone or in combination with cobalt and chromium, and
the exposure solvents Milli-Q water, 0.5% sodium lau-
ryl sulphate (SLS) and ethanol, respectively. In addition,
skin with impaired barrier properties, to further resem-
ble damage from intensive hand hygiene, was created
via pre-treatment with SLS. In practical terms, the study
was divided into three different experimental parts; I - in
which conditions causing an impaired skin barrier were
tested and evaluated, II - in which treated and untreated
skin were exposed to nickel in Milli-Q water, 0.5% SLS
and ethanol, and /I - in which treated and untreated
skin were co-exposed to nickel, cobalt and chromium in
Milli-Q water, 0.5% SLS and ethanol, Fig. 1. (Flowchart
of the chronological order of the study can be found in
Supplementary Material Figure S1). All material used in
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Fig. 1 Schematic illustration of the three experimental parts (|, Il, lll) of the study
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experiments were acid washed (soaked for 24 h in 10%
HNO,, rinsed three times with ultrapure water and dried
in ambient laboratory air) or cleaned with ethanol, to
avoid any possible metal contamination.

Skin for experiments

Full-thickness skin of stillborn piglets from commercial
breeders was used in the present study. As the animals
were not bred for research purposes, the use is exempt
from the Swedish Agency for Agriculture’s require-
ments for ethical vetting of research involving animals.
Although the OCED TG 428 does not specify the use
of pig skin, the GD 156 [16] state the fact that pig skin
is considered an appropriate alternative to human skin,
which is also in line with the results from a review of in
vitro penetration studies by Barbero et Frasch [17]. Pig
skin is routinely used in skin permeation assays as it has
been shown to have similar permeability characteristic to
human skin [17-20]. Stillborn piglet skin has also been
reported to have comparable permeability to human
skin for organic compounds [21, 22]. No data is available
regarding its metal permeability, but it has been used in
other studies of metal retention, for nickel, cobalt, chro-
mium and lead [23, 24].

At arrival to the laboratory, stillborn piglets were
rinsed with lukewarm water, after which skin integrity
was checked by measuring the transepidermal water
loss (TEWL, Dermalab, Cortex Technology, Hadsund,
Denmark).

To simulate experimental exposure conditions affected
by intense hand hygiene practices, the skin of stillborn
piglets was washed with water and soap for 5 min (DAX
Mildtval Oparfymerad, KiiltoClean, Hyllie Stationstorg
2, Malmo, Sweden) or repeatedly treated 25 times with
hand disinfectant (DES 75 vol%, LIV by Clemondo, Hel-
singborg, Sweden) in situ. Based on the results from
TEWL measurements following each step in the pro-
cedure, the approach was concluded to not efficiently
impair the skin barrier and hence, were not used for the
experiments (for more information on TEWL values and
the procedure see Supplementary Material TableS1).

Full thickness skin (mean thickness 0.86+0.22 mm)
was collected from the back and flank of the stillborn
piglets (<24 h post-mortem) and the effect of excision
on the skin was checked measuring TEWL at four dif-
ferent locations in each skin piece. Skin thickness was
measured with a digital micrometre (model number
293-666-20 Mitutoyo, Kawasaki, Japan). An average
TEWL>11 g-m~*h~! was used as a cut-off for inclusion
[25, 26]. However, no skin pieces had to be discarded.
The average TEWL for the skin was 7.25+1.22 g-m~%-h~%.
Next, the skin was wrapped in polyethene film and alu-
minium foil and stored at —20°C until later use within 3
months.
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On the day of experiments, using a sterile scalpel
(Kiato, Sylak AB, Askim, Sweden) 3x3 cm skin pieces
were cut from each frozen skin and placed in a petri dish
to thaw for 30 min at room temperature. Thereafter, the
barrier integrity of each skin piece was controlled. The
measured TEWL of all skin samples were <11 g-m~%h"1,

Treatment of skin with SLS (l)

Pre-treatment of skin to alter the barrier integrity can be
performed by physical means [27], but for the purposes
of this study, a pre-treatment with aqueous SLS was elab-
orated based on the OECD TG 439 for in vitro skin irrita-
tion [28].

After the thawing of skin, 500 pl PBS (PBS, pH=7.4,
Gibco Life Technologies, Thermo Fisher Scientific,
Waltham, MA, USA) was put in the petri dish under-
neath the 3x3 cm skin piece to prevent dehydration.
The skin surface was exposed to 200 ul of SLS-solutions
(diluted from 20% SLS in H,O, Sigma-Aldrich, Schnell-
dorf, Germany) at different concentrations; 0.5, 1, 2, 5,
and 10% in Milli-Q water (18.2 MQ -cm™}, Merck Milli-
pore, Darmstadt, Germany) for 1 h, covered by the petri
dish lid [29]. The concentrations were chosen based on
available literature where 0.5-2% SLS concentrations has
been used to irritate human skin [11, 30, 31]. OECD test
guidelines for in vitro skin irritation using reconstructed
human epidermis suggest the use of 5% aqueous SLS
as positive control [28]. Due to the different skin mod-
els used in the available literature, and to ensure that we
select the SLS concentration with the highest effect on
the skin barrier, we decided to test also 10%, a concentra-
tion above those reported in the previous literature. The
SLS was removed by rinsing with 4 ml (2 ml per side) of
deionized water (dH,O, 16.8 MQ-cm™). In total, four
replicate samples were produced for each concentration
tested with skin originating from four different piglets.
The experiments for the two highest concentrations 5
and 10% respectively, were repeated and the results are
thus based on 8 replicate samples. The TEWL values for
each skin sample was recorded 20 min after removing the
treatment.

Franz diffusion cell experiments (II, Ill)

A series of experiments were conducted to evaluate the
ability of the skin barrier to retain metals given condi-
tions without and with SLS pre-treatment, to alter the
skin barrier, and the simultaneous exposure to Milli-Q
water, 0.5% SLS and ethanol, to mimic intensive hand
hygiene practices using water, soap and hand sanitizer,
respectively. The OECD TG 428 for skin absorption [15]
and GD 156 [16] constituted the starting point for experi-
ments with a focus on the study of the skin barrier as
boundary for exposure.
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Six jacketed Franz cells (orifice diameter 11.28 mm,
corresponding to an exposure area of 0.95 cm?, recep-
tor volume 3 ml, Permegear, Bethlehem, PA, USA) were
mounted on an adapted magnetic stirrer plate (HP 6
Variomag, H+P Labortechnik, Munick, Germany) and
by means of circulating water from a thermostat water
bath (AT 110, Heto, Alleod, Denmark) the diffusion cells
were tempered at 32°C. PBS was used as receptor fluid
and was kept stirred using Teflon coated magnetic stir-
ring bars. Skin pieces were mounted onto the Franz cells
15 min before the start of metal exposures.

This study comprises twenty-four different exposure
scenarios each tested on both treated and untreated skin
(Table 1), with a dose range of relevance for occupational
settings and exposure time that mimic real-life work
periods (short exposure and full day work shift) [32—34].
In the experimental part II, skin was exposed to nickel
(1.36 umol corresponding to a dose of 80 pg Ni/cm?) dis-
solved in Milli-Q water, 0.5% SLS and ethanol (=96%, v/v,
TechniSolv®, France) for 2 and 8 h. In part III, skin was
similarly co-exposed to equimolar amounts of nickel,
cobalt and chromium (4.09 umol corresponding to a dose
of 80 g Ni+80 pg Co+71 pg Cr/cm?) in the three expo-
sure solvents. The donor solutions were prepared using
two metal reference materials: a standard nickel stock
solution (10 000 pg Ni/ml in 2.5% HNO,, Spectrascan,
Teknolab, Ski, Norway) and a special, equimolar high
concentration reference material of nickel+cobalt+chro-
mium (Ni+Co+Cr 200 mmol/l in 10% HNO;, Spec-
trascan, Teknolab, Ski, Norway).

Once the skin exposures to metal were initiated, the
donor compartment and sampling port were occluded
with parafilm (PARAFILM®, American National Can™).
Blank (Milli-Q) exposures were carried out in parallel to
enable control for any metal baseline quantities found in
the skin (Supplementary Material Figure S2).

Table 1 Exposure experiments included in the current study.
Piglet skin was classified as treated when it was exposed to
5% SLS for 1 h, and it was classified as untreated when it was
left intact. The metal exposures were either nickel alone or in
co-exposure with cobalt and chromium. Metals were dissolved
in three types of exposure solvents (Milli-Q water, 0.5% SLS
or ethanol), and per type of solvent the skin from six different
piglet individuals was used (n=6). Exposure time was 2-8 h.
experiments shown in the table were performed for both nickel
single exposure and co-exposure to nickel, cobalt and chromium.
Including blank samples, a total of 48 different experiments were
run, resulting in 288 Franz diffusion cells in total, and the skin of
36 different piglet individuals (N=36) were used

Metal(s) dissolved in

Milli-Q 0.5% SLS Ethanol

(n=6) (n=6) (n=6)

Piglet skin Treated 2h,8h 2h,8h 2h,8h
Untreated 2h,8h 2h,8h 2h,8h
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Metal quantification

Post exposure, the skin surface was rinsed with 2 ml
dH,O per side (4 ml in total). Biopsy punches (Kai
medical, 8 mm diameter) were taken from the exposed
area and placed in polypropylene-plastic tubes (12 ml,
Sarstedt, Niimbrecht, Germany) with 1 ml of 67% HNO,
for 48 h (until fully digested). Prior to metal analysis,
50 ul of digested skin was diluted with 4.95 ml of dH,0
and spiked with 20 pl of indium (1.255 pg In/ml, diluted
from stock solution of 999+5 pg In/ml in 2% HNO;,
Spectrascan, Teknolab, Ski, Norway).

Quantitative analyses of Ni, Co and Cr were performed
using Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS iCAP Q Thermo Fisher Scientific, Qtegra ver-
sion 2.10). Concentrations of *®Ni, ®°Ni, *°Co, and *2Cr,
were analysed in kinetic energy discrimination (KED)
measurement mode using helium gas to reduce any poly-
atomic interference and argon as nebulizer gas, cool gas,
and auxiliary gas.

Matrix-matched standards for calibration with the con-
centrations of 0, 0.1, 1, 5, 10, 50, 100 and 500 pg/1 Ni, Co,
Cr and Pb in 2% HNO; (67-69% HNO3, VWR, Norma-
tom, Leuven, Belgium) were diluted from single metal
reference materials (Ni: 1001+4 pg/ml in 2% HNO; (v/v);
Co: 10003 pg/ml in 3% HNO; (v/v); Cr: 10024 pg/ml
in 2% HNO; (v/v); Pb: 998+4 pg/ml in 0.5% HNO; (v/v),
Spectrascan, Teknolab, Ski, Norway).

To ensure statistical certainty, each sample was ana-
lysed three to five times. The limit of detection (LOD)
(based on 7 concentration points of the STD curve in the
ICP-MS) was set at 0.079 pg/l for **Ni, 0.082 pg/l *Ni,
0.004 pg/l *Co, and 0.19 pg/l >*Cr. All exposed samples
analysed were above LOD. Nickel quantities found in
samples was calculated as an average of *Ni and ®Ni.

Statistical analysis

Any statistical relationship between the amount of metal
retained in skin at exposures to nickel alone or in com-
bination with cobalt and chromium in three exposure
solvents for treated and untreated skin at two different
time-points were evaluated using the Mann-Whitney
U-test (GraphPad Prism version 9.5.0).

To determine which variable (TEWL, skin thickness,
+/- SLS treatment, single nickel or Ni+Co+Cr co-expo-
sure in Milli-Q water, 0.5% SLS or ethanol, and exposure
time) affect metal retention in skin, linear regression
with log-transformed amount of retained metal was per-
formed using R (Version 4.4.1 (2024-06-14 ucrt)).

Results

Conditions causing an impaired skin barrier (l)

The median of TEWL values recorded after each step in
the preparation of skin for experiments, and after treat-
ment with five different aqueous SLS concentrations
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(0.5%, 1%, 2%, 5% and 10%) respectively, are compiled in
Table 2. A ATEWL was calculated from the difference
between the measured TEWL value after freezing (post
thawing) and the TEWL value after SLS treatment. The
results show that among the tested concentrations, 5%
aqueous SLS alters the skin barrier the most.

Skin exposure to nickel in Milli-Q water, 0.5% SLS and
ethanol (Il)

Higher amounts of nickel were generally measured in
treated skin compared to untreated (Fig. 2, top), and the
difference was statistically significant for nickel exposure
in Milli-Q water. The highest degree of nickel retention
was observed for the exposure in ethanol (0.20 and 0.26
umol for the 2- and 8-hour time-points in treated skin,
and 0.16 and 0.22 pumol for the 2- and 8-hour time-points
in untreated skin, respectively) followed by exposure in
0.5% SLS and Milli-Q water. The same tendency, however
less pronounced, was observed for the 2- and 8-hours
skin exposure to nickel in 0.5% SLS (0.07 and 0.12 pmol
for the treated skin and 0.06 and 0.08 pumol for the
untreated skin) and Milli-Q water (0.09 and 0.11 pmol for
the treated and 0.03 and 0.04 pumol for the untreated skin,
respectively).

Co-exposure to nickel, cobalt and chromium in Milli-Q
water, 0.5% SLS and ethanol (lll)

The proportion of nickel, cobalt and chromium amounts
measured in treated as well as untreated skin after 2- and
8 h of exposure respectively, consistently reflected the
equimolar conditions of the co-exposure to nickel cobalt
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and chromium (Fig. 2, middle). Similar as to the single
exposure to nickel, larger amounts of metal were mea-
sured in the treated skin compared to untreated. When
the retained amounts of nickel, cobalt and chromium
were added, the total amount of metal in skin were found
to be at the same level as for nickel single exposure in the
cases of exposure in Milli-Q water and ethanol (Fig. 2,
bottom). For the co-exposure of nickel, cobalt and chro-
mium in 0.5% SLS, the total amounts of metal in skin
were instead approximately three times the amounts of
that from nickel single exposure and in the same range
as for single and co-exposure in ethanol. The difference
between metal amounts retained in treated skin was sta-
tistically significant only after 8 h of exposure to metals
in 0.5% SLS (0.29 and 0.17 pmol Ni+Co+Cr in treated
vs. untreated skin) while in ethanol the significance was
obtained for both 2- and 8 h of exposure (0.07 and 0.16
pumol Ni+Co+Cr after 2 h and 0.13 and 0.27 after 8 h
exposure in treated and untreated skin respectively). For
metal co-exposure in Milli-Q water, there were simi-
lar amounts of the individual metals measured in skin
after 2 h (0.01-0.02 pmol), while the treatment of skin
resulted in higher, although not statistically significantly
higher, amounts of total metals in skin after 8 h (0.12
pmol Ni+Co+Cr in treated compared to 0.06 pmol
Ni+Co+Cr in untreated skin). More information on the
individual amounts of Ni, Co, and Cr retained after co-
exposure can be found in Supplementary Material Table
S2.

Table 2 Median TEWL values recorded (g-m~2-h~") for each step (a-d) of the skin preparation procedure including SLS treatment at
different concentrations. The TEWL was measured four times at different locations on each skin piece immediately after each step of
the skin preparation procedure (a-b) and three times 30 min after thawing the skin (c) and 20 min after removing the SLS treatment
(d). The range of these repeated measurements, somewhat indicative of intra- and inter individual variations, is represented by min

and max values

Piglet identification PIG 1 PIG2 PIG3 PIG1 &4 PIG2 &4
Median Median Median Median Median
(min; max) (min; max) (min; max) (min; max) (min; max)
Preparation of skin for experiment
a) After rinsing with lukewarm water in situ 11.35 8.10 425 485 535
(5.8;15) 6.8;12.2) (3.1;6.1) (2.9;15.0) (2.9,9.0)
b) Excised skin 4.55 9.20 4.10 5.15 7.65
(4.3;53) (7.9,9.8) (3.8;,4.4) (4.3,74) (5.0;,9.8)
Skin stored in freezer for up to 3 months
)] After thawing 7.15 8.75 6.95 740 6.90
6.6;7.8) (6.8;10.7) (6.2;8.5) (5.5;9.4) (6.0;10.8)
SLS concentration 0.5%* 1%* 2%* 5%** 109%**
d) After SLS treatment 11.20 10.75 9.15 13.10 11.10
(7.8;14.8) (94;134) (7.7,10.8) (9.3;31.0) (94;26.2)
ATEWL (d-c) 4.05 2.00 2.20 5.70%** 4.20

*skin from one piglet for each concentration, four samples, n=4

**skin from two different piglets for each concentration, eight samples, =8

***SLS 5% was chosen to treat skin samples with for Part Il and Part IlI, since it produced the highest change in ATEWL
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Fig. 2 Measured amounts of metal (umol) in treated (grey bars) and untreated skin (white bars) following exposure to metals in Milli-Q water, 0.5%
SLS and ethanol for 2 and 8 h, respectively. Results from single exposure to nickel is shown in the top row. The results for the combined exposure to
equimolar amounts of nickel, cobalt and chromium are displayed per metal (middle section) and added (bottom). Data is presented as mean values of
from six replicate experiments (n=6, data points) with bars showing the standard deviation. Statistically significant relationships were indicated as (*) for
p-values<0.01 and (**) for p-values <0.001

Linear regression with log-transformed retained metal

amounts

Among the independent variables tested, SLS pre-treat-
ment, the exposure solvent (Milli-Q water, 0.5% SLS and
ethanol), the exposure time and the metal combination

have shown to affect the retention of nickel in skin in a
statistically significant manner (Supplementary Mate-
rial Table S3). Moreover, nickel skin retention is affected
negatively (coefficient —0.997) when in the presence
of cobalt and chromium, meaning that the presence of



Vilela et al. Journal of Occupational Medicine and Toxicology

other metals in the co-exposure results in lower nickel
retention in skin, although the total metal content
(Ni+Co+Cr) was higher (see also Fig. 2, bottom row).

In the linear model skin thickness and TEWL (see also
Supplementary Material Figure S3 and S4) did not have
a statistically significant effect on the nickel skin reten-
tion. The model analysis thus indicates that TEWL is not
a good predictor of metal in the skin.

Discussion
The present study demonstrates how the skin’s ability to
resist exposure and retain allergenic metals is affected by
exposure conditions mimicking intensive hand hygiene
practices using water, soap and hand sanitizer and
impaired barrier properties. First, we found that experi-
mental treatment of piglet skin with 5% SLS efficiently
alters the barrier integrity by means of TEWL. By adopt-
ing an established OECD method for skin absorption, we
then conducted in vitro experiments that confirmed the
SLS treatment consistently facilitated nickel skin pen-
etration, and that exposure to single nickel in ethanol
resulted in the highest amount of nickel in skin, com-
pared to that from exposure in Milli-Q water or 0.5% SLS.
Finally, co-exposure to nickel, cobalt and chromium in
Milli-Q water, 0.5% SLS or ethanol respectively, showed
that the amount of metal measured in the skin reflected
the equimolar conditions upon exposure and that none
of the metals penetrated or retained in the skin more
readily than the other. Furthermore, following metal co-
exposure in Milli-Q water and ethanol, the metal amount
detected in skin added up to similar levels as observed for
exposure to nickel only, while for the exposure in 0.5%
SLS, the total amount of metal measured in skin doubled.
Impairing the barrier properties of skin using SLS is
recommended by OECD TG 439 for in vitro skin irrita-
tion [28] and was previously used e.g., in vivo to cause
irritation in a study of skin deposition and penetration of
nickel [31]. In the present case, SLS treatment of skin was
the preferred option since it was considered to addition-
ally contribute to exposure conditions aimed to mimic
the effect of hand hygiene practices. SLS concentrations
in consumer products typically ranges from 0.01 to 50%
in cosmetic products and 1-30% in cleaning products
[30]. In a series of experiments, we investigated at which
concentration the SLS treatment was most effective with
respect to changed barrier properties and thus increased
TEWL. We found that 5% SLS was more effective than
treatment with 10% SLS, despite a relatively large vari-
ability among the 8 replicates from two different piglet
individuals (Table 2). The TEWL measure reflects stra-
tum corneum integrity, i.e., the main barrier for per-
meation resistance, and serves as a predictor of solvent
permeation [35]. However, it does not seem to be a good
predictor of metal retention in skin, as no correlation was
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observed between measured amounts of metal in skin
and the degree of TEWL changes (Supplementary Mate-
rial Figure S4). Alternative measures, in human skin, of
natural moisturizing factor (NMF) and IL-1a are prom-
ising markers for other types of barrier properties such
as permeation in deeper skin layers and inflammatory
parameters [10], but more research is needed to deter-
mine their usefulness as a predictor for skin uptake of
allergenic metals.

The results from exposure of untreated and treated
skin, confirmed that the SLS pre-treatment enhances
penetration of nickel and higher amounts of nickel were
retained in skin compared to the untreated case. This
is in line with previous findings on irritancy and skin
damage caused by SLS as evaluated by several methods
including the TEWL measure [9, 36, 37] and the ability of
SLS to enhance permeation of other compounds [38—-40].
Although the exact mechanism of SLS on skin barrier
function has not been clarified, studies have pointed to
delipidization [41, 42], morphological changes of corneo-
cytes [43], or to damage to the deeper nucleated layers of
the epidermis [44, 45]. These changes to the lipid lamellae
organization may have contributed to the higher increase
of nickel into the SLS treated skin.

Also, water causes skin irritancy and disruption similar
to that of surfactants [11] but no study to our knowledge
have investigated the permeation enhancing capacity of
water. Since the results of nickel in untreated skin from
exposure in Milli-Q water is the lowest that we observe in
our experiments, it is anticipated that the SLS, both the
pre-treatment and the exposure to 0.5% SLS have a larger
influence on metal penetration and retention in skin than
the other tested exposure solvents. The highest measured
levels in the skin were observed for exposure to nickel in
ethanol, which at the same time showed a large variation
between the repeated experiments. This can be partially
explained by inter-individual skin differences rather than
the ethanol itself, indicated also by the TEWL values
observed (Table 2, Supplementary Material Figure S4). In
addition, ethanol interacts with stratum corneum lipids
[46] and is known to be a skin permeation enhancer [47],
which could contribute to the explanation of the high
nickel levels measured in the skin after ethanol exposure.

When comparing our results with human nickel pen-
etration studies, a major limitation is that human volun-
teer studies only investigate nickel penetration in stratum
corneum, and varying number of layers of stratum cor-
neum as the commonly used method tape-stripping is
difficult to standardise. However, human volunteer data
do indicate that nickel penetrates beyond the stratum
corneum more efficiently in cases of either a filaggrin
mutation or pre-treatment of skin with SLS [31, 48]. The
fact that we find more nickel in skin after SLS treatment
than in the reported human studies, is likely a result of
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analysing the entire skin, and not only the stratum cor-
neum. When comparing our data to other in vitro stud-
ies, using human skin, nickel powder has been shown to
penetrate damaged skin to a higher extent, together with
also cobalt and chromium powders [49]. Furthermore,
nickel has been shown to quickly penetrate beyond the
stratum corneum in skin after exposure using various
methodologies. The results from an in vitro study using
nickel salts [50] have shown that less nickel is recovered
from the stratum corneum surface as the exposure time
increases. Furthermore, findings from tape-stripping [51]
and imaging mass spectrometry [52], indicate that nickel
can penetrate the deepest layers of the stratum corneum
and enter the upper living epidermis.

The measured amounts of nickel, cobalt and chromium
in the skin after combined exposure showed proportion-
ality with the equimolar composition of the metals upon
exposure and thus no possible preferential retention
of the allergenic metals could be demonstrated. Results
show that metal penetration occur in a time-dependent
manner, which is in line with previous observations of
simultaneous exposure to several metals [23]. The same
study reported that the sum of metals in co-exposure
(Ni, Co and Cr) resulted in higher metal amounts mea-
sured in skin compared to their single-metal-exposure
counterparts, a tendency that was observed only for the
metal co-exposure in 0.5% SLS in the current study. For
exposures in Milli-Q water and ethanol, i.e., without sur-
factant present, the sum of metals from co-exposure is
similar to the amount of nickel in the single metal expo-
sure case. This finding indicates the possibility that the
skin’s ability to retain metals has a saturation limit deter-
mined by the status of the skin barrier and the magnitude
of the dose, in other words, infinite or finite conditions.

The present study focussed on the skin retention of
nickel under different exposure conditions and skin sta-
tus. A disadvantage of this study design is that, for various
reasons including time and resources, metal concentra-
tions in the receptor have not been quantified. With
the information on percutaneously absorbed amounts,
a better understanding of the skin’s barrier properties
and ability to retain the metals that penetrated stratum
corneum, could have been obtained. Having studied the
single exposures to cobalt and chromium would as well
have contributed to understanding potential co-exposure
effects also for these metals. Another obvious limitation
of the current study is the number of replicated experi-
ments (n=6) and the number and distribution of piglet
individuals exposed to metals (n=18), where a larger
scale would of course be desirable in order to control for
inter-individual variations.

This study is occupationally relevant as it demonstrates
that a damaged skin barrier can absorb metals into the
stratum corneum and deeper layers. This finding is
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particularly important for the many occupational groups
working with both metals and wet work. It is known that
nickel, cobalt and to some extent also chromium allergy
is prevalent in, for example, car mechanics, electroplat-
ers, health care workers, cement workers, hard-metal
workers and electronic workers [53-59]. Common expo-
sure factors in these occupations are direct contact with
metals in skin on hands, coupled to extensive cleaning
of hands with water, soap and sometimes even abrasive
creams. Therefore, careful attention to prevention is
warranted in these types of occupations with regards to
metal exposure and hand hygiene practices. Recommen-
dations of hand hygiene practices could be developed
into specific guidelines taking into consideration each
case where the skin needs protection. This has to be done
on a case-by-case approach since the exposure scenarios
may vary substantially.

Conclusion

In this study, we have demonstrated that an SLS treat-
ment of skin alters the skin barrier properties with
regards to TEWL. Furthermore, we have investigated
differences in nickel retention between treated and
untreated skin and how it is affected by exposure to other
allergenic metals and continued skin-altering treatment
mimicking intensive hand hygiene practices in the form
of water, a surfactant and ethanol. In all investigated
exposure cases, the treated skin is subject to higher level
of metal retention. The exposure to nickel in ethanol and
combined exposure to metals in 0.5% SLS, respectively,
constitute the most severe scenarios, leading to the high-
est metal retention cases. These findings are important,
as they show that hygiene practices could lead to an
increased retention of metals in the skin. This highlights
the need for suitable skin protection practices that do
not disrupt the skin barrier, especially for those occupa-
tions with a high metal exposure or wet work exposure in
combination with metals exposure. Furthermore, future
research should be focused on elaborating these findings
in occupationally exposed worker cohorts, to validate the
results of the study in real-life settings.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512995-024-00442-5.

[ Supplementary Material 1 J

Acknowledgements

We would like to acknowledge MD. Ina Anveden Berglind and MD. Maria
Lagrelius for their help translating high intensity hand washing practices from
those observed in clinical setting to in vitro experiment.

Author contributions
Vilela, L. and Midander, K. wrote the main manuscript text and the
supplementary material. Vilela, L. prepared Figs. 1 and 2; Table 1 and Figures


https://doi.org/10.1186/s12995-024-00442-5
https://doi.org/10.1186/s12995-024-00442-5

Vilela et al. Journal of Occupational Medicine and Toxicology

S1-S4 and Tables S1-S3 and oversaw the software used in the manuscript.
All authors took part in the investigation, formal analysis, visualization

and reviewing and editing of the manuscript. Schenk, L., Julander, A. and
Midander, K. took part on the conceptualization, validation, methodology,
data curation and supervision. Julander, A. was in charge of the funding
acquisition and is also the project leader.

Funding
Open access funding provided by Karolinska Institute. The study was financed
by research grants from the AFA Insurance (Dnr 200230), Pl Anneli Julander.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have approved the submission of the manuscript and consent for
its publication in the Journal of Occupational Medicine and Toxicology.

Competing interests
The authors declare no competing interests.

Received: 30 July 2024 / Accepted: 21 October 2024
Published online: 06 November 2024

References

1. Szczuka Z, Abraham C, Baban A, et al. The trajectory of COVID-19 pandemic
and handwashing adherence: findings from 14 countries. BMC Public Health.
2021;21(1):1791.

2. Guertler A, Moellhoff N, Schenck TL, et al. Onset of occupational hand
eczema among healthcare workers during the SARS-CoV-2 pandemic:
comparing a single surgical site with a COVID-19 intensive care unit. Contact
Dermat. 2020;83(2):108-14.

3. Hamnerius N, Pontén A, Bergendorff O, Bruze M, Bjork J, Svedman C. Skin
exposures, Hand Eczema and facial skin disease in Healthcare workers during
the COVID-19 pandemic: a cross-sectional study. Acta dermato-venereolog-
ica. 2021;101(9):adv00543.

4. Techasatian L, Thaowandee W, Chaiyarit J, et al. Hand Hygiene habits and
Prevalence of Hand Eczema during the COVID-19 pandemic. J Prim care
Community Health. 2021;12:21501327211018013.

5. Vindenes HK, Bertelsen RJ, Lygre SHL, Morken T, Mallerlokken OJ, Irgens-
Hansen K. Changes in Infection Prevention Practices and occurrence of
skin symptoms among Healthcare Workers, cleaners and Day-Care workers
in Norway during the COVID-19 pandemic. Acta dermato-venereologica.
2023;103:adv00840.

6. Vilela L, Lagrelius M, Berglind IA, Midander K, Schenk L, Julander A. Water,
soap, and hand-disinfectant exposure during the COVID-19 pandemic and
self-reported hand eczema in frontline workers: a cross-sectional study.
Contact Dermat. 2024;91(1):22-9.

7. Jacobsen G, Rasmussen K, Bregnhgj A, Isaksson M, Diepgen TL, Carstensen
O. Causes of irritant contact dermatitis after occupational skin exposure: a
systematic review. Int Arch Occup Environ Health. 2022,95(1):35-65.

8. KeegelT, Moyle M, Dharmage S, Frowen K, Nixon R. The epidemiology of
occupational contact dermatitis (1990-2007): a systematic review. Int J
Dermatol. 2009;48(6):571-8.

9. Ananthapadmanabhan KP, Moore DJ, Subramanyan K, Misra M, Meyer F.
Cleansing without compromise: the impact of cleansers on the skin barrier
and the technology of mild cleansing. Dermatol Ther. 2004;17:16-25.

10.  Symanzik C, Kezic S, Jakasa |, et al. Effects of skin washing frequency on the
epidermal barrier function and inflammatory processes of the epidermis: an
experimental study. Contact Dermat. 2022,87(3):241-6.

11, Mikulowska A. Reactive changes in the Langerhans' cells of human skin
caused by occlusion with water and sodium lauryl sulphate. Acta dermato-
venereologica. 1990;70(6):468-73.

(2024) 19:44

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 9 of 10

Rustemeyer T, Elsner P, John SM, Maibach HI, editors. Kanerva's occupational
dermatology, second edition. Springer. 2012.

Diepgen TL. Occupational skin diseases. J Der Deutschen Dermatologischen
Gesellschaft = J German Soc Dermatology: JDDG. 2012;10(5):297-315.
Coppeta L, Zordo D, Papa ML, Pietroiusti F, Magrini A. Skin sensitization
among night shift and daytime healthcare workers: a cross sectional study.
Cent Eur J Public Health. 2021;29(3):191-4.

OECD. Test No. 428: Skin Absorption: In Vitro Method. Paris, Organisation for
Economic Co-operation and Development. 2004.

OECD. Guidance Notes on Dermal Absorption. Series on Testing and Assess-
ment. No 156. Second edition. Paris, Organisation for Economic Co-operation
and Development. 2022.

Barbero A, Frasch H. Pig and guinea pig skin as surrogates for human in

vitro penetration studies: a quantitative review. Toxicol vitro: Int J Published
Association BIBRA. 2009;23(1):1-13.

Schmook FP, Meingassner JG, Billich A. Comparison of human skin or epider-
mis models with human and animal skin in in-vitro percutaneous absorption.
Int J Pharm. 2001;215(1-2):51-6.

Gerstel D, Jacques-Jamin C, Schepky A, et al. Comparison of protocols for
measuring cosmetic ingredient distribution in human and pig skin. Toxicol
vitro: Int J Published Association BIBRA. 2016;34:153-60.
Ranamukhaarachchi SA, Lehnert S, Ranamukhaarachchi SL, et al. A microme-
chanical comparison of human and porcine skin before and after preserva-
tion by freezing for medical device development. Sci Rep. 2016,6:32074.
Cilurzo F, Minghetti P, Sinico C. Newborn pig skin as model membrane in

in vitro drug permeation studies: a technical note. AAPS PharmSciTech.
2007;8(4):E94.

Schenk L, Rauma M, Fransson MN, Johanson G. Percutaneous absorp-

tion of thirty-eight organic solvents in vitro using pig skin. PLoS ONE.
2018;13(10):0205458.

Midander K, Schenk L, Julander A. A novel approach to monitor skin perme-
ation of metals in vitro. Regul Toxicol Pharmacology: RTP. 2020;115:104693.
Julander A, Midander K, Garcia-Garcia S, Vihlborg P, Graff P. A case study of
brass Foundry Workers' estimated lead (pb) body burden from different
exposure routes. Annals work Exposures Health. 2020,64(9):970-81.
Pinnagoda J, Tupker RA, Agner T, Serup J. Guidelines for transepidermal water
loss (TEWL) measurement. A report from the Standardization Group of the
European Society of Contact Dermatitis. Contact Dermat. 1990;22(3):164-78.
Zhang Q, Murawsky M, LaCount T, Kasting GB, Li SK. Transepidermal water
loss and skin conductance as barrier integrity tests. Toxicol vitro: Int J Pub-
lished Association BIBRA. 2018,51:129-35.

Filon FL, Boeniger M, Maina G, Adami G, Spinelli P, Damian A. Skin absorption
of Inorganic lead (PbO) and the Effect of skin cleansers. J Occup Environ Med.
2006;48(7):692-9.

OECD. Test No. 439: In Vitro Skin Irritation: Reconstructed Human Epidermis
Test Method. Paris, Organisation for Economic Co-operation and Development.
2021,

York M, Griffiths HA, Whittle E, Basketter DA. Evaluation of a human patch
test for the identification and classification of skin irritation potential. Contact
Dermat. 1996;34(3):204-12.

Bondi CA, Marks JL, Wroblewski LB, Raatikainen HS, Lenox SR, Gebhardt KE.
Human and Environmental Toxicity of Sodium Lauryl Sulfate (SLS): evidence
for Safe Use in Household Cleaning products. Environ Health Insights.
2015;9:27-32.

Ahlstréom MG, Midander K, Menné T, et al. Nickel deposition and penetration
into the stratum corneum after short metallic nickel contact: an experimental
study. Contact Dermat. 2019;80(2):86-93.

Kettelarij J, Midander K, Lidén C, Bottai M, Julander A. Neglected exposure
route: cobalt on skin and its associations with urinary cobalt levels. Occup
Environ Med. 2018;75(11):837-42.

Klasson M, Lindberg M, Bryngelsson IL, et al. Biological monitoring of dermal
and air exposure to cobalt at a Swedish hard metal production plant: does
dermal exposure contribute to uptake? Contact Dermat. 2017,77(4):201-7.
Lidén C, Skare L, Nise G, Vahter M. Deposition of nickel, chromium, and
cobalt on the skin in some occupations - assessment by acid wipe sampling.
Contact Dermat. 2008;58(6):347-54.

Kezic S, Nielsen JB. Absorption of chemicals through compromised skin. Int
Arch Occup Environ Health. 2009;82(6):677-88.

Laudanska H, Reduta T, Szmitkowska D. Evaluation of skin barrier function in
allergic contact dermatitis and atopic dermatitis using method of the con-
tinuous TEWL measurement. Roczniki Akademii Medycznej w Bialymstoku
(1995). 2003;48:123-7.



Vilela et al. Journal of Occupational Medicine and Toxicology

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Welzel J, Metker C, Wolff HH, Wilhelm KP. SLS-irritated human skin shows no
correlation between degree of proliferation and TEWL increase. Arch Derma-
tol Res. 1998;290(11):615-20.

Nielsen JB. Percutaneous penetration through slightly damaged skin. Arch
Dermatol Res. 2005;296(2):560-7.

Benfeldt E, Serup J. Effect of barrier perturbation on cutaneous penetration
of salicylic acid in hairless rats: in vivo pharmacokinetics using microdialysis
and non-invasive quantification of barrier function. Arch Dermatol Res.
1999;291(9):517-26.

Pavlackova J, Egner P, Polaskovd J, et al. Transdermal absorption of active
substances from cosmetic vehicles. J Cosmet Dermatol. 2019;18(5):1410-5.
Froebe CL, Simion FA, Rhein LD, Cagan RH, Kligman A. Stratum corneum
lipid removal by surfactants: relation to in vivo irritation. Dermatologica.
1990;181(4):277-83.

Imokawa G, Akasaki S, Minematsu Y, Kawai M. Importance of intercellular
lipids in water-retention properties of the stratum corneum: induction and
recovery study of surfactant dry skin. Arch Dermatol Res. 1989;281(1):45-5.
Shukuwa T, Kligman AM, Stoudemayer TJ. A new model for assessing the
damaging effects of soaps and surfactants on human stratum corneum. Acta
dermato-venereologica. 1997;77(1):29-34.

Fartasch M, Schnetz E, Diepgen TL. Characterization of detergent-induced
barrier alterations -- effect of barrier cream on irritation. J Invest Dermatology
Symp Proc. 1998;3(2):121-7.

Yang L, Mao-Qiang M, Taljebini M, Elias PM, Feingold KR. Topical stratum
corneum lipids accelerate barrier repair after tape stripping, solvent treat-
ment and some but not all types of detergent treatment. Br J Dermatol.
1995;133(5):679-85.

Gupta R, Badhe'Y, Rai B, Mitragotri S. Molecular mechanism of the skin per-
meation enhancing effect of ethanol: a molecular dynamics study. RSC Adv.
2020;10(21):12234-48.

Ghanem AH, Mahmoud H, Higuchi W, Liu P, Good WR. The effects of ethanol

on the transport of lipophilic and polar permeants across hairless mouse skin:

Methods/validation of a novel approach. Int J Pharm. 1992;78(1-3):137-56.
Julander A, Liljedahl ER, Korres de Paula H, et al. Nickel penetration into
stratum corneum in FLG null carriers-A human experimental study. Contact
Dermat. 2022;87(2):154-61.

(2024) 19:44

49.

50.

5T

52.

53.

54.

55.

56.

57.
58.

59.

Page 10 of 10

Larese F, Gianpietro A, Venier M, Maina G, Renzi N. In vitro percutaneous
absorption of metal compounds. Toxicol Lett. 2007;170(1):49-56.

Tanojo H, Hostynek JJ, Mountford HS, Maibach HI. In vitro permeation of
nickel salts through human stratum corneum. Acta dermato-venereologica
Suppl. 2001;212:19-23.

Hostynek JJ, Dreher F, Pelosi A, Anigbogu A, Maibach HI. Human stratum
corneum penetration by nickel. In vivo study of depth distribution after
occlusive application of the metal as powder. Acta dermato-venereologica
Suppl. 2001,81(212):5-10.

Malmberg P, Guttenberg T, Ericson MB, Hagvall L. Imaging mass spectrometry
for novel insights into contact allergy - a proof-of-concept study on nickel.
Contact Dermat. 2018;78(2):109-16.

Meding B, Barregérd L, Marcus K. Hand Eczema in car mechanics. Contact
Dermat. 1994:30(3):129-34.

Kanerva L, Kiilunen M, Jolanki R, Estlander T, Aitio A. Hand Dermatitis and
allergic patch test reactions caused by nickel in electroplaters. Contact
Dermat. 1997;36(3):137-40.

Coppeta L, De Zordo LM, Papa F, Pietroiusti A, Magrini A. Skin sensitization
among night shift and daytime healthcare workers: a cross sectional study.
Cent Eur J Public Health. 2021;29(3):191-4.

Wang BJ, Wu JD, Sheu SC, et al. Occupational hand dermatitis among
cement workers in Taiwan. J Formos Med Association = Taiwan Yi Zhi.
2011;110(12):775-9.

FischerT, Rystedt I. Cobalt allergy in hard metal workers. Contact Dermat.
1983,9(2):115-21.

Bock M, Schmidt A, Bruckner T, Diepgen TL. Occupational skin disease in the
construction industry. Br J Dermatol. 2003;149(6):1165-71.

Shiao JS, Sheu HM, Chen CJ, Tsai PJ, Guo YL. Prevalence and risk factors of
occupational hand dermatoses in electronics workers. Toxicol Ind Health.
2004;20(1-5):1-7.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Retention of nickel, cobalt and chromium in skin at conditions mimicking intense hand hygiene practices using water, soap, and hand-disinfectant in vitro
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Skin for experiments
	﻿Treatment of skin with SLS (I)
	﻿Franz diffusion cell experiments (II, III)
	﻿Metal quantification
	﻿Statistical analysis

	﻿Results
	﻿Conditions causing an impaired skin barrier (I)
	﻿Skin exposure to nickel in Milli-Q water, 0.5% SLS and ethanol (II)
	﻿Co-exposure to nickel, cobalt and chromium in Milli-Q water, 0.5% SLS and ethanol (III)
	﻿Linear regression with log-transformed retained metal amounts

	﻿Discussion
	﻿Conclusion
	﻿References


