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A B S T R A C T

The skin constitutes a protective barrier to external physical and chemical aggressions. Although it is constantly 
exposed to various xenobiotics, it is generally considered poorly permeable to them, as for example metal ions, 
becoming unfortunately an entry route of such substances. Metals may penetrate inside the skin inducing more or 
less local effects such as skin sensitization and potential metals diffusion into the bloodstream. The objective of 
the study was to investigate the percutaneous penetration of metals in vitro - ex vivo in Franz cell with intact as 
well damaged skin applying a road dust powder. Moreover, porcine and human skins were compared. This study 
demonstrated that, after the application of a road dust powder on the skin, metals can penetrate and permeate 
this cutaneous membrane. From this experimental analysis, in intact skin lead (Pb) achieved the highest skin 
absorption in both human and porcine skin, while skin absorption profile of cobalt (Co) was the lowest in human 
skin than the one in porcine model. The concentrations of Ni present in receiving solution were higher compared 
to other metals in all experiments performed. The present work, definitely shows that metals permeation through 
damaged skin is accelerated than intact skin, as a result of the weaker cutaneous barrier function. According to 
published data, pig skin appeared as a suitable model for human skin. Our results confirmed that skin absorption 
of metals can be relevant in environmental exposures.   

1. Introduction

In occupational settings, skin is potentially exposed to chemicals,
metals and other contaminants causing concern as a potential health 
hazard. Cutaneous contamination of metals can occur via direct contact 
with metallic surfaces, and other metal materials as tools, or clothing or 
by deposition on skin surface of airborne metal containing particles 
(Schneider et al., 1999); (McDougal et Boeniger, 2002). Stratum cor
neum, the outermost skin layer is often considered an effective barrier 
for metals absorption as it functions as a reservoir. Available bibliog
raphy reporting skin absorption of metals is not extensive. Several fac
tors such as pH, temperature, and the presence of salts, amino acids, 
proteins, and skin surface lipids may affect dermal absorption (Girod, 
Ramotowski, et Weyermann, 2012); (Taylor et Machado-Moreira, 2013) 
(Hostynek, 2003); (Anja Franken et al., 2015). Percutaneous penetration 
of metals is closely related to the ability to form complexes with or 
oxidize metal atoms by the sweat (Julander et al., 2013); (Erfani, Lidén, 
et Midander, 2015). As being skin-thickness and 

concentration-dependent the metallic ions released can penetrate 
through the skin causing allergy or other skin disorders occurring in a 
short and long time period (Ward et al., 2019). However, although 
chromium (Cr), cobalt (Co) and nickel (Ni) are considered as trace nu
trients, they are recognized as the most common cause of allergic con
tact dermatitis (ACD), and rarely allergic contact urticaria (Ahlström 
et al., 2019). They are among the so-called “skin sensitisers” because 
even at low doses, may induce skin allergy. It is estimated that 10–15% 
of women and 3% of men are affected by nickel allergy, whereas only 
1–3% are cobalt and chromium-allergic (Thyssen et Menné, 2010). Once 
these sensitizing metals Ni, Co and Cr penetrated through the skin, they 
may exert some damages. For example, they interact directly with the 
specific histidine residues in the human Toll-like receptor 4 (TLR4). This 
interaction causes the activation of the intracellular pro inflammatory 
signalling pathways by mimicking pathogen associated molecular pat
terns such as TNFα, IL-8 and IL-6 (Schmidt et Goebeler, 2015). In 
addition, nickel and chromium (VI) may activate the cytotoxic responses 
of T-cell due to their bind to the major histocompatibility molecules 

* Corresponding author.
E-mail address: gmagnano@units.it (G.C. Magnano).

1

mailto:gmagnano@units.it
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2021.118353
https://doi.org/10.1016/j.envpol.2021.118353
https://doi.org/10.1016/j.envpol.2021.118353
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2021.118353&domain=pdf


(MHC) (Schmidt et Goebeler, 2015). Moreover, skin absorption of 
metals can be an object of investigation in various fields. Cutaneous 
penetration of pollutants as lead (Pb), or contact “skin sensitisers” (ex. 
Ni, Cr, Co), is studied for toxicological purposes, in order to help 
establishing decontamination protocols in case of accidental exposure 
(Larese et al., 2007); (Filon et al., 2004). The aim of this work is to study 
the percutaneous absorption of cadmium (Cd), cobalt (Co), chromium 
(Cr), manganese (Mn), nickel (Ni), vanadium (V), lead (Pb) and zinc 
(Zn) following exposure to road dust powder. Road dust is one of the 
main contributors to pollution and its exposure represents a common 
scenario of contact with pollutants. It is estimated that about 37% of 
particulate air pollution is due to the resuspension of this powder 
(Amato et al., 2009). The road dust is generated from brake and tire 
wear, combustion byproducts of engine oil and fly ash from asphalt ( 
Berger et al., 2011). The elemental composition includes volatile or semi 
volatile organic compounds and heavy metals such as Zn, Cu, Pb, Ni, Cr 
and Cd from vehicular traffic and Fe, Al, and Mn from soils (Koh et Kim, 
2019); (Gunawardana et al., 2012). Therefore, the toxicity of road dust 
is highly associated with its chemical composition as reported from 
several studies (Bilenko et al., 2015). Specifically, the certified reference 
material BCR®-723 provided by the European Institute for Reference 
Materials and Measurements was used as road dust formulation. The 
skin penetration of metals was evaluated in vitro in Franz cells using 
intact skin as well as damaged skin to estimate the effect of skin lesions. 
In addition, porcine and human skin were compared as skin models. 
Experiments were followed over 24 h and the metal concentrations in 
each skin layer was assessed at the end of the experience. 

2. Material and methods

2.1. Chemicals 

All chemicals were analytical graded: urea, sodium chloride, sodium 
hydrogenphosphate, potassium dihydrogenphosphate were purchased 
from Carlo Erba (Milan, Italy); ammonium hydroxide (25% w/v) was 
bought from J. T. Baker (Deventer, Holland); lactic acid (90% v/v) from 
Acros Organics (Geel, Belgium); nitric acid (67–69% v/v) from VWR 
(Milan, Italy). Water reagent grade was produced with a Millipore pu
rification pack system (MilliQ water). The buffered physiological saline 
solution used as the receptor fluid was prepared by dissolving 2.38 g of 
Na2HPO4, 0.19 g of KH2PO4 and 9 g of NaCl into 1 L of MilliQ water 
(final pH = 7.35). The synthetic sweat solution used as the donor fluid 
consisted in 0.5% w/v sodium chloride, 0.1% w/v urea and 0.1% w/v 
lactic acid in MilliQ water; pH was adjusted with ammonium hydroxide 
(1 N) to pH 4.5 and 6.5. The indicative mass values of the elements 
containing in the certified reference material BCR® – 723 were listed 
below: Cd 2.5 mg/kg; Co 29.8 mg/kg; Cr 440 mg/kg; Mn 1.28 g/kg; Ni 
171 mg/kg; Pb 866 mg/kg; V 74.9 mg/kg; Zn 1.66 g/kg. 

2.2. Dissolution test of road dust powder (BCR®-723) 

To evaluate the extent of ionization of metals from the road dust 
powder (BCR®-723), the dissolution of powder in synthetic sweat so
lutions and in buffered physiological saline solution was carried out. 
Briefly, 0.50 g of BCR®-723 were added into 10 mL of synthetic sweat 
solutions at two different pH (pH 4.5 and 6.5) and in 10 mL of buffer 
solution pH 7.35. Periodic quantification of metals concentration was 
monitored and analyzed via Inductively Coupled Plasma - Optical 
Emission Spectroscopy (ICP-OES). At different time points (1 h, 8 h, 24 
h), 1.0 mL of each suspension was collected, added into 10 mL of MilliQ 
water, and filtered through a nylon membrane disc filter (0.22 μm pore- 
size) before ICP – OES analysis. The experiment was performed in 
triplicate. 

2.3. Preparation of road dust powder (BCR®-723) in synthetic sweat 
solution 

The road dust powder solution was freshly prepared by weighing 
0.50 g of BCR®-723 in 10 mL of synthetic sweat at pH 4.5. Before 
application in the donor chamber, the suspension was sonicated in an 
ultrasonic bath for 10 min in order to disperse the powder as homoge
neously as possible. 

2.4. SKIN samples preparation 

2.4.1. Porcine SKIN membranes 
Piglet-ears were collected immediately after animals were killed. 

They were stored at − 25 ◦C on parafilm until use for a maximum period 
of 4 months. Porcine skin was used as a model of human skin in the 
penetration test due to its similarity in terms of morphology and 
permeability to human skin (Schmook, Meingassner, et Billich, 2001); 
(Barbero et Frasch, 2009); (Wester et al., 1998). On the day of the 
experiment, the piglet-ears were thawed in physiological solution at 
room temperature and the skin samples were cut into 4 cm2 square 
pieces. The thickness was measured with a micrometer (Mitutoyo). The 
thicknesses of piglet-ear skin membranes were 0.90 ± 0.2 mm. For the 
damaged skin we used an abraded skin protocol as suggested by Bro
naugh and Steward ( Bronaugh et al., 1985): skin was abraded by 
drawing the point of a 19-gauge hypodermic needle across the surface (6 
marks in one direction and 6 perpendicular). To evaluate skin integrity, 
Trans Epidermal Water Loss (TEWL) was measured on each skin piece 
using a Vapometer (Delfin Vapometer, Delfin Technologies, Sweeden). 
The cut-off for acceptable TEWL was within the range of 10 g m− 2⋅h− 1 

(Guth et al., 2015). Samples having TEWL values above 10 g m− 2⋅h− 1 

after 1 min were discarded. 

2.4.2. Human SKIN membranes 
Human abdominal flank full thickness skin was obtained as surgical 

waste approved by the Trieste Hospital Ethical Committee n◦ 236/2007. 
Donors were men and women with a range of age from 45 to 71 years. 
Prior to storage in a freezer (− 25 ◦C), subcutaneous fat was removed 
with a scalpel blade and the hair was shaved from the epidermis. Skin 
samples were stored in a freezer at − 25 ◦C for a period of up to 4 months. 
On the day of the experiment, skin samples were thawed in physiological 
solution at room temperature and the skin samples were cut into square 
sections of 4 cm2. Skin samples were prepared to the final thickness of 
1.05 ± 0.02 mm (Micrometer Mitutoyo). A damaged skin sample was 
obtained according to the method described above (section 2.4.1.). Skin 
integrity was checked by measuring the Trans Epidermal Water Loss 
(TEWL) (Delfin Vapometer, Delfin Technologies, Sweeden) and was 
found to be below 10 g m− 2⋅h− 1 (Guth et al., 2015). 

2.5. In vitro permeation and metals distribution IN SKIN layers after 24 H 
exposure 

Skin absorption studies were performed in static diffusion cells ac
cording to OECD guidelines (OECD, 2004). The skin pieces were 
mounted between the donor and receptor chamber of Franz-type static 
diffusion cells with the stratum corneum facing the donor chamber. The 
effective skin area of diffusion was 0.95 cm2. The receptor fluid (RF) was 
composed of physiological solution continuously stirred using a Teflon 
coated magnetic stirrer. The concentration of the salt in the acceptor 
fluid is approximately the same that can be found in the blood. The 
receptor compartment had a mean volume of 4.5 mL filled with RF. 
Mounted Franz cells were maintained at 32 ± 1 ◦C by means of circu
lation of thermostated water in the jacket surrounding the cell. The 
protocol for testing the skin permeation of metals after exposure to road 
dust was derived from the protocol described by Filon et al. (FilonLarese 
et al., 2009). The skin experiments were carried out as follows: 

Exp. 1 pig-ears skin: Briefly, infinite doses of 1.0 mL of pure freshly 
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made suspension of road dust (5%w/v of BCR® − 723) in synthetic sweat 
at pH 4.5 was applied on the skin surface. As BCR® − 723 is a multi- 
elements powder with a range of different metal concentrations, the 
quantity of 1.0 mL in the donor compartment was chosen in order to get 
infinite doses for all tested metals. This resulted in an applied dose of Q0 
= 52,6 mg/cm2. The donor compartment was closed with parafilm 
during the time of the experiment. The permeation study was then 
carried out for 24 h, in order to determine the amount of each metal 
remaining in the skin. At each run, 3 cells were carried out. The 
experiment was performed twice with a total of 6 independent cells. 

Exp. 2 pig-ears damaged skin: Experiences were carried on ac
cording to the method described above (Exp. 1) using an abraded skin 
protocol as suggested by Steward ( Bronaugh et al., 1985) (see section 
2.4.1). 

Exp. 3 human abdominal skin: Experiments were performed 
following the same procedure described above (Exp. 1) but replacing the 
porcine skin by human abdominal skin. At each run, 3 cells were carried 
out. The experiment was performed twice with a total of 6 independent 
cells. 

Exp. 4 human abdominal damaged skin: Experiences were carried 
on according to the method described above (Exp. 3) using an abraded 
skin protocol as suggested by Steward (Bronaugh et al., 1985) (see 
section 2.4.1). 

Controls: A skin sample with no road dust powder applied on the 
skin surface was used as control at each run. The experiment was per
formed twice with a total of 8 independent cells. The donor chamber was 
filled with synthetic sweat at pH 4.5 and the manipulation was per
formed as described for skin absorption studies (Exp.1). 

The amounts of metals eluted to RF and recovered inside the skin 
layers after 24 h were quantified by Inductively Coupled Plasma - Mass 
Spectrometry (ICP-MS). 

2.6. Collection and treatment of samples 

After 24 h exposure, the cells were dismantled. All the acceptor fluid 
was removed, and frozen for the following analysis. The non-absorbed 
fraction was removed from the skin surface by washing the donor 
chamber thrice with 1.0 mL of MilliQ water for 20 s and gentle wiped 
with a cotton swab. After, skin layers were separated as follows: 

For Exp. 1 and 2. The stratum corneum (SC) was isolated from viable 
layers by tape stripping (18 strips) using D-Squame tape (Monaderm) 
and placed in different tubes each containing 10 mL of HNO3 69% v/v; 
5.0 mL of MilliQ water. The tubes were heated at 70 ◦C for 60 min 
(PerkinElmer Touch Controller). Separation allows the determination of 
metals in the stratum corneum (SC). SC fractions were previously diluted 
1:50 in MilliQ water before ICP-MS analysis. Then, the skin fractions 
were collected and stored in freezer at − 25 ◦C before digestion treat
ment (see section 2.7). 

For Exp. 3 and 4. The viable epidermis (VE) was separated from the 
dermis (D) by heat treatment (1 min in water at 60 ◦C) before digestion 
of the tissue (see section 2.7). 

Receptor fluid was previously diluted 1:10 in MilliQ water acidified 
with 1% nitric acid before ICP-MS analysis. 

2.7. SKIN digestion after the experiment 

At the time of the analysis, the skin membranes were thawed and the 
exposed area was weighted placed in Teflon based sealed beaker with 
2.0 mL of HNO3 69% v/v; 0.50 mL of H2O2; 1.0 mL of MilliQ water. 
Afterward, the reaction mixture was heated in a microwave oven 
(Multiwave-PRO, Anton Paar) at 180 ◦C for 25 min. After the digestion 
treatment, the solutions were diluted 1:10 in MilliQ water for the ICP- 
MS analysis. 

2.8. Analytical measurements 

2.8.1. Quantification analysis by inductively coupled plasma –optical 
emission spectroscopy (ICP – OES) 

Total metal (Cd, Co, Cr, Mn, Ni, Pb, V and Zn) concentrations in the 
solutions resulting from the dissolution experiences were performed by 
Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP – 
OES) using an Optima 8000 ICP – OES Spectrometer (PerkinElmer, USA) 
equipped with an S10 Autosampler (PerkinElmer, USA). The analyses 
were conducted using a calibration curve obtained by dilution (range: 
0–10 mg L− 1) of a multistandard solution (10 mg L− 1) for ICP analyses 
(Periodic Table MIX 1, Sigma-Aldrich). The precision of the measure
ments as relative standard deviation (RSD%) for the analysis was always 
less than 5%. 

2.8.2. Quantification analysis by inductively coupled plasma-mass 
spectrometry (ICP-MS) 

Metal contents (Co, Cr, Ni and Pb) of controls and road dust 
formulation-exposed skin samples together with acceptor solutions were 
evaluated by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) 
using a NexION 350x Spectrometer (PerkinElmer, USA) equipped with 
an ESI SC Autosampler. The analysis was performed in KED mode (Ki
netic Energy Discrimination) using ultra-high purity helium (flow rate of 
4.8 mL min− 1) to control and minimize cell-formed polyatomic ion 
interference. Instrument calibration was carried out using standard so
lutions (linear in the concentration range of 0.1–100 μg L− 1, R2 = 0.999) 
according to the dilution of a multistandard solution 10 mg L− 1 for ICP 
analysis (Instrument Calibration Standard 1, PerkinElmer, USA). The 
measurements of samples were performed using the calibration curve 
method obtained by analyzing standard solutions for instrumental 
calibration. The Limits of Detection (LOD) for each element are listed 
below: Co 0.0002 μg L− 1; Cr 0.003 μg L− 1; Ni 0.005 μg L− 1; and Pb 
0.0009 μg L− 1. The coefficients of variation of repeatability (RSD %) 
were <3%. 

2.9. Statistical analysis 

Results were expressed as quantity penetrated per skin surface unit 
(ng⋅cm− 2). Data from skin absorption experiments were expressed as 
mean ± standard deviation (SD). The differences between independent 
data were evaluated by the nonparametric Mann-Whitney test. Signifi
cance level was set at p < 0.05. Data were treated and analyzed with 
Excel for Windows (release 2010) and Stata Software (version 11.0; 
StataCorp LP, College Station, TX, USA). 

3. Results

3.1. Solubility profile of metals from the road dust powder in synthetic 
sweat and in buffer solutions 

The dissolution study was performed to evaluate the metal solubility 

Fig. 1. Solubility profile of metals in synthetic sweat at pH 4.5.  
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profiles in synthetic sweat at different pH and in buffer solution. 
Figs. 1–3 report the concentration of solubilized metals over time in 
synthetic sweat at pH 4.5, 6.5 and in buffered physiological saline so
lution pH 7.35, expressed in absolute values (μg/L). Also, the metals ion 
percentage, displayed in Table 1, is obtained by the ratio between the 
steady state metal ion concentrations (listed in Figs. 1–3) and mass 
values of each metals containing in certified reference material BCR® – 
723. The results demonstrated that almost all metals were less soluble in 
buffer solution compared to synthetic sweat solutions (Figs. 1–3). Only V 
showed higher solubility in saline solution than synthetic sweat solu
tions (around 13 μg/L vs 3.5 μg/L). The fraction of metals ionized 
increased ranging between 3 and 5% for Mn and Zn (Table 1). These two 
metals had the highest dissolution profiles around 3000 μg/L in both 
synthetic sweat solutions as observed in Figs. 1 and 2. These data were 
expected as a consequence of their high amount in the certified reference 
material BCR®-723 (Mn 1.28 g/kg; Zn 1.66 g/kg). Similarly, the study of 
Jang et al. (Jiang and Yang, 2014) showed that Zn contained in 
size–segregated particulate matter (PM2.5) was one of the highest sol
uble element in water reaching a percentage value higher than 80%. In 
our study, the lowest solubility and the lowest percentage of metal ions 
(around 3 μg/L and 0.1% respectively) was found for V in both synthetic 
sweat solutions. Although, the percentage of Cd ions was higher up to 
6%, this metal showed lower dissolution profile around 8 μg/L in syn
thetic sweat solution, due to its minimum concentration in the 
BCR®-723 powder (Cd 2.5 mg/kg). Contrary, Cd and V contained PM2.5 
were the most water soluble metals with their solubility higher than 
70% (Jiang and Yang, 2014). Concerning the present study, since Cd and 
V showed lower solubility profiles in synthetic sweat solutions as a 
function of their content in the road dust, they were not considered for 
the absorption test. In addition, even though Mn and Zn were higher 
soluble in synthetic sweat solution, they are oligoelements essential and 
beneficial to living beings involved in several metabolic, enzymatic and 
immunological processes (Carvalho et al., 2015), so they were discarded 
for the skin permeation test. Moreover, the three skin sensitisers (Co, Cr, 
Ni) have a similar dissolution behavior in both synthetic sweat solutions 
(Figs. 1 and 2). However, Jang et al. (Jiang and Yang, 2014) found that 
Cr was the lowest water soluble element (<20%) in PM2.5 and the 
solubility values of Pb, Mn and Ni were between 40 and 60%. Related to 
our results, it can be observed that after 1 h, metals reached the 
maximum rate of dissolving ranging 50 μg/L, showing no significant 
differences until the end of 24 h. The solubility of Pb was found to 
decrease over time in all medium tested (Figs. 1–3). The results showed 
no significant difference in solubility test at pH 4.5 and 6.5, thus a 
common profile can be observed for almost all metals in both synthetic 
sweat solutions. The choice of synthetic sweat solution at pH 4.5 was 
dictated to reproduce the workplace conditions and in agreement with 
our previous studies (FilonLarese et al., 2009); (Larese et al., 2007). The 
pH of human skin is typically in the range of 4–5.5, but in some in
dividuals’ physical activities, the pH may reach lower level, promoting 
the oxidation of metals to ions, and thus their absorption through the 
skin. The synthetic sweat solution at pH 4.5 was used as donor solution 

for the in vitro absorption study. In conclusion, to assess the permeation 
experience, nickel, cobalt and chromium as sensitizing metals were 
selected. Also lead was considered for the test due to its ability to pro
duce harmful effects in humans, even at relatively low levels of exposure 
(Sun et al., 2002). 

3.2. Road dust powder SKIN absorption 

Skin absorption of the selected metals (Co, Cr, Pb and Ni) from road 
dust powder were investigated. 1.0 mL/cm2 of freshly prepared road 
dust (5%w/v of BCR® − 723) were applied on the skin surface, which 
corresponds to a skin deposition of 1.57 μg/cm2 for Co, 23.1 μg/cm2 for 
Cr, 9.0 μg/cm2 for Ni and 45.5 μg/cm2 for Pb. The study was carried out 
for 24 h using the Franz cell method, the gold standard for percutaneous 
studies (OECD, 2004). Porcine skin was used as the most relevant animal 
model because of its similar morphological and functional characteris
tics as human skin (Simon et al., 2000). Damaged skin was chosen as a 
model of barrier-disrupted skin as is the case in some skin pathologies 
(dermatitis, scratches, diseases, sunburn). Penetration in both intact and 
damaged skins was investigated to evaluate the metal ions behavior on 
skin conditions. The amounts of Co, Cr, Pb and Ni permeated in receptor 
fluid (RF) and their distribution throughout the skin layers after 24 h 
exposure are presented in Figs. 4 and 5 and Tables 2–4. The results 
clearly showed the metals penetration in damaged and to a lesser extent 
in intact skin (Table 2 and Fig. 4). The highest total amount of metals 
penetrated in porcine intact skin were observed for Pb: 549 ng/cm2, Co: 
518 ng/cm2 and Ni: 353 ng/cm2, while the lowest penetration was 
measured for Cr content (183 ng/cm2) after 24 h of contact. On damaged 
skin, the amount penetrated was increased compared to intact skin for 
all tested metals (from 0.7 to 1.8%) (Fig.4), as expected due to the 
impairment of the barrier function (Kezic et al., 2009). Further, 
considering the total quantity retained in the skin, the metals ratio of 
blank samples was lower than exposed skin samples in intact and 
damaged skin. Then, Cr and Co concentrations in blank samples were 
close to those in intact skin samples. Statistically significant differences 
were difficult to obtain which were related to the variability typical for 
the results of skin absorption experiments. 

However, to better predict the metal permeation profile through the 
skin, the study was also performed on human skin explants. Post- 
exposure, the amounts of metal that were retained in skin were quan
tified and shown in Fig. 5, Table 3. 

As can be seen in Fig. 5, in intact human skin Pb exhibited a signif
icantly higher skin penetration of 68.8 ng/cm2 compared to other 
metals. The total quantity retained in the skin of Cr and Ni was 32.0 ng/ 
cm2 and 31.0 ng/cm2 respectively. The lowest penetration in intact skin 
was measured for Co content (1.85 ng/cm2). Interestingly Co perme
ation in porcine skin was 500-fold higher than human skin (Fig. 4). 
However, the penetration of metals across porcine skin was significantly 
higher than that of human skin. According to different studies the 
percutaneous absorption in common laboratory animals is higher or Fig. 2. Solubility profile of metals in synthetic sweat at pH 6.5.  

Fig. 3. Solubility profile of metals in physiological solution pH 7.35.  
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more closely related to human skin (Dick et Scott, 2011); (Sato, Sugi
bayashi, et Morimoto, 1991); (Panchagnula, Stemmer, et Ritschel, 
1997). Therefore, the fat deposition and vascularisation of the cutaneous 
glands of porcine skin are different from human skin. As expected, metal 
contents found on damaged skin was enhanced due to the removal of the 
barrier function. Contrary to porcine skin, the highest penetration in 

damaged human skin was measured for Ni content (94 ng/cm2). It can 
be noticed that the total amounts of metals penetrated in the skin in 
blank samples differed compared to exposed samples. These results were 
also expected, but a more surprising result was obtained for Co, where 
its accumulation was similar to those in intact skin sample (1.06 ng/cm2 

vs 1.85 ng/cm2). Further, Co, Cr, Ni and Pb concentrations in the 

Table 1 
Metals ion percentages in synthetic sweat and in buffer solutions.    

Element (%) 

Time Cd Co Cr Mn Ni Pb V Zn 

Synthetic sweat solution pH 4.5 1 h 7.73 ± 0.34 3.06 ± 0.06 0.24 ± 0.01 4.24 ± 0.09 2.19 ± 0.04 0.17 ± 0.04 0.09 ± 0.01 3.85 ± 0.18 
8 h 7.08 ± 0.45 3.11 ± 0.09 0.24 ± 0.01 4.38 ± 0.18 2.17 ± 0.06 0.12 ± 0.01 0.08 ± 0.00 3.72 ± 0.21 
24 h 6.41 ± 0.07 3.16 ± 0.03 0.24 ± 0.01 4.70 ± 0.08 2.17 ± 0.03 0.11 ± 0.01 0.09 ± 0.00 3.80 ± 0.48 

Synthetic sweat solution pH 6.5 1 h 6.93 ± 0.60 3.23 ± 0.11 0.26 ± 0.01 4.37 ± 0.17 2.33 ± 0.05 0.15 ± 0.02 0.10 ± 0.01 3.47 ± 0.39 
8 h 6.90 ± 0.26 3.38 ± 0.17 0.27 ± 0.01 4.81 ± 0.29 2.36 ± 0.11 0.15 ± 0.03 0.09 ± 0.01 4.03 ± 0.66 
24 h 5.57 ± 0.20 3.29 ± 0.07 0.26 ± 0.01 4.92 ± 0.15 2.31 ± 0.03 0.13 ± 0.01 0.10 ± 0.01 3.34 ± 0.30 

Physiological saline solution pH 7.35 1 h 1.03 ± 0.28 2.15 ± 0.11 0.16 ± 0.01 0.90 ± 0.13 1.84 ± 0.08 0.03 ± 0.02 0.27 ± 0.02 0.17 ± 0.13 
8 h 1.01 ± 0.10 2.15 ± 0.01 0.14 ± 0.00 2.00 ± 0.04 2.36 ± 0.11 0.02 ± 0.00 0.33 ± 0.02 0.26 ± 0.15 
24 h 0.96 ± 0.25 2.19 ± 0.10 0.13 ± 0.00 2.21 ± 0.09 2.31 ± 0.03 0.02 ± 0.00 0.44 ± 0.04 0.36 ± 0.26  

Fig. 4. Metal contents found in the cutaneous tissue after 24 h exposure in intact and damaged pig skin. Applied dose was 52.6 mg/cm2. Data are given as mean ±
SD. Stars show the statistically significant differences (p < 0.05). 

Fig. 5. Metal contents found in the cutaneous tissue after 24 h exposure in intact and damaged human skin. Applied dose was 52.6 mg/cm2. Data are given as mean 
± SD. Stars show the statistically significant differences (p < 0.05). 
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receptor fluid (RF) expressed in ng/cm2 were summarized in Table 4. 
The mean amounts of the selected metals reaching the RF in both skin 
models followed the order as follows: Ni > Cr > Pb > Co. As shown in 
Table 4, in intact porcine skin Cr and Pb permeation was 10-fold slower 
than damaged porcine skin (16.9 ng/cm2 vs 26.9 ng/cm2 and 7.7 
ng/cm2 vs 17.7 ng/cm2 respectively). Similarly, in human skin Cr 
permeation was 10-fold slower than damaged porcine skin (10.3 ng/cm2 

vs 23.6 ng/cm2). On the contrary, Pb content observed in RF across 
intact and damaged skin was 3.24 ng/cm2 and 5.56 ng/cm2 respectively. 
Moreover, in damaged porcine skin Ni permeation was 25-fold higher 
than intact skin (80.9 ng/cm2 vs 55.9 ng/cm2), indeed in human model it 
was 29-fold higher (48.3 ng/cm2 vs 19.5 ng/cm2). Notably, in both skin 
models the amount of Co was similar for intact and damaged skin. 
Considering blank samples, the results demonstrated that metal contents 
in RF were lower than exposed skin samples in intact and damaged for 
porcine model. Similarly, in human model the concentration of all 
metals in blanks were lower compared to intact and damaged skin 

samples. Surprisingly, the amounts of Pb and Co permeated in blanks 
were close to intact skin samples for both skin models. No significant 
difference was found for all metals permeated in RF through intact and 
damaged skin in porcine skin, contrary in human model, metal con
centrations increased significantly. Statistically significant difference 
between porcine and human skin models were found for Pb, Cr and Ni. 

Finally, the permeability coefficient Kp (cm/h) of each metal ion was 
determined dividing the effective absorption rates by the equilibrium 
concentration of each metal ion in the donor solution. The obtained 
values were summarized in Table 5. For both skin models, the Kps of Pb 
were higher than other metal ions with values of 3.53*10− 1 and 
3.98*10− 2 in intact skin; 5.30*10− 1 and 5.46*10− 2 in damaged skin 
respectively. In intact and damaged porcine skin, the lowest Kp was 
observed for Ni ranging around 0.34*10− 1 and 0.57*10− 1 respectively. 
On the other hand, in human model Co was the less permeable ion with 
Kps measured in the range of 0.09*10− 2 and 0.54*10− 2 in intact and 
damaged skin. 

4. Discussion

A series of in vitro experiments to measure dermal absorption of four
metals from the road dust powder were assessed on Franz static diffusion 
cells. It is well reported that metals readily penetrate through the skin in 
their ionized form (A. Franken et al., 2014). In our study the skin was 
exposed to multiple metals contained into road dust powder. Metallic 
ions (e.g., nickel, cobalt, chromium, lead) may influence the percuta
neous absorption, since they are able to diffuse through this cutaneous 
membrane. Most elements increase their ionized form as acidity in
creases: in some case it becomes approximately 10 to 100-fold higher at 
each one pH unit decreases (Zlotogorski, 1987). For this reason, our 
experiments were performed using a synthetic sweat solution at pH 4.5 
in order to reproduce the typically pH of the skin around 4 to 5.5 which 
can also be lower in some cases and facilitate the permeation of metals. 
Our results demonstrated that metals albeit in small amounts permeate 
through the skin compared to the concentration in the donor compart
ment. The amount of metals reaching the receptor fluid was higher for 
Ni, and Cr, and lower for Co and Pb either in human or porcine skin. 
Concerning human skin samples exposed to road dust suspension, it is 
important to point out that the concentration of Pb and Co found in the 
receptor medium were comparable to those observed in blank samples. 
Specifically, the values obtained at 24 h were respectively: 3.39 ng/cm2 

in intact human skin vs 3.24 ng/cm2 in blanks for Pb; and 0.81 ng/cm2 in 
intact human skin vs 0.59 ng/cm2 in blanks for Co. So, permeation of 
these metals through the skin was negligible. On the other hand, the 
permeation of Cr and Ni in exposed samples was orders of magnitude 
higher than the levels measured in blanks (Cr: 10.3 ng/cm2 in intact 
human skin <i>vs</i> 2.62 ng/cm2 in blanks; Ni: 19.5 ng/cm2 in intact 
human skin <i>vs</i> 8.41 ng/cm2 in blanks). In line with this study, 
Midander et al. (Midander and Schenk, 2020) observed a greater 
percutaneous permeation of nickel (0.023 μmol/cm2) compared to Cr 
(0.0005 μmol/cm2) and Co (0.0013 μmol/cm2) in pig skin after 2 h of 
exposure. Moreover, the study of Larese Filon et al. (FilonLarese et al., 
2006) showed a permeation of lead oxide around 2.9 ng/cm2 through 

Table 2 
Metal amounts found in skin layers in blanks, intact and damaged pig skin after 
24 h exposure. Applied dose was 52.6 mg/cm2. Data are given as mean ± SD. 
Asterisk (*) indicates statistically significant difference obtained between blanks 
and intact or damaged skin in the Mann-Whitney test (p < 0.05).    

SC (ng/cm2) E + D (ng/cm2) Total (ng/cm2) 

Pb Blanks 117 ± 139 19.4 ± 12.9 136 ± 150 
Intact Skin 121 ± 71.3 428 ± 133 549 ± 175* 
Damaged Skin 150 ± 32.3 589 ± 140 739 ± 167 

Cr Blanks 64.5 ± 32.7 40.6 ± 19.3 105 ± 51.7 
Intact Skin 73.4 ± 51.8 110 ± 54.8 184 ± 101* 
Damaged Skin 82.0 ± 50.6 177 ± 103 259 ± 129* 

Co Blanks 439 ± 382 1.2 ± 1.2 440 ± 383 
Intact Skin 489 ± 495 29.2 ± 29.5 518 ± 524* 
Damaged Skin 634 ± 528 38.0 ± 31.7 672 ± 559* 

Ni Blanks 150 ± 27.6 95.2 ± 32.2 245 ± 57.1 
Intact Skin 102 ± 63.1 251 ± 73.8 353 ± 110* 
Damaged Skin 103 ± 33.3 325 ± 80.9 429 ± 94.4*  

Table 3 
Metal amounts found in skin layers in intact and damaged human skin after 24 h 
exposure. Applied dose was 52.6 mg/cm2. Data are given as mean ± SD. Asterisk 
(*) indicates statistically significant difference obtained between blanks and 
intact or damaged skin using Mann-Whitney test (P < 0.05).  

Metal Blanks (ng/cm2) Intact Skin (ng/cm2) Damaged Skin (ng/cm2) 

Pb 22.5 ± 8.0 68.8 ± 36.2* 83.6 ± 23.1* 
Cr 23.2 ± 16.8 32.2 ± 39 71.1 ± 57.5 
Co 1.06 ± 0.1 1.85 ± 1 6.1 ± 5* 
Ni 8.00 ± 10 31.0 ± 17* 94 ± 66*  

Table 4 
Concentrations of Co, Cr, Pb and Ni (ng/cm2) in the acceptor medium in blanks, 
porcine and human skin. (*) statistically significant difference obtained between 
blanks and intact or damaged skin in the Mann-Whitney test (¥) Statistically 
significant differences (p < 0.05) between intact and damaged skin. (†) Statis
tically significant differences (p < 0.05) between two skin models: human skin 
and porcine skin.  

Skin Model Pb (ng/ 
cm2) 

Co (ng/ 
cm2) 

Cr (ng/cm2) Ni (ng/cm2) 

Blanks Porcine skin 5.77 ± 1.4 0.47 ± 0.4 6.69 ± 7.6 10.87 ± ND 
Intact Porcine Skin 7.72 ± 3.5 6.29 ± 2.3 16.9 ± 10.2† 55.9 ±

21.7†
Damaged Porcine 

Skin 
17.7 ±
14.2†

6.67 ± 1.8 26.9 ± 22.1† 80.9 ± 30.5 
¥ 

Blanks Human skin 3.39 ± 3.7 0.59 ±
0.09 

2.63 ± 0.7 8.41 ± 4.3 

Intact Human Skin 3.24 ± 1.9* 0.81 ± 0.2 10.3 ± 2.3* 19.5 ± 9.2* 
Damaged Human 

Skin 
5.56 ± 2.3* 1.68 ±

0.8* 
23.6 ± 13.2* 
¥ 

48.3 ±
22.5*  

Table 5 
Skin permeability coefficients (Kps) for each metal ions.  

Permeability coefficient Kp (cm/h)   

Porcine Model Human Model 

Pb Intact Skin 3.53*10− 1 3.98*10− 2 

Damaged Skin 5.30*10− 1 5.46*10− 2 

Cr Intact Skin 0.69*10− 1 1.31*10− 2 

Damaged Skin 1.37*10− 1 5.39*10− 2 

Co Intact Skin 0.75*10− 1 0.09*10− 2 

Damaged Skin 2.12*10− 1 0.54*10− 2 

Ni Intact Skin 0.34*10− 1 0.76*10− 2 

Damaged Skin 0.57*10− 1 2.84*10− 2
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intact human skin. In fact, a potential explanation of these findings could 
be attributed to the different ion concentration found in the donor 
phases applied on the skin. Several research studies investigated 
permeation of metals using metal salts (Fullerton et al., 1986); (Samitz 
and Katz, 1967); (Florence and Lilley, 1988); (Tanojo et al., 2001); 
(Hostýnek, 2003) or metal/oxide nanoparticles (Mauro et al., 2015); 
(Crosera et al., 2016); (Larese Filon et al., 2013). The percutaneous 
diffusion of nickel ions from a chloride solution (NiCl2) through 
full-thickness human skin was found to be 50 times faster than nickel 
ions from a sulfate solution (NiSO4) (Fullerton et al., 1986). Similarly, 
the study of Samitz et al. (Samitz and Katz, 1967) showed that Cr (III) 
nitrate marginally permeated through the skin compared to Cr(III) sul
fate, which was impenetrable (Samitz and Katz, 1967). These results 
demonstrate the specific interplay of the counter ion on the permeation 
rate. Furthermore, also the study of Crosera et al., (2016) concerning 
metal NPs confirms the capability of the skin to accumulate nickel ions. 
From the study of Crosera (Crosera et al., 2016), it was visible that 
nanoparticles may be retained in skin (9.67 ± 2.70 μg/cm2), but metal 
ions were found in the receptor compartment (0.032 ± 0.010 μg/cm2) 
representing higher potential to reach the systemic circulation. As it can 
be noticed from our data, penetration of metals into intact skin differs 
from non-intact skin. Percutaneous absorption was much more pro
nounced in damaged skin as a consequence of the less efficient cuta
neous barrier function due to histological and skin microenvironment 
changes. In fact, wounds, scratches, inflammation, disorders of the lipid 
composition and organization as in the case of atopic dermatitis (Elias 
et al., 2008) or alteration of the epidermal differentiation in case of 
psoriasis, ichthyosis, skin cancer (Griffiths et al., 2007); (Marukian et al., 
2016) alter the skin barrier properties. However, the evaluation of 
percutaneous absorption in a skin model close to the skin pathology is 
often underestimated and a key effect to consider, since penetration can 
be thoroughly different than in intact skin (Kezic et al., 2009); (Chiang 
and Tudela, 2012). Globally, the total amounts of metals found in skin 
layers and RF in blank samples were lower compared to exposed skin 
samples, which was an expected result. Considering the quantity pene
trated in intact skin samples, higher amount was reported for Pb in both 
skin models, while lowest concentrations of Co were found on human 
skin compared to porcine skin. Moreover, the amount of Cr and Ni 
retained in human intact skin was relatively equal, whereas Cr con
centration was lower compared to Ni in porcine skin. Kp for each metal 
was also determined in order to compare the percutaneous kinetics. This 
parameter describes the membrane penetration and as can be noticed 
from our data Pb was the highest permeable ion in both skin models. The 
lowest Kps were measured for Ni and Co in porcine and human model 
respectively. Although Kp is the most convenient parameter, the pub
lished data concerning the metals percutaneous absorption are scattered 
and limited, so it seems difficult to make a comparison. Our Kp values 
can be collected in order to gradually increase the database. Therefore, 
our data related to pig model are in agreement with the study of Mid
ander and Schenk, 2020). The authors demonstrated that the skin con
tent of Co, Cr, and Ni was consistently higher in the combined exposure 
compared to a single metal exposure in porcine model (3.269 μg/cm2 vs 
2.394 μg/cm2 for Co; 3.603 μg/cm2 vs 2.967 μg/cm2 for Cr; 3.678 
μg/cm2 vs 2.526 μg/cm2 for Ni). Furthermore, in the study of Filon et al. 
(FilonLarese et al., 2009) the skin was exposed to a single exposure of 
each metal powders and the authors found higher accumulation of Co 
and Ni (29.6 μg/cm2 and 82.3 μg/cm2 respectively) in the human intact 
skin compared to Cr (14.4 μg/cm2). The results obtained from the cur
rent study concerning human model differ from the study of Filon et al. 
(FilonLarese et al., 2009) because percutaneous absorption of metals in 
single exposure varies from those in combined exposure. These differ
ences may be due to the fact that multiple metals influence their 
permeation and their extent retained in skin. However, our data con
cerning the amount of Co, Cr, Ni and Pb reaching the receptor 
compartment is the same order of magnitude as (FilonLarese et al., 
2009) and (FilonLarese et al., 2006). Thus, exposure to road dust 

containing multiple metals leads a systemic absorption which is equal to 
a single metal exposure, even though the applied dose in the present 
experiment is 1000 fold lower (μg/cm2 vs mg/cm2). This work suc
cessfully identified potential health hazard of road dust, showing effects 
even at relatively lower dose. The simultaneous detection of multiple 
metals is an attractive feature to take in consideration in order to 
improve the understanding of risks associated with metals skin exposure 
and to develop new preventive measures. As expected, the absorption on 
damaged skin was accelerated due to the weaker cutaneous barrier 
function. Concerning the different absorption profiles, a probable 
explanation may be due to the electrophilic nature of many metals 
which determines their skin proteins binding capacity, resulting in depot 
formation in the stratum corneum (Samitz et al., 1976). This binding may 
occur in all layers of the skin to the extent of creating a secondary 
barrier, reducing the metals diffusion (Hostynek, 2003). Also, Franken 
et al. demonstrated that low permeability of metals through human skin 
is attributed to the valence state of the metal and to metal binding to skin 
components (Anja Franken et al., 2015). Furthermore, it can be also 
supposed that these skin absorption differences could be due to the skin 
model. In fact, concerning organic compounds, it is generally known 
that skin from adult pigs and piglets showed positive correlations to 
human skin, providing the most suitable experimental model for 
dermatological research (Schenk et al., 2018); (Barbero et Frasch, 
2009); (Schmook, Meingassner, et Billich, 2001); (Hawkins et Rei
fenrath, 1986). Nevertheless, knowledge on the suitability of frozen pig 
skin as a model for human skin regarding metals absorption is still 
lacking. It is important to point out that the current study has some 
limitations. In first place, it is performed in static Franz cells, an in vitro 
method, which may not reproduce the real scenario. The obtained re
sults can underestimate the in vivo conditions, because only passive 
diffusion is evaluated while in in vivo condition skin absorption can be 
enhanced by active mechanisms. However, to mimic sweat the stratum 
corneum was exposed for 24 h, but the excessive hydration can promote 
the absorption of many compounds. Further the over hydration repre
sents a drawback of the Franz cell test in any case if it is performed with 
either a low or a high amount of solution in the donor compartment. 

5. Conclusion

The present study aimed at investigating metals absorption in two
different skin models. It has been demonstrated that in applied condi
tions, penetration of metals will be limited in intact skin, compared to 
damaged skin. The results demonstrated that the highest skin penetra
tion (metals’ content into the skin) was observed for Pb in intact human 
and porcine skin tissues, while skin permeation (metals pass across the 
skin reaching receptor compartment) was higher for Ni in all models 
tested. In porcine model lower concentration of Cr was retained in the 
skin than other metals, whereas Co showed the lowest penetration 
profile in human skin. This can be explained by the probable stronger 
binding capacity of metals to skin proteins and by the differences of 
these two skin tissues. Therefore, the permeability of metals in porcine 
skin was qualitatively similar to human skin but quantitatively different. 
Overall, pig provides a suitable experimental model for human skin. To 
conclude, the increase of penetration capacity accordingly to the path
ological state of the skin is a key factor to consider, since it is able to 
promote absorption of such compounds. Our study suggests that skin can 
be a route of entry of metals after contact with environmental pollutants 
such as road dusts. The role of the skin in environmental pollution is 
generally neglected, however small amount of metals can be permeated 
in the skin, mainly if impaired. This exposure could be relevant for 
sensitizing metals, such as nickel, for which we demonstrated the higher 
permeation potential. More studies are needed to confirm the role of 
environmental exposure to metals’ powders for nickel allergy. 
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fingermark residue: a qualitative and quantitative review. Forensic Sci. Int. 223 
(1–3), 10–24. https://doi.org/10.1016/j.forsciint.2012.05.018. 

Griffiths, Christopher EM., Nwn Barker, Jonathan, 2007. Pathogenesis and clinical 
features of psoriasis. The Lancet 370 (9583), 263–271. https://doi.org/10.1016/ 
S0140-6736(07)61128-3. 

Gunawardana, Chandima, Goonetilleke, Ashantha, Egodawatta, Prasanna, Dawes, Les, 
Kokot, et Serge, 2012. Source characterisation of road dust based on chemical and 
mineralogical composition. Chemosphere 87 (2), 163–170. https://doi.org/ 
10.1016/j.chemosphere.2011.12.012. 
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