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HIGHLIGHTS GRAPHICAL ABSTRACT

e ICP-MS and SEM-EDX used for NIST
SRM 1649b metal and particle
characterization.

e In vitro Franz diffusion cells assessed
dermal absorption of urban dust metals.

e Damaged skin enhances transdermal
metal permeation versus intact skin.

eNi and Mn showed the highest skin
penetration in both intact and damaged
skin.

NIST SRM

e As and Mo exhibited low solubility and
minimal percutaneous absorption.
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ARTICLE INFO ABSTRACT
Keywords: Human exposure to airborne particulate matter (PM), particularly its metal content, represents a growing public
Urban dust health concern due to its potential toxicological effects. While inhalation is generally considered the main

Heavy metals
Franz diffusion cell
Dermal exposure
Human skin

exposure route, dermal absorption remains insufficiently explored. This study examined the in vitro percuta-
neous penetration of selected metals (As, Cd, Cr, Cu, Mn, Mo, Ni, Pb, V) from certified urban road dust (NIST
SRM® 1649b) using human skin under both intact and abraded conditions. The particles were applied as a 1 %
w/v suspension in artificial sweat medium (pH 4.5), and Franz diffusion cells were used to evaluate metal
permeation over 24 h. Complementary solubility tests in simulated sweat solution buffered topH 4.5 and 6.5
showed negligible pH dependence. Scanning electron microscopy revealed submicron primary particles (mean
diameter 1.19 + 0.78 pm) with a high tendency to form agglomerates, accounting for discrepancies with the
hydrodynamic size reported in the SRM certificate. No detectable skin absorption was observed for Cd, Cr, and
Cu, while the remaining metals showed enhanced permeation in damaged skin, confirming the role of barrier
disruption in facilitating transdermal transport. Ni, Pb, and Mn exhibited the highest permeation levels, raising
concern due to their sensitizing and toxic potential. These findings provide novel insights into the dermal
bioavailability of PM-associated metals and highlight the importance of including skin exposure as a relevant
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pathway in environmental health risk assessments, especially for populations with compromised skin integrity or
in high-exposure occupational settings.

1. Introduction

The severe consequences associated with elevated air-pollution
exposure became evident in the mid-20th century with events such as
the 1952 London Fog, which caused numerous deaths and hospital ad-
missions. Nowadays, air pollution - including Particulate Matter 2.5
(PM2.5), ozone (0s), and indoor air pollution - remains a major and
growing public health concern. Scientific evidence, primarily from
North America and Western Europe, has linked urban airborne
contamination to a wide array of health issues, from eye irritation to
premature mortality (Cohen et al., 2004; Health Effects Institute, 2024).

Particulate matter (PM) consists of a heterogeneous and evolving
assemblage of particles differing in size, chemical composition, and
source (Kaonga et al., 2021). Among its constituents, metals and met-
alloids such as lead (Pb), arsenic (As), cadmium (Cd), chromium (Cr),
nickel (Ni), and manganese (Mn) are of particular concern due to their
capacity to induce both localised skin effects and systemic toxicity upon
chronic exposure (Kelly and Fussell, 2012; Dai et al., 2015; Roy et al.,
2022).

Particle size further modulates exposure pathways: PM2.5 and ul-
trafine particles not only penetrate deeply into the respiratory tract but
can also interact with the skin barrier and, under certain conditions,
cross it (Song et al., 2011; Kim et al., 2021). Although inhalation is the
dominant exposure route for PM (Jin et al., 2018), dermal absorption is
increasingly recognised as a non-negligible pathway for some toxicants,
particularly when skin integrity is compromised or when bioaccessible
ionic species are generated at the skin surface (Larese Filon et al., 2016;
Dijkhoff et al., 2020). Another critical factor influencing percutaneous
metal absorption is metal speciation and oxidation state (Avasarala,
2021; Larese et al., 2007). The chemical form in which a metal occurs
determines its solubility, reactivity, and interaction with the skin bar-
rier, thereby influencing its sensitizing potential and the proportion of
bioaccessible and soluble ions capable of penetrating the epidermis. For
instance, arsenic uptake and retention are highly influenced by its
chemical form, particularly with arsenite (As(III)) being more mobile
and permeable than pentavalent arsenate (As(V)) (Ouypornkochagorn
and Feldmann, 2010). The speciation of chromium is highly dependent
on pH. Marin Villegas and Zagury (Marin Villegas and Zagury, 2023b)
showed that at pH 6.5, chromium occurs in roughly equal proportions of
Cr(III) and Cr(VI), whereas at pH 4.7 the trivalent form predominates.
Lead speciation also critically determines its dermal bioavailability:
soluble Pb2* species penetrate the skin more efficiently than insoluble
oxides or metallic forms (Sun et al., 2002; Pan et al., 2010).

The skin — comprising the epidermis, dermis, and cutaneous struc-
tures (sweat glands, sebaceous glands, and hair follicles) — represents
both a barrier and a potential portal for systemic uptake, especially in
the presence of sweat or cleansing agents that alter metal speciation and
solubility (World Health Organization, 2006; Chaparro et al., 2018; Guy,
1999; Larese Filon, 2018). Experimental work has demonstrated follic-
ular penetration of PM and PM-induced cutaneous inflammation in
animal models, and epidemiological studies have linked PM exposure to
exacerbation of atopic dermatitis and accelerated extrinsic skin ageing
(Jin et al., 2018; Dijkhoff et al., 2020; Vierkotter et al., 2010).

Studying dermal exposure to urban dust is particularly important, as
modern cities are becoming increasingly densely populated, and in-
dustrial and commercial activities continue to expand, leading to higher
pollution levels. Despite recent progress, key knowledge gaps remain.
Many studies focus on single metals or simplified matrices, such as salts
and nanoparticles (Crosera et al., 2016; Filon et al., 2009), with
comparatively few employing real environmental samples (Larese Filon
etal., 2025; Rizzo et al., 2024, 2025; Marin Villegas and Zagury, 2023a).

Moreover, quantitative links between in vitro bioaccessibility and likely
in vivo systemic uptake remain underdeveloped, limiting risk-based
extrapolation.

This study contributes to closing this environmental health gap by
examining the dermal uptake of multiple metals (As, Cd, Cr, Cu, Mn, Mo,
Ni, Pb, V) from NIST SRM® 1649b urban dust using in vitro human skin
models.

The objectives are to quantify the dissolution of metals from urban
dust in artificial sweat at different pH levels and evaluate their percu-
taneous absorption through intact and damaged human skin. By inte-
grating dissolution and permeability data, this study provides realistic
and standardised information to improve understanding of exposure
pathways relevant to urban air pollution and human health. Further-
more, the quantitative data generated offer a valuable basis for devel-
oping future risk assessment and exposure models.

2. Material and methods
2.1. Chemicals

All reagents employed were of analytical grade. Urea, sodium chlo-
ride (NaCl), disodium hydrogen phosphate (Na-HPOa), and potassium
dihydrogen phosphate (KH2PO.) were obtained from Carlo Erba (Milan,
Italy); ammonium hydroxide (NH-:OH) (25 % w/v) was sourced from J.T.
Baker (Deventer, Netherlands); lactic acid (90 % v/v) was supplied by
Acros Organics (Geel, Belgium); hydrogen peroxide (H202) 30 %
Suprapur® and nitric acid (HNOs) (67-69 % v/v) were procured from
Merck VWR (Milan, Italy). Ultrapure water was produced using a Milli-Q
system (Millipore, USA).

The physiological solution used as the receptor fluid was prepared by
dissolving 2.38 g of Na2HPOa, 0.19 g of KH2POa, and 9 g of NaCl in 1 L of
MilliQ water, adjusting the pH to 7.35.

The solvent for the donor solution was synthetic sweat, prepared
following the European reference method EN 1811 (European Com-
mittee for Standardization (CEN), 2011): 0.1 % w/v lactic acid, 0.1 %
urea, and 0.5 % NaCl, in 100 mL of MilliQ water. This solution was
divided into two 50 mL aliquots, and the pH of each portion was
adjusted separately to 4.5 and 6.5 using 1 N NH4OH.

2.2. Characterization of NIST SRM® 1649b

Standard Reference Materials (SRMs) provided by the National
Institute of Standards and Technology (NIST) are widely used to simu-
late airborne PM exposure in vitro and in vivo.

In the present work, NIST SRM® 1649b was used. The specimen was
collected in Washington, DC during 1976 and 1977 via a custom-
designed baghouse. The material originates from the same bulk source
as SRM® 1649 and SRM® 1649a, but sieved to obtain smaller particle
sizes, leading to variations in the concentrations of target analytes.
Particle size distribution measurements, conducted with laser diffrac-
tion (LD) (Mastersizer 3000, Malvern Instruments, Southborough, MA)
and liquid suspension method, showed a mean particle diameter around
24.3 pm, reported as an indicative, non-certified value.

2.2.1. Microwave digestion

Prior to the in vitro test, metal concentrations in the powder were
quantified and compared with the values in the certificate of analysis of
the standard. Three aliquots of urban powder (average 0.0511 + 0.0003
g) were treated with 3 mL of HNOs and 1 mL of H20 and digested in a
microwave oven (Multiwave-PRO, Anton Paar) at 180 °C for 20 min,
following modified EPA Method 3052 (US EPA, 1996). After cooling, the
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vessel contents were diluted to 20 mL using Milli-Q water and filtered
(0.45 pm pore size, Millipore Millex HA). Samples were diluted 1:50
with MilliQ water before analysis.

2.2.2. SEM-EDS characterization

The morphology and particle size distribution of NIST SRM® 1649b
were analysed by Scanning Electron Microscopy coupled with Energy
Dispersive Spectroscopy (SEM-EDS). For the analysis, the powder was
mounted on aluminium stubs using carbon double-sided adhesive tape
and coated with a thin carbon layer via pulsed carbon rod evaporation
(Quorum Q150T ES Plus sputter coater, Quorum Technologies Ltd.,
Lewes, UK). Imaging was performed with a Gemini300 SEM (Zeiss,
Oberkochen, Germany) coupled with a Bruker XFlash 610 M EDS probe,
operating with secondary and backscattered electrons at a working
distance of 8.6 mm and an acceleration voltage of 5 kV.

2.3. Dissolution test in synthetic sweat solutions

The bioavailability and dermal uptake of metals largely depend on
their solubility and speciation under physiological conditions. Accord-
ing to OECD (2018) guidance, in vitro dissolution tests in simulated
biological fluids are essential to estimate the soluble, bioaccessible
fraction before assessing percutaneous absorption. Therefore, metal
dissolution in two artificial sweats (pH 4.5 and pH 6.5) was evaluated
prior to the skin permeation experiments, adapting the protocol re-
ported by Magnano et al. (2022).

Three replicates were prepared by dispersing 0.1 g of NIST SRM®
1649b in 10 mL of artificial sweat (1 % w/v) at the two different pH
values. Metal dissolution was monitored periodically by collecting 1.0
mL aliquots after 1, 8 and 24 h. The obtained samples were frozen until
analysis with ICP-MS. At the time of analysis, thawed samples were
diluted 1:20 with MilliQ water and filtered (0.22 pm pore size, Millipore
Millex HA).

2.4. Human skin handling and preparation

Full-thickness human abdominal skin was sourced from surgically
removed tissue (donors aged 45-65 years, both sexes). The subcutane-
ous fat layer was carefully excised with a scalpel, and any hair on the
epidermis was shaved. Abdominal skin samples were stored at —25 °C
for a period not exceeding four months.

On the day of the experiment, skin samples were thawed at room
temperature in physiological solution and cut into 2 x 2 cm square
sections. Skin thickness, measured using a Vernier calliper, did not
exceed 1 mm.

Skin integrity was assessed following the procedure described by
Magnano et al. (2022), using Transepidermal Water Loss (TEWL) as the
evaluation parameter.

In vitro tests were conducted as follows:

Exp.1 - Blanks controls: Skin samples to which no urban dust powder
was applied; only the artificial sweat medium at pH 4.5 was used as
the donor phase.

Exp.2 - Intact skin: Untreated skin samples exposed to the donor
phase consisting of 1 % w/v urban dust powder in synthetic sweat
solution at pH 4.5.

Exp. 3 - Damaged skin: skin samples prepared using an abrasion
protocol based on the method described by Bronaugh and Stewart
(1985), in which a 19-gauge hypodermic needle was used to create
six parallel and six perpendicular scratches on the skin surface; these
were similarly exposed to the 1 % w/v urban dust donor solution.

Three diffusion cells were used as blank controls, four cells for intact
skin, and four for damaged skin. The experiment was repeated twice,
resulting in a total of 22 independent cells.
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2.5. Preparation of the in vitro diffusion system

Skin absorption experiments were conducted using static diffusion
cells in compliance with OECD guidelines (OECD, 2004). The study
applies a conceptual model linking metal speciation and dissolution
kinetics to transdermal flux governed by Fickian diffusion and is influ-
enced by the integrity of the skin barrier. Parallel exposures were carried
out in Franz-type static diffusion cells featuring an 11 mm diameter
orifice, corresponding to an exposed surface area of 0.95 cm?. Each piece
of skin was positioned between the donor and receptor compartments,
with the stratum corneum (SC) oriented towards the donor chamber.

The receptor chamber - with an average volume of 4.5 mL - was filled
with a physiological solution was kept under continuous agitation with a
Teflon-coated magnetic stir bar. Temperature was maintained at 32 +
1 °C through a thermostated water circulation system surrounding the
cells.

The donor chamber held 1.0 mL of a freshly prepared 1 % w/v urban
dust suspension in artificial sweat medium (pH 4.5), applied directly
contact onto the skin surface. To ensure a homogeneous dispersion of
the powder, the suspension was subjected to ultrasonic treatment for 10
min before application. The corresponding applied dose was Qo = 10.5
mg/cmz.

2.6. Permeation test

The permeation study was conducted over a 24-hour period to
quantify the amount of each metal retained within the skin.

At selected time points (1, 4, 8, and 24 h), 0.5 mL of the receiving
solution was removed with insulin syringes. The receptor compartment
was replenished with 0.5 mL of fresh physiological solution after every
sample collection to maintain a constant volume and ensure optimal
contact of the solution with the dermis. The collected samples were
acidified with nitric acid and frozen until analysis. For ICP-MS analysis,
the samples were diluted 1:10 with MilliQ water.

At the conclusion of the 24-hour exposure period, the diffusion cells
were disassembled. Donor and receptor solutions were collected and
frozen for further analysis. Any unabsorbed powder remaining on the
skin surface was removed by washing the donor chamber three times
with 1.0 mL of MilliQ water. Additional rinses were performed to ensure
complete removal of dust residues from the skin that could lead to an
incorrect quantification, the surface was cleaned with a cotton bud.

The skin was then removed from the in vitro diffusion system,
trimmed to preserve only the part exposed to the donor solution,
wrapped in Parafilm and stored in the freezer at —25 °C until digestion
treatment (see Section 2.7).

2.7. Microwave digestion of skin samples

To determine the concentration of metals potentially retained in the
skin, tissue mineralisation was performed to destroy the organic mate-
rial in the sample. Epidermis and dermis were separated by immersion in
Milli-Q water at 60 °C for 2 min (for damaged skin, separation was not
feasible).

The resulting samples were weighed and placed in Teflon digestion
vessels with 3 mL of HNOs, 0.50 mL of H202 and 1.0 mL of MilliQ water,
following modified EPA Method 3052 (US EPA, 1996). Microwave
digestion of the mixture was carried out at 180 °C for 20 min using a
Multiwave-PRO system (Anton Paar). After this step, MilliQ water was
added to reach a final volume of 20 mL. For ICP-MS analysis, samples
were further diluted 1:10 with MilliQ water.

2.8. ICP-MS analysis
Metal concentrations (As, Cd, Cr, Cu, Mn, Mo, Ni, Pb, V) in the ob-

tained samples was performed using Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS) with a NexION 350x Spectrometer
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(PerkinElmer, USA), featuring an ESI SC Autosampler. Measurements
were carried out in Kinetic Energy Discrimination (KED) mode with
ultra-high purity helium at a flow rate of 4.8 mL/min to reduce poly-
atomic ion interferences generated in the collision cell. Scandium (Sc),
Yttrium (Y), and Holmium (Ho) were included as internal quality con-
trol standards to assess potential matrix effects and to minimise volume
inaccuracies.

Calibration was achieved using a 6-point series (0.5, 1, 5, 10, 100 and
500 pg/L) prepared by adequate dilution of “Periodic table mix 1” and
“Periodic table mix 2” (TraceCERT®, Merck, Germany). Sample quan-
tification was based on the linear calibration curve (range: 0.5-500 pg/
L; R? = 0.99). Limits of Quantification (LOQ) for each element were as
follows: As (75 u.m.a.) 0.03 pg/L; Cd (111 u.m.a.) 0.02 pg/L; Cr (52 u.m.
a.) 0.01 pg/L; Cu (63 u.m.a.) 0.01 pg/L; Mn (55 u.m.a.) 0.01 pg/L; Mo
(98 u.m.a.) 0.01 pg/L; Ni (60 u.m.a.) 0.02 pg/L; Pb (208 u.m.a.) 0.01 pg/
L; and V (51 u.m.a.) 0.01 pg/L. Repeatability, reported as relative
standard deviation (RSD%), was <3 %.

2.9. Statistical analysis

Data processing was conducted using Microsoft Excel (2019) and
Stata (version 11.0; StataCorp LP, College Station, TX, USA). Graphs and
plots were generated using LabPlot (version 2.12.1). Cumulative metal
concentrations permeated at each time point are expressed as mass per
unit area of skin (ng/cmz). The amount of metals retained in the skin
after 24 h was also calculated. All data were presented as mean +
standard deviation (SD). Differences among independent datasets were
assessed using the Mann-Whitney U test, with p-values <0.05 considered
as statistically significant.

3. Results
3.1. Characterization of NIST SRM® 1649b

The elemental composition of NIST SRM® 1649b was determined by
ICP-MS to quantify the target elements, including arsenic and molyb-
denum, which are not listed in the CRM certificate of analysis. The
average concentrations of As, Cd, Cr, Cu, Mn, Mo, Ni, Pb, and V in NIST
SRM® 1649b are presented in Table 1.

The measured values were compared with the reference values re-
ported in the certificate of analysis. Satisfactory recoveries were ach-
ieved, ranging from 88 to 119 %, indicating negligible matrix effects,
except for Cr, which showed a recovery of 77 %. This lower value is
probably due to the absence of hydrofluoric acid during microwave
digestion, resulting in incomplete solubilisation of Cr bound to silicate
matrices and partial analyte loss.

Representative SEM-EDX images of urban dust powder (NIST SRM®
1649b) and its size distribution, are presented in Fig. 1.

Scanning Electron Microscopy (SEM) revealed that the particles in

Table 1
Comparison of reference values (mg/kg + SD) provided in the NIST SRM®
1649b certificate of analysis and the concentrations obtained via ICP-MS anal-
ysis of the same material. Elements considered: Pb, V, Cr, Mn, Ni, Cu, As, Mo,
and Cd.

Certified mass fraction (mg/ Obtained mass fraction (mg/ %

kg) kg) recovery

Pb 12,864 + 62 14,211 + 590 110

\ 344+ 9 372+ 14 108

Cr 210 + 4 161 +£7 77

Mn 337 +4 297 +13 88

Ni 168 £ 6 178 £ 7 106

Cu 311 +7 288 + 12 93

As - 87.2+4.7 -

Mo - 16.2 £ 0.9 -

Ccd 26.10 £ 0.28 31.14 £ 1.50 119

Science of the Total Environment 1010 (2026) 181142

the powder had an average diameter of 1.19 + 0.78 pm (number of
particles measured = 300), exhibited heterogeneous morphologies, and
tended to form larger aggregates.

The NIST SRM® 1649b certificate of analysis reported that the
measurement was conducted in ethanol with Triton X-100 surfactant at
0.01 % concentration, by using a laser diffraction instrument (Master-
sizer 3000, Malvern Instruments, Southborough, MA). The discrepancy
between the particle size measured in this study and the average
diameter reported in the SRM certificate (24.3 pm) is likely attributable
to methodological differences. In fact, laser diffraction estimates particle
size based on the angular variation in light scattering, assuming spher-
ical particles and reporting a volume-equivalent diameter. This method
analyses a large number of particles, providing a volume-weighted dis-
tribution that can overrepresent larger particles. In contrast, SEM pro-
vides direct imaging of particles, allowing for geometric measurements
on a number basis, often limited to smaller sample sets. Differences in
sample preparation, such as dispersion in liquid for laser diffraction
versus dry deposition for SEM, and the presence of agglomerates or
irregular shapes, may also contribute to discrepancies between the two
methods.

3.2. Dissolution tests

Since the solvent could significantly influence metal diffusivity and
bioavailability (Hostynek, 2003), preliminary dissolution tests must be
performed. These aim to determine the percentage of metals that solu-
bilise in sweat at two different pH levels (4.5 and 6.5). In fact, the
presence of sweat on the skin promotes the release of metal ions, which
can pass through the stratum corneum and penetrate the dermis
reaching the systemic circulation (Franken et al., 2015; Larese Filon,
2018). While human sweat typically has a pH between 5.0 and 5.5, it
may decrease to values below 4.0 during physical exertion, thereby
enhancing metal oxidation and cutaneous absorption. For this reason, a
synthetic sweat solution at pH 4.5 was used as the donor phase in the
permeation test.

The dissolution rates of the investigated metal ions (Table 2) were
calculated from the concentrations reported in the certificate of analysis
of NIST SRM® 1649b (Table 1, Section 3.1).

Chronic exposure to even low metal concentrations can trigger
allergic responses, particularly for skin sensitizers such as Ni and Cr,
making all the detected concentrations significant (Thyssen and Menne,
2010).

Both skin sensitizers, Cr and Ni, followed the same trend: after 1 h, a
dissolution rate of 42.5 pg/L for Cr and 510 pg/L for Ni was reached at
pH 4.5, and these values remained fairly constant thereafter. An overall
increase in the concentration of these two metals was noted in the
synthetic sweat at pH 4.5, while for the solutions at pH 6.5, the
maximum was reached after 8 h. By comparing the obtained concen-
trations of the skin sensitizers in the two synthetic biological fluids, the
results were comparable, thus inferring that there is no particular pH
dependency. This finding aligns with previous study in which the
dissolution of metal species from road dust was investigated, obtaining a
low dependence of dissolution on pH (Magnano et al., 2022). Although
Cr and Ni were present in similar concentrations in the NIST SRM®
1649b, nickel concentrations in solution were approximately tenfold
higher than chromium, suggesting a greater solubility of Ni under these
particular conditions.

Among the toxic metals (As, Cd, Pb), arsenic demonstrated a gradual
increase in solubility over time, with comparable results in both syn-
thetic sweat solutions. In contrast, cadmium and lead reached steady
concentrations within 1 h of exposure (183.8 pg/L and 19.43 mg/L at
pH 4.5, respectively), showing no significant variation up to 24 h. Cd
and As showed slightly higher values in the case of synthetic sweat at pH
6.5, whereas Pb had the opposite behaviour with a dissolution rate of
13.5 % at pH 4.5 versus 10.6 % at pH 6.5: this is consistent with the
known inverse correlation between Pb solubility and pH (Chaparro
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Fig. 1. SEM-EDX images of NIST SRM® 1649b at a magnification of 1000x (a) and 10,000x on (b). EDX average spectrum (c) and histograms showing the dis-

tribution of number of particles according to their size (d).

Table 2

Bioavailability of As, Cd, Cr, Cu, Mn, Mo, Ni, Pb, and V from NIST SRM® 1649b
in synthetic sweat formulations at pH 4.5 and 6.5. Data are expressed as per-
centage (% =+ SD), obtained by relating dissolution rates (ug/g) to mass fraction
in mg/kg reported in the NIST certificate of analysis.

Synthetic sweat solution at pH 4.5 Synthetic sweat solution at pH 6.5

1h 8h 24 h 1h 8h 24h
% As 8.63 10.06 11.32 9.04 11.37 11.22
+1.14 +1.98 +0.74 +0.59 +0.36 +0.28
% Cd 69.37 74.32 73.87 72.39 83.83 74.48
+10.38 + 15.52 +3.71 +2.36 +1.97 +1.40
% Cr 1.99 2.21 2.35 1.89 2.39 2.28
+ 0.35 +0.48 +0.18 +0.07 + 0.07 +0.02
% Cu 13.62 15.08 16.01 13.31 15.74 14.73
+1.88 + 295 +1.34 +0.98 +0.48 +0.46
% Mn 32.05 33.81 34.29 33.55 38.43 34.13
+ 5.06 +7.08 +2.81 +1.77 +1.13 +0.70
% Mo 14.87 21.92 26.24 15.82 26.21 27.36
+2.16 +4.72 +2.23 +0.97 +0.45 +1.03
% Ni 29.92 31.19 31.71 30.78 34.91 31.23
+ 4.62 +6.32 + 2.56 +1.86 +1.11 +0.55
% Pb 14.88 16.04 13.60 11.71 13.52 9.50
+2.97 +5.36 +1.29 +1.18 +0.25 +0.28
%V 30.14 33.96 36.03 29.23 35.41 32.66
+4.88 +741 +3.05 +1.33 +1.47 +0.81

et al., 2018).
Molybdenum behaved similarly to arsenic, showing increasing sol-
ubility up to 8 h and subsequent stabilisation, with negligible pH effects.

Manganese, copper, and vanadium followed a similar profile to the
skin sensitizers, maintaining relatively constant concentrations
throughout the 24-hour dissolution period and showing no appreciable
differences between the two pH values.

Therefore, a common solubility profile was observed across both
synthetic sweat solutions. Although the overall dissolution behaviour
was similar at both pH levels (4.5 and 6.5), the use of synthetic sweat at
pH 4.5 as the donor phase in the in vitro absorption test enables direct
comparison with earlier studies (Magnano et al., 2022; Larese Filon
et al., 2025).

In conclusion, as all metals tested during the dissolution experiment
were present in quantifiable amounts, it was decided to consider all
elements in the subsequent skin permeation tests, including essential
trace elements such as Mn and Mo (Carvalho and Coelho, 2015).

Based on 24-hour metal concentrations (pg/L) measured in the
dissolution tests, the effective dose (pg/cm?) was calculated by consid-
ering the donor phase volume and the exposed skin surface. Table 3
presents the actual doses of each metal, alongside the theoretical doses
derived from the NIST SRM® 1649b certificate of analysis.

3.3. In vitro skin absorption studies

Metal permeation through the skin is influenced by several factors,
including donor-phase concentration, metal solubility, intrinsic diffu-
sivity across the stratum corneum, and affinity for skin tissues. Notably,
a high affinity for skin components may result in reduced translocation
to the receptor phase due to metal retention within the skin layers
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Table 3

Theoretical and effective doses of the metals under study. Effective doses were
calculated based on a donor solution volume of 1.0 mL of donor solution and an
exposed skin surface area of 0.95 cm?,

Theoretical dose (ug/cm?) Effective dose (ug/cm?)

As 0.92 + 0.05 0.11 £ 0.01
Cd 0.27 + 0.01 0.21 £ 0.01
Cr 2.21 + 0.04 0.05 +0.01
Cu 3.27 +£ 0.07 0.53 + 0.04
Mn 3.55 + 0.04 1.23 + 0.09
Mo 0.17 £ 0.01 0.05 + 0.01
Ni 1.77 £ 0.06 0.57 + 0.04
Pb 135+ 0.7 18.7 £ 1.6

A 3.62 + 0.09 1.32 £0.10

(Larese Filon, 2018).

In this study, transdermal absorption of As, Cd, Cr, Cu, Pb, Mn, Mo,
Ni, and V from urban particulate matter was evaluated. A suspension of
urban dust (1 % w/v of NIST SRM® 1649b) was freshly prepared, and
1.0 mL was applied to the skin surface, resulting in metal deposition
rates reported in Table 3 (Section 3.2). The experiment was conducted
using excised human skin mounted on Franz diffusion cells over a 24-
hour exposure period. This methodology, recommended by the Orga-
nization for Economic Co-operation and Development (OECD, 2004), is
widely accepted as a reliable in vitro model for predicting in vivo
permeation of topical products (Franz et al., 2009).

To simulate compromised barrier conditions, abraded skin was
employed to mimic conditions such as dermatitis, superficial wounds, or
sunburn. Metals penetration was evaluated in both intact and damaged
skin to assess differential behaviour under altered barrier integrity.

Following 24 h of exposure, the concentrations of the target metals
were quantified in both the receptor fluid and skin layers. Cadmium
remained below the instrumental limit of detection (LOD), while chro-
mium and copper showed no statistically significant differences among
blank, intact, and damaged skin samples. Consequently, Cd, Cr, and Cu
were excluded from further data interpretation.

3.3.1. Permeation in the receptor fluid

By analysing the samples from the receptor compartment, it was
possible to assess the amount of metal ions that permeated through the
skin barrier and could, in theory, reach the bloodstream and undergo
systemic distribution. Concentrations of As, Mn, Mo, Ni, Pb, and V in the
receptor compartment, expressed in ng/cm?, are showed in Table 4 (24
h values) and Fig. 2 (permeation profiles).

Nickel was detected as early as 1 h after exposure, with relatively
constant concentrations over time. As shown in Table 4, Ni levels were
comparable in both intact and damaged skin (approximately 30 ng/
cm?), indicating its ability to permeate the skin independently of barrier
integrity. This behaviour suggests that Ni may follow a different
permeation mechanism or interact more favourably with the skin matrix
compared to other metals. These results differ from those observed in the

Table 4

Concentrations of As, Mn, Mo, Ni, Pb, and V (ng/cmz) in the receptor medium
for blanks, intact, and damaged skin. Asterisks (*) indicate statistically signifi-
cant difference (p < 0.02) between blanks and either intact or damaged skin
(Mann-Whitney test); daggers (f) indicate significant differences (p < 0.02)
between intact and damaged skin.

As Mn Mo Ni Pb A%
(ng/ (ng/ (ng/ (ng/ (ng/ (ng/
sz) sz) sz) cmz) sz) cm2)
Blank 1.16 + 4.36 + 1.00 + 8.41 + 0.58 + 4.70 +
0.6* 3.38* 0.4* 4.36* 0.18* 2.96*
Intact skin 1.32 + 8.87 £ 1.06 + 29.2 + 3.36 + 6.37 £
1.2671 1.84¢ 0.15¢ 19.4 0.731 1.28}
Damaged 14.2 + 66.8 + 5.57 + 27.3+ 8.53 + 21.3 +
skin 6.1%1 29.2%t 2.30%f 12.6* 4.81*f 10.3*}
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previous study on road dust (Magnano et al., 2022), where nickel
permeation was more pronounced in injured skin.

In contrast, arsenic and lead displayed a clear dependence on skin
integrity. After 24 h of exposure, As concentrations were 1.3 ng/cm? for
intact skin and 14 ng/cm? for damaged skin, while Pb concentrations
reached 3.4 ng/cm? and 8.5 ng/cm?, respectively. These findings
confirm the protective role of the skin barrier. Lead results were
consistent with those previously reported for road dust, where similar
permeation levels (approximately 6 ng/cm?) were observed in damaged
skin. Furthermore, as displayed in Fig. 2, arsenic showed no significant
differences between the concentrations of blanks and intact skin, sug-
gesting that the skin effectively inhibits its permeation under non-
compromised conditions.

The barrier function of the skin was also observed for molybdenum
and vanadium, which followed the same trend as arsenic, with perme-
ation profiles in the intact skin overlapping those of blanks (blanks and
intact skin respectively for Mo: 1.0 ng/cm? vs 1.1 ng/cm?; V: 4.7 ng/cm?
vs 6.4 ng/cm? at 24 h). Conversely, manganese exhibited a distinct
pattern: in intact skin, Mn levels in the receptor fluid were approxi-
mately twice those of the blanks and about seven times lower than those
of damaged skin. For damaged skin, the concentrations in the receptor
compartment at 24 h were approximately 70 ng/cm? for Mn (the highest
value), around 6 ng/cm2 for Mo, and 21 ng/cm2 in the case of V. These
findings are in line with previously reported data on road dust
permeation.

When comparing the permeation profiles of all metals, it is note-
worthy that although the initial concentration of lead was the highest
(effective dose: 18.7 pg/cm?), the amount of Pb found in the receptor
compartment was lower than that of other metals such as As, Mn, and Ni.
This indicates a higher retention or binding affinity of Pb within the skin
matrix, which limits its systemic absorption, even when the skin barrier
is compromised. Ni showed the highest permeation (approximately 28
ng/cm?) with no significant differences between intact and damaged
skin, whereas all other metals displayed significantly higher permeation
when the barrier was compromised.

3.3.2. Penetration in the skin

Metal penetration was examined in both intact and damaged skin to
assess their behaviour under different skin conditions (see Fig. 3 and
Table 5).

In intact skin, the highest total metal absorptions were observed for
Pb (539 ng/crnz) and Ni (164 ng/cmz), while As and Mo exhibited the
lowest values (8.6 ng/cm? and 16.2 ng/cm?, respectively). In damaged
skin, total absorption increased compared to intact skin for V, Ni, Mn
and Pb, while penetration of As and Mo remained within the same order
of magnitude as in intact skin. These findings suggest that for the former
group of metals, compromise of the skin barrier significantly facilitates
transdermal absorption, supporting prior observations (Kezic and Niel-
sen, 2009). In contrast, no statistically significant differences were found
for As and Mo between intact and damaged skin, indicating a lesser
dependency on barrier integrity. Additionally, analysis of blank samples
for these two elements demonstrated comparable concentrations to
those measured in both intact and damaged skin, further supporting the
limited dermal penetration of As and Mo under the tested conditions. It
should be noted that, due to the inherent inter-individual variability in
skin absorption experiments, achieving statistical significance can be
challenging, particularly when evaluating trace element permeation
across heterogeneous skin models. This is the case of nickel for which a
statistically significant difference between cells was not achieved due to
the wide variability between cells.

4. Discussion
The present work examined in vitro metal permeation from urban

dust through both intact and compromised human skin. The dermal
absorption of six metals (As, Mn, Mo, Ni, Pb, and V) was evaluated using
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Fig. 2. Permeation profiles of As, Mn, Mo, Ni, Pb, and V (ng/cm?) in the receptor compartment for blanks, intact and damaged skin (exposure time 24 h).

Franz static diffusion cells. It is well established that metal ions and their
salts can penetrate the stratum corneum, reach the dermis, and poten-
tially enter systemic circulation (Larese Filon, 2018; Franken et al.,
2015). Upon contact with the skin, metallic objects or metal powders
can release ions, a process further enhanced in the presence of sweat.
Consistent with the findings of Marin Villegas et al. (2019), synthetic
sweat at pH 4.5 generally exhibited the highest bioavailability per-
centages. This outcome reflects the critical role of pH in metal perme-
ation, as lower pH values enhance solubility and increase the degree of
metal ionization, particularly for cationic species, thereby influencing
their bioavailability. Accordingly, the experiment employed artificial

sweat solution at pH 4.5 to replicate the typical skin pH, which generally
ranges from 4 to 5.5 (Dyer et al., 1998).

Since the metal species present in dust differ in their solubilisation
behaviour, dissolution test results for metals in NIST SRM® 1649b urban
dust were compared with those from Magnano et al. (2022), which
assessed the skin permeation of road dust using CRM BCR®-723. The
road dust was sampled from the ceiling of the Tanzenberg Tunnel
(Styria, Austria), approximately 50 km north of Graz, by collecting
material from ventilation ducts with brooms and a vacuum cleaner.
Urban dust exhibited greater metal solubility than road dust, suggesting
that the chemical speciation of metal constituents differs significantly
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Fig. 3. Skin penetration of metals after 24 h exposure in blanks, intact and damaged human skin. The applied dose was 10.5 mg/cm?. Data are presented as mean
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Table 5

Total distribution of metals in skin layers after 24 h exposure in control blanks,
intact, and damaged skin. The applied dose was 10.5 mg/cm?. Values are
expressed as mean + SD. Asterisks (*) indicate statistically significant differ-
ences between blanks and either intact or damaged skin (Mann-Whitney test, p
< 0.02); daggers (1) indicate statistically significant differences between intact
and damaged skin (p < 0.02).

As Mn Mo Ni Pb A%

(ng/ (ng/ (ng/ (ng/ (ng/cm?) (ng/

cm?) cm?) cm?) cm?) cm?)
Blanks 7.8+ 20.0 + 7.6 + 57.8 + 27.1 + 2.9+

5.9 14.0% 3.1% 85.4 9.7% 0.5%
Intact skin 8.6 + 35.6 + 16.2 164.2 538.5 + 25.1 +

1.4 23.7% +55% +£524 225.1%t 23.2%f
Damaged 10.1 159.0 +  13.2 364.7 1055.2 + 193.7 +

skin + 1.6 31.0%} + 2.9*% + 275.3 123.9%t 44.1%}

between matrices of similar urban origin.

Regarding the permeation test, our data indicate that — even in small
quantities — metals were able to penetrate the skin relative to their
donor-phase concentrations. Accumulation within the skin reflects
deposition following topical application, whereas detection in the re-
ceptor fluid represents the fraction potentially available for systemic
distribution. Notably, higher concentrations in the receptor fluid were
found for Ni and Mn, while Mo and As exhibited minimal skin
penetration.

Concerning nickel, the results closely align with the study of Larese
Filon et al. (2025), who reported no statistically significant difference in
receptor fluid values (59.2 ng/cm? for intact skin and 56.2 ng/cm? for
damaged skin). However, Ni retention within the skin was more than
twice as high in injured skin compared to intact skin, corroborating
earlier works on Ni-containing powders (Filon et al., 2009; Magnano
et al., 2022). Comparing the receiving phase values with the concen-
trations retained in the skin, an increase of almost six-fold was observed
for intact skin and over thirteen-fold for damaged skin, confirming the
strong affinity of the stratum corneum and upper parts of epidermis for
Niions (Malmberg et al., 2018). Simon et al. (2024) found that Ni** and
Co?" penetrated the skin more efficiently than Pd?! and thus may
sensitize and elicit Allergic Contact Dermatitis (ACD) more easily. Nickel
is a well-established sensitizer and a major cause of allergic contact
dermatitis, a condition marked by erythema, vesiculation, and, in

chronic cases, xerosis and desquamation (Owen et al., 2018). A recent
study by Magnano et al. (2024) suggested that application of specialized
barrier creams may reduce Ni permeation and accumulation within skin
layers.

Manganese was the other metal detected in notable quantities in the
receptor fluid for both intact and damaged conditions. Although Mn is a
trace element normally present in the body at concentration of 10-29 pg
(Lansdown, 1995), the values observed in this study were considerably
higher than controls. In fact, Mn exhibited a dermal bioavailability of
nearly 40 % after just 1 h. These findings are particularly relevant, as
chronic overexposure may cause neurotoxicity through accumulation in
brain regions such as the caudate nucleus and hippocampus (Erikson
and Aschner, 2003; Katsnelson et al., 2015).

Regarding the toxic metals analysed (As and Pb), the levels of arsenic
detected in both the receptor fluid and skin membrane were comparable
to those in the blank controls. Arsenic skin penetration is influenced by
charge state and mobility (Hostynek et al., 1993; Ouypornkochagorn
and Feldmann, 2010). In this study, As was likely present in the
pentavalent form, which is less mobile and thus poorly absorbed. Similar
conclusions were drawn by Marin Villegas and Zagury (2021), who
studied the skin bioaccessibility of As, Cr, Cu, Ni, Pb, and Zn from
several geological materials through in vitro experiments using two
artificial sweat formulations at pH 4.7 and 6.5. At pH 4.7, they reported
a 2-hour dissolution rate of As of 5.1 %, which aligns with the 1-hour
dissolution value of 8.6 % observed in our study. Given this low
bioavailable percentage, the minimal As amounts detected in both the
receptor fluid and skin are consistent with expectations.

The other toxic element analysed in this study was lead, for which no
biological function in the human body is known. It showed a progressive
increase in receptor fluid concentration, reaching values of 3.36 ng/cm?
and 8.53 ng/cm? in intact and damaged skin, respectively — results
consistent to those reported by Julander et al. (2020). Pb levels in the
skin were nearly 160-fold higher than in the receptor fluid. Moreover, a
stepwise increase was observed from blank controls to intact skin sam-
ples and then damaged skin, with Pb concentrations in the latter
approaching 1 pg/cm?. These results confirm that lead can penetrate
both human and animal skin under similar conditions (Stauber et al.,
1994; Lilley et al., 1988; Sun et al., 2002; Filon et al., 2006; Magnano
et al., 2022). Lead absorption occurs initially through sweat glands and
hair follicles, followed by slower transepidermal penetration (Franken
et al., 2015).
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Vanadium exhibits a similar permeation profile to arsenic, with
intact-skin levels comparable to controls, indicating effective barrier
function. This is further supported by an almost eightfold increase in V
concentration in damaged skin, alongside a threefold increase in the
receptor fluid compared to intact skin. Although comparative data on V
permeation are limited, this finding is notable. While trace vanadium
may serve physiological roles, elevated levels are associated with hep-
atotoxicity and nephrotoxicity (Du et al., 2025). Moreover, some va-
nadium compounds are considered potentially genotoxic and have been
classified as mutagenic, teratogenic, and “suspected carcinogens”
(Rehder, 2013).

Regarding molybdenum, results were consistent with Larese Filon
et al. (2025), who examined the skin absorption of metals after
contamination with stainless steel (1 % w/v) resulting from the
decommissioning of nuclear fusion and fission reactors. In the work of
Larese Filon et al., no significant differences were noted in receptor fluid
concentrations between controls and intact skin (both measuring 1.3 ng/
cm?), which closely aligns with our findings of approximately of 1 ng/
cm?. However, in the case of damaged skin, Mo concentrations increased
to 2.9 ng/cm? in the previous study and to 5.6 ng/cm? in our work. Mo
penetration was slightly higher in damaged (3.0 ng/cm?) compared to
intact (2.0 ng/cm?) skin, although this difference was not statistically
significant, as reported by Larese Filon et al. In our study, the concen-
trations detected were higher in both conditions - 16.2 ng/cm? in intact
skin and 13.2 ng/cm? in damaged skin - yet no statistically significant
difference was observed between the two, in line with the earlier
findings.

A comparative evaluation of total metal absorption between intact
and compromised skin samples revealed generally higher concentra-
tions of metals in damaged skin. This observation reinforces the notion
that disruption of the stratum corneum - due to abrasions, wounding, or
dermatological conditions - significantly compromises barrier integrity
and facilitates enhanced percutaneous absorption. This increased
permeability heightens the risk of dermal toxicity and hypersensitivity
reactions. The finding is particularly relevant for Ni, a well-known
contact allergen, as even minimal exposure can elicit strong immune
responses in sensitized individuals, potentially leading to allergic con-
tact dermatitis.

In conclusion, this study provides a reproducible experimental
framework integrating metal dissolution kinetics and skin permeability
data to improve the estimation of dermal exposure to urban contami-
nants. The use of a certified reference material (NIST SRM® 1649b)
ensures chemical complexity and interlaboratory comparability, offer-
ing a robust baseline for model-based exposure assessment. Although
the work did not differentiate between specific oxidation states or
chemical species, this standardised approach remains appropriate for
complex dust matrices, where multiple metal forms coexist as they do in
real environmental samples. Such in vitro data provide essential
benchmarks for refining predictive exposure models. Future studies
combining speciation analyses with real-world urban dust could further
enhance the accuracy of dermal risk assessments by integrating local
particulate composition, exposure frequency, and adherence factors.

5. Conclusion

In this study, we evaluated the in vitro dermal absorption of six
environmentally relevant metals - arsenic, manganese, molybdenum,
nickel, lead, and vanadium - from urban dust through both intact and
compromised human skin. The results demonstrated that the skin acts as
a dynamic and selective barrier, with metal permeation highly depen-
dent on the physicochemical properties of each element, the pH of the
surrounding medium, and the condition of the skin. In particular, Ni and
Mn exhibited the highest skin permeation into the receptor fluid, sug-
gesting a relatively high dermal bioavailability. Conversely, As and Mo
displayed minimal absorption, likely due to their limited solubility and
ionic mobility under the experimental conditions.

Science of the Total Environment 1010 (2026) 181142

The marked increase in total metal absorption observed in damaged
skin models supports the crucial role of the stratum corneum in pre-
venting the entry of exogenous substances. Barrier disruption - whether
caused by physical abrasion, dermatological disorders, or other trauma -
significantly enhanced the permeability for several metals, particularly
Ni, Pb, and Mn. Notably, the pronounced retention of nickel within the
skin and its well-documented sensitizing potential, reinforce the
importance of minimising skin contact, especially in sensitized or at-risk
populations.

Comparative analysis with prior studies on road dust and stainless
steel-derived particles suggests that the chemical speciation and source
of particulate matter substantially affect solubility and dermal uptake.
This highlights the importance of risk assessments that consider not only
total metal content, but also bioavailable fractions and the actual
exposure scenario.

From a preventive perspective, the results support systematic
monitoring of urban dust in densely populated and high-traffic areas,
particularly with regard to metals capable of inducing toxic or immu-
nological responses. Overall, this work advances understanding of pol-
lutant-skin interactions and contribute to the United Nations
Sustainable Development Goals, particularly SDG 3 (Good Health and
Well-being) and SDG 11 (Sustainable Cities and Communities), by sup-
porting informed strategies for air pollution mitigation and human
exposure prevention.
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