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ABSTRACT: Trace element concentrations in toenail clippings have
increasingly been used to measure trace element exposure in epidemeological
research. Conventional methods such as inductively coupled plasma mass
spectrometry (ICP-MS) and high-performance liquid chromatography ICP-
MS (HPLC-ICP-MS) are commonly used to measure trace elements and
their speciation in toenails. However, the impact of the removal of external
contamination on trace element quantification has not been thoroughly
studied. In this work, the microdistribution of trace elements (As, Ca, Co,
Cu, Fe, K, Mn, Ni, Rb, S, Sr, Ti, and Zn) in dirty and washed toenails and the
speciation of As in situ in toenails were investigated using synchrotron X-ray
fluorescence microscopy (XFM) and laterally resolved X-ray absorption near
edge spectroscopy (XANES). XFM showed different distribution patterns for
each trace element, consistent with their binding properties and nail
structure. External (terrestrial) contamination was identified and distinguished from the endogenous accumulation of trace elements
in toenails�contaminated areas were characterized by the co-occurrence of Co, Fe, and Mn with elements such as Ti and Rb (i.e.,
indicators of terrestrial contamination). The XANES spectra showed the presence of one As species in washed toenails,
corresponding to As bound to sulfhydryl groups. In dirty specimens, a mixed speciation was found in localized areas, containing
AsIII−S species and AsV species. ArsenicV is thought to be associated with surface contamination and exogenous As. These findings
provide new insights into the speciation of arsenic in toenails, the microdistribution of trace elements, and the effectiveness of a
cleaning protocol in removing external contamination.

Human biomonitoring has become an increasingly important
means to evaluate human exposure to various substances and
pollutants and assess potential health risks.1−3

The biomonitoring of trace elements is affected by external
exposure levels, but it also depends on several other factors,
such as chemical characterization, kinetics of absorption,
metabolism efficiency, and elimination half-life in the matrix
of interest.4

In general, the intake of trace elements in the human body
can be monitored by measuring their concentrations in
different biological matrices, including urine, blood, hair, and
nails. Although urine and blood are commonly indicators of
short-term trace element exposure, the keratin-rich matrices of
hair and nails tend to reflect less recent, long-term exposure.2

Numerous environmental and epidemiological studies have
used total trace element quantification and speciation
techniques in keratin-rich matrices to estimate trace element
exposure levels and explore associated health risks.5−8 Total
elemental quantification (e.g., by inductively coupled plasma
mass spectrometry [ICP-MS]) gives an indication of the total
internal exposure of trace elements in individuals. However, it

does not provide information on the metabolic and
biochemical processes associated with each trace element in
the human body.9 To investigate these aspects, speciation
analyses using techniques such as high-performance liquid
chromatography ICP-MS (HPLC-ICP-MS) have become
particularly useful. Yet, both total trace element quantification
and hyphenated MS techniques are sample-destructive (e.g.,
samples are homogenized through acid digestion) and are not
spatially resolved.10

In contrast to the aforementioned methods, direct
spectroscopic techniques such as synchrotron X-ray fluores-
cence microscopy (XFM) and X-ray absorption spectroscopy
(XAS) minimize sample manipulation and necessitate little or
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no preparatory steps. In recent years and despite the need for
large, dedicated facilities, these techniques have been
increasingly applied for monitoring the spatial distributions
of several trace elements within samples (XFM) and for
spatially resolved speciation analyses (XAS), such as arsenic
speciation.10,11 Additional imaging and speciation techniques
exist, such as laser ablation ICP-MS; however, a detailed
comparison of these methods goes beyond the purpose of this
study, and more information is widely available in the literature
(e.g., a recent review of the analytical methods used for human
biomonitoring12).
In this study, we applied XFM and X-ray absorption near

edge spectroscopy (XANES) on toenails to investigate the
suitability of a 4-step cleaning procedure to remove external
contamination from toenails, by comparing cleaned versus
dirty specimens; to determine the microdistributions of As, Ca,
Co, Cu, Fe, K, Mn, Ni, Rb, S, Sr, Ti, and Zn in toenail
clippings and their association with the known histology of the
nail; and to analyse the speciation of As in toenail clippings, to
investigate As incorporation mechanisms and its metabolic
transformations.

■ EXPERIMENTAL SECTION
Sample Collection. Toenail clippings were obtained from

13 participants of the Bangladesh Risk of Acute Vascular
Events (BRAVE) study, a hospital-based retrospective case-
control study established in 2011 to examine the determinants
of acute myocardial infarction in Bangladesh.13 Toenail
clippings were taken from all ten toes of participants included
in the BRAVE study from January 2013 onwards using a clean
nail clipper. Clippings were pooled and initially stored in
labelled zip-lock bags at room temperature in long-term
repositories in both Cambridge (UK) and Dhaka (Bangla-
desh). All nail samples were then shipped to the University of
Aberdeen (UK). Nail clippings from participants selected for
this substudy were chosen based on toenail arsenic
concentrations, which were obtained from a previous total
trace element quantification analysis using ICP-MS. The
validity of nails as a biological matrix to investigate As
exposure has been previously reported.14,15

Sample Treatment. Two toenail clippings of similar size
were taken from each participant (2n = 26). For each set, one
toenail was not treated, while the other toenail was washed
with a 4-step cleaning procedure, using an adapted protocol
based on Rodushkin and Axelsson.16 Our cleaning protocol
included the use of different solvents in sequence to ensure a
more effective removal of the chemically different contami-
nants: acetone (≥99%, Fisher Scientific, UK), Milli-Q water
(18 MΩ cm), and 0.5% Triton X-100 (Sigma-Aldrich, UK).
Each solution was stirred in an ultrasonic bath for 20 min; at
the end of the sequence, the samples were thoroughly rinsed
with Milli-Q water, before oven-drying them overnight at 60
°C. The likelihood of nail degradation during the washing
procedure was low because nails were washed at room
temperature, and no scraping or grinding was applied.
Sample Preparation. The nail clippings were then

embedded in resin (Araldite CY212 Resin, E028 Hard Premix
Kit; TAAB, UK). Once hardened, the resin blocks containing
the nail clippings were cut into thin sections of 150 μm
thickness by using a diamond saw microtome (Leica SP1600,
Leica Microsystems Nussloch GmbH, Germany). Multiple
thin sections were obtained from each toenail sample (either
transversally [perpendicular to the nail bed] or longitudinally

[parallel to the nail bed]), and the orientation of the nails was
noted before cutting to later identify the histological nail layers
in each thin section (i.e., the dorsal [uppermost], the
intermediate, and the ventral [closest to the nail bed] nail
plate layers). Optical microscope images of each thin section
were obtained using a ZEISS Stereo Zoom microscope with a
Leica MC170 HD camera. A visual explanation of the sample
preparation is given in Figure S1.
XFM Elemental Mapping and XANES Imaging.

Samples were analyzed at the XFM beamline (Australian
Synchrotron, Melbourne), where an in-vacuum undulator is
used to produce a brilliant X-ray beam. A Si(111)
monochromator and Kirkpatrick−Baez mirrors were used to
deliver a monochromatic focused beam.17,18 The X-ray
fluorescence emitted by the specimen was collected using a
384-element Maia detector placed in a backscatter geometry.19

For all scans, samples were analyzed continuously in the
horizontal direction (“on the fly”). Elemental mapping was
conducted at 18.5 keV with a sampling interval of 15 μm in the
horizontal direction and a step size of 15 μm in the vertical
direction. For all maps, the beam was focused to 2 × 10 μm.
The transit time per pixel was 7.5 ms (corresponding to a
velocity of 2 mm/s). All spectra were analyzed using GeoPIXE,
and images were generated using the Dynamic Analysis
method.20,21 Elemental concentrations were calculated using
the X-ray ionization cross sections of Ebel et al.,22 the
fundamental parameter database of Elam et al.23 extended with
PIXE data24 and corrections for self-absorption in the sample,
absorption in air, and the efficiency response of the detector
obtained using standard metal (Mn, Pt) foils; the detected X-
ray signals in each pixel are related to calculated model
fluoresced X-ray yields for an assumed nail tissue composition
and section thickness of 150 μm.
After the elemental maps were collected, fluorescence-

XANES imaging was collected on the regions of interest. This
consisted of forming “stacks” of fluorescence maps by scanning
the entire area of interest 92 times and progressively increasing
the energy from 11.802 to 12.117 keV across the As Kα-edge.
This technique allows the extraction of XANES spectra for any
area of interest mapped. The energies of the 92 progressive
scans were selected on the basis of the features of the XANES
spectra of interest. The parameters that were used for
fluorescence-XANES imaging were as follows: 10 × 10 μm
pixel size and transit time of 10 ms per pixel (i.e., a velocity of
1 mm/s), with the beam focused to 2 × 10 μm.
Two As standards were measured for XANES analysis:

NaAsO2 (arsenite AsIII) and Na2HAsO4·7H2O (arsenate AsV).
Additionally, data for the As-glutathione standard (AsIII(GS)3)
were pooled from a library of standards obtained from previous
XANES measurements and were used as the reference for As−
S bonds. Data for the dimethylarsinic acid (DMAV;
(CH3)2AsO2H) standard were also obtained from a library
of standards. We did not pool other methylated species
(dimethylarsinous acid [DMAIII], monomethylarsonic acid
[MMAV], and monomethylarsonous acid [MMAIII]), because,
at the energy resolution used by this technique, spectral
features cannot easily be used to distinguish between different
species.25

The GeoPIXE “energy association” module was used to
identify the presence of different As species in the samples.
The tool shows the relationship between the fluorescence
recorded at two different energies near the absorption edge of
the species of interest. In the presence of multiple species in
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the sample, different pixel populations appear on the graph,
whereas if only one main species is present, all the pixels tend
to align along one direction. RGB images of As−Fe−Ti were
also used to identify potential small areas of external
contamination otherwise hard to identify using only the
“energy association” graphs.
The XANES spectra were extracted from the selected areas

and analyzed by Linear Combination Fitting using WinXAS.26

■ RESULTS AND DISCUSSION
Trace Element Distribution. Transversally, the nail plate

consists of three histological layers: the dorsal nail plate (top
layer of a few cell layers thick), the intermediate (or middle)
nail plate, and the ventral nail plate (the layer closest to the nail
bed).27 Nail keratins are comprised of 80−90% hard, hair-like
α-keratins and 10−20% soft, skin-like epithelial keratins.28

Hair-like α-keratin filaments are only present in the
intermediate layer of the nail plate, whereas skin-like keratins,

poorer in sulfur, are found in the dorsal and ventral layers.29 In
the intermediate layer, the thiol groups on cysteine (Cys) form
stable disulfide bonds (S−S), whereas the dorsal and ventral
nail plates have higher levels of free sulfhydryl (thiol) groups.30

In this study, XFM was used to map elemental distributions
in various toenail thin sections. Compton XFM maps were
used to delineate the outlines of the nails in each thin section.
Evenly colored Compton maps indicate a uniform thickness of
the specimen.
In washed toenail samples, S was uniformly distributed

across the intermediate layer with decreasing concentrations
often seen in the dorsal and ventral layers. This can be seen in
Figure 1 and Figure S2, which are representative of the samples
investigated. Similar to S, Zn was found throughout the washed
nail samples with decreasing concentrations from the onset of
the dorsal and ventral layers to the external outline. Cu was
evenly distributed in all histological layers, generally reflecting
the nail Compton outline. Co, Fe, and Mn showed higher

Figure 1. Thin section of the washed nail of participant #8, with corresponding counts profiles across the areas marked in the maps. The green
traverse section was drawn in an area with an undulated ventral layer, where the deposition of external contamination is apparent from the higher
levels of all trace elements except S, which is absent. K, Ti, and Rb are not found in the nail matrix and instead correlate with Co, Mn, and Fe, in
areas corresponding to dirt. The gray traverse section was drawn in an area with degraded keratin.
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concentrations in the dorsal layer. Co, Fe, and Mn were not
observed in the intermediate layer. Ca reached its peak
concentrations in the dorsal layer, with a more progressive
decrease toward the intermediate layer if compared to Co, Mn,
and Fe. Ni was mostly very low in concentration and not
detectable. Arsenic generally accumulated in the ventral layer.
However, in participants with high toenail As concentrations
(Table S1), moderate-to-high concentrations could be
observed in all three histological layers, with multiple
concentration peaks across the nail structure (Figure 1 and
Figure S2). In some instances, As was also detected in areas of
the dorsal layer with large amounts of Co, Fe, and Mn (Figure
S3). In participants with low As concentrations (Table S1),
little or no As was observed, as expected.
In dirty toenail samples, several trace elements could be

observed in concentrated areas in proximity to the ventral
layer, while not being a part of the nail structure (Figure 2 and

Figure S4). These regions could be differentiated from the
keratin outline of the toenail due to the absence of S in the
XFM elemental maps. The external contents in the maps were
linked to darker regions visible on the whole toenail as well as
in the optical microscope images of the thin sections, likely
indicating the deposition of exogenous materials onto the nail
surface (Figure S5). High amounts of Co, Fe, and Mn were
observed in these regions, and in very dirty samples, substantial
levels of Ca, Cu, Ni, and Zn were also observed. When
detected, As concentrations were not as high as those of other
elements in these regions. High concentrations of elements
otherwise either absent (Ti) or mostly absent (K, Rb, and Sr)
in the nail were also detected in proximity to the nail outline.
These latter elements are often found in the environment, and
they were used to identify areas of the nail where the
deposition of external contamination (e.g., soil and general
dirt) may have occurred.

Figure 2. Thin section of the dirty nail of participant #8, with corresponding counts profiles across the areas marked in the maps. The green
traverse section was drawn in an area with an undulated ventral layer, where the deposition of external contamination was observed. K, Rb, and Sr
are low in concentration, and Ti is not found in the nail matrix. The gray traverse section was drawn in an area with degraded keratin. Counts wise,
more contamination is present on the dirty sample, if compared to the washed specimen (Figure 1).
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In this study, the observed higher concentrations of S in the
intermediate layer are in agreement with the nail composition
and previous studies. For instance, Favaro31 used microbeam
proton induced X-ray emission and observed variation in S
along the nail thickness, with the highest concentration in the
intermediate layer and lower levels in the dorsal and ventral
layers. A significant difference in S content between dorsal−
intermediate, and intermediate−ventral, but not between the
dorsal and ventral layers was also reported by Mingorance
Álvarez et al.,32 using scanning electron microscopy with
energy-dispersive X-ray spectroscopy.
Given the aforementioned nail structure and composition,

we hypothesized that different trace element distribution
patterns would exist depending on the chemical binding
properties of each trace element. For example, Zn preferen-
tially binds to soft or borderline ligands, such as amino acids
with sulfur and nitrogen donor atoms.33 In our study, the Zn
concentration profile matched that of S, with a decrease in
concentration from the onset of the dorsal and ventral layers to
the external outline. This finding likely reflects the binding
environment in nails previously reported by Katsikini et al.,34

where extended X-ray absorption fine structure (EXAFS)
results indicated that Zn binds to Cys and His amino-acid
residues; with lower S concentrations, Zn concentrations also
decrease. Arsenic has a high affinity for sulfhydryl groups and it
can bind to cysteine residues in proteins,35 as also shown later
in this paper. Other trace elements probably have preferred
coordination numbers, and different types of amino-acid
residues can participate in the coordination.36 In our study,
higher Ca, Co, Fe, and Mn concentrations were found in the
dorsal layer (Figure S6). This area of the nail section is poorer
in sulfur, and therefore different amino acids residues other
than Cys are likely to be found.
The As distribution in our study was mostly consistent with

the literature. XFM mappings of thin sections from previous
studies showed discrete layering of arsenic, with propensity for
As accumulation in the ventral and dorsal layers rather than in
the intermediate layer, and irregular arsenic incorporation
along the nail growth axis.37,38

Efficacy of the Cleaning Procedure. Highly concen-
trated areas of external deposition were consistently washed off
following the cleaning procedure when comparing dirty and
cleaned toenail samples for each participant (e.g., Figure S7).
In some cases, residual exogenous material was still visible after
the washing protocol, especially in areas with an undulated
ventral layer (e.g., Figure S8). In these instances, however,
lower trace element counts were observed compared to the
dirty specimens, perhaps indicating that only strongly bound
exogenous contamination could not be removed.
The trace elements accumulating endogenously did not

seem to be affected by the washing protocol. In fact, the
concentration profiles of elements such as As, Ca, Cu, S, and
Zn (which all accumulate to different extents within the nail
structure) were similar before and after the cleaning steps
(Figures 1 and 2 and Figures S2, S4, and S9). Their
concentration profiles differed when these elements were
building up onto the nail in the form of exogenous particles
(Figures 1 and 2 and Figures S2, S4, and S9).
The not-washed samples were visibly very dirty on both the

dorsal and ventral nail plates. The ventral layer generally has a
more irregular surface, where exogenous contaminants can
easily accumulate. Although smoother, the dorsal part is also
prone to exposure, for example, in correspondence of ridges

and small fissures across the surface. Several sources of
contamination are possible, which depend on numerous factors
including geographical location, environmental factors, and
lifestyle. A detailed analysis of the possible sources of external
contamination affecting the toenail samples of the BRAVE
study can be found elsewhere.14 Briefly, considering the
Bangladeshi context of these samples, several sources of
external contamination might have affected the trace element
contents of the nails, including those of terrestrial, natural
origin, and those of anthropogenic origin. Previous evidence
also suggests that multiple sources of contamination might
exist; Rahman et al.39 recently analyzed the surface soil and
dust of roadside academic institutions in Dhaka, Bangladesh,
and linked Fe, K, Ti, and Sr to mainly natural sources. In a
separate study of contamination levels in school dust and soil
of Dhaka, several sources were identified, including natural
sources for Zr, Fe, Ti, and Rb, traffic-related activities for Cu,
Pb, and Zn, and industrial activities (e.g., cement and lime-
based mortar dust) for K, Sr, and Ca.40 It is thus possible that
exogenous materials, such as street dusts and soil, or materials
originating from urbanization and industrialization processes,
could heavily accumulate on the external layers of the toenails,
especially when using open-toed shoes, which is common in
Bangladesh.
Overall, the cleaning protocol seemed to be successful at

removing external contamination, with dirty specimens having
amounts of exogenous contents comparably higher than
cleaned toenail clippings (Figure 1 and 2 and Figures S2, S4,
S7, and S9). However, several washed samples also showed
non-negligible levels of dirt. Residual external contamination is
a crucial issue, because sample-destructive analyses do not
distinguish between endogenous and exogenous exposure, and
therefore high levels of dirt may ultimately affect the suitability
of toenails as a proxy to estimate trace elements levels of
exposure. In this regard, a separate subanalysis including
toenail samples from 211 participants of the BRAVE study
showed that the concentrations of several trace elements in
washed toenails were affected by external contamination. Large
within-subject variabilities were observed for trace elements
such as Co (within-subject coefficient of variation [WSCV]
61%, 95% CI 64−69), Fe (58%, 51−65), and Mn (54%, 47−
60). Conversely, other elements such as As (19%, 17−20), Cu
(25%, 22−28), and Zn (14%, 13−16) had low within-subject
variances, suggesting an endogenous build up and low levels of
external contamination.14

The evidence reported in our study may be helpful to
partially address such analytical challenge: the XFM analyses
suggest that external contamination of terrestrial origin may be
easily distinguished from the endogenous nail contents when
analyzing elements such as Ti and Rb. Ti is a nonessential
element for humans and does not seem to accumulate within
the nail structure. Rb is also a nonessential element and,
despite having similar biochemical characteristics to K and
potentially substituting for this element in biological samples,
the concentration in nails is probably low or negligible. In the
future, analyzing Ti and Rb as part of total trace element
quantification analyses might provide valuable information on
the residual amount of external contamination present onto
the nail after the cleaning procedure. Their analysis might also
help with the interpretation of other elements in the nails, such
as Fe, Co, and Mn, and the nature of their entities
(endogenous versus exogenous). K was also found in high
concentrations in areas associated with the exogenous build-
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up, but as it is an essential element, it might not be suitable to
establish the presence of external contamination.
Keratin Degradation. A few analyzed samples showed

morphology changes, possibly linked to keratin degradation of
the ventral layer. For example, both toenail clippings of
participants #8 and #14 were visually thick (Figures S5 and
S10). The optical microscope images of the corresponding thin
sections showed a rough ventral layer without a uniform
structure or tight coherence. Overall, the degraded keratin in
the toenail samples we measured was characterized by lower
amounts of S and Zn. Ca and Cu were also detected. In
participants with high toenail As concentrations (Table S1),
high amounts of As were observed in the degraded matrix (if
present), representing a major accumulation site (Figure 2).
Keratin degradation can occur as a consequence of several

factors, including inflammatory diseases (e.g., psoriasis) and
fungal infections (e.g., onychomycosis). Illustratively, onycho-
mycotic nails have higher porosity and lower amounts of
disulfide bonds if compared to healthy nails.41 In onychomy-
cotic nails, a weakening of the disulfide bond structure occurs
due to higher amounts of energetically less stable conforma-
tions of the S−S bonds.42 Psoriatic nails have also an increased
porosity and lower amounts of disulfide bonds.41,43 Although
the degradation of the disulfide bonds leads to the loss of
stability of the nail matrix, contributing to the morphology
changes of keratin and making it less compact and less

uniform,44 it remains unclear whether these changes can affect
the results of trace element analyses. Further research is
needed to establish whether the presence of inflammatory
diseases or fungal infections should be part of the participation
exclusion criteria in studies using toenail As to measure
(environmental) As exposure.
Speciation of As. XANES imaging was used to probe the

bonding environment of As in situ, in localized areas of four
thin sections of two participants with moderate-to-high As
concentrations in their toenails (Table S1): two thin sections
from participant #8 (one dirty, one washed) and two thin
sections from participant #29 (one dirty, one washed). The
XANES spectra of samples and standards are shown in Figure
3 and Figures S11−S13.
AsIII(GS)3 and DMAV were used as reference standards, in

addition to AsIII and AsV. Glutathione can be used as an
analogue of the thiol groups of the nail keratin, binding As
through the sulfhydryl group of its Cys residue. DMAV was
included as a standard because previous HPLC-ICP-MS
speciation analyses showed non-negligible levels of both
MMAV and DMAV in the nails of participants #8 and #29
(with the sum of the methylated species being approximately
13% of the total measured As; Figures S14 and S15). Although
MMAV was also found in the speciation analyses, it was not
included in this study because the white line position of
MMAV is very close to the white line of DMAV.25 At low

Figure 3. (A) Nail region of participant #29 selected for XANES (dirty sample). (B) Energy association scatter plots corresponding to energies
near the white line peaks of the AsIII−S bond in the nail specimen and of the AsV standard. (C) Localization of different populations of energy
correlations. (D) Extracted XANES for the five different populations; the vertical lines correspond to the white line peaks of AsIII(GS)3, AsIII, DMA,
and AsV standards. (E) Traverse section showing the presence of other trace elements in area R1.
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concentration levels (as is generally the case for the samples
measured in this study), the spectra show substantial noise and
the two different methylated species are probably not
sufficiently resolved. It should be noted that, for the speciation
analyses with HPLC-ICP-MS, the nail samples were micro-
wave digested, resulting in the oxidation of any sulfuric species
and the conversion of any AsIII compounds to their AsV
counterparts. Therefore, we do not know whether the
methylated species are bound to S or whether the oxidation
state varies. Information on the microwave procedure and the
extraction efficiency of methylated species can be found
elsewhere.14,45 Briefly, the microwave digestion parameters and
analysis procedures were optimized to avoid the loss of
analytes or As species transformation, ultimately maximizing
recoveries while maintaining the stability of the methylated
species.45

The acquired spectra of the two washed specimens of
participants #8 and #29 contained AsIII(GS)3 as the dominant
As species (accounting for 96−97% of the total As), indicating
that As in these samples is likely to be present as AsIII
complexed with thiol residues (Table 1). No spatial variations
in As speciation were observed, suggesting the absence of
exogenous As (Figure S12).

In the dirty samples, we found mixed speciation (Table 1).
The most predominant species was AsIII(GS)3, which
accounted for 58−99% of the total As, depending on the
analyzed sample region. Secondary species included AsIII (12%
in one region only), AsV (7−41% in several analyzed regions),
and DMAV (7−10% in two separate regions).
The difference in As speciation as related to its distribution

is shown in Figure 3 (dirty sample of participant #29) and
Figure S13 (dirty sample of participant #8). For participant
#29, the data from the energy stack used to generate the As
distribution map (Figure 3A) were analyzed using the “energy
association” function in GeoPIXE (Figure 3B). Five
populations of pixels were selected based on differences in
energy correlations, which indicate differences in speciation or
As content (areas circled in green in Figure 3B). AsIII bound to
thiol groups is present in all five regions R1−R5, whereas As in
dirt is localized at the tip of the nail clipping, in regions R1 and

R2. The pink traverse section (Figure 3E) shows the presence
of other trace elements (Fe, K, Ti, and Rb) generally associated
with external contamination, thus confirming the presence of
dirt on the nail. A similar occurrence coinciding with small
fractures was observed for the dirty sample of participant #8
(Figure S13), where As was found in Fe-enriched areas (region
R4, which corresponds to region R5 identified using RGB
images of As−Fe−Ti).
Arsenic was found to readily bind to S. The majority of the

acquired spectra indicated the presence of As bound to
sulfhydryl groups in the nails. Although As in cleaned samples
was present only as AsIII complexed with thiol residues, we
cannot rule out with certainty the presence of other species.
With the white line energies of S-containing As species
(including methylated species) being similar and not spatially
resolved,25 we could not establish whether any methylated
species were bound to S. Additionally, the fluorescence-
XANES imaging was used on limited areas, and there is a
possibility that the selected regions did not contain any form of
MMA and DMA, perhaps due to a heterogeneous buildup of
the methylated As species within the nail samples. In digested
samples, the concentrations of MMA and DMA by HPLC-
ICP-MS analysis were generally always lower than those of
inorganic As, and therefore, there is also a possibility that the
concentration levels of the methylated species may have been
too low for XANES detection.
In dirty specimens, AsV was found in localized areas, highly

enriched in Fe, (i.e., likely indicating exogenous As bound to
terrestrial contamination). In general, As has an affinity for
metal oxides/hydroxides, with Fe-oxides/hydroxides being a
major sink for As adsorption�e.g., iron oxides (Fe2O3), oxide
hydroxides (FeOOH), and poorly crystalline ferrihydrite
(hydrous ferric oxide).46,47 The AsIII and DMAV species
found in a few localized areas of the dirty specimens account
for a small proportion of the total As (around 10%). These low
estimates cannot however be associated with a high degree of
certainty because XANES analyses are inherently insensitive to
species present in small proportion, as the XANES spectra are
a weighted average of the spectra of all the species present in
the area analyzed. Therefore, any estimates around 10% should
be interpretated with caution, and definitive conclusions
should not be inferred.
Chronic exposure to As has known adverse health effects,

causing chronic health impacts.48 Previous studies have
measured As concentrations in keratin-rich matrices (i.e.,
hair, fingernails, and toenails) to evaluate the relative exposure
of individuals to As. However, As toxicity is also a function of
its speciation, and the determination of As chemical species is
crucial to understand the fate and toxicity of arsenicals in the
human body. Studies using HPLC-ICP-MS employ extraction
or digestion techniques that can transform some of the
chemical species. Previous studies using this technique
identified inorganic and methylated As species in nails but
did not report S-bound arsenicals.49,50 By contrast, S-bound As
species have been detected in nail samples when using XANES
spectroscopy. Gault et al.51 found that As-glutathione, i.e., S-
coordinated As in glutathione, and AsIII−O yielded the best
match for the nail samples, with varying proportions between
specimens. Pearce et al.38 reported a lower oxidation state
species, possibly with mixed S and methyl coordination
(As≈III(−S, −CH3)) and a higher oxidation state species
(As≈V(−O)). Cui et al.37 identified S-bonded As species (As−
glutathione) as the dominant species, while AsV and DMA

Table 1. Results of Linear Combination Fitting of K-Edge
XANES Data Showing Relative Proportions of Arsenic (As)
Species for Different Regions of Dirty and Washed Nails for
Participants #8 and #29a

sample AsIII(GS)3 (%) AsIII (%) DMAV (%) AsV (%) R factor

Washed
8 97 (2) 0.0045
29 96 (2) 0.0037

Dirty
8 R1 67 (2) 31 (2) 0.0051
8 R2 79 (2) 10 (3) 8 (3) 0.003
8 R3 98 (2) 0.0033
8 R4 99 (3) 0.0036
8 R5 84 (4) 12 (3) 0.0044
29 R1 62 (2) 12 (2) 25 (3) 0.0046
29 R2 86 (3) 7 (2) 0.0024
29 R3 87 (2) 7 (3) 0.0033
29 R4 94 (2) 0.0041
29 R5 58 (3) 41 (3) 0.0033

aData are means (SD). R factor is a goodness-of-fit estimate.
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were observed in smaller amounts across the nail layers; no
AsIII was detected. Ponomarenko et al.52 distinguished
between: (1) AsIII type, as a mixture of As bound to thiols,
and also to oxygen or methyl groups, with a small contribution
from AsV species, (2) AsV type, fitted by arsenate in aqueous
solution, and (3) AsIII + AsV mixture type. Most AsIII species
were best represented by fitting spectra of As-glut and arsenite
standards.52

These previous findings are variable and do not fully align
with the results reported in our study. The results by Cui et
al.37 were the most similar to our findings, with As-glutathione
accounting for 69−76% of the As content in nails. Possible
reasons could have contributed to the differences with the
other studies. Gault et al.51 mentioned problems in the fitting
process as a limitation of their analysis, limiting the certainty
about the exact species distribution. Pearce et al.38 stated that
their analyzed samples were sourced from participants who
were not exposed to As in seafood or water, but rather As
found in soil. By contrast, participants of the BRAVE study
were primarily exposed to As through the ingestion of As-rich
drinking water and through their diet (e.g., rice). Ponomar-
enko et al.52 found that As-glutathione accounted for only 17−
46% of the As content in nails when using As(GS)3, As(OH)3,
and AsO4

− as standards. The reason for this difference from
our results is not clear; however, the authors were also able to
produce alternative fittings using standard sets that included
inorganic arsenic and methylated species, thus suggesting that
other combinations might have been plausible. Further
research is therefore required to elucidate the behavior of As
species in the nail.

■ CONCLUSIONS
The microdistribution of trace elements in toenail clippings
and the speciation of As in the nail matrix were investigated
using XFM mapping and XANES imaging analysis. The
findings confirmed the presence of external contamination
onto the toenail clippings, which was recognized by identifying
areas with co-occurrence of Co, Fe, and Mn with elements
such as Ti (i.e., indicators of terrestrial contamination such as
soil and dirt). Although the cleaning protocol was shown to
successfully remove the majority of dirt, varying levels of
residual contamination were still visible in most samples, with
residual contamination remaining a persistent experimental
and analytical issue. Some elements (e.g., Co, Fe, and Mn)
were affected more than others (e.g., As, Cu, and Zn) by this
issue, ultimately raising concerns about their suitability for
estimating exposure levels. Based on the microdistribution of
the measured elements, we suggest including Ti and Rb in
future sample-destructive analyses to help estimate the amount
of residual external (terrestrial) contamination on the nails
after the washing protocol. Although Ti is probably a better
proxy of external contamination than Rb, Rb is easier to
measure in samples that are acid-digested and analyzed by
ICP-MS. However, depending on the origin and nature of the
contaminating source, strong associations between Ti and As
or Rb and As might not exist, with variability likely preventing
the use of Ti or Rb for normalizing out exogenous As
contamination (when present). XFM analyses could be used to
assess trace element concentrations in specific areas of nail
tissues not affected by external contamination.
The result from the XANES analysis showed that As is

bound to sulfhydryl groups in the nails when external
contamination is absent. In the presence of external

contamination, varying levels of AsV were also observed,
perhaps indicating AsV bound to Fe-oxides/hydroxides from
geological features. Methylated species were not detected,
despite having been quantified in previous HPLC-ICP-MS
speciation analyses. Hence, gaps remain in the understanding
of the As incorporation mechanisms and its metabolic
transformations, and further studies are required to better
elucidate these aspects.
In several samples, morphology changes were observed in

the keratin structure, possibly as a result of a disease. Future
studies should investigate whether morphology changes could
impact the overall trace element analyses.
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