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Human hair as a biological matrix presents a detailed distribution profile of organic and inorganic components
in the body. In comparison to blood and urine, hair introduces great advantages as it provides a temporal
record with growth and longer detection window of analytes. Elemental analysis by LA-ICP-MS has been
studied using different strategies for standards, however there is not a reference material that reproduces
the physical and chemical properties of hair. This work demonstrates the development of a matrix-matched
calibration standard using a keratin film doped with metals of interest for LA-ICP-MS analysis. The material
was synthesized from extracted human hair keratin using the “Shindai method", purified, spiked, and cross-
linked to obtain a thin homogenous film. A series of calibration standards were prepared for trace
concentrations of Ba, Pb, Mo, As, Zn, Mg, and Cu. Linear calibration models were built with limits of
detection as low as 0.43 pg g~* for Pb. The material was characterized by its thickness, homogeneity, and
matrix-matching compared to human hair. The calibration materials were cross evaluated with spiked single
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DOI: 10.1039/d5ja002429 human hairs for verification. These results provide a new set of standards for LA-ICP-MS to be used in
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internal medicine, forensic toxicology, and biological anthropology.

1 Introduction

Hair analysis has a wide variety of applications including
medicine, cosmetics, forensic science, and bio-archaeology.
Hair as a biological matrix provides a detailed distribution of
temporal information in the body. It is composed of a hierar-
chical organization of subunits consisting of a-keratin protein
chains that allow for metals to be contained thanks to a high
affinity for the sulfhydryl groups on the amino acids that
comprise keratin.' Therefore, these metals are easily incorpo-
rated into the hair matrix. The growth rate of human hair is
approximately 10 mm per month allowing for the concentration
of metals in hair to reflect the individual's exposure.

A long-term record of exposure in an individual can be re-
flected by the metal and metalloid concentrations in the hair
matrix. Although urine and blood are commonly studied for
analytes of interest in the body, they are only present for days to
weeks.” Hair is known to have higher stability of analytes for
weeks up to months and can therefore provide a longer record
of exposure. Hair also provides greater concentration of analy-
tes,' creating a more sensitive analysis. The trace elemental
profile in an individual's hair can be separated into two
different categories: macro and micro-elements.*> The
elements are then further split into either toxic or essential.®”
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Elements such as Mo, Pb, Ba, Mg, Cu, and Zn are commonly
studied for pollution exposure levels,® correlation with disease,’
and nutrition. In forensic studies, As is studied to evaluate
acute or long-term exposure to toxic elements in populations
and individuals.*"**> Their typical respective concentrations in
human hair are presented in Table S1, although variation in the
values exist when considering external contamination at the
surface of the hair.**"

Routine investigation of metals and metalloids within the
hair matrix consists of bulk analysis using large amounts of
sample, undergoing acid digestion, then analysis by inductively
coupled plasma-optical emission spectrometry (ICP-OES), ICP-
mass spectrometry (ICP-MS), or electro-thermal vaporization
atomic emission spectrometry (ETV-AES).***'>"'” Bulk analysis is
also not demonstrative of variations of growth and external
contamination cannot be differentiated from endogenous
uptake in the hair. As a solution, laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) allows for
direct sampling along the growth, the root, and any portion
below the skin surface that is protected from external contam-
ination in a single hair strand."**

With laser-based analytical techniques, matrix-matched
standards are necessary for quantification to reduce sample
matrix effects. Reference materials for elemental hair analysis
exist as hair powder to validate the elemental concentration.
Previously studied reference materials include “No. 13 Human
hair” from National Institute for Environmental Studies (NIES)
in Japan, and “ERM-DB001” from the Joint Research Center
(JRC) in Belgium. However, these materials are not matrix-
matched because of their granularity. For LA-ICP-MS hair
analysis, commercially available certified or standard reference
materials (CRM or SRM) have been studied by Noél et al.*>*
They analyzed grizzly bear hairs by LA-ICP-MS using dogfish
liver powder (CRM DOLT 2) pressed into a pellet. However, it
has been evaluated compact powder samples show a different
laser ablation behavior in comparison to solid structured
materials.”* Consequently, this approach of a pressed powder
pellet provides challenges for quantification of a single hair.
Another strategy for matrix-matched hair standards includes
soaking of single hair strands in solution with a known
concentration of elements of interest.”” This approach has been
studied by Dressler et al.?* concluding high sample throughput
and low limits of detection (LOD) from ng g " to pg g~ '. This
procedure provides versatility as it can be applied to a variety of
hair types including human or animal. However, this approach
can provide limitations as the samples are not homogenous and
the concentrations of trace elements already present in the hair
induce a natural bias in the referenced hair strand.

An innovative study by Cheajesadagul et al.>* incorporated
the use of keratin films doped with Pb to use as a matrix-
matched standard for LA-ICP-MS analysis. In this study, the
use of Pb doped keratin films were compared to soaked human
hair strands in solution. The keratin was extracted from human
hair using the “Shindai method”, producing a protein-rich
solution. The film was then formed by self-assembly, self-
aggregation, and cross-linking of the keratin proteins with
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trichloroacetic acid (TCA) and calcium chloride (CaCl,). The
doped keratin films showed better linearity and Pb retention
than the soaked hair approach. Due to the limited surface area
on a hair strand, they could not retain higher concentrations.
However, keratin films provide a larger surface area allowing for
a higher quantity of analytes. The quantification of Pb using
this approach provided a LOD of 0.082 ug g *. This LOD is very
low, thanks to the hair samples used for synthesis of this
material being Pb-free. The authors encouraged the expansion
to other trace elements for quantification. While innovative,
aspects of the film preparation were not optimal for a repre-
sentative hair calibration standard. The dimensions of the
sample were not controlled as only pipetted on a square slide of
2.5 x 2.5 cm’. This may have led to non-reproducible contours
for the material if not covering the whole slide. If the material
were square, this may have increased the heterogeneity of
material distribution due to the lack of symmetry. There was
also no mention of the thickness of the samples, especially in
comparison to hairs.

This present work presents the synthesis of keratin films
spiked with trace metals to be used as matrix-matched cali-
bration standard for LA-ICP-MS analysis. This material was
designed as a single-layered keratin sample of 100 um to
reproduce hair thickness. To increase homogeneity, the mate-
rial was prepared in a circular mold, providing physical
constraint to enhance the reproducibility of its synthesis. This
study presents the morphology, characterization and evaluation
of the keratin film for quantitative elemental analysis of hair.

2 Materials and methods

2.1 Instrumentation

The standards and samples were analyzed by LA-ICP-MS using
a J200 Tandem LA/LIBS system (Applied Spectra Inc, West
Sacramento, CA) coupled with a PlasmaQuant MS Elite (Analy-
tik Jena, Beverly, MA). The optimized conditions of the LA and
ICP-MS system are shown in Table 1. These parameters were
optimized with a keratin film and hair samples using 10 laser

Table 1 LA-ICP-MS instrument parameters

7200

Laser ablation (Applied Spectra Inc.)

Laser wavelength 266 nm
Laser repetition rate 10 Hz
Laser spot size (diameter) 40 pm

He flow 2.0 L min™*
Ar flow 0.5 L min~*
Laser fluence 3.3Jcem™?

PlasmaQuant Elite

ICP MS (Analytik Jena)
RF power 1380 W
Plasma gas flow 9 L min*
Auxiliary gas flow 1.2 L min™!
Dwell time 10 ms

This journal is © The Royal Society of Chemistry 2025
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pulses per sampling location. Fluence was adjusted to ablate
approximately 75% of the hair diameter without breakage. Gas
flows (He and Ar) were optimized with the keratin film as the
amount to transport the maximum mass from the ablation cell
to the ICP torch.

2.2 Reagents and samples

Metal standard solutions were prepared from 1000 pg g
standard solution of Zn, Cu, Mg, Ba, Pb, Mo, and As (SCP
SCIENCE, USA). All dilutions were prepared with ultra purified
deionized water (Smart2Pure, Thermo Scientific, USA). The
keratin film and hair samples were digested with 67% nitric
acid (TraceMetals grade, Fisher Chemical, USA) using a 5000
Multiwave microwave digestion system (Anton Paar, Ashland,
VA). The digested samples were prepared with 2% nitric acid for
ICP-MS analysis.

2.3 Keratin film standards

The overview of the keratin film synthesis is shown in Fig. 1. The
synthesis began by keratin extraction from a variety of human
hairs donated from anonymous individuals at a local hair salon
(Great Clips, Orlando, FL). The hair strands were washed by
sonication in distilled water for 30 minutes. The hair samples
were then submerged in a methanol-chloroform solution (2:1
v/v) for 24 h and rinsed for 30 minutes with distilled water by
sonication for removal of external lipids. The cleaned hairs (5 )
were mixed with 100 mL of Shindai solution,** which contains
25 mM Tris-HCI (pH 8.5), 2.6 M thiourea, 5 M Urea, and 5% 2-
mercaptoethanol (2-ME) at 50 °C for 72 h. The keratin mixture
was then filtered at room temperature. For protein isolation, the
solution was dialyzed by centrifugal filtration for 4 h (4 °C) at
5000 rpm (Macrosep 10 K, Cytiva, USA). The purified protein
solution was analyzed by fluorometric quantification (Qubit 4,
Thermo Fisher, USA) protein assay ensuring a concentration of
40-60 pg uL~' for appropriate cross-linking. The dialyzed
keratin solution was then directly pipetted into 40 mM CacCl,
(for Ba, Pb, Mo, Zn, Mg, Cu standards) or 5% TCA (for As
standard) in a 10 mm round cavity silicone mold (Electron
Microscopy Sciences, USA) forming a film from a single layer of
keratin. The protein aggregate was formed immediately by self-
assembly, self-aggregation, and cross-linking. The films were
cross-linked for 1 h at room temperature then were washed
twice with ultra purified deionized water and left to dry at room
temperature overnight.

Extracted
Keratin

Clean
Hair

Human
Hair
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The keratin films were spiked in multi-element solutions
with three groupings consisting of {Ba, Pb, Mo}, {Zn, Mg, Cu},
and {As} to minimize interferences. The multi-elemental solu-
tions consisted of a 0.075 M EDTA buffer brought to pH 9. The
purified keratin was then mixed with the multi-element buff-
ered solutions and cross-linked to fabricate the film. Two
groupings of standards were prepared with nominal concen-
trations of {0, 2, 10, 20, 40 ug g~ '} for Ba, Pb, Mo, As and {0, 20,
100, 200, 400 pg g~ '} for Zn, Mg, Cu to represent the ranges of
concentrations in hair. The nominal concentrations are defined
as S1, S2, S3, S4, S5.

The spiked keratin film concentrations were verified by
nebulization ICP-MS. The entire keratin film (~10 mg) was di-
gested with 2 mL 67% nitric acid then diluted to fit in the
operational ICP-MS calibration curve.

2.4 Homogeneity

The homogeneity of the keratin film calibration materials was
measured by a 4.5 x 4.5 mm® grid of 100 spots across the
surface. Each location was separated by 500 um to cover the
entirety of the calibration material. The keratin films were
secured between two cardstock and fixed to a glass microscope
slide for LA-ICP-MS analysis. The LA-ICP-MS conditions for
homogeneity determination of the reference materials are di-
splayed in Table 1.

2.5 Hair samples

Validation of the standard material was performed on 60 single
human hairs. The samples were scalp hair, cut close to the
scalp, from one individual. The samples were cleaned following
the methanol-chloroform procedure as the synthesis of the
keratin film in Section 2.3. The single hairs were doped by
soaking in a 0.075 M EDTA buffer solution for 72 h in three
groupings {Ba, Pb, Mo}, {Zn, Mg}, and {As} to minimize inter-
ferences. The hairs were doped at nominal concentrations of
20 pg g~ ' (Ba, Pb, Mo, As) and 200 pug g~ ' (Zn, Mg). The hair
cuttings (1 cm) were fixed on a glass microscope slide using
copper double-sided adhesive tape for LA-ICP-MS analysis,
justifying the exclusion of Cu from the list of tested elements.
Copper double-sided adhesive tape was nonetheless preferred
to plastic double-sided tape for its smoothness and flatness. LA-
ICP-MS analysis of each hair was measured at 25 locations along
the length. The LA-ICP-MS conditions for the elemental deter-
mination of the spiked hairs are the same as for the calibration
materials (Table 1).

"EAVE 2

L

Isolated Keratin Crosslink Keratin
Keratin Solution Film

Fig. 1 Synthesis overview of reference material. This figure was created with BioRender.
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Fig. 2 Dimensions (a) and thickness (b) of the keratin film.

2.6 Microscopic analysis

Microscopic 3-D depth profiles were acquired to characterize
the morphology and laser ablation of both the reference mate-
rial and hair samples using digital microscopy (VHX 6000,
Keyence, Itasca, IL, USA).

3 Results and discussion
3.1 Material characterization

3.1.1 Dimensions of material. The dimensions of the
standard material are shown in Fig. 2, measured by digital
microscopy.

The diameter is approximately 8 mm, with a thickness of 100
pum. The thickness was measured by cutting the film in half with

Fig. 3
measured along the xz-plane.

Table 2 Metal concentration of keratin films obtained by ICP-MS
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a utility knife and placed between holders to measure the
thickness transversally. The standard shows similar thickness
in comparison to human hair (~80-100 um).*

3.1.2 Laser ablation characterization. The keratin films
were evaluated for their ablation behavior in comparison to single
human hairs. The reference materials and hairs were ablated
using the same conditions (40 um laser spot size and 1.86 pJ laser
energy). The crater size shows comparable ablation behavior to
human hairs, as shown in Fig. 3. The depth profile of the refer-
ence material was measured by digital microscopy after 10 laser
pulses resulting in a crater width of 85 um and 25 um in depth,
respectively. The similarity of the dimensions of the laser ablation
sampling demonstrates the matrix-matching between the refer-
ence material and human hair for laser-ablation.

3.1.3 Elemental spiking yield. The elemental yield of the
spiked reference materials were evaluated by nebulization
ICP-MS (results shown in Table 2). The reference material
blank (S1) contained low concentrations of metals, except for
Mg, Zn, and Cu. The presence of these trace elements in the
blank keratin matrix is possibly due to their intrinsic presence
within human hair.>® Although the protein solution was
purified prior to cross-linking, these essential elements were
retained, introducing a bias. For calibration, the trace metals
were paired in several elemental groupings according to their
physical properties. The spiking of the metals within the
keratin films yielded concentrations between 14 and 100%,
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(a) Comparison of laser-ablation crater of human hair (left) and reference material (right). (b) A cross-section of the depth profile is

ICP-MS concentration (ug g~ ")

Element S1 S2 S3 S4 S5
Nominal (ng g ") 0 2 10 20 40

7>As 0.35 + 0.09 0.80 + 0.35 1.39 4 0.68 6.63 + 0.36 14.6 + 0.84
Mo 0.69 + 0.07 1.06 & 0.09 2.64 + 0.33 4.51 £+ 0.19 7.78 + 0.31
13883 0.29 + 0.03 0.86 + 0.04 2.72 + 0.06 4.09 + 0.07 5.57 + 0.32
208pt, 0.38 & 0.03 1.07 £ 0.12 4.32 + 0.27 7.80 £ 0.39 11.9 + 0.35
Nominal (ug g ") 0 20 100 200 400

%Cu 6.41 + 0.50 15.2 4 0.60 47.4 + 1.63 75.4 + 1.43 153 + 1.14
Mg 15.9 + 0.33 20.1 £ 0.32 45.3 + 0.14 67.6 &+ 0.71 90.9 £ 0.69
667n 8.61 + 0.10 14.8 4+ 1.13 52.8 4+ 1.09 109 + 1.99 228 + 1.51
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due to their binding interactions with the EDTA chelating presence of these elements embedded within the keratin
agent.”” The decreasing yield for larger nominal concentra- matrix. The metals could have also yielded lower concentra-
tions is possibly due to the saturation and the natural tions due to loss during the washing process.
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Fig.4 (Left) LA-ICP-MS calibration curves for As, Mo, Pb, Mg, and Zn. The black line represents the linear fit and the purple shaded area is the 95%
prediction interval (P1). (Right) Maps of LA-ICP-MS signal for each reference material (normalized to **S signal). Calibrations for Ba and Cu are
available in Fig. S1.
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Table 3 Analytical figures of merit for the keratin film calibration
curves (R?, LOD, and LOQ in pg g™

Element R? LOD LOQ
As 0.9877 0.62 0.88
Mo 0.9973 0.74 0.77
Ba 0.9915 0.45 0.60
Pb 0.9978 0.43 0.48
Cu 0.9918 8.67 10.9
Mg 0.9943 19.0 22.1
Zn 0.9988 13.0 17.1

3.1.4 Homogeneity of material. The homogeneity of the
spiked reference materials (S1-S5) was characterized by
mapping the spatially resolved LA-ICP-MS signal of 100 loca-
tions distributed on a 10 x 10 grid (Fig. 4, right section). The
element of interest in each film was characterized by its median
and its interquartile range (IQR) between the 25th and 75th
percentile of the 100 values. Any value outside of the IQR was
considered an outlier adding to any heterogeneity of the film for
this element. As shown in Fig. 3, these outliers mostly occurred
on the outer region of the film (due to the coffee ring effect®),
and for the S1 films where the intrinsic bias may be inhomo-
geneous in the keratin structure of the films.

3.2 Calibration standards

The keratin films were evaluated for their analytical perfor-
mance as calibration standards by measuring analytical figures
of merit including linearity (R*), limit of detection (LOD), and
limit of quantification (LOQ). Calibration curves were built by
correlating the LA-ICP-MS signal for 100 points (minus the
outliers as described in Section 3.1.3) per sample (normalized to
345) with the resulting ICP-MS concentration (ug g~ ') in the
spiked keratin films (Fig. 4, left section). The boxplots illustrate
the LA-ICP-MS signal distribution by highlighting the median
and IQR. As shown in Table 3, the doped elements displayed
good linearity (0.98 or above), presenting strong correlation
between the ablated signal response and target concentration in
the keratin film. The LOD and LOQ were determined using the
95% prediction intervals of the linear model, as described by
J. M. Mermet.”® The LOD and LOQ range between 0.43 and
0.48 ug g~ ' for Pb to 19.0 and 22.1 ug g~ * for Mg. Due to their
presence in hair, further investigation should be performed to
decrease the signal dispersion on the higher concentration
standards for Cu, Mg, Zn to reduce the LOD and LOQ values.

Table 4 Comparison between ICP-MS and LA-ICP-MS concentra-
tions on soaked hair samples (ug g%

Element Nominal ICP-MS LA-ICP-MS
Zn 200 88.2 + 1.8 83.4

Mg 200 81.3 £ 1.0 95.0

As 20 4.82 4+ 0.45 3.33

Pb 20 0.25 4+ 0.06 0.29

Mo 20 1.17 £ 0.04 0.82

Ba 20 1.39 + 0.07 Not detected
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3.3 Elemental analysis of hair

To evaluate the analytical performance of the calibration
material, sixty hair samples from one individual were studied
under the same LA-ICP-MS conditions as the keratin films. The
single hairs were doped with a multi-elemental solution using
an EDTA buffer as described in the methods Section 2.5. Table 4
lists the nominal concentration of the doping solution, median
LA-ICP-MS concentration, and their corresponding bulk ICP-MS
values in the spiked hairs. Only As, Mo, Mg, and Zn showed
concentrations above LOD for LA-ICP-MS. The concentration
results for Pb and Ba were below LOD due to their low
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Fig. 6 LA-ICP-MS distribution of soaked hairs in comparison with the
corresponding bulk ICP-MS value (red line). The red dashed section
represents the LA-ICP-MS concentrations below LOQ.
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concentrations within the hair, despite the soaking. Although
the use of soaked hair strands is a well-established technique
for reference material development,® it resulted in a lower
doping yield compared to the doped keratin films (shown in
Fig. 5), despite both being prepared using the same nominal
concentration. Mg is an exception, most likely because of its
intrinsic presence in hair. Using the calibration curves pre-
sented in Fig. 4, the elemental analysis of 10 of the 60 hairs,
picked at random, was performed for each element listed in
Table 4. The distribution of concentration values obtained by
LA-ICP-MS is presented in Fig. 6, in comparison with the cor-
responding bulk ICP-MS concentration in red. The ICP-MS
results of the doped hairs in comparison to the median LA-
ICP-MS concentrations are comparable. A deviation between
the concentration values occurred mostly for elements present
at low concentrations, such as Mo, Pb and Ba, with the LA-ICP-
MS values being below the nebulization ICP-MS values. This
may be due to the heterogeneity of the distribution of elements
at lower concentrations in hair.*

4 Conclusion

Multi-elemental doped keratin films were successfully synthe-
sized and used as calibration standards for LA-ICP-MS deter-
mination of As, Mo, Pb, Mg, and Zn. This reference material
behaved similarly to human hairs in its ablation and demon-
strated reproducibility in its spiking. The calibration curves
developed using the standard materials demonstrated good
linearity and acceptable limits of detection and quantification.
Although it was not the goal of this study, further analysis
should include lowering the LOD and LOQ levels, opening new
doors to detect lower concentrations in hair. These matrix-
matched standards allow for the use of analysis of single
hairs from a single individual. These results are promising for
the further use of the high spatial resolution of LA-ICP-MS,
allowing for temporally-resolved elemental profile along the
hair. To strengthen the reliability of the reference materials,
future studies should investigate comparison to real-world hair
samples and interlaboratory testing to promote standardiza-
tion. These keratin films pave the way for a new set of reference
materials for quantitative LA-ICP-MS analysis for a variety of
disciplines including medicine, forensic toxicology, and bio-
logical archaeology.
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