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velopment of a matrix-matched
reference material for quantitative analysis of bone
with portable LIBS

Kristen M. Livingston, ab Amanda T. Williams ab and Matthieu Baudelet *abcd

With the rising popularity of laser-induced breakdown spectroscopy (LIBS) for studying skeletal samples, the

need for a matrix-matched reference material for quantitative analysis of bone has become a priority.

Previous calibration materials used for laser-based sampling include glass standards, bone powders,

carbonates, and hydroxyapatite standards, all of which fail to imitate both the physical and the chemical

properties of the matrix of bone samples. This study focuses on the development, characterization, and

application of matrix-matched reference material for bone. These materials are composed of a compact

collagen scaffold that is embedded with elementally-enriched hydroxyapatite crystals. Physical

characterization of the composites indicates a hydroxyapatite crystallinity and pore size that corresponds

to bone. Molecular characterization confirms the presence of hydroxyapatite and collagen throughout

the material, while elemental analysis reveals a profile nearly identical to that of bone. Calibration curves

for strontium and barium were developed for portable LIBS (pLIBS) analysis, finding limits of detection

and quantification values of 123 mg g−1 and 140 mg g−1 for strontium, and 29 mg g−1 and 37 mg g−1 for

barium. Validation was performed on bone fragments for which pLIBS signal was used to determine the

concentration of strontium and barium.
1. Introduction
1.1. Laser ablation analysis of bone

Laser-induced breakdown spectroscopy (LIBS) has become an
increasingly popular analytical tool for the chemical analysis of
bone. The minimal sample preparation, in situ micro-
destructive sampling, and rapid acquisition time are
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medical diagnostics.2,9 Strontium and barium are common
dietary indicators in bioarcheological reconstructions.3,10

Elemental variation due to diagenetic alterations occurring
aer death have also been evaluated.4,11 LIBS proles of human
skeletal remains have even been assessed as a possible means
for reassociating commingled remains in forensic contexts.7,8,12

LIBS analysis of skeletal remains has also become more
practical with the commercial availability of portable LIBS
(pLIBS) instrumentation. Field-deployable instruments enable
analysts to travel between eld sites and laboratories to examine
samples. Another benet of pLIBS is the ability to analyze
whole, intact bone samples that would otherwise need to be
destructively sampled to t within a LIBS sample chamber. This
is critical for the study of forensic and bioarcheological settings
where samples are oen limited, or invasive sampling tech-
niques are discouraged. The ease and accessibility of LIBS for
skeletal samples make it a great qualitative technique. However,
one primary analytical challenge that has yet to be solved is the
development of a matrix-matched standard that supports
quantitative, laser-based analysis of bone.

1.2. The need for matrix-matched standards

Despite the lack of an ideal reference material for bone,
a number of quantitative laser-ablation studies of bone have
been published.5,6,13–16 Calibration approaches in such works
include the use of certied reference materials, including trace
elements in glass (NIST6XX series) and bone meal/bone ash
powders (NIST1486 and NIST1400). Other reference standards
have included lab-synthesized hydroxyapatite pellets and
calcium carbonates. None of these standards can provide
effective quantitative results for LIBS because they (1) fail to
fully match the chemical composition of bone, (2) lack the
physical composition of bone necessary to ensure reproducible
laser–sample interactions, or (3) cannot provide a multi-point
calibration curve necessary for reliable quantitation. With the
growing eld of research for LIBS applications to skeletal
samples, the development of reference material suitable for
laser ablation of bone is a vital necessity.

1.3. Composition of bone to be simulated in reference
materials

Matrix-matching for laser-based sampling requires imitating
both the chemical and physical properties of the sample. For
skeletal samples, the goal is to replicate the compact, outer layer
of bone known as cortical bone. Cortical bone tissue is
composed of collagen brils, embedded with hydroxyapatite,
Ca5(PO4)3OH, crystals.17,18 These mineralized brils are
arranged in close-packed ber arrays, known as lamellae, which
are further organized into the structural units of cortical bone
tissue known as osteons. The highly ordered arrangement of
osteons in bone creates a dense physical structure, with small
pores that allow for blood ow, nutrient diffusion, and move-
ment of bone cells.19,20 The major components of collagen and
hydroxyapatite have a mass percent of roughly 30% organic
material and 70% inorganic mineral. Minor and trace elements
found in bone are predominately found in hydroxyapatite, as
This journal is © The Royal Society of Chemistry 2025
these elements substitute in for Ca2+, PO4
3−, or OH− ions or

reside within interstitial spaces of lattice.21,22 Commonly known
minor and trace elements in bone include Na, K, Mg, Sr, Ba, Fe,
Zn, and Al.

The matrix of a bone reference material is expected to mimic
the bulk chemical composition of bone, while also possessing
a compact structure that retains a porosity. Additionally, the
materials must allow for controllable, trace elemental incorpo-
rations across a range of calibrations to ensure multi-point
calibration curves. This research study proposes a synthetic
material designed to imitate cortical bone that can be doped
with trace elements and used to calibrate portable LIBS signal
for the quantitative analysis of bone.
2. Materials and methods
2.1. Synthesis and spiking of hydroxyapatite

A range of matrix-matched scaffolds were prepared via a co-
precipitation method combining synthesized hydroxyapatite
and insoluble collagen, adapted from previous studies.23–25 The
scaffolds were spiked utilizing strontium (Sr) and barium (Ba)
elemental standards (SCP Science, Quebec, Canada).

For the synthesis of hydroxyapatite (HAP), equal volumes of
calcium nitrate tetrahydrate (Ca(NO3)2$4H2O, 1.0 M; VWR
International, Radnor, PA) and ammonium dihydrogen phos-
phate (NH4H2PO4, 0.6 M; VWR International, Radnor, PA) were
mixed separately. Ammonium hydroxide (NH4OH; Acros
Organics, Fair Lawn, NJ) was used to adjust the pH of each
solution to a pH of 10. To create doped HAP powder, Sr and Ba
were added to the calcium nitrate solution at increasing
concentrations and the calcium nitrate solution was added
dropwise to the ammonium phosphate solution at a rate of 6
mL min−1. The mixture was covered and placed in an orbital
shaker for 3 hours, then le to age for 48 hours at room
temperature. The precipitate was ltered and calcined at 450 °C
for 3 hours in a muffle furnace. The amalgamate was then
ground to a ne powder.
2.2. Creation of collagen-hydroxyapatite composites/pellets

A 3% w/v solution consisting of Type I bovine collagen (COL;
Sigma-Adrich, St. Louis, MO) and 5 mM hydrochloric acid (HCl;
Sigma-Aldrich, St. Louis, MO) was le to swell overnight at 48 °
C. Aer centrifuging, the supernatant was discarded, and the
product was reconstituted with 5 mM HCl and vortexed. While
stirring the collagen slurry, the synthesized hydroxyapatite
powder was added at a 30 : 70 COL : HAP ratio by weight. To
ensure crosslinking of collagen brils, 15 mM n-hydrox-
ysuccinimide (NHS; Sigma-Aldrich, St. Louis, MO) and 30mM n-
(3-dimethylaminopropyl)-n0 ethylcarbodiimide hydrochloride
(EDC; Sigma-Aldrich, St. Louis, MO) were added. Resulting
solutions were added to 3 mm × 10 mm cylindrical molds and
placed in a −30 °C freezer for 24 hours. Aer removing, the
mold was placed under vacuum to dry. The scaffolds were then
pelletized using a manual arbor press.
J. Anal. At. Spectrom., 2025, 40, 3184–3191 | 3185
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2.3. Characterization of pellets

2.3.1 Physical (digital microscopy). Aer pressing the
pellets, images were acquired at 20×, 200×, and 500× using
a digital microscope (VHX-6000, Keyence Corp., Itasca, IL).

2.3.2 Molecular (XRD, ATR-FTIR). Aer the synthesized
hydroxyapatite sample was ground, analysis was performed by
X-ray diffraction (Empyrean, Malvern Panalytical Ltd, Malvern,
UK) and the High Score soware package with ICDD database.
Scans were done between 2q of 10°–80° with a resolution of
0.05° using the Cu K-alpha X-ray emission wavelength (1.54 Å).
Attenuated total reection Fourier-transform infrared spec-
troscopy was performed on the pressed pellet as well as milled
bovine bone powder (Spectrum Two FTIR Spectrometer, Perki-
nElmer, Waltham, MA) with the Spectrum 10 soware. Results
were averaged from sixteen scans at a resolution of 4 cm−1.
Multiple spectra were taken on each sample to ensure a repre-
sentative signal was obtained.

2.3.3 Elemental (pLIBS, ICP-MS). Pressed pellet samples
were analyzed using portable LIBS (pLIBS) (SciAps Z-300, SciAps
Inc., Andover, MA) and Prole Builder soware. Small
Fig. 1 Digital micrographs of synthesized reference material. (a) Overvie
fibrils. (c) Hydroxyapatite crystals trapped within collagen framework of

Fig. 2 XRD comparison of synthesized hydroxyapatite with reference sp

3186 | J. Anal. At. Spectrom., 2025, 40, 3184–3191
fragments of bovine marrow bone were also analyzed by pLIBS
as validation samples. The Z-300 is equipped with a 1064 nm
Nd : YAG laser with laser energy of 5 mJ. (The uence of the laser
in this instrument cannot be adjusted, as both laser energy and
spot size are predetermined.) Each sample spectrum was
acquired at a 50 Hz pulse rate, with the three-channel spec-
trometer (190 to 950 nm) set at a 292 ns gate delay with 1 ms
integration time. Multiple sample locations on each pellet (5
locations) and bone fragments (3 locations) were analyzed; each
sampling consisted of 3 cleaning shots followed by 12 data
shots. Prior to further analysis, all LIBS spectra are normalized
to the non-resonant Ca I line at 442.6 nm to ensure uctuations
are representative of the matrix itself rather than plasma
conditions.

Pellets and bone fragments were digested with trace-metal
grade nitric acid (HNO3; ThermoFisher Scientic, Waltham,
MA) in the Multiwave 5000 (Anton Paar, Graz, Austria) with
a 20SVT50 rotor. Samples were diluted with 18.2 MU cm2 ultra-
pure water and spiked with an indium internal standard before
being introduced to the PlasmaQuant Elite ICP-MS (Analy-
tikJena, Jena, Germany) using the AspectMS soware package.
w of HAP-COL pellet. (b) Pores produced by crosslinking of collagen
pellet.

ectrum.

This journal is © The Royal Society of Chemistry 2025
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All spectral processing, visualization, and analyses were
performed using MATLAB soware (MathWorks, Natick, MA).
3. Results and discussion
3.1. Physical characterization

3.1.1 Digital microscopy. Micrographs of the outer surface
of the pellet and its cross-section reveal the presence of
a compact yet porous collagen framework containing mineral
crystals (Fig. 1a–c). Each pellet measures approximately 13 mm
in diameter with a thickness of 2.76 mm (see SI). While compact
and dense, the pellet still maintains a visible level of porosity.
The diameter of the pores range from approximately 0.78 mm to
175 mm, imitating the reported pore size in cortical bone of 50
mm to 250 mm.26,27 The grain sizes of HAP crystals found within
the pellet are measured between 13.4 mm to 98.1 mm. Due to the
agglomeration of hydroxyapatite particles, this granularity is
larger than that of individual crystals in bone.28 However, the
Fig. 3 Molecular comparison of HAP-COL pellet with bovine bone pow

Table 1 Assignment of functional groups in FT-IR of synthesized refere

Wavenumber (cm−1) Functional group

560 and 601 Phosphate (PO4
3−)

631 Hydroxyl (–OH)
720 Amide IV
962 Phosphate (PO4

3−)
1025 and 1092 Phosphate (PO4

3−)
1239, 1382, and 1455 Amide III
1545 Amide II
1640 Amide I
2851, 2921, and 2981 Amide B
3296 Amide A
3571 Hydroxyl (–OH)

This journal is © The Royal Society of Chemistry 2025
presence of large particles within the pellets simulates the close
packing of mineralized bril arrays present in cortical bone.

3.2. Crystalline and molecular characterization

3.2.1 XRD. The crystalline structure of the lab-synthesized
hydroxyapatite, prior to elemental spiking, was evaluated by
XRD. The powder XRD spectrum of the product is shown in
Fig. 2 with a reference spectrum for hydroxyapatite derived from
Rodriguez, et al.29 The alignment of the experimental and
reference spectra conrms the presence of hydroxyapatite,
rather than another apatite or calcium phosphate mineral. The
average crystalline size of the hydroxyapatite powder was
calculated to be approximately 65.2 nm, based on the Scherrer
Method.30,31 This is consistent with the range of reported
hydroxyapatite particle dimensions of 50 nm to 100 nm in
length and 30 nm to 50 nm in width, with a thickness of 2 nm to
6 nm.28

3.2.2 FTIR. The molecular composition of the collagen-
hydroxyapatite composite pellet was analyzed and compared
der using ATR-FTIR.

nce materials

Structural characteristic

Bending (n4) of P–O
Wagging of O–H
Bending of N–H
Symmetric stretching (n1) of P–O
Asymmetric stretching (n3) of P–O
Stretching of N–H and bending of C–N
Stretching of N–H and bending of C–N
Stretching vibration of C]O
Stretching vibration of C–H
Stretching vibration of N–H
Stretching vibration of O–H

J. Anal. At. Spectrom., 2025, 40, 3184–3191 | 3187
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Table 2 Concentration of Sr and Ba in reference materials, obtained
by ICP-MS. The errors are 1s values measured in replicate samples
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to that of bovine cortical bone (Fig. 3). Key molecular signals
from both collagen and hydroxyapatite are summarized in
Table 1, based on previous research studies.32–35

Discrepancies in intensity can be seen in the Amide A and
Amide III regions, where the reference material has a lower
absorbance. This could be attributed to a lower collagen content
in the HAP-COL pellet than in bone, though it is more likely the
result of an increased transmittance through the collagen in the
pellet, due to its porous framework. The ATR-FTIR spectrum
also reveals that the phosphate vibrational modes in the refer-
ence material are slightly more intense, sharper, and more
distinct than the broadened signal from milled bone. The
improvement in signal in the reference material results from
the larger surface area of HAP crystals present in the pellet.
Observed differences between the synthesized reference mate-
rial and bone reference result from the physical, not chemical,
differences between a pressed solid and a powder. Overall, there
is an overwhelming similarity in molecular proles between the
synthesized calibration standard and a true bone, which
supports the objective of chemical matrix-matching.
Standard
Nominal concentration
(mg g−1) Element

ICP-MS concentration
(mg g−1)

S1 0 Sr 103.22 � 0.84
Ba 19.74 � 1.21

S2 50 Sr 158.60 � 1.46
Ba 54.55 � 1.35

S3 100 Sr 172.71 � 1.83
Ba 74.02 � 1.29

S4 200 Sr 217.93 � 1.03
Ba 125.53 � 2.35

S5 400 Sr 324.18 � 3.08
Ba 233.85 � 3.86
3.3. Elemental characterization

3.3.1 LIBS comparison of blank pellet to bone sample. The
non-doped HAP-COL pellet and bovine bone fragments were
analyzed by portable LIBS and compared to evaluate similarities
in elemental prole (Fig. 4). The overlap in optical emission
proles between the HAP-COL pellet and bone establishes that
the elemental composition of the lab-synthesized pellets
mimics bone. The LIBS proles of the pellet show signal from
both the organic (C and N) and inorganic (Ca and P) compo-
nents necessary for accurate matrix-matching. Similarities in
Fig. 4 Spectral comparison of the elemental emission profiles of HAP-C
spectral region is amplified for clarity.

3188 | J. Anal. At. Spectrom., 2025, 40, 3184–3191
the spectral emissions also indicate that the physical compo-
sition of the pellet produces a LIBS signal representative of
bone. The observable differences between spectra are at emis-
sion lines of minor elements Mg, K, Na, and Sr, at which the
reference blank has a signicantly lower signal due to no tar-
geted incorporation of these elements.

3.3.2 ICP-MS cross-validation of spikes. Nominal concen-
trations of trace elements were selected to create a linear cali-
bration model in the range that covers the elemental levels in
bone reported in literature.36 ICP-MS was used to measure the
incorporation of both Sr and Ba within the pellets, compared to
the initial spiked amounts (Table 2).

Estimated recovery for strontium and barium spikes are
around 50% (see SI). This yield can likely be attributed to loss of
analytes during the precipitation, ltering, and calcination
OL pellets and bovine marrow bone obtained by portable LIBS. The UV

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Portable LIBS calibration curves for strontium and barium created using the synthetic HAP-COL reference standards; 95% confidence
prediction bands are shaded in red.

Paper JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
:1

9:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
processes of hydroxyapatite synthesis. The elevated Sr in each
standard can be attributed to the presence of strontium in
starting reagents, given the notable Sr concentration within the
reference blank.

3.3.3 Portable LIBS calibration. The presence of trace
elemental emission lines in each standard was evaluated using
portable LIBS. The normalized LIBS signal reveals an increase
in emission intensity with increasing concentration for each
element. The corresponding wavelengths selected for calibra-
tion are Sr I line 460.8 nm and the Ba II line at 455.6 nm (see SI).
Fig. 5 shows the LIBS calibration curves for each element. The
limit of detection and limit of quantitation were determined
following the method outlined by Mermet.37 Limits of detection
(LOD) and limits of quantitation (LOQ) by the pLIBS were
calculated for both elements. The LOD and LOQ for strontium,
respectively, are 123 mg g−1 and 140 mg g−1; barium signal
resulted in an LOD of 29 mg g−1 and LOQ of 37 mg g−1.

The relatively high LOD and LOQ values for strontium are
primarily the result of the elevated levels of Sr in the non-doped
reference material, at over 100 mg g−1. The use of higher purity
reagents would improve this by reducing initial Sr concentra-
tions. The barium calibration is seen to exhibit much lower
detection and quantitation limits, reecting values of barium
that are likely to be found in bone. Nonetheless, these analytical
Table 3 Quantitative comparison between pLIBS and ICP-MS on
bone samples. Uncertainties are determined by the 1s standard devi-
ation of replicate sample measurements

Sample

Sr (mg g−1) Ba (mg g−1)

ICP-MS pLIBS ICP-MS pLIBS

Bone 1 255.3 � 2.0 370.3 � 98.6 59.3 � 1.4 95.1 � 20.8
Bone 2 249.0 � 2.1 220.4 � 28.4 56.1 � 0.8 50.5 � 22.4

This journal is © The Royal Society of Chemistry 2025
values of merit are ultimately limited by the sensitivity of the
pLIBS, where the signal-to-noise ratio is low for elements with
concentrations below 30 mg g−1.38 Despite this, these HAP-COL
standards remain useful for bone samples with concentrations
of Sr above 140 mg g−1 and Ba above 37 mg g−1.

3.3.4 Testing calibration standards with bone samples.
Quantitative analysis of bone samples was performed using
pLIBS and the synthesized reference materials and further
validated by subsequent ICP-MS quantitation. It should be
noted that this comparison illustrates the general application of
HAP-COL standards for bone and is not intended to represent
forensic or bioarcheological analysis of bones.

Strontium and barium were both detected and quantied in
the two bone fragments used as validation samples. Table 3
shows the values measured by ICP-MS, which serves as a cross-
validation technique, alongside the concentrations determined
by Sr and Ba signals from pLIBS of the bones. While the spectra
from Bone 1 resulted in an overestimation of concentrations,
Bone 2 represents successful quantitation by LIBS. In Bone 2,
the expected sample concentrations for Sr and Ba are within 1s
of the value determined by LIBS.
4. Conclusion

As the increasing need for quantitative analysis of bone mate-
rials has been demonstrated by the existing published research,
the results of this research study reveal that critical steps are
being made towards a more reliable, matrix-matched reference
material for bone. A compact pellet composed of collagen and
hydroxyapatite and exhibiting the porosity and crystallinity of
cortical bone was successfully synthesized. Molecular and
elemental characterization demonstrated the chemical simi-
larity of the synthetic reference material to bone. A range of
calibrationmaterials were created through controlled elemental
spiking from 0 mg g−1 to 250 mg g−1, which were used to
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effectively quantify the strontium and barium content in a real-
world bone sample within 1s of the accepted value. While the
reference materials developed in this study show an advance-
ment in the ability to conduct quantitative LIBS on bones, the
experimental results are hindered primarily by the sensitivity of
portable LIBS analyzers. Future goals include the use of higher
sensitivity LIBS instrumentation as well as LA-ICP-MS for
demonstrating LOD and LOQ values attainable with other laser-
ablation-based analysis. An increased sensitivity could also
enable detection of a broader range of elements such as copper,
zinc, manganese, and lead that are oen present in trace
concentrations in bone.36,39,40 This study is a stepping-stone for
the development of analytical standards reproducing the
physical and chemical characteristics of osseous materials,
which opens a new area of quantitative analysis in biomedical,
forensic, and anthropological studies.
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