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Abstract

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and laser-induced breakdown spectroscopy
(LIBS) are widely accepted techniques for direct sampling of biological materials for elemental analysis, with increasing
applications being reported over the recent years. This review is focused on the calibration materials used to quantify trace
elements in different biological samples such as soft tissues (for instance brain, liver, hair) and hard tissues (bones and teeth).
The design of a correct calibration strategy relies on the choice of an adapted reference material that can be commercially
available or prepared in-house, which will be reviewed here. A large variety of methods has been approached and considered
promising over the years, and the development of matrix-matched reference biological materials seems now closer than ever
and gives hope to even better quantitation using LIBS and LA-ICP-MS.
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Introduction

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) and laser-induced breakdown spectroscopy
(LIBS) are techniques that have been increasingly used for
the detection of metals and metalloids in biological samples
in the last decade [1-10]. Their main advantage relies on the
sampling being done by laser ablation allowing elemental
analysis and chemical mapping of small areas [6, 11, 12], study
the permeation of drugs [8, 13—15], element accumulation
[4, 15-17], nanoparticle interaction with cells [18, 19] and
other biological samples [18], to mention few of them. LA-
ICP-MS and LIBS have been complementary techniques that
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provide important chemical information in quasi-real time,
opening a new field in elemental bio-imaging. When the
former has shown its capabilities for the analysis of traces and
minor, LIBS is a lot more versatile when elements of interest
are majors and minors, especially when these are N, O, and H.
Even new approaches using LIBS provide easier protocols for
the analysis of halogens via molecular emission in the plasma.
The samples and matrices of interest cover a large spectrum,
from human and animal soft tissue (skin, brain, liver, lungs,
hair [6, 11, 20-22]) and hard tissues (bones, cartilage, and
teeth [23-27]).

Nevertheless, as any analytical technique, high accuracy
is dependent on the calibration strategy used for the
analysis. This calibration strategy is the combination of the
calibration procedure and calibration method used. In order to
compensate instrument drifts, instabilities, and matrix effect
on the plasma, the internal standard (IS) method is the most
common calibration method used in LA-ICP-MS and LIBS
[16, 28, 29]. Nonetheless, external calibration [28], standard
addition [30], or multivariate analysis [31-33] are also used.
The element or isotope used as the internal standard is usually
an element that is a major constituent of both the sample
and the calibration material, considering its concentration
to be constant in all cases. Consequently, the calibration
procedure for the analysis is going to have the greatest impact
on the accuracy of the concentration values. The calibration
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procedure is known as the set of operations which establishes,
under specified conditions, the relationship between the signal
from the analytical instrument and the corresponding values of
concentration for an analyte [34]. These specific conditions are
the key, and it is possible to group within these conditions the
sample treatment, the calibration material, and the instrumental
conditions to obtain the signal.

The International Union of Pure and Applied Chemistry
(IUPAC) defines a calibration material as a material of known
composition or properties which can be presented to the ana-
lytical instrument for calibration purpose [34]. In an analysis
by atomic absorption spectroscopy (AAS), ICP-optical emis-
sion spectroscopy (ICP-OES), and ICP-MS, so much effort
is spent on the sample treatment to become similar to the
calibration material, i.e., digesting and diluting the sample
solution with the same density and concentration range as the
calibration solution. The advantage of diluted solutions relies
in their reproducible transportation, nebulization, droplet
selection, droplet transportation, and atomization/ionization.
In contrast, direct solid analysis by LA-ICP-MS and LIBS
makes the controlled transformation of the sample into a simi-
lar calibrated dry aerosol much more difficult. This is due to
the difficulties in matching the properties of the dry aerosols
produced by an unknown solid sample and those from a cali-
bration material. In order to correlate the instrumental signal
between the calibration material and the sample, it is impera-
tive to tune the laser ablation conditions so the same mass is
removed, the particle size distribution on the aerosols and their
transport to the torch will be similar, as well as the plasma
properties in the case of LIBS. Otherwise, the concentration
deduced from the non-matching standard will not be accurate.
In addition, to reproducing the laser ablation conditions, two
properties need to be respected by the calibration material:

1. Chemical similarity, so the major component of the
matrix can be the same for normalization.

2. Similar mechanical and optical properties, to reproduce
the same laser-matter interaction during the ablation.

As aresult, having access to such calibration material is the
Holy Grail in LA-ICP-MS and LIBS when quantitative analy-
sis is required. Respecting the above conditions lead to the
creation of a matrix-matched calibration material. Such mate-
rials are either commercially available or made in-house. This
paper reviews the different strategies used in the published
literature and will discuss potential ameliorations for better
analytical performances of laser-ablation-based techniques.

Commercial reference materials

Presently, few commercial certified reference materials
(CRM) exist that have being used for LA-ICP-MS and
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LIBS (Table 1) for the analysis of biological materials.
Traditionally, these CRM are used as validation materials
for either AAS, ICP-OES, or ICP-MS, although they come
as a powder or lyophilized powder, which can be seen as
inconvenient in many cases for LA-ICP-MS and LIBS.

Narukawa et al. [30] determined trace element content
in biological tissues by LA-ICP-TOF-MS. They prepared
the sample as a dried deposit of solubilized biological tis-
sue after a treatment with formic acid. With this strategy,
they created a uniform film from a dry slurry of the origi-
nal material. Using CRMs RM8414, DORM-3, DOLT-
4, SRM2976, and SRM15566b with a subsequent same
treatment, they built standard addition calibration curves
using CRM TORT-2 as a validation material and interest-
ingly a whey-based protein powder as their blank material
while rhodium (Rh) was chosen as the internal standard,
containing this in the formic acid solution. Very good lin-
ear calibration curves and limits of detection (LOD) were
obtained (1, 2, 6, 0.2, and 0.05 pg.g_1 for Mn, Cu, Zn,
Cd, and Pb respectively). In addition, they showed a low
elemental fractionation for spot size above 350 pm, which
is large for LA-ICP-MS. A disadvantage for this strategy
is the dynamic range of concentrations being limited
by the CRM used.

Using a different strategy, Monk et al. [35] introduced
the use of pelletized CRMs to follow the isotopic ratio of
Zn and Cu by Cryo-LA-ICP-TOF-MS, and applied this
methodology for the analysis of a dissected worm. The
CRMs were pressed with 25 tons of pressure without using
any binder. To optimize a low elemental fractionation with
these calibration samples, they used a 100-pm-laser spot
size, 2.6 mJ of laser power and — 10 °C in the cryogenic
chamber. Because of the rapid analysis time and spatial
resolution, they could identify variations in the metal tis-
sue storage at the sub-mm scale, although with LOD of
21.4 and 78.4 pg.g~! for Zn and Cu respectively.

Using the similar strategy of pressed powder pellets, No¢l
et al. [5, 38] characterized the kinetics of copper, zinc, and
mercury after exposure of wild and captive grizzly bears
using hair as the sample and LA-ICP-MS as the analytical
technique. Dogfish liver powder (CRM DOLT-2) was chosen
over human hair powder CRM (IAEA-085 and IAEA-086)
because the pellets showed better mechanical properties. Fur-
thermore, DOLT-2 was still being certified for the elements
of interest and homogeneous as a pressed pellet without using
a binder. Sulfur was chosen as the internal standard due to
its high constant signal across the length of the hair (while
the concentration was not measured but evaluated from the
literature), although no information was provided about it for
the CRM DOLT-2 and the authors had to measure it inde-
pendently. All hairs were ablated at a spot size of 30 pm, a
speed of 50 pm.s™!, frequency of 20 Hz and fluence of 12.0 +
1.9 J.em~2, while the CRM was ablated at a spot size of 100
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Table 1 Commercial reference materials used for LA-ICP-MS and LIBS

Code Description Physical state  Element LOD (ug.g™)) Ref.

NRCC RM8414
NIST SRM1566b
NIST SRM2976
NRCC DORM-3
NRCC TORT-2

Powder Mn 1
Powder Cu 2
Zn 6

Cd 0.2
Powder Pb 0.5

Bovine muscle (Beef) [30, 35]
Oyster tissue

Mussel tissue (trace elements and methylmercury) Powder
Fish protein-certified reference material for trace metals

Lobster hepatopancreas reference material for trace metals Powder 7n 21.4

NIST SRM397 Human hair

NIST SRM1486 Bone meal, trace element

NIST SRM1400 Bone ash, trace element

NRCC DOLT-4/DOLT-5

NIST SRM610-616 Series for trace element in glass

Dogfish liver-certified reference material for trace metals

Cu 78.4

Powder Cr [24]
As
Hg
Sb
Pb

Powder Zn
Sr
Cd
Pb
Cr
As
Hg
Sb
Powder Sr [37]
Fe
Pb
K
Zn

Powder Hg 0.09
Ca 30
Cu 0.1
Zn 0.1
Pb 0.04
Cd 0.21
Fe 32

Pellet Sr
Na
Mg
K
Ca
Mn
Zn
Rb
Ba

[9, 24, 36]

[5, 17, 30, 35, 38]

[17, 39, 40]

pum, speed of 10.um s, frequency of 5 Hz, and fluence 7.2 +
0.8.J cm™2. LODs of 32,0.81, 1.3,0.21, 0.09, and 0.01 pg.g™"
for Fe, Cu, Zn, Cd, Hg, and Pb respectively were obtained
and RSD ranged from 5.8 to 7.3% for all elements analyzed
except for Pb, which had a RSD value up to 20.9%. This high
RSD for Pb was associated to the concentration (0.22 pg.g™")
being close to the LOD, even if it was 22 times higher than the
calculated LOD. Nonetheless, a major flaw in the calibration
strategy resided in the difference of LA-ICP-MS operational
parameters between the CRM and the samples and the authors
noticed a major issue, which was the underestimation of the
concentration by LA-ICP-MS when compared with ICP-MS.
Later, Christensen et al. [17] followed the same strategy to
study how zinc deficiency played a greater role than lead in
the demise of the Franklin Expedition. In order to improve the

measurement of Pb, they used the NIST glass SRM 613, and
CRM DOLT 2 for Cu and Zn following the same protocol as
Noél et al. [5, 38]. Same underestimation issues were noticed
leading to challenges for a quantitative discussion.
Stadlbauer et al. [24] attempted to verify the authenticity
of Mozart’s skull by analyzing bones, teeth, and hair from
individuals from 18th/19th centuries by LA-ICP-MS. Hair
analysis was performed using the hair powder NIST SRM
397 pressed into a pellet using polyethylene as a binder.
Bones and teeth hydroxyapatite (HA) powders were spiked
with Pb, Cr, Hg, As, and Sb, and then pelletized. A pellet
from the bone meal NIST SRM 1486, a separately prepared
HA sample, and a modern bone were characterized by ICP-
MS to be used as reference sample to validate the calibration
curve with a recovery varying between 92 and 111%. The
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results showed that the old individuals presented levels of Pb
and Sb respectively ten and three times higher than modern
individuals showing a possible exposure to heavy metals.

A collection of CRM samples that is often used is the NIST
glass series SRM 610-616. They were involved in the quan-
tification of metal content in otolith [40, 41] and coral [39]
by LA-ICP-MS. In these cases, the CRM series is either use
to build a single-point calibration curve or using Ca signal as
the IS [39—41]. This choice of CRM has been used to opti-
mize the aerosol size distribution and their transportation to
the ICP torch to maximize the signal response while avoid-
ing the elemental fractionation during the ablation. All CRMs
described above have been used in different applications for a
quantitative purpose. The main hypothesis these studies rely on
was that the ablation conditions would be comparable between
the standards and the samples. However, this can only be con-
firmed in few cases [30]. None of them presents any detail or
argument about matching the mass removal, the aerosol size
distribution, and their transportation to the plasma source in
the case of LA-ICP-MS. The chemical similarity is also ques-
tioned in some studies (to the extreme case of comparing glass
and hair) and Fig. 1 summarizes these choices of standards for
different biological materials.

Furthermore, the concentration range and the number of
elements that could be quantitatively evaluated were lim-
ited. To improve the calibration strategy for a wider range
of biological samples by LA-ICP-MS and LIBS, several
authors have chosen to prepare themselves a set of calibra-
tion materials adapted to their study while being matrix-
matched. Some innovative strategies for calibration using
in-home matrix match material have been summarized in
Table 2 and discussed in the next section.

Matrix matching by in-house prepared
calibration material

Soft tissue

One of the calibration strategies with in-house prepared cali-
bration materials (PCM) for LA-ICP-MS is the spiking of the
equivalent homogenized tissue followed by further homog-
enization. Then, this spiked material is frozen, cryo-cut into
slices, and mounted on glass slides. To determine the con-
centration in the PCM, replicates are digested with acid and
analyzed by Pneumatic Nebulization-ICP-MS (PN-ICP-MS)
[6, 11, 20, 55, 56]. This procedure is not simple to perform,
and implies the incorporation of a cryogenic apparatus in
the laser ablation chamber. If the sample is a native tissue, it
needs to be properly preserved and treated before grinding.
Furthermore, it is assumed that the standards and the sample
have a similar chemical composition, compensating for frac-
tionation effects. This calibration strategy is normally used
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to quantify the elemental distribution of tissue cross sections
such as brain [6, 11, 55], liver [20], and cancerous tissues [2]
to mention few of them. To improve this calibration strategy,
Pozebon et al. [6] reported the use of a pneumatic nebulizer to
partially desolve the aerosols, reducing polyatomic ion forma-
tion and increasing sensitivity. Also, it was observed that the
sensitivity of LA-ICP-MS and the linearity of the calibration
curves generally improved when the ablated aerosol (from
the solid homogenate of mouse brain tissue fixed on a glass
slide) was introduced into the plasma torch together with the
aerosols produced by nebulization of 2% (v/v) HNO;.

This procedure was approached as well on LIBS analysis.
Ahmed et al. [42, 57] show that immersing excised thyroids in
iodine (I) and lithium (Li) solution could benefit the determina-
tion of these elements on this tissue. On a first approach, the
excised thyroids were immerged in 0, 0.28, 0.37, 0.55, or 1.10
pg.g~! Li solutions for 24 h at room temperature. After immer-
sion, the thyroids were rinsed with saline solution and immersed
in liquid nitrogen for several seconds followed by 24-h storage
in — 80 °C before performing LIBS. After running the calibra-
tion curve, a LOD of 0.12 pg.g™" of Li of this kind of tissue
was estimated [57]. Another use of this methodology was the
evaluation of the interchange of I in the thyroid by LIBS [42].

Another interesting calibration strategy is the use of inkjet
solution, spiked with elements of interest, to be printed on
paper in patterns that can be analyze by LA-ICP-MS [43, 44].
As a first evaluation, Bellis et al. [43] reported the use of
line patterns printed with commercial cyan inkjet solution,
adjusting the density levels (20%, 40%, 60%, 80%, and 100%
(i.e., no transparency)) to control the amount of ink by line. In
addition, an inline solution nebulization was used to introduce
the internal standard simultaneously. The method developed
here showed a spatial resolution of at least 100 pm. The fig-
ures of merit of this calibration strategy were unfortunately
not studied in details. Nevertheless, Bonta et al. [44] reported
a similar application printing cyan inkjet solution, comparing
different types of papers. This work included the addition of
a gold film to be used as an internal standard. The patterns
printed on paper using inkjet printer were 400 um?, in differ-
ent print density settings (100, 75, 50, and 25%). The patterns
were printed with cyan ink, which contains an organic copper
complex providing a blue color. They were then mounted on
glass slides and gold-coated for 30 s. The authors could dem-
onstrate that the use of gold as the internal standard was suc-
cessful, accounting for instrumental drifts and ablation fluc-
tuations due to the inhomogeneity of the patterns. The authors
applied this calibration strategy for the chemical imaging of
Cu in peony petals.

An alternative calibration strategy was presented by Stirk
et al. [45] using a thin layer of spiked agarose gel as PCM for
LA-ICP-MS. In this procedure, agarose was dissolved with
a sodium acetate solution and spiked with a multi-elemental
solution. Buffering was also required to counter the acidity
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Fig.1 Summary of the types of
commercially available CRM
matrices for the analysis of bio-
logical materials in the literature

of the multi-elemental solution. The agarose solutions were
mounted on a glass slide for the analysis. The film thickness
was around 30 pm with a RSD of 8% and the recovery from
the elements ranged between 90 and 110%. This research was
focused on the toxicology of tungsten carbide and tungsten
carbide—cobalt nanoparticles used in incubation experiments.
Because of the wide range of biological specimen studied,
a considerable variation in the concentrations was found but
the results in comparison with PN-ICP-MS were concur-
rent. Unfortunately, there was no CRM available to enable
checking of the accuracy of the analytical method by direct
comparison. Turkova et al. [46] moved forward with this cali-
bration strategy studying metal accumulation in tapeworm
cross sections using LA-ICP-MS. Synthetic matrix-matched
materials containing Fe, Pb, and Zn were prepared by spiking
an agarose gel using the similar procedure with a recovery
rate between 82 and 117%. Carbon '>C* was used as the
internal standard isotope to correct for the different tissue
density and absorption rates. It was also tested under different
fluence values, observing that above 2 J .cm~2, the film was
ablated through as well as the glass slide underneath. The
prepared set of multi-elemental agarose gel standards was
used for the quantitative elemental mapping of cross-sections
of Hymenolepis diminuta embedded in paraffin. They showed
that using a 193 nm ArF laser coupled to ICP MS, they could
achieve LODs of 8.7, 0.57, and 0.07 mg.kg_1 for Fe, Zn, and
Pb, respectively. The content of Zn, as a biogenic element,
was homogeneously distributed within the cross section,
primarily in reproductive structures, while the Pb elemental
distribution was found to be more concentrated in the surface.

powder

@ Validation or experimental samples

@ Calibration samples

Vanhaecke et al. [20, 47, 48] introduced another use of the
gelatin films as calibration material for LA-ICP-MS. A 10%
(w/v) gelatin solution was prepared and spiked with the ele-
ments of interest. A micro-volume from this solution was
mounted on a glass slide for analysis while the remaining of
the solution was validated by PN-ICP-MS to quantify the recov-
ery. This procedure was applied to map the Br distribution in
rat lungs [47], Pt after administration of chemotherapy drugs
[48], and Cu in rat livers [20]. LA-ICP-MS was evaluated as an
alternative to radioluminography (RLG) to assess the distribu-
tion of a novel anti-tuberculosis compound containing bromine
as a “hetero-element” and its metabolites over the organs of a
rat. After administration of the Br-containing drug and enough
time to allow drug uptake and distribution, the sacrificed ani-
mal was frozen and embedded in carboxymethyl cellulose, after
which thin sections were obtained using a microtome. The LOD
for Br was estimated to be 0.1 mg.g™!, which is sufficiently
low to allow visualization of Br in the main organs of inter-
est. In the second work listed, LA-ICP-MS was employed for
the quantification of platinum in tissue samples of rats with
peritoneal carcinomatosis, receiving intraperitoneal treatment
with the Pt-containing chemotherapeutic drug oxaliplatin, and
in the perfusate solution used for this purpose. LOD obtained
for platinum in tissue samples was 0.25 ng.g~! and a recovery
of 99 + 3%. To establish further confidence in the approach
used for quantifying the '°°Pt distribution in each tumor, a
neighboring thin section was digested and the total '*>Pt con-
centration via PN-ICP-MS. The values obtained were generally
in good agreement with the Pt distribution profiles generated
by LA-ICP-MS, considering the lack of CRM for this specific
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Table 2 In-house matrix-matched reference materials used for LA-ICP-MS and LIBS

Sample Matrix-match standard material Elements LOD Ref.
Soft tissue Spiking of the equivalent homogenized tissue followed by further homogenization Li 0.12 pg.g™! [42]
Soft tissue Ink-jet solution spiked with elements of interest and printed as patterns on paper Cu [43, 44]
Soft tissue Spiked agarose gel Co 5 pg mm~2 [46]
Fe 27 pg.g’!
Zn 52pgg™!
Pb 0.31 pg.g™!
Soft tissue Gelatin solution was prepared and spiked with the elements of interest Br 0.1pg.g™! [47]
Pt 0.25ng.g™! (48]
Cu 1.5 ug.g™! [20]
Pt 8ng.g! [49]
Soft tissue Egg yolk spiked with the elements of interest Th 22ng.g™! [50]
Soft tissue Epoxy mixtures as standard support Gd 0.13 mM [51]
Si 0.06 mM
Na 0.20 mM
Fe 0.21 mM
Hair Hair spiked with the elements of interest Pb [16]
Hair Doped keratin films Pb 82 ng.g™! [52]
Bone and teeth Co-precipitation of hydroxyapatite spiked with the elements of interest Cd l4ngg™! [53]
Al 751 ng.g™!
Bone and teeth Calcium oxalate (CaC,0,) spiked and pressed on a pellet Cu 9pug.g”! [54]
Mg 8.5png.g™!
Zn 10 pg.g™!
Sr 17 pg.g™!
Bone and teeth Co-precipitation of hydroxyapatite spiked with the elements of interest and pellet Co 49 pg.g”! [27]
sintered to increase hardness and density Mn 130 pg.g~!
v 55 pg.g”!
Ni 42 pg.g!
Sr 21 pg.g™!

application. This confirms the utility of the gelatin-based stand-
ards for quantitative mapping of the Pt distribution in biological
tissue sections. The third work compared the performance of
the gelatin PCM with the spiked homogenized tissue section
mentioned above. In this case, the LOD were comparable, 1.5
ng.g~' and 0.7 ng.g~! of Cu respectively. The calibration curves
were statistically comparable as well. This led to the conclu-
sion that a calibration material based on spiked gelatin droplets
can be recommended for quantitative LA-ICP-MS thanks to
its versatility, simplicity, low cost, and large range of possible
concentrations.

Gelatin film as a calibration material has some advantage
over the other strategies discussed. Using the same protocol to
prepare the spiked gelatin, some studies have frozen it and cut it
with a cryotome to create slides for posterior analysis [4, 13, 49].
Niehaus et al. [49] have focused on the aerosol characterization
and the fractionation effects for slides of cryogenized gelatin
and Technovit (poly-2-hydroxyethyl methacrylate) as PCM for
LA-ICP-MS. One of the first conditions we mentioned is that
the laser ablation must behave similarly for the matrix-matched
PCM and the sample. This work presented a careful study of
the aerosols produced by laser ablation using an optical parti-
cle counter inserted in-line between the LA and the ICP-MS,
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while helium served as the carrier gas for material transport.
Technovit produced a considerably large number of particles
above 0.3 mm while the gelatin aerosols were mostly in the
lower nanometer range. The diameter of the aerosols increased
with the ablation laser fluence to millimeter-sized particles for
both materials. Ionization efficiency in the ICP torch was simi-
lar for both gelatin-based aerosols and traditional liquid aero-
sols, the vaporization of gelatin particles requiring more time.
Additionally, fractionation during the ablation process (at dif-
ferent fluences) in gelatin was studied by recording the isotope
ratios of standards spiked with Ti and V. The results indicated a
strong deviation of up to 20% from the expected > V/**Ti ratio
for laser fluences close to the ablation threshold, confirming a
non-stoichiometric sampling. Nonetheless, it was not clear if
this behavior can be extrapolated to real samples. Technovit
[15] and 2-hydroxyethyl methacrylate (HEM) [58] have been
reported as media to spike with elements of interests with LOD
of 30 ng.g~! and 8 ng.g~! of Pt respectively.

In a similar strategy, Reifschneider et al. [14] matrix-
matched PCM based on egg yolk were prepared. With an
egg yolk separated carefully by collection with a syringe,
for each calibration material, 800 mg of the mixture of three
different egg yolks was spiked with 200 pL of the respective



Calibration strategies for elemental analysis of biological samples by LA-ICP-MS and LIBS... 33

thallium standard solution. After spiking, the mixture was
homogenized and shaken for 1 h carefully to avoid the
formation of bubbles, which may negatively influence the
homogeneity of the prepared material. After homogeniza-
tion, the viscous homogenate solution was heated to a tem-
perature of 90 °C for 10 min and was allowed to cool down
in order to generate a solid structure similar to tissue. After
cooling down, the solid blocks were removed from the vial
and embedded in NEG 50 before sectioned using a cryogenic
microtome. The calibration material showed an excellent
homogeneity and a good linearity with low LOD 2.2 ng.g™".
Additionally, the use of epoxy mixtures as standard support
was reported by Sancey et al. [51]. On this case, the samples
were then embedded in EPON (1:1 mixture of diglycidyl ether
and dodecenylsuccinic anhydride, density of 1.22 g/L). The
sample surfaces were prepared using a microtome. To allow
for elemental quantification, standards containing elements
of known concentrations were embedded in the same EPON
resin. CH;COONa, (CH;COO),Fe, and AGuIX® were used
as standards for Na, Fe, Gd, and Si, respectively, at 5 concen-
trations ranging from 1 to 40 mM. The powders were mixed
with the resin (for a minimum of 4 h), warmed for 2 days (60
°C), and finally prepared using a microtome. The calibration
measurements yielded LOD estimates for Gd, Si, Na, and Fe
of 0.13, 0.06, 0.20, and 0.21 mM, respectively. This method-
ology was applied to study the distribution of elements listed
before on kidney rats via high-resolution imaging by LIBS.

Hair

The first idea to create a reference material for hair analysis
has been the immersion of hair in a solution with the element
of interest at given concentrations [59-61]. Dressler et al.
[60] reported the sample throughput is high and the LODs of
trace elements are from microgram per gram to nanogram per
gram range. It was demonstrated that the proposed method
could be applied to measure the concentration of elements in
different types of hair, either human or animal. Nonetheless,
the LODs are highly dependent on the intrinsic concentration
of each element in the hair to be used as a PCM.

Other studies preferred the direct comparison of the same
pool of hairs by characterizing the metal content by PN-ICP-
MS for a subset and the rest by LA-ICP-MS [16, 62, 63].
However, hairs are known to be heterogeneous, showing a
longitudinal variation in their elemental profile with growth.
This heterogeneity only allows a comparison with an aver-
age concentration for the hair. In fact, Bartkus et al. [16],
while reporting coefficients of determination between 0.93
and 0.97, showed a high RSD in the signal when both were
compared. Similar results were reported by Byrne et al. [62]
and Steely et al. [63]

An innovative calibration strategy for hair analysis by
LA-ICP-MS is presented by Cheajesadagul et al. [52], where

doped keratin films are used as calibration materials for the
determination of Pb along hair strands. They compared with
the strategy of soaking hair in a solution with the element of
interest. The procedure to prepare the keratin films includes
the extraction of this protein from human hair by the “Shin-
dai method,” obtaining at the end a solution rich in keratin.
Films were formed by self-assembly, self-aggregation, and
cross-linking activities of keratin protein with trichloro-
acetic acid (TCA). Keratin film doped with Pb showed better
recovery and linearity than the soaked hair strand. As hair
strands might have limited surface area for Pb adsorption
and not the right physiology to retain it, they are not able to
retain high quantities of Pb on hair surface, whereas keratin
films are able to do so. For Pb quantification in this applica-
tion, a LOD of 82 ng g~! was reported.

Bones and teeth

The quantitative analysis of bones and teeth has been done
using calcium-rich compounds, such as hydroxyapatite
(HA) or calcium carbonate, either commercially available
or synthetized, as matrix-matched PCM [26, 28, 53, 64-69].
Ugarte et al. [53] presented a calibration material contain-
ing twelve analytes (Mg, Al, V, Mn, Zn, As, Sr, Rb, Cd,
Ba, Hg, and Pb). They prepared HA by co-precipitation of
hydroxyapatite from calcium nitrate tetrahydrate (CaNO;
4H,0) and ammonium dihydrogen phosphate (NH,H,PO;),
obtaining a Ca/P ratio similar to the real sample. Once syn-
thesized, the concentration of the analytes in the standards
was carefully determined while recoveries for the analytes
were highly dependent on the element. The hydroxyapatite
standards were found to be homogeneous and provided a
linear calibration curve (coefficients of determination were
better than 0.991 for most analytes). Limits of detection
were estimated between 1.4 ng g~! for Cd and 751 ng g~!
for Al. The measured values for Mg, Zn, Sr, and Pb in pel-
letized SRM 1486 Bone Meal were in good agreement with
the CRM values. This HA synthesis methodology was fol-
lowed by other authors as the best approach to mimic tooth
composition [26, 28, 65]. However, although the pelletized
HA powder has a consistent elemental composition with the
calcified material, the ablation of its surface can have a dif-
ferent behavior due to density and compaction mismatch
with the sample.

Another approach for this kind of samples is shown by
Singh et al. [54] using calcium oxalate (CaC,0,) spiked and
pressed on a pellet as calibration methodology to determine
Cu, Mg, Zn, and St on kidney stone samples. On this case,
the CaC,0, was spiked with the elements of interest solu-
tions to obtain a pellet with a range of concentration between
50 and 5000 pg g~!. After running the calibration curve, a
LODof 9 pgg!, 8.5 pgg!, 10 pug g7!, and 17 pg g~ for
Cu, Mg, Zn, and Sr, respectively, was estimated.
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Martinez et al. [27] expanded this latter approach for the
synthesis of matrix-matched materials to analyze calcified
samples by LIBS. In this work, HA synthesis is similar with
Ugarte et al. [53], with the inclusion of a sintering process after
the HA powder was pelletized. During the sintering process
at 1200 °C, the HA goes through compaction and densifica-
tion, forming a hard material with a high density [70]. Follow-
ing this procedure, the ablation on the material surface was
similar to the one on tooth samples. These ceramic materials
showed good homogeneity. LOD of 49 pg g~', 130 pg g7', 55
ng g, 42 pg ¢!, and 21 pg g~! for Co, Mn, V, Ni, and Sr,
respectively, were attainable in their LIBS conditions. They
compared the Sr concentration values for teeth cross sections
with a bulk analysis of the same section by dilution ICP-MS,
showing a very good agreement between the LIBS and ICP-
MS results. This methodology showed the potential to synthe-
size a good matrix-matched reference material reproducing the
LA behavior of the sample under study.

Conclusion

Through this review of different calibration strategies, strik-
ing innovations have played a constructive role towards chemi-
cally, mechanically, and optically similar reference materials
for laser ablation. The mimic on the chemical structure, hard-
ness, and density is really important to obtain a similar mass
removal, particle size distribution, transport, and atomization/
ionization in a matrix-matched reference material for LA-ICP-
MS; in addition, similar plasma conditions (densities and tem-
perature) for LIBS are required. Chemical similitude is usually
achieved but differences in hardness and density still pose a
challenge. While applications such as drug interaction and bio-
accumulation drive the need for quantitative elemental analysis
in biological samples, more fundamental research is needed to
rapidly obtain good matrix-matched reference materials that
will catapult the use of LA-ICP-MS and LIBS as reference
quantitative techniques for biological analysis in fields such as
forensics, medicine, archaeology, and anthropology.
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