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Abstract

One of commonly used analytical technique for direct elemental analysis of solid samples
is Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Although
widely used for the analysis of various samples, obtaining accurate quantitative results
remains a major challenge as matrix-matched standards are required. The aim of this thesis
was to overcome these calibration issues by improving the quantitative capabilities of LA-
ICP-MS through a comprehensive understanding of the factors affecting the processes and
the introduction of a novel calibration approach based on ablated volume correction.

To understand the single pulse response (SPR) and the signal-to-noise ratio (S/N) of
the measurement, it was essential to study the factors influencing the relationship between
the stoichiometry of the sample and ablated and subsequently analyzed sample aerosol.
We investigated the elemental fractionation during LA-ICP-MS analysis, focusing on the
influence of fluence on the signal-to-noise ratio and the formation of double washout peaks.
Systematic experiments and evaluation were used to gain deeper insight into these factors,
allowing the development of strategies to mitigate their effects on the analysis results. An
important contribution of this work was the introduction of a new calibration approach
that eliminated the need for matrix-matched standards. By using 3D profilometry as a
complementary tool, the morphology of the sample surface (e.g. ablated volume) was
accurately determined after LA-ICP-MS analysis. This enabled the normalization of ICP-
MS signals independent of matrix-matched standards or internal standardization methods
and improved the accuracy and reliability of quantitative measurements.

The developed calibration approach was rigorously evaluated by bulk analysis and 2D
mapping/imaging studies. All analytically relevant instrumental parameters were carefully
optimized and the methods were partially validated and compared with existing techniques
such as scanning electron microscopy. The results demonstrated the effectiveness of the
new calibration approach in the accurate and precise quantification of elements in a wide
range of sample types and matrices. Furthermore, the applicability of the developed
calibration approach was demonstrated by the successful analysis of standard materials
with different compositions. The thesis concludes with a discussion of the implications of
these results for the wider field of elemental analysis and suggests avenues for future
research to further develop LA-ICP-MS calibration methods.

Overall, this work represents an important step in overcoming calibration problematics
in LA-ICP-MS analysis and sets the way for improved quantitative measurements in
various scientific disciplines.
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Povzetek

Ena od pogosto uporabljenih analitskih tehnik za neposredno elementno analizo trdnih
vzorcev je masna spektrometrija z lasersko ablacijo in induktivno sklopljeno plazmo (LA-
ICP-MS). Ceprav se pogosto uporablja za analizo razlicnih vzorcev, je pridobivanje
natan¢nih kvantitativnih rezultatov se vedno velik izziv, saj so potrebni z matriko usklajeni
standardi. To predstavlja velik izziv za kalibracijo in posledi¢no za pridobitev natancnih
in zanesljivih kvantitativnih rezultatov. Glavni cilj tega doktorata je bil odpraviti tezave s
kalibracijo in tako izboljsati kvantitativne zmogljivosti LA-ICP-MS preko boljsega
razumevanja dejavnikov, ki vplivajo na procese, in z uvedbo novega kalibracijskega
pristopa, ki je temeljil na korekciji abliranega volumna.

Za razumevanje odziva posameznega pulza in razmerja med signalom in sumom (S/N)
je bilo bistveno raziskati dejavnike, ki vplivajo na razmerje med stehiometrijo vzorca ter
abliranim in nato analiziranim aerosolom vzorca. Raziskali smo frakcioniranje elementov
med analizo LA-ICP-MS, s poudarkom na vplivu fluence na razmerje med signalom in
Sumom ter na nastanek dvojnih vrhov. S sistemati¢nimi poskusi in vrednotenjem je bil
pridobljen globlji vpogled v te dejavnike, kar je omogocilo razvoj strategij za ublazitev
njihovega vpliva na rezultate analize.

Pomemben prispevek tega dela je bila uvedba novega pristopa kalibracije, ki odpravlja
potrebo po uporabi matricno ujemajocih standardov. Z uporabo 3D profilometrije kot
dopolnilnega orodja je bilo mogoce po analizi LA-ICP-MS natan¢no dolo¢iti morfologijo
povrsine vzorca (npr. ablirani volumen). To je omogocilo normalizacijo signalov ICP-MS
neodvisno od matri¢no ujemajocih se standardov ali metod notranje standardizacije in s
tem izboljsalo natanc¢nost in zanesljivost kvantitativnih meritev.

Razviti kalibracijski pristop je bil natan¢no ovrednoten s pomocjo analize osnovnega
vzorca in 2D oslikovanja z LA-ICP-MS. Vsi analitiéno pomembni instrumentalni parametri
so bili skrbno optimizirani, metode pa so bile delno potrjene in primerjane z obstojecimi
tehnikami, kot je vrsticna elektronska mikroskopija. Rezultati so dokazali ucinkovitost
novega kalibracijskega pristopa pri natancni in precizni kvantifikaciji elementov v $tevilnih
vrstah vzorcev in matric. Poleg tega je bila uporabnost razvitega kalibracijskega pristopa
dokazana z uspesno analizo standardnih materialov z razli¢nimi sestavami. Delo se zakljuci
z razpravo o posledicah teh rezultatov za Sirse podrocje elementne analize trdnih vzorcev
in predlaga moznosti za prihodnje raziskave za nadaljnji razvoj kalibracijskih metod LA-
ICP-MS.

Ta disertacija predstavlja pomemben korak pri premagovanju tezav s kalibracijo pri
analizi LA-ICP-MS in utira pot za boljse kvantitativne meritve v razlicnih znanstvenih
disciplinah.
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Glossary

Acquisition time is the total amount of time needed for the acquisition of all elements
per one data point.

Dwell time is the amount of time ICP-MS uses within acquisition time to measure specific
element.

Single pulse response time/Washout time is the time needed to transfer 99% of
ablated particles produced by a single shot out of the ablation chamber.

Fluence is the energy density of laser expressed in J cm™

Dosage is the number of overlapping laser pulses per pixel. In this dissertation, mapping
was achieved by measuring lines with continuous movement of the stage, meaning the
dosage refers to laser pluses that are partially overlapped. The smear that is produced in
this measurement mode is compensated with the drastic improvement in time required for
the analysis. Using a higher dosage also increases the signal-to-noise ratio.






Chapter 1

Introduction

The commercialization of inductively coupled plasma mass spectrometry (ICP-MS) began
in 1984, followed by the very early integration of laser ablation (LA) as a sampling and
sample introduction device in 1985 when it was used for analyzing the elemental and Pb
isotopic composition of granites [1]. However, its full potential wasn’t recognized until the
early 1990s, mostly for microanalysis of trace element composition and U-Pb isotopic age
determination of geological samples [2, 3]. Since then, laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) has gained importance and is now a widely used
method for direct elemental analysis of solid samples. The technique is characterized by
high analytical sensitivity, excellent detection limits and a very wide linear dynamic range
of up to twelve orders of magnitude. LA-ICP-MS also provides information on major, minor
and trace elements and enables microanalysis, two-dimensional elemental mapping and
depth profile analysis. Through microdestructive direct sampling, the technique also avoids
the loss of analytes or contamination during preparation procedures. In contrast to other
techniques, LA-ICP-MS introduces the sample into the ICP under "dry plasma" conditions,
which improves atomization and ionization and reduces matrix effects [4, 5]. Laser ablation
has also undergone some important developments in recent years, such as the development
of fast washout cells, which significantly increase the speed of analysis by reducing the
response time of a single pulse to as little as 1 ms, compared to the typical 500 ms for
conventional systems [6]. This advance enables much faster mapping, allowing either a
larger area to be covered or smaller measurement points to be used without increasing the
duration of the experiment. In addition, rapid aerosol transport has increased sample
throughput, resulting in higher signals and a better signal-to-noise ratio, thereby improving
sensitivity [7-9]. In addition, significant improvements in instrument hardware and a better
understanding of the effects of operating conditions on image quality have made LA-ICP-
MS mapping not only faster but also more powerful. Optimization of laser ablation
parameters to avoid mapping artifacts such as smearing, noise, blurring, and aliasing have
led to the creation of high-quality 2D LA-ICP-MS (multi-)element maps [10-12]. Moreover,
the introduction of ICP time-of-flight (TOF) MS instruments represents a significant
advance in this field. In contrast to conventional sequential quadrupole mass analyzers,
ICP-TOF-MS enables simultaneous analysis of the entire elemental spectrum. This
technology has found diverse applications ranging from thin biological tissue samples to
meteorites. When combined with laser ablation, LA-ICP-TOF-MS becomes a powerful tool
for comprehensive sample characterization, enabling the simultaneous detection of ions
over the entire elemental m/z range while minimizing sample consumption [8, 13-16]. Due
to the many advantages of laser ablation, the number of reported applications has vastly
increased over the last decade and the range of applications is becoming wider and wider.
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However, the calibration of LA-ICP-MS requires a specific approach. Despite advances
in quantification techniques and laser technology, commercial calibration standards are
still of limited availability. Therefore, the matrix dependence of the signal remains a major
challenge. Various strategies have been proposed for calibration, with solid matrix-matched
standards often recommended. However, the preparation of such standards can be time-
consuming and lead to unknown homogeneity, which can affect the precision of the
analysis. In addition, unrecognized matrix interferences can affect the accuracy of laser
ablation, especially when non-matrix matched standards are used. Nevertheless, such
standards are still commonly used [17]. It is crucial to understand the design and operation
of the LA-ICP-MS in order to properly assess these calibration challenges.

1.1 LA-ICP-MS

The core components of a basic LA-ICP-MS setup include a pulsed laser source, beam
delivery optics, an airtight sampling cell, an aerosol transport line (LA part of the setup)
and an ICP-MS detector, as shown in Figure 1. To achieve accurate analysis, certain
conditions must be met, such as representative aerosol composition, high transport
efficiency and complete decomposition, atomization and ionization of particles inside the
ICP and reaching the MS due to the heterogeneity and size structure of aerosols generated
by laser ablation. LA-ICP-MS can be divided into three main phases: Sampling (laser
ablation), particle decomposition, atomization and ion production (inductively coupled
plasma) and ion separation (mass spectrometer). In the sampling phase, the sample
introduction system consists of an airtight cell, a laser with associated optics and tubes for
transporting the gas stream to the ICP. In the cell, the laser converts the sample into
aerosol particles, which are then transported to the ICP via a helium gas flow. Upon
entering the ICP, the sample aerosol is further vaporized, atomized and ionized in the
plasma. The ions are then separated in the mass spectrometer (MS) on the basis of their
mass-to-charge ratio. Finally, the intensity of the ion beam, which indicates the
concentration, is converted into an electrical signal which is measured and recorded [18-
20]. Each step of this process is explained in more detail below.

CAMERA

|CP-MS

[T L) =]

Ablation cell

Figure 1: A fundamental configuration of an LA-ICP-MS setup designed for sampling solid
materials, illustrating its primary elements.
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1.1.1 Laser ablation

Laser ablation is a complicated sampling system that consists of a series of special mirrors
and/or prisms and lenses that direct, shape and form the laser beam and then focus it on
the sample. It all starts with the laser source itself (so called laser head), which must have
sufficient power. There are various lasers on the market. In the past, Nd:YAG
(neodymium:yttrium-aluminum-garnet) solid state lasers in the nanosecond (5 — 10 ns)
pulse duration range were generally used for representative sampling. Their fundamental
wavelength is 1064 nm, but by using suitable non-linear optics, the frequency of the laser
can be multiplied, resulting in 532 nm, 355 nm, 266 nm or 213 nm wavelengths, out of
which 266 nm and 213 nm were most commonly used. Nowadays, however, excimer ArF
lasers with a higher energy wavelength of 193 nm are mainly used, as the shorter
wavelengths couple better with the materials and utilize the energy more efficiently, as
only a small fraction is transformed into heat. They also offer several advantages over solid
state lasers, such as very high energy density and stability, also as the laser emits at
fundamental wavelength, there is no need for special non-linear optics. In contrast, longer
wavelengths couple worse with the materials, and more energy is transformed into heat,
which besides ablation also leads to melting of the sample and contributes to elemental
fractionation. This has been observed with nanosecond laser sources and leads to
preferential evaporation, especially when analyzing metals and semiconductors.
Furthermore, due to the “long” duration of the laser pulse event, part of the pulse energy
is absorbed by the plasma formed above the irradiated area, which can change the
composition of the aerosol particles formed during the expansion. Zone heating and plasma
shielding are influenced by the duration of the laser pulse, which in turn affects the
dynamics of the laser ablation process. To mitigate the "heating" effect" and improve the
ablation properties, the use of even shorter laser pulses in the femtosecond range has been
proposed. Extensive studies have shown that the aerosols generated by femtosecond laser
ablation consist mainly of mesoscopic particles with a size of around 10 nm to 100 nm and
form fractal aggregates whose composition varies depending on the particle size [18, 19, 21-
24].

1.1.2 Aerosol formation and transportation

The generation of aerosols during laser ablation is due to a variety of mechanisms, following
the transfer of the energy from the laser to the sample surface, including condensation from
supersaturated vapor, phase separation at the critical point, phase explosion, and
hydrodynamic instabilities. Of these mechanisms, condensation growth is thought to be
the primary process, where particles smaller than 100 nm are mainly formed due to the
rapid cooling of the expanding material [25]. However, microscopic examination of the
images of ablated material deposited on filters using scanning electron microscopy has
revealed the presence of particles significantly larger than 100 nm, particularly when laser
ablation is performed in an ambient atmosphere with energy densities above the LA
threshold (>>1 J/cm?) or in an argon environment. These larger particles can result from
simultaneous processes such as aggregation of already solidified particles, coalescence or
phase explosion and serve as a source for smaller and larger particles. As a result, aerosols
generated by femtosecond (fs) and nanosecond (ns) laser ablation have heterogeneous
composition, which can lead to material loss during transport due to various factors such
as diffusion, electrostatic forces, inertial effects and gravitational forces (inertial and
gravitational settling). Extensive research has focused on understanding these
compositional changes as they can affect the accuracy of the analysis. While older studies
indicated inconsistent transport efficiency values, ranging from 10% to 60% depending on
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the method, more recent evidence suggests higher efficiencies of > 70-90%, which appear
to be less dependent on flow conditions, cell geometry and volume. This means that most
common transport systems and laser ablation cells are suitable for analysis as they differ
only minimally in their overall throughput and resulting sensitivity [19, 25]. The selection
criteria for the optimal system are primarily based on practical considerations, such as ease
of sampling and the degree of aerosol dispersion within the transport tube, which influences
precision and accuracy to some extent. While a high degree of aerosol dispersion is usually
desirable, for certain applications, such as large area mapping or 3D analysis, minimal
dispersion may be required. Traditionally, the design of laser ablation cells and transport
lines has relied on time-consuming trial-and-error methods, but in recent years computer
modeling has emerged as a promising alternative approach [26].

1.1.3 Inductively coupled plasma mass spectrometry system

In the field of ICP-MS, the analysis process is based on a dynamic interaction of
components that outline its essential areas. The ions of the analyte materialize in the
atmospheric pressure environment of the ICP torch and then require a vacuum
environment for their detection in the mass spectrometer itself. This task is assigned to the
differential vacuum system comprising of sampler-skimmer cones system, which is
strategically located immediately after the ICP torch, then a set of various electrostatic
lenses shape and form the ion beam, entering the mass analyzer. Mass analyzer then
discriminates ions based on their mass-to-charge ratio (m/z) while an ion detector measures
the intensity of the ions. The landscape of ICP-MS analysis unfolds through different
modalities, each tailored to specific sensitivity, precision and resolution requirements.
There are a variety of options ranging from the versatile quadrupoles (Q) to the precision-
driven high-resolution magnetic sectors (HI-RES) to the fast throughput of time-of-flight
(TOF) instruments. Table 1 gives a comprehensive overview of the available configurations
and illustrates the different analysis methods. With the exception of TOF detectors, today's
detectors have a wide linear dynamic range that allows the simultaneous detection of major
and trace elements in up to twelve orders of magnitude. In routine analysis, ICP-Q-MS is
the preferred choice as it offers a good balance between affordability, robustness and rapid
data acquisition [27].

Table 1: Types of currently available configurations for ICP-MS instruments.

Time of flight Quadrupole (Q) HI-RES single iiiES
(TOF) P collector
collector
Sensitivity
(signal per unit Low Medium to high | High High
concentration
Speed — time to Simlutaneous Depends upon No mass
change from one the magnitude | jumps are
measurement Fast
selected mass to . and number of | usually
(no time) ) .
another jumps implemented
Cost €€ € €€ €€E€
Extremely fast | General use for | General use for | High
Applications scanning elemental and elemental and precision
capabilities isotopic analysis | isotopic analysis | isotope ratio
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1.2 LA-ICP-MS Application

In the beginning, LA-ICP-MS has been mostly used in geology to analyze the isotopic
composition of rocks, study the formation of mineral deposits and investigate the evolution
of magma [28-31]. Since then its application range has spread to a variety of scientific fields
(e.g. biological, environmental, material and forensic sciences) due to its high sensitivity,
spatial resolution and minimal/no sample preparation [32, 33]. Marine research in
particular benefits greatly from LA-ICP-MS, as chemical archives of environmental changes
can be created by analyzing marine samples such as shells, corals and fish otoliths [34, 35].
For example, elemental analysis of corals provides information on natural and
anthropogenic changes in reef environments, as observed in the Great Barrier Reef in
Australia [34]. In addition, elemental analysis of fish otoliths helps to assess migration
patterns and environmental conditions [35]. Beyond marine research, the utility of LA-
ICP-MS also extends to ornithology, where it helps to determine elemental profiles of
feather shafts that provide information on environmental pollution in bird habitats [36].
Plant material is also often analyzed with LA-ICP-MS to evaluate the distribution of
elements in relation to pollution sources and to gain insight into contaminant levels [37,
38]. LA-ICP-MS also proves useful in the analysis of soils, sediments, particulate matter
and ice samples, facilitating the measurement of trace metal concentrations and elemental
analysis [39-42]. Another field for LA-ICP-MS application is forensic science, where it is
utilized for analysis of trace elements in forensic samples such as hair and tissue as well as
the analysis of gunshot residue in criminal investigations [43-46]. This technique is also
applied for characterization of various materials (ceramics, polymers, metals and coatings)
to investigate material properties, determining elemental composition and identifying
impurities. For example, LA-ICP-MS has been used to evaluate the purity of semiconductor
materials, investigate corrosion processes and analyze trace elements in archeological
artifacts [32, 47-53]. A more recent area where LA-ICP-MS is being used is in the analysis
of nanoparticles to better understand their behavior in light of increasing concerns about
their impact on the environment. Through size characterization, spatial distribution and
elemental composition analysis using LA-ICP-MS, the transport of nanoparticles in aquatic
systems is assessed, their uptake and distribution in biological tissues is investigated and
their interactions with organisms are explored [54-58]. Another pressing issue is the
presence of microplastic particles, especially concerning their sources and environmental
spread. Consequently, LA-ICP-MS has recently been employed to examine microplastic
particles in biological, water, and sediment samples. This analysis aims to determine their
elemental composition and size range, enhancing our understanding of the impact of
microplastic pollution on ecosystems [59-62]. Overall, LA-ICP-MS proves to be a versatile
analytical tool with numerous applications across various scientific disciplines.

1.3 Quantification Methods

As mentioned above, LA-ICP-MS is widely appreciated for its many advantages, such as
minimal or no sample preparation, high sample throughput, access to isotopic information,
and the ability to analyze both conductive and non-conductive, opaque and transparent
materials. Nevertheless, the laser ablation process is influenced by various phenomena that
need to be carefully considered during the analysis. Factors such as the sample physical
and chemical properties, its homogeneity as well as methods to compensate for signal
fluctuations or ablated mass must be considered [17, 63]. A comprehensive review of several
research papers shows several "ideal" conditions for analyzing solid samples with LA-ICP-
MS. First and foremost, minimizing evaporation (in contrast to ablation) and melting of
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sample constituents in the crater region is critical. It is important that the removed aerosols
have a stoichiometric composition that matches the original solid sample. In addition, the
generation of uniformly sized particles during the ablation process is critical to ensure
efficient transport to the ICP without losses. Finally, the particles must be sufficiently
small to ensure complete decomposition, atomization and ionization in the ICP torch and
thus avoid fractionation effects [64-66]. From the preceding discussion, it is clear that the
effectiveness of LA-ICP-MS as a universal technique for the direct analysis of solid samples
depends on two main conditions.

First, the abundances of the detected ions after m/z separation often do not fully
correspond to the composition of the original sample. This phenomenon is commonly
referred to as "elemental fractionation" and includes various effects such as particle size-
dependent fractionation, preferential evaporation of volatile elements and isotope-specific
fractionation. In addition to the transport of the aerosol particles into the ICP and the
subsequent evaporation, atomization and ionization processes in the ICP, the ablation
process itself also contributes significantly to fractionation. The literature review shows
that the efficiency of laser ablation depends on factors such as pulse length, laser
wavelength, fluence, ratio between crater depth and diameter and the composition of the
sample. There are some strategies to minimize fractionation, such as creating well-defined
craters, using short laser wavelengths for high absorption, fine-tuning the gas flow and flow
dynamics of ablation cells in general, using short pulse duration lasers, and preventing
redeposition of particles on the sample surface.

Secondly, differences in the interaction between the laser beam and the sample surface
for various matrices lead to changes in the analyte mass ablated per pulse. These differences
in matrix properties, such as absorptivity, reflectivity and thermal conductivity, lead to
variations in the size and geometry of aerosol particles which affect the efficiency of sample
transport from the ablation cell to the plasma. Together, these limitations contribute to
matrix effects that lead to variations in plasma mass loading. Consequently, sample-related
matrix effects affect the accuracy of LA-ICP-MS analysis and pose a challenge for
quantification. This complication is related to elemental fractionation and results in LA-
ICP-MS signals that may not accurately reflect the elemental composition of the analyzed
sample. Consequently, the absolute signal intensity or sensitivity may differ significantly
for samples with identical analyte concentrations but different matrix compositions or
physical properties. The growing interest in the application of LA-ICP-MS in various
scientific disciplines has led researchers to attempt to overcome these limitations. Much of
this work has focused on the influence of laser wavelength and pulse duration. For example,
studies have shown that use of either shorter wavelengths or femtosecond lasers,
significantly reduces element fractionation and attenuates matrix effects [63].

1.3.1 Signal correction approaches

Signal normalization protocols are often used in LA-ICP-MS analysis to obtain more
accurate quantitative results, as the accuracy and precision of LA-ICP-MS are generally
worse than those of conventional or solution mode ICP-MS. Several methods have been
proposed to improve the precision of laser ablation ICP-MS: Monitoring of the signal
emitted from the laser-induced plasma (LIP) or scattered light during sample
transportation; shot-to-shot normalization; monitoring of acoustic waves generated during
laser ablation; internal standardization, etc. [67-70]. These approaches take into account
deviations caused by instrumental drift, matrix effects and element fractionation. Internal
standards are mostly used to combat this problem and preferably also to correct for
differences in mass removed and transported to the ICP-MS. In conventional ICP-MS,
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internal standards are routinely used to improve the accuracy and precision of solution
nebulization, similarly, they enable a more accurate determination in LA. The signals for
quantitative LA-ICP-MS analysis are usually normalized using an isotope of the main
matrix element that is homogeneously distributed over the sample and whose concentration
is known. If no suitable elements are available, an additional standard can be used or a
sum normalization procedure can be applied [71-73].

1.3.1.1 Internal standardization

LA-ICP-MS usually uses either intrinsic elements present in the sample and standard or
additionally introduced non-intrinsic elements for signal normalization. Not many elements
are suitable for use as internal standards, as they must be homogeneously distributed in
the sample and standard and behave similarly to the analyte during ablation, transport
and ICP detection. In addition, the internal standards must have a similar first ionization
potential and/or a similar atomic mass as the analyte itself [74].

In biological samples, carbon is one of the most commonly used elements for signal
normalization, as it was assumed to be homogeneously distributed and also has the ability
to correct for differences in the water content of samples and reference materials. However,
its suitability as an internal standard has been studied in detail over the years. Frick and
Gunther discovered in their studies that *C in aerosols exhibits a two-phase, matrix-
dependent formation containing particular and gaseous species [75]. The partial formation
of gaseous carbon species can lead to inaccurate analysis of the target analyte, as most
elements are transported exclusively in a particulate phase. On the other hand, Austin et
al. found that despite its disadvantages C can be used as an internal standard under
certain conditions [74]. However, due to the complexity of biological matrices (e.g. plants,
etc.) and the segmentation of elements in certain compartments of biological samples,
carbon is still often used as an internal standard to improve quantitative analysis [76-81].
In addition, *S has been successfully used as an internal standard in various LA-ICP-MS
studies of hair and nails, as it is one of their major constituents and theoretically evenly
distributed [82-84]. In calcium-based samples (bones, teeth, etc.) and geological samples,
#(Ca is often used as an internal standard because it has a better signal intensity and signal-
to-background ratio than *Ca and is homogeneously distributed [85-90]. When using glass
standard reference materials (e.g. NIST SRM 61X series), *Si is often used as the internal
standard [91]. In another study, *Fe and “Ni were used to compensate for the variations
of signal in multi-elemental analysis of low-alloy steel samples [67].

As mentioned above, there are not many elements that are naturally present in the
samples and fulfill all the criteria to serve as an internal standard. Therefore, non-intrinsic
elements are sometimes used, which are introduced into standards and samples via various
strategies. The non-intrinsic elements are usually not present in the sample or only present
in trace amounts and are added to the sample/standard by different methods: direct
addition to the sample (e.g. whole blood samples); addition of a thin polymer, metal or
gelatin layer with internal standard element under the sample; deposition of the internal
standard on the sample by sputtering techniques or inkjet printers, etc. The main goal of
all strategies is to achieve a homogeneous distribution and to use elements that have no/low
background signals, are not affected by spectral interferences and have a first ionization
potential comparable to the analytes of interest [92-99].
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1.3.1.2  Signal sum normalization

In signal sum normalization approach, signals from all elements (or as many as possible)
are acquired and it is assumed that their sum or sum their oxides reflect the ablated mass.
If these techniques are considered as independent methods for direct measurement of the
ablated mass, only semi-quantitative information is obtained. However, if the entire sample
matrix is used as a single internal standard, signal variations can be compensated and the
precision of LA-ICP-MS analyzes can be improved. This normalization strategy, in which
the individual element signals are treated as a function of the summed signals of all sample
components, has been shown to be immune to matrix effects and enables the rapid
determination of major, minor and trace elements with satisfactory precision and accuracy.
For example, Chen et al. applied a normalization strategy together with an external
calibration using reference silicate glasses to determine fifty-four major and trace elements
in carbonate [100]. Similarly, van Elteren et al. used the sum normalization approach to
overcome calibration challenges in the quantitative analysis of old glasses. Again, 54
elements were measured simultaneously and normalized to 100 % based on their oxide
concentrations. Using SiO; as an internal standard, the algorithm adjusts its concentration
until the cumulative concentrations of all 54 elemental oxides reach 100 % [w/w]|. The
accuracy of the results was confirmed by the agreement between found and reported values
for major and minor oxides in synthetic glasses with typical medieval compositions [101].
On the other hand, the sum normalization strategy of Latkoczy et al. was applied to the
analysis of magnesium-based alloys by LA-ICP-MS, where the results for Mg showed good
agreement (2.2 %) with quantitative line scans from EPMA measurements [102].

1.3.2 Calibration approaches

Despite all the problems, there are some “general” quantification methods that can be
applied to a variety of sample types with different matrix properties. In general, we can
distinguish between calibration approaches that are based on matrix-matched standards
and those that are not dependent on matrix-matched standards. In order to fully utilize
the advantages of dry plasma when working with laser ablation, solid standards are usually
used for quantification. Compared to liquid standards, which are readily available, easy to
prepare and customizable in terms of elements and their concentration range, solid samples,
with few exceptions (e.g. glass), are limited in availability and often inhomogeneous on the
micrometer scale. As the scope of LA-ICP-MS has expanded from geological to biological
samples and everything in between, the lack of commercially available reference materials
for the variety of matrices to be analyzed has become increasingly apparent in recent years.
This has led to the development of numerous new calibration techniques and the search
for suitable matrix-matched standards that can be easily produced in-house. A brief
summary of the calibration methods used for LA-ICP-MS analyzes is summarized in Figure
2.
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Figure 2: Different calibration strategies commonly used for quantitative LA-ICP-MS
analysis.

1.3.2.1 External matrix-matched standards-based calibration

When quantitative analysis is required, the preferred method is external calibration, using
a set of known standards to produce single or multi-point calibration curves. These curves
allow linear regression analysis to be performed, ensuring accurate quantification. External
calibration with matrix-matched standards can generally be divided into two areas:
commercial matrix-matched standard reference materials and in-house manufactured
matrix-matched standards.

The use of certified reference materials (CRMs) in external calibration is considered the
most reliable method for accurate quantification in LA-ICP-MS [20, 22-24]. Ideally, these
CRMs match the composition of the sample under investigation as closely as possible, if
not exactly, in terms of physical properties, chemical composition and analyte
concentration. If this requirement is met, the processes of ablation, transport, atomization
and ionization can be considered almost identical for the sample and the standard, allowing
reliable quantification. Each CRM is accompanied by a comprehensive certificate
containing precise information on the concentrations of the components. In addition,
preferred concentration values for non-certified sample components can often be found in
the literature [25]. One of the most commonly used CRMs are the commercially available
and well-characterized glass standards of the NIST SRM 61X series. They contain major,
minor and trace elements with concentrations ranging from 5 to 500 g kg depending on
the series. Reference glasses are generally regarded as the “to-go” reference materials for
LA-ICP-MS calibration, especially for the quantitative analysis of geological samples [66,
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89, 103-112]. Due to their availability and ease of use, they are also often used as a reference
for sensitivity. In some cases, however, they do not fulfill all the requirements for matrix
matching or the actual required concentration range of the analyte. Therefore, various
techniques have been developed to produce homogeneous standards that can be used as
reference materials for glass and other geological standards (e.g. new series of glass
standards, direct fusion of rocks, etc.) [73].

Another promising method for quantification is the use of matrix-matched calibration
standards from materials that have the same/similar matrix as the sample itself to combat
the lack of suitable CRMs, especially for environmental, biological or medical samples.
Given the complex nature of fractionation, the analytical compatibility of quantitative LA-
ICP-MS analysis can be significantly improved by ensuring that both samples and
standards exhibit similar behavior during ablation. Various sample preparation techniques
are described in the literature, including embedding in polymer resin, melting with borate
and preparation of pressed disks in the presence of a binder [113-116]. Calibration with
matrix-matched standards can be broadly divided into three types: Standards obtained
from powdered matrix reference materials, synthetic standards obtained from the primary
sample, and matrix-matched standards obtained from spiked sample materials. These
sample preparation techniques offer several advantages, including the ability to incorporate
one or more internal standards, known amounts of analytes of interest, or isotope-enriched
spikes. They also facilitate the adjustment of analyte concentration as needed. However, it
should be noted that this approach is only applicable for powdered samples and that
additional sample preparation, e.g. by grinding or crushing, is required for samples in
compact, native form. Furthermore, adapting the sample matrix in this way inevitably
leads to a dilution of the analyte, which can reduce the detection sensitivity of the
analytical method. This is particularly difficult with biological tissues with its complex and
heterogeneous matrix composition, which makes it difficult to accurately mimic the sample
matrix. Consequently, there are many different calibration approaches for biological
samples, but none of the quantification methods are universally accepted and harmonized.
Most of them focus on the development of in-house manufactured standards that best
mimic the analyzed tissue. Over the years, different approaches have been developed using
various matrices as a basis.

The production of standards from commercially available CRMs appears to be a
practical approach in many cases. Although they are mainly available in powder form,
depending on their initial state, some preparation is required prior to analysis, such as
additional grinding/milling, pressing into pellets and/or addition of binders (e.g.
polyethylene powder, etc.) to improve the homogeneity and stability of the pellets [104,
117-123]. In addition, the standards prepared based on CRM can be modified by adding
selected elements, either to act as internal standards or to achieve the desired concentration
range. Many studies have been conducted using different materials and techniques, e.g.
powdered solid CRMs with binders for the analysis of sediments, ashes and soils [124],
nanoparticulate pressed powder pellets from natural rock powder CRM [125], synthetic
materials based on TiO2 matrices, etc. [126].

Another possibility for the preparation of matrix-matched standards is the use of
synthetic standards based on the main component of the sample [127]. Artificial sulfide
crystals were used by Dewaele et al. as matrix-matched external standards for the
quantitative analysis of natural hydrothermal pyrite [128]. To mimic the hair matrix,
extracted keratin proteins were also used to produce Pb-enriched keratin films to determine
Pb in hair samples by LA-ICP-MS [129]. In another study, trace elements in mussel shells
were determined using in-house solid multi-element standards based on CaCOs matrix [90].
While hydroxyapatite enriched standards were used to quantitatively analyze dorsal fish
spine [130].
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In addition, in-house produced polymer and gelatin-based standards are often used for
the quantitative analysis of biological samples. Numerous LA-ICP-MS studies have
explored the effectiveness of polymer and resin-based standards for calibration, as they are
adaptable and can be easily customized. Various preparation methods have been developed,
such as spin-coating with PMMA solutions spiked with metal standards, which allows
careful control of thickness and homogenous elemental distribution [93, 131]. However, this
method requires that the composition of the polymer under investigation is known and
that the properties of the prepared standards match those of the original sample [93].
Alternatively, aqueous soluble polymers such as dextran have been used to extend the
range of elements that can be included in the standards. These polymer-based calibration
approaches have been validated using tissue samples and applied to human clinical samples,
demonstrating their usefulness in real-world scenarios [132]. Another approach is the
production of polymer-based section standards using cold-curing resins, such as Technovit
7100, mixed with metal solutions. These standards have been shown to quantify platinum
distribution in tissues of mice treated with chemotherapeutic agents and demonstrate their
potential in the evaluation of drug toxicity and efficacy [133]. Recently, an innovative
method for the production of polymeric reference materials using 3D printing technology
has been proposed, which offers higher concentration accuracy and homogeneity compared
to conventional methods [134]. Another method is the dried droplet technique, in which
liquid standards are applied directly to solid samples, allowing simultaneous analysis after
evaporation of the solvent [135, 136]. Although this method is advantageous for calibration,
it also has disadvantages such as the uneven deposition of residues due to the "coffee ring"
effect and size discrimination during drying. Despite attempts to mitigate this by ablating
the entire residue, the process is time consuming. In addition, dried droplet standards can
only be analyzed once, making them impractical for LA-ICP-MS, which must be calibrated
for each analysis. Recently, a different approach has been developed in which a commercial
sprayer is used to homogeneously apply thin layers of standards of different concentrations
onto the sample surface. In this way, the disadvantages of more conventional sample
spiking techniques, such as dried droplets or standard addition quantification approaches,
which also use the aforementioned sample spiking, are avoided [113]. These advances in
polymer-based standards hold promise for improving the precision and reliability of LA-
ICP-MS analysis in a wide range of research and clinical applications.

Gelatin has also been shown to provide a soft matrix that is very similar to
proteinaceous biological tissue. Gelatin gels are generally readily available, easy to handle,
non-toxic and customizable in terms of element selection and concentration range.
However, the production of gelatin standards is not as easy as it may seem, and various
approaches were developed to obtain highly homogeneous standards, e.g., by printing
gelatin standards, using high temperatures during the drying process, complete ablation,
production of gelatin microdroplets, rapid drying, etc. [137, 138]. Several studies have
demonstrated the effectiveness of gelatin-based standards for quantitative bioimaging
applications using LA-ICP-MS. Studies comparing gelatin-based standards with tissue-
based standards have shown their effectiveness in accurately quantifying elements such as
copper. This validation was achieved through various approaches, including comparison of
Cu quantification in spiked liver tissue homogenates using thin sections and gelatin droplet
standards, as well as cross-validation of calibration approaches such as standard addition
and external standardization on different tissue samples [139, 140]. The properties of gelatin
allow easy modification and adjustment of analyte concentrations, although increasing the
number of elements can lead to problems such as brittleness and precipitation. Gelatin-
based calibration standards come in various forms, including microarrays [141], cryo-
sections [142-144], molds [145], and bio-printed standards[146], which enable accurate
quantification of elements such as gadolinium, iron, copper, and zinc in a medical context.
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Gelatin microdroplet standards, produced manually or automatically, offer a high degree
of precision and homogeneity and are therefore suitable for metal-based anticancer drug
studies and nanoparticle analysis. These gelatin-based standards are commercially available
and provide researchers with accessible tools for accurate analysis using LA-ICP-MS [138].

Finally, matrix-matched standards based on spiked sample material are also used in
LA-ICP-MS, especially for animal and human tissue. The tissue section standards are
usually homogenates of different tissue types, which are spiked with different
concentrations of the target analytes depending on the analyte. These spiked homogenates
are then dried and cut to the same thickness as the sample [147, 148]. By matching the
standard preparation material to the sample, it is conventionally assumed that the
interference from the sample matrix is eliminated. Compared to the preparation of gelatin
standards, the preparation of tissue standards requires a large amount of labor, skilled
professionals and access to a cryotome. In addition, the sample may consist of softer and
harder material, which is lost when homogenizing the tissue in the standards. This, together
with inaccuracies in thickness between sample and standards, can lead to biased
quantitative LA-ICP-MS results, as removing the same amount of ablated material is one
of the main requirements of this technique. The development of matrix-matched tissue
standards has made considerable progress since the first protocol presented by Becker et
al. in 2005 [147]. These standards, often derived from the same tissue type as the target
species, have been produced using various matrices such as brain, liver, kidney, blood, bone
and teeth. For example, in 2013, Hare et al. provided a comprehensive guide for the
preparation of matrix-matched standards for the assessment of trace metal concentrations
in brain tissue [148]. They used cortical tissue from sheep brains spiked with standard
solutions of various elements and demonstrated their effectiveness in quantitative analysis.
Similarly, matrix-matched standards were used for imaging Zn and Mg in rat brain tissue
[149] and for assessing the feasibility of quantitative imaging using tissue homogenates
spiked with Se and Fe [150]. In cancer research, liver-based tissue standards have been
used to quantify Ru and Pt concentrations in organs and tumor tissues of mice treated
with anticancer agents. These standards have also been used to investigate the quantitative
distribution of Cu in liver tissue [151]. For hard tissues such as bones and teeth, bones
have been evaluated as a matrix for the preparation of calibration standards to quantify
tungsten and zinc deposits [152]. Teeth, which provide valuable bioindicators of metal
exposure, have been calibrated using a variety of standards, including internally prepared
matrix-matched standards from healthy teeth and synthetic hydroxyapatite standards
doped with the elements of interest [88, 153, 154]. In hair analysis, spiked hair strands are
often used as matrix-matched standards due to the limited availability of certified reference
materials. These standards have been used to quantify the distribution of analytes along a
single hair strand [155-157], e.g. to determine the As and Pb content in individual hair
strands of leukemia patients [158]. In addition, as mentioned above, spiked keratin films
have been used as calibration materials for hair analysis, offering better recovery and
linearity compared to conventional methods [129]. Overall, the development of matrix-
matched tissue standards has facilitated accurate and precise quantification in various
analytical studies covering different tissue types and research areas.

1.3.2.2  Solution based calibration

In addition to solid-based calibration, LA-ICP-MS also uses solution-based calibration
methods for quantitative analysis. These methods typically use dual flow-through systems
to introduce both the laser ablated material and nebulized aqueous standard solutions
simultaneously to the ICP torch. The two main advantages of solution-based calibration
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are the ability to use aqueous elemental standards, which are readily available and easy to
prepare, and the compensation of matrix-related differences. However, it requires correction
for differences in ablation efficiency and elemental sensitivities between ICP-MS and LA-
ICP-MS analysis [159]. Such a method involves the calculation of correction ratios based
on the slopes of calibration curves obtained by calibration with both solution standard and
solid standard. This correction ensures accurate quantification despite variations in
instrument sensitivity and sample matrix composition. In addition, differences in ablation
efficiency can also be corrected by using an internal standard. Despite challenges, such as
increased formation of polyatomic ions due to water introduction and potential loss of
analytes during nebulization, solution-based quantification has been successfully applied to
various samples, including biological tissues and hair strands [103, 160-162]. These studies
have demonstrated the effectiveness of solution-based calibration in LA-ICP-MS for
accurate elemental quantification. In addition, solution-based calibration methods are
promising for forensic isotope investigations and routine research applications as they
provide valuable insights into the composition and distribution of elements in complex
samples.

1.3.2.3 Isotope dilution calibration

The laser ablation sampling method, combined with Isotope dilution analysis (IDA)
quantification in mass spectrometry, shows great potential for accurate and precise
determination of trace elements. By measuring the isotopic ratios of the sample, spike, and
their mixture, the analyte concentration can be accurately determined. IDA offers the
advantage of being unaffected by matrix effects and instrument instabilities during LA-
ICP-MS experiments. However, it requires costly isotopically-enriched spike solutions,
cannot be applied to monoisotopic elements, and may involve laborious sample preparation
compared to external calibration methods, thus reducing sample throughput. Additionally,
knowing or calculating the exact mass or volume of the spike solution added to the sample
is essential. The key requirement for IDA is the equilibration of isotopes between the spike
and the sample to ensure similar behavior between the spike nuclide and the analyte nuclide
in the sample. Recent applications include the work by Yang et al., who used a dual-flow
gas system and solution standard to quantify boron in silicon wafers, achieving accurate
results with relative standard deviations below 14% [163]. Similarly, Pickhardt et al.
proposed a rapid quantification method using a microflow nebulizer and an isotope-enriched
standard solution and achieved a precision of about 1.90 % and 1.41 % RSD for different
sample materials [164, 165]. In another study, an isotope-enriched solution was nebulized
in parallel with laser ablation of platinum material and the Pb concentration in NIST 681
was determined with good accuracy compared to the certified value [162]. In addition,
various strategies for the addition of spike solutions for LA-ICP-MS bioimaging
experiments have been described, including solid spiking methods, online aerosol addition,
inkjet printing, and microarray deposition [166-170]. These methods enable precise
quantification of metal distributions in biological samples at both macroscopic and single-
cell levels and provide valuable insights into various diseases and treatments.

1.3.2.4  Semi-quantification approaches

In addition to the standard external calibration methods described above, a variety of other
techniques have been developed to support quantitative analysis by laser ablation ICP-
MS. Furthermore, the increasing integration of Al in all scientific disciplines, including
analytical chemistry, is inevitable. Although progress in this area is rather limited, recent
discussions by Pan et al. have shed light on the potential impact [171]. As more laboratories
adopt ICP-TOFMS systems with a focus on continuous measurement of all nuclides, the
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need for their consistent quantification becomes apparent. Although the use of gelatin
standards has facilitated quantification, the preparation of calibration standards that
include all elements remains impractical. Metarapi et al. have developed gelatin-based
microdroplet standards covering 72 elements and used them to create a library of response
factors for semi-quantitative calibrations. In a two-step evaluation process that included
bootstrapping with gelatin standards and analyzing real tissue sections, they found that
using 10 to 15 elements as calibration standards yielded reasonable accuracy. This
approach, which allows the determination of 136 nuclides from 63 elements with errors
below 25%, represents a novel semi-quantification method. In addition, a web application
was developed to facilitate the use of this method. This semi-quantitative approach differs
from previous uses of the term and emphasizes the particular methodology described [172].
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Chapter 2

Research Aims and Hypothesis

The aim of the thesis is, firstly, to gain a better understanding of the fundamentals of LA-
ICP-MS by adapting and optimizing the operation of LA-ICP-MS to achieve minimal
elemental fragmentation and thus improve the precision of elemental analysis. Secondly,
the main objective of this research is to develop an advanced calibration method based on
the consideration of ablated volume variations using 3D profilometry for LA-ICP-MS bulk
analysis as well as for imaging. The volume-based calibration approach was tested by cross-
calibrating different materials (standards) to develop an approach that allowed the use of
different materials as standard and sample in LA-ICP-MS quantification. For confirmation,
cross-calibration of 10 standards from different matrices (including glass, carbonates,
zircon, plants, and proteinaceous materials) was performed using the newly developed
volume-corrected calibration approach to achieve robust comparability across different
sample types. In addition, the volume-corrected calibration approach was applied to correct
for within-sample inhomogeneity in LA-ICP-MS imaging in real samples, contributing to
a more nuanced and accurate representation of elemental distribution in complex materials.

Hypotheses:

1. The optimal choice of energy density (J cm™) is essential in LA-ICP-MS analysis
to ensure accuracy and achieve a robust signal-to-noise ratio, thereby improving
the precision of the results obtained.

2. Using an energy density well above the ablation threshold of the matrix can lead
to the formation of a gaseous phase, potentially causing double peaks for certain
elements during LA-ICP-MS analysis.

3. A non-matrix matched calibration can be used effectively by accounting for the
mass/volume ablated and using a fluence just above the threshold.

4. By combining LA-ICP-MS and 3D profilometry, cross-calibration of different
materials (e.g. glass, zircon, carbonates, plants, proteins, etc.) is possible. This
combined approach allows precise determination of the ablated volume, enabling
accurate comparisons between different sample types.

5. Without volume correction, non-matrix-matched calibration will lead to
inaccuracies unless the standard and sample have similar properties. This
emphasizes the importance of accounting for differences in ablated volume for
reliable LA-ICP-MS results.
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Chapter 3

Scientific Publications

The dissertation consists of three original scientific manuscripts and one review manuscript.
Manuscript 1 (Section 3.1) investigates optimization of LA-ICP-MS instrumental settings
to minimize quantification anomalies in single-pulse laser ablation analysis. This
manuscript focuses on the effects of laser fluence and beam size on the signal as well as on
the formation of double peaks and targets Hypothesis 1 and . Hypothesis 2 is then further
explored in Appendix A.l, which was published in collaboration with colleagues from
University of Ghent and University of Zagreb. This manuscript addresses in more detail
the formation of double peaks upon ablation of soft materials, using gelatin as a proxy for
soft biological samples. It is a continuation of Manuscript 1 as it further explores and
explains how the unsuitable use of higher laser fluence can lead to two-phase sample
transport, which affects the signal and therefore the accuracy of LA-ICP-MS. It also
includes a comparison between a 213 nm laser and a 193 nm laser. Manuscript 2 (Section
3.2) presents the state of the art of calibration approaches currently used for the
quantitative analysis of biological materials with LA-ICP-MS. In this manuscript, the
quantification methods for biological samples are evaluated in detail and their advantages
and disadvantages are highlighted. In addition, this manuscript provides a good
introduction to the calibration issues of laser ablation techniques and confirms that further
research and new methods are needed. Manuscript 3 (Section 3.3) focuses on the
development of a non-matrix-matched calibration approach for bulk multielement LA-ICP-
MS analysis. Laser ablation is combined with post-ablation 3D profilometry to measure
the topography of the sample after ablation to determine the ablation volume. This corrects
for ablation differences and thus “eliminates” the matrix effect, enabling successful cross-
calibration of materials with completely different matrix properties. However, this only
works if optimal laser parameters are used, as higher fluences lead to distorted signal
results. Therefore, this manuscript is in line with Hypothesis 3 and 4. Furthermore, in
Manuscript 4 (Section 3.4) the volume-aided calibration approach was also tested for LA-
ICP-MS mapping analysis. Again, post-ablation volume was determined by 3D
profilometry. The elemental maps were normalized based on the measured volume per
pixel, which resulted in the concentration being defined as mass per volume (in pg cm™)
rather than mass per mass (in pg g'). The approach was found to correct for ablation
differences between/within standards and samples, supporting Hypothesis 5. In addition,
the potential benefits of modifying the ablation grid in two-dimensional (2D) and three-
dimensional (3D) LA-ICP-MS mapping to achieve a smooth surface after ablation and thus
increase the precision of elemental distribution on the surface and improve image quality
were investigated in Appendix A.2. Therefore, in this dissertation, the LA-ICP-MS
fundamentals are investigated to gain a better understanding of the effects of the
parameters on the obtained ICP-MS signal. Furthermore, this knowledge is used to develop
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a new quantification approach based on the correction of ablation differences by using the
ablated volume. This enables comparatively precise and usable “non-matrix matched”
calibration, potentially enabling quantitative analysis of many samples for which matrix-
matched standards are currently not available.
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3.1 Manuscript 1: Quantification Anomalies in Single Pulse
LA-ICP-MS Analysis Associated with Laser Fluence and
Beam Size

Published: Jerse A., Mervi¢ K., Van Elteren J.T., Selih V. S., Sala M., (2022). Analyst,
31(1), doi: 10.1039/d2an01172g.

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is an
important technique for the direct analysis of solid samples. With its growing popularity
and wider range of applications in recent years, this technique has undergone some
important developments over the last decade. Advances, such as the introduction of fast
washout cells, have led to higher spatial resolution, improved sensitivity and a reduction
in analysis time. Despite these improvements, obtaining accurate quantitative results still
presents a challenge for LA-ICP-MS analysis. Quantification by laser ablation still mainly
depends on matrix-matched standards and suitable internal standards. However, what
makes the calibration processes even more complicated is the additional element
fractionation and matrix-dependent ablation associated with laser fluence and beam size.
Therefore, in order to improve the calibration methods, one needs to understand the
influence of the different operating parameters on the obtained signal.

This work focuses on investigating the influence of fluence, beam size and aerosol
transport on the quantification of single-pulse LA-ICP-MS analysis. This is done using
approaches based on three factors - laser ablation spot volume, pulse intensity and noise
characteristics for different elements (As, Gd, La, Ni, Te and Zn) as well as a wide
concentration range (from 100 to 1000 pg g*) and different matrices (NIST SRM 612 glass
standard and in-house prepared gelatin standards). Firstly, the study aimed to assess the
impact of laser fluence and beam size on signal intensity, normalized to crater volume, in
LA-ICP-MS analysis. To determine whether the ablated volume correlates linearly with
the signal intensity, the accumulated counts of individual pulses were normalized to the
crater volume. Furthermore, the relationship between the laser fluence and both signal
intensity and noise contributions was also investigated. Finally, single pulse peaks were
monitored to determine whether the two variables also influence the shape of the peak
profiles.

The study determined that higher fluences, well above the ablation threshold of the
material, and larger beam sizes significantly affect the results of the analysis. They can
lead to signal reduction, a lower signal-to-noise ratio and the formation of double peaks for
certain elements. The formation and characterization of double peaks is then further
explored in Appendix A.1. These problems are attributed to factors such as particle size
distribution and inefficient aerosol transport. The results show the importance of

optimizing parameters tailored to the analyzed material to improve the accuracy and
precision of LA-ICP-MS analysis.
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Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has undergone major
improvements in recent years which have led to reduction of the analysis time, higher spatial resolution,
and better sensitivity. However, quantification and accurate analysis remain one of the bottlenecks in
LA-ICP-MS analysis and so far satisfactory calibration solutions are restricted to well-documented
matrices and suitable internal standards. Additional uncertainties associated with laser fluence and beam
size via various ablation cells and interfaces make guantification even more challenging. This work is
focused on the influence of fluence, beam size and aerosol transport on gquantification in single pulse
LA-ICP-MS analysis via approaches based on pulse intensity, LA spot volumes, noise characteristics, etc. for
different elements (As, Gd, La, Ni, Te and Zn), concentrations (between 10 and 1000 ug g%, and matrices
(gelatin standards and NIST SRM 612). The findings indicate that selection of the appropriate laser fluence,
just above the ablation threshold, and beam size, depending on the interface of LA and ICP-MS, are critical
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for reliable quantification and should be properly adjusted to avoid excessive Poisson and Flicker noise,
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Introduction

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) is a technically advanced microanalytical method
for direct sampling of solid materials and measurement of
most elements of the periodic table. However, the processes
involved from ablation to detection are complex; in particular,
the interaction of the laser beam with the solid material, invol-
ving transient changes from solid, through liquid, into a
plasma state, is not well-understood.

The provoking title of Hergenrdder’s presentation at the 9th
European Workshop on Laser Ablation in Elemental and
Isotopic Analysis (Prague, Czech Republic, 2008), “LA-ICP-MS:
The astonishing story why it works (at least sometimes)”,
appropriately conveys these intricacies. Elemental quantifi-
cation in LA-ICP-MS, either in bulk or imaging mode, requires
that the stoichiometry of the ablated material is the same as
the overall stoichiometry of the particles measured by the
ICP-MS. However, non-stoichiometric conversion of elements

Department of Analytical Chemistry, National Institute of Chemistry, Hajdrihova 19,
1000 Ljubljana, Slovenia. E-mail: elteren@ki.si, martin.sala@ki.st

Electronic supplementary information (ESI) available. See DOL https://doi.org/
10.1039/d2an01172g
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This journal is © The Royal Society of Chemistry 2022

achieve maximum sensitivity, and prevent the formation of double peaks in single pulses.

leads to elemental fractionation, which may occur during abla-
tion, transport and/or atomization/ionization in the ICP.
During transport from the LA cell to the ICP-MS, particle size-
segregation may occur as a result of size-dependent impaction
when particles collide with the surfaces of the laser ablation
cell or the interface, or due to gravitational settling.”* Once
entering the plasma, larger particles may not be completely
atomized and ionized, resulting in further elemental
fractionation.”*”

Despite these drawbacks, under matrix-matched con-
ditions, it is assumed that samples and standards with the
same total elemental concentrations can be accurately quanti-
fied. However, matrix-matched standards are hardly ever avail-
able, especially for biological samples, hence a number of cali-
bration strategies have emerged,” such as homogenization of
tissue and standard addition of element(s) of interest,”
spiking of the samples by soaking in solution (e.g. for hair
samples),'® preparation of external standards in gelatin that
mimic the tissue matrix,'""* including microdroplet stan-
dards," (in-cell or in-torch) aspiration of a standard solution
during laser sampling,"**® and application of a “film” stan-
dard on/under a biological sample combined with total con-
sumption (i.e. ablation of the entire depth) of the assembly.'”
In addition, internal standardization protocols have been
developed to compensate for instrumental drift and possible

Analyst, 2022,147, 5293-5299 | 5293
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ablation differences between matrices of sample and cali-
bration standards. These include, e.g., the use of homoge-
neously distributed elements in the sample'®'” and labeling
of tissue components with a metallo-intercalator.*

Generally, better precision in single pulse LA-ICP-MS can
be obtained by increasing signal intensity, ie., generating
more counts, implying a higher laser fluence, and/or larger
beam size. In imaging applications, signal intensity can also
be increased using more laser shots per measurement or pixel
(=dosage). The effects of laser shot dosage on LA-ICP-MS
imaging and image quality were recently discussed,® while
the influence of laser fluence and beam size on noise still has
to be investigated.

Precision in LA-ICP-MS measurements can be evaluated by
the total standard deviation (SD,) of the signal intensity (ie.,
number of counts, 4), and can be divided into two com-
ponents, ie., Poisson noise (SDp) and Flicker noise (SDg).
Poisson noise, which originates in counting statistics, is pro-
portional to the square root of signal intensity (y/4) and is
important at lower signal intensities. Flicker noise is pro-
portional to the signal intensity (g x A, where q is a factor
between 0 and 1) and is associated with LA-ICP-MS settings
(laser fluence, beam size, ...).”* The factor ¢ is only constant
for the same settings used. Hence, when we change any of the
parameters influencing the Flicker noise vide supra, the factor
q also changes as this is the actual variable in the propagation
of noise that we can affect and try to minimize. Total noise can
therefore be expressed as

SD.* = SDp” + SDp> = A+ g% - A% (1)

Careful selection of operational settings can improve the
precision of LA-ICP-MS analysis. A series of experiments was
conducted to investigate the effects of laser fluence and beam
size on the single pulse response, signal intensity, and noise.
This study will help to better understand the issues that may
occur if the experimental parameters (laser fluence and beam
size in this case) are not optimized and how these may affect
the precision of the obtained LA-ICP-MS results. The study was
conducted on gelatin standards, commonly used as a standard
of choice in studies of biological samples,* ** and NIST glass
standards, commonly used in geological studies*®*" as appro-
priate “general” reference standards. As and Gd were selected
to be measured in all experiments, and for single peak profiles
some additional elements were measured, namely La, Ni, Te
and Zn.

Experimental
Materials and standards

Gelatin gels and glass standards were used as target matrices
in the experiments. Silicate glass NIST SRM 612 (trace
elements in glass, nominal concentration of 50 pg g%
National Institute for Standards and Technology,
Gaithersburg, MD, USA) was used as a glass standard. Gelatin
standards were prepared in-house following the procedure pre-
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viously described by Sala et al.'* In brief, 10% (m/v) gelatin
solution was prepared by suspending gelatin (porcine-skin
gelatin, type A, bloom strength 300, Sigma-Aldrich, St Louis,
MO, USA) in ultra-pure water (18.2 MQ cm), supplied by a
Milli-Q water purification system and heating it up to approxi-
mately 55 °C. Subsequently, the desired amount of selected
elemental ICP standard solution(s) from Merck or Sigma
Aldrich was added. The mixture was then dropped onto a
microscope glass slide using a micropipette and dried in a
convection oven at 95 °C for one hour.

Instrumentation

In all experiments, an Analyte G2 193 nm ArF* excimer laser
ablation system (Teledyne Photon Machines Inc., Bozeman,
MT, USA) was used. It was equipped with a standard two-
volume ablation cell HelEx II (aerosol washout time 0.5 s, full
width at 1% of the maximum (FW 0.01 M)). The LA system was
coupled to an ICP-MS instrument Agilent 7900x (Agilent
Technologies, Santa Clara, CA, USA), either via the standard
HelEx I aerosol delivery system® (HelEx in further text) or
using the Aerosol Rapid Introduction System®® (ARIS) for fast
aerosol washout (FW 0.01 M, ca. 20 ms). Ablation cell and
both aerosol delivery systems are commercially available from
Teledyne Cetac Technologies. Similar behavior is expected
from ablation cells and aerosol delivery systems by other
vendors. A 3D interference optical profilometer (Zegage PRO
HR, Zygo Corporation, PA, USA) was used to determine the
volume of craters after laser ablation. The 3D information was
recorded using a 50x magnification lens with a lateral resolu-
tion of 0.173 pm, and a surface topography repeatability better
than 3.5 nm.

Signal intensity and noise contributions as a function of laser
fluence

We investigated how the single pulse intensities and gene-
ration of Flicker and Poisson noise correlate with increasing
laser fluence. In-house prepared gelatin standards and the
NIST SRM 612 glass standard were used in the ARIS setup. As
and Gd (10, 50, 100 and 150 pg g~ " each) were measured in
gelatin and NIST SRM 612" (certified value for As 37.4 =
2.2 pg g~', informative value for Gd 39 pg g~'). These elements
were selected as highly homogeneous standards and can be
prepared in gelatin.'® Gd also exhibits minimal polyatomic
interferences and low background in ICP-MS analysis. As was
chosen as a toxic element that may be of interest for determi-
nation in tissues. Laser fluences between 0.5 and 9 J em ™
were used for gelatin standards and between 1 and 9 ] cm™
for glass standards. The data were obtained in line scanning
mode with a fixed dosage of 1 (non-overlapping laser shots/
craters), and integration of counts for single peaks by match-
ing the integration time to the particle washout time and the
inverse of the repetition rate. Detailed instrumental conditions
used in the experiments are summarized in Table S1f (ESI).
Raw data were processed with OriginLab software (OriginPro
2018, OriginLab Corporation, Northampton, MA, USA).
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Influence of laser fluence and beam size on the signal
intensity normalized to crater volume

To investigate whether or not the ablated volume is linearly
proportional to the measured signal intensity, the accumu-
lated counts for LA-ICP-MS single pulses, obtained at different
fluences and beam sizes, were normalized to their crater
volume. To enable accurate determination of the crater
volumes, the scanning speed was selected in such a way that
ablation craters for each laser shot were nonadjacent, lLe.,
scanning speed (pm s~ ')/repetition rate (Hz) > 2 x beam size
(um). Three different laser fluences were compared (0.5, 4 and
8] em™*) and three different beam sizes for each setup (5, 10
and 20 pm square with ARIS, 35 and 80 pm square, and 65 pm
circle with HelEx), Data acquisition was performed similarly to
the previous experiment. The data obtained with both setups
cannot be directly compared; only data obtained with different
parameters using the same setup are comparable. Other
instrumental conditions used for ablation of gelatin (contain-
ing 1000 pg ¢! As or Gd) are listed in Table S2+ (ESI).
OriginLab software was used to process the raw data.

Effect of fluence and beam size on single pulse peak profiles

Single pulse peak profiles were monitored by ablation of single
spots, generated by one laser shot per spot for individual
elements. Gelatin standards containing different elements (As,
Gd, La, Ni, Te, and Zn) at a concentration level of 1000 pg g‘1
were ablated in this experiment. Additionally, As and Gd
gelatin standards were prepared (20 and 100 pg g™ ') to evaluate
if the shape of the peak profile is also influenced by the con-
centration or only by the ablation conditions. Laser fluences of
0.5 and 4 ] em™ were used with 5, 10 and 20 pm beam sizes
(square) with ARIS, and 35 and 80 pm (square), and 65 pm
(circle) with HelEx. Detailed conditions used are summarized
in Table S3t (ESI). OriginLab software was used for data pro-
cessing and peak profile depiction. Again, data using different
setups cannot be compared and the experiments with both
setups were performed to see if trends are similar or not.

Results and discussion

Signal intensity and noise contributions as a function of laser
fluence

A major characteristic of the analytical performance is related
to the signal intensity and noise as a function of the laser
fluence which was investigated by single pulse LA-ICP-MS of
ca. 50 pg g ' Gd in both the gelatin standard and the NIST
SRM 612 glass standard, followed by retrieval of the Flicker
and Poisson noise using eqn (1). From Fig. 1 it follows that for
both the gelatin and NIST 612 the Flicker noise determines the
overall noise as by quadratically summing the Flicker and
Poisson noise, the low levels of Poisson noise negligibly affect
the overall noise. Although one would expect the signal inten-
sity to linearly increase with fluence, this is only seen in the
case of the NIST 612 above an ablation threshold of ca. 3 ]
cm %, whereas for the gelatin standard we can see that for

This journal is © The Royal Society of Chemistry 2022

Chapter 3. Scientific Publications

View Article Online

Paper
=@ Average intensity =@8=RSD, RSD:
120000
| Gelatine
l-gl 96000
.9_’, 4
£ 72000
[=
s
£ 1
s
£, 48000 |
-
24000
8 . T T T T
Gelatine
6 -
g <4
8 4
o
24
1 - & . & . . - .
0 T T T
32000 1 NIST612
7 ]
=
_§, 24000 —
= ]
i
§ 16000
=
3 ]
& 8000
0 T T T
60 4 NIST612
£ 40
[=]
[ 4
[ 4
20 4
o e P
T T T T
0 2 4 [ 8 10

Fluence (J em™)

Fig. 1 Average line intensity, Poisson noise and Flicker noise as a func-
tion of fluence for single dosage experiments with ca. 50 pg g~* Gd in
gelatin and NIST SRM 612 glass standards (see Table S1t for operational
conditions).

laser fluences well above the ablation threshold of approx.
0.2 J em™?, the signal intensities of Gd reach a plateau. The
fact that the measured volumes ablated per shot as a function
of the fluence for the NIST 612 (Fig. 2) follow a very similar
trend as the Gd intensities vs. fluence graphs (Fig. 1), is an
indication that signal intensities for the NIST are likely linked
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to LA processes and to a lesser extent to transport and detec-
tion phenomena for these particular LA-ICP-MS conditions.
From Fig. 2 is can be seen that gelatin ablates much better
than NIST 612 (5-20 times better, depending on the fluence),
potentially leading to plasma shielding®* at higher fluences,
resulting in lower signal intensities and plateauing as we may
see in Fig. 1. The higher Flicker noise for NIST 612 compared
to gelatin is most likely associated with more erratic ablation
of the NIST 612, resulting in less reproducible craters, evident
from the calculated RSDs in the volumes ablated per laser shot
(Fig. 2). The fact that the Flicker noise for the NIST 612 is so
high at low fluences is due to ablation below the ablation
threshold as it levels off to ca. 10% off above 3 ] em™2, similar to
the RSDs levels for the volumes ablated. In our experiments for
gelatin, ablation always took place above the ablation threshold,
implying that no irregular ablation (on the account of lower
fluence than ablation threshold used) took place as for the NIST
612. Nevertheless, the Flicker noise slightly increased to ca. 5% at
the highest fluence, whereas the RSDs in the volumes ablated
were more or less constant, slightly above 3%. This discrepancy
might be caused by the much higher particle generation and
throughput compared to NIST 612, suggesting that for ablation
of gelatin besides LA processes also other processes play a role in
determination of the Flicker noise. Similar to above experiments
with Gd (Fig. 1), from Fig. S1f (ESI) we can see that for ca. 50 pg

[ 0.5 Jiem? [ 4 Jicm? [l 8 Jicm?

1ARIS As

Intensity/crater volume (counts cm™)

40
| HelEx As

Intensity/crater volume (counts cm™)

35 uym

65 pm
Beam size

80 ym

Fig. 3 Signal intensity to crater volume ratios for single pulse LA-ICP-MS of Gd and As in gelatin at different beam sizes (4, 10 and 20 pm for ARIS
and 35, 65 and 80 um for HelEx), fluences (0.5, 4 and 8 J cm™2) and aerosol transport setups (ARIS or HelEx) (see Table S21 for operational

conditions).
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g™ As in gelatin and NIST 612 almost identical results were
obtained. Additional ablation of a range of As concentrations in
gelatin (10, 100 and 150 pg g™') as a function of the fluence
(Fig. S2, ESI{) showed that concentration affects the signal inten-
sity as expected, ie., signal intensity ~ concentration, with pla-
teauing for all concentrations, whereas Poisson and Flicker noise
are minimally affected.

Previous studies on LA-ICP-MS analysis of glass,
metals,® and gelatin® have shown that the laser wavelength,

4-7,33
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fluence, and ablation mode are the key parameters influencing
the particle size (range) generated. Using a fluence well above
the material’s ablation threshold considerably alters the par-
ticle size distribution, resulting in the formation of proportion-
ally larger particles that undergo significantly more gravita-
tional settling.’® Additionally, it has been shown that larger
particles are less likely to be completely vaporized, atomized,
and ionized in the ICP.” Studies have shown that the plasma
source is not capable of sufficiently atomizing particles above
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Fig. 4 Single pulse peak profiles for Ni, La, Gd (single peaks), Zn, As and Te (double peaks) — 50 pulses [left] and two zoom ins (20 [middle] and 5 s
[right]) for each element that show the repeatability of the peak shape. Data were obtained using the HelEx aerosol delivery system at a fluence of
4 J cm2 and a beam size of 80 pm (square mask) (see Table S3+ for operational conditions).
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150 nm.” If standards and samples are matrix-matched, this
would merely result in lower sensitivity; however, if the matrix
is not ideally matched, the concentrations in the samples may
be under- or overestimated. In the remainder of the text, we
will only focus on the irregular laser ablation behaviour of
gelatin as an approximation for elemental quantification of
biological tissues.

Influence of laser fluence and beam size on the signal

nor ized to crater

We expect larger beam sizes to ideally only affect the number
of particles generated, whereas higher fluences may not only
result in higher particle number concentrations but also in a
changed particle size distribution. Generation of larger par-
ticles may potentially result in gravitational settling and/or
incomplete atomization/ionization.>*” To investigate how the
fluence and beam size affect the signal intensity, we measured
single pulse intensities of Gd and As in gelatin as a function of
the ablation volume-normalized intensity in the ARIS and
HelEx setups (Fig. 3). A constant intensity/volume ratio would
imply that no analysis anomalies exist. However, Fig. 3 shows
that the average intensity/volume ratio at different fluences
and beam sizes is not constant in either the ARIS or HelEx
setup. Regardless of the setup used or the element measured,
there is a trend that the highest intensity/volume ratios are
obtained for the lowest fluence, implying that some of the par-
ticles “disappear” due to transport losses or detection pro-
blems, potentially as a result of generation of larger particles
or agglomeration of smaller particles. However, larger beam
sizes do not necessarily lead to lower intensity/volume ratios
as can be seen from the Gd and As measurements in the
HelEx setup. In the ARIS setup, there is an indication of
decreasing intensity/volume ratios with beam size, presumably
due to overloading the ICP plasma and insufficient time for
ionization due to because of much faster aerosol transport
than in the HelEx cell.*

Effect of fluence and beam size on single pulse peak profiles

Ablation of gelatin standards containing various elements (As,
Te, Zn, Au, Gd, or La, 1000 pug g~') in the HelEx setup, using a
fluence of 4 ] cm™* and a beam size of 80 pm (square mask),
led to a single pulse response showing differences in peak pro-
files - either single or double peak profiles were obtained,
depending on the element (Fig. 4). It can be seen that the
occurrence of single and double peaks was very reproducible.
However, the occurrence of double peaks for As, Te, and Zn
was very dependent on the fluence and beam size as with a
lower fluence (0.5 ] em™) and a smaller beam size (35 pum,
square mask) single peaks were recorded for all measured
elements in the HelEX setup, although some shouldering was
observed for As (Fig. S3, ESIt), Te and Zn (data not shown).
Differences seem to be the result of an excess of material
ejected upon ablation since for the ARIS setup in Fig. S31
(ESI), having a much smaller overall internal volume, similar
results were obtained for As at scaled-down settings (beam size
5, 10 and 20 pm), square mask at the same fluences.
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Consequently, at 5 and 10 pm and 0.5 ] em™ in the ARIS
setup, a single peak was obtained for As, while at 20 pm and
0.5 J em™ as well as 4 ] em ™2, regardless of the beam size,
split peaks were observed. Additional Gd and As gelatin stan-
dards (20 and 100 pg g') were used to assess whether the
peak shape in the HelEx setup is affected by the concentration.
The results (Fig. S4, ESIT) showed no differences in peak shape
with different concentrations, which suggests that splitting of
peaks is merely affected by the parameters used in the
LA-ICP-MS experiment.

Novékova et al.® demonstrated the influence of the beam
size on the particle size distribution upon ablation of glass.
They showed a bimodal particle size distribution, most probably
related to small primary particles and large coagulates/agglom-
erates, regardless of the beam size, although the larger beam
sizes produced proportionally more large particles than the
smaller beam sizes. However, if this is the case in the present
study, one would expect all elements to showcase similar behav-
ior resulting in double peaks for every element. Niehaus et al.”
on the other hand reported that at higher fluences larger par-
ticles are generated for gelatin and the embedding polymer
resin Technovit (used for fixation of biological materials). Also,
the efficiency/speed of the transport from the ablation cell to
the ICP might be affected by the particle size. If the distribution
of different elements over the particle size range varies, double
peaks can appear for elements that are distributed in small and
large particles, while single peaks can appear for elements that
are primarily present in particles of similar size.

Conclusions

This paper is focused on quantification anomalies in single
pulse LA-ICP-MS analysis caused by non-optimized laser
fluence and beam size. The results from this study stress the
importance of selecting the appropriate ablation parameters to
minimize noise and improve the precision of the analytical
results caused by differences in particle size distribution, par-
ticle agglomeration, inertial impact, gravitational settling,
laminar and/or turbulent diffusion, electrostatic attraction, ion
yield, degree of ionization, etc. In a series of experiments, we
investigated the influence of laser fluence and beam size on
signal and noise, single pulse intensity profiles, LA spot
volumes, etc. The results from this study suggest that through
the appropriate choice of instrumental parameters, we can cir-
cumvent (i) LA-generation of a large particle size range, (ii)
elements distributing differently over the particle size range
generated, (iii) issues related to particle size and transpor-
tation of generated aerosol (e.g. gravitational settling) and (iv)
particle size-related ionization in the ICP.

It was shown that ablation with higher fluences (i.e., flu-
ences well above the material’s threshold) and large beam
sizes (depending on the interface associated with the HelEx or
ARIS setup) result in issues such as lowering the signal/ablated
volume ratio, increasing the RSDs, splitting of peaks in single
pulse response mode, etc. The results from the present study

This journal is © The Royal Society of Chemistry 2022
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support the previously published findings stating that with
higher fluences, larger particles are formed, whereas too large
beam sizes generate an excess of aerosol particles. This can
lead to impaired transport efficiency from the ablation cell
into the ICP as well as poor atomization and/or ionization of
the elements present in large particles, which result in the
partial loss of signal. By selecting optimal parameters for the
investigated material, one can considerably improve the pre-
cision and accuracy of the obtained results.
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As already mentioned, laser ablation inductively coupled plasma mass spectrometry is a
microanalytical technique used for direct sampling of solid materials. It enables the
determination of major, minor and trace elements from the periodic table and requires
minimal sample preparation. It also provides the spatial elemental composition of samples
in 2D and 3D. Initially, it was mainly used for analyzing geological materials as it allows
direct sampling and is microdestructive. With the expansion of the application range, it is
now also used for elemental analysis of biological samples, especially for bioimaging
applications. LA-ICP-MS has undergone some important improvements that have led to a
reduction in analysis time, better sensitivity, higher image quality /spatial resolution and a
better signal-to-noise ratio. Despite the progress, the challenges discussed in Articles 1 and
2, together with others, lead to a lack of validated and reliable quantification approaches
in LA-ICP-MS bioimaging. Therefore, the focus of this dissertation was to better
understand the basic operations of LA-ICP-MS and to develop a new calibration approach
that does not rely on matrix-matched standards.

This review addresses a detailed assessment of the quantitative methods currently used
to obtain quantitative results when analyzing biological samples by LA-ICP-MS, critically
evaluating their advantages and disadvantages in terms of analytical capabilities. With the
advent of LA-ICP-MS applications in bioimaging, various quantification strategies have
been developed, most of which still rely on matrix-matched standards. Commonly used
calibration techniques are external calibrations based on standards that mimic the sample
matrix, such as homogenized and spiked tissue, polymers and gelatin. Gelatin-based
standards have proven to be a good matrix match for most biological samples and are
widely used as they can be easily prepared in different concentrations and elemental
compositions. This has even led to the development of commercially available gelatin
microdroplets. In addition, alternative quantification approaches using standard addition,
isotope dilution or semi-quantitative calibration have been developed in recent years.
Originally, elemental calibration standards for bioimaging using LA-ICP-MS relied on
manual preparation and complicated procedures, often requiring trained personnel and the
handling of biological material, which can lead to inaccuracies in thickness. Modern
quantification methods favor automated, reproducible processes such as spin-coating and
robotic dispensing, which increases throughput and the potential for mass production and
commercialization. The use of easily controllable matrices such as polymers and gelatin
that mimic biological samples while mitigating issues such as background element
abundance has become prevalent. Certified materials such as NIST 61X glasses remain
essential for bioimaging applications. In contrast, quantification of nanoparticles is still in
the early stages and requires multi-point calibration standards due to the reliance on single-
point calibration. The quantification of metal-conjugated antibodies is similar, although
the reliability of matrix-matched standards improves with increasing application of the
methodology. The rise of ICP-TOFMS technology requires highly multiplexed standards
or semi-quantitative approaches to quantify as many elements as possible, reflecting the
need for improved quantification methods as technology advances.
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ARTICLE INFO ABSTRACT

Keywords: Laser ablation (LA) in combination with inductively coupled plasma mass spectrometry (ICP-MS) is a technically
Laser ablation advanced micro-analytical method for direct sampling of solid materials and allows the determination of a
if\PihCnIfMS majority of elements from the periodic table. In recent years, the technology has undergone major improvements

Calibration
Internal standardization
Bioimaging

in hardware, software and the methodology, which have led to a significant reduction of the analysis time, higher
spatial resolution/image quality, better sensitivity and signal to noise ratios. Reliable and validated quantifi-
cation procedures remain one of the bottlenecks in LA-ICPMS bioimaging. This review provides a comprehensive

overview on different quantification strategies commonly used for bioimaging applications by LA-ICPMS. The
advantages and drawbacks of existing quantification approaches in terms of analytical capabilities will be crit-
ically discussed and showcases of their application to biological samples will be presented. Recent developments
and future perspectives of the field will be discussed.

1. Introduction

Since the introduction of laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS) for the analysis of solid samples by A.
Gray in 1985 [1], it has become an established elemental and mapping
technique that is characterized by low limits of detection, high spatial
resolution, a wide linear dynamic range and limited sample preparation.
The first publication describing the LA-ICPMS analysis of biological
sample material was published by Durrant and Ward in 1992 [2]. This
feasibility study focused on biological reference materials to demon-
strate the potential of the method for multi-element analysis of biolog-
ical samples. The concept of bioimaging by LA-ICPMS to study the
spatial elemental distribution in biological tissue was first introduced by
Wang et al., in 1994 [2]. Since then, the range of bioimaging applica-
tions for the technique has been expanded towards studies in the fields
of metallomics, proteomics, nanotechnology, clinical/medical research
and immuno-mass spectrometry imaging/imaging mass cytometry
[4-6]. Bioimaging studies by LA-ICPMS have focused on the distribution
of drugs or nanoparticles and metal-tagged markers in biological tissue
sections and single cells, and on the visualization of the metallome
within biological tissue (e.g. in the brain) to compare e.g. diseased vs.
non-diseased tissue [6]. Metal homeostasis within biological systems is

* Corresponding author.
E-mail address: sarah.theiner@univie.ac.at (S. Theiner).

https://doi.org/10.1016/j.trac.2024.11757:

critical for the immune response, metabolism and intracellular
signaling. Moreover, elevated and unregulated concentrations of certain
elements have been linked to different diseases, Therefore, dedicated
analytical workflows based on elemental imaging are required to
quantitative assess their levels within biological samples.

The hardware significantly contributing to the advancements in LA-
ICPMS imaging is the introduction of low-dispersion laser ablation cell
setups [7,8], providing pulse response durations for a single laser shot of
<5 ms [9-12]. This results in better signal to noise ratios, higher
throughput and the ability to map at high spatial resolution down to the
single-cell level. Understanding of fundamental imaging parameters
[13] and the effect of different parameters and imaging strategies have
also contributed significantly to the improvement in image quality [14,
15]. Beside the laser parameter settings directly connected to the S/N via
beam size and dosage, the effects of laser fluence was also studied. It was
shown that keeping the energy as low as possible (but still exceeding the
ablation threshold) results in lower relative standard deviations [16].
Moreover, the use of higher fluences leads to irregular peak shapes and
can result in element-dependent image quality deterioration [17].

One of the main challenges for LA-ICPMS analysis of biological
samples is the possibility for accurate, reliable and harmonized quanti-
fication. One of the reasons is fractionation that occurs during the
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ablation process, the aerosol transport and the ionization in the ICP
source and the potential for signal drifts over the course of an imaging
experiment [18,19]. Fractionation is a term describing a wide array of
causes that reflect in non-stoichiometric signal response in ICP-MS in
comparison with the analyzed material, which can be caused by matrix
itself, the wavelength used, the design of the experiment (e.g. down-hole
fractionation) etc [20]. Where these phenomena are matrix-dependent,
usually matrix-matched standards (laboratory-produced or prepared
with reference materials) are required for quantitative analysis by
LA-ICPMS. Certified reference materials (CRMs) provide one-point
calibration with a high degree of traceability and should match the
sample in terms of analyte concentrations as well as chemical compo-
sition and physical properties. An example of such CRMs are the NIST
SRM 61X series glasses, which are often used for LA-ICPMS calibration.
Although they are used for the calibration of different matrices, they are
often not well matched to the sample matrix. This is also true for bio-
logical samples, so they are rarely used for calibration purposes, but at
best as a reference for sensitivity. Therefore, other CRMs are available
for biological samples, which are usually provided in the form of
freeze-dried powders that are not directly comparable to fresh tissue
samples. The limited availability of suitable CRMs for the quantitative
LA-ICPMS analysis of different tissue types and single cells have led to
the development of a variety of alternative calibration strategies
[21-24]. However, the complexity and heterogeneity of biological tissue
makes it difficult to closely mimic the sample matrix and to develop
appropriate calibration strategies that provide the desired accuracy,
precision and robustness. Generally acceptable and harmonized quan-
tification procedures for bioimaging applications by LA-ICPMS have still
not been established. In most cases, matrix-matched standards are pre-
pared in-house and undergo internal characterization and validation
procedures. For this purpose, the exact elemental concentrations of
LA-ICPMS calibration standards are determined by solution-based
ICP-MS analysis after acid-assisted digestion. Moreover, their
figures-of-merit are reported including linearity of the calibration curve,
limits of detection/quantification, precision and long-term stability. Due
to the lack of suitable biological CRMs, external and in the ideal case also
independent validation procedures are a prerequisite for reliable and
accurate quantification workflows for LA-ICPMS bioimaging. Comple-
mentary imaging modalities have been used in several studies to
benchmark quantitative LA-ICPMS results. Ideally, interlaboratory
comparison studies are carried out to prove the validity of newly
introduced quantification concepts.

Trends in Analytical Chemistry 172 (2024) 117574

The first protocol for matrix-matched tissue standards was presented
by Becker et al., in 2005 [25] and was based on the homogenization of
brain tissue samples. These tissue-type standards are often sourced from
the same tissue type of the target species (e.g. brain [26], liver [27] or
blood [28]), spiked with varying concentrations of the analytes and
sectioned to the same thickness as the sample. In this context, the use of
polymer-based standards as spin-coated polymer films [29], epoxy
resin-embedded standards [30] and printed standards using an inkjet
printer [31] have been described. The use of gelatin as matrix for the
calibration of elements in soft biological tissue and cells provides several
advantages due to the possibility to easily fine-tune the properties of
gelatin. Gelatin standards for biological applications by LA-ICPMS have
been reported as sections, as micro-arrays [32], filled into defined molds
[33] and as (micro-)droplets using manual pipetting [34,35] or a robotic
micro-dispensing device [36]. Due to the growing interest in nano-
technology and immuno-mass spectrometry, methods for the quantita-
tive assessment of nanoparticles and metal-conjugated antibodies in
biological samples with LA-ICPMS will be critically discussed. A
comprehensive overview of different quantification strategies used for
biological samples by LA-ICPMS analysis is given in Fig. 1 and Table 1
(summarizes the advantages and disadvantages of the calibration stra-
tegies). In terms of quantification concepts for LA-ICPMS analysis,
external calibration, isotope dilution analysis, standard addition ap-
proaches and semiquantitative analysis as well as internal standardiza-
tion strategies will be discussed.

1.1. Tissue-type calibration standards

Several LA-ICPMS studies have focused on the development of tissue-
type section standards, using homogenates of different tissue types (e.g.
liver or brain tissue) that are spiked with varying concentrations of the
target analyte and cryo-sectioned to the same thickness as the sample
[26,27,37]. The exact concentrations of the analytes within the tissue
homogenates are then determined by solution-based ICP-MS analysis
following acid-assisted digestion. By matching the material for the
standard preparation with the samples, this is considered to eliminate
the interferences arising from the sample’s matrix. However, the ho-
mogenization step can lead to a potential change of the biological ma-
terial's integrity and the achievement of homogeneous elemental
distribution is a must for this type of standards. A general disadvantage
associated with section-type calibration standards is the occurrence of
thickness inaccuracies and anomalies. The sectioning process and other

External Standard
- Tissue type addition
- Polymer based
- Gelatin based
Calibration . .
approaches Quantli_icatlon
strateg ies
et for biological samples
- Spike addition post ablation
- Spike addition on the tissue
Signal Specific
correction applicati -
pplication
approaches
Internal standardization Nanoparticles
- Internal standard (C, S, Ca) Sum normalization
- addition
Volume correction

Fig. 1. Overview of different quantification strategies (including signal normalization) used for biological samples by LA-ICPMS imaging.
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Table 1
Overview of different quantification and internal standardization concepts for
bioimaging applications by LA-ICPMS.
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Table 1 (continued)

Quantification type Matrix A Di g
External calibration
Can be considered Access to a
Tissue-type sections  Brain, as ‘true’ matrix- microtome
liver matched Demanding
kidney, calibration workflow
blood standards Handling of

biological material
Homogenization
step required
Accuracy of the
section thickness
High elemental
background levels

Low elemental Matrix-matching

Pol based levels Accuracy of the
sections Properties of the section thickness
polymers can be Access to a
easily modified microtome
Homogenous
elemental
distribution required
Low elemental Matrix-matching
Spi ing of y " levels  H
polymer standards Properties of the elemental
polymers can be distribution required
easily modified
Can be used as
internal standard
layer
No biological Access to a
Gelatin sections Gelatin material required microtome
Low elemental Accuracy of the
background levels section thickness
Homogeneous
distribution of the
analytes required
Defined volume Availability/access
Gelatin micro- Gelatin Low elemental to a micro-array
droplets background levels spotter, ink-jet
No homogeneous printer
distribution of the
analytes required
Defined volume Fabrication of
Gelatin micro- Gelatin Low elemental micro-arrays
arrays background levels
No homogeneous
distribution of the
analytes required
Defined thickness Fabrication of molds
Gelatin molds Gelatin and surface
roughness
Low elemental
background levels
Good signal
precision
Easy preparation
Use of aqueous Need to correct for
Solution-based Aqueous elemental differences in
standards ablation efficiency
Requires desolvation
Isotope dilution
Traceable to SI Cost intensive
Spike addition post- -~ units Applicable to one
ablation Accurate single- analyte
point calibration
Traceable to S Cost intensive
Spike addition on Tissue, units Applicable to one
the tissue/cells cells Accurate single- analyte
point calibration Low count rates per
Matrix-matched pixel base
Applicable for

regions of interest

Quantification type Matrix Ad 51 Di 8¢
ification Gelatin Simultaneous Small number of

(semi) elements quantified,
quantification of all  others
elements semiquantified
Allows higher Applicable to
concentration biosamples for now
ranges Requires a library of

response factors
Standard addition

Can be considered High elemental

Standard addition Tissue as matrix-matched background levels
of droplet standards calibration
Internal standardization
Corrects for Not actual
Intrinsic elements i i
(C, P, S, Ca) fractionation and Lack of appropriate

elements for 1S
Matrix-depending
partitioning of C
Binding to DNA —

matrix effect
Naturally present
in sample/standard

Non-intrinsic Corrects for

elements elemental not present in the
fractionation, same extent in all
matrix effect and cell types
differences in
ablation mass

Ablated volume Any No need for matrix- Additional cost for
normalized matched standards instrumentation (to
calibration determine ablated

volume)

preparation steps involved for cryo-sectioned standards can induce ar-
tefacts and various types of deformation, which are difficult to control
[28]. The main requirement for this type of standards is the quantitative
ablation of the standard and the sample (removal of the sample down to
the substrate) to ensure that the amount of ablated material is the same.
In case the biological sample is heterogenous with regions containing
‘softer’ and ‘harder’ material, complete ablation might be difficult to
achieve and some residual material from harder parts of the sample can
be observed after ablation. These phenomena together with potential
thickness inaccuracies between standards and sample can potentially
lead to biased LA-ICPMS results. Moreover, another disadvantage for the
use of spiked tissue-type standards is the natural presence of endogenous
elements contributing to high blank values.

1.2, Tissue-type section standards

The first protocol for matrix-matched tissue standards was presented
by Becker et al., in 2005 [25] and was based on the homogenization of
brain tissue samples spiked with elemental standard solutions of P, S, Cu
and Zn. These tissue-type standards are often sourced from the same
tissue type of the target species and subsequently, protocols for stan-
dards that are based on brain, liver, kidney or blood as matrix were
developed. A general guide for producing matrix-matched standards for
assessing the concentrations of trace metals in brain tissue was pre-
sented by Hare et al., in 2013 (Fig. 2A) [26]. For this purpose, cortical
tissue from sheep brains was homogenized and spiked with varying
concentrations of standard solutions of Co, Cu, Fe, Mg, Mn, Sr, Se and
Zn. Cryo-sections were prepared and the elemental standard concen-
trations were determined by solution-based ICP-MS analysis. With the
exception of Co and Se, the limits of detection were suitable for quan-
tifying the analytes in a mouse brain sample [26]. The same principle of
homogenizing, spiking with elemental standard solutions, freezing and
cryo-cutting thin sectioned standards was used as matrix-matched
standards for imaging Zn and Mg in rat’s brain tissue [39]. True
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Fig. 2. (A) LA-ICPMS images of the quantitative Cu, Fe, Mg, Mn, Sr and Zn distribution in mouse brain using spiked and homogenized brain tissue standards [26]. (B)

Species-dependent sensitivity using either the inorganic spike (Fe) or the species-specific spike (ferritin) in the
Comparison of calibration curves for spiked sections of liver tissue homogenates and spiked gelatin droplet standards, obtained by LA-ICPMS analysis [
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with permission from the publishers.

concentrations of Mg and Zn were determined in homogenized tissue by
flame atomic absorption spectrometry (FAAS). Furthermore, a meth-
odology for the production of matrix- hed tissue I 2!

spiked with Se and Fe was described and its feasibility as calibration
standards for quantitative imaging was examined [40]. The effect of
elemental species-specific calibration on the quality of quantitative
LA-ICPMS results was investigated by comparing tissue-matched stan-
dards spiked with inorganic Se and Fe with those spiked with
specific-species, i.e. ferritin or selenoproteins (Fig. 2B). Homogeneity of
the standards and correlation of the calibration graph slopes were
monitored over a laser energy range of 1.0-6.0 J cm 2. For Fe, the slopes
were found to agree well, whereas, for Se the choice of the calibrant had
an impact on the results [40]. Similarly, the development of durable
standards was described for quantitative LA-ICPMS analysis by grinding
rat brain tissue and spiking it with aqueous solutions with known con-
centrations of trace elements (Li, Co, Cr, Cu, Fe, Mn, Pb and Zn). The
spiked tissue was then encapsulated in sol-gel pellets by adding it to a
prepared xerogel solution. The mixture was poured into molds and
dried. The results showed good linearity for all elements, repeatability,
homogeneity and long shelf-life due to the stabilization of the standards
by the sol-gel matrix [41]. Alternatively, homogenized sheep brain tis-
sue sections mounted on slides were submerged into solutions with
varying Fe concentrations rather than spiked with them [42]. In addi-
tion, the solutions contained a constant Rh concentration, which was
used as an internal standard. To investigate tissue-matched standards for
their suitability as calibration standards for quantitative LA-ICPMS im-
aging, their homogeneity and stability was characterized.
Tissue-matched standards showcased homogenous distributions of both
Fe and Rh with RSDs of 8.3 % and 4.7 % respectively, stability at room
temperature to up to 50 days, and a good linear calibration. The accu-
racy of the LA-ICPMS data was evaluated against micro-XRF analysis
[42]. Tissue-type sections standards based on liver were also employed
in the context of cancer research to quantify Ru and Pt concentrations in
organs and tumor tissue of mice after treatment with Ru- and Pt-based
anticancer compounds [27]. Method validation relied on parallel
solution-based analysis of biological samples by ICP-MS after
acid-assisted digestion. In another study, the quantitative distribution of
Cu in cryo-sections of liver tissue was examined via LA-ICPMS with both
matrix-matched thin sections of spiked liver tissue homogenates as well
as spiked gelatin droplet standards (Fig. 2C) [37]. No statistical

ds [44]. Figures adapted from the references [26. 10,44]

differences were observed between the two approaches. However, low
cost, simplicity and availability make spiked gelatin standards the
favored choice. Thus, one of the main drawbacks of tissue-type stan-
dards is the laborious preparation, which requires access to a cryotome
and skilled personnel. Additionally, an accurate estimation of the tissue
thickness may be challenging in some cases as well. For single-cell
analysis by LA-ICPMS, this approach is itable as the ption
that the volume can be directly derived from the quantitative removal of
the irradiated material may underestimate the mass removed, especially
for smaller spot sizes. In this case, a posteriori surface characterization
would be required to precisely define the volume removed [32].

One study reported the use of egg yolk as matrix for the preparation
of calibration standards for tissue samples [43]. For this purpose, egg
yolk was spiked with the analyte of interest, homogenized, heated up to
90 “°C, and cooled down to generate a solid structure similar to tissue.
The egg yolk standards were sectioned by cryo-cutting and fixed on a
glass slide. In a proof-of-principle study, the quantification method was
applied to investigate the delivery of therapeutic cells to the target or-
gans. The quantitative distribution of tumor cells and macrophages
labelled with a Tm-complex were tracked in different mouse tissue
samples and benchmarked to information obtained by magnetic reso-
nance imaging (MRI) [43].

1.3. Bone and teeth samples

Moreover, several LA-ICPMS studies have also focused on the
development of tissue-type calibration standards for hard tissues. In this
context, bone was evaluated as matrix for the preparation of matrix-
matched calibration standards to quantify tungsten and zinc deposits
in bone with LA-ICPMS [44]. Mouse bone samples were dried under
vacuum, grounded using a ball mill and spiked with appropriate vol-
umes of multi-element standard solutions. After mixing, the standards
were evaporated to dryness, manually homogenized and compressed
into a 1.0 mm thick pellet with a manual hydraulic press. The analytical
performance (linearity, limits of detection and accuracy) of the pressed
bone powder standard was tested alongside hydroxyapatite:collagen
(HC) (mimics the composition of bone) and hydroxyapatite (HA) syn-
thesized pressed powder standards (Fig. 2D). While, bone standards
showed a good linearity for tungsten (R? > 0.995), the linearity was less
for zinc (R? > 0.90). The accuracy was tested by quantifying zinc in NIST
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SRM 1486 through external calibration and comparing the results to the
known reference value of zinc. Both matrix-matched standards (bone
and HC pellets) provided accurate quantification of zine in NIST SRM
1486 without correction for the calcium content [44].

Teeth are another commonly analyzed mineralized tissue as they
provide a valuable chronological bicindicator of toxic metal exposure
[45] and as they can be used to reveal past human/animal migration.
Recently, studies have used various standards from in-house prepared
matrix-matched standards made from healthy teeth to synthetic hy-
droxyapatite (HA) standards doped with the elements of interest to
calibrate tooth samples instead of the usual single-point calibration with
NIST glass-SRM [46]. One study used matrix-matched standards pre-
pared by grinding healthy teeth, sieving the powder, spiking with known
volumes of elemental solutions, and then drying, homogenizing, and
pressing into disks [47]. This quantification method, using
matrix-matched laboratory standards, proved effective in determining
element concentrations in thin cross-sections of both healthy and filled
teeth. The use of these standards ensured accurate and precise results in
the quantitative determination of Al, Ba, La and Sr in dental tissues with
LA-ICPMS [47].

In another study, three synthetic HA materials (i.e., amorphous HA
crystals, pelletized HA powder, and pelletized HA powder that was
subsequently sintered) were prepared and evaluated for their suitability
as external calibration standards for human teeth. The pelletized HA
powder showed the best ablation properties compared to the previous
materials HA and NIST glass-SRM, especially in tooth analysis. The
metals were integrated uniformly, and the calibration curves showed
excellent linearity. Detection limits ranged from 0.1 to 2 pg kg ™" for Mg,
Al, Ni, Cu, Zn, Cd, Ba and Pb [45].

1.4. Hair samples

Spiked hair strands served as matrix-matched tissue standards for
external calibration due to the limited availability of certified reference
materials from human hair and their powder nature, which makes them
not ideal as matrix-matched standards. Therefore, to quantify the dis-
tribution of analytes along a single hair strand, element-enriched hair
strand standards were prepared in-house by immersing human hair in
solutions with different bromine and iodine concentrations [48]. The
exact elemental concentrations in the hair standards were determined
by digestion followed by pneumatic nebulization (PN-)ICP-MS analysis.
The method was successful in achieving homogenous standards and
generating highly linear calibration curves [48]. Similarly, As and Pb
levels were determined in individual hair strands of leukemia patients
by LA-ICPMS [49]. The calibration method was based on
matrix-matched hair standards spiked with the analytes of interest and
the exact metal concentrations were determined in a portion of the
spiked hair standards by ICP-MS analysis [49]. A similar principle was
applied to the LA-ICPMS analysis of mummy hair samples, using three
contemporary hair samples with known As concentrations as
matrix-matched standards [50]. In another study, both metal-enriched
hair powder standards and hair strand standards immersed in metal
solutions were used for quantification [51]. Method development
focused on arsenic with the use of sulphur as internal standard element.
While a good linear correlation and LOD was obtained, the binding of As
to keratin in hair has proven to be a slow process [51]. In-house pre-
pared spiked hair strands were also used as calibration standards to
quantify the platinum concentration along a single hair strand from a
patient who had received cisplatin as a cytostatic drug [52]. Complete
ablation of the hair cross-section increased the sensitivity of the method.
A lownoise-intensity ratio was obtained along the hair strand, and the
variation of the Pt signal as a function of the respective cisplatin dose
was clearly visible [52]. An alternative calibration strategy for hair
analysis by LA-ICPMS was based on spiked keratin films as calibration
materials [53]. For this purpose, the keratin films were prepared by
extracting keratin from human hair followed by the formation of films
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through self-assembly, self-aggregation, and cross-linking activities. The
doped keratin films showed better recovery and linearity for Pb quan-
tification compared to the traditional method of soaking hair in a so-
lution with the element of interest. This is because hair strands have
limited surface area for Pb adsorption and not the right physiology to
retain it, whereas keratin films were able to retain high quantities of Pb
on their surface [53].

1.5. Polymer-based standards

The use of polymer- and resin-based standards that are spiked with
different metal-containing solutions has been described in several LA-
ICPMS studies for calibration purposes. The standards are based on
materials with characteristics that can be easily modified, however, a
homogeneous thickness and elemental distribution are essential in the
preparation of polymer-based standards.

For the preparation of polymer-based standards, different strategies
were reported in the literature. One early study developed a method
based on spin-coating with solutions of polymethylmethacrylate
(PMMA, 10 %), xylene (40 %) and chlorobenzene (50 %) that were
spiked with organometallic Cu and Zn standards [29]. Ruthenium
phthalocyanine dye and an organometallic yttrium standard were added
to be used as internal standards. After spin-coating, substrates were
baked on a hot plate at 130 °C for 2 min. The thickness of the PMMA thin
films was characterized by profilometry and the surface roughness
evaluated by atomic force microscopy (AFM). UV-Vis spectroscopy was
used to determine the change in concentration of the dye and a ten-fold
increase in analyte concentration in the film was observed, compared to
the spin-coating solution due to solvent evaporation. The polymer-based
calibration standards were evaluated using the elements Cu and Zn and
their analytical figures-of-merit were benchmarked to homogenized
brain tissue standards that were spiked with the same analytes and
prepared as cryo-sections. The proposed approach also allowed for in-
ternal standardization and drift correction by employing internal stan-
dard elements (Y and Ru) in the underlying thin film. For this purpose,
the biological sample was placed on top of the thin film and co-ablation
of the tissue sample and the internal standard layer required careful
optimization of the laser fluence to enable selective and quantitative/-
full ablation of both layers (down to the substrate) [29]. A similar
calibration approach was developed that was based on an aqueous sol-
uble polymer (dextran) to increase the number of elements that can be
spiked into the polymer standards [54]. For this purpose, a dextran so-
lution was prepared in water and spiked with different amounts of metal
solutions (in total 11 elements) and internal standards solution. Solu-
tions were spin-coated onto glass slides and dried with a light N3 gas
stream. The average mass of the polymeric films was determined for
each calibration point using an ultra-high precision balance by
weighting glass slide before and after film deposition. The film thickness
was determined by optical profilometry. The LA-ICPMS quantification
method was validated using in-house prepared kidney homogenates
spiked with known amounts of metals and applied to clinical human
samples [54].

As alternative to spin-coating, another quantification strategy is
based on the preparation of polymer-based section standards, One study
used a cold-curing resin based on 2-hydroxyethylmethacrylate (Tech-
novit 7100) that was used as infiltration solution and embedding me-
dium. For preparation of the standards, the infiltration solution was
spiked with different amounts of platinum(lI) acetylacetonate, which is
well soluble in organic solvents [30]. Subsequently, dimethyl sulfoxide
was added to the infiltration solution to heat up the mixture and initiate
the polymerization. After hardening, the resin standards were sectioned
to a thickness of 5 pm. The same resin/infiltration solution was also used
for embedding of the tissue samples to simulate ‘matrix-matching’. The
standards were characterized wusing ICP-MS analysis after
microwave-assisted acid digestion to assess the elemental concentra-
tions. As proof-of-principle, the platinum distribution was quantified by
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LA-ICPMS at different time intervals in tissues of mice treated with the
chemotherapeutic drug cisplatin. The tissue samples (testis, cochlea and
kidney) were selected with regard to potential side effects and toxicity of
cisplatin-treatment towards these tissue types [30]. In a subsequent
study, the same calibration approach was used to quantify platinum in
major functional units of testicle, cochlea, kidney, nerve and brain
sections from cisplatin-treated mice [55]. Regarding the potential
applicability of this standard type for ‘hard’ biological material, the
quantitative platinum distribution was evaluated in tibia samples of
mice treated with a platinum(II) anticancer compound [56]. Platinum
was quantified in the hard bone samples upon resin-embedding to un-
ravel potential targeting options of platinum chemotherapeutics in the
treatment of bone metastases. Platinum levels were set in relation to the
phosphorus and calcium distribution and correlative micro-XRF analysis
was performed [56].

Recently, a new method for preparing polymeric reference materials
for microanalysis using a 3D printing technique was proposed [57]. The
elemental standard solutions were doped in polyacrylate resin by mixing
with dispersant and then printed, layer by layer using a 3D printing

hnique at room perature. The of dispersant in the mixture
was optimized to achieve homogeneity of the printed polymer reference
materials. The homogeneity was evaluated using LA-ICPMS analysis in
line scan mode. The results showed that the printed sample was ho-
mogeneous on the 50-pm scale, and for some elements also on the 14-pym
scale. Furthermore, the mass concentration of the doped elements was
determined using ID-ICP-MS and proved to be equivalent to the nominal
concentrations determined by the gravimetric method. Overall,
compared to conventional preparation methods for polymer calibration
standards, the 3D printing approach showed improved concentration
accuracy and homogeneity of the prepared standards [57].

1.6. Gelatin-based standards

Gelatin was proposed as biological matrix mimic for the preparation
of calibration standards for LA-ICPMS i The main ad ges of
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particles for both materials, whereas the ionization efficiency of gelatin
aerosols proved to be superior compared to aerosols produced from
Technovit standards [59].

The properties of gelatin can be easily modified and the number and
concentrations of analytes can be adjusted. For the latter, it has to be
considered that with an increasing number of elements in gelatin as
matrix, the gelatin becomes brittle, precipitation can occur and it be-
comes difficult to handle, especially at higher elemental concentrations.
Whereas the working range of tissue-type section standards is deter-
mined by the natural abundance of endog 1 and/or ele-
ments artificially introduced during sample preparation, gelatin shows
comparably lower elemental background levels. One study compared
gelatin standards prepared from a variety of animal sources and pre-
sented a method based on chelating resins to remove background metals
in gelatin in order to increase the dynamic calibration range [33].

For quantification by LA-ICPMS, gelatin-based calibration standard.
in form of cryo-sections [60-62], micro-arrays [32], molds [33],
bio-printed standards [63] and (micro-)droplets [35,36,64] were
described. The use of gelatin sections was introduced as a calibration
concept similar to tissue-type section standards. For this purpose, gelatin
was doped with the analytes of interest and mixtures of gelatin and
aqueous standard solutions were heated to 45-60 °C to ensure homo-
geneity of the analyte distribution. Gelatin cryo-sections were prepared
with the same thickness as the biological samples and ablated using the
same laser ablation parameters. Most studies verified the analyte con-
centrations within the gelatin standards performing acid digestion fol-
lowed by bulk ICP-MS analysis. Gelatin-based section calibration was
employed in several LA-ICPMS bioimaging studies in the medical
context. As examples, this type of calibration was used to quantify the
gadolinium deposition in the brain of patients that obtained with
Gd-based contrast agents [65], to quantify the amounts of Fe, Cu and Zn
in the brains of Alzheimer’s disease and control mice [62] and to eval-
uate the iron and copper levels in liver needle biopsy specimens of pa-
tients suffering from Wilson's disease [60]. One LA-ICP-TOFMS study

1 d gelatin-based sections for the quantification of Mg, Mn, Fe, Cu

the use of gelatin are that it is easy to handle, readily available, inex-
pensive, non-toxic and provides a soft matrix similar to biological tissue.
The matrix is considered to partially resemble fibrous protein collagen
and its protein content is supposed to match the protein-rich cellular
matrix. The fabrication of highly homogenous gelatin standards is not
straight-forward and different approaches were used including total
ablation, fast drying, the employment of high temperatures during the
drying process, printing of gelatin standards and the production of
gelatin micro-droplets.

In order to prove the matrix-matching capabilities of gelatin for
biological tissue, several studies were performed. For this purpose, Cu
quantification was compared using thin sections of spiked liver tissue
homogenates and gelatin droplet standards [37]. No statistical differ-
ences were obtained between the results using the two calibration ap-
proaches and therefore, both were considered suitable for quantitative
Cu bioimaging of liver cryo-sections [37]. In another approach, the
calibration concept of standard addition on different mouse tissue
samples was compared to external standardization based on gelatin
micro-droplet standards. Cross-validation revealed consistent quantita-
tive results between the two calibration approaches and matrices [58].
Both studies provided proof that gelatin-based standards could serve as
matrix-matched calibrations for bioimaging applications by LA-ICPMS.
One LA-ICPMS study evaluated the suitability of gelatin and the
cold-curing resin Technovit as standard materials for bioimaging ap-
plications by investigating their particle transport and ionization char-
acteristics using an optical particle counter inserted in-line between a
213 nm LA system and the ICP-MS instrument [59]. The size of the
particles generated by the gelatin standards was smaller (sizes in the
nm-range) than those of the Technovit standards (sizes in the low
pm-range) resulting in higher signal intensities during ICP-MS analysis.
Increasing the laser fluence resulted in a larger number of pm-sized

and Zn in tissue cryo-sections [66]. The impact of variable thickness of
gelatin sections on the signal intensity was studied and gelatin standards
spiked with acidified single-element solutions and with solutions pre-
pared from metal salts were compared. The developed method was used
for the quantification of essential metals and molybdenum in kidney
sections of rats dosed with bis-choline tetrathiomolybdate [66].

Recently, the production of bio-printed gelatin standards using a 3D
printing device was proposed [63]. The gelatin was doped with
lanthanide up-conversion nanoparticles and the bio-printed gelatin
standards were compared with gelatin section standards and proved to
be superior with regard to throughput, batch-to-batch repeatability and
elemental signal homogeneity at 5 pm pixel size. For comparison and
characterization, the thickness of the gelatin sections and the
bio-printed gelatin standards was determined using multiphoton fluo-
rescence microscopy. Bio-printing of gelatin standards provided a high
level of automation, well-controlled spatial distribution in all three axes
and the ability to control the temperature of the printing ink/gelatin and
the printer bed [63]. The latter features prevented migration of material
within the printed gelatin standards and allowed avoiding the occur-
rence of coffee-stain effects [67]. In a subsequent study, the same
approach was adopted to prepare bio-printed gelatin standards for sur-
face enhanced Raman scattering (SERS) [68]. Gelatin standards were
spiked with SERS nanotags, which consisted of gold nanoparticles and a
Raman reporter. The developed standards were characterized by single
particle ICP-MS analysis and LA-ICP-TOFMS imaging [68].

In order to overcome the limitations associated with section-type
standards (e.g. thickness inaccuracy, access to a cryotome and
required homogenous distribution of the analytes), different quantifi-
cation concepts based on gelatin as matrix were developed. For this
purpose, a high-density gelatin micro-array was developed and char-
acterized for calibration purposes by LA-ICPMS (Fig. 4C) [32].
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Micro-machining of the micro-array was achieved by the laser ablation
system itself and the method was cross-validated by synchrotron radi-
ation (SR)-XRF analysis. Since all of the necessary instrumentation is
already available in LA-ICPMS labs, the proposed micro-array standards
are an attractive alternative to micro-dispensed droplet arrays, where a
dedicated micro-droplet dispenser or micro-pipetting system is required.
As a case study, the Cu uptake was studied in a model organism resulting
from transition metal exposure at the sub-cellular level by LA-ICPMS
and SR-XRF analysis [32]. The features of these microarrays could be
especially attractive in high-throughput single-cell analysis. Alterna-
tively, gelatin molds were evaluated as LA-ICPMS standards and
benchmarked to gelatin sections and homogenized brain tissue stan-
dards (Fig. 4D) [33]. Compared to tissue-type standards, they proved to
be superior in terms of thickness accuracy, signal precision and
robustness for reproducible quantification and with regard to their
analytical figures of merit. The latter ones depended on the levels of
elements that were naturally abundant in the gelatin, which deviated
significantly between different animal sources of gelatin. Therefore, an
additional metal extraction step based on various resins was used to
reduce the elemental backgrounds in gelatin and to improve the limits of
detection [33].

One gelatin-based calibration strategy is based on the use of (micro-)
droplet standards that are either pipetted manually or automated via an
ink-jet device or a robotic micro-droplet dispenser. In droplet-based
approaches, heterogeneous elemental distributions can occur on the
microscale due to the coffee stain and/or Maragoni effect shown in Fig. 3
[69,70].

On the macroscale, this problem can be overcome by quantitative/
full ablation of the entire droplet. However, this process can be time-
consuming due to the dimensions of each droplet, especially when the
droplet deposition is performed manually. For gelatin-based droplets,
volumes of around 1-300 yL and droplet areas of up to 4.5-6 mm? have
been reported, in case manual pipetting was performed by micro-
pipettes and a micro-balance was used to record the exact amounts of
the deposited droplet standards [35,71]. Reduction of the droplet size
can be achieved, e.g. by drying the droplets on a hydrophobic surface.
Alternatively, the analysis time can be decreased by ablating a repre-
sentative part of the droplet, e.g. by ablating a cross-section or by spot
analysis, provided that the elemental distributions are homogenous. One
LA-ICPMS study ically 1 d different par in the
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ones proved to be element dependent and it was shown that the opti-
mization of the drying/setting conditions of gelatin-based droplets was
essential to provide homogenous elemental distributions. Increased
temperatures improved the three-dimensional homogeneity of elements
within the droplets and a drying temperature of 100 °C was recom-
mended by using a mechanical convection oven to ensure a
temperature-controlled environment (Fig. 4A) [67]. A subsequent
LA-ICPMS study compared the quantitative ablation of entire
gelatin-based droplet standards and spot ablation of highly homogenous
dried gelatin gels spiked with different analytes [35]. For the second
approach, the ablation volume was precisely determined using atomic
force microscopy (AFM). Both calibration methods were applied to
quantify membranous receptors in breast cancer cell lines using
receptor-specific hybrid tracers for fluorescence confocal microscopy
and high-resolution LA-ICPMS analysis (Fig. 4E) [35].

Gelatin-based droplet standards were further employed in LA-ICPMS
studies in the context of metal-based anticancer drug research. One
study addressed the platinum uptake in individual cells in the kldney of
monkeys treated with cisplatin to 1 ibl for
cisplatin-induced nephrotoxicity [64]. In another study, the quantitative
platinum distribution was studied by LA-ICPMS in ovarian cancer
peritoneal xenografts after intraperitoneal chemoperfusion of oxalipla-
tin [72]. Quantification was accomplished by the use of gelatin droplet
standards spiked with elemental platinum standards. Platinum accu-
mulation was mainly observed in the extracellular matrix and results
were correlated with results obtained by SR-XRF analysis [72].

One study developed a single particle detection method based on LA-
ICPMS analysis for nanoparticle (NP) analysns in blommenals [73].
Custom-made gelatin standard: 1 or synthesized
gold NPs of various sizes and with different number concentrations were
used to optimize the conditions for the measurement of gold NPs. The
optimized LA-ICPMS method was employed to study the size, number
concentration and localization of Au NPs in roots of sunflower plants
grown hydroponically with Au NPs added [73]. Gelatin droplet stan-
dards were evaluated for the quantification of iron oxide nanoparticles
in gelatin microspheres containing CaCO3 crystals by laser ablation in
combination with ICP-MS/MS tandem technology [74]. Method devel-
opment focused on resolving interferences (‘°’Ar'°0") on the signal of
Fe * by relying on chemical resolution using a gas mixture of NH3 and
He. Fe-spiked gelatin droplet standards were prepared on a high-purity

preparation of gelatin droplet standards in order to achieve a h
nous elemental distribution within the droplets and to avoid the
occurrence of the coffee stain and/or Maragoni effect [67]. The latter
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Fig. 3. Scheme of elemental distributions (A) on the surface and (B) in depth
laterally through the center of the sample, showing the heterogeneous distri-
bution of elements in the formation of gelatin droplets, which can result from
the coffee stain or Maragoni effect.

ingle-side polished silicon wafer and used as external calibration
standards. Their corresponding Fe concentrations were determined by
pneumatic nebuhzanon ICP-MS/MS analysis after acidic digestion [74].
The di g of 1l-sized droplet dards in a precise and
automated way can be achieved by the use of a commercial inkjet device
or a robotic micro-spotting/arraying system. A modified dosing device
based on a commercial ink cartridge was developed for the precxse
deposition of pL-droplets onto les [75]. The hod was applied to
characterize the elemental composition of thin-layered materials via
standard addition [75]. Another study describes the use of a MicroFab
Jetlab micro-dispensing unit to create a rectangular grid of gold stan-
dard solutions [76]. The quantitative uptake of Au nanoparticles and of
an Au-peptide cluster into single cells was studied by LA-ICPMS via this
approach [76,77]. A micro-array spotter was used to print ICP-MS
standard solutions onto nitrocellulose membranes [78] and on target
glass slides [79] with volumes in the pL-range. This method was intro-
duced for single-cell analysis by LA-ICP(-TOF)MS to quantify an Ir-DNA
intercalator and an mDOTA-Ho dye in adherent 3T3 fibroblast cells [78,
79]. A similar approach was employed to study the quantitative uptake
of Ag nanoparticles in a multicellular tumor spheroid model by the use
of droplet standards based on Ag nanoparticle suspensions [80].
Multi-element calibration standards for LA-ICP-(TOF)MS bioanalysis
were introduced based on gelatin micro-droplets that were generated by
a micro-spotter (Fig. 4B) [36]. This approach provided the robotic
dispensing of droplets with volumes in the pL-range with high precision
(around 5-10 %). The small size of the droplets with a diameter of
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Fig. 4. (A) Effect of drying temperature (room temperature vs. 100 °C) on elemental distributions in gelatin-based droplet standards [67]. (B) Calibration sequence of
multi-el t gelatin micro-droplet standards prepared by a micro-di ing device [36]. (C) Micro-array standards based on gelatin for single-cell analysis. The
micro-array was machined by the laser ablation system [32]. (D) Profilometry data of standards that were ablated several times with increasing laser power and
relative sensitivities for Mn, Cu and Zn derived from repeated ablation of calibration standards [33]. (E) Two channel LA-ICP-MS image (left) and brightfield
microscopic image (right) of cells stained with receptor-specific hybrid traces, channels representing **Y and '**Ir signal response [35]. The Figures were adapted
from the references [32,33,35,36,67], with permission from the publishers.

100-200 pm and the use of a low-dispersion LA setup resulted in an dual flow of the carrier and nebulizer gas was used to transport the
analysis time of less than 10 min for a calibration blank and a series of 5 aerosol of the nebulized aqueous standard and that of the ablated brain

calibration standards. This is in a similar time regimen as a calibration tissue sample into the ICP source [85]. Aerosols were introduced sepa-
sequence for solution-based ICP-MS analysis. The quantitative rately in the injector tube inside a special ICP torch and then mixed in
LA-ICPMS imaging method was validated by solution-based flow injec- the inductively coupled plasma as shown in Fig. 5. The nebulizer pro-
tion ICP-MS/MS analysis [36]. In a subsequent study, the calibration duces wet aerosols affecting the sensitivity and linearity of the calibra-
method was further validated by standard addition and isotope dilution tion curves. The introduction of water in the plasma by nebulization of
approaches [58]. The developed calibration method is applicable to the aqueous standards increases the formation of polyatomic ions, which
multi-element quantification of biological samples including single cells can interfere with the signal of the analyte isotopes. The effect of water
and tissue samples by LA-ICPMS analysis [36,81,82]. The gelatin on the calibration curves is different for different isotopes, and varia-
micro-droplet standards are the first ones that are commercially avail- tions in the ratio of the slopes of the calibration curves can be observed.
able for bioimaging by LA-ICPMS [83]. The loss of analytes during the nebulization step may also affect the

calibration curves. Thus, calibration in dry plasma utilizing
1.7. Solution-based quantification/online addition of standards matrix-matched standards, i.e. homogenous brain laboratory standards,

was also performed. The ratios of the calibration curves slopes obtained
Alternatively, solid-liquid calibration is also utilized for quantifica-
tion purposes in LA-ICPMS. Dual flow sy enable simul
introduction of the laser ablated material and a nebulized aq
standard solution. This method entitles mixing of the carrier gas flow

== 1, Laser

coming from the ablation cell with an aerosol generated by nebulization \ Carrier gas

of an aqueous standard solution. Both standards with natural isotopic o p—
composition as well as isotopically enriched standards have been used Brain tissue

for such experiments. Alternating addition of standard and blank solu- Nebulizer
tions to the sample stream allows for quantification of the analyte ° =
concentration in the sample. The method requires correction for the _— Solution

differences in ablation efficiency as well as desolvation of the wet
aerosol prior to its mixing with the sample aerosol, when aiming to i

maintain the advantages of ‘dry plasma’ conditions. The main advantage Nebulizer system
of this calibration method is that it enables quantification based on
aqueous elemental standards, which are usually readily available in ICP-
MS laboratories. However, it cannot account for possible variations in

Fig. 5. Schematic of the solution-based calibration approach for the analysis of
mouse brain by LA-ICPMS. The laser ablation and the gas nebulizer are coupled

ablation efficiency or altered transport efficiencies [84]. separately to the ICP-MS. The aerosols from the nebulizer and LA are simul-
Various solution-based calibration methods for quantitative analysis taneously introduced into the injection tube. The Figure was adapted from
of biological samples have been developed over the years. In one study, a Ref. [85] with permission from the publishers.

in Laser Ablation Inductively Coupled Plasma Mass
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with the aqueous standards and solid standards approach were applied
to correct for the differences of sensitivity among LA-ICPMS and ICP-MS
analysis. Generally, it is believed that the sensitivity is lower in the case
of LA-ICPMS analysis compared to solution-based ICP-MS analysis.
However, this is only the sensitivity of the method per se, not taking into
account the dilution steps in the process of sample preparation (e.g.
during sample digestion). Therefore, sensitivities would need to be
evaluated for every sample/nuclide individually. After correcting for
differences in sensitivity between ICP-MS and LA-ICPMS analysis, the
concentrations of metals in mouse brains determined by calibration with

q dards were in ag| with those obtained by calibration
with solid standards [85]. Similarly, a method for quantitative analysis
was developed using a desolvating nebulizer system (DNS) coupled with
LA and on-line internal standardization [$6]. The results showed that
DNS-ICP-MS signals were much stronger than LA-ICPMS signals for
various elements. To correct for the differences in sensitivities, internal
standard elements were used to obtain calibration curves. The method
was applied to both standard reference materials and biological tissues,
and the results were in good agreement with certified values [86].

The solution-based quantification approach was also applied to
quantify elements on (external contamination) and in hair samples by
LA-ICPMS. In one study, a dual argon flow of the carrier gas and
nebulizer gas was used and external calibration was employed via
defined standard solutions before analysis of a single hair strand [87].
Again, due to the differences in elemental sensitivities of LA-ICPMS and
ICP-MS analysis, correction factors had to be applied. The correction
factors were calculated using hair with known analyte concentrations
(as measured by ICP-MS). Different essential and toxic metals and iodine
were monitored in human and mouse hair, with good linear correlation
coefficients of the calibration and limits of detection [87]. In another
approach, essential and toxic elements in single hair strands were
determined using solution-based calibration in LA-ICPMS with a double
focusing sector field mass spectrometer. The method was compared to
quadrupole-based ICP-MS (ICP-QMS) and different solution-based
quantification strategies such as standard addition, and isotope dilu-
tion were employed for the quantification of uranium. A standard
addition technique was developed for uranium determination in
powdered hair by coupling the laser ablation chamber to an ultrasonic
nebulizer. The results showed good agreement between the ablated and
digested hair samples for essential and toxic elements, and the technique
can be used to compare different components in hair from normal and
exposed populations. The method has the potential for isotopic forensics
investigation and monitoring after exposure accidents as well as a
routine research tool for the assessment of a ‘normal’ and exposed
population [88].

While solution-based calibration in LA-ICPMS can compensate for
matrix-related differences and enables quantification based on aqueous
standards, it requires correction for differences in ablation efficiencies
and in elemental sensitivities between ICP-MS and LA-ICPMS analysis.
This is accomplished either by calculating the correction ratio based on
calibration curves’ slopes obtained via solution standard and solid
standard calibrations or by inclusion of an internal standard.

1.8. Isotope dilution approaches for LA-ICPMS analysis

Ideally, quantification procedures that are universally applicable and
not laboratory dependent would be favorable for bioimaging applica-
tions by LA-ICPMS to facilitate the inter-laboratory comparability of the
obtained results. The implementation of isotope dilution mass spec-
trometry (IDMS) protocols into LA-ICPMS workflows provides an ac-
curate single-point calibration method that is traceable to SI units [89,
90]. Isotope dilution analysis (IDA) relies on the principle that a change
in the isotopic composition of the analyte of interest is induced by
adding a well-defined amount of an isotopically-enriched spike to the
sample. The analyte concentration of the sample is determined with high
accuracy and precision by measuring the isotopic composition/ratios of

Chapter 3. Scientific Publications

Trends in Analytical Chemistry 172 (2024) 117574

the sample, the spike and the mixture/blend (containing the sample and
the spike). IDA provides the advantage that the results do not depend on
matrix effects and instrument instabilities over the course of an
LA-ICPMS experiment due to the measurement of isotope ratios. As
disadvantages, IDA requires dedicated isotopically-enriched spike so-
lutions that can be expensive, IDA cannot be applied to monoisotopic
elements and the sample preparation can be laborious in comparison to
external calibration, which reduces the sample throughput. Moreover,
the exact mass/volume of the spike solution added to the sample or the
mass flow needs to be known/calculated. The main requirement for
isotope dilution analysis is the isotope equilibration between the spike
and the sample to ensure that the nuclide of the spike behaves similar to
the nuclide of the analyte in the sample. For imaging applications of
isotope dilution approaches, this can be a challenging task as a ho-
mogenous distribution of the spike is required on the target tissue/cell,
while the integrity of the biological sample needs to be preserved. The
approximate concentration of the target analyte in the sample has to be
already known before adding the spike, as IDA requires an adequate
spike/sample ratio (over- or underspiking needs to be avoided) to yield
acceptable results without high uncertainties. In the field of bioimaging,
IDA in combination with LA-ICPMS has the great potential to validate
calibration strategies that provide higher throughput (e.g.
matrix-matched external calibration with internal standardization), as
would be required for routine medical applications.

The potential of IDA for the accurate quantification of metal-binding
proteins by gel electrophoresis (GE) in combination with LA-ICPMS
detection was demonstrated in several studies [91,92]. For the abso-
lute quantification of transferrin, species-specific isotope dilution was
performed based on the use of an isotopically enriched 57Fe-transferrin
complex to quantify natural transferrin in human serum samples. The
developed ID method was compared to external calibration and vali-
dated using a serum reference material [93]. In one study, isotopically
enriched 5"Cu, wZn-superoxide dismutase (SOD) was prepared to
quantify natural SOD in spiked liver extracts using polyacrylamide gel
electroph is (PAGE) in combination with LA-ICPMS detection [94].
Species-unspecific isotope dilution was applied to quantify transferrin
and albumin in human serum by non-denaturing (native) GE and
LA-ICPMS detection of the sulphur signal. Spike addition was achieved
by immersing the protein strips with a%s-enriched spike solution after
gel electrophoresis and the method was validated using a serum refer-
ence material [95].

Different strategies for the addition of the isotopically-enriched spike
solution have been described for LA-ICPMS bioimaging experiments. It
has to be taken into account that in some of the described approaches,
the condition of isotopic equilibration between the spike and the sample
is not entirely fulfilled. As a consequence, IDA is no longer an absolute or
fully traceable quantification method. This is for example the case, when
the isotope equilibrium is obtained in the ion source only (e.g. by
addition of the spike as solution post-ablation). One approach was based
on a solid-spiking procedure, where powders were spiked with
isotopically-enriched standards, dried, homogenized and pressed into
the form of a pellet [96]. This ID method was applied to analyze coal
samples, soils and sediments by LA-ICPMS [97-99]. The isotope dilution
procedures were validated using c: ially available solid reference
materials and it was shown that the accuracy and uncertainty of the
results could be improved in comparison to external calibration. As
disadvantage, the sample preparation process for the production of
pressed pellets is time-consuming and laborious. Moreover, due to the
steps of h ion, mixing and pressing, it is evident that the solid
ID-LA-ICPMS approach is not suitable for biological samples (tissue
sections and cells) as the integrity and cell arrangement/spatial infor-
mation would get lost. For bioimaging applications of isotope dilution in
combination with LA-ICPMS, the addition of the spike aerosol can be
achieved online after the ablation cell through a micro-nebulizer and
spray chamber. This method was applied to study the quantitative
accumulation of platinum in rat kidneys after cisplatin perfusion using
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quadrupole- and TOF-based LA-ICPMS detection [100,101]. The same
approach was used to evaluate the quantitative uptake of platinum in a
multicellular tumor spheroid model upon treatment with cisplatin.
Validation of the ID method was accomplished by external calibration
using gelatin-based standards and confocal fluorescence microscopy
imaging of the spheroids [102]. One study reported on online double
IDA for the quantification of Fe in homogenized sheep brain as model
sample by LA-ICPMS [103]. The isotopically enriched *’Fe spike solu-
tion was introduced post-ablation using a total consumption nebulizer.
An estimation of the measurement uncertainty was performed, demon-
strating that the mass of spike, the measured ratio of the standard blend
and the mass of the calibrant were the factors with the greatest contri-
bution to the overall uncertainty. In addition, external calibration with
internal standardization was performed as comparison. For this cali-
bration approach, the main contributing factors for the measurement
uncertainty were the uncertainty in the linear least square regression
and the signal variation [103].For the addition of the spike solution
post-ablation, it has to be taken into account that variations occurring
during processes in the laser ablation cell are not accounted for. Alter-
natively, the use of IDMS for imaging approaches requires a homoge-
neous distribution of the isotopically-enriched spike onto the sample
surface for spatial analysis. One strategy was based on the automatic
deposition of the spike solution on the sample surface by the use of a
commercial inkjet printer. The quantitative uptake of cisplatin, carbo-
platin and oxaliplatin in mice kidney was studied via this strategy and
compared to external calibration [104]. For single-cell analysis, an
1D-LA-ICPMS protocol was developed based on a micro-array of single
cells and the precise deposition of a known picolitre droplet of an
enriched isotope solution onto each cell in the array with a commercial
inkjet printer [105]. Single cells containing the analyte and dispensed
droplets containing the spike were simultaneously ablated. The method
was applied to evaluate the quantitative uptake of silver nanoparticles
into macrophages at the single-cell level, as a proof-of-concept [105]. In
another LA-ICPMS study, a micro-spotting device was used to deposit
pL-volume droplets (containing a platinum-enriched spike solution)
onto tissue sections of mice that were treated with a platinum-based
drug. The absolute platinum quantity was obtained for pm-sized re-
gions of interest in tissue samples, as defined by the extension of the
deposited pL-volume droplet. Isotope dilution analysis was performed to
quantify platinum in regions of interest in tumor tissue, mouse liver and
spleen and the results were compared to external calibration using
gelatin micro-droplet standards [58]. One study used a strategy, where
isotopically enriched spike solutions were pipetted onto tissue sections
(encircled with a silicon grease pen to create a barrier for the spike
droplet) [106]. Isotope exchange/equilibration parameters were opti-
mized and the ID approach was compared to external calibration by
homogenous in-house prepared standards. The method was applied to
the quantitative LA-ICPMS imaging of Fe, Cu and Zn in mouse brain of
Alzheimer’s Disease and correlative micro-XRF analysis was performed
[106]. A recent ID-LA-ICPMS study used an electrospray-based coating
device (ECD) to evenly distribute a known amount of the
isotopically-enriched spike solution (°*Cu and “’Zn) on mouse brain
sections [107]. The mass of the spiked isotopes and the tissue sections on
the slides was calculated by weighing them on an analytical balance. As
proof-of-principle, the quantitative ID method was applied to quantify
Cu and Zn in Alzheimer’s disease mouse brain sections and validated by
acid digestion and solution-based ICP-MS analysis [107].

1.9. Semiquantification approaches for LA-ICPMS imaging

The wider use of Al in all scientific areas will definitely leave its mark
also in analytical chemistry, although the advancement in this field are
so far limited, but has been already discussed in the recent review by Pan
et al. [24] With more and more laboratories having access to ICP-TOFMS
systems and the mantra of ‘measure all nuclides all the time’, the
requirement to ‘quantify all nuclides all the time' is a direct
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consequence. The advances made in the quantification with the use of
gelatin standards have made it easier, however, it is practically impos-
sible to fabricate calibration standards that include all the elements.
Metarapi et al. have produced different sets of gelatin-based micro--
droplet standards cumulatively including 72 elements; single elements
standards were kept in acidic media and were not always compatible
[108]. From these standards, a library of response factors was con-
structed and was later used in semiquantitative calibrations. The method
was evaluated in two steps, (i) bootstrapping with gelatin standards and
(ii) using real murine tissue thin slices. In the first step, a certain number
of the elements (out of 48 elements) was chosen to serve as standards for
the semiquantitative approach. The other elements were predicted by
semiquantitative calibration; this was repeated (in silico) for a million
times. The difference (the 48 elements had defined known concentra-
tions) was plotted against the number of elements, and it was established
that for the suitable accuracy, between 10 and 15 elements should be
used (Fig. 6). In the second part, a similar exercise was done on real
tissue sections, but only a handful of times were tested. The developed
semi-quantification approach was based on 10 elements as calibration
standards and provided the determination of 136 nuclides of 63 ele-
ments, with errors below 25 %, and for half of the nuclides, below 10 %.
Also, a web application was developed and is free to use with all the
needed instructions available in the paper electronic supporting infor-
mation. Until this study, the term ‘semiquantitative approach’ was used
mainly in the cases, where non-matrix matched standards were used; a
concept that should not be mistaken with the described approach [108].

1.10. Internal standardization strategies

Internal standards are frequently used to correct for measurement
deviations caused by matrix effects, elemental fractionation and
instrumental drift in quantitative LA-ICPMS analysis. Ideally, an internal
standard (IS) also accounts for variations in the mass ablated and
transported to the ICP-MS. An effective IS for LA-ICPMS analysis should
therefore match the following criteria, (i) a similar behavior to the an-
alyte during the ablation process, transport and in the ICP, (ii) a ho-
mogenous distribution in the sample and the standard, and (iii) a similar
atomic mass and/or first ionization potential as the analyte [109], with
the proximity of the atomic mass being the most important factor. In
literature, different strategies and elements/isotopes have been pro-
posed for internal standardization in bioimaging experiments by
LA-ICPMS. Signal normalization in LA-ICPMS analysis makes use of el-
ements that are either intrinsically present in the biological sample or of
non-intrinsic elements that are introduced by different approaches (e.g.,
by placing a thin layer containing the IS beneath or on top of the
sample).

1.11. Carbon

The potential of carbon ('36) as ‘universal’ internal standard for
elemental mapping of biological samples by LA-ICPMS was long time
under discussion in literature. Due to the presence of carbon and its
(apparent) homogeneity in biological matrices, its suitability as internal
standard to correct for potential signal drift and variations in the ablated
mass of biological samples was extensively evaluated. An excellent
overview on the topic regarding the factors affecting internal standard
selection for quantitative elemental bioimaging of soft tissues by LA-
ICPMS, was written by Austin et al. and it gives the conditions to be
met, for 1°C to be used as an internal standard, despite of its drawbacks
[109]. Importantly, Guenther et al. observed that carbon showed a
matrix-dependent partitioning into carbon-containing gaseous species
and carbon containing particles [110]. Trace element analytes were
exclusively transported as the particulate phase. The matrix-dependent
formation of gaseous carbon species can lead to inaccuracies of the
target analyte and the IS in the ablation cell and tubing. The formation of
the gaseous phase leads to broader or double peaks and thus to a
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Fig. 6. Workflow for semi-quantitative analysis by LA-ICP-TOFMS. Calibration standards are based on multi-element gelatin micro-droplets [108].

distortion of the results. Further studies have shown that during laser
ablation of gelatin (representative of biological samples) with higher
laser fluence, an element-specific (C, As, Zn, Se, etc.) gaseous phase is
formed, leading to double peaks that cause smearing effects and affect
the accuracy of quantification [16,17]. Moreover, 13C shows a back-
ground signal in the ICP-MS without ablation due to its presence in the
atmosphere and possible impurities from the argon gas. Carbon may not
be uniformly distributed in biological samples due to differences in
tissue water content. Also, the atomic mass and/or first ionization po-
tential varies significantly to many analytes.

Plant tissues have proven to be specifically difficult to analyze by LA-
ICPMS, because of their relatively large size, varied structure and
problems with ensuring the flatness and consequently, the focus over the
entire sample area [111]. Therefore, 13C has been used as an IS in several
LA-ICPMS studies of plants to compensate for the effects of referencing
on a loss of laser focus, overlapping layers of leaf tissue and cell damage
within the imaged leaf tissue. One LA-ICPMS study assessed C, Mg, P, Ca,
and Rb as potential candidates for internal standardization to study the

Zn and Cd distribution in leaves of the hyperacc Ar

phase from the carbon-containing gaseous species and
carbon-containing particles during laser ablation [115]. Interestingly,
one study used 13C internal standard for the investigation of the As
content in Andean mummy hair, while hairs are made of sulphur rich
protein a-keratin and sulphur would therefore be a more appropriate
choice [116].

1.12. Other intrinsic elements

Other elements than carbon that are usually present in the biological
samples (e.g. phosphorus, sulphur and calcium) can be prone to seg-
mentation to specific compartments and thus inappropriate to be used as
IS. The suitability of the isotope 34 as IS was evaluated in different LA-
ICPMS biological studies. Sulphur was used as internal standard in an
LA-ICPMS study for human hair and nail investigations, where a method
was developed to analyze Mn, Cu, Zn, Sr, Y, Pb and U for human bio-
monitoring [117]. A similar LA-ICPMS study used sulphur as internal
standard in the analysis of human hair and nails to determine the

helleri [112]. Signal normalization with '*C was used alongside cali-
bration with cellulose-matrix matched standards to study five different
tree species sampled in the area of Daejeon, Korea, and their accumu-
lation rates of metal pollutants in their rings by LA-ICPMS. In order to
determine the average concentration of metals in each annual ring, the
surfaces of wood cores were analyzed using line scan mode. The results
showed that the hardness and properties of the wood varied depending
on the tree species and age. To correct for baseline shift of ICP-MS and
differences in matrix ablation efficiencies, as well as changes in wood
density during the ablation process, 13C was used as an internal standard
[113]. Quantitative LA-ICPMS analysis was used to map Ag, Mn and Cu
in soybean leaves cultivated in the absence or in the presence of silver
nanoparticles in comparison to silver nitrate [114]. The study evaluated
suitability of the isotopes '2C and '*C in comparison to 2*Si and *'P as IS.
Based on the highest precision obtained and the highest homogeneity in
the sample surface (verified through the LA images), 13¢ was found to be
the best internal standard [114]. Another LA-ICPMS study performed
quantitative mapping of metallic poll in sweet basil. The experi-
ment involved the cultivation of sweet basil in a nutrient solution spiked
with 100 and 1000 ng mL " of Cs, followed by determination of the Cs
distribution in the leaves using lab-synthesized standard pellets and '*C
as an internal standard. This work compared elemental images of the
control leaf with the same matrix to the images of the leaf being
analyzed, as the element analytes were transported solely as particulate

1 concentrations and isotope ratios of 8 elements. Some isotope
ratio changes reflect actual changes in diet, physiology, living area while
other changes were attributed to the weathering and external contam-
ination [118]. Leopard seal whiskers were used as a tool for trace
element biomonitoring (Hg, Pb, Cd, and Se) and higher Hg burden was
observed in comparison to previous studies [119]. A common element
that is used an internal standard in LA-ICPMS studies on bone and teeth
is 3Ca, as it is homogenously distributed and does not suffer from the
same problems as carbon [120-122]. With regard to phosphorus, it was
shown that it can be used to compensate for differences in cell thickness
and density in a multicellular tumor spheroid model. This approach
together with single-cell resolution enabled to detect the quantitative
platinum uptake in the different cell compartments of the spheroid
model upon treatment with oxaliplatin [123].

1.13. Non-intrinsic elements

There are different strategies described for the use of non-intrinsic
element for signal normalization approaches in LA-ICPMS studies. One
study reported on the direct elemental analysis of whole blood samples
by LA-ICPMS by taking advantage of the possibility to add an element of
choice to the blood sample before ablation in a cryogenic cell. Rhodium
was selected as internal standard and a low LOD and good accuracy and
precision were obtained [124]. For section-based biological samples,
another approach for internal standardization without the use of
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intrinsic elements was based on adding a thin polymer or metal layer
containing internal standard elements beneath the sample. Spin-coating
of a PMMA layer doped with yttrium and ruthenium as IS elements onto
glass slides provided a thin film, where the sample was placed on top
[29]. Co-ablation of the tissue sample and the internal standard layer

quired careful opti ion of the laser fluence to enable selective and
quantitative/full ablation of both layers down to the substrate. The IS (Y
and Ru) from the polymer layer were compared to '*C in terms of pre-
cision and accuracy (quantified values were compared to results ob-
tained by SN-ICPMS analysis). The use of 13G as IS improved precision
most likely due to higher background counts, whereas the quantification
was less accurate as compared to Y and Ru as IS elements. Signal
normalization to Y and Ru resulted in less precision but improved the
accuracy of quantification by LA-ICPMS [29]. In one study, a
gelatin-layer that was doped with thulium as IS was placed between the
glass support and the tissue. Matrix-matched standards were prepared
from rat kidney tissue spiked with uranium as target analyte to quantify
U concentrations in renal tissue of rats [125].

Alternatively, the internal standard can be deposited on top of the

biological sample section. This methodology can be based on sputtering

for the h deposition of an IS layer on the tissue
surface. LA-ICPMS studies used this strategy by employing gold as in-
ternal standard element in the thin films [126,127]. Gold poses several
advantages as IS as its first ionization potential is comparable with el-
ements such as zinc or copper. There are no background signals of gold
in biological tissue and the mass of '*’Au is unlikely to be influenced by
any spectral interference. It could be shown that gold standardization
compensated instrumental drifts, matrix related ablation differences and
day-to-day signal changes [126,127]. Automated deposition of an in-
ternal standard layer on top of the sample/tissue surface can be also
achieved by the use of an inkjet printer [128-130]. The ink was spiked
with the internal standard element (e.g. In and Ir) and printed onto the
samples. It was shown that the homogenous distribution of the IS was
further improved by coating the samples by gelatin. This approach
proved to be effective to overcome day-to-day variations and instru-
mental drifts [131].

One internal standardization approach introduces the internal stan-
dard into the sample by different (labeling) strategies. One study
developed a method based on iodination of fibroblast cells and tissue
sections. lodine was employed as an elemental dye with localization in
the cell nuclei and lower iodination of the surrounding cytoplasm [132].
The use of iodine as an internal standard to correct for tissue in-
homogeneities in LA-ICPMS was investigated for the simultaneous
detection of two tumor markers in breast cancer tissue. Additionally,
lanthanide background resulting from glass ablation was corrected for
by Eu standardization.

One internal standardization strategy for quantitative LA-ICPMS
bioimaging used an iridium-based intercalator that is commonly
employed in imaging mass cytometry [133]. The Ir-based intercalator
binds to the DNA of cells and therefore, it allows visualizing single cells
in tissues based on their nuclei and to perform single-cell segmentation.
In this study, its potential as internal standard was evaluated as it offers
the advantage that it does not only correct for drift and matrix effects but
also for differences in the ablated mass. As disadvantage, the metal
intercalator binds to DNA, which is confined in the cell nucleus and
might not be present to the same extent in all cell types. Therefore, a
spatial resolution was employed in the study that was greater than the
size of a single cell [133].

1.14. Ablated volume normalized calibration

In LA-ICPMS analysis, quantification usually relies on matrix-
matched standards to solve elemental fractionation problems, where
internal standardi: ly used to correct for instrumental
drift, and for non-dissectible samples, differences in ablated mass are
corrected for. However, it is difficult to ensure a homogeneous

ion is cc
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distribution of the internal standard and a uniform laser light absorp-
tivity is challenging in practice. Therefore, a new approach has been
developed employing an ablation volume normalization method, in
which the ablated volume is used to correct for ablation differences. The
approach is based on measuring the volume after ablation with profil-
ometry followed by normalization of the LA-ICPMS signal to the ablated
volume. The first LA-ICPMS study regarding volume-corrected signals
focused on differences in ablation rates within and between samples and
standards by normalizing elemental maps based on the ablation volume
per pixel measured by optical profilometry [134]. This approach moves
from mass-to-mass concentrations to mass-to-volume concentrations
and improves the accuracy of 2D LA-ICPMS mapping, as demonstrated
using a decorative glass with different elemental concentrations. In a
subsequent study, a variety of materials were investigated, including
glasses, carbonates, gelatins, plants and zircon materials. Both, “hard”
and “soft” materials were considered, serving as calibration standard
and sample. A cross-calibration was performed by analyzing each ma-
terial against each other in bulk analysis mode using a
non-matrix-matched calibration by ablation volume normalization for
validation of the method. The obtained concentrations in the different
materials consistently matched the certified values regardless of the
standard material used for calibration, highlighting the effectiveness of
transferring calibration standards to materials with clearly defined
elemental compositions. In particular, gelatin and glass showed good
compatibility and versatility for calibration purposes [135]. One
important aspect regarding the use of mass fractions (ppm, ppb etc.) and
concentrations (g mL !, pg pL. ! etc.) was also addressed in this study.
Converting units from concentrations (actually the amount measured in
the volume, either determined by a measurement procedure or with the
sample preparation procedure, e.g. by preparation of thin sections of
desired thickness) to mass fractions requires knowledge on the density of
the sample. Considering the complexity of biol 1 specimen, the
density will normally not be homogenous across all of the sample and
therefore, quantitative LA-ICPMS results should be presented as
concentrations.

1.15. Applications of quantification procedures by LA-ICPMS

1.15.1. Quantification in immuno-mass spectrometry imaging by LA-
ICPMS

LA-ICPMS is also employed for immuno-mass spectrometry imaging
(iMSI), where the spatial expression of biomolecules is targeted in tissue
sections following immunostaining procedures. A typical workflow
including sample preparation and immuno-labelling for iMSI using LA-
ICPMS analysis is shown in Fig. 7A [136]. Various elemental labeling
strategies for antibodies have been developed for the application of
multiplex i bination with LA-ICPMS detection
[136-138]. Metal tags include single lanthanide complexes such as
DOTA, polymeric tags cc several lanthanides (e.g., MaxPar®
metal-conjugated reagents), metal-coded affinity tags (MeCATS), nano-
particles, fluorescent Au or Ag nanoclusters (NCs) and quantum dots
[139-144].

In imaging mass cytometry, high-resolution LA-ICP-TOFMS (using a
CyTOF instrument) is employed to perform multi-parametric charac-
terization of cell populations in tissue samples [145]. Whereas IMC is
used purely in a qualitative way e.g., for cell phenotyping, several ap-
proaches were developed in the context of iMSI by LA-ICPMS for the
quantification of analytes/biomolecules after g strategies.
One of the challenges associated with accurate quantification is a
non-controllable antibody labeling chemistry. The binding efficiency of
multiplexed staining can be affected by a number of factors including
epitope blocking and other forms of steric hindrance [136]. To control
the labeling degree, one study developed a novel antibody labeling
technique that resulted in one label per antibody [146]. The labeling
method was based on the use of small antibody-binding C2 domains that
were modified with conventional MeCATs. Via this strategy, it was
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Fig. 7. (A) Workflow for immuno-mass spectrometry bioimaging with LA-ICPMS [136]. (B) Correlation of the Yb concentration determined by on-line isotope
dilution analysis (IDA) and external calibration for quantification of enriched metal labels used in immuno-mass spectrometry imaging [148]. (C) Comparison of ®Zn

levels in healthy and melanoma skin of minipigs determined by
erences [136,148,149], with permission of the publishers.

possible to quantify the amount of introduced lanthanide ions into the
sample and the molar amount of the antibody that was bound to the
target protein. An LA-ICPMS-based western blot immunoassay was used
to evaluate the applicability of six C2-tagged antibodies. Quantification
of the labelled antibody-antigen complexes was achieved by the use of
house-made calibration membranes [146]. One LA-ICPMS study inves-
tigated the effects of multiplexing on reproducible binding using
metal-conjugated antibodies for different muscle proteins in murine
quadriceps sections [147]. The average concentrations of the lanthanide
analytes were determined in a series of sections upon individual and
multiplexed immunostaining with the respective metal-conjugated an-
tibodies. This reproducibility study revealed no significant differences
between the individual and multiplexed application of the antibodies
[147].

LA-ICPMS imaging in combination with gelatin-based mold stan-
dards was used to study the quantitative localization of dystrophin in
muscle sections [150]. For this purpose, Gd-labelled anti-dystrophin
antibodies were employed, where Gd was quantified as a proxy for the
relative expression of dystrophin. The method was validated in murine
and human skeletal muscle sections following k-means clustering seg-
mentation and applied to patients suffering from Duchenne muscular
dystrophy [150]. Online IDA was used to quantify elemental labels
routinely used in imaging mass cytometry [148]. In this case, the pro-
tocol utilized enriched isotopes for the respective metal-tagged

ly imprinted poly

(MIPs)-LA-ICPMS [149]. The Figures were adapted from the ref-

antibodies, which allowed quantification by IDA using LA-ICPMS im-
aging. The sample aerosol (containing the enriched isotope from the
sample) was mixed with a wet aerosol from an aqueous standard con-
tammg the analyte (usually a lanthanide) with a natural isotopic
b The was applied to quantify Yb-labelled anti--
tyrosine hydroxylase in cryo-section of mouse brain. The mass flow
parameters were calculated by ablation of a'7?Yb-spiked
matrix-matched standard. IDA was compared with external calibration
using gelatin standards and proved to be more robust for quantification
as the isotope ratios were not influenced by signal drifts or plasma
fluctuations (Fig. 7B) [148]. One LA-ICPMS study used molecularly
imprinted polymers (MIPs) to target metallothionein, ie. a
metal-containing protein (Zn and Cd) [149]. Iron oxide magnetic par-
ticles were exploited as carrier of the polymeric layer and due to the
agglomeration of the particles in the presence of an external magnet, the
MIPs were capable of isolating metallothionein from a tissue sample. As
proof-of-principle, the prepared particles were employed for the quan-
tification of llothi in 1 and healthy skin of
1 -bearing Significantly higher amounts of Zn were
found in tumor tissue than in healthy skin (Fig. 7C) [149].
Nanoparticles are also commonly used as labels for quantitative
determination of biomolecules by LA-ICPMS imaging. One study
addressed the quantitative imaging of amyloid beta (Ap) peptide in the
brain, which is important for Alzheimer's disease (AD) research and
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drug development [151]. The Ap antibody was labelled with AuNPs to
produce AuNPs-anti-Afj conjugates that could bind to Ap in brain sec-
tions. Quantitative imaging of Ap was achieved by measuring Au con-
centrations using homogenised matrix-matched brain sections standards
as external calibrants. The stoichiometric ratios between the metal
conjugates and Ap were optimized, and the efficiency of the
immuno-reaction after labelling was investigated. By considering the
molar relationship between AuNPs and Anti-Ap, as well as the ratio of
Anti-Ap to Ap, AP was quantitatively mapped in the brain by LA-ICPMS.
The method accurately indicated the location and concentration of Af
aggregation and was consistent with traditional immunohistochemical
staining. The use of AuNPs improved the sensitivity and intuitiveness of
the method due to the increased signal from Ap [151]. In another study,
a method for quantitative bioimaging of specific proteins in biological
tissues using antibody-conjugated gold nanoclusters (AuNCs) and
LA-ICPMS detection was described [152]. The distribution of metal-
lothioneins (MT1/2 protein isoforms) in human retina tissue sections
was successfully determined as proof-of-concept. AuNCs were conju-
gated to the selected antibody and provided high amplification for
detection of MT1/2 distribution in the neurosensory retina layers.
Elemental images of 7Au  were quantified using gelatin
matrix-matched standards and converted to quantitative 2D images of
MT1/2 concentration. The results obtained with LA-ICPMS were vali-
dated by comparison with measurements performed with a commercial
ELISA kit. The developed strategy can be extended to other antibodies
and metal markers and opens new possibilities for quantitative imaging
of proteins in various biological tissues [152].

A recent LA-ICPMS study introduced matrix-matched standards that
mimic the matrix of cultured cells by using the same cell line of the
sample to create laboratory standards [153]. For this purpose, single-cell
laboratory standards based on cells supplemented with Au nanoclusters
(NCs) were developed. The cell standards were characterized by ICP-MS
and LA-ICPMS analysis. A single biomarker strategy using Au NCs as
specific antibody labels was employed for the analysis of selected pro-
teins in individual cells by LA-ICPMS. Quantitative data for the proteins
in the cells using the proposed matrix-matched calibration and
LA-ICPMS analysis were successfully corroborated with commercial
ELISA kits [153].

1.15.2. Quantification strategies for nanoparticle analysis with LA-ICPMS

The increasing use of nanoparticles (NPs) in various fields, e.g.,
biology, medicine, consumer products, energy production, etc., raises
safety concerns, especially with regard to their effects on human health
through inhalation and dermal exposure. NPs have different uptake
mechanisms than dissolved species, which warrants thorough in-
vestigations. As a result, the number of studies on NPs and the devel-
opment of dedicated measurement methods have greatly increased. The
advent of nanotechnology has transformed the field of single-molecule
analysis, enabling the detection of nanoparticles with remarkable
sensitivity and resolution. LA-ICPMS is an effective technique for
monitoring and quantifying nanoparticles in biological tissues. It offers
high spatial resolution, allowing precise determination of the spatial
distribution of nanoparticles in a sample, and serves as a valuable
technique for monitoring NP-labelled antibodies. Several calibration
strategies have been explored for the analysis/imaging of nanoparticles
and the indirect detection of biomolecules using labelled nanoclusters in
tissues, cells and other biological samples by LA-ICPMS. However, a
reliable and accurate quantification of NPs by LA-ICPMS is challenging
due to the lack of suitable standards and uncertainties associated with
matrix effects. Most LA-ICPMS studies on NPs rely on standards that are
prepared from elemental standard solutions. They offer the advantage
that they are comparably easy to produce and to characterize (in most
laboratories they have been already developed and exist based on in-
house procedures), and that they can cover a reasonable mass range.
However, it is still inconclusive whether the ablation behaviour of
elemental standards, their transport to the ICP-MS and atomization and
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ionization in the ICP is consistent with those of NPs. Standards prepared
from NP suspensions require thorough characterization with regard to
NP stability and number of particles, they usually only cover a mass
range with a NP number > 10% and NP agglomeration can occur, which
impacts the NP number within the standard. Concepts for quantification
of NPs by LA-ICPMS are based on the use of frozen and spiked brain
tissue, spiked organic materials (e.g., gelatin or agarose), or dried resi-
dues on substrates, each strategy having its own capabilities and limi-
tations depending on the type of sample, matrix, and target element or
nanoparticle.

In recent years, single particle-inductively coupled plasma mass
spectrometry (SP-ICPMS) has transformed the field of nanometallomics
[154]. The method allows for differentiation between dissolved and
particulate metal signals and enables quantification of the number and
size of nanoparticles. However, SP-ICPMS is limited to the analysis of
NPs in solution. To address this issue, one study demonstrated the use of
solid samples by LA-ICPMS for localized NP analysis in biomaterials.
LA-SP-ICPMS conditions, such as laser fluence, beam size, and dwell
time were optimized to minimize NP degradation, peak overlap, and
interference from dissolved gold and silver nanoparticles in a series of
studies (Fig. 8A) [73,155,156]. A data processing algorithm was
developed to extract the NP number concentration and size from the
measurements. As a proof-of-concept, a cross-section of a sunflower root
sample exposed to gold NPs was successfully imaged under the opti-
mized LA-SP-ICPMS conditions, demonstrating the potential for local-
ized NP characterization [72]. In addition, it was observed that the use
of a low laser fluence (< 1 J em™2) is critical to avoid NP degradation
and to ensure reliable results. The degradation of gold NPs (AuNPs)
during laser ablation was studied and guidelines were provided for
selecting the optimal laser fluence for NP analysis in gelatin, a matrix
that mimics biological tissue. AuNPs with known sizes and narrow size
distribution were used to monitor the measured NP size at different laser
fluences. Optical profilometry was used to accurately measure the
amount of material ablated at different laser fluences and provide a
more accurate estimate of NP degradation [155]. In another study,
advanced data processing and visualization techniques in LA-SP-ICPMS
were used to image sunflower roots exposed to ionic silver (Ag').
Detailed multiplexed images were obtained showing the uptake and
transformation of Ag " into silver nanoparticles (AgNPs) within the root
cross sections. The size of the biosynthesized AgNPs was found to be
influenced by the reducing power of specific root compartments.
Various visualization strategies were used to show the spatial distribu-
tion of Ag~ and AgNPs, focusing on the number and size of individual
AgNPs in selected root regions. Statistical analysis of AgNP distribution
was also performed [156].

A ‘single-cell isotope dilution analysis’ (SCIDA) approach was
developed to analyze metal NPs in single cells using LA-ICPMS (Fig. 8B)
[105]. The principles of SCIDA were demonstrated using macrophage
cells as a model to study the uptake of Ag NPs at the single-cell level. A
microfluidic technique was used to place single cells in an array, and
each cell was dispensed with a precise picoliter drop of an enriched
isotope solution using a commercial inkjet printer. Accurate quantifi-
cation of Ag NPs in single cells was achieved by isotope dilution
LA-ICPMS analysis. The average Ag mass of 1100 single cells closely
matched the average of the cell population analyzed by solution-based
ICP-MS. The detection limit for Ag NPs in single cells was 0.2 fg Ag
per cell [105]. Another method to quantify Au NPs in single cells was
based on matrix-matched calibration standards from dried residues of
picoliter droplets generated by an inkjet printer [77]. The distribution of
the gold mass in single cells exposed to NIST Au NPs showed a lognormal
distribution. The average measurement agreed well with the measure-
ment from an aqua regia digested Au NP solution. The limit of quanti-
fication was determined to be 1.7 fg Au [77].

LA-ICPMS was used to gain insight into the spatial distribution and
penetration behavior of NPs in complex three-dimensional tissue
models. In one study, collagen-rich microstructures were produced in

3.2. Manuscript 2: Calibration Approaches in Laser Ablation Inductively Coupled Plasma Mass

41



42

K. Mervic et al.

Chapter 3. Scientific Publications

Trends in Analytical Chemistry 172 (2024) 117574

100 pm

Fig. 8. (A) Influence of the laser fluence on the degradation of gold nanoparticles in gelatin using LA-ICPMS analysis [155]. (B) A schematic diagram of single-cell
isotope dilution analysis with LA-ICPMS for the quantification of nanoparticles in single cells [105]. (C) Image of Ag NP calibration spots representing 50 (1), 3500
(2), 350 (3) and 35 (4) fg of Ag NPs [80]. The Figures were adapted from the following references [80,105,155], with permission of the publishers.

multicellular fibroblast spheroids (MCSs) to serve as a three-dimensional
tissue analog for studying Ag NPs penetration [157]. LA-ICPMS imaging
of the thin sections showed the distribution of Ag NPs along with other
elements (Ag, P, Cu, Zn, and Br), indicating the localization of the par-
ticles. The distribution correlated with the presence of specific elements
and was predominantly located in the outer edge of the spheroid model
corresponding to proliferating cells [157]. In a subsequent study, the
interactions of Ag NPs and the distributions of intrinsic minerals and
biologically relevant elements were studied within thin sections of the
MCS, using LA-ICP-(TOF)MS analysis [80]. Matrix-matched calibration
standards were designed and printed using a non-contact piezo-driven
array spotter with an Ag NP suspension and multi-element standards
(Fig. 8C). The method allowed the detection of Ag, Mg, P, K, Mn, Fe, Co,
Cu, and Zn in the femtogram range, which is sufficient for the deter-
mination of intrinsic minerals in thin MCS sections. After a 48h incu-
bation period, Ag NPs were found to be concentrated in the outer rim of
the MCS and undetectable in the core. Quantitative measurement of the
total mass of Ag NPs in a thin section using LA-ICP-TOFMS imaging was
consistent with results obtained by ICP sector field mass spectrometry in
liquid mode after acid-assisted digestion. This approach demonstrates
the potential of LA-ICP-TOFMS for spatially resolved nanoparticle im-
aging and elemental analysis in complex biological samples such as MCS
[80].

Moreover, one strategy was developed that combines the concept of
bioprinting for the preparation of gelatin-based multi-element standards
and LA-ICP-TOFMS analysis [63]. Lanthanide up-conversion nano-
particles were incorporated into a gelatin matrix to produce the bio-
printed calibration standards. The bioprinting approach showed higher
throughput, better repeatability, and better elemental signal homoge-
neity compared to manual cryo-sectioning of standards. Bioprinting
reduced inter-batch variability and analysis time because multiple
standards were printed simultaneously. The bioprinted calibration
standards remained stable for two months with proper storage [63]. The
suitability of gelatin-printed calibration standards were additionally
validated for the absolute quantitation of nanoparticles in
Surface-Enhanced Raman Scattering (SERS) by developing a new 2D
quantitation model [68]. SC-ICPMS was used to characterize the abso-
lute concentration of the SERS nanotags. Gelatin-based calibration
standards containing gold nanoparticles and a Raman reporter were

prepared using a novel printing approach. The standards were further
characterized using LA-ICP-TOFMS to assess the distribution and
response of the nanotags. The LA-ICP-TOFMS analysis demonstrated the
homogeneous distribution of nanotags and a linear relationship between
the gold concentration and the response [68].

One recent study described a new approach for the preparation of
quantitative standards for NPs that is based on particulate standards
[158]. AuNP standards were prepared via micro-nano fabrication on an
ITO (indium tin oxide) glass substrate. The fabrication process included
coating a PMMA layer on the substrate followed by E-beam lithography
to create an array of holes and a set of coordinate grids. Three different
AuNPs (one synthesized and two commercial AuNPs) were used to
prepare the calibration standards. The suspension of each AuNP was
spread and dried on the fabricated PMMA layer. After the removal of
PMMA, only the AuNPs located in the holes and the lines of the coor-
dinate system were left on the ITO slide. The method allowed the
preparation of AuNP standards with high accuracy and precision,
covering a wide mass range. The approach highlights the importance of
using particulate rather than ion standards for accurate quantification of
NP, as Au ions and AuNPs exhibit different signal transduction effi-
ciencies during LA-ICPMS analysis. However, the method has not yet
been applied specifically to biological samples [158].

2. Conclusions and outlook

Initially, the development of elemental calibration standards for
bioimaging applications by LA-ICPMS was based on manual fabrication
and elaborate multi-step procedures, that required skilled personnel, in
most cases, the handling of biological material and microtome cutting.
The latter one can induce possible thickness inaccuracies of the stan-
dards that are biasing the results. Nowadays, state-of-the-art quantifi-
cation is more and more relying on reliable, automated and most
importantly, reproducible and operator-independent processes that are
based on spin-coating, inkjet printers and robotic micro-droplet
dispensing systems. Automation of the standard production by these
processes can drastically increase the throughput to generate calibration
standards. This makes these approaches interesting for mass production
of standards and potential commercialization. With regard to the matrix
of the standards, there is an increasing tendency observable towards the
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fabrication of calibration standards that are based on materials (e.g.,
polymers and gelatin) with properties and characteristics that are easy
to control, modify, and fine-tune for a specific application. These more
‘universal’ biological matrices can mimic the biological sample and can
overcome some of the problems associated with tissue-type standards,
such as handling of biological material and the background abundance
of endogenous elements within the standards, potentially affecting the
calibration range and limits of detection. There is still a requirement for
certified materials such as NIST 61X glasses that are specific for bio-
imaging applications by LA-ICPMS.

In comparison to the described progress in the development of
matrix-| hed dards for el | quantification in tissues and
cells, the quantification of ticles is und. dably still in its
initial stages, regarding only recent interest in the field. The standardi-
zation of the NP size usually relies on a single-point calibration and
therefore, multi-point calibration standards are required for the devel-
opment of the field. Similarly, the quantification of metal-conjugated
antibodies is in its beginning, but the more often the methodology is
used, the more reliable matrix- hed d. will emerge.

With the upcoming of ICP-TOFMS technology, all nuclides are al-
ways measured all the time and th hlghly Itiplexed
and/or i itative approaches are i
all nuclides of interest.

d to be able to quantify
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Despite significant advances in LA-ICP-MS analysis, achieving accurate calibration is still
difficult due to matrix effects, unless the sample and calibration standards have similar
matrix composition. Differences in matrix properties such as reflectivity, absorptivity,
thermal conductivity, etc. lead to differences in ablation (i.e. mass of ablated volume) and
elemental fractionation and interfere with the calibration process. Although matrix
matching is preferable, there is often a lack of suitable certified standard materials,
especially for biological and environmental samples. Gelatin gels have proven to be
promising matrix-matched standards for biological samples as they behave similarly during
laser ablation, are easy to prepare and have a flexible concentration range. However, the
search for suitable standards for other sample types, especially in geology, is challenging.

This study focuses on non-matrix-matched calibration using ablation volume
normalization, which compensates for the differences in ablation rates between sample and
standard. Different materials that can serve as both sample and standard by cross-
calibration were investigated. The LA-ICP-MS experiments were carried out with ten
different standard materials with different matrix properties. These ranged from gelatin gel
produced in-house to three types of glass standards (three NIST SRM 61X series glass
standards, a Corning Museum of Glass (CMG) standard and a modern synthetic glass
DLH-8) as well as two carbonate materials, a zircon and a NIST SRM 1547 plant standard
pressed into a pallet. A set of major, minor and trace elements were measured in all samples
using the same operating parameters, with the exception of laser fluence, which was
optimized for each sample for the reasons explained in Articles 1 and 2. The ablation
volume after laser ablation analysis was measured using a 3D profilometer, and the signal
data from the LA-ICP-MS were normalized to their respective volumes for each sample.
The standards were then cross-calibrated, with each serving as both sample and calibration
standard. Primarily, a single-point calibration was used, although a multi-point calibration
was also performed were available. The calibration yielded mass-to-volume concentrations,
so density was measured to allow conversion to mass-to-mass concentrations and
comparison with available certified values, mostly from the GeoReM database. The
quantified concentrations consistently matched the certified values for all materials,
highlighting the effectiveness of transferring calibration standards between materials with
clearly defined elemental compositions. Of particular note, gelatin and glass proved to be
particularly suitable, especially gelatin because of its adaptability, which allows for a wide
range of elements and concentrations. The differences in the determination of element
concentrations were mostly below 10 %, with the exception of cases with very low
concentrations.

In contrast to conventional LA-ICP-MS calibration, which relies on matrix-matched
standards, our quantification method introduces a more robust calibration approach that
remains effective even when such standards are not available or do not exist. This
groundbreaking advance has the potential to improve the accuracy and precision of
elemental analysis by LA-ICP-MS in various research fields.
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ARTICLE INFO ABSTRACT

Handling editor: J. Wang Laser ablation inductively coupled plasma - mass spectrometry (LA-ICP-MS) is a frequently used microanalytical
technique in elemental analysis of solid samples. In most instances the use of matrix-matched calibration stan-
dards is necessary for the accurate determination of elemental concentrations. However, the main drawback of
this approach is the limited availability of certified reference materials. Here, we present a novel conceptual
framework in LA-ICP-MS quantification without the use of matrix-matched calibration standards but instead
employment of an ablation volume-nermalization method (via measurement of post-ablation line scan volumes
by optical profilometry) in combination with a matrix-adapted fluence (slightly above the ablation threshold).
This method was validated by cross-matrix quantification of reference materials typically investigated by LA-ICP-

MS, includi 1

| and biolog

| materials. This allows for more accurate and precise multi-element

quantification, and enables quantification of previously unquantifiable elements/materials.

1. Introduction

Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) is a surface microanalytical technique that provides spatially
resolved information on the distribution of major, minor, and trace el-
ements. It enables direct analysis of solid materials with high detection
performance and lateral resolution in the order of micrometers for large
sample areas. Because of the qualitative and quantitative capabilities of
the technique, the minimal sample preparation requirements, and major
cell/instrumentation improvements and data processing developments,
LA-ICP-MS is now used in a wide variety of fields (geology, archaeology,
mineralogy, materials studies, forensics, environmental research, med-
icine, and biology) [1-9].

In recent years, development of fast washout cells enabled rapid
analysis by shortening the single pulse response down to 1 ms or even
below [10], and thus much faster mapping compared to conventional
systems where a typical single pulse response was approximately 500
ms, depending on the instrument, resulting in either mapping of larger
areas or the application of smaller spot sizes without increasing exper-
iment time. In addition, rapid aerosol transport allows for much higher

* Corresponding author.
** Corresponding author.
E-mail addresses: martin.sala@ki.si (M. Sala), elteren@ki.si (J.T. van Elteren).

https://dei.org/10.1016/j.talanta.2024.125712

sample throughput, resulting in higher signals and consequently
improving the signal-to-noise ratio, i.e., achieving better sensitivity
[11-13]. In recent years, significant improvements in instrument hard-
ware, combined with a better understanding of the effects of operating
conditions on image quality, have made LA-ICP-MS mapping not only
faster, but also much more powerful. Advancements in laser ablation
parameter optimization to avoid mapping artefacts such as smearing,
noise, blurring, and aliasing, are yielding high quality 2D LA-ICP-MS
(multi)element maps [14-16]. The use of recently introduced
ICP-time-of-flight (TOF)-MS instruments has pushed the technique even
further, Compared to the commonly used sequential quadrupole mass
analyzers, ICP-TOFMS provides quasi-simultaneous analysis of the
entire elemental mass spectrum. Several applications of ICP-TOF-MS
have been described, from thin biological tissue samples to meteorites.
The combination of laser ablation with ICP-TOF-MS has proven to be a
powerful tool for comprehensive sample characterization, allowing
simultaneous detection of ions over the entire elemental m/z range with
very low sample consumption [12,17-20].

Despite the tremendous progress made in LA-ICP-MS analysis, pri-
marily leading to faster surface element mapping, calibration still proves
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Table 1
Specification of the standard materials used in this non-matrix-matched LA-ICP-
MS calibration study.

Standard Material type Nominal Density

concentration

In-house 10 % (m/V) ~10-250 pg 1.35g Sigma-Aldrich, St.
prepared porcine-skin g ! em ™ Louis, MO, USA
gelatin gelatin, type A,
standards bloom strength
[16] 300

NIST SRM Silicate glass ~5ugg"" 257g  National Institute
614 em ™ for Standards and

NIST SRM Silicate glass ~50pgg ! 252g Technology,

612 em ¥ Gaithersburg, MD,

NIST SRM Silicate glass ~500 pg g ! 252g USA
610 em ¥

Corning Silicate glass / 260g Corning Museum
Museum synthetic glass =" of Glass, Corning,
of Glass replicating NY, USA
(CMG-B) ancient

compositions

GSJ CRM Carbonate / 20g myStandards
JCp-1 material em ¥ GmbH, Kiel,
Coral Germany
(Porites
sp.)

GSJ CRM Carbonate / 20g
Jce1 material em™
Giant
Clam
(Tridacna
gigas)

NIST SRM Botanical / 1.65g National Institute
1547 material em ¥ for Standards and
Peach Technology,
leaves Gaithersburg, MD,

USA

Plesovice Zircon mineral 4.60 g

em™*
DLH-8 silicate glass ~150pgg! 265 P&H
em * Developments
Ltd.

@ Measured with a gas pycnometer.

" Calculated based on their composition via approximation of their structure
and main component.

¢ Gathered from a known source [34].

to be a challenging matter due to matrix effects, unless there is a
harmonization of the matrix composition between the sample and the
calibration standard(s). Differences in the properties of the matrices
analyzed, e.g., absorptivity, reflectivity, thermal conductivity, etc., may
lead to differences in ablation rate (mass or volume of material ablated),
particle size distribution, particle transport in the interface and their
vaporization, atomization and ionization in the ICP [21,22]. This can
lead to elemental fractionation, wherein the signals detected for
different elements do not accurately reflect the composition of the ab-
lated matrix. Consequently, this can significantly disrupt the calibration
process [23,24].

As in most instances matrix-matching is the preferred choice to avoid
calibration issues, in practice suitable certified standard materials are
not always available, especially for biological, environmental, and
medical samples. To this end, several in-house produced standard ma-
terials have been developed that closely resemble certain samples [25,
26]. One of these are gelatin gels, which have proven to be excellent
1 matrix- hed standards for biological samples due to
their very similar matrix behavior upon laser ablation [27-29], ease of
preparation and the possibility of adjusting the concentration range [30,
31]. However, finding suitable standards is a problem for other types of
samples than proteinaceous samples, especially in geology, where
LA-ICP-MS is widely used. In order to have suitable matrix- hed
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nano-particulate pressed powder pellets are made either from naturally
occurring minerals or pre-existing CRMs for LA-ICP-MS analysis [32].
Nonetheless, micro-standards are powdered, compressed materials that
might not have the same ablation properties as the mineral samples.

This work will focus on a procedure based on non-matrix-matched
calibration via ablation volume-normalization, where the LA-ICP-MS
signals are normalized to the ablated volume (or mass when matrix
densities are known or measurable), thereby correcting for potential
ablation rate differences between sample and calibration standard. A
variety of materials (several glasses, carbonates, gelatin, as well as plant
and zircon material) was studied, including “hard™ and “soft” materials,
to act as both sample and calibration standard via cross-calibrating each
material against every other material in bulk analysis mode.

2. Experimental section
2.1. Materials and standards

LA-ICP-MS experiments were performed using ten different standard
materials with widely varying matrix properties, either custom-prepared
or commercially available (Table 1): i) an in-house prepared gelatin gel
[30], often used as the “standard of choice” for calibration of biological
material as their matrix is very similar to that of biological samples [29,
31], containing nine elements (As, Be, Co, Cr, Fe, Mn, Ni, Pb and Sr) in
the concentration range 10-250 pg g_l; ii) three frequently used
multielement National Institute of Standards (NIST) glass standards with
nominal concentrations of ca. 500 pg g ' (NIST 610), ca. 50 pg g '
(NIST 612), and ca. 5 pg g’l (NIST 614); iii) a Corning Museum of Glass
(CMG) standard mimicking historic compositions (CMG-B); iv) a mod-
ern synthetic glass from P&H Developments Ltd. (DLH-8); v) two car-
bonate materials (myStandards GmbH)) originating from coral (JCp-1,
Porites sp., Geological Survey of Japan, GSJ) and giant clam (JCt-1,
Tridacna gigas, Geological Survey of Japan, GSJ), and commonly used in
geochronology; vi) a zircon often used as a quality control in geological
studies (Plesovice) [33]; and vii) a plant material from ground peach
leaves (NIST 1547) subjected to pressed powder pelletizing yielding a
ca. 3 mm thick pellet.

Certified values for the commercial standard materials (NIST and
GSJ) are available from their Certificate of Analysis (COA), mostly
giving average element concentrations with an expanded uncertainty,
which were recalculated to averages with a standard deviation. For the
non-certified materials or el average el rations and
their variability were determined by unweighted averaging of the
element concentrations obtained from the GeoReM database (htt
p://georem.mpch-mainz.gwdg.de) as weighted averaging was impos-
sible due to the non-consistent nature of the reported associated
uncertainties.

Reported densities of the materials in Table 1 were either known or
measured (see section 2.2). The ten materials were used as both cali-
bration standards and samples in cross-matrix quantification experi-
ments, mostly based on one-point calibration. However, also multi-point
calibration was performed using the NIST 61X SRM glasses for several
certified element concentrations, and the gelatin gels with custom-
selected element concentrations.

2.2. Instrumentation and measurement

Experiments were performed with an Analyte G2 193 nm ArF*
excimer laser ablation system (Teledyne Photon Machines Inc., Boze-
man, MT) equipped with a standard two-volume ablation cell (HelEx II).
The LA system was connected to a quadrupole ICP-MS instrument
(Agilent 7900x, Agilent Technologies, Santa Clara, CA, USA) via the
Aerosol Rapid Introduction System (ARIS) coupled to the LA Adaptor

standards, there would have to be a homogeneous standard for each
mineral species, which is a practical impossibility. Alternatively,

A bly glass ion unit (Glass Expansion Inc., Pocasset, MA), a
long-pulse module with a total aerosol particle washout time of
approximately 100 ms. The LA-ICP-MS multi-element analysis
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Table 2

Operational LA-ICP-MS conditions used for multielement mapping of the 10
different samples (standard materials).”

LA (Analyte G2, ARIS, and glass expansion unit)

Wavelength (nm)
Laser fluence (J cm )

193
—0.5 (gelatin)
1.0 (NIST SRM 1547 Peach leaves)
~3.6 (NIST SRM 610/612/614, CMG-B, DLH-8,
Plesovice, JCt-1, JCp-1)

Repetition rate (Hz) 100
Scanning mode Line scanning
Dosage (shots per pixel) 10
Washout time (ms) ca. 100
Beam size (ym) 10
Mask shape Square
He carrier flow rate (L. 0.3/0.3
min ") cup|cell
ICP-MS (Agilent
7900x)
R; power (W) 1500
Plasma gas flow rate (L 15
min~1)
Auxiliary gas flow rate 0.9
(Lmin ")
Ar makeup flow rate (L 0.8
min~ 1)

Time-resolved

8.5 (*Be,5%Cr)

9.0 (**Co,**Mn,” Fe,""Ni, " As,**s1,***Pb)
Acquistion time (ms) 100

Nuclides measured “Be,Cr,”'Co,* Mn, **Fe, "'Ni, " As,*Sr,**Pb

Data acquisition
Dwell time (ms)

? To mitigate the signal drift effects, sensitivity, and reproducibility on
different days or measurement rounds, the advancements in optimizing pa-
rameters for the best image quality in LA-ICP-MS, were implemented.A 3D op-
tical interference microscope (Zegage PRO HR, Zygo Corporation, Middlefield,
CT) was used to determine the ablation volumes of the ablated line scans in
samples and standards. The 3D information was recorded using a 50 x magni-
fication objective lens with a lateral resolution of 0.173 pm and a surface
topography repeatability of <3.5 nm. Since all the samples and standards
involved were flat and smooth, it was not necessary to measure the initial pre-
ablation surface morphology.

conditions for different (standard) materials in line scan mode are listed
in Table 2. In contrast to matrix-matched calibration where a fixed
fluence is used, in this work fluences were selected just above the matrix-
dependent ablation threshold where the highest signal-to-noise ratio is
observed [35], and the most accurate concentration values are obtained.
Each LA-ICP-MS analysis was based on five replicate line scans on both
the sample and standard, followed by subtraction of the elemental gas
blank, and processing of the data according to section 3.2.

As calibration via ablation-volume normalization results in mass/
volume concentrations (pg cm'a), to convert to mass/mass concentra-
tions (pg g"), densities of materials (g cm'a) should be available.
Densities of NIST 610, NIST 612, NIST 614, CMG-B, NIST 1547 pellet,
DLH-8, and gelatin gels were measured using a helium gas pycnometer
(1345 AccuPyc II, Micromeritics, Norcross, GA). The density of the
materials GSJ JCp-1, and GSJ CRM JCt-1 were calculated based on their
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composition via approximation of their structure and main components,
whereas for the Plesovice material the density was available from known
sources [34].

2.3. Data processing software

ImageJ (National Institute of Health, USA), OriginLab (OriginPro
2018, OriginLab Corporation, Northampton, MA, USA) and RStudio (R
version 4.1.0, 2021, The R Foundation for Statistical Computing) soft-
ware packages were used for data processing of element data. The sur-
face topography data were processed using Mx™ software (v. 8.0.0.23,
Zygo Corporation, Middlefield, CT), followed by conversion to csv files
in MatLab R2020a (MathWorks).

3. Results and discussion
3.1. Matrix-dependent material removal upon LA

Depending on the properties of the matrix and its coupling with the
laser beam, the amount of material ablated per laser spot differs
significantly for different materials, under the same laser pulse energy.
This is illustrated in Fig. 1, where it can be seen that the amount of
material ablated with the same laser fluence can vary by as much as 5.4
times (for the gelatin: NIST 610 crater volume ratio), which is why using
different material types for standard and sample will not give accurate
results if the ablated volume is not considered. This underscores the
potential inaccuracy of results when employing diverse material types
for the standard and sample, unless the ablated volume is accounted for
or matrix compatibility is ensured.

3.2. Non-matrix-matched calibration via ablation volume-normalization

To perform non-matrix-matched calibration via ablation volume-
normalization, line scan volumes in samples and calibration standards
were measured by optical interference profilometry. Even though this
method solely addresses discrepancies in ablation rates within matrices,
and does not account for variations in particle size distribution, the
transport of particles to the ICP, and their ionization within the plasma,
we will demonstrate that significant quantification improvements can be
made compared to direct calibration without matrix matching when no
matrix-matched calibration standards are available. Fig. 2 shows a
flowchart of the volume-normalization method for multi-point calibra-
tion although this can also be used for one-point calibration. This
approach has already been used successfully for calibration in LA-ICP-
MS mapping to account for variations in ablation rates between and
within samples of the same matrix origin in samples that are not entirely
homogenous - composite [36].

LA-ICP-MS analysis of elements in the calibration standards (Cx, with
x the calibration standard number) and the sample (S) yields the gas
blank-subtracted intensities Acy and Ag (in cps); associated ablation
craters have volumes V¢, and Vs (in pm ). By definition the element
concentration concgs,m/v) in the sample produced by this calibration

o0
A
T2 1697 | | | 2200
2,1 380 + "
+ 215 a6
g4 : 740
os + +
. 50 a3
-T
NIST614 NIST612 NIST610 CMGB  DLH8  PleSovice  JCp-1 JCt1  NISTI547  Gelatin

Fig. 1. Cross-sectional ablation crater profiles in diverse materials applying 10 cumulative laser shots per crater with a beam size of 20 pm (square mask) at a fluence
of 3.6 J cm ™% for each material the average crater volume and standard deviation (um?) is given (N = 10).
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Fig. 2. Flowchart of the ablation volume-normalization method where sample S is subjected to multi-point calibration with calibration standards Cx (C1, C2 and C3).
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Fig. 3. Accuracy of the ablation-volume normalization method for LA-ICP-MS
analysis of NIST 610 glass treated as a sample using custom-prepared multiel-
ement gelatin calibration standards. The NIST 610 glass was ablated at a flu-
ence of 3.6 J cm ™2 whereas the gelatin standard underwent ablation at fluences
of 0.5, 2.0, 4.0 and 6.0 J em™? (further operational details can be found in
Table 2), The red dashed line refers to a correct concentration determination, i.
e., the concentrations measured are in agreement with the certified concen-
tration for NIST610.

approach is in mass/volume units (pg em ), calculated via
cones mv=(As/Vsik [¢)]

where k=(Acy/Vcx)/conccy, myv)is the slope of the calibration graph
(linear regression, forced through zero) shown in Fig. 2. This implies
that the calibration standard concentrations conccym/) = CONCcx,m/
myDex (in pg em ™) require knowledge of the densities Dey (in pg g ).
When the density Dg (in g em %) of the sample is also available, the
mass/mass concentration of the sample follows from concismm) =
concgsmn/Ds (in pg g ).

3.3. Influence of laser fluence on calibration by ablation volume-
normalization

Because laser fluence impacts not only the quantity of ablated ma-
terial but also the particle size distribution within the laser ablation
plume, which in turn could influence particle transfer and ionization

dynamics within the ICP [35,37], it is evident that optimal laser fluences
exist for ablating ‘hard’ and ‘soft” materials. We conducted a series of
ablation volume-normalization experiments whereby custom-prepared
multielement gelatin standards (10-250 pg g ') at a range of laser flu-
ences (0.5, 2.0, 4.0, and 6.0 J cm2) were used to analyse NIST 610 at a
fixed laser fluence of 3.6 J cm 2,

Nine experimental concentration values obtained by treating NIST
610 glass as a sample were compared with reference concentration
values (Fig. 3). Concentrations obtained from the calibration with the
lowest fluence (0.5 J cm'z) most closely matched the reference values,
with deviations less than 10 %. Higher fluence values, particularly those
of 4.0 and 6.0 J em ™2, produced results that showed notable deviations
from the reference values, i.e., 20 % for 4.0 J cm 2 and >40 % for 6.0 J
cm 2. This underlines the critical role of fluence in the selection of
appropriate calibration parameters, especially for “soft” materials.
Therefore, it is crucial to use the most suitable fluence for each material
(see Table 2 in the experimental section), i.e., slightly above the ablation
threshold and associated with the highest signal-to-noise ratios [35].

3.4. Cross-matrix quantification via the ablation volume-normalization
method in one-point calibration mode

Given the growing range of laser ablation applications, the require-
ment of matrix-matched calibration has become a challenge due to the
limited availability of suitable reference materials. As a result, this
scenario has fostered the development of various calibration methods
over time, mostly with the goal of identifying suitable matrices tailored
to specific samples [27]. The ablation volume-normalization method put
forward here may change the calibration paradigm if accurate and
precise quantification results can be obtained using a non-matrix
matched calibration approach.

Validation of the ablation volume-normalization method, as outlined
in Fig. 2, was carried out through cross-matrix calibration, This involved
quantifying nine elements across ten distinct matrices via one-point
calibration (see Table 2 for details, including an optimal ablation flu-
ence for each of the matrices with known or measurable density), where
each material was measured against every other material in bulk anal-
ysis mode, and using them both as sample and calibration standard. Heat
maps in Fig. 4 display the absolute relative bias (=100 x |experimental
value - recommended value|/recommended value, in %) with and
without ablation-volume normalization in the cross-calibration of the
nine elements (more detailed heat maps can be found in Figure 51). The
heat maps indicate that the majority of the calibration standards lack
certain elements, with the exception of Sr and Mn, which further em-
phasizes the challenge posed by matrix-matched calibration. Moreover,
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the superiority of data acquired through ablation-volume normalization
is clearly evid pared to data ob d without employing this
method.

In addition to the overall enhancement in concentration determi-
nation accuracy, Fig. 4 reveals several other important details. Fig. 1A

shows that the bias in the majority of the measured concentrations with
ablation volume-normalization is less than 15 %. For the less well-
defined standards Plesovice and NIST 1547, a higher bias is observed
in Fig. 4A for most materials. For Plesovice this is due to a lack of
microscale homogeneity [33], further compounded by the potential
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54

K. Mervic et al.

inaccuracy of the reported density [34] used in the calculations, whereas
for NIST 1547 pelletizing issues associated with the hydraulic pressure
might be the culprit. As expected, quantification data without ablation
volume-normalization in Fig. 4B show a much higher bias, and only
were matrices of standard and sample exactly match, e.g., for the NIST
61X glasses or the two carbonate materials - JCt, JCp lower bias values
can be observed. The latter confirms the LA-ICP-MS prerequisite, that for
the accurate quantitative work a matrix matched standard is obligatory
in the conventional way, whereas in the proposed approach a
well-defined (certified) standard can be used for quantification of any
other material. However, even when using a matrix-matched standard,
care must be taken if the sample is not homogeneous, as differences may
occur during the ablation of the same sample, hence making an accurate
quantification impossible without volume normalization [36].

3.5. Accuracy and precision of the ablati li mali
in multi-point calibration mode

ion method

The versatility of the proposed method gains further significance
when one can locate commercial or custom-prepared multielement
standards across various concentration levels. This enables the execu-
tion of multi-point calibration, and thus establishment of a slope (see
Fig. 2), instead of one-point calibration used in Fig. 4. Candidates for
such calibration standards are i) the NIST 61X standards, having similar
main matrix compositions (comparable concentrations of SiO2, NayO,
Aly03, and CaO, which make up more than 96 % of the matrices), but
variable minor and trace element concentrations, and ii) the custom-
prepared gelatin standards with the flexibility to span the necessary
concentration range for any element required, particularly in the context
of biomedical mapping where standard references are typically
unavailable.

In Fig. 5 (Table S1 gives the actual concentrations associated with
this figure) it is visually demonstrated that in the absence of matrix-
matched standards, the ablation volume-normalization method can
generate accurate and precise data using the NIST 61X standards (5, 50
and 500 pg g"]] or the custom-prepared gelatin standards (10-250 pg
g") using multi-point calibration for measurement of up to nine ele-
ments in ten standard reference matrices. Even though only a portion
(ca. 47 %) of the nine elements selected are certified in all reference
materials (elements with an asterisk in Fig. 5), the missing data were
“filled in™ by unweighted averaging of the element concentrations re-
ported in the GeoReM database for the individual elements [38,39]. The
error bars are representative for the standard deviations in i) the
experimental data for the NIST 61X and gelatin standards (N = 5), and
ii) the reference data, either the certified reference values (after recal-
culation from expanded uncertainties in the COA), or the calculated
values from reported concentrations in the GeoRem database (for the
missing elements). From Fig. 5 we can see that in all cases the experi-
mental uncertainties obtained with the ablation volume-normalization
method are closely matching the uncertainties of the reference data.

While the gelatin standards are very easy to work with (i.e. good
crater shapes, low energy, easy to focus ...), allow the addition of any
element in a wide concentration range, the NIST 61X glass standards are
readily available, certified, widely used and easy to work with. Despite
extrapolating the concentrations of certain elements in specific samples
from the calibration curve’s range, these findings remained consistent
with the certified values of the CRMs. This agreement was due to the
broad linear range of ICP-MS and the adoption of a calibration curve,
which alleviated the potential adverse impact of a single measurement
error on the calibration slope. This situation could arise when employing
a one-point calibration, a common practice in LA-ICP-MS measure-
ments, primarily because suitable matrix-matched standards are often
unavailable, especially in the diverse range necessary to construct a
comprehensive calibration curve,
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4. Conclusions

The utilization of commonly accessible certified reference materials
(CRMs), such as NIST 61X glasses, is generally limited to samples
sharing a similar matrix composition. This limitation hinders their
applicability in accurately quantifying elements if e.g. biological sam-
ples, which lack widely accepted CRMs and instead resort to custom-
prepared standards. In this investigation, we present a calibration
technique for LA-ICP-MS that eliminates the necessity for matrix-
matching. This pioneering method holds great potential across various
fields and offers a simplified quantification solution for scenarios where
traditional certified reference materials are unavailable.

Our approach, involving ablation-volume normalization, underwent
thorough assessment across diverse material types including glass (NIST
SRM 610, NIST SRM 612, NIST SRM 614, CMG-B, DLH-8), carbonates
(JCp-1, JCt-1), p]ant specimens (NIST SRM 1547), zircons (Plesovice),
and proteinaceous substances (gelatin). The quantified concentrations
for all materials consistently matched certified values, effectively
showeasing the transferability of calibration standards among materials
with well-defined elemental compositions. Notably, gelatin and glass
demonstrated remarkable suitability. Discrepancies in elemental con-
centration determinations mostly remained below 10 %, except in cases
of exceedingly low concentrations.

In stark contrast to the conventional LA-ICP-MS calibration depen-
dent on matrix-matched standards, our innovative methodology in-
troduces a more robust calibration procedure that remains effective even
when such standards are unavailable. This groundbreaking advance-
ment holds the potential to enhance the accuracy and precision of
elemental analysis through LA-ICP-MS, spanning a wide array of
research applications.
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The evolution of laser ablation cells with rapid aerosol washout in 2D LA-ICP-MS
elemental mapping has significantly enhanced spatial resolution and mapping speed.
However, as with LA-ICP-MS bulk analysis, quantification of 2D elemental mapping
remains a complex process that mainly relies on matrix-matched external standards and
internal standardization. The problems lie in elemental fractionation — non-stoichiometric
effects that occur during vaporization, particle transport, atomization and ionization in the
plasma, as well as differences in ablated mass due to matrix-dependent ablation rates
caused by differences in reflectivity, absorptivity and thermal conductivity. To avoid these
problems, most calibration approaches rely on matrix-matched standards, but their
availability is limited, as explained in Manuscript 2. Therefore, many customized standards
such as gelatin, 3D-printed polymer reference materials, pressed tablets, etc. have been
developed for calibration purposes to mimic the sample matrix as closely as possible and
overcome the problem of lack of suitable standards. In addition, internal standardization
methods that correct for instrumental drift and fluctuation, but also account for matrix
effects and differences in ablation rates within a sample, are often unpredictable and depend
on the nature of the sample under investigation. Some of the commonly used approaches
to correct for matrix effects are the use of homogeneously distributed elements in the
sample, total consumption of thin samples and standards, aspiration of a standard solution
during laser sampling, application of a “film” standard on/under a biosample in
combination with the total consumption of the assembly, and labeling of tissue components
with a metallo-intercalator. However, suitable internal standards are limited and total
consumption approach only applies to thin biosamples, so a more general approach is
required to aid quantification in different matrices.

In this manuscript, the ablated volume per pixel measurement is used to correct for
mass differences between samples and standards within and between different matrices,
resulting in mass per volume concentrations. As a proof-of-concept, ablation volume-based
calibration was employed for LA-ICP-MS quantification of highly variable elemental
concentrations in decorative glass (Murrina). Normalization of the elemental maps using
pixel-associated ablation volumes corrected for differences in ablation rate within the
Murrina and between the Murrina and the standards. This approach was validated using
LA-ICP-MS with sum normalization calibration and scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDXS). In addition, geological thin section
analysis underlined the importance of volume normalization in correcting for ablation rate
variations.
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Keywords:
Laser ablation
Optical profilometry

Quantification in 2D LA-ICP-MS mapping generally requires matrix-matched standards to minimize issues related
to elemental fractionation. In addition, internal standardization is commonly applied to correct for instrumental
drift and fluctuation, whereas also differences in ablated mass can be rectified for samples that cannot be

m;ﬁ;;:ls sectioned and subjected to total ablation. However, it is crucial that the internal standard element is homoge-
SEM-EDX neously distributed in the sample and that the laser light absorptivity is uniform over the surface. As in practice

these requirements are often not met, this work will focus on correction of ablation rate differences within/
between samples and standards by normalizing the element maps using the associated ablation volume per pixel
as measured by optical profilometry. Due to the volume correction approach the element concentrations are no
longer defined as mass per mass concentrations (in pg g") but by mass per volume concentrations (in pg em ¥,
which can be interconverted in case matrix densities are known. The findings show that ablation volume-aided
calibration yields more accurate element concentrations in 2D LA-ICP-MS maps for a decorative glass with highly
varying elemental concentrations (murrina). This research presents a warning that if there are variations in
ablation rates between samples and standards within and across matrices, even when their sensitivities are the
same, generic LA-ICP-MS calibration protocols may not accurately depict the actual element concentrations.

1. Introduction

The development of LA cells with fast washout of aerosol particles in
2D LA-ICP-MS elemental mapping has led to major improvements in
mapping speed and spatial resolution [1,2]. However, quantification of
elements remains challenging due to elemental fractionation issues
(non-stoichiometric effects during vaporization, transport of ablated
particles, atomization, and ionization in the plasma), causing the signal
measured not to be entirely representative of the composition of the
sample. Furthermore, differences in mass ablated due to
matrix-dependent ablation rates caused by differences in absorptivity,
reflectivity, and thermal conductivity complicate the quantification
process [3,4]. Several approaches have been reported to counteract
these quantification problems, but so far, the most dependable solution
is to matrix-match external standards and samples and the use of suit-
able internal standards.

Even though the availability of matrix-matched external standards is
limited, especially for biological samples, they are often custom-
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prepared via pressing of tablets from certified biomaterial standards or
from nano-particulate powders after wet-milling of refractory materials
[5-7]. Internal standardization methods that correct for instrumental
drift and fluctuation, but also deal with matrix effects and differences in
intra-sample ablation rates, are often unpredictable and depend on the
type of sample under study [8]. Approaches in use rely on i) total con-
sumption of thin biosamples and standards [9-11], ii) application of a
“film" standard on/under a biosample combined with total consumption
of the assembly [12,13], iii) (in-cell or in-torch) aspiration of a standard
solution during laser sampling [14 16], iv) the use of homogeneously
distributed elements in the sample [17,18], and v) labelling of tissue
components with a metallo-intercalator [19,20].

Total consumption approaches can correct for differences in ablation
rate, but only for precisely sectioned “thin” biosamples (and standards),
whereas homogeneously distributed elements or labelling approaches
can also correct for ablation differences in “thick” biosamples. However,
suitable elements that can act as an internal standard are rare, and for
aiding the quantification process of all kinds of matrices, also inorganic
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TRANSPARENT BAND AREA
WHITE BAND AREA

Py

Ablated area

Fig. 1. Murrina used for ablation volume-aided calibration in multielement LA-
ICP-MS mapping; the insert gives the actual analyzed section.

ones, a more generic approach is needed. We chose to measure the ab-
lated volume per pixel as a means of correction for differences in ablated
mass between samples and standards within and across matrices. This
ablation approach yields by definition mass per volume concentrations
instead of the conventional mass per mass concentrations, unless
interconversion via known or measurable (local) densities of the
matrices involved is possible.

As a proof-of-concept, ablation volume-aided calibration was applied
for LA-ICP-MS quantification of highly variable elemental concentra-
tions in a decorative glass (murrina). Ablation rate differences within
the murrina, and between the murrina and the standards, were corrected
by normalizing the element maps using the pixel-associated ablation
volumes. The approach was validated using LA-ICP-MS with sum
normalization calibration [21,22], as well as with scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDXS). To
demonstrate that ablation rate variations are not so uncommon, we also
analyzed a geological thin section consisting of several mineralogical
phases with and without volume normalization.

2. Material and methods
2.1. Samples and standards for the volume-aided calibration approach

In the murrina production process, glass canes (long rods of glass) are
formed based on stretching a compact mass of hot glass to great length,
implying that it retains its radial pattern in longitudinal direction
perfectly, and as such a several millimeters thick slice of the cane
(=murrina) has a high depth homogeneity, making it an ideal sample for
repeated mapping on the same area. A modern murrina (Murano, Italy)
(Fig. 1), embedded in epoxy resin, and polished with silica carbide
polishing disks (800 and 2400 grit) and diamond slurry (Diamond sus-
pension, polycrystalline, Reflex LDP, 3 um, Presi, France), was subjected
to LA-ICP-MS multi-element mapping in line scanning mode to quantify
the highly variable elemental concentrations. Glass standards used in
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Table 1
Operational LA-ICP-MS settings used for multielement mapping of the murrina.

LA (Analyte G2, ARIS, and glass expansion unit)

Wavelength (nm) 193

Laser fluence (J cm~?) 3.6
Repetition rate (Hz) 100

Scanning mode Line scanning
Dosage (shots per pixel) 10

Washout time (ms) Ca. 100
Beam size (um) 5

Mask shape Square

He flow rate (L min ') cup|cell 0.3/0.3

ICP-MS (Agilent 7900x)

Ry power (W) 1500
Plasma gas flow rate (L min ") 15
Auxiliary gas flow rate (L min~") 0.9
Ar makeup flow rate (L min~") 0.8

Data acquisition Time-resolved
Isotopes measured 295i,2Na, 7’ Al,**K, **Ca,”*As,"¥Ba and***Pb
Dwell time (ms) 10

the calibration were the NIST SRM glasses 610 and 612, having nominal
concentrations of 500 and 50 pg g ', respectively, for ca. 60 elements.
The proposed approach was also used to analyze a well-prepared
geological thin section, which contained various mineralogical phases
like garnets, cordierite, biotite, and others. This is a typical geological
sample frequently analyzed by LA-ICP-MS, and will aid to demonstrate
that intra-sample ablation rate variations are rather common and may
need extra attention with regard to accurate quantification via volume
normalization.

2.2. Instrumentation and measurement protocols

Elemental mapping was performed using a laser ablation system
(193 nm ArF*; Analyte G2, Teledyne Photon Machines Inc., Bozeman,
MT) equipped with a standard active two-volume ablation cell (HelEx
1D), including the Aerosol Rapid Introduction System (ARIS, Teledyne
CETAC Technologies) coupled with glass expansion unit, a so-called
long pulse module having an overall aerosol particle washout time of
ca. 100 ms (=FW0.01 M, full width at 1 % of the maximum). The laser
ablation system was interfaced with a quadrupole ICP-MS instrument
(Agilent 7900x, Agilent Technologies, Santa Clara, CA). The LA-ICP-MS
mapping conditions for element mapping of the murrina in line scanning
mode are given in Table 1. Line scanning was performed with a dosage D
of 10, implying that signals of 10 laser shots were accumulated in the
analysis time AT of 100 ms, requiring a repetition rate RR of 100 Hz (D
= RR-AT) [23-25]. In essence, 10 overlapping laser shots generated a
square pixel equal to the beam size BS although the material sampled
originates from a slightly larger area ([2¢BS-BS/D] x [BS]). To measure
the surface morphology of the murrina surface we used an optical
interferometer (Zegage PRO HR, Zygo Corporation, Middlefield, CT). 3D
information was recorded using a 50 x magnification lens with a lateral
resolution of 0.173 pm, and a surface topography repeatability better
than 3.5 nm. Data associated with the surface topography was first
processed with the manufacturer’s MXTM software (version 8.0.0.23),
and then “sur” and “int” files were imported and converted into csv
format using MatLab R2020a (MathWorks); missing data corresponding
to extremely sloped areas was filled in with adjacent data using the
regionfill function in MatLab. The high-resolution topography maps
were resampled to match the pixel size of the LA-ICP-MS element maps,
followed by registration of the different modality maps, i.e., the element
and volume maps. ImageJ, OriginLab, and HDIP (Teledyne Photon
Machines Inc., Bozeman, MT) software packages were used for image
and data processing.

For the highest precision and accuracy, the ablation volume-aided
calibration approach requires pre-knowledge about the density of the
standards. To this end, we measured the density of the NIST SRM 610




K. Mervic et al.

Table 2

The LA-ICP-MS murrina data generated by the volume-aided calibration
approach (Vol) was validated by comparing it with data obtained from LA-ICP-
MS with sum normalization calibration (Sum) and SEM-EDXS. The transparent
(T) and white (W) areas on the murrina were analyzed separately. The data in
the table are reported as averages +95 % confidence limits (volume concen-
trations converted to %m/m or ug g ! concentrations), by measuring the signal
and volume of multiple areas (10 x 10 pixels) for both the white and transparent
parts.

Elem Area Vol Sum SEM-EDXS
Si %m/m T 327 £0.5 314 £ 21 35.2 + 0.2
w 19.2 £ 0.2 205+ 17 21.7 £ 0.1
Na T 133 £ 05 12.7 £ 0.8 135+ 0.1
m,/m w 6.0 +£ 0.1 59+ 0.5 6.3+ 0.1
Al %m/m T 0.40 + 0.01 0.33 £ 0.02 0.38 + 0.04
w 0.57 + 0.01 0.54 + 0.04 0.60 + 0.03
K %m/m T 23+01 23£02 2101
w 1.7 £ 0.1 1.9 +0.1 19+01
Ca %m/m T 52+02 5.1+ 0.4 5.1+0.1
w 09 +0.1 0.95 + 0.2 0902
As %m/m T 0.40.03 0.33 £ 0.01 0.26 + 0.04
w 49 + 0.2 47 £ 0.4 49+ 0.1
Pb %m/m T nd* nd* nd*
w 31.0 £ 0.4 32+23 311 +£0.2
Bapgg ' T 27 +33 30 + 4.0 nd*
w 20+ 37 20+ 2.0 nd*

* not detectable.

and 612 standards with a gas pycnometer (1345 AccuPyce II, Micro-
meritics, Norcross, GA). To convert mass per volume concentrations in
the murrina sample to mass per mass concentrations, the local densities
need to be determined as well. As local densities cannot be determined
directly, we inferred them from their local composition using a global
model [26] based on concentration data obtained with SEM-EDXS (see
Table 2). Calculated densities were as follows: approximately 2.49 g
cm 3 for the transparent area and 3.20 g cm 2 for the white area; these
data are in line with the densities of soda-lime-silica glasses and lead
glass, respectively [27]. This allows us to validate the results of
LA-ICP-MS volume-corrected calibration data with SEM-EDXS and
LA-ICP-MS sum normalized calibration data (see Table 2).

Variations in Ablation Rates Within and Between Matrices
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2.3. Validation

To validate the volume-corrected calibration approach, comple-
mentary techniques were used to measure the concentrations of selected
elements (see Table 1) in the white and transparent areas indicated in
Fig. 1, using LA-ICP-MS with sum normalization calibration and direct
SEM-EDXS analysis. The sum normalization approach is a mathemati-
cally formulated technique based on the simultaneous measurement of
54 elements and normalizing them to 100 % m/m based on their cor-
responding oxide concentrations [21]. Additionally, direct SEM-EDXS
analysis was carried out using a FE-SEM Zeiss Supra TM 35 VP Carl
Zeiss, Oberkochen, Germany) field emission scanning electron micro-
scope equipped with an energy-dispersive X-ray spectrometer SDD EDX
Ultim Max 100 (Oxford Instruments, Oxford, UK). Samples were coated
with 6 nm of platinum using a precision etching coating system (PECS),
model 682 (Gatan, US). The operating voltage was set to 20 kV.

3. Results and discussion

Generally, external calibration by solid sampling techniques such as
LA-ICP-MS requires closely matrix-matched reference materials to ac-
count for differences in ablation rate, and the use of suitable internal
standards to correct for instrumental drift and fluctuation. As matrix-
matching is only possible for samples with “known” characteristics,
and the fact that internal standards are usually difficult to pinpoint, we
discuss here an ablation volume-aided calibration approach that cor-
rects for temporal variations in ablated mass during elemental mapping
for the best possible localized quantification of selected elements in a
murrina (Fig. 1). We used a murrina because of reproducible mapping
areas and the fact that concentrations can be conveniently validated via
the sum normalization approach and SEM-EDXS.

3.1. Volume-corrected calibration

To perform ablation velume-corrected quantification of elements in
a sample (S) by 2D LA-ICP-MS mapping, we not only measure the signal
intensity Ag; (in cps), but also the volume ablated (Vg;) (in pm3} per
pixel i (see Fig. 2). A number of n calibrants (Cn) with known mass
concentrations cenmass (in pg g’l) and densities Dey (in g em 3) are

Calibrant (C) Data processing
LA-ICP-MS Profilometry c1 for) a
Acu Aczn Aa,. Vn,. ch,n VG,:‘
Sample ()
LA-ICP-MS Profilometry o B

. | .
.
As; Vs

C5v0ti = (A Vs l/m

Fig. 2. Principle of the ablation volume-aided calibration approach based on LA-ICP-MS and profilometry measurements, and using calibrants (C1, C2 and C3) with
equal densities (D¢, = Dz = Des), yielding a sample map with pixels i showing mass per volume concentrations Cg i
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low N high

Fig. 3. Surface morphology of the ablated section of the murrina (Fig. 1, insert)
measured by optical profilometry and shown as a 2D-greyscale image (A)
showcasing the actual depth ablated with 10 shots with further detailing in the
orange rectangle (B), and along the orange dashed line (C). The zero-levels
correspond to the pristine, unablated murrina surface.

P 1)

applied for external ion; when d similarly as the
sample, the average calibrant signal intensities A¢, per pixel (in cps) and
the ge calibrant vol blated Ve, per pixel (in ym®) yield a
calibration graph as presented in Fig. 2. Here the average volume con-
centrations Ccy,yor Of the calibrants (in pg cm ™) are given by ccnmass-Den
and the slope of the calibration graph by m (linear regression, forced
through zero). The unknown volume concentrations cg,yoy; in pixel i of

low IR high
A 100
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the sample (in pg cm %) are given by (As/Vs,)/m. Most often it is un-
likely that cgyo1i can be converted into cgmass; as local densities in the
sample need to be known, implying that this approach generally cal-
culates the elemental concentrations in pixels of the sample map as mass
per volume concentrations. By recording pixels of calibrants and sam-
ples similarly (pixel width = scanning speed SS x acquisition time AT;
pixel height = distance between line scans L), their area is uniform, and
correction based on ablation volume becomes an ablation depth
correction. When a sample has a flat, smooth surface prior to ablation, it
suffices to merely measure the post-ablation surface, but when this is not
the case both the pre- and post-ablation need to be measured to reliably
construct the locally ablated volume [28].

3.2. Surface morphology

Due to the fact that the murrina has a flat and polished surface, it
suffices to only measure the post-ablation surface topography. Fig. 3A
shows the grayscale post-ablation topography map of an ablated section
of the murrina, indicating a significant difference in ablation rate be-
tween the white and transparent areas. Fig. 3B and C detail the 3D
surface depth in the area framed by the orange rectangle and the line
scan depth along the orange dashed line in Fig. 3A, respectively. The
ablated section has consistent ablation depths for the white (dark grey in
Fig. 3A) and transparent (light grey in Fig. 3A) areas, being 1.98 and
1.25 pm, respectively. A potential reason for better ablation character-
istics of the white area is that it contains a significant amount of Pb (31.1
% m/m, SEM-EDXS, Table 2), making it much softer for ablation but also
denser than the transparent area which is primarily silica (75.3 % m/m,
SiO; calculated from SEM-EDXS, Table 2). The post-ablation surface
topography was also measured for NIST SRM 610 and NIST SRM 612
(data not shown), which are commonly used as matrix-matched stan-
dards for LA-ICP-MS calibration of glass samples. The ablated areas of
NIST SRM 610 and NIST SRM 612 have a consistent ablation depth of
1.10 and 1.30 pm, respectively, using the same LA-ICP-MS operational
settings as for the murrina sample. An image with isometric projection
(Fig. S1) is added for better portrayal of the differences in laser ablation
of the measured area in Fig. 3.

3.3. Volume-corrected surface quantification of major, minor and trace
elements in the murrina

We selected major, minor and trace elements (Si, Na, Al, Ca, K, As, Pb
and Ba) for measurement in selected locations of the murrina (Fig. 1)
using optimized LA-ICP-MS conditions (Table 1) to minimize aliasing
and elemental fractionation. Fig. 4A and 5A show the not volume-
corrected maps (in % m/m) for Si and As obtained by direct two point
calibration with the NIST SRM glasses 610 and 612. Fig. 4B and 5B show
the volume-corrected maps (converted to % m/m via measured den-
sities) for Si and As based on volume correction using the surface

—— Voksme-sced castraen

Mass concentration (% m/m)
8 &

o

Fig. 4. LA-ICP-MS concentration map of Si in a section of the murrina (Fig. 1, insert) using conventional, not volume-corrected calibration (A) and volume-corrected
calibration (B); the not-vol d and corrected concentrations (in % m/m) along the dashed lines in A and B are shown in C.
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Fig. 5. LA-ICP-MS concentration map of As in a section of the murrina (Fig. 1, insert) using conventional, not volume-corrected calibration (A) and volume-corrected

orrected

calibration (B); the not-vol
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Fig. 6. Comparing the concentrations (with 95 % confidence limits) of eight

1 btained by the vol orrected calibration approach and the not
volume-corrected calibration approach in the transparent and white areas of
the murrina.

topography maps in Fig. 3. Fig. 4C and 5C show the concentration
profiles along the dashed lines for Si and As.

Respectively, both for the not-volume corrected data (in % m/m) and
the volume-corrected data (converted to % m/m via measured den-
sities). For the other six elements the respective maps are given in
Figs. $2-S7 (Supporting information). The not volume-corrected Si map
shows higher concentrations in the white area than in the transparent
area, whereas for the volume-corrected Si maps the results are reversed.
This suggests that the higher not volume-corrected Si concentrations in
the white area are not due to an actual higher concentration, but are
merely the effect of a higher mass ablated per laser shot, and thus a
better representation of the actual volume concentration. This corre-
sponds well with the high concentration of lead (31.0 % m/m, Table 2)
in the white area, making the glass softer and easier to ablate. Conse-
quently, there is less silicon on the expense of lead, therefore making the
not volume-corrected maps questionable with regard to Si content.
Similar to Si, in the not volume-corrected map also more As was found in
the white area than in the transparent area. However, when normalized
on volume, the differences between the two areas in the corrected maps
become significantly smaller.

As seen from the surface morphology data (Fig. 3), different ablation
rate characteristics are found for different glass areas within the mur-
rina. This significantly affects the elemental concentrations in 2D LA-
ICP-MS maps when conventional calibration is performed. We

ions and corrected concentrations (in % m/m) along the dashed lines in A and B are shown in C.

postulate that for precise quantification the volume-correction calibra-
tion approach corrects for inter- and intra-sample ablation rate differ-
ences, and yields more accurate data when the transport efficiencies and
matrix sensitivities are the same.

3.4. Validation of the volume-corrected calibration approach

The volume-aided calibration approach highlighted above was
validated by comparing concentrations of all eight elements in the white
and transparent areas on the murrina by LA-ICP-MS with sum normal-
ization calibration and SEM-EDXS analysis. After conversion of the
volume concentration data via local densities to mass concentrations,
validation of the ablation volume-corrected concentrations becomes
feasible. Table 2 izes the results for all elements. The average
concentrations ob d with the volume-aided calibration method are
in good agreement with the LA-ICP-MS sum normalization and SEM-
EDXS data.

However, from Fig. 6 it can be seen how the not volume-corrected
data deviated significantly from the volume-corrected data, especially
in the white area. The white area showcased a larger ablated volume
(see Fig. 3) and higher densities compared to the transparent area and
the NIST SRM glass standards, leading to higher signals due to larger
amounts of ablated material entering the ICP-MS, and thus resulting in
overestimation of the concentrations.

On the other hand, there is not much difference between the con-
ventional, not volume-corrected data and the volume-corrected data for
the transparent area, because the glass of the transparent area shows
similar characteristics, i.e., ablation depth and density, as the NIST SRM
610 and 612 standards. This is an additional proof that exact matrix-
matched standards are needed for determination of the correct con-
centrations by LA-ICP-MS, and confirms our hypothesis that for reliable
quantification in 2D LA-ICP-MS mapping, vol orrected el 1
maps are the way forward, especially in cases where matrix-matching is
problematic. Although the sum normalization approach seems the best
and most convenient of all of the approaches, and might be the method
of choice aiming for the most accurate results, glass is a rare example
where the sum normalization can be used. For a more complex polished
geological thin section sample we demonstrate (see Figs. S8 and 59,
Supporting information) that considerable ablation rate differences exist
within the sample, which may be dealt with by ablation volume
normalization, most likely leading to improved quantification data,
despite uncertainties in transport efficiencies and relative matrix sensi-
tivities which exist for other calibration approaches as well.

4. Conclusions

Calibration has long been the Achilles’ heel in LA-ICP-MS quantifi-
cation as elemental fractionation, instrumental drift, and fluctuation, as
well matrix-dependent ablation rates, all have to be considered in the
calibration process. In this work, we have focused on investigating

3.4. Manuscript 4: Utilizing Ablation Volume for Calibration in LA-ICP-MS Mapping to Address

61



62

K. Mervic et al.

(local) ablation rate differences in a decorative glass (murrina) and
calibration standards upon measurement of major, minor and trace el-
ements, and correcting for them using the ablated volume per pixel.
Validation with complementary techniques has shown that conven-
tional, not-volume calibration with supposedly appropriate standards
may yield inaccurate quantification data. Furthermore, we have shown
that 2D LA-ICP-MS mapping of a more complex geological sample with
different phases shows ablation rate differences within the sample which
can be mitigated by volume normalization of the individual pixel
intensities.

This is especially relevant for “hard” (geological, metallurgical, etc.)
samples which cannot be sectioned into very thin cross-sections as in the
case of bi les. C , the r g concentrations may
have to be reported in m/V umts (ug em %) as intra- -sample densities are
mostly unknown. Further research is being conducted to demonstrate
that this technique indeed delivers superior quantification data for
diverse matrices. Summarizing we can say that neglecting the actual
volumes ablated may result in potentially inaccurate LA-ICP-MS data
when significant variations in ablation rates are found between samples
and standards within and across matrices.
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Chapter 4

Conclusions

This dissertation contributes to science by deepening the fundamentals of LA-ICP-MS
analysis and developing a new, non-matrix-matched, volume-based calibration approach.
This enables quantitative analysis for a larger number of samples as it is not dependent on
the availability of matrix-matched standards. While many calibration methods for LA-
ICP-MS analysis have been developed over the years, most of them still rely heavily on
matrix-matched standards and a homogeneously distributed internal standard to obtain
accurate quantitative results. However, finding a suitable matrix-matched standard and an
internal standard for signal normalization is an extremely difficult task for many sample
types, especially those with more complex matrices or heterogeneous inter-sample
composition. Therefore, the main objective of this work was to develop a volume-based
calibration approach to improve the quantitative capabilities of LA-ICP-MS. The aim of
this thesis was summarized in five hypotheses, which were addressed in the four
manuscripts presented.

The first hypothesis states that the different operating parameters of the LA-ICP-
MS, especially the energy density (e.g. fluence), have a significant impact on the accuracy
and signal-to-noise ratio and thus on the precision of the results obtained. This was
addressed in Manuscript 1, where the effects of beam size, energy density and aerosol
transport on quantification in single-pulse LA-ICP-MS analysis were investigated by
analyzing signal intensity, noise characteristics, ablated volumes, etc. The effects were
investigated for different matrices (gelatin standards, NIST SRM 612 glass standard),
concentrations (10-1000 pg g') and different elements (As, Gd, La, Ni, Te and Zn). The
work has shown that the use of larger beam sizes and higher energy densities, well above
the ablation threshold of the material, can indeed lead to various problems. These include
a reduction in the ratio of signal to ablated volume, higher noise and relative standard
deviations (RSDs) and the occurrence of double peaks in the single pulse response mode.
The results of the current study are consistent with previously published research
indicating that higher fluences tend to produce larger particles, while excessively large
beam sizes produce an abundance of aerosol particles. This can lead to overloading and
therefore reduced transport efficiency from the ablation cell to the inductively coupled
plasma (ICP) as well as suboptimal atomization and/or ionization of the elements present
in the large particles, resulting in partial signal loss. Therefore, these results confirm the
first hypothesis that the selection of optimal parameters for the analyzed sample can
significantly improve the accuracy and precision of the results obtained by LA-ICP-MS
analysis and is in fact paramount for accurate work.

In this context, the second hypothesis assumes that the use of energy densities well
above the ablation thresholds of carbon-based matrices leads not only to the formation of
larger particles, but also to the formation of a gaseous and a particulate phase for certain
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elements causing double peaks. The double peak phenomenon was studied Manuscript 1
and then in further detail in Appendix A.1 in collaboration with the Atomic and Mass
Spectrometry Research Group of the Department of Chemistry at Ghent University. The
influence of different parameters was assessed by studying single pulse response profiles for
a large collection of elements obtained upon ablation of gelatin. During the experiments,
bimodal peaks were observed for certain elements, indicating the formation of two distinct
phases. This was further investigated using a cryotrap to remove the gas phase and a filter
to remove the particle phase. The results support the second hypothesis and confirm that
for certain elements (such as C, Zn, As, Se, Cd, Te and I) the use of higher fluences leads
to the formation of both a gaseous and a particulate phase, which can be seen as two peaks
in the SPR profiles. The double peaks are the result of different transport behavior of the
phases. Furthermore, the results indicate that the laser wavelength also has an influence
on the formation of the gaseous phase. During ablation with the 213 nm laser, either a
similar or a higher amount of gaseous phase was observed compared to the 193 nm laser.
In addition, elements that appeared completely in the particulate phase when ablated with
a lower wavelength (193 nm) are partially converted to gas when 213 nm is used.

The third hypothesis is aimed at non-matrix matched calibration, which has not
been investigated on the basis of the literature review described in Manuscript 2. It assumes
that calibration is possible in cases where standards and samples do not have the same
matrix properties by taking into account the ablated volume/mass and using the optimal
operational parameters. This is discussed in the first part of Manuscript 3, where the
effectiveness of the ablation volume normalization technique for LA-ICP-MS analysis was
evaluated. As previously mentioned, laser fluence affects both the amount of material
ablated and the particle size distribution within the ablated aerosol, which in turn affects
particle transfer and ionization dynamics and efficiency in the ICP. To investigate whether
the ablated volume normalization approach combined with the use of the correct laser
fluence allows for non-matrix-matched calibration, a series of experiments were performed
using custom-made multi-element gelatin standards (ranging from 10 to 250 pg g') at
different laser fluences (0.5, 2.0, 4.0 and 6.0 J cm™?) to analyze NIST 610, which was ablated
at a fixed laser fluence of 3.6 J cm™ Nine experimental element concentration values
obtained by treating NIST 610 glass as a sample were compared with reference
concentration values. The concentrations obtained from the calibration with the lowest
fluence (0.5 J cm™) agreed well with the reference values and deviated by less than 10 %.
However, higher fluence values, in particular 4.0 and 6.0 J cm™, gave results that deviated
significantly from the reference values, with deviations of about 20% for 4.0 J cm™ and
over 40% for 6.0 J cm™. This again underlines the importance of using appropriate fluence
and confirms the third hypothesis by successfully calibrating glass samples using gelatin
standards as a calibrant. In Manuscript 3, non-matrix-matched calibration for LA-ICP-MS
bulk analysis is further investigated by cross-calibrating different materials (e.g. glass,
zircon, carbonates, plants, proteins, etc.) to test the fourth hypothesis. The ablation
volume normalization approach, which combines LA-ICP-MS and 3D profilometry, is based
on normalizing the signal intensity to the ablated volume and thus corrects for differences
in ablation between different matrices. The approach was tested by cross-calibrating
different material types, including glass (NIST SRM 610, NIST SRM 612, NIST SRM 614,
CMG-B, DLH-8), carbonates (JCp-1, JCt-1), plant sample (NIST SRM 1547), zircon
(Plesovice) and proteinaceous substances (gelatin). The measured concentrations
consistently matched the certified values for all materials, demonstrating the effectiveness
of using calibration standards for materials with clearly defined elemental compositions
and thus confirming the fourth hypothesis. Gelatin and glass in particular showed
remarkable compatibility, which is probably due to the fact that they are the best defined
and have good ablation. In addition, multi-point calibration is possible, whereas only single-



67

point calibration is possible with other standards. This makes gelatin and NIST SRM 61X
glasses the most versatile and useful standards. The deviations in elemental concentration
measurements remained mostly below 10 %, except in cases with extremely low
concentrations.

Finally, the developed ablation-volume normalization approach was applied to
quantification in LA-ICP-MS mapping to test the last, fifth hypothesis, which assumes
that not using a non-matrix-matched volume-aided calibration leads to inaccuracies unless
the matrix of the sample and the standard match perfectly. This is evaluated in Manuscript
4, where the differences in the ablation rate of a decorative glass (Murrina) and the
calibration standards (NIST SRM 610 and 612) when measuring major, minor and trace
elements were investigated and then corrected using the ablated volume per pixel. In
general, quantitative 2D laser ablation mapping analysis requires an appropriate matrix-
matched standard as well as a homogeneously distributed internal standard to minimize
element fractionation issues, correct for instrumental drift, and account for differences in
ablated mass. However, as these requirements are often not met, the volume correction
calibration approach was tested for the multi-element quantification of decorative glass.
The surface morphology data revealed discrepancies in ablation rate characteristics within
the Murrina sample and between the decorative glass sample and the CRM glass standards.
The white region of Murrina had a larger ablated volume and higher density than its
transparent region and the NIST-SRM glass standards, resulting in higher signals due to a
greater amount of ablated material being measured by the ICP-MS. This resulted in
significantly inaccurate determination of elemental concentrations in 2D LA-ICP-MS maps
with conventional calibration compared to the elemental concentrations obtained with the
volume-corrected approach. The effectiveness of the volume-based calibration method was
further verified by comparing the concentrations of eight elements in different sections of
the Murrina using LA-ICP-MS with sum normalization calibration and SEM-EDXS
analysis. The eight elements were selected based on the possibility of detecting them by
SEM-EDXS analysis. The average concentrations derived from the volume-based
calibration method agree well with those of the LA-ICP-MS sum normalization and the
SEM-EDXS data, confirming the last hypothesis.

In summary, this dissertation makes a significant contribution to the field of LA-ICP-
MS analysis by improving our understanding of the fundamental principles and introducing
a novel volume-based calibration approach that does not rely on matrix-matched
standards. By bypassing the need for such standards, this innovative method facilitates
the quantitative analysis of a wider range of samples and improving the versatility and
applicability of LA-ICP-MS in different research contexts. Despite the variety of calibration
methods that have been developed over the years, most still rely on matrix-matched
standards and internal standardization, which is challenging for many sample types with
complex matrices. However, the volume-based calibration approach developed in this work
addresses this limitation, as demonstrated by a series of hypotheses tested in several
manuscripts. From evaluating the impact of operating parameters on precision, to
investigating the formation of double peaks, to validating calibration methods that are not
adapted to the matrix, each hypothesis contributed to the refinement and validation of the
proposed approach. Overall, the results highlight the potential of the volume-based
calibration method to significantly improve the accuracy and reliability of LA-ICP-MS
analysis and pave the way for wider adoption and application in various research fields.
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Appendices

A.1 Evaluation of Two-Phase Sample Transport upon
Ablation of Gelatin as a Proxy for Soft Biological
Matrices Using Nanosecond Laser Ablation — Inductively

Coupled Plasma — Mass Spectrometry

Published: Van Helden T., Mervi¢ K., Nemet I., van Elteren J.T., Vanhaecke F., Roncevié¢
S., Sala M., Van Acker T., (2024). Analytica Chimica Acta, 1287, 342089, doi:
10.1016/j.aca.2023.342089.

Based on the conclusions of Manuscript 1 and additional papers reporting on formation of
double peaks upon ablation of carbon-based materials this study aims to improve the
understanding of the matter of double peaks. In several recent studies double-peak
formation has been observed for certain elements especially when ablating biological
samples, however this phenomenon has not been thoroughly examined. The working theory
was that some elements form particulate and gaseous phase upon ablation, showcasing as
double peaks. This is concerning for two reasons. Firstly, the two phases exhibit different
transport characteristics, which can lead to smearing in elemental maps. Additionally,
particulate and gaseous phase might be ionized in the ICP differently, and thus affecting
the accuracy of quantification.

Generally, upon ablation analytes are primarily transported in particulate form.
However, this work demonstrates that during gelatin ablation a notable portion of certain
elements is partially transported in a gaseous phase. This occurs even at low laser fluences,
but the phenomenon is more pronounced with application of higher laser fluences. Using
time-of-flight mass spectrometer, which enables simultaneous detection of the whole mass
range, behavior of elements was observed, showcasing that this phenomenon is very element
dependent. Therefore, using a 193nm laser the ratio of signal intensity transported in
gaseous phase to the signal intensity, ranging from 0 % for sodium to 95 % for carbon.
Additionally, the experiments were also conducted with 213 nm to see if the wavelength
also affects the formation of gaseous phase. Upon ablation with 213 nm laser all elements
exhibit either similar (e.g. C, Cd) or increased (e.g. Zn, Te) gas formation compared to a
193 nm laser. Furthermore, some elements (e.g. Pb) which occur mainly in particulate form
with 193 nm laser, also exhibit formation of gas phase with 213 nm laser. This could
possibly be due to thermal effects induced by the photon beam. As explained above, at 193
nm only a small part of the energy is converted into heat, whereas at 213 nm significantly
more energy is converted into heat.

In this study, the underexamined phenomena of two-phase sample transport during LA-
ICP-MS ablation of biological matrices with nm laser is thoroughly investigated. The work
demonstrates that certain elements can undergo partial conversion into gaseous phase
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under specific conditions, potentially causing smearing effects and lower accuracy of
quantitative results. Therefore, when analyzing biological samples, element-specific peak
profiles should be assessed in advance and, if necessary, data acquisition should be slowed
down and instrument settings adjusted.
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A.2 Exploring the Benefits of Ablation Grid Adaptation in
2D /3D Laser Ablation Inductively Coupled Plasma
Mass Spectrometry Mapping Through Geometrical

Modeling

Published: wvan Elteren J.T., Metarapi D., Mervic K., Sala M., (2023). Analytical
Chemistry, 95(26), 9863-9871, doi: 10.1021/acs.analchem.3c00774.

During my PhD, I also co-authored a paper published in the journal Analytical Chemistry,
which investigated the potential advantages of modifying the ablation grid in two-
dimensional (2D) and three-dimensional (3D) laser ablation with inductively coupled
plasma mass spectrometry (LA-ICP-MS) in single pulse mapping mode. The main
objectives of the paper were to smooth the surface after ablation to facilitate layer-by-layer
sampling, increase the precision of surface sampling for elemental distribution, improve
image quality, and enable control of depth-based sampling. Since such a laser ablation
stage is currently not available, a computational approach with geometric modeling was
used to model its features. The approach is based on the compilation of experimentally
derived round and square 3D crater profiles on variable hexagonal or orthogonal ablation
grids. The computational approach optimizes the ablation grids to achieve minimum
surface roughness as a function of average ablation depth, and consequently stimulates the
post-ablation surface and corresponding image quality. The study has shown that reducing
the ablation grid size in single-pulse LA-ICP-MS mapping improves post-ablation surface
smoothness, spatial resolution and control over the depth of the ablation layer. Precise
adjustment of the ablation grid and control of the 2D overlap of ablation points enables
regulated ablation depth while maintaining surface smoothness. For optimal LA-ICP-MS
mapping, symmetric contraction at a moderate level is recommended to minimize depth-
related distribution discrepancies and reduce the risk of blurring. In addition, an online
application (https://lalCP-MS-apps.ki.si/webapps/home/) has been released that allows
users to virtually experiment with the contraction/expansion of orthogonal and hexagonal
ablation grids for generic 3D supergaussian laser crater profiles. For the future, it is crucial
to emphasize that practical LA-ICP-MS mapping with contracted orthogonal and
hexagonal ablation grids raises concerns about stage inaccuracies, especially for hexagonal
mapping. The next step will involve the development of piezoelectric stages arranged in
both orthogonal and hexagonal configurations so that the advantages of ablation grid
adaptations can be fully realized.
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