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Laser ablation (LA) in combination with inductively coupled plasma mass spectrometry (ICP-MS) is a technically
advanced micro-analytical method for direct sampling of solid materials and allows the determination of a
majority of elements from the periodic table. In recent years, the technology has undergone major improvements
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 [3]. 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
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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.
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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 . .
Semiquantitave
calibration approaches Quantlﬁcatlon
-
strategies
Isotope dilution for biological samples
- Spike addition post ablation
- Spike addition on the tissue
Signal Specific —
correction application
approaches
Internal standardization Nanoparticles
- Internal standard (C, 5, 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.

Quantification type Matrix Advantages Disadvantages
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
Polymer-based Polymers background 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
Spin-coating of Polymers background levels Homogenous
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 SI 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

Table 1 (continued)
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Quantification type Matrix Advantages Disadvantages
Semiquantification 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

Internal standardization

Intrinsic elements
(C, P, S, Ca)

calibration

Corrects for
elemental
fractionation and

Not actual
quantification
Lack of appropriate

elements for IS
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
[38]. 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 standard, using different laser fluences [40]. (C)
Comparison of calibration curves for spiked sections of liver tissue homogenates and spiked gelatin droplet standards, obtained by LA-ICPMS analysis [37]. (D)
LA-ICPMS quantification of Ca, W and Zn deposits in bone samples using hydroxy-apatite collagen standards [44]. Figures adapted from the references [26,37,40,44]

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-matched tissue homogenates
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

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 unsuitable as the assumption
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 zinc in NIST SRM
1486 without correction for the calcium content [44].

Teeth are another commonly analyzed mineralized tissue as they
provide a valuable chronological bioindicator 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 N» 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(II) 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 using 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
technique at room temperature. The amount 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-pm
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 imaging. The main advantages of
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
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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 endogenous elements 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 standards
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
evaluated gelatin-based sections for the quantification of Mg, Mn, Fe, Cu
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 pL 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 systematically evaluated different parameters in the
preparation of gelatin droplet standards in order to achieve a homoge-
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.
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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 kidney of
monkeys treated with cisplatin to evaluate possible mechanisms 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) analysis in biomaterials [73].
Custom-made gelatin standards containing commercial 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 CaCOs 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
S6Fe * by relying on chemical resolution using a gas mixture of NHs and
He. Fe-spiked gelatin droplet standards were prepared on a high-purity
single-side polished silicon wafer and used as external calibration
standards. Their corresponding Fe concentrations were determined by
pneumatic nebulization ICP-MS/MS analysis after acidic digestion [74].

The dispensing of small-sized droplet standards 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 precise
deposition of pL-droplets onto samples [75]. The method 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-element gelatin micro-droplet standards prepared by a micro-dispensing 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 7Y and '°*Ir signal response [35]. The Figures were adapted

from the references [32,33,35,36,671, with permission from the publishers.

100-200 pm and the use of a low-dispersion LA setup resulted in an
analysis time of less than 10 min for a calibration blank and a series of 5
calibration standards. This is in a similar time regimen as a calibration
sequence for solution-based ICP-MS analysis. The quantitative
LA-ICPMS imaging method was validated by solution-based flow injec-
tion ICP-MS/MS analysis [36]. In a subsequent study, the calibration
method was further validated by standard addition and isotope dilution
approaches [58]. The developed calibration method is applicable to the
multi-element quantification of biological samples including single cells
and tissue samples by LA-ICPMS analysis [36,81,82]. The gelatin
micro-droplet standards are the first ones that are commercially avail-
able for bioimaging by LA-ICPMS [83].

1.7. Solution-based quantification/online addition of standards

Alternatively, solid-liquid calibration is also utilized for quantifica-
tion purposes in LA-ICPMS. Dual flow systems enable simultaneous
introduction of the laser ablated material and a nebulized aqueous
standard solution. This method entitles mixing of the carrier gas flow
coming from the ablation cell with an aerosol generated by nebulization
of an aqueous standard solution. Both standards with natural isotopic
composition as well as isotopically enriched standards have been used
for such experiments. Alternating addition of standard and blank solu-
tions to the sample stream allows for quantification of the analyte
concentration in the sample. The method requires correction for the
differences in ablation efficiency as well as desolvation of the wet
aerosol prior to its mixing with the sample aerosol, when aiming to
maintain the advantages of ‘dry plasma’ conditions. The main advantage
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
ablation efficiency or altered transport efficiencies [84].

Various solution-based calibration methods for quantitative analysis
of biological samples have been developed over the years. In one study, a

dual flow of the carrier and nebulizer gas was used to transport the
aerosol of the nebulized aqueous standard and that of the ablated brain
tissue sample into the ICP source [85]. Aerosols were introduced sepa-
rately in the injector tube inside a special ICP torch and then mixed in
the inductively coupled plasma as shown in Fig. 5. The nebulizer pro-
duces wet aerosols affecting the sensitivity and linearity of the calibra-
tion curves. The introduction of water in the plasma by nebulization of
aqueous standards increases the formation of polyatomic ions, which
can interfere with the signal of the analyte isotopes. The effect of water
on the calibration curves is different for different isotopes, and varia-
tions in the ratio of the slopes of the calibration curves can be observed.
The loss of analytes during the nebulization step may also affect the
calibration curves. Thus, calibration in dry plasma utilizing
matrix-matched standards, i.e. homogenous brain laboratory standards,
was also performed. The ratios of the calibration curves slopes obtained

Carrier gas
ares

Brain tissue

Nebulizer
gas

Solution

Nebulizer system

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
separately to the ICP-MS. The aerosols from the nebulizer and LA are simul-
taneously introduced into the injection tube. The Figure was adapted from
Ref. [85] with permission from the publishers.
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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
aqueous standards were in agreement 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 [86]. 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
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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 > Fe-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 %‘Cu, 8Zn-superoxide dismutase (SOD) was prepared to
quantify natural SOD in spiked liver extracts using polyacrylamide gel
electrophoresis (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 commercially 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 homogenization, 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
ID-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
etal. [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 (*3C) 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 13C 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, 13¢ 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 hyperaccumulator Arabidopsis
helleri [112]. Signal normalization with 13¢ 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, >C 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 12C and '3C in comparison to 2Si and 3!P asIS.
Based on the highest precision obtained and the highest homogeneity in
the sample surface (verified through the LA images), 'C was found to be
the best internal standard [114]. Another LA-ICPMS study performed
quantitative mapping of metallic pollutants in sweet basil. The experi-
ment involved the cultivation of sweet basil in a nutrient solution spiked
with 100 and 1000 ng mL™! of G, followed by determination of the Cs
distribution in the leaves using lab-synthesized standard pellets and 3C
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
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phase from the carbon-containing gaseous species and
carbon-containing particles during laser ablation [115]. Interestingly,
one study used '3C 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 3*S 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
element 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 “*Ca, 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
required careful optimization 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 3C in terms of pre-
cision and accuracy (quantified values were compared to results ob-
tained by SN-ICPMS analysis). The use of *3C 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
techniques for the homogenous 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. Iodine 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 standardization is commonly 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
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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 wusing 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~}, ug 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 biological 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 immunoassays in combination with LA-ICPMS detection
[136-138]. Metal tags include single lanthanide complexes such as
DOTA, polymeric tags containing 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 metal-labeling 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 %67n
levels in healthy and melanoma skin of minipigs determined by molecularly imprinted polymers (MIPs)-LA-ICPMS [149]. The Figures were adapted from the ref-

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
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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-
taining the analyte (usually a lanthanide) with a natural isotopic
abundance. The method 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'’?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 metallothionein in melanoma and healthy skin of
melanoma-bearing minipigs. 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 AB antibody was labelled with AuNPs to
produce AuNPs-anti-Ap conjugates that could bind to Af in brain sec-
tions. Quantitative imaging of A 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 Ap
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 Af [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 !°’Au 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 [73]. In addition, it was observed that the use
of a low laser fluence (< 1 J cm™?) 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
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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
[801.

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
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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-matched standards for elemental quantification in tissues and
cells, the quantification of nanoparticles is understandably 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-matched standards will emerge.

With the upcoming of ICP-TOFMS technology, all nuclides are al-
ways measured all the time and therefore, highly multiplexed standards
and/or semiquantitative approaches are required to be able to quantify
all nuclides of interest.
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