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Abstract

Quantitative imaging of plant tissues by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is hin-
dered by the lack of matrix-matched calibration standards. Established approaches, such as gelatine or homogenised tissue
blocks, do not replicate plant matrices accurately. Here, we introduce a nano-dispenser-based calibration strategy that deposits
nanolitre volumes of elemental standards directly onto paraffin-embedded grain sections, exploiting the low endogenous metal
content of the endosperm to generate in situ calibration curves. Calibration performance for Mg, Mn, Cu, Zn, and Mo was
assessed using LA-ICP-MS imaging and Iolite 4 data processing. The method demonstrated excellent linearity (R>> 0.98),
reproducibility across multiple grains, and sub-ppm limits of detection. Comparative analysis with in-house homogenised
blocks and NIST wheat reference material confirmed superior accuracy and reproducibility of the nano-dispenser approach.
As a proof-of-concept, we have applied the method for the quantitative imaging of metals in a whole barley grain section,
and the results show excellent agreement with published data obtained by conventional liquid-mode ICP MS. The technique
reported here provides a robust, scalable, solution for quantitative metallomics studies of plant tissues, enabling improved
assessment of nutrient distribution and supporting the development of standardised protocols for LA-ICP-MS imaging.

Keywords Metallomics - Laser ablation - Mass spectrometry/ICP-MS - Bioanalytical methods - Biological samples
Abbreviations Introduction
LA-ICP-MS Laser ablation inductively coupled plasma

mass spectrometry Laser ablation inductively coupled plasma mass spectrom-

PND PipeJet nano-dispenser etry (LA-ICP-MS) is a well-established technique for the
NIST National Institute of Standards and spatially resolved analysis of endogenous and exogenous

Technology elements in solid samples. Key advantages include multi-
CRMs Certified reference materials element capability across a broad dynamic range and mini-

mal sample preparation requirements. Furthermore, the wide
spatial resolution range (1-100 pm) and flexibility in laser
parameters enable adaptation of laser ablation sampling to
diverse sample types [1-6]. Initially developed for applica-
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tions in geological and materials sciences, LA-ICP-MS has
been increasingly applied in the biological sciences, particu-
larly for metallomics investigations in human and animal
tissues [7-10].

Since its introduction for bioimaging in 1994 by Wang
et al. [11], who demonstrated the use of intrinsic elements
such as magnesium and calcium as internal standards to
assess signal variability across biological matrices, LA-
ICP-MS has advanced considerably [11]. Developments
include applications in the study of metal-tagged pharma-
ceuticals and biomolecules, such as antibodies, enabling
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visualisation of their distribution within whole organisms
[12-16]. In addition, LA-ICP-MS has been employed to
characterise the complete metallome of biological sam-
ples, facilitating comparative studies between healthy and
diseased tissues [10, 17].

Despite the minimal sample preparation required for
LA-ICP-MS, embedding and sectioning of whole organ-
isms are often employed so that specific tissues or regions
of interest can be localised. However, these approaches can
introduce artefacts, as embedding media, solvent exposure,
and dehydration processes may result in redistribution or
loss of target analytes.

Accurate quantification by LA-ICP-MS requires appro-
priate calibration strategies [3, 18]. Matrix-matched cali-
bration standards are particularly important due to matrix
effects arising from differences in laser—sample interac-
tion. The ablation efficiency is strongly influenced by the
biochemical composition of the sample, which governs
laser energy absorption and material ablation [19]. The
nature of plant material makes sample preparation com-
plex. The water content in the sample can cause a range
of issues from rapid vaporisation in hydrated samples to
cell collapse in dry samples [20]. Additionally, variations
in sample composition and preparation, including embed-
ding protocols, can therefore affect analyte transport to
the ICP-MS and necessitate careful optimisation of laser
conditions to ensure complete and reproducible ablation
[3, 19, 20].

The development of matrix-matched standards remains a
significant challenge. Although a limited number of certified
reference materials (CRMs) are available, for example from
the National Institute of Standards and Technology (NIST),
direct matrix equivalence is often not achievable. Conse-
quently, many laboratories produce in-house standards by
homogenising sample tissues and spiking them with known
concentrations of elements to generate matrix-matched cali-
bration materials. However, this approach is laborious and
can be complicated by the presence of endogenous elements
within the tissue prior to spiking [21, 22].

Gelatine-based standards offer advantages such as homo-
geneity, ease of handling, and low endogenous elemental
content, and have gained popularity due to their similarity
to mammalian tissue in terms of ablation behaviour [23, 24].
However, gelatine, which is derived from collagen, is not
representative of plant matrices [25], limiting its applica-
bility for plant-based studies. Furthermore, gelatine lacks
aromatic amino acids and nucleic acids, both of which con-
tribute to absorption of laser energy at 266 nm, resulting
in differences in ablation characteristics compared with
animal tissues. Plant samples present additional analytical
challenges, including structural heterogeneity and variability
in tissue composition and size, which can affect laser focus
and ablation consistency [26, 27].
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Alternative calibration strategies have been explored,
including polymer- and resin-based standards [28, 29],
solution-based methods [27, 30], and isotope dilution tech-
niques [31]. However, these approaches are often tailored to
specific applications and rely on specialised methodologies,
limiting inter-laboratory reproducibility and hindering the
establishment of universally accepted calibration protocols.
Recent reviews have highlighted the advantages and limita-
tions of these strategies in the context of bioimaging [4].

Standard addition is a well-established calibration
approach in analytical chemistry. In the broader field of
solid-state mass spectrometry imaging, an emerging strategy
involves spotting known concentrations of analyte onto con-
trol tissues to generate calibration curves [32]. This approach
is effective for exogenous analytes, such as pharmaceuticals,
where background levels are negligible [33]. However, quan-
tification of endogenous analytes remains challenging due to
inherent background signals [32, 33].

In this work, we propose the use of a pipeJET nano-dis-
penser (PND) to deposit known concentrations of elemental
standards directly onto plant tissues, enabling the genera-
tion of matrix-matched calibration standards for quantitative
LA-ICP-MS. PND systems are high-precision, non-contact
liquid handling platforms capable of dispensing nanolitre
volumes, and are widely used in life science applications
including microarray fabrication and high-throughput
screening [34].

This study focuses on metallomics of barley (Hordeum
vulgare), for which reliable quantitative LA-ICP-MS meth-
odologies are currently limited by the lack of appropriate
matrix-matched standards. Barley is often used as a model
cereal grain because of its simple diploid genome, self-
pollinating nature, and close genetic relationship to com-
plex, polyploid crops like wheat [35, 36]. Furthermore, it
is one of the most widely cultivated crops worldwide, with
approximately 145 million metric tons harvested annually.
It serves as a major food source for humans and animals and
is extensively used in the brewing and distilling industries.
Figure 1 shows the anatomy of barley, highlighting organs
of interest. Herein, we describe a novel approach involving
direct spotting of standard solutions onto the endosperm of
barley grain sections. The endosperm constitutes the major-
ity of the grain mass but exhibits relatively low metabolic
activity and low endogenous metal concentrations, making
it an advantageous substrate for calibration. The accuracy of
this approach is evaluated through comparison with homog-
enised, spiked barley tissue standards and by quantification
against a NIST certified reference material. We also present
data showing the application of the method for the quantita-
tive imaging and speciation of metals in a whole barley grain
section. This method lays the groundwork for adaptation,
using readily available standards applied to low endogenous
metal areas of plant tissue sections.
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The approaches used for the preparation of calibration
standards in this paper are summarised in Fig. 2.

In-house block calibration method

In order to create a comparative solid-state calibration
standard, barley grain powder blocks were produced,
comparing the PND calibration method to an established
method used in the field. To produce the in-house blocks,
grains were washed in deionised water and then freeze-
dried at 0.12 mBar and —50 °C until constant mass.
Grains were then ground to a fine powder using an elec-
tric grinder, then passed through a 40-um sieve. The grain
powder was divided into 1 g aliquots and spiked with an
increasing concentration of standard solution. Standard
solutions were made up to at least 4 mL with Milli-Q water
to ensure the powdered grain was entirely saturated. Each
sample was vortexed and then placed on an oscillating
table for at least 20 min. All samples were then snap-
frozen in liquid nitrogen and stored at —20 °C overnight.
The grain slurries were then freeze-dried until constant
mass. The dried, ground grain samples were homogenised
using a pestle and mortar before being pressed into indi-
vidual blocks using a 13 mm die at 10 tons of pressure in
a hydraulic press for 2 min. The blocks, although delicate,
maintain their structure through a combination of mechan-
ical interlocking and intermolecular interaction [37].

Preparation of NIST wheat standards

NIST wheat powder (Standard Reference Material 1567b)
was purchased from the National Institute of Standards and
Technology for comparison with the in-house calibration
blocks and PND calibration method. The NIST wheat stand-
ard was used as an ‘unknown sample’ for comparison to the
quantification methods. The NIST wheat was pressed into
individual blocks using a 13 mm die at 10 tons of pressure
in a hydraulic press for 2 min.

Embedding and sectioning

Grains were processed and embedded in paraffin wax using
the protocol established by Liew [38]. For comparison to
the PND calibration method, the NIST wheat block was
also embedded in paraffin (Leica Microsystems). Paraffin
blocks were sectioned at 10 um using a microtome. Paraffin
embedding was chosen over fresh frozen sectioning due to
the better quality of section, maintaining the morphology of
the grain for more representative imaging.

PND calibration method

Standard solutions were spotted onto barley grain sections
using a PND unit (BIOSPOT workstation, Biofluidix). 200-s
uncoated pipes were calibrated using the smart drop feature
to produce 15 nL spots consistently. Concentrations of stand-
ard solutions were tailored by element to apply the most
appropriate range for each analyte. The standard solutions
used are outlined in Table 1. Standard solutions were diluted

@ Springer



0. Doolan et al.
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Fig.2 Comparison of the workflow for our novel PND calibration
method with those for established LA-ICP-MS calibration approaches
involving production of in-house block standards and use of NIST

certified reference materials. a Preparation of barley in-house block
calibration standards. b Preparation of PND spotted calibration stand-
ards. ¢ Preparation of NIST wheat CRM ‘unknown’ samples

Table 1 Standard ranges of
spotting solutions by element of

Element

Concentrations

interest

50, 100, 150, 200 ppm

Magnesium Standard 1000 pg/ml (Spec CertiPrep)
Molybdenum Standard 1000 pg/ml (Spec CertiPrep)
Multi-elemental standard 1000 pg/ml (Copper, Zinc, Manganese) (ThermoFisher)

0.05, 0.1, 0.5, 1 ppm
1,2, 10, 30 ppm
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in 1% nitric acid (trace analysis, ThermoFisher). After spot-
ting, slides were not removed from the PND for ~ 1 min to
ensure spots were completely dry. Due to the small volume,
spots dried almost instantly after being deposited.

Calibration of the pipeJET nano-dispenser

Before spotting onto a sample, the PND conditions were
optimised using the smart drop calibration function within
the LifeLAB software (Version: 3.0). Dispensed droplets
(n=50) were analysed for volume, size, and shape. The PND
achieved this by capturing images of droplets mid-flight with
high-speed shutters allowing for accurate droplet calibration.
The average and standard deviation were assessed before
spots were applied to the barley section (SF1).

Optimisation of PND droplet size

A number of droplet volumes (5 nL, 15 nL, 30 nL, 50 nL)
were investigated to find the optimum droplet volume. The
5 and 15 nL droplet volumes were achieved using the 200-s
uncoated tips, and the 30 and 50 nL droplet volumes were
achieved using the 500-s uncoated tips. The repeatability
was assessed using the smart drop feature, where 100 droplet
volumes were recorded; the accuracy and precision were
determined. The droplets were then spotted onto barley
grain sections and imaged using LA-ICP-MS to assess the
properties of the droplet, the size, shape, and homogeneity.
This was carried out for each elemental group at the high-
est concentration group (multi-elemental standard, 30 ppm;
magnesium, 200 ppm; molybdenum, — 1 ppm).

LA-ICP-MS conditions

Sectioned barley grains, in-house blocks and NIST wheat
samples were analysed using an Elemental Scientific 266
ImageBio Laser unit coupled to a PerkinElmer Nexion 5000
ICP mass spectrometer. The Nexion 5000 is a triple quadru-
pole mass spectrometer with a mass resolving power of <0.7
amu in each quadrupole. The ImageBio is a 266 nm Nd:YAG
laser. Helium carrier gas was used at a flow rate of 800 mL/
min in the LA chamber; Ar was introduced at the torch at a
rate of around 0.7 ml/min.

The isotopes for analysis were selected carefully (ST1),
considering the isotopic abundance and possible polyatomic
interferences present in this specific biological sample type.

In order to ensure the optimum operation of the instru-
ment, ICP-MS conditions were tuned on a daily basis, using
a solid NIST 612 glass (National Institute of Standards and
Technology, Gaithersburg, MD, USA). The NIST glass was
used to tune the sampling depth, nebuliser gas flow, torch
alignment, and performance of the quadrupole ion deflector
(QID). The optimised conditions were decided based on the

maximum intensity of ''3In and the ratio of >*8U to >*’Th, as
an indication of fractionation.

Spotted grain samples and germinated grain sections were
analysed at 25 um X 25 um XYR spot size, a repetition rate
of 200 Hz, a fluence of 5 J/cm, and a scan speed of 500
um/s. Laser conditions and ICP-MS dwell times were opti-
mised based on a sigma of 3.291 to give a 99.9% confidence
interval.

Three-dimensional trace element analysis

For the LA-ICP-MS data processing, lolite 4’s (Version:
4.10.5) three-dimensional (3D) trace element analysis func-
tion was used [39]. A region of interest (ROI) was assigned
around each spot. Each ROI was then linked to a specific ref-
erence material. The reference materials were manually cre-
ated in the Iolite reference material tab; values were assigned
in femtograms (fg) based on Eq. 1, where the ablated mass
was m,, 6 was the thickness of the ablated material (in cm),
a was the ablation area (in cm?), and p is the density of the
material (in g cm™).

m,=06XaXp (D

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
(Version: 10.4.1). Calibration curves were analysed using
simple linear regression analysis. The straight-line fit, the
slope difference, and the intercept difference of the curves
were compared following statistical analysis outlined by
Zar [40]. The droplet size was compared using descriptive
statistics.

Results and discussion

Optimisation of droplet volume and spot
homogeneity

Droplet volume optimisation was critical to balancing dis-
pensing precision, spot homogeneity, and spatial constraints
on the grain surface. Several competing factors were con-
sidered. First, droplet formation is inherently influenced by
the physicochemical properties of the dispensing solution.
In this study, 1% nitric acid was used to stabilise elemental
standards and minimise precipitation; however, the relatively
high surface tension of water limited droplet reproducibility
at lower volumes.

Second, increasing droplet volume improved dispense
reliability but introduced artefacts during drying. Larger

@ Springer
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droplets exhibited increased lateral spreading prior to dry-
ing, resulting in analyte redistribution across the tissue sur-
face. This could be linked to fluid dynamic phenomena such
as the Marangoni effect (the ‘coffee-ring effect’), whereby
surface tension gradients promote solute migration towards
droplet edges, leading to inhomogeneous analyte distribu-
tion [23, 41].

These effects are evident in Fig. 3a—e, where 30 and 50 nL
droplets showed pronounced inhomogeneity compared with
5 and 15 nL droplets. The increased drying time required for
the larger volume droplets promoted greater spreading of the
solution resulting in spots which were larger, with uneven
edges, making droplet drying speed, and therefore volume,
a key factor for consideration. In addition, larger droplet
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Fig.3 a—e LA-ICP-MS images of spots of elemental standard, at
varying spot sizes (i. 50 nL, ii. 30 nL, iii. 15 nL, iv. 5 nL), for each
element of interest (a Cu, b Mn, ¢ Zn, d Mo, e Mg). f shows the PND
reproducibility at different spot sizes for each elemental standard. g
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illustrates how a 15 nL droplet size, four-point calibration curve (in
duplicate), was dispensed onto the endosperm of barley for each ele-
ment of interest (i. Cu, ii. Zn, iii. Mo, iv. Mn, v. Mg)
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volumes reduced spatial throughput; increasing droplet size
from 15 to 50 nL halved the number of calibration points
that could be applied to a single grain.

Droplet reproducibility was assessed using the PND
‘smart drop’ calibration function (n=100) and was found
to improve with increasing volume, with standard deviation
decreasing proportionally relative to droplet size (Fig. 3f).
However, despite improved precision at higher volumes, the
associated loss of spatial resolution and increased inhomo-
geneity outweighed these benefits.

Collectively, these results demonstrate that droplet vol-
ume must be optimised as a compromise between preci-
sion, spatial resolution, and homogeneity. Based on these
considerations, 15 nL droplets were selected as the optimal
condition, providing consistent spot morphology, acceptable
reproducibility, and sufficient spatial density for multi-point
calibration on individual grain sections (Fig. 3g).

Calibration curve linearity and reproducibility

Calibration performance was assessed using six independ-
ent calibration curves (three grains, two replicate curves per
grain). All elements exhibited strong linear relationships
across the concentration ranges investigated, with mean R*
values of 0.98-0.99 and low inter-replicate variability.

To plot the calibration lines, the 3D trace elements func-
tion in Iolite was used. This utilises fg quantities of ele-
ments, the laser spot size, and the density of the material. In
this study, the fg, in 15 nL, of each concentration group are
as shown in ST 3. The spot size was 25 um, and the density
was set to 1 g/cm>. The percentage quantity by weight of
paraffin was calculated to be 71.8%, making the proportion
of plant material to be 28.2%. The density of paraffin is 0.9
g/cm?, and the density of dried plant material is ~ 1.4 g/cm®
[42]. Combining these, an overall density of the section of
1 g/cm3 was assumed (SF2).

As shown in Fig. 4 and Table 2, statistical compari-
son of regression parameters demonstrated no significant
differences in slope or intercept for Zn, Cu, Mn, and Mg
(P> 0.05), indicating excellent reproducibility across inde-
pendent measurements. This confirms that the PND-based
approach produces highly consistent calibration behaviour
across multiple sections and experimental runs. The slope
quantifies the steepness of the curve, and the intercept is
where the curve crosses the Y-axis. By using both these
variables, it was determined that the lines were statistically
identical and not distinct but parallel. The slope of Molyb-
denum (R*=0.98 +0.02) did significantly differ (P=0.032).
However, considering the low concentrations used in this
calibration range, it is expected to see more variability.
Nonetheless, the lines still show a good linear relationship
and that they are somewhat reproducible. It is noted that the
Y-intercept values for these calibration curves are large. This

is likely due to background interference. Every ICP-MS has
a level of background counts, contributed by a combination
of residual analyte in the system and plasma-generated ions.
However, there may be some additional factors to consider
such as residual memory effects between ablation lines,
drift in signal, and the level of endogenous metal in the
‘blank’ tissues. When using biological tissues, it is difficult
to obtain a matrix that is entirely free of trace amounts of
metallic elements; however, there is the potential for low lev-
els of metals to be present in the endosperm. However, the
endosperm offers a relative ‘blank tissue’ in comparison to
the other tissues in the grain. Residual analysis further sup-
ported the robustness of the calibration model, with evenly
distributed residuals and no evidence of systematic bias or
outliers (SF3).

Together, these results demonstrate that the PND calibra-
tion strategy yields highly reproducible and linear calibra-
tion curves suitable for quantitative LA-ICP-MS imaging
of plant tissues.

Comparative quantitative methods

Evaluation of calibration accuracy is inherently challenging
for droplet-based approaches. More traditional tissue-type
or gelatine-based methods can be assessed for accuracy
using liquid (ICP-MS)-based techniques, where the tissue
or gelatine standards are digested and analysed against a set
of known standard solutions [21, 23]. However, the nature
of the PND calibration standards means that an alternative
method to assess its accuracy must be employed.

To do this, we used a NIST certified reference material as
a solid-state ‘unknown’ to be analysed using LA-ICP-MS.
The lack of availability of CRMs is a limitation of LA-ICP-
MS, and at the time of the experiment, there was no avail-
able NIST standard for barley; therefore, we chose wheat
as a comparable grain. Barley and wheat are from the same
biological family and are chemically similar, nutrient-dense,
cereal grains with high levels of carbohydrates. The NIST
wheat was pressed into blocks using the same method used
to prepare the in-house calibration blocks.

In order to successfully compare the in-house blocks
to the PND method, there were a number of variables to
be considered. The first is the variability in sample yield
(ablation efficiency), which refers to the amount of solid
material removed from the sample surface per laser pulse
that is subsequently transported to the ICP-MS for analysis.
The embedded grains were sectioned at 10 um thickness and
mounted onto glass slides. This combined with the nature of
the 266 nm laser system results in a constant sample yield
both throughout sampling and between samples. However,
the in-house blocks are densely packed and have no limit
to the depth of laser penetrating the sample. This results
in variation in sample yield between blocks, due to minor
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Fig.4 Calibration curves created using the PND on barley endosperms for Zn, Cu, Mn, Mo, and Mg. n=6, *P <0.05

variations in density of the blocks and from small fluctua-
tions in laser fluence. This fluctuation has been documented
by Mervic et al., who used electron microscopy to iden-
tify ablation volumes for quantitative LA-ICP-MS [43, 44].
Therefore, it would not be a fair assessment to compare the
NIST wheat block directly to the PND method where the
standards were spotted onto paraffin-embedded grain sec-
tions. In order to overcome this, we placed a NIST wheat
block in paraffin and sectioned it; this allows for a better
comparison to the PND calibration curve.

Normalisation of in-house calibration curves was
required to compensate for variability in ablation yield and
endogenous elemental content. The calibration curves were
normalised to the highest concentration group. Doing this
improved the linearity and intercept values of the curves.
This was required due to the variation in laser sampling
yields between blocks and the presence of endogenous

@ Springer

metals in the grain powder before spiking. The normal-
ised curves were then used to calculate the output from the
NIST wheat blocks. In contrast, the PND calibration curves
did not benefit from normalisation, reflecting their inherent
reproducibility and consistency. Calibration curves used
can be found in the supplementary information (SF4 and
SF5).

Figure 5 illustrates the calculated concentrations in ppm
from Iolite of the in-house blocks compared to the NIST
wheat block and the PND calibration curve to the embedded
NIST wheat section. The ablation lines were run in trip-
licate and repeated on different days, giving 6 individual
calculated values for each calibration method. Quantita-
tive comparison (Fig. 5) demonstrated that concentrations
derived using the PND method were not significantly differ-
ent from certified values for Zn, Cu, Mn, and Mg, whereas
the in-house block method showed significant deviations.
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Table 2 Statistical analysis of

. . o Average Standard deviation Difference of slope Difference
calibration curves in Fig. 3 of intercept

Zn-66 R squared 0.989 0.011 P=0.72 P=0.56
Slope 201.117 21.593
Y-intercept 802,555.667 2,805,826.866

Cu-65 R squared 0.988 0.010 P=0.088 P=0.76
Slope 569.933 65.737
Y-intercept 132,003.833 4,655,044.136

Mn-55 R squared 0.990 0.010 P=0.16 P=0.97
Slope 1496.667 142.487
Y-intercept —6,377,636.167 17,475,070.857

Mg-26 R squared 0.980 0.013 P=0.12 P=0.35
Slope 8.615 1.598
Y-intercept 687,555.833 2,276,839.322

Mo-98 R squared 0.980 0.018 P=0.032 -
Slope 506.117 121.749
Y-intercept 264,183.000 446,970.062

For Mo, both methods exhibited deviation from certified
values, although the discrepancy was markedly greater for
the in-house approach.

Although the in-house block calibration used here has
been successfully applied within the field of quantitative
LA-ICP-MS for many years, there are limitations [2, 22].
The variability in yield, non-comparability to sectioned sam-
ples, the presence of endogenous metals in homogenised
tissue, and laborious preparation limit the application of this
quantitative method. The development of gelatine micro-
droplet standards has advanced quantitative LA-ICP-MS
of mammalian tissues. However, in the field of quantitative
plant material imaging, these advancements have yet to be
realised as the gelatine standards are not an ideal matrix-
match for plant tissues.

Quantitative imaging of barley

The optimised PND calibration method was applied to quan-
tify elemental distributions in germinating barley grains at
0 and 24 h after imbibition (HAI). The resulting images
(Fig. 6) reveal both spatial distribution and quantitative
changes in elemental abundance during early germination.

Elemental redistribution is clearly observed in metaboli-
cally active tissues, particularly within the embryo region,
reflecting increased demand for micronutrients involved in
enzymatic and biochemical processes during germination.
Importantly, these measurements capture redistribution
within the grain without external nutrient input, highlight-
ing the internal mobilisation of stored elements.

The overall concentration of elements in the grain is
highly dependent on the development conditions of the
grain and the genotype. A previous study by Lombi et al.
[45] used liquid-mode ICP to determine the levels of Mg,
Mn, Cu, and Zn in barley grains that had been separated
into nine fractions: hull, embryo, core endosperm, and six
samples across the testa aleurone—endosperm interface.
High-definition synchrotron X-ray fluorescence was also
used to generate elemental distribution maps of a longitu-
dinal section of a barley grain [45]. Lombi and coworkers
found the levels of Mg, Zn, and Cu in the embryo to be
2000, 120, and 20 ug g~ !, respectively. From the quan-
titative images acquired using our method (Fig. 5), we
estimate ~2000 pg g~! of Mg, ~ 150 ug g~! of Zn, and ~ 25
ug g~! of Cu in the embryo tissues. Our results reported
here are in very close agreement with the data reported
by Lombi [45]. For manganese, Lombi reported a level
of ~ 150 pg g~! in the embryo of the grains and ~20 ug g~
in the whole grain. This is higher than the levels quantified
in our grain embryos using our method, which indicated
a Mn concentration of ~30 pg g~'. Unfortunately, Mo was
not reported by Lombi and coworkers, but overall con-
centrations of Mo in plant tissue have been reported to
be between 0.1 and 2.0 pg g_1 [46], and the value of ~2
ug g~ which we have found in this study falls within this
range.

These results demonstrate that the PND calibration
strategy enables reliable quantitative imaging of plant
tissues, providing both spatial and numerical insight into
metallomic processes during development.
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Conclusion

In this work, we present a novel calibration strategy for
quantitative LA-ICP-MS imaging of paraffin-embedded
plant tissues. By exploiting the low endogenous metal con-
tent of the endosperm, the direct deposition of standard solu-
tions using a pipeJET nano-dispenser enables the generation
of in situ matrix-matched calibration curves. This approach
provides both accurate quantification and spatially resolved
information on elemental distributions within biological
samples.

Barley grains represent a suitable model system for this
methodology, as the structural characteristics of the grain—
particularly the endosperm—allow reproducible placement
of calibration standards with minimal interference from
endogenous metals. The PND-based approach demonstrated
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superior accuracy and reproducibility compared with con-
ventional in-house homogenised calibration blocks, which
are limited by variability in ablation yield, incomplete
matrix matching, and laborious preparation.

While tissue-matched calibration strategies have been
successfully applied in LA-ICP-MS, their translation to sec-
tioned biological samples remains challenging. In contrast,
the method presented here directly integrates calibration into
the sample itself, improving compatibility with standard
preparation workflows and reducing sources of analytical
variability.

Current developments in quantitative mass spectrometry
imaging, particularly gelatine micro-droplet approaches,
have advanced the field considerably for mammalian sys-
tems [23, 47]. However, these strategies are not readily
transferable to plant tissues due to differences in matrix
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Fig.6 Quantitative LA-ICP-MS images acquired using the PND calibration method for each element of interest (a Mg, b Cu, ¢ Mo, d Mn, e Zn)
at 0 HAI (i) and 24 HAI (ii)
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composition and optical properties. The PND-based cali-
bration method addresses this gap by providing a more rep-
resentative matrix-match for plant samples.

Although absolute quantification in biological tissues
remains inherently limited by sample preparation artefacts
and matrix-dependent effects, the approach described here
offers a robust and reproducible framework for comparative
metallomics. It enables reliable determination of elemen-
tal concentrations in paraffin-embedded plant tissues and
facilitates the study of dynamic processes such as nutrient
redistribution during germination.

Importantly, this method is readily adaptable and uti-
lises commercially available instrumentation, supporting
broader adoption across laboratories. Beyond barley, the
approach has potential applicability to a wide range of plant
and biological tissues where suitable calibration strategies
are currently lacking, thereby contributing to the ongoing
development of standardised methodologies for quantitative
LA-ICP-MS imaging.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-026-06780-z.
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