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The lack of suitable calibration standards is a persistent bottleneck for quantitative bioimaging by LA-ICP-MS.
Widespread use of in-house calibration approaches has led to a lack of harmonisation limiting the potential of
LA-ICP-MS in clinical or biomedical fields. This work addresses this challenge by utilising automation via
a bioprinting approach to produce re-usable gelatin-droplet standards, doped with multiple elements for both
instrument tuning and quantitative analysis. The resulting standards were systematically characterized in terms
of thickness, elemental homogeneity, and long-term stability. Droplets were doped with Ti, Ce, Au, Th and U
(used for instrument tuning) as well as increasing concentrations of lanthanides such as Gd and Yb (typically
used in bio-clinical applications). Variation of thickness (measured by ellipsometry) between droplets, after
printing and dehydration, was 5% (RSD, n = 12). Intra- and inter-droplet elemental homogeneity were less
than 6% (RSD, n = 10) and 8% (RSD, n = 9), respectively for all elements. Due to the reproducibility of both
physical characteristics (thickness and size) and elemental distribution, there is no need of ablating the entire

Received 8th September 2025 droplet. Instead, ablation of an area as small as 1 line across a droplet produced elemental data which is
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representative of the entire droplet. This feature enables the same droplet to be used across multiple batches
DOI: 10.1039/d5ja00350d . . - . .
or multiple times within a batch, the latter for quality control purposes. Data from long-term stability and

rsc.li/jaas shipping tests highlight the usability of these standards and a potential route towards harmonisation.

Introduction by Basabe-Mendizabal et al,' using a novel low-dispersion

ablation cell design has made the acquisition of maps at 1000
The LA-ICP-MS imaging has significantly advanced in the past ~pixels s' possible. However, despite the technological prog-
years; mainly due to instrumentation development which has ress, many bioimaging applications remain semiquantitative,
enabled faster acquisition times of high-resolution maps with  reliant on in-house calibration standards due to the lack of well-
greater sensitivity. As demonstrated in recently published work characterized biomaterials that can be used for quantification.?
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The absence of a harmonised calibration strategy limits data
comparability across experiments or between laboratories. This
limitation is particularly critical for clinical applications, where
absolute quantification enables meaningful comparisons
across diseases, patients, and time points (e.g., between in vivo
and post-mortem samples), which is invaluable for making
informed decisions for future disease prevention, diagnosis,
and treatment. Moreover, as multi-centre and multi-hospital
studies involving large patient cohorts continue to grow in
relevance, the ability to generate comparable data becomes even
more important. Therefore, establishing robust and standard-
ized calibration protocols is vital for LA-ICP-MS imaging
applications to be implemented as a reliable tool to support
clinical diagnosis and decision-making.

Ideally, for quantitative analysis, certified reference materials
(CRMs) are used to generate calibration curves or act as quality
control (QC) materials. For example, NIST 61X series of glass
materials have been widely adopted in LA-ICP-MS for a variety of
geological applications®* due to their elemental homogeneity,
stability, reusability, the wide range of elements and their
concentration range, making them convenient calibration
materials. LA-ICP-MS suffers from matrix effects due to changes
in size and geometry of the generated aerosol between standards
and samples as well as aerosol transport and ionization in the
ICP.>¢ Therefore, it is vital to choose a calibration standard which
has similar chemical, mechanical and optical properties to the
sample, to obtain accurate quantitative results.” Although there is
an increasing number of available matrix-matched geological
CRMs for LA-ICP-MS, to date, there is a limited number of CRMs
for biological samples available, and are usually presented as
powders, which is not ideal for LA-ICP-MS tissue imaging.®

Numerous calibration approaches for LA-ICP-MS have been
proposed such as strategies based on internal standardiza-
tion,>* isotope dilution™ and external calibration,"” with the
latter being the most widely adopted approach.” The first
attempts to produce a matrix matched external calibration for
LA-ICP-MS bioimaging involved the use of spiked homogenised
tissue.**** Later, easier to handle matrix-matched materials like
polymers'**” and gelatin®"® were applied to obtain calibration
standards. A recent study by Becker et al. proposes a process for
tissue fossilization prior to LA-ICP-MS analysis, enabling
internal standardisation quantification using glass materials
such as the NIST 61X series.>” While this approach helps over-
come biases due to differences in ablation rates between sample
and calibrant, its implementation as universal approach for
quantitative bioimaging using LA-ICP-MS may be limited by
incompatibility with certain laser wavelengths (such as 266 nm)
that are commonly used in bioimaging applications.

Gelatin remains the most widely adopted matrix of choice to
prepare calibration standards for bioimaging applications, as it
avoids the handling of biohazardous material while still con-
sisting of a tissue-like matrix, with similar protein content and
UV laser interaction.”* Furthermore, with the incorporation of
technologies such as bioprinters and droplet arrayers, new
approaches for calibration standard production have evolved
from tedious manual protocols to more reproducible and
automated time saving workflows.>*
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Automated strategies to produce calibration standards
remove some of the more tedious steps for preparing a calibra-
tion material whilst also help improve reproducibility and
limiting physical variations between standards. Different auto-
mated techniques have been evaluated, such as spin-coating®
and ink-jet printing** used to produce thin layer standards or
micro-spotting®® and bioprinting®® to produce droplet stan-
dards. Schweikert et al. proposed a multi-element calibration
approach with deposited gelatin microdroplets (of approxi-
mately 200 um diameter and 400 pL volume) which are fully
ablated during analysis, so that the total mass of analyte per
droplet per droplet correlates to the recorded elemental inten-
sities.”” This calibration approach was then further developed to
quantify multiple elements in a single analysis, while also
providing semiquantitative data for many others.”® Previous
work also highlighted the benefits of using bioprinting tech-
nology to produce re-usable gelatin micro-droplets doped with
nanoparticles containing a few elements that showed compa-
rable or better performance than cryo-sectioned gelatin,* while
significantly reducing the preparation time.

In this study, an improved workflow is proposed for the
production and metrological characterization of multi-
elemental bioprinted gelatin droplets with an extended suite
of elements typically use for instrument optimisation and,
calibration in biological applications. To achieve this, gelatin
was doped with Ti, Ce and Au nanoparticles (NP) to monitor the
sensitivity across the low, mid and high mass to charge ratio (m/
z) range, as well as U and Th ionic solutions to assess oxide
formation and monitor laser induced fractionation, using ICP-
ToF-MS detection. Additionally increasing concentrations of
Gd and Yb, in the form of lanthanide carbon dots (LnCDs) were
spiked into the gelatin as elements of interest for quantifica-
tion. Nanoparticles were selected, not only to facilitate
homogenous elemental distribution throughout the gelatin
droplets but also due to their optical properties, enabling
complementary detection by absorbance or fluorescence spec-
troscopy. The latter extends the applicability of these standards
materials to bioimaging techniques other than LA-ICP-MS. The
droplet thickness, which is a key parameter for quantification
using LA-ICP-ToF-MS, was determined by ellipsometry. More-
over, elemental homogeneity across the droplet was tested both
within and between droplets. Information on the within droplet
homogeneity was used to assess their feasibility for re-use in
multiple calibration batches. This was done by defining the
minimum representative area (using the defined imaging
parameters) that needs to be ablated per droplet to achieve
elemental data that is representative of the entire droplet
without sacrifice in performance characteristics. Finally, to
investigate whether this preparation strategy has the potential
for wider dissemination and interlaboratory comparisons, long
term storage and shipment stability were also assessed.

Experimental
Materials and reagents

Gelatin from porcine skin (300 bloom, Merck, UK) was used to
prepare the calibration standards. LGCQC5050 Au NPs (LGC
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Standards, UK), TiO, NPs (NM-100, JRC, Italy), CeO,NPs (25 nm,
10 wt% in H,0, Merck, Germany), high purity inorganic stock
solutions of U (984.3 pg g~ ', Romil, UK), and Th (981.5 ug g,
Romil, UK) were all purchased and used without modification
to spike the gelatin. GdCl;-6H,0 (99.9% trace metals basis,
Sigma-Aldrich, Germany), YbCl;-6H,O (99.9% trace metals
basis, Sigma-Aldrich, Germany), citric acid monohydrate (99.5-
100.5%, Sigma-Aldrich, Germany) and ammonium citrate
dibasic (=98%, Sigma-Aldrich, Germany) were used as precur-
sors for the synthesis of LnCDs which were used to dope the
gelatin solutions.” Pur-A-Lyzer cassettes (Sigma-Aldrich, Ger-
many) with 1 kDa pore size and 0.22 pm PVDF membrane filters
were used for LnCDs purification. A detailed procedure for the
synthesis of the LnCDs can be found in SI. For total elemental
analysis using ICP-MS all working solutions were prepared from
high purity single element stock solutions (UpA, Romil, Cam-
bridge, UK).

Preparation of bioprinted gelatin calibration standards

A detailed procedure for bioprinting has been previously di-
scussed.? Briefly, gelatin (1% w/w) was dissolved in ultrapure
water (18.2 MQ cm, ELGA, UK) at 45 °C and spiked with aliquots
of the NP or elemental solutions and mixed well. This gelatin
solution was transferred into syringe cartridges and loaded into
the BioX6 bioprinter (CELLINK, Goteborg). The syringe is
heated to 37 °C and the printed with glass microscope slide is
chilled to 12 °C. The bioprinter was configured to print out an
11 x 5 droplet array using 5 kPa extrusion force for 0.02 s. Once
printing was completed the slide is removed from the printer
and left to air dry for 24 h in a slide box under controlled
laboratory conditions (20 + 2 °C and 50 &+ 5% humidity). After
this, the slides are stored at room temperature in an airtight
container in the dark. The elemental concentration in the
prepared gelatin solutions was determined by solution ICP-MS
after acidic digestion (details in ESM).

LA-ICP-ToF-MS imaging analysis

All imaging data was acquired using ImageBIO 266 nm laser
ablation system fitted with the Two Vol3 ablation chamber and
dual concentric injector (ESL, Bozeman), coupled to ICP-ToF-
MS 2R (TOFWERK, Thun). All data was acquired in transient
imaging mode using a 22 um laser spot with 4 pm overlap in
both x and y directions and 50 Hz repetition rate. A laser fluence
of 4 ] ecm* was used to ensure the whole gelatin thickness was
quantitatively ablated. The aerosol particles were transferred to
the ICP via 0.8 L per min He gas flow, and the analysis was
carried out in standard no gas mode. A summary of the LA-ICP-
ToF-MS instrumental parameters is shown in Table 1. Data
treatment including baseline subtraction and mass shift
correction was carried out using TofWare (v 3.2.0) and further
image processing and data analysis carried out in iolite*® (v
4.10.0) and MS Excel (v 2503), respectively.

Ellipsometry measurements

Thickness of the dehydrated gelatin standards were measured
using a Woollam (Lincoln, Nebraska, USA) M2000DI
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Tablel Summary of the LA-ICP-TOF-MS instrumental parameters for
bioimaging analysis

Instrument parameters ICP-ToF-MS

RF power 1550 W
Acquisition mode Standard, no gas
Nebuliser gas flow 0.85 L min~*
Sampling depth 3.3 mm

Laser parameters

Acquisition mode Imaging mode

—2

Laser energy 4]cm
Laser spot size 18 um
Repetition rate 50 Hz
Scan speed 500 pm s~

Helium flow rate 0.8 L min~*

spectroscopic ellipsometer with a wavelength range of 190 nm
to 1700 nm. Three incidence angles (50°, 55°, 60°) were chosen
to span the expected Brewster angle of approximately 55° for the
glass slide. Focussing optics were used to reduce the analysed
area to approximately 0.03 cm on the short axis and line-scans
with 0.02 cm step sizes (overlapping analysis areas) were
taken across the standards in a direction parallel to the short
axis of the slide and the short axis of the analysed area. Detailed
information regarding ellipsometry data fitting is collected in
the ESM.

Results and discussion
Measuring droplet thickness using ellipsometry

Automating the preparation of calibration standards has the
potential to minimise physical and chemical variation between
individual standards and across batches. The current bi-
oprinting method dispenses 55 gelatin droplets per microscope
slide with an average weight of 0.95 & 0.03 mg (r = 10 slides) per
droplet before dehydration. The dried droplets have an average
area of 5.90 + 0.13 mm”.

For this calibration strategy droplet thickness is a critical
parameter to determine, not only to ensure the complete
quantitative ablation of the droplets but also for being able to
determine the mass of element present per pixel (ablation
volume for each laser pulse) of the final image. Measuring film
thickness of soft materials can be challenging. Commonly used
approaches include profilometry,*' or Atomic Force Microscopy
(AFM), the later offering a spatial resolution between 0.1 and
1 nm depending on the material.>*** However, both are contact
techniques, when measuring soft materials, like polymers, gels
and biological tissue, contact artifacts can appear due to
deformation of the sample by the probe, biasing results and
increasing variability.***> Other optical microscopy-based
approaches are non-contact in nature but suffer from a lack of
standardized calibration approaches.”?*?* In previous
a previous study, droplet thickness was determined using
fluorescence microscopy*® whilst this technique provides
measurement precision at the range of 0.3-0.5 pm,*® the lack of
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a standardised approach for data processing or calibration of
the instrument are remaining challenges.

In this work, ellipsometry was used to measure gelatin
droplet thickness and variation both across and between
droplets. Ellipsometry is an optical, non-contact technique,
which eliminates the risk of sample deformation, particularly
suitable for thickness measurement of soft materials**' with
reported accuracies around 1% for organic thin films.*> Both
droplet thickness and the overall droplet profile were charac-
terised giving an average thickness of 1.98 £+ 0.10 um (z = 12) as
shown in Fig. 1A. Ellipsometry measurements are taken as line
scans across the diameter of the droplet and showed an overall
variation of <8% (excluding the edge of each droplet), corre-
sponding to <160 nm variation across the sample. These results
show that, as well as a uniform average thickness, the dried
droplets also have relatively flat profiles, ideal for quantitative

Yb

ablation (Fig. 1B). Using ellipsometry to provide a metrological
underpinning to the thickness measurement highlights the
uniformity and usability of these calibration bioprinted
standards.

Elemental homogeneity and printing repeatability

Achieving elemental homogeneity across the gelatin droplets is
essential for resampling of the same droplet throughout an
experiment and between different batches of analyses. This
helps monitor signal drifts and sensitivity fluctuations that can
occur during long bioimaging experiments.

Droplets were doped with Ti, Ce, Au, Th and U as tuning
elements. As the sensitivity of the ICP-ToF-MS instrument
increases at higher m/z, different concentrations were added to
have similar intensity values for the different tuning elements.
Ti was spiked at 400 mg kg™, Ce at 60 mg kg~ ', and Au, Th and

W0 mg/kg [110mg/kg 020 mg/kg [130mg/kg 45 mg/kg

1000
900
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172yp+ intensity, counts

200

100 —

300 B

—

0

Fig. 2 Boxplots of 172Yb™ intensity values across the different calibration levels. Each box represents the distribution of intensity values from ten
equally sized sub-areas within the central region of the droplets. The boxes show the interquartile region (IQR), with the median indicated by the

central line and the mean represented by a cross.
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U at 30 mg kg~ '. To evaluate the performance of the proposed
calibration workflow, gelatin solutions were also spiked with
increasing amounts of Gd**/Yb*" carbon dots (CDs) (0-90 mg
kg™ for Gd and 0-45 mg kg~ for Yb). The different calibration
levels and corresponding concentrations are collected in Table
S2, only STD 3 contained the tuning elements in addition to Gd
and Yb.

To evaluate the analyte homogeneity, elemental distribution
maps were obtained by LA-ICP-MS (Fig. S4). Visual inspection of
the elemental maps indicates a uniform distribution of the
target elements across the droplet area, with no visual signs of
coffee stain effect or gradients. To support this observation, the
central area of the droplet was divided in 10 sub areas, each
consisting in 5 lines (525 pixels), as seen in Fig. S5, boxplots
were constructed to show elemental intensity distribution
across the sub-areas within the droplet centre. Fig. 2 shows
72yb* distribution at the different calibration levels. Overall, all
calibration levels show symmetrical distributions as the mean
and median intensities have similar values and balanced
whisker lengths. Similar trends were observed for ***Gd" at all
levels (Fig. S6), and for the single points of **Ti*, "°Ce" and
197 Au” (Fig. S7).

Table 2 shows the relative standard deviation (RSD) values
obtained for all investigated elements in a STD 3 droplet. RSD
values ranged from 2.0 to 5.5% depending on the element.
Batch-to-batch printing repeatability was also evaluated deter-
mining the between droplet RSD for 9 measured droplets. Such
data is also shown in Table 2. The between droplet RSDs values
are slightly larger compared to within droplet RSDs, but still
below 7.2% for all tested elements, providing evidence that
droplets/standards with repeatable elemental concentrations
are obtained by the proposed printing workflow.

Instrumentation parameter optimisation/tuning with printed
gelatin droplets: sensitivity, laser-induced fractionation and
oxide formation

Daily tuning and checking the performance of a LA-ICPMS
setup is usually the first step before analysing samples. For bi-
oimaging experiments despite using matrix-matched calibra-
tion approaches, many authors still rely on NIST 61X series for
tuning the instrument'>*”** due to the lack of a suitable alter-
native. The homogeneity of the analyte distribution across
a relatively large ablation area of the bioprinted gelatin droplets

Table 2 RSD from the mean element intensity values within subareas
(n = 10) of the same droplet and between different droplets (n = 9)

RSD within droplet RSD between droplets

Isotope (%) (%)
48 3.8 4.0
140ce 2.9 5.3
8Gd 5.5 5.5
172yb 4.8 7.2
197Au 2.9 5.8
232Th 2.0 5.4
238y 3.2 6.3

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Laser induced fractionation and oxide formation were moni-
tored after tuning the LA system by measuring the 238U*/%2Th*
(triangles) and 2%2Th'®0*/2%2Th* (circles) ratios, respectively. The
straight lines represent the average fractionation and oxide average
values. Error bars show SD from the average.

and their reproducibility allows their use not only for calibra-
tion purposes but also for matrix-matched tuning of the LA-ICP-
MS system.

Apart from elements used for calibration in quantitative bi-
oimaging the gelatin droplets also contain, Ti, Ce and Au to
assess sensitivity in the low, mid and high m/z ranges, as well as
U and Th to evaluate laser-induced elemental fractionation and
oxide formation. Having an all-in-one solution helps streamline
the bioimaging workflow whilst also benefits users with laser
systems of longer wavelength sources such as 266 nm.

The homogeneous analyte distribution in the gelatin drop-
lets (see the elemental maps in Fig. S4) enables tuning of
experimental parameters to maximise sensitivity as part of
a daily tuning routine and to monitor performance changes day-
to-day. Moreover, laser-induced elemental fractionation and
oxide formation were evaluated by monitoring ***U*/>**Th* and
232Th'®0*/***Th" ratios, respectively. Fig. 3 shows the values
obtained for 2**U*/**’Th* and ***Th'®*0"/***Th" ratios from 3
droplets across 3 microscope slides (n = 9). Note that the
238U*/232Th" ratio is normalized to the actual **U"/>**Th" ratio
in the gelatin batch. Markers in the graph correspond to the
average isotope intensity from 10 subareas within a droplet
(each sub-area consisting in 5 lines) the error bars represent the
standard deviation (SD) from the mean value. Average laser-
induced fractionation of 99 + 2% and oxide ratio of 0.55 +
0.05% were reported. Moreover, the RSDs of these values was
also determined within a droplet, <2.5% and 6.5% for the
fractionation and oxide ratios, respectively. While the between
droplet RSDs were 2% and 8%. These results, together with the
elemental homogeneity discussed in previous sections, suggest
that these gelatin standards are suitable for daily LA-ICP-MS
tuning.
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Assessing re-usability of gelatin standards

Lanthanide elements are key in LA-ICP-MS bioimaging experi-
ments because of two main reasons. On the one hand, lantha-
nides are used in clinical treatments and as contrast agents.**
Therefore, previous works use LA-ICP-MS to study lanthanide
bioaccumulation in different tissues, from different models or
real patients.***® On the other hand, lanthanides are usually
employed as markers for biomolecule imaging” and cell
tagging.*® From an analytical perspective, lanthanides also offer
important advantages for ICP-TOF-MS analysis: due to their
high m/z their detection is less affected by polyatomic interfer-
ences compared to lighter elements (e.g. Fe, Zn, Cu, etc.), they
generate stable signals due to higher instrument sensitivity for
heavier masses, and many of them are multi-isotopic, offering
flexibility to select a less-interfered isotope for quantification.
For these reasons, Gd and Yb were chosen as proof-of-concept
elements to assess quantification performance in gelatin
droplets.

Gelatin droplets with increasing Gd and Yb mass fractions
were prepared and calibration curves constructed by averaging
the element intensities from 3 droplets per calibration level, as
seen in Fig. 4. A good linear fit was found for the two elements,
with the coefficient of determination (R*) > 0.99 in both cases.
Limits of detection (LoD) were calculated as three times the
standard deviation of the residuals of the calibration curves
divided by the slope, and they were 5.4 and 1.0 mg kg™ * of Gd
and Yb in the dry gelatin, respectively.

As mentioned earlier, for previously proposed automated
calibration approaches, it was necessary to ablate the entire
calibration standard droplet to enable quantification.**® The
newly bioprinted gelatin standards proposed in this work show
a potential reusability based on their micro-scale homogeneity
combined with their relatively large area (~6 mm?®), adding
benefits to quantitative strategies for bioimaging analysis.

The minimum area that needs to be ablated per droplet to
achieve elemental data that is representative of the entire
droplet was investigated. Reducing the size of ablated area
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offers the benefit of both saving analysis time and reducing
droplet destruction. However, there is a trade- off between using
smaller ablated areas and minimising the error associated with
the quantitative data.

Fig. 5 shows three calibration graphs for Gd produced by
averaging the signal from 1, 5, or 50 lines (105 pixels per line)
per mass fraction level. The full data set (3 replicas per cali-
bration) is collected in Table S3. It is important to note that
although the error associated with individual calibration points
increases when decreasing the number of ablated lines (7%,
22% and 44% for 50, 5 and 1 lines), the linearity of the curve is
maintained (R* > 0.99) and the slope varies by less than 1.2%.
These results suggest the user can select a number of lines per
standard in each experiment, balancing analysis time, associ-
ated error, and the number of lines available for resampling.
For example, in experiments where differences between sample
groups are expected to exceed 50%, analysing only one line per
calibration point could be sufficient.

Standard stability

The impact of long-term storage conditions and shipping on the
stability of the produced standards was also studied. Printed
microscope slides were stored in the dark under controlled
conditions (20 + 2 °C and 50 + 5% humidity) in a microscope
slide box. A storage stability test was carried out by measuring
the average elemental intensities and RSDs within a STD 3
droplet (for three independent droplets). Measurements were
done at the time of printing (after 24 h drying period) and after
three months of storage (analysing other droplets from the
same microscope slide). Results summarised in Table 3 show
that the average elemental sensitivities vary between the
beginning of the experiment and the same batch measured
three months after. This could be anticipated due to changes
that usually occur in instrument tuning and sensitivity over
time. The RSD values agreed between the two time points,
providing a better indicator of unchanged homogeneity over the
3-month period. These RSDs are also in line with the

800
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Fig. 4 Calibration curves obtained for Gd and Yb by averaging three whole droplets per calibration level. Error bars represent SD (n = 3) values

from the mean value.
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Fig. 5 Calibration curves for Gd obtained averaging (A) the central droplet line (B) five central lines or (C) 50 central lines. Error bars correspond
to the expanded error (k = 2) of the average intensity, calculated as the standard deviation from the mean divided by the square root of the

number of averaged lines.

Table 3 Stability data comparing average elemental intensities and within droplet RSD (from the centre of three droplets) and between freshly
prepared standards and those stored for 3 and 12 months, the latter including shipping

Freshly prepared 3-Months old Shipped, 12 months-old
Isotope Average (cts) RSD (%) Average (cts) RSD (%) Average (cts) RSD (%)
487§ 4613 8 5780 8 5975 4
140¢ce 1592 7 1340 7 1769 5
58Gd 1652 4 710 5 1022 2
172yb 938 7 326 5 855 3
197 Au 2515 5 1333 8 2157 3

combination of the within and between droplet variabilities
summarised in Table 2.

To prove that the elemental content does not leach over this
time period and average intensity differences are a result of
variation in instrument sensitivity, a droplet from a newly
printed batch was also measured at the same time as the aged
droplet (3-month older). As it can be seen in Table S4, average
element intensities were comparable for a 3-month-old droplet
and freshly prepared one, if measured on the same day.

To investigate the impact of shipping conditions on the
standard stability, a printed microscope slide (from the initial
batch of the stability study) was shipped (by air freight) inside
a plastic microscope slide box and measured 12 months after
printing in a different laboratory. The elemental distribution
maps by LA-ICP-MS (Fig. S8) show no visual changes in
elemental distribution compared to the fresh droplets (Fig. S4).
As a different instrument was used to measure these droplets,
absolute intensities cannot be directly compared, however, RSD
values measured after shipping and 12-month storage were also
in the same range as when the batch was freshly prepared, as it
can be seen in Table 3. For all elements RSDs were <6% sug-
gesting that shipping and long-term storage does not affect
analyte homogeneity as long as the samples are stored under
the conditions proposed as optimal in this work.

Conclusions

This work shows an improved workflow for the bioprinting,
metrological characterization and use of multi-elemental

This journal is © The Royal Society of Chemistry 2025

gelatin droplets as calibration and tuning materials for LA-
ICP-MS bioimaging.

The variation of droplet thickness (measured by ellipsom-
etry), after printing and dehydration, was found below 8%. This
combined with the intra- and inter-droplet elemental homoge-
neity obtained enable use of these standards for calibration
without the need to ablate the whole droplet, enabling their use
in multiple calibration batches or as quality control materials
along a measurement session. Results show that even ablating
one line per calibration level is representative of the whole
gelatin droplet. However, the ablated area can be selected as
a compromise between experimental time and acceptable
measurement error according to the requirements of users’
applications.

Preliminary data from long-term stability and shipping tests
demonstrate the potential of this fit-for purpose production and
characterisation workflow towards method evaluation and
harmonisation through interlaboratory comparisons. However,
to investigate the extent of application of these standards,
ongoing studies involve further investigation of their stability
under more extreme conditions (e.g. high/low temperatures and
humidities).
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