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Dual mass spectrometers with plasma-based ion
sources for multiplex imaging of elements and
biomoleculesT
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Simultaneous imaging analysis of both elements and biomolecules was conducted by the split-flow laser
ablation technique using two mass spectrometers equipped with different plasma-based ion sources.
The laser-induced sample particles were split into two streams, and introduced into inductively coupled
plasma mass spectrometry (ICP-MS) for detection of elements through hard ionisation, and dielectric
barrier discharge ionization mass spectrometry (DBDI-MS) for detection of biomolecules through soft
ionisation. Selenomethionine was used to optimise the heater current for DBDI-MS and to demonstrate
the system's capability for simultaneous detection. The analytical capability of the present technique was
demonstrated on mouse brain tissue sections, where elemental maps of Mg, P, Fe, Cu, Zn, and Mo were
generated alongside molecular images of lipids and metabolites such as cholesterol, ceramide,
sulfatides, and adenine. The imaging results highlighted distinct spatial distributions of elements and
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Introduction

Metallomics is a growing omics research area on the study of
roles and dynamics of metals and metalloids within biological
systems.* This area of omics complements other omics disci-
plines such as genomics, proteomics, and metabolomics by
elucidating how metals influence biological pathways and
molecular functions. Recognising the importance of metals in
biological systems, metallomics has emerged to investigate the
roles and dynamics of metals and metalloids within these
systems. One of the main approaches to study the localisation of
metals and metal-containing biomolecules is elemental
imaging, which can offer insights into cellular processes and
tumour responses to drugs.

Several techniques are widely used for visualising elemental
distribution, including micro X-ray fluorescence (uXRF)>*
nano-scale secondary ionisation mass spectrometry (nano-
SIMS),>* and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS).”® Among these techniques, LA-ICP-
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biomolecules, correlating them with physiological and structural regions of the brain.

MS stands out as a robust method due to the high sensitivity
and quantitative accuracy, as well as the ability of laser ablation
to operate under atmospheric pressure. This not only allows for
minimal sample preparation but also preserves the original
shape of biological samples, making this technique particularly
advantageous for spatially-resolved elemental analysis. While
mapping the distribution of elements in biological samples
provides valuable insights, combining this information with
molecular data can deepen our understanding of the biological
context of elements within complex systems.

For the imaging of biomolecules, techniques such as matrix-
assisted laser desorption/ionisation mass spectrometry
(MALDI-MS),'*"* time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS),">** and desorption electrospray ionisation
mass spectrometry (DESI-MS),"*** alongside magnetic reso-
nance imaging (MRI),' positron emission tomography (PET),"®
computed tomography (CT),* and fluorescence imaging'® are
among the examples. Recently, the integration of multiple
imaging techniques, or multimodal imaging, has gained
attention to visualise multiple targets in biological samples."” In
clinical studies, although PET/CT and PET/MRI were applied
successfully,’®*® many earlier multimodal imaging involved
molecules, and only the last decade has witnessed advance-
ments in combining multiple imaging platforms for investiga-
tion of biomolecules and elements.**** For example, pXRF and
MALDI-MS were conducted in tandem to obtain elemental and
molecular images.”»*®* The most widely used combined mass
spectrometric techniques are LA-ICP-MS and MALDI-MS,
applied to various biological samples.>***>¢

This journal is © The Royal Society of Chemistry 2025
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Due to differences in analytical principles, most multimodal
imaging techniques are conducted separately. When a non-
destructive technique is involved, the same sample can be
reused for subsequent analysis to derive elemental/molecular
information. However, the major challenge lies in achieving
reproducible sample mounting when transferring the sample
between instruments. In contrast, for techniques involving
destructive analyses, different sections of the same biological
sample are typically prepared for each technique. Comparison
of the resulting images is generally conducted by visually over-
laying the images generated from different techniques. This
approach can complicate the correlation of final images, espe-
cially for heterogeneous samples. For instance, in a study ana-
lysing tumour samples treated with the Pt-based anticancer
drug cisplatin using LA-ICP-MS and MALDI-MS, cisplatin (Pt)
was only able to be imaged by LA-ICP-MS. In contrast, MALDI-
MS failed to detect any known drug-related molecules,*
making it difficult to draw conclusions regarding the drug's
penetration into the tumour tissue. Determining the cause of
this non-detection can be difficult, because it is unknown
whether it resulted from signal suppression caused by the
matrix used in MALDI-MS or from sample heterogeneity.

This has led to the development of analytical techniques using
a single sampling source for simultaneous acquisition. For
instance, laser induced breakdown spectroscopy (LIBS) and LA-
ICP-MS were combined into a single instrument, utilising
a shared laser source to analyse major and trace elements in
geological samples.” For combined elemental and molecular
analysis, Herdering et al. demonstrated a method where laser
ablation aerosols were divided into two streams, enabling the
analysis of kidney and lymph node samples with ICP-MS and
atmospheric pressure chemical ionisation mass spectrometry
(APCI-MS).”® Another example was reported by Paing et al., where
they combined laser ablation with a single ion source, liquid
sampling-atmospheric pressure glow discharge plasma (LS-
APGD) for simultaneous acquisition of elemental and molecular
data.”® While these approaches are useful for the detection of
elemental and molecular information at the same time, further
improvements are needed to enhance the practicality for ana-
lysing complex samples. For example, in LA-ICP-MS/APCI-MS
analysis,” molecular detection was limited to analytes with
high concentrations, possibly due to the reduced sensitivity in
molecular analysis. In the case of LA-LS-APGD, using a single ion
source for both elemental and molecular detection requires
careful optimisation of parameters such as the interelectrode gap,
discharge current, and the choice of solvent electrolytes.>~°

In this study, we adopted an approach similar to that of
Herdering et al., integrating laser ablation with ICP-MS and
dielectric barrier discharge ionisation mass spectrometry
(DBDI-MS) for concurrent elemental and molecular imaging.
Here, DBDI was used as the ion source for molecular detection
because it operates with a larger discharge current compared to
APCI, which is expected to provide a higher ionisation capacity.
The DBDI used in this study has a high-frequency current
limiter integrated into the AC power supply. This can obviate
the risk of causing an arc discharge, which could lead to
unstable ionisation. The LA-ICP-MS/DBDI-MS setup was
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previously described in our earlier publication.** However, the
present study employed a time-of-flight mass spectrometer for
molecular analysis to enable high-resolution mass detection of
analytes from complex samples. This approach was initially
demonstrated by optimising parameters using selenomethio-
nine as a model compound, which served as a representative
example for simultaneous elemental and molecular analysis. Its
application to bioimaging was further validated with a single
tissue section from a mouse brain. The results underscore the
potential of this technique to provide complementary elemental
and molecular information from a single sample, offering
significant advantages for studying complex biological systems.

Experimental
Chemicals and materials

The following reagents were purchased: phosphorus standard
solution (Kanto Chemical Co., Inc), i-selenomethionine, glyc-
erol, ethylene glycol (Nacalai Tesque Inc., Kyoto, Japan), copper
standard solution, 4-aminobutanoic acid (also known as v-
aminobutyric acid, GABA), adenine, glutamic acid, cholesterol,
t-o-phosphatidylcholine (dipalmitoyl) (FUJIFILM Wako Pure
Chemical Industries, Ltd, Osaka, Japan), dopamine hydrochlo-
ride (LKT Labs. Inc), adenosine 5'-diphosphate, sulfatides from
bovine brain (Sigma Aldrich), and ceramide (brain, porcine)
(Avanti Research). No further purification procedures were
performed in this study. For GABA, adenine, glutamic acid,
selenomethionine, cholesterol, dopamine hydrochloride, and
adenosine 5'-diphosphate, approximately 50 mg of each reagent
was pressed into powder pellets using a hydraulic press (PIKE
Technologies, Madison, USA) at a pressure of 2.55 MPa.

Selenomethionine was used for system optimisation in this
study due to the presence of selenium in the compound,
enabling simultaneous monitoring of both elemental and
molecular signal responses. Selenomethionine pellet was used
to optimise heater temperature and gas flow. To demonstrate
the capability of LA-ICP-MS/DBDI-MS for simultaneous acqui-
sition, selenomethionine was diluted with MilliQ (ultrapure)
water (Millipore, MA, USA) to a concentration of 1 mg mL ™, and
the solution was dropped onto a glass slide. The droplet was
dried using a hot plate set to 70 °C to form crystals.

For validation of the analytes contained in mouse brain,
standard solutions of phosphorus and copper were diluted in
MilliQ water to a final concentration of 1 pg mL™" as a repre-
sentative of elemental analytes of interest. Molecular analytes
such as cholesterol, r-a-phosphatidylcholine (dipalmitoyl),
ceramide, and sulfatide were diluted in 2:1 chloroform/
methanol to a final concentration of 1 mg mL™". All solutions
were deposited into 2 mm-diameter wells of a Teflon-printed
glass slide. The droplets were left to dry before analysis.

Instrumentation

The laser ablation system utilised in this study was a Yb:KGW
femtosecond laser equipped with galvanometric mirrors, oper-
ating at a wavelength of 260 nm and a pulse duration of 290 fs
(Jupiter Solid Nebulizer, ST Japan, Tokyo, Japan). Laser-induced
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Fig. 1 Schematic diagram of the (a) instrumental setup for simulta-
neous analysis of elements and molecules and (b) LA-DBDI-MS.

aerosols were divided into two streams via the split flow tech-
nique using a Y-piece. The sample particles were then intro-
duced into two mass spectrometers with different ion sources,
(i) ICP-MS and (ii) DBDI-MS, in parallel to detect elements and
molecules, respectively. The instrumental setup is shown in
Fig. 1(a). For the detection of elements, a triple quadrupole-
based ICP-MS (NexION 5000, PerkinElmer, Shelton, CT, USA)
was used. For DBDI-MS, a hybrid quadrupole time-of-flight
mass spectrometer (Xevo G2-XS QTof, Waters Corporation,
MA, USA) equipped with an in-house DBDI, utilising Ar as
plasma gas, was employed. A T-shaped glassware connected the
ion source, heater, and the mass spectrometer. Aerosols
produced by laser ablation were heated to promote analyte
desorption prior to ionisation through proton transfer. Details
of this ion source can be found in our previous work.*> Note that
the configuration of the DBDI and the organic mass spec-
trometer differed from our previous work due to a change in the
orientation of the mass spectrometer interface (Fig. 1(b)).
Instrumental settings were optimised with selenomethionine
through the monitoring of the signal intensity of "’Se for ICP-
MS and protonated ion of the compound at a mass-to-charge
ratio (m/z) 195.01 for DBDI-MS. Detailed instrumental and
experimental parameters are summarised in Table 1.

Heater current optimisation

A selenomethionine pellet was used for heater current optimi-
sation in DBDI-MS. The parameter was optimised using LA-
DBDI-MS alone (Fig. 1(b)) before coupling with ICP-MS. A
single run consisted of a 30-second gas blank, followed by 15
seconds of laser ablation on a 150 x 150 um sampling area.
Data acquisition was conducted with a scan time of 1 second.

Tissue sectioning

Animal experiments were approved by the Animal Care and Use
Committee of UNITECH Co. Ltd. (Kashiwa, Japan) (approval
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number: AGR TD-241115A-27) and conducted at UNITECH in
accordance with the guidelines. Eight-week-old male S1c:ICR
mice (Japan SLC, Inc., Shizuoka, Japan) were used in this study.
All animals were euthanised by exsanguination under deep
isoflurane anaesthesia, followed by perfusion with 4% para-
formaldehyde phosphate buffer solution (4% PFA PBS; FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan) for
tissue fixation. Brains were then collected and post-fixed in 4%
PFA.

The fixed brain tissues were subjected to stepwise cry-
oprotection by immersion in sucrose solutions of increasing
concentrations: 10% sucrose/PBS for two hours, 20% sucrose/
PBS for six hours, and 30% sucrose/PBS for 48 hours. The cry-
oprotected tissues were embedded in M1 embedding matrix
(Thermo Fisher Scientific, MA, USA) and sectioned into 50 um
slices using a Leica CM3050 S microtome (Leica Microsystems,
Wetzlar, Germany). The tissue sections were stored at —20 °C in
an antifreeze solution containing 25% glycerol and 30%
ethylene glycol in PBS. There was a few weeks' interval between
tissue preparation and imaging. No staining procedures were
made on the analysed sample.

Data acquisition for imaging analysis

Imaging analysis was conducted by repeated line-scanning of
the laser beam. The 10 pm laser beam was set to partially
overlap with each other due to its Gaussian nature, and ablation
followed a “pseudo-line” pattern, where the vertical length was
50 um, defining the vertical spatial resolution. The horizontal
spatial resolution depended on the mass scan for one cycle,
raster speed, and repetition rate. The raster speed for a single
pseudo-line was 50 pm s, with no gap between each line. A 30-
second blank signal was obtained before laser irradiation on the
sample.

Signal intensity profiles were acquired based on time-
resolved analysis (displayed as total ion chromatogram, TIC,
for the organic mass spectrometer). Data acquisition was con-
ducted under the following conditions: dwell time of 30 ms for
all elements except “®Se (100 ms) and **Mo (200 ms) for ICP-MS.
The RPa values (DC voltage of the Universal Cell) were deliber-
ately detuned for highly abundant elements, such as “*C, *'P,
and **S, to reduce sensitivity of these elements and prevent
detector saturation. For DBDI-MS, experimental conditions of
a scan rate of 0.2 seconds per mass spectrum and a scan range
of 50-1200 Da were used. Acquisition of the right hemisphere of
the mouse brain was performed in negative mode, while the left
hemisphere was acquired in positive mode for the DBDI-MS
images. ICP-MS images were acquired for both hemispheres.
A single coronal section of brain tissue was used for the
analysis.

Data processing

For elemental analysis, the imaging data of selected elements
were exported as comma-separated values (CSV) formatted files.
For molecular analysis, the average mass spectrum of a single
line on the sample was first obtained, and specific m/z values
were selected to display extracted ion chromatograms (EICs)

This journal is © The Royal Society of Chemistry 2025
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Table 1 Instrumentation and operational settings
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Laser ablation system
Instrument

Laser source
Wavelength

Pulse duration
Fluence

Repetition rate

He gas (carrier gas)
Ar gas (makeup gas)
Imaging conditions

ICP-MS
Instrument

ICP forward power
Coolant gas
Auxiliary gas
Acquisition mode

Collision gas (for KED)
Detector

Detection system
Monitored isotopes

Dwell time

Organic MS
Instrument

Gas flow
Acquisition mode
Ion polarity

Detector
Detection system
Mass range

Scan time

Ion source
Plasma gas
Heater current

(range: extracted m/z + 0.01 Da). EICs for each m/z were
exported as text (TXT) files and then converted into CSV format.
Both data sets were imported into BioQuant for data processing
and image construction.

BioQuant is a newly-developed software that processes data
from two separate mass spectrometers within a single user
interface.*” This software can correct for differences in the
starting times of the elemental and molecular signals. The
timing difference in the signal rise was caused by starting each
mass spectrometer at different times. The software can also
redefine the spatial resolution of one pixel. The dimension of
one pixel in the horizontal direction could be adjusted to ensure
compatibility between the data sets. The vertical spatial reso-
lution remained the same, while the horizontal spatial resolu-
tion, defined by the mass scan for one cycle, varied for each
mass spectrometer due to the different mass scan timings. This

This journal is © The Royal Society of Chemistry 2025
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Positive (selenomethionine)
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50-1200 Da

0.4 s (selenomethionine), 0.2 si(Imaging)
In-house DBDI

0.6 L min™"

3.0a

discrepancy resulted in different spatial resolutions for the
elemental and molecular images, complicating pixel-by-pixel
comparison. Before correction, the horizontal resolutions for
elemental and molecular data were 37 pm and 11 pm, respec-
tively. After correction, one pixel was redefined as 72 um x 50
um (horizontal (x) x vertical (y) directions) for both data sets.

Results and discussion
Heater current optimisation

Selenomethionine was initially analysed using laser ablation
connected only to DBDI-MS (Fig. 1(b)) to investigate its ionisa-
tion characteristics and to determine the optimal heater current
for analyte desorption. During laser ablation, a mixture of gas
molecules and particles is transported from the ablation cell to
the plasma for ionisation. While ionisation occurs when

J. Anal. At. Spectrom., 2025, 40, 2016-2025 | 2019
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Fig.2 Signal-to-background ratio of m/z 198.00 (white plots), and the
ratio of the protonated dimer (m/z 394.96) to the protonated mole-
cules (m/z 198.00) (gray plots), measured using LA-DBDI-MS at various
heater currents. Error bars represent 2SD (N = 5).

sufficient energy is applied to the sample, the process will be
more efficient when more molecules are present in the gas
phase compared to when molecules are in the bulk phase
(particles). The desorption process, which involves the release
of intact molecules from the bulk into the gas phase, benefits
DBDI due to its capability of forming ions in the gas phase, and
thus enhance ionisation efficiency. Studies suggest that thermal
processes play a significant role in desorption.****-** To promote
desorption and enhance ionisation efficiency, we used a heater
in the analyte pathway before ionisation occurs.

Tons detected at m/z 198.00 (protonated molecule of **Se in
selenomethionine) were used to optimise the heater current.
The white plots in Fig. 2 illustrate the relationship between the
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signal-to-background ratio and heater current. As the heater
current increased, analyte intensity also increased, reaching the
highest signal-to-background ratio at 3 A. However, beyond this
point, the ratio began to decline. This decrease is attributed to
the increased formation of protonated dimers (Fig. 2 gray plots),
whose intensity also increased with heater current. These
results suggest that elevated currents generate more thermal
energy, enhancing the desorption process by releasing more
molecules from particles and improving ionisation efficiency.
However, excessive heat can lead to greater dimer formation,
which may complicate the interpretation of the mass spectrum.
Therefore, while sufficient heat is essential for effective
desorption, excessively high currents should be avoided.

Simultaneous detection from both mass spectrometers

Fig. 3 shows the results of LA-ICP-MS/DBDI-MS for the analysis
of selenomethionine. The mass spectra obtained using ICP-MS
displayed the isotopic composition of selenium, reflecting its
natural abundance (Fig. 3(a)). For DBDI-MS, both the proton-
ated molecule [M + H]" of selenomethionine and a fragment ion
[M — NH; + H]" were observed (Fig. 3(c)). All peaks showed
a mass deviation within +£10 ppm between the calculated and
detected exact masses. The signal intensity profiles demon-
strated the simultaneous acquisition of both elements and
molecules (Fig. 3(b) and (d)). ”’Se and m/z 195.01 (protonated
molecule of selenomethionine containing ”’Se) were tracked as
time-resolved data during laser ablation on a selenomethionine
droplet. Both profiles exhibited a similar pattern, indicating the
feasibility of simultaneous measurement. These results high-
light the complementary capabilities of ICP-MS and DBDI-MS in
the simultaneous analysis of elements and molecules. This
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Fig. 3 Detection of selenomethionine using the LA-ICP-MS/DBDI-MS system. (a) Mass spectrum of selenium obtained from ICP-MS and (b) the
corresponding signal intensity profile recorded for a single line across a selenomethionine droplet. Similarly, (c) the mass spectrum of sele-
nomethionine obtained from DBDI-MS and (d) its signal intensity profile recorded along the same line.
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suggests that the present system holds potential for future
studies on the chemical forms of elements in various samples.

Spatial mapping and analytical validation of target analytes in

mouse brain tissue

To demonstrate the simultaneous elemental and molecular
imaging capabilities of the current system, a mouse brain section

S
o

© Intensity (cps)

[ST(d18:0/18:0)-H]
(m/z 806.56)

w
w

i |

< Intensity (cps)

[Cholesterol-H,0+H]"
(m/z 369.35)

(3.1
o
x
-
]
e}

© Intensity (cps) ¢

ST ER,

View Article Online

JAAS

was analysed. The brain is a highly complex organ composed of
a wide variety of chemical substances that support its structure
and function, including neurotransmitters, proteins, peptides,
lipids, metabolites, nucleotides, and metal ions.***® The present
imaging analysis aimed to assess whether this analytical approach
could be applied to such a complex sample. The resulting images
are shown in Fig. 4. For biomolecular images, the right
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Fig.4 Opticalimage and MS images of a coronal mouse brain section. (a) Optical image of the analysed brain section. The parts of the brain were
labelled with reference to the (b) Allen Brain Atlas (#74 in Coronal Atlas). (c) Imaging results of elements and biomolecules.
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hemisphere of the brain was obtained in negative ion mode, while
the left hemisphere was acquired in positive ion mode.

Non-metals (such as P) and essential trace metals (such as
Mg, Fe, Cu, Zn, and Mo) were detected. All elements exhibited
heterogeneous distributions within the brain. Magnesium was
distributed relatively homogeneously throughout the brain,
with lower abundances observed in the corpus callosum and
fiber tracts (i.e., white matter). Phosphorus was found to be
enriched in the corpus callosum and cerebral peduncle, while
iron was concentrated in the pyramidal layers of the hippo-
campus. Copper was predominantly concentrated in the
ventricular systems. Zinc, in contrast, was primarily localised in
the CA3 region of the hippocampus (particularly in the stratum
lucidum), amygdala, and specific areas of the cerebral cortex.
Our results were consistent with the images reported from
previous studies.**** In addition, we were able to image
molybdenum, which was seldom reported. This element was
present in the cerebral cortex, dentate gyrus, CA3 area of the
hippocampus, and fiber tracts. Studies on the localisation of
molybdenum are limited; however, research indicates that
molybdenum acts as a cofactor for the activation of enzymes
such as sulfite oxidase, aldehyde oxidase, xanthine oxidase, and
mitochondrial amidoxime reducing component.*>** This
suggests that molybdenum may play a role in reducing reactive
intermediates such as sulfite and aldehydes, thereby minimis-
ing the generation of reactive oxygen species that can damage
neurons. Notably, the hippocampus, which is rich in neurons,
may particularly benefit from this protective function.
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Fig. 5 Mass spectra of (a) GABA, (b) glutamic acid, (c) dopamine, (d)
cholesterol, (€) ADP in positive and negative ion modes, and (f) adenine
in positive and negative ion modes. All analytes were analysed with LA-
DBDI-MS only (Fig. 1(b)).
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Biomolecular ions were identified by comparing results with
reagents analysed (Fig. 5) and with findings from previous
research. For instance, m/z 136.06 was assigned to the proton-
ated ion of adenine, consistent with the adenine reagent ana-
lysed in positive ion mode (Fig. 5(f)). However, it is also
plausible that m/z 136.06 represents a fragment of adenosine
triphosphate (ATP), adenosine diphosphate (ADP), or adenine
monophosphate (AMP), as observed in the analysis of the ADP
reagent, where m/z 136.06 was detected (Fig. 5(e) positive).

Lipids were also detected. m/z 806.60 and m/z 888.62 were
assigned as the deprotonated molecules of sulfatides. In posi-
tive ion mode, m/z 369.35 and m/z 566.55 were attributed to
cholesterol and ceramide (Cer(d18:1/18:0)), detected as [M-
H,O0 + H]" and [M + H]', respectively. Cholesterol and sulfatides
were highly concentrated in the white matter region, particu-
larly in the corpus callosum and fiber tracts, where bundles of
myelinated axons are densely populated. Ceramide (Cer (d18: 1/
18:0) was relatively distributed evenly throughout the brain,
with slightly high abundance in the hippocampus and olfactory
areas. These results were in good agreement with the reported
literature on the distribution of lipids in mouse brain tissue.***¢
Additionally, m/z 551.50 was tentatively assigned as a fragment
of phosphatidylcholine (PC(32 : 0)). This ion showed a distribu-
tion contrasting cholesterol and sulfatides, mainly localising in
gray matter. Previous studies using APCI-MS for phospholipid
detection reported the detection of diacylglyceride (DAG) frag-
ments due to the loss of the phosphate-containing head
group.*”*® Since DBDI shares a similar ionisation mechanism
with APCI,*** it is likely that a similar phenomenon occurred in
this study. Given that PC constitutes the majority of phospho-
lipids,* it is highly probable that m/z 551.50 originated from PC.
However, the possibility that m/z 551.50 represents isomers
from other phospholipid fragments cannot be excluded.

Among the images, iron displayed a similar pattern to m/z
136.06 (proposed as adenine or a fragment of ATP, ADP, or AMP),
both concentrated in pyramidal layers of the hippocampus. The
hippocampus requires significant energy to maintain neuronal
function, and mitochondria play a central role in Fe utilisation
and ATP production. Iron is present in iron-sulphur clusters and
cytochrome ¢, which mediate electron transfer within mito-
chondria, leading to the synthesis of ATP. Phosphorus was also
observed to be enriched in the same regions as m/z 136.06 in the
hippocampus, which may further support the hypothesis of m/z
136.06 originating from nucleotides (e.g., ATP, ADP and AMP).
However, phosphorus was also distributed in the white matter
(ie., corpus callosum and fiber tract) and certain areas in the
cerebral cortex. In contrast, PC(32:0) displayed an opposite
trend. This may seem -counterintuitive, as phosphorus is
a component in phosphatidylcholine. However, phosphorus is
also found in other biomolecules, such as nucleotides, nucleic
acids (DNA and RNA), phosphorylated proteins, and phospho-
lipids other than PC(32:0). These biomolecules are often more
abundant in metabolically active regions of the brain, where
cellular activities and energy production are intense, which may
explain the observed distribution.

To confirm the identity of the analytes detected, additional
validation analysis was performed to ensure accurate
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Fig. 6 Mapping of several analytes of interest. (a) Optical image of the
glass slide after analyte deposition. Blank A contains MilliQ water and
Blank B contains a chloroform/methanol mixture. (b)-(c) Elemental
maps from ICP-MS: (b) Teflon coating (**C) and (c) analytes showing
31p, 345 and °Cu. (d)-(f) Molecular maps from DBDI-MS: (d) Teflon
coating detected at m/z 199.07 (positive mode) and m/z 185.92
(negative mode), (e) molecular analytes detected in positive mode
including cholesterol (m/z 369.35), PC(32:0) (m/z 551.50), and
ceramide (m/z 566.55), and (f) sulfatides detected in negative mode at
m/z 806.57 and m/z 888.64. (c), (e), and (f) show merged ion images of
multiple analytes.

identification. Based on the predicted analytes detected in the
mouse brain, reagents were selected and purchased for valida-
tion. These reagents were prepared as solutions and deposited
onto a glass slide with a Teflon coating. The imaging results are
shown in Fig. 6. All analytes showed good correlation with the
spatial patterns observed in the optical image (Fig. 6(a)). In
addition, for analytes containing both elemental and molecular
components, such as PC(32:0) (which contains phosphorus)
and sulfatides (which contain sulphur), the elements exhibited
distributions identical to their molecular counterparts: phos-
phorus and PC(32 : 0) showed a higher signal intensity along the
circumference of the residue, while sulphur and sulfatides
displayed a distinctive creased pattern in the residue. These
results, alongside the mass spectra obtained for these analytes
(Fig. S1t), support our predictions regarding the assigned peaks
in Fig. 4.

The limit of detection (LOD) for the present LA-ICP-MS/
DBDI-MS technique was determined based on the mean of
the background signal plus three times the standard deviation
of the background signal. For ICP-MS, the calculated LODs were
6.5 pg for phosphorus, 0.4 pg for copper, and 2.4 pg for zinc. As
for DBDI-MS, the LODs were 91 pg for adenine (m/z 136.06), 97
pg for cholesterol (m/z 369.35), and 698 pg for PC(32:0) (m/z
551.50).

Correlation analysis is one of the principal methods to
understand the potential interactions among components.
Correlation analyses conducted in previous studies are mostly
either only among elements® or biomolecules.”® In contrast,
with the present multiplex imaging technique, correlation
analysis based on both elements and biomolecules could be
made. Fig. 7 presents the correlation analysis of *'P, *’Fe, and
m/z 136.06. The analysis focused on the region surrounding CA1
and CA2 pyramidal layers of the hippocampus, where all three
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Fig.7 Correlation analysis of 3P, >’Fe, and m/z 136.06 (adenine). The
brain region outlined in white represents the selected area for corre-
lation analysis. The corresponding data points within this area are
displayed as white plots.

analytes colocalised. The results indicated positive correlations
between these three components. This enhances the accuracy of
multi-analyte correlation by ensuring that all analytes are eval-
uated at the same spatial resolution, and hence improving the
reliability of biological interpretation.

Neurotransmitters such as GABA, glutamic acid, and dopa-
mine reagents were analysed (Fig. 5(a)-(c)) due to these
substances being reported to have interactions with metal ions
such as Fe, Cu, and Zn.>* GABA and glutamic acid were observed
as protonated molecules at m/z 104.07 and m/z 148.06, respec-
tively, while dopamine was primarily detected as a deaminated
fragment ion at m/z 137.06. These neurotransmitters were
successfully imaged using techniques such as MALDI-MS, laser
ablation electrospray ionisation mass spectrometry (LAESI-MS),
and DESI-MS,'"*> but unfortunately, they were not detected in
this study. Dopamine, which is mainly concentrated in the
medulla oblongata, was not observed because this brain struc-
ture was not included in the prepared brain section. Another
likely reason for the lack of detection is the low sensitivity of the
molecular detection system. Neurotransmitters such as GABA,
dopamine, serotonin, acetylcholine, norepinephrine, and so on
typically exist in concentrations ranging from nM to pM.*® To
address this limitation, further improvements in sensitivity are
required to detect low-concentration analytes.

For lipids, a peak at m/z 834, predicted to be phosphati-
dylserine (PS), was detected. However, its distribution differed
from that of phosphatidylserine PS (18:0/22:6) reported in
a previous study.™ While this lipid is known to be abundant in
grey matter, our results showed a distribution more similar to
the sulfatides, which are concentrated in white matter. There-
fore, this suggests that PS was not detected as the [M-H] ™ ion in
this study. Similarly, the identification of phospholipids
including phosphatidylethanolamine, phosphatidylinositol,
and sphingomyelin requires further analysis of the reagents. To
achieve more comprehensive identification of the compounds
present, additional fundamental research on the ionisation
characteristics of various analytes using DBDI-MS is necessary.

J. Anal. At. Spectrom., 2025, 40, 2016-2025 | 2023


https://doi.org/10.1039/d5ja00039d

Published on 16 Junie 2025. Downloaded on 2026-02-01 1:45:17 nm..

JAAS

The averaged mass spectrum of a single line from the sample
revealed a wealth of sample-related compounds. The ions
shown here represent only a fraction of the full spectrum and
provide just a glimpse into the sample's complexity.

Given the growing interest in omics technologies, this
multiplex approach provides the opportunity to combine
multiple types of data (i.e., metallomics, lipidomics, and
metabolomics) to gain deeper insights into physiological
processes and pathophysiological changes in brain diseases. By
integrating such data, this method could offer a comprehensive
understanding of the brain's chemical environment and its
alterations under various conditions. Additionally, resources
such as the Allen Brain Atlas can play a pivotal role in achieving
this goal by providing a detailed reference of brain structure and
gene expression, enabling better correlation of omics data with
anatomical data.

Conclusions

This study successfully demonstrated the combination of LA-ICP-
MS with DBDI-MS for simultaneous elemental and molecular
imaging from a single sample. Selenomethionine served as
a proof-of-concept for the system's ability for simultaneous
detection and the possibility to analyse the chemical forms of
metals, whether in free form or as part of a compound. Appli-
cation to mouse brain tissue revealed distinct yet interconnected
patterns of elements and biomolecules. While the system proved
effective for analysing lipids and certain biomolecules, chal-
lenges such as the detection of low-abundance biomolecules
were noted, requiring further sensitivity improvements. Overall,
the present technique represents another candidate for
comprehensive analysis of complex biological systems, with
potential applications in exploring physiological processes,
disease mechanisms, and therapeutic targets.
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