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ARTICLE INFO ABSTRACT

Keywords: Mass spectrometry imaging (MSI) is an essential technique for visualizing the distribution of molecules in bio-
Tapping-mode scanning probe electrospray logical tissues. Ambient sampling ionization-based MSI has attracted attention for its ability to analyze samples
ionization

directly; however, improving spatial resolution remains a major technical challenge. Young Scientist developed a
tapping-mode scanning probe electrospray ionization (t-SPESI) method that uniquely combines the core tech-
nologies of electrospray ionization (ESI) and atomic force microscopy (AFM). By using an oscillating capillary
probe to periodically supply minute amounts of solvent to the sample surface, t-SPESI enables spatiotemporal
separation of the extraction and ionization processes, allowing rapid, soft ionization of analytes in micro-regions
of the sample. In addition, the oscillating probe senses the sample surface, minimizing the influence of surface
topography on extraction and ionization during MSI. Young Scientist has further advanced high-spatial-
resolution t-SPESI-MSI through the development of feedback-control methods, probe fabrication techniques,
and miniaturization of t-SPESI units. This paper provides an overview of the progress made in the development of

Ambient sampling and ionization
Mass spectrometry imaging
Instrumentation development
Single-cell imaging

t-SPESI instrumentation and highlights MSI results obtained from tissues and single cells.

1. Introduction
1.1. Mass spectrometry imaging for visualizing biomolecules

In living tissues, diverse cell types are spatially organized, and ho-
meostasis is maintained through a series of highly regulated and inter-
active processes involving cell type-specific metabolic activities and the
spatial distribution of metabolites, lipids, and proteins. Each cell ex-
hibits diverse metabolic states depending on its differentiation stage and
local microenvironment, and cellular heterogeneity within tissues is
deeply involved in the onset and progression of various diseases [1,2].
Therefore, technologies that can elucidate spatially resolved metabolic
and molecular states in tissues are essential for unveiling the integrated
regulation of biomolecules [3-5].

Mass spectrometry imaging (MSI) is a powerful analytical technique
for visualizing the spatial distribution of molecules in biological sam-
ples. By ionizing multiple molecules present within microregions of
tissue sections and reconstructing ion peak information from the mass

spectra, MSI enables simultaneous molecular identification and spatial
mapping within cells. Unlike optical techniques such as fluorescence
microscopy or Raman spectroscopy, MSI provides access to diverse
biomolecules—including metabolites, lipids, and proteins—based on
their high-accuracy molecular weight measurement, making it possible
to analyze the metabolic states of cells and the chemical interactions
between cells within diseased regions. Recent advancements have led to
single-cell MSI (SC-MSI), enabling high-spatial-resolution visualization
of components within individual cells [6-9].

In matrix-assisted laser desorption/ionization-based MSI (MALDI-
MSI), a pulsed laser beam irradiates tissue sections covered with a
microcrystalline matrix layer, causing simultaneous desorption and
ionization of both the matrix and sample molecules [10]. This technique
enables the analysis of a wide range of molecules, including lipids,
metabolites, proteins, and N-glycans, and has been used to visualize
cellular heterogeneity in diseased tissues, such as those affected by
cancer [11,12] and neurological disorders [13-16]. Recent
post-ionization approaches have further improved spatial resolution,
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enabling single-cell and subcellular MSI [17-19]. However, MALDI-MSI
faces inherent limitations. The crystal size and thickness of the matrix
layer on the tissue sections affect the extraction/ionization efficiency
and spatial resolution of MSI [20-22]. Consequently, ambient mass
spectrometry (AMS), which enables direct matrix-free analysis, has
attracted increasing attention.

1.2. Development of direct analytical techniques utilizing electrospray
ionization

AMS employs a technique that directly samples and ionizes samples
with little or no pretreatment under ambient conditions. Its key features
include enabling rapid analysis and minimizing variations in component
distribution caused by sample pretreatment. Since the early 2000s,
various methods for AMS have been developed for the direct analysis of
biological samples [23-31]. Among them, ionization techniques capable
of analyzing microregions can be applied to MSL

Desorption electrospray ionization (DESI) is a representative
commercialized technique in which a charged solvent at a high voltage
flows through the inner tube of a coaxial capillary sprayer, while ni-
trogen gas flows from the outer tube to accelerate the charged droplets
[32,33]. When a stream of charged droplets generated by electrospray
ionization (ESI) [34] is sprayed onto a sample surface, the analyte
molecules are locally dissolved and extracted from the sample. The
resulting extracts are desorbed with the charged droplets, and ions are
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generated during the droplet-drying process. MSI using DESI (DESI-MSI)
can be performed by scanning the sample in two dimensions while
keeping the sprayer stationary. Miniaturization of the spray diameter
and solvent flow rate has enabled high-spatial-resolution DESI-MSI with
pixel sizes as small as 5 pm [33]. DESI-MSI has become a useful method
for matrix-free visualization of lipids and metabolites in biological tis-
sues [35] and enables detection of molecular species distinct from those
detected by MALDI-MSI [36].

In nanospray DESI (nano-DESI), two capillaries are arranged in a V-
shape; a primary capillary supplies a high-voltage solvent, while a sec-
ondary capillary collects the solvent. When the liquid bridge between
the capillaries contacts the sample surface, a microscale liquid bridge
forms, and the sample components are extracted. The extract is then
subjected to ESI at the tip of the secondary capillary [37]. The ion source
is commercially available in China but not globally. The microscale
liquid bridge enables high-spatial-resolution MSI of tissues at sub-10 pm
resolution. Furthermore, to suppress changes in the liquid bridge caused
by surface unevenness, a shear force probe is positioned between the
two capillaries. Changes in its oscillation amplitude are monitored,
enabling feedback control to stabilize the formation of liquid bridge
[38-40].

Although DESI enables high-spatial-resolution MSI, completely
eliminating the influence of sample surface unevenness or tilt remains
challenging. In contrast, nano-DESI can extract sample components via a
liquid bridge while suppressing the effects of surface unevenness.
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Fig. 1. Schematic of t-SPESI measurement systems developed to date. (A) First-generation system: Local extraction ionization at the probe tip was demonstrated
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diode, differential amplifier, and lock-in amplifier. A feedback control method

was developed to dynamically adjust the height of the sample stage and maintain a

constant oscillation amplitude during probe scanning. Anal. Chem. 93 (2021) 2263-2272. Copyright 2021 American Chemical Society. (D) Fourth-generation and
Fifth-generation system: Ion detection sensitivity was improved by directly connecting the ion transport tube to the mass spectrometer inlet. Anal. Bioanal. Chem. 417

(2025) 275-286. Copyright 2025 Springer Nature. (E) Sixth-generation system

: A compact t-SPESI unit was developed for use with an inverted optical microscope.

SC-MSI of HeLa cells on a glass substrate was demonstrated using a sharpened silica bead-filled probe. Commun. Chem. 8 (2025) 147. Copyright 2025 Springer Nature.
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However, the size of the liquid bridge depends on the spatial arrange-
ment of the probe, which can sometimes limit the spatial resolution.

2. Progress in the development of tapping-mode scanning probe
electrospray ionization (t-SPESI)

2.1. Proposal of t-SPESI

In 2012, we proposed scanning probe electrospray ionization
(SPESI), an ambient ionization technique (Fig. 1A) [41]. In SPESIL, a
charged solvent is locally supplied to the sample surface using a single
capillary probe. Analytes are extracted via a liquid bridge formed be-
tween the probe and sample, and the resulting extract is directly sub-
jected to ESI as the probe is periodically displaced vertically relative to
the sample surface.

The idea for SPESI originated from an accidental observation. While
conducting experiments with a homemade DESI device, the author
noticed spontaneous vertical oscillation of the capillary, reminiscent of
the motion of a cantilever which is used in atomic force microscopy
(AFM). During his PhD studies, the author developed nanoscale mea-
surement techniques using AFM [42,43], which commonly operates in
two modes: tapping mode, where an oscillating probe intermittently
contacts the sample surface, and contact mode, where a stationary probe
remains in continuous contact with the sample.

Based on this insight, the author hypothesized that intermittently
tapping an oscillating probe against a sample could enable simultaneous
extraction and ionization at the probe tip. By adjusting the position of
the tissue section and probe and performing tapping with the probe,
multiple ion peaks appeared in the mass spectra, representing the first
proof-of-concept of tapping-mode scanning probe electrospray ioniza-
tion (t-SPESI). Inspired by AFM operation modes, a technique called
contact-mode SPESI (c-SPESI) was also devised, in which the probe re-
mains fixed and the sample side oscillates using an ultrasonic transducer
to promote ESI.

In both methods, high-speed camera observations confirmed the
formation of a liquid bridge and onset of electrospraying at the probe tip.
In t-SPESI, when the oscillating probe tip contacts the sample surface, a
liquid bridge forms between the two; as the probe moves away from the
sample, this bridge breaks, forming a Taylor cone that generates an
electrospray. t-SPESI introduces the novel concept of spatiotemporally
separating extraction and ionization using the oscillation of a single
probe. However, in the initial demonstration, t-SPESI relied on sponta-
neous probe oscillation, making precise control of the oscillation
difficult.

2.2. Demonstration of MSI using t-SPESI

After proposing the concept of t-SPESI for AMS, a new measurement
system was constructed to perform MSI using t-SPESI (t-SPESI-MSI)
[44]. A mechanism was developed for attaching the probe to a piezo-
electric actuator, enabling excitation at any desired frequency. In
addition, an automated stage equipped with a stepper motor was
incorporated to enable two-dimensional scanning of the sample
(Fig. 1B). Control programs for the actuator and stage were developed in
LabVIEW. Using this system, MSI was performed on mouse brain tissue
sections mounted on glass slides to visualize the characteristic lipid
distributions in regions such as the cerebral cortex, corpus callosum, and
caudate-putamen. This study marks the first demonstration of
t-SPESI-MSI.

2.3. Stabilization of sampling and ionization by feedback control and
demonstration of multimodal imaging

In t-SPESI, periodic probe-sample contact drives analyte extraction
and ionization. In practice, however, samples are not ideally flat, the
surfaces of the tissue sections are uneven, and the sample stage often
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exhibit a slight tilt. Therefore, as the probe scans the sample, the oscil-
lation amplitude varies depending on surface topology. In protruded or
indented areas, the probe-sample distance decreases or increases,
causing the amplitude to decrease or increase, respectively. Such fluc-
tuations alter the contact time between the probe and the sample,
potentially leading to variations in extraction and ionization efficiency
during t-SPESI-MSL

To address this issue, we developed a feedback control system that
measures the oscillation amplitude of the probe and maintains it con-
stant (Fig. 1C) [45]. A laser beam is directed at the side of the capillary
probe, and the transmitted light is detected using a segmented photo-
diode. The differential signal between the photodiodes is used to
monitor probe-shadow displacement in real time. The oscillation
amplitude is measured wusing a lock-in amplifier, and a
proportional-integral (PI) controller calculates an error signal to match
the measured amplitude to the setpoint values. This error signal is then
sent to the z-stage controller to adjust the sample height. The feedback
control system effectively minimized the influence of surface tilt and
unevenness, maintaining a constant probe oscillation amplitude during
scanning.

Because the feedback error signal reflects the surface shape,
recording it during MSI provides simultaneous acquisition of both ion
images and sample topography. t-SPESI-MSI of mouse brain tissue
visualized the distribution of hexosylceramides and phosphatidyletha-
nolamine with a spatial resolution of approximately 6.5 pm (Fig. 2A-C).
The acquisition of topography and amplitude images confirmed proper
operation of the feedback control system (Fig. 2D and E).

2.4. Effects of probe oscillation frequency on MSI

In t-SPESI-MSI, it is necessary to bring the probe close to the sample
surface to perform tapping. Although feedback control can maintain a
constant oscillation amplitude during the probe scanning, it is essential
to understand the interaction between the probe tip and sample during
the approach process. Therefore, inspired by a force-curve analysis used
in AFM, we developed a measurement system to investigate how the
oscillation amplitude and phase change with probe oscillation frequency
during the approach [46,47].

The oscillation amplitude during approach varied significantly
depending on the oscillation frequency and polarity of the applied
voltage. In the positive-ion mode, significant changes in amplitude and
phase were observed as the probe approached the tissue section. In the
negative-ion mode, fluctuations in amplitude and phase were minimal,
enabling more stable tapping operation.

The amplitude response in the positive-ion mode differed depending
on whether the oscillation frequency was lower or higher than the
resonance frequency. These behaviors were attributed to frequency
shifts caused by attractive electrostatic interactions between the probe
tip and the surface of tissue section. We found that using a lower
oscillation frequency than the resonant frequency stabilized the
approach, whereas at higher frequency than the resonant frequency,
stable approach was not possible and MSI could not perform reliably.
These results demonstrate that appropriate adjustment of the probe
oscillation frequency is critical for t-SPESI-MSI.

2.5. Development of ion transfer tubes to improve ion detection sensitivity

In t-SPESI, a metallic ion transfer tube is used to introduce ions
generated at the probe tip into the mass spectrometer. In a previous t-
SPESI system, a small homemade chamber served as an intermediary
between the ion transfer tube and the MS inlet, with ions introduced by
evacuating the chamber (Fig. 1D). Inside this chamber, a ~1 mm gap
existed between the ion transfer tube and MS inlet, raising concerns that
ions or charged droplets could scatter within this gap, decreasing the
introduction efficiency of the analytes into the mass spectrometer.

To address this issue, we designed an interface that directly
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Fig. 2. MSI of mouse brain sections using a third-generation t-SPESI system. While implementing feedback control to maintain a constant probe oscillation
amplitude, the distribution of phospholipids in mouse brain tissue (A) was visualized in both positive-ion (B) and negative-ion modes (C). Through feedback control,
the topography (D) of the tissue section and amplitude images (E) were acquired simultaneously with MSI. This demonstrated that the probe's oscillation amplitude
could be maintained despite the unevenness of the sample surface. Anal. Chem. 93 (2021) 2263-2272. Copyright 2021 American Chemical Society.

connected the ion transfer tube to the MS inlet [48]. Using this
direct-connection configuration, the signal intensity of the Nal cluster
ions increased on average, more than fourfold in the positive-ion mode
and approximately 1.5-fold in the negative-ion mode. Further evalua-
tion using a rhodamine B film confirmed that shortening the ion transfer
tube (from 24 to 11 mm) improved the signal intensity per pixel by an
average factor of 2.6.

2.6. Development of a measurement system for single-cell MSI

To realize single-cell MSI (SC-MSI), which enables the visualization
of molecular distributions within individual cells, the extraction area
must be reduced to the micron scale, which is one order of magnitude
smaller than typical cell dimensions. Furthermore, precise alignment of
the probe and the cells requires integration with a microscope. Thus, we
focused on developing a probe capable of stable delivery of minute
solvent volumes and a compact t-SPESI unit compatible with an inverted
optical microscope (Fig. 1E) [49].

The capillary probe was fabricated using a laser puller (P-2000,
Sutter, USA). However, as the tip-opening diameter decreases,
contamination and particles in the solvent often clog the probe, pre-
venting solvent delivery to the target. To address this, we filled the probe
with porous silica particles commonly used in liquid chromatogra-
phy-mass spectrometry (LC-MS). This approach prevents clogging and
improves solvent delivery stability.

For the new t-SPESI unit, we integrated a laser light source, probe
oscillation unit, photodiode unit, and two mirrors to guide the laser
beam into a compact housing. The t-SPESI unit was placed above the
sample stage of an inverted microscope without interference. Supported
by a z-direction piezo stage, the height of the unit was adjusted in real
time through feedback control while maintaining a constant oscillation

amplitude of the probe during measurement. Using an inverted micro-
scope, we observed the position and size of the liquid bridge on the glass
substrate from the rear and aligned the relative positions of the probe tip
and cells. This system enabled multimodal imaging, which allowed the
acquisition of fluorescent images, ion images, and topography of HeLa
cells in the same field of view.

2.7. Brief summary of t-SPESI development

As described above, t-SPESI development has progressed through
several key stages: (1) proposal of the operating principle, (2) stabili-
zation of probe oscillation, and (3) improvement of ion detection
sensitivity and spatial resolution for MSI (Table 1). The probe-oscillation
strategy, oscillation-amplitude feedback control, silica particle-filled
probe, and compact t-SPESI unit developed thus far constitute essen-
tial foundational technologies enabling high-spatial-resolution MSI of
tissues and single cells.

In particular, developing a measurement method for probe oscilla-
tion for feedback control took considerable time. First, we adopted a
method similar to AFM, where a laser beam was irradiated onto the
probe surface and the displacement of the reflected beam was detected
using a segmented photodiode [S0]. The problem with this method was
that adjusting the positions of the laser beam and photodiode became
complicated. Therefore, we devised a method to measure the probe
shadow and designed and developed an optical system. Furthermore, to
implement MSI, the development of multiple fundamental technologies
was required, including probe oscillation control, sample stage control,
oscillation measurement, and feedback control. The author advanced
both the hardware design and software development.
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Table 1

Summary of t-SPESI System Development.
System Year Instrumentation update Mass spectrometer Targets Reference
Generation
Ist 2012 First report of t-SPESI TSQ 7000 (Thermo Fisher Insulin, BSA, mouse [41]

Scientific) pancreas
2nd 2014 Probe oscillation with piezo actuator QSTAR XL (AB Sciex) Rat brain [44]
3rd 2021 Optical detection of probe oscillation AccuTOF (JEOL) Mouse brain [45]
Feedback control of sample stage
4th 2023, Update mass spectrometer LCMS-9030 (Shimadzu) Solvent effect [46,52]
2024 Oscillation frequency effect

5th 2025 Direct connection of ion transfer tube LCMS-9030 (Shimadzu) Mouse testes [48]
6th 2025 Compact t-SPESI unit compatible with an inverted Xevo G2-XS (Waters) Hela cells [49]

microscope
Silica bead-filled probe

3. Application of t-SPESI-MSI to bioanalysis

3.1. Visualization of metabolites, lipids, and proteins in mouse pancreatic
cancer

To demonstrate the applicability of t-SPESI to biological tissues, MSI
was performed on mouse pancreatic cancer tissues generated by
injecting human pancreatic carcinoma cell lines (Fig. 3A-C) using the
2nd generation system [51]. Fresh-frozen tissue sections were mounted
on glass slides and analyzed without pretreatment. Measurements were
performed in positive-ion mode using a solvent mixture of meth-
anol/water/formic acid (50:50:1, v/v). Ion signals of spermine, phos-
phocholine, phosphatidylcholine (PC) 34:2, and PC 36:4 were
tentatively assigned in the cancerours region, whereas spermidine
showed a higher intensity in the non-cancerous region (Fig. 3D and E).
These results suggested that polyamine metabolism and phospholipid
synthesis were regulated in cancerous tissues. Furthermore, multiple ion
peaks were detected as multiply charged species in the m/z range of
800-1500. Deconvolution analysis of these peaks enabled tentative
assignment of thymosin 10 (4936.6 Da), thymosin p4 (4963.6 Da),
calcyclin (S100A6, 10090.6 Da), and calpactin I light chain (S100A10,
11072.1 Da), all of which exhibited markedly higher signal localization
in the cancerous region (Fig. 3F and G). In this study, we demonstrated

that polyamines, lipids, and proteins can be simultaneously detected and
that their heterogeneous distribution within the cancer tissue can be
directly visualized. These findings highlight the potential of t-SPESI as a
valuable tool for cancer metabolism and biomarker research.

3.2. Solvent effects in t-SPESI-MSI of mouse brain tissue

The physicochemical properties of the solvents used in t-SPESI are
expected to influence the extraction-ionization efficiency and spatial
resolution of MSI. Therefore, we systematically investigated the effects
of solvent polarity, viscosity, and surface tension on MSI performance
using the 4th generation system [52]. t-SPESI-MSI was performed on
mouse brain tissue sections in positive-ion mode using a mixed solvent
of N,N-dimethylformamide (DMF)/methanol (1:1, v/v) —a mixture
known to permit extraction and ionization without damaging biological
tissues [53]—as well as each pure solvent.

Across all solvent conditions, 93 lipids were putatively assigned, and
the signal intensity and image contrast were compared for each brain
region. When DMF was used alone, the spatial resolution decreased,
likely due to the low transfer efficiency of the extract to the electrospray
despite DMF's high lipid solubility. Furthermore, being an aprotic sol-
vent, DMF suppressed lipid protonation. In contrast, when methanol was
used alone, the signal intensity decreased compared with that obtained

G [ Non-cancerous [l Cancerous
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Fig. 3. MSI of a mouse pancreatic cancer tissue section using the second-generation t-SPESI system. (A) Optical microscope image of adjacent tissue sections stained
with H/E. (B) Optical microscope image of the unstained tissue sections used for MSI. (C) Schematic showing cancerous (red) and non-cancerous (blue) regions
determined from H/E staining. (D, E) Ion images of metabolites: m/z 203.225 and m/z 146.175 were putative protonated molecules of spermine and spermidine,
respectively, and showed increased signal intensities in cancerous and non-cancerous regions. (F) Ion images of four multiply charged protein ions. Deconvolution of
multivalent ion peaks suggested the presence of thymosin beta (TB) 10 (4936.6 Da), Tp4 (4963.6 Da), calcyclin (§5100-A6, 10090.6 Da), and calpactin I light chain
(S100-A10, 11072.1 Da) in the sample. These proteins showed increased signal intensity in the cancerous region. (G) Comparison of signal intensities between
cancerous and non-cancerous regions revealed significant differences. J. Mass Spectrom. 50 (2015) 1157-1162. Copyright (2015) John Wiley and Sons. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



Y. Otsuka

with the mixed solvent, although the transfer efficiency was high and
small charged droplets were generated; however, methanol's lipid sol-
ubility was lower than that of DMF. The 1:1 DMF/methanol mixture
resulted in intermediate properties, providing a good balance between
the ion signal intensity and spatial resolution.

As mentioned in the previous section, mixed solvents containing
aqueous solutions are potentially effective for metabolite and protein
ionization. Investigating the relationship between solvent properties
and extraction-ionization using the approach outlined herein would be
crucial for solvent design.

3.3. Visualization of localized lipids in mouse testes

Lysophosphatidic acid acyltransferase 3 (LPLAT3) is a primary
enzyme that synthesizes phospholipids containing docosahexaenoic acid
(DHA-PL) by incorporating DHA into phospholipids. The high flexibility
of DHA-PL enhances the deformability and vesicle-forming ability of cell
membranes, thereby promoting endocytosis. In mouse testes, DHA-PL
contributes to the function and transport of various proteins required
for sperm release and serves as a metabolic precursor for DHA-derived
lipid mediators. Although LPLAT3 deficiency impairs spermatogenesis
by disrupting DHA-PL synthesis [54], the detailed distribution of these
lipids within tissues remains unclear.

Tissue sections of wild-type (WT) and LPLAT3 knockout (KO) mouse
testes were examined in positive-ion mode with a pixel size of 5 pm
using the 5th generation system (Fig. 4) [48]. Using a probe with an
inner tip diameter of approximately 4 pm, a DMF/methanol mixed sol-
vent (1:1, v/v) was delivered at a flow rate of 5 nL/min using a nanoflow
pump. To compare the distribution of cells and lipids in the testes, op-
tical images of hematoxylin and eosin (H/E)-stained tissue sections were
examined alongside MSI ion images. Lipid ions were assigned by refer-
encing previously reported LC-MS/MS data.

The convoluted seminiferous tubules (CST) of mouse testes exhibit a
layered structure, with cell distribution changing as spermatogenesis
progresses. t-SPESI-MSI of WT mouse testes clearly visualized lipid
distributions corresponding to these structures. PC 34:1 localized to the
outer periphery of CST, whereas PC 36:1 was localized in the stromal
region outside the CST. Notably, PC 38:6—a representative DHA-
PL—showed high intensity within the inner CST and was primarily
localized to the cytoplasm of Sertoli cells (Fig. 4A-D). Conversely, in KO
mice, the PC 38:6 signal was markedly reduced and its distribution was

m/z 760.585
PC 34:1 [M+H]*

H&E stained
after MSI
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unclear, although PC 34:1 and PC 36:1 distributions resembled those of
WT testes (Fig. 4E-H). This change in spatial distribution clearly dem-
onstrates that DHA-PL deficiency in the inner CST originates within the
Sertoli cell layer, supporting the hypothesis that LPLAT3 is responsible
for local DHA-PL production during spermatogenesis. These results
highlight the value of t-SPESI-MSI for investigating lipid metabolism in
genetically modified mouse tissues.

3.4. Visualization of lipids in HeLa cells

Single-cell MSI of HeLa cells was performed using the 6th generation
t-SPESI measurement system integrated with an inverted fluorescence
microscope [49]. HeLa mCAT and IP-cGCS cells were cultured on glass
substrates; the latter cell line overexpresses glucosylceramide synthase
(GCS). After chemical fixation, the HeLa cells were stained with fluo-
rescent dyes (Hoechst 33342 and FDA) and dried (Fig. 5A). MSI was
performed in the positive ion mode with a pixel size of 2 pm using a
probe with a tip inner diameter of approximately 2 pm. Mass spectra
were acquired over the m/z range of 100-1200 with a 300 ms accu-
mulation time. Lipid ions were identified by referencing the results of
supercritical fluid chromatography-tandem mass spectrometry
(SFC-MS/MS).

Statistical analysis of the MSI data revealed significant differences (p
< 0.005) in the signal intensities of the 29 lipid ions between HeLa
mCAT and IP-cGCS cells (Fig. 5B). Principal component analysis showed
clear separation between the two cell types based on lipid metabolic
characteristics (Fig. 5C). Ion images of PC 34:2 and PC 38:4 displayed
strong signals in the cytoplasm and plasma membrane, whereas the
nuclear region showed reduced signal intensity (Fig. 5D, G). In contrast,
the sphingomyelin (SM) species—SM d18:1/22:0, SM d18:1/18:2, and
SM d18:1/16:0—exhibited diffuse distributions over each cell without
strong regional localization, consistent with expected membrane-wide
distribution (Fig. 5E, F, H) The ion images of hexosylceramide
(HexCer) revealed increased signal intensity in ¢GCS cells, characterized
by high expression of glycolipid-synthesizing enzymes (Fig. 5I).

This study demonstrated, for the first time, the applicability of t-
SPESI to SC-MSI and achieved visualization of intracellular lipid local-
ization in HeLa cells. t-SPESI-SC-MSI is expected to serve as a powerful
cell analysis tool for investigating metabolic changes during the cell
cycle or drug treatments.

m/z 788.616 m/z 806.569

PC 36:1 [M+H]* PC 38:6 [M+H]*
3 S :, 0 >'-.' o2 ’ﬁ?‘:‘;i

Fig. 4. MSI of mouse testis sections using a fifth-generation t-SPESI system. Comparison of optical microscope and lipid ion images. (A) Optical microscope image of
H/E-stained WT mouse testis after MSI. (B-D) Comparison of ion images of WT mouse testes. In the PC 34:1 [M + H] " image, the intensity increased in the CST outer
regions relative to that of the inner regions, indicating that PC 34:1 was distributed more in the regions corresponding to spermatogonia and spermatocytes. The PC
36:1 [M + H]" image showed the localization of the signal in the stromal region outside CSTs. In the PC 38:6 [M + H]* (DHA-PL) image, the intensity increased
inside CST. (E) Optical microscopy of H/E-stained LPLAT3 KO mouse testes after MSL (F-H) Comparison of ion images in KO mouse testes. The PC 34:1 [M + H]* and
PC 36:1 [M + H]" images resembled those of the WT testes; however, their signal intensities were lower. In contrast, the intensity of PC 38:6 [M + H]" inside CST
was significantly lower than that in WT testes. Anal. Bioanal. Chem. 417 (2025) 275-286. Copyright 2025 Springer Nature.
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Fig. 5. MSI of HelLa cells using a 6th generation t-SPESI system. (A) Fluorescence images of mCAT and c¢GCS cells. (B) Volcano plot showing the differences in the
signal intensities of lipid ions between cell types. The signal intensities of 29 lipid ions were used (p < 0.005). (C) Score plot obtained by principal component
analysis, showing two distinct groups with 95 % confidence ellipses. Ion images with high signal intensities in mCAT cells (D-F) and c¢GCS cells (G-I). Enlarged
fluorescence and ion images showing a high signal intensity in mCAT (J-M) and c¢GCS (N-Q) cells. The enlarged regions are indicated by the dashed lines. Commun.

Chem. 8 (2025) 147. Copyright 2025 Springer Nature.

4. Conclusion and future perspectives

This review summarizes the development and applications of t-
SPESI. The oscillating probe in t-SPESI not only separates analyte
extraction and electrospray ionization in space and time—enabling
rapid ambient sampling and ionization—but also functions as a surface
sensing element. Through feedback control of the oscillation amplitude,
it is possible to dynamically compensate for the effects of sample surface
unevenness on the destabilization of the extraction and ionization pro-
cesses of the analytes. This multifunctionality fundamentally distin-
guishes t-SPESI from conventional continuous-extraction ambient
ionization techniques. Through the development of core technologies
for high-spatial-resolution MSI, we successfully demonstrated matrix-
free SC-MSI. The use of a DMF/MeOH mixed solvent prevented the
disappearance of cells in the tissue sections after MSI. The combination
of MSI and tissue staining is effective for verifying the correlation be-
tween cell components and morphology.

To further improve the analytical performance of t-SPESI-MSI, it is
necessary to integrate it with diverse techniques that have been actively
developed within the MSI community. Over the past two decades, MSI
has evolved through the incorporation of post-ionization, on-tissue

chemical derivatization, fragmentation and/or ion mobility separation,
and sample preparation strategies such as tissue expansion.

Recent studies have demonstrated substantial improvements in ion
detection sensitivity by post-ionization techniques using lasers, plasma,
and VUV in MALDI- and DESI-based imaging platforms [17,18,55-57].
Post-ionization plays a complementary role by converting the neutral
species that escape primary ionization into detectable ions. Incorpo-
rating post-ionization abilities into the ion transfer tube is expected to
enhance the molecular coverage and ionization efficiency of
t-SPESI-MSI.

On-tissue chemical derivatization has also emerged as a powerful
approach for enhancing the detection sensitivity and molecular
coverage of MSIL. In conventional MALDI-MSI, derivatization is per-
formed across entire tissue sections to improve the ionization of specific
biomolecules [58]. In contrast, ambient techniques such as DESI and
nano-DESI can induce in situ reactions for rapid, localized labeling of
low-polarity molecules while preserving spatial information [59-63].
Recent studies have demonstrated that photochemical or
charge-labeling reactions using solvent-phase reagents can selectively
target functional groups and improve structural discrimination. Because
t-SPESI can utilize derivatization reagent solutions similar to DESI and
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nano-DES], it is well positioned to expand the molecular information
accessible in SC-MSI.

Tandem mass spectrometry (MS/MS) and ion mobility spectrometry
(IMS) provide orthogonal dimensions for molecular characterization
that can significantly enhance the structural specificity of MSI. In the
MS/MS configuration, the mass spectra of the fragment ions provide
fingerprints for more reliable assignments [64,65], while IMS offers an
additional separation dimension based on the gas-phase collision cross
section (CCS), which reflects the molecular size, shape, and charge
distribution [66-68]. Together, MS/MS and IMS provide complemen-
tary structural insights; hybrid approaches enable comprehensive mo-
lecular annotation, improve confidence in compound identification, and
provide a deeper understanding of chemical heterogeneity in tissues
[69]. The coupling of MS/MS and/or IMS with t-SPESI is therefore ex-
pected to advance the accuracy of SC-MSI.

Furthermore, recent developments in tissue expansion techniques
have opened new avenues for improving the apparent spatial resolution
of MSI without modifying analytical instrumentation. By embedding
biological samples in polymer matrices and physically enlarging them
under controlled conditions, molecular distributions can be visualized
with enhanced spatial fidelity while preserving the native chemical
composition [70-73]. Combining t-SPESI with expanded tissues may
enable submicrometer-equivalent MSI, providing deeper insights into
cellular and subcellular organization.

Quantitative MSI is needed not only for studying diseased tissues but
also for its application in pharmacological studies. To achieve quanti-
tative measurements using ESI-based extraction-ionization techniques,
technology that ensures a stable solvent flow during the extraction
process is essential. We demonstrated that solvent delivery using a nano-
flow pump and minimizing the influence of sample surface morphology
using feedback control were effective for stabilizing the formation of
minute liquid bridges. However, further development of stabilization
techniques is necessary. The solution we most urgently require is a pump
system capable of stable solvent delivery with sub-nanoliter resolution
per minute and pressure monitoring. To our knowledge, no commer-
cially available pump meets this optimal requirement. Superior delivery
technology will be key to enabling the widespread application of single-
cell t-SPESI-MSI across diverse research targets.

Moving forward, our research will continue with a dual focus on
instrument development and its application to diseased tissues. We will
address key challenges, including further miniaturization of the
extraction area, improvements in sensitivity and stability of the system,
to upgrade t-SPESI-MSI into a versatile, next-generation ambient MSI
platform. By visualizing the heterogeneity of cellular networks in
diseased tissues with high precision, we aim to contribute meaningfully
to advances in life science research.
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