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a b s t r a c t

Mass spectrometry imaging (MSI) is a rapidly advancing field in omics research, offering spatially re-

solved localization of biomolecules such as metabolites, lipids, and proteins within tissue sections. Re-

cent advancements in high-resolution MSI instrumentation have significantly enhanced the visualization

of cellular structures, enabling molecular mapping at the single-cell level. Current single-cell MSI tech-

niques can be broadly categorized into label-free approaches and multiplexed antibody-based strategies,

both of which are continuously evolving to support comprehensive molecular profiling with subcellular

precision. These technologies have become particularly valuable in cancer and neurodegenerative disease

research, where they facilitate the characterization of cellular heterogeneity, metabolic reprogramming,

and microenvironmental changes associated with disease progression. To meet the increasing demands

of high-content spatial biology, multiple single-cell MSI platforms have been employed to detect low-

abundance molecules, distinguish phenotypically distinct cell populations, and uncover region-specific

molecular alterations in complex tissues. Moreover, emerging capabilities such as three-dimensional MSI

are further extending the potential of this technology to reconstruct tissue biochemical architecture and

capture spatially resolved molecular dynamics. In this review, we highlight pioneering advancements in

single-cell MSI techniques and their applications in cancer and neurodegenerative disease research, with

a particular emphasis on their role in elucidating disease mechanisms at the cellular level. We also dis-

cuss current challenges and future perspectives for expanding the utility of single-cell MSI in subcellular

imaging and deeper biological discoveries.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Cell functions as the fundamental building block of living or-

ganisms. Cellular heterogeneity is recognized as a driving factor in

various biological processes, such as tumorigenesis, growth, metas-

tasis, drug resistance development, and cell fate determination [1].

More and more evidence from spatial omics research indicates that

the spatial localization of cellular biomolecules is crucial for un-

covering the cell heterogeneity and chemical diversity [2]. Mass

spectrometry imaging (MSI), as a cutting-edge technique for de-

termining the spatial distribution of biomolecules in biological tis-

sues, has garnered significant interest within the research commu-

nity. However, single-cell MSI presents unique challenges due to

the small size of mammalian cells, which typically range from 5

μm (sperm) to 150 μm (ovum) in diameter, with an average size

of approximately 10-20 μm. Enhancement of spatial resolution and
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ion yields for precise molecular mapping at the single-cell level re-

mains a formidable task [3].

In recent decades, label-free mass spectrometry techniques,

namely, matrix-assisted laser desorption/ionization mass spec-

trometry (MALDI-MS), secondary ion mass spectrometry (SIMS),

and desorption electrospray ionization mass spectrometry (DESI-

MS), have witnessed significant advancements for single-cell MSI

applications, propelled by the dedicated efforts of numerous re-

search groups. Among these approaches, SIMS achieves the high-

est spatial resolution, making it highly advantageous for imaging

elemental distributions within tissues and cells [4]. Despite its rel-

atively hard ionization process, which complicates the analysis of

intact biomolecules in cells, recent innovations in alternative ion

beam technologies offer promising solutions to overcome this lim-

itation. Comparatively, MALDI-MS employs a softer ionization ap-

proach. The spatial resolution of MALDI-MSI has improved to 5

μm and can be further refined to 1 μm with instrumental mod-

ifications, greatly enhancing its capability for single-cell MSI [5].

DESI, an ambient ionization technique, exhibits the lowest spatial

resolution but excels in the rapid analysis of diverse biomolecules
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Fig. 1. Graphical representation of label-free single-cell MSI techniques, incorporating probe types, spatial resolution, mass range and detection limit.

directly from tissue surfaces, with ongoing improvements in spa-

tial resolution further enhancing its strengths [6]. In parallel, some

novel label-free methods that integrate laser ablation with other

ionization techniques—such as laser ablation inductively coupled

plasma (LA-ICP), laser ablation electrospray ionization (LAESI), and

surface-assisted laser desorption/ionization (SALDI)—have been de-

veloped for single-cell MSI, further expanding its range of applica-

tions. Additionally, mass-tagged technologies like imaging mass cy-

tometry (IMC) and multiplex ion beam imaging (MIBI) [7], which

integrate antibody-based approaches with laser ablation or ion

beam analysis, have achieved subcellular resolution in the MSI on

tissue samples, enabling precise detection of protein composition

and specific cell surface epitopes.

These single-cell MSI technologies, featuring enhanced spa-

tial resolution and acquisition throughput, have opened new av-

enues for exploring complex biological systems. In cancer and

neurodegenerative disease research, these innovations enable spa-

tially resolved detection of metabolites, lipids, and proteins at

single-cell resolution, which supports in-depth investigations into

multiscale tissue heterogeneity, cell-type-specific functions, and

spatially regulated metabolic fluxes. Moreover, the emergence of

three-dimensional (3D) MSI has advanced the imaging capabili-

ties, allowing for volumetric molecular mapping of pathological tis-

sues and offering insights into tissue architecture and spatial dis-

ease dynamics. By further integrating single-cell MSI with other

modalities, such as transcriptomics, fluorescence microscopy, and

magnetic resonance imaging (MRI), researchers can acquire high-

content single-cell molecular information, enabling more compre-

hensive spatial and molecular characterization of complex biologi-

cal systems. This convergence not only advances spatially resolved

molecular analysis in life-threatening diseases, but also under-

scores the pivotal role of computational innovation and the press-

ing need for multimodal integrative platforms capable of recon-

structing subcellular molecular architecture and unraveling com-

plex disease mechanisms.

In this review, we provide a comprehensive overview of pi-

oneering technological advances in spatially resolved single-cell

omics, with a particular focus on ionization strategies and their ap-

plications in cancer and neurodegenerative disease research. First,

we examine the evolution of single-cell MSI techniques, highlight-

ing key innovations in sampling and ionization that have advanced

biomolecular mapping and enhanced the precision of single-cell

profiling. Next, we summarize recent advances in single-cell and

3D MSI, highlighting their contributions to cancer and neurodegen-

erative disease research through spatial profiling of cellular hetero-

geneity, cell-cell interaction landscapes, and metabolic flux regu-

lation. Finally, we discuss the future prospects of single-cell MSI,

focusing on the challenges of achieving subcellular resolution and

its broader implications for biological applications. We aim to pro-

vide researchers with a clearer understanding on how single-cell

MSI technologies have progressed from foundational innovations to

transformative tools driving biological insights into major disease

mechanisms.

2. Advanced techniques for single-cell MSI

Developments in MSI techniques have played a crucial role in

enabling high-resolution spatial analysis of biomolecules at the

molecular level. For an extended period, the limited spatial res-

olution of MS instruments hindered the ability to achieve fine

raster sampling across individual cells. However, with recent ad-

vancements in instrumentation, it has become possible to perform

single-cell MSI with the necessary spatial resolution. In response

to these technological developments, we summarize key MSI ap-

proaches to facilitate spatially resolved single-cell omics analy-

sis. These approaches can be broadly categorized into two groups

based on the sample preparation strategy, such as label-free single-

cell MSI and multiplexed antibody-based MSI (Table S1 in Support-

ing information).

2.1. Label-free single-cell MSI

In label-free single-cell MSI, as shown in Fig. 1, a focused

energy source is directed onto a specific area and scanned

across unlabeled samples. This approach enables direct profiling of

biomolecules in tissues, without the need for costly labels or tags.

Key techniques based on this strategy include MALDI, SIMS, and

DESI, along with emerging approaches such as LA-ICP [8–18], LAESI

[19–24], and SALDI [25–36], as detailed in Supporting informa-

tion. SIMS employs a primary ion beam to generate secondary ions

for analysis, while other techniques achieve ionization via laser-

induced desorption or electrospray. By revealing molecular profiles
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and spatial distribution patterns with high spatial resolution, these

techniques facilitate single-cell MSI, offering insights into cellular

heterogeneity, biochemical pathway mapping, and disease mecha-

nisms.

2.1.1. SIMS for single-cell MSI

SIMS imaging, originally developed in 1962 [37], has now be-

come the MSI technique with the highest spatial resolution. As a

surface analysis technique, SIMS applies a primary ion beam to

bombard the sample surface, resulting in the ejection of secondary

ions that are subsequently directed into a mass analyzer for de-

tailed analysis. This process does not require a matrix for ion gen-

eration, thereby avoiding the drawbacks associated with matrix de-

position on tissue. In the field of single-cell imaging, the detection

sensitivity and the reduction of ion fragmentation are critically im-

portant for SIMS [38].

SIMS can be divided into dynamic and static types, depend-

ing on the primary ion dose density [39]. Nano-scale secondary

ion mass spectrometry (NanoSIMS), a representative dynamic SIMS

technique, employs a highly focused and energetic primary ion

beam to achieve subcellular spatial resolution. For example, Levi-

Setti et al. demonstrated that a 55 keV Ga+ liquid metal ion beam

could achieve lateral resolution down to ∼10 nm in positive ion

detection [40]. However, the relatively low ionization efficiency of

Ga+ limits its utility in applications requiring high detection sen-

sitivity [41]. Consequently, NanoSIMS instruments typically employ

Cs+ ion sources in positive ion mode, which offer both improved

ionization efficiency and high spatial resolution (below 50 nm)

[42]. Similarly, radio frequency plasma O- sources have advanced

negative ion detection, offering ∼50 nm spatial resolution [43].

To ensure precise mass analysis, NanoSIMS instruments are typ-

ically equipped with a double-focusing magnetic sector analyzer,

which compensates for energy dispersion in secondary ions and al-

lows accurate isotope ratio measurement. Although the technique

is inherently destructive and primarily detects elemental and small

fragment ions, NanoSIMS remains a powerful tool for single-cell

analysis due to its subcellular resolution and high ionization ef-

ficiency (10-3-10-2) [44]. The incorporation of multi-isotope imag-

ing mass spectrometry (MIMS) has further expanded its capabil-

ities in biological research [45]. Representative applications in-

clude mapping 18O-cholesterol and 15N-sphingolipids in fibroblast

membranes [46], and monitoring protein turnover in cells and tis-

sues [47]. In recent studies, correlative NanoSIMS and backscat-

tered electron imaging (CNBEI) has been developed to visualize

stable isotope-labeled lipids in mouse tissues and to investigate the

margination of 13C-labeled triglyceride-rich lipoproteins along the

capillary endothelial cells [48,49].

Time-of-flight secondary ion mass spectrometry (TOF-SIMS), a

widely used static SIMS technique, employs low primary ion cur-

rents to gently ionize metabolites and lipids below m/z 1000 [50],

thereby making it more suitable than NanoSIMS for molecular

imaging of complex biological specimens. Over the past decades,

significant progress in ion source technology has enhanced both

spatial resolution and molecular coverage in TOF-SIMS. Early TOF-

SIMS instruments relied on liquid metal ion guns (LMIGs), such as

Ga+ and In+, which caused extensive subsurface damage and had

limited sensitivity for larger molecules. The subsequent introduc-

tion of cluster ion sources, including Au3
+ [51], Bi3

+ [52], and C60
+

[53], markedly increased ion yields for intact molecules up to 1000

Da while reducing damage depth. Gas cluster ion beams (GCIBs),

such as Ar1000
+ and Ar2000

+, further enhanced molecular ion sig-

nals and enabled depth profiling with a resolution of less than

5 nm [54,55], though their lower focusing ability initially limited

their use in high-resolution imaging. Recent advances—such as the

use of high-energy GCIBs (e.g., 40 keV Ar4000
+ and 70 keV (CO2)n

+

or (H2O)n
+ cluster beams)—have enabled lipid imaging in tissues

at spatial resolutions of ∼1 μm, even for low-abundance species

in frozen-hydrated samples [56–59]. The complementary use of fo-

cused LMIGs and GCIBs in dual-beam configurations has expanded

3D SIMS imaging. For instance, Brison et al. and Passarelli et al.

combined Bi3
+ with C60

+ or Ar2000
+ sputtering to achieve submi-

cron resolution imaging of nucleoside analogs and drugs in cells

[60,61]. Recently, 3D OrbiSIMS has emerged as a hybrid platform

that integrates the high spatial resolution of TOF-SIMS (less than

200 nm for inorganic species and 2 μm for biomolecules) with the

high mass resolution of Orbitrap analyzers (over 240,000 at m/z

200), enabling subcellular 3D imaging of exogenous and endoge-

nous metabolites in mouse brain [62]. This technique also demon-

strated in situ assignment of undigested proteins via GCIB-induced

ballistic fragmentation, allowing de novo sequencing and identifi-

cation of 16 proteins in protein monolayer and human skin [63].

2.1.2. MALDI for single-cell MSI

In the 1990s, MALDI imaging revolutionized the field of MSI

by enabling spatial mapping of diverse proteins and peptides in

tissue samples [64]. The core principle of MALDI-MS is laser-

induced desorption, facilitated by an organic matrix that efficiently

absorbs laser energy at 337 or 355 nm, enabling the ionization

of biomolecules for mass spectrometry analysis. In MALDI-based

single-cell imaging, spatial resolution is a primary limiting factor—

particularly the intrinsic spatial resolution of the instrumentation—

as it determines the level of detail at which biomolecular distribu-

tions within tissues and cells can be visualized [65].

MALDI-MSI has undergone continuous advancements to im-

prove spatial resolution and molecular coverage. Early efforts fo-

cused on reducing laser spot size through ion source and instru-

ment geometry optimization. For example, Zavalin et al. introduced

a transmission-geometry vacuum ion source that directs the laser

beam through the sample from the backside—an approach termed

transmission-mode MALDI (t-MALDI). This configuration expands

the laser focusing angle compared to conventional reflection geom-

etry, enabling the formation of submicron laser spots at near-UV

wavelengths and achieving a spatial resolution below 1 μm [66].

However, t-MALDI suffers from significant signal loss at smaller

pixel sizes due to reduced ion abundance. This limitation was over-

come by the advent of laser-induced post-ionization, known as

MALDI-2, which enables up to a 100-fold increase in ion yields

from diverse lipids, saccharides, and lipophilic vitamins in both an-

imal and plant tissues, using a 5-μm laser spot [67]. For example,

Xie et al. successfully applied MALDI-2 to map the spatial distri-

bution of lipids in soybean seeds during germination, revealing a

marked enhancement in signal intensity and molecular coverage,

particularly for glycerolipids, sterols, phospholipids, and lysophos-

pholipids, compared to conventional MALDI [68]. To further ad-

vance the capabilities of MALDI-MSI, Niehaus et al. adapted a t-

MALDI-2 ion source to an Orbitrap mass analyzer, enabling sub-

cellular mapping of phospholipid and glycolipid distributions in

Vero B4 cells, kidney slices and mouse cerebellum, achieving a

remarkable pixel size of 600 nm [69]. When combined with op-

timized sample preparation protocols, such as isotonic washing,

mild drying, and brief chemical fixation, t-MALDI-2 enables direct

subcellular-resolution imaging of individual cells with enhanced

signal intensity of amine group-containing membrane phospho-

lipids [70].

Despite these advances, imaging intact biomolecules under

near-physiological conditions remains a significant challenge. At-

mospheric pressure MALDI (AP-MALDI) has mitigated some of

these limitations by offering advantages, such as reduced sample

preparation requirements, compatibility with liquid matrices, and

improved reproducibility compared to vacuum MALDI [71]. More-

over, operating under ambient conditions, AP-MALDI benefits from

rapid collisional cooling, which minimizes ion fragmentation and
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helps preserve labile biomolecules. The atmospheric pressure en-

vironment also reduces sample dehydration and cracking, thereby

facilitating downstream histological analyses [72]. Over the past

decade, AP-MALDI-MSI has evolved from a preclinical tool into a

promising platform for clinical translation, driven by its operational

simplicity, rapid imaging capabilities, and commercial availabil-

ity. In drug metabolism studies, it enables rapid, high-resolution

spatial mapping of various pharmaceutical compounds and their

metabolites without chemical derivatization [73,74]. For instance,

Morosi et al. employed an AP-MALDI platform with a finely focused

laser to image pioglitazone in tumor and liver tissues, achieving a

lateral resolution of 25μm and a detection limit of 0.2 pmol/spot

using stable isotope normalization [75]. Islam et al. further ad-

vanced AP-MALDI-MSI by developing the iMScopeTM QT platform,

which integrates enhanced sensitivity for targeted drug detection

with imaging speeds of up to 32 pixels/s—significantly outper-

forming conventional vacuum MALDI systems—and enables spatial

mapping of novel drug metabolites in kidney tissue with a resolu-

tion down to 10μm [76,77]. Beyond pharmacology, AP-MALDI-MSI

also shows great potential in pathology by facilitating tumor sub-

type classification [78].

However, AP-MALDI suffers from inherent ion transport losses

relative to vacuum MALDI, necessitating improvements in ion

transfer systems to enhance detection sensitivity. The atmospheric-

pressure scanning microprobe MALDI (AP-SMALDI) system devel-

oped by Spengler et al., represents a highly effective approach to

overcoming this limitation [79]. This setup significantly enhances

ion collection efficiency by aligning the laser beam and MS inlet

capillary parallel to the sample surface normal, thereby compen-

sating for the predominantly backward ion emission. By integrat-

ing an improved AP-SMALDI source with a linear ion trap and a

Fourier transform ion cyclotron resonance (FT-ICR) mass analyzer,

Koestler et al. successfully achieved crater sizes of ∼0.6 μm [80].

However, to ensure sufficient ion yield in FT-ICR mode, the laser

focal spot must be increased to approximately 8 μm. Kompauer

et al. further advanced the AP-SMALDI MSI platform by integrating

a high numerical aperture focusing objective operating at 337 nm

and a free working distance of 18 mm in coaxial geometry to an

Orbitrap mass analyzer, along with improvements in matrix appli-

cation uniformity [81]. This configuration enabled spatial mapping

of metabolites, lipids, and peptides in biological specimens at a lat-

eral resolution of 1.4μm, successfully resolving subcellular struc-

tures such as cilia and the oral groove in Paramecium caudatum.

Moreover, AP-SMALDI revealed the potential for mapping the up-

take and distribution of drugs and candidate compounds in para-

sites, contributing to drug discovery efforts in liver fluke research

and similar parasitic diseases [82,83].

2.1.3. DESI for single-cell MSI

DESI, as an ambient ionization technique, was first introduced

in 2004 [84], with its initial use as an imaging tool reported in

2005 [85]. DESI involves directing a stream of charged droplets,

generated by electrospray ionization, onto a sample surface to fa-

cilitate analyte extraction through their interaction with the sam-

ple. The resulting ions are then collected and analyzed by the mass

spectrometer, assisting in identifying and quantifying compounds

directly from solid or liquid samples. Due to its electrospray ion-

ization mechanism and minimal sample preparation requirements,

DESI-MSI has been widely adopted for tissue imaging and spatially

resolved metabolomics [86].

Of note, the spatial resolution of this technique is typically con-

strained to a range of 100–300 μm, primarily due to limitations

in spray size and transmission efficiency during the atmospheric-

to-vacuum transition. To address this challenge, air-flow-assisted

desorption electrospray ionization mass spectrometry (AFADESI-

MS), a technique developed by He et al., employs high-speed

air flow to efficiently capture and transfer charged droplets over

long distances while promoting desolvation and ionization, signif-

icantly enhancing ion transmission efficiency [87]. This improve-

ment significantly expands the spatial coverage of tissue imag-

ing and increases sensitivity for detecting low-abundance metabo-

lites. In routine applications, AFADESI-MSI typically achieves spa-

tial resolutions ranging from 80μm to 200μm, providing a prac-

tical balance between image clarity, detection sensitivity, and ac-

quisition speed [88,89]. Under optimized conditions involving an

off-axis spray needle and a high-organic-phase spray solvent, Yu

et al. further improved the resolution to 30μm, enabling detailed

metabolic mapping of brain microenvironments and substructures

[90].

Furthermore, Roach et al. introduced nanosprayDESI (nano-

DESI), a novel technique that creates a liquid bridge between the

sample surface and two capillaries [91]. In the system, one sol-

vent delivery capillary supplies solvent to establish and sustain the

bridge, while the nanospray capillary transfers desorbed analytes

to the mass spectrometer via self-aspiration or vacuum-assisted

flow, significantly enhancing both spatial resolution and sensitiv-

ity. The spatial resolution of nano-DESI MSI is influenced by var-

ious factors, including probe geometry, solvent flow rate, sample

surface properties, and precise control of the probe-to-sample dis-

tance. A three-point plane calibration method has been employed

to automatically compensate for surface tilt, enabling MSI mea-

surements with a spatial resolution ranging from 20 μm to 200

μm [92]. Moreover, Nguyen et al. have developed a more refined

approach for visualizing tissue sections at improved spatial resolu-

tion. This technique utilizes a shear force probe to precisely reg-

ulate the gap between the specimen and a high-resolution nano-

DESI device, which creates a narrow liquid bridge on the sur-

face [93]. Thus, nano-DESI achieves imaging at a spatial resolution

less than 10 μm, facilitating the visualization of metabolites and

lipids in mouse brain, lung, and uterine tissue sections [94,95], as

well as proteoforms specifically in mouse brain tissues [96]. Al-

though nano-DESI shows promise for single-cell analysis due to its

enhanced sensitivity and spatial resolution, increased accessibility

and further improvement are required to expand its applications in

molecular profiling and subcellular imaging [97].

2.2. Multiplexed antibody-based single-cell MSI

In multiplexed antibody-based MSI, as shown in Fig. 2, specific

antibodies are used to pre-label proteins in tissue samples. These

antibodies are typically conjugated with metal isotopes that re-

lease distinct reporter ions upon laser or ion beam ablation, en-

abling precise protein detection and spatial mapping via antibody-

antigen specificity [98]. Representative techniques such as IMC and

MIBI leverage this strategy to achieve subcellular-resolution pro-

teomic mapping across diverse applications. Additionally, organic

mass tag-conjugated antibodies have been explored as a comple-

mentary approach to enhance the flexibility of multiplexed im-

munohistochemical MSI [99–105], as detailed in Supporting infor-

mation. By enabling high-resolution spatial proteomics, antibody-

based MSI offers a powerful platform for investigating tissue archi-

tecture, immune microenvironments, and disease-associated pro-

teomic alterations.

2.2.1. IMC for single-cell MSI

IMC, first introduced in 2014 [106], is an advanced imaging

technique that extends the multiplexing capabilities of cytome-

try by time-of-flight (CyTOF) to tissue analysis. CyTOF is a mass

cytometry-based technique that enables the detection of metal-

labeled targets on both the surface and interior of suspended cells.

By integrating an ICP source that vaporizes, atomizes, and ion-

izes samples efficiently, CyTOF allows the simultaneous quantifica-
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Fig. 2. Graphical representation of multiplexed antibody-based single-cell MSI tech-

niques, including tissue staining, ionization types, and image segmentation.

tion of various cellular components [107]. Building on CyTOF, IMC

adapts the technology for high-resolution, multiplexed imaging of

tissue samples—including formalin-fixed paraffin-embedded (FFPE)

and fresh-frozen sections—enabling precise region of interest (ROI)

definition and metal-labeled antibody staining analogous to im-

munohistochemistry.

The core principle of IMC involves the use of a pulsed 193nm

laser to ablate tissue sections line by line in ultra-small ar-

eas (∼1μm2), generating ionized metal tags (typically derived

from the lanthanide series) that are subsequently analyzed by a

TOF mass spectrometer to map the spatial distribution of metal-

conjugated antibodies. To accurately delineate cellular and sub-

cellular regions, high-expression surface markers are incorporated

into the antibody panel, aiding in cell identification and bound-

ary definition. Compared to traditional fluorescence-based multi-

plexed imaging, IMC overcomes key limitations by replacing flu-

orochromes with metal isotopes, significantly reducing spectral

overlap and mitigating autofluorescence-related issues. Further-

more, IMC allows simultaneous detection of 40 markers within a

single tissue section, eliminating the need for multiple slides as

target numbers increase [108]. It also obviates the requirement for

repeated cycles of labeling, stripping, and imaging on the same

section [109].

This technique offers unprecedented opportunities to investi-

gate tissue histology and pathophysiology in detail, while also en-

abling the discovery of novel biomarkers, intercellular interactions,

and previously unknown cell microniches. For example, Elyada et

al. employed IMC to discover a previously unrecognized subset of

cancer-associated fibroblasts (CAFs) in pancreatic ductal adenocar-

cinoma that expressed MHC class II and CD74 but lacked classical

costimulatory molecules. These cells, termed "antigen-presenting

CAFs", were demonstrated in a model system to activate CD4+ T

cells with antigen specificity, confirming their immune-modulatory

role [110]. Similarly, Zhang et al. used IMC to identify abnormal

EpCAM+ PD-L1+ CD4+ T cells in colorectal cancer patient tis-

sues. These cells were found to express CCR5 and CCR6, along

with elevated phosphorylated p38 MAPK and MAPKAPK2 levels,

indicating activation of this signaling pathway [111]. Moreover,

IMC was used to examine the relationship between tumor mi-

croenvironment characteristics and survival outcomes in metastatic

melanoma patients undergoing immune checkpoint inhibitor ther-

apies, revealing several potential predictive biomarkers, including

beta2-microglobulin [112].

In addition, IMC can be seamlessly integrated with other tra-

ditional and highly multiplexed techniques. For example, Catena

et al. introduced a metal-based counterstaining technique for IMC

samples, involving simple oxidation followed by the covalent bind-

ing of tissue components to ruthenium tetroxide (RuO4), allow-

ing for a fundamental structural analysis of the tissue similar to

hematoxylin & eosin (H&E) staining [113]. Furthermore, Schulz et

al. proposed an innovative approach that involves conjugating RNA

scope probes to heavy metals instead of fluorophores, enabling

IMC to concurrently assess RNA and protein expression within

a single tissue sample. This technique allows for multiplexed in

situ protein detection of unique cellular identifiers at single-cell

resolution, even in the absence of suitable antibodies, facilitat-

ing the correlation of transcriptional signatures with their spatial

contexts [114].

2.2.2. MIBI for single-cell MSI

MIBI, developed from early mass cytometry research, was first

demonstrated in 2014 [115], showcasing its ability to analyze hu-

man breast tumor tissue sections in FFPE specimens. In MIBI, tis-

sue sections are labeled with primary antibodies tagged by unique

stable lanthanide isotopes, following a staining protocol compara-

ble to that of IMC. The labeled samples are then scanned with an

oxygen-based primary ion beam, which induces the release of sec-

ondary ions from the lanthanide-tagged antibodies, enabling pre-

cise mapping of their spatial distribution while effectively over-

coming spectral overlap. In principle, MIBI can be considered an

advanced form of SIMS. Its early use relied on magnetic sector

mass spectrometers for simultaneous lanthanide isotope detection,

but this approach was extremely time-consuming.

Since its inception, MIBI has undergone significant improve-

ments, addressing several limitations related to acquisition speed

and multiplexing capacity [116]. For instance, Keren et al. devel-

oped a customized device that employs high brightness primary

ion sources, innovative ion extraction optics, and a TOF mass ana-

lyzer, which enabled a 50-fold reduction in acquisition times [117].

Notably, MIBI-TOF allowed for fully automated 40-plex imaging of

areas up to 1 square millimeter, with a resolution as fine as 260

nm. It also facilitated the simultaneous quantification of in situ ex-

pression of 36 proteins associated with cell identity, function, and

immune regulation in tissue samples from 41 triple-negative breast

cancer patients, achieving sub-cellular resolution.

The main differences between IMC and MIBI lie in their sam-

ple acquisition and image resolution. IMC utilizes a laser to collect

data from the sample and the laser is optimized for ablating the

entire sample at a constant lateral resolution of 1 μm. In contrast,

MIBI employs a tunable ion beam that could be adjustable to vary

both the sampling depth and the diameter of ion beam. This capa-

bility allows for an initial low-resolution scan of the entire area for

an overview, followed by a higher-resolution scan of specific ROI

[118]. In the past few years, the high-parameter capabilities of MIBI

have enabled comprehensive analysis of tissue sections, offering

novel insights into tissue biology. For example, MIBI was employed

to investigate the intricate and heterogeneous microenvironments

of breast cancer tissue sections, revealing that tumor cells ex-

hibited a concentric arrangement of myeloid-derived suppressor-

like cells, which, in turn, were encircled by regions rich in

lymphocytes [119].
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Fig. 3. A typical workflow for single-cell analysis of tumor tissues via H&E staining and high-resolution MSI. Created with BioRender.com.

3. Clinical applications in cancer and neurodegenerative

diseases

Recent advances in single-cell MSI have significantly enhanced

the characterization of metabolic and immune landscapes within

the tumor microenvironment and neurodegenerative tissues. Build-

ing on these imaging innovations, researchers can now map

microenvironment-specific alterations with higher resolution and

functional relevance, enabling a more comprehensive understand-

ing of disease mechanisms. Clinically, these insights support

early diagnosis, patient stratification, and therapeutic monitor-

ing. Emerging evidence highlights shared patterns of immune and

metabolic dysregulation in cancer and neurodegenerative diseases,

opening new avenues for cross-disciplinary therapies and precision

medicine [120–123]. In this section, we outline the applications of

single-cell MSI to investigate the spatial complexity and molecular

interactions of cancer and neurodegenerative diseases.

3.1. Single-cell MSI in cancer research

Comprehensive mapping of lipids, metabolites, and other

biomolecules in the tumor microenvironment is essential for de-

ciphering the metabolic landscape, cellular dynamics, and spatial

heterogeneity underlying cancer progression. To this end, multiple

MSI techniques have been employed to visualize molecular distri-

butions directly within tumor tissues. A typical workflow combin-

ing H&E staining with high-resolution MSI is illustrated in Fig. 3.

Among these techniques, MALDI-MSI distinguishes itself by of-

fering broad analyte coverage and high sensitivity. However, its

performance is strongly influenced by matrix selection and sam-

ple preparation, which govern ionization efficiency, molecular de-

tectability, and spatial imaging fidelity. For example, Ščupáková

et al. employed 2,5-dihydroxybenzoic acid (DHB) and norharmane

as matrices to map lipid distributions at a spatial resolution of

10μm in diffuse-type gastric carcinoma tissue. Through machine

learning-based analysis, they demonstrated that the lipid PE 38:0

could differentiate muscle cells distant from tumor regions from

those adjacent to tumor cells [124]. Building upon this, Zhang

et al. enhanced lipidomic detection at near-subcellular resolu-

tion by optimizing matrix deposition with 1,5-diaminonaphthalene

(DAN) and α-cyano-4-hydroxycinnamic acid (CHCA), thereby im-

proving the identification of lipidomic alterations induced by

an SCD1 inhibitor in pancreatic stellate cells—a stromal popu-

lation critical to pancreatic tumor progression [125]. In addi-

tion, novel matrices such as N-(1-naphthyl)ethylenediamine di-

hydrochloride (NEDC), 2′,4′,6′-trihydroxyacetophenone (THAP) and

1,1′-binaphthyl-2,2′-diamine (BNDM) have shown substantial im-

provements in metabolite detection, with applications in liver, kid-

ney, and lung tumor tissues [126–128]. To further improve sensi-

tivity, recent efforts have explored the integration of nanostruc-

tured materials, such as nitrogen-doped graphene quantum dots

(NGQDs), two-dimensional molybdenum disulfide (MoS2) sheets,

and aggregation-induced emission nanoparticles (AIE NPs), to en-

hance ionization efficiency. These substrates have shown promis-

ing results for analyzing metabolic and lipidomic changes in tumor

heterogeneity and cancer therapies [129–131]. However, detecting

trace or poorly ionizable compounds at the single-cell level re-

mains difficult, which may be addressed through on-tissue deriva-

tization or advanced ionization techniques like MALDI-2 and AP-

SMALDI [132–136].

TOF-SIMS, with its high spatial resolution ranging from 200

nm to 1 μm, is valuable for detailed mapping of biomolecules

in both tumor and healthy tissues. For example, Yuan et al. de-

veloped the SEAM platform, combining TOF-SIMS imaging with a

computational framework for multiscale/multicolor tissue tomog-

raphy, enabling spatially informed clustering of nuclei based on

metabolic signatures. This method revealed previously unidentified

hepatocyte subpopulations in human fibrotic liver, demonstrating

its potential for cancer cell line assays across various tissue types

[137]. To further enhance molecular coverage, Tian et al. devel-

oped a dual-SIMS technique combining (H2O)n-GCIB-SIMS and C60-

SIMS, which revealed distinct lipidomic and metabolic signatures

in breast cancer tissues [138]. Building on this single-cell imag-

ing strategy, Tian et al. integrated additional techniques—including

MALDI, DESI, H&E staining, mRNA scope, liquid chromatography-

tandem mass spectrometry (LC-MS/MS), and artificial intelligence

(AI)-assisted computational analysis (DeepCell)—to achieve multi-

omic imaging of both human and mouse liver tissue architecture

at tissue-wide and single-cell resolutions [139]. Moreover, the in-

tegration of stable isotope-labeled tracers into single-cell MSI plat-

forms has enabled the in situ visualization of metabolic fluxes

with high spatial resolution. For example, (CO2)n-GCIB-SIMS imag-

ing of frozen HeLa cells at a spatial resolution of ∼1μm en-

abled direct visualization of purinosome-localized hotspots of de

novo purine biosynthesis, revealing spatially confined metabolic

flux driven by multienzyme complex formation and mitochondrial-

associated substrate channeling [140]. Similarly, the 13C-SpaceM

framework—an extension of SpaceM [141]—combined single-cell
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resolution MALDI-MSI with 13C6-glucose tracing to reveal spatially

heterogeneous fatty acid synthesis in liver cancer cells and tumor-

bearing brain tissue [142]. These innovations provide critical in-

sights into tumor metabolic reprogramming, highlighting key path-

ways involved in cancer progression.

Meanwhile, MIBI and IMC have significantly enhanced subcel-

lular protein composition mapping in tumor tissues, facilitating

the characterization of tumor heterogeneity and microenvironmen-

tal architecture [143–145]. With recent advancements in single-

cell MSI technologies, it has become possible to profile cell-type-

specific metabolic signatures, which are essential for understand-

ing metabolic reprogramming in both malignant and immune cells.

For example, Hu et al. integrated TOF-SIMS with IMC using the sc-

SpaMet framework to enable untargeted spatial metabolomics and

multiplexed protein imaging on the same FFPE tissue section, re-

vealing metabolic signatures specific to various cell types in lung

cancer [146]. Recently, Nunes et al. optimized workflows that com-

bined MALDI-MSI with IMC on fresh-frozen colorectal cancer tis-

sue sections to profile metabolites and phenotypic characteristics,

revealing substantial metabolic heterogeneity and its correlation

with cellular populations, including tumor and immune cells [147].

Moreover, 3D imaging mass cytometry (3D-IMC) is emerging as a

promising tool for more detailed tumor microenvironment map-

ping, and is expected to be increasingly integrated with other spa-

tially resolved omics technologies like metabolomics and transcrip-

tomics, enabling a deeper understanding of the tumor architecture

[148].

As an ambient ionization technique, DESI provides lower spatial

resolution but stands out for its operational flexibility and minimal

sample preparation requirements, driving the development of ad-

vanced methods such as AFADESI. This approach has been widely

applied to spatial metabolomics, significantly advancing studies of

tumor metabolism, tissue heterogeneity, and drug-induced toxicity

[149–152]. In a recent study, Sun et al. introduced a methodologi-

cal advance by integrating AFADESI-MSI and MALDI-MSI with spa-

tial transcriptomics through spatially matched sampling on con-

secutive tissue sections. This integrated spatial multi-omics strat-

egy uncovered critical metabolic reprogramming events within the

gastric cancer microenvironment [153]. Although the spatial res-

olution of AFADESI-MSI has not yet reached the single-cell level,

this approach significantly enhances our ability to interrogate can-

cer metabolism at increasingly refined spatial scales, thereby lay-

ing a foundation for broader applications in high-resolution spa-

tial metabolomics. Meanwhile, recent advances in nano-DESI, an-

other form of DESI, have pushed spatial resolution to near-single-

cell levels, enabling more detailed molecular imaging. This capa-

bility has facilitated the visualization of a diverse range of molecu-

lar species—including lipids [154], steroids [155], metabolites [156],

and proteoforms [96]—in healthy murine tissues, thereby demon-

strating the analytical potential of MSI for future applications in

cancer research.

3.2. Single-cell MSI in neurodegenerative disease research

Lipids play a crucial role in neurodegenerative disease research

due to their dual function as signaling mediators and structural

modulators of membrane proteins, which have been identified as

pathological hallmarks in these disorders. Various MSI techniques

such as SIMS, DESI, and MALDI have been widely applied to in-

vestigate molecular alterations associated with neurodegeneration.

Among them, MALDI stands out for its unique ability to com-

bine high spatial resolution with the simultaneous detection of

lipids, metabolites, peptides, and small proteins, enabling multi-

plexed molecular imaging within a single tissue section. For ex-

ample, Kaya et al. developed a trimodal MALDI-MSI technique that

integrates positive- and negative-ion mode lipid imaging with pep-

tide profiling, enabling spatial co-localization of phosphatidylinos-

itols, lysophosphatidylcholines, sulfatides, ceramides, and plaque-

associated amyloid-β (Aβ) isoforms at 10μm resolution [157].

This approach has been demonstrated by Enzlein et al. on clini-

cal brain tissues from both Alzheimer’s disease (AD) patients and

amyloid-positive but cognitively unaffected (AP-CU) individuals

[158]. Moreover, Wehrli et al. advanced this approach by integrat-

ing trimodal MSI (lipids+, lipids-, and peptides+) with optical mi-

croscopy and hyperspectral imaging through an image data fusion

strategy, enabling the prediction of correlative multimodal MSI

signatures at submicron resolution (∼300nm) [159]. Furthermore,

this strategy has been standardized and extended to support se-

quential multimodal analysis—including lipids, N-glycans, and tryp-

tic peptides or metabolome, lipidome, and N-glycome/glycogen—

within a single tissue section, offering a spatially integrated view

of biochemical phenotypes in AD mouse models [160,161].

Metabolic dysregulation is a hallmark of brain aging and the

pathogenesis of neurodegenerative diseases. Growing evidence

from MSI and bulk metabolomics has revealed region-specific

alterations in neurotransmitter, purine/pyrimidine, and acylcar-

nitine metabolism across these disease contexts [162–164]. For

example, Pang et al. employed AFADESI-MSI to construct spa-

tial metabolic networks with ∼80μm resolution, uncovering 20

metabolic pathways—including those involved in neurotransmitter

and purine metabolism in a scopolamine-induced AD rat model

[89]. Recently, segmented temperature- controlled DESI (STC-DESI),

a novel platform developed by Lv et al., achieved a spatial resolu-

tion of 20μm by fine-tuning desorption and ionization parameters,

enabling label-free metabolic profiling of various low-abundance

metabolites and poorly ionizable neutral lipids around individual

Aβ plaques in transgenic AD mouse brains [165]. While significant

progress has been made in MSI technologies, achieving metabolic

profiling at single-cell resolution remains a formidable challenge.

Shariatgorji et al. developed fluoromethylpyridinium (FMP) deriva-

tives as reactive matrices for MALDI-MSI, substantially improving

the detection of low-abundance metabolites with enhanced spatial

resolution. These FMP matrices selectively derivatize metabolites

containing phenolic hydroxyl or amine groups, such as dopamin-

ergic and serotonergic neurotransmitters, thereby enabling high-

resolution imaging (10μm) in both Parkinsonism rat models and

post-mortem brain tissues from patients with Parkinson’s disease

(PD) [166]. Notably, the FMP-10 matrix is also compatible with in

situ mRNA sequencing, allowing for integrated spatial mapping of

transcripts and metabolites in mouse and human PD brain sections

[167]. To transcend the limitations of two-dimensional (2D) MSI,

Ma et al. introduced MetaVision3D, an automated pipeline to re-

construct 3D spatial metabolomic models by integrating serial 2D

MALDI-MSI sections acquired at 50μm spatial resolution. When

applied to wild-type, 5xFAD (β-amyloid-driven AD), and Gaa-/-

mouse brains, this framework revealed disease-specific metabolite

distributions in three dimensions. With continued resolution im-

provements, this 3D approach holds promise for advancing single-

cell spatial metabolomics [168].

Beyond the static molecular landscapes revealed by spatial

metabolomics, monitoring dynamic biological processes, such as

metabolite flux and protein turnover, is crucial for elucidating the

progressive nature of neurodegenerative diseases. In recent years,

stable isotope-labeled MSI has emerged as a powerful approach to

visualize spatiotemporal metabolic remodeling. For example, Miller

et al. integrated MALDI-MSI with isotope tracing to investigate

membrane depolarization-induced metabolic shifts in acute hip-

pocampal slices, enabling direct visualization of neurophysiolog-

ical perturbations at a spatial resolution of 20μm [169]. More-

over, NanoSIMS, with higher spatial precision (∼50 nm), has been

widely used to quantify in situ protein and nucleotide turnover

[45]. Bateman et al. developed a method to assess protein pro-
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Fig. 4. Schematic illustration of spatially resolved single-cell multimodal analysis in neurodegeneration-related brain samples integrating spatial omics with optical imaging

and MRI. Created with BioRender.com.

duction and clearance in the human central nervous system us-

ing stable isotope labeling [170], while Wildburger et al. applied

NanoSIMS with isotope labeling to study Aβ deposition in post-

mortem brain tissue from AD patients [171]. However, NanoSIMS

lacks molecular specificity for intact biomolecule identification. To

overcome this challenge, Michno et al. introduced the iSILK plat-

form, a multimodal MALDI-MSI strategy that integrates stable iso-

tope labeling to resolve the spatial and temporal progression of

Aβ aggregation in APPNL-G-F knock-in mice with a spatial resolu-

tion of 10 μm [172]. This approach bridges molecular identity and

metabolic dynamics, enhancing mechanistic insights into neurode-

generative pathology. In parallel, advances in multiplexed protein

imaging have significantly enhanced spatial biology workflows, en-

abling high-dimensional spatial proteomics that offer deep insights

into tissue architecture, cell-cell interactions, and pathological al-

terations associated with neurological disorders. Vijayaragavan et

al. leveraged MIBI to quantify 36 proteins in archival human hip-

pocampal tissue, identifying cell-type-specific proteopathies and

microglial interactions with pathologic tau in the CA1 subfield. The

identification of MFN2-related neurons in tau-rich areas points to

metabolic resilience and offers insight into selective vulnerability

in AD [173]. Collectively, these findings highlight the growing po-

tential of multimodal spatial strategies to disentangle the complex

pathological landscape of neurodegenerative diseases. A schematic

overview of this integrative framework is shown in Fig. 4.

4. Challenges and future perspectives

Single cell is the most basic building block and functional

unit of biology. Recent advances in MSI, particularly those en-

abling single-cell spatial resolution have demonstrated their value

for investigating cellular heterogeneity and tissue function in both

experimental models and clinical applications. In the context of

single-cell omics, an ideal imaging technique for MSI should en-

able precise qualitative and quantitative analysis of a wide range

of metabolites or proteins at subcellular resolution. However, sev-

eral challenges still limit single-cell MSI from achieving subcellular

resolution and deriving deeper insights into cell structure (Fig. 5).

In this section, we discuss the current challenges and future direc-

tions for subcellular imaging, focusing on achieving higher spatial

Fig. 5. Challenges and future perspectives in high-resolution MSI at the subcellular

level.

resolution, enhanced sensitivity, broader molecular coverage, im-

proved throughput, and greater accuracy in molecular identifica-

tion and quantification.

As mentioned above, laser-based MSI techniques have wit-

nessed remarkable advancements, particularly in reducing laser

spot size and improving spatial resolution. Building on these de-

velopments, Li et al. achieved nanoscale desorption using a mi-

crolensed fiber (MLF), and enhanced ionization efficiency by in-

corporating a 157 nm PI laser [174]. This cutting-edge modifica-

tion enabled 3D MSI at a spatial resolution of 500×500×500

nm3, allowing precise mapping of drug distribution and titanium

dioxide nanoparticles (TiO2 NPs) at the single-cell level [175].

However, the diffraction limit continues to hinder progress to-

ward subcellular resolution. To address this, near-field optical ap-

proaches have emerged as compelling alternatives. Yin et al. ap-
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plied near-field desorption mass spectrometry for single-cell imag-

ing, achieving nanoscale resolution and uncovering finer cellular

details [176]. In parallel, projection-type imaging mass spectrome-

ters have emerged as a potential means to bypass diffraction limits

and enhance spatial resolution [177]. More recently, deep learning-

based tools for super-resolution reconstruction have gained in-

creasing traction in computationally enhancing the spatial resolu-

tion of low-resolution MSI datasets [178–181]. The integration of

these developments is expected to drive molecular imaging toward

both nanoscale spatial resolution and high-throughput capacity.

When spatial resolution advances to the subcellular scale,

reduced sample size presents a new challenge—the require-

ment for improved sensitivity, governed by ionization, trans-

mission, and detection efficiencies. To enhance ionization ef-

ficiency at high spatial resolution, recent studies have ex-

plored two main strategies: the use of secondary ionization

techniques—such as laser post-ionization secondary neutral mass

spectrometry (Laser-SNMS) [182], desorption electrospray ioniza-

tion/postphotoionization (DESI/PI) [183], and transmission ambi-

ent pressure laser desorption ionization/postphotoionization (t-

AP-LDI/PI) [184]—and the incorporation of nanostructured matri-

ces into TOF-SIMS [185]. These approaches markedly increase ion

yields and enable sensitive biomolecular imaging at micrometer

to submicrometer scales, thereby advancing subcellular-resolution

MSI. In terms of ion transmission, atmospheric pressure sampling

technologies continue to face considerable challenges when com-

pared to vacuum systems. To overcome these limitations, current

efforts focus on optimizing solvent flow, spray geometry, and gas

pressure to stabilize spray formation and refine ion plume dynam-

ics [186]. Meanwhile, innovations in probe design, gas-assisted in-

terfaces, field control, and miniaturized transfer modules are being

developed to enhance overall transmission efficiency [187–189].

More recently, quantum sensor technology has emerged as a pow-

erful tool capable of detecting and weighing single ions with ex-

ceptional accuracy and detection sensitivity, potentially revolution-

izing molecular imaging and analysis in living systems [190–192].

It is anticipated that these techniques will play a pivotal role in

advancing MSI technologies by enabling subcellular resolution and

enhancing molecular sensitivity.

Meanwhile, a diverse array of in situ strategies, such as chem-

ical derivatization and tissue expansion, have been actively devel-

oped to enhance spatial resolution and expand molecular coverage

in subcellular analysis. Derivatization methods targeting specific

chemical functionalities (e.g., hydroxyl, carboxyl, amino groups,

chiral centers, and carbon-carbon double bonds) are widely ap-

plied in MSI to improve ionization efficiency, structural charac-

terization, and spatial fidelity, enabling comprehensive molecu-

lar profiling at or below the single-cell level [193–199]. For ex-

ample, OxiLox, reported by Vance et al., shows live-cell deriva-

tization via hydroxylamine-based oxime ligation, achieving high-

resolution subcellular localization and structural identification of

reactive aldehyde lipids through combined fluorescence and mass

spectrometry imaging [200]. More recently, Chan et al. introduced

gel-assisted mass spectrometry imaging (GAMSI), enabling submi-

crometer resolution for native lipids and proteins via reversible hy-

drogel expansion without altering instruments or protocols [201].

Building upon this, Zhang et al. developed the TEMI approach,

employing a novel multi-embedding expansion protocol that pre-

serves biomolecules without denaturation, allowing single-cell spa-

tial resolution and comprehensive profiling of lipids, metabo-

lites, peptides, and N-glycans [202]. In parallel, single-cell sam-

pling techniques—such as those integrating lysosomal patch-clamp

with nanoESI-MS—enable simultaneous analysis of functional and

metabolic states at the organelle level across various cell types

[203]. However, achieving in situ subcellular molecular profiling in

intact tissue, which represents the true native spatial context, re-

mains a major challenge. Future advances in subcellular-level in

situ sampling technologies will be crucial to unlocking the spatial

molecular complexity of cells and advancing our understanding of

cellular function and disease.

Another major challenge in subcellular-resolution MSI lies in

achieving accurate and in-depth molecular annotation. Beyond the

identification of molecular formulas or compound classes, many

biomolecules exhibit structural isomerism or various modifica-

tions that have important functional roles. To enhance annotation

confidence, complementary strategies beyond MS1 have been de-

veloped, including in situ tandem MSI (MS2), off-tissue LC-MS2

[204,205], and ion mobility separation [125,206], which adds an

orthogonal dimension based on ion collision cross-section to im-

prove the resolution of isobaric and isomeric species. Several com-

putational tools have advanced small-molecule annotation, with

methods like Referenced Kendrick Mass Defect (RKMD) aiding lipid

class and structure prediction [207], and MS2 spectral entropy

similarity improving metabolite identification with low false dis-

covery rates [208]. More recently, AI-driven frameworks have fur-

ther enhanced spectral matching and structural elucidation of lipid

and metabolite isomers, capturing subtle differences in double

bond positions, substitution patterns, and co-eluting species re-

solved by chromatography or ion mobility [209–212]. Meanwhile,

proteoform-level annotation directly from tissue is emerging, with

top-down proteomics combined with nano-DESI MSI and MS2

enabling the identification of intact proteoforms—including post-

translational modifications and splice variants—often overlooked

by bottom-up approaches [213,214]. Furthermore, integrating spa-

tial proteomics with single-cell transcriptomic deconvolution has

enabled cell-type-resolved annotation of thousands of membrane

proteins in tumor tissues, providing new insights into tumor mi-

croenvironments [215]. We believe that integrating big data with

AI-powered analytics will drive the development of standardized

annotation frameworks, thereby enhancing the reliability and com-

parability of subcellular-level MSI.

Accurate quantification represents one of the significant chal-

lenge in MSI analysis on complex sample surfaces [216]. A common

strategy involves applying drug standards at known concentrations

onto tissue sections to generate calibration curves that account for

ion suppression effects in biological matrices [217,218]. Alterna-

tively, mimetic tissue models, where analytes are spiked into tissue

homogenates to create matrix-matched calibration curves, provide

a more physiologically relevant approach. Recently, this method

was implemented via nano-DESI coupled with triple quadrupole

MS in multiple reaction monitoring (MRM) mode, demonstrat-

ing improved reproducibility and lower detection limits compared

to AP-MALDI [219]. Beyond exogenous drug quantification, nano-

DESI has also been employed for in situ quantification of endoge-

nous metabolites; for example, incorporation of deuterated inter-

nal standards into the nano-DESI solvent enabled precise map-

ping and quantification of neurotransmitters in rat brain tissue

[220]. Complementary chemical approaches, such as isotope-coded

derivatization in MALDI-MS, have been developed to selectively la-

bel and quantify specific analytes in tissue sections [221]. More-

over, a recent AFADESI-MSI study introduced virtual calibration,

leveraging endogenous ions as internal references to correct re-

gional matrix effects without synthetic standards [222]. Quanti-

tative spatial proteomics has also advanced, exemplified by Deep

Visual Proteomics (DVP), which integrates laser microdissection,

AI-guided single-cell classification, and ion mobility-enhanced LC-

MS for high-precision single-cell proteome profiling [223,224]. As

spatial omics progresses toward higher resolution and throughput,

the integration of innovative analytical and computational tools is

increasingly critical. Future developments in isobaric tag design

[225,226], cross-modality data fusion [227], and deep learning-

based object detection [228] are expected to further empower spa-
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tially resolved quantitative omics—potentially expanded molecular

coverage across multiple omics layers, such as metabolites, lipids,

proteins, and gene expression—thus enabling more comprehensive

analyses at the subcellular scale [229,230].

5. Conclusions

MSI has emerged as a powerful tool for biomolecular analy-

sis in tissues and cells, offering unique visual perspectives and

multidimensional insights that complement traditional omics ap-

proaches, particularly in the fields of cancer and neurodegenera-

tive diseases. While advancements in instrumentation have pro-

pelled single-cell MSI capabilities, significant challenges remain in

achieving high spatial resolution, satisfactory detection sensitiv-

ity, accurate molecular identification, and precise quantification. To

address these challenges, ongoing refinements in single-cell MSI

techniques—together with advances in computational methods—

are expected to broaden its utility across multimodel spatial omics.

These innovations will enable more precise and accelerated data

analysis, facilitate deeper insights into subcellular and molecular

processes, and open new avenues for understanding complex bio-

logical mechanisms.
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