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Abstract: Mass spectrometry imaging (MSI) has emerged as a powerful technique for label-free
molecular mapping in biological tissues, enabling spatial analysis of small molecules at the single-cell
level. MSI combines spatially resolved tissue sampling with high sensitivity, facilitating the
visualization of molecular distributions. This review summarized advancements in the main MSI
techniques: matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI),
secondary ion mass spectrometry imaging (SIMS-MSI), and desorption electrospray ionization mass
spectrometry imaging (DESI-MSI), which have evolved to offer improved resolution and sensitivity

for small molecule analysis in complex biological environments. MALDI-MSI, widely used for its
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capability to analyze complex biomolecules, has recently advanced with the development of
t-MALDI-2 ion sources and laser post-ionization techniques. These innovations have enabled
subcellular resolution (down to 1 um) and deeper molecular coverage in single-cell studies, enhancing
ion yield and detection sensitivity for complex molecules. SIMS-MSI, recognized for its high spatial
resolution (down to 25 nm), has been improved through gas cluster ion beam (GCIB) technique,
which increases ion yield and facilitates detailed analysis of low-abundance metabolites. SIMS-MSI
is particularly suited for applications requiring ultra-high precision, such as mapping cellular
organelles and metabolic profiling. DESI-MSI operates under ambient conditions and has recently
achieved improved spatial resolution (down to 6 um), making it applicable for live-cell analysis and
rapid tissue diagnostics. The integration of microfluidic probes and tapping-mode scanning has
enhanced the spatial resolution and ion detection efficiency of DESI-MSI, expanding its capabilities
in clinical and real-time molecular studies. Despite of these advancements, challenges still remain,
including the trade-off between spatial resolution and sensitivity, particularly for low-abundance
compounds. Sample preparation methods, such as those involving vacuum or cryogenic conditions,
may introduce artifacts and affect physiological relevance. Future developments of ambient-
compatible environments and Al-driven data analysis workflows are critical to overcome these
limitations. In conclusion, MSI, especially at the single-cell level, is transforming spatial
metabolomics and holds great promise in cancer research, neuroscience, and drug development.
Continued innovations in both hardware and analytical techniques will drive breakthroughs in
understanding cellular heterogeneity and advancing precision medicine.

Key words: mass spectrometry imaging (MSI); single-cell analysis; matrix-assisted laser
desorption/ionization (MALDI); secondary ion mass spectrometry (SIMS); desorption electrospray
ionization (DESI)
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Fig.1 Comparison of MALDI-SPICI-MSI and conventional MALDI-MSI for imaging of

mouse brain coronal sections
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Fig.2 Micrometer-range MALDI-MSI of mouse cerebellum
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Fig. 3 Schematic of the workflow on cell-type specific profiling of multi-omics on the IDC/DCIS tissue section

at the single-cell level, and select overlay and single-ion images using (H,0),-GCIB SIMS and Cg-SIMSP!
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Table1l Common MALDI matrices used for biomolecule detection
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Abbreviation of matrix Full name of matrix Target molecule type Ionization mode

DHB 2,5- TR HERRR R AR, 2k +-
CHCA o- B4R L IR et AR, E +
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b 855 3% 35 19 TR A T AL B S A AN i L A
120 550, PR 40 B 32 T 8 R 200 i P e e 11
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ik 30 min B9 B 4D S5, T 40 A B OR DL B B AR
B o EHEARBETETALATARICH T LT, TEARZ

NN
1,

H
it

FE I

il
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Wy I R, BRI il A A R R Y 9 R i I
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5259 53 A 5 J5 1T, Mamun 5 °CR H AP-
MALDI-MSI £ AR %t /Iy BB JE b xF 2 o 22 5 15
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JUE ORI I R 6 4 A, #8578 T APAP JHAR

5 pm

E:a. PNa M8 75 b. “Fe Y 1185 c. XF 1% 9 TEM [El1%; d. TEM EIR 5 Fe (55 i & &l
B 5 ZHFT 500 pmol/L #7iREESK S (1D FH AN F EIE L BRI E AP R TEREXEBEHERS
Mk IR FRIGR G
Fig. 5 Correlative TEM and NanoSIMS imaging of iron in alveolar macrophages exposed to 500 pmol/L

ammonium iron(IIl) citrate and chemically fixed NanoSIMS imaging

161]



5 6 3]

HE 5 BTN T B AR S T BRI T

689

W= TE B v 9 5 A 25 5, W ERAR APAP f92Y
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Y 2 B RUR, KW 53 2L T 40 B o
Hi. BfiJ5 , Cheng 55 HI FZAX#5 #8 7% T 2 Fp 2
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254 55 AR W R AR BAE O 2 . Meng %51
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Table 2 Key biological processes addressed by mass spectrometry imaging based small molecule spatial analysis

at single-cell level

pocpm MR EIE AR A RS
. ype of detected small ~ Technology . . . L
Research topic Biological finding Application value
molecule platform
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