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Abstract: As the fundamental unit of life activities, the single-cell serves as the core of biological
systems, and its metabolic state directly and accurately reflects various physiological processes and
pathological changes within the cell. Mass spectrometry (MS) technology, with its distinctive
analytical characteristics of high sensitivity, high resolution, and wide analytical coverage, along with
its excellent performance in both structural identification of molecules and quantitative analysis of
compounds, provides powerful and solid technical support for single-cell analysis. Compared with
bulk cell population analysis or fixed single-cell detection methods, live single-cell MS analysis can
faithfully preserve real-time dynamic metabolic information. This advantage makes it an irreplaceable
tool for revealing the heterogeneity of disease microenvironments and guiding the development and

implementation of precision medicine. At present, research and development of live single-cell MS
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methods mainly focus on continuous innovations and improvements in sample pretreatment
techniques, which is critical for ensuring analytical accuracy and reproducibility. Based on the
differences in single-cell capturing and sampling methods during analysis, current live single-cell MS
techniques can be broadly divided into three major categories. These include direct probe sampling of
live cells, mass cytometry-based sampling of live cells, and laser-assisted desorption for single-cell
imaging. Each category represents a distinct technical approach with specific advantages and
application scenarios. This article systematically summarized and reviewed recent advances in live
single-cell mass spectrometry methods based on the above three categories, further discussing their
typical applications in key fields, such as metabolite analysis, biomarker discovery, and cancer
research. In addition, this review presented perspectives on the future development of live single-cell
MS technology, including improving sampling precision, enhancing detection sensitivity, increasing
spatial resolution, and achieving better integration with other single-cell analysis technologies to gain
a more comprehensive understanding of live single-cell metabolism.

Key words: live single-cell; mass spectrometry; probe sampling; mass cytometry; laser-assisted

desorption

TE A0 MLRE PR, B 20 i 24 B A ke e, A
AT I RE S AR A A B e . 4R
oK, AR I TR BOR B R RS T A A RS T
O E R o IR RE RS A AR K P S B R
HCE A e o B R AR, AR I B TR B, Bt
111545 715 40 e A A 3 i A 6 B 40 i S ik B
G, PSR HLEIBETE | A bR S K BRI 712
T A4 G B AR T ST A D ) P A S T
W T A 20 M R B D RE S 1, N SR B3R
81557 R e o N L ) A S N DG 21 NS R R
U e A A T R . B A AL REA S s LA
Ji ) 4 A 2 55, i i B 3 TR 400 I R, 5 B
R E DIBE S AT M o AR, I A IS A 7
TR, FEIREATT A 32 J] FRL RO 35 1 3l 25
A PR R ORS00 BT Y R X
TE T RESSTE A AT 9 9K A BEER T v S ik s P AR
5 D RERY Sh Ak, 48 7% 48 L 0 ] o 137 ¢
PN Bl 25 FRIE ) S SR, A A A 2B BT ERAIL )
FEAETEIRA Y UL A#

TEBARA: W 2“2 IF 5T 40U, B4 L 73 Hr i A
EL B R AN AT B ) DG Hi T, L SRR TR S
e LA )2 TR 28 M N A5 2 AR 0 T Y
BB o X T BN 0 BE R H AN S 2, R Gy T Y
T4 08 A 0 T P ) s B e
X T8 H 5 IR B /N A, DR
B HAS Al 52 4], 5 ol T R85 g 1) 20 BT O
%o BN, D6 8RR P B R E B
KB CIRGT T S S 5 ek A A5 3 X

A0 A FE T RO A L FRie B2 o™
A WU ZOLTE S, i RN R 5
G AT 2L B 24 Rl RV s 7S 00 T S R AT A 3 5K
B2 L R A0 23 B OAL P HOR T 5 3D 4T ED
235 5 S L B0 M R 0 S I G SR
S A R R PR B TR B T 2R T B

F T o0 i R AR A B S AL A5
S20% . MR L Bl ST S AL Y
T e B RO LA REBUE | R e, T
Z W) T I, DL LB A i A S
Sy AT RE T, AE SR AN A 2E B P BT L
AR 3 A7 | 40 5 o 1R B S L A A5 5 3
FE AT BRI TR SR HOR S (AR R R
Je, AR 72 A T8 Al R, 3 A 2 A0 G BRIV el
Jo7 S S Ak, G EH S A R A DA e
PRI, T ¢ 1 A B4 240 20 B R JE D B LR X

Sy ik G 240 L T PR X I A T 45 2R 4 52
Wi, =725 T T 200 M i Ak B 20T 7 B R BT AR
F-Beo R SORE 3R A B0 S R A B — R
B IR BP0 i o O R A AT S P 40
W B AR =2 7 ik AT 2508, I SR AR SR
AR PR i i 1 ) e SRR

1 EEREARaBE IR RIES T
P AR AR AN (1~10 pL), 7E X 2841 A<
W PEAT RS 43 B B, XE S TR G R AR BoR A

o

o YN Tt HL W55 FE B (nanoelectrospray ionization,



770

B e 4R Hae

nano-EST) /& FL W% 25 FL %5 (ESD # R B9 A= Hi R,
SR AR 20 55 58 AR 290 T 2 3 3k, 30 e A I v R
RETE 2= o | g r - S k2
FAL 55 ESI R, nano-EST 538 I T il i B i 43
Mo HAET, EWIMEEITE T — R0 R ET
SKAERTALFR 7, 455 nano-EST A 52 8 41 ifg 4,
W0 R T A . SRR R R AT BE T T 4
L8 3 PR 5 0 ) W B S A B, A T T S A L
L) B RAE AT
1.1 ETHRIIMWECRARERT O NEYRHF
o

2008 4, Masujima FT A ¥ 2 1 T 4
03 B B LS 43 PR A T SR A RS AT, O
B Ho A 44 4 “video-mass spectrometry” , IX f2 FE
T nano-ESI [ 521 B A 8 20 27 43 B 77 2% 14 T 6]
P T A% . 12 A BAF] A nano-ESI Wi £t (nano-tip ) /F
Sk B2 R T 0 3 A0 B, A B R RO i
NZSY), PR NER R 5 st A 700 LA Bl L 5, 1
TR R B0 RN AR R IR,
Z AT BA % 28 T N9 SR 40 i (HepG2) T Ath 51 TiiT
SRR, 30 T HepG2 541 g (8] () 25 4
AR S o PR R R E R TR 4 40 A 0 AT
%Y, i 13 nano-tip 2K ¥ W HUFE 90 40 B N W0, I
DAy Al 7 R 225 Rl e &1 A 4 i v %) 22 A
PR

Je ke, S EA G A A B AR ST T X A R
2 M it AR R P 2 BB, N B O 20 L 7
PR, I AT X BT B B P9 A W AT RIS 4 AT .
Nemes 25 "] FH s R 51 0 40 g 6 41045 H Tk F 95
EYTCHE IR i 8 21 B B 114 22 A7 A 6 40 i, 3 2o
2R B IO T e i 22 AR, O
TR A A ) A TR R A R AR
Wikt . XRHUAEMKREETSRY, £4
RS B AT REAFAE AT AR . BB, 1 AT BA
LW T AR IR G 8 240 i v 35 0 A i
0] 248 e [ P AR 2 5, 465 SR SR, R A% T e A
SREBRCZE T 0 48 M 2 R AR SRR TR Rk
F LR R AR S R Vertes 257
4 nano-tip HLAH LR AE 5 B IR BG4 A,
Yo D A B 2 Ny A SRR T, Ol
Ik i Y B Ak TR A RO A L U 4 T
PR, 78 T & 1a. Masujima 55 P26 76 14 41 fitg
FESFPEDO IR BOR 5 B s AR 45 4, I HI2¢
It I8 B i B SR X R B A4 i A 1 oA

HURE, K600 3] 5 000 2 AN B A 16, % 2 % %
1700 FpAC 9, 15 Bh ¢ 6 B H — bS8l T
AR A AT E 0 M . Ahmed 25155 4 40 HL
BUAG 5 8OCE: AR X HepG2 40 Jf 2 Kz J51 Bl 440 i 8 %
B AT AT AL, 8 a6 H A nano-tip i 1 B
200 f0 S5 J O AR A DB IR B 7, SR
B, 2550 SR, W X 6k i 5 A R B 22 (8N
1.16 pL, iZ /7 i3 5 1 SR 4 M R 3% o M 1) = 4 25
i) 53 B e 1 SACHH E HTRE f1 o Laskin 260
SR FH R T8 8 ARG o 42 T 240 L P 25 0 %) W B R,
3 3 X T 0 A0 L %) B T /N D 2 0 B
A 20 B A SR S5 AT PR R 00 1, O TR S T
24 500 P AR A 4 A2 S AT, TR B
AW e RIRTE . AP A B TR T
SF ph RV TP DA RIS, 245 A WO R o A
LA PERE M B AN, SEL T AN &Y
R JELIURE | (5% . B A AN SE i B o i o
FHAZ 5 1 A 24 ) Ak EHL S 6 v 4G T 28] 45 2 B N 2
FHEMC AT EY . % BRI
2% S B W 9% AR P24 i v o 2 0 ST R R B
&, R TN 2 B R, IR T
TR G5 B9 T 20 M 00 AR SHRRAE , R SR 85 T35
S A0 L, R T A0 B = R PR G BRI P A o R
B, R EANTH T EEE R LR £ 50,
A AR B A A LB i i 22, A 2 A 27
B, OGB4 P & T — B R A A 5 O SR
i 3 2 A A Al 4 v I AR 0 B A S
O ELA B R A W e, R N IS PR
MG, N TR b, HETF 2-BUIE K IF ek 5
e o B2 T 11 2 e 2 s o BN, BT 7K A TE L
F10) 7 e o P LA o 422 3 R R L, £ 21 e R
5 SR 75 1%, SCEL 1 35 1A B0 i e G o )3
AR50 11 1 SR OSSR ARG U

% nano-tip #I, i A H A 28 B PR &4 H F i
UNERAI Y OB TR S T S e DR KRS A e S =N
A IS A A i AR, AR T A
B s s AT 00T . 5 nano-EST M EL, %5
VR R USRS T 2 30 4% a0 v B 2 i
HEAT RN, & BUVE 28 N 2% B AN A R SROME, i
A% Bz A A4 B 5 B 4 o Nonami %5 5R
20 6 3 A T A 0 B A i P 1 Q3 BBURE ) ok
A1 B35 0T, LAIK B Bz T A0 M TR i 4 R
IEAk, Sweedler 45 P05 i 45 & 4= 41 A AR
Y45 FEL K, B P4 T AR T B 5 400 A ) A B B)



spy A N 3 2e
e RS WGSBS S AT ST ik R 771
a
st b
Sig L 10 2
0% 26 With -~
: ’ Z
it = g ’ to MS —'—LLI—
Z 200 400 600 800 1000 @ —~ Without?
" miz
— / [ =
ﬁMi cccccc pe ._‘_‘ o d | - 1
Inlet orifice ~ Trap___IMS _Transfer “harge tag U -
4 o~ ~
P .&-‘:.!‘ .':-;v.l I FEE' I l__ - Single living cell Ll Ao et Ayon @O I
‘ = o
Quadrupole % &
%
ror / / /
d | :
E':_';ii:,:“: Lh = Recovery for 48 h L":::i:f_'\ 25 min
e o T j
ncubation of 80 pmol/L H,O, Replace with fresh medium DCFDA labeling
+ (1]8 @  Dawanalysis

Objective len

Sampling

/ pipette
T
stresse

ive-cell imaging @) In situ sampling @) SCMS

=

Ll

Pairwised data of oxidative level and
metabolic features from the same cell

TE: a. BN BCIE SRR S 2R D 033 43T 92 9024 7 R T b, S ) 3% 4 0 D e 20 D R 19 P 40 L R A A AR R R B

. P AR B Al 10 SV 40 DX Sl BBORY: 33 53 T 7 8 P B L
E1

Ay

% 200 PR A B B4 40 LB 3 A i B A2 4

ETRSTHE R BN B E R I

Fig. 1 Probe-based direct sampling and extraction of live single cells
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