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Abstract  Cell-to-cell heterogeneity prevails in biological systems. Single-cell and single-cell resolved spatial
proteomics can help human gain better understanding of the mechanism of any disease. Limited to the extremely low
protein content in a single cell and sensitivity of detection technology , the development of the single-cell proteomic
technology faces major technical challenges. Over the last few decades, the sensitivity, resolution and scanning
speed of mass spectrometry have improved dramatically. Recently, new MS-based single cell resolved spatial
proteomics methods have been developed for quantifying thousands of proteins in individual human cells. These
spatial proteomics analyses at the single-cell level provide high-resolution data for disease, environment and
biochemistry research. This review mainly focuses on the mass spectrometry-based approaches for the study of
single-cell resolved spatial proteomics.
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Fig. 1 New technologies of single-cell resolved spatial proteomics research
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Fig. 2 Singlecell separation technologies
(A) FACS; (B) manual cell picking; (C) LCM; (D) microfluidics.
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Fig.3 Schematic overview of different microfluidic methods for single-cell isolation
(A) An aqueous stream of cells is broken up into individual droplets-in-oil containing random distribution of cells; (B) pneumatic
membrane valves use air pressure to close a microfluidic channel by membrane deflection, this stops the flow and can trap a cell;

(C) hydrodynamic traps are passive elements that only fit single cells and hold them at one position.
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Fig. 4 Schematic diagram of CyTOF(A) and IMC(B)
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(A) Microfiuidic liquid handlmg robot for cell sorting & pretreatment (B) Sample vial & insert tube (E) Liquid chromatograph  ((G) Mass spectrometer
- 50 cm

— 5mm —
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----------------------- \ -
‘\‘ﬂ
\
/
s
| — !
Insert tube Conicall bottom tip
Cap",a,y probs (D) o0 czo min 20 min 15 min 37 °C2h 30 mln ®
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target cell
Single cell capture Multi-step gl Sample &LC MS

Fig. 6 Schematic diagram of the PiSPA workflow""!
(A) Microfluidic liquid handling robot with an insert tube array; (B) sorting of single cells and the multi-step pretreatment of the
single cell samples; (C) sample preparation steps; (D) insert tubes coupled with sample vials were used as the nanoliter microre-
actors for sample pretreatment of single cell; (E) LC separation; (F) MS detection ; (G) mass spectrometer; (H) mass spectrum.

Copyright 2024, Nature Communications.
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ar, T ZDRE A AR AL B (18 7). BN AE BRI FRAE 200 nL B/ NOU0R TR b7, LAz
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Fig.7 Proteomic sample preparation with nanoPOTs"*
(A) Schematic drawing; (B) photograph showing the nanoPOTs chip with each nanowell filled with 200 nL of colored dye;
(C) one-pot protocol for proteomic sample preparation and capillary-based sample collection.

Copyright 2018, Nature Communications.
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. ) EsMs 2
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Parallel processing in 96-format

diaPASEFscan repetitions

Fig. 8 Schematic diagram of the T-SCP workflow"”
(A) A Single cells are sorted in a 384-well format into 1 wL lysis buffer by FACS with outer wells serving as qualitative and
quantitative controls; (B) these tips are automatically picked and peptide nanopackages are eluted in a sub-100-nL volume;
(C) base-peak chromatogram of the standardized nanoflow(100 nl./min, orange) and microflow(1 pI/min, blue) gradients with
1 ng of HeLa digest on the StageTip; (D) nanoflow(100 nL/min) and short-gradient diaPASEF method combined.
Copyright 2022, Molecular systems biology.
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T LA FEW AL YR . 2240 70 min 1Y Evotip A5 #E 6l 25 25 3R BRI T B 43 A, JCFE #E— 20 i AE i ik
I, HERAE ST A S LC-MS M 8 UTE— il , WA RAmAE a2k, I AR I# & . OneTip 5
Orbitrap Astral T 454y, i3 nDIA J7 % AT K24 20 440 it b 4 5 H B3 5000 28 A5 RTER 1 46000
SRAGHRR, PEREARIL T PRANBE AR AL 6 45 R 5L CellenONE. 73 4MY— BB AR UTPAD-1, 1505 Bi%
S TEARE , TE R TR AR A B A R THTAR 2N AR AR G ) L IE SRR BT
HEWERB BTSN L, J517 LC-MS/MS 437 . AR U2 1 h, FE5A Hela 41 M P e 2 B % 5

328 /I\E IJ:—l [571.
7777)] ' = 3 1
§ buffer | L &‘
: | ]

Fig. 9 Schematic diagram of the One-Tip workflow

(3) AT 52 2 ' BURRIRBE A (0 B A AT Al il s BOR . — BN BRI MA A BB B Y | AT LA
I3z 30 A PR B B P ZH AR R A St E R R IE . WinO(Water droplet-in-oil digestion ) f&—FliJEF
R AL e A RTRE P 6 20 TR T M 7R g KT - Ak D ks . 20 V(0 P A L 3 1B #8420 MR B LR ST
HR AR TR G A R TT MG . EER . AHEL RS RIS 7 F0 100 mmol/LVRALIY 8% ), SRJGHHIAR 5 | ek Ak
THALRIE I A B2 LR (EtAc) v, R 58 BUS INA BV BRSBTS A28 (TMT) 50GRI A TA5iC . £ StageTip
BRERIS AT LC-MS/MS 73 [T 10(A) 1. 32%07 1 B 7RIS DA it I T s 22 TA) RO Ak T A, DA a2 i
Bt A b 2 1 B A 22 Ik, AR SRR DGR S B T 106 . WinO JriE S5 4 i AR A B
Dyt it B AR Y 462 R . A, WinO Pk A 456 i B 2k P E rg g . 28R, X Fh
JEBAFAE—E W R BRI, SIS BN St rP oA Y R A BUAHE i, BRI A & 1 ki [l
W, (H23 5 3 i B A5 R p TR T,

AT B ) 2 7 R R — AL SR, A A5 T B B A R ol e A 20 R i R R b i/ 3 T W
P . TR P00 S B ) R ) 4 55 R (SOP-MS) F A2 A T BT 2 i -E 2 1K i
TEVER [n-+ Z e 5E-B-D-22 274l 11 (DDM, n-Dodecyl B-D-maltoside ) | FlHi /K R AR SS &8 8 2 FLAR T4
AT — R RE L 2 (B 10(B) ], ] SOP-MS AT MERAS A A& g o %5 72 51 24 146 R, 7E/1N4L
AUY) R (2920 421 ) 25 52 31 24 1200 S8 . Yang 56K J T SMID (Miniaturized in-solution
digestion) Jy i : —Fh—4Ak . /NBUAL AT IRN IURERE ST AR BB 1%, 2O AT AL T RE LR AL B IR
e P AT S 130 ot B At R B A iR, BRI 2 3 h, T T 10~10° 2 Y 2 1
AT PRI T o 3l M ) B SS B M 2 — , 72 SMID RYJERT |, (PSR SOFR T —
Al S B RR A AR 1 A0 S AL B 2 miniPhos. miniPhos 76 4 h PN SE A0RE fh BTAL B, BEM 10 wg Y

= A
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Fig. 10 Schematic diagram of the WinO workflow(A) and the SOP-MS workflow(B)

232 BupodERNEEEARAFMEA (D) BFIERHPEAR. B BMEN 26

M | o3 BRI 2 SRR O B AN i S5 PR R BRI T OB A ) B ME L. Mann HIA IR R T
— PR B 2 1 T4 R (Deep Visual Proteomics, DVP), 456G T WHOK A HER MR T A TH

AE F-FA20 B e B ER 20 Ar FE R B 1 B2 2 AR AR, 2 BOR AT LUE SCA B A B Oy A S ok . 7E R

@%%a%.ézﬂzw s LTG5 b B OCEE g DX 3 e B 5 G 45 R DNA B AR DG I RR A 2 1
DVP 8 A i85 BUG B AR 5 8 (R 4L 2R A, AR b h 2k & A E0R:, 878 41l g2k il
FESEPEER UL, 0 AR 25 RN2 W a5 BRI BH TR E F SR vh G R DG BE B . LAk, DVP IR
A DARAE 2% L 14 4 RS AR B

[F4F, AT Ertiick S VEF & T —Fgi i 23 0] 8 14 245K DISCO-MS, b P-4 45 B Ak 4
ARFN3D A5 5 N TAT RE SR U R | U4k (4D) i 55 2 U ﬁﬁ%&ﬂt:&ﬁ%%, SR 4 2H 4 X I,
HEAT TGN 9 25 (8] B 427500, IR ORBR L =4l RS ) 55 8, DUR A R i rh o) s g 3 =
ARG B 28 [0] - 47 F G . B R T — &Lk h@%%mmomtﬁhm%mmﬁ%m
DISCO-MS J7 3 i ?)\?Jknjjﬂm i, ke BAE R ERR B K BB B e i rp DX IR S 11 2 0
EH=R

Ry TN AR, BFRE B B R (IMS) 5 LC-MS 25 & ], Herh— AN Y] Fr il
IMS 24T, AR A Y] A i LC-MS/MS #4550 4r . R, o T I L ah 41200 R i) v B A bk, KX v
Filr MS A I ZR A S HAT Bk Y, 25 S BB PR A 25 SR 2020 4F, Kelly FBA 4718 T —Fh s
Ay PR AN B VA UL A SRR, B 254 nanoPOTS 5 LCM £5-&#4 i B 3h A0 RE Sl 8 5 i ik 3
W4y, 23 LC-MS/MS 4375, FH LCM fift 5 A AR AR X FE A B A2 UEA FUC TR, I Trelliscope X 25 4 5
FRESE A Tl A, T E R B8N R i L2 R 1R . SR 2o A 0B s F s 1 s 2l ol Ak
G W RGP/ B B R A I R, LA 100 o 925 8] 2 BER 22 1R 1 2000 F &
FATE, DT 35157 1 A A P B2 AL )55 200 RT3+ 5 P e i 200 B 1 A e 2 1 i b Ao

RS T nanoPOTs A il 57 5 19 25 181 B P52 0 T B R 5 ZEARIR i B B, AR R ) 17 20
Y 23 1) 2 1 T2 2 BRI IS PR . 2022 4F, Piatkevich I BA S 418 T —Fi i TF-2h et . Joa s il
BRI A BT R AR ProteomEx. 12 W 1 e AL 22 B 2 I R, SRIE AL B AOFE S A K BERRE
W, HEROR, FH G Rl 2 T T XA S R T g e R R R T B B 155 RS AT A T AL
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Fig. 11 Schematic diagram of the mDIA workflow
Copyright 2023, Molecular systems biology.
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Fig. 12 Schematic diagram of the SCoPE2 workflow
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