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Abstract: Under in situ conditions in biological tissues, the extraction, ionization, separation, and
structural analysis of proteins remain in an exploratory stage. To date, no analytical strategies have
been established that can simultaneously achieve high sensitivity and high throughput under such
conditions. Consequently, the analysis of proteins within complex tissue environments remains highly
challenging, particularly for low-abundance proteins, protein complexes, and membrane proteins. By

enabling the direct desorption and ionization of proteins from tissue sections, in sifu mass
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spectrometry (MS) provides a unique approach for investigating both their spatial distribution and
molecular structural characteristics. Currently, in situ MS analysis of tissue samples still encounters
several technical bottlenecks, including low ionization efficiency, limited gas-phase separation
capabilities, and restricted depth of sequence and structural characterization. These limitations
collectively hinder the high-throughput detection of intact proteins and reduce the precision of
structural characterization, ultimately compromising analytical resolution and confidence in protein
identification. In comparison with conventional liquid chromatography-mass spectrometry (LC-MS)
approaches, the recent integration of ion mobility spectrometry (IMS) with top-down MS has offered
a promising strategy to overcome these limitations. This multidimensional analytical framework
demonstrates significant potential for enhancing protein detection throughput, improving spatial
resolution in tissue analyses, and enabling more precise characterization of protein conformations and
post-translational modifications, while preserving spatial integrity. This review provided a systematic
overview of recent advances in in situ MS for protein ionization and spatial characterization within
tissue samples. It specifically focused on critical challenges in protein extraction, in situ ionization,
gas-phase separation, and structural analysis, discussing current technical bottlenecks and
methodological considerations. Furthermore, the review explored the prospects of integrating IMS
with top-down MS in in situ workflows, discussing how this combination could augment analytical
capabilities and enable the spatially resolved characterization of intact proteins. The purpose of this
review was to promote the development of spatial proteomics under in situ conditions, emphasizing
high spatial resolution, high mass resolution, and precise structural characterization. By systematically
summarizing current methodologies and technical challenges, this review aims to provide conceptual
guidance for advancing in situ MS approaches that enable the analysis of intact proteins in tissue
samples across a wide range of abundances, facilitating more accurate structural characterization and
yielding clear, well-defined spatial information. Ultimately, these insights are intended to support the
future development of comprehensive spatial proteomics workflows.

Key words: biological tissues; in sifu protein ionization; protein mass spectrometry; mass

spectrometry imaging; top-down proteomics; ion mobility spectrometry (IMS); spatial proteomics
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Fig. 1 General strategies for top-down analysis of intact proteins
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Fig.2 Schematic illustrations of ambient electrospray-based in situ ionization sources

Ji A7 28 1 J5 IO 4 BT BE 8 2% 0T 4% S 4 BURD
alifb R, SN AS A2 B L R R AORG o R
fit o SR, A AR AL B A AE AR AR DA
LUL T BN TS 5 s g, MR
HBE 55 28 F B2 2 0T ) B 77 56 I 75 4
T 5 B ARG ) 22 5 8 N 4] M oA A
ARG 3) IR 1 AR B 1 E A W IR K M
B 455 K6 A R T ME LA B0 Ak )RR L R T
R AR DX 300 S A ) S o £ S 38 T AR AN R U
ghUos e Bk, eI EEEA . HAE
B W0 LA B R T TR A5 R B AR BUSOR DL K
BT ARALCR, 2 XY A B 1TSS R R 7 A
P 7]

12 MAXECEFUERER

1.2.1  fRWHBE ST L B EOR  DESI AR e i 5
B i Al A A O 2B R B R, B Cooks R
L2 T 2004 4F 48 i, I T 2005 4F By Prosolia 23
H] ST Ak, 2018 4F Waters 2 7 3R 45 Hol 5%
VRIS DESI (4% O S H R 78 8 R4 0F R
N LI TR R A — R R R T S AR A R
T, 3 328 31 e Al 3 A R A5 ORI A -, PR
WS35 Y R 2 LA B Tk A RS, Sadin
20 4EY kS, DESI &)z W H T/ AR
FE 25 . K B B F 5 A A ) 3 1 0 A ARG
FEEE IR SE o, AT3E kA Ak DESI e B 24 (g
AR VT ST I | S5 Ak AR R R
W% 25 HL R ) 203 00 A R R R I A R, L
T AR, T S2 B H bR (B RAE
SR, DESI 18 & 2% A= 4y 4 40 () B 19 5 20 M AT

T I 22 2 BR i AR 3 3 S K o3 2 1 B B Ak
FAK; 25 (A 43 PR A IR, A F 52 iR 3E , DESI FE AR
TS A% R AT SEELZY 5 um 9 23 18] 23 B R P (A
SEAE R AR T, HA as ) 4y HE R GE H 2R
150~200 um; BLAk, 5 H LR A Y 25 XE L
P51, R AN, DEST SRR 8 | {555
FE MR 220 F RN RE 1, A e 41 4R 1 S R A7
Sy MR R T2 1 LSS AR R

122 TGl R s B EL R S IR
DESI 7 £ 1 52 S 057 43 B v Y 85 - ARG AR 1 %
25 (6] 43 HF R AT B 45 ] 81, Laskin it 81 41 "F
2010 4E 15 42 H T nano-DESI 4% A& o % A LU
WO ML 25 40, 2 AR B A0 T e e 1
PR, B T 4448 DEST Ry & i di b . &
F o> F 2P s SR R, B BAE L
i 2 LI 250t 6 S Ak, I R A LA T L 5
(nano-ESDJE X #F A Jit 3% 73 #r . #H It T DESI,
nano-DESI 38 iz 44 T+ i B i 4 R IF I8 i
151 2L 1) nano-ESI, i 25 11 43 75 i W J5 BB TE R
VS FRTH AR T SC B S B AR 5 A
GREIN; [RI, FCAE A W50 | W 55 A2 1k M 28
(] 53 B 2 7 1H0 ¥4 B AR T, TAE R A5 T i
3R L BT SR A ORI . ol T
4 R SR AL, nano-DEST 2 5w F T Bt
SCH % . Laskin PR 2 i 1 A8 16 nano B NE R
BE O LA 25 4 CRLAE B V) 4R 6T RO a2 841,
AR/ T W RST IR 4TE T SRAERG 25 R4
AREBERNRE SRR RS, P HE
TR R AR MRS M RS ROREE A



533

Wifim s . AR5 R R R A T PR Yk A B R 335

S, SRR Y ] AR
PO bR H R (i nano-DESI 3K 15 8 &5 A
W - B ROR SR M L, IF 920 7 pm 23 1) 3 H 5
(1 41 218 1T B8 ™ I Ah, Cooper 45 PN
nano-DESI Fi R#i R E G B AR R, L T
B M or 1 R VR A YR RS I S e
SO, D9 AT AL AR A B S R oA SR R
KSR TEET A,

1.2.3  WRTH LB A IO TR S SE IR A
Py U R T B IR AN . s U AL I, van
Berkel IREI41" T 2009 442 T LESA HiR . 1%
FEARFE T AT TF K 0 WA IR 235 % T R M R A
(liquid microjunction surface sampling probe, LMIJ-
SSP)HE AR, 5 2L i Advion 2> F]KF H 4 L E A 3h
AL RN AL - &, T3 1 07 v R A e T
L EE P, LESA ik R4 i 3R P U AR 1
2 (microjunction) 5 2H 21 55 43 4% fi, SE B R 30 25
FUBI 1, JF 2298 TH i 58 25 85 1 Atk A B3 A6
Do YRR TS 18 8 I fh o 1) BB+ 0 = oy
b)) AR T T AR BT R S R T ARROR,
HOE T R U = B2 2 5, AT ARAS e 1R
WL R SEREEE H RE T o RAY LESA 9% | 4y
AR Z AR TS R FRBR ] (29 1~2 mm), H 55
SIFTRERT R A R, Hm s
AEBE T3 AT A 45 HOX A= WA AR 28 11 5 9 2 U
o3 BAT TR L3 A, 455 top-down
T A S R, AT RIS B A B S
B A5 . S B0 5 £ M L 1 A BT ),

13 EEREFULRENRARBENA

131 ARFEEE O AR R e ke L
JEE 2 1 A 5 A AR BB BR ) Dt 7 4 1 0 o
TR A %0 I, 1T DESI A 2K 15 R0
i 3% ik T nano-DESI il LESA, T 3 H 78 & 24 41
by pe 32 R . ST DESI 1948 F BT
TARRCR, BTE A o D7 B A I8 55 1 50 s
) SR 400 A A N i SR LA R A I 7
PR, R T 18 3a~3c. W% DESI 3 #r K
1T R 8%, Venter PR E4 & 3, 7 DESI W5
5 o AR IR A L A LR UL B s Ak
iR V2PN 0 X B A A R A R L
SR, S804 el T AT 68 3 B0E 1 B = R R
AR EE AR R S T, N BR ) 1 A S R
i K AW FE R R o R SRR T, Venter

DRAZE P2 H T A A T0 00 108 SR ek, BV R FH T % i i
PR T AR B 5, 3 T i I B A A R 1 R
P B 1 BT, B 1 BT TR YRR TP A 45 B ]
DI i 78 0 W5 B S, (i DESI B8 17 3K
fife W 55 1 1Ak, AT i 35 42 T H AR B 1 1 2R
ROCRATREAR 5 ™ BeAb, 8 1 7 ik W AR
Tl A CR TR SR HLZES, PSR AR <
AL S B R 3l )y 27, N4 m B {5 5
SREE, I SEE AR TR OR T 25 ku 85 A A AL
BB, WA FR IF /i 11( carbonic anhydrase II) 1 4
1. % 11 2 M (bovine serum albumin) %5 2 [ it 1,
SR, X T 25 1 BT DESI 28 M 7, b 34 3 i % A5
O H B 5 B SRR B 10 3 e 4
BUREA T a2 A B ST R B R
il i LA B S PR ) 2 AR B 1) R U 4R T
XA Forh /Ny FoE g i B 5 Ak Ae g
75 % DESI 25 [ 5 e I 22 B g B, i 9% 3242
MEER S m AT, 3l 2o U R B AT 5 T4 IRk
Jri TR AR AR | S IR S AR N R K] 43
FR G0 B TR A B A BT AT A P, BT
AL 4G 20 ZUPE R % . HydroWash SRS . IMS A
53 15 SR m DL N T BT R J] Y Immuno-DESI 4%
AR, 7~ T 3d~3g, H 5, Caprioli PR 7E4H A
H BT R AL B SE TR R A LI R T
VRS LA R EBRIEE 5/ e &, N
B AR Ak 2 M 7 S i B 1 I AR
IX — SR B I S W) A T T DESI 45 MOT X
H R T L B AR 9 2 1 R, R R o
Fi it 5 AR A A E S AR T A IR, Hoad
JEVER AT RE SRR L B . sk IR,
T AR IR 2 B2 1 T A 2R U 5 K R s I 4 4
4 1Y HydroWash B, i o 3 s R 54 A H
JOT VA A P ok B R R TR PR B, R AR T
DESI 2 5 fift W A3 4015 1 B g 19 25 a] %
Gy PR 5, SRR R A T
w4 o Zare PRAVZH A S RN S 8L T HAREE
F BT, AR08 T AR R S P o T4 T 4 o
TREEREARGSREY, AZ ks ERE
B TSR Y, Ak, IMS Hi AR i 7
SOMYERE 5 BT 3 TR R L RS 5 far 19 <
AAOT BB AR E, SCBE BT SRR T iy
TERG I [E] X 53, & e 15 P ik T B8 O AR A2 e 2 41
5 506 DEST HL 2 (9 52 M 1, ik 26 5 78 R[]



336 Bt % 2 4 47 %
a b c
Solvent additives Pre-wetting delayed-desorption Organic vapors-assisted
U ‘»/l:'V Qb‘ > /T<V Q kv Organic
/; < I I / D vapors
Gas in\ Gas N 4 Gas in :g
o [ Wett [/ 1
V Ing qu111 =
L |
d Tisses washing e HydroWash f Ion mobility spectrometry

ﬁ Ethanol ﬁcmg L
)

=3

Immuno-DESI

Antibody s Linker « «BMT scries Native nano-QESI MSI
Q2 HC CHs P
i %NH
L HO"
A Jlo uign Metal-bound 2
‘QT)T&NO%NO’O“O“O“"‘N?E?’J Ca2t protein > \
a
{ 1)( { UV A ® Spectrometer /
L /<,’ 5
o ° J - 4 f» 5y
Incubation ™
o L Y MSI IFM
DESI «
> LA v m %
d ?\‘,'- e St Nas
’ miz nm

On-line cleavage

VE: a. W%

Native ambient MS

Ligand-bound

@\“‘\\W\
IS5 555

Drift time

Detergent/Washing

N

&
N

-

protein

TSR SRS 5 b, REAS TN S MG ¢ ~URHIR R IR P e s d. A AUBE VRS s e. HydroWash 3 £ 88 I 1R

g Immuno-DEST HL AR, h, A M 2B A7 B REHE AR R, i 225 700 /28 Lk % SR s O
B3 REEEOR.EARESYURBREONEREMRESHTE
Fig. 3 In situ mass spectrometry strategies for low-abundance proteins, protein complexes,

and membrane proteins

JETE P EIAE, SR 52 2 20 4 e IR o B B 1 BT Y
PRI B AL TR B AR &

132 EHEHREGYNRERRSEN g
DESI & G H TR A B E & Wia i, (5 H &
Bl BB W 55 by 1 B A T A 5, 0 DA Akl AR M 2
1, Bl R AR 5 5 55 40 BAE I HE LURR e AR B
PRI Ut 1 A S B 2H 2K 1 19 AT 5E &2 5 W) I AL 41
Mro %M 5, nano-DESI 55 LESA i it i il %
IR AT 2 HORE , T IS T AR AR PR AR, A L R
AT BN R B A YR R AR
Cooper B &1 20 $& H 1 HE A8 1w IF 2057 i (native
ambient mass spectrometry, NAMS)$ K (& 3h),
W ARAR M BT HE H R 5 nano-DESI LA & LESA -5
54, AR R 2R 5 W% 28, B e B
T AR A R R DA R A A R
WP, Z AR AT R R AR A BAE RS T,

AL E A RN T BAR-2 RS
FEWILL KR - RS 2 R AR R
TP0F9E o (AR SRR Y S, 7ESL LR L 5] A L0403
FERFEHLE, P AR BRTAHE G F AR
BRI, Ehal g e, B M T BN E S E
F, LA FRERSIASOku R EHRE
BB T WEA AT BET, NAMS 25236
Oy F R IR Y 145 ku B R E S W EE E
Rt 3x — 8 ASAE 3 T IR A Koy T2 A
PARHIF 9% 105 A B Jo o X i), A0 A S 1 A5 s
F I VG A G AT B AL T R S A B R R 5

133 EHEANEMNE TS SR RE
FIE A0S 515 5 W % 38 R g A 45 2k
BT R R R AR R, S A S R R R
2245 30%, HIF IR T 21 60%H) 25 41/ P 45 %),
PRI, 5 R B 1 1R O S P 5 R PR, X



B3 iAW AL

BRI R S s (A 2

JEE B AR A 1 R Bk A 337

FT 44 i ) fi A 4 B B ke 24 W s B
R SR, B R B AR KPR
S SOV e MR e M 25 SRR, S BOHAE B 4
T I A7 2 SE R 55— 1k PRI F TR, I A Doz
AYAT A LR R AR TS 4 [ A
55 AR PR G DU 5 B AT 3B 35 2 Robinson BRAIZ (1Y)
PR (K 31) . %N RG4S T 22 IR0
HEARREERSZ R, IR T DESI & & i 5%
e, SEEE T R B R b 6 R B Y o A
W, 8 VR AT R s A R 1 b H A2 G W iy T i
P55, UESE T HOT w25 7 & H T B 1 45
M e 15k S e R 25 )P, RS, Cooper
BAKETF nano-DESI HIARSLEL T EIEI’U\MKgEé/D\ T
A i A7 Az N, B B A 00 #1) 7K 38 18 R 1 (aquaporin)
A VUSRS 5 (- F 29 113 ku), 50UE T NAMS
AR AE A5 28 11 R ARG 5 07 T ) IR O 3
FEMCEERT |, #F— 2P0 T 38 T A LA IR
Ve BRI (RS IR B2 VR %), AT TE AR R A2
B AR AT B T SEBLES (AR, T R T AR
P AN 5T 3% 43 A ) FH 3 BB, 3T, Cooper A1
BA B A LESA £ AR S B 1 MUK 7 L i) 4
[EER 27 IR g i A E L SR U NTTR= I Y &
JEASE 4 A R T I 1 22 Pk K, {HL 38 £ X nano-DESI
PREF | U 700 SRR A i b B s i LAk, T A AR
JEERE R SRA 4 S 9 e RABEEAG I, S IR 52
Koy g pT it n] ag .

2 EHRSHESBSEMETE
21 BFHERARESHRE
IMS & —Fp T B AR S AR TP R 3 25 5 51
B B B ER, AT AE BTG b g S =450 8
Ak RE, DA RIX 3 Jo far oA T E RS 2 5 L R
BAFMNE T HET, IMS 2RI 3515 50 I 45
B i B2 (DTIMS) | A7 8 25 1 i B2 (TWIMS) &
HAFFIE X (Cyclic IMS) | T4 B T JE (TIMS) |
1 3 A X R 7 B (FAIMS ) 1 25 43 25 1 i &
(DMA), HILA TAEJFE R T 45, IMS #95]
AT DAF i 86 1 {5 e L, 8 B 6% B 2 48 T
R LN i A WS SRRy L =
SR RAERE, Mg P B fah s JE3k
M F AR B B R IS 8 A A 0 T T B
HHl, & 7 AL o0 A 19 32 2 IMS 3 R 4 46
TWIMS " Cyclic IMS'®I Jz FAIMS! ™1, [

X LE R AR [H] o R BT AR AR
PR L7 T B AN W I, W 3E B T A SRER
i H R A E S WAL B RCR S G0
FFRES) o XM B A0S T i S
AEAl, AR T TRt S5t Rl AL B,
[ B B2 ey 1 g G B P TR TR L -
IMS 2 AR AE A [] 2H SUREAS Hh ¢ i P A6 00 e 15
LA T30, AT, M Y 8 AR WE R T .

a« d( Gas flow
-@ e —o—.—%—)
’ AR
._)
A ~—e

=

IGas ﬂo

{E: a. DTIMS; b. TWIMS; c. Cyclic IMS; d. TIMS; e. FAIMS;
f. DMA

B4 BFHERATEE

Fig. 4 Schematic overviews of ion mobility

spectrometry

22 BFHERAREEAREMCKIE
iz A

TWIMS F| F 7% 2y i 5 0% 3K 2y 25 76 3 70
PERRIIERAS NITR, 8 B T 5 3R 14l
AT R 22 Ay B, R B A5 R, B A
5 g . 2018 4F, Towers iR 4R 1E T
TWIMS 5 DESI & ¥ I HE A A6 i 2] /)y U 2H 20
IR 6 P o 8 F AN 6 R BB gk —
A AT K4y F I e R A LR A
B JE A7 f# AT, Cooper B @1 4H ¥ LESA 1% 5
TWIMS X H, 76 JH I 28 23 v 4 4% 3] i 210 2 Y
FRAE S5 5 (913X (ap™),, miz 3 970, H 77 %k
167, 73 [l 64 414 u). Ak, % A1 BA LA i £
Fo L EAKZRFMEEATT NS ],
T AR TR AR A R (CCS) A A R Y, I AE
AN [ P AU U0 R 4 R T ARAAH N AR T 5K, 5
T X ZUREAS R CCS L ARE B T30,
2 A NI & B, A8 o A AT e KRR JE PR

LT



338 Bk e R HATE
F1 BFEARE-IMS RAREREBARFEAPHESRGNESHTRE
Table 1 Overview of protein detection throughput achieved by in situ ionization-IMS
across different tissue samples
HE BT 1 F%R Number of proteins Top-down% i Sk
Ton source IMS fii Brain B Kidney — JIFHE Liver 524U Testis ~ Top-down identification ~ Reference
LESA TWIMS 11 6 6 - No [37,66]
Cyclic 44 81 - - No [67]
FAIMS 34 59 - 75 Yes [68-70]
LMIJ-SSP FAIMS 84 - - - Yes [68]
DESI TWIMS - - 12 - No [47]
FAIMS 16 11 - - Yes [51]
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S IMS R 0] 38 2 SR 43 B A R AR A
UL TS & T 5T, (AIA TWIMS /9 73 B
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55 SR B3 3 Cyclic IMS 25 52 BUR O R [X 5§,
(ROD) Y 3% &1 Ji5 , P &G HY 30 F 2 1 s A5 b — 45
G546 DUAR AT 5T 2 4Lk 3R g (BR 1 m/z 600 LLF
PR S F-am L ), K HE I B T Ik 44 Fh . FE KRR
B GUREAS o, Rl IMS BRSO 19 F 2R
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Fig. 5 Molecular identification strategies for intact

proteins in tissue
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Fig. 6 Mass spectrometry-based strategies for

spatial proteomics
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