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Development of a Glycosyl-imprinted Sensor and Rapid Detection of
PD-L1 Positive Exosomes in Breast Cancer
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Abstract A glycosylated electrochemical sensor for rapid identification and detection of breast cancer PD-L1
positive exosomes was developed. First, glycosyl-imprinted polymers (GIP) were prepared by electropolymerization
using glyco-GalB1-4GlecNA¢B1-3GalB1-4GlcNA¢B1-3Gal  overexpressed by breast cancer positive exosome
glycoprotein PD-L1 as template molecules and 3-aminophenylboronic acid as functional monomers. After elution and
removal of template molecules, an imprinted membrane that can specifically recognize PD-L1 positive exosomes was
obtained. Potassium ferricyanide was used as a probe to measure the DPV current value of the GIP electrode.
Exosomes were cleaved with RIPA to deduct free protein interference, and the change in current value (Al) was
recorded. Al decreased with the increase of the concentration of readsorbed PD-L1-positive exosomes, and was
linearly positively related to the logarithmic value of the concentration. The detection range was 2.36x10>—1.18x10’
particles/mL, and the detection limit was 93 particles/mL. The method has been used to detect breast cancer PD-L1-
positive exosomes in clinical samples, and its spiked recoveries were 93.82%—105.32%. The sensor could be used

to screen breast cancer in clinical samples by the difference in glycosylation degree.
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Scheme 1 Preparation of glycosyl-imprinted sensor and quantitative detection of breast cancer positive

PD-L1 exosomes
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IREBAIR, PD-L1 _FA45FAE i 5E GalB1-4GleNACB1-3GalB1-4GleNAcB1-3Gal J B 4+, 75 4B 5k W%
(GCE) R TAR A R G L & — 2 ML e SR SR (GIP). 4RJ5 , SR e i 25 Boblit , T8 Rl 4y
SRR I BN AL A B AL R S DR LA S AAR PD-L1 B Il RS MBMAS . i
GBI AR BE (3G, BB FL g s Z , BRI W AE SRS . B A RIPA 25800 BT
I T L R SRR B 0 NI AR A 7 24, 5 ISR Vi 2 2R 1 A A5 S, DT S B LR S M AR g R
R E A

1 SLIGES

1.1 RXFI 5

Wik GalB1-4GleNAcB1-3GalB1-4GleNAcB1-3Gal, Zr#rali, FifFFe/RITAAbRIE A R E]; C RV &
1 (CRP) . AR (CEA) | BRAKAL A9 724 (CAT24) . IUNLES & 11 T(CTnl) . FLIRIMLAR (ASA) . 140
M ZE-6 (1L-6) FIH REEE 11 (AFP) , /A2, 140 AE R A BN 1 5 40 (GLU) | 3-Z 3L
% . PLIRIMAR (AA) . Na,HPO,*12H,0 . NaH,PO,+2H,0 . NaOH . KCl, K,[Fe(CN),]JfIK,[Fe(CN),], Z3¥r
ali, FE2E R AR R A B 5 O e DTIE A %t (RIPA 24630 ) , FI B 2 E R Iy A R
Ly SERS FHACH R SEK (FEBH%R 18. 2 MQ - em).

CHI660D RUHL Ak~ T ARG, R R A PR 5 PGSTAT128N Autolab Y FE Ak 2% T AR, it
Ji R E AT B2 5 JC2000X6 T b fi A A8, b R B AR 15 £ AT BRZA /] 5 SUS000 Bl 1
e (SEM) | Ht-7700 R457 5 e, 7 3 63085 (TEM) A1 CP100MX 3 1 5.0 AL, A6t H 7Bl BR
/3] 5 Neofuge1600R /5 V& ¥k 2.0 0L, VB S A= MR AT FR 2wl 5 N3OE B4 K i A A, 1l 4%
T v RAEYIRH A BRA A NT-MDT Y5577 B 5 585 (AFM) , &% B NT-MDT 23 7 5 Nicolet iS10 %
R AR 2T ARSI, FEER KB A TRAF] .
1.2 SCIEFE
12,1 HEH03E (GIP) K AE 4 2L 0 3 (nGIP) R B B9 ) & 5%, 0. 05 pum AL ER M B ik H A
(GCE)ZEJE iz EFTEEMOE, SRIGHCURA 1 LUARRL L) RS ER . TC7K £ 15 Ko tR 4l /K 35 e v LA 22 Bk 18
Y. ¥ b A R GCE B F & 1. 1x107° mol/L i #l 5 GalB1-4GlecNAcB1-3GalB1-4GleNAcB1-3Gal F
2. 0x10™* mol/L 3-Z8 LA IR 1Y PBS 2% %% (0. 2 mol/L, pH=7. 4)H, R FFEIR 261 (CV) L R4l
% GIP B, WAHAIHO0~1. 0V, FHIHEE K 50 mV/s, FFEEECH 30 . BiiJ5, LA 1 mol/L NaOH it/
FIVEME L BRBESE 6 min, 753 AT RESEE R AN HE A SN IR ENBFLYC . BEAh, Hil4 T nGIP 5 GIP 1%
JEAHENXT G, A B R] , (RS AR AR .
122 wmAFMRT % LS. 0x107 mol/LERFRALE [ Fe(CN) 7/Fe(CN) ) IWENEREL, FH CV Al fb2#
BHHTIE (EIS) Jr ikt il £ B A5 IR b A T 1T HL AL A 3RAE , Horp CV I H 7S5 FEIA -0. 2~0. 6 V, FH
%5150 mV/s; HALSASFBEBT (EIS) B9 15 FEl 24 100 mHz~100 kHz, 2875 HL 5 mV. SR 2440k nivik
38 (DPV )38 H i SRAL A HONAS [k B2 A A S S iy S i A5 5 A8 4k, 433 R 67 -0, 2~0. 6
V, FHEER R 100 mV/s. U E B 2RI 7E 2= R 64T . DA AL, 78 GIP B L3R 10 wL i 4k
WA, AT 60 min. B, 7E5. 0x107° mol/L iy Fe(CN)/Fe(CN) 455, SR DPV
DL IAE 1. Ayt e AT BEAATE A5 B 03 25 A I X AN IMA B T4, RIPA R80T E W 4 &1
WAL 72467 6 min, MR DPV L L. 118 AI=L-1,, XA AME B 87 15 B

2 FHR5iTE

2.1 PD-L1PRMESMNAMERIFRAE

43 %F PD-L1 BHPE SR IAA (JEF MDA-MB-231 4l ffl 52 ) A% | e B AR B AT T RAE. W
& 17, MDA-MB-231 FAMEAMIMAREERi 20 78 nm[ Bl 1(A) ], F- RIS+ 6B [ 1(B) 1. itk
4h, Western block 5 R IEIZ A MMAR HIAELE 8 bR CD63 I PD-L1[ & 1(C) .

Chem. J. Chinese Universities, 2025, 46(5), 20240524 20240524(3/10)



. P4 s Kkhaus g

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬂ:gﬂii/t\,t

70F(A) ®) ©
60
50k
40
30
20
10
O i 1 1 1 1 1 1

20 40 60 80 100 120 140 160

Size/nm

S
o Y

Events

MDA-MB-231 s s

100 nm

Fig. 1 Characterization of size(A), morphology(B) and surface markers(C) of PD-L1 positive exosomes
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Fig. 2 CV responses of GIP(A) and nGIP(B) sensors and EIS characterization of GIP(C) and nGIP(D)
sensor under different modification conditions
(A, C) a. Bare GCE, b. GIP, ¢. elution, d. rebound of exosomes, e. lysis of exosomes; (B, D) a’. bare GCE,

b'. nGIP, ¢'. elution, d'. rebound of exosomes, e'. lysis of exosomes.
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WS, nGIP ZEVENLS I JC TR B 9 BRI AL O A, ASREIE 1 PR S AR b (ARG T4 A S MR .
[JEs, AL IERH GIP BEXS AN A A EA T 1R 3] IR

3t EIS #E— 2 0F58 T ASRMEMIACIE ™ GCE 5540 8] iy S e Jo A i fer e B ) BEL BT . 38 3k BB
1 ZSimpWin 2545 T F 4087 EIS 4551 Randles 550 B AL G REZE TR, Hob R, CPE, R A1 Z, 4>
SR AR L BE L FEE AR AR TR L HLfar (R ) F A% FL B RN Warburg BHBT . Nyquist BRI EAR 5 R,
FHXFIVE , R T8 B B A R ) TR 8l 124 ) SR 45 R 2(C) BT7R , FE#R- GCE
FMi (G a, 25 Q) BW— 280 H P BIEZEN GIP (352K b, 6812 Q) , WA FELEN RBHRS T 154t
PR EWERE, FEBHPUEBRAIG R . VEMBR 55, 77 A T R nTE B R A B LT,
BEBHPUME AR (G5 2 ¢, 2108 Q). VRIS 1 GIP 84 Ha A 7 B 0 R 82 R 2. 36x107 particles/mL [
ANIMASE , BRI LR FHT A B, PR BELAS THREN TR B GCE R4 Hd 2, FIPTE R K GEL d,
4798 Q). feJa, TEXTE LI SMMAIET 2@ I, B FIA AR AN AR 2Bk, HAl i A 2R Y
B, BHPUEREAR (L e, 2412 Q). DL EZEREH, 45 10 GIP AL 8as nT U0 -4l SR A% Ay M4 1 71 0
. MERXTEE, X T oGIPAE RS [2(D) |, TEREGCEGEZ o', 80 Q) FETh il £ — 2 E B B nGIP JE5 ,
BHATLIEL 0 22 7293 QEER b7 ). PEME R FRfS FHPUE LR 2 6784 QL ¢’ ), PIAMETRET, RIAKRIE AL
BRI FL Y 1 5 W BB BE I (2R d ', 7042 Q) DL e B4t B2 )5 (G 2k e, 7175 Q) BHBUIEL B JCHA ig. 22
S, P2 UERA nGIP ASBETF K FFH4F A ARG |
23 PEEENFARAYRIE

L SEMAHSE T AN A& i 8 i1 GIP B RT3 . iEl 3 i, GCE R MR A13210) GIP &2
PF-IH H SR AR EI3(A) ] NaOH PRI 22 B bl 15 % B T R at i erL CHEI A B L), (A5
B3 s R T AR A HLRE AN L 3(B) . 24 B B B AMIMA S, T L RST 24924 50~150 nm 4 40 3 (4 [
ETF GIPIERmE [ 3(C) |, B GIP XA AR HAT RS W M ER . 55— 7T, BEEEF M iALY &+
SEKPER R, AEUEATRE R B GIP B 128 S5 /KRS Ak . F R fih - {UF 9 1 AN RMB i 4
BT GIP M EHUKME . W 3 PR, GIPEMHEfl Ak 42. 33° [ 3(D) 1. 455K A H % ol e 108 25 bk
J& . GIP B R K N R, B K2 60. 297 (K1 3(E) |. 1 GIP BREE W M IMAC S , B2 fil /i BRI =
25.80°[EI3(F) ], XU D5 e &1 i M 38 ThT 3ol et 8 I S K PE MR S AL R AIE , 380 T A& A 3 T 1) 5%

A B "
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Fig.3 SEM(A—C) and contact angle(D—K) characterizations of GIP membrane under different
modification conditions
(A, D) GIP membrane; (B, E) GIP membrane after elution; (C) GIP membrane resorbing exosomes ; (F) GIP
membrane after rebound exosome; (G) GIP membrane after lysis of exosomes; (H) nGIP membrane; (1) nGIP

membrane after elution; (J) nGIP membrane after rebound exosome; (K) nGIP membrane after lysis of exosomes.
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K. R RIPA 240 40 MM IS , #55 CE 2 K L A SN I AR BN , S /K PR i 25 R AIR
B T2 58.93° [ 3(G) |. 5 GIP JEAH HLdsE, nGIP [ K 3(H) A ASAEAE AT Ve I 2B A6 25 /K o
B, M AR (54.52°). M T BRIBLJS (4 nGIP BEAS GBI AR 3B 56 () B £L <, DR 0 HE o It 25 3R
L3 ] S oA L T3 (1) JUA S 24 A [ 1] 3 (K) JEE A0 BRI ) nGIP B S K M B A T ]
25, HEM A 3 9o 51.37°, 48.78° 52 51.98°. LIRSS LW, GIP IR HE O 45 Sk 1R I L IR o
PD-L1 PHS MRS AR EE .

K A B AR 2T S FRAE T GIP EPE Ve AT 5 25 5 . A 4(A) 7R, £ GIP B B pE v
HT LR o) FIPERG S GELR b) BUZLAMERE T, 1618 F1 1400 em™ AL W53 SV J&E T 3- 2 LR MR IR &
JE R L B—O BERFAEIE . PEANAT GIP I 1262 em™ Zb AU & T 3-Z B A 0 R 5 44 = [A) T R 1
FRIFRARTR T B—O—C IRRIENE ; 950 F1827 em™ &b (e I PRI -l v A WH 1 . SR, VR 2Bl 5
(FELb) , 43 IHJE T B—0—C 1 1262 em™ FRAEIE DL K2 950 1827 em™ &b ABEFFBERAE I 2% , W
GIP B rp (R B R PR B S5 M IR, RV RRE 25 B T W4E . LAk, (i AFM 3RAE T GCE R IiME i GIP i
HIJERE , 2 16. 89 nm[ E4(B)FI(C) |. DL F45RFH, GIPEIEEE iizhiil 45 .
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Fig.4 FTIR characterization(A) of GIP membrane before and after elution, the thickness(B) and

AFM cross section curve(C) of GIP membrane
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VAW (pH=7. 4)th | SR FH CV 376 0~1. 0 V I 4 8 4
Ffil & T GIP T . e R G B, W% Galgl- 2
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RS2 A SR B R [N 2. 6 59 R B A F WA 2 A S 1 T ) AR TG 25 ) 2 A R 51
K RILMAE . I, Sr B BEPRBER s R (KRR EL 8: 1) | L/ LR (IRFREL 8:1) . W/ 1R/
PBS AL 4:1:2) 1 1. 0 mol/L NaOH FI TV I 25 Bk GIP JEE v iz B iy b i . 25 3R W1, 1 1. 0 mol/L
NaOH 1 A e B A, 0B A5 R A s o PR R ey DRIIE , T S PR MBS ) A 54K LA 1. 0 mol/L NaOH 2y

Fig. 5 Optimization of the number of

electropolymerization cycles
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I FEVERER, DL 1 min S [E] BRI C SRR I Ui FE AR O {5 5 . AnE 6 (A) BT, Bl R sF T (R 34
BREF R AR 5 2 8 S UREI R)IE 6 min J5 B WikE . B, YRR SAERE] S 6 min. R PRINYG
PR GIP B S R 0 R M 181 5 e TS |, AR5 T R BRI [RGB R 2 ) . RV B I (b
FEEAL R N 1. 18x107 particles/mL [ SN AHEAT B WS35, LA 10 min k(8] B0 2 512 55
NAES . WE 6(B) FtzR, Rl F I BRI AR [l 3mSR A bz 5 S EL TRRAR , e A e
W BFF RS AT R A 60 min J5 Bt Fhase . P, 645 60 min eI 2 W B A] .
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Fig. 6 Optimization of elution(a) and rebound(d) time Fig.7 Optimization of time for lysis of exosomes

243 RESNIEREIE R B TANBRETE R BRI A, R REAFAENT S EE T GIP XS A1 i
PREGTI SRR . S 1 T B T 18 2 1 6 S I RE B 3 RS2, SR T RIP A 258 00T 13 4 ThT B
WA SN IR AR A T 220 , 0% 1 R BE AL B RET 9 DPV AL LU . O 1B fR GIP BRI A S b A
Weoe 0, F5 5 T BRI 20 . R E R SN IMAR GIP M2 A RIPA/PBS (RARLE 1:1)
SR AT R, BERR 2 min ICSR RS RS . WNELT R, B R RIS RGN, PRE
DPV AL HUALEAE 8 min J& HHBEF- 540 IR, 2EFF 8 min {10 R4 1] .
2.5 GIPERER ST AN EIR B SN A By FE AL S M R A e

TE FIRB ARG AT, 558 T GIP AL I 0 A [R) e B2 LA PD-L1 PRSI AE R34S DU )
PERE . K GIP AL S T [ B2 (Y PD-L1 FHAES N A T E A7 S KT 60 min, #5115, 0107 mol/L
Fe(CN)"/Fe(CN) N5 5 BET, SR DPV 1250 5100 5 B0 BT A (1, ) R3S b A I (1) g
WiAE S, IF LA AI=L -1 2 AL I8 et AN [l B AMIBMA R T AR 2k . 452 R38R0, 7E2. 36x10°~1. 1810
particles/mL ¥ FE Y N, B BRI SMIS AR B2 B3 O, TRET AR VA5 5 B AR 141 8 (A) 1, T
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Fig. 8 DPV responses of GIP sensor to different concentrations of exosomes(A), DPV responses of
GIP sensor after lysing different concentrations of exosomes(B), and calibration curve of GIP
sensor for exosomes(C)

a—k, c/(particlessmL™") : 0, 2.36x10%, 1. 18x10°, 2.36x10°, 1.18x10*, 2.36x10%, 1.18x10°, 2.36x10°,
1. 18x10°, 2. 36x10°, 1. 18x10".
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Table 1 Comparison of the GIP sensor with other reported detection methods

Method Line range/ (particles-mL™") LOD/(particles-mL™") Ref.
Electrochemical sensor 1.0x10*—1.0x10" 3.34x10* [27]
Surface plasmon resonance 1.0x10°*—1.0x107 31.9 [28]
Chemiluminescence immunosensor 4.75%10>—4.75%10° 7.76x107 [29]
Electrochemical biosensor 1.2x10>—1.2x107 38 [30]
Fluorescence aptasensor 5.0x10*—5.0x10° 13 [31]
GIP electrochemical sensor 2.36x10>—1.18x10’ 93 This work
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Fig. 9 Isothermal adsorption properties of GIP and

nGIP sensors for different concentrations of

exosomes
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Table 2 Analytical performance of the GIP sensor in clinical samples

Fig. 11 Recognition performance of GIP sensor

for exosomes from different sources

Sample  Found/(particles-mL™") RSD(n=5, %) Added/(particles-mL™) Total found/(particles-mL™") RSD(n=5, %) Recovery(%)

Health 1 3.35x10* 2.60 1.18x10* 4.25%10* 4.29 93.82
Health 2 6.71x10* 3.49 2.36x10* 9.03x10* 2.88 99.56
BC 1 1.06x10° 4.23 2.36x10° 3.43x10° 2.77 100.29
BC 2 5.35x10° 3.54 2.36x10° 8.12x10° 4.43 105.32
A)
A
3 4 B

gt Y — o L BN 8 H AL 2 A% 1 T T FLIRES PD-L1 BH A AP i (A i) s A I . 215 I B T
FUIRE SNSRI (1 PD-L1 AYBESE AL SR AR AR AR S P U0 FUBRIE PD-L1 BRSNS A s FEA T
PN EA T AN Y PR E BT . R IS T T L R LR B AR L BORE A R PD-L b
WRE T, S5 FIEN] 38 B PD-L1 SMIBRRCA B35 28 57, R WIZAR IEAS AT 7 11 PR 7L A vy 1 40
fifi £ .
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