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Heparin detection via chitosan-based complexes
with aggregation-induced emission
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Abstract: A self-assembled composite (TPE-COOH/chitosan quaternary ammonium salt composite) for
rapid heparin detection was fabricated through electrostatic complexation of chitosan quaternary ammonium
salt and 4-(1,2,2-triphenylethenyl) benzoic acid (TPE-COOH) with aggregation-induced emission (AIE).
TPE-COOH and TPE-COOH/chitosan quaternary ammonium salt composite were then characterized and
analyzed by FTIR, 'HNMR, TEM, fluorescence spectrum, UV-Vis and Zeta potential. The results showed
that, when encountered with heparin, the chitosan quaternary ammonium salt preferentially conjugated with
the highly negatively charged heparin, which led to the release of AIE phosphor resulting in a decrease in
the fluorescence intensity of the complex and achieving the quantitative detection of heparin. The detection
limit of the composite was 0.0393 mg/L and the linear range was 0~14 mg/L
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— RIS TR T 2 ZOeREr . tedn, Liu 2
WA F & @A L 25001 FRFER,
APARNA ZEUTH AR 9K SR 2R, QIAO %"
PR A RS T TRENFR . (B2, %
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FORWER—FRIR 2, 76 H AR AP 2 A A
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EARTAER, whmsd—2 4 mH& T2 A
AIE PERRY 4-(1,2,2- =KL LI T FHF R ( TPE-
COOH), #RJ5, TESIIE ST A A K e
faf 1) 76 RME 2R B 4R 5 Z AR ZE A ok B a L ATE &0,
TR ELA & o0 Ay () I R 5 7 R e e Sh W v 245
A, TR AR L faf () ATE BOGAA, 1 53k
RRDOEIREENW S, I TR RN . R
L AR SR LT AT AN . R IR IR . P
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53T

1 SEEES

11 KFISME

SRR (AR). 4-RIEER (AR ),
P ( =R ) 42 [ PA(PPhs)s JO AR ), BRIREH ( AR ).
T HIR1kE (TBAB, AR). B4 (AR ). W
fRe (AR ). BifRE1 (AR ). FF&EH (185 USP
units/mg ). FEPN 3 = LA LB B (U
98% ). EHER (HA, o 97% ), LGk
MR A RA R . PR, ahra, FEzy
LA BRA R . BEEAH R (KGM ),
WAL —BUREAY R A RA R, R (AX 5
FIEE 1500 ), €k, 4 MiEEMA (BSA), fh2kat,
BT T A AR A R A F] o UG AR
(FBS500-S), Jtm% AJmBHABRAR .

Nicolet Avatar 370 U Hif A8 3 21 G %Y
(FTIR ), & Thermo A ; AS400 B RZHE AR
4%, Hi+ Bruker /A ) ; Zeta sizer Nano S90 Hi{i/
ST, BEE Malvern /A F]; Hitachi F-4600 #5643
FeIEREETE, H AR Hitachi A 7wl ; UV-2600 550N Htt
JEit (UV), HZA Shimadzu /A% ; FEI F20 i3 5
F R (TEM ), 3EE FEIAH .,
12 EEYKNHE
1.2.1 % 4k TPE-COOH #j4- %,

i BESCHR 7 4 B, TPE-COOHY | B4 1 it
LA R o

COOH

O HOOCOB(OH)Z O Q

0 GO

TE N, TR O = 2RI 20 1.1 g,3.2 mmol )
Hl 4-FR FLIEHER (0.82 g, 4.9 mmol ) IF T 55 mL U
ZW (THF ) o, SRJEINA T 3R 46% (0.02 ¢,
0.06 mmol ) 1 10 mL BFRAF KA (2 mol/L ), [
MARZRTE 55 CTFIRAMFE0.5h 5, BRI (=%
FeRE) 42 (0.01 g, 0.0087 mmol) IIAIRSYIT,
JHE 90 °C, (813K 24 ho FHKPEK N, $R)GH
LR CERFEBUE L™=, PR JCKGRRR A0 T8 AA Bl
FHIF S A BTk alifl, e RE R — ik glifk
(BEE o — &P e FNE e, —FRELEE R 12 1),
FEECRIR AR R, IR 78.02%.
1.2.2 TPE-COOH/m R4t F4 % A oMeih &

PR = P B A 7e B pE (0.07 mg) IF T
WilkihsEmk (PBS, pH=7.4, 1.6 mL) F1, FEHIIAL
F DMF( 0.4 mL ) TPE-COOH( 0.019 mg, 0.05 umol )
B BRERCE TR G 25 4R% 2 min HI15 2|

Br
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TPE-COOH/5t B M F 44 AW
1.3 MikAx
1.3.1 A Zet s shbidm e

SRTTRAL A R iR S I 2T A6 . It
JEFEIT7E 4000~500 cm ',
132 #MTFR%

W FES A 10 min, SRJ5 FHIRE S HURE T 4 )
b, AR TE, H TEM M2,
1.3.3 Zeta ®.4%

PRI EERS BEAYFE L TE 2 mL V(DMF) : V(H0)=
12 4 WP 4rEEg4), #8510 min J5, 28 AL
S R~ 0 S i o N R (VA [ R Ik [
1.3.4  #kkigEnz

BRI ERS AL SLTE 2 mL V(DMF) : V(H,0)=
1 4 W 8a5], &% 2 min, A AL,
P& S . ORI . 340 nm, A
T4 50 B R R S BB 58 B 43 0 5 nm, B HIAE
350~650 nm.,
1.3.5 #shkigm x

PRV RS FERETE 2 mL V(DMF) : V(H,0)=
1 4 W 8a5], &% 2 min, A LA,
RN MO . S FIAE 255~445 nm,
14 HEH&RN

BIFRS Ty (SRR . RN . BRIREN |
MEE A B . JER . A RN M
05 ) 439 10 mmol/L PBS  ( pH=7.4) iAW
BLHil A 500 mg/L BRI . AR5, HL 70 pL REl
WA 1.93 mL E5WIARY D, @it sdtstt
JETAR XS AR IEATA I (SR WAL S IFR &
HAX ). HA, B20 uL 4 MiEMA 1.98 mL 24
YRR FFIR R, T SEBRAe b v 28 AR
15 REENMRMITE

TPE-COOH/7¢ Ml 4% £ & & W) X I & A A
MFR@COD, mg/LyfRA#EAK (1) 5.

LOD = 30/k (1)

K: o RN BRI R 2 A%4E ( TPE-
COOH ¥ & 4 25 umol/L, 5¢ R Z 44 1h i i i h
35 mg/L ) [WZIEREEAREZE s k R IREN Rk
JEF (0~14 mg/L) WHIRIE,

2 GRS

2.1 TPE-COOH RI&HIRIE

€ 1a & TPE-COOH [HZTAMEiE R . I 1a 1]
PIBH, 781692 cm ' 4b H LT — AR 5 A I ig g
XIJFJE TPE-COOH "' C=0 WYfhZ4aiRsh s 7&
3435 cm ' Ab B — Bl X R O—H MR 4E iR
51 ; B, 78 1599 F1 700 cm ' Ab H BG4S 11

I, X & TPE-COOH 35 & M FHE 4tk s, 5
SCHk R E —3P, 8 1b Jy TPE-COOH ) 'HNMR
TEE] AL B4 . "THNMR (400 MHz, DMSO-dj),
5: 12.88 (s, 1H), 7.72 (d, J = 8.0 Hz, 2H), 7.22 ~ 7.07
(m, 11H), 7.01 (dt, J = 7.3, 1.9 Hz, 6H). 7E 512.88
AR U T 1 SRR SR 7 07.72 4b
WSl T 2, 3 R RIILER s 7E 67.22~7.01
AW 2 T 4~20 7 B SR TR ER T R, i
48 L 5 SRR RGE — 212?71, FTIR Al "THNMR #5352
T HER= SR
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K1 TPE-COOH {4 FTIR (a) &% 'HNMR %/ (b)
Fig. 1 FTIR (a) and "HNMR (b) spectra of TPE-COOH

2.2 TPE-COOH W AIE %M

AR TAER) AIE 5 F16 RAEH R (BKER)
RIGMBA KN, HIRFEE A RIER (GEKEHR )
RIS Wi aE . K 2A i TPE-COOH 7E/K
AR TR 43501 DME/H,0 VW B 58 6 5 16 1E
HE 2A ATIL, 4 HyO (RBUAM < 40%0F, 280
S ARG, IhE LT H G A RBEE A RIEH H0
FIARLE A, HAE 467 nm AL 526 K& S50 5 38 i 184
5, XIESE AIE 40 FRIREA 96 RS, & 2B R
TPE-COOH 7E /KA [FARF/ 44 DMF/H,0 % H
I HMEIRIR A, M 2B TTLAFE Y, 4 H,0 1A
L <A0%M, FKAMEIRIR R AR mE , Ui H R
FEARSS 5 5 H,O KR E0R T 40%KT, H IR 1R
S, UL HIORER M, X — RS kR E—
#*°1, TPE-COOH #£ DMF & i V524t , (H7E H,0
bR 2, NILREE IR AP H,0 &g i 7t
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TE: TPE-COOH FH ¥ 10 mg/L; KUK 340 nm; &M

4/ K F1 B4 5 nm/5 nm

K2 TPE-COOH i A [l K AR5 K1) DMF/H,0 ¥

AP R SLIE (A) RIS (B)
Fluorescence emission spectra of TPE-COOH in
mixtures (DMF/H,0) with different volumetric
ratios of H,O (A) and photographs of the complex
taken under UV light (B)

23 EAYIMAETA
3 K5 B B4 Eh I TPE-COOH /5% B 2o
HREESYIN) TEM &R

Fig. 2

Bl 3 SelpEZE4Eh (a) #l TPE-COOH/7e M ZR4ih
A% (b) By TEM &

Fig. 3 TEM images of chitosan quaternary ammonium salt
(a) and TPE-COOH/chitosan quaternary ammonium
salt complex (b)

MIE 3a FTLLE t, 58 R Hcdh o BA B oy
AR B BORL, B4R AE 100 nm LT . {H

&, FEEWEEEL Y TPE-COOH J5 1) TEM #
RO TS (I 3b iR ), sOLEAMHRAT K
FIFE BEAURN B AR, AR R KR TR RS .
AR A, 7o R R A TPE-COOH 3 i3 i L 45
A, FECCEM SRR N, KT REBCE
S AT, WIITE AL T E AR TR AR EEARDY,

[ 4 -} TPE-COOH F1 TPE-COOH/5% B I 4z £h
S YIRS L UNIE 4a s, 7E 250~280 nm
F1280~340 nm H FLAY WL I IR TPE-COOH HY4EAE
I, 5 CHRRGE — 2PN M B LR,
FE ARSI LTS (1 4b), BRI
Wi 5 TPE-COOH 7= 4 T # L /E ]

b
201 h
. 1S
=
=
B0
=

> ['a — TPE-COOH
b---- TPE-COOH/FERWBHULEAY
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F/am
&l 4 TPE-COOH (a) 1 TPE-COOH/3% B Mt Z b th & 4

Y1 (b) (9 UV RIBOEE
Fig. 4 UV adsorption spectra of TPE-COOH (a) and TPE-
COOH/chitosan quaternary ammonium salt complex (b)

& 5 R RBEREER IR B B AW ke
KRR SR E IR . ANE Sa fizR, [ TPE-COOH
VI AT B FE R R A (0~30 mg/L ) B,
Wil 2 7 SR ZR A BBV BE S I, B A I G R IR
Wrigem, FORME R R B R 30 mg/L
HEINE] 40 mg/L B, HAOEREARMA K, HIk,
M 5b WATLVE Y, 50 B2 R i W ot b vk

(0~30 mg/L ) ANWr¥GINET, &6 W09t g
W At AR 5 ROH R B R B MR B A 30 mg/L
A, 2 Gom BRI IR A, X Ul I BL i 72 R b 2
P BE E IR B A, 2 A9 K4 TPE-COOH B

L R EIL A
4500 a —— Omg/L
4000 |- —— 5mg/L
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PO NI 7 AT, 524 SEEHRELE 10 min 1Y
3000 - FEARLREEAAS , UL R R B B B e Seha e Pk

42500 h Tre B4R 5 TPE-COOH 218 1 # v 7 AH
2 2000 AR, R HEE AR, ZAYTLUAE 1 min
2 15007 ZNSEIL, I LA I ] U A A T e
1000 £ TERIDENEIRIE . XM AW RPN R E PRI PR T
500 JA 9 SC I RE M AN 25 2 T B 4y i it
0 0 1|0 2IO 3IO 4|0 50 4500
SR TR (me/L) 4000

. TPE-COOH ¥ 25 pmol/L; pH=7.4; &K 340 nm; 3500 F

WURPeS%/ K5 BSE 5 nm/5 nm 5 3000

5 SRR TR X S IO RO () & il 2500
KK ETR I (b) # 2000

Fig. 5 Effects of concentrations of chitosan quaternary

ammonium salt on emission spectra of complex
fluorescence (a) and maximum emission intensity (b)

i Zeta B AT DLE— 20 UFE 5278 R 2 B ER A
TPE-COOH il i Ff i FIAHEE A p A8 . &l 6 MFE[E
EF RN E TS, B3 TPE-COOH ¥ Xt &
GV Zeta HALHYZW , MK 6 ATLIAE L, A
TPE-COOH i, 7e R E AL 44.2 mV,
B2, b5 52 4% h TPE-COOH ¥ Ji i A Wi hin (WA
0 392 36 pmol/L), E AWM Zeta HLALIZHIH /)N,
M 44.2 mV FE#-5.13 mV, 55031, >4 TPE-COOH
e 24~25 umol/L 1), B EWIH) Zeta HL( 330 T
L, BWE WA RBGE TP ACRE, gksimm
TPE-COOH A& Zeta B AR R HiE. 534h, WIS
A GRSt r] & H , 76 TPE-COOH ¥ J% 4y 25 pmol/L
SERMEE L TR 35 mg/L i, B STt
ST TR, BTLL, e e BB i
HeJE M 35 mg/L, TPE-COOH AYHE E ly 25 pmol/L 1E
R Je SR T 2R

50

40 353
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w
o
T
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T R E WY 35 mg/L; pH=74
Kl 6 TPE-COOH ¥k XS & 51 Zeta HLAL 5L
Fig. 6 Effect of TPE-COOH concentration on Zeta potential
of complex

EZEWT, RYRREEZEREZ. BT
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5} /8] /min
T e BB 2R AR R W ¥ 35 mg/L; TPE-COOH VW J& 25 pmol/L;
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K7 AR R SO (a) Ml KR S
IEZI (b )
Fig. 7 Effect of storage time on fluorescence spectra (a)
and the maximum emission intensity of complex (b)
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3 2500 | = sn0r
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5 2000 | 7 2000 o o
2 7 1500 20 2 4 6 810121416
@ 1500 | #® FF IR VR B (mg/L)
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500 | - 500 -
0 1 1 1 1 1 1 0 L L L L L s s L
0 2 4 6 8 10 =5 0 5 10 15 20 25 30 35 40

e ) /min
TE SRR 30 R B W 35 mg/L; TPE-COOH #<J¥F 25 pmol/L;
JFZ R 30 mg/L; pH=7.4; ¥ K 340 nm; #kBess/
KHTHes% 5 nm/5 nm
K8 HEEWEINRIMAE AL (a) MK ES
SR SRS ER I (b)
Fig. 8 Relationship between time and emission spectrum

(a) and the maximum emission intensity (b) of
complex after addition of heparin

M 8 FTLIE H, fIn A2 5K R 0k B
HEEAL, 76 2 min 2245 B 2 HRARKF-IF HACHE [E] £)
FREE 2G5 L X Ul T2 & WAL IR Rk Ut
IMAIFZE (Ef A% R ) o DR 55 R b2
B R AR ZE A, [ RS TPE-COOH( % H 17 5 B ),
TPAMBUEI R A YRR B R A DR G
BIREST . FTLA, $ERE 2 min ARG H]

B9 g I 2R MR BE X 525 W I 96 R SO B d
K& FBRIE A . N 9a nf LB 1, B8R
D5 B W A T 2R T B B3 ni g e s . Horp, 4
JFR R ETE 0~14 mg/L B, BA YD 650 IE
TR, MR EWRE ST 14 mgLi, B4
YIRS . IR ob 3R AT AR Y, M4
ZIFERWE <14 mg/L W, (KRRVECIE S5 TRk
AR BRI R (R=0.996 ), Aok, HiE
CAO %P R JIANG 25PN iy 315 7 ik nl B
AW IFE R REMBR 4 0.0393 mg/L, % LOD {4
BT PRSI o 2R A e ARRAE Y, 33X ok LA ARG A
TSR N B T SR

4500
4000 |
3500 |

5 3000 f

d

i 2500 [

& 2000 [

4 1500 |
1000

500 |

0 = I | R —_—
350 400 450 500 550 600 650

JFR B E/ (mg/L)
T HECRTENFE BT 0~14 mg/L T RIZEOGHE 5 T R ik
BEMZMER R 5 Fe RS Eeh T W 35 mg/L; TPE-COOH ¥
B 25 pmol/L; pH=7.4; LA 340 nm; ok Beak/ K Hhpeds
5 nm/5 nm
K9 IFRIEEXEEYRTI KA (a) MKk
SRR (b)
Fig. 9 Effect of heparin concentration on fluorescence emission
spectra (a) and the maximum emission intensity of
complex (b)

242 H AN AT E e L

HA YR APLER B ILE 10, 55 F ik
RILH) pK, AE 4.2 24PN, Rk TPE-COOH 7£ 55 i
PEAME T R AH M, MIMAGA IE /5T RS
Bbs, A MOHBEERIESE G, MiSE
TPE-COOH j7 A A HIO . 735k, IR
M A7 EE fof % 8 8 5 T TPE-COOH 401, FAf LA 4T
EMARIZE AW, RRMEEEL SR MTFRE
i FR LA R R e 45 A4, fiff TPE-COOH M\
YRR, RAFBIERIICLS, FIAT
PASIZENT 2R A
243 A AR R L RAE S P 6 5 R

N THEFE YRR RS, e — 2k
WA T T bR Se g, A5 ILIE 11, xub
T A 5 — L 671 L faf A9 4 8 ( NayP,O5 . NazPOy
Na,SO, ) FIEY K 5T (BSA, HA . JEH . B
FEAEHH BB ). MW 11 ATRLE H, XT3t
HAWINDICRE AR/ F3 Ak, EAR HA FIiF
FIEE BT, BRI R RIS HA 1)
8 %, XAk ph T I 2 A R 10 67 e A 2 B TR T
AR SCA Y B AR IR R D B Y ik
EE

J T WU R RL ATE & S WA T R (i al 17
P, R A YRS A R S AR R AT T
MsE, R 1, NE 1 ATLIEH, B IR
TE 94.8%~97.5%2 0], AHXTARIEM2ZE7E 0.7%~2.1%
Z I8l 8 TPE-COOH/5¢ M 25 i £ & A Wi AG il 1
A N B BRI AT e
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Fig. 10 Schematic mechanism of the complex for detecting heparin
3500F - % 20 MR LT AECYHGE 1R A A 6 LA 1) S B A
3000F | | 1 = [ ] ] PRI BRI DNA 7 HIE N DAL RS I
3 2500 ] R, BERENMREREGE ACQ HYBLE., ZHANG
% 2000 SEUVR F 4 9 OK SR AR Mo AR S M R, T
£ 1500 HALG AR NIRRT, I B 5t . Al
™ 1000 TEDOSIL 3 S AE AR ] 5 B2 2 SR PR A S AN
500 - o TEARTAET, YOLHICHE Suzuki-Miyaura X
" P BB AL TR B 5 P
?’%{bﬁ”%@gé& Q g %9@% € BRET o IR AR BARR R IR | 8 TE

T+ 70 SR 2 e B 0T RV 35 mg/L; TPE-COOH V¢ J 25 pmol/L;
JFZ R E 30 mg/L; BSA B E 30 mg/L; HA Bk
30 mg/L; pH=7.4; Na,P,0; i ¥k & 30 mg/L; NasPO, JFiE ¥k &
30 mg/L; Na,SO, Fiim ik F 30 mg/L; AWK 340 nm; LBk
/% B P %% 5 nm/5 nm
A 11
Fig. 11

1 AR RE AL PR ER A I 45

AR
Selectivity of complex

R 7 S ety e Fe v, il ELRCA R i 2R A
BE S AR
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