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ot T A B RAEM B, T FEAL T3
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] .

2001 4, Tang BFFE4L ™ % 3 —Fh 44 il ¢
W% M A S TR WCIRES T KO6AR S, 2 m
IR RNI 1 WNE | R g N R U S 1 | N
JERRIMR, 3Ot E TR ET &, XML
B Tang 55 € Xy B T Kt (aggregation-
induced emission, AIE) Bl 4. AIE ¥l £ 51& 419
POCRERRKIMGIEEF A, H G 7O #
TR R DGR, Je)m B T — RIVEA AIE 3
(B U 3 20 s (tetraphenylethene,
TPE) BT YR AR ALE {7, K
B TT YR R R R, AR TR R OGP B
M, Wi N T ALE NGy AR R AL T
iTF: TPE K& Ml A B L Ju Rl g o vh, R H A
FREFE T KOG (AIEE) g9 8. 5 T i
T A RIS LA, F AT Pd A A A 485 166 sz B Al
TPE fif A= ¥ 5 78 FF e — g ( BT) & A= 4L 5 = i,
TEILHE IR G W0 T BE 5] A Z AR 350 BT, X5l
FEEAT IS D Re AL Ab B, W R A OK IR, A
B T HE P [ & A 5 1K (TPE) FIZ K (BT) Z5 44
FATC Y K P BH B 1 B 3k B SR i BT PL, AR
BEE 2 hs. iR s R LB, 4 P S5FR KR
TAEHIIS, HSEE A G o B 25 B A6 T 3R vk 2 1) 3
T s, [ R BE A S K R 20 RS i AT
R AT A F R WY, DO K S i ) Y 5
AP AL 50 R W BA R4 g2t ¢
F, BOKEEE R B 7 8 3 R L i BT P AL A XL
1 T 7 R 2R AT, A BT R R A R
TERG I T BE A PR BT A5 AT KL

1 XWEH

1.1 UE5RXF

¥ owg It R A #E ("H-NMR) R Bk 3%
("C-NMR) 7£ ARX-400 %% % S ¥z 1% ( Bruker 23
al) FIAS. B AR Voyager-DE STR & 5t fff 1
A B RAT I ) T 3 A AR iR A 3R E
Waters /A m]&E 3500 &2 , W siAHh DMF, £
VR ELE 50°C, JE A 1.0 mL /min, IEEZ
W NBRAE. AN ETEAE TU-1901 XU R 28 41 ] L
Ay RETE (WS T AR A | ) A 2¢
Yt g AE Cary Eclipse ¢ 61X (35 [E Varian
ANED) AR R R R B AR A O O B Y

(ALV/Laser Vertriebsgesellschaft m. b. H A& ) I
45

1,2-Z[4-(6-7R 2 AL ) R ]-1,2- (4-%
REL) O (M) Y5 BB W2 7% SCHk[40 ).
15 B 72 A0 O 1 0 B Jb R 4R RE R N ] 4,7
TR2 1,328 I 1 e I I BH R Ak T BR
oy, M=) 48 (0) 1 NI B Alfa
Aesar A v, IWRWH T80 RBA W, JoKKR
BRE B E 2 A, DL R R 2 b B O A .
HoAth 1250 B0 B At 5 A 22 a0 A\ SE K
—IRFEK.
1.2 #B{K1,2-Z[4-(6-ROFEHE)FHE]-1,2-=
(4-(4,4,5,5-MBAE-1,3,2-" &R IE-2-F)
EE)ZWH(M2) WA

FREUIL A9 M1(1.9411 g, 2.3 mmol) , Bl
MR A WP B P (1.7014 g, 6.7 mmol), [ R B
(1.9628 g, 20 mmol) DL K 1,1-%0( R FEwE — %
) AL (0. 1683 ¢, 0.23 mmol) Al A F # 11
P (100 mL) h, ZJEHE, AR, KE =
WEHER SRS P HEADCBRE M = %S 50
mL, JIFTHE % 80°C 2B 22 h. W 45 5, &f
DRSO IR R, FH K ORI AR R vk A, AR b A
WU, BRI . R R 2 BT A 3
IR, VRN Dy @ W ke Ak (1 1,V V)
13 o 28 FL25 TR S O 1 A (0. 5310 g) , )=
ok 24.5% . MS (MALDI-TOF) m/z: [M] "t
{8 942.3, SZu {4 942.3. 'H-NMR (400 MHz,
CDCI, ,8) :7.52 (dd, 4H), 7.02 (dd, 4H) , 6. 87
(dd, 4H), 6.59 (dd, 4H), 3.88 (t, 4H), 3.41
(t, 4H), 1.95 ~1.83 (m, 4H), 1.82 ~1.69
(m, 4H), 1.52 ~1.45 (m, 8H), 1.32 (s,
24H). " C-NMR (100 MHz, CDCl,,§): 157.55,
147.41, 147.15, 140.01, 136.22, 135.95,
134.09, 132.57, 130.80, 113.64, 83.67,
67.51, 33.77, 32.70, 29.15, 27.96, 25.33,
24.92.
1.3 RE%HPOHEMK

FRECPAfA M1 (101.8 mg, 0.12 mmol), M2
(188.5 mg, 0.20 mmol), M3 (23.5 mg, 0.08
mmol) , PO ( =KL ) 42 (7. 4 mg, 0. 006 mmol) ,
R4 (829. 6 mg, 6.0 mmol) HLA 25 mL B4
o, IR HOREZE R B, O BRAE 3 WK ST
i AL R AR P K (4 mL) AL =287K (3 mL),
g TR 2 98°C, TR MR T N 48 h. 2 b
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SR, A ERER, AT, AL 12.8H).
AHZE 3 26 A6 AR 27 4 1 2t UE % 8 J5 DT A 250 mL GE s
bz A R NNAY: »e L= 2B 2 %%El\j-l/b\
Cohirh, B0 B H A T 15 2 &0 (o [ 14
P4 200.3 mg, 7%k 86.7% . H-NMR (400 2.1 BEERBEYHERSRIE

MHz, CDCl,,8):7.75 (s, 0.4H), 7.46 ~6.92
(m, 9.6H), 6.63 (s, 3.2H), 3.88 (s, 3.2H),
3.42 (d, 3.2H), 1.88 ~1.48 (m, 12.8H). GPC
AT (PS hnkE) . HIrF 58 M, =6300, £ 57
BT % d =3. 08.
1.4 BEWMPLHER

KRG Y PO (45.9 mg) i T 20 mL PU &S
WemRg, A = H R BRI 10 mL, fEE R
PP R 24 he 2N S5 S e TR, B
fi, VUSRI UE VRV, OB R AE =R T H
TR A Y PL (501 mg), HER
93.8% (FL it ;= 2 T A M % 4 100% 2 £ &b
f£.). "H-NMR (400 MHz, CD,0D,8) :7.50 ~6. 65
(m, 13.2H), 3.92 (s, 3.2H), 3.40 (m,
3.2H), 3.15 (t, 14.4H), 1.81 ~ 1.28 (m,

Hpk M2 B A RO R IR L B, HAk
f G FHAZ R IR | 43 P 5 % 45 o T B R AT
THE. REY P14 L& R & 2 iR,
FeATHE 3 P BAREE /R H (M1: M2: M3 =1.2:2.0:
0.8) kb, 7€ Pd(0) fifk T i@ iF M1 Fl M3 11y
O IR M2 b D7 BE IR G & A= Suzuki {5 X
N, il £ A B S A DRI 2 0% (TPE) 5 28 I g —
Mg (BT) Z5# Hos 2L L R ) PO, iz LR Y1
2 1R A G L PR S5 SR 5t TPE 5 BT (1 Lk
B, W1 PR, f2EAR 6 =6. 6 247 IR
o TPE 5 Bt S SEAHAR Y 4 A Ph-H, fb22 0058 6
=7.7 ZeA7 WV T i O 2R O g k1) 2 > Ph-
H, #7431 3215 %] TPE: BT =0. 803:0. 197,
LY RS R AR — B B4, SRR
P PO 115y hE i ik GPC U & (PS hr#f), H

OR, OR;
O. e Pd(dppf)Cl, / KOAc O.
Oy o e o 5
s Se
(¢}
RN Y
Ry Br @
R,0 R,0
M1 M2
Scheme 1 Synthetic route for M2
/S\
N N
N\ /
Pd(PPh;),/K,CO N(CH
12M1 + 2M2 + 0.8 BrAO—Br EPhs)/K,CO, _ NCHy; |
H,O/Toluene THF/Methanol
M3

OR, Br
Ry= f:)]e_
I\
P1

Scheme 2 Synthetic route for P1
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Fig. 1 "H-NMR spectra of M1, M2, M3, and PO

in CDCI, ( The solvent is marked with asterisks. )

TS TN 6300, £ 40 Bk HE Kk 3. 08. 76
PRI 5 LA T AT S DB AL ) b R R R, T
S B I T B R, LA 7 PO B B
EEFTIE S Ae A, R PO 5 =k S R BT
g e Y5 R DL A 7 ek SR AT, 3% B AT RE 8 TG
TALTR Yy R KA, T ELTT LS A e
(R KAy AR D, SR BRI A H A 3 o 2
TR Ak I K 3 I A PO 4y S 40 5 HL A R P,
T f e R AT LUE 2 PR B RS S 4R A
B 2 BT R TR A T R (HL)
SR (1 3 R R (H7) (9 B3 i AR, R A G
()88 F R (OR) IS R4 N
95% . P1 7K o HAT BL YT 10 3 i 1k
QR = (A,/9)/(A,/2) (1)
2.2 RiEHR
G, A PLEAT T 48 4h- 0T UL O i i 5%
SR SRR, A5 R mE 3 FrR. PL HA
3 AW, H A A O 268 nm A 9 % i S A R
(i 1 R A e, WA g 360 nm Kk By W i 1 P
T LRSS R e T ERE PR A, A
440 ~500 nm b B0 2R I wE = s 5L AT ) R AIE I
. 75 380 nm LK B K T, P13 BN B %
SO, HAR R K GG Jy 560 nm, A HFR
T2 B4R 8 ) i TPE 55 4 Ik 545 51 () H 4 R v
i TR B B R R 0 (519 nm ) N0 BT g A 41
B (2940 nm) , Fe W]/ 4 AT 52 PRV 5T A 5 5F e
TR 2T AW BB B B 2 TR S

r
—N.
l/l 2 4 6

3 5 7

Fig. 2 '"H-NMR spectrum of P1 in CD; 0D ( The solvent

is marked with asterisks. )

AT 9 4 e TR e I ) &R B S . 53 4b,
TPE 7E#S W R LA ATE (L&, iH 528 TF
WE ML RIS RS EA ATE(E) iyPE R, & X
ANERE, FRATAE PR /K B W AR B 5
AW (THF) , A B H 28 ' e 559 o 8 7 3 38
mE 4 iR, 4 THF 5528 99.9% B, P1 76K
R 7 v et SR A e e KR ST I 4188 & 590
nm, PR LI 30 nm, H 586 % G0 B 103 5r
7455 P1 WY K ¥ WAE 365 nm I K Y 48 40 KT B8 5
T AR PO, MAE THE & &4 99.9%
B D) & 4 o 1 o, an ] 4 v i A 1D RE R
N, WARSGE A PLAE [ 25 Y & 6506 AR L.
A5 SRR P11 A 6 Joa 52 H: 3R AR 25 1 5 i ¢
K, BT LLSE o 94 57 5 48 AN 45 b o 4R RO vk
T, SR RS A A R E A Y AR K A B L ET RE.
Xof T A A ) S R i B O, TR Y
B0 B S ) R W O A AR, AT 5 i)
S L. AT T A W) B0 Y W R
22 vk (PBS, HJ NaH, PO, fil Na, HPO, /1R &
W)X PLRSEPER R Zm, nEl S Frs. P17E 2
mmol/L ] PBS W & £ T 9k ST a0 %
(2910 nm) , H & BHom B mg A 3558 ; BE PBS i
TR FE (R AR S 3G, e K PO & B 0 H AN T AR
b, H I i BE s BEAS QR AR AR A2 . X AT BB A
BTFMAERIE T —EWERE, 2164 P1w
T R R IR S 1 i DR AR AR 5 T R vk
149 R IN X 20 S e K SPF W {1 B 3 88 19 5% T R K
2.3 FFEMIEERN

R &R RENT R, SEHEYST
A A R R 2 B R A 2 B % PR
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Fig. 3 Normalized UV-Vis absorption and PL intensity

spectra of P1 in water at [ P1] =10.0 wmol/L ( excitation at
380 nm)
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700

Fig. 4 PL spectra of P1 in different solvents or in solid

The inset photographs of its solution or in solid were taken under
illumination with a UV lamp. [P1] =3.0 pmol/L; Excitation
wavelength for PL: 380 nm.
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Fig. 5 PL spectra of P1 in PBS of different concentrations

[P1] =10 pmol/L; Excitation wavelength: 380 nm

PR A B ) Z . P EE By A s A IE
R, AT AR A B0 R e S SR A AR AT, T

U P 5 A5 A5 H T 51 O 3 1 B i A8
1. mit, FATE R PL Y AV WO 2R 14 v 17 2
77 E T, WK 6(a) frzs. B IF R 1A K
A, P ZEE K S o FE R Wi 0, HLi R %'
TR ZE W LA, 2 1 B TR RN I 2 O A S
SRR B de KA, LR KRR S W AN R Ak
TETNFRACAET , AT IR P13 W 3 6
HEE A, E 6 (a) By AR IR R s, 2
R IR P 3 30 10 I 5 W00 2166, R
B, A] 7R RR R IR AT UL £ B 5 R £ 1 AR Ak
T S IS D G R S TR U R ) 22 [ A
BER, EXL o=-1)/1,, Kb, I i R%
JCARFTREEAA, 1, 0 AR TN R I PR % I
RISC KRS o A Wit o MAFRWEMERK, W
K 6(b)firzs, TEAFRWEILF] 1.2 wmol/L i ik
SR A DU 28 A i OB 09 45 0 B T T R B
A oT EA 4 Ao, P i A
SR A 16 AN IEHfT, YT REE R 1.2
wmol/L B IE#-5 3 wmol/L ) P1 5 A H, fif & AH
N 72 = L - N
SR T 6(b) W UL, 7 HL A7 Ik B AR AT @ {85 AT
R T N R ALl O &R, BEE Y 0.0022 L/
pmol, & [0l 9 4H 5 A 724 0. 9999. Bk itk Z 41,
BEE AT R W R RSN, fe R 2O R FH PR (A,
KL, HABBRE (M 562 nm % 3] 585
nm) 5 72 BN BAT 205G &, Y IE 1A A
IREE RS AN FELL RS, Rtk FRATTX R KR ST i
KA TR W EER, RIR R KPR S HFRk
EWHRARGFMLEL R, HRHH 19.94 nm-
L/ pmol , Ze M [0 A7 5C K 4 0. 9998. 1% 45 ) 3%
B P1 AR IR A I A O EREE, H A B 8
. BAT XU IE T E 19 5 G IR BT AT LI BR AR 45
PEAH BAE Ok B9 T B0, 4R R I Ry T
g AR BETE pT LE A L R e 2 DB
JE AR HEAT 2R 00 00 A I, B TR e
Ao B EA B AEOUAE AT, DU TRV B2 1Y P
VERDOCERER, FTAL I A9 IF R vk BEYE H o 0.1 ~
45 pmol/L.
2.4 RERAERBERRNEKIBYIELRT
ATE L HE AL, Ak 2 BF 5% 20 38 2o 50 5
ST ARSI T 2 M T REAALER, Horb
LG T N e e 32 BR o35 N 3R T etk sy
BOEY) HLS A AR R AR OB N J-RER L AOE
SRR A A TR 2 i A F 5
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PL intensity(a.u.)

450 500 550 600 650 700
Wavelength (nm)

-4 0.3

I I L1 0.0
0.0 0.5 1.0 1.5

Heparin concentration (umol/L)

Fig. 6 (a) PL spectra of P1 upon addition of heparin at
[P1] =3.0 wmol/L and (b) PL maximum emission length
(Apa ) and @ as a function of [ heparin] and its linear

trendline at [P1] =3.0 pumol/L

Hik B 5 TPE JE P 5 R SE TR S 15 ) i B B
T A B A T B R OO RR R T, Y
G5 T 25 1 T I 5 O 2% S5 0 B2 4840 {0 K & 5
e B AR 3 R, BEOLHSR R ORI T TPE ol 5%
TEIRBG 1 P 32 R I AE AR B 5T o R AT B
KSR B R R P1, BE A A TPE LM, X
&4 BT L. Y P1 5T Z A A mE, TPE 4 B34
e v 5 I 2% B0 i ek R D T R 40000 5 R g
AR, FRAR T MOk SRk AR RS B,
T8, TPE BEEE M52 6 TR Rid, TS
P11 # Hi R A JH 45 B0 26 1K (TPE BB ) 5 %%
A (BT #EBE) 2 [0 A HE B, 5 30906 L IR fib & 7%
Bk, I RIS TPE & B 0566 & 5, 498
BT 4 BE) 28 6 & 5. 76 PL B Im AT £ 5
R Eg 2 A R R R A, AT S BT Rk & ST
IR JIE BRI DL R R K R B I B 0 B i
2T ] ) m-m HERLW T AR AR B K B,
Fg T HEBR AN 2 0 B0, S8 A 0 3% 0 I
L T BT TR, AR WE T R,
B A i AR TF 2R, HL R A 0 A3 G B

Ak, FRUIPL 5 R A AE B 51 R I P 3 5
Z I - MERL, H KOS 2L 0 th A
[vi) B B 4 5 5 B ( TPE % Be Al BT 5 B ) A9 ol 728 Tii
T T2 A 2K P A7 AE G H A 1) HE SR AR
e T LA A i RR A AR S F AT EOL
JE RSN RE AR K P AT ARSI, BT
6 I 2 A7 2800 SO HAE 5. P b [R] R A7 AE HL £ [1]
A0 L HE R AR, A K P P o B0 T 3145 28
WOCCHUNE 5. X KU P S5IFR K 7 &%
PERTHT, BoAT AL . 2576 PL B3 W b o
i i ) JEE 2R R R A K B A AR S, AT R
I AR 3 RO BUR S >, W 8 B, miarbr
BT R B (A1 - 3 AR O 76. 2 nm. %2
W] P15 I 2 i i i AR AR AT UJE Bl —
E YRR, IE R AT (8] 59 51 0 BRI T PL A
EARIAAY A e, DTS TPE i B9tk
YRR Sy —Jrm, TP RBAALE, ST dt
P SR R R I BE 2 1) A BE T, AT 1 RS fE A
TPE £ B IT (454 1) BT #E B IT (2 4K) B9
TR AL, Mok BT §EBLAVIOC A o . 1A My
R A PR STHK S BT PSR AR S
{187 6 S S BEAT 2 S R 20 B A 9 i ik
WIRBLG , BAT XUH TE A 2 e

Heparin (umol/L)

Normalized absorbance

I 1 I
300 400 500 600
Wavelength (nm)

Fig. 7 Normalized UV-Vis absorption spectra of P1 upon
addition of heparin in water at [P1] =10.0 wmol/L

3 it

A SCi i X TPE B BT 5 4 8, R
Suzuki IR 5 # 1 & A TPE &4 F1 BT J& 4]
(1 7K ¥ 1 B 7 R 3 i 2R R A i P, ke A
oyl i R IR A AT TRl E , 2 R A A O
1E PL P L2 5 TPE: BT =0.8:0.2, 5K
FEEEAR — . @ G e P1 A 7K W i A U0 TE )
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Fig. 8  Effective diameters ( EDs) determined by laser

light scattering for mixture of P1 (3.0 pmol/L) and
heparin (1.5 pmol/L)

THF, {2 i A A AL, RIS I FOL 5 BE SR
FEIMIFHEBE R S R AL RS, IR A SR AL IR
TR ORI IR B e, s (R
EB)VHAZ B (RES), REREY P1
S AR 5 AT i SUE B {F 5, TR I POE R
UL T AR RRE e, AT P1 XAk
O FRFRBEAT TR, BESEAER R, BEAE TR
e B S, PG S O e S o 2 0 gk, L U¢

DS B B4 T B R BT R R R S AR
We AN, R K9 K S5 e A BB 36 T 28 Wk ) 348 i
PERY R A 2088, AL R I 5 T 3Rk i e B AT AR
R SC &R Y P AP A IE L A 1 I R R
TR 7 Bk TR B AR A, SO0 BN I, A
PR WA AL Z 45 R R W] PLRE % 52 B X T
ZR A X G A I g 5 A I WO i X R
SLH A ERER , W] P15 R AR AR JC Sk B 3 B
(8] (4 ar-mr HEAR. S ZASHOLOLHUT SR 25 R R W] P1
5 TP 22 i R A AR T AT LU B — R Y 2R AR
PR, ATITFR ] PTG bR B b e R, B
MRAR SR S BE R A Bk, MG Ao T RR s ) —
Jrid, P15 IR IE R — 2 i R ARG S iz 3t
e TR FL A O R 2 AL B R, DT A AR A A E
it )\ TPE §f Be O #% % 2] BT § Br, = 2 BT 4%
BBy 5Ot e S o B B 1 ik, HL A BE e S R B AT
.2 FioLW B 7 B[R] I A2 S BT PL XS
JIF 28 B U0 T8 A I 64 D) e I AT 5T 45 R it
HAT Ui T8 A6 I 2 BE #4926 HL A RHE M T —Fh
B, Wik — PR TE T R AR SO 9 A R B BF
FE .
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A WATER-SOLUBLE DUAL-CHANNEL FLUORESCENCE-ENHANCED
BIOSENSOR FOR HEPARIN BASED ON A CATIONIC CONJUGATED
POLYELECTROLYTE CONTAINING TETRAPHENYLETHENE
AND 2,1 ,3-BENZOTHIADIAZOLE

Yan-mei Wu', Jian-bing Shi', Bin Tong', Jun-ge Zhi*, Yu-ping Dong'
(" School of Materials Science and Engineering , * School of Chemistry, Beijing Institute of Technology, Beijing 100081)

Abstract A conjugated polymer ( PO) containing tetraphenylethene ( TPE ) group and benzothiadiazole
(BT) group has been designed and synthesized by Suzuki coupling reaction of 1,2-di[ 4-(6-bromohexyloxy)
phenyl]-1,2-di(4-bromophenyl ) ethene (M1),1,2-di[ 4-(6-bromohexyloxy) phenyl]-1,2-di(4-(4,4,5,5-
tetramethyl-1, 3, 2-dioxaborolan-2-yl ) phenyl ) ethylene (M2 ) and 4, 7-dibromo-2, 1, 3-benzothiadiazole
(M3). The ratio of TPE unit to BT unit at 0. 803: 0. 197 was determined by 'H-NMR spectrum. A water-
soluble cationic conjugated polyelectrolyte (P1) is obtained by quaternization PO with trimethylamine , which is
completely soluble in water and insoluble in common organic solvents such as THF and acetone. When P1 is
aggregated by adding a poor solvent such as THF into P1 aqueous solution, the fluorescence intensity and color
of P1 change drastically. The intensity increases up to seven times and the maximum emission peak is red-
shifted up to 30 nm. The color is changing from khaki ( no aggregation) to orange ( aggregation) under
ultraviolet irradiation. Therefore ,dual-channel fluorescence response as the unique properties of P1 was applied
to detect heparin, a highly sulfated glycosaminoglycan with the highest negative charge density among the
known biological molecules. The fluorescence intensity gradually increased upon addition of heparin into P1
aqueous solution with a linear response to concentration of heparin, and the correlation coefficient was up to
0.9999. In addition, a linear red shift of the maximum emission peak was observed as the concentration of
heparin increased with a correlation coefficient up to 0.9998. These results indicate that P1 is a potential
material for developing dual-channel fluorescence probe for heparin quantification. The UV spectra of P1/
heparin complexing titration don’t show any change. This indicates that there is no inter-chains or intra-chains
w-m stacking of P1. DLS result indicates some aggregates can be formed through electrostatic interaction
between P1 and heparin, which can reduce the radiative decay when the intramolecular rotation of phenyl group
on the side chains is restricted and the fluorescent emission can correspondingly be enhanced. Moreover, due to
existence of BT, a typical fluorescence acceptor in fluorescence resonance energy transfer, the fluorescence of
TPE segments can effectively be transferred to BT segments when the aggregates are formed by electrostatic
interaction between P1 and heparin, which leads to red-shifts of the maximum emission wavelength. Based on
these different responses to electrostatic interaction between P1 and heparin, dual-channel signals can be
obtained as the above discussion. This study thus provides a new concept for designing dual-channel
fluorescence sensing material.

Keywords  Tetraphenylethene ( TPE ), 2, 1, 3-Benzothiadiazole, Heparin, Conjugated polyelectrolyte,

Fluorescence resonance energy transfer ( FRET)



