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1.1 E#R5RFA

Wy A (4, 4"-5 W N 5 BUEy, BPA, 4
>97% ), 5 /R B — 5 JUMR B (IPDI) , 4 fF
>97% ,WUALSH , E TR 8, 4 B bt | R R
A 1,4-T B (BDO) 40 99% , T 1R,
N,N-ZH 5 Wt (DMAe) , =5 W e, B B, 3R
AR Ry 4y B i, BRI VO TR, S A AN, TR
g, ¥ [ 24 4 H Ak a0 A R =D
1.2 mANE A(IBPA) & H

PL 250 mL [B] )i e i A B2 I #w , K 4.00 g
(0.0174 mol) W1 A ¥ T 100 mL 5 F it v, fin
A B AL Es (15.6 g, 0.104 mol) FIE A fLHh
(1.38 g, 0.0352 mol) 7£ 0 C#itFE 30 min Ji5, &%
15 355 IR SRR BN /K W (10% NaClO, 78. 64 mlL,
0. 104 mol) iR FELRFFTE 0 ~3 C,fin A 40 mL ¥
£ 10% B A A B2 A VA W, FH 4 2 T8 1 75 94 W 1Y)
pH {H, A A3 A B AR AT 2ok 9 T e S 45 3
MR ALY A (75K 91% ) % B wik M 9 ('H-
NMR) FRAE U BE AN T -

BPA,'H-NMR (400 MHz, DMSO-d,,8): 1.5
(6H), 6.6 (4H, Ar-H), 7 (4H, Ar-H), 9.1 (s,
2H, OH).

IBPA,'H-NMR (400 MHz, DMSO-d,,5) :1.7
(6H), 7.7 (4H), 9.66 (2H, OH) .

1.3 PBS “EMEMHEK

Wit 1,4-T 25T 2/ (BRI N
L35 1) iIn AR B b, BB N 4 THE 2
185 CHRfLMisK 3.5 h, SR 5 I A — & f () 8L 7R Y
THER (Y B E 0.5 wt% ) FHR 2 220 CHi R
R AR FER R R J) 70 Pa, 455 2.5 h J5, 15 5
PBS-OH. fif & i% PBS-OH ' H-NMR 5 1F I I &
mr.

PBS-OH,'H-NMR (400 MHz, CDCL,, §):
1.67 (—CH,CH,—), 2.65 (—CH,CO—), 3.65
(—CH,0H), 4.10 (—CH,0—).

1.4 MARSE(I-PU)HEK

EREA PN FE RS I A R E
() = R, 48 BEURC b o 6 i A B &= 47 19 PBS-
OH F1 IPDIT, B4 T FHE 2 90 °C, i ¥ /e
3 hJi5 A5 2 R R TR A He LU A8 A R A A
DMAc fy4" 555 IBPA, [a] B i A 4 551 2 12 0 85
(0.1 wt% ), FF &5 i 2 100 °C, 4k 28 4 $F )2 17

2 h KRR R IR, SRAF R RN 10 h 5 45 Ik
JN 25 B TR Pe v, B LE , 78 60 C HL45 HE AR
g 24 b ARSCA RL T 3 RO [ LA A AR
BRI (-PUs) , B 0 9 8 B & & (HL S, ) Sk
F IPDI Al IBPA 7E 4K & b BT o 14 5 i 1 49 L, £
it ) IS o (1) J2 48 BT Z A ™= b Br 5 i
G3HL. FE S A RRAR S FIC LG L3 1.

1.5 MAREIEEREKAE &

TR 7K 3 1 LA 3R A vk g R
CHEEE(PVA) JKIE BN A = 1B p A — 2
JE T e PR AN R U R AR =
SRR RSV T LA T ) VR i SR R n B = 11 R
e, B 10 5 U0 AE F 06 A5 AILAE 23 /N BR OB B FLR
W 2 S PR BN S K TR I R = e, B
HAR K e 58 B = Rk Uk L U A TR S TR
T 82 OIS A A A ol (T < R N A
(Olympus, LG-ps82) HEAT WL 7 #r .

1.6 ik 5 RIE

£ AP 43 1 % FH Nicolet-20DXB %1 41 4 5
AL, T R I S B K, 5 KBr A K LA
1: 200 i it bR A B, 76 4000 ~ 400 em ™' 3 [l Y
I

¥ H Bruker 22 @] Avancell 400M 4% figf 3£ 4 %
5 2R A W 0 B T AL Bk (TH-NMR) 3% &, LURAR
)5 (CDCl,) 8 — H . ( DMSO-d, ) g% 57 . IU
H LR 8 (TMS) 24 I F5.

X G AT (XRD) U3, 76 H AR # 2% D/ Max-
Ultina + % X S 2% A7 54X 1 # 47, Ni i 3§, Cu Ko
45 (40 kV,30 mA) A =0. 15405 nm, 3 F 7 26
M50 % 30°, K 0.02(°) /s, FHE R 1.2(°)/

7 22 47 4 i AL (DSC) 4K, >R ] Mettler-
Toledo DSC1 UMK F 5% T & W W A e A5 41 55
i PERE. FRICEEAL 5 ~ 6 mg, AAAEE T NE R
PN E] 130 CHHIE 5 min WA F R G
PL 10 K/min (3R A HF 0 C, 7 0 CIE+E3
min, F-LL 10 K/min R FE 130 C,id FHE & —
YR T i 2%

PFE M D R F 1% [ NETZSCH-209 #4 &
SEHTAL(TGA) & , 7 /MBS, L 20 K/
min M % i A F) 600 °C.

20 T DA R A O A U TP IR B
PR LKA R AW B R fE DMEM (&
B 10% R4 M5 ) 40 M 355 357 3% v k47 B8 07+ 40 e
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(RaDSC) #5 5%, B Ml B #E70 T R G W I,
B IR R 2 G 5 D FATRE, B REM B S
x 10" 41, fH iR HEAG h 85 9%, T 24 h f1 48 h
SBULE % % 4 B 04 552 3%, FHIE /8 20 it % 8 vk AR ¢
O AT SN M A mEme i (MTT) H sk
e ) it 6 SR 8 G DT 570 nm Ak ) 52 4% £L WG
JE£(OD){A. #4E AL RGR = (# k41 OD #y{E/
FAPEXTHRZH OD 1A ) x 100% , ¥ B& i 4& # RGR
177 Ak B 7N 2 257 30 T 5 bR 400 2

XS AN 7 M3, K R R R 43 1 A L
HER R B SR 20 2 mm, SR A AR HE G IR X5
2L (GE,XR/A) 7E 60 kV x 10 mA x 0.2 s &/
TR, SRR 2 mm (98 HR (1SO 4049-1978)
ABONT BE PG A b 2O R A A ] 5 6 1 2R
SR TR i 1 XS 2k B R 1

Stepl

2 H#RE5iTR

2.1 BMRESBENABRIMRIE

AR T DB WU A J51b A 9 (IBPA)
OBt 3L 34 R FR L BT R T R TR ( PBS-
OH). BPA  IBPA FI PBS-OH [ # % 3t I} & 3%
("H-NMR) [ B 5 iF 168 U1 J8 L S 06 358 43 1.2 45
1.3 5. %F . BPA FI IBPA [y 4% fiF 6 %0 (i, £ 5
2 R TRIE HY 56 S0 7™ A W RR IR0 6 = 6.6 FI1 7 I3
DRy — R E R AR AR 5 =7.7 ,UESZ T BPA XF A
B4 A SR T R R O A R
PBS-OH ' H-NMR 3 [& 4 fiE i S {l h 6 = 1. 67
2.65 F14. 10,40 HIN R T R T EERERHE 454
TR 3 FpAS 6] W L A RRAE I, 8 = 3. 65
5 3 0 A 3 B R Y 67 B . PBS-OH
A B (D) B 4y 75 (M) 7T i E H &

I |
CH, CH, - CH,
WSy T € S o ¥ OF
CH, CH, Sl : CH, :

Step2
HOOC ~_~COOH 4

Succinic acid 1.4-Butanediol

Step3 OCN

IPDI

O
(0] OH
HO/\/\/OH —’Ho’{/\/\/ No%,\/\/
(6]

Poly(butylenesuccinate) diol

O
,{r\/\/O OH
NCO + HO (6] .,
(6]

Poly(butylene succinate) diol

\2~4 h,90°C, N,

O
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0 n
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Scheme 1 Synthetic routes of IBPA, PBS-OH and I-PUs
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(R R TR (1, ) R 350 5 322 190 ST Y 35 &1 R
SRR (L ) AR F R AR
/ M
_tao
D= 15 s ] ) 29150 171\(1
M. =172 x D, + 90 (2) BRE 25
T 4 (19 PBS-OH ¥4 43 5 M, 2% 3200. 10 1520
WLAR 3R (R A s R R B s B IBPA
S6 5 K W — 5 R B (1PD1) 5 PBS-OH [ )i, 1637 1609
2 g - = ey — A — Ry I y 1 | 712 |
T ) 0 St AT SRR O R T R T R 4000 3500 3000 2000 1500 1000 500
FEFR Y, — 2 LLTSE ) 48 19 IBPA /E R X Ol Wavenumber (cm ™)
50 R4 T XA 3 R R (- Fig. 1 FTIR spectra of PBS-OH, IBPA and PU-132

PUs).

[ 1 34 IBPA [PBS-OH Fl PU-132 f41 4P ik
[, IBPA Fi1 PBS-OH AYRFAE 0 3 th BLTE & LR &
I £T AN B . A PU-132 [ 2T 4P 3% 18 v, 2950
11710 cm ™' 43 %)% PBS-OH th CH, /1 C =0
A0 205 415 B R AIF 06 5 397 11 45 AiF 1% 3410 F1 1520 em ™'
3R )& T & 84k A NH F1 C-NH 5 A (1) ¢ AF 1
Wi, B PBS-OH | — 5 5URR ik FlI IBPA & 2
R S A i T R AR R G

R e i S o — 25 D\ BT & A AR 2R
Fig 454, 11 2 A SR & Fg PU-132 fy' H-NMR %

XA W E AT T VAR PBS-OH MY 4RAE 647 &
=1.67 (H').2.65 (H").3.65 (H") #il 4.10
(H");IPDI (45 1F 16 F 6 =2.09 (H*) .2.91 fI
3.03 (H"") I35 8=1.10 (H"), 5 IBPA h
LS LR 1% 6 =0.95 (H) #4355 ; IBPA 45
IR W RS A 8 =7.45 (H") ,iff— 2
TR G R T 2R T R e R w2 R
it 1-PU Ay H-NMR i [&] o 5 iF 06 (14 B3 b mT LA
i FCA 8, T R G W PR B3R 1 gt
GNIEE SF R e iUk @ A TN WA 5

h h
I ¢ I
% S CH3c g g b a i b’
—0 _C0. L COL N %
7oK 0T WY e s MO
I d € | H h f O n
C

Fig. 2 'H-NMR spectrum of PU-132
Table 1  Chemical composition of I-PUs with different iodine contents
PBS-OH/IPDI/IBPA ( molar ratio) H.S. 1
Samples
Feeding composition Polymer composition (wt% ) (wt% )

PU-121 1.00/2.00/1. 00 0.91/2.00/0. 89 27. 4 11.3
PU-132 1.00/3. 00/2. 00 0.94/3.00/1. 90 40.7 19.1
PU-143 1.00/4.00/3. 00 0.86/4.00/2.93 52.6 25.8
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TR 3 SR 1 B L R S B 4 Bl L B B A
B B WUBT A B R2E F 1 rp . B R S PR
Fra (D) MR, 26 IPDI AN IBPA (44 i v i) £
BEHEREH.S) ez LT, ZFRAY
45 b 4 W KB PBS-OH T 5 Joit 2t 43 50 0 AH B
B AT 00 23R A 0y v AR B B A 43 Y AR AR K
FEAR KRR EE b mi S5 Wy Ik i BB e M 45
F1 M55 K AE T T A AFF 52 Hh
2.2 BREBRBEEMEREMNLE R

FATH R 22 F i Ak % 1-PUs () $tE fiE 5
SEEPEREIEAT TR, 58 — R THIR LR R AW
P s BE S B R S R T R WU 3, et
A% 1-PU B Z5 AR E (T,) (45 k8 (AH,) il
PG5 A (T, ) & &S(T,) FE RS (AH,)
ERTE SR 2. @ 1 i PBS-OH 5 1-PUs
PR o T 410 B R T LA K B, &5 R PR AR B i PBS, 7E
2] A IPDI 5 IBPA J5 ,H T i JFE 9 70. 7 °C T [
) 64.1 °C,AH Z W T R, G, B & 0 B &
(H.S. % ) iy, 85 B A r F FE. ik, 3%
e S i T 5] A IBPA | &4 1Y 4 A1l JE T
PRBRAR 23 A AR, il T R A ki B iz 8
Fe T HESS AT R0 5 Rk TPDT o 58 45 B 10
FEME AR 2F— 25 SR G W 1 45 P AR 22

BiJ5 PBS-OH HI I-PUs (1 gl il 4 b, B &
Y 1-PUs 45 45 (T,) 5 PBS-OH W& & 8230, Ui A
1-PUs ()15 &2 i PBS B B 19 45 & 7= 4 1. PBS-
OH ¥l £ T 45 fl /7 4, IBPA ffi £ 1-PUs 1 PBS
1) 45 il R 285 AT Ry 2 B PR, BE & I A = i 34
I-PUs Y %6 il FF45 S IR B T, 32 80, ELX R A9 45
Kev B S AT, 50 Tt A A P 45 o R o8 3 A7 B —
SEBRLAS 5 H AR A B0 R A5 i 32 20 30 50 AR X R

h T k058 1-PUs vh PBS 4 BEAY 25 T I
5, % PBS-OH il I-PUs i 47 T X-5f £ 41T 55 0 €
(1 4).PBS-OH fif g h e b i BL T 3 A~ EZE 4§
TERT 56, 435k 20 = 19.5° 21.9° 1 22. 6°. 1-PUs
(AT S8 L T (8RR AT S5 06 55 PBS-OH 1) ¢ AiE 47T 55
U HB LA R () JE U ) i R AR 55, 3X 1 B 1-PUs
(AT A 062y PBS 4 B 45 fh 5| 2 1, IBPA [ 5] A
fifi 1-PUs (925 fhe 1A T T 1%, H IBPA &30,
T S 05 58 85 SR AT e, 5 A DSC i 45 SR — 3.

K FHIVEE 1 % PBS-OH it 1-PUs A9 #A 8 5 1
MR AN R 5, B0 i I 45 SR 8 T 3 2. N ZE R AT
PL% #, PBS-OH 5 1-PUs fiy $A4 B i 4 35 A1 01,
PBS-OH 2 I 43 fiff 1k B2 (44 B T i 2 % 5% 1 11

PU-143

Heat flow
Endo

1T

C

0 20 40 60 80 100 120
Temperature (°C)

PU-143
z
§% PU-132
84
=
PU-121
PBS-OH
b Texo v
20 40 60 80 100 120

Temperature (°C )

Fig. 3 (a) DSC cooling curves and (b) sequent melting
curves of PBS-OH, PU-121, PU-132 and PU-143 copolymers

at cooling or heating rate of 10 K/min

3
s
£ [PBS-OH :
= ; :
PU132 __J\_/J\\___‘__A
PU143 A ]
10 15 20 25 30

20(%)

Fig. 4 XRD patterns of PBS-OH, PU-121, PU-132 and
PU-143 copolymers

Tyso ) MR IR T, 00 ) 8 291 #1413 °C,
I-PUs RINVES W) Tysp M1 T, KA P42 H. BF
FRW IBPA 51 A, —E B FFEAR T 1-PUs 1
PFa e k. 78 PU-121 . PU-132 fi1 PU-143 3 Fi & H
MU R ZBE , IBPA i 1y PU-143 R G
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100 2 PRS0 (¥ I 218 °C Ui 1Mk , e R 3 i Ik B2 O 309 °C L 1L
b)ggllg PBS-OH 1y T, ik T £ 100 °C , #4523 & 1 R AR ™
¢) PU-
g 2 d) PU-143 .8 R A YR TR S B O S B R G
;i 6ol A3 IR EE 3 AR SR R Y AR O o R B
g T 200 C, HEHHE AL 100 °C AT, 347 B2 9E 9 I
E el JFE X TE) T4 R A B m TR A, IR e & Bl Y
g ! TR 38 ) AR i A7) 1 T 6 32 19 9
2.3 BMRBESENABSE
0t . . . WAt MTT B o3 R /56 40 i 2% ' e £ 2F )
100 200 300 400 500 e B 2T LK ~ i
Temperature (C) MR e, R R A RN R
4 TE G W7 T 40 oh 15 3% 24 Fi148 h, LAZS 1 LR Mot
Fig. l5 TGA curves of PBS-OH, PU-121, PU-132 and PU-143 i | m%%ﬂ%éﬁﬂ@*ﬁxj’iﬁ%[{(}l{(% ){E%’“ﬁﬁi
(3()[)() ymers
Table 2 Thermal properties of I-PUs with different iodine contents
Sample T.(C) AH, (1/g) T, (C) AH, ()/g) T, (C) Tpsy (C) Ty (C)
PBS-OH 70.7 90. 85 109. 3 83.15 89.3 291 413
PU-121 69.7 62.91 109.0 56. 39 90.3 264 322
PU-132 65.0 54. 38 107.7 48.76 91.0 251 315
PU-143 64.1 54.21 107. 5 47.98 — 218 309
6 Z S N LATT 28 A4 kL 8 R B, RGR (% ) h 75% 100 e puonan U2 O PU5
~99% ¥ 1 9%, RGR(% ) =100% , 4% | 1E 0 ol T VvEa - L
G FHROCR 0 F LS, RDIRNR A A 2 i .
P SIS R K 6 g, A 5y PUI21 PU132 g 80
PU143 7 24 F1 48 h iF RGR(% ) ¥ 7 80% L) I, 2 ol
A EEPESN 0 ~ 1 9%, Ua BH A B0 S 5% A1 Ak X 4
i A A R 0 O e € UL T A, 40 3 6or
W BE A KR AT A U TR S 2 B2 /AR 50

U7 T 40 B 25 A A0 AR 4% S Fe 9 B9 1-PUs 5§
I LB WA A M K 25 . IS R AR
ZEMAE YR R R R Ay, Horp sy
/NG Y E AR X R R Z T
s A 2271 S Sk — S R B Ak A 3 I R
TE S22 40 M0 8 25 4k LR A AR A 3RAT
R T A v ) BRI 2 M B P AN ) 2P
SR — b I 0 MO T P B AR W 2 e p R D
B 0 SRS Wk — A0 Bl Wy S A B R R AT S
MFBE TS H R
2.4 MARRSEN X-HEAENE

T VAL A AR = T AR Y R AR
K BLACSR R AR R B 2 mm (97 JE R A, OF
LA TR JE B B8 B AR RE il B 47 U, R 7 () K0S
WEFr B, B 2 . 181 7 (b) 9 R A Al 1-PUs
# HLBIRE B A XA B 1 B RO . SRR
HA L, A SR =R 1) S R R R AL TR Ao R

24 h 48 h

TCPS

PU-121

PU-132

PU-143 50 um

Fig. 6 (a) Mitochondrial activity ( b ) fluorescence

micrographs of RaDSC cultured on I-PUs coated coverslips and
tissue culture polystyrene (TCPS) for 48 h incubation after live/

dead staining

SEAGON L BT, U W A R R S AN R B . I
IR B A B R IBPA SR R TR A R TR
PRAUE S5 D) RE A9 47 AV FAR E M, 76 A R A4 k)
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Aluminum

(b)

PU-121

(@

PU-132 PU-143

Fig. 7 Digital images (a) and X-ray images (b) of I-PUs from left to right, the

aluminum wedge, PU-121, PU-132 and PU-143 samples of 2 mm thickness

AT A PR B R A W 2 e i SRR Ab L AT AR
PEASTR) B4 i PR 52 75 25 6 #6024 19 IBPA T A

=l

.
2.5 FAR B E R Rk

FT AR SCBETE A B A X-BF 2R A W5 09 I
R ZE R R A Wik, N e B AT A oK ik T R
B B 3R S 4 MR Y e R B
L5 2 SRRk W 15T 8 (a) B, RSO3 AR 425, b

Microsphere proportion (%)

75 ~1000 wm K42 7345 A& 8 (b) frzs. il 2 A
() 97 748 B 43 K s A8 1 ot A Il AR A ZE ISR, W]
i 43 (8 77 5 5 (o b A AN TRDRE A TR /I 1) sk 43 il e
BEfH . 3 FPOR ) (L5 kA B 5 R TR Bk B 2
HEZ R X7 I (JEEEZ) S 0.4 mm) (E 8(c)),If
T X-55 26 F PP Al 3R R Bk 1y R ROR. X
T BROBR AL B < X7 IR BRI M, OB TBPA 9 i
3G T, R RO R 5 (&1 8(d) ).

75~150 150~300 300~450 450~600 600~1000
Microsphere diameter (Lm)

PU-143

Fig. 8 Images of I-PUs microsphers under microscope (a) and its size distribution (b), under normal light (¢)

and under direct X-ray (d)

3 4

HH & A iAW A VRS 6E 50) A X Ot

R, AT 3 B EAT A R A XS
i PRI MR A ZE R A4 ORL. BE IBPA & i R, &
JCH AR R 2 i (1-PUs) B 45 b PR E D55 . 51 A
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IBPA — & F8 HE b AR T SRl i AR E 1, (EA
SR AR TR AT LY S 2 T A SR T A
k20 i R A 0 S 5 R 2 ) 5 RS v L SR

NN S AR 5 £ B 3RS W ROk 5
T M. DR BT A B X AR R AR R
FEORHE [R5 M 50 ek 5 T B AT AR 4 B T i

BRI A A0 M7 P s X P P 4 SRR AR L &
P A1 ORE B9 S 52 A8OCR B T 0 IR R A, ELBE TBPA
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Radiopaque Iodinated Polyurethane for Embolic Agents

Lin Sang', Zhi-yong Wei’" | Ke-liang Liu*, Ke-dong Song’, Jian Wang', Wan-xi Zhang’, Min Qi'"
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(* Dalian R&D Center for Stem Cell and Tissue Engineering , State Key Laboratory of Fine Chemicals,
Dalian University of Technology, Dalian 116024 )
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Abstract A series of radiopaque iodinated polyurethanes (I-PUs) used for embolic agents were synthesized
via coupling reaction between poly( butylene succinate) PBS and iodinated bisphenol-A (IBPA) with varying
compositions using isophorone diisocyanate (IPDI). The IBPA with four iodine atoms per molecule was applied
as a chain extender and X-ray contrast agent. The chemical structure and composition of I-PUs were
characterized by FTIR and 'H-NMR. The effects of IBPA on crystallization and thermal properties of 1-PUs
were systematically studied by means of differential scanning calorimetry ( DSC) , thermogravimetry analysis
(TGA) and wide-angle X-ray diffraction ( WAXD ). The results showed that the crystallization behavior and
thermal stability were restrained with the introduction of IBPA ,which was also confirmed by WAXD. However,
in the X-radiography analysis, all the synthesized [-PUs and their microspheres exhibited high radiopacity
compared with an aluminum wedge of equivalent thickness. As expected ,the X-ray visibility was increased with
the iodine content increased. Basic cytotoxicity test was conducted by the method of thiazolyl blue tetrazolium
bromide ( MTT) colorimetric assay and fluorescent live/dead staining. Cells proliferating well on the polymer-
coated coverslips demonstrated that all the synthesized I-PUs were noncytotoxic biomaterials. This study
presents a facile synthetic route of radiopaque polyurethanes with high iodine contents, which are expected to
possess significantly advantage over the traditional polymer counterparts used for embolic agents and other
related biomedical applications.
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