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Preparation and characterization of the multi —functional iodine —containing nanoparticles used as tumor
targeted X-ray CT contrast agent and anti—cancer drug delivery
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(1. School of Pharmacy, Tianjin Medical University, Tianjin Key Laboratory on Technologies Enabling Development of Clinical
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University, Tianjin 300211, China)

Abstract Objective: To prepare the multi—functional iodine—containing nanoparticles used as tumor targeted X -ray CT contrast agent
and anti—cancer drug delivery for applications in tumor diagnosis and therapy. Methods: The iodine—containing polymer nanoparticles P
(MATIB—co-MBA-co-GMA)-FA-AuNP) were prepared by precipitation polymerization with 2—methacryl (3—amide-2, 4, 6-triiodobenzoic
acid) (MATIB) as the monomer and N, N-methylene bisacrylamide (MBA) as the crosslinker. Folic acid molecules were modified onto the
nanoparticles via the conjugation of glycidyl methacrylate (GMA) and ethane diamine (EDA). Gold nanoparticles (AuNP) were then
deposited on the nanoparticles in situ. Results: From the observation of TEM images, the nanoparticles with the average size of 135 nm
dispersed well. The results of in vitro CT imaging showed that the X-ray attenuation performance of the nanoparticles doping with AuNP was
better than that of the nanoparticles without AuNP. In addition, the anti—cancer drugs doxorubicin hydrochloride (DOX) could be efficiently
loaded onto the nanoparticles with a high loading capacity of 51.3% and their release showed pH dependence. In vitro drug delivery study
indicated that the nanoparticles with FA modification could deliver DOX into MCF-7 cells more efficiently than the nanoparticles without
functionalization of FA. The results of cytotoxicity assay indicated that the nanoparticles had no marked toxicity to MCF -7 cells at the
concentration below 100 pg/ml. The nanoparticles with FA modification showed much higher efficiency to kill tumour cells than the
nanoparticles without FA after them loading with DOX. Conclusion: It is suggested that the P (MATIB-co-MBA-co-GMA)-FA-AuNP
nanoparticles could be used as X—ray CT contrast agent and anti—cancer drug carriers at the same time for tumor diagnosis and treatment.
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FHUABE XS et RE . a4 c R T HA il
JEF PR A B0 X ST YD LA, 52
P RTE, WEIET Au 9K RN LR T
RN X 2 CT BRI, FRATTZHT Y BF5EIH Peng
GBS R IR, M 4 5 UK RN S RS
X ZRIIC R A fE—Rny, —H BAEER, s
RARTE S TN S 2 % A VAL 2L S A e W ES]
JHEg 22, S BT A ) P 24 a5 % R AE P AR
I H R IR -2 R 2565 RB bR - 4 & &
SIS A EH o IR (FA )2 N T 1 g
oy, SHARE® AP REKEAE L, FA
ZARTE R Wi O S AN L 55 b R R g v
I FIRCH, ST RIT, FA & FA SZARAY & 2R FECAR
(Kd = 107 mol/L)P*, FA & it 2 1A T LA i 3 32 1A
N FHINEVE B FA 52 1R = 23k 1Y 20 i v 3L
W, AR HTDIVE RSl 2 1 S RS Y9l
KK T P(MATIB—co-MBA-co—-GMA), 7-¥ FA 431
A BNZ AN KA TR, SRS TE LG N BB
TV KA T (AuNP) , 5245 5] P(MATIB-
co—-MBA—-co—GMA )-FA-AuNP g K07, VE H e
B X 2R CT #5270, [RB DLz g Kok R A,
DABUIE 25 W) Eh W2 ) 52 2R (DOX) Ny 25 A8, 5%
TARGUKLAVE R IE 25 Pyt % AR v g, LA
TAJAS fiE (] Hsf S 200 ek o7 A6 o] e AR 245 4 3 25 1Y)
YRR RS, SR BisTh — Ak

1 MMR5FE
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FHPA TR i 235 & 5 FH D PR 4 7K H M TR (GMA) L &

e (EDA) A 5 T 5 (AIBN) N-F2 ELBEH1T%
i (NHS) 340 [ BT T 350048 FR A Al 5 Sl 4
iz (HAuCL) W [ e i KU 27 a0 B A BR A
Al 1-G3- W& LK) -3- 2 HE 0k — WAL R R £k
(EDC )W [ V5 A% ¥ B 48 B 25 57 5 47 FRZA 7] s DOX 11
H LR AR ARG R A

112 AU B HER %L (Bruker, 400MHZ
Advance); % §F 20 L F & 5% (Hitachi, HT7700)
(TEM) ; {37 AR 21 #8154 ( Bruker, Tensor 27)
(FT-IR); 2£5b-1] WIRISOEIEL (JASCO,V-570)
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HZh A EUY (IR YRR RA L IC
1000);CO, %5 35 41 (Forma Scientific); [ Fr 1Y
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12,1 HRIEEY 2-H IE ML (3-Tike -2, 4, 6-
SHUUSHER )(MATIB) A 7E 50 mL A XLE
JRBS T INA 16 mL FH 200 819 NN- 1 2
LTI (DMA) R, SR A 3-28 552, 4, 6-=lll
KR (4.0 o), M EHSE 2. KBS T T
WS A DS TR BB E
N <0 = v e R A ) | O A VR NP
1625 CZ R A 5 mlL A7E S 29K B 3L T e
(2.5 mL) G2 I N B RAT 3-23E-2, 4, 6-—
BRI R 1Y) DMA PO 58 iU 5 iz
MR EETHE £ 50 °C, I R MR R 4ERE 50 °C
YRSV 12 h, OB AR W LR OV IRAE 25 CF
RN A 80 mL K 1, L PE RN 5 h KT
DUEMR AR LBV 3 . Frfs =W T
50 CHRYEZS THRAET TR (HHICK BN = Ptk
FrESE i, ARG BT 50 CHIESS I T

122 FMBEYHNART P (MATIB—co-MBA-
co-GMA) B il £ 7F 250 mL BB HEI Y, FREL
A MATIB (900 mg), JIA 144 mL ZJiff, 14.4 mL
CBE, IR, R IMA ST MBA
(150 mg) A5 | %5 AIBN(22 mg) , i HR i o B RIS
B E T 85 CHIAT IR, i 5B A& R AE 30 min P
WEREIE IR, SOV 65 min IFAIIA GMA(110 mg), 2
IV 80 min B2 1k J i o W IR Z PR RIS L 79
2.0 (12 000 r/min, 20 min)3R75, F Z 050 3 K, 78
HAETERMADTHRZESE, 58 P (MATIB-co-
MBA-co-GMA) & BZH KA

123 FA B ER GWAOKKF P (MATIB-
co-MBA—co—-GMA )-FA 1iiles M JC/KH (6 mL)
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A P (MATIB-co-MBA—co—-GMA) #4KHi T 40
mg BB A, A EDA(3 mL), 25 C 44k 2
d, B3 5] P(MATIB-co—-MBA—co—GMA )—-EDA 4}
KT, FHTG/K O BEDE 3 IR, 78 B2 T A b T4
2IHHE,

5 FA(40 mg) #75 % T DMSO(4 mL), 5 EDC
(35 mg) Fl NHS(21 mg)iR 4,37 C T i+ 60 min,
BT —A15 30 POMATIB-co-MBA—co-GMA )-EDA
YRR (40 mg) AL B (B WA 4R E5ET
WFE 4 d, B0 53] P(MATIB-co-MBA-co-GMA )—
FA 40KK0F, F DMSO FIZK 3k 2 L8787 WL ok
TR IANR] E 3R FA 431
1.2.4  AuNP 7ESHER GY KR P(MATIB—co-
MBA-co-GMA)-FA LTI B P (MATIB—co—
MBA-co-GMA )-FA GKA0F 15 mg, T 10 mL 25
B K, B EC HAuCL  2H,0(15 mg) ¥ T 5 mL £
BRI AR KB R, #0619
FE 24 h, SR JE K SO 0 (12 000 1/min, 20 min),
DUUEF= Y 258 KUk 3 i K B 50 20 mL
KK, Z IRV FE T R A& A 3.5
mL NaBH,(200 mmol/L) ) NaOH (100 mmol/L) &K ,
4 NaBH, MIAJG , AR 3 H i3 8 o7 B AE S TR 21
0, QREERE S IFE 120 min, P29 SO I 228 1K
Uk 3 3, BI85 P(MATIB—co-MBA-co—GMA)-FA-
AuNP 4KFi o
1.2.5 P(MATIB—co—-MBA—co—GMA )—-FA—AuNP 44
KARLAFHIZRIE 53 5 S 20 i A5 1 9 KR 43 1
W T AEBR SR X L, BRI TS T TEM R W8
FH i, 43l Nano measurer Z074:0 & TEM
KR iR (5100 4> B ELAR , SR SO R EEAY
BT AR TAETE W Zeta HLAL JBIAR RV
A SR FT-IR Y34 o0 B 4525 i 1544
KA HILLAMFIE GG B . S o] S AR L 1
50 B L BIAE IR A IR A e, RIRARER % L
(N AW Y RS K L= TN Aa ey TN EA RN
WOGTER . R UV—vis BRSOGTE A3 Si46 I 45 4
FIAS KAL) UV—vis IO A
1.2.6  P(MATIB—co—-MBA—co—GMA )—-FA—AuNP 44
KHRLFH CT i tEfe X POMATIB—co-MBA—co—
GMA )-FA-AuNP GKpFHEWARSN CT i 5 1
BEUEATINAE , RV A i 40K b R A4 CT A
TG R H H RO A A AR BT 4 i P
(MATIB —co ~-MBA —co -GMA ) —FA —AuNP FI P
(MATIB-co—MBA-co—GMA ) -FA 4} K i (1) fik
TG B, SRS A B BC R — FR A [

WRE IR, FCRIT MX=16SLICE # CT 114
{GHEFT CT UG IBTZ A3, 73 e s s 3 A
R {57 BALY CT{E, RIS s RO BEA R Y CT
. CT BUGWZ S FISECR )28 1.5 mm;
[B]# 0.75 mm; HLH 90 kV; LI 34 mAs. PABEHHY
% CTE A AR, A5V TR Ak B R B AR ARtk A T
YERE, CT HYIR 3 UGB - H41ME
1.2.7 P(MATIB—co—-MBA—co—GMA )—-FA—AuNP 44
KBTI A FBEZPERE W — RN E ] LR e
£/ DOX ¥ W 43 ) 5 AR Rl 5 79 P (MATIB —co—
MBA—-co-GMA )-FA-AuNP (0.5 mg/mL)i&FRIR &1
5B TR L, WA T EOCE AR 24 h,
B R T2k DOX YRR T, I UV-vis T}
WCETEASCI S - T R WAE 480 nm AR I, 115
33 FIEEW T DOX VR . MR DOX Y
M5 EE LSRR DOX B2 22 Bk i
HAEZRE VIR T L2 . GORKTF k2
A E R A (DAN(2) TR

7, % H7=( W aministered dose— W resicual dose i solution )/ W anoparticles X

100% (1)
@ ij‘ % :( Waxhuirﬁslered dose _Wmsidu‘c\l dose in solution )/ Wadmirﬂslen:d
a0 100% (2)

A W oninisered doe 78 01 TR W H DOX ) Ji 12,
Wil doe imnsoion 18 SRS LIS VA R DOX AR A,
W aneparices 765 1 T3R5 B A KA1 ST

MR 20 24 Tk e A 45 21, ) 48 225 (DOX I
WA JE A 414 pg/mL)P (MATIB-co-MBA —co -
GMA)-FA-AuNP 44K 4F (1.0 mg/mL) , U 5 71 3%,
DOX Jii i) PCOMATIB—co-MBA-co-GMA )-FA—-AuNP
G4 K RL ¥ 53 B AE AN [8] pH (B9 PBS 2% vl % WK
(50 mmol/L ,pH 6.0 &, 7.4) 1 37 °CF HIASMEZ,
PERE . RO 2k 25 90 KK T 0 0 F 8 mL /K, 20 K
2950y, ArBE TR 78 3 500 B HTAs T,
PR B4 B TSI pH 244 F ) 60 mL Z& v
W, R AT A SR AT 3 4
FEARRS T E 1 B[] s AR 2G5 85 N BRLER 1.5 mL ¥
W, I AR 480 nm Ak (52 HMIR AL, 11545 2 H
DOX MBS . MORRFS YRR R IR US| B
UCIBURE S 1) 25 2% PR RN ] 2% 424 1 458 S i 11%) 2%
ERVAW . LIS IR R 24 S B0 ) 28 s i AT ISR B 1) 24
Yoy ¥ R R BRI .

1.2.8 P(MATIB-co-MBA—co—GMA )-FA—AuNP 4
KBTI e RO ILRETOL R
B WLEZ 7 %% DOX AY P (MATIB—co-MBA —co—
GMA ) -FA-AuNP KK T 19 AMEE /1, DL fa#k
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DOX f¥) P (MATIB-co—MBA—co—GMA )—AuNP 4k
R AE R XS B 2 R MR BE A 1 we/mL B 17 2%
DOX [ P (MATIB—co—-MBA —co—GMA ) -FA -AuNP
YKk T F P (MATIB—co—MBA—co—GMA ) —AuNP
9[’9%6&% 5 NFLIRE MCF-7 4195 0.5 h )5, 18
RN BIBEIES . 2 R4 5)
meml TRYN RN 114 e 240 e )
1.2.9 P(MATIB-co-MBA-co—GMA )-FA—AuNP %
KR FIAETENE K114 DOX ) P(MATIB—co—
MBA-co ~GMA )-FA—-AuNP Z4Kk; 71 P(MATIB-
co-MBA —co—GMA )-AuNP Kk 744 I A [H] DOX
W EE L — RN BTGRP, LAiFES DOX
RO IR
NGBS A0 MCF-7 3535 T8 10%J16 45 175
FBS 1 1% /%% 2 40 e DMEM 532+, 78
5% C0,.37 CHIRFEM PRG35 B MCF-7 414424
B3 5 000 A4 AR B H2FP T 96 FLAR T, 7EHE 57
SR 1 d )5 — R YRR B P(MATIB-
co—MBA —-co—-GMA ) -FA-AuNP 24 KK T i A
Horp, fER AP 3E 48 h J, BFLINA 20 uL
MTT W, AREE35SR 4 h 5 FERFRY I 5E 490 nm
WA A WA, 4228 20 (3) T3 1 3R 4 1 A X
AR, KT+, # 0.01,0.05.0.1.0.5,
1.2.5.5 pg/mL A9 DOX ¥ B2 73 Bl A B Kb+
AN DOX SR 2] MCF-7 4R, JF i IR
IR I LA A %
W = (A-Ay)/(A-Ay)x100% (3)
Horp WA AR X 2 AT 6 A R SR LI
{8, A A2 FHFLIOGIE, A, 5t FRFLIOGAE
2 #£R
2.1 HAK{LA4 MATIB #9 & 4E P24 MATIB )
A BERE R ARG AR S S A T 2RAE , QN 17
JoL '~.A COOH 0
f_\
NH—( I
Y 3/
MATIB

+\\/

MBA

EDA EDCFNHS

7, TEHCAE R F 1.95 ppm b H B —CHS 18 5 7,
5.92 ppm £ 5.56 ppm &b HiFE =CH, ) 5114, 8.35
ppm At B Ar—H &b /Y 5T F 14 ,9.93 ppm A Ar-
COOH WAy FTFi%, 13.95 ppm H-NH-H Y 5T F-14 .
DAL T D2 35 P o] AR 52 MATIB A5 44

0 I COOH
':,’c\ M\NH{%—I
e a
CHy / o
a 1 H =
c c o
d o
b b 7 2
= o =
e .rf o
© £
4 ‘ 2
-
l i i
- Y Y . Y
g e s gs s
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Fig 1 'H NMR (400 MHz) spectrum of MATIB in DMSO-d,
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K2 iR, Sok 3-EHE-2,4, 6- =R H R Ut T H
AWk, SEITHTRAEMBKLED
MATIB., FRKH 5 MBA 1 GMA @ iiE B4 5
PEATHEIR RN, 15 3 AT S I 25 48 13 T A7 A S 0
A 5 R B KR+ P(MATIB—co-MBA-
co-GMA )., SRJGiE it EDA fEN KR TR 5] A%
B It —aEd EDC 466 RK FA 43 B TE
ok 72100, 155 P(MATIB—co—MBA—co-GMA )—
FA ZKbF o B, 858 R AR g AR s o7
DUFL AuNP, 53| P (MATIB-co-MBA-co-GMA )—
FA-AuNP 4KK; 1.

o

“\f + ‘\H,/LL 0/‘\\ o NBN

GMA P[MAT!B-co-

MBA-co-GMA)

HA.uCL
NIBH.

" FA -

: -
P(MATIB-co-MBA-
c0-GMA)-EDA

b d
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Fig 2 Schematic illustration for preparation of P(IMATIB-co-MBA—-co—-GMA)-FA-AuNP nanoparticles
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2.2.1 TEM #AE & 3 a0, fr il & 9 Kok 1
B REDEHE KN — BRI A B4 155
Bt . P(MATIB—co-MBA-co—GMA) 4N KA T~k
h 102 nm, MFREBM T FA 55 FIFUIRT
AuNP J&5, i3y P (MATIB—co-MBA-co-GMA )-
FA-AuNP 4K 4002 R 135 nm, FF HAFEH:
L ATREE I A1 3 A AR AR /N T 5 nm Y AuNP,
222 FT-IR Y& UV-vis WIOEE P (MATIB-
co-MBA-co-GMA )G KA F1 P(MATIB-co-MBA-
co~GMA)-FA-AuNP ZKHbF () FTIR Y&iEF1 UV-vis
WOEHE  7E P(MATIB—co-MBA—co—GMA )4 KA1
[ FT-IR Y& P rl LB E 1657 em™ H1 1517 em™
Ab 3 5B T8 T BRI A TR Y C=0 P 4 Pk sl g
FUN-H (925 M4k 2l , RO IERE 1 2 FIIBERG 10 8, 78
1731 em™ A0 BE T & THREEAY C=0 itk i,
M5 FA S FEZIFVIBT AuNP J5, FifSm P

(MATIB—-co-MBA —co—GMA ) —-FA —AuNP 44 K Hi T
H R SEE TRREEN C=0 M4aiRsnEi k- HIg T
Tt fig 5 A %) P 145 R T A R 0 i 67 B A R AR T
k%, VLB FA J3—F3 3 FE RS Rk o) 18 1 2 40 K
T, 78 P(MATIB-co-MBA—co—GMA ) 4K i 1
[ UV-vis BIOETE R AT LUE 3, 78 250 nm A H B
TJE TR R PR IR R R R RS, 7R
B FA 43 7)., 7E 304 nm 2P T FA 43 TS
7 PRI s A LIS FA 0 T-7E 280 nm AL A I
WEZTH2 T 24 nm. 7E P(MATIB-co-MBA—-co-GMA )-
FA-AuNP 4K 71 UV-vis WHOEE AT 500 nm
ZEAT)E T AuNP A IRSCIGER HA 55, 7T BE R T4
FE AR IR A RRIE RS I A 55 T B8 1T ARk
IRSLHLR R A RRAE TR S0 IR AE 226 nm Ab, &
AT 24 nm BYEERS, TTRE AuNP FUTELV S EUL 58
AR R B T —EBRENE T 4),

3 P(MATIB-co-MBA-co-GMA) (A)F1 P(MATIB-co—-MBA—co—-GMA)-FA-AuNP (B)44k#i F# TEM B &
Fig 3 TEM images of PMATIB-co-MBA-co-GMA) (A) and POIMATIB-co—-MBA-co—GMA)-FA-AuNP (B) nanoparticles
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B4 A.P(MATIB-co-MBA—-co—-GMA)Z KA F . P(MATIB-co-MBA—co-GMA)-FA-AuNP ZKHFF1 FA B FTIR 3tit; B. POMATIB-
co-MBA—-co-GMA) KK F . P(MATIB—co-MBA-co—GMA)-FA KK F . P(MATIB-co-MBA—co-GMA)-FA-AuNP 2K FF0

FA #J UV-vis IR SETE

Fig 4 FTIR spectra of P(IMATIB-co—-MBA-co—GMA) nanoparticles, P(MATIB-co-MBA-co—-GMA)-FA-AuNP nanoparticles and FA (A) and

UV -vis absorbance spectra of P (MATIB-co-MBA —co—-GMA) nanoparticles, P

(MATIB-co-MBA-co-GMA)-FA-AuNP nanoparticles and FA (B)

(MATIB -co -MBA —co -GMA)-FA nanoparticles, P
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223 KRS Zeta AL WNFE 1 w25
PRGN AL FIRO R EE AT A G 2 A 7K 71 A2 (D))
PI/NT 200 nm, H o TEM B8 F o B A5 AH R 44 K4
T B BIRLAR (D) i K, 302 BT 45 90 KR 178
KW I — BRI TS [FIRT, 420 BF
PRGN AL T TE K I W 34 B AR R RLAR 3 A,
PDI {8 0.002 ] 0.077 Z[EIA%E, JERHRTHIE P
(MATIB—-co-MBA —co—GMA ) —=FA —AuNP 44 K ki T
RARAE R 45), HAEKIE R BA TR0 it A
Zeta LN FRAELS T LIB H , P(MATIB—co-MBA~
co—GMA) 4 KK T 1Y Zeta HLA Hy(=51.322.1 )mV,
e FHREEA RERIEMA T, Y4
5 EDA #4525, R KA T = H, Wi
Zeta HLOZ 78 K (-16.240.4) mV, B W IE [ 85 , 150
W] EDA ®ERLINE [o EM T FA 53 F e, H AR
F(-49.3£1.4)mV,iXJEH T FA 7 FA WA R A,

F1 BEYNBRAKE TN NESM Zeta BLLIF AuIRE

W ULy FRIES EARMRAHE, ORI o R
e B Zeta LV XA M #25)

23 ARETFe MR

2.3.1  fRAN X ZeaEuk P RE L ICP-MS A& 45
#| P(MATIB—co-MBA—co—GMA )—FA ZHKHK0 T 71 A9
I &3228 47.9%,P (MATIB-co—-MBA-co—GMA )-
FA-AuNP 40Kk TR T S H200 31.9% ,Au &
TN 12.6% (1), LIANFEIR T EEBCH]— R 519
Fh AN AL B W, SRS #E4T CT &, 52 HUR B
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Tab 1 The size, size distribution, Zeta—potentials and content of I and Au in nanoparticles from every step

Nanoparticles D,/nm Dy/nm PDI Zeta potential/ mV Content of 1 /% Content of Au /%
P(MATIB-co-MBA-co—GMA) nanoparticles 102 134 0.002 -51.3+2.1 — —
P(MATIB-co-MBA-co-GMA)-EDA nanoparticles — 136 0.015 -16.2+0.4 — —
P(MATIB-co-MBA-co—GMA)-FA nanoparticles 123 143 0.044 -49.3+1.4 47.9 —
P(MATIB-co-MBA-co-GMA)-FA- AuNP nanoparticles 135 154 0.077 — 31.9 12.6
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Fig 5 Relationship of X-ray attenuation with I concentration in P
(MATIB —co -MBA —co -GMA) -FA nanoparticles and P
(MATIB-—co-MBA—c0-GMA)-FA-AuNP nanoparticles invitro
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Fig 6 The drug loading capacity and encapsulation efficiency of P (MATIB-co-MBA-co—GMA)-FA-AuNP nanoparticles with different initial
DOX concentrations (A) and the DOX release from P(MATIB—co-MBA—co—-GMA)-FA-AuNP nanoparticles under different pH values (B)
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Fig 7 Confocal fluorescence microscope photos (a—f) and the flow cytometry results (h) of untreated MCF-7 cells, P (MATIB-co—-MBA—co—-
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