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Abstract

Liver cancer is one of the most prevalent malignant cancers in China with high
incidence rate and poor prognosis. The effective treatment of liver cancer is still a
serious problem in medical fields. The emergence of nanotechnology has brought new
hope for liver cancer therapy. Inorganic nanoparticles, with a variety of features such
as good stability, monodispersity, large specific surface area, and easy to modification ,
have broad applications on drug delivery system.

We described the smart and targeted magnetic nanocarriers to control the delivery
and release of anticancer drug doxorubicin (DOX) in vitro and demonstrated that they
can exhibit much higher cytotoxicity to cancer cells than free DOX. The conjugation
of targeted magnetite nanoparticles (~14 nm in diameter) and DOX molecule via
acid-labile imine bond endows the nanocarriers (Fe;O04-DOX) with two advanced
features: magnetically controllable and pH-responsive. The cell toxicity assays
indicated the pH-sensitive magnetic nanocarriers (ICsp of 0.41 pg/mL to HepG2 cells)
have much higher anticancer activity than free DOX (ICsy of 1.32 pg/mL to HepG2
cells). Moreover, the magnetically guided delivery of nanocarriers can further improve
the drug efficacy under external magnetic fields. This intelligent (magnetically guided,
and pH-responsive) drug delivery system has the ability to improve the
chemotherapeutic efficacy and reduce the side effects, which has a great potential to
become a favorable strategy for delivery of drugs to the desired sites in patients.

We also designed and synthesized Ni,As@SiO, nano-drug for liver cancer
treatment. The cytotoxicity of Ni,As@SiO, nanomedicine on HepG2 cells is three
times higher than that of conventional As,Os (ATO) probably because of the increased
uptake of nanomedicines in tumor cells. Affibody is a special class of protein binding
ligands and has many advantages over antibody, such as small molecular weight,
strong affinity, high stability, and special modification sites. Until now, affibody has
not been studied in liver cancer targeted therapy. We obtained Affibody Zggrr:1907
targeting molecules which have high affinity with epidermal growth factor receptor
(EGFR) overexpressing on the malignant tumor cell surfaces (including liver cancer)
by recombinant cloning techniques. We combined Zggrr:1907 With the Ni,As@SiO;
nanoparticles to construct a new multi-functional nano-drug, Ni,As@SiOz-ZgGrr:1907,
with targeting and drug releasing abilities. The cell toxicity assays indicated that the
targeting nanodrug (ICsp of 2.5 pg/mL to SMMC7721 cells) has much higher
anticancer activity than non-targeted Ni,As@SiO, (ICsy of 4.6 pg/mL to SMMC7721
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cells). Moreover, like free ATO, Ni,As@SiO, and Ni,As@SiO2-ZgGrr:1907
nanomedicines can induce tumor cell apoptosis and differentiation, and reduce cell
migration. Ni,As@SiO,-Zggrr:1907 dramatically potentiated the therapeutic efficacy
effects of ATO and Ni,As@SiO; in vivo using an H22 tumor mice model. HE staining
results showed that nanodrugs have no damage to normal organs. We believe that this

targeted nano-drug will open a new way for liver cancer therapy.

Keywords: Nanomedicine, smart, pH-responsive, magnetic control, affibody,

targeting, liver cancer therapy

Vil



H>x

1. PRS0 NN K 25 R LR BRI T e, 1
|0 1= OURRSRTRRPOO 1
Lol L FTFTTTE S ettt 1
Lo L2 N BT ettt ettt e e e eneeaeeae 1
1.1.3 E N AMIF MRS . R BT ST FEARIE oo 1
L T B T T ettt 2
L2 SR B3 ettt ettt ettt et et 3
L2210 SZIE A et 3
1.2.2 Fe304-DOX KBTI TH B FLSZRAE oo 3
1.2.3 Fe304-DOX HIRBFETERGIN ..o 4
1.2.4 Fe304-DOX BRI ..ottt 4
1.2.5 FG304-DOX E@EZQD@& .................................................................................. 4
12060 B R 0 T e 5
L3 T AT T8 ettt ettt eaens 5
1.3.1 Fe304-DOX ZHIKZEM oot 5
1.3.2 Fe304-DOX A 23| HepG2 AHEAER oo 6
1.3.3 Fe304-DOX ELAT BRI BE TT oot 7
1.3.4 Fe304-DOX EL AT LI BE T oo 9
Lo ZRTBITZINEE oottt ettt 10
2. Ni,As@SiOr-Zegrr: 1907 AIAK 2590 ke 5 12 FL3 e VG T VE R FC oo, 11
2L B B ettt ettt ettt e et et en e eeesaens 11
2L L FTFTTTE S ettt 11
22 B T et 11
2.1.3 E N AMIFFEMEDL . TR AT ST IBAR I oo, 11
2 T T T et 15
2 T3 et ettt ettt r s eennan 15
221 SEIEIATE e, 15
2.2.2 NiL,As@SiOx AR ZGMN I G IR oo, 15
2.2.3 GG AT ER TERG I oo 16
2.2.4 BB ) S BRI T oot 16
2.2.5 Ni,As@SiOr K ZGWNHIAE RN DI EEAL, oo, 19
2.2.6 AR ZG AN - AR B AR R IATLEIE T e, 19
227 BRI oottt 20
2.2 8 B R T e, 21
2.3 A R T U8 e, 21
2.3.1 NLAS@SIO0 ZIZKZEMN oo, 21
2.3.2 ARG Zegrrioor XA M E A FEI Mo, 24
2.3.3 Ni,As@SiOy FIFEFIIHARERL oo, 28
2.3.4 Ni,As@SiOx-Zgarr:1907 ¥ FFRE AL AT LTI RAT T oo, 28
2.3.5 G2 WA - AR B AR KR FATLE oo, 29
2.3.6 K2 RAMHEIN BRI AE T oo 32
24 ZREBITZINEE oottt 34

1



B B TCIAGE oo, 40
5 JEBETAETE I oottt re e, 40
T A A R R R IE TN 838 et 42
T 5 AL R B T R Ty 28 ettt 43
1L S AR R B A B R BB Dl e 44
A T T ettt et ettt et e ettt ettt ettt ee e erenne 45
FBE ZRHIIIE ettt ettt et n et er e 46



1. BRI S PRGN K 259 B 1 3 K L AR RERIE T

11RTE
LL1IRE X

PP B f o WL R 2 —, RO, BiUE 2. HHE R DI, 1R
e R A %99 EUAE R B iR R o R A LSS W AR T 7RI AR — B R S Ak
P A, AR FAR B H B LA R T8 A B o L AR BRI JE e ot
TR ARSI T T e R AR R R 4 A2, SR — AN RS2 i I S e A ia T T
—RIRTT RSt MR SR O RN LR eGR4, KT
27 — AT SR S — PR KA RE, D900 I X — T B (13842

1.1.2 M AR

ANHIFER T — P EL A B L AT 3 D T BE A 9K 2459 o RENE 40K 3 A
AL BRI 82 )AL 2 S PR DOX, - i BT R S5 M A Bl A o (I p A A1, 3
FRAR ZGWIAE 1L B AR B BT OB TR 2 D, e T LR RER %, 5 S
BRI 2 . DOXALEN N 3 B AR T SRR TR 1K D gt DR T e 4 P T 245 178 i) 7t
PR RE % o X PP ANRRTILAE S T35 F 10T 5 AR 25 W) ezt 218 20 M BT,
R EA N A, WS TR RN XM RGO R A, B
RS AR KT LU I 9 RN, 4 R R UM S e A 4L [ BE N B R Az i, 7l )
FIMRIXS it e A 2 AT SE R Z W, PP FLT 728 R PRGN RRORL S B 25 9)
(R IRAE 2 I AN K 25 W0 B D9 e O 2 W A T T e — B i@ Az, Nt S
TFAH — ARG YIRS AT

1.1.3 AN RN KRS B S K B8

LA SR G ITRLE A )32 T s va 7 i 2z s e U, R I ia
7 AR RBURL AR EZAA NG REW . VR T AR 9K BTRL 2
RIS AE T EATR LR s 25 W) 0 AR R 3R, i/ RO 4 oK 3k

(10~100nm) ] 8 o 38037 14 3 i A1 453 208, (EPR, Enhanced Permeability and
1



Retention) K 2544374 &l 4 ) 3 fibpg 000 by T g O 58 % i 1 Y g
(I pHAEE AR ®, T FH BRI ] L 10 40 K R I A — 2505 245 00 80 T AR 2 e 88 0
A7, BT R DR I o T O ) A A A S K 25 Wt R 5 v H O,
{E H AT CARIE I T 29Pis S I B Be 9K BR B IR B2k, A8 29 i 2B v A
A, b,

T O K OR R HE A B AR AE A B D T B Tl s 5
= AFERSF RGO B A FRFE: 55, BARmRAE, vl oy
MEARIE R 38 =, RINAA B X EBRR R O 2 N T4

EEZ SRR T (BT AEEIE, EMor B, S FRug, Huinr s 202,
AE IR SR P AE PR RE , 3 FLAE 70 7 A ZKCF B RS AR 12 I 5367 1N
BN BERS 20 SR T A L T 2 R AT YOt e R SR R M G
PLAARRLRL, IFIER] TR ZROCHEEGK AR AT 24 P BEAT <P AL W iZis
SRR, Ry oy T A SR E B 5T TR AR PR A R R
AN KL AL 17 25 B AN TR R T S0 T 8nigde, S FeRx ] R BRER B &
PR TR, Cchsemk 7 T/ TR RIS, 45 3 Bonmk 5 & Vi
PERURL R AT RAF 4B e, el aill, 1ZI8E0R Cilid R EFDAGIE.

AN B 2 AESRAE B2 BT AN T 7 5507 T S8 T F Rt , P seBliZ Wria T
— R, SR AR 12 W) R U RS HHT A IS 2R YT, R T 5 g
[ % JR 34 SKUP% 20 R P i oK UKL T 1 Sy e 25 M i A, S s B )
FEHE I, AR08 S, SRR AR R EA RUEM, IR AT 2R A
P, IEPIEAL SR RERITRCR, & B IR AR AR R T ROR Bt
AT S MO, DRI R 0 KBRS 1 T 9K 254 B AT S BRI T R XL
BB, AT — R,

1.1.4 FEQIH =

AT SUA P R AL 238K DOX SREMEGIARIBRL Fe,0q % HE, MR T RH
HEFBRW RIS F R R BT B RO AW, SRR, B iRA
THPREVMA R, FRFEST — SO It RS R .



1.2 SEE R4y
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Fe(acac);» ODE FUHAZIAT Alfa A#] . DOX IEFAb st BRI AR A
H].  DSPE-PEG2000 &I T 3 M EAEMEARGIR AT .. Irfdii 20T E
Rl B b v 2 i 7

1.2.2 FesO,-DOX GKZ I e it & B RAE

K I LS 45 FesO4 PIKBURL, ¥4 2 mM [f] Fe(acac); T 10 mL ODE
A1 10 mL i PFHRAERF, 110°CH# 1 /M, PR % 300°C, 4E%F 2h.
AHEIA 40 mL LB, 6000 rpm B0 4 B UTiE, HIE ki 2 RS 3 UG
HEHOBTIECkE T . K 10 nM [ Fe;04 21K 555 1.8 uM DSPE-PEG2000 fi%
7E 200 pL SR 7R, RIGTERS T E, R EE T KR
AR AR, H DSPE-PEG2000 F&H4 & B IIAKRLT- 56 NKAH, Al
HB 598, FRERRE G ARETRER] . & B 9K BRLE T NAP-10
(GE) ZEHrHglifh. & B gk Bohn 47 B R I RAE, 33 5Tl B 22 40
DKL) B3 BOME RIABUR R /)y s SQUID Wl M-H 2R, 75 21 9 K S0k Fr) v L
IS AR R DOX Gy AT il B I 4S5 FesO4 9K UKL 2 1 (12 2%
B (B 1.1, ZHE S REEE SN AT R B R L s . BAR DR e 4
10 nM 1] Fe;04 ZKBR 5 10.8% (w/v) % . BE7E PBS(pH 7.4)¥a R iR 21, T 25°C
DA 2h, FEd NAP-5 1 (GEYK 2RI £ REH & DOX (1
mg, 1.7 umol) ] PBS RN IR 4G 5 178, [FIFE T 25°C Mg A HE 2 h,
i /33 Fe;04-DOX 9K ik, Fl NAP-5 FE4lifk . 7 5 e eE I8 82 0 Kok 1 f 2
SrHUHEFIBURL R /N BT DOX 7E 485nm I HF e W Ui, mm ik 2640 m] ook
it (Beckman DU 800 UV-Vis) 43T DOX & 75 il I %2 E| Fe;04 99 KMk L,
Ht SRR R PR BRL_E ) DOX &

== == H { . A H H 000
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1.2.3 Fe;0,-DOX 4 f 25 P A% il

HepG2. HeLa4llfis & 10%M5 4 [ML7% (FBS, Hyclone) DMEME; F# 55 5%, B
T37C, 5% COEEFRAA Y o MTTIEHFLYNK 245 ) Fe;04-DOXONT JH-Jie 41 il 1 4
FhE. B E Fe;04-DOX 5 FIDOX NS AT i 411 fr1 - AHIIKE (ICs0), 23 #r
ANHEZYFHE AR R, AR BB  7T . B x 104l
72 T96 LAk, 7E210% FBSHDMEMH i & 12h, FHPBSEE2K)E, IIA G M)
Bt 773 (FHEPBS4L. DOX4L. Fe;0,-DOX, & WidL s Za ik EEth i,
FH IR B B AL TAT RIS ) 559524 8548h, 2 5 KRR 4% 50.5 mg/mLMTT
[UDMEM P B4 ho MR 96FLAR 1 I ES 77 E NN 100 L DMSO¥EfFITIEY), H
i KR4 (Thermo scientific)ill & Ff 5hAE492 nm R FIWRIGAR, 0 BT HEAS [H 25 0t
M K IC 500

1.2.4 F9304-DOX B‘J@nﬁlm

(1) Fes04-DOX R B 4 R

I ANA] WG EE (Beckman DU 800 UV-Vis) 74T Fe;04-DOX 44K itk
TEARTA pH 2 TR RS DOX & . HL 0.5 nM Fe;0,-DOX 43l E &F 700 uL
PBS 22 (pH 7.4) FMESER LM (pHS.4) 1, T 37C/KIBEHIHE, o
AN[AIA 8] A 45 HL 100 pl 9, T 14000 rpm 250 20 min, 785 & 2 9K Bk,
WA I DOX,  ZOtGIENE DOX & &, &R 3 K.
(2) Fes0,-DOX I\ Bt 72

07 1x10° /> HeLa 40800 T 35 mm oI REM A b emE L%, Hn
294k S35 77 30 min B 260 min, L4 (DOX 4H. Fe;04-DOX 41, DOX
WREEYN 2 ng/mL) , 2 J5H Hoechst 33342 (5 {4). LysoTracher Green DND 26

(S0 YR X 2P0 & B E A0 AT AL . TR A . Yt fE

PBS ZzPiBGH YA 3 U, F 0GR fE (Leica TCS SP5) 73 At 24 532 A\ 4H i )

1.2.5 Fe;0,-DOX I REmH B

HL1x10*NHeLadll o35 55 T-96 LM, 7£7710% FBSIYDMEM 5 & 12h,
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PBSYE2IKJG, MIANE LIRS 7Rk (W EPBSAL. DOX4H. Fe;04-DOX4,
JE W YIRBERA R, AR RIVR BE R AL PAT IR IR AN RIS 5 BE 1 /)
15 5(400, 1000, 2500 G) & T-964LR 1) 77 80T J7 dk2kii Froh, ¥ /ML
Bk, BolEER & 2R R R 77 18h, 4 Al # P FIMT TR 04T

1.2.6 BTGt

AR ST 53 K H Student’s t-test, *AXFR LI 55 x0T FRA 5 22 #3225, p
<0.05 (*), p<0.01(**).
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1.3.1 Fe;0,-DOX @iK25%)

T A RS AR B T FesOu KRUNL, K Fod it 2 2 BT AE VI A%
ATHRENIKAE, B AR AR A AR LR T SIS B e ], SEIL R T m] 121
Yo XE BURI RO IBURL AT BAGARR PE R AL, 37 I A BE 45 R BH KR T B 43 ik
PR UF, FOk K/ N8 12 nm (B 1.2A); SQUID Ml M-H #i2k, {EBH & /) Fe;04
Ak Wk BAT SR ABIRRAYE, M = 55 emu/g (B 1.3). FATERH T —HKNR
I FesOg AR BURL, B R T RENE 200 B, IF BA R BRI AN S8

B AT R B B 25 DOX 5 FesO4 YK BRI R R EH: . &
O LB 25 TR A G K 2 Fes04-DOX AT BUME R AT, 234 i J5 9 oK R (1)
RANFERAA (B 1.2B). AT WSS DOX 7E 485nm FIRFIEMR W ith £&

(F 1.4A). E 1.4B H IR Fes0,-DOX 40K 2545 DOX fEAM [FIfL B H AT RHE
RS, IERH DOX CRIhIER ] Fe;04 9KIRL o #1125 FesO4 FITE SIRIN,
R4 DOX HGIE Rl 24, FATTHEAFH Fe;0,-DOX L) DOX IKJZL) N 24
ng/mL, BJ—ANgRKZ5W) FiEEA 45 4 DOX 401
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1.4 RAa] WU TE R . Ar AEIREDOXTE485nm AW IS G 1 il 28
B: PBS i, DOX. Fes04 & Fe;04-DOX 148 40T WG ISt B o

1.3.2 Fe;0,-DOX A %3 HepG2 44K

BATV 1Cso FIEAR R Z40 FE AL HepG2 IOZNMAEETE, MTT VAN E AN
25 HepG2 FHEZINLIY 1Cso (24h). SEBa%h HA W IKFl Fes0,-DOX 49K 254

%t HepG2 B AR TENME (1C50=0.41 pg/mL), = DOX (ICsp=1.32 pg/mL)
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