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Abstract

Investigation of multi-functional nanoenzymes

for synergistic cancer therapy

Major: Nanobiomedicine;
Ph. D candidate: Shiyan Fu

Supervisor: Yuejun Kang

ABSTRACT

Compared with natural enzymes, artificial nanozymes have been widely used in
catalysis, medicine, biology and other fields due to their higher catalytic activity and
physical or chemical stability. With the rapid development of nanotechnology, the
excellent physical and chemical properties of nanozymes make them not only
substitutes of natural enzymes, but also multifunctional nanoplatforms responsive to
many environmental stimuli. Recently, extensive efforts has been focused on designing
nanozymes that can react with one or more tumor microenvironmental cues. For
example, nanozymes can respond to variations in acidity, hydrogen peroxide and
glutathione concentrations, and oxygen levels. In addition, nanozymes can be also
excited with different external stimuli, such as magnetic field, light, ultrasound and
microwaves for synergistic treatments. Taken together, tuning these factors properly
may significantly increase the effectiveness of nanozymes for cancer diagnosis and
therapy. Therefore, if the catalytic capability of nanoenzymes is introduced to a
stimulus-responsive nanomaterial, it may open up new horizons for cancer diagnosis,
therapy, and imaging.

Nanozyme-mediated chemodynamic therapy (CDT) may produce cytotoxic “OH to
kill tumors through Fenton or Fenton-like reactions, independent of external stimulation
or oxygen levels. Many CDT agents, such as the iron-based nanomaterials, transition
metal ions (Mn?*, Cu?* and Co?") and organic metal frameworks (MOF), work only in
strong acidic conditions (pH = 3-5), and the generation of *OH is vulnerable because of
high levels of glutathione (GSH) in tumor microenvironment. In addition, the efficiency
of the CDT therapy is limited due to the lack of catalytic substrate H,O>. Therefore,

efficient and stable nanozymes to domesticate the otherwise unfriendly tumor
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microenvironment are highly desirable to improve the therapeutic efficacy.

Tumor microenvironment naturally promotes the proliferation and metastasis of
tumor, making it difficult to cure cancer with monotherapeutic modality. Interestingly,
recent studies have shown that nanomaterial-mediated light, sound and chemotherapy
may induce immunogenic cell death and release tumor-associated antigens to dendritic
cells. Many researchers are developing various "nano vaccines" hoping to realize
artificial nanomaterial-mediated immunotherapy. Inspired by these findings, we
designed and prepared a class of multifunctional nanozymes that can specifically
respond to tumor microenvironment and improve the efficiency of cancer treatment by
combining multiple therapeutic modalities.

This thesis work includes two major aspects as described in the following:

1. Application of a self-depolymerizing CoO@AuPt nanozyme clusters for
enhanced CDT

We designed and synthesized a novel hollow CoO@AuPt nanozyme using Co as
sacrificial templates. The resultant CoO@AuPt exhibited high biocompatibility and
stability in physiological conditions. After accumulation in the tumor site due to the
enhanced permeability and retention (EPR) effect, CoO template can be gradually
degraded into Co?" in the TME with high acidity and over expressed H,O», inducing the
release of Au/Pt nanosatellites. Decent stability and TME-clues responsive property of
CoO@AuUPt not only protected the tiny Au/Pt nanosatellites from clearance during
long-term circulation, but also increased their penetration depth in solid tumors after
acidity-induced disintegration. while the released Au/Pt nanosatellites facilitated
versatile enzymatic activities. Firstly, Au/Pt nanosatellites worked as a GSH peroxidase
by converting GSH into GSH disulfide (GSSG), which tremendously mitigated the
issue of GSH-mediated ROS consumption for CDT. Secondly, a higher amount of
intracellular H2O, was decomposed into O; and * OH through the catalase-like and
peroxidase-like activities, respectively. Thirdly, the strong GOx-mimic activity of Au/Pt
nanosatellites caused a dramatic decrease of intratumoral glucose level in the presence
of O, and produced a large amount of H>O,, which in turn enhanced the generation of
Oz and "OH. Such cycle-like glucose-depletion and H>O»-repletion mechanism not only
boosted tumor starvation but also dramatically enhanced the CDT outcome by
enzymatic self-supply of H2O». These findings suggested that the hollow CoO@AuPt
had multiple enzyme-mimic functions to ameliorate TME for highly efficacious CDT,

which may also inspire more strategic designs of inorganic nanozyme for biomedical
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applications.

2. Applications of a self-enhancing CoFe:O4 nanoenzyme for combination
SDT/CDT/Immunotherapy

In this work, flower-like CoFe>04-PEG (CFP) was obtained by modifying PEG on
the surface of CoFe>Os, which was successfully designed and synthesized by solvent
thermal method. After intravenous injection, the CoFe2O4 nanozyme reach to the tumor
area through the EPR effect. Firstly, the cobalt ferrite nanozyme has peroxidase-like
activity, which can response to the expressed hydrogen peroxide in tumor
microenvironment to produce hydroxyl radicals for CDT, on the other hand, CoFe2O4
nanozyme also has catalase-like activity, which can be used to decomposed H>O>
producing oxygen. More importantly, the CoFe>O4 can also be an ideal candidate for
inorganic sonosensitizers due to its small band gap energy. In addition, its catalase-like
activity can catalyze hydrogen peroxide in the tumor microenvironment to produce
oxygen to realize self-enhancement of its sonodynamic therapy (SDT) efficiency, thus
overcoming the problem of oxygen level limited the efficiency of traditional inorganic
sonosensitizers. The synergistic therapy of self-enhanced SDT and CDT is realized by
CoFe2O4 nanozyme with US irritation. We also found that this nanozyme-mediated
therapy modulates metastase-associated proteins to inhibit tumor metastasis and induce
cell immunogenic death. Therefore, the combination of PD-L1 antibody with CoFe2O4
nanozyme with US irritation can effectively inhibit tumor growth and metastasis.

In summary, we firstly designed an multifunctional nanozyme CoO@AuPt to
address the low efficiency of many traditional CDT therapeutic agents. The enzyme-like
activity of CoO@AuPt can specifically respond to a variety of tumor
microenvironmental cues, which can remarkably improve the efficiency of CDT
treatment. We further designed an cobalt ferrite nanozyme, which is not only very
sensitive to tumor microenvironment but also can take advantage of external acoustic
stimulus and immune inhibitors to inhibit tumor growth and metastasis. Based on this
novel nanozyme, we demonstrated an evident synergistic anti-tumor effect in a mouse
model by combining CDT/SDT/immunotherapy. This thesis work presented an new
strategy and solid experimental evidence for the design of a multifunctional nanozyme

for tumor diagnosis and treatment.

Keywords: Nanoenzyme, Reactive oxygen species, Tumor microenvironment,

Chemodynamic therapy, Sonodynamic therapy
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Figure 1-1 Fe304 MNPs show peroxidase-like activity!'?l.
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Figure 1-2 UV-vis spectra of gold nanoparticle (GNP) sample synthesised by y-irradiation of

Au(III)/citrate solutions in the presence of dissolved oxygen (air) or Nitrogen!!3l,
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Figure 1-3 Schematic representation of Brust-Schiffrin method for prepared gold nanoparticles!
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Figure 1-4 Typical SEM images of Au@PtAg NRs with Ag/Pt ratios in the alloy!'!
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Figure 1-5 TEM pictures of mesoporous CeO> [19],
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Figure 1-6 Procedure for the preparation of Fe3sO4 nanoparticles by the controlled chemical
coprecipitation method!7],
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Figure 1-7 The CuzMoS4 multifunctional nanozyme was prepared by templated method!'8.
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Figure 1-8 Preparation of heteroatom dual-doped metal-free carbon nanozymes!!'’l.
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Figure 1-9 TEM images of MOF-8181201,
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Figure 1-10 Catalytic mechanism of Au nanoparticles as glucose oxidase mimics??.

20154 Gao 518 1 25 FEVZ B R RAGHIE L. Bl MAE RHASER LR
R LA Bt T PEATL )., B0 < Je v W PR 1) 0 J5 7~ 205 7~ LT Brronsted-base F41E
EATRERS I I 7 5 h iR IR VE A E N AL ). L b, CARUEY] T B &E
AR TSR AR ERE T, BE AL — LA 4

PRIk, 5t < Jm S S ALl AL e 2509 T T A A S s R 123

0,=20% (1)
O*+S—Hy0*+ Sox (2)

MR U, SRR E RS TR O T, RGO T WNEAINTMB
PR MER PRI, SEROX R EAL . EREADN RN T, 5 JmR I AL
. BT ERESTHERY, 2530 5 A MR B A T BA AR HAE A = Be
BIWEY), FIEBRTEARER. 4 30, BfFREE AR TN, BT
30, P BB o* BUIE O B ) BT S, B SRS R I
il BT IR . BN TR R TR R LR, SR L E
) BRI 2. B, XAEFREAR FREFEN 30, B RIeE, AR
MY R AR T AR B e E e R, XANESR T LS A U S R A AR
€ HIARRAPEAL ). X VEMLRRE 1 D% & 1) SR S AL BT PR O RS U

A — L A AR R I A A R 1 ER AR EE Lm0 S e i A
PE, 514 2014 4F, Tremel At (1) R FHEHER] T EAFZM4 T, 4PKE M (MoOs)
HA —Fh RO IR £ F AR, AR #h 8L (SuOx) e —Fhf T-Zekifk b
2 EHmE, P LM F TG IR #h A R IR 2R, AN ER ¢ 2T 32K, SoOx

10



B1E 2R
EA A RS A TR L, IR ERZ P RE B L8, T AL B XA kT
HE A it R 6 S P B SR I 13 AR VR T T . LA R ER NI 1-11. SOs* H 4B
MoOs AR &, IRJE BN SO.>, Mo MBI o R Py~ 1
etz bk, et TR Bnem A, R T OtRgE.

H20 + 8032' H + 8042'

S o

O M
[Fe(CN)¢J* [Fe(CN)l*
OH
OQ. I v
Mo, 4
[Fe(CN)sI* S [Fe(CN)g)

El1-10 RS R 2T HRES 2h FALEEIE M HLH12),
Figure 1-10 Proposed mechanism of sulfite oxidase activity of MoO3 nanoparticles?>].

FHNER AR, AR BRIRAAES BRRRBE I LL S IR g AK R
S EMAA BN R 3 2R RO B R SV AR, AL — e 5
PV

(2) BRI EYIEE

RS SR EE S, TR, ABERES6 & TR T EYS
PR SR E, TR RGO E MRS ST R R e, 2 ImK
BT A % B . Lif Wang 5001k 1 4 90 K ks A 285 B AL s 1, 7T B
HIBLEE R S 40K A BB BT 20270 5 ZRJE HaO2 1 O-O B2 W 2 E B A F2 2k H H
B [FRS, BRI H a5 e R TR TR B A RN, T RS
EAAE B, AR . H8. K. R5E ST B m &  03d EA M PR O AR AL AL PR
FA

V2GR AR R RE R B 0 3 A S8 B A VDG Ik o . T I IS5 N DA A 8
M7 R (GQDs) NBIHRZR T AR, 454 SEgn Bl Mg T+, K I-C=0
H—O=CO—F£ A1 73 il 7T LAVE Sy HEAG I A f UM 5 IR 45 6 67 i o IR L A1 i S mT
DA R i A s i B R AT T . M, —C-OH HIAFAE M e 1 AL It
€. Zhao &L [F St —DHE Tt 1 B A I A AIBE I 1k 1Bk b L S 4 K A4
PR B3], G I % B R B DL A 7 T IR AT FE R B, K557 B ke ik 4] X

11


https://baike.baidu.com/item/%E9%85%B6%E8%9B%8B%E7%99%BD
https://baike.baidu.com/item/%E9%93%81%E5%8D%9F%E5%95%89/14760240
https://baike.baidu.com/item/%E7%B3%96%E8%9B%8B%E7%99%BD

PN VA

SRR R AN AR AR S8 AL S A, R EE TR AL H00 7 AR Sk
B 2 A AL A 111

H3C CH3
HN{ )~ »NH
int_0
i g o esmsamaasaseine. THESE \
' reactant-1 R-G-OH
H* + HO, OOH H,0
: reactant-1 "oute 2
catlalysto H,0, H,0 5
i 1] ‘\_ ( n
¢ R-COH renimzinaimes HERRSIRnRS ™ R-COOH :
HC O Sl route 1 int1 :
HNNHE 3
HyC CHs 3
int5 1
H* : carboxyl-group assisted
+  decomposition of H;O» !
o HC CHy | }
R-CO-NNHZ : 3
HaC CHy ! 0 3
int4 o RGO c*OH
int2-2
HgC CH3
H2NNH2
H3C CH3

reactant-2

int3 Hy

E1-11 #REINREWRIRARM B E W TMBIRYI AT BER R L BERL,
Figure 1-11 Proposed catalytic cycle of carboxyl-functionalized nanocarbon oxides catalyzing
the oxidation of TMB*31,
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Figure 1-10 The predicted mechanisms for the pH-switchable peroxidase-like and catalase-like
activities of the metals(®®),
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Figure 1-13 Proposed mechanism of CeO: nanoparticles as catalase mimics%l.
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Figure 1-14 Possible Mechanism of Co3O4 Nanomaterials as catalase mimics[*’l.

Wang 55N 38 i BE J7Rr 5 R TH 5 SN, B3 A RE 45 21 DU 41 =48 W] RE i ad Stk
SBHEVENLH], CosOa GKAEHE N —Fhf SARAPRL, AT N TR 5T, 25
AT RBS EAE B 7E LR RNAR R T, Oy/H0, HIEAE I HALTHE D90.200
V, H,0o/0H WAL R AT 1,126 V, CosO0u44 K Co**/Co? AT
JREHAN 1103V X T Ag/AgCIHAR) o AR ELESAALIE R B %A, Cos04 K
MR Co(I) 1R S M H20: A3 2R T I FAL N Co(Il), ff H202 73 N4
K. HIR, CosOs GUKAEI Co(ll) ATLLYS HLFAE 45 HoOa, #RJG Xk
[BICo(Il), 1 H20n i EAEEM. ailE1-14. F4h, I &8 Al — 54k
M SR TSR RS S SRR, AR BRI .

(3) BptH KT YR

BEH L EACBE (GPy & — Ml A HTE i, "R AL SR K AR
K, CARRSIHA FAET . W5t H ar A B B4 D H o S A P i s PR R K
FRHE TR 0L A LR RS PSR AR S g KRR . 201748 Hi BRI S5 A
RIATS=IE TN (GO-Se) AR E A RLAA H iS4 bt H Ik S Pl 1
FORP G0 G 32 SE A B . 5 RN KRR T A B, GO-Se K Big R 3 H B i Y
GP AU R . Gl 1-15, AN AT A S Fe Ll . 1556 HaO2 540K
SN, AR JE 7 2 0 A AL 1] R S A EE. (ANGSHD M 2E R GSSG, il 873 Ks
IR B BIWIRE AR RDIRES . R PEH OGS REE (GR) M HA#EF NADPH 74 T,
GSSG wJ LAF R J5 N GSH. PR J5 49 K il 4% 42 5 e Ha0 90 1 e 1T,
MugeshMIM[F F AT 1 V20s 4K 26 [RI R B A 25 10 2848 ok 1 ik i s A0 v i o
P, FEAF A N AT IEADEH IRRFE B T 1L HaOn 73

14



B1E 2R

= GSH  chhanced GPx-like ability

p ik large surface area
HZO GO-Se GSSG rapid electron transfer

&l 1-15 GO-Se )i S AL Vg 11 7T BE P LS,
Figure 1-15 The H,0O removal mechanism of nanozyme with enhanced GPx-like properties**l.
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Figure 1-19 The ferroxidase-like activity of Pt and PtooRujo containing salicylic acid and Fe?">3],
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Figure 1-21 SEM image of nanostructured Ag deposited on individual threads of a cotton fabricl>®.
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Figure 1-22 Schematic illustrations of the sensing protocols for urea, urease, and urease inhibitort>.
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Figure 1-23 Schematic of 2D-MOF-Nanozyme sensor arrays probing phosphates and their related
hydrolytic processes(®,
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Figure 1-24 Schematic illustration of colorimetric strategy for detection of nucleic acids [®1.
(4) FE T

ARFIT R R, B IER  E M PR 6 E BOR i B e Wl i B N 22— — 2B A
A3 F A TR X 9 R Bl Rl 2 DU A =R DU DU S 1) S e Al
ARG B S R MHEAT L, ORI T 40K B 1) S o th 7 ik BB e, PR
LU REEER . B4 2010 45, Guo SF2NIERH T B & 40K 57 39K 52 Rk
MR R A A ACBE . R E Yl S Ll 2 AE T . T iR
B, AATTEENL 7 b T e R PR BRI S 2R PR e (ELISAD KA/ B F
A2 2 (IL-2) 'ﬁftﬁﬂt*ﬁ L, Au@Pt GRS F A AR, & . 12

SEVELF . AT TE AT SEI0 AL T — Rl A B SRR .

22



Au@Pt NRs

:: | k | b&teotion antibody
N7\ ,
20 /’ /4 ) /’/ < Antigen

Capture antibody

125 BT SKHE S BRI BRI T Y,
Figure 1-25 Au@Pt NRs-based ELISA[®?,
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Figure 1-26 Nanozyme-strip design. (A) Standard colloidal gold strip. (B) Nanozyme-strip

employing MNPs in place of colloidal gold to form a novel nanozyme probel®3.
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Figure 1-27 Ferritin-based cobalt nanozyme for prognostic diagnosis of hepatocellular

carcinoma [0
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Figurel-28 Schematic illustration of Cus4O ultrasmall nanoparticles in the treatment of ROS-related
diseases!!.
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Figure 1-29 Schematic diagrams of CuxO@EM-K synthesis and peripheral A clearance by
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Figure 1-30 Schematic illustration of fabrication and mechanism of PEGylated CMS@GOx for
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Figure 1-32 Schematic illustration of the self-cascade pyrite nanozymes with ultrahigh POD-like

catalytic activity and intrinsic GSH-OXD mimicking ability for apoptosis-ferroptosis synergistic

tumor therapy!©8],
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ZRVE. AR, WA T KB MIEIR TR UL, R GUHRYEEY) R G R AR kiR
THAURBERITEVERI S5, REE L TARRCR I N EY) s R R AR L 2[RI,
ASHIE T AR B bs— R ARGE MR oA ST R A, BEih IRl & — Bl 2 Thag 9K
B, BRI IR AT, RAR =R RCR, JF HaE i B R e S
PR RST AR (R, ORFRRE AL R PUREE LR T VERE S 5k
AR LA &, SEBUAR I R RE AR T T 3, JRIRR IR 3 1R 7
5 REIRTT 4G AT RENE .
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132 ARAAE

TEE—M BT b, FRATH DA POREROR AR, & B 2 Bva PR =S
L CoO@AUPt ZK %, A FL1% CoO 4h KA 7E A SIS I8 ol P 558 F1 S AR P 1) 55
PRt A I SRk HoOn A7 7E T 254 TR DL o IR 5 FEAR SIS IR 1 9N OK I 1) 22 B 1Ak«
AuPt GRS B A T A BEE 1, 7EMEAL HoO2 A2 BCOH [ RIET, AT 8ok ik Ji
P GSH %8 AA GSSG, AR KRS A B (1) 3 14 S5 4 E AL R FE - 59— T, AuPt
YR BIE T B S AL S B HaOo 7377 580 IBAh, AuPt 1178 %) 4 S A B
A3 PT{E A 2 PN 860 26 M T RO 20, SRAF I K B HoOn M N ALY, 1 — D1
BET O F"OH HIAE o X FPAIE PR B4 45 BEVH FEA HoOn FRAEFR A, A B2 SR 1)
YUHIT %, ERTRESE R CDT A T R0 R . WFFEVIE, FRATE 4002 Pl iz a0
DK BT e A 6 0 25 A B8R o S D3 /)N BRI R AR Y TP A AuPt 9K IR VE T RICR
FAA A B A L o

RS B A, AT S R #GE A B A TOIREE W 10 2 ThRE 9K
CoFe)04, FFAEH K MZ1M PEG LAKE I H A WAH 1415 2] CoFe204-PEG (CFP)
B, SRR YUK R AN B A S S B R TS 1, RE e SR A MR A B N
I RIE B HoOo 77 A FRE H R SCIL 2 3) )97, I HA Rl A Al e, T
I HoOp PP AR . BN, Z9UKE T RA RN B RE, AT LMEA—
FRIEHLAE GG FFH., HISI S S 5 14 mT DU A0 B8 SR 15 1) Ha O 72 A 5
o EIE GBS RER, NI 5w R AL G o B A ) B SRS R o
[FII,  ERER AN I R 4 B 3G 0 MRI AV G RSUR o T B FUK 4R e Mg i 52 v
H 38 58 75 Bl TR A S B 9T R I G T R, REFE GRS T 2 FA
77 AR M E A AT ER . IR ZGEIT 5 R 15 Ae s 5| 4 My 50 9% )R
PEBET .

1.3.3 SRR B9 X 5 [a)

(1D WS 31697 RS BR T 254~ (pH =3.0-5.0) A Re K #%
BAFER, AERBTEER S T8 A B P A B H IR DUg R, 1 B30
JIHIER I Z IR T HaOo (E AR A R BRI BRI, TH 0 2 ThREG K
TRAESIRRPE %A TR, I ELIRIN BevH FEA Bt H K38 vt R 7, HE
) A T I 2 R AL R R S T B (AL R HoO0 HI R, DA Ik BB A 452
Semi B ST iE R .

(2) X THEVEABREBRIAKI L, KA RSN 10 nm BI40K R4 ¢
BN G IEA R R (H, GeRGI R RS 272K T 50 nm A Al
B R ) AR AR A . DRI, FRATTAE I AR A S ) g oK AR, LLd
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PN VA

i EPR RN AR AN B i) 2 JR OB, Rt T HL RS R A S5 i L R A2/
M o FHEARSE, AU S e AR 2 2k

(3) MR Z A B0 75 8l 97 IR iR 7 R B — 2 A A . @ i
THIT A R AT 22 B i 1 JE ML A 8GR0 R T P 3h 0GR I B 3, MR 2 T g
AN Bl SCELAL ) SR B 1) B R TT

(4) M GKBEN T AL 2B IR B iR 7 T SOk n] REfe 2t fi 4 S
JEPESET,  (E AR RD R S B 400 R PR Ff 8 SAA B e A O e B SRR, AT 388 i Jee i
WIEARTT IR, A5 RGMERIRT FURAIE
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%2 % CoO@AuPt H fif B 9N KM% F T IRa oA 58 22 2w B2 (AL ¢ 3l 1R T
% 2 E CoO@AuPt B R R NKEGFE A T BB REME 22 K0 5z
L EENETT

2.15|8

HUER AR A BT =, IR A R R SRR 2 B, AR R T
A AR . SR A D) e b G A S AL 1 1 51072, SR, i ZKF i
AT BEROE DUMR S 5, FRAERXM AL RN S BN R i B g, X
SEAC NI R 9 — R RN& R R 7 TR 70, ek 5 3 OH). 1%
WY T(027) HEAER('02) A E T (O AR AR RF A O 2
F 75 3 g 4 B ) S A B A U778, AL, VR SIS TR SR RIIR T Uik, Aot
NIITIREE B 1Tk, AR T St I R v i R AR UK T8, SR,
TR 240 AN SZ A ] (0 1 S AT LS (K AN 2 5032 B P 3 2 T S U AR IR AT AU
B (V0 AN A2 TR RSOk SO BT, X AN S B v R O 3h 7397 VR BUR Bl 19T vk
(83851, ML N, AsA3h 73973 m] AR T HaOn 38 i 55 W BRSSP A= e ik 5
A SE A4 AL, T AR T Ah T e R A 4 BUR AR AR RTS8, K Rl e ML S5 it
A, WMEREGURA R, ESEE T (M2, Cu>f Co?) M&EEAENAMEL, &
EC T2 TS 3y k0l AR, IX SIS A IR I 26 AF T (pH =
3.0-5.0) A RE S A AR AEAE T o I BLAE IR oA B AL i PR 48 2 TR N 1 4
BEH BRPE A . 10 HACZEB) 39 IR R RCR B 52 IR AR HO2 A 2. (A
I, RSB T IR OO, BRI pH AE . 3900 HaO0 K P AR
BEH RS &, ARSI Na T R AR BAR K 7R R, f T Rk
TSR PR, V722 5 MR B DI REAS A2 ASRAS& N3 i IR 7 45 RS
DL, PR R KA DL 5 B B8 A B X A 23 70T 73R 0GR 1R R 1] A2 45 ok
R

SR, goKEg ARG AR S BROENELr. Tl 2i e S s
5111 52 PO 22 (1 RGPS, VF 2 PURM B T H RS e Mai#y AN R R
AR RBE 1, T N AR . PRI OO0, fildn,  FAAR TR R
Pl 2 MBS, AR A BB . A S SR A A R R R
(1021057, < 0 KSRt FL A3 Ry ) 3 T 184 550 437 =2 FUR R 22 R S PR D061,
BRI R e B B LS I . AN, S5 Au BR Pt AHLE, AuPt 45K
LRSI N R AT SR NS S E WAN K NN Y ST VA SRS 7 A BT 2 A

AREWFFCTAF LA Co PURBROYBATIA JFRIMeNT, Q& 7 — B A
ZHEF LN CoO@AuPt K%, 12 RHE LR A B AAF NI 7 R AEY
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PN VA

MAEE (B 2-1) o ERGRBIEN AN AIER T, 2GR B n] 72 iR DX sk bRk
A E S, CoO HEZRAE SR VEAN HaOp M85 h PUE [y Co®*s FHAE AuPt XUE &
AOKBE DGR MR, FEBURAT S m AT R 1 /N RO ok gt 181090, B iR 1Y)
R PR AT . 1RGO RO R GUlE /N Aus PtAREETE AR N G AR PR
HkR. BEAh, MRERMIGOK B ST o B IR BRI, HE R BN
WS . AuPt PUREEE A SIS 1, B H02 ZEBCOH B AR, v
ROtk L J5 1 GSH %80 GSSG,  ARRHBORA A sl E M iR . 53— J71HI, AuPt
AN K Bty A UL S A B A HoO0 20 i A S e B, AuPt KBRS AT AL A
PEAN N R TR, SONIERAS IR B HoOo A NIt — 25 fie it 1 O2 A"OH A2k
XM R A AR FEAT HoOn FRAENLE), ANBUSCBL T g LTIk, R 352
& LB BT RBOR . SR BRSO gNK Bl A% T A RS0 N iR O 55
HEAT 0 2 B AL 5 P nT A RO0 s A 3 97k, AR BT T o AOR K
WGOKBEIF N AP R 2 U B A 2 T

-

”
3
L/ A\
g \
I
-y,
ARG A

CoO@AuPt ~==~
, V. injection

Oxidase CT/PA guidance
Catalase

Peroxidase

Membrane
Damage

DNA Damage

Mitochondrial
Damage
e *

i,

i

Elimination

E2-1 =1LCoO@AUPHEHIRALF B & AT 2 FNIE SR R RE (L 22 B0 1197 JE R TAEHLE
Figure 2-1 Schematic illustration to indicate the synthetic procedure of hollow CoO@AuPt and the

working mechanism for augmented CDT of cancer.
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95 2 B CoO@AuPt F i JEANKEEAR A T IR oA 85 22 i NI A 22 3 73R TT

2.2 SEIGERSY

2.2.1 SKRNEE

T 2-1 FELIGUEE

DR NES Uik TR I3

AN WA e E UV-1800 H A S 0w
X B ERM ARAT I XRD-7000 H A B3 A 7]
X BHER T RETE X ESCALAB 250Xi Thermo Fisher
PRI HeIeE T RF-5301PC H A S A ]
A A NovoCyte 2060R SR A A

WO R RS Zeiss LSM 800 Tl [ 22 =] A F
D RTA G IX73 H A% BUbR B2 7
72780 SPARK-10M T = /NE|
AT R AL Nano ZS90 YLE LIRS
b NIRRT G A JEM-2100 HZ JEOL
A R SRR T B JSM-7800F F 4% JEOL
LT AR AR Fluke, TiS55 [ A8 f 7 A E]
LB A 4 B AR S AN OPTIMA 8000DV FNYE ABI

L~ E B MR LR 8 EMX Nano Vis=a7)
SIS HTAX BC-2600Vet 1 [ 3 ¥
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i N4 R R 2 DA
2.2.2 LIS ZH M

®2-2 AMRDPAMEILIRG A

IR b2 FAE HEFETK
FAES CoCly'6H,0 98% Aladdin

FrE RN CeHsNa:0; 99% Aladdin
A& HAuCls-4H,0 99% Sigma-Aldrich
SR H,PtCls-6H,0 99% Adamas Beta
AN NaBH,4 98% Aladdin
I CeH 1205 98% L T

o oK R CsHeO4 98% Sigma-Aldrich
BEMEES (MTT) CisH16BrNss 98% Aladdin

FA % HCHO 4% I FE4E IR
ZHH (DMSO) (CH3),08 >99.9% PPN
TH%E CsHio >99% Aladdin
KA C2H;C1;0; >99% E-a VN

2.2.3 CoO@AuPt ZHKEGH &I %

B (338 A8 LA EKIRIGEEBET1F, DA IREMA iSRRI a5 449
I 0 A BRE M L E 7K. 285, B 100 mL 2557 7KF1 400 uL 0.1 M
FEERRANE RN B =3k . 3Rk, BASESUMEEBRERRES, A5
JEAN 100 uL 0.4 M EALES AW . NN NaBH4 W (400 pL, 1 M) J&, NAK R
o H VR (BB AR AR IR, R Co (I IB JE T A 9K Bk . [ B #E47 20 min
J&, I\ 600 pL HoPtCls M1 HAuCl iR &4 (BE/REEN 4:1, 25 mM) . RJ5E, 3L
BPSCPG AR, IR IR SR R AE S 4 30 mine 15312/ CoO@AuPt 44K
R FH 25 B KB OB
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552 % CoO@AUPt [ MR SR K B A% I T IR PR 22 25 i L (K AL 30 J0 3607
2.2.4 CoO@AuPt IKEFRIFRAE

B 7 B8 (TEM, JEM-2100, HZA JOEL) Mgk &34 i T B4
(FESEM, JSM-7800F, H4 JOEL) M%L | 7%y CoO@AuPt g KAL) 3R [ K35

FRRLE R . BT ZNAHEHUE (DLS) W& =4 B A 75 RF FISR T H 35 . Af
S e (UV-1800, HAEHED W& 750 CoO@AUPt 44K T ¥ 48 4h AT Wik
CLAMBISO G o 49K 2548 1) e T 8 3 FH LA CuK a5 (A = 1.5406A) 1) X 45
TS (XRD-7000, BE) KEAE. FEmPIRIASTTRMSH X LT RE
WA RIEAR R (XPS)
2.2.5 CoO@AuPt F{EFFNIT F B IE MR

TR TSR, A (0 G i IR i 38N S DA R 0 B AR
Ho FIFLRANAT A6, Eid il & TMB 15 AR AL G 7E 652 nm 4bf
FRAEMRUSL, REBAE AR A S S BT, 738 T CoO@AUPt 4K I (1) {4k,
PEfE . BARSIBUR, £ 20 pg-mL! CoO @ AuPt 44K i 73 BUAE Bk R Eh 22 il b (0.1
M, pH=5.7) , )G TMB, Z&KEEN 100 pg'mL's N 7€ it E ALY
TEPE, FUBERR R ZE PR 5L N 10 mM Ho0,, AR5 TMB #8040 J5 F 48 AR IS0
o [FIFEAEA T OPD 1 NIR i AT 80t E AL g v PE K . OPD ) AR N
200 pg'mL!, FEI1 CoO@AuPt KR H 24K %04 20 pg-mLt, A1 10 mM Ha0»
SN 5 min J5 & N AAA R AE 490 nm AR FIBOGIE

2.2.6 CoO@AuPt i F L S B E MM

FEANTR] pH {H BB R £ 22 vh i 0 I\ CoO@AUPt 4K i FL 244k 15 R 20
pgrmLte AN 10 mM ) HoOg & 37 BJV FH A 485 8 A S0 5 4SS N VR V5 At A8k
FE o FEHEANAT WA e BETHI & Ho0, 75 240 nm Ab FERFAE IR SOR W3R 4% H02
& .

2.2.7 CoOO@AUuPt iHFEE B HESLIR

ff I DNS (3,5- A2 /KR ) 577 I 278 AT B8 I JE #E.  DNS B & 77
T4 36.4 g KNaCaOg-4H20 VEMRAE 100 mL 2555 77Kk 1, SR G N 1.26 g C7HaN»07+
4.25 g NaOH Ml 1 g Ky, LN FHR SV 7R W iE . 1E BRI W) R
BIN 200 mL 25 517K il £ DNS TARRG . A RWKER CoO@AuPt 5 4 fiiE
W (1 mgmLD) JBEJETE 37T CHITRIR RN 8 /Mo SR EF IR FiEH (1 mL)
HEBF/KMDNS TARM 1:1:1 184G, BE/ETE 100°C T K HAE R BNFEAT 5 405
i FH BRSSO 2 S S0 TE 532 nim Ak [ R AT 558 %
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G R A2 1 22 i 1 S
2.2.8 CoOO@AUuPt iHFE A B H BASCIE

GSH FIyH#¥E/2 ) DTNB (RS H 25 5, % DTNB & @A pH 1
N 8 MR Eh 2 VAT AR N 4 mg-mL-!, N EDTA i H 4K N 1 mM.
A EIREE ) CoO@AuPt 73 HIAE 1 mL 0.2 mg-mL! A H KA, oK = Bidk R 7E
37°CHEIR IV 4 ho SR S5 #E 400 uL DTNB JI A B IR E i+, it — 251 F 30 min.
B3¢ J 8 FH B SO B35 VRAE 412 nm AL PR RE o D T WU 400 i P 2 e R 10
FEo B 4T /N BRI MR 40 5 AN R FE 1) CoO@AUPt 7E 96 LRI E 8 ho 44X
J&» 50 uL 6.5% TCA VARAE 4 °CREANMI 30 min. HJ5E7EREAFLH A 250 uL
DTNB i7ll, FEgEFRACIE 412 nm &L HIBOGEE .

2.2.9 CoO@AuPt F=4 &4 SF #E SR

CoO@AUPt APKERMEAL HoO, 7= AEFR 3 H AL COHD [1IRE 18I % 2K — H g
SRRzl (TPA) U200, X 28 — FR A Fa 0k H A G TR R 98 G 2-FR 350 2R
FZ. 5mM ) TPA ¥ f#EAE 2 mM NaOH %+, JI 20 pg-mL" CoO@AuPt 4
KEGFD 10 mM HoOo G 1 h J5, FZEG/ 0B EETHIE 61, BUkEK
N 435 nm. —E L5 (DHE) [FIFEAE i Akl d5 77, EiEtEEAFA1E T, DHE
17 1 BB AR IR A OB - BRAK 2 BE W] LA DNA B RNA 45677 A 20 0 Ohex:
520 nm, Aem: 610 nm) . AUALAMSZIGAAMAIN 5 uM 1) RNA. LA, F2AER) 102 1
i SOSG tailll, TRE 102 Fr e PESs & I A R R OO0 ) (hex: 488 nm, Aem:
525 nm) . JEIVEA 50 pgmL!  CoO @ AuPt 442K, 10 mM H>0, A1 1 uM SOSG
NINAR R 5 mine i fa, AEHZEEGIERACE e . RATE BT H
JEFEHR (BSR) ER] T ¥ 5E B i A R A8 S K =2k
2.2.10 CoOO@AuPt KA {IKRIREZ1E

N T AR H A AU CoO@AUPt LK Bl 75 MR A 55 A A 2R, 16 #8710 mM
H20, [¥] PBS S8 AEAHUAN R BRBHRE 26 A4 N AT AR AMBSRAT A FL . SPIRIN T,
¥ CoO@AUPt 4 KR/ BUBNAS A ) 2 v, 75 37 °CHFE 24 h Ja, HIESTH
BHEWRPIKEERIEE, I BBREGE S TS ACP-MS) e HiFH+

Co I TR
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%2 % CoO@AuPt H fif B 9N KM% F T IRa oA 58 22 2w B2 (AL ¢ 3l 1R T
2.2.11 CoO@AuPt K EGTE R 40 BRI =55 M S RE DA

T B CoO@AUPt 4K 7E I 40 i P 7 AR V& P 8B 00, FF 4T 1 20 P b
1E 12 LR P i B 2N EE 5 (9L 5 < 10* ) , 5 50 pg'mL!' CoO@ AuPt ZHK
BEEE 6 /NN, H PBS ¥R TH AR AR, A5 10 uM DCFH-DA 4t
FRYMA 20 434d, BEJSFH 2 pg'mL!  Hoechst 33342 FE44k% 20 40%h . 4R 518 FOE
AR IL IR AR OB L 54 i N 5 - 401l A DHE 44 (0 23856 50 pg'mL!  CoO@
AuPt 2K il AL RS 4R 5 10 pM DHE B8 20 2050, AR5 37 5% 6 Mg F 3 R .
N T R LR AR R A (AR, ARYE 2 K JC-1 WA U, K4 CoO@AuPt 4b
HE M AT 5 IC-1 AW E 25 0%, JRA LR AT WEME. A TH
SAZYKEE = E ROS XA DNA F4 6, 35T 7 8 2 ki, ¥ CoO@AuPt
YPOREGAL IS 4T 20 BTH AL T R 5 35 S Hh 7 BOCPE AR s BRI RE A, 1B Rt
—PEE B B IR b SO RE B R R (90% — FEETEARD
T 4°CHE T 2 /N, ARG B TS5 DNA fRFESE /KT kit . 3230 30
b E, R 25 AT Rk 30 208t RS, #B A A Tris-HCL 2K (pH =7.5)
iR, SRS A 50 pgrmLt P Huts, g o FH LSRR G4t i A% 4t 2 1% O

2.2.12 CoOO@AuPt £HKEETE L BE RS 17 AR 1% FnE 41 EE $5

N TSR AT AR 20K BRI A A 18 00, M St Jm I i B Rk s
4T1 dH MR E 2 O B 9%, JF 5 25 pgrmL! CoO @ AuPt P0KEEITH 6
/N o 3T PBS MERR 5T B R B I AUKREE,  FEH 10%48 /K S ARG b i ]
SELNML 2 /N BEJE, S BXS1 OGS BB E T i Bt s i R . Xt
TESHEL, A CoO@AuPt KB AL FE 5 40 il 22 e ik B AL f5 . 250 (1500
xg, 4min) JFH] 2.5% % " REM 2 . AR5 AN B BE LS A D) Fr

2.2.13 CoO@AuPt ZHKEGHIE 4B M

FANJBE K A R 48 (HUVECs) AHER AR 4E4RAE (L929) ¥4 T CoO@AuPt
DK A AYE . 2B RN, 4T1 4BBRAEERILE 96 FLA (1x10%4L)
B, FEHAFRER CoO@AuPt ZKEFALEE 24 he 2R )5 H MTT V2K PEAl 4 e
WM. VA MRS R S BALB/c /N4 1L, A1 LA 3000 romin B0 5 8k, 4L
HBEPTIE R 1 x PBS ik 3 K. 2AJE, B4 500 uL L4900 (4%, viv) S5AFRKRE
1) CoO@AuPt #KHGE PBS HRA « FHAESFARIA L BT /K M ZL 4 i 5 4 BH
PEXTIR . 76 37 °CWEE 6 /NG, JEid 10000 romin &0 10 0 BhUsc4E BB, JF
i B AR O _E IS WA 570 nm AR (OD) o ARJEHRHE LR A5
IR

WIMZE% = (OD #£f#%-0D 1) / (OD FAE-0OD ) 1%100%

39



[N N = DAY
2.2.14 CoO@AuPt ZA KBz 20 AR S5 1% 1

/N BRCFL IR 4 A (AT 1) N B 500 240 1 (HeLa ) A1 N JH- 40 i i 40 il (HepG2)
HFH TSNV . 2 B A AE 96 FLEE TR (1x10%4L) i AR 750
BEJS, HARIREER CoO@AuPt HKEFIFE 24 /N SRJ5 HARME MTT 1+ 5H 40
BE 1. Rt DT AR AR S e et . SBIRWN, KA RRAE 24 FLAR P
W, SRIGH 200 pg'mL!  CoO @ AuPt 4 KEFIE T 24 /NN . ARG FAS B4 R
AM Fl PT L4y, I 26 BB WS A M St o1 0

2.2.15 CoO@AuPt ZHKEGTE /N RIARFZ TN

{e FEENE BALB/c /MR (n = S 8 H T PFfl CoO@AuPt 44 KB K114 N R B85 1%
BAALRR, NEOED EEIKES 0. 25, 50 B 100 mg-kg! CoO@AuPt 44K fif .
B ERRICTEA/NRERE, E5 15 K, S 0 A0R I/ B4
ifiLe FFEXF/N AT RS, VIBRI EZA T H 10%E /R SR E, SiEad,
VIR 10 mm ¥, HTRAKE R, S8 G AT BB IiEe.

2.2.16 B3I AT T HtEEER

FIT AT B sh A b RS P IS4G 1 e K2 sh Wi BV LA & I = (TACUC)
b, JFL i (b E SEIe P BT E € ) AT R 4T1 FLER R 4
R BALB/c /N RRRRBETS B 5 T IX 48, B Ja 2Bk — N2, BRI AR
IEFZ) 200 mm?®e RIS I IWEER A ISR IR Ve a NTEE, b AKE.

V =0.5 xbxa’
2217 £ HRERAYR G N EF

15 RFEHEA 4T1 I8 1 BALB/c /) B IS R FffE S 10 mgkg!  CoO@AuPt
UK. RIAEEREIEE 10 20 4. 10 F1 15 K, BEHLBEE 3 HUNRALSE T U
FEREAMNE. AR5, BTEHEKEMEITE AL, RS &S T
% (ICP) MIE4. FFEREE. N T CoO@AuPt 49K 248380 1%,
TEFRBKIEST 10 mg-kg! CoO@AuPt KB 5, FEA RN [ S0/ (n=3) #HA4T
BRAEEIN S, FHEKEME, ICP SRR 4. FIRE R E.

2.2.18 CoO@AuPt ZKEBRIFFA/CT BRIGHR

B AEARAME I T A FHREE I CoO@AuPt 49K B (1)) 75 G 20 . A T P-AE
RN AZ R, 251/ BRERIKIE ST 100 pL 5 10 mg-kg! CoO@AuPt 44 K i 1 4=
LKV, FRAETEST 24 /NB AT S FER R X 6 {55 - Vevo LAZR-X £
B R G K RETEE 5 AL HE BUAGEE . FIFECE AR A I T AN TR FE 1Y
CoO@AUPt KB THENLETZ 4 (CT) 155 . & W UG RO FIREE 45 iR
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55 2 F CoO@AuPt H fift YN BRI IR S 85 22 0 7 (K A4 7 3 776 97
/N EEEIKIEST 100 uL &5 10 mg-kg™ KB 1 AP S KIEBL IR AN [F IR
[F1) KA R X ) CT B AP T] T SOMATOM CT 3 CKREE CT (5 5 JF
Kb P RAR KA o

2.2.19 CoO@AuPt 4HKEGAIA A F IR R

¥ 15 R/ NREENL A= GRS R, DRIFES 1 RIS 7 KFIRG
2. ALK, FEZR (DOX) (10 mg'kg!) 1 CoO@AuPt 44K (10 mg-kg!).
Vg 225 7)ok e 3 S TR PN S B R RN BRAR A o P SR A 0N B A R
AR EE 15 K, ARBEATAE /N R IF M1 2SS A R 288 T GO IR FHIE
PR A, AR R AR e e — D A B T SR B S AT
2220 GeitFE SR

BRAER AW, BdECCFShnERZE (SD) Roax. Giil#EEM (5p<0.05,
#p <0.01, ***p<0.001, n=4) .

23 HBR5VL
2.3.1 CoO@AuPt ZHKEGLEMFRAE

CoO@AUPt ZHK B (1) 23 B BUR DB R AZAE A A, 18 & 7 B
N & EO8 99, SEM Al TEM B35 48 BoR 7 & i CoO@AuPt 4K H A %
OgER, HEBUNERRLH SR A B SRS, (B 2-2a f12-2b) o« CoO@AuPt
YUKBEIF E A28 36 nm, F0K5E)EEZ0N 4 nm. ARYE HRTEM EE, @ik
AR &4 0.21. 023 #1024 nm, #5154 (2000 « 81 (111D A4 (11D
1 e T (B P — 30 (P 2-2¢) 1221230, R g 30 0 S5 S s &4, X Aokl b 57 o 45 119
e Pe m A TE e, N H8 S L BE . thah, sen it — DR 74
A7 (B 2-2d FIE 2-3a) o BbAk, ffF BB A& S5 B TS 8 = 0 A e
RoE, & HAEEEREE A 4:1:0.01 (K 2-2e) « CoO@AUPt [ XPS &1 i3t
—PUEB X R A YUK G IR A R, HE AT AR (B 2-2f, 2-4a F
2-4b) .
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PN VA

6
e f g Co2p, ,
Au:Pt:Co0=4:1:0.01 779.7
Co2p,, Co2p,,
o 4 > > [satelite 7962 Co2p,,
E .g |g satellite
@ [
52 g Z
<L
0-
Au Pt Co 1250 1000 750 500 250 0 810 800 790 780 77!
. Binding energy (eV) . Binding energy (eV)
h (11 CoO@AuPt |25. J1'3
— _ 1.21
3 (200) 220 @11 _ 204 D =617 nm ®
s =x o 1.17
z £ § 1.0-
a PDF04-0784 (Au) | € 10 S 0.9-
g PDF#04-0802 (Pt) | S 2
= Z 5 3 0.8+
il o
10 20 30 40 50 60 70 80 100 1000 400 500 600 700 800 90
20 (degree) Size (nm) Wavelength (nm)

2-2 iy CoO@AUPt KEERIRIE: (a) CoO@AuPt HIFAEEEE%; (b) CoO@AuPt
MRESESHBETEMERR; (c) CoO@APt NENMREHBETEMNERL; (d) n&H
BEILE, LUESE. fAREMERE; (o) FABEBBASETFHRRILENSNH@BgKR
FHTEEARFITEESMH; () CoO@AuPt B XPS iEE; (g) CoO @ AuPt HEIEETTE
XPS iZE; (h) CoO @ AuPt # XRD Eik; (i) KXBEFKTF CoO@AuPt BRI ED%; ()
CoO @ AuPt BUERINA] AL LLIMNRUST ST
Figure 2-2 Characterizations of hollow CoO@AuPt. (a) SEM image of CoO@AuPt; (b) low
magnification TEM image of CoO@AuPt ; (c) high resolution (HR) TEM image of CoO@AuPt ; (d)
EDS elemental mapping to confirm the coexistence of Au, Pt and Co in CoO@AuPt; (e)
Quantitative analysis of the elemental composition of CoO@AuPt using ICP-MS; (f) XPS pattern of
full spectrum of CoO@AuPt ; (g) core level XPS spectrum of Co2p in CoO@AuPt; (h) XRD pattern
of CoO@AUuPt; (i) size distribution of CoO@AuPt in DI water; (j) UV-vis-NIR absorption spectrum
of CoO@AuPt .
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[E2-3 (a) CoO@AuPt HREBHIREIL; (b) CoO@AuPt HKEGHIERFERF .
Figure 2-3 (a) EDS spectroscopy of CoO@AuPt; (b) digital image of the aqueous dispersion of

CoO@AuPt.
a b
Au 4'7/2
2 2
2 2
g 3 Pt4f5,z p“ﬂm
- £ %
95 920 85 80 80 75 70 65
Binding energy (eV) Binding energy (eV)
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E 1001
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<~ 80 Dlwater PR (10% FBS)
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% 60
§ 4o]
Q 2o
0-
E2-4 (a) ETTEMXPSEILE; (b) $ATEMXPSEIL; () CoO@AuPtfEZK. PBSFIDMEM
R R

Figure 2-4 Core level XPS spectrum of (a) Au 4f and (b) Pt 4f in CoO@AuPt; (c) the average size of
CoO@AuPt in DI water, PBS and DMEM (with 10% FBS).

F XRD #4iF CoO@AuPt, H 4515440 PDF K Ji (JCPS 04-0784) 1R i X}
BT (1110 . (200) « (2200 Al (31 1) KIfTHIE (B 2-2h) . HELZT,
T &AM (4:1:0.01) 7E CoO@AuPt H [ L BIAR i t24, T il 2D = (1 S A Bl 5 3
7£ XRD Bt R F] CoO HIRFAEIE . CoO@AUPt AR J125 R ~Fill & N4 61.7
nm, PDI Z3#3E%08 0.229 (B 2-21) , I HiZZ %4t PBS 8{ DMEM (&6 10%
() FBS) A BENL (K 2-4c) . A, CoO@AuPt 4Kk ¥ 1R H HEALA
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16.8 mV. CoO@AuPt FIF=#1Em MR (K 2-3b) , RAMAT WL 2 AN IS 7
BN LA 2T AN XA BRI (B 2-4) , X — Pt AT DUR S o 2 T 6 #GA 97

2.3.2 CoO@AuPt HYZEEEE M ITMH

AR CoO@AUPt B FL A Z FhBEEYE, XA Tk H 5E AN S 1 g
BT RCRARM I (] 2-52) o B GBS TMB #4805 7E 652 nm Ak 1ML
AR A L EETEYE (B 2-5b) o fEH E KM TR CoO@AuPt 5 TMB
BEIE, AN TMB BOGREE R ERN, ESLT CoO@AuPt FEALEFRE /1. M,
FEBREGRIE T GBI ANGE R MRS I R s . FRATE— B0l T
AR A GH I 8 YR I RE T, BFER AT RE A A B H K. a0l 2-5¢ B,
AT, BEE CoO@AUPt I EE TG, & I & B RS, XA T 5
YRR R A AL BRTE PED 02 Ak, TEBLRUMRE ROAEE (pH = 6.5 Fil 10 mM
HEMED) M FiE— LRl T CoO@AuPt /SR A FNFE. 7] LAE BILE (R
PEFN HoO2 AAAE B OL T, w] RLI0s 4 & W5 v #8 (&1 2-6) , X AREZH T
CoO@AuPt il HoOr P2 A Z | SRR [FIFE, CoO@AuPt HI A A BT 14
WA PAB RS BEH BREIEFE, AT DTINB AT 7IFE (- 2-7) .« 14k, &
B AL T CoO@AUPt 5 R SR & M ARG B35 1 (1] 2-5d) o FE R IR 4 B4
AT A S PR 260 0V R R W2 BB i VA R A RE . AHELZ R, CoO@AUPt 2%
185 ISR E AT B, 170 25 708 58 UKPFAE — B R B . 3X— &5 IR SE
T CoO@AUPt K UF i 2 b S AL BEEPE, TR SUKTF R 2 B T HIT AR
BRETE. CoO@AUPt A AREGE 1 TT RS2 (R 9 Bt 4 i 4 oK i Th 1 K T AR 2%
AT RE 2 AL T L R S (1) s i T R M B O 25 R SRR 102 ROk, i Td
MFAF pH 251F T CoO@AuPt i 4k HaO, 73 fift = A AR T BUA IR AR EE AR 1k
Wit T CoO@AuPt HZEid E AL ARG EYE (& 2-5e) « FEARF] 3 24P E iy, M
RENEMRAKCE BB TS, O 28 BUE 265 Fe FE AR S A K o [FI, J8 Il & H0o
7E 240 nm &b FRIRFAE RO AT DLIE B L B 5 ) (R B 9 FE (1 2-56) o sl AL HL0,
IY R =AM A] LU E CoO@AuPt B F AL AR & fsE v (B 2-5g)

IE4h, CoO@AuPt [ A AL P B 5 1 X6 32 %1 CDT HubiR I ReR 2oL B 2L
AL, TMB [EFEAE N —Fh AR I AR, B F R R AE Hod S A g v 12
EL A EASELE T CoO@AuPt 1] UL TMB B (B 2-7b) o £ CoO@AuPt
A EWERAEE T, 652 nm AL PIRHER ISR ZE RN, RH TMB B AL 2 B
P AESIREM . th4h, OPD RIFEE NI AL YIBR K IIE I T CoO@AUPt )5
TEPE, I HAE 435 nm ARHE R ISR A 8 TMB /E AR 45 - — 80 (B 2-7¢).
13O S B ] oy B S ENEEE R Y e N Sl b e - Y /) BN B 3 iwall
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2-5 CoO@AuPt FUEEGEM T :  (a) CoO@AuPt ZEGFEMTRERE; (b) TMB {ERIRE
Wl CoO@AuPt FYEEERETENE; () NEIRE (pH=7) CoO@AuPt SIHERIFEEHEIHFE;
() RREEEEMUE (2 pgml!") HARERE CoO@AuPt M SHBABEE LSRR
FiHRE; (o) BENEARFE pH £ TAEREKFITM CoO@AuPt KT EIUSEEMN;
EARRE pH £4 T, SEUSFERETERL; (g) CoO @ AuPt ZE=MEIF (L =240 nm, pH
=7) JHFE N0 IREHHFREM; (h) £ 10 mM o0 FET, AE pH EHUMFE_RERA
RERH, W ENBEEBRE; () SOSG HMBLETEME (e 488 nm, Aen:525 nm);
(j) 1/ DHE ERRERF, MEA CoO@AuPt TSRO 4ER; (k) DMPO #MEEHHH
B TFEREIRLIE; (1) TEMP &N B ZSERIE FBHRERALIE.
Figure 2-5 Enzymatic performance of hollow CoO@AuPt. (a) Scheme of the catalytic mechanism of
CoO@AuPt as a multi-enzyme system; (b) oxidase-like activity of CoO@AuPt measured by a TMB
probe; (c) glucose depletion by CoO@AuPt at different concentrations (pH = 7); (d) O2 consumption

caused by glucose oxidation mediated by natural GOx ( 2 ug'mL™") or CoOO@AuPt at various
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concentrations; (e) catalase-like activity of CoO@AuPt by measuring dissolved O levels under
different pH conditions; (f) time-dependent H>O» decrease at different pH levels; (g) enzymatic
stability of CoO@AuPt during the consumption of H,O> for three cycles (A = 240 nm, pH = 7); (h)
peroxidase-like activity of CoO@AuPt for generating *OH using TPA as a tracing agent under
different acidic conditions in the presence of 10 mM H»O»; (i) fluorescence spectra of SOSG after
being incubated with CoO@AuPt and 10 mM H»O- for different periods of time (Aex: 488 nm, Aem:
525 nm); (j) ‘Oz generation mediated by CoO@AuPt using DHE as the tracing agent (H>O> = 10
mM where applicable); (k) ESR spectra of DMPO/*OH adducts in different solutions; (1) ESR

spectra of TEMP/'O; adducts in different solutions.
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Glucose level (%)
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El2-6 FRIREHICoOO@AVPHEREEH TN SHEE .
Figure 2-6 Glucose depletion by CoO@AuPt at different concentrations under pH = 6.5 with or

without H>O2 (10 mM).
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5, R CoO@AUPt 1] LML HoO2 KA — RFIR N4 10, (B 2-51 F1 2-7d)
ZJREE AT RESE T O /0 PR OB ZEEAMT (11 1) AT b3 2 T 45 2 AR ik
(SPR) MEi HBERA GOy HHEMK A TR (102 120, ftak, @il DHE
REF, BATKIL CoO@AUPt ZKEG ] DAL HaO2 OB 5, Al 142 25 (10 77 A2
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(Bl 2-5)) o AR CoO@AUPt A F =4Oy FIVEFENLHI W R : IR HE S T8
Jel F7E CoO@AUPt IR, JET s UK M A 7 B ARG R i 72, MR i T i R ok
BOE DK O2 38 5702 1271281 7E HoOp AZAE BB T, Tl I CoO@AuPt fiE 4t HoO,
I RRRIE IS AR E K, Xt —D4m 7O =5, tAh, EARRREAEE (pH
=74, 6.8 F15.7) M NV 7O 4, KIALE pH = 7.4 W= &5, XA LA
RBENAE I O R AL RO HO, A g I E] (B 2-8) o BT Htaike
A, MY 2,2,6,6-V0 FHFLUREE (TEMP) AT 5,5- = F 3 -1- itk i ik -N- 22016 4

(DMPO) EHIZRA, @ B+ B e IR R R B AT 10, 1= (1] 2-5k
F2-5D o 1E HoOx AFAEM R BLSEAT T, B MLER] CoO@AuPt AL AEHFIE(S
SERE 10, (1:1:1) A1 COH (1:2:2:1) , SRTTHE 266 B vk i —2.

N T PR AR CoO@AuPt 1E [ PR 55 Fh A Fh S PR 52 4, 7675 10 mM
H202, pH = 6.8 ] PBS & i1\ CoO@AuPt Jaill & 257 Mk br. @it itH &k
W RN 25380 )E, WARAREIARIRKME 0.013 mM, 4TS5 RMNE H0,
(4] 32.7%. SR, £E[F— B AR T 066 R KL, HaOr AR A 73.7%,
62 41%0) HoO0 Fl F = ARG M4 N T # e A R B e A e Z R b i 1 3
YEF, i H DCFH-DA #REFCMAS TG, FHEMAN R FREEH h %
JEBRFD B NaNs (023G D a7, il 2-9 s, #£5 CoO@AuPt
1 H202 B J5, DMSO FH NaNs #5320 DCFH-DA %¢ 650 S, 31X SR X B
FhE ROS JERRLE . 512 — F LKA NaN; 2 51 5 80K 6 PR AK 30.5% 1
15.1%, UFSEEREE H IR IRGUKER A HaOo 77 AR I ZEE M

RE L X CoO@AuPt fEALIEYE T, AT X CoO@AuPt tHA] LAFER
M N R AR, X P RE s S EYLIRIA T 51k B MR AR KA o AL I AR T B
AL HaOs 7K. BRI, CoO@AuPt Xt HoO, BE R P H i S Ak S BT
M, RIS A IBEIE T, 7 Oy M2 FIE R P2 AR O X AR R B
AR CHEE, [FRHE B EIE PN FE A HaO00 EAh, CoO@AuPt 1] LAE N
BIEHBKEACEE, S H IR AR R % GSSH,  LLRYT CDT 2 =41
ROS.
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E2-7 (a) FEIREHICoO@AuPt M SHIABHEAKIERE; (b) CoO@AuPHELH0.F X TMB;
(¢) CoO@AUPHELH0.FELOPD; (d) CoO@AuPHEH,0-FE LSOSGRIR S .
Figure 2-7 (a) GSH consumption by CoO@AuPt at different concentrations; (b) vis-NIR absorption
of TMB after incubation with CoO@AuPt in the presence or absence of H>O> (10 mM); (c) vis-NIR
absorption of OPD after incubation with CoO@AuPt in the presence or absence of H>O> (10 mM);

(d) fluorescence emission spectra of SOSG after incubation with CoO@AuPt in the presence or

absence of H>O, (10 mM).
3 4501 —pHT7.4
2 400- ——pH 6.8
g — pH 5.7
3 3504
£ 300-
3
c 250+
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o 2004
@
0 1501 v v g
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E2-8 ZRZHEEMARpHERHET CoO@AuPt M ESMNBEAEFII~%E.
Figure 2-8 *O2" generation mediated by CoO@AuPt using DHE as the tracing agent under different
pH conditions (pH = 5.7, 6.8 and 7.4).
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d 510000 — b
"—" -Hzoz 100 0,
2 8000- =CoOgAPt gisTE 30.5%
- — = COO@AUPt + H:Dz 80' -2 /0
g === CoO@AUPt + Hac)2 +NaNj3
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@ 4000 \ u°
o N, i 404
S 20004 o
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o 0
2 T T T T T T O' L
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Wavelength (nm) :

E2-9 BiFDCFH-DA £R|%ERROSHIFEERA, (a) CoO@AuPt (75 pug-mL') FIHO, (10
mM) #ENaN; (10 mM) ZXKDMSO&E® (10%) 777E FAIDCFH-DATGHAIE; (b) EZME
MEBERFIEAET, DCFH-DARNEE B DL FiACoO@AuPHFH 0.k M &L

DCFH-DARTH)ZRIIRE -

Figure 2-9 Identifying main type of generated ROS by CoO@AuPt. (a) Fluorescence spectra of
DCFH-DA incubated with CoO@AuPt (75 pg-mL™) in the presence of NaN3 (10 mM), DMSO
(10%) or H202 (10 mM) for 10 min; (b) fluorescence intensity decrease percent of DCFH-DA treated
with CoO@AUuPt in the presence of various ROS scavengers. Fy is the fluorescence intensity of

DCFH-DA incubated with CoO@AuPt and H>O».
2.3.3 CoO@AuPt KBS R 4HRE IS E 57

2 i e B O K B SE LB YT D Re R BT o FRA Tl I 1 3 LA R e
B8, 4T1 4008701 CoO@AuPt HKBEI AR EIE L. 2T E&EAKRLT
MRF R R T A5 5 TR JEIR (LSPR) JREE, Wi BB ARAERE % g H T
WG AN T % . 72 2-10a HF, CoO@AUPt Y KEFLE I B T oA
RIS, K AT 41 S CoO@AUPt HEE 6 /NG, B3 T 15 /3K 7R CoO@AuPt
YUKEERE AN, o mAELE MRz E Bl (Bl 2-100) o FRATTEE— B A %
6 AG ) E DK BEAE LI N e AL, —EIMYY e6 (Ce6) Z&—Fhal ekl itk
VE R 23 3 F 2 CoO@AUPt YUK (B 2-11a) o I 5 66 1E L8R B v T
Ceb6 L5 GIE B T ik . 4 4T1 40 5 730 Ce6 1] CoO@AuPt 45K i
W — B S, VSRR 4T1 40H0 F 40 0 BE A e 18] (RS T 8 i, 33—
KUZYKEGRER I g A N (1] 2-11b)
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[E2-10 CoO@AuPt FIAEFMMAEBIER: (a) CoO@AuPRIREIAZMEE; (b) 4TIAMS2S
pg'mL"! CoO@AuPt FEE 6/ EHEEIA R MERR (EEBIR: 20 pm) 5 (o) AHFHERAB10mM
H 0. MR EpHESEH T, CoO@AuPt RIESTHREEG (EEFIR: 50 um) ; (d) &JEBALB/c
INREEBKIE ST CoO@AUPtE, ERICPMEEREMMEFMNE. AMEHEITEES; (o)
FRAE. BRpRFNAMEREYI BT REREGR (BEHIR: 1um) . NEBEZRTHAER K.
Figure 2-10 Internalization and depletion of hollow CoO@AuPt. (a) Dark-field microscopic image
of CoO@AUuPt (scale bar: 20 um); (b) dark-field microscopic image of 4T1 after incubation with
CoO@AuUPt (25 ug-mL") for 6 h (scale bar: 20 um); (¢) TEM images of CoO@AuPt dispersed in
phosphate buffer under different pH conditions with or without H>O> (1 mM) (scale bar: 50 um); (d)
quantitative analysis of the amount of Au, Pt and Co in vital organs and tumors using ICP-MS after
intravenous administration of CoO@AuPt in tumor-bearing BALB/c mice; (¢) TEM images of the
ultrathin slices of liver, spleen and tumor on day 14 post-injection of CoOO@AuPt (scale bar: 1 pm).

Stepwise magnification images from left to right.
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& 2-11 (a)CoO@AuPt $1%k Ce6 BIFRIRAIIE; (b)4T1 HEAFHEE Ce6 B CoO@AuPt
HEAERE SRR E FFRR: 50 um)

Figure 2-11 (a) Fluorescence spectra of CoO@AuPt before and after conjugation with Ce6 (Aex :488

nm); (b) fluorescence images of 4T1 cells after incubation with CoO@AuPt for different periods of

time (scale bars: 50 pm).
2.3.4 CoO@AuPt N KEG N & BY 7 B2 THBR
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KR B B A S AR SRS /N o SR BRI K A A5 1) A (A1 BRI &2 0.21 nm,
X5 R K AR R AE— 3 (B 2-12a) o BbAh, FEARRIRAER G, & T
CoO@AUuPt [ R~FA84k (& 2-12b) . 7E pH="7.4. 6.8 F1 5.7 3F H& H,0. %44 F,
ME HRPERIAZR 2 908 67.4 nm. 31.6 nm A1 12.4 nm, D038 fk a3 5481 FH 3 ) FaLds
ML 45 AR — 8 (B 2-10¢) o AT Ff#E CoO@AuPt il B HIBLENLEH], WET
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B Co HIIKE .

Figure 2-12 (a) High resolution TEM image of the nanoclusters from disintegrated hollow
CoO@AuPt (pH = 5.7 with H>0>). Scale bar: 10 nm; (b) size distribution of CoO@AuPt after
incubation with H>O2 (10 mM) under different pH conditions for 24 h; (c¢) Co concentration in the
supernatant of CoO@AuPt dispersion under various conditions.
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PR RME, XEWERMPYIER R, FER, 755 1K, MR XS0 T A
YEIREE 4 (2.98) 1 (0.72) Ak (0.35) pgg!, XRB@ET EPR AR
R N R E 2 T CoO@AUPt G0KEE. 1628 4 K, 1ERRI AL SIS A B4,
X AT B8 U R T 30 0 PP S5 S ) R SRR HERR o AR, e AN TG B8 A2 RELE IR
AT E], 25 4 REFIEH IR BT m e T 3RATHR % .

AT — 2D 2 R D) B S RS T CoO@AuPt TEZH 21 Hp (1) 7 {7 1
LA . TEES A 15 R, FEIH IR 40 A VA B AN H R I T IR EETE U gk
B (B 2-10e) o FKIEERER T CoO@AUPt 4514 1A fif 8 RN 58 i 1) 4 A 4 K 35
Fio BEAN, FEIXEEI /N B AN K Bl BR AT U 52 31 A ki, X W] RE R R R R R /R F Al DA
(I 33E H PR A B 038 B o SR, 8 R iR U) R iR 52 21 BH B () CoO@AUPt
fREREEN . X T RESE T IR AR ' CoO@AUPt I E SRR, B X Le s i AR
RIEWER. X—4iR5 ICP & &/ T2 RAEFIIE AT IR %, X—K
IR DAY 2 K B L A4 A K SR B TG B R AL o ARG A I PR S92 FH i it
T,

2.3.5 CoO@AuPt HAKEERIE 4R A4

BATINEZA AT T 250 CoO@AUPt Gk Fg A2 4tk . ok, A
Fk N 24 (HUVEC) AN R 4E4i e (1L929) @it MTT yATE4N i /KF &
PN CoO@AUPt YUKEEIIAEYIM AT (B 2-13a) « WEZZFIRIHTE 200 pg-mL! 115
WER, 5 CoO@AUPt 1 & 24 /NG, dIHAF IS AN RFFAE 80% LA |, FHZ
YUKEG A RT3 A8 A0S 20 i e R St — 2D PP 40 s 7
OGO EMESET A ES (K 2-142) o SMRanfuratl, X e 4
BRI AT YA PR T 155 40 o HaOn F 3 B2 AR o A1, FHAS [RIAR B 1) CoO@AuPt
S5O MMt s, R T CoO@AuPt 4 KEEH AR (Kl 2-14b) o ELykiENE
) &5 B 26 B VA IR AE CoO@AUPt N 1.6 mgmL! IF AR (<5%) , XK
CoO@AuPt B RUFMIMBE AR M. eAh, FEFBKIESS 25, 50 F1 100 mg-kg™! )
CoO@AUPt PIKE 5, X BB RREEAT TR AR R 9T . VRS 15 KRG, A K
PR /NS T B B e, I BAERE U IAMA A & E R (K 2-140) . Uik
Ah, SREEIMRFRYE, GFEEYI (WBCs) + £L40ff (RBCs) . [/ (PLTs) .
Ma%EA (HGB) . MANMEELE (HCT) AP QAR (MCV) , #7EIEH
WHEP, i 2-15a Fion. RN, H&E Jetagf MR OME. BT, B, filiF s 4
2 BLER R A A A B B R B B AU (] 2-15b) o IR e gE BLERIE B
CoO@AUPt PUKBE/EAN MU EEPE . MLRAE 251 77 T B A TR G I AR A 1k
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HMHRITES; (b) EREIEREHT, CoO@AuPtIEE 24 /\BIF 4T1 HAAE ST (o)
AELIRE CoO@AuPt ER 8 h f&, 4T1 AP AsFUL EHIR_E (MDA) K¥; (d) fER
DCFH-DA RFIE1E 2B ROS £ % (ARR: 20 um) ; (e) £ JC-1 X FI E 1Tk Lk A5
5 BRR: 20 um) ; () EEIRWITE 4T1 4PRAY DNA #ifs (BrR: 5um) ; (g) 4T1 4H
B%% CoO@AuPt (100 pg'mL") 438 24 h [FAY TEM Efg (FRR: 1pum) . HEERXIEK
RAGSERA XL
Figure 2-13 Cytotoxicity in vitro. (a) Viability of HUVECs and 1.929 fibroblasts after incubation
with CoO@AuPt at various concentrations for 24 h; (b) viability of 4T1 cells after incubation with
CoO@AuPt for 24 h in hypoxia or normoxia; (c) lipid peroxidation as malondialdehyde (MDA)
levels in 4T1 cells subject to various concentrations of CoO@AuPt for 8 h; (d) in vitro assessment of
intracellular ROS generation using 4T1 cells stained with DCFH-DA (scale bars: 20 um); (e)
mitochondrial damage of 4T1 cells (under 8 h treatment of CoO@AuPt ) measured by JC-1 assay kit
(scale bars: 20 um); (f) DNA damage evaluation of 4T1 cells (under 8 h treatment with CoO@AuPt)
using Comet assay (scale bars: 5 um); (g) TEM images of 4T1 cells after incubating with
CoO@AUPt (100 ug-mL™") for 24 h (scale bars: 1 pm). Yellow circle enclosed area represents the

endosome/lysosome region.
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2-14 (a) HUVECs 1 1929 #RAf42 CoO@AuPt (200 pg-mL1) &8 24 h [5EFE AR & (kR
R: 50 um); (b) AEIRE CoO@AuPt 58 6 h [FLIRARYAME; (¢) REFIE CoO@AuPt
OIS ERARNFETN.
Figure 2-14 (a) Fluorescence microscopy of HUVECs and L929 cells treated with CoO@AuPt (200
pg-mL-") for 24 h and stained with Live/Dead cell staining kit (scale bars: 50 um); (b) hemolytic rate
of erythrocytes after incubation with CoO@AuPt at various concentrations for 6 h; (c¢) variation of

KM mouse body weight after intravenous injection with CoO@AuPt with different doses.
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Figure 2-15 In vivo biocompatibility assessment. (a) blood routine analysis and (b) H&E staining of
major organs (heart, liver, spleen, lung and kidney) of KM mice on day 15 after intravenous

injection of CoO@AuPt with different dosages. Grey color hatched area in (a) represents the

reference normal range from guideline (scale bars: 100 um).

2.3.6 CoO@AUPt ZKEBHITESNETT

7E CoO@AUPt YK 1) 2 M LIS PRI T, AT HE S Z it T8
FIPuIR A . AE(REAE B4 N 5 ARFIKRE CoO@AUPt i% & 24 /N5, i#id
FrdE MTT 3000 5E 4T1 i AEA7 S (B 2-13b) o ARSI S S0 T B 470 R
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BRGIER, U CoO@AuPt /i F IHL MR ik 72 T DLAS 75 B8 T S A0K
o BEAE, 5 CoO@AUPt KR [HE & I A AE K 22 48 h, WL %2 31| B 7™ 5 (1) 4
MR, (B 2-16) o Bb4bh, FrreA A s 5 90RER R E R IEFG, 78
200 ug-mL"! (R R, #8id 60%M 4T1 4 X4E. 7F HeLa Al HepG2 4 ffiH th
MR T CoO@AUPt G KEF RN, (K 2-17a) « CoO@AUPt #5514 i & 41
MR T LU R ERF . B5E, B CoO@AuPt 1k &5 i #E vl it S SBUM R
Y1 AR AT I L. SR, SIERANIAREL, ORI S A E LK H0., B
AT CAE = A TG PR R R, AR CoO@AUPt KEFGIE 2614 41 S
G HAESE T H 200 pg-ml! CoO@AuPt 4L 4T1 4 24 h J5 I AEAFRE S (K
2-17b) , 2SRRI R 2H A A2 T A M ) SR A, T AL ER S A 4 B T LT 4 5
S ARG LT AEBIET. . RLER YT 4 o052 21 5535 B4 MR 15 3%
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Figure 2-16 Viability of 4T1 cells after incubation with CoO@AuPt for 48 h in hypoxia or normoxia.

AL FHER/R 2RI T AR EE CoO @ AuPt ALFE 4T 1 40 Hd J5 40 M P 25 bk
HRAKF (B 2-17¢) o BT CoO @ AuPt FIERMLYIEEIE M, CoO @ AuPt K1 N
2 PRI A B KD o 28 D IR AR R ve T AR 2, K0 GSH AT LA
THFE CoO@AUPt /1T VI L R P AE S TR . AP R, TSRS R VR TT
25| 6 R A A P R I AR AR 028, PRtk FRATTAS I 1 AR o AR A 4 2 B
VTN R 7T o 6 R AL B FR 200 6w R0 58 281 DR e FRT IR 3 A 3 4 1)
KA ZHERTH . SERRNT,  FH )M A IR I8 P 7K il 2 4 K A B 38 i 7 v
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[E]2-17 (a)HeLa 1 HepG2 HHRE SR EIRE CoO@AUPt I B 24 h FHIRASE 77 ; (b) CoO@AuUPt
Sb3E 4TI 400 24 h FROTEERVCESR FRR: 500 um) 5 () FAFRAE Ellman 542
CoO@AuPt 438 4T1 #8A8 8 h f[§ GSH 7K,
Figure 2-17 (a) Viability of HeLa and HepG?2 cells after incubation with CoO@AuPt at various

CoO@AuPt

concentrations in normoxia for 24 h; (b) fluorescence images of 4T1 cells after treatment with
CoO@AuPt for 24 h and staining with Live/Dead cell viability assay kit (scale bars: 500 pm); (c)
intracellular GSH level of 4T1 cells after treatment with CoO@AuPt for 8 h, measured by standard
Ellman reagent.

k4N, A DCFH-DA 4REF Rl 17 4T1 4HH0 N IR E 1 280K, R BT AR AL
WO ATAL DY 2,7- — IR . WA 2-13 R, fEHESIT NS CoO@AuPt 7
8 /IR, ATT AL PSRRI B (a0 980, KU ROS (74, ek, BIfE
NEE%M&FFL,L DCFH- DA (5] 2-18) 5k DHE {ENTR M SAIREN (B 2-19) , [

RERTI ] ROS 55, X AT BEAR T XK A T 03 A S BSR4 HaO0
éa\ A O RARBEY T4 HHIR, 7E L929 4HH A ¥ A Kl 2] ROS =4, XK
ZANKBEA S 13 TR S A R Al Ry S e R (81 2-20)
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Blank
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2-18 CoO@AuPt 5 4T1 AR ELH THEMS~EER, DCFH-DA fEAIERT (Fr
R: 20 um) .
Figure 2-18 In vitro assessment of ROS generation in hypoxia using 4T1 cells stained with

DCFH-DA (scale bars: 20 um).

Blank

CoO@AuPt

[ 2-19 CoO@AuPt HKERS 4T1 AAREFM THEESE~E 15 DHE /EAERF (Fr
R: 20 l.lm) o
Figure 2-19 In vitro assessment of intracellular ROS generation in hypoxia using 4T1 cells

stained with DHE probe (scale bars: 20 um).
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Figure 2-20 In vitro assessment of intracellular ROS generation using 1.929 fibroblasts stained with
DCFH-DA (scale bars: 20 um).

B, BAIWEIT 7 iR AL B 10 iR 20 S 2 AR A DNA 5 0055 Do T
BE—MEEZIERE, TR AR RAL. IEWTE T, JC-1 707 L5 é%ﬁi
HIE R RAELRRLAR T, AR SO0, BT AR &S0 5 Bue 8 2L P i A e 2%
WA, JC-1 NERIAR B RET,  IF DU S (5 e i) AR FE AT AE . T 2-13e
Bz, CoO@AuPt 4P )5 4T1 4Hfiurf JC-1 BARRIEIGIN, R LRARI; T 4N
MERATELR . AN, i P SR 5 S S MR AL IR I 7 A AR S A IR 8-
-GTP, XATREBUGIRIEVIFREE, H T H DNA WHERT 2L, Rk, A6
FARE R R I 7T 1S A5 5 0 DNA $if) . i 2-13f fi7R, & CoO@AuPt

(200 pg'mL) AP 8 h J5, 4T1 dUMutz B BLAH BRI 4, R DNA W7
B E . RPN R ERERN ST, DNA 05K 0 o . e
. | CoO@AuPt 4bF J5 5: 35 36.0£1.8%[#) DNA #i45, #7 fh BF DNA 4% ( —
2, 20%-40%F] DNA #ifii) .

IR R T 4R L A 1F A X CoO@AuPt (11 2L, FAiTitk
il HZE S BT SE T AKBERO N 204 (18 2-21) o W8 E 2 /DI JE, £ 4T1 4000
IR B CoO@AuPt LRI IAFE . A, FEALER 6 /N R 2 1A,
A X2 R o R B g (Qléﬁiliiﬁi) 2 AL PRI [A)3E— AN 2 48 /N, AR
B R A BN A AN, X TR R A A TR T IR IR B (I 2-13)
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e b _ - ' . Y
& 2-21 CoO@AuPt 2018 4T1 AR ERTEERIBERRAE (1 um) .
Figure 2-21 TEM images of 4T1 cells after incubation with CoO@AuPt for 2 h and 6 h (1 um).

2.3.7 CoO@AuPt IZS R E I F TR AR 1%

BRIV IZGNOK B fa I A58 P B A 5 B A4 U DN /0 BRUAS T3] S (1) 25
M 4 BRSO BE SR RAE CoO@AUPt YK 25105h 112 . 18 iRy
RENFTERERDR G TR S EIARN (B 2-22) o 4. HURER G132 10 5 51
79 1.4455, 0.995 1 0.322 ho i (1) 3 AR T A R L A5 0 110 5 DU - E4h, H
TeMmpEE e TRk, wES SRR (B 2-100 , XHEMITREN
THERREISE L . WEIS RGP PSS B 4 RIS R DL K PR FE H P CoO@AuPt
JS FH 2 s R 7 £E B PR AR 0

Bk, BATPE TiZGeKERIOEHPERE, 808 nm IEZLAMFOE ST 15 min J5
(1.5W-cm?) , 75 pg-mL"' CoO@AuPt {1 i RS AT 1A 4 80°C (] 2-23)
A, CoO@AUPt YL b R ik 41.93%, B eHGATT MR I ER . F
I BEAEUT LA X B AR R R SR S e ke B2, 7EAAR A PEAS T CoO@AuPt FH T4
FEIZWT DG AR (PAD IEREHIRITE /1. Wil 2-24a A1 2-24b FioR, PA 15 5 5R)%
B A AN AR FE R IO 35 00 o SRS e o A A9 /) SRS BUAE B ki 5 CoO@AuPt
R 5 SR ) PA USSR IEAE CoO@AUPt A PA BUGRCR . W& 2-24c, 7EVE
S JE 24 /NI, A8 R DX SR 20 E o LU PA S 5.

BAE, AT T AS[FH E B CoO@AUPt AN CT BG4 PE (& 2-24d 1
2-24¢) . BEFE CoO@AUPt WKFE MG, 155 MR, XKW TG KA
FAE CT BB I& &I AT BetE o T N 1PAly, [RS8 I i Bk S 9 oK i 46 A g /)
RS, WM X0 CT B 2CR (B 2-240) o 24 /NI CT {E RN 123, 72
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mailto:静脉注射后，通过使用电感耦合等离子体质谱测量小鼠不同时间点血液中金、铂和钴的浓度来表征CoO@AuPt纳米酶的药代动力学。使用单指数药代动力学模型来拟合元素含量的动力学变化(图2-22)。金、铂和钴的循环半衰期分别为1.4455、0.995和0.322小时。钴的半衰期较短可归因于其结构的易瓦解。此外，由于金和铂的半衰期比钴元素长，如生物分布实验所示(图2-10)，这两种元素的清除要慢得多。从循环系统中快速清除金、铂和钴可以最大限度地降低CoO@AuPt纳米酶应用到临床的潜在毒性或不利影响。
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Figure 2-22 Pharmacokinetics of (a) Au, (b) Pt and (c) Co contents in blood over 24 h after

intravenous injection of CoO@AuPt into 4T1 tumor-bearing BALB/c mice.
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2-23 CoO@AuPt HUSEHRMR: (a) IMLIIMNASEERST (808 nm, 1.5 W-em?) 15 min /7, &
EiRE CoO@AuPt BFUFHERAZ; (b) CoO@AuPt X1 (a)AYLI SN A& B, (¢) CoO@AuPt
(1mL, 37.5 uyg'mL") BIFHBMPESMLZ; (d) BE (¢) HAEMEL-In(0)E B ARt B Lk .
Figure 2-23 Photothermal property of CoO@AuPt. (a) Temperature elevation of CoO@AuPt
aqueous dispersion at various concentrations under NIR laser irradiation (808 nm, 1.5 W-cm) for
15 min; (b) infrared thermographic images of CoO@AuPt corresponding to (a); (c) heating and
cooling curve of CoOO@AuPt aqueous dispersion (1 mL, 37.5 ug-mL"); (d) fitting curve of time as a

function of -In(0) derived from the cooling stage in (c).
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Figure 2-24 PA/CT biomodal imaging: (a) In vitro PA images and (b) average PA signal intensity of
CoO@AuPt with different concentrations; (c) in vivo PA images of tumor region before intravenous (i.v.)
injection and at 24 h post-injection; (d) in vitro CT images and (e) average CT intensity values of
CoO@AuPt at different concentrations; (f) in vivo CT images of tumor region at 0.5, 2, 6 and 24 h

post-injection. In vivo anti-tumor effect of CoO@AuPt through intravenous injection: (g) tumor growth
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curve of 4T1 tumor-bearing BALB/c mice after receiving saline, DOX or CoO@AuPt (inset: photos of
excised tumors on day 15 post-treatment); (h) weight of solid tumors at the end of each treatment regimen;

(i) variation of mouse body weight in a treatment period of 15 days; (j) histological analysis of the
excised tumor sections by H&E, Ki67, TUNEL, HIF-a, VEGF and DHE staining (scale bars: 100 pm)

(***p < 0.001).
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Figure 2-25 H&E staining of major organ slices from 4T1 tumor-bearing mice on day 15 after

intravenous injection with various agents (scale bars: 100 pm).
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Figure 2-26 In vivo anti-tumor effect of CoO@AuPt through intratumoral injection. (a) tumor growth

curve of 4T1 tumor-bearing BALB/c mice after receiving saline, DOX or CoO@AuPt (inset: photos of

66



5 2 F CoO@AuPt H fift YN AR ] IR Tl A8 2 0 B Ak 438 TR )T

excised tumor on day 15 post-treatment); (b) solid tumor weight at the end of each treatment regimen; (c)
variation of mouse body weight in a treatment period of 15 days; (d) histological analysis of the excised

tumor sections by H&E, Ki67, TUNEL, HIF-a, VEGF and DHE staining (scale bars: 100 um).
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Figure 2-27 H&E staining of major organ slices from 4T1 tumor-bearing mice on day 15 after

intratumoral injection with various agents (scale bars: 100 pm).
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Figure 3-1 Schematic illustration to indicate the synthetic procedure of CoFe>O4 and the working

mechanism for CDT, SDT and immunotherapy of cancer.
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GG SO EE T 20 B R 45 4 17 50 A ZH BB T 15 Do

BT A B4 M S e o e G SR D IR IR, 4T1 MG IS Bl A [l Adb BE 2 Ab 2
Ja R EERE IR 2 /N AR 5 PBS WA 3 1R, 4% % T FH S VAR E 52 10 min, 0.2% Triton
X-100 #2i% 5 min. ZR/5H 1% BSA fE=I FEM 1 h, —HiiF § 4°Cd®, RiEH
FITC 5% Cy3 Fric i P =1 NI E 4 ho H PBS ¥E 3 k)5, & DAPI (¥
BAWE R, )R RSN A S .

3.2.8 CoFexO4 LA KEGAL IR LA AEIFE X WB SCIG

TG, 4T1 40H8H 75 pg-mL'CFP L & 4 h, PBS ¥elk/a, MR (US:
1.0 MHz, 0.5 W-cm2, 20%, 3 min) B¢ 10 pM HoO2 ZbFRAH L, EAR N 6 41: 1. A
AT AL B, 2. US+10 mM H20., 3. CEP, 4. CFP +10 mM Hx0, 5. CFP +US, 6. US+
CFP + 10 mM HoO2. #4%%Z:555% 2 h J5 {8 FHRBEH AL ISR A0 . S8)5, M8 RIPA 2
fR G I RAE VK 2R i, 2R IS 5 FH VA R 25 0L 12000 rpm B0 15 min, Y8 B
TER . A BCA GG B EKREH T ER. K55 ERZMIBNIRG G /K&
I 5 min, IOl & bF R FEEAT VK. B e E R %2 PVDF I I, 5%t
MMP9. %$t VEGF. it GADPH. ##$i Tubulin. f#$T Caspase 3. Rt GPX4.
Hbt RARP Al4udit E-cadherin Hifk 4°CF B Id . REH _HiE. M ECL &
LA IG5

3.2.9 CoFeO4 IKEEN SRR G ERETE T

# 75 pg-mL' 1 CFP 5 4T1 JLWSE & 4h 400, FJ PBS Bk Rk N 75 AR,
FlE AR (US: 1.0 MHz, 0.5 W-cm?2, 20%, 3 min) 5% 10 uM H,O, 4L B 41 i,
BARSY Hy 6 4. 1. AMYATTALEE, 2. US+10 mM H20,, 3. CEP, 4. CFP +10 mM H»0,
5. CFP +US, 6. US+ CFP + 10 mM H>0,. k%5557 2 h Je e Bis W, WhEE4H A
JRBEH AL, WEEANA, EVK E2ARANAE, A B0l 1500 rpm #5.0 5 min, U4E L
Ho HHE =K ATP RiAI&ENE ATP F&. X T4HMER (CRT) M HMGBI1 4%
Jetn, b H 4T1 M 4% 2 58 A E 10 min, 0.2% Triton X-100 12i% 5
min. A/EH 1% BSA TE=| FHEM 1h, 5—HE 4°CiI®, R/5H FITC 5§
Cy3 bric i) PR T E 2 /Mf. A PBS e 3 k2 Ja, FI&H DAPI K Ak
B R, e P AR TR IS 4 i N S 1 D .
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3.2.10 E37 4T1 /R AREY

FITE 34 AL R - ER A 7Y rE K 2 s 40 SR AL 2 R 2 ittt IF
I8 (P ESLIG s FEAE FH E e ) AT B 4T1 (2 <1054 FLUARI R 4H
HOAE N BALB/c /NG RE T &5 5 F IX Ik, BEEAK —ANEIAL, BRI AR
IEFZ) 200 mmP. HEAEE FREER A (DT MRATR V. a NFEE, b N KE.

V =0.5 xbxa?

XU R A R S 7 A7 S R R (2 x1054y) , — ANE B EA 5 kB
s R AT ZHf (4x10%) .

3.2.11 CoFe 04 HKEBRI AKX TN 15

METE BALB/c farJ8 /) bl 1 R g Dk 5 CFP (25 mg-kg™). F B4HE EAN[F]
o) AU RER B I, FAEM G, F ICP-MS {8 ikt Co TG &K IKE .

3.2.12 CoFe 04 ZHKEGHT MRI B 1%

FHAEE PE 115 Prisma 3.0 T MR F$§4¢ (B 58 5 AT 1% 80 mT/m(T2, CPMG))
IR T ASEREE CFP R HR AR (MRS S . [FRE FHZAN 2806 #50 Jhk v 5 CFP (25
mg-kg) [ a7 98 /) B 47 MRI A 5 820 (TR = 3500 ms, TE = 35 ms. Matrix =
128*128) .

3.2.13 CoFerO4 KEGHY AR A PR L=

20 R MEME BALB/c faffd /N SRBEHL - AV, sralib3 iRy 1 A2 ERIK, 2. US
i, 3. CFP (25 mg-kg!) , 4. CFP+US. CFP & E#kiES (150 uL) o 7HIFEVE
WEHE 1 R 3 Reg TEAL T US i (US:1.0 MHz, 1 W-em, 20%, 5 min) .
SRIE I/ AR EFI R AR . 28 14 KGR ATA /N BRARSE FAd ) fa B acs & 2
BREER GO S B Bl B, 3t DHHT A SUREL MR G w o Y
RIS IE RERTE A 2ot S s (A AR -

V=0.5 xKxTg 2
3.2.14 CoFe:O4 YREELE & SRR T I B IR B A E

BATEAE I RGAEAAIEA T CEP (25 mg-kg?) /ST EER B 5 f1y7
EBEG PD-L1 HUAEA S B 69T Pr RIVE T AR o farddd /s RE S Fh 58 28 =AM
Ja AR AL EH NSy 25 1. A ER K, 2. US+oPD-L1, 3. CFP+aPD-L1 (25
mg-kg!), 4. CFP+US+aPD-L1. 3 HI7E 1 RAEE 3 K45 5487 il (US: 1.0 MHz,
1 W-em?,20%, Smin) , fE%5 1. 4. 7 RiFESFaPD-L1 ik (75 ug'kg') - HK
SR/ AR B AT R s R RS . 89T 14 KRG, A /NRISAIEIEEH
Bs s e R RS GOy BFS . Bli. B, 3BT L SUR B S AT A
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% 3 B CoFexOq [ 1Y 5N K FH T~ M kP15 0 B, CDT/SDT/ Sy 7 V% W [FG T
RERICGL
PUH R SCIR oy P, R R AY T, 0k HEZE 3 5 AR B SR K AR 0t
TBITHIESS CFP (25 mg-kg") FFAEZE 1 RAIEE 3 R 5B AR (US: 1.0 MHz,
1 W-em?, 20%, Smin) , %% 1. 4. 7. vES PD-L1 $uiikiGI7 (75 pgkg!) o 7E
5 8 KA R/NREKES 4T1 (1 x10%) Z0f, 4R8E4F7 21 K g B 82 i 72
ZEATHE DL, FHERY) A HE Gyt

3.3 ZER578
3.3.1 CoFe 04 2K HIFRAE

CoFexO4 4 KB 1) 6 A2 2 2 AT 1 AV R FAGE B B FesOq 49 KR+ 111 77
o LN INE AL B SR A AT pH E S 2], M TEM E% (& 3-2a. 3-2b)
A DA EEE],  CoFeaOa A& FH/INIURL SR AR SRR 45 74 9 H R ST 35— [ 4l oK 3
Fi. F Imagel Giil LB HR 15 2] CoFe204 4K 11T #0142 N 164.8420.7 nm (]
3-2b) o I i IR E A2 M PEG &, 193] CFP /K& K124 280 nm (] 3-3a),
X — R b BB R G v B K T BE 72 R A PEG BB B CoFeaOa RS2 M 1)
&1 PEG Ji zeta FAAZM 18.1 mV 25K E| 21 mV ([ 3-3¢) , XAJRER TR IEH:
FEAEA M . MBS B IOATE EAE (8 3-2¢) HRATRLAE H CFP B0 ST bk
45k. [FIFEH XRD % CFP B RS M 3T 73RAE (& 3-2d) , SREWA 1 1),
(220). 311). (44051 DHHIATHIES CoFeOs (JCPS #22 -1086) 1R 1T HiAH
PN FT AR OA SR SL T A i A S5k, B Fd3m(227) 78 [AIFFU47. & H) CFP
£ 581 cm! &b HH 3L Fe-O 1 Co-O 11 47 4% 50 U 1) 7 4iF I . £ CFP 3 [f & i
NH>-PEG-COOH Bt /A3 J5, #F 1047 cm™. 1347 cm™ A1 1585 em! 4b (1935 14 43 51
4 C=0. C-H. N-H EH[Fh4adRzhig (& 3-2¢) , F£W PEG L i B P R D)
AR IR A R . & 3-2f #8785 T 300K ¥R & T CFP () M-(H) & Rl 2 . A] A4S
F| CFP WAL RS (Ms) N 46.8 emu-g, 1 PEG B1iEi A 100 emu-g' (&
3-2¢) o X AR BT AEYR S FREMSZ 7 R AR S5 . BT R AR
i FE AR T RGP 1% — R PE U B CFP 7EREFATE T IR 77 Th A 1R SV 7 N RT3
BAVEAEZIR FRAE T CFP T34k (EPR) ki, Wikl 3-2g, # gfliAN
2.101 &b SR HARHE LR 5, 48 O B SO IRGE S 7 LR 15 5% g IEE N 2.0
(48], 1% CFP JLRMS S W8 H] g fHR 2.101 AT LLUHK T Fed *Al Co 2 1] [ L T
A, EPR %A1 M-(H)REH 2] 22 #82% B £ 1) CFP BA e . XPS Bt —
UEBH T CoFexOq IS IN & A, 1 3-4 FHEH RSB Ju R+ 0 = A1 G R RHE
g, Fe2p B =M B R MG IIEE & 88 (7329 eV A 717.2eV) K CFP
HAEAE Fe3' (] 3-2h) o Co2p 3pn AEE5ERE 786.19 eV Hl Co2p 12 AEHIZE A HE 801.8

75



PN VA

eV HEI T Co* HBHEIE (& 3-21) . Ols £ 529.78 eV b [ E W i i 3iF B 3L
WAE & R A R IC R . XL RARIER T CFP R Ih & .

60
d CFP B e f CFP
- a0 404 T=300K
- (220) (440) (511)
3 (111 S 204
5 MJLMLL_ - . g
i =2 E o
2 .
2 = -204
£ PDF#22-1086
| | *
| T PR G O T -
10 20 30 zaﬂgm f_ge) 60 70 80 3500 3000 2500 2000 1500 1000 500 10000 -5000 5000 10000
9 Wavenumber (nm) H(Oe)
4
h N Fe2p, . Feme i ?’”0‘ Co2Py;
g 3x10*4 / 6x10"4 Co2Pyy
i ] 4] 4
o : 2 5x104
CFP g=2.101 a2x10’] | £ 4x10°4 ' !
= 1732.0 &V - 3 3x10"] 1810.8 eV 1786.19 v
81“04. :Fe(lll) satellite EFe(III;satelllta 2x10*] j Co(ll) Sateliite :co(m Satellite
1 I " [ |
| ' 1x10" ' i
1 |
R — L i p - :
3300 3400 3500 3600 3700 735 730 725 720 715 710 705 810 805 800 795 790 785 780
Magnetic field (G) Binding energy (eV) Binding energy (eV)

3-2 SRERELANKEBRYRAE : (2) SRERELAVIK(E TEM Elf%; (b) KBRS 57 ##3 HRTEM

Elfg; (o) SKRERSAMIRMBTTHIE; (d) $RERELAY XRD EE; (e) $ABRELIEIR PEG AIfE

BY FTIR Ji%; () $KEREATE 300K BE THIHGFELZ; (g) EBRTHBEREHAY EPR BiL;
(h) SXEREHPEXTTRAT XPSiEE; (1) SKEREPELT R XPS iEE.

Figure 3-2 Characterizations of CFP: (a) low magnification TEM image of CFP ; (b) high resolution
(HR) TEM image of CFP ; (¢) SAED image of CFP ; (d) XRD pattern of CFP ; (e) FTIR spectrum of
CFP showing the coating of PEG; (f) Magnetic hysteresisloops of CFP at 300 K temperature; (g)
EPR spectrum of CFP recorded at a room temperature; (h)XPS spectrum of Fe2p in CFP ; (i) XPS
spectrum of Co2p in CFP .
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b

164.8:20.7 nm

D=280.1nm
PDI=0.488

100 . 1,000 80 100 120 140 160 180 200 220 240
Size (nm) size (nm)
—CF
C 204 d 100 ook [——
< 504
z c
— (=]
S 104 s 0
S §
E' -504
-1004
0 CF NFs CFP NFs -10000  -5000 0 5000 10000

H (Oe)

3-3 (a) CFP EEBF/KPHKIZ5%; (b) CFP 7 TEM BIFIR~T 9% (F Imagel %
i) ;5 (c) CFP &1 PEG RIS zeta BBAL; (d) 300 KiRE TR1E1H PEG MIBLTHE 2.
Figure 3-3 (a) size distribution of CFP in DI water; (b) size distribution of CFP in TEM picture; (c)

zeta potential of CFP; (d) Magnetic Hysteresisloops of CF at 300K temperature.

4
a 5x10°] CFPNFs b 6x10
5x10° O1s
4x10°1 3
. 4x10*4
& 3x10°1
S \ ‘E 3x10*
2x10°4 3
S 5 3 2x10"]
Lo 1x10* =~
0. o]
140012001000 800 600 400 200 O

544 542 540 538 536 534 532 530 528 526

Binding energy (ev) Binding energy (ev)

3-4 (a) SKERERHY XPS £iEE; (b) HKEREAAIMNE TR XPS EiL.
Figure3-4 (a) XPS spectrum of CFP; (b) core level XPS spectrum of Ols in CFP.

3.3.2 CoFe 04 BY 38 HR7E M4 BUTEN

CoFexO4 RIS F A EE O AR 20 7t TAEF A, & nl Lo fE i
HoOo P2 AEF2 0L H FH AR AL IEY) TMB AR I 111 O TMB . (18] 3-5b) , IX— i th
T AL T E AL Y B ) i OPDUSSIAT ABTS & AR AE & 0 s N 3E— 2B B (&
3-6a Hll 3-6b) o FIFHIX—HRF, 7T CALE IR S 53 ) S A A0 3K 1) HaOn 2E ik
FRAE B H A, XS R A0 A BN R A . SRR, FRATAR I R R R
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i BA L A EBRENE, X — VA SO E T o X — RIS IRAT A R
FERAREVR T Hn] DU St R 48R A . A& T ASEVKEE CFP 5 10 mM H,0: &
BLE, R EAREOKT A, Seie g R 3-5¢ KB, BEEK TR CFP
FE 3G sG . X —4Retkn] 2 M T SDT. PDT &6 i B AR i 8 <P BI7R97
77 s

T VPA AR R IR R ) 2 BEE P . FRATILE pH = 6.8 MR £ 2% iAo
BT AR T FESLIR VPl o 43 e 1 0 S AL VWG AN 8 i S Ak S i v 12 () (IR
RNEN 1% 240 (B 3-7 F13 3-3) o @] 3-7a, TMB {ENRMIEY, TMB RV
A3 LA HaOo WK 2 FH origin2018 & | Michaelis-Menten HiZk, 7] LAE H %
LI B AR VR S RN, BT LA B U3 B AR ] 3-70, THR IR ORWTAR T (Vinax)
93.65 pmeso K IR K A2 BRI S BLIE B R Vinax — I EPIREE, T1HHAR
F29 180 mM, 1% CFP (1) S A Pty i 11 (e A0 8 22 40 Kot 9 85.64 S, fEALAK
N 0.475 mM-s o FFER VAR AR B A T 7 A S| S A SR B, SRR
RIVHIEEE . POk F A SRR, e T CFP (12l S AL A B 1 oK K
2 (B 3-7¢) « AJLLH & RMNIARIFER [ BN, B THE G 2] Vi A 2.33 pms ™!, K
9 34.58 mM. H IR A AL SRS PER AR Y 1.58 mMss

ZE LRI, ixuegh R CFP HA 0 A AL A B A 2l SRR, AR
LG A, AR IR R 5 i 8 A SR P 80 2 i A TS PR 11 3 A e
A5 B EEFRAT TR DAHE BT 7 e 8 S 355 1T DA AL Ho O Y AR 230 7 A S SRS P AL
T H P AEESCR W RE B m T A R A 3, X R TG SR s st —
A 7 A LR A SRS IR A L AR T . S T SRR AR I 1 X4 B R A I 22 B
(671, FRAT T JFL 22 v o 10 B B o 2 X 3.1 0 3.2

Co?'/Fe*" + H202 »Co*/Fe* + O (3.1)
Co**/Fe*" + H,02 —»Co?*'/Fe** + "OH (3.2)

* 3-3 IR SEEMEARR S

Vinax[tM-S1] Ku[mM] Kea[S] Efficiency[mM-1'S"]
A 3.65 180 85.64 0.475
A AR 2.33 34.58 54.67 1.58
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& b ¢ 100 pg/mL
—100 pg/m
H.O T2 —H,0, 50150 pg/mL
M © | ——CFP —~ 40{—25ngimL
— :; ——CFP +H,0, :U)I ——0 pg/mL
POD) g1 w E 30
= ~
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OH 5 20
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>
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CFP c im Eomr=t806V|  ceViaodooooaoo - Er
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3-5 CFP BIKEEEMITM. (a) CFP WEEEEM/RERE; (b) TMB {EAREHNZE CFP #Y

I FUYEEEY; (o BINEBHEKENE CFP XTI EFIUSEEM; (d) FHMBIE

ARSHEEERREGT, F#BAER (1.0 MHz, 0.5 W-em?, 20%, 3 min) XA 10 mM H,0, %

F CFP *4% ROS #1;  (e) CFP FEBAERIEEL 10 mM H.0, T4 ROS jH#E DPBF;  (f)

DMPO/"OH ##3X49 ESR [Ei&; (g) TEMP/'O,#H3k4789 ESR Elit. (h) CFP B9EIMKETF
REIE; (1) BREREHMVTHIREERTEE.

Figure 3-5 Enzymatic performance of hollow CFP. (a) Scheme of the catalytic mechanism of CFP ;
(b) peroxidase-like activity of CFP measured by TMB probe; (c) catalase-like activity of CFP by
measuring dissolved O> level; (d) generating ROS of CFP with ultrasound stimulation(1.0 MHz, 0.5
W-cm?, 20% , 3 min) or 10 mM H>0, using MB as a tracing agent under different conditions; (¢)
Time consuming DPBF by ROS generated by CFP with ultrasound stimulation or 10 mM H»0- ; (f)
ESR spectra of DMPO/*OH adducts in different solutions; (g) ESR spectra of TEMP/'O; adducts in

different solutions. (h) Ultraviolet Photoelectron Spectroscopy of CFP; (i) energy level of CFP .
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3.6 (a) OPD fEZEMHYMEERYIHNERKE; (b) ABTS {FE3EUMBEMNECRN.
Figure 3-6 (a) peroxidase-like activity of CFP measured by OPD probe; (b) peroxidase-like activity

of CFP measured by ABTS probe.

a b 2o
1. 41 .
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E;O-S cB 1.4
=0.69 i3 -
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& 3-7 (a) #1 (b) CFP M ENMEEEMRIKRGRE; (o) TREUSEEFMRRSGE.
Figure 3-7 (a) and (b) peroxidase-like activity Kinetics of CFP; (c) catalase-like activity Kinetics of
CFP.

3.3.3 CoFexO4 AKEBN SHVEM R ~E

WHSETE (MB) ] DU s PSR B, DR 32 i PR SR AR Dol PR i
TRATTFH MB SRIEAL TG 724 B 3-5d BISRIR 45 R8T MB TEAN ] S2 56 4%
TN AEE 5 min 5 RIREARIG L. PTRAE B, = U R A SURGE ORI B BN MB
BA R TR, 24 CFP 1 Ho00 JERIE AN, MB R T K2 20%. X f2HE T4k
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B F AL YIBEEYE . 24 CFP A1 US RIS RIVEF IS, B3l 67.5%, X
Ui W] CFP A LA —Fh AL A BT S 3RATE FIR KA A HoO2 1, MB PEf# A
LF) 91.8%. RAMATEMABEESRS THEE, X—J7 M fe&H T CFP
i E A T P AR TR AR, S O T CFP i A U T AL HaOn 23 i A 1k
AR TAESNIRE . N TIEZHE A SR A AR, RAMEH T 10,
K5 5t PEEREL DPBF SRASSS (I 3-5e) , AT LUE B HMGER 75 O Ho0, #RAS RE A
DPBF %, 1 CFP 75487 3%~ {2/ DPBF I FIER] T 70%, fELtIEhE
FINEAE)S, DPBF HIFEARLFA 2] 100%, #E—HUEB T CFP [ 2RBEE P T
DI A B IR . N Tk — DR SEiE RS =28, SR BSRIEAE NHE B 4T .
2 CFP M AL E NN, DMPO R Uik #0'OH HIAEAE (& 3-50) « 24 CFP #
AL FVE I, TEMP BRIHSRE] 102 (B 3-5g) o X LLsid &5 sl Th I
TATHIBAR, 1% CFP [ BEE P AT LLAE g T 53 22 2w 7 5 445 168 7 ) i ]
FEAEE VRS, 0T bR 4 e A A A
N7 SR T f# CEP (A S JILE], FRATRHERBR B 3E 4T 158 A HEL - R

(UPS) , .1 Hel ¥ (21.2eV) Fl VG Scienta R4000 7341l & T CFP
A TR (Bl 3-5h) o« WEILUER] 12 eV 2 Ja &I a R L, &
A 3 ) — R AR O 7 o 2D R AT DU B Ok TR 17.39
eV AL, XA SHEIBIER R 212 e VI FREER Z RAEBIKE G RN 17.39eV
R HL -, A AN 28 3 AR ART B T BR A AR 1, R I 2 2@ = hn-(Ecuon -Er)
A RATH AR tH o JR S IBOR B 48 AR FEL - Re 1 R POK BB B M 0.44 eV

(K 3-8) o HEIFLIEB TN 425 eVe BUNFIREIHE R T MG FEAR
Pk IR I [ A 26 Mg S R (8] 3-9) o MRIEHRZRTE Eo= 1024/0,, TR S
BN 1.41 eV 13 BIMEEHT 55 5 LUVT 2 SR AL BT AR 0501531, AR H
T TEAL RS BB A Do B8 1 AT I M AR, (F 2 R 22 B 3 A L A DR T 2R AL A e fe
A JEEE, AR At SR B AE R A5 I AT DAR G M S f 13 s 8 (&1 3-510)
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Figure 3-8 Local magnification of ultraviolet photoelectron spectroscopy of CFP.
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Figure 3-9 UV-Vis diffuse reflectance spectra of the as-prepared CFP.

3.3.4 CoFeO4 VYA M

HRTEARSMIEST T CFP BIAE 24, AFERER CFP 5 HUVECSs £ 1929
LW E 24 h 5, B MTT E0PE 7 48fiEtE (& 3-10a) . AJLLE 2] CFP 1 F
24h 5, BELE 300 pg-mL! ik BE T 40 MU AA3E B ORFFAE 80% LA |, R EHERTRE,
SPEH RS A RN EE. BT EA SR REEEE, (HE % 40 it 4
WK PR TR . FRADEST BRER GG AT T 5 A i R 5258, A AN Rk
2R R 4G 5 BT RO 20 S M 3L I & 6 he W&l 3-11 B, BIE 9K A 3 300
pg mL!, F MWL 5%, RHHX T MEE Rt AHEENE . JATE—F
PN T ZAKERLE /N R AR N AR 2 4k, B B ke ST 04 12,5, 25 F1 50 mg-kg!
CFP EI/NRAAHN, 15 KJEX BALB/c /NREHAT MLHE BB (B 3-12) o XL/ R
FEVES G 15 RNBA IR T B B R IR, WA R SR ER . 405

(RBC) . A4 (WBC) . Ma%EA (HGB) . /MR (PLT) . ZL40H0 & F
(HCT) .\ P4l (MCV) S8 B MR An S A IR F R . [FIR,
TS 15 RIG FENER HEE et BUR AR WL S0 45 80 B (B 3-13) o iX
SegE WAL R, CFP fEE A& 50 mg-kg! IR I H R AF R ZEMF 251

Intensity (a.u.)
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Figure 3-10 (a) Viability of HUVECs and 1.929 after incubation with CFP at various concentrations for
24 h; (b) MDA standard curve.
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Figure 3-11 (a) hemolytic rate of erythrocytes after incubation with CFP at various
concentrations for 6 h; (b) variation of Blab/c mouse body weight after intravenous injection

with CFP with different doses.
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Figure 3-12 In vivo biocompatibility assessment: blood routine analysis of Blab/c mouse on day

15 after intravenous injection of CFP with different dosages.
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Figure 3-13 H&E staining of major organs (heart, liver, spleen, lung and kidney) of Blab/c mice

on day 15 after intravenous injection of CFP with different dosages (scale bars: 100 pm).
3.3.5 CoFe:04 YUK ERIASMNBIRE 1%

BATE SAPAE T AFRREER) CFP X% 4T1 40RE 351 . i 3-14b iR, A
WK CFP 5 4T1 0L E 24 h J5, @ bR MTT £ Hig . Hik
PN 75 pg-mL-! B 40 A7 2608 81%, 49K B 300 pg-mL-! B 41 f 475 %N 50%,
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Figure 3-14 Cytotoxicity in vitro. (a) Schematic diagram of CFP ledding death mechanism; (b)
viability of 4T1 cells after incubation with CFP for 24 h with or without ultrasonic stimulation; (c)
viability of 4T1 cells after different processing stimuli; group: (1) untreated; (2) US+ 100 pM H20»;
(3) CFP; (4) CFP + 100 uM H:03; (5) US+ CFP ; (6) CFP+US+ 100 uM H»03; (d) in vitro
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assessment of intracellular ROS generation using 4T1 cells stained with DCFH-DA (scale bars: 20
um); fluorescence images of 4T1 cells stained with DID; fluorescence images of 4T1 cells after
different treatment and staining with Live/Dead cell viability assay kit (scale bars: 100 pm); (e)

Western blotting of PARP and Casp3 expression after cells being administered with various
treatment. (f) lipid peroxidation as malondialdehyde (MDA) levels in 4T1 cells subject to various

treatment.
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Figure 3-15 (a) Illustration of immunogenic cell death of tumor cells after the treatment with
CFP under US irradiation; (b) ATP level of 4T1 cells after different treatment; (c)The release of
HMGB-1 and CRT was imaged through immunostaining.
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P 3-15a fEPUR IR T, Gl G g% PR BT T R A S B R B R T B i 2 4
AT R PR ) G R . B B =B RR AR (ATP) . B (CRT) M
AT FEHEH (HMGB-1) =Fbs SRR BOR I CFP 175 5 1) S0 2 Ji7 14 41 i
FET . ATP # W\ g2 Pt Jat 52 350 240 Jf G s SODR 248 Jfa 1) & 4k 57510 ik 1, CRT F1 HMGB-1
T B 0] 5 PR 2 A0 M A R A I R AN, R SR bR s T .
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Figure 3-16 Anti-metastatic in vitro. (a) Immunofluorescence of metastasis-associated proteins
MMP9, VEGF, and E-cadherin levels in 4T1 after different treatment for 4h ; (b) Western blot
protein expression levels of MMP9, VEGF, and E-cadherin from 4T1 tumor cells after different
treatment; (c) Wound healing ability of 4T1 cells after different treatment for 24 h; group: (1)
untreated; (2) US+ 100 uMH>0O»; (3) CFP; (4)CFP + 100 uM H»O»; (5) US+ CFP; (6) CFP +US+
100 pMH>02;
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Figure 3-17 (a) Pharmacokinetics of Co contents in blood over after intravenous injection of
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CFP into 4T1 tumor-bearing BALB/c mice; (b) Co contents distribution in 4T1 tumor-bearing

BALB/c mice major organs after 24h intravenous injection.
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Figure 3-17 In vivo Tr-weighted MR imaging and the suppression of primary tumor through
CFP-mediated SDT/CDT. (a) T» relaxation rate vs. the concentration of CFP dispersed in PBS
(transverse relaxation rate constant r; at 519.67 mM-'s™"); (b) T.-weighted greyscale MR images of
tumor region at different time points after intravenous injection; (c¢) scheme to show the treatment
procedure for antitumor applications; (d) digital photographs of solid tumor collected on day 14; (e)
tumor growth curve during the therapeutic course of 14 days; (f) weight of solid tumor harvested on

day 14; (g) mouse body weight variation in the treatment period of 14 days; (h) histological analysis
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of tumor section through Ki67 and HMGB1 immunohistochemical staining, as well as TUNEL, CRT,

E-cadherin, MMP9 and VEGF immunofluorescence staining on day 14 (scale bar: 50 pum).

Heart

liver

spleen

lung

kidney

E 3-18 B IRERAEGITESE 15 REEREMW HLE F& (EEfHIR: 100 pm)
Figure3-18 H&E staining of major organ slices from 4T1 tumor-bearing mice on day 15 after

intravenous injection with various treatment(scale bars: 100 pm).
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Figure 3-19 In vivo suppression of both primary and distant tumor through CFP-mediated therapy.
(a) Scheme to show the treatment procedure on BALB/c mouse models with bilateral tumor
inoculation; (b) record of mouse body weight during the treatment period of 14 days; (c) primary
and (d) distant tumor growth curve after mice receiving various treatments; digital photographs

of (e) primary and (f) distant tumors harvested on day 14; (g) histological analysis of tissue
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sections from primary tumor excised on day 14, through immunostaining with TUNEL, Ki67,
E-cadherin, MMP-9 and VEGF (scale bar: 100 um); cytokine level of (h) TNF-a, (i) INF-y and
(e) IL-6 in blood serum on day 3 after various treatments. Groups are assigned to be (1) saline,

(2) US + aPD-L1, (3) CFP + aPD-L1, (4) CFP + US + aPD-L1.
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Figure 3-20 Weight of (a) primary tumor and (b) distant tumor harvested on day 14 in terms of
different treatments. Groups are allocated to be (1) saline, (2) US + aPD-L1, (3) CFP + aPD-L1
and (4) CFP + US + aPD-L1.
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Figure 3-21 CDS8 immunohistochemical analysis of sections of distant tumor of different

treatment groups.
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Figure 3-23 (a) Scheme of US+ CFP +PD-L1 antibody synergistic comprehensive treatment for

lung metastasis inhibition in Balb/c mice; (b)Representative images of lung tissues from

different treatment groups; (¢c) H&E staining of lung tissues with different treatments.
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