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Abstract

Abstract

Objective: Osteosarcoma is the most common orthopaedic malignancy
and poses a serious economic burden and health threat to patients and society.
The neoadjuvant chemotherapy regimen of preoperative chemotherapy +
surgical resection of the tumour + postoperative chemotherapy has
significantly improved patient outcomes and 5-year event-free survival rates,
of which chemotherapy is a key factor, but with the consequent emergence
of tumour cell resistance, it has become a hot clinical issue that needs to be
addressed. Infections caused by pathogenic bacteria can have a serious
impact on the body's function, either alone or in association with other
diseases, and the chronic misuse of antibiotics has led to increased bacterial
resistance, making effective antimicrobial resistance increasingly
challenging. The emergence and rapid development of biomedical materials
has gradually provided new ideas and solutions for biomedical diagnosis and
treatment, among which nanomaterials with high specific surface area have
been widely studied and applied. In this study, copper-based nanomaterials
are proposed to be prepared based on a hydrothermal reaction and applied in
antitumour and antibacterial studies. The anti-tumour and antibacterial
activities of copper-based nanomaterials will be explored while their
mechanisms of action will be investigated in depth, and the biological
activities of copper-based nanomaterials will be evaluated comprehensively.

Methods: (1) A mixture of water and ethanol was used as the reaction
system, and different ratios of water and ethanol were adjusted to add
fructose 1,6-diphosphate (FDP) solution and copper chloride solution, which
were mixed with magnetic stirring and transferred to the reaction kettle and
placed in an oven, and the reaction time and reaction temperature were
adjusted for hydrothermal reaction to prepare copper-based nanomaterials.
Fructose-modified cuprous chloride nanoparticles (Fru-CuCl NPs) and
copper hydrogen phosphate nanosheets self-assembled microspheres (CP-
NSMSs) were produced, respectively.

(2) Taking the preparation of copper hydrogen phosphate nanosheet
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self-assembled microspheres as an example, the reaction was terminated at
different time points during the hydrothermal reaction to obtain a series of
products, and the products were characterized by scanning electron
microscopy to explore the formation mechanism of copper-based
nanomaterials.

(3) The morphology, structure, dimensions, phases and chemical
properties of the copper-based nanomaterials were carefully characterized by
scanning electron microscopy, transmission electron microscopy, selected
area electron diffraction, elemental mapping, X-ray powder diffraction
analysis, X-ray photoelectron spectroscopy, fourier transform infrared
spectroscopy and thermogravimetric analysis.

(4) Doxorubicin (DOX) was loaded onto fructose-modified cuprous
chloride nanoparticles by physical adsorption and its drug loading rate was
analyzed by UV-visible photometry. Human osteosarcoma cells (MG63) and
doxorubicin-resistant human osteosarcoma cells (MG63/DXR) were
selected to evaluate the antitumor activity of fructose-modified copper
chloride nanoparticles loaded with adriamycin by MTT assay and live-dead
cell staining, and further explore the antitumor mechanism of fructose-
modified copper chloride nanoparticles loaded with adriamycin by Western
blot and RNA-Seq.

(5) Typical Gram-negative bacteria (Escherichia coli, E. coli) and
Gram-positive bacteria (Staphylococcus aureus, S. aureus) were selected to
evaluate the antibacterial activity of the copper hydrogen phosphate
nanosheets self-assembled microspheres. To further explore the antibacterial
mechanism, hydroxyl radicals ( * OH) were measured by electron spin
resonance (ESR) and 3,3',5,5'-Tetramethylbenzidine (TMB) colourimetric
method to investigate the antibacterial mechanism of the copper hydrogen
phosphate nanosheets self-assembled microspheres.

Results: (1) By optimizing the substrate concentration and
hydrothermal reaction conditions of the reaction system, two homogeneous,
stable and well-dispersed materials named as fructose-modified cuprous

chloride nanoparticles (Fru-CuCl NPs) and copper hydrogen phosphate
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nanosheet self-assembled microspheres (CP-NSMSs) were fabricated,
respectively.

(2) Taking the preparation of copper hydrogen phosphate nanosheet
self-assembled microspheres as an example, the formation mechanism of
copper-based nanomaterials was revealed by scanning electron microscopy
characterization of the products at different time points: (i) hydrothermal
reaction of FDP to produce phosphate and organic small molecule fructose;
(11) reaction of phosphate ions with copper ions to produce amorphous
copper phosphate-organic molecule hybrid microspheres; (iil) in situ
formation of nanoflowers within the microspheres, while the amorphous
copper phosphate phase crystallizes into a copper hydrogen phosphate phase;
(iv) continued growth and assembly of copper hydrogen phosphate
nanosheets to form copper hydrogen phosphate nanosheet self-assembled
microspheres.

(3) MTT assay and live-dead cell assays suggested that the doxorubicin-
loaded fructose-modified copper chloride nanoparticles possessed excellent
osteosarcoma cell killing activity, and the Western blot results suggested that
the tumor cells highly expressed the fructose transporter membrane protein
GLUTS, suggesting that the doxorubicin-loaded fructose-modified copper
chloride nanoparticles could target and enrich in tumor cells, reverse tumor
drug resistance to a certain extent, and synergistically exert their anti-tumor
effects. The RNA-Seq results suggested that doxorubicin-loaded fructose-
modified copper chloride nanoparticles reversed drug resistance by
activating MAPK signaling pathway as well as enhancing ROS effect-
mediated apoptosis.

(4) The copper hydrogen phosphate nanosheets self-assembled
microspheres exhibited excellent anti-E. coli and anti-S. aureus activities.
Further mechanistic studies suggest that copper in the copper hydrogen
phosphate nanosheets self-assembled microspheres possesses peroxidase-
like activity, which generates reactive oxygen hydroxyl radicals through
redox reactions with hydrogen peroxide, consumes the reducing agent

glutathione and damages bacterial cell membranes to exert antibacterial
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effects.

Conclusion: Copper-based nanomaterials were successfully
prepared by initiating hydrothermal reactions with the addition of
fructose 1,6-diphosphate (FDP) solution and copper chloride solution
using water and ethanol as the reaction system. The copper-based
nanomaterials in this study possess excellent drug-carrying
properties, antitumor effects and antibacterial activities. It provides
a new feasible idea for the treatment of clinical osteosarcoma, the
problem of drug resistance of chemotherapeutic drugs and the problem of
bacterial infection, and a new feasible solution for the design, drug-
carrying delivery and targeted delivery of nanomaterials in basic research,
which has strong research significance and scientific value.

KeyWords:  Copper-based  materials;  Nanomaterials;  Fructose;

Osteosarcoma; Antibacterial; Hydrothermal reaction;
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Abbreviation Index

WNHE | EILEHR H AR
0S Osteosarcoma B W
DOX Doxorubicin K] 2% 2%
ROS Reactive Oxygen T
FDP Fructose-1,6-diphosphate 1, 6- MRS =8
TMB Tetramethyl benzidine VY R B i
ESR Electron spin resonance B B etk iRt
DMEM Dull?ecco’s modified eagle b
medium
SEM Scanning electron microscopy | 4% H 7 & 1 E%
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TEM , BT R
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FTIR A B AR 2T A6
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SAED o e [X L5 AT
diffraction
TGA Thermogravimetric Analysis | #E 23 #r
XRD X-Ray Diffraction X SR AT 43 B
XPS X-ray photoelectron X B 2Ot L T REE 3 M
spectroscopy
Fru-CuCl Fructose-modified cuprous SR PR S A IV 4] 4 K
NPs chloride nanoparticles ki
Copper hydrogen phosphate e s 5 Y 24 g
CP-NSMSs | nanosheets self-assembled iﬁ; RAMAA ST AL
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DOX@Fru- | POX:loaded fructose- ] 5 2 L v
CuCl NPs modlﬁed' cuprous chloride HR K B
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-XI -




P& RS

GLUTS GLUTS RS A IS E 5
ESR Electron spin resonance T H gtk

E. coli Escherichia coli KW E

S. aureus Staphylococcus aureus & 75 (058 & BR A

- XII -




50 =

jillf3

5l
1.5 ¥ R A REIR

Wait, B 20 el 90 FARES, EREVM BRI SR
KIE, HMipmBiblaE 13% M@ ZIREEK;  2017-2021 F H
AW FA BT 3% 58 A i se il ) Bon3R B A = A KL
M 650 12 ICHEK 1 2400 1270, TR T TR ELE R K.
i LA [ R A B S A — RAVBUR SCR AR A R &k R, H T,
T E AR A B AT AL T2 BB B, A AT LB YRV FE 2 N
F, mm R AR S ™ AR s, Rk, R B E
F IR PR BE AR = F A KL B T TR B U B S B SR R

2.5 AR R EETT IR
2.1. B ATEHLA

‘B AR (Osteosarcoma, OS) WHLFRNEH AR, &8s L%
VEE I, RIRERLN 4.4/10 73/, BIRZRLE N EPra BV E 1
1%. BPRIERZ KNP FERZ)LE LFDFENFEE 65 % LR,
AR AERE B Paget TRFTE[1]. & RJREVR TR0, &k
RN S, Kot PEoN s, S5 k4. R E D&
(43%) FlieEiLim (23%) A2 W2, 3] (BEIE.0 . BREK
O RAEF, BIRER 15%-20%M B e i &k & T gz
RO M, Bl B H W AL e R It (=85%) [4].
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Figure.1 Anatomical distribution of primary osteosarcoma[5]
2.2. HERAERETT IR

B R I R ER T FBONFARIGYT, HORNg = BUR S A
JERTTEW, (HH 5 FAAERMNA 20%4A4[6]. 20 tHed 70 F4K,
Rosen Jaffe #H#EHEH 7 FARBITHUARGHFZEITHIR TS, 55
TS FEAFREE D] T 50%; BHHE Rosen Jaffe FR4k a4 7R
AT 4 B AT - AR DT BRI - R 5 S Bh A7 s i BT 7 %, B
() 5 ARG R] TR D7, 8], BIELLL, & PR AR TT XL
HETA S, Feal & SR EEmE R Z, FEEREINE
PR ¥R T 77 SNALE AT

22,1, BEBWFAAT

VIR 2R R BT AT LI BTA, HBET (T 77
L R F AR LR E AN R, ZARTT LR BB B 10K
WA, BORIOBLR T R LR RER 5 ARG, 9], (LT

.



50 =

ARMEFEZOREGS, B R IANEIF ARG, ZORBAE %2 VaE N T
FREEAN, StER, REREEREHN DR REEREE XK
R, XMAARTAREEEMIBERE

222. BERABHIERTT

Evans #(#%Z7E 20 4 60 FACFE H N H 2 R E R CIRITH R, B
J&i Rosen Jaffe %12 H 76 R85 W [ 2 25 (Doxorubicin,
DOX) FlH Z s (Methotrexate) #EAT4LIT, BB T 8& AL
VRIT WIS % [10]. Rosen 74 1979 fEHHHHBILIT, ZHEAR
X RE 1) S5 R0 b Rz A L RS 1, TRD A AT DA X PR R R A B
FIRIEF AR LA

H AT PR N AT 59 R ZE A E R (DOX) . H & s
(MTX) . Jii¥1 (DDP) . fKFEyHE (VP-16) . FFELE (EPD .
SIBERERE (IFO) FIEABEEMAE (CTX) £, H MTX. DOX. DDP
A IFO oA o AR N 47 A8 B — T 2590045 5y r= A it 2454
Z ARG e — e R RS D T 25 1 [R B 2 =T A, H RTE AL
FFHRAFE AP 7%: DOX + DDP, fil MAP H£: &8 MTX
+DOX+DDP, i MAP &) ZNHIMWT FE (B552) , W
SERREE E AR TS R[11, 12]. TR SonEIEE BRI T WA G
BIH MAPALIT 7%, &N 5 FELRFEMEAETIL 60-70%, RS
m U EE AR R3] BT R BARE R T B S
TEAEARE, AHRN T M AR BRI B R G 5 AR RE 20%
FA[14]. B R SCHRIRE A2 BE AL TT 254 bl 22 79 5562 B A =5 P At
RS HAA LL—E R IR R k. MR TEE AR, RN, AR
T H R P I Jhe AR 6 v 7 B A A VS AN BT 25 21 4 M AT T R R
RMEVE VB R — 89T 2 SR, LI RIS IR S iR yT 77 8
T IFEA B [15-17].

gx b, AT T R IINCR PR S T R R BT S AR AR
135, AE AT WAFLE B mIE AN 2508 1) B ak f vk . RRHE L
AT GHEMECEGIT R W5 R I 255 o
PRI AT A 1 8 ) R
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EI5 5.2 & R I MAP {7 5 R il[5]
Figure.2 Example MAP chemotherapy regimen for osteosarcoma [5]

22.3. BERABHIMSHET

B R BT VR 9T 2 18 F s AR S W SR MRg 4B i DNA B8, S
R AR B AE T . B RIRE AR XS TR T A — e i 32 P, DR 0T A
RETE A ARIEI AN, IR 2 H TR ia s riasy . FARANZE IR
JE PR IT BRICTEF AR VIR L ARIGIT18, 19]. L R2EFH B F4H5
B BOEATIRER, AR AZS 2P (GPS) T LA ErE PR XS
TR T B RUBE 207

224 BRERNREIATT

NG R G RV e L S B RN 4+ S A2 S I T RE
100 “H, William Coley %A% F K% B B BR i A1 &5 5 ) B I
REWRIGIT B RIS T — 7RG BRI 7B R A
TR S[21]. BRI R T EE R AR E G an, HhaR
YN (NKD FIESARAG TAIM (NKT) 2 ¥ K8 240 M i o8 (A
7, MRHAM KRR GIZAM I EFEEIEAN M. BRI R AN FETR I b
N2 5 IR E H[22]. B BE R SR E T R SR R 1
BERZE, HEANER AR R EE T U a R, FR &
NRZEIRITER T REMM, FILHRk 41 E M EARE 2 2 [23].
A 2EE P RS IR YT FRE R Y6 T LALIRAS S 4 F 97 230

2.2.5. B ABR S FERERTT
S FRERYGIT T8 B H B A ik B A s N T A E
BT PR, R VR PR AT, T A K R R DLk B
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KB A AR H (241 = R or FRELFAYEIT AR A2 HER2 (Human
epidermal growth factor receptor 2, ARFER L AEKRE 724 (EF]
8.3, HERKEkE, &R SR A FRAL, R R HER2 5
o, [ A 22 BT AT DA i HER2 BH S R S AR A2 [25]

Examples of
surface receptor

tyrosine kinases A ADC | CART

| | A W \ Neell, |

o N \J[;/ >

qlls ﬁp apn "vie »
U
VEGFR PDGFR  FGFR HER2  EGFR  B7-H3 GD2
( mex ) (mapk ) ( AKT )
YINININY),

Inhibition of DNA damage
regulatory proteins

E5 5.3 B R IR R AR S A5 5]
Figure.3 Potential targets for osteosarcoma treatment[5]

22.6. BERABHEREIGTT

H HE RR 2L RE T vk R AR R R . BRERE. kX
FEA e R R S LB G R R EE. Hop s LR B AU 2 R pS3.
ple Fflp21 4%, HAkT ps3 FIZERB T ENIEN, TR H & R R
1) p53 BRI H R A RAR[26].
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EMRERHAEAR RGP R ORI R R, ORI (AR
TR TR B R, BT EE 1 AR AR AR R TT
J7RG Fh GeoRarkt R b B DL 5 M e ) iz AT S MR A

3. AR RE T RERTT PN AR
3.1. AR HRHLIR

GURM B R FRE =4 W B2 D — N EER RSP RER
(1 nm~100 nm) FIAFRL . HRPEAS [F] 45 B R 9K A KL R = 4E 9K
G (BT R SBYCKER. BE8ESE) - —4E90Kg (K&, 9N
KA. GRS © 4EGUR (9KRIE. KA 2 . =4E9KY
(Z 8RR, WBEPIR K T48) RERYKR R gk a5tk (4
JB-AHHELE . AR KARIEE) [27]. BEERSHELE F 042 BN £ 2R}
LXAVERE KBV SE, DORMRLRL A0 A 1) B 2R 52 (1) 45 G ok B R
B, GORPPRHE AR R 22 S S S T B R .

GURMBHER H EEAFE LML (1) 4K 99K E
JHAN, WRMEBUR, RN 5T RMEEM, &8 828k rsitiz
o GUKMEME RZMIRIEEBA B AR Z RS GOKRM R AT i 4
TR RN R, WIMIEKZ9YE I ] 90K A R 4k 2
Y] W [ R AV F DA 5 5 #2525 88, (RIS ml sk 245400 (1) B2 )
TEF ;s GUOKRPPRL AT ORI 448 245 WA HL Rt S PO B e T 2 0, R
YME IR e s LAY AR A R ER, TR sk 2
VIR FESEIUREHELE 2. B BT FUE 2 M GOR AR B 4 8 40 K Jk
A B 1 0 T R AR B AR s G KA L5 (28] (20 BB iRIT
AR, AKEOR B COE R S IR e T I TR At R g, K
e S 00 AT B 1 A LA IR v 9T U B T I R BT [29]. B
JER KAy A A AR AR R @ E e, I — IR AR Y i
SEVBIE ST NIRRT GRS R N TR B[R] 455 B LE i e 2H 27
M SE A FLAE A= W Ak 9 B8 0 AIVE B[], T — ot 38 1) 2850 8%
[30]. KEBZF G AM LR G BN 7 KSR, A s
SUERNUAR R R N2, [ AR o E AR =Y. Rtk 49oKH
TS} DR FL R AR 10 A 110 3L A J R A 40 2 e A6 L )32 I FH - B e v
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7 BT W7 THOT T SERT AU [31]. R IEAIKA R A A
S B TR T e VR T B AN K AR 3 Z5 A LK R TEAL
UK BL . HA it FUA 2 A FLANK A B A FE e Bk . 7e 28 pE
HEFRGURS R, TEALGURA LR CUERGKAFBE . AP E G KA R
EIRKMEL L AEE B KMEL N E . (3) PRl 8 A PUE/
A IIRERI PRI RL, PUBE KA BT/ R 3 ) 32 AL B S T4
FOBER) A S BRI . TR R & M i) B A . 4K
BHRYE HHIR 7 AT 0 RS SR KPR R, Bk
MEE S REPEII6E, TR nr R EEEH; B
Frt LKA 1R R VBRI GUOKPURE 291k &R, HEInRR . 42K R
FiE[32]. W FCIRS AR RME 30 i 209 B4 mT 4 = 2 ke
IR B FEHI AL R EA . BT, GUKARLE @ 2 ML R DL AR
H, U= AT 25 PE AT e AR [33]. (4D AWML Wk
IR R —NMEEVE B A TR, RS 2 A %R
N R IS SR A BT S R B A . AR A KRR gl KB AR R 1
B AR RIS AT AN ROAFEZIR . B STV RO AR
FEL . OE, OB T R R U AR AL B, T
R T B RGO A BR A 2 1) 38 B 8 AR LY T DU R R N B 1 4%
AT RE AR DA AR, T AR FL 1~ S0 5 AT DA S ISR 4 B J86
JE A B R B R AR RO Z, DHBEEES . (5) £k
GRS SITH, B R0 F BIE 82 R R I TR . ) PR AN
R E S A, GURMRE R B A MG, By A, S
R, BEEMRFREYREEAREEER, Wt 7T %
B A1FE CT. MRI. PET-CT & sm5/5& 571 .

3.2, ARFPRHE B AT T T

ANK R BEAR 1 R JE AN AN A3 AR (1 22 B ZE W B P oK
MR FURI RS, RIS il R H WP B YRR (1 1 —Fiogh 1297 8
BRI R (B354 .
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BI5| 5.4 PUKBHALE B R IZ ST T T 7T L N I [34]

Figure.4 Research and application of nanoscience in the treatment of
osteosarcoma [34]

H A 0T 9K RHE B U E T B 98 8 2E R FH 9 KA RE )
R AAE 1 3 A 1 JoiT 1 D0 e 1 245 4 ek R 33 AT 05 0k R B ) ok (L 5
8.5 . EAAYIBERGYPRMEL AL NESE: (1D 9eKRMEE
B TSR 25 R 2580 12 IR |k ReE; (20 9eRMEL R A
5 I 2B e SRR I SRR RE 05 (3D YKRMRLAR & 0T LUEEAT
FE A et B AT HE— 2P 38 s b R 2835, 36]. HETRIH TH A
TFRTT INAKM BL R E 0 R LU LS REMAKEIE. IRk, &
JE AN AKRTIRL AR B SPGB . L AR AR R A N
KIKL[34] .
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Figure.5 Nanoparticle-mediated targeted drug delivery to cancer stem cells
(CSCs) [34]

3.2.1. BEPRE K

AWK BEE B A BT (A P A A ) mT B e )
T2 N T AR T R B 25, R RIE R RUE % [37]. Li &5
g, BRI B R (ERIBEIG) DLSS & ik i 2
Je F CARIT R M E IR, BT iA 5 Je A2 — P B B v I8 N R AR K
RIF-324k 2 5, &5 RIS E AR R SR B AE I A 175 S i
AT, RS T R IR T AR [38]. AR SR A E
T i PR 7 S0 i ) A 288 0, B P A MO Ak L e 0 40 ) B RRUE B AL SR &
Ha R DL BE MR 4R AR, &5 R e 7R M A F AT SR B 4 Kb RLE i yeg 4
M b KD T m R, hAh, RS R R AL, R EY
YA LA 1K () e R LS 1 0 N PRI 4 MG63 B i 1Y)
R EEPE[39]
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3.2.2. BEBUA

JE o AR = B R AR ] B A E SR B AR 2 Rk, B BT I AE IR
PE, WA T A WA T e ik . AR ARAE DL At # AR R R e
[ A DA e Sk s R S A 1 65 ) AR A SR X L R AT ER AR A AR AN
DT [40) . A B FT4E A8 FH 02 BH B R R TR B4 5 1 T o A 48 iy [ 5 2=
MR &= B R, TRfAnT LB CD44 2R & mvk &
PRI 4 A RO, RSP A R A P-RE R (AR TERR, LR RIS R 2
MREHEIGIT[41]. HAh—Tmtsirh, K0 TR T4 & 5k,
[F I BT A B R SR AN B X P Rl e, KA AR+ =T LEK IR
JOR AR ) ISR BB ), BRI A B IR Sk v AT ANVE 97 B o A A1 T
N, R BRI B R G R AL B PR R R IR T A [42]. i
ok, AW TR O R ORUCER I AR 2 ik ik R a8 UL R 2 R Y ia T
BRI, TS W [R5 24 IR0 T AR 2 VR T B RURE I — PR AR A BT S 1
S WARE

3.2.3. & BRARFNL

& JE AR TR AR IR A 4 SR EE A, R MR A B R A
AR E R e A, RN TR AU E 4, (N R
TR ITHIE 5T AR 250 ) 3 i BR AR B [43]. AR G K Uk 7E Jir I8
T I TS5 A AL Bt RE A RE ) yE P, &L BRI 9K
TOUR AR5 UF S A % 41011 B PRI R 4 B Y B [44]

3.2.4. EALIE R 0 R M LR E A

TR S B ¥ A v PRI YR 9 E 98 A B BT A 7 vk o I S AT LA
F bR PR 58 P R AR R R R R R P 51 GES, o mT DA pl 7 bR
B R BT SR, B RS T R B R BUR K # R T
B ARG P i) 33 5 F 9 SRR 22 [45]. AT A R T 535 W R B A B
S5 A3 i R o AR T PRI IR 259038025, 2R AR DU R A 5%
IR JE H AT AR L, e BT ARRE ) CD44 5244 ARG 5 R AL
7, FlEE 2 AR & PR O 259k A AL 258, o SRR N AR
FEA AR 1 R A T 5[46]
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325 MfL=&ELhE

BTN AL AR GOR R A 1t . S AR AR A A 22 1L
SER A R B R AR, AT DA AN [R5 A0 RS [ - I A e 3%
BAR R AL A REGOR U O 12 AR 2 W i 19 B 5 7R 3R T 1
B BE R % i ] B 2= [34] 6

3.2.6. B AR FiRL
HAET, ZEATEEH RSP RHIE G, CABIE—MR G
Kby, CAMGomAZ e tE A AEYIAR A, [R5 B m] 3815 [34]

4. SEEM BT NEIATT PRI A

o G JE S T ECAL S PIE A A S b A BB A
BT HMIBLA Y, Rl e T H B U R et 2 N
TB PR VR IT SR AIE PR Fe A, SR B PRI 40 PR 4 A 28 140
P25 R 25 1 R 7 ot — 2 R [47, 48], N T fE BRI R, P
% HoAh & JE F AR 45 8 S 4 B T FH T B VR T [49-52]

EAEMERAEK KIS, 22 U04EA TR HRS 6
PR AE T ), ALFEER A TS . dHIRSE . dH AR TS A5 53], %
T, Tsvetkov 5 FHHRIE T —Fhii T M0 T 8 R 0E, XA Z /T
S AE MR AE T LA E], B AR He A B AT DI BH K %0 R 4 g
FETHLEIR G Sanfstrs, HdfEW R BE AR L, SR NS
T-[54). [FIB, Ysvetkov S NILHE 1 -GAME 1250 40 B o T2 ) JE (4]
FDX1. LIAS. LIPT1. DLD. DLAT. PDHAI #1 PDHB L\ & =/ i)
HAAHMIE TSR . MTFEL. GLS F1 CDKN2A. #Rkik % firds 20,
HAAE TR LAsZ e e AR K 05 S MR M AR T, AT AE R S Pt
R YR T R AN AT BB IR (55, 56]. BT LR BB 1] LR A4
I N A KB A DR SRR 4 i, RIS, s+ ] LVE#E
0B A PR3 DR R A D DR DA 5 e Bl 2R 1 R 9 R 52

Huang %5 \$& R H 2SN 9767 e (BEIS.6) , A
A FH 58 & T REAB AT () 6 260 W SR A BB AE AR, T BSRT AR ) PR ) 40
BB ES AR RN, SR 5 R A R, o 1R & B A LR N
fHEA TR R DA 2000 e A 0 B P 40 200 M 80 e 2 o S840, RIS RE TR
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W (1D 5400 A A BEH IR B BATH FEIC IR 7 S5 e H IR, 5 itk
[FI, BT D ok FE 8 EARFEHHEHEE T (D, R)EiE
AT (D A RS N o i E A S A R B S, A
— B S 4l U AE T-[52].

it ) r,". ® . habas chil b
iea MR @ g s W

|j ¢ sty i Biomineralization i @ @ : DOX loading

- s A s W A s
Ty 37°C,24h S - ®

9 Ca®
@ Cu®
i PO~
-+ Glucose

- PEG-GOx

&) PGC Glucose + O, + H,0 SO%, Gluconic acid + H,0, 22
- Cu?* + GSH — Cu* + GSSG NN

@ PGC-DOX | oy 4h,0, Cu?* + -OH + OH- Cell damage

B 51 .6 Fl R bt ARE S5 AN 5 MR S A A KA T VB XA
ST E[52]

Figure.6 Nanocatalytic therapy using glutathione depletion and enhanced

reactive oxygen species production for effective cancer treatment [52]

1T SC LR H B ARk B T 475 S 24 PR R T B AP 9 I T R B YR T I
PRI FUVEIR, 98, AR A AE DR 7E b B A ARy
PR, HAEPUR T B S, 0 Z N BIHUw i 2L
A R FL

5. fEEMRERESTT PRIN AR

2008 4, EEMELLRIE (EPA) IEFRINEHAEE PR T R
AR 5| D ) IR A e PR e A DL AL I F R, Bl s SR AR AR R
72 AR R 2 VR R R ek s, AR SR R AR B R T R AL T R B AR
77 & [57]-

-12 -



5 =5

KT HIALH], BT 58 RS s I A2 2 2 T4 i AL G R F
PE, 8B ] DU 3 28 25 0 S B AR T 1 %L (Reactive Oxygen,
ROS) , ARHTE A 2w IR R AR T . SR T BRNTA% R 3 B4
F58]. M LA EMELR WA R 708 4 MBI 'R, HINB IR
WE M EIRE R R, A nts TR, SRR &
R BTk, AN A BRSNS S E FUNE A AR S 80
— B, &% DNA Bk, SEAMsT[59] (B5IE.7D) .

LT
& z '\\
6 Cytoplasmic
‘1,\ content ,~~

B5 5.7 i S AR A BT P BoR B E[57]

Figure.7 Schematic diagram of the antimicrobial steps for copper and

copper-based materials [57]

R LR IIAAEN . ARG a5 fl it ekl RS e,
£ Ren & AW FEHAEARIRD S s t 1R 25 DT RCR, Wit
T BRI I 5IE 20%, K # 06 R ik 40%, 24h J&5, %4
FEMBIRIE T 99%IIAHTE[60] i FE AR A AL 1) 2 77 1% 2 E AR
AR SR LB W RGESE, a6 58 B0 3 2 e A 4
BRI EL, IRZBIFSIMANEE . HEYD B R i S 40 Kb
R ELALEE A T T 28 7= 0 S A0 S B ERAG I e 12 SR T B 55 17 7]

o
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6. ST IRRE AR IR 5T B X

B AR A I R REE IR, H TR B R R 2R T TR
PR BT RBIRIT ML AT S, JCHGE AR B4k TT 5 %
CRATSH I T+ FAR VIR B AR AR BT B, KRR
TN 5 FRFEMAEAR. WrAEs REIS T h g o E
TR, HATYIE s A i 24 28 i) Rt 3 SR AT ORI 2 1) 5
— MR LR T ImARST R BT, BEARH B RSN 2B AE
AT, ARG B LU R AR I A g R B VAT RL AT DL AR B R 245 ),
BN S EAR L Pl S5y QA i o8 S L AT = PSS 1 NP AP N
RERTRFAT B ERACE 5T LE A4 S 4R A RE I A8 SR IR o s A Bt
A EMPUNERES), HE, HGURAIRLA] — g R B 1 100 5% g i
PRI SRPUM R RN o R, 3L LR GRATRE N B RIRE ZE Al T 7
I AT

T JEL A 3 S SRR M PR DL AN I RRE - i PR RS P Bt 2
A BE SR G AR, BEE L — D DORPUA SR I Rrek
A FEAE A, AT AR 2K R AR B2 1 B 257 KK HN S 1 e R
HIT R PUAE RN G PR PR K e C 22 il R0 3L DA bF
. DL, BYIHEIT AR I 24 (38 T 40 T TR 97 7R B
fEgpER. FIERT, ERETEN M ZRPER, BT
HEATEPEEE D RN/ R BRIy s,
KB TE R ER. EERITEME (Blng. w1 F, HE
T AL W PUE BCR AR € AR VS R T RE - (9 e ik 1 8 2R K
) 132 PR (I B IL R DU RCR VA T 2 R TR L
HRIE &, HAPEA AT LA, IS B F R AR ()]
UNSRTF B N AT AR B H BRGE SR B 0 235 ) 5 i TR SRR IR, DAL,
TR AT 28 B AR 2 (0 ) 22 0 T 791 7 A R B A 3R 24 1 ) i 1 38 D7) 75

9,

T U, ASCHRM 7Pl A K A A B 1 B A KA R T
FARGIN 3@ AT WL Sh IR A0 22 1 R Al K i, 8 S e & 1
SRR £h B 1 B I NI 4 e B R S dn AR (R U B A R AR .
PR SE IR K T B S B2 AF (B IR S . pHL 5755 28], M
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1M P i) 28 & Fh K G5 M B B SR B IR Sh e ko HR3RATPT A, 1 Rk IE
A5t A AR 1 R V05 1) 25 PR EL A v e B/ g 28 R R A B i oK 45 R A ke
AP EFENEY DT 1, 6- W B W = 8 £k (fructose-1,6-
diphosphate, FDP)FIE AL, 7KIE B JE 90 KAk R 7T HAE 1)
RN, FEF NS EFELL N =57

Ay AERGURM R I R G R, BAE, T XK
S SEA FRER 8 SO0 I L= ) i ade , - BB R AR I 1 AS [RIIs (],
ANFEIRE, AEEE, AERNARR TSR, 8RR
it B AR Y. A HUBEIR B 7K A AT DLk e N 2644 (B ani& . pHL
R 7715 R 4% i B Mg oK 540 & SR B IR SR AR B e D il 4%, H. FDP
B — 5 B30 J7 AT DO e B R AR B AR S (D EERER
[FIRE,  S6F i) 2% R A B G oK A RLEAT R RAE, BLFEH LG B TE
. ik WA RSE, @ik SEM, TEM, FTIR, XRD %5RAFF B &
FE T A R FRE G B B R RE, R T A S KA R T
RS o

A AEGURM R PTE BRI A . S, R AP
F I 8 f# (Tetramethyl benzidine, TMB)A!H, ¥ H Jig 2 4% (Electron spin
resonance, BSR)J i i xg 28 5510 fe N 7= A vl M S8 (1 4« OH) ) 2
FLUR, A FH o 22 P 4 T < i €0 7 ) 35K T P o =2 TG [ 42 48 1 K i A
BRI, 38 I AR BRI RAT VA i S 4 KRBT e v 12

5=y RSN s UM R A T . B EMR IS Lk (MTT
colorimetry method, MTT %) FI4H B i b 4% At 50 4 J: 4R KA L0 B
PR AHHE (MG63) A8y AR 4 i el 2 2 i 25k (MG63/DXR) %1
YER s a8k 58 AN 6 FE THR FU A R 4 K AR SRR B B R (DOXD)
HI#k 25t RE; 81 Western Blot. RNA-sep 4l il 7 1A= ) 24 35 AR A 50 4
SRR R ST E A T AL o

AR AR T30 A [F] 7K RSB 2 A Y 5 AT U 110 7K A R 42
il 55 Fh S5 DR B RE 1 2%, DA SN 4 3 A oK AR B 4t B P A e 441
MARAGE T . BT E N AMNEE A I FDP il &8 3 g0 KA BL T
i, HERAHEEUE MBI T AT N g oK R k)
BT R 28 3 W — RO A R 7 5, AE DU N 7 T AT
J7 T B A R H K RS
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1 $REGRF R B EES & KRG RIE
L1 SEELNARA R R ARSI &
1.1.1 LM S seiuwt

1.1.1.1 LIS EF TR ZE5UES
R 1.1 H YRR & FE 10 B & 5

Table 1.1 Main equipment and instruments in the preparation process of

copper based nanomaterials

B4 5 13 44 75 A

BRI ER Eppendorf A =] (fE[E)

IR BB ES (B11-3)  Rigal A IRAF (D
KA HSE (RODI- B KA AR IRA R
220A1) )

A TEHL (SCIENTZ- TR Z DRI DA RA R (F
10N) =)
HAEHEEON (TG1650- AW SLIS EANERIT KB R AR (F
WwS) )

1.1.1.2 S EF E T S5+

R 1.2 GO R % 12 o 0 32 20 5 Ae

Table 1.2 Main reagents and consumables in the preparation of Cu-based

nanomaterials

B 5 B 4 B LI

N frd: TR0 (Bl HGIRA A
%MJC%EJ (H) ’ CuClz ( IZFI )
1,6- TR LM =44tk (FDP) frd TR (Bl HIRA A
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(R ED
T/K B (C,HsOH, =99%) Thermo Fisher (ZE[FH)
B (15mL, 50mL) JET BIOFIL® (F[H)

1.1.2 $AEARM R HI & A

IR T SRR IRk TSN IR AR AR . O
{4 H B 2K BC ) 0.5 mmol L FISALE] (1D ¥ A1 0.2 mmol L' Y] FDP
B A N ERBEBAGHER 13.5 mL /K LK (oK LEE:
IK=1:9 BIC/KLEE: K=9:1) Z/NEM ARG HE TR ihidrds L
Hk, AR 1 mL ECHF R 0.5 mmol L &M (1D HH|
A1°0.5 mL BCAH4F ¥ 0.2 mmol L ) FDP I B _EIR/INGedr s T
PHE 3 B FRMR S EIRIRAT, B TR IR A R N KR
2 BT KIS N o AP0, 7K A S S P IR ) AR 2 B e 2%
PR E B RN R, Wk, AR RE T — R5H RN
JE (150 °C, 180 °C) Ml Bifffa] (1 h, 3h, 6h, 12h, 24h) . /K
PO ER G, KK B S TR AEIREFE 2 50 mL HO0EHE
FEOHLAEL (3000 /49, 3 4080 , 713G, MABAKATEK
LTE AT BT 3 I a B TR GRTIENLANRT 24 h J5{R(7T 4 °C
KFEN (B 1.1 o [, AR, S8 TR HLBEE X P A K
FE AR, (EAFEENBRIRE LT, 0 JoHLAR A1 L £k
B T AR 1) 2% 0 HEAE i

VAN FDP B+
—1 Wy 6
(= sl s -
o TK BB,
%?(géf;ﬂ( i it TEE: 150 °C180 °C

AL 1,3,6,12,247 M

B 1.1 7Kk 2 AR S R M s
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Figure 1.1 Schematic diagram of copper-based nanomaterials prepared by

hydrothermal method

1.2 SEELRI R BVIR L1 B AR G aRAE
1.2.1 LR S Sequ i

1.2.1.1 SRR EFELZ 5UEE

R 1.3 WSO BACE 5T R GER AL 75 I 2 it 5

Table 1.3 Main equipment and instruments required in the systematic

characterization of physical and chemical properties of Cu-based

nanomaterials

WA HIE B R E YV Rar/NE
REHEBHEFERME .

(SEMD Hitachi, S-4800 (HZ)
N8 B N e T )

(TEM) JEM, 2100F (HA)

> f - =

Yo RO Ha TR o S-300, ZEISS (/i [H)

(SEM)
X SR 2 ARAT X Smartlab 9KW, Rigaku (HZA)
X A T REE Thermo Kalpha (3E[E)
TGA #E 73 HT4X STA-8000, PerkinElmer (3E[H)

LI HNMEEES BT (FTIR)  Nicolet iS 10, Thermo, ()
R B E L C1500F- T Z AR E R AR AT (F
DZ) ED)

1.2.1.2 SE B EEW T S#F4
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R 1.4 WEEGURMRL BRI 2 GERAE T P 1) 32 200 5 #E 4

Table 1.4 Main reagents and consumables required in the systematic

characterization of physical and chemical properties of Cu-based

nanomaterials
SRS R b 44 7 TR
7 =
9%90;}() 4B (GHOH, Thermo Fisher (Z£[E)
0

RALE (KBr) fmfk Bk TR (R AIRAR (FED
1.2.2 LB 7554

R IR IK BSOS RAG R DA S N R AR RO IR 3 37 A A

T 58S (Field-emission scanning electron microscope, SEM) il

i 8 B B 8% (Field-emission transmission electron microscope

TEM) Fr#rxy HIESi . a5 MM T #iAT B R 1k @il ge il ot

(EDS) . X H&fi744 5041 (X-Ray Diffraction, XRD) . X £k H

TR M (XPS) o ESGHT (TGA) Fl B AZ #e 41 41 s it

(Fourier transform infrared spectroscopy, FTIR) Z3#15F HAH F AL &

VERUEAT AR AE . AR RAE VAT W h

(1) SEM F3#r: FpAR B g oK php} Kook BERE a8 O A ik, =
I E T EE T K Qg A 1 e R 3 5] 40
M BB 18 B AR Fal i 2 0T i iy B, A
ToK CEEFR TR G 4, A RPIIRE fh TN i A A s N
GRS Ry (Y IR

(2) TEM 73#r: Ao A 2 KR} Koot REORE St i B0 FI e, =
BT G EILK Ol , A 1 e K7 35 40 8L
R WA e 2 18 AR AR B R A B NG AR i e b, AE
TooK CBEF 0 ¥ K Ja W R AL SN e A As N, s
Ja WS H L5 R TR

(3) BEIE AT (EDS): AR o i ik i 75 78 43 35 5] 73 8T oK 4
L, R A 2 08 AR 20 T J i f A i s b, oK
OB YR R Ja i, A R/ s T o R BeiE i

(4) X FEMAFTH T (XRD) « FRllFE S IEE XRD 247 0GHAT
FAE, FARGEEN 5° min', Cu# Ko bt4k, KA 1.5406 A,
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FHFTEREIN 5°-60°,

(5) LAt M (FTIRD = HUE & 5 W0 FE 5 5 T 08 1 ¥R 4L 41
(KBr) SHARTERFER AR A G T B e 78 0 P B, SR S5 W Tt B s
PRGMAREEEZRENEAE Y, KHREEER, RAEET
LA A SO AT ARSI

(6) X BB TREIE T (XPS) + AL T8 5 78 70 BT B8 Bk
K, BEHHSHRE ARG L, REET X FHLLH T
BEAS AT AR

(7) HESHT (TGA) : FrllFE TG 7800 it R, fETS
Wi, BREETHEZ 1100 °C, 5 € I ] SRS I 1 H B L &40
¥Eo

123 SEWERSTIIR

KEFFFAIEH TR RMAAR (ARR: K TKLE=19; B
WA K TKOE=9:1) .

A R, SIS RIRTREREE MK N 2T (OBERFE -
150 °C, JMEF[E: 6h) AR =43 —1 . s B S0 fcfe E
[ I 7E 25 2R T 28 B AR B R A R R ST ey, S ROR I Hek
AR R T2 R A N A, TR OB, ASCH e e 1k &
AZEAY T A B P2 a4 A RBE O S AL (D 4K BkL (Fru-CuCl
NPs) . @& 1.2 fizn A Fru-CuCINPs f SEM. TEM. XRD. Mapping-
FTIR Al XPS FAF45 5% . SEM 1 TEM K% (1.2 a, b) 4R ERK
T S R Fru-CuCl NPs 240K BRIES, BA RIFIE—M, 44
KFURL R SF /N 200 nme B 1.2 ¢ o =i XRD 7 #rgs R, Al
PRI XRD W S0 s B 35 b+ Fr JCPDS 33-0451 (&4LH (D D) 5
PrUER A JCPDS 18-0439 (& fbf (1D ) , RSP &L (D
AFAE, BT REE, FDP /KAR G A2 B SRpl B — e pak Jsi v, i
FUbA (D RAFIEIE SR T &8 (D, H CuCl&id 5mk
ARG AR, R —IIRES . B e K % Fru-CuCl NPs #E47
TR, ERWE 124w, B (C) « & (0) . i (P) M
W (Cw) TTEWENAET Fru-CuCl NPs B [F]I, ASHIF 58K FH 4 B
AR 2T AMNFTIR)GEE R AE T Fru-CuCl NPs L2214 5, FTIR JG it
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T FDP A RATAMIMIAEAE . 1653 cm — ! ALAIR W& IS T P-O )25 il
PR3N, 1040 cm -, 949 cm - ' AEWREE B UG AT U PR T P-O Y SO0 R
43R, 949 om - bW % B IR WS uge vT A PR T A DY T 44 POS> H P-
O X PR 4EIRSN, 832 cm ™' N P-O-C HIH4EIES), £ Fru-CuCl NPs
G Pt 22 21 5 DOX AHSEHT 1235em ™ 1211 em ™y 1115 em™ %
T, FRoRRiIhEE R DOX. [FIR, JEid X SR 7 RN o i, 7E
401.8 eV [MIEEFE DOX W Lhdedk, HiEEX Cu i) XPS ) LMM
R AT, 75 570.04 eV HHBLFNE(EIE T Cu (D FTE,

o cucl cucl,
3
3
Iy
[}
H | | JCPDS 33-0415
= || 1 | i Lol el wan
| l | JCPDS 180439
L I [

0 20 30 40 50 60 70
20 (degree)

DOX@Fru-CuCINPs

Fru-CuCl NPs

11111111

24-IIJIJ 18‘!]!] 12IIJI] 600
Wavenumber [cm'1]

CuLMM
DOX (401.08 &V) Cu* (570.04 eV)

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)
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B 1.2 FBE oM &AL (1D 9K Uk (Fru-CuCl NPs) DL %
DOX@Fru-CuCINPs [ ERAL i FRAESE R . (a) Fru-CuCINPs ) TEM
K; (b) Fru-CuCl NPs ¥ SEM &; (c) Fru-CuCl NPs ] XRD 73 #t
45%:  (d) Fru-CuCl NPs RS/ #r45 K (e) Fru-CuCl NPs LK
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DOX@Fru-CuCINPs [ FTIR I3%;  (f-h) DOX@Fru-CuCl NPs ] XPS
IrRTEE R

Figure 1.2 Physicochemical properties of fructose-modified copper (I)
nanoparticles (Fru-CuCl NPs) and DOX@Fru-CuCl NPs. (a) TEM image of
Fru-CuCl NPs; (b) SEM image of Fru-CuCl NPs; (¢) XRD results of Fru-
CuCl NPs; (d) energy spectrum analysis results of Fru-CuCl NPs; (e) FTIR
spectra of Fru-CuCl NPs and DOX@Fru-CuCl NPs; (f-h) DOX@Fru-CuCl
The XPS analysis results of NPs.

B A&, LIRS RS Rr E B KRR BT T OONVIR L -
150 °C, MEFE]: 24 h) A =4y — 1t &S sfa g . N E
JESCAUR, AU % B AR Rt TR AR BRI PR A 44 N B R A
gk B2 EK (Copper hydrogen phosphate nanosheet assembled
microspheres, CP-NSMSs) , [FIEf, AW RE 17X A, EIFEE
) [ L S5 1E R FE WL IR 264X FDP SR AEBEIRMR, YR = n &
NERE AN K - (Copper hydrogen phosphate nanosheets, CP-NSs) .
WK 1.3 7R N CP-NSMSs () SEM. XRD. EDS. FTIR fl TGA FA1iF
5. SEM 45 R R /K s B AR ) CP-NSMSs B ERIESN, BHATZ
5.0+ 0.5 um, H/EEZN 34.5 + 2.3 nm KIBEEREANGYK A 3 254 8
M (F13a) o Kl 1.4 B i RE CP-NSs 1 SEM 25 5, $27K CP-
NSs IR F2) 300 nm, JEFEZ) 30 nm, #—VEH CP-NSMSs %, @il
XT H. CP-NSMSs 11 CP-NSs [#] SEM 45 S 7] %11, FDP AMYAE A WL IR
Pt T BERRAR B T, [RIBT VR R SR HIVE PRI T =W e S 44
Bl 1.3 b s =41t XRD 73 M2 3, o] WLP=4 1) XRD W it B &
PRAER - JCPDS 31-0458 (BERREA) , RUAF9)h B IR S A7 15,
AN, JATEMELR] T — 455K 7 JCPDS 06-0344 (EALAR (D D
ST N A, BRSNS (D MIFEE. 8T JE K, FDP /K5
A R B B — AR R, AEARAR (D kAR R I N A
BT ANE T KRR K 2R EAE] (1D . @i EDS fyc & i % CP-
NSMSs AT LA RS Z ', SRWE 1.3 c-d i, Kk (O .
A (0D B (P A4 (Cu) JuEwIIBI /AT CP-NSMSs ik . H
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I P AT Cu RE TRERREGN, C. O REGH T HEE, R CP-
NSMSs ER B HL-TCHL b 458 . B 1.3 e fiany CP-NSMSs. CP-
NSs A1 FDP [¥] FTIR &1, £ CP-NSMSs Al CP-NSs 1] FTIR i /U
KR T R B I S RS (991 em™ FI 1047 em™) , Rk
REFMTE . TGA AT 27~ (K 1.3 £) CP-NSMSs B E i 2k
KT CP-NSs, X—Z5REKH, KGR/ NG LT R E CP-NSMSs [
gk R b, GEBIREEMWEFIMAER, A 790K 1 3T R
TEK
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a b
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B 1.3 HEE gk R (BEIREAR 9K 7 B 3 fEk, CP-NSMSs) [
PERRAELE R . (a) CP-NSMSs ) SEM &; (b) CP-NSMSs I
XRD #4558 (c-d) CP-NSMSs HIAEIE M Lot R AL E: ()
CP-NSMSs ] FTIR Ki&; (f) CP-NSMSs FI#E /T4 R,

Figure 1.3 Characterization results of physical and chemical properties of
copper based nanomaterials (copper hydrogen phosphate nanosheet self-
assembled microspheres, CP-NSMSs). (a) SEM plot of CP-NSMSs; (b)
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XRD analysis results of CP-NSMSs; (c-d) energy spectrum analysis and
elemental surface scan results of CP-NSMSs; (e) FTIR profile of CP-NSMSs;
(f) Thermogravimetric analysis results of CP-NSMSs.

B 1.4 X FRABIRE S K - (CP-NSs) s (SEM) FAFL
A,

Figure 1.4 Scanning electron microscopy (SEM) characterization of the

control copper hydrogen phosphate nanosheets (CP-NSs).

1.3 $EELRM BRI LI 5
1.3.1 X5

JERAAR E « 7K T8 I ik R AR T) A 52 W) e 2% 7 W T 30 ) — K % Bt
K& . HEREMRKRE, F3C 1.2.3 #0423 FDP AMUE NE YL
PRI HEBERR AR, RIS o] AR R 2R VG PE A R = M T S 58 . A
it —DAREK FDP WA ARG AR T LS, ABTF AR B
&R OK: KOEE=9:1) HigE T —RINAFRMEIE (11D /FDP
BE/REE (5:1,1:1,1:5) RAXTEEP=#H048 4k,

FLRFE KIS NI, ABFARAE BAARTWE T 2 MRNIRE
(150 °C, 180 °C) VAERFEAS [FIZK #4538 B 6T P ) s i o

55 AR K S N I E], AR AR B AR E T 5 ARV
(1h, 3h, 6h, 12h, 24 h) CLARFCAS[FZK IS S I [E] 540 72 1) 52 i
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1.3.2 SR ER 51118

ANFEFEAGH (1D /FDP BE R BT AR B = 1) ) 4 1 A s an 1] 1.5
Ne AIUL, ANFEISALED (1D /FDP BE/R LEFT AR G P29 BLAR 43 ) /2 5.0
+0.5um (5:1) . 1.0£02pm (1:1) A 05+0.1pm (1:5) . #xRKX
AR Z T FDP B & Ellim, SRR RS8N WKl 1.5 ¢, AR,
PR R 1.5 a, d, b, e BFAKEEW, X2AH5THEM
SEM LR, ZrMrdL)isl, 7&K FDP ~, KE/K@ER/NEILD T8
R B 380135 02 B R B PR S A 44 oK (R 3R ThT b, BB BT 5 4 1 1 e f
FEAdgE— 2 A, AT B /N B K

a i 'b‘
. " T
5 e e
N " ~ Wi}
- =

& 1.5 ANEISEALE (D /FDP EE/RE (a, d) 5:1, (b, e) 1:1
(¢, ) 1:5 Tl ARG KA RHE SEM 45 R &,

Figure 1.5 SEM result plots of copper based nanomaterials prepared at
different copper chloride (II) /FDP molar ratios of (a, d) 5:1, (b, e) 1:1, and
(c, f) 1:5.

WA R B B KRR SR E Y 120 °CHE, AT~ i, X
Al RER Y FDP A KA, EZiRE S A AERRRE 7. Mtz
& fE 150 °CAHN 180 °CHY S ML FE H & K 1 RATAHUE S CP-
NSMSs (K 1.6 A1l 1.3 a) o Z5REW], FDP FI/KMFHREZAE 150 °CLA
£, KR JE AT N3RS CP-NSMSs.
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B 1.6 7E 180 °C/K M NI N, FDP 1ENAWIEEIE & B H H g K
B SEM B4 .

Figure 1.6 SEM images of copper based nanomaterials synthesized by FDP
as an organophosphorus source at a hydrothermal reaction temperature of
180 °C.

WE 1.7 Fioas, ANEZKE R [E]AE B0 = P S 2 A — R
TUERIESAE KN 1 h BIHEILEE 2], ABRIIE, I IRk 52
OERA, TEHEGPR A HAZEE R (B 1.7 @) o BEEKPIRBIERK S 3
h, AIEMTE R gk 28T s 9ok EIR s (B 1.7 b) , &
) FDP 7EAN#4 3 h JE2R18/KAE, AERBFRIR S T 58 T =B, Ml
TR IR E A AN K o HE— 25 S K A2 87 I T8] AT T ol B A 44 20 R~
AR HHBEER R CP-NSMSs (B 1.7¢, d)
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& 1.7 SEM K14 &7~ CP-NSMSs T RGEFE:  (a) 1h, (b) 3h,
(¢) 6hF1 (d) 12 hs,

Figure 1.7 SEM images demonstrate the formation of CP-NSMSs: (a) 1 h,
(b)3h,(c)6hand (d) 12 h.

g b, AR CP-NSMSs FITEEMLE BFEIYAS PR (D Ik
If FDP /Kf# = A RAR B T AA VN1 (WA 5 G BERE:
B AR KSR R BERIR KA FDP 7> FA7(E N 54 &1 =N, TR E
TR - WL T2 AR i) 9K A 78 X B kR i SR T B
72 b HA 18] T 58 T W R AH 45 o B RR S A AH:  Giv) BERR E 40K v
I T Y B W0 T B 000 VR A ek T s R 5 T 4 48 2E K RN 2H 2 DU
CP-NSMSs. #1& 1.7 MK 1.3 a Frs, KK RNREJE, HREH
UK DG ARG T INEER], S A IR S A A Bl A s LIS [R] ) SE
K45 G BBk S . B F g XM B SR 2 K 9 oK A R AT DL
ik A B A i R A R TS TR R B - JE R R LS, ik i AE
150 °CoK AR MHRE T N 24 h 1RG5 RS FERIA 4 R A

-28 -



51 & HAEGUORATRE IR P 25 e R SR AL

gk B B 2025 ER (Copper hydrogen phosphate nanosheet assembled
microspheres, CP-NSMSs) H Tt — & BFt i ge VP A (7 L2 =
)

1.4 KE /24

AT FEER IR RS T BRI R G R AN
HIZHMLE . B8 FDP AE A ML AL R AR 5 44 2 A 1) 4
B R AN LSRG =Y, [F FDP & HoK AR I A BN 7L
L SRWE O LA D 32 T v MR R A A S g oK A R TSR A [ 2% . AP
JERN, AR RO A T AR s I B AR 2 Ml K A R = ) (1) = R R
AR AW, B ORERTIA SRS Ok TP MR AR R (A
AR 7K KOEE=19; B & FR: K: TL/KLE=9:1) , ki
FERIMNEMMESGTEE .. 24t Yy —EAfREtE. A K
a2, R T RERMNIEE (150 °C) M MNE (6 h) , Mt
T, AEH &SR &R (D 9Kk (Fru-CuCl NPs)
HE&WE) fam. okt s, RN H RSN, Hos R
T Fru-CuCl NPs R 47 iteae, mI LA a7 24 E R (DOX)
H UGB E WIREIRIT . B R &T, IRRH 7 ERERMNMEE (150 °C)
MU TE] (24 by, REAERM T, AEHI &SRR A ek A H
HAEER (CP-NSMSs) E&¥E1. faswe. HettEgEm s, FnH
IR N KN 24 h, BREREEIGK s mEm, W&+ 08
M, XA —E BRI DI RE, AR NPLETRIT W A AT

%o

N PIRR LGRS B LS, AZE L B R R NNR,
WE—RFYINEA (1h, 3h, 6h, 12h, 24h) . JBEILXAFFA] &
FEP AT B R A R T E R ORM B L . (D KU
i) FDP R AE KR EBERARAIA ML+ CInRm) 5 G TR
BETE5WE RN, TERTCE LB -A ML 440k Gid
TUER N AL T AN K AL, 78 b A 18] I R 75k I ) A 465 i P9 Tl I S A
Giv) BEREE K F 4k 24 K AT 2H 25 DU B CP-NSMSs .
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2 SRENARM R E AE R R EISIR
2.1 EEPRMRHE REER AR

211 SEREH SRR

2.1.1.1 LEGFrEFE R F S5 E

2.1 SEEGURM R E AR AR AT FT b i 3 2 s S5 A

Table 2.1 Main equipment and instruments in the study of the anti-

osteosarcoma effect of copper based nanomaterials

W SRR VN
Rl RS Eppendorf 2~ 7] (fE[F)

o E K P ( BSA124S-
CW)

K o4 b & 4 ( RODI-
220A1)

HUKF (4 °C, -20 °C, -
80 °C)

YK (=20 °C)
M4t (HR40-TTA2)

= &0l (L500)

TEAMIRERFRFE (3111)
WA GE (Locator JR)

% ThREBEFRIX

%% T 1 Pl ( SCIENTZ-
10N)

8 e Ab FEHL C 1500F-
DZ)

fH iR IR % 8 IR (ZHTY-
50V)

Jb 50 58 2 R W B 22 A8 A BR A A
)

J2 1181 B 5K a4 R A R A A
ESD)

H &SR M EIT B F R A F
=)

H &SR EIT A F R A F
)
&SR Y EIT B B R A F
)

TR AN SIS AR T R A R A A
=)

Thermo Fisher (ZE[E)

Thermo Fisher (3E£[H)

Bio Tek Synergyz (3[E)

T Z AR A AR A A
=)

T Z R A PR A A
ESD)

B EAEEA R AR (PED
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13 B ¢ 6 W AES R AT (EED
AN AT LG (UV-Vis) 43 Evolution UV201, Thermo Fisher (&
HAE T ESp)

2.1.1.2 LB EENFI S#FH

R 2.2 SEEGOAM R E R R AT 7T b i 3 2050 5 ek

Table 2.2 Main reagents and consumables in the study of Cu-based

nanomaterials against osteosarcoma

R AN 5 M 2R (EINAE

Tk . (C,HsOH, =99%) Thermo Fisher (ZE[H)

fi]# & (Doxorubicin, DOX) bz Tl L) A IR 2]

(D
EP% (1.0mL, 1.5mL, 2.0 R A FARGR AR (F
mL) EZD)
s Jbm 1 B G % AR R A ]
Yy 3
AN MR AR D
A R T Marienfeld 2y 7] (8 [E )

HEE TR (25 cm?, 75 ¢cm?) JET BIOFIL® (H[H)

B0 (15mL, 2mL, 1
@0 (L5mL, 2mL, 15 JET BIOFIL® (1)

mL, 50 mL)
MR RIFE JET BIOFIL® (H1[H)
YT e
}Hﬂg’@iﬂ%m (64L, 244L, 96 o nior® (D
A2 L Gibco 2~ w] (SRED
HHER Gibco A 7] (SRED
0.25% Trypsin-EDTA Gibco A F] (FLHED)
PBS(1x) HyClone 2 &) (3£ )
=0 DMEM 41 ffn 5% 77 3% HyClone A =] (3£ )
BEMREE (MTT) Beyotime Biotechnology (H1[E)

Calcein AM (F5E4EE) Jeik  Beyotime Biotechnology (H1[E)

l%(‘;gdlum lodide (HUALPANE) % Beyotime Biotechnology ¢ H1[E)

T HEEAN B Tl (Rl AHRAH]
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(Dimethylsulfoxide, DMSO) (R ED

2.1.2 L HE

A, i KERTSLE, WhE 1T BRI AT )R 2 4
KRN AR AR BLZEAE (A R FR: IK: K OBE=1:9, S [H]:
150 °C, MEf[A]: 6 h) , FidEhsiE =iy —vE, faEtt, JE
ARSF RNEE[61]0 B 24 87 P iy 44 9 SR Bl e5e vk S A0 I 41 498 oK S
(Fructose-modified cuprous chloride nanoparticles, Fru-CuCINPs) .

H PIJE (Osteosarcoma) 2 fi W WL AN 5 P B IR [ 5 & P ST Ak i
B, BERTANTILEMT DERIRRLN3-4.50, st
Bt R T BRI 5 AHE A R [62]. B R RIR T TR EZ A
IFARVIER A7 BUT . RBERIT REIT A, BEE BT BT
Ji % KRR IT+ P ARV R+ A 5 B A7 B I, BRORIE K
M 1R AR A A AR . BRSEFRHEHES T 1) AT T R
N MAP J75: il s e+ F R, [HE AT 296
K, B AR A0 iR I H A7 P2 AR 52, B RN AR B 24 1
A PR 7 A7 1792 N (R 3 A5 K AR 1 34 B T 07 S 197 2K
BT, AT RESES, Brt i R S KA B Dy s ik T ATy
iM% (Doxorubicin, DOX) WhEIRAEGUMR BN, [FI PR ER H
PURRNLE], JPTE R SR TSR gt — o 0 B . N R4 i
(MG63) & HITIUa PRI, ASCREAE MG63 W=k HiT75
ULV BAR AT A IR~ o i Fi) 22 2 N B AR 4 (MG63/DXR)
H BT 5 N R ER Bk e i BRI 5 AL 7t oot

2121 HEZRRELHESHTREARBTR (DOX@Fru-CuCl NPs)
oEHIES
B, S22 B i g v i) 2% SR 0E o5 S I R 40 oK Ok

(Fru-CuCINPs) , #RJ5#%H8 7:10 i &= LR A DOX A1 Fru-CuCl NPs,
HZ 10 mL AiKIKR, KIBHE 5 8 2 A0k 78503550 4 BT 4K
e BTk, BHEFEEREKRN 12 h FEH, B0 (8000 /4,
30 0D FE B, HCK ORER T BEE 2-3 W E TR TERILA
% T 24 h J5 B AT 3R A5 2 0 2 2= B OPE o v S AR g oK R
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(DOX@Fru-CuCINPs) , TRfF T 4 CUKFE T J5 2208 H

2.1.2.2 DOX@ Fru-CuCl NPs 1 DOX [z 2R3

B, MHIARMKER DOX W, R0 Wt LT
WA FR B DOX MIMREE, LAl DOX Wikt fizk. SRS
2.1.2.1 K251 45 DOX@ Fru-CuCINPs, A1 2.1.2.1 AFEIFFERER 12 h
CH B0 5 BB A 2R A - AT D 40 ol ol BE I RO,
DOX [HAriE 28+ 5 &R DOX &&, DLt M#E T DOX@ Fru-
CuCl NPs [] DOX £ PAZRAF DOX HI# 25 & .

2.1.2.3 dHRERVIE S R 'K RE. EFSIH

(1) HfEREF%: HE e ZRH i T MG63 1 MG63/DXR £5 771 5¢
R, EHE DMEM Al 7%, A4 1% (Fetal bovine serum,
FBS) , &% % (Penicillin/streptomycin, PS) %[ 100:10:1 KA
LA R AT BC I 40 f 58 A R 7R 2L, FCHI I e s R R P BB R 1R
FE 43738 100 U mL' A1 100 pug mL-

(2) ZHMoHel: JE ' 5 B BT UL S 4 i 15 7R R R A RS, I
KV 2-3 R¥IB— k. HEAEWT: afTHBRIMB RGN MIE
Rege ks, bff BB ER 1-2 mL PBS AN E4UM0E 55N, R5
T LATE BRI SR T 40, 6k PBS W, HE Fl#RE 2-3 IKk;
¢ 5 mL (25 em®4HiE R %) 28 15 mL (75 cm? 4057300 4H
Mg s, AEE TORERME NWEMpMEE. BE LR
TEOL; d.75 % OBEHE T fa T3CE T A S 7248 N3 %

(3) ZMMeFEAR: T8 ' 5 S0 OB W 525 24 B 55 77 6 PN U B 44 A 1) =
L E] 80%-90%I 75 L AT AR MAL AR, HERMERIIA W R a-b.[FI4H
W e AN 1mL (25 cm? 4350 B 2 mL (75 ecm? 4055 #2000
0.25% Trypsin-EDTA (Ethylene diamine tetraacetic acid) &, #5655
FEHLAE Trypsin-EDTA ¥ e 2 f S, 75% O BEH# )5 B T 40kt
FEAENIE G 2-3 7080 d B AR IR E TR BT S TR
SREBOELAR, 5 RE0 40 4 AR 5 28 75 K340 I B2 i O 248 it
% TR, HEREE TAEYZEHENIAL Trypsin-EDTA 5 55 =K1
[PV R e 3G 7R R 2 b I ONE, SR JE A8 PR A 78 0 AT RS MG63
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8% MG63/DXR MK &TF; e FRMEEBREZREZOLEN, B
(800 ¥:/41, 34741 R 43 LifE, A 3 mL i) e i a
S EBIE PR AR 3 NN NS AR R CrTAR PR AN [R5 4%
RN F LLBIAEAR, —BEREL 134640 |, SREAN AR 2R R R S
mL 5% 15 mL, BT 2E FWEapmsiE LEA; £75 %llEHEE
5 BT YN IR AR N B 7

(4) HMRVRAT: ANMRURAE RN J5 NOENE “ABRIRE 77 TR0 . HAE
R a-d [FAHMRAEAR: e S A4SRELE S O0E BIEE,
BN 3 mL HT B AR AT e o BB G TR 2 3 AN E N
(— AR PR AN B B Ve R AL LL D, AP T bRies R AR %
FEE THRIEEEN, SRE T-80 CCUKFE NIERTE | KGR 2 WA R
M HATRAE -

(5) iR 75: ANMIRAEFNE 5 ROENE “MBERIRE IR TR . HefE
AT a gl MR A7 B MR EGE R B, BT 37 °C 7K it 4a N Pud
Hif; bEHBREKHAREREE R OEN, IASERHEET
EREFREL, B0 (800 /40y, 340 Vg, BN 2 mL TR SE4As
B IR BT H B RS 0 RS P AR B R R, AN R e kR IR A,
SR E BT RAMET T BRAMMEE LS ¢ 75 %l BTG B T4
H3E AR N 37

(6) UPit%: a-d.[FAIMAEAR; e d5 51 41 M BV i B8 0 i B8 0 25
EiEJE, TN S mL i p) e sk m sy R LA TR KIS YAl
FOTHEON, EREESUG I T4 ;g il IR EEFS 10 pL _EiR 40 &
A AT B GG 3 B — M, gl R B Sl i BB E B E R
X8 h AR AT RO B T B b, A R A B T s e SR A
THER USSR A A 8GR E (A mL) = (YASIR
YIS U4) X104,

2.1.2.4 MTT ETHEAE KA (Fru-CuCINPs) #1 MG63 5& 4

(D HWE B, BARIFA MG63 B MG63/DXR 1154 1X
104 AN/FLIIHIERIR FE B AT 2 e 96 FLANMEE IR N - SR )G B T 40 i ks
FEFEN (37°C, 5% CO,) , 24 h & A WG BEA K .

(2) ¥ FiRAE T )5 ) DOX@Fru-CuCl NPs. Fru-CuCl NPs (%t
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H) M DOX CWREZH) PR 503 T W EP & WIS Frid, K
JG BT FR DAL AR e A RE TR AR Y, O R AN A RNk
FEH) e 4t 9, % E K DOX@Fru-CuClNPs. Fru-CuCl NPs £l DOX
IR EERREE N 1 pg mL',3 pgmL™'5 ng mL,15 ug mL',25 pg mL',50 ug
mL",100 pg mL™",200 ug mL™",400 pg mL™,  [FI B E A B NEMFEH
il IRt se e = Y R < A

(3) 4HfEFERM 24 h 5, SG R TAEE 96 FLAR N 41 IR A2 K A i
BEIGOL, A8 R BARTEER 96 FLANMIMR  IH s 972k, AR e R FLIg e
ANFEIREEX R AIA 100 puL #rfE %A DOX@Fru-CuCl NPs. Fru-CuCl
NPs #ll DOX {5 &1 773 5 MG6 8¢ MG63/DXR Ht159%,

(4) MELE MG63 8t MG63/DXR $££55% 24 h J5, HUHIXT N 96 L4
MRE TR, BRI FRE AR, (A PBS 160k 3 i, A5k
FeEAF N EALIEIR 1:10 BRI INANBC B 471 MTT fl58 4357400
EW 110 pL. A E T AL FRENEDLIETE 4 h JFHEUH, KL+
WA A, BANFLA I 150 uL DMSO J5 B T8 R IE
10 7380 . RIERFLER 110 L _BiE 38 96 FLHH, 14 H £ DhRElEbR
AT HAE 490 nm KAL) OD (Optical density) {H -

(5) #EYS MG63 8t MG63/DXR H:553% 48 h J5, KR (4) B
ERT I OD{H, 2l OD {H AR I 2L .

2.1.2.5 FEGE AR B IR ENRM B (Fru-CuCINPs) X MG63 HY
HMH1ER

(1) 28 2.1.2.1 B0 H|% DOX@ Fru-CuCl NPs, [F] % & % FR 2
Fru-CuCl NPs Al DOX.

(2) BAK BIFH MG63 5, MG63/DXR i HUG 1218 1 X 10* 4 i/AL
fR35 B 4y BB 18R T 24 FLAR Y, A5 B TR A N5 7F 24 he

(3) }%3% 24 h )5, MG63 58 MG63/DXR MGEEAEK:, & BE %M IIA—
EWE B DOX@ Fru-CuCl NPs. Fru-CuCl NPs Al DOX, [&]i %
B R A

(4) MM SFRIILREFE 24 h 5, BERIB4EMER;FR5:, H PBS BIH
VEaniy 1-2 .

(5) ¥4MSEH] Caleein AM (F5EE 4R AMD L3 Propidium Todide
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(AL T IE ) G o 42 R 1 B P B ) iR & O S 0 AR, B i) )
TAER P E5 43 AM H PL RIS 43 7109 2 pmol L' A 8 pmol L 4
O TARBNAZIECHUA , B i B 5 6 TARBOID N 2 IR 3L 85 57 1
YRS TR N, RN FLIIN 100 pL Jete TR, BRI S 7R
et TAER R 2 B E A 40, SR )5 BT A0 M3 740 N ks 17
A 30 -8,

(6) WEENG, BEAETAER, A 100 pL #1405 a8
Ik PR CE T A M0 AR N IBECIE E 30 0P L ORIEZH M P s I 72 20 7K
RS B SR LA P i SR (02 6 1Y Caleein

(7) WELEWNE, BERIEREEFRE, A EAS IS 4 i 2Ll
Fidk, WMEETHEROCEME TSN A O G o RE K. 1]
PG ARG B, TR R BB N RS, FEAIIRAE LR
B N R,

213 i ESSERFE

SR A ) E AR LA B EAREZE (Mean = SD) HTER
For, BUEEPRYIMER] IBM SPSS Statistics BAF#EAT S0t F 0 #r, i
H] GraphPad Prism 8 Az OriginPro 9 #£47 FZ&HI1E .

2.1.4 SRR 51T

NARAE Fru-CuCl NPs 1] DA 252 DOX,  AHF SRR AS Rl B 11
LM E, LA H DOX FIbsHEMZE (K 2.1 a) , SRENE
W Ja LIEWR RN EE (E 2.1 b)) , didbaErhsk, 1HEA
FIF G RLIN 13.47%, HRZY) (DOX) Ih3E#. Wk 2.2 fix,
£ 24 h N, MG63 Bi MG63/DXR 5 AWK E DOX 5%, MG63 4
HuiE 71 R B, MG63/DXR T BA —Emf 25k, HigtE T
MG63 2%, HZAL1HAE MG63/DXR ) IC50 4 20.97 ngmL!, iz
KTF MG63 1) IC50, XWAUEAH T MG63/DXR % DOX [ . tnl&
22 ¢, d &7~ Fru-CuCl NPs HZifu &t 5k EE L HYS MG63 Y
MG63/DXR A7 24, 48 h J5, 40AIE IR FRE, $2/R Fru-
CuCl NPs %} MG63 5 MG63/DXR B —E K& HIEH. £’ 2.3 ad
DOX@Fru-CuCl NPs % MG63/DXR 4551 59K B s E A o5, 427
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DOX@Fru-CuCl NPs Xifi i # MG63/DXR 4i Ay A R A1EH, HE
AR G IRE R IEMA . WE 23 b i, ERSEKRET,
DOX@Fru-CuCl NPs L 5.0 DOX FHH 5 &2 4G, #2n
DOX@Fru-CuCl NPs HAF— & LMt 2575 71, Hhi) DOX HERHE
SO SR AT G oK RORE A 4555 P IRl B AR F o Dy idt— 22 EDUAR
% DOX@Fru-CuCl NPs X Zj#k MG63/DXR HIAGGRES, ABFFK
T AMESE S, PBS CHFIED Al DOX S 24 20 ffd ) 240 At 75 1 /N
ifif DOX@Fru-CuCl NPs ££ MG63/DXR 40 i tHi%5 1 58 /K FHIFE TS,
22 DOX (3 pg mL'). Fru-CuCI NPs (25 ug mL). DOX@Fru-CuCl NPs
(28 ng mL)4FE 24 h J5 1 MG63/DXR ZHiU ) Calcein AM  (iF4H i,
Zrfh) A PL (BE4HMf, 20t JetrB (K 2.3 o) 5 MTT sLLa i 4h
— .
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CuClI NPs 5 DOX &5 & 5 i B4R I 98 FE .

Figure 2.1 (a) Standard curve of UV absorption intensity of DOX in water
system; (b) UV absorption intensity of the supernatant after Fru-CuCl NPs
were bound to DOX.

a b 100
== MG63 —8- MG63 IC50=4.305ug/ml
— — MGE3/DXR IC50=20.97ug/ml
= 100~ I MG63/DXR = 80
2 - £
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© ]
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o I I 5 = O 20
0= T T T T |I |I' 0 ' i ' . ! i !
0 3 5 15 25 50 100 0.8 1.2 1.6 2.0
Concentration (pg/ml) Log[ X Concentration] (ug/ml)
C d
100 = I MG63 10031 ; MG63
—_ = L MG63/DXR —_ L MG63/DXR
= L. . = -
S T S
:'? = I ‘? I I -
E = E -
& 504 . & 50+ i
> >
B Lo % L
(&) O -
0 1 1 1 1 1 1 1 1 1 | 0 1 1 1 1 1 1 1 1 1 |
0 1 3 5 15 25 50 100 200 400 0 1 3 5 15 25 50 100 200 400
Concentration (ug mL"") Concentration (ug mL™")
24h 48h

& 2.2 (a-b) MG63 4l Al MG63/DXR ZHMAE A R E 5 DOX 3t
5 F 24 h J5 MO A7 2R I 1C505  (e-b) MG63 4 il
MG63/DXR 40l 5 A7 B Fru-CuCl NPs 3L05F 24 h A1 48 h Ji5 A 4H
JROAE A7 2

Figure 2.2 (a-b) Relative cell viability and IC50 of MG63 cells and
MG63/DXR cells incubated with DOX at different concentrations for 24 h;
(c-b) Relative cell viability of MG63 cells and MG63/DXR cells incubated
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with different concentrations of Fru-CuCl NPs for 24 and 48 h.

Cc Control DOX Fru-CuCINPs DOX @Fru-CuCI NPs
100 1[ MG63/DXR 24h

48h

AM

Cell viability (%) Q)
o
(=]
1

0 1 3 5 15 25 50 100 200 400

Concentration (pug mL"]

Pl

1004 [ DOX
DOX@Fru-CuCl
z_ L @
- =

50+

= Fe

=

Cell viability (%) O

Merged

T T T T T T T
0 3 5 15 50 100 200

Concentration (pg mL'1]

B 2.3 (a) MG63/DXR 4l 5 AR E DOX@Fru-CuCl NPs $£157%
24 h F1 48 h JEFIAHXTAHIEAETE 2 (b)) MG63/DXR 4l 5 AN A EE
DOX@Fru-CuCl NPs 5 DOX F£35 5% 24 h Ja FIAHXT AR . (e
PBS. DOX (3 pg mL"). Fru-CuCl NPs (25 ug mL")A1 DOX@Fru-CuCl
NPs (28 ug mL)4bH MG63/DXR 41l 48 h 5, Calcein AM (GE4HAE)
M PL (FEAH) Gt EA .

Figure 2.3 (a) Relative cell viability of MG63/DXR cells co-cultured with
different concentrations of DOX@Fru-CuCl NPs for 24 h and 48 h; (b)
Relative cell survival of MG63/DXR cells after 24 h of co-culture with
various concentrations of DOX@Fru-CuCl NPs or DOX. (¢) MG63/DXR
cells treated with PBS, DOX (3 pg mL™1), Fru-CuCl NPs (25 pg mL ') and
DOX@Fru-CuCl NPs (28 pug mL™") for 48 h; Images of Calcein AM (live
cells) and PI (dead cells) staining.
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2.2 SR ARATR B A TB{E R ROHLEIT 5

22,1 S FEH SR

22.1.1 LI EFERZSUEE

R 2.3 MHEGUKATRHTTE R AR HT OB LT 70 b 0 32 2 S5 A 3%

Table 2.3 The main equipment and instruments in the study of the

mechanism of the anti-osteosarcoma effect of copper based nanomaterials

WA 5 IR A e OS]
it L Eppendorf A H] (fE[E)

o E K P ( BSA124S-
CW)

IR A RO AL (5424
R)

HUKF (4 °C, -20 °C, -
80 °C)

YK (=20 °C)
M4t (HR40-TTA2)

B 0L (L500)

AR IRAE (3111
AUk T B MWL ( SCIENTZ-
10N)
Rk Ab B AL 1500F-
DZ)

WiEiEZ ¢y (Vortex, QL-
901)

=] e dt 2 LR RRIR (TS-
2)

Nano Drop (2000)
Western-Blot HL KX

bR AR A AR AR A
D)

Eppendorf A ] (fE[F)

H W REMET R BR AR (F
)

B REMET R ER AR (F
)

B REMET R ER AR (F
=)
AL IS EAN AR T R AR A" (1
)

Thermo Fisher (&)

T ZAEVRE R AR AR
=)

T Z AR R AR AR
ESD)

TR T HAR DURAY AR i IE A BR A A

CHED
LR T HAR DURBCER ARG AT BR 2> 7]
D

Thermo Fisher (3E[E)
Bio-Rad 7] (ZEHE)D
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Western-Blot FELA4{X
EASTIG RR
BT IRy (LS-D202)
HH HRE IR K I AR

=k 2 VK T 28 (MLS-
3780)

Bio-Rad A7 (ED

LICoR Odyssey (3E[H)
Fisher Scientific (&%)
Fisher Scientific (&%)

SANYO ~#"] (HA)

2.2.12 LB EENFI SFH

R 2.4 TEEGURATRHTTE R AR HT OB LR 70 o (4 32 2000 5 A8 44

Table 2.4 Main reagents and consumables in the study of the mechanism of

the anti-osteosarcoma effect of copper based nanomaterials

RIS =27 7 B A
ELHE (1.5 mL, 2 mL, 15
nL. 50mL) JET BIOFIL® (H[H)
. . frd: TR0 (Bl HIRA A
fif% Z (Doxorubicin, DOX) (D
EP % (1.0 mL, 1.5 mL, 2.0 EFENSFEMERERAT (F
mL) EZp)
RIPA 2 Gibco ~A] (FEE)
PMSF (£ [ BRI Gibco v a] (FEE)
iR e Marienfeld A ® (fE[E )

MpuEs IR (25 cm?, 75 cm?)
M BE =R (6 L, 24 FL, 96
fL)

ERa RlIIRE

HHER

0.25% Trypsin-EDTA

PBS(1x)

i DMEM 4l 1 77 3

BCA HHIKEEME R (BGok
ULy

Tris-HCl (pH=6.8, pH=8.8)

JET BIOFIL® (1 [H)
JET BIOFIL® (H[H)

Gibco A H] (EHE)
Gibco A H] (EHE)
Gibco A H] (EHE)
HyClone 2 m (3£ [H])
HyClone 2~ 7] (3£ [H)

Beyotime Biotechnology (H1[E)

Sinopharm Chemical Reagents Co.,

Ltd (HED
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10% SDS Sinopharm Chemical Reagents Co.,

Ltd C(HED

Sinopharm Chemical Reagents Co.,
10% AP Lid (D :
il BR 4F 4E & M ( Nitrocellulose Sinopharm Chemical Reagents Co.,
membrane, NC) Ltd (R [ED
PN Sinopharm Chemical Reagents Co.,
A0 Lid CPED :
6xSDS-PAGE & H FFEZE MR Beyotime Biotechnology (&)
30% Acrylamide Beyotime Biotechnology (H1[E)
TEMED Beyotime Biotechnology (H1[E)
LUK G2 R Beyotime Biotechnology (H'[E)
B R Gz Beyotime Biotechnology (H1[H)
[IESARZ SN Beyotime Biotechnology (H'[E)
T LlE/K (DEPC-H20) Beyotime Biotechnology (H1[E)
TRIzol #2HAH] FRigAETAYREL AR (RED

N Wit =22 5= L I\ =

759 7.5 50 Ji])ﬁ%/ﬁﬁﬁﬂﬁﬁl‘ﬁA C|
Western-Blot —$i Santa Cruz ~a] (E[HE)
Mouse anti-Glut5 Santa Cruz A~ w] (E[E)D
Mouse anti-actin Santa Cruz ~ &) (E[HE)
DNase I TaKaRa A #] (HA)
}Hum\ir/lab HiSeq xten/NovaSeq 6000 Mlumina A5 (GEED
M Fr-F &

222 L HE

B, S 2.1.2.1 BT B 7 i) 2% 2000 25 25 S0 oo S Ak A 4
K Fikl (DOX@Fru-CuCl NPs) . &#FA KFIEZA RIFHK MG63 Y
MG63/DXR, THHUETEHR 1 X 105/FL3 514 T 6 LA, BFLIIA 2mL
FEARRE I G B T HME RN R R 24h, 17 MG63 B MG63/DXR Nif;
BE J 6k B2 FL IR BN 50 ug mL!' ) DOX@Fru-CuCl NPs, ¥ &Il
N JE A 50 pg mL' Y Fru-CuCl NPs 58 5 pg mL™! f{) DOX E A5 a4,
AR B B AN IR A 2 A 4. AR 541 3L 9% 24 h fE BUH
BT R H A ENE (Western blot, WB) A1 RNA il ¥ (RNA sequence,
RNA-seq) RZ ] 25 2= B0 ol Mk AL A 99 K ikl ( DOX@Fru-
CuCl NPs) $iH R8240 i 1 /E AL
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2221 EE®IEENE (Western blot, WB)

1R R S5#PRLEEFR 24 h 5 I4RM5EH PBS 780 ik T4, A R
ML e EET PBS 1, ARGHFEE EP B W, fHHEEA L
B0 (12000 %5/, 1080, 4°C) G b, BT 4°CUk&EWN.

2. Fie AN 4, RIPA 2@ 5 PMSFE (B ABEFIHIFD AIARFEL
N 100:1, BECHLH, FiREAS EP BAIIN 150 uL 402, 1E
4 °CyKE F AR AR WRET B WEE G 30 28, REEL
(12000 ¥/, 30 7%k, 4 °C) , ¥ LiE (WEA) 2HH EP &
N, RAF AT E T-20 °CUKAA -

3. K E M A e B, ] BCA B AWENERM& (i)
e BRE AR, NG — WB HE A B, A Eik
T R S A R R I A B L RE S IR — B3N 5 pg ul .

4. 1 EREARES TN 6 XSDS-PAGE EH R, EAREM
5 6 X SDS-PAGE HH _FHEZM R AR LA 5:1, A5 E T 100 °CTHi
W E T & 30 7, MEPARARHE, FEEO (12000
By, 34080, BB E A LR,

5. WB Fr i il 771 J I %

(1) B/ (SDS-PAGE) : O ¥BEH SRR BE T W2 H
IR 2.5 Frosif s fAtb i s) FEm o3k, AAE IR RS
Sy BT T8 2 30-45 NG, B GE AR, RIEE 2.5 Fis
FR2H AT LU 1) b 25 R i e o8 FH 8 ARAYD S I i3 S T T 1
) _EEWR AR B e 4 1) R E B R b, AR 1 EL S )
TN @308 )E, ff LERAEREE ), M TraBEEE R R
O G B R A i REC A

£ 2.5 WB L5675 B IR 5 i i i Fr e i) 25,43 5 B3l

Table 2.5 Components and proportions of the preparation of separating and

concentrating gum in WB experiments

2H 5y DER (10%) AR (5%)
ik (mL) 4.0 2.1
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30% Acrylamide

(mL) 3.3 0.5

Tris-HCl (mL) 2.5 (pH=8.8) 0.38 (pH=6.8)
10% SDS (mL) 0.1 0.03

10% AP (mL) 0.1 0.03

TEMED (mL) 0.004 0.003

(2) HIKZMHEECH]: E REEK] SDS-PAGE HLUKIK (Tris-
Gly, 10X) ffiHEEaiKFEER 1 XRIR[fEH.

(3) HERESEMRECH]: ¥ N ZE = RIS Western FEER CRHIF)D
BT 200 mL /K ZEEAT 800 mL B AL 7K T BV AT 3R A5 4 IR 2% 1k

(4) FPRECH]: 3525 R SE B3 P o] ELAd A .

(5) PBST ZE{FRECH]: 100 mL 10X PBS %, 500 pL mhig
(Tween) , 900 mL #&i/K; # FiA =FIAIR A IS B T 1L 188
2 EFR PR SIRI N PBST 22 -

(6) PUARRRIRECH]: 352 R SERIPTRM R nT BT A
6. WB 73 ¥t

1) b B ) i 1 H Dk B IE A A T AR v, DN R K2R
ML CBAER TR ARSI IREL 25 uL I EEIKISIKIE N, K
A MPKIE N AN 5 ul marker, FTFHUKA, WE 80V HIMEEHLIE, 1
marker 7312547 J5  (30-45 708 BEE RSO 120 V, MG %
B 7> B N T bR BV, BIRZERE L, BaE
B T A R G2 rhil

(2) LRSI TIA B R i, BB Ak TFE T
B TUA L R ppl -~ P IR AL N, BEME TR NH, AEHTEL
WUURE : —5KIRIBIIES, ZKIRIBMIIELAS, B, —IKAHIRLT
4 Z K (Nitrocellulose membrane, NC) , =iKiz K JE4LH —5Kiz
TR HIHEAS, RGN FEIE R B a7ty BN R o N G S )
Ao KGR AR IR R T IR T3 IR N o AR5 R e A T 0K
KIREYIWN, WEFEEEEEERN 80V, HLIERTEN 120 478,

(3) HEWEER)E, B NC B E TRAESNETH (NC JE
S — OV IETH, IEHEA LD , IMAWHELG O, B ET
B TRIR FRFEE Y 2 28, TIHRLL K FrA 8 E 4 B M AR
Aok, I AL GY R B W B R o2 S R ] NC R F
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FH DR B ORGP 47 NC I, AR Y AR 41 G B B 451 2 R 40 o

(4) BT EM NC JRE T ROaEHs /Mgy CGEmEL) , i
NS, iR TRE TR FIGERE SIS 20, BT H 28
HEBEEAME, ARG UM PJiiga, v LR ERE
H HI50 o

(5) BHMHZ)E, SHIURMBIRME Actine GLUTS —#i, ik
EE 48] AR 48 D 3K B — B0 o U B A o, A BT 9 Fh A B R R B A5 Dy
1:1000, #MEER—HUMAR R AR DETHNEZRED NC ERT,
BT 4°CUKFEN B IR .

(6) — Vi EN®)E, ) PBST LMy, B &ERK) PBST
e, TEREIR LRESE 10 40%h, RRIRAIERE W L& SNtk DL KA
5EA4EM P, HE 3k,

(7)) AL FHPUAR R B 1% B8 i Ul B B AR — 9, AW e A ke
L5 4 1:1000, IO =90, B THEK EEIERECHEE 1h, RRKKHEE
HE%E.

(8) “HIMBEL NG, I PBST ZrfiivciE, B NE&EN PBST
MR, TEREIR LRESE 10 208, REPREVIERE P L& Sk, =HE 3 i,
EHE AN A RS Odyssey #4715, FJH Image Studio K54k
BB A3 A7 5 25 IR R FE AL

2.2.2.2 RNA & (RNA sequence, RNA-seq)

1 ¥ B SMRHERE TR 24 h 5 F4EELHE, BRiAei 2 6 FLAR NIH)
R ke, WSEILBEESE NN 2 mL T4 (K PBS, ST 51 150
YHM, FEi PBS, HE PR 2-3 K.

2. LA ) PBS BRI AHM— M 2 Wivk , Wil 205 BE A X 15 400
A DA FH S AR SR A 55 = B SR A 4 i

3. BEEETHALE I IE R S mL AA e FREER TR, #BEe
15mL BEOEW, BO (2000 #%/49r, 548D , L, BA2mL
PBS H &, HEE LD,

4. X TRIzol EHL MG63 ¢ MG63/DXR i 4148 RNA, fi#
DNase 1 ZFrEEFZH DNA.

5. 33K A 2100 Bioanalyser. ND-2000 J7 7AiM RNA FE & 5 &=,
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L AR IE A B A B 10 FE B (0D260/280=1.8~2.2, 0D260/230>2.0 ,
RIN>6.5,28S: 18S>1.0, >1pg) HHATHESLANF .

6. RNA SR 37K H TruSeq™ RNA sample preparation Kit (Illumina,
San Diego, CA) A7 &,

7. BRI Oligo (AT) AR 1 png & RNA HE 5H poly-A J&
) mRNA. FEIIA fragmentation buffer, ¥ mRNA BEHLKIZL% 300 bp
AN B

8. ¥ K H SuperScript double-stranded cDNA synthesis kit (Invitrogen,
CA) RAANE, MMASIEMYLE4Y (llumina) , LA mRNA AR
A R —HE cDNA, ME#AT 85, TR E RS

9. MAEEH] cDNA Z5F A K, JI End Repair Mix # H AN K
i, BEJETE 3> Rimin b—A> AL, HT &R Y FEMESk.

10. cDNA 434 PCR H4E (sample preparation Kit (Illumina, San Diego,
CA) A&+ EH™) J5, beads (DNA cleanbeads) iz 200-300 bp ]
il

11. 4 TBS380 ( Picogreen) & f& 5, 3L & fff ] Illumina HiSeq
xten/NovaSeq 6000 I 77~F & #E AT =@ =M 7, WPty PE 150,
12. RNA-Seq 45 BB 5 4047

223 Gt ERE R

SEERHE T E BRI LA EAREZE (Mean £ SD) BB
Forn, BUEEPEYIER IBM SPSS Statistics A #EATSeitHF 0 Hr, i
F GraphPad Prism 8 /& OriginPro 9 #t47 K& {E .

2.2.4 LI ER 518

WEFRIL, FREFR| s A R PSR 2 5 1 (GLUTS) miaRiA
TV L AN IS A AR AE[63-65]. GLUTS 7E ¥ £ 4l i b ik,
E7E BRI b B 4 AR R 2 b e 3Rk, GLUTS 78 1E % 43R
LR A P B R IA PR R X P RBE 18 R 1T B — AN AR (VR T B A
[66]. =T GLUTS MIfERISE &, BFFE T LR T RE TR IT 10 SR gt
KR, FFES T RO RIS R67, 68]. T GLUTS —ftf S
S AT W) BA ok A0 77 R I 32 B ) A8 IR A Rl 23 b (1) 3R 1A AR
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1, ABEFCRI R IX—REME, &Ll FDP fil CuClL, AJERE, AT BA
#a) GLUTS /EF RSB EALE (D 99Kk (Fru-CuCl NPs)
W 2.4 Fi, @i WB SELS, WEB 7 MG63 Al MG63/DXR AH#E: T
MC3T3 4iifl, GLUTS 2R SR, $EmAH 7T 4 L9 K it
Bl Fru-CuCl NPs £ % MG63 Fil MG63/DXR B4 1 57 A #E [

DOX
DOX Fru-CucCl MC3T3
Fru-cucl MG63 /DXR MG63

GLUTS | o e —

Bl 2.4 AS[FEAEHME A R0 GLUTS 5 H &R IE K-

Figure 2.4 GLUTS protein expression levels in different cells treated with

different materials.

AW FRF S DOX@Fru-CuCl NPs F:15 9% 24 h [f) MG63/DXR
Y1 PR AR Sl S 2 RN IE 15 9% 24 h B MG63/DXR E A2 A X 18 21 1
177 RNA /7 (RNA-seq ), 45 R B/ FXTIRA, #REBELKE
T, B EFEm =425D)F FiHm = 2691) (K 2.5)LL &M Venn
K al LE H, DOX@Fru-CuCl NPs 414 16.24% K3 K (n
=2271) WL F B (K 2.6), /" DOX@Fru-CuCl NPs X%}
MG63/DXR 4 i B R s A 8 R BT RCR . aniEl 2.7 Fi 2.8
Fios, Wi A2 R 3L R IhRE GO & &4 A Ml 22 57 38 R ThREVERE 4T
KRMEFERRNE R EERICAMBFTCESHES, NPk
A D6 38 B L R BEAT 0 M, I 2.9 a A1 2.9b Ao, &5 R EORH xR
MAPK E 5B ER AR EZ R, N7 EEW 7% 5T H
BESRAAL, ARBF RN ARG T X —& (K 2.10) . 1E
MAPK 5 5l FSLAHEZE FIH T c-Jun I3 imEAEE (c-Jun
aminoterminal kinas, JNK) , INK/SAPK £ MAPK #Z B:f5 5 i@
PE A E B — %, (2 T MBI T, SUEER, W EY Fas
(TNF receptor superfamily member 6), CASP8 (caspase 8) , CASP3
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(caspase 3) it VAU TS, X [FFEAEEISE 25 Wi 24508 2% it 5
TRUT (I B i 2 R
SR I 254 ROS 7KL, mikER) ROS 1] LU
BERRE AR T, MAPK /E 8 ROS B R iR 5, A Cikth®
N MAPK (5525 7 ROS [ e 40 M o T2 09 18 15, BRI AR S8
DOX@Fru-CuCl NPs AJggiE L% INK 1 A5 T MAPK 55
WSRO, REET ROS IR AR, T I8 54 il Jag &1 B 11 i 24 12 .
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B 2.5 DOX@Fru-CuCl NPs 2 5 xJ FZH 2 K/ Hr itk . BoR
TEE LR )M T IRE )R .

Figure 2.5 Volcano plot of gene analysis between DOX@Fru-CuCl NPs

group and control group. Significantly up-regulated (red) and down-

regulated (blue) transcripts are shown.
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@ Control
(© DOX@Fru-CuCl

Control DOX@Fru-CuCl

2.6 DOX@Fru-CuCl NPs 21 5% HE4H 1) Venn .

Figure 2.6 Venn plot of DOX@Fru-CuCl NPs group and control group.
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Figure 2.7 GO enrichment analysis of differentially expressed genes
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between DOX@Fru-CuCl NPs group and control group.

4501 oEEEEEEEEEEEEEED D G G ¢ ) @b
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c
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FERE 7 M

A 2.8 DOX@Fru-CuCl NPs 41 5 %} [& 21 ) 2 57 Pk

Figure 2.8 Differential gene annotation analysis map between DOX@Fru-

CuCl NPs group and control group.
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Figure 2.9 (a-b) Screening induced extensive transcriptional changes of
genes in cancer-related pathways as well as analysis of transcriptional

expression changes in the MAPK pathway.

Conrrol DOX@FruI—CuCI NPs
[

B 2.10 MAPK i i #H 5 3 [K 28 40 #4 1&]

Figure 2.10 Heat map of MAPK pathway-related gene changes.

2.3 KENE

AN E N R BRI SRR ISR S R A
PUBREAE I PLHI ORI FE o B PR RS i i L A B R VER, B B L
J7E B RHARMARFAIT R EENE, K MAP 77 &2 H il 27
BN AEAL T T 58, IR AT 25 (Y i 245 5 i 0 A mie A
R ARSI PR AR AR P IR L YA RS B
HATHAL S PURE L, P R 29V R A DU N 2L e
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AT R AT 23 T 2, S AT 29 U PR, T
e PR I
N RN (MG63) i fil 2% 2 N\ B AR 41 i

(MG63/DXR) i # FH T RAEAM B PUMRg iE e 70, A, 4
FLAUORANRE CRBE SO S S 20 K SO R 28 ] 25 2 SR e v S AL T
HGKRRLD BRI T — & KR MR IS, Rl 28 E R R
BSOS AR 9K R (DOX@Fru-CuCl NPs) Y ] LUSE ) & 4
F| MG63 i, [F] 3 A () DOX AT S B A AR 90 K ks v
DAV Rl S5 N, SRR iE e, RIS 0 245 4%
(MG63/DXR) WEILH & T H.46 DOX [ Piisistt, & MR
FIPTE RIEATEL, Nl R B R G IT 3t T — MR T e, ik —
RGP AR FALS], WB 2559 T MG63
MG63/DXR A% T MC3T3 4iifil, GLUTS £ ERIERIE, FaRAH
T B FE YN KA B Fru-CuCl NPs 415 MG63 F1 MG63/DXR EA 1
SR EE . RNA M (RNA-seq ), KI T H FE T/ENROS K
Ui 38 % 1Y) MAPK 5 5 @ B c-Jun & A (c-Jun
aminoterminal kinas, INK) , {€# T4, —CREE Ll
IR A PR PR T 24
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3 SEENARA LRV IE 1 e R B AL
3.1 SEELRM BB EIE R
3.1.1 SRR FH S5 SeihtR

3.1.1.1 LI AREFERZSUEE
2 3.0 B RGBT RHK BT B G AT TR BT AR B R R A SRR

Table 3.1 Main equipment and instruments required in the study of

antimicrobial activity of Cu-based nanomaterials

B 5 XA AR YA

RSB R I s e A IR m O

&)
g%%ﬁﬁﬁﬁ%f@ﬂ&smwoﬁﬂ<ai)
B oH K CF ( BSA124S- db R g2 ARl A B IR AR (F
CW) ED)
HUKF (4 °C, -20 °C, - HEHEREVEITTRBAER AR (H
80 °C) EXD)

= &5 ;—\' > 11%74N /\ﬁ
UK (220 °C) a R RAEYETT R ERAR (R

TEIRPER (ZHPW-250)

ED)

= 19 95 /—\» ) 12974 A=
Z T REMEPRAX Bio Tek Synergyz (3E[E)
ENEERITA Ea =R e Thermo Fisher (ZE[E)

3.1.12 LW AEFERFI S
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3.2 HEEGURA R BT S MR 7T b BT AR 1 S BTN S REA

Table 3.2 Muin reagents and cons umables required in the antibacterial

activity study of Cu-based nan ommaterials

G5 A A4 R N

A (=99.0%) R ZREDEARGR A (HED
e H R R ZREDEARTR A (HED
by Bryhn TR CRig) AIRAR CRED
W E HAEL e 2 AR R AR (FED
B iy ERZREDEARGR A (HED
H IR FHE R REVBEARGIRAF CFED

3.1.2. LA

IS, @ KSR FTEASLLS, #hE 7T PUE Tk R AT i A 2
PRI B B RN N 264 (B AR &R: K: TBKLEE=9:1, R
[]: 150 °C, KBMIBF[E: 24 h) , FHIEFRERN =PI —ME. FaE k.
TESF RS RANEE[61]. I B W fim 4 NS BR 2V 49K 1 B 2H 21l
BR (CP-NSMSs) .

Ifei A B % P L 350075 v 0 o == IR B M (G-) R =% [C R
(G+) IR, KMHTHE (E. coli) MEewmE O HmEIRE (S aureus)
390 A e 22 P I P T R o 2 TP PR B ) S AR, N TR A
H[69, 70]. AHIFFT R b3k Pk 240 B FH 8 2 g oK A R BB e 12 me it
., Hep, FEXRAMERBFE (ATCC 8739) WL H L&A
BIHEAERAR (FEEE) , F2KHEEEEEAFEHERE (ATCC
6538) WK HF B AEMHEARARAR (FEFE) .

3.1.2.1 WEER

HCTE L E AT PECHI AN R 738, BCroN: 10 g &4kl + 10 ¢
JREE IR + 5 g IERRM + 1 L 281K . iRk 780 IR 50 Ja 78 4T
AN, DAEHMERID, RETEREE KE, KRR
HHESTMEE RN, BREHSHEAERO, AEE TEER
PR EEFE (37 °C) 24 h,

3122 HEES

¥ BRI 24 h G A BRI, 5 2 DhRe s GHAT E &,
WEMKN 600 nm, 24 OD fH (Optical Density, WGREE) =1 K, #2
NI EE N 2 x 1094 mL'e {8 A 35 72 2 Bk e &5 A A
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BN 1 < 1074 mL! T Ja 825850 .

3.1.2.3 HE SR HES

i 1 mL AAEEEFRIERLE AR (0 ug mL', 100 pg mL7,
200 pg mL™"', 500 pg mL"', 1000 ug mL", 2000 pg mL™") FREER S5
gk HAZERMER (CP-NSMSs) , BBREHEMN. SMN&EMA 1
mL PRI 1 x 1074 mL! (4B &, SRE AN 8 mL 407
B e B A H A RAAFN 10 mL, WERZMMEKREN 1 x 1004
mL"!, H &) CP-NSMSs IR E N 0 uygmL?, 10 pgmL!, 20 ugmL',
50 pg mL', 100 pg mL!, 200 pyg mL's A5 EE B TIERZERN
B:7% (37°C) 24 h Fl 48 h /NI [H] £

3.1.2.4 AEWHFERD FRHEUE

B LR S5ANFE M EE CP-NSMSs $L15 9% 24 h 5{ 48 h J& 4 IR &)
GREEA 1> 108D mL ) HEATERERMRE, MBE2EKREN 1 x 10>
mL",

SN JE Se B ARG R B 7R, BCJ7N: 10 g EALEN + 10 g R H
R+ 5 g BERERY + 15 g BUlE Ry + 1 LMK, LRBC RS e AE 1,
R KB JEEL 10 mL B5 3225 PAIZE 10 om BE9R 10, =R AR . il
R 100 pL _EIRFRE G A B E A s 72t b, &
AN 8] 25BN R BE B4 T 2 B = AFPATRE, SRS — IR
U TR IR AT PRI A0 B R S IR T R R i 72 0k b Tk, Kag
FRIME THEREEMNEAN (37°C) 835 12h. 35 12h )5, HiEH;
MECH AT e 8 . T gt F s B o #r .

3.3 GitESERE

LI HE T E BRI AP EAREZ (Mean + SD) HJE
For, BUEEHRSMH 1BM SPSS Statistics F TG4, Al
F GraphPad Prism 8 % OriginPro 9 47 Kl E

3.1.4 LR 51HL
H i PSR, At R o LU B e gk A, BT vE M v DLIB
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2| AJCHT 3000 4 Hppocrate FJZE/EH[71]. i1+ L4, BHTIAERD
Jz N S BOW AR 2592 0, AR 9P A R EGR B B O T
FHIEE AL, 2008 4F, S EIABE IR R\ € i B H B < A R
LY, ATLAE 2 h PIRFE 99.9% AN R [72]. HAh# 4@ bs —
E M PLR JEVE L WAR , (B EAEAEAS [R] R s AT BR i) 1 FL 2 N
ECANER 7E 2 NIRRT X0 T3 D) B A 1R SR A4 O3 B RO AN g, 4 AT £
5 N IR0 B ) B A 1 0 JE A R L PR T v R R PR AR, X
TA R E Ve E . BB R A, BT R 2 Ha
AT A & . B2 W8 WESMEE TSR 61, 711 (K
3.0 o i SREER A Iz N T R DL S R G IR AT
& E[73].
Cu-based antimicrobial

materials and coatings

B 3.1 i KA AT RN T HUE AT FU[61]

Figure 3.1 Copper and copper-based materials used in antibacterial
research [61]

AW FE R N IR A oK B H 23S ER (CP-NSMSs) 8% H
X 8 22 PR DR T AT B AR o =2 B P 4 3 6% ) BR A U U TRl 1 g -
Kl 3.2 B, &EX R AT B RN 4 o5 €0 78] & BR B (1 DU K CP-NSMSs
WL AN HEm, 24 CP-NSMSs [ %~ 50 pg mL' i}, CP-NSMSs
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SMmILEETE 48 h g, MAF KM b A0 4 o 003 % BR B IR0 16 2829 )
N 96.78%F1 82.4%. 4 CP-NSMSs HIR EHENE] 200 ug mL' B, XFK
J AT R R < v €00 ) 6] BR AT B 22 05018 31 98% LA |, 27k CP-NSMSs
HAEMRAPIREEE. SGRERS5&HAMERE —RIFEE 48 h 1
CP-NSMSs [T 3 iF PR T7E 50 pg mL " ¥R JE R & 24 h i) CP-NSMSs,
X ] B A H T 4o 28 U ) BR IR AE LI F 48 h JE e Hn P e B IE B, Bl
5 0 N T) PR 33— 20 10 I B B - R BE R B I, 3 R A VA R A T A
AHE[74]0

d
=

o

Q |
w

n

S

g

S

T
v

b o c

— mm 24 h .COll - mm 24 h .

< 100] . aan S100{ 20 S.aureus
2 8

< g

s s

§ 50 :.',_. 50 -

(5] (53

b S

prer} =3

c c

< <

0- 0-
10 20 50 100 200 10 20 50 100 200
Concentration (ug mL™) Concentration (ug mL™")

3.2 FFEYORM B IR A 9K i B A 265k (CP-NSMSs) [1#7L
RSEIRER . (a) KW BE/& 0 B 2 Bk S5 A R E CP-NSMSs
L E 48 h G IR R (b)) KR 5 A ERE CP-
NSMSs 67 F 24/48 h 5 FIRIR R THE SR (o) B s & Bk
LRI E CP-NSMSs L0 & 24/48 h J& HI¥EAR B % 115058 - .

Figure 3.2 Antibacterial test results of copper based nanomaterial copper
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hydrogen phosphate nanosheet self-assembled microspheres (CP-NSMSs).
(a) optical pattern of plate-coated colonies of E. coli/S. aureus after
incubation with different concentrations of CP-NSMSs for 48 h; (b)
Statistical plot of colony counts of Escherichia coli on coated plates after
incubation with different concentrations of CP-NSMSs for 24/48 h; (c)
Statistical plot of colony counts on coated plates after incubation of

Staphylococcus aureus with various concentrations of CP-NSMSs for 24/48
h.

3.2 EEMRIRR B BT 5
32,1 SRS SRR

32.1.1 LI AEFERZSUEE

R 3.3 WFEAUKAE DT LT FE b 7 1 RS 5

Table 3.3 The main equipment and instruments required in the study of the

antibacterial mechanism of copper based nanomaterials

B 5 AR AR CSRAL

K 2i b R 4 ( RODI- B8 EHHEKAHWEREGR AR (F
220A1) ESP)

HL - H e LRI A EMXplus-6/1 Y% ({8 [E 4 & o)
e e )

R IRE R AT g s RAT D
ELAhh-n] Wyt (UV-Vis) 43 Evolution UV201, Thermo Fisher ( &
AT )

3.2.1.2 LW EFrEFERFI S
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R 3.4 WIEGUOKARLHTE LT FE b 5 0 5 20 5 R

Table 3.4 The main reagents and consumables required in the study of the

antibacterial mechanism of copper based nanomaterials

BT 5 FER 44 R A

5,5- ZHER-1-mEg sk N-ZEAL Fdy TR (Rl AR AR
¥y (DMPO) =)

3% it H AL IA TR JUARERR AR AR CRED
3,3',5,5'-tetramethylbenzidine ¥ 22 e Ak A AL B I3 A TR A A
(TMB) (R ED

LIRNGE M (NaAC) %’zx%’i%ﬁﬂiﬁﬁﬁ/z}ﬁl Ch
EP & g A E ARG R AR (R ED

3.2.2 LW AL

KEM TS, i S EE R A Prm 1t ge 32 23 D) T H KA A
i JEAE AR, ROAR AT DL A /40 BN O A SR AR SR S W
(Fenton like reaction) MIMAERFEEE H A& («OH) , ¥kt H HEAE
AiE % (Reactive oxygen species, ROS) R DL SYIMIIET. . N
RAW TR IR AWK i 3 A2k (CP-NSMSs) IHLE ML,
S WO SR R e L B 3 (<OHD HIAEAEIESE CP-NSMSs
T I IR e AR e OH MTTFE S AE T

3.2.2.1 @it FEIELLHR (Electron spin resonance, ESR) #&MI#2E
BHE («OH)

Bl B & SRR B 253k CP-NSMSs. 2R )5, 11 a4k
/KECH] 1 mol L 5,5-— FH 2 1-ME P& Wbk N-284k %) (DMPO) ¥¥AE N
FIE mE COH) AR, ¥ 30 uL DMPO BRI 30 uL &4
AAJHE CN-NSMSs (50 ug mL', 100 pg mL', 200 pg mL™) ) 3%
HEAEMNERE,, BAERREEIN 60 uL. AEK ERIBEYER
EAFEBME ST, MHET B RILIREGE COLRIER R B

(sOH) 155
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3.2.2.2 @353 TMB (Tetramethylbenzidine) ;E&MIZFEBEHE («OH)

TMB (3,3',5,5'-tetramethylbenzidine, VU IZEBEIRiL) 1F NFEH
AL (cOH) M)A LLE EuE e kil i | A (<OHD .
HeEd B A RAKI R N A& 3kAF CP-NSMSs. ¥ 4l K] 0.1
mmol mL-1 [ ZEEHH (NaAC) &, RJ51EH 0.1 mmol mL-1 [ Z
FRENSZ P A E A I 1] 0.25 mg mL-! 1) TMB &A1 1 mmol mL-! )
AW . 17 EP & P IIA 500 L 0.25 mg mL!' ) TMB. 500 uL
1 mmol mL! {3 S A 4 T 500 pl 0.1 mmol mL™! ) Z FRENZZ R,
AN 500 uL & A4 8L CP-NSMSs H) LERENE W, MEERZIAE R (2mL)
H CP-NSMSs FIHE 5378 S pgmL'. 15 pgmL'. 25 uygmL'. 50 g
mL"'. 100 pg mL"' f1 200 pg mL"'s A, AT 3SR EZVH], &
WHRHP S ER TR INEE T DR MNE R, BI{REF CP-NSMSs [
WREETEE N 50 pg mL!, % AL S A E 437 A 1.00 mmol mL! .
0.50 mmol mL!. 0.25 mmol mL. 0.125 mmol mL"! 1 0.0625 mmol mL"
Lo MR, B ER&EAD EP EE TEHERGIEIK (37 °C) WEEE R M
30 srfb. BEUEIFIE EP B NSRS AR e YA FR 2 e 2,
FAL R A-1T Wt e E v H@E IS A IR EAE 652 nm JEAALIT)
WO RE e B Rl 3 R (cOHD B4

Ahh, HRE-NRNAER, 2R ERTE, W EPENIIA 500
ul 0.25 mg mL' ) TMB. 500 pL 1 mmol mL! {3 &L SV TR AT 500
uL 0.1 mmol mL"' ) ZFRANZZ M, F I 500 pL Z#1KL CP-NSMSs
1) CBRENIA L, A AR R (2 mL) ' CP-NSMSs IR EE N 200 ug
mL, ARG EAR RN IIAAFRE (0 mmol mL'. 0.5 mmol mL-'. 1.0
mmol mL'. 2.5 mmol mL) WA HIK (Glutathione, GSH) . # T
K, ¥ ER & EPEE TEERRGEK (37 °C) WG 30 738,
i JE MBI A0 -] WO 0 e T s A I EIRERAE 652 nm
WA e AR 5 2 (cOHD WAk

323 LWER 5L

W R AP VE R DL MR S s . WEFCIR Y, A 2
FORHPUR ROR EZHR T LU R LA R S EDIRES (B 7 el
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PUKPRISE) WIS CGRRRESEGE RS« 5EY
il IR O B . AR AR AR . A ERIE R 5B EE[75]. H
AIRAT B E B PLEREHIA (niE 3.3 frs) = (D) EEiftk. B
SO R T J (P A B P AR B, ZE 290 100~200 mV CHUGR TAH TR RS
A TR L PN A TSR ) AR LA o A TR IS A B T DA A A 21 40 40
JEL () A7 AT X33 AT 93/ 3X b 5 | S B B AR AL I R 34 22, 2 F 34 22 [RAIG
ZER, NS R AN LR R[76, 77]. ARG,
B ] DL A 2 (9 B A 22 R P B 1 T 22 R IR SR B SR A
A MO A P 240 1 4 B B K A e P [69] . (2) SRR i b AR v M A
(ROS) . #iZF 5] ROS F & FE B ATh T H ok A 500 s B = A=
BRI EBENRE ). ROS I ma SEE i, BFEAR TR
FAH AN NG o7 i S AL [ 78]

& 3.3 i LA R E LS R ER. (A $ETFHEF: (B) 4
B AN i 2 S B A RN B R & E ks (C) ROS F24; (D)
DNA [#fi# .

Figure 3.3 Schematic of antibacterial mechanism of copper and copper-
based materials. (A) Dissolution of copper ions; (B) Bacterial cell membrane
disruption leading to loss of membrane potential and cytoplasmic content;
(C) ROS production; (D) DNA degradation.

HHE AT, TSR SE R H A (« OHD TR B2 4 S A B Aok
PR+ BRI R A T R R AR 4T
WAL, ASCRTE SR I e B R T e B g (- OHD AR
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LI B AT AL . Wik 3.4 Fios, <OH B4 GBI A DMPO BN
E FERAE T T A B3R (BSR) il 32 /RIEFTH CP-NSMSs
W BESR Yol Il 22 3]«OH [ LAY I By 1:2:2:1, KB CP-
NSMSs EA AW EEHEAEIGTEYE, £ HoO0 f77E T R A RZF M = B
e eOH H Hi gk,

200 pg mL*
S
& 100 pg mL"
>
=
7]
c
[
el
£
50 pg mL

3460 3480 3500 3520 3540 3560
Wavelength (nm)

& 3.4 {1 F DMPO 1E N2 3L (- OH) HHEEH], AIEWEK) CP-
NSMSs-H,0,  MiA& & [ BT E e 34k iE (ESR) .

Figure 3.4 Electron spin resonance spectrum (ESR) of the CP-NSMSS-H,0,
reaction system at different concentrations using DMPO as a hydroxyl
radical (-OH) trap.

i 3L AR T DL 78 Ml ALY B AR G oK B, e S S5 s B A
ROS (1+OH) . {EHIYHEBA L (TMB) {E NIRRT EH Ak
VIBEFEMEAL VG YE . TMB B4 SiE e < OH 4L, S 30 TMB /KPR
AT 0. G 3.5 R, CP-NSMSs &R Hi%E TMB A REA
TR FE AP E AL TG . He45 5 ESR &5 ) —5,
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a o4 b o020
200 pg mL’ 1.00 mM
| 100 pg mL* 0.50 mM
. 50 L1 - J 0.25 mM

S 0.3 si=y 25:3 L 3 0.16 0.125mmM
2 kot sl 15 pg mL" s L= 0.0625 mM
— 5 pg mL* > 012
2 0.2 @
g § 0.081
;;3 £
£ 0.1 0.04 ]

0.0 T T T r r 0.00 T r r r T

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

& 3.5 (a) 7F 0.25 mmol mL" HyO ¥R, ISR E CP-NSMSs
AbFE TMB ¥ 5 G208 7 AR Ah- 0] B i i 4558, (b) 1
ANFIRFE HoOo VW, ININAH R BE CP-NSMSs (50 pg mL™!) Ab#
TMB UG B2 08 R AR Ah- 0T 6 it o b &6 2R

Figure 3.5 (a) Optical photos and UV-vis spectroscopic analysis results of
TMB solution treated with different concentrations of CP-NSMSs in 0.25
mmol mL"! H,O, solution. (b) Optical photos and UV-vis spectroscopic
analysis results of TMB solution treated with the same concentration of CP-
NSMSs (50 ug mL!) in different concentrations of H,O, solution.

VE AR/ A B P I — Fh B 25T A, B H K (GSHD AT LU
ik BRI TR N 2% o 24 /20 B R P A T s OHL i el k. PRI, CP-
NSMSs A [F2H H HAL*OH S#E R4 1 GSH. N [ $ailk CP-
NSMSs X} GSH HIVEAEIERH, fE&H CP-NSMSs Ml GSH & & kAT
TMBllE . a1l 3.6 Frs, 558K, ¥ N CP-NSMSs 8T GSH 1
TH#E, CP-NSMSs HH T i S AL VI BEAE fhe Ab v P 1T 72 AR B 52 05 1 Pl e
OH 15 GSH kA AN N, HT GSH FHFE, KE ROS #H
TE A GSH, M F3 TMB KH 70k B 1 230 855 1 B A2 4L,
[ B GSH FIRERN, TMB #iE Lt E/D, SEtphEik, Bt
—ZHE T CP-NSMSs i i 55011 S b =42 ROS 5 & 41 i/ 40 T A6 T
AR, 22 b, AW CP-NSMSs B8 7 ROS A kBE 1, H
BT GSH ¥eu A0 0 20 SRR, XA )T 38 om L Bu i vs 1
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0.4
0 mM
0.5 mM
0.3- 1.0 mM
2.5 mM

Intensity (a.u.)
o
N

o
—

0.0 - - . .
300 400 500 600 700 800

Wavelength (nm)

& 3.6 7£ 1 mmol mL"' H,0, 1 50 pg mL"' CP-NSMSs &R, 1R
AH) TMB &— &, WIAFEWE GSH (0 mmol mL!'. 0.5 mmol mL-
1. 1.0 mmol mL™'. 2.5 mmol mL™") M5 -1 WG 1E o i 4t
2,

Figure 3.6 In a solution of 1 mmol mL™! H,O, and 50 pg mL"! CP-NSMSs,
the amount of TMB added was kept consistent. The results of UV-vis
spectroscopy after adding different concentrations of GSH (0 mmol mL!,

0.5 mmol mL™!, 1.0 mmol mL™!, 2.5 mmol mL™).

gr b, AHEF R AR SR R R S LR R A T A A SR T
5 20 e/ A B PN PR O SR SR A SIS S R T = A 0 1t 2R PR ik E E
B (+«OH) , BHEHHEAEGRAMEWEFEAPH I, R A4
i R B 4 P/ 400 B I AZ BRI, TS R Al L/ Al e A6 T, B B =+
MIPUETE M. FIES, b SCHR B P S YA RS A O,
B S AR K B 2R (CP-NSMSs) ] SEM 45 SR iZ Rk I sL
OER, TR ERZAK A HEE R, YR BE T8 b,
AT E A A PR A IR AN B 4 B, AT R AN A8 T .
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3.3 KE/NZL

KRR BTG WA 58— 3B F & WEUH K A
G ¥R (0 78] ] BR A VAR A SE R MR BB vE P, 45 R CN-NSMSs
HA A S B P 22 BB I A RN 22 IR M BTG P s 58 i il i 1
HEAR (ESR) Ml TMB M@ EA NG AR IE H B (« OH) &
AT R AL YRR PR AL, SRS RGOk B Ak
JREGAETG T, S/ N AR R AR RS B, 7R ROS B
N, YHFE GSH MM AR KR, HAWH A Ta HaZyLsl[71),
7] 46 35 989 KA Rk PR e A ) i 25, A SFL 0 3L R 4 T 4 1) X o
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450

€& it

AT 588 I YR R K A B A N SIS D B D L i 2% 3845 T 2 Fl
FEEGURM AL, I KER SEM Ml TEM RAELIE H T HFh Bk R
(ARFR: K: TKOEE=19, RNRE: 150 °C, JMEfE: 6 h; B
AR Ky TKAEE=9:1, KMIE: 150 °C, KMNEfE: 24 h) . A
A 22 3R A5 1) 4 JE g K A L A 44 D SO ot &AL A 9 K BkE - (Fru-
CuCl NPs) , B &R 3R HH 9K M kL 2 AR SS9k B4
BBk (CP-NSMSs) . LL B KRN, 8k WEAS B 8] 53 = M) kAT
PR RIE RS ARG R bl . (D KIS N FDP
KA KRR G LN 7 CIniim) 5 G BiREET5
B RN, TG € TR - ML F A4 Ek s Gil) kN IR
BT AN KA, LE I IR] JG € T0 1% R 4 AH 45 b B IR S AH s Giv)
R S AR 29K Fr gk 52 A K R 20 25 DLJE il CP-NSMSs.

R FAE L AR Fru-CuCl NPs B35, FaE . itk br
L, R HRSHECN, HE R AT Fru-CuCl NPs R 47 1%k
Zyttkre, B EAN-TT WA E T TS 50 Fru-CuCl NPs XJ [ 25 2
(DOX) MIFRZGERN 13.47%. # DOX Jo B FE g Kbkl iy 4 g
H R RS A g K ik (DOX@Fru-CuCl NPs) . MTT Al
P 20 i G 2, 52 36 $ 7. DOX@Fru-CuCl NPs B 548 5 108 AR 40
(MG63) FALAER, BISEEE X i ] 25 26 N B PR 40 (MG63/DXR)
HRI BT PR RN, #2278 DOX@Fru-CuCl NPs # DOX Fl4
S KA L AT b 5] R FE DU IR TG 1, TR A AR 4 Kb R T — s FE I
A DOX [ 25 4%, Al R gt Ay 7 i 24 14 Il i 2 41k 1 T
SERET RS . WB SLR 5 SR L= e 40 I e 5 ARk 1% 5 14 e e 4
2 GLUTS m#ik, DOX@Fru-CuCl NPs /Kffr=#)h4& FDP, 2
7~ DOX@Fru-CuCl NPs H. 2% — & L Ay 4, ] LLE £EAE i 48 o
RIFEPUMIE SN . RNA-Seq 25 R4~ H 1T LL_E i MAPK {5 5 8 B& H
INK, 24N ROS K, MIAESr M T, W% M 2.

ARG FNE L R CP-NSMSs B4 15) . fasE. riiohhirss:
P, R, HOESE MRS 9K i B BRIl 2, v 04 4
MR = A BRI R i . B B RS (ESRD A TMB SEE 427~ CP-
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NSMSs H 4 B 8 Al ns 1, mT DL 40 B /40 i N ek AR A
KRB R N, ARiEtEE (ROS) #EEmE (- OH) , 1
NN EE RS, ARCH K (GSH) 28 CP-NSMSs Fl¥24: H
FH ALV FE, (R I A UK 40 B 40 PR 3 Bl B AR T DA BB A A B K
FIER R ALEE AT R A 2 7 — DI, i A0 B R R
PR EEE I — PR R T ARGk R CP-NSMSs [WHTE &M, 45
IR CP-NSMSs AJ 2 25 R0 24 IR CRIAF B A 2% [P
M (SEOFEERED

gx b, AT AR RGO R A O R PR S R
G R B RIJEE BIYETT « AT 2540 AR TR 245 1 v 800 R 200 B J e ) A2 1 1
B IAT LB, RIEREE AR AR R T Bk B A ik
] @SS TR AT T R, R BRI E R ME .

MR, ABFFRWAAAE LN Wit — 2k (1D ABtFihix
THRANSEEGHIEFL 1 4 B2 G R R PR AP B v e, B = Ay 556
Himit—PRuE . PEES TS, &itshsess, i s —3P
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