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Abstract Nanomaterials are considered as promising cancer treatment materials by selectively inducing pro-
grammed cell death(PCD) of tumor cells. Cuproptosis is a newly discovered PCD pattern caused by intracellular cop-
per ion overload, characterized by the aggregation of acylated mitochondrial enzymes and the loss of Fe-S proteins.
Various nanomaterials have been developed to induce cuproptosis in tumor cells as a treatment for cancer. Numerous
studies have demonstrated that cuproptosis achieves better anti-tumor effects when combined with other tumor thera-
peutic modalities, showing a great potential. This paper introduces the mechanisms and characteristics of cellular
cuproptosis, outlines the strategies and mechanisms of nanomaterial-induced cuproptosis in tumor cells, focuses on
classifying and outlining the recent research progress of nanomaterial-induced cuproptosis combination therapy, and
looks forward to the future prospects of this emerging therapeutic modality.
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Fig. 1 Schematic model of cuproptosis™
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s BRI, FET YO RN SR A & A SR AE T BIE YT kSR B TR SR A KA R AE TME i
pH B = A8 e H K (GSH) Al HLO, BB T R0 25, -5 S50 40 M N A 2 7R 2K, 2R s & Jivged 4
FUHIBET . Cu™ B FAELR AR i B e A S AR FE T8RS TME FRs S A2 72 2 D AR G
U, X TME FCi i A2 9 A 50 45 n] LASE— 25 R B T iRk . il SEF 984 TME H GSH ., 4/
AL R B DL R A 5 2 R R A T T 2 T A S i e A ) i) 25 A S I R AE T A B
S, NI SR A AE T TR TTRCR .
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I, GSH ] LAY #E Mol Jed 240 B N 19 Cut i 7, 0 177 A PR B0 T R A SR 101 R P e 200 i v i 23 1)
GSH 75 1t ] LIAT SO B AE T (IR T AR . PLAE 2 RGE T —F i Cu™ B P S H 5k (GA) Fi & H B
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FEYNIPIER, DL 2 BRI ATP i (Cu ATPase )RR Z H 42", 9K BHARE AT LR IR 20 it o
RO 21, T 51 & 5 200175 A FE T2, {H Cu ATPase X 4 i HE i 25 11l 553X — i 72 . 4170 1)
Cu ATPase X 7 & F 9 ANHEVE FH 0T ARG SR AR AU T 850CR 2. ik, Ning 552 8 & 7 —Ff e i/ 2 7
(PV) L8 1 AL T4 (Cu,0) FDEHGR (TBP-2) RS AE T3 SR S8 (PTC) , HAT DUE 2 7 A4 F2 55 1 i 2
(+OH) F% Ik Cu ATPase 15 14 , {145 M 240 L 9 4 B8 0 BT . bAh, i IR B 25 48— R 51
Cu ATPase A3 577) 2538 304 QIR FE 200 Cu ATPase HT M S BEL L4 85 - FHE2" LA i 240 e 7Y
A S PR ERE , DR SE B SR AR AR T IR T RCR

e 240 R R et (AL T e R SR AR T A A . [RTESE, e A R S 1 S R A LR A
L DRI, 5 R 4 L P e A 4 B T (AL 2 T L BSR4 B8 T S A AR P T I U, AT
FETIRIT AR Xu BT T —Fhifs & M 20 A A6 T 1 R S AN K 259 GOx@| Cu(tz) |, %4
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GOx ] LA FE M8 20 M PN AR R A 0, (S ASH 1 15 2 70y 0 T A 1 1) S AL R AL 1 EL R By, DTl
FLER 0T ) SRR 1 1

2 ETHRRETHEREIRTT
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%%Eﬂfgﬁ“ﬁﬂjﬂ EL VAR TR R . @ﬂgg@ TR 2 i Fig.2 Schematic diagram of combination therapy
HRIBET, DA TG e e A B B P o s 3k, mT DA based on Cuproptosis
YA PDTH—IGI 7 ik im R . BT, SAVF2H8ET 5 PDT G LIS B R ARG T RO %
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TRIFLE3(A) . 76 TME i 5 1 H,0, R 204N R AL RIFE R R, CIS-Cu NPs Bl H CJS Fil Cu™ 5
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Fe-STEHE 1A GSH TS FE , TS A A 50 T3 A2 [ 3(CHAID) |, FRZIR IS AT IR SR
[EI3(E) ]. PTCH1GOx@[ Cultz) J# /22 PDT A AL T-AIG IR, PTC REAEAEFR TR FI S H,0, Mk
59 TME /R P B i 25 1, I35 5 %8067 TBP-2 ¢4 T PDT AR SE T A A P L& 3(F) 1>,
IR, PTC RIS S iR 3R J1 LB 3(G) |, AU A B IRA T TBP-2 AT LA™ AR
ROS A7 figg 40, [R1AsF 7= A= ) - OH IR REFN ] Cu ATPase 15 1, DA T BELASAR 5 T Ao #hHEL I 3(H) 1. [A]
BF, TSP i) 2 - S R A PR ] 2 R B T v, T | A R AR AR s T [T 3 (D) | iR AP IAAE
TRy S 6 L R AR B AR S B iR T AR J1 [IE13()) ], GOx@[ Cu(tz) 1 EATXF GSH i i i
PE, e 33K GSH 1 TME FR Sl T4 25 71 GOx IR LA I GSH ITHFE , [RIB A RESR A T T U™ AR
KAty -OH, LASEIA FYURIGT TS sm A SE 1231 U A PDT MIR &3R8 YT LRI 3(K) 27 BRI GOx 4 fik
e 20 L D 1) ) 2 W A A AR BE IR L L DRI 40 B Y R T R, — 2D SR T X i e A ) R A SR
[ 3(L) ], Rl s a 7 py F 40 2 o 3Rim 5 | & A sE Tt B2 L R 3 (M) . XFA Y7 SR g 2 RAF
ORI AR, LA I A R B 92. 4% K 3(N)FI(O) .
2.2 CDTELEfRIETIRIT

CDTJ&—FPFIFH TME A= AR AR IN IR PERINEUS SR K 25 AL D RE , 38 L RETE IR
R AR SO (ARG SR/ S S, ), 4 TG BE N K 24540 5 e A B PN 1 A 2% ) T A Ak Dy i 5
ROS, 117 A5 I8 240 L 36 7 5 k5% VA8 e 240 R 4 T 1E o A M 5 A B v 1 1,0, 3R 0k 1,
JPRE 240 A6 P 15 7K1 HLOL 38 AN JE LS B 8 CDT, HY A7 38R 32 BRF P9 HLO, 19 2 5% Cu™Fll Cu™ 5
TA G SR B AR S A, I B S A2 GE 8k CDT AEALRIAR EL , i S A0 570 76 5 52 1 pH
90 [ PN LA B R A 2T A T PR T DR, AT LR B M R 2 A 5 CDT ™ AR ROS P [R] 4 5
T2, SEMERAIRIT I B 1, TRENCDT )RR .

YuZEPF K T —Fls Cu,0 AN TR URRAE ZIF-8 F A5 i, I3 1ok i e W2 SFFE K DINA 28 2% £
YK 254 (Z1F-8-Cu,0-DNA ) FH FHIFET-F1 CDT B &R 97 [ K 4 (A) 1. ZERR % /) TME 1, ZIF-8-Cu,0-
DNA B DNA, Zn® 8511 Cu' B 1. Bt i) DNA Fl Zn> B T-REfS 45 5 i DNA i, YEMi 87815 CAT
AHOCI RNA, FEH,0, MR . B Cu' B R8T sh2oF i il 4 ROSLE1 4(B) |, [FIEHE43 Cu’
BRI C B, Co B AT LS GSH R A Ry, AREAIR TME i) GSH & i, AR 4 25 -3 28
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Fig. 3 Nanomaterials based on Cuproptosis for PDT combination therapy
(A) Schematic of the preparation of CJS-Cu NPs and the underlying mechanism of CJS-Cu NPs in cuproptosis tumor treatment;
(B) detections of <05 (C) relative GSH contents in 4T1 cells after various treatments; (D) western blot analysis on the expressions of
ACO-2, LIAS, and FDX1; (E) relative tumor volume change during the 20 d therapy[‘m ; (F) schematic illustration PTC loaded by
the biomimetic system for tumor cuproptosis; (G) cell viability of cancer cell safter the indicated treatments with various Cu,0 concen-
trations; (H) changes in Cu-ATPase activity after indicated treatment under white light irradiation; (I) Fe-S cluster protein expres-

[23],

sion; (J) evolution of the tumor volume in mice after various treatments'*’; (K) schematic illustration of the synthesis of nonporous

GOx@[ Cu(iz) | and the starvation-augmented cuproptosis and photodynamic synergistic therapy without producing systemic toxicity ;
(L) the viability of MCF-7 cells treated with [ Cu(tz) ] and GOx@[ Cu(tz) | at different concentrations for 24 h in the dark; (M) oligo-
merization analysis of DLAT after different treatments; (N, O) photographs of mice tumors (N) and the weight (O) of excised tumors
after treatments with PBS(i), [Cu(tz) 1Gii), [Cu(tz) Maser(iii), GOx@[ Cu(tz)](iv) and GOx@[ Cu(iz) [/laser'?”.

(A—E) Copyright 2023, Wiley-VCH; (F—J) Copyright 2023, American Chemical Society; (K—0) Copyright 2022, Wiley-VCH.

FURRIAET SRR . AHSCRYE AT KR [ 4(C) JIESE T HSE T A9 K A M CAT SRk & (9 R 4. X Ah
A2y i AR T R B o s U AR R A RCR [ 18 4(D) |, JF HAESH 525 h BUS T R AP
iR BCR [ 4(E) |, Zhao SO A T — il 5 & - B 2 W0 46 94 K JURE (Cu-GA NPs) , 344K Uk
TR TR (GA) A LRI, W] LAF S I 40 & A R T AN AE T, I ELRERS b R] b7 A CDT
[E4(F)]. Cu-GA NPs JEAJMEAINLS , Bid ik GSH AR T GAFI Cu™ 1. o, GA R LAY
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(A) Schematic illustration of the preparation for ZIF-8-Cu,0-DNA and the mechanism of cascade reactions for cuproptosis and che-

modynamic therapy; (B) confocal images of intracellular ROS of PANC-1 cells treated with different composition nanomedicine

(Scale bar: 50 pm) and the imaging of PANC-1 cells costained by calcein-AM and PI under various treatments (20 pg/mL, scale

bar: 100 wm); (C) western blot analysis of CAT, DLAT, FDX1, and LIAD expression levels in PANC-1 cells after different treat-
ments (ZIF-8, ZIF-8-Cu,0, ZIF-8-Cu,0-mu-DNA, and ZIF-8-Cu,0-cat-DNA, respectively) ; (D) MTT viability assessment of
PANC-1 cells treated with different concentrations of ZIF-8, ZIF-8-Cu,0, ZIF-8-Cu,0-mu-DNA, and ZIF-8-Cu,0-cat-DNA,

respectively, for 24 h; (E) photographs of tumor tissues in different groups after 12 d of treatmen

tmlﬂ; (F) sch

ematic diagram of

Cu-GA NPs synthesis process and the Cu-GA NPs mediated chemo/chemodynamic synergistic therapy of tumors; (G) TPA assay of

Cu-GA NPs under different treatments (TPA as the - OH trapping agent) ; (H) western blot analysis on the expressions of Caspase 3

and cleaved Caspase 3; (I) western blot analysis on the expressions of FDX1; (J) time-course change in the 4T1 tumor volume

after different treatments, n=540 H

(K) schematic illustration of NCTD Gel’s self-assembly mechanism and synergistically regulate

the tumor microenvironment via apoptosis, cuproptosis and anti-inflammation; (L) flow cytometric analysis of HepG2 cells

apoptosis induced by different treatments with Annexin V-FITC/PI staining; (M) cell viability of HepG2 cells treated with a series

concentration of NCTD Gel + laser at different time (1.0 W/em?) for 72 h; (N) curves of tumor growth volume during the treated

processL IZJ.

(A—E) Copyright 2023, Wiley-VCH; (F—J) Copyright 2023, Wiley-VCH; (K—N) Copyright 2023, Elsevier.
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Fig. 5 Nanomaterials based on Cuproptosis for SDT combination therapy®

(A) Schematic illustration of the preparation for SonoCu and the mechanism of cascade reactions for synergistically triggering
cuproptosis-augmented SDT; (B) measurement of intracellular levels of Cu by ICP-MS after treating with SonoCu for 12 h;
(C) western blot analysis of the expressions of DLAT, LIAS, and FDX1 in 4T1 cells after treating with SonoCu plus ultrasound
irradiation; (D) in vitro anticancer effects of SonoCu against 4T1 cancer cells under normoxia[4T1 cells were incubated with different
concentrations of M-ZCuP(SonoCu without Ce6), M-ZCeP(SonoCu without Cu®*), lip/ZCuCeP, or SonoCu under normoxia for 6 h,
followed by treating with ultrasound(1 W/cm?, 1 MHz at 0. 45 MPa) for 3 min, the cell viability was determined by MTT assay after a
24 h treatment. SonoCu without ultrasound stimulation was set as the control]; (E) tumor growth curves of 4T1 tumor bearing mice
after the treatment of SonoCu[4T1 tumor bearing mice were intravenously treated with saline, lip/ZCuCeP, or SonoCu(8 mg/kg) every
2 d, seven times, followed by ultrasound stimulation (1 W/cm?, 1 MHz at 0. 45 MPa) for 3 min 12 h post injection, the tumor growth
was monitored for 20 d].

Copyright 2023, American Chemical Society.
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Fig. 6 Nanomaterials based on Cuproptosis for pyroptosis combination therapy””
(A) Schematic illustration of Cu,(PO,) (OH) NPs serve as the copper homeostasis disrupter for tumor selective therapy based on
copperoverload-mediated cuproptosis and pyroptosis; (B) TPA assay of CuyS; NPs under different treatments with TPA as the -OH
trapping agent; (C) western blot analysis on the expressions of NLRP3, cleaved Caspase-1, and GSDMD-N; (D) western blot
analysis on the expressions of ATP7A; (E) the intracellular copper levels of HCT116 cells under different conditions for 1, 2,
and 4 h, n=3; (F) western blot analysis on the expressions of FDX1, SDHB, and ACO-2; (G) time-dependent HCT116 tumor
growth curves after different treatments, n=5.

Copyright 2023, Wiley-VCH.
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Fig. 7 Nanomaterials based on Cuproptosis for Ferroptosis combination therapy
(A) The mechanism of high efficiency ferroptosis-boosted-cuproptosis induced by mild-photothermal effect based on Cu,0@Mn,Cu,0
nanozymes for colorectal cancer therapy; (B) western blot of DLAT and DLAT oligomers after different treatments; (C) the contents of
intracellular of GSH on CT26 with different treatments; (D) eytotoxicity assessment on CT26 cells treated with different concentration of
CMCO nanozymes with or without 1064 nm laser irradiation; (E) the tumor growth curves of CT26 tumor-bearing mice after different
treatments with intratumor injection™; (F) schematic illustration of the fabrication process of DOX@Fe/CuTH HaMOF and its applica-
tion as an oxidative stress amplifier and copper/iron metabolic disrupter for synergistic cuproptosis/ferroptosis/apoptosis antitumor thera-
py; (G) intracellular ATP levels of 4T1 cells after treatment with different concentrations of DOX@Fe/CuTH; (H) intracellular FPN 1
and ATP7A expression levels of 4T1 cells after treatment with different concentrations of DOX@Fe/CuTH ; (I) western blot analysis on
the expressions of GPX4, FDX1, LIAS, NOX4, and caspase-3; (]) average weights of the excised tumors'®’; (K) schematic descrip-
tion of E. coli@Cu,0 microbial nanohybrid for boosting of antitumor immune responses through tumor microenvironment-activatable NI-
RII PTT enhanced ferroptosis and cuproptosis; (L) TEM image of E. coli@Cu,0, Arrows indicate the attached Cu,0 nanoparticles;
(M) quantification of E. coli colonization in tumors and major organs harvested from MC38-bearing mice at 24 h after injection of E. coli
or E. coli@Cu,0; (N) temperature changes of mice injected with various formulas under laser illumination (1 W/em?) ; (O) tumor
growth curves of MC38 tumor-bearing mice with various treatments, PBS without laser irradiation (group 1), PBS with 1064 nm laser
irradiation (group 2, 1064 nm laser), E. coli without laser irradiation(group 3, E. coli), Cu,0 with 1064 nm laser irradiation (group 4,
Cu,0 + 1064 nm laser) , E. coli@Cu,O with 808 nm laser irradiation (group 5, E. coli@Cu,0 + 808 nm laser) , and E. coli@Cu, 0 with
1064 nm laser irradiation (group 6, E. coli@Cu,0 + 1064 nm laser) ).
(A—E) Copyright 2023, Wiley-VCH; (F—J) Copyright 2022, Wiley-VCH; (K—O0) Copyright 2023, Wiley-VCH.
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Fig. 8 Nanomaterials based on Cuproptosis for «PD-L.1 combination therapy
(A) Design of NP@ESCu to induce cuproptosis; (B) schematic illustration targeting cancer cells by inducing cuproptosis with
NP@ESCu combined with aPD-L1 for enhanced cancer therapy; (C) representative TEM images of NP@ES and representative
TEM images of NP@ESCu in the presence of 10 mmol/L. H,0,; (D) the expression of LIAS by western blot; (E) representative
FCM profiles of PD-L1 expression after various treatments; (F) representative FCM profiles of PD-L1 expression after various treat-

[66]

ments' ®'; (G) schematic of the preparation and therapeutic mechanism of BCMD; (H) western blotting analysis on the expressions

of Fe-S cluster protein in GL.261 cells after different treatments; (1) quantitative analysis of mature DCs; (J) relative fluorescence
131 (K) schematic illustration showing the preparation of CuX-P
and the proposed mechanism of CuX-P to treat TNBC. CuX-P, DSF/Cu®*"-loading MXene with CTLL2-PD1 membrane coating,

DLAT, dihydrolipoamide S-acetyltransferase, DSF, disulfiram, TNBC, triple-negative breast cancer; (L) CuX-P outperformed

intensity of glioblastoma-bearing mice with different treatments

than spherical nanoparticles in blocking PD-L1 and inducing cuproptosis in tumor cells; (M) WB analysis of DLAT, HMGB1 and

CRT in 4T1 cells; (N) flow-cytometric analysis of CD3* CD8" cells in tumors at 7 d post laser irradiation. n=5; (0) tumor growth

curve of mice after different treatments .

(A—TF) Copyright 2023, Wiley-VCH; (G—J) Copyright 2023, Elsevier; (K—0) Copyright 2023, Elsevier.
FIPTT IR IR R AT i ZU 0 HE S 2 240 M ) s [ I 8 (N 1, BB HULAR B B SOy, FFAE S
BUG T RAFRHTMESCR 18 8(0) .
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Fig. 9 Nanomaterials based on Cuproptosis for hydrogen combination therapy””

(A) Schematic illustration of a Cu(II)-anchored CD-doped C;N, nanosheet(Cu@CDCN) for the synergistic photocatalytic
hydrogen-boosted cuproptosis therapy of cancer; (B) statistical chart of the difference between the 663-nm peaks of
different solutions after irradiation; (C) H,0, generation by CN, CDCN, and Cu@CDCN under LED irradiation;
(D) FDXI protein content of 4T1 cells after different treatments; (E) average tumor growth curves of 4T1-tumor-bearing
mice after different 15 d treatments.

Copyright 2023, Wiley-VCH.
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Fig. 10 Nanomaterials based on Cuproptosis for PTT combination therapy

(A) The design and preparation of DMMA@Cu, Se; (B) schematic illustration of DMMA@Cu,_Se for cuproptosis-driven
enhancement of thermotherapy; (C) Zeta potential of DMMA@Cu,_Se; (D) temperature curves of A375 tumor-bearing nude mice
after treatment with Cu, Se and DMMA@Cu,_Se (4 mg/kg) under 808 nm laser (2 W/em?, 5 min) irradiation, tumor after intrave-
nous injection (I. V. ) or tumor injection (T. V. ) ; (E) DMMA@Cu, Se down-regulated the proteins related to TAC; (F) tumor
volume of A375 tumor-bearing nude mice in 28 d of cotreatment™!; (G) fabrication process of Au@MSN-Cu/PEG/DSF and
its specific functionality for tumor therapy; (H) temperature change at the tumor site; (1) western blot analysis of DLAT, LIAS,
NPL4, and GAPDH expression levels in 4Tlcells after different treatments; [@D) change curves for the tumor volume 8% H
(K) schematic diagram for the preparation and simulated antitumor processes of Au,; (NAMB)  NCs-Cu@SA/HA NHGs;
(L) fluorescence microscopy images of HepG2 cells incubated with PBS(al, a2, control groups) , Au,s(NAMB) ¢ NCs(b1, b2),
Aqu(NAMB) 8 NCsCu®* NHs(cl, ¢2), and Au25(NAMB) 18 NCs-Cu** @SA/HA NHGs (d1, d2), without(1) and with(2) laser
irradiation (808 nm, 1 W/ecm?) , respectively, scale bar: 200 wm; (M) temperature change curves and theramal images of
dispersions with different samples irradiated by 808 nm laser at 1 W/cm? for 10 min; (N) relative tumor volume curves .

(A—TF) Copyright 2023, Wiley-VCH; (G—J) Copyright 2023, Wiley-VCH; (K—N) Copyright 2023, Elsevier.
FRCR YUK 245 P EUE 1S DMMA@Cu,, Se X 28 (5 2298 41 i ELAT 8 5 10 B SE TR0 PTT B AR 78R
[ FEI10(D)FI(E) J. B6Ah, PTT RS SEERRAR I RE RS HE I I8 ROS 7K, o iff— 2542 iE 4 Kb kL
B Co> LUMBR A ZE T . SR SE T-HRR) PTT 93697 7 i BUS T 00 S Bt g 6 7 2GR [ 10(F) 1.
FAlHh , Zhou FF il £ T /v FL AL AL W & 40K (Au@MSN) , FERAHIE % . R 2 —F(PEG)
&4 . AU (DSF) 17 ﬁﬂﬁﬁ&%ﬂ%ﬂh FhZINEEIRIT A5 (Au@MSN-Cu/PEG/DSF) , T35 T4
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