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Abstract
Chemodynamic therapy represents a novel tumor therapeutic modality via triggering catalytic reactions in 
tumors to yield highly toxic reactive oxygen species (ROS). Nevertheless, low efficiency catalytic ability, potential 
systemic toxicity and inefficient tumor targeting, have hindered the efficacy of chemodynamic therapy. Herein, 
a rationally designed catalytic nanoplatform, composed of folate acid conjugated liposomes loaded with 
copper peroxide (CP) and chloroquine (CQ; a clinical drug) (denoted as CC@LPF), could power maximal tumor 
cytotoxicity, mechanistically via maneuvering endogenous and exogenous copper for a highly efficient catalytic 
reaction. Despite a massive autophagosome accumulation elicited by CP-powered autophagic initiation and CQ-
induced autolysosomal blockage, the robust ROS, but not aberrant autophagy, underlies the synergistic tumor 
inhibition. Otherwise, this combined mode also elicits an early onset, above all, long-term high-level existence 
of immunogenic cell death markers, associated with ROS and aberrant autophagy -triggered endoplasmic 
reticulum stress. Besides, CC@LPF, with tumor targeting capability and selective tumor cytotoxicity, could elicit 
intratumor dendritic cells (mainly attributed to CQ) and tumor infiltrating CD8+ T cells, upon combining with PD-L1 
therapeutic antibody, further induce significant anti-tumor effect. Collectively, the rationally designed nanoplatform, 
CC@LPF, could enhance tumor chemoimmunotherapy via deploying endogenous plus exogenous copper and 
remodeling tumor microenvironment.
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Introduction
In addition to enhancing the direct killing effect on tumor 
cells, increasing the immunogenicity and adjuvanticity of 
the local tumor microenvironment and inducing a per-
sistent and effective immune response are considered an 
effective strategy for tumor treatment, underlying a theo-
retical foundation for the combined application of che-
motherapy and immunotherapy. Immunogenic cell death 
(ICD) is one kind of stress-induced regulated cell death 
that can drive the body’s inflammatory response, ulti-
mately activate adaptive immunity driven by cytotoxic T 
lymphocytes (CTLs) and establishing long-term immune 
memory [1, 2]. When cells undergoing ICD, dying cells 
would produce new antigenic epitopes and damage asso-
ciated molecular patterns (DAMPs). Antigen present-
ing cells can then recognize plus process antigens, and, 
by virtue of major histocompatibility complex, present 
them to T cells to activate adaptive immune responses 
[1, 2]. Certain chemotherapeutic drugs have the ability 
to induce ICD effect and activate anti-tumor immunity 
[3–5]. Several biochemical features related to ICD have 

been determined, including the extracellular release of 
high mobility group box B1 (HMGB1) and adenosine 
5’-triphosphate (ATP), the exposure of calreticulin (CRT) 
on the dying cell membrane, etc [1, 2]. The ‘ integrated 
stress response’ (ISR) is derived from the phosphoryla-
tion of eukaryotic translation initiation factor 2 subunit 
alpha (eIF2α) [6]. Compared to cytotoxic drugs that can 
not induce ICD effects, most methods of inducing ICD 
effects can effectively stimulate eIF2α phosphorylation, 
which is considered as another important marker of ICD 
[7]. However, the successful induction of ICD for tumor 
therapy not only lies on the antigenicity and adjuvantic-
ity from the dying cells, but also depends on the tumor 
micro-environmental conditions. There are many pos-
sible mechanisms influencing ICD and promoting tumor 
immune escape, including but not limited to (1) insuf-
ficient tumor infiltration of APCs; (3) inhibition of APC 
activity by immunosuppressive cytokines; (2) unsuccess-
ful antigen presentation due to the co-inhibitory factors 
(such as CTLA4) expressed by tumor infiltrating T cells; 
(4) immunosuppressive effects mediated by adenosine 
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converted from ATP; (5) the redox status of DAMPs; (6) 
insufficient tumor infiltration of CTLs; (7) dysfunction 
of tumor-infiltrating T cells, etc [1, 8]. Hence, the pow-
erful immunosuppressive mechanisms established in the 
tumor microenvironment may hinder the execution of 
ICD, helping tumor cells achieve immune escape.

Tumor immunotherapy represents a strategy for con-
trolling and clearing tumors via boosting the tumor 
immune cycle and reinvigorating the body’s anti-tumor 
immune response. Several categories of immunotherapy 
applied for tumor treatment includes immune check-
point blockade (ICB) therapy, therapeutic antibod-
ies, cancer vaccines, adoptive cell transfer therapy, etc. 
[9]. Therein, ICB is to deploy engineered monoclonal 
antibodies to relieve immune suppression caused by 
immune checkpoints utilized by tumor cells, and reacti-
vate immune cells to exert anti-tumor effects. At present, 
ICB represented by PD-1/PD-L1 or CTLA-4 blockade 
has been widely used in the clinical treatment of various 
advanced solid tumors, representing a forefront of tumor 
immunotherapy [10]. However, the therapeutic failures in 
a large portion of patients, the potential drug resistance 
issues and toxicity remain the main reasons limiting the 
popularization of mono-ICB therapy [11–13]. One of the 
main evidences of low response to ICB treatment is poor 
immunogenicity of the tumor micro-environment [14]. 
Considering that only a small proportion of patients can 
benefit from ICB, in order to improve clinical response of 
ICB therapy, the combined therapeutic modes between 
ICB and traditional tumor therapy (chemotherapy, radio-
therapy, etc.) or novel immunomodulatory therapies have 
been widely explored [12, 15, 16]. Among them, enhanc-
ing tumor cell ICD showcases the potent for optimiz-
ing the therapeutic potential of ICB, indicating a crucial 
direction for combination therapies [8, 12, 15].

Tumor chemodynamic therapy (CDT) make use of Fen-
ton or Fenton-like reactions to produce a large number of 
hydroxyl radicals (∙OH), thereby killing tumor cells [17]. 
Metal ions with Fenton effect can promote hydrogen per-
oxide (H2O2) to catalyze the formation of hydroxyl radi-
cal (∙OH), and induce tumor cell apoptosis and necrosis. 
Among these, iron-based nanomaterials have been 
widely reported to be used for chemical dynamic treat-
ment of tumors. Iron based nanomaterials mainly utilize 
the Fenton reaction mediated by excessive ferrous ions to 
yield highly toxic ∙OH from H2O2. Magnetic iron oxide 
nanoparticles have gained widespread attention because 
of their biological safety and excellent magnetic reso-
nance imaging performance [18]. Later research found 
that the Fenton reaction catalyzed by magnetic iron oxide 
only occurs under high acidic conditions (pH 2 ~ 4), and 
ferrous ions are easily oxidized in the air or biological 
system, especially in the blood system, resulting in the 
loss of Fenton catalytic performance. Inspiringly, cuprous 

ion (Cu1+) demonstrates a high catalytic activity in mild 
acid or even neutral environment, and thus copper-based 
Fenton catalyst holds a great promise in developing novel 
tumor treatment reagents [19].

Despite abnormally high expression of hydrogen per-
oxide in the tumor microenvironment [20], however, an 
increasing number of reports have indicated that endog-
enous H2O2 still cannot meet the requirement of chemi-
cal kinetic reactions to produce sufficient ∙OH for high 
efficient CDT [21, 22]. Therefore, Given CDT efficiency 
is highly dependent on the concentration of H2O2, sev-
eral literature have put forward Fenton-type metal per-
oxide nanoagents for more active CDT via self-supplied 
H2O2 in tumor acidic microenvironment [23]. Among 
these, copper peroxide (CP) nanoparticles, reportedly, 
the first proposed Fenton-type metal peroxide nanoma-
terial, exhibit a high efficient CDT by virtue of high effi-
cient Fenton catalytic reaction rate of cuprous ions and 
self-supporting H2O2 in tumor acidic microenvironment 
[23]. However, CP based CDT strategy finds difficulty 
in completely inhibiting tumor growth and preventing 
tumor metastasis. To further improve chemical dynamic 
therapy, several other optimized therapy strategy bas-
ing on CP nanoparticles have been proposed, including 
the synergistic strategy between mitochondrial injury 
and CDT triggered by calcium and copper bimetal-
lic peroxides [24], the combination of chemotherapy 
and CP-mediated CDT [25], the engineering dual cata-
lytic therapy via liposomal delivery of nanosized CP and 
artemisinin [26], reactive oxygen species (ROS)-based 
chemo/photo-dynamic therapy [27, 28]. Moreover, Deng, 
et al., reported enhanced lysosomal retention of CP and 
subsequent Fenton reactions happened inside the lyso-
somal compartment would curb cytoplasmic antioxidant 
system-induced clearance of ∙OH and induce robust lipid 
peroxidation and tumor growth inhibition [29]. Hence, 
Given CDT is often limited by low treatment efficiency 
[30, 31], up-regulating of oxidative stress by copper per-
oxide while blocking the negative effect of cytoplasmic 
antioxidant system could represent a hopeful strategy for 
developing an enhanced CP-based CDT nanomedicine. 
However, everything has its opposite side. The develop-
ment of copper-based tumor therapeutic strategy would 
also bring concerns about biosafety. Copper is an essen-
tial trace element for living organisms, underlying many 
biological processes, excessive copper may contribute to 
the potential toxicities regarding liver cirrhosis, hemoly-
sis and damage to renal tubules, etc. [32, 33]. Addition-
ally, cuprous ions are generally considered more harmful 
in living organisms than divalent copper ions. Hence, the 
potential systemic toxicity should also been addressed 
when designing copper-based tumor therapeutic strategy 
[34].
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Reasonably designed or biomimetic based nanoplat-
forms are expected to achieve the remodeling of the 
tumor microenvironment and promote effective tumor 
the [35–38]. In the present study, we discovered a cata-
lytic nanoplatform (a folate acid conjugated liposomal 
nanosystem loaded with copper peroxide nanoparticles 
(CP) and chloroquine (CQ), denoted as CC@LPF), ratio-
nally designed under the guidance of biological effect 
research, was proposed to realize maximum tumor cell 
death induction while remodeling the tumor immune 
microenvironment (Scheme 1). Herein, Both in vitro 
and in vivo study indicated a joint administration of CP 
and chloroquine demonstrated a synergistic tumor cell 
growth inhibition of CP and CQ, which was dependent 
on robust ROS induction rather than autophagy modu-
lation. We further uncover the upregulation of endog-
enous copper by CQ and supplementation of exogenous 
copper by CP synergistically elicit amplified reactive 
oxygen species (ROS) generation. Besides, the hydro-
gen peroxide released from CP in response to the acidic 
environment provides sufficient substrates for Fenton 
catalytic reactions. On the other hand, the joint use of 
CP and CQ elicited an early onset, above all, long-term 
high-level existence of ICD features, which is associated 
with ROS generation and endoplasmic reticulum (ER) 
stress. Tremendous accumulation of autophagosomes 
did not contribute the synergistic tumor cell toxicity, 
however, related with ER stress induction. Given there 
are certain other limitations to copper peroxide-based 
tumor treatment methods, such as systemic toxicity, 

tumor targeting, etc., tumor targeting delivery nanoplat-
form CC@LPF constructed and exhibiting a superior 
tumor uptake efficacy, tumor tissue targeting capabil-
ity and satisfactory biosafety. Lastly, CC@LPF was also 
evidenced as an immunotherapeutic adjunct, when 
combining with immunocheckpoint inhibitors, demon-
strated a more significant tumor inhibition via enhancing 
immunogenicity and dendritic cell maturation of tumor 
microenvironment.

Methods
Chemicals and reagents
Chloroquine phosphate (CQ; HY-17589) plus folic 
acid (HY-16637) were provided by MedChemExpress. 
Wortmannin (S2758), purchased from Selleck Chemi-
cals. Polyvinylpyrrolidone (PVP)-K30 (9003-39-8) was 
purchased from Beijing Wokai Biological Technology 
Co.,LTD. Puromycin dihydrochloride hydrate (A610593), 
collagenase type IV (A004186) and 3,3,5’,5’-Tetramethyl 
benzidine (TMB) (A600954) were obtained from San-
gon Biotech. Hydrogenated soy phosphatidylcholine 
(HSPC; 92128-87-5) and cholesterol (57-88-5), avail-
able from AVT (Shanghai) Pharmaceutical Technology. 
DSPE-PEG2000-folic acid (FA) was commercially avail-
able from Xi’an Ruixi Biological Technology Co.,Ltd. 
RPMI-1640 medium (PM150110) and Dulbecco modi-
fied Eagle medium (DMEM; PM150210) were purchased 
from Wuhan Pricella Biotechnology. Cell membrane dye 
DiIC18(3) (Dil; C101254-1261), DCFH-DA (S0033S), 
Methylthiazolyldiphenyl-tetrazolium bromide (MTT; 

Scheme 1   Rationally designed nanoplatform for enhanced chemoimmunotherapy via deploying endogenous plus exogenous copper and remodeling 
tumor microenvironment
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ST316) and LysoTracker Red (C1046) were commer-
cialized by Beyotime Biotechnology. Hoechst 33,342 
(C0031), calcein acetoxymethyl ester (Calcein-AM)/
propidium iodide (PI) kits (CA1630), Annexin V/
ANXA5-FITC apoptosis detection kits (CA1020) and 
ATP Content Assay Kit (BC0305) were obtained from 
Solarbio Life Science. CuCl2·2H2O, NaOH, glutathione 
(GSH), Fluorescein isothiocyanate (FITC), 5,5’-Dithio 
bis-(2-nitrobenzoic acid) (DTNB), Methylene blue (MB) 
plus hydrogen peroxide (H2O2, GR, 30% by weight) were 
purchased from Aladdin Reagent Co., LTD. Ti(SO4)2 and 
indocyanine green (ICG) were obtained from Macklin 
Company. N-(Rhodamine-6G)lactam-hydrazinecarbo-
thioamide (R6G) (74317-53-6) was commercially avail-
able from Heliosense Biotechnologies. The detection 
kits for aspartate aminotransferase (C010-2-1), alka-
line phosphatase (C010-2-1), alanine aminotransferase 
(C009-2-1) and blood urea nitrogen (C013-2-1) were 
commercially obtained from Nanjing Jiancheng Bioengi-
neering Institute.

The antibodies for LC3 (AF5402), autophagy related 5 
(ATG5; DF6010), GPX4 (DF6701), B-cell lymphoma-2 
(Bcl-2; AF6139), copper/zinc superoxide dismutase-1 
(SOD1; AF5198) and β-actin (T0022) were obtained 
from Affinity Biotech. The antibodies for CRT (12238), 
HMGB1 (3935S) were obtained from Cell Signaling 
Technology. The antibodies for ATOX1 (22641-1-AP), 
CCS (22802-1-AP) and PD-L1/CD274 (66248-1-Ig) were 
obtained from Proteintech Group. The monoclonal anti-
bodies for flow cytometric analysis, including major com-
patibility complex II (MHC-II) antibodies (11-5321-82; 
FITC), CD3 antibodies (17-0032-82; APC), CD8a anti-
bodies (45-0081-82; PerCP-Cyanine5.5), CD45 antibod-
ies (30-F11; FITC) were procured from Thermo Fisher 
Scientific. CD11c antibodies (117343; BV421) were pur-
chased from BioLegend. InVivoMab anti-mouse PD-L1 
(B7-H1) antibody (α-PDL1; BP0101) was purchased from 
BioXCell.

Synthesis and characterization of CP and CC@LPF
Copper peroxide nanospindles were synthesized refer-
ring to a previously reported method [23] with minor 
modifications. Briefly, CuCl2·2H2O (0.01  M) was dis-
solved in 50 mL deionized water (DIH2O). After the solu-
tion was completely dissolved, 2.5 g polyvinylpyrrolidone 
K-30 was added and dispersed by ultrasonic for 30 min. 
Sodium hydroxide and H2O2 were added successively, 
followed by stirring for thirty minutes. Lastly, synthe-
sized CP was obtained by centrifugation.

Preparation of CC@LPF was referring to a previous 
literature [26]. Briefly, 1 mg CP and 4 mg CQ were dis-
solved in DIH2O and incubated overnight at room tem-
perature under dark. After centrifuge, precipitation 
was collected and resuspended with DI water (denoted 

as A solution). On the other hand, the solvent contain-
ing HSPC, cholesterol and DSPE-PEG2000-FA (molar 
ratio, 6:4:0.5) was evaporated under vacuum to form a 
thin film. Then, solution A was added to a rotating steam 
bottle and rotated for 3 min. The bottle was removed and 
treated with ultrasound for thirty minutes. Finally, CC@
LPF, obtained by centrifuge and washing, was maintained 
in the saline.

Characterizations. A UV/Vis spectrometer (LAMBDA 
365, PerkinElmer) were required to determine the prop-
erties of nanoparticles and the drug loading capac-
ity. The calculation formula for drug loading capacity: 
(weight of drug) / (total weight of nano-formulations) × 
100%. A transmission electron microscope (TEM; JEOL, 
JEM-1400) was employed to observe the morphology of 
the nanoparticles. Dynamic light scattering (DLS; Zeta-
sizer Nano ZS-90, Malvern) was deployed to determine 
size and zeta potential of nanoparticles. The X-ray dif-
fraction (XRD) pattern was performed by X-ray diffrac-
tometer (D8 advance, Bruker). The Thermo ESCALAB 
250XI electron spectrometer was used to obtain X-ray 
photoelectron spectra (XPS). The concentrations of cop-
per ions in the different nanoformulations were deter-
mined by virtue of inductively coupled plasma optical 
emission spectrometry (ICP-OES; PerkinElmer Avio 220 
Max). The Fourier transform infrared (FTIR) spectra was 
detected by an AVATAR 360 FTIR spectrophotometer.

Cells and cell culture
Mouse colon tumor cell line CT26 and transformed 
Human Liver Epithelial-3 (THLE-3) were cultured in 
RPMI-1640 medium. Mouse fibroblast L-929 and human 
embryonic kidney 293T (HEK-293T) cells were cultured 
with DMEM medium. All culture media contained 10% 
fetal bovine serum, 100 µg/mL penicillin and 100 µg/mL 
streptomycin. All cells were maintained in an incubator 
at 37 °C in a 5% CO2 atmosphere.

Cell viability
The cells were incubated with different treatments for the 
indicated time. Then, after the removal of the medium, 
fresh medium containing 0.5 mg/mL MTT was individu-
ally added, followed by the incubation for 4  h at 37 ℃. 
Next, the medium was replaced by dimethyl sulfoxide 
(DMSO). After confirming sufficiently dissolving forma-
zan, the absorbance at 490 nm was monitored by virtue 
of a microplate reader (ELx 808, Bio-Tek).

Western blotting
Cells were collected after different treatments by centri-
fuge and lysed on ice. Then, cell debris was removed via 
centrifuge at 12 000 g for ten minutes, followed by mixing 
with 5 × SDS sample buffer (P1040, Solarbio) and boiling 
for 10 min. The protein samples were runed on sodium 
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dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE). After transferring to the PVDF membranes 
(ISEQ00010, Millipore), 5% non-fat milk was used for 1 h 
and incubated with a primary antibody. After washing by 
Tris-buffered saline with Tween 20, the membranes were 
immersed into horseradish peroxidase-conjugated sec-
ondary antibody containing buffer, followed by the incu-
bation for 1  h at room temperature. The protein bands 
were monitored with an Affinity® ECL Kit (KF001, Affin-
ity Biosciences) under a chemiluminescence instrument 
(Clinx science, 3100Mini, 90,175).

Knockdown of ATG5 by shRNA
To knock down the expression of ATG5, the shRNA 
against ATG5 (​G​C​A​G​A​A​C​C​A​T​A​C​T​A​T​T​T​G​C​T​T) was 
constructed into a pLKO.1 vector. The Δ8.9 and VSVG 
plasmids were co-transfected with the pLKO.1 vector 
into HEK293T cells. The preparation of lentivirus was 
conducted using 25  kDa linear polyethylenimine (PEI; 
239,662, Polysciences). At 48 h post-transfection, the len-
tivirus particle containing culture medium was passed 
through a 0.45 μm filter membrane. Medium containing 
lentiviral particles and polypyrene (5 µg/mL) was added 
to CT26 cells at approximately 60% fusion. After 48 h of 
culture, puromycin was used to remove uninfected cells.

LysoTracker red staining
GFP tagged LC3 plasmids were constructed into a 
pLKO.1 vector. CT26 cells over-expressing GFP tagged 
LC3 (denoted as GFP-LC3/CT26) were constructed using 
lentiviral infection with reference to the above method. 
After the incubation process with CP (15  µg/mL) for 
24 h, the cells were treated with 75 nM LysoTracker Red 
for 15 min. The cells were washed three times with phos-
phate buffer solution (PBS) and observed under confocal 
microscopy (Stellaris 5, Leica).

ROS detection
Intracellular hydroxyl radical generation was assessed 
using the DCFH-DA staining kit (S0033, Beyotime). After 
different treatments, cells were stained with DCFH-DA 
(10 µM) for 20 min. Subsequently, the DCF fluorescence 
in the cells was observed on a fluorescence microscope or 
analyzed by the flow cytometry.

Immunofluorescence staining
For immunofluorescence detection of CRT expression, 
CT26 cells were seeded into 6-well plate with glass slides 
and incubated overnight. After being fixed with 4% para-
formaldehyde, the cells were blocked with 5% bovine 
serum albumin (BSA) for 30  min. The slides with cells 
were incubated with diluted CRT antibodies overnight at 
4 ◦C. The cells were then incubated with fluorescent sec-
ondary antibody for 1 h. Before and after this procedure, 

the cells were washed thoroughly with PBS. Cells were 
stained with 4,6-diamidino-2-phenylindole (DAPI; 10 µg/
mL) for 10 min and washed before being added to anti-
fade mounting medium. The cells were observed on a 
laser confocal scanning microscope (CLSM; LSM880, 
Zeiss).

HMGB1 extraction
HMGB1 proteins were extracted by methanol-chloro-
form extraction method [39]. Briefly, after the indicated 
treatment, cell culture supernatants were collected by 
centrifuge (8 000  g, 5  min) to remove cell fragments. 
Methanol was mixed with the centrifuged supernatants, 
followed by chloroform added. The upper phase was 
removed by centrifugation and 500 µL methanol was 
added. Then, the mixture was centrifuged at 12,000  g 
for 10 min, and the centrifuged protein pellet was main-
tained at room temperature for drying. Lastly, the pro-
teins were resuspended in sample buffer, after boiled, and 
subjected to western blot analysis.

Cell uptake
FA conjugated and PEGylated liposomes carrying FITC, 
CP and CQ (denoted as FITC/CC@LPF) were prepared 
with reference to the section of ‘Synthesis and charac-
terization of CP and CC@LPF’ to investigate the cellu-
lar uptake efficiency. CT-26 cells were treated with FITC/
CC@LPF for the indicated time at 15  µg/mL, Then, the 
fluorescence intensity of cells was measured by a flow 
cytometer (FACSCanto II, BD). To analyze enhanced 
cell uptake of CC@LPF, the fluorescence images of cells 
treated with FITC/CC@LPF, FITC/CC@LPF + free FA (1 
mM) were obtained by CLSM. Dil (10 µM) was added for 
20 min to label the cell membrane.

In vivo fluorescence distributions
In vivo tumor targeting efficiency of CC@LPF was fur-
ther investigated by recording the near infrared (NIR) 
fluorescence of ICG. FA conjugated and PEGylated lipo-
somes carrying ICG, CP and CQ (denoted as ICG/CC@
LPF) and PEGylated liposomes carrying ICG, CP and CQ 
(denoted as ICG/CC@LP) were prepared with reference 
to the section of ‘Synthesis and characterization of CP 
and CC@LPF’. For in vivo NIR imaging, CT-26 tumor-
bearing mice were injected intravenously with ICG/CC@
LP or ICG/CC@LPF at 1  mg/kg (equivalent to ICG). 
Then, In vivo and Ex vivo NIR fluorescence imaging of 
tumors at different time points after tail injection was 
monitored by a near infrared live imaging instrument 
(NIRvana 640, Princeton Instruments). The excited laser 
power density of 808  nm was at 1.5  W cm− 2 and long 
pass filter was used to collect NIR images. The relative 
fluorescence intensity of tumors was analyzed by Image 
J software.
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Hemolysis analysis
Blood from SD rats was centrifuged at 600 g for 10 min. 
The collected cell pellets were then washed with physi-
ological saline for three times. Afterwards, Cells were 
treated with the indicated treatments for 12  h. Finally, 
the solutions in eppendorf tubes were photographed. 
All animal experiments were conducted under the rules 
approved by the Animal Ethics Committee of Binzhou 
Medical University (2021 − 335).

Animal study
CT26 cells of 5 × 105 were implanted subcutaneously on 
the right sides of Balb/c mice. When the tumor volume 
reached approximately 100 mm3, the mice were ran-
domly assigned into 7 groups (n = 5) and treated with 
Saline, LPF, CP@LPF, CQ@LPF, CC@LPF, α-PDL1, 
α-PDL1 + CC@LPF. The doses of all groups were equiv-
alent to 5  mg/kg copper. Additionally, CQ was 9.6  mg/
kg, the dose of α-PD-L1 was 2 mg/kg. The α-PDL1 was 
administrated by intraperitoneal injection, and received 
drug treatment every four days, while other drugs were 
treated by intravenous injection every two days. The 
tumor volume and body weight were recorded every 
2 days with digital caliper and laboratory balance. The 
tumor volume was calculated using formula: Width2 
×length/2. “width” and “length” were the shortest and 
longest size of the tumor. After 12 days of treatment, 
tumors as well as main organs were collected from sacri-
ficed mice for further evaluation.

Tumor tissue sections were immunohistochemi-
cal (IHC) staining by Ki-67, CD3 and CD8a antibodies, 
respectively. Hematoxylin and eosin (H&E) staining was 
also performed on the major organs and tumor tissues. 
To examine CD11c+ MHC-II+ DCs in tumor microen-
vironment, the tumors were collected after treatment, 
minced and digested in DMEM-F12 with collagenase IV 
plus DNase I for 30  min at 37  °C. The cell suspensions 
were filtered through cell strainer to obtain single cells. 
After washed by PBS, single cell suspensions were stained 
with CD11c (BV421) and MHC-II antibodies for 1 h, fol-
lowed by flow cytometry analysis. To examine T cells in 
the tumor microenvironment, after the indicated treat-
ments, single cell suspensions were stained with CD45 
antibodies, CD3 antibodies, and CD8a antibodies for 1 h, 
followed by flow Cytometry analysis.

Statistical analysis
The statistical data were expressed as mean ± s.e.m. 
Two-tailed Student’s t-test was used. *p < 0.05, **p < 0.01 
and ***p < 0.001 were statistically significant; ns, 
non-significance.

Results and discussion
Synthesis and characterization of copper peroxide
The as-prepared copper peroxide (CP) nanospindles 
were synthesized according to an approach reported pre-
viously with minor modifications. The results exhibited 
that CP nanoparticles presented a uniform spindle-like 
morphology (Fig. 1A) with a DLS size of 131.30 ± 1.87 nm 
(Fig. 1B). The polymer dispersity index (PDI) of CP nano-
spindles was around 0.10, suggesting good dispersibility 
in aqueous solution. The X-Ray diffraction spectrum veri-
fied the crystal morphology of CP nanospindles (Fig. 1C). 
The X-ray photoelectron spectrum revealed the pres-
ence of Cu and O elements in CP nanospindles (Fig. 1D). 
The spectrum of Cu2p featured with two typical peaks at 
928.58 eV and 952.58 eV from Cu2+ 2p1/2 and Cu2+ 2p3/2 
accompanying with two satellite peaks at 961.95 eV and 
941.5  eV (Fig.  1E). Meanwhile, two peaks in O 1s spec-
trum at 530.7 and 532.5 eV were deconvoluted to C = O 
plus O-O, respectively, hinting at the existence of PVP 
plus peroxo groups (Fig.  1F). A permanganate (MnO4

−) 
based colorimetric method was applied to investigate the 
presence of peroxide bonds in CP nanospindles. Gener-
ally, magenta MnO4

− could be reduced to colorless Mn2+ 
ions by H2O2. Similar to H2O2, the color of MnO4

− solu-
tion faded away rapidly by the CP nanospindles while 
CuO showed no such phenomenon, indicating the pres-
ence of peroxide bonds in CP nanospindles (Fig. 1G).

Inefficient intracellular H2O2 content is one of the 
major barriers to achieve satisfactory chemodynamic 
therapy (CDT) efficacy. To surmount these obstacles, 
researchers have come up with various optimized CDT 
agents. Catalysts composed of self-supplied H2O2 and 
Fenton reaction activity have attracted much attention. A 
colorimetric method based on the principle that Ti4+ and 
H2O2 reacted to form yellow peroxide-titanium complex 
was employed to investigate the H2O2 self-supplying per-
formance of CP nanospindles. In the presence of H2O2, 
a yellow precipitation composed of peroxide-titanium 
was produced upon the reaction of H2O2 and titanium 
ions. As shown in Fig. 1H, H2O2 could be efficiently pro-
duced at pH 5.5 while no H2O2 was detected when pH 
value increased to 7.4, implying the pH responsive H2O2 
generation performance of CP nanospindles. In addi-
tion, with the concentration of CP nanospindles increas-
ing to 100  µg/mL, the concentration of H2O2 produced 
increased to ~ 235.56 µM (Fig.  1I and S1a), suggesting 
that CP nanospindles could serve as an efficient exog-
enous H2O2 repository. In contrast, CuO nanoparticles 
could not induce H2O2 production (Fig. 1I and S1b).

5,5’-Dithiobis-(2-nitrobenzoic acid) (DTNB), an Ella-
man agent, is used to investigate the GSH depletion per-
formance of CP nanospindles. The characteristic peak 
at 412 nm of DTNB gradually disappeared, implying the 
excellent GSH depletion performance of CP nanospindles 
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was efficiently (Fig. 1J). Moreover, Cu2+ ions, reduced to 
Cu+ ions by GSH, could serve as a more efficient Fenton 
catalyst compared to iron-based ones. Methylene blue 
was used as colorimetric probe to quantify the hydroxyl 
radicals (∙OH) production. With the GSH concentration 

increased from 0 to 4 mM, more ∙OH was produced. 
However, when the GSH concentration increased over 
8 mM, the produced ∙OH was balanced by GSH, further 
confirming the GSH depletion was important for ROS-
based cancer therapy (Fig. 1K).

Fig. 1  Synthesis, characterizations and in vitro anti-tumor performance of copper peroxide nanospindles. (A-C) TEM images (A), DLS size distributions (B) 
and XRD patterns of CP (C). (D-F) XPS spectrum analysis of CP. (G) UV-Vis spectra analysis for the existence of peroxo groups in CP nanoparticles. (H and 
I) UV-Vis spectra of Ti (SO4)2 and CP under various pH values (H) and various concentrations of CP (I). (J) GSH depletion by CP nanospindles after various 
incubation time. (K) UV-Vis spectra demonstrating the degradation of Methylene blue (MB) by CP nanospindles with various concentrations of GSH. (L) 
Cell viability analysis of CT-26 cells exposed to different concentrations (equivalent to copper ions) of CP or CuO for 24 h. The experiments were repeated 
thrice, n = 3. (M) Fluorescence images of CT-26 exposed to the different concentrations (15, 30 µg/mL) of CP or CuO for 6 h and subsequently stained by 
DCFH-DA (10 µM; 20 min). Cell nucleus were stained by Hoechst 33,342 (HO; 10 µg/mL) for 20 min. (N) A schematic graph showed CP nanospindles could 
induce activatable ∙OH production and GSH consumption for enhanced chemical dynamic therapy
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Encouraged by the GSH depletion and ∙OH produc-
tion performance, we then explored the in vitro anti-
cancer performance of CP nanospindles. As shown in 
Fig.  1L, more than 80% cancer cell death was induced 
at the concentration of 45  µg/mL of CP nanospindles, 
while only ~ 60% cell viability decrease induced by CuO 
nanoparticles, implying better chemodynamic therapy 
efficacy due to the introduction of self-supplying H2O2. 
Hereafter, the dose close to the half maximal inhibi-
tory concentration of CP nanospindles, 15  µg/mL, was 
selected for the subsequent in vitro experiment. In addi-
tion, after cultured with CP nanospindles and CuO for 
6 h, CT-26 cells were stained with DCFH-DA, a ROS flu-
orescent probe. CT-26 cells incubated with CP exhibited 
significantly more bright green fluorescence compared to 
those with CuO nanoparticles, indicating more hydroxyl 
radicals induced by CP nanospindles (Fig.  1M). Collec-
tively, the as-synthesized CP nanospindles, exhibiting a 
uniform spindle-like morphology, represent an efficient 
CDT agent for tumor inhibition via catalyzed GSH con-
sumption and ROS generation (Fig. 1N).

Autophagy induced by CP exhibited no tumor cell fate 
determination
Autophagy is a lysosome dependent and dynamic degra-
dation pathway (Fig.  2A), that removes aberrant organ-
elles, misfolded and long-live proteins, and invading 
pathogens, critically influencing pathogenesis and treat-
ment of human diseases [40, 41]. Basal-level autophagy 
is a critical mechanism for maintaining cell stability and 
promoting cell survival, occurring at low levels in almost 
all mammalian cells. An increase in autophagy level is 
often observed when cells exposed to physical, chemi-
cal, or biological stress [42]. Herein, the as-synthesized 
copper peroxide nanoparticles were verified to induce 
autophagic flux. Autophagy related protein LC3 was 
constitutively expressed and massively distributed in 
cytoplasm as LC3-I, however, upon autophagic induc-
tion, would be cleaved and conjugated to phosphatidyl 
ethanolamine to form lipidated LC3 (denoted as LC3-
II), participating in the assembly of autophagosome 
(Fig.  2A). Therefore, analyzing LC3 conversion from 
cytosol LC3 (LC3-I) to lipidated LC3 (LC3-II) by immu-
noblotting could be used to investigate autophagic induc-
tion. As displayed in Fig. 2B and C, the as-synthesized CP 
nanoparticles induced LC3 conversion, with concentra-
tion- and time- dependent patterns. To lead more proof, 
CT26 cells over-expressing GFP tagged LC3 (denoted as 
GFP-LC3/CT26) were constructed. The binding of GFP-
LC3 to autophagosomal membranes, usually observed 
as green dots, is a reliable indicator for autophagosome 
formation [43, 44]. On the other hand, GFP-LC3 dots 
co-localization with lysosomes reflect autolysosome for-
mation, critical for the degradation of autophagic cargo 

[43, 44]. As observed under a confocal microscope, CP 
could induce GFP dot formation, which exhibited an 
obvious co-localization with LysoTracker Red-indicated 
lysosomes (Fig.  2D). These results demonstrated that 
CP nanoparticles could induce auto-lysosome forma-
tion without disrupting autophagosome-lysosome fusion. 
Chloroquine (CQ), an antimalarial agent, also could 
block the downstream of autophagy process by virtue 
of alkalizing lysosome and inhibiting autophagosome-
lysosome fusion [45]. Herein, in the presence of CQ, 
CP could further raise LC3-II accumulation, indicating 
that CP really induced autophagic induction rather than 
autophagic blockage (Fig. 2E). To sum up, the as-synthe-
sized CP nanoparticles actually elicited autophagy.

Autophagy induction is a hallmark under various 
pathological and pathophysiological conditions, possibly 
promoting death or survival, which are two distinct para-
digms that determine cell fate. In most cases, autophagy 
provoked by nanomaterials promotes cell death, but a 
large number of nanomaterials can also trigger survival-
promoting autophagy [42, 44, 46–48]. Based on the deci-
sive role of nanomaterial-induced autophagy in tumor 
cell fate, effectively avoiding or amplifying autophagy 
induced by nanomaterials may become an increasing new 
weapon against cancers, especially those that are difficult 
to treat and drug-resistant [46, 48, 49]. Hence, uncov-
ering the determination of CP-induced autophagy on 
tumor cell fate is critical for propelling CP-based tumor 
catalytic therapy. However, our study demonstrated that 
autophagy induced by CP presented no effect on cell fate. 
Wortmannin was reported to block autophagic initia-
tion via inhibiting class III phosphatidylinositol 3-kinase 
(PI3K) and widely used as autophagic inhibitors [50, 51]. 
In the present study, both western blot analysis and the 
parallel statistical analysis (Fig.  2F) indicated autophagy 
elicited by CP could be significantly attenuated by wort-
mannin. However, autophagy inhibition by wortmannin 
would not affect CP elicited cell death (Fig.  2G), which 
indicated autophagy induced by CP exhibited no can-
cer cell fate decision. To provide more evidence, shRNA 
against ATG5 was deployed to abrogate the expression 
of ATG5 in CT-26 cancer cell line. ATG5 is a critical 
component of autophagy, participating the regulation of 
autophagosome formation and expansion [52]. Herein, 
immunoblotting and statistical results demonstrated that 
the decreased expression of ATG5 could significantly 
suppress autophagic induction by CP (Fig.  2H). Never-
theless, the expression abrogation of ATG5 also showed 
no any significant influence on CP elicited cancer cell 
death (Fig. 2I). Collectively, although the as-synthesized 
copper peroxide nanoparticles induced autophagy, the 
autophagy induced by CP had non influence on cell fate 
determination.



Page 10 of 23Sun et al. Journal of Nanobiotechnology          (2024) 22:551 

Synergistic tumor inhibition of CP and CQ dependent 
on ROS generation irrespective of autophagosome 
accumulation
Although autophagy induced by CP had no effect on 
tumor cell fate determination, and curbing autophago-
some formation would not enhance CP induced cell 
death, a combined administration of CP and CQ dem-
onstrated a synergistic tumor cell inhibition, meanwhile, 
which also exhibited the highest induction of autopha-
gosome accumulation. As shown in Figure S2a and S2b, 
CQ at the dose range of 12.5 µM ~ 100 µM demonstrated 

obvious synergistic inhibition of tumor cell viability and 
elicitation of cell death with CP, especially at the dose 
of 50 µM. An in vivo study further set forth the joint 
anti-tumor efficacy of CP and CQ in CT-26 cell-grafted 
mice models. Herein, the dosage of CP, that is 5.0  mg/
kg (equivalent to copper ions), was used with reference 
to the previous literature [23]. Different treatment agents 
were individually administrated by intro-tumor injec-
tion every two days, during which the tumor volume was 
recorded. After the mice were sacrificed, the body plus 
tumor weights were measured. As shown in Fig. 3A and 

Fig. 2  Autophagy induced by CP exhibited no tumor cell fate determination. (A) A schematic illustration of autophagy process, during which, several 
autophagy inhibiting approaches were also listed. Wort: Wortmannin; CQ: chloroquine. (B-C) Western blot analysis of CT-26 after the incubation with dif-
ferent doses of CP for 24 h (B), or treated with CP (15 µg/mL) for the indicated times (C). (D) Confocal fluorescence images of LysoTracker™ Red (LT) stained 
GFP-LC3/CT-26 cells after the treatment with CP (15 µg/mL) for 24 h. Lysosomes were indicated by LT (75 nM) staining for 15 min. (E) Western blot analysis 
of LC3 proteins in CT-26 cells exposed to the treatments for 24 h and the results were analyzed by virtue of Image J software. CP, 15 µg/mL; CQ, 50 µM. 
The experiments were repeated thrice. (F) immunoblotting analysis of LC3 in CT-26 cells after the indicated treatments for 24 h. CP, 15 µg/mL; Wortman-
nin (Wort), 300 nM. The experiments were repeated four times. (G) Cell viability for CT-26 after exposed to the indicated treatments. Wortmannin: Wort; 
300 nM. Triple individual experiments were performed; n = 3. (H) The expression of ATG5 was diminished by ATG5 shRNA in CT-26 cells (the upper panel). 
Immunoblotting analysis of the conversion of LC3 proteins in CT-26 cells after the different treatments for 24 h. CP, 15 µg/mL. The experiments were 
repeated thrice. (I) Cell viability analysis of CT-26 cells after exposed to the indicated concentrations of CP in the presence or absence of ATG5 expression 
attenuation. Triple individual experiments were performed. n = 3
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C and S3, the joint use of CP and CQ demonstrated more 
significant tumor inhibition relative to either CP or CQ 
group, underlying the synergistic anti-tumor effect of 
CQ and CP. However, consistent with cell-based experi-
ments, the in vivo study also indicated that wortmannin, 

whose usage was referring to the previous literature [53] 
could not influence anti-tumor efficiency of CP. On the 
other hand, the joint use of CP and CQ induced more 
obvious LC3-II accumulation (Fig.  3D and E). Hence, it 
was further investigated whether the synergistic tumor 

Fig. 3  Synergistic tumor inhibition of CP and CQ dependent on ROS generation and irrespective of autophagosome accumulation. (A) Tumor volume 
curves were monitored during different treatments by intratumoral injection. CP, 5 mg/kg; CQ, 8.56 mg/kg; wortmannin (Wort), 0.35 mg/kg. n = 5. (B and 
C) Photograph images and average tumor weights of the dissected tumors after the indicated treatments. n = 5. (D and E) Western blot analysis (D) of 
CT-26 cells exposed to the indicated treatments in the presence or absence of ATG5 expression attenuation. Image J software was used (E). CP, 15 µg/mL; 
CQ, 50 µM. Triple individual experiments were performed. (F) Cell viability analysis of CT-26 cells after the indicated treatments for 24 h in the presence 
or absence of ATG5 expression attenuation. CP, 15 µg/mL; CQ, 50 µM. Triple individual experiments were performed. n = 3. (G and H) ROS analysis by flow 
cytometry after CT-26 after exposed to different treatments for 24 h and then stained with DCFH-DA (10 µM; 20 min). Triple individual experiments were 
performed. (I and J) Cell viability analysis (24 h treatment) and ROS analysis (6 h treatment) of CT-26 cells after the indicated treatments. CP, 15 µg/mL; CQ, 
50 µM; NAC, 5 mM. (K) Total copper contents in CT-26 cells after the indicated treatments for 12 h was quantified by ICP-OES. CQ, 50 µM. (L and M) Flow 
cytometry analysis of R6G (10 µΜ; 20 min) staining in CT-26 cells after exposure to the different treatments for 6 h. CQ, 50 µΜ. Triple individual experiments 
were performed. (N and O) Western blot analysis of LC3 proteins in CT-26 cells exposed to the treatments for 12 h and the results were analyzed by virtue 
of Image J software. CQ, 50 µM. The experiments were repeated thrice. (P) Western blot analysis of ATOX1, CCS and SOD1 proteins in CT-26 cells after the 
indicated treatments for 12 h. CP, 15 µg/mL; CQ, 50 µM. (Q) Fluorescence images stained by R6G (10 µΜ; 20 min) for CT-26 after the indicated treatments 
for 6 h. CP, 15 µg/mL; CQ, 50 µΜ. λex = 495 nm. (R) Western blot analysis of CT-26 cells after the indicated treatments for 24 h. CP, 15 µg/mL; CQ, 50 µM
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cell toxicity by CP and CQ depended on the robust 
autophagosome accumulation, due to autophagic induc-
tion by CP and blockage of the downstream of autoph-
agy process by CQ. As shown in Fig. 3D-F, abrogation of 
the expression of ATG5 could not change the effect of 
the joint use of CP and CQ on cell viability. To sum up, 
even though the joint use of CP and CQ induced more 
obvious LC3-II accumulation, the synergistic tumor cell 
inhibition of CP and CQ independent on autophagosome 
accumulation.

Several literature have actually demonstrated that 
tumor suppression caused by chloroquine per se or che-
motherapy sensitization caused by chloroquine is inde-
pendent of autophagy [54–56], However, whose potential 
mechanisms, especially those found in this article, still 
need to be elucidated. Given copper peroxide nanopar-
ticles showed a remarkable ROS generation and CT26 
tumor cell toxicity through self-supplying H2O2 and Fen-
ton reaction, therefore, whether did the joint use of CP 
and CQ induced more ROS generation underlying this 
synergistic tumor inhibition? Herein, a ROS fluorescent 
probe, DCFH-DA, was employed to analyze cellular ROS 
level. As we speculated, flow cytometry results (Fig.  3G 
and H) and the fluorescence images (Figure S4) strongly 
confirmed the combined utilize of CP and CQ induced 
a more robust ROS generation relative to either CP or 
CQ per se. Besides, abrogation of ROS generation by 
an antioxidant agent (NAC) eliminated CP or CP + CQ 
induced CT26 tumor cell death (Fig.  3I and J), indicat-
ing that CP or CP + CQ induced ROS generation con-
tributed to tumor cell death. Taken together, synergistic 
tumor inhibition by the combined use of CP and CQ was 
resulting from a robust ROS generation. Further study 
demonstrated that ROS critically regulated autopha-
gosome accumulation in the joint treatment, however, 
autophagosome accumulation did not contribute ROS 
generation. As shown in Figure S5a, the robust LC3-II 
protein accumulation by the joint treatment with CP and 
CQ could be significantly abrogated by NAC. We also 
conducted genetic knockdown assay. The results showed 
that ATG5 expression attenuation exhibited negligible 
influence on the ROS level of the joint treatment with 
CP and CQ (Figure S5b). Collectively, although ROS as 
an upstream signal reinforced autophagosome accumu-
lation, the synergistic tumor inhibition by the combined 
use of CP and CQ was resulting from a robust ROS gen-
eration, rather than autophagosome accumulation.

The potential mechanism regarding robust ROS gen-
eration induced by the joint use of CP and CQ was 
further investigated. Herein, we first elucidated that 
endogenous copper was motorized by CQ for ROS gen-
eration. As illustrated above, CQ alone could induce sig-
nificant ROS generation (Fig. 3G, H and J). Intriguingly, 
it was demonstrated that CQ could interfere cellular 

copper homeostasis and significantly raise cellular cop-
per concentration when cells cultured in complete cul-
ture medium containing serum (Fig.  3K). The increase 
of copper uptake or/and decrease of copper efflux would 
increase cellular copper content. The formula table 
of RPMI-1640 medium used in our experiment was 
checked to be copper free. And it’s also demonstrated 
that the source of copper in cell culture medium is serum 
[57]. Hence, the cellular copper contents in CT26 cells 
treated with or without CQ in serum-free RPMI-1640 
medium were further investigated. As shown in Fig. 3K, 
CQ could still significantly raise the cellular copper level 
in serum-free RPMI-1640 medium. Besides, serum with-
drawal absolutely decreased the cellular copper con-
tents, while presenting no significant influence on the 
cellular copper contents in CT26 in the presence of CQ 
(Fig.  3K). These results suggested that the inhibitory 
effect of CQ on copper efflux may be the main reason 
for the increase of cellular copper content. On the other 
hand, N-(Rhodamine-6G)lactam-hydrazinecarbothio-
amide (R6G) was used for the determination of intracel-
lular copper ions [58]. As shown in Fig. 3L and M, both 
flow cytometry analysis and subsequent statistical results 
demonstrated that, regardless of the presence or absence 
of serum, CQ could significantly up-regulate the levels of 
cellular copper ions.

Considering that CQ could interfere with copper efflux, 
thereby increasing cellular copper content and cop-
per ion levels, the possible molecular mechanisms were 
further investigated. The Cu-ATPases ATPase 7  A and 
ATP7B act as the major copper exporters, which assisted 
by chaperone antioxidant protein 1 (ATOX1) responsible 
for transferring Cu to ATP7A and ATP7B in the trans-
Golgi network (TGN) [33]. Herein, ATOX1 expression 
was investigated by western blotting and demonstrat-
ing an obvious down-regulation, suggesting a possible 
mechanism of copper efflux inhibited by CQ (Fig.  3N 
and O). The cytoplasmic copper chaperone for superox-
ide dismutase (CCS) reportedly delivers Cu to superox-
ide dismutase 1 (SOD1) to detoxify ROS and maintain 
Cu homeostasis [59]. The expressions of CCS and SOD1 
were further explored and demonstrated a significant 
down-regulation induced by CQ treatment. Therefore, 
the inhibition of copper efflux and down-regulations 
of copper chaperone proteins and SOD1 may trigger 
endogenous copper ion bioavailability, accounting for 
ROS generation induced by CQ. Indeed, in addition to 
ATOX1, CCS and SOD1, some other proteins, including 
metallothionein, synthesis of cytochrome oxidase 1/2, 
copper chaperone for cytochrome c oxidase 11/17, etc., 
also participate in maintaining appropriate cellular cop-
per homeostasis at the cellular level [59]. Besides, it was 
demonstrated that CQ could bind cations (metals, pro-
ton) via their nitrogen and oxygen atoms [60]. Therefore, 
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whether CQ increases cellular free copper ion level by 
affecting the expression of other copper binding proteins 
or competitively binding to copper ions remains a ques-
tion that needs further exploration.

Furthermore, the joint use of CP and CQ also induced 
the down-regulations of ATOX1, CCS and SOD1 
(Fig. 3P). Both fluorescence images and subsequent sta-
tistical results demonstrated that CQ alone or its com-
bination with CP actually induced more significant 
copper ion accumulation (Fig. 3Q), which would supply 
sufficient Fenton catalytic ions for high efficiency CDT. 
Additionally, GSH could be consumed by CP at acidic 
environment. GPX4 is an antioxidant enzyme, whose 
inhibition could enhance ROS generation [61]. And GSH 
consumption reportedly would result in GPX4 inhibition 
[62]. Bcl-2, a main antiapoptotic protein, targeting which 
represents a promising tumor therapy strategy [63]. As 
shown in Fig. 3R, the joint use of CP and CQ obviously 
elicited synergistic down-regulations of GPX4 and Bcl-2. 
Therefore, mechanistically, upregulation of endogenous 
copper ions by CQ and supplementation of exogenous 
copper ions by CP synergistically elicit a robust reactive 
oxygen species (ROS) generation. The hydrogen perox-
ide released from CP in response to the acidic environ-
ment provides sufficient substrates for Fenton catalytic 
reactions.

Immunogenic cell death induction via reactive oxygen 
species generation
The above results demonstrated a synergistic tumor inhi-
bition of CP and CQ dependent on ROS generation. In 
this study, so we wandered whether the joint use of CP 
and CQ could induce immunogenic cell death features 
in tumor cells. ICD is featured by elicitation of distinct 
DAMPs, including exposure of CRT on cell membrane, 
HMGB1 secretion, and ATP release. Herein, CP was 
demonstrated to trigger ICD, nevertheless, upon combing 
with CQ, induced a robust and long-lasting ICD feature. 
CRT sub-cellular location was visualized by immunofluo-
rescent staining. As showed in Fig. 4A, CRT was mainly 
expressed in the cytoplasm of CT26 tumor cells in the 
control and CQ-treated groups, however, an obvious 
CRT translocation to the cell membrane was observed 
in CT-26 cells treated with the combined administra-
tion of CP and CQ for 12 h, more pronounced than the 
CP treatment group (Fig. 4A). After 24 h treatment, both 
the joint group and CP group exhibited remarkable CRT 
cell membrane localization (Fig.  4A). Meanwhile, we 
detected the extracellular release of HMGB1 in the cell 
cultured media by western blotting. The treatment with 
CP plus CQ for 12  h elicited more significant HMGB1 
extracellular release along with the decreased intracellu-
lar expression level, while CP or CQ did not (Fig. 4B and 
S6a). After 24  h treatment, CP alone treatment actually 

enhanced HMGB1 release, but both the representative 
western blot result and the statistical data consistently 
suggested that the joint use of CP and CQ did better 
(Figs.  4B and S6b). The additional experiment was per-
formed to investigate the ATP release after the different 
treatments. As shown in Figure S7, CP could significantly 
induce ATP release into the cell culture medium. Addi-
tionally, CQ alone would not significantly induce ATP 
release, and influence CP-induced ATP release. Collec-
tively, these results demonstrated that the joint use of CP 
and CQ could induce ICD related features.

The ‘integrated stress response’ (ISR) is derived from 
the phosphorylation of eukaryotic translation initiation 
factor 2 subunit alpha (eIF2α) [6]. Compared to cyto-
toxic drugs that do not induce ICD effects, most meth-
ods of inducing ICD effects can effectively stimulate 
eIF2α phosphorylation, which is considered an impor-
tant marker of ICD [7]. The unfolded protein response 
(UPR) triggered by endoplasmic reticulum (ER) stress is 
part of the ISR. During the activation of the UPR, IRE1α 
(a sensor on the ER membrane) cleaves XBP1 mRNA 
through its endoribonuclease activity, producing the 
spliced form of XBP1 [64]. The reactive oxygen species 
(ROS) was prominently elevated after the combined use 
of CP and CQ treatment. The ROS -mediated ER stress 
in pre-apoptotic stage cells is clearly linked to immuno-
genic cell death (ICD). As shown in Fig.  4C and Figure 
S8, relative to CP or CQ -treated group, the joint use of 
CP and CQ triggered a more significant phosphorylation 
of eIF2α and notable expression of XBP1. Moreover, the 
phosphorylation of eIF2α could be abolished by the ROS 
inhibitor NAC. Further experiments were performed and 
demonstrated that the joint use of CP and CQ triggered 
immunogenic cell death via ROS generation. Abrogation 
of ROS generation by an antioxidant agent (NAC) elimi-
nated CP + CQ induced CT26 tumor immunogenic cell 
death, as evidenced by the silence of CRT translocation 
to the cell membrane and HMGB1 extracellular release 
(Fig. 4D and G). On the other hand, tremendous accumu-
lation of autophagosomes induced by the joint use of CP 
and CQ did not contribute to the synergistic tumor cyto-
toxicity (Fig. 3D and F), however, related with ER stress 
induction, HMGB1 release and the exposure of CRT on 
cell membrane (Figure S9a-b and S10a-S10c). To summa-
rize, these biomarkers were known as DAMPs and their 
concomitant presence implied immunogenic cell death. 
Besides, the joint use of CP and CQ elicited an early 
onset, above all, long-term high-level existence of ICD 
markers, which is strongly associated with ROS genera-
tion and autophagosome accumulation.
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CC@LPF exhibiting enhanced tumor cell uptake, selective 
tumor cytotoxicity, and biosafety
As illustrated above, the joint use of CP and CQ, not only 
realized the maximized direct killing effect on tumor cells 
but also increased the immunogenicity of the local tumor 
micro-environment, was considered as an effective strat-
egy for tumor treatment. Nevertheless, there are still cer-
tain limitations to copper peroxide or chloroquine based 
tumor treatment methods, such as the potential systemic 
toxicity, low efficiency of tumor targeting, etc. [3, 65]. 
Herein, to increase the efficiency of CP in tumor sup-
pression combined with CQ, Folic acid (FA) conjugated 

and PEGylated liposomes (LFA) were employed for the 
delivery of CP and CQ (Figure S11). The as-synthesized 
FA conjugated PEGylated liposomes carrying CP and CQ 
(denoted as CC@LPF; Fig. 5A and S11) received system-
atic characterization. The morphology of the as-prepared 
CC@LPF hardly changed compared to CP nanospindles 
(Fig.  5A). The zeta potential of CQ@CP was ~-10 mV, 
while that of CP nanospindles was ~ 5.02 mV, imply-
ing the feasibility of loading CQ on CP nanospindles via 
electrostatic adsorption (Fig.  5B). Then the negatively 
charged CQ loaded CP nanospindles (CQ@CP) were 
decorated by folate conjugated DSPE-PEG (denoted as 

Fig. 4  ICD induced by the joint use of CP and CQ was related to ROS-mediated ER stress. (A) CRT immunofluorescence imaging of CT-26 cells after 
exposed to the indicated treatments for 12–24 h. (B) Western blot analysis of HMGB1 in the supernatant (SN) and cytosol (CS) after CT-26 cells exposed 
to the indicated treatments for 12–24 h. (C, E-G) CT-26 cells exposed to the indicated treatments for 12 h were subjected to western blot analysis for 
phosphorylated eIF2α (p-eIF2α), HMGB1 in supernatant (SN) and cytosol (CS). The lower panel of (C) showed the statistical data. The statistical data (F and 
G) was from (E). The experiments were repeated thrice. CP, 15 µg/mL; CQ, 50 µM; NAC, 5 mM. (D) CRT immunofluorescence imaging of CT-26 cells after 
the indicated treatments for 12 h. CP, 15 µg/mL; CQ, 50 µM; NAC, 5 mM
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CC@LPF) via hydrophilic-hydrophobic interactions. 
The CC@LPF nanoparticles presented a zeta potential of 
~-21.33 mV, which was beneficial for circulation stabil-
ity of the in vivo treatment. In addition, the size of CC@
LPF increased to ~ 276.1  nm after the modification of 
folate conjugated DSPE-PEG2000-FA (Fig.  5C). We also 
investigated the colloidal stability of CC@LPF nanopar-
ticles. In each of the solutions, including PBS, 0.9% saline, 
RPMI-1640 culture medium and 10% fetal bovine serum, 
the PDI of CC@LPF was always below 0.20 (Figure S12a-
S12d), suggesting a good dispersibility. Besides, CC@LPF, 
even maintained in different solutions at room tempera-
ture for 14 days, also exhibited no significant changes on 

the size and PDI (Figure S12a-S12d), indicating an excel-
lent colloidal stability. In the FTIR spectra, the bands 
located at 1 680 cm− 1 and 1 050 cm− 1 were assigned to 
the stretching vibration of C = O bonds and the asymmet-
rical stretching vibrations of -C-O-C- of DSPE-PEG2000-
FA, respectively, suggesting the successful PEGylation 
of CQ@CP (Fig. 5D). In addition, the band of the CC@
LPF located at 1 611 cm− 1 was attributed to the bending 
vibration of N-H bonds of CQ, suggesting the success-
ful loading of CQ on CP nanospindles. Meanwhile, the 
UV-Vis spectra of CQ@CP and CC@LPF demonstrated 
one characteristic absorption peak at 343  nm of CQ 
while CP@LPF presented no absorption peaks, further 

Fig. 5  Preparation of CC@LPF for enhanced tumor cell uptake. (A) TEM images of CC@LPF. (B) Zeta potentials of various nano-formulations. (C) DLS size 
distributions of various formulations. (D) FTIR spectra of CP, CQ, LPF, CP@LPF, CQ@LPF, CC@LPF. (E) The UV–vis absorption spectra of CP, CQ, CQ@CP, LPF, 
CP@LPF, CQ@LPF, CC@LPF. (F) pH responsive release behavior of CC@LPF in the different pH conditioned PBS. (G) UV-Vis spectra demonstrating the deg-
radation of MB by CP nanospindles and CC@LPF with an equivalent concentration (50 µg/mL) under various pH values. (H and I) Fluorescence imaging 
for the uptake of FITC/CC@LPF CT-26 cells after 2 h and 6 h incubation in the presence of folic acid (1 mM) or not. The experiment was repeated thrice
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illustrating the successful carrying of CQ (Fig.  5E). The 
optimized encapsulation and loading efficiency of CQ 
were calculated to be 44.48% and 17.37%, respectively. In 
addition, the encapsulation and loading efficiency of CP 
were 92.67% and 9.04%, respectively.

Then the copper ion release performance of CC@
LPF at various pH values was investigated using ICP-
OES. Approximately, copper ions burst out from CC@
LPF after incubation at pH 5.5 for 1  h (Fig.  5F). After 
24 h, about 67.81% copper ions liberated from CC@LPF, 
which potentially facilitated the GSH consumption and 
ROS production for CDT therapeutic efficacy. In con-
trast, copper ions were scarcely released in the neutral 
medium, implying an excellent pH-responsive release 
performance of CC@LPF. The generation of ∙OH by CC@
LPF was examined using MB and 3,3’,5,5’-tetramethyl-
benzidine (TMB) as colorimetric probes. Inspiringly, 
CC@LPF induced a similar degradative effect of MB 
compared to CP nanospindles at the same pH values and 
concentrations, indicating the modification of CQ and 
FA did not weaken the ROS production of CP nanospin-
dles (Fig. 5G). Moreover, CC@LPF and CP induced simi-
lar TMB chromogenic reaction at the same condition, 
further confirming the ROS generation of CC@LPF (Fig-
ure S13). Folic acid (FA) receptors are highly expressed 
on the cellular membranal surface of various cancer 
cells. Accordingly, FA was widely used as an active, safe, 
and efficient targeting molecule to cancer cells. Herein, 
the targeting efficiency of CC@LPF was investigated by 
detecting the variation of intracellular copper concen-
tration. As shown in (Figure S14a), in comparison with 
CP nanospindles, the intracellular copper concentration 
increased to ~ 1.76 fold after incubation with CP@LPF 
for 6  h, indicating the remarkably enhanced uptake of 
CC@LPF.

To further uncover the mechanism of FA enhanced cell 
uptake, free FA was used to block the FA receptor on the 
surface of cancer cell, and FA conjugated and PEGylated 
liposomes carrying FITC, CP and CQ (denoted as FITC/
CC@LPF) were constructed (Figure S14b). After the 
incubation with FITC/CC@LPF for the different time, 
CT-26 cells exhibited time-dependent increase of FITC 
fluorescence intensity (Figure S14c). After incubation 
with FITC/CC@LPF for 2  h and 6  h, the confocal laser 
scanning microscope images presented bright green flu-
orescent signal (Fig.  5H). In contrast, almost no green 
fluorescence presented when incubated with free FA and 
CC@LPF (Fig.  5I), suggesting that FA played an impor-
tant role on cell uptake of CC@LPF nanoparticles. Taken 
together, the successful loading of CQ and conjugation 
of FA of CC@LPF served as a H2O2 self-supplied, pH-
responsive and active targeting nanoplatform for CDT 
tumor therapy.

Due to the specific combination of folate with folate 
receptor overexpressed on the membranal surface of 
tumor cells, CC@LPF could be more effectively endo-
cytosed, and exhibited more significant ROS generation 
plus tumor cell toxicity. As shown in Fig.  6A, CC@LPF 
caused more obvious ROS generation, relative to the joint 
use of CP and CQ, CP@LPF or CQ@LPF. MTT assay was 
further conducted and indicated that CC@LPF treatment 
triggered more decrease of cell viability relative to either 
CP@LPF or CQ@LPF treatment (Fig.  6B). Additionally, 
CC@LPF treatment elicited ~ 82.65% cell viability loss, 
more than that of the joint use of CP and CQ (Fig. 6B). 
Calcein AM, a hydrophobic and cell permeable living 
cell dye, upon entering the cells, would be hydrolyzed to 
calcein by intracellular esterases and emit green fluores-
cence after the combination of calcein and intracellular 
calcium ions. Herein, fluorescence images clearly showed 
that CC@LPF gave rise to the most decrease of Calcein 
AM staining, and consistent with which, the maximum 
cell death (PI positve) was also appearing (Fig. 6C). These 
results were also confirmed by a additional statistical 
data of the ratio of live cells/total cells (Fig. 6D). Further-
more, apoptosis analysis was also carried out. As showed 
in Fig.  6E, folate conjugated lipid system could further 
reinforce tumor cell apoptosis induction, and CC@LPF 
exhibited the most apoptosis elicitation.

The liposome delivery strategy could not increase the 
renal clearance rate of CP, but could improve the blood 
compatibility of CP. We evaluated the renal clearance 
time rate of CP and CC@LPF. As shown in Figure S15, 
the renal clearance rate of CP and CC@LPF nanopar-
ticles was less then 7% at 96  h post injection, suggest-
ing their low renal clearance efficiency. The low renal 
clearance rate was probably due to the size limitations 
of glomerular filtration, which allowed the excretion of 
nanomaterials with the size below 6 ~ 8 nm [66]. The low 
renal clearance efficiency of CC@LPF was possibly favor-
able for the in vivo therapeutic efficacy, nevertheless, 
which would also bring concerns about systemic toxicity. 
Hence, some necessary safety evaluations are performed. 
Hemolysis analysis was first conducted and evidenced 
that the as-synthesized CC@LPF nanocomposite possess 
blood compatibility. As shown in Fig.  6F, both CP and 
CP + CQ treatment groups presented significant hemo-
lysis, while CC@LPF treatment group did not. Tumor 
targeting liposomal delivery of CP and CQ presented 
selective tumor cell growth inhibition and circumvented 
CP induced hemolysis. Herein, three easily available non-
cancerous cell lines, including human embryonic kidney 
293T (HEK-293T), Transformed Human Liver Epithe-
lial-3 (THLE-3) and L929 (L-929) mouse fibroblast, were 
deployed for the comparative investigation. As exhibited 
in Fig. 6G, CC@LPF provoked a maximum growth inhi-
bition in CT26 cancerous cells relative to another three 
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Fig. 6  CC@LPF exhibited enhanced and selective tumor cytotoxicity without causing hemolysis. (A) Fluorescence images of CT-26 cells dyed with DCFH-
DA probe after different treatments for 6 h. Vehicle control: Ctrl. (B) Cell viability analysis of CT-26 cells exposed to the different treatments for 24 h. The 
experiment was repeated thrice. n = 3. (C and D) Calcein AM and propidium iodide (PI) staining of CT26 cells exposed to the different treatments for 24 h. 
The corresponding statistical analysis were performed by Image J software. The ratios of Live/total cells were indicated by Calcein AM (2 µM) and PI (5 
µM) staining for 25 min. n = 3. (E) Apoptosis analysis of CT-26 cells exposed to the different treatments for 24 h. (F) Hemolysis experiments of different 
concentrations (equivalent to copper ions) of CP, CQ, CP + CQ, CC@LPF. The unit of the numbers in the figure is μg/mL. (G) Cell viability analysis of CT-26, 
293T, THLE-3 and L929 cells after the treatment with CC@LPF at different concentrations for 24 h. The experiment was repeated thrice (n = 3). The concen-
trations used of all groups were equivalent to that of copper ions
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non-cancerous cell lines. Hence, Tumor targeting liposo-
mal delivery of CP and CQ improved tumor cell selectiv-
ity and blood compatibility of combination therapy.

In vivo tumor targeting and anti-tumor efficacy of CC@LPF 
with a PD-L1 inhibitor or not
In vivo tumor targeting delivery of CC@LPF was fur-
ther studied by recording the NIR fluorescence of ICG, 
which was currently approved by the US Food and Drug 
Administration (FDA) as a NIR imaging reagent for clini-
cal use. Meanwhile, to evidence FA played an important 
role in active targeted delivery capability, FA conjugated 
and PEGylated liposomes carrying ICG, CP and CQ 
(denoted as ICG/CC@LPF) and PEGylated liposomes 
carrying ICG, CP and CQ (denoted as ICG/CC@LP) 
were prepared. Fluorescence emission spectra and the 
corresponding fluorescence images of ICG/CC@LPF 
and ICG/CC@LP with an equivalent ICG concentration 
demonstrated that ICG was successfully encapsulated in 
liposomal system (Figure S16a-b). The fluorescence emis-
sion spectra showed the emission wavelength around 
820 nm. DLS results demonstrated the mean size of ICG/
CC@LPF was around 266.93 nm, larger than ICG/CC@
LP, indicating the FA coating (Figure S16c). The real-time 
NIR imaging of mice bearing CT-26 cell transplantation 
tumors after tail vein injection of ICG/CC@LPF or ICG/
CC@LP was further monitored. As shown Fig. 7A and B, 
we could see that the ICG/CC@LPF was transported into 
tumor tissue after 0.5 h and reached the maximum inten-
sity at 12-hour time-point, then the signal beginning to 
fade. Besides, ICG/CC@LPF exhibited more accumu-
lation at tumor sites relative to ICG/CC@LP (Fig.  7B). 
By virtue of the ex vivo fluorescent imaging of tumors 
and organs collected at 12  h post injection, it could be 
obviously captured that ICG/CC@LPF presented the 
strongest NIR fluorescent signals, more than those of 
ICG/CC@LP group (Fig.  7C), demonstrating folic acid 
enhanced tumor targeting delivery.

Anti-tumor efficiency of CC@LPF and further joint 
treatment of CC@LPF and PD-L1 blockade antibody 
were investigated. Herein, we also observed the combined 
anti-tumor effect of CC@LPF via intravenous injection. 
A schematic illustration for the therapeutic model was 
exhibited in Fig.  7D. As shown in Fig.  7E and H, CC@
LPF exhibited the strongest tumor inhibition effect 
relative to either of CP@LPF or CQ@LPF, as evidenced 
by the most significant decrease of tumor volume and 
tumor weight, underlying the effectiveness of the com-
bined treatment. ICD refers to an immune stimulated 
cell death mode in cancer treatment, which is a promis-
ing method for sensitizing PD-1/L1 immune checkpoint 
blockade (ICB) therapy. Considering the CC@LPF could 
induce selective tumor cell toxicity and ICD, we inves-
tigated the in vivo anti-tumor efficacy and safety of the 

joint treatment between CC@LPF and PD-L1 blockade 
antibody. For this purpose, we first evaluated the expres-
sion of PD-L1 in CT-26 by western blotting. As displayed 
in Figure S17, CC@LPF would not decrease the basal 
expression of PD-L1, underlying the possibility of the 
joint use of CC@LPF and ICB for tumor therapy. Next, 
CT26-bearing BALB/c mice accepted the different drug 
formulations, and the tumor inhibition efficiency of dif-
ferent treatments were monitored. Herein, the dosage of 
PD-L1 blockade antibodies was referring to the previous 
literature [67]. As shown in Fig. 7F and H, consistent with 
the previous studies [67], PD-L1 ICB monotherapy was 
poorly responsed in CT26 tumor model, however, PD-L1 
ICB antibody could significantly enhance the antitumor 
effect of CC@LPF.

The different therapeutic groups exhibited negligible 
systemic toxicity. As illustrated above, CC@LPF exhib-
ited both selective tumor cell toxicity and blood compat-
ibility. Besides, the animal body weights in the different 
groups were also monitored during the therapy and the 
results indicated that different therapeutic models would 
not elicit mouse body weight loss (Fig.  7I). Addition-
ally, considering the existing liver distribution behavior 
(Fig.  7C) and low renal clearance rate of CC@LPF (Fig-
ure S15), some blood biochemical indexes related to liver 
or kidney injury, were further monitored to evidence the 
safety of CC@LPF based therapeutic strategy. As shown 
in Figure S18a-S18d, the different treatments in mice, 
including CC@LPF, would not obviously affect the level 
of alkaline phosphatase, alanine aminotransferase, aspar-
tate aminotransferase or blood urea nitrogen, suggesting 
the safety of CC@LPF based therapeutic strategy.

Collectively, the as-synthesized CC@LPF, potentiated 
as tumor therapy agents, exhibited a negligible systemic 
toxicity and the capabilities of tumor cell killing and syn-
ergistic tumor therapy with ICB.

The mechanism of the joint anti-tumor effect of CC@LPF 
and ICB
Then, the mechanism of the joint treatment of CC@LPF 
and PD-L1 blockade antibody was investigated at the 
organizational and cellular levels. The direct impact of 
ICD in tumor microenvironment acts on the dendritic 
cells (DCs). The released HMGB1 and CRT from tumor 
cells bind TLR4 and CD91 on the DCs, respectively, 
resulting in the DCs mature and IL-1β secretion. More-
over, the tumor antigen was internalized and presented 
by DCs, which would lead to the activation of tumor 
infiltrating T cells. Here, we firstly detected the CD11c+ 
MHC-II+ DCs infiltration in tumor microenvironment 
(TME) by flow cytometry according to the gating strat-
egy in Figure S19. As shown in Fig.  8A and C, the pro-
portion of CD11c+ MHC-II+ DCs cells were obviously 
raised in CC@LPF treatment group. Intriguingly, CQ@
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LPF, but not CP@LPF, significantly increased the pro-
portion of CD11c+ MHC-II+ DCs, and there was no 
significant difference between CC@LPF and CQ@LPF, 
suggesting CC@LPF regulated the proportion of CD11c+ 
MHC-II+ DCs mainly via CQ. These results were also 
consistent with the previous reports, which indicated 
that CQ could abrogate lysosome-dependent degrada-
tion of MHC-II [68, 69] and promote DCs mature plus 
antigen presentation [70, 71]. Moreover, α-PDL1 mono-
therapy presented no influence on the proportion of DCs 

in this research model. Besides, although the combina-
tion of α-PDL1 + CC@LPF further increased the propor-
tion of DCs in TME, there was no significant difference 
between α-PDL1 + CC@LPF and CC@LPF treatment 
groups (Fig.  8A and C), which indicated that the CC@
LPF mono-treatment could well boost the DCs infiltra-
tion in the TME. We further detected the T cell infiltra-
tion in the TME by IHC staining and flow cytometric 
analysis. Herein, the flow cytometric analysis for CD3+ T 
cells and CD3+ CD8+ T cells were according to the gating 

Fig. 7  In vivo tumor targeting and anti-tumor efficacy of CC@LPF with or without α-PDL1. (A and B) In vivo NIR imaging of tumors at different time points 
after tail injection of ICG/CC@LP and ICG/CC@LPF (1 mg/kg ICG). The tumors were circled and relative fluorescence intensity of tumors was analyzed 
by Image J software. (C) Ex vivo imaging at 12 h post-injection. (D) A schematic illustration for the therapeutic model. Intraperitoneal injection (i.p.) for 
α-PDL1; intravenous injection (i.v.) for CC@LPF and others. (E and F) CT-26 xenograft tumor growth curves after tail injection with different treatments. 
Saline: physiological saline. α-PDL1, 2 mg/kg. The concentrations of all other treatment group were equivalent to that of copper ions 5 mg/kg, and the 
dose of CQ was calculated as 9.60 mg/kg. (G) Photograph images of dissected tumors from the different groups. (H) Tumor inhibition rate of different 
groups. n = 5. (I) Body weight variations of mice
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Fig. 8  The mechanism of the in vivo joint anti-tumor efficiency of CC@LPF and ICB. (A) Flow cytometric analysis of the populations of CD11C+ MHC-II+ 
DCs in tumor environment after would not obviously affect the level. (B) CD3, CD8 IHC staining of tumor tissue sections obtained from tumor-bearing 
mice after various treatments. H, hematoxylin. (C) The percentages of MHC-II+ DCs from CD11c+ DCs in tumor microenvironment. n ≥ 4. (D-E) Flow cy-
tometric analysis of the populations of CD3+ and CD3+ CD8+ T cells in TME after the different treatments. n ≥ 4 (F) Quantification of Ki67 positive area in 
tumors. n = 3. The corresponding statistical analysis were performed by Image J software. (G) Ki-67 IHC staining of tumor tissue sections obtained from 
tumor-bearing mice with various treatments. H, hematoxylin. (H) Pathological analysis of the vital organs including kidney, lung, liver and tumor gathered 
from CT26 tumor loaded mice after different treatments by H&E staining
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strategies in Figure S20 and S21. Consistently, compared 
to those of CC@LPF treatment group, tumors grown 
on the mice exposed to CC@LPF plus α-PDL1 antibod-
ies showed significantly improved proportions of T cells 
(CD3+) and cytotoxic T cells (CD3+CD8+) (Fig.  8B, D 
and E, S22a-S22b), which revealed that CC@LPF could 
sensitize α-PDL1 therapy. Besides, the infiltration of 
cytotoxic CD8+ T cell significantly increased in the CC@
LPF group compared to CP or CQ mono-treatment. 
Thus, CC@LPF was a promising candidate to boost the 
tumor immunotherapy.

Ki-67, defined as a nuclear protein primarily related to 
proliferating cells, and functionally related to cell mitosis, 
can reflect the activity level of tumor cell proliferation. 
IHC staining results demonstrated that Ki67 expression 
in CC@LPF treatment group significantly decreased 
compared to either CP@LPF or CQ@LPF treatment 
group, further suggesting the advantage of the joint use of 
CP and CQ. PD-L1 ICB antibody, α-PDL1, alone present-
ing no decline of Ki67 expression, but would markedly 
reinforce CC@LPF elicited Ki67 inhibition (Fig.  8F and 
G). Besides, the morphology of organ and tumor tissue 
sections in seven groups of mouse models was studied 
through H&E staining (Fig. 8H and S23). It was obviously 
displayed nuclear atypia and inferior staining of chro-
matin for CC@LPF treatment relative to either CP@LPF 
or CQ@LPF treatment, though both of which showed 
certain degree of anti-tumor effect. α-PDL1, alone pre-
senting no obvious histological change, however, CC@
LPF + α-PDL1 resulted in more significant nuclear atypia 
and inferior staining relative to CC@LPF treatment alone 
(Fig.  8H). The changes in cell integrity and tissue mor-
phology of the main organs in different treatment groups 
could be negligible (Fig. 8H and S23). These results dem-
onstrated that CC@LPF potentiated as tumor therapy 
agents exhibiting the capabilities of tumor cell killing and 
synergistic tumor therapy with ICB.

Conclusions
In the present study, the as-synthesized copper perox-
ide (CP) nanoparticles, presenting a morphology of date 
stone, were demonstrated to induce autophagy flux. 
However, autophagy induced by CP exhibited no can-
cer cell fate decision. Intriguingly, both in vitro and in 
vivo study indicated a combined administration of CP 
and chloroquine demonstrated a synergistic tumor cell 
growth inhibition of CP and CQ, which is independent 
on autophagy. Further study illustrated that the joint 
use of CP and chloroquine induced robust reactive oxy-
gen species (ROS) generation, which was responsible for 
synergistic tumor inhibition. Mechanistically, upregula-
tion of endogenous copper by CQ and supplementation 
of exogenous copper by CP synergistically elicit a robust 
reactive oxygen species (ROS) generation. Besides, the 

hydrogen peroxide released from CP in response to the 
acidic environment provides sufficient substrates for 
Fenton catalytic reactions. On the other hand, the joint 
use of CP and CQ elicited an early onset, above all, a 
long-term high-level existence of ICD features, which is 
strongly associated with ROS generation and autopha-
gosome accumulation. Due to the specific combination 
of folate with folate receptor overexpressed on the sur-
face of tumor cells, CP and chloroquine co-encapsulated 
folate conjugated liposome nanosystem (CC@LPF) was 
constructed, and demonstrated a more effective tumor 
uptake. In vitro study illustrated that CC@LPF possessed 
higher tumor uptake efficacy and induced higher ROS 
generation plus tumor cell toxicity. Further study indi-
cated Tumor targeting liposomal delivery of CP and CQ 
presented selective tumor cell growth inhibition and cir-
cumvented CP induced hemolysis. In vivo tumor target-
ing property of CC@LPF was also further investigated. 
Lastly, CC@LPF was verified as a potential tumor ther-
apy agent exhibiting the capabilities of direct tumor cell 
killing and synergistic tumor therapy with the immuno-
checkpoint inhibitors.
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