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Purpose: Reactive oxygen species (ROS) are a group of signaling biomolecules that play 
important roles in the cell cycle. When intracellular ROS homeostasis is disrupted, it can 
induce cellular necrosis and apoptosis. It is desirable to effectively cascade-amplifying ROS 
generation and weaken antioxidant defense for disrupting ROS homeostasis in tumor micro-
environment (TME), which has been recognized as a novel and ideal antitumor strategy. 
Multifunctional nanozymes are highly promising agents for ROS-mediated therapy.
Methods: This study constructed a novel theranostic nanoagent based on PEG@Cu2-x 

S@Ce6 nanozymes (PCCNs) through a facile one-step hydrothermal method. We system-
atically investigated the photodynamic therapy (PDT)/photothermal therapy (PTT) proper-
ties, catalytic therapy (CTT) and glutathione (GSH) depletion activities of PCCNs, antitumor 
efficacy induced by PCCNs in vitro and in vivo.
Results: PCCNs generate singlet oxygen (1O2) with laser (660 nm) irradiation and use 
catalytic reactions to produce hydroxyl radical (•OH). Moreover, PCCNs show the high 
photothermal performance under NIR II 1064-nm laser irradiation, which can enhance CTT/ 
PDT efficiencies to increase ROS generation. The properties of O2 evolution and GSH 
consumption of PCCNs achieve hypoxia-relieved PDT and destroy cellular antioxidant 
defense system respectively. The excellent antitumor efficacy in 4T1 tumor-bearing mice 
of PCCNs is achieved through disrupting ROS homeostasis-involved therapy under the 
guidance of photothermal/photoacoustic imaging.
Conclusion: Our study provides a proof of concept of “all-in-one” nanozymes to eliminate 
tumors via disrupting ROS homeostasis.
Keywords: ROS homeostasis, nanozyme, tumor microenvironment, catalytic therapy, 
photodynamic/photothermal therapy, photothermal/photoacoustic imaging

Introduction
Reactive oxygen species (ROS), including hydroxyl radical (•OH), superoxide 
(·O2

–), and singlet oxygen (1O2), are a group of signaling biomolecules that play 
important roles in the cell cycle.1,2 Ironically, cancer cells can utilize ROS to drive 
cell growth, proliferation and signalling pathway for tumor development.3 When 
their concentrations are above a certain level, ROS homeostasis is disrupted by 
augmenting ROS generation or weakening antioxidant defense, which can induce 
severe damage to biomolecules and cause cancer cells apoptosis or necrosis.4–6 
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Therefore, the disruption of ROS homeostasis through the 
cascade-amplifying ROS generation and weakening anti-
oxidant defense has been recognized as an effective strat-
egy for anticancer therapy.

Photodynamic therapy (PDT), a most common strategy 
for generating ROS, utilizes photosensitizers to convert over-
produced 1O2 under laser illumination. This therapy, 
a noninvasive cancer treatment, has reduced side effects 
and high selectivity compared to conventional chemo- and 
radio-therapies.7–10 However, the clinical application of PDT 
is hindered by low ROS production in the hypoxic tumor 
microenvironment (TME) and quick energy attenuation.11 

Therefore, overcoming the limitation of PDT and enhancing 
the ROS production efficiency is important and imperative to 
achieve effective antitumor outcomes.

Catalytic therapy (CTT) is another recently developed 
in situ ROS-enhancement method for antitumor treatment. 
CTT utilizes iron-initiated Fenton, Fenton-like or nano-
zyme catalytic reactions to efficiently produce the more 
cytotoxic ROS (•OH) through the disproportionation of 
H2O2.12–14 CTT employs endogenous chemical energy to 
induce cell death without external energy, avoiding the 
quick energy attenuation that occurs during penetration of 
tumor tissue in PDT.15 Moreover, CTT is selective, only 
occurring in tumor tissues instead of normal tissues due to 
the overproduction of H2O2 presented in the TME, which 
makes CTT noninvasive and highly specific 
therapeutically.16,17 Additionally, catalytic reactions con-
currently generate O2 in the presence of excess H2O2 (called 
catalase-like activity), which relieves the O2-dependent 
limitations of PDT.18,19 Therefore, combining PDT and 
CTT through using ROS-enhanced nanomaterials can 
improve the overall treatment of tumors.20,21 However, the 
higher pH (6.5–6.9) of the TME leads to inefficient catalytic 
reactions as ferrous-initiated catalytic reactions require 
a much lower pH environment (3–5).22 The slow reaction 
rates of ferrous materials has limited their development.23 

Developing new CTT agents with better catalytic efficiency 
under neutral physiological conditions is highly desirable.

A large number of metal ion–based nanomaterials (eg, 
Mn, Fe, Mo, and Cu) have exhibited great potential for CTT 
so far.24–28 Among these nanomaterials, Cu-based ones have 
recently been discovered more adaptable to act as CTT agents 
because Cu+-based catalytic reactions possess higher cataly-
tic efficiency in neutral and weakly acidic conditions com-
pared with other metal ion-initiated methods.29,30 More 
importantly, Cu2+ catalyzes glutathione (GSH) in the TME 
to GSSH for accelerating GSH depletion. This destroys 

cellular antioxidant defense system and regulates the TME 
to disrupt ROS homeostasis.24,31 Additionally, it is confirmed 
that temperature increases localized to the tumors signifi-
cantly improve the efficiency of catalytic reactions.32,33 

Photothermal therapy (PTT) agents convert near-infrared 
(NIR) light energy to high temperature,34–37 augmenting the 
curative effect and the catalytic efficiency. However, the 
absorbance of most current PTT agents used for PTT therapy 
falls within the first NIR I region (750–1000 nm) whereas the 
NIR II (1000–1350 nm) region offers deeper tissue penetra-
tion and a higher maximum permissible exposure (1.0 
W cm−2).38,39 Therefore, it is highly desired to develop Cu- 
based nanozymes that possess NIR-II-excited hyperthermia 
enhanced CTT/PDT and TME-modulated properties for dis-
rupting ROS homeostasis-mediated therapy.

We first propose this strategy to disrupt ROS homeostasis 
based on PEG@Cu2-xS@Ce6 nanozymes (PCCNs) for can-
cer theranostics (Figure 1). The PCCNs were synthesized 
using a facile one-step hydrothermal method with excellent 
water dispersibility and biocompatibility. The multifunc-
tional PCCNs mediated cascade-amplifying ROS generation 
and weakening antioxidant defense to disrupt intracellular 
ROS homeostasis with the following features: (i) the Ce6 
acts as a photosensitizer to generate 1O2 under laser (660 nm) 
irradiation, (ii) the Cu+ in the nanozymes generates more 
toxic •OH through catalytic reactions, (iii) the catalase-like 
property generates O2 simultaneously to enhance the effi-
ciency of hypoxia-relieved PDT, (iv) the redox pair (Cu+/Cu2 

+) enable GSH depletion through reduction reaction with 
GSH to disrupt cellular antioxidant defense system and reg-
ulate the TME, (v) the PCCNs are hyperthermic PTT agents 
when exposed to 1064 nm NIR II laser irradiation and 
achieve hyperthermia-enhanced CTT and PDT performance. 
More importantly, the excellent PTT conversion efficiency 
(44.69%) of the PCCNs can be applied to photoacoustic/ 
photothermal imaging. Therefore, PCCNs are a promising 
“all-in-one” theranostic agent for TME-modulated and cas-
cade-amplifying ROS-mediated PDT/PTT/CTT combination 
therapy, thus showing superiority over traditional ROS and 
TME-modulated therapy.

Materials and Methods
Materials
Copper(II) chloride dihydrate (CuCl2·2H2O), SH-5k-PEG, 
(5,5ʹ-Dithiobis-(2-nitrobenzoic acid)) (DTNB), 2,7-dichloro-
fluorescin diacetate (DCF), 1, 3-diphenylisobenzofuran 
(DPBF), 3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) and sodium 
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hydroxide (NaOH) were purchased from Sigma-Aldrich. 
Chlorin e6 (Ce6) was acquired from Frontier Scientific. 
Sodium sulfide nonahydrate (Na2S·9H2O) and hydrogen per-
oxide (H2O2) was obtained from Sinopharm Chemical 
Reagent Co. Ltd. Calcein-AM/Propidium Iodide (PI) Stained 
Kit and Cell Counting Kit-8 (CCK-8) were purchased from 
Shanghai Yeasen Biotechnology Co. Ltd. GSH and GSSG 
Assay Kit was purchased from Shanghai Beyotime 
Biotechnology Co. Ltd. All chemicals used in this study were 
of analytical reagent grade and used without further 
purification.

Synthesis of the PCCNs
Ce6 (2 mg mL−1), CuCl2·2H2O (0.2 M), and PEG were 
dissolved in water, and then NaOH was added to adjust the 
pH value above 10. Then, Na2S·9H2O (0.2 M) was added to 
the above mixture and heated at 80 °C for 30 min under 
protection of N2. Finally, the PCCNs were purified by 

ultracentrifugation (MWCO 100k) and washed with water 
several times.

Measurements
The X-ray diffraction (XRD) patterns were tested with a D8 
Focus diffractometer (Bruker). Transmission electron micro-
scopy (TEM) was recorded using an FEI Tecnai G2 S-Twin 
with a field emission gun operating at 200 kV and equipped 
with an energy-dispersive X-ray (EDX) spectrometer. The 
UV-vis absorption spectra were obtained from Lambda 35 
spectrophotometer (PerkinElmer). The X-ray photoelectron 
spectra (XPS) were taken on a VG ESCALAB MK II elec-
tron spectrometer using Mg Kα (1200 eV) as the excitation 
source. Fourier-transform infrared spectra (FT-IR) were 
obtained by a Vertex Perkin-Elmer 580BIR spectrophot-
ometer (Bruker). Inductively Coupled Plasma (ICP) was 
taken on ICAP 6300 of Thermo Scientific. Dynamic light 
scattering (DLS) and Zeta potential were obtained by using 
a Malvern instrument Zetasizer Nano system. After 

Figure 1 Schematic illustration of disrupting ROS homeostasis mechanism of PCCNs via the cascade-amplifying ROS generation and weakening antioxidant defense.
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preparation in water, the sample was lyophilized. Pasting 
conductive tape on sample stage and taking a few samples 
on conductive tape for EDS. Nickel grid was used for TEM.

Stability
To assess the stability of the PCCNs, the size was mea-
sured using TEM in different solutions including water, 
PBS, DMEM and FBS after 7-day treatment.

Photothermal Performance
The temperature changes of PCCNs at different concentra-
tions were monitored under a 1064-nm laser (0.9 W cm−2, 
6 min) and also monitored under different laser power 
densities using a thermal imaging camera (Fluke). To 
evaluate the photostability, the PCCNs were irradiated 
using a 1064-nm laser (0.9 W cm−2) for 6 min (laser 
ON), followed by the cooling to room temperature without 
irradiation for 6 min (laser OFF). Subsequently, the addi-
tional three ON/OFF cycles were further repeated.

Photodynamic Properties
2,7-Dichlorofluorescin diacetate (DCF) was used to detect 
ROS in PCCNs. The PCCNs were mixed with DCF and 
followed laser irradiated using a 660-nm laser (20 W cm−2, 
12 min) for different times. The ROS production could be 
measured by fluorescence of DCF (λexcitation = 504 nm and 
λemssion = 529 nm). In addition, The ROS production was 
measured under different temperature and further tested 
with/without the 1064-nm laser irradiation.

Catalytic Properties
For the extracellular •OH generation detection, PBS (pH 
~7.2) containing TMB (40 μg mL−1) was mixed with 
PCCNs plus H2O2. The generation of •OH was determined 
by the absorption increase at 650 nm. The TMB solutions 
treated with PCCNs or H2O2 alone were used as control 
groups. In addition, the •OH generation was measured 
under different temperatures and further tested with/with-
out the 1064-nm laser irradiation.

Besides, the Michaelis–Menten kinetic assay of the 
PCCNs was examined by changing the concentration of 
H2O2 (0–3.0 mM). Subsequently, the absorbance spectrum 
at 650 nm was recorded by UV-Vis absorption spectro-
photometer. Finally, the kinetic parameters were obtained 
according to the previous reported method.40,41

Oxygen Generation Activity
For the O2 production ability of PCCNs, the H2O2 was 
added into PCCNs (100 μg·mL−1) aqueous solution. Then, 
the generated concentration of O2 was monitored by 
a portable dissolved oxygen meter. The PCCNs solutions 
without H2O2 treatment were used as control groups.

GSH Depletion Activity
The depletion of GSH was measured by UV−visible spec-
troscopy. A DTNB PBS solution (3.0 mg·mL−1) and GSH 
aqueous solution (10 mM) were added into PCCNs aqu-
eous solution at different concentrations, respectively. 
After that, the mixtures were maintained at 25 °C under 
magnetic stirring for 1 h and the absorbance of the solution 
was measured by UV−vis spectroscopy.

Cell Culture
Mouse mammary carcinoma (4T1) were purchased from 
the American Type Culture Collection (ATCC). 
Noncancerous human umbilical vein endothelial cells 
(HUVECs) were purchased from Thermo Fisher. All 
cells were cultured in DMEM medium containing 10% 
FBS at 37 °C in a 5% CO2 humidified atmosphere.

In vitro Cellular Uptake
The 4T1 cells were seeded on 24-well culture plates 
(5×104 cells/well) and incubated overnight. PCCNs were 
added into the wells for different time, and then the cells 
were washed three times using PBS, followed by 3 
min incubation with 0.5 mL of trypsin. Next, the cells 
were collected through the centrifuge for cell counting, 
and further lysed under ultrasonication. Finally, the copper 
ions were extracted using nitric acid from the cells, and 
measured using ICP-MS.

Cell Viability Assays
The 4T1 cells and Human umbilical vein endothelial cells 
(HUVECs) were seeded in 96-well plates at a density of 
1×104 cells/well and incubated overnight. The PCCNs 
with different concentrations (0, 7.5, 15, 30, 75, 150, 225 
μg mL−1) was added to each well of the 96-well plate 
incubated for another 24 h. Then, 10 μL of CCK-8 was 
added to each well and the plates were incubated at the 
same condition for an additional 1 h. Finally, the absor-
bance was measured at 450 nm by a microplate reader.
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In vitro Synergistic Therapy
4T1 cells were seeded in 96-well plates at a density of 
1×104 cells/well overnight. The medium was replaced by 
the medium containing the PCCNs with or without H2O2 

(100 μM). After 4 h, the cells incubated with H2O2 were 
irradiated using the 660-nm laser (20 mW cm−2) and 1064- 
nm laser (0.9 W cm−2). Then, the cells were further incu-
bated for 4 h at 37 °C under 5% CO2. Finally, the cell 
viabilities were measured by the CCK-8 assay.

Live–Dead Cell Staining Experiments
Calcein-AM/PI co-staining was used to further evaluate the 
anticancer effects of the PCCNs. 4T1 cells were cultured in 
24-well plates for 24 h and incubated with the PCCNs with or 
without H2O2 (100 μM) for 4 h. The cells incubated with H2O2 

were irradiated using the 660-nm laser (20 mW cm−2) and 
1064-nm laser (0.9 W cm−2). Then, calcein-AM and propi-
dium iodide (PI) staining reagents were applied to stain the 
viable cells as green fluorescence (λex = 490 nm, λem = 515 
nm) and dead cells as red fluorescence (λex = 535 nm, λem = 
617 nm). The fluorescence was detected using an inverted 
fluorescence microscope system (Olympus IX71, JPN).

Intracellular ROS Detection
The ROS production in vitro was detected by DCF, which 
is non-fluorescent and could be easily oxidized to green 
fluorescent DCF by intracellular ROS. 4T1 cells were 
cultured in 24-well plates for 24 h and incubated with 
the PCCNs with or without H2O2 for 4 h. The cells 
incubated with H2O2 were irradiated using the 660-nm 
laser and 1064-nm laser. Then, the culture media were 
replaced by fresh culture media, the DCF was added to 
each well and the mixture was incubated for 20 min. 
Finally, the cells were washed repeatedly with PBS. The 
fluorescence was routinely detected by flow cytometry.

Intracellular GSH Measurement
The Intracellular GSH was measured by the GSH and 
GSSG Assay Kit (Beyotime). 4T1 cells were cultured in 
24-well plates and treated with PBS and PCCNs with 
different concentrations. After incubating for 6 h, the 
cells were washed three times with PBS. Then, the cells 
were collected with centrifugation, and the supernatant 
was discarded. The cell precipitates were resuspended in 
protein remover M, subjected to three cycles of freezing 
−thawing, and then centrifugated at 10,000 g for 10 min at 

4 °C. The supernatant was reserved for GSH and GSSH 
assay according to the manufacturer’s protocol.

Tumor Model
The study was conducted according to the guideline of 
Institutional Animal Care and Use Committee. All animal 
experimental protocols were approved by the Institutional 
Animal Care and Use Committee, University of Macau. 
The approval number was UMARE–041–2020. BALB/c 
nude mice (~20 g) were cultured in SPF room, five to 
a cage. Tumor models were obtained by injecting 2.5×106 

4T1 cells into the mice by subcutaneous injection. The 
tumor size could be used to measure with vernier calipers 
and then tumor volume was calculated using the following 
equation: V ¼ lengthð Þ� widthð Þ

2
h i

=2.

In vivo Photoacoustic Imaging
For in vivo photoacoustic imaging (PAI) experiments, the 
4T1 tumor-bearing mice were intravenously injected with 
the PCCNs and the tumor sites were then conducted at 0, 
3, 6, 12, and 24 h after injection using the commercial 
photoacoustic equipment (Endra Nexus 128, MI). The 
photoacoustic images were conducted with mice keeping 
in a water system. The power density of laser on the skin 
surface of mice was about 9 mJ/cm2 using a 980 nm 
wavelength.

In vivo Photothermal Imaging
For in vivo photothermal imaging, the tumor-bearing 
mouse was intravenously injected with the PCCNs 
(12 mg·kg−1) and PBS. After 6 h, the tumor sites were 
irradiated using a 1064-nm laser (0.9 W cm−2) for 6 min. 
During the NIR irradiation process, the infrared thermal 
camera was used to monitor the temperature changes of 
the tumor sites.

In vivo Biodistribution
Tumor-bearing mice were injected with the PCCNs. The 
main organs of the mice, such as heart, liver, spleen, lung, 
kidney and tumor, were collected at different time points. 
Then all of the organs were treated with concentrated nitric 
acid and H2O2 (v/v = 1:2) on heating (70 °C) until the 
solutions became clear. The concentrations of copper in 
the solutions were measured by ICP-MS, and the concen-
trations in each organ were calculated.
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In vivo Synergistic Therapy
To evaluate the efficiency of chemodynamic/photody-
namic/photothermal synergistic therapy, tumor-bearing 
mice were randomly divided into five groups: 1) PBS, 2) 
PCCNs (CTT group), 3) PCCNs plus 660-nm laser (CTT/ 
PDT group), 4) PCCNs plus 1064-nm laser (CTT/PTT 
group), and 5) PCCNs plus 660-nm and 1064-nm laser 
(CTT/PDT/PTT group). Mice were intravenously injected 
with the PCCNs (12 mg·kg−1). At 6 h post-injection, the 
tumors (three and five groups) were irradiated with a 660- 
nm laser (20 mW cm−2) for 20 min, and the tumors (four 
and five groups) were exposed to an 1064-nm laser (0.9 
W cm−2) for 6 min. The mice weight and tumor volume 
were monitored every 2 days. According to the animal 
protocol, tumor volume reaching 1500 mm3 were eutha-
nized. Additionally, the tumor was obtained and sectioned 
into 10-μm slices to stain by hematoxylin and eosin 
(H&E), HIF-1α, and TUNEL staining.

In vivo Biocompatibility Evaluation
Tumor-bearing mice were intravenously injected with the 
PCCNs and PBS. Mice were euthanized after therapy and 
main organs were obtained, and fixed with paraformalde-
hyde (4%) and stained by H&E before inverted micro-
scope observation. Meanwhile, serum levels of aspartate 
aminotransferase (AST) and alanine aminotransferase 
(ALT) were measured after post-injection by commercial 
kits.

Statistical Analysis
Statistical analysis was conducted by the Student’s t-test, 
and differences were set at p < 0.05 (*p < 0.05, **p < 0.01, 
***p < 0.001).

Results
Synthesis and Characterization of PCCNs
We firstly synthesized the multifunctional PCCNs using 
a facile one-step hydrothermal method. The PCCNs were 
successfully synthetized in aqueous solution within 30 min 
through the reaction of CuCl2 and Na2S in the presence of 
Ce6 and PEG-SH (Figure 2A). Because of strong conjuga-
tion of Cu ions with carboxyl groups of Ce6 and thiol 
groups of PEG-SH, Ce6 and PEG-SH were not only utilized 
to be the capping agent for stabilizing PCCNs but also used 
as template for homogeneous growth of PCCNs to obtain 
uniform distribution of particle size. Unlike previous 
methods,42 we created a rapid one-step strategy and user- 

friendly synthesis process that did not require toxic organic 
solvents and raw materials. Most importantly, PCCNs could 
be acted as CTT/PDT/PTT, and TME-modulated agents 
without further surface modification. Transmission electron 
microscope (TEM) images presented that the as-synthesized 
PCCNs displayed good monodispersibility and uniform 
spherical morphology (Figure 2B). The PCCNs were ultra-
small with an average diameter of 5.18 nm (Figure 2B, S1). 
The lattice spacing in the high-resolution TEM (HRTEM) 
images was about 0.23 nm and 0.25 nm (Figure 2C). The 
PCCNs could be well dispersed in water with a mean 
hydrodynamic diameter of ~32.67 nm in Figure S2, which 
was larger than the size measured by TEM because of the 
hydration effect. As shown in Figure 2D, there were basi-
cally diffraction peaks for PCCNs at 23.2°, 26.8°, 30.6°, 
36.1°, 39.4°, 42.9°, 45.2°, and 48.7°. These peaks were 
related to lattice planes of (100), (103), (105), (106), 
(008), and (110) as the covellite CuS phase (JCPDS file: 
06–0464).43–45 The results were consistent with a selected 
area electron diffraction (SAED) pattern (103, 105, and 
008) (Figure S3). The analysis of EDS confirmed that 
S and Cu had a coinciding distribution and the molar ratio 
of S/Cu obtained from quantitative analysis was ~2:3 
(Figure 2E). The spectra of the X-ray photoelectron spectro-
scopy (XPS) presented the peaks of 952.5/953.45 eV and 
932.75/933.7 eV respectively in accordance with the Cu 
2p1/2 and Cu 2p3/2 levels (Figure S4), verifying the coex-
istence of Cu+/Cu2+. From the XPS spectra of PCCNs 
(Figure 2F), two O 1s peaks at 530.6 and 532.4 eV were 
assigned to C=O from Ce6 and C-O-C from PEG, respec-
tively. As shown in Figure 2G, the PCCNs showed several 
same peaks with Ce6 and PEG in the FT-IR spectra (Table 
S1), specifically characteristic peaks for C=O and 
C-O-C. These results indicated the existence of PEG and 
Ce6 in the nanozymes. UV-vis spectra showed that PCCNs 
displayed the same characteristic peak of 645 nm and 401 
nm with Ce6 and also led to a significant blue shift, prob-
ably due to the strong interaction between Ce6 and nano-
zymes (Figure 2H). As shown in the TEM images 
(Figure 2I), no obvious size changes of PCCNs in water, 
PBS, DMEM, and FBS for 7 days after treatment. As stated 
above, the PCCNs maintained good stability in physiologi-
cal media and would be suitable for further biological 
applications.

The Photothermal Properties of PCCNs
UV-vis spectra showed that the PCCNs exhibited the strong 
NIR II absorption (Figure S5), which allowed their great 
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Figure 2 Synthesis and Characterization of PCCNs. (A) Schematic illustration of the synthesis of multifunctional PCCNs. (B) TEM images of PCCNs. Scale bar: 20 nm. (C) 
HR-TEM images of PCCNs. Scale bar: 2.5 nm. (D) XRD patterns of PCCNs. (E) EDS characterization of PCCNs. (F) High resolution O 1s in PCCNs. (G) FT-IR spectra of 
Ce6, PEG-SH, and PCCNs. (H) UV-vis spectrum of Ce6 and PCCNs. (I) TEM of PCCNs dispersed in water, PBS, DMEM, and FBS for 7 days treatment. Scale bar: 50 nm.
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potential in PTT performance under laser irradiation. As 
shown in Figure 3A and B, the temperature of PCCNs 
markedly increased to 60.8°C under 1064-nm laser irradia-
tion (0.9 W cm−2, 6 min). In sharp contrast, the temperature 
of PBS was only raised by 6.6 °C. As shown in Figure 3B, 
with the temperature rising from 38.6°C to 60.8°C in the 
concentration range of 25–200 μg mL−1, PCCNs displayed 
the concentration-dependent photothermal effect. The tem-
peratures increased from 41.3°C to 69°C in power densities 
range of 0.6−1.5 W cm−2 (Figure 3C), suggesting laser 
power density-dependent photothermal effect. According to 
the reported method (Figure S6 and the calculation of the 
photothermal conversion efficiency section in the 
Supplementary materials), the PTT conversion efficiency 
was calculated to be 44.69%, which was higher than many 
CuS nanomaterials, such as PAA–CuS NCs (19.5%), 
CuS@CP (34%), GSH-CuS NDs (21.9%), and Cu9S5 

(25.7%).46–49 Furthermore, no significant differences were 

observed in the temperature changes after four cycles of 
irradiation, demonstrating the excellent photostability of 
the PCCNs (Figure 3D). Therefore, the excellent PTT prop-
erty and outstanding photostability of PCCNs allow these 
PCCNs to achieve efficient PTT effects in cancer treatment.

The Photodynamic Properties of PCCNs
Next, the photodynamic property of PCCNs was evaluated 
using the ROS sensor 2ʹ,7ʹ-dichlorofluorescein diacetate 
(DCF). As shown in Figure 4A, the fluorescence signal of 
ROS obviously increased gradually with increasing irradia-
tion time when the PCCNs were exposed to the 660-nm laser 
irradiation. These results certified that the ROS generation 
ability would not be affected by the conjugation of Ce6 to 
PCCNs, suggesting their great potential for PDT applications. 
As shown in Figure 4B, no obvious DCF fluorescence signal 
was detected for PBS and DCF, indicating that they cannot 
produce ROS. Compared with that under only 660-nm laser 

Figure 3 (A) The thermographic images of PBS and PCCNs at different intervals under 1064-nm laser (0.9 W cm−2) irradiation. (B) The temperature elevation curves of 
PCCNs under different concentrations. (C) The temperature elevation curves of PCCNs under different laser power intensities. (D) The temperature variations of PCCNs 
over four cycles of heating and natural cooling.
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irradiation, the DCF fluorescence signal of PCCNs was sig-
nificantly enhanced under the simultaneous laser irradiation at 
660 nm and 1064 nm, which showed that PTT could enhance 
ROS generation. The relationship between higher ROS gen-
eration and the increment of temperature (25 °C to 56 °C) was 
confirmed (Figure 4C). Collectively, these results showed that 
PCCNs have a great potential for PTT-enhanced PDT.

O2-Producted and GSH-Depleted 
Properties of PCCNs
To evaluate the catalase-like activities of PCCNs, the changes 
of O2 contents were monitored using a dissolved oxygen 
meter. Compared with that for PCCNs, an increment in the 
O2 level was observed after PCCNs and H2O2 treatment 
(Figure 5A). These results demonstrated that the PCCNs 
had catalase-like activities to produce O2, which indicated 
that PCCNs could achieve the hypoxia-relieved PDT effect. 
Additionally, the GSH depletion properties of PCCNs were 

investigated using the GSH kit. As shown in Figure 5B, the 
content of GSH was decreased with the increase concentra-
tions in PCCNs because the Cu+/Cu2+ redox pair in the 
nanozymes provided great potential for redox reaction with 
GSH. Therefore, GSH consumption could effectively impair 
tumor antioxidant defense system in the TME for signifi-
cantly disrupting intracellular ROS homeostasis.

Catalytic Properties of PCCNs
To further investigate catalytic properties, the •OH generation 
of PCCNs was determined using 3,3ʹ,5,5ʹ- 
tetramethylbenzidine (TMB) assay, based on the fact that 
TMB can be oxidized by the highly reactive •OH to give 
a blue-green color with the maximum absorbance at about 
650 nm. No significant increase of TMB absorption was found 
in H2O2 or PCCNs compared to PCCNs plus H2O2 

(Figure 6A). These results demonstrated the occurrence of 
the catalytic reactions between PCCNs and H2O2. As shown 

Figure 4 (A) The fluorescence intensity of DCF in PCCNs using a 660-nm laser under different irradiation time. (B) The fluorescence intensity of DCF from different 
groups. (C) The FL intensity of DCF in PCCNs using a 660-nm laser under different temperatures.

Figure 5 (A) O2 generation of PCCNs with H2O2. (B) GSH depletion under different concentrations of PCCNs.
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in Figure 6B, the absorption peak of TMB in the PCCNs 
treatment gradually increased with increasing of H2O2, 
which suggested that PCCNs could catalyse the oxidation of 
TMB in the presence of H2O2 in a concentration-dependent 
manner. As shown in Figure S7, the typical Michaelis–Menten 
kinetics in the concentration range of H2O2 was exhibited with 
a Michaelis–Menten constant (Km) and maximal reaction 
velocity (Vmax) (Table S2), suggesting the effective catalytic 
activity of PCCNs. Moreover, the temperature increase also 
induced •OH generation (Figure 6C), indicating that the tem-
perature enhances the catalytic rate of the catalytic reactions. 
Increased •OH generation by PCCNs under the 1064-nm laser 
irradiation was confirmed (Figure 6D), which revealed that 
PTT could enhance catalytic efficiency. The whole experiment 
was carried out under neutral pH of 7.2, consistent with pre-
vious observation, which was different from that of the fer-
rous-based Fenton reaction.23 This property showed that 
PCCNs could display a strong catalytic rate under the neutral 

conditions thus making them excellent CTT agents against 
cancer. Taken together, these results confirmed that PCCNs 
could act as “all in one” theranostic agents for cascade- 
amplifying ROS generation and weakening antioxidant 
defense in the TME for significantly disrupting ROS home-
ostasis to favor ROS-mediated therapy.

In vitro Cellular Uptake
The excellent therapeutic efficacy was mainly associated 
with cellular uptake, which was measured by inductively 
coupled plasma mass spectrometry (ICP-MS). As shown 
in Figure 7A, an obvious increase of Cu amount was 
observed in 4T1 cells incubated for 24 h compared with 
that in cells incubated for 6 h. This suggested that cellular 
uptake of PCCNs gradually increased with time increas-
ing. The Cu amount in 4T1 cells increased with the 
increasing of PCCNs, so the concentration-dependent cel-
lular uptake efficacy of PCCNs was confirmed.

Figure 6 (A) UV−vis spectra and photographs (inset) of TMB aqueous solution from different groups. (B) UV−vis spectra and photographs (inset) of TMB in PCCNs treated 
with different H2O2 concentrations. (C) UV−vis spectra and photographs (inset) of TMB aqueous solution from different temperatures. (D) UV−vis spectra and photographs 
(inset) of TMB in PCCNs solution treated with/without 1064 laser irradiation.
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Intracellular GSH-Depletion and 
ROS-Generated Properties
We next tested the intracellular GSH-depletion property of 
PCCNs using the GSH assay kit. As shown in Figure 7B, the 
intracellular GSH-consumption gradually increased as con-
centration of PCCNs increasing, which destroyed cellular 
antioxidant defense system and amplified oxidative stress in 
TME. To further demonstrate ROS generation in 4T1 cells, 
a fluorescent probe DCF was used to detect the intracellular 
ROS production. Compared with that in the groups of DCF, 
H2O2, 660 nm, 1064 nm and PCCNs, an obvious green 
fluorescence intensity was observed in 4T1 cells with 
PCCNs/H2O2 or PCCNs/H2O2 plus 660 nm treatment 
(Figure 7C), suggesting that PCCNs could increase ROS 
generation through CTT and PDT effect. Moreover, the 4T1 
cells treated with PCCNs plus H2O2 under the 660 and 1064- 

nm laser simultaneously irradiation displayed significantly 
stronger fluorescence intensity than those under 
PCCNs/H2O2 or PCCNs/H2O2 plus 660 nm (Figure 7D). 
This indicated that the PTT effect of PCCNs increased ROS- 
enhanced capacity. Taken together, these results showed that 
the multifunctional PCCNs could display the multiple- 
amplifying ROS effect based on PDT, CTT, PTT-enhanced 
CTT/PDT and TME-modulated properties.

In vitro Anticancer Effect of PCCNs
A standard CCK-8 assay was then applied to evaluate the 
cytotoxicity of PCCNs with different concentrations (0, 
7.5, 15, 30, 60, 120 and 240 μg mL−1) toward noncancer-
ous human umbilical vein endothelial cells (HUVECs) and 
4T1 cells. Compared to that toward HUVECs, higher 
cytotoxicity of PCCNs toward 4T1 cells was observed 

Figure 7 (A) Cellular internalized amounts of PCCNs under different concentrations and time incubation measured by ICP-MS. (B) Intracellular GSH depletion under 
different concentrations of PCCNs. (C) Intracellular ROS content was analyzed by flow cytometry after various treatments using DCF as a ROS sensor. (a) represents 
control group; (b) represents DCF group; (c) represents 660-nm group; (d) represents 1064-nm group; (e) represents PCCNs group; (f) represents H2O2 group; (g) 
represents PCCNs plus H2O2 group; (h) represents PCCNs plus H2O2 plus 660-nm group; (i) represents PCCNs plus H2O2 plus 660-nm plus 1064-nm group. (D) 
Quantitative analysis of the fluorescence intensity of intracellular ROS. The differences among groups were calculated using Student’s t-test. Data are presented as the mean 
± standard error of the mean. ***p < 0.001.
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(Figure 8A), suggesting that PCCNs displayed good bio-
compatibility and high cytotoxicity toward normal cells 
and cancer cells, respectively. The significant differences 
may be attributed to generating more •OH of PCCNs via 
catalytic reactions in cancer cells with high H2O2 concen-
trations. The effect of the cellular uptake time has been 
investigated. No obvious cytotoxicity of the PCCNs 
toward HUVECs was found during 48 h incubation 
(Figure S8). The results showed that the PCCNs induced 
the stronger cell death with the increasing time. Next, to 
investigate the anticancer effect of PCCNs, a CCK-8 assay 
was used to evaluate their cytotoxicity in 4T1 cells 
exposed to different treatments. No obvious cell cytotoxi-
city was found in 4T1 cells with only PBS, 660 plus 1064 
nm, PCCNs, and H2O2 treatment, while the cell viability 

was significantly decreased with PCCNs/H2O2 and plus 
660 or 1064 nm (Figure 8B). The results demonstrated the 
feasibility of PCCNs to cause partial cell death through 
CTT or PDT or PTT alone. Moreover, over 95% of the cell 
death was observed in 4T1 cells treated with PCCNs/H2O2 

plus 660- and 1064-nm laser irradiation. This indicated 
that PCCNs could act a synergistical effect in cancer 
therapies. In calcein-AM and PI staining (Figure 8C), no 
red fluorescence was observed in 4T1 cells with PBS, 660 
plus 1064 nm, PCCNs, and H2O2 treatment, suggesting 
that they cannot induce cell cytotoxicity. In contrast, the 
highest red fluorescence was found in 4T1 cells treated 
with PCCNs/H2O2 plus 660- and 1064-nm laser irradiation 
compared with PCCNs/H2O2 and PCCNs/H2O2 plus 660 
or 1064 nm. Therefore, these results confirmed the 

Figure 8 (A) Relative viability of HUVECs and 4T1 cells with different concentrations of PCCNs for 24 h. (B) Cell survival rate of the synergistic comprehensive treatment 
effects of PCCNs by the CCK-8 assay. (C) Fluorescence images of 4T1 cells after various treatments and the cells were co-stained with calcein-AM (green, living cells) and 
propidium iodide (red, dead cells). Scale bars represent 100 µm. The differences among groups were calculated using Student’s t-test. Data are presented as the mean ± 
standard error of the mean. *p < 0.05, **p < 0.01.
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excellent anti-cancer efficacy of PCCNs via a synergistical 
PDT, CTT, PTT-enhanced CTT/PDT and TME-modulated 
effect.

In vivo Tumor Dual-Modal Imaging
To explore the potential capability of PCCNs for photoacous-
tic imaging (PAI), in vitro reconstructed PAI was performed. 
The PAI intensity of PCCNs significantly increased when 
their concentration ranged from 25 to 200 µg mL−1, and 
displayed linear relationship (R2 = 0.994) with the concen-
tration (Figure S9). Next, PAI in 4T1 tumor-bearing mice 
was performed to monitor the signals from a cross section of 
the tumor at different time intervals after injection. As shown 

in Figure 9A, the PAI signal intensity reached a peak at 6 
h after injection and exhibited over three times higher than 
those at 0 h (Figure 9B), and then began to decrease by 24 
h. These results demonstrated that PCCNs could be used for 
PAI imaging in vivo. To validate the PTT effect of PCCNs 
in vivo, mice tumors were irradiated using a 1064-nm laser 
(0.9 W cm−2, 6 min). PTT imaging showed that the tempera-
ture of the tumor treated with PCCNs gradually increased 
with increasing irradiation time (Figure 9C) and increased to 
49.86 °C while the temperature of the PBS treatment was not 
remarkably elevated (Figure 9D). The results demonstrated 
that PCCNs could be powerful PTT agents to ablate tumors 
under laser irradiation.

Figure 9 In vivo tumor dual-modal imaging. Photoacoustic imaging (A) and averaged PAI intensity (B) of the tumor-bearing mce intravenously injected with PCCNs at 0, 3, 
6, 12, and 24 h, respectively. The PTT images (C) and temperature elevation curves (D) of tumor-bearing mice measured after intravenous injection of PBS and PCCNs plus 
further laser irradiation. The differences among groups were calculated using Student’s t-test. Data are presented as the mean ± standard error of the mean. ***p < 0.001.
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In vivo Biodistribution
To evaluate the in vivo biodistribution, the Cu content in the 
major organs at different times after injection was measured by 
ICP-MS. As shown in Figure S10, the Cu content was very 
low in the heart, spleen, and lung at all-time points. A high 
level of Cu was observed in the liver because the liver is the 
main organ of metabolism. Cu was found in the kidney after 
injection, indicating rapid Cu clearance by the renal-urinary 
system. Importantly, the high accumulation of PCCNs in the 
tumor site was demonstrated because their small size favored 
the enhanced permeability and retention (EPR) effect. The 
high biodistribution of PCCNs in tumor tissues further show-
cased the in vivo ROS-involved curative effect.

In vivo Synergistic Therapy
Motivated by the effective accumulation of PCCNs in the 
tumors under the guidance of PAI and PTT imaging, the 
synergistic antitumor efficiency in vivo was evaluated. The 
xenograft 4T1 tumor models were established and tumor- 
bearing mice were randomly divided into five groups: 1) 
PBS, 2) PCCNs (CTT group), 3) PCCNs plus 660-nm 
laser (CTT/PDT group), 4) PCCNs plus 1064-nm laser 
(CTT/PTT group), 5) PCCNs plus 660-nm and 1064-nm 
laser (CTT/PDT/PTT group). Compared with PBS, CTT 
group could partially induce tumor growth suppression 
(Figure 10A), high inhibition rate (Figure S11), and low 
tumor weight (Figure S12) and size (Figure 10B). In con-
trast, the CTT/PDT and CTT/PTT group caused the 
obvious tumor growth suppression, higher inhibition rate, 
and lower tumor weight and size. Moreover, the CTT/ 
PDT/PTT group could almost ablate the tumor compared 
to other groups. In addition, the longer survival rates of 
mice in CTT/PDT/PTT group were observed post- 
treatment after 38 days compared to other groups 
(Figure 10C). The GSH consumption (Figure 10D) and 
hypoxia alleviation in HIF-1α stained tumor slices 
(Figure 10E) were observed after PCCNs treatment, 
which indicated that PCCNs could regulate the TME. 
Furthermore, the CTT/PDT/PTT group could induce the 
most remarkable tissue damage in tumor H&E-staining 
slices among all groups (Figure 10F). TUNEL results 
showed that the CTT/PDT/PTT group significantly caused 
tumor cell apoptosis in tumor tissues compared to other 
groups (Figure 10G). Taken together, these results demon-
strated that PCCNs with the property of disrupting ROS 
homeostasis-mediated therapy could effectively improve 
the therapeutic effectiveness.

Biosafety Evaluation in vivo
The long-term safety of PCCNs in vivo is a great concern 
for further bioapplications. During the treatment process, no 
obvious changes in mice weight (Figure 11A) in all groups, 
suggesting the excellent long-term biosafety of PCCNs. As 
shown in Figure 11B, no obvious tissue damage or inflam-
matory lesions in the major organs, including heart, liver, 
spleen, lung, and kidney, were observed in PBS and PCCNs 
groups, indicating the good biocompatibility of PCCNs. 
The serum levels of serum aspartate transaminase (AST) 
and alanine transaminase (ALT) from all treatment groups 
showed no significant difference, indicating that PCCNs 
had low liver toxicity (Figure 11C and D). Moreover, no 
obvious abnormal mouse behaviors were visualized during 
the treatment process. The above results revealed that 
PCCNs could display excellent biocompatibility and biosaf-
ety in vivo for biomedical applications.

Discussion
We proposed that the novel approaches of disrupting ROS 
homeostasis-involved therapy presented here had an out-
standing potential for anticancer therapy. Maintaining intra-
cellular ROS homeostasis was essential to drive cell growth 
and proliferation.3 ROS homeostasis was disrupted by aug-
menting ROS generation and weakening cellular antioxi-
dant defense system, thus causing cancer cells apoptosis or 
necrosis.4,5 PCCNs mediated cascade-amplifying ROS gen-
eration through PDT, CTT effect, and PTT-enhanced CTT/ 
PDT activities. Importantly, PCCNs displayed hypoxia- 
relieved activity and GSH-consumption capability which 
impaired the antioxidant defenses of tumor cells to disrupt 
intracellular ROS homeostasis.

In this study, we designed and prepared a novel nano-
zyme of PCCNs using a facile one-step hydrothermal 
method. Because of strong conjugation of Cu ions with 
carboxyl groups of Ce6 and thiol groups of PEG-SH,46,50 

Ce6 and PEG-SH were not only utilized to be the capping 
agent for stabilizing PCCNs but also used as template for 
homogeneous growth of PCCNs to obtain uniform distri-
bution of particle size. Unlike previous methods,42 we 
created a rapid one-step strategy and user-friendly synth-
esis process that did not require toxic organic solvents and 
raw materials. Most importantly, PCCNs could be acted as 
CTT, PDT, PTT, and TME-modulated agents for effective 
antitumor treatment without further surface modification.

In addition, Cu-based nanozymes have recently been 
discovered more potential for CTT. Although a large 
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number of metal ion–based nanomaterials (eg, Mn, Fe, and 
Mo) have been discovered more adaptable to act as CTT 
agents, these materials suffered from the slow catalytic 
reaction rates under the higher pH (6.5–6.9) of the 

TME.25,26,30 Cu in nanozymes of PCCNs exhibited 
enzyme-mimic catalytic activity to produce highly toxic 
•OH for mediating CTT under neutral conditions. 
Importantly, the PCCNs not only displayed the catalase- 

Figure 10 In vivo synergistic therapy. (A) Tumor volume curve of mice treated with (1) PBS, (2) PCCNs, (3) PCCNs plus 660-nm laser, (4) PCCNs plus 1064-nm laser, and 
(5) PCCNs plus 660- plus 1064-nm laser. (B) The digital photographs of tumors from different groups after different treatments. (C) Survival rates of mice after different 
treatments. The GSH depletion (D) in tumor tissues and HIF-1α (E) stained tumor slides after PCCNs treatment. H&E (F) and TUNEL (G) staining tumor slides after 
different treatments. Scale bar: 100 μm. The differences among groups were calculated using Student’s t-test. Data are presented as the mean ± standard error of the mean. 
**p < 0.01, ***p < 0.001.
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like activity to generate O2 in the presence of excess H2O2, 
further relieving the O2-dependent limitations of PDT, but 
also catalyzed intracellular GSH to GSSH for accelerating 
GSH depletion. This destroyed cellular antioxidant 
defense system and regulated the TME to disrupt intracel-
lular ROS homeostasis. More importantly, although many 
nanomaterials have been developed as PTT agents, such as 
carbon nanomaterials, metal nanomaterials (eg, Au 
nanorod, Ag nanoparticles, Bi nanoparticles, etc.), these 
materials exhibited the NIR-I absorbance and the low 
photothermal conversion efficiency.9,25,51 The PCCNs 
showed excellent photothermal performance in the NIR- 
II region and high photothermal conversion efficiency, 
which was higher than many other nanomaterials. NIR-II- 
excited hyperthermia not only could be effectively applied 
to PTT but also significantly enhanced the CTT/PDT 
activities to amplify ROS generation. Taken together, 
PCCNs could act as “all in one” theranostic agents with 
catalytic, photodynamic/photothermal, and TME- 
modulated properties for significantly disrupting ROS 
homeostasis to favor ROS-mediated therapy.

Conclusions
In summary, we successfully synthesized multifunctional 
nanozymes of PCCNs through a facile one-step hydrother-
mal method. The PCCNs were considered as “all-in-one” 
nanozymes as they acted to cascade-amplify ROS production 
and weaken antioxidant defense system to disrupt ROS 
homeostasis for effective antitumor treatment. PCCNs pro-
duced 1O2 when exposed to laser irradiation at 660 nm for 
PDT. In addition, PCCNs exhibited enzyme-mimic catalytic 
activity to produce highly toxic •OH to mediate CTT under 
neutral conditions. Moreover, TME could be regulated by 
PCCNs with the property of O2 evolution and GSH con-
sumption, which relieved the hypoxic to achieve enhanced 
PDT and impaired the antioxidant defenses of tumor cells, 
respectively. More importantly, PCCNs displayed photother-
mal hyperthermia in the NIR-II region, which significantly 
enhanced the CTT/PDT activities to amplify ROS genera-
tion. Both in vitro and in vivo experiments demonstrated that 
the PCCNs could lead to effectively eliminate tumor cells via 
nanozyme-mediated synergistic therapy. Overall, the concept 
of NIR-II-triggered hyperthermia-enhanced PDT/PTT/CTT 

Figure 11 The in vivo biosafety evaluation. (A) Body weight curve of mice treated with (a) PBS, (b) PCCNs, (c) PCCNs plus 660-nm laser, (d) PCCNs plus 1064-nm laser, 
and (e) PCCNs plus 660- plus 1064-nm laser. (B) H&E-stained images of heart, liver, spleen, lung, and kidney of the mice treated with PBS and PCCNs. Scale bar stands for 
100 μm. Serum levels of ALT (C) and AST (D) from different groups after different treatments.
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therapy of “all-in-one” nanozymes via disrupting ROS 
homeostasis highlighted a great promise for future biomedi-
cal applications.
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