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Oxygen vacancy‑engineered cerium oxide 
mediated by copper‑platinum exhibit enhanced 
SOD/CAT‑mimicking activities to regulate 
the microenvironment for osteoarthritis therapy
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Abstract 

Cerium oxide (CeO2) nanospheres have limited enzymatic activity that hinders further application in catalytic therapy, 
but they have an “oxidation switch” to enhance their catalytic activity by increasing oxygen vacancies. In this study, 
according to the defect-engineering strategy, we developed PtCuOX/CeO2-X nanozymes as highly efficient SOD/
CAT mimics by introducing bimetallic copper (Cu) and platinum (Pt) into CeO2 nanospheres to enhance the oxygen 
vacancies, in an attempt to combine near-infrared (NIR) irradiation to regulate microenvironment for osteoarthritis 
(OA) therapy. As expected, the Cu and Pt increased the Ce3+/Ce4+ ratio of CeO2 to significantly enhance the oxy-
gen vacancies, and simultaneously CeO2 (111) facilitated the uniform dispersion of Cu and Pt. The strong metal-
carrier interaction synergy endowed the PtCuOX/CeO2-X nanozymes with highly efficient SOD/CAT-like activity 
by the decreased formation energy of oxygen vacancy, promoted electron transfer, the increased adsorption energy 
of intermediates, and the decreased reaction activation energy. Besides, the nanozymes have excellent photothermal 
conversion efficiency (55.41%). Further, the PtCuOX/CeO2-X antioxidant system effectively scavenged intracellular ROS 
and RNS, protected mitochondrial function, and inhibited the inflammatory factors, thus reducing chondrocyte apop-
tosis. In vivo, experiments demonstrated the biosafety of PtCuOX/CeO2-X and its potent effect on OA suppression. In 
particular, NIR radiation further enhanced the effects. Mechanistically, PtCuOX/CeO2-X nanozymes reduced ras-related 
C3 botulinum toxin substrate 1 (Rac-1) and p-p65 protein expression, as well as ROS levels to remodel the inflam-
matory microenvironment by inhibiting the ROS/Rac-1/nuclear factor kappa-B (NF-κB) signaling pathway. This study 
introduces new clinical concepts and perspectives that can be applied to inflammatory diseases.
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Graphical Abstract

CAT-like activities for scavenging ROS, thereby removing 
inflammatory factors and facilitating intestinal epithelial 
barrier repair for ulcerative colitis therapy. Lin et al. [17] 
used hyaluronic acid-loaded CeO2 as a ROS scavenger 
that protected chondrocytes from IL-1β-induced oxida-
tive stress damage for OA therapy. Although CeO2-based 
nanozymes show promising therapeutic potential for 
inflammatory diseases, they still face challenges, includ-
ing low enzyme activity, high toxicity, and easy aggrega-
tion [18–20].

Excitingly, the doping of copper (Cu) nanospheres on 
CeO2 can improve the ratio of the Ce3+/Ce4+ in CeO2 to 
significantly increase the occupancy of oxygen vacan-
cies and expose more active sites, thus further enhancing 
its catalytic activity. For example, Guo et  al. [21] dem-
onstrated that doping Cu in CeO2 weakened the Ce–O 
bonds, which facilitated the generation of oxygen vacancy 
active sites, and the synergistic interactions enhanced the 
catalytic activity for CO2 reduction. In addition, Zhang 
et al. [22] demonstrated that Cu/CeO2 had higher adsorp-
tion energy for reactants than noble metals (such as Pd 
and Au), making it more favorable for H2 dissociation 
reactions. However, the development of Cu-loaded CeO2 
nanospheres to mimic the activities of natural SOD/CAT 
enzymes has rarely been reported, possibly because Cu1+ 
has more catalytic activity than Cu2+, but Cu1+ is unsta-
ble, resulting in insufficient catalytic activity and stability 
[23]. Fortunately, introducing platinum (Pt) into Cu can 
stabilize the Cu1+, synergistically enhancing CO oxida-
tion [24]. And Zou et al. [25] demonstrated that the addi-
tion of Pt changed the charge state of the Cu surface, and 
Cu also modulated the d-band center of Pt, thus optimiz-
ing the catalytic performance of CO2 reduction. In addi-
tion, photothermal therapy has been shown to enhance 
the enzymatic activity of nanozymes, thereby improving 
the therapeutic effect [26]. Therefore, we expected that 

Introduction
Osteoarthritis (OA) is a destructive inflammatory articu-
lar cartilage disease affecting 528 million people world-
wide [1]. Currently, there are no effective therapeutic 
drugs for OA, and joint replacement surgery can only be 
performed in the late stages of the disease, which causes 
tremendous pain to patients [2, 3]. Therefore, there is an 
urgent need to develop new treatment strategies for OA. 
According to research, excessive reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) and their acti-
vated nuclear factor kappa-B (NF-κB) signaling pathway, 
leading to oxidative stress, were closely related to the 
pathogenesis of OA [4–6]. Therefore, an effective means 
of treating OA involves scavenging the overproduced 
ROS and RNS, such as superoxide anion (·O2

−), hydroxyl 
radical (·OH), hydrogen peroxide (H2O2), and nitric 
oxide (·NO)7. Natural catalase (CAT) and superoxide 
dismutase (SOD) are the antioxidant defense systems in 
the body, but in the OA, excessive ROS and RNS disrupt 
the balance of the redox system [8]. Direct supplementa-
tion of natural SOD and CAT has limitations, including 
complex synthesis and purification processes [9], poor 
thermal stability [10], and short shelf life [11]. Therefore, 
researchers aim to design efficient artificial enzymes that 
mimic the catalytic activity of natural enzymes.

Nanozymes offer significant advantages, such as high 
enzyme-like activity [12], good stability [13], low cost 
[14], and controllable synthesis, which have attracted 
wide attention and recognition. Among them, cerium 
oxide (CeO2) was well known to exhibit various enzyme-
mimetic properties for the treatment of inflammatory 
diseases, such as SOD and CAT, which was achieved 
by modulating the electronic structure through revers-
ible Ce3+ (reduction) and Ce4+ (oxidation) transitions 
[15]. For example, Gao et  al. [16] used hyaluronic acid/
serotonin-modified CeO2 nanomedicine to mimic SOD/
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Cu/Pt co-loaded CeO2 could enhance the photothermal 
effect under near-infrared (NIR) irradiation and further 
optimize the catalytic activity of SOD/CAT-like enzymes, 
thus providing a synergistic therapy for OA, which has 
not been reported in the literature.

Here, a “defect engineering construction strategy” [27] 
was employed to develop PtCuOX/CeO2-X nanozymes as 
highly efficient SOD/CAT mimics by introducing bime-
tallic Cu and Pt into CeO2 microspheres to enhance the 
oxygen vacancies, in an attempt to combine NIR irra-
diation to regulate microenvironment for OA therapy. 
As expected, the Cu and Pt increased the Ce3+/Ce4+ 
ratio of CeO2 to significantly enhance the oxygen vacan-
cies, and simultaneously CeO2 (111) facilitated the uni-
form dispersion of Cu and Pt. The strong metal-carrier 
interaction synergy endowed the PtCuOX/CeO2-X 
nanozymes with highly efficient SOD/CAT-like activity 
by the decreased formation energy of oxygen vacancy, 

promoted electron transfer, the increased adsorption 
energy of intermediates, and the decreased reaction acti-
vation energy. Besides, the nanozymes have excellent 
photothermal conversion efficiency (55.41%). In  vitro 
experiments demonstrated that the PtCuOX/CeO2-X 
SOD/CAT antioxidant system effectively eliminated ROS 
and RNS, restored mitochondrial function, and inhibited 
the inflammatory factors, leading to a reduction in chon-
drocyte apoptosis. In  vivo experiments demonstrated 
the biosafety of PtCuOX/CeO2-X and the potent effect 
on OA progression. In particular, NIR radiation further 
enhanced the effects. Mechanistically, PtCuOX/CeO2-X 
nanozymes reduced ras-related C3 botulinum toxin sub-
strate 1(Rac-1) and p-p65 protein expression, as well as 
ROS levels to remodel the inflammatory microenviron-
ment by inhibiting the ROS/Rac-1/NF-κB signaling path-
way (Fig. 1).

Fig. 1  PtCuOX/CeO2-X nanozymes scavenge ROS in chondrocytes, improve mitochondrial function, and treat OA. CuPt-loaded nanospheres 
loaded increased the Ce3+/Ce4+ ratio, accelerated the electron transfer, sufficiently exposed the active sites, increased the oxygen vacancy content 
and the free radicals adsorption energy, and lowered the activation energy barriers to enhance SOD/CAT-like activity. PtCuOX/CeO2-X nanozymes 
remodel the inflammatory microenvironment by inhibiting the ROS/Rac-1/NF-κB pathway
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Materials and methods
Methods for synthesis and characterization of nanozymes
Materials
Cerium nitrate hexahydrate (CeN3O9·6H2O, 99.5%) 
was purchased from Macklin Company in China. 
Hydrazine hydrate (N2H4·H2O, AR) and copper sul-
fate (CuSO4·5H2O, AR) were purchased from Chengdu 
Jinshan Chemical Reagent Co. Anhydrous ethanol was 
purchased from China National Pharmaceutical Chem-
ical Reagent Co. Platinum tetrachloride (PtCl4) and 
ethylene glycol (C2H4O2, > 99%) were purchased from 
Macklin Company in China. All chemicals were used 
directly without further purification.

Synthesis of CeO2
The nanoparticles were synthesized based on previ-
ous research [28–30]. Ce(NO3)3·6H2O (4.6  mmol/L) 
was dissolved in 2 mL of deionized water, followed by 
the addition of acetic acid (2  mL) and ethylene glycol 
(52 mL). The solution was transferred to a Teflon liner, 
maintained at 180 °C for 200 min, centrifuged and dried 
to obtain the product, and calcined in air at 400 °C for 
4 h to obtain CeO2 nanospheres.

Synthesis of PtCuOX/CeO2‑X
CuSO4 (50  mg) and CeO2 (100  mg) were dissolved in 
deionized water (4 mL), respectively, added to 80 mL of 
anhydrous ethanol, and hydrazine hydrate was added 
dropwise and reacted for 2  h to give the intermediate 
product, CuOX/CeO2-X. Similarly, PtCl4 (20  mg) and 
CuOX/CeO2-X (100  mg) were dissolved in deionized 
water (4  mL) in the same manner as above. PtCuOX/
CeO2-X nanospheres were obtained.

Characterization methods
Transmission electron microscopy (TEM) and energy 
dispersive spectroscopy (EDS) (FEI Talos f200s, FEI, 
USA) were used to determine the morphology, size, and 
composition of the nanospheres. Dynamic light scatter-
ing (DLS) (Zetasizer Nano ZS ZEN3600, Malvern, UK) 
was used for hydrodynamic diameters of nanospheres, 
and X-ray photoelectron spectroscopy (XPS) (Thermo 
Fisher ESCALAB 250Xi, USA) was used for struc-
ture–activity relationships of nanospheres. An X-ray 
diffractometer (Rigaku, Ultima IV, Japan) was used for 
the crystallinity of nanospheres. An inductively cou-
pled plasma mass spectrometer (Thermo iCAP 6300 
Duo, USA) was used for the determination of elemen-
tal content, and the JEOL JES FA200 ESR spectrometer 
was used for the evaluation of free radical scaveng-
ing capacity. Fourier transform infrared spectrometer 

(IRAffinity-1S, Shimadzu, Japan) was used for infrared 
absorption.

DFT computational details
All DFT calculations were carried out using the Vienna 
ab initio simulation package (VASP) [31]. The Perdew-
Burke-Ernzerhof (PBE) [32] functional was used to 
treat the exchange–correlation interactions. The plane 
wave basis set with a kinetic energy cutoff of 400  eV 
and the energy convergence criterion of 10–4  eV was 
used for structure relaxation. All surface calcula-
tions used a (1 × 1 × 1) Monkhorst–Pack k-point sam-
pling. H2O, H2O2, and O2 were calculated in boxes of 
15Å × 15Å × 15Å, with the gamma point only.

The adsorption energy (Eads) is calculated as follows:

E(adsorbates + catalysts), Eadsorbates, and Ecatalysts are the 
energy of the whole system, adsorbates, and catalysts, 
respectively.

Photothermal performance testing
Photothermal heating curve
CeO2 and PtCuOX/CeO2-X solutions (1 mL, 50 μg/mL) 
were placed in Eppendorf tubes, respectively. The sam-
ples were irradiated with an 808 nm laser (RAL808T1, 
Quartz Laser, China) for 15 min. Temperature changes 
were recorded and thermographic photographs were 
taken.

Photothermal conversion efficiency of PtCuOX/CeO2‑X
PtCuOX/CeO2-X solution (1 mL, 50 μg/mL) was irradi-
ated with an 808 nm laser for 900 s. The laser was then 
turned off and allowed to cool naturally. The photother-
mal conversion efficiency (η) of the PtCuOX/CeO2-X 
nanospheres was then calculated using Eqs. (1)-(4).

(where “η” is the photothermal conversion coefficient, 
“h” is the heat transfer coefficient, “A” is the surface area 
of the vessel, and “h A” can be determined by a linear 
relationship between time and the negative logarithm of 
the cooling cycle (-lnθ). “Tmax” is the equilibrium tem-
perature, “Tsurr” is the ambient temperature, “Qs” is the 

Eads = E(adsorbates + catalysts) − Eadsorbates − Ecatalysts

(1)�Tmax = Tmax − Tsurr

(2)η = (h A ∗�Tmax −Qs) / (I ∗ (1− 10− A�))

(3)τ s = MD ∗ CD/ h A

(4)θ = (�T) / (�Tmax)
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heat generation of the solvent, “I” is the irradiated laser 
power, “Aλ” is the absorbance of the PtCuOX/CeO2-X 
nanospheres at 808 nm, “τs” is the time, “MD” is the mass 
of the solvent, “CD” is the heat capacity of the solvent, “θ” 
is the cooling cycle, and “ΔT” is the temperature differ-
ence during a given period).

The calculation procedure is as follows:
△Tmax = Tmax-Tsurr = 48.1–25 = 23.1℃
hA = MD * CD / τs = 4.2*1/335.2 = 0.01252.
Qs = MD * CD (TPBS-Tsurr) = 4.2*0.001*(28.2–

25) = 0.0013.
η = (hA△Tmax-Qs) /(I(1–10- Aλ)) = (0.0125*23.1–

0.0013) /π*0.52*(1–10-0.47) = 0.5541.

Photothermal stability
PtCuOX/CeO2-X was dissolved in PBS (50  μg/mL) and 
irradiated with NIR light for 15 min before stopping the 
irradiation and allowing it to cool to room temperature 
before starting the next round of irradiation. This was 
repeated four times and the temperature changes were 
recorded to evaluate the photothermal stability.

Stability experiments of nanospheres
The dispersion of PtCuOX/CeO2-X was recorded over 
7  days and in different solvents. In addition, the aver-
age particle size and the polydispersity index (PDI) of 
the nanospheres in different solvents were measured by 
dynamic light scattering.

Enzyme mimetic properties of nanospheres
H2O2 decomposition test
We investigated the decomposition of H2O2 by PtCuOX/
CeO2-X. Briefly, H2O2 solution (5 μL, 10 mM) was added 
to PtCuOX/CeO2-X aqueous solution (5  mL, 50  μg/
mL). The amount of oxygen released was quantified 
using a portable dissolved oxygen meter. The ability of 
the PtCuOX/CeO2-X to continuously decompose H2O2 
in vitro and in vivo was evaluated by adding H2O2 solu-
tion at the same time intervals using water and synovial 
fluid from OA rats, respectively, as the reaction system 
and the amount of oxygen released was recorded for four 
consecutive times.

ESR for ·OH detection
A solution of H2O2 derived from hydroxyl radicals was 
generated by full-band xenon irradiation for 5  min and 
scavenged with 5-tert-butylcarbonyl-5-methyl-1-pyrro-
line-N-oxide (BMPO, 10 mM). The scavenging ability of 
PtCuOX/CeO2-X towards ·OH was evaluated by moni-
toring the changes in peak intensities compared to the 
control.

ESR for ·O2
− detection

In the ESR experiments, the ·O2
− was generated from 

KO2 using 18-crown-6 as a stabilizer, while 5-(deoxy)-
5-tert-butylcarbonyl-5-methyl-1-pyrroline-N-oxide 
(DMPO) was used as a scavenger. Peak intensities were 
measured for PtCuOX/CeO2-X nanozymes and control 
materials.

·O2
−, H2O2, ·OH, and DPPH scavenging ability

The ability of CeO2, PtCuOX/CeO2-X, and PtCuOX/CeO2-

X + NIR to scavenge ·O2
− was compared using a total 

superoxide dismutase assay kit (Beyotime, China). In 
addition, to verify whether the SOD-like activity of the 
nanozymes was concentration-dependent, the removal of 
·O2

− by PtCuOX/CeO2-X at concentrations of 20, 50, and 
100  mg/mL was compared. The absorbance at 450  nm 
was measured using an enzyme-labeling device (Thermo 
Scientific, USA), and then the free radical scavenging rate 
was determined.

The scavenging activities of CeO2, PtCuOX/CeO2-X, 
and PtCuOX/CeO2-X + NIR against H2O2, ·OH, DPPH, 
and total ROS were compared using the catalase assay 
kit (Beyotime, China), the hydroxyl radical scavenging 
capacity assay kit (Solarbio, China), the DPPH radical 
scavenging capacity assay kit (Solarbio, China), and the 
total antioxidant capacity assay kit (Beyotime, China), 
respectively.

Primary chondrocyte harvest and culture
Sprague–Dawley (SD) rats were obtained from the 
Experimental Animal Center of Guangxi Medical Uni-
versity, and their articular cartilage was harvested and 
primary chondrocytes were extracted. The fresh carti-
lage tissue was minced, digested with trypsin for 30 min, 
centrifuged, resuspended with type II collagenase, and 
further digested for 4  h. Finally, cells were cultured in 
DMEM medium. Subsequent validation using third-gen-
eration anterior chondrocytes.

Cellular uptake assay
Grafting of  fluorescent groups to  nanospheres  PtCuOX/
CeO2-X nanospheres (0.5  g) were added to a mixture of 
3-aminopropyltrimethoxysilane (120 μL) and 95% ethanol 
(6 mL) and reacted for 1 h under light protection to obtain 
the intermediate containing amino-functionalized nano-
spheres. Dissolve 0.1 g of the above product in dimethyl-
sulfoxide (400 μL), add Cy5-NHS ester (60 μL), then add 
dimethylsulfoxide until the volume reaches 800 μL, add 
20 μL of triethylamine, and react for 24 h away from light.

Cellular uptake  The chondrocytes (0.5 × 105 cells/well) 
were inoculated into 6-well plates, and after 24 h of cul-
ture, Cy5-PtCuOX/CeO2-X nanospheres (50 μg/mL) were 
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co-cultured with the cells, and the cells were fixed with 
4% paraformaldehyde after 0.5, 6, and 12 h. The cytoskel-
eton was labeled with flavonoids and the nuclei were 
stained with DAPI. Confocal microscopy was performed 
to observe the uptake of nanospheres by cells.

Cell viability assay
Chondrocytes were cultured to attachment, co-cultured 
with the addition of nanospheres (30, 40, 50, 60, 70, and 
80 μg/mL), and the cytotoxicity of nanozymes was evalu-
ated by measuring the absorbance at 450 nm using a cell 
counting kit-8 (CCK-8, Biosharp, China) and a micro-
plate reader (Molecular Devices, USA). In addition, the 
protective effect of nanozymes on inflammatory chon-
drocytes was evaluated. Briefly, chondrocytes were cul-
tured to attachment, IL-1β was added, the culture was 
continued for 12  h, 50  μg/ml of nanozymes was added, 
and cell viability was determined after 24  h using a 
CCK-8 kit.

Observation of live and dead cell staining
Chondrocytes were cultured to adherence induced by 
the addition of IL-1β (10  ng/mL) for 12  h and then co-
cultured with the addition of CeO2, PtCuOX/CeO2-X, or 
PtCuOX/CeO2-X + NIR (1.0 W/cm2, 5 min) for 24 h. Cells 
were incubated with 1 μM calcein-AM and 1 μM propid-
ium iodide (PI) for 30 min. Dead and live cells were then 
observed and recorded under a fluorescence microscope.

Measurement of ROS scavenging capacity in vitro
DCFH‑DA Probe
ROS scavenging ability was detected using the fluores-
cent probe DCFH-DA (Beyotime, China). Chondrocytes 
(1 × 105 cells/well) were cultured until wall-adherent and 
induced by IL-1β for 12  h, then CeO2, PtCuOX/CeO2-X, 
and PtCuOX/CeO2-X + NIR were added and cultured for 
24  h, the probes were added, and the images were cap-
tured by fluorescence microscope (BD Biosciences, USA) 
after 30 min.

DAF‑FM DA Probe
Nitric oxide (NO) levels in chondrocytes were detected 
using the Nitric Oxide Fluorescent Probe Assay Kit (Bey-
otime, China). Cells were treated in the same way as the 
image acquisition process described above.

DHE Probe
The level of intracellular superoxide (·O2

−) was detected 
with the fluorescent probe DHE (Beyotime, China). The 
chondrocytes were treated as described above. Fluo-
rescence images of each group of chondrocytes after 
different treatments were captured by fluorescence 
microscope.

HPF probe
The intracellular hydroxyl radicals (·OH) levels were 
detected using the HPF fluorescent probe. Cells were 
treated in the same way as the image acquisition process 
described above.

 [Ru (DPP)3]CI2 (luminescent oxygen sensor)
The chondrocytes were treated as described above. Each 
group received an addition of  [Ru(DPP)3]Cl2 (0.01 mg/
mL, 10 μL), and fluorescence imaging was performed by 
fluorescence microscopy.

qRT‑PCR
Chondrocytes (1 × 105 cells/well) were cultured to adher-
ence, induced with IL-β for 12  h, and then co-cultured 
with CeO2, PtCuOX/CeO2-X, and PtCuOX/CeO2-X + NIR 
for 24 h. Total RNA was extracted with TRIZOL and cell 
lysis buffer, and cDNA was reverse transcribed with Pri-
meScript according to the instructions. qRT-PCR was 
performed by adding SYBR premix to the cDNA of the 
real-time PCR system (Thermo Fisher, USA), preincubat-
ing for 1 cycle at 95 °C for 600 s, followed by 45 cycles at 
95 °C for 10 s, and amplifying at 60 °C for 60 s. The 2−ΔΔCt 
method was used to quantify relative mRNA expression, 
normalized to GAPDH. The experiment was repeated in 
triplicate. Primer sequences are shown in Table 1.

Immunofluorescence of relevant inflammatory genes, 
chondroprotective genes, and apoptosis‑related factors
Chondrocytes (1 × 105 cells/well) were cultured until 
apposition, induced by the addition of IL-1β for 12 h, and 
then co-cultured with the addition of CeO2, PtCuOX/
CeO2-X, and PtCuOX/CeO2-X + NIR for 24  h. Cells were 
fixed with 4% paraformaldehyde solution (Biosharp, 
China) for 15  min, permeabilized with 3% H2O2 for 
30  min, and blocked with goat serum for 30  min to 

Table 1  Primer sequences used in qRT-PCR experiments

Gene name Forward primer(5′-3′) Reverse primer(5′-3′)

GAPDH TCC​AGT​ATG​ACT​CTA​CCC​
ACG​

CAC​GAC​ATA​CTC​AGC​ACC​AG

MMP-13 ACC​ATC​CTG​TGA​CTC​TTG​CG TTC​ACC​CAC​ATC​AGG​CAT​C

IL-6 ACA​AGT​CCG​GAG​AGG​AGA​
CT

ACA​GTG​CAT​CAT​CGC​TGT​TC

TNF-α GAT​CGG​TCC​CAA​CAA​GGA​
GG

GCT​TGG​TGG​TTT​GCT​ACG​AC

iNOS GGT​GAG​GGG​ACT​GGA​CTT​
TTAG​

TCT​CCG​TGG​GGC​TTG​TAG​TT

ACAN GAA​TGG​GAG​CCA​GCC​TAC​
AC

GAG​AGG​CAG​AGG​GAC​
TTT​CG

Col2a1 GAC​TGT​GCC​TCG​GAA​GAA​
CT

TCT​GGA​CGT​TAG​CGG​TGT​TG
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detect non-specific antibodies. IL-6 (Affinity Biosciences, 
#DF6087), MMP-13(Proteintech Group,#18,165–
1-AP), Col2a1(Affinity Biosciences,#AF0135), Bcl-
2(Affinity Biosciences,#AF6139), Bax(Affinity 
Biosciences,#AF0120), Caspase-3(Affinity 
Biosciences,#AF6311) and β-actin(Affinity 
Biosciences,#AF7018) antibodies were incubated for 
8–12  h, followed by FITC-conjugated anti-rabbit IgG 
(Boston, China) for 1 h. Finally, fluorescence images were 
captured with a fluorescence microscope (Olympus, 
Japan) and quantified using ImageJ software.

Mitochondrial membrane potential assay
JC‑1 fluorescent staining
Cells were treated as described above, and after cells were 
incubated with JC-1 (Solarbio, China) working solution 
for 20  min, changes in JC-1 monomers and aggregates 
were recorded under a fluorescence microscope for each 
group, and fluorescence intensities were quantified using 
ImageJ software.

JC‑1 flow cytometry
Cells were treated as described above. Cells in each treat-
ment group were stained with a JC-1 fluorescent probe 
for 30  min, and the cells were washed three times with 
4  °C PBS to precipitate. The intensity of red and green 
fluorescence signals were detected by flow cytometry 
(BD FACSCaliburTM Flow Cytometer).

Cytoplasmic Ca2+ concentration assay
Cell culture and treatment as described in Sect. "Immu-
nofluorescence of relevant inflammatory genes, chondro-
protective genes, and apoptosis-related factors", and at 
the end of the treatment, Fluo-4 AM (Beyotime, China) 
solution was co-incubated with chondrocytes for 30 min, 
and the fluorescence intensity of the cells was observed 
by fluorescence microscopy and finally quantitatively 
analyzed by fluorescence using ImageJ.

ATP measurement
Cell culture was performed as described above, and after 
24 h, the cells were treated with IL-1β for 12 h. Accord-
ing to the Enhanced ATP Assay Kit (Beyotime, China) 
instructions, the cells of each group were completely 
lysed, and the standard curve was plotted first, after 
which the ATP content of each group was analyzed and 
calculated using a fluorescence microplate reader.

Apoptosis detection
Chondrocytes were cultured until apposition, then 
induced with IL-1β for 12 h. CeO2, PtCuOX/CeO2-X, and 
PtCuOX/CeO2-X + NIR were added to co-cultivate the 

cells for 24 h. Cells were then counted and 1.0 × 105 cells 
were collected, apoptosis detection reagents were added, 
and the cells were mixed and incubated away from light 
for 15 min, and the ratio of apoptosis was detected using 
Annexin V-APC /7-AAD Apoptosis Detection Kit (Key-
GEN BioTECH, China) and flow cytometry (FCM) and 
analyzed by FlowJo_V10 software.

Immunoblotting assay for apoptosis‑related proteins 
and ROS/Rac‑1/NF‑κB pathway proteins
The expression of apoptotic proteins and inflammatory 
pathway-related proteins was detected by Western blot-
ting analysis using the following protein species and anti-
body sources: Caspase-3(Affinity Biosciences,#AF6311), 
Bcl-2(Affinity Biosciences,#AF6139), 
Bax(Affinity Biosciences,#AF0120), Rac-
1(Affinity Biosciences,#AF4200), p65(Affinity 
Biosciences,#AF5006), p-p65(Affinity 
Biosciences,#AF2006). The cell treatment was the same 
as above, and then the proteins were extracted, gel elec-
trophoresis was performed, the membrane was trans-
ferred, the membrane was closed, the primary antibody 
was incubated for 8  h, and the secondary antibody was 
incubated for 1 h, and the protein bands were observed 
by BIO-RAD imaging system, and the intensity of the 
bands was analyzed by ImageJ software.

Establishment of a rat OA model
With the ethical approval of the Ethics Committee of 
Guangxi Medical University, the OA model was estab-
lished using the anterior cruciate ligament transection 
(ACLT) method in randomized groups of 60 rats, body 
weight: 200–220  g, male SD rats, and rearing tempera-
ture: 23–25  °C. Treatments: weekly injection of drugs 
and NIR irradiation in the light group twice a week for 
5 min each. Samples were collected in batches after 4 and 
8 weeks of continuous treatment.

IVIS imaging evaluation
The Cy5-labeled PtCuOX/CeO2-X and the free Cy5 were 
injected into a knee joint of the rat. Then the IVIS images 
were collected by IVIS Spectrum Imaging System (BLT, 
China) at predetermined times (excitation wavelength 
675  nm, emission wavelength 680  nm). In addition, the 
important organs were also scanned by the IVIS system 
to clarify the metabolic pathway of PtCuOX/CeO2-X.

Thermographic analysis of rat knee joints
The right knee joints of rats were injected with PBS, 
CeO2, and PtCuOX/CeO2-X (100 μL, 50  μg/mL), respec-
tively. 12 h later, the right knee joints were irradiated with 
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NIR light. Images and temperatures during NIR irradia-
tion were recorded with an anterior NIR camera.

Gait analysis
After successful modeling of OA, the gait of rats at weeks 
4 and 8 was analyzed using the Animal Visual Gait Anal-
ysis System. Gait duration and mean gait speed were 
assessed.

Histologic analysis
Enzyme‑linked immunosorbent assay (ELISA)
We used IL-6(MEIMIAN, #MM-0190R2), MMP-
13(MEIMIAN, #MM-0110R2), and Col2a1(Zeye Bio, 
#ZY0324ER) ELISA kits to detect the expression of 
related proteins in joint fluid and cell supernatants of OA 
rats, and IL-1β (Solarbio, #SEKR-0002), IL-17 (Solarbio, 
#SEKR-0007), and TGF-α (Zeye Bio, #ZY0126ER) kits to 
detect the expression of immune response-related fac-
tors. Add specimens according to instructions, incubate 
at 37  °C for 30 min, and wash 5 times with Wash Solu-
tion. Add 50 μL enzyme reagent, incubate for 30  min, 
wash 5 times, add dyes A and B sequentially, incubate 
for 10 min at 37 °C without light and add the termination 
solution. Measure the absorbance (OD value) of each 
well using an enzyme meter. Calculate the concentration 
from the standard curve.

Immunohistochemistry staining (IHC)
Tissue sections were routinely deparaffinized and dehy-
drated using a universal two-step detection kit (ZSGB-
BIO, China, #PV-9000), and the antibody was diluted 
1:200 and incubated overnight at 4  °C, protected from 
light, and then conjugated with biotinylated second-
ary antibody. The slides were photographed with a light 
microscope (OLYMPUS BX53F, Japan).

Hematoxylin–eosin (HE) and saffron‑o‑fast green staining
Tissue sections and major organs were stained with 
hematoxylin–eosin kit (HE, Solarbio, China), saffron-o-
fast green staining kit (Solarbio, China), and the sections 
were observed under a microscope and photographed for 
histological analysis. In addition, Venous blood samples 
were collected for routine and blood biochemical analy-
ses to evaluate the biotoxicity of the nanozymes.

Tissue reactive oxygen species assay
Tissue homogenate was prepared by adding 1 mL buffer 
to 50 mg of knee cartilage tissue, 190 μL supernatant was 
collected by centrifugation, 10 μL BBcellProbeTM O11 
ROS probe (BestBio, China) was added, and the tissue 
was incubated at 37  °C for 30  min under light protec-
tion. The ROS level was determined using a fluorescence 

microplate reader (Bio-Tek Instruments, USA) with an 
excitation wavelength of 488 nm and an emission wave-
length of 530 nm.

Nanozymes cartilage penetration capability test
100 μL of Cy5-PtCuOX/CeO2-X (50 μg/mL) was injected 
into the knee joints of OA rats. The articular cartilage 
(including subchondral bone) of the femoral and tibial 
sides of the knee joints were harvested at 24, 48, and 
72 h after injection, and the knee joints were immersed 
in saline for 6  h under light avoidance conditions, and 
then cryosections were performed, stained with DAPI, 
and sealed, and the images were visualized and recorded 
under a fluorescence microscope.

Hemolysis assay
Arterial blood was collected from rats and cell suspen-
sion was prepared. Then, 900 μL of ultrapure water (posi-
tive control) and PBS containing different concentrations 
of PtCuOX/CeO2-X nanozymes were added, and the mix-
tures were gently shaken and allowed to stand at 37  °C 
for 2  h. Photographs were taken to compare hemolysis 
between different groups. The supernatant was trans-
ferred to a 96-well plate and the percentage of hemoly-
sis was calculated by recording the absorbance at 540 nm 
using the enzyme marker.

Statistical analysis
Data were expressed as mean ± standard deviation and 
found to exhibit a normal/Gaussian distribution under 
the Shapiro–Wilk test. Analyses were performed using 
GraphPad Prism software (v. 9.4.1). Unpaired Student’s 
t-test was performed for comparisons between 2 groups, 
and one-way analysis of variance (ANOVA) was per-
formed for 3 or more groups, followed by Tukey’s test. 
The sample size for each analysis was presented within 
the figure legends. * and # for P < 0.05, ** and ## for 
P < 0.01, *** and ### for P < 0.001, and **** and #### for 
P < 0.0001.

Results and discussion
Preparation and characterization of PtCuOX/CeO2‑X 
nanozymes
CeO2 nanospheres were synthesized by a hydrothermal 
method, followed by in situ reduction of Cu and Pt atoms 
onto CeO2 nanospheres using hydrazine hydrate to syn-
thesize PtCuOX/CeO2-X (Fig.  2a). Transmission electron 
microscopy (TEM) revealed that the particle size of the 
CeO2 nanospheres was about 170 nm (Fig. 2b), and their 
lattice spacing was 0.311 nm (Fig. S1), corresponding to 
the CeO2 (111), this crystal surface favors the loading of 
Cu and Pt nanospheres. As shown in Fig. 2c,d, Cu and Pt 
nanospheres were uniformly dispersed on the PtCuOX/
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CeO2-X nanospheres, and the lattice spacings of 0.224, 
0.311, and 0.138  nm corresponded to the PtO2 (111), 
CeO2 (111), and Cu2O (310), respectively. Notably, after 
the Cu and Pt nanospheres deposition, the PtCuOX/
CeO2-X nanospheres did not change the size and mor-
phology of CeO2. Furthermore, the high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) image 
(Fig. 2e) and energy dispersive X-ray spectroscopy (EDS) 
spectra (Fig. 2f ) confirmed the distribution of Ce, O, Cu, 
and Pt on the PtCuOX/CeO2-X nanospheres. In addition, 
Fourier transform infrared spectroscopy (FTIR, Fig.  2g) 
showed that CeO2 and PtCuOX/CeO2-X both exhibited 
Ce–O bonds at 550 cm−1, indicating that the structure of 
CeO2 was not disturbed after Pt and Cu deposition. The 
X-ray diffraction (XRD, Fig.  2h) pattern of CeO2 nano-
spheres shows characteristic peaks at 28.5°, 33.1°, 47.5°, 

56.3°, 59.1°, 69.4°, 76.7°, and 79.1° (PDF#43–1002). These 
peaks correspond to the (111), (200), (220), (311), (222), 
(400), (331), and (420) crystal planes of CeO2, respec-
tively, and while PtCuOX/CeO2-X showed diffraction 
peaks of CeO2, the two peaks at 69.8° (PDF # 01–007-
0199) and 40.5° (PDP # 37–1087) correspond to Cu2O 
(310) and PtO2 (111), respectively.

The electronic structure of PtCuOX/CeO2-X was then 
analyzed by X-ray photoelectron spectroscopy (XPS). The 
XPS spectrum of PtCuOX/CeO2-X (Fig. 2i) showed Ce 3d, 
O 1  s, Cu 2p, and Pt 4f peaks, indicating the successful 
synthesis of PtCuOX/CeO2-X. The high-resolution Cu 
2p spectra of PtCuOX/CeO2-X showed four fitted peaks 
at 932.1  eV (Cu1+), 934.6  eV (Cu2+), 952.2  eV (Cu1+), 
and 955.0 eV (Cu2+), respectively (Fig. 2j and Table S3). 
The proportion of Cu1+ (64.3%, Fig.  2j) in PtCuOX/

Fig. 2  Synthesis and characterization of PtCuOX/CeO2-X. a Schematic diagram of the PtCuOX/CeO2-X synthesis process. b TEM image of CeO2. c 
TEM image of PtCuOX/CeO2-X. d HRTEM image of PtCuOX/CeO2-X, where (I), (II), and (III) represent the lattice spacings of PtO2, CeO2, and Cu2O, 
respectively. e Elemental mapping images and f EDS of PtCuOX/CeO2-X. g FTIR spectra, h XRD pattern of CeO2 and PtCuOX/CeO2-X. i XPS 
and high-resolution XPS spectra of j Cu 2p, k Pt 4f, l Ce 3d, and m O 1 s of PtCuOX/CeO2-X
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Photothermal conversion performance and enzyme‑like 
activity of PtCuOX/CeO2‑X nanozymes
As shown in Fig.  3a,b, after 15  min of irradiation with 
NIR light (808 nm), the PBS buffer and CeO2 maintained 
27.6 °C and 30.9 °C, respectively. However, the PtCuOX/
CeO2-X increased to 48.5  °C, indicating that the deposi-
tion of Cu and Pt on CeO2 greatly improves its photo-
thermal conversion performance. The photothermal 
conversion efficiency of the PtCuOX/CeO2-X was meas-
ured to be 55.41% (Fig. S5c,d), which was higher than 
that of the CeO2 (26.88%, Fig. S5a,b). The photothermal 
performance of PtCuOX/CeO2-X increased with higher 
PtCuOX/CeO2-X concentration (Fig. S6a) and higher irra-
diation power (Fig. S6b). In addition, the PtCuOX/CeO2-

X nanospheres showed no temperature decrease during 
four repeated "heating/cooling" cycles (Fig.  3c), indicat-
ing their good photothermal stability.

SOD-catalyzed scavenging of ·O2
− is the first line of 

defense for the body’s antioxidant response [37]. As 
shown in Fig.  3d, in the electron spin resonance (ESR) 
map, compared with the blank and CeO2, PtCuOX/CeO2-

X reduced the characteristic signals of ·O2
−. Under NIR 

light irradiation, the characteristic signal was further 
decreased. The SOD enzyme activity test result (Fig. 3e) 
was consistent with the above conclusion, CeO2, PtCuOX/
CeO2-X, and PtCuOX/CeO2-X + NIR had ·O2

− scavenging 
ratios of 22.75%, 47.89%, and 58.84%, respectively, indi-
cating that they had superior ·O2

− scavenging ability and 
SOD-like enzyme activity. In addition, the SOD reaction 
subsequently generated H2O2, which was then decom-
posed by PtCuOX/CeO2-X, mimicking the CAT enzyme 
activity, to produce O2 and H2O. As shown in Fig.  3f,g 
and Fig. S7. PtCuOX/CeO2-X exhibited superior CAT-
like enzyme activity by decomposing a larger amount of 
oxygen produced from the H2O2 reaction compared to 
PBS and CeO2, NIR light irradiation effectively enhanced 
the catalytic activity of the enzyme. In addition, the 
SOD/CAT enzyme-like activities of the PtCuOX/CeO2-X 
showed concentration dependence as shown in Fig. S8. 
Furthermore, by repeatedly adding the same amount of 
H2O2 to the PtCuOX/CeO2-X solution, it was found that 
the rate and level of O2 production remained constant 
each time, indicating that PtCuOX/CeO2-X exhibited sta-
ble and sustained CAT-like activity (Fig.  3h). Similarly, 
PtCuOX/CeO2-X also exhibited superior ·OH scavenging 
ability compared to CeO2, and the scavenging activity 
was further enhanced under NIR light irradiation. Com-
pared to CeO2 (25.82%) and PtCuOX/CeO2-X (40.09%), 
PtCuOX/CeO2-X + NIR showed excellent scavenging of 
·OH (51.13%, Fig. 3i, j). When tested with ABTS probes, 
PtCuOX/CeO2-X showed a superior ability to scavenge 
total ROS, which is consistent with the above results 

CeO2-X exceeded that of the intermediate CuOXCeO2-X 
(54.3%, Fig. S2a and Table  S2). Furthermore, the high-
resolution Cu 2p spectra of PtCuOX/CeO2-X were fitted 
to obtain Cu1+ (932  eV and 952.05  eV), compared with 
CuOXCeO2-X, the peak positions of PtCuOX/CeO2-X 
were negatively shifted by 0.8 and 0.6  eV, respectively, 
indicating electron transfer between atoms. In addi-
tion, the high-resolution Pt 4f spectra showed four fit-
ted peaks corresponding to 70.5 eV (Pt0), 72.3 eV (Pt4+), 
73.9  eV (Pt0), and 76.6  eV (Pt4+), respectively (Fig.  2k). 
At the same time, the high-resolution Ce 3d spectrum 
of PtCuOX/CeO2-X showed nine fitted peaks at 882.0 eV 
(Ce4+), 884.5 eV (Ce3+), 888.3 eV (Ce4+), 897.7 eV (Ce4+), 
899.5  eV (Ce3+), 900.8  eV (Ce4+), 903.0  eV (Ce3+), 
907.1  eV (Ce4+), and 916.8  eV (Ce4+) (Fig.  2l). Com-
pared to CeO2 (Fig. S3a and Table S1), the Ce 3d3/2 and 
Ce 3d5/2 peaks of the PtCuOX/CeO2-X showed nega-
tive shifts of 0.9  eV and 0.5  eV, respectively, suggesting 
electron transfer between atoms. Importantly, since the 
Ce3+ site of CeO2 can be considered as an active center 
mimicking SOD, the higher Ce3+/(Ce3+  + Ce4+) ratio can 
promote SOD enzyme-like activity. Furthermore, the 
higher concentration of Ce3+ in CeO2 also corresponds 
to a higher oxygen vacancy content [33], [34]. As shown 
in Fig. 2l, the Ce3+/(Ce3+  + Ce4+) ratio of PtCuOX/CeO2-X 
(33.4%) was higher than that of CeO2 (26.6%, Fig. S3a). 
In addition, the split-peak fitting of the CeO2 spectra 
resulted in three fitted peaks corresponding to 528.9 eV 
(OLat: O2

−), 530.7 eV (OSur: O2
2−, O2

−), and 532 eV (OAds: 
-OH, CO3

2−) (Fig. S3b). The high-resolution O 1 s spec-
tra of PtCuOX/CeO2-X show four peaks corresponding to 
529.0 eV (OLat: O2

−), 530.5 eV, and 531.9 eV (OSur: O2
2−, 

O2
−), and 534.2  eV (OAds: -OH, CO3

2−), respectively. 
Compared with the CeO2 (1.08), PtCuOX/CeO2-X (1.24) 
had a higher OSur/OLat ratio, which may be due to the 
presence of more oxygen vacancies after Cu and Pt dop-
ing (Fig. 2m) [35]. And the higher concentration of sur-
face oxygen vacancies is beneficial for the adsorption and 
activation of ROS and RNS, as well as for the enhance-
ment of SOD/CAT-like activity [36]. Therefore, the XPS 
results not only further confirmed the successful synthe-
sis of PtCuOX/CeO2-X, but also proved its high oxygen 
vacancy exposure and strong inter-elemental electron 
transfer interactions, which were beneficial for improving 
the catalytic performance of PtCuOX/CeO2-X nanozymes.

In addition, PtCuOX/CeO2-X can be uniformly dis-
persed in PBS, 5% H2O2, fetal bovine serum, and culture 
medium containing 10% fetal bovine serum within 7 days 
(Fig. S4). The results showed that the hydration particle 
size and PDI of PtCuOX/CeO2-X remained similar within 
7 days, indicating their good dispersion stability in physi-
ological environments.
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Fig. 3  Photothermal characterization and free radical scavenging ability of PtCuOX/CeO2-X nanozymes. a Photothermal images and b photothermal 
curves of PBS, CeO2, and PtCuOX/CeO2-X (50 μg/mL, 808 nm, 1.0 W/cm2). c Photothermal curve of PtCuOX/CeO2-X (50 μg/mL, 808 nm, 1.0 W/
cm2) to analyze the heating and cooling temperature profiles. d The ·O2

− scavenging ability measured by ESR. e SOD and f CAT activity measured 
by ROS detection kit. g Oxygen content from decomposition of H2O2 by PBS, CeO2, and PtCuOX/CeO2-X. h Oxygen content in the aqueous solution 
of PtCuOX/CeO2-X was measured after repeated addition of H2O2. i ·OH scavenging ability measured by ESR. j Scavenging ability of CeO2, PtCuOX/
CeO2-X, and PtCuOX/CeO2-X + NIR was evaluated for ·OH. k for ABTS. l Schematic diagram of the antioxidant process of PtCuOX/CeO2-X nanozymes. 
Data are expressed as mean ± SD (n = 3). * and # for P < 0.05, ** and ## for P < 0.01, *** and ### for P < 0.001, and **** and #### for P < 0.0001
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(Fig. 3k). RNS scavenging also contributed to the protec-
tion of chondrocytes from oxidative stress damage and 
the restoration of mitochondrial function. Fortunately, 
PtCuOX/CeO2-X also showed good RNS scavenging abil-
ity. The DPPH scavenging rates of PtCuOX/CeO2-X and 
PtCuOX/CeO2-X + NIR were 24.91% and 34.35%, respec-
tively, surpassing that of CeO2 (15.67%, Fig. S9). There-
fore, PtCuOX/CeO2-X nanozymes have photo-enhanced 
SOD/CAT enzyme activity as well as an excellent ability 
to scavenge ROS/RNS (Fig. 3l), which is expected to alle-
viate oxidative stress in the treatment of OA.

DFT studies on the enzyme activity of PtCuOX/CeO2‑X 
nanozymes
We used density functional theory (DFT) calculations 
to investigate the origin of the high SOD/CAT-like cata-
lytic efficiency of PtCuOX/CeO2-X nanozymes. Based on 
the characterization results, we constructed a simulated 
model of PtCuOX/CeO2-X (Fig. S10). The partial density 
of states (PDOS) of PtCuOX/CeO2-X nanozymes showed 
a significant overlap between the Cu, Pt, and CeO2, indi-
cating a strong orbital hybridization and interaction 
among them (Fig.  4a). The differential charge map of 
PtCuOX/CeO2-X nanozymes showed the electron transfer 
between Cu, Pt, and Ce, which facilitated the stabilization 
of Pt and Cu dispersion on CeO2 (Fig. 4b). Importantly, 
the oxygen vacancy formation energy of PtCuOX/CeO2-X 
nanozymes (2.39 eV) was found to be lower than that of 
CeO2 (2.55 eV, Fig. 4c,d), indicating that the introduction 
of Cu and Pt on the CeO2 contributed to the formation 
of oxygen vacancies, which was consistent with the above 
conclusion. In addition, the PtCuOX/CeO2-X nanozymes 
exhibited higher adsorption energies for H2O2, O2, O, 
and H2O compared to CeO2 (Fig. S11a and Table  S4). 
Compared to the CeO2, the differential charge distribu-
tion map of PtCuOX/CeO2-X nanozymes showed electron 
transfer between the PtCuOX/CeO2-X nanozymes, further 
stabilizing the small molecules on the surface (Fig.  4e 
and Fig. S11b). There was a stronger overlap between Cu 
d-orbitals, Pt d-orbitals, and O 2p orbitals with P orbit-
als of small molecules, indicating enhanced adsorption 
of reaction intermediates by PtCuOX/CeO2-X, which was 
beneficial for PtCuOX/CeO2-X nanozymes to catalyze 
SOD/CAT reactions of small molecules.

For the SOD-like catalyzed reaction (Fig. 4f ), the reac-
tion adsorption energies of PtCuOX/CeO2-X nanozymes 
were lower than those of CeO2 at each step (Fig. 4g), indi-
cating that PtCuOX/CeO2-X nanozymes convert ·O2

− to 
H2O2 and O2 more readily than CeO2. Notably, the rate-
limiting step of the SOD-catalyzed process was identified 
as ·O2

− + 2H+  + Cluster+  → H2O2 + Cluster2+. The energy 
barrier for this rate-determining step was reduced by 
PtCuOX/CeO2-X nanozymes (0.22 eV) compared to CeO2 

(0.76  eV), suggesting that the kinetics of the SOD reac-
tion on PtCuOX/CeO2-X were significantly enhanced. We 
used the same analytical method to map the energy dis-
tribution of H2O2 decomposition on CeO2 and PtCuOX/
CeO2-X nanozymes (Fig.  4h, i). The CAT reaction starts 
as H2O2 → * H2O2 → *H2O + *O. The adsorption energy 
of H2O2 on PtCuOX/CeO2-X (-0.6  eV) is higher than its 
adsorption on CeO2 (-0.07 eV, Fig. S11a), indicating that 
H2O2 is more easily adsorbed on PtCuOX/CeO2-X than on 
CeO2, which is more favorable for the subsequent cleav-
age reaction. In addition, the dissociation of adsorbed 
H2O2 into OH (H2O2 → 2OH) is the rate-limiting step for 
PtCuOX/CeO2-X nanozymes to exert CAT enzyme-like 
effects. Compared with CeO2 (0.83 eV), PtCuOX/CeO2-X 
nanozymes (0.54 eV) exhibited a lower energy barrier for 
the rate-determining step, which significantly enhanced 
the CAT reaction kinetics. Therefore, compared with 
CeO2, PtCuOX/CeO2-X nanozymes can increase the 
oxygen vacancies and have stronger electron transfer 
interaction, thus facilitating the adsorption energy for 
reaction intermediates and lowering the energy barrier, 
which improved the SOD/CAT-like reaction kinetics and 
enzyme catalytic activity.

In vitro study of PtCuOX/CeO2‑X nanozymes for ROS/RNS 
scavenging and mitochondrial function protection
Excessive ROS and RNS promote the expression of 
inflammatory factors and also induce chondrocyte apop-
tosis and extracellular matrix degradation, accelerating 
the development of OA [38]. To investigate this, IL-1β-
induced chondrocytes were used as an in  vitro model 
[39]. The optimal concentration for cell growth was first 
determined using a CCK-8 assay (Fig. S12a). Based on 
the results, it was observed that the cell activity remained 
more than 90% in the range of 80  μg/mL, and the best 
cell activity was observed at the concentration of 50 μg/
mL, which was therefore selected as the concentration 
for subsequent validation. Subsequently, as shown in Fig. 
S12b, cell viability was severely inhibited in the IL-1β-
induced inflammation group, while CeO2 and PtCuOX/
CeO2-X nanozymes were able to rescue damaged chon-
drocytes, and this effect was further enhanced by NIR 
light irradiation. Consistent with the results of live-dead 
staining in Fig. S13a, there were a large number of dead 
chondrocytes (red signals) in the inflammation group, the 
live/dead ratio of chondrocytes after IL-1β stimulation 
was 3.71%, CeO2, PtCuOX/CeO2-X, and PtCuOX/CeO2-

X + NIR treatments were increased to 8.02%, 12.08%, 
and 19.92%, respectively (Fig. S13b). The results in Fig. 
S14 showed the presence of Cy5-labeled PtCuOX/CeO2-

X red fluorescence signal in chondrocytes, which gradu-
ally increased within 12  h, indicating that the PtCuOX/
CeO2-X nanozymes were effectively taken up by the cells. 
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Fig. 4  DFT study on the SOD and CAT activities of PtCuOX/CeO2-X nanozymes. a PDOS and b differential charge density map of PtCuOX/CeO2-X. 
c Calculation of the oxygen vacancy formation energy of CeO2 and d PtCuOX/CeO2-X. e Differential charge density map and PDOS of different 
adsorbates (H2O2, O2, O, H2O) adsorbed on the surface of PtCuOX/CeO2-X. f Proposed catalytic mechanism and g Free energy diagrams for SOD-like 
activity of CeO2 and PtCuOX/CeO2-X. h) Proposed catalytic mechanism and i Free energy diagrams for CAT-like activity of CeO2 and PtCuOX/CeO2-X

Detection of intracellular ROS and RNS scavenging 
capacity was performed using specific fluorescent probes, 
including ROS, ·O2

−, ·OH, NO, and O2 (Fig. 5a,b and Fig. 
S15). Minimal fluorescence signals were observed in the 
control group. However, upon IL-1β induction, the fluo-
rescence signals were significantly enhanced, indicating 

the generation of a substantial amount of ROS and RNS. 
Compared with a slight decrease in fluorescence intensity 
of the CeO2 group, the PtCuOX/CeO2-X group showed a 
significant decrease in fluorescence intensity, which was 
better under the NIR irradiation.
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Fig. 5  ROS scavenging, mitochondrial protection, and apoptosis inhibition by PtCuOX/CeO2-X nanozymes in vitro. a Chondrocyte staining 
with various ROS assay kits and b corresponding quantification to assess the scavenging capacity of ROS, ·O2

−, ·OH, and NO, respectively. c 
Chondrocyte staining with mitochondrial membrane potential probe (JC-1) and d corresponding quantification to assess the membrane 
potential. e Chondrocyte staining with MitoSOX probe and f corresponding quantification to assess the level of endogenous ROS. g Chondrocyte 
staining with Fluo-4 AM probe and h corresponding quantification to assess the disturbance of Ca2+ efflux. i) ATP assay kit to assess ATP levels 
in chondrocytes after different treatments. j 7-AAD/Annexin V-APC apoptosis kit to assess apoptosis in chondrocytes after different treatments. k 
Western blotting and l quantitative analysis to assess Bax, Caspase-3, and Bcl-2 protein levels. Concentration: 50 μg/mL; NIR parameters: 808 nm, 
1.0 W/cm2, 5 min. Data are expressed as mean ± SD (n = 3). * and # for P < 0.05, ** and ## for P < 0.01, *** and ### for P < 0.001, and **** and #### 
for P < 0.0001
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The ROS/RNS are products of mitochondrial energy 
metabolism, scavenging excessive ROS/RNS can restore 
mitochondrial dysfunction, thus delaying OA. As 
shown in Fig.  5c,d, IL-1β-induced chondrocytes exhib-
ited increased green fluorescence (JC-1 monomers) and 
decreased red fluorescence (JC-1 aggregates), suggesting 
that mitochondrial damage led to a decrease in mem-
brane potential. With the treatment of CeO2, PtCuOX/
CeO2-X, PtCuOX/CeO2-X + NIR, the red fluorescence 
gradually increased and the green fluorescence gradually 
decreased, indicating that PtCuOX/CeO2-X can signifi-
cantly ameliorate the mitochondrial damage, even bet-
ter under NIR irradiation. The results of the JC-1 flow 
cytometry were consistent with the above results (Fig. 
S16). Similarly, the PtCuOX/CeO2-X + NIR group was 
more effective in scavenging mitochondrial ROS com-
pared to the other four groups (Fig.  5e, f ). In addition, 
IL-1β induced an increase in intracellular Ca2+ accumula-
tion compared to the normal group, indicating impaired 
intracellular Ca2+ homeostasis due to mitochondrial 
damage. However, the abnormal Ca2+ accumulation 
was reduced by the CeO2, PtCuOX/CeO2-X, especially 
PtCuOX/CeO2-X + NIR, indicating the strong mitochon-
drial protective effect (Fig. 5g,h). Furthermore, the aden-
osine triphosphate (ATP) content was used to evaluate 
the intracellular energy metabolism [40]. As shown in 
Fig. 5i, and Fig. S17, PtCuOX/CeO2-X + NIR significantly 
promoted ATP production in IL-1β-induced cells, which 
was more significant than CeO2 and PtCuOX/CeO2-X.

PtCuOX/CeO2-X nanozymes have excellent SOD/
CAT enzyme activity, and their catalytic activity can be 
enhanced by photo thermolysis, which can effectively 
remove ROS/RNS, restore mitochondrial function and 
protect chondrocytes from apoptosis. As shown in 
Fig.  5j, the apoptosis rate of chondrocytes was gradu-
ally decreased by the CeO2 (22.4%), PtCuOX/CeO2-X 
(15.2%), and PtCuOX/CeO2-X + NIR (10.6%) groups com-
pared with the IL-1β group (37.7%). Mechanistically, 
Bax, Caspase-3, and Bcl-2 [41–43], as key apoptotic fac-
tors in their activated state, can provide insights into the 
intrinsic properties of PtCuOX/CeO2-X nanozymes in 
inhibiting apoptosis. Fig. S18 shows an increase in the 
expression of Bax and Caspase-3 and a decrease in Bcl-2 
in the IL-1β group. However, compared with the control 
and CeO2 groups, PtCuOX/CeO2-X nanozymes effec-
tively reversed these changes, and the effect was further 
enhanced by NIR irradiation. The above results were fur-
ther confirmed by Western blot analysis (Fig. 5k, l).

PtCuOX/CeO2‑X nanozymes reduce oxidative stress 
for anti‑inflammatory effects
Inflammatory degeneration was a typical feature of OA 
progression [44]. To elucidate the anti-inflammatory 

capacity of PtCuOX/CeO2-X nanozymes, we performed 
gene expression analysis of relevant inflammatory mark-
ers. It is well known that interleukin 6 (IL-6), in addition 
to matrix metalloproteinase 13 (MMP-13), plays a key 
role in the induction of matrix-degrading enzymes that 
contribute to cartilage degeneration and metastasis. In 
contrast, Col2a1 is a critical component of the extracel-
lular matrix essential for cartilage regeneration [45–47]. 
Figure 6a showed that the IL-1β group had higher fluo-
rescence intensity (IL-6 and MMP-13) and lower expres-
sion of Col2a1 compared to the normal group. However, 
the expression of IL-6 and MMP-13 induced by IL-1β 
was reversed by CeO2 and PtCuOX/CeO2-X treatments. 
Moreover, under NIR irradiation, the effect of PtCuOX/
CeO2-X was even more significant (Fig. 6b).

In addition, the results of quantitative real-time poly-
merase chain reaction (qRT-PCR) showed that compared 
with the normal group, MMP-13, IL-6, tumor necrosis 
factor α (TNF-α), and inducible nitric oxide synthase 
(iNOS) were significantly upregulated, while Col2α1 
and aggregated proteoglycan (ACAN) were signifi-
cantly downregulated in the IL-1β group [48–50]. Com-
pared with the IL-1β group, CeO2, and PtCuOX/CeO2-X 
nanozymes decreased the expression of inflammatory 
genes, especially under NIR irradiation. And PtCuOX/
CeO2-X + NIR group also increased the expression of 
ACAN and Col2a1 (Fig. 6c). The results of the ELISA test 
further confirmed the above results (Fig. S19).

Mechanistically, the ROS/Rac-1/NF-κB pathway plays 
a key role in accelerating the progression of OA dur-
ing the inflammatory response, catabolism, and apop-
tosis [51]. In OA, overproduction of ROS is involved 
in multiple signaling pathways activated by injury or 
cytokines, including causing an increase in the activa-
tion of ras-related C3 botulinum toxin substrate 1 (Rac-1) 
and activation of the nuclear factor-κB (NF-κB) pathway 
to amplify the inflammatory response [52, 53]. Aber-
rant activation of Rac-1 and NF-κB can exacerbate joint 
damage by promoting tissue inflammation, synthesis of 
catabolic factors, and apoptosis of articular chondrocytes 
[54. Further, in the activated state, the IκB protein in the 
cytoplasm is phosphorylated and degraded upon chemi-
cal or mechanical stimulation. Subsequently, NF-κB 
dimers are released and translocated to the nucleus 
to induce transcription of target genes. In response to 
IL-1β, NF-κB is markedly upregulated, promotes nuclear 
translocation of p65, activates Rac-1, and contributes to 
the progression of inflammation [55]. Western blotting 
analyses showed that the PtCuOX/CeO2-X nanozymes 
significantly inhibited IL-1β-induced elevation of Rac-1 
protein levels and p-p65/p65 ratio, and this effect was 
enhanced under NIR irradiation (Fig.  6d-f ). Therefore, 
PtCuOX/CeO2-X nanozymes remodel the IL-1β-induced 
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Fig. 6  Anti-inflammatory and protective effects of PtCuOX/CeO2-X nanozymes at the cellular level and their mechanisms. a Fluorescence images 
and b quantification of fluorescence intensity of immunofluorescence staining (MMP-13, IL-6, and Col2a1) of chondrocytes to evaluate relative 
protein expression levels. c) Relative RNA expression levels of inflammatory genes (MMP-13, IL-6, TNF-α, iNOS,) and chondrocyte-specific genes 
(ACAN and Col2a1) in chondrocytes after different treatments evaluated by qRT-PCR. d Western blot and e–f quantification analysis to evaluate 
the protein levels of Rac1, p-p65, and p65. g Mechanism of action of PtCuOX/CeO2-X nanozymes on ROS/Rac-1/NF-κB signaling pathway. 
Concentration: 50 μg/mL; NIR Parameters: Wavelength: 808 nm, Power: 1.0 W/cm2, and Duration: 5 min. Data are expressed as mean ± SD (n = 3). * 
and # for P < 0.05, ** and ## for P < 0.01, *** and ### for P < 0.001, and **** and #### for P < 0.0001
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microenvironment in chondrocytes by attenuating the 
ROS/Rac-1/NF-κB signaling pathway, thereby ameliorat-
ing OA (Fig. 6g).

In vivo study of PtCuOX/CeO2‑X nanozymes for OA therapy
To further evaluate the therapeutic effect of PtCuOX/
CeO2-X nanozymes on OA in  vivo, we established an 
OA model using anterior cruciate ligament dissection 
(ACLT) [56] (Fig. 7a). The in vivo photothermal effect of 
PtCuOX/CeO2-X nanozymes confirmed their potential for 
photothermal therapy (Fig. 7b,c). PtCuOX/CeO2-X nano-
particles had cartilage penetration ability and could effec-
tively penetrate the extracellular matrix into the cartilage 
layer and even the subchondral bone (Fig. S20). In addi-
tion, PtCuOX/CeO2-X was mainly metabolized through 
the hepatic and renal pathways after intra-articular injec-
tion and was cleared within 1  week (Fig. S21). Interest-
ingly, PtCuOX/CeO2-X did not induce immune rejection. 
(Fig. S22 and Fig. S23). As shown in Fig. 7d, after 4 and 
8  weeks of treatment, the femoral and tibial articular 
surfaces and cartilage surfaces were smooth in the sham 
group. However, in the OA group, the articular cartilage 
layer showed obvious wear, with concave and convex sur-
faces, as well as obvious bone erosion and fissures, indi-
cating the successful establishment of the OA rat model. 
After treatment with PtCuOX/CeO2-X nanozymes, car-
tilage damage, and erosion were significantly reduced, 
and the effect was better under NIR irradiation. Based on 
the Pelletier score [57], the PtCuOX/CeO2-X + NIR group 
showed a significant decrease in score compared to the 
OA group, with a decrease of 60.51% and 60.91% at 4 and 
8  weeks, respectively (Fig.  7e). Next, hematoxylin and 
eosin (H&E) staining (Fig.  7f ) and safranin O staining 
(Fig. 7g) showed significant fissures, matrix loss, thin and 
irregular cartilage layer, and significant cartilage layer 
destruction in the OA group compared with the nor-
mal group. Fortunately, PtCuOX/CeO2-X nanozymes can 
effectively reverse the above pathological changes, espe-
cially after supplementation with NIR radiation, and the 
articular surface can be restored to a near-normal level. 
Finally, according to the OARSI score [58] (Fig. 7h), after 
treatment with PtCuOX/CeO2-X nanozymes, the score 
decreased by 46.65% compared with the OA group and 
significantly decreased by 74.15% under NIR irradia-
tion. Therefore, PtCuOX/CeO2-X nanozymes exhibit sig-
nificant cartilage protection with the assistance of NIR 
irradiation.

Immunohistochemical staining showed that the OA 
group had the highest number of brown heterostained 
particles, indicating a significant expression of MMP-13, 
IL-6, Rac-1, and p-p65. However, the PtCuOX/CeO2-X 
nanozymes downregulated the expression of the above 
proteins beyond the effect of CeO2 alone. Moreover, the 

effect was further enhanced under NIR irradiation. In 
addition, compared with CeO2 alone, PtCuOX/CeO2-X 
nanozymes upregulated the expression level of Col2a1 
protein, indicating that it promoted cartilage repair 
(Fig. 8a and Fig. S24). Next, an ELISA assay to assess the 
level of expression of inflammatory factors in the syno-
vial fluid yielded results consistent with those described 
above (Fig.  8b). Meanwhile, the ROS content in articu-
lar cartilage of the OA group was 14.52 times higher 
than that of the sham group. The ROS content of CeO2, 
PtCuOX/CeO2-X, and PtCuOX/CeO2-X + NIR group in 
articular cartilage gradually decreased. Especially, the 
PtCuOX/CeO2-X + NIR group showed a 68% decrease, 
indicating that it had the best effect in scavenging ROS 
from articular cartilage (Fig. S25). Under the ROS per-
sisted, PtCuOX/CeO2-X continued to exert antioxidant 
effects [59] (Fig. S26). Next, as shown in Fig.  8c-e, the 
results of gait analysis indicated that the PtCuOX/CeO2-

X + NIR group showed the most favorable recovery in 
walking time and average walking speed compared to the 
OA group.

Finally, the result of H&E staining (Fig. S27) indicated 
that the major organs showed no significant histopatho-
logical necrosis or inflammatory lesions, suggesting that 
there was no internal organ damage during the OA treat-
ment with PtCuOX/CeO2-X nanozymes. Similarly, the 
results of the hemolysis experiment further supported 
the above findings (Fig. S28). The results of blood bio-
chemical analysis in rats showed no difference in bio-
chemical indicators in the PtCuOX/CeO2-X + NIR group 
compared with the sham group (Fig. S29). Therefore, 
PtCuOX/CeO2-X nanozymes have good biosafety in  vivo 
and have excellent potential for the treatment of OA.

Conclusion
In summary, according to the "defect engineer-
ing construction strategy", we developed PtCuOX/
CeO2-X nanozymes as highly efficient SOD/CAT mim-
ics by introducing bimetallic Cu and Pt into CeO2 
nanospheres to enhance the oxygen vacancies, in an 
attempt to combine NIR irradiation to regulate micro-
environment for OA therapy. Doping Cu and Pt on 
CeO2 significantly increased the Ce3+/Ce4+ ratio to 
enhance the oxygen vacancies, while CeO2(111) pro-
moted the homogeneous dispersion of Cu and Pt. In 
particular, the DFT results proved that the PtCuOX/
CeO2-X nanozymes decreased the oxygen vacancy for-
mation energy, promoted electron transfer, exposed 
the active center, increased the interfacial adsorption 
energy, and decreased the reaction activation energy, 
thus improving the SOD/CAT-like activity. Besides, 
the nanozymes have excellent photothermal conver-
sion efficiency (55.41%). Further, PtCuOX/CeO2-X 
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Fig. 7  PtCuOX/CeO2-X nanozymes alleviate the ACLT model in rats. a Schematic illustration of the PtCuOX/CeO2-X therapeutic process. b 
Photothermal images and c photothermal curves of rat knee joints after the injection of PBS, CeO2, and PtCuOX/CeO2-X, respectively. d Gross 
observations and e macroscopic scores of knee joints at 4 and 8 weeks. f HE stained images, g safranin O staining, and h OARSI scores of knee joints 
at 4 and 8 weeks. Concentration: 50 μg/mL and 100 μL per injection, with injections once a week. NIR Parameters: Wavelength: 808 nm, Power: 1.0 
W/cm2, and Duration: 5 min. Data are expressed as mean ± SD (n = 3). * and # for P < 0.05, ** and ## for P < 0.01, *** and ### for P < 0.001, and **** 
and #### for P < 0.0001
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nanozymes effectively scavenged intracellular ROS and 
RNS, protected mitochondrial function, and inhibited 
the inflammatory factors, thus reducing chondrocyte 

apoptosis. In  vivo, experiments demonstrated the 
biosafety of PtCuOX/CeO2-X and its potent effect on 
OA suppression. In particular, NIR radiation further 

Fig. 8  In vivo treatment with PtCuOX/CeO2-X nanozymes to inhibit inflammatory gene expression and attenuate OA. a IHC staining of the articular 
cartilage after 4 and 8 weeks of treatment. b Levels of inflammatory factors (MMP-13, IL-6) and chondrocyte-specific genes (Col2a1) in synovial 
fluid were determined using ELISA kits after 8 weeks of treatment. c Paw prints of rats walking on the CaitWalk platform. d Left hind paw swing 
time and e walking speed were measured using gait analysis after 4 and 8 weeks of treatment. Concentration: 50 μg/mL and 100 μL per injection, 
with injections once a week. NIR Parameters: Wavelength: 808 nm, Power: 1.0 W/cm2, and Duration: 5 min. Data are expressed as mean ± SD (n = 3). * 
and # for P < 0.05, ** and ## for P < 0.01, *** and ### for P < 0.001, and **** and #### for P < 0.0001
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enhanced the effects. Mechanistically, PtCuOX/CeO2-X 
nanozymes reduced Rac-1 and p-p65 protein expres-
sion, and ROS levels to remodel the inflammatory 
microenvironment by inhibiting the ROS/Rac-1/NF-κB 
signaling pathway. This study is a promising strategy for 
the treatment of various ROS-mediated inflammatory 
diseases.
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