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Abstract 

Rheumatoid arthritis (RA) remains a formidable clinical challenge due to the vicious 

cycle of hyperactivated M1 macrophages, excessive reactive oxygen species (ROS), 

and sustained pro-inflammatory cytokine storm. Herein, we rationally engineer a 

targeted copper-based nanozyme platform (CPPF NPs) with sequential dual-

wavelength phototherapy-enzymatic activities for spatiotemporally controlled 

macrophage homeostasis regulation in RA treatment. The CPPF NPs are fabricated via 

a stepwise surface engineering strategy, consisting of a copper-based nanozyme core 

with intrinsic superoxide dismutase (SOD)- and catalase (CAT)-like cascade activities, 

a polydopamine (PDA) photothermal conversion layer, a porphyrin (Por) 

photosensitizer, and a folic acid (FA) targeting ligand. Via FA-mediated active targeting 

toward M1 macrophages overexpressing folate receptors, CPPF NPs selectively 

accumulate in inflamed joints. Upon sequential laser irradiation, CPPF NPs first exert 

photodynamic therapy (PDT, 660 nm) to trigger rapid apoptosis of pro-inflammatory 

M1 macrophages, cutting off the source of inflammation at an early stage. Subsequently, 

mild photothermal therapy (PTT, 808 nm) cooperates with the inherent antioxidant 

nanozyme activity to scavenge residual ROS, upregulate heat shock protein 70 (HSP70) 

expression, and redirect residual macrophages toward the anti-inflammatory M2 

phenotype. Such an “apoptosis induction–immune remodeling” sequential strategy 

effectively breaks the vicious cycle of oxidative stress and inflammation, thereby 

comprehensively remodeling the RA microenvironment. This work presents an 

integrated and biosafe nanotherapeutic strategy for precise and sequential treatment of 

RA, offering a promising paradigm for the intervention of other inflammation-related 

diseases. 
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Background 

Rheumatoid arthritis (RA) is a chronic, systemic autoimmune disease characterized by 

persistent synovial inflammation, progressive cartilage destruction, and bone erosion, 

affecting approximately 1% of the global population [1, 2]. Despite significant 

advances in therapeutic strategies, including non-steroidal anti-inflammatory drugs 

(NSAIDs), disease-modifying antirheumatic drugs (DMARDs), and biological agents, 

the clinical management of RA remains challenging. Conventional treatments often 

suffer from systemic side effects, drug resistance, and inability to achieve long-term 

remission, highlighting the urgent need for novel, targeted, and multifunctional 

therapeutic approaches [3, 4].  

The pathogenesis of RA is driven by a complex interplay between immune 

dysregulation and tissue destruction, with macrophage polarization imbalance playing 

a significant role [5-7]. In healthy joints, macrophages maintain a homeostatic balance 

between pro-inflammatory M1 and anti-inflammatory M2 phenotypes. However, in RA, 

the synovial microenvironment is dominated by hyperactivated M1 macrophages, 

which secrete excessive reactive oxygen species (ROS) and pro-inflammatory 

cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and 

interleukin-6 (IL-6) [8, 9]. These mediators not only directly induce chondrocyte 

apoptosis and extracellular matrix degradation but also recruit and activate additional 

immune cells, creating a self-sustaining vicious cycle of oxidative stress and 

inflammation [10, 11]. Crucially, persistent inflammation severely impairs 

microvasculature, creating a highly hypoxic microenvironment that further exacerbates 

M1 polarization and ROS accumulation [12-14]. Accumulating evidence indicates that 

disrupting this pathological cycle by selectively eliminating pathogenic M1 

macrophages and restoring macrophage homeostasis represents a promising therapeutic 

strategy for RA [15-17]. 

In recent years, phototherapies including photodynamic therapy (PDT) and 



photothermal therapy (PTT) have emerged as attractive alternatives for RA treatment 

due to their non-invasiveness, spatiotemporal controllability, and low systemic toxicity 

[18-20]. PDT utilizes photosensitizers to generate cytotoxic ROS under specific 

wavelength irradiation, effectively inducing apoptosis in rapidly proliferating 

inflammatory cells [20-22]. However, conventional PDT often lacks sustained 

regulation of the residual oxidative stress after cell clearance, which may reactivate 

inflammatory pathways. On the other hand, mild PTT (42–46 ℃) has been shown to 

exert immunomodulatory effects by upregulating heat shock protein 70 (HSP70), which 

inhibits NF-κB signaling and promotes M2 macrophage polarization [23-26]. 

Nevertheless, mild PTT alone is insufficient to rapidly eliminate the large population 

of pathogenic M1 macrophages that serve as the primary source of inflammation [27, 

28]. Therefore, integrating PDT and PTT with complementary mechanisms could 

potentially achieve superior therapeutic outcomes by combining rapid cell killing with 

long-term immune remodeling [29]. 

Nanozymes, functional nanomaterials with intrinsic enzyme-mimetic activities, have 

revolutionized the field of inflammatory disease therapy by providing a robust platform 

for simultaneous ROS scavenging and immune regulation [30-32]. Among various 

nanozymes, copper-based nanozymes have attracted particular attention due to their 

excellent biocompatibility, facile synthesis, and cascade catalytic activities resembling 

superoxide dismutase (SOD) and catalase (CAT) [33, 34]. These activities enable 

copper-based nanozymes to efficiently convert toxic superoxide anions (•O2
-) and 

hydrogen peroxide (H2O2) into harmless water and oxygen, thereby alleviating 

oxidative stress and hypoxia in the inflammatory microenvironment [33, 35]. However, 

the therapeutic efficacy of unmodified copper-based nanozymes is limited by their poor 

aqueous solubility and lack of targeting capability, leading to non-specific distribution 

and reduced accumulation at inflamed joints. 

To address these challenges, we herein report a rationally designed targeted nanozyme 

platform, CuTA@PDA-Por/FA (CPPF NPs), for sequential phototherapy-enzymatic 

synergistic therapy of RA. The CPPF NPs were constructed via a stepwise surface 



engineering strategy: a copper tannic acid coordination (CuTA) nanozyme core with 

cascade catalytic activity was coated with a polydopamine (PDA) shell, which was 

further functionalized with the photosensitizer porphyrin (Por) and the targeting ligand 

folic acid (FA). Specifically, the design rationale of CPPF NPs follows a biologically 

dictated “clearance first, remodeling later” sequential therapeutic logic: folic acid-

mediated active targeting enables specific accumulation of CPPF NPs in activated M1 

macrophages that overexpress folate receptor [20, 36]; the CAT-like activity of the 

CuTA core generates oxygen to alleviate hypoxia, thereby potentiating Por-mediated 

PDT effects to induce rapid apoptosis of M1 macrophages upon 660 nm laser irradiation, 

immediately blocking the main source of pro-inflammatory mediators; subsequent 808 

nm laser irradiation elicits mild PTT from the PDA shell, which synergizes with the 

intrinsic SOD/CAT activities of the CuTA core to scavenge residual ROS, upregulate 

HSP70 expression, and drive macrophage polarization toward the anti-inflammatory 

M2 phenotype. This integrated strategy effectively breaks the vicious cycle of oxidative 

stress and inflammation, leading to comprehensive remodeling of the RA 

microenvironment. This work not only provides a novel multifunctional nanozyme 

platform for RA treatment but also offers a generalizable strategy for the management 

of other inflammatory diseases characterized by macrophage dysregulation. 

 

Scheme 1. Synthesis of CPPF NPs, and illustration of sequential phototherapy-



enzymatic therapy for orchestrating macrophage homeostasis in RA. 

Materials and methods 

Materials 

Copper sulfate pentahydrate, tannic acid (TA), dopamine hydrochloride, 

tris(hydroxymethyl)aminomethane (Tris) buffer, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide 

(NHS), 1,3-diphenylisobenzofuran (DPBF) and hydrogen peroxide (H2O2) were 

purchased from Aladdin Biochemical Technology Co., Ltd. 5-(4-Carboxyphenyl)-

10,15,20-triphenylporphyrin (Por-COOH) was acquired from Zhengzhou Alfa 

Chemical Co., Ltd., while thiolated polyethylene glycol-folic acid (SH-PEG-FA) was 

supplied by Ruixi Biological Technology Co., Ltd. PE-conjugated anti-mouse CD86 

and FITC-conjugated anti-mouse CD206 antibodies were obtained from Elabscience 

Biotechnology. Cell Counting Kit-8 (CCK-8), 2',7'-dichlorofluorescein diacetate 

(DCFH-DA), Annexin V-FITC/PI apoptosis detection kit, ABTS total antioxidant 

capacity assay kit, SOD assay kit (WST-8 method) and catalase assay kit were all 

procured from Beyotime Biotechnology. 

Synthesis of CuTA@PDA-Por/FA (CPPF) NPs 

CuTA were fabricated through a straightforward metal-ligand coordination reaction 

between copper ions and TA. In a typical procedure, 81 mg of TA and 2625 mg of 

copper sulfate pentahydrate were individually dissolved in deionized water, and the two 

solutions were mixed and diluted to a total volume of 150 mL. The pH of the mixture 

was adjusted to 7.4 by dropwise addition of approximately 7 mL of 2 M sodium 

hydroxide solution. The reaction system was then placed in a 60 ℃ preheated oil bath 

and stirred continuously for 5 hours. The obtained brown precipitate was harvested by 

centrifugation at 6000 rpm for 3 minutes, washed three times with deionized water and 

once with absolute ethanol, and dried under vacuum at 60 ℃ for 1 hour. The purified 

CuTA were stored at 4 ℃ for subsequent experiments. 

The multifunctional CPPF NPs were synthesized via a stepwise surface 



functionalization strategy. Briefly, 50 mg of CuTA powder was dispersed in 50 mL Tris 

buffer (pH 8.5) by ultrasonication for 15 min, followed by the addition of 50 mg 

dopamine hydrochloride. The in situ polymerization reaction proceeded at room 

temperature to form CuTA@PDA (CP) NPs, which were collected by centrifugation at 

12,000 rpm for 10 min, washed three times with deionized water, and lyophilized. 

Subsequently, 2.5 mg Por-COOH was dissolved in 20 mL deionized water and activated 

with 6.80 mg EDC and 2.05 mg NHS for 30 min at room temperature under a nitrogen 

atmosphere. 50 mg of CP NPs dispersed in 20 mL deionized water were then added, 

and the amide condensation reaction continued for 24 h in the dark. The resulting 

CuTA@PDA-Por (CPP) NPs were purified by centrifugation and lyophilization. Finally, 

50 mg of CPP NPs were dispersed in 40 mL deionized water by ultrasonication, and 20 

mg of SH-PEG-FA were added. The Michael addition reaction proceeded at room 

temperature for 12 h in the dark under nitrogen atmosphere. The final CPPF NPs were 

also collected by centrifugation and lyophilization. 

Characterization 

The morphology and structure of the nanoparticles were observed by transmission 

electron microscopy (TEM, JEM2010, Japan). The hydrated particle size distribution 

and zeta potential were determined by dynamic light scattering (DLS, Nano ZS90, UK). 

The UV-visible absorption spectra were recorded using a UV-vis spectrophotometer 

(PerkinElmer LAMBDA 950, USA). Fourier transform infrared spectra were obtained 

via a Fourier transform infrared spectrometer (FTIR, Nicolet 5700, USA). The crystal 

structures of the samples were confirmed by X-ray diffraction (XRD, Bruker D8 

Advance, Germany). Raman spectra were recorded on a Raman microscope (Renishaw 

inVia, UK) with a 785 nm laser excitation source. The elemental composition and 

chemical valence states were analyzed by X-ray photoelectron spectroscopy (XPS, 

Thermo Fisher Scientific, USA). The specific surface area and pore structure 

parameters were derived from N2 adsorption-desorption isotherms using a Brunauer-

Emmett-Teller surface area analyzer (BET, Kubo X1000, China). 

Por loading content and entrapment efficiency determination 



The Por loading content and entrapment efficiency were determined by measuring the 

concentration of unbound free Por in the supernatant after CPP synthesis. The 

absorbance of the supernatant at 575 nm was measured using a UV-vis 

spectrophotometer, and the concentration of free Por was calculated based on a pre-

established Por standard curve. The Por loading content and entrapment efficiency were 

calculated according to the following equations: 

Loading content (%) = (Amount of loaded Por / Amount of CPP NPs) × 100% 

Entrapment efficiency (%) = (Amount of loaded Por / Amount of initial Por) × 100% 

PDT and PTT performance evaluation 

DPBF was used as a chemical probe to detect the generation of singlet oxygen. In a 

typical experiment, DPBF was added to CPPF solutions to record the absorbance 

intensity at 420 nm. The absorbance was measured every 30 seconds during 660 nm 

laser irradiation. A DPBF solution without CPPF NPs was used as the control. 

CPPF NPs solutions with different concentrations (0-400 μg/mL) were irradiated with 

an 808 nm laser for 10 min, and the temperature was recorded every 30 s using a digital 

thermometer. Infrared thermal images were captured at different time points using a 

thermal camera. The PTT stability of CPPF NPs was evaluated through four 

consecutive heating-cooling cycles. Briefly, 3 mL of CPPF NPs solution was irradiated 

with an 808 nm laser for 10 min, then allowed to cool to room temperature naturally. 

This cycle was repeated four times, and the temperature change was recorded in each 

cycle. To evaluate the long-term PTT stability, the same experiment was repeated with 

1-day intervals between cycles. 

Antioxidant and enzyme-mimetic activity assays 

To comprehensively evaluate the antioxidant capacity and enzyme mimetic activity of 

CPPF NPs, ABTS radical scavenging assay, WST-8-based SOD-like activity assay, and 

catalase-like activity assay were performed according to the instructions. Different 

concentrations of CPPF NPs were first prepared to investigate the dose-dependent 



antioxidant and enzymatic effects. Subsequently, the antioxidant and enzymatic 

activities of CuTA, CPPF, and laser-pretreated CPPF (CPPF+L, pre-irradiated with 660 

nm laser for 3 min) were compared under identical experimental conditions to assess 

the impact of surface modification and short-term PDT on nanozyme performance. 

CV measurements were performed on a CHI 660E electrochemical workstation using 

a standard three-electrode system. A glassy carbon electrode modified with CPPF NPs 

served as the working electrode, a 1 cm2 platinum sheet as the counter electrode, and a 

saturated calomel electrode as the reference electrode. All measurements were 

conducted in 25 mL of 0.1 M tetrabutylammonium hexafluorophosphate in 

dichloromethane solution. The potential was scanned from -2.24 V to +2.24 V vs. SCE 

at a scan rate of 100 mV/s. A blank CV scan of the pure electrolyte solution was 

recorded prior to sample measurements. 

Intracellular ROS scavenging assay 

Intracellular ROS levels were detected using the DCFH-DA fluorescent probe. Briefly, 

RAW 264.7 cells were seeded in confocal microscopy dishes (35 mm) at a density of 1 

× 105 cells per dish and allowed to adhere overnight, cells were then stimulated with 1 

μg/mL LPS for 24 h. Subsequently, LPS-treated cells were incubated with CPPF NPs 

at concentrations of 50 μg/mL or 100 μg/mL for another 24 h. For the laser-pretreated 

group, CPPF NPs at 100 μg/mL were pre-irradiated with a 660 nm laser for 3 min and 

incubated at room temperature for 30 min before being added to the cells. After 

incubation, cells were washed three times with PBS, and stained with DCFH-DA at 37 ℃ 

for 20 min in the dark. Following three additional washes with PBS, cell nuclei were 

counterstained with Hoechst 33342 and visualized by CLSM. 

Cytotoxicity assay 

The cytotoxicity of CPPF NPs was evaluated using the CCK-8 assay. RAW 264.7 

macrophages or ATDC5 chondrocytes were seeded in 96-well plates at a density of 5 × 

10³ cells/well and cultured overnight. The culture medium was then replaced with fresh 

medium containing different concentrations of CPPF NPs (0-200 μg/mL). After 



incubation for 24 h, CCK-8 solution was added to each well, and the plates were 

incubated at 37 ℃ for 3 h. The absorbance at 450 nm was measured using a microplate 

reader.  

Hemolysis assay 

Fresh mouse blood was collected into EDTA-anticoagulant tubes and centrifuged at 

1500 rpm for 10 minutes to isolate red blood cells (RBCs). The obtained RBCs were 

washed three times with PBS and resuspended to prepare a 10% RBC suspension. 

Subsequently, equal volumes of the RBC suspension were mixed with CPPF solutions 

at various concentrations. PBS and deionized water were employed as the negative and 

positive controls, respectively. After incubation at 37 ℃ for 2 hours, all samples were 

centrifuged, and the absorbance of the supernatants at 540 nm was determined using a 

microplate spectrophotometer. 

In vitro cellular uptake assay 

RAW 264.7 macrophages were seeded in confocal microscopy dishes and stimulated 

with 1 μg/mL LPS for 24 h after adhesion. The culture medium was then replaced with 

fresh medium containing CPPF NPs, and the cells were incubated for different time 

intervals (2, 4, 6, 8 h). At each time point, the cells were washed with PBS, fixed with 

4% paraformaldehyde for 10 min, and stained with DAPI for 5 min to label the nuclei. 

The cellular uptake of CPPF NPs was finally observed by CLSM. For quantitative 

analysis by flow cytometry, cells were seeded, stimulated, and incubated with CPPF 

NPs under the same conditions as described above. At each designated time point, cells 

were harvested, washed and analyzed by flow cytometry.  

To verify the FA-mediated targeting ability of CPPF NPs, flow cytometry analysis was 

performed. RAW 264.7 macrophages were seeded in 6-well plates and stimulated with 

1 μg/mL LPS for 24 h. Then they were divided into 4 groups: Control group, CPP group, 

CPPF group, and FA blocking group (pre-incubated with 1 mM free FA for 1 h to block 

cell surface folate receptors). After incubation, the cells were harvested and analyzed 

using a flow cytometer. In addition, the phenotype-dependent cellular uptake of CPPF 



NPs was also evaluated by flow cytometry. RAW 264.7 macrophages were seeded in 

6-well plates at a density and polarized to different phenotypes: M0 (untreated), M1 

(stimulated with 1 μg/mL LPS for 24 h), and M2 (stimulated with 50 ng/mL IL-4 for 

12 h) [20]. Subsequently, the cells were incubated with CPPF for 6 h. After incubation, 

the cells were harvested and analyzed. 

Intracellular PTT and PDT effects 

The intracellular PTT of CPPF NPs in different macrophage phenotypes was evaluated 

using an infrared thermal imager and thermometer. RAW 264.7 macrophages were 

seeded in 6-well plates at a density of 1 × 10⁵ cells/well, stimulated and divided into 

three groups: Control, M0, and M1. The culture medium was replaced with fresh 

medium containing CPPF NPs for the M0 and M1 groups, while the Control group was 

incubated with an equal volume of PBS. After 6 h of incubation, all cells were washed 

three times with PBS and irradiated with an 808 nm laser for 5 min. The temperature 

changes and infrared thermal images were recorded every 1 min during laser irradiation. 

The cytotoxicity of CPPF NPs-mediated PDT against pro-inflammatory M1 

macrophages was assessed by CCK-8 assay. M1-polarized RAW 264.7 macrophages 

were seeded in 96-well plates at a density of 5 × 10³ cells/well and incubated for 24 h. 

The cells were incubated with different concentrations of CPPF NPs for 6 h, then 

washed with PBS and irradiated with a 660 nm laser for 3 min. After an additional 24 

h incubation, CCK-8 reagent was added to each well, and the plates were further 

incubated at 37 ℃ for 3 h before measuring the absorbance at 450 nm. 

Subsequently, to further clarify the mechanism of cell death induced by CPPF NPs-

based sequential phototherapy, Annexin V-FITC/PI staining was performed to quantify 

apoptotic cell populations. RAW 264.7 macrophages were seeded in 6-well plates and 

M1-polarized, the cells were then divided into five groups: Control (untreated); Laser 

(irradiated with 660 nm laser for 3 min followed by 808 nm laser for 15 min); NPs 

(incubated with CPPF NPs for 6 h); (4) NPs+660 nm (incubated with CPPF NPs for 6 

h, then irradiated with 660 nm laser for 3 min); (5) NPs+660/808 nm (incubated with 



CPPF NPs for 6 h, then irradiated with 660 nm laser for 3 min followed by 808 nm 

laser for 15 min). After treatment, the cells were incubated for another 6 h, collected, 

and stained with Annexin V-FITC and PI according to the manufacturer's instructions. 

The apoptotic cell population was analyzed by flow cytometry. 

Macrophage polarization assay 

RAW 264.7 macrophages were seeded in 6-well plates at a density of 2 × 10⁵ cells/well 

and incubated for 24 h. The cells were stimulated with 1 μg/mL LPS for 24 h to induce 

M1 polarization, and then divided into five groups: Control group, Laser group, NPs 

group, NPs+660 nm group, and NPs+660/808 nm group. Importantly, all cells were 

treated for a total of 3 days: 660 nm laser irradiation was performed only on day 1 for 

3 min, while 808 nm laser irradiation was applied daily for 15 min. 

For immunofluorescence staining, the cells were fixed with 4% paraformaldehyde for 

10 min, permeabilized with 0.2% Triton X-100 for 10 min, and blocked with blocking 

goat serum for 1 h at 37 ℃. The cells were then incubated with primary antibodies 

against iNOS (1:500) and CD206 (1:500) overnight at 4 ℃, followed by incubation 

with Alexa Fluor 594-conjugated secondary antibodies (1:1000) for 1 h at room 

temperature. The nuclei were stained with DAPI for 5 min, and the cells were observed 

by CLSM. 

For flow cytometry analysis, the cells were collected, washed with PBS, and stained 

with PE-conjugated anti-mouse CD86 and FITC-conjugated anti-mouse CD206 for 30 

min at 4 ℃ in the dark. The stained cells were analyzed by flow cytometry. 

For Western blot analysis, the cells were lysed with RIPA lysis buffer containing 

protease inhibitors. The protein concentration was determined using the BCA protein 

assay kit. Equal amounts of protein were separated by SDS-PAGE and transferred to 

PVDF membranes. The membranes were blocked with 5% skim milk for 2 h at room 

temperature, then incubated with primary antibodies against iNOS (1:1000), HSP70 

(1:1000), and GAPDH (1:5000) overnight at 4 ℃. After washing three times with TBST, 

the membranes were incubated with HRP-conjugated secondary antibodies (1:5000) 



for 1 h at room temperature. The protein bands were visualized using an enhanced 

chemiluminescence reagent, and the band intensities were quantified using ImageJ 

software. 

For ELISA analysis, the cell culture supernatants were collected, and the concentrations 

of TNF-α, IL-1β, IL-6, IL-10, and TGF-β were measured using commercial ELISA kits 

according to the manufacturers' instructions. 

Transcriptomic analysis 

LPS-induced M1 macrophages were divided into three groups: (1) Control (LPS only); 

(2) NPs (LPS + CPPF NPs); (3) NPs+L (LPS + CPPF NPs + 660 nm laser irradiation 

for 3 min). After treatment, the cells were incubated for another 24 h. Total RNA was 

extracted using Trizol reagent. For functional analysis, GO and KEGG pathway 

enrichment analyses were conducted utilizing Hiplot Cloud (https://hiplot.com.cn/). 

Transwell co-culture experiment 

Transwell co-culture experiments were performed using 24-well Transwell inserts. 

RAW 264.7 macrophages were seeded in the upper chamber at a density of 5 × 103 

cells/well and stimulated with 1 μg/mL LPS for 24 h to induce M1 polarization. The 

macrophages were then treated with different regimens as described in section 4.12. 

Meanwhile, ATDC5 chondrocytes or BMSCs were seeded in another 24-well plate at a 

density of 1 × 104 cells/well. After different treatment, the upper chamber containing 

RAW 264.7 was transferred to the lower chamber containing chondrocytes or BMSCs, 

and the cells were co-cultured for 48 h. After co-culture, the viability of ATDC5 

chondrocytes and BMSCs in the lower chamber was measured using the CCK-8 assay. 

The protein expression of MMP13, Col2a1, and Sox9 in ATDC5 cells was detected by 

Western blot analysis. The concentrations of TNF-α, IL-1β, and IL-10 in the co-culture 

supernatant were measured by ELISA. 

Establishment of CIA mouse model 

All animal experiments were approved by the Institutional Animal Care and Use 



Committee of Shanghai Ninth People's Hospital (No.: SH9H-2026-A1299-1). The CIA 

mouse model was established as previously described. Bovine type II collagen was first 

dissolved in 0.05 N acetic acid to a final concentration of 2 mg/mL. This collagen 

solution was then mixed with complete Freund’s adjuvant (CFA) at a 1:1 (v/v) ratio and 

thoroughly emulsified using a tissue homogenizer to prepare the immunization 

emulsion. On day 0, 7-week-old DBA/1 mice were anesthetized and received a slow 

intradermal injection of 100 μL of the emulsion into the tail, approximately 1.5 cm 

proximal to the tail base. A booster immunization was administered on day 20, 

consisting of 50 μL of bovine type II collagen emulsified in incomplete Freund’s 

adjuvant (IFA). 

In vivo targeting study 

CIA mice were randomly divided into three groups: free Por group; CPP group; CPPF 

group. The mice were injected via the tail vein. In vivo fluorescence imaging was 

performed at 6, 12, 24, and 48 h post-injection using an IVIS Spectrum imaging system. 

At 48 h post-injection, the mice were sacrificed, and major organs (heart, liver, spleen, 

lung, kidney) and hind paws were harvested. Ex vivo fluorescence imaging of the 

harvested tissues was performed. 

In vivo photothermal performance 

CIA mice were injected via the tail vein with CPPF NPs. At 24 h post-injection, the 

inflamed hind paws were irradiated with an 808 nm laser for 5 min. Real-time thermal 

images were recorded every 1 min using a thermal camera, and the paw temperature 

was measured. 

In vivo therapeutic study 

CIA mice were randomly divided into five groups (n = 6 per group): (1) Control 

(healthy mice without immunization); (2) Saline (CIA mice treated with saline); (3) 

NPs (CIA mice treated with CPPF NPs only); (4) NPs+660 nm (CIA mice treated with 

CPPF NPs + 660 nm laser irradiation); (5) NPs+660/808 nm (CIA mice treated with 

CPPF NPs + sequential 660/808 nm laser irradiation). Treatments were administered 



every 3 days for a total of 21 days. For laser irradiation groups, 660 nm-mediated PDT 

was performed once at 24 h after each injection (i.e., every 3 days) for 3 min to the hind 

paws, while 808 nm-mediated mild PTT was applied daily for 15 min to the hind paws 

throughout the entire treatment period. To precisely control the PTT effect and prevent 

excessive thermal injury, the local temperature of the irradiated paws was continuously 

monitored in real time using a thermal infrared camera during the entire 808 nm 

irradiation period, with the temperature strictly controlled below 45 ℃. 

Paw thickness was measured using a digital caliper every 3 days. Arthritis score was 

assessed by two independent observers in a blinded manner according to the following 

criteria: 0 = no swelling or redness; 1 = slight swelling or redness in one toe; 2 = 

moderate swelling in multiple toes or paw; 3 = severe swelling of the entire paw; 4 = 

maximum swelling with joint deformity. Body weight was monitored every 3 days. 

At the end of the treatment period, photos and infrared thermal images of the hind paws 

were taken. The mice were then sacrificed, and the hind paws were harvested for micro-

CT scanning and histological analysis. Joint tissue homogenates were prepared, and the 

concentrations of TNF-α, IL-1β, IL-6, IL-10, and TGF-β were measured by ELISA. 

Blood samples were collected to perform routine blood tests, and major organs (heart, 

liver, spleen, lung, kidney) were harvested, fixed in 4% paraformaldehyde, embedded 

in paraffin, sectioned, and stained with H&E for histological examination. 

Statistical analysis 

All data were presented as mean ± SD of at least three independent experiments. 

Statistical analysis was performed using GraphPad Prism 10.1.2 software. Differences 

between multiple groups were analyzed by one-way ANOVA. Significance levels were 

set as *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. 

Results and discussion 

Synthesis and characterization of CPPF NPs 

The multifunctional CPPF NPs were meticulously engineered through a stepwise 



surface engineering and site-specific conjugation strategy (Scheme 1). Initially, the 

CuTA were synthesized via coordination reaction between Cu²⁺ ions and tannic acid 

(TA) ligands to serve as the catalytic nanozyme core [37]. Subsequently, a PDA shell 

was modified onto CuTA surface through the self-polymerization of dopamine 

hydrochloride, yielding CuTA@PDA (CP) NPs. This PDA layer provided abundant 

reactive sites (e.g., amino and quinone groups) for further functionalization [38-40]. 

Specifically, carboxylated porphyrin (Por-COOH) was covalently grafted onto the 

amino groups of the PDA shell via an EDC/NHS-mediated amide condensation reaction 

[41], endowing the platform with photodynamic activity. Finally, the targeting ligands 

(SH-PEG-FA) were integrated onto the PDA surface through a thiol-ene Michael 

addition reaction. This hierarchical construction culminates in the formation of the final 

CPPF NPs, a sophisticated nanoplatform tailored for the targeted sequential therapy of 

RA. 

Transmission electron microscopy (TEM) was used to characterize the morphological 

evolution of the nanoplatform at each synthetic stage. As shown in Figure 1A, the 

pristine CuTA exhibited a two-dimensional sheet-like morphology. After in situ 

polymerization of dopamine (Figure 1B), the resulting CP NPs transformed into 

ellipsoidal-like spherical structures with increased overall size, confirming the 

formation of PDA layer. The final CPPF NPs (Figure 1C) maintained a core-shell 

structure, surface became significantly smoother with reduced roughness compared to 

CP NPs, which is attributed to the modification of the SH-PEG-FA. 

Dynamic light scattering (DLS) and zeta potential measurements further corroborated 

the successful stepwise modification. As shown in Figure 1D, the CuTA NPs exhibited 

an excessively large hydrodynamic diameter exceeding 1000 nm, despite their small 

dry-state size observed by TEM. Such poor colloidal stability and aqueous dispersibility 

would inevitably lead to rapid sedimentation in physiological media and non-specific 

clearance by the reticuloendothelial system (RES) [42], severely limiting the biological 

utility of unmodified CuTA. However, PDA coating effectively screened the 

interparticle hydrogen bonding and electrostatic interactions, drastically reducing the 



hydrodynamic diameter to 304.4 nm for CP NPs. Subsequent covalent conjugation of 

Por-COOH and SH-PEG-FA further decreased the size to 222.1 nm (CPPF NPs). This 

size reduction was attributed to the dense, hydrated polyethylene glycol (PEG) brush 

that provides steric stabilization and effectively suppresses nanoparticle agglomeration 

in complex biological fluids. Consistent with the size variation, zeta potential analysis 

(Figure 1E) also confirmed the surface modification. CuTA NPs showed a weak 

negative charge (-8.47 mV), which shifted to -18.3 mV after PDA coating due to 

negatively charged quinone and hydroxyl groups. Further functionalization yielded 

CPP (-18.2 mV) and CPPF (-21.9 mV), respectively. This moderate negative surface 

charge is favorable for in vivo applications, as it effectively minimizes non-specific 

protein adsorption and prolongs the systemic circulation time of CPPF NPs [43]. 

Ultraviolet-visible (UV-vis) absorption spectroscopy was performed to verify the 

successful grafting of photodynamic and targeting moieties. As shown in Figure 1F, 

CPPF NPs retained all the characteristic absorption peaks of CuTA, PDA and Por (400 

nm, and 500–700 nm), and exhibited an additional distinct absorption peak at ~280 nm 

corresponding to the FA ligand. Based on the characteristic absorption of Por at 575 nm, 

the entrapment efficiency and drug loading content of Por were quantitatively 

determined by the standard curve method (Figure S1), which were calculated to be 

47.06 ± 4.76% and 4.49 ± 0.43%, respectively. Fourier transform infrared (FTIR) 

spectroscopy was further used to characterize the chemical structure evolution. As 

shown in Figure S2, the formation of CuTA coordination complexes was verified by 

the broadened O-H stretching band and the appearance of a Cu-O stretching peak at 

~600 cm⁻¹. The comparison of FTIR spectra between CuTA and the final CPPF NPs 

(Figure 1G) provided comprehensive evidence for the successful stepwise surface 

modification. In addition to the retained O-H stretching band (3200–3600 cm⁻¹) and 

Cu-O stretching peak (~600 cm⁻¹) from the CuTA core, the CPPF spectrum showed 

several new characteristic peaks: the absorption band at 2800–3000 cm⁻¹ was attributed 

to the C-H stretching vibration of alkyl chains in PDA, Por and PEG; the peaks at 1500–

1650 cm⁻¹ corresponded to the C=N and C=C stretching vibrations of aromatic rings in 



PDA and Por macrocycles; and the multiple peaks in the 1000–1400 cm⁻¹ region were 

assigned to the C-O and C-O-C stretching vibrations from TA, PDA and the ether 

linkages in PEG. Collectively, these FTIR results confirmed that the CuTA core 

structure remained intact during the entire surface modification process, and all 

functional components were covalently integrated into the nanoplatform. X-ray 

diffraction (XRD) pattern (Figure 1H) further revealed the crystalline phase evolution. 

The pristine CuTA NPs exhibited distinct diffraction peaks, and after stepwise 

modification, the characteristic diffraction peaks of CuTA remained at the same 2θ 

positions, yet showed a significant decrease in intensity. In addition, no new impurity 

phases or crystalline byproducts were observed. 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were used to 

investigate the interfacial structural evolution. The appearance of the characteristic D 

and G bands of disordered carbon in the Raman spectrum confirmed the formation of 

an amorphous PDA layer (Figure 1I) [16]. XPS elemental analysis further corroborated 

the successful construction of the CPPF (Figure 1J and Figure S3), where the detected 

N 1s (4.28 at%) and S 2p (2.99 at%) signals were attributed to the nitrogen-containing 

PDA/Por skeletons and the thiolated PEG-FA ligands, respectively. High-resolution Cu 

2p spectra were further scrutinized to elucidate the electronic evolution of the catalytic 

centers (Figure S3). For CuTA NPs, the Cu 2p3/2 peak was centered at 934.9 eV. 

Following the interfacial nano-reconstruction driven by PDA and Por, the Cu 2p 

envelope of CPPF NPs exhibited a significant negative shift of 1.3 eV, with the peak 

center moving to 933.6 eV. According to the electronic structure modulation principle, 

this shift indicated a substantial increase in electron density at the copper centers, 

arising from the strong electron-donating effect of both the phenolic hydroxyl groups 

of PDA and the newly coordinated nitrogen-containing ligands (pyrrole and amino 

moieties). Importantly, this structural transformation is not merely a physical mixture 

of individual functional components but involves the fundamental re-coordination of 

metal centers, resulting in the formation of CPPF nanozyme. 

To further explore the impact of interfacial reconstruction on the porous structure of 



CPPF NPs, nitrogen adsorption-desorption isotherms were conducted (Figure 1K). 

Both samples exhibited typical type IV isotherms with H3-type hysteresis loops in the 

high relative pressure range. The Brunauer-Emmett-Teller (BET) specific surface area 

of CuTA was measured at 83.99 m² g⁻¹. Following the modification, the BET surface 

area of CPPF decreased by 32.3% to 56.82 m² g⁻¹.This decline is primarily ascribed to 

the successful deposition of organic functional layers on the CuTA surface, which 

preferentially occluded the microporous and small mesoporous channels. Notably, t-

plot analysis (Table S1) revealed a negligible internal surface area for both samples, 

confirming the absence of genuine microporosity. Consequently, the specific surface 

area originates almost exclusively from the external surface and mesopores. Such a 

mesopore-dominant configuration is highly conducive to the SOD- and CAT-like 

catalytic relay, as it ensures the unhindered accessibility of active copper sites to short-

lived ROS substrates by eliminating mass transfer resistance, which would otherwise 

be imposed by microporous constraints. 

To evaluate the potential of CPPF NPs as a multifunctional phototherapeutic platform, 

their ROS generation capability and photothermal effect were systematically 

investigated under 660 or 808 nm laser irradiation. The PDT effect of CPPF NPs was 

assessed using 1,3-diphenylisobenzofuran (DPBF) as a sensitive chemical probe. As 

shown in Figure 1L, upon 660 nm laser irradiation, the characteristic absorbance of 

DPBF at 410 nm exhibited a rapid, time-dependent decrease over a 5-minute period. 

This significant quenching indicates the efficient generation of ROS by the Por moieties 

within the CPPF framework upon light excitation. In contrast, the absorbance of DPBF 

alone declined slightly under the same conditions (Figure S4). Notably, DPBF depletion 

became negligible after 3 min of irradiation, suggesting that ROS generation had 

reached a plateau. To avoid over-irradiation and potential light-induced side effects, we 

set the laser exposure time to 3 min in all subsequent PDT studies. Next, the PTT 

performance and PTT stability of CPPF NPs were investigated using a precision 

thermometer and infrared thermal imaging camera. Under 808 nm laser irradiation, the 

CPPF aqueous solutions exhibited a distinct concentration-dependent temperature rise 



(Figure 1M), the temperature of the 400 μg/mL group increased by 27.1 ℃ within 600 

s. The result in Figure S5A revealed that CPPF NPs possessed a significantly higher 

heating rate and steady-state temperature compared to PBS group, and thermal imaging 

(Figure 1N) visually corroborated these results. High photostability ensures consistent 

performance during repeated treatments, and the robustness of CPPF NPs was validated 

through heating-cooling cycles. Results showed that the PTT performance of CPPF 

decreased by only approximately 7% after four consecutive heating–cooling cycles 

(Figure 1O), and declined by about 30% after four cycles with 1‑day intervals (Figure 

S5B), confirming the favorable PTT stability of CPPF. 

 

 



 

Figure 1. Physicochemical, PDT, and PTT characterization of the CPPF. (A) TEM 

image of CuTA, (B) CP, and (C) CPPF NPs. (D) Hydrodynamic size distributions of 

CuTA, CP, CPP, and CPPF measured by DLS. (E) Zeta potentials of CuTA, CP, CPP, 

and CPPF. (F) UV-vis absorption spectra of CuTA, Por, FA, CP, CPP and CPPF. (G) 

FTIR spectra, (H) XRD patterns, (I) Raman spectra, (J) XPS survey spectra, and (K) 

Nitrogen adsorption-desorption isotherms of CuTA and CPPF. (L) The absorption 

spectra of DPBF in CPPF solution under 660 nm laser irradiation. (M) Photothermal 



heating curves of CPPF NPs at different concentrations under 808 nm laser irradiation. 

(N) Infrared thermal images of PBS and CPPF NP solutions under 808 nm laser 

irradiation. (O) Photothermal stability of CPPF NPs over four consecutive heating-

cooling cycles under 808 nm laser irradiation. 

Antioxidant and enzymatic activity characterization of CPPF NPs 

To counteract the chronic oxidative stress characteristic of the inflammatory 

microenvironment, the multi-enzyme mimetic activities of the CPPF NPs were 

evaluated. As shown in Figures 2A and 2B, CPPF NPs exhibited significant total 

antioxidant capacity, demonstrating a potent, concentration-dependent free radical 

scavenging effect. The SOD-like activity of CPPF NPs was assessed using the WST-8 

assay. Consistent with the ABTS results, the absorption peak of the WST-8 formazan 

product at 450 nm decreased gradually with increasing CPPF concentration (Figure 2C), 

and the quantitative data revealed a concentration-dependent enhancement of •O2⁻ 

inhibition rate (Figure 2D). Subsequently, the CAT-like activity of CPPF NPs was 

determined using a catalase assay kit. Similarly, the the characteristic absorption peak 

at 520 nm gradually decreased with increasing CPPF concentration, verifying the H2O2 

elimination capacity (Figure 2E, 2F). To further elucidate the underlying mechanism of 

the enzyme-mimicking activity of CPPF NPs, cyclic voltammetry (CV) measurement 

was performed. As shown in Figure S6, the CV curve of CPPF NPs displayed distinct 

redox peaks within the potential range of 0–2.2 V (vs. SHE), which corresponded to the 

reversible valence transition between Cu⁺ and Cu²⁺ [44]. This reversible redox cycle is 

the intrinsic basis for the SOD-like and CAT-like activities of CPPF NPs, which 

mediates the cascade scavenging of ROS through electron transfer processes. 

As a sophisticated nano-regulator designed for spatiotemporal ROS modulation, 

integrating light-triggered ROS generation with subsequent enzymatic elimination, the 

preservation of catalytic integrity following PDT is of paramount importance. The 

analysis of CuTA, CPPF, and laser-pretreated CPPF (CPPF+L, 660 nm for 3 min) 

revealed that the surface engineering process led to an enhancement in SOD-like 

activity for CPPF compared to CuTA, while the CAT-mimetic performance remained 



consistent (Figures 2G-I). This suggests that modification optimizes the electronic 

environment of the copper active sites for superoxide disproportionation. Most 

importantly, while the CPPF+L group exhibited a slight decline in enzymatic activity 

due to the initial photodynamic consumption of active sites, it successfully retained the 

vast majority of its antioxidant capacity (Figures 2G-I). This function serves as the 

essential foundation for the sequential ROS regulation, ensuring it can execute targeted 

PDT while concurrently providing long-term protection against inflammatory oxidative 

stress. The ROS modulation of the CPPF NPs were further validated at the cellular level 

using lipopolysaccharide (LPS)-induced inflammation model monitored by the DCFH-

DA fluorescence probe. As depicted in Figure 2J, LPS triggered intense green 

fluorescence within the RAW 264.7 cells, signifying a sharp elevation in endogenous 

ROS levels. Subsequent treatment with CPPF NPs resulted in a marked, dose-

dependent attenuation of the fluorescence signal, confirming the NPs’ high efficiency 

in clearing intracellular oxidative species. Most importantly, the experimental group 

treated with laser-preirradiated CPPF NPs (CPPF+L) still exhibited intracellular ROS 

scavenging capabilities. This finding demonstrates that after undergoing 660 nm laser 

irradiation for 3 min, the CPPF NPs maintain their antioxidant performance. Such 

functional persistence ensures that the nanoplatform can serve as a reliable, 

spatiotemporal regulator capable of executing PDT and restoring the redox balance 

within inflamed cellular compartments. 

 

 



 

Figure 2. Antioxidant and SOD/CAT activities of the CPPF. (A) UV-vis absorption 

spectra and (B) quantitative analysis of ABTS radical solutions treated with different 

concentrations of CPPF. (C) UV-vis absorption spectra and (D) quantitative analysis of 

WST-8-based SOD-like activity assay, showing formazan product absorbance at 450 

nm for different CPPF concentrations. (E) UV-vis absorption spectra and (F) 

quantitative analysis of CAT-like activity assay, showing residual H2O2-derived 

chromogenic product absorbance at 520 nm for different CPPF concentrations. (G) 



Comparison of total ROS scavenging rates, (H) superoxide anion inhibition rates and 

(I) hydrogen peroxide scavenging rates of CuTA, CPPF, and laser-pretreated CPPF 

(CPPF+L). (J) CLSM images of intracellular ROS levels in RAW 264.7 macrophages 

(green: DCFH-DA; blue: Hoechst 33342). Statistical significance between groups was 

determined using one-way ANOVA, where * p < 0.05. 

Biocompatibility, cellular uptake, and intracellular PTT/PDT performance of 

CPPF NPs 

Having established the physicochemical properties, dual enzyme-mimetic activities, 

and in vitro PDT/PTT capabilities of CPPF NPs, we next evaluated their 

biocompatibility, targeting specificity, and intracellular therapeutic efficacy in M1-

polarized macrophages, which are the key effector cells in RA pathogenesis. 

The biosafety profile of CPPF NPs was first assessed via CCK-8 assay and hemolysis 

test. As shown in Figure 3A, CPPF NPs exhibited negligible cytotoxicity against both 

RAW 264.7 macrophages and ATDC5 chondrocytes at concentrations up to 100 μg/mL 

after 24 h incubation. The hemocompatibility evaluation further confirmed the safety 

of CPPF NPs, no significant hemolysis was observed across tested concentrations from 

25 to 150 μg/mL (Figure 3B), which meets the standard for intravenous injection. 

Subsequently, the cellular uptake behavior of CPPF NPs by M1-polarized macrophages 

was investigated using confocal laser scanning microscopy (CLSM) and flow 

cytometry. CLSM images revealed that the red fluorescence of CPPF gradually 

increased in the cytoplasm of M1 macrophages with prolonged incubation time (Figure 

3D). Flow cytometry analysis also demonstrated this time-dependent increase (Figure 

3C), confirming efficient internalization of CPPF NPs by M1 macrophages. To verify 

the FA-mediated targeting effect, we compared the cellular uptake of CPPF NPs with 

CPP NPs (without FA modification) and the free FA-preblocked group. As shown in 

Figure 3F, after incubation, the MFI of the CPPF group was significantly higher than 

that of the CPP group, while pre-incubation with free FA inhibited the cellular uptake 

of CPPF NPs, demonstrating that the internalization was mediated by folate receptor-



mediated endocytosis. Notably, flow cytometry analysis further revealed that CPPF 

NPs exhibited preferential uptake by M1-polarized macrophages compared to M0 and 

M2 phenotypes (Figure S7), which is desirable for targeted therapy of RA, as M1 

macrophages are the major pro-inflammatory cells infiltrating the inflamed joints. 

The intracellular mild photothermal effect of CPPF NPs was subsequently investigated 

under 808 nm laser irradiation. Thermal imaging demonstrated that CPPF NPs 

exhibited a cell phenotype-dependent mild photothermal effect in different cell 

populations (Figure 3G). Specifically, after 5 min of laser irradiation, the PBS control 

group showed insignificant temperature fluctuation, while M0 macrophages incubated 

with CPPF NPs exhibited a moderate temperature increase. However, M1-polarized 

macrophages that preferentially take up CPPF NPs reached a peak temperature of 

45.3 ℃. This temperature elevation falls within the range of mild hyperthermia (42–

46 ℃), which avoids non-specific thermal damage to cells but can effectively modulate 

cellular biological functions [45, 46]. This differential temperature elevation between 

M0 and M1 macrophages was consistent with our cellular uptake results, confirming 

that the targeted accumulation of CPPF NPs in pro-inflammatory M1 macrophages 

enables selective mild photothermal modulation of pathological cells while minimizing 

off-target effects on normal cells. To corroborate the induction of intracellular mild PTT 

at the molecular level, we examined the expression of HSP70, a well-established and 

sensitive biomarker of cellular thermal response. Notably, HSP70 not only functions as 

a molecular chaperone to protect cells from irreversible protein denaturation under 

thermal stress but also exerts intrinsic anti-inflammatory effects by negatively 

regulating the NF-κB signaling pathway and downregulating the production of pro-

inflammatory cytokines. Western blot analysis revealed that the combination of CPPF 

NPs and 808 nm laser irradiation resulted in HSP70 upregulation (Figure 3H). These 

findings collectively provide direct molecular evidence for intracellular mild PTT of 

CPPF NPs. This mild PTT effect can synergize with the intrinsic antioxidant and dual 

enzyme-mimicking activities of CPPF NPs: mild hyperthermia can enhance the 

catalytic activity of nanozymes, while the upregulated HSP70 can further augment the 



anti-inflammatory and antioxidant effects, forming a synergistic therapeutic network to 

alleviate oxidative stress and inflammation in RA microenvironment. 

The cytotoxicity of CPPF NPs-mediated PDT to M1-type RAW 264.7 macrophages 

was first evaluated using the CCK-8 assay (Figure 3I). After 3 min of 660 nm laser 

irradiation, CPPF NPs exhibited a dose-dependent cytotoxic effect on M1 macrophages. 

As the concentration increased to 50 μg/mL and 100 μg/mL, cell viabilities decreased 

to 28.42% and 11.49%, respectively. These results demonstrated that CPPF NPs can 

effectively kill pro-inflammatory M1 macrophages in a concentration-dependent 

manner under 660 laser irradiation. To further verify that the reduced cell viability was 

attributed to apoptosis, we performed Annexin V-FITC/PI staining flow cytometry 

analysis (Figure 3J). Quantitative analysis of apoptotic cell populations (Figure S8) 

revealed that the control, laser irradiation, and NPs alone groups exhibited negligible 

levels of apoptosis, with total apoptotic rates of only 0.62%, 1.20%, and 2.93%, 

respectively (Figure 3K). In contrast, the NPs + 660 nm PDT group showed a dramatic 

increase in apoptotic cell percentage, reaching 64.90% after treatment. This apoptotic 

effect is attributed to the intracellular generation of cytotoxic ROS by CPPF NPs upon 

660 nm laser excitation. The NPs + 660/808 nm combined treatment group exhibited a 

comparable apoptotic rate of 65.39%, further confirming that the 808 nm mild PTT 

effect does not enhance the apoptotic effect of PDT. 

From the perspective of RA therapeutic strategy, selective elimination of hyperactivated 

M1 macrophages represents a cornerstone for alleviating joint inflammation and 

preventing tissue destruction. Compared with conventional systemic chemotherapy, 

PDT offers advantages of spatiotemporal controllability and targeted cytotoxicity. It 

specifically induces apoptosis in M1 macrophages that have preferentially taken up 

CPPF NPs, while minimizing off-target damage to normal cells and tissues. In our study, 

the efficient M1 macrophage apoptosis induced by CPPF NPs-mediated PDT 

effectively eliminates the primary source of pro-inflammatory cytokines in the RA 

microenvironment. Meanwhile, the 808 nm mild PTT further upregulates the 

expression of anti-inflammatory HSP70, forming a complementary therapeutic network 



of “PDT-mediated pathological cell clearance + mild PTT-assisted anti-inflammatory 

modulation”.  

 

Figure 3. (A) Cell viabilities of RAW 264.7 macrophages and ATDC5 chondrocytes 



after 24 h incubation with different concentrations of CPPF. (B) Hemolysis rates of 

mouse RBCs treated with different concentrations of CPPF and corresponding digital 

photographs. (C) Quantitative analysis and (D) CLSM images of time-dependent 

cellular uptake of CPPF NPs by M1-polarized macrophages (red: Por; blue: DAPI). (E) 

Flow cytometry histograms of time-dependent CPPF uptake by M1 macrophages, and 

(F) FA-mediated targeting verified by free FA competition assay. (G) Infrared thermal 

images of control, M0, and M1-polarized macrophages under 808 nm laser irradiation 

for 5 min. (H) Western blot of HSP70 protein expression in M1-polarized macrophages 

after different treatments. (I) Cytotoxicity of CPPF NPs against M1-polarized 

macrophages under 660 nm laser irradiation for 3 min. (J) Flow cytometry analysis of 

M1-polarized macrophage apoptosis detected by Annexin V-FITC/PI staining after 

different treatments. 

Sequential phototherapy-enzymatic therapy mediated by CPPF NPs modulates 

macrophage polarization and inflammatory responses 

While monotherapies including PDT and PTT have demonstrated efficacy in 

eliminating inflammatory cells, they often fail to simultaneously remodel the 

immunosuppressive microenvironment, leading to persistent inflammation and disease 

recurrence. In this section, we evaluated the effect of sequential phototherapy-

enzymatic therapy mediated by CPPF NPs. 

To validate the reliability of the macrophage polarization model, RAW 264.7 cells were 

polarized to the M1 phenotype using LPS and to the M2 phenotype using IL-4. 

Immunofluorescence staining revealed that LPS stimulation significantly enhanced the 

fluorescence intensity of the M1 marker iNOS, while IL-4 treatment markedly 

upregulated the expression of the M2 marker CD206, confirming the successful 

construction of the polarization model (Figure S9). The regulatory effects of different 

treatment modalities on macrophage polarization were first evaluated by CLSM. As 

shown in Figures 4A and 4B, LPS stimulation resulted in a substantial increase in iNOS 

fluorescence intensity, which gradually decreased in NPs, NPs + 660 nm, and NPs + 

660/808 nm groups. Conversely, CD206 fluorescence intensity was significantly 



enhanced in the NPs + 660/808 nm group compared with other treatment groups. 

Quantitative analysis also confirmed these observations (Figure S10). Western blot of 

iNOS protein expression (Figure S11) provided additional evidence for the polarization 

regulatory effect, showing that sequential therapy led to a significant inhibition of M1 

polarization. 

Flow cytometry was subsequently performed to verify the polarization regulatory effect. 

As shown in Figures 4C and 4D, untreated M0 macrophages exhibited low expression 

levels of both the M1 surface marker CD86 (3.13%) and the M2 surface marker CD206 

(2.81%). Following LPS stimulation, the proportion of CD86⁺ cells sharply increased 

to 40.81%, while CD206 expression remained at basal levels (2.61%), confirming 

successful M1 polarization. Quantitative analysis (Figure 4E) demonstrated that 

treatment with CPPF NPs alone (NPs group) partially reversed this phenotype, reducing 

the proportion of CD86⁺ cells to 25.96% and increasing the proportion of CD206⁺ cells 

to 17.94%, indicating that CPPF nanozymes possess intrinsic immunomodulatory 

activity. Monotherapy with PDT (NPs + 660 nm group) further enhanced this effect, 

with the proportion of CD86⁺ cells decreasing to 14.42% and CD206⁺ cells increasing 

to 23.69%. This observation can be attributed to the selective elimination of M1 

macrophages by ROS generated during PDT. Notably, sequential therapy (NPs + 

660/808 nm group) achieved the most significant polarization regulatory effect: the 

proportion of CD86⁺ cells decreased to 12.22%, while the proportion of CD206⁺ cells 

increased to 30.63%, demonstrating the superior advantage of the cascade therapeutic 

strategy in promoting M1-to-M2 phenotypic transition. 

To assess the functional consequences of macrophage polarization reprogramming, the 

secretion levels of key inflammatory cytokines were measured by ELISA. As shown in 

Figures 4F–4J, LPS stimulation led to a dramatic increase in the secretion of pro-

inflammatory cytokines TNF-α, IL-6, and IL-1β. Treatment with CPPF alone or 

monotherapy with PDT partially reversed this cytokine profile, while sequential therapy 

exhibited the most potent anti-inflammatory effect: the levels of IL-6, IL-1β, and TNF-

α decreased to 11.67 pg/mL, 3.47 pg/mL, and 3.41 pg/mL, respectively, while the levels 



of IL-10 and TGF-β increased to 29.10 pg/mL and 44.19 pg/mL, respectively. 

The superior therapeutic efficacy of the sequential cascade strategy can be attributed to 

the synergistic action of three interrelated mechanisms:  PDT triggered by 660 nm laser 

irradiation generates ROS, selectively inducing apoptosis of overactivated M1 

macrophages and rapidly reducing the source of pro-inflammatory mediators; the 

intrinsic SOD/CAT cascade antioxidant activity of CPPF scavenges residual 

intracellular ROS; mild PTT activated by 808 nm laser irradiation upregulates the 

expression of HSP70, which further promotes macrophage differentiation toward the 

M2 phenotype. This “elimination followed by remodeling” approach effectively breaks 

the vicious cycle of inflammation and oxidative stress, achieving comprehensive 

immunomodulation. 

 



 

Figure 4. Macrophage polarization regulation and anti-inflammatory effects of CPPF 

NPs in vitro. (A) CLSM images of iNOS (green) and (B) CD206 (red) expression in 

RAW 264.7 macrophages after different treatments (blue: DAPI). (C) Flow cytometry 

histograms of CD86 and (D) CD206 (M2) expression, and quantitative analysis in RAW 

264.7 macrophages after different treatments. (F) ELISA analysis of pro-inflammatory 



cytokine IL-6, (G) IL-1β, (H) TNF-α and anti-inflammatory cytokines (I) IL-10, (J) 

TGF-β secretion levels in cell supernatants after different treatments. Statistical 

significance between groups was determined using one-way ANOVA, where * p < 0.05, 

** p < 0.01, *** p <0.001, and **** p < 0.0001. 

Transcriptomic analysis of CPPF-mediated immunomodulation and PDT effects 

Building upon the in vitro functional evidence of macrophage polarization 

reprogramming, we performed RNA-sequencing (RNA-seq) to dissect the underlying 

molecular mechanisms of CPPF-mediated immunomodulation and PDT. LPS-induced 

RAW 264.7 macrophages were divided into three groups: Control (LPS only), NPs 

(LPS + CPPF), and NPs+L (LPS + CPPF + 660 nm laser irradiation). Principal 

component analysis (PCA) revealed clear transcriptomic separation among the three 

groups, with the NPs+L group exhibiting the most distinct profile (Figure 5A). Volcano 

plot analysis further quantified differentially expressed genes (DEGs): compared with 

the Control group, both NPs group and NPs+L group showed significantly 

transcriptomic changes (Figures 5B, 5C). Consistent with the macrophage polarization 

results in Section 2.4, Gene Ontology (GO) enrichment analysis of the NPs vs. Control 

comparison revealed significant downregulation of immune-related biological 

processes, including regulation of immune system process, cytokine production, and 

leukocyte activation (Figure 5D). Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway analysis further confirmed the suppression of pro-inflammatory signaling 

cascades, such as the TNF signaling pathway, NF-κB signaling pathway, and the 

rheumatoid arthritis pathway (Figure 5E). These findings provided molecular-level 

validation of the functional observations, where CPPF treatment alone reduced pro-

inflammatory cytokine secretion and skewed macrophages toward an anti-

inflammatory phenotype.  

To further verify the regulatory effects on macrophage polarization and redox 

homeostasis, we performed heatmap analysis of key gene sets (Figure 5F). Consistent 

with flow cytometry and immunofluorescence data, M1 macrophage markers (Il6, Il1b, 

Cd86) were downregulated in the NPs group, while M2 markers (Il10, Arg1, Mrc1) 



were upregulated. Concurrently, genes encoding components of the TNF/NF-κB 

signaling axis were suppressed, and antioxidant response genes (Hmox1, Nqo1, Gclm, 

and Gsta2) were upregulated. This transcriptional signature aligns perfectly with the 

intrinsic SOD/CAT cascade antioxidant activity of CPPF nanozymes, which scavenge 

intracellular ROS and thereby inhibit ROS-mediated NF-κB activation.  

Supplementary heatmap analysis of matrix degradation-related genes (Figure S12) 

further revealed that key extracellular matrix (ECM) degrading enzymes, including 

Mmp3, Mmp9, Mmp12, and Mmp13, were significantly downregulated after CPPF 

treatment. Concomitantly, genes encoding collagens (Col14a1, Col15a1) and integrins 

(Itga4, Itgb4) involved in ECM remodeling were also modulated. This transcriptional 

reprogramming indicates that CPPF nanozymes not only regulate macrophage 

polarization but also directly suppress the matrix-degrading capacity of M1 

macrophages, laying a molecular foundation for the subsequent chondroprotective 

effects. Consistently, heatmap analysis of oxidative stress-related genes provided 

comprehensive transcriptomic validation of the antioxidant activity of CPPF 

nanozymes (Figure S13). Nrf2 downstream antioxidant and phase II detoxification 

enzymes, including Hmox1, Nqo1, Gsta2, Gsta3, Gstm1, Gstp2, and Gclm, were 

significantly upregulated in the NPs group. These findings confirm that CPPF 

nanozymes effectively alleviate intracellular oxidative stress in activated macrophages 

by activating the Nrf2-mediated antioxidant defense system [47]. 

To elucidate the molecular mechanisms underlying PDT-induced selective apoptosis of 

hyperactivated M1 macrophages, we performed transcriptomic analysis of the NPs+L 

vs. Control comparison. GO enrichment analysis of DEGs revealed significant 

enrichment in fundamental biological processes essential for apoptosis execution, 

including cellular process, metabolic process, cellular metabolic process, and 

biosynthetic process (Figure S14). This transcriptional variation reflects the robust 

cellular stress response triggered by PDT-generated ROS, which drives the activation 

of multiple apoptotic signaling cascades. Consistently, KEGG pathway analysis 

identified the core signaling networks mediating this process, with the chemical 



carcinogenesis-reactive oxygen species pathway being significantly enriched, 

confirming that intracellular ROS accumulation is the important event of PDT-induced 

cell death. Heatmap analysis of apoptosis-related gene sets provided a view of the 

apoptotic transcriptional program (Figure S15). In contrast to the Control group, the 

NPs+L group displayed a multi-faceted pro-apoptotic transcriptional signature. 

Specifically, key anti-apoptotic genes of the inhibitor of apoptosis protein (IAP) 

family—including Birc2, Birc6, and Xiap—were significantly downregulated, relieving 

the intrinsic brake on apoptosis execution. Concurrently, genes driving the 

mitochondrial/intrinsic apoptosis pathway (Gadd45b, Gadd45g, Dedd2, Dapk2) and 

the JNK-mediated stress signaling cascade (Mapk10, Fos, Jun) were markedly 

upregulated, forming a synergistic pro-apoptotic signaling axis. Notably, genes 

associated with the extrinsic death receptor pathway showed no induction, indicating 

that NPs+L-induced apoptosis is independent of extrinsic signaling. These 

transcriptomic data demonstrate that PDT triggers apoptosis in hyperactivated M1 

macrophages through ROS-initiated activation of the intrinsic mitochondrial apoptosis 

pathway, amplified by JNK stress signaling and derepressed by suppression of IAP 

family anti-apoptotic genes. This multi-pronged, intrinsic apoptosis mechanism ensures 

efficient and selective elimination of pro-inflammatory M1 macrophages, underpinning 

the therapeutic efficacy of our sequential “apoptosis induction-immunomodulation” 

strategy. 



 

Figure 5. (A) PCA of transcriptomic profiles. (B) Volcano plots of DEGs in NPs vs 

Control and (C) NPs+L vs Control groups. (D) GO enrichment and (E) KEGG pathway 

enrichment of NPs vs Control groups. (F) Heatmaps of key genes involved in 

macrophage polarization and related signaling pathways in control vs NPs groups. 



Macrophage reprogramming by CPPF NPs mediates chondroprotection via 

paracrine cytokine regulation 

Building upon the evidence that CPPF-mediated sequential therapy reshapes 

macrophage phenotype and function, we established a transwell co-culture system to 

investigate the indirect chondroprotective effects of reprogrammed macrophages, 

mimicking the paracrine interactions in RA microenvironment (Figure 6A). In this 

model, RAW 264.7 macrophages were first polarized to M1 phenotype and treated with 

different regimens, then co-cultured with chondrogenic cells in the lower compartment, 

allowing free diffusion of soluble cytokines and mediators without direct cell-cell 

contact [48]. 

We first evaluated the viability of ATDC5 chondrocytes and bone marrow mesenchymal 

stem cells (BMSCs) after co-culture with differentially treated macrophages (Figures 

6B and 6C). Compared to co-culturing with M0 macrophages, untreated M1 

macrophages resulted in a significant decrease in cell viability in both cell types, while 

CPPF treatment alone, CPPF+PDT, and sequential therapy gradually alleviated M1-

induced cell damage, with the sequential therapy group exhibiting the most potent 

protective effect and restoring cell viability to near-normal levels.  

To further investigate the effects of CPPF-reprogrammed macrophages on chondrocyte 

anabolic and catabolic metabolism, we performed Western blot analysis of three core 

cartilage homeostasis markers in ATDC5 cells (Figures 6D, 6E). MMP13 is the primary 

matrix metalloproteinase responsible for the degradation of type II collagen, the major 

structural component of articular cartilage, and its overexpression is a hallmark of 

pathological cartilage destruction. In contrast, Col2a1 encodes type II collagen, the 

defining extracellular matrix protein of hyaline cartilage, and Sox9 is the master 

transcription factor that regulates chondrocyte differentiation and directly drives 

Col2a1 expression, both serving as gold standard markers of chondrocyte anabolic 

activity. Consistent with the pro-catabolic state induced by inflammatory macrophages, 

co-culture with untreated M1 macrophages dramatically upregulated MMP13 

expression and concomitantly downregulated both Sox9 and Col2a1 in ATDC5 cells, 



indicating an imbalance between cartilage matrix degradation and synthesis. Treatment 

with CPPF partially reversed this metabolic dysregulation, while sequential therapy 

exhibited the most potent corrective effect: MMP13 expression was significantly 

suppressed, Sox9 and Col2a1 levels were substantially restored.  

This restoration of cartilage metabolic homeostasis was mediated by the reshaped 

inflammatory microenvironment resulting from macrophage reprogramming. To 

confirm this paracrine mechanism, we measured the concentrations of key 

inflammatory cytokines in the co-culture supernatant (Figure 6F). Co-culture with 

untreated M1 macrophages led to massive secretion of pro-inflammatory cytokines 

TNF-α and IL-1β, which are known to directly induce chondrocyte apoptosis and 

upregulate matrix-degrading enzymes [49, 50]. In contrast, the sequential therapy group 

showing the most significant reduction in TNF-α and IL-1β levels. Concomitantly, the 

level of the key anti-inflammatory cytokine IL-10 was markedly increased in the 

sequential therapy group. 



 

Figure 6. Chondrocyte protective effects of CPPF NPs in a biomimetic co-culture 

system. (A) Schematic illustration of the biomimetic co-culture system mimicking the 

RA joint microenvironment. (B) Cell viabilities of ATDC5 chondrocytes and (C) 

BMSCs co-cultured with differently treated M1-polarized macrophages. (D) Western 

blot and (E) quantitative analysis of MMP13, Col2a1, and Sox9 protein expression in 

ATDC5 chondrocytes. (F) ELISA analysis of TNF-α, IL-1β, and IL-10 concentrations 

in the co-culture supernatants. Statistical significance between groups was determined 



using one-way ANOVA, where * p < 0.05, ** p < 0.01, *** p <0.001, and **** p < 

0.0001. 

In vivo therapeutic efficacy of CPPF-mediated sequential phototherapy-

enzymatic therapy in CIA Mice 

Building upon in vitro immunomodulatory and chondroprotective effects of CPPF-

mediated sequential therapy, we next established a collagen-induced arthritis (CIA) 

mouse model to systematically evaluate the in vivo targeting capability, photothermal 

performance, therapeutic efficacy, and biosafety of CPPF NPs [51, 52]. 

Sufficient and sustained accumulation at arthritic lesions is a cornerstone for achieving 

therapeutic benefits with nanomedicine in RA. To investigate the joint-targeting ability 

of CPPF, we performed in vivo fluorescence imaging at 6, 12, 24, and 48 h after 

intravenous injection of free Por, CPP, and CPPF into CIA mice (Figure 7A). Free Por 

showed rapid systemic distribution and clearance, with no obvious joint accumulation. 

CPP exhibited moderate joint retention, but the fluorescence signal was weak and 

diffused, and most of the fluorescence was concentrated in the liver and spleen due to 

non-specific uptake by the RES. In contrast, CPPF showed significant and sustained 

accumulation at the inflamed hind paws as early as 6 h post-injection, with the 

fluorescence intensity reaching a maximum at 24 h and remaining clearly visible at 48 

h. This joint-targeting capability of CPPF compared to CPP can be attributed to the 

modification of FA-PEG-SH, which confers two synergistic advantages. First, the 

hydrophilic PEG chain provides a strong steric hindrance effect that effectively reduces 

non-specific protein adsorption and RES phagocytosis, thereby prolonging the blood 

circulation half-life of the nanoplatform. Second, the FA ligand mediates active 

targeting by specifically binding to folate receptors, which are highly overexpressed on 

activated macrophages in arthritic joints but minimally expressed on most normal 

tissues. Ex vivo fluorescence imaging of major organs and hind paws harvested at 48 h 

post-injection also confirmed this differential distribution pattern (Figure 7B). 

Based on the optimal accumulation time determined by in vivo imaging, we evaluated 



the in vivo photothermal performance of CPPF at 24 h post-injection. The inflamed 

hind paws of CIA mice were irradiated with an 808 nm laser for 5 min, and real-time 

thermal imaging was recorded (Figures 7C, 7D). The paw temperature increased rapidly 

and reached ~44 ℃ within 5 min, which is the optimal temperature range for mild PTT 

that can effectively induce immunomodulation without causing non-specific thermal 

damage to surrounding normal tissues.  

Encouraged by the targeting and PTT performance, the long-term therapeutic potential 

of the sequential “apoptosis induction-immunomodulation” strategy was evaluated over 

a 21-day treatment cycle. For mice receiving laser irradiation, this dosing regimen was 

rationally designed to maximize M1 macrophage apoptosis while avoiding excessive 

PDT damage: specifically, PDT was administered once every 3 days, whereas mild PTT 

was performed daily. 660 nm PDT was performed once at 24 hours after each 

intravenous injection (given every 3 days) with a 3-min exposure to the hind paws. 

Concurrently, 808 nm mild PTT was delivered daily to the hind paws for 15 minutes 

over the entire treatment course. As shown in Figures 7E and 7F, saline-treated CIA 

mice developed severe arthritis, characterized by progressive paw swelling and 

increasing arthritis scores. Treatment with CPPF alone or PDT monotherapy partially 

alleviated the symptoms, evidenced by attenuated paw swelling and moderated arthritis 

scores compared to the saline group. However, the sequential therapy group exhibited 

the most significant therapeutic effect, demonstrating a sustained suppression of joint 

inflammation. Importantly, no significant body weight loss was observed in any of the 

treatment groups (Figure 7G), indicating that all therapeutic regimens were well-

tolerated and did not cause obvious systemic toxicity. At the end of the treatment period, 

saline-treated mice showed severe paw redness and swelling, accompanied by high 

local temperature (Figure 7H). In contrast, the sequential therapy group showed 

markedly improved paw appearance, no obvious swelling, deformity, or increased local 

temperature. Micro-CT imaging revealed bone erosion and joint destruction in the 

saline group, while the sequential therapy group showed markedly attenuated bone 

damage. Quantitative analysis further confirmed these observations (Figure S16): the 



bone volume/total volume (BV/TV) and trabecular number (Tb.N) were significantly 

increased, while trabecular separation (Tb.Sp) was significantly decreased in the 

sequential therapy group compared to the saline group, indicating effective inhibition 

of bone destruction and preservation of bone mass. In addition, we measured the 

concentrations of key inflammatory cytokines in joint tissue homogenates (Figure S17). 

Saline-treated CIA mice showed significantly elevated levels of pro-inflammatory 

cytokines TNF-α, IL-1β, and IL-6, accompanied by low levels of anti-inflammatory 

cytokines IL-10 and TGF-β. In contrast, the sequential therapy group showed 

significant reduction in pro-inflammatory cytokines and the highest levels of anti-

inflammatory cytokines. 



 

Figure 7. In vivo targeting, photothermal performance and therapeutic efficacy. (A) In 

vivo fluorescence images of CIA mice at 6, 12, 24, and 48 h after intravenous injection. 

(B) Ex vivo fluorescence images of major organs and hind paws from CIA mice at 48 



h post-injection. (C) Infrared thermal images and (D) quantitative analysis of hind paws 

under 808 nm laser irradiation. (E) Changes in paw thickness, (F) arthritis scores, and 

(G) body weight of CIA mice in different treatment groups. (H) Photographs, infrared 

thermograms, and Micro-CT of hind paws from CIA mice in different treatment groups 

at the end of treatment. Statistical significance between groups was determined using 

one-way ANOVA, where * p < 0.05, ** p < 0.01, *** p <0.001, and **** p < 0.0001. 

These anti-inflammatory effects were further corroborated by histological analysis of 

joint tissues, which provided morphological evidence of the therapeutic efficacy 

(Figure 8). Hematoxylin and eosin (H&E) staining revealed massive inflammatory cell 

infiltration, synovial hyperplasia, and invasive pannus formation in the saline-treated 

group, which are hallmark pathological features of RA. Treatment with CPPF alone or 

PDT monotherapy moderately attenuated these pathological changes, but residual 

inflammatory infiltration and synovial thickening were still evident. In contrast, the 

sequential therapy group showed minimal inflammatory cell infiltration, and the least 

pannus formation. Safranin O-Fast Green (SO&FG) and Toluidine Blue (T&B) staining 

further confirmed the cartilage protective effect. Immunohistochemical and 

immunofluorescence staining provided molecular-level validation of the in vivo 

therapeutic mechanisms. Consistent with our in vitro experiments, the sequential 

therapy group exhibited the most significant macrophage polarization reprogramming, 

with markedly downregulated expression of the M1 macrophage marker iNOS and 

concomitantly upregulated expression of the M2 macrophage marker CD206. This 

phenotypic shift was accompanied by a restoration of cartilage homeostasis: the 

expression of the major cartilage matrix protein type II collagen (Col II) was increased, 

while the expression of the key cartilage-degrading enzyme MMP13 was suppressed. 

Notably, the sequential therapy group also showed significantly elevated expression of 

HSP70, a molecular chaperone that has been shown to exert anti-inflammatory and 

chondroprotective effects by inhibiting NF-κB signaling and promoting cartilage 

matrix synthesis [20, 53, 54]. 



 

Figure 8. Histological and immunohistochemical analysis of hind paws from CIA mice 

after different treatments. H&E, SO&FG, T&B staining, immunohistochemistry 

staining of COL II and MMP13, and immunofluorescence staining of iNOS, CD206, 

and HSP70 in hind paw sections from different treatment groups.  

Having demonstrated the therapeutic efficacy of CPPF-mediated sequential therapy, we 

also evaluated in vivo biosafety. At the end of the treatment period, histological analysis 

of major organs (heart, liver, spleen, lung, kidney) revealed no obvious pathological 

changes, inflammatory infiltration, or tissue damage in the sequential therapy group 



compared to the healthy control group (Figure S18). Additionally, no significant 

abnormalities were observed in routine blood tests (Table S2). These results confirm 

that CPPF NPs exhibit excellent biocompatibility and does not cause significant 

systemic toxicity at the therapeutic dose used in this study. 

Conclusion 

In this study, we developed a targeted copper-based nanozyme platform (CPPF) for 

sequential phototherapy-enzymatic therapy of RA. The stepwise surface engineering 

strategy simultaneously resolved the poor aqueous solubility and non-specific 

distribution limitations of unmodified copper-based nanozymes, while retaining their 

robust SOD/CAT cascade activities. Benefiting from FA-mediated active targeting, 

CPPF NPs selectively accumulated in inflamed joints and implemented the “clearance 

first, remodeling later” therapeutic logic: rapid M1 macrophage apoptosis via 660 nm 

PDT, followed by 808 nm mild PTT synergizing with nanozyme activity to scavenge 

residual ROS, upregulate HSP70 and drive M2 polarization. Transcriptomic analysis 

confirmed the inhibition of TNF/NF-κB signaling and activation of Nrf2 antioxidant 

pathway. In CIA mice, CPPF NPs effectively alleviated synovial inflammation, 

prevented cartilage and bone destruction with excellent biosafety, providing a 

promising paradigm for macrophage-driven inflammatory disease treatment. 
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