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a b s t r a c t

Chronic skin wounds with persistent bacterial infections present a formidable clinical challenge, charac-

terized by recurrent infections and delayed healing. These issues stem from incomplete bacterial eradi-

cation, a lack of sustained antibacterial ability, and slow tissue repair. We developed a dual-responsive

nanocatalytic membrane to address these limitations for advanced infected chronic wound management.

This platform integrates MXene/CuO2 bio-heterojunctions (MX/CO bio-HJs) with polydopamine (PDA) and

electrospun polycaprolactone (PCL) scaffolds, creating a multifunctional system that synergistically en-

hances debridement and regeneration. Diverging from traditional dressings, this membrane leverages

near-infrared (NIR) light to trigger robust antibacterial action through synergistic photodynamic (PDT)

and photothermal (PTT) therapies, ensuring complete sterilization. In the absence of NIR, it autonomously

responds to the infection microenvironments (IMEs) by initiating Fenton-like cascades via chemodynamic

therapy (CDT) and metal-ion therapy (MIT), sustaining reactive oxygen species (ROS) production and Cu2+

ions release to prevent recurrent infections. Simultaneously, the released Cu2+ ions enhance vascular en-

dothelial growth factor (VEGF) expression, fostering angiogenesis and hastening wound closure, thus re-

ducing infection risks linked to prolonged exposure. In vivo studies demonstrate rapid bacterial elimi-

nation, significant remodeling of the wound milieu, and enhanced epithelialization, collagen deposition,

and vascularization. This innovative design overcomes the deficiencies of existing modalities, offering a

NIR/IMEs dual-responsive approach to managing chronic infected wounds with precision and efficacy.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The epidermis, the body’s most extensive organ, serves as the

frontline defense and is crucial for sustaining systemic balance

and protecting internal tissues from external hazards [1]. Upon

cutaneous injury, a dynamic repair cascade unfolds, progressing

through four interdependent phases: hemostasis, inflammation,

proliferation, and remodeling [2,3]. This intricate process relies on

the coordinated interplay between immune cells, fibroblasts, and

other cellular constituents to restore barrier integrity [4]. However,

chronic skin wounds disrupt this orchestration, presenting a com-

plex pathophysiological milieu that conventional therapies such as
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standard dressings, hyperbaric oxygen, and antibiotics struggle to

address effectively [5–8]. Although antibiotics are pivotal in con-

trolling infections, their systemic toxicity and the rapid spread

of resistant pathogens intensify challenges for global healthcare

[9–12]. Consequently, a multifunctional antibiotic-free platform

that ensures sustained antimicrobial activity while promoting tis-

sue repair is critical.

For debridement of chronic infected skin wounds, phototherapy

has become a paradigm-shifting strategy for combating wound in-

fections [13–16]. Photothermal therapy (PTT) exploits light-induced

hyperthermia to destabilize bacterial membranes, while photody-

namic therapy (PDT) unleashes a reactive oxygen species (ROS)

cascade to amplify bactericidal potency [17–21]. Despite its poten-

tial, conventional phototherapy fails to resolve chronic wounds ow-

ing to three critical limitations: Under light activation, the insuffi-
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Scheme 1. (a) Fabrication process for P-MCP nanofibrous membrane via sequential

assembly and functionalization. (b) In vivo application of P-MCP membrane demon-

strating antimicrobial efficacy and skin regeneration in an infected wound mouse

model.

cient synergy between PDT and PTT leads to incomplete bacterial

clearance [18]; once light ceases, the inherent light-dependency of

photodynamic approaches creates vulnerability to secondary infec-

tions during dark intervals [22]. Prolonged bacterial exposure trig-

gers persistent inflammatory responses and delayed vasculariza-

tion [23,24]. Therefore, there is a great need to develop novel pho-

totherapy biomaterials to treat chronic wounds.

In this study, we developed a dual-responsive platform that

harnesses the synergistic interplay of PTT and PDT within

MXene/CuO2 bio-heterojunctions (MX/CO bio-HJs), as displayed in

Scheme 1. This p-n heterojunction establishes a built-in electric

field that enhances charge separation and migration, amplifies

photocatalytic efficiency, and has great potential to sustain an-

tibacterial ability even without external light [25–28]. First, un-

der near-infrared (NIR) light activation, MX/CO bio-HJs drive po-

tent hyperthermia via PTT, disrupting bacterial membranes [29]. At

the same time, CuO2 generates a ROS storm through PDT, collec-

tively ensuring comprehensive pathogen elimination [29,30]. Sec-

ond, under dark conditions within exudative infection microenvi-

ronments (IMEs), CuO2 nanoparticles (NPs) in MX/CO bio-HJs re-

act with wound exudate-derived water to generate hydrogen per-

oxide (H2O2), a key substrate driving Fenton-like cascades [31,32].

This reaction triggers chemodynamic therapy (CDT), unleashing the

ROS barrage to eradicate residual bacteria. This process sustains a

dynamic Cu2+/Cu+ redox cycle, ensuring continuous ROS genera-

tion post-illumination. Complementing CDT, the Cu2+ ions liber-

ated during metal ion therapy (MIT), exerting intrinsic bactericidal

effects by compromising membrane integrity, inactivating proteins,

and damaging DNA. This CDT-MIT strategy establishes a persistent

antimicrobial shield that effectively mitigates the risk of secondary

infections when the light is withdrawn. Moreover, the released

Cu2+ ions liberated during CDT and MIT bolster infection control

and serve as bioactive cues, stimulating fibroblast proliferation and

upregulating vascular endothelial growth factor (VEGF) expression

[33]. This dual functionality accelerates angiogenesis and enhances

vascularization, the key drivers of granulation tissue formation and

epithelialization. The platform minimizes the temporal window of

vulnerability to reinfection by expediting wound closure, directly

addressing the risks posed by prolonged lesion exposure.

For optimal wound healing, we embedded MX/CO bio-HJs

within electrospun polycaprolactone (PCL) fibrous membranes

designed to mimic the extracellular matrix (ECM) with their

nanoscale architecture and high surface area-to-volume ratio

[17,34]. Inspired by mussel adhesion chemistry, we functionalized

these scaffolds with a polydopamine (PDA) coating, conferring ro-

bust wound bed adhesion even in exudative IMEs. This adhesion

arises from the synergy of covalent (Michael addition and Schiff

base formation) and non-covalent (hydrogen bonding, electrostatic)

interactions, establishing a durable, conformal barrier that main-

tains intimate contact with the wound surface [20,35,36].

In summary, we propose an innovative NIR/IMEs dual-

responsive P-MXene/CuO2@PDA (P-MCP) nanocatalytic membrane

that can manage persistent infected wounds by simultaneously

tackling sterilization and tissue repair. Under NIR irradiation, this

platform exhibits synergistic PTT and PDT effects, amplifying its

antimicrobial potency. Intriguingly, incorporating CuO2 NPs sus-

tains H2O2 production, thereby driving Fenton-like reactions and

enabling controlled Cu2+ ion release. These features ensure that

the IMEs-triggered CDT and MIT can be sustained without light.

Beyond infection control, liberated Cu2+ ions further stimulate an-

giogenesis, accelerate vascularization, and promote wound healing.

By thoughtfully integrating MX/CO bio-HJs, PDA, and PCL, this de-

sign provides a multifaceted therapeutic approach that addresses

the dual challenges of chronic bacterial infections and impaired tis-

sue regeneration, which could markedly improve clinical outcomes.

To validate our experimental design, we synthesized and char-

acterized the novel MX/CO bio-HJs system for enhanced infected

wound healing (Scheme 1a). Monolayer MXene (Ti3C2) nanosheets

were synthesized via solution-phase exfoliation by etching Ti3AlC2

in lithium fluoride/hydrochloric acid, followed by ultrasonication.

CuO2 NPs were intercalated into the MXene framework through

electrostatic self-assembly. As shown in Fig. S1 (Supporting infor-

mation), scanning electron microscopy (SEM) revealed Ti3AlC2 with

accordion-like multilayer nanostructures, while delaminated MX-

ene nanosheets (Fig. S1a) showed uniform distribution confirmed

by transmission electron microscope (TEM) (Fig. S1b). Upon as-

sembly, CuO2 NPs exhibited reduced size and uniform distribu-

tion across the MXene surface due to negatively charged func-

tional groups regulating crystallization (Fig. 1a). TEM showed in-

timate MXene/CuO2 bonding (Fig. 1e), while high-resolution TEM

(HRTEM) revealed distinct lattice intersections confirming hetero-

junction formation (Fig. 1b). Lattice parameters showed interpla-

nar spacings of 0.245 and 0.26nm, corresponding to CuO2 (111)

and MXene (010) planes, respectively. Atomic force microscope

(AFM) indicated ∼20.2 nm height for monolayer MXene, consis-

tent with theoretical values (Fig. 1d) [37]. Energy-dispersive X-ray

spectroscopy (EDS) mapping demonstrated homogeneous Cu, O, Ti,

and C distributions, validating successful bio-HJ construction (Fig.

1f). X-ray diffraction (XRD) (Fig. 1i) and Fourier-transform infrared

spectroscopy (FTIR) (Fig. S1e) confirmed composition and chemi-

cal bonding. XRD revealed unchanged CuO2 peaks after assembly,

preserving catalytic properties. FTIR demonstrated MXene’s charac-

teristic Ti-O-C vibration at 618 cm−1, validating successful MX/CO

bio-HJs construction and stability.

Building upon the successful synthesis of MX/CO bio-HJs, we

next fabricated the electrospun nanocatalytic membrane to serve

as a multifunctional platform that localizes catalytic activity and

avoids systemic dissemination of non-degradable elements. These

ECM-mimicking membranes with nanometer to micrometer fiber
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Fig. 1. Heterojunction and membrane characterization: (a) SEM image of MX/CO

bio-HJs (inset: pure CuO2 NPs). (b) HRTEM and (c) SEM images of P-MX/CO. (d) AFM

and (e) TEM images of MX/CO bio-HJs. (f) Elemental mapping of MX/CO bio-HJs.

(g) SEM images and (h) elemental mapping of P-MCP. (i) XRD patterns of MXene,

MX/CO bio-HJs, and CuO2 NPs. (j) XPS survey spectra of pristine PCL and P-MCP.

(k–m) High-resolution XPS spectra: O 1s, Ti 2p, and Cu 2p.

diameters are ideal for wound dressings. SEM revealed pristine

PCL membranes with uniform nanofibers and 1–2μm interfibrous

pores optimal for cellular attachment (Fig. S1c). P-CuO2 and P-

MX/CO membranes showed successful integration of MX/CO bio-

HJs and CuO2 NPs on fiber surfaces (Fig. 1c and Fig. S1d), while

PDA-modified membranes exhibited distinctive film-like coatings

(Fig. 1g). EDS mapping confirmed spatial distribution of Ti and

Cu from MX/CO bio-HJs and N from PDA coating (Fig. 1h). X-

ray photoelectron spectroscopy (XPS) analysis confirmed successful

MX/CO bio-HJs incorporation into the PCL matrix. The survey spec-

trum showed characteristic peaks at Cu 2p (935 eV), F 1s (687 eV),

O 1s (532 eV), Ti 2p (459 eV), N 1s (400 eV), and C 1s (285 eV),

with no Al signals indicating complete Ti3AlC2 etching (Fig. 1j). P-

MCP showed additional Ti 2p, F 1s, and Cu 2p peaks compared

to pristine PCL. O 1s deconvolution revealed peaks at 535.58 eV

(O–O), 532.98 eV (C–O), and 531.78 eV (C=O), with O–O bonds

confirming MX/CO bio-HJs incorporation (Fig. 1k). Ti 2p spectra

showed peaks at 465.68 eV (Ti IV), 464.38 eV (Ti-C), 458.98 eV (Ti

III), and 455.88 eV (Ti II), with predominant Ti(III) indicating sub-

stantial MXene presence (Fig. 1l). Cu 2p spectrum displayed peaks

at 954.78 eV (Cu 2p1/2) and 934.88 eV (Cu 2p3/2) with correspond-

ing satellite peaks (Fig. 1m).

To further characterize the membrane’s suitability for wound

applications, we evaluated its physical and biological properties.

Detailed adhesion strength measurements at various tensile angles,

surface wettability analysis, and biocompatibility evaluation using

L929 and HaCaT cell lines are provided in the Supporting Informa-

tion (Figs. S2 and S4 in Supporting information).

With the membrane’s structural integrity confirmed, we sub-

sequently evaluated its photothermal properties using a FLIR E6

Fig. 2. Evaluation of the photothermal and photocatalytic performance of the mem-

brane: (a) Real-time infrared thermal images of different groups. (b) Photothermal

response of P-MCP over 600 s under NIR laser irradiation (808nm, 1.5W/cm2), fol-

lowed by laser shutdown, with a linear time plot versus Lnθ . (c) Photothermal

stability was assessed using three on/off irradiation cycles. Photothermal heating

curves of the electrospun membrane under (d) 808nm and (e) 1064nm laser irra-

diation. (f) Schematic representation illustrates the mechanism. (g, h) Spectral anal-

ysis of MB degradation. (i) Conceptual illustration and (j, k) absorption spectra of

DPBF depletion. (l) GSH depletion and (m) its underlying mechanism. Data are pre-

sented as mean ± standard deviation (SD) (n=3).

thermal camera to assess NIR-mediated heat generation. P-MCP ex-

hibited superior photothermal performance (Fig. 2a), with MX/CO

bio-HJs and PDA integration enhancing 808nm NIR-to-thermal en-

ergy conversion. Under 808nm NIR irradiation (1.5W, 500 s), P-

MCP reached a maximum temperature of 55.3 °C, followed by rapid

cooling post-irradiation (Fig. 2b). The photothermal conversion effi-

ciency was 19.4%, confirming P-MCP’s suitability for NIR-mediated

therapies. P-MCP maintained excellent stability over ten heating-

cooling cycles with minimal temperature variation (Fig. 2c). Under

dual-wavelength irradiation (808/1064nm) at varying power den-

sities (Figs. 2d and e), P-MCP outperformed P-CuO2 and P-MX/CO

in PBS, reaching 60.2 °C under 808nm due to PDA’s efficient NIR

conversion, while P-MX/CO reached 50.5 °C in 10min, driven by

enhanced electron-hole separation at the MX/CO bio-HJs interface.

PCL showed minimal thermal response.

Complementing the photothermal evaluation, we assessed the

photocatalytic ROS generation of P-MCP, starting with •OH pro-

duction using methylene blue (MB) as a probe, which exhib-

ited reduced absorption at 664nm upon reaction (Fig. 2f) [38].

P-MCP+NIR exhibited significantly lower MB absorbance than P-

MCP alone, while PCL showed negligible changes (Fig. 2g). En-

hanced •OH production stemmed from MX/CO bio-HJs’ PDT effect

and CuO2 NPs’ H2O2 generation for Fenton-like reactions. Time-

dependent MB absorbance decreased under 808nm irradiation, in-

dicating sustained photocatalytic activity (Fig. 2h). Singlet oxy-
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gen (1O2) and superoxide (•O2
−) generation were assessed using

3-diphenylisobenzofuran (DPBF), with a characteristic absorbance

drop at 410nm (Fig. 2i) [39]. P-MX/CO showed superior ROS gen-

eration compared to PCL, attributed to efficient electron-hole sep-

aration at the MXene-CuO2 heterojunction interface (Fig. 2j). NIR

irradiation further reduced DPBF absorbance over time, confirming

sustained ROS production (Fig. 2k). Glutathione (GSH) depletion,

a key bacterial defense against oxidative stress [40], was signifi-

cantly enhanced by P-MCP under dark and NIR conditions, with P-

MCP+NIR showing the highest depletion rate after the 1.0 % H2O2

control (Figs. 2l and m). P-MCP maintained substantial GSH con-

sumption without NIR, indicating CuO2’s independent catalytic ac-

tivity. PCL and PCL+NIR showed negligible GSH depletion. These

results highlight MX/CO bio-HJs and PDA integration’s ability to

disrupt bacterial GSH defenses, with enhanced efficacy under NIR

irradiation.

Leveraging these demonstrated photothermal and photocat-

alytic capabilities, we next evaluated the in vitro antibacterial ef-

ficacy against Gram-positive (S. aureus, ATCC 25,923) and Gram-

negative (Escherichia coli, ATCC 25,922) strains using spread plate

assays, SEM, and TEM [41,42]. As shown in Fig. 3 and Fig. S3

(Supporting information), PCL exhibited minimal antibacterial ac-

tivity against both strains regardless of NIR irradiation (Figs. 3a

and b, Figs. S3a and b). The P-CuO2, P-MX/CO, and P-MCP groups

demonstrated enhanced antimicrobial properties with correspond-

ing decreases in bacterial survival rates (Fig. 3c and Fig. S3c). P-

MCP achieved >30% antimicrobial efficiency without NIR irradia-

tion, attributed to MIT effects from Cu2+ ions and CDT-generated

ROS from IME stimulation. Despite 10.0min NIR irradiation, sub-

stantial bacterial colonies persisted in P-CuO2+NIR (survival rates:

85.53% ± 4.14% for E. coli, 95.9 % ± 1.92% for S. aureus), demon-

strating PTT’s limited standalone antimicrobial capacity. The P-

MX/CO+NIR group showed significantly reduced bacterial survival

(7.77% ± 3.72% for E. coli, 8.83% ± 1.27% for S. aureus) due to bio-

HJs optimizing charge carrier dynamics and enhancing photogener-

ated electron-hole pair separation. Most impressively, P-MCP+NIR

exhibited dramatic bactericidal effects with survival rates of only

0.47% ± 0.34% (E. coli) and 0.87% ± 1.02% (S. aureus) through

synergistic photothermal heating, ROS production, and Cu2+ re-

lease. SEM analysis (Fig. 3d and Fig. S3d) and TEM examina-

tion (Fig. 3e) revealed morphological changes and membrane in-

tegrity alterations. PCL groups maintained characteristic bacterial

morphologies with intact structures. P-CuO2 groups showed min-

imal changes with surface wrinkles. P-MX/CO and P-MCP groups,

particularly under NIR irradiation, induced significant morphologi-

cal damage including membrane wrinkles, contraction, and dehis-

cence. P-MCP+NIR caused the most severe damage: Disrupted cell

walls and cytoplasmic membranes, cytoplasmic leakage, vesicular

intracellular density transformation, invisible DNA, and E. coli flag-

ella detachment. The P-MCP bactericidal mechanism follows mul-

tiple pathways (Scheme 1b): CuO2 NPs react with H2O to pro-

duce H2O2, which generates ROS via Fenton-like reactions with

Cu2+ ions (CDT). Under NIR irradiation, MX/CO bio-HJs initiate

dual-mode action through PTT and PDT. Photothermal conversion

increases local temperature for thermal ablation while accelerat-

ing CDT [43]. The resulting ROS storm causes oxidative damage

through lipid peroxidation, protein denaturation, and nucleic acid

fragmentation while oxidizing GSH to glutathione disulfide (GSSH),

disrupting bacterial antioxidant defenses [44,45]. During MIT, re-

leased Cu2+ ions accumulate on bacterial membranes, bind phos-

pholipids, increase permeability, and cause cellular content leakage

[46].

In parallel with its antimicrobial effects, we investigated the

membrane’s ability to promote angiogenesis using a Matrigel-

based tube formation assay with human umbilical vein endothelial

cell (HUVEC). Fig. 3f and Fig. S3e show HUVEC tube formation pro-

Fig. 3. NIR-enhanced antibacterial activity and angiogenic promotion by P-MCP:

Images of S. aureus (a) and E. coli (b) colonies following P-MCP treatment. (c) Quan-

titative bacterial viability for S. aureus and E. coli. (d) SEM images showing mor-

phological changes in S. aureus and E. coli cultured with different P-MCP com-

ponents ± NIR irradiation. (e) TEM images of ultrastructural changes in bacteria

treated with PCL+NIR or P-MCP+NIR. White dotted boxes indicate heat-induced

membrane damage; arrows denote membrane damage with cytoplasmic leakage.

(f) HUVEC tube-like structures in Matrigel assay following P-MCP treatment. (g) 3D

reconstructions of HUVEC tube-like structures labeled with VEGF and DAPI. VEGF

fluorescence relative proportion (h) and signal intensity (i) quantifying angiogenic

responses. (j) Quantitative analysis of HUVEC tube-like structures at 15h. (k) Cu2+

ion release profile from P-MCP. Deeper red represents higher Cu2+ concentration.

(l) Cu2+ concentration visualization in each time point. Data presented as mean ±
SD (n=3).

gression on various substrates at 5 and 15h time points, selected

to capture initial tube formation dynamics and mature tubular

networks before apoptosis onset. This dual approach comprehen-

sively characterizes both initiation and stabilization phases of an-

giogenesis. While all groups supported angiogenic activity, P-MCP

demonstrated the most extensive capillary-like structure develop-

ment, quantitatively confirmed in Fig. 3j and Fig. S3f with statis-

tically significant increases in tubule formations. Fluorescence mi-

croscopy (Fig. 3g and Fig. S3g) and quantitative analyses (Figs. 3h

and i, Figs. S3h and i) revealed marked VEGF upregulation in the

P-MCP group. Strong green fluorescence in VEGF immunostaining

correlated with enhanced angiogenic activity compared to controls.

Three-dimensional z-axis intensity plots (Fig. 3g and Fig. S3g) con-

firmed spatial distribution patterns, with P-MCP-treated cells ex-

hibiting peak VEGF expression. These findings indicate P-MCP sup-

ports both structural capillary formation and angiogenic signaling

upregulation, consistent with literature demonstrating Cu2+ ions

stimulate VEGF-mediated angiogenic processes and vascular struc-

ture stabilization [33,47]. P-MCP membranes exhibited distinctive

Cu2+ release kinetics: Rapid NIR-triggered liberation followed by
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Fig. 4. In vivo assessment of bacterial eradication and wound healing: (a) Schematic

of animal experimental procedures. (b) Sequential photographs of treated skin

wounds from day 1 to day 7. (c) Thermal imaging of wounds under NIR irradia-

tion. (d) Turbid liquid and S. aureus colonies from infected wounds post-treatment.

(e) Quantitative wound healing area analysis. (f) Surface temperature of mem-

branes under NIR irradiation. (g) Bacterial viability rates measured by CFUs on day

1. (h) H&E, Masson’s trichrome, TNF-α and CD31 staining of skin tissues follow-

ing treatments. Quantitative analysis of (i) collagen volume fraction from Masson’s

trichrome staining, (j) TNF-α levels, and (k) CD31 levels. Data presented as mean ±
SD (n=3).

sustained dark-condition release (Figs. 3k and l). During initial NIR

activation, Cu2+ concentrations reached 2.45±0.09 μmol/L within

10min (∼80% of total release), then increased gradually from

2.70±0.13 μmol/L (day 1) to equilibrium at 3.11±0.09 μmol/L

(day 7). This release mechanism originates from CuO2 NP hydrol-

ysis, generating Cu2+ ions and H2O2 in the wound-mimicking en-

vironment. NIR irradiation enables MX/CO bio-HJs to convert light

into localized heat, enhancing hydrolysis rates and amplifying ini-

tial Cu2+ burst. Post-NIR exposure, hydrolysis continues at physio-

logical conditions with steady Cu2+ accumulation reflecting ongo-

ing CuO2 dissolution.

Having confirmed robust in vitro performance in both steriliza-

tion and angiogenesis, we next validated the P-MCP membrane’s

therapeutic efficacy in vivo using a full-thickness infected skin de-

fect model in Kunming mice (Fig. 4a). All animal experiments were

approved by the West China Hospital of Stomatology’s Animal Care

Committee (No. WCHSIRB-d-2018–089) and conducted in compli-

ance with NIH guidelines for animal welfare. Treatment groups

included NIR-irradiated (P-MCP+NIR/PCL+NIR) and non-irradiated

(P-MCP-NIR/PCL-NIR) conditions. Mice initially lost weight during

the first three days but gradually recovered as treatment pro-

gressed (Fig. S5a in Supporting information). P-MCP+NIR-treated

wounds exhibited accelerated closure compared to other groups

(Fig. 4b). While no significant differences were observed initially,

by day 7 this group demonstrated the most pronounced size re-

duction with nearly complete epithelialization (Fig. 4e). Thermo-

graphic analysis on day 1 (Figs. 4c and f) showed PCL+NIR main-

tained ∼38.15 °C with no significant temperature change due to

inability to convert light energy to heat. P-MCP+NIR exhibited

rapid temperature increase from 34.0 °C to 59.0 °C within 10.0min,

confirming substantial in vivo photothermal conversion consistent

with in vitro results. Antibacterial assessment using wound-derived

bacteria (day 1) showed P-MCP+NIR demonstrated the lowest bac-

terial turbidity, fewest colonies, and highest antimicrobial rate

(88.79%, Figs. 4d and g). Healing efficiency was significantly higher

in P-MCP+NIR vs. P-MCP-NIR, attributed to synergistic antimicro-

bial effects of PTT and PDT. Even without NIR, P-MCP-NIR showed

better healing outcomes than both PCL groups due to CDT, MIT,

and Cu2+-mediated angiogenic effects. The PCL+NIR group out-

performed PCL-NIR, likely due to NIR irradiation promoting local

blood circulation despite PCL’s lack of therapeutic properties.

To gain deeper insights into the observed in vivo healing, we

performed comprehensive histological analyses of wound tissues.

Hematoxylin and eosin (H&E) staining on day 7 (Fig. 4h) revealed

minimal neutrophil infiltration in the P-MCP+NIR group, indicating

largely resolved inflammation. Significant inflammation persisted

in PCL-NIR, PCL+NIR, and P-MCP-NIR groups, with abundant neu-

trophils observed in both PCL groups. The PCL+NIR group showed

initial epithelial ingrowth without complete coverage, while PCL-

NIR exhibited minimal epithelial regeneration. The P-MCP-NIR

group demonstrated fewer neutrophils, more mature granulation

tissue, increased vascular and fibroblast presence, and improved

epithelial regeneration, indicating progression to tissue remodel-

ing. The P-MCP+NIR group exhibited the fewest neutrophils, fully

mature granulation tissue, uniform vessel and fibroblast distribu-

tion, and new connective tissue formation with continuous, well-

defined epithelial layers of significantly increased thickness. Mas-

son staining confirmed collagen deposition patterns (Fig. 4h). By

day 7, comparable collagen fiber levels were observed in PCL-

NIR, PCL+NIR, and P-MCP-NIR groups. P-MCP+NIR displayed signif-

icantly more intense collagen staining (51.18% ± 1.16%) and higher

density of newly formed blood vessels with red cells between

collagen fibers (Fig. 4i). P-MCP-NIR promoted repair even under

dark conditions (collagen percentage: 39.96% ± 0.72%), while NIR

application synergistically shortened inflammation and acceler-

ated collagen deposition and angiogenesis. Immunohistochemistry

evaluated inflammatory response and antibacterial efficacy using

CD31 (platelet-endothelial marker) and tumor necrosis factor-alpha

(TNF-α) [13,48,49]. TNF-α showed significantly higher positive ar-

eas in PCL groups, indicating severe inflammation (Fig. 4j). TNF-α
expression was markedly reduced in P-MCP groups, with lowest

levels in P-MCP+NIR (5.02% ± 0.92%), resulting from synergistic

bacterial elimination that removed the primary inflammatory stim-

ulus. CD31 was upregulated in P-MCP groups (Fig. 4k), with signif-

icant increases in new capillaries observed in P-MCP+NIR (11.45%

± 1.22%). This enhanced CD31 expression stems from P-MCP’s an-

tibacterial capabilities mitigating inflammation and Cu2+ ions pro-

moting angiogenesis [50,51].

As shown in Fig. S5, body weight measurements showed tran-

sient decline during initial two days with no subsequent fluctua-

tions, suggesting no long-term adverse effects (Fig. S5a). Routine

hematological assessments revealed no significant abnormalities,

confirming systemic safety (Fig. S5b). H&E staining of major organs

(heart, liver, spleen, lungs, kidneys) showed minimal adverse ef-

fects, underscoring P-MCP’s great biocompatibility (Fig. S5c).

In summary, we have engineered an innovative NIR/IMEs

dual-responsive nanocatalytic membrane that effectively combines

swift bacterial elimination with enhanced healing of infected skin
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wounds. Under NIR excitation, the MX/CO bio-HJs induce photo-

generated electron and hole separation, exerting a potent synergis-

tic PTT and PDT bactericidal effect. The modification of PDA can

not only make the electrospun membrane tightly bind to the skin

wound through the formation of chemical bonds and non-covalent

interactions under wet conditions, but also enhance the photother-

mal conversion efficiency of PTT. Remarkably, even after NIR with-

drawal, the P-MCP membrane reacts with water in the IME to

supply endogenous H2O2. The MX/CO bio-HJs, with their excellent

Fenton-like reactivity, catalyze the conversion of H2O2 into abun-

dant ROS via the Cu(I)/Cu(II) redox cycle, resulting in a robust CDT

bactericidal effect. Furthermore, the generated ROS oxidizes GSH to

GSSH, compromising the antioxidant defense function of bacteria.

The release of Cu2+ ions during this process provides a sustained

MIT bactericidal and pro-angiogenic effect, accompanied by the ac-

tivation of VEGF. This nanocatalytic membrane exhibited high bac-

tericidal potency both in vitro and in vivo through a quintuple syn-

ergistic approach involving CDT, PTT, PDT, MIT, and GSH depletion,

demonstrating excellent photothermal conversion efficiency, ROS

generation, and antibacterial activity under NIR light. Furthermore,

P-MCP membranes demonstrated excellent biocompatibility, and

in vivo studies confirmed their ability to accelerate wound heal-

ing by modulating the pathological chronic microenvironment into

a regenerative state. This transformation enhanced collagen de-

position, stimulated angiogenesis, and mitigated inflammatory re-

sponses. The experimental outcomes provide valuable insights for

designing NIR/IMEs dual-responsive nanofiber membranes, offer-

ing a promising strategy for managing infected skin wounds. The

innovative approach harnessing the synergistic effects of multiple

therapeutic modalities, combined with the responsive nature of the

nanocatalytic membrane, offers a promising strategy for addressing

the challenges associated with chronic wound healing.
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