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a b s t r a c t

Wound healing in diabetic patients presents significant challenges due to heightened risks of bacterial in-

fection, elevated glucose levels, and insufficient angiogenesis. Nanozymes are widely employed for wound

healing, but most current nanozyme systems exhibit only moderate activity limited by incompatible re-

action microenvironments including pH and hydrogen peroxide (H2O2) concentration. Herein, a glucose-

activated nanozyme hydrogel was developed using bovine serum albumin (BSA)-modified gold nanoparti-

cles (Au NPs) attached to a two-dimensional (2D) metal-organic framework (MOF) (Cu-TCPP(Fe)@Au@BSA)

by an in situ growth method. The Au NPs function as a glucose oxidase (GOx)-like enzyme, converting

glucose to gluconic acid and H2O2, triggering the peroxidase (POD)-like activity of Cu-TCPP(Fe) to produce

hydroxyl radicals (•OH), effectively eliminating bacteria. Additionally, the modification of BSA reduces the

Au NP size, enhancing enzyme activity. Both in vitro and in vivo tests demonstrate that this nanozyme

hydrogel can be activated by the microenvironment to lower blood glucose, eliminate bacterial infections,

and promote epithelial formation and collagen deposition, thus accelerating diabetic wound healing ef-

fectively. The multifunctional nanozyme hydrogel dressing developed in this study presents a promising

therapeutic approach to enhance diabetic wound healing.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diabetic ulcers present a significant challenge to healing due to

various pathological features, including high glucose level, wound

infection, insufficient angiogenesis and excessive reactive oxygen

species (ROS) [1-3]. In severe cases, these ulcers may lead to the

risk of amputation, posing substantial threats to patients’ physi-

cal and mental health [4,5]. Consequently, the promotion of rapid

and complete healing for diabetic ulcers remains a major obsta-

cle [6,7]. Traditional wound dressings, although frequently uti-

lized in treating diabetic wounds, often come with limited anti-

infective properties and tend to adhere to the wound, hinder-

ing the healing process [8]. The emergence of wet healing the-

ory introduced several wet wound dressings to address these chal-

lenges. Hydrogel dressings, with their high water content, ex-

cellent mechanical properties, porous and biocompatible nature,

have gained great attention in wound healing [9,10]. To enhance

the healing process, researchers have developed various hydro-

gel wound dressings with specialized functions. However, these

hydrogels have typically been confined to a single function lim-
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iting their potential effectiveness [11,12]. Accordingly, the devel-

opment of multifunctional hydrogels becomes crucial in expedit-

ing and enhancing diabetic wound healing, such as multiple in-

jectable hydrogel [13], versatile immunomodulatory hydrogel [14]

and so on [15-17]. Nanozymes have gained researchers’ attention

due to their low cost, high stability, and catalytic activity. Specif-

ically, nanozymes have demonstrated multi-enzyme-like activity,

holding promise to address issues in the diabetic microenviron-

ment [18,19]. Metal-organic frameworks (MOFs) serve as a promis-

ing platform for emulating natural enzyme properties owing to

their unique physicochemical characteristics, including high poros-

ity and surface functionalization [20-22]. They have displayed po-

tent peroxidase (POD)-like activity when copper or iron are used

as metal nodes or when a porphyrin-iron structure (mimicking

heme) is employed as a ligand. This structure is capable of erad-

icating bacteria by catalyzing the production of highly oxidative
•OH from H2O2, thereby instigating chemodynamic therapy (CDT)

[23,24]. Particularly, two-dimensional (2D) MOFs have high poten-

tial for biomedical applications due to their large surface area and

active site exposure [25,26]. Additionally, nanozyme hydrogel can

reinforce the delivery efficiency and provide a moist microenviron-

ment, promoting wound healing [27,28].

https://doi.org/10.1016/j.cclet.2024.110012
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Scheme 1. (a) The preparation process of Cu-TCPP(Fe)@Au@BSA NSs and hydrogels. (b) Schematic illustration of PSBMA/Cu-TCPP(Fe)@Au@BSA hydrogels for promoting in-

fected diabetic wound healing.

However, the MOF-based nanozymes used for wound healing

usually exhibit activity in acidic solutions, posing a challenge in

physiologically conditions and chronic wound which are typically

weakly alkaline. Moreover, the physiological H2O2 concentration

is insufficient for effective therapy, restricting their application

in chemotherapy for anti-infection or anti-tumor. Therefore, the

development of nanozymes with diverse enzyme activities is of

paramount significance for modulating the complex microenviron-

ment of diabetic wound.

Gold nanoparticles (Au NPs), served as glucose oxidase (GOx)-

like enzyme, promote glucose consumption, pH reduction, and ini-

tiate H2O2 production [29,30]. This can regulate the wound mi-

croenvironment while overcome constrains posted by physiologi-

cal pH and H2O2. However, Au NPs lack consistently small par-

ticle sizes and exhibit instability due to unmodifiable surfaces. It

has been discovered that incorporating protein protectors enables

Au NPs to display both GOx-like performance at the same pH

level and improve their stability. In addition, the synergistic ef-

fects between Au NPs and carriers can further enhance enzyme-

like performance [31]. Bovine serum albumin (BSA) stands out as

a biomolecule because of easy accessibility, good biocompatibility

and strong adaptability [32,33]. Consequently, the sulfhydryl group

of BSA can modify Au NPs to obtain nanoparticles with enhanced

activity and stability [34-36].

Herein, we constructed a multi-enzyme Cu-TCPP(Fe)@Au@BSA

hydrogel for diabetic wounds healing (Scheme 1). Briefly, the BSA-

modified Au NPs were integrated onto the 2D MOFs via in situ re-

duction and then loaded into the hydrogel. BSA decoration and the

chemical composition of Cu-TCPP(Fe) led to a decrease in the par-

ticle size of Au NPs, which in turn enhanced the GOx-like activ-

ity. Au NPs metabolized glucose to create gluconic acid and H2O2,

which could then be converted into •OH through a cascade reac-

tion activated by the iron porphyrin ligand in the resulting acidic

conditions [37,38]. Subsequently, the nanozyme system was phys-

ically integrated into zwitterionic hydrogels, boosting biocompati-

bility and accelerating the healing process. It not only reduces glu-

cose levels, but also efficiently catalyzes the production of •OH at

elevated concentrations of endogenous H2O2 in wound sites for

CDT, and prompts tissue regeneration and restoration through ep-

ithelialization and collagen deposition. This study spotlights the

promising potential of Cu-TCPP(Fe)@Au@BSA hydrogel as a signif-

icant promotion on wound healing.

After the successful synthesis of ligand TCPP(Fe) (Figs. S1 and

S2 in Supporting information), the 2D MOF Cu-TCPP(Fe) was syn-

thesized via surfactant-assisted method. Transmission electron mi-

croscopy (TEM) image revealed its lamellar structure measuring

about 500nm in size (Fig. S3a in Supporting information). The

morphology remained unchanged after the in situ reduction of

BSA-modified Au NPs. The distribution of Au NPs on the surface

of Cu-TCPP(Fe) was random (Figs. S3b and c in Supporting infor-

mation). The high-resolution TEM further proved that the black

dot in Fig. S3d (Supporting information) was AuNPs, which was

firmly immobilized on the surface of 2D MOF with the help of

NaBH4. As shown in Figs. S4 and S5 (Supporting information),

elemental scans and the ultraviolet–visible (UV–vis) absorption

peak at 528nm were utilized to confirm the presence of Au NPs.

The aggregation of pure Au NPs and the change in peak position

(blue line) confirmed that the presence of Cu-TCPP(Fe) enhanced

the distribution of Au NPs due to the interaction of N groups

of MOFs with Au elements [39]. Furthermore, the Au NPs in Cu-

TCPP(Fe)@Au@BSA (with particles averaging 15.79nm in size) were

smaller compared to pure Au NPs, which can expose more active

sites to enhance enzymatic activity (Fig. S6 in Supporting informa-

tion). Scanning electron microscopy (SEM) elemental mapping of

Cu-TCPP(Fe)@Au@BSA revealed the distribution of C, N, O, Fe, Cu,

Au, and S elements. The consistent distribution of sulfur with Au

elements suggested that BSA successfully modified Au NPs (Fig.

S7 in Supporting information). X-ray photoelectron spectroscopy

(XPS) results demonstrated consistent elemental compositions. Fig.

S8 (Supporting information) presented the complete XPS spectra

for both materials. In Fig. S9 (Supporting information), the peaks

observed at 711.38 eV and 724.78 eV on the high-resolution XPS

spectra of Fe 2p were assigned to Fe-N 2p3/2 and Fe-N 2p1/2 in the

porphyrin-iron ligand, respectively [40], and the signals at 932.98,

934.98, 952.28 and 954.98 eV could be separately attributed to

the Cu+ 2p3/2, Cu
2+ 2p3/2, Cu

+ 2p1/2, Cu
2+ 2p1/2. Additionally, the

high-resolution XPS spectra of O 1s indicated successful synthe-

sis of Cu and TCPP(Fe) ligands (-COOH) resulting in the successful

formation of MOF nanosheets [41]. The peaks at 84.4 and 87.9 eV

corresponded to the characteristic peaks of Au 4f7/2 and Au 4f5/2
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of Au, respectively [42]. This indicated that the Au was in a metal-

lic state in MOF nanosheets, allowing them to imitate the GOx-

catalyzed reaction. The change in zeta potential also confirmed

the successful loading of Au NPs (Fig. S10 in Supporting informa-

tion). X-ray diffraction (XRD) patterns in Fig. S11 (Supporting in-

formation) exhibited distinctive diffraction peaks for both materi-

als. Two major peaks corresponded to the (001) and (002) crystal

planes of Cu-TCPP(Fe) consistent with the previous results. Peaks

at the 44.3° and 77.7° for Cu-TCPP(Fe)@Au@BSA were attributed

to (200) and (311) crystal planes of Au, respectively, demonstrat-

ing the in situ synthesis of Au NPs [43]. Notably, Cu-TCPP(Fe) dis-

played comparable diffraction spectra before and after modifica-

tion, suggesting that the crystal structure was not influenced by

Au NPs. Additionally, the Cu-TCPP(Fe)@Au@BSA sample exhibited

reduced peak intensity compared to those of Cu-TCPP(Fe) owing to

the surface modification. The step-by-step synthesis process was

analyzed using Fourier transform infrared spectroscopy (FTIR) (Fig.

S12 in Supporting information). Characteristic absorption peaks at

1000 cm−1 belonged to the Fe-N. Vibration peaks between 1700

cm−1 and 1680 cm−1, corresponding to (-COOH), exhibited strong

intensity, but weakened in the spectra of Cu-TCPP(Fe), indicat-

ing coordination of (-COOH) with Cu [44]. The distinct character-

istic peaks were slightly shifted due to the in situ formation of

Au NPs.

The pure amphiphilic poly(sulfobetaine methacrylate) (PSBMA)

hydrogel was crosslinked through thermal initiation to form a gel

[45]. Nanocomposite hydrogels were then produced by physically

incorporating nanoparticles into the precursor gel solution, fol-

lowed by crosslinking, designated as PSBMA/Cu-TCPP(Fe)@Au@BSA

(Fig. S13a in Supporting information). SEM analysis revealed a

porous network structure for both hydrogels, with a pore size of

approximately 25μm. Notably, the internal structure of the hydro-

gels remained unchanged even after the introduction of nanoparti-

cles (Fig. S13b in Supporting information). Furthermore, the rhe-

ological behavior was studied by a Rheometer. The time-sweep

curves revealed that the dynamic storage modulus (G′) of all the

hydrogels consistently exceeded their loss modulus (G′′) at a fre-

quency of 1Hz and a strain of 1%, indicating the successful for-

mation of the hydrogel and its stable, solid-like behavior (Fig.

S14 in Supporting information). Fig. S15 (Supporting information)

illustrated the adhesive properties of the PSBMA hydrogel, dis-

playing its secure attachment to flexed finger joints. Additionally,

the hydrogel exhibited impressive mechanical properties, demon-

strated by its ability to return to its original state after compres-

sion and stretching. The hydrogel’s mechanical properties were

also evaluated through compressive testing, achieving a compres-

sive stress of 9.3MPa, approximately 100 times greater than that

of the poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogel (Fig.

S16 in Supporting information). Hydrogel with high water content

and strong uptake characteristics contribute to a moist environ-

ment for wound and effectively absorb exudate and debris [46].

As depicted in Fig. S17 (Supporting information), the hydrogel had

a water content exceeding 60%, surpassing the PHEMA hydrogel

with around 40%. Besides, Fig. S18 (Supporting information) illus-

trated the real-time uptake behavior of the hydrogel in phosphate

buffered saline (PBS) buffer, reaching 200% uptake after 9h. Both

hydrogels showed excellent uptake performance in 0.9% NaCl solu-

tion and PBS buffer, with the PSBMA/Cu-TCPP(Fe)@Au@BSA hydro-

gel reaching a peak uptake rate of 250% particularly noteworthy in

0.9% NaCl solution, which offered potential clinical advantages. The

high uptake was attributed to the disruption of zwitterionic moi-

eties’ interactions by the ions in the salt solution [47]. Following

the incorporation nanoparticles into the hydrogel, they were co-

incubated with either H2O2 or glucose. Subsequently, a 3,3′,5,5′-
tetramethylbenzidine (TMB) was introduced as a color developer

to evaluate the POD-like activity. The experiment results demon-

strated that the enzymatic hydrogel composites have the capability

to catalyze the production of •OH from H2O2 and can undergo cas-

cade reactions (Fig. S19 in Supporting information). These findings

suggest potential applications in treating diabetic wounds.

The cascade reaction was illustrated schematically in Fig. 1a.

The Au NPs acted as a GOx-like enzyme, decomposing glucose

into H2O2, while Cu-TCPP(Fe) were used as a POD-like enzyme to

further decompose it to •OH. The TMB chromogenic method was

employed to detect the •OH producing ability of Cu-TCPP(Fe), Cu-

TCPP(Fe)@Au and Cu-TCPP(Fe)@Au@BSA (Fig. 1b). The addition of

the nanozymes produced an absorption peak at 652nm, accom-

panied by a color change from colorless to blue, indicating their

capability to catalyze H2O2. Additionally, the absorption peaks in-

creased after loading with Au NPs, attributed to the hybridization

of MOF with metal nanoparticles, imparting a synergistic catalytic

effect and enhancing POD-like activity [48]. Moreover, the catalytic

activity of Cu-TCPP(Fe)@Au@BSA was 2.21 and 1.77 times higher

than that of Cu-TCPP(Fe) and Cu-TCPP(Fe)@Au, respectively. The

alteration in absorbance at 652nm of Cu-TCPP(Fe)@Au@BSA cat-

alyzed H2O2 with varying concentrations was also monitored in

real-time for the initial ten minutes. As illustrated in Fig. 1c, the

concentration increased, and the absorbance continued to rise over

time. To quantify the POD-like enzyme activity, the steady-state

kinetics of its various catalytic substrates were investigated. The

Michaelis-Menten constant (Km) and the maximum initial velocity

(Vmax) were determined by modifying the concentrations of H2O2

and TMB using the Michaelis-Menten kinetics and Lineweaver-Burk

equations. Figs. 1d and e demonstrated the variation in the re-

action rate with H2O2 concentration or TMB concentration (Fig.

S20 in Supporting information), revealing an increase in the re-

action rate with substrate concentration. The inverse of the sub-

strate concentration correlated linearly with the inverse of the ini-

tial rate. The Km of H2O2 and TMB were calculated to be 0.74 and

0.34mmol/L. They were 5 and 1.28 times lower than HRP, respec-

tively, and lower than that of most previously developed natural

enzymes, metal-organic frameworks, iron-based nanozymes, etc.,

indicating the good affinity for different substrates (Fig. S21 in Sup-

porting information). After centrifuging the supernatant, HRP and

TMB were added to generate color, as shown in Fig. 1f. There was

poor GOx-like activity in the presence of Cu-TCPP(Fe)@Au, but a

28% increased absorption peak at 652nm with a darker color, po-

tentially due to BSA modification and chemical dispersion of the

nanosheets, leading to a reduced particle size of the Au NPs and

an enhancement of catalytic activity. The H2O2 product resulting

from the glucose decomposition by Cu-TCPP(Fe)@Au@BSA was de-

tected through KMnO4 colorimetry. The generation of the product

was confirmed by the fading of KMnO4 and the disappearance of

the UV absorption peaks (Fig. 1g). Fig. 1h depicted an increase in

absorption peaks with varying nanozyme concentration levels in

the cascade reaction, indicating an accompanying increase in con-

centration. Moreover, the catalytic activity of Cu-TCPP(Fe)@Au@BSA

nanosheets towards H2O2 and glucose was strongly influenced by

pH, exhibiting superior catalytic performance in an acidic rather

than a neutral setting (Fig. S22 in Supporting information). The

pH of the mixture solution of Cu-TCPP(Fe)@Au@BSA and glucose

decreased around 4.11 after the reaction for 24h, referring to the

produce of gluconic acid. Given the abundance of glucose of dia-

betic wounds, the devised nanozymes may utilize glucose and in-

stigate a cascade reaction stimulating •OH production, thereby con-

ferring an effective therapeutic effect. Electron paramagnetic res-

onance (EPR) spectroscopy was utilized to identify free radicals.

Fig. S23 (Supporting information) indicated that catalyzing H2O2

produced a distinct splitting peak with a characteristic signal of

1:2:2:1, attributed to the presence of •OH. Subsequently, incuba-

tion with glucose resulted in characteristic signal peaks of H2O2

and •OH due to the cascade reaction.
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Fig. 1. Activity test of nanozymes. (a) Schematic diagram of the cascade reaction. (b) Comparison of POD-like activities of various nanozymes. (c) Time-dependent absorbance

changes with the addition of different concentrations of Cu-TCPP(Fe)@Au@BSA. (d) Michaelis-Menten kinetics and (e) Lineweaver-Burk of Cu-TCPP(Fe)@Au@BSA for H2O2. (f)

Comparison of GOx-like activities of various nanozymes. (g) Detection of product H2O2. (h) UV–vis absorption spectra of cascade reactions with different concentrations of

Cu-TCPP(Fe)@Au@BSA.

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)

were utilized as model bacteria to assess the in vitro antibacterial

efficacy of Cu-TCPP(Fe)@Au@BSA using the plate counting method

[49]. The results indicated that concentrations of 100μg/mL and

75μg/mL achieved 99% antibacterial ratio against E. coli and S.

aureus, respectively (Fig. S24 in Supporting information). Figs. 2a

and b demonstrated that the Cu-TCPP(Fe)@Au group resulted in a

notable antibacterial effect compared to the control group, with

a bacterial survival rate less than 40% (100μg/mL for E. coli and

75μg/mL for S. aureus). This result was ascribed to the cascade

reaction, where Au NPs could emulate the catalyzed production

of H2O2 from glucose by GOx-like, contributing to local acidifi-

cation and producing antibacterial •OH. Based on the results, the

Cu-TCPP(Fe)@Au@BSA group exhibited an almost 99% antimicrobial

effect against both bacteria, potentially attributed to the existence

of BSA within the group (100μg/mL for E. coli and 75μg/mL for S.

aureus). In addition, consistent trends were observed in the results

of fluorescent staining experiments of live and dead bacteria (Fig.

S25 in Supporting information). These outcomes suggested that the

created nanozymes were capable of eliminating a diverse assort-

ment of bacteria and have efficacy against both Gram-positive and

Gram-negative bacteria. To explore the antibacterial mechanism of

nanozymes, the production of ROS was confirmed by co-incubating

E. coli or S. aureus with DCFH-DA fluorescent probe. The fluores-

cence intensity was strengthened in proportion to the amount of

ROS produced. Green fluorescence was observed in both the Cu-

TCPP(Fe)@Au and Cu-TCPP(Fe)@Au@BSA groups when co-incubated

with glucose and bacterial solution for 3h, as illustrated in Fig. 2c.

In contrast, the other groups showed almost no fluorescence de-

tection. The level of ROS in the Cu-TCPP(Fe)@Au@BSA group was

higher compared to the Cu-TCPP(Fe)@Au group, suggesting that the

catalytic performance of the enzyme was influenced by BSA mod-

ification. The Au NPs modified with BSA exhibited enhanced GOx-

like activity, triggering a cascade reaction leading to bacterial death

via increased ROS production. These findings align with the in vitro

antibacterial effect.

Bacterial colonization of wounds to form biofilms can impede

wound healing. Fig. 2d demonstrated concentration dependence

regarding the anti-biofilm activity. Most biofilms remained intact

in the control groups, while biofilms in the Cu-TCPP(Fe)@Au@BSA

group were severely disrupted. A concentration of 100μg/mL was

the most effective for a 70% reduction in biofilm, and increasing

the concentration to 200μg/mL resulted in an 85% reduction in

biofilm. Live/dead fluorescence staining further validated the an-

tibiofilm performance (Fig. 2e). When the concentration rised to

200μg/mL, the majority of S. aureus in the biofilm were killed, with

only a small number of bacteria stained green. This indicated that

the Cu-TCPP(Fe)@Au@BSA at a concentration of 200μg/mL can ef-

fectively facilitate the elimination of S. aureus bacterial biofilms,

which was ascribe to the consumption of oxygen as well as the

generation of •OH by the catalytic effect of Cu-TCPP(Fe)@Au@BSA

in the presence of glucose [50,51].

Hydrogels must adhere to high biocompatibility standards for

their application as wound dressings. Cytocompatibility evaluation

was performed using the CCK8 method and live-dead cell staining

assay. After loaded with the particles, the cell activities of differ-

ent concentrations of PSBMA/Cu-TCPP(Fe)@Au@BSA co-incubated

with NIH-3T3 cells, HeLa cells, and RAW 264.7 cells for 3 days

were shown in Figs. S26b-d (Supporting information). Cells demon-

strated excellent cytocompatibility with materials at concentra-

tions of 100μg/mL and below after incubation, with cell activity re-

maining above 80% even at the higher concentration of 200μg/mL.

Fig. S26a (Supporting information) presented the cell growth sta-

tus after 3 days of incubation following live-dead fluorescent stain-

ing, revealing a significant amount of green fluorescence indica-

tive of live cells. Additionally, the blood compatibility of the hy-

drogels was evaluated using a hemolysis assay (Fig. S26e in Sup-

porting information). The results showed that the hemolysis rate
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Fig. 2. In vitro antimicrobial activity. (a) Plate antimicrobial pictures and (b) corresponding survival rates of E. coli and S. aureus (Ⅰ: PBS. Ⅱ: glucose. Ⅲ: Cu-TCPP(Fe)+ glucose.

Ⅳ: Cu-TCPP(Fe)@Au+ glucose. Ⅴ: Cu-TCPP(Fe)@Au@BSA+ glucose). (c) Fluorescent images of intracellular ROS in E. coli and S. aureus induced by different samples detected

with DCFH-DA probes (Scale bar: 100μm). (d) Crystal violet staining images of treated S. aureus biofilms and corresponding eradication rate of biofilm. (e) CLSM image of

treated S. aureus biofilms after staining with calcein/PI kit (Scale bar: 100μm). Data are presented as mean ± SD (n=3). ∗∗P<0.01, ∗∗∗P<0.001.

of PSBMA/Cu-TCPP(Fe)@Au@BSA at concentrations varying from 0

to 200μg/mL was less than 5%.

The efficacy of the designed hydrogel dressing in promoting

healing was validated through a diabetic wound model with S. au-

reus infection (Fig. 3a). All animal experiment procedures were ap-

proved by the Animal Care and Use Committee of Pharmacy Col-

lege, Zhengzhou University and all procedures were complied with

the Laboratory Animal Requirements of Environment and Housing

Facilities. Photographs of the wounds were taken at various time

points during treatment, and wound healing process was assessed

by measuring the wound area. Fig. 3b showed the presence of pus

in all wound sites 24h after infection, confirming the success of

the bacterial infection model. Starting from day 2, no excess ex-

udate was observed in the hydrogel dressing group, indicating its

efficacy in managing wound exudate. Zwitterionic hydrogel dress-

ings exhibited superior exudate absorption and wound moisture

maintenance compared to PHEMA hydrogel due to their high wa-

ter content and rapid dissolution rate. After 12 days of treatment,

the group treated with PSBMA/Cu-TCPP(Fe)@Au@BSA hydrogel dis-

played the best healing effect with a wound healing rate of 87.2%,

along with less scarring, while other groups still remained distin-

guished wounds (Fig. 3c). This was attributed to the combined ef-

fects of the hydrogel and Cu-TCPP(Fe)@Au@BSA. To evaluate bac-

terial presence at the infected wound site following various treat-

ments, skin wound tissue was collected on day 2 and day 12, and

bacterial counts were obtained using the smear plate technique.

Following 12 days of treatment, the PSBMA/Cu-TCPP(Fe)@Au@BSA

hydrogel group eradicated 99.99% S. aureus from wound tissues.

Additionally, the bacterial concentration in the two remaining con-

trol groups was significantly higher than that in the PSBMA/Cu-

TCPP(Fe)@Au@BSA hydrogel group, which was 907 and 455 times

higher, respectively (Fig. 3d). In addition, neither the test nor the

control groups had a statistically discernible change in the body

weight of mice during the treatment period (Fig. 3e). Hematoxylin

and eosin (H&E) and Masson’s trichrome staining were conducted

on the wound sites on day 2 and day 12, respectively, to eval-

uate the therapeutic efficacy of the composite hydrogel on dia-

betic infected wounds. As shown in Figs. S27a and c (Support-

ing information), after 2 days of treatment, the skin epidermis

was absent and there was a large infiltration of inflammatory

cells in the tissue (black arrows and red dashed box), which per-

sisted in all groups even after 12 days of treatment. However, the

PSBMA/Cu-TCPP(Fe)@Au@BSA hydrogel treatment revealed the best

histological outcomes, with decreased inflammatory cells and the

emergence of thicker new epidermal structures compared to other

groups (dashed and solid red lines). The Masson staining results

from a 12-day treatment demonstrated a visible emergence of skin

appendages, including sebaceous glands and hair follicles (yellow

arrows). The control group has a large amount of inflammatory

cell immersion. In contrast, the PSBMA/Cu-TCPP(Fe)@Au@BSA hy-

drogel group can be observed in a more aligned collagen fibers

and denser collagen deposition (Figs. S27b and d in Supporting in-

formation). To evaluate the biosafety of the hydrogel in vivo, H&E

staining of major organs was conducted after 12 days of treat-

ment (Fig. S28 in Supporting information). Compared with the con-

trol group, all experimental groups exhibited no abnormal dam-

age, demonstrating that the hydrogel wound dressing had a re-

liable safety profile without any apparent toxic side effects. This

is consistent with the results of wound healing in vivo, indicat-

ing that the designed hydrogel composites facilitated the healing

of diabetic wounds by promoting antimicrobial activity, accelerat-

ing epithelial formation, and depositing collagen, all while posing

no biosafety risks.

In conclusion, we developed a glucose-activated nanozyme hy-

drogel based on Cu-TCPP(Fe)@Au@BSA nanozyme with dual en-

zyme activity as a wound dressing in diabetic bacterial infected

wounds. The BSA decoration and the chemical composition of

Cu-TCPP(Fe) led to a decreased particle size of Au NPs, which
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Fig. 3. In vivo assessment of diabetic wound healing. (a) Schematic diagram for diabetic infected wound construction and treatment process (Ⅰ: PBS. Ⅱ: Duoderm. Ⅲ:

PHEMA/Cu-TCPP(Fe)@Au@BSA. Ⅳ: PSBMA/Cu-TCPP(Fe)@Au@BSA). (b) Representative images of wounds from diverse groups at various time points (Scale bar: 5mm). (c)

Analysis of changes in relative wound area (n=5). (d) Bacterial concentration at the wound site on days 2 and 12 (n=3). (e) Analysis of changes in relative body weight

(n=5). Data are presented as mean ± SD. ∗∗P<0.01, ∗∗∗P<0.001.

enhanced the GOx-like activity. Thanks to the designed BSA-

decorated Au NPs as well as the synergetic effects of Au NPs

and 2D MOFs, the nanozyme exhibited high glucose-activated cas-

cade activity, which can be spontaneously activated by the diabetic

wound microenvironment. These nanozymes eliminated bacteria

by oxidizing glucose to generate H2O2 through GOx-like activity

and induced POD-like activity to release •OH. In vitro experiments

presented a good antibacterial rate both for Gram-positive bacterial

(99.61%) and Gram-negative bacterial (98%) infections. Additionally,

the prepared hydrogel dressing exhibited remarkable biocompati-

bility and significant therapeutic efficacy with a good wound heal-

ing rate of 87.2%. In vivo animal experiments further demonstrated

that Cu-TCPP(Fe)@Au@BSA hydrogel facilitated the healing of dia-

betic wounds by preventing wound infections, promoting epithe-

lialization and collagen deposition. Therefore, the glucose-activated

nanozyme hydrogels offer a novel approach for the clinical treat-

ment of diabetic wounds.
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