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A B S T R A C T

Based on nickel metal-organic frameworks (Ni-MOF) and glucose oxidase (GOx), a self-activating cascade 
nanozyme hydrogel system (Ni-MOF@GOx-QT) was designed in this study to manage the dual challenges of 
bacterial control and tissue regeneration in the healing of infectious wounds. The hydrogel system incorporated 
the physical crosslinking of quaternized chitosan (QC) and tannic acid (TA) to create an injectable QT hydrogel 
encapsulating the Ni-MOF@GOx composite material. Within this system, GOx catalyzed the conversion of 
glucose into hydrogen peroxide (H2O2) and gluconic acid, triggering the peroxidase-like activity of Ni-MOF. This 
activity, enhanced by the lowered local pH, efficiently converted H2O2 into hydroxyl radicals (•OH), which 
exhibited potent antibacterial effects against both Gram-negative (E. coli) and Gram-positive bacteria (S. aureus). 
Additionally, characterization techniques, such as Search Engine Marketing (SEM), Transmission Electron Mi
croscope (TEM), and X-ray Photoecectron Spectroscopy (XPS), confirmed the successful synthesis of the com
posite hydrogel, which demonstrated excellent biocompatibility and low cytotoxicity while promoting fibroblast 
migration and proliferation. In vitro experiments revealed a bacterial inhibition rate of more than 99 %. 
Furthermore, the hydrogel significantly accelerated the healing of infected wounds in a diabetic rat model. This 
research presents a novel, non-antibiotic-dependent, and microenvironment-responsive nanozyme hydrogel 
approach for treating diabetes-related infectious wounds, contributing to broadening the potential applications 
of nanozymes in biomedicine.

1. Introduction

Bacterial infections significantly impede wound healing. Traditional 
antibiotic treatments not only fail to provide lasting sterilization but also 

encourage the emergence of bacterial resistance. Diabetic wounds, 
characterized as persistent injuries associated with diabetes, present a 
highly intricate microenvironment. Elevated local glucose levels, up to 
2–3 times higher than those in healthy skin, not only supply ample 
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nutrients for bacterial growth, increasing infection risks, but also stim
ulate overproduction of reactive oxygen species (ROS) and reduce 
antioxidant capacity, resulting in oxidative stress imbalance. 
Hyperglycemia-induced vascular endothelial dysfunction leads to local 
wound hypoxia and inadequate nutrient provision, prolonging the in
flammatory phase and impeding progression to the proliferative phase. 
The combination of multiple detrimental factors establishes a detri
mental cycle, causing a significantly delayed healing process in diabetic 
wounds compared to normal wounds. In contrast to the typical healing 
period of 10 days for normal wounds, diabetic wounds exhibit a healing 
rate of only 78.99 % within 14 days. Additionally, neuropathy often 
renders patients insensitive to wound stimuli, further contributing to 
diagnostic and treatment delays. Consequently, there is a pressing need 
in contemporary research to develop innovative antibacterial materials 
that effectively kill bacteria and prevent the development of resistance. 
Research indicates that the pH of healthy skin is maintained within a 
slightly acidic range (pH 4–6), a condition also found in the environment 
of acute wounds [1–3]. Recently, nanozymes-new nanomaterials that 
exhibit enzyme-like catalytic properties-have garnered significant in
terest. These materials can produce bactericidal reactive oxygen species 
by mimicking the catalytic actions of natural enzymes [4,5]. Nanozymes 
with peroxidase-like (POD-like) activity, such as metals, metal oxi
des/sulfides, carbon materials (including carbon nanotubes, carbon 
dots, and graphene/graphene oxide), and metal-organic frameworks 
(MOFs), can transform exogenous hydrogen peroxide (H2O2) into highly 
reactive hydroxyl radicals (•OH) for bacterial infection treatment. 
Current research suggests that the bactericidal mechanism of nanozymes 
predominantly operates through the catalysis of highly oxidative •OH 
production [6,7]. However, this approach faces significant challenges in 
practical wound disinfection applications. First, the introduction of 
exogenous H2O2 may cause secondary damage and pain to the infected 
tissues. Second, the instability of H2O2 leads to its rapid decomposition, 
making the control of the externally added amount challenging and 
severely limiting its clinical utility.

The unique healing environment for diabetic patients merits atten
tion due to its significant implications. Studies have shown that diabetic 
rats exhibit considerably higher blood glucose levels and skin glucose 
content both before and after injury, following similar trends as 
observed in previous clinical research. This research highlighted a 
strong correlation between the interstitial glucose levels in the skin of 
type II diabetes patients and their blood glucose concentrations. These 
findings underscore the necessity of carefully considering the high 
glucose microenvironments when developing nanozyme antibacterial 
materials for treating diabetic wounds. Furthermore, the elevated 
glucose concentration in these wound microenvironments provides 
abundant nutrients for bacterial growth, which in turn exacerbates in
fections and hinders the healing process. A promising treatment strat
egy, therefore, involves inhibiting bacterial growth by both cutting off 
their energy supply and consuming their nutrients. Glucose oxidase 
(GOx), a potent redox enzyme, plays a dual role in this context: it de
pletes glucose and oxygen in the wound, severing the bacteria’s energy 
source, and it catalyzes the production of H2O2 and gluconic acid 
directly within the wound, thereby boosting antibacterial effectiveness 
[8,9]. This dual functionality makes GOx an exemplary candidate for 
developing advanced antibacterial materials. The H2O2 produced 
endogenously through GOx catalysis tackles the challenges associated 
with the external addition of H2O2 found in traditional antibacterial 
methods [10]. Additionally, gluconic acid, a byproduct and a weak acid, 
not only creates a conducive catalytic environment for POD-like nano 
materials but also enhances antibacterial efficacy by modifying the pH 
levels of the wound. Additionally, hydrogels, as intelligent soft materials 
with biophysical properties, are hydrophilic three-dimensional net
works resembling biological tissues. They are significantly used in 
healthcare for drug delivery [11,12], tissue engineering [13,14], anti
microbial materials [15,16], and biosensors [17,18]. As a result, various 
ideal antimicrobial hydrogels have been developed to replace traditional 

antimicrobial agents, offering benefits such as low cost, ease of syn
thesis, good stability, localized release, single administration, excellent 
biocompatibility, and support in tissue repair [11,19]. Despite the sig
nificant promise shown by nanozyme systems based on GOx in anti
bacterial applications, fully leveraging this resource-rich antibacterial 
platform to achieve broad-spectrum, highly efficient bactericidal effects 
against Gram-positive, Gram-negative, and multidrug-resistant bacteria 
remains a critical scientific challenge that demands further in-depth 
exploration.

Building on this foundation, we developed a cascade reaction 
nanozyme system. Initially, a nickel metal-organic framework (Ni-MOF) 
material with POD-like activity was synthesized. GOx was then incor
porated into the MOFs to create a nanozyme cascade system with 
outstanding POD-like and GOx activities. Moreover, leveraging the 
remarkable antibacterial properties of quaternary chitosan and tannic 
acid, an injectable QC-TA (QT) hydrogel was formulated. Subsequently, 
Ni-MOF@GOx was integrated into the QT hydrogel to create a Ni- 
MOF@GOx-QT nanozyme hydrogel. In bacterial-infected wounds, GOx 
crucially catalyzes the conversion of glucose in the wound environment 
into abundant gluconic acid and H2O2 [20,21]. This transformation 
yields dual antibacterial effects: the produced gluconic acid significantly 
lowers the local pH of the wound [22], enhancing the POD-like activity 
of Ni-MOF [23,24]. Additionally, the H2O2 generated by GOx catalysis 
can be further transformed into •OH under the catalyst of Ni-MOF, 
effectively killing bacteria by disrupting their cell membranes and bio
molecules. This cascade catalytic reaction not only avoids the side ef
fects associated with exogenous H2O2 addition but also significantly 
boosts antibacterial efficacy. Moreover, the Ni-MOF@GOx-QT nano
zyme hydrogel promotes wound healing, and its injectable form allevi
ates excessive pressure on irregular wounds, making it particularly 
suitable for diabetic wounds. Hence, this nanozyme hydrogel, by initi
ating a dual-enzyme cascade system for antibacterial activity and syn
ergizing with the antibacterial mechanism of the hydrogel, offers a 
distinct therapeutic strategy for the rapid healing of diabetic infected 
wounds.

2. Materials and methods

2.1. Synthesis of Ni-MOF

First, 1.0 g of Ni(NO3)2, 0.39 g of 2,5-dihydroxyterephthalic acid, 
and 0.1 g of cetyltrimethylammonium bromide (CTAB) were weighed 
and mixed in a beaker. Then, this mixture was added with 75 mL of N,N- 
Dimethylformamide (DMF), 5 mL of ethanol, and 5 mL of deionized 
water, and stirred for 20 min. Next, 100 μL of glacial acetic acid was 
introduced to ensure uniform blending, and the mixture was designated 
as the standard solution. Subsequently, this standard solution was 
transferred to a stainless steel high-pressure reactor, allowing for 24 h of 
reaction at 120 ◦C. After the reaction, the resultant product was washed 
three times with DMF and centrifuged at 10,000 rpm for 10 min to 
remove any residual solvents. Finally, the product was vacuum-dried at 
80 ◦C.

2.2. Synthesis of Ni-MOF@GOx

Ni-MOF was dispersed in 15 mL of a sodium acetate buffer solution 
(NaAc, 50 mM, pH 5.1) and sonicated for 20 min. Subsequently, 10 mL 
of the NaAc buffer solution containing GOx (5 mg mL− 1) was mixed 
evenly with the dispersed Ni-MOF solution, followed by incubation at 
room temperature for 24 h. Next, the Ni-MOF@GOx biohybrid material 
was collected by centrifugation at 10,000 rpm for 15 min. The buffer 
washing steps were repeated three times. The encapsulation efficiency 
(EE) of GOx within Ni-MOF@GOx was determined using UV–vis spec
troscopy. The EE was then calculated by measuring the absorbance of 
the supernatant after the initial centrifugation following encapsulation. 
equation (1) will be used to calculate the encapsulation efficiency of 
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GOx. 

EE(%)=
W − W1

W
× 100% (1) 

Where W represents the total mass of GOx added to the Ni-MOF during 
encapsulation, and W1 is the mass of unencapsulated GOx remaining in 
the supernatant, as determined from the standard curve.

2.3. Synthesis of QT hydrogels and Ni-MOF@GOx-QT nanozyme 
hydrogel

A 3 % (w/v, 30 mg mL− 1) QC solution (1 mL) was mixed with 300 μL 
of a 5 % (w/v, 50 mg mL− 1) TA solution and 200 μL of a 1 M NaAc 
solution (pH 4) and added with 100 μL of a 4 % (w/v, 40 mg mL− 1) 
sodium bicarbonate (NaHCO3) solution. The mixed solution was 
immediately agitated.

2.4. POD-like activity evaluation of Ni-MOF@GOx

The catalytic activity of Ni-MOF@GOx, resembling that of POD, was 
evaluated by the 3,3′,5,5′-tetramethylbenzidine (TMB) colorimetric 
method. The procedure involved sequentially adding 15 μL of the Ni- 
MOF@GOx nanozyme solution (1000 μg mL− 1), 15 μL of TMB sub
strate solution (10 mM), and 15 μL of H2O2 solution (100 mM) to 255 μL 
of PBS buffer (10 mM, pH 7.4) in a standard reaction system, allowing 
for reaction at room temperature. Particularly, the changes in the 
characteristic absorption peak of the oxidized TMB at 652 nm were 
monitored by a UV–vis spectrophotometer for quantitative analysis of 
catalytic activity. Additionally, a comprehensive assessment of the cat
alytic performance of Ni-MOF@GOx was conducted by systematically 
investigating the influence of key parameters such as nanozyme con
centration, pH, and temperature on catalytic activity.

2.5. Evaluation of GOx-like activity of Ni-MOF@GOx

At room temperature, 15 μL of Ni-MOF@GOx (1000 μg mL− 1), 15 μL 
of TMB (10 mM), and 30 μL of glucose (100 mM) were added sequen
tially to 240 μL of PBS buffer (10 mM, pH 7.4). Then, the changes in 
absorbance at 652 nm were monitored. Furthermore, the impact of 
critical parameters such as nanozyme concentration, pH, and tempera
ture on the catalytic activity was examined systematically.

2.6. Evaluation of POD-like activity reaction mechanism

To further elucidate the reaction mechanism underlying the POD- 
like activity of Ni-MOF, isopropyl alcohol (IPA) was employed as a hy
droxyl radical scavenger. IPA can bind to hydroxyl radicals, thereby 
inhibiting the POD-like reaction. Varying concentrations of IPA were 
added under optimal reaction conditions, and changes in the absorbance 
at 652 nm were monitored. Electron paramagnetic resonance (EPR) 
spectroscopy was utilized with 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO) as a spin trap to directly detect radical species, confirming the 
reaction mechanism of Ni-MOF.

2.7. Assessment of hydrogel properties

Adhesion testing of hydrogels. The adhesion properties of the Ni- 
MOF@GOx-QT nanozyme hydrogel were tested on human skin and 
various materials including glass and plastic. The results were docu
mented by optical images.

Injectability testing of hydrogels. The injectability of the Ni- 
MOF@GOx-QT nanozyme hydrogel was evaluated through injection 
molding. The hydrogel was loaded into a syringe and manually extruded 
to create various shapes, comprising different letters. Optical images of 
these shapes were captured.

Swelling testing of hydrogels. The swelling behavior of both the QT 
hydrogel and the Ni-MOF@GOx-QT nanozyme hydrogel was investi
gated with the swelling ratio (SR) as a metric. Specifically, the dry mass 
of the hydrogel samples (Wd) was measured and immersed in a PBS 
buffer (pH 7.4), the samples were withdrawn at specified time intervals 
at 37 ◦C, surface moisture was delicately removed with filter paper, the 
swollen mass (Wt) was recorded. The SR was calculated using equation 
(2): 

SR (%)=
Wd − Wt

Wt
× 100% (2) 

2.8. Evaluation of antimicrobial activity in vitro

Bacterial activation and suspension preparation. Standard nutrient 
agar and nutrient broth were prepared according to their respective 
recipes, sterilized in an autoclave at 121 ◦C for 30 min, and then allowed 
for cooling to 70 ◦C. Escherichia coli (E. coli) and Staphylococcus aureus 
(S. aureus) were selected as the model bacterial strains. For activation, 
the frozen bacterial strains stored at − 20 ◦C were inoculated into 50 mL 
of sterile nutrient broth. After thawing at room temperature, 50 μL of the 
bacterial suspension was transferred to a fresh nutrient medium and 
incubated at 37 ◦C, followed by shaking at 200 rpm for 12–16 h. 
Increased turbidity in the broth confirms the successful bacterial acti
vation and demonstrates readiness for subsequent experiments.

Assessment of antimicrobial efficacy. Evaluation of Ni-MOF@GOx 
antimicrobial efficacy: A bacterial stock solution (2 × 109 CFU mL− 1) 
was diluted to 2 × 104 CFU mL− 1 to evaluate the sterilization perfor
mance of the material. Then, 0.05 mL of bacterial suspension (1 × 105 

CFU mL− 1) was sequentially mixed with Ni-MOF@GOx (5 mg mL− 1), 
H2O2 (10 mM), NaAc buffer (100 mM), and PBS buffer (10 mM, pH 7.4). 
This mixture was diluted to a final volume of 0.5 mL with medium and 
incubated for 20 min. Afterward, 0.1 mL of the mixture was evenly 
spread onto prepared agar plates by a sterile spreader and incubated at 
37 ◦C for 18 h. After incubation, the number of bacterial colonies was 
counted to determine microbial quantity and growth. The bacteriostatic 
or bacterial survival rate for each group was calculated as. Equations (3) 
and (4) were used to calculate the bacteriostatic and bacterial survival 
rates for each group: 

Bacteriostatic rate (%)=
Numbersample

Numbercontrol
× 100% (3) 

Bacterial survival rate (%)=
Numbercontrol − Numbersample

Numbercontrol
× 100% (4) 

Evaluation of antimicrobial efficacy of QT and Ni-MOF@GOx-QT: 
The antibacterial properties of QT hydrogel and Ni-MOF@GOx-QT 
nanozyme hydrogel (with Ni-MOF@GOx at 50 μg mL− 1) were evalu
ated by a standard plate counting method. Each 200 μL sample of sterile 
hydrogel was mixed with an equal volume of bacterial suspension 
(≈106 CFU mL− 1). PBS-treated groups served as negative controls. These 
mixtures were incubated at 37 ◦C for 24 h. Following incubation, 100 μL 
of each bacterial solution was serially diluted and spread evenly on 
nutrient agar plates. After further incubation at 37 ◦C for 24 h, bacterial 
colony-forming units were counted by a colony counter. The bacterial 
survival rates were calculated, and each experiment was conducted in 
triplicate.

2.9. Cytotoxicity assay

The compatibility of hydrogel materials with cells was evaluated 
through the CCK-8 assay. The procedure was detailed as follows. First, 
mouse fibroblast cells (L929) were seeded in a 96-well plate at a density 
of 20,000 cells per well. Each well received 200 μL of complete culture 
medium supplemented with various concentrations of the hydrogel 
extract. A treatment group with only PBS served as a negative control. 

W. Zhong et al.                                                                                                                                                                                                                                  Talanta 297 (2026) 128690 

3 



The cells were incubated in a 5 % CO2 humidified incubator at 37 ◦C for 
24 h. After incubation, the medium was carefully removed from each 
well, with 200 μL of 10 % CCK-8 solution added. The cells were incu
bated for an additional 0.5–4 h under the same conditions. Besides, the 
absorbance at 450 nm (OD450) was measured to assess cell viability. The 
viability was calculated by equation (5): 

Cell viability (%)=
ODsample − ODblank

ODcontrol − ODblank
× 100% (5) 

Cell proliferation. The cell proliferation assay involved seeding a 
200 μL suspension of fibroblasts (1000 cells per well) in a 96-well culture 
plate. After cell adhesion, the medium was removed from each well. The 
experimental group was treated with a composite hydrogel extract, 
while the control group received an extract without the composite 
hydrogel. Particularly, the plate was placed in a 37 ◦C, 5 % CO2 incu
bator for 24, 48, and 72 h. At each time point, the medium was aspi
rated, and the wells were washed twice with PBS. Subsequently, 200 μL 
of 10 % CCK-8 solution was added to each well, with further incubation 
for 0.5–4 h. OD was recorded at 0.5, 1.0, and 2.0 h to maintain the OD 
value around 1.0. The OD values at 450 nm were measured by a 
microplate reader to generate a proliferation curve.

Cell scratch repair. The cell scratch repair assay was conducted on a 
6-well plate. Fibroblasts were seeded at a density of 500,000 cells per 
well in the control group, QT hydrogel group, and Ni-MOF@GOx-QT 
nanozyme hydrogel group. After 24 h, scratches were made vertically 
by a sterile 200 μL pipette tip when the cells reached confluence. Sub
sequently, the cells were washed three times with PBS to remove any 
detached cells, followed by incubation in DMEM either serum-free or 
containing 0.5 % fetal bovine serum to minimize the effects of serum on 
cell proliferation. Cell migration was observed under a microscope at 12 
and 24 h post-scratch and analyzed through ImageJ software.

Hemolysis assay. With the purpose of preparing the extract from the 
hydrogel, PBS was added to the hydrogel, followed by incubation at 
room temperature for 24 h. Then, the in vitro hemolysis assay was 
conducted through a suspension of red blood cells from SD rats. The rats 
were anesthetized with isoflurane gas and placed in an anesthesia 
chamber. Afterward, fresh whole blood was collected and centrifuged at 
1500 rpm to separate the red blood cells, which were washed repeatedly 
with saline until the supernatant appeared clear. Subsequently, these 
cells diluted to generate a 2 % red blood cell suspension. Regarding the 
assay, 0.3 g of hydrogel and 2 mL of the prepared red blood cell sus
pension were sequentially added to a test tube. The mixture was co- 
incubated for 3 h. Control groups were established in the experimental 
setup, using water and saline as the positive and negative controls, 
respectively. After incubation, the samples were centrifuged to separate 
the supernatant, and the absorbance of 540 nm was measured. The 
hemolysis rate (HR) was calculated by equation (6): 

HR (%)=
A − A0

A100 − A0
× 100% (6) 

Where A, A0, and A100 denote the absorbance values at 540 nm for the 
experimental group (treated with the nanozyme hydrogel), the negative 
control group (saline), and the positive control group (complete hemo
lysis), respectively.

2.10. Evaluation of wound healing

Diabetic skin injury model. Male Sprague-Dawley rats, aged 6–8 
weeks, were utilized for this study. Upon arrival, the rats acclimatized 
for three days following transportation. The animals were divided into 
three groups, with each group consisting of five rats. All rats were male 
SPF-grade SD rats, weighing 200–220 g. The groups included a control 
group, a QT hydrogel group, and a Ni-MOF@GOx-QT nanozyme 
hydrogel group. All rats were fed a high-fat diet for four weeks. This was 
followed by an intraperitoneal injection of STZ administered daily for 

three consecutive days at a dose of 80 mg kg− 1. Fasting blood glucose 
levels were measured three days after the final injection. Rats displaying 
blood glucose levels above 16.7 mmol L− 1 were considered to have been 
successfully induced with diabetes. Following diabetes induction, skin 
injury models were created on all rats. The animals were anesthetized 
using an isoflurane gas anesthesia machine, maintaining a 1.5 % con
centration. After achieving anesthesia, the rats were positioned prone on 
a surgical drape. The back hair was removed using depilatory cream and 
a shaver, focusing on a 4 × 4 cm area. The area was then disinfected with 
iodine and subsequently deiodinated using 75 % ethanol. A circular full- 
thickness skin defect with a diameter of 1.5 cm was created using a 
puncher, exposing the wound. Any adhesions were carefully trimmed 
with scissors. Hemostasis was achieved by applying pressure with cotton 
balls immediately after creating the wound. Post-wound creation, the 
control group continued to receive their regular diet, while the QT 
hydrogel group and the Ni-MOF@GOx-QT nanozyme hydrogel group 
received daily applications of their respective treatments directly to the 
wound for 14 days. The weights of the rats were recorded on days 0, 3, 7, 
10, and 14 of treatment. Prior to each imaging session, any new hair 
growth around the wound was cleared to ensure it did not interfere with 
the imaging results. Wound photographs were taken, and the software 
was utilized to measure the wound area for each group. The wound 
healing rate (WHR) was calculated using the following formula (7): 

WHR (%)=
Sn − S0

Sn
× 100% (7) 

S0 and Sn represent the initial wound area on day 0 and the wound 
area on day n (where n = 3, 7, 10, and 14), respectively.

2.11. Tissue pathology assessment

In this study, a standardized process was established for histopath
ological evaluation in assessing wound healing. Full-thickness skin tis
sue samples were systematically collected at various postoperative 
intervals (0, 3, 7, 10, and 14 days), fixed in a 4 % paraformaldehyde 
solution, dehydrated, and then embedded in paraffin. Subsequently, 
sections of 4 μm thickness were prepared by a rotary microtome and 
mounted on glass slides after being oven-dried at 60 ◦C. Concerning 
staining, both Hematoxylin and Eosin (HE) and Masson’s Trichrome 
staining kits were employed as per the manufacturer’s instructions. With 
specialized image analysis software, digital images of all stained sections 
were captured with an optical microscope system and analyzed for 
morphological changes.

3. Results and discussion

3.1. Synthesis and characterization of materials

SEM images of Ni-MOF and Ni-MOF@GOx are displayed in Fig. 1A 
and B, respectively. Ni-MOF shows a uniform spindle-shaped micro
structure where individual particles cluster together to form cauliflower- 
like, three-dimensional structures. This morphology demonstrates 
excellent control over shape and uniformity in Ni-MOF. Upon the 
addition of GOx, the particle size of Ni-MOF@GOx increases slightly, yet 
it retains the spindle shape and clustered, cauliflower-like structure, 
indicating that the GOx loading has minimal impact on the fundamental 
microstructure of Ni-MOF. The increase in particle diameter after GOx 
loading may be attributed to the formation of a denser coating layer on 
Ni-MOF’s surface by GOx, which enhances particle aggregation and size. 
A TEM image, shown in Fig. 1C, reveals the maintained spindle-shaped 
morphology of individual Ni-MOF@GOx particles. EDS images, depicted 
in Fig. 1D and F, confirm the uniform distribution of the Ni element 
within Ni-MOF@GOx. Additionally, the XRD pattern of Ni-MOF@GOx, 
illustrated in Fig. 1E, exhibits two distinct diffraction peaks at 2θ =
7.86◦ and 13.65◦, which correspond to the (210) and (300) crystal faces, 
respectively, indicating that the topological structure of Ni-MOF is 

W. Zhong et al.                                                                                                                                                                                                                                  Talanta 297 (2026) 128690 

4 



retained after loading with GOx. XPS analysis of Ni-MOF@GOx identi
fied 6 principal components (Fig. S1A): C 1s (284.8 eV), N 1s (399.7 eV), 
O 1s (531.5 eV), Ni 2p (855.7 eV), P 2p (133.5 eV), and S 2p (163.2 eV). 
High-resolution XPS spectra of Ni 2p in Ni-MOF@GOx showed two 
peaks at 855.6 eV and 861.6 eV for Ni 2p3/2, and one peak at 873.3 eV 
and 880.7 eV for Ni 2p1/2, consistent with the characteristics of Ni2+

(Fig. S1E). This indicates the presence of Ni2+ in the composite [25], 
further verifying the successful synthesis of Ni-MOF@GOx. The com
posite also maintained its original morphology and porous framework 
after GOx loading, evidenced by its crystallographic features and un
changed microtopology. FT-IR spectra (Fig. S1H) revealed characteristic 
peaks at 2870 cm− 1 and 2970 cm− 1, attributed to the asymmetric (νas 
CH3) and symmetric (νs CH3) C–H stretching vibration modes of methyl 
(-CH3) groups in the GOx molecules [26,27], providing further evidence 
of successful GOx immobilization on Ni-MOF. The loading capacity of 
GOx in Ni-MOF@GOx was determined to be 20.7 ± 0.5 %, with a 

standard curve of y = 0.4661x + 0.0023 and R2 = 0.9932.

3.2. Nanozyme activity assessment

The catalytic mechanism of Ni-MOF@GOx is depicted in Fig. 2A, 
which demonstrates its ability to achieve efficient antibacterial effects 
through a cascade reaction. Specifically, the GOx catalyst initially cat
alyzes the oxidation of glucose in the wound microenvironment, pro
ducing gluconic acid and H2O2. This reaction significantly lowers the 
local pH and increases the concentration of H2O2. Under these acidic 
conditions, Ni-MOF exhibits enhanced POD-like activity, efficiently 
converting H2O2 into toxic •OH, thereby achieving sterilization through 
an enzyme-cascade reaction. The POD-like catalytic activity of Ni- 
MOF@GOx was evaluated using TMB as a substrate, revealing that it 
maintains catalytic activity comparable to that of Ni-MOF alone (Fig. 2B 
and G). This indicates that the addition of GOx does not compromise the 

Fig. 1. SEM images of (A) Ni-MOF and (B) Ni-MOF@GOx. Panel (C) presents the TEM image of Ni-MOF@GOx. Panel (D) showcases the dark-field TEM image and 
EDS elemental mapping of Ni-MOF@GOx, with corresponding elemental maps of C, N, Ni, O, P, and S. Panel (E) illustrates the XRD spectra of Ni-MOF@GOx and the 
standard diffraction card. Panel (F) exhibits the EDS spectrum and elemental composition of Ni-MOF@GOx.
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intrinsic POD-like activity of Ni-MOF. Moreover, the optimization of 
factors influencing the POD-like catalytic activity of Ni-MOF was con
ducted, including temperature (Fig. 2C), time (Fig. 2D), pH (Fig. 2E), 
and concentration of Ni-MOF (Fig. 2F). The optimal reaction conditions 
were determined to be a temperature of 37 ◦C, a duration of 20 min, a pH 
of 4.0, and a Ni-MOF concentration of 50 μg mL− 1.

The TMB method was also employed to assess the glucose-mimicking 
POD catalytic activity of Ni-MOF@GOx within the reaction system. 
Factors influencing the POD catalytic activity of Ni-MOF@GOx were 
optimized, including temperature (Fig. 2H), time (Fig. 2I), pH (Fig. 2J), 

and Ni-MOF concentration (Fig. 2K). The established optimal reaction 
conditions were as follows: temperature at 37 ◦C, duration of 20 min, pH 
at 4.0, and Ni-MOF@GOx concentration of 50 μg mL− 1. Ni-MOF@GOx 
displayed superior enzyme-like activity and stability compared to Ni- 
MOF alone, likely due to the nano-confinement effect within the MOF, 
which effectively prevents the denaturation and aggregation of GOx 
[28], thereby enhancing the enzyme’s stability across various environ
ments [29]. Despite the decrease in pH resulting from the catalysis of 
glucose to gluconic acid by GOx, the material exhibited higher absorp
tion peaks at pH 3–4, which gradually decreased with an increase in pH 

Fig. 2. The schematic diagram of the Ni-MOF@GOx cascade catalytic reaction (A) and the UV–vis spectrum of Ni-MOF with POD-like activity (B). The optimization 
of POD-like activity of Ni-MOF regarding temperature (C), time (D), pH (E), and Ni-MOF concentration (F). The UV–vis spectrum of Ni-MOF with POD-like activity 
(G). The optimization of POD-like activity of Ni-MOF@GOx in relation to temperature (H), time (I), pH (J), and Ni-MOF@GOx concentration (K). The UV–vis 
spectrum of GOx catalytic activity for Ni-MOF@GOx (L). The optimization of GOx activity for Ni-MOF@GOx regarding temperature (M), time (N), pH (O), and Ni- 
MOF@GOx concentration (P).
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(Fig. 2O). The POD-like activity of Ni-MOF@GOx under pH conditions of 
3–4 showed no significant change compared to that of Ni-MOF alone 
(Fig. 2E and J). Additionally, the conditions affecting the glucose 
oxidation capability of Ni-MOF@GOx were optimized, including tem
perature (Fig. 4M), time (Fig. 2N), and Ni-MOF@GOx concentration 
(Fig. 2P). The optimal conditions were determined to be a temperature 
of 37 ◦C, a duration of 20 min, a pH of 4.0, and a Ni-MOF@GOx con
centration of 50 μg mL− 1.

3.3. Determination of POD-like activity reaction mechanism

In the Ni-MOF POD-like reaction system, the absorbance values at 
652 nm decreased progressively with the addition of 0 mM, 0.1 mM, 1 
mM, and 1.5 mM IPA (Fig. S2A). Additionally, an EPR spectrum dis
played a symmetrical peak with a relative intensity ratio of 1:2:2:1 when 
DMPO was used in a radical trapping experiment, indicating the for
mation of the characteristic •OH-DMPO adduct (Fig. S2B). These find
ings, derived from both the IPA-mediated hydroxyl radical scavenging 
test and EPR analysis, validate the essential involvement of •OH in the 

Fig. 3. The formation of the Ni-MOF@GOx-QT nanozyme hydrogel by mixing QT hydrogel with Ni-MOF@GOx (A). The SEM images of the QT hydrogel (B) and Ni- 
MOF@GOx-QT nanozyme hydrogel (C). An enlarged SEM image of the Ni-MOF@GOx-QT nanozyme hydrogel (D). SEM images of Ni-MOF@GOx-QT nanozyme 
hydrogel, along with corresponding elemental mapping images of C, N, Ni, O, P, and S (E) and (F). The EDS spectrum and elemental composition of the Ni- 
MOF@GOx-QT nanozyme hydrogel (G). The FT-IR spectra of Ni-MOF@GOx, QT hydrogel, and Ni-MOF@GOx-QT nanozyme hydrogel (H).
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catalytic process.

3.4. Synthesis and characterization of hydrogels

The Ni-MOF@GOx-doped QT hydrogel was polymerized through 

physical crosslinking, resulting in a stable Ni-MOF@GOx-QT nanozyme 
hydrogel, as illustrated in Fig. 3A. SEM characterization confirmed the 
hydrogel’s three-dimensional network structure, which remained intact 
despite the incorporation of Ni-MOF@GOx. The SEM images clearly 
depicted the uniform dispersion of Ni-MOF@GOx within the QT gel 

Fig. 4. Bacterial colony images post-treatment for E. coli (A) and S. aureus (B) across various groups: (1) PBS, (2) Buffer, pH = 4, (3) Ni-MOF@GOx, (4) Glucose, (5) 
GOx, (6) GOx + glucose, (7) Ni-MOF + H2O2, (8) Mix: glucose + Ni-MOF@GOx. E. coli and S. aureus colony images after treatment with different concentrations of 
Ni-MOF@GOx (C) and (D). The antibacterial rates for E. coli and S. aureus across different treatment groups (E) and (F). The antibacterial rates of E. coli and S. aureus 
when treated with Ni-MOF@GOx at concentrations ranging from 5 to 1000 μg mL− 1 (G) and (H). The optimization of Ni-MOF antibacterial activity based on pH and 
incubation time (I) and (K). The optimization of Ni-MOF@GOx antibacterial activity based on pH and incubation time (J) and (L). Images of bacterial colonies formed 
after treatment with different experimental groups for E. coli and S. aureus (M), and the corresponding survival rates for E. coli and S. aureus (N) and (O).

W. Zhong et al.                                                                                                                                                                                                                                  Talanta 297 (2026) 128690 

8 



structure (Fig. 3B–D). Elemental mapping of the Ni-MOF@GOx-QT 
nanozyme hydrogel (Fig. 3E and F) showed an even distribution of C, 
N, Ni, O, P, and S throughout the nanomaterial. FT-IR spectra verified 
the successful doping of Ni-MOF@GOx into the QT hydrogel. In the 
spectrum of the Ni-MOF@GOx-QT nanozyme hydrogel, the broadening 
of the O–H peak near 3248 cm− 1 (Fig. 3H) suggested hydrogen bond 
formation [30], anchoring Ni-MOF@GOx to the QT hydrogel. Addi
tionally, the broadening of the absorption band at 1502 cm− 1 upon GOx 
loading indicated the formation of C––O, further confirming the suc
cessful preparation of the hydrogel.

Diabetic wounds, often irregular and associated with deep tissue 
necrosis, pose challenges in wound management. Studies have demon
strated that injectable hydrogels can effectively fill such irregular 
wounds, making them a promising option for wound care [31–33]. The 
practical potential of the Ni-MOF@GOx-QT nanozyme hydrogel was 
evaluated through adhesion performance testing (Fig. S3A). The results 
showed excellent tissue adhesion and mechanical adaptability of the 
hydrogel, allowing it to conform closely to the contours of finger joints 
and maintain stable attachment during extensive flexion movements 
without detaching. Further tests confirmed the strong adhesion of the 
Ni-MOF@GOx-QT hydrogel to various materials, including glass and 
plastic (Fig. S3B). This exceptional interfacial adhesion can be attributed 
to the synergistic effects of TA and QC in the hydrogel, whose abundant 
phenolic hydroxyl and amino groups form non-covalent interactions 
with different surfaces. These properties suggest significant advantages 
of the Ni-MOF@GOx-QT nanozyme hydrogel as a wound dressing, 
eliminating the need for secondary fixation typically required by tradi
tional dressings and reducing mechanical damage to newly formed tis
sues during dressing changes, thus enhancing patient comfort and 
treatment efficacy. Additionally, the injectability of the 
Ni-MOF@GOx-QT nanozyme hydrogel was assessed by loading it into a 
syringe for extrusion experiments. As depicted in Fig. S3C and Fig. S3D, 
the hydrogel exhibited good injectability, smoothly extruding through 
the syringe needle. The successful formation of the letters "WSTK" with 
the extruded hydrogel confirmed its excellent injectability, indicating 
potential for in vivo use. In conclusion, the Ni-MOF@GOx-QT nanozyme 
hydrogel holds promise for application in treating irregular diabetic 
wounds.

3.5. Assessment of antimicrobial efficacy in vitro

The experimental findings previously strongly support the excep
tional cascade catalytic performance of Ni-MOF@GOx. This dual- 
functional mechanism effectively depleted nutrients essential for bac
terial growth in wound environments and converted the resulting H2O2 
into highly oxidative •OH radicals, providing effective antibacterial 
treatment. The inhibitory effects of Ni-MOF@GOx on E. coli and S.aureus 
in the presence of glucose were explored to evaluate its antibacterial 
properties (Fig. 4A–F). As revealed from the results, 1) the use of either 
glucose or Ni-MOF@GOx alone did not significantly affect antibacterial 
activity; 2) the combination of GOx with glucose yielded killing rates of 
only 7.7 % for E. coli and 2.0 % for S. aureus; 3) the pairing of Ni-MOF 
with H2O2 exhibited inhibition rates of 14.5 % for E. coli and 4.4 % 
for S. aureus; 4) a significant synergistic antibacterial effect appeared 
when glucose and Ni-MOF@GOx were applied together, with killing 
rates exceeding 75 % for both E. coli and S. aureus, suggesting a clear 
concentration-dependent antibacterial activity of Ni-MOF@GOx 
(Fig. 4G and H).

The factors influencing the antibacterial activity of both Ni-MOF and 
Ni-MOF@GOx were optimized. The observed antibacterial trends 
(Fig. 4I–L) were consistent with the material’s POD-like catalytic ac
tivity, contributing to the identification of the optimal antibacterial pH 
(pH 4) and incubation time (20 min). Furthermore, the antibacterial 
effects of Ni-MOF@GOx-QT nanozyme hydrogels were assessed. Post- 
treatment experiments with these nanozyme hydrogels demonstrated a 
significant reduction in bacterial viability for both E. coli and S. aureus, 

and inhibition rates exceeded 90 % when treated with 1 mg mL− 1 Ni- 
MOF@GOx-QT nanozyme hydrogels (Fig. 4M–O). Thus, they have 
excellent bactericidal performance.

The biocompatibility of hydrogels is essential for effective wound 
healing [34,35]. This was evaluated by determining the cytotoxicity of 
the Ni-MOF@GOx-QT nanozyme hydrogel through the CCK-8 assay with 
L929 cells as a model. These cells were incubated with hydrogels 
composed of Ni-MOF@GOx, QT, and the composite Ni-MOF@GOx-QT 
nanozyme at a concentration of 1 mg mL− 1 for 24 h. The results sug
gest that cell viability in all test groups remained above 90 % (Fig. 5A). 
This finding confirms that the QT hydrogel matrix is non-toxic, 
Ni-MOF@GOx is biocompatible, and the Ni-MOF@GOx-QT nanozyme 
hydrogel maintains excellent cellular compatibility, laying a foundation 
for further in vivo studies.

Further tests involved incubating L929 cells with various concen
trations of hydrogels for 24 h, as shown in Fig. 5B. The cell viability in all 
hydrogel-treated groups exceeded 95 %, similar to the control group. 
Even at a concentration of 2 mg mL− 1, the Ni-MOF@GOx-QT nanozyme 
hydrogel displayed negligible toxicity to L929 cells. These findings not 
only reaffirm the hydrogel’s biocompatibility but also suggest its po
tential to enhance cell proliferation. Given the significant roles of 
fibroblast proliferation and migration in skin wound healing [36–38], 
additional experiments were conducted to observe the effects of the 
hydrogels on L929 cell growth. Continuous monitoring over three days 
revealed that cell proliferation was higher in the QT hydrogel group 
compared to the control group, likely due to the proliferative properties 
of TA within the hydrogel. The Ni-MOF@GOx-QT nanozyme hydrogel 
group showed the most pronounced effect in promoting proliferation, 
possibly related to the trace metal ions from Ni-MOF@GOx enhancing 
cell metabolism, as indicated in Fig. 5C. These results suggest that the 
Ni-MOF@GOx-QT nanozyme hydrogel not only is safe biologically but 
also facilitates wound healing by stimulating fibroblast proliferation.

Recognizing the critical role of cell migration in wound healing 
[39–41], the effects of the different materials on cell migration were 
assessed using the L929 cell scratch assay. The findings, depicted in 
Fig. 5D and E, indicate that all experimental groups significantly 
enhanced cell migration compared to the control group. The QT 
hydrogel group showed moderate migration-promoting effects, 
achieving approximately 75 % migration efficiency at 48 h. In contrast, 
the Ni-MOF@GOx-QT nanozyme hydrogel group exhibited the strongest 
migration-promoting performance, with efficiencies exceeding 90 % at 
48 h. This enhanced migration may be attributed to the trace metal ions 
from Ni-MOF@GOx activating cell migration-related signaling path
ways and the antioxidant properties of TA in the hydrogel mitigating the 
inhibitory effects of oxidative stress on cell migration. These findings 
suggest that the Ni-MOF@GOx-QT nanozyme hydrogel creates favor
able conditions for accelerated wound healing by promoting cell 
migration.

The HR is a crucial metric for assessing the blood compatibility of 
materials [42,43]. It measures the extent of damage to red blood cell 
membranes by quantifying the amount of hemoglobin released 
following interaction with the material. Specifically, when materials 
cause red blood cells to rupture, hemoglobin is released into the plasma. 
This release can be quantified by measuring the absorbance of hemo
globin at a wavelength of 540 nm, which is then used to calculate the 
hemolysis rate.

A higher HR indicates more significant damage to the red blood cells 
caused by the material. Experimental results (Fig. 5F) reveal that the HR 
of the Ni-MOF@GOx-QT nanozyme hydrogel is only 4.12 %, which is 
below the 5 % safety threshold for biological materials. This suggests a 
minimal interaction between the hydrogel and red blood cell mem
branes, indicating that the components of the hydrogel do not cause 
significant damage to the red blood cells. This compliance with safety 
standards underscores the hydrogel’s suitability for medical use, 
particularly in wound repair. The favorable blood compatibility of the 
Ni-MOF@GOx-QT nanozyme hydrogel offers substantial assurance for 
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its application in medical treatments.

3.6. Assessment of wound healing

The effectiveness of the Ni-MOF@GOx-QT nanozyme hydrogel in 
promoting wound healing in diabetic rats was assessed in this study by 
establishing a 1.5 cm full-thickness skin excision wound model. Obser
vations and measurements were performed on postoperative days 0, 3, 
7, 10, and 14 to determine the WHR. Fig. 6A reveals that on day 3 post- 
injury, the wounds in the control group appeared dry, whereas those 
treated with the nanozyme hydrogel remained moderately moist. Be
tween days 3 and 7, the control group’s wounds developed thick, dry 
scabs; the scabs in the Ni-MOF@GOx-QT nanozyme hydrogel-treated 
group were softer. On days 7–10, the control group’s scabs were 
rough and hard, indicating edge detachment. In contrast, the scabs in the 
hydrogel-treated group had completely detached by this time, revealing 
pink, moist granulation tissue. By day 14, there was a noticeable 
reduction in wound size across all groups, and the control group 
exhibited a significantly larger unhealed area compared to the nearly 
fully healed wounds in the hydrogel group. Thus, the Ni-MOF@GOx-QT 
nanozyme hydrogel significantly can enhance wound healing in diabetic 
rats, improve the wound microenvironment, and accelerate tissue 
regeneration.

Further analysis based on the measurements of wound area (Fig. 6B) 
and WHR (Fig. 6C) presents a gradual decrease in wound size and a 
continuous increase in WHR across all groups. By day 7 post-injury, a 
significant difference in the healing rates appeared. Between days 7 and 
10, the hydrogel group exhibited a WHR of 92.63 %, which was 
significantly higher than that of the control group. By day 14, the WHR 
reached 98.88 % in the hydrogel group and only 78.99 % in the control 
group. According to clinical standards, a WHR above 95 % is considered 
indicative of complete healing. Thus, by day 14, the wounds in the 
hydrogel group had effectively healed, whereas the wounds in the 
control group had not met these healing criteria. These findings un
derscore that the Ni-MOF@GOx-QT nanozyme hydrogel dressing 
notably accelerated wound healing, facilitating the wound repair 

process and providing vital experimental evidence for the treatment of 
diabetes-related wounds. Moreover, this hydrogel dressing maintains an 
optimal moist environment conducive to wound healing and demon
strates efficient absorption of tissue exudate [44–46], further promoting 
the healing process.

The rats’ body weight during the experimental period was monitored 
(Fig. 6D), suggesting a slow and steady growth trend across all three 
groups, with no significant differences observed. In other words, the Ni- 
MOF@GOx-QT nanozyme hydrogel did not negatively impact the 
normal growth and development of the rats, further confirming its 
biocompatibility and safety.

The analysis of the wound healing process based on HE staining of 
post-injury tissue samples (Fig. 6E) unveiled distinct differences be
tween the groups. By the third day post-injury, all groups exhibited 
loosely arranged and disordered collagen fibers in the dermis, along 
with significant inflammatory cell infiltration. Nonetheless, the group 
treated with Ni-MOF@GOx-QT nanozyme hydrogel demonstrated new 
blood vessel formation, and the control group presented a disorganized 
arrangement of epidermal spinous layer cells, increased bleeding points, 
and a thickened epidermis. By day 7 post-injury, the abnormal skin 
tissue structure persisted in the control group, marked by disorganized 
arrangements and ongoing inflammation. In contrast, the nanozyme 
hydrogel group displayed trends towards a normal skin structure, with 
abundant new blood vessels and hair follicles, regardless of the loosely 
arranged collagen fibers. By day 10, the control group still had disarray 
in collagen fibers and continued inflammatory cell presence, whereas 
the Ni-MOF@GOx-QT nanozyme hydrogel group possessed more 
orderly arranged collagen fibers and evidence of neovascularization. By 
day 14, limited inflammatory cell infiltration continued in the control 
group, and the nanozyme hydrogel group exhibited a thickened 
epidermis, follicle generation, and tightly organized collagen fibers, as 
well as a skin tissue structure resembling that of normal skin. These 
results imply that the Ni-MOF@GOx-QT nanozyme hydrogel can effec
tively promote wound tissue repair, improve collagen arrangement, and 
facilitate the normalization of skin structure.

A systematic analysis of tissue repair at various time points following 

Fig. 5. (A) Cell viability of L929 cells after 24 h of treatment with Ni-MOF@GOx, QT hydrogel, and Ni-MOF@GOx-QT nanozyme hydrogel with the same Ni- 
MOF@GOx concentration. (B) Cell viability of L929 cells after 24 h of treatment with different concentrations of Ni-MOF@GOx-QT nanozyme hydrogel. (C) OD 
values of cells in each experimental group over 3 days. (D) Images of scratch assays on L929 cells incubated with different groups for 24 h and 48 h. (E) Corre
sponding histogram of cell migration rates. (F) Histogram of hemolysis rates of fresh rat red blood cells treated with different experimental groups.
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Fig. 6. The morphological changes in wounds of SD rats at various time intervals (A), the progression of wound areas from day 0 to day 14 (B), the healing rates over 
14 days (C), changes in rats’ body weight during the treatment period (D), and histological images of wound tissues stained with HE and Masson’s trichrome at 
different time points (0–14 days) for each group (E and F).
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injury was conducted based on the results of Masson staining (Fig. 6F). 
On day 0, all groups presented full-thickness skin defects and mild in
flammatory responses. By day 3, extensive collagen degeneration and 
necrosis were observed in both the control group and the QT hydrogel 
group, and the Ni-MOF@GOx-QT nanozyme hydrogel group exhibited 
only localized collagen degradation and moderate swelling. By day 7, 
the control group manifested some reduction in collagen degeneration, 
and the Ni-MOF@GOx-QT group displayed signs of neovascularization 
with distinct dermal boundaries, even though the collagen fibers 
remained disorganized. On day 10, the control group had significantly 
less new collagen compared to the Ni-MOF@GOx-QT group, reflecting a 
trend toward organized collagen fiber alignment. By day 14, the control 
group revealed limited new collagen formation with some degree of 
organization; the QT hydrogel group had a notably higher collagen 
content compared to the control group; the Ni-MOF@GOx-QT group 
presented the most optimal tissue repair outcome, with the highest 
collagen content and an intact dermal structure featuring orderly 
aligned collagen fibers, similar to normal skin tissue. Hence, the Ni- 
MOF@GOx-QT nanozyme hydrogel has the potential to enhance 
wound healing.

4. Conclusions

In this study, Ni-MOF@GOx nanomaterials with cascade enzyme 
catalytic activity were successfully synthesized. These materials effi
ciently converted H2O2 into •OH under acidic conditions, demonstrating 
significant bactericidal effects against E. coli and S. aureus. Additionally, 
the use of QT hydrogel as a carrier for Ni-MOF@GOx improved 
biocompatibility. Ni-MOF@GOx effectively disinfected wounds while 
providing a protective barrier against bacterial invasion in combination 
with QT hydrogel. Moreover, the injectability of the hydrogel was 
verified as particularly advantageous for treating irregularly shaped 
wounds. Ni-MOF@GOx-QT nanozyme hydrogels promoted cell migra
tion and proliferation, accelerating wound healing. Furthermore, in vivo 
experiments further confirmed the role of Ni-MOF@GOx-QT nanozyme 
hydrogels in the healing of diabetic and bacterially infected wounds, 
highlighting their potential for rapid wound disinfection, effective 
sterilization, accelerated healing, and skin repair.
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