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A B S T R A C T

Wound care always presents challenges as they are susceptible to bacterial infections and have mechanical 
compatibility issues with wound dressings, leading to a delayed recovery of the structure and functional integrity 
of skin tissue. Herein, an iron-based metal-organic framework loaded with gold (Fe-MIL-88NH2-Au) nanozyme 
based composite hydrogel (HMAux) with excellent mechanical compatibility and dual-mode antibacterial 
properties was designed for wound care. To obtain HMAux, Fe-MIL-88NH2-Au nanozyme with photothermal 
properties and peroxidase-like and oxidase-like activities was prepared. Then it was introduced into the hydrogel 
system with a sea-island structure which was prepared via the copolymerization of acrylamide and acryloyl 
Pluronic F127 (PF127-DA) in the aqueous solution. Using dynamic micelles as the energy dissipation mechanism, 
double bonds and intermolecular interactions as two crosslinking methods in HMAux make it possess good 
stretchability (3244 %–4524 %), toughness (593.8 kJ/m3 to 421.5 kJ/m3), and low hysteresis (0.13–0.15). 
Furthermore, the synergistic photothermal and chemodynamic effects provide good antibacterial performance 
under mild conditions, with killing rates of approximately 95.02 % and 97.28 % for S. aureus and E. coli, 
respectively. In vivo experiments have proved that HMAux can effectively adapt to the contour of the wound and 
treat wound infections.

1. Introduction

Wounds impose significant burdens on both patients and healthcare 
systems, making wound care a concerning and increasingly common 
issue on the global scale [1,2]. As is well known, wound healing is a 
complex and well-coordinated process, including inflammation, prolif
eration, and remodeling [3,4]. The use of wound dressings can signifi
cantly improve the repair process of wounds [5,6]. Therefore, 
developing effective wound dressings has enormous potential for pre
venting adverse consequences and accelerating tissue renewal and 
regeneration [7,8]. Global skin wound dressings will be a key compo
nent of the wound care industry, with a market size of $5.05 billion in 

2024 [9,10]. Designing and developing advanced wound dressings have 
become one of the central focuses in the biomedical field [11]. Re
searchers are conducting extensive studies to develop dressings that can 
effectively treat wounds and promote healing in a short period of time to 
improve comfort of patients.

Among the variety of wound dressings, hydrogels have irreplaceable 
advantages in wound healing due to their high water content, substan
tial porosity, pliability, excellent biocompatibility, mechanical proper
ties that can be adjusted, and easily functionalized, having received 
widespread attention [12–14]. In recent years, many researches have 
been devoted to the preparation of hydrogels with excellent mechanical 
properties to achieve the best mechanical compatibility between the 
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dressing and the surrounding tissues of the wound and to meet the needs 
of daily wound care while ensuring comfort as far as possible [15,16]. It 
is not difficult to find that the design of material structure and energy 
dissipation mechanism by adjusting synthetic raw materials and cross
linking methods, such as introducing sacrificial bonds, fillers, or sec
ondary networks, can effectively avoid the shortcomings of low strength 
and poor toughness of traditional hydrogels to obtain a hydrogel with 
good mechanical properties liking double network hydrogels, topolog
ical hydrogels, composite hydrogels, ion bonded hydrogels and hybrid 
hydrogels [17–20]. However, these strategies usually give rise to 
hydrogels with large hysteresis and fatigue damage [17], which is far 
from achieving the best mechanical match between the dressing and the 
tissue around the wound. This will cause the separation of the dressings 
and the wounds or wounds tightness, greatly affecting comfort.

In addition to considering the comfort of the surrounding wound 
tissue, the antibacterial performance of dressings should also be 
emphasized in wound care, as bacteria are almost ubiquitous and there 
is a high risk of infection in the wound [21]. Wound infection induced by 
pathogenic bacteria is the main cause of delayed healing and may lead to 
life-threatening complications, which has caused substantial economic 
losses and considerable threats to global health [22]. For most types of 
bacteria, high temperature and reactive oxygen species (ROS) can cause 
protein denaturation and structural damage, leading to death [23,24]. 
Photothermal therapy (PTT) based on nanomaterials generates a large 
amount of physical heat during near-infrared laser irradiation, which 
has attracted much attention for antibacterial applications. This strategy 
is easy to operate, not prone to drug resistance, and fewer side effects, 
having broad-spectrum antibacterial characteristics [4,25,26]. And 
chemodynamic therapy (CDT) generates ROS to kill bacteria, with ad
vantages similar to those of PTT [27]. However, local high temperatures 
associated with PTT may damage surrounding wholesome cells and 
tissues when killing bacteria, and CDT may require higher concentra
tions of hydrogen peroxide and more stringent conditions [28,29]. The 
combination of PTT and CDT can exert a synergistic effect, killing bac
teria at lower temperatures and the presence of low concentrations of 
hydrogen peroxide, which will effectively avoid the troubles that exist 
when treated separately by PTT or CDT.

Nanomaterials typically have multiple functions, such as antibacte
rial, antioxidant, and photothermal properties [30,31]. Nanozymes are 
nanomaterials with enzyme-like catalytic properties, thus using nano
zymes as functional components is expected to achieve the integration of 
PTT and CDT [32]. Iron based metal-organic frameworks (MOFs) 

nanozymes are nanomaterials with a framework structure formed by 
iron ions and organic ligands, exhibiting excellent catalytic activity 
[33]. For example, our previous research has shown that Fe-MIL-88NH2 
can simulate both peroxidase and oxidase, producing hydroxyl radicals 
and superoxide anions during catalytic reactions [34]. Both types of ROS 
have strong oxidative damage effects on bacterial structures. We also 
discovered that Fe-MIL-88NH2 nanozyme has good biocompatibility. 
The iron ions in Fe-MIL-88NH2 nanozyme can be stored and processed 
by the human body. In addition, the framework structure of 
Fe-MIL-88NH2 also allows to load other components to exert more 
functions. Integrating Fe-MIL-88NH2 with photothermal materials is a 
very attractive strategy for a combination PTT and CDT to combat 
bacteria.

Herein, Fe-MIL-88NH2 with octahedral morphology was synthesized 
using the solvothermal method, and gold nanoparticles (Au) grown were 
grown in situ on the surface of Fe-MIL-88NH2 by reducing chloroauric 
acid with sodium borohydride to obtain the Fe-MIL-88NH2-Au nano
zyme with photothermal properties and peroxidase-like and oxidase-like 
activities (Fig. 1Aa). Then, double bond terminated PF127-DA was 
synthesized and used as a cross-linking agent (Fig. 1Ab) to polymerize 
with acrylamide in an aqueous solution to prepare the black hydrogel. 
The target hydrogel HMAux was obtained by introducing Fe-MIL- 
88NH2-Au nanozyme in the preparation process of black hydrogel 
(Fig. 1Ac). The prepared HMAux presented good stretchability (3244 %– 
4524 %), toughness (593.8 kJ/m3 to 421.5 kJ/m3), and low hysteresis 
(13.46 %–14.75 %), which is due to the use of dynamic micelles as the 
energy dissipation mechanism, and double bonds and intermolecular 
interactions as two crosslinking methods. Furthermore, the synergistic 
effects of PTT and CDT in HMAux allowed them to exhibit good anti
bacterial performance under mild conditions (Fig. 1B). We demon
strated that HMAux had a killing rate of approximately 95.02 % against 
S. aureus and about 97.28 % against E. coli. Additionally, in vivo exper
iments had proved that HMAux had good biocompatibility and could 
effectively adapt to the contour of the wound, treat wound infections, 
reduce levels of inflammatory factors, and promote cell proliferation, 
indicating its potential as a wound dressing to promote wound healing. 
The material designed by us can balance mechanical compatibility is
sues between wound dressing and wound, bacterial infection, and 
inflammation during the wound healing process.

Fig. 1. (A) Schematic diagram of the fabrication process of HMAux. (B) The antibacterial mechanism of HMAux in an infected wound.
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2. Experimental section

2.1. Synthesis of Fe-MIL-88NH2-Au

Firstly, Fe-MIL-88NH2 was prepared according to the reported 
method with slight modifications [35]. Briefly, 250.7 mg of 2-aminotere 
phthalic acid and 374.3 mg of ferric trichloride hexahydrate were dis
solved in 30 mL dimethylformamide and sonicated for 30 min. The so
lution was transferred to a hydrothermal synthesis reactor and reacted at 
120 ◦C for 13 h. Next, the pellets were collected by centrifugation at 
8000 rpm after the reactor cooled to room temperature naturally. Then, 
the pellets were washed 3 times with dimethylformamide and ethanol 
respectively. Finally, the samples were dried in a vacuum oven at 40 ◦C 
to get the Fe-MIL-88NH2.

100 mg of Fe-MIL-88NH2 and 100 mL of deionized water were put 
into a beaker to obtain a 1 mg/mL mixture. The mixture was sonicated 
and dispersed, and then 4 mL of chloroauric acid at a concentration of 
10 mM was added. After stirring for 3 min, 1 mL of sodium borohydride 
(100 mM) solution was added dropwise. The new pellets were collected 
by centrifugation at 8000 rpm after 30 min of reaction. Then, washed 
the pellets 3 times with ethanol. Finally, the Fe-MIL-88NH2-Au nano
zyme was dried in a vacuum oven at 40 ◦C for further characterization 
and application.

2.2. Synthesis of PF127-DA

PF127-DA was synthesized based on reference [36]. 2.54 g of PF127 
was dissolved in 20 mL of dichloromethane in an ice bath, 85 μL of 
triethylamine was added, and nitrogen was ventilated for 20 min. Then, 
50 μL of acryloyl chloride was added and the nitrogen was ventilated for 
5 min continually. It reacted at room temperature for 24 h. The crude 
product was then obtained by removing the dichloromethane through 
rotary evaporation at 25 ◦C. The crude product was purified by dialysis 
for 3 days (MWCO 3500). Finally, the pure PF127-DA was obtained by 
lyophilization.

2.3. Synthesis of the HMAux

HMAux were prepared using APS/TEMED as the redox initiation 
system, PF127-DA as the crosslinker, and acrylamide as the monomer. 
Specifically, 105 mg PF127-DA, 300 mg of acrylamide, and a certain 
amount of deionized water were added to four tubes. Then the Fe-MIL- 
88NH2-Au nanozyme was added to ensure that the content of acryl
amide is 10 wt%, and the nanozyme is 0 mg/mL, 1 mg/mL, 1.5 mg/mL, 
or 2 mg/mL, respectively. Next, four tubes were sonicated until the re
agents inside were completely dissolved and then pre-cooled in an ice 
bath. Then, 150 μL TEMED (100 μL/mL) and 150 μL APS (100 mg/mL) 
solutions were added sequentially under an ice bath. After that, the 
HMAux sample precursor was rapidly transferred to the mold and cross- 
linked at room temperature.

2.4. Characterizations

2.4.1. TEM
The structure of PF127-DA micelles was observed using a low- 

voltage TEM (HT7700, Hitachi Corp, Japan) with an accelerating 
voltage of 100 kV. TEM images and elemental analysis of Fe-MIL-88NH2- 
Au nanozyme were recorded by FEI Talos F200x (Thermo Fisher Sci
entific, USA).

2.4.2. SEM
The microstructures and elemental analysis of HMAux were recorded 

by cryo-SEM (Apreo S HiVoc, Thermo Fisher Scientific, USA).

2.4.3. DLS
The particle sizes of Fe-MIL-88NH2 nanozyme and Fe-MIL-88NH2-Au 

nanozyme in deionized water were obtained by a protein particle size 
analyzer (Zetasizer μV, Malvern, Japan).

2.4.4. FTIR
The chemical structure of PF127-DA was confirmed by a Nicolet is50 

FTIR (Thermo Fisher Corp, USA).

2.4.5. 1H NMR
The chemical structure of PF127-DA was also confirmed by a Bruker 

AV III HD 400 MHz instrument with deuterated chloroform serving as 
the solvent and internal standards.

2.4.6. ESR
The generation of free radicals during the reaction process was 

confirmed using an ESR spectrometer (EMX Plus-6/1, Bruker Corp, 
Germany). The tests were conducted in sodium acetate buffer (0.1 M, pH 
4). The concentrations of H2O2, DMPO, HMAu0, and HMAu1.5 are 100 
μM, 50 mM, 50 mg/mL, and 50 mg/mL, respectively. After 30 min of 
reaction, the reaction solution was tested.

2.5. Mechanical performance tests

A tensile machine with a 10 N load cell (HZ-1004B, Dongguan Lixian 
Instrument Technology Co., Ltd.) was used to test the mechanical 
properties of HMAux samples. Experimental steps are described in de
tails in the Supporting Information.

2.6. Enzyme mimetic activity

The peroxidase and oxidase mimic activities of Fe-MIL-88NH2-Au 
nanozyme and HMAux samples were evaluated using a TMB chromo
genic reaction according to reference [37]. To test the ability of HMAux 
samples to mimic peroxidase, the absorbance curves in the range of 
360–750 nm after 30 min of reaction were monitored in spectral scan
ning mode. The concentrations of the HMAux sample, H2O2, and TMB 
were 50 mg/mL, 100 μM, and 1 mM. The ability of HMAux samples to 
simulate oxidase was also tested using the same method except for the 
absence of H2O2. Next, the optimal pH value was obtained by measuring 
the absorbance value of the Fe-MIL-88NH2-Au nanozyme system at 652 
nm after 15 min of reaction at different pH values using 0.1 M sodium 
acetate solution as a buffer system. And the optimal temperature was 
obtained by measuring the absorbance value of the Fe-MIL-88NH2-Au 
nanozyme system at 652 nm after 15 min of reaction at different tem
peratures using 0.1 M sodium acetate solution as a buffer system. The 
absorbance value was measured by a UV spectrophotometer (Beijing 
Puxi General Instrument Co., Ltd., TU-1901, China). The concentrations 
of Fe-MIL-88NH2-Au nanozyme, H2O2, and TMB were 50 g/mL, 100 μM, 
and 1 mM, respectively. When determining the optimal pH value and 
temperature of oxidase, H2O2 was not added, while the concentrations 
of other substances remained the same.

2.7. Photothermal performance

The photothermal properties of the HMAux samples were charac
terized by a near-infrared thermal imaging system (Testo, 885-2, Ger
many). Firstly, HMAux samples were purified in normal saline for 24 h. 
Then, 200 mg HMAux sample was placed in a tube and 300 μL of 
deionized water was added. The tube was irradiated with an 808 nm 
laser for 10 min and temperature values were recorded every 30 s. The 
temperature variation of the system at power densities of 1 W/cm2, 1.5 
W/cm2, and 2.0 W/cm2 was recorded. Finally, the photothermal cycling 
stability of the HMAu1.5 sample at 1.5 W/cm2 was investigated.

2.8. Antibacterial performance

Bacterial solutions of S. aureus and E. coli were diluted to 106 CFU/ 
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mL with sodium acetate buffer (0.1 M, pH 4). Following that, 300 μL of 
diluted bacterial solution was co-incubated with 200 mg HMAux sam
ple. The samples were divided into two major groups, totaling 24 
analysis groups: S. aureus groups (without NIR: 1. PBS; 2. HMAux0; 3. 
HMAux1.5; 4. PBS + H2O2 (100 μM); 5. HMAux0+H2O2 (100 μM); 6. 
HMAux1.5+H2O2 (100 μM); with NIR: 7. PBS + NIR; 8. HMAux0+NIR; 9. 
HMAux1.5+NIR; 10. PBS + H2O2 (100 μM) + NIR; 11. HMAux0+H2O2 
(100 μM) + NIR; 12. HMAux1.5+H2O2 (100 μM) + NIR) and E. coli 
groups (grouping consistent with S. aureus). For groups without NIR, 
HMAux samples were co-incubated with the bacterial solution for 180 
min. For groups with NIR, HMAux samples were co-incubated with the 
bacterial solution for 170 min and then irradiated with the NIR laser 
(1.5 W/cm2) for 10 min. Subsequently, the bacterial solution treated 
with the HMAux sample was diluted 104-fold and a 100 μL aliquot was 
placed on a solid medium for plate coating. The solid mediums were 
incubated at 37 ◦C for 9–12 h and then the number of colonies formed 
was recorded.

2.9. Cell compatibility tests

Mouse fibroblasts (L929) were cultured and passaged. Then L929 
cells were seeded in 48-well plates at an initial density of 1.5 × 104 cells/ 
well and cultured in the cell culture incubator for 24 h for subsequent 
experiments.

The HMAux samples with a diameter of 8 mm and a thickness of 2 
mm were immersed in 75 % ethanol for 24 h for sterilization. Then the 
HMAux samples were soaked in saline and replaced with fresh saline 
every 1 h, repeating 5 times. After that, the sterilized HMAux samples 
were co-incubated with cells for 24 h, which was used for cellular vi
tality measurement, dead/live cell staining evaluation, and cell 
morphology assessment.

2.9.1. Cellular vitality
After the HMAux samples co-incubated with cells for 24 h, the 

cellular viability was quantitatively tested using the CCK-8 kit.

2.9.2. Dead/live cell staining evaluation
After the HMAux samples were co-incubated with cells for 24 h, the 

dead/live cell staining evaluation was performed using the live/dead 
staining kit. The stained cells were observed and recorded by a fluo
rescence microscope (green fluorescence: FDA for live cells, red fluo
rescence: PI for dead).

2.9.3. Cell morphology assessment
After the HMAux samples were co-incubated with cells for 24 h, the 

cell morphology was assessed. The cells were fixed with 4 % para
formaldehyde for 30 min, and then the fixed cells were treated with 0.2 
% Triton X-100 for 5 min to change the permeability of the cell mem
brane. After that, the cells were stained with ghost pen cyclic peptide 
solution and 4′, 6-diamidino-2-phenylindole. The stained cells were 
observed and recorded by a fluorescence microscope.

2.10. Animal experiments

2.10.1. Animal modeling and treatment
Healthy male Kunming mice (25–30 g) were procured from the 

Chengdu DaShuo Experimental Animal Co., Ltd. The study received 
approval from the Animal Ethics Committee of Sichuan University 
(Animal Ethics No.: 2019067A). The mice were housed in polypropylene 
cages maintained at a standard temperature of 20 ± 4 ◦C. The mice were 
provided conventional feed and had unrestricted access to drinking 
water. A circular full-thickness skin wound, approximately 8 mm in 
diameter, was created on the neck of the mice to investigate the impact 
of the HMAux sample on wound repair at the wound site. Before the 
experiment, mice were acclimated to the laboratory environment for 
three days. The neck area was shaved and anesthesia was induced using 

1 % pentobarbital sodium. The wound skin was sterilized with an 
iodophor solution and 4 % chlorhexidine gluconate before making the 
skin wound. A 10 μL solution of S. aureus (concentration: 108 CFU/mL) 
was applied to the wound to induce infection. The mice were divided 
into 8 groups (3 mice per group) for various treatments: 1. PBS; 2. 
HMAux0; 3. HMAux1.5; 4. HMAux1.5+H2O2 (100 μM); 5. PBS + NIR; 6. 
HMAux0+NIR; 7. HMAux1.5+NIR; 8. HMAux1.5+H2O2 (100 μM) + NIR. 
The progression of wound healing was documented through measure
ments and photographs on days 0, 2, 5, 8, and 11. The hydrogel samples 
were replaced during photography to capture the progress of the wound.

2.10.2. Histological analysis
All mice were euthanized on the 11th day, and relevant wound tis

sues and major organs (heart, liver, spleen, lungs, kidneys) were 
collected, fixed with 4 % formaldehyde, and embedded in paraffin. The 
samples were sliced and fixed on a glass slide to perform H&E staining 
for histological analysis.

2.10.3. Immunofluorometric assay
Immunofluorometric assays were conducted as described previously 

[38]. The primary antibody was IL-6 (1:100), and the fluorescently 
labeled secondary antibody was FITC-labeled goat anti-rabbit IgG 
(1:100).

2.11. Statistical analysis

Data in this manuscript from three individual experiments are 
described as mean ± standard deviation (mean ± SD). The statistical 
trends from different groups were analyzed by one-way ANOVA with 
post-test using Dunnett’s test (GraphPad Prism 9.5.0). Data were 
considered as statistically significant difference if P-values were below 
0.05 versus the indicated group (*P < 0.05, **P < 0.01 and ***P <
0.001).

3. Results and discussion

3.1. Synthesis and characterization of Fe-MIL-88NH2-Au and HMAux

The Fe-MIL-88NH2 nanozyme was first synthesized using the sol
vothermal method, and then chloroauric acid was reduced in the Fe- 
MIL-88NH2 nanozyme mixture solution by sodium borohydride to pre
pare Fe-MIL-88NH2-Au nanozyme. The morphology and structure of Fe- 
MIL-88NH2-Au nanozyme were characterized using TEM and SEM, as 
shown in Fig. 2A and S1. The results of TEM, elemental analysis, and 
SEM showed that Fe-MIL-88NH2 nanozyme successfully loaded Au 
nanoparticles, while the distribution of Au nanoparticles was not uni
form, which had influenced the octahedra structure of Fe-MIL-88NH2 
nanozyme to some extent. The particle sizes of Fe-MIL-88NH2 nanozyme 
and Fe-MIL-88NH2-Au nanozyme in deionized water were also tested by 
DLS and the results revealed that the particle size of Fe-MIL-88NH2-Au 
nanozyme is larger than that of the Fe-MIL-88NH2 (Figure S2), which is 
consistent with the expected results.

Next, the enzyme-like activities of Fe-MIL-88NH2-Au nanozyme were 
studied. As shown in Figure S3, Fe-MIL-88NH2 nanozyme and Fe-MIL- 
88NH2-Au nanozyme can oxidize TMB to ox-TMB in the presence of 100 
μM H2O2, and an enhanced peak signal at 652 nm appears of Fe-MIL- 
88NH2-Au nanozyme, demonstrating the peroxidase-like activity of Fe- 
MIL-88NH2 nanozyme and Fe-MIL-88NH2-Au nanozyme. Additionally, 
two types of nanozymes can also oxidize TMB to ox-TMB in the absence 
of H2O2, and an enhanced peak signal at 652 nm appears of Fe-MIL- 
88NH2 nanozyme, indicating the oxidase-like activity of Fe-MIL-88NH2 
nanozyme and Fe-MIL-88NH2-Au nanozyme. The above results also 
illustrate that the peroxidase-like activity of Fe-MIL-88NH2-Au nano
zyme is slightly stronger than that of Fe-MIL-88NH2 nanozyme, while 
the oxidase-like activity shows the opposite trend.

Considering the effect of pH on the antimicrobial properties of 
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nanozyme-based antimicrobial materials, the dependence of the enzy
matic activity of the developed nanozyme on pH was studied. Figure S4A
shows the dependence of the peroxidase-like activity of Fe-MIL-88NH2 
and Fe-MIL-88NH2-Au nanozymes on the pH of the system. The optimal 
pH for peroxidase-like activity of the two different nanozymes is 4 and 
the activity of Fe-MIL-MIL-88NH2-Au nanozyme is higher, except at pH 
3. Figure S4B illustrates the relationship between the oxidase-like ac
tivity of Fe-MIL-88NH2 and Fe-MIL-88NH2-Au nanozymes with the pH 
of the system, showing that the optimal pH for the latter is 3 and the 
activity is low. Overall, the pH dependence of the enzymatic activities of 
the two nanozymes differed. However, the enzymatic activity of Fe-MIL- 
88NH2 nanozyme was not significantly affected by the loading of Au 
nanoparticles. The temperature dependence of the enzymatic activity of 
Fe-MIL-88NH2-Au nanozyme was also studied. As shown in Figure S5, 
the optimal temperature of the peroxidase-like and oxidase-like activ
ities of Fe-MIL-MIL-88NH2-Au nanozyme is about 35 ◦C, which is 
beneficial for in vivo applications.

After preparing the Fe-MIL-88NH2-Au nanozyme, we synthesized 
PF127 with double bond capping (PF127-DA) as a crosslinking agent for 
preparing HMAux. PF127 is a typical amphiphilic triblock copolymer 
(polyoxyethylene-polyoxypropylene-polyoxyethylene: PEO99-PPO65- 
PEO99) that easily forms micelles in water through self-assemble, which 
is particularly advantageous for energy dissipation [39]. The chemical 
structure of PF127-DA was confirmed by fourier-transform infrared 
(FTIR) and proton nuclear magnetic resonance (1H NMR). As shown in 
Figure S6, the new absorption peak appeared at 1722 cm− 1, which be
longs to the stretching vibration of C=O, proving the successful syn
thesis of PF127-DA. The spectrogram of 1H NMR presented 
characteristic chemical shifts at 6.4 and 5.9 ppm (Figure S7), which is 
attributed to the hydrogen on the double bond of acrylic ester, 

confirming the synthesis of PF127-DA once again [36]. Furthermore, the 
formation of PF127-DA micelles in water was confirmed by TEM 
(Figure S8).

Subsequently, we prepared HMAux samples using acrylamide as the 
monomer, PF127-DA as the crosslinking agent, and the Fe-MIL-88NH2- 
Au nanozyme as a functional additive, where x presents the concentra
tion of the added nanozyme. The microscopic topographies of HMAu0 
and HMAu1.5 were characterized. As shown in SEM images in Fig. 2Ba 
and b, the microscopic topographies of HMAu0 and HMAu1.5 are both 
uniform three-dimensional porous. We counted the pore size of HMAu0 
and HMAu1.5. The results are shown in Figure S9. The average pore size 
of HMAu0 is about 0.88 μm, while the average pore size of HMAu1.5 is 
about 0.50 μm, which is smaller than that of the HMAu0. We also 
characterized the location of Fe-MIL-88NH2-Au nanozyme within 
HMAu1.5 by the elemental mapping. The result was shown in Fig. 2Bc, 
concluding that Fe-MIL-88NH2-Au nanozyme was evenly distributed in 
HMAu1.5. To analyze the reason for the average pore size in HMAu0 
larger than HMAu1.5, we tested the water content of different HMAux 
samples and found that HMAu0 had a higher water content than other 
samples (Fig. 2C). It is precisely due to the high water content that the 
pore structure of HMAu0 is relatively large. Next, the swelling behavior 
of the HMAux samples in water or simulated wound fluid was evaluated. 
The experimental results are shown in Fig. 2D and S10, where the 
swelling equilibrium of HMAu0, HMAu1, HMAu1.5, and HMAu2 in water 
reaches after 120 h, with the swelling rates of 692.3 %, 703.2 %, 722.3 
%, and 814.3 %, respectively. Therefore, the swelling degree of HMAux 
increases with increasing content of Fe-MIL-88NH2-Au nanozyme in the 
hydrogel, which may be related to the hydrophilic groups, such as amino 
and carboxyl groups on the surface of Fe-MIL-88NH2-Au nanozyme 
[40]. However, the maximum swelling value of HMAux in simulated 

Fig. 2. Characterizations of Fe-MIL-88NH2-Au and HMAux. (A) The images of TEM and elemental analysis of Fe-MIL-88NH2-Au nanozyme: (a) and (b) TEM images, 
and (c) elemental mapping. (B) The images of SEM and elemental analysis of HMAux: (a) SEM image of HMAu0, (b) SEM image of HMAu1.5, and (c) elemental 
mapping of HMAu1.5. (C) Water content, (D) swelling behaviors, and (E) cumulative water loss behaviors of different HMAux samples.
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wound fluid is reached after 10 h and the maximum swelling ratio of 
HMAu0, HMAu1, HMAu1.5, and HMAu2 is about 317.8 %, 340.4 %, 
314.4 % and 326.5 % respectively, fully demonstrate that they could 
absorb wound exudates. After 10 h, HMAux gradually loosened until 
their completely disappeared in the simulated wound fluid. This phe
nomenon is caused by the adsorbing of protein and salts by HMAux in 
the simulated wound fluid. We also measured the cumulative water loss 
behaviors of different HMAux samples. As presented in Fig. 2E, the cu
mulative water loss rates of the HMAux samples exceed 80 % after 5 h in 
an oven at 37 ◦C, indicating poor water retention performance of 
HMAux samples.

3.2. Mechanical behavior of HMAux

After successfully preparing HMAux, their mechanical behavior was 
characterized. We presented the mechanical properties of HMAux, 
selecting HMAu1.5 as a representative sample. As shown in Fig. 3A, the 
HMAu1.5 has good tensile and compressive properties, which can pull 
even several times its own size or be compressed to a very small volume 
without breaking, indicating excellent elasticity and toughness. Subse
quently, the mechanical properties of HMAux were quantitatively 
measured. Fig. 3B shows the tensile stress-strain curves of HMAux, with 
the fracture strain decreasing from ~4524 % to ~3244 % and tensile 
strength increasing from ~449 kPa to 627 kPa and then decreasing to 
493 kPa as the nanozyme content increases from 1.0 mg/mL to 2.0 mg/ 
mL (Fig. 3C). While under the same strain, the stress of the sample 

increases as the increases of nanozyme content. This is because nano
zyme as fillers can enhance materials, but also increase internal defects 
leading to a decrease in strain. When HMAux is subjected to an external 
force, the PF127-DA dynamic cross-linking structure can dissipate a lot 
of energy during deformation, thus presenting the excellent tensile 
properties of the samples. Fig. 3D shows Young’s modulus of HMAux, 
which increases from ~0.53 kPa to ~4.38 kPa with increasing nano
zyme content from 1.0 to 2.0 mg/mL. The results of high stretchability 
and low modulus indicate its good elasticity. Fig. 3E presents the 
toughness of HMAux, observed that the toughness decreases from 593.8 
kJ/m3 to 421.5 kJ/m3 when the nanozyme content increases from 1.0 
mg/mL to 2.0 mg/mL. Such high toughness is mainly due to the flexi
bility of the polyether chain and the unwrapping or slippage of the hy
drophobic segments, which gives PF127-DA micelles good energy 
dissipation capacity [41]. However, the decrease in toughness with the 
increase of nanozyme content within HMAux is also due to the increase 
in internal defects caused by the nanozyme.

Tensile loading-unloading cycle tests were performed to investigate 
the fatigue damage of HMAux. As shown in Fig. 3E and S11, the HMAux 
exhibits a slight hysteresis and a negligible stress drop over 10 consec
utive cycles under different strains, without exhibiting the fatigue 
damage characteristics of ordinary hydrogels. From the first loading- 
unloading curve of the tensile cycle test, the hysteresis of HMAu1.5 is 
calculated to be 14.75 %, 14.27 %, and 13.46 % at a strain of 300 %, 500 
%, and 700 %, respectively. The apparent hysteresis caused by sacrificial 
bonds can be avoided by introducing dynamic micelles [16]. Such a low 

Fig. 3. Mechanical behavior of HMAux. (A) Displaying stretching and compressing images of HMAu1.5. (B) Tensile stress-strain curves, (C) tensile strengths, (D) 
Young’s modulus, and (E) toughnesses of different HMAux samples. (F) Cyclic tensile stress-strain cycle curves of HMAu1.5 up to different maximum strains and (G) 
the corresponding hysteresis. (H) Compressive stress-strain curves of HMAux samples. (I) Cyclic compressive stress-strain curves of HMAu1.5 up to different 
maximum strains.
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hysteresis fully proves the elasticity of HMAux. As shown in Figure S12, 
HMAux exhibits both high toughness and low hysteresis, which breaks 
the traditional positive correlation between toughness and hysteresis 
[42–47]. In addition, when the strain in the compression test reaches 90 
%, all HMAux samples could withstand extreme deformation without 
being damaged and returned to about 97 % of their initial height when 
the external force was removed (Fig. 3H), showing excellent elasticity. 
Furthermore, successive cyclic compression tests on HMAu1.5 showed 
only slight hysteresis and negligible stress drops during 10 consecutive 
load-unload cycles under different strains (Fig. 3I and S13), which also 
demonstrated the elastomeric properties of HMAux. The PF127-DA 
micelle dynamic macromolecular crosslinker as stress absorbers sub
jected to large mechanical deformations, their deformation and internal 
rearrangement are undoubtedly an excellent energy dissipation mech
anism, endowing HMAux with significant fatigue resistance and good 
elasticity [48–50]. Through this strategy, the traditional 
toughness-hysteresis correlation can overcome, simultaneously 
achieving high toughness and low hysteresis.

3.3. Photothermal performance and enzyme mimicking properties of 
HMAux

The photothermal properties of HMAux samples enable the conver
sion of light energy into thermal energy. As shown in Fig. 4A, using an 
808 nm laser to irradiate a tube containing the HMAux sample and 
bacterial solution increases the temperature inside the tube, which can 

destroy bacteria and achieve disinfection. To evaluate the photothermal 
performance of HMAux samples, tubes containing HMAux samples and 
deionized water were irradiated with 808 nm lasers, and the tempera
ture of the tubes was recorded every 30 s for a total of 10 min by the 
thermal imaging camera. Thermal images at the initial and terminal 
states of tubes containing HMAu0 and HMAu1.5 are shown in Fig. 4B. 
After 10 min of irradiation with 808 nm laser (1.5 W/cm2), the tem
perature of the tube containing HMAu0 increases from 23.5 ◦C to 
24.0 ◦C, while the temperature of the tube containing HMAu1.5 increases 
from 23.6 ◦C to 49.3 ◦C, fully demonstrating the excellent photothermal 
performance of HMAu1.5. Subsequently, we systematically investigated 
the effects of nanozyme content and laser power density on the photo
thermal properties of HMAux samples. As shown in Fig. 4C, the tem
perature of HMAu0 increases from 18.3 ◦C to 18.5 ◦C, and the 
temperature of HMAu1, HMAu1.5, and HMAu2 increases from 18.1 ◦C, 
18.4 ◦C, and 18.6 ◦C–27.4 ◦C, 36.4 ◦C, and 38.4 ◦C, respectively, after 
continuous irradiation of the 808 nm laser (1 W/cm2) for 10 min. The 
absolute values of the temperature increase are ordered as HMAu2>H
MAu1.5>HMAu1>HMAu0, which indicates that Fe-MIL-88NH2-Au 
nanozyme has good photothermal properties, and the introduction of Fe- 
MIL-88NH2-Au nanozyme can impart hydrogel samples good photo
thermal properties. Similarly, the effect of Fe-MIL-88NH2-Au nanozyme 
content on the photothermal performance of HMAux was investigated at 
laser power densities of 1.5 W/cm2 and 2 W/cm2, and the results are 
shown in Fig. 4D and E. It is found that the temperatures are 39.3 ◦C, 
49.3 ◦C, and 56.3 ◦C at 1.5 W/cm2 and 40.1 ◦C, 53.0 ◦C, and 69.4 ◦C at 2 

Fig. 4. (A) Schematic diagram of photothermal performance tests of HMAux. (B) Thermal images of HMAu0 and HMAu1.5 before and after 10 min with 808 nm laser 
irradiation. Temperature variation curves of HMAux under NIR at (C) 1 W/cm2, (D) 1.5 W/cm2, and (E) 2 W/cm2. (F) On-off temperature change curves for HMAu1.5 
under NIR irradiation (1.5 W/cm2). (G) Schematic diagram of •OH and O2

•− generation catalyzed by HMAu1.5. UV–vis spectra of different sample systems (H) with 
and (I) without H2O2.
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W/cm2, respectively, when Fe-MIL-88NH2-Au nanozyme content in
creases from 1 mg/mL to 1.5 mg/mL and then to 2 mg/mL. We have 
calculated the photothermal conversion efficiency (η) of HMAux [51]. 
The results are shown in Figures S14. According to the experimental and 
calculative results, the photothermal conversion efficiency (η) of 
HMAux is about 55.66 %. After that, we studied the cycling stability of 
the photothermal properties of HMAux sample. Taking HMAu1.5 as an 
example, we conducted three consecutive laser on-off processes, and the 
results are shown in Fig. 4F, exhibiting its good photothermal cycling 
stability.

ROS such as •OH and O2
•− cause irreversible damage to bacteria, 

leading to bacterial death [52]. The peroxidase and oxidase activities of 
HMAux determine their abilities to generate free radicals, which directly 
determines their bactericidal ability. Therefore, the peroxidase-like and 
oxidase-like activities of HMAux were investigated. As shown in Fig. 4H, 
HMAu0 cannot oxidize TMB to ox-TMB in the presence of 100 μM H2O2, 
whereas other hydrogel samples containing nanozyme show an 
enhanced peak signal at 652 nm with the increase of Fe-MIL-88NH2-Au 
nanozyme, demonstrating the peroxidase-like activity of HMAu1, 
HMAu1.5, and HMAu2. As shown in Fig. 4I, HMAu1, HMAu1.5, and 
HMAu2 can also oxidize TMB to ox-TMB in the absence of H2O2, and an 
enhanced peak signal at 652 nm appears with the increase of 
Fe-MIL-88NH2-Au nanozyme, effectively demonstrating the oxidase-like 
activity of HMAu1, HMAu1.5, and HMAu2 [37]. We have performed the 
electron spin resonance tests to confirm the presence of •OH and O2

•− in 
the systems. As shown in Figure S15, a typical •OH signal peak appeared 
in the ESR spectrum in HMAu1.5/DMPO system when 100 μM H2O2 was 
presented, demonstrating the generation of •OH. And the 

HMAu1.5/DMPO system showed an O2
•− signal peak when H2O2 was 

absented, demonstrating the generation of O2
•− [52,53].

3.4. Dual-mode antibacterial performance of HMAux

To investigate the antibacterial properties of HMAux, the killing ef
fects against S. aureus and E. coli under different conditions were eval
uated by plate coating experiments. Fig. 5A shows the pictures of the 
bacterial colonies formed by S. aureus or E. coli treated with 12 different 
groups, each showing significant differences in antibacterial activity. 
The specific survival rates of S. aureus or E. coli are shown in Fig. 5B and 
C, respectively. In the absence of both NIR laser irradiation and H2O2, 
the mortality rates of S. aureus after contact with HMAu0 or HMAu1.5 are 
11.44 % and 27.36 %, and the mortality rates of E. coli are 20.00 % and 
51.73 %, respectively. Under the conditions without NIR laser irradia
tion but with the addition of H2O2, the mortality rates of S. aureus after 
contact with HMAu0 or HMAu1.5 are 38.64 % and 54.89 %, and the 
mortality rates of E. coli are 40.99 % and 58.89 %, respectively. Under 
the conditions of NIR laser irradiation but without the addition of H2O2, 
the mortality rates of S. aureus after contact with HMAu0 or HMAu1.5 are 
9.29 % and 56.72 %, and the mortality rates of E. coli are 18.27 % and 
78.77 %, respectively. Under the condition of both NIR laser irradiation 
and H2O2 addition, the mortality rates of S. aureus after contact with 
HMAu0 or HMAu1.5 are 37.56 % and 95.02 %, and the mortality rates of 
E. coli are 39.26 % and 97.28 %, respectively. The results show that 
HMAu1.5 can effectively kill bacteria under NIR laser irradiation and the 
addition of 100 μM H2O2, and has a better killing effect on E. coli than 
S. aureus. This is mainly attributed to the differences in cell wall 

Fig. 5. (A) Photographs of bacterial colonies formed by S. aureus or E. coli treated with different groups. Survival ratios of (B) S. aureus and (C) E. coli after being 
treated by different groups. 1: Control; 2: HMAu0; 3: HMAu1.5; 4: Control + H2O2; 5: HMAu0+H2O2; 6: HMAu1.5+H2O2.
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structure and composition between S. aureus and E. coli, which leads to 
differences in tolerance to thermal and oxidative damage as well as 
acidic conditions. The results of antimicrobial experiments fully 
demonstrate that HMAu1.5 exerts synergistic photothermal and chemo
dynamic effects, resulting in good antibacterial performance (with 
killing rates of over 95 % for S. aureus and over 97 % for E. coli).

3.5. Application of HMAux in infection wounds

We attempted to use HMAu1.5 as a wound dressing for in vivo anti
bacterial purposes to promote infected wound healing. The pictures of 
the wound healing process of different treatment groups are shown in 
Fig. 6A. All groups show various degrees of infection on the second day 
except for the HMAux1.5+H2O2 (100 μM) + NIR group, proving that the 

Fig. 6. Efficacy of different sample groups for treating infected wounds. (A) Photographs and (B) traces of wound closure over the 11-day treatment period. (C) 
Histomorphological assay and (D) immunofluorescence staining of Ki-67 in wounds on day 11 of treatment.
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group combining PTT and CDT has the best antibacterial effect. The 
varying degrees of infection in the other groups gradually subsided on 
the 5th or even 8th day, which may be related to the gradual recovery of 
the immune system. We plotted wound healing trajectories within 11 
days for different treatment groups to clearly demonstrate the different 
healing effects, which were shown in Fig. 6B. The results indicate that 
both HMAu1.5+NIR group and HMAu1.5+H2O2 group can accelerate 
wound healing, and the combination of HMAu1.5 with NIR and H2O2 has 
the best effect on wound healing. It is worth noting that wounds treated 
with HMAux1.5+H2O2+NIR can be almost completely covered by newly 
formed skin on the 11th day.

Furthermore, histological staining was performed to evaluate the 
effect of different treatment groups on wound healing. After 11 days of 
treatment, a more complete epithelium and hair follicles were observed 
in both HMAu1.5+NIR group, HMAu1.5+H2O2 group, and 
HMAux1.5+H2O2+NIR group, with the latter group showing the most 
pronounced healing effect (Fig. 6C). The levels of typical inflammatory 
factors IL-6 and TNF-α at the wound site were also evaluated 
(Figures S16 and S17). Compared with the other control groups, the 
HMAux1.5+H2O2+NIR group showed a significant decrease in positive 
staining intensity, indicating a decrease in inflammatory expression. 
Additionally, Ki-67 is a nuclear protein associated with ribosomal RNA 
transcription and is used to characterize cell proliferation [54]. Collagen 
I (COL-I) plays a significant role in the wound healing process [55], 
mediating several key steps in an integrin signal-dependent manner, 
such as platelet aggregation, inflammation regulation, angiogenesis, 
granulation tissue formation, and re-epithelialization. Ki-67 expression 

was higher in the HMAux1.5+H2O2+NIR group, indicating greater cell 
proliferation at the wound site (Fig. 6D). The HMAux1.5+H2O2+NIR 
group also showed high levels of COL-I deposition during the healing 
process, illustrating that it promotes collagen deposition (Figure S18).

3.6. Biocompatibility of HMAux

The in vitro biocompatibility of the HMAux samples was prelimi
narily evaluated through cell experiments. As shown in Fig. 7A, the cell 
viability of L929 cells after co-culturing with HMAux samples for 24 h is 
close to 100 %, demonstrating that HMAux samples are virtually non
cytotoxic within 24 h. The same conclusion is reached by live/dead stain 
tests and morphology assays (Fig. 7B). Cell co-culture assays demon
strate the biosafety of HMAux samples.

In addition, H&E staining was performed on the main organs of mice 
after different treatments for 11 days to investigate their safety in vivo. 
As shown in Fig. 7C, no significant toxicity is detected in the main organs 
(heart, liver, spleen, lung, kidney) of any groups, indicating that the 
material system has good biocompatibility in vivo. Therefore, HMAu1.5 is 
expected to have potential value in the treatment and healing of infec
tious wounds in movable parts.

4. Conclusions

A new class of good stretchability (3244 %–4524 %), toughness 
(593.8 kJ/m3 to 421.5 kJ/m3), and low hysteresis (13.46 %–14.75 %) 
HMAux was easily prepared by copolymerization of acrylamide and 

Fig. 7. Biocompatibility assay of HMAux. (A) Cell viability of L929 cells after co-cultured with HMAu0, HMAu1, HMAu1.5 and HMAu2 for 24 h. (B) Cell dead/live and 
morphology assays of L929 cells after co-cultured with HMAu0, HMAu1, HMAu1.5 and HMAu2 for 24 h. (C) H&E staining images of the main organs of the mice after 
11 days of treatment with different groups.
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PF127-DA in aqueous solution containing Fe-MIL-88NH2-Au nanozyme. 
The design strategy of HMAux employs the PF127-DA dynamic micelle 
structure to optimize mechanical properties rather than introducing 
sacrificial bonds, resulting in high toughness and low hysteresis simul
taneously. Its excellent mechanical properties can make the material not 
easy to break and maintain its original shape under the action of external 
force, effectively blocking external contact with the wound and prevent 
wound cracking. Besides, the Fe-MIL-88NH2-Au nanozyme as the func
tional component exhibits photothermal properties and peroxidase-like 
and oxidase-like activities, endowing HMAux with the abilities of pho
tothermal conversion and ROS production. The synergistic effects of PTT 
and CDT in HMAux allow them to exhibit good antibacterial perfor
mance under mild conditions. We demonstrated that HMAux had a 
killing rate of approximately 95.02 % against S. aureus, and about 97.28 
% against E. coli. In vivo experiments showed that HMAu1.5 decreased 
the expression of inflammatory factors, promoted cell proliferation and 
collagen deposition, and accelerated wound healing, indicating its po
tential as a wound dressing for treating wound infections in movable 
parts.
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