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Abstract
Excessive production of reactive oxygen species (ROS) and bacterial infection are intractable obstacles for wound healing in 
diabetic foot ulcers. Here, we devised a novel approach using a multifunctional hydrogel to achieve self-cascade glucose 
depletion and ROS scavenging, thereby modifying the diabetic wound microenvironment. In this study, using polyvinyl alcohol 
(PVA), borax, oligomeric proanthocyanidins (OPC), and nanozymes (AuPt@PDA), a PVA/Borax/OPC/AuPt@PDA (PBON) 
hydrogel was prepared by a one-step process. The PBON hydrogel combined with near-infrared (NIR) treatment can match 
the complicated and changeable microenvironment in the diabetic high-mobility region through glucose depletion, ROS scav‐
enging, photothermal therapy (photothermal conversion 81.9%), and deformation adaptation, thus promoting wound healing 
close to the hip in diabetic mice through angiogenesis and epidermal regeneration by collagen deposition. This approach pro‐
vides a simple, safe, and efficient treatment for diabetic wounds in mobile regions.
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1　Introduction

The number of diabetic patients worldwide is growing rap‐
idly, and impaired wound healing and subsequent develop‐
ment of chronic wounds, such as diabetic foot ulcers (DFUs), 
are common and serious complications of diabetes [1]. Al‐
though treatments such as growth factor-based therapies 
and bioengineered skin for DFUs have been introduced into 
the clinic in the last few decades, their efficacy is limited 
and >50% of patients with DFUs do not respond to these 
treatments [2]. Hydrogels are effective materials used to treat 
diabetic wounds. However, conventional hydrogels are rela‐
tively monofunctional and cannot address the unique physi‐
ologic microenvironment of such wounds. In addition, treat‐
ment of wounds in special movement areas such as joints, ax‐
illae, and muscle folds remains challenging due to low adhe‐
sion, poor deformability, difficulty in fixation, and insufficient 
dressing coverage compared with wounds on flat parts of the 
body [3]. Thus, there is an urgent need for a multifunctional 
hydrogel to be able to regulate the diabetic microenvironment, 
decrease glucose, have antimicrobial properties, and be suit‐
able for promoting diabetic wound healing in mobile regions.

The high glucose concentration in diabetic wounds leads 
to the secretion of large amounts of reactive oxygen species 
(ROS) [4]. Furthermore, the accumulation of inflammatory 
cytokines and the resulting oxidative stress can impair angio‐
genesis, which affects diabetic wound healing [5, 6]. An im‐
balance between endogenous antioxidants and ROS, includ‐
ing superoxide anions, hydroxyl radicals, singlet oxygen, 
and hydrogen peroxide, in the body is the main manifesta‐
tion of oxidative stress [7]. Antioxidants can scavenge ex‐
cess ROS and maintain the balance between endogenous 
antioxidants and ROS. Grape seed extract is rich in flavo‐
noids, mainly oligomeric proanthocyanidins (OPC), and is 
widely used as an antioxidant and a chemical anticancer 
agent [8]. Therefore, OPC was selected as an antioxidant to 
address excessive ROS production.

Bacterial infection is another major risk factor associated 
with hyperglycemia [9]. Thus, wound dressings with antimi‐
crobial properties are essential for diabetic wound healing [10]. 
Recently, photothermal therapy (PTT) has been used to effec‐
tively destroy bacteria and biofilms because of its efficient an‐
timicrobial properties, good controllability, non-invasiveness, 
and prevention of multidrug-resistant bacteria [11, 12]. Many 
inorganic materials (e.g., gold nanoparticles (AuNPs), plati‐
num nanoparticles (PtNPs), graphene, carbon nanotubes, and 
transition metal disulfides) have been reported to exhibit 
good PTT effects [13, 14]. In addition, AuNPs have glucose 
oxidase (GOx) activity and low cytotoxicity [14–16]. PtNPs 
have catalase-like (CAT) activity and can convert H2O2 to 
O2, which is beneficial for wound healing [17]. Therefore, 
AuPt bimetallic nanozymes not only have photothermal 
effects, but can also perform self-cascade glucose depletion 
and H2O2 scavenging.

Polyvinyl alcohol (PVA) is a biocompatible, polar poly‐
mer that readily forms cross-linked structures in solution 
through intramolecular or intermolecular hydrogen bonding 
or chemical bonding [18]. Borax, a cross-linking agent, in 
its hydrolyzed anionic form can form B–O bonds with two 
diols, creating borate bonds [19]. The –OH groups of PVA 
and Borax allow PVA-Borax hydrogels to bind to a wide 
range of substances via hydrogen bonding [20]. Polydopa‐
mine (PDA) acts as a good carrier [21], enabling slow re‐
lease of metal ions at wound sites through chelation with 
metal ions, thereby avoiding biotoxicity [22].

Based on the above, a multifunctional nanocomposite hy‐
drogel, PVA/Borax/OPC/AuPt@PDA (PBON) hydrogel, was 
prepared in this study (Scheme 1). Loading of AuPt@PDA 
nanozymes allows the development of hydrogels with 
GOx-like, CAT-like activities, and PTT activity, targeting 
the specific microenvironment of diabetic wounds, namely 
hyperglycemia, elevated ROS levels, hypoxia, and infection 
susceptibility. Furthermore, the rapid gelation, injectability, 
tissue-adhesion, variability, self-healing, and antioxidant 
properties of PBON hydrogels make them particularly suit‐
able for diabetic wounds in mobile regions. Finally, the 
wound-healing effect of the nanocomposite PBON hydro‐
gel was evaluated in the mobile regions of diabetic mice.

2　Methods

2.1　Detection of GOx-like and CAT-like 
activities of PBON hydrogels

The GOx-like ability of hydrogels was tested using a glucom‐
eter. Briefly, N1, N2, N3, and 100 µL of PBO, PBON1, PBON2, 
and PBON3 hydrogels were coincubated with 16.7 mmol/L 
glucose solution (according to a volume ratio of 1:4 of 
nanozymes and glucose solution) [23], and the glucose con‐
centration was measured every 12 h using a glucometer.

A portable dissolved oxygen meter (JPBJ-608, Shanghai 
Yidian Scientific Instrument Co., Ltd., China) was used to 
test the O2 production capacity of AuPt@PDA and hydro‐
gels. Briefly, N1, N2, N3, and 100 µL of PBO, PBON1, 
PBON2, and PBON3 hydrogels, separately, were incubated 
with 4 mL of 5 mmol/L H2O2 for 20 min at 1000 r/min and 
room temperature, and the O2 produced by the different 
hydrogels was recorded by a portable dissolved O2 meter. 
The control group was 5 mmol/L H2O2.

An H2O2 content assay was used to determine the H2O2 
scavenging efficiency of the hydrogels. Briefly, N1, N2, N3, 
and 100 µL of PBO, PBON1, PBON2, and PBON3 hydrogels, 
separately, were incubated with 4 mL of 5 mmol/L H2O2 for 
20 min at 1000 r/min and room temperature, and the residual 
H2O2 content of each group was quantified by measuring 
absorbance using an enzyme marker at 415 nm. The same 
control group was used as for the previous experiment. The 
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H2O2 scavenging capacity of the hydrogel was calculated 
according to the following equation:

rH2O2-scavenging =(1−Wh/Wc)×100%, (1)

where Wh represents the absorbance of the hydrogel-treated 
group and Wc represents the absorbance of the control group.

2.2　Determination of the antioxidant 
properties of PBON hydrogels in vitro

The antioxidant properties of hydrogels were evaluated 
in vitro by 1,1-diphenyl-2-trinitrobenzenamine (DPPH) radi‐
cal and hydroxyl radical scavenging, the specific steps of 
which are shown in the supplementary information. A super‐
oxide dismutase (SOD) kit was used to test the scavenging 
capacity of the hydrogels for superoxide anions, as previ‐
ously reported [24].

2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) la‐
beling was used to detect ROS levels in H2O2-induced 
L929 cells. DCFH-DA was deacetylated to generate DCFH 
after entering the cells and oxidized by ROS to generate the 
highly fluorescent compound DCF, which was observed 
under fluorescence microscopy [25]. The detailed steps are 
shown in the supplementary information.

2.3　Biocompatibility of PBON hydrogels in vitro

The cytocompatibility of the hydrogels was assessed using 
a cell counting kit-8 (CCK-8) and live/dead fluorescence 

double staining. Mouse fibroblasts (L929) were used for this 
experiment [26].

The blood compatibility of the hydrogels was evaluated 
by measuring hemolysis. First, 50 µL samples of PBO, 
PBON1, PBON2, and PBON3 hydrogels were prepared. The 
samples were placed at the bottom of a 1.5-mL centrifuge 
tube. Then, 1 mL of NaCl saline was added and incubated 
at 37 °C for 30 min. Then, 20 µL of blood was added, and the 
mixture was further incubated at 37 °C for 1 h. The samples 
were centrifuged at 2000 r/min for 5 min, and the absorbance 
of the supernatant was determined by an enzyme marker at 
540 nm. The positive control was 0.1% TritonX-100. The 
negative control was Tris-HCl. The hemolysis rate was cal‐
culated by the following formula:

rHemolysis=(Ae−An)/(Ap−An)×100%, (2)
where Ae, Ap, and An represent the absorbance values of the 
experimental group, positive control group, and negative 
control group, respectively.

2.4　Detection of the photothermal 
properties and antimicrobial capacity of PBON 
hydrogels

A near-infrared laser (NIR, MDLIII-808 nm, 2.5 W) was 
used to detect the photothermal capacity of PBON hydro‐
gels. PBO, PBON1, PBON2, and PBON3 hydrogels were 
evaluated for bacteriostatic activity in vitro using Esch‐
erichia coli (E. coli, Gram-negative) and Staphylococcus 

Scheme 1  AuPt@PDA nanozyme-loaded multifunctional hydrogels for promoting wound healing in mobile regions in diabetic mice. (a) Schematic 
of the synthesis process of multifunctional PBON hydrogel and PBON for self-cascading glucose depletion and ROS scavenging. (b) Rapidly 
prepared PBON hydrogel dressings using simple mixing to promote wound healing in diabetic wounds through hemostasis, hypoglycemia, inflam‐
mation reduction, bacteriostasis, and vascular regeneration
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aureus (S. aureus, Gram-positive). Detailed steps are shown 
in the supplementary information.

2.5　Detection of biocompatibility and 
hemostatic properties of PBON2 hydrogel 
in vivo

To establish the hydrogel subcutaneous embedding model, 
briefly, 100 μL of PBON2 hydrogel was transplanted subcu‐
taneously into mice after anesthesia; mice were routinely 
fed for 7 d after surgery. The skin and major organs (heart, 
liver, spleen, lungs, and kidneys) were extracted and stained 
with hematoxylin-eosin (H&E). In addition, the potential 
side effects of PBON2 hydrogel on the liver were evaluated 
by histological and blood biochemical tests (aspartate ami‐
notransferase (AST), alanine transaminase (ALT), and alka‐
line phosphatase (AKP)). Healthy mice without hydrogel 
transplantation were used as controls.

The coagulation ability of the hydrogels in vitro was 
evaluated based on the blood coagulation index (BCI). The 
hemostatic properties of PBON2 hydrogel were tested using 
femoral artery hemorrhage, acute hepatic hemorrhage, and 
tail hemorrhage models [27, 28]. Detailed procedures are 
displayed in the supplementary information.

2.6　Establishment and treatment of the S. 
aureus-infected diabetic mouse wound model

Detailed steps are presented in the supplementary informa‐
tion. A camera recorded the wound area on Days 0, 3, 7, 14, 
and 21, and the wound area was measured using image 
analysis software (ImageJ). The wound healing rate was cal‐
culated using the following formula:

rWound-healing =(S0−Sn)/S0×100%, (3)
where S0 and Sn represent the initial wound area and the 
healed wound area, respectively.

2.7　Infection assessment, bacteriostatic 
evaluation, ROS quantification in vivo, and 
H&E and Masson staining at wounds

Detailed steps are presented in the supplementary information.

2.8　Immunofluorescence

To evaluate wound tissue regeneration, we used immuno‐
fluorescence to detect the expression of inflammatory fac‐
tors (interleukin-6, IL-6; interleukin-10, IL-10; lymphocyte 
activation antigen, CD86; macrophage surface receptor, 
CD206; tumor necrosis factor-α, TNF-α; interleukin-4, IL-4) 
as well as angiogenesis (platelet endothelial cell adhesion 
molecule, CD31; vascular endothelial growth factor, VEGF; 

α-smooth muscle actin, α-SMA) and cell proliferation (pro‐
liferating cell nuclear antigen, PCNA) in wounds.

2.9　Statistical analysis

Graphing was performed using GraphPad Prism, and all re‐
sults were analyzed using t-test or one-way analysis of vari‐
ance (ANOVA). All data are expressed as mean±standard 
deviation from at least three independent experiments, with 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 indicating 
statistically significant results.

3　Results and discussion

3.1　Characterization of AuPt@PDA NPs as 
well as scanning electron microscopy (SEM) 
and energy dispersive X-ray spectroscopy 
(EDS) analysis of PBON hydrogels

PDA NPs were synthesized as previously reported [29]. The 
synthesis flow diagram of AuPt@PDA is shown in Fig. S1 
(supplementary information). Dynamic light scattering and 
zeta potential measurements showed that PDA NPs had an 
average diameter of 323 nm and a zeta potential of −21.83 mV 
(Figs. S2a and S2b in the supplementary information) while 
AuPt@PDA NPs displayed an average diameter of 263 nm 
and a zeta potential of −17.7 mV. In addition, dynamic light 
scattering measurements demonstrated that AuPt@PDA NPs 
remained stable for 7 d with negligible changes in size and 
polydispersity index (PDI) (Fig. S2c in the supplementary 
information). Next, the elemental composition of AuPt@ 
PDA NPs was detected by X-ray photoelectron spectros‐
copy (XPS) (Fig. S2d in the supplementary information). 
The XPS spectra showed peaks corresponding to C 1s, N 1s, 
O 1s, Au 4f, and Pt 4f, which indicated that both AuNPs 
and PtNPs were successfully synthesized and deposited in 
PDA NPs. Further, the transmission electron microscopy 
(TEM) results showed that both PDA NPs and AuPt@PDA 
NPs were uniformly spherical and showed little changes in 
size (Fig. 1a).

To investigate the effect of the nanozymes on the hydrogel, 
four hydrogel formulations were prepared, and their compo‐
sitions are shown in Fig. S3 (supplementary information). 
In PBO and PBON hydrogels, the final PVA concentration 
was 3%, the Borax concentration was 0.5%, and the OPC 
concentration was 1%. The concentrations of AuPt@PDA 
in PBON1, PBON2, and PBON3 hydrogels were 0.5, 1.0, and 
2.0 mg/mL, respectively. To facilitate visual observation, 
the gelation process of the PBO and PBON2 hydrogels is 
shown. After mixing, a hydrogel was formed in situ, adhering 
tightly to the bottom of the bottle without flow (Fig. 1b), indi‐
cating the formation of PBO and PBON hydrogels.
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Hydrogels have a three-dimensional (3D) structure similar 
to that of the extracellular matrix (ECM), and are favorable 
for maintaining the activity of biomolecules and cells [30]. 
Therefore, the micromorphology of the lyophilized PBO 
and PBON hydrogels was observed using SEM; all had a 
porous network structure. SEM images showed a pore size 
distribution of 2–8 μm (Fig. 1c). The swelling equilibrium 
test showed that the PBON hydrogel exhibited a consider‐
able swelling ratio at swelling equilibrium, >300% at 1 h in 
all groups (Fig. S4a in the supplementary information), indi‐
cating that the PBON hydrogel could absorb the excess fluid 
in the wound and maintain a moist environment during 
early stages of wound healing. Meanwhile, both PBO and 
PBON hydrogels exhibited similar and positive degradation 
properties. They lost nearly 43% and 29% of their original 
mass within the first five days, respectively (Fig. S4b in the 
supplementary information), indicating that their structural 
integrity was largely preserved. This preservation is critical 
to the protection of wounds during the inflammatory phase 

and the early stages of tissue formation [31]. In addition, el‐
emental mapping was used to analyze the distribution of 
AuPt@PDA nanozymes inside the PBON2 hydrogel. C, O, N, 
Au, and Pt were uniformly present (Fig. 1d), demonstrating 
that AuPt@PDA nanozymes were well-distributed in the 
PBON hydrogel.

3.2　Properties of PBON hydrogels: 
tissue-adhesion, deformability, self-healing, 
injectability, removability, and easy peeling

Good tissue-adhesion and deformability are particularly im‐
portant for wound dressings targeting wounds in high mobil‐
ity regions [32, 33]. The tissue-adhesion ability of PBON 
hydrogels was evaluated in the standardized porcine skin 
lap shear test (Fig. 2a). The tissue-adhesion strength of 
PBON1, PBON2, and PBON3 hydrogels increased by 8.22 
to 19.2 kPa compared to the PBO hydrogel (Fig. 2b). Among 
them, the adhesion strength of PBON2 hydrogel to porcine 

Fig. 1  Characterization of AuPt@PDA NPs, and SEM and EDS of PBON hydrogels. (a) TEM images of PDA NPs and AuPt@PDA NPs. 
(b) Photographs of PBO and PBON2 hydrogels (P for PVA, B for Borax, O for OPC, and N for AuPt@PDA NPs). (c) SEM images of hydro‐
gels and pore size distribution. (d) EDS images of the PBON2 hydrogel
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skin was 21.17 kPa, higher than that of commercial dress‐
ings (approximately 5 kPa), and was an effective value for 
adherence to diabetic wounds with skin laxity [34, 35]. The 
tissue-adhesion mechanism of hydrogels can be attributed 
to the high binding force of the catechol groups in PDA and 
OPC to the nucleophilic groups, including sulfhydryl groups, 
amines, and imidazole, in the peptides and proteins in the 
tissue.

We also measured the tensile ability of the hydrogel. The 
tensile ability of PBO, PBON1, PBON2, and PBON3 hydro‐
gels was 2023%, 1931%, 1794%, and 1741% (Figs. 2c and 
2d), respectively, superior to those of most hydrogel wound 
dressings (usually <100%) [3]. In addition, compared with 
the PBO hydrogel, the cross-linking network structure en‐
hanced the tensile stress of the PBON hydrogels from 8.47 
to 12.77 kPa and the elastic modulus from 0.42 to 0.50 kPa 

Fig. 2  Tissue-adhesion, tensile and shape-adaptive behavior, self-healing, injectability, removable behavior, and easy peeling of PBON hydro‐
gels. (a) Schematic diagram of the lap shear test. (b) Adhesion strength of the hydrogel to porcine skin. (c) Photographs of the tensile properties 
of PBON2 hydrogel. (d) Tensile stress–strain curves of PBON hydrogels with different AuPt@PDA contents. (e) Elastic modulus of PBON hy‐
drogels with different AuPt@PDA contents. (f) Shape-adaptive behavior of PBON2 hydrogel to static molds. (g) Shape-adaptive behavior of 
PBON2 hydrogel to dynamic porcine skin wound. (h) Self-healing behavior of PBO and PBON2 hydrogels. (i) Injectability of PBON2 hydrogel. 
(j) Removability of the PBON2 hydrogel. (k) Easy peeling of PBON2 hydrogel. Data are expressed as mean±standard deviation (n=3); *P<0.05
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(Figs. 2d and 2e). Consequently, these results facilitate 
moving parts and serve as a strong guarantee of effective 
wound adhesion.

Further, static and dynamic methods were used to evalu‐
ate the shape-adaptive ability of the hydrogels. When the 
PBON2 hydrogel fully adapted to the pineapple-shaped mold 
(original), it was transferred to a strawberry-shaped mold 
(final) and was still able to completely fill it (Fig. 2f). In addi‐
tion, the PBON2 hydrogel adapted firmly to porcine skin tis‐
sues and remained settled even after stretching, twisting, and 
squeezing (Fig. 2g), demonstrating the high adhesive strength 
between the skin tissue and the PBON2 hydrogel. Thus, 
PBON2 hydrogel has the potential to establish a stable and 
close contact between mobile regions and the wound surface.

Hydrogel breakup may lead to infection and loss of pro‐
tective function. However, the dual dynamic bonding (boron 
ester bond and hydrogen bond) of the PBON2 hydrogel 
provides excellent self-healing ability and avoids this risk 
(Fig. 2h). Further, the PBON2 hydrogel can be molded into 
a “U” form, suggesting its good injectability (Fig. 2i). This 
property is critical for biomedical applications of hydrogels 
at irregular wound sites.

In addition, good removability ensures that the hydrogel 
dressing does not cause secondary damage to the wound 
during removal. The hydrogel in the control group remained 
intact after spraying with PBS (Fig. 2j), while the PBON2 
hydrogel sprayed with deionized water liquefied quickly and 
could be easily removed. In addition, the PBON2 hydrogel 
allowed for easy peeling (Fig. 2k), and after 50 times repeated 
hydrogel adhesion to the skin (the author’s arm), it could 
still be easily removed without any residue or skin irritation.

3.3　GOx-like and CAT-like activities of the 
PBON hydrogels

GOx-like and CAT-like activities of the PBON hydrogels 
formed a glucose-activated two-step cascade reaction. The 
Au group in AuPt@PDA nanozymes catalyzes glucose oxi‐
dation to produce gluconic acid and H2O2 [36, 37], complet‐
ing the first step of the cascade reaction. Subsequently, the 
change in glucose content was determined. All three nano‐
zyme groups (N1, N2, and N3) resulted in a decrease in the 
glucose solution concentration and a more rapid decrease 
with increasing content of AuPt@PDA (Fig. S5 in the 
supplementary information). Of these, N2 decreased from 
16.7 to 3.7 mmol/L. Similarly, in PBO, PBON1, PBON2, 
and PBON3 hydrogels, the glucose concentration decreased 
sequentially (Fig. 3a). Thus, AuPt@PDA and PBON hydro‐
gels have GOx-like activities that can promote glucose oxi‐
dation and increase the activity of the cascade reaction.

In chronic wounds, prolonged hypoxia prevents the genera‐
tion of effective antioxidants, which leads to the production 
of excess ROS and a persistent inflammatory state [38, 39]. 

The Pt in AuPt@PDA nanozymes catalyzes the production 
of O2 and H2O from H2O2 [40], completing the second step 
of the cascade reaction, in which the change in O2 produc‐
tion and H2O2 scavenging was detected. N1, N2, and N3 
produced O2 faster with increasing AuPt@PDA content 
(Fig. 3b). Similarly, in PBO, PBON1, PBON2, and PBON3 
hydrogels, O2 production increased sequentially to 9.22, 
12.94, 15.15, and 21.93 mg/L, respectively. In addition, the 
scavenging rates of H2O2 by PBO, PBON1, PBON2, and 
PBON3 hydrogels were 5.38%, 14.70%, 26.44%, and 48.63%, 
respectively (Fig. 3d). These results indicate that AuPt@PDA 
and PBON hydrogels have CAT-like activity to produce O2 
from H2O2, and that the O2 concentration is concentration- 
and time-dependent. The properties of the PBON2 hydrogel 
enable it to consume glucose effectively in the hypoxic, 
high-glucose microenvironment of DFUs.

3.4　Antioxidant activity of PBON hydrogels 
in vitro

Antioxidants can compensate for ROS overproduction and 
prevent the adverse effects of these free radicals [41]. In the 
antioxidant assay, DPPH has been widely used to assess the 
free radical scavenging efficiency of a variety of antioxi‐
dant substances. Antioxidants convert DPPH radicals into 
the corresponding colorless hydrazine (DPPH-H), and their 
ability to scavenge DPPH radicals is quantified by absor‐
bance at 517 nm [42]. The color obviously changed from 
dark purple to light yellow with increased AuPt@PDA con‐
centration after the addition of the PBON hydrogel (Fig. 3e), 
indicating that the hydrogel reacted with DPPH to form 
DPPH-H. The DPPH radical scavenging rates of PBO, 
PBON1, PBON2, and PBON3 hydrogels reached 46.07%, 
34.27%, 31.18%, and 26.12%, respectively. The scavenging 
activity of PBON hydrogels against hydroxyl radicals was 
determined by the Fenton reaction. The hydroxyl radical 
scavenging ratios of the PBO, PBON1, PBON2, and PBON3 
hydrogels were 46.42%, 43.84%, 27.17%, and 19.59%, respec‐
tively (Fig. 3f). With increasing nanozyme content, the 
hydroxyl radical scavenging ability of the hydrogel decreased. 
This may be due to the interaction between the nanozyme 
and OPC, which weakens the ability of the hydrogel to scav‐
enge free radicals. In addition, the SOD activities of PBO, 
PBON1, PBON2, and PBON3 hydrogels were 31.22, 28.33, 
15.00, and 4.77 U/mL, respectively (Fig. 3g). These results 
indicate that PBON hydrogels have good free radical scav‐
enging ability.

We further evaluated whether the antioxidant capability 
of PBON hydrogels could rescue intracellular ROS levels. 
High intracellular ROS levels were detected in cells treated 
with 500 μmol/L H2O2 (Fig. 3h). In contrast, the fluores‐
cence intensity of cells treated with PBO and PBON2 hydro‐
gel was significantly lower than that of the H2O2 group 
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(Fig. 3c), indicating that the PBON hydrogel has antioxidant 
capacity, protecting cells from damage by oxidative stress.

3.5　Biocompatibility of PBON hydrogels 
in vitro

The biocompatibility of PBON hydrogels was evaluated by 
CCK-8 and live/dead fluorescence double staining. A sche‐
matic representation of L929 cells cocultured with the hy‐
drogel extract is shown in Fig. S6a (supplementary informa‐
tion). After coculture for 1 and 2 d, the cell viability of 
PBO, PBON1, PBON2, and PBON3 hydrogels was >80% 
(Fig. S6b in the supplementary information), meeting the 
70% international standard for biomaterials (ISO10993: 
2009) [43]. The results of live/dead fluorescent staining of 
L929 cells were consistent with those of the cell viability 
assay (Fig. S6c in the supplementary information). Therefore, 
the PBON hydrogel has good cytocompatibility.

Next, the hemocompatibility of the PBON hydrogel was 
evaluated. After incubating the PBON hydrogel with blood 
for 1 h, the hemolysis rates of all hydrogels were below 
the international standard of 5% (Fig. S6d in the supplemen‐
tary information) [44], which suggests that the PBON hy‐
drogel has good hemocompatibility, being a very promising 
candidate for wound dressing. The morphology of the red 
blood cells (RBCs) was shown; the RBCs in each hydrogel 
group were clear and intact (Fig. S6e in the supplementary 
information).

3.6　Photothermal properties and 
antimicrobial activity of PBON hydrogels

Photothermal ablation can kill bacteria by utilizing the heat 
generated by photothermal agents under NIR irradiation 
(700–1400 nm), a safe and efficient strategy to prevent 
infection [45]. AuNPs have attracted extensive research 

Fig. 3  GOx-like, CAT-like activities and antioxidant capacity of PBON hydrogels. (a) GOx-like activity of the hydrogels. (b) O2 production of 
PBON hydrogels. (c) DCF fluorescence intensity. (d) Scavenging rate of H2O2 by hydrogels. (e) Scavenging rate of DPPH radicals by hydrogels. 
(f) Scavenging rate of hydroxyl radical by the hydrogels. (g) SOD activity of the hydrogels. (h) DCF fluorescence staining images of L929 cells 
after treatment with fresh medium (Control group), 500 µmol/L H2O2 (H2O2 group), 500 µmol/L H2O2+20 µL PBO hydrogel (PBO group), and 
500 µmol/L H2O2+20 µL PBON2 hydrogel (PBON2 group). Data are expressed as mean±standard deviation (n=3); **p<0.01, ***p<0.001, 
****p<0.0001
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interest due to their excellent photothermal effect, while 
PtNPs have been recently used due to their highly tunable 
scattering and radiation absorption [46, 47]. To evaluate the 
photothermal performance of PBON hydrogels, the tem‐
perature profiles of the hydrogels were measured under 
808-nm laser irradiation. The temperature of a PBO hydro‐
gel without AuPt@PDA remained constant after 300 s of 
NIR irradiation (0.3 W/cm2, 808 nm). With an increased 
AuPt@PDA content, the temperature of the PBON hydro‐
gel gradually increased from 24.3 to 50.4 °C (Figs. 4a1 and 
4a2), indicating that the photothermal effect of the PBON 
hydrogel was dependent on the AuPt@PDA concentration. 
In addition, the temperature of PBON2 gradually increased 
from 36.8 to 50.5 °C and further 63.6 °C when the NIR 
light intensity increased from 0.2 to 0.3 W/cm2 and further 
0.4 W/cm2 (Fig. 4b). These results indicate that the prepared 
PBON2 hydrogel can effectively convert NIR light energy 
into heat, having a tunable photothermal capability. After 
four photo-switching cycles, the rise and fall curves did not 
change significantly (Fig. 4c), reflecting the good photother‐
mal stability of the PBON2 hydrogel. The photothermal 
conversion efficiency (η) of the PBON2 hydrogel was 81.9% 
(Fig. S7 in the supplementary information), suggesting that 

it could be an effective PTT agent and a candidate for PTT 
[23, 48]. In addition, its stronger photothermal properties al‐
low PBON2 to reach the desired photothermal inhibition 
temperature at 0.3 W/cm2 (808 nm), which is lower than 
the maximum allowable limit of skin exposure to NIR light 
with an optical density of 0.33 W/cm2 (808 nm), without 
the risk of thermal damage to surrounding tissues [14]. The 
controllable photothermal effect, good photothermal stabil‐
ity, and superior photothermal conversion efficiency sup‐
port the use of PBON hydrogels as dressings in vivo with 
anti-infective and wound healing properties.

Bacterial infections can impede skin wound healing [49]. 
At a temperature >45 °C, proteins and enzymes in bacteria 
undergo denaturation, resulting in bacterial death [45]. 
E. coli (a Gram-negative bacterium) and S. aureus (a Gram-
positive bacterium) are typical of the flora isolated from 
infected wounds [50, 51]. The photothermal antimicrobial 
properties of PBON2 hydrogels against E. coli and S. aureus 
were evaluated to determine whether the heat generated by 
PBON2 hydrogels under NIR irradiation could effectively 
eliminate bacteria. Compared with controls, the number of 
bacterial colonies in the PBON2 hydrogel group treated with 
PTT for 10 min was significantly reduced, indicating a strong 

Fig. 4  NIR-assisted photothermal effect and bacteriostatic properties of PBON2 hydrogels. (a) Temperature change curves within 300 s and real-
time thermograms at 300 s for NIR-irradiated PBO, PBON1, PBON2, and PBON3 hydrogels (808 nm, 0.3 W/cm2). (b) Temperature change 
curves of the PBON2 hydrogels irradiated by different NIR power levels (808 nm, 0.2 W/cm2, 0.3 W/cm2, 0.4 W/cm2) for 300 s. (c) Tempera‐
ture change curves of four “heating–cooling” cycles of NIR-irradiated PBON2 hydrogel (808 nm, 0.3 W/cm2). (d) Inherent inhibitory activities 
of PBO, PBON1, PBON2, and PBON3 hydrogels. (e) Inhibition zone of PBON2 hydrogel. Antibacterial ratio of E. coli (f1) and S. aureus (g1), 
and photographs of colonies on agar plates after NIR irradiation of PBON2 hydrogels for 0, 1, 5, 10, and 15 min (f2, g2). Data are expressed as 
mean±standard deviation (n=3)
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bactericidal effect. With longer irradiation time, the antibac‐
terial effect showed a significant upward trend (Figs. 4f1 
and 4g1). For an NIR laser irradiation time >10 min, almost 
all bacteria in the PBON2 hydrogel group died (Figs. 4f2 
and 4g2). In contrast, the PBON2 hydrogel group without 
PTT showed almost no increase in the bacterial killing rate, 
indicating that the PBON2 hydrogel alone could not signifi‐
cantly eliminate bacteria in a short period of time.

After coculturing bacteria with the hydrogels for 4 h 
without NIR, the PBO, PBON1, PBON2, and PBON3 hydro‐
gels removed 98.76% (99.26%), 99.03% (99.21%), 99.27% 
(99.31%), and 99.4% (99.21%) E. coli (S. aureus), respec‐
tively (Fig. 4d). Because of the strong antibacterial activity of 
OPC and AuPt@PDA, the antibacterial rate of the hydrogel 
was close to 100% [52, 53]. These findings indicate that the 
PBON2 hydrogel can result in very good intrinsic bacterial 
inhibition and can be used as a long-term strategy to prevent 
or treat bacterial infections after rapid PTT bacterial inhibition.

Afterward, the antimicrobial activity of PBON2 gels was 
evaluated using the universal plate diffusion method. The 
zones of inhibition for E. coli and S. aureus in the PBON2/
NIR(−) group were 1.75 and 1.60 cm, respectively, whereas 
those in the PBON2/NIR(+) group were 2.01 and 1.81 cm, 
respectively (Figs. 4e1 and 4e2). These results indicate that 
the NIR-treated PBON2 hydrogel had better antimicrobial 
activity.

3.7　Biocompatibility and hemostatic 
property of PBON2 hydrogels in vivo

Based on its photothermal properties, enzyme-like activity, 
and antioxidant properties, the PBON2 hydrogel was selected 
for animal experiments. The PBON2 hydrogel was subcuta‐
neously embedded into Kunming mice (KM) and its biosafety 
was evaluated by H&E staining and blood biochemical as‐
says. H&E staining showed no obvious pathological changes 
and systemic damage to major organs (heart, liver, spleen, 
lung, kidney) and skin in mice in the PBON2 hydrogel group 
compared with normal mice (Fig. 5a). Compared with normal 
mice, hydrogel treatment did not significantly change AST, 
ALT, and AKP levels in mice (Fig. S8 in the supplementary 
information). These data are consistent with the H&E stain‐
ing results, indicating that the PBON2 hydrogel did not cause 
systemic toxicity during treatment and had good biocompat‐
ibility in vivo, allowing it to be used as a wound dressing.

The procoagulant ability of the hydrogels was assessed 
by a whole blood coagulation assay. The lower the BCI, the 
faster the coagulation rate [54]. The BCI of the PBO, PBON1, 
PBON2, and PBON3 hydrogels was 11.76%, 10.45%, 9.14%, 
and 6.24%, respectively, while that in the control and gauze 
groups was 99.13% and 52.39%, and these values were sig‐
nificantly higher than those of the hydrogel-treated groups 
(p<0.0001; Fig. S9a in the supplementary information). In 

contrast, the supernatants of the control and gauze groups 
were reddish (Fig. S9b in the supplementary information), 
whereas those of all hydrogel-treated blood samples were 
lighter, indicating that most blood treated with the PBON 
hydrogels had coagulated. Based on the above, the PBON 
hydrogel has a strong coagulation function.

The hemostatic ability of the PBON2 hydrogel on com‐
plex wounds was tested on the femoral artery, acute liver, 
and acute tail hemorrhage models (Fig. 5b). After treatment 
with the PBON2 hydrogel, the femoral artery, acute liver, 
and acute tail hemorrhages were controlled within 56, 38, 
and 29 s, respectively (Fig. 5c), compared to the untreated 
and gauze groups, which still showed significant hemor‐
rhage after 106 s. Additionally, the blood loss of the femo‐
ral artery, acute hepatic, and acute tail hemorrhage models 
where the PBON2 hydrogel was applied was 65.60, 43.13, 
and 39.77 mg, respectively, whereas the gauze group (the 
untreated group) reached 146.90 mg (284.43 mg), 113.53 mg 
(229.17 mg), 105.10 mg (262.83 mg), respectively (Fig. 5d). 
Overall, the PBON2 hydrogel exhibited a significant hemo‐
static effect compared with the control (p<0.0001) and gauze 
(p<0.01) groups, which further demonstrates the good hemo‐
static potential of this hydrogel.

The hemostatic mechanism of hydrogels can be summa‐
rized into two aspects: (1) catechol groups in PDA and OPC 
can provide the hydrogel with good tissue adhesion, which 
enables the hydrogel to attach to the wound and provide a 
stable gel network that acts as a physical barrier to acceler‐
ate hemostasis [3, 55]; (2) multiple interactions, such as π-π 
stacking and hydrogen bonding, also contribute to adhesion, 
thereby inhibiting bleeding [34].

3.8　Establishment and treatment of the 
diabetic wound model

Next, the pro-healing effect of the PBON2 hydrogel was 
evaluated on the wounds of diabetic mice (Fig. 6a). The blood 
glucose level of KM mice was measured on the 14th day 
after STZ injection. Mice with blood glucose >16.7 mmol/L 
and body weight loss were considered diabetic mice (Figs. 6b1 
and 6b2) [56]. The photothermal effect of the NIR-irradiated 
PBON2 hydrogel in vivo was examined as well (Fig. 6c). 
The temperature of PBON2 hydrogel was 19.2 °C (50.7 °C) 
without (with) NIR irradiation, which was sufficient to 
achieve photothermal inhibition. A round full-thickness skin 
wound of 8-mm diameter was created near the active hip 
of diabetic mice (an area that undergoes stretching, twist‐
ing, and compression), which was infected with S. aureus 
for 2 h. Afterward, the wounds were treated with PBO, 
PBON2, or PBON2 hydrogel with NIR irradiation (PBON2+
NIR). On Days 0, 3, 7, 14, and 21, the wound size was 
recorded and the tissue was excised to evaluate wound 
healing [57].
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Macroscopically, wound healing of the three hydrogel-
treated groups (PBO, PBON2, PBON2+NIR) was faster than 
that in the control group (Figs. 6d1 and 62). Interestingly, a 
larger wound area was still visible in the control group at 
Days 7 and 21, with 37.74% and 65.48% healing rates, respec‐
tively (Fig. 6e). In contrast, the fastest wound closure and 
highest healing rate were observed in the PBON2+NIR group, 
at 63.62% (Day 7) and 90.27% (Day 21), respectively. These 
results suggest that PBON2 hydrogel combined with NIR 
treatment significantly improved wound healing.

3.9　Evaluation of wound healing: 
antibacterial effect, oxidative stress, and 
histological staining

Given the good antioxidant and antimicrobial abilities of 
PBON hydrogels in vitro, we collected wound tissues on 

Day 3 to analyze whether these bioactive hydrogels could 
eliminate infection in vivo [58]. The bactericidal rates in the 
PBO and PBON2 groups were 44.16% and 56.05%, respec‐
tively, compared to the control group (Figs. 7a1 and 7a2), 
while that in the PBON2+NIR group was close to 100%. 
This indicates that PBON2+NIR has highly effective anti‐
bacterial activity at the wound site and that the inherent bac‐
teriostatic property of PBON2 hydrogel provides a long-
term antimicrobial effect.

In addition, histochemical analysis was performed to 
assess ROS levels after treatment. The ROS level was mea‐
sured at the early stage of wound healing by Dihydroethid‐
ium (DHE) staining on Day 3. Many fluorescent signals were 
observed in the control group (Fig. 7b1), indicating a high 
level of oxidative stress at the wound site. In contrast, the PBO 
and PBON2 groups showed weaker fluorescence signals, 
and the PBON2+NIR group had the weakest fluorescence 

Fig. 5  Biocompatibility and hemostasis of PBON2 hydrogel in vivo. (a) H&E staining of major organs, hypodermis, and skin of PBON2 
hydrogel-implanted and normal mice. (b) Schematic diagrams and photographs of femoral artery hemorrhage, acute hepatic hemorrhage, and 
acute tail hemorrhage. (c) Statistical analysis of hemolysis time for femoral artery hemorrhage, acute hepatic hemorrhage, and acute tail hemor‐
rhage. (d) Statistical analysis of blood loss for femoral artery hemorrhage, acute hepatic hemorrhage, and acute tail hemorrhage. Data are expressed 
as mean±standard deviation (n=3); ***p<0.001, ****p<0.0001
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signal. The quantitative analysis of fluorescence staining is 
shown in Fig. 7b2; the ROS content of the PBON2+NIR 
group was significantly lower than that of the control group 
(p<0.0001), PBO group (p<0.001), and PBON2 group (p<
0.01). This demonstrated that PBON2+NIR treatment has an 
optimal effect on ROS removal and significantly decreases 
the level of oxidative stress at the wound site.

On Day 21 after treatment, the wound and nearby skin 
tissue were excised for histochemical analysis. The quality of 
the regenerated skin was evaluated using H&E and Masson 
staining [59]; this analysis provided further insights into the 
effect of the hydrogel on wound healing. A shortening of the 
dermal space of 4075, 3261, 3097, and 2119 μm, respectively, 
was observed (Fig. 7c). In addition, a clear inflammatory in‐
filtrate was visible in the control group (Fig. 7e), indicating 

a severe inflammatory response at the site. In contrast, all 
hydrogel groups showed intact neoepidermis with tight con‐
nections to the underlying granulation tissue, suggesting that 
wound healing had entered the remodeling stage. Quantitative 
data confirmed an increase in epidermal thickness (Fig. 7f), 
whereas loose connections between the neoepidermis and 
the tissue underneath were observed in the control group. In 
addition, more hair follicles appeared in all hydrogel groups, 
especially in the PBON2+NIR group, compared to the con‐
trol group (Fig. 7g).

Masson staining results are shown in Fig. 7d. In the con‐
trol group, wounds showed an accumulation of myofibrils 
and fibrils, with a relatively low interstitial collagen content 
(Fig. 7h), while collagen fibrils were haphazardly arranged 
in PBO and PBON2 groups. In the PBON2+NIR group, there 

Fig. 6  Establishment and treatment of the S. aureus-infected diabetic wound model. (a) Schematic diagram of STZ-induced diabetic mice, model‐
ing of infected wounds, and hydrogel treatment. (b) Blood glucose monitoring and body weight changes. (c) Thermal images of PBON2 hydrogel 
with and without NIR irradiation. (d) Photographs of wound healing on Days 0, 3, 7, 14, and 21 and tracing graphs of wound healing. (e) Statis‐
tical 3D histograms of wound healing rates in control, PBO, PBON2, and PBON2+NIR groups. Data are expressed as mean±standard deviation 
(n≥3); ****p<0.0001; ns: not significant
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was a higher collagen deposition. Further, the PBON2+
NIR-treated wounds showed the tightest and most homoge‐
neous distribution of collagen fibers, indicating a significant 
improvement in ECM and tissue remodeling. It can be con‐
cluded that PBON2+NIR can promote collagen deposition, 
correct the abnormal state of deposited collagen fibers, and 
accelerate tissue regeneration in diabetic skin wounds.

3.10　Inflammation, angiogenesis, and cell 
proliferation

A disturbed and prolonged inflammatory response in chronic 
diabetic wounds leads to impaired fibroblast function, oxi‐
dative stress, impaired angiogenesis, and epithelial migration, 

ultimately leading to delayed wound healing [56]. Overex‐
pression of the pro-inflammatory factors CD86, TNF-α, and 
IL-6 and underexpression of the anti-inflammatory factors 
CD206, IL-4, and IL-10 in diabetic wounds can be used as 
an indicator to assess the inflammatory response in diabetic 
wounds [49, 60, 61]. Immunofluorescence images (Fig. 8a) 
and quantitative analysis (Fig. 8b) showed that among all 
groups, the PBON2+NIR group had the lowest CD86, TNF-α, 
and IL-6 expression level (p<0.0001) and the highest ex‐
pression level of CD206 (p<0.001), IL-4 (p<0.0001), and 
IL-10 (p<0.0001). Thus, PBON2+NIR treatment significantly 
reduced the inflammatory response in diabetic wounds.

Angiogenesis has a positive effect on the healing of chronic 
diabetic wounds and even the functional reconstruction of 

Fig. 7  Photothermal effect on oxidative stress in vivo, and H&E and Masson staining of healing tissues in each group. (a) Photographs of agar 
plate colonies of S. aureus-infected wounds and histograms of the antibacterial ratio in each group on Day 3. (b) Fluorescence staining of DHE 
and histograms of fluorescence intensity in each group on Day 3. (c) H&E staining images on Day 21 (green arrows indicate the dermal space). 
(d) Masson staining images on Day 21. (e) Histogram of the inflammatory cells. (f) Histogram of epidermal thickness. (g) Histogram of hair fol‐
licles. (h) Histogram of collagen deposition. Data are expressed as mean±standard deviation (n=3); *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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the skin [62]. Immunofluorescence labeling techniques for 
CD31, VEGF, and α -SMA are commonly used to analyze 
wound angiogenesis [63]. All hydrogel groups showed more 
neovascularization than the control group (Fig. 9a1). Further, 
the neovascularization was larger and densely distributed in 
the PBON2+NIR group. Quantitative analysis showed that 
PBON2+NIR significantly increased the expression of CD31, 
VEGF, and α-SMA at the wound bed (Fig. 9a2), showing 
the formation of additional capillaries and mature blood ves‐
sels through neovascularization.

PCNA is an important indicator of cell proliferation [64]. 
Immunofluorescence images of PCNA in each group are 
shown in Fig. 9b1, with the control group exhibiting the 
lowest fluorescence signal. In addition, the fluorescence 
signal of PCNA was highly enriched in the PBON2+NIR 
group compared with the PBO and PBON2 groups. Our 
quantitative analysis confirmed that the hydrogel treatment 
effectively promotes cell proliferation, with the PBON2+
NIR treatment being optimal (Fig. 9b2).

4　Conclusions

In summary, a rapid gelation hydrogel PBON with multiple 
functionalities based on PVA, Borax, OPC, and AuPt@PDA 
nanozymes was developed by mixing. The dual enzymatic 
activities (GOx-like and CAT-like) derived from the nano‐
zymes can produce O2 while reducing glucose concentra‐
tion and depleting H2O2 through a cascade reaction, which 
may counteract the adverse microenvironment (high glu‐
cose, high ROS, and hypoxia) in diabetic wounds. For a 
nanozyme concentration of 1 mg/mL, the photothermal con‐
version efficiency of PBON2 reached 81.9%. The tempera‐
ture of PBON2 rapidly increased to 49.7 °C and was able to 
kill bacteria under 808-nm NIR with an optical density of 
0.3 W/cm2, which is lower than the maximum safe allowable 
limit. Furthermore, PBON2 possesses strong tissue-adhesion 
and deformability properties to match the dynamic demands 
in highly mobile regions. In vivo analysis of skin wounds 
showed that a multifunctional PBON2 hydrogel dressing 

Fig. 8  Immunofluorescence images of inflammatory factors in wounds. (a) Fluorescence images of positive CD86, CD206, TNF-α, IL-4, IL-6, 
and IL-10 expression on Day 21. (b) Histograms of positive expression of inflammatory factors. Data are expressed as mean±standard deviation 
(n=3); **p<0.01, ***p<0.001, ****p<0.0001
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loaded with nanozymes significantly promoted the healing 
of diabetic wounds in highly mobile regions by disrupting 
hyperglycemia-induced bacterial infection and elevated ROS 
levels, alleviating the inflammatory response, promoting 
epidermal regeneration and collagen deposition, and accel‐
erating angiogenesis. Therefore, this approach could be an 
ideal therapeutic strategy for the treatment of skin wounds 
in highly mobile regions of diabetic patients.
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