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Abstract

Background: Patients with diabetic wounds often experience challenges in the repair process, owing to increased concentration of glucose and
reactive oxygen species (ROS). In addition, high glucose levels usually result in bacterial infections, which in turn worsen wound healing. This
study aims to develop a multifunctional hydrogel with integrated antibacterial activity, ROS scavenging, and glucose-responsive properties to
accelerate healing of infected diabetic wounds.

Methods: A Zn ion-incorporated injected hydrogel was prepared using 4-carboxyphenylboronic acid-modified gelatine, tannic acid, and zinc
ions. The spectra were detected using a Fourier transform infrared spectrometer and surface morphologies of hydrogels were obtained using
a scanning electron microscopy. The release behavior of Zn ions was investigated using an inductively coupled plasma mass spectrometry
instrument. To evaluate the antimicrobial properties of the GPT and GPT@Zn hydrogels, strains of Escherichia coli and Staphylococcus aureus
were utilized. Cytocompatibility was evaluated using mouse fibroblasts (L929 cells) and human umbilical vein endothelial cells (HUVECs). Finally,
diabetic wound models were constructed in rats to evaluate the effects of hydrogels on wound healing.

Results: The results show that the hydrogels are injectable and have self-healing properties. Moreover, borate ester bonds are formed in the
hydrogels, which are responsive to H,O, and glucose and can eliminate them. At the same time, zinc ions were released, giving the hydrogels
good antibacterial efficacy, with antibacterial rates of 99.7% and 99.9% against S. aureus and E. coli, respectively. Furthermore, the hydrogels
demonstrated good cell compatibility with L929 cells and HUVECs and increased the gene expression of VEGF, COL I, and COL Il because
of the addition of zinc ions. Based on the ROS, glucose scavenging capacity, and biological functions of zinc ions, the hydrogels advanced the
recovery of S. aureus-contaminated whole skin wounds in diabetic rats.

Conclusions: This study provides a novel treatment strategy for diabetic wound healing by constructing Zn ion-incorporated injected hydrogels
with reactive oxygen species and glucose-scavenging capacity.
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Highlights

¢ A Zn ion-incorporated injected hydrogel composed of 4-carboxyphenylboronic acid-modified gelatine, tannic acid, and zinc ions (GPT@Zn) with reactive

oxygen species and glucose scavenging capacity was prepared.

* The GPT@Zn hydrogels showed good antibacterial activity, with antibacterial rates of 99.7% and 99.9% against S. aureus and E. coli, respectively.
¢ The GPT@Zn hydrogels demonstrated good cell compatibility with L929 cells and HUVECs and increased the expression levels of key genes of VEGF, COL |,

and COL I11.

* The GPT@Zn hydrogels have the potential to advance satisfactory wound recovery for infectious diabetes full-thickness skin defects by promoting

angiogenesis, enhancing collagen deposition, and inhibiting inflammation.

Introduction

As a natural barrier for the human body to resist external
stimuli, the skin has important functions, such as safeguarding
the body against injury and defending against microbial infil-
tration [1]. Due to its functions, the skin is easily damaged
in the external environment, leading to the formation of
wounds such as burns, ulcers, and infections. In addition,
as skin wounds occur, a series of biological reactions are
activated to restore the skin integrity and its functions [2, 3].
However, for diabetic wounds, wound repair is complex and
difficult. Diabetes is a chronic disease, and patients’ glycemic
levels are generally high. High glucose levels in patients with
diabetic wounds cause the expression of highly reactive oxy-
gen species, which causes wounds to remain in a long-term
inflammatory state. Moreover, high glucose levels also render
wounds vulnerable to infection [4-7]. These situations cause
disorders in the wound microenvironment and further lead
to the inhibition of dermal and epidermal cell proliferation,
angiogenesis obstacles, and skin regeneration difficulties in
diabetic wounds [8-10]. Currently, diabetic wound healing in
clinical practice still faces challenges.

Hydrogels are macromolecular polymers with 3D network
cross-linking structures that have become very popular as
wound dressings in recent years [11-13]. They are naturally
soft and can absorb water, allowing them to swell and
maintain a relatively fixed shape. They can soften wounds,
cool them, and alleviate pain [14]. During the onset phase of
diabetic wound recovery, the imbalance caused by bacterial
infection and inflammatory reactions plays a pivotal role
in the progression of chronic wounds. Therefore, functional
hydrogel dressings can be applied at this stage to regulate the
microenvironment for wound healing [7, 15, 16]. Therefore,
researchers have devoted considerable effort to the devel-
opment of functional hydrogels. Xu et al. prepared an Ag-
containing antibacterial hydrogel for infected wound repair
[17]. But the promotion of wound repair by simple antibacte-
rial effects is limited. Recently, hydrogels with immunoregu-
latory functions have also been used to treat diabetic wounds.
For example, a hydrogel with Bletilla striata polysaccharide
could modulate the M1/M2 phenotype of macrophages and
accelerate wound healing [18]. Moreover, hydrogels with
microenvironments that diabetic wounds respond to have
attracted widespread interest. Polyvinyl alcohol cross-linked
with phenyl borate ester bonds was utilized to construct a
reactive oxygen species-scavenging hydrogel. [19]. A smart
system with glucose-mediated release of therapeutic agents
was developed via Schiff base and phenyl boronate ester
[20]. These reports suggest that phenyl borate ester bonds
respond to the diabetic wound microenvironment and have
potential applications in diabetic wound healing. Although
functional hydrogels with antibacterial activity, immunoreg-
ulatory effects, and/or microenvironment responsiveness

have been fabricated for wound healing, the construction of
multifunctional hydrogels with reactive oxygen species and
glucose scavenging capacity, as well as antibacterial activity
for bacterial inhibition and diabetic wound healing, still faces
a big challenge.

Gelatine is a natural collagen molecule with good biocom-
patibility [21, 22]. As a polyphenol, tannic acid (TA) has
excellent antioxidant properties and can form borate ester
bonds with phenylboronic acid bonds [23-25]. Borate ester
bonds can react with HyO; and glucose, presenting reactive
oxygen species and glucose scavenging capacity [26-28]. Zinc
ions have good antibacterial properties and other biological
functions at appropriate concentrations, including promoting
cell migration and collagen deposition [29, 30]. Based on these
findings, we propose that a diabetic wound microenvironment
-responsive hydrogel containing borate ester bonds and zinc
ions with reactive oxygen species and glucose scavenging abil-
ity, and antibacterial activity, may have promising applications
in bacteria-infected diabetic wound healing.

Therefore, in this work, reactive oxygen species and
glucose-responsive hydrogels incorporating zinc ions were
prepared. First, 4-carboxyphenylboronic acid was grafted
onto the amino group of the gelatine. ZnCl, then reacted
with TA to form a complex. Finally, the modified gelatine
and complex were blended to form a hydrogel. The findings
revealed that the hydrogels displayed self-healing and
injectable capabilities. As borate ester bonds are formed,
the hydrogels can react with ROS and glucose, presenting
ROS and glucose scavenging capacity. The incorporation of
zinc ions confers the hydrogels with superior antibacterial
activities. An animal model of full-thickness skin wound in
diabetic rats contaminated with S. aureus confirmed that the
hydrogels accelerated the wound repair. This work proposes
a novel treatment strategy for diabetic wound treatment
by constructing Zn ion-containing hydrogels with reactive
oxygen species and glucose scavenging capacity.

Methods

Preparation of Gel-PBA, TA-Zn, and GPT@Zn
hydrogels

Gelatine modified with phenylboronic acid (Gel-PBA) was
prepared via an amination reaction between -NH; on
gelatine (Sigma—-Aldrich, Germany) and -COOH on 4-
carboxyphenylboronic acid (Adamas, Switzerland) [31,
32]. In detail, 4 g of gelatine was dissolved in 200 ml of
deionized water. Next, 6 g of hydrochloride salt of N-(3-
dimethylaminopropyl)-N’ethylcarbodiimide (EDC) (Sigma-—
Aldrich), 4 g of N-hydroxysuccinimide (NHS) (Sigma-
Aldrich), and 1.5 g of 4-carboxyphenylboronic-acid were
mixed in 80 ml of dimethyl sulfoxide for 2 h to activate the
carboxyl groups [33], after which the as-prepared solution
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was introduced into the gelatine solution and agitated at
37°C for a duration of 36 h. At Last, the compound was
placed into a dialysis bag whose cut-off molecular weight
is 6-8-kDa and subjected to dialysis in deionized water for
3 days with replacement every 12 h. Finally, Gel-PBA was
obtained.

The TA and Zn ion mixture was then prepared as follows.
Under vigorous stirring, 5 ml of ZnCl, (18 mg/ml) (Sinopharm
Chemical Reagent Co., Ltd, China) was added into 5 ml of TA
(30 mg/ml; Sigma-Aldrich, Germany) solution. After 2 h, a
TA-Zn (TZ) solution was obtained. To obtain different mass
ratios, different concentrations of ZnCl, (6 and 12 mg/ml)
were used to prepare TZ solutions.

Finally, the hydrogel named Gel-PBA-TA (GPT) was
fabricated by blending a 15% (W/V) Gel-PBA solution with
a 1.5% (W/V) TA solution, which the volume ratio is 2:1.
Gelation was achieved through the formation of a borate
ester dynamic bond linking the PBA group in Gel-PBA with
the gallate/catechol groups in TA [25]. Similarly, the TZ-
containing hydrogel was named GPT@Zn, and different
concentrations of zinc ions (0.1%, 0.2%, and 0.3% W/V)
were introduced. The corresponding samples were denoted as
GPT@Zn1, GPT@Zn2, and GPT@Zn3, respectively.

Characterization of the hydrogels

The structure confirmation of Gel-PBA was accomplished
by 'H NMR (minispec mq60, BRUKER OPTIK GMBH,
Germany). The FTIR spectra of Gel-PBA, TA, and GPT
were obtained via FTIR spectroscopy (Tensor 27, Bruker,
Germany). The surface morphologies of GPT, GPT@Znl1,
GPT@Zn2, and GPT@Zn3 were investigated by scanning
electron microscopy (SEM, SU9000, Hitachi Limited, Japan).

H,0, and glucose-responsive degradation
behavior study

H,0; and glucose-responsive degradation assessment was
carried out in PBS, 0.6 mM H,O,, 4 g/L glucose, and 0.6 mM
H, 0, + 4 g/L glucose solutions. Specifically, the GPT hydro-
gels (100 ul) were introduced into 1 ml of the aforementioned
solutions, and the hydrogels were removed from the solution
at0,1,2,3,4,6,8,12,24,and 48 h. At last, mass residue rates
of the hydrogels were then determined by weighing them after
freeze-drying.

Zn ion release behavior assessment

The Zn ion release behaviors of the GPT@Zn1, GPT@Zn2,
and GPT@Zn3 hydrogels were investigated in PBS solutions
with or without 4 g/L glucose or 0.6 mM H,O,. Specifically,
GPT@Zn1, GPT@Zn2, and GPT@Zn3 hydrogels (100 ul)
were introduced into 1 ml of PBS solution with or without
4 g/L glucose or 0.6 mM H, O,, the supernatant was collected
at 4, 12, 24, and 48 h, and 1 ml of fresh solution was
then supplemented. Finally, the concentrations of Zn ions
in the obtained solution were assessed via an inductively
coupled plasma mass spectrometer (ICP-MS, NexION 2000,
PerkinElmer, USA).

Rheological properties of the hydrogels

First, 0.6 ml of hydrogel was placed into the geometry gap
of a rheometer (MCR301, Anton Paar, Austria). To verify
the rheological properties of GPT, the frequency sweep was
subsequently measured (5% strain), and the critical strain

region of the GPT was quantitatively assessed across a range
of amplitudes spanning at 1 Hz. The hydrogel’s self-healing
capabilities were evaluated through alternate step strain scan-
ning examination at 1 Hz. The amplitude oscillation strain
switching from a small strain (y =5%) to a subsequent large
strain (y =300%) at a strain interval of 30 s was evaluated for
three cycles.

Self-healing and injectability property assessment

First, 1 ml of hydrogel was divided into two parts and
dyed blue or orange. Subsequently, the specimens were then
positioned in a culture dish and maintained at ambient tem-
perature for 5 min, after which their self-healing capacity
was evaluated. Following the 5-min interval, the recovered
hydrogel was carefully raised for observation. To assess the
injectability, the dynamic hydrogel was placed into a 1-ml
syringe, and the hydrogel in the syringe was squeezed into a
culture dish to assess the extrusion capability of the GPT.

Antibacterial activity evaluation

The antibacterial activity evaluation was performed by cocul-
ture of hydrogel extracts with E. coli or S. aureus. First, 50 ul
of hydrogel sample was immersed in 1 ml of sterile physio-
logical saline, and the supernatant was collected to obtain the
extract after 24 h. Subsequently, a mixture consisting of 500 ul
of E. coli or S. aureus bacterial suspension (1.0 x 107 CFU/ml)
and 500 ul of extraction solution was introduced into a 24-
well plate, and 500 ul of sterile physiological saline was used
as the blank control. Following an 8-h incubation period at
37°C, the sterile physiological saline was used to dilute the
bacterial suspension and transferred to agar culture plates.
Bacterial colonies from experimental groups (m,) and the
control group (mg) after 12 h of cultivation was counted. The
bacterial survival rate was obtained according to the following
equation: survival rate (%) =m,/mg x 100%.

To further assess the antibacterial efficacy of the GPT and
GPT@Zn hydrogels, an inhibition ring assay was conducted.
First, 100 ul of S. aureus or E. coli (1.0 x 107 CFU/ml)
suspension was introduced onto agar culture plates, and then
50 ul of hydrogel was added and cultured at 37°C for 12 h.
The widths of the suppression loops were measured separately.

Bacterial morphologies were observed according to the
following method. First, glass slides were placed into
a 24-well plate. Then, 500 ul of bacterial suspension
(1.0 x 107 CFU/ml) and 500 ul of extraction solution were
introduced, while 500 ul of sterile physiological saline served
as a control. After an 8-h incubation period at 37°C, the
bacteria upon the slides were dehydrated using different
concentrations of alcohol (30, 50, 75,90, 95, and 100 V/V%).
At last, the SEM surface morphologies of bacteria were
determined.

Hemolysis experiment

The hemocompatibility of the hydrogels was evaluated via
the use of rat red blood cell (RBC) suspensions. Specifically,
fresh rat blood was subjected to centrifugation at 3000 rpm
for 5 min, then diluted to 2 v/v% with physiological saline.
Five hundred microliters of 2% RBC solution and 500 ul
of 0.05 g/ml hydrogel extracts were incubated at 37°C for
4 h. The group with deionized water added acted as the
negative control, whereas group with physiological saline
added served as the positive control. The mixed solution
was centrifuged at 3000 rpm for 5 min, the absorbance at



a wavelength of 540 nm of the supernatant was quantified
to determine the hemolysis rate of the hydrogels. The calcu-
lation of the hemolysis rate was performed via the following
equation:

Hemolysis rate (%) = (ODgample — ODnaci) /
(ODWater - ODNaCl) x 100%.

In vitro Cytocompatibility assessment

The Alamar blue (Gibco, USA) assay and LIVE/DEAD cell
staining kit (Sigma—Aldrich) were employed for assessing
the biocompatibility of the hydrogel extracts of GPT and
GPT@Zn with 1929 cells. Initially, the hydrogel (50 wl/ml)
was immersed in a-MEM containing 10% fetal bovine serum
(Gibco, USA) and cultured at 37°C for 24 h to obtain GPT and
GPT@Zn extracts. For the assessment of cell viability, L929
cells at a density of 8.0 x 103 cells/well were introduced into
a 96-well plate and cultured for 24 h, followed by replacement
of the culture medium with hydrogel extract-containing cul-
ture medium and incubation for 24 and 48 h, followed by the
addition of 100 ul of culture medium with 10% Alamar blue,
allowing the cells to be cultured for a further 2 h. Finally, the
absorbance of the supernatant was quantified via a microplate
reader (Cytation 5; BIOTEK, USA). For LIVE/DEAD cell
staining analysis, 1.929 cells were stained with calcein-AM and
propidium iodide after being exposed to GPT and GPT@Zn
hydrogel extracts for 24 h. Finally, fluorescence images were
obtained. The biocompatibility of the GPT and GPT@Zn
hydrogel extracts with HUVECs was evaluated via the same
method.

DPPH free radical scavenging assessment

To investigate the ability of the GPT and GPT@Zn hydrogels
scavenging DPPH radicals, DPPH solution with a concentra-
tion of 0.1 mM was prepared using ethanol. Subsequently,
50 ul of hydrogel was combined with 1 ml of ethanol (50 ul
of PBS as a control group), and the mixture was kept in the
dark at 37°C for 10 min, followed by the measurement of
absorbance at a wavelength of 517 nm. The calculation of
the DPPH radical scavenging rate of GPT and GPT@Zn was
performed via the following equation:

Scavenging effect (%) = (1 — ODgymple/ODconrol) X 100%

ROS/hydrogen peroxide reactive fluorescence
staining

To assess the capacity of GPT and GPT@Zn hydrogels
eliminating hydrogen peroxide (H>O;), the HyO, reactive
fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA, 10 uM, Sigma-Aldrich) was employed to inves-
tigate the intracellular H, O, levels after HyO; treatment.
In detail, L929 cells at a density of 3.0 x 10* cells/well
were introduced into a 24-well plate and cultured for 24 h.
Then, 1 ml of medium containing 0.6 mM H;O; and 50 ul
of hydrogel was introduced (50 ul of PBS serving as the
control group) and cultured for another 6 h. Then, 500 ul of
medium with 10% Alamar blue was introduced and cultured
for another 2 h. The fluorescence intensity of the solutions
was detected via a microplate reader. For LIVE/DEAD cell
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staining and DCFH-DA experiments, L929 cells treated with
H,0; and samples for 6 h were stained with calcein-AM,
propidium iodide, and DCFH-DA. Fluorescence images were
taken using a fluorescence microscopy.

In vitro RT-gPCR assessment

1929 cells (1.0 x 103 cells/well) were introduced into a 6-
well plate and cultured for 24 h. Then, extraction solution-
containing fresh culture medium was added and cultured for
another 24 h. Subsequently, the cells were collected and Total
RNA was extracted through cell lysis using TRIzol Reagent
(Invitrogen, Thermo Fisher Scientific, Inc., USA). Complemen-
tary DNA (cDNA) was synthesized using a Transcriptor First-
Strand cDNA Synthesis Kit (Roche, Switzerland). The house-
keeping gene selected for normalization was glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and the comparative
expression analysis of the target genes was conducted using
the 272ACt approach.

Animal experiments

The protocols for the use and care of the animals listed below
were reviewed and approved by the Institutional Animal Care
and Use Committee of Shanghai Rat & Mouse Biotech Co.,
Ltd. Sprague-Dawley (SD) rats were first induced to develop
diabetes via a streptozotocin (STZ) solution. In detail, 6-week-
old SD rats were adaptively fed for one week, subsequently
receiving intraperitoneal injections of STZ at a dosage of
40 mg/kg of body weight, which the STZ was dissolved in
a 1:1 mixture of 2.1 wt. % citric acid solution and 2.94 wt. %
sodium citrate solution, with blood glucose levels measured
every 3 days by collecting blood from the tail vein. When
blood sugar stabilized above 16 mmol/L, the patient was
considered hyperglycemic. When hyperglycemia stabilized for
one week, the diabetic rat model was considered successful.
The rats were then depilated with a razor and depilatory
cream to expose the smooth skin. A circular blade was uti-
lized to perform full-thickness excisions measuring 10 mm in
diameter on their dorsal area. Two wounds were created in
one rat, and each wound was introduced 20 ul (S. aureus,
1.0 x 107 CFU/ml) of bacterial mixture, after which 50 ul
of hydrogel was administered to each wound. The wound
healing conditions of the rat wounds on Days 1, 4, 7, and 14
were recorded.

One day after surgery, two rats from Control, TZ, GPT
and GPT@Zn2 groups were sacrificed, and three wound
tissue samples were gathered, diluted with sterile physiological
saline, and placed on an agar culture plate. Bacteria colonies
from experimental groups (m,) and the control group (mg)
after 12 h of cultivation were counted. The bacterial sur-
vival rate was calculated according to the following equa-
tion: bacterial survival rate (%)=m,/mg x 100%. Another
wound was stained with Giemsa to verify the infection sta-
tus of the wound. On Days 7 and 14, the SD rats were
euthanized to obtain the wound tissues, which were stored
in 4% paraformaldehyde. Immunofluorescence assays were
performed on the wound tissue for assessment of vascu-
lar endothelial growth factor (VEGF), platelet endothelial
cell adhesion molecule (CD31), ROS, tumor necrosis factor
alpha (TNF-«), and the anti-inflammatory factor interleukin-
10 (IL-10). Histological evaluations of the wound tissues in
SD rats were carried out using Masson’s trichrome staining
and hematoxylin-eosin (H&E) staining to examine the tissue
changes.
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Statistical analysis

The quantitative data are expressed as the means + SDs.
Statistical analysis was performed via one-way analysis of
variance with GraphPad Prism 9.5.1 software. Statistical sig-
nificance was set at P <0.05. In all the cases, *P < 0.05,
**P < 0.01, **P < 0.001, and ***P < 0.0001.

Results
Fabrication and characterization of hydrogels

Gelatine is a natural collagen molecule, which contains mul-
titudinous amino groups within its molecular chain. It can be
grafted onto PBA molecules through amide reactions under
the activation of EDC and NHS, resulting in Gel-PBA. The
structures of Gel-PBA and Gel were characterized via 'H
NMR spectroscopy. As illustrated in Figure 1a, compared
with that of Gel, a new peak appeared in the "H NMR
spectrum of Gel-PBA at 7.3-7.8 ppm, which belongs to the
benzene ring peak in PBA [34]. This indicates that PBA was
successfully grafted onto gelatine. The chemical structures of
the Gel-PBA, TA, and GPT hydrogels were characterized via
FTIR spectroscopy, and the results are shown in Figure 1b.
Compared with those of Gel-PBA, GPT displays absorption
peaks at 1436 cm~! and 1332 cm™!, corresponding to the
asymmetric stretching relaxation of B-O-C, indicating the
existence of a borate ester bond in the GPT hydrogel [27].

The hydrogel was gelatinized by a borate ester bond,
which can react with H, O, and glucose. To confirm this, the
responses of the hydrogels to H, O, and glucose environments
were studied. As shown in Figure 1c, at 24 h, the residual
masses of GPT in the PBS, 0.6 mM H, O, + PBS, 4 g/L glucose
+ PBS, and 0.6 mM H;0; +4 g/L glucose + PBS solutions
were 55.6%, 34.6%, 12.4%, and 0%, respectively. Glucose
competes with TA for the phenylboronic acid group on Gel-
PBA, leading to the destruction of the original borate ester
crosslinking sites of the hydrogels, which accelerates their
degradation. In addition, the borate ester bond reacts with
H,0;, and the C-P bond breaks, accelerating the degradation
of the hydrogels. The degradation rate of the hydrogel in
a H,O,-containing environment was greater than that in a
glucose-containing environment. When H;O; and glucose
coexist, the above two reactions occur simultaneously, which
further accelerates the degradation process of the hydrogels.
It indicates that the GPT hydrogel has H,O; and glucose
dual responsiveness. Based on these findings, in environments
containing both H,O; and glucose, the hydrogels respond to
the environment and release Zn ions, which may achieve good
antibacterial effects.

To further explore the internal network structures of the
hydrogels, the hydrogels were freeze-dried, and their cross-
sections were observed via SEM. As shown in Figure 1d, GPT,
GPT@Zn1, GPT@Zn2, and GPT@Zn3 had many porous
structures. This is because the borate bond and the dihydroxy
group cross-link to constitute a 3D network structure, which
is the characteristic structure of biomedical hydrogels and
is conducive to the penetration of nutrients and cells [35].
Compared with the microstructures of all the hydrogels, the
addition of zinc had no effect on the general structure. The
elemental mapping results revealed that zinc was evenly dis-
tributed in the hydrogels and that the concentration of zinc
increased with increasing TZ in the hydrogel, indicating the
successful loading of zinc. The ion release rates (Fig. le-g) of

the GTP@Zn1, GPT@Zn2, and GPT@Zn3 groups indicated
that the release rate of zinc ions increased in H, O, and glucose
conditions, which also confirmed the response characteristics
of hydrogels to Hy O, and glucose.

Self-healing, injectability, and rheological
properties of hydrogels

Figure 2a displays the gelation process of the GPT hydrogel.
As shown in Figure 2b, the GPT hydrogel was divided into
two pieces and dyed orange and blue. Then, the two sections
were placed in intimate contact. Three minutes later, the two
pieces of hydrogels became a single piece, indicating the good
self-healing property of the GPT hydrogel. As depicted in
Figure 2c, the GPT hydrogel can be injected through a syringe,
and the latter shape is maintained, indicating that the hydrogel
has good injectability.

The rheological test results of the hydrogels are shown in
Figure 2d and e, which confirmed hydrogel formation [36]. As
shown in Figure 2f, a cross-strain scanning test was performed
with an interval of 30 s. Under 5% strain, G’ is greater than
G, which indicates that it is in a stable gelled state under
low strain. When the strain increases to 300%, both G* and
G’ decrease simultaneously, and the decreasing magnitude of
G’ is much larger than that of G", indicating that its cross-
linked structure is destroyed under high strain. When the
strain increases to 5%, both G> and G’ recover rapidly. After
four cycles, G’ can still recover to 75% of the initial state,
indicating that the GPT hydrogel has superior self-healing
performance [37].

In vitro antibacterial activities

Figure 3a demonstrates that bacteria colonies in the GPT
group decreased to a certain extent, and with the addition of
Zn, the number of colonies from GPT@Zn1, GPT@Zn2, and
GPT@Zn3 decreased significantly, especially for GPT@Zn3.
This indicated that the introduction of Zn ions into the
hydrogels improved their antibacterial effects. GPT@Zn3 had
the most significant inhibitory effect on S. aureus and E.
coli, with bactericidal rates of 99.7% and 99.9%, respec-
tively (Figure 3b and c¢). The results of the bacteriostatic
ring analysis revealed that the antibacterial performance of
the GPT@Zn is mainly ascribed to the release of zinc ions
(Figure 3d-f). Because the fluidity of different hydrogels is
different, antibacterial performance is expressed by the width
of the antibacterial ring. For S. aureus, the width of the
antibacterial ring increased with increasing Zn concentra-
tion. For the GPT@Zn3 group, a significant antibacterial
ring against E. coli was observed, whereas the antibacte-
rial rings from GPT@Znl and GPT@Zn2 were not obvi-
ous. This may be because the fluidity of the GPT@Zn1
and GPT@Zn2 hydrogels led to overlap of the hydrogels
and bacteriostatic ring areas. These findings suggest that the
GPT@Zn3 hydrogel with the highest Zn concentration exhib-
ited the best antibacterial performance. The morphological
changes in bacteria treated with different hydrogel extracts
were subsequently observed by scanning electron microscopy
(Figure 3g). S. aureus from the control group was smooth and
had a spherical structure, whereas the bacterial membrane was
broken to different degrees in the GPT@Zn1, GPT@Zn2, and
GPT@Zn3 groups, especially for GPT@Zn3, where a large
amount of bacterial cytoplasm flowed out, leading to bacterial
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death. A similar trend was observed for E. coli in various
samples.

Biocompatibility and hemolysis assessment

As depicted in Figure 4a, the viabilities of L929 cells cultured
with GPT, GPT@Zn1, GPT@Zn2, and GPT@Zn3 for 24 and
48 h were > 95% compared with control group. Compared
with GPT, the viability of L929 cells remained unchanged
from GPT@Zn groups. For HUVECs, the cell activity of all
the groups was above 90%, indicating good biocompatibility
with HUVECs (Figure 4b). The results of live/dead cell stain-
ing assay are presented in Figure 4c. Green fluorescence with
live cells was observed in all the samples, whereas no dead
cells with red fluorescence was discernible. These findings
suggest that GPT and GPT@Zn show biocompatibility with
1929 cells and HUVECs.

The hemolytic toxicity of the four hydrogels was deter-
mined by measuring the hemolysis rate of red blood cells.
According to the results in Figure 4d and e, the hemolysis
rates of GPT, GPT@Zn1, GPT@Zn2, and GPT@Zn3 were
lower than 1%, indicating the low hemolysis toxicity of the
hydrogels [38].

In vitro anti-oxidative properties

The DPPH clearance rate reflects the overall antioxidant
performance of a material [39]. The results of DPPH clearance
in vitro revealed that the DPPH clearance rates of all the
hydrogel groups exceeded 90%, suggesting that GPT and
GPT@Zn possess excellent free radical scavenging abilities.
(Figure Sa).

H, O, is an important reactive oxygen species produced by
chronic wounds [40]. Both borate esters and TAs can clear
H,0;. To verify the ability of the hydrogels to eliminate
H, 05, 1929 cells were treated with H, O,-containing culture
medium and various samples. DCFH-DA has cell permeability
and no fluorescence but will be activated by intracellular
H, O and converted into fluorescent products, enabling the
detection of intracellular Hy O levels. The results of the cell
viability, ROS, and live/dead fluorescence staining revealed
that in the H,O;-containing environment, high ROS levels
in the HyO; group can be observed with green fluorescence
(Figure 5c), leading to low cell viability. However, when GPT
or GPT@Zn2 was added, the green fluorescence of ROS
was almost negligible, and the GPT and GPT@Zn2 groups
exhibited better cell viability compared to the HyO;, group
(Figure 5b). Notably, the addition of zinc ions to GPT@Zn2
had no effect on the antioxidant properties.

In vitro RT-qPCR assessment

VEGF is a commonly used biomarker for evaluating angio-
genesis. COL I and COL III are vital members of the collagen
family and represent the level of collagen deposition. The gene
expression of VEGF, COL I, and COL III was investigated via
RT-gPCR as presented in Figure 5d—f. GPT@Zn1, GPT@Zn2,
and GPT@Zn3 exhibited enhanced gene expression of VEGE,
especially in the GPT@Zn2 group, in comparison with control
group. No remarkable disparity in VEGF expression was
observed between the GPT and control groups. A similar
rule was observed for the gene expression of COL I and
COL 1III in various groups that GPT@Zn1, GPT@Zn2, and
GPT@Zn3 showed enhanced gene expression, especially for
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S. Aureus from GPT, GPT@Zn1, GPT@Zn2, and GPT@Zn3 and corresponding antibacterial ring width of the hydrogels against (e) E. Coli and (f) S. Aureus.
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ester bond, GPT@Zn1, GPT@Zn2, and GPT@Zn3 hydrogels gelatinized by borate ester bond doped with Zn ions of different concentrations, E. Coli
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the GPT@Zn2 group. This indicates that incorporating Zn
ions plays a positive role in enhancing the expression of VEGE,
COL I, and COL III. Based on the gene expression results,
the GPT@Zn2 group was selected for subsequent animal
experiments.

Wound healing and antibacterial activity in vivo

Photographs of infected diabetic wounds from various sam-
ples are illustrated in Figure 6a. The GPT@Zn2 group demon-
strates a faster wound healing speed (Figure 6b). On the 4th
day, the relative remaining wound areas in the control, TZ,
GPT, and GPT@Zn?2 groups were 52.6%,45.3%,43.3%, and
41.4%, respectively. A similar trend was observed on Days
7 and 14. These findings suggest that the GPT@Zn2 group

exhibited the best wound healing state among these groups.
The in vivo antibacterial experiments further confirmed that
the zinc ion-containing groups, including TZ and GPT@Zn2,
showed good antibacterial performance (Figure 6¢ and d).
On the 1st day after surgery, Giemsa staining revealed that
a biofilm had formed in the control group, bacteria were
completely eliminated in the TZ and Zn groups, and bacteria
were not completely eliminated in the GPT group Figure 6e,
which is consistent with the iz vitro and in vivo antibacterial
results.

Collagen formation is an important indicator of wound
healing. Collagen accumulation during wound healing was
investigated via Masson staining. Optical images of collagen-
stained wound tissues at 7 and 14 days after surgery are
illustrated in Figure 7a. Collagen fibers are marked in blue,
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and a certain amount of collagen deposition with blue colors
was observed in the different groups, especially for GPT@Zn2.
The quantitative results of collagen deposition on the 7th
day after surgery shown in Figure 7b indicate that the per-
centages of collagen deposition in the control, TZ, GPT, and
GPT@Zn2 groups were 40.1%, 50.1%, 45.6%, and 69.8%,
respectively. The GPT@Zn2 group presented the highest level
of collagen deposition. A similar trend was observed on the
14th day. These findings indicated that the GPT@Zn2 hydro-
gel promoted collagen deposition, thus promoting wound
healing.

Immunohistochemical analysis of VEGF and CD31 was
also performed, and the results are presented in Figure 7c—f.
On the 7th day after surgery, the TZ, GPT, and GPT@Zn2
groups displayed higher expression of VEGF and CD31 in
comparison with the control group. The GPT@Zn2 group
presented the highest expression of VEGF and CD31. This
may be attributed to the dual responsiveness of GPT@Zn2
to HyO, and glucose, which can regulate the wound
microenvironment and create conducive conditions for
wound healing. Compared with GPT, higher expression of
VEGF and CD31 could be found from GPT@Zn2, suggesting
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that the incorporation of Zn ions can also increase the
expression of angiogenesis-related genes. On the 14™ day after
surgery, VEGF and CD31 expression decreased in response to
GPT@Zn2, possibly because the wounds were repaired, and
returned to normal levels [41].

Wound tissue healing efficacy was further assessed through
H&E staining. As illustrated in Figure 8a, obvious inflam-
mation was found in the control group but was markedly
decreased in the TZ, GPT, and GPT@Zn2 groups on the 7th
day, particularly in the GPT@Zn2 group, because of excellent
antibacterial and antioxidant activity of GPT@Zn2.

The presence of acute inflammatory responses can result in
heightened levels of reactive oxygen species within wounds,
which can result in further injury to the tissue as well as
hinder the healing process. Accordingly, the levels of ROS, the
proinflammatory factor TNF-o, and the anti-inflammatory
factor IL-10 were measured to further estimate the level
of wound inflammation (Figure 8b—g). On the 7th day, the
levels of ROS and TNF-a were reduced in the TZ, GPT,

and GPT@Zn2 groups, whereas the expression of IL-10 was
increased. These results indicate that GPT@Zn2 possesses
remarkable potential to diminish wound inflammation and
accelerate wound healing.

Discussion

Compared with normal wounds, diabetic wounds often do
not heal as well. The wound repair process is significantly
hindered by the complex and detrimental microenvironment
of diabetic wounds, leading to the formation of chronic
wounds [42]. In the present work, a novel wound dressing,
GPT@Zn2, which can reduce high glucose and ROS levels in
diabetic wounds, was developed to facilitate chronic diabetic
wound healing.

Chronic diabetic wounds are accompanied with a high-
glucose environment, which can easily cause microangiopa-
thy and reduced neovascularization, serving as the initial
factor for the formation of chronic diabetic wounds. Constant
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exposure of wounds to a high-glucose environment can also
lead to persistent inflammation. Additionally, the elevated
glucose concentration within wounds can induce the produc-
tion of excessive ROS, damaging bioactive factors including
proteins and DNA, further stimulating wound inflammation,
and eventually preventing wound repair [43]. Therefore, the
removal of excess ROS is crucial. The GPT@Zn2 hydro-
gel can respond to and eliminate glucose and HyO; within
the microenvironment of diabetic wounds and has excellent

DPPH scavenging ability. These findings indicated that the
GPT@Zn2 hydrogel improved the wound microenvironment
by scavenging ROS, thereby promoting wound healing.

As chronic diabetic wounds remain unhealed for a long
time, they are constantly exposed, significantly increas-
ing the risk of microbial infection. Wound infections
caused by pathogens are difficult to eliminate through the
immune response, which can further deteriorate the wound
microenvironment, ultimately leading to wound ulceration
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[44]. Therefore, antibacterial properties are essential to ensure
proper wound healing. The GPT@Zn2 hydrogel achieved
good antibacterial effects by releasing zinc ions and inducing
bacterial membrane disruption.

In addition, inflammation, angiogenesis, and collagen
deposition are vital indicators for assessing the progress
of wound healing. GPT@Zn2 hydrogel-treated wounds
presented increased IL-10 and decreased TNF-a levels.
These findings suggest that GPT@Zn2 advance the wound
healing progress through inhibiting wound inflammation. The
GPT@Zn2 hydrogel also promoted the secretion of VEGE,
COL 1, and COL III. After treatment with the GPT@Zn2
hydrogel, the VEGF and CD31 levels in the wound sites
initially increased but then decreased, whereas the degree
of collagen deposition increased. The results suggest that
the GPT@Zn2 hydrogel enhances angiogenesis and collagen
deposition during the wound repair process.

Above all, the GPT@Zn2 hydrogel can eliminate ROS
and exhibit antibacterial properties, thereby improving the
microenvironment of diabetic wounds, which is conducive
to wound repair. In addition, GPT@Zn2 inhibits wound
inflammation and promotes angiogenesis and collagen

deposition, further facilitating wound healing. The GPT@Zn2
hydrogel is highly functional and has good application
prospects for treatment of infectious chronic diabetic wounds.

Conclusions

To summarize, we constructed a Zn ion-incorporated hydro-
gel that displayed self-healing and injectable characteristics.
Importantly, these hydrogels containing dynamic borate ester
bonds could respond to diabetic wound microenvironments
with high levels of reactive oxygen species and glucose concen-
trations, which exhibited reactive oxygen species and glucose
scavenging capacity. In addition, zinc ions were added to the
hydrogels as antibacterial agents, which endued the hydrogels
good antibacterial properties. The results of the full-thickness
skin wound model in diabetic rats contaminated with S.
aureus confirmed that the hydrogels killed bacteria, promoted
vascular regeneration and collagen deposition, which accel-
erated wound healing. Therefore, these Zn ion-incorporated
injected hydrogels with reactive oxygen species and glucose
scavenging capacity show promising applications for diabetic
wound healing.
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