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ABSTRACT

Bacterial-infected wounds could cause delayed wound healing due to increased inflammation, especially wounds
infected by drug-resistant bacteria remain a major clinical problem. However, traditional treatment strategies
were gradually losing efficacy, such as the abuse of antibiotics leading to enhanced bacterial resistance.
Therefore, there was an urgent need to develop an antibiotic-free multifunctional dressing for bacterially infected
wound healing. This study demonstrated the preparation of a multifunctional injectable hydrogel and evaluated
its efficacy in treating acute and infected wounds. The hydrogel was prepared by a one-step mixing method, and
cross-linked by natural deep eutectic solvent (DES), polyvinyl alcohol (PVA), chitosan (CS), tannic acid (TA), and
Cu?* through non-covalent interactions (hydrogen bonds and metal coordination bonds). PVA/CS/DES/CuTAsgo
hydrogel has multiple functional properties, including injectability, tissue adhesion, biocompatibility, hemo-
stasis, broad-spectrum antibacterial, anti-inflammatory, and angiogenesis. Most importantly, in the MRSA-
infected skin wound model, PVA/CS/DES/CuTAsg hydrogel could ultimately accelerate infected wound healing
by killing bacteria, activating M2 polarization, inhibiting inflammation, and promoting angiogenesis. In sum-
mary, the PVA/CS/DES/CuTAsqo hydrogel showed great potential as a wound dressing for bacterial infected
wounds treatment in the clinic.

1. Introduction

in practical clinical applications [7,8]. However, the design of wound
dressings requires careful consideration of many factors, for example,

Bacterial wound infections associated with skin injuries, burns, and
diseases are a major public health challenge facing clinicians due to their
huge economic burden and high mortality rate [1-3]. In particular,
bacterial infections caused by methicillin-resistant Staphylococcus aureus
usually cause chronic inflammation, severely inhibit wound prolifera-
tion and remodelling, and even seriously lead to sepsis and multiple
organ failure [4,5]. Antibiotics are commonly used to kill bacteria
quickly, however, antibiotics have many disadvantages such as low
bioavailability, large side effects, and easy bacterial resistance [6].
Therefore, it is urgent to develop an antibiotic-free multifunctional
dressing for bacterial-infected wound healing and accelerated wound
healing/tissue regeneration.

It is well known that wound dressings are indispensable consumables

the selection of environmentally friendly raw materials and synthesis
methods should be considered. The higher the environmental friendli-
ness, the smaller the burden of discarded wound dressings on the
environment, and the better the biocompatibility with the body.
Therefore, constructing multifunctional wound dressings, especially
new environmentally friendly ones, is particularly urgent. Hydrogel
dressings have become a research hotspot due to their excellent
swelling, absorption of tissue exudates, maintenance of wound moist
environment, and antibacterial and anti-inflammatory properties [9,
10]. Polyvinyl alcohol (PVA) is widely used in biomaterials, biomedi-
cine, and other fields because of its many advantages such as good
biocompatibility, high mechanical strength, non-toxicity, and biode-
gradability [11,12]. Chitosan (CS) is the only naturally occurring
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cationic polysaccharide with multiple biological activities, including
antibacterial properties, biodegradability, excellent adhesion, and good
biocompatibility, and has great application prospects in biomedical
dressings [13,14]. In addition, hydrogel dressings based on PVA and CS
are usually constructed by freeze-thaw cycles, chemical cross-linking,
etc [15,16]. CS has a unique crosslinking ability to form hydrogen
bonds with PVA due to its amine and hydroxyl groups [17]. However,
the safety of the produced hydrogels in applications requiring biocom-
patibility is severely limited by toxicity issues such as the large residual
amount of some substances used to cross-link hydrogels. Therefore, it is
necessary to seek certain methods to avoid the adverse effects of cova-
lent crosslinkers.

Deep eutectic solvents (DES) are a new type of green solvent with
strong solubility, easy synthesis, better biocompatibility, and sustain-
able utilization [18,19]. Due to hydrogen bond acceptors (HBA) and
hydrogen bond donors (HBD), DES is more likely to interact with
polymer structures rich in amino and hydroxyl groups. Therefore, DES
has been gradually applied to construct chitosan film dressings [20,21].
Tannic acid (TA) is a polyphenol component widely distributed in plants
and marine organisms. It has excellent biological activity and has
attracted widespread attention in biomedical fields such as wound
dressings [22,23]. TA contains many phenolic and carbonyl groups and
can be easily cross-linked with various polymers by forming ionic bonds,
hydrogen bonds, and hydrophobic interactions [24,25]. TA can also
form metal-polyphenol networks (MPNs) by coordinating with metal
ions. Among the numerous metal ions, Cu?>* was selected to coordinate
with TA to form a copper tannic acid (CuTA) metal-polyphenol network,
which imparts antibacterial and anti-inflammatory abilities, promotes
wound angiogenesis, and is more conducive to accelerating wound
healing [6,26]. By coordinating the interaction between the catechol
groups of TA and Cu?*, a double-crosslinked hydrogel can be con-
structed, improving the mechanical strength and stiffness of the
hydrogel [27,28]. In addition, it has been found that the dynamic redox
catalytic system formed by the polyphenol structure and metal ions can
accelerate the gelation of hydrogels at room temperature [29,30], which
is conducive to seeking a simple, large-scale, economical, and environ-
mentally friendly method for preparing hydrogels.

Based on this background, we designed and characterized a supra-
molecular multifunctional hydrogel (PVA/CS/DES/CuTA) cross-linked
by natural DES, PVA, CS, TA, and cu?t through non-covalent in-
teractions (hydrogen bonds and metal coordination). The performance
of the hydrogel dressing was characterized and tested, and the potential
of the prepared hydrogel dressing as a wound medical dressing was
evaluated. In addition, in vitro and in vivo experiments were conducted to
assess the efficacy and mechanism of hydrogel in wound healing, aiming
to provide a certain reference for the design and preparation of medical
wound dressings (Scheme 1).

2. Results and discussion
2.1. Preparation and characterization of CuTA and prepared hydrogels

Cu?* and TA containing polyphenol groups self-assembled to
generate CuTA through oxidative coupling. Under weak alkalinity and
high concentration of Cu?>", TA undergoes accelerated self-oxidation to
form semiquinone (T") and quinone (T"), which further chelated with
Cu®*" to form CuTA with a metal polyphenol network [31-33]. The
morphological features of CuTA were first characterized by transmission
electron microscopy (TEM, HT7800, Hitachi, Japan) and observed using
a scanning electron microscope (SEM, Gemini 300, ZEISS, Germany)
equipped with an energy-scattering spectrometer (Oxford X-max20).
TEM images showed that the length of CuTA was about 100 nm and the
width was about 50 nm (Fig. 1A). Also, the Z-Average (d. nm) of CuTA
was about 122 nm, confirming the results (Fig. S1). The Zeta Potential of
CuTA was about —10.1 £+ 1.139 mV (Fig. S2). In addition, TEM and SEM
images showed that CuTA exhibited a uniform nanosheet structure, and
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elemental mapping also confirmed that Cu, P, C, O, and S were uni-
formly distributed in CuTA, with the Cu mass fraction approaching 50 %
(Fig. 1B and C). Choline chloride and ethylene glycol prepared DES as
hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD). The
abbreviations and compositions of the prepared hydrogels in this study
were provided in Table S1 in the supporting information. The con-
struction and preparation mechanism of PVA/CS/DES/CuTA hydrogel
were briefly described in Scheme 1. PVA/CS/DES/CuTA hydrogel was a
physically cross-linked hydrogel constructed by a one-pot mixing
method (Video S1). In the preparation process of PVA/CS/DES/CuTA
hydrogel, the first step was hydrogen bond crosslinking, including be-
tween the phenolic hydroxyl groups in TA and the alcoholic hydroxyl
groups in PVA chains and between TA and the amine and hydroxyl
groups in CS chains [34,35]. In addition, when the content of CuTA was
500 and 1000 pg mL~?, the secondary crosslinking of PVA/CS/DES/-
CuTA hydrogel was prepared through the coordination interaction be-
tween Cu®" and the phenolic hydroxyl groups in TA, thus successfully
constructing the double crosslinked hydrogel [33]. The physicochemical
properties of the hydrogel were then measured, and the effect of the
hydrogel on the healing of acute and MRSA-infected wounds in mice was
evaluated.

The internal morphology of freeze-dried samples of PVA/CS, PVA/
CS/DES, PVA/CS/DES/CuTA3s0, PVA/CS/DES/CuTAsq, and PVA/CS/
DES/CuTA oo was observed by scanning electron microscopy (SEM). As
shown in Fig. 1D, there were no obvious interconnected pores inside
PVA/CS and PVA/CS/DES. The internal pores of PVA/CS/DES/CuTAzso
were slightly larger and irregular, and the pore size distribution was
uneven. The pores of PVA/CS/DES/CuTAsopy and PVA/CS/DES/
CuTAjgpp were denser, presenting a porous honeycomb structure, and
the pore arrangement was more uniform and regular. This might be due
to the sufficient catechol groups in TA cross-linking through hydrogen
bonds and copper ions providing metal coordination bonds, thereby
promoting the formation and stability of the hydrogel framework [31,
36]. In addition, EDS was used to analyze the element distribution of
PVA/CS/DES/CuTAsgo hydrogel, and element mapping showed that
elements such as C, N, O, and Cu were evenly distributed in the hydrogel
(Fig. 1E). FTIR further characterized the chemical structure of the pre-
pared hydrogels. As shown in Fig. 1F and G, the broad peak near 3290
cm ™}, the peak near 2937 cm ™" and 1082 cm™! in the FTIR spectrum
were attributed to the stretching vibrations of O-H, C-H, and C-O,
respectively, which were characteristic vibration peaks of PVA [37]. In
particular, the broad peak around 3290 cm™! became broader in
PVA/CS/DES, PVA/CS/DES/CuTAgs0, PVA/CS/DES/CuTAsgy, and
PVA/CS/DES/CuTA; oo compared with that of PVA due to the enhanced
hydrogen bonding between choline chloride and ethylene glycol mole-
cules in DES [38]. The characteristic peaks around 1150 and 1065 ecm !
correspond to the bending vibration of the C-O-C bond and the
stretching vibration of the C-O bond in CS, respectively. The peaks near
1567 and 1642 cm ™! correspond to the stretching vibrations of N-H and
C-O, respectively, mainly due to the typical C2 symmetry of chitosan’s
type 2 crystal structure [39]. In addition, Fig. S3 showed that no new
absorption peaks were observed during the synthesis of PVA/CS/-
DES/CuTAsq0, indicating that the synthesis is an irreversible physical
process and no new chemical bonds are formed. Overall, the above re-
sults showed that the hydrogels were successfully prepared. Further-
more, the structural characteristics of the prepared hydrogels were
characterized using UV-vis spectroscopy. As shown in Figs. S4 and S5,
the UV-vis spectrum of CuTA showed the presence of characteristic
peaks of TA similar to those reported previously [40]. In addition,
compared with CuTA, the peaks of PVA/CS/DES/CuTA3s9, PVA/CS/-
DES/CuTAsqg, and PVA/CS/DES/CuTA; oo hydrogels all showed a small
red shift from 310 nm to 320 nm. Importantly, a new broad peak was
detected at around 650 nm for the prepared hydrogels, which was
attributed to the charge transfer band generated by the coordination
between TA and copper ions, demonstrating that the metal coordination
of copper ions with phenolic hydroxyl groups led to the formation of
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Scheme 1. Schematic diagram of PVA/CS/DES/CuTA hydrogel preparation and its application in acute and MRSA-infected wound healing.
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Fig. 1. Characterization of CuTA nanoparticles and prepared hydrogels. (A) TEM image of CuTA nanoparticles. (B and C) SEM image and EDS elemental mapping of
CuTA nanoparticles (carbon, oxygen, phosphorus, sulfur, and copper). (D and E) SEM image and EDS elemental mapping (carbon, nitrogen, oxygen, and copper) of
prepared hydrogels. (F and G) FTIR spectra of different freeze-dried hydrogels and their components.
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double network hydrogels.
2.2. Self-healing, adhesion, and injectability of prepared hydrogels

Hydrogels with excellent physical properties are indispensable for
clinical applications. For example, hydrogel dressings with good
injectability, adhesiveness, and self-healing properties have excellent
adaptability to irregular wounds and help improve drug absorption [41,
42]. As shown in Fig. 2A, the hydrogel precursor solution flowing in the
centrifuge tube was transformed into a gel state after adding a specific
concentration (500, 1000 pg mL™) of CuTA, demonstrating the for-
mation of dynamic hydrogels on a macroscopic scale. The PVA/CS/-
DES/CuTAsq could adapt to different shapes, which showed its shape
adaptability (Fig. 2B). Hydrogels used to treat skin wounds should also
have appropriate adhesion properties to prevent secondary infection
[43]. As shown in Fig. 2C, PVA/CS/DES/CuTAs hydrogel could adhere
firmly to fresh pig skin regardless of the bending angle of the pig skin.
Also, PVA/CS/DES/CuTAsgo hydrogel exhibited excellent adhesion to
biological tissues such as the heart, liver, spleen, and kidney (Fig. 2D).
PVA/CS/DES/CuTAspo hydrogel could also adhere to non-biological
materials such as plastic, glass, iron, and paper (Fig. 2F). The excellent
adhesion properties might be attributed to the polyphenol groups,
hydrogen bonds, and metal coordination bonds in the prepared hydro-
gels, which could form non-covalent bonds with amino, hydroxyl, and
thiol groups in tissues [44]. Excellent self-healing properties could
prevent the hydrogel from rupturing under external stress. Therefore,
the self-healing properties of PVA/CS/DES/CuTAsy, hydrogel were
tested. The prepared hydrogel cut into several parts could recover to its
original state before cutting within 20 min (Fig. 2E), reflecting the
excellent self-healing properties of PVA/CS/DES/CuTAsoy hydrogel.
These results indicated the prepared hydrogel possessed good inject-
ability, self-healing properties, and adhesion, providing multifunctional
properties for clinical wound applications.

2.3. Rheological properties of prepared hydrogels

Hydrogels are generally soft and wet but have poor mechanical
properties, seriously hindering their application in clinical wound
dressings [21]. Therefore, the ideal hydrogel should be a solid with a
viscoelastic mechanical form [45]. The rheological behavior of
PVA/CS/DES/CuTAsgg, and PVA/CS/DES/CuTA1¢go hydrogels at 25 °C
and 37 °C was evaluated using time sweep analysis, representing the
mechanical properties of the hydrogels. The time scan analysis results of
the prepared hydrogels showed that the storage modulus (G') at 25 °C
(Fig. 2G) and 37 °C (Fig. 2H) was always greater than the loss modulus
(G". In addition, the frequency scan analysis results of the prepared
hydrogels also showed a similar trend. The above results showed that
the prepared hydrogels behaved as stable viscoelastic solids. To further
study the elastic behaviour of the prepared hydrogels, strain sweep tests
were performed at a fixed frequency of 1 Hz at 37 °C. The strain sweep
results of PVA/CS/DES/CuTAsqo, and PVA/CS/DES/CuTA1goo hydro-
gels were shown in Fig. 2I, it was found that G’ and G” did not change
significantly under 0.1%-100 % strain, and the prepared hydrogels
showed G’ > G". Interestingly, all hydrogels did not undergo critical
deformation when the strain reached 100 %, and the storage modulus
(G)) of all hydrogels was higher than the loss modulus (G"), indicating
that the prepared hydrogels were always in a gel state. The possible
reason was that PVA, CS, and DES formed strong hydrogen bonds and
coordination bonds with copper ions, therefore strongly cross-linking
the hydrogel, and a lot of energy was required to destroy the hydrogel
network. To further investigate the injectability of the prepared hydro-
gel, the viscosity and shear thinning properties of PVA/CS/DES/-
CuTAsqo hydrogels were studied. As shown in Fig. 2K and L, the viscosity
of PVA/CS/DES/CuTAs( hydrogel at different temperatures (25 °C and
37 °C) increased and then decreased with increasing shear rate. In
addition, the compression properties of the prepared hydrogels were
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further measured and quantified. As shown in Fig. S6, the compression
modulus of the PVA/CS/DES/CuTAsqo hydrogel under 60 % compres-
sion strain is higher than 25 kPa, which is similar to the strength of
physiological soft tissue. As shown in Fig. S7, the PVA/CS/DES/CuTAsoo
hydrogel can still recover to the gel state after 20 cycles of 50 %
compression strain, proving that the prepared hydrogel has certain fa-
tigue resistance. These results confirmed that the hydrogel has good
injectability, self-healing and adhesion properties and provides suffi-
cient mechanical strength to promote the healing of infected wounds.

2.4. Swelling rate and water content of prepared hydrogels

Appropriate water content and structural stability help hydrogels
maintain their functionality after contact with wound exudate in wound
applications [21,46]. Swelling property is one of the important inherent
characteristics of hydrogels, affecting the absorption of exudate from the
wound site and the release effect of the drugs loaded in the hydrogel [47,
48]. The swelling rate of PVA/CS/DES/CuTAjsg, PVA/CS/DES/-
CuTAsgg, and PVA/CS/DES/CuTA1ggp at different time points was
tested. The prepared hydrogels swelled rapidly and reached a swelling
equilibrium state within the first 2 h, and the swelling ratios of different
hydrogels ranged from approximately 250 %-300 % (Fig. S8). In addi-
tion, the water content of the prepared hydrogels was further deter-
mined. The results showed no significant difference in the water content
of all prepared hydrogels, which were over 80 % (Fig. S9). These results
showed the prepared hydrogels’ high absorption performance and sta-
bility, indicating that the hydrogels could effectively absorb exudate,
maintain a moist environment at the wound site, and facilitate wound
repair.

2.5. Release of TA and copper ions from prepared hydrogels

Folin-Ciocalteu (FC) reagent was used to evaluate the concentration
of TA released from PVA/CS/DES/CuTAsgg and PVA/CS/DES/CuTA1000
hydrogel. The results showed that in a liquid environment, the release of
TA lasted for a long time and the concentration was low (no more than
30 pg mL 1) (Fig. 2M). The local and sustained release of a small amount
of copper ions is crucial for the hydrogels’ safety and therapeutic effect
in vivo [49]. Therefore, the concentration of copper ions released by
PVA/CS/DES/CuTAsqo hydrogel in a liquid environment was tested by
inductively coupled plasma mass spectrometry (ICP-MS). The results
showed that the release of copper ions lasted for a long time, and a low
concentration of copper ions (no more than 0.15 pg mL™1) could still be
detected on the 7th day (Fig. 2N). This sustained release mode could
maintain copper ions at a low concentration and might be a feasible way
to avoid unnecessary tissue toxicity.

2.6. In vitro antibacterial activity of prepared hydrogels

During wound recovery, bacterial infection will delay wound healing
and is the main factor inducing severe inflammation [50]. Therefore, the
ability of wound dressings to inhibit bacterial growth was the key to
therapeutic efficacy. Gram-positive bacteria (S. aureus and MRSA) and
Gram-negative bacteria (E. coli) were selected as representative bacteria
to evaluate the in vitro antibacterial properties of the prepared hydro-
gels. First, the inhibition zone test was used to evaluate the antibacterial
activity of the prepared hydrogels against S. aureus, MRSA, and E. coli
(Fig. 3A and C). The results showed that obvious inhibition zones were
observed around all prepared hydrogels, and the antibacterial effect
became more obvious with the increase in CuTA concentration. In
addition, the antibacterial effect of the prepared hydrogels was further
evaluated using the plate counting method. As shown in Fig. 3B, many
bacterial colonies were seen in the control group, and the bacterial
colonies were reduced in the PVA/CS/DES group. This was mainly due
to the antibacterial effect of CS and choline chloride, a component of
DES [51]. Importantly, all PVA/CS/DES/CuTA hydrogels showed
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group (PBS) and different hydrogels. (B) Optical images of colonies after co-culture of prepared hydrogels and various components with MRSA, S. aureus, and E. coli.
(C) Inhibition zones and antibacterial ratio of MRSA, S. aureus, and E. coli after treatment with different hydrogels. (D) SEM image of MRSA, S. aureus, and E. coli
treated with PVA/CS/DES/CuTAsqo hydrogel. In all experiments, the data are mean + SD, n = 3, the same letters represent no significant difference between the
groups, and different letters represent significant differences between the groups. p < 0.05.

excellent antibacterial activity. As the CuTA content in the hydrogel
increased, a gradual decrease in bacterial colonies was observed on the
hydrogel-treated agar plate, indicating that the antibacterial properties
of the hydrogel were significantly enhanced. This result was also verified
by calculating the antibacterial rate. The antibacterial rate of
PVA/CS/DES/CuTAys09, PVA/CS/DES/CuTAsgy, and PVA/CS/DES/-
CuTA1000 hydrogels was close to 100 % (Fig. 3C). These results indicated
the TA and copper ions endowed the hydrogel with better antibacterial
properties, which was extremely important for infected wound healing.

To further explore the antibacterial mechanism of prepared hydrogel

against S. aureus, MRSA, and E. coli. Therefore, SEM was used to observe
the morphological changes of bacteria after co-culture with PVA/CS/
DES/CuTAspo hydrogel. As shown in Fig. 3D, the bacterial surface of
MRSA, S. aureus, and E. coli in the control group was relatively smooth
and intact, and no wrinkles or invagination were observed. On the
contrary, after the three bacteria were co-cultured with PVA/CS/DES/
CuTAsgp hydrogel, it was seen that most of the bacteria showed obvious
cell structure collapse, shrinkage, or even rupture into fragments,
accompanied by a large amount of cell-matrix leakage. These results
highlighted the excellent antibacterial properties of the prepared
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hydrogel, confirming the potential for clinical application in the treat-
ment of infected wounds. Based on these results, the antibacterial
mechanism of the hydrogels may involve the following factors. The
abundant cationic groups in the hydrogels (such as choline chloride and
chitosan) could bind to the negatively charged bacterial membranes,
thereby breaking up the bacterial membranes [52,53]. Free phenolic
hydroxyl groups such as TA capture bacteria as they approach, resulting
in cell membrane rupture and leakage of cell contents [26,40]. In
addition, copper ions released from the hydrogels can easily change the
potential balance on the bacterial membranes, inhibit DNA replication,
hinder bacterial metabolism, induce cytoplasmic leakage, and ulti-
mately lead to bacterial cell death [36]. Therefore, the combination of
all the above mechanisms significantly improved the antibacterial
properties of the prepared hydrogel, indicating its great potential for
application in clinically infected wounds.

2.7. Cytocompatibility and cell migration assays of prepared hydrogels

Good cytocompatibility is essential for hydrogels’ application in
clinical wound dressings [54]. The in vitro cytocompatibility of hydrogel
extracts was evaluated using the cell counting kit-8 (CCK-8) kit and
Live/Dead staining. First, L929 cells were cultured in different concen-
trations (0, 7.5, 15, and 30 mg mL™Y of PVA/CS/DES/CuTAss,
PVA/CS/DES/CuTAs0, and PVA/CS/DES/CuTAjggo hydrogel extracts
for 24 h, and then the cell viability was determined using the CCK-8 kit.
As shown in Fig. 4A, at a hydrogel concentration of 7.5 mg mL ™", the cell
viability of L929 cells treated with 50 % hydrogel extract exceeded 100
% compared with the control group, indicating that the prepared
hydrogel was relatively non-cytotoxic. Similarly, similar results were
obtained after HUVEC cells were treated with hydrogel extracts of
different concentrations for 24 h (Fig. S11). Subsequently, Live/Dead
staining was used to observe the cell survival after 24 h of culture with
50 % dilution of the hydrogel extract at a concentration of 7.5 mg mL ™!
(Blue fluorescence represents live cells, and red fluorescence represents
dead cells.). The results showed that a large amount of blue fluorescence
was visible after 24 h of culture for all hydrogels, and there was almost
no red fluorescence, further indicating that the prepared hydrogel had
no obvious cytotoxicity to L929 cells (Fig. 4B). Afterwards, CCK-8 was
also performed on L929 cells with different gradient concentrations of
PVA/CS/DES/CuTAs0 and PVA/CS/DES/CuTAsg hydrogel extracts at
a concentration of 7.5 mg mL~! (Fig. 4C). The results showed that 50 %
of the hydrogel extracts and their concentrations below showed no
significant toxicity to L929 cells according to the standard ISO 10993-5.
Moreover, the scratch test was also used to evaluate the effect of 50 %
hydrogel extracts (7.5 mg mL™!) on cell migration. As shown in Fig. 4D,
after incubation with the hydrogel extract for 48 h, the scratch area of
the PVA/CS/DES/CuTAyso and PVA/CS/DES/CuTAsg hydrogel extract
groups was significantly reduced. Compared with the control group
(~50 %), the PVA/CS/DES/CuTAsg hydrogel group showed an excel-
lent scratch healing rate (over 85 %) (p < 0.05) (Fig. 4F). The above
results further confirmed that the prepared hydrogels had excellent cell
compatibility and migratory properties.

2.8. Hemocompatibility and hemostasis assays of prepared hydrogels

Blood compatibility is one of the important indicators for evaluating
medical materials in biomedical applications [55]. According to ASTM
F756-00, biomedical materials with a hemolysis rate (HR) not exceeding
5 % are considered blood-compatible [1]. Therefore, the blood
compatibility of various hydrogels was evaluated by hemolysis experi-
ment. Deionized water (DW) was used as the positive control group, and
PBS was used as the negative control group. The results showed that no
obvious hemolysis occurred in the PVA/CS/DES/CuTAjso and
PVA/CS/DES/CuTAsg hydrogels group, and the HR were all less than 5
%, indicating that the hydrogel has good blood compatibility and could
be further safely used as clinical wound dressings (Fig. 4E).
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Hemostasis is an important stage in wound healing and is indis-
pensable for subsequent wound repair. Moreover, wound dressings with
excellent hemostatic properties have attracted more attention [56].
Initially, the liver bleeding model and a tail amputation bleeding model
of mice were constructed to evaluate the hemostatic effect of the pre-
pared hydrogels. Fig. 4G was a schematic diagram of the mouse liver and
tail bleeding model. In the liver bleeding model, the maximum blood
loss in the blank group was approximately 0.142 g. In contrast, the blood
loss after hydrogel treatment was lower, about 0.039 g and 0.023 g,
respectively, and was better than medical gauze (~0.043 g) and showed
a significant hemostatic effect (Fig. 4H). Similarly, similar results were
obtained in the tail bleeding model (Fig. 4I). The above results
confirmed that the prepared hydrogels had excellent hemostatic ability.
Furthermore, the blood clotting index (BCI) was used to determine the in
vitro coagulation performance of the prepared hydrogels. The level of
BCI represents the coagulation speed after the hydrogel comes into
contact with blood [57]. As shown in Fig. 4K, compared with the control
group, the PVA/CS/DES/CuTAgsy group, and the PVA/CS/DES/-
CuTAsqp group observed clear blood coagulation, with only a small
amount of uncoagulated red blood cells remaining after resuspension,
and the BCI were approximately 11.61 % and 15.02 %, respectively.
These results confirmed the superior hemostatic and coagulation prop-
erties of the prepared hydrogel. The hydrogels with adhesive properties
could perfectly cover the bleeding wound, and the internal pores could
absorb the blood exuded from the wound [58]. In addition, the posi-
tively charged substances in the hydrogel, such as CS and choline
chloride, could attract platelet aggregation and activate the coagulation
pathway [59,60]. The polyphenol groups in CuTA in the hydrogel could
interact with blood proteins and aggregate calcium ions, thereby
accelerating blood coagulation [61]. Therefore, the prepared hydrogels
could provide hemostasis and rapid coagulation in the early stage of
wound healing.

2.9. In vivo biocompatibility evaluation

To investigate the in vivo biocompatibility of PVA/CS/DES/CuTAsgo
hydrogel, the hydrogel was injected subcutaneously into the back of
mice, and the skin tissues surrounding the hydrogel were histopatho-
logically analyzed. 7 days after subcutaneous injection, H&E staining of
the skin tissues around the hydrogel showed that the implanted hydrogel
was degraded into fragments, and no obvious inflammatory cell infil-
tration and tissue necrosis were observed around the hydrogel, indi-
cating the inflammatory response at the hydrogel-tissue interface
decreased significantly. (Fig. S12). Next, Masson staining was performed
to determine collagen deposition around the hydrogel implantation site,
which can be used as an indicator of fibrous wrapping around the
implant, thus reflecting a foreign body reaction (FBR) [62]. The results
showed that sparse collagen fibers were observed 7 days after implan-
tation, with only a small amount of collagen fibers wrapped around
PVA/CS/DES/CuTAsg hydrogel. Finally, the main organs (heart, liver,
spleen, lung, and kidney) were collected and analyzed by H&E staining.
The results showed that no obvious pathological changes were observed
in the organs of the hydrogel-treated group compared with the control
group, indicating that PVA/CS/DES/CuTAsy hydrogel has good
biosafety in vivo (Fig. S13).

2.10. Evaluation of hydrogel on acute skin wound healing

Preliminary experimental results confirmed that the prepared
hydrogel has excellent biocompatibility, tissue adhesion, and hemo-
static properties. Therefore, the healing effect of PVA/CS/DES/CuTAsqg
hydrogel in a mouse acute skin wound model was further evaluated. A
wound was constructed on the back of normal mice using a skin biopsy
punch and then treated with PVA/CS/DES/CuTAsp hydrogel, Duo-
DERM hydrogel, or saline (control group), respectively. The treatment
process was carried out according to the schedule shown in Fig. 5A. As
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Fig. 4. Evaluation of biocompatibility and hemostatic properties of prepared hydrogels. (A) L929 cells were incubated with extracts from prepared hydrogels for 24 h
to measure cell viability. (B) Live/dead staining of L929 cells treated with different hydrogels after 24 h (blue: live cells; red: dead cells). (C) L929 cells were
incubated with extracts from prepared hydrogels for 48 h to measure cell viability. (D) Representative optical images of cell migration after co-culture of the prepared
hydrogel extracts with L929 cells. (E) Hemolysis test of the prepared hydrogels. (F) Quantitative analysis of wound closure rate in a scratch assay. (F) Quantitative
analysis of cell migration rate in a scratch assay. (G) Schematic diagram of liver and tail bleeding models. (H) Representative blood stain photos of hydrogels used in
the mouse liver and tail bleeding models. (I and J) Statistical analysis of blood loss after hydrogel treatment in the mouse liver and tail bleeding model. (K) Blood
clotting index (BCI%) of different hydrogels. In all experiments, the data are mean + SD, n = 3, the same letters represent no significant difference between the

groups, and different letters represent significant differences between the groups. p < 0.05.

shown in Fig. 5B, after 3 days of treatment, the wounds of mice in each
group gradually shrank. Compared with the control group (~27.42 %),
the wound healing effect of mice treated with PVA/CS/DES/CuTAsgo
hydrogel and DuoDERM hydrogel was the most obvious, with wound
area healing of approximately 70.11 % and 58.51 %, respectively
(Fig. 5F).

To further evaluate the wound healing, H&E staining, and Masson
staining were performed on the skin tissue in the wound area. The re-
sults showed that the wounds of mice in control and DuoDERM groups
had acute inflammatory reactions, many inflammatory cells accumu-
lated near the wounds, and many wound defects were observed without
a complete epidermis. However, the inflammatory infiltration in the
wound area of the PVA/CS/DES/CuTAsgy group was milder, with a
small amount of epidermis formation, and the wound propria was
relatively intact (Fig. 5C). In addition, the collagen deposition evaluated
by Masson staining showed that compared with the control group, PVA/
CS/DES/CuTAsgo showed obvious collagen deposition after treatment,
indicating that PVA/CS/DES/CuTAsqo hydrogel has a superior wound
healing effect (Fig. 5D). To further investigate the inflammatory status
during acute wound healing, the expression levels of IL-10 (anti-in-
flammatory signal) and TNF-a (pro-inflammatory signal) in wound tis-
sues were detected by immunofluorescence (Fig. 5E). The results
showed that compared with the control group, TNF-a was significantly
down-regulated and IL-10 was significantly up-regulated in the PVA/
CS/DES/CuTAsgg group. In contrast, the two signals in the DuoDERM-
treated wound area showed moderate expression (Fig. 5G and H). In
general, the above research results showed that PVA/CS/DES/CuTAsqo
hydrogel effectively promoted the healing of acute skin wounds in mice,
mainly by reducing inflammatory responses. Next, the effect of PVA/CS/
DES/CuTAs0o hydrogel was evaluated in difficult-to-heal MRSA-infected
wounds, in which bacterial infection was severe, inflammatory infil-
tration was abundant, and poor neovascularization.

2.11. Evaluation of hydrogel on MRSA-infected wound healing

To evaluate the therapeutic effect of PVA/CS/DES/CuTAsqg hydro-
gel on more challenging, non-healing wounds, an MRSA-infected full-
thickness skin wound model (diameter: 6 mm) was established in
mice, in which wound healing was significantly delayed due to severe
inflammation and limited angiogenesis [63,64]. The specific experi-
mental steps were carried out according to the schematic diagram shown
in Fig. 6A. After establishing MRSA-infected wounds, they were treated
with saline (negative control), DuoDERM (positive control), or
PVA/CS/DES/CuTAsg hydrogel. As shown in Fig. 6B and C, after 7 days
of treatment, a large area of obvious scabs and pus exudation was
observed on the surface of the wounds in the MRSA group compared
with the control group, indicating the wound healing of MRSA infection
was delayed. However, after intervention with PVA/CS/DES/CuTAsgo
hydrogel, the scab at the wound completely fell off, the wound surface
was smooth and new granulation tissue was generated. The therapeutic
effect was similar to that of the DuoDERM group. Similarly, the wound
healing rates of the PVA/CS/DES/CuTAsp hydrogel and DuoDERM
hydrogel groups were approximately 81.30 % and 71.71 % respectively,
which were significantly higher than that of the MRSA group (~28.42
%) (Fig. 6K). The main reason was the good adhesion, hemostasis, and
antibacterial properties of PVA/CS/DES/CuTAsqo hydrogel, providing
an excellent environment for MRSA-infected wound healing.
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To further investigate the actual healing effect of PVA/CS/DES/
CuTAsqo hydrogel on MRSA-infected wounds, H&E staining, and Masson
staining were used to examine histological analysis of wound tissues.
Due to bacterial infection, fibroblasts and inflammatory cells are
recruited in large numbers in the initial stage of wound healing, leading
to severe acute inflammatory response [45,65]. As shown in
Fig. 6D-H&E staining results showed the infected wounds in the MRSA
group still had a strong inflammatory reaction on day 7, with obvious
scabs at the wound surface, severe wound defects, and massive inflam-
matory cell infiltration, which may prolong the inflammatory period
and hinder wound healing. Compared with the MRSA group, wound
tissue treated with PVA/CS/DES/CuTAsgo hydrogel showed reduced
inflammatory cell infiltration, smaller granulation gaps, and shorter
wound area length on day 7 (Fig. 6G and H). It’s known that collagen
deposition and arrangement are important indicators of wound healing
[66]. Masson staining showed that bacterial-infected wounds treated
with hydrogels had more collagen fibers. In contrast, the MRSA group
had fewer collagen fibers, indicating that the PVA/CS/DES/CuTAsgo
hydrogel could increase collagen deposition (Fig. 6E and I). In addition,
the in vivo antibacterial effect of the hydrogel was evaluated, and results
showed that PVA/CS/DES/CuTAso hydrogel inhibited the reproduction
of bacteria in the infected wound and had good bactericidal activity
(Fig. 6F and J). In summary, the above results demonstrated
PVA/CS/DES/CuTAsgo hydrogel could accelerate infected wound heal-
ing by inhibiting bacterial growth, reducing the inflammatory response,
and promoting collagen deposition.

2.12. Pro-angiogenesis and anti-inflammatory effects of prepared
hydrogel in vivo

Persistent severe inflammation in the skin wound area is a significant
challenge that delays healing [67]. Macrophages are crucial in the
wound recovery process, and the polarization of their phenotype from
M1 to M2 is the key to the transition from the inflammatory phase to the
proliferation phase [68]. To evaluate the anti-inflammatory properties
of PVA/CS/DES/CuTAsgo hydrogel in vivo, immunofluorescence anal-
ysis of wound tissue was performed on day 7 (F480/CD86 marked M1
macrophages; F480/M2 marked macrophages) (Fig. 7A). In the MRSA
group, M1 macrophages (F480/CD86) were dominant, and the fluores-
cence intensity was significantly higher than that in the PVA/CS/-
DES/CuTAso hydrogel and DuoDREM groups. However, the expression
trend of M2 macrophages (F480/CD206) was the opposite, significantly
lower than that of other groups, indicating that the wound environment
of the MRSA group was still in the inflammatory stage caused by bac-
terial infection. In the PVA/CS/DES/CuTAsg hydrogel group, the
excellent antibacterial properties of the prepared hydrogel helped
eliminate inflammation, and the inherent self-healing properties of the
hydrogel were conducive to matching irregular wounds, thereby
reducing inflammatory responses. Therefore, compared with the MRSA
group, the immunofluorescence intensity of the M2 phenotype marker
F480/CD206 increased significantly in the DuoDERM and PVA/CS/-
DES/CuTAs hydrogel groups, with the most obvious fluorescence in-
tensity observed in the PVA/CS/DES/CuTAso hydrogel group. The
immunomodulatory function of the prepared hydrogel might be attrib-
uted to the sustained release of CuTA, which was essential for bacterial
elimination. In addition, the TA in CuTA in the prepared hydrogel also
had an anti-inflammatory effect. Bacterial-infected wounds also usually
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Fig. 5. PVA/CS/DES/CuTAsg hydrogel promotes acute skin wound healing. (A) Schematic diagram of acute skin wound model and treatment scheme. (B)
Representative skin wound images during wound healing and simulations of wound areas at different times. (C and D) Images of regenerated skin after H&E and
Masson’s trichrome staining. (E) Representative image of IL-10 and TNF-a in wound tissues. (F) Quantitative analysis of relative wound healing. (G and H) Fluo-
rescence intensity ratio of immunofluorescence of IL-10 and TNF-« in wound tissues. In all experiments, the data are mean + SD, n = 3, the same letters represent no

significant difference between the groups, and different letters represent significant differences between the groups. p < 0.05.
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Fig. 6. PVA/CS/DES/CuTAso hydrogel promotes the healing of MRSA-infected skin wounds. (A) Schematic diagram of MRSA-infected wound model and treatment
process. (B) Representative images of wounds during the infected wound healing process. (C) Simulation of wound area at different times during treatment. (D and E)
Image of skin wound after H&E and Masson’s trichrome staining. (F) Statistics of bacterial survival in infected wounds. (G-I) Quantitative analysis of wound area
length, granulation gap, and collagen density in the wound area. (J) Representative image of bacterial colonies in an infected wound. (K) Quantitative analysis of
relative wound area healing. In all experiments, the data are mean =+ SD, n = 3, the same letters represent no significant difference between the groups, and different

letters represent significant differences between the groups. p < 0.05.
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produce severe inflammatory responses. IL-6 is a common
pro-inflammatory factor, while TGF-$ is an anti-inflammatory factor,
and is important for wound healing [67,69]. Therefore, the degree of
wound inflammation was evaluated by testing the expression of IL-6 and
TGF-p. As shown in Fig. 7B, IL-6 expression was significantly increased
and TGF-p expression was significantly decreased in the MRSA group.
However, the intervention of PVA/CS/DES/CuTAs5go hydrogel reversed
this trend, showing down-regulation of IL-6 expression and
up-regulation of TGF-p expression, supporting the excellent
anti-inflammatory effect of PVA/CS/DES/CuTAsqo hydrogel.

After the wound transitions from the inflammatory phase to the
proliferative phase, sufficient nutrients are needed to promote prolif-
eration and repair, and new blood vessels are important channels for the
transport of substances during the formation of epithelial tissue [36].
CD31 is a transmembrane protein expressed in endothelial cells, while
a-smooth muscle actin (a-SMA) is a marker of smooth muscle cells in
mature blood vessels. Therefore, double immunofluorescence staining of
CD31 and a-SMA was performed to evaluate neovascularization
(Fig. 7C). The results showed that compared with the MRSA group, the
fluorescence expression of a-SMA (green) and CD31 (red) in the wound
tissue after PVA/CS/DES/CuTAsg hydrogel intervention was stronger.
More mature new blood vessels were seen in the prepared hydrogel
group, indicating that PVA/CS/DES/CuTAsp hydrogel significantly
promoted the early formation of new blood vessels in infected wounds.
To further study the potential mechanism of PVA/CS/DES/CuTAsgo
promoting angiogenesis, double immunofluorescence staining of HIF-1a
and VEGF in wound tissue was detected. As shown in Fig. 7D, green
fluorescence represented the positive expression of HIF-1la. The fluo-
rescence intensity was almost invisible in the MRSA group. However, the
PVA/CS/DES/CuTA500 hydrogel group shows the highest fluorescence
intensity, which might be attributed to the stabilizing effect of Cu®"
released from the hydrogel on HIF-1a [70]. Importantly, HIF-1a also
increases the transcriptional activity of VEGF, thereby promoting neo-
vascularization [36]. The expression of VEGF also increased signifi-
cantly after PVA/CS/DES/CuTAsgo hydrogel treatment, confirming the
promoting effect of HIF-1a on VEGF transcription. Interestingly, the
increased expression of HIF-1a in the PVA/CS/DES/CuTAsgo hydrogel
group was not as obvious as the upregulation of VEGF expression,
indicating that HIF-1a was not the only promoter of VEGF expression.
We speculated that PVA/CS/DES/CuTAsg hydrogel might promote the
polarization of macrophages into M2 macrophages during wound
healing, and secreted VEGF to stimulate angiogenesis, ultimately
accelerating wound healing [71].

2.13. Possible mechanism by which the hydrogel promoted wound healing

To systematically elucidate the potential mechanism of PVA/CS/
DES/CuTAs0o hydrogel on the healing of infected wounds, wound tissue
samples were collected 7 days after treatment for RNA sequencing
(RNA-seq). The differentially expressed genes caused by different
treatment groups could be seen from the co-expression Venn diagram
(Fig. S14). Specifically, as shown in the volcano plot and thermal maps,
compared with the control group, the MRSA group had 45 up-regulated
and 576 down-regulated differentially expressed genes (DEGs) at 7 days
after surgery. However, there were 283 DEGs between the PVA/CS/
DES/CuTAs0o hydrogel group and the MRSA group, including 210 up-
regulated genes and 73 down-regulated genes (fold change >2, P <
0.05) (Figure S15 and Fig. 8A). The hierarchical clustering analysis heat
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map of the three groups of DEGs showed that the expression patterns of
the control group and the PVA/CS/DES/CuTAsg hydrogel group were
roughly consistent, but were significantly different from the MRSA
group. However, between the prepared hydrogel-treated group and the
MRSA group, most DEGs showed a reverse regulatory trend (Fig. 8B).
Next, GO enrichment analysis was performed to determine the main
biological functions of the top-ranked differentially expressed genes.
Classification was performed based on the enrichment score, and the
results showed the top 10 most relevant GO terms (P < 0.05). As shown
in Fig. 8C and D, the most abundant ones were mainly molecular
function terms, which included cytokine receptor binding, signaling
receptor binding, molecular transducer activity signaling receptor ac-
tivity, cytokine activity, tumor necrosis factor receptor superfamily
binding, and signal transducer activity. Additionally, the results of
KEGG enrichment analysis showed that DEGs were mainly enriched in
cytokine-cytokine receptor interaction, NF-kappa B signaling pathway,
NOD-like receptor signaling pathway, TNF signaling pathway, and other
inflammation-related pathways (Fig. 8E and F). The above results of the
KEGG enrichment analysis confirmed that PVA/CS/DES/CuTAsgo
hydrogel could promote the healing of infected wounds by inhibiting
inflammation-related pathways.

3. Conclusions

This study constructed a new injectable multifunctional hydrogel
based on PVA and CS and evaluated its potential to promote the healing
of acute and infected wounds. PVA/CS/DES/CuTAsgo hydrogel was
prepared by a one-step mixing method, which was maintained by cross-
linking of natural DES, PVA, CS, TA, and cu?t through non-covalent
interactions and metal coordination. PVA/CS/DES/CuTAsgo hydrogel
had multifunctional properties, including injectability, good tissue
adhesion, excellent biocompatibility, hemostatic properties, and broad-
spectrum antibacterial properties. It was worth emphasizing that PVA/
CS/DES/CuTAsgp hydrogel accelerated the healing of MRSA-infected
wounds by Kkilling bacteria, activating M2 polarization, anti-
inflammation, and promoting angiogenesis. Taken together, PVA/CS/
DES/CuTAso hydrogel had great potential for application in bacterial-
infected wound treatment. However, some limitations need to be
considered in this study. First, the antibacterial mechanism of the pre-
pared hydrogels needs to be further explored, such as bacterial tran-
scriptome sequencing. Secondly, the release of active ingredients in the
prepared hydrogels under different pH environments should be
considered to explore whether they are pH responsive. Therefore, in
subsequent studies, we will focus on exploring the above two aspects to
further improve the treatment strategy for bacterially infected wounds.
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