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Abstract The development of wound dressing
materials with both self-healing and antibacterial
properties for promoting wound closure is highly
desirable in health care. Herein, a smart double-net-
work hydrogel (GS/DPPDH) with promising traits
was developed by combining a dynamic Schiff base
reaction between dialdehyde carboxymethyl cellu-
lose (DCMC) and poly(ethylene imine) (PEI) with
free radical polymerization. Because of its abundant
amino groups, the common antibacterial drug gen-
tamycin sulfate (GS) can be loaded into hydrogels
by the formation of Schiff base bonds with DCMC.
The slightly acidic wound microenvironment caused
hydrolysis of the Schiff base bonds, thus releasing the
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drug GS on-demand. The prepared hydrogel not only
showed good self-healing and injectable properties
but also displayed excellent blood compatibility and
cytocompatibility. The in vitro antibacterial experi-
mental data proved that the GS/DPPDH had high
antibacterial ratios of nearly 90% against both gram-
positive (S. aureus) and gram-negative (E. coli) bacte-
ria. In addition, in vivo assessment in a mouse model
of S. aureus-infected full-thickness skin wounds
revealed a wound closure ratio of 83.22+2.90% after
7 days of healing, which was significantly greater
than that in the gauze (59.78 +2.60%) and DPPDH
(66.08 +£0.21%) groups. Taken together, the results
showed that the prepared antibacterial double-net-
work hydrogel with injectable, self-healing, and pH-
responsive properties exhibits great potential as a
dressing material for infected wound healing.
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Introduction

The skin is the largest organ of the body and covers
its entire surface, acting as a physical/chemical bar-
rier to protect the internal organs from external dam-
age and microbial invasion (Dong et al. 2022; Du
et al. 2022; Qu et al. 2022; Sun et al. 2023; Yang et al.
2023). Owing to its direct contact with the external
environment, the skin is also highly susceptible to
injury and infection (Qiao et al. 2023). Once the skin
suffers severe collapse, the resulting wound can affect
the health of the patient and may even endanger the
patient’s life (Li et al. 2022; Zou et al. 2022). Wound
repair is a complex process that includes four phases:
bleeding cessation, inflammation, proliferation, and
remodelling (Qian et al. 2022). To promote wound
closure, many new dressing materials, such as foams
(Patil et al. 2022; Xie et al. 2022), electrospun scaf-
folds (Chen et al. 2021; Yue et al. 2021), films (Alza-
rea et al. 2022; Zhang et al. 2021; Zhao et al. 2022),
and hydrogels (Cao et al. 2023; Cui et al. 2023; Ding
et al. 2021; Dong et al. 2023; Sun et al. 2021; Zhao
et al. 2020), have been proposed. Among these mate-
rials, hydrogels, as a new kind of functional material
(Tang et al. 2023; Xiao et al. 2016, 2017), are widely
used in the fields of biomedicine and analysis (Du
et al. 2023; Xiao et al. 2022; Zhu et al. 2023) and are
considered the most promising wound dressing owing
to their good hydrophilicity, air permeability, and bio-
compatibility (Guo et al. 2023; Li and Mooney 2016;
Zhang and Khademhosseini 2017). In particular,
self-healing hydrogels that can be injected and form
in situ, fit wounds of different shapes, and encapsu-
late drugs, can accelerate wound repair via multiple
processes.

Cellulose-based self-healing hydrogels generated
via Schiff base reactions have attracted widespread
interest due to their good self-healing ability and
excellent biocompatibility (Mallakpour et al. 2021;
Wang et al. 2023). Cellulose is a renewable, biode-
gradable, and green material that is widely present in
the cell walls of plant biomass (Sharma et al. 2021;
Shen et al. 2021). Carboxymethyl cellulose (CMC),
an important cellulose derivative, contains abundant
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o-hydroxyl groups that can be oxidized by periodate
to generate dialdehyde CMC (DCMC) (Wang et al.
2019). The very large number of aldehyde groups
in DCMC can interact with amino group-containing
polymers in a Schiff base reaction to generate a self-
healing hydrogel. Chang developed a self-healing
hydrogel based on carboxymethyl chitosan and CMC,
which was used to promote diabetic wound healing
(Chang et al. 2022). In addition, Zou proposed a mul-
tifunctional bio-adhesive hydrogel utilizing dynamic
covalent bonds, light-triggered covalent bonds, and
hydrogen bonds (Zou et al. 2022). However, Schiff
base hydrogels usually suffer from poor toughness,
which may limit their application. We therefore
anticipate constructing a double-network hydrogel by
introducing another polymer to enhance the mechani-
cal strength of the hydrogel dressing.

To prevent wound infection, antibacterial agents
are usually incorporated into wound dressings to
inhibit microbial metabolism. However, overuse or
abuse of antibiotics may promote bacterial evolu-
tion, giving rise to drug-resistant microorganisms
(Ran et al. 2022; Tang et al. 2022a, 2022b; Zhou et al.
2023). Therefore, on-demand drug release is essen-
tial for hydrogel wound dressings to accelerate skin
wound closure. Bacterial growth and metabolism at
wound sites are known to produce organic acids such
as lactic acid and acetic acid, resulting in local acid-
ification (Hu et al. 2021; Liu et al. 2022; Weinstein
1985). Accordingly, the development of a pH-respon-
sive self-healing hydrogel that regulates drug release
through changes in wound pH represents an ideal way
to minimize side effects. Schiff bases are hydrolyzed
in mildly acidic environments (Liang et al. 2022).
Motivated by this, we reason that a drug could be
encapsulated in a hydrogel via Schiff base bonds for
pH-responsive drug release.

Herein, we aimed to develop a smart double-net-
work hydrogel with injectable, self-healing, and pH-
responsive characteristics for antibacterial wound heal-
ing based on dynamic Schiff base reactions and free
radical reactions (Scheme 1). The hydrogel was fabri-
cated by using UV photopolymerization of a mixture
of poly(ethylene glycol) diacrylate (PEGDA), DCMC,
poly(ethylene imine) (PEI), 2-hydroxy-2-methylpropio-
phenone (HMPP), and gentamycin sulfate (GS). The
first network was formed by creating reversible Schiff
base bonds between aldehyde-modified DCMC and
amine-containing PEI, which endowed the hydrogel
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Scheme 1. (A) Synthetic route of the double-network hydrogel. (B) The double-network hydrogel kills bacteria by releasing antibi-

otics and accelerates wound healing

with injectability and self-healing abilities. To increase
the mechanical strength of the hydrogel, the second net-
work was introduced via the free radical photopolym-
erization of PEGDA by using HMPP as the photoinitia-
tor. Moreover, the antibacterial drug GS was reversibly
bonded to the hydrogel network by a Schiff base linkage
between the aldehyde in DCMC and the amino group
in GS. In acidic bacteria-infected wounds, dynamic
Schiff base bonds are hydrolyzed upon hydrogel disin-
tegration, releasing GS. The released GS can kill bac-
teria rapidly, thereby reducing bacterial infection. This
work provides a novel injectable and self-healing dou-
ble-network hydrogel with excellent mechanical prop-
erties and realizes on-demand antibacterial drug release
to promote wound repair via multiple processes.

Experimental section
Reagents and materials

Sodium carboxymethyl cellulose (CMC, viscosity
800-1200 mPa-s, USP grade; the structure is shown
in Fig. S1), sodium periodate (NalO,), PEGDA
(average molecular weight of 600 g/mol), HMPP,
GS, and PEI (average molecular weight of 10,000 g/
mol, 99%) were purchased from Aladdin Reagent
Co., Ltd (Shanghai, China). Male Sprague—Daw-
ley mice (12 weeks old, 200-240 g) were obtained
from Hunan SJA Laboratory Animal Co., Ltd. All
mice were fed and tested in accordance with the
Department of Laboratory Animal Science at the
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University of South China rules and guidelines. E.
coli (ATCC 25922) and S. aureus (ATCC 29213)
were obtained from the China General Microbio-
logical Culture Collection Centre.

Preparation of the hydrogels

The prepolymer solution was a mixture of PEI
(1.16%, v/v), DCMC (6.50%, w/v), PEGDA (6.00%,
v/v), and HMPP (0.60%, v/v). The liquid prepoly-
mer was irradiated with 365 nm UV light to form
a DCMC-PEI/PEGDA double-network hydrogel
(DPPDH). To encapsulate GS in the hydrogel, GS
solution (150 mg/mL) mixed with the DCMC solu-
tion and allowed to react for 30 min at 37 °C, after
which the GS drug-loaded DPPDH (GS/DPPDH)
was prepared via the same method as that used for
the DPPDH.

Self-healing, injectable, and mechanical properties

In the macroscopic self-healing experiment, a heart-
shaped hydrogel was cut in half with a scalpel, and
one piece was dyed with methylene blue. Then, the
two pieces were put back together, and the self-
healing process was observed and photographed.
The tests were repeated three times (n=3). To
assess the injectability of the hydrogels, the hydro-
gels were loaded into a 1 mL syringe and extruded
through needles to produce specific shapes and let-
ters. Hydrogel samples with cylindrical shapes were
prepared (6 mm in both diameter and thickness)
and pressed with fingers to test their compression
properties.

Release of GS from the hydrogels in vitro

GS/DPPDH (5 cmXx 1.5 cmXx0.5 mm, n=3) were
immersed in 20 mL of phosphate-buffered saline
(PBS; pH 6.0, 7.4, or 8.0) at 37 °C. At different time
points, 0.4 mL of the solution was removed for UV—
Vis detection by using a UV—Vis spectrophotom-
eter (UV-2550, Shimadzu). After each measurement,
0.4 mL of PBS solution was added back to the sys-
tem. The concentration of the released GS was deter-
mined by using a standard curve.
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Hemolysis test of the hydrogels

Hydrogel disc samples (6 mm diameter, n=3) were
soaked in 1.5 mL of red blood cells in PBS. After
incubation at 37 °C for 1 h, the dispersion was centri-
fuged at 1500 rpm for 10 min. The absorbance values
were subsequently measured at 545 nm by utilizing
a microporous plate detecting instrument (Cytation 3,
1,606,239). The hemolysis ratio (%) was calculated as
(Asample _Anegative)/(Apositive _Anegative) x100% (n=3),
where A 00 Apositives A0 A,ggqiye are the absorbance
values of the sample, the positive control, and the
negative control, respectively.

Antibacterial properties of the hydrogels

The modified disk diffusion method was per-
formed as follows. Briefly, 0.1 mL of bacterial solu-
tion (10°~10” CFU/mL) was seeded evenly onto a
Luria—Bertani (LB) agar plate with a swab. Then, the
cylinder-shaped hydrogels (6 mm in diameter) were
placed on the surface of the LB agar plate after being
sterilized under ultraviolet light. After incubating at
37 °C for 24 h, images of the plates were taken, and
the diameter of the inhibition zone was measured by
using an electronic digital caliper.

To further study the antibacterial activity of the
hydrogels, bacterial growth curves were constructed,
and agar plate counting experiments were carried out.
Briefly, E. coli and S. aureus suspensions (10° CFU/
mL, 20 mL) were added to small glass bottles con-
taining hydrogels (20 mm X 10 mm X 0.5 mm). Dur-
ing incubation, the changes in turbidity of the bacte-
rial solutions were observed, and the OD600 values
were measured at specific points in time. After incu-
bation for 24 h, 15 pL of bacterial solution was uni-
formly inoculated on an agar plate. After incubation
at 37 °C for 24 h, the plates were photographed. The
antibacterial ratio (%) was calculated as (OD
~ OD;41) OD 1, X 100% (n=3), where OD.,.
and OD,,,,, are the OD600 values of the control
group and experimental group, respectively.

control

In vivo wound healing assay

Mice were randomly divided into 3 groups (6 mice
per group) after being acclimatized for 3 days. Sub-
sequently, the mice were anesthetized by injection
of 10% chloral hydrate, and the right back area of
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the mice was shaved off with a razor. After that,
1 cm diameter full-thickness skin wounds were
created. Then, the wounds were infected with 20
uL of S. aureus (108 CFU/mL). After surgery, the
wounds were covered with gauze, DPPDH, or GS/
DPPDH depending on the group. The wound area
was photographed and analyzed by drawing and
measuring the wound boundaries using Imagel
software. The wound closure ratio (%) was calcu-
lated as (Sy gay = S day)/S0 day X 100% (n=3), where
S0 day @and S, 4,, are the wound areas on Day 0 and
Day n, respectively.

For biochemical analysis, wound tissue samples
were collected on Days 5 and 10.

Results and discussion
Preparation and characterization of the hydrogels

The double-network hydrogel was constructed via a
Schiff base reaction and free radical polymerization
(Scheme 1). First, CMC was oxidized by sodium peri-
odate to produce DCMC, which possesses abundant
dialdehyde groups (Fig. S1). The structure of DCMC
was verified by using ATR-FTIR spectroscopy
(Fig. 1A). After comparison to the CMC spectrum,
the characteristic absorption peak of DCMC appeared
at 1740 cm™! in the product spectrum, which is the
stretching vibration of the free aldehyde group. The
aldehyde content of DCMC was calculated to be
40% according to Equation (S1). The above data

CMC 1740 cm™

DCMC

Transmittance (a.u.) >»

Transmittance (a.u.) @
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Fig.1 (A) ATR-FTIR spectra of CMC and DCMC. (B) ATR-FTIR spectra of DCMC, GS, DPPDH, and GS/DPPDH. (C) SEM

image of GS/DPPDH. (D) EDS mappings of GS/DPPDH
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suggested that the CMC was successfully transformed
into DCMC. Then the hydrogel was cross-linked by
the formation of dynamic Schiff base bonds between
DCMC and PEI. To adjust the mechanical strength
of the hydrogel, PEGDA was introduced as the sec-
ond cross-linker via a free radical reaction to con-
struct a DCMC-PEI/PEGDA double-network hydro-
gel (DPPDH). According to Fig. S2, the mechanical
strength of the DPPDH was greater than that of the
DCMC-PEI hydrogel without PEGDA cross-linking.
According to Fig. 1B, a new peak at 1690 cm™! cor-
responding to the imine bond (C=N) appeared in the
spectra of the DPPDH and GS/DPPDH, indicating
the formation of Schiff base bonds.

The microstructures of the hydrogels were
observed via SEM (Fig. 1C). It was observed that
the GS/DPPDH possessed three-dimensional porous
structures conducive to nutrient transport, cell adhe-
sion, and proliferation. To further explore whether GS
can be loaded into the hydrogel, EDS was performed
to explore the interaction between GS and the hydro-
gel. As shown in Fig. 1D, the GS/DPPDH displayed
intense sulfur peaks, confirming that the drug GS was
successfully loaded into the hydrogel.

Self-healing, injectable, mechanical, and adhesive
behaviors

Self-healing performance is critical for a hydro-
gel to withstand deformation caused by external
mechanical forces after it is applied to the wound.
Hence, a macroscopic self-healing experiment was
conducted to investigate the self-healing ability of
the developed GS/DPPDH. As depicted in Fig. 2A,
the heart-shaped hydrogel was bisected, and one
of the resulting fragments was stained with meth-
ylene blue. Subsequently, the two segments were
recombined to facilitate self-healing at room tem-
perature, devoid of external stimuli. Over time,
the two hydrogel fragments autonomously mended
and adhered, demonstrating the capacity for self-
healing, as evidenced by their cohesive response
upon being lifted with a pair of tweezers. Addi-
tionally, optical microscopy images were captured
to evaluate the progression of the hydrogel heal-
ing process. Notably, the healing boundary of the
hydrogel exhibited a gradual blurring effect, ulti-
mately dissipating entirely following complete heal-
ing. Rheological experiments were also conducted
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to further investigate the self-healing ability of the
GS/DPPDH by measuring the storage modulus
(G") and loss modulus (G") values. As depicted in
Fig. 2B, the strain sweep curves showed an inter-
section between G’ and G” at a strain of 65%, indi-
cating that the hydrogel network collapsed. When
the strain was above the critical strain, the G’ value
decreased rapidly and was lower than the corre-
sponding G", implying that the hydrogel was in a
liquid state. Afterward, step-strain measurements
were made. As shown in Fig. 2C, when a large
strain (100%) was applied, the G’ value of the GS/
DPPDH decreased from 1690 to 300 Pa and was
lower than the G" value, indicating damage to the
hydrogel network. At a strain of 1%, the G’ and G”
values returned to their initial values even after
five damage cycles, indicating the outstanding self-
healing ability of the prepared hydrogel. The self-
healing properties of the hydrogel were ascribed to
the formation of Schiff base bonds between DCMC
and PEIL

The injectability of the hydrogel was assessed
with extrusion tests (Fig. 2D, 2E, and 2F). Owing
to the dynamic nature and shear-thinning property
of the hydrogels, hydrogels extruded from needles
can self-assemble and self-heal into integral hydro-
gels and adapt to heart-shaped molds. Moreover,
the hydrogel could be extruded from the syringe
to draw the letters USC (University of South
China) and a pentagram. All of these results proved
that the hydrogel had self-healing and injectable
capabilities.

The compressibility of the hydrogel was tested
by using the finger pressing method (Fig. S3). When
the GS/DPPDH was compressed to half of its origi-
nal volume, it fully recovered its initial shape and
size after the pressure was removed. The adhesive
properties of the hydrogels were assessed by adher-
ing GS/DPPDH to various materials. GS/DPPDH
exhibited good adhesion to glass, cotton, plastic,
metal, paper and wood (Fig. S4). Furthermore,
when GS/DPPDH was affixed to crooked knuck-
les, the hydrogel fit and adhered well to the skin
surfaces without any retraction or rupture during
bending of the finger at different angles (Fig. S5).
These results demonstrated that the GS/DPPDH had
excellent mechanical and adhesive properties that
met the requirements for practical use as a wound
dressing.
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Fig. 2 (A) Macroscopic and microscopic self-healing processes of GS/DPPDH. (B) Strain sweep tests with GS/DPPDH. (C) Step-
strain sweep for GS/DPPDH with a strain ranging from 1 to 100%. (D, E, and F) Injectability of GS/DPPDH

Swelling, degradation and GS release behaviors

Hydrogel wound dressings capable of absorbing
wound exudates and providing a wet environment
are effective for rapid wound repair. Therefore, the
swelling behaviors of the hydrogels were investigated

by measuring the changes in mass after immersion
in PBS at 37 °C (Fig. 3A). The DPPDH and GS/
DPPDH swelled rapidly and reached equilibrium
within 10 min and 30 min, respectively. The swelling
ratios of DPPDH and GS/DPPDH were 323.59% and
310.14%, respectively. The lower swelling ratio of
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the GS/DPPDH was attributed to the addition of GS,
which increased the cross-linking density. Hydro-
gel degradation was also estimated, and the results
are shown in Fig. S6. The DPPDH and GS/DPPDH
degraded gradually after 24 h and 34 h, respectively,
allowing for easy removal of the hydrogel dressing
and protection of the wound from damage.

The in vitro release of GS from GS/DPPDH was
studied, and the results are illustrated in Fig. 3B.
Under physiological conditions (pH 7.4, 37 °C),
GS/DPPDH exhibited sustained release of GS,
reaching 42% within 4 h before reaching a plateau.
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Fig.4 (A) Hemolysis ratios and images of the hydrogels
(n=3). (B) Viability of NIH 3T3 cells treated with differ-
ent concentrations of hydrogel extracts (the concentrations of
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Since Schiff base bonds are known to be pH-
responsive, the release of GS from the GS/DPPDH
at other pH values (6.0 and 8.0) was evaluated. We
found that the release rate of GS was relatively fast
in an acidic environment (pH 6.0) and release equi-
librium was reached after approximately 3 h, but
reaching release equilibrium took 8 h in an alkaline
environment (pH 8.0). The sensitive pH-induced
release of the drug showed that the GS/DPPDH can
release antibiotics on-demand according to the pH
change in the wound, meeting the actual needs of
infected wound healing.

PEGDA-1 DPPDH-1 GS/DPPDH-1
B120' -PEGDA-Z EDPPDH-Z EGS/DPPDH-Z
gmo- 1 ;
.‘? 80 +4-1-}- L] o ==
S 601
>
o 401
o
20
0-
12 24 48
Time (h)

PEGDA-1, DPPDH-1 and GS/DPPDH-1 were 50 pg/mL; the
concentrations of PEGDA-2, DPPDH-2 and GS/DPPDH-2
were 100 pg/mL) (n=3)
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Biocompatibility

The blood compatibility of the hydrogels was
assessed through hemolysis assays. As shown in
Fig. 4A, neither the negative control (PBS) nor the
hydrogel groups exhibited obvious hemolysis, while
the positive control group (H,O) exhibited a notice-
able red color. The hemolysis ratios in the PEGDA,
DPPDH, and GS/DPPDH groups were 0.13%, 0.56%,
and 0.12%, respectively, which are all well below the
critical safe range of 5% for biomaterials according to
ISO/TR 7406. This suggested the high blood compat-
ibility of the hydrogels. The cellular compatibility of
the hydrogels was next studied by assessing the cyto-
toxicities of the hydrogel extracts by using CCK-8
assays. The mouse embryonic fibroblast cell line NIH
3T3 was cultured in the extracts of different hydro-
gels (including PEGDA, DPPDH, and GS/DPPDH)
for 12, 24, and 48 h. As shown in Fig. 4B, the NIH
3T3 cells in all groups were healthy, and cell viabil-
ity ranged from 80.20% to 104.30% at the three tested
time points. With increasing culture time, cell viabil-
ity decreased slightly, illustrating that the hydrogels
had certain cytotoxicity that was within an acceptable
range. All these results indicated that the hydrogels
exhibited good biocompatibility and could be used
for subsequent infected wound treatment.

In vitro antibacterial properties

An ideal wound dressing with effective antibacterial
properties is essential for preventing bacterial infec-
tions and promoting wound repair. In the present
study, the antibacterial effects of the proposed hydro-
gel materials against Escherichia coli (E. coli, gram-
negative) and Staphylococcus aureus (S. aureus,
gram-positive) were evaluated via disc diffusion tests.
Zones of inhibition against these two microbes were
clearly observed in the GS/DPPDH group and were
slightly smaller than those in the GS group (Fig. SA
and 5B). This result was attributed to the slow release
of GS from GS/DPPDH via hydrolysis of the Schiff
base bond. In contrast, no differentiable inhibition
zones were formed in the E. coli or S. aureus DPPDH
groups. Additionally, the diameter of the inhibi-
tion zone of S. aureus was greater than that of E.
coli, implying that the GS/DPPDH is more effective
against gram-positive bacteria.

In addition, contact sterilization experiments were
conducted by soaking the hydrogels in E. coli and S.
aureus solutions (10° CFU/mL) to further investigate
the antibacterial effects of the hydrogels. After 24 h,
the culture media of the GS group and GS/DPPDH
group were clear and transparent, while those of the
DPPDH group and the control group without GS
were turbid, demonstrating that the number of bacte-
ria decreased upon the addition of GS/DPPDH (Fig.
S7). Moreover, the concentrations of bacteria in the
different groups were quantitatively determined by
monitoring the optical density at 600 nm (OD600)
at different times. As shown in Fig. 5C and 5D, the
OD600 values of the two bacteria in the control
group and DPPDH group increased gradually with
time, suggesting that DPPDH had no antibacterial
effects. Conversely, in the presence of either GS or
GS/DPPDH, relatively low and constant OD600 val-
ues were found throughout the whole testing period,
proving that the bacteria were almost completely
killed and that GS/DPPDH exhibited stable antibac-
terial activity. The antibacterial ratios of GS/DPPDH
against the two bacteria reached nearly 90% (Fig. SE
and 5F). In addition, a small amount of bacterial solu-
tion cultured for 24 h was extracted for colony count-
ing (Fig. 5G). The results showed that almost no
colonies grew in the GS or GS/DPPDH groups, while
there were large colonies in the DPPDH and control
groups. In summary, the above data confirmed that
the developed GS/DPPDH exhibited excellent anti-
bacterial activity that was highly important for wound
dressing.

In vivo wound healing

Having studied the self-healing and antibacterial
capacities of the hydrogels in vitro, our aim was to
evaluate the performance of the proposed hydrogels
in wound healing in vivo by constructing a mouse
model of full-thickness skin defects infected with S.
aureus. The wounds were treated with gauze (con-
trol), DPPDH, or GS/DPPDH for 10 days. As dis-
played in Fig. 6A and 6B, the wound areas in all three
groups progressively decreased. After being treated
for 7 days, the wounds in the GS/DPPDH groups
were smaller than those in the control and DPPDH
groups, indicating that the GS/DPPDH could pro-
mote wound closure by inhibiting bacterial growth
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Fig. 5 (A) Diameters of the inhibition zones produced by
GS, DPPDH, and GS/DPPDH. (B) The corresponding photo-
graphs of the inhibition zones (n=3). Growth curves of E. coli
(C) and S. aureus (D) as a function of culture time in differ-
ent groups (n=23). Antibacterial ratios of the different hydrogel

in the wound area. The quantitative wound closure
ratios corresponding to the different healing times are
shown in Fig. 6C. After 7 days of healing, the wound
closure ratios in the gauze, DPPDH, and GS/DPPDH
groups reached 59.78+2.60%, 66.08+0.21%,
and 83.22+2.90%, respectively. In addition, after
10 days, the wounds in the GS/DPPDH group had
almost completely healed, while the wound closure
ratios in the DPPDH and gauze groups were still
95.41+0.57% and 94.61 +0.81%, respectively. These
results indicated that GS/DPPDH was highly effective
at accelerating wound healing in vivo.
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Time (h)

samples against E. coli (E) and S. aureus (F) at 24 h (n=3);
#*##P<(0.001. (G) Photographs of the bacterial colonies
extracted from the bacterial solutions on agar plates for 24 h
(n=3)

Hematoxylin and eosin (H&E) staining and Mas-
son’s trichrome staining were utilized to investi-
gate wound closure from a histological perspective.
As shown in Fig. 6D, after treatment for 5 days, the
hydrogel-treated groups had fewer inflammatory cells
than the control group did, possibly because these
wounds were isolated from outside environment by
the hydrogel dressing. The GS/DPPDH group exhib-
ited the sparsest inflammatory response, with more
vessels and granulation tissues forming on the wound
surface, likely due to the antibacterial activity of the
GS released from the GS/DPPDH. Moreover, the
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Fig. 6 (A) Photographs of the wound areas on Days 0, 1, 3, 5,
7, and 10. (B) The corresponding traces of wound closure. (C)
Wound closure ratios at 10 days (n=3); *P <0.05, **P<0.01,

collagen levels in the wounds were evaluated by Mas-
son’s trichrome staining (Fig. 6E). At the same time
point, the GS/DPPDH group exhibited more collagen
deposition than the DPPDH and control groups. This
was mainly because the GS/DPPDH group main-
tained an appropriate moist environment and released
the antibacterial drug, which are beneficial for wound
healing. All these results illustrated that the proposed
self-healing hydrogel can serve as an excellent anti-
bacterial wound dressing.

Conclusions

In summary, a novel double-network hydrogel with
injectable, self-healing, and pH-responsive capabili-
ties was developed for antibacterial wound healing
by using dynamic Schiff base reactions and free radi-
cal reactions. The dynamic Schiff base bond between
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*#*¥P <0.001. H&E staining (D) and Masson’s trichrome stain-
ing (E) images of the skin tissues on Days 5 and 10

the aldehyde-modified DCMC and amine-containing
PEI endowed the hydrogel with injectable and self-
healing features. The introduction of a second net-
work structure based on the free radical photopolym-
erization of PEGDA aimed to regulate the mechanical
strength. Furthermore, upon loading the drug GS into
the hydrogel via the formation of Schiff base bonds,
the proposed hydrogel also exhibited pH-responsive-
ness for on-demand antibacterial drug release. The
hydrogel was proven to have good cytocompatibility
and good blood compatibility. The in vivo experimen-
tal data demonstrated that this hydrogel dressing had
high antibacterial efficacy and accelerated skin wound
healing in mice. Collagen deposition also increased,
and the wounds had almost completely closed by Day
10. Therefore, the proposed hydrogel material can
accelerate wound repair through multiple processes,
showing tremendous clinical application potential for
treating infected wounds.
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