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An injectable photopolymerized hydrogel with
antimicrobial and biocompatible properties for
infected skin regeneration

Ao Sun', Xinye He', Lang Li'?, Tao Li?, Qinya Liu', Xinli Zhou®, Xiao Ji', Wei Li* and Zhiyong Qian'

Abstract

Currently, wound infection is an important health problem for the public. Wound infection can not only hinder
healing but it can also lead to serious complications. Injectable wound dressings with biocompatible and antibacterial
properties can promote wound healing during skin infections and reduce antibiotic use. Here, we used glycidyl
methacrylate (GMA) to modify e-polylysine (e-PL) and y-poly(glutamic acid) (y-PGA) to produce e-polylysine-glycidyl
methacrylate (e-PL-GMA) and y-poly(glutamic acid)-glycidyl methacrylate (y-PGA-GMA). Subsequently, e-PL-GMA- and
y-PGA-GMA-based hydrogels were developed through photopolymerization using visible light. The hydrogels were
injectable, could rapidly gelatinize, were biocompatible, and showed a wide spectrum of antibacterial activity. The
hydrogels also promoted wound healing. The results show that these hydrogels inhibit bacterial infection and shorten
the wound healing time of skin defects in Staphylococcus aureus models. This demonstrates that the hydrogels hold

potential for clinical antimicrobial and wound healing therapy.

Introduction

Skin forms a unique physical barrier that prevents the
invasion of microorganisms'?. When the skin is damaged
by physical and chemical factors, such as trauma, burns,
or surgical incisions, its integrity is destroyed, and
pathogenic bacterial infections can occur®®. Surgical
infections are common during surgical disease, account-
ing for 1/3-1/2 of all surgical cases, among which Sta-
Pphylococcus aureus is the most common infection
source™®. Bacteria invade lymphangion and blood, causing
fatal sepsis and severe metastatic infections, such as
arthritis, osteomyelitis, and pneumonia. Staphylococcus
aureus also produces a variety of toxins and enzymes that
slow wound closure and reduce immune function”®,
Poorly hydrated wounds are also difficult to repair’. Due
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to the aging population and increasing costs of medical
care, the burden of health care-related infections in
developing countries is high. However, antibiotics are still
used in the clinical treatment of infection, the frequent
use of which promotes resistance. Wound dressings often
lack biocompatibility and fail to stimulate the skin, leading
to further health care-related infections'®''. The devel-
opment of hydrogels with moisturizing, biocompatible,
and antimicrobial activity as a wound dressing can over-
come these issues and promote wound healing'*'?.
Hydrogels are popular biomedical polymers that have
been widely applied in the fields of drug delivery,
implantation, and tissue engineering'*~'°. Hydrogels are
composed of three-dimensional molecular networks that
contain a large amount of water'”'®, Hydrogels provide
high biocompatibility and a moist healing environment
for skin wounds that promotes tissue repair and regen-
eration'”?°. Chitosan has inherent antimicrobial activity
and contains a large number of amino groups that can be
chemically modified and crosslinked to produce anti-
microbial hydrogels*""*?. Antimicrobial hydrogels also
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possess antibacterial activity through the loading of anti-
bacterial substances (Ag", antibiotics) and sterilization
through photothermal effects**~>°. However, hydrogels
show limited biodegradation, gel formation, bacterial
resistance, and a small therapeutic window, limiting their
potential for practical use*®.

Epsilon-poly-L-lysine (e-PL) is a water-soluble, bio-
compatible polypeptide. e-PL can be broken down into
lysine, forming one of the eight essential amino acids for
human health”. e-PL is a nutritional antibacterial agent
that is safer than food preservatives, including potassium
sorbate and sodium benzoate®. e-PL has broad-spectrum
antibacterial activity against Gram-positive and Gram-
negative bacteria and can kill microorganisms in a man-
ner comparable to other antimicrobial peptides (AMPs).
e-PL causes physiological damage to cells and reduces
microbial resistance by the adsorption through microbial
membranes®’. e-PL can be used in wound dressings to
effectively treat bacterial infections®>*!. y-Poly(glutamic
acid) (y-PGA) is a poly-amino acid produced by microbial
fermentation that consists of a high-molecular-weight
polymer, with glutamic acid units that form peptide bonds
through o-amino and y-carboxyl groups. y-PGA has
excellent water solubility and biocompatibility due to its
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similarity to the extracellular matrix (ECM). Due to its
high biocompatibility and capacity for tissue repair, y-
PGA is used in bone regeneration and skin repair. Similar
to natural ECM, hydrogels based on polysaccharides and
peptides are more suitable for clinical use and to improve
wound healing®*??,

In this study, we used GMA to prepare e-PL-GMA and
y-PGA-GMA, which were mixed and added to the visible
light initiator lithium phenyl(2,4,6-trimethylbenzoyl)
phosphinate (LAP)*>*. Both were photopolymerized
under visible light to obtain a biodegradable, broad-
spectrum antimicrobial hydrogel. Visible light was used
to prevent ultraviolet rays from injection into the tissue
around the wound®®. These hydrogels had the advantage
of an injectable and fast in situ gel. The hydrogels
showed high antimicrobial activity, biodegradability, and
adhesion to S. aureus and Escherichia coli. The hydrogel
was used to treat bacterial (S. aureus) infections in
Sprague—Dawley rats from models of subcutaneous
infection (Fig. 1). The hydrogels inhibited bacterial
infection and promoted wound healing. These data
demonstrate that the injectable visible light-polymerized
antimicrobial hydrogel is an ideal candidate for the repair
of skin infections.
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Fig. 1 Schematic representation of y-PGA-e-PL hydrogel synthesis and treatment of the infection model. a y-PGA-e-PL hydrogel was
synthesized by y-PGAGMA and e-PL-GMA. b Build the infection model and treat it with y-PGA-e-PL hydrogel.

405nm
visible light
—_—

y-PGA-GMA and £-PL-GMA  y-PGA-¢-PL hydrogel
mixture solution

Inject
hydrogel
R

y-PGA-¢-PL hydrogel filled the wound




Sun et al. NPG Asia Materials (2020) 12:25

Materials and methods
Materials

y-PGA (Mn: 2000 kDa), e-polylysine (Mn: 2-5kDa),
and GMA (purity 97%, containing 100 p.p.m. MEHQ
stabilizer) were obtained from Aladdin Bio-Chem Tech-
nology Co., Ltd (Shanghai, China). Tetrabutylammonium
bromide (TBAB) and LAP were obtained from Sigma-
Aldrich (USA).

Synthesis of y-PGA-GMA and &-polylysine-GMA

Y-PGA was dissolved in deionized (DI) water at a con-
centration of 5% (wt/vol) at 60°C as previously described.
GMA and TBAB were then added®. The mixture was
adjusted to pH 5.0 and stirred vigorously for 6 h. The reac-
tion was dialyzed in 8—12 kDa dialysis bags for 3 days. The
solution was lyophilized to obtain purified y-PGA-GMA.

e-PL was dissolved in DI water at a concentration of 3%
(wt/vol) at 60 °C. GMA and TBAB were then added. The
mixture was adjusted to pH 5.0 and stirred vigorously for
8 h. The reaction mixture was dialyzed in 1000 Da dialysis
bags for 4 days. The solution was then lyophilized to
obtain purified e-PL-GMA.

Preparation of the y-PGA-e-PL hydrogel

Y-PGA-GMA (0.5g) was dissolved in 5mL of PBS
(0.01 M, pH 7.4). Next, 0.5 g of e-PL-GMA was dissolved in
5 mL of PBS (0.01 M, pH 7.4). After mixing, LAP was added
at a concentration of 0.05 wt% (relative to the volume of the
solution). The hydrogel was obtained after irradiation with a
visible light source (maximum emission wavelength
405 nm, 60 mW/cm?, China) at room temperature. Four
y-PGA-¢-PL hydrogel systems were prepared by varying the
ratios of the components (shown in Fig. 2).

Characterization
'H-nuclear magnetic resonance (*H-NMR) spectra of
y-PGA-GMA and e-PL-GMA were measured using a
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400 MHz "H-NMR (Bruker Inc., Germany) with D,O as
the solvent.

The characterization of y-PGA-GMA and e-PL-GMA
were performed in the range of 400-4000 cm ' by using
Fourier transform infrared spectroscopy (FT-IR, Bruker
Daltonics, Bremen, Germany).

The morphologies of the freeze-dried hydrogels were
observed using scanning electron microscopy (SEM; JSM-
7500F; JEOL, Japan). The surface of the freeze-dried
hydrogels was coated with gold prior to observations.

The gelation time was recorded through tube inversion.
The mixture (2 mL) was added to a glass bottle at room
temperature and irradiated with a visible light source. The
gelation time was determined by inhibiting the flow of the
mixture.

The swelling ratio (SR) of the hydrogels was measured
as previously described””. Each freeze-dried hydrogel was
of an identical shape and size, and all freeze-dried
hydrogels (weighted as W;) were soaked in phosphate-
buffered saline (PBS) at 37°C. After incubation, the
hydrogels were dried with filter paper and weighed as Ws.
The SR was calculated using the following equation:

SR = (Ws — Wo)/ Wi x 100%.

Rheology test of the y-PGA-g-PL hydrogel

The rheological properties of the hydrogels were
assessed on a rotational HAAKE Rheostress 6000 rhe-
ometer (Thermo Scientific, USA) with a cone plate of
20mm and an upper 4° as previously reported®®. The
oscillatory rheology of the hydrogels was measured under
linear viscoelastic conditions. Dynamic frequency scan-
ning at a fixed strain and dynamic strain scanning at a
fixed frequency were performed to measure the storage
modulus G’ and loss modulus G”, respectively. The
hydrogels with the different components were formed
into disks at a radius of 10 mm and a height of 1 mm.
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Fig. 2 Schematic representation of y-PGA-GMA and &-PL-GMA synthesis. a Synthesis of y-PGA-GMA. b Synthesis of e-PL-GMA.
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In vitro antibacterial properties of the y-PGA-e-PL
hydrogels

The antibacterial activity of the y-PGA-e-PL hydrogels
was evaluated using E. coli and S. aureus as reported
previously”. First, the bacteria were incubated overnight
in Mueller-Hinton Broth (MHB) at 37 °C with shaking.
The bacteria were then diluted in MHB to a concentration
of 10° colony-forming unit (CFU)/mL. Next, 200 uL of the
y-PGA-GMA and e-PL-GMA mixture were added to the
wells of a 48-well microplate and mixed. Subsequently,
100 uL. of the bacterial solution was seeded onto the
hydrogel surface in the 48-well plates. The plates were
incubated at 37 °C for 2 h, and 1 mL of PBS was added to
each well to resuspend the viable bacteria. Suspensions
(100 pL) from each well were plated in Luria—Bertani agar
(LB agar). LB plates were incubated at 37 °C for 24 h, and
the number of bacterial colonies was recorded. Experi-
ments were performed three times in each group. Data
were expressed as kill % as follows:

cell count of control — cell count of control survivor count on hydrogels

kill % =
ill% cell of control

x 100%.

For the morphology assessments, 100 pL of the bacterial
suspensions were sprayed onto y-PGA-e-PL hydrogels
and incubated at 37 °C for 2 h. Next, 100 uL of the bac-
terial dispersions were sprayed onto y-PGA-e-PL hydro-
gels at time Oh. The hydrogels were immediately fixed
with 5 mL of 2.5% glutaraldehyde for 4 h and dehydrated
in a graded ethanol series (20-100%). Morphological
changes in the microorganisms were observed using SEM
(JSM-7500F; JEOL, Japan).

Biocompatibility test

The in vitro cytotoxicity of y-PGA-e-PL hydrogels was
quantitatively determined using MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assays.
Hydrogels were immersed in Dulbecco’s modified Eagle’s
medium containing 10% (v/v) fetal bovine serum for 8 h at
37°C. Hydrogels were then removed to obtain the
extracts. NIH 3T3 cells at a concentration of 3x10” cells
per well were added into 96-well culture plates and
incubated overnight. Each well was treated with extracts,
except for the control wells. Following culture for an
additional 24, 48, or 72 h, cell viability was evaluated via
MTT assay. Optical density values at 490 nm were mea-
sured on a microplate reader (iMark; Bio-Rad, Hercules,
CA, USA).

The incompatibility of y-PGA-e-PL hydrogels was
assessed through fluorescence microscopy observations of
NIH 3T3 cells. y-PGA-e-PL hydrogels were seeded into
24-well plates and ultraviolet (UV) sterilized for 1 h. NIH
3T3 cells (2 x 10* cells per well) were seeded on the sur-
face of the UV-sterilized hydrogels. After culturing for 24,
48, or 72 h, cell proliferation assays were performed using
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Calcein-AM/PI Double Staining Kits. Images were
obtained with a fluorescence microscope (Nikon TS 100;
Japan). Control cells were seeded into wells lacking
hydrogels.

In vivo assay of the antimicrobial activity and wound
healing properties

Infection models of full-thickness skin defects were
established in female SD rats using reported methods®®.
Each rat was anesthetized with isoflurane. A full-thickness
round wound with a diameter of 10 mm was introduced
into the middle of the back. Subsequently, 100 pL of
inoculum containing 10' CFU/mL S. aureus was applied
evenly to the wound. After 12 h, the wound showed pus.
Hydrogel precursors were then added (200pL) and
injected onto the wound surface and gelled using visible
light. Wounds not treated with the hydrogels were used as
a control group. Wounds treated with 200 pL. of mupir-
ocin ointment were compared to determine the healing
effects of the experimental group. Wounds were covered
with sterilized gauze and sutured with 4-0 silk sutures. On
days 4, 8, 12, and 16, wounds were imaged with a digital
camera. Images were taken on the meter scale for dis-
tance calibrations and standardization. Wound closure
was calculated using the following formula: (area of ori-
ginal wound — area of actual wound)/area of original
wound x 100%.

Rats were euthanized on days 4, 8, 12, and 16 post-
operation. Skin tissues were fixed in 4% phosphoric acid
buffer paraformaldehyde and buried in paraffin. A total of
10-um-thick continuous sections were cut from paraffin-
embedded blocks and stained with hematoxylin and eosin
(H&E) and Masson’s stain. Dyed sections were imaged
with a DXM 1200F microscope (Nikon H600L; Germany).

Immunofluorescent staining

Immunofluorescence was used to assess the expression
of interleukin-6 (IL-6) and transforming growth factor-p
(TGEF-B) in the wound tissues to evaluate the inflamma-
tory response'®*°, Briefly, sections were rehydrated and
incubated with primary antibodies for IL-6 and TGF-p
(Abcam, USA). After rinsing, sections were incubated
with fluorescent secondary antibodies (Abcam, USA).
Nuclei were stained with DAPI (4',6-diamidino-2-phe-
nylindole; Sigma-Aldrich, USA). Data were examined with
a fluorescent microscope (Nikon TS 100; Japan).

Results
Synthesis of the hydrogels

y-PGA-GMA and e-PL-GMA were prepared with
GMA. The solutions of y-PGA-GMA and &-PL-GMA
were mixed with the LAP initiator and then photo-
polymerized under visible light to obtain the y-PGA-e-PL
hydrogel.
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Characterization

"H-NMR was used to confirm that y-PGA-GMA and e-
PL-GMA were successfully modified by GMA (Fig. 3a,
b). The spectrum of y-PGA showed 'H-NMR signals at
2.4 (a-CH,), 1.9 and 2.1 (b-CH,), and 4.4 p.p.m. (c-CH).
Additional signals at 5.40 and 5.64 p.p.m. were attributed
to the two hydrogens of the double bond of the metha-
crylamide group. The additional signals at 1.8 p.p.m. (f-
CH3) were attributed to the methyl protons. The degree
of substitution of the methacryloyl groups (DS, molar
ratio of methacryloyl groups per glutamyl unit) was
determined by 'H-NMR spectroscopy. The degree of
substitution of y-PGA-GMA at a molar ratio of 2:1 was
20.29%:

Hd + He

average [T + %f]

x 100%.
average[H2 4 Hb 4 Hc| 0

DS (y-PGA-GMA) =

The spectrum of e-PL showed additional "H-NMR sig-
nals at 3.2 (a-CH,), 3.9 (b-CH), 1.5 (c-CH,), 1.3 (d-CH,),
and 1.9 p.p.m. (e-CH,). The additional signals at 5.40 and
5.64 p.p.m. were attributed to the two hydrogens on the
double bond of the methacrylamide group. The degree of
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substitution of e-PL-GMA at a molar ratio of 2:1 was
26.58%:

average [Hd-He]

average[2 + Hb + He 4 Hd | He]

DS (e-PL-GMA) = x 100%.

FT-IR spectra confirmed that the methylacryloyl
chloride was grafted onto y-PGA and e-PL (Fig. 3¢, d).
The appearance of a peak at 1689 cm ' revealed the
presence of C = O groups in the conjugated system. The
peak at 1643 cm™ ' showed the presence of C = C groups
in y-PGA-GMA. The peak at 1666 cm ' showed the
presence of C = O groups in the conjugated system. The
peak at 1644 cm ™' showed the presence of C = C groups
in e-PL-GMA.

The multiporous framework of the hydrogels was
investigated by SEM (Fig. 3e). The pore sizes of the y-
PGA-¢e-PL-1, y-PGA-¢-PL-2, y-PGA-e-PL-3, and y-PGA-
e-PL-4 hydrogels were between 80 and 120 um. This
indicated that y-PGA-e-PL hydrogels had sufficient pore
sizes to exchange nutrients and enable the cells to pro-
pagate and migrate.

The gelation time of the hydrogels decreased from 10 to
6 s with increasing proportion of e-PL-GMA (Fig. 3f). This

\.

Fig. 4 Rheological characterizations of y-PGA-€-PL hydrogels. a, b Storage modulus (G) and loss modulus (G”) values are investigated through
dynamic strain sweep. ¢, d Storage modulus (G) and loss modulus (G") values are investigated through dynamic frequency sweep.
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was due to the increase in cross-linking density of the
hydrogel. All hydrogels showed characteristically fast
gelation and could be used as injectable hydrogels.

y-PGA-e-PL-2, y-PGA-e-PL-3, and y-PGA-e-PL-4
hydrogels had a lower swelling percentage than the y-
PGA-¢e-PL-1 hydrogels (Fig. 3g). This was attributed to
the hydrogel cross-linking density. As the proportion of e-
PL-GMA increased, the increase in cross-linking
enhanced the network structure of the hydrogels. This
resulted in a loss of water absorption.

Rheology test of the y-PGA-¢-PL hydrogel

To obtain the mechanical properties of hydrogels,
rheological analysis was performed at different fre-
quencies and strains (Fig. 4). The storage modulus (G’)
was found to be greater than the loss modulus (G”). This
was a remarkable feature of the gel. The G’ did not sig-
nificantly change according to strain. This indicated that
the hydrogel was homogeneous and that the cross-linking
was relatively stable. With increasing frequency, the G’ of
the y-PGA-e-PL-1 hydrogel and y-PGA-e-PL-2 hydrogel
significantly changed. As the G’ of y-PGA-¢-PL-3
hydrogels and y-PGA-e-PL-4 hydrogels did not sig-
nificantly differ, this indicated that increasing the pro-
portion of e-PL-GMA could increase the cross-linking
density of the hydrogels and improve the stability and

mechanical strength. The y-PGA-e-PL-4 hydrogels
showed the most favorable mechanical properties. How-
ever, hydrogels above this ratio did not mix or precipitate.

Antibacterial activities of the y-PGA-e-PL hydrogel

To treat skin infections, wound dressings must display
antibacterial activity. The antibacterial activity of the y-
PGA-¢-PL hydrogels was therefore evaluated using two
common bacterial wound infections (Fig. 5a, b). Com-
pared with hydrogels without e-PL-GMA, hydrogels
containing &-PL-GMA showed high levels of activity
against S. aureus and E. coli. y-PGA-e-PL-4 hydrogels
reduced the bacterial levels to lower than 10° CFU/mL,
and 299% of S. aureus and E. coli were killed. These
results showed that the y-PGA-e-PL hydrogels showed
high levels of antibacterial activity.

To observe the morphology of the bacteria after contact
with the hydrogels, S. aureus was seeded onto y-PGA-¢-
PL-4 hydrogels for 2 h and imaged using SEM (Fig. 5c).
Staphylococcus aureus cells were seeded onto y-PGA-e-
PL-4 hydrogels for Oh as a control. The morphology of
S. aureus after contact with y-PGA-e-PL-4 hydrogels
changed compared with the control. The membranes of
S. aureus were also damaged. These data suggest that
y-PGA-¢e-PL hydrogels possess Kkilling activity against
S. aureus through cell membrane disruption. This
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Fig. 6 In vitro cytotoxicity evaluation of y-PGA-e-PL hydrogel. a Cell viability. b Live/dead staining of 3T3 cells in contact with the hydrogel

Live/Dead

mechanism of action is consistent with the known effects
of e-PL on microorganisms>’.

Cytotoxicity of the y-PGA-&-PL hydrogel

As a biomaterial for wound healing, the biocompat-
ibility of y-PGA-¢-PL hydrogels is important. Due to the
high antibacterial activity of y-PGA-e-PL-4 hydrogels,
we measured only the cytotoxicity of y-PGA-e-PL-4
hydrogels. As shown in Fig. 6a, compared with the
control groups, the hydrogels showed no obvious cyto-
toxicity, with over 90% of the cells remaining viable.
Similarly, live/dead staining (Fig. 6b) showed that the
hydrogels caused no obvious damage to 3T3 cells. After
3 days, the cells adhered to the hydrogel and showed a
spindle shape. These data suggest that the hydrogels
display a high level of biocompatibility for biomedical
applications.

Wound closure

As shown in Fig. 7a, the y-PGA-g-PL-4 hydrogel group
showed improved wound healing compared with the
untreated and antibiotic (mupirocin ointment) groups.
On day 4, the y-PGA-e-PL-4 hydrogels showed wounds of

similar sizes, which were smaller than those of the
untreated and mupirocin ointment groups. On day 8,
compared with the untreated and mupirocin ointment
groups, the wounds of the y-PGA-e-PL-4 hydrogel group
were reduced. On day 12, more than half of the wounds
healed in the mupirocin ointment group. Interestingly,
wounds treated with the y-PGA-e-PL-4 hydrogel exhib-
ited complete closure. On day 16, the hydrogel group had
fully healed, while the untreated and mupirocin ointment
groups retained open wounds.

As shown through H&E and Masson staining (Fig. 7b,
¢), inflammatory cells were produced in all groups on day
4. On day 8, the number of inflammatory cells decreased
in the y-PGA-e-PL-4 hydrogel group and mupirocin
ointment group. Epithelial tissue formation at the wound
site was also evident in the y-PGA-e-PL-4 hydrogel and
mupirocin ointment groups. On day 12, the wounds
treated with y-PGA-e-PL-4 hydrogels were covered by
epidermal tissue, and new tissue, such as hair follicles,
were generated. In the mupirocin ointment and control
groups, part of the epidermis was formed, and some of the
wound was covered by the epidermis. On day 16, the
corneum in the y-PGA-e-PL-4 hydrogel group continued
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Fig. 7 Evaluation of y-PGA-&-PL hydrogel in vivo for skin repair and wound healing. a Digital photos of wound contraction at the given time.
b, ¢ Images of wound tissue after H&E and Masson staining. The red arrows show epidermal tissue, and the imaginary line indicates the inflammatory
response. The black arrows show blood vessels and hair follicles. The scale bar is 200 um.

.

to form, and blood vessels continued to be repaired. These ~ Immunofluorescent staining

results indicated that y-PGA-e-PL-4 hydrogels inhibit The therapeutic effects of the hydrogels on wound
bacteria, promote wound healing, and hold potential for infections were evaluated through immunofluorescence
wound dressings. analysis. The secretion of two typical proinflammatory
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cytokines, IL-6 and TGF-p, at the wound site was
investigated®”*°, As shown in Fig. 8, the untreated
groups showed high expression of IL-6 and TGEF-f,
indicating a severe inflammatory response. Interestingly,
the levels of IL-6 and TGEF-f were lower in the hydrogel
group. This suggested that the hydrogels could effec-
tively control inflammation and promote wound heal-
ing, most likely due to the antibacterial effects of e-PL-
GMA coupled to its high biocompatibility and ECM-like
structure.

Conclusions

In this study, we designed an injectable antibacterial
hydrogel that was photopolymerized by visible light for
the treatment of skin infections. The hydrogel consists of
Y-PGA-GMA and e-PL-GMA. The gel time, mechanical
strength, and swelling rate of the hydrogels could be
modified through adjustment of the y-PGA-GMA and e-
PL-GMA ratio. The hydrogels showed characteristics of
injectable and rapid gels and were easy to use. Impor-
tantly, the hydrogels demonstrated high levels of anti-
bacterial activity and biocompatibility. In in vivo infection
models, the hydrogels reduced inflammation, promoted
wound healing, and shortened the healing time. This
highlights these hydrogels as promising candidates for
anti-infection and wound healing.
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