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ARTICLE INFO ABSTRACT

Keywords: Antibacterial hydrogels not only provide a better environment for skin wounds to avoid infection but also
Injectable accelerate wound healing. Herein, chitosan modified by a quaternary ammonium salt (CQ), and hyaluronic acid
Photo-crosslinking hydrogel grafted with methacrylate (HM) were designed and synthesized to prepare an injectable photo-crosslinking
iﬁ?:ﬁ;ifg:;l hydrogel for wound dressing with inherent antibacterial and photothermal properties. CQ and HM exhibited

excellent biocompatibility, improved water retention, and antibacterial activity, illustrating vast potential as an
antibacterial material in various applications. MXene, a type of 2D nanomaterial, has been widely researched due
to its photothermal properties. The CQ and HM polymer precursor could be mixed with Mxene and then
crosslinked with 395 nm UV radiation under mild conditions to form a 3D network structure CQ-HM/MXene
hydrogel. This hydrogel displayed an appropriate swelling ratio, elastic modulus, photothermal property and
excellent biocompatibility. The injectable property of the hydrogel allowed it to easily cover the wound. In vitro
and in vivo studies showed that the injectable hydrogel had low cytotoxicity and excellent antibacterial prop-
erties, which could help promote wound healing. In summary, this novel CQ-HA/MXene hydrogel has the po-
tential for application in skin wound healing due to inherent antibacterial activity and photothermal effect.

Infected wound healing

deterioration of skin tissues and organ structures caused by bacterial
infections can lead to decreased skin perfusion and heightened inflam-

1. Introduction

As the body’s largest organ, the skin plays a crucial role in regulating
body temperature, protecting against pathogens, and performing
metabolic and immune functions [1]. However, various factors such as
physiological abnormalities, as well as mechanical, thermal, or physical
stressors, can lead to skin damage [2,3]. In particular, bacterial in-
fections often result in significant tissue damage, prolonged inflamma-
tory responses, and delayed wound healing [4]. The disruption or
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mation, thereby hampering the natural healing process of the wound.
The restoration of skin integrity, homeostasis, and protective function
post-injury is crucial for most organisms. In clinical practice, antibiotics
are commonly used to prevent and treat wound infections [5]. Never-
theless, the excessive use of antibiotics has given rise to the development
of multidrug-resistant bacterial strains, leading to the persistence of
chronic wounds. As a result, the rapid treatment of highly infectious and
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chronic wounds poses a significant global challenge. Traditional clinical
approaches to skin injuries involve the use of wound dressings such as
bandages, gauze, and lint. However, these conventional wound dress-
ings face challenges during removal and may contribute to drug resis-
tance. Hence, there is a pressing need to innovate and develop novel
wound dressings for the treatment of non-healing chronic wounds [6,7]
(In this study, we designed a photo-crosslinked hydrogel prepared by
mixing modified chitosan, hyaluronic acid, and MXene, which is
injectable and has photothermal properties (CQ-HA/MXene). It in-
tegrates excellent antibacterial performance and promotes
re-epithelialization to accelerate the closure of infected wounds in rats
(see Scheme 1).).

Biopolymers offer great promise in wound healing as they have the
potential to modulate the wound-repair process [8]. Hydrogels prepared
with biopolymers stand out as a leading candidate for wound healing
due to their tunable physical and mechanical properties which could be
used to mimic the native extracellular matrix and provide protection to
wounds [9,10]. For instance, hyaluronic acid (HA), a glycosaminogly
based polymer, can be found in the extracellular matrix, is a crucial
component of tissue in vertebrates [11]. Its unique physicochemical
properties, such as biodegradability and biocompatibility, play a key
role in influencing cell behavior such as differentiation, proliferation,
and migration during tissue development and regeneration processes
[12]. Therefore, HA has the potential to be developed as a regenerative
biomaterial for treating skin lesions and injuries [13]. Chitin, a natural
material derived from fungi, crustaceans, and insects, has been widely
recognized for its eco-friendly properties. When chitin undergoes
deacetylation, it transforms into chitosan (CS), a biocompatible, biode-
gradable, and non-toxic substance with remarkable biological activity
[10,11]. As a cationic polymer, chitosan can interact with negatively
charged biomolecules due to its unique composition, sequence, and
chain length. Simultaneously, to enhance its versatility, chitosan can be
chemically modified to create derivatives. The superior biocompatibility
and antibacterial properties have made CS a valuable material in tissue
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engineering. Additionally, chitosan’s antimicrobial and wound-healing
properties, as well as its cholesterol-binding capability, have led to its
use in various products. Its potential in drug delivery, tissue engineering,
and water treatment underscores the importance of chitosan in both
scientific research and industrial applications [14,15].

Thermal assisted wound dressings have been investigated for their
potential in promoting wound healing [15,16]. Heat-radiating dressings
have been studied as a way to enhance skin wound healing by stimu-
lating increased capillary perfusion. By applying topical radiant heating
to wounds and raising the temperature, it has been observed that dermal
blood flow and lymphocyte extravasation are increased [17]. The find-
ings suggest that incorporating thermal radiation adjuncts can signifi-
cantly accelerate the rate of wound healing [18]. MXene, a novel class of
two-dimensional (2D) nanomaterials, comparable to graphene, exhibits
exceptional mechanical strength and a significant specific surface area
[19-21]. MXenes’ remarkable capacity for near-infrared (NIR) light
absorption can transfer the light energy to heat, which induces its
excellent photothermal conversion capabilities. These properties of
MXenes demonstrate their potential application for biomedical therapy
through the phenomenon known as the photothermal transfer effect.
Compared with other inorganic nanomaterials, MXene has shown
showed photothermal ability with near-infrared region I (NIR-I) exci-
tation light, demonstrating its ability to effectively penetrate infected
tissues [22]. Simutaneously, after being modified with other metals or
compounds, the Mxene can also illustrate enzyme-like activity with
chemodynamic therapy (CDT) and peroxidase (POD)-like activity [23,
24].

In this study, a novel injectable photo-crosslinked antibacterial
hydrogel with photothermal properties was developed by combining CS,
hyaluronic acid, and MXene. The hyaluronic acid was modified with
methacrylic anhydride to form hyaluronic acid-methacrylate (HM),
which could be photo-crosslinked to form hydrogel. CS was modified
with 3-chloro-2-hydroxypropyl trimethyl ammonium chloride to form
CS-quaternary ammonium salt (CQ), which enhanced the inherent
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Scheme 1. (a) Schematic illustrations of the synthesis of injectable photothermal CQ-HM/MXene hydrogels; (b)The mechanism of infected wound healing treated

with the photothermal CQ-HM/MXene hydrogel with antibacterial properties.
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antibacterial properties of the polymer. MXene was incorporated into
the HM and CQ solution, and the mixture precursor was injected onto
the wound site and crosslinked using 395 nm UV light radiation in the
presence of the photoinitiator lithium acylphospinate (LAP) to form the
CQ-HM/MXene hydrogel. The resulting injectable photo-crosslinked
CQ-HM/MXene hydrogel demonstrated excellent biocompatibility,
water retention, swelling capacity. Furthermore, the hydrogel also
demonstrated excellent photothermal properties. The combination of
CQ’s intrinsic antibacterial properties and MXene’s photothermal effects
resulted in the CQ-HM/MXene hydrogel, which could exhibit enhanced
antibacterial efficacy and accelerate the healing of infected wounds.
These findings indicated that this innovative hydrogel has considerable
promise for clinical applications in the treatment of infectious wounds.

2. Results
2.1. Synthesis and characterization of CQ-HM/MXene hydrogel

To meet the requirements for photothermal therapy in wound
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healing, a biodegradable in situ injectable photo-crosslinked antibacte-
rial hydrogel was prepared using hyaluronic acid and CS modified with
methylacrylate and quaternary ammonium salt respectively. Methylar-
ylate could be crosslinked by free radicals to form the 3D network
structure of the hydrogel, and quaternary ammonium salt could enhance
the antibacterial properties of CS [25-27].

First, hyaluronic acid was grafted with methylacrylate to form HM
(Fig. 1(a)). Fig. 1(b) and (c) displayed the 'H NMR and FTIR spectra of
HM. The peak at 5 3-4 ppm was the characteristic peak of hydrogen in
the glucose cyclic structure on the backbone of the HM. The peak at §
1.86 ppm was the characteristic peak of methyl group of methylacrylate
on HM, and the peak at § 2.03 ppm was the characteristic peak of methyl
on the side chain N-acetylglucosamine. Consequently, peaks at § 5.51
ppm and § 5.98 ppm were the characteristic peaks corresponding to the
hydrogen in the double bond region of the MA group, which indicating
that the successful modification of the methylarylate on the HA and
comparing the integral of the proton characteristic peak in the double
bond of the MA, the grafting ratio was calculated to be 16 %. Simulta-
neously, the modification did not disrupt the primary structure of HA.
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Fig. 1. Scheme for the synthesis of HM (a) and CQ (d); (b) ~

(c) 'H NMR and FTIR characterization of HM; (e) ~
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(f) 'H NMR and FTIR characterization of CQ.
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Consequently, FTIR spectra of HM showed the stretching vibration peak
of C=0 at 1715 em™! and C=C at 1650 cm™! which also demonstrated
the successfully grafting of the methylacrylate on the hyaluronic acid.

In order to increase the antibacterial properties of the hydrogel,
chitosan was grafted with 3-chloro-2-hydroxypropyl trimethyl ammo-
nium chloride to form CQ (Fig. 1(d)). Fig. 1(e) displayed the '{ NMR of
CQ. The degree of substitution of glycidyl trimethylammonium chloride
grafted onto CQ can be calculated by comparing the integral of the
proton characteristic peak in the trimethyl region at § 2.73 ppm, giving a
result of 26 % according to Refs. [28,29]. The FTIR spectra of CS and CQ
were shown in Fig. 1(f). The broad band at around 3435 cm ! could be
attributed to the stretching vibration peaks of O—H and N-H of CQ. The
stretching vibration peak of aliphatic C—H at 2870 cm ™! was assigned to
the characteristic bands. In addition, the band at 1652 em™! was
attributed to the in-plane bending vibration peak of secondary amine
N—H on the CS. The peak of N-H on CQ shift to 1604 cm™' was
significantly weakened after the glycidyl trimethylammonium chloride
with the amino group of the CS chain. All of the above results confirmed
that the glycidyl trimethylammonium chloride groups have been suc-
cessfully grafted onto the CS [30-32].

2.2. Characterization of CQ-HA/MXene hydrogel

To prepare the hydrogel, HM, CQ and Ti3C, Mxene were mixed with
the light initiator LAP. Upon expsure to 395 nm UV light, the methyl-
acrylate was cross-linked by the radicals released by LAP, resulting in
the formation of the hydrogel [33]. The prepared four groups of

(a) CQ-HM/MXene-1
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hydrogels were named CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2,
and CQ-HM/MXene-3 with different amounts of Mxene (0 mg/mlL, 1
mg/mL, 2 mg/mL, 3 mg/mL). Consequently, the four groups of hydro-
gels were freeze-dried in a freeze-dryer at —80 °C. The lyophilized
hydrogels were meticulously sliced and subjected to a 60 s gold spraying
process and then characterized using scanning electron microscopy
(SEM). Fig. 2 (a) illustrated the porous characteristics of the hydrogel
surfaces. The CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and
CQ-HM/MXene-3 hydrogels exhibited larger pore sizes on their surfaces.
The presence of MXene could result in a smoother surface texture with
the MXene content increasing in the hydrogels. A specific region of the
hydrogel was then selected for elemental analysis. Energy-dispersive
X-ray spectroscopy (EDS) was performed to determine the elemental
composition and visualize the distribution of elements within the
hydrogel. Fig. 2 (b) displays the EDS analysis of the hydrogel results,
which revealed that the titanium element exhibited a gradual increase
with the escalating quantity of MXene, suggesting that MXene could be
retained homogeneously within the hydrogel matrix.

2.3. Swelling analysis

The water absorption of the hydrogel was also evaluated through a
swelling experiment. The CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2,
and CQ-HM/MXene-3 hydrogels previously prepared were sliced into
cylindrical sheets of uniform volume and dimensions. The freeze-dried
weight of each hydrogel was measured and denoted as Wy. Subse-
quently, the hydrogels were immersed in an equal volume of deionized

CQ-HM/MXene-2 CQ-HM/MXene-3
NE “Fdd T | T
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Fig. 2. (a) SEM image of hydrogels with different concentrations of MXene: CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, CQ-HM/MXene-3 hydrogels; (b) EDS-
based elemental maps of CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, CQ-HM/MXene-3 hydrogels.
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water at room temperature for 24 h. After removing the sample, any
surface water was promptly dried with filter paper, and the weight was
recorded as the swelling weight (Wy). The swelling ratio (W %) was
calculated using the following equation:
W, — W,

W% :‘TOO x 100%

Fig. 3 (a) illustrated the swelling ratio of hydrogels reaching 200 %,
demonstrating that the excellent absorption properties of CQ-HM, CQ-
HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3 hydrogels.

2.4. Rheological analysis

Subsequently, rheological properties of CQ-HA, CQ/HA-MXene-1,
CQ/HA-MXene-2, and CQ/HA-MXene-3 hydrogels were detected using a
Physical MCR rheometer. The rheology measurements were performed
using a circular disk configuration, with the hydrogel positioned be-
tween parallel plates set at a precise 0.5 mm gap distance. Frequency
and strain scanning were performed to analyze the storage modulus (G')
and loss modulus (G"), with real-time tracking of their changes
throughout the measurement process. For oscillation frequency scan-
ning, a 1 % strain amplitude was maintained once the hydrogel had
stabilized. The angular frequency range was adjusted between 0.1 and
100 rad/s. During strain scanning, keep the frequency amplitude at 1
rad/s after the hydrogel has stabilized. Adjust the strain range between
0.1 and 200 %. In this context, an amplitude sweep was utilized to assess
the storage modulus (G") and the loss modulus (G”) within the linear
viscoelastic region (Fig. 3 (b) and 3 (c)). Upon the establishment of the
3D crosslinked network structure, the CQ-HM, CQ-HM/MXene-1, CQ-
HM/MXene-2, and CQ-HM/MXene-3 hydrogels exhibited elastic prop-
erties, characterized by a higher energy storage modulus G’ compared to
the loss modulus G”, which showed almost no variation with stress and
angular frequency models. The storage modulus G’ of 1 kPa for CQ-HM,
CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3 hydrogels
demonstrated exceptional flexibility, enabling them to conform to the
wound and mimic the properties of natural tissue matrix.

2.5. Photothermal properties

Photothermal therapy (PTT) utilizes an external light source to
convert light energy into heat at the wound site, with the goal of erad-
icating pathogens. PTT emerges as a prominent alternative to traditional
antibiotic treatments for infectious diseases, boasting high selectivity,
minimal invasiveness, and negligible side effects [29,34]. Its
non-invasive nature and low likelihood of inducing drug resistance
further enhance its application potential as a therapeutic approach.
CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3
hydrogels were investigated by monitoring their temperature changes
with 808 nm NIR irradiation. In order to assess the impact of different
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near-infrared (NIR) power levels on the photothermal characteristics,
the CQ-HM/Mxene-1 hydrogel was selected to be irradiated by 808 nm
NIR for 600 s using power settings of 0.5 W, 0.75 W, 1.0 W, 1.25 W, and
1.5 W with the light source positioned at a distance of 15 cm from the
sample. Concurrently, real-time temperature fluctuations were recorded
using an infrared imaging camera. The data demonstrated that the
CQ-HM/MXene-1 hydrogel’s temperature reached 54 °C under a light
power of 1.5 W/cm?, and 43 °C under a light power of 1.0 W/cm? for a
duration of 600 s (Fig. 4(a) and (b)). Considering the potential harm to
healthy skin from elevated temperatures, a power level of 1.0 W/cm?
was chosen for subsequent photothermal experiments. In addition, the
content of the MXene in the hydrogel was also measured to evaluate the
best ratio of photothermal material in the hydrogel. The reported pho-
tothermal conversion efficiency of MXene as found to be 38.5 % [23].
CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3
hydrogels with different MXene ratios were exposed to NIR at 808 nm
for 600 s at a power of 1.0 W. Since no photothermal material MXene
was added to the CQ-HM hydrogel, the application of NIR caused no
obvious temperature changes. The temperature variations of the
CQ-HM/MXene-3 hydrogel showed the highest contrast using an
infrared thermograph and reached 49 °C (Fig. 4(c) and (d)). The tem-
perature of CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3
increased by 13.5 °C, 15 °C, and 19 °C respectively. These results
demonstrated that the CQ-HM/MXene hydrogels were capable of
absorbing NIR energy and converting it into thermal energy, and that
the higher the power and MXene content, the better the photothermal
performance of the material. Furthermore, the reversibility of the pho-
tothermal effect of the hydrogel was assessed by conducting a cycle
experiment involving NIR irradiation followed by natural cooling after
turning off the laser. Fig. 4 (e) illustrated the temperature fluctuation of
the CQ-HM/MZXene-3 hydrogel during a single cycle. The cyclic process
was repeated multiple times to evaluate the repeatability of the photo-
thermal effect. In Fig. 4 (f), the temperature variation resulting from a
four-cycle experiment of NIR irradiation and natural cooling is demon-
strated. It is noteworthy that the photothermal effect of the sample
remained consistent throughout the cycles. This can be attributed to the
strong photothermal effect of MXene, which is effectively preserved
within the hydrogel.

2.6. Cytotoxicity study

To assess the cytocompatibility and biological performance of the
CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3
hydrogels for potential biomedical applications, in vitro CCK (cell
counting kit) and dead/live assays were conducted. These assays were
performed. Using cells cultured in DMEM supplemented with 10 %
bovine serum and 10 % DMSO. A cell suspension containing approxi-
mately 1 x 10° cells was inoculated onto 96-well cell culture plates and
incubated in a 37 °C incubator with 5 % CO,. After 24 h of incubation,
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Fig. 3. (a) The swelling ratio of CQ-HM, CQ-HM/MXene-1, CQ-HM/MZXene-2, and CQ-HM/MXene-3 hydrogels; (b) and (c) Rheological measurements of the CQ-HM,
CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3 hydrogels with frequency and strain mode.
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(f) Temperature changes of the CQ-HM/MXene-3 hydrogel during five on/off cycles of NIR irradiation at 1.0 W/cm? for 100 min.

the medium in the experimental group was replaced with hydrogel,
while the medium was used as the control group. Consequently, cell
viability was assessed using the CCK-8 assay after 24 and 72 h. Simul-
taneously, a mixture of Calcein-AM (2 pmol/L -1y and PI (4.5 pmol/L)
was added to the culture medium to stain the cells in various states, and
then the cell morphology was observed by fluorescence microscope
(Fig. 5(a)). It was found that a large number of living cells were observed
on the surface of the hydrogels. Throughout the culture procedure, all
cells displayed extensive dispersion, showcasing the superior cell
adhesion of CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/
MXene-3 hydrogels. Quantitative cell viability was further assessed
using the CCK-8 assay after 1 and 3 days of culture (Fig. 5(b)). The
percentage of living cells in all the hydrogels reminded at 90 % (Fig. 5
(c)). These results suggest that all the hydrogels exhibited excellent
biocompatibility properties to fibroblasts. The addition of MXene did
not compromise their cytotoxicity, and they served as effective hydrogel
substrates for enhancing cell proliferation (see Fig. 5).

2.7. Antimicrobial activity

Rapid bacterial growth is a major factor that hinders the healing
process of infected wounds. Therefore, the development of antibacterial
hydrogels is crucial for promoting wound healing. By incorporating
Ti3C, Mxene into the hydrogel, the antibacterial properties can be
significantly enhanced due to the generation of high temperatures
through the conversion of light. To evaluate the antibacterial properties
of the hydrogels, the agar disc diffusion method was employed. The
activity of the hydrogels was assessed against both Gram-positive bac-
teria, such as Staphylococcus aureus (S. aureus), and Gram-negative
bacteria, such as Escherichia coli (E. coli). The hydrogels were cut into
1 cm diameter circles and placed in a 24-well plate. After sterilization
through alcohol immersion, 1 mL of bacterial solution with a concen-
tration of 1 x 10”7 CFU/mL was added to each agar disc. The antimi-
crobial activity of CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and
CQ-HM/MXene-3 hydrogels was evaluated through the following ex-
periments: (1) The circular hydrogel was mixed with 1 mL of bacterial
solution and incubated for 3 h with a rotation speed of 220 rpm. After
gradient dilution, samples were plated on agar plates and the colony-
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Fig. 5. (a) Images of L929 cultured on the PBS Control, CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3 hydrogels for 48 h, where dead cells
were stained red and live cells were stained green; (b) Cytotoxicity of different samples assessed by Cell Counting Kit-8 (CCK-8) assay for 1 and 3 days; (c) Percentage
of living cells treated with different hydrogels observed by live/dead cell staining. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

forming units (CFUs) were counted; (2) The circular hydrogel was pre-
treated with or without 808 nm NIR with a power of 1.0 W at a distance
of 15 cm from the hydrogel for 10 min, and then 1 mL of bacterial so-
lution was added for incubation. The control group without hydrogel
addition also underwent the same test procedures and was cultured at
37 °C for 24 h before being counted. The anti-bacterial efficacy of the
hydrogel was determined by calculating the mean value from five rep-
etitions of each test group. The number of bacteria in the control group
(treatment with PBS) remained unchanged with or without 808 nm NIR.
The relative bacterial viability for the control group with or without NIR
irradiation was 99 %. However, for CQ-HM, CQ-HM/MXene-1, CQ-HM/
MXene-2, and CQ-HM/MXene-3 groups, the viability was nearly 70 %
for both E. coli and S. aureus without NIR radiation due to the inherent
antibacterial property of the quaternary ammonium salt on CQ. Simul-
taneously, the relative bacterial viability for CQ-HM, CQ-HM/MXene-1,
CQ-HM/MXene-2, and CQ-HM/MXene-3 was 69.95 + 1.89 %, 58.42 +
1.07 %, 28.52 + 0.54 %, and 3.07 + 0.59 % respectively for E. coli
(Fig. 6(c)) and 68.67 + 1.79 %, 56.62 + 2.07 %, 30.52 + 0.64 %, and
1.56 £ 0.62 % for S. aureus (Fig. 6(d)) with 808 nm NIR light radiation.
Compared to the control, CQ-HM showed slight antibacterial ability,
while CQ-HM/MXene-1, CQ-HM/MXene-2, CQ-HM/MXene-3

demonstrated much higher antibacterial efficiency. CQ-HM/MZXene-3
illustrated the most excellent antibacterial property due to the highest
MXene content and best PTT effect (See Fig. 6).

2.8. In vivo wound healing

The CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/
MXene-3 hydrogel was injected onto the round full-thickness wound
of the SD mice and then irradiated with 395 nm light to form the
hydrogels for infected wound therapy. In the case of an infected wound,
the promotion of bacterial reproduction delayed the closure of the
wound and increases the burden on healthcare providers. To assess the
potential clinical application of CQ-HM/MXene hydrogels, a SD rat
model with an infected wound was created. This model was used to
investigate the infected of the hydrogels to heal infected wounds. To
evaluate the promotion of wound healing properties of the hydrogels,
the SD mice were divided into four groups: control group, CQ-HM, CQ-
HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3 with the 808
nm NIR irradiation. In Fig. 7, the wound closure rate in the CQ-HM, CQ-
HM/MXene-1, CQ-HM/MXene-2, CQ-HM/MXene-3 groups surpassed 50
% after 3 days of treatment with NIR irradiation. This healing rate
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Fig. 6. Antimicrobial activity of the hydrogel treatments against E. coli (a) and S. aureus (b) as observed by colony forming units (CFU) after 24 h of co-incubation
with the hydrogel. (c)~(d) Quantitative results of live/dead staining for S. aureus and E. coli.

exceeded that of the control and CQ-HM groups. After 10 days of
treatment, with the protective layer formed by the irradiation of 395 nm
UV light on the injectable hydrogel, the wounds treated with CQ-HM/
MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3 with 808 nm NIR
light irradiation almost healed (Fig. 7(b)). However, in comparison, the
control group and CQ-HM group exhibited only half the healing area of
the wound, indicating that the hydrogel containing MXene demon-
strated a strong bactericidal effect as a wound dressing due to its
excellent photothermal properties. On the 10th day, the infected
wounds treated with the CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-
HM/MXene-3 groups, which were irradiated with 808 nm NIR, had an
area of only 2.1 %, 1.2 % and 0.7 %, respectively. In contrast, the wound
area treated with CQ-HM and the control group, both with 808 nm NIR
irradiation was 18 % and 25 %, respectively (Fig. 7(b), (¢), and (d)). This

suggested that the skin condition of the mice in the former group had
returned to normal. This result illustrated that the hydrogel with the
photothermal material MXene could accelerate healing process for
infected wounds. Finally, systemic toxicity was evaluated to ensure
clinical safety clinical safety. Liver, spleen, heart, lung and kidney tis-
sues were collected for all the groups. No obvious alterations were
observed in these organs (Fig. 8), demonstrating that the biomaterials
show no systemic toxicity and can be safely used as a wound dressing.

3. Discussion
3.1. The preparation of the CQ-HM/MXene hydrogels

As a wound dressing, the hydrogels should possess desirable softness,
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Fig. 7. (a) Infected diabetic wound model with PTT diagram in vivo; (b) Photographs of wounds with different treatments on days 1, 4, 7, and 10. (c) Traces of
wound-bed closure on days 1, 4, 7, and 10 and (d) The time dependence of wound areas in the Control, CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and CQ-HM/

MXene-3 hydrogel groups with NIR irradiation.

injectable ability, swelling behaviors, and hydrophilicity. They should
be injected to fit the wound with complex shapes and completely cover
the irregular wound to prevent bacterial invasion. Chitosan, a natural
polymer, after being grafted with 3-chloro-2-hydroxypropyl trimethyl
ammonium chloride, showed enhanced antibacterial properties. Hyal-
uronic acid, another kind of biocompatible polymer, after being grafted
with a methylacrylate group, can be cross linked by 395 nm UV light
irradiation. Both 'H NMR and FTIR illustrated the successful grafting of
the polymers CQ and HM. Therefore, after being mixed with the pho-
tothermal material MXene, CQ and HM could form a 3D network
structure antibacterial hydrogel after 395 nm UV light irradiation. The
mapping images of SEM illustrated that Mxene is distributed homoge-
neously in the hydrogel, indicating that the hydrogel could transfer NIR
light into heat energy. Simultaneously, the elevated fluid absorption
capacity is advantageous for these CQ-HM/MXene hydrogels to be uti-
lized in wound dressings, as it facilitates the maintenance of a moist
microenvironment and the absorption of excessive wound exudates. The
optimized storage modulus of the prepared hydrogels exhibited

remarkable flexibility, allowing them to effectively conform to the
wound site and replicate the characteristics of the natural tissue matrix.

3.2. The photothermal effect of the CQ-HM/MXene hydrogels

The CQ-HM/MXene hydrogel that was prepared exhibited a
controlled photothermal transfer effect. It is crucial to have a mild PTT
at a temperature below 50 °C for effectively treating bacterial infections
in wound dressing. This is achieved by adjusting various experimental
parameters, such as the concentration of photothermal materials, laser
power density, and irradiation time. To mitigate any adverse effects
resulting from uncontrolled heat generation, the MXene content in the
hydrogel was adjusted to 1 mg/mL and the laser power density was set at
1.0 W, ensuring that it would not cause thermal damage to healthy
tissues and organs.
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3.3. The cytotoxicity, anti-bacteria and wound healing property of the
CQ-HM/MXene hydrogels

Throughout the culture procedure, all cells displayed extensive
dispersion, showcasing the superior cell adhesion of CQ-HM, CQ-HM/
MXene-1, CQ-HM/MXene-2, and CQ-HM/MXene-3 hydrogels [35]. All
of the hydrogels depicted excellent cell viability. As a biocompatible
polymer, both CQ and HM illustrated low cytotoxicity. Simultaneously,
these results suggest that the CQ-HM/MXene hydrogels exhibited
excellent adhesion to fibroblast. The addition of MXene did not
compromise their biocompatibility, and they served as effective
hydrogel substrates for enhancing cell proliferation.

For infected wound healing, increasing the antibacterial effect is a
vital point for the wound dressing. CQ grafted with 3-chloro-2-hydrox-
ypropyl trimethyl ammonium chloride can provide some of the anti-
bacterial function for the hydrogel. This can be attributed to the
positively charged protonated ammonium (-NH3) on the CQ, which can
adsorb onto the surface of bacteria and form a layer of macromolecular
film to prevent the delivery of nutrients to cells. This inhibits and kills
bacteria [36]. Simultaneously, MXene demonstrated excellent photo-
thermal properties, which can be used for anti-bacterial purposes due to
the increase temperature when exposed to NIR irradiation at 808 nm.
Under moderate conditions, the CQ-HM/MXene hydrogel is exception-
ally bactericidal due to the synergistic effect of these two antibacterial
properties. The number of bacteria in the control group (treatment with
PBS) remained unchanged. After treatment with the hydrogels alone,
the antibacterial properties of CQ reduced the number of bacteria, and
the bacterial survival rate was 70 %. Although CQ-HM/MZXene by itself
possessed some antibacterial properties, they were insufficient for
effective antibacterial activity. Therefore, the photothermal effect was
added to the antibacterial system. By applying NIR, MXene in the
hydrogel absorbed NIR energy and converted it into heat energy,
thereby increasing the hydrogel’s temperature to inhibit bacterial ac-
tivity. The antibacterial rate of the CQ-HM/MXene hydrogel was up to
98 %.

Inspired by the promising in vitro antibacterial outcomes, an animal
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spleen, lung, and kidney) in SD rats treated with control and different hydrogels

model with bacterial infections was created to assess the in vivo thera-
peutic benefits of the CQ-HM/MXene hydrogel. The CQ-HM/MXene
hydrogel was applied at 49 °C to maintain antibacterial properties
while minimizing thermal harm to neighboring healthy tissues and or-
gans. A round skin wound was created on the back of each mouse, fol-
lowed by the inoculation of E. coli and S. aureus. for bacterial infections.
The presence of CQ-HM/MXene facilitated the close adhesion of the
hydrogel to the wound due to the surface tension of water. In terms of
wound healing, while all groups showed reduced infected areas over
time, the CQ-HM/MXene-3 group exhibited the fastest recovery rate
compared to the blank group. Simultaneously, the application of the
hydrogel significantly promoted the healing of the infected wounds and
showed no toxicity to the tissue.

4. Experimental and methods
4.1. Materials

Chitosan (with a degree of deacetylation of 80-95 % and a viscosity
of 100-200 mPa s), acetic acid, sodium hydroxide, and methylacrylate
were purchased from Sinopharm Chemical Reagent Co., Ltd. Glycidyl
trimethylammonium chloride was acquired from Beijing InnoChem S
cience & Technology Co., Ltd. Ti3Cy MXene was obtained from Shanghai
Titan Scientific Co., Ltd., and Macklin Biochemical Co., Ltd., respec-
tively. Escherichia coli (E. coli, BNCC 133264), Staphylococcus aureus
(S. aureus, BNCC 186335) and methicillin-resistant staphylococcus
aureus (MRSA, BNCC 330041) were obtained from BeNa Culture
Collection (Henan, China). L929 cells were obtained from iCell Biosci-
ence Inc (Shanghai, China). Endothelial cell culture medium (ECM),
Dulbecco’s Modified Eagle Medium (DMEM) and fetal bovine serum
(FBS) were purchased from Sciencell Co., Ltd (USA). 0.5 % trypsin-
ethylene diamine tetraacetic acid (EDTA) and penicillin-streptomycin
were purchased from Gibico Co., Ltd (USA). The CCK-8 assay kit was
purchased from Novozymes BioScience Co., Ltd (Nanjing, China).
Mueller-Hinton Broth medium (MHB) and Lysogeny broth (LB) were
purchased from Thermo Fisher Scientific Co., Ltd (USA). Other reagents
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were utilized without further purification.

4.2. Preparation of CQ

CQ was synthesized according to the reference reported before [37].
Briefly, 2.5 g of chitosan was dissolved in 200 mL of 0.5 % (v/v) acetic
acid with stirring. Then, 1546 pL of glycidyl trimethylammonium
chloride was added drop wise to the chitosan solution and stirred
vigorously at 55 °C for 24 h. After the reaction, the precipitate was
filtered and the solution was dialyzed in deionized water for 72 h to
remove impurities. Finally, the dialysate was freeze-dried to obtain the
white powder CQ.

4.3. Preparation of HM

HM was synthesized according to reference [34]. Briefly, 2.5 g of
hyaluronic acid was dissolved in 200 mL of deionized water, and then
2.0 mL of methylacrylate was added dropwise into the hyaluronic acid
solution and stirred vigorously at 50 °C for 24 h. After the reaction, the
reaction solution was dialyzed in deionized water for 72 h to remove
impurities. Finally, the dialysate was freeze-dried to obtain the white
powder HM.

4.4. Characterization of the polymer CQ and HM

The prepared CQ and HM polymer was characterized with 'H NMR
and FTIR spectra to confirm the successful grafting of glycidyl trime-
thylammonium chloride and methylacrylate. First, CQ and HM were
characterized by 'H NMR with the solvent CDCls, using trimethylsilane
as the internal standard with 120 scans. An FTIR spectrometer (Nicolet
iS 10, Thermo Fisher Scientific) was used to detect the FTIR spectra of
CS, CQ, HA and HM. The FTIR wavenumber range was from 4000 to
1000 cm 1.

4.5. Fabrication of the photothermal hydrogels

To prepare the photothermal hydrogel CQ-HM/Mxene, the CQ-HM
solutions were obtained by dissolving CQ and HM in DI water. Then,
different amounts of Mxene were mixed in 4 mL of CQ-HM aqueous
solution with MXene concentrations of 0 mg/mL, 1 mg/mL, 2 mg/mL,
and 3 mg/mL for half an hour at room temperature. Subsequently, 5 pL
of a LAP solution was added to the above mixture and stirred vigorously
for 10 min in the dark. The mixture was then extracted with a syringe
and injected into molds. Finally, molds of different shapes were filled
with the mixture and irradiated with 395 nm UV light for 5 s to form the
hydrogels. The resulting photothermal hydrogels prepared above are
labeled as CQ-HM, CQ-HM/Mxene-1, CQ-HM/Mxene-2, CQ-HM/
Mxene-3 hydrogels, respectively.

4.6. Scanning electron microscope (SEM) measurement of the hydrogels

The hydrogel samples were freeze-dried before measurement, and
then cut into small pieces. The cross section was pasted on a metal stage,
and sputtered with gold powder. The microstructure of the hydrogel
samples was detected using a SEM (SU1510, Hitachi Co. Ltd., Tokyo,
Japan). The pore diameters of the samples were measured with Image J.

4.7. Swelling behaviors

The swelling ratios of the samples were evaluated via the immersion
method with PBS at ambient temperature. The cylindrical hydrogel
samples (diameter of 8 mm and height of 5 mm) were weighed. After
immersion for different time intervals, the weights of the hydrogels were
measured. The swelling ratios of hydrogels were defined by the
following formula:
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W, — W,

0

W% = x 100%

where Wy represents the initial weight of the hydrogel and W, represents
the weight of the hydrogel after immersion in PBS. Each group of sam-
ples was measured at least five times and expressed as the mean and
standard deviation.

4.8. Rheological properties

The rheological properties of the hydrogels were determined by a
rheometer (Anton Paar rheometer, Austria). The sol precursor of the CQ-
HM/Mxene was injected into the mold and shaped as discs with a
diameter of 25 mm and a thickness of 1 mm by exposing it to 395 nm UV
light for 5 s. For the hydrogel frequency scanning tests, the strain
amplitude at 1 % once the gel stabilizes, and adjust angular frequency
was adjusted within the range of 0.1-100 rad/s. For the strain scanning
tests, the frequency amplitude was kept at 1 rad/s after stabilization, and
the strain was adjusted within the range of 0.1-200 %

4.9. Photothermal properties of hydrogel

To evaluate the photothermal properties, the CQ-HM/Mxene
hydrogels were irradiated with an 808 nm laser at different electrical
powers (0 W/cm?, 0.5 W/cm?, 0.75 W/cm?, 1.0 W/cm?, 1.25 W/cm?
and 1.5 W/cm?). The CQ-HM, CQ-HM/MXene-1, CQ-HM/MXene-2, and
CQ-HM/MXene-3 hydrogels were also irradiated separately. Deionized
water was used as the control group. The temperature change of the CQ-
HM/Mxene hydrogels was recorded using an infrared thermal imager.
To detect the heating-cooling recycle photothermal properties of the
hydrogels, the CQ-HM/MXene hydrogels were irradiated with an 808
nm laser (1.0 W/cm?) for 10 min and then cooled to room temperature.
The temperature change was recorded using an infrared thermal imager.
This process was repeated 5 times to certify the photothermal stability of
the CQ-HM/MXene hydrogels.

4.10. Cytotoxicity and photothermal toxicity in vitro

4.10.1. Cell culture

L1929 cells were cultured in high glucose DMEM with 10 % FBS, 1 %
penicillin and streptomycin. The cell was incubated under standard
culture conditions of 37 °C, 5 % CO, and 95 % air.

4.10.2. CCK-8 assay

To assess the toxicity of the hydrogel, L929 cells were seeded onto
the surfaces of TCP, CQ-HM, CQ-HM/Mxene-1, CQ-HM/Mxene-2, and
CQ-HM/Mxene-3 hydrogels at a density of 5.0 x 10* per sample. Sub-
sequently, L929 in each group were exposed to NIR laser (808 nm, 1.0
W/cm?) for 10 min and then incubated at 37 °C for 24 and 72 h. Cell
viability was evaluated using a CCK-8 assay. Then, 10 pL of CCK-8 so-
lution was added to each well and incubated at 37 °C for 2 h. The
absorbance at 450 nm was measured using an enzyme-labeling instru-
ment (357-808025, Thermo Fisher Scientific Inc, China).

4.10.3. Cell live/dead assay

The Live/Dead assay was carried out to analyze the cell proliferation
of the hydrogels. L929 cells were cultured on different groups of
hydrogels. After 24 h of incubation under an NIR laser (808 nm, 1.0 W/
em?, 10 min), the cells were stained with Calcein-AM/PI for 30 min at
37 °C. Images were obtained by confocal microscopy (TCS SP8, Leica,
Wetzlar, Hesse, Germany). Calcein-AM/PI was used to mark living and
dead cells, respectively. The ratio of the number of dead or live cells was
analyzed in three random fields.
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4.11. Antibacterial activity and photothermal antibacterial effect
measurements in vitro

In order to assess the antibacterial efficacy of the hydrogels, S. aureus
and E. coli were chosen as representative strains of Gram-positive and
Gram-negative bacteria, respectively. Bacterial cells were cultured in
Muller-Hinton broth medium (MHB) at 37 °C with agitation at 120 rpm,
followed by uniform dispersion in PBS at a colony forming unit (CFU)
concentration of around 10® mL™. 1 mL of bacterial suspension was
then added to the buffer coated with PBS control, CQ-HM, CQ-HM/
Mxene-1, CQ-HM/Mxene-2, CQ-HM/Mxene-3, respectively, and incu-
bated at 37 °C for 12 h before being irradiated with an NIR laser (808
nm, 1.0 W/cmz, 10 min).

4.11.1. Plate coating assay

Bacterial suspensions were adjusted to a concentration of 10° CFU
mL~% and aliquots were spread onto lysogeny broth (LB) agar plates.
After incubation at 37 °C for 12 h, images of the bacterial plates were
captured and analyzed using ImageJ software to assess the antibacterial
efficacy of various samples.

4.12. In vivo antibacterial and wound healing promotion

All animal experiments were approved by the Animal Ethics Com-
mittee of SiPeiFu (Beijing) Biotechnology Co., Ltd., and were carried out
under the Guidelines for the Care and Use of Animals at SiPeiFu (Beijing)
Biotechnology Co., Ltd. (The Ethical Clearance number is 2022030101).
Male SD rats with an average body weight of 250 + 30 g were used for
full-thickness wound healing experiments.

The wound healing properties of CQ-HM/Mxene hydrogel were
tested in vivo using adult SD rats. The skin of the rats was excised by
total dermal excision to form a circular wound of approximately 1 cm in
diameter, and the wound was injected with 1*10° methicillin-resistant
S.aureus. The constructs were modeled on infected wounds. SD rats
were randomly divided into the following five groups (n = 5): (1) PBS;
(2) CQ-HM; (3) CQ-HM/Mxene-1; (4) CQ-HM/Mxene-2; (5) CQ-HM//
Mxene-3. PBS was the control group. All gel groups were irradiated
with 808 nm 1.0 W cm ™2 NIR laser for 10 min. The different hydrogel
treatments of the wounds were recorded on days O, 1, 4, 7, and 10.

SD rats were euthanized on the 10th day after the indicated surgery.
At the same time, major organs (heart, liver, spleen, lungs, and kidneys)
were excised for hematoxylin and eosin (H&E) staining to study the
potential toxicity of the gel on each group.

4.13. Statistical analysis

All of the data are denoted as means and standard deviations, and at
least three tests were performed unless otherwise specified.

5. Conclusions

In this study, we developed and synthesized a novel biocompatible
polymer-based antibacterial hydrogel for effective treatment of bacterial
infections and wound healing. The hybrid polymer HM was synthesized
by grafting MA onto the pendent segment of HA, while CS was modified
with glycidyl trimethylammonium chloride to form CQ. These polymers
were then combined with the 2D material MXene and cross-linked with
the photoinitiator, LAP, under 395 nm UV light. The antibacterial and
wound healing properties of the hydrogel could be adjusted by varying
the amount of MXene added. The CQ-HM/MXene hydrogel exhibited a
NIR photoexcitation response when exposed to NIR irradiation, attrib-
uted to the photothermal properties of MXene. The CQ-HM/MXene
hydrogel demonstrated excellent antibacterial efficacy and low cyto-
toxicity, making it suitable for infected wound healing. This hydrogel
demonstrated more competitiveness as an ideal dressing for promoting
wound healing.
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