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ARTICLE INFO ABSTRACT

Keywords: In diabetic wounds, the presence of hyperglycemia is often accompanied by a persistent inflammatory response,
Diabetic chronic wounds oxidative stress damage, impaired angiogenesis and bacterial infections around the wound, resulting in impaired
MXene proliferation of dermal and epidermal cells and impaired skin regeneration in diabetic wounds. To solve the
Egg::;al growth factor above problems, this study designed a near-infrared (NIR) light-responsive multifunctional poloxamer hydrogel
Hydrogel (EGF/PDA-MXene Gel). The Gel is composed of two-dimensional nanomaterials (2D NMs) MXene as the core,

modified by polymer, further loaded with epidermal growth factor (EGF), and has antibacterial, antioxidant,
photothermal properties. Meanwhile, EGF/PDA-MXene Gel can be used as a drug repository, alleviating the
problem of short half-life, and realizing the sustained release of EGF. The NIR photothermal property induces
protein denaturation leading to the death of pathogenic bacteria, avoiding the common clinical problem of
antibiotic resistance. In addition, EGF/PDA-MXene Gel promotes diabetic chronic wound healing by promoting
epidermal regeneration, collagen deposition, angiogenesis, and several other mechanisms. Therefore, the Gel
preparation strategies that combine bioactive molecules with 2D NMs, which maintains the activity of EGF while
exploiting the antimicrobial advantages of 2D NMs photothermally, provide a new and promising therapeutic
approach for accelerating the repair of chronic infected wounds.

Wound healing

healing is mainly improved by antibiotics to inhibit bacterial prolifera-
tion [7], surgical debridement [8], negative pressure therapy [9], skin

1. Introduction

In recent years, chronic wounds have emerged as a challenging
clinical issue. With the increase in predisposing factors such as aging,
diabetes, and obesity, the incidence of chronic wounds has grown
exponentially, leading to frequent hospitalizations, infections, and even
deaths among patients, which significantly impacts their quality of life
[1]. Diabetic foot ulcers (DFUs) are the most typical chronic wounds that
fail to heal or have delayed healing due to impaired metabolism, low
immunity, and recurrent infections [2-6]. Currently, diabetic wound

substitute grafting [10], and other treatment methods. However, there
are drawbacks such as antibiotic resistance, secondary injury due to
ordinary wound dressing replacement, high medical cost of skin sub-
stitute grafts and reduced efficacy due to frequent administration of
single drugs, which seriously limit its clinical application [11]. There-
fore, it is necessary to propose a comprehensive diabetic wound healing
treatment strategy with antioxidant, antibacterial, epidermal regenera-
tion and angiogenesis effects.
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EGF, as a growth factor with extensive physiological activities
[12-14], plays an indispensable role in the remodeling phase of wound
tissue [15]. Clinically, EGF is often used in combination with antibiotics
or corticosteroidal drugs to control infection while promoting wound
healing, thereby enhancing therapeutic efficacy. It is noteworthy that
locally applied soluble EGF can be degraded by proteases and is readily
removed by wound exudates before reaching the deeper layers of the
wound. This necessitates frequent administrations to maintain sufficient
EGF levels in the wound area, which increases treatment costs. Addi-
tionally, excessive EGF diffusion may have adverse effects on sur-
rounding healthy tissues. However, overly frequent administrations may
alter the skin’s tissue growth environment, leading to secondary bac-
terial infections and scarring. Therefore, there is an urgent need to
develop a wound dressing that can eliminate bacteria, alleviate exces-
sive inflammation, and promote wound healing simultaneously, in order
to avoid the issue of antibiotic resistance that arises from the combined
use of EGF and antibiotics.

Two-dimensional nanomaterials (2D NMs) with ultra-thin thickness,
flexible and controllable dimensions, unique photothermal properties,
and favorable biocompatibility are promising for biomedical applica-
tions [16]. MXene, as a novel two-dimensional layered nanomaterial
composed of transition metal carbides, nitrides, and carbon-nitrides, has
often been used as a drug carrier in recent years in drug delivery,
regenerative medicine, and other fields due to its large specific surface
area [17,18] and high photothermal conversion efficiency [19,20]. For
example, a multifunctional MXene-doped photothermal microneedle
with excellent mechanical strength, photothermal antimicrobial and
reactive oxygen species (ROS) scavenging capabilities was developed for
drug-resistant infected wound healing [21]. Polydopamine (PDA) ex-
hibits strong adhesion [22,23], good biocompatibility [24,25], excellent
photothermal conversion [26-28], outstanding free radical scavenging
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activity [29], and its abundance of functional groups (quinone groups,
phenolic hydroxyls, and amines) allows it to be often used as an inter-
mediate linker [30-33] to immobilize biologically active molecules and
pharmaceuticals onto the surfaces of various materials. In addition,
adding PDA to the nanosystem can improve its antibacterial and
anti-inflammatory capabilities [34].

Compared to other forms of dressings such as gauze and bandages,
hydrogel-based dressings provide a solution for protein storage and
controlled delivery by keeping the wound moist, adequately absorbing
tissue exudate, being easy to load and delaying drug release, and their
dense mesh structure protects the encapsulated drug by restricting the
penetration of external enzymes [35]. Its ability to adapt to the shape
and size of the wound and minimize the chance of secondary injury due
to dressing changes makes it particularly suitable for use in the treat-
ment of diabetic-type chronic wound healing, and it has a greater
prospect of clinical translation in infected wounds [36,37].

In this study, a multifunctional hydrogel slow-release drug delivery
system was developed (Fig. 1). PDA was selected to modify monolayer
MXene nanosheets followed by loading of EGF, and the prepared
nanosheets were characterized by a series of characterization tools in
terms of their microscopic morphology, elemental composition, and
physical phase composition. The nanosheets were embedded in Polox-
amer 407 (P407) and Poloxamer 188 (P188) to prepare EGF/PDA-
MXene temperature-sensitive hydrogels (EGF/PDA-MXene Gel), and
their rheological properties, skin adhesion, antioxidant properties, and
photothermal properties were investigated. In addition, the hydrogels
were evaluated for their in vitro photothermal antimicrobial, cyto-
compatibility, and cell migration capabilities. Finally, the hydrogel’s
ability to promote chronic wound healing was evaluated by a diabetic
chronic wound healing assay. The results showed that MXene-based
multifunctional hydrogels loaded with EGF could accelerate the
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Fig. 1. Preparation and application of a multifunctional EGF/PDA-MXene Gel for chronic wound healing in diabetes.
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wound healing process at different stages of wound healing, which
provided new ideas for solving the clinical problems associated with
chronic wounds.

2. Materials and methods
2.1. Materials

Titanium aluminum carbide was obtained from Beijing Fusman
Technology Co., Ltd, LiF, and dopamine hydrochloride were purchased
in Shanghai Aladdin Biochemical Technology Co., Ltd. Epidermal
growth factor (EGF), LB agar, and nutrient agar were acquired from
Shanghai Maclin Biochemical Technology Co., Ltd. Trimethylol amino-
methane (Tris) and streptozotocin (STZ) were obtained from Beijing
Solaibao Technology Co., Ltd. Poloxamer 407 (P407) and Poloxamer
188 (P188) were supplied by Beijing Ita Biotechnology Co., Ltd. Mini-
mum Essential Medium (MEM), fetal bovine serum (FBS), penicillin-
streptomycin Solution, and trypsin-EDTA were procured from Procell
Life Science&Technology Ltd. Cell Counting Kit-8 (CCK-8) and Calcein/
PI Live/Dead Cytotoxicity Assay Kit were bought from Beyotime
Biotechnology. L929 cells were supplied by the Cell Bank of Typical
Culture Collection of the Chinese Academy of Sciences, Staphylococcus
aureus (S.aureus, BNCC310011) and Escherichia coli (E.coli,
BNCC336435) were purchased from Institute of Microbiology, Chinese
Academy of Sciences. Sprague-Dawley rats (SD rats) were obtained from
the Medical Laboratory Animal Center, Xinjiang Medical University.

2.2. Preparation of MXene nanosheets

Weigh and dissolve 1.0 g of LiF in 5 mL of deionized water, followed
by the slow addition of 15 mL of HCl (9 M) while stirring until complete
dissolution. Subsequently, slowly add 1.0 g of Ti3AlC, over 15 min. The
entire reaction system should be stirred at 35 °C for 24 h at 500 rpm.
After completion, centrifuge the mixture at 5000 rpm at 4 °C for 5 min,
then proceed with resuspension precipitation and centrifugation using a
solution containing HCl at a concentration of 1 mol/L. The resulting
centrifugal products should be alternatively rinsed with deionized water
and anhydrous ethanol until pH levels between 5.0 and 6.0. Following
this, subject the precipitated reaction product to ultrasonic stripping
using deionized water dispersed in an ice water bath under nitrogen
protection for 2 h. Subsequently, collect the supernatant was through
centrifugation at 3500 rpm for 1 h at 4 °C while ensuring nitrogen
protection was maintained throughout this process to obtain a single-
layer MXene nanosheets solution, which was stored at 4 °C.

2.3. Preparation of PDA-MXene nanosheets

Measure 20 mL 2.5 mg/mL MXene nanosheets solution, add 100 mg
dopamine hydrochloride, stirring for 1 h. Add 100 mL 50 mM Tris-HCl
(tris(hydroxymethyl)aminomethane) (pH = 8.5). The whole reaction
system was stirred at 25 °C for 8 h at 400 rpm. End of the reaction, the
solution was spun off at 4000 rpm for 10 min at 4 °C and then washed
three times alternately with deionized water and anhydrous alcohol to
eliminate unreacted dopamine. The reaction precipitate was dispersed
with deionized water and transferred to brown marshmallow flasks.
PDA-MXene nanosheets solution was collected and stored at 4 °C.

2.4. Preparation of EGF/PDA-MXene nanosheets

100 pg of EGF was dispersed in 1 mL of deionized water, and the
volume of PBS was constant to 10 mL to obtain EGF stock solution,
which contained 1 x 10° units of EGF. 1 mL of EGF stock solution was
added into 10 mL 1 mg/mL PDA-MXene nanosheets solution, and the
whole reaction system was incubated at 37 °C at 100 rpm for 12 h.
Following the reaction, the composite was centrifuged at 4000 rpm for
10 min, and the precipitate was dried in a vacuum oven at 40 °C. The
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EGF/PDA-MXene nanosheets were collected and stored at 4 °C.
2.5. Preparation of hydrogels

P407 26.033 % and P188 6.059 % were obtained by taking P407
7.0899 g and P188 1.8177 g, grinding them thoroughly, and dissolving
them in 30 mL of deionized water respectively. Accurately weigh 1 mg
each of MXene, PDA-MXene, and EGF/PDA-MXene powder, add 26.033
% P407 3.016 mL with 6.059 % P188 1 ml, stirring until completely
dissolved, and place in the refrigerator at 4 °C to fully dissolve, to obtain
MZXene Gel, PDA-MXene Gel and EGF/PDA-MXene Gel.

2.6. Characterization

The MXene nanosheets, PDA-MXene nanosheets, and EGF/PDA-
MXene nanosheets solutions were ultrasonically dispersed homoge-
neously, diluted by gradient, and then drop-coated onto carbon-
supported film copper mesh (400 mesh). After IR drying treatment,
the microscopic morphology was observed using field emission trans-
mission electron microscopy with 200 KV accelerating voltage. The
MXene nanosheets solution was ultrasonically dispersed, and drop-
coated onto the silicon wafers after gradient dilution, and left to dry
to measure the thickness of the samples using an atomic force micro-
scope. The nanosheets powder was mixed and pressed with dried KBr
powder and tested to study the changes in chemical bonding in the cross-
linking reaction by Fourier Transform Infrared Spectroscopy under
vacuum with a test range of 4000-500 cm ™! at 4 cm™! resolution. The
dynamic light scattering system using laser particle size Zeta potential
and absolute molecular weight analyzer was used to examine the
nanosheets’ particle size distribution and potential changes. The surface
structures of the nanomaterials were examined by an X-ray diffrac-
tometer to analyze the material composition and crystal structure, with
a test range of 2°-80° with a scan rate of 2°/min. The surface elemental
compositions, chemical states, and molecular structures of the MXene,
PDA-MXene, and EGF/PDA-MXene nanosheets were inspected by X-ray
photoelectron spectrometry. The elemental composition of EGF/PDA-
MXene nanosheets was visualized by high-resolution field emission
transmission electron microscopy. The hydrogel samples were freeze-
dried and adhered to conductive adhesive, and the microstructure of
the hydrogels was observed by scanning electron microscopy after gold
spraying treatment.

2.7. Investigation of rheological properties and adhesion

Blank Gel, MXene Gel, PDA-MXene Gel, and EGF/PDA-MXene Gel
were placed in the center of the circular test tray of the rheometer,
respectively. The changes of energy storage modulus (G) and loss
modulus (G") of hydrogels were observed at a constant strain of 1 %, a
constant frequency of 1 Hz, and a heating rate of 0.5 °C/min in the
temperature interval of 20-60 °C. The oscillation angle frequency was
scanned from 100 to 0.1 rad/s at 25 °C and 37 °C, respectively, to
examine the relationship between hydrogel viscoelastic properties and
frequency.

The hydrogels were placed on the surface of fresh pig skin and mouse
skin respectively, and incubated at 37 °C for 10 min in the incubator,
and then the gel state of the hydrogels in each group was monitored. The
mouse skin was stretched, and the pig skin was placed vertically to
observe photographically, and record the morphological changes of the
hydrogels.

2.8. Antioxidant properties

MXene Gel, PDA-MXene Gel, and EGF/PDA-MXene Gel were mixed
thoroughly with ABTS" working solution and incubated for 6 min away
from light, then the absorbance of the samples was tested at 734 nm, and
the color of the solution was recorded. MXene Gel, PDA-MXene Gel, and
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EGF/PDA-MXene Gel were mixed thoroughly with DPPH ' working so-
lution and incubated for 30 min away from light. The absorbance of the
mixture at 517 nm was measured and the solution color was recorded
with a video camera. The free radical scavenging rate was calculated by
eq. (1).

Ao — (As —Ag)

100 % 1
A x 100 % 0

Scavenging (%) =

where: [Ag] represents the absorbance of deionized water + working
solution, [Ag] represents the absorbance of hydrogel working solution,
[Ag] represents the absorbance of hydrogel + solvent.

2.9. Photothermal properties

Blank Gel, MXene Gel, PDA-MXene Gel, and EGF/PDA-MXene Gel
were irradiated with an 808 nm NIR laser emitter for 10 min, and the
temperature changes of the samples were recorded at 30 s intervals. The
intensity of the laser emitter was adjusted to 0.5, 1.0, 1.5, and 2.0 W/
em? to irradiate EGF/PDA-MXene Gel for 10 min, and the temperatures
were recorded at 30 s intervals. Different concentrations of EGF/PDA-
MXene Gel were irradiated separately for 10 min, and the temperature
changes of the samples were recorded every 30 s. Subsequently, after
irradiation with 808 nm NIR light for 10 min, the 808 nm NIR light was
turned off to allow natural cooling for 10 min, and the above heating
cycle was repeated 5 times, and the change of hydrogel temperature was
recorded every 30 s. The hydrogel temperature change versus time curve
was plotted.

2.10. Invitro drug release

The release of EGF from EGF/PDA-MXene solution, EGF/PDA-
MXene Gel, and EGF/PDA-MXene Gel + NIR was investigated sepa-
rately. 2 mL of 250 pg/mL sample was added to the bottom of a beaker
placed in a constant temperature oscillator at 37 °C, 150 mL of PBS (pH
= 7.4) was added, with an oscillation rate of 100 rpm. Multiple sampling
points were set up at certain time intervals, which were 0.5, 1, 2, 3, 4, 6,
8,10, 12, 24, 36, and 48 h, and the volume of the sample was 1 mL, and
1 mL was injected after sampling. PBS was injected into the system after
sampling to ensure that the total volume of the system remained un-
changed. The NIR group was sampled and replenished with PBS at the
sampling point and again after irradiation at 808 nm for 10 min.
Following the EGF ELISA kit, the absorption was recorded at 450 nm by
using an enzyme marker. The cumulative release rate of EGF was
calculated according to equation (2), and the release curve of the drug in
vitro was plotted:

drug release amount

100 % 2
total drug amount x ° 2

In vitro drug release rate % =

2.11. In vitro stability investigation

To investigate the stability of EGF/PDA-MXene Gel, changes in the
appearance properties of EGF/PDA-MXene Gel were observed on days 0,
3, 7, 10, 14, and changes in pH of EGF/PDA-MXene Gel were detected
with a pH meter, while EGF was measured to observe changes in
content.

2.12. In vitro photothermal antimicrobial assay

S.aureus and E.coli were selected, and the strains were added into LB
liquid medium and placed in a thermostatic shaking box (37 °C, 180 r/
min), and the logarithmic growth period bacterial solution was selected
for the experiment. When the concentration of the bacterial solution was
108 CFU/mL (OD600 = 0.1), the bacterial solution was mixed with
hydrogel at 1:1 and placed in a constant temperature incubator (37 °C, 4
h). After the incubation was completed, 100 pL was taken and added
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dropwise to the LB agar plate coated evenly and placed in a constant
temperature incubator (37 °C, 24 h). Among them, the NIR light group
was mixed uniformly and irradiated at 808 nm, 1.5 W/cm? power for 5
min, and then placed in the constant temperature incubator for co-
incubation to observe the growth of the colonies and take photos to
record.

S.aureus and E.coli in the logarithmic growth phase were taken
respectively, and the concentration of the bacterial solution was
adjusted to 1 x 10® CFU/mL after resuspension in 0.9 % saline, and the
hydrogel was mixed with the bacterial suspension at 1:1 and incubated
at 37 °C for 4 h. After incubation, the hydrogel was centrifuged (6000
rpm, 5 min), washed with physiological saline for two times, and then
resuspended to 500 pL, and then stained by DMAO/EthD-III dye under
light protection for 15 min. DMAO/EthD-III dye was used for staining,
and after incubation for 15 min, 5 pL was taken on a slide and observed
and photographed under an orthogonal fluorescence microscope.

2.13. Invitro cell biocompatibility assay

Cell suspensions (100 pL/well) of 5 x 10%/well were seeded into 96-
well plates and cultured at 37 °C with 5 % COx for 24 h. When the cells
had grown to about 80 %, 100 pL of hydrogel complete medium extract
with different concentrations was added to each well in the experi-
mental group, and 100 pL of complete medium containing cells (MEM +
10 % FBS + 1 % double antibody) was added to the control group.
Repeat six wells per group and continue incubation for 24 or 48 h. After
the reaction, 100 pL of medium containing 10 % CCK-8 solution was
added to each well, and the absorbance was measured in 450 nm
wavelength after incubation for 1 h in a cell culture incubator, and the
cell viability was calculated according to eq. (3).

. OD; — OD
Cell survival rate (%) = —— k

879 100 % 3
0Dy — OD; 0 ®

where: ODs, ODd, ODk are the OD values at 450 nm for the experimental
group, control group and blank group, respectively.

The cells were inoculated with 5 x 10%/well cell suspension (1 mL/
well) in 12-well plates and incubated in a cell culture incubator at 37 °C
with 5 % CO; for 24 h. When the cells grew to about 50 %, 500 pL of
complete medium was added to the control group, and 500 pL of
hydrogel complete medium extract was added to the experimental group
to continue to incubate the cells for 24 h or 48 h. After incubation was
completed, 500 pL of Calcein AM&PI staining solution was added and
incubated for 30 min at 37 °C and protected from light. After the incu-
bation was completed, 500 pL of Calcein AM&PI staining solution was
added, and the cells were incubated at 37 °C for 30 min, protected from
light, and the fluorescence staining images were observed and recorded.

2.14. Cell scratch assay

The effect of EGF/PDA-MXene Gel on the migration of L929 was
evaluated by the cell scratching method. Cell suspensions of 1.5 x 10%/
well were inoculated in 6-well plates and cultured in a cell culture
incubator at 37 °C and 5 % CO; for 24 h. After the cells were completely
adhered to the wall, they were scratched with a 200 pL tip of a gun, and
the floating cells were washed with PBS. Complete medium extracts of
Blank Gel, MXene Gel, PDA-MXene Gel, and EGF/PDA-MXene Gel were
added respectively to continue the incubation, and the cell migration
was observed and recorded at 0 h, 24 h, and 48 h. The cell migration
area was counted using Image J, and the cell migration rate was
calculated by eq. (4).

So — San
0

Cell scratch closure (%) = x 100 % 4

where: Spp, is the area of the scratch on day 0, Sap is the area of the
scratch at different time points.
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2.15. Experimental chronic wound healing in diabetes mellitus

The animal experimental protocol in this study was approved by the
Medical Ethics Committee of the First Hospital Affiliated to the Medical
College of Shihezi University (certification number: A2023-278-01) and
was performed according to the national regulations on the management
of experimental animals. The type I diabetes mellitus model was
established by intraperitoneal injection of streptozotocin at the dose of
65 mg/kg in male SD rats at 6-8 weeks of age after one week of accli-
matization and feeding. After the blood glucose level exceeded 16.7
mmol/L, anesthesia was administered and hair was removed to expose
the dorsal skin and to construct a 1-cm-diameter whole-layer wound
model. It was divided into 8 groups (n = 8): Blank group, Control group,
Blank Gel group, positive drug group (thEGF hydrogel), MXene Gel
group, PDA-MXene Gel group, EGF/PDA-MXene Gel group, and EGF/
PDA-MXene Gel + NIR group (1.5 W/crnz, 5 min), in which saline was
given to the blank group and the model group (the blank group was the
wound model of normal SD rats, and the rest of the group was the dia-
betic SD rats). A sterile syringe was used to instill 0.25 mL of drug or
saline to cover the wound surface and the hydrogel was fixed with 3M
Tegaderm™. The healing status of the wounds was observed on post-
operative days 0, 3, 7, 10, and 14 and recorded with a camera, and the
area of each wound was quantitatively analyzed by Image J, and the
wound healing rate was calculated by eq. (5).

S()*SN

Wound healing rate (%) = x 100 5)

0

where Sy is the wound area on day O and Sy is the wound area at
different time points.

2.16. Histological analysis

Wound tissues were collected on days 7 and 14, respectively, fixed in
4 % paraformaldehyde, embedded, and tissue sectioned. H&E staining
and Masson staining were used to observe tissue regeneration and
collagen deposition. The expression of interleukin-1f (IL-1f) and tumor
necrosis factor-a (TNF-a) in the tissue sections was detected by immu-
nohistochemistry. The expression of platelet endothelial cell adhesion
molecule-1 (CD31) was determined by immunofluorescence staining.
The staining results were analyzed using Image-J software. Blood was
collected on day 14 for serum biochemical indexes and organs such as
the heart, liver, spleen, lungs, and kidneys were collected and embedded
in sections for H&E staining.

2.17. Biocompatibility and safety studies

After the 14-day chronic wound healing experiment was completed,
blood was collected from rats for liver and kidney function and routine
blood tests. After completion of blood sampling, the rats were eutha-
nized, and major organs such as the heart, liver, spleen, lungs, and
kidneys were collected and fixed in paraformaldehyde, embedded in
paraffin, and sectioned for H&E staining analysis to assess the in vivo
safety of the hydrogel after administration.

2.18. Statistical analysis

GraphPad Prism 8 was used for statistical analysis. Data were
expressed as mean =+ standard deviation and statistical differences be-
tween multiple data sets were assessed by t-test or one-way ANOVA. *p
< 0.05 was considered as statistically significant difference (*P < 0.05,
**p < 0.01, ***P < 0.001, and ****P < 0.0001).
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3. Results and discussion
3.1. Characterisation of EGF/PDA-MXene gel

In this study, the LiF/HCI etching method was chosen to etch the Al
atomic layer from the MAX phase, and the high concentration of acid
and Li" intercalation showed a multilayered fluffy structure in the
interlayer of MXene nanosheets (Fig. 2A), with a size of up to 3 pm. After
low-temperature ultrasonic exfoliation, the layer spacing was gradually
enlarged, some of the chemical bonding occurred, and the large-size
layers were reduced, showing the monolayered MXene nanosheets
with smooth edges (Fig. 2B), with transverse sizes in the range of
250-350 nm and thicknesses of about 1.9 nm (Fig. 2C-D), which
initially indicated the successful preparation of monolayer MXene
nanosheet.

After the modification of MXene nanosheets by polydopamine
coating through the self-polymerization of dopamine under weak alkali
conditions, a film-like black substance appears on the surface of the
PDA-MXene nanosheets compared to the TEM images of the MXene
nanosheets, which is presumed to be the result of the self polymerization
of PDA on the surface of the MXene nanosheets (Fig. 2E). The results of
particle size change before and after PDA modification are shown in
Fig. 2F. The particle size of the nanoparticle increases from 281 nm to
352 nm, which may be due to the stacking and adhesion of the nano-
particle due to the adhesion of the PDA itself, and the increase of MXene
nanoparticle layer spacing caused by the coating of the PDA. Fig. 2G
shows the potential change before and after PDA modification, and the
average potential of the nanosheets decreased from —26.67 mV to
—31.33 mV after the introduction of PDA.This is due to the fact that PDA
is rich in functional groups such as amino and phenolic hydroxyl groups,
which have strong electronegativity, and the electronegativity of the
composite surface is enhanced when PDA is wrapped on the surface of
MXene nanosheets. The increase of electronegativity makes the charge
distribution on the surface of MXene nanosheets more uniform, en-
hances the charge interaction inside the nanosheets, and improves the
structural stability of MXene nanosheets. The XRD diffraction spectra
patterns of MXene, PDA-MXene, the characteristic peaks of aluminum
crystal surface were not observed at 20 = 39° indicating that Al has been
removed by etching and the (002) characteristic peak of MXene was
shifted forward from 9.44° to 6.3°, which indicated that the carbon
lattice spacing was increased and monolayer MXene nanosheets have
been successfully prepared. The PDA-MXene pattern showed no signif-
icant change in the diffraction peaks except the (002) characteristic peak
was shifted forward to 5.9° (Fig. 2H), which was an increase in the layer
spacing due to the PDA coating, in addition, the introduction of PDA did
not have any other effect on the crystal structure of MXene.

The load of EGF on the PDA-MXene nanosheets was realized through
oscillating culture. Compared with the PDA-MXene nanosheets
(Fig. 2E), a large number of tiny black materials were distributed in
obvious dots on the EGF/PDA-MXene nanosheets (Fig. 2I), which was
preliminarily assumed to be a successful load of EGF. In order to further
determine the element composition of the nanosheets, the element dis-
tribution of the EGF/PDA-MXene nanosheets was studied by high-
resolution field emission transmission electron microscopy, and C, Ti,
O, N, and S were detected (Fig. 2J). The presence of S further indicates
that EGF has been successfully loaded. To further determine the changes
of chemical bonds and functional groups before and after the reaction,
FT-IR tests were performed on the nanosheets (Fig. 2K), and the char-
acteristic peaks of the MXene nanosheets appeared at 3404 cm™! and
1645 cm™!, which correspond to the stretching vibrations of -OH and
C=0, respectively, whereas the stretching vibration of the C-O bond was
observed at 1536 cm ™}, and the Ti-O peak appeared at 591 cm ™ *. The
increase in peak intensity at 3404 cm™! of PDA-MXene nanosheets could
be attributed to the -OH and -NH; of PDA itself and new characteristic
peaks appeared at 1625 cm ™! and 1475 cm ™, which were attributed to
the aromatic ring of PDA and the -OH group of catechols, suggesting that
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Fig. 2. Nanosheets characterization. (A) SEM images of multilayer MXene nanosheets, (B) TEM images of monolayer MXene nanosheets, (C) AFM images of
monolayer MXene nanosheets, (D) Thickness of MXene nanosheets in the AFM maps, (E) TEM images of PDA-MXene nanosheets, (F) Nanosheets particle size maps
before and after PDA modification, (G) before and after PDA modification nanosheets potential maps, (H) XRD patterns of MXene and PDA-MXene nanosheets, (I)
TEM images of EGF/PDA-MXene nanosheets, (J) Mapping elemental distribution of EGF/PDA-MXene nanosheets, (K) MXene, PDA-MXene and EGF/PDA-MXene
nanosheets FT-IR spectra, (L) XPS patterns of MXene, PDA-MXene and EGF/PDA-MXene nanosheets.

the dopamine successfully polymerized on the surface of MXene. The
characteristic peaks of the PDA-MXene nanosheets had characteristic
peaks from the structural juxtaposition of PDA and MXene nanosheets
without significant valence bonding connections and peak shifts, pre-
sumably modifying the surface of the material by electrostatic interac-
tion between MXene nanosheets and PDA. The characteristic peaks of
EGF/PDA-MXene nanosheets were roughly identical to those of PDA-
MXene nanosheets, but the peaks at 3404 cm ' for -OH and -NH,
peaks at 3404 cm ™! were slightly weakened, presumably because EGF, a
peptide, was attached to the PDA-MXene nanosheets utilizing hydrogen
bonding. The increase in peak intensity at 539 cm ™! is attributed to the
presence of -S-S- in EGF; the characteristic peak at 1625 ecm™! is
significantly enhanced compared to the PDA-MXene nanosheets as a
result of C=0 stretching vibration, which suggests the successful loading
of EGF in the PDA-MXene nanosheets, and further corroborates the fact
that MXene, PDA-MXene, and EGF/PDA-MXene nanosheets were suc-
cessfully prepared.

The chemical compositions of MXene, PDA-MXene, and EGF/PDA-
MXene nanosheets were analyzed by XPS, and elements such as C, Ti,
O and F were detected in the MXene nanosheets, the elements C and Ti
were derived from MAX powder, the appearance of O was attributed to
the generation of hydroxyl groups of MXene, and the element F was
derived from LiF, a result which verified the successful preparation of
MXene (Fig. 2L). The appearance of the N 1s peak at 401 eV and the
significant decrease in the intensity of the F 1s peak at 685 eV and the Ti
2p peak at 563 eV in the energy spectrum of PDA-MXene indicate the
successful introduction of the element N. The appearance of the S 2p
peak at 164 eV in the spectrum of EGF/PDA-MXene suggests the pres-
ence of the element S, and the intensity of the N 1s peak at 401 eV is

greater than that of PDA-MXene, which is due to the presence of disul-
fide bonds and amino groups in EGF as a small-molecule polypeptide
formed from 53 amino acids. The above results confirmed the successful
preparation of EGF/PDA-MXene nanosheets.

Considering that the temperature-sensitive hydrogel forms a semi-
solid gel under body temperature conditions, the physiological tem-
perature of the human body is 37 °C however, the skin temperature is
33.5 £ 0.5 °C, the gelation temperature should be slightly lower than
the skin temperature, therefore, 32 °C was set as the target gelation
temperature. The prepared MXene, PDA-MXene, and EGF/PDA-MXene
nanosheets were encapsulated in a temperature-sensitive hydrogel,
which was able to gel rapidly at 32 °C (Fig. 3A). The microscopic
morphology of hydrogels presents a three-dimensional network struc-
ture with irregular interconnected pores, which provides for water ab-
sorption, drug-carrying, and substance exchange (Fig. 3B).

3.2. Rheological properties

The gelation time was determined by measuring the changes of en-
ergy storage modulus (G) and energy dissipation modulus (G") in
rheological properties. Under the conditions of constant strain of 1 %,
constant frequency of 1 Hz, temperature scanning range of 20-60 °C,
and heating rate of 0.5 °C/min, the gelling temperatures of Blank Gel,
MXene Gel, PDA-MXene Gel, and EGF/PDA-MXene Gel were 32.26 °C,
32.37 °C, 32.44 °C, and 32.46 °C, respectively, which were in line with
the expected, with no significant difference (Fig. 3C). As the temperature
continued to increase, the hydrophobic group interactions of Poloxamer
were stronger, and when G'>G”’, the hydrogel showed a semi-solid or
immobile solid gel state.
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Fig. 3. Characterization of hydrogels. (A) Comparison of the appearance of hydrogels before and after gelling, (B) SEM image of hydrogels after freeze-drying, (C)

Dynamic temperature scanning curve of hydrogels.

The changes in viscosity of hydrogels were examined at 25 °C and
37 °C at shear rates of 100 - 0.1 rad/s, respectively. At the same shear
rate, the viscosity exhibited EGF/PDA-MXene Gel ~ PDA-MXene Gel >
MXene Gel > Blank Gel, where the higher viscosity of EGF/PDA-MXene
Gel and PDA-MXene Gel can be attributed to the introduction of PDA,
with a large number of catechol structures conferring superb adhesion
(Fig. 4A). In addition, the viscosity of the hydrogel at 37 °C was
significantly stronger than that at 25 °C, which was caused by the phase
transition of the hydrogel at 32.5 °C and the increase in the resistance to
flow. It is worth noting that the viscosity-shear rate curves of the
hydrogels all showed a tendency for the viscosity to decrease with
increasing shear rate, indicating the ability to shear thinning, suggesting
that the hydrogels were all pseudoplastic fluids. When applied to the
wound, the friction generated would reduce the viscosity of the hydro-
gels to enable them to cover the wound more evenly to exert their me-
dicinal effects.

3.3. Adbhesion properties

In wound repair, wound dressings with adhesive properties are
important for effective wound closure. When the temperature is 25 °C,
the hydrogel remains in the sol state when placed horizontally on mouse
skin and pig skin. At this time, the hydrogel can flow and cover the skin,
but it will not form a stable solid structure, and the adhesion is relatively

weak. After being placed at 37 °C, the hydrogel adhered to stretched
mouse skin (Fig. 4B) and vertically placed pig skin (Fig. 4C) without
detachment or cracking. The above results show that the hydrogel has
good skin adhesion and can be well applied to skin wounds.

3.4. Antioxidant properties

In this study, the antioxidant activity of hydrogels was evaluated by
detecting the scavenging ability of ABTS free radical and DPPH free
radical to simulate the antioxidant ability of hydrogels on various
difficult wounds. The hydrogels showed a dosing dependence when the
dosing concentration was in the range of 6.25-150 pg/mL, and the
scavenging efficiency of ABTS free radicals significantly increased with
the increase of dosing concentration (Fig. 4D). 125 pg/mL EGF/PDA-
MXene Gel can show considerable free radical scavenging efficiency,
while the concentration of MXene Gel and PDA-MXene Gel can reach
90.90 % and 94.91 % of ABTS free radical scavenging efficiency. In
addition, the DPPH radical scavenging rate of the hydrogels showed a
positive correlation (Fig. 4E). At 150 pg/mL, EGF/PDA-MXene Gel free
radical scavenging rate can reach 99.23 %, MXene Gel, PDA-MXene Gel
89.60 % and 96.23 %, which also have high free radical scavenging
effect. This is mainly attributed to the quinone structure in the neigh-
boring position of the PDA molecule reacting with HOO- to confer better
antioxidant properties to the hydrogels. The color change diagram of
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hydrogel working reaction with ABTS and DPPH radical observed that

the color of the solution gradually decreased with the increase of drug
concentration. These results indicate that MXene Gel, PDA-MXene Gel,
and EGF/PDA-MXene Gel can effectively remove ROS, reduce oxidative
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stress, and exert their antioxidant capacity.
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Fig. 5. Photothermal properties, in vitro drug release properties and stability of hydrogel. (A) Photothermal profiles of different hydrogels under 808 nm irradiation
at 1.5 W/cm?, (B) Photothermal profiles of EGF/PDA-MXene Gel under 808 nm irradiation at different powers, (C) Photothermal profiles of different concentrations
of EGF/PDA-MXene Gel under 808 nm irradiation at 1.5 W/cm?, (D) Photothermal profiles of EGF/PDA-MXene Gel under 808 nm irradiation at 1.5 W/cm? for five
laser "on-off" cycles, (E) In vitro release rates of different samples at pH = 7.4, (F) EGF content change curve of EGF/PDA-MXene Gel after 14 days of standing.
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3.5. Photothermal properties

The photothermal effect of different hydrogels were explored in this
experiment, and the good photothermal conversion ability of MXene,
accompanied by the addition of PDA, led to the further enhancement of
the photothermal effects of PDA-MXene Gel and EGF/PDA-MXene Gel
(Fig. 5A). The photothermal profiles of EGF/PDA-MXene Gel at different
power densities showed a power density dependence, with the tem-
perature increase becoming more pronounced as the power density
increased (Fig. 5B). At a power of 0.5 W/cmz, the Gel could not be
formed rapidly within 5 min; at a power of 1 W/cm?, the temperature
increased to 40.8 °C after 10 min of irradiation, which did not meet the
requirement of achieving mild thermal therapy at the wound. When the
light intensity is 2 W/cm?, the temperature is as high as 58.5 °C,
affecting the physiological function of normal tissues. Therefore, 1.5 W/
cm? was chosen for subsequent treatment. The photothermal effect of
different concentrations of EGF/PDA-MXene Gel was determined at 1.5
W/cem?. After irradiation for 5 min, the concentration could be heated up
to 47.7 °C when the concentration reached 250 pg/mL, which had
considerable photothermal conversion ability (Fig. 5C). In addition, the
photothermal stability of the hydrogel is one of the important prepara-
tions for the evaluation of photothermal effect. After five "on-off" cycles,
the temperature was stabilized at 48.9 °C after 5 min of laser irradiation,
and the laser was turned off to maintain the temperature at 30 °C, which
is a more comfortable temperature for human skin, and it has specific
and good photothermal stability (Fig. 5D).

3.6. In vitro release performance and stability

EGF release capability of EGF/PDA-MXene solution, EGF/PDA-
MXene Gel, and EGF/PDA-MXene Gel assisted by 1.5 W/cm? NIR were
investigated respectively. The results showed that the cumulative EGF
release rate of EGF/PDA-MXene solution was 79.40 % at 8 h, and the
drug release rate of EGF/PDA-MXene Gel was 47.35 % at 48 h due to the
hydrogen bonding between the drug and the hydrogel interior and the
spatial site-blocking effect, and the release rate was significantly
reduced, which indicated that the EGF/PDA-MXene Gel had a slow
release effect (Fig. SE). The brief laser-assisted action of the NIR group
increased the drug release rate slightly, thus showing a small-scale
"sudden release" phenomenon in the figure. After the laser was turned
off, drug release continued at the original drug release, and the NIR can
be regarded as a drug release switch, and the temperature increased
when the laser was turned on, and the internal hydrogen bond of the
hydrogel was broken, which caused the enhancement of the diffusion of
the drug molecules. When the laser is switched off, the temperature
drops, the hydrogen bond inside the hydrogel is restored, and the drug
molecule diffusion is enhanced, causing a sudden release of the drug in a
small area. This indicates that EGF/PDA-MXene Gel can achieve the
slow and controlled release of drugs through the regulation of NIR,
which has a broad application prospect.

EGF/PDA-MXene Gel (250 pg/mL) had a good appearance and
properties after being placed at 4 °C for the Oth, 3rd, 7th, 10th, and 14th
days without discoloration or sedimentation, and the pH of the gel was
not affected with the increase of time (Fig. S1). The content of EGF in 1
mg of EGF/PDA-MXene nanosheets was 8332 IU as a result of the pre-
vious experiments, so the content of EGF in 250 pg/mL of EGF/PDA-
MXene Gel was 2083 IU, and the content of EGF was unchanged after
14 days at 4 °C, which showed good stability (Fig. 5F).

3.7. Photothermal antimicrobial properties

S.aureus and E.coli were selected as the research subjects, and the
antimicrobial capacity of the hydrogels was evaluated by plate coating
and live/dead bacterial staining. With the administration concentration
of up to 250 pg/mL, the antimicrobial effect of PDA-MXene Gel and
EGF/PDA-MXene Gel on S.aureus was significantly enhanced compared
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to MXene Gel (Fig. 6A), with the antimicrobial rates as high as 93.90 +
2.17 % and 93.95 + 1.21 % (Fig. 6B), and the trend of the results of the
staining of live/dead bacteria was roughly the same as that of live/dead
bacterial staining results (Fig. 6C). Similarly, for E. coli (Fig. 7A), the
antibacterial rate after PDA modification increased from MXene Gel
48.15 + 6.03 % to PDA-MXene Gel 95.00 + 3.02 % and EGF/PDA-
MXene Gel 95.70 + 2.19 %, respectively (Fig. 7B), and the red fluo-
rescence of its live/dead bacterial staining significantly increased
(Fig. 7C), indicating a stronger bactericidal effect. This may be due to
the super adhesive property of PDA as a way to inhibit the growth of
bacteria. The loading of the EGF did not change the antimicrobial
properties of the hydrogel much and did not have an antimicrobial effect
per se, but only served to keep the chances of wound infection from
increasing. It should be noted that based on the excellent photothermal
conversion ability of MXene and PDA, the antimicrobial effect of each
experimental group was enhanced after NIR irradiation, in which the
antimicrobial rates of EGF/PDA-MXene Gel against S.aureus and E.coli
could be as high as 97.36 + 2.25 % and 97.07 + 2.36 %, respectively.
The NIR group exhibited more intense red fluorescence compared with
the no-NIR group, which indicated that PDA-MXene Gel and EGF/PDA-
MZXene Gel could better perform their antibacterial effects with the
assistance of NIR light, and this result echoed the photothermal anti-
bacterial plate counting results.

3.8. In vitro cytotoxicity and cell migration

Cell safety evaluation is one of the indispensable indexes in the safety
evaluation of preparations. In the present study, mouse embryonic
fibroblast L929 was selected as the target of the study, and the prolif-
eration of the cells was detected by the CCK-8 method after 24 h and 48
h of treatment with different concentrations of drugs. The cytotoxicity of
the hydrogels increased with the increase of drug concentration and
incubation time, and the cell survival rate of all hydrogels was higher
than 85 % at the concentration of 100 pg/mL (Fig. 8A). After 48 h of
administration, MXene Gel, PDA-MXene Gel and EGF/PDA-MXene Gel
showed higher cell viability compared with Blank Gel, with EGF/PDA-
MXene Gel having the most significant effect, thus further demon-
strating that the addition of EGF can promote the proliferation and
differentiation of epidermal cells. Besides, after co-culturing the
hydrogel extracts with 1.929 cells for 24 h and 48 h, the cells were well-
grown and shuttle-shaped after treatment with the cell viability staining
kit, except for the Blank Gel which showed a small amount of red
fluorescence, most of the cells in the MXene Gel group, the PDA-MXene
Gel group and the EGF/PDA-MXene Gel group showed green fluores-
cence, and only a few cells showed red fluorescence. Individual cells
showed red fluorescence (Fig. 8B). This result is basically consistent with
the trend of CCK-8. Overall, all groups of hydrogels showed good
cytocompatibility, which lays the foundation for the subsequent pre-
liminary pharmacodynamic validation.

The migration ability of the hydrogel to L929 cells was assessed by
cell scratch repair. As time went from 0 h to 48 h, the scratch area of cells
in all experimental groups decreased to varying degrees, and the MXene
Gel group, PDA-MXene Gel group, and EGF/PDA-MXene Gel group
showed good cell migration ability at 24 h and 48 h (Fig. 8C). Among
them, the EGF/PDA-MXene Gel group had the most significant effect on
promoting cell migration, with a healing rate of 87.16 + 5.81 % after 48
h of administration (Fig. 8D), which could promote cell migration,
showing a strong potential for promoting wound repair.

3.9. In vivo diabetic wound healing

In this experiment, SD male rats were selected to construct a type I
diabetic wound model and comprehensively evaluate the therapeutic
effect of hydrogel on chronic wounds. Blood glucose and body weight
changes were monitored after STZ injection, and rats with blood glucose
levels >16.6 mmol/L were selected for the construction of the diabetic
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Fig. 6. Antibacterial effect of hydrogel on S.aureus in vitro. (A) Plate smear, (B) Inhibition rate, (C) Live/Dead bacterial staining results (scale: 100 pm).

chronic wound model (Fig. 9A). The rats showed sluggish movements,
lusterless fur a significant increase in urine output, and a gradual
decrease in body weight that leveled off around day 14 (Fig. 9B).
Photographs were taken on days 0, 3, 7, 10, and 14 from the time of
modeling to record the wounds and fit them (Fig. 9C). After 3 days of
administration, the wounds were still oozing with tissue fluid, except for
the Control and Blank Gel groups, which showed the formation of thin
scabs. After 7 days of treatment, the wounds of all groups had formed
scabs, and the wound-healing effect of the administered group was
significantly better than that of the Control group. After 14 days of
treatment, the wound in the NIR group was nearly completely healed

(Fig. 9D), the scabs had fallen off, and the average wound healing rate
was as high as 99.14 % (Fig. 9E), accompanied by some hair growth. The
above results showed that NIR irradiation could induce EGF/PDA-
MXene Gel to release EGF slowly and continuously, and the local
wound temperature rise and blood microcirculation increase, to accel-
erate the healing of chronic diabetic wounds.

3.10. Histological analysis

H&E staining and Masson staining were performed on the skin tis-
sues on the 7th and 14th day respectively to analyze tissue regeneration
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Fig. 7. Antibacterial effect of hydrogel on E.coli in vitro. (A) Plate smear, (B) Inhibition rate, (C) Live/Dead bacterial staining results (scale: 100 pm).

during wound healing (Fig. 10A). On day 7, more inflammatory cell
infiltration (green arrows) was observed in the model group, at which
time the wound was still in the inflammatory stage, whereas the EGF/
PDA-MXene Gel, as well as the NIR group, had only a very small
amount of inflammatory cell infiltration and some angiogenesis (red
arrows). A small amount of inflammation was still present after 14 days
of administration, with a significant increase in the number of neo-
vascularization and the appearance of skin appendages such as hair
follicles (blue arrows) and sebaceous glands (purple arrows) in the EGF/

PDA-MXene Gel and NIR groups.

Masson staining showed that on the 7th day of administration,
except for the blue collagen in the skin tissues of Blank, Control, and
Blank Gel, more collagen was deposited in the other groups. After 14
days of administration, collagen fibers were evenly arranged and
collagen accumulation increased in the PDA-MXene hydrogel group, the
EGF/PDA-MXene hydrogel group, and the NIR group. The above results
suggest that EGF/PDA-MXene Gel, assisted by NIR, accelerated the
transformation of wounds from the inflammatory stage to the
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Fig. 8. Cell compatibility and cell scratching in vitro. (A) Cytotoxicity, (B) Cell live/dead staining, (C) Cell scratching, (D) Scratch area (scale: 200 pm).

proliferative stage, enhanced collagen deposition, and thus promoted
diabetic chronic wound healing.

Inflammation is a necessary stage in the transition from the hemo-
static to the proliferation of wound healing, and it is also a basic path-
ological process that occurs when the organism is subjected to external
stimuli and is predominantly defensive. Two pro-inflammatory factors,
IL-1p and TNF-a, were selected as the detection indexes, and immuno-
histochemistry was performed to evaluate the anti-inflammatory effect
of hydrogel. The model group had high positive expression of IL-18 and
TNF-a on day 14 of treatment, and there was a down-regulation of in-
flammatory cell expression in all groups with the increase of treatment
time (Fig. 10B). Compared with the model group, IL-1f (Fig. 10C) and

12

TNF-a (Fig. 10D) contents were 37.96 % and 45.09 %, respectively,
EGF/PDA-MXene Gel group and NIR group had a lower positive
expression, which decreased to 16.19 % and 17.97 % in NIR group. The
experimental results indicated that the wound site treated with EGF/
PDA-MXene Gel had less inflammation and a good anti-inflammatory
effect, which could promote macrophage phenotypic transformation
and thus promote diabetic chronic wound healing.

As one of the key links of wound healing, angiogenesis provides
tissue with oxygen, growth factors, and immune support, thereby
improving the rate of wound healing. CD31 was chosen as an index to
evaluate the hydrogel angiogenesis by immunofluorescence staining.
After 7 days of administration, EGF/PDA-MXene Gel and NIR groups
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showed strong CD31 positive expression and neovascularization, and
after 14 days of administration, the number of new vessels increased and
vascular fluorescent bands appeared (Fig. 11A), and the neo-
vascularization density corresponds to 150.11 psc/mm? and 165.934
pse/mm?, respectively (Fig. 11B). The above results indicated that EGF/
PDA-MXene Gel could promote angiogenesis at the injury site, thus
accelerating diabetic wound healing.

3.11. Biocompatibility

Good biocompatibility is one of the important conditions that the
drug must have. Liver function: alanine aminotransferase (ALT), alanine
aminotransferase (AST), renal function: urea nitrogen (BUN), creatinine
(CREA), and blood test: red blood cell (RBC), white blood cell (WBC),

14

platelet (PLT), and hemoglobin (HGB) in the experimental groups were
examined for 14 days, and all the indexes were in normal range and
there was no significant difference compared with those of the experi-
mental groups (Fig. 12A). In addition, H&E staining of major organs did
not show potential toxicity or damage (Fig. 12B). These results indicate
that the hydrogel has good biocompatibility and safety during use, and
can be safely and effectively applied to the treatment of diabetic chronic
wounds.

4. Conclusions
In summary, this study addresses the critical issue of difficult healing

in diabetic chronic wounds by constructing a NIR light-responsive
nanocomposite hydrogel loaded with EGF. MXene nanosheets, a novel
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of skin tissue. (scale: 200 pm) (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001).

2D NMs, were selected as drug carriers and modified by self-
polymerization reaction under dopamine alkaline conditions to
enhance the antioxidant, antimicrobial, and drug-loading capacity of
MXene and to achieve EGF loading. Temperature-sensitive hydrogels
with good rheological properties, skin adhesion, and stability were
prepared, which can absorb tissue exudate while scavenging free radi-
cals on the wound surface, creating a favorable environment for wound
healing. In addition, the excellent photothermal properties enhanced the
antimicrobial activity of EGF/PDA-MXene Gel against S.aureus and E.
coli. The modulation of NIR can achieve a sustained and slow release of
the drug, which can effectively inhibit the inflammatory response,
accelerate the formation of granulation tissue, promote epidermal
regeneration, collagen deposition, and angiogenesis, and significantly
facilitate the healing of chronic diabetic wounds. Therefore, the pre-
pared EGF/PDA-MXene Gel provides a new strategy for treating diabetic
wounds and holds promise as a candidate for chronic wound healing in
clinical practice.
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