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Abstract
Background Diabetic wounds present significant challenges, specifically in terms of bacterial infection and 
delayed healing. Therefore, it is crucial to address local bacterial issues and promote accelerated wound healing. In 
this investigation, we utilized electrospinning to fabricate microgel/nanofiber membranes encapsulating MXene-
encapsulated microgels and chitosan/gelatin polymers.

Results The film dressing facilitates programmed photothermal therapy (PPT) and mild photothermal therapy 
(MPTT) under near-infrared (NIR), showcasing swift and extensive antibacterial and biofilm-disrupting capabilities. 
The PPT effect achieves prompt sterilization within 5 min at 52 °C and disperses mature biofilm within 10 min. 
Concurrently, by adjusting the NIR power to induce local mild heating (42 °C), the dressing stimulates fibroblast 
proliferation and migration, significantly enhancing vascularization. Moreover, in vivo experimentation successfully 
validates the film dressing, underscoring its immense potential in addressing the intricacies of diabetic wounds.

Conclusions The MXene microgel-loaded nanofiber dressing employs temperature-coordinated photothermal 
therapy, effectively amalgamating the advantageous features of high-temperature sterilization and low-temperature 
promotion of wound healing. It exhibits rapid, broad-spectrum antibacterial and biofilm-disrupting capabilities, 
exceptional biocompatibility, and noteworthy effects on promoting cell proliferation and vascularization. These results 
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Background
Diabetes, a complex metabolic disorder, profoundly 
impacts the well-being of a significant global populace 
[1]. Currently, around 285  million adults aged 20 to 79 
worldwide are living with diabetes, and the number is 
projected to reach 439  million by 2030 [2]. Individuals 
with diabetes are at an elevated risk of developing dia-
betic wounds, representing a substantial public health 
issue (4-10%) [3]. The healing of diabetic wounds is often 
complicated and extended by infection and ischemia [4]. 
Infection and subsequent biofilm development usually 
result in extensive destruction of skin tissue structure 
and prolonged wound healing [5]. Insufficient blood sup-
ply due to vascular injuries in hyperglycemia, results in 
cells and tissues experiencing a deficiency of oxygen and 
nutrients [6]. Several biofunctional wound dressings have 
been developed to concurrently address both infection 
control and improved angiogenesis [7]. However, these 
dressings predominantly depend on bactericidal agents 
and growth factors to achieve their respective functions, 
which can lead to a heightened risk of antibiotic resis-
tance during biofilm treatment and necessitate a complex 
controlled-release design system to sustain the bioactiv-
ity of growth factors at therapeutic levels [8]. As a result, 

there is a pressing need to engineer a novel wound dress-
ing that can effectively eradicate local bacteria, disperse 
mature biofilms, and simultaneously promote vascular-
ization using alternative methodologies.

Diverse wound dressing products (such as hydrogels, 
sponges, and films) have been developed for infected 
wound treatment [9]. Well-organized nanofiber scaf-
folds fabricated by electrospinning have garnered atten-
tion due to their ability to emulate the fibrous structure 
of the extracellular matrix (ECM), thereby promoting cell 
proliferation and migration [10]. These nanofiber mem-
branes are characterized by an exceptionally large spe-
cific surface area and superior permeability to gases and 
liquids [11]. The versatility of electrospinning is notewor-
thy given the adaptability of material choices and conve-
nience of preparation methodologies. Chitosan (CS), is a 
linear polysaccharide known for recognition as a prom-
ising wound dressing material due to its natural origin, 
abundant availability, cost-effectiveness, absorbency, 
and non-immunogenic properties [12]. However, the 
low solubility, inherent hydrophobicity, and inadequate 
mechanical strength of CS present challenges in main-
taining stable fiber structures during electrospinning 
[13]. The protracted degradation rate of CS may cause 

affirm the efficacy of our nanofiber dressing, highlighting its significant potential in addressing the challenge of 
diabetic wounds struggling to heal due to infection.

Keywords Mxene, Nanofiber membrane, Programmatic photothermal property, Antibacterial activity, Wound healing

Graphical Abstract



Page 3 of 21Fu et al. Journal of Nanobiotechnology          (2024) 22:384 

a discordance with the body’s skin regeneration pace, 
potentially leading to healing delays [13]. To circumvent 
these limitations, gelatin (GA), a naturally occurring 
protein polymer with high biocompatibility, was incor-
porated into CS during the electrospinning process to 
create a composite GACS nanofiber membrane. Owing 
to its superior water solubility and electrospinnabil-
ity, GA expedites the electrospinning process [14]. Fur-
thermore, the abundance of hydrogen bond donors and 
acceptors in GA molecules augments the hydrophilicity 
of the electrospun dressing surface, thereby promoting 
cell adhesion and proliferation [15]. Therefore, the inclu-
sion of GA into CS matrices as a supplementary polymer 
could equip the wound dressing with the desired physi-
cochemical properties.

Photothermal therapy (PTT) delivers localized ther-
mal treatment via non-invasive light exposure, possess-
ing the ability to compromise the structural integrity of 
pathogenic bacteria [16]. Significantly, bacteria find it 
challenging to develop resistance to PTT, in contrast 
to their reaction to antibiotics, due to their inability to 
suppress or decrease the absorption of heat [17]. Fur-
thermore, thermal therapy could dismantle the biofilm 
structure by deactivating the inherent bioactive matrix, 
composed of nucleic acids and proteins, thus eradicating 
bacteria that are otherwise protected [18]. At present, a 
variety of photothermal materials have been employed 
for the extermination of bacteria, including carbon-
based constituents, noble metal nanoparticles, conju-
gated polymers, and assorted organic frameworks [19]. 
Among these, a unique two-dimensional nanomaterial, 
MXene, is noteworthy due to its exceptional photother-
mal conversion efficiency [20]. MXene primarily consists 
of elements such as carbon, nitrogen, and titanium, it 
possesses good biocompatibility and can undergo deg-
radation and subsequent elimination from the body [21]. 
However, limitations such as subpar stability and vulner-
ability to oxidation have restricted its use in the biomedi-
cal arena [22]. Herein, to augment the stability of MXene 
at the site of the wound, we suggest employing physical 
encapsulation by encasing MXene within GA Methacry-
loyl (GelMA) microspheres. The encapsulation of GelMA 
microspheres not only furnishes a protective layer, reduc-
ing oxidation in the environment but also enhances the 
mechanical stability of the composite material [23]. Thus, 
this encapsulation strategy is expected to extend the 
enduring and realized efficient application of MXene in 
wound dressing for fighting against bacteria contamina-
tion [24].

Simultaneously, the challenge of inadequate blood per-
fusion, stemming from vascular system damage due to 
prolonged elevated glucose levels, remains a significant 
obstacle in the treatment of difficult-to-heal wounds [25]. 
Bioactive molecules such as vascular endothelial growth 

factor (VEGF) and matrix metalloproteinases (MMPs) 
have been utilized to initiate angiogenesis in this context 
[26]. However, maintaining their bioactivity for extended 
treatment periods is challenging, as these substances are 
generally vulnerable to environmental factors, includ-
ing temperature and pH [27]. As a result, these agents 
are frequently encapsulated into drug delivery systems, 
but achieving a consistent sustained release and main-
taining a therapeutic concentration still presents a chal-
lenge [28]. Recently, mild photothermal therapy (MPTT, 
40–42 °C) has emerged as a potential strategy to promote 
tissue regeneration and growth, providing precision, 
rapidity, durability, and maintainability that surpasses 
the use of bioactive agents [29]. Mild heat treatment has 
been demonstrated to elevate the expression of genes and 
Heat shock protein related to angiogenesis, thereby stim-
ulating the formation of endothelial cell tubes, enhanc-
ing vascularization, and increasing the density of newly 
formed vessels in granulation tissue [30]. Thus, the appli-
cation of MXene-GelMA photothermal microspheres 
not only achieves PTT sterilization but also incorporates 
MPTT angiogenesis. Through simple adjustments of 
near-infrared (NIR) light parameters, this temperature-
regulated PTT can be implemented in a programmable 
fashion, thereby showcasing its efficacy in enhancing 
the healing of infected diabetic wounds [31]. The pro-
grammed use of PTT in wound dressing has not been 
reported yet.

In this study, we engineered a NIR-responsive elec-
trospun nanofiber dressing, incorporating Mxene 
encapsulated GelMA microgels. The GA modified CS 
nanofiber membrane was projected to exhibit enhanced 
physicochemical properties, such as facile electrospin-
ning, increased hydrophilicity, degradability, and robust 
mechanical resilience [32]. Under NIR irradiation, the 
nanofiber membrane can execute programmed photo-
thermal operations. Broad-spectrum sterilization and 
biofilm lysis can be accomplished through high-temper-
ature photothermal treatment, whereas low-temperature 
photothermal treatment can enhance blood perfu-
sion and stimulate vascular formation. These combined 
effects would contribute to the accelerated healing of 
diabetic wounds and highlight the translation potential in 
the management of infected diabetic wounds.

Materials and methods
Materials
Gelatin (99% biotech grade), chitosan (CS, viscos-
ity 100–200 mpa.s, ≥ 95% deacetylated), phalloidin-
TRITC(C60H70N12O13S2, MW 1231.4), iFluor 488 
Phalloidin, CCK-8 Cell Viability Reagent, 4’,6-diamidino-
2-phenylindole (DAPI) and phosphate-buffered saline 
(PBS) were purchased from Macklin (Shanghai, China). 
Ti3AlC2 ceramic powders were purchased from Beijing 
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Forsman Technology (China). Hydrogen fluoride (HF, 
40%), and dimethylsulfoxide (DMSO) were purchased 
from J&K Chemical (Shanghai, China) without further 
treatment. Reagents of unspecified purity were analyti-
cally pure. The high-voltage power supply of the electro-
spinning machine, single-channel syringe pump, X-Y axis 
motion system, and drum receiving device were all pur-
chased from Foshan Lepton Precision Measurement and 
Control Technology Co., Ltd., Guangdong, China. The 
release paper was purchased from Spinning Intelligent 
Equipment Co., Ltd., Qingdao, China. Fourier transform 
infrared spectroscopy(FT-IR) instrumentation (Thermo 
Scientific Nicolet iS10 infrared FT-IR spectrometer, 
Massachusetts, USA). L929 rat cells were sourced from 
Cyagen (Jiangsu, China). E. coli (ATCC 252,922), MRSA 
(ATCC 43,300), and S. aureus (ATCC 25,923) were 
acquired from ATCC (Manassas, VA, USA).

Methods
Preparation of Mxenes
MXene was fabricated via a chemical delamination 
technique, adhering to a protocol delineated in ear-
lier research [33]. Precisely, 1  g of Ti3AlC2 powder was 
immersed in 10 mL of 40 wt% HF at room temperature 
and stirred for 18 h. Post-centrifugation, the sample was 
cleansed with ethanol and water before being dispersed 
in a 10 mL solution of dimethyl sulfoxide (DMSO) and 
stirred at room temperature for a span of 5 h. The sam-
ple was subsequently isolated, washed three times with 
water to remove any residual DMSO, and then trans-
ferred to deionized water under nitrogen conditions for 
a 5-hour ultrasonication procedure. Following another 
round of centrifugation and washing with ethanol and 
water, the unadulterated Ti3C2Tx nanosheets were pro-
cured. To optimize the nanosheets’ interaction area with 
NIR light and escalate photothermal conversion effi-
ciency, the Ti3C2Tx nanosheets underwent an additional 
12-hour sonication process utilizing an ultrasonic dis-
ruptor, resulting in the formation of a dispersion of nano 
fragments.

Synthesis of Mxene-loaded microspheres
In line with previously established methods, GelMA 
was synthesized [34]. In this study, gelatin was first dis-
solved in a phosphate buffer with a pH of 7.5, heated to 
50 °C. Subsequently, methacrylic anhydride was incorpo-
rated into the solution under intense stirring. Following 
a reaction period of one hour, the mixture was diluted 
and subjected to dialysis against distilled water at 40  °C 
for a duration of 24 h. Finally, the reaction product was 
freeze-dried, yielding gelatin methacrylamide as a white 
solid. The fabrication of GelMA microgels was executed 
through a microfluidic emulsion technique using a 
coaxial needle and a pair of syringe pumps (TYD 01–01, 

Leadfluid®, China). In a brief description, the aqueous 
phase was formulated by integrating Mxene with a 10% 
w/v GelMA polymer solution, which contained a 0.5% 
w/v photoinitiator, Irgacure 2959. The oil phase was con-
cocted using paraffin oil, supplemented with a 5% w/v 
surfactant Span 80. The aqueous and oil phases were 
administered with a strictly regulated water-to-oil flow 
rate ratio, spanning from 0.1 to 0.13 (oil phase at 60 µl/
min and water phase at 6–8 µl/min). Emulsion droplets 
were generated and subsequently cross-linked through 
UV irradiation (64 mW/cm2, 360–480 nm) for a duration 
of 1 min. Lastly, the resultant cross-linked microspheres, 
which housed photothermal nanoparticles, were col-
lected via centrifugation at 4000 rpm for 5 min.

Prepolymer solution preparation
A CS solution was concocted by dissolving 150 mg of CS 
(30%) in 10 mL of an 80% acetic acid solution. This solu-
tion was subjected to sonication with a high-frequency 
ultrasonic apparatus for 2 min and gently mixed at ambi-
ent temperature for a duration of 10 h to ensure homoge-
neity. Subsequently, a gelatin-chitosan (GACS) blend was 
formulated by dissolving 150 mg of CS (30%) and 350 mg 
of gelatin (GA, 70%) in 10 mL of an identical 80% acetic 
acid solution, which was also gently stirred at room tem-
perature post-sonication. Before initiating the electros-
pinning process, MXene-infused microgels (mGelMx) 
at various concentrations (20 µg/ml, 40 µg/ml, 50 µg/ml, 
and 60  µg/ml) were amalgamated into the prepolymer 
solution (MGACS). Concurrently, to ascertain the opti-
mal CS to GA ratio, different weight ratios (GA: CS, wt/
wt = 2:8, 3:7, 4:6, 5:5, 6:4, 7:3) were prepared and stirred as 
part of the solution optimization process.

Electrospinning of the nanofiber membrane
Transfer the relevant prepolymer solutions (CS, GACS, 
and MGACS) into a 10 mL syringe connected to an 
18-gauge stainless steel needle. The solutions were then 
extruded via the needle’s tip at a rate of 0.5 mL/h, facili-
tated by a syringe pump. A voltage of 20 kV was applied, 
with a maintained distance of 14  cm between the nee-
dle and the collection electrode. The ensuing electros-
pun nanofibers were deposited onto a rotating cylinder, 
wrapped with release paper, and rotated at a speed of 
500 rpm. For a visual representation of the nanofiber fab-
rication technique, refer to Fig. 1.

Scanning electron microscopy scanning of Photothermal 
microspheres and electrospun nanofibers
The structure and diameter of photothermal micro-
spheres, and microgel composite fiber membranes were 
scrutinized using a scanning electron microscope (ZEISS 
Sigma 300 SEM, Jena, Germany). Additionally, both 
SEM and the transmission electron microscope (Thermo 
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Scientific Talos F200S G2S/TEM, Waltham, MA, USA) 
were employed to assess the morphology and size of 
the Mxene. Initially, MXene was dispersed in a minimal 
volume of absolute ethanol via sonication, followed by 
deposition on tin foil. The samples were subsequently 
dried in an oven, and the resulting dry foils were sec-
tioned into 5 mm2 fragments. Regarding the photother-
mal microspheres, they were subjected to freeze-drying 
in a lyophilizer overnight before SEM and TEM analysis. 
To generate the microgel composite fiber membrane, the 
nanofiber membrane was partitioned into 3 mm squares 
and then subjected to a drying process. Additionally, 
the cross-sectional analysis of the dried composite fiber 
membrane was performed to assess the thickness of the 
nanofiber membrane. The mean diameters of Mxene, 
photothermal microspheres, and microgel composite 
fiber membranes were calculated using ImageJ software 
(version 1.53).

FT-IR analysis of the electrospun nanofibers
The Thermo Scientific Nicolet iS10 Infrared Spec-
trometer (MA, USA) was utilized to assess the 
chemical functional groups and composition of the 
nanofiber membranes. Initially, the electrospun samples 
were ground in conjunction with potassium bromide. 
Following this, the resultant mixed powder was com-
pacted into a tablet using a hydraulic machine (Anatomic 
Instruments NLFY-60, Tianjin, China) before undergoing 
FT-IR analysis.

Swelling ratio and degradation rate assays of the electrospun 
nanofibers
The membrane samples were first dehydrated in a vac-
uum oven for a set duration of 24 h. Following this, their 
weights were measured using a micro-scale, and this 
confirmed dry weight was labeled as M0. These samples 
were then submerged in PBS)for a period of three days 

Fig. 1 A schematic illustration of fabricating membrane dressings through the electrospinning method. This utilizes chitosan/gelatin polymer-loaded 
MXene-encapsulated microgels, designed to expedite the healing process of infectious diabetic wounds
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to ensure they achieved a state of equilibrium swell-
ing before reweighing. The weight post-immersion was 
recorded as M1. The swelling ratio for the samples was 
subsequently computed with the following equation: 
swelling ratio = (M1 – M0) / M0.

The in vitro degradation rate of the electrospun nano-
fibers was evaluated by immersing the samples in PBS 
at room temperature for a duration of 14 days. These 
samples were periodically removed from the PBS solu-
tion at specific intervals (0, 1, 3, 5, 7, and 14 days), and all 
excess moisture was thoroughly eliminated. The weight 
recorded at each time point(W2), was contrasted with 
the initial weight (W1). Following this, the degradation 
rate was calculated using the formula: Degradation rate = 
[(W1 – W2) / W1] × 100%.

Contact angle analysis
The hydrophilic properties of the nanofiber membranes 
were investigated utilizing an automated tilt contact 
angle measurement instrument, the DSA-X ROLL 
(BETOP, Guangzhou, China). A volume of 20 µl of deion-
ized water was carefully applied onto the surface of the 
fiber membrane, and high-resolution images were subse-
quently captured for thorough examination. Post-image 
acquisition, which displayed the static deposition of the 
liquid, an intricate analysis was conducted. Each speci-
men underwent a minimum of three measurements to 
determine the average contact angle.

Photothermal properties of the nanofiber membrane
Nanofibers, incorporating varying mass percentages of 
mGelMx (20 µg/ml, 40 µg/ml, 50 µg/ml, and 60 µg/ml), 
were sectioned into fragments measuring 0.6 × 0.6  cm 
and arranged in a 24-well plate. Subsequently, each well 
was supplemented with 0.5 mL of deionized water. After 
exposure to NIR laser irradiation (808  nm, 1  W·cm2), 
both visual representations and thermal data were 
recorded using a thermal imaging temperature detector. 
The objective of the experimental design is to scrutinize 
the photothermal properties of the microgel composite 
fiber membrane and elucidate the correlation between 
temperature escalation and mGelMx concentration.

Furthermore, the MGACS nanofiber mat was exposed 
to NIR irradiation at various intensities (0.2  W/cm2, 
0.5 W/cm2, 0.7 W/cm2, 1.0 W/cm2) to evaluate the heal-
ing properties of the nanofiber mat and establish the 
relationship between NIR and light intensity. Simulta-
neously, to evaluate the photothermal stability of the 
microgel composite fiber membrane, nanofibers were 
subjected to a power of 1.0 W/cm2, leading to a temper-
ature rise to around 52  °C. Upon laser deactivation, the 
nanofibers exhibited the capability to revert to ambient 
temperature. This cycle of laser activation and deactiva-
tion was replicated thrice. The optically coupled infrared 

semiconductor laser (LR-MFJ-808/5000 mW) utilized 
was sourced from Larry Optoelectronics Technology 
Co., Ltd. (Changchun, China), while the thermal imaging 
temperature detector (UTi320E) was obtained from Uni-
Trend Technology Co., Ltd. (Dongguan, China).

The determination of photothermal conversion effi-
ciency (η) of MGACS nanofiber mat was carried out as 
following Eqs. [35, 36].

 
η =

hS (Tm − Tr) − Q0

I
(
1 − 10−A808

)  (1)

 
τs =

mdCd

hS
 (2)

 Q0 = hS(Tm,w − Tr) (3)

 
t = −τsln

(
Tc − Tr

Tm − Tr

)
 (4)

Where η represents the heat transfer coefficient, while 
S signifies the surface area of the nanofiber mat. Tm and 
Tr denote the maximum temperature and room tem-
perature of photothermal conversion materials, respec-
tively. Q0 was identified using pure water as a reference. 
I denotes the irradiation intensity. The value of hS can 
be determined based on Eq.  (2). The A808 signifies the 
808 nm absorbance of MGACS nanofiber mat. The mass 
and specific heat capacity of the substance under test are 
represented by Md (1 g) and Cd (4.2 J/(g⋅℃)), respectively. 
The real-time temperature during the cooling period, as 
captured by the thermal imager, is referred to as Tc And 
Tm, w is the maximum temperature reached by pure water 
under NIR irradiation.

Concurrently, both pure MXene and microgel-encap-
sulated MXene were submerged in 0.5  ml PBS and 
exposed to daily NIR irradiation for 5 min each day over 
7 consecutive days. This experimental configuration 
sought to examine the dynamic correlation between tem-
perature increment and time over successive days, offer-
ing a thorough evaluation of the photothermal heating 
stability of microgel-encapsulated MXene.

Thermogravimetric analysis
Following the fabrication of the nanofiber membrane, 
the moisture content is eliminated by employing a freeze 
dryer. Subsequently, the samples underwent thermo-
gravimetric analysis using a thermogravimetric analyzer 
(Mettler TGA/DSC3+, Delaware, USA) at a heating 
rate of 10  °C·min− 1 within the temperature range of 
30–800 °C.
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Cell viability and biocompatibility assay
L929 cells, up to the fifth passage, were utilized to evalu-
ate the biocompatibility of the electrospun membranes. 
These cells were propagated in α- Dulbecco’s Modified 
Eagle Medium (α-DMEM) culture medium enriched with 
10% fetal bovine serum, under conditions of 37 °C and 5% 
CO2. The culture medium was replenished every 48  h. 
For subsequent co-culture experiments relating to bio-
material interactions, cells were strategically positioned 
in the lower chamber of a Transwell insert (CORNING, 
China) with a pore size of 0.4  μm. Simultaneously, the 
nanofiber membrane was situated on the upper chamber 
of the same apparatus. Upon assembly, the entire device 
was incubated at conditions of 37 °C and 5% CO2.

The CCK-8 assay was employed to assess the viability 
of L929 cells when co-incubated with membrane samples 
[37]. L929 cells (1 × 104) were co-incubated with nanofi-
bers for a period of 3 h, 6 h, and 12 h under conditions 
of 37  °C and 5% CO2. The absorbance of the resultant 
supernatant was quantified using a microplate reader at 
450 nm. For the CCK-8 assay, the cell viability was ascer-
tained using the formula:

 

Cell Viability (%)

=
[
(ODmeasured − ODBlank)
(ODControl−ODBlank)

]
× 100%

Within this framework, OD blank corresponds to 
α-DMEM containing 10% fetal calf serum, while OD 
control represents the spectral reading of the cell solution. 
Simultaneously, the OD measured involves solutions of cell 
cultures bound to nanofiber membranes.

The viability of L929 cells was further explored using 
fluorescence-based assays for live/dead viability/cytotox-
icity, by the established guidelines for coculturing with a 
range of materials. After a period of 1 and 3 days of co-
incubated alongside the membranes, the cells were sub-
ject to staining, and subsequently incubated in a dark 
environment for a duration of 20 min. Post-staining, the 
samples underwent imaging using a Nikon ECLIPSE 
Ti2-E fluorescence microscope. Green fluorescence sig-
nified the presence of live cells, whereas the dead cells 
were indicated by red fluorescence. Cell counting was 
conducted using ImageJ software v1.53, and the resultant 
data served to determine cell viability through the desig-
nated formula.

 

Cell Viability (%)

=
[

NLive

(NLive+NDead)

]
× 100%

where N live represents the number of live cells, and N dead 
represents the number of dead cells.

Cell morphology assay
To evaluate cellular morphology, cells were subjected 
to staining using iFluor 488 phalloidin and DAPI. The 
samples underwent an incubation period with iFluor 488 
phalloidin for 4 h at 37 °C, followed by a subsequent incu-
bation period with DAPI for an additional 30 min. Post 
incubation, the samples were gently washed with PBS, a 
process that was repeated thrice. After the staining pro-
cess was completed, the cells were imaged employing 
an ECLIPSE Ti2-E inverted fluorescence microscope 
(Nikon, Japan). The images thus procured were then ana-
lyzed utilizing ImageJ software v1.53.

Planktonic bacteria and biofilm preparation
Planktonic bacteria were prepared using S. aureus, 
MRSA, and E. coli strains. These were cultured in 4 mL 
of Luria-Bertani (LB) liquid medium and incubated at 
37 °C with continuous agitation (200 rpm) overnight for 
downstream experiments. To prepare the mature biofilm, 
an 800 µL aliquot of the bacterial suspension (108 cfu/
mL) was added to a 24-well plate containing LB medium. 
The medium was replaced daily during the 2-day incuba-
tion period. Following this, the medium was discarded, 
and non-adherent bacteria were removed by washing 
with PBS three times.

Evaluation of antibacterial activity in vitro
To evaluate the antimicrobial efficiency of the nanofiber 
membranes in vitro, bacterial viability was ascertained 
through both conventional plate counting and live/
dead staining methodologies. A milliliter of three bacte-
rial strains S. aureus, MRSA, and E. coli were combined 
with various nanofiber pads and incubated for 12  h at 
37  °C with persistent agitation. The group subjected to 
NIR treatment underwent additional 808 nm laser (1 W/
cm2) irradiation for a period of 5 min. Initial assessment 
of colony forming units (CFU) post-treatment was exe-
cuted utilizing the standard plate count (SPC) method. 
The resultant bacterial solution was diluted by a factor 
of 5.0 × 103, and 20  µl of each solution was spread onto 
an agar plate. Following a 24-hour incubation period at 
37  °C, CFU was enumerated and analyzed using ImageJ 
software (v1.53).

Concurrently, bacterial samples from each treated 
group were collected and rinsed with PBS buffer solu-
tion (pH 7.4), employing centrifugation at 3000  rpm. 
These samples were then marked with bacterial live/dead 
staining dye, followed by a reaction period of 15  min. 
Observations and imaging were subsequently carried out 
utilizing an inverted fluorescence microscope (ECLIPSE 
Ti2-E, Nikon, Japan).
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Evaluation of biofilm dispersion ability in vitro
Biofilms, cultivated as per the aforementioned method-
ology, were segregated into different groups: the con-
trol group, CS group, GACS group, MGACS group, and 
MGACS + NIR group. The NIR group was uniquely sub-
jected to illumination at a wavelength of 808  nm and 
1 W/cm2 for 5 min. Post-treatment, the biofilm biomass 
was quantitatively evaluated using crystal violet stain-
ing. As per the treatment regimen, the culture medium 
was initially discarded, followed by a wash with PBS. 
The residual biofilm was subsequently stabilized with 
absolute ethanol and stained with a crystal violet stain-
ing solution. Post a 10-minute incubation period, the 
surplus dye solution was eliminated, and the biofilm was 
dissolved again using 30% glacial acetic acid. The absor-
bance of the resultant eluate was measured at 590  nm 
using a microplate reader.

Moreover, the eradication of the biofilm was validated 
using SEM. Biofilms were propagated on sterile tita-
nium slides, exposed to diverse treatments, fixed with 
paraformaldehyde for a 12-hour duration at 4  °C, and 
subsequently dehydrated using a gradient of ethanol con-
centrations (50%, 70%, 80%, 90%, 95%, and 100%). Fol-
lowing the process of freeze-drying and gold sputtering, 
the samples were examined under the SEM.

To examine the three-dimensional architecture of 
the biofilm, biofilm cultivation was carried out using 
a 48-well plate. Following different treatments, the 
matured biofilms were rinsed and stained with the LIVE/
DEAD BacLight Bacterial Viability Kit for a 15-minute 
duration in the absence of light. After this, the biofilm 
structure was scrutinized employing a fluorescence-
inverted microscope (ECLIPSE Ti2-E, Nikon, Japan).

Following this, to further evaluate the bactericidal 
influence of PTT on bacteria residing within the biofilm 
post-biofilm disruption, 1  ml of LB medium was intro-
duced to the treated biofilms in each of the previously 
mentioned groups. The biofilms were then incubated 
with continuous agitation at 37  °C for a period of 12  h. 
The CFU after the treatment was assessed employing the 
SPC methodology as detailed above.

In vitro evaluation of the mechanism of mild MPTT
To evaluate the effect of MPTT on cellular prolifera-
tion, the CCK-8 assay was utilized. Specifically, L929 
cells were allotted into 24-well plates (1 × 104 cells per 
well) for adhesion and propagated using DMEM (10% 
FBS) for 24 h. Following this, nanofiber membranes from 
each group were co-cultivated with the cells. The group 
labeled MGACS + NIR was subjected to NIR (0.5  W/
cm2) radiation for 15  min daily for a consecutive five-
day period (40–42 °C). On days 1, 3, and 5, a microplate 
reader was employed to detect the radiation at a wave-
length of 450  nm and quantify the absorbance of the 

supernatant. Subsequently, cellular viability was deter-
mined employing the CCK-8 cell viability calculation for-
mula as mentioned earlier.

To examine the influence of MPTT on cellular migra-
tion, artificial wounds were created by making longitu-
dinal scratches when L929 cells reached approximately 
90% confluence. More specifically, the MGACS group 
was exposed to NIR light radiation at an intensity of 
0.5 W/cm2 to maintain cells within a temperature bracket 
of 40–42  °C for 15  min. Following this, the cells were 
immediately relocated to a cell culture incubator preset 
at 37 °C. The evaluation of cellular migration was carried 
out at specific intervals, namely 0, 6, and 12  h post-co-
incubated, using an inverted phase contrast microscope 
(ECLIPSE Ti2-E, Nikon, Japan).

Angiogenesis assays were conducted to assess the 
capacity of MPTT in promoting blood vessel formation. 
In prechilled 24-well plates, 300 µl of Matrigel substrate 
was dispensed and left at 37  °C for 30  min to facilitate 
solidification. Human umbilical vein endothelial cells 
(HUVEC) were prepared at a concentration of 1 × 105 
cells/ml in a complete culture medium. Each well was 
supplemented with 300 µl of the cell suspension, corre-
sponding to approximately 3 × 104 cells, in conjunction 
with nanofiber membrane samples. The MGACS group 
underwent NIR irradiation (0.5 W/cm2) for 15 min while 
maintaining a temperature range of 40–42  °C. Follow-
ing irradiation, the plates were promptly transferred to 
a 37 °C cell culture incubator. After a 6-hour incubation 
period, the formation of tubular structures was observed 
and recorded using an inverted phase contrast micro-
scope (ECLIPSE Ti2-E, Nikon, Japan). Subsequent quan-
titative analysis of all captured image data was conducted 
using ImageJ software (v1.53).

We analyzed the effect of moderate thermal stimula-
tion on the intracellular heat shock protein 47 (HSP47) 
content at the molecular mechanism level. L929 cells 
were allocated into 12-well plates with an approximate 
density of 2000 cells per well. Following this, they were 
subjected to moderate thermal stimulation for 15  min 
daily for a consecutive five-day period, adhering to the 
protocol outlined in prior studies. The cells were affixed 
to the plates using 4% formaldehyde, and subsequent per-
meabilization of cells was accomplished using PBS con-
taining 0.1% Triton X-100— a pivotal step to facilitate the 
antibody penetration into cells. Post-permeabilization, 
cells were subjected to blocking using PBS containing 
5% bovine serum albumin to deter nonspecific antibody 
binding. After blocking, cells were incubated with the 
primary antibody (goat anti-rabbit IgG 594) overnight at 
4 °C. Post-incubation, cells were washed thrice with PBS 
to remove any unbound primary antibody. Subsequent 
incubation with a fluorescently marked secondary anti-
body (HSP47 monoclonal antibody) ensued for 1–2 h at 
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room temperature. Following this incubation, cells were 
washed an additional three times with PBS to remove any 
unbound secondary antibody. Finally, DAPI was utilized 
for nucleic acid staining. The documentation of results 
was facilitated by capturing images using a fluorescent 
inverted microscope (ECLIPSE Ti2-E, Nikon, Japan), 
enabling the subsequent calculation of HSP47 fluores-
cence intensity.

Preparation of diabetic SD rats
All animal experiment studies were approved by the ani-
mal ethics committee of Nanfang Hospital of Southern 
Medical College (R202009.05, Guangzhou, China) and 
conducted in accordance with the National Research 
Council’s Guide for the Care and Use of Laboratory Ani-
mals. The experiment involved twenty-five male Sprague-
Dawley (SD) rats, each weighing approximately 200  g, 
from the Experimental Animal Center of Southern Medi-
cal University. The rats were divided into five groups: 
control group, CS group, GACS group, MGACS group, 
and MGACS + NIR group. A type 1 diabetes rat model 
was established by intraperitoneal injection of strepto-
zotocin (obtained from Shanghai McLean Biochemical 
Co., Ltd., Shanghai, China) in SD rats. The dosage ranged 
between 50 and 60 mg/kg body weight, in line with the 
established protocol. The rats’ blood glucose concentra-
tions were monitored on day 0, day 3, day 6, and day 7 
respectively. Blood samples were drawn from the tail vein 
for blood glucose testing (using Bayer Contour Next EZ, 
Leverkusen, Germany). Rats with blood glucose levels 
over 11.1 mmol/L were considered diabetic.

Animals and surgical procedures
Twenty-five Sprague-Dawley male rats, each weighing 
approximately 200 g, were utilized as experimental sub-
jects and divided into five groups: control, CS, GACS, 
MGACS, and MGACS + NIR. The rats, sourced from 
the Experimental Animal Center of Southern Medical 
University, were anesthetized through intraperitoneal 
injection of 3% pentobarbital (100 µl/100 g body weight). 
Following hair removal and disinfection, a full-thickness 
circular skin defect with a diameter of 1  cm was cre-
ated on the back of each rat. Subsequently, a suspension 
of Staphylococcus aureus (1 × 108 CFU/mL) amounting 
to 20 µl was applied to the skin-deficient area to induce 
infection. The wounds were covered with gauze for a 
period of 6–8 hours to ensure successful infection estab-
lishment. Following this, CS, GACS, and MGACS film 
dressings were applied to the infected wounds.

In the initial 1–3 days following surgery, NIR irra-
diation (1  W/cm2) was applied to the rat skin wounds 
dressed with MGACS nanofiber membranes, maintain-
ing the wound temperature between 50 and 52  °C for a 
duration of 5 min. Additionally, bacteria from the wound 

were harvested post-infection establishment and sub-
sequent wound treatment, evaluating the antibacterial 
impact through the SPC methodology. Specifically, the 
collection of bacteria from wounds is accomplished via 
the following steps: Wound exudates were sampled post-
infection and throughout the subsequent wound treat-
ment process utilizing sterile, disposable throat swabs. 
Following this, the collection rod was positioned into a 
15  ml centrifuge tube. The tubes were then filled with 
Luria-Bertani (LB) liquid medium and incubated over-
night at a temperature of 37  °C. Further, from days 4–8 
post-surgery, NIR (0.5  W/cm2) was employed to irradi-
ate the rat skin wounds dressed with MGACS nanofi-
ber membranes, sustaining them at a temperature of 
40–42  °C for a period of 15  min. The progressive heal-
ing of the wounds was monitored during this timeframe. 
For the quantification of wound area, we procured digital 
images on days 1, 3, 5, 7, and 14 post-surgery and utilized 
ImageJ software for the calculation of the wound area. 
The percentage of wound healing size was computed 
using the following formula: [(A0 – A (1, 3, 5, 7, 14) / A0] x 
100%, where A0 denotes the wound area on day 0, and A 
(1, 3, 5, 7, 14) represents the wound area on days 1, 3, 5, 7, 
and 14 respectively.

Immunohistochemical examination of the wound area 
was carried out by procuring tissue samples on day 14. 
The harvested tissue was preserved in 4% paraformal-
dehyde overnight before being embedded in paraffin. 
Sections were subsequently prepared for staining with 
hematoxylin and eosin (H&E), Masson’s trichrome, 
CD31(ab182981, 1: 2000), VEGF(ab315238, 1:2000), and 
collagen types I(ab270993, 1:2000) and III(ab184993, 
1:2000). Observations of the tissue samples were con-
ducted using a light microscope.

Statistical analysis
All in vitro studies were repeated three times. The result-
ing data were subjected to a one-way analysis of vari-
ance (ANOVA), followed by a Bonferroni post hoc test 
for statistical analysis, using GraphPad Prism 8.0 soft-
ware. The error bars denote the mean ± standard devia-
tion (SD) of the obtained values. (*P < 0.05, **P < 0.01, and 
***P < 0.001).

Results and discussion
Nanofiber fabrication and characterization
SEM scan of the nanofiber membranes
Figure  2a delineates the manufacturing process of 
mGelMx-loaded nanofiber membranes. SEM and TEM 
images depict the original state of Mxene nanosheets 
and their state after 12  h of sonication. The resulting 
Mxene consistently displays an accordion-like structure 
with an average thickness of 1.5  μm and lateral dimen-
sions of roughly 4.75 ± 0.78 μm (Fig. S1a-b). After 12 h of 
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Fig. 2 Characterization of MXene microgel-loaded nanofiber membranes: (a) Concise depiction of the fabrication process for MXene microgel-loaded 
nanofiber membranes. (b) TEM images of Mxene, SEM images of GelMA@Mxene, CS, GACS, and MGACS nanofiber membranes, inclusive of cross-sec-
tional SEM images of MGACS nanofiber membranes. (c-d) Thermographic analysis and photothermal properties of nanofiber membranes, prepared from 
a 50 µg/ml MGACS mixed solution, under varying NIR power conditions. (e) Photothermal heating/cooling curves of nanofiber membranes (50 µg/mL) 
after three cycles of 808 nm laser irradiation (1 W/cm2). (f) Examination of photothermal properties of Mxene and GelMA@Mxene under continuous NIR 
irradiation. (g) Thermal degradation stability of Mxene and GelMA@Mxene.
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ultrasonic treatment, a thin structure is procured with 
a lateral dimension of approximately 184.93 ± 50.85  nm 
(Fig.  2b & Fig.  S1c). Meanwhile, SEM was utilized to 
examine the morphology of the resulting nanofibers and 
the fiber diameter of each sample was measured (Fig. 2b). 
As shown in Fig. S2a, SEM images demonstrate the effec-
tive transformation of the GACS mixed solution into 
nanofibers. Interestingly, compared to pure CS nanofi-
bers, GACS nanofibers show an increase in smoothness 
and uniformity as the GA content escalates. The fiber 
diameter of CS is 242.96 ± 53.5 nm, and that of GACS is 
228.32 ± 42.77  nm (Fig.  S2b-d), highlighting the signifi-
cant improvement in CS electrospinning performance 
facilitated by GA.

Additionally, SEM observations indicated that the 
photothermal microspheres were spherical with a diam-
eter of 369.73 ± 61.99  μm (Fig.  S1d). Electrospun inter-
connected filamentous structures skillfully encapsulate 
GelMA microspheres. The inclusion of MXene micro-
spheres further reduces the average diameter of the 
nanofibers to 214.16 ± 69.84 nm (Fig. S2d), potentially due 
to the increased charge density of the spinning solution 
resulting from its polar groups. Consequently, enhanced 
electrostatic forces act on the spinning solution, lead-
ing to a more noticeable stretching of the charged liquid 
into finer fibers. It is a well-accepted notion that thin-
ner fibers provide more adhesion sites for cells, thereby 
fostering improved cell proliferation and signaling [38]. 
Moreover, SEM analysis of the cross-sectional thick-
ness of the nanofiber membrane showed a thickness of 
889.23 ± 71.87 μm.

Spectral analysis via FT-IR
The FTIR spectra of CS, GACS, and MGACS fiber mem-
branes are displayed in Fig.  S3d, exhibiting analogous 
absorption peaks. The absorption bands spanning from 
1200 to 900 cm− 1 correspond to the saccharide structure 
of CS and are apparent in all specimens. Additionally, 
NH and OH bending peaks (3600 –3100 cm− 1) are pres-
ent across all spectra. For the CS spectrum, the peaks at 
Amide I (C = O) (1645 cm− 1) and Amide II (1565 cm− 1) 
are relatively faint, likely due to the high deacetylation 
degree of CS. In the GACS spectrum, characteris-
tic absorption bands of GA are observed at 1655  cm− 1, 
1549 cm− 1, and 1338 cm− 1, corresponding to N-H bend-
ing vibrations of Amide I, II, and III, respectively [39]. 
Moreover, the vanishing of the amino vibration peak at 
1565  cm− 1 and the distinct peak at 1655  cm− 1 follow-
ing the polymerization of the GA and CS mixture sug-
gest potential amidation reactions between carboxyl and 
amino groups. Furthermore, in the GACS membrane 
spectrum, the intensity of peaks at 1200 –900 cm− 1 less-
ens, possibly indicative of hydrogen bonding interac-
tions occurring within the GACS mixture. Upon the 

integration of mGelMx into the GACS nanofiber mem-
brane, FTIR presents similar absorption peaks without 
triggering the formation of any chemical bonds.

Swelling, degradation properties, and water contact angle
As illustrated in Fig.  S3c, f, g, the incorporation of GA 
and mGelMX results in nanofiber membranes with 
smaller water contact angles and remarkable swelling 
performance. Concurrently, the degradation of the elec-
trospun nanofiber membrane markedly escalates upon 
the incorporation of GA, culminating in nearly total deg-
radation by day 14 (Fig.  S3e). This observation suggests 
that the addition of GA leads to a modest increase in 
the swelling capacity owing to its properties that inhibit 
crystallization, potentially contributing to a decrease in 
chitosan’s crystallinity [40]. Hydrophilic dressings with a 
higher swelling ratio offer advantages in absorbing exu-
date from infected wounds and removing harmful sub-
stances from the wound [41]. Moreover, the nanofiber 
mat with added GA undergoes almost complete deg-
radation by 14 days, which perfectly matches the heal-
ing speed of the defective skin and obviates the need for 
changing wound dressings in clinical applications [42].

Photothermal activity of nanofiber membranes
We examined the photothermal behavior of mGelMx 
nanofiber thin films of varying concentrations under NIR 
radiation at 1  W/cm2 by tracking temperature fluctua-
tions. Remarkably, the film with a concentration of 50 µg/
ml in 0.5  ml deionized water rose swiftly to approxi-
mately 52 °C within 2 minutes and reached a stable pla-
teau around 52  °C (Fig.  S3a-b). In contrast, films with 
concentrations of 20 µg/ml and 40 µg/ml attained 42 °C 
and 49  °C respectively in 2 minutes under the identical 
irradiation power, while the film with a 60  µg/ml con-
centration achieved 57  °C after 4  min and continued to 
escalate. Based on prior research, a temperature above 
50  °C is necessary for effective bacterial inactivation 
via PTT, and temperatures surpassing 53  °C can induce 
rapid widespread necrosis of normal tissues. Therefore, 
the 50  µg/ml mGelMx nanofiber thin film was chosen 
for subsequent antibacterial experiments under 1  W/
cm2 NIR power. Concurrently, we delved further into 
the heating performance of the 50  µg/ml MGACS film 
by altering the power of the NIR light. Observations 
revealed that at 0.5  W/cm2 radiation, the MGACS film 
could attain a temperature exceeding 40 °C within 3 min 
and stabilize at a plateau around 42  °C (Fig.  2c-d). Pre-
vious research indicated that thermal treatment at the 
range of 40–41  °C triggers endothelial cell tube forma-
tion and augments angiogenesis in a hindlimb ischemia 
mouse model. Thus, the 50  µg/ml MGACS nanofiber 
thin film was chosen for subsequent pro-healing experi-
ments employing MPTT under 0.5  W/cm2 NIR power. 
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Moreover, the nanofiber membrane demonstrated excep-
tional photothermal stability throughout three cycles of 
NIR light switching (Fig. 2e). The nanofiber membrane of 
MGACS demonstrates a photothermal conversion effi-
ciency calculated at 37.15% (Fig. S5). This efficiency sur-
passes that of conventional photothermal agents like Au 
nanorods and Bi nanoparticles.

The above results proved that the MGACS nanofiber 
membrane has excellent sensitivity and controllability 
of photothermal heating performance. When exposed 
to NIR at 1  W/cm2, the temperature of the membrane 
quickly rises to around 52 °C. The superior performance 
might be attributed to its excellent photothermal conver-
sion efficiency and high light absorption capacity, which 
is extremely beneficial for killing invading bacteria [43]. 
However, continued exposure to such temperatures can 
cause irreversible damage to surrounding skin tissue [44]. 
To avoid this collateral damage, NIR radiation is applied 
intermittently. This modulation application heats the 
membrane to a safety threshold of around 52 °C and then 
begins to cool. Then, by reducing the irradiation power 
to 0.5 W/cm2, and the temperature could be maintained 
at around 42  °C, which was ideal for conducting MPTT 
therapy.

Thermogravimetric analysis and photothermal stability
Figure 2g displays the outcomes of the thermogravimet-
ric analysis (TGA) for pristine MXene and photothermal 
microspheres. MXene reveals an initial weight reduction 
commencing around 69  °C, while weight loss in photo-
thermal microspheres begins around 76  °C. In addition, 
the TGA curve of MXene indicates inferior thermal sta-
bility compared to the photothermal microspheres. Par-
ticularly, within the temperature range of 60–300 °C, the 
weight reduction of pristine MXene is more rapid than 
that of the microspheres encapsulating MXene. A sec-
ondary degradation is detected at 310 °C, where MXene 
degrades more swiftly than the mGelMx microspheres as 
the temperature ascends. Moreover, we discovered that 
MXene encapsulated within microgels demonstrated 
enhanced photothermal stability under continuous NIR 
irradiation over a period of 7 days compared to pure 
MXene (Fig. 2f ).

In conclusion, these data underscore that encapsulating 
MXene with GelMA microgels can serve as an exemplary 
PTA for programmable photothermal therapies, includ-
ing both PTT and MPTT.

In vitro antimicrobial activity of the nanofiber
Figure 3a-b presents the survival rate of bacteria for each 
group of nanofiber membranes post-bacterial liquid 
treatment. After 12  h of co-culture, followed by photo-
thermal treatment in the NIR group, nearly all bacteria in 
the MGACS + NIR group were eradicated. Compared to 

the control group and the group without NIR irradiation, 
there was a significant reduction in the bacterial survival 
rate. These observations are corroborated by the bacte-
rial live/dead staining (Fig.  3c-d). It is noteworthy that 
the MGACS nanofiber membrane demonstrated a wide 
spectrum and rapid bactericidal performance against 
both S. aureus, MRSA, and E. coli. All three tested bac-
terial strains were completely eradicated within 5  min, 
which is much faster than traditional antibiotics (usually 
hours) and previously reported PPT (30 min) [45].

Antibiofilm properties of the nanofiber in vitro
Z-stack scans from fluorescence microscopy and SEM 
indicated that the biofilms in the control, CS, GACS, 
and MGACS-treated groups remained largely viable and 
structurally unscathed. Conversely, the MGACS + NIR 
group disrupted the compact biofilm, leading to a sig-
nificant loss of biomass (Fig. 4a). The outcomes of crys-
tal violet staining disclosed that without the introduction 
of NIR, all nanofiber membranes demonstrated a weak 
capacity to eradicate biofilms. However, with the inclu-
sion of NIR, the biofilm elimination capability of the 
MGACS group markedly improved (Fig.  4b-c). Impor-
tantly, following the disruption of the biofilm by NIR 
treatment, a remarkable bactericidal effect against the 
bacteria within the biofilm was observed upon its disso-
lution. These findings affirm the efficient eradication and 
inhibitory impacts of PTT on biofilms.

In addition, the respective biofilm was also success-
fully disintegrated within 10 min of NIR treatment, and 
the embedded bacteria were eliminated, compared to a 
20-minute therapy reported previously (Fig.  4d-e). The 
excellent bactericidal performance could be explained 
by the antibacterial mechanism of PTT [46]. Firstly, 
increased temperatures cause a rise in the temperature of 
bacteria and cells within the biofilm. This thermal effect 
can lead to cell membrane rupture and protein denatur-
ation, compromising the biofilm’s structural integrity 
[47]. Secondly, the elevated temperature triggers a rapid 
reduction in cell vitality within biofilms, resulting in swift 
cell lysis. This occurrence can be ascribed to the com-
bination of cell membrane rupture and damage to the 
internal cellular structure caused by high temperatures 
[48]. Simultaneously, heightened temperatures disrupt 
interactions between bacteria and cells within biofilms, 
including cell-to-cell adhesion and signaling. This dis-
ruption potentially aids in biofilm disintegration and 
the dispersion of individual cells [49]. Collectively, these 
mechanisms work in synergy to induce biofilm rupture 
and cell death.

Cell viability and biocompatibility assay
Despite certain studies suggesting that MXene could 
induce oxidative stress in cells, thereby leading to cell 
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damage or death and raising potential safety concerns, 
the findings presented in Fig.  S4a indicate that the bio-
logical functionality of L929 fibroblasts remains pre-
dominantly unaffected when the MXene concentration 
is decreased to 50  µg/ml. The encapsulation of MXene 
within GelMA microspheres augments its stability, fur-
ther mitigating concerns related to the biosafety of the 
membrane. This is evidenced by the absence of any dis-
cernible adverse impact on cell proliferation and spread-
ing behavior (Fig.  5). Notably, L929 cells co-cultured 
with GA -GA-supplemented membranes demonstrated 
an enhanced cell proliferation activity compared to CS 
membranes. This can be attributed to GA’s unique cell-
binding sites, and its ability to enhance the hydrophilic-
ity of the nanofibers, thus promoting cell attachment and 
proliferation [50].

In vitro evaluation of the mechanism of MPTT
As shown in Fig.  6, the localized moderate thermal 
stimulation produced by MGACS under NIR light expo-
sure enhanced fibroblast recruitment, accelerated cell 

differentiation, and boosted angiogenesis. Following a 
15-minute exposure to NIR irradiation, the culture medi-
um’s temperature increased to between 40 and 42  °C. 
After five days of continuous NIR stimulation, the relative 
cell viability of the MGACS + NIR group, in comparison 
to the control group, rose to 110% after the initial day and 
climbed to 120% after the third day. No significant varia-
tions were detected between groups not exposed to NIR 
and the control group (Fig. 6b). In the cell wound heal-
ing assays (Fig. 6a, d), L929 cells demonstrated migration 
into vacant spaces over a duration of time. Post 12 h, the 
MGACS + NIR treated group showed a superior migra-
tion rate (51.64 ± 0.88%) compared to the control group 
(31.32 ± 0.84%). This occurrence was ascribed to MPTT, 
which aids L929 cell migration and thereby contributes 
to wound repair. Additionally, the integration of GA also 
positively impacts cell migration.

To probe the impact of mild thermal stimulation at 
the molecular mechanism scale, we proceeded to evalu-
ate the alterations in intracellular HSP47 expression 
post-MPTT treatment. After mild thermal stimulation 

Fig. 3 In vitro, Antibacterial efficacy of MXene microgel-loaded nanofiber membranes: (a-b) Utilization of the Colony Forming Unit (CFU) counting 
method to evaluate the in vitro antibacterial activity of MXene microgel-loaded nanofiber membranes, alongside a quantitative analysis of CFU counts. 
(c-d) Post-treatment assessment of bacterial viability for multiple strains (MSSA, MRSA, E. coli) and subsequent quantification of viable bacterial ratios 
using MXene microgel-loaded nanofiber membranes. (n = 3, *P < 0.05)
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Fig. 4 In vitro anti-biofilm efficacy of MXene microgel-loaded nanofiber membranes: (a) Z-stack scan of live/dead staining and SEM images of biofilms 
generated by three types of bacteria (MSSA, MRSA, and E. coli) following treatment with MXene microgel-loaded nanofiber membranes. (b-c) Visualiza-
tion of biofilm formation using crystal violet staining for MSSA, MRSA, and E. coli after various treatments, along with measurements of biofilm biomass. 
(d-e) Representative images of SPC and corresponding CFU counts for MSSA, MRSA, and E. coli following different treatments. (n = 3, *P < 0.05)
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(40–42  °C) for 15-minute daily intervals over five con-
secutive days, MGACS + NIR demonstrated the most 
intense red fluorescence, signifying the maximum 
expression of HSP47 (Fig.  6c, e). In contrast, the con-
trol group and the membrane devoid of NIR irradiation 
revealed no significant red fluorescence following 5 days 
of cell co-culture. These findings align with the outcomes 
of angiogenesis studies that investigated the impact of 
mild thermal stimulation on endothelial cell angiogenesis 
in an in vitro environment. Relative to the control group 
and membranes devoid of NIR irradiation, mGelMx-
loaded nanofibrous membranes considerably augmented 
the formation of human umbilical vein endothelial cells 
(HUVEC) tubes following MPTT treatment (Fig. 6f-i).

HSP47, a heat shock protein involved in collagen pro-
duction, may enhance the quality of the ECM, aiding in 
the creation of a sturdy structural scaffold necessary for 
efficient cell movement [51]. Moreover, the heightened 
expression of HSP47 could potentially stimulate signaling 
pathways associated with angiogenesis, particularly the 
transforming growth factor-β (TGF-β) signaling path-
way [52]. These pathways can trigger the transformation 
of endothelial cells into vascular endothelial cells, thus 
promoting the generation of new blood vessels [53]. In 
conclusion, the MGACS nanofiber membrane exhibits 
remarkable proficiency in fostering cell migration and the 

formation of blood vessels, ultimately facilitating effec-
tive wound healing.

Wound healing assessment in vivo
The objective of this study was to scrutinize the effects 
of electrospun nanofiber dressings on the promotion of 
healing within a rat model of diabetic wound contami-
nation. Diverse dressings were applied to these wounds: 
CS, GACS, MGACS, and MGACS + NIR, as indicated in 
Fig. 7.

The bacterial count in wounds, post-establishment 
of infection, and post-treatment with dressings in each 
group was conducted using SPC. As depicted in Fig. 7d-e, 
the group treated with MGACS + NIR dressing exhibited 
the most significant bactericidal effect, with the bacteria 
in PTT-treated wounds virtually eliminated. These find-
ings powerfully underscore the superior antibacterial 
efficacy of PTT in vivo.

Images were captured, and the wound surface area 
was gauged using a plastic circle (15  mm inner diam-
eter) as a benchmark to record wound healing progres-
sion. Amongst all groups, the MGACS + NIR dressing 
group displayed the most rapid wound healing rate and 
the most potent bactericidal effect. The comparison of 
skin defect area and wound healing rate is depicted in 

Fig. 5 Cytotoxicity analysis of MXene microgel-loaded nanofiber membranes: (a, b) The viability of L929 cells in the presence of MXene microgel-loaded 
nanofiber membranes was evaluated via live/dead staining, where green signifies live cells and red signifies dead cells. (c, d) Visualization of L929 cell 
spreading post-treatment with MXene microgel-loaded nanofiber membranes using phalloidin (green signifies actin filaments) and DAPI (blue signifies 
nuclei) staining. (n = 3, *p < 0.05)
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Fig. 6 Effects of MPTT (40–42 ℃) on cell migration and angiogenesis in vitro: (a, d) The results of an L929 cell scratch test and analysis of migration rates 
following mild photothermal treatment (12 h, BF bright field). (b) A CCK-8 assay of the cell viability of L929 cells post MPTT. (c, e) Immunofluorescence 
staining of HSP 47 from different groups, along with a quantitative analysis of relative fluorescence intensity in cells stained with HSP 47 is presented. (f) 
An image displays the tube formation of HUVECs on a Matrigel matrix (BF bright field, n = 3). (g-i) The tube-forming ability of HUVECs post-treatment with 
PCH-based nanofiber membranes is analyzed. (n = 3, *P < 0.05)
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Fig.  7b-c. Two weeks post-surgery, the rats were eutha-
nized for tissue sample collection.

To assess the quality of healed skin, histological anal-
yses using H&E and Masson staining techniques were 

first employed, as illustrated in Fig.  8. Notably, wounds 
treated with MGACS nanofiber membrane and pro-
grammed PTT and MPTT exhibited minimal scar width, 
enhanced epidermal thickness, and more new blood 

Fig. 7 MXene microgel-loaded nanofiber membranes stimulated infected diabetic wound healing: (a) A schematic illustration of various stages of in 
vivo animal testing. (b) Images depict the dynamics of wound contraction at the wound site for the control, CS, GACS, MGACS, and MGACS + NIR groups 
over specific time frames, alongside a simulation of wound dynamics. (c) A quantitative analysis of the wound healing rate is provided. (d) Representative 
images of in vivo antimicrobial SPC and corresponding CFU. (n = 3, *P < 0.05)
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Fig. 8 Assessment of wound repair via H&E, Masson, and immunohistochemical staining: (a) Healing of wounds is represented by H&E staining, with 
white dashed lines marking unhealed scars. (b) Images were stained with H&E and Masson, with dashed lines indicating the epidermis and arrows point-
ing towards blood vessels. (c) Scar widths for different groups are analyzed using ImageJ. (d) Analysis of epidermal thickness in wounds post nanofiber 
membrane treatment is carried out using ImageJ. (e) Quantification of blood vessels at wound locations is performed via ImageJ. (f) Images of staining for 
CD31, HIF-1α, type 1 collagen, and type 3 collagen in the control, CS, GACS, MGACS, and MGACS + NIR group. (g) The number of vessels based on CD31 
staining images. (h) The staining area of VEGF. (i) Quantification of type I and type III collagen deposition. (n = 3, *P < 0.05)
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vessels formation (Fig.  8a-e). Consequently, the electro-
spun fiber membrane antibacterial dressing has several 
notable benefits. On one hand, it effectively diminishes 
scar formation and narrows the scar width of the wound, 
thanks to its superior biological properties and structural 
design that enhance the wound healing process and cur-
tail inflammatory reactions and scar formation. Addi-
tionally, the dressing bolsters epidermal thickness and 
improves the state of the skin surrounding the wound. 
The mild photothermal stimulation generated by NIR 
light irradiation fosters cell proliferation and regenera-
tion, quickening the growth and repair of epidermal cells 
[54]. By augmenting epidermal thickness, the dressing 
assists in reestablishing the integrity and functionality 
of compromised skin. Most importantly, the dressing 
fosters the formation of additional new blood vessels, 
thereby ameliorating blood supply and oxygen deliv-
ery to the wound [55]. The genesis of new blood vessels 
delivers more nutrients and oxygen, thereby advancing 
the wound healing and repair process [56]. To further 
elucidate the mechanism underlying the promotion of 
angiogenesis, we conducted an immunohistochemical 
analysis to examine the expression of VEGF and CD31. 
CD31 functions as an indicator for vascular endothelial 
cells, while VEGF is intimately linked with angiogenesis 
[57]. As depicted in Fig. 8f-h, the MPTT treatment group 
demonstrated a significant upregulation in CD31 and 
VEGF. Typically, VEGF triggers downstream signaling 
pathways, including the PI3K-Akt and MAPK pathways, 
by interacting with its receptor (VEGFR) [58]. These 
pathways are complexly intertwined with processes such 
as cell multiplication, migration, and survival. In addi-
tion, Type I and Type III collagen, the primary constitu-
ents of the dermal ECM, are posited to play a crucial role 
in wound healing and remodeling [59]. Immunostain-
ing results further corroborate the beneficial effects of 
MPTT (Fig. 8i).

In summary, bacterial infection and inadequate blood 
circulation present substantial obstacles in the manage-
ment of diabetic wounds [60]. Biofunctional wound 
dressings have been extensively researched and devel-
oped aimed at improving the healing process of infected 
diabetic wounds. In this research, we utilized electros-
pinning to integrate MXene-encapsulated microgels and 
CS / GA polymers into a microgel/nanofiber membrane 
dressing. This innovative engineered membrane rep-
resents the first application to successfully incorporate 
programmed antibacterial and pro-angiogenic functions 
within the same electrospun functional dressing mate-
rial. By applying a near-infrared (NIR) intensity of 1.0 W/
cm2, the local wound temperature can be increased to 
52  °C, thereby aiding in photothermal therapy (PTT) 
sterilization. Further, the local wound temperature can 
be modulated to a milder 40–42 °C by adjusting the NIR 

power to 0.5 W/cm2, thus facilitating mild photothermal 
therapy (MPTT). The initial application of PTT exhibited 
rapid bactericidal and biofilm disintegration capabilities, 
while the subsequent application of MPTT demonstrated 
restored angiogenesis. The programmed PTT and MPTT 
achieved rapid and high-quality healing of diabetic infec-
tion wounds.

Conclusions
In the present study, MXene-encapsulated microgels and 
CS / GA polymers were electrospun into microgel/nano-
fiber membrane dressings to stimulate diabetic-infected 
wound healing., The incorporation of GA into CS has 
augmented the electrospinnability, degradability, and 
capacity to promote cell proliferation of the nanofiber 
membrane dressing. The microgel/nanofiber membrane 
could realize programmed PTT and MPTT under NIR 
radiation. This PTT and MPTT strategy enhanced dia-
betic wound healing by swiftly achieving broad-spectrum 
bactericidal effects and promoting vascularization. Nota-
bly, the preparation of this multifunctional electrospun 
dressing holds significant promise for stimulating the 
healing of diabetic wounds.
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