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Endogenous electric field coupling Mxene sy
sponge for diabetic wound management:
haemostatic, antibacterial, and healing
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Abstract

Improper management of diabetic wound effusion and disruption of the endogenous electric field can lead

to passive healing of damaged tissue, affecting the process of tissue cascade repair. This study developed an
extracellular matrix sponge scaffold (K;Ps@Mxene) by incorporating Mxene into an acellular dermal stroma-
hydroxypropyl chitosan interpenetrating network structure. This scaffold is designed to couple with the
endogenous electric field and promote precise tissue remodelling in diabetic wounds. The fibrous structure of the
sponge closely resembles that of a natural extracellular matrix, providing a conducive microenvironment for cells
to adhere grow, and exchange oxygen. Additionally, the inclusion of Mxene enhances antibacterial activity(98.89%)
and electrical conductivity within the scaffold. Simultaneously, K,P;@Mxene exhibits excellent water absorption
(39 times) and porosity (91%). It actively interacts with the endogenous electric field to guide cell migration and
growth on the wound surface upon absorbing wound exudate. In in vivo experiments, the K,P;@Mxene sponge
reduced the inflammatory response in diabetic wounds, increased collagen deposition and arrangement, promoted
microvascular regeneration, Facilitate expedited re-epithelialization of wounds, minimize scar formation, and
accelerate the healing process of diabetic wounds by 7 days. Therefore, this extracellular matrix sponge scaffold,
combined with an endogenous electric field, presents an appealing approach for the comprehensive repair of
diabetic wounds.
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Introduction
Conventional wound healing is a complex, well-coordi-
nated process involving a series of cellular and biochemi-
cal reactions, typically categorised into haemostasis and
inflammation, hyperplasia, and scar remodelling stages
[1]. However, diabetes can induce microvascular disease
and abnormal microcirculation, compromising blood
flow and nutrient delivery to the wound area, which
delays wound healing due to insufficient oxygen and
nutrient delivery [2, 3]. Additionally, diabetes impairs
immune function, increasing patients’ susceptibility to
wound infections [4]. The hyperglycaemic state leads
to the formation of advanced glycation end products
(AGEs) that alter collagen function and structure, further
disrupting normal tissue repair processes and delaying
wound healing [5]. Diabetes-induced chronic hypergly-
caemia often perpetuates a state of chronic inflammation,
characterized by sustained elevation of pro-inflammatory
cytokines and reduced neovascularization, both of which
impede normal cellular function and tissue repair [6].
As early diabetic wounds progress to chronic refractory
wounds, standard dressings on the market become inef-
fective [7], often leaving surgery or amputation as the
last resort for treatment [8]. Currently, emerging strate-
gies for diabetes management emphasise early detection,
intervention, and prevention [9]. It is hypothesised that
timely and comprehensive management of the wound
healing process upon the initial presentation of wounds
in diabetic patients may prevent acute wounds from
evolving into chronic, hard-to-heal chronic wounds.
Wound-induced endogenous electric fields (EFs) play a
crucial role in guiding cell migration and promoting tis-
sue repair [10]. In 1890, Du Bois-Reymond discovered
that injured fingers exhibited electrical activity compared
with uninjured ones, suggesting a connection between
electric currents and wound healing [11]. Zhao M. et al.
reported that the skin spontaneously generates an endog-
enous electric field with an intensity between 5 and 100
pA/cm? after injury [12]. The mechanism involves the
transport of cations (mainly Na*) from epidermal cells to
the basal layer of the skin tissue through ion channels and
pumps, while anions (Cl7) are transported to the epider-
mal layer. The accumulation of cations in the basal layer
and anions in the top layer creates and sustains the trans-
dermal potential (TEP) at the injury site [13]. The flow of
ions within and between cells is the primary driver of the
endogenous electric field. Inhibition of this electric field
impairs the skin repair process. To expedite tissue regen-
eration, researchers have developed functional electrodes
that simulate the natural EF at wound sites, applying
external electrical stimulation (ES) to promote the migra-
tion of macrophages, neutrophils, and keratinocytes, thus
accelerating wound healing. Despite its efficacy, external
ES is limited by the complexity of the procedure, which
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involves assessing current-related parameters, wound
status, patient tolerance, and other factors. Moreover,
electrotherapy devices tend to be large and cumbersome
[14]. Therefore, finding effective and practical ways to use
EF to promote chronic wound healing remains a pressing
challenge.

Diabetic wound repair is often complicated by infec-
tions, which can disrupt the healing process and poten-
tially lead to systemic infections or even amputations
[15]. While numerous antibiotics have been devel-
oped to combat bacterial infections, their overuse has
spurred the emergence of antibiotic-resistant strains,
posing significant therapeutic hurdles [16]. In response
to this issue, research has increasingly focused on natu-
ral antimicrobial nanomaterials [4]. Mxene, a promising
two-dimensional (2D) transition metal carbide, exhib-
its unique structural properties that make it particularly
suitable for biomedical applications [17]. Its high con-
ductivity facilitates efficient separation and migration of
photogenerated charge carriers, while its large surface
area, high hydrophilicity, and good biocompatibility fur-
ther enhance its appeal [18]. Notably, Mxene exhibits
robust antibacterial activity through several mechanisms:
Mxene nanosheets can electrostatically capture bacteria
and disrupt bacterial membranes with their sharp edges
[19]. Additionally, Mxene generates reactive oxygen spe-
cies (ROS) and enables photothermal inactivation of bac-
teria, further enhancing its antimicrobial efficacy [20].
Combining Mxene with other organic and inorganic
materials through mixed crosslinking holds promise for
developing advanced biological dressings with electroac-
tive and antibacterial properties, offering novel strategies
for diabetic wound management [21].

Hydroxypropyl chitosan (HPCS) not only preserves
the alkalinity and electropositivity of chitosan but also
weakens both intermolecular and intramolecular hydro-
gen bonding, thereby enhancing water solubility and
reactivity. HPCS effectively strengthens the hydrogen
bonds between fibres, with its amino groups forming
ionic bonds with the carboxyl groups on the fibre sur-
face. The spongy dressing based on HPCS exhibits a
well-connected microporous structure and excellent fluid
absorption capacity, which supports intercellular inter-
actions and promotes cell proliferation [22]. Addition-
ally, it offers good air permeability to isolate bacteria and
features soft materials to reduce wound damage, among
other advantages. However, chitosan sponge on its own
has drawbacks, such as low mechanical strength and sus-
ceptibility to dissolution in water, which significantly lim-
its its application as a wound dressing.

Porcine acellular dermal matrix (PADM) is produced
by removing the epidermal layer and cellular compo-
nents from porcine skin through physical and chemical
processes, leaving behind an extracellular matrix rich in
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collagen [23]. PADM offers an optimal environment for
the growth and regeneration of host cells, acting as a
scaffold for the proliferation of skin fibroblasts. It aids in
reconstructing collagen components and promoting the
orderly arrangement and distribution of fibroblasts [24].
Moreover, PADM’s good plasticity allows it to be blended
and cross-linked with other organic and inorganic mate-
rials to produce flexible and degradable sponge scaffolds
[25]. However, PADM-based sponge scaffolds lack anti-
bacterial properties and have poor mechanical strength,
making them prone to collapse under external pressure
and susceptible to swelling and disintegration when
exposed to water. Therefore, blending or cross-linking
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PADM with other biological materials is essential to
enhance its functionality and improve its physical and
chemical properties.

Based on the above findings, this study developed a
Mxene sponge scaffold incorporating PADM and HPCS
(K,Ps@Mxene)(Fig. 1). Mxene, known for its bioelectrical
signal conduction, antibacterial, and anti-inflammatory
properties, was integrated into the three-dimensional
network structure of porcine acellular dermal matrix and
chitosan through physical crosslinking. These materi-
als were combined to form a loose, porous sponge scaf-
fold via homogeneous dispersion, freeze-drying, and
cross-linking. The resulting dressing possesses multiple
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Fig. 1 Fabrication and application of Mxene-based antibacterial haemostatic sponge with endogenous electric field coupling. (A) Schematic illustration
of the fabrication process for the K;Ps@Mxene sponge; (B) Application of the K,Ps@Mxene sponge for haemostasis and diabetic wound healing
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functions, including haemostatic, anti-inflammatory, and
antibacterial properties. It promotes the proliferation and
migration of wound repair-related cells and enhances col-
lagen secretion by coupling with the wound’s endogenous
electric field. This stimulates granulation tissue forma-
tion and revascularisation, and accelerates the healing of
diabetic wounds. The novel scaffold provides a promising
approach for repairing diabetic skin damage and prevent-
ing acute wounds from progressing into chronic refrac-
tory wounds.

Materials and methods

Materials

Ti;AIC, (purity: 99.7%) was purchased from Foshan
Xinxi Technology Co., Ltd. Hydroxypropyl chitosan,
25% glutaraldehyde solution, and 40% hydrofluoric acid
were obtained from Macklin Reagent Co., Ltd. (Shanghai,
China). The Collagen Sponge (CS) was procured from
Shanghai Qisheng Biologics Co., Ltd. Unless otherwise
specified, other chemicals or reagents were sourced from
Sigma-Aldrich. The human umbilical vein endothelial
cells (HUVECs) and L929 cells were purchased from the
Clinical Research Centre of Nanfang Hospital, Southern
Medical University. Escherichia coli and Staphylococ-
cus aureus were obtained from the Guangzhou Institute
of Microbiology. Male SD rats (10 weeks old) were pur-
chased from Zhuhai Bestest Biotechnology Co., Ltd.
White Tibetan miniature pigs (six months old, weigh-
ing approximately 30 kg) were sourced from Guangzhou
Huateng Biotechnology Co., Ltd. The animal experiment
protocol was approved by Nanfang Hospital, Southern
Medical University (IACUC-LAC-20230822-002). All
animal feeding and experiments were conducted follow-
ing the requirements of the Animal Ethics Committee.

Preparation and characterisation of Mxene

A mixture of 20 mL of 40% HF and 15 mL of deion-
ised water was added to a 100 mL polytetrafluoroethyl-
ene reactor. Subsequently, 2 g of Ti;AlC, was weighed
and gradually added incrementally into the reactor. The
reactor speed was set to 500 rpm, and the reaction was
carried out at 40 ‘C for 12 h. After the reaction, the mix-
ture was centrifuged six times at 5000 rpm for 5 min
each, until the pH of the supernatant was greater than
6. The centrifugation was then stopped, and the super-
natant was discarded. Next, 25 mL of dimethyl sulfox-
ide (DMSO), the intercalation agent, was added to the
residue and stirred at room temperature for 12 h. The
mixture was then transferred to a centrifuge tube and
centrifuged three times to remove the DMSO. The pre-
cipitate was filtered using a 0.22-micron liquid mem-
brane, drained, and placed in a vacuum oven at 40 C for
2 h to obtain accordion-like Mxene.
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X-ray photoelectron spectroscopy (XPS, Thermo Sci-
entific”, ESCALAB™ 250Xi, Thermo Fisher Scientific,
United States) was used to analyse the surface elements
of Mxene and their different valence states. The crystal
structure of Mxene was examined using an X-ray dif-
fractometer (XRD, SmartLab SE, Rigaku, Japan). The
surface morphology of Mxene was observed with a scan-
ning electron microscope (SEM, Regulus 8100, Hitachi,
Japan). The structure of Mxene was further investigated
using a transmission electron microscope (TEM, Tecnai
G2 F20, FEI, United States). The particle size of Mxene
was measured with a particle size analyser (Zetasizer
Nano ZS90, Malvern Panalytical, England).

Preparation of porcine acellular dermal matrix-
hydroxypropyl chitosan sponge scaffold loading Mxene
The porcine acellular dermal matrix (PADM) powder in
deionised water using a homogeniser. Hydroxypropyl
chitosan was then added to the PADM solution in vary-
ing solute ratios, maintaining the solute concentration
of the mixed system at 3%. Subsequently, Mxene pow-
der was incorporated into the mixture at different mass
ratios. After thorough homogenisation, the mixture was
freeze-dried to form a sponge. The sponge was soaked in
a crosslinking agent (a solution of 25% glutaraldehyde in
anhydrous ethanol at a volume ratio of 1:5) for 20 min,
thoroughly rinsed with deionised water, and freeze-dried
again. The final product was labelled based on the mass
ratio of Mxene added (0.8%), resulting in the designation
of 0.8% Mxene.

Characterisation of materials

Photographs of the prepared sponge samples were
taken in both wet and dry states. The surface morphol-
ogy of the sponges was observed using scanning elec-
tron microscopy (SEM, Regulus 8100/8200 Hitachi,
Japan). Changes in chemical groups were analysed with
a Fourier-transform infrared spectrometer (Nicolet™ iS50
FTIR Spectrometer, Thermo Fisher Scientific, United
States). The water absorption, density, and porosity of the
sponges were measured using a porous material poros-
ity tester (JHY-120 C). The hydrophilicity of the sponges
was determined with a contact angle meter/tensiom-
eter (Theta Flex, Biolin Scientific, Finland). Changes in
the mass of the samples with temperature or over time
in an oxygen environment were measured using a ther-
mogravimetric analysis/differential scanning calorimetry
instrument (TGA/DSC 3+, Mettler Toledo Switzerland).
The resistivity of the wet sponges soaked in deionised
water was measured with a four-probe resistance-micro-
current tester (Suzhou JinGe, ST2643), and the conduc-
tivity was calculated. Conductivity was further observed
by connecting the sponge material to both ends of a con-
ductive diode (LED) circuit.



Zhou et al. Journal of Nanobiotechnology (2024) 22:530

Additionally, cylindrical sponge samples (diameter
12 mm, height 6 mm) were prepared and soaked in dou-
ble-distilled water (ddH,O) for 2 h, after which their wet
weight (W) was measured. The samples were then placed
in a cell incubator at 37 C for three consecutive days,
with the damp weight recorded as W;, W,, and W; on
days 1, 2, and 3, respectively. The sponge water retention
rate was calculated as W;/W,,.

In accordance with GB/T1040-2006, an electronic uni-
versal testing machine (DR-603 A) was used to cyclically
compress both dry and wet sponges for 15 cycles, with
each compression reaching a deformation of 60% at a rate
of 10 mm/min. The corresponding curves were obtained,
and the compression modulus was calculated. Addition-
ally, the sponge samples were shaped into dry cylinders
with a diameter of 12 mm and a height of 14 mm. Deion-
ised water was introduced to the sponge, and identi-
cal pressure was applied; the morphology of the sample
before, during, and after compression was documented
and photographed.

To assess the moisture permeability of the material, the
water vapour transmittance (WVTR) was determined
according to ASTM standards. In brief, a 2 mm thick
disc-shaped sample of the material was placed over the
mouth of a cylindrical cup containing distilled water and
sealed along the edge with a sealing film. The assembly
was then incubated at 37 ‘C and 50% relative humidity.
The WVTR is calculated using the formula: WVTR=AW
/ (A x T), where AW represents the mass change of the
cup per unit time in grams (g); A denotes the effective
area of the sample being measured in square meters (m?);
and T stands for time in days (24 h). All samples were
tested three times (n=3).

Cell proliferation experiment

A circular sponge sample, 14 mm in diameter and 2 mm
in thickness, was sterilised by immersion in a 75% etha-
nol solution for 6 h. The sponge was then thoroughly
rinsed with sterile PBS. The prepared sponge sample was
placed in a 12-well plate, and 4 mL of DMEM complete
medium (MEM+10% fetal bovine serum+1% penicil-
lin-streptomycin) was added as the solvent. The sponge
material was incubated in a cell incubator at 37 C for
24 h to obtain the extract. The cytotoxicity of different
material extracts to human umbilical vein endothelial
cells (HUVECSs) and mouse fibroblasts (1929 cells) was
assessed using the cell counting kit-8 (CCK-8) method.
The cells were seeded in 96-well plates at a density of
3000 cells per well. After cell adhesion, the media were
replaced with extracts from each material group, with the
control group using a high-glucose medium. At 24 and
60 h post-medium replacement, the culture medium was
discarded, and 100 pL of serum-free DMEM medium
and 10 pL of CCK-8 working solution were added to
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each well. The culture plates were then incubated in a
CO, incubator at 37 C for 1 h. Subsequently, 100 pL of
the reaction liquid from each well was transferred to an
unused 96-well plate, and the absorbance value at 450 nm
was measured using a multifunctional microplate reader.

Live/dead cell staining

HUVECs and L929 cells in good growth condition were
seeded into 24-well plates at a density of 2x 10* cells per
well. Once the cells had adhered and extended, the cul-
ture medium was replaced with extracts from the CS,
K,Pg, and K;Ps@Mxene, while the control group received
a high-glucose complete medium. After co-culturing for
72 h, the cells were gently washed with PBS, and 200 pL
of prepared live/dead cell staining solution was added
to each well. The plates were then incubated in the dark
for 30 min before observation under a fluorescence
microscope.

Cell adhesion experiment

Sterile sponges (K,P; and K;P;@Mxene) were soaked in
a high-glucose medium for one hour. HUVECs were then
inoculated onto the sponges at a density of 3x10* cells
per material. After three days of culture, HUVECs were
washed with PBS, fixed with 4% paraformaldehyde for
24 h, and rinsed 3 times with PBS to remove any residual
paraformaldehyde from the material’s surface. Next, 0.1%
Triton X-100 was added, and the samples were incubated
for 20 min. Finally, the cytoskeleton and nuclei were
stained by adding 200 pL of FITC-phalloidin and DAPI
mixed staining solution. After incubation at 37 °C for
30 min in darkness, the reaction solution was discarded.
500 pL of serum-free DMEM medium was then added,
and the adhesion and spreading behaviour of the cells
on different sponges were observed using laser scanning
confocal microscopy (LSCM).

Cell migration experiment

HUVEC:s cultured to the logarithmic growth phase were
digested and prepared into cell suspensions at a concen-
tration of 2x 10° cells/mL. These suspensions were inocu-
lated into 12-well plates and allowed to reach confluence.
Once confluence was achieved, two parallel scratch lines
were created using a 200 uL pipette tip, followed by two
washes with PBS buffer to remove cellular debris. Then,
4 mL of basic medium containing 1% serum was slowly
added into the orifice plate. Sponge discs (12 mm in
diameter and 2 mm in thickness) were then placed in the
Transewell chamber and transferred to an incubator for
culture. Microscopic images were captured at various
time points to monitor and document cell migration.
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Antibacterial performance test

The antibacterial activity of the sponge scaffold was eval-
uated using Escherichia coli (ATCC 25922, a Gram-neg-
ative strain) and Staphylococcus aureus (ATCC 6538, a
Gram-positive strain). The sponge was prepared into disc
samples (8 mm in diameter, 1 mm in thickness). Under
sterile conditions, 2 mL of a bacterial solution contain-
ing 10’ CFU/mL was applied to the sponge, ensuring
thorough impregnation for complete interaction with the
bacteria. The samples were incubated at 37 ‘C for 36 h.
After incubation, 200 uL of the bacterial solution was col-
lected and placed in a 4-mL centrifuge tube. The solution
was diluted to 4 mL with 3.8 mL of Luria Bertani (LB)
broth, and further incubated in an oscillating incubator
at 37 C. At 0, 2, 4, 6, 8, and 10 h, 200 uL of the bacterial
suspension was sampled from each tube and transferred
to a 96-well plate. The optical density (OD) at 600 nm
was measured using a microplate absorbance reader. This
test was repeated three times for each group, with a con-
trol group that did not include a sponge.

Additionally, under sterile conditions, 2 mL of the bac-
terial solution with a concentration of 10’ CFU/mL was
applied to the sponge, ensuring full impregnation for
complete interaction with the bacteria. The samples were
incubated at 37 “C for 36 h, followed by gradient dilution
of the bacterial solution. A 100 pL aliquot of the diluted
bacterial solution was evenly spread on an agar plate and
cultured at 37 C for 24 h for colony counting. The con-
trol group consisted of a tissue culture plate (TCP) inoc-
ulated with bacteria. This test was also repeated three
times for each group.

Haemolysis rate test

The blood compatibility of the sponges was evaluated
by measuring the haemolysis rate. Citrated pig whole
blood was collected (whole blood to 3.8% sodium citrate
ratio=9:1), and 1 mL of this blood was diluted with 9 mL
of PBS. A sample suspension was prepared by immers-
ing 5 mg of sponge in 100 pL of normal saline, and 100
uL of this suspension was incubated with 1 mL of diluted
blood at 37 C for 4 h. After incubation, the supernatant
was collected by centrifugation at 3000 rpm for 10 min,
and the OD value of the supernatant at 545 nm was mea-
sured using a microplate reader (Varioskan LUX, Thermo
Scientific). In this experiment, PBS served as the negative
control group, Triton X-100 as the positive control group,
and the suspension mass fraction of the red blood cells
added was 0.5%. The haemolysis rate (B) was calculated
using the following formula: B = (0OD,,,,, — ODneg) / (ODp
— OD,,,). Where B is the haemolysis rate of the mate-
rial, OD,,,, is the absorbance of the sample at 545 nm,
OD,,, is the absorbance of the negative control group at
545 nm, and OD,  is the absorbance of the positive con-

pos
trol group at 545 nm.

0S
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Determination of in vitro coagulation time

Pig whole blood was collected using a sodium citrate
anticoagulant tube. To each 5-mL centrifuge tube, 2 mL
of the collected whole blood was added along with a
50 mg sponge sample. Simultaneously, 60 puL of 0.2 mol/L
CaCl, solution was introduced. The mixture of blood and
material was then thoroughly mixed, and the time taken
for the blood to stop flowing was recorded as the blood
coagulation time. This process was repeated three times
for each group, and the mean value was calculated. The
blank control group did not include any haemostatic
material.

Blood clotting index (BCI) test

The sample sponge was cut into 3 mg pieces and placed
into a centrifuge tube. Then, 100 uL of pig whole blood
was added to the sponge’s surface, followed by adding
10 uL of 0.2 mol/L CaCl, solution. The timing started
at this point. After incubating at 37 ‘C for 2 min, 10 mL
of deionised water was added to the centrifuge tube to
lyse the non-coagulated blood cells, with the incubation
continuing at 37 ‘C for an additional 3 min. After this
period, the supernatant was collected, and its absorbance
at 540 nm was measured using a microplate reader. The
blood clotting index (BCI) was calculated using the for-
mula: BCI (%)=OD,,,, | OD ;g,34y01 % 100%.
Determination of whole blood coagulation dynamics

The whole blood coagulation dynamics of the haemo-
static materials were evaluated by measuring the blood
clotting index (BCI) at various time points. Pig whole
blood was collected using sodium citrate anticoagulant
collection tubes, and 2 mL of 0.1 mol/L CaCl, solution
was added to 20 mL of anticoagulated blood to activate
it. Immediately, 150 pL of the activated blood was added
to the sponge sample. At each designated time point, 3
mL of deionised water was added to the material, and
the mixture was incubated at 37 ‘C for 10 min to lyse the
non-thrombotic red blood cells through hyperosmosis.
Then, 200 pL of the incubated solution was transferred to
a 96-well plate, and the absorbance of haemoglobin was
measured at 540 nm. The procedure was repeated three
times, and the mean value was calculated. Additionally,
the pH value of the blood after 24 h was measured, and
photographs of the thrombi formed in each group after
24 h of swelling were taken.

Blood cell adhesion test

Discs of collagen sponge (CS), K,P;, and K;P;@Mxene
samples, each with a diameter of 12 mm and a thick-
ness of 1 mm, were prepared. These discs were uniformly
placed at the bottom of each well in a 24-well plate and
immersed in PBS at 37 C for 1 h. Subsequently, 1 mL of
anticoagulated pig whole blood was added to each well
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and incubated at 37 C for 5 min. Following this, 1 mL
of platelet-rich plasma (PRP) was added to each well and
incubated at 37 C for 2 h. After incubation, each sam-
ple was washed three times with saline to remove non-
adhering red blood cells and platelets. The samples were
then fixed by adding 2 mL of 2.5% (v/v) glutaraldehyde
and incubated at 37 “C for 2 h. After fixation, the samples
were rinsed with normal saline three times, dehydrated
with gradient alcohol for 15 min, and freeze-dried using
tert-butanol instead of ethanol. The prepared specimens
were coated with gold, examined using a scanning elec-
tron microscope (SEM), and photographed.

SD rat liver injury haemostasis experiment

The haemostatic efficacy of the sponge samples was
assessed using an SD rat liver injury model. Male SD
rats (weighing 220-250 g) were randomly allocated into
three groups: collagen sponge (CS), K;P,, and K,P@
Mxene. The rats were anaesthetised with 2% pentobarbi-
tal sodium and secured on a surgical plate. An abdomi-
nal incision was made to expose the liver, and the serous
fluid around the liver was carefully removed. A bleeding
spot approximately 5 mm in diameter and 3 mm in depth
was created on the liver using a scalpel. Sponge samples
were then applied to the bleeding area, and observa-
tions were recorded every 10 s until the bleeding stopped
completely. The haemostatic material was weighed, and
the bleeding time was calculated. The experiment was
repeated three times for each group.

Rat tail-cutting haemostasis experiment

Male SD rats weighing 220-250 g were anaesthetised
with 2% pentobarbital sodium. A scalpel was used to
amputate the rat’s tail at 50% of its length, and the tail
was exposed to air for 15 s to allow for average blood loss.
The rats were then randomly assigned to three groups:
collagen sponge (CS), K,P,, and K,P;@Mxene. Haemo-
static sponges were applied to the bleeding sites until
haemostasis was achieved. The blood absorption capacity
of the sponges was assessed, and the bleeding time was
recorded. Each experiment was repeated three times for
each group.

Rat diabetic wound repair experiment

Ten-week-old healthy male SD rats, each weighing
approximately 250+10 g, were used for the study. The
animals were sourced from Zhuhai Bestest Biotech-
nology Co., Ltd. All animal experiments adhered to the
guidelines and regulations of the China Experimen-
tal Animal Research Ethics Committee. After a week of
acclimatisation in the animal house, the SD rats were
fasted for 12 h. Type I diabetes was induced via an intra-
peritoneal injection of 1% streptozotocin (STZ) solution
at a dose of 65 mg/kg. Successful induction of diabetes
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was confirmed by symptoms such as polydipsia, polypha-
gia, and polyuria, along with random blood glucose levels
exceeding 16.7 mM one week post-injection. The diabetic
rats were randomly assigned to the control group, Col-
lagen sponge (CS) group, K,P, group, and K,P;@Mxene
group. The rats were anesthetised with an intraperitoneal
injection of 2% pentobarbital sodium. The back of each
rat was shaved and disinfected with iodine before creat-
ing a full-thickness skin defect (to the deep fascia layer)
with a diameter of 12 mm using a hole punch. The sponge
sample was applied to the defective wound, with no addi-
tional material added to the control group. Finally, sterile
gauze and bandages were utilized to secure the dress-
ing and prevent it from detaching. Wound healing was
monitored and recorded with a digital camera at various
time points post-surgery. If the sponge materials became
detached, they were promptly replaced. The wound heal-
ing rate was calculated based on the recorded images.
The experiment was repeated three times for each group.

Histomorphological analysis

After the surgical procedure, wound tissue samples from
rats were collected at designated time points. These sam-
ples were fixed using a paraformaldehyde tissue fixation
solution and subsequently embedded in paraffin for sec-
tioning. The histomorphological analysis included the
assessment of wound inflammation, collagen deposition,
angiogenesis, and scarring. This was performed using
H&E staining, Masson trichrome staining, and immuno-
histochemical staining (IL-10, TNF-a, Col I, CD31, and
a-SMA).

Statistical analysis

Results are expressed as the meanzstandard deviation.
Statistical significance among groups was determined
using a one-way analysis of variance (ANOVA). Signifi-
cance levels are indicated as follows: *p<0.05, **p<0.01,
**#*p<0.001, and ****p<0.0001.

Results and discussion

Preparation and characterisation of hydroxypropyl
chitosan-acellular dermal matrix sponge

In this study, the preparation of hydroxypropyl chitosan-
acellular dermal matrix sponge was prepared through
a series of steps, including dissolution, homogeneous
dispersion, freeze-drying, and cross-linking, as illus-
trated in Fig. 2A. A 3% hydroxypropyl chitosan (HPCS)
solution was mixed with a 2.5% porcine acellular der-
mal matrix (PADM) solution in various volume ratios
(Fig. 2B). Increasing the volume ratio of the PADM solu-
tion enhanced the sponge’s ability to retain its shape
after water absorption. Specifically, the water absorption
rate of the sponge peaked at a PADM to HPCS volume
ratio of 1:6, leading to the selection of the K,P, sponges
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Fig. 2 Preparation and characterisation of hydroxypropyl chitosan-acellular dermal matrix sponge. (A) Schematic diagram of composite sponge syn-
thesis; (B) Images of the morphology of dry and wet hydroxypropyl chitosan-acellular dermal matrix sponges at varying mix ratios; (C) Photographs of
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performance; (F) Photographs of the compressed wet sponge demonstrating shape recovery performance; (G) Photographs of water droplets on the
surface of a dry sponge that is compressed and fixed over time; (H) Microstructure of uncompressed and compressed dry sponges
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for further experiments (Fig. 2D). Figure 2C illustrates
the sponge in its freeze-dried state, which expands and
absorbs water upon rehydration. The K;P, sponge exhib-
its excellent water absorption and swelling characteris-
tics. Due to homogeneous shear and dispersion during
preparation, the fibre fragments within the sponge form
a large interconnected pore structure and a robust cross-
linked network. This configuration allows the sponge
to be repeatedly compressed and restored to its shape
both in the dry state (Fig. 2E) or after water absorp-
tion. The sponge’s hydrophilic properties were assessed
using a static water contact angle test [26]. As shown in
Fig. 2G, the sponge displays superhydrophilic behaviour,
with water droplets being absorbed within 0.6 s without
leaving residue on the surface. Even partial contact with
water results in rapid expansion and swelling at the con-
tact point, highlighting the sponge’s strong shape recov-
ery tendency (Fig. 2F). This enhanced hydrophilicity can
be attributed to changes in the surface microstructure,
where the compressed sponge forms a capillary structure
through the densely packed pore walls, aiding in rapid
water absorption (Fig. 2H).

Preparation and characterisation of Ti3C2Tx (Mxene)

In this study, hydrofluoric acid (HF) was used as the
etching agent to selectively remove the weak and easily
hydrolysed Al-C structural units in the titanium-alu-
minium carbide (Ti;AlC,) to obtain multi-layer Mxene
materials (Fig. 3A). SEM images reveal that the Mxene
obtained through HF etching presents a multi-layer
accordion-like structure composed of two-dimensional
single-layer lamellar structures due to the strong inter-
action force between the lamellar layers (Fig. 3B). TEM
images further depict the interconnected layers of Mxene
with reduced layer spacing, consistent with the observed
accordion-like morphology (Fig. 3C). The X-ray diffrac-
tion (XRD) pattern of the multi-layer Mxene is illus-
trated in Fig. 3F. After HF etching, the prominent peak
of Ti;AlC, at 39° disappeared, confirming the successful
etching of the Al layer [27]. Moreover, the peaks at 9.5°
and 19.4° of Ti;AlC, widened and shifted to 8.8° and
18.5°, respectively, indicating the successful conversion
of Ti;AlC, to Mxene and partial substitution of Al ele-
ment by -OH or -F groups. As shown in Fig. 3E, Mxene
mainly comprises carbon (C), titanium (Ti), and fluorine
(F), suggesting that HF etching effectively removed the Al
layer in Ti;AlC, and introduced fluorine into the Mxene
structure. Element mapping further supports these find-
ings, as illustrated in Fig. 3D.

Preparation and characterisation of Mxene composite
sponge scaffolds

Mxene was uniformly incorporated into KP4 gel at dif-
ferent mass ratios, followed by freeze-drying to form
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a sponge. Initially, the K;P; sponge appears white, as
shown in Fig. 3G. With the addition of Mxene, the com-
posite sponge gradually darkened, becoming blacker as
the Mxene content increased. During freeze-drying, the
crystallisation and water evaporation processes result in
all sponges forming an interconnected, honeycomb-like
porous structure. This structure facilitates the adsorption
of red blood cells through a three-dimensional network
and promotes platelet aggregation. As shown in Fig. S1,
both K;P¢ and Mxene sponges, regardless of Mxene con-
tent, demonstrate excellent water-triggered structural
stability. Upon water absorption, they rapidly expand into
elastic spongy bodies, retaining a stable shape even under
repeated firm compression. This sponge structure con-
forms well to wound contours, providing uniform sup-
port and pressure. Once hydrated, the sponge becomes
soft, ensuring comfort and reducing patient pain. It is
easy to position, remove, and can be tailored to specific
needs [28]. Furthermore, as Mxene content increases,
more Mxene particles are distributed on the surface and
pore wall of the composite sponge, resulting in a rough
inner surface (Fig. 3H). This roughness may enhance
wound healing and promote tissue regeneration [29]. Fig.
S2 illustrates the sponges’ rapid water absorption upon
immersion, alongside their elasticity and shape reten-
tion under rotational forces. The compression mechan-
ics of dry and wet sponges with varying Mxene contents
were thoroughly evaluated (Fig. S3A and 3B). The K,P@
Mxene sponge exhibited excellent compression recov-
ery after 15 consecutive compressions, with a maximum
stress of 12.46 kPa recorded in the first cycle. Increasing
Mxene content did not significantly enhance the sponge’s
compression strength and modulus. This phenomenon
may be due to the negatively charged groups on Mxene
(e.g., -F) and the physical van der Waals forces and inter-
molecular hydrogen bonding among the numerous -OH
groups and the -O groups on K,Pg fibres, which slightly
improve mechanical strength but do not cause a sub-
stantial change [30]. For assessing stable conductivity
necessary for transmitting long-term electrical signals,
the sponge’s conductivity in a wet state was tested. The
results showed that as Mxene content increased, the
conductivity of the damp sponge gradually improves
(Fig. 30), indicating that the Mxene sponge can absorb
wound exudates and transmit bioelectrical signals in
response to diabetic wound endogenous electric fields,
thereby guiding proliferation, migration, and differen-
tiation [10]. Furthermore, integrating a wet 0.8% Mxene
sponge with a circuit allowed a bright light to be emitted
from an LED (Fig. 3 and J).

The high water absorption rate of scaffolds benefits tis-
sue regeneration by effectively draining excess biological
fluid from wounds and reducing infection risk. The 0.8%
Mxene group sponge exhibited superior water absorption
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capacity (39+1.2) compared to the 1.2% and 2.4% Mxene
groups, making it more effective at absorbing wound exu-
dates and accommodating blood (Fig. 3L). Moist sponges
are more suitable for the human body environment, mak-
ing it crucial to assess their deformation resistance. The
dry density of sponges is depicted in Fig. 3M, with a den-
sity of (0.02+0.003) g/cm? for the K,P, sponges. Sponge
density gradually increases with Mxene content. Fig. S4
displays the water vapour transmission rate, highest for
the 0.8% Mxene group at (4231£70.93) g/m*/24 h, and
lowest for the 1.2% Mxene group at (3503.67+£96.24) g/
m?®/24 h—aligning with porosity and water retention
rate results. An optimal water vapour-transfer rate main-
tains a slightly moist environment for wounds, protect-
ing against bacterial infection. As depicted in Fig. 3K,
the water retention rate of the sponge increased with
higher Mxene content, peaking at 0.8% Mxene. Further
increases in Mxene content led to a gradual decrease
in water retention. Additionally, as Mxene content
increased, the porosity of each group’s sponge increased,
with the 0.8% Mxene group reaching the highest poros-
ity at (91£0.2)% (Fig. 3N). This phenomenon can be
attributed to three main factors: Firstly, the abundance
of hydrophilic hydroxyl groups on the surface of Mxene
enhances the hydrophilicity of K,P;@Mxene sponge. Sec-
ondly, the interpenetrating network formed by hydroxyl
and K;P; molecules on the surface of Mxene increases
the porosity of the K,Ps@Mxene sponge, thereby reduc-
ing molecular tension at the water-sponge interface and
enhancing water affinity [31]. Lastly, hydrogen bonding
and ion crosslinking between the Mxene and K;Pg sys-
tem improve the overall structure and physicochemical
properties of the K,P;@Mxene sponge while enhancing
its water-holding performance. However, when Mxene
concentration exceeds 0.8% (reaching 1.2%), the exces-
sive hydrophilic effect from surface hydrophilic groups
outweighs the relative mass increase of Mxene [32]. It
impacts the K, P structure, reducing porosity and physi-
cochemical properties, consequently decreasing water
retention capacity. Water-retaining dressings support
skin hydration and maintain a moist healing microenvi-
ronment. In conclusion, the 0.8% Mxene exhibits optimal
physical and chemical properties and is designated as
K,P¢@Mxene.

Characterisation of composite sponge scaffold K,P,@
Mxene

We optimised the K,Pi@Mxene sponge in the initial
phase to achieve favourable physical and chemical prop-
erties, followed by an elemental analysis of the sponge.
As shown in Fig. 4A, elements Ti, C, and N are evenly
distributed in K;P;@Mxene, indicating that Mxene
nanosheets are uniformly integrated within the K;Pg
sponge. Glutaraldehyde cross-links with amino acid
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residues in polysaccharides, forming a stable imine struc-
ture that enhances the stability and durability of proteins
[33].Fourier-transform infrared spectroscopy (FTIR)
analysis (Fig. 4B) reveals the stretching vibration of -OH
and the bending vibration of -NH, in hydroxypropyl chi-
tosan at 3392, 2971, and 1659 cm™!, respectively. The
characteristic absorption peaks of PADM appeared at
3277 cm™?, 1628 cm ™ and 1526 cm™?, corresponding to
hydrogen bonding between -OH and -NH, groups, the
amide I band of random coil and helical conformations,
and the amide II band of N-H bending vibration, respec-
tively. In the K, P, spectrum, a new imine bond character-
istic absorption peak (C=N) was observed at 1620 cm™ ..
Additionally, the bending vibration of the N-H band of
amide II redshifted to 1531 cm™! due to hydrogen bond
interaction, and the absorption peak at 3279 cm™! was
enhanced, indicating increased hydrogen bond forma-
tion. The FTIR spectra of K,P;@Mxene closely resemble
those of K, P, suggesting two possibilities: (1) no chemi-
cal reaction occurs between K,P, and Mxene, with their
interaction primarily through van der Waals forces and
intermolecular hydrogen bonding between negatively
charged surface groups on Mxene (e.g., -OH and -F)
and the -OH groups on the K;P, cellulose chain; or (2)
the -OH groups on the K;P, chain and Mxene surfaces
may undergo hydroxyl condensation with glutaraldehyde,
forming a small amount of -C-O-C- bonds similar to the
covalent cross-linking within the KP4 chain itself, which
may not significantly affect the FTIR pattern of K,P;@
Mxene [34].

The XRD pattern of the sponge (Fig. 4C) shows that
integrating Mxene into the sponge reduces its crystal-
linity, with the characteristic peak shifting to a lower
20 angle. Thermogravimetric analysis (TGA) was used
to assess the thermal stability of the substance by mea-
suring weight loss with temperature changes [35]. TGA
curves (Fig. 4D) indicate three thermal degradation
stages between 30 ‘C and 600 C for those 3 sponges.
The first stage (30 °C to 250 °C) is associated with the
loss of free and bound water, resulting in a mass reduc-
tion of approximately 16%. The second stage (250 °C to
400 °C) involves thermal breakdown of the skeleton, with
a 42% weight loss, where hydroxyl groups on adjacent
molecular chains are removed as water molecules, pro-
ducing stable intermediates [36]. The final step is the oxi-
dation and decomposition of sponge carbide under heat.
K,P¢@Mxene exhibits a relatively low and broad thermal
decomposition temperature. The derivative thermogravi-
metric (DTG) curve (Fig. 4E) shows that the decompo-
sition peak of K Py is steeper than that of K,P;@Mxene,
indicating improved thermal stability due to the addition
of Mxene.

To analyse the interaction mechanism between Mxene
and K;P,, X-ray photoelectron spectroscopy (XPS) was
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Fig. 4 Physicochemical characteristics of K,Ps@Mxene sponge scaffold. (A) Elemental mapping corresponding to C, N, O, and Ti in K, Ps@Mxene sponge;
(B) Fourier transform infrared spectroscopy; (C) X-ray diffraction pattern; (D) Thermogravimetric analysis curve (TGA); (E) Derivative thermogravimetric
analysis curve (DTG); (F) Full spectrum of X-ray photoelectron spectroscopy (XPS); and (G) Ti 2p

employed. The typical XPS peaks for K,Pi@Mxene and
KP4 are shown in Fig. 4F. The peaks at 454.3, 456.1,
458.5, 460.7, 462.9, and 464.5 eV for K,P;@Mxene cor-
respond to Ti-C (2p3/2), Ti (III) 2p3/2, Ti-O (2p3/2), Ti
(I) 2p1/2, TiC (2p1/2), and Ti-O (2pl/2), respectively
[37], which are characteristic Ti2p peaks of Mxene as
reported in the literature (Fig. 4G). Fig. S5A presents
the high-resolution Cls spectrum for K;P;@Mxene. The
binding energies observed at 284.7, 286.1, and 288.6 eV
correspond to carbon-hydrogen (C-H) or carbon-carbon
(C-C), carbon-oxygen (C-O), and carbonyl (C=0) bonds,
respectively. The C-N bond at 284.9 eV originates from
chitosan, while the C-Ti bond at 281.9 eV is attributed to
Mxene. Nitrogen (N) is exclusively present in K, Pg; in the
N1s spectrum of K;P;@Mxene(Fig. S5B), two prominent
peaks at approximately 400.9 eV and 399.1 eV correspond
to chitosan NH, and CO-NH- groups. Mxene can inter-
act with K;P, through charge interactions or hydrogen

bonding, further stabilising the porous framework struc-
ture. Additionally, the Ols spectrum of K,P, peaked at
532.3 eV, representing C-O-C and O-H functionalities
(Fig. S5C). Upon adding Mxene, this peak shifted to
533.4 eV, suggesting the formation of hydrogen bonds
between the carboxylic acid functional groups in K;P,
and the hydroxyl groups in Mxene.

Biocompatibility evaluation of sponge scaffolds

Fibroblasts and endothelial cells play a crucial role in tis-
sue healing, with their migration and proliferation being
essential for wound recovery [38]. The cytotoxicity of the
sponge scaffolds was evaluated using the Calcein-AM/PI
double staining kit, which allowed for the visualization
of live and dead cells in different extracts (Fig. 5A). At
24 h post-extract addition, both 1929 cells (Fig. 5B) and
HUVEC: (Fig. 5D) in all groups exhibited robust growth
with elongated cell morphology, showing no significant
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difference in cell fluorescence intensity among the groups
(p>0.05). After 72 h of co-culture, however, the fluo-
rescence intensity of HUVECs (Fig. 5H) and L929 cells
(Fig. 5G) in the control group was significantly weaker
compared with the other two groups. In contrast, the
fluorescence intensity of cells in the K,P;@Mxene group
was notably higher than that of the K,P, group (p<0.05).
These results confirm that K;P;@Mxene sponges exhibit

excellent biocompatibility, as they not only lack cytotox-
icity but also significantly stimulate cell proliferation.

To further assess the infiltration and adhesion capabil-
ity of cells within the scaffold, HUVECs were cultured
in the scaffold and subjected to fluorescent staining, as
depicted in Fig. 5C. The results revealed that HUVECs
could effectively infiltrated and proliferated within the
scaffold, with enhanced performance observed following



Zhou et al. Journal of Nanobiotechnology (2024) 22:530

Mxene modification. Quantitative immunofluorescence
intensity analysis (Fig. 5I) confirmed these observations.
The cytotoxicity of sponge extract was determined by
CCK-8 method. The proliferative activity of L1929 cells
(Fig. 5E) and HUVEC cells (Fig. 5F) was evaluated by
co-culturing with K;P;@Mxene sponge extract. After a
72 h co-culture period, OD values for all groups exhib-
ited a general increasing trend. No statistical differ-
ences in OD values were observed among the groups at
24 h, indicating good biocompatibility across all groups.
However, after 72 h of co-culture, the OD value for the
K,Ps@Mxene group significantly was significantly higher
than that of the control group, suggesting that Mxene
stimulation promotes the proliferation of 1929 cells and
HUVECs. The modified Transwell cell scratch assay
was used to simulate the effect of sponge scaffolding on
HUVEC migration (Fig. S6A). The dynamic migration
process of endothelial cells is depicted in Fig. S6B. In
the K,Ps@Mxene group, HUVECs exhibited the fastest
migration, with nearly complete contact achieved at 48 h.
Additionally, at 24 h, the migration distance of HUVECs
in the K,Pi@Mxene group was significantly greater
compared with the control group (Fig. S6C) (p<0.05).
These findings indicate that Mxene doping significantly
enhances cell migration in the K,P;@Mxene sponge,
which is crucial for diabetic wound healing.

In conclusion, the K,P;@Mxene sponge scaffold dem-
onstrates excellent biocompatibility and physical-chemi-
cal properties that promote the proliferation, migration,
and angiogenesis of wound repair-related cells. This
may be attributed to two main factors: Firstly, the
K,Ps@Mxene sponge transmits electrical signals simi-
larly to wires, which strengthens cellular connections
and communication. Secondly, the chitosan and Mxene
components within K,Pc@Mxene sponge possess anti-
inflammatory and antioxidant properties, which, along
with their ability to induce cell transformation, contrib-
ute to promoting cell proliferation and migration.

Evaluation of antibacterial properties of K;P;@Mxene
Diabetic patients often suffer from increased susceptibil-
ity to infections due to several factors, including a hyper-
glycaemic environment that promotes bacterial growth,
a reduced immune response, diminished antibody pro-
duction, and impaired white blood cell function [39].
Additionally, complications such as vascular disease and
neuropathy further compromise blood and oxygen sup-
ply, facilitating bacterial invasions [40]. Therefore, the
broad-spectrum antibacterial activity of wound dressings
is crucial for improving the prognosis of infected wounds
[41].

To evaluate the antibacterial effects of K;P;@Mxene,
Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli) were used as test organisms. As shown in Fig. 6A,
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after 36 h of co-culture with K,P;@Mxene, the sponge
was found to kill 98.89% of S. aureus and 97.21% of E.
coli. In contrast, the K;P, sponge alone killed 70.5% of S.
aureus and 71.9% of E. coli, while collagen sponges dem-
onstrated even lower antimicrobial activity (Fig. 6C). The
bacterial proliferation test further evaluated the prolif-
eration ability of S. aureus. As shown in Fig. 6B, sponges
in the K;P;@Mxene group showed the slowest bacterial
proliferation rate, indicating excellent antibacterial activ-
ity, followed by sponges in the K,P, group. The collagen
sponge control group exhibited a faster bacterial prolifer-
ation rate, indicating low antibacterial activity (Fig. 6D).
Similar results were observed when assessing the survival
and proliferation capacity of E. coli, confirming that the
K,Ps@Mxene group possessed superior antibacterial
properties compared with the other groups (Fig. 6E).

In conclusion, while the K;P, sponge alone possesses
some antibacterial properties, the addition of Mxene sig-
nificantly enhances these properties. The proposed anti-
bacterial mechanism is illustrated in Fig. 6F. The -NH,
groups in the HPCS molecule can form -NH,* cations
in the solution by combining with free H*. These -NH,*
ions can bind with negative anions on the bacterial cell
wall through electrostatic attraction, resulting in an
uneven distribution of negative charges on the cell wall
and cell membrane. This disrupts the balance between
natural synthesis and dissolution of the cell wall, impair-
ing normal physiological metabolism and reproductive
capability of the bacteria [42].

Furthermore, the morphology and core atomic struc-
ture of Mxenes can influence their bactericidal perfor-
mance. When multilayer Mxene powder is stacked, it
becomes easier to access the sharp edges, which can
disrupt the bacterial cell membrane structure, thereby
enhancing Mxenes’ effectiveness in eradicating E. coli
and S. aureus. Moreover, Mxene exhibits peroxidase-like
activity, enabling it to decompose hydrogen peroxide
(H,O,) into reactive oxygen species (ROS) that effec-
tively eliminate bacteria. The release of low-concentra-
tion metal ions during Mxene oxidation also contributes
to microbial inactivation. Additionally, the abundant
hydroxyl groups on the surface of Mxene can form hydro-
gen bonds with bacterial cell membranes, while its sur-
face charge can generate electrostatic forces that enhance
contact with bacteria, increasing the likelihood of bacte-
rial eradication [21, 43].

In vitro haemostatic performance evaluation of K,P,@
Mxene

Wound healing is a complex process encompass-
ing four main stages: haemostasis, inflammation or
migration, proliferation, and tissue repair. In diabetic
patients, uncontrolled bleeding and infection can sig-
nificantly delay wound healing and increase the risk
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representation of the antibacterial mechanism of K,Ps@Mxene sponge

of trauma-related deaths. High blood glucose levels
in diabetics cause excessive blood viscosity, disrupted
metabolism, reduced coagulation factors, and slowed
blood flow, all of which impair coagulation function [44,
45]. Although the body initiates a coagulation cascade
after bleeding, severe or uncontrollable bleeding often
requires external haemostatic materials [46]. Therefore,

we anticipated that K;P;@Mxene would exhibit strong
haemostatic properties.

As shown in Fig. 7A, the sponge was soaked in whole
blood and cleaned with PBS after forming a blood clot.
Both K;P;@Mxene and the commercially available col-
lagen haemostatic sponge demonstrated effective blood
cell binding. In the in vitro coagulation experiment
(Fig. 7B), all sponge groups effectively promoted blood
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clot formation. Figure 7C shows that both the K,P¢ and
K,Ps@Mxene groups showed lower haemolysis rates
compared with commercially available collagen sponges
(Fig. 7N). The in vitro coagulation time (Fig. 7D) was
shorter for K;P¢ and K;P;@Mxene sponges than for the
control group and collagen sponges, likely due to their
staggered fibre structure, which enhances blood cell
absorption and effusion (Fig. 7K). Notably, the K,P.@
Mxene group exhibited a significantly shorter coagula-
tion time compared with the CS group, indicating that
the incorporation of Mxene enhances the haemostatic
effectiveness of the K, P, sponge (Fig. 7I).

The whole blood coagulation kinetics curve (Fig. 7G)
shows that sponges in the K;P;@Mxene group had sig-
nificantly better coagulation ability than those in the CS
group (p<0.01). After soaking the blood clot complex
in PBS and incubating at 37 ‘C for 24 h, the pH of the
supernatant remained close to 7 (Fig. 7H), indicating
that the sponges in each group were compatible with
the physiological pH of the human body. As shown in
Fig. 7], the coagulation index in the K,P;@Mxene group
(12+£0.4)% was significantly lower than that in the CS
group (2210.5)%, with a statistically significant difference
(p<0.01).

To better simulate the human haemostatic environ-
ment, fresh whole blood (Fig. 7E) and anticoagulant
blood (Fig. 7F) were used for blood cell adhesion experi-
ments. Microscopic morphology showed notable blood
cell adhesion on the sponges in each group. Sponges in
the K,P;@Mxene group induced a more robust fibrino-
gen network in fresh whole blood, allowing red blood
cells and platelets to adhere more tightly. Blood count
statistics further confirmed more substantial and closer
clot formation on the sponges in the K,P;@Mxene group
(Fig. 7L and M).

In summary, the K,P;@Mxene sponge surface exhib-
ited significant platelet adhesion, with many platelets
deforming and producing pseudopodia, indicating plate-
let activation. Interestingly, red blood cells exhibited
two types of aggregation behaviour: some adhered to
the K,P;@Mxene sponge surface and extended pseudo-
pods, similar to platelet adhesion, while others became
entangled with the sponge fibres, forming networks that
promote haemostasis. Platelet activation and red blood
cell aggregation are crucial for haemostasis. Activated
platelets release adenosine diphosphate and thrombox-
ane A2, leading to platelet embolism formation, while
red blood cell accumulation aids in blood clot formation.
As the main component of the K,Pc@Mxene sponge,
the porcine acellular dermal matrix can trigger platelet
activation and promote the release of intracellular Ca*,
accelerating thrombosis. Furthermore, haemoglobin and
hydroxypropyl chitosan in the blood interact through
hydrogen bonding, electrostatic forces, and van der
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Woaals forces. Amino acid residues in haemoglobin form
hydrogen bonds with hydroxyl groups in hydroxypropyl
chitosan, enhancing the sponge’s blood cell adsorption
capacity. Additionally, negatively charged amino acid
residues of haemoglobins interact electrostatically with
the positive charge in hydroxypropyl chitosan, promot-
ing platelet activation, red blood cell aggregation, mor-
phological changes, and thrombin production [47]. The
porous structure and mechanical strength of K,P,@
Mxene enable rapid plasma absorption, concentrating
platelets and red blood cells on their surface, thereby
achieving rapid haemostasis.

In vivo haemostatic performance evaluation of K,P,@
Mxene sponge scaffold

Normal haemostasis primarily relies on the intact
structure and function of the blood vessel wall, suffi-
cient high-quality platelets, and the proper function-
ing of coagulation factors. Negatively charged platelets
and coagulation factors play particularly crucial roles.
The haemostatic sponge, being fine, porous, and posi-
tively charged, can immediately adhere to and aggregate
platelets upon contact with human blood, facilitating
thrombosis, wound blockage, and the release of vari-
ous coagulation-related factors. Through the combined
actions of endogenous and exogenous coagulation path-
ways blood forms stable fibrin polymers, leading to the
formation of blood clots and wound haemostasis [2, 48].

The haemostatic efficacy of the commercially available
collagen sponge and K,P,@Mxene sponge was compared
in a rat model of bleeding induced by tail amputation. The
haemostatic process diagram is shown in Fig. 8A. While
the collagen sponge alone was insufficient to absorb
blood and form blood clots, the K,P;@Mxene sponge
absorbed and immobilised the stagnant blood within its
pores, successfully achieving haemostasis (Fig. 8B). Addi-
tionally, the time to achieve haemostasis (Fig. 8C) was
shorter, and the amount of blood loss (Fig. 8D) was less
with the K,P;@Mxene sponge compared with the colla-
gen sponge alone.

The haemostatic effects of the collagen sponge and
K,Ps@Mxene sponge was also compared using a rat liver
volume defect model to simulate visceral injury. The hae-
mostatic process for the liver is depicted in Fig. 8H and
I, with representative images of the haemostatic process
shown in Fig. 8G. Statistical results indicated that blood
loss and haemostasis time for the K;Pi@Mxene and K, P,
groups were 0.17£0.02 g, 0.163+0.03 g, 82.75%£4.99 s,
and 81.515 s, respectively. In contrast, the control group
had a total blood loss of 0.228+0.02 g and a haemostasis
time of 106+7.53 s (Fig. 8E and F).

As previously discussed, K;Pg facilitates the aggrega-
tion of blood cells near the incision, rapidly concentrating
the blood and activating clotting factors to halt bleeding.
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Additionally, the hydroxyl groups in Mxene strongly
chelate with the trivalent iron ions in the blood, further
accelerating the haemostasis process [49, 50].

Evaluation of the ability of K,P;@Mxene sponge scaffold to
promote diabetic wound healing

Three-dimensional scaffolds with endogenous electric
field coupling are crucial for guiding cell proliferation,
infiltration, and angiogenesis. These processes directly
impact wound healing, including contraction, granula-
tion tissue formation, and leukocyte infiltration [51]. This
study evaluated the ability of the K,P;@Mxene sponge
scaffold to promote wound healing in a diabetic rat
model with full-thickness skin defects (Fig. 9B).

The wound healing progress of four groups of dia-
betic rats was monitored at 0, 3, 7, 14, 21, and 28 days
after surgery (Fig. 9A). Over time, the wound areas
in all treatment groups decreased to varying extents,
with a notable trend in wound area reduction: Control
group>CS sponge group>K;P, sponge group>K,P.@
Mxene sponge group. By day 7, the control group exhib-
ited slow wound closure, with incomplete scabbing and
minor yellow pus. In contrast, wounds in the treatment
groups were completely crusted, drier, and smaller, likely
due to the increased hydrophilicity of the test materi-
als, which absorbed secretions and kept the wound dry.
By day 14, the K;P;@Mxene sponge group exhibited an
expanded wound healing area with a healing rate of 87%
+ 2%, compared with 75% + 3% in the control group and
80% £ 2% in the CS group. By day 28, the regenerated
skin tissue treated with the K;P;@Mxene sponge showed
minimal scarring (Fig. 9C), indicating that the K,P,@
Mxene sponge effectively promotes new tissue growth
while reducing scar tissue formation.

The wound healing process was further assessed for
pathological features using H&E and Masson stain-
ing tests. The findings revealed a significantly reduced
wound length in the K;P;@Mxene sponge group com-
pared with the control and CS groups (Fig. 9D and H).
Additionally, wounds in the K;P;@Mxene group exhib-
ited thinner granulation tissue (Fig. 9G), enhanced and
more organised collagen deposition (Fig. 9E and Fig. 9F),
as well as a thicker epidermis at day 7 when compared
with the control group. These observations indicate that
the K,P;@Mxene sponge may promote the formation of
skin appendages, thereby attenuating scar tissue regen-
eration during the early stages of diabetic wound healing.

Immunohistochemical analysis

The persistent and chronic inflammatory microen-
vironment in diabetic wounds disrupts the normal
function of endogenous or transferable bioactive fac-
tors, thereby impeding wound healing [52]. Research
indicates that Mxene-modified nanofiber membranes
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exhibit programmed antibacterial and anti-inflammatory
properties, which aid in the healing of infected wounds
by inhibiting the NF-kB pathway [53]. TNF-«, a pro-
inflammatory cytokine secreted by macrophages, plays
a role in normal inflammatory and immune responses
while also regulating tissue homeostasis by co-regulating
other cytokines, cell survival, and death [54]. As shown
in Fig. 10A, TNF-a immunostaining results reveal that
all sponge-treated wound tissues initially exhibited
increased inflammatory cells and fibroblasts on day 3,
with inflammation gradually subsiding by day 7. A clear
trend in the TNF-a positive area was observed: Control
group>CS sponge group>K;P; sponge group>K,P;@
Mxene sponge group (Fig. 10G).

IL-10, an anti-inflammatory cytokine secreted by mac-
rophages, is a crucial regulator of immune response.
It directly impacts antigen-presenting cells (APCs) by
down-regulating the expression of MHC Class II and
co-stimulatory molecules on the surfaces of macro-
phages and monocytes. The IL-10 immunostaining
results shown in Fig. 10B demonstrate a robust anti-
inflammatory response in all sponge-treated wound tis-
sues by day 7. The IL-10 positive area followed a distinct
trend: Control group<CS sponge group<K,P, sponge
group <K,P.@Mxene sponge group (Fig. 10F). These
findings suggest that the K;P;@Mxene sponge possesses
significant anti-inflammatory effects.

Angiogenesis is crucial for tissue repair, as it facili-
tates blood perfusion to the wound, delivering oxygen
and nutrients that promote cell proliferation, includ-
ing fibroblast proliferation. To further investigate blood
vessel formation during wound healing, CD31 immu-
nofluorescence staining was employed [55]. As depicted
in Fig. 10C, strong positive expression of CD31 was
observed in the K,Pc@Mxene and K;P, groups, except
in the control group. Blood vessels were more widely
distributed and had larger diameters, particularly in the
K,Ps@Mxene group, where statistically significant differ-
ences were noted in fluorescence quantification (Fig. 10I)
(p<0.05).

The two primary types of skin collagen, type I and type
II1, are integral to skin damage repair. Figure 10D shows
that type I collagen deposition increased over time across
all groups, with a significant rise in the K,P;@Mxene
group (Fig. 10H) (p<0.05). Previous research has dem-
onstrated that adequate type I collagen supplementation
during the later stages of wound healing significantly
aids remodelling and reduces scar formation. Upon com-
plete wound healing, the process enters the stage of scar
hyperplasia, where a-SMA immunofluorescence staining
can be used to assess scar formation in diabetic wound
healing in vivo. As depicted in Fig. 10E, a-SMA positive
expression decreased to varying degrees on days 21 and
28 across all groups, with wounds treated with K,P;@
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Mxene showing significantly low levels (p<0.05), as con-
firmed by fluorescence quantification (Fig. 10J).

These findings suggest that K,P;@Mxene treatment
reduces inflammatory response during the wound
stage, promotes angiogenesis in the intermediate phase,

enhances collagen deposition and remodelling in the
late stage, and helps prevent scar formation in healed
tissue. This effect may be attributed to the electri-
cally active nature of the K,P;@Mxene sponge scaffold,
which leverages endogenous electric fields to augment
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the recruitment of immune cells and cytokines at the
site of injury, thereby reducing pro-inflammatory cyto-
kine expression levels and shortening the inflammatory
period. Furthermore, during the cell proliferation stage,
various cells involved in wound healing, such as endo-
thelial cells, fibroblasts, and epithelial cells, respond to
endogenous electrical signals. Guided by these signals,
fibroblasts proliferate and secrete collagen to facilitate
granulation tissue formation, while endothelial cells
accelerate migration and vascularisation. Addition-
ally, PADM exhibits composition and properties closely
resembling those of the human extracellular matrix
(ECM), making it an ideal substitute for simulating
the ECM microenvironment. It provides chemical and
mechanical cues for cellular activities, including adhesion
and proliferation, thereby promoting tissue repair and
regeneration [21].

K,Ps@Mxene: potential mechanism of sponges for diabetic
wound repair

The wound repair process involves a complex sequence
of cellular and biochemical events across four stages: hae-
mostasis, inflammation, proliferation, and tissue remod-
elling. Diabetic wound repair often encounters challenges
during the haemostasis and inflammation stages due to
inadequate management of wound fluids and the failure
to actively harness endogenous electric fields. This results
in passive tissue repair, negatively impacting the overall
cascade of tissue regeneration.

Mxene exhibits excellent electrical conductivity, and
its incorporation into the K,P, system enhances the
electrical activity of the K,P¢@Mxene sponge. The scaf-
fold’s high water absorption and moisturising capabili-
ties enable it to effectively manage exudate from diabetic
wounds while serving as a conduit for transmitting
interrupted bioelectrical signals. This active transmis-
sion facilitates precise tissue remodelling within the
tissue repair cascade.The outstanding performance of
K,P¢@Mxene in tissue repair can be attributed to several
mechanisms: (1) Mimicking the extracellular matrix: The
fibrous structure of K,P4 resembles the natural extra-
cellular matrix, with high porosity and specific surface
area, creating an optimal environment for cell adhesion,
oxygen exchange, and skin cell growth. Additionally,
hydroxypropyl chitosan promotes fibroblast migration,
collagen deposition, and orderly fibre arrangement, sup-
porting structural remodelling and tissue construction.
(2) Enhanced affinity and antibacterial properties: Incor-
porating PADM and hydroxypropyl chitosan into the
K,Ps@Mxene scaffold improves its affinity for cells and
tissues, enhancing adhesion to defective tissue sites. The
addition of Mxene also boosts the scaffold’s antibacte-
rial activity and electrical conductivity, offering an effec-
tive strategy for managing wound bacterial infections.
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(3) Moisture management and mechanical stability:
The stent’s three-dimensional porous structure and
exceptional mechanical stability enable reversible water
absorption, effectively managing wound exudate during
healing and haemostasis. This maintains a moist wound
environment, reduces the risk of infection, and promotes
optimal healing conditions. (4) Transmission of bioelec-
tricity: Upon absorbing wound exudate, K,P;@Mxene
actively couples with the endogenous electric field to
transmit bioelectricity to the wound site. This guides cell
migration and growth, enhances collagen deposition and
arrangement, promotes epithelial cell growth, and inhib-
its excessive fibroblast proliferation, thereby reducing
scar formation. (5) Tissue remodelling and macrophage
differentiation: During tissue remodelling, K,P;@Mxene
sponge scaffolds have demonstrated an ability to attract
and differentiate macrophages through exposure to
endogenous electric fields. They also generate bioactive
factors that facilitate diabetic wound healing by reducing
inflammation, promoting microvascular regeneration,
and improving blood circulation. This delivers essential
nutrients for cellular growth, enhances cell proliferation,
increases cytokeratin expression, and ultimately facili-
tates tissue reepithelialisation. This coordinated cascade
aligns with the intricate in vivo tissue damage remodel-
ling process (Fig. 10K).

However, certain limitations exist in this study, such
as focusing on demonstrating biological material appli-
cations without delving into the associated molecular
mechanisms and not deeply investigating how endog-
enous electric fields influence cellular behaviour. Our
team plans to address these gaps by further exploring the
mechanisms through which endogenous and exogenous
electric fields impact diabetic wound healing.

Conclusion

In this study, we have innovatively prepared a K,P;@
Mxene sponge with exceptional physical, chemical, and
electrical properties by combining physical homoge-
neous dispersion and chemical modification. Specifically,
acellular dermal matrix fibres and water-soluble chito-
san molecular interpenetrating network structure are
formed through covalent cross-linking, creating a micro
negative pressure on the wound surface that actively pro-
motes exudate and blood absorption. The unique Mxene
modification enhances the sponge’s ability to couple with
the endogenous electric field, significantly boosting the
antibacterial action of the K;P, sponge. Furthermore, the
K,Ps@Mxene sponge actively couples with the endoge-
nous electric field and transmits endogenous bioelectric-
ity to the wound surface after absorbing wound exudate,
guiding cell migration and growth while influencing tis-
sue cascade repair processes. In diabetic wound models,
the K,P¢@Mxene sponge has been shown to reduce early
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inflammatory reactions, promote angiogenesis and col-
lagen deposition, and minimise scar formation, thereby
improving speed and quality of healing in diabetic
patients following skin damage. With its haemostatic,
anti-inflammatory, and antibacterial functions, this
sponge offers a novel approach for comprehensive repair
in diabetic patients, preventing acute diabetic wounds
from developing into chronic refractory conditions.
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