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A B S T R A C T

Diabetic wounds always have puzzled patients and caused serious social problems. Due to the lack of local blood
vessels, severe hypoxia is generated in the defect area, which is an essential reason for the difficulty of wound
healing. We have constructed a photocatalytic oxygen evolution and antibacterial biomimetic repair membrane to
solve the problems of wound repair. A scanning electron microscope and transmission electron microscope
characterized the biomimetic repair membrane. The oxygen evolution of the biomimetic membrane was tested by
an oxygen meter. The excellent antibacterial performance of the biomimetic repair membrane was also verified by
co-culture with Staphylococcus aureus and Escherichia coli. It was confirmed that the expression of collagen and
HIF1-α in fibroblasts was significantly increased in vitro. And the mitochondrial activity of the vascular and nerve
was increased considerably. In vivo, the healing time of diabetes wounds treated with the biomimetic repair
membrane was significantly reduced, the collagen and the number of pores were increased considerably, and
vascular regeneration was enhanced. The biomimetic repair membrane has an excellent performance in photo-
catalytic oxygen evolution and antibacterial and can significantly promote the repair of diabetes wounds. This will
provide a promising treatment for diabetes wound repair.
1. Introduction

Diabetic wound healing is a complex and severe clinical challenge
that affects approximately 10% of the population in world [1]. There are
many reasons for undesirable wound healing in diabetes: barrier
destruction, neuropathy, and inflammation [2,3]. Local hypoxia and
bacterial infection are crucial factors [4].

Oxygen can effectively promote local cell proliferation and metas-
tasis, angiogenesis, and other repair processes in the wound [5]. Mito-
chondria are the main places for aerobic cell respiration, and its matrix
and intima participate in the last two stages of aerobic respiration
(tricarboxylic acid cycle and oxidative phosphorylation). And releasing a
large amount of ATP can provide a good energy supply [6]. In addition,
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some studies have found that the regulation of mitochondrial
morphology plays a vital role in the process of apoptosis. The
morphology of mitochondria can also control stem cell regeneration by
regulating protein homeostasis and metabolism. The number and shape
of mitochondria are vital target spots for cell respiration and energy
supply [7,8]. However, due to vascular damage, critical oxygen cannot be
delivered to the wound tissue [9]. On the other hand, high blood sugar
can cause systemic inflammation, leading to neutrophil functional de-
fects under long-term stress [10]. People with diabetes are more likely to
develop bacterial infections due to disorders of the immune system,
longer healing cycles, and moist skin wounds [11,12]. Hypoxia and
bacterial infections can lead to more severe local inflammation. In this
abnormal microenvironment, endothelial cell dysfunction and
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angiogenesis are impaired [13,14]. Currently, antibiotics are the most
common way to treat bacterial infections in the clinic. However, due to
the resistance of many bacteria to antibiotics and the emergence of
multidrug-resistant (MDR) bacteria, antibiotics often fail to achieve the
desired effect [15,16]. This seriously hinders wound healing in patients
with diabetes. Therefore, we urgently need a dressing that can produce
oxygen and an efficient antibacterial effect as an effective strategy to deal
with the microenvironment of local hypoxia and bacterial infection in
diabetic wounds.

Sensory and autonomic nerves are present in the skin, and sensory
nerves are widely distributed and dominant in the skin [17]. The dense
network of sensory nerve afferents and neuromodulators in the skin is
communicated bidirectionally with epidermal keratinocytes and dermal
fibroblasts, which play an essential wound healing after trauma. In
addition, some studies have found that the decrease in dermal vascu-
larization expressing VEGFR is associated with neurological abnormal-
ities in diabetes [18–20]. Therefore, for the healing of diabetic wounds,
sensory nerves have an essential role.

MXene is an up-and-coming reducing agent that can help anesis
excessive local oxidative stress [21]. Moreover, MXene has excellent
biocompatibility, photo response property, photocatalytic performance,
low cytotoxicity, excellent photothermal conversion efficiency, and ex-
hibits perfect antimicrobial activity [22–27]. Some studies have found
that MXene also significantly promotes angiogenesis [28,29]. Therefore,
MXene is suitable for relieving oxidative stress in diabetic wounds and
has excellent potential to be used in diabetic wounds.

Polyaniline (PANI) is a conductive polymer with simple synthesis,
excellent carrier mobility, and good electrical conductivity [30,31]. Due
to the superb carrier mobility of PANI. The combination of PANI and
MXene is beneficial to the faster separation of photogenerated carriers
[32], which can improve the photocatalytic performance of MXene.
Under the photocatalysis of materials, water can be decomposed to
produce oxygen [33]. The oxygen released can effectively alleviate the
local hypoxia of the wound [34]. In addition, PANI also helps to improve
the stability of MXene [35]. As an outstanding polymer, PANI will play an
excellent role in combining with MXene. To provide a grandiose scheme
for relieving local hypoxia of diabetic wounds.

In this experiment, we would design a biomimetic membrane with
photocatalytic oxygen production, photothermal antibacterial, and neu-
roangiogenic activities. The first step in constructing our biomimetic
membrane is to prepare the PCL (poly (ε-caprolactone)) membrane by
electrospinning. Then, we loaded the MXene@PANI heterojunction onto
the biomimetic membrane through collagen II. Afterward, NGF and
VEGF were loaded on the biomimetic membrane with PEI. Finally, a
multi-functional photocatalytic biomimetic repair membrane
(PMP@GFs) was formed. In this design, MXene provides photothermal
antimicrobial efficacy; PANI works with MXene under near-infrared light
to produce oxygen. Moreover, the release of VEGF and NGF can syner-
gistically promote effective wound neurovascular regeneration. The
resulting blood vessels can meet the continuous oxygen supply to the
tissue. PMP@GFs biomimetic repair membrane will demonstrate pho-
tocatalytic oxygen release and the antibacterial ability for diabetic
wound healing. On the other hand, it will promote the regeneration of
nerves and blood vessels. In conclusion, photocatalytic biomimetic repair
membrane offers new prospects for treating diabetic wounds (Scheme 1).

2. Materials and methods

2.1. Preparation of MXene@PANI heterostructure by ultrasonic method

According to previous reports [36], we prepared MxeneTi3C2Tx by
acid etching. Then the MXene powder was added to isopropanol (IPA)
and treated by ultrasonic for 2 h. After the ultrasonic treatment, we
centrifuged it for 20min (4000RMP). Get a few layers of MXene. The
2

heterojunctions of Polyaniline (P838554, Shanghai Macklin Biochemical
Technology Co., Ltd. Shanghai, China) and few-layer MXene were syn-
thesized by electrostatic interaction after ultrasonic for 3 h.

2.2. Characterization

We used scanning electron microscopy (SEM, Zeiss Sigma 300; Carl
Zeiss AG, Jena, Germany) to observe the bystander morphology of the
material. After fixing the fabric, wash it with PBS, dehydrate it with
ethanol gradient, mix it with isoamyl acetate and ethanol (V/V¼ 1/1) for
30 min, and then treat it with pure isoamyl acetate for 1 h. Drying at the
critical point, coating with gold powder, and finally observing by scan-
ning electron microscope. The heterostructure was observed by trans-
mission electron microscopy (TEM; JEM-2100F, JEOL, Tokyo, Japan).

2.3. Electrospinning and collagen-loaded heterostructure

We added PCL particles (12%w/v) into TFEA (2,2,2-trifluoroethanol)
to prepare the PCL solution. Driven by a syringe pump, the solution was
pumped with a 10 ml syringe through a spinneret at a constant flow rate
(Q ¼ 0.1 ml/min) to prepare nanofibers. Then, the DC power supply of
the voltage regulator (Tonli, Shenzhen, China) was connected, and
electrospinning was carried out after applying a high voltage (13 kV).
The nanofibers were arranged vertically, electrospinning was carried out
on the copper roller, and the spinneret and collector were set to 10 cm
spacing. The copper roller (diameter 15 cm, width 10 mm) is connected
to a negative voltage of 1.5 kV to rotate (3000 rpm). For sterilization, put
the prepared membrane in 70% ethanol for 3 h.

2.4. Absorption spectrum

The 0.5 cm � 0.5 cm biomimetic repair membrane was placed in the
glass micropore of a 96-well quartz enzyme plate and laid at the bottom.
Using the Multiskan Spectrum (Thermo Fisher Scientific, Waltham, MA,
USA) to set from 300 to 1000 nm, each 30 nm was detected, and the
absorption spectrum was recorded and drawn using GraphPad Prism.

2.5. Photoelectric detection

The electrochemical workstation Zahner PP211 (Germany) was used
to evaluate the photoelectric response of MXene@PANI. To coat MXe-
ne@PANI on ITO (indium tin oxide), which served as the photoanode,
sodium sulfate was used as the electrolyte, a platinum wire as the cath-
ode, and saturated calomel as the reference electrode. Near-infrared laser
(808 nm) was placed at 20 cm as the light source. The linear sweep
voltammograms of different samples were measured at a scanning rate of
10 MV s-1.

2.6. Photothermal detection

To evaluate the photothermal performance of the biomimetic repair
membrane, we used a near-infrared laser of 808 nm (BWT, Beijing,
China) to irradiate the biomimetic repair membrane for 5 min, and the
temperature change was carefully recorded by the American FLIR C2
near-infrared thermal imager. Then, we evaluated the photothermal
stability of the fiber membrane and recorded the temperature change of
biomimetic membranes under 808 nm near-infrared radiation. Subse-
quently, we tested the film's tensile strength after five near-infrared ra-
diation cycles.

2.7. Dissolved oxygen detection

First, put the biomimetic repair membrane in water. After 30 min of
near-infrared light irradiation, we used a portable dissolved oxygen



Scheme 1. Schematic diagram of Photocatalytic Oxygen Evolution and Antibacterial biomimetic repair membrane for treatment of Diabetes wound.
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detector (JPB-607A, Leici, Shanghai, China) to detect the dissolved ox-
ygen in the water. Clean the electrode with distilled water before testing.
The reading of the instrument dial is the dissolved oxygen concentration.
2.8. Antibacterial detection

First, we inoculate some bacteria (Escherichia coli and Staphylococcus
aureus) into an LB medium with an inoculation ring and culture for 24 h.
After obtaining the bacterial solution, we will co-culture the bionic repair
film with the bacterial solution for 24 h. Remove the material, suck out
the bacterial solution, and dilute it to a concentration of 10 ^-5. The
bacterial solution was dispersed on the prepared LB solid medium to
observe the antibacterial effect after 24 h of cultivation. Use ImageJ to
carry out statistical analysis on colonies.
2.9. Biofilm detection

Add PCL membrane and PMP@GFs biomimetic membranes to the 96-
well culture plate and add 100 μl culture medium, inoculate 10 μl bac-
terial solution, incubate at 37 �C for 36 h, then suck out the culture
medium, rinse each well with 200 μl aseptic PBS buffer for 3 times, fix
15min after adding 100 μl methanol, then suck out the methanol from the
culture hole and air dry naturally; add 100 μl crystal violet solution and
dye 5min at room temperature. After sucking out the crystal violet dye
solution from the culture hole, it was dried in an oven at 37 �C. After
thoroughly drying, 100 μl 13% glacial acetic acid solution was added to
each hole, and the crystal violet was dissolved for 30min in the incubator
at 37 �C. Finally, an enzyme labeling instrument determined the OD
value of the key in the culture hole. A fluorescence microscope (X71,
Olympus, Japan) was used to take pictures. The samples were quantita-
tively analyzed by ImageJ software (NIH, Bethesda, MD, USA).
2.10. Immunofluorescence

In short, paraffin-embedded tissue sections are dewaxed and hydrated
in a series of xylene and ethanol solutions. The cells were blocked with
the corresponding serum of the second antibody for 1 h and incubated
with the first antibody (NF200, ab134306, Abcam, USA), (CD31,
ab28364, Abcam, USA), (Vimentin (VIM), ab8978, Abcam, USA), (col I,
ab96723, Abcam, USA), (col III, ab23445, Abcam, USA) overnight.
Finally, histological images were observed and collected under a fluo-
rescence microscope (X71, Olympus, Japan). The samples were quanti-
tatively analyzed by ImageJ software (NIH, Bethesda, MD, USA).
2.11. Oxygen probe

HUVEC, PC12, NIH3T3 were inoculated on a 96-well plate, and the
cells were chemically anoxic for 4 h, then [Ru (DPP) 3] Cl2 (P48392,
Huaxia Reagent Co., Ltd., Sichuan, China) was added to each well. After
2 h of treatment, PBS was cleaned, then biomimetic membranes were
added into the hole and incubated for 4 h. After PBS cleaning, the fluo-
rescence of the cells was observed by 594 nm and photographed with a
fluorescence microscope.
2.12. JC-1detection

HUVEC, PC12, and NIH3T3 were cultured in a medium containing
PMP@GFs biomimetic membranes for 4 h. The culture medium was
aspirated, washed with PBS, and 1 ml of cell culture medium was added.
Then add 1 ml of JC-1 staining working solution and mix thoroughly.
Place in a constant temperature cell culture incubator at 37 �C for 20min.
After incubation, aspirate the supernatant, wash twice with JC-1 staining
buffer, and add 2 ml of cell culture medium. Observe the fluorescence
change of JC-1 with a fluorescence microscope.
4

2.13. Establishment of diabetic facial mouse model

The rats were anesthetized by intraperitoneal injection of 1%
pentobarbital sodium. All operations were carried out under aseptic
conditions. Firstly, the hair on the back of diabetic mice was shaved off
with a shaver. The diabetic rats were fixed, and the surgical area was
disinfected with 75%medical alcohol. Secondly, two round full-thickness
skin wounds with a diameter of 1.5 cm were made on the back of each
rat. The rats after the operation were randomly divided into three groups:
(n ¼ 5): PCL, PMP, and PMP@ GFs group.

2.14. HE, MASSON

We removed and collected the regenerated skin samples of rats on the
14th day. Simply put, prepare 4 micr4-microns for hue and Masson
trichromatic staining. All sections were analyzed and photographed with
a microscope (X71, Olympus, Japan).

2.15. Statistical analysis

The above data are statistically analyzed by GraphPad software
(GraphPad Software, San Diego, CA, USA) and expressed as mean �
standard deviation (SD). Tukey's post hoc test analyzed the statistical
significance between groups. The unpaired double-tailed t-test was used
for intergroup analysis. The value of p < 0.05 was considered to be sta-
tistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001.

3. Results

3.1. Synthesis and characterization of PMP@GFs biomimetic membranes

We use the ultrasonic method to synthesize the purchased organ-
mounted MXene into a few layers of two-dimensional MXene. Then we
mix the two-dimensional MXene with polyaniline through the ultrasonic
process to construct MXene@PANI Heterostructure. It can be seen that
the few layers of MXene have been successfully synthesized (Fig. 1. A),
and PANI is successfully combined with a few layers of MXene (Fig. 1. B).
The heterostructure was successfully synthesized for further verification
of MXene@PANI, and TEM scanning was performed. Fig. 1. C is the TEM
image of a few layers of MXene; Fig. 1D shows that PANI is loaded on
single-layer MXene. And EDS-mapping is performed simultaneously,
MXene @PANI Heterostructure EDS-mapping shows C/N/Ti elements
(Fig. 1 E-I). The quantitative statistical chart of the elements of the
tangent line of Fig. 1. I (Fig. 1. J). The above results confirm that we
successfully synthesized MXene@PANI Heterostructure.

Subsequently, we use collagen II to combine the electrospun PCL
biomimetic membrane with MXene@PANI Heterojunction. We use SEM
to characterize the biomimetic membrane. Fig. 2. A is PCL electrospun
membrane (PCL), PCL electrospun membrane loaded with few layers of
MXene (PM) (Fig. 2. B), and loaded MXene@PANI Heterostructure and
electrospun membrane of vascular endothelial growth factor (VEGF)and
nerve growth factor (NGF) (PMP@GFs) (Fig. 2. C). Subsequently, EDS-
Mapping was used to analyze the elements of the synthesized photo-
catalytic biomimetic membrane. (Fig. 2 D-H). The above results show
that we successfully synthesized PMP@GFs.

3.2. Performance of photocatalytic biomimetic membrane

Next, we will test the performance of the biomimetic membrane.
First, we carried out absorption spectrum detection. The absorption
spectrum of the MXene@PANI heterostructure increases in Near-infrared
wavelength (Fig. 2. I). And then, the absorption spectrum of PMP@GFs
biomimetic membrane increased obviously in the near-infrared light
(Fig. 2. J). Later, the MXene@PANI Heterostructure can generate
photocurrent in the presence of a near-infrared laser. The above



Fig. 1. Characterization of MXene@PANI heterojunction (A) The scanning electron microscope of MXene, (B) The scanning electron microscope of MXene@PANI, (C)
The transmission electron microscope of MXene, (D) The transmission electron microscope of MXene@PANI, (E–I) The EDS-mapping of MXene@PANI, (J) Section
element content of MXene@PANI. Scale bar ¼ 200 nm.
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experiments can show that the biomimetic membrane can absorb more
photons in the near-infrared light region. The photoelectric effect is then
used to generate a photoelectric current (Fig. 2. K).

The photothermal effect plays a vital role in antibacterial activity.
Later, we also tested the photothermal effect of the PMP@GFs bio-
mimetic membrane. The temperature reached 52 �C within 9s, while the
temperature of the PCL group was about 30 �C. And reduce to the original
temperature within 6 s (Fig. 3. A-F, H). We also conducted the oxygen
evolution experiment of the bionic repair membrane, and the oxygen
production of the bionic repair membrane can reach 6.6 mg/L ((Fig. 3.
G).
3.3. Antibacterial effect of the PMP@GFs biomimetic membrane

For diabetic wound healing, bacterial infection will seriously hinder
wound healing. Therefore, the antibacterial performance of the
5

PMP@GFs biomimetic membrane was tested. We co-culture Staphylo-
coccus aureus and Escherichia coliwith biomimetic repair membranes. The
deadly effects of PMP@GFs biomimetic membrane on Staphylococcus
aureus shows that the killing efficiency of the biomimetic membrane
against Staphylococcus aureus has reached 95% (Fig. 4. A and K). Simi-
larly, the fatal effects of the PMP@GFs biomimetic membrane on
Escherichia coli and the killing efficiency of the PMP@GFs biomimetic
membrane on Escherichia coli also reached 98% (Fig. 4. B and L). Later,
the anti-bacterial biofilm performance of the PMP@GFs biomimetic
membrane was tested. It can be seen that the PMP@GFs biomimetic
membrane has been reduced to 0.17 times that of the PCL group (Fig. 4.
C, G, and M). PMP@GFs Biomimetic bacterial membrane biofilm for-
mation has decreased to 0.15 times that of the PCL group (Fig. 4. D. H and
N). To observe the changes of bacteria cultured on PMP@GFs biomimetic
membrane. We use scanning electron microscopy to monitor the cultured
bacteria. It can be seen that the surface of Staphylococcus aureus is broken.



Fig. 2. Characterization of photocatalytic oxygen evolution and antibacterial biomimetic repair membranes (A–C) The scanning electron microscope of PCL/PM/
PMP@GFs biomimetic repair membrane. (D–H) The EDS-mapping of PMP@GFs biomimetic repair membrane, (I)Absorption spectrum of MXene and MXene@PANI,
(J) Absorption spectrum of PM and PMP@GFs, (K) photoelectric effect of MXene@PANI. Scale bar ¼ 200 μm in panels A–C, Scale bar ¼ 100 μm in panels D–H.

Y. Su et al. Materials Today Bio 20 (2023) 100616

6



Fig. 3. Photothermal effect and oxygen evolution performance of photocatalytic oxygen evolution and antibacterial biomimetic membranes. (A–F) Photothermal
effect and cross-section temperature statistics of PCL/PM/PMP@GFs biomimetic repair membranes. (G) Statistical diagram of oxygen evolution from PCL/PM/
PMP@GFs biomimetic repair membranes. (H) A photothermal cycle of CL/PM/PMP@GFs biomimetic membranes. Data represent the mean � s.d., n ¼ 3, *p < 0.05,
**p < 0.01.
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Fig. 4. Antibacterial performance of photocatalytic ox-
ygen evolution and antibacterial biomimetic repair
membranes. (A) The anti-Staphylococcus aureus effect
of the biomimetic film, (B) The anti-Escherichia coli
effect of the biomimetic film, (C) The anti-
Staphylococcus aureus biofilm effect of the biomimetic
film, (D) The anti-Escherichia coli biofilm effect of the
biomimetic film, (E) The scanning electron microscope
of the biomimetic film against Staphylococcus aureus, (F)
The scanning electron microscope of the biomimetic
film against Escherichia coli, (G) The light microscope of
the Staphylococcus aureus biofilm, (H) The light micro-
scope of the Escherichia coli biofilm, (I) The live death
experiment of Staphylococcus aureus, (J) The live death
experiment of Escherichia coli, (K) The statistical dia-
gram of A, (L) The statistical diagram of B, (M) The
statistical diagram of C, and (N) The statistical diagram
of D. Scale bar ¼ 2 cm in panels A and B, 0.5 cm in
panels C and D, 0.5 μm in panels E and F, 200 μm in
panels G and H, 100 μm in panels I and J. Data represent
the mean � s.d., n ¼ 3, *p < 0.05, **p < 0.01.
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At the same time, we also observed that the surface of the character
Staphylococcus aureus in the PM biomimetic membrane group has specific
depression (Fig. 4. E). And then, the structure of Escherichia coli was
destroyed in PMP@GFs, and some damage in PM (Fig. 4. F).

At the same time, we also tested the live/death of bacteria, and we
can see whether it is Escherichia coli or Staphylococcus aureus. Compared
with the PCL group, the PMP@GFs bionic membrane group had many
dead bacteria (Fig. 4. I, J).

3.4. PMP@GFs biomimetic membranes promote collagen secretion of
fibroblasts

Fibroblasts are the dermis' primary cells and play an essential role in
the skin wound healing process. Therefore, we first co-culture the bio-
mimetic membrane with fibroblasts.

With the expression of Vimentin in fibroblasts, it can be seen that the
PMP@GFs biomimetic membrane group was 2.76 times as much as the
PCL group (Fig. 5. A, H). The expression of collagen I in the PMP@GFs
Biomimetic membrane group was 2.03 times that of the PCL group
(Fig. 5. B, I). For accession of collagen III, PMP@GFs biomimetic mem-
brane group was 4.11 times that of the PCL group (Fig. 5. C, J). To test
HIF1-α expressions of fibroblasts. It can be seen that the PMP@GFs
Biomimetic membrane group was 1.49 times as much as the PCL group
(Fig. 5. D, K). The above results show that the PMP@GFs biomimetic
membrane can promote the expression of collagen I and collagen III.

The [Ru (DPP) 3] Cl2 quenches after encountering oxygen, reflecting
oxygen content. It can be seen that the fluorescence intensity of the
PMP@GFs biomimetic membrane group was 0.59 times that of the PCL
group (Fig. 5. E, L). Since oxygen plays a vital role in aerobic respiration,
and mitochondria are essential participants, we used a JC-1 kit to detect
mitochondrial membrane potential. Mitochondria in PMP@GFs become
longer (Fig. 5. F), which may be one of the mechanisms that lead to the
enhancement of fibroblast activity and the increase of collagen secretion.

3.5. PMP@GFs biomimetic membrane promotes nerve and blood vessel
regeneration in vitro and vivo

Vascular regeneration can mainly transport oxygen and nutrients to
the injured area during wound repair. Therefore, the PMP@GFs Bio-
mimetic membrane was co-cultured with HUVECs. It can be seen that the
expression of CD31 in the PMP@GFs biomimetic membrane group was
2.09 times higher than that in the PCL group (Fig. 6. A). And the fluo-
rescence intensity of the PMP@GFs biomimetic membrane group was
0.49 times that of the PCL group (Fig. 6. B). Finally, we detected the
mitochondria in cells and found that the mitochondria of cells in the
PMP@GFs biomimetic membrane group increased significantly, and the
fluorescence intensity also increased significantly (Fig. 6. C). The above
experiments confirmed that PMP@GFs Biomimetic membrane could
enhance vascular endothelial cell activity.

Nerve regeneration is also significant in the process of wound repair.
Later, the PMP@GFs Biomimetic membrane was co-cultured in PC12
cells. As shown in the figure, NF200 staining in the PMP@GFs bio-
mimetic membrane group was significantly enhanced, which is 2.87
times that of the PCL group (Fig. 6 D-F). We detected the mitochondria in
cells and found that the mitochondria of cells in the PMP@GFs bio-
mimetic membrane group increased significantly, and the fluorescence
intensity also increased significantly (Fig. 6. G). The above results show
that the PMP@GFs Biomimetic membrane is vital in regulating nerves
and blood vessels in wound repair. Mitochondrial morphology of fibro-
blasts and HUVEC is lengthened, and that of PC12 cells is the most
obvious, which indicates that mitochondria of PC12 may play an essen-
tial role in oxygen-promoting wound healing of diabetes.

PMP@GFs biomimetic membrane-induced repair and angiogenesis of
diabetes wounds. Subsequently, we implanted the biomimetic membrane
into the wound site of diabetes rats. The wound-healing effect of the
PMP@GFs biomimetic membrane group was the best on the 14th day.
9

The wound area of the PMP@GFs group was significantly smaller than
that of the PCL group, which is 0.17 times that of the wound group at the
time of implantation (Fig. 7 A-G).

At the same time, the photothermal effect of the PMP@GFs bio-
mimetic membrane after implantation was tested. The biomimetic
membrane at the implantation site warmed up fastest, rising to 65 �C in 9
s. The control group only warmed up to 32 �C in the process, and the PCL
temperature rise was significantly slower than that of the PMP@GFs
biomimetic membrane group (Fig. 7 H-J).

Finally, we performed HE and MASSON staining on the skin repaired
by the biomimetic membrane to detect the repair of the wound. From the
results, the PMP@GFs biomimetic membrane group can improve the
wound surface and has a noticeable repair effect on the dermis and
epidermis of the skin (Fig. 7 K-P). It can be seen from the quantitative
analysis that the collagen content in the biomimetic membrane group
increased significantly, 2.30 times as much as that in the PCL group
(Fig. 7. V). We also performed immunofluorescence staining on the
vascular endothelium of the wound. We found that the PMP@GFs bio-
mimetic membrane can significantly promote the formation of blood
vessels, which is 2.55 times that of the PCL group (Fig. 7. R-T, W). The
above results show that the PMP@GFs biomimetic membrane can pro-
mote the repair of diabetes wounds and the regeneration of blood vessels
in vivo.

4. Discussion

We successfully constructed a photocatalytic oxygen evolution and
antibacterial biomimetic membrane in this experiment. In vivo and vitro,
we confirmed that the biomimetic membrane has apparent oxygen pro-
duction and antibacterial activity. It can promote the healing of diabetic
wounds. This will provide a promising treatment way for diabetic
wounds.

The main features of diabetic wounds included hypoxia and infection
[4,37], which were the two main obstacles leading to poor wound
healing. Relieving chronic hypoxia of skin cells is beneficial to diabetic
wound healing. At present, there are many materials to treat the poor
healing of diabetic wounds caused by bacteria and other factors [38–41].
Oxygen therapy was superior to drug therapy because of its favorable
safety [34]. The infection caused neutrophils to secrete reactive oxygen
species to destroy bacteria. The production of reactive oxygen species
required molecular oxygen, further leading to local cell hypoxia [2]. We
construct the heterojunction structure with MXene and PANI. The
wealthy functional groups produced by MXene in the wet chemical
etching process form a close contact interface with PANI. The conductive
metal core in the layered structure gives MXene excellent electron
acceptance ability. This also made MXene have remarkable photo-
catalytic activity [42]. On the other hand, PANI could improve the carrier
migration efficiency at the interface between PANI and MXene and
improve photocatalytic performance [25]. Based on our assumptions, we
first explored the effect of oxygen released by biomimetic membranes on
the viability of cells in an anoxic environment. The results showed that
under hypoxia, the survival rate of nerve cells, fibroblasts, epidermal
cells, and endothelial cells increased significantly with the oxygen
released by a biomimetic membrane. These cell types were responsible
for nerve regeneration, epithelialization, wound contraction, and
angiogenesis. Intracellular oxygen is essential for mitochondrial meta-
bolism. Hypoxic levels of local cells caused by diabetic wounds impaired
this process [43]. Due to the relief of hypoxia, we found that the mito-
chondria of wound local damage in the PMP@GFs biomimetic membrane
group were significantly increased. In previous studies, biocompatibility
was critical in applying materials in vivo [44].

Photothermal therapy (PTT) is a safe and effective strategy for
treating infection and promoting tissue regeneration. Near-infrared light
has a favorable ability to penetrate the body of mammals with damage to
normal tissues. Hyperthermia inhibits bacteria's growth and mild heat
and promotes cell proliferation. It played a positive role in wound healing



Fig. 5. Photocatalytic oxygen evolution and antibacterial biompromoteepair membrane promote collagen secretion by fibroblasts. (A) The immunofluorescence
staining of fibroblast marker Vimentin, (B) The immunofluorescence staining of fibroblasts expressing collagen I, (C) The immunofluorescence staining of fibroblasts
expressing collagen III, and (D) The HIF1 of fibroblasts- α. (E) The detection of the oxygen content of fibroblasts. (F) The mitochondrial membrane potential detection
of fibroblasts, (G) The pattern diagram of collagen secretion by fibroblasts, (H) The statistical diagram of A, (I) The statistical diagram of B, (J) The statistical diagram
of C, (K) The statistical diagram of D, and (L) The statistical diagram of F. Scale bar ¼ 100 μm in panel A, 200 μm in panels B–E, 50 μm in panel F. Data represent the
mean � s.d., n ¼ 3, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. Photocatalytic oxygen evolution and antibacterial biomimetic repair membrane promote the activity of HUVEC and PC12. (A) The mitochondrial membrane
potential staining of HUVEC, (B) The oxygen detection of HUVEC, (C) The CD31 immunofluorescence staining of HUVEC, (D–F) The NF200 immunofluorescence
staining of PC12, (G) The mitochondrial membrane potential of PC12, (H) The statistical diagram of B, (I) The statistical diagram of C, and (J) The statistical diagram
of E. Scale bar ¼ 20 μm in panels A and G, 200 μm in panels B–F. Data represent the mean � s.d., n ¼ 3, *p < 0.05, **p < 0.01.
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Fig. 7. Photocatalytic oxygen evolution and antibacterial biomimetic repair membrane promote the repair of diabetes wounds in vivo. (A–C) The recovery of the
wound in rats, (D–F) The contour of the wound, (G) The composite contour of different periods, (H–J) The photo of the photothermal effect in vivo of the bionic
membrane. (K, M, O) The HE detection of the bionic membrane repair wound. (L, N, P) The MASSON detection of the bionic membrane repair wound, (Q) PMP@GFs
The model diagram of biomimetic membrane treatment of diabetes wound. (R–T) CD31 immunofluorescence staining of the wound, (U) The statistical diagram of A.
(V) The statistical diagram of L, N, P. (W) The statistical diagram of R-T. Scale bar ¼ 5 cm in panels A–C, 200 μm and 100 μm in panels K–P, R-T. Data represent the
mean � s.d., n ¼ 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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[45,46]. Previous research reports showed that PANI materials have
excellent photothermal-friendly conversion efficiency [47,48]. However,
only sommeliers combined the two materials and tested their photo-
thermal efficiency. Therefore, we further explored the biomimetic
membrane's photothermal efficiency and antibacterial ability. An
essential criterion for PTT treatment was temperature. When the tem-
perature exceeded 50 �C, most bacteria were killed due to membrane
rupture [49–52]. We evaluate the photothermal properties of the mem-
brane between the PCL and PMP@GFs biomimetic membrane after being
irradiated with a near-infrared laser at 808 nm. In in vivo and vitro, we
found that the temperature of our PMP@GFs biomimetic membrane
could rise rapidly to above 50 �C in 9 s. Then, we evaluated the repeat
biomimetic membrane's repeatable near-infrared photothermal proper-
ties. The results show that the biomimetic membrane has good photo-
thermal conversion efficiency and photothermal effect of observing the
tutorial effect of PMP@GFs biomimetic membrane. Staphylococcus aureus
and Escherichia coli were co-cultured with biomimetic membranes. The
general observation, in vivo death test, and scanning electronmicroscope
show that the bionic membrane can effectively kill more than 95% of the
bacteria. At the same time as effective sterilization, it also has an
apparent inapparent effect on bacterial biofilm.

We conducted in vivo experiments to get further convincing evidence.
We made a diabetic mouse model and a circular wound defect with a
radius of 5 mm. Then the biomimetic membrane was covered on the
wound defect. We found that the biomimetic membrane significantly
repaired the dermis and epidermis of diabetic rats. The regeneration of
blood vessels in the wound was one of the necessary conditions for
repairing and regenerating the dermis [53]. It was demonstrated that
VEGF encapsulated by PEI was well released in the acidic environment of
diabetes. The joint action of VEGF and MXene significantly promoted
angiogenesis. The photothermal efficiency and antibacterial ability in
vivo had also been well verified. Under the irradiation of near-infrared
light, the biomimetic membrane had an exciting photothermal conver-
sion efficiency in vivo, reaching 65 �C in 9 s and falling to the actual
temperature in 6 s. The experimental results in vivo showed that the
photocatalytic biomimetic repair membrane significantly promoted the
wound healing of diabetic rats. The biomimetic repair membrane
implanted into the wound of diabetic rats has the functions of oxygen
production and antibacterial.

In brief, our experiments fully demonstrated that the biomimetic
repair membrane with multiple functions, including photocatalytic ox-
ygen evolution and antibacterial, promoting vascular regeneration and
effectively accelerating the healing of diabetic wounds. According to the
exciting experimental results, we provide a new scheme for diabetic
wound healing. This new material has great potential for clinical appli-
cation. Moreover, we are optimistic that our materials have potential
applications in infectious bone defects, odontogenic infections, and other
diseases. We will further promote the experiment andmake our materials
play a better role.

5. Conclusions

We have successfully constructed photocatalytic oxygen evolution
and antibacterial biomimetic repair membranes (PMP@GFs) to treat
diabetic wounds. The experiments above confirmed that the PMP@GFs
biomimetic repair membrane could release oxygen under near-infrared
irradiation and eliminate bacteria in the wound by the photothermal
effect. In vitro, the biomimetic repair membrane can promote the activity
of fibroblasts, vascular endothelial cells, and nerve cells. In vivo, the
biomimetic repair membrane can release growth factors, including VEGF
and NGF, to promote the regeneration of blood vessels and nerves and
finally achieve the role of promoting wound repair. The photocatalytic
oxygen evolution and antibacterial biomimetic repair membrane provide
a new and promising treatment method for repairing diabetes wounds.
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