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Abstract
Effectively achieving wound healing is a great challenge. Herein, we facilely prepared temperature-responsive MXene
nanobelt fibers (T-RMFs) carrying vitamin E with a controllable release ability for wound healing. These T-RMFs were
composed of MXene nanosheets spread along polyacrylonitrile and polyvinylpyrrolidone composite nanobelts
together with a thermosensitive PAAV- coating layer. The high mass loading and high surface area of the MXene
nanosheets endow the T-RMFs with excellent photothermal properties. The temperature could be easily controlled by
near-infrared (NIR) irradiation exposure, and then the thermoresponsive polymeric coating layer relaxed the interface
to dissolve vitamin E and promote vitamin E release. The T-RMFs demonstrated excellent biocompatibility and wound-
healing functions in cellular and animal tests. The facile method, high mass loading, high surface area, excellent
wound-healing functions, interesting nanosheet/nanobelt structure, mass production potential, and NIR responsive
properties of these T-RMFs indicate the great potential of our nanobelts for wound healing, tissue engineering, and
much broader application areas. This facile nanosheet/nanobelt preparation strategy paves a new way for
nanomaterial fabrication and applications.

Introduction
As a typical clinical disease, wounds can occur from

traumatic injury, diabetes, or burns, greatly affecting
people’s health and creating great issues in the medical
and healthcare fields1–6. Although some treatments for
wound healing, such as drug therapy7, skin grafting4,6,8,
and cellular treatment9 have been used in clinical practice,
there are still some limitations that reduce their ther-
apeutic effects. Emerging nanofibrous scaffolds that can
better mimic the natural extracellular matrix are ideal
wound repair materials because they have superior bio-
compatibility and drug loading and effective interactions
with the interface of the wound10–12. Various strategies
have been used to develop functional scaffold-loaded

drugs for rapid wound healing. These functional bios-
caffolds are biocompatible, flexible, and capable of con-
trollable release, demonstrating positive effects on wound
healing. Although these scaffolds promote therapeutic
effects, they only provide the unordered release of active
factors and cannot achieve long-term and stable control
release for wound areas, thus restricting their practical
performance in biomedical areas.
MXenes, as a new class of two-dimensional (2D) tran-

sition metal materials, have attracted wide interest in the
biomedical field owing to their unique properties13–16,
such as their large specific surface area17, good electrical
performance18, and high photothermal conversion effi-
ciency.19,20 Notably, MXene provides antibacterial prop-
erties, photothermal therapy, and fluorescent imaging
properties for versatile biomedical applications20,21. To
unleash their biomedical applications, MXenes need to be
prepared with various architectures without changing
their intrinsic attributes22–24. More importantly, MXene
nanosheets can be degraded by the interaction between
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water and oxygen. Therefore, it is feasible to employ these
unique photothermal properties and biodegradable per-
formance for wound healing. However, it is a considerable
challenge to develop MXene nanosheet-based nanofi-
brous scaffolds because of the irregular shape and size of
the exfoliated MXene nanosheets.
P(AAm-co-AN-CO-VIm) copolymer (PAAV) is a

copolymer that is synthesized by radical polymerization
and displays unique temperature sensitivity25. Using
PAAV as the surface carrier of the scaffold can effectively
control the positive factor release rate by temperature
regulation, which has the potential for long-term stable
drug release.
In this study, we developed MXene fibrous nanosheets

with a unique structure and temperature sensitivity for
wound healing. The obtained RMFs have a large width to
thickness ratio. The MXene nanosheets showed suitable
wetting and spreading effects, allowing easy contact
with the surface of the skin to exert its photothermal
properties. Furthermore, the temperature-responsive
MXene nanobelt fibers (T-RMFs) demonstrated good
biocompatibility and could provide an excellent micro-
environment for cell survival. More importantly, the
capacity of the T-RMFs to deliver drugs controllably with
responsive performance provides a favorable strategy for
wound healing. Considering the highly enriched integra-
tion of these unique structural and photothermal prop-
erties, we hope that the prepared T-RMFs could advance
wound healing for damaged skin.

Experimental section
Materials: polyvinylpyrrolidone (PVP) (MW= 30 kD)

and polyacrylonitrile (PAN) (MW= 10 kD) were pur-
chased from Daigang Polymer (Jinan, China). All other
chemicals were purchased from Guangzhou Chemical Co.
(Guangzhou, China) and used without further purification.

Fabrication of the T-RMFs
First, we prepared modified MXene nanosheets26. The

obtained MXene nanosheets were dispersed in 3 mL of
DMF solution at a concentration of 120 mg/mL, and then
240mg of PAN and 240mg of PVP were added into 3 mL
of the MXene nanosheets and DMF mixed solution fol-
lowed by stirring for 24 h. Finally, the mixed solution was
transferred into a syringe with a needle, and we prepared
the RMFs by our electrospinning technique27,28. A high
voltage of 15 kV was used for the electrospinning process,
with a 15 cm collector-to-needle distance.
The T-RMFs were prepared by coating the PAAV layer

through the RMFs soaked in PAAV aqueous solution at
80 °C for 1 h and then dried in a drier at 60 °C.
The temperature sensitivity of the shell could result in

the open or close of the positive factor in the carrier,
which is very important for maintaining long-term and

stable drug release. PAAV is a copolymer that is synthe-
sized by radical polymerization and displays unique
temperature sensitivity25. Therefore, using PAAV as the
carrier of the scaffold can effectively control the rate of
release by temperature regulation.
As reported in the previously synthesized method25, the

monomers (1-vinyl-imidazole, acrylonitrile, acrylamide),
initiator (AIBN), and chain transfer agent (thioglycolic
acid) were dissolved in dimethylformamide and moved
to a Schlenk flask. For this reaction, the temperature
remained at 65 °C, and the reaction time was 24 h. The
PAAV copolymer was obtained by precipitation and
purification.

Morphology and chemical characterization of the RMFs
The morphology of the rod-like MXene fibers in

the T-RMFs and RMFs was studied by transmission
electron microscopy (TEM) and scanning electron
microscopy (SEM).

Photothermal conversion of the RMFs
The photothermal performance of T-RMFs and RMFs

exposed to the near-infrared (NIR) laser is shown by the
temperature evolution recorded using an infrared thermal
imager (Fluke TIS 20+). In brief, T-RMFs and RMFs in
0.5 mL of ultrapure water were added to 24-well plates
followed by exposure to an 808 nm NIR laser at 0.33, 0.5,
and 1W/cm2. To measure the photothermal stabilities of
the RMFs, each sample was irradiated with an 808 nm
laser five times, and the temperature changes during this
process were recorded.

Cell culture and evaluation
BMSCs were used to test the cellular response of the

cells and fibers of T-RMFs and RMFs. PAN–PVP nano-
fibers were prepared and treated using the above-
mentioned method as a control group27. The cellular
viability and morphology between the BMSCs and fibrous
fiber surface of the T-RMFs and RMFs were tested using a
previous method28.

In vivo wound-healing studies
We carried out in vivo wound-healing studies using a

full-thickness skin defect model (male Kunming mice
(20–30 g, 5–6 weeks of age)). First, all mice were ran-
domly divided into five groups. These five groups con-
tained six mice each and were the control (Tegaderm
film), RMF, RMF with laser, T-RMF, and T-RMF with
laser groups. All surgical procedures were performed
under aseptic conditions. Next, the mice were anesthe-
tized using an intraperitoneal injection of 5% chloral
hydrate solution (10 mL/kg body weight) and shaved in
the dorsal region between the tail and back. The full-
thickness wounds were formed by creating a punch with a
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diameter of ~8mm. Then, the wounds in the control
group had only the Transparent Film Dressing Frame
Style added. For the sample groups, RMFs or T-RMFs
(1 cm in diameter) were applied to the wounds. On the
1st, 3rd, 7th, 10th, 14th, and 17th days, all wound areas
were measured and analyzed.
For the immunohistochemical study, on the 17th day,

the skin containing the wounds was collected (diameter=
1 cm) and fixed in tissue fixative. The CD31, VEGF, and
PCNA levels were evaluated by immunofluorescent
staining. All operations followed the manufacturer’s
instructions.

Results and discussion
Production and chemical and morphological studies of the
T-RMFs
The fabrication scheme of the T-RMFs is shown in Fig.

1. MXene nanosheets, as an important part of the T-
RMFs, were fabricated first25,26. AFM and TEM images
are shown in Fig. S1A and Fig. S1B and indicated that the
obtained MXene nanosheets had a good size distribution
(0.5–3 µm) and thickness (1.2 nm). In addition, good
monolayer dispersion was clearly observed (Fig. S1C).
Next, we used an electrospinning process to fabricate

the RMFs. SEM images of the raw prepared PAN–PVP
fibers are shown in Fig. S2, which indicated that the
morphology of the PAN–PVP fibers were not obviously
different than the other previously fabricated fibers; only
the diameter was larger. However, after adding a high
concentration (80mg/mL) of the MXene nanosheets, the
morphology of the RMFs showed great changes compared
with traditional fibers (Fig. S3). The RMFs displayed
obvious rod-like structures (Fig. 2A, B) with a size of 2.5 ±
0.5 µm, thickness of 50 ± 20 nm, and a width to thickness

ratio of up to 50. This special structure provides a large
contact area, which has an important role in drug loading
and release. The TEM image of a single RMF belt (Fig. S4)
clearly showed the MXene nanosheets in the fibrous
band. After coating with the PAAV layer, the surface of
the fibers in the RMFs had some changes. Although the
morphology remained good, the RMFs displayed obvious
winkles (Fig. 2D). In addition, the PAAV surface layer was
clearly observed (Fig. 2 and Fig. S5).
For chemical characterization of the RMFs, the mapping

pattern (Fig. 2C) showed related elements, such as Ti, N,
and C29 and the energy-dispersive X-ray spectroscopy
pattern (Fig. S6) displayed MXene nanosheets in the
fibrous band30. In addition, the XRD pattern showed
characteristic MXene peaks (Fig. 2F)31. These results
indicated that the MXene nanosheets were successfully
embedded into the fibrous band.

T-RMFs photothermal conversion
Under NIR exposure, the prepared MXene-doped fiber

belts can generate heat. The test results indicated that
when the NIR light power was 1.0W, the temperature
rapidly reached 60 °C in 2min, whereas the highest tem-
perature that the T-RMFs can be is 65 °C (Fig. 3A). As the
NIR power was reduced to 0.5W, the temperature also
increased to 42 °C within 3 min. The peak thermal images
at different powers are shown in Fig. 3B. As the NIR
power was reduced to 0.33W (a level safe for applica-
tions), the temperature could reach 41 °C in 3 min. Con-
sidering that high temperature might be harmful to the
nearby skin, 0.33W was selected for practical application.
The RMFs and T-RMFs were tested with five consecutive
NIR on/off cycles. For every cycle, the obtained RMFs
could be heated to 41 °C (Fig. 3B), and when the NIR
irradiation was switched off, the temperature immediately
decreased to the initial value. Importantly, after coating
with PAAV, the RMFs remained photothermally similar,
and the T-RMFs quickly heated up to 39 °C (Fig. 3C). This
result showed that the T-RMFs could maintain unique
photothermal conversion. In summary, our study indi-
cated that the T-RMFs could be repetitively controlled by
NIR exposure. Moreover, the RMFs and T-RMFs dis-
played excellent photothermal effects on mouse dorsal
skin. The temperatures of the RMF and T-RMF model
areas increased from ~23 °C (Fig. 3D) to ~41 °C (Fig. 3E)
and 39 °C (Fig. 3F) in 3 min, respectively, and the results
indicated that the RMFs and T-RMFs had desirable
heating performance in vivo.

Biocompatibility of the T-RMFs
To evaluate the biocompatibility of the obtained

T-RMFs with their spatial structure, a Cell Counting
Kit-8 assay was used to evaluate cellular cytotoxicity.
RMFs and PAN–PVP nanofibers were used as control

Fig. 1 Scheme of T-RMFs nanobelts fabrication and surface
coating. Which includes electrospinning process, PAAV surface
coating and NIR responsive.
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groups. BMSCs were cultured and incubated for eva-
luation. The cell evaluation results noted that the cells
on the T-RMFs had much better cell attachment and

proliferation than those on the control fibers during
the culture period (Fig. 4C). These results indicated
that the high-density MXene and PAAV coating layer of

Fig. 2 Morphology and chemical characterization of T-RMF. SEM images of RMFs (A, B). Mapping of RMFs (C). SEM images of T-RMFs (D) and a
single fibrous belt, PAAV layer can be clearly seen (E). Mapping of T-RMFs (F).
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the prepared T-RMFs have excellent biocompatible
properties.
Fluorescent images (Fig. 4A) of the cells cultured on the

T-RMFs, RMFs, and PAN–PVP indicated that BMSCs
displayed excellent cellular activity and grew along the
fibrous belts. In addition, the cellular morphology of the
BMSCs on the T-RMFs demonstrated a widespread along
the fibrous belts and formed integrated cell-fiber con-
structs (Fig. 4B) that were attributed to the amino,
hydroxyl, and carboxyl groups on the surface of the T-
RMFs, which provided the desired microenvironment for
cell growth. Moreover, we observed that the surface of
the nanofibers on the RMFs was slightly changed owing to
the MXene nanosheets absorbed by the BMSCs. In con-
trast, cells in the PAN–PVP nanofiber group demon-
strated a significant contraction. These results indicated
that T-RMFs could provide the required elements or
functional groups for cellular growth and proliferation
while also supplying an excellent spatial structure for the
cells to achieve excellent cellular activity.
Based on the excellent photothermal conversion prop-

erties of the T-RMFs, the PAAV layer could be opened,
and the PVP glass transition temperature was reached
after NIR treatment. Then, vitamin E was released from
fibrous fibers. Notably, as more vitamin E can be stably
released over a longer period of time through NIR
exposure, greater wound-healing capacity promotion will
be achieved.
Considering feasibility, the effective intermittent NIR

irradiation of the T-RMFs was selected to be 3 min to
achieve adequate vitamin E supply. After NIR irradiation,

some pores were observed in the SEM image (Fig. S7)
owing to the dissolved PVP in PBS solution, which indi-
cated that PVP displayed dissolvability at high tempera-
ture. To evaluate the applications of the T-RMFs, 1 cm
round wound models were established using mice. The
mice were divided into five groups, and one group did
not receive therapy while the other four groups were
treated with T-RMF (PAAV+MXene+NIR group), RMF
(MXene+NIR group), or RMF (MXene) or was a blank
group; the T-RMF (PAAV+MXene+NIR group) and
RMF (MXene+NIR group) groups received MXene
nanosheets, vitamin E application, and added regular NIR
irradiation (MXene+vitamin E NIR). Thermal imaging of
the mice treated with the RMFs and T-RMFs indicated
that the temperature could increase quickly after NIR
exposure (Fig. S8). The healing conditions of the wound
areas were observed at predetermined times. The T-RMF
+NIR, RMF+NIR, and RMF groups displayed much
better recovery than the control groups. In particular, the
wounds on the mice in the T-RMF+NIR group were
almost healed on day 17 (Fig. 5A). In addition, wound bed
constriction and epithelization conditions were recorded
and analyzed using hematoxylin–eosin (H&E) staining.
These results indicated that the wounds in the T-RMF
+NIR group with vitamin E under NIR exposure con-
tracted faster than the other groups and the new epithelial
tissues in this treatment group were much thicker
(Fig. 5B), indicating that the provided healing conditions
allowed the long-term and stable release of vitamin E. The
RMF group displayed worse recovery than the control
group, which may be because the RMFs limited the flow
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Fig. 3 Photothermal conversion of the RMFs and T-RMFs. Temperature increase profiles of the RMFs under 0.33 W, 0.50 W, and 1.0 W of NIR light
(A). Temperature changes of the RMFs (B) and T-RMFs (C) during five on/off cycles. Thermal images of the control group (D), RMFs (E) and T-RMFs (F)
under 0.33 W of NIR light.
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of oxygen. In contrast, the RMF group also treated with
regular NIR irradiation showed an improved healing
process, which may be attributed to the vitamin E release,

swelling, and contraction of the polymer that promotes
the flow of oxygen. More importantly, the T-RMF group
with NIR exposure displayed the best therapeutic effects.

Fig. 4 Cellular fluorescent images, morphology and proliferation on the various samples. Fluorescent images (A) and cellular morphology (B)
of BMSCs cultured for 5 days on PAN-PVP nanofibers, RMFs, and T-RMFs samples. The proliferation of BMSCs cultured on PAN-PVP nanofibers, RMFs,
and T-RMFs samples (C).
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For example, the wound area was the smallest, the new
epithelial tissue was the thickest, the wound bed was the
narrowest and the healing effect was the best compared
with the RMF under NIR group (Fig. S9). This result
showed that the PAAV layer could be loosened at high
temperatures and closed when the temperature was low,
providing effective control of vitamin E release for highly
efficient application. These results indicated that NIR
exposure, an effective surface layer temperature response,
provided stable and long-term vitamin E release to
achieve good wound healing.
Immunohistochemical staining of CD31 and α-smooth

muscle actin (α-SMA) was used to evaluate the wound-
healing mechanism. The results indicated that the T-RMF
+NIR group displayed increased CD31 expression (Fig.
6A, D) and substantial angiogenesis. Furthermore, the
RMF group with NIR exposure showed higher CD31
expression and angiogenesis than the RMF group without
NIR exposure, indicating that adequate nutrient and
oxygen supply benefits cytokine and cell transportation.
The activation of angiogenesis is necessary for producing
new tissues. As shown in the immunofluorescent staining
in Fig. 6B, E, in the vitamin E+NIR treatment groups,
the blood vessel density in the wound was greatly
increased. Compared to the group without NIR exposure,

the T-RMF+NIR and RMF+NIR groups also displayed
better therapeutic effects (faster wound closure, angio-
genesis, and tissue regeneration). The effects of wound
healing can also be reflected by cell proliferation, which
was detected by the immunohistochemical staining of
PCNA, a substance that induces and participates in
DNA synthesis. Figure 6C, F demonstrates that the dual
functions of photothermal conversion and vitamin E
treatment in the T-RMFs significantly promoted cell
multiplication, which was undoubtedly the best among
the three groups. All of the results demonstrated that the
T-RMFs had a desirable responsive capacity for wound
healing. In addition, safety to the heart, spleen, liver, lung,
and kidney was evaluated by H&E staining, and the results
indicated that these organs remained normal, similar to
no treatment (Fig. S10).

Conclusions
In summary, we developed a class of NIR- and

temperature-responsive T-RMFs that had controllable
drug delivery and repair capacity for wound healing. The
excellent photothermal effects of the T-RMFs could better
meet the complicated needs for healing wounds in clinical
practice applications. The MXene nanosheets in these
fibrous mats not only endowed the T-RMFs with excellent

Fig. 5 Evaluation of the response of T-RMFs to wound healing in mice. Representative photographs of the skin wounds in various groups
(control group, RMF group, RMF+ NIR group, T-RMF group, and T-RMF+ NIR group) on days 1, 3, 7, 10, 14, and 17. Scale bars are 1.0 cm (A).
Corresponding H&E staining images of the wound beds on day 17. Scale bars are 500 μm (B).
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photothermal effects but also provided functional groups
for cell growth. Furthermore, the PAAV layer, as a
temperature-responsive factor, displayed an excellent
controllable drug release ability and greatly facilitated
long-term stable wound healing. The facile method, high
mass loading, high surface area, excellent wound-healing
functions, interesting nanosheet/nanobelt structure, mass
production potential, and NIR responsive properties of
the T-RMFs indicate the great potential of our nanobelts
for wound healing, drug release, tissue engineering, bio-
sensors, and much broader application areas32–39. The
facile nanosheet/nanobelt preparation strategy paves a
new way for nanomaterial fabrication and applications40.
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