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Abstract

In this study, an antibacterial nanofiber membrane [polyvinylidene fluoride/Bi, Ti;0,/Ti;C, T, (PVDF/BTO/Ti;C,T,)] is
fabricated using an electrostatic spinning process, in which the self-assembled BTO/Ti;C,T, heterojunction is incorporated
into the PVDF matrix. Benefiting from the internal electric field induced by the spontaneously ferroelectric polarization
of BTO, the photoexcited electrons and holes are driven to move in the opposite direction inside BTO, and the electrons
are transferred to Ti;C,T, across the Schottky interface. Thus, directed charge separation and transfer are realized through
the cooperation of the two components. The recombination of electron—hole pairs is maximumly inhibited, which notably
improves the yield of reactive oxygen species by enhancing photocatalytic activity. Furthermore, the nanofiber membrane
with an optimal doping ratio exhibits outstanding visible light absorption and photothermal conversion performance. Ulti-
mately, photothermal effect and ferroelectric polarization enhanced photocatalysis endow the nanofiber membrane with the
ability to kill 99.61% +0.28% Staphylococcus aureus and 99.71% +0.16% Escherichia coli under 20 min of light irradiation.
This study brings new insights into the design of intelligent antibacterial textiles through a ferroelectric polarization strategy.
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Introduction

Bacterial infections are the major cause of morbidity and
mortality in intensive care units (ICU) worldwide [1]. They
have become a threat to global public health, with multiple
secondary bacterial infections [2, 3]. Since the outbreak of
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COVID-19 in December 2019, the course of COVID-19
patients has been complicated by bacterial infections [4, 5].
The cross-infection of bacteria also aggravates the fatality
rates of COVID-19. Medical textiles, including coveralls,
aprons, isolation gowns, surgical masks, and gloves [6], play
an important role in protecting medical staff from external
bacteria and effectively preventing cross-infection between
medical workers and patients. Therefore, the demand for
antibacterial textiles has dramatically increased.

The antimicrobial agents used in textiles work by either
inhibiting cell growth or killing pathogens [7]. However,
the long-term and systemic safety of common commercial
antimicrobial agents, such as metal nanoparticles, remains a
major challenge [8—10]. Therefore, various innovative anti-
bacterial strategies are developed to rapidly eradicate bacte-
ria, including materioherbology, photocatalytic disinfection,
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and photothermal therapy [11-15]. Antibacterial materials
that respond to external stimuli, especially light, have been
widely studied for their rapid and reusable antibacterial
effect, broad antibacterial spectrum, and non-antibiotic
resistance. Photo-responsive nanomaterials are excited by
light with corresponding wavelengths to provide photo-
thermal and/or photocatalytic performance with a locally
increased temperature and/or reactive oxygen species (ROS)
to kill bacteria [15]. Thus, the loading of photoexcited anti-
bacterial materials on textiles can provide a new idea for
designing novel antibacterial textiles.

Bismuth-based photocatalysts, such as BiOX (X =Cl, Br,
I) [16] and Bi,MO4 (M =W, Mo) [17] have been widely
utilized for catalytic applications owing to their unique layer
structure and high stability. Unlike them, Bi,Ti;0,, (BTO)
is a ferroelectric semiconductor with an Aurivillius phase
[18]. It has a strong ferroelectric property due to its layered
perovskite structure and high Curie temperature of 675 °C
[19]. BTO is composed of fluorite-like [Bi,0,]*" slices and
perovskite-type TiO, octahedral layers stacked along the
c-axis, which form an inner electric field and promote the
separation of photoexcited electrons and holes [20, 21]. The
polarization effect in ferroelectric materials has been proven
to be responsible for enhanced photocatalytic activity [22].
However, this activity is limited by the large bandgap and
poor light absorption [18-20, 23]. Constructing heterojunc-
tions and interface engineering can be considered an effec-
tive strategy to improve photocatalytic performance.

Ti;C,T, MXene, a typical representative material among
the emerging two-dimensional layered transition metal
carbides and/or nitrides family, has multiple advantages,
including excellent metallic conductivity, remarkable light
absorption ability, high photothermal conversion efficiency
and superior biocompatibility [24, 25]. These advantages
have made Ti;C,T, a promising candidate for realizing func-
tional composite materials for wearing. In addition, Ti,C,T,
has abundant surface functional groups containing F, O, and
OH terminations, which can interact closely with textile sub-
strates [26]. More importantly, it can be combined with the
semiconductor of BTO to create a Schottky heterojunction.
Currently, there is no literature review on BTO/Ti;C,T,, and
the potential mechanism of ferro-photocatalytic sterilization
is also unclear.

As a basic method for fabricating nanofibers, electro-
spinning is a facile and versatile technique. Electrospin-
ning membranes have a high specific surface area, adequate
mechanical strength, a complex porous structure, simple
scalable fabrication, and low cost [27, 28]. Currently, more
than 100 different kinds of organic polymers, such as silk
fibroin, chitosan, poly(E-caprolactone), poly(lactic acid),
polystyrene, poly(vinyl chloride), polyaniline, polypyrrole,
and polyvinylidene fluoride (PVDF), have been successfully
electrospun into nanofibers for various applications [29].
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Scheme 1 Schematic diagram of ferroelectric polarization strategy
for treating wound infection by light responsive nanofiber membrane
of PVDF/BTO/Ti;C,T,

Among them, PVDF is a promising polymer matrix due to
its high flexibility, ferroelectric properties, and high ther-
mal stability [30]. Note that PVDF has a broad potential in
wound dressings due to its applicability [31], anti-adhesion
[32], coagulation [33], and non-neutralization with ROS
[34].

Therefore, we propose the hypothesis of whether ferroe-
lectric-photoresponsive nanofibers can be electrospun into
textiles with ferroelectric polarization-strengthened pho-
toexcited bactericidal ability to prevent pathogenic infec-
tions. To verify this, the PVDF/BTO/Ti;C,T, membrane was
prepared through self-assembly and electrostatic spinning.
The built-in electric field induced by the spontaneous polari-
zation of BTO promoted the separation of charge carriers.
BTO and Ti;C,T, formed a Schottky junction with a tight
contact interface, in which BTO could be excited to generate
electrons and holes under illumination, and electrons rapidly
transferred to the side of Ti;C,T,. During light exposure,
Ti;C,T, enhanced the light absorption range and photother-
mal conversion ability of BTO and accelerated the oriented
electron transfer. The trapped electrons and holes could be
used to produce more ROS (Scheme 1). Consequently, the
PVDF/BTO/Ti;C,T, membrane could effectively kill patho-
genic bacteria in vitro and in vivo through the synergistic
effect of ROS and heat under 20 min of light irradiation.
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Experimental Section
Preparation of BTO/Ti;C,T,

BTO nanostructures were self-assembled on Ti;C,T,
nanosheets according to the following method. 80 mg of
BTO was dispersed into 25 mL THF. The Ti;C,T, colloid
solution with different mass ratios (20, 40, and 60 wt% of
BTO) were immediately transferred to the above solution.
The mixed solution was sonicated at 100 W for 4 h in an ice
bath. After sonication, the solid mixtures were washed with
THF for three times. The obtained materials were vacuum-
dried, ground, and stored before use. These materials were
named by BT20, BT40, and BT60, respectively.

Fabrication of PVDF and PVDF/BT40 Nanofiber
Membranes

All nanofiber membranes were fabricated by the electro-
spinning method. PVDF powder was dissolved in DMF and
stirred for 1.5 h to obtain PVDF solution (18 wt%). Then
different amount of BT40 (10, 30, and 50 wt% of PVDF) was
added to the PVDF solution under stirring for 2.5 h. Each
homogeneous mixture was poured into a syringe capped
with a 21-gauge stainless steel needle, which connected
with a 17 kV voltage difference. The distance between the
needle tip and the collector was 15 cm. The feed rate was
maintained at 1 mL h™! and the spinning time was set to 3 h.
All collected nanofiber membranes were dried in the vacuum
oven at 25 °C overnight. These nanofiber membranes were
named PVDF, PVDF/BT40-10, PVDF/BT40-30, and PVDF/
BT40-50, respectively.

Characterization

The morphologies and microstructures of synthesized mate-
rials were observed by field emission scanning electron
microscopy (FESEM, S4800, Japan) and transmission elec-
tron microscopy (TEM, JEOL JEM-2100F, Japan). The ele-
ment distributions were executed by energy dispersive spec-
trometer (EDS, X-MAX20, UK). The phase structure was
investigated by X-ray diffraction (XRD, D8 Advance, Ger-
many). The UV-Vis—NIR absorption spectra were measured
by a UV-Vis spectrophotometer (UV-2700, Shimadzu). The
elemental analysis of the samples was examined by X-ray
photoelectron spectroscopy (XPS, ThermoFisher Scientific
250Xi, USA). Ultraviolet photoemission spectroscopy (UPS)
was conducted on an Escalab 250Xi spectrometer using
He I resonance lines (21.22 eV). Photoluminescence (PL)
spectra were measured by a fluorescence spectrophotometer
(Fluorolog-3, USA). Raman spectroscopy was detected by a
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Raman microscope (DXR2, Thermo Scientific, USA). The
surface functional groups were tested by Fourier transform
infrared (FTIR, Thermo Scientific Nicolet iS10, USA). The
simulated sunlight came from a Xenon lamp (PLS-SXE300).

Results and Discussion

Synthesis and Characterization of Ti;C,T,, BTO,
and BTO/Ti,C,T,

The synthesis process of the self-assembled BTO/Ti;C,T,
heterostructure was shown in Fig. S1. The prepared Ti;C,T,
and BTO were dispersed into tetrahydrofuran. Compared to
Ti;C,T,, BTO had a small surface energy due to the pres-
ence of an oleic acid layer, resulting in good dispersibility.
During the preparation, Ti;C,T, nanosheets were wrapped
around the surface of the BTO nanostructure via van der
Waals interactions, further minimizing the surface energy
needed to form a heterostructure [35].

Ti;C,T, nanosheets were obtained from the etching and
exfoliating of bulk Ti;AlC, (Fig. S2a, b). The XRD pattern
of Ti;C,T, (Fig. S2c) showed a prominent diffraction peak
at 20=5.76° corresponding to the (002) plane [36]. The
wrinkled surface was characterized using TEM (Fig. S2d)
to reveal the ultrathin structure of Ti;C,T, nanosheets. The
high-resolution TEM (HRTEM) image (Fig. S2e) showed
a corresponding lattice spacing of 0.260 nm, which was
assigned to the (0 110) lattice plane of Ti;C,T, [37] with
a hexagonal structure in the selected area electron diffrac-
tion. Elemental mapping (Fig. S2f) showed that the Ti, C,
O, and F elements were evenly distributed on the surface
of Ti;C,T,.

The SEM image of BTO showed a microspherical struc-
ture composed of myriad overlapping nanosheets, with an
average particle size of about 1 pm (Fig. S3a). The micro-
structure of the nanosheet was determined using TEM (Fig.
S3b). Interplanar distances of 0.270 and 0.272 nm were
indexed to (020) and (200) crystal faces, respectively (Fig.
S3c) [38].

BTO/Ti;C,T, composites were labeled BT20, BT40, and
BT60, and the mass of Ti;C,T, was 20, 40, and 60 wt%
of BTO, respectively. SEM examination showed the mor-
phologies of the three composites (Fig. S4a—c). The TEM
and elemental mapping (Fig. 1a) showed the direct contact
between Ti;C,T, and BTO. The HRTEM image (Fig. 1b)
exhibited a compact interface between Ti;C,T, and BTO,
as shown by the orange dashed line. The lattice fringes of
0.260, 0.270, and 0.272 nm could be attributed to the (0 11
0), (020), and (200) faces of Ti;C,T, and BTO, respectively.
The diffraction peaks of the (006), (008), (111), (115), (117),
(020), (208), (220), (0214), and (137) planes of orthorhom-
bic BTO are shown in Fig. 1¢ [20]. The XRD patterns of the
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Fig.1 Characterization of BTO/Ti;C,T,. a TEM and element map-
ping of BT40. b HRTEM image of BT40. ¢ XRD patterns of mate-
rials. d Raman spectra of materials. e Crystal structures of Ti;C,T,,

BTO/Ti;C,T, composites showed the (002) peak of Ti;C,T,
and all the peaks of BTO. The Raman spectra (Fig. 1d)
showed that the peaks at 169 cm™ (A,,), 412 cm™ (E,),
and 639 cm™! (E,) matched well with the Raman features
of Ti;C,T, [39, 40], and the peaks at 250-300 cm ™' repre-
sented the vibration band of the TiO4 octahedron [41]. These
data confirmed the combination of Ti;C,T, and BTO. The
structures of BTO, Ti;C,T,, and BTO/Ti;C,T, are shown in
Fig. le. The Aurivillius-type BTO is an asymmetric mate-
rial, which can be described as (Bi,0,)**(Bi,Ti;0,0)>".
Ti;C,T, provided surface termination groups, resulting in
abundant active sites on the surface and promoting the com-
bination with BTO.

The chemical states of the elements of Ti;C,T,, BTO,
and BTO/Ti;C,T, were obtained using XPS (Fig. 1f~h and
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BTO, and BTO/Ti;C,T,. f The survey spectra of BTO, Ti;C,T,, and
BTO/Ti;C,T,. g The high-resolution of Ti 2p. h The high-resolution
of Bi 4f

Fig. S5). All spectra were calibrated by the C 1 s peak at
284.8 eV. The elements of Bi, Ti, C, and O co-existed in
BTO/Ti;C,T, (Fig. 1f), suggesting a successful combination
of BTO and Ti;C,T,. As shown in Fig. 1g, the Ti 2p spectra
in Ti;C,T, could be deconvoluted into eight peaks of Ti-C,
Ti**, Ti**, and Ti—O [42]. BTO/Ti;C,T, only showed peaks
of Ti—O and Ti—C, and the binding energies shifted to lower
positions compared to those of Ti;C,T,, consistent with the
binding energy change in the Ti—C peak in the C 1 s spectra
(Fig. S5a). The Ti 2p profiles in both BTO and BTO/Ti;C,T,
partially overlapped with those of Bi 4d5,, at 466.4 eV. For
the Bi 4f spectra (Fig. 1h), two main peaks at 158.9 and
164.3 eV in pure BTO were specified as Bi 4f,,, and Bi 4fs,,
of Bi** [38], while they became 159.2 and 164.6 eV in BTO/
Ti;C,T,, respectively. This proved that the electron density
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Fig.2 Ferroelectric property of BTO/Ti;C,T,. a PFM amplitude
image. b PFM phase image. ¢ Amplitude-voltage curve and phase-
voltage curve of BTO/Ti;C,T,. d KPFM image in the dark. e KPFM

of Bi in BTO/Ti;C,T, decreased due to the strong interaction
between BTO and Ti;C,T,. The O 1s (Fig. S5b) and F 1s
spectra (Fig. S5c) showed the peaks of the surface oxygen
substances in BTO/Ti;C,T, and the surface terminal group
of F in Ti;C,T,. These results confirmed that the interfa-
cial electrons were transferred from BTO to Ti;C,T, due to
the strong interface interaction between BTO and Ti;C,T,,
which led to the formation of the Schottky heterojunction
of BTO/Ti,C,T,.

Ferroelectric Property and Photocatalytic
Performance of BTO/Ti;C,T,

Ferroelectricity was characterized using a piezo-response
force microscope (PFM) and Kelvin probe force microscopy
(KPFM). Figure 2a, b showed the PFM amplitude image
and phase image of BTO/Ti;C,T,. The typical amplitude
voltage butterfly loops and well-defined 180° phase reversal
hysteresis loops were obtained under the + 10 V DC bias
field, confirming the ferroelectric feature of BTO/Ti;C,T,
(Fig. 2¢). The KPFM images under dark and light condi-
tions were shown in Fig. 2d, e. The surface potential with
illumination was lower than that without illumination. This
could be interpreted as more photogenerated carriers migrat-
ing in the opposite direction under illumination driven by
the potential difference. The difference in surface potential
between dark and light was 46.73 mV (Fig. 2f), indicating
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that the polarization electric field was conducive to promot-
ing the separation and migration of photogenerated carriers.

To investigate the effect of ferroelectric polarization on
photogenerated charge migration, the photoelectrochemical
properties were measured. As shown in Fig. 3a, the photo-
current density of BTO/Ti;C,T, hybrids was much larger
than that of individual BTO and Ti;C,T,, indicating that
more free electrons were transferred under illumination.
BT40 had the highest photocurrent density. Furthermore,
BT40 had the smallest semicircle radius (Fig. 3b), demon-
strating the lowest electrical impedance. Thus, BT40 had
the best photoelectric performance, which was ascribed to
the optimal doping amount of Ti;C,T,. The effective inter-
facial transfer of photogenerated charges was realized using
the most compact interface between BTO and Ti;C, T, [43].
Conversely, BTO a presented great resistance to electron
transfer in darkness, proving that spontaneous polarization
alone could not rapidly migrate electrons. These results
showed the efficient separation of photogenerated charges
under the synergy of spontaneous polarization and Schottky
heterojunction. Furthermore, the peak intensity of BT40
in the PL spectra (Fig. 3c) was obviously lower than that
of BTO, implying that the recombination of photoexcited
carriers was greatly restrained. The separated electrons
and holes were captured by the surrounding oxygen spe-
cies to produce ROS, which were detected using electron
spin resonance (ESR). No obvious signs of hydroxyl radical
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Fig. 3 Photocatalytic performance of BTO/Ti;C,T, and the mecha-
nism of ferroelectric polarization enhanced photocatalysis. a Photo-
current response under illumination. b EIS spectra with or without
light. ¢ Steady-state PL spectra of BT40 and BTO. d ESR spectra
of ‘OH and -O,". e The bandgap of BTO, BT20, BT40, and BT60. f

(*OH) or superoxide radical (-O,”) were detected without
light (Fig. 3d). Under illumination, the characteristic peaks
of ‘OH and O, occurred, indicating the production of -OH
and -O,". This result confirmed the efficient separation and
transfer of photogenerated carriers in BT40 under illumi-
nation, which was consistent with the photocurrent results
(Fig. 3a).

In addition, the photothermal ability of the materials
was tested under Xenon lamp irradiation (0.15 W cm™?)
for 15 min (Fig. S6). Ti;C,T, exhibited an excellent pho-
tothermal effect, with the highest temperature of 59.4 °C,
which could be attributed to its localized surface plasmon
resonance (LSPR) effect [44]. However, pure BTO only
increased from 29.1 to 49.7 °C, which was almost the same
as the Control group. The temperatures of BT20, BT40, and

© @ Polarization charges ® ® Charge carriers El Spontaneous polarization

Mott—Schottky curves of BTO at different frequencies. g Secondary
electron cutoff of Ti;C,T,. h Energy band structure diagram before
illumination and charge directed migration and ROS production
mechanism under illumination

BT60 were 56.9, 58.1, and 57.4 °C, respectively, which were
significantly higher than that of BTO. Compared to BT20
and BT60, BT40 had the highest temperature. This proved
that the moderate addition of Ti;C,T, could effectively
improve the photothermal effect of BTO.

Compared to BTO, the photo-responsive range and photo-
thermal conversion efficiency of BTO/Ti,C,T, was enlarged
(Fig. S7, 8), indicating the good light absorption of the com-
posites under visible light. The energy gap (E,) was esti-
mated in the Tauc plot (Fig. 3e). The bandgap of BTO was
3.21 eV, whereas BT40 exhibited a narrower bandgap of
2.83 eV. The Mott—Schottky plot (Fig. 3f) showed that BTO
was an n-type semiconductor with a flat band potential (Ey,)
of —0.88 eV. Thus, the conduction band (CB) and valence
band (VB) of BTO was —0.68 and 2.53 eV, respectively.
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As shown in Fig. 3g, the secondary electron cutoff edge of
Ti,C,T, was 15.36 eV, and the corresponding work function
(W) was 5.86 eV, which was determined by subtracting from
the excitation energy of He I (21.20 eV). The Fermi level
(Eg) of BTO was reported to be —0.088 eV [23]. The band
structure diagram of BTO/Ti,C,T, was shown in Fig. 3h
(left). As the W of Ti;C,T, was higher than that of BTO, a
Schottky heterojunction was formed when BTO came into
contact with Ti;C,T,. The electrons were transferred from
BTO to Ti;C,T, until the Eg reached equilibrium, accompa-
nied by an upward bending of the energy band of BTO and
the formation of the Schottky barrier (pgg).

The mechanism of the enhanced photocatalytic activity
is shown in Fig. 3h (right). Upon visible light irradiation,
electrons transitioned from VB to CB of BTO. Spontaneous
polarization arose from the distortion of the [TiO¢] octahe-
dra of ferroelectric BTO [38]. Photogenerated carriers were
diffused in the opposite direction under the internal electric
field induced by the polarization charges. Thus, more photo-
electrons crossed the ¢gg into Eg of Ti;C,T,. The ¢ inhib-
ited the backflow of electrons, which efficiently prohibited
the recombination of electrons and holes. The photoinduced
electrons directionally migrated to Ti;C,T,, and holes were
trapped in BTO. Additionally, Ti;C,T, endowed BTO with
a wider light response range. The increased light absorp-
tion excited more photogenerated carriers. The charge car-
riers rapidly reacted with O, and H,O to produce abundant
ROS in Ti;C,T, and BTO, respectively. In sum, ferroelectric
polarization promoted the directional separation and transfer
of charge carriers, reduced the recombination of carriers,
and further improved photocatalytic performance.

BT40-Based Light-Responsive Antibacterial
Nanofiber Membrane

Based on the optimal light response, antibacterial property,
and biocompatibility (Fig. 3a, b and Fig. S9, 10), BT40 was
used in electrostatic spinning to design smart antibacterial
textiles for killing pathogenic bacteria. The preparation of
the electrospinning nanofiber membrane is illustrated in
Fig. 4a. BT40 was integrated into PVDF through electro-
spinning with different percentages (i.e., 0, 10, 30, and 50
wt%), forming PVDF/BT40 composite membranes. The
SEM images and photographs of PVDF, PVDF/BT40-
10, PVDF/BT40-30, and PVDF/BT40-50 were shown
in Fig. 4b—e. A pure PVDF membrane was composed of
uniformly distributed nanofibers with a diameter of about
300 nm. The spheres in PVDF/BT40-50 contained Bi, Ti,
and O elements, identified as BTO (Fig. S11). However,
the Ti;C,T, nanosheets were dissolved in the solvent dur-
ing the preparation of the mixed electrospinning solution,
which could be the reason for the improved tensile prop-
erty of composite membranes. BT40 was both aggregated
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and partially dispersed in the PVDF matrix, and both states
could respond to light. The FTIR spectra (Fig. S12) showed
absorption bands at 840 and 1180 cm™!, which corresponded
to the p-crystal phase of PVDF. PVDF/BT40 membranes
had similar peaks to pristine PVDF membranes, indicating
that the BT40 filler had no significant effect on the crystal
phase of the PVDF substrate.

The hydrophobicity, flexibility, and breathability of the
nanofiber membranes were also investigated. The con-
tact angles of PVDF, PVDF/BT40-10, PVDF/BT40-30,
and PVDF/BT40-50 were 139°, 143°, 141.7°, and 140.4°,
respectively (Fig. 4f). They were far larger than 90°, dem-
onstrating their remarkable hydrophobicity. The tensile
strength of PVDF/BT40 membranes was greater than that
of the pure PVDF membranes (Fig. 4g). The improved
strength was attributed to the reinforcement of Ti,C,T, in
BT40 phase. However, the tensile strength of PVDF/BT40-
60 decreased due to the excessive doping amount of BT40.
The photographs of bend and torsion imply the flexibility
of PVDF/BT40-50. Furthermore, the stability of BT40 in
the membranes before and after stretching was character-
ized using XRD (Fig. S13). These results suggested that
the PVDF/BT40-50 had enough strength and stability to be
woven into textiles. The white smoke produced by volatile
HCl and NH;-H,O indicated the good air permeability of
PVDF/BT40-50 (Fig. 4h). Moreover, the water vapor trans-
mittance rate (WVTR) was tested under the ASTM E96
inverse cup standard [45]. The WVTR of PVDF, PVDF/
BT40-10, PVDF/BT40-30, and PVDF/BT40-50 was 66, 77,
82, and 92 g m~2 h~! (Fig. 4i). This showed that the air per-
meability of PVDF/BT40 membranes was improved, which
arose from the increase of inter-fiber pore size after doping
BT40 [46]. The best air permeability of PVDF/BT40-50
implied good comfort when attached to human skin.

The UV-Vis—NIR absorption spectra showed that the
light absorption intensity was enhanced with the doping of
BT40 (Fig. 4j). The temperature changes in the nanofiber
membranes under illumination (0.1 W cm_z, 20 min) were
recorded to assess the photothermal effect (Fig. 4k and Fig.
S14a). The temperature of PVDF/BT40 membranes was
higher than that of PVDF, indicating a better photothermal
conversion ability. PVDF/BT40-50 presented repeatable
temperature changes after three cycles, proving its excel-
lent photothermal stability (Fig. S14b). Moreover, the tem-
perature remained almost constant after five washing cycles,
indicating the photothermal durability of PVDF/BT40-50
(Fig. S14c). The photothermal conversion efficiencies of
PVDF/BTO, PVDF/Ti,C,T,, and PVDF/BT40-50 were cal-
culated in Fig. S15. The ROS generation ability of PVDF/
BT40-50 was confirmed by the ESR spectra (Fig. 41, m). The
results showed that PVDF/BT40-50 could produce -‘OH and
O, under visible light irradiation. For the photocatalytic
properties of all membranes, rhodamine B photodegradation



Advanced Fiber Materials (2023) 5:484-496

491

BTO/Mi,C,T,

+

N, N-Dimethylformamide

=0=

1l

—h
g

g 4 PVDF
PVDF/BT40-10

— 3
— PVDF/BT40-30 \
} PVDF/BT40-50 f/M \

o =20

H
8

PVDF/BTO
PVDFITi,C,T,

3
8
]

8
8

Contact angle (degree)
&

Tensile strength (MPa)
8

3

PVDF  PVDF/BT40-10 PVDF/BT40-30 PVDF/BT40-50

100
Elongation (%)

g

=~ PVDF
—e— PVDF/BT40-10
—4— PVDF/BT40-30
—v— PVDF/BT40-50

Water vapor transmission (g/m?)

0 1 2 3 4 5 6
Time (hour)

——PVDF

—— PVDF/BT40-10
—— PVDF/BT40-30 55
, | ——PvoFiBTAO-50

¢

$
gus/\—-/
2
(0‘/—\-__//,/

«— Control

~—— PVDF/BT40-10
—=— PVDF/BT40-30
—+— PVDF/BT40-50

3

PVDF/BT40-50 *OH PVDF/BT40-50 0y
— Dark

— Light

—— Dark
—— Light

Intensity (a. u.)
Intensity (a. u.)

300 400 500 600 700 800 0 5 10 15 20

Wavelength (nm) Time (min)

Fig.4 Synthesis, characterization, and properties of nanofiber mem-
branes. a The schematic diagram of synthesis of electrospinning
nanofiber membrane. b—e SEM images of PVDF (b), PVDF/BT40-
10 (¢), PVDF/BT40-30 (d), PVDF/BT40-50 (e), and insets show the
photographs of the nanofiber membranes. f Digital images of contact
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was performed (Fig. S16). The degradation of PVDF/BT40-
60 was not greater than that of PVDF/BT40-50, which
proved that 50 wt% of BT40 was the best doping amount.

Antibacterial Activity Test and Biosafety Evaluation

Representative Gram-positive Staphylococcus aureus and
Gram-negative Escherichia coli were chosen as the experi-
mental strains to evaluate the antibacterial performance of
nanofiber membranes. Antibacterial activity was determined
using the spread plate method under simulated sunlight irra-
diation with an air mass 1.5 (AM 1.5) filter. After treatment

3220 3240 3260 3280 3300 3320 3340 3220 3240 3260 3280 3300 3320 3340
Magnetic field (G) Magnetic field (G)

shows the photograph of bend and torsion of PVDF/BT40-50. h Digi-
tal photographs of gas permeability of PVDF/BT40-50. i Water vapor
transmittance rate. j UV-Vis—NIR absorption spectra of membranes
from 250 to 800 nm. k Photothermal curves of different membranes
under light irradiation (0.1 W cm™2, 20 min). 1 ESR spectra of -OH.
m ESR spectra of -O,~

with simulated sunlight (0.1 W cm~2, 20 min), the antibac-
terial effect of the PVDF/BT40 membrane was particularly
significant, with dramatically reduced bacterial counts,
while the colonies of S. aureus or E. coli of all groups almost
had no variation without illumination (Fig. 5a, b). The anti-
bacterial rates of PVDF/BT40-50 against S. aureus and E.
coli were 99.61% +0.28% and 99.71% +0.16%, respectively
(Fig. 5c, d). This implied that PVDF/BT40-50 had highly
effective and broad-spectrum antibacterial activity. The fast
bacteria-killing behavior of the materials and composite
membrane was superior to other works [47-49]. However,
due to excessive doping of BT40, the antibacterial effect
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Fig.5 Antibacterial performance and biocompatibility of nanofiber
membranes. a, b Spread plates of S. aureus (a) and E. coli (b) treated
with Control, PVDF, PVDF/BT40-10, PVDF/BT40-30, and PVDF/
BT40-50 without and with illumination (0.1 W cm_z) for 20 min. ¢,
d The corresponding statistical chart of strain counts of S. aureus (c)

of PVDF/BT40-60 was not further improved (Fig. S17).
Therefore, PVDF/BT40-50 had the best antibacterial activ-
ity. The excellent antibacterial activity could be derived from
the synergistic effect of combining ROS and hyperthermia
induced by light irradiation. To explain the antibacterial
mechanism, the bacterial morphologies in the different
membranes were observed using SEM (Fig. 5e, f). Under
illumination, the morphologies of both S. aureus and E. coli
in the PVDF/BT40 group were differently destroyed with
plicated and broken membranes (red arrows), whereas the
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(f) in the dark and light. g Schematic diagram of antibacterial mecha-
nism of nanofiber membrane. h Cell viability of nanofiber mem-
branes after coculturing for 1 and 3 days. i Hemolysis ratio of differ-
ent membranes. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001

PVDF and Control groups showed intact membranes and
smooth surfaces. More severe damage was found in PVDF/
BT40-50. This result further verified that PVDF/BT40-50
had high-efficiency antibacterial activity under illumination,
consistent with the spread plate results.

Figure 5g shows the antibacterial mechanism of the
nanofiber membrane. When contacting the membrane, the
bacteria were killed by ROS and heat under light. That is, the
BT40 composites on the surface of the nanofiber membrane
responded to visible light and photogenerated carriers were
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infected wound tissues collected on 2 and 5 days. Scale bars: 50 pm.
e H&E staining of infected tissues after 2, 5, and 12 days of treat-

excited in the semiconductor BTO. The inner electric field
induced by the polarization charge of the BTO facilitated
the separation and transfer of electrons and holes. Due to the
formation of the Schottky heterojunction of BTO/Ti;C,T,,
the photoexcited electrons were transferred from BTO to
Ti;C,T, to generate ROS. Simultaneously, the photother-
mal effect was activated in BTO/Ti;C,T, to produce heat.
Based on ROS and heat, the cell membranes of the bacteria
were damaged. The bacteria were sensitive to heat under the
attack of ROS. Heat increased the permeability of the cell
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ment. Scale bars: 50 pm. f Masson staining on 12 days. Scale bars:
50 pm. g H&E staining of the heart, liver, spleen, lung, and kidney
tissues. Scale bars: 50 pm. *P<0.05, **P<0.01, ***P<0.001,
*##%% P <(0.0001. (Bacteria and neutrophils were labeled by red arrows
ind and e)

membrane, allowing ROS to enter the cell membrane more
easily. Thus, the ROS and heat were synergetic in destroy-
ing the structure of bacteria and achieving the purpose of
sterilization.

The cell viability assay of nanofiber membranes was per-
formed using a Cell Counting Kit 8 (CCK-8). NIH-3T3 cells
were incubated with different membranes for one and three
days, and the results showed that the cell activity increased
with the doping content of BT40 (Fig. 5h). After one day,
PVDF/BT40-50 could promote cell proliferation compared
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to the Control group. After three days, all groups showed
no obvious cytotoxicity. In addition, the hemolysis rates of
PVDF, PVDF/BT40-10, PVDF/BT40-30, and PVDF/BT40-
50 were lower than 5% (Fig. 51), revealing that the fabricated
nanofiber membranes had good blood compatibility and bio-
logical safety in vivo.

In Vivo Wound Infection Treatment with PVDF/
BT40-50

A model rat skin wound, infected with S. aureus was
developed to evaluate the therapeutic effects of PVDF/
BT40-50 in vivo, as shown in Fig. 6a. The thermal images
of PVDF/BT40-50 + Light group under illumination for
20 min were recorded in Fig. S18. The wound of the PVDF/
BT40-50 + Light group was almost completely healed
after 12 days, whereas the wounds of the Control, 3 M,
and PVDF/BT40-50 + Dark groups still did not coalesce
(Fig. 6b). The statistics of wound areas showed that PVDF/
BT40-50 + Light group had the best therapeutic efficacy
(Fig. 6¢). After two and five days of treatment, the number
of bacteria in the infected tissue was visibly reduced after
PVDF/BT40-50+ Light treatment (Fig. 6d). Hematoxylin
and eosin (H&E) staining showed that the number of neu-
trophils in PVDF/BT40-50 4+ Light group was significantly
lower than that in the other groups, reflecting the minimum
level of inflammation (Fig. 6e). The above data suggested
that PVDF/BT40-50 had an excellent antibacterial effect
irradiated by light and showed good application prospects in
the treatment of tissue infection. Moreover, the area of col-
lagen fibers in the PVDF/BT40-50 + Light group was highest
(Fig. 6f), showing strong tissue regeneration ability and pro-
moting wound healing ability. The heart, liver, spleen, lung,
and kidney of the rats were analyzed using H&E staining
(Fig. 6g). No abnormality was observed in the main organs,
indicating that PVDF/BT40-50 was biosafe in vivo.

Conclusions

In summary, the self-assembled BTO/Ti;C,T, heterostruc-
ture was successfully constructed and embedded into the
nanofibers through electrospinning. The PVDF/BT40-50
nanofiber membrane had prominent hydrophobicity, flex-
ibility, and permeability, meeting the requirements of
wearability. The spontaneous polarization of ferroelectric
BTO first separated the inner photogenerated electrons and
holes, and then the electrons migrated to Ti;C,T, under the
Schottky heterojunction of BTO/Ti;C,T,. The charge carri-
ers were reversely separated and utilized to the maximum
extent, thus boosting the improvement in photocatalytic
ability. Combining the generated ROS and heat, the PVDF/

@ Springer

BT40-50 membrane exhibited high-efficiency antibacterial
efficacies of 99.61% +0.28% and 99.71% +0.16% against
S. aureus and E. coli under simulated solar light irradiation
for 20 min, respectively. Moreover, the membrane showed
good biocompatibility and strong wound healing ability.
This study provides new insights into developing smart
functional textiles incorporated with light-responsive anti-
bacterial nanomaterials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-022-00234-8.
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