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In this study, polyvinyl alcohol (PVA) and polyacrylic acid (PAA) nanofibers loaded with boron nitride nano-
particles (mBN) were fabricated by using electrospinning and crosslinked by heat treatment. The physical,
chemical, and mechanical properties, hydrophilic behavior, and degradability of composite nanofibers were
evaluated. The mechanical properties such as elastic modulus, elongation percentage at the break, and me-
chanical strength of PVA/PAA nanofibers improved with mBN loading. The thermal conductivity of composite
nanofibers reached 0.12 W/m-K at mBN content of 1.0 wt% due to the continuous heat conduction pathways of
mBN. In the meantime, while there was no cytotoxicity recorded for both L929 and HUVEC cell lines for all
composite nanofibers, the antimicrobial efficiency improved with the incorporation of mBN compared with PVA/
PAA and recorded as 68.8% and 75.1% for Escherichia coli and Staphylococcus aureus, respectively. On this basis,
the present work proposes a promising biomaterial for biomedical applications such as dual drug delivery,

particularly including both hydrophobic and hydrophilic drugs or wound dressing.

1. Introduction

Nanotechnology-based products have become the backbone of many
technological developments (Sridhar et al., 2014). Polymeric nano-
composites obtained from a combination of polymer-based nano-
structures (i.e. micelles, nanoparticles, nanofibers, nanobubbles,
dendrimers) and nanofillers (i.e. carbon nanotubes, graphite, boron
nitride) used to support the polymer and provide better properties are
preferred for various applications (Gonzalez-Ortiz et al., 2020; Xiong
et al.,, 2021; Yadav et al., 2018). Among them, nanofibers are widely
preferred to be used in many biomedical and industrial fields, such as
wound healing (J. J. Wang et al., 2018), tissue regeneration scaffolds
(Sridhar et al., 2014) biosensors (Al-Dhahebi et al., 2020), air and water
filtration (Sundaran et al., 2019), fuel cell membranes, photovoltaic
semiconductor electrodes, catalysts, and piezoelectrics (Bhardwaj and
Kundu, 2010; Nisbet et al., 2009; Schiffman and Schauer, 2008; Teo
et al., 2011).

Electrospinning, one of the techniques used to fabricate continuous
nanofibers, transforms high molar mass polymers into stable and uni-
form polymeric fibers with diameters ranging from nanometers to mi-
crometers under high voltage (Chee et al., 2021; Huang et al., 2003; Li
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and Xia, 2004; J. Xie et al., 2021). In recent years, ultrafine nanofibers
have been successfully obtained from solution or molten forms. Elec-
trospun nanofibers at micro or nano scales exhibit exceptional proper-
ties such as high surface area to volume ratio, uniform porosity, and
flexibility compared to other material forms. They can mimic the
structure of the extracellular matrix, which is essential for epithelial cell
growth and proliferation and accelerates the formation of new skin
(Ambekar and Kandasubramanian, 2019; Arafat et al., 2021). The
flexibility of the nanofiber structure allows also the healing of irregular
wounds (Arafat et al., 2021; Pan et al., 2019). Biocompatible polymers
such as polyvinyl alcohol (PVA), polyacrylic acid (PAA), poly
(2-hydroxyethyl methacrylate) (pHEMA), and poly(N-isopropyl acryl-
amide) (PNIPAm) are frequently used in electrospinning (Chee et al.,
2021; Laftah et al., 2011). To improve the properties of electrospun
nanofibers, metal or ceramic nanoparticles such as graphene (Bao et al.,
2010), silica (Horzum et al., 2012; Zhu et al., 2018), silver (L. Huang
et al., 2022), gold (Ge et al., 2022), multi-walled carbon nanotube (Yun
etal., 2011), and BN (Gu et al., 2017; Kim et al., 2018; Yin et al., 2019)
have been used. The incorporation of nanoparticles into polymers leads
to the emergence of functional materials used in many areas affecting
electrical conductivity, reducibility, and antimicrobial and mechanical
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properties of materials (Li et al., 2018; Sun et al., 2017; C. C. Wang et al.,
2017).

Hexagonal BN has become the focus of researchers in recent years
with its high thermal conductivity, superior thermal stability, and
excellent mechanical properties (Golberg et al., 2010; Li et al., 2018).
BN nanolayers, BN nanotubes (BNNTs), and BN nanoplatelets have been
used as nanofillers to improve the mechanical and thermal conductivity
of various materials (Jing et al., 2017; Khan et al., 2013; Zhi et al.,
2009). In addition, they are promising materials in the biomedical field
due to their good biocompatibility (Merlo et al., 2018; Mukheem et al.,
2019). It has been shown that biodegradable nanocomposites reinforced
with BNNTs increase the scaffold’s durability, while they have a
non-toxicity on osteoblasts and macrophages, and supports also cell
proliferation (Lahiri et al., 2010, 2011). BN nanomaterials with or
without functionalization have been used as nanofiller to enhance the
aforementioned properties of various polymeric films or nanofibers such
as polyvinyl alcohol (Duan et al., 2013; Yin et al., 2019), cellulose (Hu
et al., 2020, 2022), chitosan (W. W. Huang et al., 2022; Kaya et al.,
2022), polyacrylonitrile (He et al., 2021), polyvinyl butyral (Alva et al.,
2018), poly(N-methylpyrrole) (PNMPy) (Yegin et al., 2022), pHEMA
(Dogan and Metin, 2022), poly (methyl methacrylate) (M. M. Li et al.,
2022), polyvinylidene fluoride (Sekkarapatti Ramasamy et al., 2021;
Zhang et al., 2018), and PVA/PAA(Kim et al., 2018).

PVA/PAA electrospun nanofibers have a well-shaped cross-linked
hydrophilic structure with a high absorption capacity for water and
biological fluid. Due to the strong hydrogen bonds between PVA and
PAA, they can be used as wound dressings (Arafat et al., 2021; Serincay
et al., 2013; Zhan et al., 2021), adsorbents for wastewater treatment
(Kim et al., 2019; Z. Z. Li et al., 2022; Park et al., 2017; J. Xie et al., 2021;
Zhang et al., 2019), and solid polymer electrodes for electrochemical
systems (Wu et al., 2006).

Meanwhile, the physicochemical properties of PVA/PAA nanofibers
have been improved by incorporating nanofillers such as carbon nano-
tube, silica, or hydroxyapatite (Hejabri Kandeh et al., 2021; Kim et al.,
2019; Yun et al., 2011; Zhu et al., 2018).

The applications of undoped or doped PVA/PAA nanofibers in the
literature are mostly for water treatment. In this study, the structural,
thermal, and mechanical properties of BN-doped nanofibers were eval-
uated and their potential to be used as wound dressings was
investigated.

Although BN has been used in the production of PVA-based film or
nanofibers, its usage as a nanofiller in PVA/PAA blend electrospun
nanofiber is limited. Kim et al. fabricated the amine-functionalized
BNNTs reinforced-PVA/PAA nanofibers and reported alteration of
composite nanofiber’s thermal conductivity (Kim et al., 2018).

Therefore, our study describes, the effect of BN on the physico-
chemical and biological properties of PVA/PAA nanofibers for the first
time. Herein, to improve dispersibility into a matrix, hexagonal BN
firstly exfoliated in an alcohol medium using simple ultrasonic treat-
ment, then hydroxlated-BN (mBN) incorporated PVA/PAA nanofibers
with different amount of loading were fabricated by electrospinning.
The morphology of the composite nanofibers was analysed by micro-
scopy techniques. Thermal and mechanical stability, thermal conduc-
tivity of composite nanofibers were described. The properties of
wettability and swelling degree of nanofibers were also evaluated.
Finally, the electrospun nanofibers were utilized in terms of in-vitro
cytotoxicity, hemocompatibility, and antibacterial efficacy to ensure
biological functionality.

2. Materials and methods
2.1. Chemicals
Polyvinyl alcohol (PVA, Mn ~30.000-70.000 g/mol, 87-90% hy-

drolyzed) and polyacrylic acid (PAA, Mw~450.000 g/mol) were pur-
chased from Merck. Boron nitride (BN, 50 nm, 99.9%) was obtained
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from Nanotech, Turkey.
2.2. Modification of BN

BN nanoparticles were prepared using a previously reported method
based on sonication-assisted exfoliation (Liu et al., 2020). Briefly, BN
nanoparticles were dispersed in 40 mL of ethanol in an ultrasonic bath
(600W) for 30 min and centrifuged at 5000 rpm for 5 min. Then, the
supernatant was separated, washed three times with deionized water,
and dried. The modified product was denoted as mBN.

2.3. Fabrication of mBN-PVA/PAA nanocomposite fibers

2.3.1. Polymer solution preparation

Aqueous PVA and PAA solutions were prepared according to a pre-
viously described method in the literature (Arik et al., 2019). Briefly, for
the PVA solution, 3.50 g PVA was dissolved in 28.0 mL of deionized
water with magnetically stirring for 3 h. When the PVA solution was
completely dissolved, PAA solution (8 wt%, 1.30 g in 15.0 mL) was
added into the PVA solution to achieve a final polymer concentration of
10 wt%.

For the preparation of mBN containing electrospun nanofibers, the
mBN was added to PVA/PAA solution in different ratios (0.5, 1, 2, and 5
wt%). The polymer/mBN solution was firstly incubated in an ultrasonic
bath (180 W) for 15 min, and then stirred magnetically for 2 h.

2.3.2. Preparation of electrospun nanofibers

Electrospinning device (Inovenso Basic Set-up) was used by adjust-
ing the flow rate as 1 mL/h with the help of a microinfusion pump. A
voltage of about 20 kV and a 20 cm needle-to-collector distance were
provided. Each polymeric solution (PVA/PAA and mBN containing
PVA/PAA polymeric solutions) was electrospun for 4 h to control the
thickness of the mats (~200 pm).

The mBN-PVA/PAA composite nanofibers were denoted as mBNO.5-
PVA/PAA; mBN1-PVA/PAA; mBN2-PVA/PAA; mBN5-PVA/PAA ac-
cording to the ratio of mBN loading. The electrospun nanofibers samples
(PVA/PAA and all mBN-PVA/PAA) were annealed at 135 °C for 80 min
to obtain water-stable nanofibers.

2.4. Characterization studies

2.4.1. Microscopy analysis

The morphology of BN nanoparticles was determined using a trans-
mission electron microscope (TEM, JEM 2100F, Japan) and electron
microscope (SEM, GAIA3, TESCAN, Germany). Electrospun nanofibers
morphology was examined by SEM (Carl Zeiss 300VP, Germany). The
diameter of the nanofibers was estimated statistically by taking 100
random readings using ImageJ software.

2.4.2. Zeta potential and size distribution of mBN nanoparticles

Zeta potential and size distribution of the mBN nanoparticles were
measured at 25 °C using a Zeta-sizer (Nano-2S-ZEN 3600, Malvern In-
struments, Worcestershire, UK). 10 mg of the mBN nanoparticles were
dispersed in distilled water (adjusted pH to 7.0 using NaOH) prior to
analysis.

2.4.3. Fourier-transform infrared spectroscopy (FTIR)

FTIR was used to evaluate the functional groups of PVA/PAA and
mBN-PVA/PAA composite nanofibers using a spectrophotometer
(Bruker Vertex 70V). The FTIR spectra were recorded in the range of
40-4000 cm 1.

2.4.4. Contact angle measurements

The wettability performance of the surface of electrospun fibers was
assessed by surveying the water contact angle using KSV Attension Theta
Lite Optical Tensiometer. A small drop of distilled water was placed onto
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the dry sample surface, and the contact angle was recorded at 10 s.

2.4.5. Thermal gravimetric analysis (TGA)
The thermal properties of PVA/PAA and mBN-PVA/PAA nanofibers
were determined using TGA (Q600, USA).

2.4.6. Thermal conductivity (TC)

Before TC analysis (Linseis LFA 1000 laser flash), PVA/PAA and
mBN-PVA/PAA composite nanofibers were dried in 40 °C vacuum oven
until obtained a constant mass and pelleted using 10 kN pressure.

2.4.7. Mechanical test

Tensile properties of PVA/PAA and mBN-PVA/PAA composite
nanofiber (20x4 mm) were evaluated using a loading cell of 10 kN
displacement rate of 3 mm/min by universal test device (Instron).

2.4.8. Swelling and hydrolytic degradation studies

The water absorption behavior of PVA/PAA and mBN-PVA/PAA
composite nanofibers was measured by gravimetric analysis. Dried
and pre-weighed samples were immersed in PBS (10 mL, pH 7.4) at
room temperature. The swelling degree was calculated as follows;

Swelling Degree (%) = (W-Wg/Wq) *100 (@D)]

where Wy and W; are weights of dried and swollen polymers,
respectively.

Hydrolytic degradation experiments were performed to determine
the stability of nanofibers using the previously described method (Die-
z-Pascual and Diez-Vicente, 2016). The PVA/PAA and mBN-PVA/PAA
nanofibrous mats (1 cm x1 cm) were weighed (Wi) and incubated in
PBS solution (pH 7.4, 10 mL) at 37 °C and 100 rpm in shaking water for 3
days. After that, swollen nanofibers were rinsed with deionized water to
remove residual buffer salts. And then, samples were dried until con-
stant weight and again weighed (Ws). The degradation ratio was
calculated using the following equation:

Degradation percentage= (Wi-Ws/Wi)* 100 2)

where Wi and Ws are weights of polymer before and after the degra-
dation process, respectively.

2.4.9. In vitro cytocompatibility test

Biocompatibility of PVA/PAA and mBN-PVA/PAA composite nano-
fibers was evaluated via cytotoxicity method according to ISO 10993-5
(Biological evaluation of medical devices, 2010). For analysis, L929
cells, cultivated in DMEM (Dulbecco’s modified Eagle’s medium) con-
taining FBS (Fetal bovine serum, 10%), penicillin/streptomycin, and
L-glutamine (1%) during 24 h at 37 °C in 5% COs-humidified atmo-
sphere, were used. L929 cells (1 x 10* cells/mL) were seeded in 96-well
plates containing DMEM and incubated for 24 h at 37 °C. The PVA/PAA
and mBN-PVA/PAA composite nanofibers were equally cut and steril-
ized under UV light for 1 h and incubated in this medium for 24 h, then
the metabolic activity of L929 cells was determined using MTT analysis
(Erdem et al., 2021; Tevlek et al., 2017).

The activity of mBN-PVA/PAA nanocomposite nanofibers against
Human Umbilical Vein Endothelial Cells (HUVEC) was also determined
for 72 h in vitro conditions. The cells were cultivated in E-plates 16 (16
wells culture dish covered with a gold microelectrode array) using
xCELLigence System RTCA DP Instrument from Roch. For this purpose,
the cells were grown to ~80% confluence and detached from the flasks
by a brief treatment with trypsin/EDTA. 50 pL of cell culture media at
room temperature was added into each well of the E-plate. The E-plate
was connected to the system and the background impedance was
measured. Meanwhile, the cells were resuspended in cell culture me-
dium and added to the wells on the E-plate to obtain a final volume of
100 pL and 5x10° cells/well concentration. Cells were allowed to settle
for 30 min at room temperature and then placed into the CO5 incubator.
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The software was programmed to take hourly measurement and cells
were grown for 24 h. The media was replaced with the respective di-
lutions of the extracts after 24 h and the measurements were resumed for
a further 48 h. The cytolysis rate was calculated on the RTCA-integrated
software of the xCELLigence system using the cell index values.

2.4.10. Hemolytic activity

The interaction between PVA/PAA and mBN-PVA/PAA composite
nanofibers and red blood cells was determined by hemolysis experi-
ments (2022/05-29). Hemolysis assays were performed according to
previously recorded methods in literature (Dey and Ray, 2003; Qu et al.,
2006).

2.4.11. Antimicrobial activity

The antibacterial activity of mBN-PVA/PAA composite nanofibers
was investigated againstE. coli ATCC 25922 and S. aureus ATCC 25923,
according to the American standard test method (ASTM E2149-13a,
2013). Briefly, The mBN-PVA/PAA composite nanofibers were cut into
1 cm x 1 cm and were sterilized under a UV lamp. All samples were
added to the liquid bacterial cultures prepared using fresh bacterial
strains (1x10” CFU/mL for E. coli, 1x10° CFU/mL for S. aureus) in 50 mL
phosphate buffer at 37 °C at 150 rpm in a shaking incubator for 24 h.
After incubation, an aliquot of the bacterial solution was withdrawn and
spread on nutrient agar plates. The bacteria were again cultured on the
agar plate for 24 h and the surviving colonies are counted (Arkoun et al.,
2017).

3. Result and discussion
3.1. Morphology and structure

In this study, uniform, bead-free, and water-resistant PVA/PAA
nanofibers, which form the structural framework for the mBN nano-
particles, were successfully fabricated. Fig. 1 shows the morphology and
the size distribution of the mBN nanoparticles. The mBN nanoparticles
appear to have spherical geometry and narrow size distribution
(Fig. 1a). The dark and bright phases seen in the TEM micrographs are
due to the difference in layer thicknesses of the layered boron nitride (W.
Wang et al., 2017) (Fig. 1b). The {-potential value of mBN nanoparticles
was measured as —17.4 mV (at pH 7.0) indicating mBN nanoparticles
tend to aggregation at this conditions. The {-potential value should be
above 30 mV for a stable colloidal system (Tian et al., 2021; Zhao et al.,
2019; Zhou et al., 2022). Fig. 1c indicates that 56% of the nanoparticles
had a 200-400 nm hydrodynamic radius and an average hydrodynamic
radius of 276.5 nm (PDI: 0.255).

The water stability of the mBN-PVA/PAA fibrous scaffolds was
achieved by thermal cross-linking between the hydroxyl groups of PVA
and the carboxyl groups of PAA. Fig. 2 presents the SEM micrographs of
the PVA/PAA hybrid nanofibers with different mBN contents after the
thermal treatment. Thermal crosslinking did not cause any notable
change in fiber diameters while retaining the fibrous structure of the
scaffolds. Similarly, Chee et al. (2021) reported that no statistically
significant change was observed in the diameters of unannealed and
annealed PVA and PAA nanofibers. Besides, the fact that the thinner
nanofibers may behave differently under annealing was associated with
exceeding the glass transition temperature of the polymer. Another
complementary finding is that, unlike pure PVA or PAA nanofibers, Tg
was unaffected in PVA/PAA bilayer nanofibers.

The morphologies of the PVA/PAA nanofibers were regular and a
narrow distribution of diameters was observed (222 + 17 nm). The
PVA/PAA nanofibers have a smooth surface (Fig. 2a) indicating that
PAA was well dispersed in the PVA solution as a result of the electro-
spinning conditions using appropriate concentrations. After adding
mBN, the composite nanofibers showed similar morphology with PVA/
PAA, indicating a significantly interconnected fiber structure
(Fig. 2b-e). Furthermore, no agglomeration between both neat PVA/
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Fig. 1. SEM (a) and TEM (b) micrographs; size-distribution (c) of mBN nanoparticles dispersed in water.

PAA nanofibers and the mBN-PVA/PAA composite nanofibers (0.5, 1.0,
and 2.0 wt%) was observed. However, at higher mBN content (5.0 wt%),
the aggregates were often observed (Fig. 2e), due to partial aggregations
of the mBN. The fiber geometry of the PVA/PAA containing 5.0 wt%
mBN started to deteriorate may be due to an excessive increase in
polymer viscosity.

As also seen from EDS spectra, neat PVA/PAA fiber and all mBN-
PVA/PAA composite fibers have C and O peaks. The mBN
incorporated-fibers have also B and N peaks at higher mBN content. A
slight increase in the average fiber diameter of the mBN-PVA/PAA
composite nanofibers was observed as increasing the mBN contents
may be attributed to an increase in the viscosity of the blend solution
(Fig. 3). While the average fiber diameter of mBN0.5-PVA/PAA com-
posite nanofiber was 305 + 15 nm, it was 281 + 11 nm at 5 wt% mBN.
Furthermore, the interaction between the hydroxyl or carboxyl groups
of the polymer and the mBN surface limited the mobility of the polymer
chains. The fiber diameter increased as the greater viscoelastic force
prevented axial strain during the whipping process (Kim et al., 2019).
Another effect of mBN with its high thermal conductivity coefficient is
thought to contribute extra to the axial orientation of the polymer chains
during electrospinning (Z. Wang et al., 2018).

The water contact angle is the simplest method to measure the
wettability of solid surfaces. As the hydrophilicity of the surface in-
creases, the contact angle with water decreases (Chee et al., 2021). The
change in hydrophilicity of mBN-PVA/PAA composite nanofibers was
evaluated using a water contact angle. Fig. 4 shows that the surface
wettability of PVA/PAA nanofibers was better than mBN-PVA/PAA
composite nanofibers. In addition, the contact angle of the PVA/PAA
surface (20.762° + 1.44) increased compared to the mBN-PVA/PAA
surface as a function of mBN content indicating a decrease in hydro-
philicity. The contact angle of mBN0.5-PVA/PAA, mBN1-PVA/PAA,
mBN2-PVA/PAA, and mBN5-PVA/PAA composite nanofibers was

25.027° + 2.32, 35.091° + 2.12, 33.330° + 1.55, and 45.249° + 1.21,
respectively.

The increased water stability of mBN-PVA/PAA composite nano-
fibers may be due to the increase in the average diameter of the nano-
fibers after adding mBN (Fig. 3). It may also result from the formation of
hydrophobic ester groups between PVA and PAA molecules during
thermal/physical crosslinking of PVA chains with each other, and with
hydroxylated-BN nanoparticles (Chee et al., 2021; Kumeta et al., 2003;
Lim et al., 2016; Zeng et al., 2004).

The FTIR spectra were used to characterize interactions between
PVA, PAA, and mBN which are components of composite nanofiber
(Fig. 5). As expected FTIR spectrum of PVA/PAA nanofibers exhibited
typical absorption bands at 1092 cm ™, 1266 cm ™!, 1438 cm ™, 1714
em™}, 2915 em ™, and 3350 cm ™! which can be attributed to the C-O-C
stretching, C-O stretching, C-H bending, C=O0 stretching, CHj stretch-
ing vibrations and the stretching vibration peak of O-H groups,
respectively (Chee et al., 2021; Kim et al., 2018; Lee et al., 2012). After
insertion of mBN into the PVA/PAA nanofiber, two specific BN vibration
peaks were observed at around 800 cm ™! and 1390 cm ™! corresponding
to the in-plane B-N and B-N-B stretching vibrations, and out-of-plane
bending vibrations, respectively (Konyashin et al., 1997; Shapoval
et al., 1990; Sun and Bi, 2021; Xie et al., 2020; Ye et al., 2019).

As previously reported that an esterification reaction occurred with
the presence of ~OH groups of PVA and ~COOH groups of PAA. It can be
indicated by the observation of the peaks at 1714 cm™! (C=O stretch-
ing) and 1255 cm™! (C-O-C stretching). The intensity of C=0 is
reduced depending on mBN content due to the restriction of PVA and
PAA chains, especially at high mBN content. On the other hand, the
intensity of characteristic peaks of BN increased depending on mBN
content observed at around 800 cm’l, and 1390 cm .
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Fig. 2. SEM micrographs and EDS spectra of nanofibers: neat PVA/PAA (a); mBN-PVA/PAA composites with 0.5 wt% (b), 1 wt% (c), 2 wt% (d), 5 wt%(e). Middle

images show a small area of the micrographs at higher magnification.
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Fig. 3. Variation of average fiber diameter with mBN content.

3.2. Thermal stability

Fig. 6 shows the thermal degradation curves of PVA/PAA-based
composite nanofibers in the range of 25-600 °C. It has been previ-
ously reported that BN has a thermally stable structure without any
weight loss up to 800 °C (Duan et al., 2013). However, all composite
nanofibers have three thermal degradation steps. At 10% weight loss
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Fig. 4. Images of the water droplets on composite nanofibers and contact angle
measurements.

(T10%), the thermal decomposition temperature of mBN-PVA/PAA
composite nanofibers increases by 33 °C compared to that of PVA/-
PAA nanofibers. The significantly improved thermal stability is due to
the BN nanolayers uniformly dispersed between the PVA/PAA chains
(Duan et al., 2013). After adding mBN, the temperatures in the region
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dw/dt

where the maximum loss occurred (between 350 °C and 500 °C) shifted
to higher temperatures, indicating the enhancement in thermostability.
Furthermore, the increase in thermal stability was supported by the
temperature at which 50% weight loss occurred (Tsg¢,) and the increase
in the % residue amount (mgec,%) at 600 °C was higher than those of
PVA/PAA nanofibers (Table 1).

The significant increase in thermal stability can be affected by not
only the excellent thermal stability of BN but also the orientation of the
composite fibers (Chen et al., 2019). It is reported that the BN nano-
layers between polymer chains may act as a physical barrier, delaying
the escape of decomposition products and causing the thermal decom-
position temperature to shift towards higher temperatures (Chen et al.,
2019). Thus, the thermal stability of the composite nanofibers was
greatly improved.

The mass losses of PVA/PAA and mBN-PVA/PAA composite nano-
fibers in the temperature range of 200-500 °C (the step with the highest
mass loss for all samples), and the kinetic parameters calculated using
the Coats-Redfern equation (Al-Shemy et al., 2022) are given in Table 1.
The change in the activation energies of the samples follows this order:
PVA/PAA < mBNO.5-PVA/PAA < mBN1-PVA/PAA < mBN2-PVA/PAA

Table 1

Thermodynamic parameters of mBN reinforced PVA/PAA composite nanofibers (200 °C-450 °C).
Material T10% Ts0% Mgec% Ea (kJ/mol) AH (kJ/mol) AG (kJ/mol) AS (kJ/mol K) A
PVA/PAA 292.7 332.8 0.681 16.85 12.92-10.84 127.85-188.71 —0.243-(-0.246) 2.058
mBNO.5-PVA/PAA 308.7 393.8 21.87 26.58 22.65-20.56 127.66-183.96 —0.222-(-0.226) 22.57
mBN1-PVA/PAA 315.3 410.2 27.51 49.09 45.15-43.08 131.85-178.83 —0.183-(-0.188) 2351.4
mBN2-PVA/PAA 299.2 476.8 34.01 43.24 39.31-37.32 135.80-187.61 —0.204-(-0.208) 205.29
mBN5-PVA/PAA 325.8 513.3 46.40 50.18 46.25-44.19 131.39-177.22 —0.180-(-0.184) 3748.8
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< mBN5-PVA/PAA. The increase in activation energy is thought to be
caused by the cross-linking effect of hydroxylated-BN with both PVA and
PAA (increase in thermal stability). Moreover, the activation enthalpy
(AH) and Gibbs free energy (AG) follow the same order as activation
energy (Al-Shemy et al., 2022). In contrast, activation entropies (AS)
decreased with incorporation of mBN. The enthalpy, which indicates the
heat content in a system, changes when energy is absorbed or released at
constant pressure (Al-Shemy et al., 2022; Naqvi et al., 2019; Raza et al.,
2022). Positive AH values indicate endothermic systems, while negative
values are for exothermic reactions. The calculated AH values for all
nanofiber samples are positive, indicating that energy is needed for
decomposition (Naqvi et al., 2019; Raza et al., 2022). The change in
Gibbs free energy gives information about reaction energy and sponta-
neity (Naqvi et al., 2019; Raza et al., 2022). Positive AG values indicate
that energy is needed to start the reaction. Negative AS values indicate
that the products are less disordered due to bond breaking than the
initial conditions (Naqvi et al., 2019; Raza et al., 2022). That is, it shows
that the products in the decomposed state have a more ordered structure
than before the thermal decomposition, which may be due to the
hydroxylated-BN nanolayers between the polymer chains still making
interactions such as hydrogen bonds between the degraded polymer
chains.

3.3. Thermal conductivity

The thermal conductivities were measured to investigate further the
influence of mBN on the thermal conduction property of the composite
nanofiber (Fig. 7). Meanwhile, as expected, the thermal conductivities of
composite nanofiber increased compared to that of PVA/PAA nanofiber,
indicating that adding mBN further accelerates the thermal response of
PVA/PAA (Yin et al., 2019). The concentration of mBN in PVA/PAA
nanofibers dramatically affects the number of heat conduction paths
(Feng et al., 2021). Nevertheless, when the content of mBN exceeds 1.0
wt%, the thermal conductivity of composite nanofibers begins to
decrease slightly may be due to the deformation of the polymer structure
as a result of the aggregation of mBN. Thus, gaps formed in the heat
transfer paths cause a slight repetitive decrease in thermal conductivity.

3.4. Mechanical properties

Mechanical features of mBN-PVA/PAA nanofibers such as tensile
strength, elongation at break, and modulus of elasticity were evaluated.
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Fig. 7. Thermal conductivity of PVA/PAA-based composite nanofibers.
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Fig. 8a shows the strain-stress curves of mBN-PVA/PAA composite
nanofiber with different loading amounts of mBN. Tensile strength of
mBN-incorporated PVA/PAA nanofibers exhibited a nonlinear and
discontinuous increment as a function of mBN. The tensile strength and
the elongation values at break increased when compared with PVA/PAA
nanofibers until 2 wt% mBN loading and then decreased again (Fig. 8b).
Similarly, elastic modulus exhibited discontinuous alteration compared
with PVA/PAA. At the lowest mBN loading due to the increase in fiber
diameter, elastic modulus increased then decreased and reached
maximum value at 5 wt% mBN loading. The values of elastic modulus of
PVA/PAA, mBNO.5-PVA/PAA, mBN1-PVA/PAA, mBN2-PVA/PAA, and
mBN5-PVA/PAA were 0.282 MPa, 0.407 MPa, 0.123 MPa, 0.293 MPa,
and 0.633 MPa, respectively (Fig. 8b). The alteration in values of the
elastic modulus, elongation at break, and tensile strength may be due to
change in average fiber diameter (Fig. 3) or increment of hydrogen
bonds formed between polymer chains and the hydroxylated-BN at high
concentrations. It also may be said that the rise of the volumetric ratio of
mBN in the composite effects the orientation of the fiber by affecting the
surface energy and thus increasing the tensile strength. The mBN
loading exhibits a higher mechanical enhancement effect towards PVA/
PAA nanofiber due to the two-dimensional structure of BN; mechanical
load can be easily transferred to BN, indicating that the mBN could be
used as an effective reinforcing agent for PVA/PAA nanofiber by
adjusting the loading amount according to the targeted application
(Weng et al., 2016; Yin et al., 2019).
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3.5. Swelling behavior and weight loss study

The alteration of swelling behavior of PVA/PAA and mBN-PVA/PAA
composite nanofibers as a function of time was shown in Fig. 9a. As seen,
the swelling rate of all nanofibers was very fast, the neat PVA/PAA
nanofiber has achieved full swelling in 2 min, then swelling rate started
to decrease due to the disintegration of nanofibers and reached the
plateau in 60 min. Adding mBN affected the maximum swelling capacity
and time to reach an equilibrium of PVA/PAA nanofibers. Although the
maximum swelling capacity of the samples containing mBN0.5 and
mBN1 is lower than PVA/PAA, their equilibrium swelling capacity is
higher than PVA/PAA since they maintain stability for a longer time. It
can be attributed to the hydrogen bonding of hydroxylated BN with both
PVA/PAA and water molecules. The maximum swelling values of mBN2-
PVA/PAA and mBN5-PVA/PAA composite nanofibers were decreased
compared to PVA/PAA, mBNO.5-PVA/PAA, and mBN1-PVA/PAA. This
decrease observed in the swelling values of nanofibers containing high
concentrations of mBN may be due to the increase in the number of
hydrogen bonds formed with the increase of mBN, consequently, the
increase in crosslinking density, which reduces the free volume in the
polymer network (Chee et al., 2021).

The percentage of weight loss of PVA/PAA, mBNO.5-PVA/PAA,
mBN1-PVA/PAA, mBN2-PVA/PAA, and mBN5-PVA/PAA composite
nanofiber at 60 min was 8.0%, 7.84%, 6.12%, 7.69%, and 5.81%,
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Fig. 9. (a) Swelling and (b) degradation characteristics of PVA/PAA-based
composite nanofibers.

Journal of the Mechanical Behavior of Biomedical Materials 141 (2023) 105773

respectively. Concerning time and amount of mBN increased, percent
weight loss increased and reached 26.86%, 22.08%, 14.73%, 12.74%
and 11.03%, respectively (Fig. 9b). The water stability of PVA/PAA
nanofiber was improved by adding mBN. According to both swelling and
degradation properties, the addition of mBN can be controlled the
swelling and degradation process enabling the improvement of the drug
release profile of PVA/PAA nanofiber.

3.6. In vitro biocompatibility

Materials are called nontoxic when cell viability changesd in the
range of 75%-100% according to ISO 10993-5:2009 (E) (He et al., 2013;
Li et al., 2020; Xi et al., 2009). The cytotoxicity of the mBN-PVA/PAA
composite nanofibers was first evaluated using L929 cell lines.
Fig. 10a presents the viability of 1929 cells after 24 h in contact with
PVA/PAA and mBN-PVA/PAA composite fibers. While the viability of
cells in contact with PVA/PAA was around 89.74 + 0.77%, it was
slightly changed by adding mBN. The cell viability in
mBNO.5-PVA/PAA, mBN1-PVA/PAA, mBN2-PVA/PAA, and
mBN5-PVA/PAA composite nanofibers was 91.94 + 1.85%, 93.2 +
2.08%, 94.3 + 2.35%, and 90.5 + 1.25%, respectively. The mBN addi-
tion to PVA/PAA nanofibrous membranes did not significantly influence
the growth of 1929 cells and we can say that all composite nanofibers
have non-toxicity (cell viability >75%). Several studies have reported
that the toxicity of BN depends on various parameters such as size,
concentration, synthesis process, surface modification, and cell type
(Diez-Pascual and Diez-Vicente, 2016). It is remarked that hBN nano-
particles had non-toxicity for both CRL 2120 cells and MDCK cells at low
concentrations (0.025, 0.05, 0.1 mg/mL)(Kivanc et al., 2018). In
another study, BN nanotubes have caused inconsiderable toxicity for
fibroblast cells at high concentrations (>50 mg/mL) (Ferreira et al.,
2011). These data demonstrate the biocompatibility of the composite
nanofibrous materials and their suitability as biomaterials such as
wound healing or drug delivery vehicles.

After MTT analysis of composite nanofibers, the effect on cell
viability was investigated in real-time with HUVEC cells with the Xcel-
lienge cell analysis system. After 24 h, the composite nanofibers showed
similar properties with the control group until the 48th hour which can
be explained why the composite electrospun nanofibers did not seem to
have any cellular toxicity effects on HUVEC cell lines (Gholami et al.,
2018), and there was no adverse effect on cell cytolysis after 48 h, and it
was within acceptable limits, illustrated in Fig. 10b.

3.7. Hemolytic activity

In conjunction with cytotoxicity analysis, the effect of mBN-PVA/
PAA electrospun nanofibers on red blood cells (RBCs) was evaluated
to verify biological safety, and that it is harmless to the body as a
biomedical wounding dressing (Zhou et al., 2022) (Fig. 11). The per-
centage of hemolysis of PVA/PAA, mBN0.5-PVA/PAA, mBN1-PVA/-
PAA, mBN2-PVA/PAA, and mBN5-PVA/PAA composite nanofibers were
calculated as 1.839 + 0.016, 1.913 + 0.03, 1.692 + 0.013, 1.839 +
0.03, and 1.618 + 0.013%, respectively (Fig. 11a). Hemolytic activity of
all electrospun nanocomposite fibers was less than 5% (clinical
biomedical application standard) (Zhou et al., 2022), indicating
designed composite nanofibers have an acceptable value for bio-
materials (Geng et al., 2016; Haghniaz et al., 2021; X. Xie et al., 2021)
and hemolysis of neat PVA/PAA has mostly stayed the same with the
incorporation of mBN. However, the colors of the supernatant after the
hemolysis test of both PVA/PAA and mBN-PVA/PAA were transparent
and slightly yellow at the highest nanofiber concentration (Fig. 11b).
The effect of PVA/PAA and mBN-PVA/PAA concentration interacting
with RBCs was investigated in the range of 60-240 pg/mL. The com-
posite nanofiber concentration in this range did not adversely affect the
percent of hemolysis. The hemolytic activity of PVA/PAA at 60 pg/mL
was 1.25%, while it was 1.83% at 240 pg/mL. However, the percentage
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of hemolysis of mBNO0.5-PVA/PAA, mBN1-PVA/PAA, mBN2-PVA/PAA,
and mBN5-PVA/PAA was determined as 1.69%, 1.25%, 2.06%, and
1.83% at 240 pg/mL indicating the composite nanofibers can be safely
used according to clinical biomedical application standard. According to
the hemolytic activity results, mBN incorporation in PVA/PAA nano-
fibers has not negatively changed of hemocompatibility and it could be
used as a biomaterial for various biomedical applications.

3.8. Antimicrobial activity

Investigation of antibacterial activity of newly-purposed bio-
materials is an important issue due to microorganisms which are usually
E. coli (as gram-negative bacteria) and S. aureus (gram-positive bacteria)
can cause infections in/on biomaterials (Diez-Pascual and Diez-Vicente,
2016). For this purpose, the antibacterial activity of mBN-PVA/PAA
composite electrospun nanofibers was tested using E. coli and
S. aureus, and the antibacterial rate (AR) of each electrospun nanofiber
composite was calculated as follows:

AR (%) = (No-Ng/Ny)*100 4

where N, is the number of colonies corresponding to the control group,
and N; is the number of colonies corresponding to the electrospun
nanocomposite.

As seen, compared with the control, the antibacterial activity
increased with mBN content after 24 h incubation (Fig. 12). The dif-
ference was higher for the reduction in the number of colonies of
S. aureus than for E. coli. The percentage reduction (calculated as AR%)
was 65% and 75% for E. coli and S. aureus, respectively. The difference in
the antibacterial behavior of electrospun composite nanofibers can be
related to the structure of cell walls (Deshmukh et al., 2020; Die-
z-Pascual et al., 2014). On the other hand, the difference between the
two bacterial strains may also be due to the tendency of S. aureus to form

cellular aggregates rather than its response to surface hydrophilicity
(Karakecili and Gilimiisderelioglu, 2002; Santiago-Morales et al., 2016).
Although, the certain physical or chemical mechanism of the bacterio-
cidal effect of BN has not been completeley explained (Diez-Pascual and
Diez-Vicente, 2016; Dogan and Metin, 2022; Pandit et al., 2019), the
potential mechanisms for the antibacterial activity of BN-based mate-
rials could be oxidative stress from the generation of reactive oxygen
species (Diez-Pascual and Diez-Vicente, 2016; Kalay et al., 2015),
membrane damage from the insertion of BN nanomaterials into the cell
membrane (Diez-Pascual and Diez-Vicente, 2016; Thomas et al., 2015),
and the ability to perform endocytosis (Diez-Pascual and Diez-Vicente,
2016; Horvath et al., 2011). Similar results on the antimicrobial effect of
BN nanoparticles in which polymer composites have been reported
(Deshmukh et al., 2020; Dogan and Metin, 2022; Kivanc et al., 2018;
Pandit et al., 2019; Yegin et al., 2022). Yegin et al. showed that
PNMP-BN composite had antibacterial activity against E. coli, S. aureus,
P. aeruginosa, and E. faecalis compared with PNMPy due to effect of van
der Waals forces between the layers of h-BN and the lone electron pairs
of nitrogen atoms of the BN may make an electrostatic interaction with
the cell walls (Tkram et al., 2020; Yegin et al., 2022).

4. Conclusions

This study focused on the fabrication and characterization of mBN-
PVA/PAA composite nanofibers. BN was exfoliated by ultrasonication
and obtained hydroxlated-BN nanoparticles. FTIR and SEM/EDS results
of mBN-PVA/PAA confirmed that hydroxylated-BN was well dispersed
in the polymer matrix. The mBN-PVA/PAA composite nanofibers
showed high thermal stability and durability compared to PVA/PAA.
Mechanical properties and thermal conductivities of nanofibers
improved depending on the mBN loading in the composite nanofibers.
Remarkably improved elastic modulus of PVA/PAA with mBN loading at
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Fig. 12. Antimicrobial rate of mBN-PVA/PAA composite fibers.

5 wt% may be reached an opinion that it has a potential to produce soft
electronics used for monitoring various movements (e.g. facial or
arthrosis movements). Also, swelling profile of the PVA/PAA nanofiber
was controlled by adding mBN, and the wettability of mBN-PVA/PAA
composite nanofibers decreased indicating a rise of hydrophobicity in
PVA/PAA. The hydrophilic/hydrophobic composition of mBN-PVA/
PAA may provide a synergistic effect on dual drug delivery systems.
The MTT assay confirmed the non-toxicity of mBN-PVA/PAA for the
L1929 cell line and HUVEC cell line in real-time, and they could inhibit
bacterial growth. The findings of this study may open new doors using
PVA/PAA nanofibers as a biomaterial for a wide range of biological
applications, especially drug delivery systems, soft materials, or wound
healing.
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