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Abstract

The study aimed to develop a potential biomaterial for neuroregeneration by the
electrospinning of the biocompatible polymer Polyvinylidene Fluoride (PVDF) with
innovative functionalized boron nitride quantum dots (F-BNQDs) synthesized via green
chemistry using the amino acid taurine as a functionalization. The F-BNQDs were
characterized and were found to be 16-21 nm in diameter, showed good photoluminescent

characteristics, and their elemental composition was confirmed by XPS, FTIR and UV. The
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PVDF with F-BNQDs was prepared at three different concentrations, and the resulting
electrospun fibres were characterized by SEM, FTIR, TGA, contact angle, biodegradation,
water uptake, Schwann cell cytotoxicity, and cell behaviour studies. The results of the study
showed that the addition of F-BNQDs to PVDF resulted in enhanced mechanical properties,
decreased contact angle, increased degradability, and water uptake. The LDH assay revealed
that 5% BN-PVDF had the lowest cytotoxicity. DAPI staining showed that the increase in F-
BNQD concentration up to 5% BN-PVDF enhanced cell behaviour on the electrospun fibres.
Therefore, the study concluded that 5% BN-PVDF would be suitable for further testing as a
potential biomaterial for neuroregeneration in vivo.
Highlights

¢ Functionalized boron nitride quantum dots were prepared using amino acid Taurine.

e The F-BNQDs were characterized and electrospun with PVDF.

e The incorporation of F-BNQDs to PVDF has enhanced its physicochemical properties.

e All samples showed a single B phase PVDF.

e Schwann cells showed excellent compatibility and cell adhesion on F-BNQDs/PVDF.

Keywords: Functionalized boron nitride quantum dots, Electrospinning, PVDF,

Taurine, Schwann cells

Introduction

Peripheral nerve injuries have the potential to cause total transection of the nerve,
necessitating surgical intervention to enable the regrowth of axons from the injured site to the
respective target organs [1]. In cases where the gap between the severed ends is too large, direct
surgical repair is not feasible, and alternative approaches such as bridging the gap are required
[2]. Currently, the most widely accepted treatment for such injuries is the use of nerve
autografts, which involves taking a nerve from the same individual, but from a less critical

location [3].

An alternative source of viable structures to bridge this gap and facilitate nerve repair
is the use of electrospun conduits fabricated from synthetic and biological polymers [4—6].
Synthetic polymers like polycaprolactone, polylactic glycolic acid with and without dopants

are used intensively in fabricating electrospun nerve conduits due to their fiber forming ability



[7, 8] as well as the usage of Polyvinylidene fluoride and Poly-vinylidene fluoride—
trifluoroethylene [9-12].

These electrospun conduits can possess therapeutically beneficial nanofibrous
morphology with high porous structure and high surface area to volume ratio, soft, tissue like
mechanical characteristics and biocompatibility with the peripheral nervous system [13—17].

Recently, the need for smart nerve grafting materials has been growing, as these
materials can react to different stimuli such as chemical, physical, or mechanical features and
produce a response locally. An example of this would be piezoelectric materials [18]. Many
electrospun piezoelectric materials have been studied and they have reported high

biocompatibility[19].

Polyvinylidene fluoride (PVDF) is a piezoelectric polymeric material that has gained
significant attention in recent years within regenerative medicine [20-22], including within
peripheral nerve repair [11, 23]. The piezoelectric characteristics of PVDF allow it to transform
mechanical energy into electrical energy [24, 25], enabling it to deliver localized electrical
stimulation to cells, leading to increased migration in a wound healing context [26, 27].
Furthermore, cells of the nervous system can respond positively to electrical stimulation [28],
and the use of piezoelectric materials may provide electrical stimulation of a large enough
magnitude to be therapeutically relevant [29]. Electrospun PVDF fibres are exciting as a novel
biocompatible polymer for neuroregeneration applications due to their processability,
scalability and the controlled morphology enabled by electrospinning, and their unique
piezoelectric properties [20, 30]. Electrospinning also presents the opportunity to add
additional therapeutic molecules to the final material [31]. Electrospun PVDF exhibits five
molecular chain arrangements which are a, 6, B, y and € phases. Three of them are polar (5, f3,

v) and the B phase has the highest piezoelectric property [32, 33].

Different materials have been introduced to PVDF to enhance its properties such as
other polymers, nanomaterials and nanotubes [19]. Cheng and his coworkers blended PVDF
with Polycaprolactone to enhance its mechanical properties and nerve forming ability[34].
Also Gryshkov and his coworkers used trifluoroethylene (P(VDF-TrFE)) with PVDF to
enhance its biocompatibility leading to a higher neurite growth. Ge et al used gold nanoparticles
as a curcumin drug carrier with PVDF for drug delivery into neural tissues[35]. Abzan et al
used graphene oxide nanoparticles incooperated with PVDF to enhance mechanical properties

and cellular viability[36].
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Boron Nitride (BN) is an example of a biocompatible piezoelectric material that can be
used in the form of quantum dots [37, 38]. It has high chemical stability, and it was reported to
improve the viability and proliferation of osteoblasts and also improve the mechanical
properties when added to different polymeric scaffolds [39, 40]. Moreover, it is reported that
BN functionalized scaffolds helped in microvessel regrowth and could stop the atrophy of
muscles after denervation in a sciatic nerve injury model of the rats [40]. Quantum dots (QDs)
are advanced fluorescent nanoparticles that have a diameter of approximately 20 nm or less
that represent high surface area to volume ratio with unique properties compared to
conventional materials [41]. Researchers studied the incorporation of quantum dots with PVDF
but no studies up to our knowledge were done on nerve regeneration nor investigated the

incorporation of boron nitride quantum dots with PVDF[42].

Taurine is a semi-essential sulfur-containing amino acid which is produced mainly by
the liver and kidney [43] and has been linked with an important role in neurological disorders
such as Alzheimer's, Huntington's and Parkinson's diseases [43—45]. It is also reported to
protect against sciatic nerve myelin damage in a rat model of peripheral neuropathy [46], and
to promote proliferation and promote neurogenesis of neural stem/progenitor cells in culture

[47].

In this experimental report, novel functionalized piezoelectric boron nitride in the form
of quantum dots were synthesized by taurine via the hydrothermal method to enhance the
properties of non-functionalized BNQDs. The prepared quantum dots were electrospun with
the biocompatible PVDF to increase the conductivity of material and alter the surface
properties of the electrospun PVDF fibres to enhance the neurocompatibilty of the resultant
nanofibers. The resultant electrospun mats made using 3 different concentrations of the

functionalized boron nitride quantum dots were investigated and characterised.

2. Experimental

2.1. Materials

Polyvinylidene Fluoride (PVDF), Taurine and Boric acid were purchased from Alfa Aeser
(Germany). Acetone (HPLC grade) was purchased from Sigma Aldrich. Dimethyl formamide
(DMF) was acquired from Edwic (Egypt).



2.2. Preparation of functionalized boron nitride quantum dots (F-BNQDs)

Functionalized boron nitride quantum dots (F-BNQDs) were prepared by a single pot
novel method via a hydrothermal process [48]. 0.1 g of boric acid with 0.0339 g of taurine were
added to 10 mL of MilliQ water. The resulting mixture was then left in a Teflon-lined stainless-
steel autoclave at 170 °C for 48 h. The resultant solution was frozen at -80 °C for 48 h and then

subjected to lyophilization.
2.3. Electrospinning of PVDF loaded with F-BNQDs

Polymeric solution of 12% PVDF was prepared by dissolution in DMF and after
complete dissolution of PVDF, acetone was added, with a final solvent ratio of 60:40
DMF:acetone as it was the optimum solvent ratio to produce 3 phase electrospun PVDF[49].
For F-BNQDs loaded samples, F-BNQDs was added to DMF and subjected to ultrasonication
for 1h in order to prepare three concentrations (1, 5 and 10% wt/wt), then PVDF was added as
described. The polymeric solutions were inserted into a syringe with a 20G needle and the tip
to collector distance was set as 16 cm then 20 kV was applied by a Glassman High Voltage
Series. For residual solvent removal after electrospinning, the electrospun fibre samples were

vacuum-dried at 40°C for 3 h.
2.3 Physiochemical Characterizations

The morphology of the quantum dots was studied by a high resolution transmission
electron microscope (Jeol/JEM-2100) operating at an acceleration voltage of 120 kV. UV/Vis
spectrophotometry was performed with a Shimadzu 2040 spectrophotometer, while the
photoluminescence spectra (PL) were attained using a fluorescence spectrometer
(ThermoScientific LUMINA). The elemental composition of the quantum dots was determined
using X-ray photoelectron spectroscopy (XPS, Thermo-Scientific ESCALAB/250Xi X-ray).
The viscosity of the prepared solutions was studied using a Brookfield viscometer (DV-III
Ultra) under uniform temperature of 25°C via a S21 spindle rotating at 50 RPM. The
conductivity change after the addition of F-BNQDs to PVDF polymeric solution was
determined by using a conductivity meter (HC3010/Trans instruments) at 25 °C. Fibre diameter
and morphology were studied using a field emission Scanning Electron Microscope (SEM,

Jeol/JXAB40) with attached EDAX. Mean fibre diameter of the samples was obtained by



determining about 50 different fibre lengths via ImageJ 1.42q software [50]. Fourier-
transformed infrared (FTIR) spectroscopy was conducted using an attenuated total reflectance-
FTIR spectroscope (Agilent). To analyze the surface hydrophilicity, the contact angle of five
different material samples was measured using a horizontal camera that was perpendicular to
the plane of the liquid droplet and the data analyzed using ImageJ software [50]. The samples
were subjected to thermogravimetric analysis (TGA) using an SDTQ600 analyzer under argon
at a rate of 10 °C per minute. The tensile strength of nanofibres with dimensions of 10 mm %80
mm with a gap length of 20 mm, was tested using a Universal Testing Machine (Lloyd
Instruments/LR 10 K) at a stroke rate of 2 mm per minute. Each sample was tested four times

and the results were averaged.
2.4 In vitro study
2.4.1 Degradation and water uptake

Three different mats from the same sample were cut into 2x1 c¢cm? pieces and then
weighed to determine initial weight (W;). Then, the samples were incubated at 37°C for 1, 3,
7, 14 and 28 days in a Phosphate Buffered Saline (PBS). After each specified time point, the
samples were taken out the PBS and slightly dried from the adsorbed saline on the material
surface, then the samples were weighed to determine the wet weight (Wy). The samples were
dried for 2 h in a vacuum oven and weighed again after drying to establish the dry weight (Waq).
The weight loss and the water uptake percentages were determined by the following equations

(Deyab et al. 2022):

Wi-Wq

Weight loss (%) = x 100 (1)

4

Ww-W;

Water uptake (%) = x 100 (2)

4

2.4.2 Cell culture

The SCL4.1/F7 rat Schwann cell line, obtained from the Health Protection Agency, was
grown in Dulbecco's Modified Eagle Medium (DMEM-Gibco). The media was supplemented
with streptomycin 100 mg ml™! and penicillin 100 U ml™! (Sigma-Aldrich) and 10% fetal
bovine serum (Thermo Fisher scientific). The cultures were proliferarted in a humidified 37 °C
incubator with 5% CO», and the media was replaced every two to three days. The cells were

harvested at the sub-confluent level (roughly 60-70% confluency).



2.4.3 Seeding Schwann cells on electrospun piezoelectric fibres

SCL4.1/F7 Schwann cells (10,000 per fibre) were seeded onto the top surface of 1 cm
diameter cut circles of electrospun piezoelectric fibres The fibres were placed in the bottom of
a 24 well plate (Thermo Fischer Scientific, UK) and stainless-steel washers (IKEA, Sweden)
were placed on top of the fibres, creating a small well with just less than 1 cm diameter. Next,
50 pL of media including 10,000 cells was seeded on the top of the fibres and left to settle for
30 minutes. After 30 minutes incubation, the wells were gently filled to a final volume of 1 mL

of media. The cells were allowed to adhere and grow on the fibres until further analysis.

2.4.4 Cell cytotoxicity and viability in response to electrospun fibres

Cell cytotoxicity was evaluated using a Lactate Dehydrogenase (LDH) assay carried
out following the manufacturer’s protocol (Abcam, UK). It was performed at 24 and 48 h post
cell seeding on fibres. Absorbance from the assay was read at 450 and 650 nm. To evaluate
cell growth on the electrospun fibres, DAPI was utilized to stain the nuclei of cells. Cells were
then counted using a Zeiss AxioLab fluorescence microscope, with 3 fields of view captured

from 3 independent fibre mats.

2.4.5 Scanning Electron Microscopy of SCL1.4/F7 Schwann Cells seeded on piezoelectric
fibres

Cell morphology and attachment to different piezoelectric fibres were evaluated
qualitatively using Scanning Electron Microscopy (SEM). Cells were grown on the fibre disks
for 1 week before fixing in 4% PFA at 4°C overnight. Afterwards, the fixed samples were
subjected to dehydration through a series of ethanol washes of increasing concentrations,
starting with 5 minutes in both 50% and 75% ethanol, and then 30 minutes in 80%, 90% and
100% ethanol. Samples were taken out and then attached to a carbon SEM stub (Taab, UK),
soaked in hexadimethylsilane and dried in a fume cupboard overnight. A Phenom Pro benchtop

SEM was used to capture images of the electrospun fibres after sputter coating with gold.

2.4.6 Statistical analysis of cellular assays

To determine the viability and proliferation of Schwann cells when seeded to the

samples, a Shapiro-Wilk test was conducted. One-way or Two-way ANOVA were then used



with post hoc tests where appropriate, as described in the relevant figure legends (GraphPad

Prism 9.0.0). Data are represented as a mean + standard error.
3 Results
3.1 Characterization of quantum dots

TEM was used to study the size and morphology of the functionalized BNQDs. In Fig.
1(a), The particles exhibit a spherical morphology with an average diameter ranging from
approximately 16 to 21 nm. To confirm the F-BNQDs formation, the elemental composition
was examined by XPS and displayed in Fig. 1(b), which shows five peaks corresponding to
Cls, an Ols, a Bls, an Nls, and an S2p, with resultant atomic percentages of 14.03, 77.35,
7.38, 0.8, and 0.43%, individually. The C1s high-resolution spectra are shown in Fig. 1(¢), with
peaks at 284.5 eV assigned primarily to the C-C and B-C bonds, 286.05 attributed to the C-
C/C=C, C-N, and 289.46 bonds related to C-N/C-O-B bonds [53, 54].

The peaks related to the bond components were assigned to the amino and amide
groups. These findings suggest that taurine has effectively functionalized boric acid. The Bls
3d are shown in Fig. 1(d), indicating the presence of one with peaks at 193.67 B-C [55]. The
N1s spectrum was deconvoluted to examine the properties of nitrogen species, as presented. In
Fig. 1(e), two peaks at 401.24 eV and 400.7 eV could be assigned to the C-N bonding and
amine/amide groups, sequentially, per the FTIR spectra [56]. For the Ols spectrum, Fig. 1(f),
the peak at 531.05.7 eV is according to the S=O bond, while the peaks at 533.9 eV and 534.06
eV reveal the C-OH bond. Fig. 1(g) reveals the existence of peaks related to S2p at 168.7 eV,
indicating surface adsorbed oxidised sulphur species[57, 58]. The S2p spectrum shows peaks
at 163.45 eV, which correspond to thiopene owing to the way S attaches to boron and quantifies

the presence of sulphur.

The FTIR spectrum of the functionalized boron nitride quantum dots is displayed in Figure
2(a). The absorption band centred at 3179 cm™! is assigned to the stretching vibrations of N-H
and O-H [59]. The peak at 1415 cm™! is assigned to the C-N stretching vibration. The B-C
absorption peak appeared at around 1192 cm™!. The band at 1605 cm™! is for C-N. The peak at
1032 cm™! can imply the stretching vibration of the C-O bond.
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Figure 1: (a) TEM images of the F-BNQDs, XPS analysis: (b) survey, and high resolution
(c) Cls, (d) Nls, (e) Ols, (f) S, and (g) B spectra of the F-BNQDs.
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Figure 2: (a) FTIR (b) UV absorption, (¢) band gaps and (d) PL spectra of the
F-BNQDs excited at different wavelengths.

The band at 2259 ¢cm™! may indicate a stretching vibration of the C-H bond. The peak at 636
cm ! may signify the existence of C-O and C-H bonds, respectively, while peaks at
approximately 533 ¢cm™! could be attributed to the presence of O-H bonds. The vibrational
peaks found around 1307 and 866.5 cm™! assigned to the B-N stretching and bending modes,
respectively [38, 60-62]. Figures 2(b) and (c¢) display the optical absorption spectrum with
the Tauc plot for the F-BNQDs); the sample showed a typical UV absorption peak at 255 nm
(F-BNQDs), and the energy band gap of (F-BNQDs calculated by the Tauc plot was Eg = 4.1
eV [63]. Figure 2(d) depicts the F-BNQDs illuminated by a UV lamp with a wavelength of
365 nm. The PL spectra of F-BNQDs can be observed at various excitation wavelengths such
as 270, 350, and 410 nm of ultraviolet (UV) light. The optimal emissions were noticed at a
wavelength of 400 nm, as depicted in Figure 2(d). The fluorescence of F-BNQDs depends on
the excitation source [64]. This can be attributed to various factors such as the existence of
functional groups, trap states, and inhomogeneous chemical structure on the surface of the F-
BNQDs [65]. The primary source of fluorescence emission arises from both emissive traps and
different functional groups. The dependence of the emission on excitation is attributed to

certain emissive sites being excited at a specific wavelength. Additionally, the discrete nature



of the distribution of phonons in the nanostructures and the quantum confinement besides the
size effect contribute to the excitation-dependent behaviour of F-BNQDs. The size of quantum
dots is inversely related to their energy band gap, as a result the smaller quantum dots have a
larger energy band gap. The non-uniform distribution of F-BNQDs causes energy gap
deviations, resulting in a broad emission wavelength that covers nearly the entire visible region.
The PL properties of (F-BNQDs) indicate that they can be used in a variety of fields due to

their excellent fluorescent performance [66, 67].

3.2 Characterisation of PVDF with F-BNQDs

Viscosity and Conductivity of the polymeric solutions was tabulated in Table 1. As
shown the viscosity increases as the F-BNQDs concentration increases, which indicates the
interaction of the F-BNQDs with the polymeric chains of PVDF. The conductivity
measurements indicated that conductivity increases with increasing quantum dot concentration,
presumably due to the semi-conductive nature of BNQDs which enhances the polymeric

solution conductivity.

Morphology of the nanofibers was examined to study the impact of increasing F-BNQDs
concentration on the morophological structure of the PVDF nanofibers. As presented in Fig. 3,
all the samples are in the nano-range with smooth structure. The PVDF showed the largest fibre
diameter (300 £97 nm) and by increasing the F-BNQDs concentration the fibre diameter
decreases to become 163+81 nm in case of 10% BN-PVDF. This decrease may be ascribed to
the interaction between the F-BNQDs and the polymeric chains of PVDF that lead to the
increase in viscosity which resulted in decreased fibre diameter. The results is consistent with
the results obtained by Xue and Hu in their study of the impact of BN on silk nanofibers [68].
The EDAX analyses showed the incorporation of the F-BNQDs into the nanofibers of PVDF
as presented in Fig. 4. As the concentration increases the peak of the boron and nitrogen

increases.



Table 1: The viscosity and conductivity of polymeric solutions of PVDF and PVDF with F-
BNQDs.

Sample name Viscosity (cP) Conductivity (uS)
PVDF 249+5.6 12.4+1.3
1% BN-PVDF 254+2.9 19.9+3.9
5% BN-PVDF 285+8.6 32.6£5.8
10% BN-PVDF 301+£3.4 53.8+7.8

Mean fiber diameter
30097 nm

Mean fiber diameter
200+88 nm

Fiber Diameter (nm)
0 100 200 300 400
Fiber Diameter (nm)

Mean fiber diameter

197+84 nm Mean fiber diameter

16 163481 nm

0 100 200 300 400
0 100 200 30 00 Fiber Diameter (nm)
Fibers Diameter (nm)

Figure 3: SEM of a) PVDF, b) 1% BN-PVDF, ¢) 5% BN-PVDF, d) 10% BN-PVDF samples
with their fibre distribution bar chart.
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Figure 4: The EDAX of the electrospun mats of a) PVDF, b) 1% BN-PVDF, ¢) 5% BN-PVDF,
d) 10% BN-PVDF samples.

FTIR was used to test the phase of PVDF and hence indicate its piezoelectricity as
shown in Fig. 5(a) [69, 70]. The samples showed vibrational peaks at 530 cm™' which
corresponds to CF2 bending [71]. All the samples showed  phase exclusive peaks which
appear at 445, 473,1431 and 1275 cm™! and also the controversial peak of B phase of at 600
cm ! which indicates the piezoelectric activity of the prepared samples [69]. The common
peaks of the B phase with the other phases also appeared in the samples, but all the exclusive
peaks of the other phases did not appear in their spectra, indicating that the formed phase is
pure B phase. It was found that the intensity of the peaks is inversely related to the F-BNQDs
concentration which may be assigned to the interaction between F-BNQDs and the chains of
PVDF. Similar results were reported by Kaspar et al. in their study on the effect of carbon
flakes on PVDF and also by Rusli et al. in their study on the effect of TiO, addition [72, 73].

The results attained from XRD measurements are shown in Fig. 5(b). As observed the
B phase peak appeared at 21° which ensures that all the samples are all in the § phase [72].
There are no additional peaks associated with the addition of functionalized BN quantum dots,
which may be due to the interactions between F-BNQDs and the chains of PVDF which
resulted in the increase in the intensity of the peak of 20 = 21°.

Thermogravimetric analysis was used to inspect the approximate percentage of F-
BNQDs in the samples. From Fig. 5(b), it was shown that PVDF showed about 40% mass lost
at 470°C and about 88% mass loss at 550 °C. By the addition of 1% F-BNQDs the thermal
stability of the PVDF enhanced to be 60% mass loss at about 550 °C. There was a slight




increase in the thermal stability by increasing the BN concentration, which further supports the

evidence regarding the interaction between F-BNQDs and PVDF chains.
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Figure 5: a) FTIR spectra, b) XRD chart and ¢) TGA measurements of the prepared electrospun

samples.

Contact angle measurements were conducted to examine the change in hydrophilicity
of the samples. As shown from the results in Fig. 6(a), the increase in F-BNQD concentration
enhances the hydrophilicity of the samples. This may be related to the presence of various

functional groups due to taurine existence in the F-BNQDs structure. Higher hydrophilicity



generally indicates higher cytocompatibility [74]. The results obtained agree with the results
obtained by Qian et al. on the effect of boron nitride addition to polycaprolactone [40]

As displayed in Fig. 6(b), the swelling ratio increases as the functionalized BN
concentration increases as there is a relation between swelling (water uptake) and
hydrophilicity [51]. Fig. 6(c), shows that the materials degrade gradually, by 5-10% throughout
the 28 days. The increased degradation associated with the increase of F-BNQD concentration
may be related to the increase in hydrophilicity because of the increase in surface functional
groups. Additionally, reducing the diameter of the fiber results in a higher surface area to

volume ratio, causing water to penetrate more easily and resulting in faster degradation rates.
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Figure 6: a) Contact angle measurements (n=5), b) water uptake percentage (n=3) and c)

degradation properties (n=3) of the prepared samples

Fig. 7 displays the mechanical characteristics of the samples. The PVDF samples

showed an average tensile strength of 1.1+0.3 MPa and exhibited a Young’s modulus

30



17.61+5.3 MPa with elongation at break of 31.3+11.3 %. Incorporating 1% F-BNQDs resulted
in a an increase in tensile strength to 1.19+0.3 MPa and also an increase in the elongation at
break to 43.6+7.1 %, which may be attributed to polymer strengthening and homogenous
distribution along the fibres. By increasing the F-BNQD percentage to 5%, there was a slight
increase in tensile strength to 1.25+0.5 MPa with a decrease in Young’s modulus and also in
the elongation at break which may be as a result of the slight stiffness caused by the
agglomeration of the F-BNQDs. The mechanical properties of 10% BN-PVDF showed an

obvious decrease in mechanical characteristics also due to the agglomeration of the particles.
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Schwann cells are glial cells within the peripheral nervous system that have a vital
function in aiding the regeneration of neurons, so they were used here to examine the
compatibility of the materials for a potential future application in nerve tissue engineering [75].
To examine any possible toxic effect of the samples on Schwann cells we used an LDH assay.
As shown from the results in Fig. 8, cell death was relatively low in all samples at both 24 and
48h. There was a significant difference between 1% BN-PVDF and 5% BN-PVDF at the 48h
time point, with the 1% BN-PVDF showing the highest level of cell death of all samples at
~13% and 5% BN-PVDF exhibiting <2% cell death.
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Figure 8: Cytotoxicity in response to the different materials using an assay for lactate
dehydrogenase. Data are means + SEM, n = 3 independent material samples in triplicate. 2-
way ANOVA indicated significant effects of time and material, with Tukey’s multiple

comparisons test used to compare the four materials at each time point (**p<0.005).

As the samples were deemed non-toxic, the ability of the samples to support cell growth in
vitro was studied. The DAPI stained micrographs showed cells were present on the electrospun

nanofibers in all the groups, 48h hours after seeding (Fig. 9).



d)

Figure 9: Cells present on the fibres after 48 hours using a cell nuclei stain (DAPI). a) PVDF,
b) 1% BN-PVDF, c) 5% BN-PVDF, d) 10% BN-PVDF.

The results are consistent with the LDH assay study findings and indicate the
biocompatibility of the materials, indicating that they could be used in further in vivo studies.
Furthermore, the cell number results are consistent with the trend of the hydrophilicity taken
from the water contact angle assay, as cell adhesion is reported to be enhanced through
increased hydrophilicity of biomaterials [76, 77]. Cell interaction with the prepared electrospun
samples was examined by SEM after 7 days of cell culture as shown in Fig. 10. The SEM
micrographs give qualitative information about how Schwann cells may behave when grown
on the surface of the fibres. As the concentration of F-BNQDs increases within the PVDF fibre
mats, the cells exhibit a more spread morphology on the surface of the materials. The spread
of Schwann cells over the samples indicates that the cells can grow on the nanofibrous surface

confirming its biocompatibility.



Figure 10: SEM of the Schwann Cells upon the different fibrous mats, imaged 1 week after
seeding. a) 1% BN-PVDF, b) 5% BN-PVDF, ¢) 10% BN-PVDF samples.

Conclusions

The study investigated a green approach for the fabrication of novel functionalized
boron nitride quantum dots. F-BNQDs were combined with PVDF in three different
concentrations to formulate enhanced nanofibrous biomaterials with the potential for use in
neuroregeneration. All the samples were found to have s single B phase indicating high
piezoelectric properties. The addition of F-BNQDs to PVDF resulted in altered mechanical
properties, enhanced contact angle, degradability, water uptake, and cell attachment. The study
concluded that of those options tested, the 5% BN-PVDF showed suitability for further

investigation in nerve regeneration applications.
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