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Abstract

Organic-inorganic hybrids are valuable due to their combined properties. This study fabricated polymer-silica hybrid nanofibers
with antibacterial properties using silica and polyvinyl alcohol (PVA) through sol-gel and electrospinning methods. The
nanofibers, incorporating chloropropyltriethoxysilane (CPTS) and Benzalkonium chloride (BAC), were analyzed for their
morphology, chemical composition, mechanical properties, thermal properties, and antibacterial activity. Optimal characteristics
in fibrous structure, mechanical strength, and antibacterial efficiency were achieved with a blended 8% wt PVA. Sample H,
containing 1% BAC, showed significant bacterial growth inhibition (20 mm for Staphylococcus aureus and 9.2 mm for
Escherichia coli), along with enhanced thermal stability (260.41 °C) and tensile strength (12.4 MPa). This study demonstrates the
potential of electrospinning in creating advanced hybrid nanofibers with diverse applications in the medical field.
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Highlights
e Fabrication of polymer-silica hybrid nanofibers with outstanding antibacterial properties.
e Utilization of sol-gel and electrospinning methods in the fabrication process.
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e Comprehensive analysis of nanofiber morphology, chemical composition, mechanical and thermal properties, and

antibacterial activity.

e Highlighting the potential of electrospinning for creating advanced hybrid nanofibers with versatile applications.

1 Introduction

Hybrid nanofibers have attracted significant attention due to
their unique characteristics, encompassing magnetic,
optoelectrical, and biological properties that hold substantial
importance in fields like optics, energy generation, envir-
onmental applications, medicine, and biotechnology [1, 2].
Multiple methods exist for creating hybrid nanofiber-based
structures, enabling the production of both two-dimensional
(2D) and three-dimensional (3D) nanofibers, which is
highly significant [3].

Electrospinning technology has gained increasing inter-
est as a means to produce hybrid fibers.

Recent advancements have expanded its capabilities from
the single-fluid blending process [4, 5] to more sophisticated
techniques like bi-fluid coaxial electrospinning [6], side-by-
side electrospinning [7], and multiple-fluid triaxial electro-
spinning [8]. Additionally, innovative methods such as Janus
electrospinning [9, 10] and their combinations [11, 12] are
being explored to produce new types of nanofibers. Recent
research highlights the potential of such antibacterial hybrid
nanofibers in various applications, including wound dressings
and tissue engineering, demonstrating their ability to provide
enhanced antibacterial properties and biocompatibility. These
advancements demonstrate that electrospinning can be inte-
grated with various traditional chemical and physical meth-
ods, significantly broadening the capability of preparing novel
nanofibers [13-16].

Electrospun nanofibers possess exceptional qualities,
including high surface-to-volume ratios, substantial poros-
ity, cost-effectiveness, ease of fabrication, surface custo-
mization, and adjustable fiber morphology, rendering them
appealing for diverse applications [17—19]. Hybrid nanofi-
bers can be fabricated from a wide range of natural and
synthetic polymers [20-22]. Biopolymers, being non-toxic
and displaying superior biocompatibility and biodegrad-
ability relative to synthetic ones, may additionally exhibit
unique biological properties like antibacterial and antifungal
effects. However, biopolymers generally exhibit lower
mechanical properties than synthetic polymers [23, 24].

Moreover, the sol-gel technique presents the opportunity
to synthesize inorganic materials or a blend of inorganic
and organic materials at low temperatures via solution
gelation. The initial phase in any sol-gel process entails
selecting a suitable precursor for the desired end materials.
This precursor should be capable of undergoing hydrolysis
reactions and assisting in forming colloidal particles or
polymeric gels [25, 26]. A variety of precursors, such as
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tetraethoxysilane (TEOS), tetramethoxysilane (TMOS),
Chloropropyltriethoxysilane (CPTS), tetracthoxysilane,
aluminum isopropoxide, others, can be employed [27].
Once hydrolyzed, it reacts with other functional groups,
leading to the development of a hybrid network [28].
Various parameters, including the choice of precursor, can
influence the sol-gel technique’s outcomes.

In this context, Yanilmaz et al. [29] have fabricated silica/
polyacrylonitrile (SiO2/PAN) hybrid nanofiber membranes
using sol-gel and electrospinning techniques. These mem-
branes were evaluated for their electrochemical performance
as potential separators in lithium-ion batteries, aiming to
create separators with improved electrochemical properties
and thermal stability compared to traditional microporous
polyolefin membranes. The authors successfully incorporated
SiO2 nanoparticles into the membranes through the sol-gel
method, achieving a content of up to 27 wt%. As a result, the
SiO2/PAN hybrid nanofiber membranes exhibited superior
electrochemical performance and excellent thermal stability
due to their high SiO2 content and significant porosity. In a
similar study, Jafari et al. [30] developed carbon-silica hybrid
fibers for a coating in solid-phase microextraction. This
synthesis was achieved through a sol-gel and electrospinning
process, utilizing PAN (polyacrylonitrile) and TEOS (tetra-
ethyl orthosilicate) as the carbon and silica precursors,
respectively. These porous hybrid nanofibers were fabricated
in a single step through a straightforward thermal treatment.
Incorporating TEOS into the PAN solution led to an aug-
mentation of the specific surface area, thereby improving the
extraction performance of the hybrid nanofibers.

These advancements demonstrate that electrospinning
can be integrated with various traditional chemical and
physical methods, significantly broadening the capability of
preparing novel nanofibers.

Therefore, this study aims to combine the electrospinning
and sol-gel methods to develop a hybrid nanofiber. Poly-
vinyl alcohol (PVA) was chosen because it is a bio-
compatible and biodegradable polymer. It has been widely
used in various applications due to its excellent properties,
such as low toxicity, biodegradability, and thermal stability
[31]. However, PVA alone has some limitations, such as
poor mechanical properties. To overcome this limitation,
the silica precursor, Chloropropyltriethoxysilane (CPTS),
was selected due to its excellent thermal stability,
mechanical strength, and chemical resistance. Additionally,
TEOS was used in this study solely for comparative pur-
poses to highlight the effectiveness of CPTS in forming
more robust electrospun films than TEOS.
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Therefore, combining PVA with silica to create a hybrid
material can improve properties and new potential appli-
cations. Initially, the optimization of the fiber was prior-
itized to establish the correct formulation for desirable
mechanical and structural characteristics. Subsequently, an
antibacterial agent, Benzalkonium chloride (BAC), was
introduced into the nanofibrous structures to enhance the
functionality of these hybrid nanofibers. BAC, an organic
cationic surfactant with quaternary ammonium groups, was
chosen for its antibacterial activity [32]. It is widely used in
various applications in antisepsis, disinfection, or pre-
servation in industrial, medical, and domestic fields, due to
its efficacy, low toxicity, and broad range of target organ-
isms [33, 34]. This study specifically focuses on developing
an antibacterial hybrid nanofiber of silica and PVA fabri-
cated through the sol-gel and electrospinning processes.

2 Materials and Methods
2.1 Materials

Chloropropyltriethoxysilane (CPTS, Mw = 240.79 g/mol,
98%), Tetraethyl orthosilicate (TEOS, Mw = 208.33 g/mol,
99%) Hydrochloric acid (HCI, 37%), Dimethylformamide
(DMF, 99%), Benzalkonium chloride (BAC, > 50%), and
Polyvinyl alcohol (PVA) (Mw 146,000-186,000) were
purchased from Sigma Aldrich. All reagents were used as
received.

2.2 Preparation of Hybrid Nanofiber Solution

The hybrid nanofibers were fabricated using a sol-gel method
to create a silica precursor solution, which was subsequently
electrospun with PVA. The silica precursor solution was
prepared: CPTS, DMF, and HCI were mixed in a molar ratio
of 1/30/0.04 (CPTS/DMF/HCI) [19]. Specifically, 2.4 ml of
CPTS was added to 24 ml of DMF and stirred for 10 min.
Then, 4 ml of HCI (0.1 mol/l) was added. This solution was
transferred to a round-bottom flask, attached to a reflux
condenser, and allowed to react at 70°C for 3h until a
homogeneous solution was formed. PVA was dissolved in
10 ml of distilled water in varying masses (0.5, 0.8, 1, 1.5, and
2 g) to achieve concentrations of 5, 8, 10, 15, and 20 wt% (m/
v) (see Table 1). These solutions were stirred with a magnetic
stirrer at 90 °C for 4 h. The silica precursor solution was then
combined with the PVA solution in a volume ratio 1:1, and
the mixture was stirred for 1 h until a homogeneous solution
was achieved. Similarly, a TEOS precursor solution was
prepared using the same molar ratios of TEOS, DMF, and
HCI and processed under the same conditions. This setup was
used to compare the effectiveness of TEOS with CPTS in
forming electrospun films. The best polymer concentration

Table 1 Hybrid nanofiber composition

Sample molar ratio of the PVA concentration wt  BAC percent

sol-gel solution % (m/v) (%)
A 0 8 -
B CPTS/DMF/HC1 5 -
C 1/30/0,04 8 _
D 10 -
E 15 -
F 20 -
G 0.1
H 1
T TEOS/DMF/HCI 8 -

1/30/0,04

and formulation that yielded the highest quality fibers with
CPTS were also used with TEOS to compare their fiber-
forming capabilities directly, thus providing a comprehensive
evaluation of both precursors’ performance in creating robust
electrospun films (see Table 1).

2.3 Electrospinning

The electrospinning solutions prepared as described in
Section “Preparation of Hybrid Nanofiber Solution” were
transferred into a 10 ml syringe. Electrospinning was then
performed using a Nanospinner (Inovenso NS + NanoS-
pinner Plus Electrospinning Unit), with an applied voltage
ranging from 30 kV. The flow rate was set between 1 mL/h
and the distance between the collector and the nozzle was
fixed at 10 cm. The hybrid nanofibers produced were col-
lected on wax paper.

2.4 Preparation of Antibacterial Hybrid Nanofiber

Antibacterial hybrid nanofibers were fabricated using the
optimal fiber-forming electrospun solution prepared in Section
“Preparation of Hybrid Nanofiber Solution”. To this solution,
BAC was added as an antibacterial agent in concentrations of
0.1 wt% and 1 wt% (Table 1). The mixture was stirred for 1 h
until a homogeneous solution was obtained. After this pre-
paration, the electrospinning process for these solutions was
carried out as detailed in Section “Electrospinning”.

2.5 Characterization Techniques

2.5.1 Morphology Characterization

The samples’ morphology was evaluated using a Phenom
ProX scanning electron microscope (SEM) with an energy-
dispersive X-ray detector (EDX). The acceleration voltage

was set at 15kV to obtain high-resolution images (without
any treatment). Images of the fibers were taken to measure
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the fiber diameter and 100 fiber diameters were measured
for each sample. X-ray spectroscopy (EDX) system with a
Backscattered Electron Detector (BSD) was used to obtain
qualitative chemical element analysis.

2.5.2 Chemical Composition

Fourier studied the chemical composition and the character-
istics of the produced hybrid nanofibers transform infrared
spectroscopy FTIR to record the spectrum with a PerkinElmer
400 spectrometer operating in the 400 to 4000 cm-1 range.

2.5.3 Mechanical Properties

The tensile properties of the samples were evaluated using a
testing machine with a load cell of 250 N according to the
ASTM D882-18 standard. Rectangular strip samples were
prepared with dimensions of 50 x 10 mm. Tensile stress-
strain curves were obtained when the samples were stret-
ched at a 5 mm/min speed. The tensile strength, elongation
at break, and Young’s modulus were determined from the
stress-strain curves, with average values calculated based on
three specimens from each group.

2.5.4 Thermal Stability

The thermal stability of samples was analyzed by differ-
ential scanning calorimetry (DSC, Shimadzu-Japan). A
10-12 mg sample was sealed in an aluminum pan and
heated between room temperature and 300 °C at a heating
rate of 10 °C per minute in the presence of nitrogen as an
inert carrier gas.

2.5.5 Antibacterial Activity

To evaluate the antibacterial properties of the samples,
Staphylococcus aureus (S. aureus) (ATCC 25923) and
Escherichia coli (E.c oli) (ATCC 8739) were used as test
organisms in the zone of inhibition test. Bacterial solutions
with a concentration of (106 CFU/mL) were dispensed onto
an agar plate. Pieces of 0.5 cm x 0.5 cm were placed on the
surface of the plate. The zone of inhibition was measured
after 24-h incubation at 37 °C.

3 Results and Discussion
3.1 Antibacterial Hybrid Nanofiber Optimization
3.1.1 Morphology of Hybrid Nanofiber

The morphology of nanofibers, as revealed by images
recorded by SEM (Fig. 1), demonstrates several exciting
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trends based on the different percentages of polymer in the
electrospinning solutions. PVA nanofiber (sample A) gave
rise to fibers of standard diameter (0, 83 um), setting a
reference for the size of fibers produced under these con-
ditions. However, sample B could not generate fibers,
suggesting that the polymer concentration at this level is
insufficient to induce the fiber formation process. Sample C
produced fine fibers with a diameter of 119 nm, indicating
that this concentration is conducive to forming small-
diameter fibers. As the concentration increases, beads show,
and the fibers also appear to grow in size, as evidenced by
the diameters observed in samples D (330 nm), E (349 nm),
and F (0,52 um), with 10%, 15%, and 20% polymer
respectively. Remarkably, these electrospinning solutions
also contained a non-electrospinnable silica solution despite
its non-reactive nature to the electrospinning process.

Here, the decisive influence of polymer concentration in
the overall process is highlighted, as it enabled the forma-
tion of fibers from blends that would not otherwise have
been electrospun. Overall, these results demonstrate that the
subtle combination of factors, such as polymer concentra-
tion and the inclusion of non-electrospinnable materials, can
lead to surprising fiber formation results and offer new
perspectives for the engineering of functional materials.

Comparing these results with the study carried out by
Ren et al. [35] on silica nanofibers by centrifugal jet spin-
ning, they observed that the presence and amount of PVP
modified the properties of the spinning solution and that the
average diameter of the fibers increased with increasing
PVP content in the spinning solution.

Therefore, our study identified Sample C, which contains
an 8% PVA solution, as the most advantageous fibrous
structure among the tested specimens. It also exhibits fine
fibers measuring 119 nm in diameter. This sample was also
used to compare the effects of CPTS and TEOS. As
observed in Fig. 2, the nanofibers with TEOS do not form a
robust film. However, they are easily disintegrated, which is
confirmed by SEM images indicating the presence of non-
continuous fibers. The issues with the structural integrity
observed in TEOS-based films arise from its natural ten-
dency for rapid hydrolysis and condensation, resulting in
the creation of three-dimensional silica networks [36, 37].
These networks are typically spatially unstructured, making
the films prone to brittleness and fragmentation.

Conversely, CPTS features a chloropropyl functional
group that enhances its compatibility with the polymer
matrix, leading to more regulated and consistent hydrolysis
and condensation processes [38]. This results in more uni-
form and cohesive films, significantly improving their
structural integrity compared to those produced with TEOS.
It leads to the forming a more stable and continuous silica
network within the fibers, as evident in the cohesive films
shown in Fig. 3c. The chloropropyl groups in CPTS may
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Fig. 2 a Image of electrospun hybrid nanofibers with TEOS (Sample T) b SEM results electrospun hybrid nanofibers with TEOS (Sample T)

¢ Image of electrospun hybrid nanofibers with CPTS (Sample C)
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also engage in additional bonding interactions with the
PVA, enhancing the films’ mechanical strength and struc-
tural integrity.

3.2 Chemical Composition of Hybrid Nanofibers

FTIR was performed to study the chemical composition of
hybrid nanofibers. Figure 3 shows the FTIR of the produced
fibers. For the PVA nanofibers spectra, prominent char-
acteristic peaks were observed at 3303 cm ™!, corresponding
to O-H stretching vibrations indicative of hydrogen bonding
[39]. Additionally, 2922 cm-1 and 2878 cm-1 peaks were
attributed to C-H asymmetric stretching and CH2
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Wavenumber (cm-1)

symmetric stretching vibrations, respectively [40]. Peaks at
1428 cm™! and 1088 cm ™! were associated with C-H sym-
metric stretching and C-O stretching vibrations, respectively
[41]. In the CPTS spectra, notable peaks were observed at
2974cm™", 2927 cm™', and 2886 cm ™', attributed to C-H
stretching vibrations. Additionally, peaks at 687 cm™',
780cm ™', and 1073 cm™' indicated C-Cl, C-Si, and Si-O
stretching vibration, respectively [42].

For the hybrid fiber spectra, the peak at 3296 cm™!
indicates the presence of O-H bonds, typical of PVA, sug-
gesting the persistence of PVA functional groups in their
composition. The peak at 2938 cm ™! is associated with C-H
stretching vibrations, indicating the presence of alkyl
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Fig. 4 (1) Tensile test results of hybrid nanofiber fiber; (2) specimen before b and after a tensile test (3)

groups from CPTS. The peak at 1734 cm ™! can be attrib-
uted to the stretching vibration of the C =0 bond, sug-
gesting the presence of acetyl or carbonyl groups in the
composition. The peaks at 1428 cm-1 and 1088 cm-1were
associated with C-H symmetric stretching and C-O
stretching  vibrations, moreover peaks at 1340cm™’,
1270cm ™!, 1300cm ™!, and 1239 cm™' likely result from
C-H and C-O vibrations specific to the PVA and CPTS
possibly indicating interactions or bonding between the two
components. Specifically, the peak at 697cm™' and
1073 cm™! could be attributed to the C-Cl and C-Si vibra-
tion, respectively [43], indicating the presence of the char-
acteristic silane bond of CPTS.

In summary, analysis of FTIR spectra of the hybrid
nanofibers reveals the presence of functional groups and
chemical bonds specific to PVA and CPTS, suggesting an
interaction or bond between these two components. These
results are in line with a similar study by Bramanti et al.
[44], where FTIR spectroscopic analysis of electrospun
tetraethylorthosilicate (TEOS) and Polyvinylpyrrolidone
(PVP) microfibres showed that the TEOS silica precursor
interacts with PVP, and the electrospinning process prob-
ably favors the formation of silica particles enveloped by
PVP molecules.

3.3 Tensile Test

Tensile test results of hybrid fibers (Fig. 4 and Table 2) in
response to variations in the percentage of polymer in
solution reveal the resulting fibers’ distinct and informative
mechanical characteristics. The tensile strength of control
sample A represents reference conditions with 8% of PVA,
values of 3.8 MPa, Young’s modulus of 18 MPa, and a
strain at break of 52%. In contrast, sample B shows an
apparent increase in tensile strength, reaching 10.9 MPa and

Table 2 Tensile test results of hybrid nanofiber

Sample Tensile strength  Young’s modulus Strain at break

(MPa) (MPa) (%)

A 3.8+13 182+7.8 52.4+10.6
B 109+ 1.6 93.4+18.3 38.5+3.0
C 147+55 259.3+19.0 72.6+11.4
D 128+2.8 107.2+22.8 36.4+12.2
E 8.6£4.0 69.6+17.6 48.1+9.0
F 57+05 272+54 63.3+8.0

a substantial Young’s modulus of 93.4 MPa. However, this
enhancement in strength is accompanied by a noticeable
reduction in elongation at break, which decreases to 38.5%.
The increase in tensile strength and Young’s modulus in
Sample B can be attributed to a higher degree of polymer
chain alignment, resulting in a stiffer and stronger fiber,
while the reduction in elongation at break suggests a trade-
off between strength and flexibility.

Similarly, for sample C, we observe a continuous
increase in tensile strength, which reaches 14.7 MPa, along
with a remarkable Young’s modulus of 259 MPa. Impor-
tantly, this sample maintains a high elongation at a break of
72.6%. This suggests an optimal balance between crystal-
linity and polymer chain mobility at this specific con-
centration of 8% PVA, enhancing stiffness and flexibility.

Samples D, E, and F exhibit marked variations in their
mechanical characteristics. In particular, samples D and E
show tensile strengths of 12,8 MPa and 8,6 MPa, Young’s
modulus of 107 MPA and 69,6 MPa, and an elongation at
break of 36,4% and 348,1%, respectively. Sample F stands
out due to its comparable elongation at break (63.3%)
despite a reduction in tensile strength to 4.46 MPa and a
Young’s modulus of 27.2MPa. The differences in
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Fig. 5 SEM results of antibacterial hybrid fiber (Sample G and F)

mechanical properties among these samples can be linked to
variations in fiber diameter, with smaller diameters gen-
erally leading to higher tensile strength and modulus due to
a more compact and uniform fiber structure.

These findings highlight the relationship between poly-
mer concentration and fiber mechanical properties. In par-
ticular, Sample C (8% PVA solution in the composition)
stands out as the most favorable option among the tested
specimens because it combines both a high Young’s mod-
ulus (259 MPa) and an impressive strain at break (72.6%).
This means that the material in sample C is relatively stiff
and can maintain its structural integrity under load while
stretching significantly before breaking. Such a combination
is valuable in various engineering and industrial applica-
tions requiring strength and flexibility. It offers the best
compromise between these essential mechanical properties,
making it a versatile choice for various applications.

3.4 BAC-Doped Hybrid Nanofibers

Sample C, incorporating an 8% PV A solution, was chosen for
developing the hybrid nanofiber due to its superior mechan-
ical properties and advantageous fibrous structure. These
attributes make Sample C the most favorable option among
the tested specimens and an ideal candidate for incorporating
BAC to achieve enhanced antibacterial activity

3.4.1 Morphologies of Hybrid Nanofiber
The results from SEM (Fig. 5), with the addition of BAC,

have unveiled some intriguing patterns in the formation of
electrospun fibers, with certain beads indicating the
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encapsulation of this agent. In samples G and H, the elec-
trospun fibers exhibited diameters of 136.5nm and
178.8 nm, respectively. These measurements establish a
reference point for the typical size of the fibers under the
influence of BAC. These findings suggest that the presence
of BAC during the electrospinning process can influence the
fiber morphology, possibly leading to the formation of
beads and affecting the final fiber size.

3.4.2 Element Composition

Figure 6 presents the EDX analysis spectra of fibers.
Sample C spectra reveal that the nanofibers predominantly
comprise PVA with approximately 67.86% carbon,
27.66% oxygen, 3.44% silicon, and 1.04% chlorine by
weight. These elements confirm the hybrid structure
composed of PVA and silica-related components [45, 46]
—adding BAC in Samples G and H results in noticeable
changes in their elemental composition. Specifically,
introducing BAC increases the nitrogen content to 4.77
and 5.19% by weight for Samples G and H, respectively,
and leads to variations in the proportions of oxygen,
silicon, and chlorine. For example, Sample G contains
3.34% chlorine, while Sample H contains 2.69% chlorine
by weight. These changes suggest that BAC integrates
into the nanofiber matrix, potentially altering the polymer
chain alignment and crystallinity. The presence of nitro-
gen and chlorine, introduced by BAC, indicates the suc-
cessful incorporation of the antibacterial agent, while the
slight shifts in other elemental concentrations reflect the
modification of the nanofiber’s chemical environment.
This characterization provides valuable insights into the
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Fig. 7 DSC analysis curve of the
antibacterial hybrid nanofiber
(Sample C, G, and H) Sample H
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material’s composition and aids in further understanding
and optimizing its properties for specific applications,
particularly in enhancing antibacterial activity.

3.4.3 Thermal Stability

From SEM results shown in Fig. 7, sample C. exhibited
three distinct temperature points: 58 °C, 181 °C, and
250 °C. The initial temperature of 58 °C likely signifies a
low-temperature transition or event, potentially associated
with the hygroscopic nature of PVA, where absorbed
moisture may influence this thermal transition. Alter-
natively, this temperature could be close to the glass tran-
sition temperature (Tg) of PVA, depending on its water
content, possibly associated with a modification in the
amorphous structure of the hybrid nanofiber. The second
temperature, observed at 181 °C, is notably close to the
literature-reported melting temperature of PVA, which
typically falls within the 160-180 °C [47]. This alignment
implies the sustained presence of the PVA phase within the
hybrid fiber, corroborating the findings from the FTIR
analysis that indicated the persistence of PVA functional
groups in the composition. The proximity of this tempera-
ture to the known melting point of PVA strengthens the
argument for the successful integration of PVA into the
hybrid structure.

The third temperature point, at 250 °C, suggests a higher-
temperature transition or thermal decomposition. This
temperature range points to another component in the
hybrid fiber with a distinct thermal response, possibly
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associated with the CPTS. This finding emphasizes the
nature of the hybrid fiber composition, characterized by
multiple thermal transitions corresponding to different
components within its structure. Notably, the inclusion of
silica in the hybrid structure is known to impart thermal
stability [48]. Thus, the observed higher-temperature tran-
sition at 250 °C may be attributed to the reinforcing effect of
silica. This suggests that the silica component contributes to
elevating the overall thermal resistance of the hybrid fiber, a
crucial aspect for potential applications in -elevated-
temperature environments.

The results are consistent with a similar study on the
fabrication s of polyacrylonitrile-silica fibers using electro-
spinning [49]. The addition of tetraethyl orthosilicate
(TEOS) to polyacrylonitrile (PAN) in producing carbon-
silica hybrid nanofibers has been shown to enhance their
thermal properties. The incorporation of TEOS contributes
to improving thermal stability and other characteristics.

The DSC analysis reveals additional insights for the
incorporated Samples G and H with BAC. Sample G shows
thermal transitions at 82.39 °C, 186.20 °C, and 257.21 °C,
while Sample H exhibits transitions at 84.39 °C, 188.21 °C,
and 260.41 °C. The initial transitions for both samples are
higher than Sample C, indicating that BAC influences the
thermal behavior of the hybrid nanofibers, possibly due to
its integration into the polymer matrix, which can alter the
molecular interactions and thermal stability. The second
transitions are slightly elevated compared to Sample C,
suggesting that BAC’s presence modifies the melting
behavior of the PVA phase. The higher third temperature
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points indicate that BAC contributes to increased thermal
resistance, further supporting the idea that integrating BAC
enhances the overall thermal stability of the hybrid fibers.
The enhancement of thermal properties by BAC can be
attributed to its interaction with the polymer matrix. Lit-
erature suggests that ammonium compounds like BAC can
form strong ionic interactions with the polymer chains,
leading to a more stabilized structure and higher thermal
resistance [50]. The presence of BAC may also contribute to
forming a more crosslinked network within the nanofiber
structure, further enhancing thermal stability.

In summary, the DSC analysis of the PVA-Silica hybrid
nanofiber unravels a multifaceted thermal profile. The
identified temperatures suggest distinct thermal events
related to different components of the hybrid fiber, pro-
viding crucial insights into its thermal behavior and high-
lighting the successful integration of PVA with CPTS. The
addition of BAC further enhances the thermal properties,
making the hybrid nanofibers suitable for a broader range of
applications requiring antibacterial activity and high thermal
stability.

3.4.4 Chemical Composition

The chemical structure of BAC must first be examined for
the antibacterial hybrid nanofiber. The FTIR spectra of BAC
(Fig. 8) provide detailed insights into its chemical compo-
sition and structure. Several characteristic absorbance peaks
were observed in the infrared spectrum. The peak at
3373 cm ™! corresponds to the stretching vibration of the
O-H stretching vibrations. The peaks at 2923 cm' and

Wavenumber (cm-1)

2853 cm™! are associated with asymmetric and symmetric
C-H stretching vibrations, respectively, revealing the pre-
sence of alkyl groups in the compound. At 1654cm™!, a
peak may suggest a C = C vibration, potentially arising from
the benzene-like groups in the structure of BAC. The peaks
at 1467 cm ™! and 1377 cm™! are attributable to C-H defor-
mation vibrations, while those at 1216 cm ™! may correspond
to C-N deformation vibrations in the quaternary ammonium
moiety. The 722 cm™! and 701 cm-1 peaks could be related
to C-Cl and C-N deformation vibrations, respectively [42],
further confirming the presence of characteristic functional
groups in this compound. These results reflect a detailed
analysis of the molecular vibrations of pure BAC.

For the infrared spectra of samples G and H, containing
0.1 and 1% BAC, respectively, the peaks are similar to those
of sample C, except for the appearance of a new peak at
1654 cm ™!, This peak is associated with the C = C vibration,
a BAC characteristic. This observation suggests that BAC
integrates significantly into the chemical composition of the
hybrid fibers, indicating an effective interaction between the
antibacterial agent and the hybrid material.

3.4.5 Tensile Test

The mechanical properties of antibacterial hybrid nanofibers
incorporating BAC, as shown in Fig. 9 and Table 3, reveal
distinct characteristics. Samples G and H exhibit slightly
lower tensile strengths of 13.1 MPa and 12.4 MPa, Young’s
moduli of 230 MPa and 220 MPa, and less impressive
elongations at break of 63% and 53.2%, respectively. The
incorporation of BAC slightly reduces the mechanical
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Fig. 9 Tensile test results of
antibacterial hybrid nanofiber
(C, G, and H)
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Table 3 Tensile test results of antibacterial hybrid nanofiber

Sample Tensile strength  Young’s modulus Strain at break

(MPa) (MPa) (%)
C 14755 259.3+19.0 72.6+11.4
G 13.1+6.7 230.0 +41.2 63.0+0.9
H 12.4£4.6 220.0 +28.2 532+1.2

properties compared to Sample C. This decrease can be
attributed to the interaction between BAC and the polymer
matrix. BAC may disrupt the uniform polymer chain
alignment and crystalline structure, reducing tensile strength
and Young’s modulus. Additionally, the presence of BAC
could introduce microvoids or defects within the fiber
structure, contributing to decreased mechanical properties.

Despite this, the decrease is minor. Samples G and H
maintain strong tensile strength and Young’s modulus values,
indicating they remain mechanically robust. This suggests that
the addition of BAC has only a minimal impact on the overall
mechanical properties of the material. The fibers retain their
strength and functionality for many applications while offer-
ing the added benefit of antibacterial properties.

3.4.6 Antibacterial Activity

The antibacterial activities of hybrid nanofiber against
Gram-positive S. aureus and Gram-negative E. coli were
evaluated by disc inhibition zone method. The ability of
the hybrid nanofiber to inhibit the growth of the tested
microorganisms is shown in Fig. 10. Observation of
bacterial growth inhibition diameters for samples G and H
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(at 0.1 and 1% antibacterial agent, respectively) reveals a
significant variation in antimicrobial efficacy. Sample H,
with a higher concentration of 1% antibacterial agent,
generated a larger zone of bacterial growth inhibition
(20 mm) than sample G (12 mm) with 0.1% antibacterial
agent. This difference in diameter suggests that sample H
has a higher capacity to inhibit bacterial growth, indicat-
ing more robust antimicrobial activity. Similarly, for E.
coli, Sample H, with a higher concentration of 1% BAC,
produced a larger zone of bacterial growth inhibition
(9.2mm) compared to Sample G (7.1 mm) with 0.1%
BAC. This result supports the conclusion that higher
concentrations of BAC result in more effective inhibition
of bacterial growth.

The enhanced antimicrobial activity can be attributed
to the mechanism by which BAC kills bacteria. BAC
disrupts bacterial cell membranes by integrating its
hydrophobic tail into the membrane, causing lipid dif-
fusion and membrane destabilization. Then, it leads to
leakage of intracellular contents, degradation of nucleic
acids and proteins, and, ultimately, cell death [S1]. BAC
also interferes with bacterial metabolism and can pene-
trate the cell membrane, enhancing its lethal effect [32].
Consequently, adding 1% BAC appears to have a more
pronounced impact on inhibiting Staphylococcus and E.
coli bacteria than the lower concentration of 0.1%.

4 Conclusion

Overall, these results highlight the complexity of hybrid fibers
and how subtle combinations of factors, such as polymer
concentration and the inclusion of non-electrospinnable
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materials, can influence their formation and properties. Sample
C, combined with an 8% PVA solution, stands out as the best
option in terms of fibrous structure, with fine fibers measuring
119nm in diameter and excellent mechanical properties,
including a high Young’s modulus and impressive tensile
strength. Chemical composition analysis through infrared and
EDX confirmed the presence of silica-related components in
the hybrid structure. Additionally, adding BAC demonstrated
the ability to inhibit bacterial growth in the hybrid fibers.
Sample H, containing 1% BAC, showed significant bacterial
growth inhibition (20 mm for S. aureus and 9.2 mm for E.
coli), along with enhanced thermal stability (260.41 °C) and
tensile strength (12.4 MPa). These findings suggest that these
antibacterial nanofibers have potential applications in various
medical fields, such as surgical gowns, wound dressings,
hospital linens, face masks, and gloves. These results pave the
way for new perspectives in developing hybrid nanofibers via
electrospinning, particularly for advanced medical applications.
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