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A B S T R A C T

This study aims to address the limitations associated with boron sources that contain chemical impurities and to 
enhance the applicability of boron (B) nanoparticle-doped polyvinyl alcohol (PVA) composite nanofibers in 
biomedical applications using the electrospinning technique. Morphological analyses conducted through Scan
ning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) confirmed uniform dispersion of B 
nanoparticles, with an average fiber diameter of 185.52 ± 38.86 nm at a flow rate of 1 mL/h and an applied 
voltage of 9 kV. X-ray Diffraction (XRD) and TEM indicated the presence of rhombohedral crystalline B nano
particles, while Fourier Transform Infrared Spectroscopy (FT-IR) revealed enhanced molecular interactions and 
the formation of new functional groups. Thermogravimetric Analysis (TGA) demonstrated an increase in the 
thermal stability of the PVA/B composite nanofibers. Water absorption and enzymatic degradation analyses 
showed that B nanoparticle doping accelerated lysozyme-induced degradation. Antibacterial activity tests 
exhibited distinct inhibition zones against E. coli (13.90 mm), S. aureus (6.34 mm), and C. albicans (21.30 mm). 
Biocompatibility evaluation using the MTT assay revealed a high cell viability rate of approximately 99.2 %, 
confirming the cytocompatibility of the composite fibers. Overall, the findings highlight the promising potential 
of PVA/B composite nanofibers as multifunctional materials for advanced wound care systems.

1. Introduction

Nanofiber technology is centered on the production of fibers with 
diameters in the nanometer range. These ultrafine fibers possess a high 
surface area-to-volume ratio and exceptional porosity, endowing them 
with unique physical and chemical properties. Consequently, nanofibers 
are highly versatile and applicable across a broad spectrum of fields. 
Their outstanding characteristics have garnered significant interest for 
use in textiles, biomedical engineering, filtration, energy storage, and 
environmental remediation. The most commonly used method for pro
ducing nanofibers is electrospinning due to its accessibility and adapt
ability [1].

A notable advancement in electrospun nanofibers is the development 
of composite nanofibers that incorporate nanoparticles along with 

polymers. Among various polymers, polyvinyl alcohol (PVA) is partic
ularly noteworthy due to its biocompatibility, chemical resistance, 
excellent film-forming properties, and water solubility [2]. The addition 
of nanoparticles to PVA-based composite nanofibers enhances their 
structural, chemical, and antimicrobial properties. The most commonly 
used nanoparticles in the production of PVA-based composite fibers are 
silver (Ag) [3,4], zinc oxide (ZnO) [5,6], and titanium dioxide (TiO₂) 
[7,8].

Nevertheless, ongoing research continues to explore alternative 
nanomaterials that can further expand the functionality and application 
areas of PVA-based composite nanofibers. In this regard, boron (B) 
nanoparticles have recently attracted considerable attention owing to 
their distinctive physicochemical properties. These include high thermal 
stability, improved mechanical strength, and notable antimicrobial 
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activity. Numerous studies have demonstrated that boron exhibits 
antibacterial properties effective against Gram-positive and Gram- 
negative bacteria. They can destroy bacteria by disrupting their cell 
membranes or inducing oxidative stress [9]. Additionally, boron and its 
compounds have garnered attention for their promising biological and 
physicochemical properties, making them suitable for tissue engineering 
applications [10,11]. B contributes to cell proliferation, enhances 
wound healing, and promotes angiogenesis, which is critical for tissue 
regeneration [12,13]. Furthermore, B plays a vital role in osteogenesis 
by stimulating osteoblast activity and aiding in the mineralization pro
cesses necessary for repairing bone tissues. These properties make B an 
attractive additive for scaffolds designed for applications where 
enhanced cellular activity and rapid tissue repair are essential.

Numerous studies in the existing literature have explored boron 
doping using boric acid [14–17]. However, the chemical composition of 
boric acid may introduce undesirable impurities, which could limit its 
effectiveness in biomedical applications. This study aims to address 
these challenges by reducing the adverse effects of boric acid and 
expanding the potential applications of boron in nanoparticle form in 
the biomedical field, particularly for wound dressing. To achieve this 
objective, boron was utilized as a doping material in its nanoparticle 
form for the current study. The characterization of boron nanoparticle- 
doped PVA composite nanofibers was conducted through a range of 
morphological and structural techniques, including SEM, HRTEM, and 
XRD. Additionally, in vitro, antibacterial assays, and cellular studies 
have provided evidence that this innovative approach enhances the 
biocompatibility of boron-doped composite nanofibers.

2. Materials and methods

2.1. Preparation and electrospinning process of PVA and PVA/B 
composite nanofibers

The methodology for preparing a 10 wt% polyvinyl alcohol (PVA) 
solution is detailed in our prior publication [18]. Nano-sized B (99.55 % 
purity, Nanografi) was added to the PVA solutions at varying concen
trations. The mixtures were stirred using a magnetic stirrer for around 
24 h. The electrospinning process was carried out at an applied voltage 
of 9 kV, with a 15 cm distance maintained between the needle and the 
collector. The flow rate was systematically varied between 1 and 5 mL/ 
h, while the concentration of boron in the solution was adjusted within 
the range of 1 % to 4 %.

2.2. Characterization of PVA and PVA/B composite nanofibers

To investigate the morphologies of B nanoparticles and both PVA and 
PVA/B composite nanofibers, we employed Scanning Electron Micro
scopy (SEM) using JSM 6335F and JSM 6510LV instruments from JEOL, 
Japan, as well as Transmission Electron Microscopy (TEM) (JEM 2100, 
JEOL, Japan). Compositional analysis was performed using Energy- 
Dispersive Spectroscopy (EDS) with an Oxford Instruments system 
from the UK, accompanied by INCA software for data analysis.

ImageJ software was used to measure fiber diameters (US National 
Institutes of Health, Bethesda, Maryland, USA). The average diameter of 
the B nanoparticle and composite nanofibers were determined from 100 
measurements. Additionally, the porosity percentages of the composite 
nanofibers were determined using the same software.

The viscosity of the solutions was measured with a digital viscometer 
(DV E, Brookfield AMETEK, USA). Each measurement was taken four 
times at room temperature (25 ◦C) to ensure accuracy and repeatability. 
Before conducting the measurements, all equipment was calibrated and 
verified for precision.

A Bruker XPERT-PRO diffractometer with a Cu Kα radiation source 
(wavelength: 1.5406 Å) was used to record X-ray diffraction (XRD) 
patterns. A 40 mA and 45 kV generator was employed to conduct the 
tests over a 2θ range of 10◦ to 80◦.

Fourier-transform infrared (FT-IR) spectroscopy was conducted 
using the FT-IR-4700 Type A from Jasco IR Affinity-1. The KBr pellet 
method was employed to record spectra in the wavenumber range of 
449.333–4000.6 cm− 1. In transmittance mode, each spectrum was 
averaged over 32 scans at a resolution of 4 cm− 1, and observations were 
made using a triglycine sulfate (TGS) detector.

The thermal properties of the samples were evaluated using ther
mogravimetric analysis (TGA) with a TA Instruments DISCOVERY SDT 
650 system. The measurements were carried out under a nitrogen at
mosphere, heating the samples from room temperature up to 800 ◦C at a 
constant rate of 10 ◦C/min. Differential thermal analysis (DTA) curves 
were also obtained from the TGA data.

2.3. Water absorption analysis of PVA and PVA/B composite nanofibers

Fiber samples were sliced into 2 × 2 cm2 pieces to assess their water 
permeability, and a precision balance was used to record their initial dry 
weights. Each composite nanofiber was placed in a 50 mL beaker con
taining 20 mL of distilled water. The weight of the composite nanofibers 
was recorded at time intervals of 2, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 
55, and 60 min after immersion. To measure the water absorbency, the 
following formula (Eq. (1)) was used: 

Q2 = (W2 − W1/W1)
*100 (1) 

Q2: Absorbency,
W1: Initial weight.
W2: Weight of the wet fiber nanofiber composites.

2.4. Degradation analysis of PVA and PVA/B composite nanofibers

The degradation tests of PVA and PVA/B composite nanofibers in 
biological media were conducted. A lysozyme enzyme solution was 
prepared in phosphate-buffered saline (PBS) at a concentration of 1.5 
μg/mL. Gravimetric measurements were performed, and the percentage 
weight loss of the biomaterials was determined. PVA and PVA/B sam
ples were cut to size (1 cm × 1 cm), and initial weights (Wo) were 
recorded. Ethanol and UV-C sterilization were performed, respectively. 
Prepared samples were incubated in the prepared lysozyme solution at 
37 ◦C for 1 week and weighed on the 2nd, 5th, and 7th days of incu
bation. Before each weighing, the materials were washed with distilled 
water, dried in a freeze-dryer, and weighed (ALPHA 1–2 LD, Christ, 
Germany). Lysozyme solution was prepared freshly after each weighing. 
The experiment was performed in triplicate. Mass loss after enzymatic 
degradation was calculated with the following formula (Eq. (2)): 

Weight loss (%) = (Wo − Wt)/(W0)×100 (2) 

2.5. Antibacterial analysis of PVA and PVA/B composite nanofibers

The pathogenic microorganisms in this study were sourced from 
Fırat University, Faculty of Veterinary Medicine, located in Elazığ, 
Turkey. Bacterial analyses were conducted at the Biomaterials Nano
technology Laboratory (BioriginAI Research Group, Department of 
Biomedical Engineering at Fatih Sultan Mehmet Vakıf University). 
Gram-negative E. coli, gram-positive bacteria S. aureus, and the fungus C. 
albicans were among the pathogens used in antimicrobial tests.

Serial dilutions of PVA and PVA/B composite nanofiber were pre
pared at 20, 40, 60, and 80 μL volumes. Following the Clinical and 
Laboratory Standards Institute (CLSI) guidelines, these dilutions were 
evaluated using the broth dilution method. The minimum inhibitory 
concentration (MIC) was defined as the lowest concentration of the 
antimicrobial agent needed to inhibit 95 % of microbial growth 
compared to a negative control. The antimicrobial efficacy was quan
tified using Eq. (3) to calculate the inhibition proportional factor (Af) 
based on the maximum microbial absorbance at 600 nm, measured in 
the presence (AP) and absence (AC) of the tested membranes. 
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Af (%) =
AC − AP

AC
X 100 (3) 

The Disk-diffusion method was utilized to determine the antibacte
rial activity of PVA and composite nanofiber using ampicillin antibiotic 
(10 μg) as a reference drug. E. coli (ATCC 25922) and S.aureus (ATCC 
25923) suspensions were collected from 18 h nutrient broth cultures, 
adjusted to 0.5 McFarland standard turbidity (1.5 × 108 CFU/mL) and 
diluted to the desired bacterial density (1:10). Mueller-Hinton agar 
plates were inoculated with 0.1 mL of bacterial suspension (1.5 × 106 

CFU/mL). The fibers were sterilized via UV irradiation for 2 h and sliced 
into 5 mm segments placed on the inoculated agar plates. Plates were 
incubated at 37 ◦C for 24 h, after which inhibition zones were measured 
using a digital micrometer. The testing process was thorough, with three 
groups tested in triplicate to optimize composite nanofiber formulations, 
and each test was performed three times to ensure the validity of the 
results.

2.6. MTT assay of PVA and PVA/B composite nanofibers

The Mossman (Mossman, 1983) approach was utilized to evaluate 
cell viability using the indirect MTT test. In a 96-well plate, L929 
fibroblast cells (1 × 104 cells per well) were cultivated and incubated for 
24 h in a humidified environment with 5 % CO. The composite nano
fibers were subjected to UV-C sterilization for 20 min. After sterilization, 
they were transferred into a fresh medium and incubated for 24 h at 
37 ◦C. After 24 h, the extraction fluid was filtered through a 0.22-μm 
pore size filter. Cells were treated with a 1:1 ratio of composite nanofiber 
extracts. After 24 h of treatment, an MTT solution (Gold Biotech
nology®, St. Louis, MO, USA) was added to each well, followed by in
cubation at 37 ◦C for three hours. The supernatant was carefully 
removed, and dimethyl sulfoxide (DMSO) was added to solubilize the 
formazan crystals. At 570 nm, absorbance was determined with a 
microplate reader (Biotek, USA).

2.7. Statistical analysis

GraphPad Prism version 10 software (GraphPad Software Inc., San 
Diego, CA, USA) was used for all statistical analyses, and one-way 
analysis of variance (ANOVA) was performed. The mean ± standard 
deviation (SD) is displayed. We conducted multiple comparison tests to 
assess statistical differences between groups, including Tukey’s and 
Dunnett’s. In every analysis, a p-value of less than 0.05 was considered 
statistically significant.

3. Result and discussion

3.1. Morphological investigation of B nanoparticle, PVA and PVA/B 
composite nanofibers

Fig. 1 presents the morphological characteristics, particle size dis
tribution, and elemental composition of B nanoparticles. The TEM image 
presented in Fig. 1-a demonstrates that the nanoparticles are spherical 
and exhibit a relatively uniform morphology. Through TEM analysis, the 
particle size distribution illustrated in Fig. 1-b indicates that the di
ameters of the nanoparticles range from 40 to 150 nm, resulting in an 
average particle size of 88.76 ± 20.82 nm. The SEM images shown in 
Fig. 1-c further corroborate the observed distribution and morphology of 
the boron nanoparticles at a lower magnification. Additionally, the EDS 
analysis depicted in Fig. 1-d confirms the exclusive detection of the 
boron element within the sample.

Fig. 2 displays the SEM images and histogram diagrams of B nano
particle doped PVA composite nanofibers with B concentrations varying 
from 1 % to 4 % by weight. The electrospinning process for the PVA/B 
composite nanofibers was carried out under controlled conditions, with 
a flow rate of 1 mL/h and an applied voltage of 9 kV. The average fiber 
diameters measured were 185.57 ± 58.86 nm, 340.97 ± 85.98 nm, and 
337.10 ± 70.82 nm for 1 %, 2 % and 4 % wt. B nanoparticle doped fi
bers, respectively. The results indicate a trend of increasing fiber 
diameter with higher B content. The diameters showed similarities at 2 
% and 4 % B concentrations (Fig. 4-a). It is important to note that using a 

Fig. 1. (a) TEM, (b) particle size distribution (c) SEM (d) EDS spectrum of B nanoparticles.
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high concentration of boron nanoparticles can be economically unfea
sible and may lead to dispersion issues. Consequently, experimental 
studies were primarily conducted with 1 % and 2 % by weight of 
nanoparticle addition.

Flow rate variation is another crucial parameter for achieving a 
uniform fiber distribution during electrospinning, as it directly affects 
fiber morphology, diameter, and consistency. This study systematically 
varied the flow rates of PVA/B composite nanofibers from 1 mL/h to 5 

mL/h for both 1 % and 2 % wt. B concentrations to investigate their 
effects on fiber formation.

Fig. 3 presents SEM images and fiber distribution histograms illus
trating how flow rate variation impacts the nanofiber composites with 1 
% wt. B content. The results show that while the average fiber diameter 
remains similar across different flow rates, the standard deviation varies 
significantly, influencing fiber uniformity. The composite nanofibers 
exhibited the most uniform distribution at a flow rate of 1 mL/h, with an 

Fig. 2. SEM images and histograms of PVA/B composite nanofibers electrospun at 9 kV and 1 mL/h with different B nanoparticle additions (% wt.): (a) 1, (b) 2, and 
(c) 4.
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average diameter of 185.52 nm and the lowest standard deviation of 
38.86 nm.

Fig. 4 illustrates the effect of flow rate variation on SEM and histo
gram diagrams at 2 % wt. B nanoparticle doped PVA nanofibers. The 
average fiber diameters were measured at 276.43 ± 52.52 at 1 mL/h, 
331.97 ± 67.76 at 3 mL/h, and 405.23 ± 111.80 at 5 mL/h flow rates. 
These results indicate that as the flow rate increases, the diameter of the 
composite fibers also increases, confirming a trend identified in previous 
studies [18].

Fig. 5 presents the statistical analysis of average fiber diameter 
variations across different flow rates of 1 % and 2 % wt. B content. At 2 
% wt. B nanoparticle content, the flow rate significantly influences fiber 
diameter. Conversely, at 1 % B content, variations in flow rate have a 
negligible effect on diameter. This ability to control fiber diameter 
through boron addition is especially beneficial for applications in 
filtration, biomedical scaffolding, and functional membranes, as the 
dimensions of the fibers play a crucial role in material performance 
[19,20]. Additionally, the findings indicate that a lower flow rate leads 

Fig. 3. SEM images and histograms of 1 % wt. B nanoparticle doped PVA/B composite nanofiber electrospun at 9 kV with different flow rates (mL/h): (a) 1, (b) 3, 
and (c) 5.
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to improved fiber uniformity and reduced variability, making it an ideal 
condition for producing consistent nanofiber structures. Therefore, 
using 1 % wt. B nanoparticle content with a flow rate of 1 mL/h is 
optimal for producing PVA/B composite nanofibers.

According to our previous study, the viscosity of the solutions plays a 
crucial role in fiber distribution and diameter. The viscosity of the 1 wt% 
B nanoparticle-doped PVA/B composite nanofiber was measured at 
46.43 ± 0.27 mPa⋅s, while the viscosity of PVA was measured at 58.25 

± 5.34 mPa⋅s. The viscosity of the PVA solution significantly decreases 
with the blending of B nanoparticles, resulting in a reduction of about 
20 %. Additionally, the porosity of the PVA/B composite nanofibers was 
calculated to be 6.57 % using ImageJ software, which analyzed the SEM 
images of the samples. In contrast, the porosity of the PVA nanofiber was 
measured at 7.37 % [18]. The doping of B nanoparticles reduces 
porosity by filling the voids and altering the fiber morphology.

Fig. 4. SEM images and histograms of 2 % wt. B nanoparticle doped PVA/B composite nanofibers electrospun at 9 kV with different flow rates (mL/h): (a) 1, (b) 3, 
and (c) 5.
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Fiber porosity plays a crucial role in the performance and function of 
biomedical materials [21]. Highly porous fibers enhance cell adhesion, 
proliferation, and nutrient exchange, making them ideal for applications 
in tissue engineering, wound healing, and drug delivery. In contrast, 
materials with lower porosity offer improved barrier properties, which 
are crucial for protective wound dressings and filtration membranes. 
These materials effectively prevent microbial infiltration while main
taining sterility [22].

3.2. XRD analysis of PVA and PVA/B composite nanofibers

The XRD analyses of PVA/B composite nanofiber, PVA, and 
aluminum are shown in Fig. 6. The PVA polymer possesses a semi
crystalline structure, with a notable peak at 2θ = 29.4◦ corresponding to 
the (101) crystal plane, marked in blue. All nanofiber composites elec
trospun onto aluminum foil, with aluminum-related diffraction peaks 
indicated in green. According to JCPDS # 4–787, the 2θ values for the 
aluminum diffraction peaks are approximately 38.47◦, 44.72◦, 65.10◦, 
78.24◦, and 82.45◦, representing the crystal planes (111), (200), (220), 
(311), and (222), respectively. Fig. 6 (marked in red) shows the B 
nanoparticle-doped PVA composite nanofiber. The analysis identified a 
rhombohedral structure of alpha B, with the space group R-3 m (166). 
Intense peaks were observed at the following angles: 2θ = 44.71◦ for the 
(202) plane, 2θ = 57.71◦ for the (211) plane, 2θ = 65.13◦ for the (030) 
plane, and 2θ = 78.24◦ for the (220) plane, matching JCPDS # 78–1571.

3.3. TEM analysis of PVA and PVA/B composite nanofibers

Fig. 7 shows TEM images of the PVA/B composite nanofiber with 
various magnifications, demonstrating a homogeneous dispersion of 
nanoparticles without any protrusion. The TEM-EDS spectrum (Fig. 7-d) 
confirms the presence of B nanoparticles in the PVA composite 
nanofiber.

The selected area electron diffraction (SAED) technique was used in 
high-resolution transmission electron microscopy (HR-TEM) imaging to 
analyze the diffraction characteristics of boron nanoparticles in the 
polyvinyl alcohol (PVA) nanofiber composite. The SAED patterns, 
shown in Fig. 7-e, present a series of concentric rings, confirming that 
the boron nanoparticles are polycrystalline. The diffraction peaks 
correspond to the rhombohedral crystal planes (003), (110), and (030), 
indicating the structural properties of boron in the composite nanofiber.

3.4. FT-IR analysis of PVA and PVA/B composite nanofibers

FT-IR spectra of PVA and PVA/B nanofiber composite nanofibers are 

shown in Fig. 8. The stretching vibrations of hydrogen-bonded -OH 
groups are responsible for the broad band observed at 3313 cm− 1 in PVA 
[23]. Interactions between PVA chains in the presence of B are shown by 
the minor shift and decreased intensity of this band in the PVA/B 
spectra. The band at 2930 cm− 1, present in both PVA and PVA/B, cor
responds to C–H stretching vibrations [24]. The absence of significant 
intensity changes suggests that boron incorporation does not affect the 
C–H bonds. Carbonyl (C=O) stretching vibrations are exhibited by a 
strong band in the PVA/B spectra at 1726 cm− 1 [25] [26]. The absence 
or weakness of this band in the PVA nanofiber indicates that boron 
doping into the PVA structure has led to the formation of carbonyl 
groups. The -CH₂ bending and C-O-C asymmetric stretching vibrations in 
PVA are represented by the bands at 1438 cm− 1 and 1247 cm− 1 [27,28]. 
The effect of boron on the PVA nanofiber is evident in the variations in 
the intensity and position of these bands in the PVA/B composite 
nanofiber. Additionally, C–O stretching vibrations in PVA are demon
strated by bands at 1090 cm− 1 [29–31]. Changes in these bands in the 
PVA/B spectra further demonstrate the effects of boron additions on the 
C–O structure.

3.5. TGA analysis of PVA and PVA/B composite nanofibers

TGA and DTG analysis was performed to evaluate the thermal sta
bility and decomposition behavior of PVA and PVA/B composite 

Fig. 5. Average fiber diameter variation of the PVA/B composite nanofibers 
electrospun at 9 kV, with different B concentrations and flow rates. (Rel. Exp. 
indicates relative expression, ***P < 0.005).

Fig. 6. XRD analysis of PVA/B composite nanofiber (red colored), PVA (blue 
colored), and aluminum (green colored). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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nanofibers. The corresponding TGA and DTG curves are shown in Fig. 9. 
The TGA curves indicate that the samples undergo a multi-step degra
dation process. In the initial stage, which occurs below 100 ◦C, both 
materials exhibit a slight weight loss of 5.89 % (Fig. 9-a). The weight 
loss for PVA/B is marginally less than that of PVA, primarily due to the 
evaporation of physically adsorbed water and low-molecular-weight 
volatiles. Significant weight loss occurs between approximately 200 ◦C 

and 400 ◦C, corresponding to the thermal decomposition of the PVA 
polymer chains. At this stage, PVA undergoes a significant mass loss of 
82.40 %, whereas the PVA/B composite exhibits a lower mass loss of 
68.26 %. This reduction in weight loss indicates that the addition of B 
enhances the thermal stability of the nanofibers by delaying polymer 
chain scission. In the final decomposition stage (above 400 ◦C), further 
degradation of carbonaceous residues occurs. At 800 ◦C, the residual 

Fig. 7. PVA/B composite nanofiber: (a-b-c) TEM image with different magnifications, (d) TEM-EDS spectrum, (e) Selected area electron diffraction (SAED) pattern 
and indexation results.

Fig. 8. FT-IR structures of PVA and PVA/B composite nanofibers.
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char content is 10.05 % for PVA and 17.78 % for the PVA/B composite 
nanofiber. The higher residue content suggests that B contributes to the 
formation of thermally stable structures and inhibits complete decom
position. Ozcan et al. have also found similar results, indicating that 
boron doping enhances oxidation resistance, allowing 30 % of the 
weight of 0.5 wt% boron-doped fibers to remain above 500 ◦C, which 
supports the effective integration of boron.

The DTG curves provide additional insight into the kinetics of 
decomposition. The first endothermic peak, related to moisture loss, is 
observed at 26.40 ◦C for PVA, while it shifts to 47.83 ◦C for PVA/B. This 
shift indicates a stronger interaction between the water molecules and 
the composite matrix. The primary degradation peak also shifts from 
308.41 ◦C in PVA to 314.13 ◦C in PVA/B, further confirming the 
enhanced thermal resistance of the PVA/B composite nanofiber. A sec
ondary degradation peak, corresponding to the breakdown of more 
stable structures, occurs at 436.61 ◦C for PVA and 442.88 ◦C for PVA/B 
(Fig. 9-b).

Overall, both TGA and DTG analyses reveal that the addition of B 
significantly improves the thermal stability of PVA nanofibers. This 
enhancement can be attributed to the potential interactions between 
PVA chains and component B, which may limit thermal motion and 
delay degradation reactions [32].

3.6. Water absorption analysis of PVA and PVA/B composite nanofibers

Fig. 10 illustrates the water absorption percentages of PVA and PVA/ 

B nanofibers. According to the data, the water absorption of the nano
fibers showed a decreasing trend over time. The most significant 
reduction was observed in the PVAB nanofibers, attributed to the hy
drophilic characteristics of the B nanoparticle. In comparison, the PVA 
nanofiber exhibited more excellent resistance to water absorption than 
the PVA/B composite nanofibers.

Due to their porous structure, nanofibers can absorb water into their 
surfaces and pores when submerged. Generally, as the diameters of the 
fiber increase, the number and size of the pores decrease. Thicker 
nanofibers create larger pores, resulting in a reduction in the total 
number of pores [33,34]. These porous properties of nanofibers make 
them suitable for practical applications such as drug delivery systems, 
filtration, and tissue scaffolding [19,20]. The formation of thin fiber 
structures creates a high surface area, facilitating enhanced water pas
sage due to increased porosity.

3.7. Degradation analysis of PVA and PVA/B composite nanofibers

This study evaluated the enzymatic degradation profile of PVA and 
PVA/B composite nanofibers in a lysozyme medium over time. Fig. 11
presents a graph comparing the mass losses of PVA and PVA/B samples 

Fig. 9. (a)TGA and (b) DTA curves of PVA and PVA/B composite nanofiber.

Fig. 10. Water absorbance of PVA, PVA/B composite nanofiber with 
time variation. Fig. 11. Weight loss of PVA and PVA/B composite nanofibers time variation.
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resulting from enzymatic degradation in the lysozyme medium at 2, 5, 
and 7 days. Degradation monitoring was conducted through weight 
measurements on the 2nd, 5th, and 7th days, and average mass loss 
percentages were calculated.

The findings indicate that the PVA/B nanofibers exhibited signifi
cantly greater weight loss than their PVA counterparts across all time 
points (P < 0.05). Especially on day 2, the weight loss in the PVA group 
was approximately 5 %, while the PVA/B demonstrated a weight loss 
exceeding 7 %. By day 5, the degradation of PVA was around 8 %, while 
it reached 11 % in the PVA/B group. The most pronounced difference 
was observed on day 7, where the average mass loss of the PVA was 12 
%, while this value exceeded 15 % in the PVA/B. These data demon
strate that boron nanoparticle doping plays a role in enhancing the 
degradation of PVA in an enzymatic environment.

A study conducted by Xu et al. [35] examined the in vitro degrada
tion of PVA and chitin-based composite films incorporating anthocya
nins in physiological saline solutions, both with and without the 
presence of lysozyme. Their findings revealed that the inclusion of these 
additives in the presence of lysozyme significantly enhanced the 
degradation rate of PVA. Notably, films augmented with anthocyanins 
exhibited a mass loss of over 66 % within a period of 7 days, whereas 
PVA films displayed a considerably lower degradation rate. In alignment 
with these observations, our study demonstrated that the PVA/B com
posite, formed by adding boron nanoparticles, experienced a greater 
degree of mass loss compared to PVA.

Furthermore, research published by Xue et al. [36] indicated that 
boric acid-doped PVA hydrogels possess an elevated water retention 
capacity and exhibit accelerated degradation at specific concentrations. 
Consistent with these findings, the current results suggest that boron 
doping does not consistently function as a “stabilizer.” Instead, it may, in 
specific contexts, facilitate enzymatic access. Specifically, in PVA sys
tems characterized by low crosslink density and an amorphous struc
ture, B doping can engender structural openings that may enhance 
enzymatic attack.

3.8. Antibacterial analysis of PVA and PVA/B composite nanofibers

The disc diffusion and MIC methods were utilized to evaluate the 
antimicrobial effects of PVA and PVA/B composite nanofibers against 
various microorganisms. The disc diffusion method measured inhibition 
zones for each nanofiber composite against E. coli, S. albicans, and 
C. albicans. The results in Table 1 indicate that the inhibition zone values 
for pure PVA nanofibers were 10.3 mm for E. coli, 2.23 mm for S. aureus, 
and 12.75 mm for C. albicans. These findings suggest that PVA has a 
limited antimicrobial effect on these pathogens. In contrast, the PVA/B 
composite nanofiber exhibited significantly larger inhibition zones 
against all three microorganisms, specifically 13.9 mm for E. coli, 6.34 
mm for S. aureus, and 21.3 mm for C. albicans (Table 1). These results 
highlight the potent antimicrobial activity of the PVA/B composite 
nanofiber, particularly against C. albicans.

The disc diffusion results demonstrate that the PVA/B composite 
nanofiber achieved significant inhibition zones against all tested mi
croorganisms, exhibiting the most potent antimicrobial properties. 

Statistical analyses of PVA and PVA/B composite nanofibers about E. coli 
(Fig. 12.a) and S. aureus (Fig. 12.b) are presented. The impact on 
C. albicans (Fig. 12.c) further emphasizes the potential of this nanofiber 
composite in combating fungal infections.

The MIC method was employed to evaluate the inhibition efficiency 
of a nanofiber composite at various concentrations (20 %, 40 %, 60 %, 
and 80 %) (Table 2). This method assessed the efficacy of the nanofiber 
composite against different pathogens. The control, composed of PVA 
fiber, exhibited a maximum inhibition of 34.14 % against E. coli, 48.68 
% against S. aureus, and 63.39 % against C. albicans. These results 
indicate that PVA fiber only demonstrates antimicrobial activity at 
higher concentrations, with its relatively limited effectiveness.

In contrast, the PVA/B composite nanofiber showed significantly 
higher inhibition rates against all tested pathogens than PVA. Notably, 
the PVA/B composite nanofiber achieved a remarkable 92.68 % inhi
bition rate against E. coli, highlighting its potential as an effective agent 
for combating bacterial infections. Additionally, 60.59 % and 62.94 % 
inhibition rates were recorded for S. aureus and C. albicans, respectively, 
further confirming the broad-spectrum antimicrobial properties of the 
PVA/B composite nanofiber.

The MIC method results (Fig. 13) indicate that the PVA/B composite 
nanofiber exhibits strong antimicrobial effects against various pathogen 
species. Both methods showed that the PVA/B composite nanofiber 
displayed the most effective antimicrobial activity against microorgan
isms such as E. coli, S. aureus, and C. albicans. When assessed using the 
disc diffusion method, this composite nanofiber created large inhibition 
zones, particularly against fungal infections. It also showed significant 
inhibition rates against bacterial pathogens in the MIC method. Addi
tionally, the PVA/B composite nanofibers exhibited superior antimi
crobial properties compared to PVA. PVA/B composite nanofibers have 
promising potential for biomedical applications, especially in treating 
multidrug-resistant bacterial and fungal infections.

3.9. Cell study of PVA and PVA/B composite nanofibers

The findings from the MTT assay are essential for evaluating the 
biocompatibility of PVA-based nanofiber composites intended for tissue 
engineering and wound dressing applications. The materials must 
exhibit minimal toxicity and high cell viability for these purposes. Cell 
viability rates exceeding 98 % indicate that these materials are suitable 
for sensitive applications such as wound dressings [23,37]. The PVA/B 
composite nanofiber demonstrated a cell viability of approximately 
99.2 % (Fig. 14).

Additionally, a related study examined PLA-based nano clay, spe
cifically montmorillonite (MMT), known for its antibacterial properties 
and positive effects on wound healing. This material was modified with 
trimethyl octadecyl ammonium bromide (TMOD) and boron-based 
compounds, including boron nitride (BN), zinc borate (ZB), and phe
nylboronic acid (PBA), to create organomodified MMT (OMMT) nano
fibrous polymeric matrices. The cytotoxicity of the resulting PLA- 
OMMT/B nanofiber composites was assessed using human dermal fi
broblasts (NHDF-Ad CC-2511), and no toxic effects were detected [38].

The PVA fiber demonstrated a cell viability of around 99.5 %, con
firming that PVA is a biocompatible polymer that does not harm cells. 
Given PVA’s inherent biocompatibility, it can enhance the overall 
biocompatibility of wound dressings used in tissue engineering and 
medical applications [39]. The high viability rates of PVA and PVA/B 
composite fibers, exceeding 99 %, indicate that these materials are non- 
toxic and suitable for wound dressing applications. However, when 
using these materials in wound dressings, evaluating their long-term 
effects on cell viability is essential, as excessive boron content may 
induce cellular stress and slow healing. Therefore, optimizing boron 
concentration to improve the biocompatibility of wound dressing for
mulations is crucial. Overall, this study highlights the potential of PVA/ 
B composite nanofibers for wound dressing applications, demonstrating 
their safety in cytotoxicity and high cell viability.

Table 1 
The antimicrobial effectiveness of the tested polymer and composite nanofibers, 
coded as Control: PVA and PVA/B, was evaluated in both polymerized and un- 
polymerized forms using the agar well and disc diffusion methods, respectively. 
Antimicrobial activity was assessed by measuring the inhibition zones in milli
meters (mm) with standard deviation (SD).

Disc diffusion method 
(100 mg/mL)

Multidrug-resistant strains

E. coli S. aureus C. albicans

Control: PVA nanofiber 10.30 ± 0.8 2.23 ± 0.01 12.75 ± 0.02
PVA/B composite 

nanofiber
13.90 ±
0.21***

6.34 ±
0.51***

21.30 ±
1.20***
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4. Conclusion

This study successfully demonstrated the fabrication of PVA/B 
composite nanofibers via electrospinning for wound dressing applica
tions. The use of boron in nanoparticle form improved the structural, 
thermal, and functional properties of the nanofibers. The optimal elec
trospinning parameters for the 1 wt% B doped nanofibers were a flow 
rate of 1 mL/h and an applied voltage of 9 kV.

Characterization analyses confirmed the uniform dispersion of B 
nanoparticles and the formation of rhombohedral crystalline structures. 
FT-IR results revealed the development of new functional groups and 
stronger molecular interactions, while TGA demonstrated improved 
thermal stability. Doping with B nanoparticles also increased enzymatic 
degradation by lysozyme due to improved hydrophilicity.

Antibacterial activity tests revealed distinct inhibition zones against 
E. coli, S. aureus, and C. albicans, indicating broad-spectrum antimicro
bial performance. In addition, cytotoxicity evaluations using the MTT 
assay confirmed excellent biocompatibility, with a cell viability rate of 
approximately 99.2 %, supporting the material’s suitability for 
biomedical use. Overall, PVA/B composite nanofibers show significant 
promise as multifunctional wound dressing materials, offering antibac
terial efficacy, biocompatibility, and tunable degradability.
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Table 2 
Detection of the MIC for un-polymerized PVA and PVA/B composite nanofibers 
(20, 40, 60, 80, and 100 mg/mL) against pathogens by measuring the inhibitory 
proportional factor (%) (ampicillin (10 μg).

Minimum inhibitory concentration (MIC) 
(mg/mL)

Pathogens 20 40 60 80

Control: PVA 
nanofiber

E.coli 0.0
25.78 ±
1.23

25.07 ±
0.26

34.14 ±
1.01

S. aureus 0.0
38.09 ±
2.99

34.81 ±
4.07

48.68 ±
3.31

C.albicans 0.0 49.30 ±
0.95

61.85 ±
3.57

63.39 ±
3.02

PVA/B composite 
nanofiber

E.coli 0.0 53.37 ±
0.58

62.15 ±
3.15

92.68 ±
4.19

S. aureus 0.0
53.92 ±
0.26

61.25 ±
0.24

60.59 ±
5.21

C.albicans 0.0
55.12 ±
0.03

63.57 ±
0.7

62.94 ±
0.96

Inhibitory proportional factor (% ± SD).

Fig. 13. MIC graph of PVA and PVA/B composite nanofibers: (a) E. coli (b) S. aureus and (c) C. albicans (mean ± SD values of n = 5 independent experiments. ****P 
< 0.0001, ***P < 0.001, **P < 0.01 compared to control. Data were analyzed using a two-way analysis of ANOVA with the Tukey multiple comparison test.)
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