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AbstractPolyvinyl alcohol (PVA) is hydrophilic, flexible, elastic, and environmentally friendly, leading to the wide use as a binder in nanofibermatrices. The nanofibers of PVA are frequently combined with extract possessing antibacterial properties for characterization.Therefore, this study aimed to produce PVA nanofibers incorporating soursop leaf extract (ALE) and catappa leaf extract (CLE)using electrospinning for the investigation of the physicochemical, mechanical, and antibacterial properties. Electron microscopyshowed that the electrospun nanofibers had a yellowish-brown surface with diameters ranging from 962 nm to 1323 nm. FourierTransform Infrared (FTIR) analysis revealed the presence of functional groups interacting through hydrogen bonding, leading to a shiftin wavenumbers. The tensile strength of PAC-1, PAC-2, and PAC-3 nanofibers decreased from 8.46 MPa to 4.27 MPa, followed by areduction in Young’s modulus from 20.2 MPa to 0.89 MPa. The effect of extract concentration on the reduction in tensile strengthand Young’s modulus was related to aggregation in certain areas of the nanofibers and weakened intermolecular polymer interactions.Pure extract had strong antibacterial activity and nanofiber membranes had moderate activity with inhibition zones ranging from12.3 to 16.8 mm and 8.0 to 14.4 mm, respectively. The results showed that the produced fibers could be used in the biomedical fieldfor wound dressings and filtration, as well as in textiles.
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1. INTRODUCTION

Nanomaterials have received significant attention in various
fields, including nanofibers. Superior characteristics, such as
mechanical strength, large surface area, and good conductivity,
are unique properties of nanofibers that provide space for nu-
merous innovative applications (Valipouri et al., 2024) . Nano-
and microfibers have been synthesized using several methods
(Almafie et al., 2025; Sriyanti et al., 2024) , including the elec-
trospinning process, which uses static electricity for produc-
tion with the advantages of low cost (Almafie et al., 2024) as
well as superior structure and morphology. Investigations on
nanofibers are promising because of their capability to produce
fibers with petite sizes reaching the nanometer scale with wide
application in biomaterials, biotechnology, tissue engineering,
and many other fields (Keirouz et al., 2023) . In electrospinning,
process parameters including concentration, viscosity, and volt-

age should be considered, as well as environmental parameters
in the form of humidity, due to potential effects on the resulting
nanofibers (Al-Abduljabbar and Farooq, 2023) . The binder
(matrix) is used to produce fine fibers and a common example
is Polyvinyl Alcohol Polymer (PVA) with a molecular weight of
89,000-98,000. PVA has promising physicochemical proper-
ties, including water solubility, good mechanical strength, and
applications in various fields .This polymer can dissolve in po-
lar solvents and is highly dependent on its degree of hydrolysis
(Sapalidis, 2020) .

Pristine PVA polymers are widely used and can be modified
with natural materials to produce nanofibers applicable in the
biomedical field (Akpan et al., 2021) . The use of natural mate-
rials is essential because of their ability to produce nanofibers
with better characteristics compared to solitary polymers in-
tegrated with PVA and Hibiscus leaves in the fabrication of
nanofibers for wound dressing applications (Sen et al., 2022) .
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This combination generated nanofibers with characteristics that
provided protection against bacterial growth and conferred
moisturizing effects on wounds, preventing itchiness caused by
dryness (Gheibi et al., 2024) conducted antibacterial assays on
nanofibers comprising natural extracts of Aspergillus euchroma,
Allium sativum, and Echinacea purpurea combined with PVA,
which produced a 7 mm inhibition zone against Staphylococcus
aureus bacteria.

Current investigations are predominantly focused on the
individual effects of each natural extract, whereas the potential
synergistic effects of the extract combination remain largely
unexplored, offering an opportunity for novel discoveries. This
study presents a new combination of soursop leaf extract (ALE)
and catappa leaf extract (CLE) loaded into PVA nanofibers,
with a specific focus on exploring the neglected potential of
catappa leaves. ALE and CLE obtained from the two types of
plants can be combined with the PVA. The first medicinal plant
was soursop (Annona muricata linn), which is considered benefi-
cial for the treatment of cough, asthma, diabetes, heart disease,
fever, and cancer (Ilango et al., 2022) . Furthermore, the com-
pounds contain annonaceous acetogenins, vitamins, minerals,
essential oils, and phytochemicals that have anti-inflammatory
and antioxidant properties (Chan et al., 2020) . Among the
major compounds, acetogenins are most abundant in sour-
sop. Annonaceous acetogenins inhibit the proliferation of the
human prostate cancer cell line PC-3 and serve as potential
anti-SARS-CoV-2 agents (Prasad et al., 2021) . The second
medicinal plant is catappa (Terminalia catappa L), which can cure
diseases such as fever, stomatitis, hypertension, menstrual pain,
and bleeding. Catappa contains antifungal and antibacterial
agents, as well as other compounds, including alkaloids, tan-
nins, saponins, flavonoids, and terpenoids (Yadav et al., 2021) .
Antioxidants such as flavonoids, glycosides, and polyphenols
can prevent the narrowing of the blood vessels (Mwangi et al.,
2024) . PVA was successfully combined with ALE and CLE in
this study through electrospinning, which is more effective for
long-term use. This combination can subsequently be applied
in several fields, such as biomedicine and textiles.

2. EXPERIMENTAL SECTION

2.1 Materials
PVA (Mw 89,000-98,000) and analytical-grade ethanol were
obtained from Sigma Aldrich, Singapore. Additionally, ALE
and CLE were purchased from the Laboratory of Integrated
Research and Testing (LPPT), Gadjah Mada University, and
the aquades were obtained from Onemed, Palembang.

2.2 Methods
The solution was prepared by mixing 10% (wt%) PVA, CLE,
and ALE using aquadest and ethanol as solvents (1:1 ratio) at
60◦C and a centrifugation speed of 250 rpm until a homoge-
neous state was achieved. The resulting solution was referred
to as PAC (PVA/ALE/CLE), and the sample percentage ratios
are shown in Table 1. The composite solution was transferred
into a 10 mL syringe for the electrospinning process using

the Labscale Electrospinning Unit NLI601ES (Malaysia). The
process was carried out for approximately 12 hours with pa-
rameters including an applied voltage of 16.5 kV, a flow rate of
0.2 mL/h, a tip-to-collector distance of 100 mm, and a drum
speed of 160 rpm.

Table 1. Comparison of Percentage Ratios in PAC Samples

Sample PVA (wt%) Extract (wt%)
PAC-1 10 3
PAC-2 10 4
PAC-3 10 5

2.3 Materials Characterization
The morphology and diameter of the nanofibers were charac-
terized using an AxiaChemiSEM device at a magnification of
5000x. The average diameter was analyzed using the ImageJ
software by randomly measuring 100 points on each fiber and
preparing graphs using OriginLab Pro 2018. FTIR analysis
was conducted to identify the functional groups present in each
sample. Furthermore, characterization was carried out using a
Shimadzu Type IR Prestige-2, EU, with a wavenumber range
of 3500-500 cm-1. Tensile test analysis was conducted to de-
termine the mechanical properties of the samples, including
stress-strain, flexibility, and elastic modulus. Characterization
was performed using a ZwickRoell UTM tensile testing ma-
chine according to ASTM D638 standards.

3. RESULTS AND DISCUSSION

3.1 Scanning Electron Microscope (SEM)
Each sample of the composite membrane produced a smooth
surface with a yellowish-brown color, as shown in Figure 1.
The results showed a significant change in the distribution and
size of the fibers caused by the increased extract concentration.
Figure 1(a) shows the average diameter of PAC-1 fibers as
962 ± 378 nm, with the resulting nanofibers being brownish-
green and thin. The PAC-2 sample had an average diameter of
1093 ± 327 nm, which is higher than that of PAC-1. A higher
extract concentration is an important factor for the increase
in diameter (Almafie et al., 2020) . An increase in the average
diameter also occurred in PAC-3 at 1323 ± 414 nm because
the PVA matrix contained more extract (Sofi et al., 2020) . The
added concentration of the natural leaf extract enhanced the
solution viscosity and affected the solution flow during the
electrospinning process, producing bead-free nanofibers (Chin
and Ng, 2020) . The solution stability led to the formation of
uniform fibers and increased the average diameter. The use of
an ethanol solvent is an important factor in the electrospinning
of nanofibers because it helps minimize the narrowing of the
solution flow at the needle hole during the process (Ajith et al.,
2023) .
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Figure 1. Average Diameter and Fiber Yield of (a) PAC-1, (b) PAC-2, and (c) PAC-3

3.2 Fourier Transform Infrared (FTIR)
FTIR analysis was conducted to determine the functional groups
present in each sample. The FTIR spectra showing the absorp-
tion peaks for all samples are presented in Figure 2. The FTIR
analysis was started with the use of ALE (Figure 2a) to identify
the active compounds present in the extract. The initial broad
peak in the range of 3400-3200 cm-1 corresponds to symmet-
ric NH stretching of aliphatic amine groups. Peaks at 2924
cm-1 and 1735 cm-1 suggest the presence of CH stretch-
ing from alkane groups and C O stretching from carbonyl
groups, respectively (de Andrade et al., 2021) . Both peaks orig-
inate from compounds, such as carboxylic acids or esters, with
moderate intensities. Hydroxyl groups, phytochemicals, and
alcohol groups are present at 1450 cm <>1 B- and are associ-
ated with flavonoids or phenols in ALE (Akinsiku et al., 2023) .
Additionally, ALE contributes to OH and C O groups in
the -CN amine group stretching observed at the 1250-1020

cm-1 range (Shanmugam et al., 2024) . The presence of these
absorption peaks confirms the presence of bioactive compo-
nents, such as flavonoids, tannins, and phenolic compounds,
which are the primary characteristics of ALE.

CLE showed absorption peaks (Figure 2b) that were largely
similar to those of ALE. The initial broad peak in the range
of 3400-3200 cm-1 signifies the presence of hydroxyl ( OH)
groups (Ray et al., 2023) . The lower intensity of the peaks sug-
gested differences in the concentrations of phenolic or flavonoid
compounds between CLE and ALE. The peak at 1712 cm
<ds >1 represents the presence of carbonyl (C H) groups with
strong intensity, probably due to gallic acid or other polypheno-
lic compounds. The bending vibrations of CH and stretching
vibrations of CO were observed at 1435 cm-1 and 1064 cm-1,
respectively, signifying the presence of alkane and ester groups
(Shanmugam et al., 2020) . These peaks confirmed the high
content of bioactive compounds, such as flavonoids, tannins,

© 2025 The Authors. Page 839 of 846
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Figure 2. FTIR Spectra of Extract (a) ALE, (b) CLE and
Membrane Samples of PVA/ALE/CLE Composite of (b)
PAC-1 (c) PAC-2, and (e) PAC-3

and phenolic compounds, in CLE.
The FTIR spectra of the PAC nanofiber membranes (Fig-

ure 2c-e) show functional group changes due to the presence
of PVA and the ALE/CLE mixture. The broad peaks for each
sample are observed in the range of 3500-3220 cm-1, cor-
responding to OH hydroxyl stretching dominated by PVA
molecules (Almafie et al., 2020) . The appearance of hydroxyl
groups in the samples suggests the formation of hydrogen
bonds with water molecules, which is associated with the hy-
drophilic nature of PVA (Alfikro et al., 2024) . The initial
peaks differed slightly between the extracts and were related
to the increased ALE/CLE concentration. At the 2924 cm-1

peak, CH stretching from alkane groups occurred because
of the molecular structure interaction between PVA and ALE
(Rizwana et al., 2021) . In the range of 2400-2000 cm-1, CO2
is adsorbed by the PVA polymer due to the surrounding air and
molecules contained in the samples were not released (Haleem
et al., 2022) . In PAC-1 (Figure 2c), PAC-2 (Figure 2d), and
PAC-3 (Figure 2e), ALE/CLE was detected with strong C O
stretching from carboxylic acid compounds. The bending vi-
brations of CH in the samples represent the presence of
phenolic compounds in each extract (Mwangi et al., 2024) .

All three samples showed that the addition of the extract
caused interactions between PVA and ALE/CLE, originating
from the active compounds in the plant. Increasing the extract
concentration disrupts hydrogen bonding, forming new bonds
in hydroxyl groups (Kumar et al., 2021) . Additionally, carbonyl
groups interact with hydroxyl groups via hydrogen bonding,
leading to a shift in the wavenumber of C O stretching (Bhat
et al., 2022) . At a higher concentration, the observed shift was
more pronounced, indicating a more significant interaction

between the carbonyl groups and PVA, ALE, and CLE. The
active compounds in each extract, such as flavonoids, tannins,
and saponins, contain hydroxyl, carbonyl, and ester groups,
which interact with the PVA hydroxyl groups through hydrogen
bonding

3.3 X-Ray Diffraction (XRD)
X-Ray Diffraction (XRD) analysis of the PAC nanofiber mem-
branes identified a variety of peaks. As illustrated in Figure
3, these peaks suggest that the samples possess an amorphous
structure. In the sample using 3% extract (PAC-1), diffraction
peaks were identified at 13.64◦ (031), 16.84◦ (130), and 19.56◦

(131), indicating an interaction between the natural extract and
PVA polymer (Annu et al., 2021) . The diffraction pattern in
PAC-2 changed with peak shifts at 14.44◦ (110), 16.82◦ (110),
and 19.44◦ (121) due to changes in the polymer structure with
the addition of the extract. Increasing the extract concentration
can improve the crystal structure of the nanofibers, as indicated
by changes in the level of crystallinity in the form of an increase
in the intensity and position of the sample diffraction peaks
(Abdelghany et al., 2019) . However, excessive extract addition
tended to damage the regularity of the crystal structure. PAC-
3, with a diffraction peak at 19.58◦ (111), suggests significant
potential for amorphous phase redistribution. The addition of
5% extract to the PVA structure led to decreased crystallinity
and increased concentration (Annu et al., 2021) . This indicates
that the addition of ALE/CLE can further reduce the reliability
of the PAC polymer matrix (Hafid et al., 2021) . The presence
of a wide and flat amorphous peak in PAC-3 represents mis-
cibility at the molecular and structural levels owing to strong
interactions through hydrogen bonds (Khan et al., 2023) .

Figure 3. Peak Diffraction of Changes in the Crystal Structure
of PVA Nanofiber Membranes (a) PAC-1, (b) PAC-2, and (c)
PAC-3.
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Figure 4. Mechanical Properties of PAC Membrane Composite Nanofibers: (a) Stress-Strain Curve, (b) Elongation, (c) Tensile
Strength, And (d) Young’s Modulus.

Table 2. Antibacterial Inhibition Zone Activity of Pure Ex-
tract and PAC Nanofiber Membrane Samples Against Gram-
Positive (S. aureus) and Gram-Negative (P. aeruginosa) Bacteria.

Bacteria
Zone of Inhibition (mm)

ALE CLE PAC-1 PAC-2 PAC-3
Staphylococcus

aureus
12.3 16.8 9.8 12.1 14.4

Pseudomonas
aeruginosa

13.0 13.1 8.0 8.8 11.3

3.4 Tensile Test
A tensile strength mechanical test was conducted to evaluate
the mechanical strength of the nanofibers for proper applica-
tion in various fields. Graphs of the tensile stress-strain and
Young’s modulus results are shown in Figure 4. Nanofibers
require good mechanical properties for various medical appli-
cations. Stress–strain curves and correlational analysis of the

three nanofibers. Samples PAC-1, PAC-2, and PAC-3 have
tensile strength (𝜎) 8.46, 6.74, and 4.27 MPa, with the elonga-
tion at break (𝜖 ) of 180%, 330%, and 192%, as well as Young’s
modulus (E) of 20.2 ± 180% MPa, 6.34 ± 330% MPa, and
0.89 ± 192% MPa, respectively. An increase in the diameter of
the nanofibers caused a decrease in the tensile strength. The in-
teraction between hydrogen bonds alters the molecular weight
of PVA, leading to differences in the Young’s modulus values
(Bazzi et al., 2022) , while each sample has varying 𝜖 values.
The extract concentration influenced the results obtained, with
relatively low samples, such as PAC-1, being dominated by
PVA properties. As the concentration increases, as in PAC-2,
the interaction between PVA hydrogen bonds and the extract
enhances tissue flexibility. However, PAC-3, with a very high
extract concentration, disrupts the PVA network and initiates
changes in the microstructure, which can reduce the stretchabil-
ity. The reduction in tensile strength following ALE/CLE addi-
tion is related to the aggregation of several areas of nanofibers,
which act as stress concentration points and prevent load/stress

© 2025 The Authors. Page 841 of 846
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Figure 5. Antibacterial Activity Against Gram-Positive Bacteria (S. aureus), (a) Pure ALE; (b) Pure CLE; (c) PAC, and
Gram-Negative Bacteria (P. aeruginosa), (d) Pure ALE; (e) Pure CLE; (f) PAC, PAC-1 is 3, PAC-2 is 4, and PAC-3 is 5.

transfer (Lv et al., 2021) . The weakening of intermolecular
interactions in the polymer can leave space for the rearrange-
ment of chains, thereby increasing the surface area of the fibers.
The mechanical properties of the samples were influenced by
the chemical structure and molecular weight of the PVA chain
(Nikbakht et al., 2020) . The energy required for the deforma-

tion of nanofibers is less because of the decrease in the network
density in the PVA matrix, leading to a significantly reduced
tensile strength value (Xu et al., 2021) .
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Table 3. Comparative Analysis of Antibacterial Inhibition Zone Diameters Among Various Extract Samples. (+) is Composite
Content

Material Bacteria Extract solvent
Max. inhibition

zone (mm)
Ref.

ALE E. coli Ethanol 17.00
(Jemikalajah et al.,

2021)

ALE P. aeruginosa Ethanol 17.00
(Jemikalajah et al.,

2021)

ALE Salmonella Methanol 8.00
(Ngemenya et al.,

2022)

CLE S. aureus Ethanol 30.07
(Dewi and

Mardhiyani, 2021)

CLE S. epidermis Ethanol 19.17
(Dewi and

Mardhiyani, 2021)

CLE E. coli Ethanol 8.00
(Dewi and

Mardhiyani, 2021)

CLE S. aureus Ethanol 13.30
(Orillaneda et al.,

2022)
Ag-NPs + CLE S. aureus De-ionized water 12.13 (Ansari et al., 2021)
Ag-NPs + CLE P. aeruginosa De-ionized water 20.20 (Ansari et al., 2021)
Ag-NPs + CLE C. albicans De-ionized water 15.03 (Ansari et al., 2021)

PVA+ALE + CLE S. aureus Ethanol 14.40 This study
PVA+ ALE + CLE P. aeruginosa Ethanol 11.30 This study

3.5 Antibacterial Activity
The test results in Figure 5 show an increase in the inhibi-
tion zone (ZoI) of each sample tested. In the PAC-1, PAC-2,
and PAC-3 samples, there was a significant increase in gram-
positive bacteria (S. aureus) (Figures 5 a-c) and gram-negative
bacteria (P. aeruginosa) (Figures 5d-f). Significant inhibition ef-
fects were observed for the diameters of the inhibition zones of
S. aureus and P. aeruginosa. Active compounds such as flavonoids
found in ALE produce antibacterial effects by disrupting bacte-
rial wall integrity, leading to cell leakage and death (Campos
et al., 2023) . Phytochemicals, including flavonoids and phe-
nolic acids, abundantly present in CLE often damage the cell
wall to achieve bacterial inhibition (Madhavan et al., 2023) .
In this study, the inhibition zone diameters of PAC nanofiber
membrane samples were positively correlated with ALE/CLE
content, and the samples could prevent bacterial colonization.
Figures 5a and 5e confirm that there is damage to the cell walls
of gram-positive and gram-negative bacteria that can inhibit
bacteria. This is consistent with the significant increase in the
diameter of the barrier zone of each sample.

The antibacterial properties of each sample were evaluated
by directly observing the growth of P. aeruginosa (p.a) and S.
aureus (s.a) on the culture plates. The nanofiber membrane
samples had significant inhibitory effects on these two bacteria,
as shown in Table 2. The antibacterial test on gram-positive S.
aureus produced samples of various categories. The inhibition
zone diameter for pure ALE was found to be 12.3 mm, and
that for pure CLE was 16.8 mm, both of which fell into the
strong category. In the extract incorporated into PAC nanofiber

membranes, the inhibition zone diameters varied. The PAC-
1 sample showed moderate antibacterial properties, with an
inhibition zone of 9.8 mm. Meanwhile, PAC-2 and PAC-3
had inhibition zones of 12.1 mm and 14.4 mm, respectively,
both classified as strong. These results correspond with studies
conducted by Akanji (2023) on ALE, and Bouagnon et al.
(2024) on CLE, which showed moderate antibacterial activity
against S. aureus. In the pure extract samples, gram-negative
P. aeruginosa had slightly larger inhibition zone diameters than
gram-positive S. aureus. PAC-1 produced an inhibition zone
of 8.0 mm, while PAC-2 had an inhibition zone of 8.8 mm,
both of which were classified as moderate. The inhibition
zone diameter of PAC-3 increased to 11.3 mm, leading to
its positioning in the strong category. Antibacterial studies by
Rumanti et al. (2020) on ALE and Darmawati et al. (2023)
classified the extract as strong, with CLE showing the highest
inhibition zone. The ALE/CLE combination generated an
average inhibition zone that was classified as strong.

Table 3 shows a comparison of the antibacterial inhibition
zone diameters between the various extract samples. Previous
studies generally categorized the inhibition zones for ALE and
CLE in the strong to very strong range. This phenomenon can
be associated with gram-positive bacteria comprising cytoplas-
mic membranes beneath a thick peptidoglycan wall with many
pores, which promotes greater susceptibility to signal delivery
into the cell (Tavares et al., 2020) . However, gram-negative
bacteria have a complex cell wall structure with a peptidoglycan
layer between the outer and cytoplasmic membranes, reduc-
ing their susceptibility to molecular attacks (Avila-Calderón
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et al., 2021) . Nanofibers can adhere to gram-positive bacteria
and cause disruptions in the cell, leading to higher inhibition
zones for S. aureus than for gram-negative P. aeruginosa. The
inhibition zone activity in PAC-1, PAC-2, and PAC-3 was
due to the presence of antibacterial secondary metabolites, in-
cluding flavonoids, tannins, and saponins, as explained by the
FTIR analysis. The nanofibers in all PAC samples exhibited
enhanced antibacterial activity owing to the ALE/CLE extract
content. The extract combination was found to cause damage
to bacterial surfaces, cell leakage, and death. Additionally, the
samples contained extracts with superior antibacterial prop-
erties that disrupted the bacterial wall permeability and cell
respiration.

4. CONCLUSIONS

In conclusion, this study successfully spun and characterized
homogeneous PAC nanofiber membranes. The results showed
that increasing the extract concentration increased the diam-
eter of the nanofibers produced. In addition, the stability of
the spinning process contributes to the formation of uniform
fibers. The ALE/CLE functional groups and PAC nanofiber
membranes in the FTIR spectra exhibited nearly identical ab-
sorption peaks. PVA dominated the PAC-1 sample, whereas
increasing the extract concentration led to more active com-
pounds in PAC-2 and PAC-3. The increase in fiber diameter
and the formation of new hydrogen bonds in the hydroxyl
groups decreased the tensile strength of the fibers (𝜃 ) from
8.46 MPa to 4.27 MPa. The chemical structure and molec-
ular weight of the PVA chains affect the mechanical proper-
ties of the produced samples. Antibacterial analysis showed
superior antibacterial properties, as evidenced by the forma-
tion of inhibition zones against S. aureus and P. aeruginosa in
the moderate-to-strong category. The increase in the inhibi-
tion zone diameters, ranging from 9.8–14.4 nm (S. aureus)
and 8.0–11.3 nm (P. aeruginosa), signified the presence of sec-
ondary metabolites in the extract, such as flavonoids, tannins,
and saponins. This study suggests PAC nanofiber membranes
as a potential alternative, offering new insights into the char-
acteristics of PVA combined with ALE/CLE, leading to its
suitability for applications in biomedicine and textiles.
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