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AbstractUnderstanding the molecular-to-structural evolution of extract-loaded electrospun systems is essential for rationally designingbiofunctional nanomaterials. In this study, chitosan/polyvinyl alcohol (CS/PVA) electrospun nanofibers incorporated with Colocasia
esculenta (CE) andMelaleuca leucadendra (ML) extracts were systematically investigated to elucidate the correlation between precursorsolution interactions and resulting fiber morphology. Raman and UV-Visible spectroscopy were employed to probe molecularinteractions and electronic transitions in electrospinning solutions. Extract incorporation induced vibrational band broadening andintensity suppression in Raman spectra, accompanied by increased absorbance and a red shift in UV–Visible spectra, particularly inthe ML-containing system, indicating enhanced hydrogen bonding and greater electronic delocalization. Following electrospinning,structural characterization using XRD, FTIR, and SEM revealed progressive crystallinity reduction, peak shifting toward lower diffractionangles, hydrogen-bond-driven band broadening, and morphological evolution from smooth 90.86 ± 1.87 nm fibers (CS/PVA) tothicker 111.89 ± 2.96 nm fibers (CS/PVA/CE) and 118.48 ± 2.98 nm fibers (CS/PVA/ML). No separate crystalline extract phase wasdetected, confirming molecular-level dispersion within the polymer matrix. The ML-modified system exhibited the highest degree ofamorphization and structural reorganization. These results establish a direct structure–property–function relationship, demonstratingthat extract-induced modulation of intermolecular interactions governs crystalline organization, electrospinning dynamics, andnanofiber morphology. This study provides mechanistic insight into crystallinity engineering in plant-extract-loaded polymer systemsand offers a scalable strategy for designing advanced bioactive electrospun nanomaterials.
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1. INTRODUCTION

Nanofibers produced through an electrospinning process based
on a mixture of natural and synthetic polymers have attracted
increasing attention due to their unique structural features,
high surface-to-volume ratio, and tunable physicochemical
properties, which are highly desirable for advanced functional
materials (Xing et al., 2023) . Among various polymer systems,
chitin (CS) has been extensively explored due to its biocompati-
bility, biodegradability, and natural biological activity (Azmana
et al., 2021). However, the rigid molecular structure and lim-
ited solubility of chitosan often limit its solubility, especially
in electrospinning applications (Jin et al., 2022) . To overcome
these limitations, polyvinyl alcohol (PVA) is often mixed with
chitosan to improve chain bonding, solution stability, and fiber

formation capabilities, resulting in uniform and continuous
nanofiber mats (Cui et al., 2021) .

In recent years, the integration of natural plant extracts
into polymer nanofibers has emerged as a promising strategy
for imparting additional bio-functional properties, such as an-
tioxidant activity (Fahimirad et al., 2021) and antimicrobial
activity (Maleki et al., 2024) , while maintaining environmental
sustainability. Plant extracts generally contain a complex mix-
ture of secondary metabolites (Carvalho et al., 2021) , including
phenolics, flavonoids, and terpenoids, which can interact with
the polymer matrix through hydrogen bonds and other inter-
molecular forces. Despite its potential, the integration of plant
extracts into electrospun fibers remains challenging due to the
possibility of phase separation, changes in solution chemistry,
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and changes in fiber morphology.
Previous studies have largely focused on evaluating the bio-

logical performance of extract-loaded nanofibers (Idjan et al.,
2025; Naeimi et al., 2020) , with little attention given to the
fundamental physicochemical transformations that occur dur-
ing the transition from polymer solution to electrospun fiber.
Specifically, the role of plant extracts in modifying molecular
interactions in the CS/PVA solution and how these interac-
tions govern the structural and morphological characteristics
of the resulting nanofibers is not yet fully understood. Fur-
thermore, most reports rely on post-electrospinning charac-
terization techniques, such as FTIR or SEM (Sun et al., 2022;
Anaya-Mancipe et al., 2023) , without systematically correlating
the spectroscopic signatures of the precursor solution with the
structural features of the final fiber material.

Spectroscopy techniques, including Raman and UV-Visible
spectroscopy, provide powerful tools for analyzing molecular
interactions and electronic transitions in polymer solutions
prior to the electrospinning process. Raman spectroscopy is
highly sensitive to changes in molecular vibrations (real time)
and chemical environments (Zou et al., 2025; Xiao et al., 2025) ,
while UV-Visible spectroscopy provides insight into optical
absorption behavior associated with conjugated compounds
or chromophores present in plant extracts. When combined
with structural and morphological analysis of electrospun fibers
using X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), and scanning electron microscopy (SEM), a
comprehensive understanding of the structure-property rela-
tionship can be achieved.

Despite the growing number of studies on plant-extract-
loaded electrospun nanofibers, most investigations primarily
focus on the biological functionality or post-electrospinning
characterization of the resulting fibers. However, the funda-
mental physicochemical processes that occur during the transi-
tion from polymer solution to electrospun nanofiber remain in-
sufficiently understood. In particular, how plant extracts modify
molecular interactions within the precursor CS/PVA solution
and how these changes subsequently influence the structural or-
ganization and morphology of the electrospun fibers has rarely
been systematically explored. The novelty of this work lies in
the combined spectroscopic investigation of precursor electro-
spinning solutions using Raman and UV–Visible spectroscopy
together with comprehensive post-electrospinning structural
characterization using XRD, FTIR, and SEM. This integrated
approach enables a direct correlation between solution-phase
molecular interactions and the resulting nanofiber structural
properties, providing new insight into the physicochemical
mechanisms governing the formation of plant-extract-modified
CS/PVA nanofibers.

Therefore, in this study, we present a systematic investiga-
tion of CS/PVA-based electrospun nanofibers enriched with
two different plant extracts, namely Colocasia esculenta (CE) and
Melaleuca leucadendra (ML). Three polymer solutions (CS/PVA,
CS/PVA/CE, and CS/PVA/ML) were analyzed using Raman
and UV–Visible spectroscopy to understand the effect of extract

addition on molecular interactions and optical properties. Fur-
thermore, these solutions were electrospun under controlled
conditions to produce nanofibers, which were then analyzed
using XRD, FTIR, and SEM to evaluate their structural orga-
nization, chemical bonds, and morphological characteristics.
By establishing a direct correlation between the spectroscopic
features in the solution phase and the fiber structure in the solid
phase, this study provides new insights into the physicochem-
ical mechanisms governing the formation of extract-loaded
CS/PVA nanofibers, providing a rational basis for the design
of multifunctional bio-based nanomaterials.

2. EXPERIMENTAL SECTION

2.1 Materials
Chitosan (CS) with a medium molecular weight and a degree
of deacetylation of approximately 75% is used as a natural poly-
mer matrix. Polyvinyl alcohol (PVA) from EMSURE® (Merck
Group) with an average molecular weight of 60 kDa and a de-
gree of hydrolysis of 98% is used to improve the solubility
of the polymer solution. Plant extracts, labeled CE and ML,
were obtained from an extraction process using the maceration
method as described in study (Baro et al., 2023) to obtain a
crude extract. Acetic acid solution (60% v/v) and deionized
water were used as solvents without further filtration. All chem-
icals were of analytical grade and were used in their original
form.

Figure 1. Raman Spectrum of the Electrospinning Solution

2.2 Methods
2.2.1 Extraction
Plant extracts were prepared using the maceration method in
accordance with the procedures described by Dzigbor et al.
(2025) , Miksusanti et al. (2025) , and Aruan et al. (2017) . Brie-
fly, dried and ground leaves of Colocasia esculenta and Melaleuca
leucadendra were mixed with ethanol (96%) at a solid-to-solvent
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ratio of 1:10 (w/v). The mixture was stirred and left to stand
in a dark room at room temperature for 5 × 24 hours to en-
sure adequate extraction of bioactive compounds. The extract
was then filtered using Whatman filter paper to remove solid
residues. The filtrate was concentrated using a rotary evapora-
tor at 50 ◦C to remove the solvent and obtain a concentrated
extract. The concentrated extract was stored at 4 ◦C prior to
use.

Figure 2. FTIR Spectra of C. esculenta and M. leucadendra
Extracts

2.2.2 Preparation of Polymer Solutions
Three types of polymer solutions were prepared for the electro-
spinning process, namely CS/PVA, CS/PVA/CE, and CS/P-
VA/ML. CS was dissolved in 60% acetic acid, stirred with a
magnetic stirrer for 4 hours at a temperature of 45 ◦C to obtain
a CS solution of 0.03 g/mL (Duan et al., 2023) . PVA and
distilled water were mixed at a ratio of 7:3 and stirred for 2
hours at 45 ◦C (Jin et al., 2022) . The CS and PVA solutions
were mixed at a ratio of 3:7 and stirred for 1 hour to obtain a
homogeneous CS/PVA solution. For solutions containing ex-
tracts, CE or ML extracts were added to the CS/PVA solution

at a concentration of 3% by weight relative to the total polymer
content. The resulting solution was stirred further for 2 hours
to achieve extract homogeneity. All solutions were stored at
room temperature for use as electrospinning solutions.

2.2.3 Raman Spectroscopy of Polymer Solutions
Raman spectroscopy was performed to investigate molecular
interactions and functional groups present in the polymer solu-
tion prior to the electrospinning process. Raman spectra were
obtained using a Horiba Micro Confocal Raman Fast Imaging
spectrometer, with a focal length of 800 mm, a 785 nm laser
source, wavenumber range of 100-3000 cm-1 and an open
electrode thermoelectrically-cooled detector to -60 ◦C, a 600
gr/mm grating, and a 10× objective lens. Raman spectroscopy
was equipped with LabSpec 6 software with NavSharp, View-
Sharp, and MVAPlus to capture the spectrum.

2.2.4 UV-Visible Spectroscopy
The UV-Visible absorption spectrum of the polymer solution
was recorded to determine the optical absorption characteristics
and identify the presence of chromophores associated with
the extract. The maximum absorption wavelength of each
solution was measured using a Thermo Scientific Genesys 150
spectrophotometer in the wavelength range of 200-800 nm at
room temperature and distilled water as a blank.

2.2.5 Electrospinning Process
Electrospinning was performed using a Nachriebe Electrospin-
ning series 601 with a standard horizontal electrospinning setup.
The viscosity of the solution was measured using an Ostwald
viscometer with distilled water as the standard solution. Each
polymer solution was placed in a plastic syringe equipped with
an 18G 10 mL stainless steel needle. The electrospinning
process was carried out using a high-voltage power supply un-
der ambient conditions. During electrospinning, a voltage of
16 kV was applied between the needle and the grounded col-
lector (Juncos Bombin et al., 2020) . The solution flow rate
was controlled using a syringe pump set at 0.4 mL h-1 (Yang
et al., 2024) , while the distance between the needle tip and the
collector was maintained at 12 cm (Angel et al., 2020) . Electro-
spinning was performed under environmental conditions of 25
◦C and relative humidity below 50% (Qin et al., 2022) . Under
these conditions, a stable Taylor cone and continuous nanofiber
jet were obtained, resulting in uniform nanofiber deposition on
the collector surface. The collected nanofibers were placed on
aluminum foil attached to a static collector and then dried at
room temperature for 1 × 24 hours to remove residual solvents,
after which they were characterized.

2.2.6 X-ray Diffraction (XRD) Analysis
The crystalline structure of the nanofibers produced through
the electrospinning process was analyzed using an X-ray diffrac-
tometer with a voltage setting of 40kV, 15 mA; equipped with
a Cu K𝛼 radiation source (𝜆 = 1.5406 Å). Goniometer; Mini-
Flex 300/600, SC-70 detector. The diffraction pattern was
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Table 1. XRD Analysis of CS/PVA, CS/PVA/CE, and CS/PVA/ML Nanofibers

Sample 2𝜃 (°) FWHM (°) Crystallite Size
(nm)

CS/PVA 19.69 2.79 2.89
CS/PVA/CE 19.36 3.89 2.07
CS/PVA/ML 19.37 7.03 1.15

Table 2. Comparison of FTIR Peaks for CS/PVA, CS/PVA/CE, and CS/PVA/ML Solutions

Wavenumber (cm−1) CS/PVA CS/PVA/CE CS/PVA/ML Assignment Interpretation

∼3300 ✓ shifted shifted O–H stretching hydrogen bonding interaction
∼2920 ✓ ✓ ↑ intensity C–H stretching aliphatic chains (extract contribution)
∼1650 ✓ shifted shifted C=O / amide I interaction with extract
∼1550 ✓ ✓ ✓ N–H bending chitosan backbone
∼1080 ✓ ✓ ✓ C–O stretching polysaccharide structure

recorded in the 2𝜃 range of 5.0-90.0◦ with a scanning speed of
10.0◦ min-1, step width 0.0200◦, incident slit 1.250◦, length
limiting slit 10.0 mm. The degree of crystallinity and peak posi-
tions were evaluated to assess the effect of plant extract addition
on the CS/PVA matrix. The crystallite size of the electrospun
nanofibers was estimated using the Scherrer equation:

D =
K𝜆

𝛽 cos 𝜃

where D is the crystallite size, K is the shape factor (0.9), 𝜆
is the X-ray wavelength, 𝛽 is the full width at half maximum
(FWHM), and 𝜃 is the Bragg diffraction angle.

2.2.7 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy is used to identify functional groups and
investigate intermolecular interactions in nanofibers produced
by electrospinning. FTIR spectra were collected using the
Agilent Cary 630 FTIR Spectrometer from Benchtop FTIR
Instruments. Spectra were measured in the wavelength range
of 680-4000 nm. All samples were analyzed in the solid state
using MicroLab FTIR software.

2.2.8 Scanning Electron Microscopy (SEM)
The surface morphology and diameter of nanofibers produced
through the electrospinning process were analyzed using a
ZEISS EVO MA 10 SEM EDX electron microscope. Be-
fore imaging, the samples were coated with a thin layer of gold
through a sputter-coating process to improve electrical con-
ductivity. SEM images were taken at an acceleration voltage
of 13 kV, with a magnification of 30,000 times. The fiber
diameter distribution was determined by measuring 100 ran-
domly selected fiber diameter points from the SEM images
using ImageJ analysis software. The measurement results were
analyzed using OriginPro 2025 to ensure statistical significance,
and reported as the mean diameter ± standard deviation; the
distribution was presented as a histogram.

3. RESULT AND DISCUSSIONS

3.1 Raman Spectroscopy of Polymer Solutions
Raman spectroscopy is used to analyze the molecular vibra-
tion characteristics and intermolecular interactions in CS/PVA-
based polymer solutions prior to the electrospinning process.
Figure 1 shows the Raman spectra of pure CS/PVA solutions
and CS/PVA/CE and CS/PVA/ML solutions loaded with ex-
tracts in the spectral range of 100–3000 cm-1.

Figure 1 shows the Raman spectrum of the electrospinning
solution. The Raman spectrum of the CS/PVA solution shows
several characteristic vibration modes originating from the chi-
tosan and PVA chains. The prominent band observed around
∼458 cm-1 is related to the vibration of the polysaccharide
backbone, reflecting the collective motion of C–C and C–O
bonds in the chitosan structure. The band near ∼625 cm-1 can
be attributed to C–O stretching vibrations, which are sensitive
to the local hydrogen bonding environment. The well-defined
peak at ∼892 cm-1 corresponds to C–O–C stretching vibra-
tions in glycosidic bonds, indicating the structural integrity of
the chitin backbone in the mixed polymer system. The band
around ∼1436 cm-1 is attributed to CH2 bending vibrations,
mainly contributed by the PVA chain (Alibwaini et al., 2022),
while the peak at ∼1713 cm-1 is related to the C=O stretch-
ing mode (Barroso-Solares et al., 2025) , possibly originating
from residual acetyl groups or interchain interactions between
CS and PVA (Barroso-Solares et al., 2025) . Additionally, the
broad band observed near ∼2945 cm-1 corresponds to C–H
stretching vibrations, which are characteristic of polymeric
hydrocarbon chains. The presence and relative sharpness of
these vibration modes indicate a well-blended CS/PVA system
dominated by hydrogen bonding interactions, which play an
important role in stabilizing the polymer solution and facilitat-
ing the electrospinning process.

The Raman spectrum of the CS/PVA/CE solution shows
characteristic vibration features originating from the polymer
matrix and the integrated CE plant extract. The dominant
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Figure 3. UV-Vis Spectrum Maximum Absorption Wavelength; a) Comparison of CS/PVA, CS/PVA/CE, and CS/PVA/ML; b)
CS/PVA Solution; c) CS/PVA/CE Solution; d) CS/PVA/ML Solution

© 2026 The Authors. Page 799 of 807



Atina et. al. Science and Technology Indonesia, 11 (2026) 795-807

Table 3. Comparison of Electrospun CS/PVA-Based Nanofibers Reported in Previous Studies

Polymer Sys-
tem

Plant Extract/Addi-
tive

Fiber Diameter
(nm)

Characterization
Techniques

Key Findings References

PVA Soursop leaf and cat-
appa leaf extract

952–1323 FTIR, SEM, XRD,
tensile test, antibac-
terial activity

produced nanofibers
for wound healing and
filtration applications

(Fitria et al.,
2025)

CS/Gelat none 103 FTIR, SEM, XRD achieved water resis-
tant membrane

(Alfikro et al.,
2024)

CS/PVA Eugenol 89–136 SEM, FTIR, XRD,
antibacterial

enhanced antibacte-
rial activity

(Sethuram and
Thomas, 2023)

Raman band observed at around ∼892 cm-1 is mainly asso-
ciated with the C–O–C stretching vibration of the glycosidic
bonds in the chitosan backbone. However, compared to the
pure CS/PVA solution, this band shows a significant decrease
in intensity and slight broadening. From a molecular vibra-
tion perspective, this behavior indicates a disturbance in the
glycosidic environment due to the formation of intermolecular
hydrogen bonds between the hydroxyl (–OH) and possibly car-
bonyl (C=O) functional groups of the CE extract constituents
with the polymer chains (Xiao et al., 2025) . Phenolic com-
pounds commonly found in plant extracts are known to interact
strongly with polysaccharides through O–H hydrogen bonds,
which modify bond polarity and Raman scattering efficiency.
The decrease in intensity in the mid-wave range (600–1200
cm-1 region) further indicates the presence of aromatic phe-
nolic structures (Xiao et al., 2025) , whose 𝜋-electron systems
can cause electron delocalization effects, indirectly affecting
Raman-active vibration modes in the polymer matrix. Al-
though individual phenolic molecules cannot be identified due
to spectral overlap, the Raman features are consistent with the
presence of polyphenolic and flavonoid-like compounds, which
are typically Raman active in this spectral region. Importantly,
no sharp new crystalline Raman peaks were detected, indicat-
ing that the CE extract molecules are molecularly dispersed in
the CS/PVA solution rather than forming a separate crystalline
phase.

In contrast, the CS/PVA/ML solution showed more pro-
nounced spectral modifications. Two prominent Raman bands
appear at around ∼268 cm-1 and ∼894 cm-1, with the lat-
ter band showing a more significant decrease in intensity and
spectral broadening compared to the CS/PVA/CE system. A
distinct low-frequency Raman band appears at around ∼268
cm-1, which is not present in the pure CS/PVA or CS/PVA/CE
spectra. The appearance of a low-frequency band around ∼268
cm-1 indicates the presence of collective lattice vibrations or
modes associated with heavy atoms, which are often associ-
ated with complex aromatic or polyphenolic structures found
in plant extracts (Xiao et al., 2025) . The small Raman spec-
trum band was identified as a result of phenyl aromatic ring
rotation, which is a component of phenolic compounds (Xiao
et al., 2025) . A more significant change in the ∼894 cm-1 band
associated with C–O–C stretching vibrations showed greater

intensity suppression and spectrum broadening compared to
the CE-loaded system.

A comparative analysis of three Raman spectra shows clear
modulation in molecular interactions in the CS/PVA solution,
depending on the extract used. Although both CE and ML ex-
tracts interact with the polymer matrix, the ML extract causes
more significant disruption to the vibrational modes, as indi-
cated by greater band broadening, decreased intensity, and the
appearance of additional low-frequency modes. These find-
ings suggest that the ML extract contains a higher proportion
of rigid aromatic or polyphenolic compounds, which exert a
greater influence on the vibrational dynamics of the CS/PVA
system. This extract-dependent interaction mechanism pro-
vides a direct explanation for the more pronounced changes
observed in fiber morphology and crystallinity in subsequent
electrospun nanofibers. To support the Raman interpretation
of extract-derived molecular features in the electrospinning so-
lutions, FTIR spectra of the CE and ML extracts were analyzed.

The FTIR spectra of Colocasia esculenta and Melaleuca leu-
cadendra extracts (Figure 2) reveal several characteristic ab-
sorption bands corresponding to functional groups commonly
present in plant secondary metabolites. A broad band observed
in the region of 3200–3500 cm-1 is attributed to O–H stretch-
ing vibrations of phenolic and alcoholic groups, indicating the
presence of polyphenolic compounds capable of forming hy-
drogen bonds. Absorption bands around 2850–2950 cm-1

correspond to aliphatic C–H stretching vibrations, suggesting
the presence of hydrocarbon chains associated with terpenoid
components, particularly in Melaleuca leucadendra. Additional
bands in the region of 1600–1700 cm-1 are assigned to C=O
stretching or aromatic C=C vibrations, which are characteristic
of flavonoids and other aromatic phytochemicals. Furthermore,
peaks observed between 1000–1200 cm-1 correspond to C–O
and C–O–C stretching vibrations associated with alcohol, ether,
or glycosidic structures.

These functional groups identified in the extract FTIR spec-
tra provide supporting evidence for the molecular features
responsible for the Raman spectral changes observed in the
precursor polymer solutions. In particular, the incorporation
of plant extracts into the CS/PVA solution introduces aromatic
and phenolic moieties that can interact with the polymer ma-
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Figure 4. XRD Spectrum of CS/PVA, CS/PVA/CE, and
CS/PVA/ML Nanofibers

trix through hydrogen bonding and intermolecular interactions.
Such interactions modify the local chemical environment of
the polymer chains, leading to observable changes in Raman vi-
brational bands associated with C–O, C–N, and C–H stretching
modes in the CS/PVA backbone.

Compared with the pristine CS/PVA solution, the Raman
spectra of CS/PVA/CE and CS/PVA/ML solutions exhibit
band intensity variations and slight shifts in characteristic vi-
brational modes, indicating modifications in molecular inter-
actions within the polymer network. These changes suggest
that the phenolic and terpenoid compounds identified in the
FTIR spectra of the extracts interact with the CS/PVA matrix,
altering the hydrogen-bonding network and influencing the
physicochemical structure of the precursor solution prior to
electrospinning. This complementary spectroscopic approach
allows a more reliable interpretation of the molecular origin of
the Raman bands without relying solely on speculative com-
pound assignments.

Figure 5. FTIR Spectra of CS/PVA, CS/PVA/CE, and
CS/PVA/ML Nanofibers

3.2 UV-Visible Spectroscopic Analysis of Electrospinning
Solutions

UV-Visible spectroscopy was used to investigate the optical
absorption characteristics and electronic transitions of CS/PVA-
based electrospinning solutions, with a particular emphasis on
the effect of adding plant extracts. Figure 2 shows the UV-Vis
absorption spectra of CS/PVA, CS/PVA/CE, and CS/PVA/ML
solutions recorded in the wavelength range of 200–800 nm.

Pure CS/PVA solutions exhibit a dominant absorption peak
at around 230 nm, which is characteristic of 𝜋 → 𝜋∗ and
n → 𝜎∗ electronic transitions associated with the polymer
backbone. In CS/PVA solutions, absorption in this deep UV
region is generally associated with non-conjugated functional
groups such as hydroxyl (–OH), amino (–NH2), and residual
acetyl groups, which have localized electronic states. The ab-
sence of significant absorption bands in the visible region (>400
nm) indicates that the CS/PVA solution does not possess ex-
tensive conjugated or chromophore structures. This optical
behavior is consistent with the Raman results, which show well-
defined polymer vibrational modes with minimal electronic
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interference, indicating a relatively ordered and electronically
homogeneous polymer solution.

After the addition of CE extract, the CS/PVA/CE solution
showed a slight shift in maximum absorption at around 232 nm,
accompanied by an increase in overall absorption intensity com-
pared to the pure CS/PVA system. This increase indicates the
presence of additional electronic transitions originating from
the CE extract component. From a spectroscopic perspective,
this absorption feature is associated with 𝜋 → 𝜋∗ transitions
in aromatic rings and n → 𝜋∗ transitions in carbonyl or phe-
nolic groups commonly found in plant-derived polyphenolic
compounds. The proximity of the absorption maximum to
that of CS/PVA indicates that CE extract molecules are molec-
ularly dispersed in the polymer matrix rather than forming
strongly conjugated domains. This interpretation is consis-
tent with FTIR and Raman analysis, where the addition of CE
causes a moderate decrease in intensity and broadening of the
band without the emergence of new low-frequency collective
modes. These results indicate that CE extract interacts primar-
ily through local hydrogen bonds, causing limited electronic
delocalization in solution.

UV-visible absorption characteristics provide important in-
sights into the electronic structure of precursor solutions, which
directly influence electrospinning dynamics. The increase in
absorption intensity and shift of the absorption maximum to-
ward the red observed in CS/PVA/ML solutions indicate higher
electronic polarity and a possible increase in solution conduc-
tivity. These factors are known to affect jet stretching and
instability during electrospinning, resulting in variations in
fiber diameter and morphology. In contrast, the CS/PVA/CE
solution showed more moderate changes in optical absorp-
tion, consistent with weaker electronic disruption and more
localized molecular interactions. This explains the interme-
diate morphological and structural changes observed in the
nanofibers produced via electrospinning. Overall, the UV–Vis
results show a clear relationship between structure, properties,
and process, where specific electronic features of the extract
in the solution phase govern molecular interactions (Raman),
electrospinning behavior, and ultimately the structure of the
resulting nanofibers.

3.3 X-ray Diffraction (XRD) Analysis
Figure 4 shows the X-ray diffraction (XRD) patterns of CS/-
PVA, CS/PVA/CE, and CS/PVA/ML nanofibers produced by
the electrospinning process, recorded in the 2𝜃 range of 5–90◦.
All samples show a dominant broad diffraction peak centered at
around 2𝜃 = 19–20◦, which is characteristic of semi-crystalline
PVA-based systems mixed with amorphous chitin (Yan et al.,
2023) . The broad nature of this peak indicates that the nano-
fibers produced by electrospinning have an amorphous-semi-
crystalline mixed structure, which is characteristic of polymer
nanofibers produced by electrospinning due to rapid solvent
evaporation and limited time for crystal growth.

Pure PVA generally exhibits strong diffraction peaks at 2𝜃
≈ 19.5–19.8◦, which are widely indexed to the (101) crys-

tallographic plane of monoclinic PVA crystals. Chitosan, on
the other hand, exhibits characteristic reflections around 2𝜃
≈ 10◦ and 20◦, but in mixed systems and electrospun fibers,
these peaks often merge into a single broad halo due to de-
creased crystallinity. Therefore, the peak observed at ∼19–20◦

in all samples is reasonably attributed to PVA-dominated crys-
talline domains, with chitosan contributing primarily to the
amorphous background.

A small shift of the diffraction peak toward lower 2𝜃 values
was observed after the addition of CE and ML extracts (from
19.69◦ to ∼19.36–19.37◦). Based on Bragg’s Law, this shift
corresponds to an increase in interplanar spacing (d-spacing),
indicating an expansion of the crystal lattice or an increase
in structural disorder in the polymer matrix. This behavior
suggests that the extract molecules are intercalated within or
near the crystalline regions of PVA, disrupting chain packing
and weakening intermolecular hydrogen bonds between PVA
chains. No additional sharp diffraction peaks corresponding
to crystalline plant extract phases were detected in the XRD
patterns of CS/PVA/CE and CS/PVA/ML nanofibers. This
indicates that the extracts are molecularly dispersed or amor-
phously embedded in the polymer matrix, rather than forming
separate crystalline domains (Gómez et al., 2019) . The dom-
inant diffraction peak centered around 2𝜃 ≈ 19–20◦ for all
samples was indexed to the (101) plane of the semi-crystalline
PVA domain. A slight shift of the peak toward lower diffraction
angles after the addition of the extract indicates an increase in
interplanar spacing and a decrease in crystalline order, caused
by the disruption of polymer chain packing due to the extract.

To quantitatively evaluate the effect of plant extract incor-
poration on the crystalline structure, the crystallite size of the
electrospun nanofibers was estimated using the Scherrer equa-
tion based on the dominant diffraction peak at 2𝜃 ≈ 19–20◦.
As summarized in Table 1, the crystallite size decreases sig-
nificantly from approximately 2.89 nm for pristine CS/PVA
to 2.07 nm and 1.15 nm for CS/PVA/CE and CS/PVA/ML,
respectively. This reduction in crystallite size is consistent with
the observed broadening of the diffraction peaks and reflects
an increase in structural disorder within the polymer matrix.
The incorporation of plant extracts introduces additional inter-
molecular interactions, particularly hydrogen bonding between
the functional groups of the extracts and the CS/PVA chains,
which disrupts the regular packing of PVA crystalline domains.
As a result, crystal growth is hindered during the electrospin-
ning process, leading to smaller coherent scattering domains.
Furthermore, the slight shift of the diffraction peak toward
lower 2𝜃 values, corresponding to increased interplanar spacing,
supports the hypothesis of extract-induced lattice expansion
and reduced crystallinity. Among all samples, CS/PVA/ML
exhibits the smallest crystallite size, indicating the strongest dis-
ruption of polymer chain organization, which is consistent with
the more pronounced structural disorder observed in FTIR
and Raman analyses. These findings confirm that the incor-
poration of plant extracts plays a critical role in modulating
the crystalline structure of electrospun CS/PVA nanofibers. It
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Figure 6. SEM Micrographs Electrospun and Histogram of Diameter Distribution of: a) CS/PVA Nanofibers; b) CS/PVA/CE
Nanofibers; c) CS/PVA/ML Nanofibers. Scale Bar = 500 nm

should be noted that the calculated crystallite sizes represent
apparent values due to the semi-crystalline nature of the poly-
mer system and the broad diffraction peaks. Overall, these
results demonstrate that plant extract incorporation serves as
an effective strategy to tune the crystalline–amorphous balance
in electrospun polymer nanofibers.

3.4 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR analysis was performed to characterize the vibration
modes of functional groups in the infrared region and to inves-
tigate possible molecular interactions within the matrix Figure
5 (CS/PVA) shows distinct and relatively sharp peaks charac-
teristic of PVA and chitosan, with the O–H band (∼3300 cm-1)
still relatively narrow, indicating dominant intramolecular hy-
drogen bonding. The crystalline domain of PVA is still intact,
as indicated by a fairly intense peak at ∼1140 cm-1 (Archana
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et al., 2025) . The FTIR graph of CS/PVA/CE shows that the
O–H band becomes wider and shifts slightly to a lower wave
number, indicating the formation of new hydrogen bonds be-
tween the polymer and the phenolic compound CE. The O–H
band (∼3300 cm-1) is the widest and its intensity decreases in
CS/PVA/ML, Amida I (∼1650 cm-1) shows band distortion
(Yan et al., 2023) , the C–O–C band (∼1140 cm-1) weakens
significantly, and the peak in this area indicates the presence
of an ester group (Zhao et al., 2022) . A strong signal at 1740
cm-1 reflects C=O ester stretching, confirming the presence of
triglycerides and esterified fatty acid components as the main
constituents (Amur et al., 2025) .

The strongest ML molecular interactions cause fragmenta-
tion of the PVA crystalline domain and increased amorphiza-
tion of the matrix. FTIR spectra confirm the successful in-
corporation of CE and ML extracts into the CS/PVA electro-
spun nanofibers. The broadening and slight red-shift of the
O–H/N–H stretching band around 3300–3400 cm-1 (Abdul-
rahman et al., 2024) indicate enhanced hydrogen bonding
interactions between the polymer chains and bioactive com-
pounds present in the extracts (Islam et al., 2024) . Further-
more, the reduced intensity of the C–O–C stretching band at
∼1140 cm-1 suggests disruption of the crystalline domains of
PVA, which is consistent with the observed crystallite size re-
duction from XRD analysis. Among all samples, CS/PVA/ML
exhibits the highest degree of structural disorder, corroborat-
ing Raman spectral broadening and UV-Visible absorption en-
hancement. FTIR band assignments of electrospun CS/PVA,
CS/PVA/CE, and CS/PVA/ML nanofibers showing extract-
induced hydrogen bonding interactions and gradual reduction
of polymer crystallinity (Putri et al., 2025) .

To facilitate a clearer interpretation of the FTIR spectra, a
comparative band assignment table has been constructed (Table
2). The results show that the incorporation of plant extracts
induces noticeable shifts in characteristic peaks, particularly
in the O–H and C=O regions, indicating enhanced hydrogen
bonding interactions and modification of the polymer network.
These changes confirm that the extract components interact
with the CS/PVA matrix at the molecular level.

3.5 Scanning Electron Microscopy (SEM)
The electrospun fibers were scanned with SEM to determine
their size and distribution. The SEM scan results are shown in
Figure 6. SEM analysis reveals smooth, bead-free nanofibers
with interconnected porous networks for all samples. The aver-
age fiber diameter increases from 90.86 ± 1.87 nm (CS/PVA)
to 111.89 ± 2.96 nm (CS/PVA/CE) and 118.48 ± 2.98 nm
(CS/PVA/ML), indicating that extract incorporation signifi-
cantly affects the electrospinning jet dynamics. The histogram
distributions show relatively narrow diameter distributions, in-
dicating stable jet formation during electrospinning. The in-
creased fiber diameter can be attributed to enhanced solution
viscosity (Luo et al., 2025) and intermolecular hydrogen bond-
ing interactions, which reduce jet stretching under the applied
electric field. The ML-containing fibers exhibit the largest di-

ameter and slightly rougher surface morphology, suggesting
stronger polymer–extract interactions. These findings are in
strong agreement with XRD results showing reduced crystal-
lite size, FTIR band broadening, and Raman spectral disor-
der, confirming that extract incorporation promotes structural
amorphization within the nanofibrous matrix.

The CS/PVA nanofibers appear smooth with relatively ho-
mogeneous distribution, no significant bead formation, a ran-
domly oriented nanofibrous network structure with high poros-
ity, and an average diameter of 90.86 ± 1.87 nm, indicating
relatively low solution viscosity. The addition of extract as
an electrospinning solution increases the viscosity of the solu-
tion and affects the morphology of the electrospinning fibers
(Almafie et al., 2024) . CS/PVA/CE nanofibers remain con-
tinuous and without large beads with a diameter greater than
CS/PVA nanofibers with a size of 111.89 ± 2.96 nm, although
the network remains homogeneous but the surface is slightly
rougher than CS/PVA. Increased solution viscosity causes poly-
mer chain packing disruption, which causes the fiber diameter
to increase. This condition correlates with decreased crys-
tallinity (XRD), broadening of the O–H band (FTIR), and in-
creased absorbance (UV-Visible). The surface of CS/PVA/ML
nanofibers appears rougher with a fiber size of 118.48 ± 2.98
nm, some small agglomeration points are observed, and the di-
ameter distribution is slightly wider. The formation of thicker
fibers causes an increase in viscosity, intermolecular interac-
tions (intense hydrogen bonding), and a decrease in crystallinity,
resulting in thicker fibers. This morphology satisfied the criti-
cal parameters for wound dressing applications, namely small
nanofiber diameter, absence of significant bead defects, and
high structural homogeneity (Sari et al., 2025) .

In electrospinning systems, solution properties such as vis-
cosity, electrical conductivity, and surface tension collectively
influence jet stability and fiber morphology. Among these
parameters, viscosity plays a crucial role in determining the
degree of polymer chain entanglement required for continuous
fiber formation. Although conductivity and surface tension
were not directly measured in this study, the incorporation
of plant extracts containing polar phytochemicals may alter
charge density and intermolecular interactions within the so-
lution, potentially affecting jet elongation and fiber diameter
during electrospinning. The viscosity of the electrospinning
solutions was determined using an Ostwald viscometer relative
to distilled water. The results show a clear increase in viscos-
ity from 1.75 mPa.s (CS/PVA) to 2.23 mPa.s (CS/PVA/CE)
and 2.52 mPa.s (CS/PVA/ML). This trend indicates enhanced
intermolecular interactions and polymer chain entanglement
upon incorporation of plant extracts. The higher viscosity
observed in extract-loaded systems contributes to increased
resistance to flow during electrospinning, which is consistent
with the formation of thicker nanofibers observed in SEM anal-
ysis. These findings confirm that the addition of phytochemical
compounds significantly modifies the rheological properties of
the precursor solutions.

The comprehensive structural analyses reveal a strong in-
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terconnection between molecular interactions, crystalline orga-
nization, morphological evolution, and optical behavior in the
electrospun nanofiber system (Fitria et al., 2025) . Extract in-
corporation enhances hydrogen bonding interactions, reduces
PVA crystallinity, increases fiber diameter, and promotes struc-
tural amorphization. These changes indicate modifications in
the polymer molecular environment and structural organiza-
tion of the nanofibers. Such physicochemical modifications
may influence the interaction of nanofibers with bioactive com-
pounds, potentially supporting future investigations of func-
tional properties. Among all samples, CS/PVA/ML exhibits
the highest degree of structural disorder and the most pro-
nounced structural modification, demonstrating the critical
role of extract–polymer interactions in tuning the structural
characteristics of electrospun nanofibers.

Although direct elemental mapping techniques such as EDS
mapping or TEM were not employed in this study, the ho-
mogeneous dispersion of plant extracts within the CS/PVA
matrix can be inferred from indirect evidence. The absence
of phase-separated domains in SEM images, combined with
relatively narrow fiber diameter distributions, suggests stable
solution properties during electrospinning. Furthermore, the
observed shifts and intensity changes in FTIR and Raman spec-
tra indicate molecular-level interactions between the extract
components and polymer chains, supporting the assumption
of uniform dispersion within the nanofiber structure.

Due to the limited number of studies specifically report-
ing CS/PVA electrospun nanofibers incorporated with plant
extracts, previous studies on CS-based, PVA-based, and plant-
extract-loaded electrospun nanofibers are summarized in Table
3 to provide a relevant comparison with the present work.

As shown in Table 3, various electrospun nanofibers based
on PVA, CS, and CS/PVA composites have been widely re-
ported with the incorporation of plant extracts or bioactive
additives to enhance functional properties such as antibacte-
rial activity and wound healing performance. These studies
typically report fiber diameters in the nanometer range and
primarily rely on characterization techniques such as FTIR,
SEM, and XRD to evaluate chemical structure and morphol-
ogy of the resulting fibers. However, most previous investiga-
tions focus predominantly on the final fiber properties, with
limited attention given to the physicochemical interactions
occurring in the precursor solution prior to electrospinning.
In contrast, the present study introduces a more comprehen-
sive approach by integrating Raman and UV–Vis spectroscopy
to probe molecular interactions in the precursor solution, in
addition to conventional structural characterization of the elec-
trospun nanofibers. This combined analysis enables a deeper
understanding of how the incorporation of Colocasia esculenta
and Melaleuca leucadendra extracts modifies intermolecular in-
teractions within the CS/PVA matrix, which in turn influences
fiber formation and morphology. Therefore, this work pro-
vides not only structural characterization but also mechanistic
insight into the relationship between solution-phase interac-
tions and nanofiber structure, which remains underexplored in

previously reported systems.

4. CONCLUSIONS

This work elucidates the structure–property relationship in elec-
trospun CS/PVA nanofibers engineered with plant-derived ex-
tracts. The incorporation of CE and ML does not generate new
covalent bonds but fundamentally restructures the polymer net-
work through intensified hydrogen bonding interactions. This
molecular-level reorganization drives progressive amorphiza-
tion, evidenced by FTIR and Raman band broadening, XRD
crystallite size reduction, and peak attenuation of PVA crys-
talline domains. These structural modifications directly alter
electrospinning dynamics, producing thicker nanofibers (90 →
118 nm) with modified chain packing and enhanced electronic
delocalization, as supported by UV–Visible red-shift behav-
ior. Among all formulations, CS/PVA/ML exhibits the highest
structural disorder, indicating the strongest extract–polymer
interaction. This study establishes controlled crystallinity mod-
ulation as an effective strategy for tuning the structural prop-
erties of bio-based nanofibers and provides a framework for
the design of plant-extract-modified electrospun materials for
potential biomedical applications. Future studies will focus on
evaluating the biological performance of these nanofibers to
further explore their potential functional applications.
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