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ABSTRACT

The increasing prevalence of multidrug-resistant (MDR) bacterial infections necessitates the development of novel,
biocompatible antimicrobial nanomaterials. In the present study, Adiantum capillus-veneris-functionalized
polyvinylpyrrolidone (PVP)-coated zinc oxide nanoparticles (ACV-Zn@PVP NPs) were successfully synthesized using a
simple one-pot green synthesis approach. The aqueous leaf extract of ACV served as a natural reducing and capping agent,
while PVP acted as a stabilizing polymer to improve nanoparticle dispersion and colloidal stability. The synthesized NPs
were characterized using UV—Visible spectroscopy, FTIR, FESEM—-EDX, XRD, DLS, and zeta potential analysis. UV—Vis
spectra confirmed ACV-Zn@PVP NP formation with an absorption peak at 370 nm. XRD analysis revealed a highly
crystalline hexagonal wurtzite ZnO structure with an average crystallite size of 22-25 nm. DLS analysis showed a Z-average
hydrodynamic diameter of 219.7 nm with a polydispersity index (PDI) of 0.2888, while the zeta potential of —18.61 mV
indicated moderately good colloidal stability. FESEM showed predominantly spherical NPs with reduced aggregation. EDX
confirmed the presence of Zn and O as the elements, whereas DLS and zeta potential analyses indicated nanoscale particle
size and good colloidal stability. The synthesized ACV-Zn@PVP NPs exhibited concentration-dependent antibacterial
activity against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Klebsiella pneumoniae, with the
maximum inhibition zone of 35 mm against E. coli at 100 mg/mL. Cytocompatibility studies using V79 fibroblast cells
showed 95% cell viability at 10 ug/mL, which gradually decreased to 69% at 160 pg/mL, indicating dose-dependent
cytotoxicity while maintaining acceptable cellular compatibility at lower concentrations. Overall, the synthesized ACV-
Zn@PVP NPs exhibited excellent characteristics, potent antibacterial activity, and cytocompatibility, highlighting their

potential as promising multifunctional nanomaterials for future biomedical applications.
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1.INTRODUCTION

The rapid emergence of multidrug-resistant
(MDR) bacterial pathogens has become one of the most
significant global public health challenges and
substantially limits the effectiveness of conventional
antibiotic therapies (Ahmed et al. 2024). The excessive
use of antibiotics has accelerated the evolution of
resistant bacterial strains, prolonged infections,
healthcare costs, and higher mortality rates.
Consequently, the development of novel antimicrobial
agents with improved efficacy, enhanced
biocompatibility, and reduced toxicity has become an
important area of biomedical research (Elshobary et al.
2025; Salam et al. 2023). In recent years, nanotechnology
has emerged as a promising strategy for combating
antimicrobial resistance by enabling the development of
multifunctional nanomaterials with unique
physicochemical and biological properties. Among

nanoparticles;

Polyvinylpyrrolidone; Green synthesis;

various metal oxide nanomaterials, zinc oxide
nanoparticles (ZnO NPs) have attracted considerable
attention due to their broad-spectrum antibacterial
activity, chemical stability, excellent biocompatibility,
and cost-effective synthesis (Parvin ef al. 2025; Pathak et
al. 2026). ZnO NPs exert antimicrobial effects through
many mechanisms, including the generation of ROS,
disruption of bacterial cell membranes, leakage of
intracellular components, and release of Zn*" ions that
interfere with essential cellular metabolic pathways.
Their antibacterial properties, ZnO NPs have
demonstrated cytotoxic effects against cancer cells,
making them attractive candidates for biomedical
applications such as antimicrobial coatings, drug delivery
systems, wound healing, tissue engineering, and
anticancer therapy (Sirelkhatim et al. 2015). However,
conventional chemical synthesis methods often require
hazardous reducing agents and stabilizers, raising
concerns regarding environmental safety and biological
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compatibility. Green synthesis using medicinal plant
extracts has emerged as an environmentally friendly and
sustainable alternative to conventional NPs synthesis
(Dheyab et al. 2025). Plant-derived compounds serve
simultaneously as reducing, capping, and stabilizing
agents, eliminating the need for toxic chemicals while
improving nanoparticle stability and biological activity
(Villagran et al. 2024). Moreover, bioactive compounds
functionalized NPs frequently exhibit enhanced
antimicrobial, antioxidant, anti-inflammatory, and
anticancer activities because of the synergistic interaction
between the bioactive plant compounds and the metallic
nanostructures. Therefore, plant-based synthesis has
become an increasingly attractive approach for the
fabrication of multifunctional nanomaterials intended for
biomedical applications (Diab et al. 2025).

Adiantum capillus-veneris (ACV), commonly
known as the maidenhair fern, is a medicinal plant widely
distributed in tropical and subtropical regions.
Traditionally, it has been used in various systems of
medicine for the treatment of respiratory disorders, fever,
urinary tract infections, skin diseases, and inflammatory
conditions(Qadir ef al. 2025). Bioactive compounds have
been investigated, revealing that ACV contains a rich
diversity of compounds, including flavonoids, phenolic
acids, triterpenoids, tannins, saponins, alkaloids,
glycosides, and carotenoids(Dehdari and Hajimehdipoor,
2018). These secondary metabolites possess potent
antioxidant, antimicrobial, anti-inflammatory, antiviral,
and anticancer activities and are capable of reducing
metal ions while simultaneously stabilizing the NPs.
Consequently, ACV represents an excellent natural
resource for the green synthesis of functionalized metal
oxide NPs with improved biomedical performance
(Nazim et al. 2018).

Although numerous studies have reported the
green synthesis of ZnO nanoparticles using different
medicinal plants, important limitations remain regarding
nanoparticle aggregation, colloidal instability, and
inconsistent biological performance, which significantly
restrict their biomedical applications(El-Saadony et al.
2024; Surya et al. 2026). Furthermore, most previous
investigations have focused either on plant-mediated
ZnO nanoparticles or polymer-coated ZnO nanoparticles
individually, whereas studies integrating medicinal plant
phytochemicals with polymer-functionalized ZnO
nanoparticles remain limited. In particular, despite the
well-documented  pharmacological  properties  of
Adiantum capillus-veneris, including its antioxidant,
antimicrobial, anti-inflammatory, and wound-healing
activities, its application as both a bioreducing and
biofunctionalizing agent for PVP-coated ZnO
nanoparticles has not been comprehensively explored
(Qadir et al. 2025). This represents a significant research
gap because the synergistic interaction between ACV
phytochemicals, ZnO nanoparticles, and a biocompatible
polymer coating may substantially improve nanoparticle

stability and biological performance. Furthermore, only a
limited number of studies have systematically correlated
the physicochemical characteristics of polymer-
functionalized green ZnO nanoparticles with their
antibacterial efficacy and cytocompatibility, thereby
restricting their translational potential for biomedical
applications.

Although green-synthesized ZnO NPs have
demonstrated promising biological activities, NP
aggregation remains a major limitation that adversely
affects their stability, dispersion, and Dbiological
efficiency (Kiran and Kumar, 2026; Vantipalli et al.
2024). Surface modification using biocompatible
polymers has therefore become an effective strategy to
improve NP performance (Ragavendran et al. 2025;
Sayeem et al. 2026). PVP is one of the most extensively
used polymeric stabilizers because of its excellent water
solubility, low toxicity, high biocompatibility, and strong
metal-binding capability. PVP forms a protective coating
around ZnO NP, thereby minimizing aggregation,
enhancing colloidal stability, improving dispersion, and
increasing the active surface sites responsible for
biological interactions(Franco and De Marco, 2020;
Teodorescu and Bercea, 2015).

Among the various polymeric stabilizers
reported for nanoparticle synthesis, including
polyethylene glycol (PEG), chitosan, polyvinyl alcohol
(PVA), and poly(vinyl pyrrolidone) (PVP), PVP offers
several distinct advantages. Unlike chitosan, whose
solubility is pH-dependent and may exhibit batch-to-
batch variability, PVP possesses excellent water
solubility over a wide pH range and forms highly stable
colloidal dispersions(AboGabal et al. 2023; Harun-Ur-
Rashid ef al. 2025; Ramnandan et al. 2021). Compared
with PEG, PVP provides stronger coordination through
its carbonyl groups, resulting in improved steric
stabilization, reduced nanoparticle aggregation,
enhanced surface uniformity, and better long-term
colloidal stability. In addition, PVP is non-toxic, non-
immunogenic, highly biocompatible, and widely
accepted for pharmaceutical and biomedical applications,
making it an ideal polymer for surface functionalization
of ZnO nanoparticles. These characteristics make PVP
one of the most frequently employed polymers for
stabilizing metal oxide nanoparticles intended for
biological applications. Therefore, combining PVP with
phytochemical-mediated synthesis provides a rational
strategy to simultaneously improve nanoparticle stability
and biological activity.

Based on these considerations, the novelty of
the present study lies in the development of a green-
synthesized Adiantum capillus-veneris-functionalized
PVP-coated ZnO nanocomposite (ACV-Zn@PVP)
through a simple one-pot synthesis approach. To the best
of our knowledge, very few reports describe the
combined use of A. capillus-veneris phytochemicals and
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PVP for the fabrication of ZnO nanocomposites,
followed by a systematic evaluation of their
physicochemical properties, antibacterial activity against
clinically  relevant  bacterial  pathogens, and
cytocompatibility using V79 fibroblast cells. Therefore,

this study aimed to synthesize ACV-Zn@PVP
nanocomposites, characterize their structural and
physicochemical  properties  using  UV-—Visible

spectroscopy, FTIR, FESEM-EDX, XRD, DLS, and zeta
potential analyses, and evaluate their in vitro antibacterial
efficacy and cytocompatibility to assess their potential as
environmentally sustainable antimicrobial
nanomaterials. The findings are expected to provide
valuable insights into the development of stable, eco-
friendly ZnO-based nanocomposites for future
antimicrobial and biomedical applications.

2. MATERIALS AND METHODS
2.1 Materials

Zinc acetate dihydrate [Zn(CHsCOO).-2H20]
(>99.9% purity) and poly(vinyl pyrrolidone) (PVP) were
purchased from HiMedia Laboratories Pvt. Ltd. Ethanol
(99.9% analytical grade) and distilled water (DW) were
used throughout the study. Fresh Adiantum capillus-
veneris plants were obtained from a commercially
available nursery.

2.2 Preparation of Adiantum capillus-veneris
Aqueous Extract

Fresh leaves of ACV were collected, thoroughly
washed with running tap water followed by distilled
water(DW) to remove dust and surface contaminants, and
shade-dried at room temperature for 7—10 days. The dried
leaves were pulverized into a fine powder using a

was mixed with 100 mL of DW and heated at 70°C for
30 min under continuous stirring. The extract mixture
was allowed to cool to room temperature and filtered
through Whatman No. 1 filter paper. The obtained
aqueous extract was stored at 4°C until further used as
the reducing and stabilizing agent for NPs (Baliyan et al.
2022).

2.3 Green Synthesis of Adiantum capillus-
veneris-functionalized PVP-Coated Zinc Oxide
Nanoparticles (ACV-Zn@PVP NPs)

The ACV-Zn@PVP NPs were synthesized
through a one-pot green synthesis approach (Unni et al.
2023) as illustrated in Fig. 1. Initially, 0.063 M zinc
acetate dihydrate was dissolved in DW to prepare the
precursor solution. Subsequently, 0.5 g of PVP was added
to the zinc precursor solution and stirred continuously
until completely dissolution. Thereafter, 20 mL of ACV
extract was added dropwise into the reaction mixture
under continuous magnetic stirring at 70°C. The reaction
mixture was maintained under constant stirring for
approximately 2 h, during which the solution gradually
changed from pale brown to creamy white, indicating the
formation of ZnO nanoparticles. The phytochemicals
present in the ACV extract served as natural reducing and
capping agents, while PVP acted as a stabilizing polymer
to minimize nanoparticle aggregation and promote
uniform particle growth. The synthesized nanoparticles
were collected by centrifugation at 10,000 rpm for 15
min, washed three times with distilled water followed by
ethanol to remove residual impurities, and dried in a hot-
air oven at 60 °C overnight. The dried ACV-Zn@PVP
nanoparticle powder was stored in airtight containers for
subsequent  physicochemical characterization and
biological investigations.

laboratory grinder. Approximately 10g of the powdered
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Fig. 1: Schematic representation of the green synthesis of ACV-Zn@PVP nanoparticles

2.4 Characterization of ACV-Zn@PVP
Nanoparticles

2.4.1 UV-Visible Spectroscopy

The optical properties and nanoparticle
formation were confirmed using a Lambda UV—Visible
spectrophotometer (Alanazi, 2025). The absorbance
spectra of the NPs were recorded over the wavelength
range of 200-800 nm using DW as the reference blank.
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The characteristic absorption peak confirmed the
successful synthesis of ZnO NPs.

2.42 FTIR Spectroscopy

The functional groups responsible for NP and
stabilization were analyzed using a PerkinElmer
Spectrum Two FTIR spectrometer (Ali ef al. 2025). The
dried NP powder was mixed with potassium bromide
(KBr) and compressed into pellets. Spectra were
recorded within the range of 4000—400 cm™ at room
temperature. The obtained spectra were used to identify
phytochemical functional groups involved in reduction,
capping, and stabilization of ZnO NPs.

2.4.3 XRD Analysis

The crystalline structure and phase purity of
ACV-Zn@PVP NPs were determined using an X-ray
diffractometer (Bruker D8 Advance) equipped with Cu-
Ka radiation (A = 1.5406 A). Diffraction patterns were
recorded over a 20 range of 20-80° at a scanning rate of
2° min!' (Suciyati et al. 2024). The average crystallite
size was estimated using the Debye—Scherrer equation.

092
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where D is crystallite size, A is X-ray
wavelength, B is full width at half maximum (FWHM),
and 0 is Bragg's diffraction angle.

2.4.4 SEM and EDX Analysis

The surface morphology of the synthesized
nanoparticles was examined using FESEM, JSM-
IT800SHL. Prior to imaging, the dried NP powder was
mounted onto carbon adhesive tape and sputter-coated
with a thin layer of gold to improve conductivity. Images
were captured at different magnifications to evaluate
particle morphology and aggregation. Elemental
composition was simultaneously analysed using an EDX
detector attached to the FESEM instrument. The presence
of zinc, oxygen, carbon, and other elemental constituents
confirmed the successful synthesis and functionalization
of the NPs(Santhoshkumar et al. 2017).

2.4.5 DLS and Zeta Potential Analysis

The hydrodynamic particle size distribution and
surface charge of ACV-Zn@PVP nanoparticles were
measured using a Malvern Panalytical Zetasizer (Olejnik
et al. 2021). The NP suspension was prepared by
dispersing the dried NPs in deionized water followed by
ultrasonication for 15 min to ensure homogeneous
dispersion. Particle size measurements were carried out
using the dynamic light scattering principle, whereas zeta
potential analysis was performed by electrophoretic light
scattering to determine colloidal stability. Each

measurement was performed in triplicate, and the
average values were reported.

2.5 Biomedical Applications
2.5.1 Antibacterial Activity

The antibacterial activity of ACV-Zn@PVP NPs
was evaluated by the agar well diffusion method against
both Gram-positive and Gram-negative bacterial strains,
including Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, and Klebsiella pneumoniae
(Yagnik et al. 2018). Fresh bacterial cultures were
adjusted to approximately 0.5 McFarland standard (1.5 x
108 CFU/mL) and uniformly spread onto Mueller—Hinton
agar plates using sterile cotton swabs. Wells of 6 mm
diameter were punched aseptically into the agar medium.
Different concentrations of ACV-Zn@PVP NPs (25, 50,
and 100 mg/mL) were prepared in sterile DW, and 100
uL of each concentration was added into the respective
wells. Amoxicillin served as the positive control. The
plates were incubated at 37°C for 24 h, after which the
zone of inhibition (mm).

2.5.2 In Vitro Cytotoxicity Assay

The cytotoxicity of ACV-Zn@PVP NPs was
evaluated using the MTT assay on V79 (Chinese hamster
lung fibroblast) cells (Namvar et al. 2015). V79 cells
were cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin under standard incubation conditions
(37°C, 5% COz, and 95% humidity). Cells were seeded
into 96-well plates at a density of 1 x 10* cells/well and
allowed to attach overnight. The culture medium was
then replaced with fresh medium containing ACV-
Zn@PVP NPs at concentrations of 6.25, 12.5, 25, 50, and
100 pg/mL. Untreated cells served as the control.
Following 24 h incubation, 20 pL. of MTT solution (5
mg/mL) was added to each well and incubated for 4 h.
The resulting purple formazan crystals were dissolved
using 100 pL of dimethyl sulfoxide (DMSO), and
absorbance was measured at 570 nm using a microplate
reader. Cell viability (%) was calculated using the
following equation:

Absorbance of treated cells

Cell viability (%) =
ell viability (%) Absorbance of control cells

All experiments were performed in triplicate,
and the results were expressed as mean + standard
deviation. The ICso value was calculated using GraphPad
Prism software.

3. RESULTS AND DISCUSSION

3.1 UV-Visible Spectral Analysis of ACV-
Zn@PVP Nanoparticles
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The formation of ACV-Zn@PVP nanoparticles
was initially confirmed by UV—Visible spectroscopy, and
the corresponding spectra are presented in Fig. 2. The
aqueous extract of ACV exhibited an absorption peak at
307 nm, which is attributed to the presence of phenolic
compounds, flavonoids, and other phytocompounds in
the plant extract. Following the addition of the zinc
precursor and PVP, a distinct absorption peak was
observed at 370 nm, confirming the successful formation
of ZnO NPs. The absorption band corresponds to the
intrinsic band gap excitation of ZnO, arising from
electron transitions between the valence and conduction
bands and is characteristic of nanosized ZnO.

The observed red shift from 307 to 370 nm
indicates the reduction of Zn?' ions by the action ACV
phytochemicals and reflects a change in the electronic
structure associated with NP nucleation and crystal
growth (Ansari ef al. 2020; Thsan et al. 2023). The shift
toward a longer wavelength can be attributed to increased
particle crystallinity, surface functionalization by
phytochemicals, and the coordination of PVP molecules
with the nanoparticle surface, which modifies the local
dielectric environment and reduces surface defect states.
In addition, the interaction between the carbonyl groups
of PVP and Zn?** ions provides steric stabilization during
nanoparticle growth, resulting in controlled nucleation
and improved optical properties.

The sharp and well-defined absorption peak
with the absence of additional broad bands suggests a
narrow particle size distribution and reduced nanoparticle
aggregation. The PVP coating effectively prevented
particle agglomeration by forming a protective polymer
layer around the ZnO nanoparticles, thereby improving
colloidal stability. Similar absorption peaks around 367—
375 nm have been reported for PVP-coated ZnO NP,
confirming that PVP improves NP stability without
significantly altering the intrinsic optical properties of
ZnO (Singh et al. 2023). Likewise, PVP-capped ZnO
NPs exhibited enhanced UV emission and reduced
defect-related visible emission due to surface passivation
and decreased oxygen vacancies defects (Kim et al.
2019). Comparable UV absorption bands in the range of
360-380 nm have also been reported for plant-mediated
ZnO NPs, demonstrating the effective role of
phytochemicals in NP synthesis and stabilization
(Abdolalian and Taghavijeloudar, 2022; Kazemi et al.
2023). Overall, the UV—Visible results confirmed the
successful biosynthesis of stable ACV-Zn@PVP
nanoparticles suitable for further characterization and
biological evaluation.

ACV
—— ACV-Zn@pvp

Absorbance
N
1

307 370
1 '

T T T
200 300 400 500 600
Wavelength(nm})

Fig. 2: UV-Visible absorption spectra of ACV aqueous
extract and ACV-Zn@PVP nanoparticles

3.2 FTIR Spectral Analysis of ACV-Zn@PVP
Nps

The chemical composition and functional
groups involved in the biosynthesis and stabilization of
ACV-Zn@PVP NPs were investigated using FTIR
spectroscopy, and the spectrum is presented in Fig.3,
while the corresponding peak assignments are
summarized in Table 1. The broad absorption band
observed at 3384 cm™! corresponds to the stretching
vibration of hydroxyl (O-H) groups, indicating the
presence of phenolic compounds, flavonoids, and
adsorbed water molecules derived from the ACV extract
(Ibraheim et al. 2011; Omidi et al. 2018). The absorption
peak at 2987 cm™ is assigned to the asymmetric
stretching vibration of aliphatic C—H groups, while the
weak band at 1981 cm™ may be associated with overtone
or combination vibrations of organic functional groups.
A prominent absorption band at 1661 cm™ is attributed
to the stretching vibration of the carbonyl (C=0) group
of PVP, confirming the successful interaction between
the polymer and ZnO NPs (Mesbah ez al. 2021; Tu et al.
2008). The peak at 1567 cm™ corresponds to C=C
aromatic stretching and N-H bending vibrations
originating from plant compounds and residual
biomolecules adsorbed on the NP surface. The bands
observed at 1416 cm™ and 1342 cm™ are assigned to C—
N stretching and CH: bending vibrations, respectively,
whereas the absorption peak at 1287 cm™ represents C—
N stretching of the pyrrolidone ring of PVP,
demonstrating coordination between the polymer
carbonyl groups and zinc ions during NP formation (Safo
et al. 2019). Similar findings have been reported for
PVP-coated ZnO NPs, where the band at 1288 cm™
indicated chemical interaction between PVP and ZnO,
while the peak around 1655 cm™ confirmed the presence
of the PVP carbonyl group (Kim et al. 2019). The
absorption bands at 882 cm™ and 688 cm™ were
attributed to aromatic C—H bending and Zn—O lattice
vibrations, respectively. Notably, the strong band at 535
cm™ corresponds to Zn—O stretching, confirming the
successful formation of ZnO NPs. Similar Zn-O
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vibrations have been reported within the 450-700 cm™
region for PVP-coated ZnO nanostructures (Singh et al.
2023).

The FTIR spectrum further demonstrates the
synergistic interaction between ACV phytochemicals and
PVP during nanoparticle synthesis. Hydroxyl and
phenolic groups present in flavonoids and phenolic acids
of the ACV extract initially reduce Zn?*" ions to ZnO
nuclei and subsequently adsorb onto the nanoparticle
surface through hydrogen bonding and electrostatic
interactions. Simultaneously, the carbonyl (C=0) groups
of PVP coordinate with surface Zn atoms, forming a
protective polymer shell around the nanoparticles (Jebahi
et al. 2025; Thakur and Kaur, 2025). This dual surface
functionalization enhances nanoparticle stability by
preventing particle aggregation through steric hindrance
while maintaining good colloidal dispersion. The
combined action of plant phytochemicals and PVP
therefore provides both chemical stabilization and
surface  passivation, contributing to  improved
nanoparticle stability and biological performance.
Comparable FTIR profiles have been reported for plant-
mediated ZnO nanoparticles, demonstrating the role of
compounds as natural reducing and capping agents that
enhance NP stability and biological activity (Abdolalian
and Taghavijeloudar, 2022; Kazemi ef al. 2023). Overall,
FTIR analysis confirmed the successful synthesis and
surface functionalization of ACV-Zn@PVP NP.

Table 1. FTIR peak assignments of ACV-Zn@PVP

nanoparticles
Functio Role in
Wavenum . .
~ nal Assignment Nanoparticle
ber (cm™) .
Group Formation
Phenolics/flavon
3384 O-H Hydro>_<y| oids mv_olved in
stretching reduction and
stabilization
Organic
Aliphatic C-H biomolecules
2987 CH stretching from ACV
extract
. Organic
1981 - Overtnone/combln phytochemical
ation band .
residues
Carbonvl Coordination of
1661 c=0 roony PVP with ZnO
stretching (PVP) .
nanoparticles
Plant
c=C/ Aromatic phytochemicals
1567 N:H stretching and N- adsorbed on
H bending nanoparticle
surface
Organic
1416 C-N C—N stretching compounds/PVP
interaction
1342 CH CH-z ber?dmg PVP_ bacl_(bone
vibration vibration

PVP-Zn
1287 CN PyrrolldorTe ring coordlnathn and
stretching nanoparticle
stabilization
. Plant-derived
882 C-H Aromatic C-H aromatic
bending
compounds
. Formation of
Zn-0 lattice
688 Zn-0 L ZnO crystal
vibration .
lattice
Confirmation of
535 Zn-0 Zn—Q stre_tchlng ZnO-
vibration nanoparticle
formation
—— ACV-Zn@PVP
100
98
)
8
g 96
=
8
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E 1416 !
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Wavelength(cm™)

Fig. 3: FTIR spectrum of Adiantum capillus-veneris-
functionalized PVP-coated zinc oxide nanoparticles

3.4 SEM and EDX Analysis of ACV-Zn@PVP
NPs

The surface morphology and elemental
composition of the synthesized ACV-Zn@PVP
nanoparticles were investigated using FESEM coupled
with EDX analysis, and results are presented in Fig.4(A—
B). The FESEM image (Fig. 4A) revealed that the
synthesized ACV-Zn@PVP NPs possessed
predominantly quasi-spherical to spherical morphology
with moderate agglomeration. The NPs were uniformly
distributed, indicating that PVP effectively minimized
particle aggregation by providing steric stabilization
during NP growth. Based on FESEM image analysis, the
nanoparticles exhibited an average particle size of
approximately 43.4 nm, indicating successful nanoscale
synthesis. The observed particle size was larger than the
crystallite size obtained from XRD (22-25 nm), which is
expected because FESEM measures the overall particle
dimensions, whereas XRD estimates the coherent
crystalline domain size. The rough and porous surface
morphology is expected to increase the surface area
available for interaction with bacterial cells, thereby
enhancing the biological activity of the NPs. Similar
observations have been reported for PVP-coated ZnO
NPs, where PVP acted as an efficient capping agent to
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control particle growth and improve morphological
uniformity (Shanmugam et al. 2016). Comparable
spherical ZnO NPs synthesized using medicinal plant
extracts have also been reported, demonstrating the
important role of phytochemicals in NP stabilization
(Abdolalian and Taghavijeloudar, 2022; Kazemi et al.
2023).

The EDX spectrum (Fig. 4B) confirmed the
elemental composition of the synthesized nanoparticles.
Characteristic peaks corresponding to Zn, O, and C were
observed, confirming the successful formation of PVP-
functionalized ZnO  nanoparticles.  Quantitative
elemental analysis showed 59.2 wt% C (39.0 at%), 22.9
wt% O (37.4 at%), and 17.9 wt% Zn (23.7 at%) (Table
2). The presence of the carbon signal originated from the
PVP coating and residual phytochemicals adsorbed on
the NP surface, while the Au peaks resulted from gold
sputter coating during SEM sample preparation. No
impurity peaks from other metallic elements were

detected, indicating the high purity of the synthesized
NPs. Similar elemental compositions have been reported
for green-synthesized PVP-coated ZnO nanoparticles,
confirming successful NP synthesis and effective surface
functionalization (Shanmugam et al. 2016; Singh et al.
2023). Overall, the FESEM and EDX results confirmed
the successful synthesis of uniformly distributed, high-
purity ACV-Zn@PVP NPs with effective polymer
coating, making them suitable for subsequent biomedical
applications.

Table 2. Elemental composition of ACV-Zn@PVP
nanoparticles determined by EDX

Element Weight % Atomic %
C 59.2 39.0
o} 22.9 37.4
Zn 17.9 23.7

B Spectrum 3
At%

(¢ 390
374

Powered by Tru-Q®

CRORORCR RO RO RON OIS RO )
15 keV

Fig. 4: (A) FESEM micrograph of ACV-Zn@PVP NPs and (B) EDX spectrum the elemental composition of the synthesized
nanoparticles

3.5 XRD Analysis of ACV-Zn@PVP
Nanoparticles

The crystalline structure and phase purity of the
synthesized ACV-Zn@PVP NPs were investigated using
XRD, and the obtained diffraction pattern is presented in
(Fig.5). The diffraction peaks observed at 26 = 31.85°,
34.55°, 36.36°, 47.70°, 56.75°, 63.09°, 68.17°, 69.29°,
and 77.21° were indexed to the (100), (002), (101), (102),
(110), (103), (112), (201), and (202) crystallographic
planes, respectively, which correspond to the hexagonal
wurtzite structure of ZnO (JCPDS Card No. 36-1451),
confirming the successful formation of crystalline ZnO
nanoparticles without secondary impurity phases. The
absence of additional diffraction peaks further indicates
the high phase purity of the synthesized nanocomposite.

The crystallite size was calculated using the
Debye—Scherrer equation:

092
" Bcosh

where D is the crystallite size, A = 0.15406 nm
(Cu Ka radiation), B is the full width at half maximum
(FWHM) in radians, and 8 is the Bragg diffraction angle.
The average crystallite size was estimated to be 22-25
nm, confirming the formation of nanocrystalline ZnO.
The relatively narrow diffraction peaks indicate good
crystallinity, while the small crystallite size suggests that
the phytochemicals present in Adiantum capillus-veneris,
together with the PVP coating, effectively controlled
crystal nucleation and growth during nanoparticle
synthesis.
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The lattice parameters calculated from the
diffraction data werea=b=~3.25 A and c~5.21 A, which
closely agree with the standard hexagonal wurtzite ZnO
structure (JCPDS No. 36-1451), confirming that neither
the plant phytochemicals nor the PVP coating altered the
intrinsic crystal lattice of ZnO. The calculated d-spacing
values also showed excellent agreement with the
corresponding standard JCPDS values, further verifying
the successful formation of phase-pure ZnO
nanoparticles. Similar diffraction patterns and crystallite
sizes have been reported for PVP-coated ZnO NPs,
confirming the formation of highly crystalline hexagonal
ZnO with improved structural stability (Kim ef al. 2019;
Singh et al. 2023). Furthermore, recent studies on plant-
mediated ZnO NPs have reported comparable XRD
patterns, demonstrating that green synthesis produces
phase-pure ZnO without altering its crystal structure
(Abdolalian and Taghavijeloudar, 2022; Kazemi et al.
2023). Therefore, the XRD results confirm the successful
synthesis of highly crystalline, phase-pure ACV-
Zn@PVP nanoparticles suitable for subsequent
biomedical applications.

Table 3. XRD parameters of ACV-Zn@PVP nanoparticles

20 Plane SR d-. FWHM  Crystallite
© (hKl) JCPDS spacing ©)* Size (nm)
20 () A)

31.85  (100) 3177 2.81 0.38 22.6
3455 (002) 34.42 2.59 0.36 23.8
36.36  (101) 36.25 2.47 0.35 24.5
47.70  (102) 47.54 1.91 0.39 22.4
56.75  (110) 56.60 1.62 0.37 23.1
63.09 (103) 62.86 1.47 0.36 24.2
68.17 (112) 67.96 1.37 0.38 22.8
69.29  (201) 69.10 1.36 0.35 24.9
7721 (202) 76.98 1.24 0.39 22.2

ACV-Zn@PVP

00-036-1451 Lot

20 40 60 80

Fig. 5: XRD pattern of Adiantum capillus-veneris-
functionalized PVP-coated zinc oxide nanoparticles

3.6 DLS and Zeta Potential Analysis of ACV-
Zn@PVP Nanoparticles

The hydrodynamic particle size distribution and
colloidal stability of the synthesized ACV-Zn@PVP NPs
were evaluated using DLS and zeta potential analysis
(Fig. 6A-B). The DLS analysis showed a Z-average

hydrodynamic diameter of 219.7 nm with a
polydispersity index (PDI) of 0.2888, indicating a
moderately narrow particle size distribution and
acceptable dispersion of the nanoparticles in aqueous
medium. The PDI value below 0.3 suggests that the
synthesized nanoparticles exhibit relatively uniform size
distribution with limited aggregation, confirming the
effectiveness of the green synthesis approach and PVP
stabilization. The hydrodynamic diameter obtained by
DLS was considerably larger than the average particle
size observed by FESEM (~43.4 nm) and the crystallite
size determined by XRD (22-25 nm). This difference is
expected because DLS measures the hydrodynamic
diameter of nanoparticles suspended in solution,
including the surrounding hydration layer, adsorbed
phytochemicals, and the PVP polymer coating, whereas
FESEM measures the physical diameter of dried
nanoparticles and XRD estimates only the crystalline
domain size. Therefore, the larger DLS size does not
indicate particle growth but rather reflects the hydrated
state of the nanoparticles in suspension.

The zeta potential of the synthesized
nanoparticles was measured to be —18.61 mV, indicating
moderately good colloidal stability. The negative surface
charge originates from the adsorption of hydroxyl,
phenolic, and carboxyl-containing phytochemicals from
Adiantum capillus-veneris, together with the carbonyl
groups of the PVP coating. These surface functional
groups provide both electrostatic repulsion and steric
stabilization, thereby reducing nanoparticle aggregation
and improving suspension stability. Although zeta
potential values greater than £30 mV are generally
considered highly stable, polymer-coated nanoparticles
frequently exhibit satisfactory stability at lower absolute
zeta potential values because steric stabilization provided
by PVP complements electrostatic  repulsion
(Karampour, 2023).

Similar observations have been reported for
green-synthesized PVP-coated ZnO nanoparticles, where
larger hydrodynamic diameters than microscopic particle
sizes were attributed to hydration and polymer
adsorption, while negative =zeta potential values
confirmed stable colloidal dispersions (Karampour,
2023; Kim et al. 2019). Likewise, (Karampour, 2023)
reported green-synthesized ZnO nanoparticles with
negative surface charge and good colloidal stability
suitable for biomedical applications(Karampour, 2023).
Overall, the DLS and zeta potential analyses demonstrate
that ACV-Zn@PVP nanoparticles possess acceptable
particle size distribution, moderate colloidal stability, and
favorable dispersion characteristics for subsequent
antibacterial and cytocompatibility studies. Overall, the
DLS and zeta potential analyses demonstrate that ACV-
Zn@PVP NP possess a uniform particle size distribution
and excellent colloidal stability, making them suitable for
subsequent antibacterial and cytotoxic applications.
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Fig. 6: (A) DLS analysis showing the hydrodynamic particle size distribution of ACV-Zn@PVP NPs and (B) Zeta potential
analysis indicating the surface charge and colloidal stability of the synthesized nanoparticles

3.7 Antibacterial Activity of ACV-Zn@PVP
Nanoparticles

The antibacterial activity of ACV-Zn@PVP NPs
was evaluated against Gram-negative (Escherichia coli,
Pseudomonas aeruginosa, and Klebsiella pneumoniae)
and Gram-positive (Staphylococcus aureus) bacterial
strains using the agar well diffusion assay Fig.7 and Fig.
8. Proposed antibacterial mechanism of ACV-Zn@PVP
nanoparticles. The NPs exhibited concentration-
dependent antibacterial activity against all tested
pathogens. Among the bacterial strains, E. coli showed
the highest susceptibility, with inhibition zones
increasing from 21 mm at 25 mg/mL to 35 mm at 100
mg/mL, followed by K. pneumoniae from 25-30 mm.
Moderate antibacterial activity was observed against P.
aeruginosa from 17-20 mm, whereas S. aureus exhibited
the lowest susceptibility from 11-15 mm. In comparison,
the aqueous plant extract alone produced only moderate
inhibition from 11-14 mm, demonstrating that NP
formation significantly enhanced the antibacterial
efficacy. The enhanced antibacterial activity of ACV—
Zn@PVP nanoparticles can be attributed to the
synergistic effects of ZnO nanoparticles, ACV
phytochemicals, and the PVP coating. ZnO nanoparticles
are known to exert antibacterial activity through multiple
mechanisms, including the generation of reactive oxygen
species (ROS), disruption of bacterial cell membranes,
leakage of intracellular constituents, and the release of
Zn*" ions that interfere with essential metabolic enzymes
and nucleic acid synthesis (Mohammed et al. 2025;
Sirelkhatim ef al. 2015). Simultaneously, the flavonoids,
phenolic compounds, and triterpenoids present in

Adiantum  capillus-veneris ~ contribute  additional
antibacterial  activity by increasing membrane
permeability, inhibiting bacterial enzymes, and

suppressing microbial growth. Furthermore, the PVP
coating improves nanoparticle dispersion, minimizes
aggregation, and enhances nanoparticle—bacterial cell
interactions, thereby increasing the effective antibacterial
performance.

The present findings are in agreement with
previous reports describing the antibacterial potential of
A. capillus-veneris extracts against both Gram-positive
and Gram-negative bacterial pathogens (Ebrahimzadeh
et al. 2024; Trma ef al. 2023; Ishaq et al. 2014). reported
significant antibacterial activity of ACV extracts against
clinically important bacterial species. Green-synthesized
ZnO nanoparticles stabilized using medicinal plant
extracts have likewise demonstrated concentration-
dependent antibacterial activity through ROS-mediated
oxidative stress and Zn*" ion release (Abdolalian and
Taghavijeloudar, 2022; Kazemi et al. 2023). The
maximum inhibition zone observed for ACV-Zn@PVP
nanoparticles against E. coli (35 mm) is comparable to or
greater than several previously reported plant-mediated
ZnO nanoparticles, indicating that the synergistic
combination of ACV phytochemicals and PVP surface
functionalization effectively enhances antibacterial
performance. Overall, these findings demonstrate that
ACV—Zn@PVP nanoparticles possess promising broad-
spectrum antibacterial activity and may serve as
environmentally friendly antimicrobial nanomaterials for
future biomedical applications.

Fig. 7: Antibacterial activity of ACV-Zn@PVP NPs against
various microorganisms determined by the agar well
diffusion method
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Fig. 8: Proposed antibacterial mechanism of ACV-Zn@PVP nanoparticles against bacterial pathogens

3.8 In Vitro Cytotoxicity of ACV-Zn@PVP
Nanoparticles

The cytotoxicity of ACV-Zn@PVP NPs was
evaluated against V79 fibroblast cells using the MTT
assay, and the results are presented in Fig.8. The
synthesized NPs exhibited a concentration-dependent
reduction in cell viability. Untreated control cells showed
nearly 100% viability, whereas cells treated with 10, 20,
40, 80, and 160 pg/mL retained approximately 95%,
91%, 88%, 77%, and 69% viability, respectively.
Statistical analysis indicated that the observed reductions
in cell viability were not statistically significant (ns; p >
0.05) compared with the untreated control under the
experimental conditions. These findings indicate that
ACV-Zn@PVP NPs possess good cytocompatibility at
lower concentrations and moderate cytotoxicity at higher
concentrations.

The moderate reduction in cell viability is
mainly attributed to intracellular ROS generation and
Zn*" ion release from ZnO NPs, leading to oxidative
stress and mitochondrial dysfunction. However, the PVP
coating and ACV phytochemicals likely reduced
excessive cellular damage by improving NP dispersion,
minimizing aggregation, and enhancing biocompatibility.
Similar dose-dependent cytotoxic effects of ZnO NPs
have been reported by Pinho et al. 2020), who
demonstrated that ROS-mediated oxidative stress was the
primary mechanism responsible for reduced cell
viability. Likewise, ACV extracts have shown
concentration-dependent cytotoxic activity against HeLa

and other human cancer cell lines, indicating the presence
of bioactive compounds with antiproliferative potential
(Roy et al. 2019). Overall, the moderate cytotoxicity
observed toward normal V79 fibroblast cells suggests
that ACV-Zn@PVP NPs possess cellular safety while
retaining promising potential for future antimicrobial and
biomedical applications.

ns
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Cell viability (%)

0

10 20 40 80
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Fig. 8: In vitro cytocompatibility of ACV-Zn@PVP
nanoparticles against V79 fibroblast cells determined by
the MTT assay after 24 h of exposure

Cells were treated with ACV-Zn@PVP
nanoparticles at concentrations of 6.25, 12.5, 25, 50, and
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100 pg/mL. Data are presented as mean £ SD (n = 3).
Statistical significance was determined using one-way
ANOVA followed by Tukey's post hoc test (p < 0.05).

3.9 Morphological Evaluation of V79 Cells of
ACV-Zn@PVP Nanoparticle Treatment

The morphological changes induced by ACV-
Zn@PVP NPs in V79 fibroblast cells were examined by
phase-contrast microscopy after 24 h of exposure, and the
representative images are presented in Fig. 9. Untreated
control cells exhibited a typical spindle-shaped fibroblast
morphology with intact plasma membranes and strong
adherence to the culture surface. Cells treated with 10 and
20 pg/mL maintained normal morphology with only
minimal changes, indicating good cytocompatibility at
lower concentrations. Mild morphological alterations,
including slight cell shrinkage and reduced -cell
spreading, were observed at 40 pg/mL. At higher
concentrations (80 and 160 pg/mL), cells exhibited
morphological changes such as rounding, cytoplasmic
condensation, reduced adherence, partial detachment,
and decreased cell density, indicating concentration-
dependent cellular damage. These observations were
consistent with the MTT assay, which demonstrated
reduced cell viability at higher NPs concentrations.

The observed concentration-dependent
morphological alterations may be associated with
intracellular ROS generation and Zn** ion release from
ZnO nanoparticles, resulting in oxidative stress,
cytoskeletal disruption, and early apoptotic events. The
comparatively mild morphological changes observed at
lower concentrations suggest that the PVP coating and
Adiantum capillus-veneris phytochemicals improved
nanoparticle dispersion and reduced direct nanoparticle—
cell interactions, thereby enhancing cytocompatibility
(Wang et al. 2015). Similar morphological responses,
including cell shrinkage, rounding, reduced adhesion,
and cytoskeletal alterations following ZnO nanoparticle
exposure, have been reported in mammalian cells and
were attributed to ROS-mediated oxidative stress (Pinho
et al. 2020). Likewise, ACV extracts have been reported
to exhibit dose-dependent effects on cell morphology and
viability due to their bioactive compounds (Roy et al.
2019). Overall, the morphological analysis confirms that
ACV-Zn@PVP nanoparticles exhibit good cellular
compatibility at lower concentrations while inducing
moderate morphological alterations only at higher
concentrations.

Control

40 pg/ml

10 pg/ml

80 pg/ml

20 pg/ml

160 pg/ml

Fig. 9: Phase-contrast microscopic images showing the morphological changes of V79 fibroblast cells after treatment with
ACV-Zn@PVP NPs at concentrations of control, 10, 20, 40, 80, and 160 pg/mL for 24 h

4. CONCLUSION

In the present study, Adiantum capillus-veneris-
functionalized PVP-coated zinc oxide nanoparticles
(ACV-Zn@PVP NPs) were successfully synthesized
using a simple, eco-friendly, and cost-effective one-pot
green synthesis approach. The phytochemicals present in
the aqueous leaf extract served as natural reducing and
stabilizing agents, while PVP effectively enhanced
nanoparticle stability and minimized aggregation. The

successful formation of ACV-Zn@PVP NPs was
confirmed through UV-Visible spectroscopy, FTIR,
FESEM-EDX, XRD, DLS, and zeta potential analyses,
demonstrating the formation of crystalline, phase-pure,
and colloidally stable ZnO nanoparticles. The
synthesized nanoparticles exhibited concentration-
dependent antibacterial activity against both Gram-
positive and Gram-negative bacterial pathogens, with the
greatest inhibition observed against Escherichia coli and
Klebsiella pneumoniae. In addition, the MTT assay and
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morphological ~ evaluation  demonstrated  good
cytocompatibility toward normal V79 fibroblast cells at
lower  concentrations, while only moderate
concentration-dependent effects were observed at higher
concentrations. These findings indicate that ACV-
Zn@PVP nanoparticles possess favorable
physicochemical characteristics, effective antibacterial
activity, and acceptable in vitro cytocompatibility.

However, the present study has several
limitations. The biological evaluation was restricted to in
vitro antibacterial assays and cytocompatibility
assessment using a single normal cell line. The
underlying antibacterial and cellular mechanisms,
including reactive oxygen species (ROS) generation,
were not experimentally investigated, and antibiofilm
activity, molecular mechanisms, long-term colloidal
stability, and in vivo biocompatibility were beyond the
scope of this work. Therefore, future studies should focus
on investigating ROS-mediated antibacterial
mechanisms, antibiofilm efficacy, gene and protein
expression associated with oxidative stress and bacterial
cell death, long-term physicochemical stability,
evaluation using clinically relevant infection models, and
comprehensive in  vivo biocompatibility studies.
Furthermore, the excellent colloidal stability and
cytocompatibility observed in the present study suggest
that ACV-Zn@PVP nanoparticles may be explored in
future as potential carriers for drug delivery and other
antimicrobial biomedical applications after extensive
preclinical validation.
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