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ABSTRACT

Biological synthesis of metallic nanoparticles using plant extracts is a
sustainable, low-cost, and eco-friendly alternative to conventional physico-
chemical methods. In this study, zinc oxide nanoparticles (ZnONPs) were
synthesized for the first time using the aqueous extract of underutilized medicinal
herb Dipsacus inermis, rich in phytochemicals. The synthesized nanoparticles
were thoroughly characterized by UV-vis spectroscopy, dynamic light scattering,
scanning electron microscopy, Fourier transform infrared spectroscopy, and X-
ray diffraction to confirm nanoscale dimensions, crystalline ZnO structure, and
phytochemical-mediated surface functionalization. The characterization studies
revealed that the phytochemicals in the extract simultaneously acted as bio-
reducing and stabilizing agents and further confirmed the formation of spherical
nanoparticles with an average hydrodynamic diameter of 37 nmanda crystalline
ZnO structure. The synthesized ZnONPs were then evaluated for antimicrobial
and cytotoxicity studies, which revealed that the nanoparticles exhibited
significant antibacterial activity against Staphylococcus aureus and Escherichia
coli, with respective inhibition zones reaching 9.1 0.2 and 8.9 +0.1 mm at 500
png mL1. Anticancer potential was assessed on human breast cancer (MDA-
MB231) cells and cytocompatibility on human embryonic kidney (HEK293T)
cells, which revealed potential anticancer activity with only 37% = 1.01 cells
viable at the highest test concentration of 100 pg mL* and showed no significant
cytotoxicity to normal cells with more than 70% +3.6 cells viable at highest test
concentration. These findings highlight the potential of D. inermis-mediated
ZnONP as ecofriendly therapeutic agents with multifunctional properties,
including antibacterial activity, emphasizing further biomedical studies.

Keywords: Antibacterial activity, anticancer activity, cytocompatibility,
green synthesis, nanoparticles

INTRODUCTION

Nanomaterials are widely used across various fields, including bioengineering, agriculture, and
medicine, due to their outstanding physicochemical properties. In recent decades, increasing
scientific focus has been toward the sustainable synthesis of therapeutic metal nanoparticles using
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natural resources, such as plants and microbes, with dual objective of reducing the harsh chemical
by-products and enhancing the safety profiles of pharmaceutical agents (Arfa Ji et al., 2024). These
green synthesis strategies aim to provide a safer alternative to traditional chemical routes, which
often rely on hazardous reducing agents (Arfa Ji et al., 2025). Currently, toxic chemicals are being
increasingly replaced by the extracts of plants and microbes, which primarily contain various
phytochemicals and reductase enzymes necessary for bio-reduction. These extracts from plants and
microbes are more ecofriendly, cost-effective, and energy efficient. The phyto-constituents in these
extracts function both as reducing and in situ capping agents, eliminating the need for additional
stabilizing agents during nanoparticle formation. The structural diversity of functional groups in
these phytochemicals not only facilitates effective reduction of metal precursors but also reduces
nanoparticle aggregation and maintains physicochemical stability through steric hindrance and
electrostatic repulsion. Furthermore, they cover nanoparticle surfaces and act as natural binders for
diverse biological components, hence they are excellent for biomedical applications (He et al., 2017).

Recent advances in green nanotechnology have demonstrated that plant-mediated synthesis of
nanoparticles is an efficient and sustainable alternative to conventional physicochemical methods.
Numerous studies have reported the successful synthesis of ZnO nanoparticles (ZnONPSs) using
plant extracts such as Cymbopogon citratus, Euphorbia hirta, and Delonix elata, which exhibit
significant antibacterial and biomedical potential (Abdelbaky et al., 2022; Prakash et al., 2025).
Metallic oxide nanoparticles (< 100 nm) have numerous applications due to their unique properties,
particularly their high surface-to-volume ratio. Nanoparticles serve as a link between bulk materials
and their atomic structures, greatly increasing chemical reactivity and biological activity. Various
physicochemical methods are now used to produce different types of nanoparticles. However, these
approaches are costly, time-consuming, and environmentally damaging. As a result, there is an
urgent need for economical, safe, and environmentally sustainable techniques of nanoparticle
production. It is worth noting that using plants to produce nanoparticles offers significant
advantages over other biological systems, as plant extracts contain a wide array of bioactive
chemicals, such as flavonoids, phenolic compounds, alkaloids, and proteins, which facilitate metal
ion reduction (Qi et al., 2017). These biomolecules not only reduce metal ions but also stabilize the
nanoparticles and enhance their biological activity, thereby improve their utility in biomedical and
antimicrobial applications. Metal oxide nanoparticles are important because of their distinct surface
composition and huge surface area.

Different salts of Ag, Au, Zn and Fe are used as precursors to produce plant-derived nano-
particles. Zinc oxide nanoparticles (ZnONPs) have attracted significant interest due to their extra-
ordinary stability, biocompatibility, and intriguing pharmacological properties, including anti-
bacterial and anticancer activities. The plant-derived ZnONPs exhibit strong antimicrobial activity
against pathogenic bacteria such as Escherichia coli and Staphylococcus aureus, primarily by
inducing oxidative stress and damaging bacterial cell membranes (Murali et al., 2023). Metal-based
nanomaterials target multiple sites in biological systems and reduce drug resistance. With wide-
spread use of antibiotics, the problem of microbial resistance is on rise and is predicted to lead to
high mortality rates in near future, if not addressed. Metal oxide nanoparticles are thus regarded as
promising antibacterial agents due to their catalytic inhibitory action. Zanet et al. (2019) studied the
underlying mechanism of action of ZnONPs on Saccharomyces cerevisiae and showed that the
biological efficacy of nanoparticles depends on both dose and composition. Reactive oxygen
species (ROS) are known to be the main mediators of ZnQ's bactericidal activity, owing to its
strong oxidative properties as a semiconductor with a large band gap (Agarwal et al., 2018).
Although numerous studies have explored plant-mediated synthesis of ZnONPs, but these are
confined to a limited number of well-known medicinal plants, leaving many ethnomedicinally
important species unexplored for nanoparticle production. The genus Dipsacus is traditionally
known for its medicinal properties and contains diverse phytochemicals like phenolics, flavonoids,
and bis-iridoids such as cantleyoside and various triterpenoid saponins that possess strong
antioxidant and reducing potential (Alhomaidi et al., 2022; Mutukwa et al., 2022). These
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phytochemicals suggest that the species belonging to this genus may serve as effective bio-resource
for green nanoparticle synthesis. The indigenous medicinal plant Dipsacus inermis is traditionally
used in the Himalayan region for various therapeutic purposes but it has not yet been explored for
the green synthesis of ZnONPs. Very limited literature is available on NP synthesis using D.
inermis (Bhat et al., 2024), hence it represents a novel area for further exploration. Therefore, the
present study was aimed to synthesize environmentally acceptable and economically viable
biogenic ZnONPs using D. inermis extract, characterize the synthesized nanoparticles using various
physicochemical techniques, and evaluate their cancer cell toxicity and antibacterial potential
against two human pathogenic bacteria. This study may fill the existing research gap by exploring
this medicinal plant for nanoparticle synthesis and assess its potential biomedical applications.

MATERIALS AND METHODS

The experimental work was conducted at Agri-Nanotechnology Laboratory, Faculty of Horticulture,
SKUAST-Kashmir, India, during the year 2023-2025. The highly pure solvents were supplied by
Sigma-Aldrich, USA. Zinc acetate dihydrate (98% purity) was procured from Loba Chemie India.
Yeast extract and agar agar media were obtained from HiMedia, India. RPMI-1640 medium (> 98
purity), fetal bovine serum (FBS) (> 98% purity), trypsin (> 98% purity), L-glutamine (> 99%
purity), and penicillin-streptomycin (pen-strep) (> 98% purity) were bought from Gibco/Life
Technology.

Bacterial strains and cell lines

Bacterial cultures viz. Escherichia coli (DHSa) and Staphylococcus aureus (ATCC29213) were
procured from the Department of Nanotechnology, University of Kashmir, Srinagar, India. S.
aureus (ATCC 29213) is a well-characterized human pathogenic reference strain that is frequently
used in antimicrobial susceptibility testing, whereas E. coli (DH5a), derived from E. coli K-12
lineage, is a well-known Gram-negative model bacterium frequently used in antibacterial screening
studies. MDA-MB231 human breast cancer cells and normal human embryonic kidney cells
(HEK293T) were obtained from the National Center for Cell Science (NCCS), Pune, India. Both
the cell lines were normally maintained in RPMI media supplemented with 10% FBS 1% L-
glutamine and 100 g mL™* pen-step in 5% CO, incubated at 37 <C.

Collection of plant material and preparation of extract

Dipsacus inermis was collected in September 2023 from Kehmil Forest Division, Keran, Kupwara,
J&K (latitude: 34°38'34.35"”N; longitude: 74°26'33.16"E). The plant specimen was taxonomically
identified by the curator at the Centre for Biodiversity and Taxonomy, University of Kashmir,
Srinagar, J&K. A specimen was deposited in the Herbarium of the University of Kashmir vide
voucher No. 9079-KASH for future reference. The collected aerial parts of plant were washed,
shade-dried, and powdered. For extract preparation, 10 g powdered material was mixed with 100
mL distilled water at 60°C.The extract was filtered through Whatman’s filter paper and then stored
at 4 <C for further use (Khairan and Jalil, 2019).

Qualitative phytochemical analysis

A preliminary phytochemical screening of D. inermis extract was conducted to assess the presence
of naturally occurring bioactive compounds. The tests included Mayer's test for alkaloids (Marzook
et al., 2017), alkaline reagent test for flavonoids (Kancherla et al., 2019), foam test for saponins
(Prabhakar and Rao 2024), ferric chloride test for phenols (Sivakumar et al., 2025) and Millon’s
test for proteins (Godlewska et al., 2022).

Nanoparticle synthesis
For standardizing the optimum synthesis conditions, various experimental parameters viz., pH (3-10),
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temperature (20-80 <C), reaction time (30-120 min), zinc acetate concentration (0.001, 0.01, 0.1, 1.0,
and 5 M) were assessed. Different volume ratios of D. inermis extract to zinc salt solution (1, 5, 10,
15 and 20 mL) were systematically studied. The pH of reaction mixture was adjusted to test pH
level using 0.1 N NaOH or 0.1 N HCI, and the reaction was performed under continuous stirring at
room temperature. The formation of ZnONPs was initially indicated by a visible change from light
yellow to brownish colour, suggesting the reduction of zinc ions and nucleation of nanoparticles.
The synthesized nanoparticles were then collected by centrifugation, washed with distilled water to
remove unreacted residues, and dried for further studies (Deepa et al., 2023, Tabasum et al., 2025).

Characterization of nanoparticles

To ensure reproducibility the biogenesis was confirmed by exploring different characteristics of
nanoparticles. Dynamic light scattering instrument (Litesizer 500 Anton Paar) at 25<C with a
scattering angle of 90<provided information on the hydrodynamic diameter of the synthesized NPs
(Mourdikoudis et al., 2018). The nanoparticle suspension was diluted with deionized water to avoid
multiple scattering effects. Each sample was measured in triplicates, and the average values were
reported. UV-visible spectrophotometry (PerkinElmer Lambda 365) was employed to measure the
optical properties of the biosynthesized NPs across 300-600 nm with a 1 cm path length. The scan
speed was set at 480 nm min' with a spectral bandwidth of 1 nm, and deionized water was used as
a blank for baseline correction. Scanning electron microscopy (GeminiSEM 500, Carl Zeiss,
Germany) was used to determine the size, shape, surface morphology, and aggregation status of
NPs, as well as to image the capping of NPs with organic molecules used during green synthesis.
The nanoparticle dispersion was drop-cast onto an aluminium stub, allowed to dry at room
temperature, and then coated with gold sputter. High vacuum conditions were used to record the
images at an accelerating voltage of 5-15 kV and a working distance of roughly 8-10 mm (Rector
et al., 2019). Images were captured at different magnifications to evaluate particle morphology and
aggregation patterns. Multiple images were recorded to ensure homogeneity, and particle size was
estimated using ImageJ software.

The elemental composition and purity of synthesized nano-particles were determined using
energy dispersive X-ray spectroscopy (EDX/EDAX) coupled with scanning electron microscopy
(Gemini SEM 500, Carl Zeiss, Germany). The analysis was carried out using an EDX detector
under an accelerating voltage of 15-20 kV. The nanoparticle samples were drop-cast onto
aluminium stubs, dried at room temperature, and sputter-coated with a thin gold layer prior to
analysis to enhance conductivity. Elemental spectra were recorded from multiple regions of the
sample surface to confirm the uniform distribution of elements. The resulting spectra were analysed
for qualitative and quantitative elemental composition of the nanoparticles.

The presence of functional groups was confirmed by FTIR spectroscopy on Perkin Elmer
spectrophotometer. The spectra were recorded in the spectral range of 4000-400 cm™ with a
resolution of 4 cm™ and 32 scans per sample. For crystallinity, XRD patterns were recorded using
CuK o anode operating at 30.0 mA and 40.0 kV was used in the analysis. The examination was
performed at room temperature and samples were scanned at a rate of 2°min? throughout a 20
range of 20°to 100°using RIGAKU X ray diffractometer. The diffraction angle (20) was found to
be a function of the diffracted X-ray intensity (El-Fitiany et al., 2024). All measurements were
performed in triplicate (n = 3) to ensure the reproducibility of data.

Antimicrobial activity

Green-synthesized ZnONPs and ampicillin (> 98% purity) were evaluated for their antibacterial
activity against two model pathogenic bacteria, i.e., Gram-positive Staphylococcus aureus and
Gram-negative Escherichia coli. A stock solution of ampicillin was prepared in sterile distilled
water and diluted to the required concentrations prior to use. Antimicrobial activity was measured
using the disc diffusion method (Abdelbaky et al., 2022) with slight modifications. Yeast extract
medium was prepared and autoclaved at 121 <C for 30 min. Bacterial cultures were subcultured in
flasks containing the autoclaved medium and transferred to a shaking incubator at 37 <C for 24 h. of
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Fresh culture (250 jL) was loaded on agar plates, and uniform lawns were achieved with sterilized
cotton swabs. The 6 mm filter discs loaded with varying concentrations (50, 100, 250, and 500 ug
mL™) of synthesized nanaoparticles and were kept on petri dishes with ampicillin (Img mL™) and
water was loaded as positive and negative controls, respectively, plant extract (100%), metal salt (1
mg mL?) served as other controls. The Petri-dishes were incubated at 37 <C for 24 h and the zone of
inhibition was measured using a sterile ruler (Sivakumar et al., 2025). The experiment was
performed in triplicates in a completely randomized design (CRD).

Cytotoxic studies

Human embryonic kidney (HEK293T cells) cells and human breast cancer (MDA-MB231) cells
were grown in RPMI-1640 media supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin at 37°C and 5% CO,. Cytotoxicity of biosynthesized NPs was assessed using 3-(4,5
dimethylthiazol-2-yl) 2,5 diphenyltetrazolium bromide (MTT) assay, which measures metabolic
activity and toxicity in living cells. Cells were seeded in 96 well plates and exposed to ZnONPs at
different concentrations (12.5, 25, 50, & 100 ug mL™) for 24 h. After exposure, MTT solution at 5
mg mL? was added to the cells treated with ZnONPs and the plates incubated for 4-5 h. The
formazan crystals produced by the reduction of MTT dye was dissolved using DMSO and
absorbance measured at 563 nm using ELISA plate reader (Genetix) (Amin et al., 2024). The
experiment was carried out in CRD with each treatment replicated thrice to ensure reproducibility.

Statistical analysis

Each experiment was carried out in triplicate in CRD design. Origin 9.0 (https://www.originlab.com/)
and ImageJ software (https://imagej.nih.gov/ij/) were used to evaluate data from various experiments
conducted to characterize the NPs. Furthermore, Prism 7.0 (GraphPad Software Inc., USA) was used
to evaluate the antimicrobial and cytotoxicity data. Data were presented as mean = standard
deviation and one-way ANOVA was used to establish statistical significance with P < 0.0001
considered statistically significant.

RESULTS AND DISCUSSION

Qualitative phytochemical screening

The phytochemical screening of the plant extract confirmed the presence of alkaloids, flavonoids,
phenols and proteins, which play a crucial role in NP synthesis as reducing and stabilizing agents. The
absence of saponins suggests the involvement of other bioactive compounds in ZnONP formation, as
also reported by Abdelbaky et al. (2022). Plant extract functions as stabilizing and capping agent
during NP synthesis. Multiple hydroxyl and carbonyl functional groups facilitate metal ion reduction
and simultaneously prevent NP agglomeration through surface adsorption and steric stabilization.

Optimization of synthesis parameters for ZNONPs

The formation of ZnONPs was initially indicated by a visible change in colour of reaction mixture,
confirming the reduction of zinc ions mediated by phytochemicals present in Dipsacus inermis
extract. Different synthesis parameters viz., pH, temperature, reaction time, zinc salt concentration,
plant extract volume, were investigated to determine the optimum conditions for nanoparticle
formation. It was observed that increasing the plant extract volume from 5 to 20 mL enhanced
nanoparticle formation due to the higher availability of phytochemicals acting as reducing and
stabilizing agents. A complete reduction of Zn+ with good colour intensity was obtained at 10:1
volume ratio of zinc salt solution to plant extract. The temperature was varied from 20 to 80<C and
it was observed that the colour becomes darker with rising temperature. As the temperature
approached around 60<the colour became more dark suggesting an increase in NP yield. Similarly,
a moderate concentration of zinc acetate (0.1 M) was found suitable for stable nanoparticle
formation, whereas lower concentration (0.001 M) resulted in slower reaction and higher
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concentration (5 M) promoted aggregation. The reaction time of 60 min was found sufficient for
efficient nucleation and growth of nanoparticles. Furthermore, alkaline pH conditions favoured
ZnONP formation compared to the acidic conditions which was indicated by observing darker
colour at pH 8. At high basic conditions, the intensity of colour was low indicating that slight
alkaline pH was best condition for the formation of ZnONPs (Tabasum et al., 2025).

Particle size and zeta potential analysis of synthesized NPs
Dynamic light scattering (DLS) analysis confirmed that ZnONPs were uniformly dispersed in
aqueous medium, with an average hydrodynamic size of 37.61 nm (Fig. 1a) and a polydispersity
index of 27.41%. The presence of a single, sharp peak with 100% intensity in size distribution
profile indicated high monodispersity and the absence of seemingly large aggregates and/or poly-
disperse particles. The nanoscale dimension obtained were consistent with the expected particle
size for ZnO in various applications, thereby enhancing its surface reactivity and size-dependent
properties, such as optical absorption and antimicrobial activity (Abdelbaky et al., 2022). This study
also discusses the importance of the polydispersity index and the connection between DLS and the
actual particle core size. Since DLS measures the hydrodynamic size, which includes the particle
core and any solvation layer, the actual physical core size may be slightly smaller. Nevertheless, the
single-peak distribution strongly supported the successful synthesis of stable and uniform ZnONPs
suitable for further functional studies. Similar results have earlier been reported (Chakra etal., 2025).
Zeta potential analysis was performed to detect the surface charge of synthesized ZnONPs. The
mean zeta potential value of synthesized ZnONPs was -7.55 mV (Fig. 1b). The results confirmed that
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Fig. 1: (a) Average hydrodynamic size, (b) Zeta potential of the synthesized ZnONPs

the capping biomolecules present on ZnONPs were
mostly of negatively charged groups. The negative
charge detected on ZnONPs indicated electrostatic
repulsion between the synthesized NPs.
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UV-vis spectroscopy

The UV-visible spectra of D. inerims extract and
ZnONPs were obtained from 300 to 600 nm.
ZnONPs generally exhibit strong UV absorption
due to their wide band gap and distinctive surface
characteristics. ZnONPs synthesized using D.
inerims aqueous extract exhibited surface plasmon
resonance at 373nm, which confirms the successful
synthesis of ZnONPs (Fig. 2). These SPR peaks
reportedly arise from the collective electron
oscillations at the NP’s surface, which depend on
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Fig. 2: UV-visible spectrum showing the
absorption peak of Dipsacus inerims
extract and ZnONPs
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size, shape, and the surrounding environment. Although conventional ZnONPs usually absorb
at slightly higher wavelengths, the observed shift may be due to smaller size and interactions with
phytochemicals from D. inermis (Mohammadian etal., 2018). Since no other peaks were seen in the
spectrum, its supports the conclusion that only ZnONPs were synthesized (Maher et al., 2023).

SEM analysis
Based on the SEM analysis, ZnONPs were spherical in shape, with some degree of agglomeration
observed at both 100 and 500 nm scales (Fig. 3a-b). The average size was 45.80 nm (Fig. 3c¢). This
level of aggregation is expected due to NP drying. Such agglomeration and variable sizing are
consistent with previously reports, wherein SEM images revealed that ZnONPs often appear as
spongy, spherical clusters with variable aggregation depending on synthesis conditions and
differences in stabilizing agents (Jayappa et al., 2020; Shashanka et al., 2020).
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Fig. 3: SEM images of ZnONPs at different scales; a) high-magnification image (200K) with a
scale bar of 100 nm; b) low-magnification image taken at 50K with a scale bar of 500 nm; c)
Histogram depicting the average size; (d) EDX spectrum of synthesized ZnONPs

Energy-dispersive X-ray (EDX) analysis was performed to determine the elemental composition of
synthesized ZnONPs. The spectrum exhibited characteristic peaks corresponding to Zn and O,
confirming the formation of ZnONPs (Fig. 3d). The quantitative analysis indicated an atomic
percentage of 6.9% for Zn and 35.9% for O. The relatively lower Zn signal may be attributed to the
presence of organic phytochemical residues originating from the plant extract used during green
synthesis, which act as reducing and stabilizing agents and contribute significantly to the surface
composition detected by EDX. Additionally, the use of carbon tape and the surface-sensitive nature
of EDX analysis may enhance the contribution of light elements thereby reducing the relative Zn
percentage. Similar observations have been reported on plant-mediated synthesis of ZnONPs where
Table 1: Quantitative EDX organic capping layers influence the elemental

elemental table composition detected by EDX (Jayachandran et al., 2021,
Element  Weight (%) Atomic (%) Sarwar et al., 2025; Anjum et al.,2025). Nevertheless, the
CK 40.1 57.2 presence of distinct Zn and O peaks supports the
O K 33.6 35.9 successful formation of ZnO nanoparticles. Table 1 shows

ZnK 26.3 6.9 the quantitative EDX elemental weight% and atomic%.
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XRD analysis

The peaks in XRD analysis confirmed the crystallinity
of the synthesized NPs, as evidenced by the distinct
diffraction peaks observed in the 20 range of 20°to
80< The full width at half maximum (FWHM) value
of the graph is 0.020131 radians. The specific peaks at
21.28< 22.46< 29.30< 31.70< 33.27< 37.00< 47.30%
59.34<and 69.76 correspond to crystallographic planes
were indicative of ZnQO's characteristic Wurtzite hexa-
gonal structure (Fig. 4), consistent with the standard
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Additional peaks may be attributed to the presence of
organic phytochemical residues from the plant extract
used during green synthesis, which act as reducing and
stabilizing agents for nanoparticle formation. Similar
additional reflections have been reported in plant-
mediated synthesis of ZnONPs. The broadening of
these diffractionpeaksisprimarilyattributedtothe nano-
scale particle size, which induces broadening due to the finite crystallite-size effect, as described by
the Debye—Scherrer equation. Smaller crystallite sizes correlate with broader peaks, a common
phenomenon in XRD analysis (Nigam and Pawar, 2020).

FTIR analysis of synthesized ZnONPs
The FTIR spectra of the synthesized ZnONPs displayed distict peaks at 645 and 510 cm (Fig. 5),
which are indicative of Zn-O stretching vibrations, thereby verifying the synthesis of ZnONPs with
metal-oxygen bonding (Zn-O). Other peaks in the spectra corresponded to various functional groups,
most likely originating from leftover organic molecules or surface-adsorbed species. The presence of
these functional groups indicates that surface capping and/or stabilizing agents may be present in trace
amounts, possibly derived from synthesis precursors or solvents, and play a role in controlling particle
growth and preventing agglomeration during ZnONP formation (Yuan et al., 2021; El-Faroudi et
al., 2023). Broad bands observed at 3779 and 3653 cm™ correspond to O—H stretching vibrations of
phenolic andalcoholic groups, while the peak at 2949 cm™ is attributed to C-H stretching vibrations of
aliphatic compounds. The band near 1479 cm™! indicates aromatic C=C stretching, and peaks around
1302and 1173 cm™ correspond to C—N and
C-O stretching vibrations, respectively.
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Fig. 4: XRD pattern of ZnONPs showing
the characteristic peaks confirming
the hexagonal Wurtzite crystalline
structure

These functional groups likely originate
from plant metabolites and play a vital role
in the reduction and stabilization of
nanoparticles during green synthesis.
Importantly, the characteristic absorption
bands observed at 645 and 510 cm™
correspond to Zn-O stretching vibrations,
confirming the formation of ZnONPs. The
presence of organic functional groups
indicates the adsorption of phytochemical
residues on the nanoparticle surface, which
act as natural capping and stabilizing
agents. Phenols and flavonoids are
considered the main contributors among
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conversion of Zn?" ions to ZnONPs by providing electrons during the reduction process (lravani,
2011; Ahmed et al., 2016). Furthermore, proteins and alkaloids can work as capping or stabilizing
agents by attaching to the surface of nanoparticles via functional groups like —OH, —NH, and C=0.
This prevents aggregation and improves nanoparticle stability. The presence of these functional
groups was further confirmed by FTIR analysis, which revealed characteristic absorption bands for
hydroxyl, amine, and carbonyl groups. Interestingly, saponins were not detected in the
phytochemical screening, implying that other bioactive chemicals, particularly phenolic and
flavonoid contents, are primarily responsible for the reduction and stabilizing processes involved in
ZnONP synthesis. Similar methods have been frequently described in plant-mediated nanoparticle
formation, with polyphenolic chemicals acting as both reducing and stabilizing agents
(Jayachandran et al., 2021). As a result, the phytochemicals in D. inermis extract are expected to
have a dual role in ZnONP production and surface functionalization.

Antibacterial effect of synthesized NPs.

ZnONPs have concentration-dependent antibacterial activity against E. coli and S. aureus (Fig. 6).
The zones of inhibition gradually increased with increasing NP concentration, reaching 3.1 0.2 to
9.140.2, and 2.940.3 to 8.9 4£0.1 mm from 50 to 500 pg mLtin E. coli and S. aureus, respectively.
Both bacterial strains have comparable susceptibility patterns, with E. coli showing slightly higher
sensitivity than S. aureus across all the concentrations. The positive control exhibits the widest
zone of inhibition, supporting the experimental protocol's validity and reproducibility. ZnONPs
demonstrated broad-spectrum antibacterial activity via different mechanisms. Their positively charged

surface charge facilitates robust inter-
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Fig. 6: Concentration-dependent antibacterial activity of reprodugibilit_y and effice!cy of ZnONPs
ZnONPs against E. coli and S. aureus (P<0.0001)  asantimicrobial agents (Kim et al., 2020).

Cytotoxicity studies

ZnONPs significantly decreased the viability of MDA-MB231 breast cancer cells in a dose
dependent manner, as demonstrated in (Fig. 7A). Only about 37% =1.01 of the cancer cells
remained viable at the highest tested concentration of 100 ng mL™, indicating a marked decrease in
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cancer viability and significant potential of the synthesized NPs in anticancer applications. In
contrast, the viability of normal cells was significantly preserved at the same tested concentrations,
with over 70% =+3.6 cells viable at the highest tested concentration (Fig. 7B). This selectivity is
important for potential clinical applications because it minimizes damage to healthy cells. These
findings are in line with a previous study that demonstrates how ZnONPs cause cytotoxicity in
cancer cells by inducing apoptosis, depolarizing the mitochondrial membrane, and increasing ROS
production. Normal cells, on the other hand, are less damaged because of a more robust antioxidant
defense system (Yuan et al., 2021).

Conclusion: The current study illustrates the green synthesis of ZnONPs using an aqueous extract
of Dipsacus inermis, leveraging the plant's rich phytochemical profile to simultaneously facilitate
NP formation and stability. Comprehensive characterization verified the nanoscale size,
crystallinity, and purity of the synthesized ZnONPs. The NPs exhibited potent antibacterial effects
against clinically relevant pathogens This biosynthetic approach offers an eco-friendly,
economically viable alternative to conventional chemical synthesis methods, so as to minimize the
environmental impact and reduce toxic waste. The observed selective toxicity suggests the
potential for further development of ZnONPs in targeted cancer therapies. Future studies must
explore on in vivo efficacy, elucidate detailed mechanistic pathways, and develop large-scale
production methods to advance their biomedical applications.
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