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Biosynthesis of Zinc Oxide Nanoparticles Using Aqueous Leaf
Extract of Alternanthera philoxeroides for Antioxidant and
Antibacterial Activities
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In the contemporary scientifc landscape, the demand for sustainable and nontoxic synthesis of metallic nanoparticles has grown
signifcantly, with biological or green synthesis approaches being preferred over conventional physical and chemical methods due
to their eco-friendly, cost-efective, and nonhazardous nature. In this study, zinc oxide nanoparticles (ZnONPs) were synthesized
via a simple and environmentally benign process using an aqueous leaf extract of Alternanthera philoxeroides as a natural bio-
reducing and stabilizing agent, along with zinc acetate as the precursor salt. Te formation of A. philoxeroides–mediated ZnONPs
was confrmed by a characteristic surface plasmon resonance (SPR) band at 351 nm in the ultraviolet-visible (UV-Vis) spectrum
and by energy dispersive X-ray (EDX) analysis showing elemental zinc and oxygen. Fourier transform infrared (FTIR) spec-
troscopy displayed peaks at 3,397, 2,930, 1,633, 1,408, 1,312, 1,072, 1,025, 821, and 619 cm−1, indicating phytochemicals re-
sponsible for reduction and capping. Zeta potential analysis yielded a value of −16.4 mV, refecting moderate stability. X-ray
difraction (XRD) confrmed the crystalline wurtzite structure, further supported by the selected area electron difraction (SAED)
pattern. Field emission scanning electron microscopy (FESEM) revealed spherical nanoparticles with an average size of 15 nm,
and high-resolution transmission electron microscopy (HRTEM) showed a size distribution between 3 and 35 nm with distinct
lattice fringes. Antibacterial evaluation using the agar well difusion method demonstrated the highest inhibition against
Staphylococcus aureus, while antioxidant activity assessed by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging
assay exhibited a half-maximal inhibitory concentration (IC50) of 85.42 μg per milliliter (μg/mL), indicating strong radical
neutralization capacity. Tese results highlight the potential of bio-synthesized ZnONPs for diverse biomedical, pharmaceutical,
and industrial applications, warranting further investigation into their cytotoxicity, targeted drug delivery potential, and per-
formance in real-world biomedical systems.
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1. Introduction

Te term “nanotechnology” originates from the nanoscale
range, referring to particles measuring between 1 and
100 nm [1]. In recent times, metallic nanoparticles have
commonly been prepared using various physical and
chemical methods. However, these techniques often involve
toxic chemicals, which pose threats to human health and the
environment. Moreover, they are often expensive, complex,
and time-consuming. As a result, green chemistry has en-
couraged the search for safer alternatives, with biological
methods emerging as a preferred route for sustainable
nanoparticle production [2–4]. Tese biological methods
follow green chemistry principles and make use of bacteria
and fungi to synthesize nanoparticles in an environmentally
friendly manner [5, 6]. Among the various biological ap-
proaches, the use of plant extracts has proven to be the safest,
most cost-efective, and eco-friendly method for nano-
particle synthesis. Tis approach ofers a simple and efcient
way to produce high-yield and pure materials. Additionally,
the phytochemicals naturally present in plant extracts assist
in reducing metal ions and stabilizing the nanoparticles, thus
removing the need for external reducing, capping, or sta-
bilizing agents [7–9]. Traditionally, whole plants or leaf were
used for metallic nanoparticle synthesis. However, recent
advancements have enabled the use of extracts from fowers,
seeds, fruits, roots, peels, and bark [10–12].

Zinc oxide nanoparticles (ZnONPs) stand out from other
nanomaterials due to their unique chemical and optical
properties. Structurally, they exhibit a wurtzite ZnO crystal
structure, often forming cylindrical shapes with droplet-like
nanoparticle at their tips, as observed in vapor liquid solid
growth mechanism [13]. As a type of metal oxide, they
demonstrate special catalytic and oxidative characteristics,
making them ideal for various biotechnology and biomedical
applications [11]. ZnONPs are widely used in diverse felds,
including biology, cosmetics, pharmaceuticals, animal feed,
medicine, environmental protection, coatings, rubber pro-
duction, communication, sensors, and electronics. Studies
have shown that diferences in ZnONPs’ size infuence their
properties, enhancing their versatility. Te diameter distri-
bution of ZnONPs mimics that of stabilizing nanoparticles
formed during synthesis with nanoscale processes such as
Ostwald ripening and/or coalescence occurring before fnal
nanoparticle formation [13]. In addition, their nontoxic na-
ture has led to growing applications in cosmetics, diagnostics,
and textile industries [14–16]. ZnONPs are considered safe
and exhibit strong antimicrobial properties, making them
suitable for treating various infectious diseases in humans and
animals. Tis distinguishes them from other metals com-
monly used in nanoparticle synthesis for clinical purposes.
ZnONPs are used for doping the ZnO structure to improve
their functionality [17].

Medicinal plants have been found in the Himalayan
Mountain range since ancient times. People living in these
areas have been using them for years to cure diseases [18, 19].
Alternanthera philoxeroides, Artemisia roxburghiana, Leucas
lantana, and Vinca major are being used by us to make
metallic nanoparticles.

In this study, we synthesized ZnONPs using leaf from
A. philoxeroides, commonly referred to as alligator weed.
Tis perennial, nonwoody aquatic plant belongs to the
Amaranthaceae family and is native to South America,
where it has become an invasive species in India. Researchers
reported that the extract of the A. philoxeroides leaf is tra-
ditionally used to treat ailments such as dysentery, asthma,
and stomachache. It contains alkaloids, amino acids, ste-
roids, tannins, favonoids, proteins, carbohydrates, and
phenolic compounds, making it well-suited for the forma-
tion of metallic nanoparticles [20, 21]. Te synthesis process
involves vapor pressure changes during reduction leading to
axial and radical growth of nanoparticle in a manner
analogous to vapor solid mechanism resulting in well
aligned nanostructure [13]. Te novelty of this study lies in
the fact that, to the best of our knowledge, the green syn-
thesis of ZnONPs using A. philoxeroides has not been
previously reported.Tis work highlights the potential of the
A. philoxeroides leaf as a sustainable and eco-friendly source
for nanoparticle fabrication.

2. Methods and Methodology

2.1. Plant Sample Collection. Leaves of A. philoxeroides were
collected from the vicinity of Garg (P.G.) College, located in
Laksar, Haridwar, Uttarakhand. Te collection process was
conducted in full compliance with the existing institutional,
national, and international guidelines and regulations. Te
plant material was taxonomically identifed and ofcially
authenticated by the Botanical Survey of India, Dehradun.
All procedures related to plant collection were strictly fol-
lowed by national standards and ethical recommendations.
A voucher specimen of the collected plant was submitted to
the National Herbarium and was assigned the specimen
number 1168.

2.2. Plant Extract Preparation. Fresh leaves of
A. philoxeroides were thoroughly washed 2-3 times using tap
water, followed by a fnal rinse with distilled water to
eliminate dust and surface impurities. Te cleaned leaves
were then left to air dry in the shade at room temperature for
15–20 days during the month of October. Once thoroughly
dried, they were ground into a fne powder. For the prep-
aration of the aqueous extract, 20 g of the powdered material
were mixed with 500mL of distilled water and heated at 60°C
for 20min. Te mixture was then fltered using Whatman
No. 1 flter paper, and the resulting extract was stored at 4°C
for further use [22–24].

2.3. Green Synthesis of ZnONPs. A total of 60mL of the
storedA. philoxeroides extract was transferred into a 250-mL
conical fask and heated on a magnetic stirrer at 70°C for
15min. While maintaining the same temperature and
continuous stirring, a 20-mM zinc acetate solution was
added dropwise to the extract. Subsequently, the pH of the
reaction mixture was adjusted using an aqueous NaOH
solution. Te formation of ZnONPs was indicated by the
appearance of turbidity in the solution. Te resulting
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precipitate was collected by centrifugation at 4000 rpm for
10min and dried in a hot air oven at 70°C. Te dried
ZnONPs were then stored in an airtight container for future
applications [25, 26].

2.4. Details of Characterization Techniques for ZnONPs.
Using a JASCO V-650 ultraviolet-visible (UV-Vis) spec-
trophotometer, which records spectra in a wavelength range
of 300–600 nm, the UV-Vis absorbance of the produced
ZnONPs in ultrapure water was examined. ZnONP syn-
thesis was frst validated by the absorbance peak seen in the
300–400-nm region. A Nicolet 6700 spectrometer from
Termo Fisher Scientifc, Germany, was also used to perform
Fourier transform infrared (FTIR) spectroscopy on the
ZnONPs in the 4000–400 cm−1 range. Te nanoparticle
compositional percentages and elemental purity were
assessed using energy-dispersive X-ray (EDX) spectroscopy.
Using a Bruker D8 Advance equipment (Germany) at room
temperature, X-ray difraction (XRD) was used to evaluate
the ZnONP phase composition and structural analysis.
CuKα radiation (λ�1.5406 Å) was used for the measure-
ments, which had a scattering angle range of 10°–80° and
a step size of 0.02°. Using a Carl Zeiss Ultra Plus microscope
in secondary electron mode and feld emission scanning
electron microscopy (FESEM), the surface microstructure
and grain size of the nanoparticles were investigated. EDX
spectroscopy was used with the FESEM to analyze the
materials’ chemical composition. Te diameter and shape of
the produced ZnONPs were assessed using high-resolution
transmission electron microscopy (HRTEM) using Image J
software (Version 1.52 v) developed by Wayne Rasband at
the National Institutes of Health, USA. First, HRTEM of the
ZnONPs were obtained. Tese images were then opened in
ImageJ, and the software was calibrated by setting the scale
using a known distance from the image’s scale bar. After
converting the image to 8-bit grayscale, the threshold was
adjusted to clearly distinguish the nanoparticles from the
background. Te individual nanoparticles were then ana-
lyzed using the “Analyze Particles” tool, which provided
measurements including the diameter. Tis method enabled
accurate estimation of nanoparticle size distribution based
on the image data.Te sample was diluted in ethanol for this
analysis, and a drop of the mixture was put onto a staining
mat. After that, a copper grid coated with Lacey carbon was
placed on the drop, coated side up.Te grid was subjected to
sonication for 30min and then allowed to air dry for an
additional 30min before being analyzed using a JEOL 2100
transmission electronmicroscope. Finally, the nanoparticles’
surface charge and particle size distribution were assessed
using a Horiba Scientifc SZ-100 device [27, 28].

2.5. Antioxidant Properties. Te antioxidant activity of the
biosynthesized ZnONPs was assessed using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging
assay. DPPH is a stable free radical commonly employed to
evaluate the radical-scavenging ability of antioxidants. In its
methanolic solution, DPPH exhibits a deep violet color with

a characteristic absorbance peak at 517 nm in the UV-Vis
spectrum. Upon interaction with an antioxidant, DPPH
undergoes reduction by accepting an electron, leading to
a color change from violet to yellow due to decreased ab-
sorbance. In this assay, equal volumes ofA. philoxeroides leaf
extract or various concentrations of ZnONPs were mixed
with 1mL of DPPH solution prepared in ethanol and in-
cubated at room temperature for 30min. Ascorbic acid was
used as the standard reference antioxidant. For the control,
1mL of methanol was substituted in place of the extract or
nanoparticles to determine the baseline absorbance [29, 30].

2.6. Antibacterial Activity. Te antibacterial activity of the
biosynthesized ZnONPs was evaluated using the agar well
difusion method against Salmonella abony, Bacillus subtilis,
Escherichia coli, and Staphylococcus aureus. A sterile glass
spreader was used to evenly distribute the bacterial inoculum
over the surface of the nutrient agar plates. Once the agar
had solidifed, wells were created and flled with varying
concentrations of biosynthesized ZnONP solutions. Te
plates were then incubated at 37°C for 24 h to allow bacterial
growth and observe the development of inhibition zones.
Diferent concentrations of leaf extracts and synthesized
ZnONPs were prepared using 100% DMSO. Each concen-
tration was tested in triplicate to ensure the reliability of the
antibacterial assessment. Te diameters of the inhibition
zones were measured in millimeters and compared with the
control to determine antibacterial efectiveness. Strepto-
mycin was (10 μg/mL) served as the positive control for
reference [31].

3. Results and Discussion

3.1. UV-Vis Spectroscopy. Noble metal nanoparticles are
known for their unique optical properties, primarily at-
tributed to surface plasmon resonance (SPR). According to
Mie’s theory, the presence of a single SPR band in the UV-
Vis spectrum typically signifes the formation of spherical
nanoparticles. In contrast, anisotropic nanoparticles display
multiple SPR bands due to variations in shape. In the present
study, the UV-Vis spectral analysis of biosynthesized
ZnONPs at room temperature revealed a distinct and sharp
SPR peak at 351 nm, as shown in Figure 1, confrming the
successful synthesis of ZnONPs. Te sharpness and position
of this peak strongly support the formation of well-
dispersed, nanoscale ZnO particles. Tese fndings are in
agreement with previous studies, where ZnONPs synthe-
sized using Atalantia monophylla and Aloe barbadensis
miller leaf extracts also exhibited characteristic absorption in
a similar range [32–34]. Te consistency in absorption
wavelength across diferent plant-mediated syntheses sug-
gests that plant phytochemicals play a crucial role in sta-
bilizing and controlling the size and morphology of
ZnONPs. Moreover, the narrowness of the observed peak
implies a uniform particle size distribution, which is often
critical for applications requiring optical and biological
consistency.
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3.2. XRD. Figure 2 shows the XRD pattern of ZnONPs
synthesized using A. philoxeroides, with difraction peaks at
34, 36, 47, 56, and 67°, corresponding to planes [002], [101],
[102], [110], and [112], confrming a hexagonal wurtzite
structure (JCPDS No. 00-001-1136). Additional minor peaks
near 26° suggest the presence of crystallized phytochemicals
acting as capping agents. Tis is further supported by the
FTIR analysis, indicating the role of bioactive compounds in
nanoparticle stabilization.Te sharp, well-defned peaks also
highlight the high crystallinity and purity of the bio-
synthesized ZnONPs [21, 35–37].

3.3.EDXAnalysis andElementalMapping. EDX analysis was
conducted to determine the purity, elemental composition,
and stoichiometry of the synthesized ZnONPs. Te Zn
content was 33.5%, while oxygen and carbon content were
25.5% and 44.1% as shown in Figure 3(a). In EDX of bio-
synthesized ZnONPs, single peak for Zn and oxygen be-
tween 2 and 3 keV and two peaks between 8 and 10 keV were
obtained for Zn.Te presence of a high percentage of carbon
confrms the role of phytochemicals in the capping of the
biosynthesized ZnONPs, which FTIR also confrmed. As
shown in Figure 3 (b), we have performed element mapping
of elements. Tis digital image illustrates the spatial dis-
tribution of elements present in the biosynthesized ZnONPs.
From the element mapping image, a homogenous distri-
bution of the Zn, O, and C is clearly noticeable [37–39].

3.4. FESEM Analysis. Te surface morphology of the bio-
synthesized ZnONPs was examined using FESEM, which
revealed white, densely packed, and predominantly spherical
nanoparticles, as illustrated in Figure 4(a). Tese observations
were further corroborated by HRTEM imaging.Te observed
nanoparticle aggregation can be attributed to van der Waals
forces and magnetic interactions among ZnONPs. EDX
analysis confrmed the elemental purity of the synthesized
nanoparticles. ImageJ software was employed to estimate
particle size, analyzing 61 individuals’ ZnONPs, yielding an
average size of approximately 15 nm (Figure 4(b)). Tese

results were consistent with XRD and HRTEM fndings,
supporting the formation of uniform, crystalline ZnONPs.
Te uniformity in size and shape suggests a controlled syn-
thesis pathway, enhancing their potential for biomedical and
catalytic applications [37, 40, 41].

3.5. FTIR Spectroscopy Analysis. Te FTIR results provide
information about various functional groups present in the
leaf extract, which are used as reducing and stabilizing re-
agents during the synthesis of A-ZnNPs.Te FTIR spectrum
of biosynthesized ZnONPs is shown in Figure 5, in which
peaks were obtained at 3,397, 2,930, 1,633, 1,408, 1,312,
1,072, 1,025, 821, and 619 cm−1. Te peak at 3,397 and
1,408 cm−1 was attributed to the stretching vibration for the
intramolecular O-H function group and for O-H bending,
respectively. Te absorption band at 2,930 cm−1, due to C-H
stretching in alkane, and a peak at 1,633 cm−1, due to C�O
stretching in carboxylic acid, suggest the presence of highly
water-soluble phytochemicals adsorbed on the surface of the
biosynthesized ZnONPs. Te peak at 1,312 gives in-
formation about the C-N stretching due to the presence of
amine in leaf extract; other peaks at 1,072, 1,025, and
812 cm−1 are due to C-O stretching, aromatic C-H in-plane
bending, and C�C bending, respectively. However, peaks
between 400 and 700 cm−1 provide confrmation of the
biosynthesis of ZnONPs. Te peak at 619 cm−1 clearly in-
dicates the presence of Zn-O bond. Te FTIR spectra cor-
roborate the role of the phytochemicals of A. philoxeroides
leaf extract as a reducing and capping reagent for the stability
of biosynthesized ZnONPs, which is also confrmed by EDX
and dynamic light scattering (DLS) analyses [7, 42–44].

3.6. HRTEM Analysis. Te HRTEM images presented in
Figure 6(a) and Figure 6(b) confrm the predominantly
spherical morphology of the biosynthesized ZnONPs. Particle
size analysis using ImageJ software (Figure 6(c)) was based on
measurements from 41 nanoparticles, revealing a size distri-
bution ranging from 3.5 to 31.4 nm, with an average particle
size of approximately 12nm.Tese fndings align well with the
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Figure 1: UV-Vis spectra for biosynthesized ZnONPs.
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Figure 3: (a) EDX spectra showing the elemental composition of biosynthesized ZnONPs. (b) Elemental mapping of biosynthesized
ZnONPs.
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size estimations obtained from XRD and FESEM, reinforcing
the reliability of the synthesis method. Te SAED pattern in
Figure 6(d) displays fve concentric difraction rings, con-
frming the polycrystalline nature of the ZnONPs. Te dif-
fraction rings correspond to the [101], [102], and [110] planes,
consistent with the XRD results.Tis detailed HRTEM analysis
not only validates the successful synthesis of well-defned
ZnONPs but also emphasizes the structural integrity and
crystallinity conferred by the green synthesis approach [45–48].

3.7. DLS Analysis. Figure 7(a) illustrates the particle size
distribution of biosynthesized ZnONPs as determined by
DLS. Notably, the average particle size observed via DLS is

signifcantly larger than that obtained from HRTEM and
FESEM analyses. Tis discrepancy is attributed to the
measurement of hydrodynamic diameter by DLS, which
includes the solvation layer surrounding nanoparticles and
any possible agglomeration in suspension. Te tendency of
biosynthesized ZnONPs to aggregate in aqueous media
stems from interparticle van der Waals attractions and only
moderate electrostatic stabilization. Tis is further sup-
ported by the zeta potential value of −16.4mV (Figure 7(b)),
which suggests limited repulsion between particles, in-
dicating moderate colloidal stability. Te negative charge
results from phytochemical capping agents derived from the
leaf extract, playing a dual role in stabilization and func-
tionalization of the nanoparticle surface. Tese fndings
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Figure 4: (a) FESEM images of biosynthesized ZnONPs. (b) Particle size distribution of phytochemical-assisted biosynthesized ZnONPs.
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highlight the importance of combining multiple charac-
terization techniques to obtain an accurate understanding of
nanoparticle behavior in diferent environments [22, 49, 50].

3.8. DPPH Assay Analysis. Te antioxidant activity of
phytochemical-assisted biosynthesized ZnONPs was de-
termined using the DPPH method. In this method, methanol
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Table 1: IC50 value comparison with other ZnONPs.

Plant Nanoparticles IC50 against DPPH Reference
Tabernaemontana heyneana Wall. (Leaf) ZnO 752.30 μg/mL (larger than IC50 of biosynthesized ZnONPs) [53]
Polystichum lentum ZnO 83.79 μg/mL (nearly similar to IC50 biosynthesized ZnONPs) [54]
Ailanthus altissima leaf ZnO 78.32 μg/mL (nearly similar to IC50 biosynthesized ZnONPs) [51]
Canthium dicoccum (L.) ZnO 32.85 μg/mL (less than IC50 biosynthesized ZnONPs) [52]

Figure 9: (P) Against Staphylococcus aureus, (Q) against Escherichia coli, (R) against Salmonella abony, and (S) against Bacillus subtilis.
Inhibition zone of Alternanthera philoxeroides extract for diferent bacteria.

Figure 10: (P) Against Staphylococcus aureus, (Q) against Escherichia coli, (R) against Salmonella abony, and (S) against Bacillus subtilis.
Inhibition zone of biosynthesized ZnONPs for diferent bacteria.
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was used as a solvent, and DPPH was used as a free radical,
which gave a violet color to methanol. In the presence of an
alcoholic solution of leaf extract and biosynthesized ZnONPs,
the violet color of DPPH becomes faint. If the antioxidant
property is high, then it changes to yellow after 30min. Firstly,
a prepared alcoholic solution of ascorbic acid, leaf extract, and
biosynthesized ZnONPs of diferent concentrations (100, 200,
300, 400, and 500 μg/mL) is prepared. An equal quantity of
DPPH is then added to it for the same duration. Due to the
high sensitivity of DPPH toward light, work with DPPH was
done in the dark. Te percentage inhibition of DPPH for
ascorbic acid, leaf extract, and biosynthesized ZnONPs at
diferent concentrations is shown in Figure 8 (a). Te per-
centage inhibition for biosynthesized ZnONPs were 43.88 and
87.36 at concentrations of 100 and 500 μg/mL, respectively;
however, for A. philoxeroides leaf extract, the values of in-
hibition percentages for similar concentrations were 17.05
and 59.50, which are less than those of biosynthesized
ZnONPs. Te result clearly reveals the antioxidant properties
of biosynthesized ZnONPs that depend on concentration. On
increasing concentration, antioxidant activity increases.
Biosynthesized ZnONPs show lower antioxidant activity than
standard ascorbic acid but higher than A. philoxeroides leaf
extract.

Te amount of a sample needed to eradicate 50% of free
radicals (DPPH) is indicated by the IC50 value. A lower IC50
value indicates better antioxidant activity against DPPH free
radicals. Our results showed that the A. philoxeroides leaf
extract had an IC50 value of 371.8 μg/mL, which is signif-
cantly higher than the biosynthesized ZnONPs, with an IC50
value of 85.42 μg/mL, as shown in Figure 8(b). Tis means
that biosynthesized ZnONPs have better antioxidant
properties than A. philoxeroides leaf extract. In comparison,
other studies found varying IC50 values for ZnONPs made
with diferent leaf extracts. Te ZnONPs are made with
Tabernaemontana heyneana Wall. leaf extract had a much
higher IC50 value than biosynthesized ZnONPs. On the
other hand, the ZnONPs made with Polystichum lentum and
Ailanthus altissima leaf extract had similar IC50 values to
biosynthesized ZnONPs. Interestingly, the ZnONPs made
with Canthium dicoccum (L.) extract had a much lower IC50
value than biosynthesized ZnONPs, as shown in Table 1,
indicating even better antioxidant properties [51–54].

3.9. Antibacterial Activity. Using two Gram-positive and
two Gram-negative bacteria, the well disk difusion method
was used to examine the antibacterial potential of produced
biosynthesized ZnONPs. Signifcant zones of inhibition
were found for A. philoxeroides–derived ZnONPs. Te ZOI
area is completely concentration-dependent; the ZOI in-
creases with an increase in concentration. Te ZOI also
depends on size and shape; the possible mechanism behind
inhibition of growth could be the formation of ROS, in-
teraction of biosynthesized ZnONPs with proteins, role in
DNA replication, and cell wall leakage. ZOI for bio-
synthesized ZnONPs was also more than 250 μg/mL at
2,000 μg/mL for all bacteria, as shown in Figures 9 and 10.
Te zone of inhibition for biosynthesized ZnONPs was

found to be higher than that for A. philoxeroides leaf extract,
which indicates that the antibacterial activity of bio-
synthesized ZnONPs is higher for all the tested bacteria,
even at lower concentrations. All the obtained results are
given in Table 2.Te inhibition zone is shown as x± y, where
x is the average value of the inhibition zone for three replicas,
while y is the standard deviation. From the present study, it
is observed that Gram-positive and Gram-negative microbes
are equally sensitive toward biosynthesized ZnONPs. Te
highest zone of inhibition, 26mm, was observed for
S. aureus at 2000 μg/mL. However, a lower zone of inhibition
was observed for B. subtilis. Tese fndings are in good
agreement with those of reported studies against diferent
pathogens [31, 55–57].

4. Conclusion

Tis study demonstrates an eco-friendly, simple, and cost-
efective approach to synthesizing ZnONPs using
A. philoxeroides leaf extract, aligning with the principles of
green chemistry.Te phytochemicals in the leaf extract act as
natural capping and reducing agents, eliminating the need
for hazardous chemicals or additional stabilizers during the
nanoparticle synthesis process. Tis method ofers a safer
and more appealing alternative to microbial synthesis
techniques. Characterization techniques such as DLS, XRD,
FTIR, HRTEM, EDX, and FESEM confrmed the successful
synthesis of ZnONPs with an average particle size of 12 nm.
Tese nanoparticles exhibited signifcantly enhanced anti-
oxidant and antibacterial activities compared to the raw leaf
extract, underscoring their potential applications. To further
validate these fndings, in vivo testing is necessary to explore
practical applications, paving the way for environmentally
sustainable nanoparticle synthesis. Additionally, this
method holds promise for extending green chemistry ap-
proaches to the synthesis of other metal nanoparticles.

Nomenclature

Biosynthesized
ZnONPs

ZnONPs mediated by A. philoxeroides
extract

ZnONPs Zinc oxide nanoparticles
mM Millimolar
mL Milliliter
DLS Dynamic light scattering
DPPH DPPH: 2,2-diphenyl-1-picrylhydrazyl
JCPDS Joint committee on powder difraction

standards
FTIR Fourier transform infrared
DMSO Dimethyl sulfoxide
UV-Vis Ultraviolet-visible
FESEM Field emission scanning electron

microscopy
SPR Surface plasmon resonance
XRD X-ray beam difraction
EDX Energy dispersive X-ray
HRTEM High-resolution transmission electron

microscopy
SAED Selected area electron difraction.
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