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Abstract: Nanotechnology offers vast potential in medicine, catalysis, and environmental applications.
In this study, zinc oxide nanoparticles (ZnO NPs) were synthesized via an eco-friendly green method
using Dolichandrone falcata leaf extract as a natural reducing and stabilizing agent. Phytochemical
analysis confirmed the presence of flavonoids, phenolics, steroids, triterpenoids, and saponins, which
facilitate nanoparticle formation and stabilization. The synthesized ZnO NPs were characterized by UV—
Visible spectroscopy, FTIR, XRD, SEM, TEM, EDAX, DLS, and zeta potential analysis, confirming the
formation of stable, crystalline nanoparticles with an average size of ~30 nm. Biological studies revealed
significant antibacterial, antifungal, antioxidant, and anti-inflammatory activities, highlighting their
biomedical potential. This study establishes plant-mediated ZnO nanoparticle synthesis as a sustainable
and cost-effective approach for developing multifunctional nanomaterials with promising applications in
healthcare, catalysis, and environmental science..
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L. INTRODUCTION

Nanotechnology, defined as the manipulation of matter at the nanoscale (1-100 nm), has significantly advanced diverse
fields such as materials science, medicine, environmental remediation, and catalysis [1]. Nanoparticles (NPs) exhibit
unique physicochemical properties, including high surface area-to-volume ratio, quantum confinement effects, and
enhanced reactivity compared to bulk materials [2]. Among various nanomaterials, metal oxide nanoparticles (MONPs)
have gained considerable attention due to their stability, tunable bandgap, and multifunctional applications [3]. Zinc
oxide nanoparticles (ZnO NPs), in particular, possess a wide bandgap (3.37 eV) and high exciton binding energy (60
meV), enabling applications in optoelectronics, photocatalysis, and biomedicine [4]. Other MONPs such as TiO,, CuO,
Fe,03/Fe;04, and MgO exhibit distinctive properties including photocatalytic activity, antimicrobial potential,
magnetic behavior, and thermal stability, respectively, supporting their wide-ranging industrial and biomedical
applications [5-8]. Despite these advantages, challenges such as particle aggregation, toxicity at higher concentrations,
and environmental persistence necessitate the development of controlled and sustainable synthesis strategies [9,10].
Nanoparticle synthesis methods are broadly categorized into top-down and bottom-up approaches [11]. Top-down
methods, including mechanical milling, laser ablation, and sputtering, involve the breakdown of bulk materials into
nanoscale particles but are often energy-intensive and may introduce impurities [ 12]. In contrast, bottom-up approaches
such as sol-gel, co-precipitation, hydrothermal, and solvothermal methods enable controlled growth of nanoparticles
from atomic or molecular precursors, offering improved uniformity and scalability [13—16].However, conventional
chemical synthesis routes frequently involve toxic solvents, surfactants, and reducing agents posmg environmental and
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health concerns [17,18]. To address these limitations, green synthesis approaches utilizing biological systems—
particularly plant extracts—have emerged as sustainable alternatives [19]. These methods employ natural
phytochemicals as reducing and stabilizing agents, resulting in eco-friendly, cost-effective, and biocompatible
nanoparticles. Green synthesis has been successfully applied for producing ZnO, TiO,, and CuO nanoparticles with
comparable or enhanced properties relative to chemically synthesized counterparts [20].

Plant-mediated synthesis of MONPs provides promising solutions to global challenges such as antimicrobial resistance,
cancer, and environmental pollution [21,22]. ZnO NPs exhibit significant biological activities primarily through the
generation of reactive oxygen species (ROS), membrane disruption, and biomolecular interactions [23]. They
demonstrate notable anticancer activity by inducing apoptosis in cancer cell lines such as A549, while exhibiting
comparatively low toxicity toward normal cells [24,25]. Additionally, ZnO NPs show strong antibacterial activity
against pathogens such as Xanthomonas spp. and Streptococcus pneumoniae [26], as well as antifungal effects against
Alternaria spp. and Aspergillus niger [27]. Their antioxidant properties involve scavenging of free radicals, while anti-
inflammatory effects are mediated through cytokine suppression and enzyme inhibition [28,29].Beyond biomedical
applications, ZnO NPs function as efficient heterogeneous catalysts due to their Lewis acidity and high surface area
[30,31]. These attributes align with sustainable development goals and green chemistry principles [32,33].
Dolichandrone falcata (family Bignoniaceae), commonly known as Medshingi or Wagati, is a medicinal plant widely
distributed in arid regions of India and South Asia [34]. It is rich in bioactive phytochemicals such as flavonoids,
alkaloids, tannins, saponins, glycosides, and phenolics, which contribute to its diverse pharmacological properties [35].
The plant has been traditionally used for its anti-inflammatory, antioxidant, anti-allergic, anxiolytic, and antimicrobial
activities [36].The presence of these phytoconstituents makes D. falcata leaf extract an effective bioreducing and
stabilizing agent for nanoparticle synthesis, facilitating the formation of stable and functional nanomaterials.

In this context, the present study focuses on the green synthesis of ZnO nanoparticles using D. falcata leaf extract. The
synthesized nanoparticles were systematically characterized using various analytical techniques, and their biological
activities including antibacterial, antifungal, antioxidant, and anti-inflammatory effects were evaluated.

This work highlights a sustainable and interdisciplinary approach toward the development of multifunctional ZnO
nanomaterials with potential applications in healthcare, catalysis, and environmental science.

II. MATERIAL AND METHODS

2.1. Preparation of Plant Extract

Fresh leaves of Dolichandrone falcata were procured from the hilly region of the Western Ghats in Maharashtra. The
leaves underwent a dual washing process with deionized water, followed by shade drying for a duration of eight days,
and were subsequently ground into a fine powder. A sample of this powder (10 g) was combined with 100 ml of
deionized water and subjected to heating at 80°C with continuous stirring for 30 minutes. The resultant mixture was
allowed to cool to room temperature and was then filtered using Whatman filter paper no. 41. The filtrate was stored at
4°C for future use.

2.2. Bio Synthesis of ZnO Nanoparticles

The synthesis of copper oxide nanoparticles was conducted using a 0.1 M solution of Zinc acetate as the precursor. A
volume of 100 ml of this solution was placed in a 250 ml conical flask and subjected to stirring using a hot plate
magnetic stirrer. Subsequently, 20 ml of plant extract was added dropwise to the solution with continuous stirring at
60°C for one hour. Following this, 2 M NaOH was introduced dropwise, adjusting the pH to 10, which resulted in the
formation of a white precipitate. The solution was further stirred for an additional hour and then centrifuged at 5000
rpm. The resulting pellets were washed with deionized water and ethanol. The solid was dried at 100°C for 2 hours.
The resulting yellowish white powder of ZnO nanoparticles was utilized for characterization.
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2.3. Characterisation of biogenic Df-ZnO nanoparticles:

Biosynthesized ZnO NPs were analyzed using a UV-visible spectrophotometer (Bio Era BI/CI/SP/SDB-S-04) within
the range of 200 — 600 nm. The crystalline nature was evaluated by X-ray diffraction technique using a Bruker D8
Venture instrument. The morphology of ZnO NPs was examined by scanning electron microscopy (JEOL JSM-1T200)
and transmission electron microscopy by (JEOL - 2200FS). Elemental mapping was conducted using Energy dispersive
X-ray spectroscopy (EDS). The association of ZnO NPs with phytochemicals was analyzed utilizing Fourier-transform
infrared spectroscopy (LAMBDA-FTIR-7600).Particle size and zeta potential analysis was carried out by Malvern
Nano ZS 90 ZEN 3696. Surface composition and oxidation state was analyzed by X-ray Photoelectron Spectroscopy
(JEOL Japan, JPS-9030).

2.4. Antibacterial activity by well diffusion method-

The inoculum of the microorganism was prepared from the bacterial cultures. 15ml of nutrient agar (Hi media) medium
was poured in clean sterilized Petri plates and allowed to cool and solidify.100 pl of broth of bacterial strain was pipette
out and spread over the medium evenly with a spreading rod till it dried properly. Wells of 6mm in diameter were
bored using a sterile cork borer. Solutions of the compounds (100ul/ml) were prepared in DMSO and 100ul of prepared
test solutions (1mg/ml) and standard was added to the wells. The petri plates incubated at 370C for 24 h. Streptomycin
(Img/ml) was prepared as a positive control and DMSO was taken as negative control. Antibacterial activity was
evaluated by measuring the diameters of the zone of inhibitions (ZI) all the determination were performed in triplicates.

2.5. Antifungal activity by well diffusion method:

The inoculum of the microorganism was prepared from the fungal cultures. 15ml of Saubroad agar (Hi media) medium
was poured in clean sterilized Petri plates and allowed to cool and solidify. 100 ul of broth of fungal strain was pipette
out and spread over the medium evenly with a spreading rod till it dried properly. Wells of 6mm in diameter were
bored using a sterile cork borer. Solutions of the compounds (100ul/ml) were prepared in DMSO and 100ul of prepared
test solutions and standard was added to the wells. The petri plates incubated at 370C for 24 h. Miconazole (1mg/ml)
was prepared as a positive control and DMSO was taken as negative control. Antifungal activity was evaluated by
measuring the diameters of the zone of inhibitions (ZI) all the determination were performed in triplicates.

2.6. In vitro Anti-Inflammatory by Protein Denaturation Assay:
The reaction mixture (10 mL) consisted of 0.4 mL of egg albumin (from fresh hen’s egg), 5.6 mL of phosphate
buffered saline (PBS, pH 6.4) and 100 pL of different concentration sample. Similar volume of double-distilled water
served as control. Then the mixtures were incubated at (370c £2) in a incubator for 15 min and then heated at 70oc for
5 min. After cooling, their absorbance was measured at 660 nm by using vehicle as blank. Diclofenac sodium at the
concentration was used as reference drug and treated similarly for determination of absorbance. The percentage
inhibition of protein denaturation was calculated by using the following formula,

% Inhibition = C -T/ C
Where,
T = absorbance of test sample
C = absorbance of control

2.7. Antioxidant Assay by DPPH Method:

Antioxidant activity of test material was estimated for their free radical scavenging activity by using DPPH (1, 1-
Diphenyl-2, Picryl-Hydrazyl) free radicals. 1ml of different concentrations (20, 40, 60, 80, 100png/ml) were taken in a
test tubes. 1.5ml of 0.1% methanolic DPPH was added over the samples and incubated for 30 minutes in dark
condition. The samples were then observed for discoloration; from purple to yellow and read the absorbance on
colorimeter at 510 nm Radical scavenging activity was calculated by the following equation:
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DPPH radical scavenging activity (%) = [(Absorbance of control - Absorbance of test
sample) / (Absorbance of control)] x 100.

III. RESULT AND DISCUSSION
3.1.Phytochemical Screening:
Based on previously reported studies, the leaf extract contains flavonoids, phenolics, alkaloids, and glycosides, which
act as reducing and stabilizing agents during nanoparticle synthesis. These biomolecules facilitate the conversion of
Zn?* ions into ZnO nanoparticles and prevent aggregation. [37-39].

3.2. Characterization of Df-ZnO NPs

3.2.1. UV-Visible-

The UV-Visible absorption spectrum of ZnO nanoparticles synthesized using Dolichandrone falcata plant extract by
the green synthesis method is shown in the figure. The spectrum exhibits a strong and well-defined absorption peak at
around 360 nm, which is characteristic of ZnO nanoparticles and corresponds to their intrinsic band gap absorption due
to electron transition from the valence band to the conduction band[41].The appearance of this absorption peak
confirms the successful formation of ZnO nanoparticles. The slight broadening of the peak indicates nanoscale particle
size and possible size distribution of the synthesized nanoparticles. The absorption in the UV region also suggests good
optical properties of ZnO NPs, which are desirable for applications in photocatalysis, antimicrobial activity, and
optoelectronic devices.The use of D. falcata extract likely played a dual role as a reducing as well as stabilizing agent,
facilitating nanoparticle formation without the use of toxic chemicals [40]. Overall, the UV—Vis analysis confirms the
successful green synthesis of ZnO nanoparticles using Dolichandrone falcata plant extract.

360 nm

Absorbance (a.u.)

b

200 300 400 500 600 700
Wavelength (nm)

Figure 1: UV—Visible absorption spectrum of Df~ZnO nanoparticles.

3.2.2 Infrared analysis of Df-ZnO NPs:

The FTIR spectrum of ZnO nanoparticles synthesized using Dolichandrone falcata plant extract by the green synthesis
method confirms the formation of ZnO and the involvement of plant phytochemicals in nanoparticle synthesis. A broad
absorption band observed in the region of 3442 em™ corresponds to O—H stretching vibrations, indicating the presence
of hydroxyl groups from phenols, alcohols, or adsorbed moisture. These functional groups from the plant extract are
likely responsible for the reduction and stabilization of ZnO nanoparticles.The absorption bands around 1640 em™ can
be attributed to C=0O or N-H bending vibrations, suggesting the presence of proteins or other biomolecules acting as
capping agents. Peaks observed in the region of 1400-1500 cm™ are associated with C—H bending or aromatic ring
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vibrations, further supporting the role of phytoconstituents in nanoparticle stabilization. A strong and characteristic
absorption band in the low wavenumber region around 444 em™ corresponds to Zn—O stretching vibrations, confirming

the successful formation of ZnO nanoparticles[42]. Overall, the FTIR analysis demonstrates that biomolecules present

in D. falcata extract effectively participated in the green synthesis, acting as reducing and stabilizing agents, leading to
the formation of stable ZnO nanoparticles suitable for biological and environmental applications[43].
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Figure 2: FTIR absorption spectrum of Df~ZnO nanoparticles showing characteristic vibrational frequencies.
3.2.3. X-ray Diffraction

The crystalline structure and phase purity of ZnO nanoparticles synthesized using Dolichandrone falcata plant extract

were analyzed by X-ray diffraction (XRD). The diffraction pattern recorded in the 26 range of 10°-90° exhibits sharp

and intense peaks, confirming the formation of highly crystalline ZnO nanoparticles.

The diffraction peaks observed at 20 values of approximately 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 66.3°, 67.9°, and
69.1° correspond to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes, respectively. These
reflections match well with the standard hexagonal wurtzite structure of ZnO (JCPDS No. 36-1451, space group
P6szmc). The absence of secondary or impurity peaks confirms the high phase purity of the biosynthesized
nanoparticles.

The (101) reflection shows the highest intensity, indicating preferential orientation along this plane, which is
characteristic of thermodynamically stable wurtzite ZnO[44]. The noticeable broadening of diffraction peaks compared
to bulk ZnO suggests the formation of nanocrystalline particles.The average crystallite size was estimated using the
Debye—Scherrer equation based on the (101) peak, yielding a crystallite size in the nanometer range (30 nm). The
reduced crystallite size is attributed to the presence of bioactive phytochemicals in the Dolichandrone falcata extract,
which act as natural reducing and capping agents, effectively controlling crystal growth and preventing agglomeration.
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Overall, the XRD results confirm the successful green synthesis of phase-pure, highly crystalline hexagonal ZnO
nanoparticles, demonstrating that Dolichandrone falcata extract is an efficient biotemplate for producing structurally

stable ZnO nanomaterials suitable for advanced functional applications.
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Figure 3: XRD pattern of Df~ZnO nanoparticles showing characteristic diffraction peaks

3.2.4 Scanning Electron Microscopy-

The surface morphology of the biosynthesized ZnO nanoparticles was examined using scanning electron microscopy
(SEM) at different magnifications. The SEM micrographs reveal that the ZnO nanoparticles are irregularly shaped and
highly agglomerated, forming cluster-like structures. Such agglomeration is commonly observed in metal oxide
nanoparticles due to their high surface energy and strong interparticle interactions. At lower magnification, the particles
appear as dense aggregates distributed uniformly over the surface, while higher magnification images show that these
aggregates are composed of fine nanosized primary particles. The individual nanoparticles are not distinctly separated,
indicating that the particles are loosely bound together, likely through phytochemical residues from the Dolichandrone
falcata extract acting as capping agents during synthesis.The observed agglomeration supports the XRD results, which
confirmed the nanocrystalline nature of ZnO. The formation of clustered structures may enhance surface roughness and
increase the effective surface area, which is advantageous for applications such as photocatalysis and antimicrobial
activity.

Overall, the SEM analysis confirms the successful green synthesis of ZnO nanoparticles with nanostructured
morphology, demonstrating that Dolichandrone falcata plant extract plays a significant role in controlling particle

formation and stabilization.
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Figure 4: SEM images (j, k) of Df~ZnO nanoparticles at different magnifications.

3.2.5 EDAX

The elemental composition and purity of the biosynthesized ZnO nanoparticles were confirmed using energy-dispersive
X-ray analysis (EDAX). The EDAX spectrum shows prominent peaks corresponding to zinc (Zn) and oxygen (O),
confirming the successful formation of ZnO nanoparticles.Quantitative analysis reveals that Zn and O are the major
elements present, with atomic percentages of approximately 45.18% for Zn and 54.82% for O, which is close to the
stoichiometric ratio expected for ZnO. The corresponding weight percentages were found to be 77.11% Zn and 22.89%
O, further validating the composition of zinc oxide.

Minor signals corresponding to carbon (C) and copper (Cu) were also detected. The presence of carbon is attributed to
residual phytochemicals from the Dolichandrone falcata plant extract that act as natural capping and stabilizing agents
during green synthesis. The copper signal is likely due to the sample holder or grid used during SEM-EDAX analysis
rather than intrinsic contamination.The absence of additional elemental peaks confirms the high purity of the
synthesized ZnO nanoparticles. Overall, the EDAX results strongly support the XRD and SEM findings, demonstrating
that the green synthesis route using Dolichandrone falcata extract produces chemically pure and stoichiometrically
consistent ZnO nanoparticles, suitable for various functional applications.
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Figure 5: EDAX spectrum of Df—ZnO nanoparticles showing elemental composition.

3.2.6 Transmission Electron Microscopy:
Transmission electron microscopy (TEM) was used to analyze the morphology and particle size of ZnO nanoparticles
synthesized using Dolichandrone falcata plant extract. The TEM images show that the nanoparticles are predominantly
quasi-spherical to hexagonal in shape and moderately agglomerated, which is typical for ZnO nanoparticles due to high
surface energy.The particle size distribution indicates that the ZnO nanoparticles are in the range of approximately 20—
40 nm, with an average size around ~30 nm. This particle size is in good agreement with the crystallite size estimated
from XRD analysis, confirming the nanocrystalline nature of the material. The clear particle boundaries and uniform
contrast observed in the images indicate good crystallinity, while slight agglomeration is attributed to phytochemical
capping from the plant extract[45].

Overall, the TEM results confirm the successful green synthesis of nanosized, crystalline ZnO nanoparticles,
demonstrating the effectiveness of Dolichandrone falcata extract in controlling particle growth.
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Figure 6: TEM images (m, nyof Df~ZnO nanoparticles at different magnificationy.
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3.2.7. Particle Size Distribution:

The particle size distribution of ZnO nanoparticles synthesized using Dolichandrone falcata plant extract was evaluated
by DLS. The analysis showed a single dominant intensity peak, indicating a nearly monodisperse system. The Z-
average particle size was 31.43 nm, while the main intensity peak was observed at 48.10 nm, confirming the formation
of nanoparticles in the nanoscale range.

The polydispersity index (PDI) of 0.282 suggests a fairly narrow size distribution with limited aggregation. The good
intercept value (0.892) reflects reliable measurement quality. The slightly larger hydrodynamic size is attributed to
surface-bound phytochemicals from the plant extract, which act as capping and stabilizing agents. These results
confirm the successful green synthesis of stable ZnO nanoparticles suitable for further applications.

Size Distribution by Intensity
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Figure 7: Particle size distribution graph of Df~ZnO nanoparticles.

3.2.8. Zeta Potential :

The zeta potential measurement of ZnO nanoparticles synthesized using Dolichandrone falcata plant extract showed a
single dominant peak with a mean zeta potential value of —19.6 mV. This negative surface charge indicates the
adsorption of phytochemicals from the plant extract on the nanoparticle surface, which act as natural capping
agents[46].

The obtained zeta potential value suggests moderate colloidal stability, arising from electrostatic repulsion between
particles that helps prevent rapid aggregation. The narrow peak distribution and good result quality further confirm the
uniform surface charge of the nanoparticles. Although values above £30 mV indicate high stability, the observed —19.6
mV is typical for green-synthesized nanoparticles and is sufficient for short-term stability in aqueous media. Overall,
the zeta potential results support the successful green synthesis and stabilization of ZnO nanoparticles using
Dolichandrone falcata extract.
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Figure 8: Zeta potential of Df~ZnO nanoparticles.

3.2.9. X-ray Photo electron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was carried out to determine the surface elemental composition and
chemical states of zinc oxide nanoparticles synthesized using Dolichandrone falcata plant extract. The wide-scan XPS
spectrum confirms the presence of Zn, O, and C without any extraneous impurity peaks, indicating the formation of
chemically pure ZnO nanoparticles.The survey spectrum displays characteristic peaks corresponding to Zn 2p, Zn 3s,
Zn 3p, Zn 2s, O 1s, and C 1s. The C 1s peak observed at a binding energy of ~284.6 eV is attributed to adventitious
carbon and organic phytochemicals from the plant extract adsorbed on the nanoparticle surface, which act as capping
and stabilizing agents.The high-resolution Zn 2p spectrum exhibits two prominent peaks at binding energies of
approximately 1021.6—-1022.0 eV (Zn 2ps/;) and 1044.6-1045.0 eV (Zn 2p,/,), with a spin—orbit splitting of ~23 eV.
These values are characteristic of Zn?* ions in the ZnO lattice, confirming the oxidation state of zinc and the absence of
metallic Zn or other zinc sub-oxides.

The O 1s core-level spectrum shows a dominant peak centered at ~530.0-530.2 eV, which corresponds to lattice
oxygen (0?7) in ZnO. A weak shoulder at higher binding energy (~531.5-532.0 eV) can be ascribed to surface
hydroxyl groups or adsorbed oxygen species, commonly observed in green-synthesized metal oxide nanoparticles due
to residual organic compounds.

Quantitative XPS analysis reveals atomic percentages of Zn (38.81%), O (31.69%), and C (29.51%). The Zn/O ratio is
close to the stoichiometric composition of ZnO, confirming successful oxide formation. The relatively high carbon
content further supports the involvement of Dolichandrone falcata phytochemicals in surface functionalization and
stabilization of the nanoparticles.

Overall, the XPS results confirm the formation of ZnO nanoparticles with Zn>* oxidation state and well-defined lattice
oxygen, while the presence of surface-bound organic species highlights the effectiveness of the plant extract in green
synthesis which is in accordance with previously reported work [47].
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Figure 9: XPS qualitative spectrum of Df-ZnO nanoparticles.

3.3 Biological Activities

3.3.1 Antibacterial Activity:

The antibacterial activity of zinc oxide nanoparticles (ZnO-1) was evaluated using the agar well diffusion method
against Streptococcus pneumoniae (ATCC 6303) and Xanthomonas citri (ATCC 19315). Streptomycin (1 mg/mL) was
used as a positive control, while dimethyl sulfoxide (DMSO) served as a negative control. All experiments were
conducted in triplicate, and results are expressed as mean zone of inhibition (ZOI) + standard deviation (SD).

ZnO-1 nanoparticles exhibited pronounced antibacterial activity against both tested strains, whereas no inhibition was
observed for the negative control, confirming the absence of solvent effects. Against S. pneumoniae, ZnO-1 produced a
ZOI of 21.0 £ 0.0 mm, compared to 28.0 £ 0.0 mm for Streptomycin. Similarly, ZnO-1 showed a ZOI of 21.0 = 0.0
mm against X. citri, while the standard drug exhibited 25.0 £+ 0.0 mm inhibition.

The antibacterial efficacy of ZnO nanoparticles is primarily attributed to their ability to generate reactive oxygen
species, disrupt bacterial membrane integrity, and interact with intracellular biomolecules, leading to cell damage and
growth inhibition[48]. Although ZnO-1 demonstrated slightly lower activity than Streptomycin, its strong antibacterial
performance, combined with favorable biointerface properties such as stability and biocompatibility, highlights its
potential for biomedical and antimicrobial surface applications

Table 1: Antibacterial activity of ZnO nanoparticles against Gram-positive and Gram-negative bacteria.

Sample Concentration (ug Zone of inhibition (mm) S. Zone of inhibition (mm) — X.
mL™) pneumoniae citri
Control (DMSO) 40 00 00
Streptomycin
4 28+ 0.1 25+ 0.2
(Standard) 0 80 >+ 0
ZnO-1 nanoparticles 40 21+ 1.0 21£0.3

Values represent mean inhibition zones measured by agar well diffusion assay
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Figure 10: Images (p, q) shwing the antibacterial activity of Df~ZnO nanoparticles against Gram-positive and Gram-
negative bacteria.

3.3.2 Antifungal Activity of Df-ZnO NPs:

The antifungal activity of synthesized zinc oxide nanoparticles (ZnO-1) was assessed using the agar well diffusion
method against Aspergillus niger (ATCC 9029) and Aspergillus alternata (ATCC 66981). Miconazole (1 mg/mL) and
DMSO were used as positive and negative controls, respectively. All assays were performed in triplicate, and results
were expressed as mean zone of inhibition (ZOI) £ SD.

ZnO-1 exhibited moderate antifungal activity against both fungal strains, while no inhibition was observed for the
negative control. Against 4. niger, ZnO-1 produced a ZOI of 9.0 + 0.0 mm compared to 23.0 £+ 0.0 mm for Miconazole.
Similarly, a ZOI of 6.0 = 0.0 mm was observed against 4. alternata, whereas the standard drug showed 22.0 = 0.0 mm
inhibition.

The antifungal efficacy of ZnO nanoparticles is attributed to reactive oxygen species generation, membrane disruption,
and interactions with intracellular biomolecules, leading to fungal growthinhibition. Although ZnO-1 showed lower
activity than Miconazole, its stability, biocompatibility, and reduced risk of resistance highlight its potential as an
alternative or adjunct

antifungal agent.

Figure 11: Images (r, s) showing the antifungal activity of Df~ZnO nanoparticles against Aspergillus niger and
Alternaria species.
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Table 2: Antifungal activity of ZnO nanoparticles against Aspergillus niger and Alternaria alternata.

Sample Zone of inhibition (mm) — A. niger Zone of inhibition (mm) — A. alternata
Control (DMSO) 0.0£0.0 0.0£0.0
Miconazole (1 mg/mL) 23.0+0.2 220+1.0
ZnO-1 9.0+0.4 6.0+0.2

Values represent mean + SD (n = 3).

3.3.3 Antioxidant Activity by DPPH assay:
The free radical scavenging potential of ZnO nanoparticles (ZnO-1) was evaluated by the DPPH assay at
concentrations ranging from 20 to 100 pg/mL, using ascorbic acid as a positive control. ZnO-1 exhibited a marked
concentration-dependent antioxidant response, with inhibition values increasing from 14.50% to 62.17% as the
concentration increased. This trend indicates enhanced interaction between ZnO nanoparticles and DPPH radicals at
higher doses.

Table 3: Antioxidant activity of ZnO nanoparticles determined by the DPPH assay.

Sr.No Sample Concentration Absorbance at 510nm hibitio IC50
Code (ng/ml) n (ng/ml)
Test 1 Test 2 Test3 | Mean
1 Control - 1.93 1.93 1.93 1.93 -
20 1.45 1.42 1.40 1.42 | 26.42%
40 1.31 1.29 1.33 131 | 32.12%
Standard 60 0.95 0.97 0.93 0.95 | 50.77%
2 (Ascorbic 80 0.82 0.85 0.79 0.82 | 57.51% | 72.49
Acid) 100 0.35 0.32 0.32 0.33 | 82.90%
20 1.62 1.65 1.68 165 | 14.50%
ZnO-1 40 1.45 1.50 1.55 1.50 | 22.27%
60 1.16 1.19 1.22 1.19 | 38.34%
80 0.92 0.94 0.98 0.94 | 51.29%
3 100 0.71 0.74 0.74 0.73 | 6217% | 78.71

The ICso value of ZnO-1 (78.71 pg/mL) was found to be close to that of ascorbic acid (72.49 pg/mL), suggesting
moderate to strong antioxidant activity. The observed scavenging performance may be attributed to surface-mediated
redox reactions and the availability of active sites on ZnO nanoparticles, which promote efficient electron or hydrogen
transfer[49]. Present findings highlight the suitability of ZnO-1 nanoparticles as potential antioxidant agents, supporting
their further investigation in drug delivery and biomedical applications.

3.3.4 In vitro anti-inflammatory activity by Protein denaturation method:

The anti-inflammatory activity of ZnO nanoparticles (ZnO-1) was assessed using the protein denaturation assay, a well-
established in vitro model for preliminary screening of anti-inflammatory potential. ZnO-1 exhibited a concentration-
dependent inhibition of protein denaturation over the tested range of 20—100 pg/mL. The inhibition increased from
5.84% at 20 pg/mL to 43.50% at 100 pg/mL, indicating a gradual enhancement of anti-inflammatory response with
increasing nanoparticle concentration.

Diclofenac sodium, used as the reference standard, showed markedly higher inhibition at all concentrations, confirming
the sensitivity and validity of the assay. In comparison, ZnO-1 demonstrated moderate inhibitory activity, particularly
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at higher concentrations, suggesting partial protection against thermally induced protein denaturation. The observed
effect may be associated with surface-mediated interactions of ZnO nanoparticles that contribute to protein stabilization
and attenuation of denaturation processes. However, the lower efficacy relative to the standard drug indicates that the
anti-inflammatory potential of ZnO-1 is limited under the present experimental conditions.

Overall, these results suggest that ZnO-1 nanoparticles possess measurable but moderate in vitro anti-inflammatory
activity, warranting further mechanistic investigations and in vivo validation to clarify their relevance in inflammation-
related biomedical applications.

Table 4: In vitro anti-inflammatory activity of ZnO nanoparticles assessed by the protein denaturation method.

Protein denaturation assay
SR. Sample code | Concentration Absorbance at 660nm
NO (ng/ml)
Test 1 Test 2 Test3 | Mean % IC50
Inhibition (pg/ml)
1 Control 1.54 1.54 1.54 1.54 -
20 1.40 1.37 1.39 132 16.98%
Standard 40 1.20 1.20 1.22 1.20 24.52%
(Diclofenac 60 0.96 0.97 0.98 0.91 42.76%
Sodium) 80 0.72 0.72 0.71 0.65 59.11% 70.91
2 100 0.42 0.45 0.44 0.21 86.79%
20 1.49 1.46 1.42 1.45 5.84%
40 1.35 1.33 1.32 1.33 13.63%
60 1.21 1.23 1.20 1.21 21.42%
80 1.03 1.05 1.02 1.03 33.11%
3 ZnO-1 100 0.88 0.88 0.86 0.87 43.50% NE

4. Conclusion: In the present study, zinc oxide nanoparticles (ZnO NPs) were successfully synthesized via an eco-
friendly green route using Dolichandrone falcata leaf extract, demonstrating an effective and sustainable alternative to
conventional chemical methods. The phytochemical constituents of the plant extract played a dual role as reducing and
stabilizing agents, facilitating the formation of stable and well-defined nanoparticles.

Comprehensive characterization using UV—Visible spectroscopy, FTIR, XRD, SEM, TEM, EDAX, DLS, zeta
potential, and XPS confirmed the successful formation of crystalline, phase-pure ZnO nanoparticles with nanoscale
dimensions (~30 nm), hexagonal wurtzite structure, and moderate colloidal stability. The presence of surface-bound
phytochemicals further contributed to nanoparticle stabilization and functionalization.

Biological evaluations revealed that the synthesized ZnO nanoparticles exhibit significant antibacterial activity against
Streptococcus pneumoniae and Xanthomonas citri, along with moderate antifungal activity against Aspergillus niger
and Alternaria alternata. The nanoparticles also demonstrated concentration-dependent antioxidant activity with
appreciable free radical scavenging potential, as well as moderate anti-inflammatory effects through inhibition of
protein denaturation. These biological properties are primarily attributed to reactive oxygen species (ROS) generation,
surface reactivity, and interactions with microbial and cellular components.

Overall, the findings of this study highlight that plant-mediated ZnO nanoparticles possess multifunctional properties
and hold considerable promise for applications in antimicrobial formulations, antioxidant systems, and biomedical
research. Furthermore, the green synthesis approach offers advantages such as cost-effectiveness, environmental
compatibility, and scalability. Future investigations focusing on in vivo studies, toxicity assessment, and mechanistic
insights will further establish their potential for clinical and industrial applications.
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The following abbreviations are used in this manuscript:

ZnO NPs Zinc Oxide Nanoparticles

Df-ZnO NPs Dolichandrone Falcata-Mediated Copper Oxide Nanoparticles
M-M Metal-Metal

M-0O Metal-Oxygen

gm Gram

°C Degree Celsius

ug Microgram

mg Milligram

nm Nanometer

pm Micrometer

mm Milli meter

DMSO Dimethyl sulfoxide

ppm Parts Per Million

MIC Minimum Inhibitory Concentration
RT Room Temperature

mmol Milli Mole

hrs Hours

pL/mL Micro Litre/Milli Litre

UV-Vis Ultraviolet-Visible Absorption Spectroscopy
TEM Transmission Electron Microscopy
SEM Scanning Electron Microscopy

XRD X-Ray Diffraction

IC Inhibitory Concentration

EDX Energy Dispersive X-ray Spectroscopy
OD Optical Density

PBS Phosphate Buffered Saline

ROS Reactive Oxygen Species

RNS Reactive Nitrogen Species
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