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ABSTRACT

Objective: The objective of the study was to develop an eco-friendly method for synthesizing silver nanoparticles (AgNPs) using neem (Azadirachta
indica) bark extract as a reducing and stabilizing agent, and to evaluate their antibacterial, antipathogenic, and larvicidal activities for water
purification and vector control.

Methods: AgNPs were synthesized by green chemistry using neem bark (NB) extract, avoiding hazardous chemicals. Synthesis parameters - pH,
temperature, and reaction time - were optimized. Characterization included ultraviolet (UV)-Visible spectroscopy (Shimadzu UV-1800), Fourier
transform infrared (Perkin Elmer Spectrum-One, USA), X-ray diffraction (Cu Ko radiation, A = 1.5406 A), SEM (Hitachi S-3400N), TEM (JEOL-JEM-
2100F, 200 kV), particle size analysis, and zeta potential measurement. Antibacterial activity against Staphylococcus aureus and Escherichia coli was
tested by the well diffusion method. Antipathogenic activity was assessed using pathogenic sewer water, and larvicidal activity was evaluated against
mosquito larvae (n=10/concentration).

Results: Spherical NB AgNPs (40-150 nm) with a characteristic SPR peak at 425 nm were obtained. X-ray diffraction confirmed a face-centered
cubic crystalline structure with an average crystallite size of 7.66 nm. Zeta potential values (-26.7 to -33.2 mV) indicated good colloidal stability.
Antibacterial testing showed maximum inhibition zones of 47 mm for S. aureus and 37 mm for E. coli at 25 pg/mL. In pathogenic water, smaller
particles exhibited higher inhibition efficiency. Larvicidal assays achieved 100% mortality at 2.5 ug/mL within 3 h (p<0.05), with no mortality in
controls.

Conclusion: NB -mediated AgNPs demonstrate strong antibacterial, antipathogenic, and larvicidal properties, making them a low-cost, sustainable
option for water purification and mosquito control. Further studies should focus on in vivo performance, environmental safety, and large-scale
application.
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INTRODUCTION friendly approach in which green reducing agents (plant extracts) are
used to convert the metal salt into stable NPs [4]. This process employs
neem (Azadirachta indica) bark extract, which is a source of bioactive
compounds, acting both as a reducing and stabilizing agent. Flavonoids,
terpenoids, alkaloids, enzymes, and other compounds are mainly
responsible for the nucleation of the NPs as well as functionalization.
The two-step mechanism of NB-AgNPs biosynthesis by neem bark (NB)
extract: In nucleation phase, silver ions reduce and an atomic clusters
are formed, and then after some time they proceed and in growth
phase, these clusters aggregate to produce different shape and size of
NPs. The high reduction potential of silver makes it possible to produce
stable NPs even in aqueous solution without adding external stabilizing
agents [6]. Key synthesis parameters, including temperature, pH,
reaction time, and extract concentration, exert a great influence on the
particle size, morphology, and antimicrobial activity of the resulting NB-
AgNPs. Hence, the present work aimed at optimizing the experimental
conditions for a greener synthesis of NB-mediated AgNPs s and
assessing their potential antimicrobial activity toward waterborne

As of 2022, around 1.7 billion people globally rely on drinking water
contaminated with feces, posing major health risks. Waterborne
pathogens can cause diseases like cholera, typhoid, and diarrhea,
leading to approximately 505,000 diarrheal deaths annually. In 2021,
over 2 billion people lived in water-stressed regions, a figure expected
to rise due to climate change and population growth. While 73% of
the global population had access to safely managed drinking water in
2022, significant gaps remain in water quality and availability. In the
developing world, particularly in rural and poor communities, some
35% of the people suffer from water-related diseases because of the
absence of water treatment facilities [1]. To combat this critical issue,
there is an increasing demand for low-cost and low-energy-consuming
water purification processes. Nanotechnology provides an ideal
approach, if not a solution, and nanoparticles (NPs), with their special
properties as a result of nanoscale dimensions (1-100 nm), huge
surface area and high chemical reactivity, are promising tools as sensors
which can play very crucial roles [2] of these, silver nanoparticles

(AgNPs) are particularly attractive due to their strong antimicrobial
and catalytic properties, and the relatively low toxicity toward human
beings [3]. The green method for the synthesis of AgNPs is the eco-

pathogens. The findings underscore the suitability of neem-based NB-
AgNPs as an eco-friendly and cost-effective alternative to restore water
quality and minimize the health crisis caused by unsafe water.
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METHODS

Collection and authentication of plant material

The bark of A. indica (commonly known as Neem) was collected from
the premises of Gurunanak College of Pharmacy, located in Nagpur,
Maharashtra, India, at the geographical coordinates of 21.146633° N
latitude and 79.0882° E longitude. The selection of this location ensured
that the plant material was sourced from a clean, monitored environment,
minimizing potential contamination. Immediately after collection, the bark
samples were subjected to a thorough cleaning process. This involved
initially washing the bark with tap water to eliminate visible dirt, debris,
and other surface contaminants. Subsequently, the samples were rinsed
with distilled water to ensure the removal of any residual impurities and
to maintain the purity required for downstream applications, particularly
in NP synthesis. Following the cleaning process, the bark was air-dried
under shade at ambient room temperature (approximately 25-30°C) for
a duration of 6-7 days. Shade drying was preferred over sun drying to
preserve the integrity of the bioactive compounds present in the bark,
which might otherwise degrade upon exposure to direct sunlight or
elevated temperatures. For scientific validation, the botanical identity of the
A. indica bark was authenticated by the Department of Botany, Rashtrasant
Tukadoji Maharaj Nagpur University, Nagpur. The plant specimen was
officially verified and assigned the reference specimen number 462,
ensuring accurate taxonomic classification for future reference.

Procurement of Materials and Instrument used

Silver nitrate (AgNO,), Mueller-Hinton agar medium, and nutrient agar
were obtained from HiMedia Laboratories Pvt. Ltd.,, Mumbai, India. Ethanol
was sourced from Chungshu Hongsheng Fine Chemical Co. Ltd., and
deionized (DI) water from Merck Life Sciences Pvt. Ltd.,, Mumbai. NB was
collected from the premises of Gurunanak College of Pharmacy, Nagpur.
All reagents were of analytical grade. Escherichia coli and Staphylococcus
aureus strains were used for antimicrobial studies, while mosquito larvae
and pathogenic water samples were collected from household coolers and
local sewage, respectively. Experimental analyses employed a ultraviolet-
visible (UV-Vis) spectrophotometer (UV-1800, Shimadzu Corporation,
Kyoto, Japan) for absorbance measurements and an analytical balance
(AUY-220, Shimadzu Corporation, Kyoto, Japan) for weighing samples.
A magnetic stirrer (Model 1MLH, REM], India) was used for solution
mixing, and Fourier transform infrared (FTIR) spectra were recorded
using an IR Affinity spectrophotometer (Shimadzu Corporation, Kyoto,
Japan). Centrifugation was carried out with a cooling centrifuge (REMI,
India). Particle size distribution and zeta potential were determined using
a Zeta Sizer (Malvern Panalytical, Malvern, United Kingdom) and a particle
size analyzer (Shimadzu Corporation, Kyoto, Japan). Surface morphology
was examined using a scanning electron microscope (SEM; model as
available), and crystalline structure was analyzed with a powder X-ray
diffractometer (Bruker Corporation, Germany).

Preparation of alcoholic bark extract

The NB was thoroughly washed with tap water and then rinsed with
distilled water to remove any dust and impurities [5]. Afterward, the
bark was shade-dried at room temperature for 6-7 days. Once dried,
the bark was ground into a coarse powder. A total of 266.53 g of the
powdered bark was transferred to an airtight container for cold
maceration, followed by the addition of 1 L of ethanol. The mixture was
left to macerate for 15 days, with frequent stirring every 2 days. After
15 days, the extract was filtered through muslin/cotton cloth, collected
in Petri dishes, and allowed to dry for 24 h [6]. This method was adapted
from the procedure reported by Kitimu et al. (2022).

Green Synthesis of NB-AgNPs Using NB Extract

A 1 mM aqueous solution of AgNO, was prepared in an Erlenmeyer
flask, and the pH was adjusted to 8. A stock solution of NB extract was
prepared by dissolving 100 mg of the powdered extract in 100 ml of
ethanol. To prepare the working solution, 10 ml of the stock solution
was diluted with ethanol to a final volume of 100 ml. The extract
solution was then added to the AgNO, solution in a 1:9 (v/v) ratio at
room temperature. The mixture was heated on a magnetic stirrer with
a thermostat, maintaining the temperature between 60 and 80°C.
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The color change of the solution was observed at 10-min intervals
over a period of up to 1 h. To confirm the synthesis of AgNPs, UV-Vis
spectrophotometry analysis was performed starting 3 h after the
reaction began, and continued at intervals up to 24 h.

Optimization of green synthesis of AgNPs

To optimize the synthesis conditions of NB-AgNPs, the effects of both
reaction time and temperature were investigated. The alcoholic NB extract
was mixed with a 1 mM AgNO, solution in a 1:9 (v/v) ratio. For time
optimization, the reaction was monitored over a 24-h period to assess NP
formation. To evaluate the impact of temperature, the reaction mixture was
subjected to different thermal conditions, including room temperature and
elevated temperatures ranging from 60°C to 80°C, to determine the most
favorable temperature range for efficient NB-AgNP synthesis.

CHARACTERIZATION OF GREEN SYNTHESIZED AGNPS

UV-Vis spectroscopy

The synthesized AgNPs appeared as solid particles exhibiting a
characteristic dark brown color (Fig. 1), indicating successful formation.
Preliminary confirmation of the NP was carried out using UV-Vis
spectroscopy with a Shimadzu UV-1800 spectrophotometer. Optical
density (OD) measurements of the colloidal solution (1 mL) were taken
atregular intervals, starting at 3 h and continuing up to 24 h. Ethanol was
used as the blank for calibration. The absorbance spectra were recorded
within the wavelength range of 300-700 nm to identify the characteristic
surface plasmon resonance peak associated with AgNPs [7].

Fig. 1: Illustrating synthesized silver nanoparticles appeared as
solid particles exhibiting a characteristic dark brown color
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Fig. 2: (a) Ultraviolet visible (UV-Vis) absorbance of neem bark-mediated silver nanoparticles at various time intervals. (b) UV-Vis spectra
of neem bark mediated Silver nanoparticles at various temperatures

Particle size analysis and zeta potential measurement

The mean particle size and polydispersity index of both solid and liquid
batches of synthesized AgNPs were measured using photon correlation
spectroscopy (PCS), with 2 mL of sample placed in a quartz cell and
readings taken at a 90° angle in triplicate. Surface zeta potential was
determined using a laser zeta meter. For this, 5 mL of NP suspension
was diluted with 50 mL of double-distilled water containing 2 x 107 M
NaCl as the electrolyte. The pH was adjusted, and samples were shaken
for 30 min before recording the equilibrium pH and measuring the zeta
potential. Each result represents the average of three measurements [8].

FTIR spectroscopy of green-synthesized AgNPs
FTIR spectroscopy was performed to identify functional groups capping
the AgNPs. The synthesized solution was centrifuged at 10,000 rpm for
30 min, and the resulting pellet was redispersed, dried, and analyzed
using a Perkin Elmer Spectrum-One FTIR instrument (USA). Spectra
were recorded in the range of 4000-400 cm™ [9].

X-ray diffraction (XRD) analysis

XRD was used to assess the crystalline nature of the green-synthesized
NB-AgNPs. Dried NP powder was deposited on glass slides and
analyzed using Cu Ko radiation (A = 1.5406 A) at 30 kV and 40 mA,
with a nickel monochromator. Scanning was performed in the 26
range of 10°-90° [10]. The average crystallite size was calculated using
Scherrer’s equation:

_0.94n
- (Bcos6)

where D is the crystallite size, A is the X-ray wavelength, 0 is Bragg’s
angle, and B is the FWHM in radians.

Scanning electron microscopy of green synthesized AgNPs

The surface morphology of the NP was examined using scanning
electron microscopy (SEM). Dry NP samples were prepared by
applying a drop onto a carbon-coated grid, which was allowed to dry
before measurement on a Hitachi S-3400 N SEM instrument. The SEM
instrument operated at an accelerated voltage of 20 kV [11].

SEM-energy-dispersive X-ray (EDX)

The presence of elemental silver was confirmed through energy
dispersive spectroscopy [12]. EDX analysis was carried out for dried NPs
exposed and coated onto carbon film, performed on a Scanning Electron
Microscopy instrument equipped with Thermo EDX attachments. Thin
films of the sample were prepared on a carbon-coated copper grid by
dropping a small amount of the sample on the grid, and then the film
on the SEM grid was allowed to dry by exposure under a mercury lamp
for 5 min [13].

Fig. 3: The physical appearance of silver nitrate, alcoholic neem
bark solution, and silver nanoparticles from neem bark extract

TEM analysis

The size, shape, and morphology of the biosynthesized AgNPs were
determined using a transmission electron microscopy (TEM). The
samples for the TEM were prepared by sonicating the pellet of
centrifuged Ag-NPs in DI water. A drip ofthehomogeneoussuspensio
nwasplacedonacarbon-coatedcoppergridwithalacey carbon film and
allowed to dry at room temperature [14]. The images (Fig. 2) were
collected using a field emission JEOL-JEM-2100F TEM operating at
200 KV (JEOL, Tokyo, Japan).

Anti-microbial activity of green-synthesized AgNPs

To assess the antimicrobial activity of the green-synthesized AgNPs,
bacterial strains were grown overnight in nutrient broth at 37°C.
Nutrient agar plates were prepared, and 100 uL of bacterial inoculum
(E. coli and S. aureus) was spread evenly across the surface using sterile
cotton swabs. Wells of 7 mm diameter were then created in the agar
using a sterile gel borer. Different concentrations of NB-AgNPs (20, 40, 60,
80,and 100 pg/mL) were added to the wells (100 uL/well) showed in Graph
1. The plates were incubated at 37°C for 24 h, and the zones of inhibition
surrounding each well were measured and recorded (Fig. 10) [15].

Pathogenic water activity of green-synthesized AgNPs

To evaluate the anti-pathogenic activity of green-synthesized AgNPs,
Mueller-Hinton Agar plates were prepared, and 100 uL of pathogenic water
samples were uniformly spread using sterile cotton swabs. Wells with a
diameter of 7 mm were created using a sterile gel borer. Into each well, 100
uL of NB-AgNPs at varying concentrations (20, 40, 60, 80, and 100 ug/mL)
were introduced. The plates were then incubated at 37°C for 24 h. After
incubation, the zones of inhibition around each well were measured to
assess the NPs’ effectiveness against waterborne pathogens [16].
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Table 1: Interpretation of FTIR spectra of NB extract and NB-NB-AgNPs

Peak (cm') - NB Peak (cm) - Bond type Inference/Remarks

extract NB-NB-AgNPs

3244.54 3301.19/3747.69 O-H Stretching (Alcohols, Phenols) Presence of alcohols/phenols; broad peaks indicate strong
hydrogen bonding

2922.16/2852.72 2922.16/2852.72 C-H Stretching (Alkanes) Presence of methylene (-CH,-) groups; common in organic
compounds

- 2135.2 C=C Stretching (Alkynes) Triple-bonded carbon structures (alkynes)

1743.01 1734.01 C=0 Stretching (Carbonyl Compounds) Presence of esters, aldehydes, or ketones; sharp peak shows
strong carbonyl presence

- 1888.31 C=0 Stretching (Conjugated Systems)  Indicates carbonyl in conjugated systems

1649.14 1649.14 C=C Stretching (Alkenes) Presence of alkenes; double-bonded carbon

1450.26/1374.01 1456.26/1363.67 C-H Bending (Alkanes) Typical bending vibrations of alkanes

1246.52 1101.35 C-0 Stretching (Alcohols, Ethers) Strong peaks indicating presence of alcohols, ethers, or esters

831.32/720.46 831.32/723.31 C-H Bending (Aromatic Compounds)  Presence of aromatic ring structures

- 569.00/476.42 Metal-Oxygen Bonds Indicates Ag-0 interactions; confirms nanoparticle formation and

capping by biomolecules

FTIR: Fourier transform infrared, NB: Neem bark, AgNPs: Silver nanoparticles

E Extract — 130 Nanoparticle —
110 %T ]
%T 3 120
105 E
100 110
95 : 100
90—; 90— 3
85—

E 80
80 E
755 70
703 60 §

E &

65 E )

E| AL 0 g5
60— o By 2 ] =g

E 5 Og < 40— g
553 £ 38 - 3 -
50 30

i hkal | g B adad | LA Mahdd RG] b LA Fbd bl RS bk | T kb | T T T T T T T T | i ! T { el | T Lkt ) T T T g | T T
3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 400 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
E cm-1 E cm-1

Fig. 4: (a) Fourier transform infrared (FTIR) graph of neem bark (NB) extract (b) FTIR graph of NB-NB-silver nano particles
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Fig. 5: X-ray diffraction pattern of synthesized nanoparticles

Larvicidal activity of green-synthesized AgNPs

To assess the larvicidal activity of the green-synthesized AgNPs,
mosquito eggs collected from household coolers were cultured
under standard laboratory conditions. Bioassays were conducted
using NB-AgNP test solutions prepared at concentrations of 10,
20, 30, 40, and 50 ug/mL. For each concentration, corresponding
controls containing only distilled water and NB extract (without NB-

AgNPs) were included. Ten mosquito larvae were placed into China
dishes containing 10 mL of each test solution and maintained at
room temperature. Larval mortality was observed over time, with
death confirmed when no movement occurred upon gentle probing
with a needle. The percentage mortality at each concentration was
calculated and compared to control groups to determine the efficacy
of the NB-AgNPs [17].

RESULTS

Characterization of biosynthesized NB-AgNPs

The green synthesis of NB-AgNPs using A. indica (neem) bark
extract was confirmed through a series of advanced characterization
techniques, validating the successful formation of bio-functionalized
NPs with varied sizes, shapes, and morphologies. The initial indication
of NB-AgNP formation was observed as a visible color change in the
reaction mixture from colorless to dark brown Illustrated in Fig. 3
which signifying the reduction of Ag* ions, which corresponded to a
surface plasmon resonance (SPR) peak at 425 nm, as detected by UV-Vis
spectrophotometry, as illustrated in Fig. 2. FTIR analysis as illustrated
in Fig. 4 of the NB extract and the synthesized NB-AgNPs revealed key
functional groups, including O-H, C-H, C=0, C=C, and aromatic rings.
Additional peaks attributed to C=C stretching and metal-oxygen
interactions indicated the involvement of these biomolecules in the
reduction and stabilization processes mention in Table 1. XRD analysis
confirmed the crystalline nature of the NPs, with sharp peaks at 20
values of 38.2°, 44.4°, 64.5°, and 77.6°, characteristic of a face-centered
cubic silver structure. The average crystallite size, calculated using the
Scherrer equations illustrated in Fig. 5, was approximately 7.66 nm.
Particle size distribution, measured by PCS, revealed average sizes of
122.71 nm in the liquid batch and 152 nm in the solid batch, illustrated
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(0]
S 10
in Fig. 6. Zeta potential values ranging from -26.7 mV to -31.4 mV 5 -
indicated good colloidal stability as illustrated in Fig. 7, attributed to 0
effective capping by phytochemicals from the neem extract. Scanning 5 10 15 20
electron microscopy (SEM) analysis demonstrated uniformly spherical Conc. of neem bark extract and bark extract mediated NB-AgNPs
NB-AgNPs with average sizes of 58.11 nm and 43.95 nm across two
. g . L mbark extract = AgNP
batches as illustrated in Fig. 8. Complementarily, transmission electron

microscopy (TEM) revealed well-dispersed, predominantly spherical
NPs with high morphological uniformity and sizes ranging from 40 to
150 nm, as illustrated in Fig 9, consistent with the SPR band observed in
UV-Vis analysis. Dynamic Light Scattering (DLS) further supported this
by showing size distribution peaks with a dominant average diameter

Graph 1: Different zone sizes exhibited by Escherichia coli,
Different zone sizes exhibited by Staphylococcus aureus

of 38.5 nm (86.4%) and a smaller fraction at 6.5 nm (13.6%), along with
azeta potential of -33.2 mV, reinforcing the high stability of the colloidal
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Fig. 9: (a) SEM graph of the neem bark (NB)-NB-silver nanoparticles (AgNPs) and (b) Energy-dispersive X-ray graph of the synthesized
NB-AgNPs

Fig. 10: I-Zones of inhibition in Escherichia coli: (a) (Neem bark [NB] extract) (b) (NB-silver nanoparticles [AgNPs]) (c) (silver
nitrate [AgNO,]), and (d) (standard Ampicillin), II-Zones of inhibition in E. coli: (¢) (neem bark extract), (f) (NB-AgNPs), (g) (AgNO,),
and (h) (standard ampicillin)

Fig. 11: Illutration of bioassay of larvicidal activity (water and
neem bark [NB] extract)

system. EDX spectroscopy confirmed the elemental composition,
with a strong silver signal at 3 keV and additional peaks for oxygen,
nitrogen, carbon, chlorine, sodium, and silicon. The presence of Cl and
Si was likely due to residual moisture from the plant extract and minor
contamination from borosilicate glassware. Collectively, these results
confirm the successful green synthesis of stable, well-characterized,
biofunctionalized AgNPs using NB extract, with promising properties
for further biological and environmental applications.

BIOFUNCTIONAL PROPERTIES OF AgNPs SYNTHESIZED USING NB
EXTRACT

Antibacterial activity

Green-synthesized NB-AgNPs were tested against S. aureus
and E. coli using the disk diffusion method at concentrations of
5-25 ug/mL mentioned in Table 2.E. coli showed inhibition at
15 pg/mL, while S. aureus responded at 20 pg/mL, with the latter
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Table 2: Comparative antibacterial activity of green-synthesized NB-AgNPs, neem extract, and silver nitrate against S. aureus and E. coli

Bacteria  Type Concentration Zone of Inhibition Zone of Inhibition (Neem Zone of Inhibition (silver
(NB-AgNPs) (mm) Mean+SD extract) (mm) Mean+SD nitrate) (mm) Mean+SD

S. aureus Gram-positive 5 ug/mL 0£0 (n=3) 0£0 (n=3) —

S. aureus Gram-positive 10 pg/mL 9+0.5 (n=3) 7+0.3 (n=3) —

S. aureus Gram-positive 15 ug/mL 17£0.6 (n=3) 15#0.5 (n=3) —

S. aureus Gram-positive 20 pug/mL 42+1.0 (n=3) 30+0.7 (n=3) —

S. aureus Gram-positive 25 ug/mL 47+1.2 (n=3) 34+0.8 (n=3) —

S. aureus Gram-positive 1 mM — — 23+0.6 (n=3)

E. coli Gram-negative 5 ug/mL 0+0 (n=3) 0+0 (n=3) —

E. coli Gram-negative 10 pg/mL 10£0.4 (n=3) 7+0.2 (n=3) —

E. coli Gram-negative 15 pug/mL 35+0.9 (n=3) 23+0.6 (n=3) —

E. coli Gram-negative 20 ug/mL 37+1.0 (n=3) 27+0.7 (n=3) —

E. coli Gram-negative 25 ug/mL — — —

E. coli Gram-negative 1 mM — — 20+0.5 (n=3)

Data presented as Mean+SD. n: Number of experiments, E. coli: Escherichia coli, S. aureus: Staphylococcus aureus, NB: Neem bark, AgNPs: Silver nanoparticles,

SD: Standard deviation

Table 3: Larvicidal activity of deionized water (control), aqueous extract of Azadirachta indica leaves, and extract-mediated NB-AgNPs at
different concentrations against mosquito larvae

Time Control (Water) NB extract NB-AgNPs NB-AgNPs NB-AgNPs NB-AgNPs NB-AgNPs

Mean+SD Mean+SD 0.5 pg/mL 1.0 pg/mL 1.5 pg/mL 2.0 pg/mL 2.5 pg/mL
Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD

15 min 0+0 (n=3) 0+0 (n=3) 0+0 (n=3) 0+0 (n=3) 0+0 (n=3) 0£0 (n=3) 0+0 (n=3)

30 min 0£0 (n=3) 0£0 (n=3) 0+£0 (n=3) 0+£0 (n=3) 0£0 (n=3) 0+0 (n=3) 0+0 (n=3)

45 min 0+0 (n=3) 0£0 (n=3) 20+0.4 (n=3) 20+0.4 (n=3) 25+0.5 (n=3) 30£0.6 (n=3) 30+0.6 (n=3)

60 min 0+0 (n=3) 0+0 (n=3) 20+0.4 (n=3) 25+0.5 (n=3) 25+0.5 (n=3) 30+0.6 (n=3) 35+0.6 (n=3)

1 h 30 min 0£0 (n=3) 0+0 (n=3) 25+0.5 (n=3) 35+0.6 (n=3) 40+0.7 (n=3) 40+0.7 (n=3) 60+0.8 (n=3)

2h 0£0 (n=3) 0+0 (n=3) 30%0.6 (n=3) 40+0.7 (n=3) 50+0.8 (n=3) 65+0.9 (n=3) 85+1.0 (n=3)

3h 00 (n=3) 0+0 (n=3) 40+0.7 (n=3) 60+0.8 (n=3) 80+0.9 (n=3) 85+1.0 (n=3) 100+0.0 (n=3)

Data presented as Mean%SD. n: Number of experiments, NB: Neem bark, AgNPs: Silver nanoparticles, SD: Standard deviation

Fig. 12: A representative display of larvicidal bioassay, using Water (control), Azadirachta indica extract, and neem bark-silver
nanoparticles in various concentrations

showing the largest inhibition zone. NB-AgNPs were more effective
against Gram-positive bacteria, likely due to differences in cell wall
structure. Their nanoscale size allows them to attach to and penetrate
bacterial membranes, disrupting respiration and leading to cell death.

Antipathogenic activity (pathogenic water)

The anti-pathogen activity of green-synthesized NB-AgNPs was tested
on sewer-sourced pathogenic water using the well diffusion method.
NB-AgNPs showed strong antibacterial effects, with inhibition zones
varying based on the concentration of NB extract used in synthesis.
Higher extract concentrations produced smaller NPs, which exhibited
greater antibacterial activity due to their larger surface area. These NPs
adhered to and penetrated bacterial membranes, disrupting respiration
and causing cell death. The results highlight the potential of eco-friendly
NB-AgNPs for treating contaminated water and addressing waterborne
health risks.

Larvicidal activity

The larvicidal activity of A. indica (neem) alcoholic extracts and their
NB-AgNPs was tested against mosquito larvae. At 0 h, larvae in all
samples were actively moving. After 3 h, no mortality was observed
in the control or neem extract samples. However, NB-AgNP-treated
groups showed concentration-dependent mortality: 0.5, 1.0, 1.5, 2.0,
and 2.5 pg/mL resulted in 40%, 60%, 80%, 85%, and 100% mortality,

respectively. Dead larvae appeared curled or clustered, indicating the
strong larvicidal potential of NB-AgNPs compared to the crude extract.

Table 3 presents the larvicidal activity of green-synthesized AgNPs at
different concentrations (0.5 to 2.5 ug/mL) over time, compared to
control groups (water and NB extract). Larval mortality was assessed at
intervals up to 3 h. At the beginning (15 and 30 min), no mortality was
observed in any sample (Figs. 11 and 12). From 45 min onward, AgNPs
began to show a concentration-dependent increase in larval mortality.
By the 3-h mark, the highest concentration (2.5 pug/mL) achieved
100% mortality, while lower concentrations showed progressively
less effect. Neither the water control nor the NB extract alone caused
any larval death throughout the experiment. This data demonstrates
the significant and dose-dependent larvicidal effect of AgNPs, with
increasing mortality over time, highlighting their potential as an
effective bio-control agent.

CONCLUSION

The present study successfully established a green and eco-friendly
method for the synthesis of AgNPs using A. indica (neem) bark extract,
which served the dual purpose of reducing and stabilizing the NPs.
This approach not only aligns with the principles of green chemistry
by eliminating the need for hazardous chemicals and energy-intensive
processes but also utilizes a widely available and sustainable plant
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resource. Comprehensive characterization through UV-Vis spectroscopy,
FTIR, XRD, SEM, TEM, particle size analysis, and zeta potential
confirmed the successful formation of stable, biofunctionalized AgNPs
with predominantly spherical morphology and sizes ranging from 40 to
150 nm. These NPs exhibited good dispersion and long-term stability
due to surface capping by phytochemicals such as flavonoids, terpenoids,
and alkaloids inherently present in the NB. Functionally, the NB-AgNPs
demonstrated significant bioactivity across multiple domains. They
showed strong antibacterial properties against both Gram-positive
(S. aureus) and Gram-negative (E. coli) bacteria, with enhanced activity
against S. aureus, likely due to structural differences in bacterial cell
walls. The NB-AgNPs also exhibited potent antimicrobial action against
pathogens in contaminated sewer water, indicating their potential in
low-cost and sustainable water purification systems. Moreover, the
synthesized NPs displayed excellent larvicidal efficacy against mosquito
larvae, achieving complete mortality within 3 h at a low concentration,
highlighting their promise for use in vector control strategies aimed
at combating mosquito-borne diseases such as malaria and dengue.
Overall, the study underscores the multifunctionality of NB -mediated
AgNPs as an effective and environmentally benign nanomaterial with
broad-spectrum applications in public health and environmental safety.
Future directions should include in vivo studies, environmental toxicity
assessments, and the development of user-friendly formulations
to facilitate their integration into practical applications such as
antibacterial coatings, water filtration units, and larvicidal agents.
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